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wheat in the Loess Plateau was exam-
ined.

• Maximum light use efficiency and har-
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wheat.

• Water use efficiency decreased more
rapidly in rainfed wheat under water
stress.
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The Loess Plateau, the largest arid and semi-arid zone in China, has been confrontedwithmore severewater resource
pressure and a growing demand for food production under global changes. For developing sustainable agriculture in
this region, it is critical to learn spatiotemporal variations in water use efficiency (WUE) of main crops (e.g. winter
wheat in this region) under various water management practices. In this study, we classified irrigated and rainfed
wheat areas based on MODIS data, and calculated the winter wheat yield by using an improved light use efficiency
model. The actual evapotranspiration (ETa) of winter wheat and the evapotranspiration drought index (EDI) were
also investigated. Then wemainly examined the synergistic relationship between crop yield, ETa, andWUE, and an-
alyzed the variations inWUE of irrigated and rainfed wheat under water stress during the 2010–2011 growing sea-
son. The results suggested that winter wheat in the Loess Plateau was primarily dominated by rainfed wheat. The
average yield of irrigated wheat was 3928.4 kg/ha, 22.2% more than that of rainfed wheat. High spatial heterogene-
ities of harvest index (HI) andmaximum light use efficiency (εmax) were found in the Loess Plateau. The ETa of irri-
gated wheat was 10.2% more than that of rainfed wheat. The ratio of irrigated and rainfed wheat under no water
stress was 31.55% and 17.16%, respectively. With increasing water stress, the WUE of rainfed wheat decreased
more quickly than that of irrigatedwheat. TheWUEvariations inwinterwheat underwater stress depended strongly
on the synergistic effects of twoWUE components (crop yield and ETa) and their response to environmental condi-
tions as well as water management practices (irrigated or rainfed). Our findings enhance our current understanding
of the variations inWUE as affected by water stress under various water use conditions in arid and semi-arid areas.
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1. Introduction

The growing water demand due to rapid socio-economic develop-
ment is not compatiblewith the limitedwater resources, and the imbal-
ance between water supply and demand for industry, agriculture, and
domestic water is becomingmore severe (FAO, 2010). In Northwestern
China, irrigation water accounts for over 90% of the total water use
(Shen et al., 2013). The over-exploitation of ground water and low
water use efficiency (WUE) are also major problems in agricultural
water use (Zhang et al., 2004; Mo et al., 2005), which may compromise
the capacity to copewith the growing food demand and the shortage of
water resources in the future (Molden et al., 2003; Bastiaanssen and
Steduto, 2017). WUE reflects the relationship between photosynthetic
production of vegetation and water consumption (Mo et al., 2005;
Usman et al., 2014; Xie et al., 2016). An additional 5600 km3 of water
is estimated to be lost to the atmosphere through evapotranspiration
(ET) by 2050 if the crop WUE does not improve (Falkenmark and
Rockström, 2004). Improving the WUE can be achieved by increasing
the production per unit of water consumed, or reducing the amount of
water consumed per unit yield of production.

The Loess Plateau is one of themost fragile and ecologically sensitive
regions in China. During the winter wheat growing season, the water
deficit is severe and precipitation generally cannot meet the water re-
quirements for crop growth and development. Irrigation is thus needed
to ensure crop yield. Over recent decades, the Loess Plateau has seen ob-
vious increases in drought frequency, duration, and severity (Jiang et al.,
2016). Plants tend to maintain a high WUE under water limited condi-
tions to enhance their ability to absorb water and reduce the effects of
water deficit (Reichstein et al., 2007; Tian et al., 2011). However, some
studies suggest that, under severe water stress, the WUE may reduce
significantly with increasing water stress (Reichstein et al., 2002;
Dong et al., 2011). The variability of WUE under water stress is associ-
ated with considerable uncertainties due to the lack of information re-
garding regional water management practices (irrigated versus
rainfed) and climatic factors in the Loess Plateau (Lu et al., 2016;
Zhang et al., 2016; Wang et al., 2018). Therefore, it is important to ana-
lyze the influence of drought on WUE and to improve our understand-
ing of WUE as a function of water stress in the Loess Plateau.

Generally, water management strategies differ for irrigated and
rainfed wheat (Zwart and Leclert, 2010). For irrigated wheat, they are
to improve the WUE and increase crop yield, whereas for rainfed
wheat, they are tomake full use of natural precipitation to achieve a sta-
ble crop yield. The actual evapotranspiration (ETa), yield, and WUE are
significantly affected by water management practices. The yield of irri-
gated wheat can be 2.3 times higher than that of rainfed wheat during
drought years in the Loess Plateau (Jin et al., 2016). In recent years,
the WUE for irrigated and rainfed crops has been widely studied at a
range of spatial scales (Mo et al., 2005; Liu et al., 2007; Suyker and
Verma, 2010; Tian et al., 2011; Tang et al., 2014). However, differences
in water availability in the Loess Plateau were less considered for esti-
mating WUE from remote sensing data or from crop models (Bu et al.,
2015; Zhang et al., 2016, 2017). Thismay reduce the reliability of the es-
timated WUE.

