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Coupling use of stable isotopes
and functional genes as
indicators for the impacts of
artificial restoration on the
carbon storage of a coastal
wetland invaded by Spartina
alterniflora, southeastern China
Tianshu Chu1, Danyang Li1*, Yi-Jia Shih1, Yuqing Guo1, Kai Liu1,
Fenfen Ji1, Jun Li1, Yuzhu Yin2 and Ruohai Chen3

1Fishery College, Jimei University, Xiamen, Fujian, China, 2Coastal Protection Department, Shenzhen
Mangrove Wetland Conservation Foundation, Shenzhen, Guangdong, China, 3Quanzhou Bay Estuary
Wetland Nature Reserve Development Center, Quanzhou, Fujian, China
Coastal wetlands are characterized by high production and thus play an

important role in global climate change. In past decades, the invasion of

Spartina alterniflora has caused many problems of coastal wetlands in

southeastern China, and the restoration of such areas was mainly conducted

by replacing Spartina alterniflora with mangrove plants. This may impact the

carbon storage dynamics in such areas. In this study, stable isotopes (d13C and

d15N) and molecular analysis were used to reveal the impact of artificial

restoration on the carbon storage of Quanzhou Bay Estuary Wetland Natural

Reserve. The major results are as follows: (1) the change in dominant plants

results in a changing major source of soil organic matter, from external sources

to mangrove plants; (2) the decrease in soil organic matter following the removal

of Spartina alterniflora may be primarily caused by the loss of external organic

matter, while the production of mangroves may offset such loss and enhance the

content and stability of carbon storage over the long term; (3) microbial CO2

assimilation may serve as an alternative source of bioavailable carbon and thus

support the activity of benthic community. Our results revealed the long-term

benefits of such restoration on the carbon storage function of wetlands invaded

by Spartina alterniflora. Furthermore, the integrating of isotopic tracers and

molecular technology may provide new insights in understanding the response

of the carbon storage in coastal areas to human activity.
KEYWORDS

stable isotopes, microbial CO2 assimilation, carbon storage, Spart ina
alterniflora, mangrove
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1 Introduction

As one of the most productive ecosystems, coastal wetlands

contribute greatly to blue carbon and serve as crucial habitats for

numerous species, thus playing significant roles in global climate

change and coastal biodiversity conservation (Pendleton et al., 2012;

Alongi, 2014). However, in the past two decades, the invasion of

Spartina alterniflora (S. alterniflora) has caused many problems in

coastal wetlands, such as native plant degradation, reduced biological

diversity and increased methane emissions (Liu et al., 2021; Qi and

Chmura, 2023; Zheng et al., 2023). This highlights the urgent need for

the protection of such impaired wetlands. To date, the most widely

used path for the restoration of the invaded area is to replace the

invasive S.alterniflora with mangrove plants (Feng et al., 2017; Cui

et al., 2023). Nevertheless, this may produce profound effects on

carbon storage of coastal regions, and subsequently impact coastal

biomass and biodiversity, which largely rely on the bioavailability of

organic matter (Kristensen et al., 2008).

As most of the CO2 fixed by mangrove plants is stored in soil

(Kristensen et al., 2008; Fourqurean et al., 2012), the replacement of

the dominant plant, from S. alterniflora to mangrove plants, may

produce significant effects on the content and the stability of soil

organic matter (SOM). This can be attributed to (1) the differences

in CO2 fixation capacity and allocation mechanisms between

mangrove plants and S.alterniflora (Regnier et al., 2013; Kuwae

et al., 2016; Osland et al., 2018), and (2) the different C: N ratio of

photosynthetic products derived from mangrove plants and

S.alterniflora (Xia et al., 2021; Li et al., 2023). Currently, many

attentions have been paid to the impact of S.alterniflora on SOM

(Graça et al., 2000; Feng et al., 2017; Qi and Chmura, 2023). As one

of the most productive species in coastal areas, S. alterniflora has

been reported to have obvious contribution to SOM (Zhang et al.,

2010; Qi and Chmura, 2023). In addition, the photosynthetic

products derived from S.alterniflora is characterized by lower C:

N ratio and tannin contents than that derived from mangrove

plants (Feng et al., 2015; Wu, 2018; Gao, 2019), thus has higher

bioavailability. Therefore, it remains unclear whether the

restoration by replacing S.alterniflora with mangrove plants

would benefit the carbon storage function and the biodiversity in

coastal areas over long-term period. Apart from dominant plants, it

is also necessary to consider the influence of microbial CO2

assimilation in coastal carbon storage dynamics. Microbial CO2

assimilation has been reported in many areas, such as forest soils

(Spohn et al., 2019), agricultural soils (Miltner et al., 2005; Wu et al.,

2015), paddy soils (Yuan et al., 2012; Wu et al., 2014; Ge et al.,

2016), and wetland soils (Beulig et al., 2015; Nowak et al., 2015;

Lynn et al., 2017), contributing 0.9 and 5.4 Pg C yr−1 globally (Yuan

et al., 2012). However, the simultaneous research of the CO2

fixation by dominant plants and benthic microbes in coastal

wetlands is scarce.

To assess the impact of the artificial restoration on coastal

carbon storage and benthic communities, a comprehensive study

was conducted in Quanzhou Bay wetlands, a region invaded by

S.alterniflora for many years. Since 2022, the S.alterniflora here was

removed and replaced by mangrove plants, this may provide an

ideal site for assessing the effects of wetland restoration. During our
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investigation, the stable isotopes (d13C, d15N) were used to

determine the potential changes in the source of SOM (Phillips

and Gregg, 2003; Philp, 2007; Xia et al., 2021). DNA sequencing and

quantitative real-time PCR (qRT-PCR) technologies were used to

analyze benthic biomass and composition, as well as the activity of

functional genes for benthic microbial CO2 fixation. Additionally,

considering the active nitrogen cycle processes reported in coastal

wetlands (Reis et al., 2019; Wang et al., 2022), the activity of

functional genes associated with benthic nitrogen cycle were also

examined as indicators for the microbial response to the restoration.

The aims of this study are: 1) to observe the variations in

mangrove’s contribution versus S. alterniflora contribution to

total SOM, 2) to reveal the long-term effects of the restoration on

carbon storage and its subsequent impacts on benthic communities,

and 3) to identify the role of microbial CO2 fixation during

restoration. Our results will build upon previous knowledge of

coastal carbon storage and provide new insights in understanding

the response of coastal areas to human activity.
2 Materials and methods

2.1 Study area

Quanzhou Bay is an open bay in Fujian Province, southeastern

China. It is fringed by a large area of wetlands and was designated as

the Quanzhou Bay Estuary Wetland Natural Reserve in 2003. Since

1984, the invasion of S.alterniflora has been observed here, which

caused many problems in the following decades, such as the

degradation of native mangrove community, the decrease in

benthic biomass and the loss of bird habitat (Wang et al., 2008;

Cui et al., 2023; Yang et al., 2014). To prevent the further

degradation of native community, the restoration by replacing the

invasive S.alterniflora with mangrove plants has been carried out

since 2022. S.atlerniflora in the study area was removed by mowing

and plowing in later September 2022 and replaced by mangrove

plants in early November 2022 (Figure 1), the details of mangrove

plants are shown in Supplementary Table S1.
2.2 Sample collection

Field samplings were carried out in September 2022 (Sep 2022),

October 2022 (Oct 2022), December 2022 (Dec 2022), March 2023

(Mar 2023), June 2023 (Jun 2023) and November 2023 (Nov 2023).

The samplings in Oct 2022 and Dec 2022 were carried out about 10 d

after the clear of S.alterniflora and the plants of mangrove seedlings.

