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Seaweed aquaculture is rapidly expanding in Europe and the Americas providing engineered ecosystem services
(EES) such as nutrient removal, pH buffering, and carbon uptake. Used as a nature-based emission capture-and-
utilisation technology, seaweed transforms emissions into revenue streams while delivering non-profit value,
making seaweed aquaculture a promising eco-industrial system that fits well to the global agenda of green
economic transitions and ecosystem health restoration. However, aquaculture activities may, in some cases,
cause unwanted engineered ecosystem disservices (EED) which should be avoided.

We argue that an adaptive and cross-sectoral policy framework is imperative to guide the sustainable
development of a blue circular bioeconomy, or phyconomy, from primary production to final products, involving
actors across multiple governance levels and sectors. We identify likely EES/EED and their potential impacts on
natural ecosystem services using the Common International Classification of Ecosystem Services (CICES), and we
map stakeholder linkages and policy instruments through a snowball approach.

Finally, we adapt the Drivers-Pressures-State-Impact-Response (DPSIR) framework to seaweed aquaculture,
redefining Pressure as Progress to recognise restorative outcomes. The resulting model connects EES/EED with
relevant policies, supporting integrated and regenerative development of the seaweed sector.

1. Introduction (Millennium Ecosystem Assessment MEA, 2005). A sustainable future

therefore requires a transition towards a green economy based on eco-

The human population is projected to grow from 8 to 9.7 billion in
the period from 2022 to 2050 (United Nations Department of Economic
and Social Affairs, 2022), leading to increasing demands for food, en-
ergy, and materials. Meanwhile, historic and ongoing anthropogenic
disturbances to life-sustaining ecosystems cause declining levels of
ecosystem resilience and integrity (Nabe-Nielsen et al., 2018; Steffen
et al., 2015). These processes threaten the quantity and quality of
Ecosystem Services (ES), i.e. benefits essential for human well-being
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industrial regenerative and circular resource flows delivering engi-
neered ecosystem services (EES) aimed at restoring natural ecosystem
health. Seaweed aquaculture is a promising example of this approach.
Seaweed production requires no irrigation with fresh water, fertile
land, or synthetic fertilisers and seaweed-based value chains can have a
relatively lower environmental footprint compared to over-intensified
fisheries (Kelly, 2025), fed aquaculture, and land-based production
systems (Prabhu et al.,, 2019; Taelman et al., 2015). Moreover,
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cultivated seaweeds assimilate dissolved carbon dioxide, nitrogen, and
phosphorous during growth, offering evident EES benefits. These engi-
neered systems mimic natural processes by capturing, storing, and
reusing emissions, thereby mitigating climate change, eutrophication,
and ocean acidification (Duarte et al., 2017; Neveux et al., 2018; Pes-
sarrodona et al., 2024). Optimally designed, such EES can support local
and regional nutrient management, and global carbon regulation by
incorporating carbon into biomass (Froehlich et al., 2019; Garcia-Poza
et al., 2022; Kotta et al., 2022; Seghetta et al., 2016).

The rapid expansion of seaweed aquaculture in Europe and the
Americas (EMODnet, 2024; Kim et al., 2019; Monagail and Morrison,
2020; Seether et al., 2024; Stévant et al., 2017) emphasizes the potential
of this emerging field. The term phyconomy, analogous to agronomy,
refers to the science and technology of producing and using seaweed for
diverse applications and ecosystem restoration (Hurtado et al., 2019).
Advances in phyconomy have identified local species with cultivation
and commercial potential. The versatile ssaweed biomass meets diverse
consumer demands, such as food, bioenergy, and pharmaceuticals
(Buschmann et al.,, 2017), contributing to the blue bioeconomy
(European Commission, 2025). A key aspect of phyconomy is under-
standing the life cycle of local seaweeds and applying biomimetic
principles to develop seeded growth substrates, deploy cultivation sys-
tems, and manage operations, as visualized for Saccharina latissima
(sugar kelp) in Fig. 1.

However, seaweed aquaculture may also deliver Engineered
Ecosystem Disservices (EED) through mismanagement and unintended
practices (Bermejo et al., 2022; Bhuyan, 2023; Campbell et al., 2019;
Spillias et al., 2022). As an integral component of different natural
zones, seaweed cultivation systems create distinct “aqua-ecosystems”
embedded within broader ecological networks through biophysical
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mechanisms and interactions across trophic levels (Hurtado et al.,
2019). The potential negative impacts of these cultivation activities, e.g.
deployment, maintenance, and harvesting, can extend beyond farm
boundaries, potentially degrading the quality and quantity of natural
ecosystem services crucial for other stakeholders. Examples include
nutrient or light depletion beyond carrying capacity, structures that
facilitate invasive species, and the introduction of artificial materials
into the environment (Bermejo et al., 2022; Bhuyan, 2023; Campbell
et al., 2019; Hasselstrom et al., 2018; Kelly et al., 2020).

To advance a green transition of the global economy, a robust policy
framework is imperative to promote the sustainable development of eco-
industrial production systems, including seaweed aquaculture, while
ensuring ecosystem restoration (Filbee-Dexter et al., 2022; Thomsen and
Zhang, 2020). International and regional marine policies recognise the
potential of seaweed aquaculture (Costello et al., 2019; MST, 2020).
However, national marine authorities and aquaculture frameworks in
Europe and the Americas lack clear designations for seaweed aquacul-
ture, highlighting a critical policy gap (Grebe et al., 2019).

The choice of governance instruments significantly influences the
balance between economic, environmental, and social needs, including
fostering business opportunities aligned with ecosystem restoration,
mitigating pressures, ensuring food safety, and safeguarding the well-
being of both natural and human stakeholders (Alexander et al., 2015;
Henriquez-Antipa and Carcamo, 2019). Currently, most regulatory in-
struments are licensing-based (Table 1), often adapted from frameworks
for finfish, bivalves, or other aquaculture types (Billing et al., 2020;
Falconer et al., 2023; Frank, 2020; Wood et al., 2017; Greenwave.,
2018). For example, permitting processes in countries like Ireland and
Denmark typically require consultations with multiple public, regula-
tory, and statutory bodies. While this multi-agency engagement fosters

SORI COLLECTION

AND MATURATION
SPORE
HARVEST O Aug RELEASE
Mature . Zoo-spores,
Sporangia freg flo_atingl
& MEIOSIS ;vgmmmg{*%ﬁ
MAINTENANCE f’ /ﬁw\\‘ufﬁ
vg Immaturg N )
Sporangia Spores, settled/
attached 28 @
° o
é o) 00 SEEDING
DEPLOYMENT - Y o
3 2N SPORE N
5 SEEDING ?
\ Juvenile /
- sporophyte 2 Gametophytes
= Antheridia
DEVELOPMENT Spon 6 J
= 1,4 Oogonia DEVELOPMENT
(initiated >4 weeks prior Q‘ ) Q OF
to deployment) = @ GAMETOPHYTES
Fertilized egg
FERTILIZATION

GAMETOGENESIS

Fig. 1. Diagram exemplifying the application of the biomimicry principle and knowledge of seaweed life cycle in kelp farming. Modified from (Peteiro et al., 2016).
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Table 1

Licensing frameworks of emerging seaweed aquaculture in Europe, USA, and Australia.
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COUNTRY PERMITS

HIGHLIGHTS

PROCESS
DURATION
(Months)

VALIDITY
(Years)

LEGAL COSTS

REGULATOR

Denmark Seaweed aquaculture
permit and
environmental impact

assessment

England Seaweed aquaculture

licence

Finland Experimental permit

Estonia Aquaculture permit
For infrastructure —
building permit
For aquaculture —
water use permit

Seaweed cultivation
licence

Faroe Islands

France

Aquaculture permit

Germany Aquaculture permit

Investigation of the planned farm site
(for seaweed) whether it interferes with
other marine uses, any potential
environmental impacts (related Natura
2000 sites), avoid sites containing
Zostera marina, pre-engagement of
stakeholders for potential public
consultations, a framework to mitigate
potential environmental effect, if there
is any.

Consideration of Marine Information
System for the selection of farm,
focusing on environmental impact
assessment (EIA), engagement with
‘Local-level pre-engagement’,
monitoring fees for the farm (seaweed
offshore farming fees are highly
variable)

Reconciliation of good status in the
aquatic environment with the growth of
aquaculture, modelling and assessment
methods for the environmental impact
of aquaculture to improve the quality
and predictability of the environmental
permit process. Promote profitability,
technical development, energy
economy and reduction of the carbon
footprint of RAS (Recirculating
aquaculture systems) farms, as well as
the development of water treatment
methods. Exploration and
implementation of measures for the
development of organic aquaculture in
Finland and the development of new
low-trophic species such as seaweed
farming.

Restoration of marine ecosystem,
development of multitrophic
aquaculture system, including seaweed,
shellfish, raising consumer awareness
and increasing consumption, need of
organic aquaculture in Estonia.

Achieving sustainable growth in
aquaculture besides minimizing
environmental impacts through
innovative approaches. Diversification
of current culture systems to adapt to
shifting environmental and biological
factors, by shellfish farming, seaweed
cultivation, and advancing offshore
aquaculture techniques.

