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A B S T R A C T   

Salt marshes are significant contributors to global “blue carbon” resources, and these habitats are sensitive to 
precipitation events due to periodically dry-wet alternation induced by tides. However, whether annual marsh- 
atmospheric CO2 flux responds more to annual or seasonal precipitation remains unclear. Here, eight years 
(2012-2019) of eddy covariance data were evaluated to determine typical CO2 budgets, and we assessed the 
effect of annual and seasonal precipitation on interannual net ecosystem CO2 exchange (NEE) in a salt marsh of 
the Yellow River Delta, China. The salt marsh was a sink for atmospheric CO2 in each of the eight study years, 
with an 8-year average NEE of -51.7 ± 9.7 g C m− 2 a− 1 varying from -8 to -85 g C m− 2 a− 1. Annual NEE was 
mainly regulated by precipitation levels during the early growth stage of plants, which modulated maximal plant 
biomass accumulation via water-salt transport. Besides, a spring precipitation distribution experiment showed 
that wetter early growth stage of plants enhanced carbon assimilation capacity in the salt marsh by decreasing 
soil salinity and promoting plant biomass accumulation. These findings suggest that soil water-salt conditions 
induced by precipitation during the onset of the growing season are crucial for interannual variations of NEE in 
salt marshes.   

1. Introduction 

Salt marshes are considered as significant sinks for global carbon (C) 
and contributors to global “blue carbon” resources (Zhong et al., 2016). 
Due to low elevation and proximity to the ocean, shallow and saline 
groundwater occurs in many salt marshes, with the extent varying under 
different geologic settings (Hoover et al., 2017). Different from fresh
water wetlands, salt marshes are subjected to periodic tidal flooding, 
which enhances their ability to trap and bury significant amounts of 
allochthonus carbon (Poffenbarger et al., 2011, Wu et al., 2013, Han 
et al., 2018). Further, anaerobic conditions driven by tidal periodic 

flooding hinders CO2 production, leading to the low emissions of CO2 
and a high ability to sequester C in salt marshes (Han et al., 2015). 
Additionally, the presence of abundant sulfate carried by tidal flooding 
hinders CH4 production, leading to the low emissions of CH4 from salt 
marshes (Drake et al., 2015). Finally, alternating dry-wet conditions 
induced by tides can lead to changes in the hydrological condition and 
soil properties of salt marshes (Chmura et al., 2011), leading to 
constantly changing salt accumulation and leaching, which has the po
tential to significantly alter the C mineralization rates, microbial activity 
and nutrient dynamics (Wei et al., 2020a, Han et al., 2018). 

Salt marshes are sensitive to precipitation events that modify the 
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periodically dry-wet cycles induced by tides (Han et al., 2015). Variation 
in marsh biomass production is most often explained by variation in 
drivers that affect soil salinity levels, and high soil salinity levels reduce 
biomass production (Morris et al., 2002, Wieski and Pennings, 2014, 
Hanson et al., 2016). On the one hand, when precipitation is low, 
coupled with increased air temperatures and evaporation rates, 
water-soluble salts from the sub-surface groundwater are transported 
upward through the root zone of plants to the soil surface from capillary 
rise (Yao and Yang 2010). Salinity stress tends to inhibit photosynthesis 
and productivity of marsh plants by influencing the leaf chlorophyll 
content, protein synthesis, and lipid metabolism of marsh plants 
(Abdul-Aziz et al., 2018, Wei et al., 2020b). Therefore, in many salt 
marshes, periodic inputs of freshwater from precipitation controls 
structure and function of their plant communities (Heinsch et al., 2004). 
On the other hand, heavy rains usually caused episodic flooding over the 
shallow underground water (Han et al., 2015). The stress induced by 
rainfall-driven water-logging may not only suppress net photosynthetic 
rates, but the soil hypoxia or anoxia may also decrease overall plant 
metabolic activity (Schedlbauer et al., 2010). Therefore, water-salt 
transport induced by precipitation likely has big impacts on many 
ecosystem processes, especially for ecosystem CO2 fluxes (Hu et al., 
2017, Chu et al., 2018). For example, during drought, high salinities can 
shift salt marshes’ plant functional group dominance, change the 
aboveground biomass, and finally suppress annual NEE (Yando et al., 
2016, Chu et al., 2018). In contrast, with heavy rains, the episodic 
flooding could reduce the daytime net CO2 uptake and maximum rates 
of photosynthesis due to the partial or complete submersion of plants 
and soil (Han et al., 2015). Thus, in addition to tides, precipitation 
variation is likely also a vital driver, which will control the seasonal or 
annual variability in carbon exchange for a salt marsh. 

