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Small carbon stocks in sediments
of Baltic Sea eelgrass meadows
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Seagrass meadows act as an effective carbon sink and store carbon in the
sediments for substantial periods of time. The drivers of carbon sequestration
are complex, and global and regional estimates of carbon stocks have large
uncertainties. Here, we report new carbon stock estimates from 14 sites along
the Swedish coast and compile existing literature to estimate the magnitude of
carbon stocks of Zostera marina (eelgrass) meadows in the Baltic Sea. Eelgrass
meadows in the Baltic Sea have considerably lower carbon content and lower
stocks (0.25 + 0.21% DW, 635 + 321 g C m™) than in the Kattegat-Skagerrak
region (3.25 + 2.78% DW, 3457 + 3382 g C m™®) and the average for temperate
regions in general (1.4 + 0.4% DW, 2721 + 989 g C m™2). Unfavorable growing
conditions for eelgrass in the Baltic Sea often lead to meadows occurring in areas
of high hydrodynamics, preventing significant carbon accumulation. Stable
isotopes revealed that the dominating source of organic carbon in the
meadows was planktonic, further highlighting that Baltic Sea eelgrass
meadows are not major carbon reservoirs in comparison to unvegetated
sediments and other seagrass areas. The results also highlight that
environmental conditions drive intraspecific variation of carbon sequestration
on large spatial scales. Overall, the carbon stocks and sequestration potential in
eelgrass meadows of the Baltic Sea are small compared to other
temperate regions.

KEYWORDS

Blue carbon, coastal biogeochemistry, carbon sequestration, carbon stocks, Zostera
marina, Baltic Sea

1 Introduction

Atmospheric carbon dioxide (CO,) is on a steady increase, and natural carbon sinks
have been getting attention as a means of mitigating the increasing levels of CO,
(Jacquemont et al., 2022). Global budgets describing the pathways, sinks and sources of
carbon are important tools for future research and conservation efforts, but are difficult to
obtain and remain with large uncertainties (Friedlingstein et al., 2022). The global oceans
act as a natural sink of CO,, and have sequestered about 26% of anthropogenic emissions
since the 1850’s (Friedlingstein et al., 2022). CO, enters the ocean via physical, chemical,
and biological pathways where it is stored in biomass and sediments, or remineralized to
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re-enter the atmosphere. The term Blue Carbon refers to the carbon
sequestered in the ocean and is usually associated with vegetated
coastal ecosystems (Santos et al., 2022).

Vegetated coastal ecosystems, i.e., seagrass meadows,
mangroves, and saltmarshes, provide a range of ecosystem
services such as increased biodiversity and productivity, water
purification, protection of the coastline, mitigation of sea level
rise, and sustaining livelihood and economies through fisheries
and tourism (Nellemann et al., 2009; Barbier et al.,, 2011). They are
also efficient in carbon capture and long-term storage. Blue carbon
ecosystems account for about half of the carbon buried in the ocean
although they cover less than 0.2% of the ocean floor (Duarte et al.,
2005; Nellemann et al., 2009). Despite their importance, about a
third of the global areas of vegetated coastal ecosystems have been
lost at accelerating rates (Macreadie et al., 2019).

Seagrasses are estimated to account for ~20% of the organic
carbon burial in marine sediments (Duarte et al., 2013). With the
main carbon stock residing in the sediments trapped below seagrass
rather than the seagrass itself, the effect of sediment properties on
the carbon storage potential have been studied to identify
correlations that can be used to upscale estimates of carbon
stocks (Dahl et al.,, 2016; Serrano et al., 2016). The efficiency of
seagrass ecosystems to bury carbon has however proven highly
variable and complex. A range of drivers besides sediment
properties such as species composition (Lavery et al., 2013),
bioregion (Mazarrasa et al, 2021) and hydrodynamic exposure
(Dahl et al., 2020) interact to determine the fate of the carbon
produced within the meadow and accumulated through input of
external sources. Besides understanding the drivers of carbon
burial, mapping the areal coverage of seagrasses is an obstacle in
obtaining robust global estimates (Macreadie et al., 2019; McKenzie
et al., 2020).

In the northern temperate region, Zostera is the most
widespread genus of seagrass along coasts and estuaries (Short
et al.,, 2007). Zostera marina (eelgrass) tolerates a wide range of
salinities (5-35 psu) and forms continuous, often monospecific
meadows in the saline waters of the eastern Atlantic, while
growing in a patchier distribution with other aquatic macrophytes
such as Zostera noltii, Potamogeton pectinatus, Ruppia spp. and
Zannichellia palustris in the brackish Baltic Sea (Baden and
Bostrom, 2001; Bostrom et al., 2003; Short et al., 2007).

Although more recent studies have provided carbon stock data
from eelgrass meadows in the Baltic Sea (Dahl et al., 2016;
Jankowska et al., 2016; Rohr et al., 2016; Stevenson et al., 2022),
regional data is still lacking for large portions of the Swedish east
and south coast (Krause-Jensen et al., 2022). When building global
estimates by extrapolating data on certain regions and species, the
loss of representation of local variabilities risks leading to large
errors. Upscaling data deriving from other temperate regions to the
Baltic Sea may not be appropriate since stocks show large variation
even on regional scales (Rohr et al, 2018; Krause-Jensen et al,
2022). To constrain global uncertainties, data and mapping of
seagrass cover on a regional and local scale are therefore required
(Mazarrasa et al., 2021; Krause-Jensen et al., 2022).
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Here, we quantify organic carbon stocks of the sediments in
eelgrass meadows along the Baltic coastline of Sweden, filling a
regional gap and contributing to understanding the potential of this
region in terms of carbon sequestration. New observations from 14
sites are presented together with a compilation of previous
observations from the Baltic Sea and the Kattegat-Skagerrak,
where seagrass sediment carbon stocks have been quantified. We
also use stable isotopes to assess the relative contribution of seagrass
and phytoplankton to sediment carbon.

