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A B S T R A C T

Large-scale eradication of the invasive Spartina alterniflora on China’s coasts is implemented to restore wetland 
ecosystems, yet it introduces a critical yet overlooked environmental trade-off: massive plant residue input may 
destabilize sediment organic carbon (SOC), the core part of coastal blue carbon. While carbon loss from biomass 
removal is recognized, the impact on the recalcitrant organic carbon (ROC) pool remains unknown. Here, we 
conducted field measurement in a subtropical mangrove wetland in Southeast China with a 60-day incubation 
experiment across five plant residue-addition gradients, using 13C isotope tracing and metagenomics to quantify 
ROC loss and to explore its microbial mechanisms. Field observations post-eradication showed the ROC to SOC 
ratio decreased by 11%–19%. Incubation experiments provided the direct evidence of nonlinear, dose-dependent 
ROC loss, with low-dose inputs inducing disproportionately greater loss. All residue addition treatments showed 
net ROC loss (12%–383%), whereas only the lowest addition (0.5 kg dry residue m− 2) caused net SOC loss (63 %) 
compared with control group. Metagenomic analysis further showed that the lower-dose treatment (1 kg m− 2) 
was enriched in MAGs with broader predicted capacities for complex-carbon utilization, whereas the high-dose 
treatment (4 kg m− 2) showed greater potential for plant-derived carbohydrate utilization. This study establishes 
a mechanistic link between invasive plant eradication and nonlinear ROC loss, providing a critical perspective for 
optimizing coastal blue carbon management during ecological restoration.

1. Introduction

Coastal wetlands, including mangroves and saltmarshes, are globally 
important blue carbon ecosystems (Macreadie et al., 2021). Their high 
primary productivity combined with the anaerobic conditions, promotes 
substantial burial and storage of organic carbon in sediments, making 
them significant carbon sinks (Alongi, 2022; Sun et al., 2023). However, 
in recent years, biological invasions—particularly by the alien species 
Spartina alterniflora (S. alterniflora)—have profoundly affected the 

ecological structure and functioning of coastal wetlands in China. With 
ongoing eradication efforts and subsequent maintenance, China has 
restored over 60,000 ha of S. alterniflora-invaded wetlands (Li et al., 
2022a; Mao et al., 2019), removing more than 7.5 × 105 t of above
ground biomass (dry weight) (Xie, 2019). This large-scale removal is 
thought to have substantially reduced blue carbon stocks (Qi et al., 
2024). Understanding and potentially managing the factors that influ
ence sediment carbon sequestration in response to S. alterniflora residues 
is therefore of critical importance.
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Although large-scale eradication projects have been implemented, 
empirical evidence regarding their impact on sediment carbon pools 
remains contradictory. Some studies report substantial inputs of plant- 
derived carbon have the potential to increase SOC storage. For 
instance, observations in the Yellow River Estuary reported increased 
SOC one year after S. alterniflora removal (Song et al., 2024). However, a 
study in the Chongming Dongtan wetland in the Yangtze River Estuary 
found SOC decreased following eradication (Wang et al., 2025a). These 
differences may be due to the “priming effect” (Jian et al., 2020), which 
can be very sensitive to the amount of added carbon (Mendoza et al., 
2022; Li et al., 2024). Importantly, most studies focus on total SOC, but 
the fate of recalcitrant organic carbon (ROC), which is the main form of 
long-term carbon storage, under different residue amounts is still un
clear. Therefore, it is unknown whether there is a “tipping point” in 
residue input that shifts sediments from storing carbon to losing ROC. As 
a result, it remains unclear whether S. alterniflora residues should be 
buried in situ or transported off-site for treatment, and if buried locally, 
what amount of residue input would best enhance SOC storage or 
minimize its destabilization.

ROC contains highly aromatic or structurally complex compounds 
that resist rapid microbial decomposition, making it the principal 
component of long-term carbon storage in wetland sediments (Yang 
et al., 2013). As a result, any change in ROC directly determines 
whether a restored wetland can maintain its function as a carbon sink 
(Cheng et al., 2007; Liu et al., 2025a). The introduction of fresh organic 
carbon into sediments may cause a priming effect (PE) (Kuzyakov, 
2010), whereby the decomposition of native SOC is either stimulated 
(positive PE) or suppressed (negative PE). Positive PE has been reported 
when residue inputs enhance microbial activity and accelerate native 
organic matter mineralization (Bernard et al., 2022; Fontaine et al., 
2007), whereas residues with high C/N ratios may induce negative PE 
due to microbial competition for electron acceptors or the inhibition of 
extracellular enzymes (Craig et al., 2022; Kuzyakov et al., 2000). Pre
vious studies have also shown that the intensity of PE does not increase 
proportionally with elevated labile organic carbon inputs, suggesting 
that microbial responses to fresh carbon may shift with substrate 
availability (Paterson and Sim, 2013). When fresh carbon supply is 
limited, microbial communities may shift toward taxa with oligotrophic 
traits, such as members of Acidobacteriota and Chloroflexota, which are 
generally better adapted to resource-limited conditions (Li et al., 2022b; 
Yu et al., 2025). Under such conditions, microorganisms may broaden 
their substrate use and increase investment in extracellular enzymes to 
access more complex native organic matter (Fontaine et al., 2007; Fang 
et al., 2018). In contrast, when readily available substrates are abun
dant, fast-growing copiotrophic microorganisms, such as members of 
Proteobacteria and Bacillota, can preferentially exploit these inputs, 
potentially reducing their relative dependence on native recalcitrant 
carbon (Garcia-Pausas and Paterson, 2011; Bernard et al., 2022). Such a 
shift in microbial carbon-acquisition strategy provides a plausible 
explanation for why priming responses may vary nonlinearly with the 
amount of fresh organic carbon supplied. However, whether different 
amounts of S. alterniflora residues induce such contrasting microbial 
strategies, and how these shifts are associated with the destabilization of 
sediment ROC, remains unknown. Unraveling these dose-dependent 
microbial mechanisms is critical to understanding why massive res
idue inputs might counterintuitively accelerate the loss of the wetland's 
most stable carbon fraction.

