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Plant community, geomorphology, R
and macrobenthos as drivers of spatial
variations in soil carbon and nitrogen

in a coastal shoal
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Abstract

Coastal salt marsh wetlands are crucial reservoirs of soil carbon (C) and nitrogen (N). However, the effects of plant
type, geomorphology, and macrobenthos on spatial variations in soil C and N in coastal wetlands remain unclear.

In this study, the spatial distribution of soil C and N components was investigated in a coastal wetland (Jiuduansha
Shoal) in the Yangtze Estuary, and plant type distribution, plant biomass, soil properties, and macrobenthos species
and biomass along the geomorphological gradient were measured. The results showed that the amounts and stocks
of soil total C, soil organic C, soil total N, and soil microbial biomass C and N at the Spartina alterniflora (SA) and Phrag-
mites australis (PA) sites were significantly higher than those at the bare mudflat (BM) sites. The soil and microorganism
Cand N variables showed a remarkable increasing trend from low- to high-elevation sites. The abundance of mac-
robenthos at the Scirpus mariqueter site was the highest among the plant communities and was significantly higher
than that at the Zizania latifolia (ZL) and BM sites. The air-free dry weight (AFDW) of macrobenthos in the PA com-
munity was the highest among the communities. The variability in soil C and N was mainly sensitive to plant biomass,
soil water content, bulk density, macrobenthos AFDW, particle size, electrical conductivity, and nutrient levels. We sug-
gest that the synergetic effects of biotic and abiotic factors in the intertidal environment need to be fully considered
in assessing and managing the C and N pools of coastal salt marshes in East China.
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1 Introduction

Coastal wetlands are recognized as “Blue Carbon” eco-
systems owing to the strong accumulation rate of carbon
(C) and nitrogen (N) through biological and sedimentary
pathways (Bernal et al. 2012, Lovelock et al. 2019). In the
ecosystems, soil organic C (SOC) pool plays a pivotal role
in global C cycling (Olefeldt et al. 2016), because a minor
change in SOC pool could provoke dramatical fluctua-
tions in the C exchange between atmosphere and land
(Davidson et al. 2006). SOC mainly consists of labile and
stable fractions, and the labile components of easily oxi-
dizable carbon and microbial biomass carbon (SMBC)
are considered early indicators of SOC variation (Zhang
et al. 2007).

The predominant factors influencing wetland soil C
and N dynamics include climatic conditions, plant bio-
logical traits, and soil properties (Luo et al. 2017). Inter-
actions between temperature and rainfall directly affect
plant CO, assimilation and soil microbial activity, which
further affect soil C and N stocks (Carvalhais et al. 2014).
Wetland plants play key roles in organic matter input and
N uptake (Pennings et al. 2001). Therefore, different veg-
etation types significantly influence soil C and N dynam-
ics by altering soil biogeochemical processes in wetlands
(Meng et al. 2020), typically under anaerobic conditions
(Wang et al. 2019).

Coastal wetlands are regularly flooded by tidal water,
and plant communities are arranged in topographic
zonation patterns (Moffett et al. 2012). Tidal flooding and
flat elevations have been identified as the primary fac-
tors that determine plant survival and community devel-
opment. Wetland plants can assimilate N directly from
soil, groundwater, and N-fixing microorganisms, which
probably influence the soil N content and distribution
(Vineis 2022). Additionally, variations in edaphic proper-
ties along the topographic gradient regulate soil C and N
contents and its allocation in the inorganic particles and
microbes (Luo et al. 2021).

Macrobenthos in the coastal wetlands are the key ani-
mal groups regulating the soil profile and features. Mac-
robenthos are one of the main decomposers in tidal
wetland ecosystems, influencing soil C and N processes
(Danovaro et al. 2002). The bioturbation activity of mac-
robenthos can enhance material exchange between sedi-
ments and the overlying tidal water (Bang et al. 2019,
Guimond et al. 2020), exerting a significant influence on
ecosystem biogeochemical processes (Chen et al. 2021).

Although the interaction between vegetation, edaphic
and hydrological conditions, and benthic animals might
regulate wetland biogeochemical processes (Zhang et al.
2002, Yang 2019), previous studies have only focused
on a single independent factor influencing soil C and N
dynamics (Meng et al. 2019, Tangen et al. 2020). In the
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present study, we investigated the spatial distribution of
soil C and N content and stocks as well as the C and N
content of microbial biomass in a coastal wetland in the
Yangtze Estuary of East China. The field survey area cov-
ered the dominant vegetation types and elevation gradi-
ents, and macrobenthos communities were investigated.
Plant type distribution, plant biomass, soil properties,
and macrobenthos species and biomass along the geo-
morphological gradient were also measured. The main
objectives of this study were (1) to discern the syner-
getic effects of vegetation types, topographical features,
and macrobenthos on soil C and N components and (2)
to identify the key soil variables in relation to soil C and
N contents and stocks. The results of this study will pro-
vide useful information to support management plans for
wetland C and N pools to enhance the ecological capa-
bilities of coastal wetlands in the Yangtze Estuary.

