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Abstract. Coastal marshes are key habitats contributing to
organic carbon (OC) storage but remain understudied in
Nordic regions regarding Blue Carbon processes. This study
quantified OC stocks in above- and below-ground plant
biomass and in the top 50 cm-soil across 12 grazed and un-
grazed marshes, spanning a major environmental gradient,
and assessed how biotic (plant communities, livestock graz-
ing) and abiotic (soil properties, environmental conditions)
drivers shape OC storage. Soil OC stocks accounted for
~ 73 % of total OC in grazed sites and ~ 63 % in ungrazed
ones and was higher in grazed sites (99.7 +57.9Mgha™!)
than in ungrazed sites (78.24+44.2Mgha~!). Grazing and
the large-scale environmental gradient strongly structured
plant communities, partly by regulating reed (Phragmites
australis), prevalent in ungrazed sites. Abiotic soil properties
were major large-scale drivers of soil OC storage, while graz-
ing affected soil OC storage indirectly through plant compo-
sition. Soil OC increased with finer textures, whereas vegeta-
tion and grazing effects were variable and locally expressed.
Aboveground OC stocks were reduced by grazing, both di-
rectly through biomass removal and indirectly by reducing

reed dominance. Belowground OC stocks were driven by
plant community composition and indirectly by grazing ef-
fects on vegetation. Root biomass was concentrated in the
top 15 cm in grazed sites and deeper (15-50 cm) in ungrazed
sites, reflecting contrasting plant strategies. Overall, soil OC
stocks in Nordic coastal marshes fall within the lower range
of global estimates. These findings highlight the need to con-
sider soil processes, grazing and environmental gradients in
the sustainable management of Nordic coastal marshes and
their carbon storage potential.

1 Introduction

Salt marshes, or coastal marshes, are key vegetated habitats
in the land-sea continuum that, along with seagrass mead-
ows and mangroves, represent so-called “Blue Carbon” (BC)
ecosystems (Mcleod et al., 2011; Nellemann et al., 2009).
Their high primary production converts atmospheric carbon
dioxide (CO») into plant biomass. Both their anoxic soil con-
ditions, slowing down microbial degradation, and their ca-
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pacity to trap allochthonous organic matter during flooding
contribute to their high carbon sequestration potential and
long-term storage of organic carbon (hereafter, OC) (Duarte
et al., 2013; Kristensen and Holmer, 2001; Mcleod et al.,
2011). Overall, coastal marshes can store 0.4-6.5 Gt of OC,
with a global average sequestration rate of 245gCm™2yr~!
(Duarte et al., 2013; Ouyang and Lee, 2014; Wang et al.,
2021). Coastal marshes also provide other important ecosys-
tem services, such as coastal protection, improved water
quality, and provisioning of food and shelter for diverse as-
sociated faunal communities (Friess et al., 2020). Simultane-
ously, their position at the land-sea interface makes them one
of the most vulnerable habitats, due to anthropogenic pres-
sures. Particularly concerning are local pressures such as eu-
trophication and construction, and their largely unknown in-
teractive effects with global change induced stressors such
as accelerated rates of sea-level rise, heat waves, and storms
(Canal-Vergés et al., 2025; Deegan et al., 2012; Kirwan and
Megonigal, 2013; Valiela et al., 2018; Spivak et al., 2019).
Coastal marshes global annual loss rate averaged 0.28 % be-
tween 2000 and 2019 (Campbell et al., 2022) and in Europe
they are assessed as threatened in the Red List of European
Habitats (Janssen et al., 2016). The degradation and conver-
sion of these areas can reduce the capacity of coastal marshes
to sequester OC and may even increase the decomposition
of OC stored in their soils, leading to CO, emissions into
the atmosphere (Macreadie et al., 2021). Given the major
global losses of these carbon- and biodiversity-rich habitats,
the preservation and restoration of coastal marshes is pro-
moted as nature-based solutions to support climate change
mitigation and biodiversity (Calvin et al., 2023; Hiraishi et
al., 2014).

Despite the high number of studies conducted worldwide
on coastal marshes in a BC context, coastal marshes of the
Nordic region (northern Europe) have been almost neglected
in terms of soil processes, with limited quantification of
OC stocks, constrained knowledge of temporal trends, and
only local restoration efforts (Duarte De Paula Costa and
Macreadie, 2022; Krause-Jensen et al., 2022; Zhong et al.,
2023). Coastal marshes across the Baltic Sea region represent
wide gradients in salinity, climate, exposure and tidal fluctu-
ations creating diverse and regionally unique plant commu-
nities from the shores of the North Sea to the inner Baltic
Sea (Dijkema, 1990; Lehmann et al., 2002; Vehmaa et al.,
2024). Although vegetation of coastal ecosystems in north-
ern Europe has been studied (mainly from a plant ecology
perspective), coastal marshes have not been consistently clas-
sified as salt marshes, mainly due to different uses of termi-
nology, which may have contributed to the limited attention
on these ecosystems in global blue carbon context (Pitsch et
al., 2019; Vehmaa et al., 2024). Coastal marshes in this re-
gion have a long history of grazing by livestock, which has
also been used as a management tool for nature conservation
(Davidson et al., 2017). This management practice is a key
factor influencing the structure and function of plant commu-
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nities (Burnside et al., 2007; Davidson et al., 2017). In gen-
eral, grazing may enhance small-scale salt marsh plant diver-
sity (Wanner et al., 2014) and limit reed growth, especially
the competitive species common reed Phragmites australis
(Burnside et al., 2007; Jutila, 1999). This type of manage-
ment has gradually decreased in some areas, mainly due to
change in land use, although it remains a common practice
in Nordic countries especially in nature conservation areas
(Bakker et al., 2003; Dijkema, 1990).

Previous studies on the carbon storage potential of coastal
marshes have mainly focused on abiotic factors such as ge-
omorphology, salinity, water level fluctuation, or the amount
of suspended sediment (Kelleway et al., 2016; Macreadie et
al., 2017; Ouyang and Lee, 2014). In contrast, the effect of
biotic drivers, including plant community composition, di-
versity and grazing, on BC processes and OC stocks has only
more recently been considered and remains less well under-
stood (Ford et al., 2019; Graversen et al., 2022; Leiva-Duenas
et al., 2024; Martinetto et al., 2023). Existing studies suggest
that effects of plant diversity on carbon storage in coastal
marshes are largely indirect and context dependent. While
higher plant diversity may enhance productivity or sediment
trapping in some systems, soil OC stocks are more consis-
tently explained by plant functional composition, with dif-
ferent dominant species traits such as root strategies, and by
environmental constraints (De Deyn et al., 2008; Ford et al.,
2019; Graversen et al., 2022; Yapp et al., 2010). Similarly,
grazing has been shown to exert both positive and negative
effects on OC storage potential of coastal marshes, leading to
highly site-specific outcomes that reflect interacting effects
on vegetation structure and soil processes (Davidson et al.,
2017; Elschot et al., 2015; Ford et al., 2019; Graversen et
al., 2022; Leiva-Dueiias et al., 2024; Logemann et al., 2025;
Mueller et al., 2019).

