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Abstract

Seagrass meadows, mangroves, and salt marshes are commonly referred to as “blue carbon
habitats”, due to their natural ability to act as carbon sinks. Their protection and restoration are
proposed as a measure to mitigate climate change. Today, it is important to identify new areas
that could also act as important carbon reservoirs and contribute to these mitigation efforts. This
study proposes a first approach toward the identification of a new potential blue carbon habitat in
the Baltic Sea: the shallow sheltered lagoon-like bays of the Stockholm archipelago. These bays
are complex littoral ecosystems with abundant rooted-macrophyte vegetation communities that
are not dominated by seagrass species. The current isostatic land-uplift isolates them gradually
from the sea, changing their sedimentation and biological processes over time. This phenomenon
could increase their capacity to accumulate sediment and thus, their capacity to store large
quantities of carbon. This study aims to (1) quantify the amount of carbon stored in the sediment
of these shallow sheltered bays, and (2) explore the abiotic and biotic factors that influence these
carbon stocks. The results revealed that carbon stocks estimates for the shallow bays are
comparable to estimates obtained for seagrass meadows in the Baltic Sea. The sediment carbon
content was mostly influenced by topographic openness and sediment density, but the differences
in carbon stocks between the bays were not as noticeable as expected. This highlights the
complexity of the processes occurring in these sheltered ecosystems. The results from this study
are encouraging, but further research is recommended to support the present findings and to
investigate their potential to act as a natural carbon sink. The results from this study suggest that
the shallow sheltered bays of the archipelago are worthy of further investigation as local carbon
storage that might contribute to climate change mitigation efforts.

Keywords semi-enclosed shallow bays, coastal vegetated ecosystems, blue carbon, sediment
carbon stocks, soft-bottoms, Stockholm archipelago, Baltic Sea



Popular Science Summary

Vegetated coastal ecosystems are recognized to be important natural carbon sinks and referred to
as “blue carbon habitats”. Mangroves, salt marshes, and seagrass meadows have the natural
ability to trap and store atmospheric carbon in their sediment. The stored carbon can remain for
centuries to millennia if the ecosystem is undisturbed, which offers a great advantage in
mitigating the effects of climate change and the current rise of CO, emissions. Today, there is a
necessity to research alternative habitats that could help with these mitigation efforts. The present
study proposes to investigate a potential new blue carbon habitat in the Baltic Sea: the
semi-enclosed bays of the Stockholm archipelago. These sheltered bays are complex ecosystems
with abundant vegetation and they are progressively isolated from the sea due to the current
post-glacial land rise in Scandinavia. This phenomenon gives special characteristics to the
numerous bays of the archipelago and could increase the bays’ capacity to store carbon in their
sediment. This study aims to quantify the sediment carbon storage of these shallow bays and also
to investigate which environmental factors influence their capacity to store carbon. The results
revealed that carbon stocks estimates for the bays are comparable to estimates obtained for
seagrass meadows in the Baltic Sea. It also highlights the complexity of the processes occurring
in these sheltered ecosystems and further research is recommended to investigate their potential
to act as a natural carbon sink. The results of this study suggest that the shallow sheltered bays of
the archipelago are worthy of further investigation as local carbon storage and might possibly be
regarded as a new blue carbon habitat if future studies support the present findings.

Ethical considerations

This project did not involve the voluntary collection of animals. However, some benthic
organisms were found in the sediment samples or attached to the vegetation samples. No
extended harm to these organisms was done, as they died the moment that the samples were
frozen and were discarded during the samples’ preparation process.



Contents

Introduction ... ..., 1
Natural carbon sinks ....... ... 1
Submerged blue carbon habitats ... 1
Blue carbon research for the Baltic Sea ... 2
Coastal bays of the Stockholm archipelago .......................o 3
AT 4

Material and methods ... 5
Sampling deSIZN ........ooiii 5
SaMPIES PrOCESSING ... ..ottt 8
Data analySiS ..o 10

ResuUlts ... 13
Carbon stocks, sediment and vegetation characteristics .....................c..co.cooo... 13
Influence of sediment and environmental variables ..............................o 16
Influence of above-ground vegetation ....................cooiiiiiiiii 20
CarbON SOUICES .. ...t 21

DiSCUSSION ... ... 22
Environmental factors influencing the sediment carbon content ....................... 22
Carbon storage estimates in shallow sheltered bays ........................... 25
Origin of the bays’ sediment carbon content ........................coooiiiiiiinn. 27
Methodological improvements and future research ....................................... 29
CONCIUSION ... 31

Acknowledgements ... 33

RefEreNCES ... .. ... 34

APPENdiX@S ... 39



Introduction

Natural carbon sinks

The importance of vegetated coastal ecosystems acting as natural carbon sinks was fully
recognized with the emergence of the term “Blue Carbon Habitat” in 2005. Since then, there has
been strong evidence that blue carbon coastal habitats like mangroves, tidal marshes, and
seagrass meadows can sequester a significant proportion of carbon in their sediment (Hori et al.,
2019; Macreadie et al., 2019; Trevathan-Tackett et al., 2015). It has been estimated that globally
these ecosystems cover less than 2% of the ocean floor, but sequester more than half of the
carbon buried in marine sediment (Chen & Xu, 2020; Hori et al., 2019; Ortega et al., 2020).
These sediment carbon stocks can reside for long time scales (up to millennia), which qualify
them as long-term sinks. This is of importance because they can help to mitigate climate change;
yet, their rapid degradation can alter their capacity to function as a carbon sink (Hori et al., 2019;
Mcleod et al., 2011; Ortega et al., 2020).

Blue Carbon Science quantifies global carbon stocks that can contribute to this effort toward
climate mitigation (Chen & Xu, 2020; Mcleod et al., 2011; Ortega et al., 2020). It is still a new
field and the consideration of marine macrophytes as carbon sinks was first introduced fifty years
ago (Smith, 1981). Therefore significant gaps and uncertainties remain in the understanding of
the carbon sequestration mechanisms in these ecosystems. The sink capacity of blue carbon (BC)
habitats can be disrupted by anthropogenic pressures: this can result in a shift from their status of
a net sink of carbon to a net source of carbon to the atmosphere (Hori et al., 2019; Kuwae et al.,
2016; Mcleod et al., 2011). It has been argued that they could act simultaneously as net emitters
of CO,and net carbon reservoirs in human-dominated shallow coastal areas.

Thus, these ecosystems are still worth further investigation as contributors to local climate change
mitigation (Hori et al., 2019; Kuwae et al., 2016). Today, it is important to identify other potential
overlooked coastal biotopes that could also act as local carbon sinks (Chen & Xu, 2020; Hori et
al., 2019; Krause-Jensen et al., 2018).

Submerged blue carbon habitats

Seagrass meadows are the most well-researched submerged BC ecosystem to this date. The water
column separates them from the atmosphere, therefore their carbon stocks are not directly
associated with the removal of atmospheric CO2. The biogeochemical processes of inorganic &
organic carbon in the water column are complex and knowledge gaps remain concerning the
functioning of the CO2 sequestration process (Krause-Jensen et al., 2018; Macreadie et al., 2019;
Scheffold & Hense, 2020).

The carbon sink capacity of seagrass meadows is partly due to its vegetation primary production,
but a key mechanism to their efficiency at sequestering carbon is their effectiveness in trapping



sediments and carbon compounds from outer sources beyond their natural boundaries (Mcleod et
al., 2011). The efficiency of these habitats to store carbon is influenced by several biotic and
abiotic environmental variables and their interactions.

For example, sediment carbon stocks are influenced by wave exposure and the intensity of
hydrodynamic processes. Sheltered habitats have been shown to accumulate finer sediment,
which facilitate the deposition of organic matter; as opposed to more exposed habitats, where the
hydrodynamics conditions result in higher exportation of organic compounds farther away and
can favor erosion (Dahl et al., 2016; Jankowska et al., 2016; Moksnes et al., 2021; Rohr et al.,
2016).

Usually, coastal sediments containing high proportions of mud content are also associated with
high organic matter content (Mazarrasa et al., 2018). The accumulation of fine-grained particles
and organic matter are both influenced by the hydrodynamics conditions, and the sediment type
may also affect the carbon remineralization process, enforcing the correlation (Dahl et al., 2016;
Mazarrasa et al., 2018; Serrano et al., 2014; Rohr et al., 2016).

The species diversity, cover, and density of the benthic plant communities can have a significant
impact on the burial and storage of carbon below it (Jankowska et al., 2016; Lavery et al., 2013;
Mazarrasa et al., 2018; Samper-Villarreal et al., 2016). Vegetated bottoms have generally higher
sediment carbon stocks than unvegetated bottoms. The type of vegetation and community also
influence the sediment stability: it enhances sediment trapping and thus its accumulation while
reducing resuspension of finer particles. The meadow density and its patchiness impact the
deposition of carbon. Hence, dense meadows with larger persistent species are associated with
higher sediment carbon stocks than less dense and uneven ones (Dahl et al., 2016; Ewers Lewis et
al., 2020; Lavery et al., 2013; Serrano et al., 2016).

Lastly, water depth has been shown to affect sediment carbon stocks (Mazarrasa et al., 2018;
Serrano et al., 2014). Water depth is related to turbidity, irradiance, and light attenuation, which
directly influence the meadows’ growth and productivity (Macreadie et al., 2017; Mazarrasa et
al., 2018). Generally, it is expected that shallower meadows have higher carbon storage that
gradually decreases with depth, but this trend can be disrupted due to differences in local
hydrodynamics conditions. Irradiance affects the seagrass meadow’s carbon storage, especially
between -2 m and -4 m (Lavery et al., 2013; Samper-Villarreal et al., 2016; Serrano et al., 2014).

Blue carbon research for the Baltic Sea

In the Baltic Sea, the BC spotlight has been mainly focused on seagrass meadows, which tend to
have lower sediment carbon contents compared to meadows in other marine regions. Seagrass
commonly grows on exposed to semi-exposed, sandy bottom with good water exchange and they
are present up to the Aland archipelago (Bostrom et al., 2003).

This makes them less likely to capture carbon and favor the exportation of the produced organic
matter outside the habitat’s boundaries(Dahl et al., 2016; Rohr et al., 2018). In addition, the low
salinity of the Baltic Sea might influence the seagrass plant growth, which may affect the local
production that could end up in the carbon pool.



A lot of organic material stored in the seagrass meadow sediment derives from surrounding areas,
independently of local production (Dahl et al., 2016; Rohr et al., 2018).

They are composed of Zostera sp. and often mixed with limnic angiosperms, such as
Myriphyilum spp. and Potamogeton spp.. These characteristics could alter their capacity to
capture and retain organic matter to a certain extent for the most exposed meadows (Bostrom et
al., 2003; Dahl et al., 2016).

Other vegetated areas composed of mixed rooted-macrophytes of freshwater origin are common
in the coastal areas of the Baltic Sea and occupy more sheltered sediment habitats. These
vegetation communities can be found in shallow bays of the Baltic Sea that are present up to the
Gulf of Bothnia (Appelgren & Mattila, 2005; Schiewer, 2008).

There is very limited knowledge concerning the carbon sequestration of rooted-macrophyte
habitats that are not dominated by seagrass species, but it could be argued that they share similar
characteristics with seagrass meadows and they could also contribute to some extent to carbon
sequestration. Thus, investigating these ecosystems represents an opportunity to identify a new
habitat that could be considered as a carbon sink (Mazarrasa et al., 2018), and the shallow
sheltered lagoon-like bays of the Stockholm archipelago could be a candidate towards this goal.

