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and carried out under endorsement of the Ministry of Agriculture and Water 

countries. This transition affects the use of land, water and biological resources, 
ecological sustainability, economic efficiency and the livelihoods of the people of 
the region. The environmental problems are reflected in the increasing land degra-

in an area dominated by cotton, wheat and rice production. These unsolved resource 
management problems threaten food security, agricultural incomes, rural livelihoods 
and thus, human security.

However, it was under Soviet rule that the irrigation system was scaled-up to an 

economic transition.

Preface
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studies and modeling, opportunities are elucidated how to reform economic system 
management, for the benefit of humans and nature in the region.

-
sary infrastructure to support advanced scientific field research activities in natural 

for sciences that produced mathematicians such as Al-Khorezmi, Khorezm will 
hopefully regain this strength to cope with the challenges of a modern and rapidly 
changing world.
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Abstract Khorezm, a district of Uzbekistan, is a textbook example of irrigated 
 agriculture in the Aral Sea Basin causing the “Aral Sea Syndrome”. It offers an 
opportunity to study the complex human-environment relations in the context of 
strong government control in transformation economies. Agricultural production and 
rural livelihood in Khorezm rely entirely on irrigation water supply based on a dense 
network of irrigation channels and drainage collectors. Inefficient use of land and 
water resources, inadequate institutions and policies, and underdeveloped agro- 
processing and service sectors are among the key issues threatening the economic 
and ecological sustainability of the region. An interdisciplinary research project was 
initiated by the Center for Development Research (ZEF) of the University of Bonn, 
Germany, together with the University of Urgench to develop science-based concepts 
and tools for the restructuring of land use and agricultural production in order to make 
more efficient use of natural resources. Simultaneously, the project aimed to develop 
recommendations for policies and institutions to enable economic development 
and environmental sustainability. As Khorezm is representative for many irrigated 
lowlands in the Aral Sea Basin, innovative concepts and technologies developed 
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in the project are expected to provide useful information to similar environments in 
Central Asia and elsewhere. This chapter provides the problem  setting in the Aral 
Sea basin and Khorezm. The “Khorezm Project’s” purpose and structure are briefly 
described. An overview of the chapters in this book is then given. Conclusions are 
drawn and an outlook is presented. Technological, economic and institutional inno-
vations have to go hand-in-hand if long-lasting sustainable development is aimed for 
with increased environmental and economic security of the region’s people.

Keywords
 

1.1  Introduction

The widespread, and ever increasing physical and economic water scarcity in the 
Aral Sea Basin, exacerbated by climate change and land degradation, is threatening 
ecological sustainability and economic development in Central Asia. The economic 
transition that Uzbekistan is undergoing further complicates the restructuring of 
resource management. These problems are exemplified in the Khorezm region, 
a  district located in the northwest of Uzbekistan. Khorezm depends to a large extent 
on agriculture. Thus, development is essentially based on the economic, ecological 
and social sustainability of agricultural land use. To increase our understanding 
of the linkages between human and environmental security, an interdisciplinary 
project was developed between the Center for Development Research (ZEF) of the 
University of Bonn, Germany, and the University of Urgench, Khorezm. The 
“Khorezm Project” followed an interdisciplinary approach that unites natural and 
human sciences to analyze the problems from different perspectives.

In contrast, the Soviet approach emphasized production maximization without 
taking environmental and social issues into account. This may have brought temporary 
economic development but also created the unsustainable situation that today is 
known as the “Aral Sea Syndrome” (WBGU 1998). The transition countries that 
inherited this situation suddenly found themselves under pressure to deliver improve-
ments. However, with other, more pressing problems on their agenda, and their 
science institutions poorly prepared for the task, they often could not generate the 
needed change to the underlying structural problems. A deeper understanding of the 
complexity of the underlying problems and the means to ameliorate them was 
 lacking. There seemed to be a need for an integrated approach in order to find the 
true causes of stagnation in behavioral and technological change.

This chapter introduces the project and the book. The book’s title (“Cotton, 
water, salts and Soums – economic and ecological restructuring in Khorezm, 
Uzbekistan”) invokes the major components of the problem setting:

Cotton is the main crop, currently planted on about half of the irrigated agricultural 
land and using about half of the water that flows into the region (cf. Djanibekov 
et al. 2011b). Other important crops are wheat and rice. In this book, conditions 



51 Cotton, Water, Salts and Soums – Research and Capacity Building…

of crop production, irrigation and fertilization are analyzed and the introduction 
of conservation agriculture in the region is discussed. We also describe the physical 
environment to which all innovations must be adapted. This includes an analysis 
of environmental conditions and climate change.
Irrigation water is used in great quantities, leading to an average water use  
of 1 600 mm (i.e.; 16,000 m3 per hectare and year), one of the highest water use 
ratios in the world. The low rainfall of 90 mm  sharply contrasts with the potential 
annual evapotranspiration of about 1,400 mm and annual crop requirements of 
about 700–800 mm. The resulting percolation leads to a very shallow water table 
for most of the year in the region (cf. Djanibekov et al. 2011a; Tischbein et al. 
2011). This book analyzes water management from different viewpoints, be they 
hydrological, social-anthropological and economic in nature. The result is a 
more integrated view of water resource management.
Salts are contained in all surface water and accumulate in the topsoil when ground-
water is brought to the surface through capillary rise where the water evaporates 
and the salts remain. If salinity levels build up too high, crop growth is affected. 
Thus, soil salinity is a major indicator of sound resource management and is 
reflected in agricultural productivity. Direct and indirect options to regulate water 
management and soil salinity are discussed in several chapters of the book.
Finally, wealth is potentially created by agricultural production, here expressed 
in Uzbek currrency, Soums. Farmers produce crops to ensure a livelihood. 
However, state regulations may cause farmers to be sidelined with wealth going 
to the state. This affects rural development, poverty, and food security. In several 
chapters, economic analysis is undertaken to elucidate economic mechanisms to 
improve the current resource governance, for the benefit of human livelihoods 
and ecological sustainability.

We analyzed these and many other elements of the problem, to come up with 
suggestions for restructuring land and water use at the field, farm, and regional 
management levels. We also recommend restructuring the economic framework 
conditions that govern natural resource use in Uzbekistan. The research and 
educational goals of the Khorezm Project are aligned with the Millennium 
Development Goals of eradicating poverty and hunger and achieving food and water 
security, and also with the United Nations conventions on desertification/land 
degradation and climate change. They are also providing support to the long-term 
strategic programs that the EU and Germany developed for Central Asia. These aim 
at regional security, environmental protection, sustainable development, and a 
higher quality of life for the present and future generations.

1.2  Khorezm

Khorezm, an administrative district of Uzbekistan, is located in the northwest of 
Uzbekistan in the lower reaches of the Amudarya River – formerly the largest 
tributary of the Aral Sea. As part of the Turan Lowland of the Aral Sea basin, 
Khorezm is situated about 250 km south of the present shores of the Aral Sea.
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Khorezm is one of the oases of the great historic civilizations of Central Asia, fed 
by the ancient river Oxus, today the Amudarya. For at least 3,000 years, waters from 
the Amudarya and Syrdarya rivers supported thriving agricultural communities 
(Tolstov 1948) – and since Soviet times a flourishing fishing industry – in the Aral 
Sea Basin (Fig. 1.1). But during the Soviet era, and more so since the late 1950ies, 
the Amudarya and Syrdarya waters were abstracted excessively and used in greatly 
expanded irrigation systems to secure the production of cotton, the “white gold”. 
The area of irrigated cropland in the Aral Sea basin almost doubled, from 4.5 million 
ha in the 1950ies to 7.9 million ha in 2006 (cf. Tischbein et al. 2011). This dramatic 
expansion of the irrigation system resulted in a substantial decrease in water inflow 
to the Aral Sea from 43 km3 year−1 in the 1960ies to an average of 9 km3 year−1 
during 2001–2005. Consequently, within decades the Aral Sea shrunk from being 
the fourth largest freshwater lake in the world (6.8 million ha surface area) to less 
than 20% of its former size. By 2006, the sea’s level had dropped 23 m, the volume 
decreased by 90%, and the salinity risen to more than 100 g L−1 (Micklin 2008).  
The term “Aral Sea Syndrome” was coined to denote problems “associated with 
centrally planned, large-scale projects involving water resource development” 
(WBGU 1998) which aim at providing secure supplies of irrigation water and thus, 
food security, but fail to address the ensuing environmental disaster.

Khorezm covers an area of about 680,000 ha of mostly arid deserts, of which 
roughly 270,000 ha have been developed for irrigated agriculture. With an average 
annual precipitation of ~90 mm only (cf. Conrad et al. 2011), agricultural production 
and rural livelihood in Khorezm rely entirely on irrigation water supply. For this 
purpose, a dense network of about 16,000 km irrigation canals and ca 8,000 km 
drainage water collectors has been developed, mainly over the last decades of the 
Soviet period (Fig. 1.2).

This complex network of irrigation and drainage canals was designed to deliver 
water to large-scale collective farm units based on a centrally organized irrigation 
water scheduling and delivery system. Land reforms initiated after independence in 
1991 have, however, resulted in the disintegration of the large collective and state 
farms into numerous smallholder farms (in Khorezm, from 117 shirkats in 2001 to 
18,381 private farms by the end of 2008). This has led to a serious mismatch between 
the irrigation water supply system and the actual demand by the new private 
farmers. The establishment of Water Users Associations (WUAs) largely along  
the administrative boundaries of the former collective farms has been an attempt to bridge 
the gap between the higher-level water providers and the farmers (Zavgorodnyaya 
2006). Due to lack of human and financial resources, the WUAs, however, have so 
far not been effective in organizing farm-level water supply management.

Another farm optimization process initiated by the Uzbek government in 
November 2008 reversed the process of land fragmentation, and led to the  
re-creation of larger farm units of at least 80–100 ha in size. This is too recent to 
analyze the effects of this reversal, but despite the various reforms, inefficient use of 
land and water resources continue. Moreover, inappropriate institutional settings and 
support frameworks, and underdeveloped agro-processing and service sectors are 
among the key constrains of economic and ecological improvement in the region.
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Fig. 1.1 Location of the Khorezm region (square) and the Aral Sea basin (dashed line)

In 2008, agriculture contributed 37% to the regional GDP. Agriculture is also 
important as a way of living and employment for the rural population. It is the main 
provider of raw materials for the agro-industrial sector. Of the 1.5 million people 
living in Khorezm, over 70% reside in rural areas and are mostly engaged in cotton, 
wheat and rice production (Djanibekov 2008). About 27.5% live below the poverty 
line of 1 US$ per day (Müller 2006).

Soils are generally low in fertility and organic matter content (cf. Akramkhanov 
et al. 2011), and substantial amounts of chemical fertilizers are used for the cultiva-
tion of the major crops (Kienzler 2010). Due to the application of large amounts of 
water during leaching and irrigation events, ground water tables reach critically 
high levels during the cropping season causing secondary soil salinization and land 
degradation – a widespread problem in Khorezm (Ibrakhimov et al. 2007).

1.3  The Khorezm Project

The overall goal of the Khorezm Project is to provide a comprehensive, science-based 
concept for restructuring of agricultural production systems in the Khorezm region. 
It was expected that – as Khorezm is representative for the irrigated systems in the 
lowland areas of Central Asia – innovative technologies and concepts developed 
here would have a potential for being up-scaled to the larger region and serve 
as examples for development in other, similar environments. To achieve this goal, 
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project research has been focused on various system components: land use, production 
systems, economy and society and institutions (Fig. 1.3). The core project research 
activities included monitoring and mapping of natural resource endowment and 
degradation, analyzing agrarian change and rural transformation with a special 
focus on gender perspectives, developing remote sensing and model-based 
technologies for improved irrigation water management and soil salinity control, 
analyzing socio-technical dynamics of irrigation water distribution and drainage 
management, value chain analysis of agrarian commodity sectors, such as cotton, 
winter wheat and vegetables, elaborating options for the phyto-remediation of 
degraded, saline land through set-aside programs for afforestation, adapting conser-
vation agriculture equipment and practices, as well as crop rotation to sustainably 
improve the productivity of cropping systems. Implementing and adapting innova-
tions with stakeholder groups, a process known as “Follow the Innovation” 
(Hornidge et al. 2011), and policy outreach and dissemination were an integral part 
of this project. These activities are grouped as shown in Fig. 1.3.

Simulation modeling has been an essential instrument of the project for integrat-
ing the disciplinary scientific findings, up-scaling the results, and predicting the 
long-term impacts of current and alternative land and water management options 
and policies. The overall restructuring concept is thus based on recommendations 
for (i) innovative technologies to enhance the economic viability and ecological 
sustainability of agricultural systems at the field, farm and WUA level; (ii) improved 
agricultural policies at regional and national levels and institutional restructuring for 
a more sustainable natural resource use.

Fig. 1.3 The thematic areas dealt with in the Khorezm project during 2001–2007
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1.4  A GIS Center in Urgench

The establishment and maintenance of a lab for Geographical Information Systems 
(Khorezm GIS Center) at the state University of Urgench (UrDU) has been one 
important component in the project. The GIS layers in the Central Data Base (CDB) 
comprise raster and vector data such as administrative boundaries (fields, WUAs, 
district, and region), infrastructure (irrigation and drainage network, roads, machinery 
and tractor parks), soil characteristics, groundwater information, and climate 
data. Regional GIS raster layers from satellite image analysis include among 
others land use, crop yield, and evapotranspiration. In addition socio-economic data 
(commodity prices, census data), and various reports are collected. As the only 
existing GIS lab in the Khorezm region, the project’s GIS Centre has been fulfilling 
demands for spatial data, information and maps not only from the project staff but 
also from the local scientific community and regional authorities. Since the data for 
the CDB has been derived from different sources (field sampling, remote sensing, 
and secondary sources), the first task was a geometrical adjustment of these data 
sets to high-resolution satellite reference images. The database serves as the central 
system for the dynamic analysis of the resource endowment of the region, be it natural, 
human or economic, and provides data for the models developed in the project. 
The Khorezm GIS Center can be consulted for data by interested institutions 
and  researchers.

1.5  Capacity Building

As one of the major internationally-funded long-term research projects in Uzbekistan, 
the Khorezm Project makes a significant contribution toward education and training 
of young local scientists. Since the onset of the project in 2002, 50 Ph.D. students, 
about half of them from Uzbekistan, have conducted their research in the framework 
of the Khorezm project and 28 have successfully defended, of which 13 are from 
Uzbekistan (August 2011). The Ph.D. candidates conducted their research under 
supervision of local and foreign experts while themselves supervising a large 
number of local M.Sc. (about 100) and numerous B.Sc. students. Furthermore, the 
capacity of University of Urgench staff was built as several of them obtained their 
Uzbek professorship in the project framework.

1.6  Structure of this Book and Overview of Contributions

This book is the second book based on this project. Wehrheim et al. (2008) analyzed 
legal, economic and social constraints for agricultural production and innovation in 
Khorezm. This book addresses the biophysical environment, describes cropping 
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and irrigation management systems and takes an economic and anthropological 
look at the region’s problems. The book summarizes work carried out during the 
first 6 years (2001–2007) of the project in Khorezm.

In the following sections we will give a brief overview of the contents of the 
book that is now in front of the reader.

1.6.1  Section II: The Physical Environment

Irrigated agriculture has been in this arid region for a long time. It was the basis for 
the blooming of the empire of the Khorezmshakh in the twelfth and thirteenth 
centuries, and of the seventeenth century, later the Khiva Khanate. Today this region 
is known as Khorezm (Al-Iqbal 1999).

Using mid to long-term weather and climate records, Conrad et al. (Chap. 2) 
suggest that the agro-climate condition in this region favour annual, warm-season 
crops such as cotton, wheat, rice and maize. Current air temperatures and growing 
degree-days are favorable for the main crops grown in the region. However, increasing 
winter temperatures have been observed, which improves the conditions for 
growing winter wheat. Soil temperatures, relevant for estimating the first planting 
days of crops such as cotton, have risen. Climate change is manifest in Khorezm by 
temperature increases, especially during the winter period. The 10-year average of 
summer temperatures in 1981–1990 was 0.2–0.5°C above the long-term average in 
1930–1990. Thus the current state recommendations for planting cotton from 
mid-to-end April are becoming conservative; earlier planting dates may be adopted 
in the future to make use of the longer vegetation season. Spatial variability between 
the central and marginal parts of the irrigated “oasis” of Khorezm, and the desert 
itself appear to be small, but variability, and hence, risks increase towards the oasis 
margin.

The riverbed changes of the meandering Amudarya river over the millennia, as 
well as the most recent expansion in irrigated agriculture in Khorezm in Soviet 
Union times, have markedly influenced the development and formation of soils in 
the region (Akramkhanov et al.; Chap. 3). The result is a spatially diverse mosaic 
of soil conditions. While the irrigation and land use activities have made the top 
layer of soils, the agro-irrigation horizon, rather uniform, the underlying soils consist 
of a multi-layered and differentiated illuvium. The soil texture is dominated by silt 
loam, sandy loam and loams, characterized by rather low soil organic matter contents, 
and slightly- to medium- soil salinity. The top 60 cm are in general moderately to 
strongly saline reaching levels affecting crop performance. Soil microbiological 
activity is closely linked to soil organic carbon content whereas soil fauna reacts to 
land management. Thus, conservation agriculture combined with residue retention 
may help improve soil conditions in this region.

Cotton is the predominant crop in Khorezm. MODIS-satellite remote sensing 
data revealed the spatial distribution of cotton yields, which is not evident from 
district-aggregated official statistics. A regional crop yield model was developed by 
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Ruecker et al. (Chap. 4) relating the spatial distribution of cotton yields to 
management factors. This revealed the effect on cotton yields of soil texture, irrigation 
delivery, and water management. This knowledge can help target land use and infra-
structure rehabilitation at regional and district levels, and at the level of water user 
organizations and individual farms. Being based on satellite data, the procedures 
developed by these authors is easily transferrable to other irrigation systems.

Large amounts of water are used for irrigation and soil salinity leaching in 
Khorezm, and this is a major cause of the observed shallow groundwater levels. 
These, in turn, lead to widespread soil salinity, which consequently demands more 
water for leaching (Akramkhanov et al. 2008). Currently, 25% of the total annual 
water supply to the region is used for leaching. This vicious cycle is of great concern in 
a situation of insufficient water supply and there is an urgent need for improved 
irrigation and cropping practices. It is not so much the increase in salinity of the 
irrigation water as the soil salinity caused by saline groundwater, which reduces 
agricultural productivity in the irrigated drylands of Uzbekistan. In a comprehensive 
analyses across scales from fields to water users association (WUA) to the district 
level (i.e., whole Khorezm), Tischbein et al. (Chap. 5) show that present irrigation 
water management leaves much room for improvement: overall technical irrigation 
efficiency is about only 27%. Drainage-water output reaches as high as 62–67% of 
the irrigation water input. The ill-functioning drains, the excessive leaching and the 
high water losses from the irrigation (conveyance and distribution) network are 
among the major causes of shallow groundwater tables. With gross water inputs of 
2,600–2,800 mm, water supply regularly falls short of demand in tail-end locations. 
A series of irrigation assessment indicators (e.g. relative evapotranspiration (RET), 
depleted fraction (DF), drainage ratio (DR), or irrigation efficiency at field, network 
and scheme level) all indicate that, the region experiences an economic water 
deficiency due to weak infrastructure management and insufficient planning efficiency. 
For example, due to insecurity in water supply, farmers actively block the drainage 
system, to increase their water security. This factually improves the abovementioned 
efficiencies, but bears the strong risk of soil salinization. The authors argue that 
modernization should aim at optimizing the current system, introducing a flexible, 
model-based irrigation scheduling to replace the present rigid norms, and through 
improving infrastructure, maintenance and institutional water management procedures. 
Innovative technologies (e.g. drip and sprinkler irrigation) can then be considered  
as a next step. Likewise, improvements needed in the drainage network should  
first focus on major and local outlets before more costly interventions such as  
narrowing drainage ditch spacing and a more widespread introduction of tile drainage 
can be considered.

1.6.2  Section III: Society and Institutions

The project addressed the complex of land and water use planning in a confusing 
decision-making environment. The goal was to provide science-driven decision 
support. Both, the bio-physical as well as the institutional aspects were analyzed.
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During the farm restructuring reform between 1992 and 2008, virtually all 
collective land was allotted to producers. This process resulted in a large number of 
small-scale farms that comprise multiple fields, scattered and located often at far 
distances from each other, and of various soil qualities and shapes. The original 
 set-up of the infrastructure, suitable for a small number of large-scale farms, was not 
suitable for this array of many small-scale private farms, and agricultural efficiency 
and sustainability deteriorated. In response, the Government of Uzbekistan opted 
for a land consolidation to improve the overall efficiency in crop production. 
However, Djanibekov et al. (Chap. 6) convincingly argue that as long as the land 
consolidation is not accompanied by additional institutional reforms, the anticipated 
boost of resources use efficiency is unlikely to take place. Among these are easing the 
state procurement system, ensuring land stewardship by producers, and increasing 
the efficiency of the organizations providing agricultural services (ASPs).

Research by Niyazmetov et al. (Chap. 7) addresses the efficiency and functioning 
of agricultural service providers ASPs in Khorezm. ASPs suffer from serious flaws, 
preventing the efficient delivery of services to farmers. Property rights are poorly 
respected with local authorities having decision-making powers in ASPs and on 
farms. Corporate management is often poor because local authorities interfere in the 
election of ASP heads, making them more accountable to local authorities than to 
the business interests of the ASPs. Contractual arrangements are weak, affecting the 
reliability of interaction of the ASPs with their clients. Frequently, farmers cannot 
meet the demands for early payments for the services rendered. Commercial banks 
and their mini-bank branches in the villages face notorious cash-flow and liquidity 
problems whilst the farmers’ direct access to their own bank accounts is constrained 
by  regulations.

In Chap. 8, Veldwisch et al. describe socio-political aspects of the reforms 
introduced since independence in 1991, with a focus on agricultural water  
management. The reform has led to the establishment of basin boundaries and water 
user organizations (WUAs). These reforms were implemented by the national 
administration without much participation of farmers or water managers. In spite of 
the national administration’s declared intention of introducing a certain level of 
decentralization, the authors conclude that “… policies developed in ‘society-centric 
policy processes’ cannot easily be applied in countries with ‘state-centric politics’”. 
In essence, water management remained virtually unchanged since independence, 
In fact, some aspects have worsened considerably.

The latter is illustrated in the quality of drinking water and the incidence of 
water-related diseases that have become alarming (Herbst et al.; Chap. 9). A large 
share of the rural population relies for their drinking water supply on unprotected 
groundwater dug or drilled wells. Both sources are frequently fecally contaminated 
and pose a risk. Particularly children are strongly affected by diarrheal diseases.  
A general lack of proper health-related behavior, food hygiene, sanitation facilities 
and their maintenance and sewage disposal increases the risk of these diseases. 
These are also some of the entry points for preventive measures to improve domestic 
drinking water management and use.

Affordable, secure and environmentally friendly energy is key to welfare, economic 
growth and sustainable development (Eshchanov et al.; Chap. 10). Suitable reform 



14 P.L.G. Vlek et al.

policies are needed taking into account the price and income elasticity of residential 
electricity consumption, which consumes 39% of all energy in Uzbekistan. This lies 
far above the world average of 28%. Electricity production is based o natural gas 
supplies, and the high share of domestic consumption reduces the countries’ option 
to export fossil fuels. Using macroeconomic models that considered income, price 
of electricity, industrialization rate and an increase in residential space, the authors 
found that a price increase could result in an increased efficiency of residential 
electricity consumption.

1.6.3  Section IV: Land Management Improvement Options

Water and land in the agricultural landscape need to be considered together to 
increase resource productivity and achieve sustainable development.

After independence in 1991, the Uzbek government declared domestic wheat 
production a prime objective to achieve self-sufficiency in staple food. Wheat 
became the second strategic crop in the state order system after cotton. As irrigated 
wheat production has only a history of less than two decades, opportunities to 
improve productivity may still be available. The optimal combination of nitrogen 
(N) fertilization and irrigation, losses of the applied N and costs and benefits have 
therefore been studied by Ibragimov et al. (Chap. 11). Given the high impact 
of a combination of N-fertilization and irrigation-water management on N

2
O emis-

sions (a greenhouse gas), they show that management practices should be modified 
to mitigate N

2
O emissions and to sustain higher N-fertilizer use efficiency. The 

amount and timing of the N-fertilizer application and irrigation events can be 
manipulated to reduce N losses. Concomitant N fertilization and irrigation is to be 
avoided whenever possible. In general, management practices that have been shown 
to increase the N-fertilizer use efficiency in irrigated systems, such as sub-surface 
fertilizer application, fertigation and drip irrigation, will likely also reduce the N

2
O 

emissions and thus are expected to lead to more sustainable agriculture.
Improved N-management provides stable crop yields of good quality and  

preserves the environment. Groundwater contributes considerably to satisfy crop 
water demand in the irrigated areas of Khorezm, and high nitrate levels in the same 
groundwater also represent a significant supplemental contribution to the soil-N 
balance and plant-N uptake as shown by Kienzler et al. (Chap. 12). If groundwater 
levels are reduced to avoid salinization, this forfeited N supply may need to be 
substituted to avoid N deficiency.

Conservation agriculture holds the promise to sustain soil fertility and increase 
water-use efficiency. These practices consist of a judicious mix of reduced tillage 
operations, crop residue management and retention, and introducing suitable crop 
rotations. Comparing permanent beds and zero tillage with conventional tillage methods 
under irrigated conditions, Pulatov et al. (Chap. 13) show that appro priate crop 
residue management and crop rotation can increase soil organic matter, improve  
soil structure, and enhance moisture holding capacities. While yield effects were 
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not observed, operational costs were clearly reduced, fuel saved, and hazardous 
exhausts cut.

Proper crop rotation and the inclusion of more crops into the cropping systems is 
one of the three pillars of conservation agriculture. The studies reported by 
Bobojonov et al. (Chap. 14) revealed manifold ecological benefits gained from 
increased crop diversification, including the reduced probability of crop failure and 
an increased economic stability. Crop diversity is thus an important factor for risk 
management.

Degraded lands still being cultivated are a drain on the resource base of Khorezm. 
An alternative use of degraded or marginal land is the establishment of tree planta-
tions. This is the topic of the contribution of Khamzina et al. (Chap. 15). Trees 
provide ecosystem services such as enhanced soil fertility and carbon sequestration 
and concurrently provide timber, fruit, fodder and fuel-wood. The assortment of 
appropriate tree species and silvicultural techniques for converting degraded, salt-
effected land into small-scale forest plantations are extensively evaluated by the 
authors. Bio-physical processes (soil-plant-atmosphere) following the establish-
ment of the tree plantations, i.e. tree water use, N

2
-fixation, litter fall turnover are 

described, as are the magnitude of ecosystem services generated by afforestation i.e. 
supply and quality of fuel-wood and fodder. Mixed-species tree plantations can thus 
exploit marginal, salt-affected land – about 15% of the area in the Khorezm region. 
This frees resources that can be directed to the productive croplands, increasing the 
overall land and water use efficiency.

Deforestation of the riparian Tugai forests has contributed to the emission of 
substantial amounts of carbon dioxide (CO

2
) to the atmosphere and reduction in 

C  storage in soil and vegetation (Scheer et al.; Chap. 16). The conversion of Tugai 
forests into irrigated croplands releases N

2
O and CH

4
 equivalent to 2.5 tons of CO

2
 

per hectare per year. The return of degraded unprofitable cropland into perennial 
plantations would compensate for these greenhouse gas emissions, and farmers 
could gain additional income if Uzbekistan would be ready to create or enter a 
carbon market.

1.6.4  Section V: Land and Water Management Tools

By linking models for crops, water, soil, and salinity with Geographical Information 
Systems (GIS), various tools were developed in the Khorezm Project to improve 
land and water management.

A farm-level economic ecological optimization model was developed as a land-use 
planning and decision-support tool that couples ecological and economic optimization 
of land allocation (Sommer et al.; Chap. 17). The model produces consistent  
and plausible outputs that can be used for quite complex scenario simulations. The 
simulation results enable a better understanding of the impacts of different cotton 
policies on the farm economy as well as on farmers’ decisions with respect to land 
and water use in Khorezm. This has sparked a discussion on policy options that are 
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available for promoting income and food security for rural producers in other areas 
with agronomic and economic conditions closely resembling those observed in 
Khorezm.

Oberkircher et al. (Chap. 18) investigated three WUAs and their member 
farmers to assess their actual water access and their perceptions on water-saving 
practices. The authors used a GIS to integrate social science with physiographic 
data. The farmers are aware that water access is strongly related to the proximity 
of WUAs to the river but could be improved with water-saving practices. Farm 
location within the WUA and land elevation also seems to influence access to water 
and shape water use behavior.

The vast infrastructure built for irrigation, together with an ill-functioning 
drainage network has lead to a build-up of very shallow groundwater, followed by 
water logging and salt accumulation in the soil profile. Awan et al. (Chap. 19) 
identify deficits in the management and maintenance institutions, inappropriate and 
inflexible irrigation strategies, and poor linkages between field level demands 
and the operation of the network. The groundwater contribution to crop water use is 
quantified and a model is developed that suggests mitigation strategies to raise 
irrigation efficiencies, reduce the impact of water stress on yield, thus improving 
water productivity. It also is the first managerial tool that integrates surface water 
from the irrigation system and groundwater and that therefore would be able to 
support managerial decisions on optimization conjunctive use of surface and 
groundwater under deficit water supply.

Bekchanov et al. (Chap. 20) argue that improving crop water productivity is  
a key to reduce food and water insecurity. To compensate for the general lack of 
information for farmers on soil salinity and available irrigation water, the authors 
used a mix of tools to estimate water allocation for cotton, wheat, rice, vegetables, 
and fruits. All these crops consume much higher amounts of irrigation water than 
presently recommended with cotton and rice as the highest water consumers. There 
is a large variability of crop-specific water productivity over the different regions 
and within the regions according to the location of farms and fields. Introducing 
water-wise options and less-water consuming crops remains a daunting challenge 
but would be beneficial particularly for downstream districts. A regionally differentiated 
cropping portfolio that accounts for variability in water availability and soil quality 
would go a long way to improve water productivity.

1.6.5  Section VI: Economic System-Management Reform

Economic, agriculture-based development of the country and Khorezm in particular 
has been analyzed with a general equilibrium model (CGE) (Bekchanov et al.; 
Chap. 21). The CGE model was developed for Khorezm’s regional economy and 
the national economy of Uzbekistan, which permits the comparison of drivers and 
policies at both levels. It also allows comparison of the current state of affairs with 
various alternative scenarios. The national and regional databases include production, 
final demand, and input-output relations for 20 sectors of the economy, 7 of which 
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relate to the agrarian sector. A liberalization of the present cotton production policy 
would not necessarily have immediate impacts on national and regional incomes, 
but policies aimed at increasing productivity of the main crops and of livestock 
production would raise private and government revenues. The authors concluded 
that regionalizing the development strategies in Uzbekistan would lead to better use 
of the comparative advantages of regions than the current central approach of a 
uniform nationwide development program.

This view is substantiated by the findings of a Value Chain Analysis of the cotton 
and wheat sectors (Rudenko et al.; Chap. 22). It reveals the potential of the  
agro-processing industry in Khorezm to impact both land and water use if the presently 
underused processing capacities would be better employed. Increased local processing 
of cotton fibre, for example, and export of textile products with higher value 
added could almost double regional export revenues. Developing this sector would 
maintain the targeted level of export revenue of the region with a lower rate of raw 
cotton production, which in turn could reduce land and water use. The freed-up land 
could be used for less intensive and resource-consuming crops such as tree plantations 
or pastures.

The introduction of water service fees has often been suggested as a ‘silver 
bullet’ solution for water use inefficiency. With a mathematical programming model 
that considers regional welfare, cropping patterns, export structure and the economic 
attractiveness of crops to agricultural producers, Djanibekov et al. (Chap. 23) 
analyzed the local potential for introducing water service fees. Introducing such 
fees would generate sufficient funds to cover operation and maintenance of the 
irrigation and drainage system only if set at very high levels, and introducing fees as 
a stand-alone measure would likely fail to achieve these targets unless supported by 
additional changes, such as the reduction of state production targets on crops.

1.7  Conclusions

The research conducted in the Khorezm Project between 2001 and 2007 in the 
irrigated areas of Khorezm, allows conclusions that may be applicable across 
Central Asia, in the Caucasus, and in other irrigated regions of the world that share 
similar characteristics (flat, irrigated drylands). The decades-long production of the 
“white gold”, cotton, during the Soviet Union era allowed investments in schools, 
infrastructure, health provision and much more. However, it also has resulted in 
widespread land degradation and the demise of the Aral Sea. Continuing unsustainable 
agricultural practices threatens the environment and livelihoods alike. But irrigated 
agriculture, also offers the opportunities to address the challenges. Increasing land and 
water productivity is a major pathway to supporting and stabilizing the national 
and regional economy as well as providing options for individual prosperity and 
sustainable livelihoods.

At the field level, the project findings suggest that it would be beneficial to use 
marginal, strongly salt-affected and unproductive cropland for more suitable 
purposes that benefit the ecology and livelihoods of the population. When diverting 
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the resources thus spared to more productive areas, overall resource conservation 
and increased water productivity will occur without compromising on agricultural 
 productivity at the farm and regional level. Increased resource use efficiencies can 
be reached through state-of-the-art methods on more fertile land, with the use of 
GIS and remote sensing tools, rapid and near real-time soil salinity mapping, and 
the use of conservation agriculture principles and crop diversification. Innovations 
can minimize energy use, reduce operating costs and greenhouse gas emissions.

Progress at the field and farm level can only be made in this regard if the 
Government of Uzbekistan takes on the challenge of institutional and economic 
reform. The Uzbek government repeatedly has affirmed its willingness to deploy 
funds and resources to ensure water supply. While this may be the case, it may not 
be sufficient to address future exacerbation of water problems, due to increasing 
claims by upstream water users and by climate change. The supply of “low-hanging 
fruits” is dwindling, and more complex solutions may need to be created that look 
at efficiency and productivity increases. This will require further scientific support. 
Given the future role of agriculture in Uzbekistan, investments training of human 
resources that can solve some of these intricate problems should be given 
high  priority.

Education is considered a key element to successful economic growth, because 
jobs of the future will require a higher level of skills. The Khorezm Project has 
strengthened research capacities at a higher-education establishment in Uzbekistan. 
This offered the advantage of integrating research with educational capacity building 
of local staff and students. The project was able to show that that this continuous 
effort has borne fruit. Yet, the success will ultimately depend on the partner country 
to take up the challenge, carry on with the capacity building and scale it out to other 
regions. An institutional reform of private and public agricultural extension is 
needed to be able to transfer knowledge to the inexperienced farmers, many of 
whom are former state-workers gone farming. They are novices in sustainable 
resource use and efficient enterprise development, and the investment will unlock 
improvements in the environment and rural livelihoods.

According to United Nations (2010), real GDP growth in Uzbekistan amounted 
to 8% in 2010, which was not only the highest in Central Asia but also has brought 
Uzbekistan to the top of the list with highest expected growth rates in 2011 (7%) 
and 2012 (8%). In some chapters of this book it is argued that the prosperity of 
Uzbekistan lies in the economic pursuit of a strategy of export-led-growth. Uzbekistan 
may prosper from manufacturing high-value products that can be exported and sold 
at competitive prices. This argues that farmers need better links to markets and 
trade, which may be achieved through the development of a thriving private sector. 
The alternative will be an endless continuation of subsidies. Cutting the present 
unsustainable subsidies and encourage home production may result in price increases 
of fuel and chemicals (fertilizers, pesticides) that need to be compensated by for 
instance higher farm-gate prices.

Recent experience worldwide has shown that emerging economies may be hit 
hard by booming oil prices since they use more oil per unit of output than rich 
countries do. The economy of Uzbekistan is energy-intensive and it profits from a 
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highly subsidized petrol and gas price. But higher farm-gate prices are likely to be 
introduced when restructuring the commodity value chains, and higher prices would 
allow farmers to earn more income from their produce and increase their farm capital. 
This in turn could be used to invest in better, more efficient irrigation systems.

Cereal production in Central Asia needs to be boosted in both quantity and 
quality to ensure food security for the growing populations. At present, the producers 
in Uzbekistan are unable to react quickly to world market price movements, e.g. the 
food price hikes in 2008. Farmers in Uzbekistan are exposed to increased risks 
when producing alternative or additional crops. These risks stem from the needed 
up-front investments in all production factors for those new crops, including seeds, 
fertilizers and, eventually, machinery, with uncertain returns. The present unreliable 
water supply and imperfect market conditions often render investments unprofit-
able. The double goal of shielding farmers from risks and increasing security of 
returns on their investments can only be achieved by national strategic decisions. 
Minimum price guarantees or insurance schemes linked to water supply might over-
come the risk aversion. Once such conditions are in place, sustainable development 
will be more easily achieved in the irrigated Central Asian drylands, to the benefit 
of people and nature.

Initiatives to address climate change in Central Asia are gaining ground. The 
present thinking by various international donor agencies is that not only Uzbekistan 
but also the other Central Asian countries should put further agricultural reforms 
ahead of other concern such as energy. But given the present inefficiency in the use of 
precious resources, energy management should remain a priority. Also the looming 
problem of rising food prices around the world should remain the focus of attention. 
Finally, much needs to be done to ensure water supply in downstream countries 
such as Uzbekistan. The five states in Central Asia including Uzbekistan must 
coordinate their efforts and work out a sustainable and transparent mechanism for 
cooperation on water and energy while committing to preserving the environment. 
Working under the principles of fair, sustainable and reasonable use of transnational 
water resources will be critical in this context.

1.8  Outlook

The interdisciplinary Khorezm Project addresses resource-use efficiency, economic 
viability and environmental sustainability of land use and agricultural production 
systems and aims to provide a science-based comprehensive restructuring concept 
for improved management of land and water resources in the region. Elements of 
such a concept emerge from the pages of this book, and a number of more general 
conclusions come into view.

Policies. It has become evident from several of the studies that Uzbekistan would 
greatly benefit from creating a more market-oriented policy environment that  
would lead to changes in land use and irrigation water management. However, this 
liberalization will benefit from careful studies of the options and consequences of 
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judicious adjustment of the policy environment. In order to allow for better  
policy-making, the impacts of various scenarios and alternative options need to be 
investigated in an integrative manner. We now have models that allow optimization 
of the policy mix, and a forecast of the long-term effects of these policies. Tentative 
steps may be under way, as one ADB document (ADB 2006) concluded, “the ongoing 
agriculture sector reform initiative in Uzbekistan … seeks to reduce the mandatory 
state procurement targets for cotton and wheat”. These processes need to be  
supported with sound recommendations based on scientific research, examples of 
which are provided in this book.

Efficient land use and water-saving technologies can only be introduced in an 
enabling policy environment. However, the right policy environment is of little 
consequence if the institutions are not in place to translate and implement these  policies. 
In turn, institutional change would have little effect if there are no real options 
available to the farmers and decision-makers to gain efficiency, sustainability and 
profitability. The interplay of interventions at various spatial and temporal levels 
can be analyzed using computer simulation models, and support tools developed in 
the framework of this project.

Institutions. Poor performance of irrigation systems and low water productivity 
and crop yields in Khorezm points to severe institutional shortcomings that need to 
be overcome, e.g. with regard to water management institutions and service provision 
by agricultural organizations at the regional level. As all land management is related 
to agriculture, improvements in this sector will automatically increase the performance 
of natural resource management.

Institutions act at different levels. At the regional level, water distribution and 
government structures (such as the Basin Department of Irrigation Systems 
(BUIS) and hokimiat) decide on timely water distribution to the different parts of 
Khorezm. This level corresponds to the whole hydrographic basin of the lower 
Amudarya region, the ‘basin’ of Khorezm, and the smaller sub-basins of management 
(so-called TEZIMs of variable size) that are run by management sub-units of the 
BUIS. At the micro-catchment level of a WUA (typically of 2,000–3,000 ha size), 
water and land allocation are decided. At the high-resolution level of a farm 
(80 ha) or a single field (1–3 ha), the more specific problems of how land is  
prepared and used for crops need to be dealt with in an iterative manner. In the 
case of water management, it is here that farmers deal with irrigation management, 
fertilizer strategies, crop rotation, etc.

Land use is dealt with at all levels of intervention. Farm, land and resource use 
optimization require political decisions which, to be successful, will have to be 
supported institutionally. Technological decisions are chiefly dealt with at the farm-level 
scale. Information about successful land management alternatives can inform decision-
making on policies, for example through farmers that have gained experience with 
these technologies. They can champion these technologies into the policy arena, so 
that adequate policies are created to enable the technological advancements. Training 
and capacity building and the creation of ‘centers of excellence’ that cover the 
region are urgently needed to support this process. The Khorezm Project has shown 
how this can be achieved.
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Technological innovations and their adoption. Technologies that can help increase 
resource-use efficiencies and that can shift the current system toward more rational 
land and water use and sustainability of agriculture have been developed in the 
Khorezm Project. They have been tested under farm-level conditions in an integrated 
fashion to demonstrate their potential for the region. The next milestone will be the 
out-scaling through on-farm participatory approaches, preferably with governmental 
support providing the enabling policy and institutional environment.

However, as Vlek and Gatzweiler (2006) argued: (1) global environmental 
change is proceeding at a fast pace, (2) values and norms systems are necessary 
fundamental institutions for defining man-nature relations, and (3) institutional 
change at the level of embeddedness at which values are located, occurs slowly. 
Although at the national political level in Uzbekistan institutions change rather 
rapidly, there is little effort made to change the underlying value and norm system. 
As Diamond (2005) says, human beings “cling to those values which were the 
source of their greatest triumphs” but are now inappropriate. Overcoming reluctance 
and inability to change in the face of looming disaster are the key challenges for 
Central Asia.
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Abstract The extremely continental climate in the inner Aral Sea Basin is 
characterized by a high annual temperature amplitude, and constantly very low 
 precipitation. Climate change in the Khorezm region, a district of Uzbekistan 
 dominated by extensive irrigation agriculture, is manifest by temperature increases, 
especially during the winter period (40-year record). The 10-year average of  summer 
temperatures in 1981–1990 was 0.2–0.5°C above the long-term average in 1930–1990. 
Time series of agro-meteorological parameters based on data (air and soil temperature, 
relative humidity, wind speed, precipitation, and radiation) of three meteorological 
stations in Khorezm revealed (a) air temperatures supporting good growing conditions 
for cotton, rice, wheat, sorghum, and maize; (b) comparatively good air and soil 
temperature conditions for cotton production; and (c) no negative climate impact  
on regional water demands for irrigation yet. Moderate spatial variability was 
observed between climate in the central irrigation system, at its southern  margin to 
the desert, and in the desert itself (represented by the stations Urgench, Khiva, and 
Tuyamuyun, respectively).
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on crop specific baseline temperatures and maximum thresholds) indicated the 
suitability for all investigated crops. The conditions for winter wheat have over time 

 
temperatures sufficient for crop growth, were found to be close to the lower boundaries 
for cotton. Water availability and fertilizer additions are other factors that determine 

period of 21 years.
The earliest planting dates for cotton, derived from an analysis of soil temperature 

thresholds, range between 21 March and 18 April during the observation period at 
all three sites. In most years, the first suitable cotton planting dates occurred between 
April 1 and 5. The cotton planting dates at the southern margins of the irrigation 
system appear more variable, caused by an increased risk of late frosts. In light of 
this data, recommendations from the Ministry of Agriculture and Water Resources 
of Uzbekistan to plant cotton in Khorezm from mid- to end-April have become 
conservative and give room for site-specific adjustments.

at Urgench station reached 1,378 mm year−1

water demand in Khorezm remains constant.

Keywords  
degree days

2.1  Introduction: Climatic Settings and Effects of Climate 
Change in Khorezm

Central Asia is located in the zone of the prevailing westerlies, but at a far distance 

2005). As a consequence, an extreme continental 
climate with short, very cold winters influenced by the Siberian High prevails in the 
inner Aral Sea Basin (ASB). In this region, global warming has caused a non-
cyclical increase of air temperatures in the past 40 years (Chub 2000
Moßig 2004).

The Khorezm region is located in the inner Aral Sea basin, more precisely in the 
southern part of the Amudarya floodplain (Fig. 2.1, left part). Two Central Asian 
deserts partly from the border of the agricultural landscape in Khorezm: the 
Kyzylkum in the North, and the Karakum in the South. The regional climate is typified 
by a high annual temperature amplitude and very sparse precipitation (rain and 
snowfall) mainly occurring between November and March (Fig. 2.2). The Amudarya 
river is the only source of water for crop cultivation in Khorezm. Around 4.5 km3 of 
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water are annually withdrawn from the Amudarya for irrigation and leaching of 
about 270 000 ha land throughout the Khorezm region (cf. Tischbein et al. 2011). 
The major crops are cotton, wheat and rice, which are complemented with maize, 
sunflower and sorghum, whilst in the many kitchen gardens a wide variety of crops 
and species is cultivated (cf. Djanibekov et al. 2011b).

Fig. 2.1 left part) and the location of the meteorological 
stations of Urgench, Khiva and Tuyamuyun within the Khorezm Oblast (right part)

Fig. 2.2
 meteorological station in Urgench. T temperature, N precipitation
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A few indicators illustrate the impact of climate change in Khorezm. For instance, 
from 1970 onwards, average day temperatures (around 13–14°C) increased by 
0.5–1.5°C. Especially during the past decade, the average temperature levels have 
significantly increased. The 10-year average of summer temperatures recorded 
between 1981 and 1990 was between 0.2°C and 0.5°C above the long-term average 
(1930–1990), which indicates the magnitude of climate change in the region. 
However, Chub (2000) highlighted that summer temperatures in the Amudarya 
delta increased only moderately compared to those at other stations of Uzbekistan. 
The temperature increase also varies spatially within the Khorezm region. The 
highest shift was found at the margins of the irrigation system in the vicinity of the 
Karakum desert.

A rise in mean temperatures has been observed mainly during winter months, 
whereas summer temperatures (April–October which corresponds to the vegetation 
season) seem to have been more stable. Accordingly, the length of the vegetation 
period (defined as the number of days with an average temperature higher than 10°C), 

the current cropping plans are based on exploiting the upper limit of the vegetation 
period and that the economy in Khorezm strongly depends on agriculture  
(cf. Rudenko et al. 2011), the impacts of climate development on specific agro-
meteorological parameters are still poorly understood in this region – despite the 
findings of several agro-climatic studies over entire Uzbekistan (e.g. Chub 2000).

The potential impact of various agro-meteorological parameters on the long-term 
growing conditions in Khorezm was analyzed using descriptive statistics and trend 
analysis. The parameter selected comprised growing degree-days, planting dates, 
and potential evapotranspiration, based on data for the past 40 years. The analysis 
focused on an impact of climate development on crop relevant details of the vegetation 
period and water demand. Temporal development of growing degree-days for  
cotton, rice, maize, wheat, and sorghum; planting dates of cotton (relevant for  

assessed. The results were expected to allow understanding how sustainable the 
current cropping systems are under the predicted changes in climate, which, for 

2007), are supposed to reduce future water 
availability in Central Asia.

2.2  Parameters and Methods

 stations in Khorezm (Fig. 2.1b) representing different climate conditions within 
the irrigation system of Khorezm. The stations in Urgench (data available between 
1970 and 2007), Khiva (1973–2007), and Tuyamuyun (1980–2007) represent 
the situation of the central part of the irrigation system, its southern margin  
bordering the Karakum desert, and the transition zone between the deserts Karakum 
and Kyzylkum close to the Tuyamuyun reservoir, respectively. At all stations, 
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temperatures, precipitation, relative humidity, wind speed and wind direction, and 
soil temperature were measured daily.

Weather data for the Khiva station was available for 1970–2007, but we used 
only data for 1986–2007 because in 1986 the location of the station had been 
changed, which had noticeable effects on the data record. At the meteorological 
 stations of Khiva and Tuyamuyun wind speed measurements also appeared biased 
and were excluded from the study. Despite those artifacts and minor gaps in the data 
sets of the three stations, the high level of uncertainty attributed to meteorological 

2004) appears to be low for 
these three stations. In the following, the definitions of the selected parameters and 
the methods for analysis are outlined.

Growing degree-days

stages of crop development or harvest time, and can indicate temperature stress factors 
(Yang et al. 1995; Snyder et al. 1999; Kadioglu and Saylan 2001).

and Emin 1969). Depending on the crop, development of plants will occur only if 
the air temperature exceeds a minimum threshold for its development. Above this 
so-called baseline temperature, crop development increases linearly with tempera-
ture till an upper threshold. Here, a value of 30°C was selected, which was among 
the lowest values suggested by other authors. Rising the maximum threshold would 

conditions in Khorezm. Baseline temperatures and duration of growing seasons of 
the crops were based on official statistics and recommendations from local experts 
(Table 2.1

In Uzbekistan, the planting date for cotton is relevant for assessing the duration 
of the vegetation period for this crop. Recommendations from the Ministry of 
Agriculture and Water Resources (MAWR) of Uzbekistan for Khorezm indicate 
to seed cotton each year between the middle and end of April. But the MAWR  
recommendations underline also that the progression of the soil temperature 
measured at a depth of 5 cm is essential for deciding exactly when to sow cotton. 
Once soil temperature reaches the threshold of 14°C and does not drop below this 
level for a period for 5 days in a row, the final, 5th day is regarded to be the suitable 
date for seeding cotton.

Table 2.1 Baseline temperatures and duration of growing season (local agronomists, personal 
communication) used for the estimation of the crop specific growing degree-days

Crop
 

Baseline temperatures (°C)

Wheat 263–196 (20.09–15.07)  4.5
Rice 130–283 (10.05–10.10) 10
Sorghum  94–263 (04.04–20.09) 10
Cotton 105–305 (15.04–31.10) 15.6
Maize 152–278 (01.06–05.10)  8

Source: Vaughn (2005)
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The potential evapotranspiration (PET) is an agro-meteorological parameter 

was calculated not only for the entire year, but also for the official vegetation period 
of cotton between April and the end of September. This period is relevant for  
estimating crop water demands and hence of high economic relevance for Khorezm.

speed according to the ASCE standardized reference evapotranspiration equation 
(Walter et al. 2005):
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station of Urgench.

2.3  Long-Term Development of Agro-Meteorological 
Parameters and Its Implications

Table 2.2
at the three meteorological stations. Mean values and standard deviations suggest 

fell below critical minima in Urgench and Khiva. But minimum values for cotton 
given in the literature vary considerably (Table 2.2). Howell et al. (2004) argued for 

maturation of all cotton bolls.
Figure 2.3

Khorezm. Sorghum and maize (not depicted) show curves similar to rice. Despite 
data gaps in the time series, no clear statistical trend was observed during the 
observation periods at the three meteorological stations. Simple anomaly analysis 

However, due to limited time series of only 21 years for Khiva, this trend needs to 
be viewed with more caution than the findings of the other stations.

