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Abbreviati ons

BRT boosted regression tree

CDR carbon dioxide removal

CO. carbon-dioxide

DOC dissolved organic carbon

EEZ Exclusive Economic Zone

FCA forensic carbon accounting

GHG greenhouse gas

LCA life cycle assessment

MPA marine protected area

MRV measuring, reporting, and verification
MSP  marine spatial planning

POC particulate organic carbon

RDOC refractory dissolved organic carbon
R&D research and development

ROV remotely operated vehicle

UAV unoccupied aerial vehicle
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Executive summary

This report examines the potential role of algae in contributing to climate change
mitigation, focusing on two distinct but complementary pathways:

1 The restoration of natural seaweed ecosystems across European seas;
1 The purposeful cultivation of macroalgae for carbon sequestration.

By doing so, it fulfls action 13 of the European Commission's 2022
communication Towards a Strong and Sustainable EU Algae Sector, which calls

for fla study to gain better knowl edge of
opportunities and the role .of seaweed as bl

Carbon sequestration in EU underwater forests

Underwater seaweed forests across European seas exhibit distinct
biogeographic patterns, with species distribution shaped largely by regional
climate conditions. In northern and cold-temperate regions such as the North
Atlantic and North Sea, species like Laminaria digitata, Saccharina latissima,
Laminaria hyperborea, and Alaria esculenta dominate, forming extensive kelp
forests in rocky subtidal zones. These ecosystems are ecologically vital, offering
habitat, nursery grounds, and food for diverse marine life. In temperate regions,
intertidal and shallow subtidal forests are primarily formed by species such as
Fucus serratus, Fucus vesiculosus, and Himanthalia elongata, with some species
like Saccorhiza polyschides displaying broad tolerance to variable conditions. In
the Mediterranean and adjacent warm-temperate Atlantic coasts, structurally
complex forests are created by species including Cystoseira spp., Phyllariopsis
spp., and Laminaria rodriguezii. Under the assumptions applied, macroalgae
across all EU marine regions i which is estimated to cover approximately 902
thousand km? i could sequester up to 23.5 million tonnes of carbon per year,
equivalent to the removal of up to 86 million tonnes of CO2from the atmosphere.
Moreover, underwater seaweed forests are estimated to store 37.9 million tonnes
of carbon in their biomass.

Given widespread declines in seaweed forests due to climate change, habitat
degradation, and invasive species, identifying priority areas for restoration is
critical. Restoration efforts should be guided by newly developed distribution
maps that support integrated conservation planning, including the designation of
Marine Protected Areas (MPASs). Key areas for intervention include the Iberian
Peninsulad particularly the Bay of Biscayd where kelp loss exceeds 90%, and
parts of the Mediterranean, where Cystoseira species have experienced sharp
declines. The North Sea and British Isles also present opportunities for targeted
restoration, especially in deeper or tidally mixed habitats that retain cooler water


https://oceans-and-fisheries.ec.europa.eu/document/download/d2b345d5-9c66-4eca-aa43-6b135293bac8_en?filename=swd-2022-361_en.pdf
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conditions. In contrast, kelp forests in Arctic and northern waters like Norway and
Iceland are expanding and may require conservation-based rather than
restorative management. Effective large-scale restoration remains constrained
by knowledge gaps concerning species distribution, status, and long-term trends,
underscoring the need for continued research and monitoring.

Cultivation of algae for carbon sequestration

The cultivation of both macroalgae and microalgae presents a promising, albeit
complex, avenue for carbon dioxide removal (CDR). These algae exhibit high
productivity and rapid growth, with the potential to contribute significantly to
climate mitigation. However, realising this potential at scale is hindered by
substantial scientific, technical, economic, and regulatory challenges.

Macroalgae cultivation could sequester up to 1.1 million tonnes of carbon
annuallyd equivalent to around 4 million tonnes of CORd based on conservative
assumptions that 10,000km? (*) could be used for seaweed cultivation (e.g.,
nearshore waters, avoiding disruptions to marine ecosystems, etc.). Despite
these theoretical gains, macroalgal CDR remains financially unviable as a
standalone activity. It may become feasible when integrated with biomass
valorisation (e.g., bio-based products) or ecosystem services (e.g., habitat
restoration). To ensure environmental integrity and eligibility in future carbon
markets, robust monitoring, reporting, and verification (MRV) systems are critical.
A phased, risk-informed approach is recommended for the European Union,
focusing on filling current knowledge and governance gaps before large-scale
deployment.

Microalgae are distinguished by their exceptional photosynthetic efficiency, fast
reproduction, and capacity to thrive in diverse conditions, including pollutant-rich
environments. Uses for biochar or biocement could offer durable carbon storage;
however, uncertainties remain regarding the sequestration potential and overall
carbon footprint of these pathways. Advancing microalgal CDR from promise to
practise requires targeted investments in scalable cultivation systems,
sustainability metrics, policy frameworks, and continued R&D.

Together, macro- and microalgae represent innovative components of a broader
carbon removal strategy. Their deployment must be grounded in solid scientific
evidence that currently remains underdeveloped, economic rationale, and
regulatory oversight to ensure real and measurable climate benefits.

Using the Social Cost of Carbon (SCC) method, which puts a monetary value on
the damage caused by each tonne of CO2 in the atmosphere, study estimated

() This corresponds to 1% of the area that could theoretically support seaweed cultivation.



Work Package 4: The Role of Algae in Climate Change Mitigation in European Seas
Annex to the Final Report

t hat removing CO2 through seaweed (macroal
billion every year in the EU. This shows how valuable algae can be in fighting
climate change by capturing carbon. These figures should be interpreted as
indicative, high-level estimates based on generalised assumptions regarding
sequestration potential and economic valuation. While they highlight the potential
scale of macroalgal contributions to climate mitigation, more detailed, location-
specific analyses are necessary before informing policy or investment decisions.
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1.l ntroducti on

1.1. Relevance and objective

The urgent need to mitigate climate change has intensified efforts to reduce
atmospheric carbon dioxide (COF concentrations through a combination of
emission reductions and carbon removal strategies. While mitigation focuses on
curbing greenhouse gas (GHG) emissions, carbon dioxide removal (CDR) aims
to actively capture COF from the atmosphere and store it. Both are essential to
achieving t he European Uni onods cl i
commitments under the Paris Agreement. Within this broader effort, natural
ecosystems have drawn increasing attention for their capacity to sequester
carbon, also including algae. The European Commission's 2022 communication
Towards a Strong and Sustainable EU Algae Sector reflects growing policy
interest in this field, with a focus on both environmental and economic
opportunities.

Algae, a diverse group of photosynthetic organisms ranging from microscopic
phytoplankton to large macroalgae (e.g., kelp), play a fundamental role in carbon
cycling by absorbing COF from the atmosphere and seawater. Through
photosynthesis, algae convert this COF into organic matter, which may remain
stored in biomass or be transported into deeper ocean layers, offering a pathway
for long-term sequestration. Their adaptability across diverse marine
environments 1 from sheltered coastal areas to dynamic offshore regions 1
makes them a candidate for scalable marine CDR interventions, though technical
and ecological feasibility remain under assessment.

This report aims to examine the potential role of macroalgae in contributing to
climate change mitigation, focusing on two distinct but complementary pathways:

1 the restoration of natural seaweed ecosystems across European seas,
and

1 the purposeful cultivation of macroalgae for carbon sequestration.

Moreover, it also investigates the use of microalgae in CO2 upcycling. By doing
so, it fulfils action 13 of the European Commission's 2022 communication

Towards a Strong and Sustainable EU Algae Sector, which callsforiia st udy

gain better knowledge of seaweed climate change mitigation opportunities and

the role o f seaweed as b | .uvhile dathr &pproaches ioffiek s 0

opportunities for long-term carbon removal, they present different challenges,
knowledge gaps, and policy needs.

mat e

t

(0]


https://oceans-and-fisheries.ec.europa.eu/document/download/d2b345d5-9c66-4eca-aa43-6b135293bac8_en?filename=swd-2022-361_en.pdf
https://oceans-and-fisheries.ec.europa.eu/document/download/d2b345d5-9c66-4eca-aa43-6b135293bac8_en?filename=swd-2022-361_en.pdf
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Pursuing either pathway will require targeted research and policy development to
address outstanding knowledge gaps, including accurate measurement of
sequestration potential, long-term storage dynamics, economic viability, and
ecosystem impacts.

Following this introductory chapter, Chapter 2 explores carbon sequestration in
EU underwater forests, including status and trends, pressures, restoration needs
and priorities, and sequestration potential. Chapter 3 focuses on the cultivation
of macroalgae for carbon sequestration, focusing on cultivation processes,
considerations on quantification, and the business case of cultivation for
sequestration. These core chapters are supported by detailed technical analyses
provided in Annex 1 (Technical supplement for &arbon sequestration in EU
underwater forestsd and Annex2(Techni cal suppl ement
for car bon ¥ EmpllyeChapterd provioas a set of recommendations
aimed at informing EU-level decision-making and supporting the development of
algae-based climate mitigation strategies, including regarding future research
needs.

1.2. Ocean-based carbon removals

Sequestration of carbon by macroalgae can be viewed as belonging to the family
of fblue carbono , a | it e notgraditionally been included in its scope. Blue
carbon broadly refers to the carbon sequestered in coastal and marine

ecosystems (%) . This carbon i s c alstoreddin aguaticu e o

ecosystems, via direct dissolution in the ocean or via storage in underwater
sediments, coastal vegetation and soils (3). The term blue carbon has been
principally used to refer to coastal ecosystems, particularly mangroves, tidal and
salt marshes, and seagrasses, due to the lack of evidence on marine ecosystems
such as macroalgal ecosystems (%;°).

Macroalgae contributes to the global carbon cycle by absorbing dissolved COF
during photosynthesis and converting it into organic carbon stored in their

bec

bi omass. Thi s carbon remai ns temporarily

lifespan, but its fate T and the potential for long-term climate mitigation i depends
on what happens after the algae die or detach from their substrates.

In this context, carbon sequestration refers to the removal of carbon dioxide from
the atmosphere and its storage in a form that prevents its immediate return. For
sequestration to contribute meaningfully to climate mitigation, the captured

(%) UNESCO Intergovernmental Oceanographic Commission (n.d.) Blue Carbon. Available here.

(3) NOAA (2022) Understanding blue carbon. Available here.

() UNESCO Intergovernmental Oceanographic Commission (n.d.) Blue Carbon. Available here.

(®) Lovelock, C.E., & Duarte, C.M. (2019). Dimensions of Blue Carbon and emerging perspectives. Biol.
Lett, 15(3). http://doi.org/10.1098/rsbl.2018.0781



https://www.ioc.unesco.org/en/blue-carbon
https://www.climate.gov/news-features/understanding-climate/understanding-blue-carbon#:~:text=Blue%20carbon%20is%20any%20carbon,surge%20protection%2C%20and%20local%20economies
https://www.ioc.unesco.org/en/blue-carbon
http://doi.org/10.1098/rsbl.2018.0781
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carbon must be stored for decades to centuries or longer i a concept referred to
as permanence. If the carbon is quickly decomposed and released back into the
atmosphere, the sequestration is considered temporary and has limited climate
benefit. This sequestration can be achieved by removal from natural macroalgae
ecosystems and by cultivation for removal, both of which are explored in this
report.

Insufficient evidence has prevented macroalgae from being generally accepted

as a blue carbon ecosystem, with recent st
carbon potential as @un%’8.rThisid nminly cuetda Acont r c
lack of empirical evidence on long-term sequestration in marine sediments and

on guantifying the presence of displaced macroalgae sediments (°).

Some estimates of the carbon sequestration potential from macroalgae via the
restoration of natural seaweed ecosystems and via cultivation are presented in
sections 2.6 and 3.4, respectively. Moreover, additional insights on the carbon
sequestration pathway of macroalgae is included in section 3.1.

1.3. Algae cultivation and harvest in European Seas

Algae, a diverse group of aquatic photosynthetic organisms, include both
microalgae (about 80% of species) and macroalgae (seaweeds). They have long
been used in sectors such as food, animal feed, pharmaceuticals, and cosmetics.
Today, algae are cultivated in aquaculture systems i microalgae typically in
photobioreactors or open ponds, and macroalgae through sea-based farming or
small-scale land-based cultivation.

Globally, algae represent a growing segment of aquaculture, accounting for 27%
of total aquaculture output by volume in 2022. However, Europe contributed less
than 1% to this global production. Within the EU, around 400 enterprises were
active in algae production as of 2022, with the majority based in France, Ireland,
and Spain 1 countries that also lead in sectoral revenue. Between 2016 and 2020,
t he EU al gae sector had an average annua
approximately 80% of which was derived from macroalgae. 99% of EU production
originates from wild harvesting. Annually, wild-harvested seaweed production is
estimated at around 100,000 tonnes. France is the biggest EU seaweed producer
with around 7000 to 8000 t/year collected on shore and 55 000 t harvested by
boats. Ireland is harvesting from wild stocks around 30 000 t yearly, while Estonia,

(®) Erlaniaetal. (2023).Pat t erns and drivers of macroalgal 6blue carbo
shore coastal environments. Science of the Total Environment (890).

https://doi.org/10.1016/j.scitotenv.2023.164430

(") Krause-Jensen D, Lavery P, Serrano O, et al. (2018). Sequestration of macroalgal carbon: the elephant

in the Blue Carbon room. Biol. Lett. 14: 20180236. http://dx.doi.org/10.1098/rsbl.2018.0236

(8) Pessarrodona et al. (2023) Carbon sequestration and climate change mitigation using macroalgae: a

state of knowledge review. Biological Reviews 98(6). https://doi.org/10.1111/brv.12990

(°) Pessarrodona et al. (2023) Carbon sequestration and climate change mitigation using macroalgae: a

state of knowledge review. Biological Reviews 98(6). https://doi.org/10.1111/brv.12990
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https://doi.org/10.1016/j.scitotenv.2023.164430
http://dx.doi.org/10.1098/rsbl.2018.0236
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Spain and Portugal together harvest from wild stocks around 2000 t yearly.
Cultivated seaweed amount are negligent in the EU with following annual
cultivated amounts: France 1 350 t, Ireland i 42 t, Sweden i 30 t, followed by
small amounts for the Netherlands, Denmark and Spain (*°).

(%9) Centre d'Etude et de Valorisation des Algues (2024). Report of the current algae industry in Europe.
https://zenodo.org/records/13375431

11
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2.Carbon sequEWbundatr waa resd $t

Seaweed forests, dominated by macroalgae like kelp, are crucial marine
ecosystems that support biodiversity, provide habitat, and influence nutrient
cycles and carbon dynamics. Despite their ecological and economic value, these
forests face severe threats, with 40-60% degraded due to anthropogenic
pressures i climate change, overfishing, pollution, and habitat destruction.
Ocean warming and marine heatwaves have caused widespread losses,
particularly at the warm edges of kel pos
and the loss of ecosystem services. Effective conservation relies on improved
mapping and management, yet large-scale estimates of kelp cover remain scarce
due to limited in-situ data. Enhancing spatial assessments is essential for
protecting and restoring these ecosystems.

This section focuses on the detailed mapping of kelp forests within EU waters,
quantifying their spatial extent and, where data allows, also their biomass. This
will provide robust data to support conservation efforts, assess regulating and
supporting ecosystem services like carbon sequestration and biodiversity, and
inform policies for marine habitat restoration.

The mapping and modelling of seaweed forests focused on key species that form
underwater forests across Europe. Due to data limitations, the final selection
included Alaria esculenta, Ascophyllum nodosum, Chorda filum, Cystoseira spp.,
Fucus serratus, Fucus vesiculosus, Himanthalia elongata, Laminaria digitata,
Laminaria hyperborea, Laminaria ochroleuca, Laminaria rodriguezii, Phyllariopsis
spp., Saccharina latissima, Saccorhiza polyschides, Sargassum muticum, and
Undaria pinnatifida. Biotic data, including species presence, coverage, and
biomass, were compiled from global databases, national mapping initiatives, and
scientific publications. Additional datasets from our network were integrated to fill
regional gaps, providing a more comprehensive and accurate representation of
species distributions. Environmental predictors relevant to seaweed distribution
were selected from sources like Copernicus and EMODnet, covering key
oceanographic and climatic factors. These data were standardised onto a unified
EU-scale grid for spatial modelling.

A Boosted Regression Tree (BRT) (') approach was used to predict species
occurrence and biomass, leveraging its ability to capture complex relationships
between environmental factors and species distributions. Separate BRT models
were developed for each species, using high-resolution environmental data and
validated through cross-validation techniques and refined with input from kelp
experts across various European countries. Given the scarcity of biomass data,

(*) A Boosted Regression Tree (BRT) is a machine learning technique that combines multiple decision trees
in a step-by-step (boosting) process to improve prediction accuracy for complex relationships between
variables - see more details in Annex 1.

12
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biomass predictions were derived using a secondary BRT model based on
species occurrence probabilities and expected kelp biomass values along these
probability gradients. To assess long-term trends, species occurrence data were
analysed over decades, and where historical data were lacking, expert
assessments and literature reviews supplemented the analysis. A targeted
literature review further examined human impacts on seaweed forests,
restoration techniques, and conservation strategies, incorporating both scientific
studies and reports from key marine conservation organisations. Spatial
modelling maps that were produced will be uploaded to EMODnet, which will
allow for easier exploration of fine-scale patterns that are not readily visible in the
figure formats presented further in this report.

More detailed information on species distributions, modelling approaches, and
additional analyses can be found in Annex 1.

2.1. Status and trends of EU underwater seaweed
forests

The spatial distribution of underwater seaweed forests follows clear
biogeographic patterns across European seas:

1 Northern and cold-temperate species, such as Laminaria digitata and
Saccharina latissima, dominate the colder waters of the North Atlantic and
North Sea, extending from Norway and Iceland to the British Isles. These
species form extensive kelp forests in rocky subtidal habitats, playing a
crucial role in coastal ecosystems by providing habitat, nursery grounds,
and food sources for diverse marine organisms. Laminaria hyperborea
and Alaria esculenta share similar environments, further reinforcing the
importance of these forests in northern latitudes;

1 Intemperate waters, species like Fucus serratus, Fucus vesiculosus, and
Himanthalia elongata are more widespread, extending from northern
Europe to the Iberian Peninsula, often forming dense intertidal and shallow
subtidal canopies. Some species, such as Saccorhiza polyschides, exhibit
broad distribution ranges, thriving in temperate waters with variable
environmental conditions;

1 In contrast, Mediterranean and warm-temperate species, including
Cystoseira spp., Phyllariopsis spp., and Laminaria rodriguezii, are largely
restricted to the Mediterranean and adjacent Atlantic coasts, forming
structurally complex habitats that support high biodiversity. The invasive
species Sargassum muticum and Undaria pinnatifida have spread
extensively, particularly in sheltered coastal areas, competing with native
seaweed forests and altering ecosystem dynamics.

13
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Despite extensive modelling efforts, significant data gaps persist, particularly for
species cover and biomass. While the probability-of-occurrence models provide
valuable insights into the spatial extent of underwater seaweed forests, biomass
estimates remain limited due to the scarcity of quantitative data. Moreover, the
availability and accuracy of environmental variables that shape underwater
seaweed forest patterns such as seabed characteristics, salinity, light availability,
and wave exposure greatly influences model accuracy, and improving these
datasets would enhance future predictions.

The probability of occurrence maps for Laminaria digitata and Saccharina
latissima illustrate the detailed spatial modelling approach used in this study,
providing up-to-date distribution estimates across European seas, including
areas that have not yet been mapped (Figures 1 and 2). Expanding targeted
mapping efforts will be essential to refine biomass assessments, monitor long-
term trends, and develop effective strategies for the sustainable management of
these critical marine habitats.

14
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Figure 117 Maps showing the predicted occurrence of Laminaria digitata in
European seas
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Figure 21 Maps showing the predicted occurrence of Saccharina latissima in
European seas
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The highest biomass of underwater seaweed forests is concentrated in cold
northern waters, particularly along the Norwegian coast and near Iceland, where
conditions favour the extensive growth of species like Laminaria spp. and
Saccharina latissima (Figure 3). In contrast, biomass is significantly lower in the
Mediterranean and southern European coasts, where species such as Cystoseira
spp. and Laminaria rodriguezii are more restricted. The Atlantic coasts display
scattered low biomass values, while the North and Baltic Seas have minimal
presence. In total, macroalgae across all EU marine regions is estimated to cover
approximately 902 thousand km?2.

