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Abstract

Efficient agricultural water use is crucial for food safety and water conserva-
tion on a global scale. To quantitatively investigate the agricultural water-use
efficiency in regions exhibiting the complex agricultural structure, this study de-
veloped an indicator named water footprint of crop values (WFV) that is based
on the water footprint of crop production. Defined as the water volume used
to produce a unit price of crop (m3/CNY), the new indicator makes it feasible
to directly compare the water footprint of different crops from an economic per-
spective, so as to comprehensively evaluate the water-use efficiency under the
complex planting structure. On the basis of WFV, the study further proposed
an indicator of structural water-use coefficient (SWUC), which is represented
by the ratio of water-use efficiency for a given planting structure to the water
efficiency for a reference crop and can quantitatively describe the impact of
planting structure on agricultural water efficiency. Then, a case study was im-
plemented in Xinjiang Uygur Autonomous Region of China. The temporal and
spatial variations of WFV were assessed for the planting industries in 14 prefec-
tures and cities of Xinjiang between 1991 and 2015. In addition, contribution
rate analysis of WFV for different prefectures and cities was conducted to eval-
uate the variations of WFV caused by different influencing factors: agricultural
input, climatic factors, and planting structure. Results from these analyses indi-
cated first that the average WFV of planting industries in Xinjiang significantly
decreased from 0.293 m3/CNY in 1991 to 0.153 m3/CNY in 2015, correspond-
ing to an average annual change rate of -3.532%. WFV in 13 prefectures and
cities (with the exception of Karamay) has declined significantly during the pe-
riod of 1991-2015, indicating that agricultural water-use efficient has effectively
improved. Second, the average SWUC in Xinjiang decreased from 1.17 to 1.08
m3/CNY in the 1990s, and then declined to 1.00 m3/CNY in 2011-2015. The
value of SWUC was highly consistent with the relative value of WFV in most
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prefectures and cities, showing that planting structure is one of the primary fac-
tors affecting regional agricultural water-use efficiency. Third, the contribution
rate of WFV variations from human factors including agricultural input and
planting structure was much more significant than that from climatic factors.
However, the distribution of agricultural input and the adjustment of planting
structure significantly differed among prefectures and cities, suggesting regional
imbalances of agricultural development. This study indicated the feasibility and
effectiveness of controlling agricultural water use through increasing technical
input and rational selection of crops in the face of impending climate change.
Specifically, we concluded that, the rational application of chemical fertilizers,
the development of the fruit industry, and the strict restriction of the cotton
industry should be implemented to improve the agricultural water-use efficiency
in Xinjiang.
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Abstract: Efficient agricultural water use is crucial for food safety and water
conservation on a global scale. To quantitatively investigate agricultural water-
use efficiency in regions exhibiting complex agricultural structure, this study
developed an indicator named water footprint of crop values (WFV) that is
based on the water footprint of crop production. Defined as the water volume
used to produce a unit price of crop (m?/CNY), the new indicator makes it
feasible to directly compare the water footprint of different crops from an eco-
nomic perspective, so as to comprehensively evaluate water-use efficiency under
complex planting structure. On the basis of WFV, the study further proposed
an indicator of structural water-use coefficient (SWUC), which is represented
by the ratio of water-use efficiency for a given planting structure to the water
efficiency for a reference crop and can quantitatively describe the impact of
planting structure on agricultural water efficiency. Then, a case study was im-
plemented in Xinjiang Uygur Autonomous Region of China. The temporal and
spatial variations of WFV were assessed for the planting industries in 14 prefec-
tures and cities of Xinjiang between 1991 and 2015. In addition, contribution
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rate analysis of WFV for different prefectures and cities was conducted to eval-
uate the variations of WFV caused by different influencing factors: agricultural
input, climatic factors, and planting structure. Results from these analyses indi-
cated first that the average WFV of planting industries in Xinjiang significantly
decreased from 0.293 m®/CNY in 1991 to 0.153 m®/CNY in 2015, corresponding
to an average annual change rate of -3.532%. WFV in 13 prefectures and cities
(with the exception of Karamay) has declined significantly during the period of
1991-2015, indicating that agricultural water-use efficiency has effectively im-
proved. Second, the average SWUC in Xinjiang decreased from 1.17 to 1.08
m?/CNY in the 1990s, and then declined to 1.00 m®/CNY in 2011-2015. The
value of SWUC was highly consistent with the relative value of WFV in most
prefectures and cities, showing that planting structure is one of the primary fac-
tors affecting regional agricultural water-use efficiency. Third, the contribution
rate of WFV variations from human factors including agricultural input and
planting structure was much more significant than that from climatic factors.
However, the distribution of agricultural input and the adjustment of planting
structure significantly differed among prefectures and cities, suggesting regional
imbalances of agricultural development. This study indicated the feasibility and
effectiveness of controlling agricultural water use through increasing technical
input and rational selection of crops in the face of impending climate change.
Specifically, we concluded that the rational application of chemical fertilizers,
the development of the fruit industry, and the strict restriction of the cotton
industry should be implemented to improve agricultural water-use efficiency in
Xinjiang.
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1 Introduction