The sampled stations are shown in Figure 1, among with the control

station was located in mudflat and was without any plants

throughout the investigation. In order to avoid the residual signal

of the S.alterniflora burned deeply in situ, surface soil (~5 cm) were

collected with a sampling tube (2.9 cm inner diameter) to detect the

content and the d13C and d15N of SOM (d13CSOM, d15NSOM). Samples

of the neighbored seawater and plants (S.alterniflora and Kandelia

candai) were also collected for the detecting of d13C and d15N. The
above samples were all kept at −20 °C before analysis. Another three
frontiersin.org
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replicates of 30 g surface soil were collected and homogenized under

anoxic conditions. Subsamples of 5 g soil were transferred to 50 mL

tubes, cooled with dry ice and transported under an Ar atmosphere to

the laboratory for molecular analyses.
2.3 Content and isotopic values of
organic matter

Triplicate soil samples were collected in a 1 m × 1 m square at

each station and mixed evenly before analysis. Suspend organic

matters in water samples were collected by filtering 4 L of water

through GF-75 filters (47mm, 0.3 mm pore size). The filters were

previously combusted for 4 h at 450°C to remove organic matter.

All water samples were then filtered through a 200 mmmesh sieve to

remove large detritus. In the laboratory, the collected soil, plants

and membrane samples were treated with HCl vapor (48 h) to

remove inorganic carbon and then dried at 60°C. The dried samples

were then fully pulverized, the contents of total organic carbon

(TOC). total nitrogen (TN), and the d13C and d15N values of the

samples were then measured using a Finnigan Delta V Advantage

isotope ratio mass spectrometer interfaced with a Carlo Erba NC

2500 elemental analyzer, with an analytical precision <0.2‰.
2.4 DNA sampling, extraction, amplification
and sequencing

The biomass and the composition of benthic microbes, and the

abundance functional genes for microbial CO2 fixation (cbbM and

cbbL) were observed in Nov 2023. Generally, soil genomic DNA was
Frontiers in Marine Science 03
extracted using E.Z.N.A. Soil DNAKit (Omega Bio-tek, Inc., USA), the

concentration and quality of the genomic DNA were checked by

NanoDrop 2000 spectrophotometer (Thermo Scientific Inc., USA).

The V3-4 hypervariable region of bacterial 16S rRNA gene were

amp l i fi e d w i t h t h e u n i v e r s a l p r im e r 3 3 8 F ( 5 ’ -

ACTCCTACGGGAGGCAGCAG-3 ’ ) a nd 806R ( 5 ’ -

GGACTACNNGGGTATCTAAT-3’). For each sample, 8-digit

barcode sequence was added to the 5’ end of the forward and reverse

primers (Allwegene Company, Beijing). The PCR was carried out on a

ABI 9700 PCR instrument (Applied Biosystems, USA) using 25 mL
reaction volumes, containing 12.5 mL 2×Taq PCRMasterMix (Vazyme

Biotech Co.,Ltd, China), 3 °C mL (2ng mL-1), 1 mL Forward Primer(5

mM)、1 mL Reverse Primer (5 mM), 2 mL template DNA, and 5.5 mL
ddH2O. Cycling parameters were 95 °C for 5min, followed by 28 cycles

of 95 °C for 45 s, 55 °C for 50 s and 72 °C for 45 s with a final extension

at 72 °C for 10min. The PCR products were purified using a Agencourt

AMPure XP Kit (Beckman Coulter, Inc., USA). Sequencing libraries

were generated using NEB Next Ultra II DNA Library Prep Kit (New

England Biolabs, Inc., USA) following the manufacturer’s

recommendations. The library quality was assessed by Nanodrop

2000 (ThermoFisher Scientific, Inc., USA), Agilent 2100 Bioanalyzer

(Agilent Technologies, Inc., USA), and ABI StepOnePlus Real Time

PCR System (Applied Biosystems, Inc., USA), successively. Deep

sequencing was performed on Illumina Miseq/Nextseq 2000/Novaseq

6000 (Illumina, Inc., USA) platform at Beijing Allwegene Technology

Co., Ltd. After the run, image analysis, base calling and error estimation

were performed using Illumina Analysis Pipeline Version 2.6 (Illumina,

Inc., USA).