Given the scarcity of seaweed biomass data, a modelling approach was used to
estimate biomass by linking predicted species occurrence probabilities with
expected biomass along this gradient, using the limited available datasets and
expert knowledge. However, high uncertainty remains, particularly due to data
limitations and the dynamic nature of seaweed forests. This highlights the need
for a precautionary approach in management decisions and future efforts to
improve biomass assessments through targeted monitoring and refined spatial
modelling.
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Figure 31 Map of predicted dry-weight biomass (t/km?2) for underwater seaweed
forest species in European seas
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Over the past 50 years, underwater seaweed forests have experienced
widespread declines, with an estimated annual reduction of 1.8% globally (*?).
Long-term data show that 61% of monitored regions have faced significant
declines, while only 5% have shown increases (*3). In temperate zones, warming
and marine heatwaves are accelerating losses, often leading to replacement by
turf algae, which reduces biomass and productivity. In contrast, polar regions are
experiencing poleward shifts and increased seaweed productivity, though some
species face range contractions due to environmental changes. Cold-temperate
areas have seen mixed trends, with increased biomass in some regions due to
green and golden tides and aquaculture. While some seaweed forests persist in
stable conditions, many are threatened by overfishing, eutrophication, invasive
species, and coastal development.

Regionally, southern populations of Saccorhiza polyschides and Laminaria
digitata have declined, particularly in the Iberian Peninsula and the English
Channel, while Laminaria ochroleuca has contracted in the Bay of Biscay but
expanded northward in the UK. Laminaria hyperborea has increased in
Helgoland, Germany, but declined in parts of Spain and Portugal. Invasive
species such as Undaria pinnatifida and Sargassum muticum are spreading,
altering local ecosystem structure. Arctic seaweed forests remain poorly studied,

(*?) Krumhansl, K. A., Okamoto, D. K., Rassweiler, A., et al. (2016). Global patterns of kelp forest change
over the past half-century. Proceedings of the National Academy of Sciences, 113(48), 13785i 13790

*®)Dolliver, Jessie, and Nessa O6Connor. fAWhole System Ana

Macroal gal Car bon: Aou%al of Phyaolagy 58cno.R €02R)e3641 16.
https://doi.org/10.1111/jpy.13251.
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but some areas, like Svalbard, have seen Laminaria digitata biomass increase
eightfold. Despite some localised recoveries, particularly in Norway where
Laminaria spp. and Saccharina latissima have rebounded following reduced sea
urchin grazing (%), the overall trend remains one of decline. Without targeted
conservation efforts and improved monitoring, ongoing climate and
anthropogenic pressures will continue to reshape seaweed forest distributions
across European seas towards decline. More comprehensive species distribution
maps and additional details on underwater seaweed forest extent can be found
in Annex 1. The same maps are publicly available on the ODSS website under

the AUnder water Seaweed Forestso sect

A simplified map for communication and dissemination purposes was also
prepared within the scope of this project and is included as Figure 4.

(*) This reduction in sea urchin grazing pressure is linked to several factors, including disease outbreaks,
predator recovery (such as crabs and fish that feed on urchins), and climate-related changes affecting sea
urchin survival and recruitment.
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Figure 41 Map of algae species distribution in Europe
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2.2. Overview of pressures on underwater forests

Seaweed forests are increasingly impacted by multiple environmental and
human-induced pressures. Ocean warming and marine heatwaves disrupt their
growth, reproduction, and survival, while promoting turf algae and increasing
competition. Warming also intensifies herbivory, with sea urchin and tropical fish
populations expanding and overgrazing kelp forests, leading to barren habitats.
Overfishing further destabilises these ecosystems by removing key predators that
regulate grazer populations. Pollution, eutrophication, and sedimentation
degrade water quality, reducing light availability and favouring fast-growing algae
over perennial seaweeds. Harvesting of wild seaweed, particularly when
managed and monitored inappropriately, alters forest structure and slows
recovery, while invasive species and emerging diseases further weaken
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ecosystem resilience. These stressors often interact, leading to abrupt shifts such
as kelp loss and turf algae dominance, with long-term consequences for
biodiversity and ecosystem services (*°). The relative importance of different
pressures varies significantly across regions, for example, ocean warming is
likely more influential at the southern range limits of these species. However, due
to the prevailing lack of experimental data that clearly defines cause-and-effect
relationships between these multiple pressures and underwater seaweed forests,
it is currently not possible to quantify the contribution of each pressure to the
observed decline. However, the significance of various pressures on underwater
seaweed forests across different marine regions, as identified by experts, is
presented in Annex 1.

To mitigate these threats, conservation strategies must be both targeted and
adaptive. Improving water quality through pollution control and reducing
eutrophication can enhance seaweed forest resilience, particularly in areas
vulnerable to climate stressors. It would require targeted research, including the
incorporation of land-based actions, which are often the primary contributors to
elevated eutrophication in many areas. Sustainable harvesting practices, such as
partial frond removal instead of whole-plant extraction, should be enforced to
ensure kelp populations remain stable. Managing herbivore populations through
fisheries regulations and habitat restoration can prevent overgrazing and reduce
the risk of barren formations. Expanding and strengthening Marine Protected
Areas (MPAs) will provide crucial refuge zones where seaweed forests can
recover and persist. In addition, improving spatial data on stressors, particularly
high-resolution and dynamic datasets, will enhance the ability to track changes
and inform effective management actions. Identifying hotspot areas where
multiple pressures overlap can help prioritise conservation efforts and guide
restoration strategies. Collaborative initiatives to standardise open-access
databases will further support evidence-based decision-making, ensuring the
long-term sustainability of seaweed forests across European seas.

2.3. Restoration needs

Seaweed forest restoration could be active or passive. Active restoration employs
various strategies, including transplantation, seeding, herbivore management,
and artificial reef installation, each with various levels of effectiveness depending
on local conditions. Transplantation relocates adult or juvenile kelp to degraded
areas but is labour-intensive and costly at scale, while seeding, using techniques
like "green gravel,” offers a scalable alternative but relies on favourable
conditions. Herbivore management, such as controlling sea urchin populations

(**) Rogers-Bennett, L., & Catton, C. A. (2019). Marine heat wave and multiple stressors tip bull kelp forest
to sea urchin barrens. Scientific Reports, 9, 15050
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through predator restoration, fisheries incentives or new business models, such
as Urchinomics, is crucial where overgrazing has caused kelp declines. Atrtificial
reefs create new settlement substrates but can lead to unintended ecosystem
shifts. Integrating ecosystem interactions, such as restoring predator populations
and incorporating other habitat-forming species, enhances restoration success.
Emerging techniques such as selective breeding of more resilient local strains
and microbial interventions show promise for increasing kelp resilience to
stressors like warming and herbivory. Standardised monitoring frameworks and
global collaboration, such as through the Kelp Forest Alliance, are essential for
tracking progress and sharing best practices. Future-proofing efforts must
account for climate change by integrating adaptive strategies like assisted
evolution to enhance kelp resilience. A combination of traditional and innovative
methods, backed by robust monitoring and adaptive management, will be key to
successfully restoring seaweed forests and ensuring their long-term survival.

Restoration efforts for seaweed forests have primarily been conducted in the
Northern Hemisphere on small scales and remain largely experimental, with
success varying based on ecosystem type, geographic location, and human
impact levels (*6;17;18). While transplantation, artificial reef creation, and invasive
species removal have shown promise, their effectiveness depends on site-
specific conditions such as habitat connectivity, structural complexity, and
environmental stressors. The proximity of restoration sites to intact seaweed
forests can improve outcomes by providing a source of propagules and genetic
diversity. However, long timescales for recovery, funding limitations, and the
complexity of marine ecosystems present significant challenges. Integrating
restoration with broader conservation measures, such as marine protected areas
and herbivore management, enhances recovery potential by reducing ongoing
pressures.

Standardised monitoring frameworks and long-term assessments are critical for
evaluating restoration outcomes and refining methodologies. The AFRIMED
project which focused on Cystoseira restoration in the Mediterranean, highlighted
the importance of tracking ecosystem changes over extended periods, as full
recovery may take 5-10 years. Initial findings suggest that macroalgal forest cover
is a reliable indicator of restoration success, though herbivore pressure can
hinder regrowth. To improve effectiveness, restoration initiatives must combine
ecological knowledge with adaptive management strategies, ensuring that site
selection, species interactions, and potential regime shifts are carefully
considered. Collaborative efforts, including data-sharing networks and

(%) Fraschetti, S., McOwen, C., Papa, L., et al. (2021). Where is more important than how in coastal and
marine ecosystems restoration. Frontiers in Marine Science, 8, 626843.
https://doi.org/10.3389/fmars.2021.626843

(}") Bayraktarov, E., Saunders, M. I., Abdullah, S., et al. (2016). The cost and feasibility of marine coastal
restoration. Ecological Applications, 26, 10557 1074. https://doi.org/10.1890/15-1077.

(*8) Wortley, L., Hero, J. M., & Howes, M. (2013). Evaluating ecological restoration success: A review of
the literature. Restoration Ecology, 5, 5371 543. https://doi.org/10.1111/rec.12028.
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standardised protocols, will be essential for advancing restoration science and
increasing the resilience of seaweed forests in the face of climate change and
human disturbances.

2.4. Restoration priorities

The identification of priority areas for seaweed forest restoration is essential for
reversing habitat loss and ensuring the long-term stability of these ecosystems.
The maps developed in this study provide a valuable foundation for identifying
key restoration sites, integrating conservation planning with the establishment of
Marine Protected Areas (MPASs). While broad-scale management strategies are
urgently needed, their implementation remains limited due to gaps in knowledge
about the distribution, status, and trends of underwater forest species.

Restoration should focus on regions where seaweed forests have undergone
significant declines but retain the potential for recovery:

1 The Iberian Peninsula, particularly the Bay of Biscay, has experienced
over 90% loss in kelp forests due to warming waters and habitat
degradation. Targeted restoration efforts in this area should prioritise
cooler, deeper refuges where remnant populations still persist;

1 Similarly, parts of the Mediterranean, where Cystoseira species have
suffered widespread declines, present key opportunities for restoration,
particularly in sheltered coastal areas where local conditions still favour
regrowth;

1 The North Sea and parts of the British Isles also warrant attention, as
species like Laminaria digitata and Saccharina latissima have seen
extensive reductions. While rising temperatures pose challenges,
restoration could be successful in locations with strong tidal mixing, deeper
habitats, or coastal upwelling zones that maintain cooler water conditions;

1 In contrast, Arctic and northern waters, such as Norway and Iceland,
where kelp forests are expanding, may require conservation-focused
management rather than active restoration. Given these regional patterns,
restoration should target areas where environmental conditions still
support seaweed growth and where losses have been driven by local
stressors rather than irreversible climate-driven changes.

To effectively identify priority areas for restoration, advanced analytical tools that
assess spatial configurations, costs, and benefits are necessary. The prioritiser
tool, available via the Blue Bio Sites portal offers a systematic approach to
conservation planning by integrating spatial data on natural assets, human
pressures, conservation targets, and implementation costs. While currently
limited to the Baltic Sea region and not focused specifically on underwater forests.
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Expanding its functionality to cover the entire European marine area requires the
integration of maps of human pressures and underwater forest habitats. In
addition, systematic reviews and meta-analyses are needed to evaluate
pressure-specific impacts on key underwater forest species. This knowledge
base would support data-driven conservation analyses, identifying the most
promising underwater forest habitats for restoration at the pan-European level.

2.5. Restoration recommendations

Seaweed forests face a range of pressures, including climate change, coastal
development, overfishing, nutrient pollution, and invasive species, which often
interact to create cumulative impacts. These interactions can lead to regime
shifts, resulting in new ecological states that are challenging to reverse (*°; 29).
Seaweed forests, despite their ecological and socioeconomic importance, lack
explicit global legal or policy protection, with less than one-third of their known
distribution within marine protected areas. However, they contribute to global
goals, including SDG 14 (Life Below Water), and support broader objectives
related to climate, biodiversity, and sustainable development. Effective
management requires identifying and addressing the most significant
pressures in each specific context through targeted actions. Successful
marine ecosystem restoration depends on understanding contextual variables,
such as ecosystem type, condition, and the degree of human impact.
Understanding and predicting the impacts of individual and combined stressors,
such as marine heatwaves, storms, overfishing, eutrophication, and invasive
species, are prerequisite for kelp restoration. Before implementing
management interventions, comprehensive, accurate, and standardised
data are required (?%). Historical and fragmented data should be digitised and
incorporated into modern mapping efforts. Expanding the use of advanced
remote sensing methods, such as satellite imagery, bathymetric LIiDAR,
multibeam echosounders, and UAVs, can improve the accuracy and coverage of
habitat mapping.

Strengthening regional and national mapping initiatives with adequate
funding will improve the quality and accessibility of data for restoration
planning. Understanding the impact of human pressures on seaweed
forests requires mapping habitats and pressures at the same scale and
area. This alignment enables detailed mapping of areas and of interactions,

(**) Filbee-Dexter, K., & Scheibling, R. E. (2014). Sea urchin barrens as alternative stable states of collapsed

kelp ecosystems. Marine Ecology Progress Series, 495, 1i 25. https://doi.org/10.3354/meps

(%°) Steneck, R. S., Graham, M. H., Bourque, B. J., Corbett, D., Erlandson, J. M., Estes, J. A., & Tegner, M.

J. (2002). Kelp forest ecosystems: Biodiversity, stability, resilience, and future. Environmental Conservation,

29(4), 4361 459. https://doi.org/10.1017/S0376892902000322

(?Y) Dailianis, T., Smith, C. J., Papadopoulou, N., et al. (2018). Human activities and resultant pressures on

key European marine habitats: an analysis of mapped resources. Marine Policy, 98, 11710.
https://doi.org/10.1016/j.marpol.2018.09.021
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supports the identification of restoration areas and informs strategies to address
degradation. Organisations such as the EU, OSPAR, and HELCOM play a central
role in developing consistent methodologies and integrating data across
geographical areas, creating a shared framework to support restoration at
broader scales.

Once key pressures affecting seaweed forests are mapped, effective
approaches include reducing stressors such as poor water quality, which
diminishes photosynthesis and overall seaweed forest health, and optimising
food web structures by removing grazers (**) and restoring predator
populations to manage overgrazing by herbivores (%3; 24). Importantly, many
pressures on underwater seaweed forests originate from sources far beyond their
immediate location. For instance, coastal water quality is often shaped by land-
based pollution, including upstream activities within watersheds. Additionally, the
interconnected nature of the open ocean links local water conditions to regional
and global stressors. These complex connections highlight the need for
management approaches that extend beyond localised areas to address
broader-scale impacts effectively. Ecosystem-based management offers an
integrated framework for tackling these challenges, incorporating measures such
as marine spatial planning, Marine Protected Areas (MPAs), and direct
interventions like invasive species removal and controlled harvesting (%°).
Managing these pressures requires coordination among various sectoral
administrations operating across multiple governance levels, often in interaction
with one another. In addition, effectively engaging public and private actors is
challenging but crucial for leveraging their knowledge, rights, interests, and
influence to develop and implement viable solutions.

Positive interactions, such as facilitation, can significantly improve the
success of underwater seaweed forest restoration by enhancing survival
and growth while reducing restoration costs. For instance, co-restoring
predator species like sea otters or lobsters can regulate herbivorous grazers, thus
preventing overgrazing and fostering seaweed forest recovery. In addition,
pairing juvenile kelp with adult plants can maximise density-dependent benefits,
creating a more favourable environment for recruits. Managers should prioritise
restoration sites near existing seaweed forests to maximise propagule exchange
and focus on augmenting declining populations to pre-empt complete ecosystem

(%) Christie, H., Moy, F. E., Fagerli, C. W., et al. (2024). Successful large-scale and long-term kelp forest
restoration by culling sea urchins with quicklime and supported by crab predation. Marine Biology, 171,
211. https://doi.org/10.1007/s00227-024-04540-0

(?®) Christie, H., Moy, F. E., Fagerli, C. W., et al. (2024). Successful large-scale and long-term kelp forest
restoration by culling sea urchins with quicklime and supported by crab predation. Marine Biology, 171,
211. https://doi.org/10.1007/s00227-024-04540-0

(**) Bayraktarov, E., Saunders, M. I., Abdullah, S., et al. (2016). The cost and feasibility of marine coastal
restoration. Ecological Applications, 26, 10557 1074. https://doi.org/10.1890/15-1077.

(?®) Hamilton, S. L., Gleason, M. G., Godoy, N., Eddy, N., & Grorud-Colvert, K. (2022). Ecosystem-based
management for kelp forest ecosystems. Marine Policy, 136, 104919.
https://doi.org/10.1016/j.marpol.2021.104919
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collapse. To ensure success, interventions should be experimentally tested
on small scales before broad implementation (%6;27).

Maritime spatial planning is a key tool for balancing ecological, economic,
and social objectives, allocating ocean space to regulate human activities
while protecting vulnerable ecosystems like seaweed forests (?8). Explicitly
recognising kelp as a critical ecosystem in management plans will help address
cumulative impacts and protect its resilience. Implementing an ecosystem-based
management approach is key to seaweed forest restoration. This includes
reducing individual pressures, employing maritime spatial planning, designating
marine protected areas (MPASs), and ensuring sustainable harvesting practices.
Actions include prohibiting destructive activities, such as dredging, construction,
and anchoring, while allowing regulated kelp harvesting in designated areas.
Accurate mapping of seaweed forest distribution is essential to prioritise
protection areas and resolve conflicts with competing uses (%°).

Kelp harvesting is often managed through adaptable fisheries management
methods, including licensing, catch limits, territorial user rights, gear restrictions,
and temporal and spatial controls like MPAs and seasonal closures. However,
few evaluations exist on the effectiveness of these approaches, making it
challenging to establish best practices across national regimes.

Restoration efforts should shift from single-species targets to ecosystem-
level approaches, addressing complex ecological interactions.
Standardised concepts of restoration, including clear definitions of "success" and
desired outcomes, are necessary but require baseline ecological data on species,
habitats, and causes of degradation. While most restoration projects are small-
scale, their success must be evaluated across broader spatial scales to match
the extent of human disturbance.

2.6. Potential sequestration via restoration of natural
seaweed ecosystems

Building on mapped biomass estimates across European marine regions, we
attempted to quantify the carbon sequestration potential of macroalgal

(%) Eger, A. M., Marzinelli, E., Gribben, P., et al. (2020). Playing to the positives: Using synergies to
enhance kelp forest restoration. Frontiers in Marine Science, 7, 544.
https://doi.org/10.3389/fmars.2020.00544

(?") Coleman, M. A., Wood, G., Filbee-Dexter, K., et al. (2020). Restore or redefine: Future trajectories for
restoration. Frontiers in Marine Science, 7, 237. https://doi.org/10.3389/fmars.2020.00237

(%®) Ehler, C., & Douvere, F. (2011). Marine spatial planning: A step-by-step approach toward ecosystem-
based management. Intergovernmental Oceanographic Commission Manual and Guides No. 53. Paris:
United Nations Educational, Scientific and Cultural Organization (UNESCO).

() Leleu, K., Remy-Zephir, B., Grace, R., & Costello, M. J. (2012). Mapping habitats in a marine reserve
showed how a 30-year trophic cascade altered ecosystem structure. Biological Conservation, 155, 1931
201. https://doi.org/10.1016/j.biocon.2012.05.009
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ecosystems by applying a series of well-established ecological and
biogeochemical assumptions.

To estimate the carbon sequestration potential of macroalgae across European
seas, we used spatially disaggregated biomass data representing the total
macroalgal dry weight (in tonnes) for 30 distinct marine areas. The calculation of
carbon sequestration potential was based on two key conversion factors: the
carbon content of macroalgal dry biomass and the proportion of that carbon
assumed to be sequestered long-term.

