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Vegetated coastal and marine habitats in the Nordic region include salt marshes, eelgrass
meadows and, in particular, brown macroalgae (kelp forests and rockweed beds). Such
habitats contribute to storage of organic carbon (Blue Carbon — BC) and support coastal
protection, biodiversity and water quality. Protection and restoration of these habitats
therefore have the potential to deliver climate change mitigation and co-benefits. Here we
present the existing knowledge on Nordic BC habitats in terms of habitat area, C-stocks
and sequestration rates, co-benefits, policies and management status to inspire a
coherent Nordic BC roadmap. The area extent of BC habitats in the region is
incompletely assessed, but available information sums up to 1,440 km? salt marshes,
1,861 (potentially 2,735) km? seagrass meadows, and 16,532 km? (potentially 130,735
km?, including coarse Greenland estimates) brown macroalgae, yielding a total of 19,833
(potentially 134,910) km?. Saltmarshes and seagrass meadows have experienced major
declines over the past century, while macroalgal trends are more diverse. Based on limited
salt marsh data, sediment C-stocks average 3,311 g Cgrg m™ (top 40-100 cm) and
sequestration rates average 142 g Coq m*?yr'. Eelgrass C-stocks average 2,414 g Corg
m (top 25 cm) and initial data for sequestration rates range 5-33 g Corg m2, quantified for
one Greenland site and one short term restoration. For Nordic brown macroalgae, peer-
reviewed estimates of sediment C-stock and sequestration are lacking. Overall, the review
reveals substantial Nordic BC-stocks, but highlights that evidence is still insufficient to
provide a robust estimate of all Nordic BC-stocks and sequestration rates. Needed are
better quantification of habitat area, C-stocks and fluxes, particularly for macroalgae, as
well as identification of target areas for BC management. The review also points to
directives and regulations protecting Nordic marine vegetation, and local restoration
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initiatives with potential to increase C-sequestration but underlines that increased
coordination at national and Nordic scales and across sectors is needed. We propose
a Nordic BC roadmap for science and management to maximize the potential of BC
habitats to mitigate climate change and support coastal protection, biodiversity and
additional ecosystem functions.

Keywords: eelgrass, salt marsh, macroalgae, area distribution, carbon stock, carbon sequestration, ecosystem

services, management

INTRODUCTION

Vegetated coastal ecosystems including seagrass meadows, salt
marshes, mangroves, and macroalgae are increasingly
acknowledged for their contribution to sequestration and long-
term storage of organic carbon (blue carbon, BC) and are,
therefore, termed blue carbon habitats and ecosystems
(Nellemann et al., 2009; Mcleod et al., 2011; Duarte et al,
2013, Krause-Jensen et al., 2018). Their capacity for long-term
C-storage has made the management of these ecosystems
relevant in relation to climate change mitigation; in addition,
they constitute natural coastal protection by dampening wave
energy and stabilizing and accreting sediments, thereby also
contributing to climate change adaptation (Duarte et al., 2013;
Macreadie et al., 2021). They also support biodiversity, including
commercially important species, such as cod (Orth et al., 2020),
and constitute coastal nutrient filters and sediment traps, which
promote water quality and clarity (Aoki et al., 2020). These
multiple functional roles and ecosystem services highlight the
ecological and societal value of BC habitats (Barbier et al., 2011;
Duarte et al., 2013; Smale et al., 2013; Gundersen et al., 2016).
However, their location in the coastal zone where human
pressures, such as eutrophication, fisheries and construction
interact with climate change impacts such as heat waves and
ocean acidification, render BC habitats among the most
threatened on the globe (Orth et al., 2006; Waycott et al., 2009;
Valiela et al., 2018; Dunic et al., 2021). Decline of the habitats due
to diverse stressors put the C-reservoir at risk of erosion and to
emit carbon dioxide (CO;), and thereby turn the C-sinks into
sources (Lovelock et al.,, 2017; Salinas et al.,, 2020; Moksnes
et al,, 2021).

Because of the multiple functions of vital BC ecosystems,
actions to protect and restore these environments present win-
win-win scenarios for buffering climate change, protecting
biodiversity, and mitigating eutrophication, and for supporting
human wellbeing (food security etc.) (Duarte et al., 2013; Gattuso
et al., 2018; Hoegh-Guldberg et al., 2019; Macreadie et al., 2021).
Such BC strategies are therefore natural climate solutions in
parallel to forest protection and reforestation on land (Macreadie
et al., 2021), which can supplement direct emission reductions.
Protection of existing BC habitats preserves both the C-
sequestration capacity and the sediment BC stocks, while
restoration of lost BC habitats can regenerate the C-
sequestration capacity and, over the long-term, rebuild C-
stocks (e.g. Orth et al,, 2020). As restoration can be challenging
and costly, especially for seagrasses (van Katwijk et al., 2016),

prevention of loss has key management priority. At the global
scale, the climate change mitigation potential of protection and
restoration of mangroves, salt marshes and seagrass meadows
could potentially represent 3% of current global emissions
(Macreadie et al., 2021).

The C-sequestration capacity of salt marshes, seagrass
meadows and mangroves exceeds that of green (terrestrial)
forest ecosystems because of the combination of high
ecosystem productivity, high potential for sedimentation of
organic matter originating from the ecosystem itself
(autochthonous) and from the surroundings (allochthonous),
and the refractory nature of part of the organic matter and water-
logged, anaerobic conditions limiting decomposition (Mcleod
et al,, 2011). The contribution of macroalgae to C-sequestration
is more intricate to quantify than for seagrasses, salt marshes and
mangroves. Unlike those systems that store C in sediments
directly below them, macroalgal communities dominate rocky
seafloor and their contribution to C-sequestration largely occurs
through export to C-sinks beyond the habitat in fjord- and shelf
sediments, and in the deep ocean, which is challenging to
quantify (Krause-Jensen and Duarte, 2016; Pedersen et al,
2020). Management of macroalgal BC should consequently
address both the macroalgal habitats and the BC sinks beyond
the habitats (Krause-Jensen et al., 2018; Legge et al., 2020;
Diesing et al., 2021).

The merit of protection and restoration of vegetated coastal
ecosystems for climate action with co-benefits for biodiversity
and human wellbeing underlines the importance of coordinated
BC-strategies across sectors and regions. The Nordic region has a
tradition of collaboration, e.g. under the auspices of the Nordic
Council of Ministers, which is the official body for
intergovernmental cooperation in the Nordic Region that seeks
Nordic solutions wherever and whenever the countries can
achieve more together than by working on their own. Such
collaboration is also relevant regarding Nordic blue carbon
ecosystems where joint efforts in science and management
could benefit the region, and initiatives are already initiated.
The study of vegetated coastal ecosystems has a long history in
the Nordic region starting in the late 19" century (e.g.,
Rosenvinge, 1893; Ostenfeld, 1908; Waern, 1952) and shows a
marked increase in research output over the past four decades to
current levels of about 50 publications per year, as assessed by a
bibliometric survey (Figure S1; Table S2). However, the peer-
reviewed literature includes only a limited and recent focus on
BC and has largely been conducted from a national angle. A first
joint effort to quantify the distribution, biomass and C-storage
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potential of seagrass meadows (dominated by eelgrass, Zostera
marina), kelp forests (large canopy-forming brown macroalgae
of the order Laminarians), and rockweed beds (brown
macroalgae of the order Fucales) was recently supported by the
Nordic Council of Ministers (Frigstad et al., 2021). But
distribution maps, knowledge of status and trends, C-stocks
and sequestration rates as well as knowledge of other
ecosystem functions of seagrass meadows, salt marshes and
macroalgal forests/beds are still incomplete. Blue carbon
habitat restoration efforts are local and the information scattered.

The Nordic management of vegetated coastal habitats is
related to European directives such as the Habitats Directive,
Birds Directive, NATURA 2000 network of marine protected
areas, Water Framework Directive, Marine Strategy Framework
Directive and Nitrate Directive; regional conventions
(HELCOM, OSPAR, ICES), collaboration platforms (Nordic
Council of Ministers), as well as national and sub-national
laws/regulations and management initiatives. However, BC
aspects have received limited policy attention at the Nordic
level. Recent declarations by the Nordic Council of Ministers
highlight the ocean-climate nexus, the C-sink capacity of marine
ecosystems, the coupling to biodiversity, and the need for Nordic
collaboration (Gudbrandsson et al., 2019) to ensure that oceans
and marine ecosystems are climate-resilient and sustainably
managed. BC is also gaining focus at European and global
levels. Hence, BC received unprecedented attention at the
recent United Nation climate change conference COP26.

Here we present the state of knowledge related to Nordic BC
habitats including environmental setting and policy framework,
ecosystem extent and change, C-stocks and C-sequestration
rates, and management status regarding protection and
restoration of BC habitats. On this basis, we identify
knowledge gaps and propose directions for research priorities,
as well as cross-sectoral management and collaboration towards
a Nordic BC-roadmap as a nature-based solution to combat
multiple societal challenges. Our goal is to support Nordic
management of vegetated coastal BC ecosystems to secure the
multiple functions and services they provide. This contribution
was initiated at the Nordic Blue Carbon Workshop with 77
participants from 18 countries, held in Copenhagen, Denmark,
September 9-13, 2019, under The Blue Carbon Initiative (BCI)
Scientific Working Group’s 12" annual meeting,

THE NORDIC REGION AND ITS BLUE
CARBON HABITATS

The Nordic region includes Norway, Sweden, Denmark, Finland,
Iceland, the Faroe Islands, and Greenland. It covers 28 latitude
degrees from Southern Denmark at 55°N to Northern Greenland
at 83°N and extends across 58 longitude degrees from the west
coast of Greenland in the Baffin Bay (73°E) to Finnmark, NE
Norway, by the Barents Sea (31°E). The Nordic coastline is vast
and is fringed by large shallow-water areas where light reaches
the seafloor supporting potential growth of vegetation (Figure
§2). According to Sayre et al. (2019, Table S1), the Nordic
coastline is 224,087 km long, equaling about 9% of the global

coastline. This estimate is based on 30 m resolution mapping
(i.e., 1:60 000 scale, Tobler 1987) and therefore excludes many
small islands, which leads to a strong underestimation of island-
rich archipelagoes common across much of the region. Indeed,
complex archipelagoes with thousands of islands are important
features of the region which hosts significant areas of BC
habitats. For instance, the most updated estimate for Norway
includes every island and calculates more than 100,000 km of
coastline, which is almost twice the estimate of Sayre et al. (2019;
53,751 km). The average depth of the Baltic Sea, which is the
world’s largest estuary, is only 55 m. According to the EMODnet
digital terrain model (emodnet-bathymetry.eu) at a 1/16 arc-
minute resolution (which is approximately 125 m for the Nordic
region), the extent of shallow areas with a water depth less than
10 m sums up to 50,330 km? for the Nordic countries (Svalbard
and Jan Mayen included in the Norwegian estimate, but
Greenland excluded due to lack of coverage by EMODnet).
These shallow areas constitute on average 5.7% (3.25% if
Svalbard is not included) of the countries’ maritime Exclusive
Economic Zone (from the VLIZ Maritime Boundaries
Geodatabase), varying from <1% for Faroe Islands, Iceland,
and Norway, to 5.5% for Sweden, 13% for Denmark, and 15%
for Finland.

