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A B S T R A C T   

Tidal flooding is the basic hydrological feature of a salt marsh, and controls its ecosystem carbon exchange. 
However, the response of ecosystem carbon exchange to different stages of tidal flooding remains poorly 
documented. To further explore this issue, we conducted a field experiment to assess the effect of tidal stages 
(before flooding stage, rising tide stage, tidal flooding stage and after ebbing stage), water levels (a control, a low 
water level (LWL), a middle water level (MWL) and a high water level (HWL)) and soil salinity on ecosystem CO2 
and CH4 fluxes in a salt marsh in the Yellow River Delta. Our results showed that the rising tide stage signifi-
cantly inhibited the uptake of CO2 (LWL: 1.49 � 0.23 μmol m� 2 s� 1; MWL: 1.10 � 0.35 μmol m� 2 s� 1; HWL: 0.54 
� 0.08 μmol m� 2 s� 1). Meanwhile, the rising tide stage also promoted CH4 emissions of MWL and HWL treat-
ments (MWL: 0.97 � 0.36 nmol m� 2 s� 1; HWL: 0.93 � 0.24 nmol m� 2 s� 1). CH4 emissions of the after ebbing 
stage was higher than that of the before flooding stage, and this difference was significant of LWL and MWL 
treatments (LWL: 0.56 � 0.12 vs 0.38 � 0.09 nmol m� 2 s� 1; MWL: 0.79 � 0.13 vs 0.40 � 0.09 nmol m� 2 s� 1). 
Moreover, ecosystem CO2 exchange of the HWL treatment was almost completely suppressed during tidal 
inundation period. During tidal inundation period, net ecosystem CO2 exchange (NEE) was significantly posi-
tively correlated with water levels, but CH4 emissions was not significantly affected by water levels. In addition, 
the rate of CO2 uptake decreased linearly with soil salinity during the non-inundation period. Therefore, it is 
necessary to analyze the carbon exchange process coupling with the complete tidal flooding process in future 
researches.   

1. Introduction 

Salt marshes have been termed “blue carbon sink” due to its high net 
primary productivity, high carbon sequestration rates and relatively low 
CH4 emissions (Chmura et al., 2003; Kathilankal et al., 2008; Meng 
et al., 2019). Salt marshes can bury 60.4 Tg of organic carbon per year 
with a total area of 0.4 � 1012 m2 and an organic carbon burial rate of 
151.0 g C m� 2 y� 1 (Duarte et al., 2005). Different from other wetland 
types, salt marshes are subject to periodic tidal flooding. A large amount 
of SO4

2� carried by tidal flooding inhibits the production of CH4 in salt 
marshes (Choi and Wang, 2004). Meanwhile, the anaerobic environ-
ment created by tidal flooding inhibits the organic carbon 

mineralization rates, which is conducive to carbon sequestration of salt 
marshes (Witte and Giani, 2016; Luo et al., 2019). Therefore, tidal 
flooding is crucial for maintaining salt marshes as the “blue carbon 
sink”. Furthermore, the tidal flooding process consists of several stages. 
With the alternation of different tidal stages, the soil and plant will be 
frequent submerged in tidal water and exposed to the atmosphere (Tong 
et al., 2014; Yang et al., 2018). These tidal stages include the before 
flooding stage, the rising tide stage, the tidal flooding stage and the after 
ebbing stage. Moreover, tidal flooding process also causes changes in 
many environmental factors, especially water levels and soil charac-
teristics including soil salinity, which further affects the carbon ex-
change process of a salt marsh (Armstrong et al., 1985; Yamamoto et al., 
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2009; Chmura et al., 2011; Chambers et al., 2013). This effect will also 
be reflected in the variations of greenhouse gas fluxes dominated by CO2 
and CH4. Hence, as the basic hydrological feature of a salt marsh, tidal 
flooding may be the control factor of carbon exchange process. How-
ever, the key mechanism of the carbon cycle of salt marshes under tidal 
flooding effect is still unclear, which will further limit our understanding 
of the “blue carbon sink” mechanism of salt marshes (Han, 2017). 

