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A B S T R A C T

Hydrological regime is crucial in determining the carbon dioxide (CO2) exchange between the atmosphere and
wetlands. Seasonal redistribution of precipitation is one featured hydrological regime shift, but its impacts on
ecosystem CO2 exchange in coastal wetlands remain unclear. Here, based on the eddy-covariance technique, we
examined how the net ecosystem CO2 exchange (NEE) in a coastal wetland of Yellow River Delta in China
differed between two years (2012 and 2013) with contrasting seasonal distribution of precipitation. The eco-
system absorbed more CO2 during the growing stage in 2013 (−268.5 g C m−2) than 2012 (−174.7 g C m−2).
This difference resulted from higher NEE in the fast and middle growth stages with different reasons. In the fast
growth stage, the higher mean daily NEE occurred due to more precipitation coupled with lower salt stress in
2013 (−6.3 g CO2 m−2 day−1) compared to that in 2012 (−2.2 g CO2 m−2 day−1). During the middle growth
stage, the mean daily NEE in 2013 (−4.2 g CO2 m−2 day−1) was significantly higher than that in 2012 (−1.1 g
CO2 m−2 day−1) because the ecosystem in 2012 suffered more waterlogged stress. This dual effect of pre-
cipitation distribution on vegetation photosynthesis was also observed in a field manipulation experiment at the
same site. Our results indicated that the redistribution of precipitation among seasons would play a critical role
in regulating ecosystem CO2 exchange in the coastal wetland. More research on the associated changes between
dynamics of soil hydrology and salinity could promote the accuracy of the carbon-budget estimates in coastal
wetlands.

1. Introduction

Global climate models project that changes in the frequency and
amplitude of extreme meteorological events can result in seasonal re-
distribution of the precipitation, characterized by fewer and larger
precipitation events (Allen and Ingram, 2002; Semenov and Bengtsson,
2002; IPCC, 2007; Knapp et al., 2008). Such changes are expected to
continue throughout the current century (Easterling et al., 2000; Min
et al., 2011). Drought and flooding caused by the precipitation redis-
tribution could impact soil moisture conditions and profoundly alter the
structure, functioning and processes of an ecosystem, including the
carbon (C) balance (Hussain et al., 2011; Biederman et al., 2016; Jia
et al., 2016). The impacts of drought or flooding caused by the

precipitation distribution on the CO2 exchange of an ecosystem have
been studied for a range of ecosystems (Nagy et al., 2007; Noormets
et al., 2008; Wu et al., 2011; Scott et al., 2015; Liu et al., 2016), in-
cluding grassland (Bowling et al., 2015; Sloat et al., 2015), shrubland
(Ross et al., 2012; Jia et al., 2016), forest (Bonal et al., 2008; Doughty
et al., 2015), mire (Aurela et al., 2007; Leppälä et al., 2011; Lund et al.,
2012).

Precipitation may directly or indirectly affect the uptake of CO2

during photosynthesis and the emissions of CO2 via respiration as well
as decomposition in several different aspects, which subsequently affect
NEE (Leppälä et al., 2011; Lund et al., 2012; Doughty et al., 2013;
Doughty et al., 2015). On the one hand, the paucity of precipitation can
result in little plant growth (Rajan et al., 2013). Compared with the full
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canopy stage, vegetation is most sensitive to droughts during the leaf
out and canopy development stages, when the plant’s metabolic ac-
tivity, such as photosynthesis and respiration, can be suppressed by
drought (Kwon et al., 2008; Lund et al., 2012; Rajan et al., 2013). On
the other hand, when precipitation is excessive and soils become wa-
terlogged, the diffusion of oxygen into soil will be limited. Subse-
quently, heterotrophic respiration is likely suppressed due to lowered
microbial activity and decomposition rates of organic matter (Heinsch
et al., 2004). In addition, flooding conditions affect the sensitivity of
CO2 exchange to variations in light and temperature, which in turn
influence the uptake of CO2 in ecosystems (Chivers et al., 2010;
Jimenez et al., 2012).

