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EXECUTIVE SUMMARY

This report was commissioned by the North Sea Wildlife Trusts, Blue Marine Foundation, WWF
and the RSPB to assess the extent, scale, distribution, and potential of the current blue carbon
sinks in the English North Sea (i.e. seabed sediments, saltmarsh, kelp forests, seagrass beds
and biogenic reefs). The focus was to i) review the current extent and distribution of each blue
carbon habitat, ii) estimate the quantity of carbon currently stored within these habitats, iii)
establish the average net sequestration rate (i.e. gC m2yr?), and iv) estimate the potential net
total sequestration (i.e. gC yr?) of each blue carbon habitat.

This analysis synthesises and reviews the most up-to-date scientific literature on fixation,
processing, and storage of carbon in the English North Sea, including within Marine Protected
Areas (MPAs). Carbon stock densities and rates of production and storage are combined with
measures of habitat area to give estimates of total carbon stored in blue carbon habitats and
their associated sediment stores. The results are intended to inform management decisions
and identify opportunities to enhance the seabed and their carbon sequestration potential.
Evidence of this nature will contribute to explore the potential of the English North Sea Marine
Protected Area (MPA) network to help mitigate against the effects of climate change.

Extents of blue carbon habitats for the North Sea region were derived from available sources.
These include the EUNIS level 3 combined map from JNCC, Natural England Marine Habitats
and Species Open Data, and recently published estimates of organic carbon (OC) and
inorganic carbon (IC) stocks in surface sediments (Smeaton et al., 2021). Where maps of
coastal habitats based on surveys were not available, including kelp and seagrass, extents of
these habitats were estimated from models.

Limitations of the estimates produced here link primarily to poorly constrained spatial extents
of blue carbon habitats at the scales required for this report. For some habitats (intertidal and
subtidal sediments), confidence in observational understanding of long-term sequestration is
very low, as is that for transport and fate of carbon from macroalgae. Kelp forests in the region,
for example, have received little attention compared to the rest of the United Kingdom.
Furthermore, the science of understanding the effects of physical disturbance (including
trawling) and climate change on these systems is very much in its infancy and new
developments will allow a much better-informed outlook for the fate of these stocks and
accumulation rates in a changing world and under varying management scenarios.

Direct comparison between these North Sea carbon stores and those in terrestrial vegetation
and soils are fraught with difficulty. Carbon stock sizes (MtC) and density per unit area (t/km?)
are assessed differently, over different areas of habitats, and different timescales for storage
of reported stocks. Carbon in living material may persist for years or decades, while that buried
in soils and marine sediments may last for 100s to 1000s of years. Such lack of comparability
renders straight numerical comparisons nearly meaningless. This is even more of a problem
when comparing marine and terrestrial stocks, where soils and sediments and the nature of
vegetated habitats are so radically different from each other. Depths of soils considered are a
vital consideration. Here we consider marine sediments to a depth of only 10cm, while carbon
in terrestrial soils is often reported to depths, typically 30cm to a metre or more. Given these
caveats, conclusions that the total carbon reported for the area is 19% of that in UK forests
(101 Mt vs 529 Mt) should be treated with extreme caution.



Main Findings

In total, 37.4 million tonnes (Mt) of organic carbon (OC) stocks are found in the region,
with 98% of that total stored in sublittoral mud and sand/mud seabed sediments. The
2% (0.8 Mt) of organic carbon found within coastal vegetated blue carbon habitats is
predominantly stored in the soils of coastal saltmarshes (76%), with sediment in
seagrass beds (16%) and living kelp biomass (8%) forming the remainder. Seabed
sediments are thus by far the most important habitat for carbon storage in the English
North Sea. However, it is important to note that this analysis considers only surficial
sediments, accounting for the top 10 cm of the seabed, and therefore represents a
fraction of the overall carbon stored in the full thickness of these sediments. While blue
carbon habitats (kelp beds, intertidal macroalgae, saltmarshes and seagrass beds)
form only 0.5% of the total area of the region, they disproportionately hold 2% of the
total organic carbon stores. Furthermore, 63.0 Mt of inorganic carbon (IC) was
estimated within the study area, primarily stored as shell material.

