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Abstract

Stocks and fluxes of soil inorganic carbon have long been ignored in the context of coastal carbon sequestration,
and their implications for the climate cooling effect of blue carbon ecosystems are complex. Here, we investigate the
role of soil inorganic carbon in five salt marshes along the northern coast of the Furopean Wadden Sea, one of the
world’s largest intertidal areas, harboring ~ 20% of European salt-marsh area. We demonstrate a substantial contri-
bution of inorganic carbon (average: 29%; range: 7-57%) to the total soil carbon stock of the top 1 m. Notably, inor-
ganic exceeded organic carbon stocks in one of the studied sites; a finding that we ascribe to site geomorphic
features, such as proximity to marine calcium carbonate sources and hydrodynamic exposure. Contrary to our
hypothesis that inorganic carbon stocks would decline along the successional gradient from tidal flat to high marsh,
as carbonate deposits would progressively dissolve in increasingly organic-rich rooted sediments, our findings dem-
onstrate the opposite pattern—an increase in inorganic carbon stocks along the successional gradient. This suggests
that the dissolution of calcium carbonates in the root zone is counterbalanced by other processes, such as trapping
of sedimentary carbonates by marsh vegetation and calcium carbonate precipitation in anaerobic subsoils. In the
context of blue carbon, it will be critical to develop an improved understanding of these plant- and microbiota-

mediated processes in calcium carbonate cycling.

Blue carbon refers to the organic carbon cycled in vegetated
coastal ecosystems, that is, tidal marshes, mangroves, and
seagrass meadows, which comprise the most effective long-term
carbon sinks of the biosphere. Despite their small areal coverage
of ~ 1% of the global ocean surface, blue cartbon ecosystems
exert an extraordinary leverage over the global carbon cycle by
accounting for ~ 50% of the total marine soil (sediment)
organic carbon budget (Duarte et al. 2013; Spivak et al. 2019).
This role has stimulated great interest in their management as
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greenhouse gas offsets in carbon-crediting programs (Herr et al.
2017; Needelman et al. 2018). Carbon sequestration in these
ecosystems is driven by the interplay of high rates of plant pri-
mary production, vertical soil development with rising sea
levels, and slow rates of decomposition in reducing soils
(Mcleod et al. 2011).

In recent years, a rapidly increasing number of studies
refined our insight into soil organic carbon stocks and dynam-
ics of tidal marshes, mangroves, and seagrass beds (Macreadie
et al. 2019; Rogers et al. 2019; Ren et al. 2022). By comparison,
the stocks and fluxes of inorganic carbon have been largely
ignored in the context of coastal carbon sequestration, and
their implications for the climate cooling effect of these eco-
systems remain unclear (Macreadie et al. 2017; Van Dam
et al. 2021). The major part of soil inorganic carbon in blue
carbon ecosystems derives from the formation of calcium car-
bonate (CaCOs3), that is, the process of calcification (Saderne
et al. 2019), but also dolomite (CaMg[COs3],) dynamics could
be relevant in some coastal regions (Gunatilaka 1991). Coun-
terintuitively, calcification generates a net flux of CO, to the
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atmosphere, because for each mole of carbon fixed as calcium
carbonate, two moles of total alkalinity are consumed, leading
to a net increase in water-column pCO, (Macreadie
et al. 2017). Conversely, the dissolution of calcium carbon-
ates results in a net decrease of pCO,. In many cases, blue
carbon ecosystems primarily act as depositional environ-
ments for allochthonous carbonates, which yields the
potential for post-depositional dissolution (Macreadie
et al. 2017). However, reports are almost restricted to
seagrasses and mangroves, given the focus on inorganic car-
bon dynamics in tropical ecosystems, and there is a surpris-
ing lack of data on soil inorganic carbon stocks for tidal
marshes. It is generally believed that inorganic carbon repre-
sents an unimportant contribution to tidal-marsh total car-
bon stocks, because rates of in situ calcification are usually
negligible, and deposited calcium carbonate from allo-
chthonous sources is assumed to rapidly dissolve under
acidifying conditions of the marsh rhizosphere (Saderne
et al. 2019).

The salt marshes of the Wadden Sea represent 20% of the
European tidal-marsh area (Doody 2008). These marshes are
minerogenic ecosystems, characterized by high rates of mineral
sediment deposition, resulting in vertical surface accretion fre-
quently exceeding 5 mm yr~' (Esselink et al. 2017). Previous
work demonstrated that a large fraction of soil organic carbon
preserved in these marshes is of sedimentary, allochthonous
origin, which contributes ~ 25% in the surface soil layer (0O-
5 cm) and ~ 70% in the subsoil below 30 cm depth (Mueller
et al. 2019a,b). Given the large fraction of allochthonous soil
organic carbon, it is therefore possible that also sedimentary
inorganic carbon imports play an important but so far over-
looked role in the carbon budget of these ecosystems.

Here, we investigated soil inorganic carbon stocks along
the successional gradient from tidal flat (via pioneer zone
and low marsh) to high marsh in two geomorphically con-
trasting tidal flat-salt marsh ecotones of the Wadden Sea: a
foreland site and a back-barrier site. Foreland marshes in the
Wadden Sea expand seaward from the main seawall and
make up the largest share of the Wadden Sea marsh area.
Foreland marshes are hydrodynamically exposed systems
that experience high amounts of sediment input, particu-
larly, during storm events in fall and winter. Back-barrier
marshes are hydrodynamically more sheltered, as they
develop in the lee of a barrier or dune system (Esselink
et al. 2017). We first hypothesized that soil inorganic
carbon stocks are greater at the foreland than at the back-
barrier site, because sedimentary carbonate deposition
would increase with hydrodynamic exposure and exchange
with the marine system. We hypothesized second that soil
inorganic carbon stocks would sharply decline along the
successional gradient from tidal flat to high marsh, because
carbonate deposits would progressively dissolve in increas-
ingly rooted sediments. Finally, we investigated the soil
inorganic carbon stocks of three additional high-marsh sites
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along the northern Wadden Sea coast in order to provide
the first comprehensive estimate of soil inorganic carbon
stocks for the region (Fig. 1).

Materials and methods

Study sites and sampling: Coastal ecotones

The study was conducted along two geomorphically distinct
tidal flat-salt marsh ecotones of the European Wadden Sea—the
Skallingen site, Denmark, (a back-barrier site) and the Ham-
burger Hallig site (a foreland site), Germany (Fig. 1). At both
sites, sampling was conducted along four zones of the succes-
sional gradient from tidal flat to high marsh (Fig. 2). In mine-
rogenic salt marshes of the Wadden Sea, successional stages are
typically reflected in a clear zonation of the plant community
composition along an elevation gradient from tidal flat to high
marsh (Castillo et al. 2021). In the Wadden Sea, the tidal flat is
initially colonized by pioneer plant species, such as Salicornia
sp. and Spartina anglica. Pioneer species are replaced by species
from mid- and late-successional stages in the low and high
marsh, such as Puccinellia maritima and Elymus athericus
(Rupprecht et al. 2015). The pace of this process depends on
the combination of drainage conditions and sedimentation
rates in relation to flooding frequency (Leendertse et al. 1997;
Olff et al. 1997).