The range and standard deviations (Table 2.2) indicate a higher inter-annual 
variability at the margins of the irrigation system (Khiva) than in central Khorezm 
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Table 2.2
meteorological station), 27 years (Tuyamuyun meteorological station) 7 and 37 years (Urgench 
station) in different locations of Khorezm calculated according to the Baskerville-Emin method

Cotton Wheat Maize Rice Sorghum

Urgench 
(37 years)

Mean 1,535 2,555 2,135 2,196 2,326
Max 1,718 2,842 2,287 2,382 2,570
Min 1,280 2,295 1,970 1,983 2,066
STD 88 142 76 82 107

Khiva  
(21 years)

Mean 1,564 2,626 2,159 2,226 2,359
Max 1,877 2,978 2,369 2,476 2,650
Min 1,360 2,317 1,953 1,998 2,153
STD 125 167 105 115 127

Tuyamuyun 
(27 years)

Mean 1,669 2,719 2,272 2,349 2,487
Max 1,862 2,994 2,385 2,471 2,630
Min 1,205 2,353 2,106 2,130 2,212
STD 130 168 67 77 100

mentioned by 
secondary sources

1,055–1,389a 1,538–1,972b 1,222–1,555a 944–1,166a N.a.

N.a. not available, STD standard deviation
aAhrens (2008)
bMiller et al. (2001)
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(Urgench). The higher variability would indicate a higher yield risk but this contrasts 

(Fig. 2.3). On the other hand, tail-end located fields in the irrigation system experience 
water insecurity (Conrad et al. 2007) and the profitability of cotton production in the 
distal parts of Khorezm was postulated to be low (Bobojonov 2009). Hence, next to 
the probability to receive sufficient amounts of irrigation water (cf. Bekchanov et al. 
2011
tail-end locations) and low (e.g. top end locations) risk prone sites. In addition, even 
if plant growth components are sufficient to grow, say, cotton or wheat, the temperatures 
should not exceed certain maxima within sensitive plant  developing phases if yield 
reductions are to be avoided (Mathews et al. 1995
reflect adverse effects on cotton growth caused by air temperatures above 39°C. 
These impacts were considered in the assessment of growing conditions in Uzbekistan 
by (Chub 2007) who calculated 13.6% losses of heat resources (the sum of air  

unfavorable weather conditions and high rates of nitrogen fertilizers. Such parameters 

for regional recommendations.

 estimates, the entire Khorezm appears suitable for cotton production, confirming 
previous conclusions by Ibragimov et al. (2007).

The planting date for cotton in Khorezm between 1977 and 2007 (meteorological 
station Urgench) varied with 25 days. Figure 2.4 shows the relative distribution of 
planting dates for the three meteorological stations grouped in 5-day periods.

In the central part of the irrigation system (Urgench), soil temperatures expectably 
achieved the 14°C baseline temperature earlier than at the desert margins of the 
irrigation system (Khiva). Urgench and Tuyamuyun exhibited a clear peak in the 
interval between April 1 and 5. In contrast, the distribution of observations in Khiva 
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appeared nearly equal, again indicating higher environmental variability and therefore 
higher planning insecurity. In all cases, the present blanket recommendation to sow 
cotton only after the middle of April has become conservative.

Based on the weather data (1970–2007) from Urgench station, the long-term 
annual average potential evapotranspiration (PET) amounted to 1 378 mm year−1. 

2.5
average of 7.3 mm day−1 −1

−1).

Khorezm (Fig. 2.6 -
cantly affect water consumption by crops, occurred less frequently in the past 
20 years in comparison to the 1975–1985 period.

2007), who concluded 
for the entire ASB after 1950 that the increases in water losses through higher 
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precipitation levels during the same period. However, precipitation within the last 
40 years as recorded at the meteorological stations of Urgench, Khiva, and 
Tuyamuyun remained stable.

2006) estimated that the 
probability of receiving sufficient amounts of irrigation water decreased in Khorezm 
during the last decades (cf. Djanibekov et al. 2011a, for details). Also a negative 
gradient of crop water availability in Water User Associations (WUAs) located at 
increasing distance from the water intake points of the irrigation system was found 
for the comparatively water-rich years 2004 and 2005 (Conrad 2006). Altogether, 

supply problems in Khorezm.

2.4  Summary and Conclusions

This analysis of temperature and water related agro-meteorological parameters was 
based on middle- to long-term data of three meteorological stations representing 
different landscape conditions in the Khorezm region. In terms of growing degree-

and sorghum in the entire region can be concluded. Improved growing conditions 
for wheat in the southern part of the region, as indicated by a positive trend in 

the winter months.
The analysis of soil temperatures, which according to official Uzbekistan 

recommendations is decisive for estimating first planting dates of cotton, generally 
confirmed the existing recommendations. All investigated datasets indicated suitable 
conditions for cotton planting between mid and end of April. However, the degree 
of uncertainty increases towards the Karakum desert, which borders Khorezm in 
the south.

demands in the region are stable. This can be interpreted as a good sign in face of 
the expected increasing pressure on irrigation water resources in Khorezm.

The hypothesis of a negative influence of the desiccation of the Aral Sea on the 
agro-meteorological conditions in the Amudarya delta which has recurrently be 

1997 2001) can neither be confirmed 
nor rejected for the southern part of the Amudarya delta based on the 40-year data 
record. There is still a possibility that the desiccation of the Aral Sea reduces the 
temperature increase in Khorezm. To separate between regional and global change 
impacts on Khorezm, the inclusion of larger areas would be beneficial, and longer 
time series would be required to identify cyclic developments of climate variables. 
Simply as the total observation period is growing with time, agro-meteorological 
predictions in the inner Aral Sea Basin will improve, and the use of climate models 
will provide another option for estimating future scenarios.



352 Agro-Meteorological Trends of Recent Climate Development…

References

Ahrens CD (2008) Essentials of meteorology: an invitation to the atmosphere. Brooks/Cole, 
Belmont, CA, USA

temperatures. Ecology 50:514–517
-

Soums: economic and ecological restructuring in 
Khorezm, Uzbekistan. Springer, Dordrecht/Berlin/Heidelberg/New York

Bobojonov I (2009) Modeling crop and water allocation under uncertainty in irrigated agriculture: 

Chub EV (2000) Climate change and its impact on natural resources potential of the republic of 
Uzbekistan. Tashkent, Uzbekistan. Main Administration on Hydrometeorology under the cabi-
net of Ministers of the Republic of Uzbekistan. Central Asian Hydrometeorological Research 
Institute named after V. A. Bugayev

Chub EV (2007) Climate change and its impact on hydrometeorological processes, agro-climatic 
and water resources of the republic of Uzbekistan. Center for Hydro-meteorological Service 
under Cabinet of Ministers of the Republic of Uzbekistan (Uzhydromet). Scientific and 

Conrad C (2006) Remote sensing based modeling and hydrological measurements to assess the 

Würzburg, Würzburg

water use in a Central Asian irrigation system by utilizing MODIS remote sensing products. 
Irrig Drain Syst 21(3–4):197–218

Soums: economic and ecological restructuring in Khorezm, 
Uzbekistan. Springer, Dordrecht/Berlin/Heidelberg/New York

Soums: economic and eco-
logical restructuring in Khorezm, Uzbekistan. Springer, Dordrecht/Berlin/Heidelberg/
New  York

-

efficiency of irrigated cotton in Uzbekistan under drip and furrow irrigation. Agric Water 
Manage 90:112–120

http://www.ipcc.ch/publications_and_data/publications_and_data_reports.
shtml

(eds) Environmental problems of Central Asia and their economic, social and security 
-

lems of Central Asia and their economic, social and security impacts. Springer, 
Dordrecht/ Tashkent



36 C. Conrad et al.

126(1–2):83–96

climate change on rice production in Asia. CAB International, Wallingford, pp 95–139

Müller M (2006) A general equilibrium approach to modeling water and land use reforms in 

and Soums: economic and ecological restructuring in Khorezm, Uzbekistan. Springer, 
Dordrecht/Berlin/Heidelberg/New York

(2011) Water management in Khorezm: current situation and options for improvement (hydro-

salts and Soums: economic and ecological restructuring in Khorezm, Uzbekistan. Springer, 
Dordrecht/Berlin/Heidelberg/New York

of Earth sciences series. Springer, Dordrecht/Berlin/Heidelberg/New York

standardized reference evapotranspiration equation. ASCEEWRI Task Committee Report 59

growing degree days. Agric For Meteorol 74(1–2):61–74



37C. Martius et al. (eds.), Cotton, Water, Salts and Soums: Economic and Ecological  
Restructuring in Khorezm, Uzbekistan, DOI 10.1007/978-94-007-1963-7_3, 
© Springer Science+Business Media B.V. 2012

Abstract The current status of the agricultural soils in Khorezm is closely linked 
to their development influenced by past river flows and more recent human-managed 
irrigation and drainage practices. The initial relief of the Amudarya river delta was 
formed by ancient channels that carried large amounts of sediments. When irriga-
tion was introduced, sediments started to be deposited on croplands, a process which 
formed the now spatially distinct features in the topsoils. Today’s landscape of the 
ancient river delta is thus significantly influenced by human interference. The areas 
presently used for irrigated agriculture are traversed by a network of irrigation 
canals, collectors and drains. Long-term irrigation formed a layer of uniform topsoil, 
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referred to as an agro-irrigation horizon, covering a multi-layered alluvium. This 
chapter provides an impression of the current state of land resources in the irrigated 
areas of the Khorezm region. We analyzed soil properties based on present and past 
data; the latter from a period before agriculture expanded and intensified. Soil 
texture is dominated by silt loam layers together with sandy loams and loams that 
constitute almost 80% of all soil layers. Organic matter in irrigated soils is low, 
constituting on average 7.5 g kg−1 (0.75%) in the topsoil layers and decreasing in the 
deeper layers. Afforestation can increase SOC stocks. Soil microbiological activities 
reflected in the soil respiration rate were closely linked to soil organic carbon con-
tent and revealed considerable carbon accumulation under zero-tillage systems. Soil 
macrofauna density was highest under vegetation dominated by one tree species, 
Euphrates poplar (Populus euphratica Oliv.; Salicaceae), but its biodiversity was 
highest in cultivated sites (and dominated by small predatory arthropods). These 
results may serve as benchmarks in future monitoring of land use effects on soil 
quality. Most subsoils in Khorezm are slightly- to medium-saline, whereas the 
majority of topsoils above 60 cm are strongly saline. Between 1960 and 1990,  
moderately saline soils increased from 21% to 31%, and highly saline soils, from 
6% to  21%.

Keywords Landscape • Salinity • Soil respiration • Micro- and macro-fauna  
• Texture

3.1  Soils Evolution and Land Resources

The development of soils in Khorezm has, over the millennia, been greatly and 
primarily influenced by water from a meandering Amudarya river. It therefore is 
relevant to understand the processes responsible for the spatial distribution of the 
different soil types. Central Asian oases, isolated areas of vegetation surrounded by 
deserts, are among the few regions in the world where irrigation resulted in the 
development of new anthropogenic soils overlaying the natural formations. 
Therefore, in particularly the upper layers of soils in the Khorezm region are 
relatively new formations compared to those soils that developed under natural 
conditions without human interference.

Irrigated agriculture in Khorezm has a long history (Tolstov 1948; Tsvetsinskaya 
et al. 2002). Soil evolution has been considerably faster under irrigation than in 
natural systems, and significant changes in soil properties can occur even within 
10–100 years. Furthermore, intensive soil displacements occurred when the irrigation 
and drainage system was developed. Lithology, geomorphology, hydrochemistry and 
other local peculiarities such as the very flat terrain provide the background against 
which this intensive human interference has altered soil formation processes, including 
the mineralization of soil organic matter and microbiological activity, salt migration, 
illuviation and clay formation.
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Features produced by water flows such as the riverbed, near-bed formations, 
and depressions can be distinguished and are described in detail by Felitciant 
(1964) and Tursunov (1981). The latter author explains that the initial relief of the 
Amudarya river delta in Khorezm was formed by two ancient channels, the so-
called Daryalyk and Daudan. These transported large amounts of soil sediments, 
which were deposited and formed levees. Near-bed levees usually contain coarse-
grained material, i.e. sand and silt. However, occasionally these are covered by 
finer grain material deposited during low-velocity floods. Areas further away from 
the riverbeds are characterized by layers of fine material that was deposited from 
suspended loads in slow-flowing waters, or even indicating areas of previously 
stagnant water that formed loamy and clayey soils. Also, since streams were  
constantly changing courses and braided the delta region, the vertical and lateral 
composition of the soils is very varied (Tursunov 1981).

Another factor that affected soil formation during the floodplain-alluvial periods 
consists in the marshy and meadow-marshy formations on flat areas between intra-bed 
depressions, which were covered by reeds and often flooded. The interaction of 
vegetation and floods formed the meadow soils, characterized by groundwater tables 
deeper than 3 m and a high organic matter accumulation on the surface. Elevated 
relief areas such as slopes and levees were also under meadow and meadow-marshy 
soil formation, but occasionally also transformed into solonchaks. These latter soils 
have developed mainly under a cover of grass vegetation and with a shallower 
groundwater table varying between 0.5 and 2.0 m (Kuziev 2006).

Large near-bed levees covered by bush and grass vegetation and experiencing 
groundwater table depths between 1 and 2.5 m formed meadow Tugai soils which 
morphologically resemble the features of the soils under Tugai forests (natural floodplain 
forests along the Amudarya, cf. Scheer et al. 2011). These soils received litter inputs 
from the vegetation, explaining why soil organic matter contents often surpass 3%.

Today’s landscape in Khorezm, however, is significantly altered by human 
interference. Owing to the intensification of irrigated agriculture over the last 
100 years or so, the areas converted into cropland have been traversed by a network 
of irrigation and drainage canals. Long-term, intensive irrigation formed a layer of 
uniform topsoil, referred to as the agro-irrigation horizon, which now covers the 
multi-layered alluvium deposits. Even ridged-hummocky sands, often present in the 
region, have been leveled and converted into farming land. A large part of the natural 
Khorezm landscape was transformed into cultured land.

Hydrogeology is another driver of soil formation. The initial hydrogeological 
conditions disfavored an intensive and widespread irrigated agriculture in Khorezm 
due to the flat topography, which limits lateral groundwater flow and results in 
shallow groundwater tables and increased soil salinity, despite the constructed 
collector-drainage network (cf. Tischbein et al. 2011). The regular occurrence of 
high groundwater tables, then, in turn, created hydromorphic conditions favorable 
to solonchak formation. The elevated groundwater table enhances vertical water 
movement, and considerable amounts of water are discharged via evaporation and 
transpiration rather than via the drainage system, leading to soil and groundwater 
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salinization. According to soil surveys conducted by the State Scientific Research 
Institute for Soil Science and Agrochemistry (SSRISSA) in 1996 (Kuziev 2006; 
Ibrakhimov et al. 2007), around 73% of the territory of Khorezm had groundwater 
tables at 1–2 m.

Khorezm occupies an area of 646,400 ha (GKZGK 2009), which includes a large 
desert area on the right bank of the Amudarya, which is often excluded from assess-
ments of land resources; the irrigated areas cover only about 276,000 ha, the largest 
share of which is occupied by cropland (Table 3.1).

The following definitions (GKZGK 2009) apply to the categories in Table 3.1. 
Marginal lands include irrigated and rainfed areas that are out of production due to 
the deteriorated soil quality and irrigation management caused by inefficient use; or 
affected by erosion, strong salinization, gypsum, and poor land development. In the 
irrigated region, marginal lands are located in small patches at the border of cropped 
areas, and, provided that irrigation and drainage measures are implemented, these 
could eventually be recovered and used in agriculture (GKZGK 2009). Areas under 
trees are mainly fruit and mulberry plantings, and vineyards (cf. Khamzina et al. 
2011). The household area can include buildings and kitchen garden plots 
(cf. Bobojonov et al. 2011).

The total irrigated area in 2009 was 1.5 times higher than that reported 30 years 
ago by SSRISSA (Kuziev 2006). More than 95% of the irrigated areas are meadow 
soils, whilst about 4% are marshy-meadow soils. Meadow soils, developed on alluvial 
deposits, are considered to be the most fertile land resources and have therefore 
been brought into cultivation. Soils developed on illuvium are considered less 
suitable for farming, explaining why only a fraction of these soils is currently cultivated 
(Kuziev 2006).

Soil quality conditions in Uzbekistan are reflected in the so-called soil bonitet. 
Soil bonitet is a relative score, ranging from 0 to 100, given to indicate the soil quality 
and natural fertility (GKZGK 2009). Bonitet is an aggregate of several parameters 
ranging from field characteristics (morphology, etc.) to results of laboratory analyses 

Table 3.1 Land resources of Khorezm, 1,000 ha (GKZGK 2009)

Agricultural land

Household Forest Garden Other TotalCropland Trees Marginal Pasture

Irrigated 208.6 13.6 4.5 6.4 43.0 0.4 0.1 276.6
Total 208.6 13.6 4.5 141.2 51.0 57.5 0.1 169.9 646.4

Table 3.2 Soil bonitet and area size (ha) according to land cadastre groups and soil classes of the 
agricultural land resources in Khorezm based on an assessment in 2005 (GKZGK 2009)

Land 
cadastre 
group Bad Below average Average Good Very good

Soil class I II III IV V VI VII VIII IX X

Bonitet 0–10 11–20 21–30 31–40 41–50 51–60 61–70 71–80 81–90 91–100
Hectares n.a. 625 8,839 46,296 34,932 82,052 49,291 11,848 102 n.a.
n.a. not available
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for various soil properties (fertility, chemistry, etc.). Since cotton is the major crop in 
irrigated agriculture of Uzbekistan, it is used as the reference crop in soil bonitet 
assessments. Table 3.2 presents data on estimates of soil bonitet scores for the agri-
cultural land resources of about 233,000 ha which includes cropland, trees, marginal 
land, and pasture. The average soil bonitet of these land resources is 53.

3.2  Soil Physical and Chemical Parameters

The description of the physical and chemical parameters of soils in Khorezm, and 
the following classification are largely based on a comprehensive data base of soils 
in the region collected by SSRISSA (Abdunabi Bairov, personal communication) 
organized into the Khorezm Soil Data Base by the ZEF-UNESCO Khorezm Project 
and, in the case of soil organic matter, supported by a comprehensive literature 
study carried out by Kuziev (2006).

3.2.1  Texture and Soil Horizons

The Khorezm Soil Data Base contains 511 soil profiles and altogether 2,157 soil 
layers. The Soviet Union system of defining textural fractions differs from the one 
adopted by FAO where fewer textural fractions are defined (Stolbovoi 2000). 
However, according to Stolbovoi (2000), who provides a correlation between the 
Soviet Union and FAO soil classification systems, these differences due to this 
partial incongruence of the classification systems are mostly irrelevant, and the 
generalized textural classes can be correlated adequately for practical purposes at a 
global scale (Table 3.3).

Out of all layers available in the Khorezm Soil Data Base, 1,884 had a complete 
set of information, allowing the conversion of soil texture classes into the FAO system 
(according to a formula provided in Shein 2009). Figure 3.1a shows the spatial  
distribution of the soil profiles, indicating a homogenous, representative sampling 
scheme. The available soil samples from the districts Shavat and Pitnyak (south-east 
of Khazarasp and not shown in this map) were not geo-referenced.

On average four generic soil horizons per profile are described in the database. 
For merely 35 soil profiles (~7%) more than 5, at maximum 7, horizons have been 
identified. Most soils in Khorezm are silt loams (USDA soil texture classification). 
Silt loam layers together with sandy loams and loams constitute almost 80% of all 
soil layers (Table 3.4). Clayey soils are hardly present in Khorezm (Fig. 3.1b). 
Heavy textured soils are frequent at deeper layers (Fig. 3.2).

This means that the impact of shallow groundwater and groundwater salinity on 
crop growth and secondary soil salinization, respectively, is potentially significant, 
because heavier soils better support capillary rise of groundwater (Brouwer 
et al.  1985).
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There is not much change along the soil profiles in the top 56 cm; profiles are 
rather homogenous. For instance, altogether 55% of the soils have identical first and 
second soil layer textural classes. Furthermore, another 33% of all soil profiles had 
closely matching first and second soil layers (i.e. neighboring soil textural classes in 
Fig. 3.1). This indicates that only about 12% of all soil profiles show a rather abrupt 
texture change in the top 56 cm soil. Considering the first four soil layers, this 
percentage increases to 25%, meaning that still 75% of the soils in the Khorezm 
Soil Data Base have a homogenous texture in the top ~129 cm. This is an important 
aspect, as it allows robust estimations of the vertical distribution of soil texture 
based only on topsoil data.

Soil parameters that highly correlate with clay content could be estimated with 
higher precision for monitoring purposes. The importance of monitoring the changes 
in agricultural land resources is acknowledged by the Government of Uzbekistan,1 
which has introduced guidelines to streamline monitoring of those resources 
throughout the country in three stages, namely, (1) preparatory works, (2) baseline 
field studies, and (3) long-term observations. By 2009, the second stage, baseline 
studies, was completed in most of the regions in Uzbekistan (GKZGK 2009).

3.2.2  Soil Organic Matter

The Khorezm Soil Data Base contains 1,806 entries for soil organic matter (SOM). 
Soil organic carbon (SOC) in Uzbekistan is conventionally chemically determined, 

Table 3.3 Correlation of particle size distribution between FAO and Soviet Union systems for soil 
textural classification (Stolbovoi 2000)

Name of texture fraction

Particle size (mm)

FAO system (1988) Soviet Union system (1967)

Gravel, fine gravel ³2 ³1
Sand Coarse –0.5

Medium –0.06 –0.25
Fine –0.05

Silt Coarse –0.01
Medium –0.002 –0.005
Fine –0.001

Clay £0.002 £0.001
General classes Coarse –0.06 0.05

Medium –0.002 –0.001
Fine £0.002 £0.001

1 Decree No. 496 of Cabinet of Ministers from 23.12.2000 on adoption of charter for agricultural 
lands monitoring.
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Fig. 3.1 (a) Approximate sampling locations of profiles, and (b) USDA soil texture classification 
of these soil samples and respective distribution for all soil layers described in the Khorezm Soil 
Data Base (Sommer et al. 2010)
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using a slightly modified form of the Walkley-Black wet-oxidation (potassium 
dichromate) method (Nelson and Sommers 1982). For the conversion, it is assumed 
that SOM contains 58% SOC (Vorobyova 1998).

SOM contents turned out to be low in the soils of Khorezm (Khorezm Soil Data 
Base). On average, SOM is 7.5 g kg−1 (0.75%) in the topsoil layers, decreasing to 
3.9 g kg−1 at 156–210 cm depth, with considerable natural variation. The lower 
quartile of SOM at 0–32 cm was 5.4 g kg−1 and the upper quartile 9.4 g kg−1 (Fig. 3.3). 
SOM contents of the data set (n = 148) described by Kuziev (2006) generally concur 
with those of the Khorezm Soil Data Base. SOM content of heavy- and medium-
textured irrigated soils varied from 6–7 to 11–14.5 g kg−1, gradually decreasing with 
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Table 3.4 Frequency of soil texture classes of the irrigated areas in 
Khorezm (Khorezm Soil Data Base, Abdunabi Bairov, personal 
communication), according to USDA soil classification

Soil texture N %

Sand 59 3.1
Loamy sand 86 4.6
Sandy loam 229 12.2
Clay loam 25 1.3
Loam 241 12.8
Sandy clay loam 8 0.4
Silt loam 1,039 55.1
Silt 84 4.5
Silty clay loam 109 5.8
Silty clay 3 0.2
Clay 1 0.1
All 1,884
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depth. Light-textured soils contained 4.5–8.0 g kg−1 SOM, but this decreased to 
0.2–0.3 g kg−1 at deeper depth. The overall SOM storage of the 0–50 cm layer thus 
amounts to 16–79 t ha−1.

The subsoils of irrigated meadow soils are rich(er) in SOM as compared to the 
subsoils under natural formations where organic litter contributes to only topsoil 
(Kuziev 2006). Only due to irrigation, SOM can decrease from 12–20 g kg−1 to 
7–12 g kg−1 (Kuziev 2006).

The comparison of the data from 1950 to 1959 for the 0–30 and 30–50 cm 
layers with those from the 1970s and 1990ies demonstrates a general trend in 
SOM reduction (Fig. 3.4). Meadow oasis soils located on ancient riverbeds and 
near-bed deposits had the highest SOM contents, followed by irrigated meadow 
soils. The lowest SOM content was found on meadow soils developed on recent 
Amudarya deposits.

While irrigation water tends to wash out SOM, it is also one often neglected 
source of SOM (Kuziev 2006), and deposits suspended sediments rich in nitrogen, 
phosphorus, potassium, OM and a number of microelements. Irrigation water is a 
significant source of mineral replenishment of irrigated soils, particularly for 
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automorphic soils of the desert zone, which are prone to enhanced SOM losses 
compared to soils with hydromorphic or semi-hydromorphic conditions. However, 
following the construction of the Tuyamuyun reservoir on the Amudarya, located 
immediately upstream of Khorezm, most suspended solids in the river water are 
now being retained in this reservoir (Tashkuziev 2003).

3.2.3  Soil NPK

Due to the low SOM content in Khorezm soils, total soil nitrogen (N) levels are also 
low, ranging from 0.2–0.8 g N kg−1 (0.02–0.08%), with storage of 1.6–4.9 t N ha−1 in 
the 0–50 cm layers. The total N in irrigated soils reaches 4–6 t ha−1, out of which 
approximately 2 t ha−1 are in the topsoil.

Total phosphorus (P) ranges from 450 to 3,000 mg P kg−1. Marshy-meadow soils 
have usually high (1,000–3,000 mg P kg−1) total P contents, which convert into 
storage amounts of 8.7–15.2 t P ha−1 in 0–50 cm layer. Yet, only 10–20% of the 
stored amount is available to plants, 50–60% is less available and 20–40% is practically 
not available to plants (Kuziev 2006).

The soils in the arid region of Khorezm are naturally rich in potassium (K). The 
total potassium content in the upper horizons ranges from 3,000–31,000 mg K kg−1, 
however, only 10% of the soils have a total K of over 2,000 mg kg−1. Storage in 
0–50 cm layer varies from 71 to 160 t K ha−1.

The Khorezm Soil Data Base contains 1,869 entries for soil nitrate. The Soviet 
Union method to determine soil mineral N (NO

3
 and NH

4
), is for various reasons 
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(e.g. air-dry soil samples, different chemical analysis) not 1:1 comparable with 
standard mineral N determinations in other countries. Therefore, also the classification 
of NO

3
 contents with regard to optimal crop growth deviates from European norms 

(Table 3.5). It appears that the Soviet Union method of chemical analysis of mineral 
N gives consistently considerably higher concentrations of NO

3
 and NH

4
 than  

standard “Western” analysis. Hence the following classification was adjusted 
accordingly.

The NO
3
 contents in the Khorezm topsoil alone, with on average 34.5 mg kg−1 

(median: 19.6), would classify the soil to be medium-rich in mineral N (Fig. 3.5). 
The heterogeneity of NO

3
 contents in 0–30 cm depth was, however, high as  

evidenced by the range from a lower quartile of 8.5 mg kg−1 to an upper quartile of 
53.7 mg kg−1. Median NO

3
 content decreases from 12.0 mg kg−1 in 30–56 cm depth 

to 6.3 mg kg−1 below 156 cm. Interestingly, NO
3
 contents below 156 cm vary more 

than in the three layers above. This may be an additional indication of topsoil nitrate 
leaching and accumulation in this sub-layer, at least in some soils.

3.2.4  Soil Salinity and C Stock

According to Kuziev (2006), the area of solonchaks had decreased from 10.8% to 
1.6% between the 1960s and 1990s, due to ameliorative measures and after having 
been used for farming. Weakly saline or non-saline areas decreased from 74% in 
1960 to 48% 1990. In the same period, moderately saline soils increased from 21% 
to 31%, and highly saline soils, from 6% to 21%.

The Khorezm Soil Data Base contains 2,053 entries for soil salinity expressed in 
total dissolved solids percentages (%TDS). These values were converted into 
electrical conductivity, EC

e
, using the relationship suggested by Abrol et al. (1988): 

EC
e
 (dS m−1) = %TDS / 0.064. Using this conversion, the findings showed that the 

median EC
e
 decreases from 10.1 dS m−1 in 0–32 cm to roughly half of this value (4.7 

dS m−1) in 32–60 cm depth. Below 60 cm depth, the median soil salinity is basically 
constant at around 3.8 dS m−1. As with NO

3
, heterogeneity of salinity is high in the 

topsoil, where EC
e
 ranged from a lower quartile of 3.3 dS m−1 to an upper quartile 

of 25.8 dS m−1 (Fig. 3.6). According to the classification of soil salinity by Abrol 

Table 3.5 Classification of soil mineral N content with regard to optimal plant growth (WARMAP 
and EC-IFAS 1998) and its equivalent amounts considering exemplarily 0–30 cm soil depth (Soil 
bulk density assumed to equal as 1.5 g cm−3)

Mineral N content, mg kg−1 Classification Mass equivalent, kg N ha−1 30 cm−1

<20 very low <90
20–30 Low 90–135
30–50 Medium 135–225
50–60 High 225–270
>60 very high >270
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et al. (1988), most subsoils in Khorezm are slightly- to medium-saline, whereas the 
majority of topsoils above 60 cm is strongly saline (Figs. 3.6 and 3.7).

Land resources in Khorezm can be classified by land use. Agricultural land use 
covers the largest share of the landscape, compared to natural land use systems such 
as Tugai forest (cf. Scheer et al. 2011) and desert. In the following we summarize 
findings of various studies (Forkutsa 2006; Massucati 2006; Hbirkou et al. 2011) 
of selected parameters in Tugai forest, desert, plantations of poplar (Populus 
euphratica) and elm (Ulmus pumila) trees, shelterbelts between fields, and cotton 
fields under conventional and conservation agriculture trials referred to as zero 
tillage on sandy (ZS) and loamy soils (ZL).

The snapshot survey of soil salinity conducted by Hbirkou et al. (2011) suggests 
that the EC

e
 increased in the order Tugai forest £ desert site £ long-term afforestation 

sites < fallow land (Table 3.6). However, their data also shows that carbon stocks 
(total carbon (C

t
) and SOC) were highest on long-term (80 years) afforestation sites, 

and lowest in the desert ecosystem, suggesting that long-term afforestation had led 
to an increase of the SOC stock in the topsoil (0–20 cm) to levels even above those 
in the native Tugai forest.
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Further analysis by Hbirkou et al. (2011) of SOC stocks of fallow land, a 4-years 
old afforested site, and an 80-years old afforested site suggests a rather rapid initial 
increase in SOC, which tapers off with time. For instance, fitting all three SOC 
datasets to a nonlinear regression reveals an increase rate of 0.15 t SOC ha−1 a−1 after 
20 years of afforestation, but a lower increase rate of 0.09 t SOC ha−1 a−1 after another 
60 years of afforestation (Hbirkou et al. 2011).

3.2.5  Soil Microbiological Activity

Soil microbiological activity (Forkutsa 2006) has a key role in the ecological function 
of soil (decomposition of organic residues, essential soil nutrients for plants, soil 
quality) and maintenance of soil fertility. Soil micro-organismic activity depends on 
the presence of moisture, nutrients and organic matter. Soil respiration is known as 
a biological indicator for microbial decomposition of organic matter in the soil. 
Mechanical disturbance causes excessive aeration of soil, while intensity and 
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frequency of disturbance results in a differential distribution and loss of organic 
matter (Gajri et al. 2002).

The effect of farming practices on soil quality was evaluated at three agricultural 
sites, which differed in soil management techniques (conventional tillage and zero 
tillage; with and without mulch), soil texture (loam and sand), and Tugai forest. The 
carbon dioxide output is consistent with the overall metabolic activity of the soil 
microflora. Although no pronounced difference between the sites and treatments 
was found, the respiration rates among the sites decreased in the order: Amir Temur 
Farm (Loamy) > Khiva Farm Loamy > Tugai forest > Khiva Farm Sandy; i.e. the 
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Fig. 3.7 Share of soil salinity classes in the Khorezm region according to the classification by 
Abrol et al. (1988)

Table 3.6 Selected soil ecology parameters of different land use systems in the Khorezm region

C
tot

, 
(t ha−1)a

SOC, 
(t ha−1)a

EC
e
, 

(dS 
m−1)a

Soil fauna 
biodiversity 
(Hs’)b

Soil fauna 
biodiversity 
(Hs’Max)b

Respiration, 
mg CO

2
 

m−2 h−1 c

Microbial 
biomass, mg 
C

mic
 g−1 dmc

Tugai 72.5 21.4 9.4 0.97 1.34 257.5 549.64
Desert 42.7 6.6 10.4 0.14 0.14 N/A N/A
Tree strip 92.6 29.9 13.8 0.52 0.88 N/A N/A
Conventional 

fields
77.8 21.5 17.1 1.12 1.25 419.2 654.17

NT loam 0.93 1.17 376.0 1001.04
NT sandy 0.72 0.78 241.0 216.95

Source: aHbirkou et al. (2011), bMassucati (2006), cForkutsa (2006)
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agriculturally managed loamy soils have a higher microbial activity than the natural 
Tugai forests and the sandy soils.

Sandy textured soils (Khiva Sandy site) with poor SOC contents (1.7–2.8 g kg−1) 
had a low range of respiration rates (75.0–390.8 mg CO

2
 m−2 h−1). In contrast, loamy 

soils with higher SOC (3.8–6.2 g kg−1) showed respiration ranges from 130.83–
949.2 mg CO

2
 m−2 h−1. Spatial differences across the sites were mostly explained by 

C % and soil moisture.
Soil microbial biomass-C (C

mic
) resulted in similar patterns among all sites. The 

lowest C
mic

 was found at the Khiva Sandy site, in the range of 77.9–312.8 mg C g−1 dm, 
and the highest range at the Khiva Loamy site with 765.5–1,430.5 mg C g−1 dm. Yet, 
in spite of the similar soil texture in both Khiva Loamy and Amir Temur sites, the 
higher C

mic
 values (765.49 mg C g−1 dm or higher) in the Khiva Loamy site, where soil 

conservation techniques were applied (cf. Pulatov et al. 2011), indicate a better soil 
quality than in Amir Temur where only 654.17 mg C g−1 dm were measured.

In this study, the microbial quotient (C
mic

/C
org

) varied in the range of 2.2–18.2 (%) 
(Table 3.7). Often, this value lies in the range of 1–5% (Sparling 1997), however 
some studies conducted in similar environmental conditions on wheat crop fields 
have shown a similar wide range of soil microbial ratio values (6.2–2.6%; Insam 
1990; Uçkan and Okur 1998). Higher values can be interpreted as a carbon accumu-
lation, whilst lower ones stand for carbon loss. Yet, Insam and Öhlinger (1996) 
stated that the soil microbial quotient is highly influenced by climate and thus, arid 
areas produce higher values than humid (and less hot) environments. Therefore, the 
microbial quotients in this study indicate that significant carbon accumulation had 
occurred on sites under zero-tillage treatment. The metabolic quotient (qCO

2
) 

(Table 3.7) is the rate of soil respiration in terms of the microbial biomass and indi-
cates the qualitative influence on microbial biomass. Lower qCO

2
 ratio values stand 

Table 3.7 Soil microbial biomass-C (C
mic

), soil organic matter (SOM), microbial quotient and 
metabolic quotient on four sites in different districts of Khorezm (values followed by the same 
letter are not significantly different; Tukey test, HSD, P < 0.05)

Site Treatment *
C

mic
, (mg C

mic
 

g−1 dm) SOM, (%)

Microbial 
Quotient,  
(Cmic/Corg, %)

Metabolic Quotient, 
(mg CO

2
-C g−1  

Cmic h−1)

Khiva Loamy C 970.79 b 0.87 bc 13.8 1.9
C+ 765.49 a 0.69 bc 8.7 4
Z 1430.48 c 0.79 bc 18.2 2.4
Z+ 837.39 ab 0.79 bc 10.6 3.1

Khiva Sandy C 195.56 ab 0.37 a 5.3 3.9
C+ 77.92 a 0.35 a 2.2 7.3
Z 312.82 b 0.33 a 9.4 3.9
Z+ 281.49 b 0.43 a 6.6 1.6

Amir Temur C 654.17 b 0.99 c 6.6 8.1

Tugai forest N 549.64 b 0.68 b 2.3 2.5

*C conventional, Z zero tillage, N natural ecosystem, + with a mulch of plant residues
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for more efficient microbial turnover. Based on microbial and metabolic quotients, 
our study shows a slight positive effect of zero tillage on soil quality.

Results of site comparisons of the mean difference in soil respiration and SOM 
were in consistency with studies of Conant et al. (2000) and Huxman et al. (2004), 
who suggest that soil respiration in semiarid ecosystems is mainly controlled by soil 
C content and moisture, which should also apply for arid regions as Khorezm. In the 
microbiological analysis, similar to the field measurements, the mulching contribution 
was not captured; possibly due to the short period of residue management in this 
field prior to the data collection, and also due to the chosen sampling depth (0–20 cm). 
However, the average values of soil microbial biomass carbon for conventional 
fields were lower than those for zero-tillage fields, which indicate that an initial, 
favorable SOM accumulation takes places under zero-tillage practice.

3.2.6  Soil Fauna Density and Diversity

For the screening of the soil fauna, Massucati (2006) collected macro- and  mesofauna 
using soil cores of 20 cm diameter and 20 cm depth. Additionally, litter samples were 
collected from 80 cm diameter areas on the forest floor. The soil macro-invertebrates 
were then extracted in a heat-moisture gradient in a Berlese apparatus.

The density of the soil fauna (macro- and mesofauna) in Khorezm ranged 
between 29 individuals m−2 in the desert Kyzylkum2 and 3,994 individuals m−2 in 
the Tugai forest (Fig. 3.8). The upper level fauna density value in the Tugai forest 
was caused mainly by the extreme abundance of ants (Hymnoptera: Formicidae), 
which made up 93% of the total individuals at this site. The abundance of this taxon 
is high in arid habitats, where soil fauna assemblages are mostly characterized by 
xerothermal species (Veile 1992). The soil from the Tugai forest served also as 
habitat for many larvae of flies (Diptera: Asilidae, Sarcophagidae) and beetles 
(Coleoptera: Chrysomelidae, Cryptophagidae), and a variety of spiders (Arachnida: 
Gnaphosidae, Lycosidae, Pseudoscorpionida). In tree strips3 around a cotton field 
the density was 1,344 individuals m−2, mainly characterized by Formicidae. 
Both tree strips and forest offer better habitats for social insects such as fire ants 
(Myrmicinae; Solenopsis sp), to build epigeic nests, since these areas are not used 
for agriculture. Termites are often found in the desert zones (Abdullaev et al. 2002) 
but they also affect buildings, often historical ones, e.g. in the ancient city of Khiva, 
an UNESCO heritage site.

The soil fauna density under conventional tillage was 267 individuals m−2, showing 
no significant difference from the density in the Tugai forest, tree strips and in zero 
tillage fields. Analogous to the forest site and tree strips, ants were also the most 

2 Fixed and mobile dunes with open, psammophytic, shrub-like communities and semi-shrub, suc-
culent plants, as well as tessellated takyr soils with a thin loam crust without vegetation.
3 Planted trees (predominantly Populus ariana and Elaeagnus angustifolia) within a cotton field, 
for wind erosion protection.
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important component of the soil fauna assemblage at this study site. This may 
primarily be explained by the favorable environmental conditions of adjacent tree 
strips, where social insects find refuge to build long-lasting nests. Secondly, ants 
have a wide diet spectrum (Martius et al. 2001), enabling them to colonize many 
different systems.

Under zero-tillage in the ZS and ZL sites (zero-tillage on sandy and loamy soil, 
respectively) (Fig. 3.8) isopods (woodlice; Isopoda: Oniscidea) were the most 
dominant taxon, accounting for 41% of the total soil fauna. Isopods (and myriapods) 
belong to a suitable indicator group for soil disturbance, since they are sensitive to 
soil tillage, and as a consequence are rare in cultivated soils (Paoletti 1999; Holland 
2004). This group, which was observed across the tree strips too, enhances nutrient 
cycling by decomposing organic detritus and transporting it to moister microsites in 
the soil. Other two important taxa for soil structure and formation were observed 
under zero-tillage, earthworms (Oligochaeta; Lumbricidae) and myriapods 
(Diplopoda; millipedes). Earthworm and myriapod assemblages can positively be 
affected by conservation agriculture as observed in previous studies (e.g. Chan 
2001; Holland 2004). For isopods and myriapods in particular, the retention of 
surface mulch modifies the physical soil properties (e.g. prevention of water evapo-
ration), increasing the architectural complexity of the soil surface environment, and 
as consequence facilitating their movements (Holland 2004). However, the residues 

Fig. 3.8 Mean density (individual m−2) and biomass (fresh weight; mg m−2) of the soil fauna at 
different study sites in Khorezm (CT conventional tillage, ZS zero-tillage (sandy soil), ZL zero- tillage 
(loamy soil), TS tree strips, TU Tugai forest, KY Kyzylkum desert). Sample sites followed by the 
same letter are not significantly different (ANOVA, Scheffé, .a = 0.05)
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left on the soil surface did not affect the population of generalist predators, such as 
ground beetles and spiders, as previously concluded (e.g. Szendrei and Weber 
2009). Thus, both conservation agriculture and tree strips may improve the environ-
mental sustainability of irrigated arable lands in Khorezm, by offering refuge, shelter 
over the irrigation and cultivation season, overwintering grounds, and food reservoirs, 
especially in springtime, for many soil taxa.

Biodiversity, calculated by the Shannon-Wiener-Index, was the highest (1.3) 
under conventional tillage (CT), although it was not significantly different from 
Tugai and zero-tillage fields. The high diversity of invertebrates seems to be linked 
to the very specific soil fauna community under cultivated soils.

3.2.7  Soil Fauna Biomass

The soil fauna biomass, in contrast with soil fauna density, was the highest under 
conservation agriculture on the loamy soil (ZL) with 7,099 mg m−2 (all data in fresh 
mass) and the lowest under conventional tillage (CT) with 337 mg m−2. In natural 
Tugai stands, biomass was in between, with 3,055 mg m−2. Surprisingly, the  
biomass of the soil fauna in tree strips and even in the desert was higher than under 
conventional tillage fields (4,231 and 2,090 mg m−2, respectively). Mole crickets 
(Ensifera; Grylotalpa) accounted for 49% and 94% of the total biomass in the tree 
strips and desert, respectively.

Soil fauna biomass was expected to be low in these very dry, hot, winter-cold 
regions, and the observed values (if divided by 3 to provide for a crude fresh-to-dry 
mass recalculation; Martius unpublished) are actually less than half those at the 
lower end of the biomass range in healthy, natural, temperate middle-European 
beech forests (which have a soil fauna dry mass of 5–15 g m−2; Schaefer and 
Schauermann 1990) or in Amazonian tropical primary rainforests (approx. 3 g m−2 
dry mass; Höfer et al. 2001). However, conservation agriculture was able to elevate 
the soil fauna biomass levels above those in the natural Tugai forests stands; in spite 
of the widespread soil salinization and widespread (past) pesticide application, but 
consistent with the higher moisture levels in the irrigated croplands. Under zero-
tillage, the biomass of earthworms (Oligochaeta; Lumbricidae) accounted for 79% 
of the total biomass at this study site. Earthworms are widely known as ecosystem 
engineers, providing a wide variety of ecosystem services linked to soil formation 
and retention of organic matter.

Under conventional tillage, the lower biomass combined with a high number of 
individuals showed that the soil fauna assemblage at this study site is densely 
populated by small-sized taxa. This result is consistent with the idea that the 
anthropogenic condition influences the soil fauna community. The invertebrates 
under CT were on average smaller, but they are resilient to cultivated/irrigated 
soils. According to Kladivko (2001), larger species are more vulnerable to soil 
cultivation than smaller ones, due to the physical disruption, changes in soil 
environment conditions, and the burial of crop residues. The soil fauna community 
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under CT was characterized by polyphagous prepadors, which comprised carabid 
(Coleptera: Carabidae; Bembidiinae) and rove beetles (Coleptera: Staphylylinidae; 
Platystethus sp.), ants (Formicidae: Aphanogaster sp.), and sheet web spiders 
(Linyphiidae). This fauna assemblage is expected to play a large role in regulating 
insect populations in this agrocenosis, which might contribute to the ecological 
services (i.e. pest control) of conservation agriculture. This finding is supported by 
previous studies showing a preference of carabid and rove beetles for cultivated 
fields (Paoletti 1999; Holland 2004) and a possible adaptation of sheet web spiders 
to arable fields (Krause 1987).

3.3  Summary and Conclusions

The upper horizons of the soils in Khorezm are new formations due to the combined 
effects of river flow dynamics and the introduced irrigation systems, when compared 
to soils developed under natural conditions, i.e. without human interference. More 
than 95% of the irrigated area consists of meadow soils; about 4% are marshy-
meadow soils. Meadow soils, developed on alluvial deposits, are considered to be 
the best land resources and most of these soils have already been cultivated. Soils 
developed on illuvium are less suitable for farming with only a fraction of these 
soils currently being cultivated.

Most soils in Khorezm are silt loams, sandy loams, and loams (USDA soil  
texture classification) which constitute 80% of all soil layers. Heavier, clayey soils 
are largely absent in Khorezm. Since the texture of the top soil profiles turned out to 
be rather homogenous in the top 56 cm and even the top ~129 cm, it allows a robust 
estimation of vertical distribution of soil texture based only on topsoil data. This in 
turn allows estimating clay content and other highly correlated parameters, for 
example soil moisture holding capacity on large spatial scales for modeling 
purposes.

For this kind of dryland region with inherent low SOM and very few soil 
organisms, conservation agriculture seem to improve soil health (SOM) rapidly. 
The faunistic studies revealed the highest density of the soil macro- and mesofauna 
in the native riparian forest Tugai, mainly represented by ant assemblages (93%), 
compared with the habitats under agricultural use. In contrast, earthworm  
populations greatly contribute to biomass increase under conservation agriculture. 
The soil fauna biodiversity was greater under conventional tillage, but the assemblage 
here was mostly characterized by small predatory arthropods, pointing at disturbances 
from the tillage.

Summing up, the soils in Khorezm are mostly former illuvial and dryland soils 
heavily influenced by human interference; in some cases (soil near old settlements 
and those closer to the river) possible over millennia, but mostly as a result of the 
expansion of irrigated agriculture over roughly the last 80–100 years. The disturbances, 
drought, possibly the salinity and the typically high temperatures reduce soil biological 
processes to a high degree; but irrigated soils offer a certain degree of improvements 
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in the living conditions of soil organisms for providing more steady moisture levels 
over the year. Soil life can be restored by conservation agriculture to a certain 
extent, which is consistent with findings on soil organic matter by Pulatov et al. 
(2011). Whether the resulting ecosystem services are of any importance for  
management purposes cannot be said at the present stage, but the large amount of 
predator feeding guilds in the soil fauna suggests that a certain contribution to crop 
pest control can be expected from those groups, which might be welcome under the 
currently often high pest incidence levels in cotton and wheat (Khamraev and 
Davenport 2004) (and possibly, it could be enhanced through adequate soil  
management). The study also indicates that earthworm monitoring might be a 
good way to assess improvements in soil biology, as earthworms represent a keystone 
species under the decomposers; their populations increase greatly under conservation 
agriculture, and they are easily monitored.

Most subsoils in Khorezm are slightly- to medium-saline, whereas the majority 
of topsoils above 60 cm are strongly saline. Areas covered by forests and deserts 
tend to have lower salinity levels. Due to poor soil organic matter (SOM) content, 
total nitrogen (N) levels are also low, this requires application of significant amounts 
of mineral fertilizers in order to grow crops, including nutrient intensive crop such 
as cotton. Despite the soils in the arid region of Khorezm being rich in potassium, 
to sustain and improve overall soil fertility there is a need for the balanced use of 
available resources and to avoid nutrient mining. Management options such as con-
servation agriculture and afforestation seem to bring fast benefits to these soils often 
impoverished by irrigation and land use and can to a certain extent mitigate (but not 
revert) soil salinity, currently the most limiting factor for agricultural productivity.
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Abstract The spatial distribution of cotton yields in the Khorezm region exhibits 
larger differences than those indicated in statistics on a district scale. However, the 
yield distribution within districts and farms, and possible factors correlating with this 
pattern, are unclear. Here, we map and characterize the detailed spatial variation of 
cotton yield at a pixel size of 250 m and analyse relationships between cotton yield, 
environmental factors, hydrological infrastructure, and water management in Khorezm 
for the year 2002. A remote-sensing based yield modelling approach was employed 
using satellite data of the Landsat 7 Enhanced Thematic Mapper Plus (ETM+) and the 
MODerate resolution Imaging Spectroradiometer (MODIS). Regional GIS maps 
were developed for environmental factors such as soil texture and groundwater table, 
hydrological infrastructure (distance of water use associations to irrigation inlets, 
 irrigation channel density, and seasonal actual evapotranspiration). Well-pronounced 
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relationships were found between cotton yield and the factors soil texture, irrigation 
infrastructure and seasonal evapotranspiration, while the correlation was weaker 
between cotton yield and groundwater table. These correlations were spatially analyzed 
and interpreted to identify areas suitable for cotton cultivation. Soil zones with 
lower cotton yield and areas with an irrigation infrastructure less suitable for 
cotton were spatially demarcated; for these areas, alternative land use strategies are  
suggested. Overall, this study suggests that improved surface and groundwater  
management should be targeted to specific sites within certain soil zones, and needs 
to be delivered timely according to crop requirements. These are key regional  
management strategies for improving cotton yield on a regional scale in Khorezm. 
We demonstrated that information on where and when water management improvements 
should take place can be suitably provided for larger areas with a remote sensing 
approach. The remote sensing-based monitoring system allows evaluating area-wide 
indicators for irrigation performance on different scales. The information thus gained 
can then be delivered to local water users associations for their adaptation.

Keywords  

4.1  Introduction

Cotton is the major crop in the Khorezm region. For a site-specific improvement of 
the crop production it is important to evaluate the detailed spatial distribution of the 
crop yield in relation to relevant environmental, infrastructure, and water management 
factors. As the official yield information is aggregated to districts and regions, remote 
sensing is the premier technology for giving spatially explicit and unbiased yield 
information of large areas. This technology has thus been widely used to estimate 
crop yields on a regional scale (Quarmby et al. 1993; Baez-Gonzalez et al. 2002; 
Doraiswamy et al. 2003). Based on the development of an agro-meteorological 
model that integrates multi-temporal remote sensing and minimum field data, cotton 
yield was estimated in Khorezm in 2002 (Ruecker et al. 2007). The objective of this 
paper is (1) to map and characterize the detailed spatial patterns of cotton yield in 
Khorezm in 2002 by application of this model, (2) to indicate spatial relationships 
between cotton yield, hydrological infrastructure and environmental indicators.

4.2  Data and Methods

4.2.1  Remote Sensing Based Regional Crop Yield Model 
 for Khorezm

The applied yield model is based on the biophysical principle that a strong relationship 
exists between the cumulative radiation quantity absorbed by the foliage during the 
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crop growth and the biomass production (Monteith 1977). Based on this  
relationship, a model was developed for estimating spatially distributed cotton 
yields of the dominant local cotton variety (Khorezm-127) at 250 m resolution for 
Khorezm (Ruecker et al. 2007). This model considers air temperature stress and 
vapor pressure deficit stress on cotton development. Further parameters are local 
meteorological and crop specific data such as photosynthetic active radiation, light 
use efficiency and harvest index. The model relies on high spatial resolution Landsat 
7 ETM+ satellite images to extract the area under cotton cultivation (Schweitzer 
et al. 2005). Time series of MODIS (Moderate Resolution Imaging Spectroradiometer) 
FPAR (MOD15) and NDVI (MOD13) satellite image products were used to estimate 
the seasonal biomass accumulation (Conrad et al. 2004).