The MPAs in this study cover over 57 000 km?, representing 50% of the English North
Sea. Stocks of carbon within the MPA network are estimated to hold 19.4 Mt of organic
carbon, accounting for 51.9% of the total organic carbon stores in the region, and 26.5
Mt of inorganic carbon, or 42.1% of the total stored across the study area. The network
was not initially designated for carbon stocks or storage potential, however, the
proportion of organic carbon stocks contained within MPAs (51.9%) is largely in line
with the percentage of the study area (50.3%). Inorganic carbon stocks contained
within the network account for a smaller proportion (42.1%), as it does not cover areas
with the largest stock densities (e.g., coastal regions of the English North Sea).

Annually, an estimated 1.27 Mt of organic carbon is added to sediment stores across
the study area, predominantly within mud and sand/mud seabed sediments. Blue
carbon habitats (e.g., kelp beds, intertidal macroalgae, saltmarshes and seagrass
beds) store a considerably smaller fraction of this (0.077 MtC/yr; 6% of the total annual
value, albeit at a higher rate per unit area), with saltmarsh soils dominating (95%) the
accumulation among blue carbon habitat stores. However, this accounts for the
standing stock of macroalgae only, which also contribute to carbon storage through
subsequent loss and transport of biological material to seabed sediments.

Growth and reproduction of plant material, with subsequent losses and transport to
stores in the seabed, are the primary mechanism for removal of CO; by the marine
ecosystem in the region. Unlike rates of plant growth, the proportion of plant detritus
that reaches storage considered relevant over climatically relevant time-periods is
poorly known. Adopting values typically used in ecosystem models, we used a value
of 10% of plant material produced to predict the fraction of organic carbon transported
from standing stocks and stored within seabed sediments. Under this assumption, 0.94
MtCl/yr is thought to be added to the particulate organic carbon (POC) pool each year
for transport and incorporation into stores.

Production of organic carbon by plants in the region is dominated by phytoplankton
(0.93 MtClyr), with much smaller fractions by kelp (12 600 tC/yr), saltmarshes (1 800
tC), seagrass beds (1 400 tC) and intertidal macroalgae (900 tC/yr). Additionally,
biogenic reefs are extensive in the region, particularly the subtidal tubeworm Sabellaria
spinulosa, but such areas are similar to surrounding sediments in their ability to store
carbon.

As stated above, the English North Sea is estimated to store 100.4 Mt carbon (37.4 Mt
of organic carbon and 63.0 Mt of inorganic carbon), which equates to 880 tC per km?.
To put this into context, UK forests are estimated to store 529 Mt carbon, or for
comparison on a per unit area basis, 5 500 tC per km? (Table 14). Given the problems
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with such comparisons, marine sediments may be likely to represent a greater
proportion of the UK total under future revised and aligned accounting methods.

Integrating the understanding of carbon storage provided by marine habitats into
decisions relating to marine management would potentially improve the protection
provided to these habitats and enhance their capacity to act as carbon sinks. In some
cases, where blue carbon habitat is covered by an existing MPA, management
measures that have the specific objective of protecting or restoring habitat containing
these stocks can be considered alongside primary biodiversity considerations as
potential Nature-Based Solutions (NBS) to climate change.

The main threat to organic carbon stores is physical disturbance of the seabed, for
example from demersal fishing activities, deployment of moorings and installation of
offshore energy platforms, but the net effects are highly uncertain. Climate change,
specifically ocean acidification caused by increased CO; concentrations, is likely to
have mixed effects on blue carbon capture and storage, negatively impacting on
calcareous organisms (that build carbonate skeletons) and carbonate sediments, but
potentially benefitting photosynthetic species (such as kelp or other macroalgae).
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INTRODUCTION

Rationale and structure of report

In this report, a habitat-oriented approach is used to assess marine carbon stores in the English
North Sea and its Marine Protected Areas (MPAs). “Blue carbon” habitats are broadly
considered here as essentially all those habitats with significant contributions to the fixation
and storage of carbon. Such habitats present in the area are identified and reviewed for their
potential to fix and store (sequester) carbon, focussing on the ecology of the key carbon-fixing
and habitat-forming species, the dynamics of physical habitats, and quantitative estimates of
stocks and rates of carbon fluxes. Exports and imports from these habitats, threats to stocks
and fluxes as well as the potential of restoring lost habitats to improve carbon storage and
sequestration. Habitat reviews (Section 2) have identified sources of information on known and
predicted habitat extent and combined these into maps and associated GIS data files. This
collected information is used to synthesise an ecosystem-scale carbon inventory of the key
rates and ultimate sequestration capacity of each habitat. The resulting synthesis and
assessment of carbon sequestration capacity will guide conservation and restoration efforts in
the region.

