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Analysis of the impact of major crop trade on
regional water resources in northwest China

HAN Xinxueqi', AN Tingli', GAO Xuerui?, WANG Yubao', WU Pute??

(1. College of Water resources and Architectural Engineering, Northwest A & F University, Yangling 712100, China;
2. Institute of Soil and W ater Conservation, Northwest A &. F University, Yangling 712100, China;
3. Institute of Water-saving Agriculture in Arid Areas of China, Northwest A & F University, Yangling 712100, China)

Abstract: With the shift of China's food production centre to the north, northwest China plays an prominent role in the na-
tional food security. However, the lack of water resources and the poor spatial and temporal compatibility of water and soil
resources pose a huge threat to the local ecological security, food security, and water security in this region. In recent years,
grain production and transport volume in northwest China has been increasing rapidly due to prompt development of urbani-
zation and regional trade. A large amount of crop virtual water has been transported to all over the country along with the
grain trade, which has further exacerbated the pressure on water resources and seriously restricts the sustainable develop-
ment in northwest region of China. Based on above scenario, this study conducted a quantitative analysis of water footprint
and virtual water flow pattern accompanied by agricultural product’s trade in northwest China from 2000 to 2015. Besides,
the water resource pressure caused by agricultural product’s trade in northwest China was also assessed. The results shows
that during the study period from 2000 to 2015, the water footprint of major crops in northwest China appeared in an up-
ward trend, from 41. 716 billion m® in 2000 to 43. 987 billion m® in 2015. Moreover, the virtual water flow associated with
agricultural product’s trade significantly increased, which was between 22 billion m® (2000) to 27. 29 billion m® (2015) ,
with an increased rate of 24 %. Consequently, local water resource pressure was severe. The water resource pressure of
Shaanxi, Inner Mongolia, Xinjiang and Gansu was higher than the national average water resource pressure, while Shaanxi
was in a state of severe water resource stress. Therefore, this paper proposed coping strategies and suggestions on techno-
logical development for innovative agricultural entity water resources utilization efficiency, and rationally optimizing and ad-
justing regional industrial structure, to provide scientific reference for ensuring sustainable utilization of water resources in
northwest China.

Key words: water footprint;virtual water;sustainability assessment;northwest;crop production

Water and food are important material basis climate change and rapid population growth, Chi-
for human survival and social development,and al- na will still face great pressure on food demand in
SO an important guarantee for sustainable develop- the next 30 years. Agriculture, as China 's largest

1-2]

ment of the current society''?), In the context of water user, accounts for more than 60 % of total
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water consumption. The shortage of agricultural
water will directly affect China’s food security™®.
It can be said that food security and water security
have become the major strategic issues facingby
China and even the world for the sustainable eco-
nomic and social development. They are also es-
sential constraints for China to achieve" the two
centenary goals". With the increasing trade vol-
ume of regional agricultural products, the trade
volume of regional virtual water resources caused
is also increasing. The traditional water manage-
ment concept that only considers the real water
resources shows great limitations. The concept of
virtual water arises from this and connects water
and food with the trade situation'*®’. China's ag-
ricultural products trade lows from the water-defi-
cient area to the water-rich area, The large-scale
outflow of agricultural products will aggravate the
scarcity of water resources in China’s leading agri-
cultural production areas. Virtual water, as the
amount of water condensed in products and serv-
ices, provides a new idea from its unique perspec-
tive on the current situation of water shortage and
water pressure caused by unreasonable industrial

78] Simultancous-

structure and agricultural trade
ly, the water footprint theory is a further expan-
sion of the concept of virtual water. This theory is
used to measure the water consumption related to
production. Besides, it may also provides an im-
portant basis for evaluating regional water re-
source carrying capacity, studying the structure of
virtual water trade and formulating water resource
strategym .

