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Unveiling the impact of flooding and salinity on iron oxides-mediated 
binding of organic carbon in the rhizosphere of Scirpus mariqueter 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Elevated flooding and salinity lead to a 
greater portion of amorphous Fe (hydro) 
oxides. 

• Increased flooding and salinity lowered 
rhizosphere sediment FePP content. 

• Elevated salinity raised the FePP-OC 
content, whereas prolonged flooding 
lowered it. 

• Increased flooding and salinity 
enhanced the crystalline Fe-OC content 
in the sediment. 

• The sediment Fe-OC remains stable 
amidst short-term changes in flooding 
and salinity.  
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A B S T R A C T   

The abundant Fe (hydr-) oxides present in wetland sediments can form stable iron (Fe)-organic carbon (OC) 
complexes (Fe-OC), which are key mechanisms contributing to the stability of sedimentary OC stocks in coastal 
wetland ecosystems. However, the effects of increased flooding and salinity stress, resulting from global change, 
on the Fe-OC complexes in sediments remain unclear. In this study, we conducted controlled experiments in a 
climate chamber to quantify the impacts of flooding and salinity on the different forms of Fe (hydr-) oxides 
binding to OC in the rhizosphere sediments of S. mariqueter as well as the influence on Fe redox cycling bacteria 
in the rhizosphere. The results of this study demonstrated that prolonged flooding and high salinity treatments 
significantly reduced the content of organo-metal complexes (FePP) in the rhizosphere. Under high salinity 
conditions, the content of FePP-OC increased significantly, while flooding led to a decrease in FePP-OC content, 
inhibiting co-precipitation processes. The association of amorphous Fe (hydr-) oxides (FeHH) with OC showed no 
significant differences under different flooding and salinity treatments. Prolonged flooding significantly 
increased the relative abundance of Fe-reducing bacteria (FeRB) Deferrisoma and Geothermobacter and decreased 
polyphenol oxidase in the rhizosphere, while the relative abundance of Fe-oxidizing bacteria (FeOB) Paracoccus 
and Pseudomonas decreased with increasing salinity and duration of flooding. Overall, short-term water and 
salinity stress promoted the binding of FeDH to OC in the rhizosphere of S. mariqueter, leading to a reduction in 
the OC content held by FePP. However, there were no significant differences observed in the OC stocks or the total 
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Fe-OC content in the rhizosphere sediments. The findings suggest a degree of consistency in the Fe-OC of the 
“plant-soil” complex system within tidal flat wetlands, showing resilience to abrupt shifts in flooding and salinity 
over short periods.   

1. Introduction 

Salt marshes are important coastal wetland ecosystems known for 
their ability to sequester carbon due to anaerobic sedimentary condi
tions (Tang et al., 2011; Hopkinson et al., 2012; Lovelock and Duarte, 
2019). The sediments of coastal wetland are rich in iron (Fe) and its 
oxides (Weaver and Tarney, 1984), particularly Fe (hydr-) oxides, which 
are closely associated with sediment organic carbon (OC) in wetland 
ecosystems (Yu et al., 2021). Fe (hydr-) oxides have a significant surface 
area that promotes the formation of stable organic complexes (Fe-OC) 
through adsorption, co-precipitation, and complexation processes. 
These complexes of Fe-OC safeguard sediment OC against microbial 
breakdown, thereby increasing its resilience (Wiseman and Püttmann, 
2006; Kleber et al., 2007; Kögel-Knabner et al., 2008; Coward et al., 
2018; Sowers et al., 2019). The binding stability of sediment OC depends 
on the crystallinity of Fe (hydr-) oxides, with crystalline forms exhibiting 
greater stability against microbial activity (Yu et al., 2021). The redox 
conditions induced by tidal fluctuations and microbial activity cause 
transformations in the valence state of Fe in sediments and the 
morphology of Fe (hydr-) oxides. Prolonged inundation leads to 
decreased sediment redox potential, favoring the formation of amor
phous Fe (hydr-) oxides with low nucleation interface energy (Li et al., 
2020a). The alternating aerobic and anaerobic conditions in tidal wet
lands contribute to the dissolution and precipitation of Fe (hydr-) oxides, 
thereby affecting their maturation process (Thompson et al., 2006). 
Nevertheless, the complete impact and mechanisms of these Fe (hydr-) 
oxide transformations on the preservation and stability of sediment OC 
under changing redox conditions remain largely unexplored. 

The morphological transformations of Fe (hydr-) oxides become 
increasingly intricate in the rhizosphere of plants, primarily due to the 
influence of wetland plant root exudations. Plant roots fix atmospheric 
CO2 through photosynthesis and release organic matter into the rhizo
sphere soil through root exudation, including sugars, proteins, amino 
acids, low molecular weight organic acids (LMWOAs), etc. These root 
exudates (REs) serve as significant sources of organic matter in the 
rhizosphere. The type and quantity of REs influence the microbial 
community structure and activity by affecting soil C sequestration 
(Bertin et al., 2003; Yuan et al., 2015; Canarini et al., 2018). LMWOAs 
exuded by roots can promote the formation of weakly crystalline Fe 
(hydr-) oxides (Yu, 2018). Moreover, plant roots and associated micro
bial communities play crucial roles in the formation, transformation, 
and turnover of Fe (hydr-) oxides and related OC in the rhizosphere and 
adjacent soil. The rhizosphere, characterized by high OC concentrations 
and microaerobic conditions, promotes the proliferation of Fe redox 
cycling bacteria, such as Fe-oxidizing bacteria (FeOB) and Fe-reducing 
bacteria (FeRB) (Kaplan et al., 2016). Radial oxygen loss (ROL) from 
roots creates redox potential and Fe (hydr-) oxide concentration gradi
ents between the root surface and the rhizosphere. Under these micro
aerobic conditions, Fe (II) remains relatively stable, and FeOB becomes 
the primary driving force for weakly crystalline Fe (hydr-) oxide for
mation (Chen et al., 2018). Dissimilatory Fe (III) reduction by Fe (III)- 
reducing microorganisms is an important mechanism for organic matter 
oxidation. The rate of dissimilatory Fe (III) reduction in coastal wetlands 
depends on the availability of OC (electron donors) or amorphous Fe 
(hydr-) oxides (electron acceptors) (Yu et al., 2021). 