The region is characterized by physicochemical gradients
with relevance to the BC habitats. In the northernmost areas,
sea-ice cover affects both light availability and physical exposure
and constitutes an important structuring factor, while the
southernmost areas are only affected by ice during extreme
winters (Figure S2). The region has a strong salinity gradient
with high saline water and large tidal range along the Atlantic
coastlines and near freshwater conditions with small or no tidal
range in the Baltic Sea (Figure S2). Most Nordic countries,
except Denmark, have large components of rocky shores (Young
and Carilli, 2019). The levels of anthropogenic stressors such as
land use and fishery also vary across the region, causing multi-
stressor and cascading perturbations (Bostrom et al., 2014;
Andersen et al., 2015; Reusch et al., 2018; Krause-Jensen et al.,
2021). In addition, the area is strongly affected by climate change,
which has led to a warming of the annual sea surface temperature
of the Baltic Sea by up to 1.0°C per decade from 1990 to 2008
(BACC II author team, 2015 p. 9); this is much greater than the
global average warming rate of the upper ocean of 0.11°C per
decade from 1971 to 2010 (Rhein et al., 2014).

Nordic BC habitats reflect these regional environmental
gradients (Figure 1). Salt marshes are common habitats along
sheltered soft bottom shores and exhibit marked diversity from
full marine tidal areas dominated by typical tidal marsh to
brackish microtidal regions colonized by salt meadows and
reed belts (Figure 1, see further details in the subsection on
salt marshes). Deeper along the coastal slope, soft and sandy
seafloors are colonized by meadows of seagrasses, dominated by
eelgrass (Zostera marina), and increasingly mixed with other
rooted vegetation and charophyte species in the more brackish
regions towards the inner basins (Gulf of Bothnia) of the Baltic
Sea and in the inner part of many estuaries (e.g. Bostrom et al.,
2014; Wikstrom et al., 2016; Figure 1). Rocky shores are
colonized by a variety of macroalgae with rockweed,
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Ascophyllum nodosum (knotted
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and submerged macroalgae, such as kelp forests (4" panel).
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Salt marsh (grazed & ungrazed),
(A.E.L. Graversen)

Zostera marina (e
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F. serratus (toothed wrack) and
Ascophyllum nodosum (knotted
wrack). DK (J. Thormar)

Laminaria hyperborea (tangle kelp),
NO (K. Hancke)

FIGURE 1 | Examples of characteristic Nordic BC habitats: Salt marsh (15t panel), rooted vegetation such as seagrass (2" panel), intertidal macroalgae (3" panel),

%

DK

Salt marsh (grazed & ungrazed a
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Z. marina (eelgrass), F1 (C.
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Fucus vesiculosus (bladder wrack),
FI (C. Bostrom)

Saccharin latissima (sugar kelp),
NO (NIVA)

particularly Fucus species dominating the shallow/tidal zone and
Laminaria- and Saccharina-dominated kelp forests (Figure 1)
with understory vegetation being abundant in the marine
subtidal (e.g. Fredriksen et al., 2005).

GLOBAL, REGIONAL AND NATIONAL
POLICIES RELATED TO NORDIC BLUE
CARBON HABITATS

There is currently no specific BC policy or management strategy
for BC habitats in the Nordic countries, but several policies and

directives address vegetated coastal habitats and provide an
important basis for more targeted and coordinated BC
management. Key examples are summarized below.

Global Scale

The Glasgow Climate Pact from the 26™ Conference of the
parties of the UNFCCC acknowledges the C-sink capacity of
marine ecosystems. Several countries have included Blue Forests
in their inventories and National Determined Contributions
(NDCs) under the Paris Agreement based on the voluntary
“2013 supplement to the 2006 IPCC Guidelines for National
Greenhouse Gas Inventories: Wetlands”, which addresses
saltmarshes, seagrasses and mangroves but not macroalgae.
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However, none of the Nordic countries have yet included blue
forests in their NDCs.

Protection of Nordic BC habitats and their services is, to some
extent, also supported by global policy agreements under the
Convention on Biological Diversity (CBD), the Ramsar
convention for wetlands, the UNESCO Biosphere Reserves and
Natural World Heritage sites, and the United Nations’
Sustainable Development Goals (e.g. UN SDG 14.5 of 10%
conservation of marine and coastal areas, and UN SDG 6.6 of
protection and restoration of water-related ecosystems).

Regional Scale

The European Union’s (EU) Habitat’s Directive, Birds Directive,
Water Framework Directive (WFD), and Marine Strategy
Framework Directive (MSFD) as well as the Nitrate directive are
all relevant for Nordic BC habitats. While Sweden, Denmark and
Finland are EU members, Iceland and Norway are EEA EFTA
members and have adopted the WED via the EEA agreement. To
some extent, national legislation in Iceland and Norway converges
with, or are indirectly impacted by, the other EU directives as well.
The Faroe Islands and Greenland are neither part of EU, nor the
EEA EFTA and do not have obligations relative to e.g. the WFD,
but EU and Greenland reinforce their partnership after the recent
adoption of the new European strategy for the Arctic region. The
WED directly supports blue carbon habitats by defining the goal of
good ecological status for coastal vegetation as a situation when
“most disturbance sensitive macroalgal and angiosperm taxa
associated with undisturbed conditions are present and the level
of macroalgal cover and angiosperm abundance show slight signs
of disturbance” (WED, 2000/60/EC). The MSFD’s requirement of
“good environmental status (GES)” addresses the marine
vegetation more indirectly via Descriptor 1 (biological diversity),
Descriptor 4 (food webs) and Descriptor 6 (seafloor integrity). The
WED and the MSFD are closely connected; for example, marine
vegetation and other so called “quality elements” targeted by the
WED are protected by management measures such as reduced
eutrophication, and therefore also contributes to achieving GES
within the MSFD with respect to several Descriptors.

At the regional level, the Baltic Sea Action Plan (2021) by the
Helsinki Commission (HELCOM) also considers how mitigation
by natural blue carbon processes can be maximized, but has no
legal implications. HELCOM also defines eelgrass habitats and
several macroalgal habitats in the Baltic Sea as being under threat
and highlights the need for protection against e.g.,
eutrophication and anchoring (https://helcom.fi/media/
documents/HELCOM-Red-List-Biotope-Information-Sheets-
BIS.pdf). Moreover, in the North-East Atlantic, the inclusion of
eelgrass beds in the OSPAR Convention’s list of threatened
species has been followed up by OSPAR Recommendation
2012/4 on furthering the protection and conservation of
eelgrass beds (OSPAR 12/22/1, Annex 13). Greenland also
accedes to the OSPAR. Moreover, the Arctic Council, with
participants from several Nordic states (i.e. the Kingdom of
Denmark including Greenland and Faroe Islands, as well as
Iceland, Norway, Sweden and Finland), coordinates marine
activities via working groups on the “Arctic monitoring and
assessment program”, “Protection of the Arctic marine

Environment”, and the biodiversity working group of the
Arctic Council: Conservation of Arctic Flora and Fauna
(CAFF) and their Circumpolar Biodiversity Monitoring
Programs (CMBP) on coastal and marine ecosystems. All these
initiatives also to some extent address Nordic BC habitats.

National Scale

National management of BC habitats in EU member states must
as a minimum fulfill the EU requirements and may also involve
supplementary measures, which are treated in more detail in the
management section (see below).

DISTRIBUTION AREA AND DYNAMICS OF
NORDIC BLUE CARBON HABITATS

The total C-stocks and sequestration of coastal vegetation is
connected to their area distribution. For some habitat types, like
eelgrass meadows, the Nordic region has experienced major
declines over the past century (Bostrom et al., 2014). For other
BC habitats, like the kelp forests, the picture is more complex
(Aratjo et al., 2016). This section summarizes, by habitat type
and country, the current knowledge on the distribution area of
Nordic BC habitats (Table 1 and Figure 2A) and major changes
over the past century.

Most Nordic countries conduct regular monitoring of BC
habitats to document status and trends in relation to e.g. the
Water framework directive and national programs (summarized
in Table S3). However, except for the area of salt marshes, which
is directly targeted by Habitats Directive monitoring, the
monitored parameters are not necessarily related to the area
distribution of the habitats, which is reflected in large knowledge
gaps on BC habitat maps. For example, the Danish and Swedish
national marine monitoring programs focuses on the depth limit
and cover of eelgrass meadows and the cover of macroalgal
communities (Riemann et al., 2016, Hammar et al. 2018) and the
Greenland Ecosystem Monitoring (www.g-e-m.dk) focuses on
the growth rate of kelps and rockweed as well as local depth
distribution patterns. Norwegian coastal monitoring programs
include regular measurements of the lower growth limit,
coverage and status (e.g. the coverage of filamentous algae) for
eelgrass and macroalgae on a fixed network of stations along the
coast (Walday et al., 2020) and additional kelp properties as part
of the kelp harvesting strategy (Steen et al., 2016).

Salt Marshes

The Nordic region supports a range of habitat types that we here
jointly refer to as “salt marshes” although they may also fit under
terms such as “salt meadows”,” coastal meadows”, “tidal
marshes” or “reed belts”. They are dominated by herbs, grasses
or low shrubs that are periodically inundated or saturated by
tidal water (Adam, 1990; IPCC, 2014; Evans and Roekaerts,
2019). The use of different names for salt marshes and their
heterogenous appearance make it challenging to get an overview
of their total distribution. Comparison of these habitat across
countries is also complicated by the existence of various national
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TABLE 1 | Area estimates (km?) of coastal vegetated habitats (salt marshes, eelgrass and other rooted vegetation, macroalgae) across the Nordic region.

Vegetation Area km? Method Notes Reference
type
Country
Salt marshes
Greenland nd - - -
Iceland 65 Remote Mainly via satellite (Ottosson et al., 2016)
Faroe Islands nd - - -
Norway 57 Field Likely underestimated (Borgersen et al., 2020)
Denmark 410 Field and remote 1310, 1320, 1330 (Fredshavn et al., 2019)
Sweden 158 Field 1310, 1330, 1630 SLU*
Finland 330 Modelled pot, Remote Common reed (Phragmites australis) (Lehtomaa et al., 2018)
Finland 420 Remote 1630, salt meadows (Lehtomaa et al., 2018)
Total 1,440
Eelgrass
Greenland nd - Small areas in inner fiord branches. (Olesen et al., 2015)
Iceland >11 Field Likely underestimated (Ottosson et al., 2016)
Faroe Islands nd - - -
Norway 920 Field: 60 km? mapped, multiplied by 1.5 to (Frigstad et al., 2021)
take unmapped areas into account
Denmark 1,345 Expert: 20% of historic area; based on data (Bostrom et al., 2014)
from Limfiorden & @resund
Denmark 2,204 Modelled pot (GIS model of habitat (Staehr et al., 2019)
suitability based on monitoring data; 100 m
pixels)
Denmark nd Remote Based on satellite; 10 m pixels aggregated to 40 m. Hansen LB (DHI) http://satlas.
Eelgrass and macroalgae combined. No area estimate dk/marine-vegetation/
Sweden 400 Remote Modelled by “the Symphony tool”, based on satellite (Hammar et al. 2018)
(2008, 2016) w. field data, 10 m pixels aggregated to
250 m)
Finland 15 (30) Modelled pot Maximum potential area of Z. marina. 15 added as a (Downie et al., 2013; Bostrom
(Habitat suitability modelling) conservative estimate etal., 2014)
Total 1,861
(2,735)
Macroalgae (tidal and subtidal)
Greenland 32,977 Modelled pot Potential area of intertidal macroalgae (coarse estimate) (Krause-Jensen et al., 2020)
Greenland 77,461 Modelled pot Potential area of subtidal macroalgae (coarse estimate) (Krause-Jensen et al., 2020)
Greenland 26,704 Modelled pot, rule based Sugar kelp, dense (coarse estimate) (Frigstad et al., 2021)
(24,401-
27,877)
Iceland >280 Field/Remote (pot. based on sediment, Intertidal only (Ottosson et.al., 2016)
exposure)
Iceland 495 Modelled, rule based Intertidal and subtidal rockweed, dense (Frigstad et al., 2021)
Iceland 2,328 Modelled, rule based Subtidal kelp, dense (Tangle kelp 2,328; Sugar kelp 15) (Frigstad et al., 2021)
(2,173-
2,774)
Faroe Islands 245 (228-  Modelled, rule based Subtidal kelp, dense (Tangle kelp 235; Sugar kelp 10) (Frigstad et al., 2021)
283)
Norway 3090 Modelled, rule based Intertidal and subtidal rockweed, dense (Frigstad et al., 2021)
Norway 7,417 Modelled, based on field observations Subtidal kelp (Tangle kelp 3,810; sugar kelp 3,607) (Frigstad et al., 2021)
(5,933-
9,317)
Norway 5,355 Modelled, based on field observations Subtidal kelp (Gundersen et al., 2021)
(5,082-
6,947)
Denmark 397 Remote/expert/modelled, rule based Estimated area of tidal macroalgae (Fucus sp.) for (Riemann et al., 2020; Frigstad
Kattegat upscaled to national level et al., 2021)
Denmark 1,438 Field/Modelled pot Suitable area for macroalgae in Kattegat (6.6% of (Oberg, 2006)
Kattegat).
Sweden 869 Survey/Modelled pot Modelling of hard bottom as proxy for area of subtidal (Hammar et al. 2018) (based on
macroalgae the Geological Survey of
Sweden)
Sweden 1,335 Modelled, rule based Intertidal and subtidal rockweed, dense (Frigstad et al., 2021)
Sweden 985 (904-  Modelled, rule based Subtidal kelp, dense (Tangle kelp 127; Sugar kelp 858) (Frigstad et al., 2021)
2328)
(Continued)
Frontiers in Marine Science | www.frontiersin.org 6 May 2022 | Volume 9 | Article 847544