The development of remote sensing technology now allows us to
monitor the surface-energy distribution, vegetation growth, and water
conditions. This offers an opportunity to evaluate the interaction be-
tween carbon and water cycles in the context of climate change at
large spatio-temporal scales. The remote-sensing-based light use effi-
ciency (LUE) model has been widely used to estimate the net primary
production (NPP), crop growth, and yield formation (Lobell et al.,
2003; Gitelson and Gamon, 2015). The harvest index (HI) and maxi-
mum LUE (εmax) are two important parameters in LUE models. These
two parameters are generally treated as empirical constants, which can-
not reflect their spatial heterogeneities and may induce uncertainties
into the estimated crop yield (Lobell et al., 2003; Tao et al., 2005;
Zhang et al., 2016).
The scientific objectives of this study are as follows: (1) to use the
support vectormachine (SVM) algorithmbased on the phenological pa-
rameters extracted fromMODIS normalized difference vegetation index
(NDVI) to account for the different water availabilities for winter wheat
in the Loess Plateau and classify irrigated and rainfedwheat in the Loess
Plateau; (2) to improve the estimated wheat yield by considering the
spatial variabilities of εmax and HI; and (3) to evaluate the synergy be-
tween ETa, yield, and WUE, and the variation of WUE as a function of
water stress under different water availabilities (irrigated or rainfed)
in the Loess Plateau.
2. Material and methods

2.1. Study area and methodology

The Loess Plateau is located between 32°N-41°N and 101°E-114°E,
with an area of about 648,700 km2, accounting for 6.76% of the total
land area of China. The topography of the Loess Plateau in the northwest
is higher than that in the southeast, with the elevation declining from
3000 m to 500 m. The Loess Plateau is in a transition zone from a
semi-humid to a semi-arid climate between the eastern and western
part of China. The minimum average annual temperature is −3.1 and
15.3 °C in the northwest and southeast, respectively (Jiang et al.,
2016). The precipitation is unevenly distributed spatially and tempo-
rally. In semi-humid areas of the southeastern part, precipitation ex-
ceeds 600 mm/yr; in semi-humid and drought-prone areas of the
middle part, the precipitation is about 400–600 mm/yr; while in the
semi-arid areas in the northwest, the precipitation is only
150–250 mm/yr. Temporally, the high interannual variability makes
the Loess Plateau one of drought-prone areas in China. The precipitation
in wet years can be two to five times than that in dry years. The Loess
Plateau mainly contains mountains and hilly areas. Wheat and maize
are the staple crops and are mostly rainfed. Agriculture in the Loess Pla-
teau is characterized by smallholder farms and is mainly limited by
water availability.

For this study, 158 counties in the Loess Plateau that planted winter
wheatwere selected according to the county statistics (Fig. 1). The sow-
ing dates varied from September 18 to October 21, 2010, and thematu-
rity dates varied fromMay28 to July 18, 2011 forwinterwheat. Twenty-
one agrometeorological stations observe the growth of winter wheat in
the Loess Plateau. The average precipitation at these stations was be-
tween 188.2 and 301.1 mm during the winter wheat growing seasons
from 2005 to 2016, with the least precipitation occurring during the
2010–2011 growing season. In this study, we chose the winter wheat
growing period from 2010 to 2011 in the Loess Platea as a case study
to investigate thewheatWUE as a function ofwater stress under rainfed
and irrigated conditions. This time period witnessed continuous
droughts during the sowing and overwintering periods, which was a
typical agrometeorological condition for winter wheat in the Loess
Plateau.

The water requirement of winter wheat in the Loess Plateau is be-
tween 250.0 and 650.0 mm (Huang et al., 2004). During most growing
seasons, precipitation was far from satisfying the water requirement
of winter wheat for growth and development. In the Loess Plateau, the
water sources for irrigation aremainly groundwater, reservoirs, and riv-
ers. Inmost parts of the northwest Loess Plateau, irrigationmay increase
the winter wheat yield by 62% to 126% with respect to rainfed wheat
(Liu et al., 2007).

The main content of this study includes two parts (Fig. 2): 1) the
classification of irrigated and rainfed wheat, and 2) the evaluation of
WUE as a function of water stress for irrigated and rainfed wheat.
First, the irrigated and rainfed wheat are classified using the SVM algo-
rithm based on the phenological parameters extracted from theMODIS
NDVI time series. Next, the wheat yield is estimated using the LUE
model, and WUE is estimated based on yield and ETa. Finally, the



Fig. 1. Location of the Loess Plateau, digital elevation model (DEM), and field-survey sites of irrigated and rainfed wheat.

3N. Jin et al. / Science of the Total Environment 642 (2018) 1–11
WUE of irrigated and rainfed wheat as a function of water stress is
evaluated.