Given that coastal marshes are exposed to marked envi-
ronmental gradients and two dominant management strate-
gies (grazed vs. ungrazed) across Nordic coasts, these sys-
tems provide a unique opportunity to disentangle the com-
bined effects of biotic and abiotic factors on BC stocks. This
study aims to (1) quantify above- and belowground biomass
and soil OC stocks across Nordic countries in grazed and un-
grazed coastal marshes, and (2) assess how soil characteris-
tics, grazing and plant community richness and composition
influence carbon storage along the strong gradient in salin-
ity, climate and tidal regime from the North Sea to the inner
Baltic Sea. We hypothesized that (i) the large-scale environ-
mental gradient and cattle grazing shape plant community
structure across sites and modify plant OC stocks, and (ii)
soil properties and the environmental gradient are the main
predictors of overall soil OC stock levels, while the effects
of grazing are more complex, involving multiple direct and
indirect pathways, particularly through changes in plant com-
munity composition.
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A. Richard et al.: Livestock grazing, plant community and abiotic factors 4585

2 Material and methods
2.1 Study sites

Twelve coastal marshes were selected (each represented by
one grazed and one ungrazed site) along the coasts of Nor-
way, Finland, Sweden and Denmark (Fig. 1). The habitats
in these marshes belong to A2.5 Salt marshes and coastal
reed beds in EUNIS classification (European Environment
Agency, 2022) or to the categories with the code 1310 (Sal-
icornia and other annuals colonizing mud and sand), 1320
(Spartina swards), 1330 (Atlantic salt meadows) or 1630
(Boreal Baltic coastal meadows) in the Habitats Directive
Annex I classification (European Commission, 2013). The
sampled sites covered a wide range of environmental con-
ditions, including differences in salinity, temperature, and
land uplift (Leiva-Dueifias et al., 2026). Along the Baltic Sea,
salinity and temperature are decreasing towards the north (up
to oligohaline sites), whereas land uplift is increasing (Table
1). Being located at the Atlantic coast, Trondheim in Nor-
way deviates from the gradient, with the highest salinity (eu-
haline) but low temperature and high land uplift compared to
the polyhaline stations in the southern Baltic Sea. Trondheim
is the area with the highest tidal amplitude, contrasting with
the microtidal regime in most parts of the Baltic Sea, where
sea level fluctuations are irregular and primarily driven by air
pressure and wind. At each area, one ungrazed and grazed
coastal marsh was sampled. We defined grazed as a site that
had been continuously grazed for at least 30 years by cat-
tle, sheep or horses (Fig. 2). The grazed and ungrazed sites
were selected in close proximity and were chosen to be as
similar as possible in terms of geomorphological setting and
landscape position. None of the studied sites were diked or
artificially drained.

2.2 Field sampling

Sampling took place in summer 2021, 2022 and 2023, in
the low marsh zone, defined as ca. 20 cm above mean sea
level (Pennings and Callaway, 1992; Silvestri et al., 2005).
Field work followed the recommendations of the Blue Car-
bon manual (Howard et al., 2014) and are detailed below.
Sampling was carried out in three 1 x 1 m plots per study
site, placed randomly parallel to the shoreline in the low
marsh zone of each ungrazed and grazed site, and spaced
> 5Sm apart. The position of each quadrat relative to mean
water level was checked in the field to ensure that sam-
pling occurred within the same elevation range in the paired
grazed and ungrazed sites. In total 36 plots were deployed
in ungrazed sites (3 plots in the 12 sites), and 33 in grazed
sites (3 plots in the 11 sites). The grazed site of Klosterfjor-
den (Sweden) could not be sampled for logistical reasons. In
each quadrat, plants were identified (mostly to species level)
and the percentage cover of each taxon was estimated visu-
ally. As plant communities can grow in multiple layers and
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Figure 1. Map showing the locations of sampled coastal marshes in
the Nordic region (red dots).

overlap each other, the sum of the cover can exceed 100 %.
The maximum vegetation height was measured using a ruler
(1 cm accuracy) and the mean vegetation height was esti-
mated visually. Aboveground (AG) biomass was sampled by
cutting plant material at the soil surface in the 25 x 25 cm top
right corner within each quadrat. In this cut area, soil cores
were collected to quantify belowground (BG) biomass and
soil variables. For soil sampling, an Eijkelkamp Gouge auger
(3 cm in diameter, 1 m long) or plexiglass tubes (5 cm in di-
ameter, 1 m long) were used depending on soil type. To sam-
ple an equivalent soil volume, four cores per quadrat were
sampled when using the Gouge auger, and two cores when
using plexiglass tubes. All cores were then vertically sliced
in the field into 5 cm slices above 10 cm depth, and into 10 cm
slices below 10cm depth. For the cores sampled with the
Gouge auger, that causes limited soil compaction (Smeaton
et al., 2020), layers from the same depth were pooled per
quadrat. Slices from the plexiglass tubes were analyzed sepa-
rately to account for different soil compaction between cores.
AG- and BG- biomass and soil samples were stored in a dark
cold room (10 °C) for a few days before processing.

Biogeosciences, 23, 4583-4602, 2026
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Figure 2. Satellite images showing the locations of the 11 grazed (orange dots) and 12 ungrazed (purple dots) coastal marshes investigated.
Imagery © 2024 Airbus, CNES/Airbus, Landsat/Copernicus, Maxar Technologies. Map data © 2024 Google. Figure created by the authors

using QGIS.

2.3 Sample processing and analysis
2.3.1 Above- and below-ground biomass

The harvested AG biomass was rinsed to remove soil and
dried at 60 °C for 48 h to estimate AG biomass. The volume
of each slice (containing soil and BG biomass) from sampled
cores was measured by water displacement (volume mea-
surement). Then, for each slice, the BG biomass was sepa-
rated from the soil by dry sieving through a 2 mm mesh. The
BG biomass was rinsed with water, their volume was mea-
sured by water displacement, then dried at 60 °C for 48 h,
and weighed to measure the BG biomass per slice. The total
BG biomass was calculated by adding the biomass from all
slices per core.

2.3.2 Soil characteristics

After removing the BG biomass, gravel and stones > 2 mm,
the soil of each slice was weighed before and after drying
at 60 °C for 48 h. Dry bulk density (gDW cm™3), dry mat-
ter content (%) and water content (%) were calculated using
Egs. (1), (2), and (3):

Biogeosciences, 23, 4583-4602, 2026

. DW
Dry bulk density = Vv 100 (1)
D
Dry matter content = —— - 100 2)
WwWw
WW — DW
Water content = —— - 100 3
WwW

where DW is the dry weight of soil (g), WW the wet weight
of soil (g) and V the decompressed volume of the soil, after
correction with compression factor (equation below).

The decompressed depth of each slice was calculated by
dividing the compressed depth measured during core slicing
from the Plexiglass tubes by the compression factor (no unit),
calculated using Egs. (4) and (5):

Soil depth before compression in the field(Ly)

= (I — O) + (tube length — I)(4) ()

Ly—L
Compression factor = 1 — % (®))
b

where [ is the length between the top of the tube and soil
surface into the tube (cm), O the length between the top of
the tube to sediment surface in field (cm), tube length used
during coring (cm), and Ly, is the soil depth measured after
slicing (cm).

The organic matter (OM) content (%) of each soil slice
was determined by loss on ignition (Heiri et al., 2001). A

https://doi.org/10.5194/bg-23-4583-2026
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Table 1. Information and characteristics of the 12 sampling sites in coastal marshes in the Nordic region. n/a: not applicable.