The back-barrier marsh at Skallingen has a tidal amplitude
of 1.3 m, with floodwater salinity ranging between 25 and
30 ppt. The brackish high marsh receives freshwater inputs
from upland groundwater discharge and is dominated by
Phragmites australis. The low marsh and pioneer zone are dom-
inated by Atriplex portulacoides and Sp. anglica, respectively.
Soil pH (measured in CaCl,) at the site ranges from 6.5 in the
high marsh to 7.8 in the tidal flat (Supporting Information
Fig. S1). The foreland salt marsh at Hamburger Hallig (Nolte
et al. 2013; Stock 2011) developed adjacent to an old island
remnant 3 km off the coast after the construction of a dam
connecting island and mainland in 1875. Marshes at Ham-
burger Hallig experience a tidal range of 3.4 m, with floodwa-
ter salinity ranging from 25 to 29 ppt. The vegetation shows a
zonation typical for Wadden Sea salt marshes: Sp. anglica is
dominant in the pioneer zone, A. portulacoides and Pu. mar-
itima are dominant in the low marsh, and E. athericus is domi-
nant in the high marsh (Esselink et al. 2017; Mueller
et al. 2020). Soil pH (measured in CaCl,) at the site ranges
from 7.2 in the low marsh to 7.5 in the tidal flat (Supporting
Information Fig. S1).

Three 100-cm soil cores were sampled from each of the four
zones per site (N = 24). We used an Eijkelkamp peat sampler
with a 50-cm long, 500-cm® sample head, commonly referred
to as Russian peat corer. As the peat sampler cuts sidewise into
the soil profile, the technique allowed for uncompacted and
undisturbed sampling (Jowsey 1966). The use of the peat sam-
pler for the mineral soils of our sites required precoring with a
narrow (4-cm diameter) gouge auger to reduce friction
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Fig. 1. (A B) Study sites along the Wadden Sea coast: (1) Skallingen, (2) Hamburger Hallig, (3) Sonke-Nissen-Koog, (4) Westerhever, (5) Dieksanderkoog.
Color-code in (B) refers to Fig. 3. (€) Marsh-edge cliffs at the Hamburger Hallig foreland site: large amounts of calcareous shell fragments accumulate
in pockets along the marsh cliff and get overgrown by secondary pioneer vegetation (Salicornia sp., Spartina sp.). (D) Layers of high shell density in
75-95 cm depth of a soil core sampled in the low marsh at Hamburger Hallig. Photos: T. J. Mozdzer.

resistance during coring. One of the three 100-cm soil cores
per successional zone (n = 4 per site) was sectioned into ten
10-cm increments. From the other two cores per zone, the fol-
lowing four depth increments were sampled: 0-10, 20-30, 60—
70, 90-100 cm.

Regional assessment: Additional high-marsh sites

To evaluate how inorganic carbon accumulation at our two
sites compare to other marshes of the Wadden Sea region, we
analyzed the soil inorganic carbon density of three additional
sites along the 250-km coastline from Skallingen (DK) to the
Elbe estuary (DE) (Fig. 1). This assessment was restricted to the
mature high-marsh zone of the ecotones not encompassing
the inorganic carbon stock development along the entire suc-
cessional gradient. The three additional sites have previously
been sampled to quantify soil organic carbon stocks and

organic carbon-sequestration rates (Mueller et al. 2019b).
For the present study, we used the unpublished data on soil
inorganic carbon contents and stocks from the same assessment.
Site and sampling details are given in Mueller et al. (2019b). Also
compare Fig. 1.

Laboratory analyses

Soil samples were dried at 105°C for at least 72h and
weighed to determine bulk density (sample dry weight divided
by sample volume). Organic and inorganic carbon contents
(% dry weight) of samples from the back-barrier and foreland
ecotones were quantified by determining the total carbon con-
tent of acid-treated and untreated subsamples using elemental
analyzers. Element analysis was coupled to isotope analysis to
determine carbon stable-isotope ratios. We used a Costech
ECS4010 elemental analyzer coupled to a Picarro G2121-i
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Fig. 2. Soil organic carbon (SOC) and soil inorganic carbon (SIC) contents and stocks of the top 1-m soil (sediment) layer along four successional zones
of two tidal flat-salt marsh ecotones in the European Wadden Sea, the foreland site at Hamburger Hallig (A,C) and the back-barrier site at Skallingen
(B,D). Shown are mean values + standard error of n = 3 cores per successional zone.

isotope analyzer at Bryn Mawr College or an Eurovector EURO-
EA 3000 elemental analyzer coupled to a Nu Instruments Nu
Horizon isotope ratio mass spectrometer at Hamburg Univer-
sity. Approximately 100-300 mg of subsample was acidified in
1-mL glass vials using 0.1-0.4 mL (depending on reaction
strength) of 10% HCI. Acidified subsamples were vented for
12 h at room temperature under a fume hood and subsequently
dried at 105°C to constant weight. The carbon content of acid-
treated subsamples, accounting for changes in sample mass
caused by HCIl addition, was considered as organic carbon
content. Inorganic carbon contents were calculated subtracting
organic carbon contents from total carbon contents of un-
treated subsamples. Mud vs. sand content was approximated
by passing samples through a 0.05-mm test sieve. Grain-size
analysis was conducted on all cores sampled at the 10-cm
depth resolution (n = 1 core/zone).

Data analysis

Data were analyzed using Statistica (TIBCO Software Inc.)
and Excel 2016 (Microsoft Corporation). Calculated inorganic
carbon contents (i.e., the difference in carbon content
between acidified and un-acidified subsamples) < 0% were
considered as 0% soil inorganic carbon. Before using calcu-
lated inorganic carbon contents > 0% in further statistical ana-
lyses, we checked for '*C depletion in acidified vs. un-acidified

samples. Inorganic carbon contents of samples that did not
show '3C depletion upon acidification were likewise consid-
ered as 0% soil inorganic carbon. This data-quality check was
conducted to avoid overestimation of inorganic carbon con-
tents and stocks. Soil inorganic and organic carbon stock or
density (= carbon mass/soil volume) was calculated by multi-
plying sample bulk density (= soil dry mass/soil volume) with
inorganic and organic carbon contents (mass %), respectively.
Carbon-stock and carbon-content data for the entire 100-cm
soil profile were calculated by linear interpolation between the
four depth sections (i.e., 0-10, 20-30, 60-70, and 90-100 cm)
for the soil cores that were only sampled at those four discrete
depths. The validity of this assessment was verified by compar-
ing mean soil inorganic carbon contents of the top 100-cm
soil layer based on values from linear interpolation with
values from higher resolution sampling (i.e., 10 cm incre-
ments) in n = 8 cores. A paired t-test did not indicate signifi-
cant differences between interpolated and higher-resolution
data (p = 0.86). Two-way ANOVA was used to test if organic
and inorganic carbon stocks differ between sites (back-barrier
vs. foreland; Hypothesis 1) and successional zone (tidal flat
vs. pioneer zone vs. low marsh vs. high marsh; Hypothesis 2).
Prior ANOVA testing, we visually checked for normal distribu-
tion of residuals and homogeneity of variances across groups.
Due to the fully balanced study design, potential moderate
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Fig. 3. Comparison of soil organic (SOC) vs. inorganic carbon (SIC) stocks
of the top 1-m soil layer of n = 5 mature (i.e., high marsh) sites along the
Wadden Sea coastline between Skallingen (DK) and the Elbe estuary (DE).
Shown are mean values + standard deviation. Single data points, color-
coded by site, are overlaid. Site locations are depicted in Fig. 1B.

