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Abstract. A core goal of sustainable agricultural water re-
sources management is to implement a lower water footprint
(WF), i.e. higher water productivity, and to maximize eco-
nomic benefits in crop production. However, previous stud-
ies mostly focused on crop water productivity from a single
physical perspective. Little attention is paid to synergies and
trade-offs between water consumption and economic value
creation of crop production. Distinguishing between blue and
green water composition, grain and cash crops, and irrigation
and rainfed production modes in China, this study calculates
the production-based WF (PWF) and derives the economic
value-based WF (EWF) of 14 major crops in 31 provinces
for each year over 2001–2016. The synergy evaluation index
(SI) of PWF and EWF is proposed to reveal the synergies and
trade-offs of crop water productivity and its economic value
from the WF perspective. Results show that both the PWF
and EWF of most considered crops in China decreased with
the increase in crop yield and prices. The high (low) values of
both the PWF and EWF of grain crops tended to cluster ob-
viously in space and there existed a huge difference between
blue and green water in economic value creation. Moreover,
the SI revealed a serious incongruity between PWFs and
EWFs both in grain and cash crops. Negative SI values oc-
curred mostly in north-west China for grain crops, and over-
all more often and with lower values for cash crops. Unrea-
sonable regional planting structure and crop prices resulted
in this incongruity, suggesting the need to promote regional
coordinated development to adjust the planting structure ac-

cording to local conditions and to regulate crop prices ratio-
nally.

1 Introduction

Humanity is facing the increasingly severe threat of water
shortage and accompanying rising food risks (Mekonnen and
Hoekstra, 2016; Veldkamp et al., 2017), posing great chal-
lenges to agricultural water resource management. The eco-
nomic benefits of water use form one important pillar of
fresh water distribution (Hoekstra, 2014). However, tradi-
tional studies on efficient agricultural water use focus on crop
water productivity from the physical perspective and rarely
make comprehensive evaluations combining the results with
an economic perspective. The water footprint (WF) (Hoek-
stra, 2003) reveals the consumption and pollution of water in
the process of production or consumption and assesses fresh
water appropriation in its entirety (Hoekstra et al., 2011). The
consumptive WF of crop production can be divided into blue
and green WFs (Hoekstra et al., 2011). Blue water is sur-
face and ground water, whereas green water is defined as
the water kept in the unsaturated soil layer and precipita-
tion, which is eventually transferred into canopy evapotran-
spiration (Falkenmark and Rockstrom, 2006). In agriculture,
the blue WF measures irrigation water consumption. Green
WF refers to the consumption of rainwater (Hoekstra et al.,
2011). As a comprehensive index to evaluate types, quanti-
ties, and efficiency of water use in the process of crop produc-
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tion, the WF of crop production can be expressed based on
both production (PWF, m3 kg−1) and economic value (EWF,
m3 per monetary unit) (Garrido et al., 2010; Hoekstra et al.,
2011), which unifies the measurement of the physical and
economic levels. PWF and EWF provide clear insights for
reducing the water resources input for harvesting crop yields
and optimizing the economic benefits per unit of water con-
sumption, respectively.

Garrido et al. (2010) firstly evaluated WF in terms of
m3 EUR−1, from a perspective of hydrology and economy
for the agricultural production of Spain. They found that in
areas where blue water was scarce but dominant in crop pro-
duction, the scarce blue water resource was used to irrigate
high-value crops, thus achieving higher yields and economic
benefits, with a more efficient blue water utilization with in-
creasing scarcity. In a case study for Kenya, Mekonnen and
Hoekstra (2014a) encouraged the use of domestic water re-
sources for production of the rainfed cash crops with high
economic benefits, rather than for water-intensive export
commodities with low economic benefits. Schyns and Hoek-
stra (2014) found that water and land resources in Morocco
were mainly used to produce export crops with relatively low
economic value (in terms of USDm−3 and USDha−1), and
that water-scarce countries should attribute great importance
to the allocation of freshwater and adjust crop planting struc-
ture from the perspective of economic efficiency. Chouchane
et al. (2015) quantified the WF in Tunisia and evaluated the
blue and green economic water productivity and economic
land productivity in irrigation and rainfed agriculture from
an economic perspective. They showed that irrigation water
was not generally used to increase economic water produc-
tivity (USDm−3) but rather to increase economic land pro-
ductivity (USDha−1), so it would be advantageous to expand
the irrigated area of crops with high economic water produc-
tivity. Furthermore, in recent years, there have been studies
on the dairy industry (Owusu-Sekyere et al., 2017a, b), the
meat industry (Ibidhi and Salem, 2018), and the wine in-
dustry (Miglietta et al., 2018) to explore the WF assessment
combined with an economic perspective.

Nevertheless, the above studies lacked a complete tempo-
ral and spatial evolution analysis of the WF from the eco-
nomic perspective. More importantly, the above studies did
not involve the study of WF coordination in different aspects,
which means a good synergy in reducing the water resources
input for harvesting crop yields and optimizing the economic
benefits per unit of water consumption, compared with the
national average level. Thus, the synergies and trade-offs be-
tween water consumption and economic value creation dur-
ing crop production in WF assessment, which is undoubtedly
of great significance, are ignored.

Scientifically planning agricultural water resource utiliza-
tion and balancing crop production, water consumption, and
social economic development are severe challenges faced by
all humankind. However, China, with millions of small farm-
ers led by smallholder production, has become one of the re-

gions facing the biggest challenges (Tilman et al., 2011; Gao
and Bryan, 2017; Cui et al., 2018). Being the country with
the largest population and food consumption, China faces a
series of problems, such as extensive management and low
utilization rate of water resources in agricultural production
(Khan et al., 2009; Kang et al., 2017). Previous studies on
China have quantified the WF of crop production at the irri-
gation district scale (Sun et al., 2013, 2017; Cao et al., 2014),
watershed scale (Zhuo et al., 2014, 2016c) and national scale
(Zhuo et al., 2016b; Wang et al., 2019). Sun et al. (2013)
found that the WF of crops depended on agricultural man-
agement rather than on regional climate differences. Zhuo
et al. (2016b) showed that China’s domestic food trade was
determined by the economy and government policies, not by
regional differences in water endowments. Wang et al. (2019)
showed possibility and importance of accounting for devel-
opments of water-saving techniques in large-scale crop WF
estimations. However, most of these studies focused on quan-
tifying WF from a single physical perspective. To our knowl-
edge, there is no study yet to provide clear insights into the
economic benefits of water use.

To fill the above research gap, the current study objective
is, taking China over 2001–2016 as the study case, to ex-
plore the relationship between water resource consumption
and economic value creation of intra-national-scale crop pro-
duction, and to propose a synergy evaluation index (SI) of
PWF and EWF to reveal the synergies and trade-offs of crop
water productivity and its economic value from the WF per-
spective. First, the blue and green PWF (PWFb, PWFg) of
14 major crops (winter wheat, spring wheat, spring maize,
summer maize, rice, soybean, cotton, groundnut, rapeseed,
sugar beet, sugarcane, citrus, apple, and tobacco) is calcu-
lated annually in 31 provinces at the meteorological station
level, and the corresponding EWF is derived. Second, crops
are distinguished between grain and cash crops, with the
Mann–Kendall trend test and spatial autocorrelation analy-
sis method for evaluation of the temporal and spatial evolu-
tion characteristics of PWF and EWF. Finally, the synergy
evaluation index is constructed. Consequently, based on the
quantification of PWF and EWF, we constructed the synergy
evaluation index of water footprints, so that the original in-
tention of the study, which is a comprehensive assessment
from the perspective of both physics and economics, can be
implemented.