Among the environmental factors of a salt marsh, soil salinity and 
water levels are especially important for the ecosystem CO2 and CH4 
fluxes (Hirota et al., 2007; Poffenbarger et al., 2011; Hu et al., 2017; Li 
et al., 2018). Soil salinity had an important effect on ecosystem pro-
cesses, especially of ecosystem CO2 and CH4 fluxes (Hu et al., 2017). 
High salinity tends to inhibit photosynthesis and productivity by influ-
encing the leaf chlorophyll content, protein synthesis, and lipid meta-
bolism of marsh plants (Abdul-Aziz et al., 2018). Similarly, ecosystem 
respiration (Reco) closely coupled with plant activity will be also 
reduced with increasing salinity (Neubauer, 2013). The increase of soil 
salinity can inhibit the activity of microbial cells by osmotic stress. Thus, 
the emission of CH4 is negatively correlated with soil salinity of a salt 
marsh (Olsson et al., 2015; Jr et al., 2016; Yang et al., 2019). Salinity 
primarily controls CH4 emissions through two biogeochemical forces. 
These two forces include the sulfate reduction effect (caused by tidal 
water) and the ionic effect (Chambers et al., 2013; Hu et al., 2017). In 
general, the effect of soil salinity on ecosystem CO2 and CH4 fluxes is 
directly reflected in the impact on microbiological processes (Doroski 
et al., 2019). Moreover, after the tide recedes, the soil that has experi-
enced tidal flooding changed from an oxidizing environment to a 
reducing environment compared to that of before flooding. Therefore, a 
better anaerobic environment after the ebb tide will promote CH4 
emissions (Kelley et al., 1995). This phenomenon also indicates that in 
addition to soil salinity, changes in the redox environment will have an 
important impact on CH4 during tidal flooding process (Ford et al., 
2012). 

During the tidal inundation period, water levels will replace soil 
salinity as a control factor of ecosystem CO2 and CH4 fluxes. Tidal 
flooding can flush toxic metabolites, relieve plant drought stress and salt 
stress, thereby promoting absorption of CO2. However, a higher water 
level result in a reduction in the effective photosynthetic area and the 
rate of gas diffusion, which will further inhibit photosynthesis (Han 
et al., 2015). Moreover, a higher water level can inhibit autotrophic 
respiration by inducing plant stomatal closure and inhibit heterotrophic 
respiration by reducing the availability of oxygen in the soil (Chivers 
et al., 2009; Yang et al., 2018). Different water levels also influence 
oxidation-reduction status of soil, which affects various metabolisms in 
carbon cycle (Hirota et al., 2007). Ecosystem CH4 exchange of a salt 
marsh could be more sensitive to this change. There is a threshold for 
water levels control CH4 emissions, beyond which CH4 will be dis-
charged in large quantities (Christensen et al., 2003). A suitable water 
level provides an anaerobic environment while not excessively inundate 
stems and leaves will promote CH4 emissions (Van der Nat and Mid-
delburg, 2000). 

Coastal wetlands including salt marshes have long been considered 
vulnerable to sea level rise (McLeod et al., 2011; Kirwan and Megonigal, 
2013; Forbrich and Giblin, 2015). Sea level rise will directly cause sig-
nificant changes in tidal range and the frequency of tidal flooding 
(Hagen et al., 2013; Abdul-Aziz et al., 2018), which will further threaten 
the carbon sink strength of a salt marsh (Jones et al., 2018). The Yellow 
River Delta is one of the most active regions of land-ocean interaction 
(Han et al., 2018), and its tidal flooding process is affected by sea level 
rise and sediment movement of the Yellow River. 

Unfortunately, the current knowledge of the response of carbon ex-
change to different tidal stage remains limited, which restricts the un-
derstanding of the carbon cycle process of a salt marsh under the 
background of sea level rise. In this paper, we focus on the effect of tidal 
flooding on ecosystem CO2 and CH4 fluxes. We expected that the vari-
ations of ecosystem CO2 and CH4 fluxes to different tidal stages is mainly 

caused by changes in soil salinity, water levels and redox environment. 
We further hypothesized that: (1) ecosystem CO2 and CH4 fluxes during 
inundation period will be completely inhibited under high water level 
treatment; (2) the anaerobic environment will significantly promote 
CH4 emissions at the after ebbing stage; (3) the higher soil salinity will 
significantly reduce CO2 uptake and CH4 emissions. Based on a field 
experiment with manipulated tidal stages and water levels, our objec-
tives are (1) to illustrate how the ecosystem CO2 and CH4 fluxes response 
to different tidal stages and (2) to investigate the influences of water 
levels and soil salinity on ecosystem CO2 and CH4 fluxes. 