Presently, with the development of virtual wa-
ter theory, several studies have been carried out all
over the world to guarantee food securityat differ-

For example, Hoekstra and Hung''"

ent scales .
calculated that the average virtual water flow of
global crops from 1995 to 1999. The results of his
study exhibited that the average virtual flow was
695X 10° m®/a,among which the top three net vir-
tual water exporters were the United States,Cana-
da and Thailand. Ercin et al. ' calculated the wa-
ter footprint of France from 1996 to 2005. They

found that 47% of the water footprint consumption

+ 90 ¢« KXKFR

was related to the import of agricultural products.
Zhang Zhigiang et al. ") calculated the changes in
the water footprint in four provinces of Northwest
China based on the virtual water theory. Ma Jing et
al. ') pointed out that the virtual water strategy
played an important role in ensuring water re-
sources security and food security in China’s arid
and water-deficient areas just like the real water di-
version strategy. Wang Yubao et al. ' calculated
the virtual water for China’s food production, con-
sumption and transportation in 2010. Auhtor stud-
ied the quantitative impact of China's interregional
virtual water flow of food on regional economy and
water resources and proposed key measures to ef-
fectively solve the negative effects of China’s re-
gional virtual water flow. Moreover, water resource
pressure is a key index to evaluate the impact of
virtual water on regional water resources. The wa-
ter resource pressure has become a trend to analyze
regional water resource pressure based on water
footprint and virtual water trade theories. For in-
stance, Falkenmark and Widstrand"® used average
per capita water resources to measure the water re-
sources scarcity degree and proposed Water Stress In-
dex (WSD). Ohlsson"'*! studied the social water stress
index (SWSD) by considering social factors on the basis
of Falkenmark's research. Qi Rui et al. "'’ analyzed the
water resource pressure in Dalian, China based on the
water footprint theory. Han Yuping"'®' developed a
regional water resource pressure evaluation index
system by comprehensively considering the real
water and virtual water. Zhao Xu et al. ') calculat-
ed the actual water resource pressure index by tak-
ing into account of the inflow of virtual water in
each province of China in 2007. The studies shows
that the water resource pressure of water outlet ar-
eas would be greatly aggravated by the flow of real
water and virtual water.

It can be found that the large outflow of water
resources associated with crop production, and will
have an irreversible impact on local water resources.
Based on this, we conducted a quantitative assess-
ment of water resource pressure caused by water-in-
tensive crop product flow from the perspective of

water footprint and virtual water in northwest China
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from 2000 to 2015. We also provided suggestions
for water and food security in northwest China and

for the whole country as well.

1 Material and methods

1.1 Study area

Northwest China was selected as the research
area because of lack of water resources and the re-
verse distribution of land resources and water re-
sources. The northwest China mainly comprised
Shaanxi, Gansu, Ningxia, Qinghai, Xinjiang and
the western region of Inner Mongolia including
Baotou City, Ordos City, Bayan Nur City, Wuhai
City and Alxa League (Fig. 1). The northwest
region is a main food production bases of China
and has a vast territory, accounting for 35% of
the national land area?’. The northwest China
has arid and semi-arid areas with a dry climate and
little precipitation and the most water shortage re-
gion in China. The amount of water resources ac-
counts for 8 % of the whole country, among which
agricultural water accounts for 88. 5% of the to-
tal water consumption in northwest China. Agri-
cultural water shortage has become the most essen-
tial factor restricting local economic development

and social progress‘??%,

[ E* RIS !

'ulljl:ulp
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Fig. 1 Location of research area

1.2 Methods

1. 2. 1 Crop virtual water flow accounting
Due to the lack of grain storage data, this pa-
per assumed that the northwest provinces have ze-
ro agricultural products in the current year in the
calculation of the virtual water flow of the crops,
and the production was preferred to meet the local
consumption'?!, The research object of this paper
mainly focused on water-intensive crop products in

the provinces of northwest China (Tab. 1).

Tab. 1 Water intensive agricultural products in northwest China

Province or Autonomous Region Water intensive crops

Gansu Wheat, Potatoes, Oil

Qinghai Wheat, Potatoes, Oil

Western Inner Mongolia Wheat, Corn

Shaanxi Wheat, Corn, Apples
Ningxia Corn
Xinjiang Cotton

The formula for the calculation of virtual flow

was as follows
When Gi>0 Vy =G/W§ (D
When G;<<0 Vi, :(JfW(F (2)
where:Vy, was the momentum of virtual wa-
ter flow in the ith provincial administrative region
of northwest China (10% mg);W(F;I was the water
footprint of crop production in the ith provincial
administrative region of northwest China(m®/kg) ;
f was the part of crop production water foot-
print in output, which was obtained by weighting
the crop production water footprint of each crop
output province in northwest China to the crop
output of the corresponding province; G'; was the
crop transfer of the ith provincial administrative
region in northwest China(10*t). When G;>>0, it
represented the output,when G;<C0,it represented
the input, when G, =0, it represented without dis-
patching. The transport volume in each provincial