2.2. Data

2.2.1. Meteorological data
The study period spans from September 1, 2010 to July 31, 2011 (a

total of 334 days), covering the entire growing season of winter
wheat. The data from 158 meteorological stations across the Loess Pla-
teau and Changwu station (35°12′N, 107° 40′E, 1200 m above sea
level) were obtained from the China Meteorological Administration
(Table S1), including daily maximum, minimum, and mean tempera-
tures (°C), wind speed (m/s), relative humidity (%), precipitation
(mm), barometric pressure (hPa), and hours of sunshine (hours). To
match the spatial resolution of meteorological data with that of remote
sensing data, we used a multiple linear regression equation between
meteorological parameters and geographic variables (longitude, lati-
tude, elevation, slope, and aspect) (Table S1), and the residuals were
also interpolated (Ito et al., 2002). The two interpolation results were
then superimposed to obtain daily raster meteorological data at a reso-
lution of 250 m × 250 m.

2.2.2. Soil properties
The dataset of soil properties used in this study ismaintained by Bei-

jingNormal University (Dai et al., 2013) (Table S1). The dataset includes
soil hydrological parameters such as the parameters of the Clapp and
Hornberger functions and the van Genuchten and Mualem functions,
field capacity, wilting coefficient, etc. The spatial resolution is
30 arc sec and the soil is divided into seven vertical layers with a maxi-
mum thickness of 1.38 m.

2.2.3. Agricultural meteorological observations, field survey, and county-
level statistics

The data from the 21 agricultural meteorological observation sta-
tions include latitude, longitude, sowing and maturity dates, yield, and
field management of winter wheat (Table S1). The ETa of winter
wheat during the 2006–2007 growing season was recorded by using a
large-scale weighing lysimeter at Changwu station (Table S1). The
field-survey data include latitude, longitude, and irrigated or rainfed in-
formation from 481 winter wheat survey sites in the Loess Plateau. The
county-level statistical data of winter-wheat yield in the Loess Plateau
were obtained from the China Statistical Yearbook and Provincial Agri-
cultural Statistical Yearbook, including planted areas, yield per unit,
total yield production, etc. (Table S1).
2.2.4. Satellite remote sensing data
This study uses the MODIS NDVI data at 16-day time interval and

250m spatial resolution,which spans the entire growing season of win-
ter wheat from September 2010 to July 2011 (Tables S1, 2). The mosaic
and projection transform were applied to the downloaded NDVI data,
and then subset based on the shapefile of the Loess Plateau. Finally,
the NDVI time series data that reflected the growing season characteris-
tics of winter wheat were obtained by sequentially overlying the
images.

2.3. Methods

2.3.1. Classification of irrigated and rainfed wheat
The planted areas of winter wheat and the classification of irrigated

and rainfed wheat in the Loess Plateau were extracted following the
method of Jin et al. (2016). Upon comparing with other landcovers,
two obvious differences appear in the NDVI time series of winter
wheat. The first is the increasing trend in the NDVI time series before
the overwintering period, and the second is the decreasing trend in
NDVI time series from tasseling to maturity. In the NDVI time series,
winter wheat can be distinguished from other landcovers based on
these two characteristics. The phenological parameters (sowing dates,
maturity dates, etc.) were estimated, and the NDVImax and time-
integrated NDVI were selected as characteristic variables to establish a
classification model based on the SVM algorithm. The classification
model was then applied to the Loess Plateau to classify irrigated and
rainfedwheat. The sowing date was estimated by following themethod
of Lobell et al. (2013), in which the green-up date (the earliest time that
crop growth can be reliably detected from satellite data) is extracted
from remote sensing data. The green-up date is then offset by a fixed
number of days from the sowing date. More details about the pretreat-
ment of remote sensing data, estimating phenological parameters
(e.g., sowing and maturity dates), selecting characteristic variables,
and determining SVM parameters (γ and C) can be found in Jin et al.
(2016).

2.3.2. Definition of water use efficiency
In this study, WUE is defined as

WUE ¼ Yield=ETa ð1Þ

where the unit of WUE is kg/m3, “Yield” and “ETa” represent crop yield
(kg/ha) and the actual evapotranspiration during the crop growing sea-
son (m3/ha), respectively.
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2.3.3. Estimation of winter wheat evapotranspiration
The crop ETa is determined by multiple factors, such as surface net

radiation (Rn), temperature, NDVI, LAI, and soil moisture. In this
study, the latent heat flux was estimated by using the improved
Priestley–Taylor method (Yao et al., 2013). The Priestley-Taylor equa-
tion is a simplification of the Penman equation, which avoids the com-
putation of aerodynamic and surface resistance and therefore has
good operability. It requires only four input variables, i.e., Rn, NDVI, air
temperature, and the range of diurnal air temperature. The total latent
heat flux is the sum of soil evaporation, crop transpiration, evaporation
of wet soil surface, and the evaporation of crop interception. More de-
tails of the algorithm can be found in Yao et al. (2013). The parameter
α was set to 1.74 following Döll and Siebert (2002).
2.3.4. Estimation of winter wheat yield using a light use efficiency model
The LUE model has been widely used to monitor crop growth pro-

cesses, and estimate crop NPP and yield (Fig. 3) (Lobell et al., 2003;
Gitelson and Gamon, 2015). In this study, the formula for estimating
crop yield is

