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A B S T R A C T

Estuarine mangrove wetlands mitigate coastal eutrophication by removing nitrate (NO3
− ); however, the effects of 

invasive Spartina alterniflora eradication, a key biogenic carbon source, on NO3
− removal pathways and nitrous 

oxide (N2O) emissions remain poorly understood. Here, we conducted a two-year field observation and labo
ratory anaerobic sediment incubation amended with plant residues, combined with 15N isotope tracing and 
metagenomics analyses. Field observation and laboratory incubation experiments revealed that during the initial 
eradication, the elevated organic carbon from Spartina alterniflora degradation stimulated denitrifying bacteria 
(e.g., Proteobacteria) and the nirS gene abundance. Consequently, NO3

− removal was dominated by denitrification 
(DNF, 90.26%), while dissimilatory nitrate reduction to ammonium (DNRA) contributed minimally. Meanwhile, 
the concurrent pH decline from plant residue fermentation inhibited nosZ-mediated reduction, leading to 
incomplete DNF and a consequent 153.0% rise in N2O emissions above the background level of 12.48 μg m− 2 

h− 1. The DNF contribution and N2O emission increase reached their maximum approximately six months after 
plant removal. Driven by an elevated C: NO3

− ratio from continuous organic carbon accumulation and NO3
−

consumption over the following two years, DNRA contribution rose from 5.78% to 34.34% alongside a shift of 
N2O flux to a sink (− 14.54 μg m− 2 h− 1). The accumulation of nrfA gene, sulfate-reducing bacteria, and II type 
nosZ microorganisms (e.g., Bacteroidetes, Thermodesulfobacteria) in the sediments favored the above conversion. 
This study elucidates how biogenic carbon addition reconfigures NO3

− removal pathways and associated 
ecosystem functions, providing scientific insights for coordinating ecosystem management restoration with 
climate change goals.

1. Introduction

Estuarine mangrove wetlands are critical transitional zones between 
land and ocean, serving as hotspots for nutrient transformation and 
removal (Chiu et al., 2004; McCall and Pennings 2012). Nitrate (NO3

− ) 
plays a pivotal role as the dominant form of reactive nitrogen (Jia et al., 
2016), with its fate determined by the competition between denitrifi
cation (DNF) and dissimilatory nitrate reduction to ammonium (DNRA) 
(Beaulieu et al., 2011; Zheng et al., 2016). While DNF is responsible for 

87–89% of nitrogen removal in mangrove sediments (Wang and Lin 
2023), it can also be a major source of N2O emissions due to incomplete 
DNF, a 100-year global warming potential 273 times greater than CO2 
(Beaulieu et al., 2011; IPCC 2021). Conversely, DNRA retains NO3

− as 
bioavailable NH4

+ and does not produce N2O (Fan et al., 2024). This 
inherent trade-off between nitrogen removal via DNF and its climate 
impact underscores that the partitioning of NO3

− removal pathways is 
fundamental to predicting N2O emissions.

The invasion of Spartina alterniflora (S. alterniflora) is widely 
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recognized as a major and widespread ecological threat to coastal wet
lands across China (Chen et al., 2022). Previous studies report that 
S. alterniflora invasion in mudflats enhances DNF and increases N2O 
emissions, largely due to elevated organic carbon (OC) inputs (Gao et al., 
2019; Yuan et al., 2015). To restore wetland ecological functions and 
biodiversity, China has initiated the world’s largest coastal wetland 
restoration program, aiming to eradicate over 90% of S. alterniflora in 
each coastal province by 2025 (Stokstad 2023; Zhu et al., 2024). The 
eradication of S. alterniflora is primarily carried out through mowing and 
plowing, processes that introduce large amounts of plant residues into 
the sediments (Tang et al., 2021). In contrast to the gradual carbon 
enrichment caused by invasion, eradication delivers a concentrated 
pulse of residue-derived organic matter characterized by relatively high 
C/N ratios (Lu et al., 2023) and slower decomposition rates (Lee et al., 
2026; O’Nuanain et al., 2025). Such a substantial pulse of biogenic 
carbon can significantly reshape sediment redox gradients, alter sub
strate stoichiometry, and restructure microbial communities (Crow 
et al., 2009; Kuzyakova et al., 2000; Wang et al., 2023b). However, how 
these alterations in sediment conditions affect NO3

− removal pathways 
and associated N2O emissions remains unclear.

The balance between DNF and DNRA is known to be highly sensitive 
to environmental factors such as NO3

− concentration, organic carbon 
availability, C/ NO3

− ratios, and redox-sensitive electron donors (Fan 
et al., 2024; Fazzolari et al., 1998; Liao et al., 2025; Shao et al., 2025). 
Moderate carbon enrichment tends to enhance DNF by providing readily 
available electron donors (Lopez-Ponnada et al., 2017), whereas 
excessive or recalcitrant carbon, particularly under NO3

− limited condi
tions, often shifts NO3

− reduction toward DNRA (Sun et al., 2021; Wei 
et al., 2022). Meanwhile, the anaerobic decomposition of S. alterniflora 
residues promotes sulfate reduction and the accumulation of sulfide 
(Wang et al., 2019a), which serves as an alternative electron donor for 
both DNRA and chemolithotrophic DNF (Aelion and Warttinger 2010; 
Burgin and Hamilton 2007; Song et al., 2016). These intertwined car
bon–sulfur–nitrogen interactions suggest that eradication induced car
bon inputs may reconfigure NO3

− removal pathways through altered 
microbial competition for electron donors.

