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Coastal wetlands play a crucial role in the global carbon (C) cycle; however, they have been affected by the
invasive plant Spartina alterniflora. The impacts of S. alterniflora invasions on soil organic carbon (SOC) source
and composition in wetlands are poorly understood compared to SOC stocks. This hinders the accurate esti-
. . L mation of blue C budgets owing to the long-term effects of S. alterniflora invasions. Here, a space-for-time
Spartina alterniflora invasion L. . . . . . .
Soil organic carbon substitution method was applied to investigate SOC accumulation in invasive 5-, 10-, 15-, 18-, and 21-year-
Tide old S. alterniflora communities. This was compared with bare flat in the topsoil (0-10 cm) and subsoil (30-60
cm) of coastal wetlands. Biomarkers (lignin phenols and amino sugars) and Fourier transform infrared spec-
troscopy were used to describe the accumulation patterns of plant- and microbial-derived C across varying
S. alterniflora invasion times, as well as associated stabilization mechanisms. Plant-derived C dominated the SOC
content compared to microbial-derived C during S. alterniflora invasions, while microbial-derived C played a
more critical role in SOC stability than that of plant-derived C. At both soil depths, microbial-derived C gradually
increased with increasing invasion time, whereas plant-derived C initially increased and then decreased,
consistent with changes in SOC content. The variation in inundation conditions, influenced by tides, emerged as a
significant factor affecting the accumulation of plant- and microbial-derived C, as well as SOC stability.
Decreased inundation frequency and increased oxygen exposure, driven by tides, may lead to a rapid rise in SOC
mineralization and the enrichment of microbial-derived C at the expense of plant-derived C. Consequently, this
process improved SOC stability. These findings hold substantial implications for potential C loss resulting from
the long-term impacts of S. alterniflora invasions. Furthermore, they may help predict the long-term effects of
S. alterniflora invasions on blue C budgets within the context of global change scenarios.

1. Introduction

Coastal wetlands possess a high carbon (C) sequestration capacity,
commonly referred to “blue carbon”, which plays a crucial role in
mitigating global climate change (Wang et al., 2021). Despite covering
< 0.1 % of the global surface area, these wetlands accumulate C at a rate
15 times that of terrestrial ecosystems and 50 times that of marine
ecosystems, making them capable of offsetting 0.5-1.0 % of current
anthropogenic C emissions (Ouyang et al., 2017). However, invasive
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plants pose a significant threat to coastal wetlands, resulting in
considerable uncertainty regarding blue C stocks (Xia et al., 2021).
Spartina alterniflora, a perennial C4 grass, was introduced to China
from the United States in 1979 for coastline protection and soil stabili-
zation (Bernik et al., 2016). Subsequently, S. alterniflora has invaded
over 40 % of China’s coastal wetlands, displacing native C3 grasses (e.g.,
Phragmites australis and Suaeda salsa) and occupying bare flat (BF) areas.
This invasion is facilitated by S. alterniflora’s high photosynthetic rate
and its ability to tolerate saline and inundation conditions (Liu et al.,
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2020). S. alterniflora invasions not only threaten the biodiversity of
native ecosystems but also affect the process of soil organic C (SOC)
accumulation in salt marshes by altering organic litter inputs, rhizode-
position, and sediment capture (Seliskar et al., 2002; Hopkinson et al.,
2012). Previous studies have shown that S. alterniflora invasions
generally promote SOC accumulation owing to its high productivity
than that of native salt marshes or BF areas (Yang et al., 2016; Zhang
et al., 2021). However, the temporal impacts of S. alterniflora invasions
on SOC content remain poorly understood. Under the combined effect of
elevation and tide, factors such as inundation frequency, soil salinity,
clay content, and nutrients vary along the elevation gradient, further
affecting the S. alterniflora growth (e.g., plant height and biomass) and
SOC accumulation across varying invasion times (Deng et al., 2007;
Zhang et al., 2010). Additionally, S. alterniflora has a proliferative sub-
surface system, resulting in variations in below-ground biomass and SOC
accumulation with soil depth (Li et al., 2020; Liu et al., 2021b). Hence,
S. alterniflora invasions have diverse impacts on SOC content with
increasing invasion time and soil depth (Xia et al., 2021; Xu et al., 2022).
However, this inference has not been well explained owing to the
varying source, composition, and stability of SOC with increasing in-
vasion time and soil depth remaining poorly understood, limiting our
comprehension of the C sequestration process during S. alterniflora
invasions.