http://satlas.dk/marine-vegetation/
http://satlas.dk/marine-vegetation/
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Krause-Jensen et al.

Nordic Blue Carbon

TABLE 1 | Continued

Vegetation  Area km? Method
type
Country
Finland 240-580 Modelled pot
Total 16,532
(130,735)
Grand sum 19,833
(134,910)

*SLU, Swedish Species Information Centre; www.artdatabanken.se/en

Pot. area of Fucus vesiculosus and F. radicans

Notes Reference

(Sahla et al., 2020)

Methods include “Field”: upscaled from field observations; “Remote”: based on remotely sensed data; “Modelled” or “Modelled potential (pot)”, where the latter in some cases include
habitat suitability modeling at a coarse scale without detailed documentation; “Expert”: expert judgement based on field observations. Notes include information on species, habitat- or
vegetation type (e.g. EU Habitats Directive Annex | habitat types #1310, 1320, 1330, 1630). References are provided. Details on area information: Values in bold mark the best available
estimates of the realised distribution area. The area of Greenland macroalgae is not marked in bold as it represents coarser estimates than for other regions. For each vegetation type, the
total Nordic area is calculated as the sum of national values marked in bold; in parenthesis follows the total potential area including the largest potential estimates and high-end-range of
estimates for each country. In the case of Finland, area estimates for both eelgrass and other rooted vegetation are included in the total. nd, Not determined.

and international classification systems such as the European
Nature Information System (EUNIS) in the EU (Evans and
Roekaerts, 2019), the Nature in Norway (NiN) system in
Norway (Borgersen et al., 2020; Halvorsen et al, 2020) and
HELCOM for the Baltic Sea (Helcom, 2013) (details in
Table S4).

There are strong gradients in “salt marsh” plant communities
in the Nordic region related to gradients in tidal regime, salinity,
and climate factors. A key management practice, grazing, which
is often implemented to stimulate biodiversity, also markedly
affect the marshes. Nordic EU member states map salt marshes
as part of the Natura 2000 network, and Atlantic coastal
meadows are categorized as vulnerable in the European Red
List of Habitats (Janssen and Rodwell, 2016). Mapping is also
taking place as part of national programs. Below is an overview of
area information available for these habitats in the Nordic region.
The European-funded project “NordSalt” (2021-2024, www.sdu.
dk/en/forskning/nordsalt) will expand the information on salt
marshes and their C-stocks and sequestration in the
Nordic region.

Greenland

There is no overview of area distribution or changes in
distribution of salt marshes at the Greenland scale. However,
some local distribution studies exist (e.g., Glooschenko et al,,
1993; Lepping and Daniéls, 2007; Billtmann and Daniéls, 2013),
and salt marsh sediments have also been studied as archives of
recent relative sea level change (Jensen et al., 2006; Woodroffe
and Long, 2009; Long et al., 2012).

Iceland

Salt marshes in Iceland are classified into two habitat types. One
is characterized by Puccinellia maritima (Atlantic lower shore
communities under the EU habitat type 1330). The other is
classified by Carex species (Icelandic Carex Ilyngbyei salt
meadows). The latter is not accepted under EUNIS but
proposed as a sub-type of Atlantic black sedge salt meadows
that falls under Annex I at a higher level (see A2.5 - https://eunis.
eea.europa.eu/habitats/2931). Together, the habitat types cover
approximately 65 km? with the majority characterized by

P. maritima (Ottosson et al., 2016). The habitat mapping was
done mainly by satellite image interpretations so estimation
errors can be relatively high, especially for Carex habitats due
to indistinct differences between similar habitats. No national
monitoring of salt marshes exists in Iceland and long-term
changes and dynamics are therefore unknown.

Faroe Islands

No overviews of distribution area or dynamics are available for
the Faroe Islands (https://kort.foroyakort.fo/kort/). Salt marsh
species such as Carex lyngbyei, Glyceria fluitans, G. maxima and
Puccinellia maritima occur in the Faroe Islands but are all
reported as very rare (reported 1-10 times) or rare (reported
11-25 times) (Johansen et al., 2000) indicating that salt marsh
areas are negligeable in extent.

Norway

Norway has no systematic mapping program for salt marshes,
but some mapping efforts have been completed, e.g. in
connection to mapping RAMSAR areas. Typical species in
Norway are Carex paleacea, C. vacillans, Glyceria fluitans, G.
maxima, Phragmites australis, Schoenoplectus lacustris, S.
tabernaemontani and Bolboschoenus maritimus. Currently, 606
occurrences of salt marshes have been recorded in Norway with a
total area of 57 km? (Borgersen et al., 2020). This is most likely an
underestimate due to the lack of systematic mapping. The habitat
is considered as of “least concern” in Norway’s red list for
habitats (Gundersen et al., 2018).

Denmark

Danish salt marshes are represented by the EU habitat types
1310, 1320 and 1330 (Table S4), with 1330 being the most widely
distributed and categorized into two subtypes, salt marsh and salt
swamp, depending on whether it is being grazed or not. The
grazed plant communities are dominated by halophytic grasses
and herbs, whereas the non-grazed ones are dominated by reeds
such as Phragmites australis, Schoenoplectus maritimus and
Schoenoplectus tabernaemontani. This division is the result of
management practices with a long history of grazing preventing
overgrowth by reed. The Wadden Sea has the largest tidal range
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FIGURE 2 | Overview of available information on area distribution of Nordic BC habitats (Svalbard not included). (A) Occurrence of confirmed (solid lines) and
anticipated (dotted lines) Nordic BC habitats (salt marshes, eelgrass, littoral and sublittoral macroalgae) (details in Table 1); for Greenland, there are several confirmed
macroalgal habitats along especially the west coast, and eelgrass habitats in the Nuuk fjordsystem, although only a coarse estimate of area distribution is available.
(B) Sites where C-stocks/sequestration have been assessed. (C) Location of Marine Protected Areas (MPA's; including Marine World Heritage sites, Natura 2000
sites and nationally designated MPAs). (D) Location of restoration projects (circles) and macroalgal farming sites (triangles, Aratjo et al. 2021, from EMODNEet) across
the Nordic countries. Map from Google Earth, symbols from https://ian.umces.edu/imagelibrary/. See Table S5 (C-stocks) and Table S6 (restoration sites) for

among Danish salt marshes and includes typical tidal Spartina
spp. salt marshes (EU habitat type 1320). Many of these marshes
were formed as part of land reclamation efforts (Jakobsen, 1954).
All habitat types are monitored and mapped every six years
under the Danish monitoring program NOVANA since 2007,
with the most recent estimate representing a total of 410 km?
(sum of the area of the EU habitat types 1310, 1320 and 1330;
Fredshavn et al.,, 2019; Table 1, https://naturdata.miljoeportal.
dk/). The saltmarsh area is estimated to have been twice as large
as 150-200 years ago, with the loss caused primarily by expansion
of agriculture (Vestergaard, 2000). EU habitat types 1310 and
1330 are categorized as having an unfavorable preservation
status, the latter showing decline over the past 12 years, while
1320 has a favorable status (Fredshavn et al., 2019, Table S4).

Sweden

The extent of Swedish salt marshes is estimated at 158 km?
based on data and information from the report of conservation
status of habitats and species that is provided by the
implementation of the EU Habitats Directive (under Article
17), which is synthesized and published every six years by the
Swedish Species Information Centre, ArtDatabanken. The
estimates include the EU habitat types 1310, 1330 and 1630

(Table S4), which are all categorized as having bad
conservation status.

Finland

The majority of Finnish salt marshes belongs to the EU habitat
type 1630 (Boreal Baltic coastal meadows). There are no
overviews for habitat types 1310, 1320 or 1330 (Table S4), but
1330 is part of a recent classification (Pitsch et al., 2019).
Traditionally managed (grazing, mowing) salt marshes have
been classified (by IUCN) and their status assessed (improving,
declining, stable) in the national red list of threatened habitat
types (Lehtomaa et al, 2018). These marshes belong to the
habitat type 1630 and are currently classified into six types:
seashore meadows Eleocharis parvula-E. acicularis, Eleocharis
palustris-Schoenoplectus tabernaemontani-Bolboschoenus
maritimus, tall-sedge seashore meadows, low-graminoid
seashore meadows, tall seashore meadows and salt patches. Of
a total of about 6900 km? of traditionally managed salt meadows
in the 18" century, only about 420 km? exist today (Lehtomaa
et al,, 2018). Reed belts have been favored by a dramatic decline
in grazing by livestock as well as by eutrophication so the area of
completely or partly preserved meadows of the habitat type 1630
is only 62 km?, of which about 20 km? is overgrown by reed.
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Hence, the habitat type 1630 is now classified as critically
endangered (Schulman et al., 2008). It is estimated that about
121 km? of this habitat type can potentially be restored, and there
are ongoing management initiatives (including grazing). Coastal
reed belts with Phragmites australis, Schoenoplectus and
Bolboschoenus maritimus or Typha are additional potential BC
sinks not belonging to the habitat type 1630.

Seagrasses and Other Rooted Submerged

Vegetation

In the Nordic region, there are two true seagrass species, eelgrass
(Zostera marina) and dwarf eelgrass (Z. noltei). Eelgrass is by far
the most dominant and subject to a long record of research,
particularly in Denmark (Bostrom et al., 2014; Krause-Jensen
et al., 2021). Other rooted vegetation, such as species of the
genera Ruppia, Zannichelia and Potamogeton, may also occur in
brackish areas. For the purposes of this paper, when the term
seagrass or eelgrass is used for the Nordic region, we are referring
to primarily eelgrass, occasionally including other species of
rooted vegetation. Eelgrass meadows were historically very
extended but experienced major declines in the 1930s due to
the wasting disease, which decimated the North-Atlantic eelgrass
meadows, and more recent declines due to multiple stressors
(Krause-Jensen et al., 2021).

