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Abstract. Tillage- and mulching-based interventions are in-
creasingly used to control invasive plants and modify soil
hydro-salinity, but their effects on subsoil carbon (C) sta-
bilization are poorly quantified. We conducted an 18-month
field experiment in a Spartina alterniflora–invaded estuarine
wetland to compare plastic mulching (PM) and deep tillage
(DT) and to resolve microbial–mineral controls on C across
the 0–100 cm profile. PM induced pronounced, profile-wide
desalinization, with salinity decreasing by 43 %–53 %. It
also redistributed microbial biomass, increasing microbial
biomass C in 30 %–100 cm soils from approximately 25 %
at 30–50 cm to more than 100 % at 50–100 cm. Relative
to DT, PM was associated with much larger C depletion,
with total C declining by 19 %–35 % and the strongest SOC
losses occurring at depth (up to ∼ 65 %). Carbon losses co-
varied with weakened mineral protection, including 30 %–
50 % decreases in poorly crystalline Fe oxides (Feo) and
35 %–50 % reductions in iron-bound organic carbon (Fe–
OC). These coupled changes suggest a potential weaken-
ing of Fe-mediated protection of subsoil C under rapid de-
salinization. Depth-resolved partial least squares path mod-
eling suggested contrasting linkages by horizon: surface bac-
terial community attributes were associated with SOC reten-
tion, whereas deep-soil MBC covaried with reactive Fe de-
cline and potential C stock loss. Integrated across 0–100 cm,
PM was associated with a potential soil C stock loss of
65± 12 Mg C ha−1 over 18 months. These results highlight
that mulching and tillage practices can have divergent sub-

soil C outcomes and that reactive Fe–C metrics are valuable
for evaluating management impacts beyond the plough layer.

1 Introduction

Coastal wetland soils sequester disproportionate amounts of
organic carbon per unit area (up to 200 Mg C ha−1 in top me-
ter), with 60 %–70 % stored below 30 cm depth, protected
by association with iron minerals and anaerobic conditions
(Xia et al., 2022; Hao et al., 2024; Rogers et al., 2019).
Invasion by Spartina alterniflora (S. alterniflora) has trig-
gered widespread ecological restoration interventions, in-
cluding mechanical removal and plastic mulching (PM), that
fundamentally alter surface hydrology and salinity (Li et al.,
2022; Wang et al., 2025a). Yet restoration assessments fo-
cus almost exclusively on vegetation recovery and surface
soil (0–30 cm) carbon dynamics (Yang et al., 2023; Zhang et
al., 2022, 2023), implicitly assuming that deeper horizons re-
main biogeochemically inert. This assumption leaves critical
questions unanswered: Can management-induced changes in
surface hydro-salinity propagate downward and alter sub-
surface microbial biomass? And if so, what are the conse-
quences for iron-mediated carbon stabilization mechanisms
in deep soils?

The long-term stability of wetland soil carbon hinges on
iron-organic associations formed under anaerobic conditions,
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where Fe(III)-reducing bacteria couple organic matter oxida-
tion to iron oxide dissolution, paradoxically both mineraliz-
ing and stabilizing carbon depending on redox oscillations
(Wang et al., 2022; Yu et al., 2021; Feng et al., 2025). This
“Iron Gate” mechanism, wherein organo-Fe complexes re-
sist microbial attack, is particularly prevalent in subsurface
horizons where poorly crystalline ferrihydrite and reactive
Fe(II) species accumulate (Jia et al., 2022; Wang et al., 2017).
Salinity further modulates this system by suppressing micro-
bial metabolic rates through osmotic stress, with halophilic
taxa dominating at electrical conductivity > 8 dS m−1 (Luo
et al., 2025; Zhang et al., 2021). Traditional soil science
posits that carbon metabolism declines exponentially with
depth due to substrate depletion and physical isolation, ren-
dering deep soils (> 30 cm) biogeochemically dormant (Liu
et al., 2022; Zheng et al., 2024). However, this paradigm
derives largely from terrestrial systems and short-term lab-
oratory incubations. In coastal wetlands, where profile-wide
desalinization via freshwater infiltration or management in-
terventions (e.g., PM) can alleviate osmotic constraints, the
dormancy assumption remains untested. If deep-soil micro-
bial biomass is partly constrained by osmotic stress, then de-
salinization may increase subsurface microbial biomass and
potentially weaken iron-associated C protection through cou-
pled changes in reactive Fe pools and microbial processes.

Despite the mechanistic understanding of iron-carbon cou-
pling and microbial osmotic stress, three critical knowledge
gaps preclude prediction of restoration impacts on deep soil
carbon fate. First, nearly all studies of post-restoration bio-
geochemistry focus on 0–30 cm depth (Xiao et al., 2021; Li
et al., 2021; Libbey and Hernández, 2021), leaving subsur-
face iron dynamics and microbial responses uncharacterized.
Second, the spatial extent of desalinization effects, whether
localized to mulch-covered surfaces or propagated through
entire soil profiles, has not been quantified in field settings.
Third, the relative contributions of abiotic iron oxide dis-
solution versus microbial iron reduction to Fe–OC desta-
bilization remain unresolved, particularly under fluctuating
redox-salinity conditions induced by management. Address-
ing these gaps is essential not only for refining wetland car-
bon budgets but also for identifying potential carbon costs of
restoration that could offset vegetation-based sequestration
gains. If common practices such as PM increase deep-soil
microbial biomass and weaken Fe-associated C protection,
current restoration assessments may underestimate potential
subsoil C vulnerability and carbon-accounting uncertainty.