NO3
− reduction pathways also have important implications for N2O 

dynamics (Jia et al., 2016; Zheng et al., 2016). Previous studies suggest 
that plant residue incorporation often stimulates N2O production by 
supplying labile organic carbon and nitrogen, which stimulates DNF 
activity (Surey et al., 2020; Wang et al., 2023b). In addition, 
fermentation-derived low-molecular-weight organic acids (e.g., acetate, 
lactate) can inhibit N2O reductase activity, leading to greater N2O 
accumulation (Su et al., 2021; Zhu et al., 2022). However, the decom
position of recalcitrant residues may suppress microbial extracellular 
enzyme activity, thereby limiting the availability of labile carbon for 
denitrifiers (Feng et al., 2024; Wang et al., 2019b). Furthermore, when 
inorganic nitrogen is scarce or carbon substrates are chemically com
plex, the priming effect on N2O emissions may be attenuated (Tao et al., 
2022; Xu et al., 2023). These opposing mechanisms highlight the 
complexity of biogeochemical responses following S. alterniflora 
eradiation.

Despite the ecological importance of these processes, a critical 
knowledge gap remains: it is unclear how eradication-induced biogenic 
carbon inputs modify NO3

− removal pathways and regulate N2O emis
sions in estuarine mangrove wetlands. To address this gap, we aimed to 
elucidate how varying amounts of S. alterniflora residues influence the 
fate of NO3

− and the associated N2O emissions following eradication. In 
this study, we combined field monitoring, laboratory incubations, iso
topic tracing, and metagenomic analyses to disentangle the biogeo
chemical and microbial mechanisms underlying these processes. This 
study provides a mechanistic framework for understanding how 
S. alterniflora eradication reshapes nitrogen transformation pathways 
and offers insights for optimizing wetland restoration strategies to 
enhance nutrient removal efficiency while mitigating greenhouse gas 
emissions.

2. Materials and methods

2.1. Study area and field observation

Sampling sites were located in Zhangjiang Estuary Mangrove Na
tional Nature Reserve, Zhangzhou, Fujian Province, China (Fig. 1), with 
coordinates of 117◦24′–117◦30′E and 23◦53′–23◦56′N. The mangrove 
wetland has a semidiurnal tidal pattern, with an average tidal range of 
2.32 m (Zhu et al., 2019). The study area has a subtropical monsoon 
climate, with an annual mean temperature of 22.8 ± 5.7 ◦C and annual 
precipitation of 1679 mm, while monthly rainfall ranged from 1 to 404 
mm (Wang et al., 2022). Similar to many intertidal wetlands, 
S. alterniflora has rapidly expanded in this wetland over the past de
cades, transforming the landscape from a bare mudflat to a vegetated 
habitat. In late October 2022, the government implemented a large-scale 
excavation-based removal of S. alterniflora, restoring the wetland to a 
mudflat-dominated state within two weeks (Zhu et al., 2024).

To investigate field N2O flux dynamics at the sediment-air interface 
in post-eradication S. alterniflora habitats, we conducted three field 
observations in April 2023, November 2023, and October 2024. Adja
cent mudflats were simultaneously monitored and sampled for 
comparative analysis (Fig. 1a). The procedures for N2O collection and 
quantification are described in Text S1.

For physicochemical analysis and incubation experiments, sediment 
samples (0–40 cm depth) were collected in triplicate during low tide 
from two sites (an S. alterniflora eradication area and a mudflat; Fig. 1a) 
using plexiglass corers (Φ 120 mm × 500 mm). The three cores from 
each site were then combined to form a single composite sample for 
analysis. The samples were then homogenized and stored in an anaer
obic cryogenic freezer. Upon arrival at the laboratory, the sediment was 
thoroughly stirred and passed through a 20-mesh sieve to remove plant 
residues and stones. Meanwhile, in-situ seawater was collected from a 
nearby tidal creek using collapsible sampling bags and subsequently 
filtered through 0.7 μm glass-fiber filters (GF/F Whatman).

2.2. Sediment incubation experiment

Considering that the aboveground biomass of S. alterniflora in our 
region ranges from 0.24 to 3.69 kg dry m− 2 (Huang et al., 2023), three 
levels of detritus addition (0, 2, and 4 kg dry m− 2) were established to 
simulate different eradication intensities, defining as no addition (CK, 0 
kg m− 2), low addition (L, 2 kg m− 2), and high addition (H, 4 kg m− 2) to 
simulate no eradication, low-intensity eradication, and high-intensity 
eradication. Based on the sediment bulk density of 0.8 g cm− 3 and the 
plowing depth of 0.4 m, these levels corresponded to the addition of 0, 
0.075, 0.15 g of S. alterniflora dry residues to approximately 60 g of 
slurry (equivalent to 10 g dry sediment). Whole plants of S. alterniflora 
were oven-dried at 65 ◦C, cut into fragments, and finely ground using a 
ball mill homogenizer (JXFSTPRP, Jingxin, China). The detritus was 
added three days prior to the start of incubation (before aeration). 
Sediment slurries were prepared by mixing sediments with in-situ 
seawater (n = 3; Table S1), which had been filtered through 0.7 μm 
glass-fiber filters (Whatman GF/F, USA). The bottles were purged with 
high-purity He at a flow rate of 60 mL min− 1 for at least ten gas exchange 
cycles to remove dissolved O2 and establish anaerobic conditions (Chen 
et al., 2023). Thereafter, the microcosms were incubated in the dark at 
the in-situ temperature (25 ◦C) in a constant-temperature chamber.

Overlying water and sediment samples were collected in triplicate on 
day 0, 0.5, 1, 3, 5, 7, 14, and 21 for physicochemical analyses, as well as 
for measurements of N2O and N2 production. The sediment samples 
were assessed for water content (WC), total organic carbon (TOC), total 
nitrogen (TN), total sulfur (TS), ammonia nitrogen (NH4

+), and NO3
− . The 

overlying water was analyzed for concentrations of NH4
+, NO3

− , nitrite 
(NO2

− ), dissolved inorganic carbon (DIC), dissolved organic carbon 
(DOC), and sulfate (SO4

2− ). For nitrogen transformation incubations, 
sediment slurries were prepared at a 1:5 sediment-to-seawater ratio on 
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day 0, 3, and 7. Potential rates of DNF, ANA, and DNRA were deter
mined using the 15N isotope-pairing technique (Hou et al., 2014; Wang 
et al., 2023a) with 15NO3

− amendments under anaerobic conditions 
(Fig. 1c). Detailed calculation procedures are provided in the Supple
mentary Methods (Text S2).