Coastal wetlands, the interfaces between terrestrial and ocean eco-
systems, play an important role in the global C cycle by acting as nat-
ural carbon (C) sinks (Crooks et al., 2011). Coastal wetlands accumulate
organic matter because of their relatively high net primary productivity
coupled with a relatively low rate of decomposition of accumulated
organic matter (Drake et al., 2015). Most area of a 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 (Zhang et al., 2011; Han et al., 2015). During dry
seasons, usually with a limited precipitation supply, water-soluble salts
from the groundwater are transported upward to the root zone and soil
surface through capillary rise. Exposed to increasing salinity levels, the
coastal wetland behaves more as a dryland ecosystem than a wetland
(Zhang et al., 2011; Yao and Yang, 2013). During the rainy season,
though precipitation can leach salts from the plant root zone, episodic
flooding is often observed (Han et al., 2015). The salt accumulation and
leaching induced by the seasonal precipitation distribution have a
profound impact on the carbon biogeochemical cycle and carbon bal-
ance by regulating the salinity and waterlogged stress of plants
(Heinsch et al., 2004). Therefore, understanding the responses of NEE
to the precipitation distribution is essential not only for predictive
modeling of potential short- and long-term changes of carbon storage
but also for predicting the possible impacts of climate change. However,
the mechanisms underlying the impacts of the precipitation distribution
on the ecosystem CO2 exchange in a coastal wetland have so far re-
ceived little attention.

The net ecosystem CO2 exchange (NEE) between an ecosystem and
the atmosphere relies on the balance between CO2 uptake through plant
photosynthesis and ecosystem respiration through plant and soil re-
spiration (Iii et al., 2006). The micrometeorological eddy covariance
(EC) technique has been widely used to quantify NEE between the at-
mosphere and the vegetation surface in various wetlands because it can
provide continuous, long-term flux information integrated at the eco-
system scale (Aubinet et al., 1999; Baldocchi et al., 2001; Baldocchi,
2008; Ross et al., 2012). Using eddy covariance, our study was con-
ducted in a coastal wetland of the Yellow River Delta, where the hy-
drologic regimes are dominated by the interaction of precipitation and
a shallow, saline water table in the vertical direction. Fortuitously, the
amounts of rainfall in 2012 and 2013 were similar, but the precipitation
distributions during the different growing stages were significantly
different. This offers a special opportunity to investigate the impact of
the precipitation distribution on CO2 exchange in a coastal wetland.
The main objectives of this study were to assess the effect of the pre-
cipitation distribution on the magnitude of NEE and its light and tem-
perature response in a coastal wetland.

2. Materials and methods

2.1. Site description

The study was conducted 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. The flux tower is located approximately 3 km south of the

Yellow River channel and approximately 20 km southwest of the mouth
of the Yellow River. The experimental site has a warm temperate and
continental monsoon climate with distinctive seasons and distributions
of rain and heat. The annual average temperature is 12.9 °C, and the
average annual precipitation is 550–640 mm, with nearly 74% of the
precipitation falling between June and September. The prevailing wind
direction in the growing season is from the northeast to the southeast
(Han et al., 2013). The soil type in the Yellow River Delta gradually
varies from fluvo-aquicto saline soil, and the soil texture is mainly
sandy clay loam. Due to the flat terrain and high groundwater table, the
entire area is covered mainly by wet and saline soil (Nie et al., 2009). In
most of the areas, the groundwater levels range from 1 to 3 m with high
water salinity (5–30 g L−1) (Min et al., 2009; Fan et al., 2011), which is
affected by fresh water and salt water (Guan et al., 2001; Fan et al.,
2011; Zhang et al., 2011; Zhong et al., 2013).

The vegetation is relatively homogeneous and strongly dominated
by common reed (Phragmites australis), with other associated species
including Tamarix chinensis, Tripolium vulgare, Suaeda salsa and Imperata
cylindrical. The growth stages of the natural growth cycle (DOY 97–311)
were divided from the phenophase (2012 and 2013) and pentad tem-
perature (daily mean air temperature for 5 consecutive days of
1961–2011). During the fast growth stage (DOY 97–199), defined as the
time between the first pentad temperature for 10 °C and the first peak
aboveground biomass, the aboveground biomass increased rapidly
during this stage. During the middle growth stage (DOY 200–260),
defined as the stage from the first peak aboveground biomass to the
second peak aboveground biomass, vegetation posted slower growth for
booting and heading during this stage. During the terminal growth
stage (DOY 261–311), representing the time from the second peak
aboveground biomass to the first pentad temperature for 10 °C, the
community senesced during this stage.