4.2.2  Regional Scale Indicators of Environmental 
Characteristics, Hydrological Infrastructure  
and Water Management in Khorezm

Several environmental, infrastructure and water management indicators were con-
sidered, and their relationship with cotton yield on a regional scale was investigated. 
The selection of the indicators was based on literature review and consultations with 
local experts. Environmental indicators were parameterized by spatial patterns of 
soil texture at 0–30 cm depth and groundwater table data measured in wells every 
8 days during the cotton growth period in 2002. Hydrological infrastructure indicators 
were based on an irrigation canal network layer of Khorezm. Spatial patterns of 
irrigation network density and channel distance between system intake and the 
water intake point of the water users association were generated by spatial analysis 
in a geographical information system (GIS). As water management indicator, the 
seasonal actual evapotranspiration, was derived using MODIS data in 2002 using 
the Surface Energy Balance Algorithm (Conrad et al. 2007). The GIS maps used in 
the correlation analysis with cotton yield are shown in Fig. 4.1.

4.3  Results and Discussion

4.3.1  Spatial Distribution of Cotton Yield on a Regional  
Scale in Khorezm

The yield model was run to calculate cotton yield on selected MODIS pixels  
that covered >80% of the cotton fields over Khorezm in 2002. The estimated  
yield of raw cotton within MODIS pixels ranged from 1.09 to 3.76 t ha−1, with an 
average of 2.38 t ha−1. A final regional cotton yield map was generated by spatial 
interpolation based on the cotton area retrieved from the Landsat 7 ETM+ land use 
classification  (Fig. 4.2).
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Fig. 4.1 Environmental and infrastructure factors of Khorezm including (a) soil texture, (b) ground 
water table, (c) irrigation network from which (d) channel distance and (e) irrigation network 
density were generated, and (f) seasonal evapotranspiration
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The map shows a highly heterogeneously distributed cotton yield within Khorezm 
with distinct, large spatial patterns with higher, lower and medium range at specific 
locations on a regional scale. The areas with higher cotton yields, depicted in bright 
and dark green signatures, occurred generally in the upstream areas of the irrigation 
system within the districts Bagat, Khanka, Yangiarik, Khiva, and Urgench. The 
other upstream areas within Yangibazar and Gurlen districts are mainly rice cultiva-
tion areas. The places with the highest cotton yields (>2.7 t ha−1) were relatively 
small and located within the rice areas of the districts Urgench and Khanka which 
border the Amudarya river, and in areas north-east of the settlement area of Khiva.

In contrast to the upstream high cotton production areas, the production sites 
with low cotton yield (<2.1 t ha−1) were mainly situated in downstream locations of 
the irrigation network. Larger spatial patterns of such low cotton production sites 
were found in southern Yangiarik, western, central and northern parts of Kushkupir, 
southern and north-eastern Shavat, and north-western Gurlen. The lowest cotton 
yields (<1.8 t ha−1) occurred in north-west Kushkupir and south-west Shavat.

Fig. 4.2 Map of cotton yield variation in Khorezm in 2002
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The cotton fields with yields at a medium range (2.1–2.4 t ha−1) were mainly 
integrated in the central and downstream areas, but also in landscapes bordering the 
Amudarya river. It is recognizable that large parts of Kushkupir and Shavat, and 
smaller parts in Yangibazar, Khiva, Yangibazar, and Gurlen have cotton yields of 
such a medium range.

On a district scale, similar heterogeneous cotton yield patterns as on a regional 
scale could be found in many districts. Spatial gradients ranging from higher over 
medium to lower cotton yield patterns were found in up-, mid- and -downstream 
positions of the districts Yangiarik, Khiva, and Kushkupir. High to medium range 
cotton yields occurred in Bagat, Urgench and Yangibazar, while medium to low 
range yields occurred in Shavat and Gurlen. Only Khanka exhibited a nearly homo-
genous cotton yield distribution.

Depending on the number of cotton yield classes and their thresholds, further 
spatial gradients could be discerned on more detailed spatial scales of water users 
association or hydrological units comprising several fields. This is possible because 
the yield map is based on MODIS satellite images, which reflect the cotton yield in 
a spatially disaggregated pattern of 250 m pixels that match with fields of a medium 
size. In contrast, such insights into detailed spatial yield patterns and gradients 
would not be possible with the aggregated official information that is available 
on a district or regional scale. While the regional overview shows the main yield 
patterns, detailed yield information can be retrieved on district or WUA-scale. 
Thus, this remote sensing approach is able to provide important maps with crucial 
crop production information that can be used for both regional as well as district/
WUA-scale land and water use assessment and planning. The detailed yield infor-
mation allows the site-specific analysis of underlying factors determining yield at 
regional scale.

4.3.2  Correlation of Cotton Yield with Environmental  
Conditions, Hydrological Infrastructure  
and Water Management in Khorezm

The results of the correlation analysis between environmental, infrastructure and 
water management indicators and cotton yield are shown in Fig. 4.3.

Considering soil texture in the first 30 cm, cotton yields were clearly higher on the 
moderately loamy, sandy-loamy, and light-loamy soils (Fig. 4.3a). The moderately 
and sandy-loamy soil textures occurred mainly in a broad zone along the western side 
of the Amudarya river stretching through the eastern parts of the districts Gurlen, 
Yangibazar, Urgench, Bagat, and Khanka (Fig. 4.1a). A zone with light-loamy soils 
connected directly to the south-west and represented the dominant soil texture in the 
central area of Khorezm, covering large parts of Khanka, Urgench, and Gurlen, 
while other districts had only smaller shares of this soil texture.

In contrast, lower cotton yields occurred generally in clayey, heavy loamy and 
sandy soils. These soil textures were found in areas bordering the desert margin and 
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Fig. 4.3 Correlation of soil type, groundwater table, hydrological infrastructure and water  
management indicators with cotton yield in Khorezm in 2002. Numbers in brackets after soil 
type in (a) indicate % content of particles <0.01 mm
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the connecting soil zones to the north-east. They occur in large shares specifically 
in Yangiarik, but also in Khiva, Kushkupir, and Shavat, and with smaller shares in 
Urgench, Bagat, and Khazarasp.

Overall, a clear zonal pattern can be discerned, with higher yields on soils along 
the Amudarya river and the central area, and lower yields in areas bordering the 
desert. In between and embedded there are smaller patches of soil types with yields 
that differ from this general pattern.

The correlation between groundwater table and cotton yields showed higher 
cotton on sites with shallower groundwater table, while lower yields correlated 
with deeper ground water table. However, the correlation was relatively weak in a 
regional scale perspective (Fig. 4.3b). This correlation pattern increased continu-

and was strongest during August. This pattern can be explained by the farmers’ 
behaviour to try maintaining a relatively high groundwater table as a contribution 
to crop water supply by capillary rise: This is especially important to overcome 
crop water stress due to delayed, inefficient irrigation water supply, or to droughts. 
A similar correlation as in August appeared during the pre-season when leaching 

period is practiced to wash the accumulated salts effectively out of the soil, as a 
strategy to prepare a suitable seedbed. Both strategies contribute to gain higher crop 
yields. In a spatial perspective, shallower groundwater tables were mainly found in 
upstream areas (e.g. Khanka, Gurlen, Pitnyak), while deeper groundwater tables 
occurred generally in tail end locations, such as in Khiva and Kushkupir.

The relationship between the infrastructure indicator “channel distance between 
system intake and WUA” and cotton yield was well pronounced. The linear correlation 
showed an R2 of 0.5168 (y = −0.0043x + 2.5849). Higher cotton yields were found  
in WUAs that had shorter distances (0–40 km), medium yields had mid-range  
distances (40–80 km), while lower yields were in areas with far distances to the  
corresponding system intake (80–120 km). WUAs with a short canal distance to  
the system inlet where directly bordering the Amudarya (bright and dark green  
signatures). The location of these WUAs was rather identical with the spatial extent of 
the moderately-loamy and sandy-loamy zone (Fig. 4.1a, d). WUAs that were located 
in a far distance to the system inlet (bright to dark red signatures) corresponded 
generally with downstream areas, which again largely matched with clayey, heavy 
loamy and sandy soils. Finally WUAs that were in mid-range distances to the inlet 
(yellow to orange signatures) were mainly in the central area of Khorezm and 
coincided with light-loamy soils.

The investigation of another important infrastructure parameter, “irrigation  
network density”, revealed that, in general, higher cotton yields corresponded well 
with areas that have a higher network density. However, this linear relationship is 
only valid for areas with network densities1 up to ca. 3 km−1. Such areas are mainly 

1 Channel density (km−1) is calculated from channel length (km) divided by area (km2).
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located in downstream areas bordering the desert (compare red to dark orange 
signatures in Fig. 4.1e). Beyond this threshold, cotton yields are no longer increasing, 
but rather stagnating, exhibiting both higher ranges (approximately 0.8 t ha−1) and 
fluctuations between lower and higher yields with a denser irrigation network 
(Fig. 4.3d). This saturation indicates that beyond ca 3 km−1 network density, other 
factors such as the previously mentioned WUA distance to system inlet have a 
strong impact to determine cotton yield.

The combination of the two infrastructure indicators (Fig. 4.4) shows a logarithmic 
type of relationship: e.g. (y = 0.2077Ln (x) + 2.8519; R2 = 0.3912). Higher yields 
were in areas with higher network density and shorter canal distance, while lower 
yields were in areas with smaller network density and higher canal distance. 
Fluctuations can be understood by small-scale variability within districts and WUAs. 
In an assessment of a water management factor, a significant linear relationship 
between seasonal actual evapotranspiration (ET

act
) and cotton yield was found for 

Khorezm in 2002 (Fig. 4.3e). Higher yields were found in areas with distinct higher 
ET

act
 (y = 0.0006x + 2.0425; R2 = 0.296), pointing out that these areas gained high 

level of water inputs.

4.4  Conclusions and Outlook

Based on a regional crop yield estimation model that was largely driven by MODIS 
remote sensing data, spatial distribution of cotton yield was mapped for Khorezm and 
correlated with environmental, hydrological infrastructure, and water management 
factors. The map at 250 m pixel resolution clearly revealed a detailed differentiation 
of crop yield within the region and classified the region into areas with different 
yield production. The correlation of cotton yield with regional GIS-maps indicated 
the dependencies on soil texture, irrigation infrastructure, and water management. 

Fig. 4.4 Correlation between (irrigation network density * channel distance between system 
intake and WUA−1) with cotton yield in Khorezm in 2002
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Such detailed spatially distributed yield information and the dependencies on 
specific geo- and management factors are important to decision makers at regional, 
district, and WUA-scale for targeted land use planning/restructuring and infrastructure 
rehabilitation.

Spatially explicit information how crop yield is distributed and where management 
and infrastructure improvements should take place can be best provided for larger 
areas by remote sensing based monitoring systems that produce GIS-maps of key 
indicators such as crop yield. As this approach relies mainly on satellite data, it has 
a great potential for transfer to other irrigation systems.
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Abstract The combination of hydrological research findings from field to regional 
level in the irrigated croplands of Khorezm, Uzbekistan, revealed that water availability 
at farm and field level fails to meet agricultural requirements in parts of the region, 
although water withdrawal from the Amudarya river is huge. In 2004 and 2005, the 
seasonal gross water input to a sub-unit of the Khorezm irrigation and drainage 
system – a hydro-unit investigated as a case study - constituted 2,630 mm and 
2,810 mm, respectively, in which the share of pre-season leaching amounted to 
700 mm each year. These findings correspond well with the 2,240 mm water input 
monitored in the vege tation period of 2005 at Khorezm-wide level. Reduction of 
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actual evapotranspiration (ET) was observed in the range of 5–10% at sub-unit 
level, more than 25% in tail-end locations in Water Users Associations and 30–40% 
in single fields. Technical overall irrigation efficiency in the vegetation periods 2004 
and 2005 averaged 27.5% in the sub-unit and 26% for whole Khorezm. These low 
efficiencies in the sub-unit are plausible as also drainage water output reaches high 
shares, with 62% and 67% of the irrigation water input in 2004 and 2005, respec-
tively. On the other hand, the local practice of allowing for shallow groundwater 
tables that feed the crop in a system of ‘furrow and sub-irrigation via capillary rise’ 
raises the de-facto efficiency to 38%, but entails the well-known (Section “Regional 
level of Khorezm”) salinity problems of the region. The depleted fraction - the ratio 
between actual evapotranspiration and the sum of water inflow via irrigation 
and rainfall - in the peak irrigation season 2005 was around 0.3 at Khorezm level. 
With groundwater tables above 1.4 m and moderately saline groundwater, approx. 
65–70% of the irrigated areas are at risk of waterlogging and salinization in  
April and July each year (major leaching and cropping periods, respectively). 
The dysfunctional drainage system, together with excessive leaching at field level 
and huge water losses from the irrigation  (conveyance and distribution) network are 
major reasons for the observed shallow groundwater in the region.

With reference to technical aspects only, current problems with the water 
 management system in the region are mainly caused by (1) inflexible irrigation 
scheduling, (2) low efficiencies of water application at field and network level, 
(3) inappropriate infrastructure and insufficient maintenance, (4) limited options for 
groundwater management and (5) a general lack of input data to support water 
 management. These factors are therefore starting-points for interventions towards 
an improvement of water use. Such measures include among others the advanced 
determination of net irrigation needs taking the temporal behavior and site-specific 
dependencies of the field water balance into account, the optimization of the field 
water application process, and raising network efficiency. Together, these interventions 
have a water-saving potential of 50% relative to the current water withdrawal from 
the river.
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5.1  Introduction

Due to the arid climate, agricultural systems in Khorezm depend entirely on irrigation 
and drainage; drainage is a prerequisite to control soil salinity. Huge water withdrawals 
(Conrad 2006), reduced actual ET (Conrad 2006; Forkutsa 2006), shallow ground-
water levels (Ibrakhimov 2005) and widespread soil salinity (Forkutsa 2006) 
indicate deficiencies of the current water management system. This all leads to 
 harmful implications for agricultural production, the environment and the living 
 conditions of the population in Khorezm and in downstream areas.

Improving water management is a prerequisite for the sustainable restructuring 
of land and water use in Khorezm. But changes of water management need to be 
embedded in an overall conceptual framework to integrate agricultural, economic 
and institutional interventions.

The research described in this chapter aims at assessing current water management 
and suggesting ways towards a more efficient and effective use of water resources. 
The reasons for current deficits are embedded at all scales of technical water  
management (field level, irrigation network, drainage facilities), and thus, research 
activities addressed these levels.

For modeling and understanding the system, we considered the irrigated field as 
the basic spatial element of the irrigation and drainage schemes, and we started our 
analysis at this level. Recommendations aiming at improved water use efficiency 
directly address farmers with concepts for field water management. Improved 
scheme management is most promising as a bottom-up approach that starts from 
field level. In accordance with the basic procedures necessary to improve field water 
management, research at field level was divided into two components. First, we 
modeled field water and salt dynamics and established a tool to determine net irriga-
tion data (irrigation timing and amount), taking into account site-specific conditions, 
and enabling a flexible reaction to the changing environment. Second, we improved 
water use efficiency by applying the double-side type of irrigation as a site-specific 
approach to achieve higher uniformity of water application along furrows.

We used the findings obtained at the field level as input for research at the next 
level: In a 850 ha sub-unit or micro-basin of the irrigation system we analyzed the 
irrigation and drainage system management and assessed irrigation efficiency and 
appropriateness of water supply at field level (by reduced actual ET) using a water 
balance approach. The sub-unit contains field-level supply and irrigation canals, but 
not the highest canal hierarchies (magistral canals and inter-rayon canals). Tackling 
the causes for limited irrigation performance enabled us to develop options to 
improve water management strategies.

In a larger sub-unit, corresponding to a Water Users Association (WUA), the 
current norm-based water distribution was analyzed and used as benchmark to 
assess the intended improvements through a combination of a flexible irrigation 
scheduling model and groundwater modeling. This research activity emphasized 
the modeling approach that is described in more detail by Awan et al. (2011).

Studies at the regional level of Khorezm aimed at analyzing the spatio-temporal 
dynamics of the groundwater situation in the region and assessing irrigation 
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 performance. Shallow groundwater levels, which prevail in Khorezm, are of high 
importance for water management. On one hand, shallow groundwater may  
contribute advantageously to meet crop water requirements (especially in parts of 
the system with reduced availability of conventional canal water), but on the other 
hand, capillary rise from the shallow groundwater table accelerates the processes 
of secondary soil salinization. An approach using remote sensing techniques, 
Geographical Information Systems (GIS) and hydrological modeling allowed us to 
develop the water balance and upscale it to the whole Khorezm region.

A performance assessment based on the depleted fraction, reduction of actual 
ET and drainage ratio allowed detecting problems of the current water allocation 
with respect to spatial and temporal occurrence. The results provided a promising 
starting-point for improvements of water allocation at larger scales.

Major features of Khorezm relevant to the irrigation and drainage in the region 
are pointed out in Sect. 5.2. The main results of research activities separate for the 
relevant scales are summarized in Sect. 5.3. Subsequently, findings across the scales 
are being applied to target the problems and causes (Sect. 5.4). Conclusions are then 
drawn with respect to water saving potential approaches and developing tools for 
further improvement in water management in dry irrigated lowland regions of the 
Aral Sea basin (Sect. 5.5).

5.2  Major Features of Khorezm Relevant  
to Irrigation and Drainage

The arid continental climate rises the annual potential evapotranspiration expressed 
by the reference evapotranspiration (ET

0
) in Khorezm to 1,100–1,200 mm, which is 

more than one order of magnitude above the average annual precipitation of 
90–100 mm (cf. Conrad et al. 2011). As a consequence, crop production relies 
completely on irrigation. Since historical times, irrigation systems were constructed 
and operated to provide water from the Amudarya to agricultural fields.

In 1930, about 3 km3 of water were withdrawn from the Amudarya to feed 
121,200 ha of irrigated land in Khorezm (Alimov et al. 1979). This situation changed 
dramatically when Soviet planners designated Central Asia as the area to grow the 
strategic crop cotton (Gossypium hirsutum L.). The designed irrigation network 
allowed increasing withdrawals of water from the river and expanding the cropland 
into the desert. Already in the 1970s, the water withdrawal into Khorezm was 4.1–
4.3 km3, while the irrigated area had increased to 151,400 ha (Mukhammadiev 
1982). The withdrawal per unit area reached the highest values in the decade 
between 1970 and 1980 with peaks in 1978 (34,200 m3 ha−1) and 1980 (33,000 m3 ha−1) 
according to Jabborov (2005). In 1999, the irrigated areas reached 276,000 ha, 
which were irrigated with a total of ca. 4.5–5.0 km3 of water (Conrad 2006). Since 
the drought years in 2000 and 2001, the irrigated area has stabilized at around 
265,000 ha and the total annual withdrawal from the Amudarya amounted to 4.5 km3 
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in water abundant years (Bekchanov et al. 2010). The resulting withdrawal per unit 
area is in the range of 17,000 m3 ha−1. The total length of the irrigation canals in 
Khorezm is 16,400 km (GIS-lab of ZEF/UNESCO project), leading to a network 
density of around 60 m ha−1.

Next to cotton, winter wheat (Triticum aestivum L.), fodder crops and rice (Oryza 
sativa L.) are currently the dominating crops (Bekchanov et al. 2010; Veldwisch 
et al. 2011).

Water allocation for irrigation and leaching is based on rigid  procedural pre-
scriptions. Irrigation amounts and timing are determined according to hydrological 
zoning by norms elaborated in the 1960s (Khorst and Ikramov 1995). The norms 
consider the crop, climate, soil characteristics (mainly texture and stratification) 
and groundwater levels of each zone. Amounts of pre-seasonal leaching are 
based on a soil salinity appraisal, which usually takes place in November. According 
to recommendations issued by the Uzbek Ministry of Agriculture and Water 
Resources (MAWR) in 1975, low-saline fields should be leached with approx. 
400 mm of water, moderately saline fields with 500 mm, and strongly saline areas 
with 600 mm.

To manage the groundwater level and enable leaching, a drainage network was 
developed. From 1942 to 1950, local main and inter-rayon drains were constructed 
which discharge drainage effluents into the local lakes and depressions. From 
1950 to 1961, local lakes and depressions, which received drainage discharge, were 
linked to the main collector drain Ozerny (lake drain), with the aim to lower water 
levels and release water into the Sarykamish depression that lies outside the 
borders of Khorezm. After 1961, main drains were constructed, combining all local 
drains into one network and discharging the majority of the discharge into the 
Sarykamish depression. The total length of the drainage network reaches approxi-
mately 8,000 km (GIS Lab of Khorezm Project). The depths of field drains are in 
the range of 1.5–2.0 m and inter-farm but main collector drains rarely are deeper 
than 2.5 m.

Problems of the current water management are indicated by the huge with-
drawals from the Amudarya per unit area of irrigated land in Khorezm and by 
wide-spread occurrence of soil salinization. Forkutsa et al. (2009) cite analyses by 
MAWR which classified 55% of the irrigated lands in Khorezm as slightly saline 
(2–4 dS m−1), 33% as medium saline (4–8 dS m−1) and 12% as highly saline (8–16 dS 
m−1) at the end of the vegetation period 2004, while according to Akramkhanov 
et al. (2011), moderately saline soils were already 31%, and highly saline soils, 
21%, in 1990.

In the Uzbekistan-wide context, huge water withdrawals are of particular  
concern, because the withdrawals for agriculture are in the range or even exceeding 
the renewable water resources. In 1998, for instance, the withdrawal for agriculture 
in Uzbekistan was 54.4 km3 compared to 50.4 km3 renewable resources (UNESCO 
2003). As only around 30% of the renewable resources are generated on the territory 
of Uzbekistan (UNESCO 2003), the problem has two aspects: sustainability of 
water use and dependency on upstream countries.
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5.3  Research Findings: From Field to the Regional Level

5.3.1  Field Level

Determination of (a) net irrigation data (i.e. timing and amount) needed to fulfill the 
actual crop requirements and (b) application of water with highest possible efficiency 
are two basic procedures of water management at field scale. Combining improvements 
of both procedures are imperative to raise water use efficiency.

5.3.1.1  Modeling Soil Water and Salt Dynamics at Field Level

The major objective was to assess and improve water management at field level 
using net irrigation data as the main entry point. As an alternative to the current rigid 
practice of applying irrigation norms (Sect. 5.2), the determination of irrigation data 
was based on a flexible model. This approach allowed for adequate responses to any 
changes in weather conditions, water availability or crop development and enabled 
simulating alternative scenarios. In particular, the use of flexible modeling approaches 
allows conceiving deficit irrigation strategies in case of non-avoidable under-supply, 
which in turn minimizes water stress impacts on yield. This objective cannot be 
achieved when using generalized norms. Furthermore, flexible modeling allows 
site-specific solutions that are increasingly becoming relevant since land use changed 
from large, uniform production units (for which the norms were originally developed) 
to a high number of smaller water consumers with increasingly diverse requirements 
(cf. Djanibekov et al. 2011).

The approach combined (1) monitoring in 2003 the relevant components of soil 
water and salt balances under the farmers’ current water management practice at 
two fields with typical local characteristics (3–4 ha field size, sandy and sandy 
loamy soil texture, sub-division into micro-plots to compensate for the irregular 
micro-topography), and (2) modeling water and salt dynamics using the HYDRUS-1D 
model (Simunek et al. 1998).

Model-based analysis revealed that capillary rise in the sandy-loamy field was quite 
high, ranging from 12% to 47% of the actual ET in 2004 (Forkutsa 2006); capillary 
rise was strongly variable according to location in the field. Compared to empirical 
approaches of capillary rise estimation, the model enabled a sound evaluation of 
advantages, such as partial matching of crop water requirements, and disadvantages, 
such as accelerating soil salinization, of the groundwater contribution.

Combining the HYDRUS model and the advanced dual crop coefficient concept 
(Allen et al. 1998) allowed the comparison of actual and potential values of 
transpiration and evaporation (Forkutsa 2006). According to Fig. 5.1, the first irrigation 
event on a sandy-loam field in 2004 was delayed causing a reduction in the actual 
transpiration and, consequently, in yields. Furthermore, with the model, optimal  
irrigation dates could be determined based on site-specific requirements and changing 
conditions. These data provided the informal base to start flexible irrigation 
scheduling of the overall system. In addition, results of Forkutsa (2006) showed low 
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(40–50%) application efficiencies. The reasons for such low values were irregular 
micro-topography, non-sufficient information on site-specific as well as temporal 
irrigation depths, missing infrastructure for proper dosage of the application  
discharge and non-reliable water availability in the irrigation system. In the context 
of interventions to address the causes behind the currently low irrigation efficiency, 
data on soil moisture provided by HYDRUS with high temporal and vertical resolution 
allowed determining proper net irrigation depths as a prerequisite to avoid over- as 
well as under-irrigation.

Modeling of the spatially and temporally distributed soil salinity in HYDRUS 
helped detecting those locations where salts accumulate, and also, determining 
appropriate leaching information. Considering the pre-leaching salinity levels, the 
target value of salinity after leaching (depending on the crop to be cultivated), intro-
ducing more salt-tolerant crops and improving leaching performance are among the 
promising measures to de-salinize soils more effectively. Besides, modeling salt 
dynamics with HYDRUS helped to analyze the leaching effects in the vegetation 
period and estimate the amounts of water losses due to deep percolation. Combining 
leaching and irrigation events could be considered as a basic alternative to the  
currently practiced pre-season leaching which requires huge amounts of water 
(700 mm gross input to sub-units; Sect. 5.3.2).

5.3.1.2  Improving Field-Level Water Application by Double-Side Irrigation

Improving water use efficiency at field level during furrow irrigation requires 
flexibility in net irrigation data and advanced handling of the water application 
process. Besides optimizing the application discharge, laser-guided field leveling 
and advanced methods of furrow irrigation such as surge flow and double-side 

Fig. 5.1 Potential and actual transpiration in a sandy-loam field in 2003 (Forkutsa 2006)
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irrigation1 are an option in Khorezm, due to its flat topography. Double-side irrigation 
generally resulted in a more uniform water distribution along the furrows, improved 
application efficiency and saved around 20% of the seasonal gross irrigation water 
input to the field (Poluasheva 2005). Furthermore, the sharp increase in salt accumu-
lation, which was observed at the end of conventionally irrigated furrows due to low 
irrigation water application and high capillary rise, could be halved. The higher 
uniformity of water application and a reduced peak in salt accumulation at the end 
of the furrows increased the cotton yield by 30–35% (Poluasheva 2005). In addition, 
the higher uniformity and reduction in salt accumulation after the vegetation season 
lowered leaching requirement and eased the application of leaching water.

5.3.2  Analyzing and Improving Water Management  
at Sub-unit Level

Water management strategies at sub-unit level were analyzed at two sites: (a) a hydro-
logically defined unit fed by the Serchalli canal and (b) the Water Users Association 
Shomakhulum.

5.3.2.1  Hydrological Unit Fed by the Serchalli Canal

The major objectives were to (1) establish a water balance for the sub-unit to contri bute 
to the upscaling from field to the Khorezm level, (2) assess the current irrigation 
strategies in terms of efficiency and appropriateness, (3) develop integrated water 
management approaches towards improved water use, and (4) analyze the drainage 
system. A hydrologically delineated sub-unit covering 850 ha, with a net irrigated area 
of 606 ha, was selected to monitor the current water management. Two periods were 
covered: November 2003 to October 2004 and November 2004 to October 2005.

The current water management of the sub-unit can be characterized by excessive 
input of irrigation and leaching water as well as a high output via the drainage 
 system. The yearly water input amounted to 2,630 mm in 2004 and 2,810 mm in 
2005, of which around 25% was applied in the leaching period. Drainage water 
output reached 62% and 67% of the input in 2004 and 2005, accordingly.

A water balance was established and net irrigation requirements calculated based 
on soil characteristics, typical cropping patterns, land use and meteorological data. 
According to observations at field (Forkutsa 2006) and regional (Conrad 2006) 
level, the water balance of the sub-unit revealed a reduction of the actual ET in the 
range of 5–10%. Reduced actual ET indicates non-appropriate water availability at 
field level: either sufficient water is not available, or it is not provided at the right 
time. The latter aspect was monitored at field level (Sect. 5.3.1). As the gross water 

1 Double-side irrigation provides water to the furrow from both ends at the same time, as opposed 
to the conventional technique where water is supplied only from one end. Both methods were 
compared at the SANIIRI research farm in Khanka district in 300 m long furrows.
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input was high, current shortcomings at field level were caused by inadequate and 
sub-optimal coordination of irrigation operational activities between field and 
network level as well as within the network system.

To estimate irrigation efficiency, net irrigation requirements of the current strategy 
were calculated and correlated with the measured water input. Direct measurement 
of spatially distributed soil moisture prior to and after irrigation events was not 
possible due to the sub-unit’s size. The average technical irrigation efficiency of the 
sub-unit during the monitoring periods amounted to approximately 27.5%. In com-
bination with observations at field level (Forkutsa 2006), an application efficiency 
of 50% and a network efficiency in the range of 55% could be derived (Fig. 5.2).

A FAO (2002) study estimated the current level of irrigation efficiency in 93 
deve loping countries at 38%. To reach the ‘more crop per drop strategy’ until 2030 in 
regions where the share of withdrawals to renewable resources is already high, FAO states 
the need to raise irrigation efficiency to 53%. Comparing the 27.5% irrigation efficiency 
in the sub-unit with the target efficiency established by FAO demonstrates the urgent 
need to improve water use in Khorezm. Water saving potential is assessed in Sect. 5.5.

The overall efficiency drops predominantly in May (beginning of rice cultivation/
land preparation) and October (over-proportional network losses due to irrigation of 
spatially scattered fields under winter wheat, or locally performed leaching activities). 
The relatively high efficiencies in September were largely related to (i) the intention 
of farmers to avoid over-irrigation in the pre-harvest period, and (ii) the high irrigation 
depths in the late season leading to a relatively low share of percolation losses.  
The high irrigation efficiency as determined in September suggests that water use 
efficiency can be improved in Khorezm.

The irrigation system in Khorezm can be analyzed from different perspectives. 
Conventional analysis (and the one presented above) interprets the systems as a conven-
tional furrow-irrigation system with an estimated overall irrigation efficiency of 27.5%. 
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Average values for in 2004 and 2005



78 B. Tischbein et al.

If however, we interpret the system as a combined system of ‘furrow and  sub-irrigation 
via capillary rise’, then the de-facto efficiency would be 38%, because the capillary 
rise, considered as a ‘loss’ in the conventional analysis, would then be interpreted as 
an irrigation input. In the Khorezm region, the latter approach is closer to reality inso-
far as the farmers perceive the groundwater contribution as an option to compensate 
for the unreliable water supply by the irrigation network. This is the reason for the 
blocking of drainage outlets often observed in the region (Sect. 5.3.3).

Both perceptions make sense depending on the purpose; if we try to improve the 
furrow system, the first analysis makes sense; if we would like to have an assessment 
that reflects the rationale of the Khorezmian farmer, the second analysis is more 
appropriate, in which at least a part of the ‘losses’ in the first approach is actually an 
input to the crop water requirements, and hence, a gain for the cropping system. 
Nevertheless, the second option entails increased soil salinity due to capillary rise, 
which further increases leaching requirements - a vicious cycle that is sustained also 
by the existence of the state order crop production system with its associated risks of 
losing land when farmers underperform (cf. Djanibekov et al. 2011; Veldwisch et al. 
2011). Nevertheless, it is this perspective, which needs to be understood – the 
 pressures under which local farmers operate and which determine their actions - if 
interactions with farmers on water management are to be successful.

The temporal behavior of the groundwater in the sub-unit matched the general 
trend observed at field and regional levels (Sect. 5.3.3) and was driven by the irriga-
tion strategy. The impact of the regional groundwater flow on the water balance was 
small (at least in relation to the effect of the irrigation strategy), because the difference 
between water input and output to the sub-unit could be explained reasonably by the 
reduction of actual ET.

5.3.2.2  WUA Shomakhulum

A study was carried out in a 2,000 ha WUA, ‘Shomakhulum’, in the vegetation periods 
2006 and 2007 and the leaching period of 2008 (Awan 2010). In this study, the current 
water management based on norms was monitored. Results of the monitoring are used 
(Sect. 5.4.1) to analyze the plausibility of findings across the scales. The major 
objective was to develop a linked irrigation scheduling-groundwater model to work 
out integrated water management strategies (Awan 2010). With the model, optimal 
irrigation schedules can be derived, which lead to water saving and avoidance of water 
stress in comparison to norm-based schedules and in relation to schedules practiced 
by farmers (cf. Awan et al. 2011). Furthermore, the model supports assessing the 
long-term impact of water saving techniques on the groundwater level.

5.3.3  Regional Level of Khorezm

Research at the Khorezm-wide level aimed at (a) analysis of the groundwater situation 
and (b) upscaling of water balances and irrigation performance assessment.
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5.3.3.1  Spatio-Temporal Analysis of the Groundwater Situation

A continuous monitoring program of groundwater table and groundwater and soil 
salinity has been established by the regional authorities in Khorezm since the early 
1970s. The Khorezmian Hydrogeological Melioration Expedition (OGME) of 
MAWR operates the network, which consists of around 2,000 observation wells in 
the Khorezm region alone.

Temporal Behavior of Groundwater Level and Salinity

The groundwater table was generally shallow throughout the region, averaging 
1.61 ± 0.51 m over the analysed period of 1990–2006. Average monthly regional 
groundwater levels in March (main leaching period) and July (peak irrigation 
season) amounted to 1.34 and 1.17 m, respectively. These levels by far exceed the 
threshold of 1.5 m, at which crop water supply is optimal (a blanket ‘rule-of-thumb’ 
for the local soils; Dukhovny 1996). Average groundwater readings of 1.77 m in 
October indicate that soils can be re-salinized from the still shallow groundwater 
levels under conditions of absent downward water percolation after the end of the 
irrigation season (except for the areas under winter wheat, which are still irrigated 
at that time). The analysis of the probability distribution of the 1990, 1994 and 2000 
datasets showed that about two thirds of the April -the month immediately after 
leaching- and July data (on average 62 and 67%, respectively) had groundwater 
tables above the threshold level, versus only 19.7% of the October data (Ibrakhimov 
et al. 2007).

The average monthly March and July levels did not significantly fluctuate over 
the years (Fig. 5.3). In contrast, the groundwater table in October rose from ca. 
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2.3 m in 1990 to nearly 1.5 m in 1996, remained at that level until 1999 and rose to 
even shallower levels after the drought years 2000–2001, indicating a persisting 
trend to shallower groundwater tables.

Both intra-seasonal and over-seasonal (long-term) driving forces can be  
distinguished. The intra-seasonal variation of the groundwater table responds to 
leaching and irrigation strategies, because seepage and percolation from canals and 
during field water application are the only sources for groundwater recharge (with 
exception of a small area along the Amudarya, where the water level in the river 
influences the groundwater table). Analyses of monthly groundwater data show that 
the groundwater level becomes shallow after the leaching and the peak irrigation 
season, with only a brief delay.

The long-term behavior of the groundwater table is influenced by the annual 
withdrawals from the Amudarya. Deeper groundwater levels in the drought period 
2000–2001 indicate reduced groundwater recharge in this period, due to lower water 
input to Khorezm and a tendency to use water more efficiently in drought periods 
(Bekchanov et al. 2010).

Winter wheat has been occupying increasing areas due to the government’s 
policy of food independence (cf. Djanibekov et al. 2011; Rudenko et al. 2011). This 
entailed increased diversion and water use for the irrigation of winter wheat after 
the cotton harvest, which is the reason for the rising groundwater levels in October 
(and in general outside growing periods). As the wheat fields are spatially scattered 
throughout the region, losses from the irrigation network to groundwater are over-
proportional during this time of the year.

The overall average groundwater salinity is 1.75 ± 0.99 g l−1, falling into the FAO 
category of moderately saline waters (Rhoades et al. 1992). Locally, much higher 
groundwater salinity values were recorded, reaching as much as 14–15 g l−1. At 
some locations, the only slightly saline groundwater of 0.5 g l−1 could have been 
 re-used for irrigation through pumping, but this is currently not systematically prac-
ticed, in part due to the fact that farmers and water user organizations lack means of 
easily determining groundwater salinity levels.

The average values of groundwater salinity in the October, April and July 
measurement periods did not differ significantly. The spread of the salinity values 
was generally skewed towards the lower ranges, and 50–60% of the values 
in each period indicated moderately saline groundwater. Less than 1% of the 
 values in each period exceeded 7 g l−1, the threshold for high salinity defined by 
Rhoades et al. (1992), a level at which salinity starts affecting crop performance. 
The temporal changes of the groundwater salinity during the study period were 
also insignificant (P > 0.05), ranging from 1.6 to 2.0 g l−1 in all 3 measurement 
periods. Thus, it is not the groundwater salinity so much that damages crop  
performance directly, as it is the secondary soil salinity level build-up due to  
the salinization process that occurs with shallow groundwater levels, when  
water evaporates while the salts accumulate in the topsoils (cf. also Akramkhanov 
et al.  2011).
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Spatial Distribution of Groundwater Table and Salinity

Because shallow, moderately saline groundwater tables are likely to increase soil 
salinization, it is important to identify those areas in the region where groundwater 
is particularly shallow and saline. The maps of the average April, July and October 
measurements of the groundwater table (Fig. 5.4) revealed areas with significantly 
shallower groundwater (P = 0.05) in the southern, western and North-western 
districts of the region. Striking in these maps is the similarity of the spatial patterns 
of the groundwater table in each measurement period: the groundwater table was 
shallower in the southern but deeper in the central parts of the region even in October 
when no, or rare irrigation events occur. Interpolation and comparison of the ground-
water table maps in each individual measurement period showed that the spatial 
distribution of the groundwater tables was very similar to those of the averaged 
April, July and October measurements.

Similar to the spatial distribution pattern of the groundwater table, salinity was 
more pronounced in the southern and western parts of the region (P < 0.05, Fig. 5.4) 
and did not differ spatially across the measurement periods.

The maps in Fig. 5.4 show that the majority of the cropland experienced shallow 
groundwater tables (0.4–1.1 m, far above threshold levels) at salinity levels ranging 
between 1.5 and 4.6 g l−1. Substantial soil salinization takes place in these areas. 
These observations indicate that the drainage system seems to function poorly due 
to: (1) existing outlet problems due to the widespread occurrence of hydraulic 
bottlenecks in the collectors and in the main collector and (2) active blocking of 
drainage outlets by farmers to increase the groundwater contribution to crop 
water supply in these downstream areas as a strategy to cope with water shortage. 
Improvements of the drainage system should start with these bottlenecks.

With groundwater tables above 1.4 m and moderately saline groundwater, appro xi-
mately 65–70% of the irrigated areas are at risk of waterlogging and salinization in 
April and July. The position and extent of these areas remained unchanged during the 
whole study period. Only in July, these areas reduced to ca. 47% in the drought year 
2000, down from ca. 66% in 1990 and 1994.

To assess the impact of shallow groundwater on topsoil salinization, Ibrakhimov 
et al. (2007) compared salt input by capillary rise and irrigation water using hydro-
logical measurements in two case studies. Capillary rise from the shallow ground-
water appeared to be the major factor contributing to topsoil salinity, since the salt 
input from groundwater exceeded the salt input from irrigation water by around 40%.

5.3.3.2  Up-Scaling Water Balances and Assessing Irrigation Performance

To upscale the water balance from field level to the entire Khorezm region and 
assess the irrigation performance, remote sensing techniques were combined with 
hydrological monitoring and the result was analyzed within a GIS (Conrad 2006). 
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Fig. 5.4 Maps of average April, July and October of groundwater table (in m below ground) and 
salinity (in g l−1) in Khorezm during 1990–2000, based on data from approx. 2000 observation 
wells (Ibrakhimov 2005)
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GIS was applied to map the existing network of irrigation and drainage canals and 
to calculate distances between the irrigation intake points and canal entry points to 
the WUAs. Although actual evapotranspiration (ET) is fundamentally important for 
establishing water balance and assessing irrigation performance, reliable informa-
tion on this parameter and especially its spatial distribution was lacking, and an 
algorithm for large area land use classification through remote sensing was devel-
oped (Conrad 2006). Furthermore, remote sensing data were used to compile the 
spatio-temporal distribution of actual ET in the whole of Khorezm with the SEBAL 
approach (Bastiaanssen et al. 1998). Water in- and output during the vegetation 
period (April 1 to September 30) of 2005 was monitored with gauges covering 82% 
of Khorezm’s irrigation and drainage networks. Irrigation performance assessment 
was based on the water accounting approach (Molden 1997) and indicators suggested 
by Bos et al. (2005).

The water balance for the entire Khorezm region shows that 5.38 km3 of water 
were directed to Khorezm for agricultural use in the vegetation period 2005. Actual ET 
accounted for 2.64 km3 and precipitation was rather small (0.09 km3). The balance 
could be closed by a realistic storage change of −0.13 km3 (i.e. less water being 
stored in soil moisture and the aquifer at the end of the vegetation season than at its 
start, immediately after leaching).

Given the total irrigated area in Khorezm of 240,000 ha in 2005, the gross irrigation 
depth amounted to an average of 2,240 mm. Spatially averaged actual ET of cotton 
over the whole season was estimated to 768 mm in 2004 and 774 mm in 2005, 
whereas actual ET of rice amounted to 798 mm and 824 mm in 2004 and 2005, 
respectively. The water balance could be closed with exception of minor changes  
in storage. These could be explained by the variation between the emptying soil 
moisture and groundwater storages at the end of the vegetation period in September 
compared to the filled storages in April, immediately after leaching. The only minor 
storage change supports the conclusion that the impact of regional groundwater  
in- or outflow on the water balance is small.

Spatial variation in gross irrigation depths ranges between 1,750 and 2,920 mm, 
excluding a sub-unit of the Palvan-Gazavat sub-system which is taking 5,240 mm. 
Plausible reasons for this very high intake are a very large fish farm in this  
sub-system and high irrigation network losses in canals designed to convey water to 
the Dashauz region in Turkmenistan. These canals are now oversized, since irrigation 
water to Dashauz is supplied by a new canal constructed in Turkmenistan.

With high water availability in the vegetation period 2005, the expected tail-end 
problem was less severe in this year. But a comparison of actual and potential ET 
indicates an under-supply in WUAs located more than 85 km away from the main 
inlet at Amudarya (these suffered over 25% reduction in actual ET). The drainage 
water output in Khorezm was generally high, amounting to 55% of the water input. 
As the numbers refer to the vegetation period and exclude the leaching phase in 
spring, the drainage ratio indicates low irrigation efficiency.

The depleted fraction indicates the ratio between actual evapotranspiration and 
the sum of water inflow via irrigation and rainfall. Depleted fraction in Khorezm 
over the monitoring period was estimated at 0.48, which is below the target value of 
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0.6 and the critical limit of 0.5 given by Bos (2004). The measured values of the 
depleted fraction (0.48) and drainage ratio (0.55) add up to 1.03 and are thus  
plausible (for longer periods (no influence of storage change) and larger areas, the 
sum should approach 1).

The depleted fraction of 0.48 indicates that 52% of the water withdrawals do not 
contribute to meet actual evapotranspiration, thus revealing underperformance of 
the Khorezm irrigation system.

Considering the temporal behavior and spatial distribution of the depleted fraction 
indicates critical periods and problematic areas, which both need to be prioritized 
when designing improved management strategies. The depleted fraction in Khorezm 
reaches its minimum in June (0.3), one reason for which is that the preparation of 
rice fields in June requiring huge water inputs. Depleted fraction remains below 0.4 
during the peak irrigation season in July, which indicates high water losses; these 
could be improved with better irrigation scheduling.

Analyzing the spatial variability of the depleted fraction allows identifying areas 
with severe water management deficits. For example, in the already mentioned 
Palvan-Gazavat sub-system, the depleted fraction throughout the main irrigation 
season was lower than the Khorezm-wide average and dropped below 0.25 in June 
and July. Thus, the irrigation performance assessment provides valuable information 
for water managers revealing those parts of the irrigation system and periods, which 
need implementation of improving measures with a high priority. Concentrating 
on critical periods and areas might help to increase the cost-effectiveness of 
interventions.

5.4  Integration of Findings Across the Scales

Before integrating the research findings at various levels to identify the problems 
(Sect. 5.4.2) and their roots (Sect. 5.4.3), the consistency of the results across the 
scales is analyzed (Sect. 5.4.1).

5.4.1  Plausibility/Consistency of Results Achieved  
at Different Scales

The findings on gross irrigation input at medium-scale are in line with those at 
regional scale. In the vegetation period 2005, the spatially averaged gross irrigation 
depth amounted to 2,110 mm in the 850 ha sub-unit, while the same variable 
amounted to 2,240 mm for the whole of Khorezm. The slightly lower number in the 
sub-unit is consistent with the fact that the losses in the magistral and main canals 
(efficiency 90–95%; Jabborov 2005) conveying the water to the sub-unit system are 
not included in the number of the sub-unit. The gross irrigation depths in the sub-unit 
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in Khiva amounting to 1,930 mm in 2004 and 2,110 mm in 2005 are higher than the 
1,590 mm monitored in the Shomakhulum WUA in 2007 (cf. Awan et al. 2011). 
This difference is due to the small share of rice cultivation in Shomakhulum (1.5% 
of the irrigated area) in comparison to the 10% of area cropped to rice in the sub-
unit in Khiva. Furthermore, overall water availability in 2007 was lower in Khorezm, 
which increased pressure to irrigate more efficiently, leading to a lower gross irriga-
tion depth. This is reflected by the overall efficiency in the Shomakhulum WUA in 
the range of 33% (cf. Awan et al. 2011).

The irrigation efficiency was not directly determined on the basis of the Khorezm-
wide measurements. The efficiencies were up-scaled from the findings at medium-
scale (~28%), taking into account the 90–95% efficiency of the main canals (Jabborov 
2005). This allowed approximating the technical efficiency of the overall irrigation 
scheme in Khorezm, which was estimated by this procedure to be at 26%. Relating 
the actual ET to the water input in the region led to an approximation of the depleted 
fraction in the range of 48%.

To compare the depleted fraction with the overall irrigation efficiency, the  
contribution by capillary rise from the groundwater needs to be considered. The 
procedure of estimating the depleted fraction does not differentiate between  
the contribution of irrigation water to actual ET and capillary rise, whereas technical 
irrigation efficiency considers the soil water deficit resulting from the difference 
between ET and capillary rise (and rainfall). Taking into account that 30% of the 
actual ET in Khorezm stemmed from water supplied by capillary rise, the overall 
irrigation efficiency equivalent to the above-depleted fraction was estimated to be 
34%. The discrepancy between this value and the 26% obtained by extrapolation 
from the medium-scale assessment can be explained by: (a) the common practice of 
water re-use at the large scale, (b) the fact that large-scale ET determined by remote 
sensing includes components besides agricultural crops (it includes evaporation 
from irrigation and drainage canals and in tendency leads to an overestimation of 
ETa from cropped fields, and in turn to an overestimation of the depleted fraction), 
and (c) the contribution of soil moisture storage in April (as the starting date of the 
large-scale analysis). The latter is supported by comparatively high actual ET values 
for this period in which most of the crops are not yet planted, resulting in an increased 
depleted fraction.

The drainage ratio (drainage water output related to irrigation water input) at 
Khorezm level was 55% in 2005, whereas the analysis of the medium-size area 
led to a value of 67% for the same year. The difference is consistent with the fact 
that the monitoring period in the latter case covered the whole year, including 
leaching, while the Khorezm-wide scale assessment regarded the vegetation 
period only and did not include the leaching period. Furthermore, the drainage 
water re-use practice that becomes evident at the large-scale lowered the drainage 
portion.

Analyses on medium- and large-scale were in agreement with the option to close 
the balances using realistic values of the storage change (in case of the large-scale 
assessment) and applying a reasonable reduction of actual ET (in case of the 
sub- unit).
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5.4.2  Problems of Water Management

Basically, the problem of the current water management in Khorezm is conditional 
on discrepancies between huge water withdrawals from the resource and yet 
insufficient water supply at farm level, at least in various regions (cf. Bekchanov 
et al. 2011). Although monitoring in 2004 and 2005 revealed that annual gross water 
withdrawal was in the range of 2,630–2,810 mm including a 25% share for pre-
seasonal leaching, in considerable parts of Khorezm and during relevant periods of 
crop development, the crop water requirements at farm level were not fulfilled.

The mismatch between the site-specific and time-variable requirements was 
often due to improper irrigation timing and inadequate amounts of irrigation water 
administered, leading to over- or under-supply. All this brought about a reduction of 
actual ET, up to 40% at single field and in downstream locations. Furthermore, the 
positive and expected effects from leaching were limited by the poorly functioning 
drainage infrastructure (for example, insufficient depth, outlet problems, etc.) and 
the frequently observed habit of farmers blocking drainage water collectors, as well 
as a non-appropriate consideration of spatial (i.e., poor knowledge by farmers of 
within-field soil salinity variability) and temporal (initial salt content, salt tolerance 
of the intended crop) leaching requirements.

The inadequate status of the irrigation infrastructure and the missing coordination 
of operational activities between field and irrigation network and within the  
irrigation network all contributed to the low overall irrigation efficiency. Results of 
ponding tests in canal sections (Awan 2010) showed that high losses (in the range of 
5% of the operational discharge per 100 m canal length) occurred in rather small 
canals of low hierarchy, whereas the canals of higher hierarchy had much lower 
losses. This was due to the fact that the water level difference between the canals 
and the groundwater is small or reversed, leading to low losses and in some cases 
even reversed flows; i.e., when the groundwater level is above the canal water level 
no water losses from the canal occur. Furthermore, siltation creates nearly sealed 
canal bottoms.

5.4.3  Causes of the Existing Problems

Analyzing the technical dimensions of the irrigation system revealed deficiencies 
that were caused mainly by the inflexible irrigation scheduling, non-appropriate 
irrigation and drainage infrastructure, insufficient maintenance of this infrastructure, 
limited options for groundwater management and general lack of input data to 
support water management with timely and spatially detailed information. Due  
to the socio-technical nature of irrigation systems, technical and institutional  
mismanagement were closely interlinked, showing a mix of reasons for the current 
problems (cf. Oberkircher et al. 2011; Veldwisch et al. 2011).

A relevant example of a link between technical and institutional factors is the 
occurrence of operational losses in Khorezm as a consequence of insufficient 
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coordination between irrigation activities at field/farm and network level. Even 
though exact quantifications of operational water losses are hard to achieve,  
inappropriate and careless water use very likely had a considerable impact on the 
losses in the network. This is mirrored in the direct linkages between irrigation and 
drainage. For example, the wide-spread use of pumps with fixed discharge parameters 
does not allow regulating the water flow, and the provided discharge typically 
exceeds the discharge required at field level, and a share of the discharge directly 
ends up in the drainage system (Awan 2010). Furthermore, although many farmers 
out of own initiative increasingly use pumps for irrigation to bridge water insecurity, 
such uncontrolled actions of individuals or smaller groups of farmers entail the 
danger not only of over-extraction but also sharpening the unequal use of water and 
land resources. Hence, technical measures for improvements in the performance 
of irrigation and drainage systems need to be embedded in institutional concepts 
and assessed against their economic effects and environmental impact.