On local to regional scales, both increases and decreases in total 
precipitation occur, and these changes can be accompanied by changes 
in the frequency, duration, or seasonality of particularly heavy precip
itation events (Emery 2019). Previous studies have found that total 
precipitation amount affects carbon budgets (Liu et al., 2016), but others 
have shown that the seasonality of precipitation distribution may play 
an even more important role than annual precipitation totals in regu
lating ecosystem C cycling (Hovenden et al., 2014, Zeppel et al., 2014, 
Ru et al., 2017). Thus, the question arises, which aspect of precipitation 
is most important for the C exchange in tidal salt marshes: the annual 

total or the seasonality? In this study, using the eddy covariance (EC) 
technique, we conducted 8 years of continuous CO2 flux measurements 
from January 2012 to December 2019 in a high salt marsh of the Yellow 
River Delta. Our objectives were: (1) to quantify seasonal and 
inter-annual variability of NEE and annual CO2 sink-source strength of 
the salt marsh, and (2) to examine which factor plays the most important 
role in regulating annual NEE, annual or seasonal precipitaiton? 

2. Material and Methods 

2.1. Study region 

This study was conducted at a high tidal flat of a salt marsh in the 
Yellow River Delta, northeast China (37◦47′20′′N, 119◦10′23′′E) 
(Fig. 1b). The region is characterized as a warm-temperate and conti
nental monsoon climate with dry springs and rainy summers. It was 
about 2.8 kilometers away from the coast (Fig. 1b), tidal inundation at 
the site occurred only during spring tides due to the high tidal flat. The 
hydrological characteristics of the salt marsh are affected by the in
teractions between precipitation and groundwater in the vertical di
rection, and seawater and freshwater fluxes in the horizontal direction. 
Especially, water-soluble salts in deep soil can be transferred to the soil 
surface through capillary rise and evaporation due to low underground 
water table. Plant growth depends greatly on fresh water supply from 
precipitation. The mean annual temperature is 12.9◦C, and the average 
annual precipitation is 560 mm, with nearly 70% falling between June 
and September (Han et al., 2015). The drying and wetting cycles 
induced by precipitation or tide can lead to an alternation of salt accu
mulation and leaching. Due to harsh physical conditions, the flora is 
relatively simple and the only common species is Suaeda salsa (L.) Pall 
(Fig. 1c), with a maximum height of 20-40 cm and coverage of 30-60%. 
S. salsa is an annual herb, with the germination stage at the end of 
March, flowering in early August, and fade in late November. Consid
ering the footprints, the flux tower was installed in S. salsa within a 
radius of 200 meters and mean coverage of 45% (Fig. 1d). The soil type 
is coastal saline colluvial soil, and the soil texture is mainly sandy clay 
loam. 

Figure 1. Study region of the Yellow River Delta (a), location of flux tower (b), vegetation distribution pattern of coastal zone (c), and EC tower (d).  
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2.2. Division of plant growth stages 

In this study, plant growth stages of the natural growth cycle were 
divided based on phenology and growth characteristics of S. salsa. Early 
growth stage (March to April) was defined as the time between germi
nation and rapid growth, biomass started to grow but increased slowly 
during this period. Middle growth stage (May to August) was defined as 
the stage from rapid growth to the peak biomass, biomass increased 
rapidly during this stage. Terminal growth stage (September to 
November) was defined as the period from the peak biomass to with
ering, aboveground living biomass decreased gradually and eventually 
senesced during this period. During the winter stage (December to 
February), defined as the period of plant withering period, biomass was 
zero during this stage. 