2.3. Physicochemical properties measurements

Sediment WC was calculated gravimetrically from fresh sediment 
freeze-dried to a constant value. The pH of the sediment was measured 
using a WTW multiparameter meter (Multi 3430, Germany). After 
rinsing with 1 M hydrochloric acid and passing through the 100-well 
mesh sieve, ground samples were used to determine TOC and TN 
using a CHNS elemental analyzer (Elementar Vario EL cube, Germany) 
(Wang et al., 2023a). The concentrations of NH4

+ and NO3
− were deter

mined for both sediment extracts (with 1 M KCl) and overlying water 
using a continuous flow nutrient analyzer (AA3, SEAL Analytical, Ger
many). The concentrations of dissolved N2O were determined using a 
headspace equilibration technique and a gas chromatograph (Agilent 
7890A, US). Dissolved N2 concentrations were measured using the N2: 
Ar method in a membrane inlet mass spectrometer (Chen et al., 2010). 
Details about the calculation of excess production of N2 (ΔN2) and N2O 
production are shown in the supporting information (Text S3 and S4). 
DIC concentration was determined by CO2/H2O analyzer (LI 7000). DOC 
of overlying water was determined with a Shimadzu TOC-TN analyzer 
(Shimadzu, Japan) (Lu et al., 2023). Quantitative analysis of water- 
soluble ion SO4

2− was performed using an ion chromatograph (Thermo 
ICS-1100).

2.4. DNA sequencing and metagenomic sequencing

DNA was extracted from 0.5 g of wet sediment using the HiPure Soil 
DNA Kit B (Magen, China). DNA quality was assessed by a NanoDrop 
(Thermo Scientific, USA), and concentration was measured using a 
Qubit 4 Fluorometer (Thermo Scientific, USA). Each sample was then 
amplified by PCR for 8 cycles using P5 and P7 primers, and the PCR 

products were cleaned up and validated using an Agilent 2100 Bio
analyzer. The qualified libraries were sequenced paired-end PE150 on 
the Illumina HiSeq platform.

Raw sequences were processed with bcl2fastg (v2.17.1.14) for base 
calling and converted to FASTQ. Adaptors and low-quality reads were 
removed with cutadapt (v1.9.1). Clean reads were assembled using 
MEGAHT (v1.1.3) (Martin 2011), and coding sequences were predicted 
with Prodigal (v3.02) (Hyatt et al., 2010). A non-redundant unigene set 
was generated using MMseq2 (95% sequence identity and 95% coverage 
thresholds) (Steinegger and Söding 2017). Gene abundance was calcu
lated by mapping clean reads to unigene sequences with Soap Aligner 
(v2.21) (Li et al., 2009). Predicted proteins were annotated against the 
KEGG Genes and NCBI NR databases using DIAMOND (v0.8.15.77) 
(Buchfink et al., 2015) with an e-value cut off of 1e-5 and minimum 
identity of 30%.

2.5. Statistical analyses

Values are expressed as mean ± standard deviation based on three 
parallel samples (n = 3) for each treatment or observation time. Prior to 
parametric testing, data were examined for normality (Shapiro-Wilk 
test) and homogeneity of variance (Levene’s test). Statistical analyses of 
environmental parameters, N2O production, and nitrogen trans
formation rates were conducted in R 4.3.2, with differences among 
treatments tested using one-way ANOVA and Tukey’s HSD post-hoc 
comparison (p < 0.05). Note that the units in this study are all trans
formed to sediment dry weight unless otherwise noted.

The α-diversity analysis was based on the species-level results, and 
the Bray-Curtis distance of bacterial composition was calculated by the 
“vegan” package and non-metric multi-dimensional (NMDS). Spearman 
correlations were applied to assess pairwise associations between envi
ronmental variables and nitrogen transformation processes. Mantel tests 
were performed using Bray-Curtis distance matrices to evaluate corre
lations between environmental variables and functional microbial 
communities at the genus level. Redundancy analysis (RDA) was con
ducted to explore the relationships between environmental variables 

Fig. 1. Sampling sites and experiment design of this study. (a) Study area and sampling sites. are indicated by green and orange circles, representing the S. alterniflora 
eradication habitat and the mudflat habitat, respectively. (b) Illustration of microcosm incubation experiments. (c) Illustration of slurry incubation experiments.
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and the combined phylum-level community and functional gene 
composition matrix. To investigate the interaction between microbial 
community and functional genes, microbial co-occurrence networks 
were constructed using the ggClusterNet package (Wen et al., 2022) 
based on samples from the ambient control and the S. alterniflora 
treatments and visualized using Gephi (v0.9.2).

3. Results

3.1. Field N2O emissions and incubation N2O production rates

Significant differences in field N2O emission fluxes were observed 
before and after the eradication of S. alterniflora (Fig. 2a). Field moni
toring six months post-eradication (April 2023) showed that flux 
reached 31.60 ± 2.33 µg m− 2 h− 1, representing a 153% increase over 
the natural S. alterniflora sediment flux of 12.48 µg m− 2 h− 1 (p < 0.01) 
(Gao et al., 2019). As eradication continued, N2O emission fluxes 
declined significantly (p < 0.01). After one to two years of eradication, 
N2O fluxes in S. alterniflora habitats decreased to − 9.96 ± 2.14 and 
− 27.93 ± 0.76 µg m− 2 h− 1, respectively. This constituted a net change 
of − 41.56 and − 59.53 µg m− 2 h− 1, effectively reversing the habitat from 
a strong N2O source to a net sink.