Generally, the accumulation bottoms prevail in the shallow, sheltered areas below 15m in the
archipelago (Hill & Wallstrom, 2008). Considering the importance of hydrodynamic conditions
for carbon storage in the sediment, then the semi-enclosed bays could be ideal spots for sediment
carbon accumulation. Until the last three decades, these bays have been greatly overlooked by the
research and monitoring programs in the Baltic Sea for the benefit of other more open coastal
ecosystems (Hansen, 2013). The European Union Habitats Directive (Council Directive
92/43/EEC) implementation led to renewed interest in these particular biotopes and until now,
they have never been studied as a potential BC habitat.

Coastal bays of the Stockholm archipelago

The Stockholm archipelago is strongly influenced by its brackish water coastal area, which
displays a gradient of salinity towards the inner part, due to an extensive outflow of freshwater
from lake Milaren. The postglacial land uplift is responsible for gradually isolating its numerous
shallow bays from the sea. This phenomenon causes the bays’ openness to slowly decrease,
which limits progressively the water exchange between the bays and the sea. With time, the water
properties and bottom-substrate characteristics of the bays are being altered, which directly
impacts their ecological structure (Hansen, 2013; Hill & Wallstrom, 2008).

They are recognized as important ecological biotopes in the Baltic Sea (Hansen, 2013; Hill &
Wallstrom, 2008), but their ecological functions can be affected in several ways by human
activities such as increasing concentrations of phosphorus, turbidity, and level of boating
activities inside the bays (Hansen and Snickars, 2014; Hill & Wallstrom, 2008; Eriksson et al.,
2004).



The bays are characterized by soft-bottom sediments and their progressive separation from the
sea has a direct impact on their submerged vegetation (Appelgren & Mattila, 2005; Hansen
2013). The vegetation consists of diverse plant communities of aquatic phanerogams and
charophytes: mostly from freshwater to brackish water origin and marine origin (e.g
Potamogeton perfoliatus, Myriophyllum spicatum, Stuckenia pectinata, Ceratophyllum
demersum, Najas marina, Chara sp. ...). Loose-lying algae (e.g Fucus vesiculosus) can also be
present. These communities are a mix of annual and perennial species, where their composition
and density varies with the bottom characteristics and depth of the bays. The changes in species
composition over time have been strongly linked to the openness of the bay (Hansen, 2013;
Hansen et al., 2008; Hill & Wallstrém, 2008).

The shore-level displacement gradually decreases the bays’ wave exposure which enhances the
deposition and sedimentation of fine particles and organic matter in the sediment (Hansen, 2013;
Hill & Wallstrom, 2008). It could be suspected that this can also result in decreased carbon
outwelling for the most enclosed bays, based on explanations of the outwelling hypothesis from
Santos et al. (2021). This could mean that the mobile carbon fraction would be less likely to be
exported toward the sea, which could potentially increase its chance of sequestration in the bay’s
sediment with time and act as long-term carbon storage.

Finally, it would be expected that the ratio between terrestrial and marine organic carbon would
increase with the decrease in the topographic openness of the bays (Hansen, 2013). The more
enclosed bays would capture more allochthonous terrestrial carbon, due to higher input of water
run-off from land compared to a relatively decreasing seawater inflow. The origin of organic
carbon can be deduced from §"C values of organic matter, so changes in carbon origins would be
reflected in the 8'°C-signal values of the organic matter in the sediment, but also in the
8"3C-signal of the particulate organic matter in the water column (Bohlin et al., 2006; Hansen,
2013; Jonsson et al., 2005). However, Hansen (2013) reported that the particulate organic matter
in the water column did not show noticeable changes along the gradient of isolation for the
studied bays of the archipelago. The resulting pattern observed could be the consequence of
several processes happening simultaneously, underlying the complexity of these biotopes.

Aim

The purpose of the study was to investigate the sediment carbon pool of shallow bays: as a first
step in investigating if they could be considered as local blue carbon habitats that are worth
further study. We hope that this study will contribute to gaining knowledge on the sediment
carbon stocks of the vegetated shallow bays in the archipelago and, more generally, on
rooted-macrophyte habitats not dominated by seagrass species.

The aim is to quantify the amount of carbon stored in the sediment of nine shallow bays and to
determine if the variation in carbon stocks can be explained by specific environmental variables.
The variables looked into by this study are water depth, the openness of the bay, sediment type
(DBD, porosity, finer-grain particles content), and vegetation characteristics (composition,
coverage, biomass).



I expected that the most enclosed bays have higher amounts of stored carbon compared to the
more open ones and that these stocks are comparable to values obtained by seagrass meadows in
the Baltic. I expected that the carbon stocks vary with sediment characteristics and are influenced
also by vegetation characteristics. As the vegetation is composed of seasonal marine macrophyte
communities, the variation explained by the vegetation characteristics was only investigated for
the top sediment layer.

Material and methods

Sampling design

A total of nine bays were selected to represent a gradient of openness (Table 1). The bay selection
was restricted to two areas to find bays that were reasonably close to each other, to facilitate the
fieldwork. Four bays are located in the Vaxholm/Varmdo area, at the east of Stockholm, and five
bays are located in the Furusund area, further north in the archipelago (Figure 1).
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Figure 1. Locations of the studied bays in the Stockholm archipelago. Maps created

with maps downloaded from Natural Earth (2021) and OpenMapTiles (2022) using QGIS
Software (v3.20 Odense; QGIS Development Team 2021).



The topographic openness (Ea) is calculated based on the equation described by Hansen (2013):
Ea=100x (A,/a) (1)

where A, is the narrowest section of the bay’s opening connecting the bay to the sea (calculated
from the mean water depth and the length of the bay opening on the field) and a is the water
surface area (derived from topographic maps using GIS tools).

The selected bays represent a gradient of Ea from enclosed bays (Ea<0.05) to open bays
(Ea<0.2). It is needed to keep in mind that a qualified “open bay” in this report should be
interpreted as the most open of the semi-enclosed bays studied, as all the bays in this study are
enclosed bays with narrow and shallow openings (Appendix 1).

Table 1. Locations, size and openness index of the studied bays.

Bay Latitude Longitude Locality Area Openness

(ha) (Ea)
Ostra Myttingeviken 59.380349  18.494024 Vaxholm/Varmdo 6 0.003
Eke fjard 59.404603  18.259106 Vaxholm/Varmdoé 19 0.009
Langbroviken 59.369418 18.472738 Vaxholm/Varmdo 10 0.013
Soderfladen 59.66371 18.86769 Furusund 7 0.017
Handfatet 59.674935 18.791428 Furusund 3 0.056
Farholmsfladen 59.678792  18.795633 Furusund 7 0.101
Vastra Lermaren 59.674458 18.865242 Furusund 13 0.259
Siviken 59430328 18.309008 Vaxholm/Varmdo 8 0.403
Edvassviken 59.642959 18.768082 Furusund 4 0.591

The samples were collected between mid and late September 2021. The sites were investigated
based on a stratified random sampling design and the sample collection was adapted from the
methodology for seagrass meadows described by Howard et al. (2014).

The sites were investigated based on a stratified random sampling design and the sample
collection was adapted from the methodology for seagrass meadows described by Howard et al.
(2014). Two random samples were taken from the shallow and two from the deep part of each
bay. The shallow samples were taken between 0.5 and 1.3 m depth and the deep samples between
1.7 and 2.9 m depth (the maximum depth in the study bays was 3 m). In one of the bays (Eke
fjard) the shallow area was all covered in reeds and one single "shallow" sample was taken at 1.5
m depth.

For each station, the water depth was taken with a plummet. The water depth measured was
adjusted to the seawater level at the time of sampling, using data from the water level
measurement station in Stockholm (provided by SMHI).



Then, a long sediment core was collected with a gravity corer (h = 50 cm, @ = 6 cm). Once out of
the water, the length of the core was measured and a compression factor was calculated on the
spot following the equation in Skilbeck et al. (2017). The average core length was 34.94 cm (=
7.61), and the average compression was 8.3 % (+ 7.7).

The sediment cores were divided into three parts representing the topsoil section (0 to 5 cm
depth), an intermediate section (5 to 12.5 cm depth), and the bottom section (rest of the core).
When the bottom section was long, only half of it was collected by cutting the section vertically
to the sediment depth.

The sections were cut accounting for the compression factor, before being placed in labeled
pre-weighed plastic bags and stored in a cooler with ice. This represents a total of 106 samples
that were used for carbon content and grain-size analysis.

After the sediment sampling, a vegetation community survey was carried out by snorkeling,
where a 1 m? visual quadrat was used to assess the total percentage of vegetation cover and the
percentage cover of present species. Finally, a vegetation sample was collected with a 0.25 m?
quadrat, placed in a labeled bag, and stored in the cooler, in order to measure the biomass and the
richness of benthic vegetation. It should be noted that depending on the bay's characteristics,
there were not always 4 vegetation samples collected, as some bays only had vegetation in their
shallow parts (e.g Siviken, Léngbroviken, Eke fjird) or in their deeper parts (e.g Ostra
Myttingeviken). Some bays had vegetation present in both shallow and deeper areas (e.g
Soéderfladen, Handfatet, Farholmsfladen, Edvassviken), while Vistra Lermaren had a vegetation
cover of less than 2 % in each of the sampling stations and no samples were retrieved. A total of
23 quantitative samples were collected.

In order to investigate if submerged or emergent vegetation affects the carbon stocks on a small
scale (within bays), we did an additional sampling in three of the bays’ shallower parts:
Férholmsfladen, Soderfladen, and Handfatet (Appendix 1). For this, we sampled four small cores
of sediment with a syringe corer (h = 8.1 cm, ¢ = 2.7 cm) in each of three vegetation types: reeds,
submerged vegetation, and bare sediment. No compression factor was applied, as it was judged to
be insignificant on the field.

For each of the syringe cores in submerged vegetation, a corresponding vegetation sample was
retrieved using a 25 ¢cm? quadrat, to measure vegetation biomass. In the reed vegetation, the
number of long, medium, and short reed shoots were counted with the quadrat. In addition, all
reed vegetation in the quadrat was sampled in one of the bays (Handfatet) and the reed biomass
for the other bays was calculated from the biomass/shoot ratio from Handfatet. All the biomass
samples were placed in labeled plastic bags and stored in the cooler.

Back from the field, all samples were kept at -18 °C in a freezer until further analysis. A list of
the vegetation species recorded for each bay is shown in Appendix 3.



Samples processing

The sediment samples were divided into two sub-samples, one for grain-size analysis and one for
analysis of carbon content. The vegetation samples were dried to estimate the dry weight of the
above-ground plant biomass at each station.

arbon content analysi

After defrosting, the sediment samples were homogenized and 30 mL of each sample (syringe
and each section of the long cores) was placed in an aluminum form and weighed, before being
let to dry in the oven at 60 °C for about 36 h. After the weight became constant, the samples were
weighed again and big shells and marine fauna were retrieved.

The samples were then ground using a mortar and pestle and if needed, a mixer mill was used
(adding 5 to 6 balls for about 5 to 7 min) to desegregate the dry sediment.

Using a milligram scale, tin capsules were weighed empty and 13 mg to 15 mg of sample was
added before closing the capsules with pliers. The same process was repeated for silver capsules,
except that after the sample deposit, IM of HCI solution was added to each silver capsule to
eliminate carbonates. After the reaction, the silver capsules were let to dry in the oven at 60 °C
for 24 h before being closed using pliers. The organic carbon content and carbonate content of
each sample were quantified by a mass spectrometer at the Center for Physical Sciences and
Technology in Vilnius, Lithuania. The *C:'C isotope ratio (8"*C in %o) was also measured in the
process. No samples of potential carbon sources were taken on the field (e.g surrounding
terrestrial plants, submerged vegetation, plankton...), so the reference values were taken from the
literature (Bohlin et al., 2006; Hansen et al., 2012; Jonsson et al., 2005).