2.3. Eddy covariance, meteorological and biomass measurements 

Net ecosystem CO2 fluxes (NEE) and water vapor (H2O) fluxes were 
continuously measured from the beginning of the year 2012 till the end 
of the year 2019, using an eddy covariance (EC) system mounted on a 
tower 2.8 m above the soil surface (Fig. 1d). The open-path EC system at 
the tower consisted of an open-path infrared CO2/H2O gas analyzer (LI- 
7500A, LI-COR, Lincoln, NE), a three-axis sonic anemometer (GILL-wind 
master pro, GILL corporation, London, England), and an Analyzer 
Interface Unit to record high-frequency data (Li-7550, Li-COR, Lincoln, 
NE). The raw flux data were collected and stored on a 4-GB disk with a 
10-Hz recording frequency in the unit. 

Meteorological parameters were continuously measured with an 
array of sensors, including air temperature (Tair) thermometer at a 
height of 2 m, photosynthetically active radiation (PAR) and total solar 
radiation (TSR) sensors at a height of 2.8 m, precipitation (PPT) sensor 
at a height of 1.5 m, and soil temperature (Tsoil) thermometer inserted to 
a depths of 10 cm, transmitting at a frequency of 10 Hz continuously. A 
data logger (CR1000, Campbell Scientific Inc. USA) was used to collect 
micrometeorological data at a 1-min intervals, and these data were 
compiled into half-hourly data using the built-in automatic data pro
gram, and stored in the memory of the data logger. 

Plant biomass of aboveground and belowground for salt marshes was 
measured by harvesting the vegetation approximately twice a month 
from May to October. Harvesting was performed in five replicated 
sampling plots (0.5 m × 0.5 m) located within a radius of 200 m around 
the EC system. Entire live plants were uprooted by digging whole plants 
with a pick. Plant material was oven dried at 80◦C to a constant mass 
before weighing. 

Flux data processing followed standard methods and included des
piking, coordinate rotation, time lag corrections, and air density cor
rections (Webb et al., 1980, Polsenaere et al., 2012). More details about 
flux data processing, quality control, and gap filling can be found in Chu 
et al., (2018). 

NEE was partitioned into two components of gross primary pro
ductivity (GPP) and ecosystem respiration (Reco) (Schedlbauer et al., 
2010), the relationship between them is as follows: 

NEE = Reco − GPP (1) 

Rnighttime was nighttime NEE When Rn was < 10 W m− 2, Rdaytime is 
calculated by the predictive relationships developed for nighttime 
periods: 

R = aexp(bT) (2)  

When R is Rnighttime, T is nighttime air temperature, and a and b are two 
empirical coefficients; When R is Rdaytime, T is daytime air temperature. 

Daily ecosystem respiration (Reco) is the sum of daytime ecosystem 
respiration (Rdaytime) and the nighttime ecosystem respiration 
(Rnighttime): 

Reco = Rdaytime + Rnighttime (3) 

Energy balance closure is calculated by energy balance ratio (EBR), 
which is the ratio of the sum of sensible and latent heat fluxes (H + LE) 
versus net radiation (Rn) minus soil heat flux (G) (Suyker and Verma, 
2012). The annual mean EBR was 0.75 from 2012 to 2019, which was 
within the range previously reported for salt marshes (He et al., 2021). 