To define selected species for
cultivation, farming technique, site and
adjacent protected areas, if any. Need of
sanitary approval, if produced seaweed,
is for food consumption, involvement of
other marine users (fisheries, shellfish
farming, other commercial transport
routes), Mandatory qualification/
experience in seaweed farming.
Environmental impact assessment (EIA)
is needed, no EIA obligation up to 50 t/
a; > 1000 t/a EIA obligation.

Focus on Biotope protection, Species
protection, Nature conservation
measures, and Coastal aquaculture
authorization procedure of a State
(excluding the Exclusive Economic
Zone — EEZ, which is regulated at the
Federal level). Designation of a mussel
and oyster production area, no

4-10 5-10 Free but a deposit

is likely required

> 20 Licence

specific

Highly Variable

15-24 Licence —
specific
Variable €2,800 base fee
plus a per hectare

annual charge

>8 Variable Variable

Danish Coastal Authority

Marine Management Organisation

(Finnish Railways Agency, Ministry
of the Environment

Environmental Board

Building permit — Consumer
Protection and Technical Regulatory
Authority

Water use permit — Estonian
Environmental Board

Application: Food and Veterinary
Agency

Granted: Ministry of Environment,
Industry and Trade

National authorities, interregional
authorities, regional authorities &
departmental authorities

Federal Waterways and Shipping
Agencies (WSDs, GDWS for the
coastal sea up to 12 nautical miles
(NM) off the coast)

or state-level authorities (BSH for
the sea beyond the 12 NM zone)

(continued on next page)
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Table 1 (continued)
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COUNTRY PERMITS

HIGHLIGHTS PROCESS
DURATION

(Months)

VALIDITY
(Years)

LEGAL COSTS

REGULATOR

Ireland Aquaculture permit

Latvia Aquaculture permit

No licence
Seaweed cultivation

Lithuania

Norway
licence
Environmental
impact assessment
(If size > 10 ha)

Poland Cultivation of living
organisms permit
Water and building
permits

Scotland Farming licence

Sweden Water permit (if size

> 0,3 ha)

Australia
(New South
Wales)

Aquaculture Lease
Aquaculture Permit
Landowner consent
Development consent
Limited-purpose
aquaculture licence
(If size < 122 m?)
Experimental lease (If
size < 1,6 ha)
Standard lease (If size

USA (Maine)

< 40 ha)
USA State water bottom
(California) lease

Operation permit

introduction and husbandry of alien and
alien species.

Detailed project location, target size,
type of equipment and techniques to be
used. Consideration of “folios” (i.e.,
existing harvest rights, even from
adjacent landowners), and whether the
chosen foreshore area is state-owned
(that is not always the case). To work
with an experienced and well-
connected marine engineer. Ireland’s
Seafood Development Agency (BIM)
can support the process, e.g., by
providing technical expertise or
business support.

Focus on suitability of environmental
conditions and species for cultivation,
off the coast of Latvia using innovative,
environmentally friendly and
acceptable cultivation technologies for
the Baltic Sea ecosystem, promoting
freshwater aquaculture without impact
to the environment and sustainable.

12—18 Hectare

dependant

Licence
specific

>13 Up to 30 -

Involvement of research institutes in the

development of applied research and

innovation in the aquaculture sector,

involving local and foreign experts, as

well as the provision of advice and

demonstration on the development of

aquaculture entrepreneurship,

involvement of Public awareness.

6-24 24,000 NOK +
deposit

Understanding the current land use plan No limit
of the planned site for seaweed farming,

impacts on the environment as well as

natural resources and society point of

view, plan to reach local interest groups

(e.g. fisheries or other aquaculture

activity), engage local authorities,

detail assessment of environmental

impact, look into permit regulation for

aquaculture activity.

Boosting aquaculture production — — -
contributes to sustainable employment

and environmental protection.

Assessment of potential impacts on the 10 6 700 £
environment, other sea uses, cultural
heritage sites, and biosecurity (i.e.,
impacts of invasive species) as well as
visual impacts. Use of NMPi (Part of
Scotland Government) for finding an
appropriate location.

Impact on environment, natural
resources, and society, farming
technique and equipment types.

Variable.
Depends on the
cost of the water
activity plus the
deposit.

Up to 15 -

> 15 -

Detailed Environmental Impact —
Statement, seaweed farming as an
approach to protect local species
diversity

State-level lease frameworks (limited-
purpose, experimental, and standard)
enable commercial kelp farming in
Maine, Alaska, and California (Grebe - 3 -
et al., 2019; FAO, 2020).

|
-
|

18 15 -
24—120

Department for Agriculture, Food
and the Marine

Ministry of Agriculture: National
Board of Fisheries

Directorate of Fisheries, Norwegian
Coastal Administration, Food Safety
Authority, Norwegian Water
Resources and Energy Directorate,
County Governor (Directorate of the
Environment), Municipality and
Public

Ministry of Maritime Economy and
Inland Navigation: Fisheries
Department

Marine Scotland

Land and Environmental Court
County Administrative Board

Fisheries Department within the
Department of Primary Industries

Maine Department of Marine
Resources

Fish and Game Commission,
Department of Fish and Wildlife
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comprehensive stakeholder involvement, it can also lead to increased
administrative complexity and potential delays, especially as regulatory
frameworks continue to evolve (Havhgst, n.d.; Moylan et al., 2017).

The requirement for an Environmental Impact Assessment (EIA)
varies between licensing frameworks. For example, California, USA,
mandates an Environmental Impact Report (Greenwave, 2018), while
Ireland requires an Environmental Impact Statement (Moylan et al.,
2017). In contrast, Sweden and the Danish Environmental Protection
Agency determine the need for an EIA based on case-specific conditions
(Camarena-Goémez et al., 2022; Havhgst, n.d.).

Norway takes a different approach: rather than imposing penalties,
its licensing process includes a mandatory deposit serving as a cleanup
fund if a company abandons a site due to bankruptcy (Barbier et al.,
2019; Parker et al., 2014). The absence of explicit penalties creates a
business-friendly environment by prioritizing upfront accountability
over enforcement measures. Meanwhile, Denmark allows operators to
choose between a bank guarantee or insurance. If the goal is a stream-
lined, non-punitive system that relies on upfront financial safeguards
rather than penalties, Norway’s deposit model is a clear, low risk
template.

Seaweed aquaculture regulations differ across countries, reflecting
varied environmental priorities and governance structures. Permits and
EIAs are central to most systems, ensuring aquaculture activities align
with sustainability goals and other marine uses (Table 1). For example,
the protection of Natura 2000 sites and stakeholder engagement have
been emphasised in Denmark. Similarly, Norway mandates detailed EIA
for farms larger than 10 ha, underscoring environmental safeguards.
These requirements are tailored to each countrys ecological and eco-
nomic context, often prioritizing biodiversity conservation, sustainable
resource use, and compliance with regulations.

Several countries incorporate specialized measures to promote sus-
tainable aquaculture. Finland, for example, focuses on reconciling
aquaculture growth with good aquatic environmental status by
improving environmental modelling and supporting organic farming.
Ecosystem restoration and multi-trophic aquaculture systems, including
seaweed and bivalve farming are prioritized in Estonia. Such approaches
aim to enhance environmental outcomes while supporting economic
resilience. Overall, seaweed aquaculture regulation balances ecological
protection, economic development, and social acceptance. By adapting
legal frameworks to local conditions, these systems support sustainable
growth while mitigating environmental footprint.

With this review study, we present an integrated analysis of the
complexities within the existing policy regime surrounding seaweed
aquaculture. By adopting an ecosystem-based approach (Zhang and
Thomsen, 2019), we aim to develop instruments that enable a restor-
ative eco-industrial seaweed aquaculture sector. This approach is
grounded in a triple-helix partnership involving industry (seaweed
cultivation and biorefinery companies), local authorities, and research
institutions, which serves as an innovation hub. Through this partner-
ship, stakeholders implement an adaptive water-quality monitoring
program to balance marine ecological integrity with the sustainable use
of ecosystem services.

Central to this analysis is the concept of EES and EED, capturing the
range of human-induced ecosystem outcomes, both beneficial and
detrimental. To provide a comprehensive understanding, we map the
EES/EED-stakeholder network, focusing on responsibilities, benefits,
and costs. Additionally, we analyse how governance instruments influ-
ence interactions between seaweed aquaculture and EES/EED outcomes.

Finally, we propose an adaptive DPSIR policy framework that re-
defines Pressure as Progress, reflecting a shift from challenges to positive
contributions within the seaweed aquaculture sector. We further
distinguish between policy 'Responses’ aimed at reducing impacts and
those that restore regulating and maintenance services (biodiversity and
water-quality restotation) (Forbes et al., 2022; Seghetta et al., 2016).
The Restore element introduces a focus on the regenerative and circular
capacities of seaweed farming, aligning the framework with nature
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positive sustainability goals (European Commission, 2020).

This updated framework highlights the dynamic interplay among
Drivers, Progress, States, Impacts, and Restore, capturing the sector’s
potential for sustainable growth and innovation. Supported by practical
tools and instruments, it offers a cohesive strategy to guide the expan-
sion of seaweed aquaculture while balancing environmental steward-
ship, economic development, and social well-being.