Assessing carbon sequestration and storage in the region follows the sequence of combining
estimates of area with area-specific rates of production, loss, import and export of carbon, and
thence area-specific rates of sequestration, to give area-integrated estimates of the total
amount of carbon locked away by biological activity in the coastal zone. The approach follows
that of successful and widely used audits of carbon storage and sequestration processes,
primarily the review of Scotland’s blue carbon stocks (Burrows et al., 2014). This was the first
national assessment of its kind, and remains the primary source for information on carbon
stocks in the area as habitat-specific estimates continue to be revised (Turrell, 2020).
Partitioning blue carbon stocks and processes among MPAs in Scotland informed the role of
MPAs in protecting the capacity of coastal seas to sequester carbon (Burrows et al., 2017).
Integrating the contribution of UK coastal areas with European shelf waters recently produced
a continental shelf-wide assessment of carbon dynamics (Legge et al., 2020) and the first
complete mapping of sedimentary carbon across the UK EEZ (Smeaton et al., 2021).

Primary information on the area and location of blue carbon habitats and associated sediment
stores have been compiled from existing habitat maps, building on the data sources used in
recent reviews of blue carbon by Natural England (Gregg et al., 2021), Defra/Cefas (Parker et
al., 2020), and the contribution of MPAs to the protection of carbon stocks (Flavell et al., 2020).
Where observed data do not give the extent of habitats or patterns of carbon stored directly,
estimates from the predictions of statistical models of habitat suitability (Burrows et al., 2018,
Kettle et al., 2020, Wheater et al., 2020) and carbon types stored (Diesing et al., 2017,
Smeaton et al.,, 2021) based on relationships between known records and data layers for
physical and biological drivers of species distributions and carbon stored by sediments. Such
estimates have been reported for the whole region and for focal areas including MPAs,
highlighting where natural processes result in hotspots for carbon storage, and where these
hotspots may be especially susceptible to remobilisation and oxidation through anthropogenic
activity, such as trawling and renewable energy developments, and natural processes such as
wave-resuspension and river-derived plumes.

Carbon budgets and carbon stores for each blue carbon habitat in the report use the available
information on extent and biomass. Net sequestration capacity (gCm2yr?) of each habitat
depends on the balance of processes of net production as reported in the relevant habitat
review sections (Section 2) and synthesised in Section 4.7.
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The occurrence and extent of blue carbon habitats and sediment stores in Marine
Conservation Zones (MCZs), Special Areas of Conservation (SACs) and Special Protection
Areas (SPAs) are evaluated and combined with existing work on the contribution of habitats
within MCZs (Flavell et al., 2020). The report thus gives a breakdown of carbon stores and
sequestration capacity within 26 MPAs (Table 1, Figure 1), hereby referred to as the English
North Sea MPA network.

Table 1. A list of the MPA network investigated within this study (in alphabetical order).

Number Name Designation
1 Alde, Ore and Butley Estuaries SAC
2 Aln Estuary MCz
3 Berwick to St Mary's MCZ
4 Berwickshire and North Northumberland Coast SAC
5 Coquet to St. Mary's MCzZ
6 Cromer Shoal Chalk Beds MCz
7 Dogger Bank SAC
8 Farnes East MCZ
9 Flamborough Head SAC
10 Fulmar MCz
11 Haisborough, Hammond & Winterton SAC
12 Holderness Inshore MCz
13 Holderness Offshore MCz
14 Humber Estuary SAC
15 Inner Dowsing, Race Bank and North Ridge MPA SAC
16 Markham’s Triangle MCz
17 North East of Farne Deeps MCz
18 North Norfolk Coast SAC
19 North Norfolk Sandbanks & Saturn Reef SAC
20 Orford Inshore MCz
21 Orfordness - Shingle street SAC
22 Runswick Bay MCz
23 Southern North Sea SAC
24 Swallow Sands MCz
25 The Wash and North Norfolk Coast SAC
26 Tweed Estuary SAC