Laboratory incubations showed that S. alterniflora residues addition 
and incubation time significantly influenced N2O production. Rates 
peaked on day 1 at 14.66 ± 0.80 and 50.25 ± 0.71 μg kg− 1 h− 1 in the 
low and high addition treatments, respectively, significantly higher than 
the no addition treatment (2.22 ± 0.04 μg kg− 1 h− 1; p < 0.01). Rates 
dropped sharply by day 3 and stabilized near background levels. The 
N2O/(N2O + N2) ratio mirrored this trend, highest in high addition 
treatment on day 1 (0.19 ± 0.02%) but declining sharply thereafter as 
N2 became the dominant gas.

3.2. Change in overlying water and sediment properties of the incubation 
experiment

The incubation experiment demonstrated that incorporating 
S. alterniflora residues significantly altered the physicochemical prop
erties of both sediment and overlying water in a dose-dependent manner 
(Fig. 3 & Fig. S1). In sediments, residue additions led to a significant 
increase in WC, TOC, NH4

+, and TS, while NO3
− decreased markedly. 

Specifically, the high addition treatment exhibited a 25.08% increase in 
TOC and a 67.50% surge in NH4

+ compared to the no addition treatment. 
Sediment pH did not change significantly over time but differed 

markedly among treatments (p < 0.01), decreasing with the residue 
addition level: 7.83 ± 0.03 in no addition, 7.73 ± 0.05 in low addition, 
and 7.59 ± 0.09 in high addition (Fig. S2b). Field sediment properties 
showed consistent patterns, with slightly lower pH and elevated TOC 
and DOC in eradicated plots (Table 1), confirming that incubation trends 
reflect natural conditions.

Overlying water pH dropped sharply in the initial 24 h, with de
creases of 9.40% in low addition and 12.54% in high addition, compared 
to only 1.95% in the no addition tretment treatment (Fig. S1a; p < 0.01). 
The decrease in NO3

− concentration in different treatment groups 
showed significant differences. The concentrations in the low and high 
additions decreased by 94.36% and 97.63% within 3 days, respectively, 
while that in the no addition treatment only decreased by 34.25%. DOC 
increased sharply on day 1, with the high addition reaching a concen
tration 8.78 times that of no addition, followed by a subsequent decline. 
The decrease in SO4

2− after day 3 coincided with a rise in DIC.

3.3. Change in sediment NO3
− reduction rates

The DNF rates at the initial cultivation stage demonstrated a marked 
increase in both the low addition (24.40 ± 0.65 μmol h− 1 kg− 1) and high 
addition (21.43 ± 3.19 μmol h− 1 kg− 1) compared to the no addition 
(11.54 ± 1.08 μmol h− 1 kg− 1) (p < 0.05; Fig. 4a). The DNF rate in the 
high addition was 12.2% lower than that in the low addition, indicating 
a non-dose-dependent relationship between the addition of S. alterniflora 
and the DNF rate. As cultivation progressed, the DNF rates in all treat
ment groups exhibited a pronounced reduction relative to day 0 (p <
0.01).

The DNRA rates exhibited distinct temporal dynamics across treat
ment groups (Fig. 4b). During the 7-day incubation, the rates in the no 
addition treatment remained low and stable, increasing only 1.12-fold 
(from 0.15 ± 0.01 to 1.16 ± 0.16 μmol h− 1 kg− 1). In contrast, the 
groups, low and high addition showed marked, dose-dependent in
creases, rising 2.25-fold (from 0.22 ± 0.15 to 2.23 ± 1.10 μmol h− 1 

kg− 1) and 3.61-fold (from 1.80 ± 0.11 to 6.50 ± 1.15 μmol h− 1 kg− 1), 
respectively. These increases were both significantly greater than those 
in the no addition treatment (p < 0.01).

The addition of S. alterniflora residues significantly shifted the par
titioning of NO3

− reduction (p < 0.05; Fig. 4c). Specifically, the contri
bution of DNRA increased from 0.85% to 18.09% in the low addition 
and from 7.25% to 44.57% in the high addition. Conversely, the 
dominance of DNF declined from 92.28% to 74.60% and from 86.47% to 
49.07% in the low and high addition, respectively. Overall, at the end of 

Fig. 2. Changes of in-situ N2O fluxes in S. alterniflora and mudflat zones during the pre- and post-eradication periods (a), potential N2O production rates (b), and 
N2O/(N2O + N2) ratios (c) under different S. alterniflora residue additions. Error bars represent standard deviation (n = 3). CK, L, and H denote control (no 
eradication, 0 kg m− 2), low-intensity eradication (2 kg m− 2), and high-intensity eradication (4 kg m− 2), respectively. The gray and white backgrounds denote pre- 
and post-eradication periods, respectively. Data in pre-eradication periods are from refs (Gao et al., 2019). Monitoring time points included 0.5 years (April 2023), 1 
year (November 2023), and 2 years (October 2024) after eradication. Different lowercase letters indicate significant differences among the treatments (p < 0.05), and 
the uppercase letters denote significant differences (p < 0.05) on different days at the S. alterniflora residue additions.

S. Chen et al.                                                                                                                                                                                                                                    Geoderma 468 (2026) 117780 

4 



the incubation, DNRA% in the low and high addition represented 1.13- 
fold and 2.79-fold increases, respectively, compared to the control.

The ANA rates remained low and relatively stable across all incu
bation stages (from 0.77 ± 0.06 to 2.10 ± 0.21 μmol h− 1 kg− 1; p > 0.05), 
contributing only 6.28–15.62% of total NO3

− transformations (Fig. S4). 
This indicates that ANA was a minor pathway compared to DNRA and 
DNF under the addition of S. alterniflora residues.