We assumed that 35% of the dry biomass consists of organic carbon, a value
that lies within the commonly reported range of 30-40% based on species-specific
studies and global reviews, while to estimate the proportion of this carbon that is
sequestered, we applied a sequestration efficiency of 11% (3°). The resulting
sequestered carbon values (in tonnes) were then converted into CO2 equivalents
using the molecular weight ratio of CO2 to elemental carbon (3.67). That is, for
every tonne of carbon sequestered, approximately 3.67 tonnes of CO: are
effectively removed from the atmosphere or ocean-atmosphere interface. All
calculations were performed at the level of the original marine areas used in the
analysis in Annex 1 and then aggregated under the EU regional seas.

This analysis indicates that, under the assumptions applied, macroalgae across
all EU marine regions could sequester up to 23.5 million tonnes of carbon per
year, equivalent to the removal of up to 86 million tonnes of CO:2 from the
atmosphere. A breakdown of the results by EU regional sea is provided in Table
1 below.

(3%) Krause-Jensen, D., & Duarte, C. M. (2016). Substantial role of macroalgae in marine carbon
sequestration. Nature Geoscience, 9, 7371 742. https://doi.org/10.1038/nge02790
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Table 17 Possible carbon sequestration by macroalgae in European seas,
annually in tonnes

Total Carbon
. . Sequestered Sequestered
biomass (dry content in dry
. . carbon CO;
weight) weight
Arctic Ocean 330,274 115,596 12,716 46,666
Baltic Sea 979,180 342,713 37,698 138,353
Black Sea 778,145 272,351 29,959 109,948
Mediterranean Sea 21,835,145 7,642,301 840,653 3,085,197
North-East Atlantic Sea 84,378,311 29,532,409 3,248,565 11,922,233
Total 108,301,055 37,905,369 4,169,591 15,302,398

However, several important caveats should be considered when interpreting
these figures. First, the total biomass values are estimates derived from models,
as described in the preceding section. Second, the assumptions for carbon
content and sequestration efficiency are generalised; the lack of species-specific
biomass data introduces uncertainty, as macroalgal species vary significantly in
both carbon content and productivity. Third, the analysis does not explicitly model
the spatial transport and fate of biomass, which critically determines whether
sequestered carbon is stored long-term.

For these reasons, the results should be interpreted as high-level estimates of
the maximum potential sequestration under ideal conditions T that is, assuming
optimal macroalgal growth and efficient carbon export pathways that lead to long-
term storage.
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3. Cultivation of algae fo

While modest in scale, the presence of a functioning algae industry in Europe
suggests a foundational level of market understanding and operational capacity.
This existing base may provide a platform for future expansion, including potential
upscaling of algae cultivation for climate mitigation purposes, leveraging current
expertise and infrastructure.

3.1. Carbon sequestration pathways

Carbon sequestration refers the long-term storage (usually understood as at least
100 years) of fixed carbon, for instance in oceans and soils. It is therefore linked,
but distinct from carbon fixation, which consists in the conversion process of
inorganic carbon (CO2) to organic compounds by living organisms, primarily
through photosynthesis. The pathways for carbon sequestration by macroalgae
and microalgae are described in the following sections.

3.1.1. Carbon sequestration pathways by macroalgae

Three principal carbon sequestration pathways are:

1 Sediment burial: detached macroalgal fragments, known as particulate
organic carbon (POC), may settle into marine sediments. Under
suitable conditions T such as low oxygen and high sedimentation rates
T this carbon can be buried and sequestered for extended periods.
However, uncertainties persist regarding burial efficiency, especially in
offshore environments, and the potential release of methane under
anaerobic conditions could offset some of the benefits;

1 Refractory dissolved organic carbon (RDOC): during growth and
decay, macroalgae release dissolved organic compounds, a fraction of
which undergo transformation into RDOC i molecules highly resistant
to microbial decomposition. RDOC can persist in the ocean for
centuries to millennia, though the exact rates of formation and long-
term stability remain poorly understood and highly variable between
species and environments;

1 Deep-sea sinking: purposeful or natural transport of macroalgal
biomass to depths below 1,000 metres is considered one of the most
durable sequestration routes. Low temperatures and oxygen levels in
the deep ocean slow microbial degradation, enabling storage over
thousand-year timescales. Yet, the scale and consistency of this
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mechanism remain uncertain, largely due to difficulties in tracking
biomass through ocean systems.

Table 27 Carbon sequestration pathways by macroalgae

Key Benefits Key Risks/Uncertainties

Site-specific, methane

Sediment Burial Natural, passive process - .
emissions possible
. . . s Difficult to measure, species-
RDOC Formation High stability, broad distribution
dependent
Deep-Sea Sinking (active) High permanence, scalable Setepesliniep ilenlea S

costs

The effectiveness of these pathways is influenced by species-specific traits,
environmental conditions, and decomposition dynamics.

However, significant scientific uncertainties remain around the actual proportion
of carbon that is truly sequestered over climate-relevant timescales. For instance,
the transition of DOC into stable RDOC varies widely 7 from 5% to 56% i
depending on species and microbial interactions, and there is no standardised
method for measuring RDOC production (31;%?). Similarly, sediment burial rates
depend heavily on local sedimentation dynamics, oxygen levels, and
hydrodynamic conditions, with estimates suggesting anywhere from 8% to 61%
of macroalgal carbon may ultimately be buried (33). Even when carbon reaches
the deep ocean, its fate is difficult to trace, and precise quantification of how much
biomass is transported and retained in deep-sea environments remains elusive.
Moreover, questions remain about the long-term persistence of stored carbon,
potential re-mineralisation, and unintended consequences such as methane
production under anaerobic conditions (34). Synthesising available data across
sequestration pathways, Krause et al. (*°) propose that only 8-11% of macroalgal
net primary production is likely to be sequestered in long-term reservoirs i an
estimate that is now commonly used as a benchmark in scientific and policy

(®Y) Gao, Y., Zhang, Y., Du, M., et al. (2021). Dissolved organic carbon from cultured kelp Saccharina

japonica: production, bioavailability, and bacterial degradation rates. Aquac. Environ. Interact. 13, 1017 110.
https://doi.org/10.3354/AEI00393.

(3») zhang, Yongyu, Dong Liu, and Nianzhi Jiao. i Tappi ng Car bon Sequestration Pote
Macroal gae to Miti g®Otean-Lahd-Atmoaphere Researah @ €Jandary 2023): 0033.
https://doi.org/10.34133/olar.0033

®)Dol liver, Jessie, and Nessa Odé6Connor. AWhol e System Ana
Macroal gal Car bon: A J8unslt & nRhycology 5B, enoi & (2028): 3641 76.
https://doi.org/10.1111/jpy.13251.

(®%) Sobuj, M.K.A., Mostofa, M.G., Islam, Z., et al. (2023). Floating raft culture of Gracilariopsis longissima

for optimum biomass yield performance on the idoast of Cc
https://doi.org/10.1038/s41598-023-28675-0.

(%) Krause-Jensen, D., & Duarte, C. M. (2016). Substantial role of macroalgae in marine carbon

sequestration. Nature Geoscience, 9, 7371 742. https://doi.org/10.1038/nge02790
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discussions. This proportion can however vary depending on the bathymetry, with
more algae washing up to the shore in shallow waters, as opposed to locations
with shorter continental shelves and deeper ocean floors. Figure 5 visualises the
carbon flux through an algal system, from its initial drawdown from
atmosphere/water to sequestration or release.

Figure 51 Carbon flux through algal system

Atmosphere

Photosynthesis

Carbon from Net Primary

Production (NPP)
56.6% —J 43% L 0.4% j

Exported from the Directly buried in the
algal bed algal bed

l—sz%—Lglg%j

—

Grazed by marine animals

Dissolved organic carbon (DOC)

Remineralised in the

Particulate organic carbon (POC)

Exported to deep sea shelf

Exported to deep sea

Buried in te shelf

Iaa% (8% NPP)J 67% (16% NPPl lm% (2% NPP) 4% (1% Nr'ri Lss% (18% NPP)T

Remineralised, grazed,
or beach-cast

Source: Own illustration based on literature review.

Green boxes represent carbon sequestration pathways with storage durations exceeding 100 years, while
red boxes indicate pathways leading to carbon re-release into the atmosphere or ocean. The carbon fate is
determined relative to net primary production (NPP), with current estimates suggesting that only
approximately 11% of the carbon fixed through photosynthesis is sequestered long-term.

The uncertainties in quantifying carbon sequestration rate by algal systems
underscore the need for targeted, localised studies and robust monitoring
frameworks to refine our understanding of macroalgae's sequestration potential
and support its responsible deployment in climate mitigation strategies.

3.1.2. Carbon sequestration pathway by microalgae

Microalgal biomass is seen as a promising resource for producing various
products. Some microalgal-based products, such as biofuels, food or animal feed,
are better known for being low-carbon alternatives, but do not have long-term
carbon sequestration potential. On the other hand, some products, such as
biocement or biochar, have the potential to utilise and store CO:2 for very long
periods of time, which is relevant for examining the potential of using microalgal
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applications for carbon sequestration. Biochar can remain in soils for millions of
years, improves soil quality and fertility, and can be directly added to soil as a
supplement instead of being buried (*®). Biocement production converts
CO:z2 (e.g., from industrial sources) into calcium carbonate, serves as a means to
utilise captured CO2, and results in the long-term storage of carbon ().
Additionally, producing bioplastics from microalgae is environmentally friendly as
they do not increase the CO:2 pool and are quicker to biodegrade than petroleum-
based plastics (%8).

Numerous factors may influence CO: fixation in microalgae. Microalgae can
generate about 280 tonnes of dry biomass per 1 hectare (ha) per year with 9%
solar energy present (°). During their growth, microalgae can absorb roughly 513
tonnes of CO2. A growing area of research focuses on using microalgae to
capture CO:2 from flue gas emissions. With CO2 concentration in flue gases
ranging from 3% to 30%, it is essential to select species that can withstand and
absorb these concentrations. Many attributes of flue gas i such as pH,
temperature, COz2concentration, and the presence of toxic compounds i may
affect the ability of microalgae to efficiently fix CO2 (4°). The optimal conditions or
tolerated ranges for these factors vary by species. Microalgae species capable
of tolerating CO2 concentrations over 20% are labelled as CO:2 tolerant, whilst
those that can withstand only 2 to 5% CO:2 concentration are classified as
sensitive to CO2 (*). Notable species with high tolerance to environmental stress
and elevated COz: levels include Chlorella vulgaris, Scenedesmus, Spirulina,
Nannochloropsis, Chlorococcum, among others (*?). Despite these challenges,
microalgae utilise CO2 as a carbon source, making them effective at removing
CO2 from both the atmosphere and flue gases. In addition, microalgae uptake
nutrients, like nitrogen and phosphorus, enabling their use in wastewater
treatment (*3).

(36) Ahmad, W, Nepal, J., Zou, Z., et al., (2023). Biochar particle size coupled with biofertilizer enhances soil
carbon-nitrogen microbial pools and CO:2sequestration in lentil. Front. Environ. Sci., 11,
https://doi.org/10.3389/fenvs.2023.1114728

(®7) Nur, M.M.A., & Dewi, R.N. (2024). Opportunities and challenges of microalgae in biocement production

and self-repair mechanisms, Biocatalysis and Agricultural Biotechnology, 56(5).
DOI:10.1016/j.bcab.2024.103048
®® Zieli@ki, M., Dinbowski , N2023). MieraalgamCaeonivoxide ¢CO2)

Capture and Utilization from the European Union Perspective. Energies, 16, 1446.
https://doi.org/10.3390/en16031446

(®9) Iglina, T., Iglin, P. & Paschenko, D., (2022). Industrial CO2 Capture by Algae: A review and recent
advances, Sustainability, 14 (7), https://doi.org/10.3390/su14073801

(49 Singh, H.M., Kothari, R., Gupta, R., & Tyagi, V.V. (2019). Bio-fixation of flue gas from thermal power
plants with algal biomass: Overview and research perspectives. Journal of Environmental Management,
245. https://doi.org/10.1016/].j,envman.2019.01.043

(*) Onyeaka, H., Miri, T., Obileke, K., et al., (2021). Minimizing carbon footprint via microalgae as a biological
capture. Carbon Capture Science & Technology, 1, https://doi.org/10.1016/j.ccst.2021.100007

(*?) Onyeaka, H., Miri, T., Obileke, K., et al., (2021). Minimizing carbon footprint via microalgae as a biological
capture. Carbon Capture Science & Technology, 1, https://doi.org/10.1016/j.ccst.2021.100007

(*3) Vale, M.A., Ferreira, A., Pires, J.C.M., & Gongcalves, A.L. Chapter 17 - CO2 capture using microalgae.
In:  Rahimpour. M.R., Faris, M., Makarem, M.A. (2020). Advances in Carbon Capture.
https://doi.org/10.1016/B978-0-12-819657-1.00017-7
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Microalgae cultivation is often promoted as a sustainable solution due to its ability
to grow without the need for arable land in most cases (**). However, despite this
advantage, several environmental concerns must be considered when evaluating
its large-scale implementation.

One significant concern is the potential threat that cultivation poses to local and
regional ecosystems. If non-native microalgae species used in cultivation are
discharged into the environment, they can become invasive. This introduction
may disrupt existing ecological balances, endangering native species (*).
Invasive species can have cascading effects on biodiversity and water quality.

Furthermore, converting microalgae into products such as biochar, while
beneficial in terms of adsorbing carbon long-term, may impact the natural
microbial community within the ecosystem where it is applied, potentially leading
to toxicity. Therefore, a more comprehensive evaluation of the risks associated
with microalgae-based biochar materials is needed prior to their application (*6).

Moreover, while microalgae are recognised for their ability to capture COz2, the
establishment of microalgae cultivation sites may necessitate land-use changes.
Microalgae cultivation is also water-intensive which can potentially strain local
freshwater resources, unless wastewater is used (*/).

Another challenge relates to the efficiency of CO2 capture in microalgae.
Specifically, significant losses of CO2 occur through photobioreactor exhaust
gases and open raceway ponds (*8). This inefficiency raises concerns about the
actual carbon sequestration potential of these systems.

Lastly, the overall climate impact remains uncertain due to a lack of
comprehensive life cycle assessment (LCA) studies. Without detailed evaluations
of energy consumption, emissions, and resource use across the entire production
process, it is difficult to assess the true impact and remains a crucial knowledge

gap.

“YBognjakovil, M2020% Th8 Persaegtive of Lrge-Scale Production of Algae Biodiesel,
Appl. Sci, 10(22). https://doi.org/10.3390/app10228181
*®)Bognj akovil, M2020% Th8 Persaegtive of Lrge-Scale Production of Algae Biodiesel,

Appl. Sci, 10(22). https://doi.org/10.3390/app10228181

(*®) Vieira Costa, J.A., Zaparoli, M., Cassuriaga, A.P.A., et al. (2023). Biochar production from microalgae:
a new sustainable approach to wastewater treatment based on a circular economy. Enzyme and Microbial
Technology, 169. https://doi.org/10.1016/j.enzmictec.2023.110281

(*) Chauvy, R. & de Weireld, G. (2020). CO Utilization technologies in Europe: A short review., Energy
Technology, 8(12), https://doi.org/10.1002/ente.202000627

(*®) Severo, I.A., Depra, M.C., Zepka, L.Q., & Jacob-Lopes, E. (2019). Chapter 8 - Carbon dioxide capture
and use by microalgae in photobioreactors. In: Magalhdes Pires, J.C., & Cunha Gongalves, A.L., 2019,
Bioenergy with Carbon Capture and Storage. https://doi.org/10.1016/B978-0-12-816229-3.00008-9

36


https://doi.org/10.3390/app10228181
https://doi.org/10.3390/app10228181
https://doi.org/10.1016/j.enzmictec.2023.110281
https://doi.org/10.1002/ente.202000627
https://doi.org/10.1016/B978-0-12-816229-3.00008-9

Work Package 4: The Role of Algae in Climate Change Mitigation in European Seas
Annex to the Final Report

Box 17 The Microalgae Frontier

While macroalgae dominate current attention with respect to climate change
mitigation, microalgae offer an emerging opportunity, particularly in the context of
industrial CO; upcycling. Microalgae cultivation is more technologically intensive and
less mature as a sequestration pathway but could play a complementary role in hard-
to-abate sectors. These unicellular organisms have high growth rates and can be
cultivated using CO;-rich emissions in photobioreactors or open ponds, with potential
applications in bioplastics, feed, and biofuels. In this way, they offer a novel form of
carbon utilisation, with potential for carbon storage depending on downstream
processing and end uses.

Although technically promising, microalgae cultivation faces significant hurdles:

9 High costs for reactor construction, energy, and nutrient inputs;
1 Land and water use in some configurations;
1 Challenges in ensuring permanence of carbon storage;

1 Regulatory ambiguity around classification as a sequestration method.

Nevertheless, microalgae may provide unique solutions in hard-to-abate sectors such
as cement or steel, where point-source CO> can be captured and transformed into
valuable biomass. If downstream uses involve long-lived products or biochar
conversion, genuine sequestration may be achieved.

Research is needed to establish:

1 Reliable MRV methodologies;
1 Lifecycle emissions and co-benefit accounting;
9 Integration with industrial CCUS infrastructure;

1 Economic models for deployment at scale.

Detailed assessment of microalgae opportunities and recommendations is available
in Annex 2.

3.2. Algae cultivation processes

3.2.1. Sea-based macroalgae cultivation and its impacts

Seaweed cultivation has a long history for food and industrial uses, but its
proposed role in carbon sequestration is a recent development. Growing
seaweed specifically to remove atmospheric COFremains largely theoretical, with
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limited experience in purpose-built systems. Among various cultivation methods,
sea-based cultivation remains the most feasible for carbon dioxide removal, due
to its potential scalability in marine environments. Other cultivation methods are
presented in Annex 2.

The feasibility of macroalgae for carbon sequestration depends on several key
factors. First, growth rate is crucial as species that grow rapidly can absorb more
COF, making them more effective for sequestration. Biomass production is
another critical factor, as greater biomass translates to more carbon stored within
the algae. Additionally, environmental adaptability plays a significant role; species
that can tolerate a wide range of temperatures, salinities, and nutrient conditions
are more suitable for large-scale cultivation across diverse marine environments.

Nearshore farms (typically within 1-5 km of the coast) benefit from reduced
logistical complexity and existing infrastructure but face spatial competition with
other coastal uses and environmental stressors such as eutrophication. One
notable example is the co-location of algae farms and offshore wind farms (a case
study is presented in Annex 2, section 1.4.2.). Offshore farms (beyond 10 km)
avoid some of these constraints, but are more costly and technically demanding
to operate, requiring robust mooring systems and automation to function
effectively under dynamic ocean conditions, and need to overcome issues related
to nutrient availability.

The effectiveness of sea-based cultivation as a carbon sequestration strategy
depends on species selection, growth rates, and decomposition dynamics. Brown
macroalgae, such as kelp and fucoid species, are generally more suited to high
biomass production and may exhibit slower decomposition rates. However,
environmental adaptability varies widely, and there is currently no consensus on
the most suitable species for long-term carbon removal.

The scale required to achieve meaningful carbon sequestration is significant.
While theoretical estimates suggest high potential sequestration rates under ideal
conditions, these rely on assumptions that all carbon in macroalgal biomass is
permanently stored i assumptions not currently supported by empirical evidence.
For instance, to sequester 0.1 Gt COF per year with an assumed 8% carbon
retention rate would require a farm approximately 270 km by 270 km in area
(72,000 km?). This hypothetical scenario rests on the assumption that the yield
equals to 1 kg DW/m2, therefore amounting to 72,000 tonnes DW (*°).

Alternatively, if we were to maximise carbon sequestration based on availability
of suitable conditions, it is estimated that 11% of total ocean space would need

(*°) National Academies of Sciences, Engineering, and Medicine (2022). A Research Strategy for Ocean-
based Carbon Dioxide Removal and Sequestration. Washington, DC: The National Academies Press.
https://doi.org/10.17226/26278
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to be used. These figures remain speculative due to unresolved questions about
true sequestration efficiency and suitable cultivation areas.