The sediment characteristics, e.g porosity, dry bulk density (DBD), and organic matter (OM),
were calculated following equations from Smeaton et al. (2020), based on measured dry and wet
weights of the samples and sample volume.

Grain-size analysis

Chemical oxidation followed by wet sieving was used to determine the particle size distribution.
The choice of method was based on the timing and budget of this project, and also taking into
consideration that our samples were likely to have a high content of fine-grained material. In fact,
wet oxidation using hydrogen peroxide (H,0,) is commonly used to avoid problems of grain
aggregate formation that arise with LOI methods for samples with high content of fine material
and organic matter (Lopez, 2017; Vaasma, 2008). Standard geological sieves were used.

After defrosting, the sediment samples were homogenized, placed in an aluminum form,
weighed, and left in the oven at 60 °C for about 48 h to 72 h until the constant dry weight was
reached. Big roots, benthic shells, or organisms were retrieved and the dry sample was weighed
again. The samples were then placed in 500mL labeled containers for wet oxidation and the
organic matter was removed by adding 3-10 % diluted H,O, solution to the sediment. This also
helps to disperse the aggregation of particles by organic matter.



The samples were left to digest for at least 48 h and were stirred every day. After 48 h, the
supernatant (if present) was removed with a pipette. If the reaction had ceased, a few drops of
H,0, were added to see if all the organic matter was removed. If no reaction occurred, the sample
was ready for wet sieving. If effervescence appeared, more diluted H,O, was added and the
sediment sample was left to digest further until no more bubbling occurred.

A stack of sieves of decreasing mesh size (2 mm, 1 mm, 0.5 mm, 0.2 mm, 0.125 mm, 0.063 mm)
was placed over a bucket and the sample was passed from the uppermost sieve through the sieves
stack by using water. The content of each sieve was carefully collected with the help of a wash
bottle in pre-labeled containers and left to dry in the oven at 60°C for 24 h until the weight was
constant.

The next day, the dry samples were weighed to determine the different size fractions of the
sediment section. The water in the bucket containing the mud fraction (silt and clay) was left to
decant for 48 to 36 h. When settled, the surface water was carefully poured out, the mud was
collected in a container and placed in the oven at 60 °C for 24 h. Afterward, it was weighed to the
closest 0,001 g.

The results were presented in percentage composition of gravel (> 2 mm), very coarse sand (2 - 1
mm), coarse sand (1 - 0.5 mm), medium sand (0.5 - 0.2 mm), fine sand (0.2 - 0.125mm), very
fine sand (0.125mm - 63 pm) and mud (< 63 pm corresponding to silt + clay).

Due to time restrictions, further analysis of finer material (< 63 pm) has not been made and the
finer material measured, including clay and silt, was together classified as “mud content”. From
this process, the organic matter content of the sample, the proportions of the different size-grain
classes, and the relative percentage of gravel/sand/mud for each sample were derived. A
summary table of sediment classification per core depending on the bay, water depth, and
sediment depth is shown in Appendix 2. The classification was determined by the proportion of
gravel, sand, and mud content of each sample, following Folk’s classification system.

Vegetation biomass quantification and identification

After defrosting, the vegetation samples were placed in a tray and cleaned with water. The
different species of each sample were separated and identified to the lowest taxonomic level,
before being placed in pre-weighed aluminum forms and left to dry in the oven at 60 °C for about
48 h. Afterward, the dry samples were weighed to the closest 0,001 g. The vegetation
corresponding to the syringe cores (Najas, filamentous algae, and Chara) were grounded and
placed into tin capsules to be analyzed for carbon content.

From this process, the detailed vegetation composition and the vegetation biomass quantification
corresponding to a 25 ¢cm? quadrat were estimated, as well as, the carbon content for the flora
corresponding to the syringes samples.



Data analysis
Carbon stocks

The total sedimentary carbon stocks in the upper 25 cm sediment layer were calculated following
equations from Howard et al. (2014). The lengths of the cores were different, so for the analysis,
they were all standardized to a total length of 25 cm.

First, the inorganic carbon was deduced from the total organic carbon for each sample, and then
the organic carbon per unit area (gC,,.cm~) was calculated for each section.

The bottom section value of gC,,.cm™ of each core was calculated so it would represent a depth
of 12.5 to 25 cm.

The carbon content of each sample is represented by sediment organic carbon per unit area
(gCoe-cm?), and sediment organic carbon percentage (%C,y).

The carbon content values for each sample were calculated by applying a weight factor
corresponding to each section’s length out of the total core length over 25 cm.

The sum of each section, with applied weight factor, was summed up to obtain the total carbon
content for each core.

The aim is to have a representative value over the 25 cm depth. Knowing that the bottom section
accounts for half of the core, then it needs to be accounted for in the total carbon content of each
core (see equation 2).

Coe =S, 0.2+ S3x 0.3 +Scx 0.5 )

where C.,. is the total organic carbon content of a core (% or gCorg.cm'z), S, is the carbon content
of the depth section 0 - Scm, Sg is the carbon content for the section 5 - 12.5cm and S is for the
section 12.5 - 25 cm.

The mean sediment carbon stock (Cg ) of a bay was calculated by averaging the total carbon
content (gC,,,.cm™) of all cores from the same bay.

As explained in Rohr et al. (2018), Cg,. can be extrapolated from 25 cm depth to 100 cm depth
and expressed as a projected total Cg, ., in MgC, after being multiplied by the habitat area. Here,
due to the bay's characteristics and the lack of knowledge concerning the depth of the post-glacial
clay layer: there is no extrapolation in this study, in order to be cautious with the results’
interpretations. The projected total C.,, were calculated for the top 25 cm sediment layer
following the equation:

projected total Cyps = Ciours X (Mg /1 000 000 g) x (100 000 000 cm?/ ha) x A Bay 3)
where projected total Cg,q, is in MgC over the upper 25 cm sediment, Cg,y, is the mean carbon

stocks of a bay (gC,,.cm”), Mg represents 1 megagram, ha represents 1 hectare, and Ag,, is the
size of the bay (ha). The projected total Cg, can be found in Appendix 6.
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When investigating the mean of Cg,, per bay in the results section, the C,,, are given in
gC,.m™ for a better visualization. Values in gC,,.m™ are obtained by multiplying the values in
gC,e.cm™ by a factor of 10000. The results were compared to carbon pools estimations for
seagrass meadows in the eastern Baltic Sea and the Kattegat-Skagerrak area, presented in
Appendix 5.

The organic carbon per unit area values (or carbon stocks per unit area) are expressed in
gC,e-cm” for the rest of the report.

Sediment characteristics

The sediment properties, i.e. dry bulk density, and porosity, were calculated by following
equations used by Smeaton et al. (2020):

DBD =M,/ V; 4)

where DBD is Dry Bulk Density (g.cm?), M, is the dry mass of the sample (g) and V, is the wet
sample volume (cm?).
p=M,/ [M, + (M;/DBD)] x 100 (5)

where p is the porosity (%), M,, is the mass of water in the sediment (g), M; is the dry mass of
the sample (g) and DBD is the dry bulk density (g.cm™).

To obtain the values of the different sediment characteristics for each core, each variable had
weight factors applied depending on the section depth range, following equation 2 with the values
corresponding to each variable. The mean values for each bay were obtained by averaging the
values of all the cores inside a bay.

Statistical analysis

The response variables for carbon content were checked for normality and homogeneity of
variances before the statistical analysis.

The differences in mean sediment percent of organic carbon (%C,,) and carbon per unit area
(gC,e-cm?) between the bays were tested using a one-way ANOVA. The model residuals were
approximately normally distributed and had homogeneous variances, but the model of %C,,, had
two influential outliers in the residuals. Re-doing the analysis excluding them did not change the
model’s results, so I report the results from the model including the outliers. When ANOVAs
were performed and the results were significant, a Tukey’s test was run to check which bays
differed.

To investigate which predictor variables were influencing the most carbon content in the upper 25
cm of sediment, several analyses were attempted. Principal Component Analysis, Partial Least
Square Regression, and Multiple Regressions were tested, but due to the high correlation between
the predictor variables, the restricted number of samples, and some outliers influencing the
residuals, it was abandoned in favor of simpler models.

11



A correlation matrix was created from a model including all predictor variables for %C,, and
gC,e.cm™, to visualize the individual relationship of each response variable to the different
predictor variables. Linear Mixed-Effects Models (LMEM) were used to investigate the
relationship between carbon content and a single predictor at a time. For some variables, the
relationships had non-linear patterns, so Generalized Additive Mixed Models (GAMM) were run
to smooth the regression line and compared to the LMEM results to see which regression model
gave a better fitt GAMM were kept when results fitted better with the observations with a
stronger correlation.

This was the case for the relationships between %C,,, - topographic openness, and carbon content
- DBD (both %C,,, and gC,,.cm?). All mixed models had bay as a random factor.

The linear models had approximately normally distributed residuals and homogenous variances,
but three influential outliers occurred in all models with sediment characteristics. The regression
models were re-tested on a dataset excluding them and compared to see their influence on the
models.

The relationship between the vegetation characteristics and the carbon content in the upper 5 cm
of sediment was examined with pairwise plots. Only the 5 cm upper section was taken into
account in this case, due to the unknown sediment accumulation rate in the different bays and the
unknown history of the vegetation community composition evolution with the isolation of the
bay. Since there were no clear patterns, no regression models were run on this data due to lack of
time.

Instead, the influence of the vegetation on surface carbon content was investigated more closely
using the syringe samples from the three bays.

The effects of above vegetation on surface gCorg.cm‘2 over the first Scm of sediment, were tested
using a permutational ANOVA, as the normality assumption was not met.

The differences in mean carbon source 8"°C between the bays were analyzed using a one-way
ANOVA. The model residuals were approximately normally distributed and had homogeneous
variances. Two influential outliers were present in the model residuals, so the analysis was
replicated excluding them. The results obtained were similar to the ones where they were
included, so I present the results from the first model.

Four samples were lost following the carbon analysis by the mass spectrometer, and the three
corresponding cores were discarded from the statistical analysis involving sediment carbon
content and characteristics (two for Ostra Myttingeviken, one for Langbroviken).

The bottom section of one core from Véstra Lermaren was entirely constituted of post-glacial
clay, so the 8"°C value for this section was replaced by the mean of the bottom sections of the
three other cores from the same bay.