2.4. Spring precipitation distribution experiment 

In order to verify the effect of seasonal precipitation on soil water- 
salinity transport and net ecosystem CO2 exchange, we designed a 
spring precipitation distribution experiment (from March to May) in 
March 2020 in the Yellow River Delta. A 17 × 13m2 rainout shelter (2.2 
m high at the roof and 2.0 m at the edge) with steel frames covered with 
clear polyethylene roofs were used to control precipitation inputs. A 
gradient of simulated rain was set according to the long-term spring 
precipitation threshold values from 1961 to 2018: CK, precipitation was 
simulated according to the long-term mean values of spring from 1988 
to 2018; +56%, precipitation increased by 56% compared to CK; -56%, 
precipitation decreased by 56% compared to CK. There are twelve 3 ×
3m2 plots and were randomly assigned, with 4 replicates each treatment. 
Natural precipitation was intercepted by the rainout shelter, collected 
through a U-shaped plastic tank at the edge of the rain shelter, stored in 
four white plastic buckets which were buried 4/5 underground. The 
collected rainwater was applied manually back to the plots assigned to 
the three treatments. Each plot simulated rainfall four times per month, 
and interval 7-8 days. As the precipitation was insufficient, and tap 
water was supplied in one plot of each treatment. 

Soil salinity at 10 cm depth approximately were measured every 30 
min using sensors of 5TE (Decagon, USA). Considering data of soil 
moisture and salinity measured by sensors can interfere with each other, 
we measured soil salinity and water content by collecting soil samples 
every two weeks. Net ecosystem CO2 exchange (NEE) was measured by a 
transparent chamber (0.6 m diametral; 0.7 m height) attached to 
infrared gas analyser (Li-6400, LI-COR). In November 2019, a circular 
arcrylic frame (0.6 m diametral; 0.1 m height) was inserted into the soil 
at 7 cm depth in each plot. This static-chamber method has been suc
cessfully used to evaluate plot level fluxes of CO2 in previous studies, 
and details about the measurement methods of NEE can be found in 
previous studies (Sun et al., 2021). NEE was measured twice a month on 
clear, sunny days between 9:00 and 11:00 during the spring in 2020. 

2.5. Wavelet analysis 

Wavelet analysis has been widely applied to the geophysical and 
ecological time series (Jia et al., 2018). We deployed wavelet coherence 
(WTC) to quantify the relationship between NEE and one variable. Be
sides, partial wavelet coherence (PWC) was used to identify the coher
ence between NEE and one variable after eliminating the confounding 
effect of other variables. All wavelet analyses were calculated in Matlab 
2019a software by codes distributed by Ng and Chan (2012). 

2.6. Data analysis 

Before statistical analysis, the normality and homoscedasticity of all 
data were tested. In order to provide estimates for the balance of NEE, 
small gaps (<2 h) were filled by linear interpolation using the neigh
boring measurements, and large gaps (>2 h) of daytime and nighttime 
were filled by Michaelis-Menten model and the exponential regression 
analysis, respectively (Han et al., 2014). Based on the assumption that 
Reco,daytime was of similar magnitude and responsiveness as Reco,nighttime, 
Reco,daytime was determined using the predictive relationships developed 
for nighttime periods. Daily Reco is the sum of Reco,daytime and Reco, 

nighttime. GPP was calculated as residual between NEE and Reco. 
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The multiple linear regression was used to study the joint influence 
of main environment factors (PAR, Tair, PPT) and biomass. Pearson 
correlation analysis was conducted to probe the correlations between 
annual NEE and main environmental factors and biomass. Multiple 
regression analysis with forward variable selection was used to explore 
the annual key factors among PPT, Tair and PAR during different growth 
stages that controlled annual maximal biomass. Considering that many 
of the environmental variables were auto-correlated and co-varied with 
each other, Pearson correlation analysis was applied to investigate the 
correlations between the annual daily mean PAR and Tair during the 
early growth. In the spring precipitation distribution experiment, soil 
salinity and NEE were calculated as the mean of four replicates at 
random locations for each treatment. The repeated measure analysis of 
variance was used to test the differences in NEE. All statistical analyses 
were performed using the SPSS 17.0 (SPSS Inc. Chicago, IL, USA). 
Probabilities less than 0.05 were considered significant for all statistical 
analyses. 