Areas Sampling Mean  Salinity Mean Land Manage- Tidal Latitude Longitude Distance Grazing Type of
(Country) period annual  category annual  uplift ment ampli- ©) ©) to intensity ~ grazer
sea water (mm tude mean  (Livestock
salinity tempe-  yr— ! ) (cm) water  Unit ha™! )
rature level
°0) (m)
Trondheim September . Grazed 22 63.33885 10.22085  40+£10 0.5 Cattle
(Norway) 2022 301 Euhaline 8145 Ungrazed 24 6335312 1011981  1£0 0o -
Seden Strand July . Grazed 16 55.44166 10.46277 50£0 n/a  Horses
(Denmark) 2023 18.1  Polyhaline 708 yhrazed 16 5544194 1046222 3840 0o -
Als August . Grazed 14 5675003  10.30122 9+1 1 Cattle
(Denmark) 2021 226 Polyhaline 10217 Ungraged 145674640 1030474  9+6 0 -
Klosterfjorden  July . Grazed - - - - - -
(Sweden) 2023 230 Polyhaline 10.1 28 Ungrazed 5 5721406 1221829 17040 0 -
Asko June . Grazed 1 58.80717 17.67471 17£1 14 Sheep, cattle
(Sweden) 2023 64 Mesohaline 88 52 Ungrazed 58.81508  17.64715 2843 0 -
Niset August . Grazed 1 58.94574 17.61541 17+2 1 Cattle
(Sweden) 2021 58 Mesohaline 95 33 Ungrazed 1 5895898  17.59585 942 0o -
Tullgarn South ~ July . Grazed 1 5895683  17.58632 5+1 1 Cattle
(Sweden) 2021 58 Mesohaline 9533 Ungrazed 1 5895262  17.58701 241 0 -
Tullgarn North ~ August . Grazed 58.99084 17.62087 5+3 6 Cattle
(Sweden) 2021 3.6 Mesohaline 95 3% Ungrazed 5898685 17.61628  10+3 0o -
Lenholmen August s Grazed 2 60.24071 22.21617 51£8 1 Cattle
(Finland) 2022 58 Mesohaline 8130 Ungrazed 2 6024309 2219760  30+2 0 -
Soderhamn July . . Grazed 61.24933 17.20337 27+3 7  Sheep, cattle
(Sweden) 2023 4.9 Oligohaline T4 85 Unerazed 6124721 1720078  25+0 0o -
Sundsvall July - Grazed 0 62.47003 17.44922 19+1 0.5 Horses
(Sweden) 2023 3.4 Oligohaline 72 96 Unerazed 0 6247029 1744786  27+3 0o -
Karleby July . Grazed 0 6387329 2309267 1142 1 Sheep
(Finland) 2023 3.1 Oligohaline 3995 Ungrazed 0 63.86709 23.10489 1540 0o -

The water temperature and salinity of the sea surface (—0.5 m) correspond to the annual average recorded at the nearest station every three months, from July 2022 to April 2024, according to E.U Copernicus Marine
Service Information (https://doi.org/10.48670/moi-00016, https://doi.org/10.48670/moi-00015). Salinity categories according to Cowardin et al. (1979). Land uplift values are relative to geoid from NKG2016LU model
(Vestgl et al., 2019). Tide amplitude was extracted from FES2014 Tide Model. The measured distance from sampling point to the shoreline at mean sea level values corresponds to the mean =+ standard deviation

(n =3). Grazing intensity is expressed in livestock unit per hectare, where one cattle is equivalent to one horse, two calves and ten medium-sized sheep (Leiva-Dueiias et al., 2026; Burnside et al., 2007; Countryside
Stewardship: Mid Tier and Wildlife Offers manual for agreements starting on 1 January 2023, Annex 6C, UK payments agency).

subsample of ~ 3 g of homogeneous dry soil from each slice
was placed in a pre-weighed crucible, and weighed before
and after 4 h combustion at 550 °C. The OM content was then
determined by the following Eq. (6):

DW; —DWy¢ .100
DW;

OM content = (6)

where DW; is the dry weight of soil before combustion (g)
and DW  is the dry weight after combustion (g).

Soil grain size composition was measured from one core
per grazed and ungrazed site (representing 11 grazed and
12 ungrazed cores) from a subsample of each slice (negli-
gible within-site variation). Subsamples were first dry sieved
through 1 mm mesh and weighed. The grain size was then
measured using a laser diffraction particle size analyzer
(Mastersizer 3000, Malvern Panalytical Ltd., Malvern, UK),
with the addition of 3mL of 10 % sodium metaphosphate
(NaO3P) to de-aggregate the grains. To characterize soil
grain size composition, the percentage of silt and clay
(< 63 um) and D50 (um), representing the grain size where

https://doi.org/10.5194/bg-23-4583-2026

50 % of the volume sample is below that value, were used to
characterize the soil.

2.3.3 Organic carbon and nitrogen stocks

Total organic carbon (TOC) and total nitrogen (TN) content
(%) of all AG and BG biomass samples, as well as soil sam-
ples from at least one core per site and management type
were measured using elemental analyzers (Flash 2000 CN
Elemental analyzer for soil samples, and Elemental Ana-
lyzer Flash Smart™, for AG and BG biomass; Thermo Sci-
entific™, Waltham, MA, USA). Prior to analysis, the dried
samples were homogenized and ground into a fine powder.
A subsample was weighed in a tin capsule and sealed to
measure TOC (%) for AG and BG biomass, and TN (%)
for AG and BG biomass and soil. Simultaneously, soil sam-
ples were acidified using 3molL~" HCI (10 %) to remove
inorganic carbon. Approximately 50 uL of acid was added to
each sample and put in dry oven at 60 °C during 2 h. There-
after, 50 uL of acid was added again, and samples were then

Biogeosciences, 23, 4583-4602, 2026
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dried at 60 °C over night prior to analysis. This concentration
was selected to ensure complete carbonate removal in sedi-
ments with potentially variable carbonate content. The acid-
ified subsamples enable the quantification of TOC (%). For
the soil samples where TOC and TN content were not mea-
sured, they were estimated from OM content, determined by
loss of ignition, following the approach of Craft et al. (1991).
The correlation between OM content (%) and TOC or TN
(%) was based on 514 samples for TOC and 487 samples for
TN. The conversion equations are in Figs. S1 and S2 in the
Supplement.

AG and BG OC stocks (Mgha~!) were calculated by mul-
tiplying biomass (Mgha™!) by their respective OC content
(%). Total soil organic carbon stocks (Mgha™!) of each slice
were calculated as:

TOC stock = TOC x dry bulk density x slice thickness (7)

where TOC is soil total organic carbon (%), with the dry
bulk density (g DW cm™) and slice thickness decompressed
(cm) of each slice. TOC stocks were computed by summing
the stock of each slice over the upper ~ 50cm. Although
organic-rich marsh soils in Nordic systems are often shallow
(Leiva-Duedas et al., 2026), stocks were integrated over the
upper 50 cm to capture the biologically active rooting zone of
dominant marsh vegetation, including deep-rooting species
such as Phragmites australis.

2.3.4 Plant community analyses

Results are presented as means =+ standard deviation (SD) of
the number n of replicate measurements.

