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Abstract Estuarine salt marshes have been recognized as one of the most efficient carbon sinks in the
biosphere, with considerable potential for climate change mitigation. However, there are still
uncertainties about the response of soil carbon stocks to enhanced soil salinization caused by accelerated
sea-level rises and aggravated saltwater intrusion, We therefore conducted both field investigations in the
Chongming Dongtan salt marsh of the Yangtze River Estuary, China, and manipulative experiments on
marsh soils occupied, respectively, by the invasive Spartina alterniflora, and the native Phragmites australis
and Scirpus marigueter, to identify the effects of elevated soil salinity on top soil organic carbon (SOC)
concentration. Our field data showed that SOC concentrations were significantly positively associated with
soil salinity concentrations, annual net primary productivity, and marsh surface elevation but showed a
significant negative relationship with median grain size. Compared with the two native species, S.
alterniflora preferred more saline conditions and had a higher SOC concentration. Although raised flooding
salinities (0-35 ppt) did not strongly affect SOC concentrations, elevated soil salinities significantly
corresponded with low SOC concentrations and plant biomass in manipulative experiments. These findings
indicated that soil salinity, plant species, and soil texture were key factors controlling SOC concentrations
in the studied salt marsh. Moreover, soil salinity could affect SOC concentrations through regulating
vegetation spatial structure and plant biomass production. The further invasion of the S. alterniflora
community will exert a positive influence on SOC concentrations in the Chongming Dongtan salt marsh.

Plain Language Summary Estuarine salt marshes are sedimentary environments that are
among the most productive ecosystems on Earth and can continuously sequester carbon through plant
production and sedimentary processes. Although sea-level rises and saltwater intrusion may cause
widespread soil salinization in estuarine ecosystems, its impact on top soil organic carbon (SOC)
concentrations is highly uncertain. We therefore conducted field investigations that revealed the variation
in SOC concentrations along a natural salinity gradient and manipulative experiments that raised
flooding salinities from freshwater (0 ppt) to seawater (35 ppt) to identify the independent impacts of
soil salinity on SOC concentrations. Our findings indicated that soil salinity was an important factor
controlling SOC concentrations through indirectly regulating vegetation spatial structure and plant
biomass production.

1. Introduction

Vegetated coastal ecosystems have inspired widespread interest due to their long-term sequestration of
organic carbon, which hold considerable potential for climate change mitigation (Kirwan & Mudd, 2012;
Mcleod et al., 2011), especially for buffering the increasing atmospheric carbon dioxide (CO,) concentrations
as well as rising sea levels (Mueller et al., 2016; Reef et al., 2017). Referred to as important “blue carbon”
sinks, salt marshes occupy less than 0.2% of the ocean surface but are globally estimated to bury 4.8-87.3
Tg carbon yr™* in the soil and so rank among the largest carbon reservoirs in the biosphere (Cai, 2011;
Duarte et al, 2013). Besides the value in sequestering carbon, their remarkable capacity for coastal
protection, land accretion, and biodiversity conservation enable salt marshes to be some of the most valuable
ecosystems on Earth (Luisetti et al., 2014).
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Recent research has highlighted that organic matter production generally exceeds decay in anaerobic saline
marsh soils, thereby leading to significant accumulation of soil organic carbon (SOC) and contributing to the
vertical accretion of marsh surface elevation over time (Baustian et al., 2012; Kirwan et al., 2016). The SOC
inputs via high primary productivity (autochthonous) and effective suspended particles trapping (allochtho-
nous) during tidal inundation greatly enhance carbon burial rates of salt marshes (Morris et al., 2013), whose
contributions to the SOC pool are highly variable in space and time (Morris et al., 2016). Strategies for enhan-
cing SOC storage also include decreasing soil respiration, volatilization, and leaching of organic compounds,
which represent SOC outputs (De Deyn et al., 2008). In addition, highly productive salt marsh plants are
likely to export significant amounts of organic detritus as particulate organic carbon and dissolved organic
carbon to adjacent tidal creeks, bays, and shelf or even the open ocean to greatly influence SOC storage in
marsh soils (Barrén & Duarte, 2015).

The persistence of SOC in marsh soils has traditionally been explained as a combination of recalcitrance
properties and stabilization processes, which lead to formation of complex chemical compounds (Lorenz
et al., 2007; Zhao et al., 2012). However, recent conceptual advances and experimental evidence challenge
this view, insisting that SOC persistence is an emergent ecosystem property rather than the result of intrinsic
chemical properties (Dungait et al., 2012; Schmidt et al., 2011). For instance, Kleber et al. (2011) found that
the old and stable soil organic matter was not necessarily chemically recalcitrant; and Caruso et al. (2018)
demonstrated that environmental and ecological factors (e.g., spatially structured microbial activities),
rather than molecular recalcitrance, were the predominant controls in determining carbon residence times.
As a consequence, long-term viability of salt marshes and their carbon sequestration depend greatly on the
balance between organic matter production and decay responses to environmental changes (Kirwan &
Mudd, 2012; Stagg et al., 2017).