Here, we conducted a full-profile (0–100 cm) assessment
of iron-carbon-microbe dynamics in a S. alterniflora-invaded
coastal wetland 18 months after implementing two widely
used restoration interventions: plastic mulching (PM, tar-
geting moisture retention and weed suppression) and deep
tillage (DT, enhancing physical disruption and aeration). We
tested three specific hypotheses: (H1) PM-induced desalin-
ization extends beyond surface layers to reduce osmotic
stress in deep soils (30–100 cm), enhancing subsurface mi-

crobial biomass as an indicator of potential microbial reacti-
vation. (H2) Desalinization is associated with declines in re-
active Fe pools and Fe-bound organic carbon, consistent with
a potential weakening of Fe-mediated C protection across the
profile. (H3) The magnitude of carbon loss correlates with
the spatial extent of desalinization and iron destabilization,
with profile-wide effects under PM exceeding localized sur-
face impacts under DT. By integrating sequential iron extrac-
tion, microbial biomass quantification, bacterial 16S rRNA
profiling, and structural equation modeling, this study evalu-
ates potential linkages between restoration-induced environ-
mental changes and deep soil C stability, providing process-
based insights for designing climate-smart wetland manage-
ment strategies.

2 Methods

2.1 Site Description and Experimental Design

The study was conducted in coastal wetlands of southern
Hangzhou Bay (121°52′–121°25′ E, 29°39′–30°21′ N), Zhe-
jiang Province, China, invaded by Spartina alterniflora since
1980s with > 85 % coverage (Fig. 1). Soils are classified as
typic sulfaquents with mean salinity of 12–18 dS m−1 in sur-
face layers. The site experiences irregular semidiurnal tides
(mean tidal range 2.5 m) and a subtropical monsoon climate
(mean annual temperature 16.4 °C, precipitation 1450 mm).

In June 2023, we established a comparative field design
including three management states: (1) CK, unremediated
S. alterniflora stands; (2) PM, complete aboveground veg-
etation removal followed by coverage with 0.1 mm black
polyethylene film to suppress regrowth and reduce evapora-
tive salt accumulation; and (3) DT, complete aboveground
vegetation removal followed by mechanical deep tillage to
160 cm using a rotary cultivator to enhance soil aeration and
physical disturbance. Within each management state, five in-
dependent 20 m× 20 m sampling plots were established as
plot-level replicates, resulting in 15 plots in total. Plots were
separated by at least 50 m to minimize spatial dependence
and edge effects. This design compared field management
states rather than isolating the independent effects of vegeta-
tion removal from the subsequent mulching or tillage inter-
vention.

In December 2024, soil sampling was conducted
18 months after treatment implementation. Within each
20 m× 20 m plot, five soil cores were collected, including
one at the plot center and four in the cardinal directions 5 m
from the center. Each core was segmented into five depth
intervals: 0–10, 10–20, 20–30, 30–50, and 50–100 cm. For
each plot, cores from the same depth were homogenized to
form one composite sample, yielding 75 composite samples
in total (3 management states× 5 plots× 5 depths). Samples
were immediately transported to the laboratory on ice and
divided into three aliquots: (i) fresh soil stored at 4 °C for
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Figure 1. Geographic location and schematic sampling design of the study area in the coastal wetlands of Hangzhou Bay, Zhejiang Province,
China. The map shows representative areas for the three field management states: CK, unremediated S. alterniflora stands; PM, S. alterni-
flora removal followed by plastic mulching; and DT, S. alterniflora removal followed by deep tillage. Within each management state, five
independent 20 m× 20 m sampling plots were established as plot-level replicates. The five replicate plots within each management state
are not individually shown. Basemap/satellite imagery was obtained from Tianditu (National Platform for Common Geospatial Information
Services, China), accessed on 25 September 2025.

physicochemical and iron analyses (< 2 mm sieving); (ii) air-
dried soil (25 °C,< 0.25 mm) for total C/N and Fe–OC anal-
yses; and (iii) frozen soil (−80 °C) for DNA extraction.

2.2 Soil Physicochemical Analyses

Soil pH and electrical conductivity (EC) were measured in
1 : 5 (w/v) soil-to-deionized water suspensions after 30 min
end-over-end shaking at 25 °C, using a glass electrode pH
meter (PHSJ-3F, INESA, Shanghai, China) and conductiv-
ity meter (DDS-307, INESA), respectively. Gravimetric soil
moisture was determined by oven-drying at 105 °C for 24 h.
Soil bulk density was measured using intact cores (100 cm3)
collected adjacent to sampling points, dried at 105 °C, and
weighed. Soil inorganic nitrogen (NH+4 and NO−3 ) was ex-
tracted from 5 g fresh soil with 50 mL of 2 M KCl by shak-
ing at 200 rpm for 1 h at 25 °C, followed by filtration (What-

man No. 42). Extracts were analyzed colorimetrically using
a continuous-flow analyzer (AA3, SEAL Analytical, Ger-
many) . Total carbon (TC) and nitrogen (TN) were deter-
mined using an elemental analyzer (Vario MAX CN, Ele-
mentar, Germany). Soil organic carbon (SOC) was estimated
by loss-on-ignition (LOI) at 550 °C for 4 h. LOI-derived SOC
was used as an operational estimate of organic C and inter-
preted separately from elemental-analyzer-derived TC. We
therefore used TC and SOC as complementary C metrics
rather than directly interchangeable measurements. Micro-
bial biomass carbon (MBC) and nitrogen (MBN) were quan-
tified using the chloroform fumigation-extraction method
(Oren et al., 2018). Paired fresh soil samples (8 g, n= 3 an-
alytical replicates per composite) were either fumigated with
ethanol-free chloroform in a vacuum desiccator for 24 h at
25 °C or left non-fumigated. Both sets were extracted with
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40 mL of 0.5 M K2SO4 by shaking for 30 min at 200 rpm,
followed by centrifugation (4000 rpm, 10 min) and filtration
(0.45 µm nylon). Organic C and total N in extracts were ana-
lyzed using a TOC/TN analyzer (TOC-L, Shimadzu, Japan).
MBC and MBN were calculated as MBC=EC/kEC and
MBN=EN/kEN, where EC and EN are the differences in
extracted C and N between fumigated and non-fumigated
samples; kEC= 0.45 (Joergensen, 1996) and kEN= 0.54
(Brookes et al., 1985; Joergensen and Mueller, 1996) are the
corresponding extraction efficiency factors.

