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Abstract: Xinjiang is the largest semi-arid and arid region in China, and drip irrigation under plastic mulch is 
widely used in this water-limited area. Quantifying carbon and water fluxes as well as investigating their environ-
mental drivers over cotton fields is critical for understanding regional carbon and water budgets in Xinjiang, the 
largest cotton production basin of China. In this study, an eddy covariance (EC) technique was used to measure the 
carbon and water fluxes of cotton field under drip irrigation with plastic mulch in the growing seasons of 2009, 2010, 
2012 and 2013 at Wulanwusu Agrometeorological Experiment Station, a representative oasis cropland in northern 
Xinjiang. The diurnal patterns of gross primary production (GPP), net ecosystem exchange (NEE) and evapotran-
spiration (ET) showed obviously sinusoidal variations from June to September, while the diurnal ecosystem respi-
ration (Res) was stable between daytime and nighttime. The daytime hourly GPP and ET displayed asymptotic rela-
tionships with net solar radiation (Rnet), while showed concave patterns with raising vapor pressure deficit (VPD) and 
air temperature (Ta). The increases in hourly GPP and ET towards the maximum occurred over half ranges of VPD 
and Ta. The seasonal variations of GPP, NEE and ET were close to the cotton phenology, which almost reached the 
peak value in July. The cumulative GPP averaged 816.2±55.0 g C/m2 in the growing season (from April to October), 
and more than half of GPP was partitioned into NEE (mean value of –478.6±41.4 g C/m2). The mean seasonal ET 
was 501.3±13.9 mm, and the mean water use efficiency (WUE) was 1.0±0.1 (mg C/g H2O)/d. The agro-ecosystem 
behaved as a carbon sink from squaring to harvest period, while it acted as a carbon source before the squaring time 
as well as after the harvest time. 
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Arid and semi-arid regions, covering about 30% of the 
global land surface (Asner et al., 2003), significantly 
contribute to global carbon and water cycles (Li et al., 
2013). Compared to other desert vegetation, cropland 
is more heavily influenced by anthropogenic activities 
(e.g. irrigation, fertilization, tillage and other new 
technologies), thus it is one of the most active com

ponents of carbon and water budgets in arid and semi- 
arid regions (Li et al., 2011a).  

Drip irrigation with mulch has been proved to re-
duce soil evaporation and increase crop production, 
thus increasing water use efficiency (WUE) in many 
arid and semi-arid regions (Li et al., 2004; Chakraborty 
et al., 2008; Hou et al., 2010; Li et al., 2011b). 
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Previous field experiments have indicated that plastic 
mulch could modify soil micro-environments such as 
soil temperature and moisture (Ramakrishna et al., 
2006), as well as surface albedo and energy partition 
(Ham and Kluitenberg, 1994; Tarara and Ham, 1999). 
Although the improvement of crop yield and WUE 
under plastic mulch has been acknowledged, the car-
bon and water fluxes as well as their controlling fac-
tors under plastic mulch were not systematically 
quantified. 

Cotton-producing area in Xinjiang of China tripled 
during the past 20 years (Statistic Bureau of Xinjiang 
Uygur Autonomous Region, 1990–2012). Currently, 
more than 50% of the national cotton production is 
supplied by Xinjiang, and more than 85% of the cot-
ton fields were covered with plastic mulch in this re-
gion. Many studies have focused on the cotton yield 
(Wang et al., 2004), water consumption (Zhou et al., 
2012) and soil carbon flux (Li et al., 2011b) in Xinji-
ang. For example, study of Wang et al. (2004) showed 
that high lint percentage contributed to an increasing 
lint yield of cotton in Shihezi, northern Xinjiang. Par-
tial root-zone irrigation with furrow or drip irrigation 
has been shown to be a highly effective irrigation 
method in the Fukang oasis of northern Xinjiang 
(Tang et al., 2005; Du et al., 2008). Drip irrigation 
with mulching on cotton was reported to decrease soil 
CO2 emission (Li et al., 2011b, 2012) and maintain 
stable evapotranspiration (ET) through the growing 
season (Zhou et al., 2012). However, there have been 
a few experiments on the continuously temporal varia-
tions in the carbon and water exchanges for the cotton 
under plastic mulching in arid regions of Xinjiang 
using an eddy covariance (EC) technique.  

The main objectives of this study were to: (1) quan-
tify the carbon and water fluxes using the EC tech-
nique; (2) investigate the diurnal, seasonal and in-
ter-annual variations of carbon and water fluxes; and 
(3) analyze the carbon and water exchanges in re-
sponse to climate factors during the growing season.  