Yield ¼
X

PAR� fPARð ÞΔt � ε � HI ð2Þ

where PAR is the incident photosynthetically active radiation (MJ/m2

400–700 nm), fPAR is the fraction of absorbed PAR, ε is the LUE of the
crop (g·C/MJ), Δt is the time scale (daily), and HI is the harvest index.

(1) Estimation of fPAR

The equation to estimate PAR is PAR = Rs × 0.5, in which Rs is the
solar radiation (MJ/m2·day) and is calculated by using Rs ¼ ðas þ bs n

NÞ
Ra (Allen et al., 1998). The parameters are as = 0.1776 and bs =
0.5470 (Liu et al., 2009).
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The fPAR is calculated as the average of fPARNDVI and fPARSR (Lobell
et al., 2003), which are estimated as follows:

fPARNDVI ¼
NDVI−NDVImin

NDVImax−NDVImin
� fPARmax−fPARminð Þ þ fPARmin ð3Þ

fPARSR ¼ SR−SRmin

SRmax−SRmin
� fPARmax−fPARminð Þ þ fPARmin ð4Þ

SR ¼ 1þ NDVI
1−NDVI

ð5Þ

where NDVImax (NDVImin) is themaximum (minimum) NDVI (Tao et al.,
2005). SRmax (SRmin) is the 2nd (98th) percentile of SR over the entire
study region. The values of fPARmin and fPARmax are independent of veg-
etation types and are set to 0.001 and 0.95, respectively (Lobell et al.,
2003).

(2) Light use efficiency of winter wheat

Light use efficiency (ε) reflects the extent of photosynthetically ac-
tive radiation absorbed by the crop and converted to organic carbon
(g·C/MJ). It is affected by temperature and moisture conditions and
can be defined as

ε ¼ εmax � f Tð Þ � f Wð Þ ð6Þ

where εmax is the maximum LUE under ideal conditions, and f(T) and f
(W) are stress factors for temperature and water, respectively. Based
on the county wheat yield statistics, MODIS imagery, and meteorologi-
cal data from the Loess Plateau, εmax is estimated as follows:

εmax ¼ NPP
r �P

fPAR� PAR� f Tð Þ � f Wð Þ ð7Þ
In this study, εmax is adjusted according to the ratio between the
NDVImax of each pixel and the average NDVImax for all pixels in the
county to reflect the spatial heterogeneity of εmax (Wang et al., 2010).

The county-level NPP is calculated as follows (Lobell et al., 2002):

NPP ¼
XYields � 1−Mð Þ � C

HI � R
ð8Þ

where Yields is the statistical yield of winter wheat,M is the water con-
tent in harvest parts (0.15), C is the carbon content in the harvest parts
(0.39), HI is the winter wheat harvest index (the ratio of yield produc-
tion to biomass), which is calculated at grid cell level based on the
method in Moriondo et al. (2007), and R is the proportion of NPP allo-
cated to the ground parts (0.90).

The temperature stress factor f(T) is estimated as follows:

f Tð Þ ¼ T−Tminð Þ T−Tmaxð Þ
T−Tminð Þ T−Tmaxð Þ− T−Topt

� �2 ð9Þ

where Topt, Tmin and Tmax are the optimum, lowest and highest temper-
atures for photosynthesis, whose corresponding values are 20, 0 and 37
°C, respectively (Xiao et al., 2004).

The water stress factor f(W) varies from 0.5 (extreme drought con-
dition) to 1 (very wet conditions) and reflects how available water af-
fects the LUE. It is calculated as follows:

f Wð Þ ¼ 0:5þ 0:5� ETa=ETo ð10Þ

where ETo and ETa are the potential and actual evapotranspiration
(mm), respectively.

(3) Estimation of HI

HI is a crop-specific parameter and is relatively stable in a given
study area unless the crop suffers severe temperature or water deficit
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stress. The use of HI at the pixel scale will be helpful to improve the ac-
curacy of crop yield prediction. Generally, HI is represented as the ratio
of aboveground biomass to grain yield (i.e., the proportion of carbon
from the sources to the grain). Because the NDVI of crops during the
critical growing period is closely related to crop biomass and yield, the
NDVI time series closely reflects the growth and development of the
crop. Here, we use the NDVI and the method in Moriondo et al.
(2007) to estimate regional crop HI as follows:

HI ¼ HImax−HIrange∙ 1−
NDVIPost
NDVIPre

� �
ð11Þ

where HImax is the maximum HI (in this study it was 0.584) (Ji et al.,
2010), HIrange is the possible range of HI (0.369), NDVIPre is the mean
NDVI of winter wheat from emergence to flowering, NDVIPost is the
mean NDVI of winter wheat from anthesis to maturity. Usually,
NDVIPost/NDVIPre are between 0 and 1, and the estimated HI is between
the minimum and maximum ranges of HI (0.215 and 0.584 in this
study).