Coastal wetlands are semi-open ecosystems influenced by tides,
characterized by high productivity and anoxic conditions that inhibit
organic matter decomposition. In this context, abundant plant-derived C
(such as lignin phenols) from plant litter and root exudates greatly
contributes to SOC (Bernal and Mitsch, 2008). However, recent studies
have reported that the “microbial carbon pump” process not only has a
critical role in C sequestration in marine and terrestrial ecosystems but
also contributes to soil C sequestration in coastal zones (Jiao and Zheng,
2011; Spivak et al., 2019; Liao et al., 2023). As the “engine” of the
biogeochemical cycle, microorganisms can use labile C, such as small
molecular plant-derived C, to synthesize microbial biomass and then
convert it into microbial-derived C (such as amino sugars) via anabolism
(Liang et al., 2017; Liu et al., 2021a; Ma et al., 2018). Microbial-derived
C can be adsorbed onto mineral surfaces and physically protected in
mineral-associated organic matter, resulting in higher stability
compared to that of unprocessed plant-derived C stored in particulate
organic matter (Liu et al., 2021a; Sokol et al., 2019).

Tidal action plays a pivotal role in SOC turnover and stocks
(Schuerch et al., 2019). The thick stems and developed underground
rhizomes of S. alterniflora can accelerate sedimentation by effectively
capturing suspended sediments, thereby increasing elevation and
inhibiting tidal action (Davidson et al., 2018; Wang et al., 2022). On the
prograding coast, tidal action gradually weakens with increasing
S. alterniflora invasion time, resulting in changes in microbial activity
and SOC sequestration conditions (Wan et al., 2009; Zhu et al., 2019).
For instance, decreased inundation frequency and increased soil oxygen
exposure lead to increased microbial decomposition of plant residues,
and their partial conversion, to more stable microbial necromass via a
microbial carbon pump (Liu et al., 2021a). Therefore, the content and
stability of SOC are highly dependent on the maintenance of C from
plant and microbial sources, which are significantly affected by tides
and related environmental factors (Hill and Vargas, 2022; Shao et al.,
2022). However, previous studies have mostly focused on the impact of
S. alterniflora invasions on SOC content in the topsoil of coastal wetlands
(Zhang et al., 2010; Davidson et al., 2018), with limited research on the
dynamics of plant- and microbial-derived C and their associated stabi-
lization mechanisms in different soil layers.

In this study, a space-for-time substitution method was applied to
quantify the response patterns of SOC dynamics to S. alterniflora in-
vasions (Liu et al., 2017). Two sets of widely adopted biomarkers (lignin
phenols and amino sugars) were selected to trace plant- and microbial-
derived C, respectively (Yang et al., 2022). Fourier transform infrared
spectroscopy (FTIR) was utilized to evaluate the composition of
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functional groups and chemical stability of SOC (Calderon et al., 2013;
Shao et al., 2019b). We aimed to (1) investigate the accumulation pat-
terns of plant- and microbial-derived C in the topsoil (0-10 cm) and
subsoil (30-60 cm) across varying S. alterniflora invasion times; and (2)
evaluate how S. alterniflora invasion influences SOC formation and sta-
bility by integrating plant and soil properties as well as tidal conditions.

2. Materials and methods
2.1. Site description and sampling

We conducted this study in the Jiangsu Yancheng Wetland National
Nature  Reserve  buffer  region, China  (33°21'-33°23'N,
120°42'-120°44'E). The wetland is situated on the middle Jiangsu coast
(Fig. 1), which is characterized by continuous seaward advancement,
primarily owing to the abundant sediment supply from offshore sand
ridges and ancient river deltas (Wang et al., 2012). The study area has a
typical monsoon climate, with an annual average temperature of nearly
14 °C and average annual precipitation of about 1000 mm (Yang and
Guo, 2018). This region was once a BF area, and S. alterniflora was
introduced here in the late 1990 s and rapidly expanded to create large
areas of S. alterniflora salt marshes (Yang, 2019; Yang and Chen, 2021).
The growth of S. alterniflora is influenced by the complex feedback
process of vegetation-tide-sediment, exhibiting co-developmental
characteristics with topography and tidal hydrodynamics in its habitat
(Fig. 1; Ge et al., 2019; Viles, 2020; Wang et al., 2022). Therefore, the
invasion time of S. alterniflora exhibits a strong correlation with eleva-
tion and tidal hydrodynamics, such as inundation time and frequency
(Xie and Gao, 2013; Snedden et al., 2015). Owing to the accelerated
sedimentation of S. alterniflora, the salt marshes on the middle Jiangsu
coast are silted by approximately 4 cm per year, which is equivalent to a
50 m annual advance of the shoreline into the sea (Wang et al., 2012).

