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A B S T R A C T

Changes in the timing and magnitude of precipitation is a threat to agricultural productivity and farmland
carbon stocks. However, the relationship between inter-annual variations in precipitation and net ecosystem CO2

exchange (NEE) remains to be clarified, particularly when combined with water-salt transport in reclaimed
coastal wetland. Here, based on the eddy-covariance technique, we investigated the interannual variation in
carbon dioxide exchange and its control mechanism over a reclaimed coastal wetland of the Yellow River Delta
from 2010 to 2014. The coastal wetland functioned as a strong sink for atmospheric CO2, with the annual NEE of
−229, −175, −142, −92 and −80 g C m−2 in the 5 years from 2010 to 2014, respectively. Surprisingly, we
find that large annual variation in net ecosystem exchange (NEE) can be predicted accurately using plant bio-
mass. Plant biomass was driven by soil water content (SWC), with about 48%–80% seasonal variation of biomass
attributed to SWC. During the early growing stage, high SWC accompanied with low salinity promoted plant
biomass and NEE. While high SWC accompanied with increased waterlogged stress inhibited plant biomass and
NEE during the middle growing stage. The same results were also observed in a field manipulation experiment
over a nearby natural coastal wetland. Our study indicated that extreme climate accompanied with extreme
drought and flooding may decrease carbon sequestration capacity of the reclaimed coastal wetland due to the
increase in salinity.

1. Introduction

Coastal wetlands play an important role in the global carbon cycle
by acting as natural “blue carbon” sinks due to high primary pro-
ductivity and the low soil organic matter decomposition rate (Bridgham
et al., 2006; Crooks et al., 2011; Zhong et al., 2016). However, as the
agricultural production bases, large areas of natural coastal wetlands
around the world have been reclaimed by human-constructed dykes to
satisfy the land demands driven by economic development and popu-
lation growth in coastal zones (O’Connell, 2003; Vitoarmando et al.,
2009; Verhoeven and Setter, 2010 Kirwan and Megonigal, 2013). In

China, more than half of salt marshes have been reclaimed for other
land uses, which exceeds the area of China’s marshes today (Han et al.,
2014a, b). The management, such as plough, fertilization and irrigation
have not only changed the nutrient cycling (Campbell et al., 2011; Hunt
et al., 2013) but also brought great uncertainty to ecosystem C func-
tions and services in the reclaimed coastal wetland.

In addition to artificial factors, natural factors also have a significant
impact on ecosystem CO2 exchange of the reclaimed coastal wetland.
Most area of a reclaimed coastal wetland lies beyond the reach of the
tides, and its hydrologic regimes is dominated by the interaction of
precipitation and a shallow, saline water table in the vertical direction
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(Zhang et al., 2011; Han et al., 2015). The hydraulic connection be-
tween soil water and groundwater controls the crop growth by directly
influencing the water and salt conditions in the soil (Xie and Yang,
2013; Han et al., 2018). Coupled with deficient fresh water (pre-
cipitation or irrigation) supply, the water-soluble salts from the
groundwater are transported upward to the root zone and soil surface
through capillary rise and evaporation (Yao and Yang, 2010). Exposed
to limited freshwater inputs, high salt concentrations in soil lead to
osmotic and ionspecific stress as well as to imbalances in plant nutrient
uptake (Setia et al., 2010). Such changes have a direct negative impact
on the activities of plant and soil microbes and ultimately on plant
biomass (Lund et al., 2010; Rajan et al., 2013). The existing researches
have found that increased salinity combined with decreased soil
moisture, and decreased salinity is related increased soil moisture
(Chen et al., 2017a, b; Chu et al., 2018). Therefore, lower soil moisture
coupled with higher soil salinity is expected to decrease plant biomass
in the reclaimed coastal wetland.

On the other hand, as precipitation or irrigation occurs, while inputs
of fresh water can leach salts from the plant root zone, soil saturation
even episodic flooding is often observed due to the shallow water table
(Han et al., 2015). When the reclaimed coastal wetlands are inundated,
the effective photosynthetic leaf area may be reduced as some plant
leaves are submerged (Schedlbauer et al., 2010), which decreased
maximum photosynthetic rate (Chen et al., 2017a, b). Meanwhile,
flooding force stomatal closure and transpiration cessation (Banach
et al., 2009; Moffett et al., 2010), which affect plant photosynthesis and
autotrophic respiration (Schedlbauer et al., 2010). Furthermore, as soil
become waterlogged, the saturation of surface soils limits the diffusion
of oxygen into soil, which decrease heterotrophic respiration (Heinsch
et al., 2004). Subsequently, plant growth is inhibited due to the sup-
pressed photosynthesis and respiration. Therefore, exposed to shallow
and salinity groundwater, inputs of freshwater might greatly affect the
ecosystem carbon fluxes by affecting the plant biomass (Heinsch et al.,
2004; Jimenez et al., 2015)

As a typical coastal wetland, the Yellow River Delta is one of the
most active regions of land-ocean interaction among the large river
deltas in the world. In addition to its rich biodiversity-supporting ca-
pacity, the solid CO2 sink function of this natural (unreclaimed) coastal
wetland has already been confirmed (Han et al., 2013, 2014a, b; Han
et al., 2015). However, the Yellow River Delta has been undergoing
frequent land reclamations over past decades (Zhang et al., 2011;
Huang et al., 2012), and most of its land area was derived from re-
claiming vegetated coastal wetlands. The reclaimed farmland is con-
nected to an irrigation system which draws from the Yellow River.
Because of the shortage of fresh water, agriculture consumes the largest
part of water resources in the Yellow River Delta (Fan et al., 2012),
mainly using for irrigation. However, in recent years, the runoff of the
Yellow River has decreased dramatically (Cui and Li, 2011; Fu et al.,
2004), which brought great impacts on agricultural irrigation. Due to
the increasingly strained problem on the source of freshwater supply,
the reclaimed coastal wetland is typical rain fed farming areas (Han
et al., 2014a, b). The negative effect of the salinity and waterlogged
stress on crop productivity thus increased the susceptibility to soil
erosion and crop failure.