2.3 Iron Fractionation and Fe-bound Organic Carbon

Soil iron (Fe) pools were sequentially extracted following
modified procedures of Poulton and Canfield (2005). Free
Fe oxides (Fed, primarily crystalline hematite and goethite)
were extracted by adding 40 mL of citrate-bicarbonate-
dithionite (CBD) solution (0.27 M sodium citrate, 0.11 M
sodium bicarbonate, 1 g sodium dithionite) to 1 g soil, heated
in an 80 °C water bath for 15 min with occasional stirring.
Amorphous Fe oxides (Feo, mainly ferrihydrite and lepi-
docrocite) were extracted with 40 mL of 0.2 M ammonium
oxalate/0.17 M oxalic acid (pH 3.0) in the dark at 25 °C for
4 h with continuous end-over-end shaking. Organically com-
plexed Fe (Fep) was extracted with 40 mL of 0.1 M sodium
pyrophosphate (pH 10) by shaking for 16 h at 25 °C. Af-
ter each extraction, samples were centrifuged (4000 rpm,
10 min), and supernatants were filtered (0.45 µm) and acid-
ified with 2 % HNO3 for storage. Iron concentrations in ex-
tracts were determined by inductively coupled plasma opti-
cal emission spectrometry (ICP-OES; iCAP 7400, Thermo
Fisher Scientific, USA).

Fe-bound organic carbon (Fe–OC) was determined fol-
lowing Wagai and Mayer (2007) with modifications. Briefly,
duplicate 1 g soil samples were treated with 40 mL of CBD
solution (same composition as Fed extraction) at 25 °C for
8 h in the dark to reductively dissolve Fe oxides and release
associated OC. Control samples received 40 mL of 1 M NaCl
solution (equivalent ionic strength) to account for OC loss via
dispersion without Fe dissolution. After extraction, residues
were washed three times with deionized water, freeze-dried,
and ground to< 0.25 mm. Organic C content in residues was
measured using the elemental analyzer (Vario MAX CN).
Fe–OC was calculated as:

Fe−OC (gkg−1)= OC_control−OC_CBD (1)

where OC_control and OC_CBD are organic carbon concen-
trations in control and CBD-treated residues, respectively.
The proportion of Fe-associated OC (fFe−OC, %) was cal-
culated as (Fe–OC /SOC)× 100.

2.4 Microbial Community Structure

Total genomic DNA was extracted from 0.5 g frozen
soil using the E.Z.N.A.® Soil DNA Kit (Omega Bio-

tek, USA) following manufacturer instructions. DNA qual-
ity was assessed by 1.0 % agarose gel electrophore-
sis with GelRed staining, and concentration/purity were
determined using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific). The V4 hypervariable region
of bacterial 16S rRNA gene was amplified using primers
515F (5′-GTGYCAGCMGCCGCGGTAA-3′) and 806R (5′-
GGACTACNVGGGTWTCTAAT-3′). PCR reactions (25 µL)
contained 12.5 µL 2× Phusion High-Fidelity PCR Master
Mix (New England Biolabs), 0.5 µM each primer, and 20 ng
template DNA. Amplification was performed in a T100 Ther-
mal Cycler (Bio-Rad) using: initial denaturation at 95 °C
for 3 min; 27 cycles of 95 °C for 30 s, 55 °C for 30 s, 72 °C
for 30 s; final extension at 72 °C for 10 min. Three techni-
cal replicates per sample were pooled, purified using the
AxyPrep DNA Gel Extraction Kit (Axygen), and quantified
by Qubit 4.0 Fluorometer (Invitrogen). Equimolar amounts
(100 ng per sample) were pooled and sequenced on an Il-
lumina MiSeq platform (2× 300 bp paired-end) by Major-
bio Bio-Pharm Technology Co. (Shanghai, China), targeting
> 50000 raw reads per sample.

Raw sequences were processed using QIIME2 (v2022.11).
Primers were removed with cutadapt (v4.1), and reads
were quality-filtered (Q> 20), denoised, and merged using
DADA2 with default parameters. Chimeric sequences were
identified and removed using VSEARCH (v2.21.1). Ampli-
con sequence variants (ASVs) were taxonomically assigned
using the SILVA database (v138, 99 % similarity threshold).
Samples were rarefied to 40 000 sequences per sample to nor-
malize sequencing depth. ASVs classified as chloroplasts,
mitochondria, or unassigned at domain level were excluded
from downstream analyses.

2.5 Soil Organic Carbon Stock Calculations

SOC stocks were calculated using the fixed-depth (FD) ap-
proach following previous studies (Wendt and Hauser, 2013;
Peng et al., 2024). Because management practices, particu-
larly deep tillage, may alter bulk density and soil mass, these
estimates should be interpreted as fixed-depth comparisons
rather than equivalent-soil-mass-corrected stock estimates.
The fixed-depth SOC stock (SOCS_FD, Mg C ha−1) for each
layer was:

SOCS_FDi = SOCi×BDi×Di× 0.1 (2)

where SOCiis organic carbon concentration (g kg−1), BDi is
bulk density (g cm−3), and Di is layer thickness (cm) for the
ith layer. The constant 0.1 converts units to Mg C ha−1.