All the statistics were performed using R Statistical Software (v4.1.2; R Core Team 2021) and the

packages ‘“car”, “dplyr”, “gamm4”, “ggpubr”, “ggplot2”, “ggpmisc”, “gt”, “gridExtra”, ”’lemon”,

“MuMIn”, “mgcv”, “multcompView”, ’nlme”, permuco”, and “rstatix’ .
For conciseness in the rest of the report, organic carbon percentage will be referred to as %C,,,

and carbon stock per unit area as gC,,.cm™ (or gC,,.m™).
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Results

Carbon stocks, sediment and vegetation characteristics

There were significant differences in mean %C,,, among the bays (p = 6.58¢-07, df= 8, F=13.07,
Figure 2A). The most enclosed bay (Ostra Myttingeviken) had higher %C,,, values than all the
other bays. The other enclosed bays (Sdderfladen, Lingbroviken and Eke fjérd) had higher %C,,
values than some or all of the most open bays (Véstra Lermaren, Siviken and Edvassviken).
Vistra Lermaren had a lower %Corg than all the enclosed and one of the semi-enclosed bays
(Farholmsfladen).
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Figure 2. Sediment organic carbon content for the different bays. Bays are displayed
from the most enclosed to the most open. Values are presented as means (+ SD) of %C,,, (A) and
gC,.m™ (B). The percent organic carbon %C,, is displayed as the mean carbon content for the
upper 25 cm. The carbon per unit area gC,,.m™ is presented as the total amount of carbon
accumulated for the sediment profile (0 - 25cm). Letters above the bars represent the distinct
groups according to the Tukey’s test
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Also gC,,.m?* differed between the bays (p = 0.0321, df = 8, F = 2.65, Figure 2B). The only
significant difference was between Siviken and Langbroviken.

Siviken had the highest mean value of all sites, while Langbroviken had the lowest mean
gC,.m™. They did not differ from any of the other bays. Vistra Lermaren had the highest
variation in C,stocks. The total projected carbon stocks in the upper 25 cm layer of the studied
bay are presented in Appendix 5. Considering the small differences in mean gC,,.m> among the
bays, the results suggest that the size of the bay influences to a greater extent the total carbon
stocks for the shallow bays of the archipelago.

The sediment profiles obtained for %C,,,, are displayed in Figure 3 below.
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Figure 3. Organic carbon content along the sediment profile. Bays are displayed from
the most enclosed to the most open. Values are presented as means (+ SD) of percent organic
carbon %C,,, by depth sections. Depth sections represent the upper layer (0 - 5cm), intermediate
layer (5 - 12.5 cm) and bottom layer (12.5 - 25 cm).

14



The %C,, varied across the depth profile for Ostra Myttingeviken, Léngbroviken, and
Soderfladen, where lower values were found in the bottom section (12.5 - 25 cm). There were
more variations in %C,,, values at all depth sections for Sdderfladen, especially for the upper 12.5
cm, compared to the other bays. Eke Fjard, Handfatet, Farholmsfladen, Véstra Lermaren, Siviken
and Edvassviken did not display any strong noticeable variations in %C,,, along the depth profile.
The sediment depth profiles for carbon density are presented in Appendix 6. An increase in
gC,e-cm™ mean values with the depth profile was present for Ostra Myttingeviken, Eke Fjird,
Soderfladen, Handfatet, Farholmsfladen and Edvassviken. The bottom section had higher
gC,e-cm” mean values compared to the upper 5 cm layer, and these bottom sections had twice
more gC,,.cm™ than the upper section in the case of Ostra Myttingeviken, Handfatet and
Farholmsfladen.

There were more variations in gC,,.cm™ values at all depth sections for open Vistra Lermaren,
especially below 5 cm depth, compared to the other bays. The enclosed Langbroviken was the
only bay with slightly higher gC,,.cm” values in the upper 5 cm sediment, compared to the
values in the 5 - 25 cm depth profile. Véstra Lermaren, Siviken and Léngbroviken did not display
any strong noticeable variations in gC,,.cm” along the depth profile.

Sediment and vegetation characteristics for the studied bays are shown in Table 2 and Appendix
7. The species richness per bay is shown in Appendix 3.

Table 2. Summary of sediment and vegetation characteristics per bay. Bays are
displayed from the most enclosed to the most open one. Values are presented as mean values (+
SD). Values for the sediment characteristics (DBD, porosity, mud content, and OM) are
standardized over the upper 25 cm sediment layer. Vegetation cover and dry biomass represent the
above-ground vegetation characteristics.

Bay DBD Porosity Mud content oM Vegetation cover  Vegetation dry biomass
(g.cm-3) (%) (%) (%) (%) (9)
Ostra Myttingeviken 0.060 + 0.002 464 + 0.8 95.1 + 0.0 48.8 + 9.6 100 + 0 8.21 + 1.48
Eke fjard 0.207 + 0.080 450+ 1.7 798+ 7.0 26.9 + 3.0 34 +57.2 1.69 £ 2.93
Langbroviken 0.103 + 0.019 453+ 0.6 88.2 + 3.1 321+58 23.7 +40.1 237 4.1
Sdaderfladen 0.201 + 0.091 433+1.8 78.7 +20.3 329 +90 90 +11.5 9.33 +6.25
Handfatet 0.209 + 0.036 445+ 0.8 917 +52 212+41 82.5+236 16.1 £ 123
Farholmsfladen 0.185 + 0.084 445+ 1.3 914 +49 245 +11.0 825+ 236 269 +1.80
Vastra Lermaren 0.585 + 0.300 40.8 £+ 3.1 67.8 + 30.2 10.3 + 5.8 1+1.2 0+0
Siviken 0.324 + 0.029 433 +0.9 746 +7.0 16.1 +1.5 425+ 506 1.81 +2.20
Edvassviken 0.481 +0.132 406 + 1.1 694 +13.7 102 +1.7 45+ 10 6.62 + 3.72

Higher values of carbon density were found in more open bays, the same as for DBD. Eke Fjéard
is qualified as an enclosed bay, but its sediment carbon characteristics values differ from the
means for other enclosed bays. Porosity, mud content, and organic matter had lower mean values
for the most open bays.

15



Graphs D and E of Appendix 7 also show the mean values of gravel and sand content per bay.
The gravel content was higher for Soderfladen and Véstra lermaren, and both bays had more
variation compared to the rest of the bays that had minimum gravel content. The sand content
was slightly higher in more open bays (Eke-Fjard and Soderfladen) compared to the rest of the
enclosed and semi-enclosed bays. For both sand and mud content, the highest variation among
the cores was recorded for Soderfladen, Vistra Lermaren, and Edvassviken.

From the sediment type classification given in Appendix 2, there is a clear difference in sediment
class between the bays, and also among the cores in each bay. The most enclosed bays had more
mud content compared to more open bays, except Eke-Fjird for the 0-5cm depth section. More
open bays were more sandy and had more gravel generally. The water depth of the core had some
influence on the sediment type, especially for some depth intervals (e.g Ostra Myttingeviken
section 0 - 5 cm, Eke-Fjard section 0 - 5 cm, Handfatet section 12.5 - 25 cm, Siviken section 12.5
- 25 cm).

The mean vegetation cover per bay, as well as the variation among the sampling stations within
the bay, depended largely on the site. Eke Fjard and Siviken had the most variation from 0 to
100% vegetation cover. Soderfladen, Handfatet, and Férholmsfladen had an average of 90%
vegetation cover, while Vistra Lermaren had less than 2% vegetation cover. Note that the
vegetation cover for Ostra Myttingeviken is only representative of the deeper sampling stations,
as the shallower ones were discarded due to the loss of sediment samples following the carbon
analysis. From field observations, the shallow sampling stations from Ostra Myttingeviken had
an average of 25% vegetation cover.

The mean dry weight of the vegetation biomass was significantly higher for Handfatet, followed
by Séderfladen, Ostra Myttingeviken, and Edvassviken. Handfatet had the highest variation in
vegetation dry weight.

In terms of vegetation communities, the most enclosed bays Ostra Myttingeviken, Eke Fjérd, and
Langbroviken had a community composed mainly of angiosperms with several species of
filamentous algae. The most open bays Vistra Lermaren, Siviken and Edvassviken were mainly
composed of angiosperms. Soderfladen and the two semi-enclosed bays Handfatet and
Férholmsfladen had the richest vegetation communities with angiosperms, macro-algae (Chara
sp. meadows), and several filamentous algae species. The common reed Phragmites australis was
present along the shore of all bays.

Influence of sediment and environmental variables

The correlation matrix present in Appendix 8.1 shows that there is a high correlation between
%C,, and DBD, porosity, openness, sand, and mud. DBD had a high correlation coefficient with
%Cqy, (r = -0.81), while porosity and mud content had a lower correlation coefficient
(respectively: r = 0.68 and r = 0.56). The predictor variables were also highly inter-correlated
with each other. Mud and sand content showed an almost perfect correlation (r = -0.97), so only
mud content was investigated further here.
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To avoid multicollinearity, DBD, porosity, and mud content were not tested in the same model,
and simple regressions were used to investigate the relationships of the most correlated sediment
characteristics with carbon content. The correlation matrix for gC,..cm™ (Appendix 8.2) had
different results concerning its correlation with the predictor characteristics and openness was the
most correlated to gC,,.cm™ (r = 0.47).

The relationship between topographic openness and %C,,, was tested using a GAMM and the
results showed a non-linear negative correlation of %C,,, with the bay’s isolation to the sea (p =
0.01, F = 0.464, adjusted R*= 0.47, Figure 4A).
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Figure 4. Relationship between topographic openness and carbon content for the
different bays. Indication of the category limits, with dashed lines delimiting the cores from
“enclosed”, “semi-enclosed”, and “open” bays. Values for %C,,, (A) are presented as the mean
carbon content for the upper 25cm. Values for gC,,.cm™ (B) are presented as the total amount of
carbon accumulated for the sediment profile (0 - 25 cm).
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LMEM were used to test the relationship between topographic openness and gC,,.cm?, and the
results showed a weak but significant positive linear correlation (p = 0.041, R*= 0.22, Figure 4B).

LMEM was also used to test the relationship between water depth and carbon content. There was
no distinct relationship between water depth and %C,, (p = 0.871, R*= 0.004), nor between
water depth and gC,,.cm™ (p = 0.946, R*=0.0001).

Linear regressions with one predictor variable were used for all variables, but the relationship
between carbon content and DBD did not appear to be linear. Thus, GAMM with a single
predictor variable was tested and compared to the results obtained by LMEM, to see which
regression model was more fitting to the observations (Appendix 9 and 10). The carbon content
had a linear relationship with porosity and mud content, while it had a non-linear pattern for
DBD. Generally, there was a stronger relationship between %C,,, and the predictor variables than
for gC,e.cm™.

The carbon content was highly correlated to DBD, in term of both %C,, (p < 2e-16, F =11.21,
adjusted R* = 0.83, Appendix 10A) and gC,.cm™ (p = 7.41e-06, F = 8604, adjusted R*= 0.57,
Appendix 10D). Carbon content was less correlated with porosity, but remained a significant
predictor variable for %C,, (p = 0.010, R*= 0.46, Appendix 10B), but not for gC,,.cm™ as it was
not significant (p = 0.669, R? = 0.04, Appendix 10E). Carbon content was even less correlated
with mud content. It was a significant predictor variable for %C,, (p = 0.004, R* = 0.32,
Appendix 10C), but again, it was not a significant predictor variable for gC,,.cm™ (p =0.903, R’
=0.016, Appendix 10F).

From this first process, three outliers appeared to drive the observation pattern for all sediment
characteristics, especially for DBD (Appendix 10D). They are mean values for one shallow core
in Edvassviken and the two shallow cores in Vistra Lermaren. Two of the three cores had
reached the post-glacial clay layer when they were being sampled.