Climate change-induced sea level rise has increased the frequency of 
extreme tidal events and storms in coastal wetlands, leading to saltwater 
intrusion and reduced productivity and C sequestration capacity of tidal 
marsh plants (Kirwan and Megonigal, 2013; Kirwan et al., 2016). 
Flooding and salinity are two critical environmental factors in tidal 

wetlands that significantly impact the growth and metabolism of salt 
marsh plants, as well as the storage of C in sediment. Increasing salinity 
reduces soil microbial diversity (Yuan et al., 2007; Tong et al., 2019). 
This also results in decreased plant biomass and productivity, leading to 
reduced C inputs from plants and influencing sediment OC reserves. 
Longer flood durations influence the transformation of valence states of 
Fe and the morphology of sedimentary Fe (hydr-) oxides. Flooding can 
increase the extractable Fe content in sediments and alter the occurrence 
of forms of Fe (hydr-) oxides by changing soil pH (Saleh et al., 2013; 
Gartzia-Bengoetxea et al., 2020; Lyu et al., 2021). Prolonged flooding 
can lead to a decrease in sediment OC stocks (Huang et al., 2022). 
However, flooding can also enhance plant root exudation, promoting the 
release of more OC by plant roots, altering the sediment's physico
chemical environment, reducing the OC mineralization rate, and facil
itating its preservation (Henry et al., 2007; Chapman et al., 2019). 

Currently, the comprehensive impact of flooding, salinity, and in
teractions among salt marsh plants on the phase transformation of Fe 
(hydr-) oxides in the rhizosphere and the stability of Fe-OC binding 
remain unclear. Therefore, we focused on the pioneer species Scirpus 
mariqueter in the Yangtze Estuary and conducted controlled experiments 
in a climate chamber to study how variations in flooding and salinity 
conditions affect the morphological changes of Fe (hydr-) oxides in the 
plant's rhizosphere sediments and their interaction with sediment OC. 
Additionally, we monitored the changes in bacterial composition in the 
rhizosphere sediments under different flooding and salinity conditions 
using high-throughput sequencing of 16s rDNA, and tracked the relative 
abundance shifts of Fe redox cycling bacteria. This analysis aimed to 
investigate the relationship between these indicators and the morpho
logical changes of Fe (hydr-) oxides as well as their binding with OC. 

2. Materials and methods 

2.1. Experimental setup 

We gathered the seeds and sediments of S. mariqueter from 
Chongming Dongtan Wetland (31◦25′–31◦38′N, 121◦50′–122◦05′E) to 
conduct our experiments. Table S1 presents the physicochemical prop
erties of the sediments. The mature seeds of S. mariqueter were mixed 
with fine sea sand at a volume ratio of 1:2 and stored in a refrigerator at 
4 ◦C for two months to initiate the germination process. During this 
period, we regularly sprayed water on the soil to maintain its moisture. 
Subsequently, we moved the seeds to the sediment substrate and put 
them in an artificial climate chamber to facilitate germination. After a 
month and a half of growth, when the seedlings reached an average 
height of about 12 cm, we transferred both the seedlings and the sedi
ment to the flooding devices, with each device accommodating 100 
seedlings. The flooding device is one we previously used in other studies 
(Zhang et al., 2023), the structure of which is shown in Fig. 1. This 
device consists of two water tanks, an upper tank containing sediment 
and plants, and a lower tank containing treatment solution. Within the 
lower tank is a submersible pump used to extract the treatment solution 
to the upper tank and maintain varying durations of flooding. Subse
quently, the treated solution in the upper tank flows back into the lower 
tank under the force of gravity, completing a flooding cycle. In this 
process, due to the repeated immersion and withdrawal of the treatment 
solution from the sediment and plant system, this system simulates the 
effect of tidal seawater on intertidal sediment in an actual tidal flat 
environment. These flooding devices were situated in an artificial 
climate chamber. The climate parameters of the chamber were set as 
follows: temperature between 28 and 32 ◦C, humidity maintained at 75 
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%–80 %, light intensity ranging from 7000 to 14,000 Lux, and a light 
cycle of 12 h (light) followed by 12 h (dark). 

We designed a total of 9 treatment groups, each randomly divided 
into three sets of flooding devices. Using a factorial experimental design, 
we aimed to examine how varying flooding durations and salinity levels 
influence the Fe-OC binding characteristics of sediment in the rhizo
sphere of S. mariqueter and its associated rhizosphere bacteria. Previous 
research indicated that the seawater salinity near Chongming Dongtan 
ranged around 15 ppt, with daily average flooding durations ranging 
from 1.77 h day− 1 (at an elevation of 3.7 m) to 17.90 h day− 1 (at an 
elevation of 1.6 m) (Xue et al., 2018b; Li et al., 2020b). In the waters 
near the Yangtze River Estuary, the salinity ranged from 0 to 34 ppt (Guo 
et al., 2020). We established three gradients of salinity treatments (0 
ppt, 15 ppt, 35 ppt) and three gradients of flooding durations (0 h, 5 h, 
10 h), resulting in a total of nine treatment groups. To simulate the semi- 
diurnal tidal flooding pattern of the Yangtze River Estuary, we con
ducted two flooding events daily, in the morning and evening. The 
experimental groups were exposed to flooding durations of 5 h and 10 h, 
with a flood depth of approximately 5 cm (above the sediment). As for 
the control group, during each flooding treatment, we maintained a 
submerged state for 1 min and promptly drained the excess water after 
fully saturating the soil substrate. We prepared the flooding solutions 
using NaCl. The experimental period spanned 30 days, during which we 
regularly replenished tap water every 3 days to prevent water loss in the 
treatment solutions. The flooding solutions were replaced on a weekly 
basis. Upon completion of the experiment, we carefully collected 
rhizosphere sediment within 5 mm of the root surface using sterilized 
forceps (Phillips and Fahey, 2006). Some portions of the sediment 
samples were stored in a − 80 ◦C environment for subsequent microbial 
extraction and sequencing analysis. The remaining samples were freeze- 
dried, ground, sieved through a 0.15 mm soil sieve, and preserved for 
subsequent chemical analysis. 

