J. Geogr. Sci. 2020, 30(11): 1909-1920
DOI: https://doi.org/10.1007/s11442-020-1818-4

©2020 & % Science Press @ Springer-Verlag

Changes in agricultural virtual water in
Central Asia, 1992-2016

YAN Ziyan'?, "TAN Minghong'*

1. Key Laboratory of Land Surface Pattern and Simulation, Institute of Geographic Sciences and Natural
Resources Research, CAS, Beijing 100101, China;

2. College of Resources and Environment, University of Chinese Academy of Sciences, Beijing 100049, China;

3. International College, University of Chinese Academy of Sciences, Beijing 100049, China

Abstract: In recent years, flows of many rivers and lakes have become reduced in arid and
semi-arid regions around the world. The most typical examples of this phenomenon occur in
Central Asia, and the reduction of the Aral Sea area is closely related to agricultural water use.
However, due to a lack of continuous data in Central Asia spanning many years, “virtual wa-
ter” is used to evaluate changes in agricultural water use. Based on virtual water theory, 325
kinds of agricultural products in eight categories are selected as the research object, and
changes in virtual water are calculated for Central Asia from 1992 to 2016. Results indicate
that: (1) The average annual net export of agricultural virtual water (TVWNE) in Central Asia
is about 9 billion m3, concentrated in Kazakhstan, whose annual TVWNE reaches 8.1 billion
m®. (2) Since 2007, the TVWNE in Central Asia has dropped significantly, with a drop rate of
86%, while the total volume of agricultural virtual water has gradually increased since 1998.
(3) The upstream and downstream countries in Central Asia have different characteristics in
the change of virtual water quantity.
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1 Introduction

One of the most important ecological and socio-economic problems in the 21st century is
water shortage. In the 2015 annual risk report, the World Economic Forum ranked the “water
crisis” as the world’s largest potential risk (World Global Risk 2015). According to data
from the Food and Agriculture Organization (FAO) Global Water Information System, the
world’s per capita renewable freshwater resources in 1962 were 13,402 m’, falling to 5921
m’ in 2014. This equates to a per capita freshwater resource decrease by nearly 1420 m?
every decade. According to the statistics, water resource problems are prominent in more

than 80 countries in the world, with a total of 500 million people facing serious water short-

Received: 2020-03-19  Accepted: 2020-08-14

Foundation: Strategic Priority Research Program of Chinese Academy of Sciences, Pan-Third Pole Environment Study for
a Green Silk Road, No.XDA20040400

Author: Yan Ziyan (1996-), Master Candidate, specialized in land use change and its effects. E-mail: yanzy.18s@igsnrr.ac.cn

“Corresponding author: Tan Minghong (1970-), Professor, specialized in land use change and its effects.
E-mail: tanmh@igsnrr.ac.cn

www.geogsci.com  www.springerlink.com/content/1009-637x



1910 Journal of Geographical Sciences

ages all year round, which restricts their social and economic development (Shi et al., 2014).
One of the biggest pressures on freshwater resources is irrigation for food production;
therefore, the rational use of agricultural water is a major challenge (Pierpaolo, 2018). Ac-
cording to estimates by FAO, with an increasing global population and rising diet levels,
food demands will increase by over 60% by 2050. Therefore, it is essential to make water
use more efficient in agriculture to help alleviate the global water crisis and reconfigure
global water resources.