1  Materials and methods  

1.1  Site description 

The Wulanwusu Agrometeorological Experiment Sta-
tion (85°49'E, 44°17'N; 469 m asl) is located in the 

Shihezi oasis of northern Xinjiang, China. The oasis is 
characterized by an arid climate with an annual mean 
temperature of 7.0°C. The warmest and coldest 
months are July (mean 26.9°C) and January (mean 
–2.4°C), respectively. The average annual precipitation 
is 210 mm with most occurring from April to July, and 
the annual pan evaporation is as high as 1,600 mm. In 
the experiment station, the average bulk density of the 
soil is 1.30 g/cm3, and the soil texture is sandy loam. 
The mean field capacity is 0.27, and the soil wilting 
point is 0.048 in the topsoil layer of 0–50 cm. The 
climate in this location is suitable for planting cotton 
using a single cropping system. Cotton is sowed in 
mid- to late-April and harvested in early or 
mid-October. Approximately 80% of the surface is 
covered by a 0.08-mm-thick plastic film when the 
cotton is sowed (Zhou et al., 2012). 

1.2  Field measurements 

1.2.1  Flux and meteorological measurements 

The CO2 flux was measured by an EC system at a 
height of 4.0 m during the cotton growing season. The 
system consisted of a three-dimensional (3D) sonic 
anemometer (CSAT3, Campbell Scientific Inc., Logan, 
UT, USA) and an LI-7500 open-path infrared gas 
analyzer (Li-COR, Inc., Lincoln, NE, USA). The data 
were recorded by a data logger (CR3000, Campbell 
Scientific Inc, Logan, UT, USA), and the sampling 
frequency of the EC system was 10 Hz. Air tempera-
ture (Ta) and humidity were measured using a 
HMP45D probe (HMP45D, Vaisala, Inc., Helsinki, 
Finland) at 2.0 m above ground level. The downward 
and upward short and long-wave radiation were 
measured with a radiometer (CNR-1, Kipp & Zonen, 
Delft, the Netherlands) at 3.0 m above ground level. 
Precipitation was measured using a standard 20-cm 
diameter rain gauge and the atmospheric pressure was 
measured using a PTB220 barometer (Vaisala, Hel-
sinki, Finland). The wind speed and direction were 
measured using the EL15-1A wind speed sensor and 
the EL15-2D wind direction sensor (Zhonghuan TIG, 
Tianjin, China), respectively. Soil heat flux (G) was 
measured with two soil-heat-flux plates (HFP01, 
Hukseflux, Delft, the Netherlands) at 80-mm depth 
below the ground surface. Soil temperature was 
measured using a TCAV probe (Campbell Scientific 
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Inc., Logan, UT, USA) at the depths of 20 and 60 mm. 
The data for this study was recorded from January to 
December in 2009, 2010, 2012 and 2013. 

1.2.2  Agro-management inventories and biometric 
measurements  

Table 1 shows the development, management (irriga-
tion and fertilization) and seed yields of cotton at 
Wulanwusu site during the four study years. The 
planting system of cotton here was bringing in one 
harvest a year. The lengths of the growing period 

were approximately 188, 160, 149 and 169 days in 
2009, 2010, 2012 and 2013, respectively. The densi-
ties of cotton achieved were 26.57, 28.94, 22.64 and 
19.74 plants/m2 in these four years, respectively. 
During the cotton growing period, drip irrigation was 
applied 7 to 8 times at an interval of approximately 
10 days based on soil moisture. The irrigation wa-
ter was mainly withdrawn from the Manas River. 
The soluble fertilizer was put into the drip irrigation 
system. 

 
Table 1  Growing periods, managements and seed yields of cotton in the study periods 

Year Variety 
Planting 

date 
Stopping date of 

growing 
Irrigation amount 

(mm) 
Nitrogen fertilization amount  

(kg/hm2) 
Seed yield 

(t/hm2) 

2009 Xinluzao No. 36 12 Apr 16 Oct 330.0 128 4.5 

2010 Xinluzao No. 36 28 Apr 4 Oct 409.5 236 3.9 

2012 Xinluzao No. 46 17 Apr 6 Oct 615.0 133 4.2 

2013 Xinluzao No. 46 8 Apr 22 Sep 525.0 135 4.2 

 
The sample plot of leaf area index (LAI) had an area 

of 0.3 km×0.3 km and was located about 2 km west of 
the EC system. LAI was measured by collecting de-
structive plant samples. Twenty plants were randomly 
collected at representative stages (e.g. seedling stage, 
squaring stage, flowering stage and boll opening stage) 
during the cotton growing season in the plot. The di-
mensions (length and width) of all the leaves of the 
sampled plants were measured with a scale, and the 
total leaf area was calculated as the product of its 
length along primary vein, the maximum width and a 
correction coefficient of 0.75. The LAI was then cal-
culated as the leaf area per unit of ground area.  

