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Abstract. Tidal marshes are sedimentary environments and
are among the most productive ecosystems on Earth. As a
consequence they have the potential to reduce atmospheric
greenhouse gas concentrations by sequestering organic car-
bon (OC). In the past decades, most research on soil or-
ganic carbon (SOC) storage in marsh environments has fo-
cused on salt marshes, leaving carbon dynamics in brackish
and freshwater marshes largely understudied and neglecting
the diversity among tidal marshes. We therefore conducted
an extensive sampling campaign to quantify and characterize
SOC stock in marshes along a salinity gradient in the Scheldt
estuary (Belgium and the Netherlands). We find that SOC
stocks vary significantly along the estuary, from 46 in fresh-
water marshes to 10kgOCm~2 in salt marshes. Our data
also show that most existing studies underestimate total SOC
stocks due to shallow soil sampling, which also influences re-
ported patterns in OC storage along estuaries. In all sampled
tidal marsh sediments the SOC concentration is more or less
constant from a certain depth downward. However, this con-
centration decreases with increasing salinity, indicating that
the amount of stable SOC decreases from the upper estuary
towards the coast. Although the net primary production of
macrophytes differs along the estuary, our data suggest that
the differences in OC storage are caused mainly by variations
in suspended sediment concentration and stable particulate
OC (POC) content in the water along the estuary. The frac-
tion of terrestrial suspended sediments and POC that is trans-
ported downstream of the maximum turbidity zone is very
limited, contributing to smaller amounts of long-term OC se-
questration in brackish and salt marsh sediments. In addition,
high rates of sediment deposition on freshwater tidal marshes

in the maximum turbidity zone promote efficient burial of
OC in these marsh sediments.

1 Introduction

As a consequence of increasing atmospheric greenhouse gas
concentrations and the recognition that soils have the poten-
tial to store vast amounts of organic carbon (OC), there is
large interest in the OC storage potential of soils in different
ecosystems (Duarte et al., 2013; Govers et al., 2013; Scharle-
mann et al., 2014). Although coastal vegetated habitats oc-
cupy only 0.2 % of the ocean surface, it has been estimated
that they account for approximately 50 % of carbon burial in
marine sediments, referred to as blue carbon (Donato et al.,
2011; Duarte et al., 2013; Mcleod et al., 2011; Nelleman et
al., 2009). It has recently been shown that the OC sequestra-
tion potential of these ecosystems will depend to a large ex-
tent on future climatic changes and sea level rise (Cherry et
al., 2009; Kirwan and Blum, 2011; Kirwan and Mudd, 2012;
Weston et al., 2011). Moreover, changing carbon storage in
these ecosystems can potentially cause important feedbacks
to atmospheric concentrations of carbon dioxide (CO;) and
methane (CHy4; Duarte et al., 2013; Pendleton et al., 2012;
Poffenbarger et al., 2011). Constraining the amount of OC
that is sequestered in these ecosystems and understanding
the processes controlling the size of this pool are of major
importance for understanding the global carbon cycle.

A significant fraction of coastal wetlands is occupied by
tidal marshes. These are vegetated intertidal areas located
along coastlines and estuaries in sub-Arctic to tropical cli-
mates (although they occur mostly in temperate zones) and
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are among the most productive ecosystems on Earth (Rocha
and Goulden, 2009; Whigham, 2009). Their elevation in-
creases as a consequence of the deposition of both mineral
sediments and allochthonous organic matter (OM) during
flooding events on the one hand and the incorporation of in
situ produced biomass (both above and below ground) on the
other hand (Fagherazzi et al., 2012; Neubauer, 2008). Re-
cently formed young tidal marshes, with a low elevation,
receive more mineral sediments than their higher counter-
parts, with sedimentation rates decreasing through time until
the marsh platform elevation is in equilibrium with the local
mean high water level (Temmerman et al., 2003).

Despite the fact that the importance of vegetated coastal
ecosystems and tidal marshes is now widely recognized, es-
timates of the total amount of OC stored in tidal marshes
are subject to a large uncertainty. Estimates of soil organic
carbon (SOC) stocks in salt marshes (i.e. tidal marshes
bordering saltwater bodies) range between 0.4 and 6.5 Pg
(Bridgham et al., 2006; Chmura et al., 2003; Duarte et al.,
2013). To the best of our knowledge, no global estimates are
available for brackish and freshwater marshes.

There are multiple reasons for the large uncertainty in es-
timates of the global OC storage in tidal marsh soils. Firstly,
the total area of global salt marshes currently used to estimate
global stocks is poorly constrained, with estimates between
22000 and 400 000 km? (Chmura et al., 2003; Woodwell et
al., 1973), while a global inventory for freshwater marshes is
lacking (Barendregt and Swarth, 2013). Secondly, the avail-
able data set on SOC stocks is limited, both in terms of the
number of samples analysed and the geographical scope:
hitherto, most studies were carried out in a limited num-
ber of estuaries, mostly located on the southern and east-
ern coasts of North America. Differences in sampling pro-
cedure and depth beneath the soil surface also contribute to
uncertainty. Very often only topsoil samples are analysed,
with a limited number of studies considering carbon stor-
age in deeper horizons, although it has been recognized that
these also store a significant amount of OC (Elschot et al.,
2015; Wang et al., 2011). An additional factor complicating
the extrapolation of data to tidal marshes, for which no data
are available, is the wide range of reported OC contents for
tidal marsh soils (Bouillon and Boschker, 2006; Middelburg
et al., 1997). A third important reason for the uncertainties
mentioned above is that tidal marshes in estuaries are char-
acterized by steep gradients of multiple environmental and
ecological factors (Craft, 2007). A sharp increase in salinity
towards the coast is present, resulting in a longitudinal es-
tuarine gradient from salt marshes in the most seaward part
over brackish marshes to freshwater tidal marshes. As a con-
sequence of this salinity gradient a vegetation gradient de-
velops, with macrophyte biomass generally being higher on
freshwater and brackish marshes compared to salt marshes
(Dausse et al., 2012; Hansen et al., 2016; Weston et al., 2014;
Wieski et al., 2010). In addition, the OC input in tidal marsh
soils is a mixture of upland, riverine, estuarine and marine
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sources and the relative contribution of these sources to the
total OC pool varies significantly along the estuary (Middel-
burg and Nieuwenhuize, 1998).