A space-for-time substitution method was employed to identify the
different S. alterniflora invasion times in the sampling area using Landsat
images and historical records (Yang and Guo, 2018; Yang, 2019). The
chronosequence from seaward to landward included BF, 5-year-old
S. alterniflora (SA5), 10-year-old SA (SA10), 15-year-old SA (SA15),
18-year-old SA (SA18), and 21-year-old SA (SA21), which were located
at distances of 0, 150, 450, 650, 750, and 900 m away from the BF area,
respectively (Fig. 1). The BF, SA5, SA10, and SA15 communities were
predominantly located in the intertidal zone, which was inundated by
semidiurnal tides (average tidal ranges of 3 m) (Xie and Gao., 2013),
whereas SA18 and SA21 were primarily within the rarely inundated
supralittoral zone. Field sampling was conducted in April 2020. Along
three parallel transects (900 m long x 20 m wide), 18 sites were selected
across the invasion period. Each transect was 60-80 m apart. At each
sampling site, three 1 x 1 m quadrats were randomly established.
Depending on the structure of the soil profile and the plant rooting
depth, three soil layers (0-10, 10-30, and 30-60 cm) were sampled from
each quadrat. To highlight changes at different depths, soil depths of
0-10 and 30-60 cm were selected to represent the topsoil and subsoil,
respectively. Following the removal of the organic debris and visible
plant roots, three soil replicates were homogeneously mixed to produce
one composite sample. The samples were then transported to the labo-
ratory at approximately 0 °C and passed through a 2 mm mesh. Finally,
36 soil samples (6 communities x 3 transects x 2 soil depths) were
collected. Each soil sample was divided into two halves: (1) for analysis
of soil moisture (SM), clay, microbial biomass C (MBC), and dissolved
organic carbon (DOC) (samples stored at 4 °C); (2) salinity, pH, SOC
content, SOC chemical stability, total nitrogen (TN) content, lignin
phenols, and amino sugars (samples stored at room temperature).

2.2. Analysis of plant properties

In each quadrat (1 x 1 m), the above-ground biomass (AGB) of the
plants were collected and delivered to the laboratory. The plant samples
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Fig. 1. Location of the sampling sites in the Yancheng Wetland National Nature Reserve buffer region, China. BF: bare flat, SA5: 5-year-old Spartina alterniflora (SA),
SA10: 10-year-old SA, SA15: 15-year-old SA, SA18: 18-year-old SA, SA21: 21-year-old SA. (For an explanation of the colour reference in this legend, please refer to

the Web version of this article.).

were cleaned and dried at 80 °C until a stable weight was obtained.
Detailed information regarding the plant properties can be found in
Table S1.

2.3. Analysis of soil properties

Soil was oven dried at 105 °C for more than 48 h till the weight was
constant to determine the SM. Laser diffraction (Mastersizer 2000,
Malvern, UK) was employed to detect the soil texture, with clay, silt, and
sand defined as grain sizes of < 2, 2-50, and 50-2000 pm, respectively
(Ryzak and Bieganowski, 2011). The electric conductivity method was
used to analyze soil salinity. Soil pH was detected by a pH meter in a soil:
water ratio of 1:2.5 (w:v). The air-dried soil, sieved to 0.15 mm, was

utilized to quantify the SOC and TN contents on a Vario EL III elemental
analyzer (Elementar, Germany). The fumigation-extraction approach
was used to determine the MBC (Brookes et al., 1985). Soil samples were
extracted in MilliQ water at a ratio of 1:2.5 soil solution and shaken for
1 h. The filtered (<0.45 pm) supernatant was then subjected to DOC
determination on a multi N/C 3100 automatic analyzer (Analytik,
Germany) (Jia et al., 2021).

2.4. FTIR spectroscopy analysis

The SOC chemical stability was measured via FTIR spectroscopy. The
KBr pellets were obtained by homogenizing and grinding 2 mg air-dried
soil sample (sieved to 0.15 mm) and 200 mg dried KBr. The FTIR spectra
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of the soil samples were collected on a Nicolet iN10 infrared spec-
trometer (Thermo, USA). The measured values were recorded from 4000
to 400 cm ™!, with a resolution of 4 cm ™! and an average of 64 scans per
sample. After subtracting the reflectance related to ambient air, the ratio
of the area of a characteristic peak (1630 and 1050 cm ™)) to the sum of
both selected peaks was calculated as the relative peak areas (rA, %)
(Calderon et al., 2013). The ratio between aromatic C groups (active C
component; rA1630) and carbohydrates (stable C component; rA1050)
was then calculated (rA1630:1050) and used to evaluate SOC chemical
stability, following the method of Shao et al., 2019b. A high ratio of
rA1630:1050 indicates that the soil has more aromatic nuclei and less
aliphatic side chains, and that the soil component has a high degree of
condensation and a complex molecular structure (Margenot and Hod-
son, 2016; Hou et al., 2019).