2 Material and methods

2.1 Study area

The Baltic Sea is one of the world’s largest brackish water
bodies. Zostera marina meadows occur as far north as 61°37’N (~ 5
psu; Bostrom et al., 2003; Bostrom et al., 2014). The areal extent of
Z. marina in the Baltic Sea (excluding Kattegat and the Belt Seas) is
conservatively estimated to be 302 km?, comprising 0.05-0.1% of
the global seagrass area (Bostrom et al., 2014; Duarte, 2017;
McKenzie et al, 2020). As sheltered areas in the Baltic Sea are
dominated by aquatic plants more tolerant to the lower salinity
(Dahl et al., 2016), Z. marina is commonly found at exposed to
moderately exposed sites, with substrates ranging from muddy to
sandy and stony (Baden and Bostrém, 2001; Bostrom et al., 2003).
Meadows in the Baltic Sea are characterized by denser, smaller
shoots and lower rates of production than those in the Skagerrak,
Kattegat, and the Belt Seas (Bostrom et al., 2004; Bostrom et al.,
2014; Holmer et al., 2009). This may partly be explained by the
hyposaline conditions having a negative impact on plant
performance and productivity, and by the higher exposure of the
Baltic sites relative to eelgrass meadows in the Kattegat-Skagerrak
(Holmer et al., 2009; Salo et al., 2014).

2.2 Sample collection

A total of 43 cores from inside seagrass meadows and eleven
cores from unvegetated nearby areas were obtained throughout
June-August 2021 along the Swedish east and south coast (Figure 1,
Table 1). The study area (55-59°N) covers a temperature and
salinity gradient along the Z. marina distribution in the region.
All meadows were dominated by Z. marina, except a very shallow
site in the South of Sweden (Kurland; KU) where Ruppia spp. was
the dominating species. At most sites a gradient was observed where
the meadow/patches were mixed in the shallower parts, and more
monospecific in the deeper parts.

Cores were collected by snorkeling, using 30 cm long acrylic
tubes (5 cm diameter). When meadows were not continuous, coring
was performed within patches. Wherever possible, replicates were
taken with a minimum distance of 10 m from one another. The
same applied for reference cores sampled in unvegetated substrate,
where all cores but one (Hornsudde; HOref) were sampled 10-70

frontiersin.org


https://doi.org/10.3389/fmars.2023.1219708
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Billman et al.

10.3389/fmars.2023.1219708

FIGURE 1

Map of eelgrass blue carbon assessments with site abbreviations and including previously reported data. For full station names, see Table 1 and
online Supplementary File. (B—D) display the sites in the Kattegat-Skagerrak, and (A, E) are in the Baltic Sea. The black circles indicate sites recurring
in multiple studies. Two sites from this study were excluded from part of the analysis; Klintehamn and Slite (KL and SL; see Results). The reference
cores from unvegetated areas share coordinates with their respective vegetated cores and are not displayed in the map. Stars = New data presented
here, Dark green = Dahl et al,, 2016, Light green = Dahl et al,, 2020, Dark blue = Rohr et al., 2016; Light blue = Asplund et al., 2022, Orange =
Moksnes et al,, 2021, Yellow = Jankowska et al., 2016. The coordinates for the sites reported by Jankowska et al.,, 2016 and Asplund et al., 2022
were not available, and are approximated from the maps in the original studies.

meters outside the seagrass meadow/patches. The corers were
pushed into the sediment, capped with rubber stoppers at both
ends and transported vertically to shore or the boat for processing.
The sediment at most locations consisted of sand or gravel, making
it difficult to manually push the corers into the sediment. As a
result, most of the cores were shorter than 15 cm (Table 1). Rather
than slicing them into depth sections, all depths were pooled for
each core before analysis, to obtain averages for the entire core
length (three of the longer cores were sliced into 2-5 cm sections,
see online Supplementary Material). Although sediment
compaction is expected to be significant in soft, muddy sediments
(Dahl et al., 2016; Moksnes et al., 2021), it was not accounted for in
the analysis because of generally sandy substrate and short core
lengths. At each site, eelgrass roots, rhizomes, and leaves were
collected and stored in a portable freezer while in the field.
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2.3 Sample preparation

The depth layers for each core were homogenized to obtain an
average for the entire core. Larger fragments of biological material,
fauna, and rocks were removed to facilitate processing of the
samples. Using a cut off syringe, the volume of sediment was
recorded and measured into a plastic jar. The weight was noted
before and after freeze drying to calculate the dry density. Samples
from FU, SK, YS and KU were not freeze dried, but dried in an oven
at 40°C until constant weight.

A small fraction of the dried samples was ground and
homogenized with a pestle and mortar. A subsample was weighed
into tin cups for analysis of total carbon, nitrogen, and isotopic
composition of '*">C and ''*N using an Elemental Analyzer-
Isotope Ratio Mass Spectrometer (EA-IRMS). The standards were
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TABLE 1 Sampled Baltic eelgrass meadows with corresponding coordinates, most abundant species of macrophyte, the number of cores taken, the
average length of the replicate sediment cores, estimated sampling depth, water temperature and practical salinity.