Species richness corresponds to the number of plant
species identified in each 1 x 1 m plot. In the aim of assess-
ing how coastal marshes plants influence carbon storage, the
plant community richness and composition need to be char-
acterized. Plant diversity was assessed at the quadrat scale
to match biomass and soil sampling. This approach was fur-
ther supported by exploratory comparisons showing that di-
versity patterns were consistent when calculated at the site
scale (i.e. pooled across quadrats), indicating that quadrat-
scale diversity adequately represents site-level diversity in
this dataset. To determine the plant species diversity per plot,
complementary indexes such as the Shannon-Wiener index,
Simpson’s index and evenness, Pielou evenness and Hill in-
dex were calculated, based on the cover percentage of each
plant species (Gotelli et al., 2024; Magurran, 2004). Almost
all the biodiversity indexes (Shannon-Wiener index, Simp-
son index and evenness, Piclou evenness, and Hill index)
were significantly correlated, as were P. australis cover and
mean and maximum vegetation height (Fig. S3). Therefore,
the Shannon-Wiener index and mean vegetation height were
used as the quantitative variables describing the plant com-
munities, along with plant species richness.

To describe coastal marshes plant community composition
in Nordic region across grazed and ungrazed sites, areas,

Biogeosciences, 23, 4583-4602, 2026
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and salinity category, a Non-metric Multidimensional Scal-
ing (NMDS) was applied to plant species cover (%) data.
Analyses were based on a Bray-Curtis dissimilarity matrix
of log (x+ 1)-transformed data, using the metaMDS func-
tion from the vegan package. To characterize NMDS axes
and investigate environmental gradients and soil parameters,
explanatory variables (mean annual water salinity and tem-
perature, longitude, latitude, land uplift, soil water content,
dry bulk density and median grain size) were correlated with
NMDS axes by permutation using the envfit function, and
only significant variables (p <0.05) were retained for in-
terpretation. These variables were selected as they represent
the main large-scale environmental gradients and local soil
conditions known to structure plant communities in coastal
marshes.

Indicator values (IndVal) quantify how strongly a species
is associated with a specific group of sites. IndVal scores
(Dufréne and Legendre, 1997) were tested using random
permutation tests to characterize plant community compo-
sition in grazed and ungrazed sites, as well as across salin-
ity categories (oligo-, meso-, poly- and euhaline conditions).
These salinity categories represent gradients also in climate,
land uplift rate, and tidal amplitude, since these gradients
are largely correlated in our dataset (Table 1). IndVal com-
bines species relative coverage and relative frequency of oc-
currence within each group. An IndVal of 100 % for a given
group (e.g. grazed or ungrazed) indicates that the species
occurs exclusively in that group and is present in all sites
belonging to it. Following Dufréne and Legendre (1997),
species with IndVal > 25 % were considered indicative of a
given group, corresponding to a presence in at least 50 % of
plots within the group and a relative coverage > 50 %. All
indices were calculated using the vegan and labdsv packages
inR.

The effects of management type (grazed vs. ungrazed),
salinity category, and their interaction on plant commu-
nity composition (based on Bray-Curtis dissimilarity), plant
species richness, Shannon-Wiener index and mean vegeta-
tion height (log-transformed) were assessed using two-way
PERmutational Multivariate ANalyses Of VAriances (PER-
MANOVAs) (Anderson, 2001). Each PERMANOVA was
performed with management type and water salinity category
as fixed factors, and area (12 levels) as a strata, using 9999
permutations and the adonis function in the vegan package
in R. Variability among replicates was evaluated with per-
mutest (Anderson, 2006). Because one salinity category (eu-
haline) was represented by a single site, analyses were re-
peated excluding the euhaline site (data not shown), indicat-
ing that this site did not drive the observed effects. Given po-
tential differences in multivariate dispersion among groups,
PERMANOVA results were interpreted together with tests
of homogeneity of dispersion (permutest), and supported by
NMDS ordination patterns.

https://doi.org/10.5194/bg-23-4583-2026



A. Richard et al.: Livestock grazing, plant community and abiotic factors 4589

2.3.5 Organic carbon and statistical analyses

To determine the main biotic and abiotic predictors of or-
ganic carbon (OC) stocks across compartments (AG and BG
biomass, and soil), groups of inter-correlated predictor vari-
ables were first identified. Non-parametric Spearman rank
correlations were calculated separately for plant community
descriptors, environmental variables, soil characteristics, and
OC stocks, using the corr function. Only significant cor-
relations (p < 0.05) were considered. Spearman correlation
showed that the mean salinity was correlated with other en-
vironmental variables (Fig. S3) and this abiotic factor was
chosen to represent the large-scale gradient in environmental
conditions in the analyses of drivers of OC stocks. The me-
dian grain size was significantly and negatively correlated to
water content and the percentage of soil silt and clay and OM
content, and positively to dry matter content and dry bulk
density (Fig. S4). Then, three global linear mixed-effects
models (one for plant AG OC, one for BG OC, and one for
soil OC stocks) were first built using the Imer function in
Ime4 (Bates et al., 2015; Zuur et al., 2009). Each model used
log-transformed OC stocks (log(x + 1)) as response vari-
able, with area as a random factor (1| Area). Fixed factors
were selected based on Spearman rank correlations and plant
community data to minimize multicollinearity, and included:
management type, plant species richness, salinity (treated
as a continuous variable here to better reflect the environ-
mental gradient and improve model performance), median
soil grain size (0-50cm), and OC stocks from other com-
partments (e.g., BG and soil OC stocks as predictors when
AG OC stock was the response). These variables were cho-
sen to represent key, non-redundant drivers of carbon stocks
based on ecological relevance and to avoid multicollinear-
ity among predictors. Model assumptions (residual normal-
ity, homoscedasticity, and absence of multicollinearity) were
visually assessed using check_model function from the per-
formance package (Liidecke et al., 2021). The most parsimo-
nious models were selected using the dredge function from
MuMIn, based on the lowest second-order Akaike Informa-
tion Criterion (AICc; Barton, 2025). To examine the mul-
tivariate causal relationships among variables, a piecewise
Structural Equation Model (SEM) using the psem function
from the piecewiseSEM package (Lefcheck, 2016) was con-
structed. This enabled us to disentangle direct and indirect
effects of management, plant community, environmental gra-
dients, and soil characteristics on OC stocks across compart-
ments. The SEM was based on the best-supported fixed ef-
fects identified via model selection (see above) and refined
according to ecological theory and literature. Non-significant
paths were iteratively removed to optimize model fit, evalu-
ated with Fisher’s C statistic, AICc, and associated p-values.
Standardized path coefficients were calculated to assess the
relative strength and direction of relationships.

Finally, to investigate whether management type influ-
ences OC stocks and soil parameters along soil depth, BG
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biomass (g DW m?) and corresponding OC stock (Mg ha ~1),
as well as soil OC stock (Mgha ~!) were summed for sur-
face (0—15 cm) and subsurface (15-50 cm) layers of decom-
pressed soil. Mean dry bulk density (gcm™3), water con-
tent (%), and median grain size (D50; pm) were calculated
also for surface and subsurface soil layers. Several linear
mixed-effects models were constructed with these variables
as responses (log-transformed), with site as random factor
(1] Area), and soil depth (surface vs. subsurface), manage-
ment type (grazed vs. ungrazed) and their interaction as
fixed effects. Model assumptions were verified using the
check_model function, and the significance of fixed effects
was assessed with Type III ANOVA.

All statistical analyses were performed using R (version
4.4.1; R Core Team, 2024).