2.2. Measurement 

2.2.1. Soil physicochemical parameters 
Some physicochemical factors of the sediment, such as Eh、pH and 

electrical conductivity (EC), were measured in situ during the sampling 
using a portable oxidation-reduction potential meter (FJA-6, Nanjing 
Chuandi Instrument Equipment Co., Ltd., China) and a portable con
ductivity meter (Spectrum 2265FS, USA), respectively. Total C (TC), 

total nitrogen (TN), and total OC (TOC) in the sediment were measured 
using an elemental analyzer (Vario Macro, Elemental Analysensysteme 
GmbH, Germany). Soil particle size was measured using a laser particle- 
size analyzer (Model LSTM 13320, Beckman Coulter, Inc., USA). 

2.2.2. Fe oxides and Fe-OC 
In accordance with the methodologies described by Lalonde et al. 

(2012) and Liu et al. (2020), we employed the following procedures for 
the extraction of crystalline Fe (hydr-) oxides (FeDH), amorphous Fe 
(hydr-) oxides (FeHH), and organo-metal complexes (FePP), as well as 
their corresponding OC associations (FeDH-OC, FeHH-OC, and FePP-OC). 
The extraction reagents used were 0.05 mol L-1 dithionite-HCl, 0.25 M 
hydroxylamine hydrochloride in 0.25 mol L− 1 HCl, and 0.1 mol L− 1 

sodium pyrophosphate. For each sample, two separate 0.25-g sediment 
samples were weighed and placed in individual, clean 50-ml centrifuge 
tubes. One tube received 15 ml of the respective extraction reagent, 
while the other tube received 15 ml of deionized water as a control. The 
tubes were then incubated at room temperature and agitated on a shaker 
at a speed of 160 rpm for 16 h. Following agitation, the tubes were 
centrifuged at 4000 rpm for 30 min. The resulting supernatant was 
filtered through a 0.22 μm polyethersulfone membrane to prepare it for 
the subsequent determination of Fe content. The Fe content in the 
extraction solution was determined using the o-phenanthroline 
photometry method (Shyla et al., 2012) (specific measurement pro
cedures are described in the Supplementary Material). The precipitates 
obtained after extraction were freeze-dried, and their TOC content was 
measured using an elemental analyzer (Vario Macro, Elemental Analy
sensysteme GmbH, Germany). The OC content associated with each 
form of Fe (hydr-) oxide was then calculated using the following equa
tion, as described by Lalonde et al. (2012): 

Fe − OC = OCC − OCE  

where OCC and OCE represent the OC content in the control centrifuge 
tube and the extraction centrifuge tube, respectively. 

The calculation of different forms of Fe-OC is based on the following 
equation: 

fFe− OC (DH,HH,PP) (%) =
Fe − OC

TOC
× 100 

The sum of the fractions of the three Fe-OC to sediment TOC was 
calculated as fFe-OC(T). 

Fig. 1. (A) Diagram of small automatic flooding device, (B) experimental layout, and (C) internal structure.  
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2.2.3. The weak acid extractable fraction of Fe 
The total Fe content in sediments was extracted using the HNO3-HF- 

HClO4 method (Zang et al., 2017), while the weak acid extractable Fe 
was extracted using 0.5 mol L− 1 HCl (Kostka and Luther, 1994). The Fe 
content of the extract was determined via the o-phenanthroline 
photometry method (Shyla et al., 2012) (for detailed measurement 
methods, please refer to the Supplementary material). 

2.2.4. Total phenol and polyphenol oxidase 
The total phenolic (TP) content of the sediments was determined 

using the Folin Ciocalteu reagent, following the method described by 
Siddiqui et al. (2017). The activity of polyphenol oxidase (PPO) in the 
sediments was measured using the catechol colorimetric method, ac
cording to the study by Shao et al. (2008) (for detailed measurement 
methods, please refer to the Supplementary material). 

2.2.5. 16s rDNA sequencing 
The sediment samples were transported to Shanghai Majorbio Bio- 

Pharm Technology Co. on dry ice at low temperatures for the purpose 
of extracting, amplifying, and sequencing bacterial DNA. The V3-V4 
hypervariable region of 16S rDNA was targeted and amplified in each 
sample using specific polymerase chain reaction (PCR) primers, namely 
338F (5′-AACTCCTACGGAGGAGCA-3′) and 806R (5′-GAC
TACHVGGTCTCATAT-3′). Subsequently, high-throughput sequencing of 
the amplified 16S rDNA was performed utilizing the Illumina Miseq PE 
300 platform. To examine the species composition and diversity infor
mation within the samples, a clustering analysis was conducted on the 
concatenated and filtered clean tags obtained from all samples, with a 
similarity threshold set at 97 %. This process resulted in the generation 
of Operational Taxonomic Units (OTUs). Representative sequences from 

the OTUs were then selected and compared against a database to acquire 
species annotation information. 