2.5. Lignin phenols analysis

Soil lignin phenols were determined by alkaline CuO oxidations,
combined with gas chromatography, according to the methodology
described by Otto et al. (2005). Briefly, 1 g of freeze-dried soil (sieved to
0.15 mm) was mixed with 1 g CuO, 50 mg Fe(NH4)2(SO4)2-6H20, and
15 mL of 2 M NaOH solution. It was then heated to 170 °C for 3h in a
Teflon bomb. The recovery standards (ethyl vanillin and trans-cinnamic
acid) were added to the oxidation products and then acidified to pH 1
with 6 M HCL. Cleanert PEP-SPE columns (500 mg, Agela Technologies,
USA) were then used to extract the samples. The ethyl acetate eluent was
concentrated under Ny and redissolved in acetonitrile. The obtained
samples were derivasized with bis-trimethylsilyl-trifluoroacetamide and
1 % trimethylchlorosilane (BSTFA + 1 %TMCS). The derivasized com-
pounds were loaded on the Thermo Trace 1300 GC instrument DB1
capillary GC column (30 m x 250 pm x 0.25 pm) containing the flame
ionization detector.

The quantity of lignin phenols was calculated by adding vanillyl (V)-,
syringyl (S)-, and cinnamyl (C)-type phenols. The acid/aldehyde ratios
for V and S phenols [(Ad/Al), and (Ad/Al)s], and the ratios of C/V and
S/V were utilized to estimate the extent of lignin oxidation and micro-
bial alteration (Kogel, 1986). Detailed calculation of the plant-derived C
is listed in supplementary methods.

2.6. Determination of amino sugars

Soil microbial-derived C was indicated by amino sugars, including
glucosamine (GluN), galactosamine (GalN), and muramic acid (MurN).
Soil amino sugars were measured following the procedure of Indorf et al.
(2011). Briefly, approximately 1.0 g of freeze-dried soil (sieved to 0.15
mm) was hydrolyzed with 10 mL 6 M HCl at 105 °C for 8 h. After
cooling, 100 pL myo-inositol (internal standard) was added, and the
solution was then filtered. The filtrates were dried using an evaporator
(55 °C) and redissolved in water. The solution was adjusted to pH
6.6-6.8 by KOH neutralization, and the supernatant was dried using an
evaporator (55 °C). Subsequently, the residues were redissolved with 5
mL methanol and then transferred to the vial for drying by N, at 45 °C.
Lastly, 100 pL N-methyl glucamine (quantitative standard) and 1 mL
deionised water were added into the residues and lyophilized.

Lyophilized residues were dissolved in 300 pL of a derivatization
reagent, and the solution was heated at 80 °C for 40 min. Subsequently,
1 mL of acetic anhydride was added to the cooled derivatives and
reheated at 80 °C for 30 min. The solution containing 1 mL of 1 M HCl
and 1.5 mL dichloromethane was washed three times with 1 mL
deionized water to thoroughly remove the residual anhydride. Lastly,
200 pL ethyl acetate-hexane (1:1) was used to redissolve the amino
sugar derivatives and analyzed on a Thermo Trace 1300 GC instrument
DB1 capillary GC column (30 m x 250 pm x 0.25 pm) containing the
flame ionization detector. Detailed calculation of the microbial-derived
C is shown in supplementary methods.

Catena 237 (2024) 107777
2.7. Statistical analysis

All data were checked for normality and homogeneity of variance by
the Shapiro-Wilk test and Levene test, respectively. When necessary, log
transformation was applied. If a normal distribution was not achieved,
then a non-parametric test (Kruskal-Wallis or Mann-Whitney U test)
was performed. Relationships between different variables were tested
using Pearson (normally distributed data) or Spearman correlations.
Significant differences of soil properties and biomarkers among the
varying invasion times were determined by one-way analysis of variance
(ANOVA) with Duncan’s test. Differences between soil layers were
examined using the paired t test. These statistical analyses were per-
formed using SPSS 26.0 for windows (IBM, Corp., USA).

Random forest analysis was utilized to identify the effect of envi-
ronmental variables on plant- and microbial-derived C. The selected
variables included plant properties (AGB), soil biotic factors (MBC), and
soil abiotic factors (pH, salinity, clay, SM, SOC, DOC, TN, and C:N). The
percentage increase in the mean squared error (MES) was utilized to
estimate the relative importance of the environmental variables using
the ‘randomForest’ package in R. With the ‘rfPermute’ package, the
significance of predictors for environmental variables was calculated.

3. Results
3.1. Soil properties

With increasing invasion time of S. alterniflora, the SOC content
(1.0-7.8 g kg™! soil), TN content (127.4-825.5 mg kg™' soil), clay
content (2.3-13.4 %), and salinity (5.8-11.4 g kg’1 soil) at both soil
depths generally increased first, and then decreased, reaching a peak in
the SA10 or SA15 soil (Fig. 2 and Table 1). At both soil depths, the SOC
chemical stability (0.07-0.21), DOC (14.4-87.0 mg kg_l soil), and MBC
(30.1-221.0 mg kg’1 soil) peaked in the SA21 soil (Fig. 2 and Table 1).
The soil maintained an alkaline pH at both soil depths, and the pH of BF
soil was significantly higher than that of S. alterniflora soil (p = 0.012;
Table 1). The SOC and TN contents of most topsoil were higher than
those of the subsoil, whereas the SOC chemical stability in the subsoil
was significantly higher than that in the topsoil (p = 0.001; Fig. 2 and
Table 1). The MBC (p = 0.009) and DOC (p = 0.006) contents also
differed significantly between the topsoil and subsoil (Table 1), with
higher values observed in the subsoil, except for the SA15 soil.