3. Results 

3.1. Seasonal and inter-annual meteorological conditions and NEE 

The seasonal trends of the daily averaged photosynthetically active 
radiation (PAR), air temperature (Tair), and soil temperature (Tsoil) at 10 
cm depth were similar from year to year, and they all had a single peak 
and reached their maximums in July or August (Fig. 2a and 1b). The 
mean annual PAR, Tair and Tsoil were 298 μmol m− 2 s− 1, and 13.0 and 
14. 5 ◦C, respectively. Annual precipitation over the 8 years was 638 mm 
with large inter-annual variation, ranging from 325 mm (recorded in 
2014) to 931 mm (in 2016) (Table S1, Fig. 2c). The inter-annual vari
ations of seasonal precipitation expressed in terms of standard deviation 
(SD) and coefficient of variation (CV, %) are showed in table S2. The 
biomass started to increase during early growth stage in April to a peak 
at middle growth stage, and decreased as plants senesced during ter
minal growth stage. However, their seasonal variation patterns differed 
markedly among years (Fig. 2d). 

NEE exhibited clear seasonal variation, with a net sink of CO2 during 
the growing seasons and a net source of CO2 for the non-growing seasons 

at the seasonal scale (Fig. 2e). Daily averaged NEE was also subjected to 
large inter-annual variability, reaching from -0.80 g C m− 2 d− 1 in 2013 
to 0.23 g C m− 2 d− 1 in 2016 (Fig. 2e). In particular, a weak net CO2 
sequestration was observed in 2016 (Fig. 1e), which corresponded to 
lowest biomass (Fig. 2d). In addition to their seasonal variability, daily 
averaged Reco and GPP exhibited large inter-annual differences (Fig. 2f, 
2g). The annual accumulative NEE showed that there were net CO2 
uptakes by the ecosystem, ranging from -8 g C m2 yr− 1 to -85 g C m2 yr− 1 

from 2012 to 2019 (Fig. 3a, Table S1). Gross primary productivity (GPP) 
from 2012 to 2019 were 115, 151, 124, 139, 58, 109, 108 and 87 g C m2 

yr− 1 (Fig. 3b), and Reco were 53, 65, 87, 67, 50, 63, 55 and 48 g C m2 

yr− 1, respectively (Fig. 3c, Table S1). Besides, the daily aggregated NEE- 
GPP displayed consistent linear correlation (2012-2019: R2 = 0.80, P <
0.01) during different growth stages across the 8 years (Fig. S1a). The 
data points of GPP plotted versus Reco fell above the 1:1 line, indicating 
that the ecosystem was acting as a net CO2 sink (Fig. S1b). 

3.2. Correlations between NEE and environmental factors at multiple 
timescales 

The correlations between NEE and environmental factors at multiple 
timescales were tested using wavelet coherence analysis (WTC) and 
partial wavelet coherence analysis (PWC). Significant continuous areas 
were observed at annual scale (periods between 256 and 512 days) 
between NEE and main environmental factors (Fig. 4). Notably, NEE was 
also tightly correlated with biomass and PPT at periods more than 512 
days (Fig. 4c and 4d). 

We further used PWC to disentangle the confounding effects of 
environmental factors on NEE (Fig. 5). The most interesting part of the 
PWC analysis was the opposite result between PWC (NEE-PPT, Biomass) 
and PWC (NEE-Biomass, PPT) (Fig. 5a and 5b). The continuous signifi
cant areas in PWC (NEE-Biomass, PPT) revealed a greater effect of 
biomass than that of PPT on NEE at annual scale (periods > 256 days). 
However, the significant areas between NEE and biomass disappeared at 
the beginning of 2016, which was in line with the sudden reduction of 
biomass in 2016 (Fig. 2d). Moreover, PWC analysis also revealed that 
biomass rather than PAR or Tair dominated the variation of NEE at pe
riods longer than 512 days (Fig. 5c and 5d). 