2 Method and data

2.1 AquaCrop modelling

Crop WF per unit mass is defined by the evapotranspira-
tion (ET) and yield (Y ) over the growing period (Hoekstra
et al., 2011). The AquaCrop model (Hsiao et al., 2009; Raes
et al., 2009; Steduto et al., 2009), a water-driven crop wa-
ter productivity model developed by FAO, is used to simu-
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late the daily green and blue ET and yield Y of 14 crops for
each station. The AquaCrop has fewer parameters than other
crop growth models and provides a better balance between
simplicity, accuracy, and robustness (Steduto et al., 2009). A
large number of studies have demonstrated the good perfor-
mance of AquaCrop in simulating crop growth and water use
under different environmental conditions (Abedinpour et al.,
2012; Jin et al., 2014; Kumar et al., 2014). Also, there have
been a number of studies using AquaCrop to calculate wa-
ter footprints (Chukalla et al., 2015; Zhuo et al., 2016a, c;
Wang et al., 2019). The dynamic soil water balance in the
AquaCrop model is shown in Eq. (1):

S[t] = S[t−1]+PR[t]+ IRR[t]+CR[t]−ET[t]
−RO[t]−DP[t], (1)

where S[t] (mm) is the soil moisture content at the end of
day t ; PR[t] (mm) is the rainfall on day t ; IRR[t] (mm) is
the irrigation amount on day t ; CR[t] (mm) is the capil-
lary rise from groundwater; RO[t] (mm) is the surface runoff
generated by rainfall and irrigation on day t ; DP[t] (mm) is
the amount of deep percolation on day t . RO[t] is obtained
through the Soil Conservation Service curve-number equa-
tion (USDA, 1964; Rallison, 1980; Steenhuis et al., 1995):

RO[t] =
(PR[t]− Ia)2

PR[t]+ S− Ia
, (2)

where S (mm) is the maximum potential storage, which is a
function of the soil curve number; Ia (mm) is the initial wa-
ter loss before surface runoff; and DP[t] (mm) is determined
by the drainage capacity (m3 m−3 d−1). When the soil water
content is less than or equal to the field capacity, the drainage
capacity is zero (Raes et al., 2017).

AquaCrop model is able to track the daily inflow and out-
flow at the root zone boundary. On this basis, we use the
blue and green WF calculation framework by Chukalla et al.
(2015), Zhuo et al. (2016c), and Hoekstra (2019) combined
with the model of soil water dynamic balance to separate the
daily blue and green ET (mm), as shown in Eqs. (3) and (4):

Sb[t] = Sb[t−1]+ IRR[t]−RO[t] ·
IRR[t]

PR[t]+ IRR[t]

− (DP[t]+ET[t]) ·
Sb[t−1]

S[t−1]
, (3)

Sg[t] = Sg[t−1]+PR[t]−RO[t] ·
PR[t]

PR[t]+ IRR[t]

− (DP[t]+ET[t]) ·
Sg[t−1]

S[t−1]
, (4)

where Sb[t] and Sg[t] (mm) respectively represent the blue
and green soil water content at the end of day t . According
to Siebert and Döll (2010), the maximum soil moisture of
rainfed fallow land 2 years before planting is taken as the

initial soil moisture for simulation. At the same time, the ini-
tial soil water during the growing period is set as green water
(Zhuo et al., 2016c).

The blue and green components in DP and ET were calcu-
lated per day based on the fractions of blue and green water
in the total soil water content at the end of the previous day
(Zhuo et al., 2016a), which are shown in Eqs. (5) and (6):

ETb[t] = ET[t] ·
Sb[t−1]

S[t−1]
, (5)

ETg[t] = ET[t] ·
Sg[t−1]

S[t−1]
. (6)

Using the normalized biomass water productivity (WP∗,
kgm−2), which is normalized for the atmospheric carbon
dioxide (CO2) concentration, the evaporative demand of
the atmosphere (ET0) and crop classes (C3 or C4 crops),
AquaCrop calculates daily aboveground biomass production
(B, kg) from daily transpiration (Tr ) and the correspond-
ing daily reference evapotranspiration (ET0) (Steduto et al.,
2009):

B =WP∗
∑ Tr[t]

ET0[t]
. (7)

The crop yield (harvested biomass) is the product of the
above-ground biomass (B) and the adjusted reference har-
vest index (HI0, %) (Raes et al., 2017).

Y = fHIHI0B, (8)

where the adjustment factor (fHI) reflects the water and tem-
perature stress depending on the timing and extent during the
crop cycle.

2.2 Calculation of production-based water footprint
(PWF)

The PWF values of 14 major crops were calculated an-
nually in 31 provinces at the meteorological station level.
Table 1 shows the number of meteorological stations per
province. The PWF (m3 kg−1) consists of the blue PWF
(PWFb, m3 kg−1) and the green PWF (PWFg, m3 kg−1),
which are respectively calculated from the daily blue evap-
otranspiration (ETb[t], mm), daily green evapotranspiration
(ETg[t], mm), and crop yield (Y , kgha−1) during the grow-
ing period (Hoekstra et al., 2011), as shown in Eqs. (9)–(11):

PWF= PWFb+PWFg, (9)

PWFb =

10 ·
gp∑
t=1

ETb[t]

Y
, (10)

PWFg =

10 ·
gp∑
t=1

ETg[t]

Y
, (11)

where gp (day) is the length of growing period; 10 is the
conversion coefficient. The daily ET and Y values during the
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growth period are simulated by the AquaCrop model. Be-
ing consistent with the existing calibration method which
has been widely applied (Mekonnen and Hoekstra, 2011;
Zhuo et al., 2016c, b, 2019; Wang et al., 2019), the modelled
crop yield was calibrated at provincial level according to the
statistics (NBSC, 2019). Within a province, we calibrated the
average level of the modelled yields among station points to
match the provincial statistics. Therefore, we kept the spatial
variation in crop yields, so that in associated water footprints
could be simulated by the AquaCrop model.

2.3 Calculation of economic value-based water
footprint (EWF)

Following Hoekstra et al. (2011), the EWF (m3 USD−1) of
crop production represents the water consumption per unit
of economic value.

EWF=
PWF
UP

, (12)

where PWF (m3 kg−1) is the production-based WF, and UP
(USDkg−1) is the crop unit price. The economic benefit unit
refers to crop price in the current study. The EWF is numer-
ically equal to the inverse of the economic water productiv-
ity. Considering the PWF and the EWF together provides a
clear and intuitive measurement to analyse the synergy rela-
tionship between water consumption of crop production and
economic value creation. To eliminate the influence of infla-
tion, we use the consumer price index (CPI) to calculate the
inflation rate of China based on 2001 and to convert the an-
nual crop current price into the 2001 constant Chinese Yuan
price (constant 2001 CNY). Then, we convert it to the 2001
constant American dollar price (constant 2001 USD).

Referring to Chouchane et al. (2015), when calculating the
blue and green EWF, we distinguish between irrigation and
rainfed agricultural modes. In rainfed agriculture, the green
EWF (EWFg,rf) is obtained by dividing the green water con-
sumption per unit yield under rainfed condition by the unit
price of crops, as shown in Eq. (13). Compared to rainfed
agriculture, the ratio of crop yield increment under full ir-
rigation is obtained by the AquaCrop model. We use it to
distinguish the blue and green EWF in irrigation agriculture
(EWFb,ir, EWFg,ir), as shown in Eqs. (14)–(16):

EWFg,rf =
CWUg,rf

YRF ·UP
, (13)

α =
YIR−YRF

YIR
, (14)

EWFb,ir =
CWUb,ir

YIR ·UP ·α
, (15)

EWFg,ir =
CWUg,ir

YIR ·UP · (1−α)
, (16)

where CWUg,rf (m3 ha−1) represents the consumption of
green water per unit area in rainfed agriculture; CWUb,ir

(m3 ha−1) and CWUg,ir (m3 ha−1) represent the consump-
tion per unit area in irrigation agriculture of blue and green
water, respectively; α is the ratio of crop yield increment
under full irrigation obtained by the AquaCrop model; and
YRF (kgha−1) and YIR (kgha−1) represent the simulated crop
yield after calibration at provincial level under the rainfed
and irrigation modes, respectively. The EWFg,rf represents
the amount of green water consumption per economic ben-
efit unit in rainfed agriculture (also refers to the amount of
green water input for each additional economic benefit unit);
EWFb,ir (EWFg,ir) refers to the additional amount of blue
(green) water for each additional unit economic benefit under
the same green (blue) water input in irrigation agriculture.