Qualified sequences were clustered into operational taxonomic

units (OTUs) at a similarity threshold of 97% use Uparse algorithm

of Vsearch (v2.7.1) software. The BLAST tool was used to classify all
FIGURE 1

The location of sampling stations and the change of the vegetation in the study area.
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OTU representative sequences into different taxonomic groups

against Silva138 and GenBank non redundant nucleus database

(nt) Database, and e-value threshold was set to1e-5. QIIME (v1.8.0)

was used to generate rarefaction curves and to calculate the richness

and diversity indices based on the OTU information. Based on the

results of taxonomic annotation and relative abundance, R (v3.6.0)

was used for bar-plot diagram analysis.
2.5 The expression of functional genes

The expression of functional genes for microbial CO2 fixation

(cbbM, cbbL) and nitrogen cycle (nxrA, nxrB, AOA-amoA, AOB-

amoA, nirS, nirK, nosZ, nrfA, narG, norB and nifH) was analyzed by

quantitative real-time PCR (qRT-PCR). Generally, the total RNA

samples were isolated by TRIzol reagent (TIANGEN BIOTECH,

Beijing). Then the RNA purity and concentration was measured by

using the NanoPhotometer spectrophotometer (IMPLEN, CA,

USA). After detecting, cDNA was synthesized using 2 mg RNA

using the PrimeScriptTM RT reagent Kit with gDNA Eraser

(TaKaRa). The specific primer for function genes were designed

using Primer 5.0 by Allwegene Technology (Allwegene Technology

Co., Ltd. Beijing, China), the details are shown in Supplementary

Table S2. The 16S rRNA was used as internal reference gene. qRT-

PCR reaction was performed using SYBR® Premix Ex TaqTM II

(Tli RNaseH Plus) and was conducted on ABI 7500 Real-time

Detection System (Thermo Fisher Scientific, USA). The PCR

reaction was carried out with the following reaction conditions:

95°C for 30 s; followed by 45 cycles of 95°C for 5 s, 60°C for 40 s.

Samples for qRT-PCR were run in 3 biological replicates with 3

technical replicates and the data were represented as the mean ± SD

(n = 3) for Student’s t-test analysis. The relative gene expression was

calculated using the 2-△△CT algorithm (Pfaffl, 2001).
2.6 Statistical analysis

Pearson’s correlations analysis and ANOVA test were

conducted using the Statistical Package for Social Sciences

program (version 19.0) and R (v3.6.0). The source analysis of

organic matters based on d13C, d15N values were conducted by

IsoSource (version 1.3), with the increment of 1% and the tolerance

of 0.1% (Phillips and Gregg, 2003). The cluster analysis of OTUs

and the diversity analysis of benthic community were completed by

Mothur(v1.48.0) and R(v3.6.0).
3 Results

3.1 The content and isotopic values of soil
organic matter

The geo-chemical soil parameters are shown in Supplementary

Table S3. The contents of the total organic carbon (TOC) and

nitrogen (TN) in soil ranged from 0.17 ~ 1.89% (0.64 ± 0.27%, n =

36) and 0.02 ~ 0.15% (0.08 ± 0.03%, n = 36) during the
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investigation. Except for the maximum observed at A (1.89%) in

Dec 2022, the contents of TOC at each stations decreased from Sep

2022 to Dec 2022 and recovered from Dec 2022 to Nov 2023, with

less spatial variation (Figure 2A). Higher TN were also observed in

Sep 2022, which decreased rapidly following the removal of S.

alterniflora and slightly varied in the following months (Figure 2B).

The C: NSOM ranged from 5.3 ~ 38.8 (10.4 ± 5.3, n = 36), which

increased rapidly in Oct 2022, and kept high in the following

investigation. The carbon and nitrogen storage in the surface 5

cm soil were observed by multiply the contents of TOC and TN

with the bulk density (Supplementary Table S3). The surface carbon

storage in the study area ranged from 106.1 ~ 656.9 t ha-1 (292.4 ±

120.1 t ha-1, n = 36), with similar temporal variation with TOC

(Figure 2C). The surface nitrogen storage ranged from 2.3 ~ 13.6 t

ha-1 (7.0 ± 2.8 t ha-1, n = 36), which decreased rapidly after the

removal of S.alterniflora, and slightly increased in the following

mouths (Figure 2D). Generally, the spatial variation of SOM

content was not obvious throughout the investigation.