administrative region can be calculated as follows

/ _ GN
G, =G; P,»PN (3

where: Py was the national population (10*

people) ; Gy was the total crop production of the
country, 10" t;G; was the crop production of the ith
provincial administrative region in northwest China,
10* t; P; was the population of the ith provincial ad-
ministrative region in northwest China (10* people).
1.2.2 Water stress index calculation

Water resource stress index (WSI) was first
proposed by Smakhtin et al. WSI refered to the wa-
ter resource pressure caused by water taking from
existing local water resources. In order to strictly
manage regional water resources, the influence of
virtual water flow on regional water resources was
characterized. The regional total water consump-

tion control index in the strict water resource man-

KX KK /R o 9] e
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agement system of the Ministry of Water Re-
sources was introduced to calculate the water re-
source pressure index on the basis of traditional
water pressure. Finally,a modified water stress in-
dex (MWSD was proposed to quantify the impact
of virtual water outflow caused by water shortage

for crop output on in northwest China. The calcula-

tion formula is as follows?"!
MWSIz‘@xmo% (4)
Lq
_Ww 0
MWSL, =~ % 100% (5)
-Q

where: MWSI was the water resource pressure
caused by crop export in northwest provinces. Vi
was the amount of virtual water flow that accom-
panies crop output in each province of northwest
China(m?®) ; Lg was the upper limit of available wa-
ter resources in each province of northwest China
under the "three red lines" water resources control
framework (m?®) ; MWSI divided the water shortage
degree into four levels: no pressure ( MWSI <
0. 2MWSI,) ,mild pressure (0. 2MWSI,<CMWSI<C
0. 4MWSI, ), moderate pressure (0.4MWSI, <C
MWSI<0. SMWSI,) and severe pressure (0. SMWSI <
MWSI<IMWSI,). where, MWSI, was the water re-
source pressure caused by crop production in
northwest China. The equation (5) was used to
calculate MWSI,, W was the water consumption

for crop production in northwest China (m?®).

1.3 Data

1.3.1 The data sources for crops virtual wa-

Crop yield and population in northwest China
were obtained from { China Statistical Yearbook)
from 2001 to 2016'%°7,
sumption and other data were extracted from
{ China Water Resources Bulletin) and { China
Water Conservancy Yearbook) and { Water Re-

Agricultural water con-

sources Bulletin of northwest China) from 2001
to 2015.
1.3.2 The data sources related to water re-
source utilization

The regional total water consumption control
target from the "implementing the strict water re-
source management system assessment methods"
issued by the State Council and the agricultural wa-

" water resources bulle-

ter consumption from the
tin" of northwest provinces and autonomous region
from 2000 to 2015 were used to calculate the water
resource pressure index and analyzed the impact of
crop production on the local water resource sys-

tem.
2 Results and analysis

2.1 Spatiotemporal analysis of crop produc-
tion in the northwest China

As China’s main grain base, northwest China
produced 54. 28 million tons of grain on an average
from 2000 to 2015, accounting for 8. 84 percent of
the national average grain production. The regional
water footprint with crop production increased from
41.72 billion m* in 2000 to 43.989 billion m® in
2015.
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Analyzed the temporal and spatial variation
trend of crop production and the water footprint
associated with crop production process in North-
west China from 2000 to 2015 (Fig. 2). In these
years, crop yield and water footprint increased in
Xinjiang and Ningxia. The crop yield of Xinjiang
increased from 1.455 6 million tons (2000) to
3. 503 million tons (2015),with an average annual
growth rate of 6.03%. The cotton crop is a main
crop in Xinjiang and the cotton’s unit water foot-
print was about 4 times compared to other. The
water footprint of crops in Xinjiang increased with
the increase of cotton production, which was
ranged between 9. 256 billion m® in 2000 to 16. 255
billion m® in 2015, respectively, and surpassed
Shaanxi to become a region with the highest water
footprint of crops in northwest China after the year
2012. The crop yield of Ningxia increased from
820 000 tons (2000) to 2 268 800 tons (2015),
with an average annual growth of 7. 02%. With the
increase of crop yield, its water footprint increased
from 1. 332 billion m*® (2000) to 2. 124 billion m®
(2015) ,respectively.