2.3.5. Estimation of evapotranspiration drought index
Under drought conditions, the ETa rate is less than the ETo rate due

to soil moisture restriction. Thus, the ratio of ETa to ETo reflects the
drought conditions and has been widely used for drought monitoring
(Su et al., 2003; Yao et al., 2010). The evapotranspiration drought
index (EDI) is expressed as follows:

EDI ¼ 1−
ETa
ETo

ð12Þ

where, ETa and ETo are the cumulative actual and potential evapotrans-
piration during the growing season of winter wheat, respectively. Theo-
retically, the EDI values are between 0 and 1. When soil moisture is
seriously reduced, the crop water-stress severity tends to increase.
The gap between potential and actual evapotranspiration then in-
creases, resulting in a larger EDI. The EDI is small when the soil moisture
content is high.

3. Results

3.1. Classification of irrigated and rainfed wheat in the Loess Plateau

The statistical area of winter wheat planted in 2010–2011 in the
Loess Plateau was 2.51 Mha. The planted area was 2.38 Mha, as ex-
tracted by using NDVI time series data, and the accuracy reached
Fig. 4. Spatial patterns of irrigated and
95.3%. The areawas then used as a basis for the subsequent classification
of irrigated and rainfed wheat. The differences between reported and
MODIS estimates range from −29 to 12 days for sowing dates, and
from−25 to 18 days for maturity dates. The differences between aver-
age estimated sowing and maturity dates and observations are 5 and
6 days, respectively (Table S3 and Fig. S1). The NDVImax and time-
integrated NDVI of 481 irrigated and rainfed wheat survey sites in the
Loess Plateau were selected as characteristic variables to establish the
SVM classification model. The highest accuracy of cross validation for
test samples reached 96.2% when using the global optimal parameter
sets of C and γ (C = 0.0625, γ = 2.8284) and screening via the five-
fold cross-validation method (Fig. S2). The spatial patterns of irrigated
and rainfedwheat are dispersed and cross-distributed. In general, the ir-
rigated wheat is mainly distributed in flat regions, while the rainfed
wheat is mostly cultivated in regions with high topographic relief. The
proportion of rainfed and irrigated wheat in the Loess Plateau was
59.9% and 40.1%, respectively (Fig. 4).

3.2. Evapotranspiration during winter wheat growing season in the Loess
Plateau

The results suggest that the ETo ofwinterwheat varied from404.9 to
837.0mmduring the growing season in the Loess Plateau, with an aver-
age of 587.5mm. The estimated ETo increasedwith latitude and altitude
in the eastern Loess Plateau, whereas the opposite held in the western
Loess Plateau. Our estimated ETa is favorably comparable with the ob-
servation data at the Changwu station (R2 = 0.74, Fig. S3), which
spanned the 2006–2007 winter wheat growing season (sowed on Sep-
tember 11, 2006 and harvested on July 26, 2007). Further analyses show
that the ETa of rainfedwheatwas between 207.3 and 411.9mm,with an
average of 286.9 mm. Meanwhile, the ETa of irrigated wheat was be-
tween 232.2 and 427.6 mm, with an average of 316.1 mm. This is
29.2 mm (10.2%) higher than that of rainfed wheat. When the ETa
exceeded 300 mm, the frequency of the ETa of irrigated wheat signifi-
cantly exceeded that of rainfed wheat. Spatially, the ETa increased
from north to south for both irrigated and rainfed winter wheat
(Fig. S4).

3.3. Estimate of winter wheat yield using light use efficiency model in the
Loess Plateau

The wheat yield estimated by using the LUE model was validated
against the 2011 wheat yield statistics at the county level. The spatial
patterns were similar between the estimated and recorded yield, with
R2 = 0.94 (Fig. S5a and b). The spatial pattern of winter wheat yield
rainfed wheat in the Loess Plateau.
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for the Loess Plateau is mainly determined by soil fertility and the avail-
ability of water resources. Our results suggest that, compared with
rainfedwheat, the yield of irrigatedwheatwas higher and exhibited dif-
ferent significant spatial patterns. Over the rainfedwheat areas, the total
precipitation during the growing season was far inferior to the growth
demand of the crop. The significant spatial heterogeneity of the yield
of rainfed wheat was caused by the large spatio-temporal variations in
precipitation. Generally, the yield of rainfed wheat decreased from
south to north in the western Loess Plateau. In the eastern part, the
yield of rainfed wheat was relatively lower in the central area and
higher in the peripheral areas.