deviations from homogeneity of variance between groups
were considered unimportant for ANOVA testing (Box 1954;
McGuinness 2002). A paired t-test was used to compare
organic with inorganic carbon stocks of the five high-marsh
sites. We tested for relationships between mud/sand contents
and carbon contents using linear and nonlinear ordinary
least-squares regression.

Results

Soil inorganic vs. organic carbon stocks across sites and
successional zones

Soil inorganic carbon contents and stocks of the top 1 m
were significantly greater at the foreland site than at the back-
barrier site (Fig. 2; Table 1). Inorganic contents and stocks
increased along the successional gradient from tidal flat to low
and high marsh (Fig. 2). The effect of zone was significant
based on two-way ANOVA (Table 1).

Soil inorganic carbon stocks were significantly greater than
soil organic carbon stocks at the foreland site (paired t-test:
p <0.01), whereas the opposite was true for the back-barrier
site (p < 0.001; Fig. 2).

Soil organic carbon contents and stocks of the top 1 m
showed a clearer increase along the successional gradient

Salt marsh inorganic carbon dynamics
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Fig. 4. Soil inorganic carbon content and density in relation to soil depth
and successional zone of two tidal flat-salt marsh ecotones in the
European Wadden Sea, the foreland site at Hamburger Hallig (A,C) and
the back-barrier site at Skallingen (B,D). Shown are mean
values + standard error (n = 3).

than inorganic carbon contents and stocks (Fig. 2; Table 1).
Site effects on soil organic carbon differed markedly from the
inorganic carbon results. While organic carbon contents were
significantly greater at the back-barrier than foreland site,
there was no difference in organic carbon stocks between
sites (Fig. 2; Table 1).

Expanding the comparison of soil inorganic vs. organic
carbon stocks to a larger number of high-marsh sites along
the northern Wadden Sea coast (Fig. 1B) revealed that

Table 1. Output of two-way ANOVA tests for the effects of site and successional zone on soil organic carbon (SOC) and soil inorganic
carbon (SIC) contents and stocks of the top 1-m soil (sediment) layer at the two sites, Hamburger Hallig (foreland site) and Skallingen

(back-barrier site).

SOC content SIC content SOC stock SIC stock
ANOVA P F p F p F p F
Site <0.001 31.85 <0.001 56.28 0.475 0.54 <0.001 91.23
Zone <0.001 29.67 0.058 3.07 <0.001 20.84 0.039 3.54
Site * zone <0.001 21.31 0.072 0.90 0.006 6.15 0.354 117
Note: Values are highlighted in bold at p < 0.1.
5
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Fig. 5. Soil organic (A) and inorganic (B) carbon content as a function
of sand content. Depicted are data from eight 1-m soil cores (one per suc-
cessional zone and site) sectioned into ten 10-cm increments (N = 80).

greater inorganic vs. organic carbon stocks represent an
exception (Fig. 3). Overall, mean soil organic carbon stocks
of the top 1 m were > 100% greater than inorganic carbon
stocks; although this difference was only marginally signifi-
cant due to high variability in inorganic carbon stocks
across sites (Fig. 3).

Soil inorganic carbon in relation to soil depth and
grain size

Observed increases in soil inorganic carbon stocks of
the top 1 m from tidal flat to high marsh (Fig. 2) were largely
driven by differences in inorganic carbon below 20 cm
soil depth (Fig. 4). Inorganic carbon densities of the topsoil
(0-10 cm) showed the opposite relationship with greater
inorganic carbon values in tidal flat vs. high marsh in both
sites (Fig. 4C,D).

The soil-depth distribution of soil inorganic carbon differed
markedly between the foreland and back-barrier site. Specifi-
cally, inorganic carbon contents of the low and high marsh
showed an increasing trend with soil depth at the foreland site
but generally decreased at the back-barrier site (Fig. 4).

Sand content was an important predictor of soil organic
carbon content and density across depths and sites, explaining
approximately 59% of organic carbon-content variability
(Fig. 5A). In contrast, no relationship was observed between inor-
ganic carbon content and grain-size distribution (Fig. 5B).

Discussion

Soil inorganic carbon stocks of Wadden Sea salt marshes
The present survey including five salt-marsh sites along the
northern Wadden Sea coast reveals a soil inorganic carbon
stock for the top 1 m of soil of 75 Mgha ! (range: 17-188),
which represents a substantial contribution of inorganic car-
bon to the total soil carbon stock of these ecosystems (29%;
range: 7-57%). Notably, one of the sites supported even
greater soil inorganic than organic carbon stocks (Fig. 3). Our

Salt marsh inorganic carbon dynamics

observed inorganic carbon densities, median = 4 mgcm 3

(IQR = 5 mg cm ®), are comparable to global median (and
IQR) values reported for mangroves of 1 (21) mg cm > but are
lower than those reported for seagrass beds, 59 (66) mg cm 3,
as reported in the first meta-analysis on carbonate dynamics
in blue carbon ecosystems (Saderne et al. 2019). There are few
studies reporting soil inorganic carbon contents for tidal-
marsh ecosystems (Vranken et al. 1990; Zwolsman et al. 1993;
Spohn et al. 2013; Saderne et al. 2019), and even fewer provid-
ing soil inorganic carbon stock (or density) data for tidal
marshes that could be used to compare our findings with. Spe-
cifically, Saderne et al. (2018) reported extreme mean soil inor-
ganic carbon stocks of 970 Mg ha™! for marsh-related sabkha
ecosystems of the Arabian Peninsula, and Zhang et al. (2021)
report mean soil inorganic carbon stocks of ~ 150 Mg ha~* for
a minerogenic estuarine salt marsh on the Yellow River Delta,
a finding that falls well within the range reported here.