Soil salinity variation across spatial and temporal scales is generally regarded as a key feature of salt marshes,
which is greatly attributed to the combined influence of tidal inundation, freshwater input, precipitation,
evapotranspiration, and biological action (Ardon et al., 2013; Shen et al., 2015). Rising sea levels, decreased
river discharges, and frequent storm surges derived from global climate change and intense anthropogenic
activities may result in the increasing frequency, severity, and spatial extent of saltwater intrusion, thus
causing excessive accumulation of soil salt (Williams & Rosenheim, 2015; Zhou et al., 2017). One of the
inevitable outcomes from elevated soil salinity in salt marshes is the significant impact on SOC sequestration
by its influence on plant productivity and species composition (Engels et al., 2011; Tang et al., 2014), micro-
bial biomass and community structure (Hu et al., 2014; Rath & Rousk, 2015), extracellular enzyme activity
(Morrissey et al., 2014; Saviozzi et al., 2011), and SOC decomposition and mineralization (Craft, 2007;
Neubauer et al., 2013).

Although the feedback of SOC concentrations to increased surface/pore water salinity and soil salinity has
been studied for decades from different perspectives, there is no consensus regarding the effects of salinity on
SOC concentrations. Some studies suggested that elevated salinities can decrease SOC concentrations
(Hansen et al., 2017, Wigski et al., 2010), some reported increases in SOC concentrations and inhibition of
decomposition processes (Hu et al., 2012; Stagg et al., 2017), and others indicated no significant impact on
SOC accumulation (Spalding & Hester, 2007). In this context, it is imperative to identify the relationship
between soil salinities and SOC concentrations, especially under the accelerated sea-level rises and aggra-
vated saltwater intrusion scenarios. We therefore conducted both field investigations and manipulative
experiments to study the variation in SOC concentrations along a salinity gradient. Our objectives were
(1) to determine the relationship between SOC concentrations and soil salinity concentrations in the
Chongming Dongtan salt marsh of the Yangtze River Estuary, China, (2) to identify the independent impacts
of soil salinity on SOC concentrations in flooding salinity experiments {(0-35 ppt), and (3) to assess how
future soil salinization may influence SOC concentrations in the studied salt marsh soils.

2. Materials and Methods

2.1. Study sites

The Chongming Dongtan salt marsh (31°25’-31°38" N, 121°50'-122°05" E) is located at the eastern part
of the Yangtze River Estuary, China (Figure 1), and covers 242 km? above 0 m isobaths based on the
local Wusong bathymetric benchmark, with elevations less than 2.0 m characterized by bare mudflats
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Figure 1. Location of the sampling sites for invasive Spartina alterniflora (n = 39) and native Phragmites australis (n = 22) and Scirpus mariqueter (n = 9) in
the Chongming Dongtan salt marsh of the Yangtze River Estuary, China, and location of the transplanting sites where seedlings and topsoil samples were taken for
pot experiments.

and elevations of 2.0-4.2 m typically dominated by the invasive species Spartina alterniflora and two
native species Phragmites australis and Scirpus mariqueter (Ge, Wang, et al., 2016). Field investigations
were conducted in this salt marsh (Figure 1), and GPS coordinates of the sampling locations are
provided in Table S1 in the supporting information. We also transplanted seedlings of S. alferniflora,
P. australis, and S. marigueter and transferred topsoil (0-30 cm) from the salt marsh, for use in
manipulated pot experiments in the open space near the Chongming Dongtan wetland park (31°31' N,
121°56" E) (Figure 1).

The Chongming Dongtan salt marsh has an eastern Asian monsoon climate with an average annual tem-
perature of 15.3 °C, average annual precipitation of 1,022 mm, and average humidity of 82% (Ge, Guo,
et al., 2016). The salt marsh experiences irregular and semidiurnal tidal cycles, with maximum and mean
tide ranges of 4.62-5.95 m and 1.96-3.08 m, respectively (Ge, Guo, et al., 2016), and varies in soil pore water
salinities from 4 to 18 ppt (Tang et al., 2014). The sea level in the Yangtze River Estuary, China (610032 Liisi
Station), rose at a rate of 5.33 mm yr~" during 1961-2016 (NOAA, 2019), which is higher than the mean rate
of global sea-level rise of 3.2 mm yr~" (1993-2010) (IPCC, 2013). As a consequence of saltwater intrusion in
2018, there was a much greater increase in the area that suffered from soil salinization in Chongming Island
compared with 2017 (Ministry of Natural Resources of the People's Republic of China, 2019).