Currently available data suggest that these environmental
gradients along estuaries generally result in decreasing SOC
stocks with increasing salinity (Craft, 2007; Hansen et al.,
2016; Hatton et al., 1983; Wieski et al., 2010). However, our
knowledge on how location along the estuary affects total
SOC stocks and which processes control the magnitude of
these stocks is, at present, still very limited, mainly because
most studies only consider SOC storage down to a depth of
0.3 m and generally the reasons for the observed variability
are not identified. Nevertheless, understanding the effect of
environmental gradients on SOC dynamics in tidal marshes
is important. Such understanding may not only help to im-
prove our estimates of current SOC storage but will also
be of great help in assessing the effects of sea level rise on
these SOC stocks (Morrissey et al., 2014; Poffenbarger et al.,
2011; Weston et al., 2011). Here, we study the variation in
SOC inventories in tidal marshes along a salinity gradient in
the Scheldt estuary, located in Belgium and the Netherlands.
This estuary is characterized by strong gradients in salinity
and sediment concentration, making it a suitable location to
investigate the impact of these gradients on OC stocks in tidal
marsh soils. The aims of this study are therefore (1) to deter-
mine the SOC stocks of tidal marsh soils along the salinity
gradient of a temperate estuary, (2) to determine the main
controls on SOC stocks along this gradient and (3) to use
this knowledge to assess how future environmental changes
may influence SOC stocks in estuarine tidal marsh soils.

2 Materials and methods
2.1 Study sites

The Scheldt river is located in western Europe and flows into
the North Sea in the southern Netherlands (Fig. 1). The estu-
ary of the river extends from its mouth up to 160 km upstream
where the tide is stopped by sluices near the city of Ghent
(Belgium). The estuary is influenced by a semi-diurnal meso-
to macrotidal regime, with mean tidal ranges between 3.8 m
at the mouth and 5.2 m in the inner estuary (Meire et al.,
2005). The estuary has a total length of about 235 km (includ-
ing tributary tidal rivers) and comprises a salt or polyhaline
zone (salinity > 18), brackish or mesohaline zone (salinity
5-18) and freshwater/oligohaline zone (salinity 0-5; Fig. 1).
The Scheldt estuary is described in detail in Van Damme et
al. (2005) and Meire et al. (2005).

Tidal marshes are present along the entire length of the
estuary and tributary tidal rivers, resulting in approximately
518 ha of freshwater marshes, 3035 ha of brackish marshes
and 652 ha of salt marshes (Tolman and Pranger, 2012; Van
Braeckel et al., 2013). We sampled a salt, brackish and fresh-
water tidal marsh, and within each marsh we sampled two
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Table 1. Main properties of the sampled tidal marshes.

6613

Name Name in Vegetation Tidal  Elevation relative =~ POC% of = Marsh sediment
this study range to local  suspended depth

(m)? MHWL (m) sediment? (m)°©

Notelaar marsh ~ Freshwater low Phragmites australis 5.14 +0.24 6-10 1.2
Freshwater high Salix sp. +Urtica dioica 5.14 +0.25 6-10 >14

Waarde marsh ~ Brackish water low  Elymus athericus 4.85 +0.01 4-5 0.8
Brackish water high  Elymus athericus 4.85 +0.14 4-5 >14

Paulina marsh Saltwater low Spartina anglica 4.19 —0.66 3-4 0.2
Saltwater high Mixed Vegetationd 4.19 +0.11 3-4 0.6

2 From Meire et al. (2005). b From Abril et al. (2002). © Based on depth profiles of grain size and OC concentration. d Atriplex portulacoides, Limonium vulgare,

Triglochin maritima, Elymus athericus, Puccinellia maritima.
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Figure 1. Map of the Scheldt estuary showing the salinity zones and the location of the sampled tidal marshes in a western European context.

Intertidal sand flats are depicted in light grey.

locations with different but known rates of historical sedi-
ment accretion (Fig. 2 and Table 1). The first location was at
the high marsh with an elevation of 0.1 to 0.3 m above mean
high water level (MHWL), which has been accreting during
the past decades at a rate that is in equilibrium with the rise of
MHWL. At the second location, marsh formation started dur-
ing the past decades at heights well below MHWL. Average
accretion rates at these locations were therefore significantly
higher than sea level rise (Fig. 2). For the period 1955-2002,
the average accretion rates at low and high marshes were 0.5
and 0.75 cm yr~! for the salt marshes 1-2 and 0.5—1 cm yr~!
for the brackish marshes and 1-2 and 1 cm yr~! for the fresh-
water marshes (Temmerman et al., 2004). The vegetation his-
tory for the different sites is shown in Fig. 3. The locations of
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the sampled tidal marshes are indicated in Fig. 1 and GPS co-
ordinates of the sampling locations are provided in Table S1
in the Supplement.