Our findings of large inorganic carbon stocks challenge
the prevailing notion that tidal marshes are unimportant
inorganic carbon stores compared to other blue carbon ecosys-
tems, that is, mangroves and seagrass beds (Saderne
et al. 2019). Tidal marshes have an exceptionally high poten-
tial for calcium carbonate dissolution in soils (Vranken
et al. 1990) and a relatively low abundance of calcifying
organisms (Saderne et al. 2019). We do not have any data to
suggest the opposite for the salt marshes of the Wadden Sea.
Instead, we argue that calcium carbonate accumulation repre-
sents an inherently large, but overlooked feature of many
minerogenic tidal-marsh ecosystems. Vertical soil develop-
ment in minerogenic marshes is primarily driven by high rates
of mineral sediment deposition (Allen 2000); and thus,
calcium carbonate inputs can be substantial, depending on
site geomorphology, proximity of marine or riverine carbon-
ate sources, and the carbonate concentration of suspended
sediments (Allen 1987; Larsonneur 1994).

Inorganic vs. organic carbon stock development

Our data suggest that geomorphic setting acts an important
predictor of marsh soil inorganic carbon stocks, as it controls
the frequency and amount of carbonate deposition. Specifi-
cally, we found soil inorganic carbon stocks were much greater
in the foreland ecotone at Hamburger Hallig than in the back-
barrier ecotone at Skallingen, which supports our first hypothe-
sis that inorganic cartbon accumulation is more pronounced at
hydrodynamically exposed sites, with high marine exchange,
than at sites that are hydrodynamically more sheltered with
lower marine exchange (Fig. 2). Greater marine exchange at the
foreland than back-barrier site is further supported by the §'3C
signature of organic carbon accumulating in the surface soil
of the high marsh (Supporting Information Fig. S1). These
13C-enriched signatures at the foreland site indicate a larger
relative contribution of marine-derived organic carbon to the
total organic carbon pool (Mueller et al. 2020).
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In contrast to the inorganic carbon results, soil organic car-
bon stocks did not significantly differ between sites (Fig. 2;
Table 1). This finding is in accordance with previous work in
the region demonstrating relatively constrained soil organic
carbon densities for whole-soil profiles (i.e., 2 100 cm depth)
across Wadden Sea salt marshes, independent of site geomor-
phology (Mueller et al. 2019b). Despite similar average site-
level organic carbon stocks, the two sites showed markedly
different organic-carbon trends along the successional gradi-
ent from tidal flat to high marsh (Table 1). Specifically, tidal-
flat and pioneer-zone organic carbon stocks tended to be lower
at the back-barrier than the foreland site; whereas the opposite
is true for the low and high marsh (Fig. 2). We argue that this
pattern is caused by a more extreme distribution of sand con-
tents at the back-barrier site ranging from > 99% sand in some
sediment layers of the tidal flat to <1% sand in the high
marsh. Sand content at the foreland site show far less variabil-
ity across soil depths and zones and consequently less variabil-
ity in organic carbon contents and stocks (Fig. 5). We argue
that this distribution results from the greater hydrodynamic
exposition of the foreland site, allowing for greater deposition
of large grains at high elevations (Allen 1992, 2000; Miiller-
Navarra et al. 2016).

Our data demonstrate an unexpected increase in inorganic
carbon stocks along the successional gradient with stocks
maximized in the low or high marsh. These patterns of
inorganic carbon stocks along successional gradients were
relatively consistent between sites (Table 1; Fig. 2). We orig-
inally hypothesized inorganic carbon stocks to decline
along this gradient as calcium carbonate deposits would

Salt marsh inorganic carbon dynamics

progressively dissolve in increasingly rooted sediments.
Although our findings do not exclude an increase in carbonate
dissolution rates along the successional gradient, they do sug-
gest that any potential increase in carbonate dissolution gets
overcompensated by other plant-mediated and microbially
mediated processes, such as trapping of sedimentary carbonates
by marsh vegetation and calcium carbonate precipitation in
anaerobic subsoils.

It is well established that plants effectively trap sediment
from the water column and thereby increase mineral sediment
deposition compared to unvegetated areas (Morris et al. 2002;
Kirwan and Megonigal 2013). Therefore, plant-mediated car-
bonate deposition likely contributed to greater inorganic car-
bon stocks in marsh vs. tidal-flat soils (Fig. 6). Precipitation of
calcium carbonates below the acidifying conditions of the rhi-
zosphere could act as an additional driver of high inorganic
catbon stocks in marsh soils in relation to the tidal flat
(Vranken et al. 1990). This process can be mediated by the
production of bicarbonate ions and the consumption of pro-
tons by anaerobic microbial communities. For instance,
Rassmann et al. (2016) demonstrated a strong association of
calcium carbonate precipitation with anaerobic microbial
metabolism in the sediments of the Rhoéne delta. Anaerobic
metabolism, and thus carbonate precipitation, increased with
sediment organic matter contents and decreasing distance to
the delta. Similarly, increasing organic matter availability
along the gradient from tidal flat to high marsh could support
greater rates of anaerobic microbial metabolism and coupled
carbonate precipitation in the present study. In support of this
notion, the observed increase in soil inorganic carbon stocks

Sediment trapping
CaCO,deposition *

CaCO, erosion from
calcifying systems
or deposits

RHIZOSPHERE
CaCo, dissolution

Alkalinity
export 5

Anaerobic
microbial @

metabolism

Reprecipitation

Fig. 6. Conceptual diagram illustrating the potential contribution of allochthonous calcium carbonate input and dissolution to the alkalinity export from
tidal marshes. Our quantitative insight into the processes (1-6) shown here is yet scarce or absent, but will be critical to develop a mechanistic under-
standing of coastal carbonate dynamics and their leverage over marsh CO, and alkalinity budgets. Image by courtesy of UHH/Wohlfahrt.
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of the top 1 m from tidal flat to high marsh (Fig. 2) was driven
by differences in inorganic carbon in deep soil layers, where
conditions are frequently or permanently anoxic and support
anaerobic microbial metabolism (Fig. 4; Tang et al. 2022).

The soil profiles investigated at the foreland site revealed
an additional important contributor to larger inorganic carbon
stocks in marsh vs. tidal-flat soils. Here, a large fraction of the
inorganic carbon stock was found in deeper layers of
extremely high inorganic carbon density, largely composed of
comminuted shell debris (Figs. 1C,D, 4). These shell deposits
could result from storm surges translocating shell fragments
from unvegetated intertidal and subtidal environments to the
salt marsh, were they get trapped by the vegetation
(Allen 1987). Furthermore, we found evidence that shell accu-
mulation might reflect a phase of the early marsh develop-
ment. Specifically, we observed large amounts of shell debris
accumulating in pockets and gullies of the mash-edge cliff,
where they are being overgrown by secondary pioneer vegeta-
tion (Fig. 1C). The formation of marsh cliffs through edge ero-
sion and regrowth of marsh in front of the cliff are intrinsic
processes of natural salt-marsh dynamics (van de Koppel
et al. 2005). At the foreland site, marsh cliffs provide an effec-
tive deposition environment for large amounts of shell debris.
The phenomenon of cliff-fringing shell deposits is not specific
to our study site at Hamburger Hallig, or salt marshes of the
Wadden Sea region, but has been reported for other coastal
environments worldwide, such as the Jiangsu Coast, China
(Zhao et al. 2017) and San Francisco Bay, California (Baye
et al. 2020). Therefore, it is possible that the cyclical process of
marsh-cliff erosion and regrowth could represent an important
driver of inorganic carbon accumulation in coastal ecotones
that warrants further investigation.