Invasive S. alterniflora, an exotic C, grass native to North America, was intentionally introduced to China in
1979 for erosion control and dike protection, because this species could act as an “environmental engineer”
by accumulating sediments and protecting beaches (Li et al., 2009). Since its initial appearance on the
Chongming Dongtan salt marsh during the 1990s, S. alterniflora has gradually colonized the bare mudflats
and invaded the habitat historically occupied by native P. australis and 5. marigueter communities (Li et al.,
2014; Tang et al., 2014). The S. alterniflora was therefore identified as a coastal invasive plant by the State
Environmental Protection Administration of China in 2003 (Li et al., 2009; Wang et al., 2018). The distribu-
tion area of S. alterniflora reached about 1,500 ha in the Chongming Dongtan salt marsh and more than
6,000 ha in the Yangtze River Estuary in 2012 (Ge et al., 2015).
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2.2. Field Sampling and Measurements

In early March 2013, before plants sprouted, we randomly selected 16 transects with 70 sites from the north-
ern to southern parts of the Chongming Dongtan salt marsh, to sample undisturbed topsoil cores (0-30 cm),
which were mainly distributed at high, middle, and low elevations of vegetated salt marsh (Figure 1). At each
site, five topsoil cores (0-30 cm) were-Collected within a 10 m x 10 m plot and mixed evenly to get a subsam-
ple, without discriminating the sediment depth. Each soil subsample was then stored in a resealable bag in
the field and transported to the laboratory at 4 °C. Elevation (m) was determined for the center of each site
with the real-time kinematic survey (Trimble R8 Receiver and Trimble TSC3 Controller, Trimble Navigation
Ltd, Sunnyvale, USA) and expressed in the local Wusong Vertical Datum. Soil bulk density (g cm™>) samples
were also collected at the topsoil surface (0-10 cm) for each site using a volume of 100-cm® stainless steel
cylinder and weighed after oven drying at 40 °C for 72 hr.

Before analysis of soil subsamples (n = 70) in the laboratory, macroscopic root residues were removed
manually using tweezers. These soil subsamples were then dried at 40 °C for 72 hr to a constant weight
and sieved through a 2-mm screen. One set of subsamples was subjected to acid washing with 1 mol L™*
HC1 and shaken for 24 hr prior to centrifugation, then rinsed with Milli-Q (Gradient, Merck Millipore,
Darmstadt, Germany) water, and redried several times to remove carbonates. An elemental analyzer
(Vario Macro, Elementar Analysensysteme GmbH, Hanau, Germany) was used to measure SOC concentra-
tion (gkg™). SOC stock (kg m™>) in the 0-30 cm soil depth at each site was then estimated using equation (1),
according to Yang (2019):

(1-G)

TR @

SOC stock = SOC concentrationxBDxDx

where BD, D, and G represent the soil bulk density (g cm™>), soil depth (cm), and volume percentage of the
gravel content (%), respectively. Here G is negligible.

Another set of subsamples, without acid washing, was prepared to measure the median grain size (um) using
a laser diffraction particle size analyzer (LS-100Q, Beckman Coulter Inc, CA, USA) and soil electrical
conductivity (uS cm ™) using a digital conductivity meter (DDS-11A, REX Instrument Factory, Shanghai,
China). Soil salinity concentrations of dry soil (g kg™") were calculated as follows:

: 0.011
3= 00T+ 00T, g @)
20
where y and x represent the soil salinity concentration and soil electrical conductivity, respectively. The
spatial variability of marsh surface elevation, soil salinity concentration, SOC concentration, SOC stock,
and median grain size were produced based on the Kriging method in ArcGIS10.2.

Net primary productivity (NPP) in the Chongming Dongtan salt marsh during 2013 was estimated using the
Carnegie-Ames-Stanford Approach model (Potter et al., 1993), as expressed in equation (3):

NPP(x, t) = PAR(x, {)XFPAR x, t)xe(x, 1), (3

where NPP(x, t) stands for NPP of pixel x in month t, PAR(x, t) is the photosynthetically active radiation
(MJ m~* month ™) of pixel x in month { and expressed as half of the total solar radiation, FPAR(x, £) is
the fraction of photosynthetic active radiation absorbed by vegetation (no unit), and &(x, ) represents the
actual light utilization efficiency (g C MI™) of pixel x in month r. We calculated FPAR(x, t) by the
following equations (4)-(7):

FPAR(x,t) =

FPAR(x, t)ypyr + FPAR(x, Dspyr @
k]

2

[NDVI(x, )=NDVI; min | X(FPARmax—FPARmin)
NDVT; max—NDVI; min

FPAR(X, Dypvr = + FPARmin, (5)
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[SRVI(x, t)—SRVI; min | X(FPARmax—FPARmn)

+ FPAR in, 6
SRVT, smax—SRVT; min = ©

FPAR(x, t)spy; =

1+ NDVI(x,t)

T=NDVI(x,{) ’ ™

SRVI(x,t) =

where FPAR i, (=0.001) and FPAR . (=0.95) are independent parameters; NDVI, oy and NDVI; iy are
the 95th and 5th percentiles of the NDVI values, respectively; and SRVI; may and SRVI; i, are the 95th
and 5th percentiles of the SRVI values, respectively. The &(x, f) is calculated as the product of maximum light
use efficiency and its temperature and moisture stressors, as expressed in equations (8)-(11):

£(x, 1) = Te{x, t)XTea (%, )XW (X, ) XEmax (X, 1), (8)
Tar (%, £) = 0.8 -+ 0.02XTope (X, £)—0.0005% [Top (x, £)]%, (9)
1.1814 1
Ta(xf) = {1+ exp[0.2(Topi(x, £)—10-T(x,))] } i {1+ exp[0.3(=Tope(x, 1)) =10+ T(x, )| }’ Gl
We(x,t) = 0.5 + 0.5XEET(x, t) /PET (x, t), (11)

where T.(x, t) and T.5(x, £) are the temperature stress coefficients indicating the stress of low and high tem-
perature on light use efficiency, respectively (°C); W, £) represents the moisture stress coefficient (no unit);
Emax(¥, £) is the maximal light use efficiency of vegetation in ideal conditions (g C MIh; Topd £) is defined
as the mean temperature (°C) of month t when NDVI reaches its maximum annual amount; T(x, f) is the
mean temperature of a certain month ¢ (°C); and EET(x, ) and PET(x, t) are actual and potential evapotran-
spiration in the region (mm), respectively.