The crop yield in Shaanxi and Gansu in-
creased, but the water footprint decreased with the
increase of crop yield. The crop output of Shaanxi
Province increased from 12.208 7 million ton
(2000) to 20. 384 8 million ton (2015). Moreover,
Shaanxi is a highest crop output Provice in north-
west China, produced 16. 131 million ton of crop on
an average per year,accounting for 57 % of the crop
output in northwest China. The crop yield of Gansu
increased from 3.095 3 million ton (2000) to
4.056 7 million ton (2015), the average annual
growth was very small (1. 18%). However,advances
in agricultural water technology and the improvement
of management level, the unit water footprint of crop
production in Gansu and Shaanxi decreased every year
during 2000 to 2015. In the past 15 years, the water
footprint of crops in Shaanxi and Gansu showed a
steady decline trend which was from 18. 392 billion
m® and 8. 899 billion m’ (2000) to 14.494 billion
m?® and 7. 673 billion m®(2015) , respectively.

The crop yield and water footprint of Qinghai

increased first and then decreased from 2000 to

2015. The crop yield and water footprint of crop
production increased from 782 000 tons and 1 089
million m® in 2000 to 1, 139 400 tons and 1 204
million m® in 2009, respectively, and decreased to
994 000 tons and 1 063 million m® in 2015. The
crop yield in Western Inner Mongolia was increas-
ing, which was from 2. 299 5 million ton (2000) to
4. 623 2 million ton (2015). The water footprint of
crops in Western Inner Mongolia increased from
2000 to 2009, but due to the innovation of industri-
al and agricultural technology, equipment and the
continuous progress of management model, the unit
water footprint of crop production decreased after
2009.
2.2 Analysis of virtual water flow with crop
delivery in northwest China

As crop production in northwest China far ex-
ceeds local demand for crops, a large number of
crops have been exported. From 2000 to 2015, with
the large scale outflow of crops,the annual average
amount of virtual water flow in northwest China
reached 25. 46 billion m®. The trend of the momen-
tum of virtual water flowing and the output ratio
of virtual water in northwest China are shown in

Fig. 3 and 4,respectively.

Al ALt Ky KR NITE 1%
Fig. 3 Trends of crop yield virtual water flow in
northwest China from 2000 to 2015
Along with crop trade, the virtual flow mo-
mentum of crops in the northwest provinces or au-
tonomous regions presented different changing
trends every year. The virtual water flow in Xin-
jiang and Shaanxi accounts for 48% and 28% of
the total virtual water outflow in northwest China
due to a large number of crop output. The local
cotton consumption in Xinjiang was minimal,and a

large amount of cotton was transported outlde,
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which reached about 96.2% of the domestic pro-
duction, resulting in the local virtual water output
ratio reaching 94%. The virtual water flow mo-
mentum in Xinjiang increased every year, from
8.462 billion m® (2000) to 15.917 billion m®
(2015). As a main crop industry base in northwest
China, Shaanxi has an annual average crop output ratio
of 47.74% ,and the virtual water output ratio accom-
panying the crop output reached up to 40. 9%. Howev-
er,with the improvement of agricultural water manage-
ment level and technology, the unit water footprint of
crop production in Shaanxi decreasedg was year by
year, resulting in a declining trend of the virtual
water flow momentum in Shaanxi, which was from
7. 821 billion m in 2000 to 5. 53 billion m in 2015,
respectively. The annual variation of virtual water

flow in other provinces and autonomous region was

stable.
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Fig. 4 Virtual water output ratio of food in northwest
China from 2000 to 2015

From 2000 to 2015, the momentum of virtual
water flow in northwest China increased from
21.981 billion m’ (2000) to 27.299 billion m’
(2015), with a growth rate of 24%. In addition, the
northwest region as the important grain base in China,
the virtual water output ratio (virtual water/water
footprint) was increasety year by year. The increase
was ranged from 52. 69% (2000) to 62. 06% (2015).