2. Methods

This study is based on a qualitative, desk-based synthesis of existing
scientific and policy literature, to examine the interactions between
seaweed aquaculture, ecosystem processes, and governance frame-
works. The research proceeded in three steps: (1) reviewing literature to
identify ecological functions and human-ecosystem linkages associated
with seaweed farming; (2) classifying these processes according to the
Common International Classification of Ecosystem Services (CICES v5.1)
to distinguish provisioning, regulating and maintenance, and cultural
dimensions; and (3) applying a snowball approach to trace policy in-
struments and responsible institutions across international, EU, and
Danish levels. Insights from these steps were integrated to develop the
analytical framework presented in Section 3 (Results and Discussion).

2.1. The ecosystem approach and the concept of ecosystem services

The ecosystem approach, adopted by the EU, FAO, and other orga-
nizations (Grebe et al., 2019; FAO, 2010; Langton et al., 2019), places
human society at the center of social-ecological systems. Unlike frag-
mented sectoral approaches, the ecosystem approach connects human
activities with the carrying capacity and structural integrity of ecosys-
tems. Its goal is to protect and maintain ecosystem functioning while
allowing for the sustainable use and development of society (Atkins
et al., 2011).

The Millennium Ecosystem Assessment (Millennium Ecosystem
Assessment, 2005) introduced the concept of ecosystem services (ES),
bridging ecosystem conservation and socio-economic goals. ES are
defined as the ecological processes that directly or indirectly contribute
to human well-being, i.e., “the benefits that people derive from func-
tioning ecosystems” (Millennium Ecosystem Assessment, 2005). In
contrast, ecosystem disservices (ED) are processes that harm humans or
the environment (Bermejo et al., 2022; Bhuyan, 2023; Campbell et al.,
2019; Costanza et al., 2017; Hasselstrom et al., 2018).

This framework categorizes ES into three main types: provisioning,
regulating and maintenance, and cultural services. Provisioning and
cultural services directly support human well-being, while regulating
and maintenance services sustain ecosystem functions. Since the Mil-
lenium Assessment, numerous studies have refined ES definitions and
classifications (Burdon et al., 2023; Costanza et al., 2017; Haines-Young
and Potschin-Young, 2018). While the ES concept clarifies the value of
ecosystems (Costanza et al., 2017; TEEB, 2010), it often overlooks
human responsibility for biodiversity conservation (Filbee-Dexter and
Wernberg, 2018), which underpins both ecosystems and human
well-being (Beyersdorff and Lanthén, 2018; WBCSD, 2020).

The complexity of the ES concept also makes it difficult for industrial
stakeholders to apply (McKinley et al., 2019). To bridge this gap, we
introduce the concept of EES and EED for seaweed aquaculture. This
framework identifies processes and functions that yield either beneficial
or harmful outcomes, for both people and ecosystems, and maps affected
stakeholders according to their roles and interests, linking them to
policy instruments influencing EES/EED outcomes.

2.2. Snowball approach to mapping instruments and institutions
This study adopts the Common International Classification for

Ecosystem Services (CICES) V5.1 (Haines-Young and Potschin-Young,
2018), which uses a five-level hierarchichy, section, division, group,
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class, and class type, to differentiate services. The three primary sec-
tions, provisioning, regulating, and cultural, form the basis for mapping
EES/EED in seaweed aquaculture.

Case studies from the literature (Cabral et al., 2016; Campbell et al.,
2019; Duarte and Krause-Jensen, 2018; Grebe et al., 2019; Hasselstrom
et al.,, 2018), provide insights into positive and negative impacts in
different geographic and disciplinary contexts. While this mapping
outlines key patterns, the scale and intensity of impacts depend on local
conditions, which are beyond the scope of this study.

2.2.1. Study area

The research focuses on regions with emerging seaweed aquaculture,
particularly Denmark, which serves as the focal case for mapping policy
instruments and institutional landscapes. Denmarks coastal and marine
ecosystems (Fig. 2) provide numerous ecosystem services (Inacio et al.,
2020; Turner et al., 2014). Seaweed aquaculture remains at an early
stage compared to Asia (FAO, 2020), but cultivation of Saccharina lat-
issima has reached up to 10 tonnes of wet biomass per hectare (Barbier
etal., 2019), alongside technologies for Palmaria palmata (red dulse) and
Ulva spp. (sea lettuce) (Schmedes and Nielsen, 2020; Steinhagen et al.,
2021; Stévant et al., 2023).

Denmark currently hosts two S. latissima research sites (12 ha and
18.7 ha), two commercial producers (0.4 ha and 18.7 ha), and forty
small marine gardens recently granted permits (Havhgst, n.a.).

2.2.1.1. Mapping of instruments and institutions. To map instruments
and institutions related to Danish seaweed aquaculture, this study em-
ploys a snowball approach (Alexander et al., 2015), starting from sci-
entific literature, industry reports, and legal databases such as EUR-Lex
for EU laws, and resources from the Danish Maritime Authority and the
Ministry of Environment for national environmental policies and regu-
lations. Global sources, including FAOLEX and the European Maritime
and Fisheries Fund (EMFF), provided insights into international and EU
frameworks. Local databases and institutions such as the former Na-
tional Environmental Research Institute (NERI) — now part of Aarhus
University — provided relevant information on national research and
environmental regulations.

Each identified policy instrument served as a reference point to
locate additional ones, and institutions were mapped through literature
review and targeted keyword searches (e.g. 'seaweed aquaculture
Denmark,” ’'marine policy Denmark,” ’aquaculture regulations
Denmark,” and "seaweed farming Denmark’).

Following Vedung (1998), an instrument is defined as “a set of
techniques by which governmental and non-governmental authorities
exercise their power to secure support and influence (or prevent) soci-
etal change”. Instruments were categorised according to Bouwma et al.
(2015), encompassing (1) legislative and regulatory instruments, (2)
economic instruments, (3) agreement-based or cooperative instruments,
(4) information and communication instruments, and (5) knowledge
and innovation instruments. Information and communication in-
struments influence stakeholder behaviour by raising awareness and
promoting transparency, for example through public campaigns or
product labelling, whereas knowledge and innovation instruments foster
learning and collaboration through workshops, networks and innova-
tion partnerships.

3. Results and discussion

Fig. 3 provides an overview of the identified provisional (P), regu-
lating and maintenance (R) and cultural (C) EES and EED associated
with seaweed aquaculture. It also highlights the policy instruments
addressing marine and coastal ecosystem health (e.g., farm location and
its ecological context), maritime activities, and the stakeholders
involved in the Danish seaweed value chain.
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3.1. Mapping of engineered ecosystem services and disservices from
seaweed aquaculture

Stakeholders involved in ecosystem management, maritime activ-
ities, and seaweed value chains are affected by EES and EED from
seaweed aquaculture as shown in Fig. 3 (left). Examples of EES and EED
experienced by different types of stakeholders are described in sections
3.1.1 to 3.1.3 and summarised in Tables 2 and 3.

3.1.1. Ecosystem — From farming sites to broader ecosystems

Most mapped regulating and maintenance EESs are relevant for
stakeholders with environmental objectives. Their areas of influence
range from on-farm processes to wider coastal and marine ecosystems,
and, ultimately, to global atmospheric systems.

While all ESs are purposive (Haines-Young and Potschin-Young,
2018), regulating and maintenance ESs have less direct links to
human beneficiaries (Sutherland et al., 2018). ESs such as food-web
enhancement and eutrophication control are intermediate services
that can deliver final benefits through cascading effects (Hasselstrom
et al., 2018).

In aquatic systems, ES are hydrologically linked and interdependent
(Sutherland et al., 2018). Seaweeds, as primary producers, enhance
oxygenation and seawater pH (Gao and Beardall, 2022). Bottom-up ef-
fects may enrich biodiversity at farm or seascape levels, benefitting
stakeholders such as fishers and divers, though such effects remain hy-
pothetical (Forbes et al., 2022). Seaweed aquaculture thus complements
natural provisioning and cultural services.

Seaweeds are autotrophs that form complex organic compounds
from sunlight, water, carbon dioxide (CO3), and nutrients such as N and
P. During photosynthesis, seaweeds rely on dissolved inorganic carbon,
which exists predominantly as bicarbonate (HCO3) in seawater. Because
Rubisco can only fix COy, many species have evolved strategies to
enhance CO; supply. Some utilise carbon concentrating mechanisms
(CCMs) that actively transport HCO3 and convert it to CO, within the
cell (Giordano et al., 2005). Others modify the pH of their diffusive
boundary layer using proton pumps that release H', creating a locally
acidic microenvironment that promotes HCO3 conversion to CO,, thus
making it available for photosynthesis (Xu et al., 2023). These processes
collectively influence the surrounding seawater carbonate chemistry,
governed by the following equilibrium:

CO, + H,0 - HCO; + H' < CO; +2H"

Large-scale farming shifts this equilibrium by reducing dissolved CO,
and HCO3 concentrations, decreasing free hydrogen ions (H") (Gao and
Beardall, 2022; Xiao et al., 2021). This mitigates ocean acidification,
benefiting calcifying organisms such as molluscs and crustaceans
(Table 3; EES R3) (Jiang et al., 2022; Langton et al., 2019). Seaweed
farms also assimilate N and P, delivering engineered regulating service
of eutrophication mitigation (Table 3; EES R1), which improves water
quality in nutrient-rich zones (Garcia-Poza et al., 2022; Kotta et al.,
2022; Zhang et al., 2022). Improved water quality can support wild fish
populations and fisheries productivity; an EES valued by fishermen and
consumers (Grebe et al., 2019).