Latitude Longitude Species Replicates Average Sampling Water Practical
(n) core depth temperature salinity
length (cm) (m) (°C)

Furumon (FU) 56.0953 14.7202 Z. marina 3 163 +£72 1.5 194 6.9

Skillinge (SK) 55.4575 14.2785 Z. marina 3 155+2 1.5 18.3 7.3

Ystad (YS) 55.4215 13.8463 Z. marina 3 8.1 £0.89 2 19.5 7.2

Kurland (KU) 55.3959 12.9828 Z. marina, 3 73+12 1 17.5 6.8

Z. noltii,

Ruppia spp.

Kurland Ref. (Kuref) 55.3959 12.9828 Unvegetated 3 75+ 1.3 0.5 17.5 6.8

Oskarshamn (OS) 57.0315 16.583 Z. marina, 3 6.5+ 1.5 3 22 6.8
Ruppia spp.

Ljugarn (L]) 57.3191 18.6953 Z. marina, 1 8 3 23 6.8
Ruppia spp.

Slite (SL) 57.7133 18.8311 Z. marina, 3 17.7 £ 2.5 3 22 6.8
Ruppia spp.

Burgsvik (BU) 57.0322 18.2237 Z. marina 3 72+25 3 20.5 7

Klintehamn (KL) 57.4011 18.1527 Z. marina 2 113 +32 3 233 6.8
Ruppia spp.

Klintehamn Ref. 57.4011 18.1527 Unvegetated 1 3.5 3 233 6.8

(Klref)

Hornsudde (HO) 57.6952 16.7324 Z. marina, 2 10.6 £ 3.4 1.5 244 6.5
Ruppia spp.

Hornsudde ref. 57.6952 16.7324 Unvegetated 1 13 1.5 244 6.5

(Horef)

Kérehamn (KA) 56.9695 16.9123 Z. marina, 3 9.2+ 38 3 235 6.7
Ruppia spp.

Ekon (EK) 58.1752 16.8548 Z. marina, 3 224 +0.63 1.5 225 5.1
Ruppia spp.,
P. perfoliatus

Ekon REF (Ekref) 58.1752 16.8548 Unvegetated 3 15+ 1.7 3.5 22.5 5.1

Kramp6 (KR) 58.6906 17.4658 Z. marina, 3 92 +25 2 22 5
Ruppia spp.

Gilo (GA) 59.0908 18.3269 Z. marina, 3 157 £ 15 2 21.5 54
Ruppia spp.

Galo REF (Garef) 59.0908 18.3269 Unvegetated 3 15+1 5 21.5 5.4

Nynishamn (NY) 58.8811 17.9542 Z. marina, 3 208 £ 1.8 35 21 5.6
Ruppia spp.

Bjorks (BJ) 59.8348 19.0786 Z. marina 3 19.1 £2.6 2 19.5 5.4

Mean values and standard deviation are reported. Reference cores share coordinates with the corresponding vegetated site, as exact coordinates were not recorded in the field.

calibrated to international isotopic references VPDB (Vienna Pee
Dee Belemnite) for carbon and atmospheric air for nitrogen. Results
are reported in permille (%o) using the 3-notation (e.g., Ricart et al.,
2015). From each site, a second subsample was weighted into silver
cups and acid treated with HCI fumes (10 mL, 37%) for 62 h in a
desiccator, for determination of the organic carbon fraction (e.g.,
Hedges and Stern, 1984; Harris et al., 2001). After the acid
treatment the samples were dried at ~40°C for 2 hours, packed
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into tin cups and analyzed by EA-IRMS. The dried, pooled samples
were then weighed before wet sieving through two sieves (1 mm and
63 pm), using Na,P,0; as a dispergent to dissolve accumulated
organic particles. The fractions from each sieve were dried at 50°C
until constant weight, and the percentage of each fraction was
calculated. Results are reported as fine fraction (% <63 pm).
Eelgrass roots, rhizomes, and leaves were cleaned of any
epiphytes (rarely observed) or sediment. The roots and rhizomes
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were separated from the leaves, and the samples were dried in an
oven at 40°C for 48 h. Using a mortar and pestle they were
homogenized into a fine powder and packed in tin capsules for
isotopic analysis as described for the sediment. Eelgrass samples
were pooled by region (Supplementary Online Material).

2.4 Literature survey

To put the data presented here into perspective, we conducted a
brief literature survey using Google Scholar (search words: “Zostera
sediment” “Baltic” “carbon”) of published Blue Carbon

data from eelgrass meadows in the Baltic Sea and the Kattegat-

» <«

marina

Skagerrak. Six articles that either reported carbon stocks, or carbon
content and dry bulk density so that carbon stocks could be
estimated, were selected for comparisons. All literature data
included in the estimates are available in the Supplementary

Online Material.

2.5 Data processing

The inorganic carbon content was obtained from the difference
in total carbon content and the site-specific fraction of organic
carbon (after acidification). Similarly, the §"°C signals were
corrected based on the site-specific isotopic signal obtained after
acidification. The carbon density (g C cm™) was then calculated by
multiplying the organic carbon content (% DW) by the dry density
(g DW cm™) of the pooled core. Carbon stocks (gC m™) were
estimated for the top 25 cm of the sediment, for comparison to
previous reported stocks in the region.