2 Materials and methods

2.1 Study area

The study area is located in the Jiuduansha Shoal
(also the Jiuduansha Shoal National Nature Reserve,
31°03"-31°17'N, 121°46'-122°15E) in the Yangtze Estu-
ary (Fig. 1). The Jiuduansha Shoal is among the youngest
shoals in the Yangtze Estuary and originated in the 1950s
as a result of continuous sedimentary accretion owing to
sediment transportation with Yangtze River runoff. The
Jiuduansha Shoal has a subtropical monsoon climate,
with an average temperature of 17.3 “C and an annual pre-
cipitation of 1,145 mm (Tang et al. 2011; Hu et al. 2016).
Since 2000, the Jiuduansha Shoal has undergone notable
evolution owing to revegetation engineering (Cheng et al.
2020). Currently, the highest elevation reaches approxi-
mately 4-4.5 m based on the local Wusong datum. Tidal
movement in the wetland is characterized by mixed sem-
idiurnal and semilunar patterns, and the maximum and
average tidal ranges were recorded at 4.62 m and 2.67 m,
respectively, based on the local Wusong datum (Qiao
et al. 2012). The low tidal flats (<~2.5 m) are unveg-
etated mudflats, the middle tidal flats (~2.5-3.0 m) are
dominated by the native pioneering species Scirpus mari-
queter and S. triqueter, and the high tidal flats (> ~3.0 m)
are dominated by Phragmites australis, Spartina alterni-
flora, and Zizania latifolia (Huang et al. 2007, Lin et al.
2015). Spatially, the dominant plant species are distrib-
uted along gradients corresponding to the elevation of
the intertidal wetland.

2.2 Field sampling

In the autumn (September) and winter (December)
seasons of 2022, we collected soil, plant, and macrob-
enthos samples from seven transects (S1-S7) in the
intertidal areas. Four sampling points were selected for
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Fig. 1 Location of the Yangtze Estuary (a) and Jiuduansha Shoal (b). S1-S7 (c) indicate the sampling transects in the wetland within vegetation

types along the flat elevation

each transect based on various elevation gradients and
vegetation types (Fig. 1). Different sampling points were
established based on elevation grouping of high-level
mudflats (HM), middle-level mudflats (MM), and low-
level mudflats (LM) and in the vegetation type groups
of the P australis community (PA), S. alterniflora com-
munity (SA), Z. latifolia community (ZL), S. mariqueter
community (SM), and bare mudflats (BM). Soil and veg-
etation samples were collected at each point on six repli-
cate quadrat samples (soil bulk: 0.25 m x0.25 m X 0.30 m;
plant: 0.50 mXx0.50 m). Parallel soil bulk samples
(0.25 mx0.25 mx0.30 m) were collected for investigat-
ing the macrobenthos community. After field sampling,
the soil and vegetation samples were immediately trans-
ported to the laboratory and stored at 4 °C until subse-
quent analysis.

2.3 Measurement of plant biomass

Aboveground plant organs were harvested from each
sampling plot. The plant materials were cleaned and
oven-dried at 60 °C until constant weight to obtain
aboveground biomass. This is because it is quite diffi-
cult to sift out the huge root systems of marsh plants and

accurately determine the belowground plant biomass. We
calculated the root biomass of the PA, SA (similar to that
of Z. latifolia), and SM communities using root:shoot
ratios of 69.3%, 60.1%, and 45%, respectively, based on a
previous careful investigation of belowground biomass of
marsh plants in the Yangtze Estuary (Xie et al. 2020; Li
et al. 2022).

2.4 Measurement of macrobenthos
Macrobenthos were collected from the soil bulk sam-
ples using 10 mm mesh sieves (Huang et al. 2021). In the
laboratory, all the macrobenthos were preserved in 75%
ethanol, and then enumerated and identified at the taxo-
nomic level based on the local and national macroben-
thos atlases. All macrobenthos samples were incinerated
at 600 °C in a muffle furnace to obtain the ash-free dry
weight (AFDW).

The abundance and AFDW of macrobenthos were cal-
culated as follows:

B=b/S (1)
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D=N/S (2)

where, b is the dry weight (g) of the sampled individu-
als of the species, excluding ash; B is AFDW (g m™%); N
is the number of macrobenthic individuals sampled; S is
the sampling plot area (m?); and D is the abundance (ind.
m™2).

2.5 Measurement of soil Cand N
The soil samples were air-dried and sieved through a
2 mm sieve, and twigs, roots, and stones were removed
from the dried sample. Soil total carbon (STC) and soil
total nitrogen (STN) (g kg™') were directly measured
using an elemental analyzer (Vario EL III; Elementar,
Germany). A portion of the dried samples was subjected
to acid washing with 3 mol L™ HCl and shaken for 24 h
to centrifugation, and then rinsed with enough water
(Gradient; Merck Millipore, Darmstadt, Germany) to
remove carbonates. An elemental analyzer (Vario EL III;
Elementar, Germany) was used to measure SOC content
(gkg™!) (Xue et al. 2020).

Soil C and N stocks (Mg ha™) were calculated as
follows:

content x BD x H
X
100

stock =

10 (3)

where H is soil thickness (30 cm) and BD is bulk density
(g cm™).