The scarcity and degradation of fresh water resources have led to threats toward
food security and the sustainable development of human society. These threats
arise from multiple factors including the allocation, utilization, and management
of water resources, in addition to continuous population growth and climate
change (He et al., 2020; Zahra et al., 2020). Agricultural activity, which plays a
key role in ensuring food security and welfare for 7.4$x107{9}$ people (Piao et
al., 2010), is the largest single consumer of fresh water globally, accounting for
70% of current water used by humans (Calzadilla et al., 2010; Chu et al., 2017).
Consequently, improving the efficiency of agricultural water use is critical to
water-food security, particularly for vast arid and semi-arid areas where water
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resources play a controlling role (Du et al., 2015). For this purpose, a deep
understanding of water-use efficiency is an essential preliminary work (Hassan
and Olbrich, 1999), which is also the main concern of our current research.

Agricultural water-use efficiency (AWUE) has drawn great attention from re-
searchers worldwide. The currently widely accepted definition of AWUE is the
ratio of crop yield to the amount of water consumed for crop growth (Sinclair et
al., 1984; Howell, 2001), which is equivalent to transpiration evapotranspiration
(Apurupa et al., 2019), or the total water input toward crop production (Fan et
al., 2014; Gilbert et al., 2019; Ma et al., 2019; Wang et al., 2019). Due to the
diversification of agricultural water assessment objectives, the AWUE index ex-
hibits growing inadequacy, primarily because of the lack of distinction between
green water (precipitation consumed for crop growth) and blue water (water
appropriated from surface or groundwater sources).

The indicator of water footprint (WF) was introduced by Hoekstra and Hung
(2002) and further developed by Hoekstra and Chapagain (2008). The WF of
a product refers to the total volume of fresh water that is consumed across the
full supply chain of production (Hoekstra et al., 2009). This measurement com-
prises three components: green water footprint (WFgreen), blue water footprint
(WFblue), and grey water footprint (WFgrey; the volume of water required to as-
similate the pollutant load generated in the production process) (Mekonnen and
Hoekstra, 2010). In particular, blue water is the principal portion by which the
agricultural sector competes with other water-use sectors and largely depends on
the local water allocation schedule (Ridoutt and Pfister, 2010; Lu et al., 2016).
In other words, the WF indicator reflects not only the volume of water used
but also its components and environmental impacts, making it a comprehensive
indicator of water resources utilization compared to the restricted estimation of
water withdrawal. The most widely used WF indicator for AWUE evaluation is
water footprint of crop production (WFc; m3/kg), which is commonly expressed
as the water volume used to produce a unit of crop product (Lovarelli et al.,
2016). Numerous studies have investigated the WFc of various crops (Chapa-
gain and Orr, 2009; Bulsink et al., 2010; Rodriguez et al., 2015; Pellegrini et al.,
2016), including rice (Chapagain et al., 2011; Yoo et al., 2014; Marano et al.,
2015), wheat (Mekonnen and Hoekstra, 2010; Sun et al., 2013a; Mekonnen and
Hoekstra, 2014), maize (Bocchiola et al., 2013; Nana et al., 2014), cotton (Cha-
pagain et al., 2006; Aldaya et al., 2010), etc. The majority of these researches
have focused on the WFc of a specific crop, while some have explored the pos-
sible driving factors affecting the WFc, such as climate change and agricultural
input (Sun et al., 2013a, b), providing a theoretical basis for addressing climate
change and improving AWUE.

Although WFc does exhibit notable advantages in evaluating the AWUE of
specific crops, the WFc values of different crops are infeasible to be directly
compared, consequently limiting the effectiveness of the index in estimating
comprehensive AWUE in areas with complex planting structure. To address
this deficiency, we proposed an index termed the “water footprint of crop val-

chinarxiv.org/items/chinaxiv-202010.00027 Machine Translation


https://chinarxiv.org/items/chinaxiv-202010.00027

ChinaRxiv [$X]

ues” (WFV) that is defined as the water volume used to produce the unit price
of a crop (m3/CNY). The developed index improves the economic interpreta-
tions of WF and enables the direct comparison of WF among different crops,
thereby allowing the comprehensive economic efficiency of AWUE under differ-
ent types of planting structure to be measured. On the basis of WFV, we also
defined a quantitative indicator termed the “structural water-use coefficient”
(SWUC), which is represented by the ratio of WFV for a given planting struc-
ture to the WFV when using a single crop (reference crop). Through these two
indicators, we established a quantitative relationship between WF and planting
structure, providing an intuitive basis for regional planting structure adjustment
and AWUE improvement.

