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Seagrass meadows are well-known for their capacity to capture and store blue carbon in sediments.
However carbon stocks vary significantly between meadows, spanning more than three orders of
magnitude on both local and global scales. Understanding the drivers of seagrass carbon stocks could
help improve strategies for incorporating blue carbon into management plans. Here, we measured
sediment carbon stocks in eelgrass (Zostera marina) meadows and unvegetated areas along the
Norwegian coast, spanning wide gradients in temperature, wave exposure, water depth, salinity,

and eelgrass biomass. Carbon stocks were generally higher in eelgrass meadows than in adjacent
unvegetated areas, yet they displayed considerable variation (400 —30 000 g C m~2 at 50 cm sediment
depth) even among nearby sites. Overall, the highest carbon stocks were found in deeper, muddier,
sheltered meadows near river mouths. These sites likely have the highest input and retention of carbon
from different sources. Consequently, they should be prioritized as conservation targets for preserving
coastal blue carbon stocks. Despite ever-increasing efforts to quantify seagrass blue carbon globally,
high uncertainties still persist, partly due to differing methodologies, processes, and environmental
context. Blue carbon stock estimates could be improved through the coordination of standardised
mapping and sampling methods.
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Coastal vegetated ecosystems such as seagrass meadows, macroalgal forests, salt marshes, and mangrove forests
play a fundamental role in carbon sequestration and storage, and the term ‘blue carbon” has been coined to
describe the carbon stored and sequestered by these ecosystems'2.Though concentrated in shallow coastal
waters and only covering a small fraction of the ocean floor, these ecosystems often hold very high sediment
carbon stocks and could play a potentially significant role in mitigating climate change?™. Seagrass meadows
form important carbon sinks with a spatial distribution covering all continents from tropical to subpolar
climates, extending up to Arctic latitudes. Compared to the amount sequestered in sediments, the carbon
stored in the living biomass of a seagrass meadow is generally relatively low®. However, both the above- and
belowground living components of seagrasses contribute to their ability to sequester and store large amounts
of carbon. The aboveground canopy reduces water flow and wave energy, facilitating the capture and retention
of organic particles and detritus, which originates not only from within the seagrass meadow, but also from
external sources such as phytoplankton, seston, macroalgae, mangroves, and terrestrial and riverine sources®~1°.
At the same time, the dense belowground structure of roots and rhizomes enables higher retention of particles
by reducing sediment resuspension!!~!4,

Global total seagrass carbon stocks are estimated to range between 4 and 9x10°> Mt (megatonnes=10'2
g)>°. However, the carbon stocks found in individual seagrass meadows are highly variable, spanning more
than three orders of magnitude, on both local and global scales'>!¢. This variability is dependent on various
factors, such as the seagrass species composition in the meadow and the prevailing environmental conditions.
Key environmental factors include sediment type, temperature, water depth, current dynamics, wave exposure,
turbidity, and salinity!>-2. Despite an ever-increasing number of studies focused on quantifying the blue carbon
stocks in seagrass ecosystems and other similar systems, important knowledge gaps still remain. These include
challenges in quantifying the global extent and coverage of seagrass meadows (with estimates ranging from 177
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000 to 600 000 km?)?!, the lack of baseline blue carbon stock values in many areas, and high uncertainties in
the global rate of seagrass losses and the proportion of their stored carbon released back into the atmosphere?.
Consequently, estimating the current and future carbon stocks of seagrass meadows, as well as the climate
mitigation potential of seagrass protection and restoration, is inherently difficult. These uncertainties pose
significant challenges in incorporating blue carbon into management plans and assessing the effectiveness of
management and restoration initiatives>?2. Given the substantial variability in carbon stock values, it is essential to
understand the factors influencing carbon stocks in seagrass meadows under different environmental condition
in order to predict their carbon stocks at different spatial scales, and to identify management actions needed to
enhance their sequestration rates and preserve carbon stocks. Such interventions may include reducing nutrient
inputs®® or reintroducing top predators®!, as well as increasing the spatial coverage of seagrass meadows through
targeted conservation and restoration efforts.

Although there have been improvements in the ecological status and distribution of seagrass meadows,
mainly due to effective management actions that have reduced nutrient inputs as well as successful restoration
efforts?, the overall global trend for seagrass meadows remains one of continuous decline?””. While the ability
of marine ecosystems to store and sequester carbon has been known for decades, the interest in protecting
and restoring these habitats has rapidly increased in recent years, with growing awareness of their potential
importance in mitigating global climate change and maintaining biodiversity*>*°. The 2022 UN Climate Change
Conference (COP 27) final declaration included, for the first time, a dedicated sub-section specifically addressing
the ocean. Similarly, the Kunming-Montreal Global Biodiversity Framework commits signatories to effectively
conserve and manage at least 30% of marine and coastal areas by 2030, prioritizing areas of importance for
biodiversity and ecosystem functioning and services, as well as to effectively restore at least 30% of degraded
marine and coastal ecosystems. The framework also highlights the importance of nature-based solutions in
minimising the impact of climate change and ocean acidification. Furthermore, the 2013 Supplement to the
2006 IPCC Guidelines for National Greenhouse Gas Inventories: Wetlands enables countries to include mangrove
forests, tidal marshes, and seagrass meadows into their plans to fulfil the objectives of the Paris Agreement under
the United Nations Framework Convention on Climate Change. As a result, many new and updated Nationally
Determined Contributions (NDCs) now include ocean-based actions, with several explicitly incorporating
seagrass in their mitigation actions’®3!. While several countries are in the process of updating their national
inventories to include blue carbon®, seagrass has not yet been included in the NDCs of Norway or other Nordic
countries®.