Extrapolating the carbon stock from a shorter core assumes that
the carbon density of the sampled core length is representative of
the sediments to 25 cm depth. However, sites with overall low
organic carbon content (<2% DW) tend to display mixed or
decreasing carbon depth profiles (Kindeberg et al., 2019). A
decreasing profile of carbon density would lead to overestimation
of the carbon stocks by pooling and extrapolating carbon stocks
from shorter cores. To correct for overestimation, published data of
carbon stocks from depth integrated cores was used to derive a
correction factor (Rohr et al., 2018). The carbon density of depth
sections to 10 cm depth was averaged and multiplied by 25 cm, and
compared to the results obtained by integrating each depth section
separately. The median value of the differences between the carbon
stock derived from the pooled and extended core and the one
obtained by integrating each depth layer was selected as the
correction factor.

To estimate the relative contribution of phytoplankton and
seagrass to the sediment, the two-source mixing model IsoError
(ver. 1.04; Phillips and Gregg, 2001) was used with §"°C as the
tracer. Sediments with 8'°C values outside those selected for the
endmembers resulted in mean contributions outside the range 0-1.
After calculation of the confidence intervals, those values were
scaled so that contributions >1 was set to one, and <0 were set to
zero. The mixing model was done for the Baltic Sea and the
Kattegat-Skagerrak separately, as the isotopic values of the
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endmembers may vary between locations. The endmember §'°C
value for Baltic macrophytes (-10.1 + 1.29 %o, n = 113) was derived
from the sampled eelgrass, combined with published data on Baltic
Zostera marina roots, rhizomes and leaves, Ruppia spp., and
Pomatogedon pectinatus, two freshwater macrophytes which
commonly co-occur with eelgrass in the brackish Baltic Sea (Rohr
et al,, 2016; Rohr et al., 2018). For the Kattegat-Skagerrak, only Z.
marina (both above- and belowground) was included in the
estimate for macrophytes (-10.46 + 1.49 %o, n = 89; Rohr et al,
2016; Rohr et al, 2018), as eelgrass meadows here tend to be
monospecific (Bostrom et al., 2003). The 3'3C values for
phytoplankton was obtained from the same published dataset,
selecting the estimates for the Baltic (-21.46 + 3.02 %o, n = 11)
and the Kattegat-Skagerrak (-18.28 + 2.18 %o, n = 6; Rohr et al,,
2018; Supplementary Online Material). The mixing model was run
with both uncorrected sediment §'’C values, and with values
corrected for the change in isotopic signal after acidification.

A Shapiro-Wilk normality test was used to check for normal
distribution. Wilcoxon signed rank test was performed to determine
if there was any statistical difference between the untreated and
acidified samples. Two-tailed Mann-Whitney U tests were
performed to compare independent two group samples, and
Spearman rank was used for correlations. All statistical analysis
were conducted in Python (ver. 3.10.8) using the Scipy package
(ver. 1.9.3).

3 Results

Two sites at Gotland (Klintehamn and Slite) displayed values
enriched in '>C even after correction for inorganic carbon
(corrected 8'C values of -2.17 + 0.67 and -5.71 + 0.85 %o
respectively). As these two sites also had the highest carbon
contents amongst the vegetated sites sampled in this study (0.71
+0.0035 and 1.19 + 0.21% DW, after correction), as well as high C:
N ratios (81.66 (n = 1) and 33.40 + 7.94) compared to the average
(Table 2), these results could indicate incomplete carbonate
removal. These two sites were therefore excluded from further
analysis, except for the average estimates of sediment properties
(fine particle content and dry bulk density).

3.1 Distribution of carbon content and
carbon stocks

To estimate the organic fraction of the carbon pool and reduce
bias in the isotopic analysis, acidification of a subsample from each
site was done to remove carbonates. Five out of seventeen samples
had higher carbon content after acidification than before, which
could be due to the variability of the samples, but may also indicate
addition of carbon contaminants during the acidification. This has
previously been observed when the fumigation time has exceeded
24 h (Komada et al., 2008). There was some evidence of a significant
difference in the carbon content (mean rank 34 and 119, for
negative and positive differences respectively; n = 17, Wstat = 34,
P = 0.045). 8"°C values were more depleted in ">C after acidification
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TABLE 2 Mean values and standard deviation of §°C (uncorrected and corrected), §'°N, and C:N ratios of sediments and eelgrass roots, rhizomes and
leaves (combined) reported in this study and including previously published data (see Figure 1 and Supplementary Online Material).

Region Type Uncorrected = Corrected 8"°N (%o)
8'°C (%o) 8'%C (%o)
Baltic Sea Z. marina -9.62 + 1.22 - 4.68 +1.22 3127 £11.17 10 This study
(-9.65) (4.89) (32.13)
Vegetated sediment -19.76 + 1.16 -20.53 + 2.54 2.55 +3.74 11.78 + 2.73 14 This study
(-20.19) (20.55) (2.26) (11.43)
Vegetated sediment with -16.10 + 7.84 -16.71 + 8.17 -0.18 + 3.67 25.28 £ 31.57 5 This study
reference (-19.59) (-20.24) (-1.75) (10.55)
Reference (unvegetated) -16.77 + 7.83 -17.44 + 8.17 0.30 + 3.34 26.30 + 33.03 5 This study
sediment (-10.24) (-20.85) (-0.52) (12.41)
Vegetated sediment -19.77 £ 2.54 Same as “This 3.07 £291 10.00 + 3.21 24 This study; Rohr et al.,
(-20.55) study — (3.39) (9.85) 2016; Rohr et al., 2018
all vegetated
sediment”
Vegetated sediment -15.81 £2.13 -16.42 +2.13 5.39 243 11.72 + 10.08 17 Roéhr et al., 2016; Rohr
Kattegat-
(-15.64) (-16.69) * (4.46) (9.39) ** et al,, 2018; Moksnes
Skagerrak
et al., 2021
*n=7
n=23