13
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1.2 Project objectives

The main purpose of this report is to provide and assess the extent, scale, distribution, and
potential of the current blue carbon sinks in the English North Sea (i.e. saltmarsh, kelp forests,
seagrass beds, biogenic reefs, seabed sediments). The specific focus was to

Review the current extent and distribution of each blue carbon habitat.

Estimate the quantity of carbon currently stored within each blue carbon habitat.
Establish the average net sequestration capacity (i.e. gC m-2yr?) of each blue carbon
habitat.

Estimate the potential net sequestration (i.e. gC yr?) of each blue carbon habitat.
Further develop analytical methodology and approaches (based on the work
undertaken in Scottish inshore waters) that can be replicated on a wider UK scale.

The results are intended to inform management decisions and identify opportunities to
enhance the seabed and their carbon sequestration potential. Evidence of this nature will
contribute to explore the potential of the English North Sea MPA network to mitigate against
the effects of climate change.

1.3 Project outputs

1.3.1 Inventory of existing carbon stocks for English North Sea blue carbon habitats and
associated sediment stores

The completed inventory is summarised in section 4.7.

1.3.2 Maps and GIS datasets giving storage potential

Datasets used in this study are publicly available, except for minor modelled extents used for
comparative purposes. These include the EUNIS level 3 combined map from JNCC?, Natural
England Marine Habitats and Species Open Data?, and organic carbon (OC) and inorganic
carbon (IC) stocks following the methodology of Smeaton et al. (2021)3.

1 https://incc.gov.uk/our-work/marine-habitat-data-product-eunis-level-3-combined-map/

2 https://data.gov.uk/dataset/bfc23a6d-8879-4072-95ed-125b091f908a/marine-habitats-and-species-open-data

2 https://data.marine.gov.scot/dataset/organic-and-inorganic-carbon-content-surficial-sediments-within-scottish-adjacent-waters
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2.1

2.11

REVIEWS OF BLUE CARBON HABITATS

This section reviews the carbon production, storage and sequestration potential for each blue
carbon habitat based on existing literature and data. The glossary (Section 7) explains
technical terms used here.

Intertidal and subtidal macroalgae

Intertidal species

Large canopy-forming fucoids are likely to make the largest intertidal contribution to carbon
production and loss. Based on habitat suitability modelling this macroalgal group can be found
throughout the English North Sea (Yesson et al., 2015), with records of seven fucoid species:
Pelvetia canaliculata, Fucus spiralis, F. vesiculosus, F. serratus, Ascophyllum nodosum,
Halidrys siliguosa and Himanthalia elongata being present in the region. There has been a
general presumption that intertidal macroalgae have lower productivity than subtidal
macroalgae (i.e. kelp) (Mann, 2000), however, a review of the literature suggests intertidal
fucoids can be highly productive ranging from 4 — 1800 gC m2 yr? (Lewis et al 2020). UK
estimates of primary productivity are only available for F. vesiculosus, F. serratus and A.
nodosum and are based on data collected from mid and north Wales. Rates of primary
production varied across seven study sites for all three species with F. vesiculosus primary
productivity ranging between 166-946 gC m2 yr! (mean 430 + 106 gC m? yr! SE), F. serratus
between 222-958 gC m2 yr! (mean 611 + 124 gC m2 yr! SE) and A. nodosum between 16-70
gC m2yrt(49 + 10 gC m?yr!SE) (Lewis, 2020). The latter values are considerably lower than
what has been previously reported for A. nodosum (90-935 gC m?2 yr?!, (Brinkhuis, 1977,
Lamela-Silvarrey et al., 2012), and probably reflects differences in how individual plants were
determined. The UK study followed (Baardseth, 1970) and defined an individual as a single
shoot arising from a holdfast, whereas other studies have classified an individual as all shoots
arising from a holdfast. The site level variability was not related to differences in wave
exposure, as while the sites covered a wave exposure gradient there was no consistent
relationship between this and rates of primary production (Lewis, 2020). UK estimates of
primary productivity do not exist for the other fucoid species in the North Sea region but do
exist from Spain for F. spiralis (182.5 gC m2 yr?), Himanthalia elongata (989.2 gC m?2 yr?)
and Pelvetia canaliculata (351 gC m? yr!) and Denmark for Halidrys siliquosa (5.4 gC m?2 yr
1
).