2.2. Eddy covariance and meteorological measurements

Eddy covariance and microclimate measurements were conducted
at the site during 2012 and 2013. Ecosystem CO2 fluxes were measured
using an EC system mounted 3.0 m above the soil surface. 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 components 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 recorded
by a data logger (CR1000, Campbell Scientific Inc., USA) at 30 min
intervals. The IRGA was calibrated once or twice every year in the la-
boratory 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 measured with an array of sensors.
Net radiation was measured at a height of 3.0 m with a four-component
net radiometer (CNR4, Kipp & Zonen Netherlands Inc., Bohemia, NY,
USA). Photosynthetic active radiation (PAR) was measured above the
canopy at a height of 3.0 m using quantum sensors (LI-190SB, Li-Cor
Inc., USA). Air temperature and relative humidity were measured at the
height of 2.5 m (HMP45C, Vaisala, Helsinki, Finland). Other environ-
mental variables measured included wind speed and direction (034B,
Met One Inc., USA), precipitation (TE525 tipping bucket gauge, Texas
Electronics, Texas, USA), soil temperature at 5, 10, 30, and 50 cm
depths below the surface (109SS, Campbell Scientific Inc., USA), and
SWC at 5, 10, 20, 40, 60, 80, and 100 cm depths below the surface
(EnviroSMART SDI-12, Sentek Pty Ltd., Australia). More details about
the meteorological measurements are presentated elsewhere (Han
et al., 2015). All meteorological data were measured every 15 s and
then averaged half hourly by a data logger (CR1000, Campbell Scien-
tific Inc., USA).
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2.3. Flux data processing and quality control

Mean flux data on a half-hour time scale were 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; Polsenaere et al., 2012). 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 (Kaimal and Finnigan, 1994).

Subsequently, the half-hourly CO2 flux data outputted by EdiRe
software were further filtered 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 μmol

CO2 m−2 s−1 (Zhou et al., 2009; Han et al., 2013)
(3) The CO2 flux data when the air turbulence was weak, especially

when friction velocity (u*)< 0.15 m s−1 (Han et al., 2015).
(4) The CO2 flux data that were smaller than zero when

Rn<10 W m−2

Following these screenings and tests, roughly 42% of the data ob-
tained from the EC system was rejected during the whole study period.

2.4. Flux gap filling and component partitioning of the CO2 flux

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 αPAR
A αPAR

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
soil temperature at 5 cm function (Lloyd and Taylor, 1994):

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

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

Q10 can be estimated as follows:

=Q bexp(10 )10 (3)

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 (4)

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

= −R NEEGPP eco (5)

2.5. Precipitation manipulation experiment

To gain new insights into the underlying mechanism responsible for

the effects of precipitation on ecosystem CO2 exchange, a precipitation
manipulation experiment was established in the same site, 300 m away
from the EC tower. The experiment was completely randomized block
designed in May 2015, consisting of twelve 3 × 4 m2 plots, with 4 re-
plicates each consisting of three levels of precipitation [ambient (CK),
wet (+40%) and drought (−40%)]. Before the experiment, isolation
belts (0.2 m deep, 0.3 m height and 0.5 m width) were built around
each plot and lined with two layers of polyethylene sheeting to prevent
the lateral movement of water and nutrients between individual plots
and their surroundings.

The experiment infrastructure used passive removal and active
distribution systems to manipulate precipitation. Above the −40%
zone, a rainout shelter with 16 of 10-cm-wide corrugated clear poly-
carbonate slats distributed evenly removed 40% of incoming pre-
cipitation. During the growing seasons, this water drained into storage
tanks and was immediately transferred to the +40% zone via a
sprinkler system, to achieve a 40% increase in each precipitation event.
Treatments of CK and +40% lie under a similar structure and receive
mild shading to match that of rainout shelters. In the experiment, SWC
and soil salinity at 10 cm depth approximately were measured every
30 min using sensors of 5TE (Decagon, USA). Ground water level was
recorded every two weeks during the middle growth stage. Pn (net
photosynthetic rate) −PAR response curve was measured on fully ex-
panded, exposed current-year leaves under controlled optimal condi-
tions using an open-mode portable photosynthesis system (LI-6400, Li-
Cor, USA) every two weeks from May to October. Response of Pn to
PAR were measured at 0, 50, 80, 100, 200, 400, 600, 800, 1000, 1200,
1500, 1800, and 2000 μmol m−2 s−1.

2.6. Aboveground biomass

Aboveground biomass for the coastal wetland was measured by
harvesting the vegetation approximately twice a month during the
growing season (from May to October) from 2012 to 2013. Harvesting
was performed in five replicated sampling plots (0.5m × 0.5 m) located
within a radius of 200 m around the EC system. Live plants were
clipped at 1 cm above the ground level. Plant aboveground biomass was
oven dried at 80 °C to a constent weight before weighing.