The core from Edvassviken had the clay layer starting at -22 cm depth, but it was excluded from
the mean values in the statistics as it was a really small fraction of the bottom section. The core
from Vistra Lermaren had the clay layer starting at -11 cm depth, so the bottom section was
completely constituted of post-glacial clay and it was therefore included in the analyses. The
LMEM and GAMM regressions were repeated on a dataset that excluded these outliers and the
results are presented in Appendix 9 and Figure 5. Overall, it did change the results obtained for
carbon content, but it affected more the results obtained for gC,,,.cm™ (Figure 5 below).
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Figure 5. Relationships between carbon content (%C,,, and gCorg.cm'z) and the
sediment characteristics (outliers excluded). Observations represent the core mean values
of carbon content and predictor variables over the 25 cm upper sediment layer. The first line
shows the relationships between %C,, and (A) DBD (g.cm™), (B) porosity (%), (C) mud content
(%). The second line shows the relationships between gC,,.cm™ and the predictor variables: (D)
DBD (g.cm™), (E) porosity (%), (F) mud content (%). The same graphs with the outliers included
can be found in Appendix 10).

By excluding the outliers, the correlation between %C,,, and the predictor variables decreased and
the relationship was less significant. DBD remained highly correlated to %C,,, (p < 2e-16, F =
11.36, adjusted R? = 0.82, Figure 5A). Porosity became insignificant as a predictor variable for
%Co (p = 0.064, R?=0.32, Figure 5B). Mud content remained a significant predictor variable for
%Cor (p =0.013, R*=0.17, Figure 5C).

On the contrary, the relationships between gC,,.cm™ and the predictor variables became all
significant and the correlations increased, when the outliers were excluded. Thus, the gC,.cm™
became highly correlated to DBD, which became a significant predictor variable (p p < 2e-16, F
= 31796, adjusted R* = 0.73, Figure 5D).
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Note that the LMEM results for DBD relationships with gC,,.cm™ became significant, but with a
R? value lower than for the GAMM regression (Appendix 10). The porosity became more
correlated to gC,,.cm” and became a significant predictor variable (p = 0.020, R*= 0.35, Figure
5E). The mud content became poorly correlated to gC,g.cm™ values, and it was weakly
significant (p = 0.185, R*= 0.18, Figure 5F).

Influence of above-ground vegetation

The permutational ANOVA showed no significant differences in gC,,.cm™ means between the
vegetation types (p = 0.348, df = 2, F = 1.098), no significant differences in gC,,.cm™ means
between bays (p = 0.156, df = 2, F = 1.989), and the interaction between these variables was not
significant either (p = 0.606, df = 4, F = 0.689).
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Figure 6. Sediment gC,,..cm™ depending on the above vegetation type for the
different bays. Values are presented as means (+ SD) of gC,,.cm™ of the upper 5 cm of
sediment. The submerged vegetation species were different among bays, with dominant Chara sp.
for Soderfladen and Najas marina for Farholmsfladen and Handfatet.
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Figure 6 shows that there was a larger variation in gC,,.cm™ in Farholmsfladen compared to the
other bays and that the variation was larger in the sediment in the reeds area.

The submerged vegetation composition was different between the three bays with Soderfladen
having predominantly Chara meadows, while Farholmsfladen and Handfatet had predominantly
Najas meadows. Handfatet had significant filamentous algae cover compared to the other bays.
The differences in species communities did not influence the results significantly in terms of
surface sediment carbon content.

Carbon sources

There were significant differences in mean 8" C per bay, for the upper 25 ¢cm sediment layer
(p = 8.88e-10, df = 8, F = 22.27, Figure 7). There was a significant difference between
Soderfladen and the rest of the other enclosed bays, and Langbroviken differed from both
Soderfladen and Ostra Myttingeviken.
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Figure 7. Mean 8"C per bay over the upper 25cm sediment layer. Bays are displayed
from the most enclosed to the most open one. Values are presented as core means of §°C in %o (+
SD), over the depth profile (0 - 25cm). Letters represent the distinct groups according to the
Tukey’s test.
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Soderfladen had the highest §"*C value of all sites. Handfatet and Farholmsfladen had higher 6'°C
values than most of the bays. Eke Fjiard and Langbroviken had lower 8"°C values than the rest of
the sampled bays, with Langbroviken having the lowest "°C value of all sites.

The mean 8"°C values showed no consistent trend with the topographic openness of the bay. All
the bays with low 8"°C values were located in the southern study area Vaxholm/Virmdé and the
bays with the highest 6'*C values were situated in the northern area Furusund.

There were a few patterns in 8"°C values between the depth sections of the sediment profile
(Appendix 11). The 8"C values increase gradually with sediment depth for some bays (Eke
Fjird, Séderfladen, and Handfatet). Other bays only had higher §"*C values in the bottom section
compared to the values of the above sediments (Firholmsfladen and Siviken). Two bays did not
show a strong increase or decrease in 8"°C values across the depth profile (Edvassviken and Ostra
Myttingeviken).

Discussion

Environmental factors influencing the sediment carbon content

A clear pattern was observed for the sediment carbon content, where an increase in topographic
openness was associated with a decrease of %C,,, in the sediment. There was also a decrease in
sediment %C,,, with an increase in sediment density. On the other hand, a decrease in %C,,, was
associated with an increase in sediment porosity and mud content. The sediment variables and the
topographic openness were all significant predictors for %C,, and DBD was the predictor
variable that explained the most the %C,, values observed. The topographic openness was the
second predictor explaining partially the %C,, values obtained, and it was also highly
intercorrelated with DBD. Porosity and mud did not have a strong relationship with the observed
%C,y, values.

The %C,,, along the sediment profiles differed between bays, but it was generally higher in the
uppermost layer of sediment. The sediment layer containing very high carbon content had
different thicknesses in the different bays, while the carbon density in the sediment increased
along with the depth profile. It suggests that the uppermost layer of this sediment had low density
but high OM content. This pattern was observed on the field while retrieving the sediment
samples. The sediment cores from more enclosed bays had a layer of decomposing organic matter
that was sitting on top of a denser sediment layer, and the limit between these two layers was not
always distinguishable.

This type of sediment was previously described in the Pomeranian Bay by Emeis et al. (2002)
and in lagoons of the southern Baltic Sea by Ulyanova et al. (2014). It is referred to as “fluffy
layer suspended matter” (FLSM) and described as deposited organic-rich material that is resting
on the sea bottom. This layer has high water content and looks like it is ‘floating’ over the
bottom, corresponding to what was seen on the field. In sandy areas, the limit between FLSM and
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the bottom sediment can easily be seen. But in soft-bottom areas, this layer may not be easily
delimited from the underlying muddy sediment and can show a gradual change in physical and
chemical properties (Emeis et al., 2002). It is reported that the suspended matter is incorporated
by both physical and biological processes into the underneath sediment (Pempkowiak et al.,
2002).

On the contrary, the sediment from more open bays had a negligible layer of organic matter at the
top of the core. The sediment was generally more compact and the post-glacial clay layer was
visible in two cores retrieved in two different open bays. This indicates that the fluffy layer
properties change depending on the hydrodynamic conditions of the shallow bays. In fact, it was
reported that the formation of a high-density fluffy layer on the sediment is optimal in calm
weather conditions, but it can be quickly resuspended and mixed in the presence of waves
(Pempkowiak et al., 2002; Ulyanova et al. 2014). Moreover, spatial changes in FLSM were
observed due to variable river input, while temporal changes were also noticed due to the
hydrological factors and biological activity variations induced by the climate (Emeis et al., 2002;
Pempkowiak et al., 2005; Ulyanova et al. 2014).

The hydrodynamic conditions of the more open sheltered bays are responsible for the erosion of
the surface sediment, which might prevent rapid sediment accumulation and increase the
sediment compaction. Thus, the sediment layer with organic content for Edvassviken and Vistra
Lermaren was so thin that the core section retrieved extended down to the post-glacial clay layer.
On the contrary, the weak hydrodynamics of more enclosed bays would be more favorable to the
sediment accumulation and would lead to the accumulation of organic matter in the form of a
flufty layer on the sea bottom. This layer can easily be resuspended in the water column, but the
sheltered characteristics associated with the small opening of the bays might naturally prevent it.

The carbon content in terms of gC,,.cm™ showed an opposite relationship with all predictor
variables, compared to the pattern seen with %C,,. Then an increase of gC,,.cm™ was associated
with an increase in topography openness and sediment density. On the contrary, a decrease of
gC,.cm™ was related to an increase in sediment porosity and mud content. DBD was the factor
explaining the most the variations in gC,,cm™ values, followed by topographic openness.

Porosity and mud content were not good predictors for explaining gC,,.cm™.

In the results, three cores appeared to be different from the other samples for almost all the
sediment variables and they all came from two of the more open bays with more intense
hydrodynamic conditions (Edvassviken and Véstra Lermaren). Once they were removed, the
relationship between gC,,.cm” and porosity became significant, while the relationship of
gCOrg.cm'2 with mud content remained insignificant. As for %C,,, DBD had a strong relationship
with gC,,.cm™ values and was the best predictor variable. Topographic openness did not have a
strong relationship with observed gC,,.cm™ values. Porosity was only a significant variable when
the three outliers were excluded, but the relationship with gC,,.cm™ was not strong either. Mud
content did not influence the gC,,.cm™ values in this study.

The water depth and the vegetation characteristics did not explain the sediment carbon content
variations observed. Some of the shallow bays had vegetation all the way down to their deeper
part and there was no consistent pattern in terms of vegetation cover and biomass with water
depth in the studied sites.
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It has been shown that macrophyte communities can enhance locally the sediment carbon content,
compared to non-vegetated bottoms (Jankowska et al., 2016; Rohr et al., 2016; Scheffold &
Hense, 2020). This is not the case in the investigated bays. The vegetation characteristics did not

have any effect on the small-scale level and were not linked to noticeable variation in gC,,.cm™.

The vegetation biomass and cover are highly dynamic in both space and time, making the results
of an up-close study difficult to interpret accurately over such a short time. In fact, the vegetation
may differ between years, and the patches investigated may have had different vegetation, while
the carbon content in the uppermost 5 cm integrates over a longer time period than the current
growth season. The sampling was done in late summer and the aquatic species recorded are
mostly seasonal, so this study does not account for annual variations. The common reed
(Phragmites australis) is a perennial species that was present to a large extent along the shoreline
of all bays. Reeds start to decay in autumn but keep rigid stems during winter. The submerged
vegetation is mainly composed of fast-growing annual species that lose all or at least a significant
part of their above-ground biomass during winter, due to bottom freezing conditions (Appelgren
& Mattila, 2005). If the roots remain, the perennial species can come back every year and could
still contribute to some extent with sediment-binding properties during the colder season or when
the above-ground biomass is low. Additional sampling during winter would be required to
confirm that the plant community presence and composition have a negligible influence on the

surface gC,,.cm™.

However, it could be assumed that the vegetation community has a minor influence on the
particle resuspension if the bay has extensive dense macrophyte meadows, especially during
spring and summertime. The summer season is associated with higher intensity of recreational
boating which can increase the hydrodynamics of the bay (Appelgren & Mattila, 2005; Eriksson
et al., 2004). The plant community would then contribute to the stabilization of the seabed with
their roots or rhizomes, which could reduce the resuspension process. A study by Austin et al.
(2017) highlighted that a high cover of aquatic vegetation can reduce water turbidity during
spring and summer in shallow bays along the central Swedish Baltic Sea coast. This could be the
case for bays similar to Soderfladen, Handfatet, and Farholmsfladen. The number of sampled
bays was restricted and further research needs to be carried out to confirm this hypothesis. It is
certain that if the vegetation played a great role in the sequestration process of carbon in the
sediment, then it would be reflected in the results even from a small dataset.