2.6 Statistical Analyses

All data were tested for normality (Shapiro-Wilk test) and
homogeneity of variance (Levene’s test) prior to paramet-
ric analyses. When necessary, data were log or square root-
transformed to meet assumptions. Effects of treatment and
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depth on individual variables (soil properties, iron pools, Fe–
OC, microbial biomass, α-diversity indices) were assessed
using two-way analysis of variance (ANOVA) with treatment
and depth as fixed factors. Post-hoc pairwise comparisons
were conducted using Duncan’s test at α = 0.05. All univari-
ate analyses were performed in SPSS (v27.0, IBM Corp.).
Bacterial community β-diversity was calculated using Bray-
Curtis dissimilarity based on Hellinger-transformed ASV rel-
ative abundances to reduce the influence of rare taxa. Prin-
cipal coordinates analysis (PCoA) was used for visualiza-
tion, and treatment effects were tested using permutational
multivariate analysis of variance (PERMANOVA) with 999
permutations. Relationships between microbial community
structure and environmental variables were examined us-
ing Mantel tests (Spearman’s correlation, 999 permutations).
Pairwise Pearson correlations between dominant bacterial
phyla and soil properties were calculated and visualized as
heatmaps. All multivariate analyses were conducted in R
(v4.3.1) using vegan (v2.6-4) and ggplot2 (v3.4.2) pack-
ages. Partial least squares path modeling (PLS-PM) was
used to explore hypothesized direct and indirect associa-
tions among management treatments, soil physicochemical
properties, reactive Fe pools, microbial variables, and car-
bon fractions. Path coefficients (β) were estimated using the
pls-pm package (v0.4.9) with centroid weighting scheme and
1000 bootstrap iterations for significance testing. Model fit
was evaluated using standardized root mean square resid-
ual (SRMR< 0.08) and Goodness of Fit (GoF> 0.70) as
adequacy thresholds (Henseler et al., 2016). Separate mod-
els were constructed for surface (0–20 cm) and deep (30–
100 cm) soils to examine depth-dependent mechanisms. All
figures were created using Origin Pro (2025, Origin Lab
Corp.) and assembled in Adobe Illustrator (2024, Adobe
Inc.). Statistical significance was declared at P < 0.05 unless
otherwise stated, and data are presented as mean± standard
deviation (SD).

3 Results

3.1 Soil hydro-chemical properties and microbial
biomass across depths

PM markedly altered soil hydro-chemical conditions across
the 0–100 cm profile (Fig. 2). Soil moisture was significantly
affected by treatment, depth, and their interaction (P < 0.05;
Fig. 2a), and was generally lower under PM than under
CK and DT, particularly in the 0–30 and 50–100 cm lay-
ers. Soil pH showed significant treatment and depth effects
(P < 0.01), but the treatment× depth interaction was not
significant (P = 0.087; Fig. 2b). EC and salinity displayed
similar patterns, with significant treatment, depth, and in-
teraction effects (P < 0.05; Fig. 2c, d). PM produced the
lowest EC and salinity throughout the profile, reducing EC

and salinity by approximately 55 %–60 % and 54 %–59 %,
respectively, in deep soils (30–100 cm) compared with CK.

Nitrogen pools also showed treatment-specific responses
(Fig. 2e–g). TN was significantly affected by treatment,
depth, and their interaction (P < 0.001; Fig. 2e), with PM
causing the greatest TN reduction across the profile, declin-
ing by 51 %–74 % relative to CK. NH+4 showed no signifi-
cant overall treatment, depth, or interaction effects accord-
ing to two-way ANOVA (P > 0.05; Fig. 2f), although its
distribution varied among treatments at individual depths.
NO−3 was significantly affected by treatment (P < 0.001),
but the effects of depth and treatment× depth interaction
were marginally non-significant (P = 0.056 and P = 0.058,
respectively; Fig. 2g). Overall, NO−3 was highest under CK,
lowest under DT, and intermediate under PM.

Microbial biomass C and N were both significantly af-
fected by treatment, depth, and their interaction (P < 0.001;
Fig. 2h, i). PM significantly reduced MBC in surface soils
(0–30 cm; P < 0.05), but increased MBC in deep soils (30–
100 cm), with the increase ranging from approximately 25 %
at 30–50 cm to more than 100 % at 50–100 cm relative to CK
(Fig. 2h). This pattern indicates a shift in the vertical dis-
tribution of microbial biomass under PM. In contrast, DT
reduced surface salinity by approximately 20 % (P < 0.05;
Fig. 2c, d), but had limited effects on deep-soil salinity and
was associated with 9 %–45 % lower MBC across the profile
(P < 0.05; Fig. 2h). MBN generally declined with soil depth
in all treatments, while DT and PM showed higher MBN than
CK in most soil layers (P < 0.05; Fig. 2i).

3.2 Soil carbon pools and iron-associated carbon
fractions

TC was significantly affected by treatment, depth, and their
interaction (P < 0.01; Fig. 3a). Across the 0–100 cm pro-
file, TC was generally highest under CK and lowest under
PM, with DT showing intermediate values. Relative to CK,
PM reduced TC by approximately 19 %–35 %, whereas DT
caused smaller decreases. SOC showed a significant treat-
ment effect (P < 0.001), while depth and treatment× depth
interaction were not significant (P = 0.931 and P = 0.314,
respectively; Fig. 3b). SOC generally followed the order
CK>DT>PM, with PM reducing SOC by approximately
34 %–65 % across the profile.

Fe–OC showed a similar treatment-dependent pattern
(P < 0.001), whereas depth and treatment× depth interac-
tion were not significant (P = 0.814 and P = 0.615, respec-
tively; Fig. 3c). PM consistently showed lower Fe–OC than
CK and DT, with reductions of approximately 35 %–50 %
relative to CK. This decline co-occurred with lower reactive
Fe pools, suggesting a potential weakening of Fe-mediated C
protection under PM. SOCS-FD was significantly affected by
treatment and depth (P < 0.01 and P < 0.001, respectively),
but not by their interaction (P = 0.504; Fig. 3d). In the 0–
50 cm layers, SOCS-FD generally followed CK>DT>PM,
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Figure 2. Soil physicochemical properties under different management treatments. (a) Soil moisture, (b) pH, (c) electrical conductivity (EC),
(d) salinity (SAL), (e) total nitrogen (TN), (f) ammonium (NH+4 ), (g) nitrate (NO−3 ), (h) microbial biomass carbon (MBC), and (i) microbial
biomass nitrogen (MBN) across soil profiles under CK (control), DT (deep tillage), and PM (plastic mulching) treatments. Bars represent
the mean± standard error, and lowercase letters above the bars indicate significant differences between treatments at the same soil depth
(P < 0.05), while uppercase letters indicate significant differences between soil depths within the same treatment (P < 0.05).

whereas all treatments showed the highest SOCS-FD in the
50–100 cm layer.