2. Materials and methods 

2.1. Study site 

This study was conducted in the intertidal zone observation site of 
the Research Station of Coastal Wetland in the Yellow River Delta, 
Chinese Academy of Sciences (37�3605600N, 118�5705100E). The tidal salt 
marsh of the Yellow River Delta is one of the typical types of salt marshes 
in northern China. The terrain is flat and the species composition is very 
simple, which is dominated by Suaeda salsa (Huang et al., 2012). The 
area belongs to the temperate semi-humid continental monsoon climate, 
with a moderate-temperature, sufficient sunshine and distinct seasons. 
The annual average temperature is 12.9 �C, with average annual pre-
cipitation of 560 mm (Han et al., 2018). The soil type is coastal tidal 
saline soil and the soil texture is sandy clay loam. The tide in this area 
belongs to irregular semidiurnal tide with a mean tidal range of 
0.73–1.77 m. The mean seawater salinity was 28 � 0.42 ppt (Xie et al., 
2019). The dissoluble salt content in surface layer of salt soil is very high 
(>8 g/kg), and its grain composition is dominated by sand and silt (Song 
et al., 2016). 

2.2. Experimental design 

We used cylindrical transparent plexiglass chambers (outer diameter 
was 21 cm, thickness was 0.5 cm and height was 50 cm) as our “plot”. 
Prior to measurement, we installed all plexiglass chambers in pre- 
selected locations. The principle of our choice was to keep the number 
and height of plants in each chamber as consistent as possible. At the end 
of every experiment, we removed all chambers until the next 
experiment. 

To explore the effects of different water levels during tidal flooding, 
we designed four experimental treatments in our field experiment: (1) 
control (no water addition), (2) low water level (1–2 cm, only a small 
part of the stem of the plant was submerged, LWL), (3) middle water 
level (5–13 cm, submerged half of the plant, MWL), and (4) high water 
level (13–24 cm, completely submerged the plant, HWL). Each treat-
ment included 3 replicates. Therefore, the water level of MWL and HWL 
treatment will vary with the growth of the plant throughout the exper-
imental period. Moreover, total of 5 rounds of measurements were taken 
for each experiment, and the specific measurement rounds were divided 
into: before flooding stage, rising tide stage, tidal flooding-3 h stage, 
tidal flooding-22 h stage and after ebbing-2 h stage. In addition, we 
simulated the entire tidal flooding process by artificially adding water 
into chambers or draining water out off chambers. 

2.3. Measurements of ecosystem CO2 and CH4 fluxes and environmental 
factors 

Ecosystem CO2 and CH4 fluxes were measured every two weeks and 
lasted for the entire growing season of 2018. Measurements were per-
formed using a static cylindrical transparent chamber connected to a 
LGR Ultraportable Greenhouse Gas Analyzer (UGGA, Los Gatos Research 
Inc., San Jose, USA) that measures gas concentrations continuously and 
automatically. In order to prevent the gas in the chamberfrom forming a 
concentration gradient, a small fan was installed to mix the gas. 
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Following the measurement of net ecosystem CO2 exchange (NEE), the 
chamber would be covered with an opaque cloth to measure ecosystem 
respiration (Reco). Hence, ecosystem gross primary production (GPP) 
could be calculated as the difference between NEE and Reco. In addition 
to the measurement of ecosystem CO2 and CH4 fluxes, we also used a 
2265FS direct soil EC meter (Spectrum Technologies Inc., Phoenix, AZ, 
USA) to determine soil salinity (5 cm depth, characterized by soil con-
ductivity in this paper) during the non-inundation stage (Tam and 
Wong, 1998). During the experiment we also recorded water levels in 
each chamber. 

2.4. Data analysis and statistics 

Repeated measures ANOVA was used to examine the difference of 
ecosystem CO2 and CH4 fluxes at different tidal stages and different 
water levels. In addition, linear regression analysis was used to analyze 
the relationship between ecosystem CO2 and CH4 fluxes and environ-
mental factors (water level and soil salinity). In all tests, a significance 
level of P ¼ 0.05 was used. All statistical analyses were performed under 
SPSS 13.0 (SPSS for Windows, Chicago, IL, USA) and all graphs were 
made by Origin 8.0 (OriginLab Inc., Northampton, Massachusetts, USA). 