Greenland

Recent studies of eelgrass in the Nuuk fjord system at 64 °N show
that the meadows are confined to inner, protected fjord branches
with sandy seafloor where summer temperatures are relatively
high (up to 13°C), although a sparse meadow grows in an area
with maximum summer temperatures of 8°C (Olesen et al.,
2015). These meadows support biomasses as high as those at
lower latitudes but have lower productivity (Olesen et al., 2015).
There is no assessment of the overall distribution area, but it is
relatively small, limited by both availability of suitable sandy/soft
seafloor in shallow protected settings and by low water
temperatures (Olesen et al., 2015). Dating of sediments in
eelgrass meadows in the Nuuk fjord system along with
analyses of the origin of organic matter in these sediments,
nevertheless, suggest that eelgrass has been expanding in these
locations over the past century (Marba et al., 2018).

Iceland

Macrovegetation on littoral sediments include eelgrass beds,
which are most common along the west coast and in lagoons
in the south-east while rare elsewhere (Bostrom et al., 2014).
They cover roughly 1% (11 km?) of the coast (Ottosson et al.,
2016), but this is likely an underestimate as the distribution area
has only been partially explored. Lack of monitoring and
mapping efforts prevent a detailed account of the status
and trends.

Faroe Islands

Eelgrass is very rare in Faroe Islands. It has been reported less
than 10 times (Johansen et al.,, 2000) but with no recent
observations. The extent is therefore considered negligeable
with no overview of the distribution area or trend. Eelgrass

occurs in one of the fjords on the southernmost island, Suduroy,
where Ostenfeld (1905-08) already a century ago commented
that this fjord was likely the only place where the
species occurred.

Norway

Eelgrass meadows are the most common and widespread
habitat-building species on soft seafloor in Norwegian fjords
and bays. The largest occurrences of eelgrass meadows have been
systematically mapped by the Norwegian National program for
mapping of coastal biodiversity (Bekkby et al., 2013), and are
found in sheltered and moderately wave exposed areas all the
way from the Swedish border in southern Norway to the Barents
Sea region in Finnmark. More than 3000 eelgrass meadows have
been identified in Norway, covering 60 km? in total (Bekkby
et al,, 2013). Following the “red list” protocol (Gundersen et al.,
2018), this area was multiplied by a factor of 1.5 to include
meadows assumed to be present but not recorded, giving an
estimate of 90 km? (Frigstad et al., 2021). The habitat is not
considered threatened in Norway’s red list for habitats (from
2018), but the status and trends in the North Sea in particular are
largely unknown and highly debated, as the methods used for
monitoring do not capture changes in meadow size and lower
growth limit (Gundersen et al,, 2018). Degradation of the
seagrass meadows in the Oslofjord has been documented (Dahl
et al,, 2008; Espeland and Knutsen, 2014).

Denmark

Denmark is the Nordic ‘hotspot’ for eelgrass due to the extensive
coastline with gently sloping sandy shores in protected settings of
intermediate salinity. The national Danish monitoring program
assesses annually the cover and depth distribution of eelgrass
across the country along transect lines from the shore to the
deepest occurrence. Area surveys are not part of the monitoring
program, except for the Wadden Sea eelgrass meadows. A first
nationwide mapping of the submerged coastal vegetation
(eelgrass, other rooted vegetation and macroalgae) has been
produced based on optical satellite data from 2018, using
advanced radiative transfer modelling and machine learning
techniques. The map has 10 m resolution and represents depths
down to 4-10 m, depending on local water clarity (http://satlas.
dk/marine-vegetation/), but does not distinguish between eelgrass
and macroalgae and provides yet no information on the
distribution area. However, the potential distribution area of
eelgrass in Danish coastal waters has been quantified at 2,204
km? based on a GIS modelling of where habitat requirements are
fulfilled (Steehr et al., 2019). This is about a third of the historic
distribution area quantified at 6,726 km” around year 1900
(Petersen, 1914). Overviews for two key distribution areas (the
Limfjord and @resund) suggest that the current actual
distribution area of eelgrass is probably only about 20% of the
historic area, i.e. about 1,345 km? (Bostrom et al., 2014). Century-
long records reveal shifting challenges to eelgrass over time with
the wasting disease decimating the populations in the 1930s,
eutrophication peaking in the 1980s causing additional decline,
and bottom-trawling and warming further limiting the recovery
during the past decades (Krause-Jensen et al., 2021).
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Sweden

The area distribution of eelgrass in Swedish coastal waters is
assessed at 400 km” using a model based on satellite remote
sensing images (2008 and 2016) and associated ground truthing
(>6000 sites) for field validation (the Symphony tool, Hammar
etal. 2018) (Table 1). The spatial model described the probability
of occurrence of seagrass (in 10 x 10 m pixels, aggregated into
250 x 250 m pixels); the probability level was set at 0.8, which
means that there is at least 80% probability of finding the focal
habitat in a pixel. The modelled coastal area encompasses
primarily eelgrass (Z. marina), but also to some extent
widgeon grass (Ruppia spp.) and occasionally some freshwater
green algal species (principally along inner margins of Z. marina)
(Bostrom et al., 2003). The model has been used efficiently in
recent spatial risk assessment of global change impacts on
eelgrass in Sweden (Perry et al., 2020). Satellite remote sensing
has been shown useful to assess eelgrass coverage down to about
5-6 meters depth on the Swedish Skagerrak coast (Envall and
Isaksson, 2012; Lundén and Gullstrom, 2013). In general, the
cover of soft-bottom vegetation decreases with increasing total
nitrogen concentrations and salinity (Wickstrom et al., 2016).
Eelgrass meadows along the Swedish west coast experienced
major declines over the period 1980s-2000s (Baden et al., 2003;
Nyqvist et al., 2009) due to the combination of eutrophication
and overfishing (Moksnes et al., 2008; Baden et al., 2010), and
climate change is emerging as an additional stressor with
increases in sea surface temperature, ocean acidification and
wind-driven turbid conditions likely to cause interactive negative
effects in risk areas in southern Sweden by the mid-end century
(Perry et al,, 2019; Perry et al., 2020).

Finland
There is no comprehensive area estimate of eelgrass coverage in
Finland, but habitat suitability models suggest a maximum of 30
km? (Downie et al., 2013; Bostrom et al., 2014). As no national
monitoring of eelgrass meadows exists, there are only few
examples of long-term dynamics of Finnish eelgrass meadows.
The available data suggest that these systems have been stable
over time i.e. 1970-1990 (Bostrom et al., 2002). Finnish eelgrass
meadows are often multi-specific, and eelgrass occurs here at the
physiological boundary and is thus particularly vulnerable.
Individual meadows are small, isolated clones with limited
geneflow typically reaching over thousand years of age (Reusch
et al., 1999; Reusch and Bostrom, 2011). The overall low reservoir
of genetic diversity in the northern Baltic Sea combined with
extremely limited sexual reproduction and inbreeding typically
lead to reduced fitness (Reusch et al., 1999; Olsen et al., 2004).
Thus, these populations are in urgent need of special
conservation efforts as they lack potential for rapid adaptation
and are likely to go extinct under extreme climate events.
Other submerged aquatic vegetation habitats that include
plants of freshwater and/or marine origin are potentially more
important BC habitats in Finland. These have been classified and
their status assessed (Lehtomaa et al., 2018). They include
habitats dominated by Potamogeton and/or Stuckenia
pectinata, Ranunculus spp., Zannichellia spp. and/or Ruppia

spp., Myriophyllum spicatum and/or M. sibiricum, and exposed
and sheltered habitats characterized by Charales and
Najas marina.

Macroalgae - Intertidal and Subtidal
Macroalgae represent the largest BC habitat of the Nordic region
with an estimated coverage of >10 000 km® (excluding area
estimates from Greenland, which are very uncertain, Frigstad
et al., 2021). Intertidal macroalgal habitats, largely defined by
tidal range and the occurrence of hard substratum, are most
conspicuous along the coasts of Greenland, Iceland, Faroe
Islands, Norway and SW Sweden. The microtidal rocky south-
and east coast of Sweden and the Finnish coast are also rich in
habitats of Fucus sp. (Rinne & Salovius-Lauren, 2020; Sahla et al.,
2020), which colonize the low-saline subtidal in addition to the
intertidal zone (Torn et al., 2006). Here they penetrate deeper
than in full marine settings because of reduced competition from
other macroalgae (Nielsen et al., 1995; Middelboe et al., 1997). In
contrast, most of the Danish coastline has only scattered stones
and narrow tidal range and therefore limited distribution of
intertidal macroalgal communities. The occurrence of subtidal
macroalgae largely follows the pattern described for the intertidal
habitats, i.e. dominating the rocky coastlines, although also
growing on stone reefs, e.g. in the Kattegat. Sandy seafloors
may also hold macroalgae such as Charales, floating macroalgae
as well as macroalgal communities on scattered stones and shells.
Overall, the macroalgal community of the region is characterized
by steep declines in species diversity along the Baltic salinity
gradient (Nielsen et al., 1995).

Greenland

Macroalgae occur along most of Greenland’s coastline, but
distribution records are relatively sparse, especially in the
northernmost regions (Krause-Jensen et al., 2020). The depth
limit and width of the belt of submerged macroalgae, dominated
by kelps, increase from north towards south as the length of the
open water period increases and more of the surface light
potentially reaches the seafloor (Krause-Jensen et al., 2012).
The deepest occurrence of kelps (> 60 m depth) is reported in
clear waters along open coasts and offshore islands (Krause-
Jensen et al, 2019). Intertidal macroalgae are also abundant
along the Greenland coast, with potential for high biomasses
even in northern regions (Hogslund et al., 2014; Orberg et al.,
2018; Sejr et al., 2021; Thyrring et al., 2021). Whereas no detailed
mapping of macroalgae in Greenland exists, a first, coarse, spatial
distribution model suggests a potential intertidal macroalgal
distribution area of about 33,000 km® and a subtidal
distribution area of 77,500 km? (Krause-Jensen et al., 2020).
Also, Frigstad et al. (2021) estimated the total coverage of dense
Saccharina latissima (sugar kelp) forests in Greenland to be
26,700 km? in a Nordic spatial model but emphasized that this is
an undocumented estimate with high uncertainties due to
unknown effects of sea ice cover, exposure, and substrate type.
Macroalgal distribution and production is hypothesized to
increase in parallel with increasing water temperatures and
declining sea ice cover (Krause-Jensen et al., 2020).
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Iceland

Rocky shores dominated by macroalgae cover 28% (280 km?) of
the intertidal in Iceland (Ottosson et al.,, 2016). Sheltered
intertidal areas that are dominated by A. nodosum cover >7%
of the total intertidal area and >25% of all low to moderate
energy littoral rocky shores. Breidafjordur in West Iceland
accounts for about 70% of intertidal areas (50 out of 70 km?),
dominated by A. nodosum according to habitat mapping done in
2012-2014 (vistgerdakort.ni.is, 2018). More recent, in-depth
studies expand this estimate to 91-107 km* (Gunnarsson et al.,
2019). Frigstad et al. (2021) estimated a total coverage of 495 km?
for rockweed and 2,328 km? for kelps, dominated by Laminaria
hyperborea (tangle kelp), based on a spatial model covering the
Nordic countries. No national monitoring of macroalgae exists
so long-term trends and dynamics are unknown.