2.7. Statistical analysis

A paired samples t-test was used to test the significant differences in
environmental factors (SWC, PAR and Tair) and the mean daily values of
NEE during the fast, middle and terminal growth stages between two
years. On the basis of half-hourly data, the light and temperature re-
sponse to daytime NEE and nighttime NEE during the fast, middle and
terminal growth stages were investigated using Eqs. (1) and (2), re-
spectively, through which the parameters of both the nonlinear re-
lationship were estimated during the fast, middle, terminal and the
entire growing stages, respectively. On the basis of daily mean data,
simple linear relationships were fitted between Reco and GPP during the
fast, middle, terminal and the entire growing stages, respectively. In the
precipitation manipulation experiment, SWC, soil salinity and net
photosynthetic rate were calculated as the mean of four replicates at
random locations for each treatment. We used the repeated measure
analysis of variance (ANOVA) to test the differences in SWC, soil sali-
nity and net photosynthetic rate. All statistical analyses were performed
using SPSS 11.5 (SPSS for Windows, Version 11.5, Chicago, IL, USA).

3. Results

3.1. Comparison of precipitation distribution and environmental factors

The frequency distributions of the precipitation during each
growing stages were very similar in shape but varied substantially in
amplitude of the study region from 1961 to 2011 (Fig. 1). The total
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rainfall amounts in 2012 and 2013 were similar (615.2 and 634.0 mm,
respectively) (Fig. 1). Most precipitation distribution was concentrated
in the growing season (87% in 2012 and 91% in 2013), with roughly
72% falling in the middle growth stage of 2012, and 59% during the
fast growth stage in 2013 (Fig. 1, Table 1).

The precipitation during the 2013 fast growth stage was 341.1 mm,
which was above (149%) the long-term mean (1961–2011, 229.3 mm)
for the same stage (Figs. 1, 2 a and Table 1). In contrast, the pre-
cipitation during the fast growth stage in 2012 was only 123.4 mm
(36% of the amount in 2013), which was below (54%) the long-term
mean. The precipitation distribution variation was reflected particu-
larly in the significant difference in SWC (Fig. 2b and Table 1). The
exceptionally dry fast growth stage in 2012 was coupled with a lower
average SWC than 2013 (P < 0.01). The precipitation during middle
growth stage in 2012 was 384.2 mm (174% of the long-term mean),
distinctly higher than that in 2013 (215.0 mm), which was coupled
with a higher average SWC than 2013 (Fig. 2b and Table 1, P < 0.05).
The SWC values during the terminal growth stages were similar be-
tween the two years due to the lower precipitation compared with the
long-term mean. The PAR values recorded during the middle and
terminal growth stages were similar in both years, however, the PAR
values recorded during the fast growth stage in 2012 were higher than
those recorded in 2013 (Table 1, P < 0.05). Significant differences
between the 2 yr were also observed in air temperature (Tair) during the
fast growth stage, but Tair values were similar during the middle and
terminal growth stages (Table 1).

The value of aboveground biomass increased rapidly during fast
growth period, it posted slower growth during middle growth period,
followed by a gradual decline as the community senesced during the
terminal growth period. Due to the earlier rainfall and more favorable
weather conditions, the phonological development was faster in 2013
than in 2012 (Fig. 2c).

3.2. Seasonal variation in NEE during the different growth stages

The daily accumulated NEE of 2012 and 2013 showed distinct
seasonal patterns, which indicated their responses to the combined ef-
fects of weather and vegetation growth. The average NEE of 2012 ex-
hibited a smaller range of variation than that of 2013 (Fig. 2d). During
the fast growing season, NEE was primarily triggered by precipitation.
The daily NEE values increased more quickly (Fig. 2d) with earlier

Fig. 1. The frequency distributions of the precipitation during each growing periods (red
solid curve represents the fast growth period, green solid curve represents the middle
growth period, blue solid curve represents the terminal growth period, dark solid curve
represents the entire growing season) of the study region from 1961 to 2011. The vertical
solid lines and dotted lines represent precipitation of 2012 and 2013 during each growing
periods (red lines represent the fast growth period, green lines represent the middle
growth period, blue lines represent the terminal growth period, dark lines represent the
entire growing season), respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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rainfall (Fig. 2a) and higher SWC (Fig. 2b, Table 1). At the beginning of
the fast growth stage, because the biomass in the wetland was small
(Fig. 2c), though with higher PAR and Tair (Table 1), the biomass de-
velopment was still inhibited (Fig. 2c) due to the less precipitation in

2012 compared with that in 2013. As a result, the mean daily NEE
values in 2012 (−2.2 ± 0.2 g CO2 m−2day−1) was significantly lower
than that in 2013 (−6.3 ± 0.5 g CO2 m−2day−1) during the fast
growth stage (P < 0.01). There was a parent increase in precipitation