In this study, we assess sediment carbon stocks and their variability in eelgrass (Zostera marina) meadows
along the Norwegian coast, using sediment cores collected over several different sampling efforts. Eelgrass is
among the most widespread seagrass species, found across the northern hemisphere, spanning from subtropical
(24°N) to polar (71°N) latitudes®*>. As a fast-growing foundation species, eelgrass forms dense meadows in
both intertidal and subtidal soft-sediment areas®*. In a previous global assessment of 54 meadows, carbon stocks
in the top 25 cm of eelgrass bed sediments showed considerable variation, ranging from 300 to 26 500 g C m™>
across the northern hemisphere!®. Several studies have identified sediment characteristics, such as grain size and
mud content, as key drivers of the carbon stock capacity in eelgrass meadows!'>!718, as well as hydrodynamic
variables'®*. However, characteristics of the eelgrass itself, such as biomass and shoot density, also play a
role!®37-3% Despite the wide latitudinal range of eelgrass, the majority of studies on carbon stocks in this species
have focused on meadows in temperate latitudes (35-60°N).

Norwegian eelgrass meadows are of particular interest for studying the carbon stocks of this species, because
they occur along a wide latitudinal gradient spanning cold temperate to polar latitudes (58°-71°N), i.e. a
relatively understudied area of eelgrass distribution, which also span wide gradients of wave exposure, salinity,
and depth®. The total Norwegian eelgrass sediment carbon stock has been coarsely estimated at 0.25 Mt C,
an estimate derived from multiplying the average sediment carbon stock values for the Nordic region by the
estimated areal coverage of Norwegian eelgrass meadows (90 km?)*°. However, prior to this study, carbon stocks
have only been measured within a single eelgrass meadow in Norway'®, and thus far the Norwegian carbon
accounting system does not include any marine ecosystems*!. The main objectives of this study were to: (1)
provide in situ estimates of carbon stocks in eelgrass meadows along the Norwegian coast, and compare them
with adjacent unvegetated sediments, (2) explore the environmental variables driving variability in these carbon
stocks, and (3) discuss these results within both the regional and global blue carbon context.

Methods

Study area

This study includes data compiled from several sampling events and projects, leading to minor differences in
sampling approaches between sites and years (Table 1). Our study includes data from nine distinct sites across
four different regions (Fig. 1). Most of the data originates from five sites in the Skagerrak, southern Norway
(Semskilen, ZAroya, Merde, Langerompa, and Hove), where samples were taken from both eelgrass meadows
and unvegetated sediment in 2017. Additional samples were collected at two sites in the Oslofjord during
2017-2018. These were Sandspollen (unvegetated sediment only) and Kapellkilen (eelgrass and unvegetated
sediment). Finally, we incorporated data from two other sampling efforts: one site in the Norwegian Sea in 2015
(Ravik, eelgrass only, previously published!®), and one site in the Barents Sea in 2022 (Porsanger, eelgrass only).
This assemblage of samples allowed us to analyse variation in carbon stocks on both small (within a specific
region of the Skagerrak) and large geographic scales (covering four sea areas over the entire Norwegian eelgrass
distribution).
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Site name Area Year | Water depth (m) | Habitat Sediment type Replicates

Semskilen Skagerrak 2017 |3 Eelgrass Muddy sand 3 +1 deep core
Semskilen Skagerrak 2017 |3 Unvegetated | Muddy sand 3
Kroya Skagerrak 2017 |3 Eelgrass Coarse sand/gravel 2
Aroya Skagerrak 2017 |3 Unvegetated | Coarse sand/gravel 3
Merdo Skagerrak 2017 |3 Eelgrass Sand 3
Merdo Skagerrak 2017 |3 Unvegetated | Sand 3
Langerompa | Skagerrak 2017 |3 Eelgrass Mud 2
Langerompa | Skagerrak 2017 |3 Unvegetated | Coarse sand/gravel 3
Langerompa | Skagerrak 2017 | 7.5 Eelgrass Mud 3
Langerompa | Skagerrak 2017 | 7.5 Unvegetated | Coarse sand/gravel 2
Hove Skagerrak 2017 |3 Eelgrass Fine mud 4 +1 deep core
Hove Skagerrak 2017 |3 Unvegetated | Mud 2
Sandspollen | Oslofjord 2018 | 3.7 Unvegetated | Muddy sand 1
Sandspollen | Oslofjord 2018 | 6 Unvegetated | Muddy sand 1
Kapellkilen | Oslofjord 2017 | 1.5 Eelgrass Muddy sand 1
Kapellkilen | Oslofjord 2017 | 2.5 Eelgrass Muddy sand 2
Kapellkilen | Oslofjord 2018 |3 Eelgrass Muddy sand 1
Kapellkilen | Oslofjord 2018 |6 Unvegetated | Muddy sand 1
Rovik Norwegian Sea | 2015 | 1 Eelgrass Sand 3
Porsanger Barents Sea 2022 (0.2 Eelgrass Coarse sand/gravel 3

Table 1. Overview of sampling details and efforts at the nine sites included in the study, in geographic order
from south to north. Note that the water depth in Porsanger is given as 0.2 m, but this site is intertidal (all
others are subtidal). See table S1 for detailed information on corers, coring depths, and core compression.