Reactive Fe fractions showed significant treatment ef-
fects (Fig. 3e–g). Fep was significantly affected by treatment
(P < 0.01), but not by depth or treatment× depth interac-
tion (P = 0.317 and P = 0.291, respectively; Fig. 3e). Fep
was relatively higher under PM in the upper soil layers, but
this pattern weakened at depth. Fed and Feo were also sig-
nificantly affected by treatment (P < 0.001), with no sig-
nificant depth or interaction effects (P > 0.05; Fig. 3f, g).
PM generally reduced Fed and Feo relative to CK, with Feo
decreasing by approximately 30 %–50 %. The proportion of
Fe–OC to SOC, fFe−OC, was significantly affected by treat-
ment (P < 0.05), but not by depth or treatment× depth in-
teraction (P = 0.920 and P = 0.290, respectively; Fig. 3h).
fFe−OC tended to be higher under PM and DT than under CK
in the upper soil layers, whereas treatment differences were
weaker in deeper soils.

3.3 Bacterial community composition and diversity

PCoA revealed significant treatment-induced differentiation
of bacterial community structure. At 0–10 cm depth, com-
munities exhibited clear separation (PERMANOVA: R2

=

0.465, P < 0.001; Fig. S1 in the Supplement), with PM
samples diverging from CK and DT along PC1 (explain-
ing 28.48 % of variance) and CK separating from DT along
PC2 (23.49 % of variance). Community differentiation inten-
sified at 10–20 cm depth (PERMANOVA: R2

= 0.605, P <
0.001), where treatments formed distinct clusters in multi-
variate space defined by PC1 (25.61 %) and PC2 (21.06 %).

Alpha diversity metrics tended to be lower under PM at 0–
10 cm and 10–20 cm, but the differences were not statistically
significant (P > 0.05; Table S1 in the Supplement). Venn di-
agram analysis identified 652 core amplicon sequence vari-
ants (ASVs) shared among all treatments at 0–10 cm, along-
side treatment-specific ASVs numbering 3482 (PM), 2953
(CK), and 3009 (DT; Fig. 4a). At 10–20 cm depth, 613 core
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Figure 3. Soil carbon and iron dynamics across soil profiles under different treatments. (a) Total carbon (TC), (b) soil organic carbon
(SOC), (c) iron-bound organic carbon (Fe–OC), (d) fixed-depth soil organic carbon stock (SOCS-FD), (e) pyrophosphate-extractable Fe
(Fep), (f) dithionite-extractable Fe (Fed), (g) oxalate-extractable Fe (Feo), (h) proportion of iron-bound organic carbon fFe−OC (%) across
different soil depths under CK (control), DT (deep tillage), and PM (plastic mulching) treatments. Bars represent the mean± standard error,
and lowercase letters above the bars indicate significant differences between treatments at the same soil depth (P < 0.05), while uppercase
letters indicate significant differences between soil depths within the same treatment (P < 0.05).

ASVs were shared, with 3400 (CK), 3151 (DT), and 3228
(PM) unique ASVs (Fig. 4b).

At the genus level, surface soil (0–10 cm) bacterial assem-
blages displayed treatment-specific taxonomic signatures.
CK soils harbored elevated relative abundances of Sulfuri-
fustis and Acidibacter, DT soils were enriched in Nocar-
dioides, unclassified Gemmatimonadaceae, and Nitrospira,
while PM soils were characterized by Thiobacillus, Sub-
group_22, and unclassified MBNT15 taxa. At 10–20 cm
depth, these patterns persisted, with additional increases
in the relative abundances of BD2-11 terrestrial group,
Gammaproteobacteria, and Desulfobacterota observed in
both DT and PM treatments (Fig. 4c, d). Circos plots visual-
ized broader taxonomic band widths and denser cross-sample
connections for dominant genera in PM treatments, indicat-
ing enhanced community complexity (Fig. 4c, d)

3.4 Relationships between environmental factors and
carbon dynamics

Mantel tests revealed strong, depth-dependent correlations
between bacterial community structure and environmental
factors (Fig. 5a–b). In surface soils (0–20 cm), salinity/-
electrical conductivity (SAL/EC) and Fe–C-related variables
(SOC, TC, MBC, TN, fFe–OC, Feo, and Fed) were the
main correlates of community variation (r ≥ 0.4, P < 0.01),
with SOC, TC, and fFe−OC showing strong positive inter-
correlations (r ≈ 0.8–1.0) and negative correlations with
NO−3 . Soil moisture and pH had weaker effects, particularly

at 0–10 cm, but their influence increased at 10–20 cm. RDA
corroborated these findings, explaining 74.73 % of commu-
nity variation at 0–10 cm, with PM samples distinctly sep-
arated along RDA1, driven by high pH and Fep versus low
SOC, TC, and fFe−OC (Fig. S2).PLS-PM suggested hypoth-
esized associations among management, soil physicochem-
ical conditions, reactive Fe pools, microbial variables, and
C fractions (GoF= 0.729; Fig. 5c, d). PM was strongly as-
sociated with altered soil physicochemical conditions (β =
−0.854, P < 0.001), which were negatively associated with
Fed (β =−0.344, P < 0.01) and active Fe phases (Fep/Feo,
β =−0.312, P < 0.05). These associations were consistent
with the observed decreases in SOC (R2

= 0.787) and Fe–
OC (R2

= 0.610), but should not be interpreted as direct ev-
idence of causal pathways. In surface soils (0–20 cm), bacte-
rial community attributes were associated with SOC and Fe–
OC (Fig. 5e, f), suggesting potential microbial involvement
in C–Fe coupling.