To address these knowledge gaps, we combined field observations in 
a subtropical mangrove wetland with a 60-day incubation experiment 
using 13C stable isotope tracing and metagenomic analysis across a range 
of S. alterniflora residue additions. We focused on two main questions: 
(1) How does the amount of residue added affect the balance between 
S. alterniflora residue carbon accumulation and the loss of ROC? and (2) 
What microbial processes drive ROC loss under low versus high residue 
inputs? We hypothesize that residue input does not always increase total 
SOC, but can cause nonlinear, dose-dependent carbon accumulation or 

loss, particularly affecting ROC.

2. Materials and methods

2.1. Field study

The study area is located in the Zhangjiang Estuary National 
Mangrove Nature Reserve, Zhangzhou, Fujian Province, China 
(117◦24′07′′–117◦30′00′′E, 23◦53′45′′–23◦56′00′′N) (Gao et al., 2018). 
The reserve covers a total area of 2,360 hm2, with dominant mangrove 
species including Kandelia obovata, Avicennia marina, and Aegiceras 
corniculatum. Since the 1990s, the mudflats of this region have been 
invaded by S. alterniflora, which competed strongly with native man
groves (Zhu et al., 2019). By 2016, the invaded area had exceeded that 
of the mangroves, and by 2022, the invasion expanded to 132.12 hm2 

(Huang et al., 2022). In late October 2022, a one-month restoration 
project was launched (Zhu et al., 2024, Zhu et al., 2025), during which 
the invasive S. alterniflora was effectively removed through a combina
tion of mowing and ploughing.

Sediment samples were collected from three stations (S1–S3; 
Fig. S1). Pre-eradication samples (n = 3 per station) were obtained in 
October 2019 (S1), November 2020 (S2), and August 2022 (S3), while 
post-eradication samples were collected in August 2023 (S1, S2, S3). 
Before eradication, all sampling sites were characterized by dense 
monospecific stands of S. alterniflora, with no intermixing with man
groves or other vegetation. Following eradication, all sites were char
acterized by unvegetated mudflat conditions (Fig. S1). The sampling 
stations were located approximately 10–30 m from the nearest tidal 
creek. During low tide, surface sediments from the upper 5 cm, repre
senting the sediment layer most directly exposed to vegetation removal, 
residue incorporation, and subsequent biogeochemical disturbance, 
were collected using a hand shovel, placed in sterile polyethylene bags, 
and immediately stored in insulated containers with dry ice before being 
transported to the laboratory within 24 h for subsequent analyses of 
SOC, ROC, and δ13C. Sediments were freeze-dried and stored at − 80 ℃ 
until further processing.

2.2. Controlled sediment experiments

For laboratory incubation, sediments were collected from S3 in 
August 2023 using Plexiglas corers (120 mm diameter × 500 mm 
length) from three profiles, pooled, and homogenized. Plant residues 
and stones were removed by sieving through a 2 mm mesh. Sediment 
slurries were prepared by mixing sediments with in situ seawater, which 
had been filtered through 0.7 μm glass-fiber filters (Whatman GF/F, 
USA), at a ratio of 1:1 (m/v). Whole plants of S. alterniflora were har
vested from quadrats (1 m × 1 m). Adhering sediments were removed 
using a high-pressure water jet, followed by a second cleaning with 
Milli-Q water. The plants were subsequently oven-dried at 65 ℃, cut 
into small fragments (< 1 mm), and finely ground using a ball-mill 
homogenizer (JXFSTPRP, Jingxin, China).

The incubation experiment used S. alterniflora (a C4 plant) residues 
mixed with sediments collected from a mangrove (C3) wetland that had 
previously been invaded by this species. Considering that the above
ground biomass of S. alterniflora in our region ranges from 0.24 to 3.69 
kg dry m− 2 (Huang et al., 2022), five residue-addition levels were 
established: 0, 0.5, 1, 2, and 4 kg dry m− 2. Based on the sediment bulk 
density of 0.8 g cm− 3 and the ploughing depth of 0.4 m, these levels 
corresponded to the addition of 0, 0.25, 0.5, 1, and 2 g of S. alterniflora 
dry residues to approximately 400 g of slurry (equivalent to 160 g dry 
sediment). For each treatment, the five doses of S. alterniflora residue (C 
content: 37.0 % ± 0.25; δ13C: − 14.48 ‰ ± 0.12) were thoroughly mixed 
with 400 g of slurry (C content: 1.28 % ± 0.13; δ13C: − 25.31 ‰ ± 0.05) 
and transferred to 1 L sealed incubation bottles. Samples were incubated 
under anoxic, dark conditions at in situ temperature (30 ℃) for 60 days.