3.2. Plant-derived C and its contribution to SOC

The AGB gradually increased with S. alterniflora invasion time,
ranging from 2851.3 g m 2 to 6273.3 g m~2 (Table S1). However, the
SOC-normalized content of lignin phenols (5.9-50.1 g kg ! SOC), plant-
derived C (70.5-3957.6 mg kg~ ! soil), and the contribution of plant-
derived C to SOC (7.4-50.9 %) generally increased initially and then
decreased, reaching a peak in the SA15 soil (Fig. 3). The SA21 soil
showed the highest ratios of (Ad/Al), and (Ad/Al); but the lowest ratios
of S/V and C/Vin S. alterniflora areas (Fig. 3). In S. alterniflora salt marsh
wetlands, the SOC-normalized content of lignin phenols, plant-derived
C, and the contribution of plant-derived C to SOC in the topsoil were
generally higher than those in the subsoil, whereas the subsoil had
higher ratios of (Ad/Al)y (p < 0.001) and (Ad/Al)s (p = 0.002) than the
topsoil (Fig. 3).

3.3. Microbial-derived C and its contribution to SOC

In contrast to the plant-derived C, the SOC-normalized content of
amino sugars (4.1-30.0 g kg~ SOC), microbial-derived C (27.8-690.8
mg kg~! soil), and the contribution of microbial-derived C to SOC
(2.3-21.2 %) generally increased with S. alterniflora invasion time at
both soil depths. The SA21 soil exhibited significantly higher values for
these indicators compared to the other sites (p < 0.01; Fig. 3).
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Fig. 2. Soil organic carbon (SOC) content and chemical quality (represented by rA1630:rA1050) across S. alterniflora invasion times in the topsoil and subsoil. Error
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Table 1
Soil properties across S. alterniflora invasion times in the topsoil and subsoil.
Soil layer Soil properties BF SA5 SA10 SA15 SA18 SA21 p value
Topsoil SM (%) 23.7 + 4.8 45.2 4+ 5.2% 45.8 +7.1° 41.0 + 6.2° 44.6 + 7.7° 35.7 + 3.3% > 0.05
Clay (%) 3.3 +0.14 6.8 + 0.4 13.4 + 0.6° 111+ 0.9° 6.7 + 0.5 6.3 £ 0.1° 0.007
DOC (mg kg soil) 14.4 + 1.6° 41.6 + 6.1° 29.6 + 3.3¢ 48.9 + 6.1% 53.1 + 2.9° 69.1 +1.9° < 0.001
MBC (mg kg soil) 30.1 + 4.1¢ 37.9 £ 5.74 46.1 + 5.84 81.8 + 9.4° 65.8 + 3.5° 107.2 + 3.4 0.006
Salinity (%o) 5.8 £ 0.24¢ 7.0 + 0.2¢ 11.4 + 0.2° 9.2+0.1° 6.1 +0.14 5.6 + 0.2° < 0.001
pH 7.9 £0.1% 7.7 +£0.1° 7.5+ 0.2 7.7 + 0.1% 7.4 + 0.0¢ 7.6 + 0.0° < 0.001
TN (mg kg ! soil) 137.6 + 11.4¢ 305.7 + 10.1¢ 825.5 + 29.2° 817.0 + 21.1° 476.9 + 89.8° 397.5 + 71.1° < 0.001
CN 7.0 + 0.6 7.4 +0.6° 8.3+ 0.2° 9.5+ 0.2° 9.1+ 0.4 8.4 +0.4° < 0.001
Subsoil SM (%) 31.2 +3.3° 66.7 + 12.1° 45.5 + 8.7° 74.6 +12.2% 32.9 + 7.9° 37.7 £7.2° <0.001
Clay (%) 2.3 +0.3¢ 4.6 + 0.2 8.3 +0.1° 12.1 + 0.9° 8.3 +0.5" 8.5 + 0.4 0.007
DOC (mg kg * soil) 45.0 + 0.8° 59.7 + 5.5° 51.3 + 6.4 46.2 + 4.2 86.5 + 10.9° 86.9 + 10.8% < 0.001
MBC (mg kg ! soil) 68.8 + 0.8 78.4 + 11.72%>¢ 62.0 + 7.9 73.3 + 6.0 207.2 + 2 5.4% 221.0 £27.9 0.020
Salinity (%o) 5.9 + 0.3° 9.0 £ 0.2° 10.6 + 0.4° 11.2 +0.1° 7.4 £0.1¢ 7.3 +0.1¢ 0.006
pH 8.2+ 0.0° 7.5+0.1° 7.6 + 0.0° 7.9 + 0.0 7.4 +0.1¢ 7.6 £0.1° < 0.001
TN (mg kg ! soil) 127.4 + 4.2° 171.0 + 14.2¢ 408.6 + 61.7° 644.8 + 119.8° 444.6 + 66.6° 442.1 + 75.6° < 0.001
CN 9.5+ 0.2° 7.8 £ 0.5" 8.0 £ 0.4%° 8.5 £ 0.6%° 9.1 £ 0.9% 8.2 £ 0.4% 0.046