4 Discussion

4.1 Profile-wide desalinization was associated with
increased deep-soil microbial biomass

Our findings suggest that deep coastal wetland soils (>
30 cm) can show measurable microbial and biogeochemical
responses to management-induced hydro-salinity changes
(Wu et al., 2025b). In our 18-month field study, PM was as-
sociated with profile-wide desalinization and increased MBC
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Figure 4. Taxonomic composition and treatment-specific shifts in soil bacterial communities. (a, b) Venn diagrams showing the numbers
of shared and unique amplicon sequence variants (ASVs) among CK (control), DT (deep tillage), and PM (plastic mulching) treatments in
the 0–10 cm (a) and 10–20 cm (b) soil layers. (c, d) Circos plots depicting the relative abundance and treatment connectivity of dominant
bacterial genera in the 0–10 cm (c) and 10–20 cm (d) soil layers under CK, DT, and PM treatments.

in deep soils, suggesting that reduced salinity may relax os-
motic constraints on microbial biomass in subsurface hori-
zons.

PM induced substantial reductions in salinity and EC
throughout the 0–100 cm profile, with salinity decreasing
by 43 %–53 % and EC by 45 %–50 % (Fig. 2c, d), indi-
cating a profile-wide shift in the hydro-chemical environ-
ment. Because salinity can constrain microbial biomass and
metabolism in saline soils (Huang et al., 2021; Zhang et al.,
2024; Wang et al., 2025b), this desalinization may have re-
duced osmotic limitation and was associated with increased
MBC in deep soils, ranging from approximately 25 % at

30–50 cm to more than 100 % at 50–100 cm relative to CK
(Fig. 2h). At the same time, PM reduced MBC in sur-
face soils (0–30 cm), indicating a redistribution of microbial
biomass from surface-dominated to relatively deeper hori-
zons. This pattern contrasted with DT, which was associated
with lower MBC across most depths and showed limited ef-
fects on deep-soil salinity, suggesting that the increase in
deep-soil MBC under PM was more closely linked to profile-
wide desalinization than to physical disturbance alone.

These results are consistent with studies showing that
salinity reduction and other environmental shifts can alter
microbial biomass, community structure, and potential func-
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Figure 5. Mantel tests and partial least squares path models (PLS-PM) linking soil environmental variables, bacterial communities, and soil C
fractions under different S. alterniflora management states. (a, b) Mantel tests between bacterial community composition and environmental
variables at 0–10 cm (a) and 10–20 cm (b). Arrows indicate significant correlations (Mantel’s r ≥ 0.4, P < 0.01). (c) PLS-PM showing
hypothesized associations among management, soil physicochemical variables, reactive Fe pools, and soil C fractions. (d) Standardized total
effects of model components on Fe–OC. (e, f) Surface-soil PLS-PM models including bacterial community attributes for 0–20 cm soils.
SAL, salinity; EC, electrical conductivity; SOC, soil organic carbon; TC, total carbon; MBC, microbial biomass carbon; TN, total nitrogen;
Fe–OC, iron-bound organic carbon; Fep, pyrophosphate-extractable Fe; Feo, oxalate-extractable Fe; Fed, dithionite-extractable Fe.

tions in saline or coastal wetland soils (Huang et al., 2021;
Hernandez et al., 2021). However, bacterial sequencing was
conducted only for the 0–10 and 10–20 cm layers. There-
fore, the observed increase in deep-soil MBC should be in-
terpreted as evidence of increased microbial biomass rather
than direct evidence of changes in deep-layer bacterial com-
munity composition or function. Future depth-resolved se-
quencing, metagenomics, and activity assays are needed to
determine whether similar community or functional shifts
occur in the 30–100 cm layers.

If similar increases in deep-soil microbial biomass occur
under desalinization-based management in other coastal wet-
lands, assessments restricted to surface soils may underesti-
mate subsoil C vulnerability (Wen et al., 2023; Chen et al.,
2018). Our results support the need for full-profile monitor-
ing, including at least the upper 1 m of soil, when evaluating
restoration effects on subsoil C stability in saline coastal wet-
lands.

4.2 Coupled C and N responses under post-removal
management

The concurrent declines in C and N pools indicate that PM
altered sediment nutrient stoichiometry as well as C storage.
In addition to the 19 %–35 % decline in TC and 34 %–65 %
decline in SOC, PM caused a 51 %–74 % reduction in TN
and altered the vertical distributions of NH+4 and NO−3 . Such
coordinated C–N responses are consistent with evidence that

coastal wetland restoration affects soil C and N recovery
simultaneously, and that salinity gradients can reshape the
sources and decomposition status of estuarine wetland soil
organic matter through changes in C : N ratios and isotopic
signals (Xia et al., 2021; Chen et al., 2026). These coordi-
nated changes suggest that C depletion under PM was ac-
companied by a broader reorganization of sediment nutrient
availability.

Changes in inorganic N availability may influence micro-
bial biomass and organic matter decomposition by modify-
ing microbial nutrient demand, C : N balance, and resource
acquisition strategies. In coastal estuarine wetlands, salin-
ity has been shown to regulate microbial community struc-
ture and functional potential, while Spartina alterniflora can
strongly alter gross N transformation pathways, including
mineralization, immobilization, and nitrification (Zhang et
al., 2021; Chen et al., 2022). More generally, microbial C : N
stoichiometry and nutrient availability can regulate micro-
bial biomass turnover, enzyme allocation, and priming ef-
fects during organic matter decomposition (Chen et al., 2019;
Zhu et al., 2021). In coastal wetland sediments, changes
in organic resource availability can also reshape microbial
community structure and greenhouse gas production poten-
tial (Lin and Lin, 2022). Therefore, reduced TN under PM
may intensify microbial N limitation, whereas changes in
NH+4 and NO−3 availability may alter the balance among min-
eral N uptake, organic matter decomposition, and microbial
growth. However, because rates of N mineralization, nitri-
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fication, denitrification, DNRA, and microbial assimilation
were not measured, the present data cannot identify the spe-
cific N transformation pathways responsible for the observed
inorganic N patterns. We therefore interpret the N responses
as coupled indicators of sediment biogeochemical reorgani-
zation rather than direct evidence of altered N cycling pro-
cesses.