The complex interrelationships between aquatic ESs, and the chal-
lenge of translating them into tangible benefits, make it difficult to value
regulating and maintenance EES for stakeholders outside ecosystem
management. Similarly, mismanagement or poor farm design (Table 3;
Table 3; EEDs R6, R9, R14, R15, R19) can generate EED that threaten
ecosystem health, including disease transmission, invasive species
conveyance, altered community structure, and megafaunal mortality.
Physical impacts include noise, shading, or nutrient depletion which
may limit phytoplankton growth (Campbell et al., 2019; Grebe et al.,
2019; Hasselstrom et al., 2018). However, concerns about nutrient
depletion (Table 3; EED R2) remain largely hypothetical, as eutrophi-
cation stemming from excess nutrient loads is still widespread. Seaweed
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Fig. 2. Distribution of Danish seaweed cultivation and harvesting sites overlaid with Natura 2000 areas within Denmark’s Exclusive Economic Zone (EEZ). Site types
include commercial, hobby (marine gardens), research, wild harvest, and other seaweed-related uses, based on data from the Danish Coastal Authority (https://geoda
ta-info.dk/srv/dan/catalog.search#/metadata/c9dfb6e3-c15e-4975-9094-bb27a985a0e2) and Havhgst (havhgst.dk), supplemented by expert input. Hobby sites are
derived from Havhgst listings and may include mussel-only gardens. All other categories represent seaweed activities recorded in the Danish Coastal Authority’s
registry of marine structures. Green shaded areas indicate Natura 2000 sites (EU habitat and bird protection areas)(https://geodata-info.dk/srv/dan/catalog.search
#/metadata/a41eda70-0705-4641-8013-bb7348383eb7). Borders to the EEZ and territorial waters are shown with dashed grey and blue lines, respectively
(https://geodata-info.dk/srv/dan/catalog.search#/metadata/08fc57cd-23fa-416f-8c46-61ab65e91379). The inset shows Denmarks regional location in northern
Europe. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

farming therefore offers a nature-based solution to absorb excess nu-
trients (Andersen et al., 2019; Seghetta et al., 2016).

Although not directly related to seaweeds, modelling studies of
bivalve-phytoplankton interactions (Gatti et al., 2023) show how
nutrient competition can influence pelagic food webs.

The placement of farms is a key determinant of ecosystem effects
(Table 3; R5-R10; Fig. 3, left panel) (Bruhn et al., 2016, Buck & Grote
2018). Impacts originate at the farm scale and propagate to surrounding
ecosystems (Guerry et al., 2012; Visch et al., 2020). The alteration of
local ecosystem processes is often most direct and immediate, and can be
severe depending on the scale of operation. Kelly et al. (2020) reviewed
carrageenophyte seaweed farming in 43 tropical and subtropical coun-
tries and reported overgrowth of corals by farmed seaweed species in
eight cases, reduced productivity and shoot density of seagrass beds in
five studies, and altered meiofaunal abundance and diversity in six
studies. Similar negative effects may be anticipated in large-scale farms
due to light limitation for understory seaweed forests. However, such
impacts can be mitigated by using smaller farming units and locating
farms in deeper waters (Table 3; R9, R17). In Denmark, this precau-
tionary approach is already implemented in practice, as seaweed culti-
vation licences are generally granted only in water depth beyond the
potential expansion zone of eelgrass.

3.1.2. Marine activity — From seaweed aquaculture to other uses of marine
space

Seaweed aquaculture is a relatively new component within the
complex network of socio-economic and political interests that charac-
terise marine stakeholder interactions. The grow-out phase requires at-

sea cultivation structures to support the growth substrate. These systems
are positioned at the desired depth and location using buoys for buoy-
ancy and anchors or weights for stability (Zhang et al., 2022). However,
this occupation of marine space can conflicts with other users’ interests,
particularly those dependent on natural and cultural ES. For example,
seaweed farms may reduce the aesthetic value of seascapes and the
perceived sense of wilderness, potentially disrmishing spiritual or rec-
reational experiences. In addition, these structures can impede naviga-
tion, diving, or other activities conducted in close proximity.

The engineered cultural disservices associated with seaweed farming
(Table 2) stem from these potential conflicts with other marine activ-
ities. Such disservices can negatively influence stakeholders well-being
by limiting their “freedom of choice and action”, a key dimension of
well-being identified in the Millennium Ecosystem Assessment
(Millennium Ecosystem Assessment, 2005). The extent and severity of
these impacts depend largely on stakeholder perceptions, which are
shaped by their professional affiliations, institutional roles, and prior-
ities in marine spatial planning and landscape management.

To mitigate conflicts and foster synergies, studies have suggested
locating seaweed farms offshore and integrating them with other marine
activities. Promising approaches include multi-use platforms (MUPs)
with offshore wind farms and integrated multi-trophic aquaculture
(IMTA) systems (Table 3; EESR10, R13; Fig. 3, right panel) that combine
seaweed with fed species such as finfish and shrimp (Buck et al., 2018;
Guyot-Téphany et al., 2024; Maar et al., 2023; Van den Burg et al.,
2020a). These systems can reduce maintenance costs, enhance nutrient
cycling between fed and extractive aquaculture, maximize spatial effi-
ciency, and lower infrastructure demands. Empirical evidence indicates
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Fig. 3. The left panel maps stakeholders affected by regulating and maintenance (R), provisioning (P), and cultural (C) engineered ecosystem services (green circles)
and disservices (red circles) arising from seaweed aquaculture. The right panel illustrates policy instruments relevant to i) seaweed aquaculture stakeholders and the
broader marine ecosystem (beige background), ii) seaweed cultivation and other marine space uses (light green background color) and iii) seaweed processing and
downstream applications (blue background). Instruments are classified following Vedung (1998) and rated according to their specificity to seaweed aquaculture (the
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Abbreviations: OSPAR Convention (The Convention for the Protection of the Marine Environment of the North-East Atlantic), EU (European Union), ASC-MSC
(Aquaculture Stewardship Council and Marine Stewardship Council), FoS (Friend of the Sea), UN (United Nations), OPLOP (Organic Production and Labelling of
Organic Products). ES types and numbers are provided in Table 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

both ecological and economic benefits, as well as favourable stakeholder
attitudes (Budhathoki et al., 2024; Freitas et al., 2016). For instance,
monitoring studies have reported a twofold increase in protein content
in S. latissima biomass cultivated within IMTA systems, enhancing its
commercial value for food and feed applications (Freitas et al., 2016).

3.1.3. Seaweed value chain — From biomass production to downstream
applications

During growth, seaweed assimilate dissolved carbon and a range of
macro- and micro-nutrients, converting them into carbohydrate-rich
biomass. The biomass can be used directly for food and feed applica-
tions or processed into chemicals and biofuels (Table 2; EES P1-P3)
(Buschmann et al., 2017). Downstream enterprices along the seaweed
value chain benefit from the provisioning EES of seaweed production. In
food applications (Table 2), these services further benefit consumers by
enhancing food security and nutritional value (Bjerregaard et al., 2016;
OECD, 2016).

However, elevated concentrations of heavy metals and iodine can
limit the use of edible seaweeds (Table 2; EED P5; Table 3; EES R4) or
necessitate additional processing to comply with food-safety regulations
(Cherry et al., 2019; Hogstad et al., 2023). Consumer perceptions in
European markets increasingly favour seaweed-based products for their
health and sustainability attributes, although, concerns about metal or

iodine content may constrain acceptance in some regions (Tunca et al.,
2024).

3.2. Mapping of policy instruments relevant to seaweed aquaculture

Management mechanisms of these policy instruments relevant to
seaweed aquaculture are diverse, with legislative and regulatory in-
struments dominating at higher administrative levels. While Fig. 3
(right) presents an overview of the existing policy instruments, the
following subsections describe key examples addressing ecosystem
health, maritime activity, and seaweed value chains.

3.2.1. Ecosystem — From farming sites to broader ecosystems

3.2.1.1. Legislative and regulatory instruments. Denmark is a member of
the International Council for the Exploration of the Sea (ICES), an
intergovernmental marine-science organisation. ICES developed a stra-
tegic plan (ICES, 2019) to guide science, data, and advisory priorities,
and to strengthen capacity for understanding marine ecosystems and the
benefits they provide (ICES, 2019).