3 Results

3.1 Plant species communities in relation to grazing
and environmental gradients

Across the 12 Nordic coastal marsh areas, 104 plant species
were identified at species level and 4 at family/genus level
(Table S1). Management type (grazed vs. ungrazed) broadly
separated the communities along the second axis of the
NMDS, with an overlap, meaning that some grazed and
ungrazed sites had similar plant community composition
(Fig. 3a). The grazed communities separated along the large-
scale environmental gradient (first axis of the NMDS), from
oligohaline to mesohaline and polyhaline sites (Fig. 3b, ¢
and d), while the ungrazed communities were more similar
across the gradient. Thus, a larger between-site variability in
species composition caused by the large-scale environmen-
tal gradient was observed in grazed than in ungrazed com-
munities. Land uplift rate (+> =0.29, p =0.001), tempera-
ture (r2 =0.12, p =0.0006), salinity (> =0.18, p =0.001),
longitude (r2>=0.16, p =0.0025) and latitude (r> =0.12,
p =0.0121) were all significantly correlated to the first axis
of NMDS. The second NMDS axis (separating grazed and
ungrazed sites) was significantly correlated with soil water
content (r> =0.20, p =0.0006) and soil dry bulk density
(r? =0.18, p =0.0012). PERMANOVA analysis explained
44 % of plant community composition, which was signifi-
cantly affected by management type (grazed vs. ungrazed),
salinity category (representing also gradients in climate, tidal
amplitude and land uplift rate), and their interaction (Table
2). The significant interaction reflected a higher variability
in species composition along the environmental gradient in
grazed sites compared to ungrazed ones.

Species significantly representative of grazed coastal
marshes were Plantago maritima, Juncus gerardii, Carex ni-
gra, Argentina anserina, and Scorzoneroides autumnalis (Ta-
ble 3). For ungrazed coastal marshes, the significantly repre-
sentative species were Phragmites australis, with the highest
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Figure 3. Non-metric multidimensional scaling (NMDS) plot of plant community cover (%), performed on a Bray-Curtis dissimilarity
matrix of log + 1 data, with points grouped by management type (a), salinity category (b) and site (c). Points correspond to a 1 x 1 m quadrat
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IndVal, and Bolboschoenus maritimus. P. australis covered
70 32 % of ungrazed plots and much less (4 £ 6 % cover)
of grazed plots. The species significantly characterizing the
oligohaline zone was Filipendula ulmaria, for the mesoha-
line zone it was Argentina anserina, for the polyhaline zone
Atriplex sp. and Salicornia europaea, and for the euhaline
zone Juncus gerardii (Table 3).

In grazed sites, a total of 71 species were identified,
compared to 64 species in ungrazed sites, with 27 species
shared between both management types (Table S1). The
PERMANOVA analysis of plant species richness per quadrat
explained 28 % of its variance and showed significant effects
of both management and salinity category, with significant
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interaction (Table 2), indicating that grazing effects on di-
versity depended on environmental conditions. Overall, plant
species richness was often significantly higher in grazed than
in ungrazed sites, in particular in oligo- and mesohaline ar-
eas (Table 2, Fig. 4a). For the Shannon-Wiener index, the
PERMANOVA analysis explained 28 % of its variance with
a significant effect of both management and salinity category,
along with significant interaction, which explained most of
the variability (Table 2). In grazed sites, the Shannon-Wiener
index tended to gradually decrease with increasing salinity,
whereas no consistent pattern was observed along the salinity
gradient in ungrazed sites (Fig. 4b). Mean vegetation height
was mainly explained by management type and was higher
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and more variable in ungrazed sites (112.2 +68.9 cm) com-
pared to grazed sites (16.8 & 10.8 cm; Table 2, Fig. 4c). The
within-site variation (dispersion) was significant for plant
community and mean vegetation hight, suggesting that PER-
MANOVA results should be interpreted with caution, as they
may partly reflect differences in dispersion among groups.

3.2 OC stocks in biomass and soils and their main
predictors

Plant aboveground biomass (AG) was 363 176 g DW m—2
in grazed sites and 1476 +1130gDWm™2 in ungrazed
sites, while belowground biomass (BG; sum across the top
50cm soil) was 766444187 and 88364 464 gDW m—2
in grazed and ungrazed sites respectively. The asso-
ciated OC stocks were as follows (Fig. 5): AG OC
stocks were 1.540.7 and 6.445.1Mgha~! for grazed
and ungrazed sites respectively, and BG OC stocks were
28.0+16.8 and 33.8+18.7Mgha~! for grazed and un-
grazed sites respectively (Fig. 5a). For soil OC, the
stocks were 99.7+57.9Mgha~! in grazed sites and
78.24+442Mgha~! in ungrazed sites (Fig. 5a). Variability
in AG, BG and soil OC stocks was observed among individ-
ual sites (Fig. 5b), reflecting site-specific differences across
the coastal marshes in Nordic region. This variability was ac-
counted for in subsequent analyses using mixed-effects mod-
els and structural equation modelling.

The final structural equation model (SEM) assessing the
direct and indirect influences of plant species richness, man-
agement type, water salinity and median grain size on
OC stocks (above- and below-ground biomass, and soil)
showed a good fit to the data (Fisher’s C=9.086, d f =12,
p =0.696; Fig. 6). The SEM revealed that a combination
of biotic and abiotic factors explained a large proportion
of the variance in OC stocks, with a non-negligible site ef-
fect: conditional (variance explained by both fixed and ran-
dom effects) and marginal (variance explained by fixed ef-
fects) R? were respectively 0.62 /0.50 for AG, 0.69 /0.40
for soil, 0.36 /0.23 for BG, and 0.68 / 0.09 for plant species
richness. Aboveground OC stocks were significantly lower
in grazed than ungrazed sites (direct effect), primarily due
to the large grazing effect on biomass. Belowground OC
stocks were indirectly and significantly affected by grazing
through changes in plant species richness and were nega-
tively related to grain size (implying largest stocks in fine-
textured sediments; p =0.1). Although plant species rich-
ness increased significantly under grazing, the communities
stored less BG OC stocks than ungrazed ones. Plant species
richness also tended to non-significantly increase with grain
size apparently due to a single site (Soderhamn) with a well-
developed sandy community, while salinity showed a weak,
non-significant negative effect. Soil OC stocks were instead
mainly controlled by abiotic drivers, with a significant nega-
tive influence of soil properties (notably median grain size),
and a positive, marginally significant (p =0.05) effect of
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salinity, representing the large-scale gradient in a number of
environmental factors. Thus, low saline, northern areas ex-
hibited lower soil stocks. Species richness and grazing had
no significant direct effects on soil OC stocks.

BG biomass (DW and associated OC stocks), soil OC
stocks and sediment characteristics differed between grazed
and ungrazed sites and between surface and subsurface soil
layers (Table 4). BG biomass was higher at the surface in the
grazed sites compared to subsurface and top surface soils of
ungrazed sites. By contrast, BG biomass was higher in the
subsurface soil in the ungrazed sites compared to both sur-
face and subsurface soils of grazed sites (Table 4). The same
pattern was observed for BG biomass OC stocks. Soil OC
stocks were significantly affected by management type and
soil depth, but not by their interaction. Highest soil OC stocks
occurred in grazed sites irrespective of depth, and in subsur-
face layers irrespective of management (Table 4). Dry bulk
density was significantly higher in grazed sites than ungrazed
ones, and was higher in subsurface than surface soils, with no
significant interaction between grazing and soil depth. Water
content was significantly affected by grazing and soil depth,
but not by their interaction, with higher values in ungrazed
sites and in surface compared to subsurface soils. Median
grain size was significantly lower in subsurface soils than
in surface soils and was not affected by grazing, although
a weak but significant interaction between grazing and soil
depth was detected.