Destructive sampling was performed on days 7, 30, and 60, with 
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three replicates for each treatment. Treatments with 0 kg m− 2 (CK, 
control), 1 kg m− 2 (L, low dose), and 4 kg m− 2 (H, high dose) were 
selected for metagenomic sequencing to contrast microbial responses 
across no-input, environmentally representative low-input, and high- 
input conditions. The 0.5 kg m− 2 treatment was included primarily to 
resolve the full dose–response of sediment carbon pools and represents 
an extreme low residue-input scenario. SOC, ROC and isotope were 
measured only at the end of the incubation because they represent 
relatively stable sediment carbon pools. CO2 and CH4 production during 
the incubation showed that microbial decomposition reached a steady 
state after approximately 45 days (Fig. S2). Therefore, end-point mea
surements minimized short-term variability and better captured the net 
changes in sediment carbon pools resulting from the degradation of the 
added plant residues.

2.3. SOC, ROC and stable-isotope analyses

Sediment pretreatment and analytical methods followed (Lu et al., 
2023). ROC was determined using the acid hydrolysis method (Cheng 
et al., 2007). In this study, ROC was operationally defined as the SOC 
fraction remaining after acid hydrolysis, representing a chemically 
resistant fraction of bulk SOC rather than an intrinsically inert carbon 
pool. Freeze-dried sediment samples were cleaned of visible plant and 
animal residues, and 1 g of sediment was placed into an Erlenmeyer flask 
with 20 mL of 6 mol L− 1 HCl. The samples were heated at 116 ◦C under 
reflux on a digestion block for 18 h. After cooling, the samples were 
centrifuged, and the supernatant was discarded. The sediment was 
rinsed with Milli-Q water until neutral, then freeze-dried and ground. 
SOC and ROC contents were measured using an elemental analyzer 
(Vario EL III, Elementar, Germany), and δ13C values were measured 
using an isotope ratio mass spectrometer (MAT 253, Thermo Fisher 
Scientific, USA).

The contribution proportion (f) of S. alterniflora residues to SOC or 
ROC after incubation was calculated using a binary mixing model 
(Sauvadet et al., 2018). 

f = (δ13Csample-δ13Craw)/(δ13CSA-δ13Craw) × 100% (1) 

In the equation, f represents the proportion (%) of SOC or ROC 
derived from S. alterniflora residues. δ13Csample is the δ13C value (‰) of 
SOC or ROC in sediments after incubation, δ13Craw is the δ13C value of 
SOC or ROC in the initial sediments used for incubation (δ13C-SOC =
-25.3 ‰, δ13C-ROC = -24.8 ‰), and δ13CSA is the δ13C value of the added 
plant residues (δ13C SA = -14.48 ‰ in this study).

The absolute amount of S. alterniflora-derived carbon incorporated 
into the sediments was calculated using Eq. (2). 

SAderived = f × Csample (2) 

In the equation, SAderived represents the amount of carbon (mg) in 
SOC or ROC derived from S. alterniflora residues at the end of incubation, 
while Csample denotes the SOC or ROC content (mg) in sediments of each 
treatment after incubation.

To evaluate the dose effect of plant residues input on SOC and ROC, 
we calculated the change in SOC or ROC per unit of residues added (ΔC). 
Specifically, the difference in SOC or ROC between each treatment and 
the control (0 kg m− 2) was divided by the amount of residues added Eq. 
(3). 

ΔC =
(
Csample − Cck

)
/(Cresidues) × 100% (3) 

In the equations, CCK denotes the SOC or ROC content (mg) in the 
control treatment without residue addition. Cresidues represents the 
added amount of plant carbon in each treatment. Accordingly, ΔC >
0 indicates a net gain in the corresponding sediment carbon pool relative 
to the control per unit of residue C added, whereas ΔC < 0 indicates a net 
loss. In particular, a negative ΔC indicates that the loss of pre-existing 
sediment carbon exceeded the amount of residue-derived carbon 

retained in that carbon pool. In this study, the amount of Cresidues in the 
five experimental treatments was 0, 93.7, 187.3, 374.6, and 749.2 mg, 
respectively.

2.4. DNA extraction and shotgun metagenomic sequencing

DNA was extracted using the HiPure Soil DNA Kit B (Magen, China). 
DNA quality was checked with a NanoDrop (Thermo Scientific, USA), 
and concentration was determined using a Qubit 4 Fluorometer (Thermo 
Scientific, USA). DNA was fragmented to 300–350 bp with a Covaris 
S220 ultrasonicator, followed by end repair, adaptor ligation, PCR 
amplification, purification, and library quality assessment. Qualified 
libraries were sequenced on the MGIseq-T7 platform (PE150), gener
ating an average of 50 Gbp paired-end reads per sample (Table S1).