2.2 Sample collection

Depth profiles were collected in November 2014 using a
manual gouge auger (0.06 m diameter) down to a maximum
depth of 1.4 m. Three replicate soil cores were collected with
a maximum distance of 3 m in between the coring locations.
The cores were divided into 0.03 m sections and every soil
sample was stored in a resealable bag in the field before trans-
port to the lab. Samples for soil bulk density and root density
measurements were collected using a Kopecky ring sampler

Biogeosciences, 13, 6611-6624, 2016
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Figure 2. Evolution of marsh surface elevation and mean high water
level (relative to Belgian ordnance level, m T.A.W.) at the sampled
locations (based on Temmerman et al., 2004).

or with the gouge auger if soil wetness prevented the use of
Kopecky rings. These samples were collected at the soil sur-
face and at depth increments of 0.1 up to 0.5 m, then in 0.2 m
increments down to the maximum depth of 1.4 m. Above-
ground biomass was collected on a surface area of 0.25 m?
(five replicates) at the end of August 2015 at each coring lo-
cation. The difference in timing between soil and biomass
collections is due to the fact that standing biomass is max-
imum in August in western European tidal marshes (Groe-
nendijk, 1984; De Leeuw et al., 1990).

2.3 Soil and biomass analysis

Before analysis of the soil samples, macroscopic vegetation
residues were removed manually using tweezers. The soil
samples were oven-dried at 35 °C for 48 h and crushed un-
til they passed through a 2 mm sieve. After carbonates were
removed with a 10 % HCI solution, the samples were anal-
ysed for OC, 813C and C: N ratio using an Elemental Anal-
yser (FlashEA 1112 HT, Thermo Scientific). Soil texture was
determined using a laser diffraction particle size analyser
(LSTM 13 320, Beckman Coulter) and grain size was clas-
sified into clay (<2 um), silt (2-63 um) and sand (> 63 pm)
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M. Van de Broek et al.: Controls on estuarine soil organic carbon stocks

Depth Freshwater Brackish water Saltwater
(m) low high low high low high
0 -
Spartina
anglica
0.2 0.20
: ctheios sandfat | | Mix
Phrag- Salix
0.4 mites 5
australis F-- -, =
? S. anglica?
0.6 OGL __ -~ Elymus 0.60
Spartina | | 4 4hericus Sandflat
anglica?
0.8 0.84 0.80
_____ Pasture Sandflat
Scirpus
1.0 - mariti-
mus ?
1.20
1.2 -
Sandflat :
1.40 1.40
1.4+

Figure 3. Depth profiles of the sampled tidal marshes showing the
vegetation history at each location. At locations where the sand flat
was reached this is indicated, at the other locations the marsh sedi-
ments extended below 1.4 m depth. The vegetation history is based
on Temmerman et al. (2003) and information from the sl3c pro-
files of this study, in combination with information from Boschker
et al. (1999) and Middelburg et al. (1997). Mix denotes mixed veg-
etation which includes Atriplex portulacoides, Limonium vulgare,
Triglochin maritima, Elymus athericus and Puccinellia maritima.
A “?” near a dashed line indicates that the exact depth of this line
is uncertain, a “?” after species names indicates that the presence of
this species was hypothesized.

fractions. Soil pH was determined after diluting 5 g of soil
in 25mL of a 0.01 M CaCl; solution and electrical conduc-
tivity was measured after diluting 5g of soil in 25mL of
deionized water. The collected biomass was dried at 60 °C
for 48 h after sediments were removed and weighed in or-
der to calculate the total dry weight of the biomass. The to-
tal above-ground biomass of one of the replicates collected
on a 0.25m? surface area was shredded and repeatedly di-
vided into equal parts until only a small portion was left. This
was further grinded and analysed for OC content, §'3C and
C: N ratio using the Elemental Analyser (FlashEA 1112 HT,
Thermo Scientific). Soil bulk density samples were dried at
105 °C for 24 h. After soil bulk densities were calculated, the
samples were washed over a 0.5 mm sieve using deionized
water and all roots were collected. The roots were cleaned
using deionized water, dried at 60 °C and weighed.

2.4 Data analysis

At every location one soil profile was analysed in detail (ev-
ery other depth sample, i.e. 0-0.03, 0.06-0.09m, ...). For
all three replicate profiles every third sample was analysed
(i.e. 0-0.03, 0.09-0.12m, ...) to a depth of 0.72m. Below
this depth, samples were analysed every 0.18 m. Continuous
depth profiles of OC percentage for layers of 0.01 m were
obtained by linear interpolation, using the average OC per-
centage at the depths at which three replicates were anal-
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Table 2. General characteristics of the soil profiles at the studied
sites. Bulk density values are averages for the upper metre of soil,
while soil pH and electrical conductivity were measured in the top-
soil only.

Bulk density Soil pH Electrical

(g cm ™) conductivity

ds crn_l)

Freshwater low 0404£0.07 7.47£0.02 0.0271 £0.0009
Freshwater high 0.544+0.04 7.35£0.10 0.0262=+0.0007
Brackish water low  0.89 £0.06*° 7.70+£0.06  0.0389 +0.0048
Brackish water high ~ 0.99+£0.06 7.49+£0.09 0.0365+0.0023
Saltwater low 0.63+0.07° 7.93+0.02 0.0959 +0.0021
Saltwater high 096+0.11 7.87£0.03 0.0113+0.0010

2 Down to 0.7 m depth. b Down to 0.2m depth.

ysed (i.e. every 0.09 m). Continuous depth profiles for bulk
density were obtained in an identical way. These continu-
ous depth profiles were then used to calculate total SOC
stocks for a volume of soil with a surface area of 1 m? and
a depth equal to the total sampling depth of the marsh sedi-
ments. Root biomass was measured at discrete depths as ex-
plained above. For every layer the total root biomass for a
surface area of 1 m? was calculated by rescaling the average
root biomass for the three replicates to the total volume of
that soil layer. Linear interpolation between measurements
at different depth intervals was used to calculate the total
root density per surface area of 1 m?. To test whether annual
above-ground biomass production was significantly different
between the sites a one-way analysis of variance was used
in Matlab®, after checking for normality (Anderson—Darling
test) and homogeneity of variances (Levene’s test) with a
level of significance of p <0.05. For the other variables only
three replicates were available so no reliable significance test
could be performed.