1.3  Flux data treatments 

1.3.1  Flux gap-filling and net ecosystem exchange 
(NEE) partitioning  

We applied 3D coordinate rotation and density fluc-
tuation correction to obtain the half-hourly mean heat, 
water vapor and CO2 fluxes. The flux measurements 
were filtered to remove data spikes caused by instru-
ment errors or inappropriate meteorological conditions 
for EC measurements (Vickers and Mahrt, 1997; Bal-
docchi, 2003; Papale et al., 2006).  

Firstly, flux data was discarded if the scalar means, 
scalar standard deviations or flux values were outside 
the realistic boundaries. Secondly, the moving mean 
(Xmean) and standard deviation (Xsdi) were calculated 

for a moving 7-day window. The window moved one 
point at a time through the series. Any absolute dif-
ference between the fluxes (Xi) and the mean (Xmean) 
in this window that was more than 3 times the stan-
dard deviation of the window was flagged as a spike 
(Vickers and Mahrt, 1997). The value was flagged as 
a spike if |Xi–Xmean|≥3×Xsdi. 

The flux data processes, including gap filling and 
net ecosystem exchange (NEE) partitioning, were car-
ried out by the EC gap-filling & flux-partitioning tool 
from the Biogeochemical Model-Data Integration 
Group (MDI-BGC; http://www.bgc-jena.mpg.de/ 
~MDIwork/ eddyproc/). The gap-filling algorithm for 
half-hourly fluxes and meteorological data was fol-
lowed by Reichstein et al. (2005), considering both 
the co-variation of fluxes with meteorological vari-
ables and the temporal auto-correlation of the fluxes. 
After gap-filling was achieved, the NEE was parti-
tioned into the gross primary production (GPP) and 
ecosystem respiration (Res) according to the definition 
equation NEE=Res–GPP. A negative NEE value 
means that the ecosystem behaves as a carbon sink 
(GPP>Res), and a positive value means that the eco-
system behaves as a carbon source (GPP<Res). The 
algorithm for the NEE partitioning was used by a hy-
perbolic light response curve which was modified by 
the temperature limitation on respiration and vapor 
pressure deficit (VPD) limitation on photosynthesis 
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(Lasslop et al., 2010).  

1.3.2  Energy balance closure and footprint area 

The energy balance was examined for ‘closure’ by 
checking the equality of the sum of latent heat (LE) 
and sensible heat (H) to the available energy of net so-
lar radiation (Rnet) minus G at Wulanwusu site (Fig. 1). 
The slope and intercept of the linear regression be-
tween the observed LE+H and Rnet–G was 0.53 and 
11.88 W/m2, respectively. The regression coefficient 
(R2) of the observed LE+H and Rnet–G was 0.81. 

The slope value (0.53) at our study site was lower 
than that reported at other sites of the FLUXNET 
  

 
 

Fig. 1  Relationship between LE+H and Rnet–G at Wulanwusu 
station. LE, latent heat; H, sensible heat; Rnet, net solar radiation; 
G, soil heat flux.  

network (Wilson et al., 2002; Li et al., 2005), and 
showed an incomplete energy balance closure. The 
major reason for this was that the energy stored inside 
the film mulching was not considered in the energy 
balance (Zhou et al., 2012). The fetch length ranged 
from 200 to 5,000 m under stable conditions while it 
ranged 0–500 m under unstable conditions (Fig. 2). 
The result of footprint analysis in our study was simi-
lar to that in Fukang site (Li et al., 2013) which was 
nearby Wulanwusu site.  

1.3.3  Response functions of GPP and ET 

The functional forms of GPP and ET to Rnet, VPD 
and Ta in this study were taken from Whitley et al. 
(2008, 2012). The Rnet responses in GPP or ET can 
be described by Eq. 1. 

.
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Where, A is the light saturation GPP (GPPmax) or ET 
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Where, B is the maximum value of GPP (GPPmax) or 
ET (ETmax), X is the VPD, KD1 and KD2 describe the 
shape of the response curve, and KD3 describes the 
value of optimal VPD at which GPP or ET is maxi-
mized. The functional form of GPP or ET to Ta is ex-
pressed as Eq. 3.

 

 
 

Fig. 2  Footprint areas of the observed fluxes under stable (a) and unstable (b) conditions at Wulanwusu station 
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Where, C is the maximum value of GPP (GPPmax) or 
ET (ETmax), X is the Ta, KT1 and KT2 describe the shape 
of the response curve, and KT3 describes the value of 
optimal Ta at which GPP or ET is maximized. 