4 Discussion

This study is the first large-scale assessment of OC stocks
over the top 50cm of soil, and their drivers across coastal
marshes of the Nordic region, integrating plant community
composition, grazing and major environmental gradients.
Our results show that grazing strongly shapes plant com-
munity structure, overall increasing plant species diversity
and limiting the dominance of the competitive reed Phrag-
mites australis, while grazing effects on OC stocks differ
among ecosystem compartments. Above- and below-ground
OC stocks were mainly influenced by grazing through di-
rect biomass removal and indirect effects mediated by plant
community composition, whereas soil OC stocks were in-
stead primarily controlled by abiotic factors such as sediment
texture and salinity. Using a structural equation modelling
approach, this study highlights that grazing effects on soil
OC storage were largely indirect and context-dependent, and
that the large-scale environmental gradient from the Atlantic
to the inner Baltic Sea override grazing effects on soil OC
stocks. These findings highlight the need to consider both en-
vironmental gradients and local management practices when
assessing OC storage and designing conservation strategies
for coastal marshes.

Biogeosciences, 23, 4583-4602, 2026



4592 A. Richard et al.: Livestock grazing, plant community and abiotic factors

Table 2. Two-way PERMANOVA results testing the main and interactive effect of management type and salinity category on plant commu-
nity (Bray-Curtis distance matrix based on plant coverage), species richness, Shannon index, and mean vegetation height (log transformed),
with sites as strata. The number of permutations was 9999, and variability among replicates were tested using permutest. There were 11 sites
for grazed and 12 sites for ungrazed costal marshes, with n = 3 per site. P-values in bold indicate significant effects (p < 0.05).

Variability \ PERMANOVA
p | df SS F R? p
Plant community
Management type 0.0003 1 49 2038 0.19  0.0001

Salinity category 0.1145 3 3.7 5.3 0.15  0.0001
Interaction - 3 2.6 3.7 0.10  0.0001

Plant species richness

Management type 0.4422 1 44.0 5.6 0.06 0.006
Salinity category 0.1780 3 21.6 2.7 0.09 0.01
Interaction - 3 99.6 4.2 0.14  0.0005

Shannon index

Management type 0.1636 1 0.9 3.0 0.04 0.04
Salinity category 0.0025 3 2.8 3.1 0.11 0.09
Interaction - 3 32 3.6 0.13 0.02

Mean vegetation height

Management type 0.0001 1 12 714 0.52  0.0001
Salinity category 0.0001 0.001 0.1 0.0008 0.0001
Interaction - 0.004 0.3 0.002 0.002

(%)

W

Table 3. Indicator values (IndVal) for plant species, per management type (grazed vs ungrazed) and sea water salinity category (Cowardin et
al., 1979).

Species Management type  IndVal p
Phragmites australis Ungrazed 0.87 0.001
Bolboschoenus maritimus Ungrazed 0.31 0.002
Plantago maritima Grazed 0.42 0.001
Juncus gerardii Grazed 0.35 0.007
Carex nigra Grazed 0.33  0.001
Argentina anserina Grazed 0.27 0.013
Scorzoneroides autumnalis ~ Grazed 0.26  0.005
Species Salinity category IndVal p
Filipendula ulmaria Oligohaline 0.37 0.013
Lysimachia thyrsiflora Oligohaline 0.33  0.001
Carex nigra Oligohaline 0.28 0.037
Caltha palustris Oligohaline 0.28 0.016
Argentina anserina Mesohaline 0.38 0.011
Scorzoneroides autumnalis ~ Mesohaline 0.28 0.043
Atriplex sp. Polyhaline 0.33  0.003
Salicornia europaea Polyhaline 0.33  0.004
Juncus compressus Polyhaline 0.27 0.018
Juncus gerardii Euhaline 0.80  0.001
Lysimachia maritima Euhaline 0.73  0.001
Triglochin maritima Euhaline 0.55 0.001
Bolboschoenus maritimus Euhaline 0.41 0.005

Biogeosciences, 23, 4583-4602, 2026 https://doi.org/10.5194/bg-23-4583-2026



A. Richard et al.: Livestock grazing, plant community and abiotic factors

(a)
Oligohaline Mesohaline Polyhaline Euhaline
r T T T 1

I I I

I 1 I

151 i i i

1 ' 1

| ' l

| ' !

1 ' !

o ! ' 1
§ 10/ l ' l

1 1 ] !

5 ! I 1
= 1 ] 1
@ l I l
.g l I l
1 1 !

a 1 ' l
w I 1 1
51 I 1 !

l I l

1 1 !

1 1 I

1 1 !

! I i

| ! 1 1

04 l ] 1

L L 1 1

(c)

T T T

! 1 |

I 1 |

] 1 ]

I 1 I

i [ 1 1
E ! 1 1
=200 j i |
£ ' 1 1
.g." l 1 1
= i i |
.5 l 1 1
B I i |
& | [] 1
© | I 1 1
; 100 | ! ,
l 1 1

o l 1 1
= l 1 1
i i i

l 1 ]

l 1 1

l 1 |

| I 1 !

01 , — | 1 : 1

& & & o & & O & & =
A A SV A A R

‘5.9 ‘-‘b q‘g‘ & = (fg = ha < .t-b

& & 08 il & & &

F F & 8 ) F =~
&3 & =

Site

4593
(b)
Oligohaline Mesohaline Polyhaline Euhaline
25] T T T ]
i I 1 )
! ' '
I I I
I 1 I
201 ; " i
X I ] ]
ko ] ]
E I 1 I
= ! ' I
‘g 1.51 I 1 I
I I I
2
ES l : :
= I 1 1
S1.01 I ] i
c
g : : :
I ' I
L I ] 1
051 ! ' i
I 1 I
I i i
I 1 )
I l I
001 = : o v
3 F & & < ol [ & G b
-] = & &=
T Y N 0967 & & d.t’w ¥ & P
¢ FFr &y e & g &
g F & &S & & 4
- ‘%Q %‘g’. & & A
& & + <
Site
Management
Grazed

Ungrazed

Figure 4. Mean plant species richness (a), Shannon-Wiener index (b), and mean vegetation height (c) at the grazed (11 sites, n =3 per
site; in green) and ungrazed (12 sites, n = 3 per site; in blue) areas, grouped by salinity category (oligohaline, mesohaline, polyhaline, and

euhaline). Bars represent the standard deviation.

4.1 Coastal marshes plant communities: influence of
grazing and environmental gradients

Because plant community composition is a key biotic driver
of carbon storage in coastal marshes, particularly through its
influence on biomass production and belowground carbon in-
puts, the responses of plant communities to grazing and en-
vironmental gradients are first examined. The species com-
position observed in this study broadly aligns to plant com-
munities reported in previous investigations in the Nordic re-
gion (Berg et al., 2012; Burnside et al., 2007; Dijkema, 1990;
Pitsch et al., 2019; Ward et al., 2016). Grazed sites exhibited
significantly higher plant species richness, greater evenness
(equitability index), and shorter plant height. A differentia-
tion of plant communities was highlighted along the environ-
mental gradient, with more diverse communities in grazed
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than ungrazed sites. Generally, grazing reduces the domi-
nance of highly competitive species and thereby facilitates
the establishment of other species, increasing overall plant
species diversity (Davidson et al., 2017). In our study, plant
communities tended to be more diverse in the northern part
of the Baltic Sea, where the salinity is low, and more specifi-
cally in grazed sites. High salinity exerts physiological stress
on plants, limiting the number of species able to tolerate such
conditions. Only a few halophytes, such as Lysimachia mar-
itima and Salicornia europaea, are well adapted to survive in
these environments (Hulisz et al., 2016; Suchrow et al., 2015;
Tyler, 1971; Ward et al., 2016). However, despite high salin-
ity, polyhaline sites in the Kattegat region, located at the en-
trance of the Baltic Sea, showed diverse plant communities.
This heterogeneity in plant community structure, especially
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in grazed sites, may be attributed to the dynamic and transi-
tional nature of local environmental conditions such as salin-
ity, wind exposure, and hydrodynamic variability, which are
generally more pronounced than in the semi-enclosed Baltic
Sea (Danielssen, 1997; Lehmann et al., 2002).

