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The main challenges facing the agricultural sector in Sistan plain include
scarcity of water resources, inadequate water rationing, and suboptimal
cultivation patterns. Based on this, the main objective of this study was to
determine the optimal cultivation pattern of agricultural crops by considering
the virtual water and water footprint and assessing the impact on water
consumption in this region. To achieve this objective, virtual water indicators
and green, blue and gray water footprints of agricultural crops were
calculated to quantify water consumption in the Sistan region. Then,
considering the virtual water and water footprint, the optimal pattern of plant
cultivation was determined using a fuzzy ideal programming model. The
optimization model results were tested based on a system dynamics approach
in the Vensim PLES.3.5 software. The results showed that the virtual water
content of agricultural products in this region was 2.69 m*kg. The annual
water requirement of agricultural crops was 1019 MCM, of which 62% is
met. After optimizing the cultivation pattern, the water requirement reduced
to 600 MCM per year, of which 89% is supplied. Additionally, the
optimization of cultivation patterns increased water supply to the
environmental sector from 138 to 240 MCM per year.
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EXTENDED ABSTRACT

Introduction

Water is one of the modern society's greatest
challenges. The World Economic Forum report
identified the water crisis as one of the main
threats to humanity. Therefore, scarce freshwater
resources should be used optimally and with the
highest level of efficiency. The agricultural sector
is the largest consumer of freshwater resources,
and water management in this sector is essential.
One primary way to manage water consumption
in agriculture is to reduce the water used in this
sector. The concept of virtual water and the water
footprint is one of the key ways to reduce water
consumption in the agricultural sector. Virtual
water is defined as the amount of water needed to
produce agricultural products during the
production process. The water footprint is usually
defined as the total volume of water used to
produce one product unit. The concept of virtual
water is one of the critical indicators that shows
water consumption efficiency in a unit. The
virtual water content indicates how many water
units are consumed to produce one kilogram of
agricultural product. Using the virtual water
concept in agricultural cropping patterns can help
manage water consumption in dry and semi-dry
areas, so one of the goals of this research is to
apply the virtual water index of agricultural
products in presenting an optimal cultivation
pattern.

Material and Methods

This study provides an optimal cultivation model.
First, the virtual water content and water footprint
of the Sistan Plain agricultural crops were
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calculated, and then the optimal -cultivation
planning was presented using the fuzzy goal
programming model. Finally, the VENSIM model
was used to simulate and investigate the effects of
optimal cultivation patterns on water supply and
demand.

Results

The findings showed that the average virtual water
for agricultural products in Sistan Plain is 2.69
m’/kg. Of this, 69.5% of the water footprint of
agricultural production is blue water, 17.71% is
grey water, and 12.79% is green water. The water
consumption in the agricultural sector of Zabol
was 418 MCM, of which 275 MCM is supplied,
and 143 MCM is not supplied. In the agricultural
sectors of Zahak and Hamoon, the total water
demand is 369 and 219 MCM per year, of which
141 and 92 MCM are not supplied, respectively
(Fig. 1). A significant part of the water demand in
the agricultural sectors of Sistan Plain is not met,
and a shift in the agricultural production pattern
towards an optimal model compatible with the
region's water resources is essential. The
unavailability of water resources due to severe
constraints is the reason for the unmet demand for
agricultural products in Sistan Plain. Among
agricultural products, wheat, watermelon, alfalfa,
sorghum, and fruit products have the highest
water demand due to their larger cultivated area.
In Zabol agricultural region, the highest amount
of water supply is related to alfalfa (79%); in
Zahak, it is medicinal plants (75%); and in
Hamoon, it is alfalfa (72%). The most significant

water shortage concerns corn, Sesame, and
watermelon.
Sesame Tomato Melon (E]
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Fig. 1 The current status of water consumption, supplied and unsupplied water (MCM) of Sistan plain
agricultural crops in: a) Zabol, b) Zahak, and ¢) Hamoon

Table 1 The current and optimal cultivated area (ha) of agricultural crops under the virtual water and water

footprint approach

Zabol Zahak Hamoon

Crops Current Optimal Current Optimal Current Optimal
status status status status status status

Wheat 39011 32007 26792 6714 15604 1057
Barley 3097 0 5379 463 1467 436
Beans 173 10 784 34 497 16
Sunflower 55 0 0 0 44 0
Sesame 24 1980 5 3703 48 860
Onion 237 0 175 0 285 0
Tomato 95 0 0 0 15 0
Melon 1258 1697 2673 1403 3735 1703
Watermelon 1895 39 2264 0 2431 38
Cucumber 20 7430 0 8936 7 2128
Alfalfa 723 299 1344 673 556 197
Corn 125 0 453 0 438 0
Sorghum 5088 5324 3868 1469 3516 1380
Medicinal 31 7160 13 23358 33 7489
Plants
Garden 5331 1215 4545 1544 2727 496

In optimization with the goals of minimizing
virtual water consumption and reducing blue and
grey water footprints, the cultivation area of crops
with the lowest virtual water content was
expanded. In contrast, the cultivation area of crops
with higher virtual water content was reduced.
The largest cultivation area allocated in the
optimization model was for medicinal plants. The
cultivation area for sesame and sunflower was
excluded from all cultivation patterns due to their
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high grey water footprint. Cucumbers showed
significant growth due to their low virtual water
content compared to the current situation (Table
1). Based on the findings, optimizing the
cultivation pattern with a virtual water and water
footprint approach leads to improved water
management in the region's agricultural sector.

Less water is consumed in the same amount of
cultivated land in each agricultural sector. In the
Zabol agricultural sector, water demand has
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decreased from 417 MCM per year to 336 MCM
per year. In the Zahak agricultural sector, water
demand has decreased from 369 MCM per year to
200 MCM per year. Water demand in the Hamun
agricultural sector has decreased from 232 MCM
per year to 64 MCM. The main reason for the
decrease in irrigation water demand in these
regions is the development of crops with lower
water consumption or virtual water content. With
the development of an optimized cropping pattern,
the water scarcity in the region is significantly
reduced, with 81% of the water demand in the
agricultural sector of Zabol and 100% of the water
demand in the agricultural sectors of Zahak and
Hamoon being met. Changing the cropping
pattern in the agricultural sector towards optimal
products leads to the redistribution of water
resources throughout the entire region. The
environmental sector, which faces a water
shortage of 219 MCM annually, can receive more
water after optimizing the current agricultural
pattern and assuming the allocation priorities
remain constant. Only 38% of the environmental
sector's water demand is met. However, after
optimization, the water supply in the
environmental sector increased to 67% (240
MCM per year).

Environment and Water Engineering

Conclusions

The main conclusions drawn from the study are as
follows: The current crop pattern in Sistan Plain's
agricultural sector is not optimal, and there is
potential for reducing water consumption through
an optimized crop pattern. The concept of virtual
water and water footprint is suitable for managing
water consumption in the agricultural sector. By
optimizing the virtual water approach and
reducing blue and grey water footprints, water
supply in the Zabol agricultural sector can
increase up to 81% and in the Zahak and Hamoon
agricultural sectors up to 100%. The optimized
crop pattern in the Sistan agricultural sector leads
to the redistribution of scarce water resources,
reducing a portion of the required water for the
environment. In the optimized crop pattern, the
water supply for the environment sector increased
from 38 to 67%.

Data Availability
The data used (or produced) in this study is
presented in the article.
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