Faroe Islands

Kelps are widespread on the rocky shores of the Faroe Islands,
and data from the FARCOS project in the 1990s (Bruntse et al.,
1999) were recently used to model the potential kelp distribution
around the Faroe Islands, predicting a coverage of 10 km® for
sugar kelp and 235 km? for tangle kelp (Table 1, Frigstad et al.,
2021). No estimates exist for the coverage of macroalgae in the
littoral zone of the Faroe Islands.

Norway

Rockweeds cover the intertidal shores and the shallow subtidal
areas along almost the entire Norwegian coast, with a total
coverage estimated (modelled) to be 3,090 km? (Frigstad et al.,
2021). Tangle kelp and sugar kelp are the two dominant species
that form large subtidal kelp forests along the Norwegian coast.
Tangle kelp is found in the wave-exposed areas and has been
mapped systematically by the National program since 2007
(Bekkby et al., 2013), estimated to cover 3,810 km? (Frigstad
et al., 2021). Sugar kelp forests colonize more sheltered areas,
often in fjords, bays and in inner parts of archipelagos, and are
mapped less systematically. These forests have been estimated to
cover 3,607 km® by Frigstad et al. (2021) and 5,355 km* by
Gundersen et al. (2021). Both estimates are adjusted for
destructive sea urchin grazing in northern Norway
(additionally 1592 km? of kelp forest is considered to be grazed
by urchins, Gundersen et al., 2021). Tangle kelp forests are in the
Norwegian “Red list” for habitats considered to be “near
threatened” in northern Norway due to the intensive grazing
by the green sea urchin Strongylocentrotus droebachiensis (Rinde
et al., 2014). Sugar kelp is listed as endangered due to sea urchin
grazing in the north and due to a combination of eutrophication
and increasing frequency and intensity of marine heat waves in
the south of Norway (Gundersen et al., 2018; Filbee-Dexter et al.,
2020). For sugar kelp in southern Norway, a combination of
increased water temperature and increased riverine inputs of
terrestrial organic matter (increased light attenuation and
sedimentation) has negatively affected the lower growth depth
limit over the last decades (Frigstad et al., 2018). This trend is
leading to a decrease in macroalgal area coverage, decreased
primary production, and a subsequent decrease in macroalgal
ecosystem services, including macroalgae-driven C-

sequestration (Filbee-Dexter and Wernberg, 2018; Wernberg
et al., 2019).

Denmark

Although most of the Danish seafloor is soft, macroalgae occur
on scattered stones along the shores as well as on offshore stone
reefs. As a component of the national Danish monitoring
program, the cover and species composition of macroalgal
communities are assessed nationwide along shoreline depth
gradients representing hard substratum, as well as on offshore
stone reefs, but a map of overall macroalgal distribution in
Denmark is lacking. However, recently, the area extent of
Fucus sp., which is dominant in the tidal zone, was quantified
for the Kattegat coast at about 54 km? based on analysis of aerial
photos supported by monitoring data and drone/field surveys in
test areas (Riemann et al., 2020). This area was upscaled to an
estimated distribution area of intertidal algae in Denmark at 397
km?, assuming similar area extent of Fucus per km of coastline as
for the Kattegat (Frigstad et al., 2021). The distribution area of
subtidal macroalgae in the Kattegat has been assessed at 1438
km? based on monitoring data, seafloor properties and modelling
(Oberg, 2006). Large uncertainties in the area of hard substratum
have so far prevented a reliable updated modeling of the subtidal
macroalgal area (Frigstad et al., 2021).

Several stress factors, varying in space and time, affect Danish
macroalgae. Vast macroalgal habitats have been lost due to
extraction of stones for construction, a conservative estimate
suggests that a total of 40 km?® of exposed stone surface was
removed from stone reefs in coastal Danish waters in the second
half on the 20" Century (Dahl et al., 2003) before the practice
was banned in 2010 (Dahl et al., 2016a). Bottom trawling for
mussels and fish has added to the loss of stones. Eutrophication
further limits the cover and diversity of both coastal and offshore
stone reef macroalgal communities through light limitation and
overgrowth by opportunistic species (Riemann et al., 2016).

Sweden
The area of hard bottom within the photic zone was modelled at
869 km?® and used as a proxy for the extent of subtidal
macroalgae (Hammar et al. 2018). The hard bottom model is
based on geological mapping surveys conducted by the
Geological Survey of Sweden (SGU). The model was set to 0.8,
which means that there is at least 80% probability of finding the
focal habitat in a pixel. In the Nordic model of Frigstad et al.
(2021), the total coverage of tangle kelp and sugar kelp in Sweden
were estimated at 127 and 858 km? respectively, all at the
Swedish west coast. The differences in area estimates for
subtidal macroalgae by the two models can e.g. be due to
different resolution of the models. For Fucus sp., the total
coverage in Sweden was estimated at 1335 km* using the same
approach as for Denmark, assuming similar area extent per km
of coastline as for the Kattegat (Riemann et al., 2020), excluding
the northern east coast of Sweden with known low distributions
of Fucus sp. (Frigstad et al., 2021).

Until today, there are no comprehensive overall estimates of
macroalgal distribution or change in cover in Swedish marine
waters. But long-term studies on depth distribution (based on
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annual surveys) of macroalgal zonation, cover and community
composition are available (e.g., Kautsky et al., 1986; Karlsson,
2007; Hammar et al. 2018) as well as scattered spatial surveys in
localized areas (e.g., Blomqvist and Olsson, 2007; Gullstrom
et al., 2009). A harmonized nation-wide macroalgae
monitoring program is, however, ongoing since 2019, which
aims to assess ecological status and spatiotemporal distribution
of macroalgae on the west- and east coasts of Sweden (led by
SWaM and following methodology in Lindegarth et al., 2016).

Finland

The Finnish Inventory Programme for the Underwater Marine
Environment (VELMU) has systematically made inventories of
macroalgae since 2011. Macroalgal monitoring started in 1993
and the monitoring of the lower depth limit of Fucus started in
2000. Based on habitat suitability modelling (GAM, EADM), the
Finnish coastline (including Aland Islands) today supports about
240-580 km? of Fucus (including F. radicans) compared to >1000
km? in 1900 (Sahla et al., 2020).

Overall

The review identified the known area extent of BC habitats in the
Nordic region, which was 1441 km? for salt marshes, 1,861 km?
(potentially >2,735 km?) for seagrasses (mainly eelgrass) and
16,532 km” (potentially 130,735 km?, including coarse
Greenland estimates) for macroalgae. This sums up to 19,833
(potentially as much as 134,910 km?) of blue forests in the
Nordic region (Table 1 and Figure 2A). Although the numbers
are associated with considerable uncertainty and contain major
knowledge gaps, the area of Nordic marine forests is substantial.
The overview reflects the increasing difficulty of mapping the
habitats as the water depth increases and conceals the vegetation.
Hence, actual distribution maps are very limited and the
difference between documented and potential areas is huge for
macroalgal habitats, which extend deepest among the BC
habitats. Especially for Greenland, Faroe Island and Iceland,
there is very limited documentation of area extent of BC habitats.
The various estimates also represent major differences in terms
of quantification of presence/absence versus dense vegetation,
key macroalgal species (e.g. sugar kelp) versus overall macroalgal
cover and regarding the pixel size and scale of the survey. Only
unified mapping approaches across the Nordic region, such as
the one carried out by Frigstad et al. (2021) offer direct
comparison across part of the region but depend on further
data input for data poor regions, such as Greenland. Whereas
there has been very limited Nordic focus on particularly salt
marshes in the BC context, Nordic EU member states quantify
salt marsh areas as part of the requirements of the EU
habitats directive.

In addition to the above-listed areas, EU member states report
the areas and status/trends of the EU habitats directive’s marine
habitat types, several of which contain meadows of eelgrass and
other rooted vegetation or macroalgae beds. However, in
opposition to the directive’s continental habitat types, the
marine habitat types are defined based on geomorphology (e.g.
“Estuaries, habitat type 1130”7, “Coastal lagoons, habitat type
11507 and “Large shallow inlets and bays, habitat type 11607)

and, hence, unfortunately, do not specifically target the
vegetated habitats.

It is important to underline that the above estimates of the
area of Nordic BC-habitats do not provide information on the
extent of manageable areas with regard to restoration or
protection against further loss and, hence, the extent of area
that is relevant for climate change mitigation policies.

C-STOCKS AND SEQUESTRATION IN
NORDIC BLUE CARBON HABITATS

Salt Marshes
Pioneering data on C-stocks and sequestration rates in Nordic
salt marsh sediments are available from Denmark and Norway
(Figure 2B and Table S5). C-stocks are 4228-8178 g C,q m for
the upper 43 cm sediment in three microtidal salt marshes along
the east coast of Jutland (Table 2, Graversen et al., 2022). C-
sequestration rates at the same sites are 17-45 g Cyq m? yr'!
(Table 3, Graversen et al., 2022). Sequestration rates of salt
marshes in the German Wadden Sea, likely also representative
for the Danish Wadden Sea, are quantified at 149 g C m™ yr™'
over a 50 yr period and 112 ¢ C m™ yr’" over longer term
(Mueller et al., 2019), i.e. higher than those for Danish microtidal
salt marshes. The estimates include the sequestration of both
autochthonous and allochthonous carbon. In Arctic Norway, C-
sequestration rates of five salt marshes are 19-603 g C m™ yr'’,
increasing e.g. with longer growing seasons; C-stocks in the
corresponding sediments are limited to 367-1379 g m~,
resulting from thin sediments, e.g. due to isostatic uplift
(Ward, 2020). In addition to the C-sequestration within the
habitats, there is also a scope for exported saltmarsh detritus
ending up in other sink habitats such as seagrass meadows.
The evidence is still insufficient to provide a reasonable
Nordic estimate of saltmarsh C-stocks and sequestration as the
few data points represent only about 10 sites spanning sediment
depths of 40-100 cm and showing 5-10 fold variation between
estimates; the estimates of area extent add further uncertainty.
Hence, the average sediment C-stock (3311 g C,,, m™>, Table 2)
and C-sequestration rate (142 g C,, m? yr’l, Table 3) multiplied
by the combined Nordic extent of salt marsh as quantified for
Norway, Denmark, Sweden and Finland (1440 km?, Table 1)
gives only a vague indication of the potential C-stock (4.77 Tg
Corg) and C-sequestration (0.20 Tg C,g per year, i.e. 0.75 million
tonnes CO,. yr'l), which need further validation.

Seagrass Meadows

Data on C-stocks in eelgrass meadows are available for sites in
Greenland, Denmark, Sweden and Finland (Figure 2B and Table
§5). C-stocks for the upper 10 and 25 cm sediments are 197-4413
and 364-5046 g Co.g m?, respectively, with higher stocks in the
western Baltic Sea than in the eastern Baltic Sea and Greenland
(Table 2, Rohr et al.,, 2018). The considerable variation in C-
stocks both between and within regions relate to factors such as
the degree of exposure and sediment characteristics with the
highest stocks in sheltered settings with fine sediments (Rohr
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TABLE 2 | Sediment organic C-stocks of Nordic BC habitats with indication of mean levels, standard deviation (sd), range, and number of observations (n).