Fig. 2. Seasonal variations of (a) pre-
cipitation and cumulative precipitation of
each growing periods (red line represents
2012, green line represents 2013), and the
inset is the cumulative values of the entire
growing seasons, (b) soil water content at
10 cm depth (SWC), (c) aboveground
biomass, (d) daily integrated NEE, and (e)
cumulative NEE of each growing periods
of 2012 and 2013. (For interpretation of
the references to colour in this figure le-
gend, the reader is referred to the web
version of this article.)
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in 2012 compared with 2013 during the middle growth stage. However,
higher SWC caused by higher precipitation did not augment the CO2

uptake of 2012 but inhibited the CO2 absorption, suggesting that plants
may have experienced waterlogged stress. The mean daily NEE values
during the middle growth stage in 2012 was −1.1 g CO2 m−2day−1,
which was distinctly lower than that in 2013 (−4.2 g CO2 m−2day−1)
(P < 0.01). During the terminal growth stage, there was no significant
difference in mean daily NEE values between two yeas (P > 0.05). The
dormancy of vegetation in the flux footprint area had a direct effect on
NEE, with daily NEE values showing a rapid decrease and approaching
zero during this growth stage. The cumulative NEE values were−112.8
and −177.7 g C m−2 during the fast growth stage, −34.1 and
−69.8 g C m−2 during the middle growth stage, and −27.8 and
−21.0 g C m−2 during the terminal growth stage, respectively (Fig. 2d
and Table 1).

3.3. Responses of daytime NEE to light

The seasonal variations of parameters (Amax, α and Reco,daytime) can
be represented as single peak curves and be described by quadratic
models (Fig. 3 and Table 2). During the fast growth stage, Amax and α in
2013 (0.84 mg CO2 m−2 s−1 and 0.0024 mg CO2 μmol−1) were both
significantly higher than those in 2012 (0.60 mg CO2 m−2 s−1 and
0.0013 mg CO2 μmol−1) (P < 0.01). Reco,day in 2012 (0.12 mg CO2

m−2 s−1) was slightly higher than that in 2013 (0.09 mg CO2 m−2 s−1).

Though it makes no differences in terms of α values in the two years
during the middle growth stage, Amax and Reco,day in 2013 (0.87 mg
CO2 m−2 s−1 and 0.23 mg CO2 m−2 s−1) were significant higher than
those in 2012 (0.60 mg CO2 m−2 s−1 and 0.19 mg CO2 m−2 s−1)
(P < 0.01). Though the vegetation senesced during the terminal
growth stage, Amax in 2013 (0.65 mg CO2 m−2 s−1) was still sig-
nificantly higher than that in 2012 (0.48 mg CO2 m−2 s−1) (P < 0.01),
and Reco,day in 2013 (0.03 mg CO2 m−2 s−1) was lower than that in
2012 (0.07 mg CO2 m−2 s−1). Whereas Amax in 2013 (0.90 mg
CO2 m−2 s−1) was significantly higher than that in 2012 (0.58 mg
CO2 m−2 s−1), Reco,day in 2013 (0.09 mg CO2 m−2 s−1) was lower than
that in 2012 (0.12 mg CO2 m−2 s−1), no differences were observed in α
values throughout the entire growing season. Compared to 2012, much
greater net carbon uptake was observed at the same PAR in 2013,
which indicated that photosynthesis in 2013 was much higher than
respiration.

3.4. Responses of nighttime NEE (Reco,night) to air temperature and Reco to
gross primary production (GPP)

Reco,night was positively related to air temperature and can be ex-
pressed by the exponential function of the two years (Fig. 4)
(P < 0.01). The temperature sensitivity of ecosystem respiration (Q10)
in 2012 (2.61) was slightly higher than that in 2013 (2.51) during the
fast growth stage, and Q10 in 2012 (2.62) was higher than that in 2013

Fig. 3. Comparison of the light-response curves for
net ecosystem CO2 exchange (NEE) during growing
seasons of 2012 and 2013. (a) the fast growth period,
(b) the middle growth period, (c) the terminal
growth period, and (d) the entire growing season.
The curves were fitted using a rectangular hyperbola
equation (equation (1)), and regression coefficients
are presented in Table 2.

Table 2
Comparison of coefficients Amax, α and Reco,day estimated using equation (1) during each growing stages of 2012 and 2013 in the coastal wetland.