The specific objectives of this study are to: (1) estimate the WEFV of different
crops including wheat, rice, maize, cotton, soybean, sugar crops, oil crops, fruits,
and vegetables (covering 95.92% of the total cultivation area in Xinjiang Uygur
Autonomous Region of China in 2015) in 14 prefectures and cities of Xinjiang
during 1991-2015; (2) analyze the temporal and spatial variations in WEFV;
and (3) investigate the factors influencing WFV variations from three aspects
including agricultural investment, meteorological factors, and planting structure.
Based on all these works, we demonstrated the effectiveness and superiority of
WFV in the evaluation of AWUE.

2.1 Study Area

Xinjiang Uygur Autonomous Region is located in northwestern China, covers
an area of 1.66$x107{6}$ km? and consists of 14 prefectures and cities. Due
to its long distance from the ocean, Xinjiang shows a typical semi-arid and arid
climate (Chen et al., 2010). The Tianshan Mountains located in the central part
divide the region into northern Xinjiang (Altay, Tacheng, Karamay, Bortala,
Changji, Urumgqi, and Ili) (Wu et al., 2015) and southern Xinjiang (Kizilsu,
Kashgar, Aksu, Hotan, and Bayingol) [Figure 1: see original paper]. Northern
Xinjiang features a semi-arid climate with a mean annual precipitation of 210
mm, while southern Xinjiang exhibits a continental dry climate with a mean
annual precipitation of less than 100 mm. Additionally, Turpan and Hami
belong to eastern Xinjiang, representing the driest region of China with a mean
annual precipitation of less than 50 mm (Xu et al., 2010; Li et al., 2011). Due to
the harsh climatic conditions, water shortage is the main bottleneck restricting
economic development and environmental conservation in Xinjiang. Agriculture
is the pillar industry in Xinjiang, which consumed 54.1$x107{9}$ m? of fresh
water in 2015, accounting for 93.70% of the total water consumption.

Fig. 1 Overview of northern Xinjiang (Altay, Tacheng, Karamay, Bortala,
Changji, Urumgi, and Ili), southern Xinjiang (Kizilsu, Kashgar, Aksu, Hotan,
and Bayingol), and eastern Xinjiang (Turpan and Hami)
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2.2 Data Sources

The climate data during 1991-2015 used in this study were downloaded from
88 weather stations of the National Meteorological Center in Xinjiang, includ-
ing annual precipitation (mm), annual sunshine hours (h), average wind speed
(km/d), relative humidity (%), maximum temperature (°C), minimum temper-
ature (°C), and average temperature (°C). Agricultural production data were
obtained from Xinjiang Statistical Yearbook (Bureau of Statistics of Xinjiang
Uygur Autonomous Region, 1991-2015) and Xinjiang Production and Construc-
tion Corps Statistical Yearbook (Bureau of Statistics of Xinjiang Production and
Construction Corps, 1991-2015). Agricultural data included crop area (hm?)
and crop yield (t) of the major crops within each prefecture or city. Agricul-
tural technology input data comprised the total power of agricultural machin-
ery (kw/hm?) and the amount of nitrogen (N) fertilizer utilization (kg/hm?).
Agricultural product price data were obtained from the Statistical Yearbook of
China (National Bureau of Statistics of China, 2015) and a constant price was
estimated and used.

2.3 WFYV Calculation

The green and blue water footprints (WFgreen and WFblue, respectively) were
calculated using FAO’ s CROPWAT model as recommended by Hoekstra et
al. (2009) and Sun et al. (2016). As for the WFgrey, we regarded the N fertilizers
as the main pollutant and calculated the WFgrey using the following equation
(Mekonnen and Hoekstra, 2010):

o a X ARZ-J-
WFgrey<7’7]) = m

where WF,,,, (i,7) (m®/kg) is the grey water footprint of crop ¢ produced in pre-
fecture or city j, which is calculated separately for the nine major crops (wheat,
maize, rice, cotton, soybean, oil crops, sugar crops, fruits, and vegetables) in the
14 prefectures and cities; a (%) is the leaching fraction that is assumed to be
10% of the applied N fertilizers; AR, j (kg/hm?) is the net amount of N fertilizer
utilization for crop ¢ in prefecture or city j; and C,,,, and C,,,, represent the
maximum acceptable concentration of nitrogen and the natural concentration
of nitrogen in the receiving water body, respectively. C,,,, was given the inter-
national standard of 10 mg/L and C,,,, was assumed to be zero (Mekonnen and

Hoekstra, 2010).