Sediment core sampling

The sampling procedures followed the general methods described in previous global eelgrass carbon sampling
efforts. However, as we used cores originating from several different sampling efforts and projects, there were
differences between years and sites in terms of replicates, sampling depth, core length and diameter, etc.,
depending on the environmental characteristics of each site (e.g. sediment type, water depth) and the aims/
objectives of the respective projects'®. At each site, 1-4 sediment cores were collected from either eelgrass
meadows, unvegetated areas, or both (see Table 1 for sampling details in the different sites) by SCUBA diving,
snorkelling, or wading, depending on the water depth. Sediment cores collected from unvegetated areas were
taken at a distance of 10-20 m from an adjacent eelgrass meadow. The site in Porsanger was intertidal, while the
others were subtidal, ranging from 1 to 7.5 m depth. Three sites (Langerompa, Sandspollen, and Kapellkilen)
were sampled at several different depths (see Table 1 for details). Acrylic corers, with varying lengths (25—
100 cm) and diameters (52-56 mm), were pushed into the sediment down to a maximum penetration depth
of 6 to 100 cm, depending on the site (see Table S1 for details). Our general goal was to collect sediment to a
depth of at least 30-50 cm, however, at some sites with extremely coarse sediment this was not feasible, and we
collected sediment to the maximum achievable depth. The cores were securely sealed at both ends while still
submerged under water, and then carefully transported upright to the laboratory. Upon arrival, most of the
cores were immediately processed in the laboratory, except for those from the Oslofjord sites, which were first
sliced and then frozen, and those from Porsanger, which were frozen and subsequently thawed prior to slicing
and further processing.

Deep core sampling

At two sites (Semskilen and Hove), we collected additional deep cores to explore carbon content beyond the
top 50 cm. At Semskilen, a 200-cm long corer was pushed down to 200 cm depth, (resulting in a 110-cm long
sediment core, see Table S1), which was subsequently processed and analysed (see below). At Hove, we used a
two-step coring process, where first a 100-cm long corer was pushed to 100 cm depth, and the resulting sediment
core discarded. This was done to reduce friction within the subsequent corer. Then, a 200-cm long corer was
used in the same hole, reaching an approximate sampling depth of 200 cm. The sediment core obtained from the
second extraction (110-cm long) was then processed and analysed (see below), and we assumed that the bottom
portion of this core contains sediment from 200 cm depth and upwards.

Laboratory analyses

In the laboratory, the cores were sectioned for analysis. For most of the cores, the top 20 cm were sliced into 2-cm
thick slices, and the remaining part of the core into 5-cm thick slices. This was done because several previous
studies have shown that carbon content can vary significantly in the top sections of the sediment, while the
deeper sections are usually more stable!®*2. The deep cores were sliced into 10-cm thick slices from 20 to 110 cm
(Semskilen) and from 60 to 110 cm (Hove), as we were especially interested in the carbon contents of the deeper
layers of these cores. Thus the total number of sediment slices analysed amounted to 373, with an additional 18
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Fig. 1. Map of Norway with the nine sampling sites (blue stars) included in the study, distributed within the
Barents Sea, Norwegian Sea, and two regions of the North Sea: Skagerrak and Oslofjord. Figure created in
QGIS (v3.34.10 Prizren’; www.qgis.org).

slices coming from the deep cores). Eelgrass rhizomes and roots, as well as any visible large animals (e.g. bivalves)
were removed from the sediment after slicing. From each sediment slice, a subsample comprising a known
volume (20-50 ml) was dried at 60 °C for 48-72 h to calculate dry bulk density (DBD, g cm~3). This subsample
was then combusted at 450 °C for 4 h to calculate the sediment organic content through loss on ignition (LOI). A
second subsample of approximately 1 g was taken from a random selection of 96 slices from the 2017 Skagerrak
sites, which were finely ground with a mortar and pestle to remove aggregates, and sent to SUERC (www.gla.
ac.uk/research/az/suerc/) for analysis of total organic carbon (TOC) content and stable isotopes (§'*C) in each
sample. 1>C analyses of these samples were undertaken using a VG SIRA 11 IRMS, comparing sample values
with those of a working standard reference gas of known isotopic composition produced from international
reference materials NBS19 and TAEA-CO-1. The measurement results are expressed using the 8 notation®’ as per
mil deviations from the VPDB standard, with 1o precision of = 0.1%o:

SBC = (Rmpte/Rygandara ~1) X 1000, where R is the isotope ratio of 13 C:12 C.

We analysed 8!3C, as it is a useful indicator of the relative contribution of eelgrass-derived carbon versus
carbon from other sources in the sediment, such as macroalgae, phytoplankton, and particulate organic matter.
In general, eelgrass has higher (-6 to -11) 8'*C values than macroalgae (-14 to -24) and particulate organic
carbon in the water column (-20 to -25)%-%8. Therefore, higher §'C values in the sediment could potentially
indicate a greater proportion of carbon derived from eelgrass.
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Organic carbon stock calculations

Loss on ignition (LOI) and total organic carbon (TOC) are closely linked, and TOC can be approximated from
LOI values based on regression analysis, thus reducing analysis efforts and costs®. Based on an analysis of the 95
subsamples, we derived the following regression equation, which shows a strong correlation (R?=0.95):

%TOC = (0.4903 x %LOI) — 0.394

We then used this equation to predict TOC for the remaining samples with LOI > 1%. However, the relationship
between LOI and TOC becomes less predictable at very low carbon levels, and using the general regression
equation above would have resulted in negative carbon values. We therefore calculated a separate regression
equation based on 16 subsamples with LOI<1%, and used this to predict organic carbon content for the
remaining low LOI-samples (which included most samples from the £roya, Merde, and Porsanger sites):

%TOC = (0.2283 x %LOI) — 0.026

Despite the higher uncertainty at low carbon levels, its impact on the overall carbon stock calculations is
negligible due to the minimal contribution from these sites. Overall, given the high correlation between LOI
and organic carbon, along with the fact that organic carbon makes up more than 95% of the carbon content in
Nordic eelgrass sediments'®, we consider this approach to provide a reliable estimate of the total carbon content.