Ungrazed sites were inhabited by fewer plant species per
plot, with different growth forms depending on their position
along the environmental gradient. Dense vegetation cover in
these areas promote litter accumulation and slow water ve-
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locity, facilitating the deposition of organic matter and fine
particles that enhance the porosity of the soil (Cahoon et al.,
2021; Dijkema, 1990). In addition, the absence of livestock
prevents soil compaction and permits greater water reten-
tion (Veldhuis et al., 2019). These hydrological and structural
conditions strongly influence species composition, favour-
ing competitive species in ungrazed plots (Grace and Jutila,
1999). Especially, the lack of grazing enabled the prolifera-
tion of the highly competitive tall grass Phragmites australis,
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Table 4. Surface (top 15cm) and subsurface (sub., 15-50 cm) belowground (BG) biomass (g DW m2) and corresponding organic carbon
(OC) stock (Mgha -1 ), soil OC stock (Mg ha -1 ), mean dry bulk density (g cm™3 ), water content (%), and median grain size (D50; um) of
decompressed soil at 11 grazed (n = 33; except for D50: n = 11) and 12 ungrazed (n = 36; except for D50: n = 12) sites of coastal marshes in
the Nordic region. Results of Type III ANOVA from the linear mixed-effects model testing the effects of grazing, depth, and their interaction
on log-transformed variables. P-values in bold indicate significant effects (p < 0.05). For site details please see Tables S2, S3 and S4 .

Management ‘ Linear mixed-effects models
Parameters Grazed Ungrazed ‘ Grazing effect  Depth effect  Interaction
Top BG blozmass 5222.5+2338.7 3334.1+1602.6 F=171. F—89, F—445,
(gDWm™~)
Sub. BG tilgmass 2441.3£3046.5 5501.7£3682.9 » <001 p <001 p<0.001
(gDW m=2)
T9p OC stock 1n_BlG 19.5+9.8 13.1+5.8 F=125. F=134. F=420.
biomass (Mg ha™")
S.ub. OC stock m_EliG 85+£11.7 20.8+14.9 p <0.001 2 <0001  p<0.001
biomass (Mg ha™")
Top OC_sltock in soil 44.7+24.6 30.8£14.4 F =30, F—42, F =04,
(Mgha™")
Sub. ngtock in soil 54.9+£39.5 4794362 » <005 » <005 =005
(Mgha™")
Top dr_y3bulk density 05+£0.2 03+0.2 F =413, F=1104, F=1.9,
(gem™)
Sub. di}?/’ bulk density 1.0£0.2 0.8+0.4 » <0.001 p <0.001 p>005
(gem™)
Top water content 46.5+18.9 65.0£19.1 F=722, F =725, F =4.6,
(%)
(S;/il; water content 26.1+11.6 379+16.8 » <0.001 » <0.001 =005
Top D50 220.5+213.4 169.8 £87.9 F =588, F =894, F=0l.
(um)
(S;E.)DSO 162.6 +221.1 99.8 +£102.5 =005 » <005 » <0.05

which was dominant across the entire studied environmen-
tal gradient. Increased interspecific competition in ungrazed
sites likely contributed to the observed lower species richness
and lower evenness (monospecific community), with P. aus-
tralis outcompeting other species especially due to its high
productivity and tall stems, which can inhibit germination
and growth of other species (Berg et al., 2012; Burnside et
al., 2007; Grace and Jutila, 1999; Packer et al., 2017; Ud-
din and Robinson, 2017). P. australis is widespread in tem-
perate wetlands (Adams and Bate, 1999) and can grow un-
der a broad range of climatic and hydrological conditions. It
can establish in aquatic, semi-aquatic or moist soils, tolerate
salinity levels from 0O to 35, and adapt to various temperature
regimes and tidal ranges, typically reaching stem heights be-
tween 1 and 2 m (Gu et al., 2020; Hughes et al., 2016).
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In the present study, some ungrazed sites exhibited rel-
atively high plant species richness and diversity. This pat-
tern was mainly driven by a subset of sites distributed across
the large-scale environmental gradient, spanning low-salinity
Baltic sites (e.g. Lenholmen, S6derhamn, Sundsvall) to more
marine-influenced and high-latitude sites (Als and Trond-
heim), where the cover of Phragmites australis was relatively
low (below 80 %) or absent. The low cover or absence of
P. australis at these sites could be due to local management
practices, such as mowing, or abiotic constraints. At several
of these sites, soils were either highly compacted, character-
ized by high dry bulk density, high silt and clay percentage
and low water content, or excessively sandy as observed at
Soderhamn, with a high proportion of coarse, medium and
fine sands, limiting water and nutrient retention, and conse-
quently P. australisgrowth (Packer et al., 2017; Yang et al.,
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2025). Furthermore, the Trondheim area is exposed to very
high salinity with extreme winter condition and ice cover,
which may damage plant tissues and reduce P. australis sur-
vival (Hughes et al., 2016; Yang et al., 2025). Some plant
species observed in ungrazed sites were also common in
grazed sites, such as Agrostis stolonifera, Glaux maritima
and Plantago maritima. Previous studies suggest that their
occurrence across contrasting management regimes is linked
to flexible regeneration and dispersal strategies that allow
rapid recolonization following disturbance, rather than to re-
sistance to shifts in vegetation dominance (Burnside et al.,
2007).

4.2 Biotic and abiotic drivers of organic carbon stocks:
direct and indirect effects

Grazing, the large-scale environmental gradient, and soil
characteristics also affected OC stocks through a combi-
nation of direct and indirect mechanisms. In the studied
coastal marshes, most OC was stored in the soil, represent-
ing 73+ 14 % of the total OC stock in grazed areas and
63 £ 13 % in ungrazed ones. These proportions are compa-
rable to other European coastal marshes, where soil gener-
ally contains around 90 % of total OC (Smeaton et al., 2023).
Biomass-related OC represented 26 =13 % and 30+ 10 %
for BG biomass, and 242 %, and 7 +7 % for AG biomass
in grazed and ungrazed areas, respectively.

Plant AG OC stocks were as expected primarily con-
trolled by the direct effects of grazing, through the removal
of leaves and stems, and indirectly through the suppression
of reed, especially Phragmites australis. Usually, reed shoot
can reach more than 2 m height, and can produce a large vol-
ume of biomass, making P. australisone of the most produc-
tive species in wetlands (Engloner, 2009; Park and Blossey,
2008). Its height and density can, however, vary depend-
ing especially on the latitude, which may reflect tempera-
ture and salinity variations, and nitrogen concentration in the
soil (Hughes et al., 2016). Indeed, low temperatures, high
salinity, high water level and low nitrogen soil content limit
the growth of reeds (Hughes et al., 2016; Yang et al., 2025).
In addition, variation in AG biomass and the associated OC
stocks was observed between ungrazed sites in the present
study, which can be due to differences in environmental con-
ditions impacting plant growth.