Overall, it showed that a large number of
crops were mainly used for export rather than local
use. According to statistics, the virtual flow mo-
mentum of crops in northwest China was 21. 981
billion m® in 2000, accounting for 57. 3% of the to-
tal crop water consumption in northwest China. In

2015, the virtual flow momentum of crops in north-

c 94 ¢ KXKFR

west China was 27. 299 billion m®, accounting for
65.8% of the total crop water consumption in
northwest China. It can be found that the virtual
water flow accompanying crop output in north-
western China will intensify the pressure of water
resources in northwest China,
2.3 Water resources pressure with the virtual
water flow of crops in northwest China
In recent years, the demand of crops has been
increasing continuously due to the continuous devel-
opment of China’s society and economy. As an impor-
tant grain base, the production scale in northwest Chi-
na has been gradually expanded, and the virtual water
flow volume has been increasing with the transfer of
crops, thus posing a severe threat to water security in
northwest China. Based on the proposed MWSI cal-
culation method, we calculated the MWSI under
the interannual variation in the northwest region,
as shown in Fig. 5 and Tab. 2.
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Fig. 5 Water resource pressure associated with virtual water
outflow of food in northwest China from 2000 to 2015

Tab. 2 Degree of water stress in northwest China

from 2000 to 2015
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Along with the trade of crops,a large amount
of water resources in northwest China were expor-
ted to all parts of the country in the form of virtual
water, bringing severe water resource pressure on

local area. It was observed that low crop yield and
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trade volume in Qinghai and Ningxia, local water
resources can basically support crop production, so
it was in a stress-free state. The water pressure in
other provinces and autonomous region was higher
than the national average. From 2000 to 2015, the
western region of Inner Mongolia and Gansu have
been in a state of mild stress, while Xinjiang was
stress-free until 2006, but rose to a state of mild
stress as local crop yield continued to climb. Due to
the decrease in water footprint per unit area from
2012 to 2015, water resource pressure in Shaanxi
decreased from extremely heavy pressure to severe
pressure. However, Shaanxi still faced a very seri-
ous water resource pressure problem,and its water
resource pressure was much higher than the na-
tional average water resource pressure. In general,
the production and transportation of crops in
northwest China bring huge risk to local water se-
curity,and the sustainable use of water resources
was restricted. However, with the continuous promo-
tion of the 13th Five-Year Plan and the development
strategy of western China, the region will face greater
water resources pressure in the future, A large amount
of virtual water accompanied by the outflow of crops
could make it impossible for the scarce water resources
to continue to support local crop production in the fu-
ture. In addition, the local ecological and environmental
pressure was also far beyond its carrying capacity,
which will inevitably affect the sustainable develop-
ment of ecological environment and water resources
and pose a threat to crop safety in China, Therefore, it
is particularly important to adopt corresponding
policies to alleviate local water resource pressure.
2.4 Economic effects associated with crop
virtual water flow in northwest China
By comparing the unilateral water economic
benefits of the three major industries in northwest
China,as shown in Tab 3. It can be found that crop
products with high water consumption and low in-
come have relatively low economic benefits com-
pared to industry and the third industry. For the
northwest region, the economic benefits of the in-
dustrial water use and the third industry were
about 30 to 40 times that of the agricultural water.
Together, the net output area of virtual water

for crops, a large amount of water used for crop

production due to the low value-added agricultural
compared to other industries. The northwest region
was equivalent to give up a higher opportunity cost
to produce crop products. In the long run, there
will be a big difference in the economic benefits be-
tween the virtual water input area and the output
area, This will severely restrict the local economic
development and urbanization process of industrial-
ization, andalso intensify regional imbalance, that
led to a vicious circle in which economic develop-
ment will cautiously infantile and water-scarce are-
as will lagged behind and water and food security
become more prominent.