These results illustrate that irrigatedwheat suffered lesswater stress
and had less spatial variations than rainfed wheat because of the addi-
tional water from irrigation. The average yield of irrigated wheat was
3928.4 kg/ha (2214.9–10,547.0 kg/ha), 22.2% higher than that of rainfed
wheat (3215.7 kg/ha, ranging from 1375.3–6247.3 kg/ha) (Fig. 5a and
b). The frequency of irrigated wheat was significantly greater than
that of rainfedwheatwhen yield exceeded 3500kg/ha (Fig. 5c). This im-
plies that this region has the potential to further increase wheat yield if
additional water were available.
Fig. 5. Yield of (a) rainfed and (b) irrigatedwheat and (c) frequency distribution for Loess
Plateau.
HI and εmax varied greatly at the regional scale, which may induce
some mistakes and reduce the heterogeneity in the estimated yield.
This is mostly because the productivity of irrigated (rainfed) wheat is
underestimated (overestimated) when using the same HI and εmax for
the entire study area. The HI of winter wheat ranged from 0.26 to
0.43, with an average value of 0.31 during the study period. Spatially,
it decreased from north to south in the Loess Plateau, showing uneven
spatial patterns (Fig. S6). Over the study period, the spatial patterns of
εmax of irrigated and rainfed wheat differed significantly (Fig. S7). The
mean εmax of rainfed and irrigated wheat were 0.25 g·C/MJ
(0.06–0.48 g·C/MJ) and 0.26 g·C/MJ (0.10–0.63 g·C/MJ), respectively.

3.4. Influence of water stress on WUE of winter wheat

The results suggest that the mean WUE of rainfed and irrigated
wheat in the Loess Plateau was 1.12 kg/m3 (0.41–2.24 kg/m3) and
1.22 kg/m3 (0.62–2.70 kg/m3), respectively. The WUE of both irrigated
and rainfed wheat decreased from south to north, with higher WUE
for irrigated wheat. The spatial patterns of WUE were generally consis-
tent with those of yield and evapotranspiration, i.e., high-yield was ac-
companied by high WUE and vice versa (Fig. 6).
Fig. 6.WUEof (a) rainfed and (b) irrigatedwinterwheat and (c) frequency distribution for
Loess Plateau.
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The frequency distribution of irrigated wheat differed from that of
rainfedwheat.WhenWUEwas low, theWUE of irrigatedwheat usually
had a lower frequency than rainfed wheat, although the opposite held
for irrigated and rainfedwheat upon the increasingWUE. The frequency
of irrigated wheat was high when theWUE exceeded 0.8 kg/m3. Gener-
ally, irrigated wheat had a higher WUE than rainfed wheat (Fig. 7).

In this study, the water conditions during thewheat growing season
can be divided into four grades, i.e., non-water stress, mild, moderate,
and severe drought. The rainfed wheat suffered more severe water
stress than irrigated wheat, especially in the northern Loess Plateau
(Fig. 8). During the growing season of rainfed wheat, the ratios of
water stress were 17.16%, 43.32%, 21.05%, and 18.47% for non-water
stress, mild, moderate, and severe drought, respectively. They were
31.55%, 45.13%, 15.23%, and 8.09% for irrigated wheat, respectively.
The irrigated wheat areas without water stress were 14.39% larger
than those of rainfed wheat, and the severe drought areas were
10.38% smaller than rainfed wheat. The water stress was significantly
relieved by the irrigation water, and the ETa increased concomitantly.
Generally, the spatial pattern of ETa was opposite that of water stress,
i.e., a larger ETa correlates with less water stress.

The results show that the WUE of irrigated and rainfed wheat de-
creased with increasing water stress severity. The more evident de-
creases in rainfed wheat (Table 1) indicate that the crop WUE was
strongly affected by water availability. The decrease in crop WUE
under water stress may be caused by damage to electron transport
and carboxylation, which reduces the capacity for carbon assimilation
(Reichstein et al., 2002).

4. Discussion

4.1. Estimating winter wheat yield by using light use efficiency model

This study estimates the winter wheat yield for the Loess Plateau by
using a LUE model driven by the MODIS satellite data and other
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Fig. 7. Relationship between (a) ETa and WUE, (b) yield and WUE
multisource data. Generally, the spatial patterns of wheat yield esti-
mated by the LUE model and statistical yield are similar, with R2 =
0.94. It is noted that the winter wheat planted area of several counties
in the Loess Plateau is too small to be recorded in the statistical data,
where the yield of winter wheat plots identified by remote sensing
data was estimated. Conversely, several counties have statistical yield
data, but the winter wheat plots were too small to be identified by re-
mote sensing data. These two aspects led to deviations in the estimated
yield. The ETa during the wheat growing season was estimated by an
improved Priestley–Taylor method, which only requires four input var-
iables, such as Rn, NDVI, air temperature, and diurnal air temperature
range, which are easily obtained (Yao et al., 2013). The ETa estimation
method was validated by Yao et al. (2013), who used data from 16 co-
variance flux towers. In this study, the estimated ETa agrees well with
the observed ETa (R2 = 0.74).