The OSPAR commission produced a North-East Atlantic Environ-
ment Strategy 2010-2020 (OSPAR Commission, 2010) focusing on five
themes, including biodiversity and ecosystem protection,
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Mapped provisioning and cultural engineered ecosystem services and disservices delivered by seaweed aquaculture to different stakeholders, based on literature

sources. The classification follows CICES v5.1 (Haines-Young and Potschin-Young, 2018). The “+” symbols denote services (benefits to stakeholders), whereas the

w9

symbols indicate disservices (negative impacts on stakeholder well-being). Determinants refer to factors influencing the scale and intensity of these services and

disservices.
Classification Mapped EES and/or EEDs Activities Stakeholders Determinants
Section Division From To Type  Ref No.2  From To Influential
! factors
Provisioning ~ Nutrition Macroalgae Food or feed ingredient/ + bc [P1] Biomass production Seaweed business & Productivity
supplement, proteins, e Consumers Biomass quality
dietary fibre, iodine, etc. (basic material for (no fouling)
good life) Consumer
preference
Energy Biorefinery Biofuels + b e [P2] Biomass production Seaweed business & Productivity
feedstocks Consumers Consumer
(basic material for preference
good life)
Materials Biorefinery Chemicals or materials, e.g. + be [P3] Biomass production Seaweed business & Productivity
feedstocks phycocolloids, Consumers Consumer
biostimulants, mannitol (basic material for preference
good life)
Littering Cultivation infrastructural - a [P4] Loss of cultivation Marine and costal Materials of the
components infrastructural ecosystems components
components
Toxicity Macroalgae Heavy metal - c [P5] Bioabsorption during Seaweed business & Product
biomass growth Consumers standards
(health)
Cultural Symbolic Aesthetic Disturbed view of the — b, d [C1] Cultivation structure Sea users & Coastal Marine spatial
landscape communities plans
(freedom of choice) Public
perception
Cognitive Sense of place - b e [C2] Seaweed aquaculture Sea users & Coastal Marine spatial
Iconic wildlife and habitat communities plans
Natural heritage (freedom of choice) Public
perception
Spiritual Sense of wilderness and - f [C3]  Seaweed aquaculture Sea users & Coastal Marine spatial
naturalness communities plans
(freedom of choice) Public
perception
Experiential ~ Recreational Access to water ways and - b, d, [C4]  Sea occupation Sea users, e.g. safari Marine spatial
water columns business divers plans
(freedom of action) Existing marine
activities
Commercial Access to water ways and - b [C5]  Sea occupation Sea users, e.g. shipping ~ Marine spatial
seabed and aggregates plans
extraction business Existing marine
(freedom of action) activities
Intellectual Educational & Genetic patterns + be [C6]  Seaweed aquaculture Biological researchers Genetic diversity
Inspirational (human-nature
relation)
Programs and books + b [C7]  Seaweed aquaculture Public Public
(human-nature perception
relation)

1Reference: a (Campbell et al., 2019); b (Hasselstrom et al., 2018); ¢ (Langton et al., 2019); d (Cabral et al., 2016); e (Pereira et al., 2020); f this study.zP and C

represents provisional and cultural ecosystem services.

eutrophication, hazardous substances, offshore industry, and radioac-
tive substances. It promotes the ecosystem approach, and a joint
assessment and monitoring programme (Inacio et al., 2020; Kotta et al.,
2022). Denmark also participates in regional agreements including the
Trilateral Wadden Sea Cooperation'(Germany, the Netherlands and
Denmark) and the Helsinki Commission” (HELCOM) for the Baltic Sea
(MST, 2020). Nationally, monitoring obligations are fullfilled through
the National Monitoring and Assessment Programme for the Aquatic and
Terrestrial Environments (NOVANA)S,4 which performs monitoring and

! The Trilateral Wadden Sea Cooperation. Link: https://mst.dk/natur-vand/
natur/international-naturbeskyttelse/det-trilaterale-vadehavssamarbejde/.

2 HELCOM. Link: https://helcom.fi/.

3 NOVANA program description 2017-2021. Link: https://mst.dk/media/
141463/novana-2017-21-programbeskrivelse.pdf.

4 NOVANA national monitoring program in Denmark. Link: https://mst.dk/
natur-vand/overvaagning-af-vand-og-natur/.

quality-assurance activities across eight sub-programs, including sea
and fjords, lakes, streams, substance transport, point sources, ground-
water, terrestrial habitats, and air.

The Marine Strategy Framework Directive (MSFD) 2008/56/EC°
aims to protect marine ecosystems and resources. It required Member
States to develop strategies for their marine waters and to apply the
ecosystem-based approach to achieve Good Environmental Status (GES).
Eleven descriptors characterise GES (Annex I of MSFD 2008/56/EC).
Those relevant to seaweed aquaculture include D1 biological diversity,
D2 non-indigenous species, D4 marine food webs, D5 eutrophication, D6
sea-floor integrity, D7 hydrographical conditions, D8 contaminant
concentrations, D9 contaminants in seafood, D10 marine litter, and D11

5 MSFD 2008/56/EC. Link: https://data.europa.eu/eli/dir/2008/56/0j.
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Table 3

Mapped regulating and maintenance engineered ecosystem services and disservices delivered by seaweed aquaculture to different stakeholders, based on literature sources. The classification follows CICES v5.1 (Haines-
Young and Potschin-Young, 2018). The + symbols denote services (benefits to stakeholders), whereas the — symbols indicate disservices (negative impacts on stakeholder well-being). Determinants refer to factors

influencing the scale and intensity of these services and disservices.

Classification EES (+) and EED (-) Activities Stakeholders Determinants
Section Division Group Class Type  Ref No.! From To Influential factors
1
Regulating and Biophysical Bioremediation Eutrophication mitigation + ab [R1] N and P assimilation during Marine N and P assimilation rates
Maintenance environment seaweed biomass growth ecosystem
Lack of nutrients for phytoplankton - a e [R2] N and P assimilation during Marine Background nutrient levels of the
seaweed biomass growth ecosystem farm location
Ocean acidification mitigation + c [R3] Carbon capture during Marine Carbonate chemistry of marine
photosynthesis ecosystem waters
Atmospheric concentration of CO»
Heavy metal removal + c [R4] Bioabsorption during biomass Marine Heavy metal adsorption rate
growth ecosystem
Beach casting - f [R5] Biomass loss at sea Coastal Engineering and farm design
ecosystem Harvest schedule
Sedimentation and organic enrichment - b, e [R6] Loss of biomass or release of Marine Engineering and farm design
particulate organic matter ecosystem Ecosystem community at the farm
location
Physio-chemical Soil quality Seabed cracking — f [R7] Installation of anchors on seabed Marine Ecosystem community at the farm
environment ecosystem location
Sound condition Noise - a [R8] Installation of anchors and at-sea Marine Acoustical instrumentation to
transportation ecosystem reduce noise from machinery and
boat
Light conditions Shading for benthic community - ab [RI] Absorption of light Marine Spacing of the moored lines
ecosystem Benthic community at the farm
location
Flow Water flow Coastal protection and prevention of + a b [R10]  Cultivation systems attenuate Coastal Hydrodynamics
regulation coastal erosion waves and dissipate energy community Engineering and farm design
(security)
Air flow Microclimate regulation + c [R11]  Oxygenation through Marine Oxygen consumption and
photosynthesis ecosystem production rate
Greenhouse gas regulation — b [R12] Emissions of halocarbons Marine Emission rate of halocarbons
ecosystem
+ a b, [R13] Carbon capture through Global climate Net carbon fixation rate
e photosynthesis (health
restoration)
Biotic environment ~ Habitat and gene pool  Altered composition of local community - a [R14] Release of reproductive materials Marine Choice of species
protection and genetic composition of local of invasive species or robust breeds ~ ecosystem Origins of seeding materials
seaweeds
Mortality of megafauna - a [R15]  Entanglement by cultivation lines Marine Structure of growth substrate
ecosystem
Creation of new habitats for epiphytes + c [R16]  Cultivation systems provide habitat ~ Marine Harvest schedule
and non-indigenous species ecosystem
Alternations between benthic and surface ~ — c [R17]  The temporary existence of the Marine Ecosystem community and wild
habitats floating cultivation system ecosystem populations at the farm location
Increased food dynamics via herbivores + c [R18]  Biomass growth taking the role of Marine Harvest schedule
primary production ecosystem Site selection
Facilitation of algal diseases and - a c [R19]  Cultivation systems provide routes Marine IMTA or monoculture
parasites (e.g. bryozoan) of transmission and habitat ecosystem Spacing of the moored lines

IReference: a (Campbell et al., 2019); b (Hasselstrom et al., 2018); ¢ (Langton et al., 2019); d (Cabral et al., 2016); e (Pereira et al., 2020); f this study.zR represents regulating and maintenance ecosystem services.
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underwater noise. According to the WISE® marine information system,
Denmark did not achieve GES for D5 and D9 by 2020. By 2021, Denmark
and other EU member states were required to revise action plans for
2021-2027 under MFSD.

The EU Water Framework Directive (WFD) 2000/60/EC’ aims to
achieve “good ecological status” for European surface waters (Capuzzo
and McKie, 2016). Seaweed farms located within 1 NM of the coast and
with potential to affect water quality should therefore be assessed under
the WFD.

Marine-biodiversity protection is also ensured through the EU
Biodiversity Strategy for 2030,° the Birds Directive 2009/147/EC,” and
the Habitats Directive 92/43/EEC.'" Over 8% of EU marine areas are
designated Natura 2000 sites'! (EEA, 201 8), forming a network of
protected areas covering Europe’s most valuable and threatened species
and habitats.'?

The Environmental Impact Assessment (EIA) Directive 2011/92/
EU'® requires mandatory EIA for Annex II projects potentially causing
significant environmental effects; seaweed aquaculture may fall under
Annex I project (Wood et al., 2017), with the need of an EIA determined
by national authorities. The Strategic Environmental Assessment (SEA)
Directive 2001/42/EC applies to public plans and programs, requiring
SEA where activities overlap with the Habitats Directive or set a
framework for Annex I EIA projects. Consultation and scoping of the SEA
report are mandatory. In 2019, three seaweed-aquaculture permits were
granted in Denmark without an EIA requirement owing to their small
scale and location outside Natura 2000 sites (Kystdirektoratet, 2014;
Kystdirektoratet, 2015; Anker et al., 2024). By contrast, California
(USA) mandates an EIA for seaweed-cultivation licences, with high
application costs and processing times (Greenwave, 2018).