We obtained four cloud-free Landsat-8 images at 30-m spatial resolution (25 May 2013, 29 August 2013, 17
November 2013, and 21 February 2014) from Geospatial Data Cloud (http://www.gscloud.cn/) and inter-
preted the vegetation types (Figure 1) according to the ground truth investigation. Monthly mean tempera-
ture, precipitation, evaporation, and solar radiation in 2013 and 2014 were acquired from the Shanghai
Statistical Yearbook (http://www.stats-sh.gov.cn/) and the National Meteorological Information Center
(http://data.cma.cn/site/). The maximal light utilization efficiencies of the three studied species were cited
from Chi et al. (2018), Jiang et al. (2009), and Mei and Zhang (2007). We then calculated the NPPyy,y,
NPP pugust- NPPiovember, a0d NPPEepruary to roughly represent the mean NPP in spring, summer, autumn,
and winter. The annual NPP (g C m™2 yr™") was finally estimated as the arithmetic mean value of above
NPP values in four seasons. The processing of the images were performed in ENVI 5.2 and ArcGIS 10.2.

2.3. Manipulative Experiments

We established artificial flooding salinity gradients (0, 5, 10, 15, 25, and 35 ppt) in a series of pot experiments
to investigate the effects of flooding salinity on SOC concentrations for three different marsh species (S. alter-
niflora, P. australis, and S. mariqueter) in 2014 (April-October) (Figure 2). The seedlings and topsoil (0-30
cm) for these species were transplanted from the Chongming Dongtan salt marsh (Figure 1) to plastic pots
(height = 30 cm, diametery,p, = 32 cm, and dlameteryguom = 26 cm) In early April, with the number of plants
per pot reaching 44 + 6 (mean + SD, n = 18), 11 + 2 (n = 18), and 301 + 33 (n = 18), respectively. Seedlings of
S. alterniflora and P. australis (about 20-30 cm) were then cut down to the soil surface to prevent the death of
individuals, whereas seedlings of S. marigueter (<5 cm) were not trimmed. All pots were maintained under
common garden conditions and watered every 2 days with prefiltered canal water (2-5 ppt, ~200 ml), allow-
ing plants to acclimate before treatments were initiated.

Flooding salinity treatments were conducted during July—October for S. alterniflora and P. australis, but
treatments for S. mariqueter ended 1 month earlier (July—September) owing to the early senescence of this
species. Each treatment consisted of two transparent plastic tanks (length = 97 cm, width = 76 c¢m, and
height = 70 cm): Tank A with three pots of the same species as three replicates and Tank B with salt water
(Figure 2). Tidal regimes, including flooding depth and frequency that were not of interest in this study, were
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Figure 2. Schematic representation of the experimental design. Modified from Xue et al. (2018). (a) Treatments for different plants; (b) Diagram of the experiment
for one treatment.

uniformly maintained at 20 cm and every 3 days. The irregular semidiurnal tide cycle was simplified and
conducted regularly twice a day in each treatment during 05:00-09:00 and 17:00-21:00 hr. The ebb and
flood of tides were accomplished using pumps (caliber 25 mm, 750 W, and flow velocity 60 L min™Y),
and the time spent on such processes was not included in the 4 hr of tidal inundation.

The freshwater (0 ppt) collected from the clean tap water was only passed through the tidal pumping
system once. The intended salt water concentrations (5-35 ppt) were obtained by mixing commercially
available sea salt (Jinchuangxing Industrial Co. Ltd, Shenzhen, China) with prefiltered canal water
(2-5 ppt) in different proportions and renewed every 2 weeks. Flooding salinities were checked prior
to each execution, using an automatic compensation salinity refractometer (Master-S/Millx, Cat. No.
2491, ATAGO, Tokyo, Japan), and corrected to the intended salinities by adding water or sea salt. Before
and after the flooding salinity experiments, topsoil samples (0-10 cm) were collected from each pot to
measure soil salinity and SOC concentrations. We also harvested the aboveground and belowground parts

of plants to estimate the final biomass as g m ™2,

2.4. Statistical Analyses

Pearson's correlation analysis was used to test linear relationships between different parameters both in field
conditions and in manipulative experiments. To test whether soil salinity and SOC concentrations signifi-
cantly differed among the six flooding salinity gradients for three different species, a one-way analysis of var-
iance was used, after checking for normality (Kolmogorov-Smimov test) and homogeneity of variances
(Levene's test) with a level of significance of p < 0.05. If the assumptions for statistical analyses were not
met, data transformation was then carried out to solve this problem. All statistical analyses were completed
in SPSS 22.0 (IBM, Chicago, IL, USA), and figure plots were generated using Origin Pro 9.0 (OriginLab,
Northampton, MA, USA).