A part of the fresh soil samples was immediately freeze-
dried, and then sieved to 0.6 mm and stored at 4 °C.
Soil microbial biomass C (SMBC) and N (SMBN) were
measured using the chloroform fumigation extraction
method (Brookes et al. 1982; Ross 1990). The C and N
were extracted with 0.5 mol L™ K,SO, from both fumi-
gated and non-fumigated samples and measured using an
elemental analyzer (Elementar Vario EL III CHNOS; Ele-
mentar Analysensysteme GmbH). A conversion factor of
0.38 (Lu 2000) was used to convert extractable C (the dif-
ference in C between the fumigated and non-fumigated
samples) to SMBC. A KEC factor of 0.54 (Wu et al. 2005)
was used to convert the extractable N (the difference in
N between the fumigated and non-fumigated samples) to
SMBN.

2.6 Measurement of soil variables

Sediment water content (SWC) and electrical conductiv-
ity (EC) were measured using a soil triparameter instru-
ment (Spectrum 2265FS; USA). Sediment bulk density
(BD) was measured using the cutting ring method. The
sediment particle size (PS) was analyzed using a Laser
Particle Size Analyzer (LS13 320; Beckman Coulter,
USA). The pH was measured using the electrode method
(soil:water ratio: 2.5:1) (Herndndez et al. 2023). Alkaline
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hydrolytic nitrogen (AN) was determined using the alka-
line hydrolysis diffusion method (Liu et al. 2022). Availa-
ble phosphorus (AP) and potassium (AK) were measured
using a soil fertilizer nutrient quick measuring instru-
ment (HM-TYB; Hengmei Electronic Technology Co.,
Ltd., China). This assessment followed the neutrality or
calcareous soil universal extract-colorimetric method
outlined in NY/T 1848-2010 (Guo et al. 2022). Total
phosphorus (TP) was measured using NaOH melting
molybdenum-antimony antichromogenic UV spectro-
photometry (Wang et al. 2010).

2.7 Data analysis

The measurement data were calculated as the mean of
the replicates with standard errors (mean+S.E.). One-
way analysis of variance (ANOVA) and least significant
difference were used to assess the differences in soil C
and N amounts and stocks, plant biomass, macrobenthos
abundance and biomass, and soil physicochemical prop-
erties among the various elevations and vegetation types.
Pearson correlation and redundancy (RDA) analyses
were used to test the relationship between soil C and N
variables (SOC, STC, STN, SMBC, and SMBN) and envi-
ronmental factors. The ANOVA analysis was performed
using SPSS 25.0 (SPSS Inc.). The RDA was performed
using CANOCO 5.0 (Microsoft, USA).

3 Results
3.1 Spatial patterns of Cand N
The STC, SOC, and STN contents and stocks at the SA
sites were significantly higher than those at the BM sites
(p<0.05), whereas the differences among the vegetated
sites were not significant (Fig. 2a—c). The highest levels
of SOC (5.03+0.25 g kg™!) and STC (14.00+0.15 g kg™)
and the consequent C and N stocks (18.23 +0.90 Mg ha™*
and 50.27 +0.87 Mg ha™! for SOC and STC, respectively)
were observed at the SA sites. The highest STN content
(0.58+0.021 g kg!) and stock (2.13+0.075 Mg ha™?)
were observed at the PA sites. The SMBC and SMBN
amounts at the vegetated sites were on average higher
by 23.64% and 37.03%, respectively, than those at the BM
sites, with the SA sites having a significantly high value.
All soil and microorganism C and N variables showed
a remarkably increasing trend from the LM sites to the
HM sites. At the HM sites, the soil and microorganism
C variables were on average 1.12 and 1.28 times higher,
respectively, than those at the MM and LM sites (p <0.05,
Fig. 2d-f). At the HM sites, the soil and microorganism
N variables were on average 1.31 and 1.48 times higher,
respectively, than those at the MM and LM sites (p < 0.05,
Fig. 2d-f).
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Fig. 2 Spatial variations in STC, SOC, and STN contents and stocks, as well as SMBC and SMBN amounts at different elevations (a, b, ¢)

and vegetation zones (e, d, f) in the Jiuduansha Shoal. Different letters indicate significant differences at the p <0.05 level among sampling sites. PA,
Phragmites australis; SA, Spartina alterniflora; SM, Scirpus mariqueter; ZL, Zizania latifolia; BM, bare mudflats; HM, high-level mudflats; MM, middle-level
mudflats; LM, low-level mudflats
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Fig. 3 Differences in plants biomass (PB) at different vegetation zones (a) and elevations (b) in the Jiuduansha Shoal. Vertical bars denote

the standard error of the mean and different lowercase letters above the bars indicate significant differences at the p <0.05 level among sampling
sites. PA, Phragmites australis; SA, Spartina alterniflora; SM, Scirpus mariqueter; ZL, Zizania latifolia; BM, bare mudflats; HM, high-level mudflats; MM,
middle-level mudflats; LM, low-level mudflats
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3.2 Vegetation biomass

As shown in Fig. 3a, the plant biomasses at the SA and
PA sites (Poaceae species) were significantly higher than
that at the SM sites (Cyperaceae species). The highest
and lowest plant biomass values were found at the SA
(2558.97 +137.58 g m~?) and ZL (933.12+53.58 g m™?)
communities. The plant biomass at the SA sites was on
average 2.26 and 2.74 times higher than that at the SM
and ZL sites, respectively. The plant biomass at the PA
sites was on average 1.90 and 2.30 times higher than that
at the SM and ZL sites, respectively.