Habitat type C-stock (g Corg m? Sediment depth
Country Mean Sd Range N (sites) (cm)
Salt marshes

Norway 629 335 367-1379 5x2* >100
Denmark 5992 1401  4228-8178 6 43
Eelgrass

Greenland 413 201 197-595 3 10
Norway 1453~ 217 1 25
Denmark 1013 820 155-4413 50 10
Denmark 4324* 1188 10 25
Sweden (W coast) 3806 1117  1221-5046 15 25
Sweden (E Coast)  490** 213 364-735 3 25
Sweden - all data 3253 1628  364-5046 18 25
Finland 627 286 138-1425 10 25

Reference

(Ward, 2020)
(Graversen et al., 2022)

(Marba et al., 2018)

(Rohr et al., 2018)

(Kindeberg et al., 2018A)

(Rohr et al., 2016)

(Dahl et al., 2016b; Dahl et al., 2020a; Dahl et al., 2020b; Moksnes et al., 2021);
(Dahl et al., 2016b)

(Dahl et al., 2016b; Dahl et al., 2020a; Dahl et al., 2020b; Moksnes et al., 2021)
(Rohr et al., 2016)

*Ward examined both high and low marsh at 5 sites. **Compaction not considered. Nincludes Rohr et al., 2016 data.
The depth of the sediment representing the C-stock is listed with associated reference. Lacking information for a given country/habitat type indicates that we are not aware of any data.

et al., 2016; Dahl et al,,
et al., 2020b).
C-sequestration in eelgrass sediments has solely been
quantified for meadows in Greenland (via Pb*'® dating) and
over the first two years of a Danish eelgrass restoration (by
repeated measure of sediment C-stocks in restored versus
reference areas) (Table 3). These estimates range from an
average of 5.1 g Corg m™ yr'' in Greenland to an average of
33 g Corg m™ yr'' associated with the eelgrass restoration in
Denmark (Table 3). Sequestration has also been estimated for
Danish and Finnish eelgrass meadows based on literature values
on sediment accretion multiplied by measured C-densities (Réhr
et al,, 2016). In comparison with the initial sparse data from the
Nordic region, a thorough recent study from the east coast of the
USA reported net C-sequestration rate for eelgrass meadows
(11.5 g Corg m™ yr'l) that is compensated for the flux of
greenhouse gasses (Oreska et al., 2020). Multiplying the
estimated Nordic extent of eelgrass (1861 km?, Table 1) by,
respectively, the average C-stock (2414 g C,rg m™, 25 cm depth,

2016b; Kindeberg et al., 2018; Dahl

Table 2) and the net C-sequestration rate (11.5 g Corg m~ yr'l,
Oreska et al., 2020), the total sediment C-stock is approximately
449 Tg Coyg and the sequestration rate 0.021 Tg C,,, per year
(corresponding to 0.08 million tonnes CO,. yr''). As for salt
marshes, these estimates are very coarse and preliminary and
need further validation.

Eelgrass also supports sediment C-stocks and C-sequestration
beyond the habitats (Duarte and Krause-Jensen, 2017) as first
documented by eelgrass tracer studies already a century ago,
which concluded that the organic matter of sediments in Danish
fjords then derived almost entirely from eelgrass (Boysen-Jensen,
1914). Moreover, findings of eelgrass in ancient sediments (5600-
6200 ca. BP) from Blekinge, in the SE Sweden, suggest the
capacity for sequestration over Millenia (Yu et al., 2004).

Macroalgal Habitats

Most macroalgae, including kelp and rockweed, attach to hard
substrates, such as rocks and stones, where organic matter does
not accumulate. Macroalgae export part of their photosynthetic

TABLE 3 | Sediment C-sequestration rates for Nordic BC habitats with indication of mean levels, standard deviation (sd), range and number of observations (n).

Habitat type = C-sequestration (g Crqg m2yr') Sediment depth Dating method Reference
Country Mean Sd Range N (site) (cm)

Salt marshes

Norway 253 190 19-603  5x2* 4.75-10.75 210pp (Ward, 2020)
Denmark 303 14 17-45 3 14-30 21%pp (Graversen et al., 2022)
Eelgrass

Greenland 5.1 48 1.3-105 3 Ca. 10 210pp (Marba et al., 2018)
Denmark 35.2 21-49 10 25 Not measured; sedimentation rate from literature: 2.02 mm yr’1 (Rohr et al., 2016)
Denmark 33 7.5N A A 15 Repeated measure (0-2 yr) in restoration site versus reference site  (Lange et al., 2022)
Finland 5.2 10 25 Not measured; sedimentation rate from literature: 2.02 mm yr’’ (Rohr et al., 2016)
Macroalgae (tidal and subtidal)

Norway 199~ 5 4 (1) 40 210py, (Frigstad et al., 2021)

*Ward examined both high and low marsh at 5 sites.

**C-sequestration as particulate organic matter buried in coastal shelf sediments and the deep-sea based on a mass balance approach (aka Krause-Jensen and Duarte, 2016).: The
estimate quantifies the macroalgal C-sequestration (which occurs beyond the habitat in adjacent soft sediments) relative to the macroalgal habitat area.
AStandard error, N not given, but representing detailed subsampling in large scale restoration plots.

We searched for data for each of the Nordic countries; hence if information is lacking for a given country/habitat type this indicates that we are not aware of any data. Sediment depth
represent the depths used in the quantification of sequestration rates. Given rates are for particulate organic carbon (POC) sequestration only. Norway: no sequestration rates for eelgrass
and other rooted vegetation. Sweden: Information exists only for eelgrass.
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production as particulate and dissolved organic carbon (POC
and DOC, respectively) to adjacent systems. This export
supports secondary producers in the sea or on beaches (when
washed ashore), while a small fraction is sequestered in C-sinks
in marine sediments or the deep sea (Krause-Jensen and Duarte,
2016, Quieros et al.,, 2019, Ortega et al., 2020). This variety of
export pathways and fates of macroalgal organic carbon makes it
complex to constrain carbon budgets and sequestration rates for
kelp and rockweed habitats. And because macroalgal C-
sequestration in sediments occurs beyond the habitat, estimates
are not directly comparable to those of sediment C-sinks in salt
marshes and seagrass meadows.

In the Nordic region, the first studies documenting
macroalgal export to sediment C-sinks are appearing. For
northern Norway, the export rate of kelp to adjacent and off-
shore sediments is quantified at levels close to the annual net kelp
primary production, implying that most of the primary
production is exported beyond the habitat. Part of this export
supports sediment C-stocks and sequestration (Filbee-Dexter
et al., 2018; Wernberg and Filbee-Dexter, 2018; Filbee-Dexter
et al., 2020; Pedersen et al., 2020). For example, isotopic tracers
show that macroalgae contribute to C-stocks in Danish eelgrass
sediments (Thormar et al., 2016), environmental DNA (eDNA)
document macroalgal C in coastal Greenland sediments (Orberg
et al., 2022), and eDNA supplemented with quantitative
polymerase chain reaction (QPCR) document that macroalgae
contribute to C-stocks and sequestration in coastal Norwegian
sediments (Frigstad et al., 2021). An ongoing global study with
Danish and Norwegian participation is quantifying the potential
contribution of macroalgal farming to C-sequestration in
sediments below the farms (www.oceans2050.com/seaweed).
But no peer-reviewed sequestration rates of neither farmed or
wild macroalgae are yet available from the Nordic region.

A first coarse, non-peer reviewed, estimate of the contribution
of Nordic (excluding Greenland) kelp and rockweed habitats to
C-sequestration was recently derived from the combined area of
Nordic kelp forests (10,990 km?) and rockweed beds (5,556 km?),
multiplied by an estimate of sequestration of Nordic macroalgal
POC per macroalgal habitat area (19.9 + 5 g C m™y™', Table 3,
Frigstad et al., 2021). This POC-sequestration estimate is based
on a mass balance approach similar to that developed for the
global estimate of macroalgal C-sequestration (Krause-Jensen
and Duarte, 2016) but with Nordic data on macroalgal NPP and
POC export. On this basis, the sequestration of macroalgal POC
in coastal shelf sediments and the deep sea was coarsely
estimated at 0.328 + 0.082 Gg Tg C per year (corresponding to
1.18 + 0.3 million tonnes CO,, yr'', Frigstad et al., 2021). This
first rough assessment needs further verification by peer-
reviewed regional empirical data.

All in all, our review documents considerable Nordic
information on sediment C-stocks of seagrass habitats, but
limited information on C-sequestration rates for seagrass
sediments and limited information on both sediment C-stocks
and C-sequestration rates for other Nordic blue carbon habitats.
While the compiled information represents sequestration of
POC, DOC from BC habitats may also contribute to C-
sequestration if being refractory or if exported to the deep sea

(e.g. Krause-Jensen and Duarte, 2016). Quantification of this
component is associated with large uncertainties and major
knowledge gaps about DOC export pathways, mineralization
and sequestration rates at both Nordic and global scales (Paine
et al,, 2021). Coarse estimates suggest that DOC may contribute
more than 14% of the total C-sequestration supported by
seagrasses and up to 67% of the total C-sequestration
supported by macroalgae (Krause-Jensen and Duarte, 2016;
Duarte and Krause-Jensen, 2017; Frigstad et al, 2021 and
references herein).

Another knowledge gap is the potential emission of
greenhouse gases (GHG) from Nordic BC habitats. Natural
GHG’s that might escape from Nordic BC habitats are
methane (CH,) and nitrous oxide (N,O), in addition of carbon
dioxide (CO,), which may reduce the net climate change
mitigation capacity (Al-Haj and Fulweiler, 2020). For eelgrass,
a recent study on Nordic eelgrass sediments showed only minor
emissions of methane (Asplund et al., 2022), and a study from
the east coast of the USA documented that restored eelgrass
meadows still represent a net sink of CO, (0.42 t CO,e ha™' yr™")
after including methane emission from the meadows (ca. 10% of
the sequestration, Oreska et al., 2020). For salt marshes, the tidal
regime as well as the salinity are important variables affecting the
potential fluxes of methane or nitrous oxide emission and,
thereby, the net C-sequestration capacity of marshes (Al-Haj
and Fulweiler, 2020; Arias-Ortiz et al., 2021). Non-tidal and
brackish salt marshes, such as those in the inner Baltic Sea, are
likely especially prone to methane or nitrous oxide emission.

In addition to their C-sequestration capacity, marine
vegetated habitats support a wide range of ecosystem functions
and services such as (1) provisioning of biodiversity, including
habitat and nursery grounds for economically important fish
(birds in salt marshes), (2) a coastal nutrient filter that mitigates
eutrophication, and (3) climate change buffering by natural
coastal protection, alleviation of ocean acidification, and
sediment accretion, (4) oxygen production, (5) protection of
cultural heritage, and (6) aesthetical values. These aspects have
received significant attention internationally (e.g. Costanza et al.,
2014; Nordlund et al., 2016; Ruiz-Frau et al., 2017; Narayan et al.,
2017) and will not be dealt with in any detail here. We solely
underline that such functions are also documented in Nordic BC
habitats (Table S6) and support the win-win aspect of the
protection and restoration of BC habitats also in the
Nordic region.