2  Results 

2.1  Seasonal variations of environmental variables 

The mean values of Rnet from April to October in 2012 
and 2013 (168 and 167 W/m2, respectively) were much 
lower than those in 2009 and 2010 (178 and 181 W/m2, 
respectively; Fig. 3a). The peak values of Rnet over the 
four periods occurred in June and July.  

The mean values of Ta from April to October were 
18.7°C, 18.5°C, 19.9°C and 18.7°C in 2009, 2010, 
2012 and 2013, respectively (Fig. 3b). The respective 

mean Ta of 2009, 2010 and 2013 was close to the 
long-time mean value of 18.5°C during 1950–2008. 
However, mean Ta in 2012 was 1.4°C higher than the 
normal level. The monthly mean maximum tempera-
ture was around 25.0°C. 

The mean daily VPD from April to October in 2012 

(1.4 kPa) was significantly higher than that in the 

other three years (1.2 kPa in 2010, as well as 1.1 kPa 

in 2009 and 2013; Fig. 3c). The result showed that the 

evaporative demand in 2012 was the highest. The 

monthly mean VPD of the four years all reached peak 

values in June, especially in 2012 and 2010 with the 

higher values of 1.9 and 1.8 kPa, respectively.  

The seasonal precipitation during the study periods 
showed two kinds of hydrological years (Fig. 3d). The 
study year of 2012 was extremely dry with a total pre-
cipitation of 62.5 mm from April to October, which 
was 58.3% below the long-term mean of 150 mm 

 

 
 

Fig. 3  Daily measurements for climate factors (a–d) and SWC and irrigation (e) at Wulanwusu station in 2009, 2010, 2012 and 2013. 
Rnet, net solar radiation; Ta, air temperature; VPD, vapor pressure deficit; SWC, soil water content (0–50 cm).  
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during 1958–2008. The study years of 2009, 2010 and 
2013 were the normal hydrological years with the total 
precipitations of 163.2, 190.5 and 157.5 mm from 
April to October, respectively; and these three values 
were 8.8%, 27.0% and 5.0% above the long-term 
mean, respectively. Precipitation was generally dis-
tributed in April to July, and was relatively lower in 
August to October. Monthly precipitations were 
higher in May 2009, May 2010, May 2012 and July 
2013, with the values of 53.2, 39.7, 16.0 and 36.5 mm, 
respectively.  

The mean values of SWC at the depth of 0–50 cm 
maintained at steady levels of 0.21±0.01, 0.20±0.04, 
0.25±0.03 and 0.23±0.04 m3/m3 in 2009, 2010, 2012 
and 2013, respectively (Fig. 3e). Drip irrigation sup-
plied sufficient water despite the uneven seasonal dis-
tribution of precipitation during the cotton growing 
season. In particular, precipitation from June to Au-
gust in 2012 was extremely low with the monthly pre-
cipitation less than 15 mm. However, SWC during 
this arid period rarely fell below the mean level be-
cause of sufficient irrigation during these months. Ir-
rigation amount was higher than the total precipitation 
during this period, so irrigation played a more impor-
tant role on SWC in the cropland of arid regions. 

2.2  Diurnal variations of carbon and water fluxes 

The diurnal variations of carbon and water fluxes from 
May to October are shown in Fig. 4. The mean diurnal 
GPP and NEE in each month followed an obvious 
sinusoidal dynamic, but the mean diurnal Res kept a 
horizontal level during the whole growing season (Figs. 
4a–f). The diurnal values of GPP and NEE were from 
–0.5 to 21.6 and –18.7 to 2.7 μmol/(m2

•s), respectively; 
while the diurnal Res varied from 0.6 to 3.5 μmol/(m2

•s). 
The mean diurnal Res remained stable between daytime 
and nighttime due to the plastic mulch could prevent 
soil temperature from falling during the nighttime. Both 
of the maximum GPP and minimum NEE occurred at 
everyday about 14:00 in each month. The maximum 
mean diurnal value of GPP was 21.6 μmol/(m2

•s) in 
July, while the values of NEE and Res were –18.6 and 
3.0 μmol/(m2

•s), respectively. This illustrated that the 
diurnal NEE accounted for a greater portion of GPP 
than Res in plastic mulched cotton field.  

The mean diurnal ET also followed an obvious sinu-
soidal dynamic in each month (Figs. 4g–l). The peak value 
of diurnal ET occurred at everyday about 15:00 in each 
month. The maximum mean diurnal ET of each month 
increased from May and reached the peak value of 0.49 
mm in July, and then decreased from August to October. 