Environmental Benefits

1 Ocean acidification mitigation: COF uptake by seaweed can reduce
surface water acidity, supporting ecosystems sensitive to pH changes;

1 Biodiversity enhancement: Seaweed farms create habitat for marine
species, potentially increasing organism abundance and species richness;

1 Nutrient uptake and water quality: Seaweed absorbs excess nitrogen and
phosphorus, helping to reduce eutrophication and improve water quality.

Environmental Risks

1 Ecosystem impacts:

(0]

Risk of disease and parasites in dense farms, potentially affecting
wild species;

Non-native species may become invasive, disrupting local
biodiversity;

Epiphytic calcifiers may increase COFrelease through calcification;

Phytoplankton competition could alter food webs by reducing
primary productivity;

1 Ocean system changes:

0]

Large-scale cultivation may disrupt light and nutrient distribution,
affecting other organisms;

Altered circulation patterns could change water residence times
and increase harmful algal blooms;

Deep-sea sinking of biomass may cause hypoxia or acidification at
deposition sites.

M Other risks:

0]

0]

Entanglement hazards for marine megafauna, such as whales;

Release of halocarbons, short-lived substances that can cool the
climate by promoting cloud formation, but also contribute to ozone
depletion;

Noise pollution from vessels and equipment may disturb marine life
behaviour.
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3.2.2. Deep-sea sinking of macroalgae for carbon sequestration

The deliberate sinking of macroalgal biomass into the deep sea has been
proposed by some stakeholders as a potential method for long-term carbon
sequestration. At ocean depths beyond 1,000 metres, low temperatures and
reduced oxygen availability slow microbial degradation, allowing organic carbon
to remain stored for centuries. Under such conditions, carbon is considered
effectively removed from atmospheric exchange on climate-relevant timescales.

There are two primary mechanisms by which macroalgal carbon may reach the
deep sea: passive sinking, whereby fragments detach naturally and descend
through ocean currents, and active sinking, which involves the deliberate harvest,
preparation, and deposition of biomass at targeted deep-sea sites. Passive
deposition occurs naturally but is highly variable and poorly suited to scalable
carbon sequestration due to unpredictable ocean dynamics, limited retention, and
inconsistent carbon fate. Active sinking, by contrast, allows for greater control
over biomass handling, transport, and placement, but introduces operational
complexity and environmental uncertainties.

Logistics and operational framework

Active sinking typically involves harvesting macroalgal biomass from cultivation
sites, followed by pre-treatment to enhance sinkability. This can include removing
internal air pockets, adding ballast (e.g., clay or gravel), or bundling the material
into dense forms. The prepared biomass is then transported i via conventional
vessels or autonomous marine platforms i to deep-sea locations selected for
their depth, stability, and low likelihood of carbon resuspension. Once deployed,
a minimum sinking rate of 100 metres per day is desirable to reduce biomass
degradation in the upper ocean.

While technically feasible in small-scale trials, this process involves considerable
logistical and economic challenges (*°). Specialised vessels, deep-water mooring
systems, and automation technologies are needed to scale operations, all of
which contribute to high capital and operational expenditures (°%;%?). Energy
demands and carbon footprint for harvest, transport, and deployment are also

(®%) Ross, Finnley W.R., Philip W. Boyd, Karen Filbee-De xt er , et al . f@APotential Rol e

Change Mi t iSgeacei ofn .The Total Environment 885 (August 2023): 163699.
https://doi.org/10.1016/j.scitotenv.2023.163699

®» Zhang, Yongyu, Dong Liu, and Nianzhi Jiao.
Macroal gae to Miti g®tean-Lahd-Atmoaphere REdearah @ €Jantary 2023): 0033.
https://doi.org/10.34133/olar.0033

(%?) Ricart A. M., Krause-Jensen, D., Hancke, K., et al. (2022). Sinking seaweed in the deep ocean for carbon
neutrality is ahead of science and beyond the ethics. Environ. Res. Lett. in press
https://doi.org/10.1088/1748-9326/ac82ff
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substantial and may offset climate benefits unless mitigated through low-carbon
energy sources (°3).

Environmental and ecological risks

Introducing large volumes of organic material into deep-sea environments carries
a range of environmental risks. These ecosystems are characterised by their
stability, low nutrient availability, and limited biological productivity. Altering these
conditions through seaweed deposition could disrupt food webs, introduce
localised hypoxia, and cause long-term biogeochemical changes.

The microbial decomposition of macroalgal biomass on the seafloor may lead to
oxygen depletion and acidification, potentially harming benthic organisms. Under
anaerobic conditions, methane i a potent greenhouse gas i may be produced,
undermining the intended climate benefit of the sequestration. Moreover, the
scale and composition of organic matter introduced can influence eutrophication
potential, sediment dynamics, and nutrient cycling in unpredictable ways.

Impacts may extend beyond the seafloor. In the mesopelagic zone (200i 1,000
metres), sinking biomass could alter light availability, affect predator-prey
interactions, and interfere with the vertical flux of natural organic matter. Sudden
and spatially concentrated inputs of foreign biomass may create localised
ecological disturbances, particularly in areas with low background productivity.
The introduction of non-native macroalgal species into new ecosystems may also
pose a biosecurity risk if genetic material persists or if degradation releases
biologically active compounds.

These risks are magnified by the limited scientific understanding of deep-sea
ecosystems and the absence of long-term empirical data on the environmental
conseqguences of deliberate biomass deposition at scale.

Long-term effectiveness and scientific uncertainty

The long-term permanence of carbon sequestered via deep-sea sinking remains
unproven. Although conditions in the deep ocean can slow decomposition, the
actual stability of deposited carbon depends on sedimentation rates, microbial
activity, and oceanographic dynamics. There is uncertainty about how much of
the carbon is permanently buried versus re-mineralised over time and potentially
returned to surface waters through upwelling or lateral transport.

Current estimates of sequestration effectiveness rely on models and assumptions
rather than in situ data. Monitoring the fate of sunken biomass over decadal

(%) National Academies of Sciences, Engineering, and Medicine. (2022). A Research Strategy for Ocean-
based Carbon Dioxide Removal and Sequestration. Washington, DC: The National Academies Press.
https://doi.org/10.17226/26278
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timescales is a key challenge, requiring novel remote sensing techniques,
autonomous monitoring platforms, and coordinated observational networks.
Without such systems, verifying sequestration outcomes and ensuring the
integrity of potential carbon credits is not feasible.

Furthermore, climate change may itself alter deep-sea dynamics, affecting
oxygen levels, circulation patterns, and sedimentation 7 all of which would
influence the longevity and reliability of carbon storage in these environments.

Socio-economic and policy considerations

The deployment of deep-sea sinking strategies raises broader policy and socio-
economic concerns. Potential conflicts with marine industries such as fisheries,
shipping, and tourism may arise, particularly in regions where deep-sea activities
intersect with economic zones or protected areas. The large-scale introduction of
seaweed farming and sinking infrastructure may also affect the cultural and
economic interests of coastal communities.

There are ethical questions regarding resource allocation, especially if cultivated
macroalgal biomass could alternatively be used for food, feed, or bio-based
materials. Using seaweed exclusively for sequestration may be seen as wasteful
or inequitable, particularly in regions facing food insecurity or limited marine
resources.

In terms of governance, international legal frameworks for deep-sea interventions
remain underdeveloped. The high seas, which are beyond national jurisdiction,
fall under fragmented and evolving regulatory regimes. Initiatives such as the
Biodiversity Beyond National Jurisdiction (BBNJ) negotiations are likely to
influence the development of guidelines for deep-sea carbon sequestration.
However, no binding frameworks currently exist to govern the environmental
assessment, permitting, or liability associated with deep-sea biomass sinking.

While several start-ups seeking to sink algae for carbon sequestration have been
set-up in recent years, they face several challenges (for an overview of the case
studies assessed, see Annex 2, section 1.2.4). Notably, once promising start-ups
such as Brilliant Planet and Running tide have stopped their operations.

To conclude, while deep sea sinking offers the potential for long-term carbon
sequestration, this method presents significant challenges, including logistical
and economic feasibility, regulatory uncertainties, and potential ecological
impacts from introducing large quantities of organic material into deep-sea
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ecosystems (°4°°). Moreover, some uncertainty remains regarding the
effectiveness of this approach, and socio-economic and policy considerations
such as the impact on other industries and the other uses of this biomass (e.qg.,
as a food source to improve food security) could bring additional drawbacks. As
a result, active sinking of macroalgae remains a promising but experimental
approach that requires rigorous in situ validation and governance development
before large-scale implementation can occur.

3.2.3. Microalgae cultivation

Microalgae can generate around 280 tonnes of dry biomass per ha per year, and
by doing so can absorb roughly 513 tonnes of CO2. A growing area of research
focuses on using microalgae to capture CO:2 from flue gas emissions. With CO:2
concentration in flue gases ranging from 3% to 30%, it is essential to select
species that can withstand and absorb these concentrations. Many attributes of
flue gas i such as pH, temperature, CO2 concentration, and the presence of
toxic compounds i may affect the ability of microalgae to efficiently fix CO2 (°6).
The optimal conditions or tolerated ranges for these factors vary by species.
Microalgae species capable of tolerating CO2 concentrations over 20% are
labelled as CO: tolerant, whilst those that can withstand only 2 to 5% CO:
concentration are classified as sensitive to CO2 (°’). Notable species with high
tolerance to environmental stress and elevated CO: levels include Chlorella
vulgaris, Scenedesmus, Spirulina, Nannochloropsis, Chlorococcum, among
others (°8). Despite these challenges, microalgae utilise CO2as a carbon source,
making them effective at removing CO2 from both the atmosphere and flue gases.
In addition, microalgae uptake nutrients, like nitrogen and phosphorus, enabling
their use in wastewater treatment (*9).

Once aresilient microalgal species has been selected, the next step is scaling up
cultivation for effective CO: fixation. Microalgae can be cultivated in both
laboratory and outdoor environments, using either open or closed systems. Two
prominent methods commonly employed are open raceway ponds and

(>%) Pessarrodona, A.eta. iCar bon Sequestration and Climate Change Mit
State of Knowl e d ®ielogicalR e Reviewss . 98, no. 6 (2023): 19457 71.
https://doi.org/10.1111/brv.12990

(%) National Academies of Sciences, Engineering, and Medicine. (2022). A Research Strategy for Ocean-
based Carbon Dioxide Removal and Sequestration. Washington, DC: The National Academies Press.
https://doi.org/10.17226/26278

(%) Singh, H.M., Kothari, R., Gupta, R., & Tyagi, V.V. (2019). Bio-fixation of flue gas from thermal power
plants with algal biomass: Overview and research perspectives. Journal of Environmental Management,
245. https://doi.org/10.1016/].j,envman.2019.01.043

(5) Onyeaka, H., Miri, T., Obileke, K., et al., (2021). Minimizing carbon footprint via microalgae as a biological
capture. Carbon Capture Science & Technology, 1, https://doi.org/10.1016/j.ccst.2021.100007

(%8) Onyeaka, H., Miri, T., Obileke, K., et al., (2021). Minimizing carbon footprint via microalgae as a biological
capture. Carbon Capture Science & Technology, 1, https://doi.org/10.1016/j.ccst.2021.100007

(®°) Vvale, M.A., Ferreira, A., Pires, J.C.M., & Gongcalves, A.L. Chapter 17 - CO2 capture using microalgae.
In:  Rahimpour. M.R., Faris, M., Makarem, M.A. (2020). Advances in Carbon Capture.
https://doi.org/10.1016/B978-0-12-819657-1.00017-7
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photobioreactors (°°) (see Table 3 for a comparison of the parameters
associated with these systems).

Table 37 Summary of the different parameters associated with open and closed

systems
: : Volume- L
Installati | Biomass Water Energy Injection .
.| to- Suitable
producti losses (| consum | CO:
. surface ; " product
vity (g/m ratio (me L/ ption (W/ | efficienc s
“day) 2 m2day) | m°) y (%)
/m?)

_ Low/med
Photobio 4 17-28 0.07 0.5 500 70 ium-
reactors

value

High-
Raceway 10 10-20 0.2 1-10 10 30-95

value

Source: Adapted from Llamas et al. (2021) (®%).

Raceway ponds are widely regarded as cost-effective and are therefore
commonly used for microalgal cultivation. These open systems are well-suited
for large-scale production due to their simple construction, low energy
requirements and minimal operational costs. However, they have several
drawbacks, including significant CO2 losses, susceptibility to cross-
contamination, and reduced productivity (6?). They also require large amounts of
land, have poor light utilisation, and are limited to a few algae strains (%%).
Moreover, raceways have low COz injection efficiency, leading to the re-emission
of a substantial fraction of flue gas (®%). Studies indicate that the CO:
sequestration potential of microalgae ponds is rather limited, with CO2 removal
rate ranging from approximately 0.18 (for Scenedesmus obliquus) to 0.20 (for
Botryococcus braunii Kutz) g/L/day (5°).

(9 vale, M.A., Ferreira, A., Pires, J.C.M., & Gongcalves, A.L. Chapter 17 - CO2 capture using microalgae.
In:  Rahimpour. M.R., Faris, M., Makarem, M.A.(2020). Advances in Carbon Capture.
https://doi.org/10.1016/B978-0-12-819657-1.00017-7

(6%) Llamas, B., Suarez-Rodriguez, M.C., Gonzalez-Lopez, C.V., et al. (2021). Techno-economic analysis of
microalgae related processes for CO2 bio-fixation. Algal Research, 57.
https://doi.org/10.1016/j.algal.2021.102339

(6?) Sanyal, D., Kodgire, S., Desai, D., et al. (2020). Commitment for a Cleaner India: Utilization of CO2 and
Sewage Wastewater by Green Algae Scenedesmus sp. Under Laboratory Conditions. Smart Innovation,
Systems, and Technologies, 161. https://doi.org/10.1007/978-981-32-9578-0 23

)zieliE@ki, M., Dibowski, M. (2023 Microatgal €artmnvDiaxide, (COJ).

Capture and Utilization from the European Union Perspective. Energies, 16, 1446.
https://doi.org/10.3390/en16031446

(6% Morales, M., Hélias, A., & Bernard, O., (2019). Optimal integration of microalgae production with
photovoltaic panels: environmental impacts and energy balance, Biotechnology for Biofuels, 12,
https://doi.org/10.1186/s13068-019-1579-4

(%) Severo, I.A., Depra, M.C., Zepka, L.Q., & Jacob-Lopes, E., (2019). Chapter 8 - Carbon dioxide capture
and use by microalgae in photobioreactors. In: Magalhdes Pires, J.C., & Cunha Gongalves, A.L., 2019,
Bioenergy with Carbon Capture and Storage. https://doi.org/10.1016/B978-0-12-816229-3.00008-9
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Closed systems, such as photobioreactors (PBR), enable long-term cultivation
of microalgae with minimal contamination risks. PBRs offer higher CO2 and light
utilisation efficiencies, making them more productive than raceway ponds.
However, their higher operational and manufacturing costs present a significant
barrier (66). Further technological advancements are needed to reduce costs and
enhance productivity (67). Additionally, the efficiency of CO2 biosequestration can
be severely compromised by elevated levels of sulphur or nitrogen oxides in the
input gas (°8). Heat can also affect the biosequestration efficiency, necessitating
the use of cooling systems when flue gas is used.

3.3. Quantifying carbon sequestered by macroalgae

3.3.1. Key considerations for transparent and verifiable
determination of amount of carbon sequestered

If macroalgae-based carbon capture strategies are to be developed and
systematically used for climate change mitigation, measuring, reporting, and
verifying (MRV) the quantity and permanence of sequestered carbon will be the
key technical requirement. For MRV frameworks to be effective, they must
address these key criteria:

1 Carbon uptake: quantifying how much COFis absorbed by macroalgae
during growth;

1 Permanence: demonstrating that sequestered carbon remains stored
over climate-relevant timescales;

1 Additionality: confirming that the carbon removal results from human
intervention and exceeds natural background processes.

Accurately assessing these criteria in dynamic and spatially heterogeneous
marine environments is complex. Carbon fluxes are influenced by variable
conditions such as water currents, sedimentation, and biological activity.
Establishing credible baselines for carbon flux and verifying additionality is
particularly difficult in marine environments due to the high spatial and temporal
variability of oceanographic conditions (e.g., sedimentation rates, currents, and

(66) Severo, I.A., Depra, M.C., Zepka, L.Q., & Jacob-Lopes, E., (2019). Chapter 8 - Carbon dioxide capture
and use by microalgae in photobioreactors. In: Magalhdes Pires, J.C., & Cunha Gongalves, A.L., 2019,
Bioenergy with Carbon Capture and Storage. https://doi.org/10.1016/B978-0-12-816229-3.00008-9
(67) Severo, I.A., Depra, M.C., Zepka, L.Q., & Jacob-Lopes, E., (2019). Chapter 8 - Carbon dioxide capture
and use by microalgae in photobioreactors. In: Magalhdes Pires, J.C., & Cunha Gongalves, A.L., 2019,
Bioenergy with Carbon Capture and Storage. https://doi.org/10.1016/B978-0-12-816229-3.00008-9

) zieli&ki, M., Dibowski, M. (2023K Microaigal €arbmwDiaxide, (CO2).

Capture and Utilization from the European Union Perspective. Energies, 16, 1446.
https://doi.org/10.3390/en16031446
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water column dynamics) (¢°). Demonstrating permanence also involves deep
ocean or sediment sampling, which is technically challenging and costly ("°). Yet,
traceability of carbon origin i especially for carbon crediting purposes i requires
reliable methodologies that can be standardised, verified, and audited.

3.3.2. Quantification principles and tools to measure and verify
sequestration

The impact of carbon sequestration should follow the following main
principles (%)

1 Additionality: the GHG emission removals would not have occurred in the
absence of the intervention

1 Permanence: the GHG emission removals should be permanent (e.g., at
least 100 years) or, where there is a risk of reversal, measures should in
place to address these risks and compensate reversals.

1 Robust quantification: the GHG emission removals should be robustly
quantified, based on conservative approaches, completeness and
scientific methods.

1 No double-counting: the GHG emission removals should only be counted
once towards achieving mitigation targets or goals.

Various technologies are being explored to measure the movement, uptake, and
permanence of macroalgal carbon. An overview is presented below. For more
comprehensive descriptions of each method, see Annex 1, section 4.1.1.2.3.1.

Remote and Autonomous Sensing

Remote sensing technologies utilise imagery classification, absorbance,
reflectance, colour, and other visual characteristics to estimate biomass, which
can then inform calculations of carbon content (“?). These methods are more
developed for land ecosystems than marine ones due to the lack of visible surface
features in seaweeds ("3).

Satellite imagery offers wide coverage but is limited by factors like murky water,
cloud cover, and indirect carbon estimates. Unoccupied aerial vehicles (UAVS)
provide better resolution and species distinction, while remotely operated

(%) Pessarrodona, et al. (2023). Carbon sequestration and climate change mitigation using macroalgae: a
state of knowledge review. Biological Reviews. https://doi.org/10.1111/brv.12990

("°) Pessarrodona, et al. (2023). Carbon sequestration and climate change mitigation using macroalgae: a
state of knowledge review. Biological Reviews. https://doi.org/10.1111/brv.12990

(™Y ICVCM (n.d.) The Core Carbon Principles. Available here.

@) Dol liver, J . (2022).dWhaDe6Sgstem Amalysis IsNRequired To Determine The Fate Of
Macroalgal Carbon: A Systematic Review. Journal of Phycology. https://doi.org/10.1111/jpy.13251
™) Dol liver, J . (2022).dWhaDe6Sgstem Amalysis IsNRequired To Determine The Fate Of

Macroalgal Carbon: A Systematic Review. Journal of Phycology. https://doi.org/10.1111/jpy.13251
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vehicles (ROVs) can assess submerged species but are costly and limited in
range ("4).

Projects like AMMON aim to reduce monitoring costs by combining technologies
like drones, buoys, and satellites for offshore seaweed farming. Al and machine
learning can further reduce costs by automating image classification.

However, satellite methods struggle to track when and where seaweed sinks,
requiring experimental models to understand vertical movement and degradation
processes (°).

Physical and Biogeochemical Sampling

Stable isotope analysis traces carbon sources in sediments, distinguishing
macroalgal carbon from others. Yet, overlapping signatures and farm conditions
can complicate results (7).