These results obtained for the shallow bays of the archipelago contrast clearly with those from
studies investigating the factors driving sediment C,,stocks in seagrass meadows of the Baltic
Sea, over the same sediment depth (Dahl et al., 2016; Rohr et al., 2016; Rohr et al., 2018).
Commonly, the most important predictors of carbon sink capacity of seagrass meadows are
sediment characteristics (mud content, porosity, DBD, grain size), water depth, and plant
characteristics (species, biomass, canopy complexity, cover, density). In seagrass studies, the
sediment carbon content values in %C,, and gC,,.cm™ are usually following a similar pattern
across sites with more contrasting results than the ones obtained for the shallow bays. As stated
before, seagrass meadows are present in more exposed areas and higher hydrodynamics exposure
was associated with higher C,stocks (Dahl et al., 2020; Rohr et al., 2018).
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The exposed seagrass meadows have less delimited boundaries compared to the shallow sheltered
bays of the archipelago. Consequently, it has been discussed that there is a large quantity of
organic carbon produced by seagrasses that is exported outside the ecosystems’ boundaries (R6hr
et al., 2018).

The vegetation has a more important role in seagrass meadows to trap and increase sediment
accumulation locally, while the more enclosed bays did not display a major role of the vegetation,
probably due to the calmer conditions of the environmental settings.

Additionally, the seagrass sediment generally has more sand content than the sediment of the
soft-bottom bays, which could suggest that in more sandy areas the proportion of fine-grained
sediment is more important to predict C,,stocks.

Overall, the proportion of mud in the sediment was not a good predictor of carbon content for the
shallow sheltered bays of the archipelago. Mud content was recognized to not be a universal
variable to predict sediment carbon content for seagrass meadows (Serrano et al., 2016). The silt
or clay fraction, as well as the organic matter content, were sometimes better predictors to explain
variations in sediment C,,stocks (Dahl et al., 2020; Serrano et al., 2016). Here, the limitations in
time and budget did not allow us to separate the mud content into the silt and clay fractions and it
was not possible to investigate the possible impact of the clay fraction on the sediment carbon
content.

More details concerning the bottom topography, the sediment rate accumulation, and the fauna
and flora community temporal changes, would help to better understand the complex processes
that are occurring in those ecosystems. Contrary to seagrass meadows, there is no considerable
spatial variability in the amount of carbon stored in the sediment (Lavery et al., 2013). The small
differences of gC,,.cm™ observed occurred over a wide range of topography openness (thus of
hydrodynamic conditions). So the investigation of which specific variable would be the best at
predicting gC,,..cm™ is not justified as a priority for further research.

Carbon storage estimates in shallow sheltered bays

A summary of carbon pool estimations for seagrass meadows in the Baltic area and the
Skagerrak-Kattegat strait can be found in Appendix 4. The C,,stocks estimates for the shallow
bays of the archipelago are comparable to values obtained for seagrass meadows in the eastern
Baltic Sea area. On average, the bays had twice as much carbon per unit area than values reported
for meadows of the eastern Baltic Sea area. However, the bays’ C,,stocks estimations represent
at best half the previous estimates of sediment C,,stocks for the seagrass meadows in the
Skagerrak-Kattegat strait.

Note that previous estimates of sediment %C,,, for these seagrass habitats are generally way
lower than the ones obtained in this study. The values obtained for most exposed sites here
(Véstra Lermaren and Edvassviken) are close to the sediment %C,, values obtained for the
seagrass meadows of the Kattegatt-Skagerrak strait.
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While there is a pattern in seagrass meadows where higher %C,,, is associated with overall higher
sediment C,, stocks, this is not true for the shallow bays of the archipelago.

There is a significant correlation that the most enclosed bays have higher %C,,, values compared
to the most open bays, but there was no similar trend with the sediment C,,stocks. The results did
not show a strong difference in gC,,.cm™ values between the bays, which suggests that there is
no distinct pattern between the sediment %C,,, values and the sediment C,,stocks for the shallow
bays (at least for the 25 cm sediment depth profile). It was initially expected that the sediment
C,stocks estimates would be more noticeable along the topographic openness gradient than the
results obtained by this study. The results indicate a possible counter-effect of the hydrodynamic
conditions of the bays. Presumably, the extremely high %C,, values in the very loose organic
sediment of the enclosed bay clearly indicate that the environment is favorable to the
accumulation of organic matter on sheltered bottoms. This leads to low DBD and low carbon
density in the upper part of the sediment and it can result in a low estimation of the carbon stocks
when only looking at the uppermost 25 cm.

One question of interest is whether the sediment C,,stocks of these bays are particularly distinct
from the amount of carbon in the sediment surrounding shallow coastal areas in the open
archipelago. It could be assessed by comparing the values of this study with values obtained for
the amount of carbon stored in the sediment of the surrounding shallow coastal areas in the
archipelago. If the estimates for the bays are more important than the estimates of shallow
exposed areas in the archipelago, then it would support the theory that the shallow semi-enclosed
bays represent notable local carbon storage areas. Such carbon content value estimates were
researched in sediment reports and scientific literature about the Stockholm archipelago sediment.
Unfortunately, the estimates found were related to sediment sampled at deeper depths and were
given in either total carbon percentage (%Cm) or %C,,. It is not possible to compare these
estimates with the results from this study, both due to depth differences and to the %C,,, that was
not representative of the carbon per unit area inside the bays.

The lack of knowledge concerning the bays limited our ability to conclude about the total
projected C,,stocks for the entire bays. This study did not have prior knowledge about the
specific sediment accumulation rate or the total thickness of the sediment layer where the carbon
is stored (down until the post-glacial clay layer) for each bay. The results only reflect that there
were no strong differences in average C,,stocks between the bays in the uppermost 25 cm
sediment layer. It can be expected that the size of the bay would be an important factor
influencing the most the total projected C,,stocks, at least for the 25 cm sediment depth profile.
The results shown in Appendix 5 encourage this assumption.

The selected sites represent an acceptable sampling of both small and larger bays for each
category defined by topographic openness. It suggests that there is a tendency for the larger bays
to have a more important total projected C,,stocks compared to the smallest bays, regardless of
their openness.
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Origin of the bays’ sediment carbon content

Typically, the origin of organic matter in marine sediments is deduced using the stable carbon
isotope ratio of the surrounding plant material (Bohlin et al., 2006; Jonsson et al., 2005). Indeed,
the photosynthetic mechanisms and the carbon dioxide sources will differ between terrestrial
plants and aquatic plants. These differences will influence the *C:"*C isotope ratio, from which it
is possible to infer the origin of the sediment organic matter (Jonsson et al., 2005).

Terrestrial plants derive their carbon from atmospheric carbon dioxide and have a §'°C range of
-23 %o to -30 %o, while aquatic plants from freshwater origin derive most of their carbon from
dissolved inorganic carbon with §"*C values ranging between -18 %o and -28 %o. Freshwater
phytoplankton has an average 8"C of -30 %o, meaning that it is not possible to distinguish
lake-derived organic matter from land-derived organic matter with §'*C (Bohlin et al., 2006).
Organic matter derived from marine phytoplankton generally have '°C values ranging from -20
%o and -22 %o (Bohlin et al., 2006; Jonsson et al., 2005)

Commonly, low values of 8"°C are interpreted as an indication of a large input of terrestrial
organic carbon and high 3"C values generally indicate the dominance of carbon from marine
origin.

In similar bays of the archipelago, the §'*C values of the shore vegetation were recorded at -27 %o
for reeds and -29 %o for deciduous trees (Hansen et al., 2012). Higher 6"°C values were recorded
for submerged primary producers. The values recorded for angiosperms ranged from -9 %o to -15
%0 (Potamogeton sp., Myriophyllum sp.), values for filamentous ephemeral algae ranged from -14
%o to -21 %o, values for the macro-algae ranged from -12 %o to -16 %o for Fucus vesiculosus and
from -10 %o to -13 %o for Chara spp. (Hansen, 2013).

The sediment §"*C values of the organic carbon in the sediment did not display a gradual decrease
in relation to the bay isolation as could be expected. These results support and complement the
findings of Hansen et al., (2012) and Hansen (2013), where an increase in the ratio of terrestrial
to marine organic carbon with increased isolation of the bays was not reflected in the 8'°C-signal
of particulate organic matter in the water, nor further in the food-web structure.

All the bays with low 8"°C were situated in the southern Vaxholm/Véarmdo area and the bays with
the highest values were located in the northern Furusund area. This could indicate a large-scale
difference in carbon sources between the areas.

To assess whether the carbon source is dependent on the geography, additional research would be
needed with a focus on the sediment carbon source of this type of bay and a higher number of
sites should be investigated in both regions. However, it is interesting to note that the southern
study area is situated next to lake Mélaren and as a consequence, it potentially receives a larger
input of freshwater than the northern study area.

According to a map from Hill & Wallstrom (2008), the Vaxholm/Varmdo region is located in the

outflow of surface water from Lake Milaren. It is reported that this outflow is the source of 39%
of the carbon in the sediments found in the innermost part of the archipelago near Stockholm.
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The organic matter from the Vaxholm/Virmdo region had relatively high '°C values ranging
between -22 %o and -26 %o on average.

A previous study by Jonsson et al. (2005) indicated that the phytoplankton from the inner part of
the archipelago could have values as low as -22 %o to -24 %o due to the alkalinity of the seawater
and the large input of dissolved terrestrial carbon in some areas. For this part of the archipelago,
previous estimates of sediment 8"°C-signal had an average of -24 %o, which was reported to be
typical of marine plankton from the Baltic. The C/N ratio from the same study suggested a
dominance of the sediment organic matter of planktonic origin, rather than from terrestrial
sources.

The present investigation of carbon sources is too limited to carry a more detailed analysis of the
origin of the sediment carbon content for the bays. However, considering the closeness of the
sites investigated here with the ones by Jonsson et al. (2005), it is possible that similar results
could be obtained for the Vaxholm/Varmdo region. Additional analysis on the carbon sources of
the bays’ sediment is needed to support this assumption.

According to the same map from Hill & Wallstrom (2008), the Furusund area is located in the
main southward coastal stream of the archipelago, with water flowing mainly from the Baltic
Proper. It could be argued that the inflow of water entering the bay by its opening would be
mainly composed of seawater from the Baltic Proper. The surrounding coastal region is also less
populated compared to the dense Stockholm coastline. Then, the proportion of freshwater and
organic carbon from terrestrial sources would be quantitatively less important than for the
southern part. This assumption would lead to higher 6"°C values in the sediment, suggesting a
marine origin to the sediment’s organic carbon. In the Furusund area, higher 8"°C values in the
sediment were obtained, which could support this assumption. However, more samples from this
region would be required to confirm this hypothesis.

Variation in 8"*C between the bays of similar areas could result from other processes specific to
each bay and local additional inputs of terrestrial allochthonous carbon (Bohlin et al., 2006;
Hansen et al., 2012). These could be related to the presence of anthropogenic pressures and their
extent (sewage treatment plant, high nutrient water run-offs), hypoxic and anoxic conditions of
the sediment, the periodic fluctuation of the inflow/outflow of water in the bay related to
differences in water level, or the submerged vegetation community characteristics (biomass,
coverage, composition).

The three bays with the highest 3"°C values recorded (Soderfladen, Handfatet, Farholmsfladen)
are also the bays with the richest plant community composition, relatively high coverage of the
vegetation community, and the most diverse plant composition (Appendix 3 and Appendix 7 G).
These bays were the only sites with a presence of Chara meadows and Chara spp. was recorded
with high 8"C values in similar bays (Hansen, 2013). When these macro-algae and the other
angiosperms decompose in autumn, they could influence to some extent the sediment §"°C values.
This remains a simple observation and no conclusion can be made regarding the vegetation
characteristics influence on the average sediment 6'°C with these results.
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Methodological improvements and future research

The methodology could be improved to gain time during the analysis of the samples, particularly
concerning the grain-size analysis. The wet sieving of all samples is tedious so laser techniques
would be more efficient. It would also require less sediment to store and analyze.