3 Results
3.1 Soil characteristics

The studied tidal marsh soils are classified as tidalic Fluvi-
sols with a silt loam grain size (detailed grain size data are
provided in the Supplement). The maximum depth of marsh
sediments at the different study sites varies between 0.2 and
> 1.4 m (Table 1). The average bulk density ranges from 0.40
t0 0.99 gcm 3 (detailed bulk density data are provided in the
Supplement), and both the topsoil pH and electrical conduc-
tivity increase in the downstream direction, from freshwater
to salt marshes (Table 2).

3.2 Vegetation biomass production

Based on the measured total annual biomass (Fig. S1 in the
Supplement, Table S2) and reported values of both above-
and below-ground annual turnover rates (Table S3), annual
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Figure 4. Annual biomass production (g dry weight m~2 yr_l),
with upward pointing bars representing above-ground biomass pro-
duction and downward pointing bars representing below-ground
production (data are provided in Table S2). Standard deviations
for above-ground biomass are calculated based on five replicates,
for below-ground biomass on three replicas. Sample locations that
do not share a letter have significantly (p <0.05) different annual
above-ground biomass production rates.

biomass production for the different sites was calculated,
as shown in Fig. 4. In this figure, sample locations that do
not share a letter have significantly different annual biomass
production rates. The average annual above-ground biomass
production is the highest for the brackish marshes, followed
by the low freshwater marsh and both salt marshes. The high
freshwater marsh has an above-ground biomass production
that deviates from this pattern as a consequence of the fact
that only fallen leaves of the willow trees were taken into
account at this site, while standing willow vegetation could
not be collected, so we underestimate total biomass produc-
tion in this case. Upper limits for biomass production on this
marsh may be deduced from other studies, which typically
result in production rates of 500—1000 g dry weight m—2 yr—!
(Kopp et al., 2001). Although no clear pattern in the an-
nual production of below-ground biomass along the estuary
is observed, large differences between the sites are present
(Fig. 4). Below-ground biomass production on the low fresh-
water marsh and the low salt marsh are 2 orders of magnitude
larger compared to the other tidal marsh sites. At the former
locations, most biomass is located below ground, while at
the latter locations the majority of the vegetation biomass is
located above ground.

3.3 Soil organic carbon depth profiles

The depth profiles of SOC show that the depth-averaged
concentration decreases from freshwater to salt marshes, al-
though the highest topsoil OC concentration is observed on
the brackish marshes (Fig. 5, data on OC and C: N ratio are
provided in the Supplement). In contrast to the freshwater
soils, which show a gradual but limited decrease in OC con-
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Table 3. Total organic carbon (OC) stock (kg OC m_z) and standard deviations calculated for the full vertical sampling profiles (depths used

for calculations are given in brackets) and the upper 0.6 m.

OC stock (kg OCm™2)

Low marsh High marsh

For the entire marsh profile

Freshwater 32.35+0.65(1.2m) 46.444+0.80 (1.4 m)
Brackish water 20.50+0.72 (0.75m) 32.234+0.31 (1.4m)
Saltwater 2.8440.10 (0.2m) 9.934+0.34 (0.6 m)
Down to 0.6 m depth

Freshwater 16.38 £0.54 21.66 £0.71
Brackish water 18.63£0.71 19.63 £0.27
Saltwater - 9.93+0.34

Organic carbon (%)
0 4 8 12 16

0 ‘ ‘ S ‘ :
e mmmm -
05+ 1t
B
= ,
o Freshwater low
e ——Freshwater high
1 Brackish water low
=——=Brackish water high
Saltwater low -
=—=Saltwater high
B

Figure 5. Depth profiles of OC concentration for all study sites.
Data points show the average of three replicate soil samples. Error
bars for specific depths represent the standard deviation.

centration with depth, the brackish and salt marshes show a
sharp decrease in OC concentration in the upper 0.25 m.

3.4 Soil organic carbon inventories

The highest total SOC stocks are found in the freshwater
marshes, followed by the brackish and salt marshes (Table 3).
For every marsh, SOC stocks are greater for the high marsh
compared to the low marsh, as a consequence of both deeper
marsh soils and higher SOC concentrations. In order to com-
pare the marshes directly to each other the stocks down to the
largest common depth have been calculated (Table 3). Using
this approach, freshwater and brackish marshes have com-
parable SOC stocks, while both locations on the salt marsh
have significantly lower stocks. Depth profiles of cumulative
SOC stocks per 0.01 m layer, after interpolation as explained
in Sect. 2.4, are shown in Fig. S2.

Biogeosciences, 13, 6611-6624, 2016

3.5 Stable carbon isotopes

The depth profiles of stable OC isotopes (8'3C) are shown
in Fig. 6, together with the §'3C signal of above- and below-
ground vegetation (data on §'3C is provided in the Supple-
ment). In general an increase in §'3C values with depth is
observed, although deviations from this pattern occur along
the profiles. For all sites except the low salt marsh, which is
characterized by Spartina anglica vegetation (C4 type), the
813C signal of SOC in the topsoil layer is similar to the §'3C
signal of standing vegetation. However, a close inspection
shows differences. On the high freshwater marsh the top-
soil 813C signal is higher than the signal for both above- and
below-ground vegetation, while on the low freshwater marsh
the topsoil 8!3C signal is lower than the above- and below-
ground vegetation signal. On both the low and high brackish
marshes, the topsoil §13C is very similar to the §'3C signal of
roots, while it is about 1%o lower compared to the 8'3C sig-
nal of above-ground vegetation. On the high salt marsh, the
topsoil §'3C signal has a value in between the §'3C signals
of above- and below-ground vegetation, while on the low salt
marsh the topsoil §'3C signal is significantly lower compared
to the signal of both above- and below-ground vegetation.