Figure 2. Seasonal and inter-annual variations of daily mean (a) photosynthetic active radiation (PAR), (b) air temperature (Tair) and soil temperature (Tsoil) at 10 
cm depth, (c) daily total precipitation and cumulative precipitation (PPT), (d) sum of aboveground and underground biomass, bars represent means±SE. (e) daily 
averaged net ecosystem CO2 exchange (NEE), (f) daily averaged ecosystem respiration (Reco), (g) daily averaged gross primary productivity (GPP) for the period 
of 2012–2019. 
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3.3. Effect of annual and seasonal precipitation on annual NEE 

On inter-annual scale, annual NEE was significantly linearly 
decreased with maximal biomass (R2 = 0.87, P < 0.01, Fig. 6a), but 
showed no relationship with Tair (Fig. 6b), annual total precipitation 
(Fig. 6c), or PAR (Fig. 6d) (P > 0.05). On seasonal scale, annual mean 
NEE was driven by precipitation during the early growth stage, showing 
a significant negative linear relationship (Fig. 6e). Specially, note that 
there was a highly significant correlation between maximal biomass and 
precipitation during the early growth stage (Fig. S2, R2 = 0.41, P <
0.05), indicating seasonal precipitation affected annual NEE by regu
lating biomass accumulation. Besides, the ratio between maximal 
biomass and GPP was defined by a strong linear relationship (Fig. S3, 

slope = 2.08, R2 = 0.83). 

3.4. Effect of spring precipitation change on soil salinity and NEE 

Measurements on the spring precipitation distribution platform in 
2020 spring showed a marked divergence trend towards decreased 
salinity with increased spring precipitation distribution (Fig. 7a). The 
soil salinity under +56% treatment was the lowest, about 8% lower than 
that under CK. The -56% treatment was the highest, about 14% higher 
than that under CK. NEE showed a significant increasing pattern with 
increased precipitation distribution (Fig. 7b). Besides, there was a sig
nificant linear positive correlation between NEE and soil salinity 
(Fig. 7c). 

Figure 3. Cumulative (a) net ecosystem CO2 exchange (NEE), (b) gross primary productivity (GPP) and (c) ecosystem respiration (Reco) from 2012 to 2019.  

Figure 4. Wavelet coherence (WTC) between net ecosystem CO2 exchange (NEE) and (a) photosynthetic active radiation (PAR), (b) air temperature (Tair), (c) 
biomass, (d) precipitation (PPT) from 2012 to 2019. Black contour lines represent the 0.05 significance level, and the thin line indicates the cone-of-influence that 
delimits the region not influenced by edge effects. The phase difference is shown by arrows. Arrows pointing up indicate environmental factors lagging NEE by 90◦ or 
leading NEE by 270◦, while arrows pointing down indicate environmental factors leading NEE by 90◦ or lagging NEE by 270◦. Arrows pointing right (left) indicate 
environmental factors and NEE vary in-phase (anti-phase). 
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4. Discussion 

4.1. Influence mechanism of seasonal precipitation distribution on annual 
NEE 

Our results demonstrated that annual NEE was more sensitive to 
seasonal precipitation, especially during the early growth stage. Firstly, 
as the sensitive and tolerant of vegetation during different growth stages 
are different, and studies have found that the salt-tolerant ability was 
relatively low at the young seedling stage, and seed germination of 

S. salsa decreased significantly with increased salinity (Duan et al., 
2007). Secondly, low precipitation accompanied by high irradiance and 
air temperature is increasing during the early growth stage, which 
would promote seed germination and plant growth, but at the same 
time, led to a build-up of soil salinity (Han et al., 2018). The inhibition 
effect due to salinity stress was stronger than the promotion effect, 
especially when soil was dry (Chu et al., 2018). Thus, decreased 
germination rate caused by high salinity inhibited canopy development, 
resulting in reduced ecosystem photosynthesis and productivity 
(Heinsch et al., 2004). 

Figure 5. Partial wavelet coherence (PWC) (a) between net ecosystem CO2 exchange (NEE) and precipitation (PPT) after removing the effects of sum of aboveground 
and underground biomass, (b) between NEE and biomass after removing the effects of PPT, (c) between NEE and biomass after removing the effects of photosynthetic 
active radiation (PAR), (d) between NEE and biomass after removing the effects of air temperature (Tair) from 2012 to 2019. Black contour lines represent the 0.05 
significance level, and the thin line indicates the cone-of-influence that delimits the region not influenced by edge effects. 