5.5  Conclusions

Conclusions refer to the assessment of the water saving potential (Sect. 5.5.1), 
the drainage situation (Sect. 5.5.2) and the developing of tools to support water 
management (Sect. 5.5.3).

5.5.1  Water Saving Potential

To simulate the water saving potential, three scenarios were combined: proper  
timing of irrigation at field-level, raising application efficiency from the current 50 to 
65% by advanced handling of the furrow irrigation technique (discharge control, 
double-side irrigation, applying surge flow), and improving network efficiency by 
better coordination of operational activities and by appropriate network maintenance 
(from current 55 to 65%). Combining these approaches would lead to a reduction  
in cotton gross irrigation requirements from 1,750 to 850 mm. According to the 
simulation findings, the achieved water saving does not change the degree of reduced 
evapotranspiration, which is considered an indicator for the appropriateness of 
water supply at field level.

This indicates the upper limit of water saving in Khorezm that can be achieved 
by farmers and water managers. The introduction of measures such as drip and 
sprinkler irrigation or the lining of canals is often suggested, but these are con-
strained by the required relative high initial investments (Bekchanov et al. 2010). 
Therefore, we did not assess these options as they are not realistic to implement in the 
short- or mid-term perspective. It seems better to give priority to measures making 
optimal use of the current system. Furthermore, although advanced technologies 
have a high potential to raise irrigation efficiency, they do not represent a solution to 
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the current problem of spatial and temporal unreliability of water supply. Therefore, 
the introduction of new technologies needs to be embedded into those concepts that 
improve the reliability of water supply in the first place. This may be achieved for 
example by re-structuring the socio-technical system of water management or by 
realizing measures for de-central water storage (small reservoirs; conjunctive use of 
surface and groundwater).

Bekchanov et al. (2010) showed that overall efficiency can be increased considerably 
(compared to the current level) by using an additive combination of water saving 
interventions. This approach takes into account the interventions for water saving 
(for example: laser-guided land leveling), the range of water saving to be achieved 
by each intervention (saving potential in relation to current practice), and a realistic 
area on which the intervention could be introduced within a short time horizon 
(such as the size of the area to which laser-guided leveling realistically could be 
applied under today’s conditions).

5.5.2  Drainage

Shallow groundwater, especially in July and August (1.2–1.15 m below surface), is 
caused by a combination of factors including the losses from the irrigation system, 
which recharge the groundwater, and the limited drainage network capacities, which 
function poorly in the periods of peak requirements of the system. Applying a 
cause-oriented approach to the functional components of the drainage system- 
which includes direct drainage, conveyance, ensuring outlet functioning -and 
 considering the phases of interventions- i.e. operation, maintenance, re-design-, leads 
to various suggestions. First, major outlet problems should be eliminated, which 
currently are caused by insufficient depths at special cross-sections or hydraulic 
bottlenecks in the main collector. This could be achieved by deepening in particular 
those channel tracts, which have problematic cross-sections. Second, collectors 
and drainage ditches should be deepened where possible and feasible, and their 
maintenance should be intensified. Solving major and local outlet problems is the 
prerequisite to improve functioning of field drainage systems: more narrow spacing 
of field drainage ditches and eventually the introduction of tile drainage can be 
considered.

The approaches to improve the drainage system need to be embedded in an 
integrated framework. Improving the irrigation efficiencies will lower the discharge 
loads to the drainage system, because the percolation and seepage losses are presently 
the major contributors to groundwater recharge. As raising the groundwater level by 
blocking the drainage system is sometimes practiced by farmers to mitigate unreliable 
water availability in the irrigation network, the reliability of water provision in the 
irrigation system needs to be improved. These measures will allow farmers to 
discontinue the current understandable practice of drainage blocking, which 
would decrease soil salinization due to reduced capillary rise from the less shallow 
groundwater. Besides, sub-regions of Khorezm can be selected that offer reasonable 
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conditions for conjunctive use. This approach will need to be based on information 
on groundwater salt content and will utilize surface runoff with low salt content 
from rice fields as well as overflow from irrigation to the drainage system.

5.5.3  Developing Tools for Water Management

Water management needs tools to support irrigation scheduling and drainage 
activities. Modeling relevant processes of the hydrological system under the 
influence of interventions by water management allows establishing and selecting 
optimal irrigation and drainage strategies. These should preferably be determined in 
close cooperation with water users at all relevant levels. The tools, based on flexible 
models, should cover the overall irrigation and drainage system and account for 
components and different levels, using the water requirements at farmer’s level as a 
starting-point. This would also allow fulfilling the farmer’s requirements considering 
the availability of resources and the capacities of the existing hydraulic networks as 
well as the needed reduction in impact on resources. This concept allows assisting 
the water user at different scales. The tools would provide stakeholders at field/farm, 
irrigation and drainage network level with water management information (water 
distribution plans; drainage activities), which are appropriate to elaborate strategies 
on these levels and consider links in the overall system.

The ultimate objective at the field level must aim at optimizing the water use 
efficiency in relation to yield and gross water input. Ensuring maximum water use 
efficiency can be obtained by two sets of interventions: adequate input of water to 
meet crop water requirements and to control soil salinity, and optimization of the 
application efficiency. Should the available water supply still be insufficient to meet 
the gross water requirement at farm level, then the irrigation strategy needs to be 
adapted. These adaptations must improve the application processes by advanced 
handling of the furrow method (intermittent flow; alternate furrow) and by introducing, 
for example, new application techniques, which are options to close the gap between 
demand and resources at farm level. Yet these sets of options need to be cross-checked 
with the present mainstream perception of farmers and water managers, as this 
allows determining also future training and educational programs.

The water needed at field level is supplied through the irrigation network. For that 
purpose, the discharge in the network needs to be regulated. According to the 
bottom-up structure of the suggested approach, the discharges in the network are 
based on the results at field level (irrigation time and amount) and take into account 
the network losses. It needs to be checked whether the current hydraulic capacity 
of the canals and of the hydraulic structures allows realizing the discharges needed 
to allow performance of irrigation at field level. The overall sum of discharge 
representing the gross requirement of the sub-unit needs to be realized by water 
allocated to Khorezm at regional level. In case of discrepancies (gross demand 
exceeding the available supply), strategy changes and intensified maintenance and 
re-design options can be derived.
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In a similar way, water management at regional level aims at fulfilling the gross 
irrigation requirements resulting from sub-system level (WUA-level or areas fed by 
main canals). In case of Khorezm, the operation of the Tuyamuyun reservoir situated 
upstream immediately above the region (Froebrich et al. 2006) is a further option to 
adapt resources to requirements (at least regarding the temporal distribution). 
Between the regional and sub-system scales, remote sensing can be a viable tool to 
support strategic decision-making because of its ability to continuously gaining 
spatially distributed information on demand and consumption of water (land use 
and evapotranspiration).

At the different scales analyzed, the impact of water distribution on the ground-
water level and the resulting requirements on the drainage system are considered in 
a linked irrigation scheduling-groundwater model. Capillary rise from the ground-
water and drainage water outflow are the major outputs of the groundwater system. 
Groundwater level and discharge of drainage water (and salt contents) can be 
modelled at farm, sub-unit and unit level, taking eventual conjunctive use options 
into account. Also, re-design requirements will be accounted for, starting with 
improving the outlet situation and considering modifications of the drainage system, 
i.e. deepening the drains, closer spacing, and introduction of tile drainage.
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Abstract Land-reform processes are catalyzing agricultural transition in the 
Commonwealth of Independent States (CIS), and this is well illustrated by the 
process of farm restructuring in Uzbekistan. In Khorezm, a region in the northwest 
of the country, this process is mirrored in the nationwide reforms: state-induced 
farm restructuring, state ownership of land, land reform to transfer land from 
collective to individual use, and continuation of area-based state targets for cotton 
at fixed prices. This study has the following two key objectives: (1) to explain how 
the land reform has changed the production structure in private farms, and (2) to 
describe the main changes in private farming during the reform process. The 
development of private farming since independence in 1991 has taken place in four 
phases, which are distinguished by the speed of reform, number and average size 
of farms, their structural specialization, and changes in the farms’ cropping pattern. 
In the first two phases, farm restructuring led to a downsizing of producing units 
and to many independent farmers in coexistence with the old farming system.  
In the following period, the old system was completely dismantled. The final and 
most recent phase, imposed by national policy, has reversed this trend, and farms 
were increased to sizes similar to those in Soviet times; many farmers had to give 
back their long-term lease contract. Although it was expected that sooner or later 
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farms would have to be larger to obtain viable and sustainable production units, it 
is argued that changing farm size alone, without any other supportive structural 
measures, will not provide sufficient incentives for reaching economically efficient 
farm enterprises. Along all stages of the farm restructuring process, the setup of 
agricultural infrastructure did not change much, or if it did change, then by state-
imposed initiatives, which is constraining the development of farms and sustainable 
farming systems and practices.

Keywords

6.1  Introduction

For almost seven decades, decisions on agriculture in the former Soviet Union were 

the 15 socialistic republics in the Union (Suleimenov 2000). Following the dissolution 
of the Soviet Union in 1991, 12 of the former republics joined in the Commonwealth 
of Independent States (CIS), which is characterized by several features (Lerman 
2009). For instance, people’s livelihoods in the CIS depend significantly on the trans-
formation of the agricultural sector, which was largely subsidized during the Soviet 
period (Rozelle and Swinnen 2009). At the onset of the transition from a centrally 
planned to a market-driven economy, agricultural production in these countries was 
based on levels and prices determined by state targets (Lerman 2009). The state owned 
the land and distributed it among the large collectives (kolkhozes) and state farms 
(sovkhozes). These were the core of the Soviet agricultural production, while subsis-
tence production by small, rural households supplemented the national food supply 
(Lerman 1999). The economies of the Central Asian Countries (CAC) have distinctive 
features compared to the other transition countries (Bloch 2002). While being endowed 
with a relatively small arable land area per capita, CAC have a large share of rural 
inhabitants and show high demographic growth rates. Furthermore, the share of the 
rural population is continuously increasing, and as its income depends largely on agri-
culture, changes in this sector have an important impact on overall economic perfor-
mance (Lerman 2009). For instance, in Uzbekistan, 64% of the population lives in 
rural areas, and 32% of the labor force is employed in the agricultural sector. Almost 
25% of the gross domestic product of Uzbekistan is generated in the agricultural sector 
(Government of Uzbekistan 2007). As rangelands comprise almost 66% of the total 
land in the CAC (Sanginov et al. 2004), there is a general lack of arable land, and the 
expansion of irrigated cropland is limited due to its dependence on the decreasing 
amount of irrigation water from trans-boundary rivers. Cotton production dominates 

2007), but 
wheat production is on the rise.

The reforms implemented in the former Soviet Union countries, including the 
CAC, have been quite similar. However, there have been large differences in the 
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speed and manner of implementation of these reforms (Spoor and Visser 2001).  
In all these countries, the transition from the planned to a market economy has been 
driven by a different mixture of political and economic objectives (Csaki and 
Nucifora 2005). The discrepancies between centrally set plans and actually realizable 
farm output in the late 1980s led to continuous, substantial losses in agricultural 
production in the entire former Soviet Union (Wegren 1989). Therefore, one of the 
critical issues in reforming the agricultural sector in the aftermath of independence 
in 1991 has been the land reforms (Lerman 2009). The land reform consisted of 
distributing the land to individual producers in combination with farm restructuring 
programs whereby not only the land, but all state-owned and collectively operated 
production factors (except water) were distributed to the new market-oriented 
agricultural producers (Lerman 1999). The method of land distribution differed 
among countries (Spoor and Visser 2001). In most countries, except for Belarus, 
Uzbekistan, and Tajikistan, land was privatized, and land owners could decide 
whether to operate on it, sell surplus or buy additional land. In Belarus, Uzbekistan, 
and Tajikistan, the state retained the exclusive land ownership (Lerman 2009).

Furthermore, speed and degree of land reform differed (Spoor and Visser 2001). 
Different production unit sizes were considered to be optimal. By 1999, Armenia 
had the fastest rate of transferring arable land to individual farming businesses, and 
Uzbekistan and Belarus the slowest. Also the size of the created individual farms 
differed between countries. By 1999, in most cases the average size of individual 
farms had increased, except for Kyrgyzstan and Azerbaijan. Among the CAC, the 
largest relative increase in farm sizes was observed in Tajikistan and Uzbekistan, 
where land is owned by the state (Table 6.1). In some countries, the farm restruc-
turing process was initiated to replace large production units by smaller ones 
(Lerman et al. 2002). This resulted in a progressive increase in the number of small 
farms without a comprehensive adjustment of the farm infrastructure (Spoor and 
Visser 2001). Hence, the farms may have become too small to be economically 

Table 6.1 Number and average size of individual farms in Central Asia

Country 1992 1993 1994 1995 1996 1997 1998 1999

Number of farms
Kazakhstan 3,300 9,300 16,300 22,500 30,800 42,500 51,300 58,400
Kyrgyzstan 4,100 8,600 12,800 17,300 23,200 31,000 38,700 49,300
Tajikistan 0 0 0 200 1,800 2,300 8,000 10,200
Turkmenistan 100 100 300 1,000 1,000 1,400 1,800 –
Uzbekistan 1,900 5,900 7,500 14,200 18,100 18,800 21,400 23,000

Average size of farms, ha
Kazakhstan 238 533 406 348 412 452 542 386
Kyrgyzstan 25 44 67 43 63 48 25 20
Tajikistan 0 0 0 9 18 64 136 286
Turkmenistan 10 11 8 6 6 9 8 –
Uzbekistan 7 8 9 14 15 15 16 19

Source: Modified after Spoor and Visser (2001)
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efficient using the agricultural infrastructure inherited from Soviet times (Spoor 
and Visser 2001) that was especially tailored to serving the large farms (Csaki and 
Nucifora 2005).

The reform processes in many former Soviet countries have been extensively 
described and compared (e.g. Lerman 1998; Spoor and Visser 2001; Lerman et al. 
2004), but the changes in Uzbekistan have been so rapid and radical that an update 
is needed, particularly with regard to the agricultural sector. The reform process 
is illustrated in this paper using the case of the Khorezm region in northwest 
Uzbekistan, which we see as being representative for the irrigated lowlands along 
the Amudarya river, one of the two major water supply systems in the CAC. The 
270,000 ha of irrigated land in Khorezm are, therefore, representative of a total of 
1,060,000 ha of land between the Tuyamuyun water reservoir in the south and the 
Aral Sea shores in the north.

6.2  Farm Reform Process

After independence in Uzbekistan, the farm types and structures were modified 
through the land reform and geared towards market–orientation (Lerman 2008a). 
There were four critical phases of the farm restructuring process. Each phase was 
characterized by a different speed and level of regulations accompanying the 
transfer of state and collective property to private ownership. During all phases, 
the total cropland area in Khorezm remained the same as in 1991, and so the 
change in the number of private farms1 was achieved through a change in size 
and number of production units. The farm restructuring process in general only 
affected large farms, which were on land leased by the state to the newly evolving 
private farms. In the 15-year study period, the total land leased to private farms 
increased 170 times. Rural households (dehqon farms) were not part of the farm 
restructuring process, and their land share increased only as a result of the 
regional population growth.

In the first phase of farm restructuring (1991–1998), the property rights of products 
produced by the agricultural production units were changed from state to collective 
ownership. In this phase, most sovkhozes were divided and transformed into kolkhozes2 
with the aim of reducing the government’s financial responsibility for on-farm sovkhoz 
operations in favor of the self-supported kolkhoz system, and in turn relieved the 
state budget from expenditures (Bloch 2002; Guadagni et al. 2005). The procurement 
obligations for agricultural products were removed with the exception of cotton 

2000).

1 The term ‘private farm’ is used in this paper, as it is widely used among scientists for this type of 
farm in Uzbekistan. Lerman (2008b) refers to them as ‘peasant farms’.
2 The main differences between sovkhozes and kolkhozes were the larger size of the sovkhoz 
and the source of finance, which in the case of sovkhozes came directly from the state budget, while 
kolkhozes were self-financed.
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The individual farming activities during this period resembled the lessor-lessee 
relationship between farm enterprise and an individual, as initiated under the leadership 
of Gorbachev. According to these arrangements, kolkhozes and sovkhozes leased 
abandoned and unused land to teams, cooperatives within farms, individual families, 
kolkhoz members or sovkhoz workers for periods of up to 50 years (Wegren 1989). 
However, the freedom to choose which crop to grow remained restricted, as the lessee 
had to grow crops that matched the kolkhoz or sovkhoz infrastructure. In this system 
of leased farming, the destination of the harvest was prescribed by the contract with 
the lessor, i.e., sovkhoz or kolkhoz, which was also the only source of farm inputs 
such as fertilizers, fuel (diesel) and machinery. Hence, sovkhozes and kolkhozes, but 
not lease farms, sold their harvest to the procurement agencies (Wegren 1989).  
At this stage, number and average size of private farms were relatively too small to 
contribute significantly to agricultural output (Fig. 6.1).

The second phase (1998–2003) started with the adoption of laws on agricultural 
cooperatives (shirkats) and private farms. This period is characterized by transfor-
mation of kolkhozes into shirkats (Uzbek word for shareholding) and intensification 
of private farming. In Khorezm for instance, all 132 kolkhozes (as of 1996) were 
involved in this transformation process: 123 were converted into shirkats and the 
remaining 9 were split into private farm unions (Kandiyoti 2002). Where kolkhozes 
were transformed into shirkats, the reorganization did not alter the system established 
during the period of collective farms. In the ‘stay as is’ approach of farm restructuring, 
kolkhozes were de facto just re-registered under the new category of shirkats 
(Lerman et al. 2002). Without a meaningful organizational restructuring, the  
efficiency of the shirkats remained low, e.g., only six shirkats in Khorezm made 
profits in 2002, while the rest suffered losses (Rudenko and Lamers 2006; 
Niyazmetov 2008). However, in the case of private farming, the introduction of the 
law on private farms in 1998 meant fundamental changes for Uzbekistan. 
According to this new legislation, private farms became entirely independent from 
kolkhozes and shirkats in their production decisions in terms of both input and 
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 output allocation (Bloch and Kutuzov 2001; Bloch 2002; Khan 2005). Three types of 
farms were distinguished in this legislation (Box 6.1). Farmers could purchase inputs 
independently and decide on cultivation plans and destination of their harvest. 
However, from the very beginning, real land privatization in Uzbekistan was never 
intended, but rather a change in size and number of agricultural producers through 
land-lease practices, although, in fact, the only payments for land to the state budget 
were imposed in the form of a unified land tax. Typically and importantly, low-
quality lands were allotted to private farms, i.e., lands that had previously been operated 
by shirkats at a net loss (Khan 2005). Furthermore, private farms still had to fulfill 
certain state procurement quotas (Müller 2006). With poor land, small farm size and 
lack of accompanying reforms, these farms could hardly compete under the new 
harsh market environment due to high production costs and low crop yields.

Box 6.1. 

Three different types of private farms are recognized in the Uzbek legislation 
according to their production specialization. The largest and dominant farm 
type consists of private cotton and wheat farms specialized in the production 
of these two crops. These accounted for 55% of all farms in Khorezm in 
2006. This type of enterprise must lease at least 10 ha of land designated by 
the government for the production of cotton and cereals. Within the state 
procurement system, these farms were heavily subsidized for producing 
these two strategic crops (Müller 2006). It was in particular this farm type 
that was subject of the farm optimization imposed in 2008, when their number 
was reduced while their size was substantially increased.

The second type is the horticultural private farm. In 2006, 30% of the 
private farms in Khorezm specialized in gardening, and grape and vegetable 
growing. According to the legislation, this type of farm must be at least one 
hectare in size but it is beyond the procurement system. The main crops pro-
duced by these farms are vegetables, fruits and grapes; however, horticultural 
farms produce other crops, e.g., wheat, potatoes, melons, and fodder crops 
basically for own consumption or sale at local markets. Additionally, horticultural 
private farms are allowed to keep a small stock of animals. These farms do not 
have to sign the procurement contracts for cotton and wheat.

In 2006, about 15% of the farms in Khorezm were specialized in rearing 
livestock including poultry. According to the legislation, the area leased to live-
stock rearing farms is directly related to the size of their animal stock in the 
ratio of 0.33 ha per cattle equivalent, and there should be at least 30 heads of 
cattle equivalents corresponding to 10 ha land. In addition to animal rearing, 
livestock farms can produce cash crops. Similar to the horticultural private farms, 
animal-rearing private farms enjoy more decision-making freedom than crop-
growing private farms. At the end of the third phase of the farm reforms in 2006, 
there was no evident shift in the structure of farm types compared to 2005.
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This second phase can be considered as the first attempt towards an extensive 
downsizing of agricultural production units from large agricultural cooperatives 
into private farms (Bloch 2002; Khan 2005). At this stage, the number of shirkats in 
the Khorezm region reduced from 123 to 102. The state still prioritized the estab-
lishment of private farms, and as their number increased, the average size remained 
7.5 ha. Nevertheless, although the land was redistributed, the shirkats still dominated 
in the resource use and total production. The share of sown area in private farms as 
a percentage of total area sown in Khorezm increased from 3% in 1998 to 30% in 
2003 (Table 6.2).

The third phase (2003–2008) was characterized by an intensified fragmentation 
of shirkats into private farms. The nationwide privatization was first introduced in 
the non-profitable shirkats in 1998 and then gradually implemented in the remaining 
shirkats till 2006. This period has been defined as “decollectivization” (Swinnen 
and Mathijs 1997), and was characterized by accelerated expansion of private farm 
land and transfer of land to individuals under lease agreements for agricultural  
production. From this moment onwards, private farms became the core of agricultural 
production. On average, about 130 new private farms emerged per shirkat. The state 
preferred establishing private farms with larger areas; for instance, during this 
reform phase, the average size of a private farm in the Khorezm region increased 
from 7.5 ha in 1998 to 13 ha by the end of 2003. In 2006, about 15 ha were the 
preferred farm size.

In the last 2 years of this third phase, the expansion of private farmlands slowed 
down, as all shirkat lands had become redistributed to private farms. In 2007, the 
number of private farms in Khorezm increased by only 320 farms with an average 
size of 15.4 ha (Fig. 6.1). With the absence of land-lease payments, and as all land 
had been distributed for production, a potential newcomer to farming could only be 
allotted land that the state had taken from other private farms or land where farmers 
had returned their lease contract. By the end of this phase, about 18,000 private 
farms were registered in Khorezm (OblStat 2008).

Changes in cropping patterns in Khorezm initiated by the national reforms aimed 
at maintaining export revenues and achieving grain self-sufficiency (Djanibekov 
2008). From this perspective, the regional cropping patterns in Khorezm show four 
major trends: (1) as the regional land is allocated primarily by the state procurement 
quota, the cotton area has remained the same, (2) the area with food crops, especially 
winter wheat, increased drastically in accordance with the declared national 
objectives, (3) the increase in wheat area was achieved at the expense of annual 
fodder crops such as fodder maize, and (4) at the expense of perennial crops, in 
particular alfalfa. As farm restructuring progressed, all these trends were also  
projected in the cropping pattern of the private farms.

In the first phase of the farm restructuring process, private farming in Khorezm 
had gained a more commercial orientation. For instance, the area of land for rice 
production by private farms comprised the largest share of cropland (Fig. 6.2), 
which explains the creation of a specific “rice farmer” category in the subjective 
classification of crop farms by Veldwisch et al. (2011). In fact, the first two phases 
of land reform saw the leasing out of land with low productivity to private farms, 
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while the cropland areas of higher productivity were kept for cotton kolkhozes and 
shirkats. When private farms later started replacing shirkats, they became responsible 
for producing cotton and wheat, and so the cropping pattern of private farms shifted 
towards these two crops (Djanibekov 2008). For example, in 2007 these two crops 
occupied almost 80% of the farms’ sown area.

Agriculture in Uzbekistan is organized in a dual system of symbiotic relationship 
between commercial farms and subsistence (dehqon) farms (Djanibekov 2008). As 
each private farm also has a small household plot to operate along with its farm fields, 
these small private farms have a dual residence-business objective where the decisions 
of the actual farm business are interlinked with the decisions on the operation of the 
household plot, which have an average size of 0.2 ha in Khorezm (Lerman 2008a). In 
2003, these dehqon farms cultivated about 17% of the total cropland, but produced 
almost 61% of the gross agricultural product of Khorezm, mainly due to almost the 
entire livestock production (Djanibekov 2008). This is interesting insofar as livestock 
is rarely seen as an important farm business factor in this cotton-dominated area. In 
addition, household farms contributed the largest share to potato, vegetables and 
grape production. As farm restructuring progressed, the contribution of private farms 
to the regional production became significant. For instance, in 2006, private farms 
produced almost all cotton in Khorezm. After 2006, wheat, the main staple commodity, 
was mostly produced on private farm fields. Furthermore, private farms produced 
most of the regional rice, fodder, melons and fruits. In contrast, the production levels 
of the livestock and poultry farms remained far behind those of rural households. In 
2006, while private farms cultivated about 81% of the farmland in the region, rural 
households produced almost 98% of the milk and meat.

The fourth phase of farm restructuring started in autumn 2008, when crop-
growing farms with areas of less than 30 ha were requested to return the land they 
were leasing from the state. In a very short period, lease contracts with these cotton- 
and wheat-producing farms were cancelled by the state, and the land became part of 
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larger production units, resulting in the concentration of agricultural production in 
fewer, larger farms. Typically, one large farm thus replaced 5–6 smaller farms. 

and livestock, were not subject to this farm optimization plan.
The general layout of the farm optimization process is demonstrated here by the 

example of the Gurlen district of Khorezm. In this district, the optimization process 
affected 1,365 private farms with an average size of 15.1 ha. From this group, 1,135 
farms (average size 11.5 ha) closed their business and their lands were leased to 229 
large-scale farms, which further expanded from an average of 32.6–89.8 ha. The 
land, however, was not necessarily leased to larger farms only. A closer look at the 
data shows that about 5% of the initial farms smaller than 5 ha and about 30% of the 
newly expanded farms had initial lease contracts for less than 20 ha. Furthermore, 
although the majority of the closed-down farms had comprised cotton- and grain-
producing enterprises, in some cases farms specializing in horticulture and livestock 
rearing were also included in this farm optimization process. As a result of this 
process, the number of cotton- and wheat-producing private farms in Khorezm 
decreased by about 85% to 2,400 farms, and the total number of farms decreased by 
50% to about 9,800 farms. One argument guiding the optimization process was to 
merge smaller private farms into more solid farms without large public expenditures 
on infrastructure. It was expected that larger farms would more effectively produce 
cotton and grain with the infrastructure built to serve sovkhozes and kolkhozes during 
Soviet times.

The distribution of farms became more skewed with the progress of the farm 
restructuring reforms. For instance, farmland availability in the years 2002, 2005 
and 2009, which mirrors the end of the second phase, middle of the third phase and 
beginning of the fourth farm restructuring phase shows that private farms were 
mainly comprised of two groups, (i) farms with an area of less than 5 ha, which 
specialized in gardening and horticulture, and (ii) large farms. With the progressing 
farm reforms, establishment of private farms in Khorezm with a larger area was 
prioritized, which in the end has led to a considerable inequality in land distribution 
for private farms in this region. For instance, whilst in 2005, 80% of the farms 
leased 45% of the farmland, after farm optimization in 2008, 83% of the farmland 
was leased by only 20% of the farms. The newly established private farms still  
consisted of scattered fields. At a first look, farm optimization had only partly led to 
an amalgamation of fragmented small fields into larger ones, and thus this did not 
solve the problem of scattered fields.

6.3  Constraints of Agricultural Production in Uzbekistan

The following sections describe the current situation of agricultural production in 
Uzbekistan and the various constraints under which a farmer has to operate. These 
include the policy on cotton production, land tenure, design of irrigation infrastructure, 
and lack of agricultural service organizations. The number of private farms in 



1056 Farm Reform in Uzbekistan

Khorezm increased largely due to the mandatory disbandment of shirkats and not so 
much through improvement of the infrastructure for private entrepreneurship in the 
agricultural sector. The development of farming activities and farm incomes is thus 
bound by several constraints inherited from the previous set up of agricultural  
production (Niyazmetov 2008).

6.3.1  Cotton Production Policy

The specificity of the cotton procurement policy has affected private farm development 
2000; Guadagni et al. 2005) 

underline that the present cotton procurement policy in Uzbekistan is quantity 
based. However it is, in fact, area based. The policy is predominantly export  
oriented and aims at generating national export revenues (Guadagni et al. 2005).  
In order to achieve these policy objectives, the state defines and fixes the size and 
location of fields on which farmers have to grow cotton. The system affects farmers’ 
production decisions and leaves 40–50% of the land for other cropping activities 
(Djanibekov 2008).

The government procures the cotton harvest from the farms at a state procurement 
price below export parity under market conditions (Rudenko 2008). To support  
cotton (and winter wheat) production, the state provides farmers with selective benefits 
in the form of subsidies for fertilizers, fuel and machinery services (Bobojonov 
2009). Furthermore, subsidies are also provided in the form of price differentials for 
inputs and cotton byproducts, arbitrary allocation and reallocation of financial 
resources, maintenance and operating costs of irrigation system, and as credit  
postponements, tax remissions and preferable credits (Djanibekov 2008). In spite of 
these arrangements, if the cotton yield is low, the procurement prices for cotton may 
lead to farm losses (Djanibekov 2008).

In order to increase the incentives for farmers in cotton production, the government 
narrowed the difference between the world market and virtual3 farm-gate prices for 
cotton fiber by increasing the farm-gate prices for raw cotton. If the procurement 
prices are based on the official exchange rate of US$ to the UZS, in 1998, the world 
market price for cotton fiber was 67% higher than the virtual farm-gate price. Whilst 
between 1998 and 2007 the world market price for cotton fiber dropped, the virtual 
farm-gate price increased 1.15 times. As a result, in 2007 the gap between the virtual 
farm-gate and the world market price dropped by 17%.

With the removal of input subsidies, input prices during the same period tended 
to grow faster than the farm-gate price for raw cotton. Between 1998 and 2007, 
for instance, the price of nitrogen fertilizer, in terms of the US$ exchange rate 

3 In Uzbekistan, according to the procurement system, farmers are paid for raw cotton, while the 
cotton is exported as fiber. On the world market, there is in fact no price for raw cotton but only for 
cotton fiber, and it depends on quality.
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increased 1.49 times and fuel prices increased 3.25 times. In the same period, output 
prices for other commodities grew fast. As a result, in Khorezm farmers responded by 
diverting inputs foreseen for cotton to other crops with higher market value (Veldwisch 
2008), e.g., rice and vegetables. The state soon became aware of these practices and, 
to ensure that farmers allocated sufficient inputs and labor to fulfilling procurement 
quotas on cotton and wheat, started to regulate farm production of commercial crops. 
The state restricted rice production through direct measures such as control of the 
farmers’ cropping pattern, and indirectly by the reallocation of timing and amount of 
irrigation water (Veldwisch 2008). As cotton cultivation is strategic, the water allocation 
for this crop is prioritized, which negatively affects the yields of other crops (Veldwisch 
2008). As a result, the mechanism of producing cotton also defines the current 
organization of infrastructure in which farms can quasi-privately select the allocation 
of all production inputs except land and water.

6.3.2  Land Tenure

The exclusive ownership of land by the state is another obstacle for developing 
private farms. The land-lease right of farmers in Uzbekistan is limited to nontrans-
ferable, usufruct rights. The users are not allowed to sell, mortgage, or exchange the 
land (Lerman 2008a). Only dehqon farms, or rural households, are granted the land 
for lifetime use and have inheritable land rights. Any change in the area under cotton 
can be a reason for forfeiture of a farm’s land lease. Furthermore, the state as the 
single landowner can expropriate land from a farmer if necessary. This makes private 
farming only quasi-private, as the main productive asset is not owned privately 
(Lerman 2008b). Land tenure as motivation and incentive for long-term investments 
that preserve the land has been controversially debated in literature. On the one 
hand, some studies on land tenure underline that due to an insecurity of tenancy 
rights, tenants are reluctant to invest in soil quality improvements (Besley 1995), 
e.g., soil conservation practices, and particularly to embark on long-term investments, 
e.g., tree windbreaks (Kerkhof 1990). Hence, it was argued that prior to the  
implementation of large-scale soil improvement activities, land rights should be 

2002). On the other hand, research in four countries 
of West Africa and Southeast Asia showed that the tenure insecurity does not necessarily 
reduce investments in land quality, and that it can even favor long-term investments 
if they extend the long-term tenure security (Neef 2001). Next to land ownership, 
numerous other factors such as low social status of engagement in agricultural activities, 
low returns to invested labour, and more profitable off-farm activities demonstrated to 
be of equal importance when analysing the motivation for investments. Whereas there 
are many studies in other countries, this controversial aspect remains insufficiently 
clear in transition countries such as Uzbekistan.

As farm restructuring progressed, fields (parcels) of large farms were leased out 
to private farms. This process did not take into account the general idea of an eco-
nomically efficient farm as one production unit, where parcels should be located 
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next to each other and form a single territory of a farm unit. As a result, private 
farmland in Uzbekistan is scattered over different fields, sometimes at quite long 
distances from each other (e.g., in 2004 some fields were about 10 km apart; 
Djanibekov, unpublished observations). In the current absence of land markets, it is 
difficult for private farms to increase production efficiency by adjusting and improving 
their land holdings without approval from the state.

The activities of livestock rearing farms are constrained in a different way. The 
land these farms are entitled to is insufficient for fodder production, and as arable 
land cannot be declared as pastures, livestock farms face a notorious lack of feed/
pastures and have to rely mostly on costly fodder in form of byproducts of grain and 
cotton (Djanibekov 2008). The same applies to the extension of tree plantations. 
The state legislation prohibits the change in land use from crop growing to gardening 
(Kan et al. 2008), which is a major factor constraining the introduction of agroforestry 
in Khorezm.

6.3.3  Access to Service Organizations

Another constraint resulting from the state procurement policy is that distribution 
and sales outlets for mineral fertilizers and fuel are often far from the farmers’ 
fields. Having access to efficient agricultural service organizations in the rural 
areas is another important factor for the economic efficiency of many private 
farms in Khorezm (cf. Niyazmetov et al. 2011). While there were around 19,000 
private farms in Khorezm in 2007, the number of servicing organizations was far 
too small to provide adequate services (Table 6.3). The larger the farm, the more 
machinery-dependent the production becomes. Since most agricultural equipment 
is old and unreliable for timely operations, vast investments are needed to entirely 
renew the machinery parks as well as long-term credits for farms to purchase new 
machinery.

The input supply channels are represented by the state agencies, which sell their 
commodities at state-determined prices and in quantities to cover mainly the input 
demand for cotton and wheat production. Almost no official input markets are 
available for other crops. Due to the absence of formal supplementary input markets, 

Table 6.3 Availability of agricultural service organizations in Khorezm

Agricultural service 
organization

Number of service organizations Growth in 
number, %

Number of farms 
served in 20072006 2007

Machine and tractor 
stations

130 127 −2 150

Fertilizer and selling 
outlets

72 85 18 224

Fuel selling outlets 105 109 4 174
Extension offices 46 35 −24 543

Source: Niyazmetov (2008)
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the inputs necessary for the production of crops other than cotton and wheat can be 
obtained through parallel markets (Djanibekov 2008). The demand for informal 
input markets is primarily created by farms producing crops beyond the state  
procurement system, which usually suffer from a lack of such inputs at crucial 
moments in the production season.

The general lack of cash in the rural area is generated by a reduced access to 
credit and cash flow. The farms can only obtain cash through sale of their harvest at 
the market. However, the marketing infrastructure for agricultural commodities is 
chronically underdeveloped in entire Uzbekistan, including in the case study region 
Khorezm (Niyazmetov 2008). For instance, most farmers in Khorezm reported that 
they were not able to produce vegetables due to a lack of marketing outlets and 
processing capacities (Djanibekov 2008). Only a few farmers who had special  
contracts and ties with traders or processors coming to their fields at harvest could 
reap profits from these free markets.

6.3.4  Infrastructure Design

As was the case with the institutional infrastructure, the technical agricultural infra-
structure from Soviet times was not affected by the land reform, but rather farm 
production costs increased. Agricultural production in the region entirely depends 
on irrigation water. Thus, the largest problem is the irrigation infrastructure and 
management system, which was originally designed during Soviet times to serve 
large farm units such as kolkhozes and sovkhozes. As research in China showed, an 
over fragmentation of fields hampered the functioning of irrigation and drainage 
systems and aggravated the impact of natural disasters (Hu 1997). Following the 
downsizing of production units, many activities aimed at adjusting the available 
irrigation system to serve the numerous and scattered small farms. However, it is 
recurrently argued that not only should the technical challenges be addressed but 
also the social challenges in the water distribution process need to be dealt with to 
ensure efficiency under the radical changes, e.g., the planned delivery of water to 
the tail-end users of the irrigation system (Abdullaev et al. 2008). Similarly, the use 
of farm or rented machinery on such scattered small plots is costly for a farm, since 
it generates additional transportation costs (Dixon et al. 2001).

6.4  Discussion

The gradual farm restructuring process in Uzbekistan consisted of the liquidation of 
sovkhozes, transformation of kolkhozes into shirkats, and then a fragmentation of 
the latter into many private farms. The institutional changes that constituted farm 
restructuring in Uzbekistan were mainly the transfer of land to individuals, which 
led to the establishment of a new form of farm enterprises. These new private farms 
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remained state dependent on inputs such as fuel and fertilizer and, most importantly, 
water, and had to meet state-determined production quotas. With this dependency 
and the absence of a suitable farm-serving infrastructure, the economic efficiency of 
private farmers remains low. Furthermore, as the state owns the land, it has the 
power to change number, size and structure of land users when necessary. Before 
2008, such adjustments were directed towards the transfer of collective land to 
private land through lease agreements and not in the reverse direction.

It is commonly argued that land should be distributed to the rural population to 
help the people to escape from poverty and that it should not be concentrated in 
large farms (Lerman 2005). However, the farm-serving infrastructure is outdated 
and can be an obstacle for gaining economic efficiency of small farms (Dixon et al. 
2001; Niyazmetov et al. 2011). Additionally, in Uzbekistan, the problem of poorly 
developed farm infrastructure (Niyazmetov 2008) is exacerbated by the persistent 
state procurement system (Rudenko 2008), which also predetermined the current 
trend of land reform. Along all the stages of farm restructuring, private farms have 
to follow production boundaries assigned by the state, which constrains farm  
production and profit potential (Djanibekov 2008), but rather delivers export revenues 
to the state budget (Müller 2006).

As the private farm units became the dominant form of agricultural production, 
how they were perceived by the state changed. In phase three, when all large state 
and collective farms were transferred into numerous private farms, it became evident 
that due to the setup of infrastructure, the stability of cotton production was under-
mined by a vast number of private farms. In this situation, the state had to cope with 
the dilemma of how to promote private farming in the current infrastructure without 
limiting the export revenues from cotton. In this context, an increase in farm size, 
i.e., land consolidation, can contribute to an increase in farm productivity by creating 
farms with fewer parcels that are larger and better shaped and thus allow introducing 
better farming techniques (FAO 2003). If private ownership for land were to exist, 
farms would adjust to the production environment by exchanging, renting or 
purchasing land (Dixon et al. 2001). Since land is in state ownership, the modification 
or optimization of the farm size and number have been initiated by the government. 
Hence, at the end of 2008, farm sizes were optimized through a process of confiscating 
and merging farmlands into larger farm units.

Although the economies of scale allow more agricultural products to be produced 
at lower per-unit costs and due to increases in productivity, changing the farm size 
alone without improving the farm infrastructure is not sufficient to provide incentives 
for increasing the economic efficiency of producer units. The process of farm  
optimization and land consolidation at the end of 2008 also revealed the insecurity of 
the land tenure system and sent wrong signals to farmers with respect to investments 
in land improvements. The development of the entire farm-serving infrastructure is 
required. Relaxing an individual factor constraining farm activities will result in 
improved production, but the effects will be limited by other obstacles. For instance, 
the removal of the current prohibition on subleasing of land would allow more 
efficient producers to lease additional land from the less efficient ones. As long as 
farmlands are mostly allocated to cotton cultivation under low procurement prices, 
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lease of extra land will be limited. In the same manner, the development of the 
food-processing sector would promote production of fruits and vegetables to the 
level that is limited by the rules implied by the state procurement policy and water-
distributing infrastructure. The modification or abolishment of the state procurement 
for cotton can be an option to improve the economic efficiency of the farmers. If the 
farmers are released from the state procurement targets, the gross agricultural 
income will increase, but it will also lead a to higher demand for water as more 
farmers will likely go for the most profitable and water-intensive cropping activity, 
i.e., rice cultivation (Djanibekov 2008), unless incentives for crop diversification are 
introduced (cf. Bobojonov et al. 2011). To avoid such deflections from sustainable 
farm development, the state needs to pay more attention to adjusting the farm infra-
structure in a way that if, for instance, the state procurement system continues, 
profits generated from other activities are high enough to overcome farm losses due 
to the endured obstacles. In case of a persisting cotton policy, the new expanded 
farms may not gain an increase in productivity and will continue to fail to meet the 
state target.

6.5  Conclusions

Land consolidation is particularly important for Uzbekistan and other former Soviet 
Union countries, where the infrastructure was created to serve large-scale farms. 
In almost all these countries, the farm restructuring process downsized agricultural 
producers. The main drawback of the approach of producer downsizing was that 
the infrastructure previously maintained by and serving only a few large farms had 
deteriorated and was not adjusted to serve the many newly emerged land-leasing 
farms. Hence, the observed return in 2008 to the previous production structure 
where land is concentrated in a smaller number of larger crop-growing farms seems 
viable under the current infrastructure setup. A package of policies needs to be 
promoted to increase agricultural productivity and efficiency of the farms. The initiated 
land consolidation will demonstrate in the next few years whether a return to larger 
farms is feasible and what adjustments in infrastructure would be required to turn 
them into sustainable production units.
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Abstract Following independence in 1991, the need for a more efficient and stable 
agricultural production in Uzbekistan led to the institutional transformation of the 
main agricultural producers, the collectively owned shirkats, to privately owned 
farms. This transformation, which was completed between 2004 and 2006, inter 
alia required corresponding changes in the agricultural service-providing organizations 
(ASP). The efficiency and functioning of such organizations in the Khorezm region 
of Uzbekistan is the main research topic of this study. Data were collected through 
interviews with farmers and representatives of three types of ASP: machinery and 
tractor parks (MTP – a o- pa op  ap  (Russian) – since Soviet times, 
the fleet of tractors and machines is called machine-tractor park), distribution  
outlets for selling fuel and mineral fertilizers, and mini-banks. Farmers were asked 
to give their qualitative assessment of the service provision and functioning of these 
service organizations. The ASP representatives provided both a qualitative and a 
quantitative assessment of their interaction with farmers. The financial performance 
of the ASP was analyzed to assess their ability to render full and timely services to 
farmers. Research results indicate serious flaws in the examined current service  
provision to farmers. Most problems can be grouped around (i) poor enforcement of 
property rights, because in particular local authorities frequently interfered with the 
internal decision-making process of both ASPs and farmers, thus affecting their 
activities; (ii) poor corporate management because the elected heads of the ASPs 
needed approval of their nomination from local authorities, which led to their direct 
accountability to local authorities irrespective of the business interests of the ASPs; 
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(iii) weak contractual relations owing to violations of the contractual terms by both 
ASPs (caused by for instance the lack of machinery or other inputs of ASPs) and 
farmer/clients (caused by the lack of working capital). This, in turn, caused delays 
in service provision to farmers and untimely payments for the services rendered. 
The services were frequently not completed. Moreover, the results of the analyses 
show that commercial banks and their mini-bank branches in the villages constantly 
faced cash and liquidity problems, whilst farmers did not have direct access to their 
bank accounts. It is therefore argued that local authorities should attempt to interfere 
less with the activities of the ASPs and private farms.

Keywords

7.1  Introduction

The transition from a command- to a market-oriented economy, which is an on-
going process in all former USSR countries (Spoor 1999), has imputed institutional 
reforms at all levels and sectors including the agricultural sector. In countries with a 
high share of rural population, agricultural reforms took place based on the necessity 
to find a compromise between increasing production efficiency and increasing rural 
employment. Since its independence in 1991, Uzbekistan has been exploring options 
to establish an efficient model for its rural production.

Between 1998 and 2004, agricultural production in Uzbekistan was mandated 
to shirkats. These agricultural cooperative enterprises were established after 
 independence as the production units succeeding the kolkhozes and sovkhozes 
(cf. Djanibekov et al. 2011). However, many of the shirkats inherited not only the 
corresponding infrastructure, but also the usually poor performance of their 
predecessors – the kolkhozes and sovkhozes – and thus continued to underperform. 
For example, in the Khorezm province in northwest Uzbekistan, the number of loss-
making shirkats amounted to 62% in 2001, 96% in 2002 and even 98% in 2003 
(CER 2004). This was the main motivation for further change and reforms 
(cf. Djanibekov et al. 2011). Consequently, between 2004 and 2006, and given the 
legal basis, all shirkats were transformed into private farms.

The replacement of shirkats by numerous private farms (about 50–80 farms 
instead of one shirkat) also required a fundamental change in the provision of 
agricultural services, since the organization and infrastructure needed for a large 
number of small private farm units substantially differs from that needed for a small 
number of large kolkhozes and sovkhozes. This refers to, for example, outlets for 
seed and fertilizer provision, MTPs and repair shops, soil and plant laboratories, 
veterinary services, food safety and phyto-sanitary controls, and credit opportunities, 
etc. Hence, the nationwide agricultural reforms aimed to establish the necessary 
production, banking, insurance, consulting, trade, veterinary and other services to 
farmers, and to improve farmers’ access to markets, processors and customers (CER 
2004). Table 7.1 gives an overview of the ASPs in Khorezm in 2006, i.e., at the end 
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of the shirkat era. This was the initial transformation stage of the ASPs, which had 
been designed to support the large-scale producers only, e.g., shirkats and their 
predecessors.

The favorable environment for the establishment of the private and partly state-
controlled ASPs was initiated by the national authorities, whilst the process itself 
was closely administrated and guided by the local authorities (Hokimiat).

The number of ASPs decreased between 2007 and 2008 owing to the low demand 
of the producers for these services (networks for the procurement of agricultural 
production by 47%; networks for farmer training and consulting by 24%; Table 7.2). 
Some ASPs – such as MTPs, outlets for fuel and mineral fertilizers, and banks – 
served all farmers regardless of their specialization. Other ASPs, such as veterinarians, 
mainly supported specialized farmers, i.e., animal husbandry farms. Several types 
of ASP are described and analyzed in more detail in the following sections.

7.2  Machine-Tractor Parks (MTP)

The former shirkats had inherited the agricultural implements from the sovkhozes 
and kolkhozes, and thus were sufficiently equipped for agricultural activities in large 
areas. When shirkats were dismantled, their entire machinery assets were excluded 

Table 7.1 Overview of agricultural service-providing organizations (ASP) in Khorezm in 2006

Type of ASP Provided services to farmers

Machine-Tractor Park (MTP), Alternative  
MTP (AMTP)

Agricultural mechanization services. Agricultural 
equipment can be rented for farm and field 
activities such as tillage, land leveling, 
harrowing, mowing, harvesting, etc.

KhorezmQishloqXo’jalikKimyo, outlet for 
distribution of mineral fertilizers

Sale of mineral fertilizers

Urgench Neftebaza: outlet for distribution  
of fuel and lubricants

Sale of fuel and lubricants

Commercial banks (bank affiliations and 
mini-banks)

Credit provision, money transfer, bank payments

Water Users Associations (WUA) Irrigation water provision to its members
Network for sale of seeds, chemical  

protectants
Provision with seeds, chemicals and pesticides

Outlet for the sale of pedigree cattle and 
veterinary services

Provision of cattle and veterinary services

Network for the procurement of agricultural 
production

Storage and procurement of agricultural 
production

Network for information provision and 
consulting

Business-training, consulting services

Commodity Exchange – birja Marketing of goods such as fuel, mineral 
fertilizers, etc. for the cases of insufficient 
input provision by other networks

Insurance company Crop, leasing insurance and other insurance 
services
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from privatization and were instead handed over to MTPs with the aim of rendering 
fee-based services such as plowing, tillage and crop harvest operations to the newly 
established private farmers on a contractual basis.

Until 2009, MTPs existed under two ownership types, i.e., either as joint-stock 

farmers. Both types operated according to their own charter and were consi dered a 
private entity with its own bank account, official seal, and administration. The MTP/

chairperson, who was elected for 1 year by the board of shareholders and who could 
be re-elected. The AMTP heads were formally elected by their founders (farmers), 
but were informally “appointed” by the local Hokimiat.

A region-wide inventory following the establishment of MTPs in 2006 revealed 
the low quality of the entire fleet of agricultural machinery and equipment that the 
new owners had inherited. Until today, this situation has changed little, since only a 
few MTP/AMTP managed to purchase new, modern and efficient equipment. The 
low quality of the equipment of dismantled shirkats partly explains the 23% decrease 
in the stock of agricultural equipment of the AMTPs and the 8% decrease of the 

7.3).
However, the commonly practiced liquidation of obsolete equipment is not the 

only reason for this decline. In numerous cases, a sale out of functional machinery 
was needed to obtain the cash necessary for paying off the accumulated debts inherited 
from the former shirkats. This in turn explains the 63% growth over the same period 

Table 7.2 Number of agricultural service-providing organizations (ASP) over time in Khorezm

Type 2007 2008
Growth between 
2007 and 2008

Number of Farms 
per ASP

Farms 18,120 19,014 894 n.a.
MTP 11 11 0 1,728
AMTP 119 116 −3 164
Outlets for selling mineral 

fertilizers
72 85 13 224

Outlets for selling fuel and 
lubricants

105 109 4 174

Mini-banks 119 99 −20 192
WUAs 115 112 −3 170
Outlet for the sale of pedigree 

cattle and veterinary  
services

128 147 19 129

Network for the procurement  
of agricultural production

32 17 −15 1,118

Network for information 
provision and consulting

46 35 −11 543

Source: Regional Department of Agriculture and Water Resources Management (OblVodkhoz)
n.a. not applicable
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in the privately owned agricultural equipment and machinery (Table 7.3). Overall, 
this underlines that various farmers had been able to generate sufficient farm capital 
for investments. In addition, it indicates that farmers wished to become independent 
from the unreliable MTPs and AMTPs and thus bypass the frequent bottlenecks in 
equipment availability during the labor peaks, e.g., during planting and harvesting 
(Müller 2006).

In the period 2006–2007, there was a drastic decrease (61%) in the total amount 
of services officially provided by AMTPs to farmers (Table 7.4). Yet to conclude 
that about 75% (ca. 204,000 ha) of the total agricultural areas in 2007 had been 
cultivated using private equipment is not realistic. The private farmers’ fleet is 
clearly insufficient to cultivate more than 150,000 ha. Anecdotal evidence frequently 
suggests that not only private farmers but also AMTP/MTPs had been serving farm-
ers based on private and informal arrangements that had not been included in the 
official accounting.