3. Results

Marsh surface elevation, soil salinity concentrations, and SOC concentrations and stocks were all higher in
the northern part than those in the southern part of the Chongming Dongtan salt marsh (Figures 3a-3d). In
contrast, median grain size was completely opposite (Figure 3e), which was significantly negatively corre-
lated with marsh surface elevation along a low-to-high marsh gradient (r = —0.625, p < 0.001). The annual
NPP exhibited distinct spatial variability that was attributed to dramatic changes in vegetation types, where
the S. alterniflora community was mainly distributed in the northern part of the Chongming Dongtan salt
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Yangtze River Estuary, China.

marsh and the P. ausfralis and S. mariqueter communities inhabited the middle and southern parts
(Figures 1 and 3f).

Interestingly, SOC concentrations and stocks in the Chongming Dongtan salt marsh were significantly posi-
tively associated with soil salinity concentrations and annual NPP (Figures 4a-4d, with detailed data pro-
vided in Table S1). We also found that SOC concentrations were significantly negatively correlated with
median grain size (Figure 4e and Table S1), but SOC stocks showed no significant relationship with median
grain size (Figure 4f and Table S1). These findings suggested that soil salinity concentrations, plant primary
productivity, and median grain size were key factors controlling SOC concentrations in the studied marsh.
There was a significant positive relationship between SOC concentrations and marsh surface elevation
(Figure 4g and Table S1). However, no obvious relationship was observed between annual NPP and soil sali-
nity concentrations (Figure 4h and Table $1), indicating that plant species was a more important control on
the annual NPP compared to soil salinity concentrations.

As shown in Table 1, marsh surface elevations did not differ among the three species in the Chongming
Dongtan salt marsh, which might be attributed to the wider elevation ranges for S. alterniflora than for P.
australis and S. mariqueter (coefficients of variation were 12.5%, 2.6% and 7.9%, respectively). The highest
soil salinity concentrations and SOC concentrations and stocks were in the S. alterniflora sites, followed
by the P. australis and S. mariqueter sites (Table 1). The S. marigueter had the highest median grain size com-
pared to the other two species (Table 1). The annual NPP for S. alterniflora and P. australis were significantly
higher than for S. mariqueter (Table 1). These observations showed the salinity preferences of marsh species
and interspecific differences in annual NPP and SOC concentrations and stocks.

Before implementing the flooding salinity treatments, no significant differences were detected either in
soil salinity or SOC concentrations for S. alterniflora, P. australis, and S. mariqueter pots (Figures 5a and
5b, with detailed data provided in Table S2). Manipulative experiments, which last for 3-4 months,
revealed that flooding salinity treatments from freshwater (0 ppt) to seawater (35 ppt) significantly pro-
moted the accumulation of soil salinity for the three species (Figure 5c and Table $2). Raised flooding

XUE ET AL.

7 of 14



f ¥el]]

A . = . .
100 Journal of Geophysical Research: Biogeosciences 10.1029/2019JG005217
{a) (b) @ Spartina altemiflora
16 4.8+ » A Phragmites australis
T Scirpus mariqueter
-] 5 [N
= 36 -
= . = ® -
2 " = 1 - e %
£ 5 24 (¥ ) -
£ % 8 <7 4= =% . ®
3 B | Fb @ P @ L]
4 g ot . .
I} % @ 1.2 oA
) " £=0.769, p<0.001 ] r=0.267, p=0.025
0 i T T T T | T 0.0 T T y T T T T
Q 4 8 12 16 0 4 8 12 16
Soil salinity concentration (g kg") Soil salinity concentration (g kg")
16 4 (c) 4.8 (@ [
i; e —_ ] L ®
= 124 " T 36 .
c & ] @ ®
: ] 2ol st < o et .,
£ 8- G 244 & %
L] o
3 A L w . ‘6&1 A
§ 1 » Ao 1 8 T ® A‘ Ad g
o 44 & a 044 @ 1.2 A
8 4 'r= 0.509, p <0.001 E r=0.320, p=0.007
0 T T g T T T T T c.o T T T T T T ¥ T
250 500 750 1000 1250 250 500 750 1000 1250
NPP (g C m”yr") NPP (g C m” yr')
16 (e} 48 0 -
3 s
o 124 o 364 -
5 g % 4
b et P T S
g 8+ 2 244 oL e .
3 w b ]
= © 3 s WP 4
5 44 8 124 b
o
7]
0 T T T T 0‘0 T ¥ T ¥ T T T
0 12 24 36 48 0 12 24 36 48
Median grain size (um) Median grain size (um)
18] @ 1250 M
8 1 1 4 - ol ®
2 ® o e ®
o 12 0® 1000+ rﬂg,. 2R T
E Vg 2 t wast s
3 E D - ®
H 8 | = 750 S
. g
S 4 500 -]
2] r=0.588, p<0.001 1
0 aFL = n ” ek el B 250 ot e e
2 3 4 5 6 0 4 8 12 16
Marsh surface elevation (m) Soil salinity concentration (g kg™)

Figure 4. Relationships between (a) soil organic carbon (SOC) concentration (g kg_l} and soil salinity concentration
(g kg_l), (b) SOC stock (kg m_z) and soil salinity concentration, (¢) SOC concentration and net primary productivity
(NPP, g Cm > yr™ "), (d) SOC stock and NPP, () SOC concentration and median grain size (um), (f) SOC stock

and median grain size, {g) SOC concentration and marsh surface elevation (m), and (h) NPP and soil salinity
concentration in the Chongming Dongtan salt marsh of the Yangtze River Estuary, China.

salinities also significantly lowered SOC concentrations for invasive S. alterniflora but showed gradual
and limited decreases in SOC concentrations for native P. australis and S. mariqueter (Figure 5d and
Table S2).