Metagenomic data processing generally followed Fan et al. (2024)
and Wu et al. (2026). Raw reads were converted to FASTQ format, and 
adaptor sequences and low-quality reads were removed using cutadapt 
(v1.9.1) (Martin, 2011). Clean reads were assembled with MEGAHIT 
(v1.1.3) (Li et al., 2015), and coding sequences were predicted using 
Prodigal (v3.02) (Hyatt et al., 2010). A non-redundant unigene catalog 
was constructed with MMseqs2 using 95 % sequence identity and 95 % 
coverage thresholds (Steinegger and Söding, 2017). Gene abundance 
was estimated by mapping clean reads to the unigene catalog using 
SoapAligner (v2.21) (Li et al., 2009). Predicted proteins were annotated 
against the KEGG Genes and NCBI NR databases using DIAMOND 
(v0.8.15.77), with an e-value cutoff of 1 × 10-5 and a minimum identity 
of 30 %, retaining the best hit (Buchfink et al., 2015). Carbohydrate- 
active enzymes (CAZymes) were identified using the CAZy database 
and annotated with HMMER against the dbCAN3 HMM profiles (Zheng 
et al., 2023). Relative abundances of functional genes and CAZy families 
were then calculated to characterize community-level metabolic po
tential and carbohydrate utilization capacity.

Metagenome binning was conducted with metaWRAP (v1.3.2) 
(Uritskiy et al., 2018), integrating MetaBAT2 (v2.12.1) (Kang et al., 
2019), MaxBin2 (v2.2.6) (Wu et al., 2016), and CONCOCT (v1.1.0) 
(Alneberg et al., 2014). Bins were refined using the metaWRAP refine
ment module and evaluated with CheckM2 (v1.1.0) (Chklovski et al., 
2023). MAGs with completeness > 50 % and contamination < 10 % 
were retained, yielding 414 MAGs. Dereplication with dRep (v3.6.2) at a 
95 % ANI threshold produced 261 unique clusters (Olm et al., 2017). 
MAG relative abundance was calculated using CoverM (v0.7.0) (Wang 
et al., 2024). At the genome-resolved level, taxonomic classification of 
individual MAGs was performed using GTDB-Tk (v2.5.1) (Chaumeil 
et al., 2020), and their predicted complex carbon degradation capac
ities were annotated using METABOLIC (v4.0) (Zhou et al., 2022). This 
analysis identified 211 MAGs containing predicted functions related to 
complex-carbon degradation, and the 40 most abundant MAGs were 
selected for subsequent analysis (Fig. S5; Tables S2 and S3).

2.5. Data analysis

Bar charts present the mean values and standard errors (n = 3), 
illustrating the differences in carbon fractions and sources pre- and post- 
S. alterniflora residues input in field and laboratory experiments. 
Figures were generated using Origin 2025 (OriginLab Corporation). 
Microbial annotation and alignment results were analyzed in R v4.3.3 (R 
Core Team, 2023). Based on species-level taxa data, the Shannon index 
was calculated using the “diversity” function in the vegan package to 
assess α-diversity. The “vegdist” function with the Bray–Curtis method 
was used for NMDS analysis, visualizing sample similarities and differ
ences across treatments and incubation times. PERMANOVA was per
formed using the “adonis2” function to test community variation. 
Grouped hierarchical heatmaps were generated with the pheatmap 
package to visualize sample similarities and dissimilarities.
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3. Results

3.1. Changes in field SOC pools between pre- and post-eradication

We found no significant differences in SOC and ROC contents be
tween pre- and post- S. alterniflora eradication (Fig. 1a, b). Because the 
pre-eradication samples were collected in different years, natural 
interannual variability cannot be fully excluded. Therefore, these field 
observations should be regarded as contextual evidence of changes in 
surface sediment carbon-pool composition rather than as a stand-alone 
causal test of the eradication effect. Despite similar absolute concen
trations, the composition of the sediment organic carbon pool shifted 
after eradication. The proportion of ROC in SOC decreased by 11–19 % 
(Fig. 1c). The δ13C data indicate that the increase in SOC was largely 
derived from S. alterniflora inputs (10–22 %; Fig. 1d), which contain 
both labile and recalcitrant components.

3.2. Changes of SOC and ROC with residues addition

To evaluate the effects of different residue addition levels, the change 
in sediment carbon per unit of added residues (ΔC) was calculated by 
comparing the SOC or ROC content in each treatment to the control (0 
kg m− 2) and normalizing it by the amount of residue carbon added, as 
shown in Equation (3). In other words, ΔC represents the amount of 
carbon gained or lost in the sediment relative to the residue input 
(Fig. 2). Only the lowest residue addition (0.5 kg m− 2) resulted in a 
negative ΔCSOC (− 63%), indicating that carbon losses exceeded the 

amount of residue-derived carbon retained in the SOC pool. In contrast, 
ΔCSOC was positive at the higher residue additions (Fig. 2a, S3). A 
distinctly different pattern was observed for ROC (Fig. 2b, S2b). ΔCROC 
remained negative across all residue-addition treatments (− 12% to 
− 383%), with the greatest input-normalized ROC loss occurring at 0.5 
kg m− 2. Thus, although residue addition destabilized pre-existing ROC 
across the entire addition gradient, only at the lowest residue input did 
this loss exceed the accumulation of added carbon sufficiently to pro
duce a net loss of the total SOC pool. SOC derived from S. alterniflora 
increased by 68–126% across all addition treatments, with the largest 
increase in the low-dose treatment (Fig. 2c, S2c). ROC derived from 
S. alterniflora increased by 12–28% (Fig. 2d, S2d).