To determine carbon density (g C m™~>), we multiplied the organic carbon content by the dry bulk density
(DBD) of each slice. From these values, we constructed vertical sediment profiles of each core to visualize the
carbon density throughout the whole length of the core. We then calculated the carbon content (g C m~2) of
each slice by multiplying the carbon density by the thickness of the slice, and summed the carbon content of all
slices to obtain the carbon stock per square meter of each core. To enable comparisons across cores and sites, we
inter/extrapolated carbon stocks for the top 50 cm of sediment, adjusting for the total length of each core. For the
previously published data from Revik, where carbon stocks were reported from the top 25 cm of the compressed
core length, we doubled these values to standardize the measurements across all cores. We used these estimates
of carbon stock from the top 50 cm for all further analyses and figures, with the exception of the sediment depth
profiles, where the original, unadjusted data are presented.

When using open-barrel corers (as we did) in soft sediments, the resulting sediment core will often be shorter
in length than the penetration depth - a phenomenon known as core shortening. This discrepancy is due to a
variety of opposing forces, including the friction between the sediment and the internal surface of the corer®.
As resistance increases when the corer is pushed deeper, some of the sediment is pushed aside (rather than
being compacted) leading to smaller increases in the sample’s length with each additional centimeter of depth,
until a point when it is effectively blocked®. The coring itself is not expected to alter sediment density, although
transportation and slicing may cause small discrepancies. Core shortening can affect the vertical profiles of
all sediment parameters so that e.g. a 5 cm slice from the 30-35 cm section of the core may actually consist of
sediment from 30 to 50 cm depth. If not corrected for, comparison of different cores can be biased, as can carbon
stock estimates and extrapolations. However, proper correction is complicated as the functional relationship
between penetration depth and length of the sediment core is unique and non-linear for each combination
of sediment composition and corer parameters (e.g. diameter). Some studies apply a linear correction to
sediment depth and dry bulk density to limit biases**-2. Such correction may provide a better representation of
the vertical profile than uncorrected cores, but may equally introduce errors in both profiles and stocks when
core shortening is high and vertical profile parameters change with depth. In this study we did not correct for
shortening. This will result in vertical profiles that in the upper half of the penetration depth will better represent
the true sediment conditions than linear correction but with higher deviance in the lower and increasingly
shortened part of the core. However, for reference, we also document the penetration depths and the sediment
core lengths prior to slicing (Table S1). We further address the limitations and uncertainties associated with core
sampling depth in the Discussion section.

Eelgrass biomass and environmental data

We collected environmental data relating to the eelgrass characteristics, sediment characteristics, water properties,
and temperature (see Table 2 for details and sources and Table S2 for an overview of the environmental variables
in all sites). From each eelgrass meadow, except for Kapellkilen and Porsanger, we collected 2-3 additional cores
(diameter: 10-15 cm) from which we sorted aboveground and belowground eelgrass material and calculated the
dry weight biomass from each, after drying at 60 °C for 48 h. For Porsanger, we estimated the eelgrass biomass
from the sediment cores themselves after thawing.

For all sites, we calculated the wave exposure index using a model based on fetch and historical wind strength
in 16 directions, with a spatial resolution of 25 m. This model, which has been developed for the entire Norwegian
coast, has been widely applied in ecological studies in Norway>>4. We also applied modelled values of median
surface salinity, as well as mean, maximum, and minimum surface seawater temperatures. These environmental
parameters were retrieved from fjord-scale hydrodynamical models which are downscaled from the Norwegian
coastal model, NorKyst800, to 160 m X 160 m horizontal resolution®®. The fjord model system covers the entire
Norwegian coast, separated into 13 model domains and applies the ocean model Regional Ocean Modeling
System (ROMS, see http://myroms.org)®>*’. Salinity and temperature values were extracted from the models
corresponding to the core sampling sites by using the nearest grid cell. A similar model was validated for the
Hardangerfjord on the west coast of Norway®® and another comparable hydrodynamic model system has been
applied to predict kelp biomass®’.
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Variable name

Description and reference

Relevance to carbon stocks and key processes

Wave exposure

Modelled (25 x 25 m spatial resolution
based on fetch and wind strength in
16 directions, averaged over a 10-year
period 1995-2004)°

High wave exposure leads to more mobile sediments and lower particle trapping, as well as higher carbon loss
from erosion and resuspension®®¢!

Deeper areas are less exposed to wave exposure (see above). Shallow areas, especially sheltered ones, are more

Water depth Measured in situ likely to accumulate particles and detritus from waves as well as terrestrial runoff.
Modelled (160 X 160 m spatial Low salinity indicates that the site is located close to a river outlet, which further indicates inputs of organic
Salinity resolution, based on three years, May matter from terrestrial and riverine sources®>®. As river outlets are often in sheltered areas, salinity is also

2017-Apr 2020)8

correlated with wave exposure thus low salinity areas are more prone to accumulate organic matter.

Temperature (mean,
minimum, and

Modelled (160 X 160 m spatial resolution
based on daily values for three years,

Temperature affects eelgrass and macroalgae survival, growth, and production, as well as decomposition rates of
organic matter. Hence it affects carbon production as well as accumulation of carbon stocks. Note that latitude

maximum) May 2017-Apr 2020)8 was highly correlated with temperature variables (R?>0.9) and so not included separately in the analysis.
Dry bulk density Calculated, described above Related to wave exposure and sediment type: siltier, muddier sediments have lower DBD and are linked to low
(DBD) wave exposure values®-

Eelgrass aboveground
biomass

Dry weight: sampled, described above

Higher eelgrass biomass leads to higher detritus production, and higher particle trapping®¢®

Eelgrass belowground
biomass

Dry weight: sampled, described above

High belowground biomass enhances plant anchoring in exposed conditions, and is thus linked to higher wave
exposure, reduced erosion, and increased sediment stability®®

Eelgrass ag: bg ratio

Ratio of two above variables

Linked to hydrodynamics and light exposure®’

Table 2. Summary of environmental and eelgrass predictor variables used in this study and their relevance to
carbon stocks and the key processes involved. See table S2 for the details of environmental variables in each site
used in the analysis.