Plant biomass showed a notable increasing trend with
increasing elevation. At the HM sites, the plant biomass
was on average 1.22 and 1.60 times higher than that at
the MM and LM sites, respectively (p <0.05, Fig. 3b).

3.3 Macrobenthos community

3.3.1 Spatial distribution of macrobenthos

Thirty-two macrobenthos species from seven classes
were identified at the survey sites, including Anolpa,
Polychaeta, Gastropoda, Bivalvia, Malacostraca, Osteich-
thyes, and Insecta. The predominant classes in the Jiudu-
ansha Shoal were Gastropoda and Malacostraca (Table 3
in Appendix). The abundance of macrobenthos at the
SM sites (358.24 + 17.54 ind m™?) was the highest among
the communities (Fig. 4a), and significantly higher than
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that at the ZL and BM sites (p <0.05). The macrobenthos
abundance at the BM sites (205.03+16.20 ind m™2) was
lower by 30.73% on average than that at the PA, SA, and
ZL sites.

As shown in Fig. 4b and Table 3 in Appendix, six
macrobenthos classes were collected from the PA com-
munities, with Ellobium chinense, Assiminea sp., and
Assiminea latericea accounting for the highest percent-
age (32%). Six classes were recorded in the SA communi-
ties, with Assiminea sp., A. latericea, Assiminea violacea,
Glauconome chinensis, and Ilyoplax deschampsi account-
ing for the highest percentage (29%). Four classes were
present in the SM communities, with Assiminea sp., A.
latericea, and Onchidium reevesii accounting for the
highest percentage (44%). Four classes were collected in
the ZL communities, with Assiminea sp., A. latericea, A.
violacea, and Cerithidea sinensis accounting for the high-
est percentage (38%). Four classes were recorded in the
BM communities, with Assiminea sp., A. latericea, and G.
chinensis accounting for the highest percentage (45%).

The abundance of macrobenthos at the HM sites
(318.53+44.77 ind m~2) was the highest among the ele-
vation levels and was significantly higher than that at the
LM sites (p<0.05, Fig. 4c and d). As listed in Table 3 in
Appendix, seven macrobenthos classes were present at
the HM sites, with Ellobium chinense and Assiminea sp.
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Fig. 4 Differences in abundance (a, ¢) and species composition (b, d) at different elevations and vegetation zones in the Jiuduansha Shoal. Vertical
bars denote the standard error of the mean and different lowercase letters above the bars indicate significant differences at the p <0.05 level
among sampling sites. PA, Phragmites australis; SA, Spartina alterniflora; SM, Scirpus mariqueter; ZL, Zizania latifolia, BM, bare mudflats; HM, high-level
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accounting for the highest percentage (30%). Five classes
were recorded at the MM sites, with Assiminea sp., A.
latericea, and O. reevesii accounting for the highest per-
centage (32%). Four classes were present at the LM sites,
with Stenothyra glabra and Assiminea sp. accounting for
the highest percentage (33%).

3.3.2 Macrobenthos biomass

The AFDW of macrobenthos in the PA community
(26.23+3.44 g m~2) was the highest among all commu-
nities, with Malacostraca being the largest contributor.
The variance analysis indicated that the AFDW in the PA
community was significantly higher than that in the BM
sites (p<0.05), whereas the AFDW of the SA, ZL, and
SM communities was not significantly different (p >0.05)
(Fig. 5a). The AFDW in BM sites (10.32+1.70 g m™~2) was
lower than that in the SA, ZL, and SM zones (22.80+3.12,
17.74+4.69, and 20.24+3.01 g m™?, respectively). In SA,
SM, ZL, and BM, Polychaeta was the largest contributor
across communities (Fig. 5b).

The AFDW of macrobenthos in the HM sites
(23.86+3.54 g m?) was the highest among all eleva-
tions; Malacostraca (Chiromantes neglectum and
Orisarma neglectum) was the largest contributor to the
total biomass across all HM sites (Fig. 5¢ and d, Table 3
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in Appendix). The AFDW of macrobenthos in the LM
sites (12.38+2.76 g m™2) was the lowest among eleva-
tions, with Malacostraca (Philyra pisum and O. neglec-
tum) being the largest contributor to the total biomass
across all LM sites (Fig. 5¢ and d, Table 3 in Appen-
dix). The results indicated that AFDW at the HM
sites was significantly higher than that in the LM sites
(p<0.05). The AFDW of macrobenthos in the MM sites
(18.08£2.02 g m™2) was not significantly different from
that of the other elevations (p>0.05), Malacostraca (O.
neglectum, Orisarma sinense, and Helice tientsinensis)
was the largest contributor to the total biomass across all
MM sites (Fig. 5¢ and d, Table 3 in Appendix).