To improve accuracy, isotope data is often combined with environmental DNA
(eDNA), which identifies algae species via genetic markers. While precise, eDNA
requires targeted primer design and doesn't account for food web
interactions ('7).

Sediment core sampling is a direct way to quantify buried carbon, offering high
accuracy but being labour-intensive and expensive. Deep water sampling adds
difficulty, and species identification often needs support from other methods (78).

Modelling, Experiments, and Frameworks

Coupling remote sensed data with emerging models may also be used to
simulate carbon fluxes, accounting for how quickly carbon is absorbed by
macroalgae and moved through various environmental pools (7).

("™ Rose, D.J., & Hemergy L.G. (2023). Methods for Measuring Carbon Dioxide Uptake and Permanence:
Review and Implications for Macroalgae Aquaculture. Journal of Marine Science and Engineering, 11(1).
https://doi.org/10.3390/jmse11010175

("®) Rose, D.J., & Hemergy L.G. (2023). Methods for Measuring Carbon Dioxide Uptake and Permanence:
Review and Implications for Macroalgae Aquaculture. Journal of Marine Science and Engineering, 11(1).
https://doi.org/10.3390/jmse11010175

("®) Pessarrodona, et al. (2023). Carbon sequestration and climate change mitigation using macroalgae: a
state of knowledge review. Biological Reviews. https://doi.org/10.1111/brv.12990

(") Arina, N., Hidayah, N., Hazrin-Chong, N.H., et al. (2023). Algal contribution to organic carbon
sequestration and its signatures in a tropical seagrass meadow. Deep Sea Research Part II: Topical Studies
in Oceanography, 210. https://doi.org/10.1016/j.dsr2.2023.105307

("® Rose, D.J., & Hemergy L.G. (2023). Methods for Measuring Carbon Dioxide Uptake and Permanence:
Review and Implications for Macroalgae Aquaculture. Journal of Marine Science and Engineering, 11(1).
https://doi.org/10.3390/jmse11010175

(") Hurd et al. (2022). Forensic carbon accounting: Assessing the role of seaweeds for carbon
sequestration. Journal of Phycology. https://doi.org/10.1111/jpy.13249
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Numerical models simulate carbon absorption, transport, and biomass yield using
remote data, though they often exclude key limiting factors and focus on specific
species or systems (&9).

Sinking models account for different stages of cultivation and product uses but
may rely on assumptions that limit accuracy. Allometric models estimate carbon
based on organism traits and are non-invasive but species-specific (81).

Mesocosm experiments test environmental changes on carbon permanence and
uptake. They reveal valuable insights into degradation, carbon cycling, and lateral
flows, though short-term DOC release and seasonal variability limit sequestration
assessment (82).

Forensic carbon accounting (FCA) offers a holistic view of carbon exchanges in
seaweed ecosystems (83). It supports businesses seeking carbon credits by
ensuring accurate measurement of removal and sequestration. However, FCA is
complex, requiring interdisciplinary collaboration and detailed system-wide
data (84).

Life cycle analysis (LCA) evaluates carbon impact from cultivation to end-of-life
stages. It includes all aspects of the value chain, highlighting benefits like
temporary storage and product substitution (8%). However, most current data are
from small-scale studies, leading to some uncertainty. As research progresses,
LCAs will become more robust and influential (86).

(%) Rose, D.J., & Hemergy L.G. (2023). Methods for Measuring Carbon Dioxide Uptake and Permanence:
Review and Implications for Macroalgae Aquaculture. Journal of Marine Science and Engineering, 11(1).
https://doi.org/10.3390/jmse11010175

(®Y) Rose, D.J., & Hemergy L.G. (2023). Methods for Measuring Carbon Dioxide Uptake and Permanence:
Review and Implications for Macroalgae Aquaculture. Journal of Marine Science and Engineering, 11(1).
https://doi.org/10.3390/jmse11010175

(®?) Rose, D.J., & Hemergy L.G. (2023). Methods for Measuring Carbon Dioxide Uptake and Permanence:
Review and Implications for Macroalgae Aquaculture. Journal of Marine Science and Engineering, 11(1).
https://doi.org/10.3390/jmse11010175

(83) Hurd et al. (2022). Forensic carbon accounting: Assessing the role of seaweeds for carbon
sequestration. Journal of Phycology. https://doi.org/10.1111/jpy.13249

(8% Hurd et al. (2022). Forensic carbon accounting: Assessing the role of seaweeds for carbon
sequestration. Journal of Phycology. https://doi.org/10.1111/jpy.13249

(8%) Hasselstrom, L., & Thomas, J-B.E. (2022). A critical review of the life cycle climate impact in seaweed
value chains to support carbon accounting and blue carbon financing. Cleaner Environmental Systems, 6.
https://doi.org/10.1016/j.cesys.2022.100093

(86) Seghetta, M., & Goglio, P. (2019). Life Cycle Assessment of Seaweed Cultivation Systems. In: Spilling,
K. (eds) Biofuels from Algae. Methods in Molecular Biology, vol 1980. Humana, New York, NY.
https://doi.org/10.1007/7651 2018 203
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Table 47 Summary of methodological strengths and weaknesses

Remote Broad coverage, scalable, passive Indirect carbon estimates, limited by water
Sensing monitoring clarity and surface expression

UAVs & ROVs  High resolution, species-level insights IR EERERSEYE), il CREE ]

cost
Stable Identifies carbon origin Over_la_lpplng signatures, lacks taxonomic
Isotopes precision
High specificity for source Primer design required, no carbon mass
eDNA . . .
identification estimates
Sediment . L . i .
Cores Direct carbon quantification Expensive, difficult in deep water
Controlled experiments on . e .
Mesocosms . Scale-limited, difficult to generalise
degradation/permanence
Models (all Scenario testing, data integration Rely on assumptions, may lack local
types) accuracy
FCA/LCA “lreyel evElUEien e C2rian Data-intensive, still experimental
markets
3.3.3. Challenges and uncertainties associated with tools

A suite of methods exists that could be used for MRV in macroalgae systems:

1 Remote sensing and UAVs can detect surface biomass and monitor
growth areas. While satellite imagery offers broad coverage, it lacks
resolution for subsurface or submerged species (depending on water
transparency in each maritime region);

i Stable isotope analysis can trace the origin of organic carbon and its
transformation through marine food webs. However, it requires
baseline data and may face challenges with overlapping signatures;

1 Environmental DNA (eDNA) sampling offers high taxonomic resolution,
identifying the presence of specific macroalgal species in sediments. It
is particularly useful in tracing carbon deposition in sediments and
verifying species-specific contributions. eDNA for monitoring
macroalgae in deep-sea habitats requires understanding the potential
degradation and transport of eDNA in these environments as long-term
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sequestration in the ocean typically requires depths of at least 300m or
more;

1 Sediment coring allows for direct quantification of carbon burial over
time. This method provides strong evidence of permanence but is
labour-intensive and difficult in deep-water settings.

Forensic Carbon Accounting (FCA) is an emerging methodology aimed at
evaluating the full carbon budget of macroalgal systems, with the goal of
quantifying their net carbon dioxide removal (CDR) potential. Unlike conventional
blue carbon approaches, which often focus on isolated processes like sediment
burial, FCA maps the entire carbon flow i from atmospheric or oceanic COF
uptake to long-term storage or re-emission 1 across ecological and operational
boundaries. FCA begins by measuring net primary production (NPP) to establish
baseline carbon uptake but goes further by evaluating airi sea COF fluxes to
determine the extent of atmospheric drawdown. It also quantifies the export of
POC and DOC, and models their eventual fate, distinguishing between carbon
that is sequestered in long-lived reservoirs and carbon that is re-mineralised and
returned to the atmosphere. In cultivated systems, FCA includes a life cycle
assessment (LCA) to account for emissions across the full seaweed value chain,
including cultivation, harvesting, processing, and transport. This enables
calculation of net, rather than gross, carbon removal. A key feature of FCA is its
emphasis on boundary setting and attribution 7 defining spatial and temporal
limits to avoid double counting and to detect potential leakage. FCA integrates
multiple tools and techniques, including in situ monitoring, remote sensing,
biogeochemical modelling, stable isotope analysis, eDNA, and sediment coring.
Despite its comprehensive approach, FCA remains under development, with no
formal standards for implementation. It is data-intensive and resource-
demanding, requiring multidisciplinary collaboration and long-term monitoring.
However, as marine CDR strategies advance, FCA may provide a critical
foundation for MRV frameworks T particularly in contexts where credibility,
transparency, and traceability are essential for regulatory and market validation.
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Table 57 Summary of strengths and weaknesses of various monitoring methods
for macroalgae carbon sequestration

Remote Broad coverage, scalable, passive Indirect carbon estimates, limited by water
Sensing monitoring clarity and surface expression

UAVs & ROVs  High resolution, species-level insights ILEETEEA L g M i)

cost

Stable Identifies carbon origin Overllallpplng signatures, lacks taxonomic
Isotopes precision

High specificity for source Primer design required, no carbon mass
eDNA . . .

identification estimates
Sediment . e . - .
Cores Direct carbon quantification Expensive, difficult in deep water
Mesocosms Controlle_d experiments on Scale-limited, difficult to generalise

degradation/permanence
Models (all Scenario testing, data integration Rely on assumptions, may lack local
types) accuracy
FCA “lreyel evElUEien e C2rian Data-intensive, still experimental

markets

While MRV methods for macroalgae-based carbon sequestration are advancing,
they remain constrained by significant scientific and technical uncertainties.
These include limited understanding of long-term carbon fate, variability in
environmental conditions, and challenges in accurately tracing carbon fluxes in
marine systems.

As scientific knowledge evolves, so too can the development of robust MRV
standards and protocols T an essential step for ensuring credibility in voluntary
and compliance carbon markets, as well as for securing regulatory approval.
Addressing these knowledge gaps is therefore a critical prerequisite for
considering the inclusion of macroalgae-based carbon removal in carbon credit
schemes or broader carbon market frameworks.
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Box 21 Challenges for carbon credit schemes

Macroalgae-based carbon sequestration is not yet integrated into established carbon
credit frameworks, and several barriers hinder its credibility and commercial viability.
The primary challenge lies in the lack of mature methodologies for verifying long-term
sequestration and issuing credi t-Blue Ceditr
scheme and local initiatives in Fukuoka, demonstrate how macroalgal carbon
sequestration can be credited under voluntary markets, though these schemes
depend heavily on public subsidies and are not yet profitable based on credit
revenues alone. The Japanese blue carbon scheme works by collecting money
through voluntary carbon offset programs and using it to restore seagrass and
seaweed meadows, helping marine ecosystems naturally absorb more carbon from
the atmosphere.

In the EU and US, no operational carbon credit markets for macroalgal sequestration
exist. Projects remain in development stages, with start-ups attempting to establish
proof-of-concept systems. Uncertainties around additionality, permanence, and
monitoring methodologies continue to delay -certification under voluntary or
compliance-based systems. Verification of macroalgal MRV is particularly costly due
to the complexity of marine observations, and the risk of double counting carbon
across ecosystems (e.g., when macroalgal carbon is exported to seagrass or
mangrove areas) remains a concern.

Without standardised methodologies and recognition by leading carbon credit
registries, macroalgal sequestration remains ineligible for most existing markets.
Scientific uncertainty also undermines creditability, posing reputational risks such as
greenwashing. The EU's carbon removal certification framework i although not
mentioning algae i acknowledges the need for stronger verification in this space. Until
these gaps are addressed, carbon credit revenues are likely to remain marginal or
speculative for macroalgae-based sequestration projects.

3.4. Potential sequestration via cultivation

Carbon sequestration potential through purposeful cultivation of macroalgae was
recently estimated by the study "Assessing the potential for seaweed cultivation
in EU seas through an integrated modelling approach" (¢7).

Using advanced modelling techniques, the study evaluated the feasibility of
cultivation and sequestration potential across all European seas, finding that EU
Atlantic regions and cold intermediate macroalgal species are more suitable for
cultivation. The study estimates that across all suitable EU waters, over 1 million
km2 of ocean could theoretically support seaweed cultivation. Applying a

(87) Macias, D., Guillen, J., Duteil, O., et al. (2025). Assessing the potential for seaweed cultivation in EU
seas through an integrated modelling approach. Aquaculture 594.
https://doi.org/10.1016/j.aquaculture.2024.741353
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precautionary principle that only 1% of this area i around 10,000 km2 i should
realistically be used, the study concludes that seaweed farming could yield
approximately 5 million tonnes of dry biomass per year. This results in an
estimated sequestration potential of up to 1.1 million tonnes of carbon per year,
equivalent to about 4 million tonnes of CO2 annually. These conclusions are
based on further assumptions that cultivation is restricted to nearshore
waters (within 10 nautical miles and less than 100 m deep to minimise logistical
constraints), limited to EU-member Exclusive Economic Zones, and located
where disruption to marine ecosystems is avoided.

Economic valuation of macroalgal carbon sequestration

Valuing the carbon sequestration potential of macroalgae is a complex
undertaking. Numerous methods exist, each involving a range of assumptions
and uncertainties. One widely recognised approach is the Social Cost of
Carbon (SCC), which estimates the economic damages avoided per tonne of CO2
removed from the atmosphere.

While there is no globally agreed-upon SCC value, for consistency, we adopt the
same reference used in the study assessing macroalgae cultivation potential in
EU waters (88). This figure is drawn from the U.S. Environmental Protection

Agencyods 2022 estimate, whi c hin 3020aJ8@. s

Adjusting for inflation and currency conversion using official exchange rates and

Eurozone inflation data, thiszim2P2bat es

In addition to this valuation metric, we apply the assumption that macroalgae
restoration and cultivation activities occur in separate, non-overlapping areas.
This allows us to sum their respective sequestration potentials to estimate the
total societal benefit.

Based on these assumptions, the total avoided societal cost through macroalgal

carbon sequestration il74billbeantdy.i s esti

(®8) Macias, D., Guillen, J., Duteil, O., et al. (2025). Assessing the potential for seaweed cultivation in EU
seas through an integrated modelling approach. Aquaculture, 594.
https://doi.org/10.1016/j.aquaculture.2024.741353
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Table 67 Avoided societal costs through carbon sequestration, annually in EUR

Carbon Sequestration Total CO> SCC( u : :

Restoration of natural

86,154,673 193 16,627,851,838
macroalgae ecosystems
Cultlvatlon'of macroalgae for 4,000,000 193 772,000,000
sequestration
Total 17,399,851,838

These figures should be interpreted as indicative, high-level estimates based on
generalised assumptions regarding sequestration potential and economic
valuation. While they highlight the potential scale of macroalgal contributions to
climate mitigation, more detailed, location-specific analyses are necessary before
informing policy or investment decisions.

From a policy perspective, this valuation highlights the potential for mechanisms
such as ecosystem service payment schemes, including blue carbon credits, to
provide financial support for macroalgae cultivation and restoration. These
instruments could play a crucial role in scaling the industry in both a responsible
and economically viable way.

However, before such mechanisms are designed and implemented, several
critical knowledge gaps must be addressed to ensure they are grounded in sound
science and effective in practice. The following chapter sets out
recommendations to guide next steps in leveraging macroalgae as a credible and
impactful climate mitigation strategy.

3.5. Economics of macroalgae cultivation for
sequestration

3.5.1. Costs and revenues of algae cultivation for sequestration

The economics of cultivating macroalgae for the sole purpose of carbon
sequestration are currently unfavourable. Financial modelling based on five
European pilot projects (8%) shows that carbon credit revenues, even under
optimistic assumptions, are negligible compared to capital and operational costs.
In the illustrative analysis presented in Annex 2 (section 1.4.2), none of the

(8%) Ciravegna et al. (2023). The business case for seaweed aquaculture in the North Sea: learning from
international experiences. Wageningen University and Research.
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projects generated over U (@iscdunted over ttheit a |

lifetime), while total costs ranged from 127,0000 to 584,0000. The resulting net
present values were all deeply negative, even when taking the most favourable
assumptions (doubling estimated yields, halving implementation costs, doubling
expected carbon prices). While based on imperfect data, this suggests the
absence of a viable standalone business case for carbon sequestration via algae
sinking.

Large-scale analysis further supports this conclusion. Modelling for gigaton-scale
carbon removal via macroalgae sinking estimates average costs at 480$/tCOF,
with considerable sensitivity to assumptions about yields, production efficiency,
and sequestration permanence (*°). Over 90,000 kmz2 of ocean farming would be
required 7 i.e., more than 30 times the current global area under seaweed
cultivation 7 to achieve one gigaton of carbon removal via macroalgae
sinking (°%).

Companies operating in this field can also generate more certain revenue
streams by harvesting seaweed. The products manufactured are less carbon
emission intensive than fossil-based ones (e.g., algae-based fuels or fertilisers)
and could also be used to generate credits due to replacing fossil fuel-based
products. Considering the findings on the costs of sinking algae alone, doing so
appears essential to generate a net positive revenue.

3.5.2. Case study examples

Many start-ups are exploring hybrid models where macroalgal carbon is fixed in
another product instead of buried/deposited in deep sea. However, while these
products support removal of carbon from the atmosphere, this removal is on a
scale shorter than what is required for sequestration. Still, this approach can offer
an alternative to macroalgal sequestration by substituting product with a high
carbon footprint with algae-based alternatives, especially as the opportunity to
supplement revenues by the sale of algae-based products makes these
endeavours more economically feasible. Some examples include:

1 The Climate Foundation: this organisation is developing a system to
cycle algae vertically in the water column, using day-night movement
to boost yields. While carbon credits are part of their model, over 90%
of projected revenues are expected to come from product sales.
Current platform costs are high, and additional funding is being sought;

(°%) DeAngelo et al. (2023). Economic and biophysical limits to seaweed farming for climate change
mitigation. Nature Plants. 10.1038/s41477-022-01305-9
(°Y) DeAngelo et al. (2023). Economic and biophysical limits to seaweed farming for climate change
mitigation. Nature Plants. 10.1038/s41477-022-01305-9
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1 North Sea Farm 1: located within a windfarm off the Dutch coast, this
is the first commercial seaweed farm in the North Sea. It targets food,
feed, and cosmetics markets, with carbon sequestration being
explored in parallel through scientific research. Experts note that
carbon storage potential in this region is limited due to local
environmental conditions;

1 Macrocarbon: based in the Canary Islands, this start-up cultivates
sargassum using low-cost floating barriers. The business model relies
on product diversification (biofuel, biochar, black carbon) and aims to
reach commercial scale by 2026. Carbon credits are a secondary
revenue stream, but the company faces challenges with regulatory
approvals and financial additionality.

These case studies reflect the experimental nature of macroalgae carbon
removal ventures but offer stronger business potential than carbon credit sales
alone. Nonetheless, most ventures remain dependent on early-stage financing
and public or philanthropic funding to sustain operations and R&D, while facing
major barriers related to cost, verification, regulation, and long-term viability.
Reliable carbon revenues to support revenues from product sales would enhance
their financial viability.

3.5.3. Barriers to upscale business opportunities

The main barriers to upscaling macroalgae-based carbon sequestration
businesses include economic, scientific, regulatory, and environmental
challenges:

1. Economic Challenges: High cultivation costs, particularly for offshore
operations, make profitability difficult without public funding or private
donations. Monitoring, reporting, and verification (MRV) costs are also
high but may decrease as the industry develops.

2. Lack of Certified Methodologies: Scientific uncertainty about the long-
term sequestration of farmed algae prevents the establishment of clear
carbon credit certification, reducing credibility and investment confidence.

3. Regulatory Hurdles: Companies face slow and costly permitting
processes, especially in international waters, with variations across
regions.

4. Environmental Constraints: Nutrient availability is a key limitation in
areas farther from the shores, and large-scale operations may negatively
impact marine ecosystems by depleting nutrients in surface waters.
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5. Industry Struggles and Closures: Several start-ups have shut down due
to low demand for carbon credits and concerns over environmental
impacts, emphasising the severity of these barriers.

More detail on these barriers is provided in Annex 2.