The d13CSOM and d15NSOM in the study area ranged from

−28.60‰ ~ −20.96‰ (−23.15 ± 1.64‰, n = 36) and 4.03‰ ~

14.42‰ (6.41 ± 2.57‰, n = 36) respectively. d13CSOM varied slightly

during the investigation (Figure 3), except for the minimum

observed at A in Dec 2022 (−28.60‰). Whereas the d15NSOM in

Jun 2023 was obviously higher (Figure 3) than that in other seasons.
3.2 Benthic microbial biomass
and composition

The absolute abundance of 16S rRNA, cbbM and cbbL ranged

from 1.3×107 ~ 3.7×107 Copy g-1, 2.6×108 ~ 6.2×108 Copy g-1 and

8.9×106 ~ 1.1×107 Copy g-1 respectively. The abundance of 16S

rRNA and cbbL has less spatial variation, while the abundance of

cbbM at C, D and the control station are obviously higher than that

at the other stations (Figure 4).

The composition of benthic microbes at phylum, class, order,

family, genus and species level are shown in Figure 5. Most of the

benthic microbes in the study area belonged to proteobacteria

(Figure 5A), among which Gammaproteobacteria was the major

one, accounting 22.7% ~ 29.7% (26.3 ± 2.8%, n=6) of the total

biomass (Figure 5B). At the species level, most of the observed

microbes were uncultured species, accounting more than 60% of

the total biomass at all stations (Figure 5F). Cluster analysis of

the observed OTUs indicates that the microbial composition at A

and B are similar with each other, while those at D and E are

more similar to that at the control station (Figure 5). However,

the microbial diversity at the sampled stations has no obvious

difference (Supplementary Table S4).
3.3 The expression of functional genes for
microbial CO2 fixation and nitrogen cycles

The relative expression of cbbL, cbbM, and functional genes for

nitrogen cycle (nxrA, nxrB, AOA-amoA, AOB-amoA, nirS, nirK, nosZ,

nrfA, narG, norB and nifH) was calculated by 2-△△CT algorithm.
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The ratio of the 2-△△CT observed at A ~ E to that at the control

stations were used to indicate the spatial variation of the expression of

the functional genes in the study area. The results are shown in

Figure 6. Generally, the expression of cbbL at A ~ E were lower than

that at the control station, while the expression of cbbM at A, B and E

were higher (Figure 6A). The expression of functional genes for

ammonia oxidation at A ~ E were lower than that at the control

station (Figure 6B), while that for denitrification were obviously higher

(Figure 6C). The maximum expression of nitrification and nitrogen

fixation were observed at A, while that at the other stations were lower

or similar to the control station (Figure 6D).
Frontiers in Marine Science 05
4 Discussion

4.1 The long-term benefits of artificial
restoration on carbon storage

During our investigation, the carbon and nitrogen storage in the

surface soil (5 cm) exhibited a rapid decrease following the removal

of S.alterniflora, but gradual increased since the plant of mangroves

(Figures 2C, D). At most of the sampled stations, the carbon storage

observed in Nov 2023 were higher than that in Sep 2022. This

indicate that mangrove plants may have greater contribution to
FIGURE 3

The variation of the d13C and d15N of soil organic matter.
B

C

D

A

FIGURE 2

The variation of the carbon and nitrogen storage in the study area: (A) total organic carbon (TOC), (B) total nitrogen (TN), (C) surface carbon storage
and (D) surface nitrogen storage. The solid and the dotted lines represent the median and mean respectively.
FIGURE 4

The absolute abundance of 16S rRNA, cbbM and cbbL in Nov 2023.
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B

C

D

E

F

A

FIGURE 5

The composition of benthic microbes. (A-F) represents the result at phylum, class, order, family, genus and species level respectively.
B