3.4 Soil variables

The soil physical and chemical variables of the different
vegetation types are listed in Table 1. Sediment BD at
the PA sites was significantly lower than that at the other
vegetation zones (p<0.05). The EC at the SA sites were
significantly lower than that at the PA sites (p<0.05).
The PS and AK values at the ZL sites were significantly
lower than those in the other vegetation zones (p<0.05).
At the SA sites, AP was significantly higher than that in
the other vegetation zones (p < 0.05). However, significant
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Table 1 Characteristics of soil physicochemical variables in the Jiuduansha shoals (mean + S.E.) within various plant communities. PA
was P, australis; SA was S. alterniflora; SM was S. mariqueter; ZL was Z. latifolia

Items PA SA ZL Y
BD (gcm™) 1.18+0.008" 1.22+0.009% 1.20+0.024° 1.27+0013?
SWC (%) 59.28+231° 66.05+2.32° 8143+1251° 85.20+1.80°
EC(ms™) 1682.28+81.93° 2072.80+92.24° 1874.80+82.89%° 149500+ 90.00%°
pH 7.87+0029° 7.89+0.025° 7.78+0.04° 7.78+0025°

PS (um) 3871+121° 33.06+1.37%° 29.44+3.02° 4101+331°

AP (mg kg™) 37.67+149° 4366+2.82° 4175+1483° 35924051
AK (mg kg™ 281.39+7.56° 29448+ 1446 227.76+11.46° 237.44+1029°
TP(gkg™ 0.025+0.00° 0.023+0.00° 0.024+0.00° 0.023+0.00°

AN (mg kg™ 25314136 2409+1.71° 294941037 16.60+261°

BD was soil bulk density, SWC was soil water content, EC was electrical conductivity, PS was particle size, AP was available phosphorus, AK was available potassium, TP
was total phosphorus, AN was alkaline hydrolytic nitrogen. Different letters indicate significant differences (p < 0.05)

Table 2 Characteristics of soil physicochemical variables in the
Jiuduansha shoals (mean £S.E.) within various elevation levels.
HM was high-level mudflats, MM was middle-level mudflats, and
LM was low-level mudflats

Items HM MM LM
BD(@cm™)  1.20+001° 1.21+002% 12340012
SWC (%) 64.08+1.84° 85.74+4.18° 91.02+824°
EC(ms™) 1846.99+65.10°°  1811.50+8187°  2157.28+77.90°
pH 7.89+0.02° 7.78+0.06 7.79+0.03°

PS (um) 3553+093° 31.06+3.11° 3433+1.12°
AP(mgkg™) 40524154 39.75+1.58%° 3242+2.12°
AK(mgkg™)  277.95+7.92° 25286+1294*  267.98+849°
TP (gkg™) 0.024+000023"  0.024+0.00074°  0.025+0.00041°
AN (mgkg™)  2439+1.07% 2605+337° 18.83+165°

BD was soil bulk density, SWC was soil water content, EC was electrical
conductivity, PS was particle size, AP was available phosphorus, AK was
available potassium, TP was total phosphorus, AN was alkaline hydrolytic
nitrogen. Different letters indicate significant differences (p < 0.05)

differences in SWC, pH, TP, or AN were absent among
the vegetation types.

The soil physicochemical variables at different eleva-
tions are listed in Table 2. Sediment BD at the LM
sites was significantly lower than that at the HM sites
(p<0.05). The EC at the LM sites was significantly lower
than that at the MM sites (p<0.05). At the HM sites, AP
was significantly lower than that at the LM sites (p <0.05)
and at the MM sites, AN was significantly lower than that
at the LM sites (p<0.05). However, SWC, pH, PS, AK,
and TP showed no significant differences between the
elevation levels.

3.5 Main factors affecting soil Cand N

Results of the Pearson correlation analysis (Fig. 6a)
showed that SOC content and stock were significantly
and positively correlated with PB, AFDW, SWC, AK,
and AN and negatively correlated with BD, PS, and EC

(a) (b)
- 1 =Y
soc . = N
o 0.8
SOCstock . 06
AP
STNstock *
STC o | s0Cstocky$OC
. S
STCstock . 5 . ’ f
0 3] sTCstock
STN <
0.2 3 Q
4 SWC
STNstock | (* ' - C\ \-> 04 PB
R PS
SMBC oe
-0.8
SMBN e
4 ;
PB AFDW BD SWC PS EC AP AK AN -1.0 RDA1-(33.50%) Lo

*p<=0.05

Fig. 6 Pearson correlation (a) and redundancy analysis (RDA) (b) between soil C and N components and influencing factors. AFDW, macrobenthos
biomass; BD, bulk density; EC, electrical conductivity; SWC, soil water content; PS, particle size; AP, available phosphorus; AK, available potassium; AN,

alkaline hydrolytic nitrogen
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(»<0.05). The STC content and stock were significantly
and positively correlated with PB, AFDW, and SWC and
negatively correlated with EC (» <0.05). The STC content
was significantly and positively correlated with AK and
AN (p<0.05). The STN content was significantly and pos-
itively correlated with AN, whereas significantly and neg-
atively correlated with PS (p<0.05). The STN stock was
significantly and positively correlated with PB, AFDW,
SWC, AK, and AN, whereas significantly and negatively
correlated with PS (p <0.05). The SMBC content was sig-
nificantly and positively correlated with SWC and signifi-
cantly and negatively correlated with EC (p<0.05). The
SMBN content was significantly and positively correlated
with PB and significantly negatively correlated with EC
and PS (p<0.05).