Water resource shortages in arid and semi-arid regions of the world directly affect human
demand for water, food irrigation, and industrial production. As an arid and semi-arid region,
Central Asia faces serious water problems and is listed as one of the seven high-risk areas
for water disputes in the world (Hu et al., 2018). Therefore, solving the water shortage
problem in Central Asia is of great significance for maintaining global stability and sustain-
able development (Yang et al., 2017; Yang et al., 2019). According to FAO data, from 1992
to 2016, the average annual volume of agricultural water use in the five Central Asian coun-
tries was 116 billion m*, and the average annual total of freshwater was 124 billion m’. Ag-
ricultural water in this area, therefore, accounts for 93% of the area’s total freshwater.
Among the five Central Asian countries, the country with the highest ratio of agricultural
water to total freshwater is Uzbekistan at 99%. Turkmenistan and Tajikistan follow with
96% and 94%, respectively. Below average are Kyrgyzstan and Kazakhstan, with 91% and
70%, respectively. Moreover, the changing trend of agricultural water use in Central Asian
countries is the same as that of the freshwater supply. Therefore, changes in agricultural wa-
ter use in Central Asia plays an important role in changes in freshwater supply, which means
that it is important to study changes in virtual water over recent years for different crops in
Central Asia to better formulate agricultural policies to alleviate water shortages. Notably,
the population of Central Asia increased by nearly 20 million from 1992 to 2016, accompa-
nied by a fast population growth rate. Among the five Central Asian countries, Uzbekistan
had the fastest population growth rate at 47% (Figure 1). With development in the
economy and improvements in living standards, the calorie supply per capita daily (CSCD)
in Central Asia is gradually increasing. Therefore, Central Asian people need increased food
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Figure 1 Population changes in Central Asia from 1992-2016 and CSCD changes in Central Asia from
1992-2013
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support, which, in turn, means Central Asia needs increased water resources for food pro-
duction.

Therefore, studying the changes in agricultural water use in Central Asia has become very
important for the sustainable development of the region.

However, there are many kinds of agricultural production, which makes it difficult to
compare water use changes in a country with a small amount of water use data (Karimov et
al., 2014). Virtual water is a useful tool for studying the changes in water use linked to
various types of agricultural production. The concept of virtual water was put forward by
Allan, and it refers to the amount of water resources needed to produce products and ser-
vices; this endows the concept with profound ecological and economic importance (Allan,
1992). Virtual water strategy refers to the purchase of water-intensive agricultural products,
mainly grains, by countries and regions with poor water resources from those with rich wa-
ter resources through trade, so as to guarantee the water resources and food security of their
own countries and regions (Chittaranjan, 2018).

Recent studies have focused on water issues in Central Asia from several perspectives;.
First, these have included cross-border water conflicts. For example, Deng et al. (2010) in-
troduced the cross-border water resources utilization problem in Central Asia. Yao et al.
(2014) summarized cross-border water problems in Central Asia from the point of view of
water mismanagement. Second, there are analyses related to the factor that influence the
water use and basin water environments. For example, Abdullaev et al. (2015) described the
analyses of historical transformation of water management in Central Asia. Third, there are
also some studies related to agricultural water use in Central Asia. For example, Geerken et
al. (2007) studied the impact of water resources on irrigated agriculture in Central Asia.
Fourth, some scholars have studied virtual water trade. For example, Ding et al. (2020)
conducted a spatiotemporal assessment of Kazakhstan’s agricultural virtual water. Zhu et al.
(2020) and Meng et al. (2019) examined virtual water trade for several major food crops in
Central Asia. However, this research does not adequately address the mitigation of water
resource shortages from the perspective of agriculture virtual water in Central Asia. Only a
few researchers, such as Liu et al. (2014), have quantitatively analyzed agricultural virtual
water in Central Asian countries.

This study aims to calculate the flow of agricultural water resources for Central Asian
countries accurately, using the method of virtual water, to better understand comprehen-
sively the state of their agricultural water resources. On this basis, we analyze the causes of
agricultural water resource change, put forward management measures for the efficient use
of agricultural water resources (Borgomeo et al., 2020; Delbourg et al., 2020; Ma et al.,
2020; Zhang et al., 2018), and explore the direction of agricultural development; these
measures are used to promote the transformation of agricultural structure, alleviate the
shortage of water, and optimize the structure of agricultural exports.