In contrast to the field sampling, which showed a significant positive relationship between SOC concentra-
tions and soil salinity concentrations (Figure 4a), manipulative experiments indicated that elevated soil sali-
nities caused by increasing flooding water salinity significantly corresponded with low SOC concentrations
(Figure 6a). Our observations suggested that in both field and pot experiments, higher plant biomass led to
higher SOC concentrations (Figures 4c and 6b), revealing that the autochthonous organic carbon input from
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Table 1
Differences in General Characteristics for Three Major Species Zones in the Chongming Dongtan Salt Marsh of the Yangtze River Estuary, China

Marsh surface  Soil salinity hole Median grain

Marsh species elevation (m)  concentration (kg ")  concentration (kg™")  SOCstock (kgm™ 2)  size (um) NPP (g C m yr_l}
Spartina alterniflora 4.0 + 0.5, 5132, 88+24, 25+ 08, 13.5 + 7.4y, 957.9 + 95.0,
Phragmites australis 3.8 + 0.1, 3.5+ 1.64 5.7+ 104 2.0 +0.3, 162 + 3.7, 906.1 + 105.5,
Scirpus mariqueter 3.8 £0.3,5 1.7 £ 0.3 47 + 14, 1.8 + 0.5, 26.7 £ 82, 390.9 + 42.3;,

Note. Standard deviations are calculated based on 39, 22, and 9 replicates for Spartina alterniflora, Phragmites australis, and Scirpus i;nariqueter, respectively.
Different letters indicate significant differences (p < 0.05) among marsh species of the same group according to the Least Significant Difference test; “ns” means
there is no significant difference among marsh species. SOC = Soil organic carbon; NPP = Net primary productivity.

marsh species was a direct factor controlling the difference in sedimentary organic carbon stocks. There was
a significant negative relationship between plant biomass and soil salinity concentrations in manipulative
experiments (Figure 6¢), whereas plant species played a more important role than soil salinity
concentration in regulating the annual NPP in field investigations (Figure 4h).

4. Discussion
4.1. Implementing Field Investigations and Manipulative Experiments

Field sampling is a very useful methodology to characterize SOC stocks in estuarine salt marshes and iden-
tify the factors influencing SOC concentrations and was extensively adopted in previous studies (FHansen
et al., 2017; Van de Broek et al., 2016). It is important to note that the spatial variability of SOC concentra-
tions in field conditions is likely to be a consequence of numerous abiotic and biotic factors, as well as their
interactions, which often integrates all components (e.g., plants, microbes, soil fauna, and predators) and
cascades through a broad range of ecosystem processes over relatively long-term scales. In contrast, manip-
ulative experiments are typically carried out under comparatively homogeneous conditions to isolate the

(a) Before treatments [ ] 0 ppt After treatments

cai 5 ppt
. [E 10 ppt
& [ 15 ppt
E [ 25 ppt
. [ 35 ppt

Soil salinity concentration (g kg™
'S
|

Soil salinity concentration (g kg™)

8. alterniflora P. australis ~ S. mariqueter 8. aiternifiora P. australis 8. mariqueter

(d)

SOC concentration (g kg™)

SOC concentration (g kg™)

S. alterniflora P. australis S. mariqueter S. alterniflora P. australis S. mariqueter

Figure 5. Differences in soil salinity concentration (g kgAl) and soil organic carbon concentration (SOC, g kg_l) before (a
and b) and after six flooding salinity treatments (¢ and d) for three marsh species (invasive Spartina alterniflora and native
Phragmites australis and Scirpus mariqueter). Different letters indicate significant differences (p < 0.05) amoeng flooding
salinity treatments within the same species according to the Least Significant Difference test; “ns” means there is no
significant difference among flooding salinity treatments. Standard deviations are calculated based on three replicates.
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Figure 6. Relationships between (a) soil organic carbon (SOC) concentra-
tion (g kg_l) and soil salinity concentration (g kg ), (b) SOC concentra-
tion and plant biomass (DW g m_z), and (c) plant biomass and soil salinity
concentration at the end of flooding salinity treatments. “DW” represents
dry weight.

effect of other variables (e.g., tidal inundation and substrate composition)
and provide insight into the responses over relatively short-term scales or
even exclude portions of the ecosystem (e.g., macrobenthos). In the pre-
sent study, we conducted six flooding salinity treatments for 3-4 months
and investigated the independent impacts of elevated salinity on SOC con-
centrations, which was an important complement to traditional field

investigations.