3. Results 

3.1. Variations of ecosystem CO2 and CH4 fluxes at different tidal stages 

3.1.1. Variations of ecosystem CO2 fluxes at different tidal stages 
There was no significant difference in GPP and NEE of the control 

treatment (Fig. 1). Furthermore, there were few differences in Reco of 
control treatment, although the rising tide stage and the after ebbing-2 h 
stage had a higher rate of Reco relative to the other tidal stage. Reco of 
LWL treatment varied by tidal stages was relatively small (Fig. B). At the 

rising tide stage, however, both GPP (reduced to 3.46 � 0.40 μmol m� 2 

s� 1) and NEE (increased to � 1.49 � 0.23 μmol m� 2 s� 1) were signifi-
cantly different from other tidal stages, indicating that the rising tide 
process significantly inhibited the absorption of CO2. This phenomenon 
also had the same performance in the MWL treatment and HWL treat-
ment (Fig. 1C and D). In addition, after 22 h of tidal flooding, NEE of 
LWL treatment returned to a level similar to that of the before flooding 
stage (Fig. 1B). 

The change of ecosystem CO2 exchange under the treatment of MWL 
was relatively complicated (Fig. 1C). At the tidal flooding-3 h stage, 
Reco increased to 2.10 � 0.25 μmol m� 2 s� 1, which was the maximum 
value of the entire tidal flooding process. During the tidal inundation 
period, the ability to uptake CO2 of the plant became stronger. The rate 
of CO2 uptake reached a maximum after 22 h of flooding (GPP: 4.54 �
0.52 μmol m� 2 s� 1; NEE: 2.54 � 0.42 μmol m� 2 s� 1). Moreover, after 2 h 
of the ebbing tide, the absorption of CO2 was significantly weaker than 
that before flooding (P < 0.01). Furthermore, in treatments of LWL and 
HWL, the rate of CO2 uptake at the after ebbing-2 h stage was also 
weaker than that of the before flooding stage. 

In the HWL treatment, the ecosystem CO2 exchange was almost 
completely suppressed due to the complete submerge of the plant during 
the tidal inundation period, and GPP, Reco and NEE were all close to 
0 (Fig. 1D). After the tide receded, both GPP and NEE returned to a level 
similar to those before flooding, but Reco of the after ebbing stage was 
significantly higher than before flooding (P < 0.05). 

3.1.2. Variations of ecosystem CH4 fluxes at different tidal stages 
During the entire experiment, the variations of ecosystem CH4 fluxes 

of the control treatment was slightly (Fig. 2A). In the LWL treatment, 
CH4 emissions was reduced to 0.31 � 0.06 nmol m� 2 s� 1 at the rising 
tide stage (Fig. 2B), which was also the minimum of CH4 emissions 
throughout the tidal flooding process. After the rising tide, CH4 

Fig. 1. Variations of mean ecosystem CO2 fluxes at five different tidal stages. The shaded portion in the figure indicates the period of tidal water inundation. Different 
lowercase letters in the same line indicate a significant difference of CO2 fluxes between different tidal stages (p < 0.05). Data is presented as mean � SE. LWL: low 
water level; MWL: middle water level; HWL: high water level. 
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Fig. 2. Variations of mean ecosystem CH4 fluxes at five different tidal stages. The shaded portion in the figure indicates the period of tidal water inundation. Different 
lowercase letters indicate a significant difference between different tidal stages (p < 0.05). Data is presented as mean � SE. 

Fig. 3. Variations of mean ecosystem CO2 fluxes for four water-level treatments. Different lowercase letters under the same tidal stage indicate a significant dif-
ference (p < 0.05). Data is presented as mean � SE. 
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emissions had been rising and reached a maximum of 0.56 � 0.17 nmol 
m� 2 s� 1 after 2 h after ebbing, which was significantly higher than that 
of the before flooding stage (P < 0.05). 