Global climate models project that alterations in patterns of pre-
cipitation regimes represent a rapid and unprecedented change to the
fundamental drivers of soil moisture and salinity, which profoundly
changed the plant biomass, and eventually altered the carbon budget of
ecosystems (Knapp et al., 2008). Here, we use five years (2010–2014) of
eddy covariance measurements to explore the annual CO2 land-atmo-
sphere exchange dynamics and drivers in a reclaimed coastal wetland of
the Yellow River Delta, where the hydrologic regimes are mainly
dominated by the interaction of precipitation and a shallow, saline
water table in the vertical direction. The main objectives were (i) to
explore the seasonal and inter-annual variability of NEE, (ii) to identify
annual CO2 sink-source strength, and (iii) to gain new insights into the

underlying mechanism of water-salt transport and plant biomass on
annual NEE.

2. Materials and methods

2.1. Site description

The research was conducted in a long-term, rainfed, continuous
cotton research field, located at a reclaimed coastal wetland in the
Yellow River Delta Ecological Research Station of Coastal Wetland
(37°45′50″N, 118°59′24″E), which belongs to Yantai Institute of Coastal
Zone Research, Chinese Academy of Sciences. Though the site has been
reclaimed as a agricultural farmland, it still has the hydrological
characteristics of shallow and salinity groundwater in the coastal wet-
land. During dry seasons, driven by strong evaporation, water-soluble
salts from the groundwater are transported upward to the root zone and
soil surface through capillary rise. While during rainy season, the epi-
sodic flooding is often observed, following heavy rainy events. The area
has a warm temperate and continental monsoon climate, with a mean
annual air temperature of 12.4 °C. The mean annual precipitation is
401–604 mm, and nearly 88% is concentrated in the growing season.
Soil parent materials are alluviums by the Yellow River, and soil texture
in the root zone is sandy loam. The farmland, which was reclaimed in
April 2008, was used for planting of cotton (Gossypium hirsutum L.).
Vegetation composition of the ecosystem is simple, and the only ve-
getation present is cotton. Cotton was planted in middle May at a
moderate density (5.3plants m−2) and harvest at the end of Octorber in
the Yellow River Delta.

Due to the water shortage, only one-time irrigation was conducted
in the spring of 2010. The agricultural was rain-fed and no irrigation
has been applied at this site since 2011. After cotton was picked, the
cotton plants including roots were harvested and taken away from the
fields in order to control pests and diseases or to be burned as domestic
fuel. The growing stages of the natural growth cycle were divided from
the phenophase. During the early growth stage, defined as the time
between sowing time and bud stage, and the biomass increased rapidly
during this stage. During the middle growth stage, defined as the period
from bud stage to boll stage, the biomass growth is slow during this
stage. During the terminal growth stage, representing the time from the
boll opening stage to the harvest, the community senesces during this
stage.

2.2. Flux and climatic factors measurements

Ecosystem CO2 fluxes between the reclaimed wetland and the at-
mosphere were continuously measured using an eddy covariance (EC)
system. The open-path EC system was mounted 2.8 m above the soil
surface, and fetch length from all directions was more than 300 m. The
densities of CO2 and H2O were measured by an open-path infrared gas
analyzer (IRGA, LI-7500, LI-COR Inc., USA), and the three wind com-
ponents and the speed of sound were measured with a three-axis sonic
anemometer (CSAT-3, Campbell Scientific Inc., USA). Raw data outputs
from the IRGA and sonic anemometer were collected at 10 Hz and the
averaged flux data were recorded by a data logger (CR1000, Campbell
Scientific Inc., USA) averaged at 30 min intervals. The IRGA was cali-
brated once or twice every year in the laboratory using pure nitrogen
gas, CO2 calibration gas, and a dew point generator (LI-610, Li-COR
Inc., USA). As the uniform fetch was at least 300 m in all directions, the
majority of fluxes came from the target area.

Meteorological parameters were continuously measured with an
array of sensors, including air temperature (HMP45C, Vaisala, Helsinki,
Finland), photosynthetic active radiation (PAR) (LI-190SB, Li-Cor Inc.,
USA), net radiation (CNR4, Kipp & Zonen Netherlands Inc., Bohemia,
NY, USA), wind speed and direction (034B, Met One Inc., USA), and
precipitation (TE525 tipping bucket gauge, Texas Electronics, Texas,
USA). Soil temperature at 5, 10, 30, and 50 cm depths below the surface
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(109SS, Campbell Scientific Inc., USA), and soil water content (SWC) at
5, 10, 20, 40, 60, 80, and 100 cm depths below the surface
(EnviroSMART SDI-12, Sentek Pty Ltd., Australia) were measured in
situ monitoring around the flux tower. All meteorological data were
measured every 15 s and then averaged half hourly and stored in a data
logger (CR1000, Campbell Scientific Inc., USA).