2 Study area

Central Asia is located within 50°-80°E and 35°-55°N and consists of five countries: Ka-
zakhstan, Tajikistan, Kyrgyzstan, Turkmenistan, and Uzbekistan. Because it is located in the
hinterland of Eurasia, far away from the oceans, Central Asia has a unique continental cli-
mate. Seasonal and daily temperature differences vary widely, and precipitation is sparse and
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mainly concentrated in spring and summer, especially in spring (Chen ef al., 2018). The
Amu Darya and the Syr River are the two main rivers in Central Asia, originating from the
Pamirs, flowing westward into the Aral Sea. The rivers are the lifeline of irrigated agricul-
ture. Cultivated land (about 8.0x10° hm?) depends on surface water for irrigation, and irriga-
tion water consumption of the two rivers accounts for 90% of the total water intake. In re-
cent decades, the interception of the two rivers and other recharge rivers has dramatically
reduced the amount of water injected into the Aral Sea. Upstream countries in Central Asia,
such as Kyrgyzstan, have greatly increased the planting area of rice, and the associated ag-
ricultural water use has increased rapidly. Figure 2 shows the changes in area for major
crops in Central Asia between 1992 and 2016. Water resources are the basis of agricultural
development. The abundance of water resources is closely related to the development of
agriculture. At present, water shortages coupled with uneven space-time distribution, a mis-
matched distribution of water and land resources, and significant water consumption in ag-
riculture have made severe water resources a key factor in restricting sustainable economic
development and social progress in Central Asia (Mekonnen et al., 2016).
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Figure 2 Changes in main crop planting areas in five Central Asian countries between 1992 and 2016

3 Data and methods

This study is based on the AQUASTAT database from FAO. According to the global average
unit mass virtual water content of agricultural (VWC) and livestock products, the five Cen-
tral Asian countries are used as research units. Using dynamic change analysis of the total
virtual water production (TVWP), the total virtual water import (TVWI), and the total vir-
tual water export (TVWE) of agriculture, this study focuses on the dynamic changes of ag-
ricultural virtual water in the five Central Asian countries from 1992 to 2016, and discusses
the influencing factors of agricultural virtual water change.

Eight categories of agricultural products are included in this study, essentially covering all
types of agricultural products in the FAO’s statistics for Central Asia, and fully reflecting the
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production and trade of such products. Thus, this paper uses the five Central Asian countries
as the research area, and selects a total of more than 300 kinds of agricultural products as
calculation objects.

To calculate the virtual water content of crops, we must calculate the water demand for
agricultural production. The main factors affecting water demand are meteorological factors,
including precipitation, temperature, and water pressure, as well as crop type, soil conditions,
and planting times. Because of the lack of water use data for the agricultural products in
Central Asia, it is impossible to accurately calculate their water demand. In addition, this
paper mainly studies the dynamic changes in virtual water in Central Asia for the past 25
years. The focus is not on the calculation of the virtual water content of unit quality agricul-
tural products. Therefore, the global average of the virtual water content of unit quality ag-
ricultural products is used to calculate the change of virtual water in Central Asia (Mekon-
nen et al., 2011; Mekonnen et al., 2012). Table 1 lists the unit mass virtual water content for
some agricultural products.

Table 1 Global average water footprint of some primary crops and derived crop products (m® ton™")

Product VWC Product VWC Product VWC
Vegetables 322 Barley 1423 Grapes 608
Fruits 967 Maize 1222 Sugar crops 197
Cereals 1644 Rye 1544 Eggs 3300
Roots 387 Oat 1788 Milk 1020
Fodder crops 253 Potato 287 Chicken 4325
Oil crops 2364 Rice 606 Butter 5553
Tobacco 2925 Beans, dry 5053 Pig 5988
Fibres 3837 Cashew nuts 14218 Sheep 10412
Pulses 4055 Coconuts 2687 Cattle 15415
Spices 7048 Olives 3015 Fish 5000
Nuts 9063 Seed cotton 4029 Beer 298
Natural rubber 13748 Tomatoes 214 Wine 869
Wheat 1827 Oranges 560 Leather 17093
Rice, paddy 1673 Apple 822 Coffee 1120

The TVWP in agriculture includes the amount of water used for cereal production and the
amount of water used for livestock production. The production method is used to calculate
the agricultural production in water resource utilization. The calculation of virtual water is
equal to the output of a certain agricultural product in a certain area times the VWC of the
agricultural product and then sums up the total virtual water of all kinds of agricultural
products—the formula is expressed as (3.1); the virtual water trade is obtained by multiply-
ing the import or export volume of a certain agricultural product times the VWC of the ag-
ricultural product separately; the formula for calculating the virtual water import volume is
expressed as (3.2) and the formula for calculating the virtual water export volume is ex-
pressed as (3.3):

TVYWP =) " PxVIWC, (3.1)
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TVWI =" 1, xVWC, (3.2)

TVWE =) " | E, xVWC, (3.3)

where P; is the output quantity of the i-th agricultural product, /; is the import quantity of the
i-th agricultural product, and E; is the export quantity of the i-th agricultural product.