Statistical analysis

We used Generalized Linear Mixed Models (GLMM) to test whether carbon stocks and §3C values differed
significantly between samples taken from eelgrass meadows and those from unvegetated sediments. The analysis
assumed a gamma distribution and included “Site” as a random factor, using the Ime4 package in R version
4.3.0%. In this analysis, we only included the Skagerrak sites (Semskilen, Zroya, Merde, Langerompa, and
Hove), and treated the two water depths at Langerompa as separate “sites”

We used partial least squares (PLS) regression analysis, using the R-package pls® to determine the importance
of predictor variables on carbon stocks in both eelgrass and unvegetated sediments. PLS regression analysis has
often been used in studies of seagrass carbon stocks'®”7% due to its ability to cope with collinearity between
predictor variables’!. We checked the collinearity between environmental variables, and identified only one
potentially notable correlation: between mean temperature and maximum temperature, (R2=0.91 and 0.84
in eelgrass and unvegetated sites, respectively. All other correlations were below 0.8 (Figure S1). Eelgrass and
unvegetated samples were analysed separately because of the lack of biomass co-variables for unvegetated
samples. The following predictor variables were included in the model selection procedure: water depth, wave
exposure, salinity, mean water temperature, maximum water temperature, minimum water temperature,
DBD, eelgrass aboveground biomass, eelgrass belowground biomass, and the ratio of eelgrass aboveground to
belowground biomass (the last three variables were included in the analysis of eelgrass meadows only).

Extrapolations, projections, and global comparisons

We extrapolated our results to projected carbon stocks for the top one meter of sediment per area, expressed in
Mg C ha™%, to enable a rough comparison with other eelgrass meadows and to other blue carbon habitat, as other
large-scale comparative studies have done>!. To compare carbon stocks in eelgrass (Zostera spp.) sediments, we
conducted a comprehensive literature search of peer-reviewed publications (see Appendix 1 for search terms and
detailed methodology), resulting in 385 data points from 54 publications. These studies varied widely in terms
of sampled sediment depth, ranging from 5 to 200 cm, as well as multiple different units of carbon density (per
area and/or volume). To ensure consistence and allow for comparisons, we standardized all values to Mg C ha™!
for the top meter of sediment. Previous studies of seagrass meadows have shown that measuring carbon stocks
in the top 25-50 cm provides a reliable estimate of carbon stocks within the top meter of sediment>’2. However,
sites with low sediment accumulation rates will tend to be overestimated, whereas sites with high sediment
accumulation can be underestimated, and this comparison should be considered with those caveats in mind. We
also use the results from the sediment profiles in the 20-110 cm and 60-110 cm sections of the two deep cores
to further comment on this assumption and its implications for estimating carbon stocks at a national scale.

Results

Sediment carbon stocks

Sediment organic carbon stocks were highly variable across sites, with values ranging from 400 to 30 000 g C m™?

(Fig. 2). In all sites where both eelgrass and unvegetated sediments were sampled, carbon stocks were consistently

higher in the eelgrass compared to unvegetated sediments within the same site. However, the magnitude of

this difference was highly variable: carbon stocks in eelgrass and unvegetated sediments were very similar in

Semskilen and Hove, but substantially higher in eelgrass than unvegetated sediments in Langerompa (Fig. 2).
813C was also higher in eelgrass compared to unvegetated sediments in all but one site (Fig. 3). Without

sampling of the 8'°C values of potential carbon sources, we could not precisely determine the respective

contributions of eelgrass versus non-eelgrass carbon sources in the sediment. However, the elevated §'*C values
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Fig. 3. Sediment 8'3C values of sediments (mean + SE, n=2-4) for both eelgrass (dark green) and nearby
unvegetated (light grey) sediments in the Skagerrak sites.

observed, such as in Langerompa, may suggest higher contribution of eelgrass to sediment carbon than in
unvegetated sediments, as eelgrass has higher §!C values than macroalgal and riverine sources. As with carbon
stocks, the highest difference between eelgrass and unvegetated sediment was in Langerompa (Fig. 3).
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Fig. 4. Sediment profiles of organic carbon density (mg C cm~3, mean + SE) in relation to sediment

depth (cm) for all nine study sites. Water depth and habitat are depicted as different symbols and colors,

where green circles = eelgrass (light green: 0-1.5 m, medium green: 2.5-4 m, dark green: 6-7.5 m), grey
crosses =unvegetated (light grey: 3-4 m, dark grey: 6-7.5 m). Two sediment profiles are shown at 3 m water
depth in Langerompa as the two cores were sliced at different intervals and thus it was not possible to take the
mean. Note the differing scales of x and y axes in different sites, and that the sediment depth denotes the length
of the core, not necessarily how far the core penetrated within the sediment (see Table S1).

Carbon depth profiles

Despite high variation in the carbon density profiles across sites, some general patterns appeared (Fig. 4). At most
sites, the eelgrass sediments had higher carbon densities compared to those from the unvegetated sediments.
This pattern was evident in 3 out of 6 sites in the North Sea region (Langerompa, Aroya and Kapellkilen). For the
remaining sites within this region, this pattern is valid for some parts of the sediment profile: at Hove, it holds for
the upper 20 cm, while at Merdo it holds from 6 cm and deeper. Conversely, in Semskilen, the opposite pattern
occurred, with higher carbon density values recorded in the upper 20 cm layer of the unvegetated sediment. The
opposite pattern for Semskilen could reflect that the currently unvegetated area was previously inhabited by
eelgrass. For sites where sampling had been performed at several depths within eelgrass sediments, the highest
carbon density values were observed at 3 m water depth, indicating that the carbon stock profile might reflect an
optimal productivity depth within the meadows. Within the unvegetated sediments, the carbon density values
either remained constant or decreased with sediment depth. One exception was Langerompa at 3 m water depth,
where the values increased below 14 ¢cm within the sediment, which could also reflect historical presence of
eelgrass within this area. Also at Hove there seemed to be an increase in the carbon density in the deepest part of
the profile in the unvegetated sediment, indicating historical presences of eelgrass or other carbon sources. The
two deep cores at Hove and Semskilen both showed higher carbon densities within deep (> 100 cm) sediments
than in the upper layers (Fig. 4).