Estimates of fucoid standing stock is again restricted to F. vesiculosus, F. serratus and
A. nodosum. Values ranged from 358-634 gC m?2 (mean 536 + 29 gC m? SE) for F.
vesiculosus, 2411213 gC m? (mean 659 + 127 gC m?2 SE) for F. serratus and 696?649 gC
m2 (mean 1033 * 134 gC m2 SE) for A. nodosum (Lewis, 2020). These values were again
derived from between 7 and 9 sites in mid and north Wales.

Information on fucoid detrital production is limited with information only existing for
F. vesiculosus, F. serratus and A. nodosum based on data collected in mid and north Wales.
Fucoids lose biomass via three pathways: chronic erosion of blade material, whole plant
dislodgement and seasonal senescence of reproductive receptacles. Estimates of fucoid
detrital production are based on dislodgment and receptacle senescence and are therefore
likely conservative. Whole plant dislodgement ranged from 79-375 gC m2 yr! (mean 148 + 43
gC m?2 yr! SE) for F. vesiculosus, 18-636 gC m? yr! (mean 215 + 91 gC m2 yr! SE) for F.
serratus and 41-390 gC m2 yr!(mean 248 + 57 gC m2 yr' SE) for A. nodosum (Lewis 2020).
Based on data collected from one site in mid Wales, receptacle senescence contributed an
additional 229, 153 and 139 gC m2 yr! of detrital material from F. vesiculosus, F. serratus and
A. nodosum, respectfully. Combined, detrital production by F. vesiculosus contributes on
average 377 gC m2yrt, F. serratus 368 gC m?2 yrtand A. nodosum 387 gC m2 yr! These
conservative values of detrital production are comparable to the amount of detrital material
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released by Laminaria hyperborea (see below). If fucoids lose a similar percentage of biomass
via chronic erosion as kelp (~20%, Pessarrodona et al., 2018) this would mean that fucoids
contribute, on average, approximately 452 gC m2 yrt

Given that H. elongata and H. siliquosa have restricted distributions and F. spiralis and P.
canaliculata are smaller than the other canopy-forming species, it is likely that F. vesiculosus,
F. serratus and A. nodosum contribute the most to intertidal macroalgal carbon production and
loss.

Table 2. Intertidal macroalgae: Summary values for organic carbon fixation and export from kelp beds
in the English North Sea project region. The upper part of the table gives estimates for carbon stock and
sequestration capacity for intertidal macroalgae. The lower part of the table shows specific rates of
production based on growth and experimental measurements of detritus production. Stock carbon
density estimates in the middle of the table represent those for dense stands of each species. These
values are overestimates for the entire rocky foreshore and have been adjusted by assumed percentage
cover values (Note [1]) and recalculated from coast-wide measurements of wet weight of macroalgae
from data collected in Scotland (Note [2]). Values used in synthesis studies are shown in bold.