C D

A

FIGURE 6

The relative expression activity of functional genes for (A) microbial CO2 fixation, (B) ammonia oxidation, (C) denitrification, and (D) nitrification and
nitrogen fixation.
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SOM than S.alterniflora. Previous studies have reported that the

production of C3 plants tend to exhibit greater isotopic

fractionation between 12C and 13C (Reibach and Benedict, 1977;

Roeske and O’Leary, 1984; Drake, 2014). Hence the photosynthetic

products derived from C3 plants are usually characterized by lower

d13C than that derived from C4 plants. In this study, d13CSOM was

found to be negatively correlated with TOC (Figure 7). This also

suggests that mangrove plants (C3 plants) may have replaced

S.alterniflora (C4 plants) to be the dominant source of SOM in

the study area. To test this hypothesis, d13CSOM and d15NSOM were

used as indicators for tracing the source of SOM (Phillips and

Gregg, 2003).

Apart from S. alterniflora and mangrove plants, the production

of benthic algae and the imports of external organic matter (by

seawater or freshwater) may also have great contribution to SOM

(Zhang et al., 2010; Alongi, 2014; Gao, 2019). In addition, the study

area was located in a region with a dense human population, the

imports of anthropogenic sewage may also be considered (Bianchi,

2011; Li et al., 2023). The contribution of the above sources to total

SOM was observed in three steps. First, the sources at A ~ E were

divided into S.alterniflora, mangrove plants, and “other source”.

The control station without S.alterniflora and any mangrove plants

was set to observe the d13C and d15N of “other source” (Figure 1).

Based on multiterminal element mixing method (two-terminal

elements in Sep 2022 and Oct 2022), the contributions of the

above sources to total SOM at A ~ E were observed. Then, the

composition of the “other source”, which was mainly composed by

benthic algae, seawater, freshwater and sewage, was analyzed by a

four-terminal element mixing method. Finally, by synthesizing the

results of the above steps, the contributions of different sources to

total SOM were observed. The d13C and d15N of all end-elements

are shown in Table 1, the contribution of mangroves plants was

observed by summing the contribution of all species at each station

(Supplementary Table S1).

The change in the major source of the SOM in the study area was

as follows (Figure 8): (1) in Sep 2022, most of the SOM was derived

from external sources, accounting for >50% of total SOM. Benthic algae
Frontiers in Marine Science 07
was another important source, with a higher contribution (26.1 ~

32.2%) than the dominant S. alterniflora (5.0 ~ 22.9%). (2) In Oct 2022,

after the clearing of S. alterniflora, a simultaneous decrease in the

contributions of S.alterniflora and seawater was observed, from 3.4 ~

21.3% to 0.2 ~ 9.9% and from 21.7 ~ 26.3% to 16.6 ~ 18.4%,

respectively. A considerable increasing contribution of sewage was

also observed, from 3.1 ~ 4.6% to 30.9 ~ 34.2%. (3) From Dec 2022 to

Jun 2023, a constantly increasing contribution of mangroves was

observed. In Dec 2022, approximately 81.2% of total SOM at A was

derived from mangrove plants. In addition, the contents of TOC

(r=0.765, p<0.05, n=15) and TN (r=519, p<0.05, n=15) derived from

mangrove plants were positively correlated with the individual

numbers of mangrove plants (Supplementary Table S1). (4) In Nov
FIGURE 7

Correlations between the geo-chemical parameters of soil.
TABLE 1 The d13C and d15N of the end-elements in the source analysis.

Source
d13C
(‰)

d15N
(‰)

References

Spartina alterniflora -14.62 9.34
This study

Kandelia candai -30.12 8.51

Aegiceras
corniculatum

-30.70 6.70

Guo, 2012
Bruguiera

gymnorrhiza
-30.40 5.00

Avicennia marima -26.90 7.70
Zhang, 2008

Rhizophora stylosa -29.10 6.30

Seawater -27.45 3.08 This study

Freshwater -25.45 3.01 Li et al., 2023

Sewage -22.55 1.10
Ramıŕez-Álvarez

et al., 2007

Benthic algae -17.23 6.54 Mo et al., 2017
FIGURE 8

The contributions of different source to the total soil organic matter.
The pies from left to right represent Sep 2022, Oct 2022, Dec 2022,
Mar 2023, Jun 2023 and Nov 2023 respectively.
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2023, mangrove plants was still the major source of SOM at all stations.