3.2.1.1.1. Agreement-based or cooperative instruments. Voluntary
third-party certification schemes are increasingly recognised as effective
tools in global markets, including Europe and North America, enabling
environmentally conscious consumers to choose sustainable aquaculture
products (FAO, 2018).

Two certification schemes apply to seaweed aquaculture: the Aqua-
culture Stewardship Council and Marine Stewardship Council (ASC-
MSC) Seaweed Standard (ASC-MSC, 2020) and Friend of the Sea Stan-
dard for Seaweeds and Algae Products (World Sustainability Organiza-
tion, 2020). Both aim to conserve marine habitats by promoting certified
products from responsible producers. The FoS Standard includes criteria
for management systems, legal compliance, biomass and environmental
impact assessments, water and air monitoring, waste management, and
the use of chemicals and hazardous substances (World Sustainability
Organization, 2020).

The ASC-MSC Standard applies a risk-based framework (ASC MSC,
2018) including productivity-susceptibility and consequence analyses
across spatial scopes and scales. FoS requirement 3.2 mandates a posi-
tive EIA or equivalent assessment for producers harvesting 20 tonnes or
more annually, supported by an independent regional or national
assessment (World Sustainability Organization, 2020).

6 WISE marine information system for europe. Link: https://water.europa.
eu/marine/countries-and-regional-seas/country-profiles/denmark.

7 WFD. Link: http://data.europa.eu/eli/dir/2000/60/2014-11-20.

8 Biodiversity Strategy. Link: https://ec.europa.eu/environment/nature/
biodiversity/strategy/index_en.htm Communication. Link: https://eur-lex.
europa.eu/legal-content/EN/TXT/?uri=CELEX%
3A52020DC0380&qid=1607357125048.

9 Bired Directive. Link: https://ec.europa.eu/environment/nature/legisla-
tion/birdsdirective/index_en.htm.

10 Habitats Directive. Link: https://ec.europa.eu/environment/nature/legis-
lation/habitatsdirective/index_en.htm.

11 Natura 2000 Network (all sites map): https://natura2000.eea.europa.eu;/.

12 Natura 2000 Network https://www.eea.europa.eu/themes/biodiversity/
natura-2000.

13 EIA Directive. Link: https://data.europa.eu/eli/dir/2011/92/0j.
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3.2.1.1.2. Information and communication instruments. UN Sustain-
able Development Goal 14 (Life Below Water)14 sets targets to protect
marine environments, including reducing nutrient and debris pollution
(14.1), ecosystem-based management (14.2), mitigating ocean acidifi-
cation (14.3), and integrating the United Nations Convention on the Law
of the Sea (UNCLOS) into national legal frameworks to enhance con-
servation and sustainable use of oceans and their resources (14.c).

FAO technical guidelines promote responsible aquaculture practices
that conserve aquatic resources and biodiversity. Key documents include
the 1995 Code of Conduct for Responsible Fisheries'” and the Ecosystem
Approach to Aquaculture Strategy and Principles (FAO, 2010). Although
not written for seaweed aquaculture, they are relevant due to the sec-
tor’s contribution to multiple UN SDGs (Bermejo et al., 2022; Duarte
et al., 2021; Gao and Beardall, 2022; Garcia-Poza et al., 2022; Spillias
et al., 2022).

These frameworks have been applied to seaweed context, for
example by Grebe et al. (2019) in Maine (USA) to map potential impacts
and ensure long-term sustainability, and by Inacio et al. (2020) to assess
and map marine ecosystem services in Denmark and the Baltic Sea.

3.2.2. Marine activity — From seaweed aquaculture to other uses of marine
space

Managing engineered cultural ES and ED requires integrated marine
spatial planning instruments that consider the diverse interests of
coastal communities. In Denmark, governance of aquaculture and other
marine activities is regulated by primary and secondary legislation at
local, regional, and global scales. According to the UNCLOS, the
Exclusive Economic Zone (EEZ) grants states special rights to explore
and use marine resources, including energy production from water and
wind (UN, 1982). The EEZ extends 12 to 200 NM from the coast, or to
neighbouring EEZ boundaries. Denmark’s EEZ covers the North Sea,
Skagerrak, Kattegat, Belt Sea, Sound, western Baltic Sea (the area
around Bornholm), and sea areas of the constituent country of
Greenland and the constituent country of the Faroe Islands (MST, 2020).

The EU Maritime Spatial Planning Directive (MSPD) 2014,/89/EU"°
provides a framework for member states to develop maritime spatial
plans that consider land-sea interactions, cross-border cooperation, and
stakeholder involvement to promote the coexistence of activities. The
MSPD was transposed into Danish laws (Act 615'7) in 2016. Denmark’s
first maritime spatial plan (MSP), prepared by the Danish Maritime
Authority,'® entered into force in March 2021 (an overview of the MSP
of EU countries is available on the MSP platform'®) and is subject to a
SEA.*°

In Europe, the Common Fisheries Policy (CFP) Regulation (EU) No
1380,/2013%' remains the only coherent regulation for aquaculture. It
focuses on conserving marine biological resources and improving access
to space and water. Although seaweed aquaculture is not yet covered by
the CFP, its inclusion is possible as the sector matures.

3.2.3. Seaweed value chain — From biomass production to downstream
applications
Global demand for contaminant-free, traceable edible seaweeds is

14 UNSDG 14. Link: https://sdgs.un.org/goals/goal14.

151995 Code of Conduct for Responsible Fisheries. Link: https://www.fao.
org/fishery/code/en.

16 MSPD 2014/89/EU. Link: https://data.europa.eu/eli/dir/2014/89/0j.

17 Act on MSP. Link: https://www.dma.dk/Vaekst/Rammevilkaar/Legisla-
tion/Pages/Acts.aspx.

8 Danish Maritime Authority. Link: https://www.dma.dk/Vaekst/Havplan/
Pages/default.aspx.

19 European MSP platform. Link: https://www.msp-platform.eu/.

2% Danish Maritime Authority. Link: https://www.dma.dk/Vaekst/Havplan/
Pages/default.aspx.

21 CFP. Link: http://data.europa.eu/eli/reg/2013/1380/2019-08-14.
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increasing (CEVA, 2019; SAPEA, 2017), requiring management plans
ensuring biomass quality and supply (Hogstad et al., 2023; Kulikowski
etal., 2021). The CFP highlights the need for increasing competitiveness
and exploiting competitive advantages due to high quality, health, and
environmental standards.

Given its potential within the Blue Bioeconomy (European Com-
mission, 2020), seaweed aquaculture attracts significant research and
business investment. The PHYCOMORPH guidelines (Barbier et al.,
2019) provide European stakeholders with science-based recommen-
dations on seaweed cultivation, applications, and legislation.

Deveopment is further supported by public and private funding,
including EU projects on algae biorefineries (European Commission,
2016, 2020) and national subsidies such as the Restocking and Culti-
vation of Seaweeds in Chile (Henriquez-Antipa and Carcamo, 2019). The
Sustainable Blue Economy Finance Initiative®” developed by the Euro-
pean Commission, WWF, the World Resources Institute and the Euro-
pean Investment Bank, guides financial institutions and organisations to
align lending and insurance practices with ocean conservation and
sustainable blue growth.

Concerning biomass quality, the Environmental Quality Standards
(EQS) Directive 2008/105/EC** regulates chemical pollution in surface
waters, while the Organic Production and Labelling of Organic Products
(OPLOP) Regulation 2018/848>* governs the output quality of seaweed
farms. In Denmark, production and marketing of organic food follow the
OPLOP regulation (MFF, 2020). Product-labelling systems should be
developed to provide consumers clear guidance on treatment of the
edible biomass (e.g. hot water rinsing) and recommended daily intake to
avoid risks from high iodine levels, or arsenic accumulation (Bouga and
Combet, 2015).

The mapping of engineered ecosystem services and disservices (EES/
EED), together with the analysis of relevant policy instruments and
institutional frameworks, reveals both the transformative potential and
regulatory challenges of seaweed aquaculture. Current frameworks
focus mainly on mitigating environmental pressures but often overlook
the sector’s restorative potential, such as nutrient cycling, habitat
regeneration, and biodiversity enhancement. To develop a more
regenerative and integrated seaweed sector, a balanced and forward-
looking framework is required—one that explicitly captures both the
beneficial and adverse effects of aquaculture practices across ecosys-
tems, marine activities, and value chains.

In response, we propose an updated DPSIR framework tailored to
seaweed aquaculture, redefining the traditional element of Pressure as
Progress to better reflect the sector’s contributions to ecosystem resto-
ration and innovation.

3.3. Novel DPSIR: From Pressure to Progress

Building on the need for a balanced and integrative framework, this
section presents a novel adaptation of the DPSIR model (Driv-
er-Pressure-State-Impact-Response) (Smeets and Weterings, 1999),
specifically designed for seaweed aquaculture. Our approach redefines
Pressure as Progress, highlighting seaweed farming’s potential not only to
reduce environmental harm but also to restore ecosystem health. The
updated model provides a transparent, adaptive management tool that
captures both engineered ecosystem services (EES) and disservices
(EED), guiding sustainable development across the emerging
phyconomy.