2.4 Spatial and temporal evolution of WFs

The Mann–Kendall (M–K) trend test (Mann, 1945; Kendall,
1975) is used to test the annual variation trend of WF of
crop production from 2001 to 2016. When using the M–K
test for trend analysis, the null hypothesis H0 is the that all
variables in WF time series {WFi |i = 1,2, . . .,16} are inde-
pendent and identical in distribution, with no variation trend;
the alternative hypothesis H1 is that all i, j ≤ 16 and i 6= j
in the distribution of WFi and WFj are different, with an ob-
vious upward or downward trend in the sequence. The M–K
statistic S is shown in Eq. (17):

S =

n−1∑
i=1

n∑
j=i+1

sgn(WFj −WFi), (17)

where WFj and WFi are the data values of year j and i of
the WF time series, respectively; n is the length of the data
sample, 16; and sgn is sign function, depicted in Eq. (18).

sgn(θ)=

 1 θ > 0
0 θ = 0
−1 θ < 0

(18)

When n≥ 8, the M–K statistic S roughly follows a normal
distribution, whose mean value is zero, and the variance can
be calculated by Eq. (19).

Var(S)=

n(n− 1)(2n+ 5)−
g∑
p=1

tp(tp − 1)(2tp + 5)

18
, (19)

where g is the number of tied groups, and tp is the number
of data values in the P th group (Kisi and Ay, 2014). When
n > 10, the test statistic Zc converges to the standard normal
distribution, which is calculated by Eq. (20).

Zc =

 (S− 1)/
√

Var(S) S > 0
0 S = 0
(S+ 1)/

√
Var(S) S < 0

(20)

Using a two-tailed test, when the absolute value of Zc ex-
ceeds 1.96 and 2.58, it means that the significance test of
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Table 1. Number of meteorological stations per province.

Region Province Number of weather stations Climatic zone

North-central Beijing 3 Temperate
Tianjin 3
Shanxi 27

North-east Inner Mongolia 36 Continental temperate and temperate
Liaoning 25
Jilin 29
Heilongjiang 34

Huang–Huai–Hai Hebei 19 Temperate
Shandong 21
Henan 17
Anhui 21

South-east Shanghai 1 Sub-tropics
Zhejiang 21
Fujian 22

Yangtze (middle and
lower reaches)

Jiangsu 22 Sub-tropics
Jiangxi 26
Hubei 27
Hunan 29

South-central Guangdong 36 Sub-tropics and tropics
Guangxi 18
Hainan 5

South-west Chongqing 11 Sub-tropics
Sichuan 38
Guizhou 31
Yunnan 25
Tibet 17

North-west Shaanxi 32 Continental temperate and plateau and
mountainGansu 23

Qinghai 25
Ningxia 12
Xinjiang 42

95 % and 99 % has been passed, respectively. The positive
Zc indicates an upward trend, while a negative value means
a downward trend.

The first law of geography states that everything is re-
lated, and things close to each other are more relevant (To-
bler, 1970). The global and local spatial relevance of WF is
expressed by the Moran’s I index (Moran, 1950). A posi-
tive spatial autocorrelation exists, when the high or low val-
ues of the feature variables of adjacent regions show a clus-
tering tendency in space, and a negative spatial autocorre-
lation means that the value of the feature variables of adja-
cent regions is opposite to that of the variable of the exam-
ined region. The global Moran’s I is used to evaluate the
overall spatial relevance of WF of crop production, shown in

Eq. (21).

I =

n
n∑
i=1

n∑
j=1

Wij (WFi −WF)(WFj −WF)

n∑
i=1
(WFi −WF)2

n∑
i=1

n∑
j=1

Wij

, (21)

where n is the number of provinces, 31; WFi is crop WF of
province i; WF is the average WF; and Wij is the spatial
weight between the province i and j , which represents the
potential interaction forces between the spatial units. When
province i and j are adjacent, Wij = 1; when not adjacent,
Wij = 0. At the given significance level (0.05 in this study),
if the global Moran’s I is significantly positive, it indicates
that provinces with similar geographical attributes are clus-
tered in space. On the contrary, if the global Moran’s I is
significantly negative, it means that provinces with different
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geographical attributes are clustered in space. A local Moran
index (LISA) (Anselin, 1995) is used to detect whether there
is local clustering of attributes, and the level (high or low)
of the WF of a province is shown by the LISA cluster map.
The LISA cluster map contains four types (Anselin, 2005):
high–high (H-H) and low–low (L-L) indicate that the level
(high or low) of WF in this province is consistent with ad-
jacent provinces; high–low (H-L) and low–high (L-H) mean
that the level (high or low) of WF in this province is opposite
to adjacent provinces. The analysis of spatial autocorrelation
can be realized by the GeoDa. The GeoDa is a free software
program intended to serve as a user-friendly and graphical in-
troduction to spatial analysis. It includes functionality rang-
ing from simple mapping to exploratory data analysis, the
visualization of global and local spatial autocorrelation, and
spatial regression. A key feature of the GeoDa is an interac-
tive environment that combines maps with statistical graph-
ics, using the technology of dynamically linked windows. In
terms of the range of spatial statistical techniques included,
the GeoDa is most similar to the collection of functions de-
veloped in the open-source R environment (Anselin et al.,
2006).

2.5 The synergy evaluation index (SI) of PWF and
EWF

The SI in the current study is the measure of the synergy
levels between the PWF and EWF of crops, by summing up
their corresponding difference between the water footprint
and the base value divided by the range (the maximum mi-
nus the minimum) of the water footprint. Here, we adopt the
national average level water footprint value as the reference
for comparison. The SI is calculated as follows:

SIi,j,c =
PWFj,c−PWFi,j,c

PWFj,c,max−PWFj,c,min

+
EWFj,c−EWFi,j,c

EWFj,c,max−EWFj,c,min
, (22)

where SIi,j,c is the synergy evaluation index of PWF and
EWF of crop c at province i in year j , and PWFj,c (m3 kg−1)
and EWFj,c (m3 USD−1) are the averages at the national
level in year j . Obviously, the absolute value of the differ-
ence between the WF and their corresponding national av-
erage level cannot exceed the maximum minus minimum
values. Therefore, the absolute value of SI cannot exceed 2.
When the PWF and EWF in a region are both lower than the
respective average at the national level, the SI of the region
must be positive; when the PWF and EWF in a region are
both higher than the respective average at the national level,
the SI of the region must be negative. When one is higher and
the other is lower than the corresponding average, the SI may
be positive or negative, depending on the difference between
the provincial value and the national average.

2.6 Data sources

The planting area and yield data of each province were ob-
tained from NBSC (2019). The provincial price data of crops
were obtained from the China National Knowledge Infras-
tructure (CNKI, 2019). The current crop prices were con-
verted to the constant prices using the inflation rate based
on 2001. The CPI, which is used to calculate the inflation
rate, was retrieved from NBSC (2019). The exchange rate
used to convert local constant prices into American constant
prices was taken from The World Bank (2019). The meteo-
rological data on daily precipitation, daily mean maximum
temperature, and daily mean minimum temperature required
for the AquaCrop model of 698 meteorological stations in
the study area (see Fig. 1) were downloaded from CMDC
(2019). The irrigation and rainfed areas of crops were re-
trieved from MIRCA2000 (Portmann et al., 2010). The soil
texture data were taken from the ISRIC database (Dijkshoorn
et al., 2008). The soil water content data were from Batjes
(2012). The dates of planting of crops referred to Chen et al.
(1995). The harvest indexes were taken from Xie et al. (2011)
and Zhang and Zhu (1990). Crop growth periods and maxi-
mum root depths were taken from Allen et al. (1998) and
Hoekstra and Chapagain (2007).