MTP finances: To analyze the financial management of AMTP/MTPs, their total 
revenue and net profits were compared for the period of 2005–2006. A clear reduction 
of ca. 75% in total (officially received) revenues had been experienced by both 

7.5). This may be due to a decline in the demand for 
services by farmers, but a more likely explanation is incorrect accounting.

Hence, in their current condition, MTPs are neither competitive nor a promising 
solution. In fact, almost all MTPs are insolvent and as a result, regional tax agencies 
have confiscated most equipment, often through court decisions, which has increased 
the malfunctioning of their operations and reduced client trust. Moreover, the 
extremely outdated fleet further constrains the business revenues, and requires 
growing investments for upgrading and repairs.

Farmers’ perceptions: To capture farmers’ perception of the advantages and draw-
backs in MTP activities, interviews were conducted with 20 farmers and with MTPs 
staff. The findings reveal an overwhelming dissatisfaction of the farmers with the 
present set up and services provided by the MTPs (Table 7.6).

Most farmers complained that there was not enough equipment available at the 
MTPs to meet their demands, and that most of the equipment was out-dated and did 
not function properly. Despite contractual arrangements with MTPs, the farmers 
usually did not receive the required services in due time and of the required quality. 

Table 7.4 Tillage services provided by agricultural service providing organizations (ASP) 
Khorezm 2006–2007

ASP

2006 2007 Change in 
shares (%)Area (ha) Share (%) Area (ha) Share (%)

28,052.1 13.8 32,990.1 16.2 18
AMTP 43,897.7 21.6 17,179 8.4 −61
Others (private) 131,646.2 64.6 153,426.9 75.4 17
Total 203,596 100 203,596 100

Source: Khorezm regional department on demonopolization, support of competition and 
entrepreneurship
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As a consequence, they made additional, non-contractual payments to obtain the 
services they had officially requested.

MTP staff perceptions: The MTP staff members often complained about the delay 
in payments by farmers for the services rendered.

At present, the common perception prevails that both MTPs and AMTPs operate 
mainly under informal rules, do not comply with contractual arrangements, and 
usually respond to unscheduled requests from others, including local authorities. 
The identified critical causes for the present inefficiency of MTPs and AMTPs are:

Poor enforcement of property rights, which is expressed in a general interference 
from outside in the day-to-day operations of MTPs, in particular by the local 
administration. MTP heads (chairmen) and staff frequently have little decision-
making power, for example, regarding which services are to be provided first;
Poor management and lack of corporate management. Although the heads of 
MTPs used to be elected by shareholders, in practice their appointment had 
to be approved by the Hokimiat. This has often resulted in a lack of interest of 
the heads in the efficient functioning of the MTPs. They are more interested in 
satisfying their benefactors and patrons;
Lack of sound contractual relations. Contracts are not fulfilled properly because of 
both untimely payments by farmers and untimely and poor service provision by 
MTPs. The decrease in the officially reported volume of services rendered is caused 
partly by the high level of shadow incomes that MTPs generate by supplying 
informal, non-accountable services to farmers based on direct cash payments;
Insolvency. Nearly all MTPs are insolvent due to a chronic lack of reserve capital 
to meet their liabilities in time. In 2008, 37 AMTPs were declared bankrupt by 

Low level of adequate agricultural equipment. A general lack of enterprise 
capital makes it difficult for the MTPs to maintain and renew their fleet. This has 
generated a vicious circle; in the absence of adequate equipment, the MTPs  
cannot serve their client farmers, generate income or build up the capital needed 
for investments in new equipment. As the equipment deteriorates more and more, 
the service quality worsens further, driving farmers away and reducing the MTP’s 
revenues even further;
Prevalence of informal over formal rules. Farmers and MTPs in most cases  
prefer to settle eventual conflicts individually and informally, causing income 
losses to the MTPs.

Table 7.6

ASP

Number of 
farmers 
surveyed

Low quality and 
untimely delivery  
of services (%)

Shortage of 
machinery
and its  
deterioration  
(%)

Informal costs 
(obtaining 
permission,  
repair of 
machinery)  
(%)

Prefer to 
possess  
own 
machinery 
(%)

20 70 80 25 70
AMTP 20 80 90 45 70

Source: Niyazmetov (2008)
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The MTPs are one of the most important components of the present agricultural 
infrastructure in the irrigated areas of Uzbekistan. The efficiency of their services in 
particular influences the activities of producers and their financial status. Though 
farmers increasingly wish to own their own machinery, and most of MTPs are likely 
to become bankrupt in the near future, it is unlikely that the institution MTP will 
disappear completely. Unless the present farms increase in size, a need will remain 
for specialized structures such as MTPs in the agricultural sector in Uzbekistan, 
since not all small-scale farmers will be able to obtain their own set of agricultural 
machinery, nor may it be profitable for them to own all agricultural equipment.

7.3  Distribution Outlets for Mineral Fertilizers  
and Oil Products

Next to agricultural equipment, the cost structure of small-scale farms is dominated 
by expenses for the acquisition of fuel and lubricants, mineral fertilizers and pesticides, 
which account for almost 40% of the total costs of raw cotton production (Rudenko 
2008). Unrestricted access to such production factors represents one of the major 
preconditions for ensuring the autonomy of the newly established farms. In the  
reformation period from 1991 to 2006, numerous distribution outlets for fuel and 
mineral fertilizers had been established throughout Khorezm, however with different 
characteristics (Table 7.7).

The staff at the outlets for fuel and mineral fertilizers is authorized to conclude 
contracts with farmers/customers (i) only on behalf of the district departments of 
Urgench NefteBaza and KhorezmQishloqXo’jalikKimyo, which are scattered all over 
Khorezm, and (ii) partly through commodity exchange. Hence, in practice, these 
sale points serve mainly as warehouses and intermediates between farmers and the 
district departments of Urgench NefteBaza and KhorezmQishloqXo’jalikKimyo.

Direct agreements for fuel and lubricants are made between agricultural producers 
and Urgench NefteBaza and for mineral fertilizers and pesticides between agricultural 
producers and KhorezmQishloqXo’jalikKimyo. Under these agreements, fuel, lubricants 
and mineral fertilizers are to be sold according to the allocated and state-imposed 
limits for the production of the state target crops cotton and winter wheat only, and 
at fixed and state-determined prices. For fuel and mineral fertilizers this is against 
60% and 100% prepayment, respectively. Payments of the outstanding debts are due 
within 60 days upon delivery.

Commodity exchange: Farmers who desire (additional) fertilizers or fuel for the 
production of crops other than cotton and winter wheat can gain these through auctions 
at the commodity exchange (birja). The birja charges market prices for agricultural 
inputs, which usually are higher than the state-fixed prices.

While the monetary value of transactions with fertilizers and fuel increased by 
51% and 16% in 2006 and 2007, respectively, the physical amount (in tons) 
decreased by 10% and 17% (Table 7.8). This very likely was due to the rapid 
increase in sale prices for both mineral fertilizers and fuel in the same period 
(Table 7.9).
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Table 7.7 Organizational status and functions of the outlets for mineral fertilizers and fuel

Features Outlets for mineral fertilizers Outlets for fuel and lubricants

Form of ownership Not registered as a legal entity  
and has no chartered fund or 
complete balance sheet

Not registered as legal entity 
and has no chartered fund 
or complete balance sheet

Responsible legal entity KhorezmQishloqXo’jalikKimyo 
 

branch

Urgench Neftebaza Unitary 
company

Main services Store, sell and deliver mineral 
fertilizers (nitrogen,  
phosphate, potash, etc.) to 
designated customers

Store, sell and deliver oil 
products (fuel, lubricants) 
to designated customers

Type of financial 
arrangements

Cashless settlement with 100% 
prepayment

Cashless settlement with 60% 
prepayment

Table 7.9 Price dynamics for mineral fertilizers and fuel in the Khorezm region

Average price (UZS kg−1)

2005 2006 2007 Change, 2007 vs. 2006 (%)

Mineral fertilizers 160.3 205.9 231.3 12
Fuel 369.2 546.6 690.1 26

Source: Regional office of QishloqXo’jalikKimyo and Urgench Neftebaza
UZS Uzbek Soum

The monopolistic status of the outlets often allowed them to provide farmers 
with smaller amounts than contractually agreed upon. The ‘left over’ fertilizers 
were then sold by QishloqXo’jalikKimyo to the (same) farmers, but at prices higher 
than officially declared. In 2007, QishloqXo’jalikKimyo was therefore accused by 
the demonopolization department of fraud and speculation with state-owned mineral 
fertilizers. The amount of illegally received income by QishloqXo’jalikKimyo was 
estimated at about 370,000,000 UZS (approximately 295,000 US$) in 2007 alone, 
which however was fully transferred back to the farmers according to the instructions 
of the demonopolization department.

Informal interviews with the staff of the district departments of Urgench 
NefteBaza and KhorezmQishloqXo’jalikKimyo and their distribution outlets indicate a 
one-sided view of the problems occurring in the process of selling agricultural inputs 

Table 7.8 Sale of mineral fertilizers and oil products to farmers in the Khorezm region 2006–2007

Period

Sale of mineral fertilizers Sale of oil products

Contracts (mln UZS) (tons) Contracts (mln UZS) (tons)

2006 9,027 21,927  36,951 11,399 13,852  29,957
2007 9,262 33,212  33,083 12,687 16,072  24,878
Change 3% 51% −10% 11% 16% −17%

Source: Regional department of agriculture and water resources management
UZS Uzbek Soum. Average exchange rate in 2007 was US$/UZS = 1,254
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such as fertilizers and fuel. Key informants mainly mentioned the delayed delivery 
of credits to the farms, which in turn meant that the farmers could not pay for fuel 
and fertilizers in time. Furthermore, interviewees pointed out that after interference 
of the local authorities that were concerned in the first place that farmers fulfilled 
their state order, commodities had to be supplied to farmers without the usual 
prepayments.

Farmers in turn had a number of complaints about the rendered services and 
mentioned various drawbacks occurring when purchasing mineral fertilizers and 
fuel. They expressed in particular their dissatisfaction about the distribution outlets 
in the districts, as staff regularly violated contractual terms (Table 7.10). Nevertheless, 
none of the farmers had officially submitted a case to the regional court, but rather 
preferred an amicable, informal settlement of conflicts directly with the outlet staff. 
This was mainly driven by the necessity of a future collaboration with the outlet in 
question and thus the wish to avoid conflicts.

The critical points in the process of obtaining fuel, lubricants and mineral fertilizers 
can be summarized as follows:

Monopolistic status of the enterprises selling mineral fertilizers and oil products. 
The absence of competition in commodity provision had led to distortions in the 
market mechanisms, and external interference in the sales activities, distribution 
and payment for the resources and in particular in price setting;
Improper fulfillment of contractual terms. Contracts often were improperly 
fulfilled due to the untimely and poor quality of the distribution services to 
farmers;
Informal rules prevail over formal regulations. Farmers often pursued informal 
and non-contractual arrangements to obtain agricultural inputs, often at  
additional costs. Yet, none of the farmers had submitted a court claim for violation 
of the contractual terms; they preferred to settle eventual conflicts amicably and 
informally.

The present infrastructure of the outlets for selling mineral fertilizers, fuel and 
lubricants does not meet the demands of the farmers. The efforts to establish an 
efficiently operating wholesale and retail network for the trade of these commodities 
need to be increased. A major reason for the inefficiency of the outlets is the retention 
of the centralized distribution system, the main aim of which is to provide the cotton 

Table 7.10 Farmers’ view on the services rendered by outlets for fertilizers and fuel

Number of 
farmers 
surveyed

Low quality 
of services, 
untimely 
delivery of 
inputs (%)

Supply of 
resources in 
amounts less 
than stated in 
contracts (%)

Informal costs  
(e.g. obtaining 
permission) (%)

Prefer 
non-state 
private 
input 
sources (%)

Mineral 
fertilizers

20 40 30 25 65

Fuel 20 65 55 45 75
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and wheat farmers with the resources they need for fulfilling the state-order  
production level. Hence, the present strategy of different levels of support for  
different crops has a negative effect on the business operations of both farmers and 
ASPs. It should, therefore, be considered to abandon this kind of support or to 
place equal importance on all crops.

7.4  Mini-banks

The rising number of newly established private farms increased the demand for 
banking services, and hence branches of existing banks were established throughout 
the Khorezm region: the so-called mini-banks. Their main function is to represent 
regional commercial banks, which reduces the farmers’ transaction costs for timely 
banking services (Table 7.11).

Of the 13 commercial banks in the Khorezm region, only 8 render services to 
farmers through their mini-bank branches. The dominance of the Pakhta bank is 
explained by the strong interconnection (servicing and financing) between this bank 
and the production of cotton, which is the main source of regional export revenues 
(Rudenko 2008).

The mini-banks proved to be profitable mainly due to their low operational costs 
and the high revenues from the allocation of privileged credits. However, the results 
of the survey aiming at capturing the farmers’ perception of the services rendered 
by the mini-banks are not very flattering (Table 7.12).

Most farmers stated that there was a chronic violation of the contracts by the 
commercial banks and their respective mini-banks; among others violations were:

External interference in the relations between mini-banks and farmers. This is 
mostly shown in the attempts of certain local authorities to regulate the real-
location of privileged credits (for cotton and wheat) to cover certain expenses 
(e.g., mineral fertilizers) without permission of the farmers. Furthermore, the 
farmers mentioned informal obstacles when attempting to obtain credits as a 
major reason for their dissatisfaction with the mini-banks;
Management of farmers’ accounts. Farmers reported that they had limited access 
to their own accounts and that they could hardly withdraw cash for their everyday 
needs;
Shortage of cash funds. Many commercial banks had a chronic and serious 
problem with cash and liquidity, which had led to untimely cash payments to 
farmers, even when payments to cover their regular expenses such as salaries 
were concerned;
Prevalence of informal rules. No farmer had filed a court claim regarding a  
commercial bank’s violation of contractual terms. Similar to the other cases, farmers 
pursued informal agreements.
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7.5  Summary and Conclusions

After the dissolution of the shirkats, agricultural land was distributed to private, 
small-scale farms on the basis of long-term leases. This in turn increased the demand 
for and the changes in agricultural service provision, and made it necessary to not 
only increase the number of the existing ASPs, but also to establish new ASPs such 
as AMTPs, mini-banks and water user associations. The MTPs, outlets for sale and 
distribution of mineral fertilizers and oil products, and mini-banks are key players 
in the agricultural institutional landscape because their services encompass and 
influence nearly all farm types. However, MTPs – either in the form of joint stock 
companies or as alternative machine-tractor parks – are not able to meet the demand 
of farmers due to the outdated machinery, lack of investments, and insolvencies 
caused by poor management and regular interference by the local administration in 
the day-to-day operations.

Outlets for the sale and distribution of mineral fertilizers and oil products belong 
to the state monopolist companies – KhorezmQishloqXo’jalikKimyo and Urgench 
NefteBaza – that can therefore informally dictate their conditions of input supply to 
the farmers. Inputs, for example, are usually supplied to farmers in amounts that are 
on average about 10% lower than stipulated in the contracts.

The mini-banks, responsible for providing banking services to farmers and for 
the allocation of privileged credits, did not meet farmers’ demand either. Common 
practices include a handling of the accounts without request and consent of the 
holder, i.e., the farmer.

Table 7.11 Organizational status and functions of the mini-banks

Features Mini-bank

Form of ownership Not registered as legal entity and has no chartered fund or 
complete balance sheet

Responsible legal entity Regional branch of commercial bank
Main services Opening of accounts to private farms; transferring financial 

resources from one farmer to another; allocation of 
privileged and commercial credits to farmers and other types 
of banking services necessary for agricultural production

Type of settlement Cashless

Table 7.12 Farmers’ perception of the quality of services rendered by mini-banks

Name

Number of 
farmers 
surveyed

Can not freely 
manage their 
accounts (%)

Channel funds 
from farmers 
accounts for 
“undesirable” 
purposes (%)

Informal costs 
(obtaining  
credits, cash 
funds, etc.) (%)

Prefer 
non-state 
private 
banking 
services (%)

Mini-banks 20 90 70 60 65
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With regard to all ASP structures examined, farmers/clients typically tried to 
settle conflicts by informal arrangements rather than by claiming rights through 
courts and justice. Although the ASPs are well regulated on paper, in practice the 
relationship between these and the farmers is seriously disturbed by institutional 
failures, caused mainly by external involvement in the activities of the ASPs. This 
has led to poor enforcement of property rights of the ASPs, regular violation of 
contractual terms by both ASPs and farmers, and prevalence of informal over  
formal rules. Not only has this fuelled the overall distrust of the farmers in the legal 
system, it has also forced the farmers to seek for services at any cost in the peak 
agricultural seasons, often through informal negotiations and agreements.

In summary, the current interactions of the ASPs and farmers represent at most a 
hybrid institutional set up, which is characterized by the fact that most ASPs and all 
farmers are formally private but informally still under strong control of the local 
administration. Obviously, this dualism undermines all certainty regarding property 
rights, which in turn reduces any incentive to enforce and improve the institutional 
environment.

One key recommendation for an ‘institutional’ improvement of ASPs in Khorezm, 
and presumably in all of Uzbekistan would be to minimize the external interference 
in the business of both the ASPs and farmers and to enforce the rule of law. Further 

banks, implementation of corporate management rules in the activities of the ASPs, 
and improved fulfillment of the contracts between ASPs and farmers. An increase 
and improvement in the legal support to farmers could encourage them to settle 
eventual conflicts through juridical procedures rather than by pursuing informal 
practices that are in the long run unsustainable.
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Abstract On the basis of intensive fieldwork in the period 2002–2006, which 
combined interviews with direct observations, the implementation of two policies in 
the field of agricultural water management in Uzbekistan is analysed: the reform of 
the water bureaucracy along basin boundaries and the establishment of Water Users 
Associations. It is shown that the Uzbek government used these policies creatively 
for addressing some pressing issues, while the inherent decentralisation objective 
was pushed to the far background. Both reforms are used to strengthen the state’s 
grip on agricultural production regulation. The latter is at the centre of day-to-day 
agricultural water management dynamics. It is shown that decentralisation policies 
originally developed in society-centric policy processes cannot be easily applied in 
countries with state-centric politics such as Uzbekistan.
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8.1  Introduction

Decentralisation policies, establishment of Water Users Associations (WUAs)1 and 
the reorganisation of the water bureaucracy along basin boundaries are implemented 
in numerous countries around the world. In Uzbekistan, the state is exceptionally 
strong and controls all aspects of its society. This makes it a special case when 
assessing the implementation process of policies that have liberal-democratic roots. 
The analysis of how the Uzbek state deals with the implementation of such water 
policies shows its creativity and dynamism with regard to seeking to reform minimally 
while remaining firmly in control, which may be exemplary for state-centric politics 
(Grindle 1999).

This chapter presents the results of field research undertaken between 2002 and 
2006 in the context of two projects in the Khorezm region of Uzbekistan,2 an 
irrigated region that is used largely for cotton and wheat production. Extensive field 
research was conducted that mainly consisted of a combination of interviews and 
direct observations. Due to the controlling nature of the state, it is difficult to gain 
access to the Uzbek society (Wall 2006; Schlüter and Herrfahrdt-Pähle 2007; 
Veldwisch 2008a; Schlüter et al. 2010). In spite of this difficult research environ-
ment, we were able to identify and describe a large number of relevant social and 
political processes.

We investigate three aspects of agricultural water management in Khorezm. In 
Sect. 8.2 we discuss the way in which bureaucratic reforms in the fields of agriculture 
and water management were introduced, and analyse the effects they have had.  
In Sect. 8.3, the establishment of Water Users Associations (WUAs) and their 
 functioning is discussed. In Sect. 8.4, we describe and analyse the main processes 
underlying the day-to-day agricultural water distribution, which is strongly related 
to the state regulation of agricultural production.

The analysis of these developments provides insight on change processes in 
state-centric politics (Grindle 1999) as opposed to society-centric politics, which 
have been studied and documented in the Western policy-process literature (Yalcin 
and Mollinga 2007). In Sect. 8.5 we draw conclusions on the political nature of 
agricultural water management in Khorezm.

1 The authors are aware that these have been renamed as “Water Consumers Associations” in 2009, 
but this analysis is based on the period before this change.
2 The first project is ‘Economic and Ecological Restructuring of Land and Water Use in Khorezm’, 
under an agreement between the German Ministry of Education, represented by the Centre for 
Development Research (ZEF), the United Nations Educational, Scientific and Cultural Organisation 
(UNESCO), and the Government of Uzbekistan, represented by the Ministry of Agriculture and 
Water Resources (MAWR). The second project is NEWater, funded by the European Union in its 
sixth framework program. It joins 37 universities and institutes from Europe, Central Asia and 
Africa to study new methods for integrated water resources management in seven river basins in 
the world. The Amudarya river basin is one of its seven case studies.
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8.2  The Creation of a New Bureaucracy3

After Uzbekistan gained independence in 1991, governance reform involved the 
creation of a joint Ministry of Agriculture and Water Resources in 1997 out of two 
separate ministries, and subsequently the process of transforming the region- and 
district-based administrative water management system, into an irrigation basin 
water management system based on hydrological principles. The latter involved 
the creation of the Irrigation Basin System Management Authorities in 2003. 
This section analyses these two organisational changes in the structure of water 
governance.4

8.2.1  Changes in the Structure of Water  
Resources Governance

Decree No. 419 of 26 November 1996 by the Cabinet of Ministers abolished the 
Ministry of Agriculture and the Ministry of Melioration and Water Management of 
Uzbekistan, which had existed since 1927–1928. In their place, a new, centralized, 
single organization, the Ministry of Agriculture and Water Resources (MAWR) 
of Uzbekistan, was established. The Uzbek President’s decree No. UP-3226 of 
24 March 2003, followed by decree No. 320 of 21 July 2003 of the Cabinet of 
Ministers, restructured the existing water resources management system from an 
administrative-territorial-based management to a basin-based water resources  
management system. The 13 region-based and 163 district-based water management 
departments, and more than 40 management organizations of inter-district canals 
and other water-sector organizations of the MAWR, established in 1997, were 
abolished. They were replaced by 10 main water and one main canal irrigation basin 
management authorities, and 52 subdivided offices of the irrigation basin manage-
ment authorities. Unlike the organizations established in 1996–1997, the latter 
organizations are, administratively speaking, not responsible to the local governors 
(hokims) nor to the regional (viloyat) and district (tuman) offices of the MAWR, but 
directly to the water resources department of the MAWR in Tashkent. This depart-
ment is headed by one of the deputies of the minister responsible for water resources 
management in Uzbekistan.

3 See Yalcin and Mollinga (2007) for details.
4 This analysis does not include the recent Law of the Republic of Uzbekistan No 240 from 
25.12.2009 “On the introduction of amendments and supplements to certain legislative acts of the 
Republic of Uzbekistan in connection with deepening of economic reforms in agriculture and 
water industry.”
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8.2.2  The 1996/1997 Merger

Immediately after independence in 1991, the agriculture and water resources 
ministries that were used to receiving orders from Moscow were suddenly autonomous 
at the state level of the newly independent Uzbekistan republic. The constitution  
of a new central authority in the form of the Uzbekistan national government, 
parliament, President and nation-building processes was quick. However, the 
organizational and institutional translation of this new centrality took several years. 
For agriculture, the centralization process was consolidated in 1996/1997, with the 
merger of the two above-mentioned ministries. One of the main aims of the new 
Ministry of Agriculture and Water Resources is ‘to implement the government’s 
agricultural policies for achieving the state ordered crop production quotas, namely 
for cotton and wheat’ (see Cabinet of Ministers Degree No. 376, 16 November 
1989; No. 5, 11 January 1991; and No. 419, 26 November, 1996: 21–29). The creation 
of a single ministry solved the problem of power struggles between the agriculture 
and water ministries that were manifest in 1991–1996, about who should be controlling 
water distribution, particularly in times of water scarcity.

As Wegerich (2005) has also suggested, the merger thus sought to achieve better 
coordination between agricultural and water management, and to re-established the 
dominance of agriculture. However, we disagree with Wegerich (2005) when he 
suggests that achievement of equitable water distribution was an important concern 
in this reform. The objective to geographically spread water equitably derives from 
a concern to maximize cotton and wheat production (and probably to avoid social 
unrest and economic loss caused by regionally skewed water distribution as in the 
drought years 2000 and 2001) and not from a normative concern. Equitable water 
distribution is not a stated concern in the official decrees that were the basis of the 
merger of the two ministries.

Secondly, Wegerich’s suggestion that the merger was part of a typical power 
struggle between water and agriculture ministries misinterprets the position of 
these two ministries in both the Soviet political economy and post-Soviet 
Uzbekistan. In the first years after 1991, the political elites in Uzbekistan devel-
oped a new national ideology of independence to create a conceptual scheme for 
internal politics. The continuation of highly centralized governance and control of 
societal processes was part of this conceptual scheme. However, the Moscow-
based centralized governance and control system ceased to exist after independence, 
requiring substantial socio-economic and organizational/administrative adaptation. 
The merger of the agriculture and water ministries reproduces the centrality of 
agricultural planning of the Soviet period at the level of the new independent state of 
Uzbekistan, part of which is a rationalization of the bureaucracy in terms of staffing 
pattern and budget allocation, triggered by the financially and economically dire 
straits that Uzbekistan landed in after independence (Spoor 2004). The 1991–1996 
periods seems to have suggested to the Uzbek political leadership that two  
separate ministries without firm guidance by the agricultural production interest 
was a problematic configuration.
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8.2.3  The 2003 Separation of Tasks

The water management system based on hydrological boundaries, as introduced 
in 2003, is as centralized as the earlier one, with control located in Tashkent. 
The new water management organizations are directly responsible to the water 
resources department of the MAWR in Tashkent. The heads of these irrigation 
system basin management authorities are selected and appointed by the Minister 
of Agriculture and Water Resources, and thus dominance of the agricultural 
planning remains.

The change in our interpretation is not, as suggested by Wegerich (2005: 462), 
a move towards the separation of the Ministry of Water from the Ministry  
of Agriculture. That would be a de-merger. It is a separation of tasks within a  
single ministry. It has also been a move of the MAWR as a whole to reduce its 
dependency on hokims (governors). In May 2006, the regional department of the 
MAWR in the Khorezm region moved out of the hokimiat’s building to a different 
part of Urgench city. We propose that the reform of the organizational structure of 
irrigation management has to be understood in the context of broader and longer-
term changes in the nature of the overall governance system. It can be read as an 
attempt to depoliticise certain sectors to achieve more effective and efficient 
planning and management, i.e., as a movement in the direction of separating  
functional/technocratic governance and political governance at the operational 
level. More generally, and more speculatively, it may be interpreted as illustrative 
for the emergence of a development trajectory that tries to combine economic and 
technological growth and modernization with the maintenance of high degrees of 
centralized political control.

The organizational change was fed by the actual practice of agricultural and 
water management at the regional level. Water resources management, allocation 
and use before 2003 were under the operational control of MAWR province- and 
district-level offices, as well as under the frequent interference of the local authorities 
(hokimiats). This approach to water management led to a peculiar polycentric  
management system creating frictions and conflicts of interest between agricultural 
enterprises, water and agricultural institutions and the local authorities. All institu-
tions at the local level considered themselves to be responsible for agriculture, water 
and canal management. This situation of unclear division of responsibilities rein-
forced the arbitrary interference of the local hokims in the day-to-day management 
of water resources at the province and district level. In some years, such as during 
the water-deficit years of 1999–2000 and 2000–2001, a balanced water distribution 
was not possible, and this resulted in a highly skewed distribution of water along the 
Amudarya and Syrdarya rivers to reduce the anticipated enormous economic losses 
(Abdullaev 2005; Hayashi 2005). The central authorities wanted to break the power 
of the hokims over the water management and to reduce the competition between 
the districts over water distribution.

The Deputy Minister of Agriculture and Water Resources responsible at the time 
for water management took advantage of the atmosphere of change and promoted 
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the idea of an irrigation basin water management system based on hydrological 
principles in a centralized fashion. The hydrological principle as unit of organisa-
tion also was in accordance with the principles adopted by the Inter-State Committee 
for Water Coordination (ICWC). The discussions at that level produced legitimacy 
for a system of water management in Central Asia organised according to this 
principle.

8.3  Water Users Associations in Uzbekistan

The first WUAs in Uzbekistan were created in the year 2000. Zavgorodnyaya (2006) 
has shown that ideas raised by international donors landed well with the Uzbek 
local administration. The state administration saw a need for reform in the context 
of land reform experiments in which virtually all shirkats5 were dismantled and 
divided among privatized farmers (fermers) (Wegerich 2000; Zavgorodnyaya 2006; 
Trevisani 2008). The redistribution of land into smaller units created numerous 
water users at the level of the former collective farm, which in turn created new 
challenges for water distribution (Abdullaev et al. 2006; Zavgorodnyaya 2006; 
Veldwisch 2007); Zavgorodnyaya (2006: 14) also notes that WUAs “were estab-
lished as a ‘bridge’ between state irrigation management organisations and [privatised] 
water users”.

The Government of Uzbekistan chose Khorezm as a region of early experimenta-
tion. Between 2000 and 2002, four pilot WUAs were established with the same 
boundaries of the shirkats that were dismantled at the same time. By mid 2003, 
all shirkats in Yangibazar district were dismantled, and land was redistributed 
among fermers (Trevisani 2008). At the same time, WUAs were established along 
hydro-graphic boundaries (Zavgorodnyaya 2006). Finally, in the period from 2005 
to 2006, the last shirkats were dismantled. In contrast to the experiment with hydro 
graphic boundaries in Yangibazar, WUAs were now established with largely the 
same boundaries as the former shirkats (Veldwisch 2008b).

8.3.1  Nature of Uzbek WUAs

By a formal definition, WUAs in Uzbekistan are voluntary, non-governmental, non-
profit entities, established and managed by a group of water users located along one 
or several watercourse canals (Zavgorodnyaya 2006; Yalcin and Mollinga 2007; 
Wuaconsult 2008). The WUAs are established by the state in a top-down fashion 

5 Shirkat is the name given to the cooperative large farm enterprises that were established after 
Uzbekistan’s independence in place of the former sovkhozes and kolkhozes.
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(Zavgorodnyaya 2006; Veldwisch 2008b). Despite being officially run by farmers, 
WUAs experience strong interference by the state. Thus, the “WUA becomes a 
place in the strongly hierarchical structure that still is controlled by the government” 
(Zavgorodnyaya 2006: 79).

In many cases, authorities have essentially enforced the establishment of 
WUAs. Evidence indicates that several WUA chairmen were appointed by regional 
(or district) departments of the MAWR, or that elections were influenced. In turn, 
not only were the democratic principles of the WUAs undermined, but these 
practices have also contributed to the farmers’ hesitant attitude towards these new 
institutions.

It is important to explore how the idea of establishing non-governmental, self-
financing irrigation organisations was transformed into the establishment of organi-
sations still heavily controlled by the government for the purpose of regulating 
agricultural production.

The introduction of WUAs and the later countrywide implementation of these 
new organizations were favoured by several circumstances and incidents. First, 
the collapse of the Soviet Union and the emergence of a large number of indi-
vidual farmers through land reforms created a demand for new water manage-
ment organisation at the level below the district. Second, several international 
agencies such as the World Bank, the Asian Development Bank, United States 
Agency for International Development (USAID), and the International Water 
Management Institute (IWMI) lobbied for the decentralization of water management 
in general and the creation of WUAs in particular (Zavgorodnyaya 2006; Yalcin 
and Mollinga 2007; Veldwisch 2008b). They offered financial support for the 
introduction of WUAs. Third, apart from external pressures and international 
experience, there was support for the WUA concept from the MAWR. The 
MAWR organized field trips for its officials to Italy and Turkey to learn from 
international experience in water management issues, and later lobbied for the 
introduction of WUAs (Zavgorodnyaya 2006; Schlüter and Herrfahrdt-Pähle 
2007; Yalcin and Mollinga 2007).

8.3.2  WUAs and the State

The creation of WUAs in Uzbekistan was based on (provisional) decrees by the 
Cabinet of Ministers. Decree No. 8 of 5 January 2002 specifies according to UNDP 
(2007: 66): ‘(i) the procedure for establishment of WUAs on the territory of agricul-
tural enterprises which are being reorganized; (ii) the management structure of the 
WUA; (iii) the standard agreement about water users integration and establishment 
of WUAs; (iv) the standard charter of the WUA; and (v) the standard agreement 
between the WUA and farmers for provision of chargeable water delivery services 
and works.’

Parts of the decree are included in the charters of the WUA prescribed by the 
MAWR. For example, the standardized charters define that a WUA is financed by 



134 G.J. Veldwisch et al.

user fees, that the general assembly is the highest decision-making body of the WUA, 
and that the WUA chairman should be elected by this body. A WUA is established as 
a non-commercial organization and is considered a legal entity. A WUA has its own 
stamp, letterhead paper, bank account and its own property. The members of a WUA 
can be legal and physical persons who own or lease property in the territorial bound-
aries of a WUA, use its services, and pay user fees to WUA.

Despite the written regulations, the state did not transfer full authority to the 
WUAs. The hokim still interferes with the water schedule, especially in water-deficit 
situations, as he remains responsible for the fulfilment of the state order by the end 
of the growing season. Farmers know about this responsibility and have been known 
to use their personal connections to the hokim, circumventing the WUA leaders and 
staff, who are supposed to be responsible for water allocation and distribution 
(Zavgorodnyaya 2006; Veldwisch 2008b; Veldwisch and Spoor 2008).

Veldwisch (2008b) showed that state interference in WUA management is an 
active strategy that consists of three main elements. Firstly, hokims and officials 
from the MAWR actively interfere in (or overrule) internal WUA processes. 
Secondly, strict boundary conditions on inflows, outflows and what the WUA is 
allowed to handle on its own are set by the state. This greatly restricts the func-
tioning of the WUAs. Thirdly, only tasks that would be costly and difficult for the 
state to implement, like the continuous monitoring of water delivery up to field 
level, are actually handed over to the WUA and even then they are monitored by 
the state.

This shows that there is not just ‘the WUA’ – a bearer of democratic principles 
and self-management – but that WUA structures can be created to pursue very  
different objectives. The WUA fulfils an important role in the implementation of 
(state) control over water distribution and agricultural production, as elaborated in 
the following section.

8.4  Water Distribution and Regulation  
of Agricultural Production

Agricultural production in Uzbekistan is strongly regulated by the state, and the 
production of cotton and wheat plays an important role in this regulatory system 
(Wall 2006; Trevisani 2008; Veldwisch 2008b). Parallel to this, the distribution of 
irrigation water is also managed through an authoritarian, top-down system. Control 
over water distribution is used to control agricultural production in general and 
state-ordered cotton and wheat production in particular. The two other main forms 
of production (Veldwisch 2008b; Veldwisch and Spoor 2008), i.e., commercial rice 
production and household production, are regulated more indirectly. However, also 
in these production systems water delivery plays an important regulatory role. Water 
demands at field level are communicated to water managers differently for each 
form of production (Veldwisch 2008b).
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8.4.1  Peasants, Farmers and the State

Since de-collectivisation, Uzbek (and Khorezmian) rural society has had two groups 
of agricultural crop producers: private farmers (fermers) and peasants (dehqons). 
Roughly 20% of the arable land is held by dehqons, who make up 90–95% of the 
rural households. Their average land holding size is 0.21 ha,6 which is intensively 
cropped with a variety of fruits and vegetables. Typically, 50% of the area is double 
cropped to wheat and short-duration rice. While the production on these small plots 
provides for a basic living, these families often also develop other economic activities 
like animal rearing, working on land of a fermer, taking paid jobs in the district or 
provincial capital, or engaging in labour migration outside Uzbekistan (Wall 2006; 
Veldwisch 2008b).

The other 5–10% of the rural households are fermers. They have long term-land 
leases on about 70–80% of the arable land.7 Fermers have land of various sizes and 
types (Trevisani 2008; Veldwisch 2008b). Fermers that mainly crop large areas of 
cotton, wheat and rice, and in addition also crops like carrots, maize, melons and 
potatoes, have the strongest influence on water distribution.

8.4.2  Three Forms of Production

The Khorezmian crop production system can be understood as consisting of three 
interrelated forms of socio-political organisation of production, or in short “forms 
of production” (Veldwisch 2008b; Veldwisch and Spoor 2008):

 1. State-ordered production of cotton (and wheat)
 2. Commercial production of rice
 3. Household production of food crops.

These forms of production are distinguished on the basis of an analysis of empirical 
material on socio-political processes (i.e. the organisation of production and the 
distribution of water). Each form of production has its own ‘economic logic’, which 
can for instance be recognised in the way in which the various input and output rela-
tions are organised. These governance categories are closely related to certain agro-
nomic production systems, but the categories are in the first place about how this 
production is socio-politically organised. They thus differ from those presented by 
Djanibekov et al. (2011).

Cotton production, and to some extent also wheat production, is organised in the 
same way as a plan economy. Cotton can only be sold to the state, and payments are 

6 From a survey among 684 households in 4 WUAs (Veldwisch 2008b).
7 The 0–10% of land not accounted for here has remained in the hands of various state organisations.
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made to state-controlled settlement accounts, a sort of bank account from which it 
is difficult for the holder to withdraw cash (cf. Niyazmetov et al. 2011). With the 
money on these settlement accounts, state-subsidised inputs and services can be 
bought from state and semi-state organisations. Fermers are obliged to allocate 
about 40–60% of their land to cotton and 20% to wheat, and the way in which they 
manage the crop is controlled by state organisations. For a long time, this state-
controlled production was the basis for a net transfer out of the cotton sector, i.e., an 
implicit taxation.8 Fermers benefit from a stable and predictable market, while the 
financial margin is very small and sometimes even negative (Djanibekov 2008).

In contrast to cotton, rice can be freely sold on the market, which makes it a good 
source of cash for farmers. This free market is, for instance, characterised by the 
way in which fertilizers for this crop are acquired and the way in which workers on 
rice fields are paid, i.e., both are paid in cash and at fluctuating, negotiated market 
prices. For fermers to gain access to allowances for commercial rice cultivation, 
providing a satisfactory production of cotton to the state is essential. While cotton 
is used as political capital, rice is used as a proxy currency, i.e., in economic transactions 
it frequently replaces cash.

Dehqons produce fruits, vegetables, potatoes, rice and wheat on their small plots, 
mainly for home consumption.9 Self-sufficiency and barter is revealed by their 
practiced nutrient management (no fertilizer but dung from domestic cattle), seed 
acquisition (re-use from previous harvest, exchange with friends and family), labour 
organisation (purely family labour), and consumption (at home and solidarity 
exchange).

Because the different forms of production are associated with particular crops, 
they are also associated with different water demands and water-use practices. Rice 
is cultivated in basins, which are continuously filled with water. Deep percolation 
losses lead to a rising groundwater table, and this can negatively affect other crops. 
The inflow does not need continuous supervision, and rice can thus be easily irrigated 
during the night. Cotton needs less water than rice, but it has specific requirements 
regarding the timing of irrigation. Especially in July, when cotton is flowering, 
farmers prefer to irrigate at a very specific moment, i.e., they want the cotton plants 
to experience a certain degree of water stress but not too much. Often this window 
of opportunity is limited to one or 2 days. The water is supplied in furrows between 
the beds (cf. Pulatov et al. 2011). Cotton requires good field drainage and a not too 
shallow groundwater table. In line with the diverse cropping patterns in the house-
hold form of production, dehqons irrigate irregularly and often only small parts of 
their fields at any given time (Veldwisch 2008b).

8 See e.g. Spoor (2004) and World Bank (2005). Both Müller (2006) and Rudenko (2008) show that 
the cotton sector as a whole has actually been subsidised in recent years while individual producers 
are often still being implicitly taxed.
9 This is one of the predominant forms of production. It certainly does not mean that dehqons 
only produce for household consumption; they market some produce on local markets and are also 
strongly involved in the other two forms of production, the latter mainly through labour provision.
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8.4.3  Adapting to Demands

Khorezm, although it lies in the lower reaches of the Amudarya basin, has always 
experienced a general situation of water abundance (Conrad 2006; Veldwisch 2008b, 
2010). The relatively high availability of water reduces conflicts over this resource.

Allocation and scheduling of irrigation water in Khorezm is integrated in the 
calculations of the so-called ‘limit’, an irrigation schedule that prescribes discharges 
in every canal and to every WUA for each 10-day period. Calculations are made on 
the basis of prescribed, state-regulated cropping patterns. In contrast to this top-
down procedure, actual water distribution is informed by demand from below. 
Fermers and dehqons communicate their needs through the WUAs to the district 
level and higher. For each form of production, the strategy for accessing irrigation 
water is different. These processes become more articulate when water availability 
gets low.

Cotton fermers primarily depend on the state network through which it is  
relatively easy to get water when needed. There is a constant pressure on fermers and 
the supporting state agencies to irrigate cotton appropriately, both in terms of timing 
and quantity. The WUAs take special care of cotton irrigation, as they are made co-
responsible for a good cotton yield (Veldwisch 2008b; Veldwisch and Spoor 2008). 
During interviews, both WUA staff and fermers mentioned that obtaining water for 
cotton is easier than for other crops. Also, WUA workers were observed to irrigate 
cotton fields for fermers when ordered to do so by the district authorities (Veldwisch 
2007). When fermers had difficulties accessing water for cotton, they complained to 
the water management department or directly at the district governor’s office 
(hokimiat). It was mostly enough just to threaten to do this to get water.

The hokimiat does not freely issue allowances to grow rice. Even when fermers 
gain access to rice production, they have to mobilise the required water through 
informal networks. As this water is not allocated in the official ‘limit’, people use 
their socio-political and economic power to gain access to water for rice production. 
These transactions are surrounded by secrecy, but it is probable that the transfer of 
money and other benefits play a role. The gatekeepers to water for rice are often the 
same people that control water for cotton, but when approached in the context of 
rice production the nature of the contact is different.

Dehqons are small players in the struggle over water, but we observed that they 
benefited from the generally accepted norm that basic food production has priority 
over commercial and state production. Also, it seemed technically difficult to limit 
their water consumption due to their large number and relatively small diversions. 
While our own field research during 2004–2006 did not indicate this, in years of 
serious water shortages such as the 2008 agricultural season, household production 
could suffer severely as a result of conflicting claims.

The three forms of agricultural production each have their own system of water 
management. This means that in each of these three forms of production, water is 
acquired and managed in a different way. In case water is short, each form has its own 
typical way of securing its access to water: State-ordered cotton fermers call on the 
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state organisations, commercial rice fermers depend on their personal connections, 
and, at least in the period under research, household production water users seemed 
politically untouchable, as household production provides for the basic livelihood 
security of the majority of the rural population.

The wider structures of state regulation of agricultural production thus strongly 
influence the social dynamics of the distribution of water. In the case of state-ordered 
cotton, this is strictly organised and expressed in formal rules and regulations. In 
rice production, these are more informal, and for household production they are 
more implicit and hidden and based on locally defined ethics.

8.5  Conclusions

This chapter explored the socio-political aspects of three developments in the field 
of agricultural water management in Khorezm, Uzbekistan. Each of these develop-
ments reflects the nature of the Uzbek state, which continuously re-invents itself, 
but in essence remains authoritarian and neo-patrimonial. Reform processes in 
administration and policy are implemented in a top-down way and emerge from 
within the official bureaucracy. The main characteristics of this state-centric policy 
process (Grindle 1999) are as follows:

Policy initiatives emerge within the official bureaucracy and largely reflect the  –
actions and perceptions of elites within the government. They do not emerge in 
the public domain.
Both the bureaucratic reform processes in agriculture at the province and district  –
levels and the policies to establish WUAs had an apparent objective of  
decentralisation. When studied in detail, it showed that the reforms were creatively 
used for addressing existing bottlenecks. With the political elite firmly in the 
driving seat, decentralisation was in practice pushed to the far background.
The adaptive capacity of the highly centralized Uzbek system was apparently  –
underestimated by the international supporters of reforms, who anticipated that 
the restructuring would lead to a decentralized water management system.
Seen from the perspective of the state, water management is primarily to serve  –
crop production. Both reforms at the WUA level and bureaucratic reforms at the 
provincial and district levels are used to strengthen this function. When needed, 
also WUAs are used as instruments to ensure agricultural production targets.
In the practice of day-to-day water management, very different processes are at  –
play. The state’s differentiated interest in agricultural production that favours 
cotton and wheat has led to an agrarian structure in which forms of agricultural 
production can be distinguished on the basis of their different socio-political 
control systems and economic nature. The dynamics in agricultural water distri-
bution to a large extent take shape around the three forms of production. i.e. 
state-ordered production of cotton (and wheat), commercial production of rice 
and household production of food crops.
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Decentralisation policies developed in society-centric policy processes cannot be 
easily applied in a state like Uzbekistan. As an alternative to directly pushing 
administrative and policy reforms, we suggest identifying those sections of the  
government apparatus that support and drive a modernisation agenda. Within the Uzbek 
bureaucracy, there are certainly interest groups involved in extensive consultation, 
negotiation, consensus building and sometimes bargaining between elites and various 
government departments for policy or institutional change. Further research on the 
political economy of land and water governance reform might fruitfully look at how 
different interest groups and sections of the government relate to the maintenance of 
centralised political control of the society at large.
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Abstract The severe man-made degradation of water and soil in the Aral Sea basin 
is considered to cause serious human health problems. Hence, the Center for 
Development (ZEF) in collaboration with the Institute for Hygiene and Public 
Health at the Bonn University Clinics, Germany, conducted a study on diarrhoeal 
diseases and its risk factors in the Khorezm Region between May 2003 and March 
2004. In the study, we investigated the risk factors water, sanitation and hygiene for 
diarrhoeal disease by applying a combination of quantitative (exposure assessment, 
epidemiological data) and qualitative methods (standardized interviews, structured 
observations).

Diarrhoeal disease incidence in children was much higher than expected and 
even exceeded, with 4.6 episodes per person year for children under 5 years old, 
global median numbers. For those under 2 years of age, mean person-time incidence 
was extremely high with 6.7 episodes per child per year. Although seasonality of the 
age stratified person-time incidence was found, overall diarrhoeal disease incidence 
was high for all seasons with disease rates for the winter follow-up assessment ranging 
30–59% below summer rates.

Multiple linear regression analysis revealed that visible contamination of drinking 
water during storage and the absence of anal cleansing materials were significantly 
associated with the number of diarrhoeal episodes per household, pointing to the 
importance of hygiene in prevention of faecal-oral disease transmission.
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Exposure estimations according to drinking water monitoring assessed that 
roughly one quarter of the population was exposed to faecally contaminated 
drinking water at the source and an estimated 12% were at risk from excess nitrate 
in drinking water. A large part of the population was expected to ingest about 
5–7 g d−1 of salt from drinking water in 2003.

Overall, the findings show that at the time of the study the domestic domain 
played a major role with regard to faecal-oral disease transmission in Khorezm, 
Uzbekistan. Unhealthy excreta handling and disposal habits as well as unsafe 
drinking water treatment and handling practices have to be urgently tackled in order 
to break the faecal-oral transmission route.

Keywords  

9.1  Introduction

Although the water needed globally to cover drinking water demands and domestic 
hygiene purposes amounts only to 8% of the annual global water consumption, still 
about 1,000,000,000 people had no access to a safe drinking water supply in 2002. 
At the same time about 2,600,000,000 people worldwide lacked improved sanitation 
and 1,600,000 deaths were directly attributed to unsafe water supply, sanitation and 
hygiene. Since safe drinking water supply and sanitation are two sides of the same 
coin, only improvements in both facilitate substantial health benefit (Anonymous 
2004). Thus, the Millennium Development Goal (MDG) 7 includes halving the 
proportion of people without access to improved drinking water supply and sanitation 
by 2015. An improved drinking water source adequately protects – by the nature of 
its construction – the source from outside contamination, in particular with faecal 
matter, and an improved sanitation facility hygienically separates human excreta 
from human contact (WHO/UNICEF 2010).

According to the MDG monitoring report by the ‘Joint Monitoring Program on 
Water Supply and Sanitation’ for 2002, a total of 89% (97% urban, 84% rural) of the 
Uzbek population had access to improved drinking water supply and 53% (85% 
urban, 33% rural) had a household connection to the drinking water supply network 
(WHO/UNICEF 2004). In Khorezm, 51% of the population – 18% more than the 
national average – had no access to piped water and utilized drinking water from 
tube wells or dug wells. The coverage with improved sanitation was 57% (73% 
urban, 48% rural).

Recently, the transmission of typhoid fever by ingestion of non-boiled surface 
water has been described in the Samarkand region (Srikantiah et al. 2007). A  
randomized intervention study by (Semenza et al. 1998) also revealed the high incidence 
of diarrhoeal diseases in Karakalpakstan, the downstream district that neighbors 
Khorezm, where this was associated with contaminated water. For the period since 
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the independence in 1991, official data show a strong decline for all acute intestinal 
infections for Khorezm. In contradiction to that, the number of drinking water samples 
above the critical limit for faecal pathogens constantly increased. Hence, the present 
study aimed to (i) create active monitoring data on the incidence of diarrhoeal 
disease, (ii) identify risk factors for diarrhoeal disease, (iii) identify water and 
health-related behavioral habits, and (iv) monitor other water- and sanitation-related 
health aspects such as nitrate and salinity levels of water.

9.2  Methods and Material

To meet the needs of the study dealing with the interrelated risk factors water, 
sanitation and hygiene, a combination of quantitative and qualitative methods 
was applied, to determine indicator variables for the underlying risk factors. 
Epidemiological data collection was carried out using a self-reported monitoring 
system of diarrhoeal diseases, which was conducted over a 12-week period in 
the summer of 2003 and a 4-week winter follow-up in February 2004. Each of 
the 186 randomly selected households entered all diarrhea episodes on a daily 
basis into a diarrhea diary form, which was checked and exchanged by interviewers 
weekly.

Households were interviewed using standardized questionnaires on water 
source, water collection, household drinking water treatment and storage as well as 
on sanitation and health-related water use. Hygienic conditions of the drinking 
water storage vessels and the sanitation facility were checked using structured 
observations (spot checks). Between May and August 2003, in total 463 samples 
from water sources and storage vessels of the surveyed households were monitored 
for faecal indicator bacteria. Additionally, the chemical parameters nitrate and 
salinity were tested. Nitrate levels were determined with the help of the Quantofix® 
test stick, which facilitates detection of a nitrate level ranging from 10 to 500 mg L−1. 
Salinity was determined using the Multi measuring probe S/N 70941 produced by 
Consort Eijkelkamp.

9.3  Results

9.3.1  Epidemiological Data and Risk Factor Analysis

Comparing official numbers using passive surveillance data with active surveillance 
data from this study reveals that active surveillance can tremendously increase 
reported diarrhea incidence. According to passive surveillance data from Regional 
Centre of Sanitation and Epidemiology (OblSES) in Urgench between 1991 and 
2002, diarrhoeal diseases showed a strong seasonality peaking each year in July. 
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Over the same period diarrhea incidence decreased about 86% in Khorezm, but still 
peaked in July 2002 with 37 cases per 100,000 population. In contrast, active 
surveillance found an incidence of 16,494 case per 100,000 population per month in 
July 2003, while a peak of diarrhoeal disease in July could not be confirmed.  
A seasonality effect with higher incidence rates of 30%, but varying for the age 
strata, could be shown for the summer time.