To operationalise this framework, we apply an institutional land-
scape analysis using Denmark as a case study, linking policy instruments

22 Sustainable Blue Economy Finance Initiative. Link: https://www.unepfi.
org/blue-finance/.

23 EU EQS. Link: https://data.europa.eu/eli/dir/2008/105/0j.

24 EU Organic Production and Labelling of Organic Products (OPLOP) Regu-
lation 2018/848. Link: https://data.europa.eu/eli/reg/2018/848/0j.
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to responsible institutions and exploring options for cross-sectoral co-
ordination to enhance governance coherence.

The DPSIR framework is a well-established approach for analysing
interactions between ecosystems and society (Smeets and Weterings,
1999). In this model, Drivers (societal demand) create Pressures on the
environment, leading to State changes that cause impacts on society,
which in turn calls for policy Response. DPSIR is widely used in policy-
relevant research for its clarity in showing case-effect relationships
and its value in improving communications between policymakers,
stakeholders, and scientists (Gari et al., 2015).

However, existing frameworks such as the MSFD and WFD focus
mainly on negative impacts and pressures with little emphasis on posi-
tive effects. While these directives are vital for mitigating harm to the
marine environment, they often overlook the potential benefits of
aquaculture practices such as habitat restoration and enhancement of
ecosystem services. As a result, they fail to reflect the full range of effects
that seaweed aquaculture can have on the environment. Our proposed
novel DPSIR framework addresses this gap.

The new approach recognises that environmental effects can be both
positive and negative. While traditional frameworks associate pressures
solely with negative impacts (EEDs), our model encompasses negative
consequences (EEDs) and positive outcomes (EESs), such as habitat
restoration and increased ecosystem resilience. By recognising these
positive effects, the framework offers a more holistic view of seaweed
aquaculture’s environmental footprint.

For example, habitat restoration associated with seaweed cultivation
can improve ecosystem health and enhance natural ES. These positive
effects, often overlooked in current monitoring frameworks, are crucial
to understanding seaweed aquaculture’s full environmental scope. The
monitoring gap is particularly important because positive effects may
occur at different spatial and temporal scales than negative ones. A
balanced approach is therefore required to account for both, especially
under emerging policies such as the European Green Deal, 2019/640/
EC.%

Negative impacts, or EEDs, can lead to a State changes that disrupts
natural ES and reduce benefits to coastal communities, while positive
effects (EESs) can enhance ecosystem resilience and integrity. By
focusing on the restoration of natural ES and developing policy Re-
sponses that address both EEDs and EDSs, governance can better support
the sustainable growth of the phyconomy.

In this framework, Progress refers to engineered ecosystem services
that restore ecosystem health and strengthen natural ES. EEDs lead to
State changes that inhibit ES, whereas EESs contribute to restoration and
resilience. The framework advocates for a dual focus; minimising
negative impacts while maximising synergies between engineered and
natural ecosystem services. This can be achieved through biomimicry-
based designs that optimise restorative EES, thereby transforming
traditional Pressures into Progress and improving the health of coastal
and marine ecosystems.

Engineered ecosystem services (EES) are designed interventions ex-
pected to generate long-term, nature-positive outcomes that reinforce
underlying ecological processes. Functionally, they strengthen the
foundation of natural ecosystem services, particularly those previously
categorised as supporting services in the Millennium Ecosystem
Assessment, 2005—now included within the regulation and mainte-
nance group of CICES v5.1. Through mechanisms such as nutrient
cycling, carbon regulation, and habitat provision, EES contribute to
ecosystem recovery and stability, thereby sustaining the delivery of
provisioning and cultural benefits over time.

This study therefore proposes a novel DPSIR framework (Fig. 4),
evolving from the traditional goal of reducing Pressure to the new
paradigm of achieving Progress (see also Fig. 3 for stakeholder and
policy-instrument context) towards a restorative blue economy within a

25 Green Deal EUR-Lex — 52019DC0640 — EN — EUR-Lex.
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Fig. 4. Novel DPSIR framework integrating the Ecosystem Approach and the concept of engineered ecosystem services (EES) and engineered ecosystem disser-

vices (EED).

safe operating space for humanity (Richardson et al., 2023; Rockstrom
et al., 2009; Steffen et al., 2015). This framework integrates the
ecosystem approach and the concept of engineered ecosystem services to
overcome limitations of traditional DPSIR applications, such as their
narrow focus on policymakers and lack of holistic, integrated perspec-
tives on aquaculture impacts (Gari et al., 2015).

The integrated framework allows: (1) Inclusion of intermediate
positive and negative effects on ecosystems, in addition to final societal
outcomes, (2) Provide a system-wide mapping of all affected stake-
holders, regardless of their power or influence in governance.

The upper pathway (Progress) represents positive, nature-positive
effects where well-managed seaweed aquaculture delivers EES that
reinforce ecological processes, restore natural ecosystem services, and
contribute to societal well-being. The lower pathway (Pressure) depicts
negative effects where poorly managed practices generate EED, leading
to degradation of ecosystem structure and function. Policy and man-
agement responses shown in the central column illustrate legislative,
economic, cooperative, informational, and innovation instruments that
can encourage, restore, or credit positive outcomes while reducing or
mitigating negative ones.

3.4. Perspectives on key instruments and institutions for Danish seaweed
aquaculture

The sustainable development of Danish seaweed aquaculture relies
on a well-structured institutional framework that integrates marine
spatial planning, ocean zoning, and site monitoring as core components
of effective governance. Together these tools act as both preventive and
ongoing mechanisms to secure environmentally sustainable and
economically viable operations. Spatial planning and zoning identify
suitable cultivation areas while minimising conflicts with other marine
uses, and continuous site monitoring ensures compliance with envi-
ronmental standards and best practices.

3.4.1. Stakeholder synergies and gaps
A key strategy to lower market-entry costs and operational risk for
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small-scale farmers is to foster collaborative networks within the sector.
By applying sharing-economy principles (Mi and Coffman, 2019),
Danish seaweed farmers can share seedlings through a national seed
bank (Cottier-Cook et al., 2016) and pool specialised equipment and
infrastructure (Grebe et al., 2019). Training programs to disseminate
technical knowledge and best-practice management (Henriquez-Antipa
and Cdrcamo, 2019) would further raise industry standards. Existing
organisations, like the Danish Seaweed Organization (DSO, representing
16 SMEs),%° Tang Netvaerket (a cross-sector stakeholder network),””
and AlgeCenter Denmark (a science-industry network), provide a
foundation for forming a national seaweed cooperative. Such a coop-
erative could reduce costs, improve access to resources, and enable a
joint data collection on biomass production and sales.

Addressing data gaps is essential for evidence-based decision-mak-
ing. The Scientific, Technical, and Economic Committee for Fisheries
(STECF) of the European Commission have found discrepancies between
EUROSTAT and FAO reporting for Danish algae-aquaculture production
from 2008 to 2016 (STECF, 2018). Developing a robust, transparent
database would allow consistent sectoral analysis and credible trend
projections, supporting policy coherence and aligning with broader EU
aquaculture strategies. By combining institutional support, stakeholder
collaboration, and improved data infrastructure, Danish seaweed
aquaculture can achieve sustainable growth while strengthening its
contribution to the blue economy.

3.4.2. Coordinated institutional efforts in developing and operationalising
instruments

In Denmark, coordinated institutional collaboration has been central
to advancing the seaweed-aquaculture sector. AlgeCenter Danmark is

26 Danish Seaweed Organization (DSO) develops web portal for sharing in-
formation relevant for better marketing and sale, e.g. legislation, product
quality standard, and certification schemes, and coordinates initiatives like
participation in national and international tradeshows and exhibitions. Link:
https://www.danish-seaweed.org/ (last accessed 2021-01-25).

27 Tang Netvaerket. Link: https://tangnet.dk/.
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instrumental in this progress, organising the annual Nordic Seaweed
Conference, facilitating knowledge exchange, and fostering stakeholder
collaboration. It also disseminates scientific knowledge through social
media, educational materials for schools, and public-engagement events
such as the seaweed salad-making activity for schoolchildren during the
national folk festival of Denmark in 2016 (Mouritsen, 2017). These
initiatives help build public acceptance and stimulate domestic con-
sumer markets. Nevertheless, the limited integration of seaweed into
European food culture remains a challenge, emphasising the need for
outreach to raise social-readiness levels for seaweed applications,
including brand image campaigns and interactive workshops (Delaney
et al., 2016; Jonsson et al., 2024; Van Den Burg et al., 2021). Recent
behavioural research further indicates that targeted communication and
product experience can effectively nudge consumer acceptance of
seaweed-based innovations (Pandey et al., 2025).

Scientific research further supports Denmark’s seaweed sector by
providing practical resources, including cultivation manuals for
S. latissima cultivation (Tgrring and Oddershede-Nielsen, 2014), best
practice guidelines for cultivation and analysis (Mooney-McAuley et al.,
2016), and regulatory summaries for edible seaweeds (Ceva, 2019;
Seaweed for Europe, n.d.). These tools enable producers to adopt sus-
tainable practices and meet regulatory expectations, supporting sectoral
growth. Exploring local markets for seaweed-based foods remains a
strategic pathway for upgrading the European kelp industry (Van den
Burg et al., 2020Db).