3.5.4. Needs to facilitate the upscale of business opportunities

A robust MRV system is essential to the development of algae-based
sequestration credits. Before such a system is developed, key scientific
uncertainties need to be resolved, including on potential harmful ecological
effects (see next section for more details on this last point). The development of
the MRV system would be facilitated by a public oversight on this process T in
order to ensure robustness and legitimacy i as is currently the case with the
development of carbon certification methodologies under the EU Carbon
Removals and Carbon Farming Regqulation. These two elements are key to
comprehensively investigate before any further steps are taken to promote large
scale algae-based carbon sequestration as a business opportunity.
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4. Futur e needs at glaasegdc ad &r bo

sequestnEatriogpre ain s eas

4.1. Recommendations and future needs

Macroalgae offers three di st i nct opportunities to

biodiversity goals: restoring natural seaweed ecosystems, cultivating macroalgae
for carbon sequestration and substituting carbon intensive products with algae-
based products with a lower GHG footprint (this third approach was however
outside the scope of the study). These appr oaches buil d
capacity to cycle and store carbon, as well as to relieve pressure on other natural
resource use, but they differ significantly in scientific maturity, policy readiness,
and near-term feasibility.

Restoration is a well-established ecological practice that delivers immediate
benefits for biodiversity, coastal resilience, and potentially long-term carbon
storage. It aligns with existing EU policy frameworks, and restoration methods
and governance structures are already in place for scaling. Cultivation for carbon
sequestration, by contrast, remains experimental. While macroalgae show
theoretical potential for durable carbon removal, major uncertainties persist
around carbon permanence, environmental risks, life cycle emissions, and MRV.
Cultivation should therefore proceed through a targeted research and validation
phase, rather than immediate deployment.

Table 7 outlines the main differences between the two approaches that informed
the development of recommendations for future work. These recommendations
are outlined in the sections that follow, and available in-depth in Annex 1 (section
1.4.3) and Annex 2 (section 1.2.5). Where applicable, cross-cutting opportunities
I such as data sharing, spatial planning, and funding mechanisms i are noted to
support both pathways while respecting their distinct objectives and risk profiles.
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Table 717 Pathways for macroalgae-based climate action

Restoration of Natural Seaweed Cultivation for Carbon
Aspect .
Forests Sequestration
Objective Biodiversity, resilience, and co-benefits  Carbon dioxide removal (CDR)

Readiness Level High i implementation can scale now

Low i requires foundational research
and validation

Main Action Promote and invest Investigate and assess
Priority Immediate scaling Phased R&D roadmap
Policy Alianment EU Biodiversity Strategy, Nature Future inclusion in CRCF and marine
yAlg Restoration Law, MSFD CDR strategies
. LIFE, EMFAF, Interreg, national Horizon Europe, EU Innovation Fund,
Funding Tools . .
restoration budgets pilot programmes
MRV. Unresolved Critical and unresolved
Requirement
Environmental High uncertainty (e.g. deep-sea
Risk Low when properly managed impacts)
4.1.1. Conclusions on macroalgal carbon dioxide removal

(CDR) by natural seaweed forests

Support scientific research to resolve uncertainties in macroalgal
carbon sequestration, including COF exchange, biomass fate, and
environmental conditions that affect permanence.

Assess the ecological impacts of deep-sea sinking, especially on
benthic ecosystems, biodiversity, nutrient cycles, and the risk of
hypoxia or methane release.

Develop spatial modelling tools at the EU level to identify optimal
cultivation and deposition zones under future climate conditions.

Establish demonstration and pilot sites across EU waters to validate
cultivation methods, measure carbon flows, and test economic and
environmental feasibility.

Invest in cultivation technology by funding R&D in automation,
offshore systems, and remote monitoring to enable scalable and
efficient operations.

Conduct full life cycle assessments (LCA) to evaluate the net climate
benefit of macroalgal CDR, comparing different systems and energy
sources.
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7. Set up long-term monitoring programs and develop cost-effective
MRV tools to ensure carbon stability and environmental integrity.

8. Define MRV standards, including sequestration thresholds, carbon
flow accounting, and ecological impacts, and advance the use of
Forensic Carbon Accounting.

9. Create a dedicated governance framework by reviewing existing
legal structures, establishing clear criteria, and aligning with marine
policy directives.

10. Implement environmental risk protocols, including baseline
assessments and mandatory mitigation plans for any ecological harm.

11. Design market incentives tied to MRV and sustainability outcomes
and promote the inclusion of co-benefits to enhance economic
viability.

12. Develop transboundary governance systems to coordinate carbon

crediting and share benefits across jurisdictions with shared marine
areas.

13. Ensure transparency and accountability by verifying credits
independently, monitoring over time, and publishing results through
open-access platforms.

4.1.2. Recommendations to promote restoration of natural
seaweed ecosystems

The restoration of seaweed forests represents an immediate opportunity to
deliver ecological, climate, and socio-economic benefits. These ecosystems
support marine biodiversity, stabilise coastlines, and may contribute to long-term
carbon sequestration through detrital export and sediment burial. Given their
vulnerability to climate change, eutrophication, overfishing, and habitat
degradation, and the availability of restoration methods, upscaling restoration
requires appropriate policy, funding, and scientific support.

1. Strengthen habitat and pressure mapping

1 Fund national and regional mapping initiatives using remote sensing
technologies (e.g., satellite imagery, bathymetric LIDAR, UAVS, multibeam
echosounders);

1 Develop cumulative pressure layers that include climate stressors,
pollution, invasive species, and human use;
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Integrate with existing platforms like EMODnet and Copernicus, and apply
FAIR (Findable, Accessible, Interoperable, Reusable) data principles to
enhance data availability and interoperability.

2. Expand monitoring and predictive modelling

Invest in autonomous monitoring systems and Al-driven data processing
to enable long-term, cost-effective tracking of kelp forest condition,
considering the ecosystem, including endangered species potentially
monitored through e-DNA,;

Improve ecosystem models that incorporate species interactions,
environmental variability, and time-series dynamics;

Use Digital Twin Ocean and similar platforms to integrate predictive tools
into decision-making frameworks.

3. Align Marine Spatial Planning (MSP) and conservation
management

Explicitly recognise seaweed forests in MSP processes and marine policy
frameworks;

Designate and enforce Marine Protected Areas (MPAS) that include kelp
habitats, prioritising underrepresented or degraded zones;

Ensure restoration planning accounts for both ecological priorities and
spatial conflicts (e.g. fisheries, aquaculture, tourism).

4. Advance ecosystem-based restoration techniques

Prioritise restoration near remnant populations to support natural
propagule exchange and genetic continuity;

Use multi-species and trait-based approaches to enhance ecosystem
resilience under climate stress;

Facilitate positive species interactions, including reintroduction of
predators (e.g. lobsters, sea otters), pairing juvenile and adult plants, and
trialling microbial or genetic interventions;

Conduct experimental trials prior to full-scale deployments to minimise
ecological risks and refine techniques.
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5. Integrate blue carbon into restoration planning

1 Support the development of blue carbon methodologies that quantify the
carbon sequestration potential of restored kelp forests;

1 Explore inclusion of kelp ecosystems in voluntary carbon markets,
biodiversity credits, and climate finance mechanisms;

1 Improve Monitoring, Reporting and Verification (MRV) tools to support
future certification and market access for kelp-based restoration projects.

6. Coordinate governance, funding, and knowledge sharing

1 Encourage multi-level collaboration among Member States, regional sea
conventions (e.g., OSPAR, HELCOM), NGOs, industry actors, and
research institutions;

1 Align strategic funding streams (e.g., Horizon Europe, LIFE, EMFAF,
Interreg) and foster public-private partnerships;

1 Ensure adaptive management through long-term monitoring, robust
enforcement of MPAs, and responsive planning;

1 Integrate traditional ecological knowledge with scientific approaches to
support culturally relevant and ecologically informed restoration practices.

4.1.3. Conclusions and future needs on cultivating
macroalgae for carbon sequestration

Advance Research and Evidence-Based Strategy

1. Develop a coordinated research and innovation roadmap involving
scientists, industry, and policymakers to address technical, economic,
biological, and ecological aspects.

2. Model production and cost scenarios more accurately to assess
economic feasibility and validate scalability through large-scale
verification trials.

3. ldentify and optimize resilient microalgae strains that tolerate high
temperatures, COF levels, and pollutants (e.g. NOx, SOx, heavy
metals).

4. Measure carbon sequestration potential realistically and enhance
COF bioavailability in cultivation systems.
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5. Evaluate and promote microalgae applications that ensure long-term
carbon storage (e.g. biochar, biocement), while avoiding overstated
sequestration claims.

6. Conduct thorough environmental and lifecycle assessments to
understand energy intensity, cost trade-offs, and ecological impacts.

7. Investigate the risks and benefits of biochar from microalgae and
establish realistic performance benchmarks before widespread
application.

Strengthen Technological Innovation
1. Invest in scaling up microalgae systems by overcoming current
engineering challenges in photobioreactors and raceway ponds.

2. Reduce energy consumption in algae cultivation by integrating
renewable energy (e.g. solar) and improving energy efficiency.

3. Utilise waste streams and improve nutrient recycling to lower resource
input and increase sustainability.

4. Enhance system design to achieve better surface-area-to-volume ratios,
higher COF conversion, and lower operational costs.

5. Expand EU support for pilot and industrial-scale facilities to increase
technological readiness and sector maturity.

Improve Policy Support and Economic Viability

1. Implement coherent, long-term policy frameworks and coordinate public
funding to support microalgae innovation and reduce market uncertainty.

2. Ensure public funding schemes include business continuity plans to
increase cost-effectiveness and commercial viability.

3. Promote business models that integrate carbon credits as a secondary
revenue stream alongside value-added products (e.g. food, feed,
fertilizers).

4. Research carbon mass balances, lifecycle emissions, and product-based
models to assess financial viability and environmental outcomes
realistically.

5. Develop targeted financial incentives and regulatory clarity to enable
industry growth and attract investment.
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4.1.4. Recommendations on seaweed cultivation for carbon
sequestration

Cultivating macroalgae for the purpose of carbon dioxide removal is a novel
concept with theoretical potential but unresolved environmental, technical, and
economic uncertainties. Consequently, this approach is generally not
recommended until above uncertainties are supported with solid evidence, for
which a coordinated EU R&D agenda is needed.

1. Resolve scientific and environmental uncertainties

1 Quantify sequestration pathways (e.g., air-sea gas exchange, Dissolved
Organic Carbon/Particulate Organic Carbon (DOC/POC) export,
sediment burial, deep-sea sinking);

1 Study ecological impacts of biomass deposition (e.g., oxygen depletion,
benthic disturbance, methane risk);

1 Assess variability across species and ocean conditions (e.g., nutrient
availability, depth, current regimes).

2. Establish demonstration and field trials

1 Fund pilot projects and tests on farms across EU waters to collect real-
world data on biomass yield, carbon fate, and Monitoring, Reporting, and
Verification (MRV) feasibility;

1 Use these trials to validate remote sensing, sensor, and modelling tools.

3. Develop cultivation technologies and LCA

1 Invest in scalable -cultivation infrastructure (automated seeding,
harvesting, offshore moorings);

1 Conduct life cycle assessments (LCA) to evaluate net climate benefit,
including emissions from vessels and processing.

4. Build a robust Monitoring, Reporting and Verification (MRV)
framework

1 Advance Forensic Carbon Accounting (FCA) for carbon flow mapping;

91 Define criteria for additionality, permanence, leakage, and co-benefits;
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Develop cost-effective monitoring indicators and sensor-based verification
systems.

5. Clarify governance and market readiness

Conduct a legal review on integrating macroalgae into the EU Carbon
Removal and Carbon Farming (CRCF) Regulation or alternative
instruments;

Ensure alignment with marine directives (MSFD, MSPD, Natura 2000) and
environmental safeguards;

Only consider carbon market participation once MRV and regulatory
standards are met.

6. Coordinate transboundary and market governance

Address cross-border carbon accounting, particularly in shared Exclusive
economic zones (EEZs) and high seas;

Develop transparent carbon crediting mechanisms tied to robust
verification and public data sharing.
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1.1 Introduction

Seaweed forests, encompassing habitats dominated by macroalgae, including

kelp forests, are vital ecosystems that provide structural complexity and support

biodiversity. Distributed across coastlines and oceans worldwide, they serve as

important habitats for marine organisms, offering nurseries, shelters, and

foraging grounds for benthic invertebrates, fish and birds (%%;°%). Kelp forests,

which are primarily made up of large brown seaweeds, cover approximately one-

qguarter of the worlddés coastlines, predomir
making them the most extensive marine vegetated ecosystems globally (°4).

Seaweed forest ecosystems are renowned as ecosystem engineers, profoundly
shaping and transforming their surrounding environments. They dampen wave
energy, reduce light penetration, and influence sedimentation patterns, creating
ideal conditions for diverse marine life (°>;°). They also play a crucial role in
nutrient cycling, reducing nutrient levels in the water column, and providing
surfaces for epiphytic organisms (°7;%).

Beyond their ecological significance, seaweed forests are integral to global
carbon dynamics. These ecosystems have high rates of carbon fixation, with the
potential for substantial carbon sequestration through the export and burial of
carbon in deep-sea sediments (%). This positions them as important nature-
based solutions for climate change mitigation. Drift kelp and dissolved organic

(%?) Teagle, H., Hawkins, S. J., Moore, P. J., & Smale, D. A. (2017). The role of kelp species as biogenic
habitat formers in coastal marine ecosystems. Journal of Experimental Marine Biology and Ecology, 492,
811 98. https://doi.org/10.1016/j.jembe.2017.01.017

(%%) Steneck, R. S., Graham, M. H., Bourque, B. J., et al. (2002). Kelp forest ecosystems: Biodiversity,
stability, resilience, and future. Environmental Conservation, 29(4), 4367 459.

(°4) Wernberg, T., Coleman, M., Babcock, R., et al. (2019). Biology and ecology of the globally significant
kelp Ecklonia radiata. Oceanography and Marine Biology: An Annual Review, 57, 265-324.
https://doi.org/10.1201/9780429026379

(%) Pedersen, M. F., Nejrup, L. B., Pedersen, T. M., & Fredriksen, S. (2014). Sub-canopy light conditions
only allow low annual net productivity of epiphytic algae on kelp Laminaria hyperborea. Marine Ecology
Progress Series, 516, 163-176. https://doi.org/10.3354/meps11027

(°6) Wernberg, T., Kendrick, G. A., & Toohey, B. D. (2005). Modification of the physical environment by an
Ecklonia radiata (Laminariales) canopy and implications for associated foliose algae. Aquatic Ecology, 39,
419-430. https://doi.org/10.1007/s10452-005-9000-1

(°") Teagle, H., Hawkins, S. J., Moore, P. J., & Smale, D. A. (2017). The role of kelp species as biogenic
habitat formers in coastal marine ecosystems. Journal of Experimental Marine Biology and Ecology, 492,
811 98. https://doi.org/10.1016/j.jembe.2017.01.017

(°8) Jackson, J. B. C., Kirby, M. X., Berger, W. H., et al. (2001). Historical overfishing and the recent collapse
of coastal ecosystems. Science, 293(5530), 629i 638

(®%) Krause-Jensen, D., & Duarte, C. M. (2016). Substantial role of macroalgae in marine carbon
sequestration. Nature Geoscience, 9, 7371 742.
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carbon contribute to transferring carbon within and beyond these ecosystems,
enhancing their role in the global carbon cycle (19).

Despite their importance, seaweed forests face significant threats. Over the past
50 years, 40-60% of these ecosystems have experienced degradation due to
climate change, overfishing, pollution, and unregulated harvesting. Ocean
warming and marine heatwaves have driven significant losses, particularly at the
war m edges o f(19% Enis jpad led tashifts op enarine biodiversity, with
declines in species richness where kelp is lost (19%;,193). The reduction of these
forests jeopardises their ecological, economic, and cultural benefits.

Seaweed forests are also culturally significant, especially for Indigenous and
coastal communities, who have long used kelp for food, medicine, and materials,
fostering a deep sense of place and identity (*°*). As kelp declines, so do the
livelihoods of communities that depend on these ecosystems. Kelp farming, the
fastest-growing sector of aquaculture, presents an opportunity for both ecological
restoration and economic development, growing at 6.2% annually (1.

Recognising the importance of safeguarding seaweed forest ecosystems, the
European Union has adopted policies such as the EU Biodiversity Strategy for
2030, which aims to restore marine habitats, and the Nature Restoration Law,
which mandates specific restoration targets for degraded ecosystems, including
marine environments. In addition, the establishment and effective management
of Marine Protected Areas (MPAS) are prerequisite of these strategies, ensuring
the conservation and recovery of underwater forests while promoting sustainable
use. These policy frameworks help address the drivers of change and strengthen
the resilience of underwater forests against mounting pressures.

Effective habitat mapping and management plans are crucial for the sustainability
of seaweed forests. While local and regional kelp distributions have been mapped

(1°%) Wernberg, T., Kendrick, G. A., & Toohey, B. D. (2005). Modification of the physical environment by an
Ecklonia radiata (Laminariales) canopy and implications for associated foliose algae. Aquatic Ecology, 39,
419-430. https://doi.org/10.1007/s10452-005-9000-

(*°1y Wernberg, T., Coleman, M., Babcock, R., et al. (2019). Biology and ecology of the globally significant
kelp Ecklonia radiata. Oceanography and Marine Biology: An Annual Review, 57, 265-324.
https://doi.org/10.1201/9780429026379

(3%?) Ling, S. D. (2008). Range expansion of a habitat-modifying species leads to loss of taxonomic diversity:
A new and impoverished reef state. Oecologia, 156(4), 883-894 https://doi.org/10.1007/s00442-008-1034-y
(1°3) Graham, M. H. (2004). Effects of local deforestation on the diversity and structure of southern California
giant kelp forest food webs. Ecosystems, 7(4), 341-357. https://doi.org/10.1007/s10021-004-0135-6

(1*4 Teagle, H., Hawkins, S. J., Moore, P. J., & Smale, D. A. (2017). The role of kelp species as biogenic
habitat formers in coastal marine ecosystems. Journal of Experimental Marine Biology and Ecology, 492,
811 98. https://doi.org/10.1016/j.jembe.2017.01.017

(195) Wernberg, T., Coleman, M., Babcock, R., et al. (2019). Biology and ecology of the globally significant
kelp Ecklonia radiata. Oceanography and Marine Biology: An Annual Review, 57, 265-324.
https://doi.org/10.1201/9780429026379
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in several studies (106;107:108) " few efforts have focused on estimating kelp cover
over larger regions (19%;119;111) A significant challenge has been the limited
availability of in situ kelp data, along with difficulties in its compilation and
harmonisation. Thus, there remains a pressing need for improved regional
estimates of seaweed forest extent and biomass, as current figures are based on
limited data, making tentative (1%;113). Protecting and restoring these ecosystems
can significantly contribute to climate goals, biodiversity support, and the well-
being of human communities reliant on them.

Given the critical ecological significance of underwater forests and the current
gaps in comprehensive data on their extent and condition, here we provide a
detailed summary and spatial mapping of these vital ecosystems, specifically kelp
forests, within EU waters. The task aims to deliver robust and accurate data by
quantifying both the spatial distribution and biomass of these forests across a
pan-European scale. This effort will significantly enhance our understanding of
the ecosystem services provided by these habitats, such as carbon
sequestration, coastal protection, and biodiversity support.