The person-time incidence for diarrhea peaked in summer with 8.4 episodes per 
person year for those aged under two, falling to 2.3 for children aged between 2 and 
5 and further decreasing to 1.7 for the age group of the over 60 year-olds. In the 
winter follow-up survey, the same trend for age distribution was determined with 
5.0 episodes per person per year for the youngest age group and within a range from 
0.9 to 1.6 episodes per person per year for the other age groups. In winter, the over-
all incidence for children up to 5 years was 2.5 episodes per person year. In both 
seasons, diarrhea incidence peaked among those aged under two, with a 41% decline 
in winter. Children between 2 and 5 years of age experienced 59% less diarrhea in 
winter. For the other age groups, the seasonal difference amounted to about 30%. 
Despite seasonality in occurrence of diarrhoeal disease, the person-time incidence 
shows high to very high figures for all studied seasons (Fig. 9.1).

Some 43 variables concerning the most studied environmental risk factors for 
diarrhoeal disease – water, sanitation and selected aspects of their hygiene – were 
included to the stepwise multiple linear regression analysis with the number of 
diarrhoeal disease episodes per household (n = 171) as the dependent variable. The 
findings of the multivariate linear model demonstrated the association between the 
number of diarrhea episodes per household and the exposures to (a) availability of 
toilet accessories such as toilet paper, newspaper and water in the latrine or toilet 
and (b) visible contamination of stored drinking water. This indicates that the  
promotion of simple interventions to break the faecal-oral disease transmission 
route by establishing a primary barrier is expected to have great impact on diarrhoeal 
disease reduction.
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9.3.2  Quality of Water Sources and at Point-of-Use Water Quality

At the time of the study in Khorezm about 50% of the population – mostly in urban 
regions – had access to piped drinking water. In rural areas groundwater or shallow 
groundwater from tube wells or dug wells were the predominant drinking water 
sources. A tube well consists of an perforated iron pipe, which is driven into the 
earth until a water-bearing stratum is reached and equipped with an electrical or 
manual suction pump at the upper end. Dug wells are dug out by hand or by an 
auguring machine, they are usually old, large in diameter and often cased by concrete, 
a piece of pipe or hand-laid bricks. The microbiological drinking water quality 
differed for each of the sources. Drinking water taken from piped water taps outside 
of the house contained substantially more faecal indicators than from taps inside the 
house. Samples from tube wells were less often and also to a lesser extend contaminated 
than samples from dug wells (Table 9.1).

Concerning the microbiological quality of drinking water and household water 
needs, it is important to distinguish source quality and point-of-use quality. Even 
excellent source water can deteriorate during collection, transport, treatment and 
storage (Clasen and Bastable 2003; Wright et al. 2004; Hoque et al. 2006) before 
ingestion or use for household needs. Recent studies and systematic reviews have 
shown that point-of-use drinking water treatment can be very effective (Clasen et al. 
2007) and might have even a higher impact on diarrhea outcome than source quality 
(Quick et al. 1999; Crump et al. 2005; Fewtrell et al. 2005; Clasen et al. 2006; 
Arnold and Colford 2007). Results from this study show that the percentage of tube 
well samples contaminated with faecal coliforms and enterococci was double that 
of those wells with hand pumps that needed priming (Table 9.2).

Household drinking water was treated by 56% of the households in summer and 
by 48% in winter. Measures applied to improve drinking water quality comprised 
boiling, settling and filtering or a combination of these activities. Due to higher 
turbidity households using treated piped water applied drinking water treatment 
more often than those utilizing water from dug wells or tube wells.

Predominant storage vessels were buckets (76%), 75% of which were covered. 
Usually, short handled dippers were used for ladling. An optimal storage container 

Table 9.1 Classification of drinking water quality according to magnitude of contamination 
(WHO 1997)

CFUa/L−1 Category health risk

Proportion (%) of samples

Piped water

Inside Outside Tube well Dug well

FCb Ec FC E FC E FC E

0 I No 87 69 54 52 82 75 41 23
1–10 II Intermediate to high 13 26 35 38 11 20 39 41
11–100 III High to very high 0 5 10 10 6 5 16 24
>100 IV High to very high 0 0 0 0 1 1 4 11
aCFU Colony forming units
bFC Faecal coliforms
cE Enterococci
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with a narrow opening and an outlet could not be found in the households enrolled 
in the study.

9.3.3  Sanitation and Hygiene Issues

The vast majority of the population (88%) in Khorezm had access to improved  
sanitation by means of pit latrines. But what does ‘potentially improved sanitation’ 
mean in terms of environmental faecal-oral pathogen load under the given excreta 
management practices?

Pit latrines were emptied by 78% of the survey households at least once per year. 
Most commonly, the faecal sludge was dug out by own labor. Flushing out latrines 
by diverting surface waters into the pit was reported for 6% of the households. The 
most common ways of faecal sludge deposition included a burial it in the garden 
(50%), an application on the vegetables in the garden (22%) or a deposition onto 
agricultural land (12%).

Taking into account a minimal safety distance recommendation of 15 m (Cave 
and Kolsky 1999), in 9% of the households this safety distance between latrines and 
drinking water sources was violated. Since on-site sanitation facilities can create 
hazards to personal and public health via groundwater contamination and unsanitary 
conditions, application of this basic rule is essential.

Overall, open deposition of children’s faeces was a common practice. Only, half 
of the survey households deposited children’s faeces via latrine or flush toilet, a 
25% buried it in the garden and the other 25% practiced open deposition in the 
garden. In the remaining households small children were free to defecate. There is 
observational evidence that washing hands at most critical times was not regarded 
as essential in personal hygiene.

9.3.4  Nitrate

Nitrate concentration in piped water (median 0, mean 2.14, range 0–10 mg L−1) was 
always below the critical limit of 50 mg L−1 (European Union 1998; WHO 2004). 
Drinking water from dug wells contained more nitrate than piped water but was on 

Table 9.2 Microbiological quality of tube well water

Yes No

Priming needed No of samples % No of samples %

37 85
Faecal coliforms > 0 CFUa/L−1 9 24 7 8
Enterococci > 0 CFU/L−1 14 38 16 19
Heterotrophic plate count 100 CFU/L−1 36 97 65 76
aColony forming units
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the average also below the critical limit (median 10, mean 16.9, range 0–50 mg L−1). 
The median for nitrate in drinking water samples from tube wells was 25 mg L−1 
(mean 45, range 0–250 mg L−1), but 11 samples showed concentrations substantially 
above the 50 mgL−1 threshold. A separate analysis of dug well (n = 7) and tube well 
(n = 13) samples showed that four out of the seven dug wells contained less than 
10 mg L−1 nitrate (median). For two dug wells the median concentration varied 
around the critical limit. The nitrate concentration in drinking water from tube wells 
varied substantially between different sampling points. Three out of the 13 tube 
wells permanently contained excess nitrate above the critical limit, which poses a 
risk to infant health.

9.3.5  Salinity of Water Sources

The salinity was measured twice for all drinking water sampling points except for 
the storage vessels. All drinking water sources located in the Urgench, Khiva and 
Kushkupir districts contained increased levels of salt. The taste threshold of about 
200 mg L−1 (WHO 2004) was exceeded roughly around tenfold in all well water 
samples. The Uzbek State Standard sets limits at 1 g L−1 for piped water and 1.5 g L−1 
for decentralized sources such as wells. Piped water contained on average 1.3 g L−1 
salt (median) ranging from 0.7 to 1.7 g L−1. For dug wells the salt level ranged from 
1.9 to 3.4 g L−1 with the median of 2.4 g L−1. The median salt concentration of tube 
well water was the same as for the water in dug wells, but the range in the tube well 
sampling points was, with 1.9–4.6 g L−1, much broader.

9.4  Discussion

9.4.1  Diarrhoeal Disease and Related Water, Sanitation  
and Hygiene Aspects

Overall population-based estimates assess the incidence of diarrhea to 0.2–1.4  
episodes per person per year for industrialized countries (Wheeler et al. 1999; 
Herikstad et al. 2002). A study conducted in Cherepovets, Russia, including all age 
groups found an incidence of 1.7 episodes per person per year (Egorov et al. 2003), 
which coincides well with the 1.8 episodes per person per year for all ages found in 
Khorezm. Thus, the situation in Khorezm may not be much different from other 
rural areas in Central Asia and Russia.

The children’s global median incidence for the period between 1990 and 2000 
was highest among those under 1 year of age with 4.8 episodes per child per year, 
falling progressively to 1.4 episodes per child per year for the 4-year-olds. The 
global median number of episodes for all children under 5 is 3.2 per child per year 
(Kosek et al. 2003) ranging between 6 and 7 episodes per child in low-income 
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countries and one or two episodes per child per year in high-income countries 
(Thapar and Sanderson 2004). The person-time incidence rates for children in 
Khorezm exceeded median global estimates for non-industrialized countries. 
Estimates for mean person-time incidences have been carried out assuming 6-month 
summer and 6-month winter conditions. Thus, in Khorezm each individual under 
the age of five suffers on average from 4.6 episodes per child per year. Children 
aged under two face 6.7 episodes per child per year, which decreases to 1.6 episodes 
per child per year for those aged between 2 and 5.

When comparing the magnitude of diarrhea for children under the age of five in 
Khorezm and elsewhere according to the estimated yearly person-time incidence 
rates, it became evident that the incidence of diarrhea is tremendously high in the 
study region. The current personal and economic burden that the high incidence of 
childhood diarrhea imposes on the children’s families is expected to be enormous, 
but may even be exceeded by the unknown long-term effects and costs of regular 
early childhood diarrhea. Recent studies on the long-term effects of regular early 
childhood diarrhea have proven consequences such as growth faltering (Moore et al. 
2001) and impaired physical and cognitive development in later life (Guerrant et al. 
2002; Niehaus et al. 2002). The results therefore give reason for increased alarm and 
actions with the aim to interrupt the vicious cycle of diarrhea, malnutrition and 
impaired child development.

Assuming that conditions of drinking water supply similar to those found in this 
study are typical for the Khorezm region, an estimated 85,000 households (24% of 
population or about 340,000 persons) are being exposed to faecally contaminated 
drinking water, which demands for immediate action to reduce faecal-oral disease 
transmission. Home chlorination of drinking water with high salinity – as proven for 
wells in Khorezm – is thought to create a ‘taste composition’, which will not be accepted 
by consumers in the long run. However, the high number of sunlight hours (3,000–
3,100 h year−1) and the high total solar radiation in Uzbekistan (in flat areas 
130–160 ccal cm−1 year−1) suggest that simple solar disinfection systems could be 
installed. Producing low budget systems locally could thus offer microbiologically safe 
drinking water and opportunities for local enterprises. Another low budget option would 
be point-of-use water treatment by means of locally produced simple ceramic filters.

The population in Khorezm has access to basic sanitation, but a huge share is 
unaware of health hazards and environmental pollution due to hygienically unsafe 
sewage discharge, excreta and solid waste management. For example widely 
practiced fertilization of vegetable gardens with untreated human excreta – before being 
safely deposited in improved sanitation facilities – leads to a contamination with 
faecal-oral pathogens. In fact, this means that a lot of potentially safely disposed 
human excreta are brought back to the domestic and public environment posing in 
turn a hazard to public and personal health. Another unacceptable practice is the 
deposition of toddlers faeces in the garden. Because due to the very high incidence of 
diarrhoeal disease in children aged under two, toddlers faeces contaminate  
neighborhoods. Hence, being a major source for faecal-oral disease transmission.

However, three facts promise to be a good starting point for the implementation 
of sustainable sanitation. Firstly, the already practiced hygienically unsafe use of 
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human excreta as fertilizer shows that the social acceptance of nutrient recycling is 
high. Secondly, the socio-economic situation demands for affordable fertilizers, and 
thirdly, the environmental situation requires for sustainable solutions.

Overall, a fundamental lack of knowledge about interrelationships between 
sanitation, drinking water quality, hygiene and health and their implications triggers 
unhealthy habits in the Khorezm region. Because of the very low awareness of 
associated health risks accompanying health hygiene education deems essential.

9.4.2  Nitrate

In some surveyed households the heavy fertilization of orchards in spring led to 
high nitrate levels in wells. The primary health concern regarding excess nitrate and 
nitrite in drinking water is methaemoglobinaemia, also known as ‘blue baby syndrome’. 
The reduced oxygen level in the infant’s blood causes exertional dyspnoea, cyanosis 
and respiratory depression. In serious cases, stupor and asphyxia will develop which 
may lead also to death of the individual (Hunter 1997).

Gastro-intestinal infections exacerbate the conversion from nitrate to nitrite, 
especially in children (Knobeloch et al. 2000). Methaemoglobinaemia affects 
hundreds of infants in the United States each year (Knobeloch et al. 2000) and is 
regarded as a common public health problem in Eastern Europe (Ayebo 1997). 
Case studies prove this serious medical condition in infants under 6-months that 
are bottle-fed with formulas prepared with nitrate-contaminated water from wells. 
Some sources report that the water used for preparation of formulas contained 
even less than 50 mg L−1 of nitrate (Knobeloch et al. 1993, 2000; Knobeloch and 
Proctor 2001).

In the present study, 25% of all wells at least occasionally had nitrate concentrations 
higher than 50 mg L−1 (60% > 25 mg L−1). On average, about 50% of the population 
utilized shallow groundwater for drinking water purposes. If the rate of contamination 
is similar in the non-studies districts of Khorezm, water supplies in an estimated 
number of 44,500 households failed to meet the standard. Based on current yearly 
birth data, 6,290 infants (under 6-months of age) are expected to live in homes  
that have, at least from time to time, nitrate-contaminated water supplies. Assuming 
a threshold concentration of 25 mg L−1, about 15,100 children are at risk to  
be exposed.

9.4.3  Salinity

Another water quality problem of health concern in the Khorezm region is the high 
salinity in all drinking water sources. The (American Heart Association 2005) 
recommends a total daily sodium intake of 2.3 g, which corresponds to 5.8 g salt 
(sodium chloride). Assuming a medium to low drinking water intake of 2 L per day 
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under the prevailing arid conditions, a larger part of the population of Khorezm, 
may take in about 5–7 g d−1 of salt via drinking water alone.

Recent epidemiological studies focused mainly on the links between diets 
induced sodium consumption and hypertension, which has been subject of  
considerable scientific controversy over decades. Though, recent studies confirmed 
a clear link between sodium intake, hypertension and cardiovascular diseases (Cook 
et al. 2007; Walker et al. 2007; Cook 2008). The impact of sodium on human body 
fluid and salt homeostasis, bone density, renal disease and loss of muscle mass was 
also only recently studied (Jones et al. 1997, 2007; Frings-Meuthen et al. 2008). 
There is even evidence for a so far unknown osmotically inactive sodium storage 
mechanism in the human body, which removes sodium from the circulation if the 
daily sodium intake is above 5.7 g (250 mmol) (Heer et al. 2000; Gerzer and Heer 
2005). The consequences of these hitherto unknown sodium storage mechanisms 
for human health are completely unknown.

While a significant and positively correlated risk between elevated sodium levels 
in the diet and coronary heart disease has been established (Tuomilehto et al. 2001; 
He and MacGregor 2002), there is insufficient evidence of the impact of high sodium 
levels on cardiovascular illnesses when the source of the sodium is from long-term 
intake of water. An epidemiological study – in the village Gandimiyon close to 
Khiva (Khorezm) – showed that the prevalence of hypertension among the examined 
population group was 29 per 1,000 population on average. It was significantly higher 
(P < 0.001) among respondents using well water (45/1,000), than those respondents 
using tap water (13/1,000). At the same time, the increased prevalence of hypertension 
among examined subjects was associated with an increased volume of consumed 
drinking water (Fayzieva et al. 2002).

9.5  Recommendations

Domestic hygiene, sanitation and health-related behavior play a major role in faecal-oral 
disease transmission in Khorezm. Hence, the recommendations mainly aim at 
establishing primary barriers in faecal-oral disease transmission. These include:

Upgrading of sanitation facilities and hygiene education in public domains such 
as kindergartens, schools, and universities;
Hygienically safe pit emptying techniques, nutrient recycling and domestic 
wastewater disposal in the private domain;
Health education on causes, prevention and proper management of diarrhea with 
regard to sanitation, personal hygiene and strategies on safe drinking water storage 
in institutions such as kindergartens, schools, universities;
Elimination of open defecation by children and promotion of safe disposal of 
children’s excreta;
Conduct of a representative, structured observation on hand washing behavior – to 
verify the results of this study – and subsequent promotion of proper hand washing 
after contact with faecal matter;
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Improvement of protection of water sources by keeping safety distances between 
latrines and wells, providing dug wells with covers and avoiding priming in 
hand pumps.

Because most people have financial constraints, any intervention should set 
incentives to invest energy and money into hygiene and sanitation and not simply 
spread regulations and lectures. Therefore, only a participatory or social marketing 
approach seems to be appropriate to meet those requirements (Water and Sanitation 
Program 2004; Tearfund 2010).

Taking into account local drinking water taste problems, one recommendation 
concerning secondary barriers of faecal-oral disease transmission should target the 
development of sustainable and affordable point-of-use treatment measures of 
drinking water. Here, the local production of simple ceramic filters and/or small-
scale solar systems facilitating desalinization and disinfection would be an optimal 
solution for Khorezm with its high amount of solar irradiation.

Based on the observations during the course of the study and the results, the 
following further research needs could be identified: (i) long-term ingestion of 
saline drinking water and its effect on human health, (ii) incidence of methaemoglo-
binaemia in rural areas due to high nitrate contamination of decentralized drinking 
water sources (>50 mg L−1), (iii) impact of irrigation with sewage-contaminated 
surface water, (iv) helminthic diseases and child malnutrition.
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Abstract Price or income elasticity of demand is the percentage change in electricity 
demand resulting from a one-percent change in its price or income. Information on 
price and income elasticity of demand for electricity is crucial for formulating 
appropriate reform policies. In Central Asian economies with a less-developed 
industrial sector, the share of residential electricity consumption is relatively high. 
Residential electricity consumers are known to be more flexible with respect to 
price- and income-related changes and to adapt to these changes relatively fast. 
Knowledge about price and income elasticity of electricity demand is crucial for 
implementing, for instance, tariff reforms. The aim of this study is to estimate the 
short-term price and income elasticity of residential electricity demand using panel 
data based on time series of 6 years for the 12 districts of the Khorezm region, 
Uzbekistan, under the condition of data limitations. Using a unique dataset, the 
study attempts to identify the best proxy for the unobservable income variable. As 
for the price of electricity, nominal and real electricity prices tended to be growing 
between 2002–2007 from 7.0 Uzbek Soums (UZS) to 42.3 UZS (nominal), and 
7.0 to 33.5 UZS (real), respectively, while the US$ equivalent of the nominal 
price decreased from 6.23 US cents in 2002 to 3.35 US cents in 2007. Residential 
electricity demand is relatively price inelastic (between 0 and −1) in the short run. 
The study further tests the validity of indicators such as industrialization and 
growth in residential area as alternative measures of economic development that 
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cannot be captured by income. The results suggest that the income elasticities have a 
low value. The industrialization rate variable has a high value of demand determination. 
The growth in residential area used in this study as explanatory variable requires 
more precise data to be conclusive.

Keywords  

10.1  Introduction

The availability of affordable, secure and environmentally friendly energy is a key 
to welfare, economic growth and sustainable development (Karimov 1998). Because 
of the scarcity of this kind of energy source, it is undoubtedly important to use the 
present sources effectively (Figueres and Philips 2007). This is particularly true in 
developing and transitional countries that usually have an enormous potential for 
increasing energy efficiency, which in turn could be exploited through adequate and 
appropriate reform policies.

Among the many differences between developed and developing countries, 
specific factors such as the use of traditional types of energy,1 process of transition 
to modern energies, and structural deficiencies in various sectors of the economy, 
inadequate investment decisions and misleading subsidies (Urban et al. 2007) are to 
be underlined in line with the commonly accepted inefficiency in electricity generation, 
distribution and consumption. Moreover, in developing countries, residential  
electricity demand is characterized by rapid growth over the last two decades of the 
last century (Filippini and Pachauri 2002), and the price and income elasticity of 
electricity consumption has been shown to be unstable over time (Holtedahl and 
Joutz 2004). This is illustrated in particular in countries of the former Soviet Union, 
which were previously part of a centralized system and subjected to objectives  
dictated by Moscow. Since their independence in 1991, these countries have had to 
reform their energy sector (IMF 2002). For example, the rich oil and gas reserves in 
Central Asian countries (CAC)2 had been exploited during the Soviet era for serving 
overall objectives but had not aimed at supporting the economic development and 
growth of the individual countries.

In this regard, CAC transition economies can be grouped separately among the 
developing countries. They share unique similarities such as (i) slow growth in 
electricity consumption despite their recent rapid economic development and 
population growth, (ii) identical energy generation systems built during the Soviet 
era (e.g., in terms of technological performance and efficiency levels), (iii) introduction 
of energy sector reform and pricing policies with a high level of subsidization,  

1 Such as firewood, cotton stalks, reeds, etc.
2 Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan and Uzbekistan.
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of national economies with a high share of the agriculture sector (Dowling and 
Wignaraja 2006) except for Kazakhstan. Although the newly independent CAC 
announced energy sector reform policies in the aftermath of independence in 1991, 
these have been introduced with different intensity and pace. Also, until today, 
energy saving opportunities have not been tackled, although they could be achieved 
through relatively simple policy measures. A correct pricing that leads to an efficient 
consumption of electricity is among these measures.

one fourth (27.5%) of the total global energy demand (EarthTrends 2005) with an 
even higher share in most non-industrialized developing countries, it is particularly 
important to consider this component in overall electricity consumption. In 
Uzbekistan, for instance, the share of total primary energy consumed by the residential 
sector was as high as 39% in 2005 (EarthTrends 2005) and therefore much higher 
than the global average. Therefore, developing and applying price related measures 
for the residential electricity consumers increases efficiency and consequently 
enhances the welfare of the people (Dodonov et al. 2004). As increasing the efficiency 
of electricity consumption is considered to be part of the solutions to the scarcity of 
energy sources it is important to identify the determinants of residential electricity 
consumption such as price and income. Knowing price and income elasticities is 
crucial for the development of a new energy policy.

10.2  Residential Electricity Demand Modeling

Knowledge about residential electricity demand is vital for formulating energy pricing 
policies, given the significant share of residential electricity consumption in the 
overall electricity demand. However, electricity producers in CAC are known for 
oversupplying (Atakhanova and Howie 2007) or undersupplying (Komilov 2002) 
residential consumers. Consequently, the current residential consumption does not 
reflect the real demand. In a free market, such excess supply or demand would lead 
to price changes and in the end could clear such market disturbances.

Once the determinants of demand and magnitude of price and income elasticity 
of residential electricity consumption are known, the authorities can make better 
informed decisions to introduce necessary reforms in electricity generation,  
distribution and consumption efficiency. However, data on most variables are only 
available for short periods of a maximum of 10 years, while demand functions need 
longer time series of a period of 30 years and more (Dilaver and Hunt 2011), which 
are unavailable for most of the post Soviet countries. Consequently, to obtain 
plausible estimates for the short-run price and income elasticity of electricity  
consumption, the use of more sophisticated econometric methods presently seems 
a sensible approach to fill data gaps. Although residential energy demand modeling 
received a strong impetus after the early 1970s, mainly triggered by the global 
energy crisis, to date there is no all-encompassing modeling approach (Bhattacharyya  
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and Timilsina 2010). Most of the models developed refer to pioneering work on 
residential electricity demand in the USA by Fisher and Kaysen (1962) and  
consider developed economies, whereas empirical approaches specifically designed 
for developing countries are still in their early stages of development and require a 
more spatially explicit approach of each specific geographic location.

Residential electricity demand models are classified into two groups: (i) models 
based on an end-users approach (input-output analysis) and (ii) macro-economic 
models based on an econometric approach (Bhattacharyya and Timilsina 2010). 
While end-user models are known for their higher data requirements and need of 
human resources to handle the overall process of modeling, they are recommended 
for developed countries due to their higher precision (World Bank 2004). The 
econometric approach is presently most widely applied due to its ability to cope 
with data limitations. Furthermore, due to their simplicity, macro-economic models 
are therefore presently preferred. Fisher and Kaysen (1962) used growth rate in 
electricity utilizing appliance stock as a proxy to income, together with price and 
income of households for 1946–1957 in the USA, and determined income and 
price elasticity of the short- and long-run demand for electricity. Halvorsen (1975) 
included natural gas price as a substitute good price in an electricity demand 
model to capture the interrelation between demand for electricity and demand for 
natural gas. Therefore, he introduced area and temperature-related data to capture 
the fundamental demand components. In contrast, Holtedahl and Joutz (2004) 
used urbanization as a proxy for a stock of electric appliances to identify  
economic development characteristics and changes in the stock of electric appliances, 
thus avoiding the shortcomings of applying Fisher’s and Kaysen’s approach to 
developing countries. Halicioglu (2007) confirmed the validity of the urbanization 
variable as a proxy for the stock of electric appliances in Turkey. In a study funded 
by the Bank World (2004), the aggregated electricity demand in CAC was  

 
not distinguishing the different consumer categories such as the industry, agriculture, 
services and residential consumers. Atakhanova and Howie (2007) used the  
industrialization rate of the provinces of Kazakhstan to capture economic  
development factors that are not captured by income. The industrialization rate 
was measured by the contribution of the regional industry sector in the gross 

2007), 
who modeled electricity demand for Kazakhstan and estimated the price and 
income elasticity of demand for electricity for the industrial, service and residential 
consumers, we know of no other study that has addressed the price and income 
elasticity of electricity in CAC.

The objective of the present study is to estimate the price and income elasticity 
in the Khorezm region in northwest Uzbekistan through econometric modeling 
under conditions of data limitations, especially with respect to the unobservable 
income variable. Apart from fundamental determinants of demand (price and 
income proxies), this study also uses proxies to capture economic development that 
possibly cannot be captured with income proxies. Data on price of electricity, 
income, industrialization rate and increase in residential areas were used as key 



15910 Price and Income Elasticity of Residential Electricity Consumption in Khorezm

determinants to estimate electricity consumption in this region. Thus, this study 
attempts to address the special characteristics of electricity demand such as the 
potential relation with the size of new dwellings.

10.3  Methodology

Elasticity of energy demand is a measure that denotes the responsiveness of the 
quantity demanded of energy (electricity in this case) to a change in its price or 
consumers’ incomes. It gives the percentage change in quantity demanded in 
response to a 1% change in price or income while holding everything else constant. 
A large number of empirical studies have estimated the price and income elasticity 
of energy demand. The interest in price and income elasticity of demand is high 
because these factors are vital when forecasting energy demand (Medlock 2009). 
The price and income elasticity of demand are unit-free measures. In general  
the price elasticity of demand is negative meaning that an increase in the price of a 
good leads to a decrease in the quantity demand. With the income elasticity of 
demand this is different: an increase in income tends to increase the quantity 
demanded, depending on the kind of goods. So usually the income elasticity of 
demand will be positive.

10.3.1  Description of the Study Region

Twelve administrative districts (ten district and two city administrations) in the 
Khorezm region in northwest Uzbekistan form the basis of our study. This region  
is representative of both Uzbekistan and the neighboring countries. From the 
approximate 1,500,000 people (as of 2008), about 75% are rural and 25% are  
considered urban. The income of the rural population depends to a large extent on 
income from agricultural activities, notably from cotton production (Rudenko et al. 
2008). Cotton is the dominant crop in the region. Khorezm shares with other regions 
in CAC a common culture and history that directly impacts energy consumption  
patterns. The region also has similar climatic conditions with short, cold winters and 
long, hot summers that directly influence household demand for energy for heating, 
lighting and cooking (Conrad 2006; Conrad et al. 2011). The average size of a 
household in Khorezm is 6–10 persons.

10.3.2  Measuring Determinants of Electricity Demand

In previous studies, the panel-data approach was successfully applied to estimate 
either the short-term elasticity of demand or to capture the cross-sectional variation 

2000; 
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Narayan et al. 2007; Cebula 2010; Eskeland and Mideksa 2010; Nakajima 2010). 
For key indicators such as income and urbanization rate, panel data of the 12 districts 
for 2002–2007 were used to cope with the incompleteness of the long-term dataset. 
This panel data consists of time series of 6 years for all 12 districts and thus of 72 
observations for each variable.

The analysis used data from three sources. Residential electricity supply data 
were provided by the only regional electricity distribution company,3 and included 
information on a district level of annual residential electricity consumption (in kWh) 
and annual average price (in local currency, Uzbek Soums, UZS4) of electricity. 
Since these data were collected for accounting purposes, they are very likely to be 
accurate. This dataset was matched with data from the regional statistical authority 
(UZISTIQBOLSTAT) on yearly observations of population monetary income, 
yearly increase in the housing space at district levels for 2002–2007, district level 

period, and per capita monetary income per district. Next, per capita residential 
electricity consumption, per capita monetary income, per capita gross district 
income, and per capita increase in housing area were calculated. Since monetary 

2010) was used to estimate real monetary income and price. Official average annual 
exchange rates of UZS-US$ (Wikipedia 2011) were used as an alternative for the 

To overcome the main empirical challenge in modeling residential electricity in 
CAC transition economies, the incomplete information on income was taken care of 
by estimating a standard energy demand function, with alternative imperfect proxies 
for income.

The following functional form of residential electricity demand was adopted 
from Halicioglu (2007) and Atakhanova and Howie (2007):

 , 0 1 , 2 , 3 , 4 , ,ln ln ln ln lnt i t i t i t i t i t iC a a Y a P a Ind a NewDwl e  (10.1)

where:

C
t,i
 – residential electricity consumption per capita for the tth year in the ith district;

Y
t,i
 – income per capita for the tth year in the ith district;

P
t,i
 – real residential electricity price for the tth year in the ith district;

Ind
t,i
 – industrialization rate for the tth year in the ith district;

NewDwl
t,i
– increase in residential dwelling area per capita for the tth year in the ith 

district.

3 “KhorezmElektrTarmoqlari” is Khorezm’s regional department of the state-owned monopole 
electricity distribution network company.
4 Uzbek Soum (UZS) exchange rate rose from 111.90 UZS in 2002 to 1 263.80 UZS in 2007 
for 1 US$.
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The dependent variable is residential electricity consumption per capita (in kWh). 
Since alternative sources of energy, such as solar and wind energy, are not developed, 
it is assumed that electricity consumption per capita alone accurately represents the 
volume of electricity consumed by the residential consumers.

Two alternative proxies were used to measure the independent variable income. 

for price estimations. Although the price of residential electricity increased steadily 
during 2002–2007, the hard currency equivalent (HCE) price in US cents decreased 
from 6.23 US cents kWh−1 in 2002 to 3.35 US cents kWh−1 in 2007 (Fig. 10.1)

The level of industrialization was estimated as the contribution of the district’s 

(2007
Khorezm (Rudenko et al. 2008), this seems an adequate proxy.

The model mainly served to test the fixed against random effects, since the 
impacts of district- or time-specific effects are unknown. The model with the best 
fit was selected.

In the following, the real monetary income of the population is estimated in 
1,000 UZS per capita whilst the income proxy cotton yield is in tons per capita. 
The real price of electricity is in UZS kWh−1, and the US$ equivalent of the nominal 
price in US cent kWh−1 according to the corresponding year’s average exchange 

industrialization rate and is given in 1,000 UZS per capita. “New dwellings” is a 
measure of per capita annual increase in residential area in square meters. This last 
variable is introduced as it is assumed that an increase in the quantity of housing 
will have an impact on electricity demand.

10.4  Results and Discussion

The estimations of the model are presented in Table 10.1. As the findings represent 
the short-run elasticity for 2002–2007, the magnitude of the estimated price elasticity 
was higher than that in previous studies in developing countries (e.g. Atakhanova 
and Howie 2007; Halicioglu 2007) and varied from −0.5161 to −0.8991. When the 
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Fig. 10.1 Dynamics of the residential electricity price in Uzbekistan, 2002–2007 (in UZS and US 
cents kWh−1). HCE denotes hard currency equivalent of the nominal price (Source: Based on data 
from KhorezmElektrTarmoqlari and IMF)
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hard currency equivalent (HCE) of the nominal price was used, demand was more 
price elastic compared to when the real price5 was used, suggesting that even the 
real price may undervalue the true price of electricity. All coefficients of the real 
price and the HCE price were statistically significant at p < 0.001. Although all models 
tested had statistically significant price coefficients and the expected signs, other 
estimates did not fit some criteria. All the models had at least one of the following 
flaws: (a) statistically insignificant coefficients, (b) unexpected signs, or (c) a coefficient 
with a magnitude that cannot be explained from an economic point of view.

Uzbekistan’s population of 28,000,000 is the largest in Central Asia and about 
45% of the entire population in the region. Currently, the price of electricity in 
Khorezm and in the whole of Uzbekistan does not include the true cost of the 
natural resources used to produce this electricity. About 80% of the total electricity 
in the country is produced using natural gas, which is expected to be depleted within 
the next 25–30 years.

The contribution of renewable energy sources in generating electricity is very 
small (less than 1%). To achieve long-term sustainability, the authorities in CAC 
must have a strong interest in achieving a correct pricing of electricity, unless they 
accept further subsidization of this sector. As long as energy is significantly under-
valued, as is presently the case, price mechanisms to encourage energy savings will 
have only a limited impact, if at all. Furthermore, under priced electricity will dis-
incentivize the introduction of renewable electricity sources, which currently would 
mean relatively high capital investment costs for the population in CAC. These 
countries currently have gross national per capita incomes that vary from 700 US$ 
in Tajikistan to 870 US$ in Kyrgyzstan, 1,100 US$ in Uzbekistan, 3,420 US$ in 
Turkmenistan, and 6,920 US$ in Kazakhstan (World Bank 2009).

Furthermore, the present efficiency level of residential electricity consumption  
is rather low, which is due to outdated equipment (spiral-based light bulbs,  
valve-based TV sets, and old refrigerators). Consequently, it can be expected that an 
increase in income could slightly reduce the per capita electricity consumption. 
This is evidenced by the income coefficients of the random effects models with real 
monetary income as an income proxy, which were statistically significant with 
p = 0.010 under real price and p < 0.001 under HCE of the nominal price. As for the 
case of cotton yield as an income proxy, coefficients were statistically significant 
with a positive sign and relatively higher than in case of real monetary income. 
Therefore the signs in these statistically significant models were controversially 
under the two income proxies used (real monetary income and cotton yield). Only 
real monetary income supported the initial hypothesis of a negative relation between 
income and electricity consumption. Thus, due to the sign variation of the coefficients 

the wide variety of non-monitored income-generating activities pursued by the rural 
population (Djanibekov 2008), and the unknown share of remittances from family 
members abroad to rural households (Conliffe 2009) for securing incomes and 

5 Real value is an adjusted price for the effect of inflation on the nominal price.
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livelihoods, the true income of the population is very likely underestimated when 
based solely on cotton yields. This explains in part the low fit of the income findings 
based on cotton yields. Despite this discrepancy, all other criteria are well supported 
by the random effects model with the real price. Moreoever, Hausman’s specification 
test results imply that fixed effects estimates should be abandoned in favor of random 
effects estimates. This indicates that an increase in income may also lead to an 
increase in per capita residential electricity consumption. The positive effect of the 
income growth on decreasing per capita residential electricity consumption is also 
proven by the findings of the current short-run elasticity estimation.

The industrialization rate was positively elastic and statistically significant, but 
only under the conditions of a real price, and ranged from 1.3201 to 1.6465. This 
indicates that every 1,000 UZS per capita increase in industrial production will lead 
to more than 1 kWh per capita increase in residential electricity consumption.

It was hypothesized that per capita increase in dwelling areas leads to an increase 
in per capita residential electricity consumption. For example, if a family in Khorezm 
with an average of six members formerly living together separates into two families 
living in two houses, the electricity consumption level (for one TV set, one refrigerator 
and ten light bulbs for six people) will rise with the split, as will the per capita  
dwelling area. In Uzbekistan, with its relatively high birth rate and rapidly increasing 
dwelling areas, this variable may be one of the important explanatory variables of 
residential electricity consumption. However, only three models out of the eight 
(moreover using HCE values of the price) supported the assumption of a high 
explanatory value of the dwelling area, as evidenced by the range of coefficients 
from 0.1311 to 0.3648 (Table 10.1). In the models with real price, the coefficients 
of the New Dwelling variable were statistically insignificant and had the opposite 

limitations of the present dataset and analyses, a more in-depth study of the current 
variable could clarify the present evidence that an increase in residential dwelling 
area leads to a significant increase in electricity consumption.

The overall goodness-of-fit of the models varied from 0.4952 to 0.6784, with real 
monetary income and real price under random effects providing the best fit 
(Table 10.1). In general, the random effects variations were captured better than 
those of the fixed effects, implying that variation over time is captured more precisely 
compared to the variation in consumption behavior within districts. This suggests 
that (a) price and income elasticity of electricity demand over time is not stable, and 
(b) the distribution of income proxies within the districts is uneven.

Central Asian economies may be able to meet the domestic demand until about 
2020 through the implementation of measures aiming at reducing electricity loss, 

expected rapid depletion of natural gas – at present the main source of energy in 
Uzbekistan – the implications of price-related measures (increase in price) could be 
fourfold:

 1. The currently low efficiency level would be significantly improved, facilitating 
the process of the transition to electricity-efficient high-tech equipment;
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 2. Further expansion of the fossil-based electricity generation sector would be 
dampened, leading to a more sustainable fossil-fuel use together with a lower 
increase in emissions;

 3. The revenues to be expected from a higher price for electricity would generate 
more funds, which could be spent on diversifying the electricity supply sector, 
for instance by increasing the share of solar, wind and other renewable sources in 
places where these sources could generate a technically feasible capacity;

 4. The increase in price, in line with facilitating an efficient consumption by the 
residential consumers, could prepare the ground for introducing renewable 
energy, making it more competitive with centrally supplied electricity.

A possible side effect of price-related changes may be an increased non-payment. 
A study by the Bank World (2004) estimated only 70–85% billing of the total electricity 
in CAC in 2002. Some non-residential consumers (i.e., mining industry) are not 
billed but use an exchange method of payment for the consumed electricity (Bank 
World 2004). Residential consumers are 100% billed. Avoiding this gap in revenue 
generation may require an increase in metering and accounting efforts.

10.5  Conclusions

An electricity price increase in Uzbekistan will definitely result in increased  
consumption efficiency and hence lead to a significant decline in per capita residential 
electricity consumption. But, even in that case, UzbekEnergo6 will need to increase 
the residential electricity supply due to the steady population growth. However,  
as the price of electricity for consumers other than residential ones increased 
simultaneously, it is necessary to determine the effect of price increase on the 
industrial, agricultural and other consumers to achieve a comprehensive energy 
reform policy. This requires, becoming acquainted with the characteristics of the 
energy consumption of these consumer groups.

The income elasticity of residential electricity consumption in the short run is 
assumed to be negatively elastic, which is due to the transition to high-tech electricity 
consumption by households. This hypothesis was not sufficiently well supported by 
the findings. On the contrary, empirical evidence demonstrates that income has a 
positive elasticity with small coefficients. As the standard of living of the population 
increases, its demand for electricity will also be growing. In addition, increases in 
incomes can change the price elasticity of the electricity demand by decreasing the 
effect of future price changes. Therefore, in line with price-related demand-regulation 
mechanism, UzbekEnergo needs to seek alternative control tools as well as measures 
for meeting the future residential energy demand. Introduction of renewable energy 
resources in the remote areas can be one of these measures. In some of the eight 
estimated models both industrialization and increase in dwelling space revealed 

6 State-owned monopole electricity supplier for all customers.
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(through their statistical significant coefficients) to be interesting new explanatory 
variables. Identifying such determinants of the electricity consumption is crucial  
for policy makers and demand forecasting, and could also be another important 
contribution for residential electricity demand modeling. Increased knowledge 
about the reform policy of UzbekEnergo, its current strategy, and short- and long-term 
planning would allow better appraising the present policy better and supporting the 
formulation of recommendations than presently possible.
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Abstract The efficiency of the nitrogen (N) application rates 0, 120, 180 and 240 kg N 
ha−1 in combination with low or medium water levels in the cultivation of winter 
wheat (Triticum aestivum L.) cv. Kupava was studied for the 2005–2006 and 
2006–2007 growing seasons in the Khorezm region of Uzbekistan. The results show 
an impact of the initial soil N

min
 (NO

3
-N + NH

4
-N) levels measured at wheat seeding 

on the N fertilizer rates applied. When the N
min

 content in the 0–50 cm soil layer was 
lower than 10 mg kg−1 during wheat seeding in 2005, the N rate of 180 kg ha−1 was 
found to be the most effective for achieving high grain yields of high quality. With 
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a higher N
min

 content of about 30 mg kg−1 as was the case in the 2006 season, 
120 kg N ha−1 was determined as being the technical and economical optimum. The 
temporal course of N

2
O emissions of winter wheat cultivation for the two water-level 

studies shows that emissions were strongly influenced by irrigation and N-fertilization. 
Extremely high emissions were measured immediately after fertilizer application 
events that were combined with irrigation events. Given the high impact of 
N-fertilizer and irrigation-water management on N

2
O emissions, it can be concluded 

that present N-management practices should be modified to mitigate emissions of 
N

2
O and to achieve higher fertilizer use efficiency.

Keywords Nitrogen rate • Aral Sea Basin • N
2
O emissions • Productivity

11.1  Introduction

Winter wheat is a major staple crop in Uzbekistan. It is grown under irrigation 
throughout the country in rotation with cotton, except for some rainfed areas in the 
mountainous part of the country. As irrigation water always has been a scarce resource 
and is gradually becoming scarcer, also throughout Central Asia, water-efficient 
irrigation practices are vital to sustain agriculture in this region. Generally, the 
number of irrigation events in wheat production depends on the daily temperatures, 
and can be as few as four and as many as six or more times during the growing season 
(Mansurov et al. 2008).

One of the most crucial development stages for irrigating winter wheat is the 
flowering stage. Drought or water stress during this critical stage will immediately 
reduce quantity and quality of the grain (Abayomi and Wright 1999; Moussavi-Nik 
et al. 2007). Moreover, surplus irrigation at a later growth stage cannot compensate 
the impact of water deficits at earlier growth stages (Rawson and Gomez-Macpherson 
2000). In addition, nitrogen (N) fertilizer applications will have a limited effect 
when the available water supply during flowering is insufficient. Over- and deficit 
irrigation can also lead to losses of N fertilizer due to volatilization, nitrification/
denitrification and leaching, and thus to insufficient N uptake by the wheat crop. 
Thus, the amount, intensity and frequency of irrigation as well as the optimal 
allocation, timing and composition of N fertilizer applications should be carefully 
managed to minimize N-fertilizer loss, and consequently to increase the economic 
benefits and reduce environmental hazards such as groundwater pollution and global 
warming.

An analysis of benefits and costs associated with the present irrigation and 
fertilizer management practices should be economically profitable before one can 
expect it to be adopted by farmers. This is particularly the case for irrigated  
agriculture, since most experience with N fertilization and recommendations for its 
use predominantly originate from rainfed wheat production, which takes place on 
higher altitudes in the country. Optimal N-fertilization schemes for winter wheat 
production in Khorezm have been studied extensively by local research institutes. 
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However, the effect of irrigation amounts in combination with different N-fertilizer 
levels on N losses, yield production and quality of wheat grain and stover has 
received little attention. During a long-term study, a model was elaborated by 
ZEF/UNESCO in the Khorezm region to study the response of winter wheat to 
different levels of N fertilization in combination with varying irrigation water  
levels, while concurrently assessing the gaseous losses from winter wheat fields to 
the environment.

11.2  Materials and Methods

Experimental design: The winter wheat variety Kupava R2 was seeded at a rate of 
250 kg ha−1. Nitrogen (N) fertilizer was applied as NH

4
NO

3
 at 0, 120, 180 and 

240 kg N ha−1 in a randomized complete block design with four replications. In 
addition, a basal dressing of single super phosphate (SSP) at a rate of 100 kg P

2
O

5
 

ha−1 and of potassium chloride (KCl) at a rate of 70 kg K
2
O ha−1 was applied  

manually before seeding to prevent P and K deficiency during the experiments. 
Nitrogen fertilizers were hand-applied in three splits, i.e., before seeding (N

20%
, 

P
100%

, K
100%

), at tillering (N
40%

) and at booting (N
40%

) directly followed by irrigation 
according to the recommendations provided by the Uzbekistan Scientific Production 
Center of Agriculture (2000). Irrigation water was applied to maintain soil moisture 
levels either at 65% (WL1) or 75% (WL2) of field capacity. Water amounts were 
measured at every irrigation event with a Chipoletti weir (Table 11.1). Each of the 
32 plots sized 120 m2.

Observations and recordings: Grain maturity was visually estimated at the point of 
complete loss of the green color of the grumes as previously suggested (El-Hendawy 
et al. 2005). At this stage, three sub-plots of 1 m2 each were harvested in each of the 
32 plots. Following harvest, the main spike was separated from the other spikes of 
each harvested plant. Next to the number of plants per m2, also spike length and 
spikelet number were recorded for each subplot. Ears were threshed and dried at 
70°C for 48 h to determine the dry weight (DW) of all plant fractions. Grain yield, 
1,000-grain weight (TGW) and stover weight were determined.

Economic analyses: To assess the economic feasibility of each treatment combination, 
yield, grain and straw market prices, and fertilizer costs were collected for the 
observed years. This allowed the comparison of the experimental results based on 
the total revenue (TR), total costs (TC), net benefit (NB) and rate of return (RR). 
Real prices for N fertilizers and wheat grain were obtained from market surveys. 
The TR was calculated as the harvest multiplied by the output price as determined 
at the Urgench local market in 2005–2007. The TC included the variable and fix 
costs. The NB was calculated as the difference between TR and TC. The economic 
efficiency of the different treatments was estimated via the associated rate of return 
(RR), which shows the profit received per each invested monetary unit (RR = NB/
TC). All estimates were computed in the local currency (UZS) and converted 
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into US$ based on the average exchange rate of 1 US$ = 1,114.5 UZS in 2005 and 
1 US$ = 1,200 UZS in 2006.

Statistical analysis: ANOVA and t-tests were conducted with the software packet 
SAS version 9.1 (SAS Institute 2005) for yields and yield determining components,  
i.e., grain yield, TGW, spike length, shoot stand and kernel number per spike. The 
least significant difference test (LSD) was used to separate for significant treatment 
effects.

11.3  Results and Discussion

Grain yield and yield components: The lower amounts but the higher frequencies of 
water supplied under WL2 than under WL1 increased yield components under no N 
application (N0; Table 11.2). The combined application of lower amounts of irrigation 
water with higher frequencies and different N fertilizer rates tended to increase shoot 
stands, as was also found in other studies (Loveras et al. 2004). The same trend was 
observed for spike length and number of kernels per spike, albeit the differences 
among treatments within each and between water levels were insignificant.

Significant effects of N fertilization on various yield-determining components 
such as productive tillers per m2, spike population, number of grains per spike, and 
TGW have been recurrently reported (Jan and Khan 2000; Ali et al. 2003; Maidl 
et al. 2009). In 2006, the TGW decreased significantly under WL2 as compared to 
WL1, which is in line with the expectations based on previous studies (Ellen 1989) 
and that was caused by the higher shoot density in WL2.

In both study years, grain yield under WL2 was higher than under WL1, although 
the differences between these treatments were not statistically confirmed. The 
absence of clear differences could be due to the different initial soil conditions. 
Native soil N

min
 (NO

3
-N + NH

4
-N) level at wheat seeding in autumn 2006 was about 

30 mg kg−1 in the 0–50 cm soil layer, which decreased the efficacy of the N applications 
(120, 180 and 240 kg N ha−1). Therefore, significant yield differences were obtained 
only with 120 kg N ha−1 in comparison with no N application (N0), while yield  
differences between rates of 120 and 180 kg N ha−1, and between 180 and 240 kg N 
ha−1 were insignificant irrespective of the irrigation water amount. Irrespective of 
water level, when the N

min
 content in the same soil layer was lower than 10 mg  

Table 11.1 Amounts of irrigation water and frequency of application during two growing 
seasons

Irrigation level

2005/2006 2006/2007

Amount (mm) Frequency Amount (mm) Frequency

WL 1 (low water level) 521 6 473 6
WL 2 (medium water level) 469 78 448 7
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during wheat seeding in 2005, yield differences between N0, 120 and 180 kg N ha−1 
were significant, while this was not observed for 180 and 240 kg N ha−1. This appar-
ent impact of N fertilizer on winter wheat yields has often been recorded (Fowler 
2003). In both study years, grain yield differences were significant for 120 kg N 
ha−1. The WL*N interaction at P < 0.1 was not significant.

The economic analyses show that changes in both N rate and irrigation scheduling 
had a substantial impact on the economic efficiency (Fig. 11.1). In 2005/2006, the 
highest (0.62) rate of return (RR) was obtained with WL2N180. The RR values 
were negative (−0.19 and −0.22, respectively) in the absence of N fertilization (N0) 
for both water levels.