MANAGEMENT OF NORDIC BLUE
CARBON HABITATS

This section gives an overview of the management of Nordic BC
habitats in relation to protection against stressors, linking to the
outlined policies, and with examples of concrete restoration
initiatives. Most management addresses the BC habitats as
such or BC sinks beyond the habitats both of which affect the
capacity for climate change mitigation and adaptation as well as
co-benefits of BC habitats.
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Protection

Stressors differ somewhat between BC habitat types but include
eutrophication and shading from coastal darkening, land-use
changes/coastal development, physical disturbance from
fisheries, overfishing, trawling, dredging, dumping, anchoring
and harvest of macroalgae, as well as climate change (e.g.,Baden
et al., 2010; Baden et al.,, 2012; Bostrom et al., 2014; Reusch et al.,
2018; Frigstad et al., 2020; Krause-Jensen et al., 2021). Protective
measures involve nutrient management plans, establishment of
marine protected areas (MPAs) involving various controls on
fisheries, dumping and anchoring in BC habitats and in C-sink
areas beyond the BC habitats (e.g., Legge et al., 2020; Luisetti
et al., 2020). Protection also involves controls on harvest of
macroalgae as well as harvest/grazing as part of the protection
of saltmarshes.

Nutrient Management

Plans to reduce eutrophication are widely implemented across
the Nordic region, e.g. in response to the European directives
(WEFD, 2000; MFSD, 2008) and the HELCOM Baltic Sea Action
Plan (https://helcom.fi/baltic-sea-action-plan/nutrient-
reduction-scheme/targets/). In Denmark, for example, a first
national Action Plan for the Aquatic Environment was enacted
in 1987, followed by additional ones to achieve an overall
objective of reducing total nitrogen and total phosphorus
discharges by 50 and 80%, respectively. However, because 60%
of the country is intensely cultivated, nutrient loadings remain a
problem (Riemann et al., 2016).

Marine Protected Areas

MPAs in the Nordic region include sites designated under
national laws as well as under the Natura 2000 network of
nature protection areas. The latter encompasses Special Areas
of Conservation under the Habitats Directive and Special
Protection Areas under the Birds Directive (Figure 2C). Four
of the Nordic MPAs are appointed UNESCO Marine World
Heritage Sites: Surtsey (Iceland), West Norwegian Fjords -
Geirangerfjord and Nereoyfjord (Norway), Wadden Sea
(Germany/Netherlands/Denmark) and High Coast/Kvarken
Archipelago (Finland) of which the first three support
documented BC habitats (UNESCO, 2020).

The current proportion (in %) of “protected” marine area
varies across the Nordic region with 4.5% in Norway [Meld. St.
29 (2020-2021) - regjeringen.no], 9.8% in Finland, 12.8% in
Sweden and 15.2% in Denmark (https://biodiversity.europa.eu/
countries/). However, the 2021 Nordic ministerial declaration on
biodiversity, oceans and climate, the EU biodiversity strategy, the
first draft of the CBD post-2020 global biodiversity and the High-
level panel for a Sustainable Ocean Economy all support regional
and global goals of 30% MPAs.

The actual protection of habitats within MPAs also varies
considerably as the term “protection” is subject to interpretation.
For the Baltic Sea in general, trawling remains a major stressor
despite various controls (de Liedekere et al., 2020). In Denmark,
fisheries have been allowed in most protected areas except in the
Sound (@resund) and except for a zone of 200 m surrounding

stone reefs and bubble reefs, which implies that only about 2% of
the marine areas are protected from trawling; however, a new
marine plan aims to increase the targets. In NW Sweden, ~7% of
the eelgrass area is negatively affected by small-scale construction
of docks and marinas, even though habitats located less than
100 m from the shoreline are protected against exploitation by
national law, and ~50% of the eelgrass area is located within
protected areas (Eriander et al., 2017).

Under the Habitats Directive, salt marshes are designated a
habitat type and are therefore more directly protected than
eelgrass meadows and kelp forests, which just form part of the
habitat types “Large shallow inlets and bays”, “estuaries” or
“mudflats”. The Finnish Nature Conservation Act hence
protects coastal meadows but not (yet) eelgrass meadows. In
Iceland, national laws specify protection of mudflats and,
thereby, eelgrass and salt marshes.

Controls on Harvest of Marine Vegetation

The harvest of wild kelp (Laminaria hyperborea) in Norway
amounts to ~150,000 metric tons per year (Steen, 2018),
representing ~0.3% of the estimated standing stock of living
biomass (55 million metric tons, Frigstad et al., 2021; Gundersen
et al,, 2021). Usually, the Norwegian harvest area is ~6% of a
regional kelp resource (Norderhaug et al., 2020), but can exceed
75% at monitoring points (Steen et al., 2018). The harvested yield
has been stable for the past 30 years but is foreseen to increase as
the number of commercial actors have recently doubled (from 1
to 2). Kelp harvest is regulated by law and regulations, and the
Norwegian coast is divided into harvesting zones by latitude
minutes (1 nautical mile), where each zone is open for harvest
every 5-6 years, to allow for kelp regrowth. There is no upper
limit on biomass harvest by regulations, and each zone can
theoretically be depleted every 5 years. In practice, commercial
actors prioritize areas with a high biomass per area and bottom
conditions that fit the harvesting equipment. This often results in
a patchy harvest. Harvest may be restricted based on the outcome
of monitoring conducted half a year prior to planned harvesting.
If the commercial demand is increasing in the future, and more
efficient harvesting equipment is developed, macroalgae biomass,
habitats and ecosystems may be severely impacted without
further legislation.

The rockweed Ascophyllum nodosum is also harvested
commercially in Norway, with yearly landings around 20,000
metric tons (Directorate of Fisheries, Norway, www.fiskeridir.no/
tall-og-analyse/aapne-data). The Marine Resource Act does not
regulate this harvesting, as it largely takes place in the intertidal,
which is private property, and can be conducted with permission
from the landowners.

In Iceland, the harvest of macroalgae is mainly confined to
Breidafjorour. The harvest of A. nodosum amounts to 15,000-
20,000 metric tons per year and 4,000-7,000 metric tons for L.
digitata and L. hyperborea (Ingolfsson, 2010; Gunnarsson et al,
2019). The Marine & Freshwater Research Institute has advised
that the annual harvest 2018-2022 of A. nodosum in Breidafjordur
should not exceed 40,000 metric tons, or around 3% annually of
estimated rockweed biomass in the area (Hafro.is, 2018).

Frontiers in Marine Science | www.frontiersin.org

May 2022 | Volume 9 | Article 847544


https://helcom.fi/baltic-sea-action-plan/nutrient-reduction-scheme/targets/
https://helcom.fi/baltic-sea-action-plan/nutrient-reduction-scheme/targets/
https://biodiversity.europa.eu/countries/
https://biodiversity.europa.eu/countries/
http://www.fiskeridir.no/tall-og-analyse/aapne-data
http://www.fiskeridir.no/tall-og-analyse/aapne-data
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Krause-Jensen et al.

Nordic Blue Carbon

There is limited tradition for commercial exploitation of wild
macroalgae in Denmark, as well as in the Baltic Sea in general,
but a significant harvest of pristine communities of the drifting
red algae Furcellaria lumbricalis took place in the central
Kattegat in the 1940-1960s and decimated the population
(Schramm, 1998; Weinberger et al., 2020).

For salt marshes, overgrowth and shadowing by tall grass (e.g.
reeds) is being managed by grazing and hay harvest to increase
biodiversity. In Denmark, around two thirds of the total area of
mapped salt marshes (2016-2019) is managed by such practices.
In Finland, abandonment of traditional agricultural activities
(Lehikoinen et al., 2017) has rendered boreal coastal meadows
endangered (Schulman et al., 2008), and the conservation status
under the EU Habitats Directive was assessed as unfavorable or
bad in 2007 and 2013. However, due to new management efforts,
the total area of Finnish salt marshes has now increased from 60
to 62 km? and further supporting initiatives are in place via
national funding (strategic nature conservation, restoration and
management programme HELMI, 2020-2030) and EU funding
(LIFE-project CoastNet LIFE, 2018-2025).

Restoration

The Nordic region holds several examples of active restoration of
salt marshes, eelgrass meadows and kelp forests. Restoration can
supplement protective measures and facilitate or speed up the
natural recovery process. Below, we briefly summarize
restoration techniques and provide (non-exhaustive) examples
of restoration initiatives in the region (Figure 2D and Table S7).
The Nordic restoration examples are typically individual projects
that are not part of a coordinated large-scale effort and there is, as
yet, no coordinated follow-up on restoration success, planning
and guidance at national or Nordic scale.

Salt Marsh Restoration

As many former salt marsh areas were transformed to agriculture
land by dikes, drainage and pumping, removal of these structures
to reestablish the natural hydrology forms direct restoration
measures. Such restoration links to “managed coastal
realignment”, which is a new coastal protection strategy
integrating coastal and nature protection by removing or
abandoning coastal protection measures to reestablish natural
processes and dynamics (Schernewski et al., 2018). There are
examples from e.g. the southern Baltic Sea (Germany) and
Denmark (Tryggelev Nor) (Karnauskaite et al., 2018) citing the
database “Our Coast” and the European Maritime Spatial
Planning (MSP) platform database (www.msp-platform.eu).
However, as saltmarshes are not necessarily positively
conceived by the public, and engineering solutions to coastal
protection are probably more generally acknowledged, there is a
need for thorough public communication and involvement to
build confidence and develop best practices (Stewart-Sinclair
et al., 2020).

Eelgrass Restoration

Over the past decade, several eelgrass restoration efforts have
been undertaken in the Nordic region (Figure 2D and Table S7).
The activities have benefitted from international experience,

which highlights (1) the need for careful site selection so that
restoration takes place where eelgrass eelgrass used to grow and
where habitat requirements are presently fulfilled, (2) the
importance of sufficient spatial scale of the restoration to
increase the chance of building resilience in the new patches,
and (3) ensuring sufficient time perspective (years) for
monitoring the effects of the restoration (Bayraktarov et al,
2016; van Katwijk et al, 2016; Orth et al,, 2020). Persistent
Nordic restoration efforts confirm these recommendations and
provide best practices for site selection and full-scale restoration
(e.g. Moksnes et al., 2016; Lange et al., 2022). The most successful
Nordic eelgrass restorations have involved eelgrass transplants
rather than seeds, and have sometimes involved anchoring of
shoots, stabilization of sediments by protective structures,
sandcapping, enclosures to avoid bioturbation, traps to reduce
crabs, or co-restoration with blue mussels in order to facilitate
eelgrass survival and growth (Moksnes et al., 2016; Gagnon et al.,
2021; van der Heide et al., 2021, Flindt et al., 2022; Lange et al,,
2022) (Table S7). Target areas for restoration have been
identified by modelling where eelgrass habitat requirements are
fulfilled (e.g. Canal-Verges et al,, 2016; Flindt et al., 2016)
supplemented with further site inspection and transplantation
trials (Lange et al., 2022). However, because eelgrass restoration
is labor intensive, costly and with no guarantee of success,
protection of existing meadows is a management priority
(Moksnes et al., 2016).

Macroalgal Restoration
The main threats to macroalgae include but are not limited to
removal of anchoring stones, aggressive fishery practices, and
destructive grazing by sea urchins. In the cases of macroalgal
habitat loss due to removal of stones, restoration of the habitat
requires the establishment of new reefs. The Blue Reef project in
the Kattegat (www.bluereef.dk) represents a successful example
of macroalgal restoration. The experience gained from this and
other projects led to a manual on best practices (Dahl et al,
2016a) and has inspired additional projects in Danish coastal
waters (e.g. in Als Fjord and Limfjorden, and planned projects).
Restoration of macroalgae on barren grounds after
destructive grazing by sea urchins has been carried out along
the Norwegian coast by removing sea urchins, transplanting
Laminaria hyperborea and Saccharina latissima kelp, planning
sites of action taking interactions with other species, such as
crabs, into account (Christie et al., 2019 and references therein).
Based on this work, a strategy on how to recover kelp ecosystems
from urchin barrens has been developed (Verbeek et al., 2021).
“Green gravel” (i.e. small rocks seeded with kelp) has also
recently been applied to restore sugar kelp (Fredriksen et al,
2020). The project MERCES has restored macroalgal habitats
across Europe and concluded that active intervention (such as
sea urchin removal) is required if the cause behind the habitat
degradation and loss is not dealt with at a broader overall scale
(Bekkby et al., 2020), e.g. by ensuring that intact fish populations
control the sea urchin populations (Norderhaug et al., 2021).
Internationally, Japan has the longest experience on macroalgal
restoration including transplantation of kelp and removal of sea
urchins, and their practice with country-wide restoration teams
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TABLE 4 | Proposed Nordic science and management roadmap for Blue Carbon.