Another point to note is that the contribution of S.alterniflora

increased, which was similar with the contribution of mangroves at

E. The signal of S.alterniflora was observed throughout the

investigation. We propose that the relatively weaker signal observed

in Oct 2022may be derived from the residues of S.alterniflora buried in

situ, while the stronger signal starting in Dec 2022 may indicate the

possible recurrence of S. alterniflora, which was indeed observed in Jun

2023 and Nov 2023.

The increasing content of SOM indicates that the restoration by

replacing the invasive S.alterniflora with mangrove plants may be

beneficial for the carbon storage function in the study area. Though

the signal of S.alterniflora can be observed throughout the

investigation, its contribution to total SOM was not as high as

except, even in Sep 2022, while the strong signal of mangrove plants

was observed at all stations since Dec 2022 (Figure 8). This indicates

that the direct contribution of mangrove plants to total SOM may

be stronger than S.alterniflora. The most possible reason for this is

the different carbon allocation of mangrove plants and

S.alterniflora. It has been reported that more than half of the

carbon fixed by mangrove plants may be conserved in soil

(Alongi, 2014; Kristensen et al., 2008). However, most of the

carbon fixed by S.alterniflora may be converted to its vegetation

biomass, rather than being conserved in soil (Hemminga et al.,

1996; Castañeda-Moya et al., 2013; Zheng et al., 2023). Even so, the

potential contribution of S.alterniflora can not be ignored. In this

study, the contribution of seawater decreased following the removal

of S.alterniflora (Figure 8), suggesting the strong accumulation of

external organic matters by the roots of S.alterniflora (Castañeda-

Moya et al., 2013; Zheng et al., 2023). Hence, we propose that the

decrease in the carbon and nitrogen storage after the removal of S.

alterniflora from Sep 2022 to Oct 2022 may be mainly caused by the

loss of external organic matters derived from seawater (Figure 8).

However, such loss can be offset with the growth of mangrove

plants, as the accumulation of external organic matters by the

complex roots of mature mangrove plants may be stronger than

that of S.alterniflora (Alongi, 2014; Kristensen et al., 2008). Another

reason for the increasing carbon storage in the study area may be

the different C:N ratio of organic matters derived from different

source. It has been reported that organic matter derived from

S.alterniflora and seawater has lower C:N ratio and tannin
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content than that derived from mangrove plants (Feng et al.,

2015; Wu, 2018; Gao, 2019). This can be further confirmed by

the increasing contribution of mangrove to SOM, and the

correlations between the C: NSOM, TOC and d13CSOM (Figure 7).

Due to the biological preference for N during the utilization of

organic matter, SOM with higher C:N ratio is usually characterized

by lower bioavailability and higher stability (Dauwe and

Middelburg, 1998; Jıĺková et al., 2020). Thus, the replacement of

S.alterniflora by mangroves may simultaneously increase the

content and the stability of SOM, and hence promote the carbon

storage function of the study area in long term (Figure 9).

Generally, our results reveal the benefits of the restoration for

the carbon storage function of coastal areas. However, the persistent

signal of S.alterniflora reveals its long-term effect, highlighting the

need for the long-term monitoring of the study area. Our results

also indicate that d13C and d15N may be effective in the early

warning of S.alterniflora invasion and sewage discharge, and may be

helpful in the future restoration and monitoring of coastal wetlands.
4.2 Microbial CO2 fixation as an alternative
source of bioavailable carbon