The low grain yield of 2 t ha−1 was the main cause of these low returns and not so 
much the low production costs. In general, a slight increase in net benefits was 
observed when N and irrigation water amounts were increased. In the first season 
the highest benefit per ha of 375,000 UZS (336 US$) was achieved with WL2N240. 
With the total costs not varying significantly among the treatments, TR changed 
considerably and, hence, grain yields played a major role in determining the  
economic efficiency of the different treatments. In the second season 2006/2007, the 
RR (as an indicator of economic efficiency) increased substantially (Fig. 11.2),  
particularly owing to the increased domestic prices for wheat, which partly followed 

Table 11.2 Impact of Water Level (WL) and Nitrogen (N) rate on wheat grain yield and yield 
components during two growing seasons

Irrigation
N fertilizer 
(kg ha−1)

Shoot stand 
(piece m−2)

Spike  
length (cm)

Kernel number/
spike (piece)

1,000-grain 
weight (gram)

Yield 
(t ha−1)

2005/2006
WL1 0 381 (84)c 6.7 (0.13)b 35 (2.6)b 35 (1.3)e 2.00 (0.2)d

WL1 120 483 (97)ab 8.5 (0.5)a 52 (5.9)a 41 (0.8)a 3.89 (0.5)c

WL1 180 429 (55)bc 8.7 (0.29)a 53 (1.9)a 40 (2.8)ba 4.45 (1.2)bc

WL1 240 452 (26)abc 8.7 (0.62)a 54 (4.1)a 41 (1.5)a 5.37 (1.6)ab

WL2 0 379 (113)c 6.9 (0.56)b 36 (6.1)b 36 (1.3)de 1.99 (1.1)d

WL2 120 510 (121)ab 8.9 (0.88)a 52 (2.4)a 36 (2.2)de 4.34 (0.8)bc

WL2 180 500 (50)ab 8.9 (0.5)a 53 (2.4)a 37 (0.5)dc 5.61 (0.7)a

WL2 240 531 (78)a 8.9 (0.22)a 52 (3.7)a 38 (1.0)bc 5.82 (0.2)a

2006/2007
WL1 0 386 (40)f 8.5 (0.57)c 42 (3.8)c 36 (1.0)b 2.61 (0.8)d

WL1 120 472 (75)ed 9.4 (0.47)b 50 (3.0)a 37 (0.8)ba 5.11 (0.9)c

WL1 180 535 (87)dc 9.8 (0.57)ba 48 (2.2)ba 37 (1.0)a 5.83 (0.8)abc

WL1 240 641 (34)a 10.1 (0.46)a 51 (7.8)a 37 (1.0)ba 6.31 (0.6)a

WL2 0 425 (89)ef 8.7 (0.29)c 42 (4.6)bc 36 (1.2)ba 3.07 (0.8)d

WL2 120 558 (20)bc 9.4 (0.53)b 51 (3.8)a 37 (1.8)ba 6.05 (0.7)ab

WL2 180 622 (69)ba 9.6 (0.35)ba 47 (5.6)bac 37 (1.0)ba 6.21 (0.7)a

WL2 240 611 (63)bac 9.6 (0.59)ba 48 (3.4)a 37 (1.9)ba 6.53 (0.8)a

Data in parentheses are standard deviation. Means with the same letter in each column are not 
significantly different at P < 0.1 according to year using the t-test (LSD Alpha 0.1)



176 N. Ibragimov et al.

−0.4

0.2

0.8

1.4

−0.4

0.2

0.8

1.4

2.0

WL1N0 WL2N0 WL1N120 WL2N120 WL1N180 WL2N180 WL1N240 WL2N240

R
at

e 
of

 r
et

ur
n 

[in
 c

oe
ff
ic

ie
nt

]

T
R

, 
T

C
 &

 N
B

 [
in

 m
ln

 U
Z

S/
ha

]

Treatments

TR
TC
NB
RR

Fig. 11.1 Economic indicators of treatments as a response to changes in irrigation-water and 
nitrogen-fertilizer application levels in 2005/2006. Connecting line is included for better visualization 
only (TR total revenue, TC total costs, NB net benefit and RR rate of return)

0.0

0.6

1.2

1.8

0.0

0.6

1.2

1.8

2.4

WL1N0 WL2N0 WL1N120 WL2N120 WL1N180 WL2N180 WL1N240 WL2N240

R
at

e 
of

 r
et

ur
n 

[in
 c

oe
ff

ic
ie

nt
]

T
R

, 
T

C
 &

 N
B

 [
in

 m
ln

. 
U

Z
S/

ha
]

Treatments

TR TC NB RR

Fig. 11.2 Economic indicators of treatments as a response to changes in irrigation-water and 
nitrogen-fertilizer application levels in 2006/2007. Connecting line is included for better visualization 
only (TR total revenue, TC total costs, NB net benefit and RR rate of return)



17711 Optimal Irrigation and N-fertilizer Management for Sustainable Winter Wheat...

the steep increase in wheat prices on the world markets.1 The net benefits of all 
treatments were positive and ranged from 150,000 to 1,280,000 UZS ha−1 
(125–1,067 US$). The RR even of the least profitable option (WL1N0) was 0.45, 
while the maximum RR reached nearly 1.60 (WL2N120) in 2006/2007. Total costs 
incurred in 2005/2006 ranged between 440,000 and 640,000 UZS ha−1 (395–574 US$) 
and did not increase substantially in 2006/2007 where they were in the range of 
560,000–830,000 UZS ha−1 (467–692 US$). But since the wheat prices increased 
almost two-fold compared to 2005/2006, the RR for each treatment in 2006/2007 
was substantially higher than in 2005/2006.

Considerably different net benefits compared to those of N0 were achieved in the 
second year of research. Experiments with nitrogen application earned much higher 
net benefits, especially if compared to the first-year results, attributed to higher 
yields (above 5 t ha−1), and even more so with the medium water (WL2) application 
level (above 6 t ha−1). Treatments with a medium water level and the highest 
fertilizer rate (WL2N240 in Fig. 11.2) showed the highest net benefit of about 
1,100,000 UZS ha−1 (about 917 US$). An addition of 60 kg N ha−1 has the potential 
of only very slight increases in net benefit and hence economic efficiency. With 
regard to the irrigation-water level, the highest profitability was observed for WL2 
(about 5,682 m3 ha−1) where yields varied between 3.07 to 6.53 t ha−1 for all N rates. 
While the profitability in 2005/2006 was mainly determined by the grain yields, in 
2006/2007 the main determinants were the combination of wheat price and yield. 
Rapid price increases had a greater impact on wheat profitability, since average 
yield increases in the second year reached 30%, whereas domestic prices for 
wheat for sale to the state increased by about 50% and for sale at the local market 
by 100%.

N
2
O emissions: To assess the sustainability of wheat production, it is very important 

to assess not only technical and economic indicators but also ecological factors.  
To achieve this, emissions of the greenhouse gas N

2
O were monitored over the  

cropping season using an analytical set up (Scheer et al. 2008a).
High N

2
O emissions indicate a low efficiency of fertilizer use and, at the same 

time, a detrimental impact on the environment. Because N
2
O is a very potent green-

house gas – about 300 times as potent as carbon dioxide – even small quantities over 
time and across very large areas can contribute significantly to global warming 
(Scheer et al. 2008b). The temporal course of N

2
O emissions of winter wheat is 

displayed in Fig. 11.3.
The emissions were strongly influenced by irrigation and fertilization, and extremely 

high emissions were measured immediately after fertilizer application events that 
were combined with irrigation events. These “emission peaks” accounted for 
approximately 90% of the total N

2
O emissions over the whole cycle and amounted 

to seasonal values of 0.6 kg N
2
O-N ha−1 for WL1 and 0.9 kg N

2
O-N ha−1 for WL2.

1 According to International Grain Council, USDA and FAO. http://www.fao.org/es/esc/prices/
CIWPQueryServlet
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11.4  Conclusions

The official N fertilizer recommendations for irrigated winter wheat of 180 kg  
N ha−1 were found to correspond well with the potential N uptake of winter wheat 
measured in this study. However, as the results show, the economically and ecologically 
effective N fertilizer dose for winter wheat is site specific. In both winter  
wheat seasons, yield differences were always significant between 0 and 120 kg  
N ha−1, but the differences were insignificant between 180 and 240 kg N ha−1 with 
both WL1 and WL2. The significance in yield differences between 120 and 180 kg  
N ha−1 for each irrigation water level apparently is due to the imposed soil moisture 
levels and varied with the initial mineral N content in the soil (Djumaniyazova et al. 
2010). Optimal N management in winter wheat, therefore, could be achieved 
through further investigations, e.g., measurement of plant N status directly in the 
field using non-destructive or indirect methods such as leaf color chart or various 
optical sensors (e.g., SPAD 502, GreenSeeker) (Ibragimov et al. 2006; Djumaniyazova 
et al. 2007, 2008).
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Given the high impact of N-fertilizer and irrigation-water management on N
2
O 

emissions, it can be concluded that management practices should be modified to 
mitigate N

2
O emissions and to sustain higher fertilizer use efficiency. Modifications 

in the amount and timing of the fertilizer application and irrigation events could 
reduce N losses, and concomitant N fertilization and irrigation should be avoided 
where possible. In general, management practices that have been shown to increase 
the N-fertilizer use efficiency in irrigated systems, such as sub-surface fertilizer 
application, fertigation and drip irrigation, will most likely also reduce the N

2
O 

emissions and thus are expected to lead to more sustainable agriculture.
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Abstract In the irrigated areas of Uzbekistan the nitrogen (N) fertilizer efficiency in 
crop production is low, as N is partially leached to the groundwater. The N-fertilizer 
use is still based on recommendations from Soviet times when fertilizer supply was 
subsidized to maximize production at all costs. Also irrigation water is applied sub-
optimally, and groundwater levels have been reported to be of less than 1 m during 
the vegetation period. As substantial upward movement of salts from the groundwater 
is frequently observed due to high evapotranspiration rates, it can be expected that 
nitrate from leached N fertilizer may also move in the soil profile thus influencing 
the N balance of the soil. In this study we therefore estimated the groundwater 
contribution to N-fertilization to improve the N management while sustaining yields 
and quality and reducing negative environmental effects of groundwater nitrate. 
Nitrate in irrigation and groundwater was measured during spring and summer. Data 
were complemented with field measurements of groundwater levels, irrigation and 
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N-fertilizer amounts. With the CropSyst model, upward fluxes of groundwater and 
evapotranspiration rates were derived, as we could not measure these in the field. We 
calculated the contribution from the upward flux of nitrate-containing groundwater 
to the N content in the rooting zone. The difference between the simulated actual 
evapotranspiration and the irrigated water amount was 335 mm. The average nitrate 
content in the groundwater was low under summer crops (2 mg nitrate L−1) and higher 
under the spring crop (24 mg nitrate L−1). However, the temporal dynamics were very 
much linked to the irrigation and fertilization practices, and corresponded to the 
changes in groundwater table depth: Almost immediately after fertilization, the 
nitrate content increased to up to 75 mg nitrate L−1 in spring. At the end of the growing 
period, the nitrate amounts had reached levels similar to those prior to fertilization. 
A groundwater contribution of 355 mm and an average nitrate concentration of up to 
75 mg nitrate L−1 would enhance the N stocks in the soil by up to 5–61 kg N ha−1. 
This is equivalent to one single fertilizer application event. However, in case farmers 
would rely on the input of N through the groundwater to satisfy crop demand and 
consequently reduce N fertilizer application levels, the N concentrations in the 
groundwater would reduce and become an unreliable source.

Keywords  

12.1  Introduction

Following Uzbekistan’s independence and after a history of subsidized inputs and 
crop production on the state collective farms, the newly established Uzbek farmers 
are challenged by on-going changes in land-tenure regulations (cf. Djanibekov et al. 
2011), and rising costs for fertilizers, pesticides, machinery and fuel for tractors and 
electricity for irrigation pumps (cf. Rudenko et al. 2011). Caught between the 
obligation to fulfill the state’s production targets for cotton and winter wheat and the 
burden of ensuring their livelihood, farmers decide to apply agronomically sub-
optimal amounts of N fertilizer and water to their crops, i.e. irrigated cotton and 
winter wheat. Furthermore, fertilizer recommendations date back to the time 
before independence when fertilizer supply was subsidized to maximize production 
at all costs.

Already in 1940, due to the extension of the irrigated area, a systematic increase 
in the groundwater level was reported for the lower reaches of the Amudarya river, 
e.g. the Khorezm region, Uzbekistan. Despite the step-wise construction of the 
drainage network that was more or less completed in 1975, the area with groundwater 

2005; cf. Tischbein et al. 2011).  
This can be attributed to malfunctioning drains, but also to over-applications of 

2005).
Frequent irrigation events with large amounts of water increase the potential for 

N losses below the rooting zone or even to the groundwater via leaching of the 
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mobile fractions (Smika and Watts 1978; Young and Aldag 1982; Riley et al. 
2001;  Burkart and Stoner 2002; Liu et al. 2003 2006). As it is not attracted 
by the negatively charged clay surfaces, nitrate (NO

3
) is not retained by the soil 

particles and is, therefore, more easily leachable than ammonium (NH
4
), which is 

positively charged and usually bound by electrostatic attraction to the exchange 
sites of the clay particles (Scheffer and Schachtschabel 1998). The rate of nitrate 
leaching is governed by the water regime, soil textural properties, crop uptake and 
rooting distribution, as well as by fertilizer inputs and mineralization rates (Burns 
1980; Young and Aldag 1982; Hadas et al. 1999; Riley et al. 2001; Dinnes et al. 
2002; Dunbabin et al. 2003; Liu et al. 2003).

The fate of N in irrigated systems has been intensively studied. Unaccounted N 
losses of 8–51% observed in the Tashkent region of Uzbekistan (Ibragimov 2007) 
correspond with N-fertilizer inefficiencies found in other regions, e.g., 42–43% 
(Freney et al. 1993; Mahmood et al. 2000), or 25–50% (Chua et al. 2003), where 
N is assumed to be lost from the soil-crop system through denitrification and 
leaching. Yet, for the region of Khorezm, there has been little research conducted 
on the N losses particularly to the groundwater from fertilizer applications to  
agricultural crops.

Sustainable N-fertilizer management and irrigation practices thus are challenging, 
especially in the irrigated regions of Uzbekistan, where poor N and water manage-
ment can inevitably influence the soil-N balance and plant-N uptake and may lead 
to nutrient losses to the environment via volatilization or leaching, while sacrificing 
crop yields and quality. This research, therefore, attempted to identifying the 
groundwater contribution to N-fertilization in irrigated cotton and winter wheat 
production in the Khorezm region to improve the N fertilization strategies for cotton 
and wheat while reducing threats to the environment.

12.2  Methods

Nitrate content in the irrigation water and groundwater was measured after the  
cotton and wheat harvest in 2007 using four observation wells (piezometers), which 
were installed in a transect towards the drainage canal. The piezometers consisted 
of 2.2-m long poly-ethylene pipes of 4 cm in diameter. The pipes were blocked at 
the bottom, and the lower half of the pipe was perforated. To protect the perforated 
holes from clogging, the pipes were wrapped in fine synthetic fiber. The groundwater 
data were used to approximate groundwater table dynamics throughout the  
season; the data were later used in the modeling (see below). Water samples, water 
depth and nitrate measurements were taken from the irrigation and groundwater 
after fertilization and irrigation events. Nitrate content in the water was determined 
using nitrate test sticks (Merkoquant®) and photometrically with a calibration 
solution (Spectroquant®).

Using the model CropSyst (version 4.09.05) and its newly developed generic 
routine for cotton (Sommer et al. 2007), upward fluxes of groundwater were derived, 
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which could not have been measured in the field experiments. For the Khorezm 
region with changing groundwater tables and soil salinity hazards, CropSyst seemed 
an appropriate software for it can simulate crop yield and detailed N and soil organic 
matter (SOM) dynamics applying algorithms used in the CENTURY model (Parton 
et al. 1987; Parton and Rasmussen 1994) while considering fluctuating shallow 
groundwater tables and salinity stress (Ferrer-Alegre and Stockle 1999; Stockle 
et al. 2003).

The CropSyst water budget accounts for precipitation, irrigation, soil evaporation, 
canopy and residue interception and transpiration, runoff, surface storage and 
ponding, infiltration and deep percolation (Stockle et al. 1994, 2003). Model details 
for the water budget and crop growth and development are described elsewhere 
(e.g. Stockle et al. 1994, 1997, 2003 1999; Stockle and Nelson 
2000; Sadras 2002; Fuentes et al. 2003; Bechini et al. 2006). Given that the model 
calculates water transport for each soil node using a finite difference solution of  
the Richards’ equation (Stockle et al. 1997), results from Forkutsa (2006) and 
Forkutsa et al. (2009a) could be integrated in the parameterization.

In the model, nitrogen leaching is related to water movement in the soil (concentration 
of N in the water), which is determined by the amount of soil water in each soil layer 
and free movable mineral N in the profile and the soil cation exchange capacity 
(Stockle et al. 1994; Donatelli and Stockle 1999). Simulations of infiltration and water 
redistribution in the profile are done via the cascade approach (Sadras 2002). Nitrate 
is not retained by the soil matrix, and ammonium movement is dependent on the 
absorption capacity of the solid soil matrix as described by Langmuir (Eq. 12.1) 
(Stockle et al. 1994):

 

4
4

4

k q [NH ]
X NH

1 k [NH ]  
(12.1)

where X-NH
4
 is the amount of ammonium absorbed by the exchange sites (kg kg−1), 

[NH
4
] is the concentration of ammonium (g L−1) in the soil solution, and k and q are 

constants (kg kg−1). Effects of diffusion and hydrodynamic dispersion are not  
considered (Stockle et al. 1994).

Model parameters needed for CropSyst were either estimated from field  
measurements or adjusted for cultivar characteristics based on literature data. 
Most of the components necessary for the water balance were measured in the 
field (i.e., irrigation water, precipitation, soil water fluxes, as described in 
Kienzler 2010). Those parameters not measured in the field were estimated using 
the model HYDRUS 1-D (Forkutsa et al. 2009a, b). Runoff was negligible as the 
soils were fairly levelled.

The upward flux of nitrate-containing groundwater was assumed to not be 
adsorbed in the soil but to contribute to the nitrate content in the rooting zone of 
cotton (Burns 1980). The upward movement of nitrate was thus estimated according 
to Eq. 12.2

 
2 1 2 1Contribution 3551 m 8 mgl 2.84 gm 28.4 kg nitrate ha  (12.2)
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using the simulated groundwater contribution of 355 mm and an average nitrate 
concentration in the groundwater of 8 mg L−1 (see results shown below). The equi valent 
nitrate-nitrogen amount (in kg ha−1) was obtained by multiplying the respective 
amount of nitrate with 0.2259 (i.e. atomic mass of N divided by atomic mass of 
nitrate). A more detailed contribution to the subsoil nitrate content was computed 
using the daily water balance simulations from the model CropSyst (Kienzler 2010). 
The bottom flux (Vbot) was calculated using Eqs. 12.3 and 12.4:

 V F Ebot Ta W  (12.3)

 F P I R Pi Pm  (12.4)

where F is the infiltration (mm), ETa the actual evapotranspiration (mm), W the 
storage change, P the precipitation (mm), I the irrigation amount (mm), R the  
surface runoff (mm), Pi the crop interception (mm) and Pm the mulch interception. 
The storage change was calculated as the daily water fluctuation in the soil between 
the rooting zone and the groundwater table.

12.3  Results and Discussion

12.3.1  Groundwater Nitrate Content in 2007 and 2008

The concentration of nitrate in the irrigation water during cotton and wheat growth 
was rather low (<0.5 mg L−1). Groundwater nitrate content was monitored for the 
summer crops (carrot, cabbage and maize) in summer 2007 and during the whole 
winter wheat growth period in 2007/2008.

The average nitrate content in the groundwater under the summer crops was 
1.8 mg nitrate L−1 (Fig. 12.1). However, the temporal dynamics were very much 
linked to the irrigation and fertilization practices. Almost immediately after fertilization, 
however, the contamination of the groundwater with nitrate increased to a  maximum 
of 7.8 mg nitrate L−1 in the piezometer Pz4. At the beginning of September, the levels 
had reached values similar to those prior to fertilization.

The average nitrate content of the groundwater under winter wheat in 2008 was 
high (23.9 mg nitrate L−1) (Fig. 12.2). The minimum nitrate amount of 13.8 mg 
nitrate L−1 on 29.03.08 was measured in the groundwater one week after the last 
irrigation event (22.03.08), while the maximum content of 44.4 mg nitrate L−1 on 
02.04.08 was found one day after fertilization and irrigation had occurred (01.04.08).

All measurements in 2008 represent the means of the nitrate test-sticks color 
step, as photometric measurements were not available. Therefore, individual obser-
vation wells showing 75 mg nitrate L−1 directly following irrigation could have had 
an actual nitrate content ranging from 50 to 100 mg nitrate L−1. Still, the overall 
trend was that nitrate levels in the groundwater changed with every management 
activity in the field (fertilization, irrigation). Furthermore, the dynamics of the 
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nitrate content in the water correspond to the changes in groundwater table depth:  At 
times of shallow groundwater (due to irrigation inputs) the nitrate level in the water 
was also enhanced.

Both nitrate content and water table in general decreased in the direction of the 
drainage, i.e., from piezometer 1 (Pz1) to piezometer 4 (Pz4). Especially piezometer 
Pz1 reacted rapidly to fertilization and irrigation events.

Under the assumption that nitrate is not adsorbed in the soil (Burns 1980), the 
upward flux of groundwater could be assumed to lead to the nitrate accumulation 
in the rooting zone. A groundwater contribution of 355 mm (see results given 
below) and an average nitrate concentration in the groundwater of 8 mg L−1 would 
therefore give an approximated upward movement of 28 kg nitrate-N ha−1 or 
6 kg N ha−1. Higher peak concentrations (up to 75 mg nitrate L−1 as measured 
directly after irrigation) would consequently increase also nitrate-N in the soil. 
The nitrate input from the irrigation water (280 mm) was with 3 kg N ha−1 (at a 
concentration of 1 mg nitrate L−1) noticeably lower. The calculated upward flux  
of water using the daily water balance simulations (see results given below)  
was 250 mm. With a groundwater flux between 250 and 355 mm and nitrate  
concentrations of 8–75 mg nitrate L−1 the nitrate contribution from the groundwater 
to the subsoil during the growing season was approximated to be around 23–269 kg 
nitrate-N ha−1 or 5–61 kg N ha−1.

12.3.2  Crop Modeling – Water Balance

For the period of cotton growth, the FAO-56 potential evapotranspiration was 714 mm 
(Table 12.1). Simulated actual evapotranspiration fluctuated around 633 mm. The 
amount of water actually transpired by cotton was 230 mm lower. Furthermore, the 
simulated actual evapotranspiration (and crop transpiration) during the vegetation 
season was higher than the total irrigation water applied. The difference between the 
simulated evapotranspiration and the irrigated water amount ranged from 283 mm 
for non-fertilized treatments to 335 mm for treatments receiving 250 kg N ha−1.

The high evaporative demand and comparatively low irrigation amounts are 
according to Forkutsa (2006) responsible for a strong upward movement of ground-
water (capillary rise); this was confirmed by the CropSyst simulations (Figs. 12.3 
and 12.4) where the predicted N leaching losses from below the rooting zone 
(90 cm) were low (10–12 kg ha−1). This is in line with the generally low irrigation 
amount and a dominating upward movement of water flow during the vegetation 
period (cf. Awan et al. 2011; Tischbein et al. 2011). However, as the quantification 
of actual water volumes draining below the rooting zone was not in the scope of 
this study, a follow-up study should be conducted to confirm these data in the  field.

Overall, the crop modeling results allow the assumption that N contributions 
from irrigation and groundwater influence the N balance and enhance N uptake. 
However, no full nitrate-N routine for irrigation and groundwater had been incorporated 
into the model at the time of the study that would allow detailed simulations of the 
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N contribution via (sub-surface) water supply. Efforts should therefore be made to 
improve the simulations of the N balance and N uptake to improve the reliability of 
the model predictions.

12.3.3  Crop Water Demand and Subirrigation

While the winter wheat field was sufficiently supplied with irrigation water, water 
supplied to the cotton experiment turned out too low to meet the crop water demand. 
However, the groundwater table under the cotton experiment throughout the growing 

Table 12.1 Simulated potential and actual evapotranspiration (mm) and soil water drainage 
amount for two N fertilizer treatments (kg ha−1) for the cropping season 2005 in the 
Khorezm  region

N rate Fertilizer

Average 
groundwater 
depth (season)

Seasonal 
precipitation

Total  
irrigation

Seasonal  
potential 
evapotrans-
piration

Seasonal  
actual  
evapotrans-
piration

kg ha−1 – m mm

  0 NPK-0 1.3 27 280 714 587
250 DAP-Urea-Urea 640

DAP-Urea-Urea = 3 splits at the officially recommended cotton growth stages, using DAP, urea, 
and urea fertilizer
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season was generally shallow (<1.2 m). Similar levels have also been measured by 
Zakharov (1957), Khaitbayev (1963), Kadirhodjayev and Rahimov (1972) and 
Ibragimov et al. (2007) in previous cotton experiments in Khorezm. The groundwater 
level during the vegetation period in these experiments ranged 0.5–1.2 m below 
surface. After harvest, the levels decreased to 2.0 m and deeper (Zakharov 1957; 
Khaitbayev 1963; Kadirhodjayev and Rahimov 1972; Ibrakhimov 2004; Ibragimov 
et al. 2007).

For regions with particularly shallow groundwater during the vegetation season 
(see Ibrakhimov 2004; Forkutsa 2006), a significant amount of crop water is supplied 
via upward flow of groundwater, which supplement irrigation inputs (Ayars et al. 
2006), also confirmed for Khorezm by Awan et al. (2011). For loamy soils with a 
similar groundwater table to that in this study, Ayars et al. (2006) calculated  
a potential evapotranspiration of around 45%. Other studies also evidenced a  
substantial contribution of shallow groundwater tables to satisfy crop water demand 
(e.g., Chaudhary et al. 1974; Rhoades et al. 1989; Ayars and Hutmacher 1994; Ayars 
1996; Ayars et al. 2006). For conditions in Khorezm, Forkutsa (2006) calculated the 
contribution of this so-called supplemental irrigation or subirrigation to cotton to be 
as high as 17–89% of the actual evapotranspiration. The capillary rise of water 
ranged between 92 and 277 mm depending on the irrigation management (Forkutsa 
2006). Forkutsa et al. (2009b) show that none of the six irrigation events on the cot-
ton field leached water amounts below 80 cm depth. The calculated upward flux of 
250 mm from the mass balance equation (see calculated groundwater contribution 
results above) is, therefore, in line with these findings, whereas the assumed 
groundwater contribution, calculated, as actual evapotranspiration minus irrigation 
amounts, was much higher (355 mm). Furthermore, Conrad (2006) simulated higher 
actual evapotranspiration amounts over cotton fields in 2005 of 853 mm as compared 
to the 633 mm in this study. Although his evapotranspiration values were based  
on a 2-week longer growth period and included crop coefficients and input data 

Fig. 12.4 Simulated water content in 0–2 m depth during cotton vegetation period in 2005. Blue 
colors indicate high water content (0.43–0.45 m³ m−³), red colors low (0.14–0.19 m³ m−³), and 
yellow colors intermediate water content (0.30–0.34 m³ m−³). Blue arrows indicate irrigation times



190 K. Kienzler et al.

based on information of the Central Asian Scientific Irrigation Research Institute 
(SANIIRI), which may have led to this high value, all results substantiate the  
plausibility of a large contribution of shallow groundwater to crop evapotranspiration, 
making even a contribution of 355 mm feasible. Thus, despite the low irrigation 
amounts applied to cotton during the experiment, the crop water demand was likely 
met, as the irrigation water amounts were complemented by shallow groundwater.

12.3.4  Supplemental Nitrogen Fertilization from Groundwater

Crops have shown enhanced N-utilization, reduced water stress, and stabilized or 
increased yields when subirrigated via shallow groundwater tables (Drury et al. 
1997; Fisher et al. 1999; Patel et al. 2001; Elmi et al. 2002). The accumulated 
nitrate-N in the groundwater may thus function as supplemental N fertilizer if  
taken up by the crop (Steenvoorden 1989). During the vegetation period of the  
cotton experiment, the groundwater table was shallow enough to contribute with 
approximately 5–61 kg nitrate-N ha−1 to crop N uptake. Together with an input of 
3 kg N ha−1 via the irrigation water, this amount is equivalent to a single N-fertilizer 
application. This N supply may cause the observed weak responses of cotton to the  
N amounts applied (Kienzler 2010). The data set collected in this study however 
was not aimed at quantifying the N contribution from groundwater. However, the 
observations do suggest that the nitrate-N dynamics in the Khorezmian system 
deserve further study.

12.4  Conclusions

Modern N management needs to enable farmers to obtain stable crop yields of good 
quality and preserve the environment. The potential and actual evapotranspiration 
and crop transpiration showed a potential contribution of the groundwater to crop 
water demand of between 283 (for non-fertilized treatments) and 355 mm (for treatments 
receiving 250 kg N ha−1). At high nitrate levels in the groundwater, the concomitant 
supplemental N contribution from the groundwater influences the soil-N balance 
and plant-N uptake. The calculated range of 5–61 kg N ha−1 is substantial as it 
equals the amount usually applied during one single N-fertilizer application event. 
Particularly cotton with its long tap root may profit from those N supplies from the 
groundwater, which, however, depend on many factors such as groundwater depth, 
its nitrate content, and the field’s proximity to the next drain. However, farmers 
should not collectively rely on this N input and reduce N applications in cotton and 
wheat production, as under continuously low applications of N-fertilizer, those 
crops would slowly mine the N resources. Clearly, the (nitrate-) N dynamics in the 
Khorezmian system deserve further study.
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Abstract Uzbekistan’s economy depends to a great extent on agriculture, particularly 
on revenues from irrigated cotton (Gossypium hirsutum L.) production. Since poor 
soil fertility and high soil salinity are the major obstacles in crop production,  
conservation agriculture (CA) may offer the potential to increase soil fertility and 
crop yields, reduce soil salinity and, thus, save water used for leaching salts out of 
the soil. Furthermore, compared to the wealth of data on CA in rain fed areas  
worldwide, scarce information exists on CA under irrigated conditions. This study 
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aims at identifying the potential of reduced tillage (selected CA practices) on soil 
para meters and crop yields under irrigated agriculture in a cotton-wheat rotation on 
salinity affected areas in Khorezm. A complete randomized field experiment with 
four replications was conducted 2002–2005 in Khiva, a district of the Khorezm 
province of Uzbekistan. For the first time in Khorezm, four tillage treatments were 
tested and compared: conventional tillage (CT; control), intermediate tillage (IT), 
permanent bed planting (PB), and zero tillage (ZT). Treatments were with and  
without retention of crop residues (+CR and −CR), and all were furrow irrigated 
except for ZT that was flood irrigated. The crucial soil parameters, i.e., soil organic 
matter (SOM), salinity, and total nitrogen (N) were monitored, together with crop 
yields. Data ana lysis included statistical appraisals with ANOVA and multiple 
regression as well as mapping with ArcGIS. The results of the combined analyses 
show important tendencies such as an overall SOM increase with time and a reduced 
soil salinity increase under CA practices, and the yield-reducing effects of salinity. 
The ArcGIS maps reveal a certain variation in SOM over the entire experimental 
area, but all values remained within the “moderate” category, although wheat 
(Triticum aestivum L.) yields were reduced in the more saline areas of the large-scale 
experimental field. The ANOVA results show that CR retention had a slightly positive 
effect (yet not significant) on the SOM and N contents, and that it did not affect 
yields. CR retention slowed down the salinity increase over time. The SOM was 
significantly higher under ZT and PB, and soil salinity was significantly lower, but 
these differences remained below 13% compared to CT. Due to a high variability in 
yields, the effects on yields were insignificant, but cotton yields were very low under 
ZT and IT. Cotton yields were high under CT and PB (+CR), and high wheat yields 
were observed under PB. Wheat yields under IT were high, but in combination with 
the cotton yields, this system cannot be recommended. The PB practices are a good 
alternative to CT that may lead to yield declines in the long run due to the build-up 
of soil salinity. These first results from 3 years of cropping immediately after  
introducing CA practices hold sufficient promise for CA and residue retention 
(mulch) in irrigated drylands. But further studies are needed to understand long-term 
dynamics and to elaborate detailed land management procedures to increase the 
sustainability of dryland agriculture.

Keywords Crop residue • Soil tillage • Dryland • Conservation agriculture  
• Irrigated agriculture

13.1  Introduction

Farmers in more than 100 countries, mainly in tropical and subtropical regions, 
cultivate cotton (Gossypium hirsutum L.) on a total of about 31,000,000 ha of land. 
Almost 80% of all cotton is produced in China, USA, India, Pakistan, Brazil and 
Uzbekistan. About 75% of all cotton worldwide is produced under flood-and-furrow 
irrigation. Uzbekistan produces 1,100,000 tons of cotton fiber annually exclusively 
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under irrigation, which is about 6% of the total global cotton output (Kooistra  
and Termorshuizen 2006). But since the mid 1990s, Uzbekistan has placed much 
emphasis also on wheat production to satisfy domestic demands and to become 
independent from food imports. Since then, 3,700,000 ha of the 4,300,000 ha of 
arable land in Uzbekistan have been allotted to cotton-wheat rotation. Both cotton 
and wheat are strategic state crops, contributing significantly to employment, food 
security and foreign exchange generation (cf. Rudenko et al. 2011).

While worldwide, irrigated cropland expanded globally in about one century 
from about 50,000,000 ha in 1900 to about 280,000,000 ha in 2003, the increase in 
irrigated croplands of the five Central Asian countries (Kazakhstan, Kyrgyzstan, 
Tajikistan, Turkmenistan and Uzbekistan) from 2,000,000 to 7,900,000 ha occurred 
in less than four decades (FAO/WFP 2000). This expansion, predominantly achieved 
during the Soviet Union era, was driven by the need for increasing irrigated cotton 
production. About 60% of the total land area in Uzbekistan is desert or semi-desert, 
and not even 10% of the territory is suitable for crop cultivation. Of this small area, 
about 80% depends solely on irrigation (FAO/WFP 2000).

Both cotton and wheat cultivation in Uzbekistan is based on recommendations 
developed mainly in Soviet times. These recommendations include intensive tillage 
to increase regular aeration and thus enhance microorganism activity. Due to an 
accelerated decomposition of soil organic matter (SOM) and a subsequent improved 
plant nutrient availability, such tillage operations increase soil productivity, but only 
temporarily. On a long-term basis, intensive tillage operations lead to increasing 
degradation of the physical, chemical and biological parameters of the soil (Craswell 
and Lefroy 2001), which translates into water logging of fields due to compaction 
and to declining soil fertility due to lower SOM content. Also, many fields in 
Uzbekistan suffer from high soil salinity due to the shallow groundwater tables 
(cf. Tischbein et al. 2011) and the high potential evaporation in this arid region (cf. 
Conrad et al. 2011). Furthermore, after independence in 1991, producers have 
experienced price increases for fuel, lubricants and agricultural implements, which 
have more than tripled production costs in the past decade under virtually stable 
farm-gate prices for raw cotton and wheat (Rudenko and Lamers 2006).

Since the Government of Uzbekistan wants to revert the present trends of soil 
degradation and water insecurity and to reclaim degraded lands and improve livelihoods, 
research has been directed to assessing options for introducing conservation  
agricultural (CA) practices. These practices have become common in many farming 
systems worldwide under a range of agro-ecological conditions (FAO 2007) on 
almost 100,000,000 ha (FAO 2006a), however mainly in rainfed areas in northern 
and southern America and in Australia (Sommer et al. 2007). CA consists of a com-
bination and variation of three basic practices, namely (i) reduction in tillage and 
controlled field traffic, (ii) permanent soil cover with plants or plant residues, and 
(iii) application of economically feasible and diversified crop rotations (Ekboir 
2002). In a vast number of CA studies it is argued that applying these three practices, 
in the short run, reduces production costs associated with tillage operations, increases 
SOM and crop yield, and improves soil structure which in turn leads to greater 
soil-moisture holding capacities. Changes in soil-chemical, biological and physical 
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properties are long-term benefits (Knowler et al. 2001). It was therefore to be 
expected that such short- and long-term benefits would also contribute to improving 
the agricultural productivity and sustainability of land use in the irrigated drylands 
of Uzbekistan and the Aral Sea Basin in general. Given that agricultural practices in 
Uzbekistan were developed during Soviet times but continue to be followed until 
today, and given the declared intention of the Uzbek government to modernize land 
management policies, convincing science-based arguments are needed before  
introducing CA practices. In Uzbekistan, research on CA technologies was first 
conducted in Tashkent Province, leading to improved soil quality and yields of  
winter wheat and cotton (Pulatov 1999, 2002; Pulatov et al. 1997, 2001a, b; Choudhari 
et al. 2000; FAO 2007, 2009). All experiments were done comparatively on non 
degraded and salinity-affected soils under irrigation. This study aims at identifying 
the potential effect of CA practices on soil parameters and on crop yields under an 
irrigated cotton-wheat rotation on salinity-affected areas in Khorezm.

13.2  Materials and Methods

Data from an experiment over five vegetation cycles addressing a cotton-wheat 
rotation during the period 2002–2005 were analyzed and summarized with regard 
to selected soil and crop yield parameters under different management practices and 
CA technologies.

In 2002, the CA experiment was initiated in a cotton-wheat rotation on the 
experimental farm of the Urgench State University, located 45 km from Urgench 
(latitude 41.35°N, 60.310°W, and 92 m above sea level) in southwestern Khorezm. 
The soil texture at the 2.85 ha experimental area, which had been kept fallow for the 
five preceding years, was classified as coarse sandy loam to medium fine loam, or an 
irrigated meadow alluvial soil (ASSRI 1975) according to the Soviet classification 
system used in Uzbekistan, and as a gleyic calcaric (sodic) Arenosol according to the 
FAO classification (FAO 2006b). Physical and chemical soil properties at the onset 
of the experiment (Table 13.1) indicated that the soils were low in SOM, poor in total 
nitrogen (N), phosphorus (P) and potassium (K). Based on the total soluble salt in the 
topsoil and the Cl−/SO

4
2− ratio, the soil was classified as a chloride-sulphate salinity 

type (ASSRI 2003).

Experimental design: The experimental layout was a completely randomized block 
design (Fig. 13.1). The treatments included four soil tillage methods, with and 
without crop residue retention. Soil tillage included (i) conventional tillage (CT) 
representing farmer practices as the control, (ii) zero tillage (ZT), (iii) permanent 
raised beds (PB), and (iv) intermediate tillage (IT) (see below for more details). The 
four tillage treatments were subjected to total retention (+CR) or total removal of 
residues (−CR) from the previous crops. The setup thus involved eight treatment 
combinations replicated four times (total 32 plots). The plots for each treatment 
were 11.3 m × 75 m (847.5 m2) covering a total area of 2.8 ha, including the border 
rows. Prior to the start of the experiment, the area was leached with 1,000 m3 water 
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ha−1, a common practice to remove excess salinity (cf. Tischbein et al. 2011). Following 
leaching, the field was tilled by shallow harrowing to prepare a fine seed bed.

Description of the tillage treatments: The Ministry of Agriculture and Water 
Resources of Uzbekistan (MAWR 2004) recommends to seed cotton only after 
 several intensive soil tillage operations, including moldboard plowing to 30–40 cm 
soil depth, followed by chiseling to 20–25 cm soil depth, and leveling to breakdown 
soil clogs and to soften the seedbed. After cotton germination, a system of raised 
bed and furrows is installed through field operations, mainly conducted mechanically 
with the intensive use of tractors, but sometimes also done manually.

The cropping cycle from 2002 to 2005 was a cotton-winter wheat rotation, which 
started with cotton. Under conventional tillage (CT), cotton was cultivated in a  
bed-and-furrow system in which first one row of cotton was seeded on the flat soil at 
7–8 cm depth. Next, irrigation furrows were drawn between the seeded cotton, thus 
creating a bed of 90 cm width. During cotton growth, fertilizers were applied three 
times, each time followed by irrigation. The irrigation events coincided with an 
additional reshaping of the irrigation furrows and the removal of weeds. After harvest, 
the raised beds were destroyed and the soil was prepared anew for sowing winter 
wheat, which is conventionally also seeded on a flat soil. Following soil preparation, 
seedbeds of winter wheat were shaped in the form of basins. No further tillage 
occurred during the following cultivation of wheat. Prior to seeding cotton again  
in spring, the soil was ploughed (30 cm deep) after the harvest of the winter 

Table 13.1 Soil physical and chemical characteristics at the experimental site in 2002

Soil  
depth, cm

Percent (%) on weight basis

Sand Silt Clay SOMa N P K TSSa SO
4
2− Cl− HCO3

−

0–20 34.3 47.6 17.9 0.57 0.070 0.088 1.52 0.33 0.15 0.05 0.03
20–40 35.4 47.0 17.5 0.41 0.058 0.068 1.32 0.33 0.14 0.05 0.04
40–60 44.2 42.6 12.9 0.40 – – – 0.45 0.28 0.04 0.04
aTSS total soluble salts, SOM soil organic matter content
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wheat. Prior to leaching in March/April, the plots were leveled to avoid patchy 
irrigation and fertilizer distribution. Following chiseling, the seedbed was prepared. 
For winter wheat, all soil preparations were performed in autumn.

For the implementation of the intermediate tillage (IT) treatment, the soil was 
prepared in the same way as for the CT for cotton, except that first the beds and 
irrigation furrows were established and then cotton was seeded directly on the 90 cm 
wide beds. After cotton harvest, these beds were reused for seeding winter wheat, 
without any tillage of the previously established seedbed. The wheat was sown in 
four rows on the existing 90 cm beds with a row spacing of 15 cm. Prior to the 
 cultivation of the subsequent crop cotton, the soil was ploughed, leveled and 
 chiseled. The IT treatment was implemented in 2004 on plots that had been under a 
PB treatment with a 30 cm bed height between 2002 and 2003 (Karimov 2003). 
This contrasted with the standard PB treatment of 15 cm bed height in the other 
plots, but did not yield significantly different results. Hence, the 30 cm PB was 
given up and IT implemented instead.

The permanent raised bed (PB) treatments were similar to the IT treatments, but 
in contrast to IT where the soil was ploughed once every two cultivation cycles, the 
PB plots were never tilled throughout this experiment. Cotton was cultivated on the 
created raised beds. The beds were reshaped before planting the next crop only if 
necessary.

In the zero soil tillage (ZT) treatments, in general also referred to as “no tillage”, 
no previous soil cultivation was conducted prior to seeding of cotton and winter 
wheat. During seeding with a specially developed zero-till planter (Tursunov 2009), 
the soil was slightly disturbed by thinly slicing the soil for seeding, which was sub-
sequently closed with a press wheel. Hence, all crops were seeded each year on a flat 
soil. With this method, not more than about 10% of the soil surface was disturbed.

Management of the experiment: Throughout the experiment, the cotton variety 
“Khorezm-127” (60 kg ha−1) and the wheat variety “Mars” (200 kg ha−1) were 
seeded. Mineral fertilizers (N:P:K) were applied according to the local recommen-
dations for both crops, i.e., 180:140:100 kg ha−1. N was applied in equal splits 
including a basal application before irrigation. Phosphorus and K fertilizers were 
applied as a basal dose at seeding.

Data collection, processing and analyses: Throughout the entire experimental 
period, the soil was sampled six times, i.e., just before seeding and after the harvest 
of each crop. Soils were sampled at three locations in each of the 32 plots at 
0–30, 30–50, 50–80 and 80–100 cm depths (total of 2304 samples over study 
period). Samples were air dried and analyzed for soil organic matter (SOM [%]), 
total nitrogen (N [%]), total phosphorous (P [%]), total potassium (K [%]), chloride 
(Cl− [%]), hydrogen carbonate (HCO

3
− [%]), sulphate (SO

4
2− [%]) and total  

dissolved solids (salinity [%]). SOM content was determined by the Turin method, 
and soil P and K by the Machigin-Protasov method, which is a modified Olsen 
extraction. Salinity was measured in a soil-water extract of 1:5. More details are 
presented elsewhere (Egamberdiev 2007).

Groundwater table fluctuations and groundwater salinity were monitored only 
during the vegetation periods. For this, piezometers were installed in each of the 32 
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plots to a depth of 250 cm. Surface to groundwater-level data were corrected to 
a  reference level to obtain actual groundwater table values. The data from plots 
1–16 and 17–32 were pooled, since these plots were located at the same distance to 
the major collector drain (Fig. 13.2). The groundwater table was close to the surface 
(80 cm) near the main canal (Fig. 13.2), but increased away from the main canal. At 
a distance of 176 m from the main irrigation canal, the depth was 115 cm, falling at 
the rate of 2 mm m−1 away from the main canal.

The drainage water collector influenced the level of the groundwater table. For 
example, it was 1–4 cm lower in the plots 17–32 that bordered the collector. 
Groundwater salinity varied from 1.9 to 4.5 dS m−1 in distant plots (1–16) and from 
1.8 to 6.2 dS m−1 in plots near the drain (17–32). Salinity increased with the depth 
of the groundwater table (Fig. 13.2). A high groundwater table (near the canal) had 
lower salinity and was likely to contribute to crop water demands, and also resulted 
in lower soil salinization levels in the root zone.

Statistical analyses: Classification and regression trees (Cart Salford Systems 2000–
2006) were used for first data mining (Breiman et al. 1984). The considered  
variables were year, month, plot number, treatment, mulch, SOM, depth [cm], N content, 
P, K, SO

4
2−, HCO

3
−, Cl−, salinity, and crop yield. From these preliminary results (data 

not shown), five parameters were selected for subsequent analyses: SOM, salinity, 
N, and cotton and winter wheat yield. For each particular CART run, all remaining 
variables were chosen as predictor variables. Given the objective to analyze the 
temporal dynamics of the selected soil parameters under the different CR and soil 
tillage management practices, the experimental period March 2002–October 2005 
was split into seven periods delineated by the time of soil sampling. These included 
March 2002 (before planting cotton) and October 2002 (after cotton harvest), July 2003 
(after winter wheat harvest), March 2004 (before planting cotton) and October 2004 
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(after cotton harvest), July 2005 (after winter wheat harvest) and October 2005 (end 
of observation period). An ANOVA could not be performed for the data of March 
2002 due to the lack of sampling replications.

Since the dependent variables were subject to repeated measurements, further 
analysis also included the ANOVA option ‘repeated measures’ to determine the 
existence of a significant number of changes over the experimental period. ArcGIS 
tools were used to visualize the obtained results in thematic maps, which depict the 
distribution of the measured parameters in space. This was followed by a linear 
regression analysis for the parameters SOM and salinity to determine whether 
relationships existed between plot location (expressed as the distance to the main 
channel) and whether plot location had an effect on these two soil parameters. Of all 
parameters monitored, only cotton and winter wheat yield, soil salinity, SOM and 
soil N content were chosen as dependent variables to determine how they were 
affected by the two treatment factors, namely two CR levels and four soil tillage 
methods. All variables were analyzed over the entire experimental period 2002–2005. 
The CR effects were first confounded over all treatments and subsequently  
considered for each soil tillage treatment. Soil salinity was determined by chemical 
analyses at 0–20, 20–40, 40–60 cm in 2002–2003, and at 0–30, 30–50, 50–80 and 
80–100 cm depths in 2004–2005, and SOM and N content at 0–30 and 30–50 cm 
depths. Although plants can take up nutrients from deeper soil layers, we expected 
the most significant changes in the pool of available nutrients to occur in the upper 
soil  layers. Therefore, laboratory findings on soil salinity, SOM and N were included 
in the statistical analyses for the 0–30 cm depth only. However, we complement 
these findings with a soil profile description over the total depth of these parameters. 
The statistical level of significance was defined to be p < 0.1. Statistical analyses 
were conducted with SPSS and SAS (SAS Institute 2005; SPSS 2005).

13.3  Results

Soil profile: Throughout the experiment, soil salinity, SOM and N contents in lower 
soil strata were always lower than in the topsoil. Soil salinity was significantly lower 
by approximately 20% down to 80 cm depth. In the 80–100 cm layer, salinity was 
slightly higher, although insignificantly. Comparing the two upper soil layers (0–30 
and 30–50 cm), SOM and N contents were significantly lower over depth by circa 
20% (data not shown).

Crop residue (CR): Irrespective of soil tillage treatment, the residue cover (+CR) 
significantly increased SOM and soil N content, whereas its effect on soil salinity 
was insignificant (Table 13.2). During these first years, cotton and winter wheat 
yields were insignificantly affected by the residue treatments (Table 13.2).

Soil tillage and crop residue interaction: Both soil salinity and SOM content 
under −CR were significantly different between CT and the three CA treatments 
(results not shown), but residue retention (+CR) had no effect on soil salinity, 
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SOM and soil N contents, irrespective of the soil tillage treatment (Table 13.3). 
Cotton yields in 2004 and winter wheat yields in 2005 were insignificantly affected 
by the residue treatment, irrespective of tillage treatment (Table 13.4).

Tillage: Confounded over the CR management practices, only soil salinity and SOM 
were significantly influenced by soil tillage, whereas soil N contents were not 
(Table 13.5). At the end of 2005, soil salinity was highest under CT with 0.47% and 
lowest under ZT with 0.41% (p < 0.1). At an assumed bulk density of 1.4 g cm−3 
(averaged over the entire 2.85 ha experimental area), this corresponds to a difference 
of 2,520 kg salts ha−1 in the 0–30 cm top soil. SOM contents peaked with 0.67% 

Table 13.2 Effect of crop residue retention on percent changes of selected soil parameters between 
2003 and 2005

CR Salinity [%] SOM [%] N [%]

Cotton yield Winter wheat yield

[kg ha−1] [kg ha−1]

+ 0.44 (±0.20) a 0.66 (±0.11) a 0.067 (±0.011) a 2 265.4 (±961.2) a 5 265.4 (±916.3) a
– 0.45 (±0.21) a 0.63 (±0.11) b 0.065 (±0.010) b 2 299.6 (±1 258.2) a 5 404.2 (±1 106.3) a

Note: Means with the same letters in one column are not significantly different at p < 0.1 according to the 
Bonferroni t-test. These findings exclude the results of the first soil sampling due to an insufficient number 
of repetitions
Numbers in brackets indicate standard deviations

Table 13.3 Means of soil parameters with crop residue retention (+CR) and removal (−CR) per treatment, 
pooled over the whole experimental period (± standard deviation)

Treat-
ment

Salinity [%] SOM [%] N [%]

−CR +CR −CR +CR −CR +CR

CT 0.44 (±0.19) b 0.51 (±0.21) a 0.63 (±0.13) a 0.64 (±0.10) a 0.067 (±0.010) a 0.066 (±0.014) a
IT 0.49 (±0.25) a 0.40 (±0.17) b 0.62 (±0.11) b 0.65 (±0.10) a 0.066 (±0.009) b 0.069 (±0.009) a
PB 0.44 (±0.19) a 0.44 (±0.23) a 0.63 (±0.10) b 0.66 (±0.15) a 0.067 (±0.008) a 0.063 (±0.010) b
ZT 0.42 (±0.18) a 0.40 (±0.19) a 0.64 (±0.12) b 0.71 (±0.09) a 0.060 (±0.010) b 0.071 (±0.008) a

Note: Means with the same letters in one row of the respective variable are not significantly different at 
p < 0.1 according to the Bonferroni t-test

Table 13.4 Means (± standard deviation) of cotton (2004) and winter wheat (2005) yields for soil tillage 
treatments with crop residue retention (+CR) and removal (−CR)

Treatment

Cotton (kg ha−1) Winter wheat (kg ha−1)

−CR +CR −CR +CR

CT 2 830.2 (±874.6) a 3 422.2 (±780.2) a 5 542.0 (±1 541.3) a 4 277.0 (±1 758.2) a
IT 1 859.8 (±765.4) a 1 302.5 (±406.7) a 5 403.3 (±615.1) a 5 630.8 (±252.9) a
PB 1 957.7 (±1 168.3) a 2 840.3 (±1446.2) a 5 616.7 (±822.5) a 6 052.5 (±415.8) a
ZT 2 550.5 (±1 015.2) a 1 496.8 (±893.7) a 5 055.0 (±720.9) a 5 100.8 (±670.3) a

Note: Means with the same letters in one row of the respective variable are not significantly different at 
p < 0.1 according to the Bonferroni t-test
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under treatment ZT, which was insignificantly different from PB (0.65%), but 
significantly higher than the SOM contents under CT and IT (both 0.63%).

In the first season after the conversion to CA practices, the highest cotton yields 
were obtained with CT (3,126 kg ha−1). These differed significantly only from IT 
(Table 13.6), which had the lowest yields (1,581 kg ha−1). Yet, the effect of soil tillage 
on winter wheat yields in the following season was already insignificant, irrespec-
tive of soil treatment (Table 13.6).

Hence, in summary, although CT had the highest cotton yields (Table 13.6), the 
highest soil salinity was also observed with this soil tillage practice (Table 13.5). In 
contrast, SOM content was highest and salinity lowest under ZT. The results of the 
treatments IT and PB were always similar. Although IT was implemented in 2004 
on previous PB trials with higher bed height, this does not seem to have affected the 
yields. If the previous PB trial had influenced yields in the later IT trial, they should 
have been more similar to PB than to ZT.