2.3. Statistical analyses 

The average and standard deviations (SDs) of triplicate samples were 
calculated for the physicochemical factors and the content of different 
fractions of Fe (hydr-) oxides in rhizosphere soils. To investigate po
tential variations in sediment parameters among different treatment 
groups, both one-way and two-way analyses of variance (ANOVA) were 
utilized, along with post hoc multiple comparisons (Tukey's test). Prin
cipal Coordinates Analysis (PCoA) was performed on the samples using 
R software (v3.6.1; R Core Team, 2019) to evaluate their spatial distri
bution. Moreover, a bar plot depicting the changes in bacterial relative 
abundance at the phylum level was created using the Vegan and Picante 
packages. 

3. Results 

3.1. Soil physicochemical parameters 

The sediment has a loamy sand texture, with proportions of silt, clay, 
and sand being 1.24 %, 34.8 %, and 63.69 %, respectively (Table S1 in 
the supplementary materials). The EC and Eh of the rhizosphere sedi
ment in S. mariqueter were significantly affected by different flooding 
and salinity treatments. As the duration of flooding increased, the Eh 
showed a decreasing trend, particularly in the treatment group with 0 
ppt salinity (Fig. 2D). The sediment EC increased significantly with 
higher salinity levels in the treatment solutions (Fig. 2C). There were no 
significant differences in TOC and C/N among the different treatment 

Fig. 2. Changes in (A) TOC, (B) C/N, (C) EC, and (D) Eh of the rhizosphere sediments of S. mariqueter under different levels of salinity and flooding treatment. For 
each salinity gradient, data with different letters are significantly different at p < 0.05. 
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groups (Figs. 2A and B). The sediment TP concentration showed no 
significant variation among the treatment groups (Fig. S1A). Mean
while, the activity of PPO noticeably decreased with extended flooding 
duration in the 0 ppt treatment, while maintaining stability in the other 
treatment groups (Fig. S1B). Treatments with 15 ppt and 35 ppt salinity 
significantly lowered the pH of the sediment under 0 h and 5 h flooding 
treatments compared to 0 ppt (Fig. S1C). 

3.2. The weak acid extractable fraction of Fe in the sediment 

The results of the two-way ANOVA revealed significant effects of 
salinity treatment on the content of Fe (II), Fe (III), and the Fe (II)/Fe 
(III) ratio in the sediment (p < 0.05). However, flooding only had a 
notable impact on the Fe (II) content and the Fe (II)/Fe (III) ratio in the 
sediment (p < 0.05). Additionally, the interaction between salinity and 
flooding exhibited significant effects on Fe (III) content and the Fe (II)/ 
Fe (III) ratio (p < 0.05, Table 1). Under non-flooding conditions (0 h), 
the content of Fe (II) in the sediment exhibited a significant decline with 
increasing salinity. However, as the flooding duration extended (5 h and 
10 h), this trend became less evident (Fig. 3A). Irrespective of the 
flooding duration, salinity did not significantly influence the content of 
Fe (III) in the sediment (Fig. 3B). In varying flooding conditions, the Fe 
(II)/Fe (III) ratio demonstrated a similar trend to that of the Fe (II) 
content, decreasing with rising salinity, particularly during 5 h of 
flooding (Fig. 3C). 

3.3. Fe oxides and Fe bound-OC content 

The results of the two-way ANOVA revealed significant effects of 
flooding on FeDH and FePP (p < 0.5), while salinity had a significant 
effect on FePP (p < 0.5). Moreover, there was a significant interaction 
between salinity and flooding with respect to FeHH content (p < 0.5) 
(Table 1). Overall, the variations in FeDH and FeHH content in response to 
different salinity and flooding conditions were not pronounced. Under 
the 0 h flooding treatment, both FeDH and FeHH showed significantly 
higher values in the control group (0 ppt) compared to the high salinity 
group (35 ppt) (Figs. 4A and B). As the flooding duration increased, the 
content of FeDH showed an increase in both the 15 ppt and 35 ppt 
treatment groups, but the differences between the groups were not 
significant (Fig. 4A). Conversely, FePP displayed a more evident trend 
under varying flooding and salinity treatments. Under the 10 h flooding 
treatment, FePP content was significantly higher in the 15 ppt treatment 
group compared to the 35 ppt treatment group. Additionally, under high 
salinity conditions (35 ppt), FePP content significantly decreased with 
increasing flooding duration (p < 0.05) (Fig. 4C). 

The response of different forms of Fe oxide-bound OC content varies 
under the influence of flooding and salinity. The two-way ANOVA 

results demonstrated that flooding had a significant impact on FePP-OC 
(p < 0.5), while salinity had a significant effect on FeDH-OC (p < 0.05). 
Moreover, there was a significant interaction between salinity and 
flooding in relation to FeDH-OC (p < 0.05) (Table 1). Under high salinity 
treatment (35 ppt), the content of FeDH-OC increased with the duration 
of flooding, while the content of FePP-OC decreased (p < 0.05) (Figs. 4D 
and F). For the 0 h flooding treatment, the application of high salinity 
(35 ppt) significantly amplified the FePP-OC content (p < 0.05) (Fig. 4F), 
while the FeDH-OC content peaked under the 15 ppt treatment (p < 0.05) 
(Fig. 4D). There were no significant differences in FeHH-OC content 
among the treatment groups (Fig. 4E). 

The patterns of fFe-OC variation align with Fe-OC. In the presence of 
high salinity treatment (35 ppt), increasing flooding duration led to an 
elevation of fFe-OC(DH) and a reduction of fFe-OC(PP) (p < 0.05) (Figs. S2A 
and C). However, fFe-OC(HH) showed no significant differences among the 
flooding treatment groups (Fig. S3B). Assessing the proportion of Fe-OC 
relative to TOC in the sediment, approximately 20.24 % to 48.28 % of 
TOC was associated with iron oxides. Nevertheless, there were no sig
nificant differences in fFe-OC(T) among the treatment groups (Fig. S2D). 
The OC:Fe molar ratio for the three forms of iron (hydr-)oxides is 
illustrated in Fig. 5. Overall, OC:Fe-DH and OC:Fe-HH were approxi
mately 1, while OC:Fe-PP exceeded 20, indicating a significantly higher 
ratio than that of OC:Fe-DH and OC:Fe-HH. 