More specifically, there were several noteworthy differences between the
field investigations and manipulative experiments. First, manipulative
experiments minimized the influence of other environmental stresses
(e.g., tidal inundation), which usually significantly covaried with salinity
in many previous studies (Engels et al, 2011; Kirwan et al, 2013).
Second, the effect of interspecific interactions was not addressed in manip-
ulative experiments by allowing only one species to grow in each treat-
ment pot. Third, allochthonous suspended sediment particles did not
contribute to SOC concentrations in manipulative experiments because
the artificial seawater was prefiltered and equally added. Because some
field investigations (Hansen et al., 2017; Van de Broek et al., 2016) have
analyzed variations in SOC stocks that derived from both allochthonous
and autochthonous inputs along an estuarine salinity gradient, this
manipulative experiments attempted to pinpoint the independent impacts
of salinity on SOC concentrations for three different species and neglected
the contribution of allochthonous organic carbon inputs, which
provided an initial assessment to better explain the complex combined
effects of numerous abiotic and biotic factors on SOC sequestration.

4.2. Factors Influencing SOC Concentrations in Salt Marshes
4.2.1. Vegetation Type

The type of vegetation present in a salt marsh is an important factor con-
tributing to SOC stocks, as it is well known that SOC mostly originates
from decaying aboveground and belowground plant tissues (Cotrufo
et al., 2013; De Deyn et al,, 2008), and living plants can also regulate
decomposition processes by releasing labile organic carbon compounds
(e.g., root exudates) to stimulate soil microbial activity (Farrar et al.,
2003; Haichar et al., 2014) and by altering soil abiotic conditions (Ward
et al., 2015). We found that the annual NPP was significantly positively
associated with SOC concentrations in the Chongming Dongtan salt
marsh (Figure 4¢), which showed a similar pattern to the significant posi-
tive relationship between plant biomass and SOC concentration in manip-
ulative experiments (Figure 6b). These results were consistent with prior
work by Yang et al. (2013), who observed significant positive relationships
between aboveground biomass, root biomass, and SOC concentrations in
the 0-30 cm soil layer. Thus, an increase in plant biomass probably
resulted in more plant-derived organic carbon inputs and, therefore, more
SOC accumulation.

In the investigated marsh soils, the annual NPPs for S. alterniflora and P. australis were nearly 2.5 times
greater than for S. marigueter, and their SOC concentrations were also significantly higher than for S. mar-
iqueter (Table 1). This tendency was in agreement with studies by Li et al. (2014), who documentéd that
replacement of S. mariqueter by S. alterniflora and P. australis communities might increase SOC sequestra-
tion by fourfold to fivefold in salt marshes of the Yangtze River Estuary, China, and by Yang et al. (2013),
who reported that invasion of S. alterniflora significantly increased plant biomass and SOC compared to
Suaeda salsa and P. australis communities in the Jiangsu coastal wetland, China. However, Van de Broek
et al. (2016) found that variations in SOC stocks both along the salinity gradient of the Scheldt Estuary
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(Belgium and the Netherlands) and between old and young marshes at a given salinity level could not be
explained by variations in plant biomass production. Obviously, the vegetation types in the Scheldt
Estuary differ from those in our study, and the specific contribution of vegetation types would be differen-
tiated rather than consistent across regions, because SOC sequestration combines the complex effects of
numerous abiotic and biotic factors.

4.2.2. Soil salinity

The Chongming Dongtan salt marsh is characterized by a distinct soil salinity gradient (1.2-15.6 g kg™
(Figure 3b), and it is likely that salinity is another direct factor controlling the spatial variability of SOC con-
centrations, because there was a significant positive relationship between soil salinity and SOC concentra-
tions (Figure 4a). Recent studies also revealed that salinity is one of the most important factors
determining the spatial variability in abundance of marsh species (Medeiros et al., 2013; Tang et al.,
2014), which directly lead to the spatial difference of plant-derived organic carbon inputs. For example,
the invasive S. alterniflora community preferred the highest soil salt conditions, followed by native P. austra-
lis and then S. marigueter communities in the Chongming Dongtan salt marsh (Table 1). Because S. alterni-
flora has shown higher salt tolerance (Xue et al., 2018), stronger competitive ability (Medeiros et al., 201 3),
and greater plant biomass (Xue, Li, Yan, et al,, 2018) than P. qustralis and S. mariqueter, it has extensively
colonized the northern part of the Chongming Dongtan salt marsh (Figure 1) and gradually invaded the
habitat historically occupied by the native species (Li et al., 2009), resulting in the relatively high plant
productivity and SOC concentrations even in high soil salinity areas (Figures 3b, 3c, and 3f).