3 Results

3.1 Temporal and spatial evolution of PWF

At the national average level, the PWF of both grain and cash
crops showed a significant downward trend over the study
period 2001–2016. With the increase in crop yield (grain
crop increasing by 26 %, cash crop increasing by 62 %),
the PWF of grain crops decreased by 20 % from 1.16 to
0.93 m3 kg−1 (Fig. 2a); and the PWF of cash crops decreased
by 35 % from 0.70 to 0.46 m3 kg−1 (Fig. 2b). As for the com-
position of the WF, the proportion of blue WF of crop pro-
duction showed a decreasing trend. The proportion of blue
WF of grain and cash crops decreased from 39 % and 17 %
in 2001 to 34 % and 14 % in 2016, respectively.

Table 2 lists the PWF, yield, and blue and green water
consumption by crops under irrigated and rainfed agricul-
ture in 2001 and 2016. Concerning grain crops, soybean had
the highest PWF (2.79 m3 kg−1 in 2016), followed by spring
wheat (1.51 m3 kg−1 in 2016). Rice had the lowest PWF
(0.78 m3 kg−1 in 2016). Among cash crops, cotton had the
highest PWF (3.68 m3 kg−1 in 2016), while sugar beet con-
sumed the least water per yield (0.06 m3 kg−1 in 2016). The
proportion of blue WF in spring wheat was the highest (69 %
in 2016). Cotton had the highest proportion of blue WF (32 %
in 2016) in cash crops. Winter wheat is the grain crop with
the highest output in China, and its PWF decreased by 29 %
(from 1.47 m3 kg−1 in 2001 to 1.04 m3 kg−1 in 2016). Cotton
is the cash crop with the highest water consumption per yield,
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Figure 1. Considered weather stations across mainland China.

Figure 2. Interannual variability of national average production-based water footprint (PWF) of (a) grain and (b) cash crops in China over
2001–2016.

and its PWF decreased by 31 % (from 5.29 m3 kg−1 in 2001
to 3.68 m3 kg−1 in 2016). The M–K test results of each crop’s
PWF in Table 3 further confirm the above views. The PWF
and yield of different crops had different temporal evolutions.
The temporal trends in the PWFb and PWFg of the same crop
were also different. Among grain crops, winter wheat had the
lowest M–K statistical value in PWF (−4.547) and the high-
est in yield (5.178), jointly showing an obvious positive trend
on improving water use efficiency, while the M–K statistic
value of soybean was only −0.675, which meant that the
PWF of soybean showed little decrease. Soybean planting
was dominated by individual farmer mode, with small and
fragmented scales and a low planting mechanization degree.
Moreover, the harvested area was shrunk (7 202 000 hectares
in 2016, 24 % less than 2001). For cash crops, the changes of

PWF and yield were most pronounced for fruit crops (apple
and citrus). The M–K test result of PWFb of cotton with the
highest water consumption intensity was zero, with almost
no changes, given little changes in the yield level in most
cotton growing areas.

Figure 3a and b shows the spatial distribution of PWF
of grain and cash crops across 31 provinces, respectively,
in four representative years (2001, 2006, 2011, and 2016).
The PWF of grain crops was overall higher in the north-
west of China, represented by provinces Shaanxi, Gansu,
and Ningxia, with the phenomenon of clustered distribu-
tion. The south-eastern coastal areas such as Guangdong,
Fujian, and Zhejiang were at a relatively low level. The
main reason behind this is that the drier north-west, where
wheat and maize grows, has relatively higher evapotranspi-
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Table 3. M–K analysis of production-based water footprint (PWF) and economic value-based water footprint (EWF) of crops in China.

Price Yield PWFb PWFg PWF EWF EWFb,ir EWFg,ir EWFg,rf
USD kg−1 kg ha−1 m3 kg−1 m3 kg−1 m3 kg−1 m3 USD−1 m3 USD−1 m3 USD−1 m3 USD−1

Grain crop Zc 3.557 5.088 −4.727 −4.277 −4.997 −4.097 −3.017 −4.187 −4.007
Significant b b b b b b b b b

Winter wheat Zc 4.007 5.178 −3.737 −4.547 −4.547 −4.547 −1.936 −4.547 −4.547
Significant b b b b b b b b

Spring wheat Zc 4.007 4.457 −0.135 −3.107 −2.476 −2.746 0.045 −2.926 −2.746
Significant b b b a b b b

Spring maize Zc 3.107 3.647 −4.097 −2.476 −4.097 −3.647 −2.386 −3.377 −3.647
Significant b b b a b b a b b

Summer maize Zc 3.107 4.277 −3.647 −3.197 −3.287 −3.377 0.495 −3.647 −3.467
Significant b b b b b b b b

Rice Zc 3.647 4.637 −3.107 −3.017 −3.377 −4.367 −0.315 −3.827 −4.277
Significant b b b b b b b b

Soybean Zc 2.116 1.126 1.846 −1.396 −0.675 −2.116 0.135 −2.656 −2.296
Significant a a b a

Cash crop Zc 3.287 4.547 −4.007 −4.547 −4.637 −3.737 −3.017 −3.647 −3.737
Significant b b b b b b b b b

Groundnut Zc 2.926 4.547 −3.467 −3.287 −3.917 −3.377 0.405 −3.017 −3.197
Significant b b b b b b b b

Rapeseed Zc 3.197 4.097 2.386 −2.476 −2.476 −3.377 −3.377
Significant b b a a a b b

Cotton Zc 0.135 4.277 0 −4.187 −4.007 −2.476 0.045 −2.656 −2.926
Significant b b b a b b

Sugarcane Zc 3.017 3.467 −3.377 −2.116 −2.476 −3.557 −3.737 −3.647 −3.557
Significant b b b a a b b b b

Sugar beet Zc 3.647 4.727 −0.045 −4.457 −4.457 −4.457 −4.457
Significant b b b b b b

Apple Zc 3.197 5.358 −4.907 −5.088 −4.997 −3.557 −2.926 −3.557 −3.557
Significant b b b b b b b b b

Citrus Zc 1.576 5.178 −4.997 −4.817 −4.997 −3.737 −3.107 −3.647 −3.647
Significant b b b b b b b b

Tobacco Zc 4.817 2.926 −0.855 −2.836 −2.746 −4.817 −3.917 −4.997 −4.817
Significant b b b b b b b b

a Significant at p < 0.05. b Significant at p < 0.01.

ration and so higher PWF, while the water-abundant and wet
south-east coastal provinces grow rice with a lower PWF.
Consistent with the national level analysis, the PWF of the
31 provinces decreased significantly over time (Fig. 3a).
Specifically, in north-western China, Gansu province, where
the water-intensive wheat and maize were the main grain
crops (wheat and maize accounting for 95 % of grain crops in
2016), had the largest grain crop PWF (mean 1.43 m3 kg−1)
and showed an obvious downward trend, which decreased
by 30 % from 1.73 m3 kg−1 in 2001 to 1.21 m3 kg−1 in 2016.
Concerning the composition of blue and green water, Xin-
jiang had the largest proportion of blue water in grain crops
among the 31 provinces, with an annual average of 75 %,

far higher than the national average (36 %); the proportion
of blue water in grain production in Jilin province was the
smallest, with an annual average of 20 %.