HI and εmax are two important parameters for LUE models. To accu-
rately calculate the ecosystem productivity, εmax must be realistically
estimated. In many previous studies, HI and εmax were set as constants
in LUE models when estimating crop yield, such as CASA (Potter et al.,
1993), VPM (Xiao et al., 2004), CFix (Veroustraete et al., 2002), and
EC-LUE (Yuan et al., 2014). This would reduce the spatial heterogene-
ities of the estimated crop yield and introduce large uncertainties into
the estimate.

In the present study, based on the county statistical wheat yield pro-
duction and other ground auxiliary data, the estimated county level εmax

of winter wheat fell between 0.06 and 0.63 g·C/MJ during the
2010–2011 growing season in the Loess Plateau. The high yielding
wheat species usually had better water supply and more field manage-
ment measures at the field scale. Therefore, the εmax of irrigated wheat
generally exceeded than rainfed wheat. The rainfed wheat lacked an ir-
rigation water supply and often suffered from seasonal drought, which
led to a smaller εmax.

The values of εmax were heavily relied upon the estimation models
and research scales. Chen et al. (2011) suggested that the εmax of an
0
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, and (c) ETa and yield for winter wheat in the Loess Plateau.



Fig. 8.Water stress during the growing season of (a) rainfed and (b) irrigated winter wheat.

9N. Jin et al. / Science of the Total Environment 642 (2018) 1–11
agriculture ecosystem is between 0.65 and 2.00 g·C/MJ, and the value is
0.85 g·C/MJ for wheat. Wang et al. (2010) showed that the εmax for
farmland in northern China is between 0.76 and 0.92 g·C/MJ. Lobell
et al. (2002) calculated the farmland εmax based on theAmerican county
statistical yield production, and estimated a εmax between 0.2 and
1.0 g·C/MJ. The εmax estimated in the present study is lower than
those in previous studies, which may be because of the different re-
search scales. The values for the same state variable were not equal to
each other when derived from remote sensing data with different re-
sources and spatial resolutions.Moreover, the accuracy of the estimated
εmax may be reduced due to the mixed-pixel problem of multi-
landcovers, such as bare soil, urban construction, other crops, etc. To
better reflect the spatial heterogeneity of the estimated yield, a more
reasonable parameterization scheme should be developed for the esti-
mation of the εmax in the future. Themixed-pixel problem can be solved
by using remote sensing data at higher resolution and the decomposi-
tion of themixed pixels. Generally, high spatial resolution remote sens-
ing data are often accompanied by low temporal resolution, whereas
Table 1
Water use efficiency for winter wheat under different water conditions.

Rainfed wheat (kg/m3)

Percent (%) Maximum Minimum

No water stress 17.16 2.24 0.43
Mild drought 43.32 2.24 0.41
Moderate drought 21.05 2.24 0.44
Severe drought 18.47 2.24 0.43
the remote sensing data at low spatial resolution often have high tem-
poral resolution. Thus, high spatiotemporal resolution remote sensing
data can be obtained by fusioning the two types of remote sensing
data, whichwill be of great help to improve the accuracy of the estimate
of εmax.

4.2. Coordinated effects of water use efficiency, evapotranspiration, and
yield

Many studies have analyzed the factors influencing WUE with the
goal of improving it (Liu et al., 2007; Liu et al., 2015; Rana et al.,
2016). The highest WUE is not generally obtained when water supply
is sufficient and crop yield is highest (Attia et al., 2016). Generally,
crop yield increases linearly with increasing water consumption under
deficit irrigationmanagement, whereasWUE decreases aswater supply
or consumption reaches a certain degree (Trout and Dejonge, 2017). In
this study, our estimatedWUE falls within a reasonable range of 0.40 to
2.67 kg/m3 (Zwart and Bastiaanssen, 2004). The variations in WUE
Irrigated wheat (kg/m3)

Mean Percent (%) Maximum Minimum Mean

1.43 31.55 2.70 0.78 1.43
1.12 45.13 2.63 0.67 1.18
0.98 15.23 2.02 0.62 1.07
0.99 8.09 1.95 0.62 0.95



10 N. Jin et al. / Science of the Total Environment 642 (2018) 1–11
depend on the synergistic effect of yield and ETa. Irrigation can increase
both yield and ETa simultaneously. The present results suggest that the
yield of irrigated and rainfed winter wheat increased linearly with the
estimated ETa. Both the yield and ETa were higher for irrigated wheat
than for rainfed wheat. When ETa increased to over 360 mm, the in-
creased yield exceeded that of the ETa, resulting in a significantly
greater WUE for irrigated wheat than for rainfed wheat. A strong linear
correlation exists betweenWUE and yield (for irrigated wheat, WUE=
0.0002 × Yield+ 0.3185, R2= 0.988; for rainfed wheat,WUE= 0.0003
× Yield+0.1596, R2=0.996). TheWUE increasedwith increasing yield
for both irrigated and rainfedwheat, indicating that high production ca-
pacity usually corresponds to highWUE. Thus, improvingWUE is an im-
portant measure to increase crop yields.