WEFYV was then obtained by dividing the total WF by the total crop values, as
shown in Equations 2 and 3:

WE,,oon(is§) + WEy(6,5) + WE,. (i,
WF‘/iJ': green( .]) bl ( j) g y( .7)

Y, ;i Xp;
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Zi[WFgreen(iaj) + WFblue<i’j) + WFgrey(iﬂj>]
> Pij

where WFV, ; (m®/CNY), WF,,..,(i,7) (m®), and WFy,,.(,j) (m?) are the
water footprint of crop values, green water footprint, and blue water footprint
of crop 7 produced in prefecture or city j, respectively; WF'V; (m3/CNY) is the
water footprint of crop values in prefecture or city j; Y; ; (kg) is the crop yield
of crop ¢ produced in prefecture or city j; p; (CNY/kg) is the unit price of crop

i; and P (CNY) is the total price of crops in prefecture or city j.

WEV, =

2.4 Planting Structure Analysis

The SWUC, as mentioned previously, can be calculated using the following
equation:

WFV, .
I = b .
J Z (WFVE),] X wl»])

%

where [; is the structural water-use coeflicient in prefecture or city j; WFV; ;
(m3/CNY) is the water footprint of crop values in prefecture or city j; WF Voj
is the WEF'V of the reference crop; and w; ; is the portion of planting area used
for crop 7 relative to the total crop planting area over prefecture or city j. In
this study, wheat was chosen as the reference crop for its wide cultivation in
Xinjiang throughout the whole study period.

2.5 Contribution of Factors Towards WFV Variations

In this study, we used contribution rate analysis to identify the driving forces
of WFYV variations. The contribution rate analysis can assign the variations of
WEFV to different influence factors. First, based on the Cobb-Douglas produc-
tion function, which has been successfully applied to evaluate the contribution
rate in several studies (Yang et al., 2000; Sun et al., 2013b; Zhao et al., 2014),
we integrated the relationship between WFV and effect factors as follows:

Ay
WFV; = A [ X,

where A, is a constant coefficient in prefecture or city j; X,, ; is the factor n
that influences W FV; in prefecture or city j; and a,, ; is the influence elasticity
coefficient of factor n on WFV; in prefecture or city j. Through logarithmic

transformation, a linear equation can be obtained as follows:

In(WFV;) = In(4;) + Y _a, ;In(X,, ;)
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It should be noted that we adapted the principal component analysis to elimi-
nate the collinearity effect between different factors (Li and Chen, 2010).

Finally, the contribution rate of various factors towards the variations of WFV;
can be calculated by the following equation:

.5

a, i x &
—ng ” dt
Voj = —awev, — X 100%
dt

where V,, ; (%) is the contribution rate of factor n to the variations of WFV;

t (a) is the time period; XdX_"X’JC'lt (%) and % (%) are the average annual
n,j J

change rates of the factor nand WF V;, respectively.

Agricultural investment, climatic factors, and planting structure were consid-
ered as the driving factors underlying WFV variations. Among these, agri-
cultural investment comprised the total power of agricultural machinery and
the consumption of N fertilizers, while climatic factors included precipitation,
temperature, sunshine hours, wind speed, and relative humidity. Correlational
analysis was used to identify impact factors that were significantly correlated
to WEV, which would be further considered during model construction.

3.1 Variations in WFV Among 14 Prefectures and Cities

WEFEV of 14 prefectures and cities in Xinjiang at different time periods over 1991-
2015 is shown in Figure 2 [Figure 2: see original paper]. The average WFV of
planting industries in Xinjiang significantly decreased from 0.293 m*/CNY in
1991 to 0.153 m®/CNY in 2015, corresponding to an average annual change rate
of -3.532%. AWUE increased effectively during the period 1991-2015.