Growing period Amax (mg CO2 m−2 s−1) α (mg CO2 μmol−1) Reco,day (mg CO2 m−2 s−1) R2

2012 2013 2012 2013 2012 2013 2012 2013

Fast Growth (DOY 97–199) 0.60 ± 0.02 0.84 ± 0.05 0.0013 ± 0.0001 0.0024 ± 0.0001 0.12 ± 0.02 0.09 ± 0.02 0.41 0.37
Middle Growth (DOY 200–260) 0.60 ± 0.02 0.87 ± 0.02 0.0020 ± 0.0001 0.0021 ± 0.0001 0.19 ± 0.03 0.23 ± 0.03 0.59 0.64
Terminal Growth (DOY 261–311) 0.48 ± 0.04 0.65 ± 0.15 0.0013 ± 0.0001 0.0012 ± 0.0001 0.07 ± 0.02 0.03 ± 0.01 0.50 0.45
Entire growing season 0.58 ± 0.01 0.90 ± 0.04 0.0013 ± 0.0001 0.0014 ± 0.0001 0.12 ± 0.01 0.09 ± 0.01 0.46 0.43

Parameter α is the ecosystem apparent quantum yield, Amax is the ecosystem light-saturated net CO2 exchange, Reco,day is ecosystem respiration in the daytime estimated from the NEE-
PAR response curve, and R2 is the coefficient of determination. Values of coefficients represent the mean ± SE.
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(2.09) during the middle growth stage. Though the vegetation senesced
during the terminal growth stage, the Q10 in 2012 (3.32) was higher
than that in 2013 (3.18). For the entire growing season, the Q10 of Reco

was estimated to be 2.76 in 2012 and 2.56 in 2013, and a comparison of
Q10 in the two years suggested that wetland in 2012 was more sensitive
to changes in the air temperature than that in 2013.

Both years showed strong positive correlations of Reco with GPP
during each growing stages (Fig. 5). The data points of GPP plotted
versus Reco fell below/above the 1:1 line, indicating that GPP exceeded/
belowed Reco and the ecosystem was acting as a net C sink/source. The
slope of line in 2012 was generally lower than that in 2013 during the
growing stages except the terminal growth stage, indicating the weaker
CO2 absorption.

3.5. Effect of changes of precipitation amount on the net photosynthetic rate
during the different growth stages

In the fast growth stage, precipitation under the +40% treatment
significantly increased SWC (Fig. 6a), decreased soil salinity (Fig. 6c),
and accelerated the net photosynthetic rate (Fig. 6e) compared to CK
and −40% treatments (P < 0.01). SWC under the +40% treatment
was 49.2%, which was 29% and 64% higher than the CK and −40%
treatments (P < 0.01). Soil salinity under the +40% treatment was
5.1 ds m−2, which was 9% and 26% lower than the CK and −40%
treatments (P < 0.01). In addition, net photosynthetic rate under the
+40% treatment was 15% and 25% higher than the CK and −40%
treatments, respectively (P < 0.01). During the middle growth stage,
though there were no significant differences of SWC and soil salinity
(P > 0.05), net photosynthetic rate (Pn) under the −40% treatment
was 45% and 69% higher than the CK and −40% treatments, respec-
tively (P < 0.01).

4. Discussion

4.1. Effect of the precipitation distribution on response of daytime NEE to
light

The precipitation distribution regulates the relationship between
NEE and PAR response during the entire growing season. During the
fast growth stage, driven by strong evaporation, water-soluble salts
from the groundwater are transported upward to the root zone and soil
surface through capillary rise (Zhang et al., 2011; Yao and Yang, 2013).
Compared with 2012, higher NEE at the same PAR of 2013 (Fig. 3a)
occurred due to an increased precipitation distribution (Fig. 2a) and
lower salt stress, illustrating that increases in photosynthesis were much
more than offset by increases in respiration during the fast growth
stage. Studies have indicated that elevated salinity reduces annual gross
ecosystem production (Heinsch et al., 2004), with most of the sig-
nificant effects occurring during the first half of the growing season
(Neubauer, 2013). The soil salinity concentration inhibits plant blade
stomatal conductance and mesophyll conductance, causing the photo-
synthesis to decrease (Pezeshki and Patrick, 1987; Pezeshki et al.,
2006), which decreases the growth rates of plants. The shift of pre-
cipitation to spring/summer (April-July) has the highest potential to
change the productivity and composition of an ecosystem (Bates et al.,
2006). Field and laboratory studies have suggested that the biomass
and growth rates of many wetland plants decline as salinities increase
(Mckee and Mendelssohn, 1989; Greiner et al., 2001; Krauss et al.,
2009). The marsh on the Texas Gulf Coast was a net CO2 sink during
stages of high water availability and low sediment salinity and a net
source when the water availability was low and salinity was high
(Heinsch et al., 2004).