Unlike grain crops, the PWF of cash crops was higher in
the Beijing–Tianjin–Hebei region, and lower in Inner Mon-
golia province and the southern areas (Guangdong, Guangxi,
and Hainan), without an obvious clustered characteristic
(Fig. 3b). This can be interpreted as follows: regarding the
cash crops, the dominant crop differs among provinces,
which resulted in obvious scattered characteristics in related
WFs. For instance, cotton and groundnut with PWF values
of 3.68 and 1.49 m3 kg−1 (in 2016) were the leading cash
crops in Beijing–Tianjin–Hebei region, whereas rapeseed of
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Figure 3. Temporal and spatial evolution of production-based water footprint (PWF) of (a) grain and (b) cash crops in China.

lower PWF (1.04 m3 kg−1 in 2016) was the main cash crop
in Inner Mongolia. Specifically, during the study period, the
PWF of cash crops in Tianjin where cotton was the main cash
crop was the largest (3.31 m3 kg−1 in 2011, much higher than
the national level of 0.51 m3 kg−1 the same year), with the
annual average of 2.90 m3 kg−1. The PWF of cash crops in
Guangxi where citrus and sugarcane were dominant was the
smallest, with annual average of 0.14 m3 kg−1, much lower
than the national level of 0.54 m3 kg−1. Concerning the com-
position of blue and green water, the proportion of blue wa-
ter was larger in northern and north-eastern China, and lower
in southern and south-western China. Among them, the pro-
portion of blue water of cash crops was the largest in Jilin
province, with annual average of 35 %, while the proportion

of blue water in Qinghai province was less than 1 %, which
was the lowest in China. These results can be explained by
the fact that Jilin’s main cash crop was groundnut (88 % in
2016), with a high proportion of blue water consumption,
while 99 % of Qinghai’s cash crops was rainfed rapeseed.

Table 4 shows global Moran’s I of PWF of grain and cash
crops. The annual average global Moran’s I of PWF of grain
crops was 0.263, with a clustered spatial distribution in most
provinces, and gradually moderated over time (Moran’s I de-
creased from 0.559 in 2001 to 0.214 in 2016). The spatial
pattern of PWF of cash crops did not show obvious agglom-
eration, and the average Moran’s I was only 0.163.

The LISA cluster map shows the H-H regions of PWF
of grain crops gathered in Gansu, Ningxia, Shaanxi, and In-
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Table 4. Moran’s I test for production-based water footprint (PWF) and economic value-based water footprint (EWF) of crop production.

Moran’s I Z score p value

PWF Grain crop 2001 0.559 5.141 0.001
(m3 kg−1) 2006 0.227 2.207 0.014

2011 0.126 1.491 0.077
2016 0.214 2.085 0.021

Cash crop 2001–2016 0.263 2.659 0.009
2001 0.302 2.972 0.004
2006 0.152 1.665 0.052
2011 0.094 1.252 0.106
2016 0.11 1.224 0.11
2001–2016 0.163 1.756 0.05

EWF Grain crop 2001 0.585 5.392 0.001
(m3 USD−1) 2006 0.395 3.887 0.001

2011 0.311 3.073 0.003
2016 0.618 5.393 0.001
2001–2016 0.482 4.518 0.001

Cash crop 2001 −0.009 0.184 0.411
2006 0.04 0.653 0.24
2011 0.139 1.501 0.066
2016 −0.145 −0.914 0.187
2001–2016 0.016 0.418 0.307

ner Mongolia, and the L-L regions gathered in Guangdong,
Zhejiang, Fujian, and Jiangxi (Fig. 4a). At the beginning of
the study period, the PWF in 2001 showed an obvious posi-
tive spatial correlation, with 13 significant provinces (Gansu,
Ningxia, Shaanxi, Shanxi, Inner Mongolia, and Hebei in H-
H regions; Guangdong, Zhejiang, Fujian, Jiangxi, Anhui,
Jiangsu, and Hunan in L-L regions). In time, the H-H re-
gions in north-western China gradually decreased, leaving
only Ningxia in H-H regions, while L-L regions remained
relatively stable. Overall, there were seven significant regions
in 2016, indicating that the spatial agglomeration of PWF of
grain crops decreased with time. This indicates that with the
development of water-saving technology and the improve-
ment of agricultural water resource management level, the
utilization efficiency of agricultural water resources in the
arid north-west region has been gradually improved, while
the gap with the more developed and water-rich southern
provinces is narrowing. As for cash crops, no obvious ag-
glomeration existed (Fig. 4b).

3.2 Temporal and spatial evolution of EWF

Similar to the evolution of PWF, the EWF of both grain and
cash crops showed a significant declining trend at the na-
tional average level. With the increase in crop price (grain
crop increasing by 40 %, cash crop increasing by 70 %),
the EWF of grain crops decreased by 44 %, from 9.01 to
5.04 m3 USD−1 (Fig. 5a); the EWF of cash crops decreased
by 62 %, from 5.39 to 2.05 m3 USD−1 (Fig. 5b).

In terms of grain crops, the EWFb,ir fluctuated, reaching
the highest value of 25.58 m3 USD−1 in 2002 and falling
to the lowest of 12.26 m3 USD−1 in 2010. In contrast, the
EWFg,ir and EWFg,rf showed a significant and steady de-
clining trend, decreasing from 5.32 and 9.05 m3 USD−1 in
2001 to 2.96 and 4.94 m3 USD−1 in 2016, respectively.
Among the three types of WF, the EWFg,ir was the low-
est (mean 3.11 m3 USD−1), EWFb,ir was the highest (mean
15.49 m3 USD−1), and EWFg,rf (mean 5.31 m3 USD−1) was
close to the average EWF (5.41 m3 USD−1) in irrigation and
rainfed production modes. This suggests that more water was
required per additional benefit unit under irrigation than un-
der rainfed mode, whereas in the irrigated agriculture, com-
pared with blue water, increasing the input of green water
may result in more economic benefits. Therefore, utilization
efficiency of green water resources for grain crops should be
improved.

Concerning cash crops, the EWFb,ir decreased by 50 %
from 10.54 to 5.22 m3 USD−1. Compared to grain crops, the
difference between the EWFg,ir and EWFg,rf was smaller,
with average values of 1.90 and 2.48 m3 USD−1, respec-
tively. In addition, compared to grain crops, the EWF of cash
crops was lower, which indicated that cash crop production
could get more economic benefits per water consumption
unit. Besides, increasing the input of green water resource
could obtain higher economic benefits, and the rainfed pro-
duction had greater economic potential.

Table 2 lists the EWF by crops in 2001 and 2016 at the na-
tional scale. Among grain crops, soybean, which consumed
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Figure 4. The LISA cluster maps of production-based water footprint (PWF) of (a) grain and (b) cash crops.

the most water per yield unit (2.79 m3 kg−1 in 2016), also had
the highest EWF. The second most water-intensive, spring
wheat (1.51 m3 kg−1 in 2016), had the second highest EWF
(8.02 m3 USD−1 in 2016). Rice, with the lowest water con-
sumption per yield unit (0.78 m3 kg−1 in 2016), also had
the lowest EWF (3.39 m3 USD−1 in 2016). Regarding cash
crops, cotton, with the highest water consumption per yield
unit (3.68 m3 kg−1 in 2016) was the crop with the highest
EWF (3.00 m3 USD−1 in 2016). Groundnut’s EWF ranked
second (2.76 m3 USD−1 in 2016), and sugar beet had low-
est water consumption per yield unit (0.06 m3 kg−1 in 2016),
with an EWF (1.60 m3 USD−1 in 2016), much lower than the
average EWF of cash crops (2.05 m3 USD−1 in 2016).

Sugarcane had the lowest EWFb,ir (1.29 m3 USD−1 in
2016). The difference between EWFg,ir and EWFg,rf of
spring wheat was the largest, with 3.11 and 6.94 m3 USD−1,
respectively, in 2016. The difference between EWFg,ir
and EWFg,rf of tobacco was the smallest, with 0.59 and
0.83 m3 USD−1, respectively, in 2016. Table 2 also lists the
annual blue and green CWU and yield under irrigated and
rainfed conditions by crops in China for the years 2001 and
2016. It can be seen that for all the crops, CWUg,ir was 21 %
(sugarcane) to 55 % (spring wheat) smaller than CWUg,rf in
2016. Therefore, it is possible that this resulted in EWFg,ir
being much smaller than EWFg,rf. During the study period,
the EWFg,rf of cash crops decreased most significantly. As
for the EWFb,ir, the downward trend of cash crops was more
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Figure 5. Interannual variability of economic value-based water footprint (EWF) of (a) grain and (b) cash crops in China over 2001–2016.

significant, compared to that of grain crops. The M–K test
results in Table 3 further confirmed the above results, as the
M–K statistical values of all crops’ EWF passed the signif-
icance level test of p < 0.05. M–K test results for the EWF
of most crops were at the similar significance level to that
for the corresponding PWF. It is mainly because the M–K
test results of the prices of most crops were at the same sig-
nificant level as the corresponding M–K test results of the
yields. Due to the significantly increased price, the EWF M–
K test result of soybean was −2.116, which was higher than
the test result of corresponding PWF (−0.675). Cotton is an-
other crop worthy of attention. M–K test result for EWF of
cotton was −2.476, whose significance level was lower than
that of PWF. This is mainly due to fluctuations in the price of
cotton. In addition, it can be seen that the changes of EWFb,ir
of most crops were not as obvious as those of EWFg,ir and
EWFg,ir. It indicates that there is more potential in optimiz-
ing the economic benefit of agricultural blue water input.