3.4. Difference in the diversity and structure of the bacteria community 

The PCoA analysis showed that the first two coordinates explained 
59.22 % of the differences in bacterial communities under the treat
ments (Fig. 6). The bacterial communities differed notably across 
treatments with varying salinity gradients, particularly between the 0 
ppt treatment and the 15 ppt and 35 ppt salinity treatments (Fig. 6). In 
the 15 ppt treatment group, the distance of the 10 h flooding treatment 
was notably greater when compared to 0 h and 5 h, suggesting that the 
10 h flooding had a more profound impact on the bacterial community 
structure in this particular treatment group. In contrast, the 0 ppt and 35 
ppt salinity treatment groups exhibited a notable difference between the 
0 h flooding treatment and the 5 h and 10 h flooding treatment, indi
cating a heightened influence of flooding on the bacterial community 
structure in these groups (Fig. 6). 

3.5. Correlation between Fe redox cycling bacteria and sediment 
physicochemical factors 

Regarding the relative abundance of several typical FeRB, Deferri
soma notably increased with longer flooding duration in the high salinity 
treatment group (35 ppt) (p < 0.05) (Fig. 7A). Similarly, Geo
thermobacter demonstrated a similar trend, with the lowest relative 
abundance in the 15 ppt treatment group (p < 0.05) (Fig. 7B). On the 
other hand, FeOB like Paracoccus and Pseudomonas notably decreased 
with prolonged flooding duration (p < 0.05) and exhibited a declining 
trend with higher salinity levels (Figs. 7D and E). The two-way ANOVA 
results indicated that both flooding and salinity treatments significantly 
impacted the overall relative abundance of FeRB, with significant 
interactive effects on the relative abundance of Geothermobacter and 
Shewanella (p < 0.05) (Table S2). Salinity had a highly significant impact 
on the relative abundance of root-associated Deferrisoma (p < 0.001) 
(Table S2). Furthermore, salinity had a more substantial influence on the 
relative abundance of FeOB, with significant effects observed on the 
relative abundance of Paracoccus and Pseudomonas (p < 0.001). The 
interaction between flooding and salinity significantly affected unclas
sified_f__Gallionellaceae (p < 0.01) (Table S2), while flooding alone did 
not have a significant impact on the relative abundance of FeOB. 

4. Discussion 

The biomass of salt marsh plants in tidal flat wetlands is a significant 

Table 1 
Two-way ANOVA showing the effect of salinity and flooding time on different 
measured parameters of rhizosphere sediments of S. mariqueter (the DF of 
interaction, salinity and waterlogging are 4,2 and 2).  

Source of 
variations 

Flooding Salinity Flooding*salinity 

MS p Value MS p Value MS p Value 

TOC  0.481  0.447  1.077  0.181  1.023  0.175 
C/N  1.121  0.108  0.171  0.685  0.280  0.645 
FeDH  0.397  <0.05  0.131  0.248  0.105  0.341 
FeHH  0.048  0.310  0.021  0.585  0.180  <0.01 
FePP  0.007  <0.001  0.002  <0.01  0.001  0.157 
FeDH-OC  0.039  0.490  0.606  <0.001  0.212  <0.05 
FeHH-OC  0.074  0.576  0.011  0.918  0.027  0.932 
FePP-OC  0.331  <0.01  0.053  0.377  0.088  0.188 
Fe(II)  112.558  <0.05  159.499  <0.05  58.396  0.065 
Fe(III)  0.000  0.976  0.077  <0.05  0.072  <0.01 
Fe(II)/Fe(III)  0.016  <0.01  0.037  <0.001  0.012  <0.01 
T-Phenol  0.273  <0.01  0.004  0.879  0.090  0.059  
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Fig. 3. Changes in Fe(II), Fe(III) content and Fe(II)/Fe(III) ratio of the rhizosphere sediments of S. mariqueter under different levels of salinity and flooding treatment. 
For each salinity gradient, data with different letters are significantly different at p < 0.05. 

Fig. 4. Changes in (A) FeDH (B)FeHH (C)FePP (D)FeDH-OC (E) FeHH-OC and (F)FePP-OC content of the rhizosphere sediments of S. mariqueter under different levels of 
salinity and flooding treatment. For each salinity gradient, data with different letters are significantly different at p < 0.05. 

Fig. 5. Variations of molar OC:Fe ratios in the rhizosphere sediments of S. mariqueter. For each salinity gradient, data with different letters are significantly different 
at p < 0.05. 
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source of sediment OC (De Deyn et al., 2008). Increased waterlogging 
and salt stress may impact vegetation development (Medeiros et al., 
2013), leading to decreased plant biomass (Xue et al., 2018a) and al
terations in root exudation processes (Henry et al., 2007; Xie et al., 
2020), thereby affecting the input of plant-derived C into sediment and 
the storage of OC. Generally, the increase in intertidal sediment salinity 
corresponds to a reduction in sediment TOC content. However, our 
study revealed that the application of different levels of salinity and 
flooding treatments did not significantly affect the TOC content in the 
rhizosphere of S. mariqueter (Fig. 2). These findings are in accordance 
with the research conducted by Xue et al. (2020), where they observed a 
strong negative correlation between plant biomass of S. mariqueter and 
salinity following four months of exposure to diverse salinities (0 to 35 
ppt), while the OC content in the sediment remained relatively stable. In 
contrast, Bai et al. (2021) found in the intertidal wetlands of the Min
jiang Estuary that as salinity increased, plant biomass decreased, leading 
to a reduction in sediment OC storage. These differences could be 
attributed to various factors, including changes in sediment texture and 
vegetation distribution patterns, as well as variations in flooding and 
salinity conditions in different intertidal habitats. Intertidal wetlands 
exhibit stronger adaptability to changes in flooding and salinity condi
tions compared to freshwater wetlands (Chambers et al., 2013). Thus, 
short-term changes in flooding and salinity conditions may not imme
diately impact sediment OC levels, as the sequestration of OC is a rela
tively slow process. However, long-term observations indicate that 
changes in flooding and salinity do indeed significantly affect OC storage 
in sediments (Jiang et al., 2015). 