SM, soil moisture; SOC, soil organic C; DOC, dissolved organic C; TN, total N; C:N, SOC:TN; MBC, microbial biomass C; and AGB, above-ground biomass. The listed
values are the mean and standard deviation of the triplicate samples. Different superscript letters in the same row indicate significant differences (p < 0.05) across
S. alterniflora invasion times. BF: bare flat, SA5: 5-year-old Spartina alterniflora (SA), SA10: 10-year-old SA, SA15: 15-year-old SA, SA18: 18-year-old SA, and SA21: 21-

year-old SA.

Furthermore, the fungal-derived C/bacterial-derived C (F/B) in the
SA10 and SA21 soils, at both soil depths, was significantly higher than
that in the other sites (p = 0.002; Fig. 3). The microbial-derived C in the
subsoil was mostly lower than that in the topsoil (Fig. 3). Additionally,
compared to the subsoil, the topsoil showed higher bacterial-derived C
(p = 0.001) and its contribution to SOC (p < 0.001), and lower F/B (p =
0.002).

3.4. Controls over plant- and microbial-derived C

Random forest models suggested that SOC and TN explained most of
the variation of the plant-derived C accumulation at both soil depths (p
< 0.01; Fig. 4), whereas clay content was the most important factor
explaining microbial-derived C (p < 0.01). The correlation analysis
indicated that plant- and microbial-derived C were positively correlated
with clay content at both soil depths (p < 0.05; Table S2). Plant-derived
C was positively correlated with SOC and TN (p < 0.01), whereas
microbial-derived C was positively correlated with DOC, MBC, and AGB
(p < 0.05). Moreover, the contribution of plant-derived C to SOC had a
positive correlation with SOC content at both soil depths (p < 0.01;

Fig. 5), whereas the contribution of microbial-derived C to SOC
demonstrated a positive effect on SOC chemical stability (p < 0.05).

4. Discussion
4.1. SOC content with S. Alterniflora invasion time

In coastal wetlands located in the land—sea transition zone, periodic
tidal action and its controlled vegetation distribution and evolution are
the mechanisms that control and maintain the C cycle process and C sink
function (Cahoon et al., 2021). Previous studies have indicated that
S. alterniflora can continuously promote SOC accumulation in China’s
coastal wetlands, as it does in its native areas (Ouyang and Lee, 2014;
Jin et al., 2017). However, the findings from this study showed that the
SOC content first increased and then decreased at both soil depths,
rather than increasing monotonically, with the highest SOC content in
the SA15 soil (Fig. 2). Similarly, a meta-analysis also showed that
S. alterniflora invasions only increased the SOC content on a decadal
scale, and then decreased it, which was likely owing to the population
degradation of S. alterniflora (Xu et al., 2022). Furthermore, microbial-
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Fig. 3. Content of SOC-normalized lignin phenols (A), content of plant-derived C (B), contribution of plant-derived C to SOC (C), acid-to-aldehyde ratios of syringyl
and vanillyl units (Ad/Al; D and E), the ratios of cinnamyl to vanillyl (C/V; F) and syringyl to vanillyl (S/V; G), content of SOC-normalized amino sugars (H), content
of microbial-derived C (I), contribution of microbial-derived C to SOC (J), fungal-derived C to bacterial-derived C ratio (F/B; K), fungal- and bacterial-derived C
contents (L and M), and fungal- and bacterial-derived C contributions to SOC (N and O) across S. alterniflora invasion times in the topsoil and subsoil. Error bars
represent the standard deviations of triplicate samples. (For an explanation of the colour reference in this legend, please refer to the Web version of this article.).

mediated C loss increased with invasion time owing to increased
greenhouse gas emissions from enhanced microbial decomposition ac-
tivities (Yuan et al, 2014; Xiang et al., 2015). Consequently, a
comprehensive consideration of plant- and microbial-derived C dy-
namics and their related stabilization mechanisms is required to confirm
the long-term impacts of S. alterniflora invasions and reveal the under-
lying mechanisms.