Biomass of above- and below-ground for the reclaimed coastal
wetland was measured by harvesting the vegetation approximately
twice a month during the growing season (from May to October) from
2010 to 2014. 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 (Han et al., 2014a, b). Live crops were uprooted. Crop biomass
of above- and below-ground was oven dried at 80 °C to a constant
weight before weighing.

2.3. Flux data treatment

The half-hourly CO2 flux was calculated using the Edire software
(University of Edinburg, Scotland). The 10-Hz raw eddy covariance
data were applied to screen out anomalous values, and the filtered data
were used to calculate half-hourly CO2 fluxes. The Webb-Pearman-
Leuning (WPL) correction and three-dimensional coordinate rotation
(3-D rotation) were used to adjust the half-hourly CO2 flux data (Webb
et al., 1980; Baldocchi et al., 1988). Then, quality tests on stationarity
and turbulence development conditions of the half-hourly CO2 flux data
were performed using the software, allocating quality signals to every
data point (Mauder and Foken, 2004). In the reclaimed coastal weland,
the CO2 flux storage was neglected because the vegetation canopy
height was low (approximately 1 m during the peak growing season)
(Anthoni et al., 1999; Baldocchi et al., 2000)

The half-hourly CO2 flux data outputted by Edire were further fil-
tered according to a series of standards before they were used for later
analysis. The excluded data mainly included the following: (1) the half-
hour flux data before and after precipitation. (2) The CO2 flux data
whose absolute value (|NEE|) exceeded 60 μ mol CO2 m−2 s−1. (3) the
CO2 flux data when the air turbulence was weak, especially when
friction velocity (u*) < 0.15 m s−1. The threshold was derived from
the scatter plot of u* vs. nighttime CO2 flux data points according to
Schedlbauer et al. (2010), below which the nighttime CO2 flux data
showed a discrete distribution. (4) The CO2 flux data that were smaller
than zero when Rn < 10 W m-2.

We used the following procedure to fill missing and bad data to
provide estimates for the balance of NEE. Small gaps (less than 2 h)
were filled by linear interpolation. Large gaps (more than 2 h) were
filled based on separate empirical models for daytime and nighttime
data. When PAR was > 10 μmol m−2 s−1, the missing daytime NEE
data during the growing season were gap filled using the
Michaelis–Menten model (Ruimy et al., 1995; Falge et al., 2001),

NEE A PAR
A PAR

Rmax

max
eco, day=

+
+

(1)

where the coefficient α is the apparent quantum yield (mg CO2 μmol−1

photon), Amax is the light-saturated net CO2 exchange (mg CO2 m−2

s−1), and Reco,day is the daytime ecosystem respiration (mg CO2 m−2

s−1) and PAR is the photosynthetically active radiation (μmol m−2

s−1).
When PAR was < 10 μmol m−2 s−1, the missing nighttime NEE data

were filled with the exponential relationship between Reco and the air
temperature at 5 cm (Lloyd and Taylor, 1994):

R a bTexp( )eco, night = (2)

where Reco,night is the nighttime NEE, T is the air or soil temperature
(oC), and a and b are two empirical coefficients.

Daily Reco is the sum of daytime ecosystem respiration (Reco,day) and
the nighttime ecosystem respiration (Reco,night):

R R Reco eco,day eco,night= + (3)

Daily gross primary productivity (GPP) was calculated as follows:

R NEEGPP eco= (4)

The energy balance closure of the study site was assessed by cal-
culating the energy balance ratio (EBR) using the method described by
Wilson et al. (2002). The calculated mean EBR for the site from 2010 to
2014 was 0.83, which was presumed an ideal condition for the eddy
covariance method (Wilson et al., 2002)

2.4. Precipitation manipulation experiment

The precipitation manipulation experiment was initiated in July of
2014 over an uncultured coastal wetland, 600 m away from the EC
tower. The vegetation is relatively homogeneous and strongly domi-
nated by common reed (Phragmites australis), with other associated
species including Tamarix chinensis, Tripolium vulgare, Suaeda salsa and
Imperata cylindrical. The experiment was completely randomized block
designed, consisting of twenty 3 × 4 m2 plots, with 4 replicates each
consisting of five levels of precipitation [wet (+40%, +60%), drought
(-40%, -60%) and ambient (CK)].

The experiment infrastructure used passive removal and active
distribution systems to manipulate precipitation. Above the decreased
zones, rainout shelters with 24 and 16 of 10-cm-wide corrugated clear
polycarbonate slats distributed evenly removed 60% and 40% of in-
coming precipitation, respectively. During the growing seasons, this
water drained into storage tanks and were immediately transferred to
the +60% and +40% zones via sprinkler systems, to achieve 60% and
40% increase in each precipitation event, respectively.