Figure 6a and b shows the spatial distribution of EWF of
grain and cash crops, respectively. Generally, the EWF of
grain crops was higher in Inner Mongolia and north-western
China (Shaanxi, Gansu, Ningxia and Xinjiang); Guangdong,
Jiangxi, Fujian, Zhejiang, and other south-eastern coastal
provinces were at a relatively low level. The north-west,
with higher PWF, has lower crop prices due to the rela-
tively underdeveloped economies. In contrast, the econom-
ically advanced south-east coastal provinces have both low
crop water consumption and higher prices. And the EWF of
the 31 provinces showed a significant declining trend over
time, which was consistent with the characteristics of the
PWF of grain crops above (Fig. 3a). Specifically, Gansu
province with the highest PWF of grain crops in north-
western China (mean 1.43 m3 kg−1) also had the highest
EWF in the top three (mean 8.34 m3 USD−1), with a sig-
nificant decline of 46 % over time, from 13.28 m3 USD−1 in
2001 to 7.12 m3 USD−1 in 2016. Another high-value area in

the north-west is Shaanxi, where winter wheat and spring
maize were the main grain crops (44 % and 47 % of all
grain crops, respectively, in 2016). The EWF and PWF in
Shaanxi (mean 8.15 m3 USD−1 and 1.39 m3 kg−1) were sec-
ond only to those in Gansu. In contrast, the EWF and PWF
(mean 4.49 m3 USD−1 and 0.94 m3 kg−1) in Fujian, with rice
as the main grain crop (86 % of all grain crops in 2016), were
far lower than the national average (mean 5.41 m3 USD−1

and 1.01 m3 kg−1).
Concerning the composition of blue and green water

for grain crops, the EWFb,ir in north-western China was
lower, while the EWFg,ir and EWFg,rf were higher. In con-
trast, the EWFb,ir in southern China was higher, while the
EWFg,ir and EWFg,rf were lower. Specifically, in the north-
west region, Ningxia had the highest EWFg,ir and EWFg,rf
(mean 5.25 and 8.35 m3 USD−1, respectively), while the
EWFb,ir was only 7.28 m3 USD−1, far lower than the na-
tional average (15.49 m3 USD−1). Instead, the EWFg,ir and
EWFg,rf in Yunnan were close to the national average level
(3.59 and 5.31 m3 USD−1), and EWFb,ir was the highest
(52.05 m3 USD−1). This is mainly because Yunnan is located
in the south-west, where the climate is humid and rainfall
is abundant. The yields of maize and rice, the main crops,
are basically guaranteed under the conditions of natural rain-
fall, with an extremely limited increase brought on by ir-
rigation. The EWF of cash crops had no obvious spatial
clustered phenomenon, decreasing significantly over time in
31 provinces, which was consistent with the spatial evolu-
tion characteristics of the corresponding PWF previously dis-
cussed (Fig. 3b).

Table 4 shows the global Moran’s I of EWF of grain and
cash crops. The average Moran’s I of EWF of grain crops
(0.482) was higher than the PWF (0.263). Spatial agglom-
eration existed in most provinces, which was more stable
over time. Unlike grain crops, the spatial pattern of EWF of
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Figure 6. Temporal and spatial evolution of economic value-based water footprint (EWF) of (a) grain and (b) cash crops in China.

cash crops did not show obvious agglomeration, with average
Moran’s I of 0.016.

The LISA cluster maps of EWF of grain and cash crops
are shown in Fig. 7. The H-H regions of EWF for grain
crops were mainly concentrated in Ningxia, Gansu, Shaanxi,
Shanxi, and Inner Mongolia, and L-L regions were mainly
concentrated in Guangdong, Zhejiang, Fujian, and Jiangxi.
During the research period, the EWF of grain crops showed
an obvious and stable positive spatial correlation. Generally,
the spatial agglomeration pattern of the EWF of grain crops
was stable. As for cash crops, the LISA maps of four rep-
resentative years show great changes. Only in 2011 is a cer-
tain positive spatial correlation shown, with four provinces

(Hunan, Hubei, Chongqing, and Guizhou) in H-H regions.
Overall, the EWF of cash crops did not show obvious spatial
agglomeration. For the same crop, the spatial variations of
its PWF are defined by climate and productivity. The price
is one of the main factors defining the EWF. While related
to the cluster maps shown in the current results for grain and
cash crops, the main factor is the cultivation distribution. Re-
garding the grain crops, the cultivation distributions of ma-
jor grain crops in China show obvious spatial agglomera-
tion characteristics. For instance, rice is mainly distributed in
central and southern China (Hubei, Hunan, Jiangxi, Guang-
dong, and Guangxi). Winter wheat is concentrated in the
Huang–Huai–Hai Plain (Shandong, Henan, Jiangsu, Anhui,
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Figure 7. The LISA cluster maps of economic value-based water footprint (EWF) of (a) grain and (b) cash crops.

and Hebei), whereas, regarding the cash crops, the dominant
crop differs among provinces (see Fig. 10b), which resulted
in obvious scattered characteristics in related WFs. For ex-
ample, in the north-west regions, cotton is only planted on a
large scale in Xinjiang, and almost no cotton is planted in the
surrounding provinces. In addition, crop prices in the main
producing provinces are generally lower, while they vary de-
pending on the regional economic level. For example, both
Henan and Shandong are the main producing areas of winter
wheat, but the price (0.21 USDkg−1 in 2016) in Shandong,
which has a more developed economy, was higher than that
in Henan (0.17 USDkg−1).

3.3 Synergy evaluation of PWF and EWF

Figure 8a and b show the SI between PWF and EWF
of grain and cash crops across 31 provinces, respectively,
over the years. Concerning grain crops, the number of
provinces with negative SI were increasing. Over time, the
areas with negative SI gradually expanded to the south.
The SI was mostly negative in Beijing–Tianjin–Hebei, In-
ner Mongolia, and north-western China. In 2016, the SI of
Shaanxi was −1.13, the lowest in China. The SI of Jiangxi,
Chongqing, Hubei, Hunan, Jiangsu, Zhejiang, Shanghai, and
other coastal areas in south-eastern China was positive. In
2016, the SI of Jiangxi was 0.62, the highest in China. Over-
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all, the SI of grain crops was negative in Inner Mongolia and
north-western China (Shaanxi, Gansu, Ningxia), whereas in
Guangdong, Jiangxi, Fujian, Zhejiang, and other coastal ar-
eas in south-eastern China it was positive, with a clustered
distribution. With the development of water-saving technolo-
gies and the improvement of agricultural management, China
has made gratifying progress in the efficient use of water for
crop production from a single physical or economic perspec-
tive. However, only by combining the physical and economic
perspectives can we gain a deeper understanding of the un-
derlying problems and catch the synergies, trade-offs, and
even lose–lose relationships between reducing the water re-
sources input for harvesting crop yields and optimizing the
economic benefits per unit of water consumption in different
regions.