The wetland completely entered a monsoon both years during the
middle growth stage, and episodic flooding was observed when the
sediment beneath plants was near saturation prior to a heavy rainfall
event. Our results showed that the waterlogged stress induced by
flooding reduced both the maximum and net photosynthetic rate
(Table 2, Fig. 6e), and subsequently reduced the daytime net CO2 up-
take during the middle growth stage. On the one hand, a monsoon

Fig. 4. Comparison of the temperature-response
curves for nighttime NEE (Reco,night) during growing
seasons of 2012 and 2013. (a) the fast growth period,
(b) the middle growth period, (c) the terminal
growth period, and (d) the entire growing season.
The curves were fitted with Eq. (2) based on the
observed data.
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influences the relationship between solar and net radiation by depres-
sing incoming solar radiation due to increased cloudiness and in-
creasing net radiation due to decreased longwave radiation cooling and
decreased albedo (Kwon et al., 2008). On the other hand, when wet-
lands are inundated, standing water and water in pores restrict the gas
exchange between sediments and the atmosphere, and the effective
photosynthetic leaf area may be reduced as some plant leaves are
submerged (Schedlbauer et al., 2010; Jimenez et al., 2012) decreasing
the maximum rates of photosynthesis. Meanwhile, flooding causes
displacement of gases when soil pores are filled with water, and soil
hypoxia or anoxia can decrease overall plant metabolic activity and
force stomatal closure and transpiration cessation, which affect plant
photosynthesis and autotrophic respiration (Banach et al., 2009; Dušek
et al., 2009; Moffett et al., 2010; Schedlbauer et al., 2010). However,
there was no significant difference between both years in terms of the
NEE-PAR response curve during the terminal growth stage due to the
vegetation senescing and the paucity of precipitation.

4.2. Effect of the precipitation distribution on response of Reco,night to air
temperature

In our study, air temperature accounted for 67% and 71% of the
variation in Reco during the entire growing seasons of 2012 and 2013
(Fig. 4d), respectively, which was similar to those conducted in other
wetland ecosystems (Lafleur et al., 2005; Zhou et al., 2009). In response
to the limited precipitation, soil moisture gradually declined (Fig. 6a)
during the fast growth stage, which coincided with the increase of soil
salinity (Fig. 6c). Compared with 2013, lower Reco,night at the same
temperature of 2012 (Fig. 4) was observed probably due to lower

precipitation and higher salt stress during this stage. In contrast, the
increase of soil salinity can cause plant cells to lose their water in re-
sponse to osmotic stress, decreasing photosynthesis and primary pro-
ductivity, which, in return, restrains aboveground respiration. Plant
growth and maintenance respiration rates are tightly linked with pho-
tosynthetic activity (Cannell and Thornley, 2000), so the decline in
ecosystem respiration of 2012 can be partially explained by salinity-
related decreases in GPP due to the lower net photosynthetic rate (Figs.
5, 6 e). On the other hand, the increase of soil salinity can suppress
microbial activity and decomposition rates of soil organic matter due to
osmotic stress, leading to a decrease in sediment respiration (Chivers
et al., 2010; Setia et al., 2010; Jimenez et al., 2012).

During the middle growth stage, though the inflow of freshwater
after heavy rains tends to dilute the salinity in the wetland, waterlogged
stress seemed more serious. Aboveground respiration was probably
dominant for plants. Because the shoots and leaves were partially or
completely submerged, water forms a diffusion barrier that restricts gas
exchange, which would decrease overall plant metabolic activity such
as photosynthesis and respiration (Banach et al., 2009). Studies have
found that ecosystem respiration fell in parallel with gross photo-
synthesis, suggesting that a limited supply of photosynthetic substrates
under waterlogged stress can suppress Reco (Hussain et al., 2011). Se-
diment respiration probably included both aerobic and anaerobic pro-
cesses. A low diffusion rate of oxygen in water results in limited oxygen
availability for plant roots (Han et al., 2015). As a consequence, hy-
poxia or anoxia conditions lead to a switch of aerobic metabolism of
plants into less efficient anaerobic fermentation, which can have a
negative impact on Reco (Bailey-Serres and Voesenek, 2008; Sairam
et al., 2008). As a result, ecosystem respiration was suppressed more in

Fig. 5. Linear relationship between the daily values
of ecosystem respiration (Reco) and gross primary
production (GPP). (a) the fast growth period, (b) the
middle growth period, (c) the terminal growth
period, and (d) the entire growing season. Solid lines
represent the regression line and dashed lines re-
present the 1:1 line. Rainy days were excluded from
the analysis.
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2012. Similar to the NEE−PAR response curve during the terminal
growth stage (DOY 261–311), the Reco-temperature curve between two
years were slightly different but not significant. Due to the difference in
the precipitation distribution throughout the entire growing season,
Reco in 2012 arguably suffered more salt stress (the early growth) and
waterlogged stress (the middle growth) compared with 2013.