Raised flooding salinity treatments (0-35 ppt) during 3-4 months had a slight influence on SOC concentra-
tions for S. alterniflora, P. australis, and S. marigueter (Figure 5d). We concluded that SOC sequestration was
typically a very slow process, and the short-term simulation of elevated salinity associated with sea-level rises
and saltwater intrusion may not be enough to significantly affect SOC concentrations, especially without the
active contribution of allochthonous organic carbon inputs controlled by the tidal advection of suspended
sediments. However, there was a significant negative relationship between soil salinity concentration and
plant biomass in manipulative experiments (Figure 6c), which was in accordance with previous studies
(Tang et al., 2014; Xue, Li, Yan, et al., 2018) that reported the inhibitory effects of soil salinity on biomass
accumulation for S. alterniflora, P. australis, and S. marigueter. Elevated soil salinities (1.4-8.2 g kg™) caused
by increasing flooding salinities also significantly corresponded with low SOC concentrations in manipula-
tive experiments (Figure 6a). Taken together, these observations indicated that salinity was a critical factor
in controlling SOC concentrations not only by regulating vegetation spatial structure but also by altering
plant biomass production to indirectly affect plant-derived carbon inputs and SOC concentrations.

4.2.3. Soil Texture

Soil texture has been reported to affect SOC stocks in coastal salt marshes (Bai et al., 2016; Yang, 2019),
mainly by two ways (Yang et al., 2008): First, increasing clay and silt contents reduces microbial
decomposition via stabilizing the SOC and decreasing carbon leaching, thus leading to accumulation of
SOC, and second, increasing clay and silt contents stimulates plant production by increasing the water
holding capacity, thereby increasing carbon inputs to soil. Our results also highlighted the importance of soil
texture in controlling SOC concentrations, as indicated by the significant negative relationship between SOC
concentrations and median grain size (Figure 4e), which could at least partly explain the spatial variability of
SOC concentrations in the Chongming Dongtan salt marsh. Sediments deposited at higher marsh elevations
had a smaller grain size and higher SOC concentrations compared to lower elevations (Figures 3a, 3c, and
3¢). Consequently, smaller-sized clayey sediments might be beneficial for the carbon sequestration of
estuarine salt marshes.

4.3. Implications and Future Considerations

As global sea level is predicted to continue to rise during the 21st century (IPCC, 2013), soil salinization in
estuarine salt marshes may be expected to be further aggravated by progressive saltwater intrusion (Alizad
et al,, 2016; Zhou et al., 2017). Previous studies confirmed that elevated salinity will facilitate the spread of
invasive S. alterniflora in salt marshes of the Yangtze River Estuary (Tang et al., 2014; Xue, Li, Zhang,
et al., 2018). We therefore proposed that further invasion of the S. alterniflora community ascribed to
aggravated soil salinization might exert a positive influence on SOC concentrations and stocks in the
Chongming Dongtan salt marsh, because S. alterniflora prefers more saline conditions and has higher
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SOC concentration and stock than native P. australis and S. mariqueter communities (Table 1). However,
we could not assume that S. alterniflora invasion was conducive to increased SOC stock, as another study
found that S. alferniflora encroachment into mangrove shrubs decreased SOC storage in China's tropical
coastal wetlands, owing to the lower aboveground biomass of S. alterniflora than native mangrove commu-
nities (Wang et al., 2018).

We recognize that the above implication might be site specific, and we need to explore SOC dynamics and
associated environmental changes in coastal ecosystems considering that the large-scale invasion of S.
alterniflora is ongoing in China. In addition, accumulation of SOC in natural salt marshes requires a posi-
tive imbalance between carbon inputs and outputs (De Deyn et al., 2008; Kirwan et al., 2013). It is thus
important to identify not only how soil salinity affects the amount of organic matter entering the soil by
altering the plant community structure and productivity but also how it affects carbon decomposition
and mineralization, especially when there are different opinions about the responses of CO, and CH,
emissions to elevated salinity gradients (Chambers et al,, 2011; Wilson et al., 2015). Our current under-
standing is still insufficient to quantitatively assess how SOC concentrations in the salt marsh environment
may change in future scenarios of sea-level rise and saltwater intrusion. Further research is critically and
continuously required to analyze the effects of global climate change on carbon pools, cycles, and fluxes in
estuarine salt marshes.

5. Conclusions

This study provided insight into the potential consequences of sea-level rises and saltwater intrusion in
estuarine salt marshes by investigating the impact of increased soil salinity on SOC concentrations via field
investigations and manipulative experiments. Our field sampling revealed that SOC concentrations were sig-
nificantly positively correlated with soil salinity concentrations, annual NPP, and marsh surface elevation
and showed a significant negative relationship with median grain size. The invasive S. alterniflora commu-
nity preferred more saline conditions and had a higher SOC concentration than native P. australis and S.
mariqueter communities. Because raised flooding salinities from 0 to 35 ppt did not strongly affect SOC con-
centrations, we suggest that the accelerated sea-level rises and aggravated saltwater intrusion would not
induce a dramatic change in SOC concentrations over relatively short-time scales (i.e., 3-4 months).
However, elevated soil salinities significantly corresponded with low SOC concentrations and plant biomass
in manipulative experiments. In sum, these observations indicated that soil salinity, vegetation type, and soil
texture were all important factors in controlling SOC concentrations. Soil salinity could affect SOC concen-
trations through regulating vegetation spatial structure and plant biomass production. The further invasion
of S. alterniflora ascribed to soil salinization would exert a positive influence on SOC concentrations in the
Chongming Dongtan salt marsh.
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