As for cash crops, the SI of Tianjin, Jiangxi, and Hu-
nan was always negative, and the lowest in China (multi-
year mean values of−0.98,−0.90, and−0.74, respectively).
Overall, there were more provinces with negative SI of cash
crops, and the incongruity between PWF and EWF of cash
crops was more significant than that of grain crops. Inter-
estingly, the provinces with the most severe negative SI for
grain crops had positive SI for cash crops. The highest SI of
cash crops in 2016 occurred in Shanghai (0.39), which was
lower than the SI of grain crops in the same year (0.45). At
the same time, the SI of grain and cash crops in Tianjin, Ti-
bet, and Xinjiang decreased significantly. In more provinces,
the SI of grain and cash crops varied greatly and was not syn-
chronized. For example, the SI of grain crops in Inner Mon-
golia and Fujian increased significantly, while the SI of cash
crops showed a downward trend. Furthermore, the SI of cash
crops in Shaanxi and Gansu increased significantly, while the
SI of grain crops did not change significantly.

Taking 2016 as an example, we further look at the rea-
sons for the lose–lose relationship between reducing the wa-
ter resources input for harvesting crop yields and optimiz-
ing the economic benefits per unit of water consumption in
both grain and cash crops (see Fig. 9), from the perspective
of planting structure (see Fig. 10). Shaanxi province had the
highest PWF in China (1.23 m3 kg−1), and the second highest
EWF (7.48 m3 USD−1). In Shaanxi, winter wheat and spring
maize with high water consumption and low yield accounted
for more than 90 % of the total sown area of grain crops,
with yields lower than the national averages by 24 % and
26 %, respectively. Moreover, the price of wheat in Shaanxi
province (0.17 USD kg−1) was lower than the national aver-
age (0.19 USDkg−1). The reasons for high water consump-
tion per unit of grain production coupled with poor eco-
nomic benefits in Shaanxi province can be attributed to the
above two points. In contrast, in Jiangxi province, where rice,
which has low water consumption intensity, is the main grain
crop (rice accounting for 95 % of the grain crops), PWF and
EWF were 0.77 m3 kg−1 and 3.63 m3 USD−1, well below the
national averages (0.93 m3 kg−1, 5.04 m3 USD−1).

As for cash crops, the PWF of Tianjin was 1.92 m3 kg−1,
the highest in China, and the EWF was 3.26 m3 USD−1, the
fifth highest in China, which was significantly higher than
the national average (2.05 m3 USD−1). It can be seen from
Fig. 10b that cotton accounted for the largest proportion
(70 %) in the planting structure of cash crops in Tianjin. Cot-
ton consumed the most water per yield unit of cash crops,
while the price unit of cotton in Tianjin was the second lowest
in China (1.11 USDkg−1), which did not reflect the advan-
tage of cotton as a high-value crop. Jiangxi province showed
the highest EWF in China (3.86 m3 USD−1), and a PWF
(0.96 m3 kg−1) which was also higher than the national av-
erage (0.46 m3 kg−1). Figure 10b shows that citrus (planting
area accounting for 29 % of cash crops) and rapeseed (plant-
ing area accounting for 48 % of cash crops) are the main cash
crops in Jiangxi. However, the price unit of citrus in Jiangxi
was the third lowest (0.17 USDkg−1, only 62 % of the na-
tional average), and the yield of rapeseed was also the third
lowest (1.34 tha−1, 32 % lower than the national average). In
contrast, the main cash crop in Shanxi was apple (planting
area accounting for 87 % of cash crops), with low water con-
sumption intensity and a yield which was the second highest
in China (28.5 tha−1), 1.5 times larger than the national av-
erage (18.9 tha−1).

4 Discussion

The goal of WF regulation is to reduce its magnitude to a
sustainable level (Hoekstra, 2013), but the challenges faced
during implementing sustainable development are rarely en-
countered in a single dimension. However, previous research
has most commonly adopted a single-perspective approach
to WF analysis. Based on the temporal and spatial evolution
of PWF and EWF, the synergy evaluation index (SI) is con-
structed to achieve a more comprehensive assessment in this
study. This approach has led to some differences in the re-
sults of WF compared to previous research.

Table 5 compares the PWF results of crop production be-
tween the current study and previous ones. Differently from
Mekonnen and Hoekstra (2011) and Zhuo et al. (2016b), this
study distinguishes between wheat and maize varieties when
calculating the WF, despite China’s wheat production being
mainly of winter wheat (accounting for 95 % in 2016). Due to
the differences of varieties, water consumption intensity, and
planting conditions, it is necessary to distinguish between
crops in the provinces where spring wheat is the main crop.
In addition, due to the differences in model selection and pa-
rameters, the calculation results will also be different. For ex-
ample, Mekonnen and Hoekstra (2011) used the CROPWAT
model and checked the crop yield at the national scale, while
this study chooses the AquaCrop model and checks the crop
yield at the provincial level. Both the studies of Mekonnen
and Hoekstra (2011) and Zhuo et al. (2016b) were based on
the 5 arcmin grid, while this research calculates the WF based
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Figure 8. Temporal and spatial evolution of synergy evaluation index (SI) of (a) grain and (b) cash crops.

on the meteorological station scale. In general, however, the
crop production WF in this study is close to that of previous
studies, which shows the rationality of the calculated results.

Table 6 compares the EWF of this study with previously
calculated results of the economic water productivity. There
were no existing EWF values for China’s cases. We wish
to show the available values on EWF of crops for countries
other than China. Since the economic water productivity is
numerically equal to the reciprocal of the EWF, the previous
results are expressed in the form of EWF for comparison.
The results for wheat production show that, although the av-
erage EWF is close, differences in crop varieties, planting en-
vironment, and climate conditions result in huge differences

in EWFb,ir under the same production mode. Therefore, spe-
cific problems should be investigated separately. The selec-
tion and adjustment of production modes should be made ac-
cording to local conditions to promote coordinated develop-
ment.

From the results of the multi-perspective analysis con-
ducted in this study, we found that with the increase in yield
and price, the PWF and EWF of crop production both showed
a decreasing trend, and the EWF decreased more signifi-
cantly compared with the PWF. The change of WF of cash
crops was more obvious than that of grain crops. In terms of
the spatial pattern, compared with cash crops, WF of grain
crops had a more significant spatial correlation, and the spa-
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Figure 9. Production-based water footprint (PWF) vs. economic value-based water footprint (EWF) of (a) grain and (b) cash crops per
province in 2016.

tial distribution of PWF was similar to that of EWF. H-H
areas mainly gathered in north-western China, while L-L
areas were in south-eastern coastal provinces. The average
Moran’s I of EWF (0.482) was higher than that of PWF
(0.263).

Moreover, results show that as for grain production at
the national level, the EWFb,ir (mean 15.49 m3 USD−1) was
much higher than the EWFg,ir (mean 3.11 m3 USD−1), and
the EWFg,rf (mean 5.31 m3 USD−1) was the closest to the
average EWF in irrigation and rainfed agriculture (mean
5.41 m3 USD−1). Compared with grain crops, the difference
between EWFg,ir and EWFg,rf of cash crops was smaller,
with average values of 1.90 and 2.48 m3 USD−1, respec-
tively. Moreover, the EWF of cash crops was lower than that
of grain crops. It was more cost-effective to increase the input
of green water than that of blue water during crop produc-
tion. In north-western China, the EWFb,ir was lower, while

the EWFg,ir and EWFg,rf were higher; on the contrary, in
southern China, the EWFb,ir was higher, while the EWFg,ir
and EWFg,rf were lower. Therefore, the utilization efficiency
of green water resources should be improved through wa-
ter retention by tillage systems and mulching. Meanwhile,
more blue water can be generated through rainwater harvest-
ing (Hoekstra, 2019). Specifically, we suggest two measures
to increase the blue water efficiency in northern China. One
is rainwater harvesting in the rainy season, especially for the
short-term heavy rain which cannot be effectively used by
crops but can easily cause soil erosion. The other one is re-
ducing blue water consumption and loss in the field by pop-
ularizing water-saving irrigation techniques and mulching
practices. Such measures are helpful to improve the utiliza-
tion efficiency of both blue and green water. Based on the
current results, we recommend the government to improve
agricultural water use efficiency through the extension of

Hydrol. Earth Syst. Sci., 25, 169–191, 2021 https://doi.org/10.5194/hess-25-169-2021



X. Yang et al.: Physical versus economic water footprints in crop production 187

Figure 10. Planting structure of (a) grain and (b) cash crops in 31 provinces in 2016.

water-saving irrigation techniques and better agricultural in-
puts management, especially in north-west China. High wa-
ter consumption and acreages of low-economic-value crops
in non-primary production areas should be reduced. For the
southern regions with abundant rainwater resources, the eco-
nomic benefits of irrigation are very limited; on the contrary,
rainfed agriculture has obvious advantages and the poten-
tial to increase economic benefits. Therefore, farmers should
improve the water conservation rate and the utilization effi-
ciency of green water through farming systems and cover-
age to reduce the amount of water used for irrigation. The
government should also give financial subsidies for agricul-
tural production to those provinces where there were lose–
lose relationships between reducing the water resources in-
put for harvesting crop yields and optimizing the economic

benefits per unit of water consumption. Finally, field man-
agement should be improved, especially in the utilization rate
of chemical fertilizers and pesticides, to increase agricultural
productivity further (Zhang et al., 2013).