The crystallinity and valence state transition of sediment Fe can be 
impacted by changes in sediment redox states (Doran et al., 2006; Hyun 
et al., 2009; Yu, 2018). In this study, flooding treatment raised the Fe 
(II)/Fe (III) ratio while considerably reducing sediment redox potential 
(Fig. 2D). This shows that the treatment of flooding increases the 
anaerobic stress on the sediment, which causes the sediment to lose 
more Fe (III). According to Liu et al. (2020), the Fe (II) produced by the 
reduction of Fe (III) in sediment can be reoxidized to create amorphous 
Fe (hydr-) oxides. Because of this, increasing flooding stress frequently 
results in a reduction in the crystallinity of sedimentary Fe (hydr-) ox
ides and an increase in the proportion of amorphous Fe (hydr-) oxides 
(Darke and Walbridge, 2000; Zhang et al., 2003). The findings of this 
investigation support the findings above. In the flooding groups (5 h and 
10 h) under the high salinity treatment (35 ppt), the amount of amor
phous Fe (hydr-) oxides (FeHH) was substantially greater than that in the 
0 h group (Fig. 4B). This shows that the flooding treatment greatly 
enhanced the amount of amorphous Fe (hydr-) oxides in the rhizosphere 

of S. mariqueter under high salinity conditions. The levels of crystalline 
Fe (hydr-) oxides (FeDH) in the rhizosphere of S. mariqueter were 
significantly lower in the 15 and 35 ppt salinity treatments compared to 
the 0 ppt treatment (Fig. 4A), indicating that the presence of salt stress 
resulted in a significant decrease in the content of crystalline Fe (hydr-) 
oxides. Previous studies have indicated that FeRB and FeOB play sig
nificant roles in the formation and decomposition of Fe (hydr-) oxides in 
the rhizosphere of wetland plants. The amorphous Fe (hydr-) oxides 
serve as the primary electron acceptors for FeRB and are the primary 
products of FeOB activity (Lovley, 1991; Weiss et al., 2003). In this 
study, however, our results demonstrate that the relative abundance of 
certain FeRB in the S. mariqueter rhizosphere, such as Deferrisoma and 
Geothemobacter, exhibits a similar trend of variation with changing 
salinity as that of amorphous Fe (hydr-) oxides, increasing with 
increasing salinity. Conversely, the relative abundance of typical FeOB, 
such as Paracoccus and Pseudomonas, displays a trend similar to that of 
crystalline Fe (hydr-) oxides, generally decreasing with increasing 
salinity. These results suggest that Fe redox cycling bacteria are not the 
primary driving forces for the formation and transformation of Fe (hydr- 
) oxides in the S. mariqueter rhizosphere, although the results of the 
principal coordinate analysis (PCoA) indicate that flooding and salinity 
indeed significantly influence the structure and diversity of S. mariqueter 
rhizospheric sediments (Fig. 6 and Table S3). 

In this study, the pH values in the salinity treatment groups (15 ppt 
and 35 ppt) were substantially lower than those in the control group (p 
< 0.05) during the 0-h flooding treatment (Fig. S1C). These results 
suggest that the significant decrease in the content of crystalline Fe 
(hydr-) oxides under salt treatment may be the result of the decreased 
pH of the treatment solution. Previous research has shown that salt 
stress and floods can modify the quantity and composition of plant REs, 
hence affecting rhizosphere pH (Henry et al., 2007; Ding et al., 2014). 
Citric acid and oxalic acid concentrations in rice REs were found to be 
considerably higher under salt stress, according to Ding et al. (2014). It 
has been demonstrated that the amount of short-range-order minerals in 
sediments decreases substantially when the amount of oxalic acid in REs 
increases (Keiluweit et al., 2015). In addition, the initial oxidation 
products of Fe (II) are mostly weakly crystalline Fe (hydr-) oxides, which 
subsequently transform into higher crystallinity Fe (hydr-) oxides under 
stable oxidizing conditions (Vogelsang et al., 2016). Although this study 
did not track and measure plant growth indicators, most relevant studies 
indicate that salt stress can lead to slowed plant growth and weakened 
root ROL processes (Cheng et al., 2012; Reddy et al., 2017), which can 
interfere with the crystallization process of rhizosphere Fe (hydr-) ox
ides, resulting in a significant decrease in the content of crystalline Fe 
(hydr-) oxides. 

Changes in flooding and salinity conditions impact not only the 
cycling and transformation of sediment Fe (hydr-) oxides but also the 
coupling mode between sediment Fe (hydr-) oxides and OC. Fe (hydr-) 
oxides and OC can bind to one another in sediment by either adsorption 
or co-precipitation. Adsorption is the process by which OC and Fe (hydr- 
) oxide surface groups exchange ligands to create Fe-OC complexes, 
whereas co-precipitation is the process by which Fe (hydr-) oxides and 
OC establish strong covalent bonds to generate insoluble organic li
gands. In contrast to co-precipitation, which may contain a larger con
centration of OC than adsorption (Wagai and Mayer, 2007; Barber et al., 
2017), adsorption has an OC:Fe molar ratio that is typically around 1. In 
this study, OC:Fe-HH was much higher than OC:Fe-DH, demonstrating 
that FeHH has a greater potential for sediment OC adsorption than FeDH 
(Fig. 5A). According to Liu et al. (2020), whereas FePP mostly binds OC 
by co-precipitation, FeDH primarily does so through adsorption. Similar 
results were found in this investigation, where the ratios of OC:Fe-DH 
and OC:Fe-HH were close to 1, showing that FeDH and FeHH bind OC 
by adsorption, whereas the ratio of OC:Fe-PP was >20, indicating that 
FePP binds OC through co-precipitation. In this study, prolonged flood
ing (10 h) and high salinity treatment (35 ppt) significantly increased 
the content of FeDH-OC, while the content of FePP-OC decreased 