We measured NEE with an infrared gas analyzer (IRGA; LI-6400, Li-
Cor Inc., Lincoln, Nebraska, USA) attached to a transparent chamber
(radius: 0.3 m; height: 0.7 m), which covered all the vegetation within
the plastic frame. The experiment was measured under natural (NEE)
and shady (Reco) conditions at 2-week intervals (8:00-11:00 h) from
April 2018, i.e. after 4 years of consecutive manipulation. GPP was
simply the difference between NEE and Reco (Eq. (4)). Data used in this
article was from April to June. During the measurement, the chamber
was sealed to the frame surface. Two small electric fans were running
continuously to promote air mixing within the chamber during the
measurement. Increases in air temperatures within the chamber during
the measuring time period were less than 0.2℃. CO2 concentrations
were allowed to build up or draw down over time, from which flux rates
were determined from the time-course of the concentration to calculate
NEE. This static-chamber method has been used and validated in many
previous studies (Bubier et al., 2007; Niu et al., 2010). NEE values
measured by the canopy chamber were similar to that measured using
eddy covariance technique which was set up adjacent to our study site
(Han et al., 2015; Chu et al., 2018), illustrating the validity of the ca-
nopy chamber method for ecosystem gas exchange measurements. In
the experiment, SWC and soil salinity at 10 cm depth approximately
were measured every 30 min using sensors of 5TE (Decagon, USA).

2.5. Statistical analysis

Before statistical analysis, data normality was tested using the
Kolmogorov-Smirnov test, and square root or natural-log transforma-
tion was used as necessary. The relationships between the biophysical
variables and NEE were tested using linear and nonlinear regressions.
Stepwise multiple linear regressions (using P = 0.05 for entry into the
model) based on daily mean data were used to identify which variables
explained the variations in NEE and biomass for the entire year and
diffferent seasons. Probabilities less than 0.05 were considered sig-
nificant for all statistical analyses. In the precipitation manipulation
experiment, soil salinity, SWC and NEE were calculated as the mean of
four replicates at random locations for each treatment. We used the
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repeated measure analysis of variance (ANOVA) to test the differences
in SWC, soil salinity, GPP and NEE. All statistical analyses were per-
formed using SPSS 17.0 (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Interannual variations in meteorology and plant biomass

The seasonal patterns of PAR, Tair, and T10 were similar among the
five years (Fig. 1a–c). Annual mean PAR ranged from 261 W m−2 in
2010 to 304 W m−2 in 2013. The average annual temperatures were
generally close (within 1.0℃) to the long-term (1961–2009) average of
12.7℃ (Table 1). The variation of the soil temperature at 10 cm was
consistent with the air temperature during the five years (Fig. 1b and c).

Annual mean precipitation of the five years was 527 mm, ranging
from 401 mm (2014) to 604 mm (2013). In general, the growing season
received most (∼80%) of the annual precipitation; and winter and
early spring were rainless (Fig. 1d, Table 1). At our site, little rain or
snow occurred from late autumn to early-spring, so that early-spring
SWC10 following soil thaw was similar to the values from the preceding
autumn. Despite this general regime, over the 5-year period, SWC10 was
the environmental factor that differed markedly in the study years due

to the changes in both the amount and pattern of precipitation (PPT)
(Fig. 1d and e). However, both annual and the growing season SWC
were not correlated with precipitation (R2 = 0.04, p = 0.75; R2 = 0.03,
p = 0.36). The inter-annual variations of PAR, Tair, T10, PPT and SWC10

expressed in terms of standard deviation (SD) and coefficient of vatia-
tion (CV, %) were limited to ± 18 μmol m− s-1 (6.5%), 0.6℃ (4.8%),
0.4℃ (3.3%), 78 mm (14.8%), and 4.9 (16.2%), respectively (Table 1).

Clear seasonal cycles were observed for biomass, and its seasonal
variation patterns differed markedly among years (Fig. 1d). The values
of biomass increased rapidly in late June and reached a maximum be-
tween September and October, and then followed by a gradual decline
as the crop harvest during late October. The seasonal peak value of
biomass was highest in 2010 (620 g m−2), while in 2014 the peak value
was lowest (197 g m−2).

3.2. Seasonal and interannual variations of ecosystem CO2 exchange

The courses of ecosystem CO2 fluxes showed significant seasonal
variations, with a net sink of CO2 during the growing season and a net
source of CO2 for the remainder of the year (Fig. 2, Table 1). It was also
subjected to large inter-annual variability, with the site ranging from a
strong net CO2 sink in the 2010 to a weaker net CO2 sink in 2014

Fig. 1. Seasonal and interannual variations of (a) photosynthetic active radiation (PAR), (b) air temperature (Tair) and soil temperature (Tsoil) at 10 cm depth, (c)
daily total precipitation and average volumetric soil water content (SWC) at 10 cm depth, (d) biomass for the period of 2010–2014.

Table 1
Anuual and growing season sums of photosynthetically active radiation (PAR), air temperature (Tair), precipitation (PPT), soil t soil water content (SWC) at 10 cm
depth, gross primary productivity (GPP), ecosystem respiration (Reco), and net ecosystem CO2 exchange (NEE).

PAR (μmol CO2 m−2 s-1) Tair (℃) PPT (mm) SWC10 (%) GPP (g C m−2) Reco (g C m−2) NEE (g C m−2)