4.2. Accumulation patterns of plant- and microbial-derived C and their
contributions to SOC

This study attempted to perform a systematic comparison of soil
plant- and microbial-derived C accumulation patterns in different soil
layers across S. alterniflora invasion times. A conceptual diagram was
developed to clarify the mechanisms of plant- and microbial-mediated
SOC formation across S. alterniflora invasion times on the prograding
coastal wetlands (Fig. 6). Topsoil OC in S. alterniflora salt marshes was

characterized by a high proportion of plant-derived C (7.4-50.9 %) and
low proportion of microbial- derived C (5.7-21.2 %) (Fig. 3). The
contribution of microbial-derived C to the topsoil OC of S. alterniflora
salt marshes was lower than that to farmland (55.6 %), grassland (61.8
%), and forest (32.6 %) (<0.25 m) (Liang et al., 2019). Unlike terrestrial
ecosystems, coastal wetland ecosystems are affected by the periodic
tidal inundation of seawater. S. alterniflora can provide abundant plant C
to wetland soils owing to its high primary productivity (Liu et al., 2020).
The anoxic conditions, caused by inundation, inhibit the decomposition
of plant residues by microorganisms and weaken microbial anabolism
(Keiluweit et al., 2017; Chen et al., 2021b), resulting in plant-derived C
becoming the main component of the wetland SOC pool (Fig. 3).

The distinct sources of SOC across S. alterniflora invasion times have
significant influences on their stability. Studies have increasingly
recognized that plant-derived C has lower stability and persistence than
microbial-derived C as it is less physically protected in mineral-
associated organic matter (Ma et al., 2018). At both soil depths, plant-
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derived C initially increased and then decreased, with the highest value
occurring in the SA15 soil, consistent with changes in SOC content
(Figs. 2 and 3). In contrast, microbial-derived C gradually increased with
invasion time, peaking in the SA21 soil (Fig. 3). At both soil depths, a
positive correlation was observed between the SOC chemical stability
and the contribution of microbial-derived C to SOC (p < 0.01; Fig. 5).
These findings emphasize the important role of microbial-derived C in
SOC stability. For the plant-derived C, the increased ratios of (Ad/Al),
and (Ad/Al)s in the lignin phenols revealed increased microbial oxida-
tion of side chains, and the decreased ratios of C/V and S/V indicated an
increased microbial transformation stage (Sokol et al., 2019; Chen et al.,
2021b). The SA21 soil exhibited the highest (Ad/Al), and (Ad/Al)s ratios
and the lowest ratios of C/V and S/V ratios at both soil depths across
S. alterniflora invasion times, indicating greater decomposition of plant-
derived C compared to that of the other sites (Fig. 3). For microbial-
derived C, bacterial-derived C is less stable and decomposes faster
than fungal-derived C (Chen et al., 2021b). The F/B ratio in both soil
depths of SA21 was generally higher than that of the other sites (Fig. 3),
suggesting relatively higher stability of microbial-derived C in SA21
compared to that of other sites. Therefore, considering the chemical
constituents of both sources and SOC chemical stability, SA21 had lower
SOC content but higher SOC stability than SA15.

Previous studies have reported that plant-derived C is mostly stored

in particulate organic matter and thus is less protected than microbial-
derived C; however, it can accumulate indefinitely. In contrast,
microbial-derived C tends to accumulate in mineral-associated organic
matter and is more stable than plant-derived C; however, it can become
saturated (Angst et al., 2021; Chen et al., 2021b; Jia et al., 2021). For
example, in the topsoil, the SA21 soil had 83 % higher plant AGB and 55
% higher microbial-derived C compared to the SA15 soil, while plant-
derived C was 2.9 times lower in SA21 soil than in the SA15 soil
(Fig. 3 and Table S1). The transition from anoxic to aerobic conditions
(e.g., from SA15 in the upper part of the intertidal zone to SA21 in the
supralittoral zone) reduced inundation frequency and increased oxygen
exposure, thereby enhancing the growth of S. alterniflora and microor-
ganisms (Fig. 6 and Table 1 and Table S1). In contrast, this transition
may also cause a rapid increase in SOC mineralization (Keiluweit et al.,
2017), supported by the lower C:N (p = 0.009), C/V (p = 0.006), and S/V
(p = 0.001) ratios and higher (Ad/Al)y (p = 0.047) and (Ad/Al)s (p =
0.008) ratios in SA21 than those of SA15 in the topsoil (Fig. 3 and
Table 1). Alternatively, it may promote the enrichment of microbial-
derived C at the expense of plant-derived C (Liu et al., 2021a) (Figs. 3
and 6), suggesting that decreased inundation frequency can enhance the
soil microbial carbon pump during S. alterniflora invasions. Hence, our
results have vital significance for potential C loss under the long-term
impacts of S. alterniflora invasions and indicate that these impacts
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should be considered to avoid overestimating blue C pools.