3.3. Microbial community structure dynamics following residues addition

S. alterniflora residues addition increased both the diversity and 
abundance of microbial communities (Fig. 3a, b). Community compo
sition varied across residues doses and sampling times (Fig. 3c), with the 
H treatment harboring the largest number of unique taxa (Fig. 3d). At 
the phylum level, compared to CK, residues addition increased the 
relative abundances of Bacillota (formerly Firmicutes), Bacteroidota, 
Fibrobacterota, Euryarchaeota, and Spirochaetota, while decreasing 
those of Pseudomonadota, Gemmatimonadota, Acidobacteriota, Verru
comicrobiota, Planctomycetota, Ignavibacteriota, Chloroflexota, and 
Myxococcota (Fig. 3e; Fig. S3). For fungi, residues addition increased the 
abundances of Ascomycota and Chytridiomycota, whereas a decline in 
Basidiomycota was observed exclusively in the H treatment (Fig. S4).

Fig. 1. Changes in sediment carbon components and their sources before and after S. alterniflora eradication. (a) Total sediment organic carbon (SOC); (b) Recal
citrant organic carbon (ROC); (c) Proportion of ROC in SOC; (d) Contribution of S. alterniflora to SOC. Column heights indicate as mean ± SE (standard error, n = 3). 
Asterisk above bars indicate significant differences among treatments (p < 0.05). Pre-eradication samples were collected in 2019 (S1), 2020 (S2), and 2022 (S3), 
while post-eradication samples were collected in 2023 at all stations.
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To characterize microbial genomes with predicted functions related 
to complex-carbon degradation, we examined the taxonomic composi
tion of the recovered MAGs (Fig. 3e). Residue addition initially 
increased the abundances of Bacteroidota (bin.37, 40) and Pseudomo
nadota (bin.38-39). At the later stage, however, distinct dose-dependent 
enrichment patterns emerged. The H treatment was enriched in bin.1- 
bin.5, comprising Actinomycetota (bin.1), Bacteroidota (bin.2 and 
bin.5), Bacillota affiliated with Clostridia (bin.3), and Halobacteriota 
affiliated with Methanosarcinia (bin.4). Functionally, bin.2, bin.3, and 
bin.5 showed predicted genomic potential for cellulose, hemicellulose, 
and oligosaccharide degradation, whereas bin.1 and bin.4 were char
acterized mainly by amylolytic or chitin-associated enzyme markers. In 
contrast, the L treatment was enriched in Bacteroidota affiliated with 
Marinilabiliaceae (bin.6), Bacillota affiliated with Clostridia (bin.7 and 
bin.8), and Thermoproteota affiliated with Bathyarchaeia (bin.9). 
Notably, bin.6 exhibited the broadest predicted substrate-degradation 
repertoire among bin.1-bin.9, spanning cellulose, hemicellulose, oligo
saccharide, starch, and chitin-associated functions. Bin.7 was associated 
mainly with hemicellulose and oligosaccharide degradation, whereas 
bin.8 and bin.9 showed predominantly amylolytic potential.

3.4. Microbial functions following residues addition

To compare the relative abundance of carbon-degrading functional 
genes across treatments, metagenomic clean reads were annotated 
against the CAZyme database. Following S. alterniflora residues addi
tion, microbial communities showed higher relative abundances of 
specific CAZyme genes annotated for the degradation of plant-derived 

carbohydrates, including simpler sugar compounds (sucrose, beta- 
Fucosides, alpha-rhamnoside) and complex structural polysaccharides 
(starch, fructan, pectin, beta-galactan, arabinogalactan protein, beta- 
glucan, alpha-glucan, alpha-galactan, xyloglucan, xylan, arabinan, 
beta-glucuronan, cellulose and beta-mannan). In contrast, the relative 
abundance of genes responsible for degrading microbially derived 
complex polysaccharides decreased, such as peptidoglycan, chitin, and 
exopolysaccharides (Fig. 4a).

The genome-resolved MAG analysis provides predictions of the 
substrate-utilization potential of individual reconstructed genomes, 
whereas the CAZyme and KEGG analyses presented below characterize 
functional potential at the community level. These two approaches 
provide complementary information at different biological levels and 
are not intended for direct one-to-one comparison. KEGG pathway 
analysis further revealed differences in metabolic capacities between 
addition (L and H) and CK treatments (Fig. 4b). Residue addition 
enhanced flavone and flavonol biosynthesis, whereas carbon meta
bolism (e.g., fatty acid metabolism, glycerophospholipid metabolism, 
glyoxylate and dicarboxylate metabolism), degradation of plant sec
ondary metabolites, and aromatic compound degradation were all 
reduced compared with the CK treatment, with stronger declines in the 
H treatment than in the L treatment.