 

 
 
Fig. 4  Mean diurnal variations of carbon fluxes (a–f) and ET (g–l) from May to October. Res, ecosystem respiration; GPP, gross primary 
production; NEE, net ecosystem exchange; ET, evapotranspiration. 
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2.3  Seasonal and inter-annual variations in carbon 
and water budgets 

The dynamics of GPP and NEE showed remarkable 
variations and closely followed the development of 
LAI (Figs. 5a and b). When the LAI was less than 1 
m2/m2 before the squaring time in early July, the value 
of daily Res increased quickly than GPP, so the mean 
value of NEE (0.1–0.5 g C/(m2

•d)) was positive and 
the agro-ecosystem acted as a carbon source during 
the early growing season. After the leaf was large 
enough to provide canopy closure, GPP of the four 
study periods rapidly reached the maximum values of 
11.0–15.7 g C/(m2

•d) in mid- or late-July, corre-
sponding to the peak values of LAI. Afterward, GPP 
decreased following the decreasing LAI. The maxi-
mum values of Res (4.3–5.0 g C/(m2

•d)) of these four 
periods occurred earlier than those of GPP, but the 
mean value of Res was smaller than that of GPP. Thus, 
NEE of the four study periods reached the minimum 

values of –9.0 to 11.7 g C/(m2
•d) near the days when 

GPP were at the peaks, and the agro-ecosystem acted 
as a strong carbon sink in the major growing season 
(May–September). After the harvest time (when plas-
tic mulch was removed), GPP was nearly zero and Res 

was greater than zero, thus NEE became positive. The 
cumulated value of NEE had two positive periods: one 
was from planting to squaring stage (value of 45.7±15.6 
g C/m2) and another was from harvest time to the end 
of the year (value of 43.8±8.6 g C/m2). The mean total 
GPP in the growing season was 816.2±55.0 g C/m2, 
and about 41% and 59% of the total GPP were parti-
tioned into Res and NEE, respectively.  

The seasonal and inter-annual patterns of ET 
closely matched those of GPP (Figs. 5b and c). ET 
increased quickly from the squaring time as a result of 
rapid plant growth up until July. However, there was a 
rapid decrease in ET from late-July, following the 
senescence of the plant. The peak values of ET were 

 

 
 
Fig. 5  Seasonal and inter-annual variations of LAI (a), daily carbon fluxes, (b), ET, (c), and WUE (d), in 2009, 2011, 2012 and 2013. LAI, 
leaf area index; WUE, water use efficiency; P, date of planting; S, date of squaring; H, date of harvest. 
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6.3, 5.9, 6.5 and 6.2 mm in 2009, 2010, 2012 and 2013, 
respectively. The maximum ET occurred in 2012 be-
cause of the highest irrigation amount. The mean an-
nual ET at Wulanwusu site was 574.4±20.9 mm. The 
mean cumulative ET during the cotton growing season 
was 501.3±13.9 mm, accounting for 87% of the an-
nual water consumption. ET in the cotton growing 
season was 3.5 times higher than the corresponding 
cumulative precipitation (Table 2). A large amount of 
irrigation (over 3 times of total precipitation on aver-

age) has been supplied to meet the demands of cotton 
growing in this arid region. For example, the total 
precipitation in the dry year of 2012 was only half of 
that in the normal hydrological years, but the total ET 
in this dry year remained stable with a level of 491.5 
mm due to the highest amount of irrigation (615.0 
mm). The seasonal total ET showed a significant rela-
tionship with the Rnet because the SWC was main-
tained stable under sufficient irrigation and plastic 
mulching.  

 
Table 2  Values of carbon fluxes (GPP, Res and NEE), ET and hydrometeorological elements (WUE, Rnet, Ta, VPD, P and SWC) in the 
growing seasons of 2009, 2010, 2012 and 2013 

Year 
GPP 

(g C/m2) 
Res 

(g C/m2) 
NEE 

(g C/m2) 
ET 

(mm) 
WUE  

((mg C/g H2O)/d)
Rnet 

(W/m2) 
Ta 

(°C) 
VPD 
(kPa) 

P 
(mm) 

SWC 
(m3/m3) 

2009 796.7 346.7 –450.0 512.7 0.8 178.5 18.7 1.2 163.2 0.21 

2010 900.1 395.8 –504.3 517.0 1.0 181.0 18.5 1.5 190.8 0.20 

2012 820.0 288.1 –531.9 491.5 1.1 168.3 19.9 1.6  62.5 0.25 

2013 747.9 319.7 –428.2 484.0 0.9 167.8 18.7 1.2 157.5 0.23 

Mean 816.2±55.0 337.6±39.5 –478.6±41.4 501.3±13.9 1.0±0.1 173.9±5.9 19.0±0.6 1.4±0.2 143.5±48.4 0.22±0.02

Note: GPP, gross primary production; Res, ecosystem respiration; NEE, net ecosystem exchange; ET, evapotranspiration; WUE, water use efficiency; Rnet, net 
solar radiation; Ta, air temperature; VPD, vapor pressure deficit; P, precipitation; SWC, soil water content (0–50 cm). 