Changes in inorganic carbon content with soil depth
should be interpreted cautiously, especially in the context of
carbonate dynamics, where the inorganic—carbon change with
depth may reflect succession in young marsh ecosystems.
Declining inorganic carbon contents with soil depth have
previously been interpreted as evidence of postdepositional
carbonate dissolution (Vranken et al. 1990; Zhang et al. 2021).
In the present study, inorganic—carbon declines with soil
depth were only observed at the Skallingen site. Here, decline
slopes were indeed steeper in the low and high marsh than in
the pioneer zone and tidal flat, potentially indicating greater
carbonate dissolution rates in more rooted soils (Fig. 4). How-
ever, our study also demonstrated that inorganic carbon stocks
can undergo a marked change during succession, so that
inorganic—carbon changes with soil depth may likewise reflect
the chronosequence of salt-marsh development from tidal flat
(Mueller et al. 2019b).

Perspective and knowledge gaps

We currently know little about the importance of different
pedogenic and biogenic calcium carbonate sources feeding
tidal marsh inorganic carbon stocks. The present study
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provides evidence that the deposition of shell debris, derived
from adjacent marine ecosystems, can be one important car-
bonate input to marsh ecosystems. If this finding applies more
widely to other coastal regions, it may yield important impli-
cations for CO, and alkalinity budgets at the landscape scale
of the coastal zone (i.e., the coastal seascape). A growing num-
ber of reports suggests that interactions between spatially asso-
ciated coastal ecosystems via long-distance facilitative
processes can enhance the blue carbon potential of the sea-
scape (Huxham et al. 2018; Ren et al. 2022). Similarly, connec-
tivity of coastal ecosystems may also represent an important
factor determining calcium carbonate dynamics and thus the
alkalinity budget at the seascape scale. That is, calcium car-
bonate can be translocated or eroded from calcifying ecosys-
tems, such as corals or bivalve reefs, and deposited and
dissolved in tidal-marsh ecosystems (Fig. 6). In this way, alka-
linity consumption in calcifying ecosystems may be
counterbalanced by alkalinity production in ecosystems that
support greater rates of carbonate dissolution. The exchange
of calcium carbonate between ecosystems within the coastal
seascape has yet poorly been explored (Saderne et al. 2019),
and new methodological approaches that facilitate tracing car-
bon fluxes within the coastal seascape will be needed to
develop a quantitative understanding of these fluxes.

Plants are likely to control two key processes of the tidal-
marsh calcium carbonate balance. First, aboveground plant
structures effectively trap sediment from the water column
and thus, determine the rate of allochthonous calcium car-
bonate input to the ecosystem. Second, plant-microbe inter-
actions in the rhizosphere yield a high potential to facilitate
or accelerate carbonate dissolution. Plant roots stimulate soil
microbial activity by supplying oxygen to an otherwise
anoxic soil environment via root oxygen loss and by releas-
ing labile organic substrates via rhizodeposition, thereby
exerting primary control over soil organic carbon cycling
(Mueller et al. 2016; Spivak et al. 2019; Ren et al. 2022;
Bernal et al. 2023). The same plant-microbe interactions can
also lead to a strong acidification of the rhizosphere, driven
by rising soil CO, levels and the reoxidation of reduced
metabolites (Ku et al. 1999; Koop-Jakobsen et al. 2018),
which likely facilitates or accelerates carbonate dissolution
(Burdige and Zimmerman 2002; Fig. 6). However, experimen-
tal support for this potentially important link between plant-
microbe interactions and calcium carbonate dissolution in
coastal ecosystems is yet lacking. New methodological
approaches in the field of wetland rhizosphere research are
needed to close this important knowledge gap in our under-
standing of coastal carbonate dynamics. Recent developments in
the field of rhizosphere imaging, such as planar optode imaging
of rhizosphere O,, CO,, and pH dynamics (Koop-Jakobsen
et al. 2018, 2021), appear promising to advance our mechanistic
and quantitative understanding in this context.

The export dynamics of dissolved inorganic carbon, includ-
ing alkalinity, from tidal marshes to adjacent estuarine or
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coastal waters are poorly understood, but yield important
implications for coastal ocean acidification and atmosphere—
water CO, exchange. The few studies that assessed alkalinity
export from tidal marshes only considered anaerobic micro-
bial respiration in soils (i.e., sulfate reduction, denitrification)
as a source of alkalinity (Sippo et al. 2016; Wang et al. 2016;
Maher et al. 2018). The potentially important role of sedimen-
tary carbonate dissolution in marsh soils as a source of alkalin-
ity to coastal waters has never been investigated, probably
because past studies have been conducted in sediment poor,
organogenic ecosystems with negligible calcium carbonate
inputs. This represents a critical knowledge gap in our mecha-
nistic understanding of coastal dissolved inorganic carbon
dynamics and their potential leverage over the CO, and alka-
linity balance of tidal marshes.

Conclusion

Our study demonstrated that inorganic carbon can repre-
sent an important fraction of the total soil carbon stock in
minerogenic salt marshes, and that these ecosystems can act
as important depositional environments for inorganic carbon.
This observation highlights the need to develop a deeper
mechanistic and quantitative understanding of inorganic car-
bon fluxes in minerogenic salt marshes as well as between
marshes and adjacent marine ecosystems within the coastal
seascape (Fig. 6). For the interpretation of soil inorganic car-
bon in the context of blue carbon and, more specifically, the
climate change-mitigation capacity of tidal marshes, it is criti-
cal to develop an improved understanding of calcium carbon-
ate fluxes rather than stocks. Overall, we know little about the
quantitative importance of different potential pedogenic and
biogenic carbonate sources feeding salt marsh inorganic car-
bon stocks, rates of carbonate dissolution and reprecipitation
in soils, and the contribution of carbonate dissolution to alka-
linity export from coastal ecosystems (Fig. 6).

Data availability statement
Data are available upon reasonable request.

References

Allen, J. R. L. 1987. Late Flandrian shoreline oscillations in the
Severn Estuary: The Rumney formation at its typesite
(Cardiff area). Philos. Trans. R. Soc. Lond. B Biol. Sci. 315:
157-184. doi:10.1098/RSTB.1987.0006

Allen, J. R. L. 1992. Large-scale textural patterns and sedimen-
tary processes on tidal salt marshes in the Severn Estuary,
southwest Britain. Sediment. Geol. 81: 299-318. doi:10.
1016/0037-0738(92)90077-5

Allen, J. R. L. 2000. Morphodynamics of Holocene salt
marshes: A review sketch from the Atlantic and Southern
North Sea coasts of Europe. Quat. Sci. Rev. 19: 1155-1231.
doi:10.1016/S0277-3791(99)00034-7

Salt marsh inorganic carbon dynamics

Baye, P., R. Leventhal, and J. Beagle. 2020. Conceptual designs
for marsh-fringing beach nourishment to reduce wave ero-
sion of Muzzi marsh. Corte Madera Ecological Reserve.