The SOC content was higher in most topsoil than in the subsoil, while
SOC stability was higher in the subsoil than in the topsoil (Fig. 2). This
difference may be attributed to the following three reasons. First, the
proliferated root system of S. alterniflora is mainly in the 0-30 cm surface
soil layer and the impact of plant C inputs diminishes with soil depth
(Yang, 2019; Yang and Chen, 2021; He et al., 2022). Second, the effect of
mineral protection strengthens with soil depth (He et al., 2022). Last, the
subsoil may undergo a longer period of microbial transformation
compared to the topsoil (Ma et al., 2020; He et al., 2022), supported by
the higher (Ad/Al), (p < 0.001), (Ad/Al)s (p < 0.001), and F/B ratios (p
= 0.002) in the subsoil compared to those in the topsoil (Fig. 3).
Therefore, the SOC content and stability distinctly vary in the topsoil
and subsoil owing to the differences in SOC sources and soil
environments.

4.3. Environmental controls over SOC formation

The random forest modelling and correlation analysis revealed that
plant-derived C primarily affected by SOC, TN, and clay content,
whereas microbial-derived C was primarily affected by MBC, AGB, and
clay content (Fig. 4 and Table 1). The important role of SOC and TN in
explaining the variation of plant-derived C suggests that high soil
fertility can promote an increase in plant biomass and plant C inputs into
the soil. Consequently, soil fertility plays a key role in mediating the

accumulation plant-derived C (Liao et al., 2021; Ding et al., 2023).
Numerous studies in coastal wetlands have shown that SOC storage and
stability are controlled by fine particles (Zhang et al., 2010; Xia et al.,
2021). For instance, plant-derived C tends to accumulate in particulate
organic matter (coarse particle) and significantly contributes to fast-
cycling SOC (Zhang et al., 2010). In contrast, mineral-associated
organic matter mostly residing in the fine particles, which mainly con-
sisting of microbial-derived C, significantly contributes to slow-cycling
SOC (Xia et al., 2021). In this study, both plant- and microbial-derived
C were positively correlated with clay content (p < 0.05; Table S2);
however, clay content explained a higher variation in the accumulation
of microbial-derived C relative to plant-derived C (Fig. 4). This further
suggests that microbial-derived C is more likely to be physically pro-
tected in mineral-associated organic matter. Previous studies have
indicated a strong association between microbial-derived and MBC,
suggesting that high MBC increases SOC through microbial-derived C
accumulation (Shao et al., 2019a; Almagro et al., 2021). The decrease in
inundation frequency and increase in oxygen exposure and plant AGB
with S. alterniflora invasion time promote microbial growth and biomass
formation, thereby increasing the quantity of microbial-derived C
(Figs. 1 and 3 and Table 1 and Table S1) (Liu et al., 2021b; Yang et al.,
2022). Furthermore, random forest modelling showed that salinity also
influences microbial-derived C (p < 0.05; Fig. 4). Numerous studies have
revealed that microbial biomass significantly decreases with increasing
soil salinity, leading to a decline in microbial-derived C (Chen et al.,
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2021a; Shao et al., 2022). In this study, owing to the combined influence
of tidal inundation and evapotranspiration, salinity initially increased
and then decreased with S. alterniflora invasion time and wetland
elevation, instead of increasing monotonically (Fig. 1 and Table 1) (Liu
et al., 2020). Therefore, SA21 had lower salinity than the other sites
except BF (Table 1), but its microbial-derived C was significantly higher
than that of the other sites (p < 0.001; Fig. 3).

Therefore, periodic tidal inundation and exposure, which are
fundamental hydrological characteristics of coastal wetlands, are key

factors affecting the accumulation of plant- and microbial-derived C
across S. alterniflora invasion times (Zhu et al., 2019; Hill and Vargas,
2022). Considering the spatio-temporal variability of hydrological
conditions in coastal wetlands and the complex interactions with other
factors, such as plant biological traits, topography, and edaphic vari-
ables, long-term positioning observations at more sites should be per-
formed to fully understand the long-term invasion impacts of
S. alterniflora on C burial. Furthermore, it is essential to uncover the
underlying mechanisms in the context of climate change and sea level
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rise and develop a model depicting the dynamics of S. alterniflora salt
marsh ecosystem characterized by coupled environmental-ecological
processes (Wang et al., 2012; Schuerch et al., 2019).

5. Conclusion

Our study suggests that plant-derived C dominated in SOC content
compared to microbial-derived C during S. alterniflora invasions, while
microbial-derived C played a more crucial role in SOC stability than that
of plant-derived C. We observed a gradual increase in microbial-derived
C with invasion time at both soil depths, whereas plant-derived C
initially increased and then decreased, consistent with changes in SOC
content. The variation in inundation conditions under tidal action
emerged as a crucial factor affecting the accumulation of plant- and
microbial-derived C and the SOC stability. Decreased inundation fre-
quency and increased oxygen exposure driven by tides may accelerate
SOC mineralization and enhance the enrichment of microbial-derived C
at the expense of plant-derived C, thereby improving SOC stability.
Consequently, this study has vital implications for understanding po-
tential C loss in terms of the long-term impacts of S. alterniflora in-
vasions. Furthermore, it facilitates the prediction of long-term effects of
S. alterniflora invasions on blue C budgets under global change scenarios.
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