Importance of environmental predictors

The importance of environmental predictor variables in explaining carbon stock values were overall similar in
both eelgrass and unvegetated sediments (Fig. 5). In eelgrass meadows, water depth was the most important
predictor variable, and positively correlated with carbon stocks. This was followed by maximum surface water
temperature, wave exposure, DBD, and salinity, all of which were negatively correlated with carbon stocks.
Minimum temperature, aboveground eelgrass biomass, and eelgrass aboveground: belowground ratio were also
positively correlated with carbon stocks, while the correlations for mean temperature and eelgrass belowground
biomass were close to zero (Fig. 5). In unvegetated sediments, high carbon stock values were correlated with
water depth, as in the eelgrass meadows, followed by a negative correlation with wave exposure, positive
correlation with mean temperature, and finally negative correlations with maximum temperature, DBD, and
mean temperature (Fig. 5).

Discussion

Norwegian carbon stocks

The carbon stock values within eelgrass sediments were highly variable across the Norwegian coast ranging
from 436 to 29 077 g m~2 (mean: 8 509 g m~2 for the top 50 cm of sediment. Carbon stocks were also variable
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Fig. 5. Coefficient plots of partial least squares regression models for sediment organic carbon stocks sampled
from eelgrass (top panel) and unvegetated (bottom panel) samples, respectively. Predictor variables are
standardised and ranked in order of importance from left to right, and the direction indicates the relationship
with carbon stocks. Variables related to eelgrass are in green, sediment in yellow, temperature in red, and
hydrodynamics/salinity in blue. BG biomass =belowground eelgrass biomass, AG biomass =aboveground
eelgrass biomass, AG: BG ratio=aboveground to belowground eelgrass biomass ratio, DBD = sediment dry
bulk density.

across regions with the highest stocks observed in the Skagerrak (11 290 g C m~? and Oslofjord (7 508 g C m™2)
followed by the Norwegian Sea (2 905 g C m~2) and the lowest in the Barents Sea (43 g C m~2). Though this might
imply higher carbon stocks in southern sites than northern ones, whether this truly reflects a latitudinal trend
is uncertain as the latter three areas were represented by only one site each. In addition, within the Skagerrak,
where multiple sites were sampled, we observed high variation in carbon stocks ranging from 1 991 to 29 077 g
C m~2 Carbon stocks in unvegetated sediments were also variable and relatively high, ranging from 1 204 to 9
541 g C m™2 (though this only includes sites in the Skagerrak and Oslofjord) but systematically lower than in
adjacent eelgrass sediments.

Based on the estimated Norwegian eelgrass areal coverage (90 km?)*’, this represents a total sediment
carbon stock in Norwegian eelgrass meadows ranging between 0.04 and 2.6 (mean: 0.77) Mt C. This is a first
estimate of Norwegian eelgrass blue carbon stocks based on Norwegian data, though the values are within the
same range as those estimated from a weighted average for the Nordic region multiplied by the Norwegian
eelgrass coverage (0.25 (range: 0.06-0.4) Mt C for the top 25 cm*?). The high variability in carbon stocks, as
well as the potential variation caused by our approach of using data compiled from multiple sampling efforts
and methodologies, and the different sediment depths used in the calculations across the literature (discussed
below), makes it challenging to precisely assess the contribution of eelgrass blue carbon to national inventories.
Nonetheless, both estimates align to support a national eelgrass carbon stock inventory within this range. To
improve estimates, the uncertainty in the carbon stocks, as well as in the mapping and areal coverage of eelgrass
meadow should be reduced. More accurate estimates would need a larger dataset of carbon stocks with multiple
replicates across a wide range of environmental variables, such as a dedicated field sampling programme with
a standardised sampling protocol to collect a representative set of sediment cores across the entire latitudinal
and environmental range of Norwegian eelgrass meadows. Estimates of eelgrass distribution and cover could
be improved by combining field surveys with novel drone and satellite remote sensing for large-scale systemic
mapping efforts’>7%. Further refining models on how the environmental factors discussed below affect carbon
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stocks could help develop predictive models for carbon stocks along the entire extensive Norwegian coastline,
and eventually be adapted and applied to other regions.

Environmental drivers of carbon stocks in eelgrass and unvegetated sediments
These results, along with other studies, show that carbon stocks in seagrass meadows are highly variable. Among
the drivers for this variation included in this study, water depth was the most important predictor variable
of carbon stocks in eelgrass meadow sediments, though much of this was likely driven by extremely high
carbon density values in the 7 m samples at Langerompa. Sediments in deeper water are less susceptible to
hydrodynamic processes that disturb sediment and can cause a loss of sediment carbon®!, potentially leading
to higher carbon accumulation than shallower areas. However, most of our other samples were taken in the
2-3 m depth zone, so more intensive sampling across a wider depth range would be needed to truly verify the
role of depth in determining sediment carbon stocks. Supporting the importance of hydrodynamics in driving
carbon stocks, wave exposure was also strongly negatively correlated with sediment carbon, as high wave
exposure rather promotes sediment resuspension and carbon loss rather than retention and sequestration®"”>.
Wave exposure is also highly linked to sediment characteristics, which many previous studies have identified as
important predictors of seagrass carbon stocks on different spatial scales!®!”"1%5076 Hence, wave exposure can
often be used a proxy of sediment characteristics. Here, we included dry bulk density (DBD) as our sole sediment
characteristic, as we did not measure grain size or porosity. DBD is generally correlated with sediment grain size
and type (low DBD being associated with small grain size and higher mud/silt content), and we indeed found
it to be an important variable in our analysis, and negatively correlated with carbon stocks, indicating higher
carbon content in muddier sites (e.g. Semskilen, Hove, Langerompa; Table 1).This observation was supported
by a strong negative and non-linear relationship between DBD and sediment carbon stocks in both eelgrass and
unvegetated sediments, with the highest carbon densities found at DBD of 0.5 g cm = (Fig. 6).