Median values are included in brackets and n refer to the number of sites. Note that Klintehamn (KL) is included in the estimates of vegetated sites that have a corresponding

unvegetated estimate.

than before (mean rank 10.4 and 2.3, respectively; n = 17, Wstat = 7,
p = 0.0003), but did not display a linear decrease with increasing
inorganic carbon content. Truncating the values of organic carbon
>100% and inorganic carbon values <0% to 100% and 0%
respectively, we obtained an estimate of the inorganic carbon
present in the samples. This should be considered as a rough
estimate, due to the limitations of the acidification procedure.

In the Swedish Baltic eelgrass meadows assessed here, the
average fraction of inorganic carbon was 4.96 + 5.39 (median:
3.24) % of the total carbon content (n = 17), comparable to previous
findings (Rohr et al.,, 2016). As there was large variability between
sites (0-18%), carbon content and stocks were corrected for the site-
specific values of inorganic carbon content (Supplementary Online
Material). Using available data from previous studies, we calculated
that the Kattegat-Skagerrak region had an average inorganic
fraction of 12.62 (11.44) + 8.38% (n = 19). Data from previous
studies were not corrected for inorganic carbon unless site-specific
raw data were provided (Supplementary Online Material). We
therefore refer to “carbon content” when discussing estimates
compiled of both organic and total carbon data instead of
“organic carbon content”.

The average organic carbon content of the vegetated sites
sampled in this study was 0.28 (0.24) + 0.15% DW (Figure 2A).
All vegetated sites in the Baltic Sea had organic carbon contents
<1% DW. The highest average was found in Skillinge (0.68 +
0.048% DW), which was ~6 times larger than the lowest at
Ljugarn (0.11% DW, n = 1) (Figure 3A). Including data from
previous publications (Supplementary Online Material, Figure 1),
the average carbon content in the Baltic Sea was 0.25 (0.21) + 0.14%
DW. In the Kattegat-Skagerrak, the average was >10 times larger
(3.25 (2.62) + 2.78% DW), and significantly different from the Baltic
(Mann-Whitney U = 919.0, ngg = 32 nggyc = 33, p = 3.92* 10°® two-
tailed) (Figures 2A, 3A).
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To correct for over- or underestimation due to the pooling of
the cores, they were divided into two groups based on the average
carbon content; high (>2% DW) or low (<2% DW; Kindeberg et al.,
2019). In the low-carbon samples the pooling method led to an
overestimation of carbon stocks of ~25% compared to the depth-
integrated estimate, with a large range (-34-115%, n = 45). In the
high-carbon samples, there was an underestimation of ~15%
(range: -53-18%, n = 22) (Supplementary Online Material). The
correction factors applied to the pooled and extrapolated cores were
thus 0.75 and 1.15, respectively. After correcting for inorganic
carbon content and pooling, the average carbon stock of the new
data reported in this study was 773 (660) + 372 ¢ C m ™. Including
previously reported data, our estimate for the Baltic Sea was 635
(563) + 321 g C m™, which represents only 23% of the average for
temperate eelgrass meadows (Figure 2B and Table 3). In the
Kattegat-Skagerrak region, the carbon stock estimate was 3457
(3057) + 3382 g C m™, more than five times larger than the
estimated Baltic stock and significantly different (Mann-Whitney
U = 927.5, ngg = 32 Npaiic= 33, p = 1.79 * 10°® two-tailed) (Figure 3B
and Table 3).

3.2 Comparing carbon content in
vegetated and unvegetated sediments

Although Klintehamn (KL) was excluded from most analyses
because the carbon content was likely not all organic, it is included
in this section for comparisons of carbon content and carbon stocks
with the unvegetated and their respective vegetated sites (n = 5).
The unvegetated sites in this assessment had an average carbon
content about three times larger than the vegetated ones (1.06 (0.25)
+ 1.80 and 0.32 (0.24) + 0.22% DW, respectively), but the mean is
skewed due to the small sample size and one extreme value at Ekon
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(EKref, 4.28 + 1.53% DW). Three unvegetated sites had lower
carbon content than their respective vegetated sites, while two had
higher. Carbon stocks were 1352 (787) + 1372 and 920 (682) + 644 g
C m™ in the unvegetated and vegetated sediments respectively.

3.3 Fine particle content as driver of
carbon content

The fine particle content in the here presented dataset displayed
a large range (0.46-26.1%), with the highest value found at
Nynishamn (NY) and the lowest at Ljugarn (LJ; Figure 3C). The
average fine particle content of this assessment was 4.06 (1.05) +
7.55%. Sediment properties differed significantly between regions
when also considering data collected from the literature
(Figures 3C, D). The average fine particle content was ~6 times
larger in the Kattegat-Skagerrak (29.76 (27.55) = 17.78%) than in
the Baltic Sea (5.01 (1.90) £ 6.50%; Mann-Whitney U = 400.5, ngs =
17 npaic= 26, p = 1.32* 10°® two-tailed), and the dry bulk density
was 0.75 (0.64) + 0.50 and 1.41 (1.42) + 0.15 g DW cm™ in the
Kattegat-Skagerrak and Baltic respectively (Mann-Whitney U =
95.5, ngs = 26 Npagc= 29, p = 4.02 * 107 two-tailed). The
correlations between sediment properties and carbon content
were stronger in the Kattegat-Skagerrak than in the Baltic
(Figure 4). Fine particle content was positively correlated with
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carbon content, and dry bulk density displayed a negative
correlation (Figure 4). Amongst the data compared here, the
definition of the fine fraction of sediment differs slightly (Dahl
et al., 2016; Rohr et al,, 2016; Rohr et al., 2018), which is why the
term “fine particles” is used over e.g., “mud” or “silt”.