 

2.4  Seasonal and inter-annual variations in WUE 

The WUE can be calculated using the ratio of GPP to 
the corresponding ET. In this study, GPP and ET were 
both directly measured using the EC technique. ET 
was calculated as the ratio of LE flux to the LE of 
water vaporization (λ=2.45 MJ/kg). Seasonal pattern 
of WUE in the cotton growing season was similar to 
that of GPP and ET (Fig. 5d). Before the squaring 
time, WUE was lower due to the small value of LAI. 
After the squaring time, WUE increased quickly and 
kept a higher value until July because the increment of 
photosynthetic rate was higher than that of ET. The 
maximum daily values of WUE in the four periods 
ranged from 2.1 to 3.3 (mg C/g H2O)/d. Thereafter, 
WUE declined and was close to zero at harvest time. 
Seasonal WUE was 0.8–1.2 (mg C/g H2O)/d in 2009, 
2010, 2012 and 2013.  

2.5  Responses of GPP and ET to climate variables 

A comparison of the responses of hourly GPP and ET 
to Rnet, VPD and Ta in the study periods is presented in 
Fig. 6. The data was selected in daytime (Rnet>10 W/m2) 
and in the major growing season (from May to Sep-
tember). The boundary curves displayed signifycant 

asymptotic responses of GPP and ET to the increased 
Rnet (Figs. 6a and d). With the increasing Rnet, the GPP 
and ET both increased from zero to the maximum 
value asymptotically, and showed no saturation occur-
ring before Rnet reached 900 W/m2. The estimated 
maximal values for GPP and ET were 28.6 μmol/(m2

•s) 

and 1.0 mm, respectively; while the measured maximal 
values were 27.8 μmol/(m2

•s) and 0.8 mm, respectively. 
The change rate between ET and Rnet was greater than 
that between GPP and Rnet, reflected by the greater gkr 
value in the former response curve (Table 3).  

The responses of GPP and ET to increased VPD 
showed similar concave curves (Figs. 6b and e). 
With the increasing VPD, GPP increased firstly and 
reached the maximum over a nearly half range of 
VPD (0–2.6 kPa), and then it declined (Table 3). ET 
increased as VPD increased up to about 3.1 kPa, 
and then it declined despite VPD increasing further 
(Table 3). The optimum VPD for ET was higher 
than that for GPP. 

The responses of GPP and ET to Ta also showed 
concave shapes (Figs. 6c and f). GPP and ET in-
creased from zero to the maximum within the larger 
ranges of Ta (0–29.8°C and 0–32.3°C, respectively;  
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Fig. 6  Seasonal responses of hourly values of GPP and ET to Rnet (a and d), VPD (b and e) and Ta (c and f) in the cotton growing 
seasons of 2009, 2010, 2012 and 2013. Blue lines shown are the 95% confidence boundaries for cotton.  

 

Table 3  Estimated parameters in functional responses of hourly GPP and ET to Rnet (A and gkr), VPD (B, KD1, KD2 and KD3) and Ta (C, 
KT1, KT2 and KT3) 

GPP to Rnet  GPP to VPD GPP to Ta 

A gkr  B KD1 KD2 KD3 C KT1 KT2 KT3 

28.6 
(0.7) 

127.1 
(13.9) 

 
23.4  
(0.2) 

1.6 
(0.8) 

7.0 
(4.0) 

2.6 
(0.0) 

23.8 
(0.3) 

2,954.9 
(291.4) 

535,821.
6 (0.0) 

29.8 
(0.5) 

ET to Rnet  ET to VPD ET to Ta 

A gkr  B KD1 KD2 KD3 C KT1 KT2 KT3 

1.0 
(0.0) 

430.6 
(33.4) 

 
0.6 

(0.0) 
0.9 

(0.2) 
3.8 

(1.1) 
3.1 

(0.0) 
0.6 

(0.0) 
95.3 
(5.3) 

220,86.7 
(0.0) 

32.3 
(0.5) 

Note: The standard error (σsd) is given as a fraction of its respective parameter value in the bracket. 
 