4 Results and analysis
4.1 Changes in TVWP of agriculture in five countries

The virtual water for the production and consumption of cereals and livestock products in
Central Asia in 1992-2016 decreases and then increases, with 1998 as the turning point
(Figure 3a). The reason for the decrease of the TVWP after 1992 is that after the disintegra-
tion of the Soviet Union, the Soviet government’s subsidies to agriculture in Central Asian
countries dropped sharply; and water diversion of downstream countries, like Kazakhstan,
decreased due to cross-border water disputes. Moreover, most agricultural machinery, which
was dated, and the agricultural supplies were insufficient (Liu, 2017). In addition, the in-
come of farmers and agricultural workers decreased, leading to a decrease in agricultural
workers. Therefore, a reduction in sown area and grain production was inevitable.
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Figure 3 Changes in volume of agricultural virtual water in Central Asia from 1992 to 2016 (a. Changes in
agricultural virtual water of the five countries; b. Changes in virtual water of the major agricultural productions in
the study area)

Changes in water virtual water varied country during the study period. First, it should be
mentioned that Tajikistan’s seven-year civil war began in 1992, which was also a major fac-
tor resulting in the decrease of total agricultural production in Central Asia (Nourzhanov et
al., 2013). In 1998, Tajikistan’s virtual water reached its lowest value at 5 billion m’. How-
ever, the Kazakhstan government enacted a compulsory agricultural insurance in 2003 and
formulated strategies to improve the level of farmland irrigation and agricultural product
processing (Hu et al., 2015). Additionally, Kazakhstan gradually increased water diversion
after 2001 and invested more than 50 billion Tenge in agricultural development between
2003 and 2009. In 1994, the government of Turkmenistan adopted the “Ten Years of Pros-
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perity” plan, one of the aims of which was to set targets for increased agricultural output
(Sarah, 1997). Tajikistan relaxed restrictions on agricultural trade management and elimi-
nated most government interventions, thus promoting diversification of crop production
(Tashmatov et al., 2000). Therefore, the total production volume of agricultural virtual water
rapidly increased after the Central Asian countries took measures to increase production; and
the TVWP in Central Asia reached a maximum of 179.8 billion m® in 2011. However, the
TVWP was only 100.5 billion m?® in 1998. Therefore, compared with 1998, the growth rate
of the TVWP in 2011 reached 56%, and the growth rate in 2016 reached 79%.

From the perspective of agricultural product types (Figure 3b), the type of agricultural
products with the largest TVWP in Central Asia is cereals and feeds followed by livestock
products. The least TVWP of virtual water is “fruits, vegetables, and nuts.” The main reason
for the difference between different agricultural products is that waterlogging and saliniza-
tion of soil are suitable for some salt-tolerant crops, such as wheat and cotton, but not for
other salt-tolerant crops, such as tomatoes and some fruits.

4.2 Changes in TVWI of agriculture in five countries

From the perspective of a country’s import volume (Figure 4a), the country with the largest
TVWI is Uzbekistan, with an average annual import volume of 4.6 billion m®; followed by
Kazakhstan, with an average annual volume of TVWI of 4.3 billion m’; followed by Tajiki-
stan, Kyrgyzstan, and Turkmenistan, with average annual volumes of TVWI of less than 2.5
billion m®. The results show that livestock products are the most imported in Kazakhstan,
followed by tobacco, coffee, and cacao. The other four countries have common import fea-
tures: cereals and feeds are the most imported, followed by livestock products. The TVWI in
Kazakhstan increased year by year, but the TVWI in the other four countries decreased and
then increased. The main reason for these trends is that Kazakhstan was the main grain
planting base of the Soviet government during the Soviet Union period, while several other
countries were adopted the “cotton at any price” policy by the Soviet Union. This means that
when the Soviet Union disintegrated, Kazakhstan still had enough food for its own people,
while other “cotton plantation” countries had to rely on imported food to survive. Therefore,
with the agricultural reform and series of policies formulated by the Central Asian countries,
the countries gradually achieved self-sufficiency regarding food production, thus reducing
the TVWI. In addition, the per capita TVWI of agricultural products in 2016 increased by
104% compared with the lowest TVWI in 1999. This shows that the living standards of
Central Asian people significantly improved.