3.4 Sources of carbon

To obtain insight on the sources of the carbon found in the
sediment, the 8"°C, 8'°N and C:N ratios in vegetation and sediments
were compared. The 8'"°C values obtained for Z. marina leaves, and
combined roots and rhizomes in this study (-9.32 + 1.62 and -9.94 +
0.69 %o) were comparable to those found in the literature (-10.1 + 0.3
and -10.3 + 0.32 %o in Finland, -9.8 + 0.4 and -10.9 + 0.33 %o in
Denmark; Rohr et al., 2016). The 8'3C of the sediments were corrected
based on the site-specific change in isotope signal after acidification
when data was available. There was no statistical difference between the
8"C values of unvegetated and their respective vegetated sediments,
neither for the corrected nor the uncorrected values (Table 2).
Including literature data, the sediment in the Kattegat-Skagerrak
region displayed higher values in both uncorrected §"°C and §"°N
than the Baltic sediments (Mann-Whitney U = 359 and 318, ngs = 17
Npaic= 24, p = 1.17 * 10™ and 0.002 two-tailed; Table 2 and Figures 54,
B). Using the corrected 8'°C values, the difference between the regions
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was still significant, although the sample size was smaller (Mann-
Whitney U = 89, ngs = 7 naic= 14, p = 0.002 two-tailed). There was no
evidence of a statistical difference in the C:N ratios between the two
regions (Table 2 and Figure 5C).

Applying a two-source (phytoplankton and seagrass) isotopic
mixing model with §"°C as the tracer, we compared the relative
contribution of macrophytes to sediment carbon (Figure 5D). Using
the uncorrected mean values of §'>C for each region (Table 2), the
contribution of macrophytes to the sediment was between 0-32% in
the Baltic and 8-55% in the Kattegat-Skagerrak, with mean
8% and 32 + 11%
respectively (Table 4). When considering the mean contribution

contributions and standard errors of 15 *

of each site, the two regions differed significantly (Mann-Whitney U
=99.5, ngs = 17 Npaic= 24, p = 0.005 two-tailed). The range of the
confidence intervals increased when using the corrected §C
values, while the mean contributions decreased (Table 4), and the
regions did not show evidence of a statistical difference.
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4 Discussion

4.1 Organic carbon distribution and drivers

We here report new observations from 14 Baltic sites, which were
also combined with previously published Blue Carbon data from the
Baltic Sea and Kattegat-Skagerrak, to build a larger regional scale
picture of eelgrass sediment carbon storage (Figures 3, 5). The short
cores obtained were extended to 25 cm depth and corrected based on
available depth profiles from sliced cores (Rohr et al., 2016; Rohr
et al,, 2018). This assumes that the sediment depth profiles sampled
here are similar to those used for deriving the correction factor. The
carbon content and carbon stocks in the vegetated sediments assessed
here were comparable to previous reports for the Baltic Sea (Table 3).
Overall, carbon content and stocks of Baltic seagrass meadows are
considerably lower than other temperate regions such as the Kattegat-
Skagerrak (Figure 2, Table 3).
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TABLE 3 Regional estimates (mean and standard deviation) of carbon content and carbon stocks in Z. marina meadows reported here and by
previous studies.

Countries n sites Carbon content (% DW) = Carbon stock (g C m™)
Baltic Sea POL 3 0.03 +£0.02-0.24 £ 0.1 329 £225 1 Jankowska et al., 2016
FIN 10 0.24 + 0.033* 627 + 286 Rohr et al., 2016; Krause-
Jensen et al., 2022
SWE 3 0.18 + 0.01* 490 + 213 Dabhl et al.,, 2016; Krause-
Jensen et al., 2022
SWE 14 0.28 £ 0.15 (0.24) 773 + 372 (660) This study
GER 20 - 7785 + 679 Stevenson et al., 2022
FIN, SWE 13 0.3 + 0.0 578 + 43* Rohr et al., 2018
Baltic Sea (FIN, POL, 33 0.25 +0.14 635 + 321 (563) This study; Dahl et al.,
SWE) (0.21) 2016; Jankowska et al.,
2016; Rohr et al., 20165
Rohr et al,, 2018; Asplund
et al., 2022
Kattegat- DEN, SWE 19 2.5+ 0.6* 4862 + 741* Rohr et al., 2018
Skagerrak
DEN 10 1.75 + 0.563* 4324 + 1188 Rohr et al., 2016
SWE 15 - 3806 + 1117 Krause-Jensen et al., 2022
Kattegat-Skagerrak 32 3.25+2.78 3457 + 3382 Re-analyzed data from Dahl
(DEN, SWE) (2.62) (3057) et al., 2016; Rohr et al.,
2016; Rohr et al., 2018;
Dahl et al., 2020; Moksnes
et al,, 2021; Asplund et al,,
2022
Temperate 13 countries 54 14 £ 04* 2721 + 989* Rohr et al,, 2018

The values from new sites sampled in this study are displayed in bold text. Asterisk denotes standard error.
The carbon content from Poland is presented as a range from the sites with the lowest and highest estimate.