Organic carbon

Q c = g
Compo § Stock (q Cjmz  Production rate (g 8 "% ? g‘g
nent 3 tock (g C/m?) Cimalyr) s § g %3 Source
Extent area 3] 58 E
Habitat (km?)  (km2) 3 e
min max avg min  max avg
Intertidal macroalgae 226 226 28 85 160 122 125 727 378 8.5 0.9 This report
226 226 5.0 223 [1] Walker 1953; Burrows et al 2014
Intertidal rock 12.2 12.2 Habitat Extent Totals
Stock (g oimey  Prodketon ate
Species: whole plants min max avg min max avg
Fucus vesiculosus 358 634 536 166 946 430 Lewis 2020
Fucus serratus 241 1213 659 222 958 611 Lewis 2020
Ascophyllum nodosum 696 1649 1033 20 70 49 Lewis 2020
Ascophyllum nodosum 90 935 Brinkhuis 1977
Fucus spiralis 183 Habitat Review
Himanthalia elongata 989 Habitat Review
Halidrys siliquosa 5 Habitat Review
Average 432 1165 125 727
Species: detritus min  max avg
Fucus vesiculosus - all 377 Lewis 2020
Fucus serratus 368 Lewis 2020
Ascophyllum nodosum 387 Lewis 2020
Stock estimates based on biomass measurement Burrows, unpublished data
Unpublished biomass measurements in Scotland [2]. Stock (g C/m?) Wet weight (kg/m?)
lower upper
Species [3] min  max avg shore shore avg
All species combined 85 160 122 3.24 200 283
F. serratus 0.9 594 30.1 1.32 0.02 0.67 Burrows, unpublished data
F. vesiculosus 44.0 44.1 440 0.98 0.98 0.98 Burrows, unpublished data
Ascophyllum nodosum 36.0 42.2 39.1 094 0.80 0.87 Burrows, unpublished data

Note [1]. Assuming 30% cover of macroalgae and 447 gC/ma/yr
Note [2]. Using w/w x 0.15 x 0.3 to give kg C /m2 (wet mass to dry mass and dry mass to carbon)
Note [3]. Other species all <3g C/m2
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2.1.2 Kelp

Kelp forests can be found from Flamborough Head, Yorkshire up to the Scottish Border. The
dominant kelp along the English North Sea coast is Laminaria hyperborea which forms
extensive reefs in the shallow subtidal. Laminaria digitata dominates intertidally and while this
species is likely to make less of a contribution to coastal carbon cycling than L. hyperborea its
contribution is still likely important (King et al., 2020). Other species of kelp that occur in this
region are Saccharina latissima, which is limited to more wave sheltered areas, Alaria
esculenta, which is limited to more wave exposed areas and the warm-tolerant kelp
Saccorihiza polychides, which is only found on the Farne Islands within the English North Sea
Region. These species are unlikely to make a significant contribution to kelp carbon cycling,
but where estimates exist they have been provided. This review will therefore focus on L.
hyperborea and L. digitata.

Kelps are highly productive with estimated primary productivity for Laminaria spp. ranging
between 110 and 1780 gC m2 yr! (Mann, 2000). More recent studies focusing on L.
hyperborea in the United Kingdom estimated the net primary productivity (measured by lamina
extension) ranged from 166 — 738 gC m2 yr! (mean 340 * 48 gC m2 yr! SE) with rates 1.5
times higher in the cooler northern regions (north and west Scotland) compared to warmer
southern regions (southwest Wales and England, Smale et al., 2020). Across the same sites
kelp standing stock (a product of plant density and size) was estimated to range between 208
1709 gC m2 (mean 640 + 94 gC m SE) with values 2.5 times higher in the cooler northern
sites than the warmer southern sites. Interestingly, these differences were primarily driven by
the greater size/biomass of kelp individuals in the north rather than differences in kelp density
(Pessarrodona et al.,, 2018). Primary productivity and standing stock were negatively
correlated with temperature and positively correlated with light levels (Smale et al., 2020).
Across the same geographic area, L. digitata primary production was estimated between 135
— 402 gC m2yr!(mean 262 gC m2 yr) with higher values again found in the cooler northern
regions (King et al., 2020). Standing stock was greater in the cooler northern sites (north: 278
gC m?; south: 79 gC m?) during the peak growth season, but there was no difference in L.
digitata standing stock during the reduced growth period (north: 166 gC m?; south: 113 gC m-
2) (King et al., 2020). The study-wide average for L. digitata standing stock of 159 gC m2 is
significantly lower than that observed for L. digitata in the eastern English Channel (403 gC m"
2yrl) (Gevaert et al., 2008).