1.2 Methodology

1.2.1 Species selection and modelling approach for underwater
seaweed forests

The initial analysis aimed to include all seaweed species forming underwater
forests in Europe. However, due to insufficient observation data for some species,
the final list was refined to the following species and taxa: Alaria esculenta,
Ascophyllum nodosum, Chorda filum, Cystoseira spp., Fucus serratus, Fucus
vesiculosus, Himanthalia elongata, Laminaria digitata, Laminaria hyperborea,
Laminaria ochroleuca, Laminaria rodriguezii, Phyllariopsis spp., Saccharina

(1°8) Espriella, M., Schaper, T., Atchia, A., et al. (2019). Habitat mapping of giant kelp (Macrocystis pyrifera)
and devil weed (Sargassum horneri) off the coast of Santa Catalina Island, California. McGill Science
Undergraduate Research Journal, 14, 34-49. https://doi.org/10.26443/msurj.v14i1.51

(1°7y Gorman, D., Bajjouk, T., Populus, J., et al. (2013). Modelling kelp forest distribution and biomass along
temperate rocky coastlines. Marine Biology, 160(2), 309-325. https://doi.org/10.1007/s00227-012-2089-0
(°8) Bekkby, T., Rinde, E., Erikstad, L., & Bakkestuen, V. (2009). Spatial predictive distribution modelling of
the kelp species Laminaria hyperborea. ICES Journal of Marine Science, 66(10), 2106-2115.
https://doi.org/10.1093/icesjms/fsp195

(1°°) Duarte, C. M., Gattuso J.-P., Hancke K., et al. (2022). Global estimates of the extent and production of
macroalgal forests. Global Ecology and Biogeography, 31, 14227 1439. https://doi.org/10.1111/geb.13515
(*1%) Jayathilake, D. R. M., & Costello, M. J. (2020). A modelled global distribution of the kelp biome.
Biological Conservation, 252, 108815. https://doi.org/10.1016/j.biocon.2020.108815

(**') Raybaud, V., Beaugrand, G., Goberville, E., et al. (2013). Decline in kelp in West Europe and climate.
PLoS ONE, 8(6), €66044. https://doi.org/10.1371/journal.pone.0066044

(**?) Duarte, C. M., Wu, J., Xiao, X., et al. (2017). Can seaweed farming play a role in climate change
mitigation and adaptation? Frontiers in Marine Science, 4, 100. https://doi.org/10.3389/fmars.2017.00100
(**%) Duarte, C. M., Wu, J., Xiao, X., et al. (2017). Can seaweed farming play a role in climate change
mitigation and adaptation? Frontiers in Marine Science, 4, 100. https://doi.org/10.3389/fmars.2017.00100
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latissima, Saccorhiza polyschides, Sargassum muticum, and Undaria pinnatifida.
Biotic data, including seaweed presence/absence, coverage, and biomass, were
collected from sources such as OBIS, EU Horizon projects, national mapping
initiatives, and published scientific papers (*'4). To enhance kelp distribution data,
additional data from the project network were integrated, especially in regions
with limited open-source repositories. These diverse data sets were harmonised
for cohesive analysis. We used databases that included both presence and
absence records, eliminating the need to generate pseudoabsences, which can
often highly influence the prediction outcome.

Figure 6 1 The quantity of quality-checked and harmonised observations of

seaweed forest species in the EU region from 1990 to the present.
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0_

Number of observations per year (in thousands)

Green indicates the presence of the studied seaweed species, while black represents their absence.

(*4) Assis, J., Fragkopoulou, E., Frade, D., et al. (2020). A fine-tuned global distribution dataset of marine
forests. Scientific Data, 7, 119. https://doi.org/10.1038/s41597-020-0459-x

69


https://doi.org/10.1038/s41597-020-0459-x

Work Package 4: The Role of Algae in Climate Change Mitigation in European Seas
Annex to the Final Report

Environmental data sources, including Copernicus and EMODnet, were reviewed
to identify key environmental variables likely to influence the spatial distribution
and abundance of kelp and other underwater forest species. These variables
were then selected for use in the modelling process. The following Copernicus
products were used as environmental predictor data:

Global Tide FES2014 Model

Satellite Surface Radiation Budget

Global Biogeochemical Model

Ocean Colour Global Biogeochemical Model L4
Global Biogeochemical Model

Global Physical Model

Global Wave Significant Height

1 Global Wind Model

E N T

All compiled environmental data were standardised to the European Terrestrial
Reference System (ETRS) 1km grid, which served as the foundation for
subsequent modelling steps to generate predictive maps of underwater forest
species distribution.

Underwater forest species data are often collected from limited areas, making
modelling and extrapolation essential to fill knowledge gaps. Boosted Regression
Trees (BRT) were chosen as the most suitable spatial modelling approach due
to their ability to capture complex interactions between environmental variables
and biota while incorporating prior knowledge of cause-effect relationships.

BRT models offer several distinct advantages: they can handle numerous
predictor variables of varying types without requiring prior data transformation,
automatically account for complex variable interactions, are robust to outliers, and
can manage missing values (}°). In addition, they effectively address sharp
discontinuities, which is crucial when species distributions are small relative to
the total area. Previous studies on kelp mapping and modelling have also
highlighted the effectiveness of BRT and similar machine learning
techniques (*9). In this study, we used the xgboost package (**7) in R ('8) due to
its ability to efficiently process large datasets.

(**®) Elith, J., Leathwick, J. R., & Hastie, T. (2008). A working guide to boosted regression trees. Journal of
Animal Ecology, 77(4), 802i 813

(18) Kvile, K. @., Andersen, G. S., Baden, S. P., Bekkby, T., Bruhn, A., Geertz-Hansen, O., Hancke, K.,
Hansen, J. L. S., Krause-Jensen, D., Rinde, E., Steen, H., Wegeberg, S., & Gundersen, H. (2022). Kelp
forest distribution in the Nordic region. Frontiers in Marine Science, 9, 850359.
https://doi.org/10.3389/fmars.2022.850359

(**") Chen, T., He, T., Benesty, M., Khotilovich, V., Tang, Y., Cho, H., Chen, K., Mitchell, R., Cano, I., Zhou,
T., Li, M., Xie, J., Lin, M., Geng, Y., Li, Y., & Yuan, J. (2024). xgboost: Extreme Gradient Boosting (R package
version 1.7.8.1). Available here.

(%) R Core Team. (2024). R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. Available here.
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The immediate focus was on conducting a comprehensive assessment of the
status of underwater forests in EU waters. This included predicting the extent and
biomass of underwater forests, evaluating model performance and uncertainties,
and creating detailed maps and quantitative estimates of these forests. Trends in
the extent of underwater forests over time were analysed using distribution data
and modelling, complemented with information from a literature review.

The main challenge in assessing the spatial distribution and biomass of seaweed
forests in many European seas is the limited availability of data. While species
presence records are relatively abundant, quantitative assessments of areal
coverage, abundance, and biomass are available for only a few areas. Moreover,
when such data do exist, they are rarely collected over time, making it difficult to
directly assess temporal trends in underwater forests.

To address this, a two-step modelling approach was applied. First, Boosted
Regression Tree (BRT) models were developed to predict the probability of
occurrence for seaweed forest species. This algorithm was applied to high-
resolution environmental predictors alongside georeferenced occurrence
records. The chosen predictors included key variables that influence the
distribution of seaweed forests, such as sea surface height amplitude, sea bottom
temperature, salinity, current velocity, vertical mixing, wind speed, light intensity,
turbidity, nutrients (e.g., phosphate and nitrate), and ice cover. These variables
are expected to produce biologically meaningful models for marine forest
species (119;120), Separate BRT models were built for each seaweed forest taxon,
with a learning rate of 0.001 to improve model outcomes by generating more
trees. Tree complexity, which defines the level of interactions between variables,
was set at 5. After running the models and examining response curves,
monotonicity criteria were applied to each environmental predictor (increasing,
decreasing, or no trend) to enhance the signal-to-noise ratio. The models were
used to predict the spatial distribution of seaweed species that form underwater
forests.

Due to the limited spatial coverage of kelp biomass observations, developing
explicit spatial biomass models, where kelp biomass is regressed against
environmental variables to predict biomass across European seas, was not
feasible. Instead, we used a BRT approach to examine the relationship between
kelp biomass and the probability of occurrence predictions from the previous step.
The modelling followed the same procedure as predicting the probability of
occurrence, but with monotonic constraints applied to ensure that higher
probability values did not correspond to lower biomass estimates. To improve

(**°) Neiva, J., Assis, J., Fernandes, F., Pearson, G. A., & Serrdo, E. A. (2014). Species distribution models
and mitochondrial DNA phylogeography suggest an extensive biogeographical shift in the high-intertidal
seaweed Pelvetia canaliculata. Journal of Biogeography, 41(6), 11371 1148.
https://doi.org/10.1111/jbi.12278

(*29) Assis, J., Araljo, M. B., & Serrdo, E. A. (2018). Projected climate changes threaten ancient refugia of
kelp forests in the North Atlantic. Global Change Biology, 24(1), e55-e66. https://doi.org/10.1111/gcb.13818
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model robustness, we used 10-fold cross-validation to determine the optimal
number of trees and applied a bagging fraction of 0.75 to reduce overfitting. A
bootstrap resampling approach (n = 30) was further employed to estimate model
uncertainty. The final response curves were generated by averaging predictions
across bootstrap iterations, and 95% confidence intervals (Cls) were computed
from the empirical distribution of predictions. These relationships were then
applied to predict the biomass of different seaweed forest species within the
regions of occurrence identified in the initial modelling step, providing a robust
empirical biomass estimate in areas with limited direct observations.

It is important to emphasise that the resulting probability of occurrence and
biomass maps represent the potential habitats of underwater forest species
rather than their current distribution. This is because data on these seaweed
species have been collected over several decades. Given the relatively low
number of observations, modelling species presence and biomass separately for
different decades was not feasible. As a result, the maps provide a long-term
perspective on underwater forest habitats.

Since no spatially explicit biomass monitoring data exist over time for different
European seas, a statistical method was identified to derive data-driven insights
into temporal trends of underwater forest habitats by incorporating real
occurrence data across a broader spatial scale. Depending on sample
availability, the area ranged from 20 to 50km?. Within this scale, occurrence per
sampling effort was quantified for each cell, revealing megatrends in seaweed
forest distribution across decades, beginning in the 1990s when more
comprehensive underwater forest data became available, up to the present. This
approach allowed for the establishment of statistical significance in these trends.
Since species occurrence is expected to correlate with biomass, megatrend
analyses can be interpreted as reflecting biomass trends. However, this approach
is limited to areas with available data. In regions where long-term underwater
forest data are lacking, we relied on expert opinions published in earlier reports.

1.2.2 Literature Review: Screening of literature on the impact of
human pressures on underwater forests to support analysis of
restoration needs and approaches

In addition, literature on the impact of human pressures on underwater forests
was screened to support the analysis of restoration needs and approaches. The
drivers of change in underwater forests were identified and analysed to
understand the effects of both natural and human-induced pressures, including
climate change. This work included an overview of current methodologies used
in the restoration of seaweed forests, highlighting practical approaches and
innovative techniques. The success of different restoration techniques in Europe
and globally was reviewed, priority areas for restoration were identified based on
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the status of seaweed forests and trend analysis, and recommendations for future
restoration efforts were developed (see sections 0 to 2.5). These
recommendations focused on drivers of change, potential areas for intervention,
and the most effective restoration methods.

When screening literature on the impact of human pressures on underwater
forests to support analysis of restoration needs and approaches, the most
seminal recent reviews were targeted (21;122;123;124:125:126.127-128-129) ' Thjs was
complemented by additional literature evidence. Given that much of the relevant
information is available not only in scientific literature but also in project reports,
a targeted search for both was conducted.

To gather information, a comprehensive literature review was conducted to
document active restoration practices across marine and coastal habitats,
including marine and brackish ecosystems. Two databases (ISI Web of Science

(WoS) and Scopus) wer e searched wusing terms |ike ¥
APressure* OR Human i mpact*0o combined with
types representing underwater forests (e . g . , ifseaweed habitat 1
habitat 2, OR seaweed habitat no). Searches

abstracts, and keywords, covering the period from 1985 to 2024. Although the
review focused primarily on a European scale, references within the analysed
papers were explored to incorporate additional relevant studies and reports that
were not initially captured in the WoS and Scopus searches.

In addition, resources from national and international organisations,
commissions, and agencies focused on marine habitats, conservation, and
management were reviewed. These included the European Environment
Agency (EEA), Food and Agriculture Organization (FAO), Baltic Marine

(*?1) United Nations Environment Programme. (2023). Into the Blue: Securing a Sustainable Future for Kelp
Forests (ISBN: 978-92-807-4007-3). Nairobi: UNEP. https://wedocs.unep.org/20.500.11822/42255

(*??) Kvile, K. @., Andersen, G. S., Baden, S. P, et al. (2022). Kelp forest distribution in the Nordic region.
Frontiers in Marine Science, 9, 850359. https://doi.org/10.3389/fmars.2022.850359

(*?3) Duarte, C. M., Gattuso J.-P., Hancke K., et al. (2022). Global estimates of the extent and production of
macroalgal forests. Global Ecology and Biogeography, 31, 1422 1439. https://doi.org/10.1111/geb.13515
(*2% Fraschetti, S., McOwen, C., Papa, L., et al. (2021). Where is more important than how in coastal and
marine ecosystems restoration. Frontiers in Marine Science, 8, 626843.
https://doi.org/10.3389/fmars.2021.626843

(*?®) Fabbrizzi, E., Scardi, M., Ballesteros, E., et al. (2020). Modelling macroalgal forest distribution at
Mediterranean scale: Present status, drivers of changes, and insights for conservation and management.
Frontiers in Marine Science, 7, 20. https://doi.org/10.3389/fmars.2020.00020

(32%) Bekkby, T., Papadopoulou, N., Fiorentino, D., et al. (2020). Habitat features and their influence on the
restoration potential of marine habitats in Europe. Frontiers in Marine Science: Policy and Practice Reviews.
https://doi.org/10.3389/fmars.2020.00184

(*2") Gerovasileiou, V., Smith, C. J., Sevastou, K., et al. (2019). Habitat mapping in the European Seas - is
it fit for purpose in the marine restoration agenda? Marine Policy, 106, 103521.
https://doi.org/10.1016/j.marpol.2019.103521

(*?8) Dailianis, T., Smith, C. J., Papadopoulou, N., et al. (2018). Human activities and resultant pressures on
key European marine habitats: an analysis of mapped resources. Marine Policy, 98, 1110.
https://doi.org/10.1016/j.marpol.2018.09.021

(*?9) Aratjo, R. M., Assis, J., Aguilar, R., et al. (2016). Status, trends and drivers of kelp forests in Europe:
An expert assessment. Biodiversity and Conservation, 25, 13191 1348. https://doi.org/10.1007/s10531-016-
1141-7
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Environment Protection Commission (HELCOM), International Union for
Conservation of Nature (IUCN), Marine Life Information Network (MarLIN),
OCEANA, OSPAR, the Regional Activity Centre for Specially Protected
Areas (RAC/SPA), and all European projects registered on the European Marine
Spatial Planning platform.

1.3 Results

1.3.1 Predicting the extent and biomass of underwater seaweed
forests

The seaweed forest mapping aimed to provide a comprehensive representation
of these habitats across space and time, offering valuable insights into their
distribution, associated biological communities, ecological status, condition, and
physical properties. After harmonising and integrating all available data, the
project applied advanced Boosted Regression Tree (BRT) modelling to generate
the most comprehensive pan-European maps to date, highlighting the status and
trends of these ecosystems. This section offers detailed insights into their extent,
biomass, and current state. These maps serve as essential spatial decision-
support tools, facilitating the sustainable management of marine areas within an
ecosystem-based approach. These maps will be uploaded to EMODnet, which
will allow for easier exploration of fine-scale patterns that are not as easily visible
in the current figure format.

The spatial models developed in this study captured the environmental
preferences of seaweed forest species. This knowledge was then used to build
response curves for different environmental variables and seaweed species,
which were applied to predict their distribution across the entire European marine
area. Araljo et al. (*3°) provided expert-driven maps of key underwater forest
species, which were used to validate our model predictions. While the results
closely matched expert assessments of species distribution ranges, the
modelling approach permits enhanced detail and precision. By establishing
functional relationships between key environmental variables and the distribution
patterns of seaweed forest species, spatial predictions achieve much finer
resolution compared to expert-driven methods. Consequently, the generated
maps are robust and applicable even in regions with sparse or no prior mapping
efforts, highlighting the significant value of spatial modelling for these
ecosystems.

(339 Aratjo, R. M., Assis, J., Aguilar, R., et al. (2016). Status, trends and drivers of kelp forests in Europe:
An expert assessment. Biodiversity and Conservation, 25, 13191 1348. https://doi.org/10.1007/s10531-016-
1141-7
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The distribution of underwater forest species in European seas exhibits clear
biogeographic structuring, with species falling into distinct groups based on their
latitudinal range and habitat preferences. Broadly, these species can be
categorised into northern, temperate, and Mediterranean groups, with some
widely distributed generalists and others confined to specific regions. While some
species, such as Saccharina latissima and Fucus vesiculosus, are widely
distributed across multiple regions, others, such as Laminaria rodriguezii and
Cystoseira spp., are more geographically restricted. Recognising these
distribution patterns is important for conservation and management, particularly
in the context of climate change and species range shifts.

Northern and Cold-Temperate Species

Several species are predominantly distributed in the colder waters of the North
Atlantic and the North Sea, where they thrive in temperate and subpolar
conditions. These include:

M Alaria esculenta and Saccharina latissima, both of which are characteristic
of the colder North Atlantic coasts, ranging from Norway and Iceland down
to the British Isles;

1 Laminaria digitata and Laminaria hyperborea, which are widely distributed
in the northern European waters, particularly in the North Sea, Norwegian
coast, and parts of the British Isles. These species dominate kelp forests
in rocky subtidal habitats;

1 Ascophyllum nodosum, a key intertidal species, is mainly found along the
rocky shores of northern Europe, particularly in the North Atlantic and the
British Isles;

1 Chorda filum, another cold-water species, has a distribution concentrated
in northern waters but extends into more temperate zones, particularly in
sheltered, mixed-bottom habitats.

Temperate and Broadly Distributed Species

Some species exhibit a more extensive distribution, spanning from northern
Europe to temperate regions, including the Atlantic coast of France and Iberia:

1 Fucus serratus and Fucus vesiculosus are widespread in intertidal zones
across much of Europe, from the colder northern waters down to the more
temperate coasts of Western Europe;

1 Himanthalia elongata, while found in temperate waters, is mainly
distributed along the Atlantic coast and also occurs extensively in the North
Sea and along the Norwegian coast, particularly on exposed rocky shores;
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i1 Saccorhiza polyschides, a relatively opportunistic species, is distributed
across a broad range of temperate waters, from Norway down through the
British Isles to the Iberian Peninsula;

1 Sargassum muticum, an invasive species, has established a broad
presence from northern Europe to southern waters, thriving in sheltered
coastal areas.

Mediterranean and Warm-Temperate Species

Several species are largely confined to the Mediterranean Sea and adjacent
warm-temperate regions of the Atlantic:

1 Cystoseira spp. and Phyllariopsis spp. are characteristic of the
Mediterranean and parts of the Iberian coast, where they form structurally
complex habitats;

1 Laminaria ochroleuca, a warm-temperate kelp species, is mainly found
along the Atlantic coasts of Portugal, Spain, France and into the
Mediterranean;

1 Laminaria rodriguezii is a deep-water kelp species with a highly restricted
distribution, occurring mainly in the Mediterranean;

1 Undaria pinnatifida, an invasive species, has spread across temperate
European coasts, particularly in the Mediterranean and along the Atlantic
coasts of Portugal, Spain, France, and the British Isles.
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Figure 71 Maps showing the predicted occurrence of Alaria esculenta in
European seas
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Figure 81 Maps showing the predicted occurrence of Ascophyllum nodosum in
European seas
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Figure 91 Maps showing the predicted occurrence of Chorda filum in European

seas
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Figure 1017 Maps showing the predicted occurrence of Cystoseira spp. in
European seas
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Figure 111 Maps showing the predicted occurrence of Fucus serratus in
European seas
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Figure 121 Maps showing the predicted occurrence of Fucus vesiculosus in

European seas
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Figure 1371 Maps showing the predicted occurrence of Himanthalia elongata in
European seas
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Figure 141 Maps showing the predicted occurrence of Laminaria digitata in
European seas
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Figure 157 Maps showing the predicted occurrence of Laminaria hyperborea in

European seas
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Figure 16 1 Maps showing the predicted occurrence of Laminaria ochroleuca in
European seas
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Figure 171 Map showing the predicted occurrence of Laminaria rodriguezii in
European seas
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Figure 181 Maps showing the predicted occurrence of Phyllariopsis spp. in
European seas
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Figure 191 Maps showing the predicted occurrence of Saccharina latissima in

European seas
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Figure 201 Maps showing the predicted occurrence of Saccorhiza polyschides
in European seas
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Figure 2117 Maps showing the predicted occurrence of Sargassum muticum in

European seas
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Figure 2217 Maps showing the predicted occurrence of Undaria pinnatifida in
European seas
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Despite the use of extensive datasets and advanced modelling techniques, the
evidence for many underwater forest species remains fragmented, with
significant spatial uncertainties complicating accurate predictions of forest
patterns (Figures 23-38). Spatial modelling partially bridges this gap by identifying
response curves between seaweed forest species distributions and
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environmental variables. By using these relationships, we can predict species
distributions in unsampled areas. However, improving predictions requires
enhancing the underlying environmental data layers. More precise maps of
factors such as bottom sediment, water salinity, light conditions, nutrient
availability, and wave dynamics would enable more accurate predictions of
seaweed forest distributions.