The methodology would benefit from improvements for the vegetation sample collection. Here,
the below-ground biomass of the submerged vegetation was discarded to focus on the
above-ground biomass. Exploring the below-ground biomass contribution to the sediment carbon
content would be needed to quantify the complete influence of the vegetation on the sediment
carbon pool. While it was not a problem to differentiate the above-ground and below-ground
biomass of submerged species, it was more difficult to sample the common reeds. This was due
to the thick and extensive root network of Phragmites australis and a more appropriate sampling
method would facilitate the sampling process.

The biomass and cover of seagrass meadows represent a shorter time scale compared to the
sediment carbon sequestration processes (Dahl et al., 2016). Thus, the actual vegetation
properties of these perennial species do not fully represent the trends happening over decades or
centuries (a more appropriate time scale for the carbon storage in the sediment). This assumption
can also be made about the rooted-macrophyte communities of the shallow bays in the
archipelago. Indeed, these vegetation communities were reported to change over time, both
between years and with the gradual isolation of the bays (Appelgren & Mattila, 2005; Hansen
2013; Hill & Wallstrom, 2008).

Then, the impact of the above-ground vegetation on the surface carbon content might not even be
representative of the first 5 cm sediment in all bays. The insufficient data concerning the history
of the vegetation change of each bay make the investigation over the upper 5 cm sediment layer
probably irrelevant. The comparison of these results among bays is not possible if the sediment
accumulation rate is not known for each bay.

It is necessary to repeat this methodology in other bays of the archipelago to confirm that the
amount of carbon stored in the upper 25 cm of sediment is independent of the openness of the
bays. If a higher number of observations from various regions of the archipelago support this
observation, then the total C,,stocks of the bays could be quantified over the entire archipelago
with a spatial analysis.

It would also be required to take additional samples from shallow areas outside the bays to have a
better idea of the capacity of these biotopes to capture carbon in comparison to the rest of the
archipelago.

Also, it is necessary to date the sediment profile of the core so an average accumulation rate can
be calculated for the different types of bay. The sediment accumulation rate would allow a better
estimation of the carbon stocks over a similar time period and a more accurate comparison of
these stocks between bays of different isolation stages. It would also give more details concerning
the hydrodynamics processes in these ecosystems and confirm (or deny) the suggested counter
effect of different hydrodynamic intensities on the amount of carbon stored in the sediment.
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The diversity of the numerous bays in the archipelago supports the suggestion that they might
represent important sediment carbon storage on a regional scale. The shallow bays selected were
of relatively small size, but larger bays can be found within the Stockholm archipelago. However,
it is important to note that these bays are highly dynamic over time due to the shore-level
displacement and it has to be taken into account when investigating further these carbon pools.
Bays with a similar range of topographic openness were reported to represent about 700 years of
shore-level displacement from the most open to the most enclosed bay (Hansen, 2013). The
current isostatic land uplift of about 5 mm per year slowly isolates the semi-enclosed shallow
bays from the sea, which can be described in a succession of different stages from Juvenile flad to
Glo (Appelgren & Mattila, 2005; Hansen, 2013).

In the case that future research confirms the findings of this study and excluding anthropogenic
impacts that could disrupt the natural processes occurring in the bays, the bays would follow a
natural process of gradually being cut off from the Baltic Sea (Appelgren & Mattila, 2005;
Hansen, 2013). During the succession, the water body has decreased exchanges with the
surrounding seawater, coupled with a decrease in wave exposure and water circulation. There is
an increase in freshwater influence until the most isolated stage of the succession. It consequently
drives the shift from the dominance of marine vascular plants and algae in the less isolated stages
towards the dominance of freshwater species when completely isolated.

Juvenile flads (e.g Edvassviken) are described as the less isolated transitional stage of the water
body and still have significant water-exchanges with the sea. Then, flads (e.g Véstra Lermaren)
correspond to a delimited shallow water body that has a few narrow openings connected to the
surrounding waters. Glo-flads (e.g Soderfladen, Ostra Myttingeviken) still have continuous
contact with the sea but their openings are overgrown by reeds.

Finally, the most isolated successional stage of a coastal lagoon is considered a Glo, which can be
defined as a water basin whose opening has risen over the sea level and only has occasional
contact with the sea, due to wave actions of high-water levels.

At this stage, the water body can be compared to lake environments due to the predominance of
freshwater input (Appelgren & Mattila, 2005; Hansen, 2013). It would stop sequestering
allochthonous carbon from marine origin, but will continue to receive organic matter from
terrestrial origin.

This could indicate that without major disturbances, the bays would have an evolution of their
vegetation community that would contribute to stabilizing the surface sediment until their most
isolated stage as a lake. The shoreline will continue to rise and the reeds will most likely colonize
the bottom that is progressively emerging from the water. The plant primary succession of
seashore meadows of the Baltic coast has been studied and terrestrial vegetation could develop on
the shoreline if appropriate environmental conditions for their growth are met (Ecke & Rydin,
2000). In the best scenario possible, the human impacts are minimal and the progressive
evolution of the vegetation composition could help to stabilize and maintain the sediment as
long-term carbon storage during the entire process.

However, the natural processes occurring in the bays could be disrupted by climate change effects
and local anthropogenic pressures (Appelgren & Mattila, 2005; Hulisz et al., 2016).
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It was reported that the vegetation zonation pattern along the Baltic coastline was associated with
water fluctuations (both from sea-level and amount of water run-offs inputs fluctuations),
surrounding land-use intensity, and depends mainly on soil properties (e.g moisture, salinity) and
flooding events (Hulisz et al., 2016; Jutila, 2001). In this case, the predicted sea-level rise due to
climate change could counteract this shore-displacement phenomenon and influence the
succession stages of the bay’s isolation (Hulisz et al., 2016). Additionally, grazing was shown to
affect the present vegetation and can significantly decrease the abundance of reeds along the
shoreline (Ecke & Rydin, 2000; Jutila, 2001). If anthropogenic pressures increase over time, then
it can be assumed that the surface carbon stored in the sediment could be released back into the
atmosphere.

Shallow coastal ecosystems are recognized as both net carbon storage and net emitters of CO, to
the atmosphere, especially in human-dominated areas and it is therefore needed to identify the
type and extent of anthropogenic impacts that could interfere with the natural processes occurring
in the bays. Their ambiguous status is a matter of controversy concerning their contribution to
climate change mitigation efforts (Hori et al., 2019; Kuwae et al., 2016). The properties that
characterized them as emitters of CO, are mainly related to anthropogenic pressures such as high
nutrient inputs from nearby terrestrial areas, loads of treated wastewater effluents, and the
presence of underwater hypoxic areas (Hori et al., 2019). It was previously suggested that Human
activities indirectly influence the carbon storage of seagrass meadows due to urbanization and
erosion of terrestrial soils can increase local sediment loads or pollution (Ewers et al., 2020).
Anthropogenic disturbances can also have an impact on the sink capacity of seagrass meadows
through the mechanical process of particles resuspension, such as recreational boating, which
occurs especially in shallow areas (Moknes et al., 2021; Serrano et al., 2014).

Marinas, boating activities, dredging, and local nutrient drainage areas constitute a few sources
identified as local anthropogenic impacts for these bays (Appelgren & Mattila, 2005; Eriksson et
al., 2004; Hansen, 2013). It has been estimated that in shallow and sheltered coastal areas of
Sweden nearly 20% of the soft-bottom vegetation was impacted by recreational boat activities
(Moksnes et al., 2021). Previous studies have started to quantify and create indicators of
anthropogenic pressures for this type of bays (Appelgren & Mattila, 2005; Hansen & Snickars,
2014). Their main focus was to investigate their impacts on the flora or fauna in the bays, but it
could be argued that the same indicators could be used to explore anthropogenic influence on the
sediment carbon content dynamics in the bays.

Conclusion

This study results revealed that the amount of carbon stored in the upper 25 cm of the shallow
shelter bays exceeds the previous estimates for seagrass meadows of the eastern Baltic Sea area
over the same sediment depth profile. The estimated carbon stocks in this study might be
underestimated due to the presence of FLSM that differed between the bays, as well as, the
absence of data concerning the sediment rate accumulation.
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Dating the sediment profile would be needed to allow a proper comparison of the carbon stocks
over time between bays of different isolation succession stages.

The results also revealed that the amount of carbon stored in the sediment was not directly
reflected in the percentage of organic carbon in the sediment. An increase in sediment carbon
percentage was strongly associated with a decrease in topographic opening and in sediment
density, but the average carbon stocks did not display important differences between the bays. It
was suggested that this pattern is due to a counter effect of the different processes driven by
contrasting hydrodynamics conditions, which highlights the complexity of these coastal
ecosystems. Finally, the results supported that the sediment carbon content origin was not
depending on the isolation of the bay to the sea, but rather depending on their location on a larger
spatial scale and their proximity to large input of terrestrial organic material.

These results were based on a restricted dataset, but these findings are promising for a first
approach to explore the sediment carbon storage capacity of these shallow bays. Future research
is recommended to determine whether the shallow sheltered lagoon-like bays of the Stockholm
archipelago can be considered local BC ecosystems.
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Appendixes

Appendix 1. Maps of the investigated bays, categorized with corresponding openness index
(Ea). The maps were made from Google Maps, using QGIS Software (v3.20 Odense; QGIS
Development Team 2021).

Enclosed bays

Ostra Myttingeviken scale 1 :9,000 Eke fjard scale 1 : 13,000

Ea=0.003 Ea=0.008

Langbroviken scale 1: 11,000 Soderfladen scale 1 :8,000

Ea=0.012 Ea=0.017
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Semi-enclosed bays

Handfatet scale 1:5,500 Farholmsfladen scale 1:7,000

Ea=0.057 Ea=0.101

Open bays

Vdstra Lermaren scale 1 : 10,000 Siviken scale 1:9,000

Ea=0.259 Ea=0.403

Edvassviken scale 1 : 6,000

Legend

syringe sampling area
s’z sampling stations

Ea=0.591
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Appendix 2. Classification of sediment for all samples. The results are displayed for each core,
depending on the depth section and water depth, in terms of shallow or deep core. The terms were
attributed depending on the proportions of gravel, sand and mud content in each sample. It
follows the Folk’s classification system (1968), and the Wentworth grain size classification scale