In addition to hydrodynamic and sediment variables, both water temperature and salinity were identified
as important drivers in our analysis. In particular, carbon stocks were negatively correlated with salinity (i.e.
higher near river inlets). However, this is likely not a direct effect of salinity on carbon stocks, but rather an
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Fig. 6. Relationship of sediment dry bulk density (DBD) with total organic carbon (top) and carbon density
(bottom). Dark green points indicate data from eelgrass meadow sediments, and light grey points indicate
data from unvegetated sediments. Fitted trendlines are negative exponential (top) and fifth-order polynomial
(bottom).
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indication that environmental conditions in low-salinity sites are more conducive to high carbon stocks.
Proximity to river outlets, where salinity is low, likely contributes to higher carbon stocks due to the input of
particulate organic matter from terrestrial and riverine sources, irrespective of the presence of eelgrass®72 In
many seagrass meadows, a large proportion of sediment carbon is derived from external sources”!®, and thus the
characteristics of the surrounding marine and terrestrial systems (presence of macroalgae beds, phytoplankton
abundance, land use, human disturbances) are likely drivers of the carbon stocks within seagrass meadows.
Many of the low-salinity sites in this study, for example Semskilen, which had one of the highest carbon stock
values, are also relatively sheltered from oceanic waves and currents, which also promotes sediment retention
and accumulation. Interestingly, minimum seawater temperature was positively correlated with carbon stocks,
but maximum seawater temperature was negatively correlated. Temperature is known to affect carbon storage
and carbon cycling, by e.g. driving decomposition rates and methane production’”’%. However, all but two of
our sites were in the Skagerrak and Oslofjord, with minimal differences in temperature between them, and thus
the trend we observed may be driven by the inclusion of the two sites in the Norwegian and Barents Sea which
were both much colder and had low carbon values. Due to the lack of previous studies on blue carbon stocks at
high latitudes, it is also difficult to determine whether the low values at these sites were due to temperature, the
shallower water depth (intertidal in the case of the Barents Sea site), or indirect effects such as lower runoff of
organic matter from land. Without including more sites across the entire temperature gradient of the Norwegian
coast, it is difficult to predict the future impacts of climate change on carbon stocks in eelgrass meadows,
especially in combination with uncertainty on the impacts of climate change on other interacting processes that
can affect blue carbon” such as methane production””788% and decomposition®!, particularly in northern sites
where climate change is more pronounced®.

Eelgrass biomass has also previously been noted as an important driver in sediment carbon stocks'®. The
aboveground components of eelgrass (shoots and leaves) promote sediment trapping® thus likely increasing
carbon deposition rates into the sediment, while the belowground components (roots and rhizomes) limit
sediment erosion and resuspension® likely increasing carbon retention rates. While we found positive
associations between carbon stocks and both aboveground eelgrass biomass and aboveground: belowground
ratio and carbon stocks, but these were less important than the abiotic variables. In addition to the physical
structure of the living eelgrass plants, eelgrass material such as detached leaves and dead rhizomes can be an
important component of sediment carbon stocks”!®. We noted slightly higher (i.e. less negative) 6'3C values
in sediments of eelgrass compared to unvegetated sediments, which might indeed show the incorporation of
eelgrass-derived carbon (which generally show higher §'*C than macroalgae or plankton) in these sediments,
but precisely determining carbon origin is impossible without measuring potential sources. However, we also
found that sediment §'3C values were much lower than those generally reported for eelgrass, suggesting high
contribution of external sources such as macroalgae, plankton, or, especially in sites near river outliers, riverine
and terrestrial sources, to sediment carbon stocks in eelgrass meadows.

While carbon stocks in unvegetated areas were generally lower than in adjacent eelgrass meadows, sites with
higher carbon stock values in eelgrass sediments also had higher carbon stock values in unvegetated sediments
(e.g. Langerompa and Hove). Given that the unvegetated areas were quite close to the meadows, this might
reflect an overspill effect of the trapping and retention capacity of eelgrass, where some of the particles are
deposited in areas near the edge of the meadow®!. However, it is also possible that these high carbon stock values
represent unvegetated areas which were previously vegetated, as evidenced by increasing carbon densities (and
visual changes in sediment characteristics) in deeper sediment depths in these sites. It is also possible that the
environmental characteristics of these sites (shallow, sheltered, muddy) with high carbon stocks in unvegetated
sediments, promote the deposition of organic matter, which is even further enhanced by the presence of eelgrass,
as evidenced by the higher stocks in eelgrass than unvegetated sediments. Similar carbon stock values in eelgrass
and unvegetated sites were recently reported for Danish coastal waters’®. This supports our findings that the
presence of eelgrass itself is not the sole driver of sediment carbon stocks, and environmental drivers and
sediment characteristic may be of similar importance.

The importance of considering sediment depth and differing methodologies

In the global comparison below, we standardised carbon stocks from a variety of sediment depths (from 5 to
200 cm) to enable comparison across different studies. Extrapolated estimates of carbon stocks across depths
are commonly used>’2, based on the assumption that carbon density is equally distributed across the sediment
depth. However, both here and in other studies®, vertical profiles of sediment density in eelgrass meadows can be
highly variable and can indicate different remineralisation rates, different bioturbation regimes, and/or changes
in organic matter availability and accumulation over time. In most of our sites, organic carbon density increased
with sediment depth, and this was also the case for the two deep cores (in Hove and Semskilen). This might
indicate a decrease in organic matter inputs in more recent years®, or an artifact of sampling methodology due to
higher compaction in the lower core, as mentioned in the Methods section. Sediment dating or repeated sampling
would be necessary to verify changes in sequestration rates, while methodological bias could be examined using
replicated samplings at a range of penetration depths using open-barrel cores or alternate samplers allowing
access to the entire length of the sediment core to retrieve undisturbed subsamples in the field.