During our investigation, the negative correlation between the

abundance of 16S rRNA and C: NSOM was observed in Nov 2023

(r=−0.950, p<0.01, n=6), suggesting that C: NSOMmay be efficient in

indicating the bioavailability of SOM. The difference in C: NSOM

between A ~ E and the control station increased with the

contribution of mangroves (r=0.472, p<0.01, n=30), indicating the

significant contribution of organic matters with higher C: N ratio

and tannin contents by mangrove plants. Therefore, we propose

that higher abundance of 16S rRNA may be observed at stations

with lower contribution of mangroves and higher contribution of

seawater, algae or S.alterniflora. However, there was no statistically

significant correlation between 16S rRNA abundance and the

contribution ratio of the present source of SOM in 4.1. This

suggests the existence of other potential sources of bioavailable

organic matter for the growth and the activity of the benthic

microbes in the study area, which mainly composed by

heterotrophic proteobacteria (Figure 5). Microbial assimilation of

CO2 may be the major one.
FIGURE 9

The long-term effects of the restoration on the carbon storage of the study area.
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Microbial assimilation of CO2 is a ubiquitous process in soils

(Berg, 2011; Wood et al., 1941), which has been widely reported

(Beulig et al., 2015; Yuan et al., 2012; Nowak et al., 2015; Ge et al.,

2016; Spohn et al., 2019). RubisCo is the key carboxylating enzyme

for the CO2 fixation based on Calvin-Benson-Bassham cycles, and

has been reported to be highly abundant in agricultural, forest, and

wetlands (Nanba et al., 2004; Tolli and King, 2005; Nowak et al.,

2015). Hence, the abundance of cbbL and cbbM, the functional

genes for the form of RubisCO, was widely used to indicate the

activity of benthic microbial CO2 fixation (Nanba et al., 2004; Tolli

and King, 2005; Nowak et al., 2015). During our investigation, the

activity of benthic nitrogen cycle were also observed by detecting

the relative expression of the associated functional genes (Figure 6).

The obvious sewage contribution to SOM (Figure 8) and the higher

d15NSOM observed in the study area suggests the potential active

denitrification and ammonia oxidation in the study area (Craine

et al., 2015; Denk et al., 2017), which have been widely reported in

coastal areas under the effects of sewage (Reis et al., 2019; Wang

et al., 2022). As most of the microbes associated with benthic

nitrogen cycle are heterotrophic (Reis et al., 2019), its activity may

largely reflect the bioavailability of organic matters in the study area.

During our investigation, the abundance of cbbM was about 30 to

60 times higher than that of cbbL (Figure 4). When comparing the

relative expression, the maximum expression of cbbL was observed

at the control station, while that of cbbM was observed at A

(Figure 6). Though there was no statistical correlation between

16S rRNA, cbbM and cbbL abundance, the significant correlations

between the expression of cbbM and the activity of the functional

genes for nitrogen cycle were observed (Figure 10). This suggests

that microbial assimilation of CO2 may facilitate the benthic

nitrogen cycle processes, thus may serve as an important source
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of bioavailable carbon for the benthic microbes in the study area.

Therefore, we propose that though the removal of S.alternifloramay

reduce the bioavailability of SOM, the CO2 fixed by benthic

microbes may serve as an alternative source of bioavailable

carbon and hence support the benthic community in the study

area (Figure 9). However, the effects of microbial utilization of CO2

on the isotopic composition of SOM remains unclear at present,

which need to be considered in future investigation to understand

the contribution of microbial CO2 fixation to the carbon storage in

the study area.
5 Conclusion

In summary, our study revealed the response of the carbon

storage to artificial restoration in an impaired wetland invaded by

S.alterniflora. The change of the dominant plants, from

S.alterniflora to mangrove plants, may decrease the content of the

carbon storage in short time, mostly due to the loss of external

organic matters. However, in the long term, mangroves plants may

simultaneously enhance the content and the stability of the carbon

storage in the study area, indicating the benefits of the restoration

on the carbon storage function of such impaired wetlands. Our

results also revealed the significant role of microbial CO2

assimilation, which serves as an alternative source of bioavailable

carbon and thus support the activity of benthic community.

This cutting-edge study indicated the efficiency of the coupling

use of isotopic tracer and molecular analysis in revealing the

response of coastal carbon storage to human activity, which may

provide new insights in the future protection and restoration of

coastal wetlands.
FIGURE 10

The correlations between the relative expression of cbbM, cbbL and functional genes for denitrification, ammonia oxidation, nitrification and
nitrogen fixation.
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