3.4. Microbial community structure and functional gene profile

The addition of S. alterniflora residues significantly altered the 
sediment microbial community structure and enhanced its species 
richness, as indicated by a significant increase in ACE and Chao1 indices 
in the low and high addition compared to the no addition treatment 
(Table S2, p < 0.05). This structural shift was confirmed by Bray-Curtis- 

based NMDS and ANOSIM analyses, which revealed clear separation 
between the no addition treatment and residue-amended treatments (R2 

= 0.68, p = 0.008).
The top five dominant phyla across treatments were Proteobacteria, 

Bacteroidota, Thermodesulfobacteriota, Myxococota, and Clostridium at the 
phylum level. While Proteobacteria had the highest relative abundance in 
all treatments, its abundance in the high addition initially (60.30 ±
0.75%) was higher than in no addition (54.16 ± 0.63%) and low addi
tion (53.35 ± 1.31%), but dropped to 34.85 ± 0.23% by day 7, signif
icantly lower than in no addition (46.97 ± 0.31%) and low addition 
(39.77 ± 1.11%) (p < 0.05). S. alterniflora residue additions also 
significantly increased the abundance of Bacteroidota, Thermodesulfo
bacteriota, and Bacillus (p < 0.05). The addition of S. alterniflora residues 
resulted in a decrease in DNF-associated genera (Pseudomonas, Gem
matimonas) while significantly increasing the abundance of DNRA- 
associated genera (Clostridium, Shewanella, Vibrio) (Fig. 6). The co- 
occurrence network analysis revealed that S. alterniflora treatments 
decreased the number of links, graph density, modules, and modularity 
but increased the percentage of positive links, compared to the control 
(Table S5).

The addition of S. alterniflora significantly reshaped the functional 
gene profiles related to nitrogen, sulfur cycling, and carbon degradation 
(Fig. 5c). Consistent with the potential DNF rate trend in the early re
action stage, it significantly upregulated the relative abundance of DNF- 
related functional genes nirS (p < 0.05). However, the nosZ gene relative 
abundance in the high addition was significantly lower than in the 
control and low additions initially (Fig. 5c). The relative abundance of 
genes related to DNRA (nrfA) was significantly higher in the high 
addition. After the addition of S. alterniflora, the relative abundance of 
carbon degradation-related functional genes showed a systematic in
crease: the relative abundance of starch degradation genes (amyA/B) 
and cellulose degradation genes (celB, xynA/B) increased with incuba
tion time (Fig. 5d), indicating the gradual breakdown of lignocellulosic 
materials. And sulfate reduction-related functional genes (aprA, aprB, 
sat, sqr) generally increased (Fig. 5e), with sat and aprA showing the 
most significant increases. Additionally, the relative abundance of C 
degradation-related genes increased at all sites, and the enrichment of 
fermentation genes (acsA and mcrA) and the synchronous upregulation 
of bamB suggest that the generation of metabolites like acetate and H2 
may further drive the sulfur cycle.

Fig. 3. Physicochemical properties of sediment under different S. alterniflora residue additions. CK, L, and H denote control (no eradication, 0 kg m− 2), low-intensity 
eradication (2 kg m− 2), and high-intensity eradication (4 kg m− 2), respectively. Boxplots display variation between time points, and different lowercase letters 
indicate significant differences among the treatments (p < 0.05). Error bars represent standard deviation (n = 3).

Table 1 
Comparison of physical and chemical parameters of sediments before and after 
S. alterniflora eradication compared with mudflat in field observation.

Time Before 0.5 year 1 year 2 year Mudflat

Water Content (%) 41.59b 49.83a 47.92a 48.05a 40.59b

Eh (mV) − 46.22a − 16.58b − 34.47b − 45.63a − 24.42b

pH 7.78a 7.17b 7.47a 7.66a 7.40a

NH4
+-N (mg kg− 1) 13.58b 5.14b 42.21a 37.38a 5.98b

NO3
− -N (mg kg− 1) 0.95a 0.68b 0.59b 0.81a 1.01a

DOC (mg kg− 1) NA 17.73ab 33.55a 30.35b 4.72b

TOC (g kg− 1) 10.05a 11.86a 10.36a 12.35a 7.79b

TN (g kg− 1) 1.08a 1.20a 0.99a 1.15a 0.56b

TS (g kg− 1) NA 2.83b 3.63a 3.92a 2.05b

TOC:TN 9.73a 9.88b 10.46b 10.74b 13.91a

TOC:NO3
− 10.57b 13.79a 17.56a 15.25a 7.71b

DOC:NO3
− NA 26.07a 33.89a 37.47a 3.01b

DNF Rate 
(μmol h− 1kg− 1)

15.70ab 28.90a 6.16b 7.88b 3.14b

DNRA Rate 
(μmol h− 1kg− 1)

1.28b 1.85b 2.79ab 4.78a 1.98b

ANA Rate 
(μmol h− 1kg− 1)

1.55a 1.27a 0.92a 1.26a 0.62a

Data characterizing the pre-eradication status of S. alterniflora were obtain from 
(Wang and Lin 2023) and (Wang et al., 2023). The affiliated letters a and b 
indicate significant differences among sediments before and after S. alterniflora 
eradication compared with mudflat reaches at the 95% confidence level. NA 
means no data available.
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3.5. Environmental drivers of NO3
− reduction pathways and N2O emission

To clarify the associations among environmental variables, microbial 
communities, and NO3

− reduction processes, correlation and multivar
iate analyses were conducted (Fig. 7).