Year Annual Growing
Season

Annual Growing
Season

Annual Growing
Season

Annual Growing
Season

Annual Growing
Season

Annual Growing
Season

Annual Growing
Season

2010 261 317 12.1 21.4 510 495 34.6 40.5 683 683 458 443 −229 −236
2011 263 336 12.0 21.2 560 466 36.0 39.9 616 616 441 432 −175 −175
2012 291 351 12.1 21.8 561 461 25.4 32.5 605 605 463 449 −142 −150
2013 304 369 12.3 22.0 604 530 25.9 35.4 495 495 402 379 −93 −106
2014 278 339 13.5 21.9 401 370 29.6 31.9 384 384 304 282 −80 −95
Mean 279 342 12.4 21.7 527 464 30.3 36.0 557 557 414 397 −144 −152
SD 18 19 0.6 0.3 78 60 4.9 4.0 118 118 66 70.0 61 57
CV 6.45 5.56 4.84 1.38 14.80 12.93 16.17 11.11 0.21 0.21 0.16 0.18 0.42 0.37
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(Fig. 2b, Table 1).
Daily NEE varied in the range -3.9 to 0.7, -5.5 to 1.8, -4.2 to 1.8, -3

to 1.1, -2.6 to 0.9 g C m−2 day-1 in 2010–2014, respectively, where
negative values indicate the strength of growing-season C sink (Fig. 2a).
During the early growing season, with the seed germination and de-
velopment of photosynthetic capacity after leaf expansion (Fig. 2a),
GPP and Reco increased gradually, the reclaimed coastal wetland be-
came a daily carbon sink as rates of photosynthesis become greater than
respiration rates. As time goes on, GPP and Reco increased steadily, with
an increasing dominance of GPP over Reco. Large interannual variability
was also observed in growing season GPP and Reco: the largest maximal
GPP and Reco were observed in 2010 (9.1 g C m-2 day-1; 6.9 g C m−2

day-1), and the lowest in 2014 (4.2 g C m−2 day-1; 2.6 g C m−2 day-1).
The relationship between NEE and PAR was well described by a rec-
tangular hyperbolic function (Eq. (1)) from 2010 to 2014, and the
parameter Amax of the model ranged from 0.39 μmol CO2 m−2 s-1 in
2014 to 0.65 μmol CO2 m−2 s-1 in 2010 (Table 2). Reco,night was posi-
tively related to air temperature and could be expressed by the ex-
ponential function in all study years (P < 0.01, Table 3). The tem-
perature sensitivity coefficient Q10 differed markedly in study years
with a range of 4.62 in 2010 to 2.52 in 2014 (Table 3).

Overall, the daily average NEE over the growing season in the re-
claimed coastal wetland was -1.35, -1.02, -0.92, -0.55 and -0.61 g C
m−2 d-1 for 2010, 2011, 2012, 2013 and 2014, respectively. On the
annual scale, the cumulative GPP, Reco, and NEE in all five years
showed a high variation (Fig. 2b). The annual cumulative NEE、GPP
and Reco for the five years ranged from -92 to −175 g C m−2, 384 to
683 g C m−2 and 304 to 463 g C m−2, respectively (Table 1).

3.3. Effects of plant biomass on the interannual variability of NEE

Given that many of the environmental variables are auto-correlated
and that they co-vary, daily mean data and stepwise multiple linear
regressions were applied to derive the major driving variables affecting
NEE for the interannual and inter-seasonal timescale. Correlation ana-
lysis revealed that biomass was the major driving biological variable of
annual CO2 flux (data not shown).

On interannual timescale, there were a significant negative linear
relationship of daily mean NEE values with biomass (R2 = 0.93,
P < 0.01, Fig. 3a) and a signicicant positive linear relationship of daily
mean GPP values with biomass (R2 = 0.94, P < 0.01, Fig. 4a). The net
CO2 uptake decreased from year with higher biomass to lower biomass.
The significant While on inter-seasonal timescale, daily mean NEE va-
lues also exhibited significant (P < 0.05) linear correlations with the
biomass, coefficient of determination (R2) with the 95% confidence
level, was 0.90 (P = 0.013) on the growing season (Fig. 3b) and 0.82
(P = 0.022) on the non-growing season (Fig. 3c). In addition, GPP
showed positive dependence on biomass during the growing season
(Fig. 4b).

On inter-growing seasonal scale, significant negative linear re-
lationships were found between daily mean NEE values and biomass at
early and middle growing stages (P < 0.01, Fig. 3d and e), whereas the
correlation at middle growing stage was stronger (R2 = 0.77). What’s
more, there were positive linear relationships of GPP with biomass at
early and middle growing stages (P < 0.05, Fig. 4c and d). No clear
response of daily mean NEE or GPP values to biomass was found at the
late growing stage as the plant harvest.

Fig. 2. Seasonal variation in daily average (a) gross primary production (GPP), ecosystem respiration (Reco), net ecosystem CO2 exchange (NEE), and (b) the
cumulative GPP, Reco and NEE over the period of 2010–2014. Each dot represents 1 day. The lines represent the running mean.

Table 2
Coefficients α, Amax, and Reco,dayestimated using Eq. (1) over the period of
2010–2014 in a reclaimed coastal wetland.

Amax(μmol CO2 m−2 s-1) α(μmol μmol −1) Reco,day (μmol
CO2 m−2 s-1)

n

2010 0.65 ± 0.015 0.001 ± 0.0001 0.13 ± 0.02 3455
2011 0.56 ± 0.0001 0.001 ± 0.0001 0.11 ± 0.014 3607
2012 0.50 ± 0.015 0.001 ± 0.0001 0.12 ± 0.014 3714
2013 0.42 ± 0.01 0.001 ± 0.0001 0.10 ± 0.012 3060
2014 0.39 ± 0.011 0.001 ± 0.0001 0.08 ± 0.009 3489

α, the ecosystem apparent quantum yield; Amax, the light-saturated net CO2

exchange; Reco,day, the daytime ecosystem respiration; n, the number of ob-
servations. Values of coefficients represent the mean ± SE.