Based on the RDA results, SWC, PB, and AN exhibited
a significantly positive influence on SOC, STC, and STN
contents and stocks, and SMBC and SMBN amounts
(Fig. 6b). Significant negative effects of PS, AP, and EC
were observed on soil and microbial C and N variables.

4 Discussion

4.1 Effects of vegetation types on soil Cand N

In the coastal wetlands of the Yangtze Estuary (includ-
ing the Jiuduansha Shoal), the PA and SA communities
mainly grow in high-level mudflats, the SM and ZL com-
munities are distributed in middle-level mudflats, and
few vegetation communities grow in low-level mudflats
owing to differences in ecological niches of different spe-
cies (Pan et al. 2014, Zhang et al. 2015). Significant differ-
ences were observed in soil C and N amounts and stocks
between the vegetated marshes and bare mudflats. Previ-
ous studies have demonstrated the crucial role of marsh
vegetation in enhancing soil C and N stocks in surface
soil layers (Wolkovich et al. 2010).

Our research showed that SA communities exhibited
higher plant biomass than the other vegetation types,
which is consistent with previous findings (Zhou et al.
2015). Spartina alterniflora is an invasive species, origi-
nally from East America, that displays superior competi-
tiveness against native salt marsh plants along the coast
of China in terms of nutrient uptake and utilization effi-
ciency (Li et al. 2009, Qiu et al. 2023). The strong invasive
characteristics can also be attributed to the large root
systems of SA communities, which can alter the physi-
cal and chemical properties of the soil (Wan et al. 2020,
He et al. 2021a). The advantageous traits of SA, such as
dense canopies and roots with strong wave attenua-
tion and sedimentation capturing ability, might result in
increased C and N retention compared to local plants
such as SM (Chen et al. 2005b; Yang 2019). In contrast,
the native SM community, as the pioneer species on the
coast, exhibited a significantly lower plant biomass than
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the other communities. Owing to their low-level canopy
structure and prolonged inundation, the C sequestration
capacity of SM communities is restricted under condi-
tions of external stress and reduced sediment deposition
(Cheng et al. 2006, Qian et al. 2019). Furthermore, SMBC
and SMBN were positively correlated with plant biomass,
SOC, and STN (Fig. 5), which is consistent with results
of previous studies demonstrating that increased SMBC
and SMBN resulted from concomitant increases in fresh
organic material input and sequestration of SOC and
STN (Haynes 2000, Liao et al. 2008).

The results of RDA indicated a significant positive cor-
relation between PB and the soil C and N components
(Fig. 6), revealed that the increase in PB promoted the
contents of STC, STN, and SMBN as well as STC and
SOC stocks. Previously, Miao et al. (2019) presented that
the aboveground plant biomass and litter amount exhib-
ited a stronger correlation with SOC. Vegetation types
also exhibit differing capacities for soil C and N seques-
tration, as evidenced by variations in the contents and
stocks of STC, SOC, and STN, with the Spartina commu-
nity showing the highest contents. This result is consist-
ent with the findings of the previous researches (Cheng
et al. 2006; Zhou et al. 2023).

4.2 Effects of topography on soil Cand N

There was considerable spatial heterogeneity in the dis-
tribution of soil C and N components in the Jiuduansha
Shoal, which decreased significantly from high- to low-
elevation mudflats (Fig. 2). The relatively higher soil C
and N contents and stocks at high elevations than that
in low-elevation sites can be attributed to greater plant
productivity (Hu et al. 2019). Moreover, high-elevation
marsh soils have the most advanced root structures,
which can protect the soil from erosion and are more
conducive to microbial biomass accumulation, thus lead-
ing to an increase in the accumulation of soil C and N
(Lennon et al. 2012; Jing et al. 2020). On low-lying flats,
continuous tidal inundation and wave currents limit veg-
etation growth. These areas tend to be eroded by strong
tidal flooding, which hinders the accumulation of nutri-
ent-rich soil particles (Saint-Laurent et al. 2014).

Along flat elevations, variations in soil physicochemi-
cal properties were identified to influence soil C and N
dynamics, mainly because of microbial activity and min-
eralization processes (He et al. 2021b). Both the Pearson
correlation and RDA results showed that SWC was posi-
tively correlated with SOC, STC, and STN contents and
stocks (Fig. 6). Under high SWC conditions, the anoxic
decomposition of soil organic matter tends to be inhib-
ited, resulting in decreased C and N return rates (Zhao
et al. 2016). Higher soil moisture resulted in lower BD,
which was negatively correlated with SOC content and
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stock (Fig. 6a and b). This is probably because SOC can
be mobilized in porous spaces within the soil matrix
(Anh et al. 2014).

Furthermore, the correlations between soil AK and AN
and soil C and N contents and stocks were significantly
positive (Fig. 6). The nutrients AP, AK, and AN can be
directly utilized by plants for growth (Tian et al. 2021).
Sufficient soil nutrients also provide material support for
the metabolic activities of soil microorganisms (Philip-
pot et al. 2024). In the present study, both the Pearson’s
correlation test and RDA results showed that SMBC and
SMBN were significantly related to the soil properties
SWC, PS, and EC (Fig. 6a and b), which is in line with
finding of previous studies (Esperschiitz et al. 2013). A
previous study also found a strong relationship between
soil physicochemical properties, SMBC, and SMBN
(Zhang et al. 2016).