The Mantel test showed that functional microbial groups differed in 
their correlation patterns with environmental factors. N2O-reducing 
communities (genus level) were significantly correlated with most 
measured variables (Fig. 7a; p < 0.05). NO3

− -reducing communities were 
mainly related to pH, TOC, C/N, and WC (p < 0.01). Sulfate-reducing 
communities were significantly correlated with various carbon, nitro
gen, and sulfur-related factors (p < 0.05). Spearman correlation analysis 
further indicated that N2O emission rates were significantly positively 
correlated with DNF, TN, and NO3

− (p < 0.01). DNF rates were also 

significantly positively correlated with TN and NO3
− (p < 0.05), but 

significantly negatively correlated with TOC: NO3
− (p < 0.05). DNRA 

rates were significantly positively correlated with carbon and sulfur- 
related indicators as well as the carbon–nitrogen ratio (DOC: NO3

− , 
TOC: NO3

− ) (p < 0.01).
RDA based on the combined phylum-level community and functional 

gene matrix showed that the first two axes explained 80.50% of the total 
constrained variance (Fig. 7b; Axis 1: 57.07%; Axis 2: 23.43%). Among 
the measured variables, pH, WDOC, WC, DIN, and TOC were signifi
cantly associated with variation in the combined microbial community 
and functional gene composition. In the sorting diagram, DNF rates were 
positioned in proximity to Proteobacteria; DNRA rates were closely 
associated with sulfur-reducing bacteria, carbon-degrading functional 
genes, Bacillota, Bacteroidota, and Thermodesulfobacteria.

Fig. 4. Temporal dynamics of (a) potential DNF rates, (b) DNRA rates, (c) the relative contribution of NO3
− reduction pathways. CK, L, and H denote control (no 

eradication, 0 kg m− 2), low-intensity eradication (2 kg m− 2), and high-intensity eradication (4 kg m− 2), respectively. DNRA% represents the proportion of DNRA to 
total nitrate reduction, calculated as DNRA/(DNF + DNRA). Error bars represent standard deviations (n = 3). Different lowercase letters indicate significant dif
ferences (p < 0.05) among addition levels on the same day; different uppercase letters indicate significant differences (p < 0.05) among days for the same addi
tion level.

Fig. 5. The effect of S. alterniflora residue additions on the structure of microbial communities and genes in sediments. (a) Non-metric multi-dimensional (NMDS) 
based on Bray-Curtis distance of microbial communities. (b) Microbial classification at the phylum level. (c) Gene abundance (log10 transformed) involved in N/C/S 
cycling reactions. CK, L, and H denote control (no eradication, 0 kg m− 2), low-intensity eradication (2 kg m− 2), and high-intensity eradication (4 kg m− 2), 
respectively.
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Linear regression further demonstrated that DNRA% increased 
significantly with increasing sediment carbon-to-nitrogen indicators 
(TOC: TN, TOC: NO3

− , DOC: NO3
− ), demonstrating that increasing 

carbon-to-nitrate ratios were associated with a higher proportional 
contribution of DNRA to total NO3

− reduction.

4. Discussions

4.1. Biogenic carbon input from S. alterniflora residues alters NO3
−

removal pathways

The input of biogenic carbon from S. alterniflora residues initially 
stimulated DNF and denitrifier proliferation. In incubation experiments, 
DNF accounted for 92.28% and 86.47% of NO3

− reduction in the low and 
high addition, respectively—significantly higher than in the control 
(Fig. 4c). NO3

− acts as a terminal electron acceptor for organic matter 
oxidation under anoxic conditions, facilitating DNF (Beaulieu et al., 
2011; Yan et al., 2023). A strong positive correlation was observed be
tween DNF rates and sediment NO3

− concentrations (p < 0.01). RDA 
revealed that the abundance of Proteobacteria, a phylum known for its 
high denitrifier content (Scott et al., 2008; Yang et al., 2021), was 
significantly correlated with NO3

− , DIN, and DNF rates (Fig. 7b; p <
0.05). This suggests that the increase in denitrifying microorganisms, 
particularly Proteobacteria, is strongly associated with the NO3

− reduc
tion under the addition of S. alterniflora residues at day 0. Consistently, 
the abundance of the DNF gene nirS increased by 29.42% and 66.67% in 
the low and high addition, respectively, indicating enhanced denitrifier 
activity and potential (Surey et al., 2020).

Intensified DNF led to rapid NO3
− depletion in sediments under 

S. alterniflora residues input, which promoted DNRA in the later stage. 
Field monitoring showed that sediment NO3

− concentrations declined by 
75.58% six months after S. alterniflora eradication (Table 1), and NO3

−

levels fell below 1 mg kg− 1 with plant residues additions, reflecting 
heightened nitrogen-limited conditions in the coastal wetland (Lovelock 
et al., 2006). Although DOC accumulated markedly (2–5 times higher 
than the control in low and high addition), it did not correlate signifi
cantly with DNF (p > 0.05), suggesting that DNF was primarily limited 
by NO3

− concentration (Dai et al., 2024; Lovelock et al., 2006). The DNF 
contribution decreased from 90.26% at six months to 56.61% after two 
years, while the contribution of DNRA rose to 28.26–34.34%, exceeding 
values reported in other coastal wetlands (Table S4).

The partitioning of NO3
− reduction was strongly regulated by car

bon–nitrogen stoichiometry. The sediments TOC: NO3
− ratio increased 

by 1.84 and 2.35 times after six months and one year of eradication 
(Table 1), respectively, with consistent trends in incubation treatments 
(Fig. 3h). The most significant predictor of DNRA% was the ratio of 
dissolved organic carbon to nitrate (DOC: NO3

− ) (Fig. 7c), which strongly 
supports the view that the immediate availability of labile carbon was 
the primary driver for the dominance of DNRA over DNF under NO3

−

limited conditions. The microbial preference for DNRA in such condi
tions is energetically favorable: reducing NO3

− to NH4
+ via DNRA con

sumes eight electrons but generates more energy than the five-electron 
DNF pathway to N2, offering a higher energy return when carbon is 
abundant (Liao et al., 2025; Schmidt et al., 2011).