Comparative experience abroad reinforced these lessons. In Chile, a
governmental subsidy programme for seaweed cultivation revealed
implementation gaps, including weak legislation, fragmented research
with poor continuity, and bureaucratic inefficiencies (Henriquez-Antipa
and Carcamo, 2019). In the United States, ARPA-E launched the MAR-
INER (Macroalgae Research Inspiring Novel Energy Resources) pro-
gramme in 2016 to develop tools positioning the country as a leader in
macroalgae production for human consumption and for feed and fer-
tilisers, investing ~ US$22 million in integrated cultivation and har-
vesting systems, advanced component technologies, computer-aided
modeling, aquatic monitoring, and breeding tools (ARPA-E, 2017).
These experiences underline the importance of long-term strategies,
coherent governance, and sustained stakeholder engagement to ensure
equitable benefit distribution and community sustainability. By
addressing market, governance, and cultural barriers, Denmark and
other European countries can draw on these global insights to develop
cohesive strategies for sustainable expansion.

3.4.3. Zoning (ex-ante) and monitoring (throughout)

A joint-site monitoring programme as the core of a triple-helix
management framework, linking academia, industry, and government,
has been proposed for future growth of seaweed aquaculture (Zhang and
Thomsen, 2019). This framework promotes cross-sectoral collaboration
to build a shared understanding of ecological systems and seaweed
biology, integrating scientific research with the practical and local
knowledge of farmers. However, a critical gap persists: existing moni-
toring schemes rarely account for restorative actions such as habitat
recovery, carbon capture sequestration, and nutrient removal (Duarte
et al., 2021; Sondak et al., 2017). Without such metrics, positive envi-
ronmental outcomes risk being under-reported or undervalued.

At present, the absence of a scientifically robust, standardised
monitoring framework remains a bottleneck for sustainable sector
development. Establishing clear indicators and methodologies, sup-
ported by long-term datasets and active stakeholder participation
(Grebe et al., 2019; Henriquez-Antipa and Carcamo, 2019), would
strengthen assessments of ecological impacts and restorative contribu-
tions while ensuring regulatory compliance. Such a system would enable
the sector to demonstrate measurable contributions to the blue econ-
omy, climate, and broader environmental restoration goals (Van den
Burg et al., 2020b; van Duinen et al., 2023; Thomsen and Zhang, 2020).

Stakeholder perspectives also highlight the need for transparency
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and trust-building. Interviews with community representatives in Scot-
land and France revealed limited trust in environmental-risk assess-
ments and farming practices (Billing et al., 2020). To address this, a
publicly accessible monitoring programme that regularly disseminates
results would enhance transparency, document long-term environ-
mental conditions, and improve understanding of farm-ecosystem in-
teractions. Furthermore, introducing an ecosystem-service credit
system, for carbon capture, nutrient removal, or habitat provision, could
recognise and reward nature-positive outcomes, strengthening stake-
holder confidence and reinforcing restorative EES principles.

Integration of seaweed monitoring into existing national frameworks
such as Denmark’s NOVANA programme?® offers a practical pathway
for implementation. NOVANA already covers chemical, physical and
biological measurements (e.g. salinity, temperature, eelgrass depth
limits, chlorophyll and phytoplankton productivity) as well as
hazardous-pollutant monitoring. Expanding this infrastructure to
include seaweed-specific indicators would enable streamlined, cost-
effective data collection and alignment with broader marine-
ecosystem assessments.

Globally, several approaches provide valuable valuable methodo-
logical insights. In China, benthic impacts of shellfish and seaweed
aquaculture were monitored using combined models and Environmental
Quality Standards based on sediment chemistry and sensory parameters
(Zhang et al., 2009). In the Netherlands, DNA metabarcoding evaluated
biodiversity on settlement plates and explored environmental-DNA ap-
plications for mobile fauna (Bernard et al., 2019). Similarly, South Korea
applied real-time carbonate monitoring to model carbon budgets in
seaweed farms (Shim et al., 2012). These examples demonstrate that
multi-parameter, technology-assisted monitoring can effectively capture
both EES and EED effects.

Ocean zoning, which classifies marine space according to permitted
uses (Agardy, 2010), remains a cornerstone in marine spatial planning
(Douvere and Ehler, 2009). In Denmark, the Havplan29 incorporates
zoning; however, unlike shellfish and finfish aquaculture, seaweed
cultivation is not restricted to specific zones, reflecting the industry’s
small scale. This flexible model contrasts with the zoned management of
wild seaweed harvests in Norway, Chile, and South Africa, where
concession areas and harvest rotations protect natural stocks while
balancing multiple uses (Amosu et al., 2013; Norambuena, 1996; Vea
and Ask, 2011).

As phyconomy-driven demand increases, so does the number and
size of farm applications. Careful site selection becomes vital (Monagail
and Morrison, 2020; Stévant et al., 2017). Yet under the current Danish
licensing system (Table 1), expansion may be slowed by the adminis-
trative procedures and costly EIAs (Camarena-Gomez et al., 2022;
Falconer et al., 2023; European Commission, 2016). Comparable chal-
lenges are observed elsewhere: coastal municipalities in Norway cite
allocation delays (Gjertsen et al., 2020), and in California, filing an
environmental-impact report for an ocean-farm licence costs approxi-
mately US$ 3168 (Greenwave, 2018).

To streamline permitting while upholding environmental standards,
authorities could adopt a proactive data-driven zoning approach, iden-
tifying and leasing pre-screened suitable areas rather than assessing
each site individually (FAO, 2010). Operationalising such an approach
requires advanced cumulative-impact assessment tools and open data
systems. The increasing availability of environmental datasets and
analytical techniques supports a shift from expert judgment to trans-
parent, evidence-based evaluation. Emerging frameworks with

28 vVisualization of the monitoring data from the NOVANA program
2017-2021: https://miljoegis.mim.dk/cbkort?profile=novana2017-21;The
description of the NOVANA program 2017-2021: https://mst.dk/media/
141463/novana-2017-21-programbeskrivelse.pdf#page=11 (marine and fjor-
den: pages 11-46).

29 Denmark’s marine plan. Link https://havplan.dk/da/page/info.
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operationalisation plans (Kotta et al., 2020, 2022) could be adapted for
seaweed-aquaculture zoning, enhancing consistency, transparency, and
efficiency in permitting.

A streamlined, science-based licensing system would provide greater
business certainty for applicants while enhancing public trust and
stakeholder participation; key enablers of sustainable sector growth
within the broader restorative-blue-economy transition.

4. Conclusions and perspectives

The study proposes a novel DPSIR framework that shifts the focus
from merely reducing environmental pressures to actively fostering
progress towards a restorative circular blue economy. This framework
integrates the ecosystem-services approach, providing a systemic un-
derstanding of both the positive and negative impacts on ecosystems and
their societal implications.

Looking ahead, adaptive, cross-sectoral policy frameworks will be
essential to sustain blue-growth pathways. Such frameworks must
ensure coordinated governance of seaweed aquaculture, now a strategic
component of the emerging phyconomy. By aligning with global sus-
tainability transitions, these policies can ensure that seaweed aquacul-
ture simultaneously supports economic growth, environmental
restoration, and climate-mitigation goals (van Duinen et al., 2023;
Thomsen & Zhang, 2020).

As offshore aquaculture expands, balancing growth and ecological
limits becomes increasingly critical. Competition for ocean space,
particularly with offshore-wind and other maritime industries, demands
robust, data-driven spatial-planning tools to prevent exceedance of local
carrying capacities for nutrients, light, and biodiversity (Depellegrin
et al., 2021; Kotta et al., 2020; Villalba et al., 2022; Turschwell et al.,
2022). Web-based cumulative-effects and ecosystems-threat assessment
tools (Depellegrin et al., 2021; Menegon et al., 2018) further highlight
the value of embedding ecosystem-service accounting into maritime
spatial planning (Armoskaite et al., 2023; Boussarie et al., 2023; Quinio
et al., 2023; Sousa and Alves, 2020).

Multi-use platform concepts offer promising synergies, promoting
industrial symbiosis between seaweed farms and offshore wind struc-
tures, where seaweed cultivation can help dampen wave energy and
enhance ecosystem services (Schupp et al, 2019). Yet challenges
remain, including biofouling, contamination risks, and regulatory
complexity (Aryai et al., 2021; Depellegrin et al., 2019; Villalba et al.,
2022).

The emerging carbon-credit market also presents opportunities and
risks. As seaweed aquaculture becomes integrated into offset schemes,
robust verification is required to avoid greenwashing and ensure credits
reflect genuine climate- and ecosystem-restoration benefits.

Effective, harmonized policy and regulatory frameworks are crucial
for balancing the pressures and progress associated with seaweed
aquaculture. A unified legal approach, aligning local and regional reg-
ulations with broader EU directives, will underpin sustainable sector
development (Paramana et al., 2023).

Finally, as awareness of ecosystem services and EES-linked co-ben-
efits grows, discussions on economic incentives for seaweed aquaculture
are expected to intensify. Well-designed incentives will encourage in-
vestment in sustainable practices, ensuring that seaweed aquaculture
continues to strengthen ecological integrity, economic viability, and
social well-being — the three pillars of the triple-layered business model
canvas (TLBMC) (Joyce and Paquin, 2016; Van Den Burg et al., 2021).

In conclusion, navigating these governance and innovation chal-
lenges is essential to achieve a sustainable equilibrium between
ecological, economic, and social objectives in the rapidly expanding
global seaweed-aquaculture sector.
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