* = SE.
+ Reported for top 10 ¢cm, multiplied by 2.5 to estimate the top 25 cm.

The small organic carbon stocks in seagrass meadows of the
Baltic Sea may be due to unfavorable growing conditions for Z.
marina (Holmer et al., 2009; Salo et al., 2014). High angiosperm
diversity in the Baltic leads to more competition in sheltered areas
and Z. marina tends to grow at exposed sites in a patchy
distribution (Baden and Bostrém, 2001; Bostréom et al., 2003;
Dahl et al., 2016). Hydrodynamic conditions affect the substrate,
and depositional conditions with a larger fraction of fine particles
occur in sheltered areas of low hydrodynamic energy (Rohr et al.,
2018; Dahl et al., 2020). Most sites sampled here appeared to have
little sediment accumulation, and substrates were coarse with bare
rock often encountered below the sampled sediment depth (see core
lengths in Table 1).

The fine particle content and porosity of sediments often have a
positive correlation to organic carbon content in meadows of
smaller seagrass species such as Zostera spp. (Dahl et al., 2016;
Rohr et al,, 2016; Serrano et al,, 2016). Small particles have a large
surface area, thus containing more binding sites for organic material
(Serrano et al,, 2016 and sources therein). Layers of clay or small
particles also reduce the permeability of the sediments (Wilson
et al., 2008). Since they are less ventilated by the ambient water,
anoxic conditions develop. Anoxic sediments have slower rates of
remineralization and thus promote organic carbon burial (Rodger
Harvey et al.,, 1995; Lehmann et al., 2002).
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Seagrass meadows can trap and retain fine particles, indirectly by
reducing the water flow and directly by physical interaction with
particles, further promoting anoxic conditions and high organic
material input (Hendriks et al., 2008; Fourqurean et al., 2012; Duarte
etal,, 2013). Here, we observed no clear trends separating the properties
of unvegetated and vegetated sediments, possibly due to the limited
sample size and large variability, or the short distance of the reference
cores to the eelgrass meadows. It is possible that eelgrass has grown
where the unvegetated sediment was sampled during recent years, as
the spatial coverage of eelgrass patches is dynamic on relatively short
time scales (Frederiksen et al., 2004; Nyqvist et al., 2009). A study
spanning four European geographic areas revealed that the fraction of
fine particles (<0.074 mm) was higher in vegetated than unvegetated
sediment, while the organic carbon content was only significantly
higher in vegetated meadows with relatively high organic carbon
content (Gullmarsfijorden and Ria Formosa), but not where organic
carbon was low (Baltic and Black Seas; Dahl et al.,, 2016). At low
organic carbon sites in Poland, no difference occurred between the
mean grain size in vegetated and unvegetated sediment, although the
carbon content was higher in vegetated cores (Jankowska et al., 2016).

Plant morphology, growing patterns, and hydrodynamics are
possible explanations for the contrasting trends in grain size and
organic carbon content of Baltic Sea eelgrass meadows and bare
sediments. The shoot density has a positive impact on the meadows’
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ability to reduce flow and hinder resuspension of particles (Zhu
et al, 2021), and continuous meadows have been suggested to
contain more carbon than patchy ones due to the decrease in flow
speed from meadows edge to center (Ricart et al., 2015; Oreska et al.,
2017). If flow conditions are high, especially in wave-exposed areas,
the sediment trapping may become ineffective as turbulence
increases (Koch and Gust, 1999). On the Swedish west coast,
differences between the vegetated and unvegetated sites were
smaller at exposed sites that contained less carbon and nitrogen
than sheltered sites (Moksnes et al., 2021). Similarly, the patchy and
sparse distribution of Z. marina in the Baltic Sea, in combination
with the high exposure of the meadows, could therefore limit the
ability to trap and retain carbon and fine particles in the meadow.
Here, we saw a stronger correlation of sediment variables and
carbon content in the Kattegat-Skagerrak than in the Baltic Sea
meadows (Figure 4), further suggesting that sediment variables play
a larger role in sheltered, depositional sites with continuous
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meadows effectively trapping and sequestering particles, than at
exposed sites where meadows are patchy. Baltic seagrass meadows
seem to have low potential for sequestering substantial amounts of
carbon but may instead be a significant source of exported organic
material to deeper areas (Duarte and Cebrian, 1996; Rohr et al,
2018). The fate of carbon after export is not within the scope of this
assessment but raises questions for future research.

4.2 Sources of carbon

Measurements of 8'°C can elucidate the origin of organic
carbon in the sediments, as plants with different photosynthetic
pathways have different isotopic signals (C; plants: -35-20 %o, C4
plants: -17-9 %o; Ramnarine et al., 2011). As inorganic carbon is
isotopically heavier (8'°C ranging -10-0 %o), a common approach is
to acidify an aliquot of the sample prior to analysis to obtain the
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8"3C of the organic carbon. As acidification may alter the §'°C In a global synthesis, seagrass carbon was estimated to comprise
signal in unexpected ways (Brodie et al, 2011; Schlacher and  about 50% of the organic carbon within seagrass meadows, the rest
Connolly, 2014), we ran the mixing model with both uncorrected  being accumulated through external input such as terrestrial run off
and corrected values of §">C to avoid confounding the results. or phytoplankton (Kennedy et al., 2010).