Moreover, taxa involved in complex carbon degradation (e.g., Bac
teroidota, Chloroflexi) showed a significant enrichment from day 3 to day 
7, along with increased abundances of functional genes associated with 
the breakdown of starch (amyA/B) and cellulose (celB, xynA/B) (Fig. 5b 
& d). These metabolic pathways likely supplied low-molecular-weight 
organic acids that supported both DNRA and sulfate reduction 
(Bonaglia et al., 2016; Wang et al., 2023c). Strong correlations between 
nrfA, dsrB, and DNRA rates, along with tighter network co-occurrences 
between sulfate-reducing bacteria and DNRA taxa (Fig. 7b & Fig. S3), 
indicate a coupled metabolic interplay that ultimately promoted 

Fig. 6. The relative abundances of DNF (a), DNRA (b) microorganisms at the genus level; nosZ-I (c) and nosZ-II (d) microorganisms at the order level. Note: In figures 
(c) and (d), DNRA and SRB-related microorganisms are labeled in red and blue font, respectively. CK, L, and H denote control (no eradication, 0 kg m− 2), low- 
intensity eradication (2 kg m− 2), and high-intensity eradication (4 kg m− 2), respectively.
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ammonium retention in the system (Caffrey et al., 2018; Fan et al., 
2024). As a result, NH4

+ accumulated in sediments, providing a retained 
nitrogen pool for the coastal ecosystem (Liao et al., 2025).

Although ANA represents an alternative N2-producing pathway that 
could theoretically consume DNRA-derived NH4

+, its contribution in this 
system was quantitatively minor (Fig. S4). Measured ANA rates 
remained low and showed no significant response to residue addition or 
OC enrichment (Fig. 7b). Across treatments, ANA accounted for only 
6.28–15.62% of total NO3

− reduction (Fig. 4c), consistent with previous 
measurements in estuarine and tidal wetlands (Table S4). These results 
indicate that ANA did not drive the observed re-partitioning of NO3

−

reduction.
Notably, previous studies on S. alterniflora invasion of mudflats have 

predominantly reported enhanced DNF and increased NO3
− loss under 

invasion-driven carbon enrichment. These findings largely reflect con
ditions during active S. alterniflora expansion, when continuous root 
exudation and fresh organic matter inputs stimulate denitrifier activity 
(Gao et al., 2019). In contrast, the post-eradication deposits substantial 
amounts of plant residues into the sediments, which represent a distinct 
biogeochemical regime, characterized by high C/N inputs, rapid NO3

−

depletion, and intensified sulfate reduction. Under these conditions, 
microbial competition favored DNRA over DNF (Liao et al., 2025; Sun 
et al., 2021; Wei et al., 2022).

Collectively, our results indicate that S. alterniflora residue inputs 

redirected NO3
− reduction from DNF toward DNRA, thereby increasing 

NH4
+ retention in sediments. Nevertheless, retained NH4

+ is not neces
sarily permanently immobilized, and its long-term fate likely depends on 
environmental conditions such as oxygen availability, biological uptake, 
and tidal exchange (Alongi et al., 2005). In our system, persistently low 
redox potentials combined with elevated organic carbon inputs pro
moted anaerobic decomposition and fermentation, which depleted ox
ygen and thereby constrained nitrification. Moreover, given the high 
clay content and strong cation exchange capacity of coastal wetland 
sediments, NH4

+ is likely to be effectively retained through adsorption 
and particle association (Caffrey et al., 2018), further prolonging its 
residence time and limiting rapid export or re-oxidation. These findings 
underscore that S. alterniflora eradication modifies nitrogen cycling by 
altering nitrogen retention–loss dynamics, setting the stage for evalu
ating how this shift influences N2O production and mitigation.

4.2. The pathways of NO3
− removal control N2O emission

The initial pulse of N2O emission was primarily attributed to 
incomplete DNF, a process in which NO3

− is reduced to N2O instead of N2, 
consistent with previous studies (Gao et al., 2019). A significant positive 
correlation (p < 0.01) between N2O production and DNF rates was 
observed, which supports the idea that incomplete DNF under condi
tions of high NO3

− availability can lead to increased N2O emissions 

Fig. 7. Associations among environmental factors, microbial communities, and nitrogen transformation processes. (a) Mantel tests (genus level) and Spearman 
correlations showing relationships between environmental variables (soil physicochemical properties and overlying water parameters), functional microbial guilds 
(N2O-, NO3

− -, and sulfate-reducing communities), and nitrogen transformation rates (N2O emission, DNF, DNRA). Line colors and widths represent Mantel’s r values 
and significance levels; square colors indicate Spearman’s r. (b) Redundancy analysis (RDA) ordination illustrating the relationships among phylum-level microbial 
composition, functional gene profiles, environmental variables, and nitrogen transformation rates. Arrow lengths indicate the relative contribution of environmental 
variables to community variation. (c) Linear regressions between DNRA% and sediment carbon-to-nitrate stoichiometric ratios (DOC: NO3

− , TOC: NO3
− , TOC: TN) 

under different S. alterniflora residue treatments.
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(Fig. 7a). Field measurements recorded a post-eradication emission peak 
of 2.53 times than the pre-eradication annual average (12.48 µg m− 2 

h− 1; Fig. 2), greatly exceeding levels in natural salt marshes (Table S3). 
This trend was amplified in laboratory incubations, where N2O pro
duction increased by 53 to 186-fold in the residue-amended treatments. 
The efficiency of biological N2O reduction strongly regulates the release 
of N2O during nitrogen cycling (Li et al., 2009), with nosZ activity 
serving as a key control (Xiang et al., 2023). NosZ enzyme activity is 
highly sensitive to pH (Su et al., 2021). Field observations recorded a 
decline in sediment pH from 7.70 to 7.17 six months post-treatment 
(Table 1), and under laboratory conditions, the low and high additions 
exhibited pH reductions of 0.10 and 0.24 units, respectively, compared 
to the control. This decline in pH reduced the abundance of nosZ genes 
by 13.6% and 23.0% in the low and high addition during the initial 
phase (Fig. 5c), leading to impaired N2O reduction and an increased 
N2O/(N2O + N2) ratio. Such pH-dependent suppression of N2O reduc
tase activity has been documented in other estuarine sediments, which is 
attributed to compromised electron transfer (Frostegard et al., 2022) 
and enzyme function (Su et al., 2021).