Figure 2317 Presence of Alaria esculenta

Alaria esculenta 1990-2024
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Green dots represent the presence of Alaria esculenta, while red dots indicate its absence. The x- and y-
axes denote geographical coordinates. The current report is based on observational data spanning from
1990 to the present.
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Figure 241 Presence of Ascophyllum nodosum

Ascophyllum nodosum 1990-2024
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Green dots represent the presence of Ascophyllum nodosum, while red dots indicate its absence. The x-
and y-axes denote geographical coordinates. The current report is based on observational data spanning
from 1990 to the present.

107



Work Package 4: The Role of Algae in Climate Change Mitigation in European Seas
Annex to the Final Report

Figure 2571 Presence of Chorda filum

Chorda filum 1990-2024
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Green dots represent the presence of Chorda filum, while red dots indicate its absence. The x- and y-axes
denote geographical coordinates. The current report is based on observational data spanning from 1990 to
the present.
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Figure 26 1 Presence of Cystoseira spp.

Cystoseira 1990-2024
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Green dots represent the presence of Cystoseira spp., while red dots indicate its absence. The x- and y-
axes denote geographical coordinates. The current report is based on observational data spanning from
1990 to the present.
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Figure 271 Presence of Fucus serratus

Fucus serratus 1990-2024
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Green dots represent the presence of Fucus serratus, while red dots indicate its absence. The x- and y-

axes denote geographical coordinates. The current report is based on observational data spanning from

1990 to the present.
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Figure 281 Presence of Fucus vesiculosus

Fucus vesiculosus 1990-2024
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Green dots represent the presence of Fucus vesiculosus, while red dots indicate its absence. The x- and
y-axes denote geographical coordinates. The current report is based on observational data spanning from
1990 to the present.
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Figure 291 Presence of Himanthalia elongata

Himanthalia elongata 1990-2024
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Green dots represent the presence of Himanthalia elongata, while red dots indicate its absence. The x-

long

and y-axes denote geographical coordinates. The current report is based on observational data spanning

from 1990 to the present.
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Figure 3071 Presence of Laminaria digitata

Laminaria digitata 1990-2024
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Green dots represent the presence of Laminaria digitata, while red dots indicate its absence. The x- and y-
axes denote geographical coordinates. The current report is based on observational data spanning from
1990 to the present.
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Figure 3171 Presence of Laminaria hyperborea

Laminaria hyperborea 1990-2024
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Green dots represent the presence of Laminaria hyperborea, while red dots indicate its absence. The x-
and y-axes denote geographical coordinates. The current report is based on observational data spanning
from 1990 to the present.
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Figure 321 Presence of Laminaria ochroleuca

Laminaria ochroleuca 1990-2024
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Green dots represent the presence of Laminaria ochroleuca, while red dots indicate its absence. The x-
and y-axes denote geographical coordinates. The current report is based on observational data spanning
from 1990 to the present.
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Figure 3371 Presence of Laminaria rodriguezii

Laminaria rodriguezii 1990-2024
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Green dots represent the presence of Laminaria rodriguezii, while red dots indicate its absence. The x-
and y-axes denote geographical coordinates. The current report is based on observational data spanning
from 1990 to the present.
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Figure 341 Presence of Phyllariopsis spp.

Phyllariopsis 1990-2024
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Green dots represent the presence of Phyllariopsis spp., while red dots indicate its absence. The x- and y-
axes denote geographical coordinates. The current report is based on observational data spanning from
1990 to the present.
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Figure 351 Presence of Saccharina latissima

Saccharina latissima 1990-2024
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Green dots represent the presence of Saccharina latissima, while red dots indicate its absence. The x- and
y-axes denote geographical coordinates. The current report is based on observational data spanning from

1990 to the present.
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Figure 361 Presence of Saccorhiza polyschides

Saccorhiza polyschides 1990-2024
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Green dots represent the presence of Saccorhiza polyschides, while red dots indicate its absence. The x-
and y-axes denote geographical coordinates. The current report is based on observational data spanning
from 1990 to the present.
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Figure 371 Presence of Sargassum muticum

Sargassum muticum 1990-2024
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Green dots represent the presence of Sargassum muticum, while red dots indicate its absence. The x- and
y-axes denote geographical coordinates. The current report is based on observational data spanning from
1990 to the present.
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Figure 381 Presence of Undaria pinnatifida

Undaria pinnatifida 1990-2024
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Green dots represent the presence of Undaria pinnatifida, while red dots indicate its absence. The x- and
y-axes denote geographical coordinates. The current report is based on observational data spanning from
1990 to the present.

Currently, data on seaweed forest quantities i both in terms of cover and biomass
i are even more fragmented than species occurrence data. In many regions,
such data are rarely collected, and information on trends in seaweed forests
across key marine basins is nearly non-existent. Although this report explored
some indirect methods to address this gap, future efforts must focus on
targeted mapping of underwater forest species cover and biomass along
key environmental gradients. This targeted mapping approach should begin by
identifying key species of interest and defining critical environmental variables. It
should then focus on mapping these species across environmental gradients to
build robust spatial models of species biomass. Such models would enable a
more accurate assessment of these valuable resources, including their health
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and carbon capture potential, and support sustainable management of these
ecosystems.

1.3.2 Current status of underwater forests

Underwater forests, particularly kelp ecosystems, face significant pressures from
human activities and environmental drivers, leading to widespread declines in
some regions. Overfishing has been a major contributor over the past two
centuries, triggering cascading effects on sea urchin populations that decimate
kelp forests (*31;132;133:134) " |n recent decades, climate change has intensified
these losses, particularly at the lower latitude edges of kelp ranges, where rising
temperatures induce eco-physiological stress (13%;136;137,138,139.140.141) ' Modelling
studies predict further declines along much of the European coastline, with kelp
distributions shifting toward colder polar regions (42;143;144:145) ' |ncreasing storm
frequencies due to climate change also pose a threat, as storms elevate kelp

(*31) Steneck, R. S., Leland, A., McNaught, D. C., & Vavrinec, J. (2013). Ecosystem flips, locks, and
feedbacks: Thel asting effects of fisheries on Maineds
89(1), 31i 55. https://doi.org/10.5343/bms.2011.1148

(*3?) Leleu, K., Remy-Zephir, B., Grace, R., & Costello, M. J. (2012). Mapping habitats in a marine reserve
showed how a 30-year trophic cascade altered ecosystem structure. Biological Conservation, 155, 1931 201.
https://doi.org/10.1016/j.biocon.2012.05.009

(*33) Watson, J., & Estes, J. A. (2011). Stability, resilience, and phase shifts in rocky subtidal communities
along the west coast of Vancouver Island, Canada. Ecological Monographs, 81(2), 2151 239.
https://doi.org/10.1890/10-0262.1

(33 Jackson, J. B. C., Kirby, M. X., Berger, W. H., et al. (2001). Historical overfishing and the recent collapse
of coastal ecosystems. Science, 293(5530), 629i 638. https://doi.org/10.1126/science.1059199

(*%%) Brodie, J. F., Aslan, C. E., Rogers, H. S., et al. (2014). Secondary extinctions of biodiversity. Trends in
Ecology & Evolution, 29(12), 6641 672. https://doi.org/10.1016/j.tree.2014.09.012

(13%) Assis, J., Coelho, N. C., Alberto, F., et al. (2013). High and distinct range-edge genetic diversity despite
local bottlenecks. PLoS ONE, 8(6), e68646. https://doi.org/10.1371/journal.pone.0068646

(*37) Oppliger, L. V., von Dassow, P., Bouchemousse, S., et al. (2014). Alteration of sexual reproduction and
genetic diversity in the kelp species Laminaria digitata at the southern limit of its range. PLoS ONE, 9,
€102518. https://doi.org/10.1371/journal.pone.0102518

(*38) Fernandez, C. (2011). The retreat of large brown seaweeds on the north coast of Spain: The case of
Saccorhiza polyschides. European Journal of Phycology, 46(4), 352i 360.
https://doi.org/10.1080/09670262.2011.617840

(*3%) Wernberg, T., Thomsen, M. S., Tuya, F., et al. (2010). Decreasing resilience of kelp beds along a
latitudinal temperature gradient: Potential implications for a warmer future. Ecology Letters, 13(6), 6851 694.
https://doi.org/10.1111/j.1461-0248.2010.01466.x

(*#%) Norderhaug, K. M., & Christie, H. (2009). Sea urchin grazing and kelp re-vegetation in the NE Atlantic.
Marine Biology Research, 5(6), 5151 528. https://doi.org/10.1080/17451000902932985

(*41) Steneck, R. S., Graham, M. H., Bourque, B. J., et al. (2002). Kelp forest ecosystems: Biodiversity,
stability, resilience, and future. Environmental Conservation, 29(4), 43671 459.
http://dx.doi.org/10.1017/S0376892902000322

(**?) Raybaud, V., Beaugrand, G., Goberville, E., et al. (2013). Decline in kelp in West Europe and climate.
PLoS ONE, 8(6), €66044. https://doi.org/10.1371/journal.pone.0066044

(13) Assis, J., Coelho, N. C., Alberto, F., et al. (2013). High and distinct range-edge genetic diversity despite
local bottlenecks. PLoS ONE, 8(6), e68646. https://doi.org/10.1371/journal.pone.0068646

(**%) Krause-Jensen, D., & Duarte, C. M. (2014). Expansion of vegetated coastal ecosystems in the future
Arctic. Frontiers in Marine Science, 1, 77. https://doi.org/10.3389/fmars.2014.00077

(145) Mller, R., Laepple, T., Bartsch, 1., & Wiencke, C. (2009). Impact of oceanic warming on the distribution
of seaweeds in polar and cold-temperate waters. Botanica Marina, 52(6), 617i638.
http://dx.doi.org/10.1515/BOT.2009.080
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mortality rates (*46). Additional local stressors, such as kelp harvesting (*47),
pollution, eutrophication, sedimentation diseases, and invasive species (}48)
further exacerbate kelp forest declines. Conversely, rising sea temperatures in
some areas have suppressed sea urchin overgrazing, facilitating kelp recovery in
parts of the Northeast Atlantic (*4°;150).

Despite efforts to consolidate habitat mapping and standardise classification,
understanding of habitat status of seaweed forests remains limited. This
knowledge is essential for assessing "Good Environmental Status" (GES)
regarding biodiversity and seafloor integrity under the Marine Strategy
Framework Directive (MSED). Although no universally agreed thresholds exist for

acceptable habitat degradation or | oss

as those losing ecosystem structure, function, and service provision. The lack of
habitat-specific sensitivity thresholds and clear degradation classifications
hinders effective links between habitat distribution, human activities, and
pressures, complicating management and restoration efforts (*°1;152),

According to the review by Gerovasileiou et al. (*>3), 91% of the EU underwater
forest habitats assessed in mapping records were reported to be in an
unfavourable environmental status. Degradation was identified through the
presence of negative impacts, such as shifts from underwater forests to barrens
or turf, or the decline/loss of key habitat-forming species. Approximately two-
thirds of the records directly assessed degradation, while the remaining one-third
relied on modelled cumulative impact assessments. In most cases, information
on the extent of degradation was either absent or limited to descriptive, qualitative
data. Only a quarter of the records provided quantitative data, typically expressed
as a percentage of habitat loss.

(2#6) Smale, D. A. (2020). Impacts of ocean warming on kelp forest ecosystems. New Phytologist, 225(4),
14471 1454. https://doi.org/10.1111/nph.16107

(*%7) Lorentsen, S. H., Sjotun, K., & Grémillet, D. (2010). Multi-trophic consequences of kelp harvest.
Biological Conservation, 143(9), 20547 2062. http://dx.doi.org/10.1016/j.biocon.2010.05.013

(*8) Smith, S. V. (1981). Marine macrophytes as a global carbon sink. Science, 211(4484), 838i 840.
https://doi.org/10.1126/science.211.4484.838

(*°) Rinde, E., Christie, H., Fagerli, C. W., (2014). The influence of physical factors on kelp and sea urchin
distribution in previously and still grazed areas in the NE Atlantic. PLoS ONE, 9(6), €100222.
https://doi.org/10.1371/journal.pone.0100222

(*%%) Norderhaug, K. M., & Christie, H. (2009). Sea urchin grazing and kelp re-vegetation in the NE Atlantic.
Marine Biology Research, 5(6), 5151 528. https://doi.org/10.1080/17451000902932985

(*5%) Gerovasileiou, V., Smith, C. J., Sevastou, K., et al. (2019). Habitat mapping in the European Seas - is
it fit for purpose in the marine restoration agenda? Marine Policy, 106, 103521.
https://doi.org/10.1016/j.marpol.2019.103521

(*%?) Dailianis, T., Smith, C. J., Papadopoulou, N., et al. (2018). Human activities and resultant pressures on
key European marine habitats: an analysis of mapped resources. Marine Policy, 98, 17
https://doi.org/10.1016/j.marpol.2018.09.021

(*33) Gerovasileiou, V., Smith, C. J., Sevastou, K., et al. (2019). Habitat mapping in the European Seas - is
it fit for purpose in the marine restoration agenda? Marine Policy, 106, 103521.
https://doi.org/10.1016/j.marpol.2019.103521

123

"de


https://research-and-innovation.ec.europa.eu/research-area/environment/oceans-and-seas/eu-marine-strategy-framework-directive_en
https://research-and-innovation.ec.europa.eu/research-area/environment/oceans-and-seas/eu-marine-strategy-framework-directive_en
https://doi.org/10.1111/nph.16107
http://dx.doi.org/10.1016/j.biocon.2010.05.013
https://doi.org/10.1126/science.211.4484.838
https://doi.org/10.1371/journal.pone.0100222
https://doi.org/10.1080/17451000902932985
https://doi.org/10.1016/j.marpol.2019.103521
https://doi.org/10.1016/j.marpol.2018.09.021
https://doi.org/10.1016/j.marpol.2019.103521

Work Package 4: The Role of Algae in Climate Change Mitigation in European Seas
Annex to the Final Report

Fabbrizzi et al. (***) demonstrated strong statistical associations between the
spatial patterns of Cystoseira forests in the Mediterranean Sea and their proximity
to ports and urban areas. Urban proximity often signals higher nutrient levels,
water turbidity, and eutrophication, which are key drivers of Cystoseira
decline (155;156;157:158.159.160) These anthropogenic factors have contributed to the
loss of Cystoseira forests in many Mediterranean regions (161;162;163,164.165.166)
However, topographic features and substrate type were identified as the primary
environmental predictors for Cystoseira distribution, with human-induced factors
playing a lesser role. The relatively weak association between human activities
and underwater forests is likely due to the models' inability to fully capture these
effects. This limitation is primarily attributed to the scarcity of spatio-temporal data
on human pressures and the absence of biotic time series covering large
seascapes, both of which are crucial for accurately modelling the impact of
human activities on the status of underwater forest species.

Kvile et al. (*¢7) conducted the first comprehensive modelling study to map and
predict the distribution and coverage of kelp forests across the Nordic region.
Using data from national monitoring and research programs, the study went
beyond previous efforts by successfully distinguishing dense kelp forests from
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scattered occurrences of individual plants. By using quantitative and semi-
quantitative data on kelp coverage and densities, the study generated robust
predictions of kelp forest distributions, identifying extensive forests along the
coasts of Norway, Iceland, Greenland, and Denmark. These modelled
distributions provide a strong foundation for assessing changes in kelp forests
over time and support the development of quantitative thresholds for indicators
of good ecological status, advancing conservation and management efforts for
these vital (*¢8). When comparable data become available for other European
regions, a systematic assessment of underwater forest status will become
feasible. In the meantime, assessments should rely on scattered evidence of
underwater forest health and/or indirect proxies identified in the current study.

Assessments of the health of seaweed forests require more than just current
distribution data; establishing a baseline is essential for evaluating their state and
setting management objectives. Historical data and analyses of temporal
variability and trends are crucial for creating such baselines. However, consistent
long-term data collection is rare in ecological studies, often necessitating the
collation and reinterpretation of historical records. When initiating assessments,
it is critical to compile all existing and reliable information rather than emphasising
data gaps. Therefore, our approach pragmatically identified proxies to indirectly
estimate seaweed forest biomass across European marine regions, offering a
standardised baseline for future assessments and contributing to improved
management strategies for these critical ecosystems. Here, comprehensive pan-
European analyses of underwater forest status relied on indirect proxies due to
the lack of systematic biomass data, a key metric for assessing ecosystem health.
Using predicted occurrence probabilities and environmental covariates, we
modelled expected seaweed biomass within the mapped underwater forest
areas.

The highest biomass of underwater forest species is in the cold northern waters,
particularly along the Norwegian coast and near Iceland. In contrast, the
Mediterranean and southern European coasts have much lower biomass. The
Atlantic coasts show scattered low values, while the North and Baltic Seas have
little presence (Figure 39).

Recognising the high uncertainty in the knowledge base i both in predictor data
and seaweed distribution data i as well as in the associated spatial predictions
is crucial for informing management decisions. When making decisions based on
biomass maps, this uncertainty should be explicitly considered, emphasising a
precautionary approach. This is particularly important given the limited data
availability, the dynamic nature of seaweed forests, and their susceptibility to
rapid ecological shifts.

(1%8) Jayathilake, D. R. M., & Costello, M. J. (2020). A modelled global distribution of the kelp biome.
Biological Conservation, 252, 108815. https://doi.org/10.1016/j.biocon.2020.108815
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Figure 391 Map of predicted dry-weight biomass (t/km?2) for underwater forest
species in European seas

Biomass

all underwater forest species
Value

1.3.3 Analysis of trends in the extent of underwater forests over time

Over the past 50 years, seaweed forests have declined across their temperate
range, with global assessments reporting an overall decrease in abundance at
an annual rate of 1.8% (*%%). This decline varies regionally: 38% of ecoregions
experienced decreases, 27% saw increases, and the remainder showed no
significant change. Longer-term data (over 20 years) indicate that 61% of
monitored regions faced significant declines, while only 5% showed increases,
suggesting short-term data may obscure long-term trends (*79).

In warm-temperate zones, seaweed forests are being replaced by turf algae,
reducing biomass and productivity (*1;17?), while in tropical regions, seaweed
dominance is rising due to coral reef degradation and the expansion of floating
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algal mats and aquaculture (}73;174). Cold temperate regions are experiencing
increases in seaweed biomass and production from green and golden tides and
aquaculture (1’5;176), In addition, seaweeds are expanding poleward and
increasing productivity in polar waters (*'7;178), though some species face range
contractions due to warming (*'°).

These shifts can be attributed to recent environmental changes, with clear
evidence of global alterations in their distribution and composition driven by
climate change and human activities (18%;181;182)  Recent analyses reveal
continued declines in some temperate regions, driven by climate-related
stressors such as warming and marine heatwaves, compounded by other factors
like invasive species, eutrophication, and urchin grazing (*83;'84). However,
seaweed forests persist in areas with milder climate impacts, favourable
conditions, or refuge habitats, such as offshore ledges and exposed headlands
with cooler, well-flushed waters (18%;185), In some regions, shifts to warm-adapted
kelp species have preserved overall seaweed cover but altered habitat structure
and function. In contrast, Arctic seaweed forest dynamics remain poorly
understood due to limited monitoring. While poleward expansions are predicted
with climate change, documented cases are scarce, leaving the status of kelp in
much of the Arctic unknown (*&7).
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