4.3. Effects of water stress on water use efficiency

Studies at the site level and regional scales have shown that a certain
soil-moisture threshold exists for WUE. Under the threshold, WUE in-
creases with decreasing soil moisture (i.e., the vegetation ecosystem
may have a highWUE undermoderate water stress). Above the thresh-
old, WUE decreases with increasing soil moisture. Lu and Zhuang
(2010) found that WUE increases with increasing soil moisture under
moderate drought conditions, whereas it decreases with increasing
soil moisture under severe drought conditions. Some studies found
that WUE tends to increase (Blum, 2009; Erice et al., 2011) whereas
others found that WUE decreases under drought conditions
(Reichstein et al., 2002, 2007; Dong et al., 2011). The precipitation dur-
ing the growing season in the Loess Plateau is insufficient to satisfy the
water demand of winter wheat growth, so the WUE of winter wheat is
strongly influenced by awater deficit. The lowerWUE for rainfedwheat
is mainly attributed to the insufficient total water supply and high rate
of soil-water evaporation. This, to a large extent, restricts the develop-
ment of rainfed agriculture (Qin et al., 2013).

During the study period, the rainfed wheat suffered more severe
water stress than irrigated wheat, especially in the western part of the
Loess Plateau, where most of the wheat planted was rainfed. This
study thus suggests that little difference between the WUE of irrigated
and rainfed wheat under non-water stress conditions. The WUE of
both irrigated and rainfed wheat decreased with increasing water
stress. The WUE of rainfed wheat decreased more quickly, implying
that the rainfed wheat was more susceptible to water stress. This result
may be attributed to the limitedwater availability and fertility of rainfed
wheat farmland. With increasing water stress, the rainfed wheat yield
decreased more than the irrigated wheat yield, whereas the change in
ETa was relatively small. The WUE is mainly determined by yield and
evapotranspiration, and the variation ofWUEdepends on the sensitivity
of the two components (yield and ETa) with respect to environmental
changes.

4.4. Uncertainty analysis

This study estimates εmax by using the statistical wheat yield at the
county level in the Loess Plateau. The results of NPPwere strongly influ-
enced by the proportion it allocated to the aboveground parts (R),
which had large spatiotemporal heterogeneity and was not considered
in the study (Lobell et al., 2002). The errors in the statistical wheat
yield may also produce some uncertainties in the estimate of NPP and
yield. Furthermore, the Loess Plateau contains complex land-use
types, and several land-use types may be contained in a single MODIS
pixel. The estimate of εmax from this study is an average value at the
county level and was modified by NDVImax. Some uncertainties in the
estimated εmax may be caused by mixed-pixel effects. In addition, the
study does not consider uniformity conditions within the county,
whichmay lead to an overestimate of yield for rainfedwheat and an un-
derestimate for irrigated wheat.
5. Conclusions

In this study, we quantified the synergistic relationships between
crop yield, ETa, and WUE for the winter wheat in the Loess Plateau,
China. We also analyzed the wheat WUE in responds to water stress
under different water management practices. The reliability of the esti-
mated yield can be improved by considering the spatial heterogeneities
of εmax andHIwhenusing the LUEmodel. Irrigation increased both yield
and ETa of wheat (3928.4 kg/ha and 316.1 mm), and the induced in-
crease in yield (22.2%) was larger than the increase in ETa (10.2%).
Crop yield increased linearly with increasing ETa for irrigated and
rainfedwheat, with higher increases found in irrigatedwheat. Increased
yield production and improvedWUE can be achieved by irrigatingmore
areas for winter wheat in the Loess Plateau.

The spatial distribution of ETa was more evident over areas where
less water stress occurred. Generally, the spatial patterns of WUE were
similar to the pattern of yield and ETa in the Loess Plateau, with higher
WUE in the irrigated wheat. The WUE decreased with the increasing
water stress for both irrigated and rainfedwheat. There was a faster de-
crease in WUE for rainfed wheat comparing to irrigated wheat. This re-
sult shows that the wheat WUE is greatly influenced by increasing
water stress, especially for rainfed wheat. Therefore, better manage-
ment practices should be applied to avoid a significant decline in WUE
for rainfed wheat.

Further work is needed to extend the length of the study period to
reveal the inter-annual variabilities in these variables. In addition, re-
mote sensing data can be assimilated into crop models to better simu-
late crop growth and yield formation. This will be helpful to further
reveal the response to water stress of crop WUE under different water
management scenarios at a regional scale.
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