At the regional scale, WEFV varied considerably among prefectures and cities.
The largest WFV, 0.812 m®/CNY, was generated in Bortala during 1991-1995,
while the smallest WFV with the value of 0.066 m3/CNY was observed in
Urumgqi during 2011-2015. WFV in most prefectures and cities was reduced
generally during the study period and could be divided into three types (high,
low, and normal) (Fig. 2). Specifically, Bortala exhibited the highest WFV
in Xinjiang, and this was especially evident in the 1990s. Although the WFV
of Bortala significantly decreased from 1991 to 2015 (with an average annual
change rate of -4.035%), it remained the largest in Xinjiang in 2015. In con-
trast, WFV of Ili, Urumgqi, and Turpan was relatively low between 1991 and
2015. WF'V of the remaining prefectures and cities decreased from 0.238-0.398
m?3/CNY in the early 1990s to 0.115-0.222 m3/CNY in 2011-2015, which was
consistent with the average variations observed in the whole Xinjiang. WFV in
Altay and Kizilsu decreased most significantly, with average annual changes of
-6.339% and -5.760%, respectively. As an obvious exception, WFV in Karamay
showed an increasing trend from 1991 to 2010, with an average annual change
rate of 2.033%.
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Fig. 2 Variations in water footprint of crop values (WFV) in 14 prefectures
and cities of Xinjiang at different time periods from 1991 to 2015

3.2 Spatial Characteristics and Variations of Agricultural
Investment in Xinjiang

The average agricultural machinery power per unit area of cultivated land in
Xinjiang has almost doubled from 2.41 kw/hm? in 1991-1995 to 4.08 kw/hm?
in 2011-2015. However, obvious regional variations were observed. As shown
in Table 1 , the agricultural machinery power per unit area of cultivated land
in all prefectures and cities of northern Xinjiang has experienced rapid and
stable development. In contrast, in southern Xinjiang, Bayingol was the only
prefecture with agricultural machinery power per unit area of cultivated land
that reached the average level of Xinjiang. Although there has been rapid
development of mechanization level in southern Xinjiang from 1991 to 2015, it
was still hard to reach the advanced level. The development of agricultural
machinery in eastern Xinjiang was advanced in the early 1990s, but showed no
significant development since then, as shown in Table 1.

The large-scale application of N fertilizers in Xinjiang began in 1975, resulting in
significant development of crop production (Tao and Yang, 2004). The average
consumption of N fertilizers per unit area of cultivated land increased from 175
kg/hm? in 1991-1995 to 424 kg/hm? in 2011-2015, with an average annual
change rate of 3.754%. On a regional scale, the consumption of N fertilizers
in southern Xinjiang in the early 1990s was significantly higher than those in
northern and eastern Xinjiang (Table 2 ). However, during the period of 2001-
2015, the utilization of N fertilizers in northern Xinjiang increased rapidly and
gradually surpassed those in southern Xinjiang. The application amount of N
fertilizers in eastern Xinjiang was less than those in other regions and the change
rate was relatively slower.

3.3 Climatic Factors

According to the observations from major meteorological stations in Xinjiang,
the average annual precipitation, average annual sunshine hours, and annual
average temperature increased during the period of 1991-2015, while the annual
average wind speed and relative humidity decreased.

As shown in Table 3 | the significant climatic factors of WEFV and their trends
varied in different prefectures and cities. For example, although the annual
average temperature increased across Xinjiang over the study period, the tem-
peratures in Altay and Tacheng decreased slightly (Table 3). According to
the results of correlation analysis, temperature, relative humidity, and sunshine
hours were the primary factors influencing WFEFV in most prefectures and cities,
followed by wind speed. Moreover, there was no significant correlation between
WEFV and climatic factors in Altay and Karamay.
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Table 3 Climatic factors significantly (P<0.05) associated with water footprint
of crop values (WFV) and their trends in 14 prefectures and cities of Xinjiang
during the period 1991-2015

Prefecture/city ~ Climatic factors

Altay Sunshine hours (-)

Tacheng Precipitation (4); wind speed (-)

Karamay Wind speed (+)

Bortala Precipitation (+); sunshine hours (-); wind speed (+)
Changji Sunshine hours (+); relative humidity (+)

Urumgqi Temperature (+); relative humidity (-)

Turpan Sunshine hours (+4); relative humidity (-)

Hotan Precipitation (+); sunshine hours (-); wind speed (-)
Bayingol Temperature (+); relative humidity (-)

Kizilsu Temperature (+); wind speed (-)

Kashgar Temperature (+); sunshine hours (+); relative humidity (-)
Average Sunshine hours (-)

Temperature (+)

Note: “(+)” indicates an increase in the factor during the study period; “(-
)” indicates a decrease in the factor over the study period; “” indicates no
significant variation trend.

3.4 Influence of Planting Structure on WFV

The area percentages of major crops cultivated in Xinjiang in 2015 were as fol-
lows: 34.34% for cotton, 18.72% for wheat, 14.53% for maize, 17.14% for fruits,
4.89% for vegetables, 3.30% for oil crops, 1.08% for soybean, 1.00% for rice, and
0.92% for sugar crops, which accounted for 95.92% of the total cultivated land
area. Wheat and maize were the dominant grain crops while the most impor-
tant economic crop was cotton. During the period 1991-2015, the proportion
of fruits has grown rapidly and eventually became the second most important
economic crop. As shown in Table 4 ;, WFV of cotton was the largest, while
that of fruits and vegetables was significantly smaller as compared with other
Crops.