4.3 Reactive Fe decline and potential weakening of
Fe-mediated C protection

The declines in C pools under PM, including 19 %–35 %
lower TC and 34 %–65 % lower SOC, co-occurred with re-
duced Fe–OC across the 0–100 cm profile (Fig. 3a–c). Be-
cause Fe–organic associations are important for long-term
C preservation in anaerobic wetland soils, these coupled
changes suggest a potential weakening of Fe-mediated C pro-
tection (Wu et al., 2025a; Ni et al., 2024). PM was associated
with 30 %–50 % lower poorly crystalline Feo and 35 %–50 %
lower Fe–OC than CK, with generally stronger reductions
than those observed under DT (Fig. 3c, g). These patterns
may reflect several, non-mutually exclusive pathways involv-
ing changes in Fe mobility, microbial C turnover, and hydro-
logical export.

Geochemically, profile-wide desalinization may have al-
tered the solubility and mobility of reactive Fe phases
through changes in ionic strength and pH, potentially af-
fecting Fe–organic associations under anaerobic conditions
(Wang et al., 2025c; Yang et al., 2021). The decline in Feo, a
highly reactive Fe fraction, is consistent with a reduction in
the soil capacity to retain Fe–associated organic C (Fig. 3g).
Biologically, microbial Fe reduction can couple Fe(III) re-
duction to organic C oxidation in anaerobic sediments (Lov-
ley and Phillips, 1988; Zhao et al., 2025). However, our study
did not directly measure Fe-reducing activity, Fe(II)/Fe(III)
speciation, or deep-layer bacterial community composition.
Therefore, increased deep-soil MBC should be interpreted
as potential microbial involvement in C–Fe coupling rather
than direct evidence of microbial Fe reduction. The PLS-
PM results were consistent with this hypothesized pathway,
showing that PM-associated physicochemical changes were
negatively associated with reactive Fe pools and C fractions
(Fig. 5c, d). However, these path relationships should be in-
terpreted as exploratory associations rather than direct causal
evidence. Alternative mechanisms should also be considered.
Fe–OC declines could reflect leaching of dissolved Fe(II)–
organic complexes after Fe mobilization rather than complete
mineralization to CO2 (Daugherty et al., 2017). Because we
did not measure pore-water DOC, Fe(II)/Fe(III) speciation,
CO2or CH4fluxes, or lateral hydrological export, we cannot
determine whether the observed Fe–OC decline resulted pri-
marily from microbial mineralization, dissolved export, or
within-profile redistribution. Thus, the observed C and Fe–
OC declines should be interpreted as evidence of potential

C destabilization rather than confirmed atmospheric C emis-
sions.

Depth-stratified PLS-PM models suggested contrasting
microbial-C associations between surface and deep soils. In
surface soils (0–20 cm), bacterial community attributes were
associated with SOC and fFe−OC (Fig. 5e, f), possibly re-
flecting the involvement of sulfur- and Fe-related taxa such
as Thiobacillus and Desulfobacterota in anaerobic or mi-
croaerobic C-Fe cycling (Berg et al., 2019). In deep soils
(30–100 cm), lower salinity, increased MBC, and reduced re-
active Fe pools covaried with lower SOC and Fe–OC, in-
dicating depth-dependent associations among hydro-salinity,
microbial biomass, and Fe-mediated C protection. Notably,
DT maintained 10 %–22 % higher fFe−OC than PM in the
upper 0–50 cm layers (Fig. 3h), suggesting that physical
disturbance without profile-wide desalinization may have a
weaker effect on Fe-associated C protection than PM. This
distinction highlights that the magnitude and spatial extent
of hydro-geochemical change may be more important than
disturbance intensity alone in regulating Fe-C coupling after
S. alterniflora management.

4.4 Implications for restoration C assessment: potential
destabilization rather than confirmed emissions

Evaluating the C implications of wetland restoration re-
quires integrating soil stock changes, vegetation recovery,
and flux-based C pathways over appropriate timescales.
The fixed-depth stock estimate indicated an apparent soil
C stock decline of 65± 12 Mg C ha−1 across the 0–100 cm
profile under PM during the 18-month post-treatment pe-
riod. As a contextual comparison, aboveground biomass C
in restored coastal wetlands often accumulates at approxi-
mately 1–3 Mg C ha−1 yr−1 following native vegetation re-
establishment (Zheng et al., 2025; Rowland et al., 2024).
This comparison highlights that short-term subsoil C changes
may be large relative to early vegetation C gains, but a true
offset calculation would require long-term measurements of
vegetation biomass, soil C trajectories, and C fluxes.

These observations raise uncertainty about short-term
restoration C balance, particularly if PM-associated soil C
stock declines persist beyond the initial 18-month period.
Three trajectories remain possible: (1) stabilization as labile
C pools are depleted; (2) deceleration if recovering vegeta-
tion enhances C inputs and soil aggregation; or (3) contin-
ued decline if reduced Fe–OC protection and altered hydro-
salinity conditions persist. Without multi-year monitoring
and direct measurements of CO2 and CH4fluxes, pore-water
DOC, and lateral hydrological export, we cannot determine
whether PM-treated sites function as net atmospheric C
sources or whether part of the depleted soil C was redis-
tributed or exported in dissolved forms.

Our findings are consistent with growing evidence that
restoration interventions can alter legacy soil C stocks and
create potential short-term C costs that may offset early

Biogeosciences, 23, 6671–6685, 2026 https://doi.org/10.5194/bg-23-6671-2026



J. Gao et al.: Desalinization and deep-soil carbon stability 6681

vegetation-based C gains (Ascenzi et al., 2025; Bhan et
al., 2025; Lin et al., 2025). Given the broad distribution of
S. alterniflora-invaded wetlands in eastern China, the spatial
variability of post-removal soil C responses deserves further
regional assessment.