4.3 Effects of macrobenthos on soil Cand N

Macrobenthos in coastal wetlands serve as both a source
and sink of C and N of terrestrial origin (Fig. 7). Mac-
robenthos residues are buried in sediments and become
a source of organic matter (McLeod et al. 2009, Pardo
et al. 2023). Additionally, macrobenthos regulate soil C
and N dynamics not only by converting organic matter
(e.g., vegetation litter) into sediments, but also by accu-
mulating C and N within their bodies (e.g., shell carbon)
as a potent C and N sink into sediments (Barnes 2017;
Van der Schatte Olivier et al. 2020). In the present study,
we analyzed the AFDW of macrobenthos in different

Bare Mudflats | Scirpus mariqueter |

Spartina alterniflora |
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habitats, indicating the potential organic matter input
into the wetland soil during the animal life cycle.

In coastal habitats, vegetation type and geomorphology
are the most important factors determining the distribu-
tion of various macrobenthos species (Chen et al. 2005a,
2009). In the Jiuduansha Shoal, there was a comparable
difference in macrobenthos abundance and species num-
ber among the habitats (Fig. 4a and b), and the mac-
robenthos enrichment level in the vegetated marsh was
significantly higher than that at the BM sites. The abun-
dance of macrobenthos in the SM communities was the
highest among the communities, and mollusks (Gastrop-
oda and Bivalvia) were the dominant species (Fig. 4b).
This could be attributed to the complex geomorphologi-
cal structure of the SM communities, which provides a
suitable underground environment, and the intricate
root structure of the vegetation, which offers ample living
space for macrobenthos (Capehart et al. 1989, Ricklefs
1993). Macrobenthos in the BM included a few species
with low abundance, and the dominant species were
gastropods (Fig. 4b). Under frequent tidal currents, the
drastic perturbation of low-lying mudflats inhibits the
massive proliferation of macrobenthos (Lv et al. 2016).

Another vital process by which macrobenthos affect
soil C and N dynamics is their burrowing activity. Bio-
turbation due to macrobenthos regulates C and N turn-
over as well as the diversity and structure of microbial
communities in intertidal wetlands, which also directly
influences sedimentary processes through organic mat-
ter metabolization coupled with aerobic respiration and
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metabolic excretions (Furukawa 2005). Bioturbation is a
key factor in the microbial remineralization of deposited
SOC and greenhouse gas emissions in wetlands (Cam-
eron et al. 2019; Thomson et al. 2019). Thus, frequent
perturbation by macrobenthos favors the mixing of sedi-
ments at different soil depths and increases the oxygen
content around caves, significantly stimulating microbial
decomposition pathways (Kristensen 2008). A previous
study showed that macrobenthos (e.g., worms, snails, and
crabs) increased the mineralization of organic matter in
the sediment and promoted the decomposition of soil C
and N, thus changing the characteristics of the C and N
budget and resulting in the loss of stored organic matter
(Nie et al. 2021).

A previous study showed that N,-fixation by microor-
ganisms in bioturbated sediments may be a vital process
leading to N input into ecosystems (Bertics et al. 2010).
Macrobenthos can increase denitrification rates by up to
400% through their activities (e.g., feeding, burrowing,
and bioturbation) (Gilbert et al. 1998; Howe et al. 2004).
However, some studies have reported that sediments
bioturbated by macrobenthos could be both a source of
fixed N and a loss owing to stimulated denitrification
(Laverock et al. 2011). Overall, the relationship between
macrobenthos organisms and C and N pools in sedi-
ments is complex. Macrobenthic composition, biomass,
and organic matter distribution in sediments are interde-
pendent (Zaborska et al. 2018). Further investigations on
the interaction between wetland soil C and N turnover
and storage and macrobenthos behavior and life cycle are
needed to understand the role of soil animals in influenc-
ing soil C and N dynamics.

5 Conclusions

The spatial distributions of soil C and N components
were investigated in a coastal wetland in the Yangtze
Estuary. Furthermore, the roles of plant type, plant
biomass, tidal table, soil properties, and macrobenthos
in variations in soil C and N contents and stocks were
explored. The results showed that the STC, SOC, and
STN contents and stocks at the SA and PA sites were
significantly higher than those at the BM sites. The
mean values of SMBC and SMBN in the vegetated sites
were significantly higher than those of the BM sites.
All soil and microorganism C and N variables showed
a remarkably increasing trend from the LM to the HM
sites. The abundance of macrobenthos at the SM sites
and the AFDW of macrobenthos in the PA commu-
nity was the highest among all communities. The soil
C and N in the salt marsh was positively correlated to
PB, SWC, macrobenthos AFDW, Ak and AN, while PS,
BD and EC had a negative effect. Our results provide a
scientific basis for assessing the C and N sequestration
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potential of coastal salt marshes in East China with
synergetic effects of biotic and abiotic factors, also sup-
porting the management of the C and N pools.

Appendix

Table 3 Community character of the benthic macroinvertebrates
in the Jiuduansha shoals (mean=S.E.)

Zones Phyla Class Species  Biomass(g/ Density(ind./

m?) m?)