Table 4 Average WFV of major crops in Xinjiang during the period 1991-2015

Crop WFV (m?/CNY)
Cotton 0.421
Wheat 0.198
Maize 0.165
Sugar crops 0.152
Soybean 0.149
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Crop WFEV (m?/CNY)
Oil crops 0.147
Fruits 0.089

Vegetables ~ 0.087

The average SWUC in Xinjiang decreased from 1.17 to 1.08 m3/CNY in the
1990s, and then declined to 1.00 m3/CNY in 2011-2015 (Table 5 ). At the re-
gional scale, the SWUC in most prefectures and cities in northern and eastern
Xinjiang (except Karamay and Bortala) showed an effective downward trend. As
of 2015, the SWUC values in all these prefectures or cities were controlled to less
than 1.00 m®/CNY. As exceptions, the SWUC values in Karamay and Bortala
were significantly higher than those in other prefectures and cities. Moreover,
Karamay is the only city with increasing SWUC during the study period. The
SWUC values of the prefectures and cities in southern Xinjiang were quite simi-
lar at different time periods, with the values varying from 1.00 to 1.41 m3/CNY,
and generally higher than the average level in Xinjiang. Although the SWUC
values in prefectures or cities in southern Xinjiang also showed a decreasing
trend from 1991 to 2015, none of them had been limited below 1.00 m®/CNY
as of 2015.

Table 5 Variations in the regional structural water-use coeflicient (SWUC) in
14 prefectures and cities of Xinjiang at different time periods from 1991 to 2015

SWUC Average annual change rate
Region  Prefecture/city ~ (m3/CNY) (%)
Northern Altay 0.89-0.95 -0.67
Xin-
jiang
Tacheng 0.91-0.98 -0.41
Karamay 1.15-1.42 +1.23
Bortala 1.28-1.41 -0.35
Changji 0.95-1.00 -0.31
Urumqi 0.85-0.92 -0.52
Eastern  Turpan 0.78-0.89 -0.89
Xin-
jlang
Hami 0.82-0.95 -0.71
Southern Hotan 1.12-1.28 -0.65
Xin-
jiang
Bayingol 1.05-1.18 -0.52
Kashgar 1.08-1.25 -0.58
Kizilsu 1.18-1.35 -0.47
Aksu 1.15-1.30 -0.55
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SWUC Average annual change rate
Region  Prefecture/city  (m3/CNY) (%)
Average 1.00-1.17 -0.45

3.5 Contribution Rate Analyses

The growth in agricultural machinery power and N fertilizer consumption con-
tributed mightily to reducing WFV of planting industries in Xinjiang (Table 6
). However, the contribution rates of different input factors among prefectures
and cities exhibited obvious spatial heterogeneity.

Table 6 Contribution rates of influence factors to reduce WFV in Xinjiang
during the period 1991-2015

Consumption Planting Other
Agricultural N struc- Climatic fac-
machinery fertilizers ture factors  tors Standard
RegioRrefectupgwity (%) (%) (%) (%) (%) error
NorthAttay  28.45 35.67 30.59 - 5.29 0.08
Xin-
jiang
Tacheng 22.38 38.92 8.45 18.35 11.90 0.12
Karamay - 63.09 - 36.91 0.15
Bortala 18.65 28.45 17.18 22.45 13.27  0.11
Changji 25.78 32.45 9.87 21.35 10.55 0.09
Urumqi 24.35 36.78 7.92 19.45 11.50 0.10
Easteffiurpan 8.45 42.35 22.75 18.45 8.00 0.13
Xin-
jiang
Hami 12.35 38.95 15.35 24.35 9.00 0.11
SouthHotan 58.45 18.35 20.23 - 2.97 0.09
Xin-
jiang
Bayingol45.67 32.45 12.35 6.45 3.08 0.08
Kashgar 52.35 24.35 12.43 7.45 3.42 0.10
Kizilsu 74.35 15.35 6.45 - 3.85 0.12
Aksu  42.35 28.45 8.35 15.45 5.40 0.11
Note: “-”indicates no significant correlation between WFV and influence factor.