Bernal, B., S. Kim, and T. J. Mozdzer. 2023. Species shifts
induce soil organic matter priming and changes in micro-
bial communities. Sci. Total Environ. 859: 159956. doi:10.
1016/j.scitotenv.2022.159956

Box, G. E. P. 1954. Some theorems on quadratic forms applied
in the study of analysis of variance problems, I. effect of
inequality of variance in the one-way classification. Ann.
Math. Stat. 25: 290-302. doi:10.1214/aoms/1177728786

Burdige, D. J., and R. C. Zimmerman. 2002. Impact of sea grass
density on carbonate dissolution in Bahamian sediments.
Limnol. Oceanogr. 47: 1751-1763. doi:10.4319/10.2002.47.
6.1751

Castillo, J. M., B. Gallego-Tévar, E. M. Castellanos, M. E.
Figueroa, and A. J. Davy. 2021. Primary succession in an
Atlantic salt marsh: From intertidal flats to mid-marsh plat-
form in 35 years. J. Ecol. 109: 2909-2921. doi:10.1111/
1365-2745.13692

Doody, J. P. 2008. Saltmarsh conservation, management and
restoration. Springer International Publishing.

Duarte, C. M., . J. Losada, I. E. Hendriks, I. Mazarrasa, and N.
Marba. 2013. The role of coastal plant communities for cli-
mate change mitigation and adaptation. Nat. Clim. Change
3: 961-968. doi:10.1038/nclimate1970

Esselink, P., and others. 2017. Salt marshes. In S. Kloepper
[ed.], Wadden Sea Quality Status Report 2017. Common
Wadden Sea Secretariat.

Gunatilaka, A. 1991. Dolomite formation in coastal Al-Khiran,
Kuwait Arabian Gulf—A re-examination of the sabkha
model. Sediment. Geol. 72: 35-53. d0i:10.1016/0037-0738
(91)90122-T

Herr, D., M. von Unger, D. Laffoley, and A. McGivern. 2017.
Pathways for implementation of blue carbon initiatives.
Aquat. Conserv. Mar. Freshw. Ecosyst. 27: 116-129. doi:10.
1002/aqc.2793

Huxham, M., D. Whitlock, M. Githaiga, and A. Dencer-Brown.
2018. Carbon in the coastal seascape: How interactions
between mangrove forests, seagrass meadows and tidal
marshes influence carbon storage. Curr. For. Rep. 4: 101-
110. doi:10.1007/S40725-018-0077-4

Jowsey, P. C. 1966. An improved peat sampler. New Phytol.
65: 245-248.

Kirwan, M. L., and J. P. Megonigal. 2013. Tidal wetland stabil-
ity in the face of human impacts and sea-level rise. Nature
504: 53-60. doi:10.1038/nature12856

Koop-Jakobsen, K., P. Mueller, R. J. Meier, G. Liebsch, and K.
Jensen. 2018. Plant-sediment interactions in salt marshes—
An optode imaging study of O,, pH, and CO, gradients in
the rhizosphere. Front. Plant Sci. 9: 541. doi:10.3389/fpls.
2018.00541

Koop-Jakobsen, K., R. J. Meier, and P. Mueller. 2021. Plant-
mediated rhizosphere oxygenation in the native invasive

ASUDOIT SUOWILIO)) AANEAI)) d[qearjdde ay) Aq PAUIIAOS A1k SAOILIE V() oSN JO SI[NI 10§ KIRIGIT SUI[UQ) AS[IAN UO (SUOIIPUOD-PUB-SULID} WO AIM" ATRIqIauI[uo//:sd)y) SUonIpuO)) pue SWd I, Yy S “[£202/40/11] U0 Areiquy suruQ AS[IA “ZZEZ 1 0Ul/Z001°0/10p/wod Kaim:Areaqijaurjuo-sqndoyse//:sdny woiy papeojumod ‘0 “065S6€61


https://doi.org/10.1098/RSTB.1987.0006
https://doi.org/10.1016/0037-0738(92)90077-5
https://doi.org/10.1016/0037-0738(92)90077-5
https://doi.org/10.1016/S0277-3791(99)00034-7
https://doi.org/10.1016/j.scitotenv.2022.159956
https://doi.org/10.1016/j.scitotenv.2022.159956
https://doi.org/10.1214/aoms/1177728786
https://doi.org/10.4319/lo.2002.47.6.1751
https://doi.org/10.4319/lo.2002.47.6.1751
https://doi.org/10.1111/1365-2745.13692
https://doi.org/10.1111/1365-2745.13692
https://doi.org/10.1038/nclimate1970
https://doi.org/10.1016/0037-0738(91)90122-T
https://doi.org/10.1016/0037-0738(91)90122-T
https://doi.org/10.1002/aqc.2793
https://doi.org/10.1002/aqc.2793
https://doi.org/10.1007/S40725-018-0077-4
https://doi.org/10.1038/nature12856
https://doi.org/10.3389/fpls.2018.00541
https://doi.org/10.3389/fpls.2018.00541

Mueller et al.

salt marsh grass Elymus athericus. Front. Plant Sci. 12:
669751. doi:10.3389/fpls.2021.669751

Ku, T. C. W., L. M. Walter, M. L. Coleman, R. E. Blake, and
A. M. Martini. 1999. Coupling between sulfur recycling and
syndepositional carbonate dissolution: Evidence from oxy-
gen and sulfur isotope composition of pore water sulfate,
South Florida Platform, U.S.A. Geochim. Cosmochim. Acta
63: 2529-2546. doi:10.1016/S0016-7037(99)00115-5

Larsonneur, C. 1994. The bay of Mont-Saint-Michel: A sedi-
mentation model in a temperate macrotidal environment.
Senckenbergiana Maritima 24: 3-63.