Fig. 6. Principal Coordinate Analyses (PCoA) analysis of the bacterial com
munity in rhizosphere sediments of S. mariqueter. 
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significantly (Fig. 4D and F), indicating that intensified water-salt stress 
promotes the adsorption of sediment Fe (hydr-) oxides to OC and in
hibits their coprecipitation. This inference is supported by the variation 
in the sediment OC:Fe molar ratio, where prolonged flooding (10 h) and 
high salinity treatment (35 ppt) significantly increased the OC:Fe-DH 
ratio, demonstrating a significant enhancement in the adsorption ca
pacity of OC by FeDH. A noteworthy point is that the increase in seawater 
salinity also leads to an increase in the ionic strength, including ions 
such as sodium, sulfur, magnesium, and calcium. These ions compete 
with OC for binding sites on the surface of Fe (hydr-) oxides, thereby 
affecting the adsorption of OC by Fe (hydr-) oxides (Tomaszewski et al., 
2021). The competitive binding mechanism of OC and seawater ions 
with Fe (hydr-) oxides warrants further investigation in the future. 

Soil pH serves as a critical determinant affecting the solubility of soil 
Fe minerals, the composition of soil organic matter, and the interaction 
between Fe (hydr-) oxides and OC within the soil (Ghazali et al., 2020; 
Wang et al., 2023). Within sediment, pH is primarily shaped by sediment 
characteristics, including clay content, oxide content, and organic 
matter content (Delgado and Gomez, 2016). Sediment moisture content 

and salinity have also been proven to impact sediment pH (Ghazali et al., 
2020). In this study, an evident decrease in sediment pH was observed 
with the increase in salinity (p < 0.05) (Fig. S1C). Similar findings were 
reported by Ghazali et al. (2020), who observed a notable decline in the 
pH of paddy soil as salinity levels increased. Fe (hydr-) oxides often bind 
to OC in sediment at lower pH levels primarily by complexation and 
coprecipitation, but at higher pH levels, adsorption takes over (Chen 
et al., 2014; Liu et al., 2020). Fe (hydr-) oxides in the rhizosphere 
sediment of S. mariqueter largely bind to OC by adsorption, according to 
this study's finding that fFe-OC(PP) is lower than the total of fFe-OC(DH) and 
fFe-OC(HH) (Fig. S2). This might be explained by the sediment's greater 
levels of FeDH and FeHH, and earlier research has shown that FeDH con
tent is the most significant influencing factor for FeDH-OC concentration 
(Liu et al., 2020). Under intensified flooding and salt stress, fFe-OC(PP) 
decreases significantly while fFe-OC(DH) increases, indicating that inten
sified flooding and salt stress promote the adsorption of Fe (hydr-) ox
ides to OC in S. mariqueter rhizosphere sediment, inhibiting co- 
precipitation processes. Notably, fFe-OC(HH) is significantly higher than 
fFe-OC(DH) (Fig. S2), despite the fact that the content of FeHH is 

Fig. 7. Relative abundance of the selected dominant FeRB (A, B, and C) and FeOB (D, E, and F) genera in rhizosphere of S. mariqueter. For each salinity gradient, data 
with different letters are significantly different at p < 0.05. 
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significantly lower than FeDH in all treatment groups (Fig. 3). This is 
because amorphous Fe (hydr-) oxides has a higher specific surface area 
and a stronger capacity to adsorb OC (Chen et al., 2020; Coward et al., 
2017). 

Amid different flooding and salt treatments, fFe-OC(T) showed mini
mal changes (Fig. S2D), consistent with the trends observed in TOC 
response across various flooding and salinity levels. As previously 
mentioned, short-term fluctuations in water-salt conditions do not exert 
a significant influence on the TOC content in the intertidal wetlands. 
Considering the primary results of this research, the levels of sediment 
Fe (hydr-) oxides can be considered relatively steady. With both OC and 
Fe (hydr-) oxide content being crucial factors impacting Fe-OC levels, 
their relatively stable statuses contribute to the lack of substantial al
terations in the overall sedimentary Fe (hydr-) oxides and OC content 
across the treatment groups. Consequently, this lack of variation does 
not impact the proportion of OC that is bound by Fe (hydr-) oxides in the 
TOC. Although fFe-OC(T) demonstrates remarkable stability in response to 
water-salt changes, data on the proportion of OC bound by Fe (hydr-) 
oxides to the TOC indicate that prolonged flooding time and high 
salinity increase fFe-OC(DH) and decrease fFe-OC(PP) (Figs. S2A and D). This 
implies that a greater amount of OC is bound by highly crystalline Fe 
(hydr-) oxides, making this portion of OC less accessible to microor
ganisms compared to the OC bound by amorphous Fe (hydr-) oxides 
(Lovley and Phillips, 1986), thus exhibiting higher stability. 