These results highlight the need to broaden restoration
C assessment frameworks. Current blue carbon assessments
often emphasize vegetation biomass and surface soils (0–
30 cm), potentially overlooking subsoil C vulnerability and
mineral-associated C dynamics (Murdiyarso et al., 2023;
Asanopoulos et al., 2021). We therefore suggest that restora-
tion C assessments incorporate: (1) full-profile soil C mon-
itoring, at least to 1 m depth; (2) Fe-associated C met-
rics, including Fe–OC and fFe−OC, as indicators of mineral-
associated C vulnerability; and (3) multi-year measurements
of gaseous and dissolved C fluxes to resolve whether stock
changes represent mineralization, lateral export, or redistri-
bution.

4.5 Limitations and future research

Several limitations of this study should guide future re-
search. First, our 18-month dataset captures only the initial
response to post-removal management. Multi-year monitor-
ing is needed to determine whether the observed C stock de-
clines stabilize, decelerate, or reverse as vegetation recovery,
hydrological conditions, and sediment biogeochemistry de-
velop over time. This temporal caution is particularly impor-
tant because ecosystem C and N recovery in restored coastal
wetlands can require decades, and soil C and N pools often
recover more slowly than vegetation biomass (Chen et al.,
2026).

Second, our experimental design compared integrated
field management states rather than fully isolated single-
factor treatments. CK represented unremediated S. alterni-
flora stands, whereas PM and DT both involved complete
vegetation removal followed by a post-removal intervention.
Therefore, contrasts between CK and the two managed treat-
ments include both vegetation removal and subsequent man-
agement effects. Nevertheless, because vegetation removal
was common to PM and DT, their comparison provides
insight into divergent belowground responses to two post-
removal strategies. Treatment differences should therefore
be interpreted as responses to field management states rather
than as fully isolated effects of mulching or tillage alone.

Third, the absence of direct CO2 and CH4 flux measure-
ments, pore-water DOC data, Fe(II)/Fe(III) speciation, and
measurements of lateral hydrological export prevents us from
resolving the fate of the decreased soil C pool. Future stud-
ies should combine depth-resolved greenhouse gas flux mon-
itoring with pore-water C and Fe chemistry to distinguish
microbial mineralization, dissolved Fe–organic export, and
within-profile redistribution. This is important because re-
stored coastal wetlands can export substantial dissolved and
gaseous C through surface water and groundwater pathways,

including DOC, DIC, CO2, and CH4 (Sadat-Noori et al.,
2024).

Fourth, our single-site study in Hangzhou Bay may not
be directly generalizable to other coastal wetlands with dif-
ferent baseline salinity, tidal regimes, vegetation types, sed-
iment texture, or management histories. Comparative stud-
ies across regional salinity and hydrological gradients are
needed to identify the conditions under which post-removal
management may increase subsoil C vulnerability.

Mechanistically, the microbial functional potential under-
lying deep-soil C turnover and Fe transformation remains
unresolved. Depth-resolved metagenomic and metatranscrip-
tomic approaches targeting Fe-reduction genes, organic C
depolymerization pathways, and respiratory metabolisms
could help identify the microbial groups and functional traits
potentially involved in C–Fe coupling. Such approaches have
been used to infer the genetic potential for microbial Fe redox
cycling in sedimentary environments (Garber et al., 2021).
Complementary measurements of depth-resolved redox po-
tential, Fe(II)/Fe(III) speciation, microbial respiration, and
Fe-reduction rates would allow explicit testing of the hypoth-
esized C–Fe–microbe linkages.

Finally, translating site-specific observations into predic-
tive capacity requires process-based modeling. Incorporat-
ing osmotic stress responses, reactive Fe dynamics, micro-
bial biomass and process rates into models such as Wetland-
DNDC and DAYCENT would enable scenario analysis of
restoration strategies under varying environmental condi-
tions. Process-based models such as DNDC and DayCent
have been evaluated for wetland and blue-carbon applica-
tions, but their reliability depends on adequate represen-
tation of hydrology, soil C dynamics, vegetation recovery,
and greenhouse gas fluxes (Mack et al., 2023). Such mod-
els could help evaluate management options that balance
invasive species control with subsoil C preservation, such
as staged post-removal interventions or strategies that avoid
rapid profile-wide hydro-salinity shifts.

5 Conclusion

In this 18-month field study, post-removal plastic mulching
was associated with strong profile-wide desalinization and a
pronounced reorganization of soil C pools and Fe-associated
C dynamics across the 0–100 cm profile. Compared with
deep tillage, plastic mulching coincided with greater C deple-
tion, with TC declining by 19 %–35 % and SOC declining by
up to 65 %, particularly in deeper horizons. Deep soils (30–
100 cm) showed a 25 %–110 % increase in MBC, indicating
a redistribution of microbial biomass toward deeper horizons
under desalinized conditions. These C changes co-occurred
with reduced mineral-associated protection, as indicated by
coupled declines in poorly crystalline Fe oxides (Feo; 30 %–
50 %) and Fe-bound organic carbon (Fe–OC; 35 %–50 %).
Depth-resolved path modeling further suggested horizon-
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specific associations: surface bacterial community attributes
were associated with SOC retention, whereas deep-soil MBC
covaried with reactive Fe decline and lower SOC. Integrated
across the 0–100 cm profile, plastic mulching was associ-
ated with an apparent fixed-depth soil C stock decline of
65± 12 Mg C ha−1 over 18 months. Overall, these findings
suggest that post-removal mulching and deep tillage can lead
to contrasting subsoil C outcomes, highlighting the need for
profile-resolved monitoring and reactive Fe–C metrics when
evaluating coastal wetland restoration beyond the surface
layer.

The Circos plots reveal that CK exhibited the highest con-
nectivity among dominant genera in both layers, while PM
significantly reduced inter-genus correlations, particularly in
the 0–10 cm layer. DT induced moderate shifts in genus-
level interactions, with Streptomyces and Bacillus showing
enhanced co-occurrence under DT versus CK. Relative abun-
dance of Sphingomonas increased markedly under PM in the
surface layer, whereas Gemmatimonas declined across all
treatments below 10 cm. These patterns suggest that tillage
intensity and mulching jointly reshape bacterial network ar-
chitecture and taxonomic dominance in a depth-dependent
manner.
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