Table 3). Afterwards, GPP and ET declined and it was 
noted that there was a relatively smaller increase in Ta. 
The optimum Ta for ET was also higher than that for 
GPP. 

3  Discussion 

3.1  Carbon and water budgets in plastic mulched 
cotton field 

The ratio of accumulated Res to GPP was averaged 
41%, while the ratio of accumulated NEE to GPP av-

eraged 59% (Table 4). Compared with other 
agro-ecosystems in the literatures, the averaged ratio 
of accumulated Res to GPP on mulched cotton was 
significantly lower than that on non-mulched crops 
(T-test, P<0.001), whereas the ratio of accumulated 
NEE to GPP on mulched cotton was significantly 
greater than that on non-mulched crops.  

Field researches reported that mulching could mod-
ify soil respiration (Li et al., 2011b; Liu, 2013) and 
carbon flux (Duiker and Lal, 2000). Using the method 
of a closed opaque chamber, Li et al. (2012) reported 
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Table 4  Comparsions of GPP, NEE, Res and carbon partitions between mulched cotton in the Wulanwusu site and non-mulched crops in 
the other areas 

Crop 
species 

Site 
GPP 

(g C/m2) 
NEE 

(g C/m2)
Res 

(g C/m2)
NEE/GPP

(%) 
Res/GPP

(%) 
Mulch or 

non-mulch
Growing period Source 

Cotton Wulanwusu of China 816.2 –478.6 336.7 59.0 41.0 Yes Apr–Oct, 2009–2010 This study 

Lonzée of Belgium 1,630.0 –680.0 950.0 41.7 58.3 No 
Nov–Aug, 
2004–2007 

Aubinet et al., 
2009 

Weishan of China 956.0 –354.0 602.0 37.0 63.0 No Nov–Jun, 2005–2009 Lei et al., 2010 

Changwu of China 544.8 –241.0 303.8 44.2 55.8 No Nov–Jun, 2008–2010 Wang et al., 2013

Winter 
wheat 

Lamasquère of France 950.0 –350.0 600.0 36.8 63.2 No 2006 Li et al., 2011a 

Weishan of China 876.0 –222.0 654.0 25.3 74.7 No Jun–Oct, 2007–2008 Lei et al., 2010 

Yinke of China 1,567.0 –626.0 941.0 39.9 60.1 No 2008–2009 Wang et al., 2012

Nebraska of USA 1,744.0 –590.0 1,154.0 33.8 66.2 No May–Oct, 2002 Suyker et al., 2005

Klingenberg of Germany 1,000.0 –200.0  800.0 20.0 80.0 No 2007 Li et al., 2011a 

Maize 

Langerak of Netherlands 1,400.0 –350.0 1,050.0 25.0 75.0 No 2005 Li et al., 2011a 

Note: NEE/GPP, the ratio of NEE to GPP; Res/GPP, the ratio of Res to GPP. 

 
that plastic mulch decreased 89 g C/m2 soil heterotro-
phic respiration (Rh) and increased 340 g C/m2 accu-
mulated NEE in a cotton field of Fukang, nearby our 
study site, in the 2009–2010 growing season. The im-
pacts of mulching on soil respiration differed over 
different field observations due to varying soil proper-
ties, mulched materials, crop types and measurement 
methods. The annual carbon emission of the mulched 
Satsuma (900 g C/m2) was less than the non-mulched 
carbon emission (1,500 g C/m2; Okuda et al., 2007). 
In the Loess Plateau of China, plastic mulch obviously 
increased soil temperature and enhanced soil respira-
tion for maize (Liu et al., 2013). However, Li et al. 
(2004) found that soil respiration for the mulched 
maize was lower than that for the non-mulched maize 
in the growing season (130 days after planting). The 
plastic mulch was also reported to increase the photo-
synthesis rate of cotton by 6.8% and plant biomass of 
cotton by 9.9% in the Yellow River delta (Dong et al., 
2009). 

The 4-year average daily value of ET (2.8 mm) in 
our study was lower than that reported over 
non-mulched practices in the major cotton production 
areas of arid regions such as Uzbekistan (5.8 mm; 
Ibragimov et al., 2007), Turkey (6.3 mm; Dağdelen et 
al., 2009), Syria (5.9 mm; Oweis et al., 2011) and 
California of the USA (6.6 mm; Grismer, 2002). 