Cerebratu- 2.16+0.47 40.00+8.00

lus sp.

High Nemer-
tidal tea

Anolpa

Annelida  Poly- 0.65+0.28 33.33+1250

chaeta

Tylor-
rhynchus
hetero-
chaetus

Den- 0.76+0.44
tinephtys

glabra

Het- 0.72+0.37

eromastus
filiformis

34.09+1261

24.00+8.00

Noto- 0.50+0.20 33.33%£1443
mastus

latericeus

Mollusca  Gastrop-  Ellobium — 1.07+0.43 47.50+14.19

oda chinense

Assiminea  2.61+1.93 69.33+£5.29
sp.
Assiminea

latericea

12154536 41.43+15.28

Assiminea  891+2.72 31.88+11.31

violacea
Cerith-
ideopsis
largillierti
Cerithidea
sinensis

707£1.70 16.00+8.00

18.02+3.35  26.66+533

Neritina 1037+049  26.66+533

violacea

Corbicula  17.66+0.95  32.00+16.00

fluminea

Bivalvia

Glauco- 333£3.17 85.33+23.25
nome

chinensis

Orchestia  0.48+0.60 50.00+5.00

platensis

Uca 10.03+1.04
arcuata

Arthrop-  Malacos-
oda traca

29.33+£5.89

llyoplax 1.73£1.24 61.08+35.12
des-

champsi
Chiro-
mantes
neglectum

83.91+2960 31.67+11.44
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Zones Phyla Class Species  Biomass(g/ Density(ind./ Zones Phyla Class Species  Biomass(g/ Density(ind./
2 2 2 2
m?) m?) m°?) m°)
Orisarma 56921150 27.78+833 Helice 43.55+4.50  20.00+4.00
neglectum tientsin-
Orisarma 3845432  17.78+1.78 ensis
sinense Insecta  Larvaof 049+0.029  17.60+3.92
Chor-  Osteich- Perioph-  9626+426  24.00+8.00 Lepidop-
date thyes thalmus tera
canton- Coleoptera  0.56+0.024  16.00+3.58
ensis Diptera 066+0.081  25.85+6.15
Insecta  Larva of 0.82+0.083  17.60+3.92 larvae
Lepidop- Low  Annelida Poly- Tylor- 0.39+0.020  16.00+0.00
tera tidal chaeta  rhynchus
Coleoptera 0.78+0.11 21.33+£8.68 hetero-
Diptera 277482 81255313 chaetus
larvae Den- 0.36£0.090  24.00+8.00
Middle Annelida Poly-  Tylor- 0574013 17.78+178 tinephtys
tidal chaeta  rhynchus glabra
hetero- Het- 0.25+0.038  20.00£4.00
chaetus eromastus
Den- 1024011 24.00+3.02 filiformis
tinephtys Noto- 0.34+0.18 333311443
glabra mastus
Het- 0424016  21.33+533 latericeus
eromastus Mollusca Gastrop-  Stenothyra 0.59+0.12 43.75+17.68
filiformis oda glabra
Noto- 031+0.15 18.67+7.05 Ellobium ~ 0.89+0.015  40.00+8.00
mastus chinense
latericeus Assiminea 182022 73.89+7.58
Mollusca Gastrop-  Ellobium  1.13+0.23 29.71+4.17 sp.
oda  chinense Assiminea  760£138  40.00+17.48
Assiminea  3.12+2.23 71894533 latericea
SP- Assiminea  5.95+1.89 21.33+£533
Assiminea  10.57£3.76 ~ 39.29+13.36 violacea
latericea Cerith-  468+064 1600150
Assiminea  1045+3.70 21334148 ideopsis
violacea largillierti
Cerith- 5.00£0.96 18.67+7.06 Cerithidea 16.16+£5.56  35.00£13.69
ideopsis sinensis
largillierti Bivalvia Corbicula 1543336 25.00+5.00
Cerithidea 12.67+1.27  18.00+2.00 fluminea
sinensis Mactra 34274606  24.00+8.00
Onchid- 15244179  37.33+14.11 veneri-
ium formis
reevesit Moerella 25124789 64.00%16.00
Bivalvia ~ Moerella ~ 0.49+0.70 56.00£8.00 iridescens
fridescens Glauco-  337+251  164.58+99.12
Glauco- 247+1.15 48.00+16.00 nome
nome chinensis
chinensis Sinono-  804+083  17.50+1.50
Arthrop- Malacos- Orchestia  049+0.075  40.00+8.00 vacula
oda traca platensis constricta
Uca 6.55+0.43 13.33+£2.67 Arthrop-  Malacos- Coro- 0.65+0.13 12.00£4.00
arcuata oda traca phium
llyoplax 171112 59.38+37.64 volurutur
des- Spha- 0.58+0.065  24.00+8.00
champsi eroma
Orisarma ~ 5450+7.78 37501443 sinensis
neglectum llyoplax 1444017 76.61+£42.79
Orisarma 33754323 22.67+2.38 des=
sinense champsi
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Zones Phyla Class Species  Biomass(g/ Density(ind./
m?) m?)
Philyra 40.00+1.90  27.78+8.33
pisum
Orisarma ~ 50.11+£321  20.00+12.00
neglectum
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