TABLE 4 Seagrass relative contribution to the sediment (%), obtained from the 2-source mixing model using uncorrected and corrected §'*C values
as the tracer.

Mean contribution and standard error (%) 95% Confidence interval (%)
This study Uncorrected 15+9 0-34 14
This study/Baltic Sea Corrected 8+10 0-28 14
Baltic Sea Uncorrected 15+8 0-32 24
Kattegat-Skagerrak Uncorrected 32+£11 8-55 17
Corrected 24 £10 0-48 7

All Baltic sites included in the estimate using corrected values originate from this study. “n” refers to the number of sites included in the mean sediment 8'*C signal used as input in the model (see
Table 2). The mixing model output for each site separately can be found in the Supplementary Online Material.
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Here, we found that 8'C values of the sampled Baltic sediments
were depleted in 13C relative to Z. marina (Table 2), more
resembling the values of phytoplankton (-24.6-22.6 %o; Rohr
et al,, 2016). The two-source isotopic mixing model indicated that
planktonic sources dominated over seagrass derived carbon (68-
100%). Only one of the meadows sampled in this study had a higher
mean contribution from seagrass carbon (Karehamn (KA), 56 + 4.0
(SE) %) (Figure 5D). The dominance of planktonic sources is not
surprising as algal blooms were observed in the Baltic Sea at the
time of sampling. However, filamentous algae were often observed
during sampling, and are also relatively depleted in §"°C (e.g.,
Pilayella littoralis; -21.6-24.8 %o; Kahma et al., 2021). As Bayesian
mixing models will output detailed results even if the input data is
poorly constrained (Brett, 2014), we used a simpler model due to
the limited sampling of endmembers. The drawback of using a 2-
source mixing model is the inability to differentiate between sources
with similar 3'>C values. Epiphytes and filamentous algae have
previously been identified as potentially large sources of carbon to
Baltic Sea eelgrass sediment (Jankowska et al., 2016; Rohr et al.,
2016). Fucus vesiculous (-15.78 + 2.2 %o) may also be a significant
source to sedimentary organic carbon (Kahma et al.,, 2020), which
would be overlooked in our estimate.

Surface sediments in Danish meadows consist of more
seagrass derived material (13-81%) than Finnish meadows (1.5-
32%; Rohr et al,, 2016). This is supported by the compilation of
previous and new data presented here, where the Baltic Sea
meadows were estimated to contain less seagrass derived carbon
than in the Kattegat-Skagerrak (0-32 and 8-55%, respectively)
(Table 4). Further, no difference was found in the §'°C for
vegetated and unvegetated surface sediments in this study.
Moksnes et al., 2021 concluded that the carbon pool of surface
sediments on the west coast of Sweden were more representative
of seagrass carbon, while unvegetated sites had lower values of
8'°C more resembling other sources. Hence, the Kattegat-
Skagerrak may support more seagrass derived carbon within its
meadows than in the Baltic Sea, more effectively retaining
internally produced seagrass derived material. Larger plants
contain less nutrients and more structural carbon than
phytoplankton, therefore the seagrass derived carbon is more
resilient to microbial decomposition i.e., more refractory, than
the accumulated carbon from marine sources (Duarte, 1990;
Enriquez et al., 1993; Fourqurean et al., 2012; Duarte et al,
2013). Refractory organic material and anoxic conditions result
in slower rates of remineralization and promote higher burial rates
(Rodger Harvey et al., 1995; Lehmann et al., 2002).

Although the average carbon stock of Baltic Sea eelgrass
meadows presented here is larger than previously reported, they
are small compared to other regions (Table 3). Eelgrass meadows of
the Baltic Sea may be more important as nutrient than carbon sinks,
as the area is experiencing high levels of eutrophication. Eelgrass on
the Swedish west coast has been estimated to have very high burial
rates of nitrogen, leading to great economic losses when meadows
are lost (Cole and Moksnes, 2016; Moksnes et al., 2021).

Environmental conditions clearly affect the carbon stocks in
seagrass meadows, as intraspecific variation is large (Dahl et al,
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2016; Rohr et al., 2018; Figure 3B), reaching comparable scales as
interspecific differences (Lavery et al., 2013). The environmental
and regional variation in addition to that found between species
provide convincing evidence that mapping efforts of both species’
composition and environmental factors, such as exposure and
sediment properties, must be further investigated to refine the
global estimates.

5 Conclusions

Carbon stocks reported from the northern hemisphere in Z.
marina meadows are highly variable. The Kattegat-Skagerrak
region is a potential hotspot for eelgrass sediment carbon, while
Baltic stocks are low. This study found ~20% higher carbon stocks
in the Baltic than the previously largest estimate based on ten sites
from Finland (Rohr et al, 2016). Using our own data and re-
analyzing previously published data confirms high variability in
both organic carbon content and fine particle content on a regional
scale, which were both significantly higher in eelgrass meadows in
the Kattegat-Skagerrak than in the Baltic Sea. Based on the §'°C and
a two-source mixing model, planktonic material was dominant over
seagrass derived carbon in both regions.

The patchy distribution and high wave exposure of eelgrass
meadows in the Baltic Sea likely results in fine particles and organic
carbon being exported to adjacent areas instead of buried within the
meadow. Environmental conditions add to species composition in
terms of variation in carbon sequestration potential, and different
proxies may need to be developed for different areas. The possibility
of Baltic seagrass meadows acting as valuable nutrient sinks calls for
more research.
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