3.2  Primary climate drivers of seasonal GPP and ET  

As Rnet increased, GPP and ET increased asymptoti-
cally from zero to the maximum. The observed pat-

terns in the responses of GPP and ET to Rnet in this 
study compared well with those in the study of Wil-
liams et al. (1998). At the low levels of incident radia-
tion (from 100 to 400 W/m2), energy supply limits 
GPP and ET; while at the high levels of radiation 
(above 400 W/m2), other factors such as stomatal 
conductance, soil moisture and VPD limit GPP and 
ET (Law et al., 2002; Whitley et al., 2011). The de-
clines of soil moisture in the upper soil layers were 
associated with the declines of stomatal conductance 
(gs) and photosynthetic rate (Hutmacher and Krieg, 
1983; Williams et al., 1998). However, plastic mulch 
and sufficient irrigation retained the soil moisture, 
therefore soil water was not the limiting factor on cot-
ton growth in arid regions (Zhou et al., 2012).  

The responses of GPP and ET to increasing VPD 
were more complex than those to increasing Rnet. At 
the lower ranges of VPD (VPD≤2.6 kPa), increasing 
VPD resulted in the evaporative demand and stomatal 
limitation to carbon fixation increasing (Williams et 
al., 1998; Whitley et al., 2008). However, at the higher 
ranges of VPD (VPD>2.6 kPa), water supply was no 
longer meeting the atmospheric demands and the gs 
closed, so that ET and GPP declined (Yong et al., 
1997). The above photosynthetic processes of cotton 
were comparable to those of stomatal behavior ob-
served at the leaf scale (Hutmacher and Krieg, 1983; 
Monteith 1995; Ko and Piccinni, 2009). The threshold 
of 2.6–3.1 kPa in VPD observed in the present study 
was at a relatively higher level comparing with the 
savannas in Australia (Whitley et al., 2011) and the 
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rain forest in Brazil (Williams et al., 1998). The opti-
mal VPD to carbon assimilation over non-mulched 
and surface dripping irrigated cotton in arid regions of 
Australia was 2.2 kPa at the leaf scale (Conaty et al., 
2014). This is probably because the sufficient irriga-
tion in cotton field decreased the soil stress and made 
the cotton experiencing higher values of VPD com-
pared to natural vegetation in arid regions. 

The responses of GPP and ET to Ta were similar as 

those to VPD because of the positive correlation be-

tween Ta and VPD in the field conditions. The in-

creasing VPD was generally accompanied by an in-

crease in Ta, which directly affected photosynthesis 

and ET. Many field tests reported a peaked response 

of ET to VPD when temperature varied (Macfarlane et 

al., 2004; Whitley et al., 2011). However, the opti-

mum Ta or VPD for GPP and ET didn’t occur at the 

same time. The phenomenon of ET and VPD peaked 

at a higher temperature than GPP did was also re-

ported by Duursma et al. (2014). 

4  Conclusions 

Using the EC method, the carbon and energy fluxes of 
cotton under drip irrigation with plastic mulch at Wu-
lanwusu site were measured in the growing seasons of 
2009, 2010, 2012 and 2013. The changes in carbon 
fluxes (GPP, NEE and Res) and water flux (ET) were 
analyzed at different time scales (diurnal, seasonal and 
inter-annual scales). From June to September, the di-
urnal GPP, NEE and ET showed a significantly sinu-
soidal variation and the mean diurnal Res remained 
stable between daytime and nighttime. The maximum 
peaks of hourly GPP and ET were 21.6 μmol/(m2

•s) 
and 0.49 mm in July, respectively. The responses of 
GPP and ET to Rnet showed an asymptotic line with 
the saturated values of 28.6 μmol/(m2

•s) and 1.0 mm, 
respectively. The responses of GPP and ET to VPD 
and Ta were both concave. The optimum values of 
VPD for GPP and ET were 2.6 and 3.1 kPa, respec-
tively; whilst the optimum Ta were 29.8°C and 32.3°C, 
respectively. During the growing season, the patterns 
of GPP, NEE and ET were found to be closely corre-
lated to LAI, and their peaked daily values mostly 
occurred in the mid- or late-July in the four study pe-
riods. The maximum daily GPP in the four years 

ranged from 11.0 to 15.7 g C/(m2
•d), and the peaked 

daily ET was from 5.9 to 6.5 mm. Furthermore, the 
daily peak values of Res in the four study periods 
ranged from 4.3 to 5.0 g C/(m2

•d). The seasonal sum 
of GPP for cotton averaged 816.2±55.0 g C/m2, and 
about 59% of the total GPP contributed to NEE (av-
eraged at –478.6±41.4 g C/m2). These results illus-
trated that the mulched cotton functioned as a strong 
carbon sink during the main growing season (from 
squaring to harvest stage). It should be noted that from 
planting until squaring, and then again once the har-
vest had been gathered, the cotton field diminished to 
a small carbon source.  
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