Fig. 2. Changes in SOC and ROC relative to CK versus different added doses of S. alterniflora residues. (a) Change in SOC relative to CK; (b) change in ROC relative to 
CK; (c) change in SOC derived from S. alterniflora; (d) change in ROC derived from S. alterniflora. Column heights indicate as mean ± SE (standard error). Lowercase 
letters above bars indicate significant differences among treatments (p < 0.05).
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4. Discussion

4.1. Effect of S. Alterniflora residues addition on sediment organic carbon 
pools

The addition of S. alterniflora residues reduced the proportion of 
ROC, thereby reshaping the sediment carbon pool structure (Fig. 2a, b). 
13C isotope tracing revealed significant declines in ROC proportion 
(11–19% and 11–23% in field and laboratory experiments, respectively; 
Fig. 1, Fig. S3e). Contrary to the traditional view that ROC is highly 
resistant to microbial decomposition (Rovira and Vallejo, 2007, 2002; 
Zhang et al., 2017a), and that LOC inputs suppress ROC mineralization 
via negative PE (Liu et al., 2017; Zhang et al., 2017b), our findings 
indicate the opposite.

Microbial co-metabolism represents one plausible explanation for 
the loss of pre-existing ROC following residue addition. Residue inputs 
enhanced the community-level potential for utilization of plant-derived 
carbohydrates (Fig. 4a), consistent with increased availability of 
residue-derived substrates for microbial metabolism. The concurrent 
loss of pre-existing ROC is consistent with the possibility that meta
bolism supported by residue-derived substrates also affected native 
sediment carbon. Although the S. alterniflora-derived carbon partially 
replaced the mineralized ROC pool, this substitution reduced the 
chemical stability of sedimentary organic carbon pool. Because meta
genomic annotations represent predicted functional potential rather 
than in situ activity, and neither ROC-specific enzyme activities nor 
isotope-resolved ROC mineralization were measured, these microbial 
interpretations should be regarded as mechanistic hypotheses supported 
by correlative metagenomic evidence rather than directly demonstrated 
pathways.

Exogenous carbon input exhibited a nonlinear relationship with ROC 
loss, whereby low-dose additions induced disproportionately greater 
losses (Fig. 2). To account for differences in residue input among 

treatments and to exclude the potential artifact of carbon dilution, ROC 
changes were normalized to the amount of S. alterniflora carbon added in 
each treatment (Fig. 2b). In addition, we further assumed that residues 
in the low-dose treatment (0.5 kg m− 2) contained no ROC. Under this 
extreme assumption, physical dilution would account for at most a ~ 4 
% decline in the ROC/SOC ratio—substantially lower than the ~ 20 % 
reduction observed in our experiment (Fig. S3e). These results are 
inconsistent with residue dilution alone and are instead consistent with 
a microbial contribution to the observed nonlinear ROC loss.

Previous studies similarly reported that low-dose straw additions 
stimulated SOC loss, whereas higher doses led to SOC gains or compa
rable levels to controls (Bastida et al., 2019; Liang et al., 2023). In our 
study, net SOC loss occurred only under the 0.5 kg m− 2 treatment, 
although native carbon losses were observed across all treatments, with 
a priming-like response under low-dose treatments (Fig. 2a). Notably, 
the 0.5 kg m− 2 treatment also exhibited the greatest decline in ROC, 
highlighting its disproportionate vulnerability to residues addition. 
Moreover, low-dose addition caused net MBC loss (Fig. S7), indicating 
that while some microbes benefitted, others declined or underwent 
community restructuring. In the field survey, we did not detect a net loss 
of SOC after S. alterniflora eradication. This discrepancy with the incu
bation results may be explained by the rarity of extremely low residues 
inputs under natural conditions. Previous studies reported that the total 
biomass of S. alterniflora along the Chinese coastal wetlands ranges from 
0.93 to 6.98 kg m− 2 (Chen et al., 2024). Even when aboveground 
biomass is strictly prevented from entering sediments, only about 18% 
of invaded areas exhibit belowground biomass lower than 0.5 kg m− 2. 
Therefore, the low-dose scenarios that caused the most pronounced ROC 
loss in our incubation experiment are unlikely to dominate in the field, 
which may partly explain the absence of detectable SOC depletion at the 
ecosystem scale.

Fig. 3. Sediment microbial community composition following S. alterniflora residues addition. (a) Shannon index; (b) observed species; (c) non-metric multidi
mensional scaling (NMDS) plots; (d) Venn diagram; (e) Overview of 40 metagenome-assembled genomes (MAGs) involved in complex carbon degradation. Clustered 
based on the abundance of MAGs. The different taxonomic affiliations of the MAGs are indicated by distinct colors. The heatmap displays the abundance of these 
MAGs across different treatment groups (CK, L and H group), with high abundance represented in orange and low abundance in blue. The presence-absence map 
reveals specific complex carbon degradation functions corresponding to different MAGs, where the presence of genes filled in blue. The detailed descriptions of 
symbols, KEGG Orthology, etc., are provided in Table S3.
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4.2. Microbial community and functional shifts driving carbon processes 
after S. Alterniflora residues addition