A review of the fate of kelp production estimated that ~80% is exported as detritus or dissolved
organic matter, with little consumed in-situ. Kelp detritus is produced via the erosion of the
lamina (an almost continuous process) as well as whole plant loss via dislodgement. L.
hyperborea also produces a seasonal pulse of detritus via loss of its old growth collar in what
is termed as ‘May’ cast on account of the time of year that it occurs (Pessarrodona et al., 2018).
In the UK, it has been estimated that L. hyperborea contributes 104 - 568 gC m2 yr! (mean
301 gC m2yr?) of particulate organic carbon via these three combined detrital pathways, with
the highest rates of detrital production in cooler norther waters (Smale et al., In review). It is
estimated that ~50% of detrital biomass production in the UK is via whole plant dislodgement
with May cast and chronic erosion accounting for approximately 30% and 20%, respectively
(Pessarrodona et al., 2018). Again for the UK it has been estimated that >94% of the kelp
detritus produced is either exported or rapidly turned over, although with regards to the later
point kelp detritus has been shown to persist for >16 weeks in UK waters (Smale et al., In
review) with evidence to suggest that detrital breakdown is faster in warmer waters (Filbee-
Dexter et al., In review).

While the northern portion of the English North Sea supports extensive kelp forests, such
forests have received little attention compared to the rest of the United Kingdom. There are
therefore no direct measures of kelp carbon production and loss for this region. Based on the
cool, clear waters in part of this region it is likely that kelp forests have rates of primary
productivity, standing stock and detrital production similar to rates in north and west Scotland.
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2.1.3 Fate of macroalgal detritus

Exported macroalgal detritus plays an important role in coastal food webs where it can be
consumed by suspension feeders, detrital grazers and general consumers of organic matter.
While only a very limited amount of macroalgal derived carbon is likely to remain in-situ,
macroalgal detritus has the potential to be transported and stored in receiving habitats such
as seagrass meadows, saltmarshes, deep (400m) coastal areas (Filbee-Dexter et al., 2018),
continental shelf and slope (1800m depth) and deep sea sediments (up to 4000m depth and
4800 km from the nearest coastline) (Krause-Jensen & Duarte, 2016, Ortega et al., 2019)
where the material has the potential to be sequestered (Filbee-Dexter et al., 2018, Smale et
al., 2018). Indeed, a study off Plymouth Sound, south-west England estimated macroalgal
derived sequestration rate of 8.77 + 9.85 gC m2 yrtinto coastal sediments (Queirds et al.,
2019). While it is highly likely that a proportion of the macroalgal detritus produced does end
up sequestered, there are still high levels of uncertainty regarding the fate and turnover of this
material. From a UK perspective the role that kelp plays as a long-term carbon donor is likely
to be a function of the shelf conditions adjacent to kelp forests, sea-bed characteristics, current
and wave driven hydrodynamics and the biochemical composition of different macroalgal
species and tissues.

Globally kelps and fucoids are threatened by a range of anthropogenic stressors operating at
local to global scales. It has been estimated that 38% of ecoregions globally have experienced
loss of kelp, however, there is large scale regional variability (Krumhansl et al., 2016). Within
Europe, reductions in macroalgal abundance have been attributed to the direct effects of ocean
warming (Fernandez, 2016), marine heatwaves (Filbee-Dexter et al., 2018) as well as
interactions between ocean warming and eutrophication (Moy & Christie, 2012) and ocean
warming and harvesting (Raybaud et al., 2013). Within the UK there has been fluctuations in
the abundance of kelp and fucoids (Yesson et al., 2015), but evidence for broad-scale losses
are limited and are restricted to the west Sussex coastline. Localised losses of macroalgae
have been reported in the English North Sea as a result of historic industrial activity (e.g.
depositing mine waste on the Northumberland and North Durham coastline) with Hyslop et al.
(1997) determining that macroalgal species richness and biomass was reduced on the most
impacted beaches. Ongoing research is monitoring these kelp populations and also testing
restoration techniques along this coastline. Into the longer-term, modelling suggests that kelp
and fucoid populations in the English North Sea are likely to remain stable (Assis et al., 2017,
Juterbock, 2013), although species such as S. polychides may increase its range in southern
parts of the study area (Assis et al., 2017). While kelp populations may remain more stable the
strong link between temperature and carbon production and loss it likely to see primary
productivity and detrital production reduce, perhaps following patterns observed in sout