From the perspective of import types (Figure 4b), the largest TVWI is for cereals and
feeds, with an average annual import volume of 14.7 billion m®. The main reason for this is
that after the disintegration of the Soviet Union, there was insufficient food for people in the
country to survive, so it was necessary to import large amounts of food. Followed by live-
stock products with 2.5 billion m’, mainly chicken, beef, and mutton, which is mainly to
meet people’s demand for protein. In addition, the TVWI of fruits, vegetables and nuts, to-
bacco, coffee, and cacao increased year by year. This was mainly because the country was
not suitable for producing these types of crops, and the production process was relatively
dated, so it was necessary to import these kinds of products.
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Figure 4 Total import volume of agricultural virtual water in Central Asia from 1992 to 2016 (a. Changes in
agricultural virtual water imports of the five countries; b. Changes in agricultural virtual water imports of the
major crops in the study area)

4.3 Changes in TVWE of agriculture in five countries

From the perspective of a country’s total export volume (Figure 5a), the country with the
largest TVWE is Kazakhstan, with an average annual TVWE of 12.3 billion m®; followed by
Uzbekistan, with an average annual TVWE volume of 6.8 billion m’; followed by Turk-
menistan, Kyrgyzstan, and Tajikistan. The main reason for the difference between these
countries is that Kazakhstan and Uzbekistan are both large agricultural countries with large
crop cultivation areas. Kyrgyzstan and Tajikistan are both upstream countries with small
land areas and complex terrain, the qualities of which are not suitable for the large-scale cul-
tivation of crops.
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Figure 5 TVWE in Central Asia from 1992 to 2016 (a. Changes in agricultural virtual water exports of the five
countries; b. Changes in agricultural virtual water exports of the major crops)

In addition, the TVWE in Kazakhstan increased year by year, and the TVWE in Uzbeki-
stan decreased year by year. Since Kazakhstan’s cultivated land area increased significantly,
but its population did not greatly increase (Figure 1), its TVWE had an increasing trend (Tan



YAN Ziyan et al.: Changes in agricultural virtual water in Central Asia, 1992-2016 1917

et al., 2018). The decrease in TVWE for Uzbekistan was due to a rapid population growth of
about 47%. In addition, Uzbekistan is committed to giving priority to improving the living
standards of its people (Zhu, 2012).

From the perspective of export types (Figure 5b), the largest TVWE is for cereals and
feeds, and is increasing. The average annual TVWE of cereals and feeds reaches 17.9 billion
m’; followed by that of non-edible agricultural raw materials, mainly cotton lint and cotton lin-
ter at 9.5 billion m’. However, from 1992 to 2006, the TVWE of non-edible agricultural raw
materials was the greatest, followed by that of grain, mainly because Central Asian countries
predominantly planted cotton. During the study period, the Central Asian countries have
adjusted the proportion of wheat and cotton planting, reducing the cultivation of cotton and
increasing the planting area of wheat, potatoes, and fruits and vegetables, which is con-
ducive to soil improvement and self-recovery. Therefore, the TVWE of cereals and feeds
continued to grow, while the TVWE of non-edible agricultural raw materials declined. In addi-
tion, the crops exported in large quantities were rough processed crops, such as wheats, toma-
toes, wool, and unmanufactured tobacco. Therefore, the production and processing technolo-
gies in Central Asia need to be improved. Only after improvement can Central Asia, which is
short of water resources, realize sustainable development.
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Figure 6 TVWNE in Central Asia from 1992 to 2016

The virtual water volume of agriculture in Central Asia is currently in an overall trade
surplus (Figure 6), and the average annual TVWNE is about 9 billion m®. Among the five
Central Asian countries, the virtual water trade of agricultural products in Kazakhstan was in
a net export state, with an average annual TVWNE of 8.1 billion m? during the study period.
Therefore, Kazakhstan has greatly increased the average annual TVWNE of Central Asia,
which has exacerbated the shortage of water resources of Central Asia to a large extent. In
recent years, the TVWNEs of all the countries, except Kazakhstan, have decreased year by
year, maintaining a net import status. However, this still cannot make up for the loss of wa-
ter resources caused by Kazakhstan’s excessive exports.