Figure 6. Relationships between mean annual net ecosystem CO2 exchange (NEE) with (a) maximal biomass, (b) mean annual photosynthetically active radiation 
(PAR), (c) mean annual air temperature (Tair), (d) annual precipitation, (e) precipitation of early growth stage, (f) precipitation of middle growth stage, (g) pre
cipitation of terminal growth stage, and (h) precipitation of winter from 2012 to 2019. Bars represent means±SE, each dot represents 1 year. 
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Seasonal not annual precipitation drives inter-annual NEE variability 
in the salt marsh. On the one hand, if annual precipitation is high but the 
precipitation during the early growth stage is low, especially during an 
extended dry early growth stage, water-soluble salts from groundwater 
are transported upward to the root zone and soil surface through 
capillary rise (Fig. 8). Exposed to increasing salinity levels, the forma
tion of new leaf buds would be inhibited (Forbrich et al., 2018). With 
more frequent occurrences of continuous limited precipitation, drought 
may jeopardize the S. salsa, much as they have hurt “blue carbon” of 
coastal wetland at a broader scale. The reduced precipitation combined 
with increased soil salinity lowers stomatal conductance thus reducing 
vegetation water use, leading to suppressed vegetation germination and 
biomass accumulation (Hanson et al., 2016). Besides, high annual pre
cipitation would increase precipitation during the middle growth stage, 
which would cause episodic flooding (Wei et al., 2020a). The water
logged stress caused by precipitation would inhibit net photosynthetic 
rate and net CO2 uptake (Han et al., 2015). On the other hand, as 
vegetation growth is primarily limited by salinity (Tian et al., 2020), if 
annual precipitation is low but the precipitation during the early growth 
stage is high, the inflow of available water after precipitation during the 
early growth stage tends to decrease the salinity, which may promote 
vegetation germination and canopy development, and consequently 
promote biomass accumulation and net CO2 absorption (Heinsch et al., 
2004, Forbrich et al., 2018). The daily aggregated NEE-GPP displayed 

consistent linear correlation during different growth stages across the 8 
years (Fig. S1a), indicating that NEE and GPP showed similar distribu
tions of importance. Noting that the years with strong annual carbon 
sink (e.g. 2012, 2013, 2015 and 2018) corresponds to early growth 
stages with more data fell above the 1:1 line, indicating the more net 
CO2 accumulation and stronger CO2 sink strength (Fig. S1b). Biomass 
was correlated with GPP (Fig. S3), and GPP declined when freshwater 
availability was low and salinity was high (Heinsch et al., 2004, Li et al., 
2017). Corresponding to high precipitation events during the early 
growth stage, biomass values were higher during summer months in 
years with more precipitation (2012, 2013, 2015, 2017, 2018) than the 
other years (Fig. 2), indicating stronger C sink during these years 
(Fig. 3). In concert with our previous findings in a field experiment soil 
salinity decreased with added precipitation and promoted vegetation 
growth during the early growing season (Chu et al., 2019). These ob
servations support the finding that timing of precipitation is more 
important for plant growth than its magnitude in salt marshes (Ru et al., 
2017). 

Previous studies have also shown that seasonal not annual precipi
tation drives annual CO2 assimilation and sequestration potential of 
ecosystems through changing vegetation biomass accumulation, or 
through soil compaction and mineralization (O’Connor et al., 2010, 
Zeppel et al., 2014). For example, researches in arid and semiarid re
gions have found that seasonal precipitation determines not only 

Figure 7. Precipitaiton (a), soil salinity at 10 cm depth (a) and net ecosystem CO2 exchange (NEE) (b) measured in spring precipitation distribution experiment on a 
salt marsh in spring 2020. Bars represent means±SE. +56: spring precipitation increased by 56% compared to CK; CK: mean spring precipitation from 1988 to 2018; 
-56: spring precipitation decreased by 56% compared to CK. 