Table 3
Values of coefficients a, b of the equation (Reco,night = aexp(bT)), and Q10 of the
equation (Q10 = exp(10b))over the period of 2010–2014 in a reclaimed coastal
wetland.

a b R2 Q10 n

2010 0.0042 0.153 0.73 4.62 4484
2011 0.0026 0.150 0.75 4.48 4424
2012 0.0096 0.096 0.75 2.61 4425
2013 0.0084 0.093 0.63 2.54 4449
2014 0.0061 0.093 0.36 2.52 4433

a and b, two empirical coefficients; Q10, the temperature sensitivity coefficient;
n, the number of observations; R2, the coefficient of determination.
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3.4. Effects of environmental variables on the interannual variability of
plant biomass

The five years differed markedly in the seasonal and annual patterns
of biomass (Fig. 2d). To investigate the difference of biomass among
years, stepwise multiple linear regressions were applied to derive the

major driving variables.
The empirical study on the 5-year monitoring period showed that no

significant relationships could be found between annual biomass and
major environmental factors (PAR, T and SWC) on the interannual scale
(P > 0.05). While on the inter-seasonal scale, correlation analysis re-
vealed that biomass was only strongly correlated with the SWC at early

Fig. 3. Relationships between average NEE and biomass during annual (a), growing season (b), non-growing season (c), early growing stage (d), middle growing
stage (e), and late growing stage (f) over the period of 2010–2014. Each dot represents 1 year.

Fig. 4. Relationships between average GPP and biomass during annual (a), growing season (b), early growing stage (c), and middle growing stage (d) over the period
of 2010–2014. Each dot represents 1 year.
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and middle growing stages (P < 0.05, Fig. 5d and e), indicating that
SWC played an important role in the seasonal variation of biomass.

A significantly positive correlation was observed between biomass
and SWC, and the R2 with the 95% confidence level was 48% at early
growth stage. However, biomass tended to increase with a rise in SWC
and, then, decreased obviously with the increase of SWC as SWC above
40% (Fig. 5e) at middle growth stage. Note that at the late growing
stage, no significant correlation was observed, and a sharp decrease of
biomass, mainly because of a reduction in photosynthesis during leaf
senescence and an increase in soil respiration under relatively high
temperature.

3.5. Effect of precipitation changes on soil moisture/salinity and ecosystem
CO2 exchange

On average, precipitation under increased treatments significantly
decreased soil salinity, increased SWC, GPP and NEE compared to de-
creased treatments (Fig. 6, P < 0.01) during the early growing stage.
SWC significantly decreased with the declines in precipitation and in-
creased with the increases in precipitation (Fig. 6a). There was an
overall trend towards decreased salinity with increasing experimental
precipitation (Fig. 6b). The soil salinity in the +60% treatment was the
lowest, about 28% lower than that in the control. The −60% pre-
cipitation treatments had the highest soil salinity, about 53% higher
than that in the control (Fig. 6b).

GPP and -NEE both showed a significant increasing pattern with
increased precipitation precipitation (Fig. 6c, d). GPP under +60%
precipitation treatment was about 63% higher than that in the control,
and GPP under -60% precipitation treatment was about 29% lower than
that in the control (Fig. 6c). -NEE in the +60% treatment was the
highest, about 66% higher than that in the control. The −60% pre-
cipitation treatment had the lowest NEE, about 55% higher than that in
the control (Fig. 6d).

4. Discussion

4.1. Effects of plant biomass on carbon fluxes

The seasonal and inter-annual variability of NEE reflects the

variability of the driving variables at these timescales, as well as
changes in the ecosystem’s response to these. The significant correla-
tions between biomass and NEE (Fig. 3) illustrates that plant structural
characteristics are important for the seasonal and annual ecosystem
CO2 exchange, and the canopy development is an important biological
process regulating CO2 flux in the reclaimed coastal wetland. As the
cotton plants still remain in the soil after cotton picking, the significant
relationship between NEE and biomass during the non-growing season
illustrated some important biotic controls on ecosystem respiration
(Janssens et al., 2001; Flanagan and Johnson, 2005). Studies in a re-
claimed coastal wetland in the Yangtze Estuary found that the monthly
mean NEE was significantly correlated with the monthly mean AGB,
suggesting that primary productivity can be well reflected by the
aboveground characteristics of higher plant communities (Zhong et al.,
2016). This pattern probably occurred because the direct and indirect
effects of biomass on plant physiological metabolism process through
the activity of photosynthesis and respiration.

Biomass correlated with GPP (Fig. 4), and biomass may affect GPP
by changing LAI because leaves in sparse canopies are more likely to be
light saturated than those in denser canopies (Springer et al., 2005;
Kato et al., 2006; Cheng et al., 2009; Han et al., 2014a, b; Li et al.,
2017). As leaf area determines the amount of available photosynthetic
material and the amount of light intercepted by the plant, therefore
high LAI allows for high light absorption capacity and strong photo-
synthetic CO2 uptake on an ecosystem scale (Lund et al., 2010; Wang
et al., 2016; Tong et al., 2017). As a result, photosynthesis (GPP) is
enhanced (Han et al., 2013; Wang et al., 2015). This interpretation is
consistent with observations globally. For example, based on synthe-
sizing data on CO2 exchange obtained from 12 wetland sites, Lund et al.
(2010) found that annual GPP correlated significantly with LAI in those
wetland sites. In the Qinghai-Tibetan Plateau shrubland, monthly LAI
showed a strong correlation with monthly GPP over 10 years (Li et al.,
2016). In an alpine meadow on the Tibetan Plateau, on a monthly scale,
81% of the variation in NEEsat (NEE at the saturated light level) could
be explained by the mean NDVI (normalized difference vegetation
index) in 4 years (Wang et al., 2016). In an irrigated and rainfed maize
field, daytime NEE was closely linked to LAI regardless of the growth
stage (Suyker et al., 2004), and similar findings were also found in a
rain-fed winter wheat ecosystem of the Loess Plateau (Wang et al.,