5. Conclusion 

This study revealed that heightened flooding and elevated salt stress 
led to an increase in the proportion of amorphous Fe (hydr-) oxides 
within sediment, coupled with a reduction in the quantity of crystalline 
Fe (hydr-) oxides. This combination resulted in an overall decline in the 
crystalline nature of sediment Fe (hydr-) oxides. Moreover, prolonged 
flooding and exposure to high salt levels hindered the bonding of com
plexed Fe (hydr-) oxides (FePP) to OC. As a consequence, a greater 
amount of OC became associated with crystalline Fe (hydr-) oxides 
(FeDH). Additionally, under these conditions, there was a boost in the 
adsorption of Fe (hydr-) oxides to OC, while the co-precipitation pro
cesses were suppressed. These findings underscore the impact of water 
and salt stress on the interaction between sediment Fe (hydr-) oxides and 
OC within the rhizosphere of S. mariqueter. Importantly, despite the al
terations in the environment, the short-term stability of the Fe-OC pool 
remained evident. To comprehensively understand the implications of 
heightened flooding and salt stress, future investigations should delve 
into the lasting changes affecting the dynamics of the sediment Fe-OC 
pool, along with the role of Fe-OC in the sequestration of sediment OC. 
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Barré, P., 2020. Mineral control of organic carbon storage in acid temperate forest 
soils in the Basque Country. Geoderma 358, 113998. https://doi.org/10.1016/j. 
geoderma.2019.113998. 

Ghazali, M.F., Wikantika, K., Harto, A.B., Kondoh, A., 2020. Generating soil salinity, soil 
moisture, soil pH from satellite imagery and its analysis. Inf. Process. Agric. 7 (2), 
294–306. https://doi.org/10.1016/j.inpa.2019.08.003. 

Guo, Y., Rong, Z., Chi, Y., Li, X., Na, R., 2020. The modeling study of interannual 
variability of Changjiang River plume in summer season. Trans. Oceanol. Limnol. 4, 
30–41 (in Chinese with English abstract).  

Y. Bi et al.                                                                                                                                                                                                                                        

https://doi.org/10.1016/j.scitotenv.2023.168447
https://doi.org/10.1016/j.scitotenv.2023.168447
https://doi.org/10.1016/j.soilbio.2020.108128
https://doi.org/10.1038/s41598-017-00494-0
https://doi.org/10.1038/s41598-017-00494-0
https://doi.org/10.1023/a:1026290508166
https://doi.org/10.1023/a:1026290508166
https://doi.org/10.1007/s10021-017-0152-x
https://doi.org/10.1007/s10021-017-0152-x
https://doi.org/10.1007/s10533-013-9841-5
https://doi.org/10.1007/s10533-013-9841-5
https://doi.org/10.1098/rsbl.2018.0407
https://doi.org/10.1021/es503669u
https://doi.org/10.1021/acs.est.8b01368
https://doi.org/10.1021/acs.est.8b01368
https://doi.org/10.1038/s41467-020-16071-5
https://doi.org/10.1016/j.envpol.2012.01.034
https://doi.org/10.1016/j.geoderma.2017.07.026
https://doi.org/10.1016/j.geoderma.2017.07.026
https://doi.org/10.1021/acs.est.7b04953
https://doi.org/10.1023/A:1006302600347
https://doi.org/10.1023/A:1006302600347
https://doi.org/10.1111/j.1461-0248.2008.01164.x
https://doi.org/10.1111/j.1461-0248.2008.01164.x
http://refhub.elsevier.com/S0048-9697(23)07075-4/rf0085
http://refhub.elsevier.com/S0048-9697(23)07075-4/rf0085
http://refhub.elsevier.com/S0048-9697(23)07075-4/rf0085
https://doi.org/10.1007/s10661-013-3443-5
https://doi.org/10.1016/j.chemosphere.2005.10.027
https://doi.org/10.1016/j.chemosphere.2005.10.027
https://doi.org/10.1016/j.geoderma.2019.113998
https://doi.org/10.1016/j.geoderma.2019.113998
https://doi.org/10.1016/j.inpa.2019.08.003
http://refhub.elsevier.com/S0048-9697(23)07075-4/rf0125
http://refhub.elsevier.com/S0048-9697(23)07075-4/rf0125
http://refhub.elsevier.com/S0048-9697(23)07075-4/rf0125


Science of the Total Environment 908 (2024) 168447

10

Henry, A., Doucette, W., Norton, J., Bugbee, B., 2007. Changes in crested wheatgrass root 
exudation caused by flood, drought, and nutrient stress. J. Environ. Qual. 36 (3), 
904–912. https://doi.org/10.2134/jeq2006.0425sc. 

Hopkinson, C.S., Cai, W.J., Hu, X., 2012. Carbon sequestration in wetland dominated 
coastal systems—a global sink of rapidly diminishing magnitude. Curr. Opin. 
Environ. Sustain. 4 (2), 186–194. https://doi.org/10.1016/j.cosust.2012.03.005. 

Huang, X.Q., Tong, C., Luo, M., Yang, Y., Tan, F.F., Pan, Z.Y., Huang, J.F., Liu, N., 
Chen, X., 2022. Soil organic carbon storage, active component contents, and stability 
along a flooding gradient in the tidal wetland of the Jiulong River Estuary. Huanjing 
Kexue 43 (4), 2226–2236 (in Chinese with English abstract).  

Hyun, J.H., Mok, J.S., Cho, H.Y., Kim, S.H., Lee, K.S., Kostka, J.E., 2009. Rapid organic 
matter mineralization coupled to iron cycling in intertidal mud flats of the Han River 
estuary, Yellow Sea. Biogeochemistry 92 (3), 231–245. https://doi.org/10.1007/ 
s10533-009-9287-y. 

Jiang, J.Y., Huang, X., Li, X.Z., Yan, Z.Z., Li, X.Z., Ding, W.H., 2015. Soil organic carbon 
storage in tidal wetland and its relationships with soil physico-chemical factors: a 
case study of Dongtan of Chongming, Shanghai. J. Ecol. Rural Environ. 31 (4), 
540–547 (in Chinese with English abstract).  

Kaplan, D.I., Kukkadapu, R., Seaman, J.C., Arey, B.W., Dohnalkova, A.C., Buettner, S., 
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