There was a serious lose–lose relationship between reduc-
ing the water resources input for harvesting crop yields and
optimizing the economic benefits per unit of water consump-
tion in both grain and cash crops. In terms of grain produc-
tion, the water consumption per yield was large, but the eco-
nomic benefit per water consumption unit was poor in the
north-west region, while the opposite was true in the south-
east coastal region. Over time, the lose–lose relationship has
not been alleviated, showing a relatively stable spatial pat-
tern. Through analysis, this study shows that the unreason-
able regional planting structure and crop price may be the

https://doi.org/10.5194/hess-25-169-2021 Hydrol. Earth Syst. Sci., 25, 169–191, 2021



188 X. Yang et al.: Physical versus economic water footprints in crop production

Table 5. Comparison between production-based water footprint (PWF) of crop production in mainland China in the current study and
previous studies.

PWFb (m3 kg−1) PWFg (m3 kg−1) PWF (m3 kg−1)

Current study Mekonnen and
Hoekstra (2011)

Zhuo et al.
(2016b)

Current study Mekonnen and
Hoekstra (2011)

Zhuo et al.
(2016b)

Current study Mekonnen and
Hoekstra (2011)

Zhuo et al.
(2016b)

2001–2016 1996–2005 2008 2001–2016 1996–2005 2008 2001–2016 1996–2005 2008

Winter wheat 0.49 0.47 0.31 0.73 0.82 0.84 1.22 1.29 1.15
Spring wheat 1.03 0.56 1.59
Spring maize 0.27 0.07 0.07 0.65 0.79 0.75 0.92 0.86 0.82
Summer maize 0.25 0.73 0.98
Rice 0.36 0.25 0.38 0.46 0.55 0.96 0.82 0.80 1.34
Soybean 0.53 0.25 0.11 2.34 2.55 2.02 2.87 2.80 2.13
Groundnut 0.38 0.09 0.19 1.21 1.38 1.35 1.59 1.47 1.54
Rapeseed 0.00 0.00 0.00 1.18 1.39 1.74 1.18 1.39 1.74
Cotton 1.06 0.56 3.58 3.26 4.64 3.82
Sugarcane 0.01 0.01 0.00 0.10 0.17 0.12 0.11 0.18 0.12
Sugar beet 0.00 0.00 0.00 0.10 0.15 0.07 0.10 0.15 0.07
Apple 0.04 0.03 0.04 0.35 0.80 0.31 0.39 0.83 0.35
Citrus 0.09 0.02 0.63 0.45 0.72 0.47
Tobacco 0.23 0.25 0.01 1.67 2.01 1.63 1.90 2.26 1.64

Table 6. Comparison between economic value-based water footprint (EWF) in the current results and previous studies.

Reference Case Year/period EWFb,ir EWFg,ir EWFg,rf EWF
m3 USD−1 m3 USD−1 m3 USD−1 m3 USD−1

Schyns and Hoekstra (2014) Wheat in Morocco 1996–2005 12.50

Chouchane et al. (2015) Wheat in Tunisia 1996–2005 8.33 11.11 10.00 10.00

Current study Winter wheat in China 2001–2016 17.57 3.82 6.63 6.81
Spring wheat in China 18.93 3.86 7.87 8.81

direct cause of the incongruity between water resource con-
sumption and economic value creation for crop production in
China.

The study reveals the synergies and trade-offs of crop
PWFs and EWFs. However, it is undeniable that there are
some limitations and shortcomings. Firstly, in the calcula-
tion of WF, although the accuracy of the AquaCrop model
in simulating crop water consumption and yield, soil field
water, and fertilizer management types under different cli-
matic conditions has been widely demonstrated, the uncer-
tainty of results caused by the uncertainty of input parameters
must be acknowledged (Zhuo et al., 2014). Secondly, this pa-
per does not make a specific distinction between crop irriga-
tion methods. In fact, the difference of WF results caused by
different irrigation methods cannot be ignored (Wang et al.,
2019). Thirdly, when calculating the WF, it is assumed that
the change of crop irrigation and rainfed planting area only
occurs in the data grid based on 2000, and the migration of
the crop harvesting zone is not considered. Finally, this study
does not focus specifically on the effects of field water and
fertilizer management measures. Although there are restric-
tions on the availability of crop price unit data in the selec-
tion of research objects, it is still representative because the

crops selected in this paper account for more than 85 % of
the national crop production. As for the study perspective,
this article focuses on trade-offs between water consumption
and economic value creation in crop production. In fact, the
ecological impacts on the environment cannot be ignored.
Therefore, further research is expected to tackle this limita-
tion by including the ecological impacts on the environment
in a more comprehensive assessment. In addition, it should
be noted that in the current study, the SI measures consider
the spatial heterogeneities in crop WFs among provinces and
the synergy levels between the current PWF and EWF. The
synergy (both the PWF and EWF are lower than the national
averages), trade-off (one is higher than the national average
while the other is lower), or lose–lose (both are higher than
the national averages) situation can be identified. The most
optimized situation means high economic value generated by
low water consumption. For the two provinces with high SI
values, they were both in an advantageous position, while the
one with a higher SI values performed better in terms of syn-
ergy between PWF and EWF. If the reference value is set by
the WF benchmark (Mekonnen and Hoekstra, 2014b), then
the SI will show information on efficiency. The meaning is
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totally different from the current one. Choosing proper refer-
ence values for different functions is highly recommended.

5 Conclusions

Based on temporal and spatial evolution analysis of WF of
China’s crop production from a physical and economical per-
spective, this study makes a comprehensive assessment by
constructing a SI between PWF and EWF and reveals the
synergies and trade-offs of crop water productivity and its
economic value. Results show the following:

1. With the increase in yield unit and price unit, the PWF
and EWF of crop production both showed a decreasing
trend, and the EWF decreased more significantly. The
change of WF of cash crops was more obvious than that
of grain crops.

2. Compared to cash crops, WF of grain crops had a more
significant spatial correlation, and the spatial distribu-
tion of PWF was similar to that of EWF. H-H areas were
mainly gathered in north-western China, while L-L ar-
eas were in south-east coastal provinces. The average
Moran’s I of EWF (0.482) was higher than that of PWF
(0.263).

3. The economic benefits of blue water and green water
differed greatly, and the difference showed to be more
significant for grain crops than for cash crops. More-
over, the EWF of cash crops was lower than that of grain
crops. It was found to be more cost-effective to increase
the input of green water than that of blue water during
crop production.

4. In terms of grain production, the water consumption per
yield unit was large but the economic benefit per wa-
ter consumption unit was poor in the north-west region,
while the opposite was true in the south-east coastal re-
gion. The trade-offs have not been alleviated over time,
showing a relatively stable spatial pattern. These find-
ings show that the unreasonable regional planting struc-
ture and crop price may be the direct cause of the lose–
lose relationships between water resource consumption
and economic value creation for crop production, so this
issue should be tackled by coordinated governmental
action, to balance the economic benefits of the water-
intensive crops in different regions.
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