Though only a few studies have explored carbon stocks below 100 cm depth, several have noted an increase in
carbon density with depth in eelgrass meadows®>#>6) though not necessarily in unvegetated areas®. It is unclear
how much sediment compression during the coring process affects these values, but it is likely that extrapolating
total carbon content from shallow layers likely does not give a full picture of carbon stocks. In cases where total
sediment depth is very shallow (i.e. exposed sites on bedrock or glacial clay) these extrapolations may be highly
overestimated, while in sites with very deep soft sediments these are likely underestimated. In some of our sites
(e.g. Langerompa, Semskilen, Araya) we noted sudden changes in carbon density, which likely represent abrupt
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changes in sediment composition such as historical changes in vegetation cover (i.e. loss or shifts in eelgrass
extent). We thus note that assuming constant carbon values over sediment depth is oversimplistic and likely to
lead to erroneous carbon stock estimates.

Eelgrass carbon stocks in a global context

Within comparative studies at a global scale, carbon stocks are often given for the top meter of sediment™®’
especially to enable cross-ecosystem comparisons to other coastal or terrestrial systems. After converting
our values to enable such comparisons, the carbon stocks measured in this study fit into the upper range of
established northeastern Atlantic eelgrass carbon stocks (Fig. 7), even though our highest stocks were lower than
those found in muddy Danish and German meadows in the Kattegat and western Baltic Sea!®!#88, Qur results
reinforce the idea of the NE Atlantic (Skagerrak, Kattegat, Baltic areas) as a region supporting sites with some of
the highest eelgrass carbon stocks globally, with high conservation relevance® due to the historical loss of many
eelgrass meadows in this area®®°! and recent efforts at large-scale restoration®>®. In a global seagrass context,
these values are higher than mean seagrass carbon stocks®, but still lower than the highest values recorded for
Posidonia oceanica meadows®*. Across ecosystems, eelgrass carbon stocks measured are, on a areal basis, similar
to those found in tropical and temperate forests, and salt marshes, though lower than those in boreal forests and
mangroves!®%>-%°. However, as discussed above, though useful, such comparisons based on extrapolation of data
across sediment depths should be considered as highly uncertain. Proper comparison should consider the actual
sediment accumulation and vertical profiles of carbon densities rather than simple linear extrapolation.
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Fig. 7. Estimated carbon stocks in the top 1 m of sediment (Mg C ha™?) in eelgrass (Zostera spp.) meadows in
different global regions. Data points in grey are from published literature, while points in green are new data
from this study (note that one point in grey in the Norwegian-Barents Sea region represents Rovik, which

was previously published but also used in the analyses of this study). Studies use different methods, sediment
depths, and units for calculating carbon stocks, therefore all data was converted to equivalent units for
comparison, though see text for caveats of this approach. See Appendix 1 for full details and citations.
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Uncertainty, knowledge gaps, and management

We have shown here that assessing carbon stocks with high precision requires a better understanding of the
variation across environmental gradients, as well as consideration of different sampling methods used. Despite
high variability, our study further demonstrates the magnitude of eelgrass sediment carbon stocks, and supports
the importance of preserving eelgrass meadows to ensure these blue carbon stocks are not released following
eelgrass loss”!. Conservation and restoration projects have been effective in improving the status of seagrass
ecosystems in several regions and consequently in enhancing seagrass carbon stocks'®. While conserving should
be considered the most effective measure to prevent the release of accumulated sediment carbon, carbon stocks
can also begin accumulating relatively quickly following restoration in areas where eelgrass has been lost®!01:102,

Understanding environmental drivers in order to provide accurate estimates of seagrass carbon stocks is
also essential in assessing the effectiveness of both conservation and restoration efforts and in planning future
projects. For example, our results underline the importance of sediment characteristics and wave exposure
in driving carbon stocks in northern temperate eelgrass meadows. Here, prioritising the conservation and
restoration of eelgrass meadows in muddy, sheltered areas could ensure the protection of blue carbon habitats,
thus maximizing carbon sequestration into the sediments, reducing loss of carbon stocks, and promoting the
recovery of lost stocks. The importance of these sites is further underlined by the fact that coastal sheltered
areas are often the most affected by human impacts such as eutrophication, coastal development, construction,
and dredging. These human impacts can affect the carbon stocks in seagrass meadows directly, through the
degradation and loss of meadow area which leads to erosion and release of sediment carbon®!, as well as
indirectly. For example, the carbon sink capacity of shallow estuarine seagrasses is known to be weakened by
eutrophication and coastal development!'®.

However, a holistic approach to conservation should aim at protecting a diversity of eelgrass meadows which
contribute to multiple ecosystem services'*, not only blue carbon. Eelgrass meadows in exposed areas may have
lower carbon stocks, but likely host diverse communities which differ from those in sheltered areas. Preventing
loss of populations and preserving intraspecific diversity is also important for species adaptive capacity in a
changing environment!?>1%. Here, for the first time, we sampled the carbon stocks of one of the northernmost
eelgrass populations in the Barents Sea. Though the carbon stock at this site was low, these northern eelgrass
populations will experience the highest magnitude of global change in the coming years, and merit fruther
study'?”. Understanding how future environmental conditions will affect carbon stocks both in relatively
understudied and well-known meadows should be a priority for future blue carbon research?.
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All data generated or analysed in this study are included in the published article and its Supplementary Infor-
mation files.
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