Science roadmap

* Establish maps of past and current area distribution of Nordic BC habitats and define strategies for future mapping, e.g. remote sensing techniques (satellites,

airplanes, drones) and distribution modelling supported by field observations

* Further quantification of BC stocks, sequestration rates, export pathways and overall carbon transport rates between sources and sinks. This also involves

increased understanding of BC sinks beyond BC habitats

* Estimate the potential of BC strategies to increase BC areas and associated BC gain via protection, restoration, and macroalgal farming, and identify key target
areas for BC strategies based on knowledge on historic distribution, habitat suitability and connectivity

* Quantify co-benefits of Nordic BC strategies for ecosystem biodiversity, ecological status and other Ecosystem Services

* Database on Nordic BC restoration projects and associated synthesis and evaluation ofrestoration success and influencing factors

* |dentify ecological effects of seaweed/kelp farming and produce sustainability guidelines in order to support benefits and avoid negative effects

* Quantify effects of climate change and its interaction with other stressors on BC habitat distribution and ecological status; and identify vulnerable habitats

Management roadmap

The management road map must be closely connected with the science agenda. Its principal duty includes but is not limited to:
* Ensure integrated/holistic management of BC habitats across sectors/ministries (i.e. climate, coastal protection, biodiversity, eutrophication, fisheries) to

address both the diversity of stressors and the full suite of benefits of BC habitats

* Coordinate mapping of BC habitats for monitoring status and trends, and target management actions
* Promote protection of BC ecosystems as a means to prevent further loss of BC habitats and associated BC stocks accumulated over long timespans (both BC-

habitats and BC-sinks)

* Promote protection of C-sinks beyond BC habitatsby creating “carbon protecting zones” in areas of high organic C-burial in the shelf or open ocean sediments

(cf. Diesing et al., 2021).

* Define science-based target areas for restoration and facilitate implementation of restoration initiatives

* Establish a database for Nordic BC data that is linked to existing data collection efforts.

* Facilitate sustainable macroalgal farming via protocols and sound application/approval procedures

* Promote climate-smart management strategies for the protection and restoration of BC habitats (including compounding impacts of climate with other stressors)
* Data collected and strategies recommended through the BC Roadmap should align with and feed into requirements for BC habitat integration into Nordic
countries’ Nationally Determined Contributions (NDCs) under the Paris Agreement (both for climate mitigation and adaptation commitments) and

national GHG inventories.”

* Establish a Nordic BC task force to lead coordination, provide technical guidance, promote knowledge exchange, and provide best practices.

* In addition to national scale climate commitments, voluntary carbon markets offer long-term private sector financing for climate mitigation at sub-national scales. The compliance markets
are also gaining traction with the recent approval of Article 6 at COP26, which allows for nature-based carbon credits to be traded between countries. Existing methods such as the Verified
Carbon Standard (VCS) - overseen and managed by Verra - provide access to carbon markets for the conservation and restoration of salt marshes, seagrasses and mangroves.
Unfortunately, there is currently no methodology for macroalgae. Also, despite a methodology being available for seagrasses, no seagrass restoration project has been validated to date
under Verra, probably due to the complexity of carbon flows and fluxes in the system and eelgrass restoration is relatively “new” compared to mangrove restoration.

Keywords are highlighted in bold.

including fishermen (Watanuki et al., 2010; see also annex of
Duarte et al., 2020) may inspire similar action in the
Nordic region.

Macroalgal farming could potentially benefit wild macroalgal
forests by leading to reduced harvest of wild macroalgae.
Moreover, sustainable macroalgal farming may contribute
associated ecosystem services, including uptake of excess
nutrients, and supporting C-sequestration and reduced
emissions, provided that the farming follows best practice
sustainability standards (Duarte et al,, 2022). Sustainability
standards are needed to avoid potential negative effects of the
farming such as competition of resources or physically damaging
native habitats, and/or spreading of non-native strains
(Campbell et al., 2019). Verified standards for C-accounting
and C-offsetting connected with seaweed farming are also
lacking and would require challenging and careful
documentation (Hurd et al., 2022). The interest in the
exploitation of macroalgae through harvest of living biomass
and beach cast as well as via seaweed farming is on the rise both
in the Nordic Atlantic region and the Baltic region, although the
low salinity of the Baltic Sea presents suboptimal growth
conditions for most species (Weinberger et al., 2020; Aratjo
etal, 2021). Among the Nordic countries, Norway has the largest
number of seaweed farms (>27) and a large potential for
macroalgal cultivation both inshore and offshore (Broch et al.,

2019). The Norwegian seaweed cultivation industry is predicted
to reach 4 million metric tons annually by 2030 and 20 million
metric tons annually by 2050 (Olafsen et al., 2012). Macroalgal
cultivation is also taking place in Denmark (6 farms), Faroe
Island (2 farms), Greenland, Iceland and Sweden (one farm in
each area) (Araujo et al., 2021).

KNOWLEDGE GAPS IN NORDIC BLUE
CARBON SCIENCE AND MANAGEMENT

Scientific BC knowledge gaps include incomplete information on
habitat area, changes in area, C-stocks, and C-sequestration rates
and C-fluxes/budgets in general, including emission of methane
and nitrous oxide. Another important information gap is to what
extent it is possible to increase the C-sequestration of Nordic BC
habitats via restoration and via protection against further loss,
and thereby contribute to climate change mitigation. This is
particularly the case for macroalgae for which information is
lacking in each of the listed components, which prevents
inclusion of macroalgal restoration and protection in BC
policies. Salt marshes are also largely overlooked in BC context
with very limited information on C-stocks and sequestration in
the Nordic context, although areas are being assessed according
to requirements of the Habitats Directive where this is relevant.
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The degree of success of restoration projects and their resulting
ecosystem effects on C-sequestration are also poorly quantified as
are large-scale ecosystem effects of macroalgal farming.
Moreover, the effects of climate change on BC habitats need
further exploration, both regarding plant communities, their
performance and vulnerability, and regarding BC stocks and
decomposition rates. These gaps limit both the possibility to
quantify the climate change mitigation potential of Nordic BC
habitats and their role in marine C-budgets at the Nordic scale.
However, the recently completed Nordic Blue Carbon project
provided, as mentioned, a major step forward in this direction
for eelgrass and macroalgal communities (Frigstad et al., 2021).
A recently initiated Nordic collaboration on salt marshes
(“NordSalt” funded by EU) will increase the knowledge on
Nordic salt marsh distribution, dynamics, C-storage,
and management.

Managerial gaps include lacking a Nordic BC managerial
roadmap, poor/unclear protection status of BC habitats, and
limited focus on integration of management across sectors (e.g.
environment/fisheries/climate/food), including optimizing
management measures in the face of climate change.
Regarding effects of climate change on the habitats, there is a
need for considering projected changes in habitat extent and
species ranges in relation to global change scenarios for the
Nordic region. Perry et al. (2020) identified some areas in
Sweden particularly vulnerable to combined global change
effects, which should be considered in management schemes.
Also, shallow Danish eelgrass meadows are more vulnerable to
warming than deeper, cooler areas and management should
facilitate the colonization of deeper areas by continued nutrient
load reductions and prevention of mussel trawling (Krause-
Jensen et al., 2021). Regarding potential effects of the habitats
on the climate, there is only scattered knowledge on the
mitigation potentials of Nordic BC habitats in terms of climate
change mitigation and co-benefits (Gundersen et al.,, 2016;
Frigstad et al., 2021).

Last but not least, further integration across sectors is needed,
both science-management integration, integrated management
of stressors to increase protection against eutrophication,
physical damage as well as climate change, and integrated
management of the functions of BC habitats in relation to
biodiversity, climate change mitigation and adaptation, and
nutrient filter effect.

A NORDIC BLUE CARBON ROADMAP

The Nordic Blue Carbon project (nordicbluecarbon.no, Frigstad
et al., 2021) recently highlighted policy recommendations, which
we support and expand by also including salt marshes: “This
group of scientists [.] urges for immediate and concerted policy
actions to safeguard the Nordic Blue Carbon habitats, such as salt
marshes, seagrass meadows, kelp forests and rockweed beds,
especially through increased protection of coastal ecosystems by
establishing marine protected areas and by increased efforts in
reducing human pressures, such as nutrient pollution,

overfishing and habitat fragmentation. There is enough
scientific evidence to underpin the importance of these coastal
ecosystems to support this call for action.” A similar message
“Blue Carbon can’t wait” was also recently communicated as an
editorial of the Science magazine (Douvere, 2021).

We propose a Nordic Blue Carbon roadmap for science and
management along with a regional task force of Nordic experts to
increase coordination and knowledge sharing, close the
identified knowledge gaps, secure scientific data, and support
the management of Nordic vegetated coastal and marine habitats
as nature-based solutions to climate change with co-benefits for
biodiversity and ecosystem health (Table 4). The science- and
management roadmaps must be tightly connected, and linked to
efficient communication to raise awareness to stimulate public
and policy interest and involvement.

Among the key actions needed is to generate more evidence
to understand and constrain the huge variability in C-storage
and climate change mitigation potential of the Nordic BC
habitats and understand how it varies along the steep
environmental gradients. This involves better quantification
of both areas and C-storage, as well as predictive models for
the long-term C-storage capacity. Recent advances in remote
sensing techniques (satellites and flying drones) facilitate
large-scale spatial monitoring and enables mapping and
monitoring of (at least the shallow) vegetation belts at
Nordic scales, but further improvement is needed Future BC
strategies should also identify the best methods and key target
areas for restoration and protection based on historical
distribution and habitat suitability in present and future
climate scenarios, and have focus on habitat connectivity to
guide. In addition, we recommend to explore the potential for
including BC habitat in the Nordic countries’ NDCs or
national greenhouse gas inventories. Importantly, such
initiatives should supplement and not reduce efforts to cut
fossil GHG emissions. While IPCC guidelines exist for seagrass
and saltmarsh habitats, they are still missing for macroalgae
(the brown algae being most relevant to the Nordic region),
and a further action point is to support the development of
macroalgal BC guidelines (Table 4).

The large attendance of both scientists, managers and policy
makers to the Nordic BC meeting in Copenhagen in 2019 already
then demonstrated the scope for a Nordic BC collaboration and
the relevance of a Nordic BC roadmap (Table $8). The work
discussed here shows that while progress is being made and there
is recognition that more data collection and dissemination is
needed, there remains key knowledge gaps and challenges to
realizing the full climate benefit and co-benefits of Nordic BC
systems. Blue Carbon is clearly a concept at the intersection of
science and policy, stressing the need of good science to advise
and guide policy that will lead to climate mitigation, adaptation
through conservation and restoration of these ecosystems. A
strategic roadmap, supported by a formalized Nordic BC
platform that provides coordination, prioritization, and
knowledge exchange etc., will be essential in generating future
joint Nordic BC collaborations and solutions towards climate
change mitigation.
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