(1922).
Sediment depth interval (cm)
Bay Core#  Deepness
0-5 5-125 =12,5
1 shallow sandy mud mud mud
Ostra 2 shallow sandy mud mud mud
Myttingeviken 3 deep mud mud mud
4 deep mud mud slightly gravelly mud
1 shallow sandy mud sandy mud sandy mud
Eke fiard 3 deep slightly gravelly sandy mud slightly gravelly sandy mud mud
4 deep slightly gravelly sandy mud sandy mud mud
1 shallow mud sandy mud slightly gravelly mud
2 shallow mud sandy mud mud
Langbroviken
3 deep mud sandy mud mud
4 deep gravelly mud gravelly mud mud
1 shallow gravelly mud gravelly mud gravelly mud
2 shallow mud mud mud
Soderfladen
3 deep mud mud mud
4 deep mud mud gravelly muddy sand
1 shallow slightly grawvelly sandy mud slightly gravelly mud slightly gravelly mud
2 shallow sandy mud mud slightly gravelly mud
Handfatet
3 deep sandy mud mud mud
4 deep mud mud mud
1 shallow sandy mud slightly gravelly sandy mud mud
2 shallow mud slightly grawelly mud mud
Farholmsfladen
3 deep mud sandy mud slightly gravelly mud
4 deep sandy mud mud mud
1 shallow sandy gravel gravelly mud slightly gravelly mud
Vastra 2 shallow slightly grawvelly sandy mud gravelly muddy sand muddy sandy gravel
Lemmaren 3 deep mud mud slightly gravelly mud
4 deep slightly grawvelly sandy mud sandy mud mud
1 shallow slightly grawvelly muddy sand  slightly gravelly muddy sand slightly gravelly sandy mud
2 shallow slightly grawvelly muddy sand sandy mud slightly gravelly mud
Sivken
3 deep slightly gravelly sandy mud sandy mud sandy mud
4 deep slightly grawvelly sandy mud slightly grawvelly sandy mud sandy mud
1 shallow slightly gravelly sandy mud slightly gravelly sandy mud slightly grawvelly sandy mud
2 shallow slightly gravelly muddy sand  slightly gravelly sandy mud slightly gravelly sandy mud
Edvassvken
3 deep slightly gravelly sandy mud slightly gravelly sandy mud sandy mud
4 deep slightly gravelly sandy mud slightly gravelly sandy mud slightly gravelly mud

41



Appendix 3. List of vegetation species presence per bay. This table shows the records of
species identified by bays, ordered from most enclosed to most open bays. The taxa recorded are
a combination of results from the laboratory identification of the quantitative samples (X), sight
from the boat (S) and the snorkeling surveys on the field (F). Sightings of species on the field are
displayed in this table because they come from stations where no sample was collected, due to a
vegetation cover estimated from 1% to 5%. The bays in bold (Soderfladen, Handfatet,
Férholmsfladen) have a higher sampling effort, since they include the syringe sampling stations.
All the species identified over the syringe sampling area were also present in the other
quantitative samples of the same bay, thus they haven’t been specifically highlighted here.

Ostra Myttingeviken Eke fjard Langbroviken | Séderfladen Handfatet Farholmsfladen| Vastra Lermaren  Siviken Edvassviken
Angiosperms
Cerafophylium demersum X X X X X F F
Najas marina X X X X X X X
Myriophylium spicatum F X F F F X
Phragmites australis S S S S S S 5 S S
Potamogeton perfoliatus X
Ruppia maritima X
Stuckenia pectinata X X X X X F
Callitriche hermaphroditica F
Macro-algae
Chara baltica X
Chara horrida X
Chara tomentosa X X X
Chara virgata X
Filamentous algae
Cladphora sp. X X X X X X X
Spirogyra sp. X X
Ulothrix sp. (subflaccida) X X X X
Cyanobacteria
Lyngbya sp. X X
Moss
Fontinalis antipyrefica X
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Appendix 4. Summary of sediment carbon pool values for seagrass meadows in the Baltic
sea and the Skagerrak-Kattegat area. Values are presented as means over the upper 25 cm
sediment layer (+ SE for all variables; except %C,,, in Dahl et al. (2016), which is presented with

+ SD).

percent Corg

Corg stocks

Locations References
(% Corg) (gCorg.m-Z)
Eastern Baltic Sea  (average) 03 £0.0 578 43 Réhr et al. (2018)
Finland 0.24 £ 0.033 627 + 25 Réhr et al. (2016)
Sweden 0.18 £ 0.01 500 + 50 ** Dahl et al. (2016)
Kattegat- Skagerrak (average) 2506 4862 + 741 Réhr et al. (2018)
Denmark - Skagerrak 2644 + 207
1.75 + 0.563 Réhr et al. (2016)
Denmark - Kattegat 6005 + 1127
Sweden 2.79 £ 0.50 3500 + 410 ** Dahl et al. (2016)

** values were given in gCorg.cm in the study of Dahl et al. (2016)
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Appendix 5. Bay size and related total projected amount of carbon stored in the bay’s

sediment. Bays are displayed from smallest to the largest. Values are presented as means

(= SD) over the 25 cm layer.

Area

Projected Corg

Total projected

Bay Corg stocks stocks per hectare Corg stocks Type of bay
(ha) (gCorg.m-2) (MgC.ha) (MgC)

Handfatet 3 1413.49 + 116.28 350423 106+ 7 semi-enclosed
Edvassviken 4 1580.82 + 239.76 40.1+54 169 + 23 open

Ostra Myttingeviken 6 957.71 £ 47.43 2324+10 142+ 6 enclosed
Sdderfladen 7 1299.22 + 121.46 324+34 939 + 25 enclosed
Farholmsfladen 7 1188.51 + 345.26 290+8.0 209 + 58 semi-enclosed
Siviken 8 1659.19 + 222.11 43.4+62 363 + 52 open
Langbroviken 10 909.86 + 157.90 244432 254 + 33 enclosed
Vastra Lermaren 13 1278.99 + 558.66 331+12.2 435 + 160 open

Eke fjard 19 1430.21 + 126.99 36.6+3.6 712 + 69 enclosed
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Appendix 6. Organic carbon density along the sediment profile. Bays are displayed from the
most enclosed to the most open. Values are presented as means (+ SD) of gC,.cm™ by depth
sections. Depth sections represent the upper layer (0 - 5 cm), intermediate layer (5 -12.5 cm) and

bottom layer (12.5 - 25 cm).
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Appendix 7. Sediment and vegetation characteristics per bay. The boxplots summarize the
sediment characteristics over the upper 25 cm and the above-ground characteristics, for each bay.
(a) DBD (g.cm™), (b) porosity (%), (c) organic matter (%), (d) gravel content (%), (e) sand
content (%), (f) mud content (%), (g) vegetation cover (%) and (h) vegetation biomass (g). The
bays are ordered from the most enclosed to the most open:

O.M (Ostra Myttingeviken), E.K (Eke Fjird), La (Lingbroviken), S6 (Soderfladen),

Ha (Handfatet), Fa (Farholmstladen), V.L (Viastra Lermaren), Si (Siviken), Ed (Edvassviken).
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Appendix 8.1. Correlation matrix between %C,,, and the sediment predictor variables. The
values of the correlation between the individual variables are presented on the left panels. The
bivariate scatterplots are presented with a fitted line on the right panels. The histogram
distribution of each variable is presented on the diagonal panels.

05 15 25 02 04 06 038 0 5 10 15 20 30 50 70 S0
T N B B T T S N N T T I
Cpercent o, ° °§ :., - °° . . 02_ o
=} & o2~ &
.z a DO ap 80; @onao @ oqn-o{,'o ._;____.9_ 58 @ % “ooge - =
% el ¢ >, o o 0 y
"e 5 % o o83 —8 Q‘ a@e  ° 2 58 5% A @ik v
& ° of ~o__o fo—o" o ol ao| oo
=] (=1 0 - 0 =] Q Q [=]
L] o o0 oo oo
a4 water_depth i o 00 " sg ° °og0
: g © 9 e ofo® °o%m o o AR o %80
a4 o '2 ﬁoc . q d
] v o ° 9 o 9° %o—of oY% o° Cad A ol oo YT g |0 R
-] -] L] L] L]
o aSa o %o o 0% ® o ad o . © K
[ T o0 [ T T T OE 0 2
Openness
o® oo oo co o o oo =
-0-65 el o o o o o 1o o o oo o o il =] ._.OO o
o0 00 o, 0o =x:3 ﬂ 600 e
85 wodbd [ o o Fral 0 0o o 0okl o
=
- DBD o o
w | el o
o
1 -0.81 0.62 oo
. il
=1 o 9’%_.6) o
porosity qu.
h =
0.68 = -0.62 -0.87 $,—I_H RN
o =
ﬁ — [=] E
o gravel ° o
e _ 0 . A
24 -0.38 az 0.68 -0.59 . N,
o -
= R Y > %
&
sand 2 B
o
-0.57 0.54 0.76 -0.70 0.57 coy [ 8
(=]
= |
R mud
S
-] os6 s 043 -0.81 0.74 -0.76 -0.97
o :
- T 1 T T T T T T T T 1 L s s s el

o 5 10 15 00 02 04 06 38 42 46 10 30 50

47



Appendix 8.2. Correlation matrix between gC,,.cm” and the sediment predictor variables.
The values of the correlation between the individual variables are presented on the left panels.
The bivariate scatterplots are presented with a fitted line on the right panels. The histogram

distribution of each variable is presented on the diagonal panels.
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Appendix 9. Comparison of the regression models used to test the relationship of carbon
content and sediment characteristics. The results for %C,,, are presented in table (A) and for
gC,e.cm™ in table (B). The regression models tested here are Linear Mixed-Effect Models
(LMEM) for linear relationships and Generalized Additive Mixed Model (GAMM) with a single
predictor variable, for non-linear relationships. The regressions were tested on the entire dataset
(32 observations) and on the dataset excluding three outliers. The graphical results for all
observations can be found in Appendix 11, while Figure 5 shows the graphical results excluding
the outliers. “DF” is the degrees of freedom for LMEM and “edf” stands for the estimated
degrees of freedom for GAMM. Significant p-values are written in bold.

All the samples

Qutliers excluded

(n=32) (n=29)
A % Corg % Corg
\If'ars::;;or Iii%r;ssion DF/edf F p-value R'S({;Léimd R-squared DF/edf F p-value R—s(gg;red R-squared
LMEM 22 0 0.65 19 0 0.75
DBD GANMM 2.939 11.21 < 2e-16 0.83 3.251 11.360 =2e-16 0.82
i LMEM 22 0.0098 0.46 19 0.0635 0.32
Porosity GANMM 0921 0258 0.0108 030 0724 0124 0.0776 017
Mud content LMEM 22 0.0038 0.32 19 0.0128 017
GANMM 0.396 0396 0.0027 022 0.899 0290 0.0103 0.13
B g Corg.cm-2 g Corg.cm-2
;r::;;or ﬁi%r;ssion DF/edf F p-value R—s((;t;]a}red R-squared | DF/edf F p-value R—s(n;té;red R-squared
DED LMEM 22 0.8981 0.03 19 0 0.71
GANMM 2.964 8604 7.41e-06 057 2126 31796  <2e-16 073
i LMEM 22 0.6692 0.04 19 0.0195 0.35
Porosity GANMM 2.89e-06 0 1 -9.35e-08 1.054 964.2 0.0279 0.24
LMEM 22 0.9031 0.02 19 0.1846 0.18
Mud content
GANMM 6.03e-06 0 1 -1946-07 0.534 116.9 0.1950 0.06
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Appendix 10. Relationships between carbon content (%C,, and gCorg.cm'z) and the
sediments characteristics. Observations represent the core mean values of carbon content and
predictor variables over the 25 cm upper sediment layer. The first line shows the relationships
between %C,, and (A) DBD (g.cm™), (B) porosity (%), (C) mud content (%). The second line

shows the relationships between gC,,.cm™ and the predictor variables:

(D) DBD (g.cm™), (E) porosity (%), (F) mud content (%). In each graph, the observation with
symbol “/A” is one of Edvassviken’s shallow cores, while the observations with symbol “3t” are

the two shallow cores of Véstra Lermaren.
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Appendix 11. 8"C along the sediment profiles. Bays are displayed from the most enclosed to
the most open one. Values are presented as means (£ SD) of §"*C ( %), by depth sections. Depth
sections represent the upper layer (0 - 5 cm), intermediate layer (5 - 12.5 cm) and bottom layer

(12.5-25 cm).
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