Figure 8. A schematic diagram illustrating the effect of precipitation distribution during the early growth season on ecosystem CO2 exchange in coastal wetland. 
Variation of precipitation during the early growth would affect vegetation germination, growth and biomass accumulation by impacting on soil moisture and soil 
salinity, which ultimately influence NEE via regulating GPP and Reco. 
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vegetation growth and biomass accumulation response to carbon diox
ide (Coe et al., 2012, Hovenden et al., 2014), but also C release through 
soil respiratory processes (Ru et al., 2017). Some findings are contra
dictory to our results that the interannual variation of NEE, soil and 
microbial respiration resulted from the difference in mean annual pre
cipitation (Gherardi et al., 2018, Lyu et al., 2018). The contrasting 
findings in different studies might have resulted from the difference of 
soil texture, species composition and environmental conditions (Prevey 
et al., 2014, Osland et al., 2018). As a result, responses to precipitation 
over time are likely to differ among the study sites. 

4.2. Implications for salt marshes carbon budget under changes in soil 
water-salt environment 

In this paper, our 8-year field measurements demonstrated that 
increased early growth stage precipitation promoted biomass accumu
lation and had a promoting effect on annual carbon sink capacity. The 
result revealed that seasonal precipitation had significant influence on 
carbon exchange in this salt marsh. The result is consistent with the 
conclusion of previous studies that seasonal precipitation plays impor
tant roles in regulating annual C budget (Beier et al., 2012; Li et al., 
2020b). Specially under the background of warm and dry environment 
(Han et al., 2018), higher temperature and decreased precipitation 
during the early growth will enhance soil moisture evaporation and 
increase soil salinity, which will influence biomass accumulation and 
annual C budget. The strong dependence of annual NEE upon precipi
tation amount during the early growth stage, but not upon those in the 
annual, middle or terminal growth stages, could largely be attributed to 
the immediate and legacy effects on soil water-salt environment and 
concomitant changes in vegetation germination rate, which determine 
the vegetation growth and net carbon absorption ability in the entire 
growing season. We have a fairly good understanding of atmospheric 
carbon sink to seasonal precipitation but few studies incorporate 
belowground responses in terms of soil C biogeochemical cycling. Unlike 
in terrestrial systems, NEE in tidal wetlands may not fully represent net 
C accumulation, as considerable amounts of organic and inorganic forms 
of C are exchanged laterally with tidal and estuarine waters (Cai, 2011, 
Wang et al., 2017, Forbrich et al., 2018), but few studies investigate C in 
sediments responses in terms of long-term burial rates, resulting in the 
underestimate the capacity of carbon sink capacity. Hence, accurately 
quantifying the difference between NEE measurements and burial rates 
is essential to estimate the mass loss of C that is not exchanged with the 
atmosphere (Forbrich et al., 2018). 

Climate warming is projected to perturb the global water cycle in 
future (Milly et al., 2005; Meraner et al., 2013). Precipitation patterns 
including the timing, magnitude, and seasonality of precipitation are 
predicted to undergo substantial alterations in the future (Zeppel et al., 
2014, Emery et al., 2019), and salt marshes organisms may be more 
responsive to such changes than to shifts in only mean annual precipi
tation. The drying and wetting cycles induced by seasonal precipitation 
can not only effect soil water-salt environment but also soil aerobic and 
anaerobic environment, which would finally have a profound impact on 
the carbon biogeochemical cycle and carbon balance (Goldstein et al., 
2014; Li et al., 2020a). Besides, in the context of sea level rise, tidal 
variation induced by sea level rise is a neglected tidal hydrology, which 
would significantly influence salt marsh processes. Soil alternate 
drying-wetting is an important determinant of soil redox condition, 
which will further influence microbial activity and decomposition rates 
of soil organic matter (Chivers et al., 2009). Traditional model concepts 
of ecosystem C are developed primarily from knowledge gained in mesic 
ecosystem, thus they fail to capture seasonal precipitation dynamics 
(Carbone et al., 2011). Considering that precipitation regimes are ex
pected to become increasingly variable in future, precipitation-induced 
hydrological environment variability accompanied by water-salt trans
port might aggravate the destabilization capacity in the salt marshes, 
which may be one of the key sources of the uncertainty in the modeled 

ecosystem C cycle. 
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