Due to the rapid growth of agricultural machinery power used in southern Xin-
jiang, the contribution rates of agricultural machinery power to the reduction
of WFV in most prefectures and cities in southern Xinjiang exceeded 50.00%
(with an exception of Aksu) and even reached 74.35% in Kizilsu, which were
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much more significant than those in northern and eastern Xinjiang. In contrast,
the agricultural machinery development in northern Xinjiang was tardier than
that in southern Xinjiang; as a result, the contribution rates of agricultural
machinery to WFV in these regions were relatively low. The development of
agricultural machinery power did not play a significant role in reducing WFV in
eastern Xinjiang, as the investment of agricultural machinery power was almost
unchanged over the past few decades.

The contribution rates of N fertilizer application to the reduction of WFV in
all prefectures and cities in northern and eastern Xinjiang exceeded 30.00%.
However, in southern Xinjiang, only Bayingol reached this level.

Significant regional differences were observed for the contribution rates of plant-
ing structures to WFEFV. For instance, neither agricultural investment nor cli-
mate change was the main factor affecting WFV variation in Karamay (Table
6). However, it is worth noting that the changing process of WFV in Karamay
(Fig. 2) was consistent with that of local SWUC (Table 5), and the change of
SWUC contributed to 63.09% of the total change of WFV in this region. This
result indicated that adjustment of planting structure may be the main factor
driving WFV in Karamay, making the local planting industries more intensive
in water consumption. In Altay, Turpan, Hotan, Bortala, and Kashgar, the
contribution rates of planting structure to reduce WFV values were 30.59%,
22.75%, 20.23%, 17.18%, and 12.43%, respectively, while those in the remaining
prefectures and cities did not reach 10.00%, demonstrating that planting struc-
ture adjustment in these regions has made notable contribution to agricultural
water saving. Overall, the adjustment of planting structure in most prefectures
and cities resulted in a reduction of WFV and improvement of AWUE.

Climatic factors did not exhibit significant impacts on WFV in Altay and Kara-
may while exhibiting favorable impacts on agricultural water preservation in
other prefectures and cities. WFV in Bortala, Changji, and Hami exhibited
nonnegligible influences from climatic factors, with contribution rates greater
than 20.00%.

4.1 Correlation Between WFV and SWUC

There was an obvious correlation between the relative magnitude of WFV and
the value of SWUC. That is, prefectures and cities with high SWUC were more
likely to have large WFV, suggesting that planting structure might be one of
the main factors controlling WFV. The three prefectures and cities with the
lowest SWUC were Altay, Ili, and Urumgqi, which are all located in northern
Xinjiang. The cultivation percentages of cotton (with the high WFV) in these
three prefectures and cities were relatively small, the grain crops were dominated
by wheat and corn chronically, and the structure of economic crops was more
diverse. In Altay, the major crops were soybeans and oil crops, while they were
cotton and oil crops in Ili. Furthermore, soybeans, oil crops, cotton, vegetables,
and fruits were all abundant in Urumqi. The diversification of economic crops
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planted and the increase in the cultivation percentages of crops with higher
water-use efficiency primarily contributed to the reduction of local SWUC and
the improvement of AWUE. In northern Xinjiang, both Karamay and Bortala
were important cotton production regions and had large SWUC. The proportion
of cotton cultivation in Karamay was only 8.1% in 1991, but it rose to 96.3% in
2007. In Bortala, the cultivation percentage of cotton increased from 33.8% in
1991 to 63.2% in 2008, thereby directly contributing to the larger SWUC than
those in other prefectures and cities.

The SWUC for the planting industries in Turpan and Hami exhibited a remark-
able decreasing trend over time, which was attributed to the growing fruits in-
dustry. Fruit production became the largest planting industry in Turpan since
1999 and in Hami since 2005, which effectively improved the economic benefits
of unit agricultural water use.

In southern Xinjiang, wheat and maize were the major grain crops and cotton
was the major economic crop. Increases of the SWUC from 1991 to 2000 in this
region were due to the increase in the proportion of cotton cultivation during
this period. Subsequently, the cotton planting proportion essentially remained
stable while the fruit planting significantly increased during 2006-2008, and
this change in planting structure became the main driving force underlying the
decline in the SWUC of the planting industries in southern Xinjiang.

The threat of water shortage in agricultural production has stimulated
researchers to pay more attention to comparing and evaluating water use
efficiency of different crops (Zwart and Bastiaanssen, 2004; Fan et al., 2014).
Furthermore, the influence of planting structure on AWUE is also gaining
more focus. Tan and Zheng (2019) indicated that due to planting structure
adjustment, the economic efficiency of water use in the middle-reach region of
Heihe River in China had increased by about 40.0% from 2001 to 2012. Study
of Kahramanoglu et al. (2019) showed that adjustment of the distribution
of crops based on their water consumption is a practical solution for water
saving and food security. Ma et al. (2020) discussed the agricultural water
utilization policy from food yield priority and economic benefit priority based
on the differences in crop types and food prices. Our research also proved that
planting structure has a significant and even a decisive impact on AWUE in
some areas. According to all these conclusions, it is inappropriate to discuss the
influencing factors of AWUE without the consideration of planting structure at
the theoretical level.