Tab. 3 Economic benefits of three major industries

in northwest China in 2015

Unit: t
Region Agriculture Industrial ~ Tertiary industry
Qinghai 10. 15 308. 23 333. 60
Ningxia 4. 07 222. 66 344. 90
K/[Vz;gl?alnner 11.73 411. 66 268. 16
Gansu 10. 35 153. 28 293.11
Xinjiang 2.93 232. 26 219. 44
Shanxi 28. 90 517. 23 384. 40

3 Conclusions and suggestions

In this study,water security and food security
issues were viewed from the perspective of virtual
water. Based on the theory of virtual water and wa-
ter footprint, water resource pressure was taken as
the foothold. it focused on the production and trade
process of major crops in northwest China from
2000 to 2015. From the perspective of water foot-
print and virtual water, it analyzed the virtual wa-
ter flow accompanying agricultural products trade
and the water resource pressure caused by sustain-
able utilization of local water resources, and ach-
reved the following conclusions:

(1) There were different spatial and temporal
trends in crop production and water footprint ac-
companying the process of crop production in the
northwest provinces or autonomous regions of in
China. Crop yield increased in Shaanxi and Gansu,
but the water footprint decreased with the increase
of crop yield. The crop yield and water footprint of
Qinghai, first increased and then decreased. The
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crop yield in Western Inner Mongolia showed an
increasing trend, but with the increase of crop
yield, the crop water footprint in Western Inner
Mongolia increased from 2000 to 2009 and de-
creased from 2009 to 2015, due to the innovation of
industrial and agricultural technology and equip-
ment and the continuous progress of management
mode. For the whole region, crop production in
northwest China increased,and the water footprint
increased from 41. 716 billion m* in 2000 to 43. 987
billion m® in 2015 for regional crop production.

(2) The output of agricultural products trade
in northwest China was increasing every year, and
the associated virtual flow momentum of agricul-
tural products was also growing. It was assessed
that the virtual flow momentum of regional crops
increased from 21. 981 billion m*(2000) to 27. 299
billion m® (2015) , with an increase of 24%. Mean-
while, the ratio of virtual water output in north-
west China increased every year, which was from
52. 69 percent (2000) to 62. 06 percent ( 2015).

(3) The virtual water flow associated the out-
put of agricultural products will undoubtedly ag-
gravate the contradiction of water resources in
northwest China. Inner Mongolia, Xinjiang and
Gansu have higher water resource pressure than
the national average level showed mild water re-
source pressure,while Shaanxi has severe water re-
source pressure, northwest China will face a very
serious water shortage in the future.

As an important grain-producing area in China,
northwest China has been exporting a large amount
of water resources in the form of virtual water to all
parts of the country in recent years with the trade of
agricultural products, which further aggravated the
contradiction between water supply and demand in
this region. In order to ensure the future water secu-
rity, food security and ecological security of the re-
gion, the integrated management of physical water
and virtual water should be realized. Therefore, the
following countermeasures and suggestions were
proposed: (1) relying on science and technology to
innovate the utilization efficiency of agricultural wa-
ter resources, and to continue to increase high-yield
breeding and water-saving agricultural technology re-

search, and to improve the ability of dynamic monito-
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ring and prediction of regional water resources. To
promote efficient water-saving farmland construction
through technical means and engineering measures to
increase crop yield, and to reduce the loss of irriga-
tion water for improving the level of farmland water
use, and to realize efficient use of limited water re-
sources. (2) to establish a virtual water compensa-
tion mechanism by relying on a management lever. In
order to ensure the sustainable development of the
social economy and ecosystem in northwest China, it
is suggested that to establish a virtual water compen-
sation mechanism for agricultural products export
from the national level. Within the framework of this
mechanism, the virtual water input area submits a
virtual water fee or virtual water compensation fee to
the country each year through certain calculation
rules, and the state returns a special fee to the virtual
water output area in a certain way to implement wa-
ter saving reconstruction, ecological restoration, wa-
ter resources protection and other projects, there-
fore, to mobilize the enthusiasm of virtual water out-
put area, promote the balanced sustainable develop-
ment of regional economy. (3) relay on system opti-
mization, and rational adjustment of regional indus-
trial structure . At present, the establishment of a
water-friendly industrial structure is an effective way
to deal with the constraint of water resources in so-
cial and economical development. For the northwest
water scarce areas, the matching conditions between
the existing industrial structure and the local water
resources carrying capacity should be further ana-
lyzed, and an industrial structure that is compatible
with local resource conditions, location advantages,
and economic development should be established to
ensure the economic growth, ecological health and

sustainable social development in the region.
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