Fig. 5. Relationships between average biomass and SWC during annual (a), growing season (b), non-growing season (c), early growth stage (d), middle growth stage
(e), and late growth stage (f) over the period of 2010-2013. Each dot represents 1 year.
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2013).
Studies have found that aboveground respiration contributed sig-

nificantly to Reco, in addition, biomass is good proxy for accounting for
variation in both autotrophic and heterotrophic capacity for respiration
(Flanagan and Johnson, 2005; Han et al., 2014a, 2014b; Tong et al.,
2017). On the one hand, canopy photosynthesis induced by biomass can
modulate aboveground autotrophic respiration by controlling the as-
similate supply. The magnitude of autotrophic respiration is influenced
by the amount and activity of plants and so reflects changes in plant
growth and development, photosynthesis and carbon allocation pat-
terns (Flanagan and Johnson, 2005; Li et al., 2016; Xu et al., 2017). On
the other hand, through regulating substrate availability and fresh litter
input, the increase in aboveground production implied an increase in
total root carbon allocation thus enhanced soil respiration (Yuste et al.,
2004; Tong et al., 2017). Soil respiration is the sum of an autotrophic
component by roots and the associated rhizosphere and a heterotrophic
component by soil microorganisms that decompose the organic mate-
rials from both above and below-ground litter (Inouye et al., 1999; Han
et al., 2014a, b; Yu et al., 2017). The autotrophic component largely
depends on the amount of photosynthates translocated from the
aboveground part of the vegetation (Högberg et al., 2001; Yan et al.,
2011). The heterotrophic component is dependent on the supply of
respiratory (primarily from plant litter and plant root exudates) as well
as environmental conditions that control microbial growth and devel-
opment, and the supply and quality of respiratory substrate provided by
biomass, particularly plant roots biomass (Flanagan and Johnson, 2005;
Davidson et al., 2006; Matteucci et al., 2015). Studies found that
changes in basal rates in soil and root respiration can occur through
differences in leaf litter fall (Granier et al., 2008) and photosynthetic
activity (Tang et al., 2005) caused by biomass.

4.2. Effects of SWC on plant growth

We observed significantly lower plant productivity in plots with

reduced precipitation and increased salinity (Fig. 6). Consistent with
our study, Mchugh and Schwartz (2015) showed that adaptaion to
water limitation often involves a trade off with plant biomass. SWC may
directly or indirectly affect the uptake of CO2 during photosynthesis
(GPP) and the emissions of CO2 via respiration as well as decomposition
(Reco) in several aspects, which subsequently affect biomass in the re-
claimed coastal wetland (Fig. 7). As a result, the biomass of the re-
claimed coastal wetland is highly dependent on SWC. Higher photo-
synthetic capacity (per unit of leaf area or photosynthetic pigments or
leaf gas exchange) plays an important role in yield improvement of
biomass and is significantly affected by the SWC and stages of growing
(Chen et al., 2017a, b). Our study showed that SWC dominated biomass
by influencing water-salt transport on the annual scale.

During the early growing stage of low SWC, driven by strong eva-
poration, water-soluble salts from the groundwater are transported
upward to the root zone and soil surface through capillary rise (Yao and
Yang, 2010; Zhang et al., 2011; Chu et al., 2018). Salt stress may affect
biomass through different mechanisms as freshwater becomes limiting.
Firstly, seed germination was inhibited in salt stress, starting time of
germination delayed, germination rate dropped and embryo axis was
growing slow (Pezeshki and Patrick, 1987; Pezeshki et al., 2010a, b).
Timing of leaf out affects the length of the growing season, which in
turn, can modulate seasonally-integrated photosynthesis (Dong et al.,
2011; Jia et al., 2016). Secondly, the soil salinity concentration inhibits
leaf emergence and canopy development, resulting in reduced LAI. Salt-
induced decreases in canopy LAI also decrease ecosystem autotrophic
respiration (both growth and maintenance respiration) (Heinsch et al.,
2004). Thirdly, dry air and/or soil conditions may induce plant blade
and mesophyll stomatal closure in response to an increase in salinity
and a decline in available water (Yang et al., 2016). Reduced LAI
combined with stomotal closure can lead to suppressed canopy photo-
synthetic capacity (Heinsch et al., 2004; Pezeshki et al., 2010a, b;
Baldocchi et al., 2017), which decreases the growth rates and biomass
of plants. Fields and laboratory studies have indicated that biomass and

Fig. 6. Effect of changes in precipitation amount on SWC at 10 cm depth (a), soil salinity at 10 cm depth (b), gross primary productivity (c) and net ecosystem CO2

exchange (d) during the early growing stage in 2018. Different letters (a, b, c, d, e) indicate significant differences among different treatments. Bars represent
means ± SE. + 60%: precipitation increased by 60%; +40%: precipitation increased by 40%; CK: no processing; −40%: precipitation reduced by 40%; −60%:
precipitation reduced by 60%.
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growth rates of many freshwater plants decline as salinities increase
(Neubauer, 2013; Johns et al., 2014; Liu and Mou, 2016). The inflow of
freshwater after precipitation tends to dilute the salinity and increase
SWC in the reclaimed wetland, which may accelerate net photosynth-
esis rate and promote plant growth, and consequently increase biomass
(Fig. 5d). Similar to results reported by Heinsch et al. (2004) who found
that gross ecosystem production declined when freshwater availability
is low and salinity is high of the Nueces River Delta.