4.3. Effect of the precipitation distribution on carbon budget

On the growing season scale, the coastal wetland in the two years
functioned as C sinks of −175 and −269 g C m−2, respectively. An
annual CO2 balance of −164 g C m−2 was observed in 2012, and a
higher net sink of −247 g C m−2 was estimated for 2013, which means
the precipitation distribution during the growing season substantially
affects the annual ecosystem CO2 budget. Previous studies have sug-
gested that droughts or wetness caused by the precipitation distribution
in wetlands could affect NEE (Aurela et al., 2007; Hao et al., 2011; Lund
et al., 2012), which coincided with the results in this study. Similar
studies have also been conducted in temperate grassland (Hussain et al.,
2011), semi-arid shrubland (Jia et al., 2016), subalpine meadows (Sloat
et al., 2015), semi-arid pasture (Rajan et al., 2013) and forest ecosys-
tems (Kljun et al., 2004; Bonal et al., 2008).

Our results demonstrated that the precipitation distribution in the
growing season was critical to the sink/source strength. As the primary
driver controlling NEE, precipitation could directly and indirectly affect

the uptake of CO2 during the growing season. During the fast growth
stage, the inflow of freshwater after precipitation tends to dilute the
salinity in the coastal wetland, which may accelerate net photosynth-
esis rate and promote plant growth (Fig. 2c), and consequently increase
net CO2 uptake (Table 1, Figs. 2 e, 5 a). During the middle growth stage,
waterlogged stress induced by high precipitation could suppress net
photosynthetic rate due to the partial or complete submersion of plants,
as a result, the net CO2 uptake was inhibited (Table 1, Figs. 2 e, 5 b).
The same results have been found in a precipitation manipulation ex-
periment in the same site (Fig. 6). Increased precipitation during the
fast growth stage enhanced net photosynthetic rate (Fig. 6e) due to the
reduced salt stress (Fig. 6c), whereas increased precipitation during the
middle growth stage suppressed net photosynthetic rate (Fig. 6f) due to
the increased waterlogged stress. Therefore, it is critical to take the
precipitation distribution into account in forecasting the carbon bud-
gets of coastal wetlands under global climate change.

4.4. Limitation of the research and outlook

The precipitation redistribution can affect the growth rate of plants,
and vegetation structural characteristics are important for the seasonal
ecosystem CO2 exchange, but the leaf area index as an important bio-
logical process regulating CO2 flux was not involved in our study.
Moreover, the concentration of salt, groundwater and surface water
depth were not measured during the observation stage. Our conclusion

Fig. 6. Effect of changes in precipitation amount on
soil water content at 10 cm depth (SWC) (a, b), soil
salinity (c, d) at 10 cm depth, and Net photosynthetic
rate (e, f) during the fast and middle growth periods.
Different letters (a, b, c) indicate significant differ-
ences among different treatments. Bars represent
means ± SE. +40%: precipitation increased by
40%; CK: no processing; −40%: precipitation re-
duced by 40%.
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are preliminary and further study involving longer time series spanning
a wider range of precipitation conditions, biotic factors, salt and wet-
land hydrology are needed to confirm or refine these patterns, which is
important for accurately evaluating the carbon budget and its control-
ling mechanisms over coastal wetlands.

5. Conclusion

This study provides a dual effect of precipitation redistribution on
ecosystem CO2 exchange in the coastal wetland. The higher precipita-
tion promoted net ecosystem CO2 absorption due to the increased SWC
and reduced salt stress during the fast growth stage. While the higher
precipitation suppressed net ecosystem CO2 uptake due to the increased
waterlogged stress during the middle growth stage. These results illu-
strated that the precipitation distribution could modify the magnitude
of NEE as well as its response to light and temperature in coastal wet-
lands. Therefore, understanding the responses of NEE to the precipita-
tion redistribution is essential not only for predictive modeling of po-
tential short- and long-term changes of carbon storage but also for
predicting the possible impacts of climate change
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