In line with the ‘co-metabolism’ and ‘nutrient mining’ frameworks 
(Fang et al., 2018), limited labile carbon inputs were rapidly exploited 
by r-strategist microbes to support growth and extracellular enzyme 
production. Under carbon- and nutrient-limited conditions, microbes 
secreted more enzymes to mine native SOC. By contrast, high-dose ad
ditions fulfilled microbial carbon and energy demands, reducing the 
incentive to exploit recalcitrant SOC and channeling more carbon into 
microbial biomass. In our study, the overall microbial abundance and 
diversity were lower in the low-addition group compared to the high- 
addition group. However, the low-addition group was enriched in 
MAGs with broader predicted capacities for complex-carbon utilization. 
We refer to this pattern here as “active foraging”, operationally defined 
as a microbial resource-acquisition response under limited residue 
supply characterized by enrichment of microorganisms with broader 
predicted capacities for utilizing complex carbon substrates.

Microbial community abundance and structure are key determinants 
of organic matter mineralization under labile carbon inputs (Garcia- 
Pausas and Paterson, 2011). Our results revealed clear community 
shifts following residues addition. In the early stage, both low (L) and 
high (H) treatments were enriched in r-strategist taxa, including Pseu
domonadota (formerly Proteobacteria), Campylobacterota, and Bacter
oidota (Fig. 3e, S3a). These copiotrophic groups thrive in nutrient-rich 
conditions and rapidly utilize DOC released during initial residues 
decomposition (Glasl et al., 2020; van der Stel and Wösten, 2019; Yao 
et al., 2017). Notably, Bacteroidota specialize in hemicellulose degra
dation (Huang et al., 2023), a major constituent of S. alterniflora (Yan 
et al., 2018). Moreover, the enrichment of Thermodesulfobacteriota 
may reflect greater potential for sulfate-associated carbon 

mineralization (Demin et al., 2024; Wang et al., 2025b). The sulfide 
(HS-) generated during this process may disrupt iron-organic matter 
complexes (Fe-OC) through reductive dissolution, thereby releasing 
mineral-protected ROC and increasing its microbial availability (Melton 
et al., 2014). At this stage, compared with the H treatment, the abun
dance of r-strategist microorganisms was lower in the L treatment, 
whereas K-strategists such as Gemmatimonadota and Chloroflexota 
were more enriched (Fig. S4). This compositional shift is consistent with 
stronger selection for taxa adapted to resource-limited conditions under 
lower residue input, but does not demonstrate direct utilization of native 
ROC.

At day 30, the bacterial communities shifted toward dominance by 
Chloroflexota (Fig. S4a), although their overall abundance in the addi
tion treatments was lower than in CK (Fig. 3e), with higher abundance in 
the L treatment compared to the H treatment. As typical K-strategists, 
Chloroflexota thrive on recalcitrant substrates such as cellulose and 
lignin (Yang et al., 2023). Concurrently, Bacillota (formerly Firmicutes) 
and Fibrobacterota increased in relative abundance compared with CK, 
whereas Actinobacteria, Acidobacteriota, and Gemmatimonadetes 
declined (Fig. 3e). Bacillota are metabolically versatile under nutrient- 
rich conditions (Dias et al., 2025), and Bacillus species are known 
lignin degraders (Fig. S4, Table S4; Grgas et al., 2023). Fibrobacterota 
specialize in efficient cellulose degradation (Neumann et al., 2018; 
Ransom-Jones et al., 2012). Actinobacteria are highly competitive in 
utilizing plant-derived DOC such as sugars and amino acids (Su et al., 
2020) and are also key lignin degraders (Saini et al., 2015; Weng 
et al., 2021). Gemmatimonadetes possess GHs gene clusters that confer 
advantages in degrading lignin and hemicellulose (Bao et al., 2025). 
Collectively, these shifts indicate that the rapid mineralization capacity 
of r-strategist microbes diminished at later stages, while the long-term 
decomposition potential also declined, with enhanced activity 

Fig. 4. Substrate utilization and functional pathways of microbial communities following S. alterniflora residues addition. (a) Heatmap of substrate utilization in CK 
(control, 0 kg m− 2), L (low dose addition, 1 kg m− 2), and H treatments (high dose addition, 4 kg m− 2) when day 7, 30 and 60; (b) Bar plots of normalized abundances 
of significantly enriched metabolic pathways.
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restricted to specific plant-derived substrates relative to CK. Moreover, 
the consistently higher abundance of K-strategist microbes in the low- 
dose addition treatments compared to the high-dose treatments sug
gests that limited labile carbon inputs favored microbial groups 
specialized in the efficient utilization of ROC pools.