Leendertse, P. C., A. J. M. Roozen, and J. Rozema. 1997. Long-
term changes (1953-1990) in the salt marsh vegetation at the
Boschplaat on Terschelling in relation to sedimentation and
flooding. Plant Ecol. 132: 49-58. doi:10.1023/A:
1009795002076

Macreadie, P. 1., O. Serrano, D. T. Maher, C. M. Duarte, and ].
Beardall. 2017. Addressing calcium carbonate cycling in
blue carbon accounting. Limnol. Oceanogr. Lett. 2: 195-
201. doi:10.1002/1012.10052

Macreadie, P. 1., and others. 2019. The future of blue carbon
science. Nat. Commun. 10: 3998. doi:10.1038/s41467-019-
11693-w

Maher, D. T., M. Call, I. R. Santos, and C. J. Sanders. 2018.
Beyond burial: Lateral exchange is a significant atmo-
spheric carbon sink in mangrove forests. Biol. Lett. 14:
20180200. doi:10.1098/1sbl.2018.0200

McGuinness, K. A. 2002. Of rowing boats, ocean liners and
tests of the ANOVA homogeneity of variance assumption.
Austral Ecol. 27: 681-688. doi:10.1046/j.1442-9993.2002.
01233.x

Mcleod, E., and others. 2011. A blueprint for blue carbon:
Toward an improved understanding of the role of vegetated
coastal habitats in sequestering CO,. Front. Ecol. Environ.
9: 552-560. doi:10.1890/110004

Morris, J. T., P. V. Sundareshwar, C. T. Nietch, B. Kjerfve, and
D. R. Cahoon. 2002. Responses of coastal wetlands to rising
sea level. Ecology 83: 2869-2877.

Mueller, P., K. Jensen, and ]J. P. Megonigal. 2016. Plants medi-
ate soil organic matter decomposition in response to sea
level rise. Glob. Chang. Biol. 22: 404-414. doi:10.1111/gcb.
13082

Mueller, P., H. T. Do, K. Jensen, and S. Nolte. 20194. Origin of
organic carbon in the topsoil of Wadden Sea salt marshes.
Mar. Ecol. Prog. Ser. 624: 39-50. doi:10.3354/meps13009

Mueller, P., N. Ladiges, A. Jack, G. Schmiedl, L. Kutzbach, K.
Jensen, and S. Nolte. 2019b. Assessing the long-term carbon-
sequestration potential of the semi-natural salt marshes in
the European Wadden Sea. Ecosphere 10: e02556. doi:10.
1002/ecs2.2556

Mueller, P., D. Granse, S. Nolte, M. Weingartner, S. Hoth, and
K. Jensen. 2020. Unrecognized controls on microbial func-
tioning in blue carbon ecosystems: The role of mineral

10

Salt marsh inorganic carbon dynamics

enzyme stabilization and allochthonous substrate supply.
Ecol. Evol. 10: 998-1011. doi:10.1002/ece3.5962

Miiller-Navarra, K., Y. Milker, and G. Schmiedl. 2016. Natural
and anthropogenic influence on the distribution of salt
marsh foraminifera in the bay of Timlau, German North
Sea. J. Foramin. Res. 46: 61-74. doi:10.2113/gsjfr.46.1.61

Needelman, B. A., I. M. Emmer, S. Emmett-Mattox, S. Crooks,
J. P. Megonigal, D. Myers, M. P. J. Oreska, and K.
McGlathery. 2018. The science and policy of the verified
carbon standard methodology for tidal wetland and
seagrass restoration. Estuar. Coast. 41: 2159-2171. doi:10.
1007/s12237-018-0429-0

Nolte, S., F. Miller, M. Schuerch, A. Wanner, P. Esselink, J. P.
Bakker, and K. Jensen. 2013. Does livestock grazing affect
sediment deposition and accretion rates in salt marshes?
Estuar. Coast. Shelf Sci. 135: 296-305. doi:10.1016/j.ecss.
2013.10.026

Olff, H., J. De Leeuw, ]J. P. Bakker, R. J. Platerink, and H. J. van
Wijnen. 1997. Vegetation succession and herbivory in a
salt marsh: Changes induced by sea level rise and silt depo-
sition along an elevational gradient. J. Ecol. 85: 799. doi:
10.2307/2960603

Rassmann, J., B. Lansard, L. Pozzato, and C. Rabouille. 2016.
Carbonate chemistry in sediment porewaters of the Rhone
River delta driven by early diagenesis (northwestern Medi-
terranean). Biogeosciences 13: 5379-5394. do0i:10.5194/bg-
13-5379-2016

Ren, L., K. Jensen, P. Porada, and P. Mueller. 2022. Biota-
mediated carbon cycling—A synthesis of biotic-interaction
controls on blue carbon. Ecol. Lett. 25: 521-540. doi:10.
1111/ELE.13940

Rogers, K., and others. 2019. Wetland carbon storage con-
trolled by millennial-scale variation in relative sea-level rise.
Nature 567: 91-95. doi:10.1038/s41586-019-0951-7

Rupprecht, F., A. Wanner, M. Stock, and K. Jensen. 2015. Suc-
cession in salt marshes - large-scale and long-term patterns
after abandonment of grazing and drainage. Appl. Veg. Sci.
18: 86-98. doi:10.1111/avsc.12126

Saderne, V., and others. 2018. Accumulation of carbonates con-
tributes to coastal vegetated ecosystems keeping pace with sea
level rise in an arid region (Arabian Peninsula). J. Geophys.
Res. Biogeo. 123: 1498-1510. doi:10.1029/2017]G004288

Saderne, V., and others. 2019. Role of carbonate burial in blue
carbon budgets. Nat. Commun. 10: 1106. doi:10.1038/
s41467-019-08842-6

Sippo, J. Z., D. T. Maher, D. R. Tait, C. Holloway, and I. R.
Santos. 2016. Are mangroves drivers or buffers of coastal
acidification? Insights from alkalinity and dissolved inor-
ganic carbon export estimates across a latitudinal transect.
Global Biogeochem. Cycles 30: 753-766. doi:10.1002/
2015GB005324

Spivak, A. C., J. Sanderman, ]J. L. Bowen, E. A. Canuel, and C. S.
Hopkinson. 2019. Global-change controls on soil-carbon

ASUDOIT SUOWILIO)) AANEAI)) d[qearjdde ay) Aq PAUIIAOS A1k SAOILIE V() oSN JO SI[NI 10§ KIRIGIT SUI[UQ) AS[IAN UO (SUOIIPUOD-PUB-SULID} WO AIM" ATRIqIauI[uo//:sd)y) SUonIpuO)) pue SWd I, Yy S “[£202/40/11] U0 Areiquy suruQ AS[IA “ZZEZ 1 0Ul/Z001°0/10p/wod Kaim:Areaqijaurjuo-sqndoyse//:sdny woiy papeojumod ‘0 “065S6€61