4 Discussion
4.1 Observed patterns in SOC storage

While our data do not allow for a full statistical or mecha-
nistic analysis of the mechanisms controlling the long-term
storage of SOC in the studied tidal marshes, some impor-
tant observations can be made. A first observation is that low
SOC stocks are not systematically related to low biomass
production, as no statistical relationship between total an-
nual biomass production (above and below ground) and SOC
stocks is found (R2 =0.01, Fig. S3). For example, the annual
biomass production on the low saltwater marsh (Spartina an-

www.biogeosciences.net/13/6611/2016/
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Figure 6. Depth profiles of s13¢, together with the s13¢ signal of
above-ground (circles) and below-ground (triangles) biomass (val-
ues are provided in Table S2). Error bars represent the standard de-
viation.

glica) is relatively high (Fig. 4), while this site is character-
ized by the lowest SOC stocks. In addition, there is no re-
lationship between annual root carbon production and SOC
stocks (R% =0.004, data not shown). This is rather surpris-
ing, as it has been proposed that roots contribute significantly
to the subsoil OC pool in tidal marshes (Craft, 2007; Sainti-
lan et al., 2013).

A second important observation is the very rapid de-
crease of SOC with depth at the brackish sites. This de-
crease is accompanied by a shift in §13C to less negative val-
ues with depth in the topsoil of these marshes, suggesting
that on the brackish marshes a significant fraction of OC is
rapidly decomposed after burial (Fig. 6). On the high brack-
ish marsh the decline in SOC and the shift in §'°C show
the same tendency towards a depth of 0.3 m, while deeper
along the profile, both variables remain approximately con-
stant with depth. This indicates that a significant fraction
(approx. 87 %) of deposited OC is decomposed in this top
layer. In the low brackish marsh sediments the situation is
different. Here the SOC concentration only decreases from
the top of the profile down to a depth of 0.15m, while the
813C signal increases throughout the profile. At this location
Spartina anglica (a C4 plant) was possibly present during
early marsh development, resulting in a more positive §'3C
signal (Boschker et al., 1999; Middelburg et al., 1997). Cur-
rently Elymus athericus, a C3 plant, is dominating the marsh
vegetation. This implies that the shift in §'3C with depth on
the low brackish marsh could partly be the result of a shift
from a C4 to C3 type vegetation, rather than resulting from
the decomposition of SOC alone. This is very likely, as shifts
in 813C as a consequence of kinetic fractionation during de-
composition are generally of the order of 1-3 %o (Choi et al.,
2001), while the shift we observe is much larger (ca. 5.7 %o).
However, the decrease in SOC together with the shift in § 3¢
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in the top 0.15 m suggests that, also on this marsh, significant
decomposition of deposited OC (approx. 68 %) took place
after burial. It should be noted that the §'3C signal of the
most recent sediments found on the intertidal areas can vary
throughout the year (Zetsche et al., 2011). However, the § B¢
depth profiles we observe are an integration of these annual
cycles, limiting the effect of the timing of sample collection
on the observed depth profiles of §13C.

On the high salt marsh a significant decrease of SOC con-
centration with depth also occurs. This is again accompanied
by a shift in §'3C towards more positive values with depth.
This location is currently characterized by a mixture of C3
type vegetation. It is uncertain, however, whether the isotopic
shift with depth can entirely be attributed to kinetic fraction-
ation caused by OC decay. It is likely that at the beginning of
marsh growth Spartina anglica was also present at this loca-
tion, as it is currently present on the low part of this marsh.
This would imply that, also at this location, the shift in §'3C
with depth is the result of a combination of decomposition of
OC and a shift in vegetation from C4 to C3 type.

Our observations indicate that on both the salt and brack-
ish marshes a significant fraction of OC is lost after burial.
Although in the brackish marsh sediments a larger fraction
of OC is lost after burial compared to salt marshes, total
SOC stocks in the brackish marsh sediments are significantly
higher compared to the salt marshes.

On the freshwater marshes the situation is different. In
both the low and high freshwater marsh sediments the decline
in OC concentration with depth is very limited. In addition,
the 8'3C signal does not show a significant shift in the top
0.5 m of the soil profile. Below this depth there is a limited
shift in §'3C toward more positive values, but the interpreta-
tion of this pattern is complicated by the effect of previous
land uses on the marsh (Fig. 3). These observations indicate
that at both locations on the freshwater marsh there is limited
decomposition of OC after burial.

4.2 Explanations for the observed patterns in soil
organic carbon stocks

An explanation is needed for the differences in depth gradi-
ents in both SOC stocks and 8'3C between salt and brackish
marshes on the one hand and freshwater marshes on the other
hand. Several factors may contribute to these differences and
their possible roles are discussed below.

4.2.1 Salinity

Although the Scheldt estuary is characterized by a strong
salinity gradient (Van Damme et al., 2005), it is unlikely that
salinity as such is a direct factor controlling the difference
in decomposition of OC that we observed. If salinity directly
controlled OC decomposition, it would necessitate a positive
relationship between decomposition rate and salinity. How-
ever, litterbag experiments with Elymus athericus on a tidal
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marsh in the Scheldt estuary showed that there was an inverse
relationship between soil salinity and decomposition (Hem-
minga et al., 1991). In addition, Hemminga et al. (1991) con-
cluded that there is no significant variation in cellulose de-
composition in tidal marsh sediments along the brackish and
saltwater portion of the Scheldt estuary.