Bacteria preferentially metabolize simple substrates to form amino 
sugars, whereas fungi target complex compounds (Zhang et al., 2025). 
The enrichment of Ascomycota may reflect increased potential for 
transformation of structurally complex organic matter, although their 
direct contribution to ROC degradation was not determined. Conversely, 
the decline of Basidiomycota in the H treatment indicates reduced hu
mification potential and impaired stabilization of newly formed carbon. 
Bacteria preferentially degrade lighter carbon, whereas archaea can 
metabolize heavier carbon (Yang et al., 2024). Among archaea, Eur
yarchaeota increased in the addition treatments (Fig. S4c), consistent 
with our previous observations of Methanomassiliicoccus and Meth
anosarcina, which can contribute to lignin decomposition coupled with 
methane production (Liu et al., 2025b). Overall, residues addition pro
moted degraders of both labile and recalcitrant carbon while potentially 
hindering new carbon stabilization, creating a ‘strong degradation, weak 
formation’ scenario and preventing recovery of the carbon pool. 
Although we observed changes in the abundance of these archaeal and 
fungal groups, their exact contributions to ROC degradation or the for
mation and stabilization of new carbon require further validation 
through isolation and cultivation experiments or isotope-tracing 
approaches.

We demonstrated pronounced shifts in microbial functions following 
residues addition. Enhanced organic carbon mineralization indicated 
that the expanded microbial community primarily exploited the added 
S. alterniflora residues as substrates. Supporting evidence came from 
CAZyme annotation, which revealed significant enrichment of genes for 
degrading a broad spectrum of plant-derived polysaccharides (from 
arabinans to xylans and cellulose), as well as recalcitrant lignin (Fig. 4a; 
Fig. S6). This pattern suggests that S. alterniflora inputs promoted mi
crobial consumption of plant-derived substrates (residues and native 
ROC) while suppressing utilization of microbially derived, inert sub
strates. In contrast, KEGG annotation showed reduced abundances of 
genes related to carbon metabolism and degradation of microbial 
extracellular polymers (e.g., chitin) (Fig. 4b), implying that microbes 
redirected resources toward residues exploitation rather than structural 
or stable product synthesis. This is consistent with the ‘energy priori
tized for external attack’ hypothesis (Bastida et al., 2019).

4.3. Environmental implications and limitations

This study reveals that residues inputs from the eradication of 
S. alterniflora reshape sediment carbon pools and microbial processes in 
coastal wetlands. Residue addition reduced both the content and pro
portion of ROC, thereby weakening the stability of the SOC pool. Mi
crobial responses played a central role, as communities shifted toward 
taxa specialized in degrading plant-derived substrates such as sugars, 
cellulose, hemicellulose, and lignin. Importantly, the relationship be
tween residue dose and ROC loss was nonlinear: low inputs caused 
greater ROC depletion, whereas high inputs mitigated this effect. These 
findings suggest that management strategies should avoid small, scat
tered residue inputs that disproportionately accelerate ROC loss.

Our research also has its limitations. Firstly, the controlled incuba
tion simplified several aspects of field conditions. Finely grinding the 
S. alterniflora residues increased their surface area and likely enhanced 
substrate accessibility, potentially accelerating decomposition relative 
to intact residues in the field. Similarly, slurry preparation disrupted the 
natural sediment structure and increased contact between residues, 
microorganisms, and sediment organic matter, which may have 
enhanced microbial activity and carbon accessibility. Therefore, the 
magnitude of ROC loss observed in the incubation should be interpreted 
as a potential response under highly mixed conditions rather than a 

direct estimate of field-scale carbon loss. An additional limitation con
cerns the operational definition of ROC used in this study. Although acid 
hydrolysis is widely used to isolate a chemically resistant fraction of 
SOC, the remaining carbon pool may still contain microbial necromass, 
mineral-associated organic carbon, and other compounds resistant to 
acid hydrolysis. Therefore, the acid-hydrolysis-defined ROC examined 
here should not be interpreted as equivalent to chemically inert or 
permanently stable carbon. Future studies combining chemical frac
tionation with biomarker, mineral-association, or isotope-based ap
proaches would help better resolve the composition and persistence of 
this operationally defined ROC pool. The constant 30 ◦C incubation 
represented summer field conditions but did not capture seasonal tem
perature variability. Temperature fluctuations in natural wetlands may 
alter microbial activity, residue decomposition, and the magnitude of 
residue-induced native carbon loss, potentially modifying the observed 
dose–response relationship. In addition, the 60-day incubation captured 
only the early to intermediate stages of residue decomposition. As labile 
residue-derived substrates become depleted over longer periods, mi
crobial substrate use and ROC vulnerability may change. Therefore, the 
lower relative ROC loss observed under high residue input should be 
interpreted as a short-term response rather than evidence of long-term 
protection of the ROC pool.

Secondly, scenarios involving repeated plant debris input due to the 
potential recurrence of S. alterniflora were excluded from the analysis. 
Consequently, a more thorough, life-cycle-based carbon footprint eval
uation of plant residue management following S. alterniflora eradication 
is warranted in future research.

In addition to microbially mediated carbon loss, S. alterniflora 
eradication may also enhance physical sediment carbon loss. Salt-marsh 
vegetation attenuates hydrodynamic energy and stabilizes sediments 
through dense aboveground biomass and root systems, whereas vege
tation removal may increase sediment resuspension and erosion. Such 
erosion may directly export SOC and expose previously protected carbon 
to further microbial decomposition, potentially coupling physical car
bon loss with ROC destabilization. Although erosion was not quantified 
in this study, post-eradication carbon loss should therefore be consid
ered as a combination of microbial decomposition and physical sedi
ment redistribution, and erosion risk should also be considered in 
restoration management.
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