At the practical level, formulating local planting structure under comprehensive
consideration of food security, economic benefits, water-saving effects, and local
conditions is one of the feasible solutions to achieve sustainable development of
agriculture in arid areas.
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4.2 Influence of Climate Factors on the WFV

According to the results mentioned above, WFV in Bortala was distinctly higher
than those in other prefectures and cities (Fig. 2), and it was greatly influenced
by climatic factors. Bortala is located in a well-known windy area of Xinjiang
(Wang and Sheng, 2011), suffering from long-term intrusion by windy weather.
The distinctive climate conditions have led to an apparently higher water foot-
print in the local planting industries. Fortunately, the wind speed has declined
during the period 1991-2015, resulting in a continuous reduction of crop wa-
ter requirements. In addition, the apparent impacts of climatic factors on the
WFYV of planting industries in Changji and Hami were likely attributable to the
increases of precipitation and sunshine hours.

4.3 Driving Forces of Variations in Planting Structure

According to the results of this research, agricultural input and planting struc-
ture are the main driving forces for the improvement of AWUE in different
prefectures and cities of Xinjiang. So, what are the reasons for the changes in
agricultural input and planting structure in Xinjiang? We infer that the spon-
taneous choice of farmers and the characteristics of natural conditions may be
the possible reasons.

From the perspective of planting structure, in the early 1990s, agriculture in Xin-
jlang was mainly committed to solving the problem of food and clothing security.
In 1991, the planting area of grains (including wheat, rice, and corn) accounted
for 71.67% of the total cultivated area and it decreased to only 39.92% in 2015.
It was declared that per capita food consumption in China was about 400 kg/a
(Tang et al., 2012), and the total grain consumption in Xinjiang in 2015 was
about 9.54$x107{6}$ t. With the total grain output of 20.22$x107{6}$ t in
2015, Xinjiang can definitely meet its domestic food needs. As a consequence,
motivations to cultivate economic crops for higher economic benefit popularized.
Since the 1990s, the cultivated proportions of economic crops dominated by cot-
ton (cultivation percentage was 11.01% in 1991 and 34.34% in 2015) and fruits
(cultivation percentage was 4.68% in 1991 and 17.14% in 2015) have increased
rapidly. The development of cotton planting industries is mainly attributed to
the following reasons: (1) climatic conditions with sufficient light and heat; and
(2) the abundant land resources that provide sufficient space for the expansion
of the cotton planting scale.

4.4 Advantages of WFV

Compared to the indicator AWUE, WFV effectively shows the composition of
agricultural water use and clarifies the proportion of irrigation water in agri-
cultural water consumption, which provides more accurate guidance for agricul-
tural water management. In addition, based on the concept of WF, we expand
the economic connotation of WFV, so that the AWUE of different crops can
be directly integrated or compared, which solves the difficulty in rationally
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explaining the AWUE under complex planting structure and the quantitative
description of the impact of planting structure on AWUE. In this research, the
case study in Xinjiang has proved the availability of WFV.

5 Conclusions

The present study proposed an indicator of WFV and investigated the temporal
and spatial variations of WFV in 14 prefectures or cities in Xinjiang from 1991
to 2015. Additionally, the impacts of climate change, agricultural input, and
planting structure adjustment on WFV were analyzed. The results showed that
WFYV in Xinjiang decreased from 0.293 m3/CNY in 1991 to 0.153 m3/CNY in
2015, corresponding to an average annual change rate of -3.532%, reflecting a sig-
nificant improvement in AWUE. WFV in 13 prefectures and cities, except that
of Karamay, exhibited decreasing trends. However, the magnitude of decreases
differed among prefectures and cities. The average SWUC in Xinjiang decreased
from 1.08 m3/CNY in 1991 to 1.00 m®*/CNY in 2015. The variation process of
SWUC was highly consistent with that of WFV in most prefectures and cities
of Xinjiang, implying that planting structure was one of the primary factors af-
fecting regional agricultural water-use efficiency. The results also demonstrated
that the large-scale cultivation of cotton was the primary reason for the high
SWUC value. Contribution rate analyses indicated that the comprehensive im-
pact of human factors (including agricultural input and planting structure) on
WFV was more significant in each prefecture or city than climatic factors.
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