The overall trend of CH4 emissions in the MWL and HWL was similar 
(Fig. 2C and D). At the rising tide stage, CH4 emissions from both 
treatments increased, but the difference was not significant. In addition, 
CH4 emissions after 3 h of tidal flooding were the minimum (MWL: 0.46 
� 0.08 nmol m� 2 s� 1; HWL: 0.74 � 0.23 nmol m� 2 s� 1) during the tidal 
inundation period. However, for the MWL treatment, CH4 emissions at 2 
h after the ebb tide was significantly higher than those before flooding 
(P < 0.05), and this difference was not significant in the HWL treatment. 
In the HWL treatment, the CH4 emissions of the tidal flooding-22 h stage 
was the highest relative to other tidal stages. 

3.2. Variations of ecosystem CO2 and CH4 fluxes with different water 
levels 

3.2.1. Variations of ecosystem CO2 fluxes with different water levels 
There was no significant difference in NEE and GPP between the 

treatments at the before flooding stage (Fig. 3). At the rising tide stage, 
NEE of LWL, MWL and HWL treatments were significantly higher than 
that of the control treatment (similarly, GPP was significantly lower 
than the GPP of control treatment). Furthermore, during the entire tidal 
inundation period after the rising tide, ecosystem CO2 exchange of HWL 
treatment were significantly suppressed because the plants were 
completely submerged. The three treatments that were not completely 
submerged had slight differences in Reco during the tidal inundation 
period. At the after ebbing-2 h stage, Reco of LWL treatment was the 
lowest of the four treatments (1.61 � 0.21 μmol m� 2 s� 1), whereas the 
NEE of HWL treatment became the maximum value (� 2.26 � 0.40 μmol 
m� 2 s� 1). 

3.2.2. Variations of ecosystem CH4 fluxes with different water levels 
No significant difference in ecosystem CH4 fluxes was found between 

the four treatments at the before flooding stage (Fig. 4). However, CH4 
emissions of LWL during rising tide was significantly lower than the 
other three treatments. Moreover, it should be noted that CH4 emissions 
of the MWL and HWL increased to 0.97 � 0.36 and 0.93 � 0.24 nmol 
m� 2 s� 1 at the rising tide stage, respectively. 

After 3 h of tidal flooding, CH4 emissions of the four treatments 
returned to a level that was not significantly different. With the exten-
sion of the tidal flooding time, CH4 emissions of HWL treatment reached 
to 1.00 � 0.25 nmol m� 2 s� 1, which was significantly higher than the 
CH4 emissions of the LWL treatment (P < 0.05). Finally, CH4 emissions 

of MWL treatment became the maximum compared with other treat-
ments at the after ebbing-2 h stage. 

3.3. Effect of water levels on response of ecosystem CO2 and CH4 fluxes to 
tidal flooding 

During the tidal inundation period, ecosystem CO2 exchange, espe-
cially NEE and GPP, showed a remarkable correlation with water levels 
(Fig. 5). NEE was positively correlation with water levels during the 
whole tidal inundation period (rising tide: P < 0.05, R2 ¼ 0.92; tidal 
flooding-3 h: P < 0.01, R2 ¼ 0.98; tidal flooding-22 h: P < 0.05, R2 ¼

0.91). Correlation analysis also showed that the variation of GPP was 
significantly and negatively related to water levels at the rising tide 
stage (P < 0.05, R2 ¼ 0.95) and the tidal flooding-3 h stage (P < 0.05, R2 

¼ 0.94). However, the relationship between Reco and water levels was 
significantly and negatively correlated at the rising tide stage (P < 0.05, 
R2 ¼ 0.92). In addition, the correlation between the variation of CH4 and 
water levels was not significant during the whole tidal inundation period 
(P > 0.05). 

3.4. Effect of soil salinity on response of ecosystem CO2 and CH4 fluxes to 
tidal flooding 

Soil salinity had an important effect on ecosystem CO2 and CH4 
fluxes during the non-inundation period (Fig. 6). Due to the high salinity 
of seawater immersion, soil salinity was generally higher after the tide 
receded. Correlation analysis showed that there was a significant posi-
tively linear correlation between soil salinity and NEE (Fig. 6B, P < 0.05, 
R2 ¼ 0.76). Similarly, we also found that GPP was significantly nega-
tively related to soil salinity (Fig. 6D, P < 0.05, R2 ¼ 0.70). However, we 
did not find a significant correlation in the relationship between CH4, 
Reco and soil salinity (Fig. 6A and C). 