Therefore, against the background of shrinking Aral Sea lake and rising food consumption,
Central Asia is still a region with a net export of water resources; this affects the sustainable
development of the region, exacerbating its attendant ecological crisis (Zhai et al., 2018).
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5 Conclusions and policy implications
5.1 Conclusions

This paper calculates and analyzes changes in Central Asia’s agricultural TVWP, TVWI, and
TVWE from the perspective of virtual water. The conclusions are as follows:

(1) After the disintegration of the Soviet Union, some countries were independent, which
resulted in a rapid decline in agricultural TVWP in Central Asia from 1992 to 1998. With an
increasing population and improvement in economic conditions, the TVWP of agriculture
increased gradually after 1998. Among the five Central Asian countries, Uzbekistan and
Kazakhstan consumed the largest amount of virtual water for agriculture. In addition, the
categories with the most obvious increase in TVWP in Central Asia were cereals, fruits,
vegetables and nuts, oils, and livestock products, which reflects the improving quality of life
in Central Asia.

(2) From 1992 to 2016, the TVWI volume of agriculture in Central Asia exceeded the
TVWE for only three years. In addition, the total TVWE of rice in the 25 years reached
850,000 tons, totaling 1.4 billion m’ of virtual water. This will definitely aggravate the water
shortage in Central Asia. However, in recent years, the TVWE volume of agriculture has
gradually decreased.

(3) In terms of export trade, the five Central Asian countries must strengthen their coop-
eration, achieve regional integrated development, and build a risk-prevention mechanism of
trade to avoid food crises and water crises.

(4) In the future, with growth in living standards and an increasing population, the de-
mand for agricultural water will be greater in Central Asia. Therefore, it is necessary to
make reasonable and effective policies that solve the shortage of water resources.

5.2 Policy implications

Based on our results, the following suggestions are proposed for achieving the use of agri-
cultural water resources sustainably and efficiently in Central Asia:

(1) Change water resources use strategy and control the output of high-water consumption
agricultural products. In the past 25 years, the TVWI volume of agriculture in Central Asia
has exceeded the TVWE for only 3 years, and the total net of TVWE in the 25 years is 220.1
billion m>. Therefore, control of the output of high-water consumption agricultural products
is essential to alleviate pressure on water resources in Central Asia.

(2) Optimize the structure of agricultural planting and control the planting scale of
high-water consumption agriculture. In the past 25 years, the TVWP of agriculture in Cen-
tral Asia has generally increased. In addition, the total area where rice is harvested—rice
being a high water-consuming crop—continues to increase. In recent years, Kazakhstan and
Uzbekistan, two downstream countries, have begun to optimize the planting structure and
reduce the planting area of rice. At present, Uzbekistan’s rice planting area is 72,000 ha, less
than half of that in 1992, providing a case for optimizing the planting structure for the other
four countries.

(3) Develop water-saving agriculture, increase agricultural investment, and implement
water-saving technology sharing. The principle of water-saving agriculture is to improve the
utilization of water resources and reduce waste, which is key to achieving the sustainable
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supply of water resources and meeting food demand (Xue et al., 2017). At present, the irri-
gation equipment of Central Asian countries is aged, as are the traditional irrigation methods
(Wu et al., 2010). Therefore, the use of new irrigation equipment and the repair of old irri-
gation equipment play an important role in improving the utilization of water resources. For
example, in recent years, the “Kazakhstan-2050” strategy has involved the goal of “intro-
ducing the most advanced groundwater collection and water-saving technologies,” indicat-
ing the pressing need of developing water-saving agriculture (Chen, 2013).

Based on virtual water theory, this paper takes the five Central Asian countries as the ba-
sic unit of state and uses the period 1992-2016 as a time scale to calculate the virtual water
of agriculture in Central Asia, and to describe the dynamic changes in virtual water. Due to
the lack of field research and more accurate data, the analysis of agricultural water resources
in Central Asia is simple. In the future, more detailed research should be carried out while
observing the following:

(1) Combine local meteorological data, differences in agricultural production techniques,
and differences in the natural environment to accurately quantify the unit content of virtual
water in agricultural products.

(2) Research time scales can be accurate to quarterly changes in order to explore the time
distribution of water resources in Central Asia. In this way, we can make better strategies to
ease water shortages; this is necessary for maintaining regional and even global water secu-
rity and achieving sustainable development of water resources.
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