4.2.2 Vegetation type

The type of vegetation present on the different marshes is an-
other possible controlling factor, as it has been shown that the
residues of different macrophytes have a different resistance
against decomposition (Buth and de Wolf, 1985; Hemminga
and Buth, 1991; Valery et al., 2004). One of the factors that
determines the decomposition rate of plant material is the ni-
trogen content, whereby plant material with a higher C: N ra-
tio is generally more resistant to decomposition (Hemminga
and Buth, 1991; Jones et al., 2016; Webster and Benfield,
1986). The C: N ratio of the vegetation present on the salt
marsh (values between 27 and 30) is significantly lower com-
pared to the vegetation present on the brackish and freshwa-
ter marshes (values between 33 and 55; Table S2). However,
our OC and §'3C profiles suggest that decomposition rates
are highest on the brackish marshes and lowest on the fresh-
water marshes, while the vegetation present at these locations
has comparable C: N ratios. Thus, there does not appear to
be a direct relationship between the C : N ratio of the biomass
and SOC decomposition.

Although our data do not allow us to isolate the effect of
vegetation type on SOC stocks along the estuary, some im-
portant observations can be made. Firstly, the low and high
freshwater marsh have different vegetation types (P. aus-
tralis and Salix resp.). However, both soils show a similar
SOC profile. In addition, the high freshwater marsh, where
annual biomass production is significantly lower, has the
largest SOC stock. This indicates that the effect of local
biomass production on SOC stock is limited in the fresh-
water marshes. Secondly, both brackish marshes have the
same vegetation type (E. athericus), while topsoil OC con-
centrations and total SOC stocks on the high marsh are larger
compared to the low marsh. In addition, the high marsh is
characterized by a somewhat lower annual biomass produc-
tion (although the difference is not statistically significant).
Thus, variations in local biomass production do not explain
the differences in SOC stock between young and old brack-
ish marshes either. The presence of Spartina anglica on the
low salt marsh is indeed likely to be responsible for the low
SOC stocks. While Spartina anglica is characterized by a
high net primary productivity, the organic material produced
is known to be very labile (Boschker et al., 1999; Bouil-
lon and Boschker, 2006; Middelburg et al., 1997). Taken to-
gether, these observations indicate that local biomass produc-
tion is not likely to be a dominant factor controlling overall
variations in SOC stocks along the estuary as variations in
OC stocks both along the salinity gradient of the estuary and
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between old and young marshes at a given salinity level can-
not be explained by variations in biomass production. The
effect of Spartina anglica on the SOC stock of the low salt
marsh shows, however, that in some cases the presence of a
certain vegetation type may be a dominant factor.

4.2.3 Allochthonous organic carbon inputs along the
estuary

The OC that is present in tidal marsh sediments is not only
derived from autochthonous biomass. Estuaries are often
characterized by relatively high concentrations of suspended
sediment to which a significant amount of particulate or-
ganic carbon (POC) is associated (Abril et al., 2002). Due to
the long residence time of water in the Scheldt estuary (2-3
months, Soetaert and Herman, 1995), organic matter is in-
tensively processed as it moves through the estuary (Abril et
al., 2002; Middelburg and Herman, 2007). In addition, mix-
ing between fluvial and marine particles takes place (Nolting
et al., 1999; Regnier and Wollast, 1993). Overall, this leads
to significant variations in both the quantity and the quality
of the POC that is present in the water and deposited on the
marshes. Clearly, this variation may not only affect the mag-
nitude of the OC inputs but also the decomposability of the
OC that is deposited.

The freshwater marshes are located near the upstream bor-
der of the Scheldt estuary close to the maximum turbidity
zone (MTZ), with average suspended sediment concentra-
tions of ca. 0.15 gL’1 (Van Damme et al., 2001; Temmer-
man et al., 2004). The suspended sediments in this zone con-
tain 7-10 % POC (Abril et al., 2002). The higher values are
observed in summer, when phytoplankton growth is impor-
tant, while the lower values are reported in winter. The POC
that is present in winter may be assumed to be processed
POC of terrestrial origin (Hellings et al., 1999). In addition,
during the past decades a large fraction of OC that has en-
tered the freshwater portion of the estuary originated from
untreated wastewater from the city of Brussels (Abril et al.,
2002; Billen et al., 2005). It has, however, been shown that
this OC is mineralized on a timescale of weeks, possibly even
before it enters the estuary (Muylaert et al., 2005; Servais et
al., 1987).

Sediment concentrations strongly decline downstream of
the MTZ (Abril et al., 2002; Van Damme et al., 2005). At
the location of the brackish and salt marshes (ca. 20 and
ca. 50 km from the mouth) sediment concentrations are about
0.05 gL_l (Van Damme et al., 2001; Temmerman et al.,
2004). Furthermore, the POC content of these sediments de-
creases systematically in the downstream direction, except
during the spring season when local production of OC due to
phytoplankton is important in the marine part of the estuary
(Abril et al., 2002). As a result, average POC concentrations
vary between 4 and 6 % in the brackish water zone and be-
tween 2 and 5 % in the saltwater zone (Abril et al., 2002).
The overall decline in POC content is not only explained by
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Figure 7. Conceptual diagram of the effect of both sediment de-
position rate (dE /dt, E =elevation) and the relative inputs of re-
calcitrant allochthonous organic carbon and labile autochthonous
organic carbon on the fate of buried OC in a tidal freshwater marsh
(a) and salt marsh (b).

the progressive downstream mineralization of OC but also
by the upstream transport of marine sediments that carry less
POC.