During the middle growing stage, it showed a quadratic trend (80%)
between biomass and SWC. Bin-averaged responses of biomass to dif-
ferent SWC classes indicate that biomass increases with increasing SWC
up to a threshold of about 40%, above which a shift in biomass towards
lower values occurred (Fig. 5e). Our previous study had found that net
photosynthetic rate of increased precipitation treatment was sig-
nificantly suppressed compared to decreased precipitation treatment at
the middle growing stage (Chu et al., 2018). As the reclaimed wetland
completely entered a monsoon during this period, excess precipitation
often caused episodic flooding when SWC became saturated (Han et al.,
2015). On the one hand, light conditions mostly determine the dy-
namics of photosynthesis, a monsoon can depress incoming solar ra-
diation due to increased cloudiness and increase net radiation due to
decreased longwave radiation cooling and decreased albedo (Hyojung
et al., 2014), as a result, net photosynthetic rate was inhibited. On the
other hand, waterlogged stress induced by high precipitation could
suppress net photosynthetic rate due to the reduced above-water leaf
area of plants (Heinsch et al., 2004), as a result, the net CO2 uptake was
inhibited. In addition, standing water and water in pores restrict the gas
exchange between sediments and the atmosphere (Jimenez et al.,
2015), and soil hypoxia or anoxia can decrease overall plant metabolic
activity and force stomatal closure (Moffett et al., 2010; Schedlbauer
et al., 2010). What’s worse, as root system is sensitive to drops in

oxygen level in soil, prolonged waterlogging can even cause plant to
drown because of hypoxia.

4.3. Limitation and prospective

Soil moisture-induced changes in plant biomass drive interannual
variability of NEE in a reclaimed coastal wetland. Due to the unique
hydrology of salty and shallow underground water in this area, the
variation of soil water and salinity makes the coupled transport process
very complicated. For lack of instrument of salinity, the concentration
of salt as an important abiological process regulating CO2 flux was not
monitored in our study. Though a precipitation manipulation experi-
ment in an unreclaimed coastal wetland has confirmed that lower soil
moisture coupled with higher soil salinity, the ecosystems were dif-
ferent. These limited data will increase the uncertainty about the effect
of water-salt movement on plant biomass and NEE. Hence, further
study and a wider range of salinity, wetland hydrology and other en-
vironmental factors are needed to confirm the influence mechanism of
water-salt movement on the reclaimed coastal wetlands.

On a global scale, changes in atmospheric circulation drive larger
increases in more extreme precipitation events compared with less ex-
treme ones, besides, atmospheric stability increases with warming,
weakening circulation and reducing the intensity of precipitation
events (Allen and Ingram, 2002; Pendergrass, 2018). On a regional
scale, our previous study reveals that the amount and frequency of
annual precipitation at this site has decreased by 241.8 mm and 6.9
days over the 55-year interval (1961–2015), respectively. What’s more,
average annual air temperature at this site has increased by 1.7℃ over
the past 55 years (Han et al., 2018). Furthermore, the yearly water
discharge at the main gauging stations along the Yellow River, all
showed significant decreasing trends (p < 0.01) over the past six

Fig. 7. A schematic diagram illustrating the effect of precipitation-induced changes in plant biomass on the ecosystem CO2 exchange in a reclaimed coastal wetland.
Exposed to limited freshwater inputs, increased soil salinity have a direct negative impact on the activities of plant and soil microbes due to the salt water. After
precipitation events, moderate precipitation promote the plant growth. While under humid soil conditions, episodic flooding is often observed due to the shallow
water table, which decreased maximum photosynthetic rate and ecosystem respiration. Therefore precipitation-induced changes in plant biomass drive interannual
variability of NEE by controlling water-sal transport in soil.
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decades (1951–2010) (Wang et al., 2016), which brought great impacts
on agricultural irrigation. Due to the increasingly strained problem on
the source of freshwater supply, the reclaimed coastal wetland is typical
rain fed farming areas (Han et al., 2014a, b). Considering that extreme
climate and runoff of the Yellow River are becoming increasingly
variable in future (Wang et al., 2016; Pendergrass, 2018), we speculate
that the crop yields would be reduced due to the decreased soil
moisture and increased soil salinization, and finally the annual eco-
system CO2 exchange of the coastal farmland may be suppressed (Yao
and Yang, 2010; Xie and Yang, 2013; Rajan et al., 2013).

4.4. Conclusion

Our study indicates that soil moisture-induced changes in plant
biomass drive interannual variability of NEE by controlling water-salt
transport. During the early growing stage, precipitation or irrigation
accompanied with high SWC and low salinity promoted plant biomass
and NEE. While precipitation or irrigation accompanied with increased
waterlogged stress inhibited plant biomass and NEE during the middle
growing stage. Our new insight is particularly valuable under the
background of global warming and reduced runoff in the Yellow River,
which will help improve the formulation and interpretation of models
that are sensitive to differences in the seasonal effects of soil moisture
on the CO2 response.
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