The subsequent enhancement of DNRA activity contributed to the 
reduced N2O emissions. DNRA, which reduces NO3

− to NH4
+ rather than 

N2O, competes with DNF for NO3
− and may therefore limit N2O pro

duction (Yuan et al., 2022). Mantel analysis revealed a significant 
negative correlation (p < 0.001) between DNRA rate and N2O emissions, 
further suggesting that increased DNRA activity is associated with 
reduced N2O production (Fig. 7a). Under hypoxic or anaerobic condi
tions, NH4

+ does not directly generate N2O (Quick et al., 2019), and 
elevated NH4

+ can further restrict NO3
− availability by promoting its 

assimilation by plants or microorganisms (Liu et al., 2024). In parallel, 
anaerobic fermentation of S. alterniflora residues led to the depletion of 
labile organic acids, allowing sediment pH to rebound (ΔpH = +0.14 in 
the H treatment; Fig. S2a). This pH recovery alleviated acid-mediated 
inhibition of nosZ, and the relative abundance of nosZ genes in low 
and high addition increased by 14.1% and 51.5%, respectively (Fig. 5), 
coinciding with a significant decrease in N2O/(N2O + N2) ratios, indi
cating enhanced N2O reduction.

Additionally, S. alterniflora residue additions significantly increased 
the abundance of bacterial taxa associated with DNRA and sulfate 
reduction, including Bacteroidota, Thermodesulfobacteriota, and Bacillota 
(Fig. 5b). These phyla are known to harbor nosZ-II–carrying microor
ganisms, which are crucial for efficient N2O reduction in anoxic or sul
fidic conditions (Chutivisut et al., 2018; Fan et al., 2024). At the order 
level, community composition revealed enrichment of sulfate-reducing 
groups such as Desulfovibrionales, Campylobacterales, and Spirochaetales, 
as well as DNRA-associated taxa including Alteromonadales, Bacter
oidales, and Anaerolineales in low and high addition (Fig. 6b). Notably, 
nosZ-II enzymes from taxa such as Desulfovibrionales and Bacteroidales 
exhibit sulfide tolerance and preferential expression under reduced, 
sulfidic conditions (Nie et al., 2021; Sanford et al., 2012). Together, 
these data indicate that the proliferation of nosZ-II–dominant microbial 
communities with enhanced N2O-reducing capabilities likely contrib
uted to the observed decline in N2O emissions. The enrichment of 
sulfide-tolerant nosZ-II taxa indicates that SRB-driven environments can 
promote complete N2O reduction, suggesting that managing sediment 
redox states is key to minimizing greenhouse gas emissions during 
restoration. Besides DNRA competition and nosZ-mediated N2O reduc
tion, ANA provides an N2-forming pathway that does not produce N2O 
(Song et al., 2013), but its contribution in our system was minor 
(Fig. 4c).

Collectively, while early DNF pulses temporarily enhanced NO3
−

removal, the subsequent shift toward DNRA retained nitrogen as NH4
+ in 

sediments, reducing net nitrogen loss.. This reveals a critical ecosystem 
trade-off: S. alterniflora eradication transforms the wetland from a potent 
source of the greenhouse gas N2O into a sink, yet nitrogen remains 
temporarily bioavailable rather than permanently removed. Future 
work should integrate tidal dynamics and redox heterogeneity to predict 

ecosystem-scale outcomes.

5. Conclusion

This study demonstrates that the eradication of S. alterniflora induces 
a marked shift in NO3

− removal pathways, primarily driven by plant 
residue-mediated changes in carbon substrate availability and microbial 
community. In the early stage, sufficient NO3

− and denitrifying bacteria 
stimulated DNF but also caused incomplete DNF, leading to transient 
N2O pulses. Subsequently, the system shifted toward a higher proportion 
of DNRA, facilitated by elevated C/NO3

− ratios and reduced NO3
− avail

ability. The enrichment of fermentative and sulfate-reducing taxa, 
together with increased nrfA and the nosZ-II-type N2O-reducing mi
crobes, supported this transition and mitigated N2O emission. While 
DNRA enhances nitrogen retention as NH4

+, it may also increase the risk 
of NH4

+ export to estuaries. By unraveling the mechanistic linkages be
tween S. alterniflora eradication, NO3

− removal pathway shifts, and the 
transition of N2O emissions from source to sink, this work provides a 
critical theoretical foundation for achieving coordinated nutrient 
removal and climate mitigation benefits in coastal wetland restoration.
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Steinegger, M., Söding, J., 2017. MMseqs2 enables sensitive protein sequence searching 
for the analysis of massive data sets. Nat. Biotechnol. 35 (11), 1026–1028.

Stokstad, E., 2023. China battles alien weed at unprecedented scale. Sccience 379 
(6636), 972.

Su, X., Wen, T., Wang, Y., Xu, J., Cui, L., Zhang, J., Xue, X., Ding, K., Tang, Y., Zhu, Y.G., 
2021. Stimulation of N2O emission via bacterial denitrification driven by 
acidification in estuarine sediments. Glob. Chang. Biol. 27 (21), 5564–5579.

Sun, F., Deng, Q., Li, X., Tang, M., Ma, X., Cao, X., Zhou, Y., Song, C., 2021. Organic 
carbon quantity and quality jointly triggered the switch between dissimilatory 
nitrate reduction to ammonium (DNRA) and denitrification in biofilters. 
Chemosphere 280, 130917.

Surey, R., Schimpf, C.M., Sauheitl, L., Mueller, C.W., Rummel, P.S., Dittert, K., Kaiser, K., 
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