The variations in both suspended sediment concentration
and POC content have important consequences for the rela-
tive importance of allochthonous OC input on the marshes.
On the freshwater marshes, both the high suspended sedi-
ment concentration and high POC loadings lead to a combi-
nation of high sedimentation rates (10-20 mm yr~!, with the
highest sedimentation rates on the young marshes; Temmer-
man et al., 2004) and high inputs of allochthonous POC. On
the saltwater marshes, sedimentation rates are much lower
(5-10mm yr—!; Temmerman et al., 2004) and the deposited
sediments contain 50-70 % less OC than the sediments de-
posited on the freshwater marsh (Abril et al., 2002). Evi-
dently, these differences may have important effects on OC
storage in tidal marsh sediments (Fig. 7). It can reasonably be
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assumed that the allochthonous POC that is deposited with
the sediments on the freshwater marsh consists of a large
fraction of terrestrial, recalcitrant POC. This POC may be ex-
pected to have a high burial efficiency (i.e. it will decompose
relatively slowly after burial) and will remain in the sedi-
ments for a considerable time. The local, autochthonous POC
is fresh and will therefore be less recalcitrant. As a conse-
quence, it may be expected to decompose much more rapidly
with time and contribute much less to long-term OC storage.
The latter explains why variations in biomass production and
vegetation type on the marshes (both now and in the past,
Fig. 3) do not explain variations in SOC storage in different
marsh environments. Furthermore, the decomposition rate of
both autochthonous and allochthonous POC can be expected
to be inversely related to the burial rate as rapid sedimen-
tation will protect OC from decomposition (Hartnett et al.,
1998; Wang et al., 2014). Thus, OC will be better preserved
when sedimentation rates are high.

Figure 7 illustrates how these factors combine. One may
indeed expect to find a much less steep decline of the OC
content with depth on the freshwater marsh (Fig. 7a) due
to (1) the dominance of allochthonous, recalcitrant OC and
(2) the rapid burial of OC. Furthermore, a relatively large
fraction of labile autochthonous OC may be preserved, as it
is advected rapidly to deep sediment layers. On the salt and
brackish marshes a low sedimentation rate combines with
low OC contents of the deposited sediments (Fig. 7b). As
a consequence, autochthonous OC is a dominant input, but
this OC decomposes rapidly with depth. This results in a sig-
nificant decline of OC content with depth, combined with a
significant increase in 8'3C due to kinetic isotopic fraction-
ation. In a recent study, Hansen et al. (2016) also attributed
decreasing SOC stocks with increasing salinity in the Elbe
estuary (Germany) to a decreasing OC content of suspended
sediments and decreasing macrophyte biomass with increas-
ing salinity.

Thus, both sedimentation rate as well as the rate of al-
lochthonous OC input to the marsh system appear to place
important controls on OC preservation in marsh sediments.
While other factors such as local biomass production and
salinity gradients may also be locally important, they do not
appear to be key controls in the Scheldt estuary as most au-
tochthonous POC appears to decompose rapidly, indepen-
dent of the specific environmental conditions. This finding
is similar to the observations of Omengo et al. (2016), who
found that the OC preserved at depth in floodplain sediments
of the Tana River in Kenya consisted dominantly of pro-
cessed OC that was deposited by the river, while locally pro-
duced OC contributed little to long-term OC preservation.

4.3 Effect of sampling procedure on reported estuarine
OC stocks

The results of this study show that both SOC concentrations
and stocks of tidal marshes vary significantly along a tem-
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Table 4. Reported SOC stocks (kg OC m~2) of tidal marsh soils along estuarine salinity gradients.

Estuary Sampling depth (m) Freshwater Oligohaline Mesohaline Polyhaline  Reference

Delaware, USA 0.16 7.034 241 3.528 —  Weston et al. (2014)

Sapelo, Doboy, Altamaha 0.30 8.379 10.692 4.626 5.932  Craft (2007)

Georgia, USA

Dovey, Wales 0.10 - 2.8 1.8 2.4 (high), Dausse et al. (2012)
1.4 (low)

Barataria 0.38 10.3 9.2 12.9 12.8  Hatton et al. (1983)

Louisiana, USA

Satilla Altamaha Ogeechee 0.30 8.096 £ 1.245 - 6.816+£0.997 6.069+0.482 Wieski et al. (2010)

Georgia, USA

Barataria basin 0.50 5.37 - 4.38 290 Williams and

Louisiana, USA Rosenheim (2015)

San Francisco Bay 0.20 - - 7.82 5.33  Callaway et al. (2012)*

California, USA

Louisiana, USA 1.5 65.76 - - 56.65 Wangetal. (2011)

Elbe, Germany 1.0 - 27.05 16.04 11.31 Hansen et al. (2016)b

Scheldt 0.6 - 21.66+£0.71 19.63 £0.27 9.93+0.34  This study?®

Belgium, the Netherlands

4 Data for high marshes only. b Average for all unmanaged sites.

perate estuary, with freshwater marshes having the highest
stocks, followed by brackish and salt marshes (Fig. 5 and Ta-
ble 3). This tendency is in agreement with observations in
other studies (Table 4). However, the differences reported in
previous studies are almost always much smaller than the dif-
ferences we find. As the estuaries reported in Table 4 cover a
large geographical range, differences in environmental con-
ditions will have an influence on the reported SOC stocks.
For example, the estuaries reported in Table 4 that are located
along the southern coast of the USA experience significantly
higher average temperatures compared to the Scheldt estu-
ary. In addition, the vegetation species present on the tidal
marshes, as well as differences in regional geology and estu-
arine morphology, will play a role. However, as the studies
listed in Table 4 report SOC stocks in tidal marsh sediments
along a salinity gradient, similarities in the factors control-
ling these stocks are also present. For example, the fresh-
water marshes will receive considerably more OC from ter-
restrial sources, while the influence of OC inputs from ma-
rine sources will be the largest in the salt marshes. Moreover,
macrophyte production is generally considerably higher at
freshwater marshes compared to salt marshes (e.g. Dausse et
al., 2012; Hansen et al., 2016).