Plant BG OC stocks and their vertical distribution were
associated with plant community composition, while grazing
showed an indirect relationship through its effects on plant
community structure. BG biomass and associated OC var-
ied along the soil depth, with a shift in depth distribution of
root biomass depending on management type. Ungrazed sites
had more plant biomass below 15 cm depth than at the sur-
face, reflecting that the dominant P. australis produces hor-
izontal and vertical 1-3 cm wide rhizomes, forming a com-
plex system at 20—100 cm depth, and sometimes even down
to 2m depth (Packer et al., 2017). Reed roots grow from
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nodes of rhizomes, which are 2—4 mm wide and can reach
4 m deep. This dense mass explains the pattern found in un-
grazed sites in the present study, with comparable biomass
values in other Nordic studies (Leiva-Dueias et al., 2024). In
grazed sites, BG biomass and associated OC stocks were po-
sitioned higher in the topsoil of the coastal marshes. To com-
pensate for the loss of AG biomass, the diverse plant com-
munity in grazed sites can adapt to grazing by modifying
their resource allocation strategy and stimulate root growth
(Elschot et al., 2015; Graversen et al., 2022; Lépez-Marsico
et al., 2015). The BG production is concentrated at the soil
surface with thin roots because of the high root turnover due
to livestock grazing characteristics showed weak and non-
significant relationships with BG OC stocks, regardless of
management type.

Soil OC stocks were mainly driven by abiotic factors, with
highly significant effects of soil properties. Regardless of
the management type, OC stocks were higher in fine grain
soils, which aligns with previous regional studies highlight-
ing the key role of soil types in shaping OC stocks (Ford et
al., 2019; Leiva-Dueiias et al., 2024, 2026). Fine soils occur
in low-energy environments where reduced hydrodynamics
favour the deposition of OM and fine particles (Allen, 2000;
Nichols, 2010). Moreover, soil texture affects redox condi-
tions, thereby regulating microbial remineralization and ul-
timately OC storage. Fine-grain soils limit oxygen penetra-
tion, reducing its degradation and promoting long-term OC
preservation (Burdige, 2007; Neiske et al., 2025). The large-
scale environmental gradient also explained variations in soil
OC, with marginal significance. The highest OC stocks were
found in the south-western part of the study area, with high
salinity, warm climate, and large tidal amplitude. High salin-
ity tends to reduce microbial activity and biomass due to os-
motic stress (Yan et al., 2015), which promotes OC burial
and preservation. The stronger tidal influence near the North
Sea increases the duration of flooding, which may promote
the deposition of OM and anoxic conditions (Allen, 2000;
Lehmann et al., 2002). Because oxygen diffusion is 10 000 x
slower in water than in air, prolonged saturation limits aero-
bic microbial activity, thereby also favouring the preservation
of soil OC (Burdige, 2007; Skopp et al., 1990). However, be-
cause these environmental gradients co-vary across the study
region, it was not possible to disentangle their relative or in-
teractive effects. Future studies based on more independent
environmental gradients would be needed to better isolate the
specific drivers of soil OC stocks.

Interestingly, no significant direct effects of plant commu-
nity structure and grazing were detected on soil OC stocks at
large-scale, despite previous studies reporting grazing effects
on soil OC conservation in coastal marshes. Livestock graz-
ing can increase soil OC through trampling-induced com-
paction, which reduces soil pore space, limits oxygen dif-
fusion and slows microbial decomposition rates, especially
in deeper layers (Elschot et al., 2015; Mueller et al., 2019).
In ungrazed sites, the dominance of P. australis may en-
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hance soil aeration through its large and deep rhizomes with
abundant aerenchyma, which facilitate internal gas transport
throughout the plant and promote radial oxygen loss into
the surrounding soil, thereby stimulating OM remineraliza-
tion and potentially reducing long-term OC storage (Colmer,
2003; Engloner, 2009; Freeman et al., 2001). The absence of
a consistent grazing effect on soil OC stocks in the present
study likely reflects the interplay of these processes with op-
posite effects on OC accumulation, whose relative impor-
tance varies among sites due to differences in local site char-
acteristics, varying grazing pressures, and different grazers.
The grazed areas hosted different types and intensities of her-
bivores (cattle, sheep, horses), which are known to exert dif-
fering effects on vegetation structure, trampling pressure and
carbon inputs. Consequently, grazing effects on soil OC stor-
age appear to be highly site-specific, consistent with previ-
ous studies highlighting the context dependency of grazing
impacts on carbon storage in coastal marsh soils (e.g. David-
son et al., 2017; Leiva-Dueias et al., 2024). Grazer iden-
tity may further modulate these effects, as different livestock
types (e.g., cattle, sheep, horses) differ in grazing selectiv-
ity and trampling intensity, thereby influencing plant traits
and carbon inputs. Although grazer type was recorded, its
effect could not be disentangled within our study design, due
to limited replication across grazer types, but it likely con-
tributes to the context-dependent patterns observed.

Overall, the soil OC stocks measured in the present
study corresponded to the range reported for other tem-
perate and boreal European coastal marshes. An updated
global synthesis of coastal marshes OC stocks reported av-
erage values of 79438 MgOCha~! in the top 30cm and
2314 134MgOCha~! in the top 1 m of soil (Maxwell et
al., 2023). Within the Nordic region, previous studies report
42 to 82MgOCha~! in top 43 cm (Graversen et al., 2022)
and a median of 71 MgOC ha! (IQR: 89-42) in the top
50 cm soil (Leiva-Dueias et al., 2024) for Danish coastal
marshes. In Norwegian marshes, substantially lower stocks
have been reported (6 £3MgOCha~! in > 1 m soil cores)
due to the young age of the marshes and related thin organic
soil layers (Ward, 2020). OC stocks along the Baltic Sea
coast of Germany also typically reach 106 +30 Mg OC ha™!
in the top 30cm and 222461 MgOCha™! in the top 1 m
soil (Logemann et al., 2025). The OC stocks observed in
the present study (100 458 Mg OCha™! in grazed sites and
78 £ 44 Mg OCha~! in ungrazed sites, integrated over the
top 50 cm) are therefore consistent with values reported for
other Nordic and Baltic coastal marshes. These findings pro-
vide a baseline assessment of soil OC stocks in Nordic
coastal marshes, a region that remains underrepresented in
global Blue Carbon datasets.
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5 Conclusions

This study provides the first regional assessment of organic
carbon stocks in coastal marshes of the Nordic region and
identifies the main biotic and abiotic drivers acting across a
strong environmental gradient. Plant diversity, composition,
biomass, and height were strongly shaped by the interac-
tive effects of grazing and environmental conditions, partic-
ularly through their influence on the competitive and domi-
nant reed, Phragmites australis, in ungrazed sites. These veg-
etation differences explained most of the variation in plant
above- and below-ground OC stocks. In contrast, soil OC
stocks were primarily determined by large-scale abiotic fac-
tors, especially soil characteristics, while management (graz-
ing) and vegetation effects appeared more variable and con-
text dependent. The diversity of grazer types and intensities
likely masked consistent grazing effects on soil OC at the re-
gional scale. These findings may underpin sustainable man-
agement of coastal marshes in the Nordic region and their
carbon storage capacity and plant diversity along complex
environmental gradients and grazing regimes.
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