https://doi.org/10.3389/fpls.2021.669751
https://doi.org/10.1016/S0016-7037(99)00115-5
https://doi.org/10.1023/A:1009795002076
https://doi.org/10.1023/A:1009795002076
https://doi.org/10.1002/lol2.10052
https://doi.org/10.1038/s41467-019-11693-w
https://doi.org/10.1038/s41467-019-11693-w
https://doi.org/10.1098/rsbl.2018.0200
https://doi.org/10.1046/j.1442-9993.2002.01233.x
https://doi.org/10.1046/j.1442-9993.2002.01233.x
https://doi.org/10.1890/l
https://doi.org/10.1111/gcb.13082
https://doi.org/10.1111/gcb.13082
https://doi.org/10.3354/meps13009
https://doi.org/10.1002/ecs2.2556
https://doi.org/10.1002/ecs2.2556
https://doi.org/10.1002/ece3.5962
https://doi.org/10.2113/gsjfr.46.1.61
https://doi.org/10.1007/s12237-018-0429-0
https://doi.org/10.1007/s12237-018-0429-0
https://doi.org/10.1016/j.ecss.2013.10.026
https://doi.org/10.1016/j.ecss.2013.10.026
https://doi.org/10.2307/2960603
https://doi.org/10.5194/bg-13-5379-2016
https://doi.org/10.5194/bg-13-5379-2016
https://doi.org/10.1111/ELE.13940
https://doi.org/10.1111/ELE.13940
https://doi.org/10.1038/s41586-019-0951-7
https://doi.org/10.1111/avsc.12126
https://doi.org/10.1029/2017JG004288
https://doi.org/10.1038/s41467-019-08842-6
https://doi.org/10.1038/s41467-019-08842-6
https://doi.org/10.1002/2015GB005324
https://doi.org/10.1002/2015GB005324

Mueller et al.

accumulation and loss in coastal vegetated ecosystems. Nat.
Geosci. 12: 685-692. doi:10.1038/s41561-019-0435-2

Spohn, M., B. Babka, and L. Giani. 2013. Changes in soil
organic matter quality during sea-influenced marsh soil
development at the North Sea coast. Catena 107: 110-117.
doi:10.1016/j.catena.2013.02.006

Stock, M. 2011. Patterns in surface elevation change across a
temperate salt marsh platform in relation to sea-level rise.
Coastline Rep. 17: 33-48.

Tang, H., S. Nolte, K. Jensen, R. Rich, J. Mittmann-Goetsch, and
P. Mueller. 2022. Warming accelerates belowground litter
turnover in salt marshes—Insights from a Tea Bag Index
assay. Biogeosci. Discuss. [preprint]. doi:10.5194/bg-2022-189

Van Dam, B. R., and others. 2021. Calcification-driven CO, emis-
sions exceed “blue carbon” sequestration in a carbonate seagrass
meadow. Sci. Adv. 7: 1372. doi:10.1126/sciadv.abj1372

van de Koppel, J., D. van der Wal, J. P. Bakker, and P. M. J.
Herman. 2005. Self-organization and vegetation collapse in
salt marsh ecosystems. Am. Nat. 165: E1-E12. doi:10.1086/
426602/0

Vranken, M., O. Oenema, and J. Mulder. 1990. Effects of tide
range alterations on salt marsh sediments in the Eastern
Scheldt, S. W. Netherlands. Hydrobiologia. 195: 13-20. doi:
10.1007/BF00026810

Wang, Z. A., K. D. Kroeger, N. K. Ganju, M. E. Gonneea, and
S. N. Chu. 2016. Intertidal salt marshes as an important
source of inorganic carbon to the coastal ocean. Limnol.
Oceanogr. 61: 1916-1931. doi:10.1002/In0.10347

Zhang, G., J. Bai, Q. Zhao, J. Jia, X. Wang, W. Wang, and X.
Wang. 2021. Soil carbon storage and carbon sources under
different Spartina alterniflora invasion periods in a salt
marsh ecosystem. Catena 196: 104831. doi:10.1016/j.
catena.2020.104831

11

Salt marsh inorganic carbon dynamics

Zhao, Y., Q. Yu, D. Wang, Y. P. Wang, Y. Wang, and S. Gao.
2017. Rapid formation of marsh-edge cliffs, Jiangsu coast.
China Mar. Geol. 385: 260-273. d0i:10.1016/]. MARGEO.
2017.02.001

Zwolsman, J. J. G., G. W. Berger, and G. T. M. Van Eck. 1993.
Sediment accumulation rates, historical input, post-
depositional mobility and retention of major elements and
trace metals in salt marsh sediments of the Scheldt estuary,
SW Netherlands. Mar. Chem. 44: 73-94. doi:10.1016/0304-
4203(93)90007-B

Acknowledgments

The authors thank Clarisse Gosele and Gro Kirk for their help with lab
and field work, respectively. Peter Mueller was supported by Deutsche
Forschungsgemeinschaft (DFG; German Research Foundation) in the
framework the Emmy Noether Program (502681570) and by DAAD (Ger-
man academic exchange service) PRIME fellowship program funded
through the German Federal Ministry of Education and Research (BMBF).
Thomas Mozdzer acknowledges funding by the National Science Founda-
tion Division of Environmental Biology (DEB-2051602). This study is a
contribution to the Cluster of Excellence “CLICCS—Climate, Climatic
Change, and Society” and to the Center for Earth System Research and
Sustainability (CEN) of Universitit Hamburg. Open Access funding
enabled and organized by Projekt DEAL.

Conflict of interest
None declared.

Submitted 14 April 2022
Revised 22 January 2023
Accepted 05 February 2023

Associate editor: Peter Hernes

ASUDOIT SUOWILIO)) AANEAI)) d[qearjdde ay) Aq PAUIIAOS A1k SAOILIE V() oSN JO SI[NI 10§ KIRIGIT SUI[UQ) AS[IAN UO (SUOIIPUOD-PUB-SULID} WO AIM" ATRIqIauI[uo//:sd)y) SUonIpuO)) pue SWd I, Yy S “[£202/40/11] U0 Areiquy suruQ AS[IA “ZZEZ 1 0Ul/Z001°0/10p/wod Kaim:Areaqijaurjuo-sqndoyse//:sdny woiy papeojumod ‘0 “065S6€61


https://doi.org/10.1038/s41561-019-0435-2
https://doi.org/10.1016/j.catena.2013.02.006
https://doi.org/10.5194/bg-2022-189
https://doi.org/10.1126/sciadv.abj1372
https://doi.org/10.1086/426602/0
https://doi.org/10.1086/426602/0
https://doi.org/10.1007/BF00026810
https://doi.org/10.1002/lno.10347
https://doi.org/10.1016/j.catena.2020.104831
https://doi.org/10.1016/j.catena.2020.104831
https://doi.org/10.1016/J.MARGEO.2017.02.001
https://doi.org/10.1016/J.MARGEO.2017.02.001
https://doi.org/10.1016/0304-4203(93)90007-B
https://doi.org/10.1016/0304-4203(93)90007-B

	 Minerogenic salt marshes can function as important inorganic carbon stores
	Materials and methods
	Study sites and sampling: Coastal ecotones
	Regional assessment: Additional high-marsh sites
	Laboratory analyses
	Data analysis

	Results
	Soil inorganic vs. organic carbon stocks across sites and successional zones
	Soil inorganic carbon in relation to soil depth and grain size

	Discussion
	Soil inorganic carbon stocks of Wadden Sea salt marshes
	Inorganic vs. organic carbon stock development
	Perspective and knowledge gaps

	Conclusion
	Data availability statement

	References
	Acknowledgments
	Conflict of interest