In addition to these factors, differences in sampling pro-
cedures can also explain some discrepancies. In most stud-
ies, marshes were sampled to a limited depth (Table 4).
Generally, the differences in SOC content between different
marshes reported in Table 4 are smallest for the top layers
and increase with depth. As a consequence, the difference
in SOC inventory will increase if a larger sampling depth is
considered. Evidently, considering a larger sampling depth
will also lead to higher estimates of SOC stocks. This is one
of the factors explaining why our stock estimates are gener-
ally much higher than those reported in the other studies in
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Table 4, especially for the freshwater marshes, and why we
find larger differences in total SOC stocks between different
marshes.

It is important to consider whether carbon stocks should
be compared by calculating stocks down to a certain depth
or whether the total stock present in the marsh sediments
should be taken into account. While it is simpler and more
transparent to consider a certain depth, this approach does
not account for the differences in dynamics between marshes.
As Fig. 2 shows, marsh accumulation rates are significantly
higher for the freshwater marshes. This automatically im-
plies that, when different marshes are sampled to a common
depth, the time frame that is accounted for will be shorter
for those marshes that have the highest accumulation rates
(Elschot et al., 2015). We suggest that the establishment of a
correct time frame, from which sedimentation rates and their
variations over time can be deduced, is indispensable for a
correct interpretation of differences in SOC stocks (as well
as C sequestration rates) between marshes.

4.4 TImplications of sea level rise for estuarine soil
organic carbon stocks

As global sea level is predicted to continue to rise during
the next centuries, progressive intrusion of saltwater further
into estuaries may be expected (Robins et al., 2016; Ross et
al., 2015). As it is shown that freshwater and brackish tidal
marshes store more SOC compared to salt marshes (Table 3),
one may expect that this will lead to a decrease in OC se-
questration at locations where brackish marshes are replaced
by salt marshes. Furthermore, the MTZ is predicted to shift
more inland (Robins et al., 2016). Because the Scheldt es-
tuary is completely embanked and the tidal wave is stopped
by sluices in the city of Ghent, the total area of freshwater
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marshes is likely to decline after sea level rise (Barendregt
and Swarth, 2013). As we have shown that SOC sequestra-
tion rates are the largest in the freshwater portion of the es-
tuary, the amount of OC sequestration in the estuary is there-
fore likely to decline with sea level rise. Moreover, as a con-
sequence of the upstream migration of the MTZ, terrestrial
organic matter will not be able to travel as far downstream in
the estuary. Therefore, tidal marshes which are now located
at the downstream end of the MTZ will receive less stable
terrestrial OC in the future. On the other hand, overall sed-
imentation rates are expected to increase with a rising sea
level, which will automatically lead to an increase in the rate
of OC deposition as well as of OC burial rates, resulting in
an increase of the OC sequestration rate per unit surface area.

Saltwater intrusion can also influence the decomposition
of previously sequestered OC, with some studies conclud-
ing that saltwater intrusion will enhance decomposition of
organic matter (Craft, 2007; Morrissey et al., 2014; Weston
et al., 2006, 2011), while others find that decomposition rates
will decrease (Hemminga et al., 1991). From these studies
and from the analysis by Chambers et al. (2011), it is clear
that this effect is highly dependent on local factors, such as
the concentration of elements in the sea water that intrudes
the estuary. Therefore, no reliable estimation of the impact
of saltwater intrusion on OC mineralization in the Scheldt
estuary can be made.

The above illustrates that our current understanding of the
future evolution of the Scheldt estuary is still insufficient to
make a quantitative assessment of how SOC stocks in the
tidal marsh environment may change in the future.

5 Conclusions

As reported data on estuarine gradients of SOC are very
scarce and, more importantly, often based on shallow soil
sampling, additional research is needed to better constrain
estimates of global estuarine OC stocks. This study shows
that the quantification of SOC stocks in tidal marsh sedi-
ments critically depends on the sampling depth. Gradients in
SOC concentrations with depth strongly vary between marsh
types, so a full inventory can only be made if sampling is car-
ried out over the entire depth of the marsh sediments. Even
if such data are available, interpretation has to be done with
care, as sedimentation rates may vary considerably within
a single estuary, making it complex to convert inventories
to sedimentation or preservation rates. In the Scheldt estu-
ary, total SOC stocks are largest in a freshwater and brack-
ish tidal marsh and significantly lower in a saltwater marsh.
These variations are to some extent controlled by variations
in autochthonous biomass production, but our data strongly
suggest that the key control on long-term OC preservation
is the relative contribution of terrestrial, allochthonous OC
to the total OC input, while OC burial rate may also be im-
portant. The impact of future sea level rise on OC stocks in
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tidal marsh sediments will be determined by an interplay of
different factors, including the evolution of the spatial extent
of marshes in different salinity zones and sediment and OC
deposition rates. Our study allowed us to identify the factors
that are important controls on OC storage but further research
may be needed to resolve this issue.

6 Data availability

The following data are provided in the Supplement: depth
profiles of (i) bulk density, (ii) OC, §'3C and CN values and
(ii1) grain size in Excel format and (iv) data on vegetation
characteristics and sample locations in pdf format.

The Supplement related to this article is available online
at doi:10.5194/bg-13-6611-2016-supplement.
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