4. Discussion 

4.1. Response of ecosystem CO2 and CH4 fluxes to different tidal stages 

Our results demonstrate that the higher soil salinity at the after 
ebbing stage leaded to a lower CO2 uptake than the before flooding stage 
(Fig. 6B). The significant negative correlation between soil salinity and 
CO2 uptake also had been found in an experiment conducted in a salt 
marsh (Abdul-Aziz et al., 2018). Higher soil salinity can dehydrate 
plants through osmotic stress, which will further reduce plant photo-
synthesis and primary productivity (Heinsch et al., 2004). Moreover, 

Fig. 4. Variations of mean ecosystem CH4 fluxes for four water-level treatments. Different lowercase letters under the same tidal stage indicate a significant dif-
ference (p < 0.05). Data is presented as mean � SE. 
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anaerobic conditions of the after ebbing stage also affect the photo-
synthesis of plants. This is because anaerobic conditions result in a 
switch of aerobic metabolism of plants into less efficient anaerobic 
fermentation, which will inhibit photosynthesis of plants (Han et al., 
2015). Our results also show that the rising tide process significantly 
suppressed CO2 uptake. Furthermore, CO2 uptake of LWL and MWL 
treatments gradually increased during tidal inundation period. Though 
it is difficult to explain the inhibitory effect of the rising tide process, 
physiological response of plant to tidal influx may be related to this 
phenomenon. 

CH4 emissions of the after ebbing stage was higher than that of the 
before flooding stage (Fig. 2). The production of CH4 is an anaerobic 
process (Deppe et al., 2010). Before the tidal flooding, the anaerobic 
environment was lacking, which inhibited the production of CH4 
(Chambers et al., 2014). The poor anaerobic environment not only in-
hibits the production of CH4, but also promotes the oxidation of CH4 in 
the soil oxide layer, thereby reducing CH4 emissions (Chen et al., 2013). 
The tidal inundation period has provided a suitable anaerobic envi-
ronment for the production of CH4, but CH4 cannot be released due to 
the tidal barrier. After the tide recedes, the barrier effect of tidal water 
disappears, CH4 that was previously produced by the soil can be released 
to the atmosphere (Singh et al., 2000; Li et al., 2018). 

Changes of soil redox environment caused by tidal flooding can also 
explain the relationship between CH4 and soil salinity (Fig. 6A). 
Although the correlation between CH4 emissions and soil salinity was 
not significant, the overall trend was evident: CH4 emissions were higher 
under high soil salinity environment at the after ebbing stage. In pre-
vious studies, CH4 fluxes usually decreased with higher soil salinity 
(Olsson et al., 2015; Jr et al., 2016; Yang et al., 2019), and this 

relationship was caused by the sulfate reduction effect related to 
abundant SO4

2� and the ionic effect caused by an increase in the ionic 
strength (Chambers et al., 2013; Hu et al., 2017). Our seemingly con-
tradictory results demonstrate that in addition to salinity, soil redox 
environment could be an important factor affecting CH4 fluxes (Livesley 
and Andrusiak, 2012). After the tidal water receded, a better anaerobic 
environment promoted the production of CH4. In addition, the increased 
salinity could have led to a decrease in humic substances through 
salt-induced flocculation of dissolved organic matter. Humic substances 
can reduce CH4 production through thermodynamically favorable 
organic electron acceptors (Ardon et al., 2018). Therefore, the effect of 
reduced humic substances caused by high salinity is also one of the 
reasons for promoting CH4 emissions. 

4.2. Response of ecosystem CO2 and CH4 fluxes to water levels during the 
tidal inundation period 

During the tidal inundation period, the uptake rate of CO2 was 
decreased with the increase of water level (Fig. 5). This relationship can 
be explained by (1) higher water levels will submerge more leaves, 
reducing more effective photosynthetic leaf area, and (2) higher water 
levels will reduce photosynthesis by limiting light and CO2 diffusion in 
the tidal water (Colmer et al., 2011; Jimenez et al., 2012). However, the 
relationship between CO2 uptake and water levels often varies with 
experimental condition. Researchers have found that elevated water 
levels significantly enhance CO2 uptake in temperate cutover fens 
(Minke et al., 2016). In addition, in an experiment conducted in the 
Yellow River Delta, the relationship between CO2 uptake and water 
levels was varied with different locations (Chen et al., 2018). 

Fig. 5. Linear relationship between water levels and ecosystem CO2 and CH4 fluxes during the tidal inundation period. Data is presented as mean � SE.  
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Furthermore, ecosystem CO2 exchange of HWL treatment during the 
tidal inundation period was nearly completely suppressed (Fig. 1D). This 
result of our study is similar to that of Moffett et al. (2010), ecosystem 
CO2 exchange was completely suppressed under prolonged tidal inun-
dation (Moffett et al., 2010). During the tidal inundation period, the 
plant was completely submerged in the HWL treatment. First, all the 
leaves had been submerged so that photosynthesis was completely 
suppressed. Second, the tidal water forms a gas diffusion barrier. The 
barrier effect of tidal water can inhibit CO2 released from plant respi-
ration and soil respiration. Meanwhile, part of the CO2 will dissolve in 
tidal water (Guo et al., 2009). Finally, higher water levels reduces the 
availability of O2 in the soil. Therefore, activity of aerobic community 
and the aerobic respiration of the plant roots will be inhibited (Jimenez 
et al., 2012). 

The effect of water levels on ecosystem CH4 fluxes had different 
performances during the tidal flooding process. In the MWL and HWL 
treatments, which were with higher water levels, the rising tide process 
had an obviously increase in CH4 emissions (Fig. 2B and C). The main 
reason is that the rapid influx of tidal water will cause the pressure of the 
soil pores to increase. Thereby extruding CH4 from the soil pores and 
releasing it into the atmosphere (Yamamoto et al., 2009). However, we 
did not observe a similar phenomenon in LWL treatment due to the 
pressure generated by less water was not enough to squeeze out CH4 
from the soil pores. 

We also found that in the LWL, MWL and HWL treatments, CH4 
emissions of the tidal flooding-22 h stage was relatively high during the 
whole tidal flooding process (Fig. 2). In the MWL and HWL treatments, 
since the higher water level submerged part of the plant, CH4 emissions 
was relatively low when the inundation time was short (3 h). As the 
inundation time prolonged (22 h), the CH4 produced from soil will 

slowly enrich in the tidal water and eventually be released into the at-
mosphere. After 22 h of tidal flooding, the difference in CH4 emissions 
between treatments of MWL and HWL with treatments of LWL and 
control had been significant (Fig. 4). This difference may be mainly 
attributed to (1) better anaerobic environment formed by higher water 
levels; (2) flushing of the surface soil and the crab burrowing can 
enhance the exchange of gaseous compounds between the soil and the 
tidal water, therefore causing the enrichment of CH4 in the tidal water 
and then released into the atmosphere (Jacotot et al., 2018; Call et al., 
2019). 

5. Conclusions 

Our results demonstrated that different tidal stages of the tidal 
flooding process along with the changes in water levels and soil salinity 
have a critical impact on ecosystem CO2 and CH4 fluxes. Our findings 
could be summarized as follows:  

- CO2 and CH4 fluxes fluctuated notably with different tidal stages. 
Changes in soil salinity and soil redox environment were the main 
environmental factors controlling CO2 and CH4 fluxes at the before 
flooding stage and the after ebbing stage. Moreover, water level 
replaced the above two factors to control CO2 and CH4 fluxes during 
tidal inundation period. 

- The increasing water levels inhibited the rate of CO2 uptake. More-
over, ecosystem CO2 exchange was completely inhibited when tidal 
water completely submerged the plant.  

- Higher soil salinity reduced the rate of CO2 uptake. In addition, CH4 
fluxes was more sensitive to the changes in soil redox environment, 

Fig. 6. Linear relationship between soil salinity and ecosystem CO2 and CH4 fluxes during the non-inundation period. The before flooding stage is abbreviated as BF 
and the after ebbing stage is abbreviated as AE. Data is presented as mean � SE. 
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which was mainly manifested by more CH4 emissions at the after 
ebbing stage than the before flooding stage. 

In this study, we measured soil salinity during the non-inundation 
period, and we did not measure any other soil properties. This could 
be limitations of our study. Hence, further research should examine soil 
properties and other environmental factors at different tidal stages to 
clarify the effect of tidal flooding on ecosystem CO2 and CH4 fluxes of 
salt marshes. 
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