13.4  Temporal Dynamics

Crop residue (CR): The ANOVA findings show that CR retention influenced SOM 
and N contents, but not soil salinity level. In general, +CR resulted in higher SOM 
and N contents than −CR. The SOM and soil N contents under IT and PB did not 
 significantly differ.

Tillage: Soil salinity, SOM and soil N content were only significantly influenced 
by tillage method until March 2004. The monitored differences for the final three 

Table 13.6 Means (± standard deviation) of cotton yield in 2004 and winter 
wheat yield in 2005 according to soil tillage treatment

Treatment Cotton (kg ha−1) Winter wheat (kg ha−1)

CT 3 126.2 (±830.0) a 4 909.6 (±1,673.2) a
IT 1 581.1 (±641.7) b 5 517.1 (±452.1) a
PB 2 399.0 (±1,305.3) ab 5 834.6 (±646.8) a
ZT 2 023.6 (±1,049.4) ab 5 077.9 (±644.9) a

Note: Means with the same letters in one column are not significantly different 
at p < 0.1 according to the Bonferroni t-test

Table 13.5 Means (± standard deviation) of soil salinity, soil organic matter (SOM) and soil nitro-
gen (N) content at the end of the study period 2005 at 0–30 cm depth

Treatment Salinity [%] SOM [%] N [%]

CT 0.47 (±0.20) a 0.63 (±0.11) b 0.067 (±0.010) a
IT 0.45 (±0.22) ab 0.63 (±0.10) b 0.068 (±0.010) a
PB 0.44 (±0.21) ab 0.65 (±0.13) ab 0.065 (±0.010) a
ZT 0.41 (±0.18) b 0.67 (±0.11) a 0.065 (±0.010) a

Note: Means with the same letters in one column are not significantly different at p < 0.1 according 
to the Bonferroni t-test



20513 Introducing Conservation Agriculture on Irrigated Meadow Alluvial Soils…

growing periods (October 2004–October 2005) were not significant. The soil N 
content in July and October 2005 showed significant differences as a result of soil 
tillage method. For both periods, CT yielded highest N values, which differed  
significantly from ZT where the soil N concentration was lowest. Hence, soil N 
 followed the order CT, IT > PB, ZT during these two periods.

When analyzing the differences at each individual measuring point separately, 
the ANOVA revealed that +CR had only influenced SOM and N content. Tillage 
operations with +CR increased SOM and N amounts significantly compared to 
tillage operations without CR retention (−CR). Differences in SOM and soil N 
contents between IT and PB were not significant.

Since the selected variables had been measured over time, they were subjected 
also to repeated-measures ANOVA. The findings from this not only confirm the 
results of the standard ANOVA that the effect of soil tillage varied between the 
measuring periods, but they also reveal the development of soil salinity, SOM and 
soil N contents. In the following, these temporal dynamics are presented for these 
selected soil parameters only. Based on the findings at the onset of the experiment 
(March 2002) and at the end (October 2005), the repeated measures ANOVA 
revealed that soil salinity increased significantly over the years for all treatments 
(Fig. 13.3), and that SOM also increased significantly over time (Fig. 13.4), whereas 
soil N content did not (Fig. 13.5). In fact, soil N content declined under PB and ZT 
(Table 13.7) over the experimental period.

Soil salinity showed the highest increase under CT (67%) and the lowest under 
PB (28%) (Table 13.8). When considering all tillage treatments, soil salinity 
increased on average by about 44%, and the SOM content by about 31%. The ave rage 
soil N content decreased by about 2% (Table 13.8). In contrast to the changes in 
SOM and soil N, changes in soil salinity were not influenced by CR. The increase 
in SOM was significantly higher in the +CR treatments.

Based on these findings, the levels of the soil parameters at the onset 
(March 2002) and end (October 2005) were compared with a standard ANOVA to 
identify the influence of CR retention and soil tillage on these soil parameters 
(Table 13.9).

Crop residue: In contrast to SOM and soil N, the changes in soil salinity were not 
influenced by crop residue retention (data not shown). The increase in SOM was, 
however, significantly higher under soil tillage treatments with +CR.

Soil tillage: Soil tillage alone significantly affected soil salinity and soil N content 
over time, but this was not the case with SOM. Hence, it can be assumed that the 
observed increase in SOM in most treatments was not related to soil tillage per se 
but rather to the CR treatment and the interaction between tillage and CR. Regarding 
soil salinity and soil N content, CT always showed highest values (0.22% and 
0.004%, respectively) that differed significantly from those of PB, which had the 
lowest values. The order of these two parameters was generally CT > ZT, IT > PB. 
Soil N content decreased under PB and ZT, but increased slightly under CT and IT 
(Table 13.9). In general, the highest increase in soil salinity, SOM and soil N 
occurred under CT, followed by IT > PB > ZT.
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13.5  Location Effect

A regression analysis was used to identify whether or not the plot location (expressed 
as the distance to the main channel) on the 2.8 ha sized experimental area had led to 
changes in the selected soil parameters (Table 13.10). This analysis showed that 
initially (till July 2003) SOM content was influenced by the treatment factors and 
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not by the location of the plots. However, in July 2005, plot location significantly 
influenced SOM, nevertheless, this was not confirmed after this period. In contrast, 
in October 2002 and July 2005 when the model produced significant results, soil 
salinity was influenced by the location rather than by the treatment factors tillage 
method and crop residue management (Table 13.10).

The spatial distribution of SOM, soil salinity and N contents for the different 
plots and measurement periods allowed distinguishing location-related from  
treatment-related differences (Figs. 13.5–13.7). The analyses showed a high  
heterogeneity among the plots over the entire experimental field with regard to soil 
salinity and N contents, but this heterogeneity was less distinct for SOM. Furthermore, 
the  distribution of these parameters varied according to observation period. Soil salinity 

Table 13.7 Average (± standard deviation) changes in soil parameters between the onset (March 
2002) and end of the experiment (October 2005) according to soil tillage treatment

Time Treatment Soil salinity (%) Soil organic matter (%) Soil N (%)

March 2002 CT 0.33 (±0.00) b 0.57 (±0.00) b 0.070 (±0.000) b
October 2005 CT 0.55 (±0.21) a 0.76 (±0.07) a 0.074 (±0.008) a
March 2002 IT 0.33 (±0.00) b 0.57 (±0.00) b 0.070 (±0.000) b
October 2005 IT 0.49 (±0.19) a 0.71 (±0.13) a 0.072 (±0.005) a
March 2002 PB 0.33 (±0.00) b 0.57 (±0.00) b 0.070 (±0.000) a
October 2005 PB 0.42 (±0.14) a 0.76 (±0.12) a 0.064 (±0.010) b
March 2002 ZT 0.33 (±0.00) b 0.57 (±0.00) b 0.070 (±0.000) a
October 2005 ZT 0.45 (±0.17) a 0.75 (±0.08) a 0.064 (±0.009) b

Note: Means with the same letters in one column are not significantly different at p < 0.1 according 
to the Bonferroni t-test

Table 13.8 Soil salinity, organic matter and nitrogen content increase/decrease according 
to soil tillage treatment at end of experiment (October 2005) compared to onset  
(March 2002)

Treatment Soil salinity (%) Soil organic matter (%) Soil N (%)

CT 67.1 32.5  5.7
IT 47.4 25.3  2.9
PB 27.8 33.3 −8.6
ZT 36.6 32.3 −8.6

Table 13.9 Changes in soil salinity, organic matter and nitrogen content according to 
soil tillage treatment at end of experiment (October 2005) compared to onset (March 
2002) (± standard deviation)

Treatment Soil salinity (%) Soil organic matter (%) Soil N (%)

CT 0.22 (± 0.21) a 0.19 (± 0.07) a 0.004 (± 0.008) a
IT 0.16 (± 0.19) ab 0.14 (± 0.12) a 0.002 (± 0.005) a
PB 0.09 (± 0.14) b 0.19 (± 0.12) a −0.006 (± 0.011) b
ZT 0.12 (± 0.13) ab 0.18 (± 0.08) a −0.006 (± 0.005) b

Note: Means with the same letters in one column are not significantly different at p < 0.1 
according to the Bonferroni t-test
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concentrations in the southeastern part of the field increased after July 2003 and 
exceeded those in most other plots (Fig. 13.6). In contrast and also indicated by the 
statistical analysis, SOM content increased for the entire field during the experimental 
period irrespective of plot location (Fig. 13.7). Nevertheless, according to the Uzbek 
classification, the SOM contents remained low (0.4–0.8%) to moderate (0.8–1.2%). 
Soil N contents seemed to have gradually decreased, irrespective of plot location 
(Fig. 13.8).

The yields per plot of cotton in 2004 (Fig. 13.9) and winter wheat in 2005 
(Fig. 13.10) are visualized based on the ANOVA results. Cotton yield was lowest in 
the IT treatment compared to all other soil tillage methods (Fig. 13.9). Soil salinity 
seems to have influenced winter wheat yields, e.g., the highly saline plots located in 
the southeastern corner gave lower yields.

13.6  Discussion

13.6.1  Dynamics of Soil Parameters Under Conservation 
Agriculture Practices

Soil organic matter: Despite the relative, but significant, increase in SOM content 
over time in the CA practices from about 0.57% to about 0.75% (i.e., about 32% of 
increase), the absolute increase remained moderate, as expected. An increase in 
SOM is generally a long-term process, in particular in semi-arid environments with 
high turn-over rates of SOM. Sanchez et al. (2004) therefore argued that under 
semi-arid agro-climatic conditions, an increase in SOM is usually proportional to 
the annual amount of organic matter added irrespective of whether mulch is applied 
or residues are incorporated in the soil. To accurately evaluate the effect of soil 
tillage on SOM, long-term experimental data is hence required (Ding et al. 2002). 

Table 13.10 Significances of the regression model and the independent variables (p < 0.1) according 
to Bonferroni t-test

Variable Time Model significance Treatment significance Distance significance

SOM October 2002 0.68 0.94 0.92
July 2003 0.02 0.02 0.19
March 2004 0.09 0.11 0.17
October 2004 0.37 0.19 0.63
July 2005 0.05 0.27 0.03
October 2005 0.62 0.39 0.61

Salinity October 2002 0.03 0.82 0.01
July 2003 0.56 0.42 0.51
March 2004 0.95 0.77 0.89
October 2004 0.21 0.57 0.10
July 2005 0.04 0.49 0.01
October 2005 0.20 0.51 0.09
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Fig. 13.6 Soil salinity changes over experimental period March 2002–October 2005. For classification 
of measured salinity in the FAO salt-tolerant classification, percentage values were converted into 
dS m−1 according to Forkutsa (2006)
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This is especially important since it has been postulated that over shorter observation 
periods, SOM may vary naturally due to changing climatic conditions (Scheffer  
and Schachtschabel 2002) or according to conditions that cannot be controlled, 
e.g., groundwater movement.

Fig. 13.7 SOM content changes over experimental period March 2002–October 2005. According 
to Uzbek classification, most SOM amounts were in the category ‘low’ (0.4–0.8%), a few were 
‘moderate’ (0.8–1.2%)
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The experimental period of seven growing seasons is nevertheless sufficiently 
long to obtain indications that the observed SOM accumulation was associated with 
tillage treatments. These results are also in line with previous findings that showed 
that SOM content increased more under ZT than under CT (Baldesdent et al. 2000). 

Fig. 13.8 Soil N content changes over experimental period March 2002–October 2005
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The data set, however, does not allow clearly identifying those treatments that had 
led to a higher accumulation of SOM. Assuming that this accumulation is a result of 
the time needed to reach a certain SOM value, one can look at the point in time 
where this level is reached. For instance, the arbitrarily set value of 0.7% SOM in 
the topsoil in this experiment was reached at the end of the observation period in 
all +CR treatments, but was reached much earlier under ZT (Fig. 13.4). In contrast, 
without crop residue retention (−CR), the SOM content under ZT never reached this 
value of 0.7%, while in the other treatments the differences between the −CR 
and +CR treatments were insignificant. These findings indicate that ZT practices 
should be combined with some level of residue retention in order to increase the 
SOM content. This aspect was investigated in subsequent years (2007–2010) in 
studies on CA practices in the same region.

Soil salinity: Secondary soil salinization, which is a major cause of soil degradation 
in the study region (cf. Akramkhanov et al. 2011; Tischbein et al. 2011), depends on 
the degree of soil-water evaporation. In general, both soil mulching and tillage 
operations influence water evaporation, but to a different extent. Soil tillage operations 
can either increase or decrease evaporation depending on the tillage depth, soil-water 
content, or soil texture (Unger and Cassel 1991). Reduced tillage does therefore not 
necessarily reduce evaporation. However, one would expect that, when combined 
with a sufficient soil cover (mulch), it reduce capillary rise, so that less salts are 
moved to and accumulate in the topsoil. However, no systematic reduction in soil 
salinity with CR retention was observed (Fig. 13.3). This could have been due either 
to the high salinity levels in the irrigation water or to high initial soil salinity. 
Nonetheless, in the long run, mulching the soil surface is favorable. This was also 
confirmed by subsequent CA studies in the same region.

Soil tillage may have contributed in different ways to the observed differences 
in soil salinity, e.g., the larger total soil surface area exposed to the air in the 
 bed-and-furrow systems (PB) than in the flat area under ZT may have increased the 
potential evaporative surface. On well-leveled, flood-irrigated treatments (e.g., ZT), 
irrigation water could have leached out the salt, which would have decreased  
topsoil salinity. Although the present data set does not allow far-reaching conclusions, 
recent research findings in the same area show that crop residue retention on permanent 
beds increased soil moisture and reduced the increase in soil salinity rates already 
in the second growing season, thus indicating that CA practices can be beneficial. 
Also others (Tursunov 2009) concluded that PB practices are a good alternative to 
CT in salt-affected irrigated drylands when an appropriate crop residue management 
is introduced.

Soil N: Various previous findings indicate that total topsoil N content is expected to 
increase under CA (no-tillage) compared to CT practices (Agenbag and Meree 
1989; Hao et al. 2000; Thomas et al. 2007), since soil tillage accelerates mineralization 
and short-term N availability to plants. However, N mineralization with ZT plus 
crop residue retention may take longer because microorganisms are less active and 
in turn less plant-available N is present. Furthermore, ZT sometimes tends to entail 
a lower N

min
 content, possibly caused by N immobilization in crop residues. Based 
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on this, to counterbalance the expected N immobilization some authors advocated 
for increasing the N applications at the onset of the conversion of CT to CA  
practices (Hickmann 2006; Sommer et al. 2007). Nitrogen immobilization occurs 
especially when microorganisms consume all available N to decompose the high 
carbon portion of the SOM in the crop residues. A high C/N ratio of the residues 
will enhance N fixation (Bosshardt 1984). The consequently lower mineralization 
rates result in lower N

min
 contents in the soil. Hence, the general decrease in topsoil 

N content observed in the CA practices (Fig. 13.5) contradicts these previous  
findings. A decrease in SOM content could have explained the decline in soil  
N content, but this was not the case here. We suggest therefore future studies to 
monitor both N

min
 and C/N ratio rather than the total soil N content alone. Should the 

decreasing trend persist over several years, higher N applications than previously  
concluded may be required to counterbalance N losses (Hickmann 2006; Sommer 
et al. 2007). On the other hand, recent findings in the study region also indicate high 
N emissions with conventional cotton, wheat and rice cultivation (Scheer et al. 
2008), and these N emissions peaked when irrigation events immediately followed 
N-fertilizer applications. Hence, generally increasing N-fertilizer applications may 
turn out to be less efficient if present farmer’s practice is followed. Moreover,  
on-going work on CA practices in the same region indicates that the response of  
N applications was higher in PB than under CT, i.e., increased total N use efficiency 
was observed. Proper N fertilization schemes under CA in semi-arid environments 
such as in Uzbekistan are therefore certainly crucial for successful crop management 
and need further detailed research.

Reduced or no-tillage is perhaps interesting for farmers because of the cost 
reduction due to a much lower number of machine operations, which decreases fuel 
consumption and workload (Knowler et al. 2001). However, immediately after 
introduction of CA practices, especially ZT, and sometimes for long periods, yields 
may not be higher than under CT (Gomez et al. 1999). In the present study, cotton 
yields were lowest with ZT. Thus CA practices may not pay off immediately, and 
this may be a major obstacle for the acceptance of such practices by the farmers in 
rural Khorezm because of the farmers’ high dependence on income generation from 
cropping activities (cf. Djanibekov et al. 2011). Financial estimates of the CA 
treatments using cumulative gross margin (GM) and dominance analyses (over 
3 years) showed, however, higher GM values with CA practices compared to those of 
CT (Tursunov 2009). The highest GM was found under IT with crop residue retention. 
A dominance analysis based on the accumulated results of three consecutive growing 
seasons clearly showed the advantages of CA over conventional practices, owing to 
the higher total variable costs and lower GMs of the latter.

13.7  Summary and Conclusions

With the intention to assess options for introducing CA practices under irrigated 
conditions in an arid environment, it was demonstrated that under the continental 
climate of Khorezm, higher SOM levels and soil N contents could be secured 
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when mulching the soil surface with crop residues (+CR). In addition, significant 
differences in SOM dynamics between conventional and reduced tillage operations 
were found during the seven cropping cycles. Highest SOM levels were observed 
under ZT and PB, but both treatments showed simultaneous losses in topsoil N 
contents. Furthermore, the soil salinity increase was 25% less in PB than under ZT. 
Only the reduced soil N content reduced the otherwise positive evaluation of PB and 
ZT, which requires more long-term research. Among the three CA practices, the 
yields of cotton and (not significantly) winter wheat were highest with PB and lowest 
with ZT. Although the cotton yields remained highest under CT, and thus higher 
than with CA practices, CT, as the present farmers’ practice, also increased soil 
salinity. One cannot therefore exclude the possibility that CT yields will decrease 
in the long run –an often observed phenomenon in the region. Increasing soil 
salinity levels are counterbalanced by increasing amounts and events of leaching 
(cf. Tischbein et al. 2011). With IT, the lowest SOM contents and the lowest cotton 
yields were observed. Although this CA practice was designed as an intermediate 
step to facilitate the conversion from CT to CA practices, based on the short-term 
and preliminary findings, it seems reasonable to opt for a continuation of PB and for 
a discontinuation of IT and ZT practices. The current practice CT is recommendable 
under yield but not under ecological considerations.
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Abstract Escalating soil degradation caused by soil salinity and rising saline 
groundwater tables, limits crop production in the irrigated lowlands of arid 
Uzbekistan. Crop diversification is one option for obtaining more stable farm 
incomes while improving natural resource use and environmental sustainability. 
Although the agro-climatic conditions in the country allow growing a wide variety 
of crops, few crops (cotton, winter wheat, rice, maize) dominate the crop portfolio, 
which also reflects the restrictions imposed by the state. In the Khorezm region in 
northwest Uzbekistan, we examined the economic and ecological suitability of 
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alternative crops in a stepwise approach. A literature review resulted in a list of 
about 30 crops that would theoretically fit the agro-climatic conditions in this region. 
For field research, five crops with a high potential were selected based on  
socio-economic (potential income) and bio-physical (potential yield, crop quality, 

sorghum (Sorghum bicolor (L.) Moench), potato (Solanum tuberosum), the cash 
crop indigo (Indigofera tinctoria), and the food and feed crops mung bean (Vigna 
radiata) and sweet maize (Zea Mays L.). Field experiments were complemented 
with laboratory analyses and mathematical modeling for estimating the potential 

Germany out-yielded the local variety by at least 50%. Sorghum, indigo, maize and 
mung bean grew well on marginal lands and obtained very high revenues. Findings 
from the simulation runs demonstrate that crops such as maize for grain, potato and 
fodder crops could play an important role in coping with risks in drought years  
and for securing farm income. Field experiments and modeling results based on this 
extensive data set from Khorezm allow upscaling to regions in Central Asia with 
similar agro-climatic  conditions.

Keywords  

14.1  Introduction

Agricultural production plays an important role in the Central Asian countries 

contribution of agriculture to the GDP is with 11% lowest in Kazakhstan, but as 
high as 38% in Kyrgyzstan (Bucknall et al. 2003). While the livelihoods of more 
than 22,000,000 people depend on irrigated agriculture in this region (Bucknall 
et al. 2003), the farming population in all CAC has to permanently cope with 

affected ca 12% of the total irrigated area in Kyrgyzstan, 50–60% in Uzbekistan and 
2003). With the exception of Kazakhstan and 
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the Soviet era, over 60% of all cotton produced in the region originated in the Aral 
Sea Basin, and the export of cotton still contributes substantially to the revenues 
from agriculture. For instance, exports of cotton fiber accounted for about 18% of 
the GDP in 2004 in Uzbekistan (Center for Effective Economic Policy 2005). 
However, aside from the economic advantages, the almost complete mono-cropping 
of cotton and winter wheat, crops mandated by the Uzbek government, threatens 
sustainable agricultural development. At present, farmers do not have to make crucial 
crop choice decisions themselves, nor need they respond to market signals. But this 
means also that they do not cultivate crops for which a comparative advantage exists 
in the region (Bobojonov and Lamers 2008).

in particular, allow the production of a variety of crops (FAO 2003; Kohlschmitt et al. 
2007) aside from cotton, winter wheat, rice and fodder crops, which are the four 
crops/crop types annually cultivated on virtually 87% of all farmland (cf. Djanibekov 
et al. 2011b). A wide variety of crops such as potatoes, tomatoes, onions, cucumbers, 
melons, sunflowers, and beans are cultivated in kitchen gardens, albeit on a small 
area (Müller 2006), but nonetheless indicating the scope for crop diversification.

It is often suggested that crop diversification will contribute to better land use, 
reduced water use and soil deterioration, and secure profits (Prohens et al. 2003). 
Crop diversification would thus not only allow farmers to respond more flexibly to 
market changes and stabilize their income, but also allow a more judicious crop 
rotation, and in turn a more environment-friendly land resource management. 

a  greatly needed economic, ecological and social sustainability – three pillars  
of sustainable agricultural development (Kassie and Zikhali 2009). For the selection 
of alternative crops with a high potential to cope with the socio-economic and  
bio-physical conditions prevailing in the Khorezm region, criteria such as opportunities 
for improving the ecological situation, increasing farm profits and improving life 
quality should be considered. However, it cannot be recommended to only identify 
a single crop to cope with these diverse demands, and a selection of crops needs to 
be examined to find out which crops are suitable for generating and improving 
farmers’ income, securing livelihoods and food security, and which crops have 
comparative advantages on degraded areas and the potential to reverse the ecological 
deterioration in the region. In this overview, our investigations of crops fulfilling 
these specific criteria are summarized.

14.2  A Step-by-Step Approach for Selecting Suitable 
Alternative Crops

procedure was implemented. In a first step, the boundaries set by the agro-ecological 
conditions of the region were formulated and used for identifying crops and suitable 
varieties (Fig. 14.1).
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14.1) with a potential to be 
produced under the harsh environmental conditions of the region (Kohlschmitt et al. 
2007). However, the review also revealed difficulties in identifying single crops that 
would concurrently support all three pillars of sustainable development.

In a second step, several crops were short-listed based on their potential for 
Sorghum 

bicolor (L.) Moench) (for growing on degraded land patches), potato (Solanum 
tuberosum L.) (for increasing food security), and indigo (Indigoferra tinctoria) (an 
example of a cash crop). Mung bean (Vigna radiata), as a potential leguminous crop 
for enriching the cotton-wheat dominated crop portfolio and the diets of the rural 
population, and maize (Zea Mays L.), as a representative of potential fodder and 
grain crops, were chosen because of a growing local interest in fodder crops. In the 
following, the findings of the screening for the suitability for these specific purposes 
in the Khorezm region are appraised.

14.3  Sorghum bicolor – A Multipurpose Staple for Saline Areas

Sorghum was selected as a crop with the potential to grow on degraded soils, uptake 

tolerant to soil salinity (Fransois et al. 1984), is highly water-use efficient (Rai et al. 
2004), capable of assimilating water from deeper soil layers and tolerates drought 
(FAO 2002
staples is restricted (Michaelis 1984; FAO 1995), and also for feed (Pedersen 
et al.  2000).
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Field experiments were conducted on three sites differing in soil salinity: low 
saline (0.2–0.5% water-soluble salts), medium saline (0.5–1.0%), and highly 
saline (1.0–2.0%) with four local sorghum varieties including S. vulgare Pers., 
S. cernuum (Ard.) Host, S. durra . and S. technicum (Koern.) 
Roshev (Begdullaeva et al. 2007) during 2003 and 2004. Grain yield produced 
in 2003 was used in the following experimental years as seeds were now adapted 
to local conditions.

four sorghum varieties increased significantly with the advancing growing season. 

order of booting<maturity<blooming (Begdullaeva et al. 2007
varied between 317 and 152 kg ha−1 in 2003, and 406 and 185 kg ha−1 in 2004 

significantly differ in 2004, but showed a decreasing total uptake with increasing 
salinity for S.  vulgare and S. durra
medium saline site in S. cernuum and S. technicum.

Grain and stover on the three salt-affected soils differed significantly among the 
14.2). In 2003, the highest grain yields and harvest 

indices (ratio of grain yield to total above ground plant mass; HI) were obtained 

Table 14.2 Dry weight of grain, stover of four sorghum varieties at soils with low, medium and 
high salinity

Varieties

Dry weight (t ha−1)

Grain
Stover (Stem  
and leaves) Grain

Stover (Stem  
and leaves)

2003 2004

Low saline soil
S. vulgare 2.41ca (±0.21b) 3.62a (±0.32) 3.44b (±0.24) 7.20a (±0.99)
S. cernuum 1.83c (±0.49) 2.75a (±0.73) 5.13a (±0.14) 6.75a (±0.43)
S. durra 3.00ba (±0.54) 2.81a (±037) 3.73b (±0.40) 7.40a (±0.83)
S. technicum 3.56a (±0.23) 3.62a (±0.55) 2.64c (±0.09) 4.98b (±0.53)

Medium saline soil
S. vulgare 2.12b (±0.28) 3.18a (±0.42) 4.49b (±0.36) 7.22b (±0.72)
S. cernuum 2.08b (±0.39) 3.12a (±0.59) 6.05a (±0.08) 8.18a (±0.92)
S. durra 2.75ba (±0.45) 3.12a (±0.47) 3.70c (±0.51) 7.55ba (±0.63)
S. technicum 3.37a (±0.59) 3.31a (±1.14) 3.32c (±0.28) 5.87c (±0.47)

Highly saline soil
S. vulgare 0 0.87a (±0.62) 2.23c (±0.29) 5.17a (±0.85)
S. cernuum 0 0.72a (±0.60) 3.33a (±0.26) 5.22a (±0.80)
S. durra 0.56b (±0.48) 1.78a (±0.43) 2.69b (±0.16) 5.28a (±0.15)
S. technicum 0.42c (±0.21) 2.12a (±1.49) 2.01c (±0.37) 4.83a (±0.80)

Source: Begdullaeva et al. (2009)
aMeans with the same letter are not significant different at P < 0.1 by the Fischers’ comparison  test
b
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from S. technicum and S. durra at the low and the medium saline sites. Yields and 
HI of S. vulgare and S. cernium were lowest and statistically did not differ among 
each other. Irrespective of soil salinity, stover yields of all four varieties did not  
differ significantly from each other, but in the highly saline soil, grain production 
and HI of sorghum was substantially reduced.

In 2004, grain and total dry matter (DM) production of S. cernuum was highest 
and of S. technicum lowest at all sites. Stover production of S. vulgare and S. durra 
did not differ significantly and that of grain only at the medium saline site. Although 
statistically not always significant, average stover, grain and in particular total DM 
production of all four varieties decreased in the order medium soil salinity > low soil 
salinity > high soil salinity.

highly saline soils, although total DM, grain and stover yields were clearly reduced 
compared to the other sites. With regard to the growing interest in sorghum as a food 
and feed crop, the feed quality of sorghum stover on the saline sites ranked between 
that of alfalfa hay and wheat stalks and could represent a good alternative if  
harvested during the maturation period. Yet the baking quality of all sorghum varieties 

of nitrogenous fertilizers, in particular, may upgrade the baking quality, as  
was experienced with winter wheat experiments in the same region (Kienzler 2010). 
Yet this needs further in-depth research.

Begdullaeva et al. (2009) analyzed the economic potential of 16 sugar sorghum 
varieties including local and imported varieties from India in saline soils of 
Karakalpakstan, the autonomous republic of Uzbekistan that borders the Khorezm 

but all had potential to generate income (from 230,000 to 1,166,000 UZS ha−1) on 
saline soils.

14.4  The Multi-faceted Potato Tuber – Income Improvement 
and Food Security

Potato was selected as a representative crop to generate income and improve food 
security at household level. Potato tubers are appreciated for their multi-purpose 
use. Worldwide, annually more than 300,000,000 tons of potato is harvested, and 
potato is, after wheat and maize, the third most cropped staple in the world. Potato 
gives more volume than any other crop per hectare, with less water and more food 
from less land, i.e., “more crop per drop”. It gains stable prices, and the time till 
harvest is must shorter than, for instance, for rice. Potato produces about 500–1,000 kg 
of protein per year per hectare in contrast to 164–500 kg of protein from soybeans, 
98–300 kg of protein from wheat, and only 33 kg of protein from cow milk. Potato 
production for human consumption is not a new food source in the Khorezm region, 
since it used to be widely cropped during the Soviet era. However, production 
declined substantially after the 1990s, owing to a deficiency in high quality seed 
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potatoes, which used to be imported (Olimjanov and Mamarasulov 2006). Food 
potato production then became limited to smaller areas within household plots and 
the use of seed potatoes of low quality.

of the Amudarya river (~100 m a.s.l.), were generally judged as a natural obstacle, 
and the region was thus classified as an area ill-suited for seed potato. Potato seed 
production is recommended for the mountain terrains of Uzbekistan with altitudes 
of >1 500 m a.s.l. However, the findings of Ruzimov et al. (2005) show that seed 
potatoes of three, early-maturing varieties (namely Koretta, Beluga and Delikat) 
imported from Germany produced high-quality (meaning virus-free) seed potatoes 
under the agro-climatic conditions in the study region. Seed potatoes were distributed 

flanked by a field experiment in which these three varieties were compared with the 
locally used variety, roughly translated as “40 Days”, in a jointly farmer-researcher 
managed experiment (Ruzimov et al. 2005).

did not differ from the local variety. But all out-yielded the local variety each study 
14.3

from 30 to 36 t dry matter (DM) ha−1, compared to an average production of 
23 t DM ha−1

starch contents than the local variety. Koretta and Beluga had a much higher tole rance 
to various diseases than Delikat and the local variety.

14.5  Producing “the King of Colors” – Indigo  
as a High-Value Cash Crop

Khorezm is currently experiencing a modest revival of the use of natural fibers and 
dyes for carpet and textile manufacturing, mainly oriented at catering to the tourism 

(Indigofera tinctoria L.) in Khorezm. Indigo is a tropical plant, which mostly is 

family of legumes and is known for producing a highly valued natural blue dye 

Table 14.3 Yield of potato tubers

Year Variety Mean Standard deviation

2003 Koretta 30.5 0.6
Delikat 32.2 0.6
Beluga 36 0.5
Local variety 23.5 0.1

2004 Koretta 31.3 0.3
Delikat 31.8 0.5
Beluga 36.1 0.5
Local variety 23.3 0.3
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local market value, and hence a potential for income generation. Indigo is not native 
to the region, and currently the dye is typically imported from India (Shimoyama 
1991) at high prices for dying silk and wool. Given the declared national policy in 
Uzbekistan to intensify the local processing of cotton, silk and wool, several enterprises 
have emerged in a short time also in the Khorezm region that need higher amounts 
of dyes. Furthermore, as a leguminous crop that fixes atmospheric nitrogen, indigo 
is rich in nitrogen, and thus can be considered for crop rotations, since it can grow 
as a green manure crop; it can furthermore be used as a feed source for livestock. 
Moreover, following dye extraction, the leaf mass provides excellent compost and 
can be ploughed back into the soil.

Fields experiments were conducted under two conditions: (1) main planting in 

pilot plantations showed that indigo germinated without problems, and provided 
satisfactory leaf and seed yields in Khorezm, albeit at lower levels than those reported 
from India. Preliminary laboratory tests showed that the dye could be successfully 
extracted. Growing indigo after winter wheat accumulated on average 59 g of green 
mass (per one plant), 57.6 g of seeds and 4.6 g of roots. After drying the samples at 

weight of about 15 t biomass ha−1 (about 300 kg of pigment). At an estimated price of 
this dye of about 20 US$ kg−1 (which is at the lower end of prices paid internatio nally 
that can be as high as 250 US$ kg−1 depending on quality and purity), profits were  
in the range of 4,374,970 UZS or about 3,000 US$ ha−1, which is higher than the gross 
margin (GM) of about 2,000,000 UZS or about 1,500 US$ ha−1 of rice, currently the 
most profitable crop in the region (Djanibekov 2008  
be considered as an alternative cash crop to rice since it could generate higher income. 
However, the corresponding regional demand of this cash crop and export opportunities 
need to be investigated before recommending its full-scale adoption. Yet, in 2011 the 
government of Uzbekistan decided to encourage the establishment of an indigo 
farmer association as part of the national farmer association.

14.6  Maize and Mung Bean – Improving Crop Rotation  
and Easing Food Insecurity

In a series of both researcher- and jointly researcher-farmer managed on-farm 
experiments conducted at different locations in Khorezm, Djumaniyazova et al. 
(2010) and Kienzler (2010
in the cultivation of cotton, winter wheat, maize and other crops. Especially for maize 

rotation by introducing a legume crop was expected to benefit livelihoods, food 
security and the environment alike. Mung bean was selected as the most suitable 
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legume for local conditions. Another examined alternative was the summer crop 
sweet corn (maize for human consumption), also with a good potential for increa sing 
the income of farmers.

Mung bean and maize were planted as a second crop after winter wheat, which 
−1

−1 −1) was also 
analyzed.

For maize and mung bean (Figs. 14.2 and 14.3), the yields were 
4,242 kg DM ha−1 and 868 kg DM ha−1, and HI was 0.45 and 0.35, respectively. 

2010) for 
classification as ready for human consumption, although at present maize is still 
considered mainly as a fodder crop. In contrast to the irrigation-intensive maize, 
mung beans were found to be less water demanding and showed favourable 

become major income-generating crops with the potential to improve the nutri-
tion of the rural population in the area where availability of irrigation water 
is  threatened.
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14.7  Scope for Alternative Crops for Household Security  
and Regional Welfare

Different studies investigated the potential of alternative crops with the help of 

2008) emphasized the profits 
of potato production, since the GM from potato production was 812 US$ ha−1, which 
was the second highest GM after rice (ca 1,100 US$ ha−1; both data from household 
plots in Khazarasp and Bagat districts). However, paddy rice cultivation demands 
at least 2,600 mm (26,000 m3 ha−1) of water, whereas potato production uses on 
average only 800 mm with the available irrigation methods (flood and furrow). It is 
unlikely that rice will maintain high GMs with the introduction of water pricing, a 
policy measure anticipated to take place in the near future, as confirmed by analysis 
of various scenarios (cf. Djanibekov et al. 2011a). When introducing a price for 
water of at least 2.5 US$ cent m−3, the production of potato is likely to become the 
most important cash crop to maintain farm income. Similarly, maize can become a 
very important crop if a water price is introduced or water availability in the region 
further declines. Gross margins of fodder crops such as maize are not very high 
when compared with rice, but these crops are crucial for securing feed production 
for poultry and animal husbandry in the region, which in turn is an essential part of 
the income and household security of the rural population (Djanibekov 2008).

Findings by Bobojonov et al. (2010) show that under the assumption of a reduction 
in irrigation water supply, irrespective of whether or not due to climate change or to 
an increasing water demand in upstream countries, cropping patterns are likely to 
change drastically, and a shift towards potato and vegetable production is to be 
expected at the expense of other crops. In compliance with the Uzbek saying, “where 
water ends, there ends the land”, under an increasingly uncertain water supply, it  
is to be expected that farmers may abandon the cultivation of the high-value,  
high-water-demanding and risky rice if they want to secure their profits (Bobojonov 
et al. 2010); this was confirmed by household-based studies (cf. Oberkircher et al. 
2011). But alternative crops allow going beyond the Uzbek saying, and in particular 
those crops with a considerably lower demand for irrigation water are likely to 
increase their share in the downstream locations of the irrigation systems. Crops 
such as mung beans, maize and sorghum, despite their presently low GMs, would 
become suitable in situations where low availability of irrigation water would not 

the option to maintain farm income during water-scarce years in the region, but their 
wide-scale cultivation would also allow increasing irrigation efficiency in the entire 
irrigation system, which could create the basis for environmental improvement 
(Bobojonov 2009; Bekchanov et al.  2010).

Unfortunately, this potential change is far from taking place, as it demands first 
a shift in governmental policies with respect to increasing farm-level decision-
making by the producers and land users. As long as the state order to grow cotton 
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and winter wheat still stands, expanding the area of alternatives to these crops  
is not viable. At present, farmers in the region have to allocate more than 70% of 
their arable land to cotton and winter wheat production, irrespective of the lower 

maintain a high share of cotton production, which provides currency inflow to the 
country, together with the winter wheat introduced in the early independence years, 
which provides food security and self-sufficiency for grains in Uzbekistan. 

their high economic and ecological potential (Bobojonov 2009
Müller (2006) has shown that the sustainability of cotton production in the region 
may be threatened under declining world market prices for cotton fibre, which was 

the long-term suitability of cotton production considering a value chain approach 
(cf. Rudenko et al. 2011), export alternatives and the water footprint of crops 
(Rudenko et al. 2009).

Finally, alternative crops such as fruits and vegetables are not part of the state 
order, and their profits are for a larger part determined by market prices. At present, 
these crops are used for household consumption due to the lack of processing 
capa cities in the region. Consequently, a surplus production cannot be absorbed by 
the domestic and regional markets and often leads to price declines and decreasing 
profits, as demonstrated by the annual sharp decline in prices after harvest, and price 
rises during the winter and spring periods (Bobojonov and Lamers 2008). Storage 
facilities established during Soviet times have deteriorated (Bobojonov and Lamers 
2008), and this limits further development of fruit and vegetable production. Surplus 
production could be exported to other regions of Uzbekistan, but export of agricultural 
products other than cotton, meat and rice currently rarely occurs, being limited by 
transport facilities and export constraints in Khorezm (Bobojonov and Lamers 
2008), and is also due to less research on the export potential of other agricultural 
products in Uzbekistan.

An adequate and functioning processing sector, as well as storage and export 
channels, needs to be available before promoting the wide-scale cultivation of 
alternative crops. However, as the findings presented here clearly support a wider 
crop diversification, care should be taken to prevent a shift from the present domi-
nating crops cotton and winter wheat to a monoculture of any of the recommended 
alternative crops. For example, if the economic benefits of potato production were 
to lead to a monoculture of this crop, future crashes in the potato production can 
be foreseen, as that caused by late blight (Phytophthora infestans) in the early 
1920s in Ireland. Without crop diversity, or at least the introduction of different 
varieties of the same crop, food security remains threatened. Uzbek farmers, on 
the other hand, have wide experience with different crops in their home gardens, 
and this raises hopes that future agricultural policies will support diversification 
of agricultural production to the benefit of the land users that have to make a 
decent living, and the environment, that needs to be preserved for future 
generations.
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14.8  Conclusions

of the agricultural production system, making it ecologically more resilient,  
economically more reliable and socially acceptable. Each of the five examined crops 

mung bean and maize was found suitable mainly on areas with high soil salinity  
and unstable irrigation water availability. Despite these harsh circumstances, these 
crops could maintain a certain level of revenue and provide income security in 
water-scarce years. In contrast, potato and indigo could be considered as high-value  
crops, but demand better soil quality and a more reliable water supply during the 
vegetation period.

Sustainable development from crop diversification will depend on structural  
and policy adjustments. Alternative crops have to be integrated into the common 
farming practices in the region, and state regulations must become conducive for this 
diversification. Furthermore, the processing and marketing sectors need to be revitalized 
in order to allow channelling over-production into markets near and distant, to improve 
food security, and to improve sustainable agricultural development in the region.
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Abstract This section summarizes the findings of a multidisciplinary, long-term 
research program that assessed the potential of plantation forestry to rehabilitate 
a  degraded, irrigated-agriculture ecosystem. Bio-physical and socio-economic 
studies conducted during 2002–2009 in Khorezm assessed the suitability of 
afforestation with multipurpose species as an alternative land-use option, by 
examining the ecosystems services and opportunities for income generation. The 
initial phase involved inventory, evaluation, and selection of suitable tree species 
and determination of the irrigation demand for establishing plantations on highly 
salinized, nutrient-poor soils with a shallow, saline groundwater table. Next, the 
environmental services were investigated including biological drainage for soil 
salinity control, improvement of soil nutrient stocks, and carbon sequestration into 
soil and tree biomass. Potential income generation from timber and non-timber 
products such as fuelwood, leaf fodder, and fruits was compared to that from a  
continued cropping of the degraded cropland. Sociological surveys evaluated farmers’ 
perceptions and current silvicultural practices to determine the prerequisites for 
introducing farm forestry in the area. Overall, evidence on ecosystem rehabilitation 
and financial benefits suggest that converting degraded cropland to long-term  
forestry use is an attractive option. Socio-economic obstacles such as legislative 
aspects of retiring degraded cropland and related land tenure issues, poor market 
conditions for tree products, lack of incentives and under-appreciation of the benefits 
of tree-based systems need to be addressed to ensure farmer and governmental 
support for afforestation.
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Keywords
 

15.1  Afforestation as an Alternative Use of Degraded Cropland

Rising water scarcity, cropland degradation due to soil salinization, and their threat 
to sustainable economic development are topics that have been discussed in 

1999). The climate 
change issue has recently been added to the country’s list of environmental  
challenges (Chub and Ososkova 2008). In this context, adaptive land- and water-use 
strategies that aim to use the dwindling resources more efficiently are required. As 
one of such strategies, in the ZEF/UNESCO’s landscape restructuring project in the 
Khorezm Region of Uzbekistan we have investigated the option of converting to 
tree plantations the degraded cropland areas, abandoned from cropping or where 
yields hardly justify investments. The resources saved can be used in productive 
agricultural areas (Martius et al. 2004). In several parts of the world, afforestation 
has proven successful in re-vegetating saline agricultural landscapes and providing 
environmental benefits and valuable products to land users (Heuperman et al. 2002; 
Marcar and Crawford 2004). In response to global climate change, afforestation has 
also been suggested as an important mitigating and adaptive land-use strategy (FAO 
2000; Katyal and Vlek 2000 2004; Scherr and Sthapit 2009).

In Khorezm, about 15–20% of arable lands are considered poorly suited or 
unsuitable for cropping, mostly due to soil salinization, and some of them could be 
considered for alternative uses, such as plantation forestry (Martius et al. 2004). As 
these degraded lands are not traditionally used as forestry areas, there was little 
published research on silvicultural strategies appropriate for this environment. To 
fill this information gap, the following issues were addressed:

Screening of available tree species and selection of most promising candidates;
Establishment of plantations on degraded cropland under deficit irrigation;
Evaluation of ecosystem services provided by afforestation;
Analysis of financial returns from investment in afforestation;
Survey of current farmers’ perceptions and silvicultural practices.

15.2  Species Screening

To ensure effective and sustainable outcomes, afforestation of marginal lands must 
be preceded by a comprehensive evaluation of available species (Harrington 1999). 
The ZEF/UNESCO project made an inventory of regional tree and forest resources 
by interpreting locally available aerial photographs with a resolution 1:20,000 m 
(Tupitsa 2009). The assessment revealed a tree cover of about 4% of the total surveyed 
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area, with forests accounting for only 0.3%. These forests were primarily the 
remnants of riparian Tugai forests and consisted mostly of Populus euphratica Oliv. 
In addition, “desert forests”, desert and xeric shrub lands, including Haloxylon  
persicum Bunge ex Boiss. and Buhse and H. ammodendrom (C. A. Mey.) Bunge as 
well as various shrub species covered about 2% of the surveyed area, but were  
cha racterized by a  low standing volume and a sparse canopy cover. Windbreak 
plan tings on agricultural land accounted for some 0.8% of the area and were dominated 
by Morus alba Salix and Populus spp. Fruit plantations constituted 
about 1% of the area and, for the most part, were intercropped with annual plants. 
The share of timber plantations of hybrid poplars was only 0.02% (Tupitsa 2009).

These and other promising candidate species were assessed using multiple 
physiological and socio-economic criteria in a field trial conducted on two soil types 

2005; Khamzina et al. 2006b
salinized soils, salt-tolerance was a compulsory criterion, while nitrogen (N) fixation 
and phreatophytic characteristics were viewed advantageous for growth on saline, 
infertile soils with a shallow groundwater table (Danso et al. 1992; Heuperman et al. 
2002; Khamzina et al. 2009a
were also preferred to avoid competition with indigenous plant community (IUCN 
2004) and to facilitate their adoption by farmers. Rapid establishment capability and 
high growth rate were also considered desirable as they shorten the “waiting” period 
before forestry activities generate appreciable revenues (Harrington 1999).

A judicious choice of species would also maximize associated environmental 
services such as biodrainage and soil salinity control, improvement of the soil 
nutrient stocks, carbon sequestration, biodiversity, and amenities (shadow, shelter 
for livestock, bee foraging, scenic beauty) contributing to overall ecosystem health. 
Multipurpose species that provide more than one useful product, i.e. fuelwood, high-
protein livestock fodder, edible fruits and, in the long-term, timber, were also desirable 

2004; Khamzina et al. 2006b, 2008). Mixed-species plantations also help diversify 
risks and ensure stable production rates due to different rotation periods.

Considering all these criteria, neither the fruit species Prunus armeniaca
M. alba nor Populus and Salix, species that are frequently planted on agricultural 
lands, showed high potential for afforestation of the degraded cropland (Khamzina 
et al. 2006a, b). Instead, the species ranking singled out the currently underutilized 
Elaeagnus angustifolia Ulmus pumila P. euphratica. This selection was 
based on the evaluation of trees in their early growth stage but was consistent with 
the presence of mature individuals of these species on abandoned land patches, 
where no other species were found to survive (Khamzina 2003).

15.3  Irrigation Demand

In an arid climate, afforestation success initially depends on the availability of 
sufficient water for tree establishment. In Khorezm, furrow irrigation with seasonal 
water application of 400–800 mm throughout the lifespan of plantations is a 
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standard recommendation (Makhno 1962; Fimkin 1972; MAFRI 1972). However, 
such amounts of water are unlikely to be consistently available for the marginal lands.

Thus the establishment and growth of E. angustifolia, P. euphratica and U. pumila 
were field-tested under deficit irrigation applied via drip and traditional furrows in 
a  long-term field trial during 2003–2009 (Fig. 15.1). Irrigated with 80–160 mm year−1, 

Fig. 15.1 Overview of the experimental site showing (a) severe secondary soil salinization in the 
spring of 2004, 2 years after tree planting; (b) tree plantations in the spring of 2006 (Photos by 
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the tested species successfully established on highly saline soils with the root-zone 
electrical conductivity (EC) over 20 dS m−1, underlain by shallow (0.9–2.0 m) 
groundwater with an EC ranging between 1 to 5 dS m−1. Following the cessation of 
irrigation after 2 years, the trees effectively used the groundwater and produced 
10–60 t ha−1 year−1 of above-ground biomass (Khamzina et al. 2008, 2009a, 2009b).

Compared to furrow irrigation, drip irrigation enhanced the initial growth of 
P.  euphratica which, known for poor survival and slow onset (Wang and Chen 
1996; Khamzina et al. 2006b, 2008), benefited from the constant and homogeneous 
root-zone moisture conditions provided by the high-frequency drip water supply. 
At a later stage, once the trees gained sufficient access to the groundwater table, 
the drip irrigation no longer provided an advantage over the furrow technique. 
E. angustifolia and U. pumila, more robust during the early growth, were insensitive 
to the mode of irrigation (Khamzina et al. 2008). Even at these low application 
rates, the traditional furrow irrigation was sufficient to meet the initial water demand 
of plantations. Thus, applying the costly drip irrigation system is deemed unnecessary 
for forest establishment at sites where a shallow, slightly-to-moderately saline 
groundwater table prevails throughout the growing season. Moreover, by drawing 
on relatively untapped groundwater resources (Ibrakhimov et al. 2007) afforestation 
can contribute to water saving as “unused” irrigation water from afforested plots 
would become available for use on productive cropland.

15.4  Ecosystem Services

Worldwide, awareness is growing of the importance of ecosystems services, the 
benefits provided to humans by natural ecosystem functions, which were popula rized 
and their definitions formalized by the United Nations Millennium Ecosystem 
Assessment (MEA 2005).

15.4.1  Biodrainage and Salinity Control

Within the irrigated land-use systems, where secondary soil salinization is chiefly 
responsible for the cropland degradation, mitigating dryland salinization by reducing 
elevated groundwater tables via biodrainage (Marcar and Crawford 2004) is one of 
the important ecosystem services that could be provided by afforestation. Biodrainage 
uses the transpirative capacity of trees to control the recharge or enhance the  
discharge of the shallow groundwater. In this case, profligate tree groundwater use is 
an asset (Heuperman et al. 2002).

To assess the potential of the selected species for biodrainage purposes, Khamzina 
et al. (2009b) examined the transpiration of established, 2–4-year-old tree plantations 
(years 2003–2005) on marginalized irrigated cropland. In the course of the growing 
season, the plantations transpired 0.1–7 mm day−1 in 2003 and 1–13 mm day−1 
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in 2004–2005, as determined with the Penman-Monteith model. In the absence of 
irrigation in 2005, the annual stand transpiration averaged 1,250, 1,030, and 670 mm 
for E. angustifolia, P. euphratica and U. pumila, respectively (Khamzina et al. 2009b).

The transpiration of E. angustifolia, the most water consuming species in this study, 
−1 tree−1 in 2005. This is at the lower end of the summer 

transpiration range of evergreen Eucalyptus spp. of similar age in semi-arid regions of 
1984). There, the effective biodrainage function of Eucalyptus  

species has been widely acknowledged (Heuperman et al. 2002). On the basis of land 
area, transpiration rates (9–13 mm day−1) in the dense plantation in Khorezm were 
similar or superior to that of the eucalypts. Such high (ground)water use despite the 
highly saline environment is explained by the salt-tolerance of the selected species, a 
high atmospheric evaporative demand, and availability of the groundwater with a 
tolerable salinity level, to satisfy this demand (Khamzina et al. 2009b).

Despite the ample water use and vigorous juvenile growth, the groundwater 
drawdown effect under this 2 ha tree plantation was less than 1 m over 5 years of 
plantation growth (Khamzina et al. 2008, 2009a). Ibrakhimov et al. (2007) and 
Khamzina et al. (2005; 2009b) suggested that a significant subsidence of the ground-
water table under small-scale plantations within the Khorezm irrigated area was 
unlikely due to a continuous refill from the surrounding irrigated cropped fields. On 
the other side, this underground inflow might allow the plantation growth even 
under non-irrigated conditions.

Of concern to plantation long-term viability was an observed rise in root-zone 
soil salinity from 4 to 12 dS m−1 already during the early growth (2003–2005) and 
also after irrigation was stopped and groundwater uptake increased (Khamzina et al. 
2009b). Modeling studies assessing the sustainability of tree plantations elsewhere 
predicted salt accumulation due to exclusion of salts from the groundwater uptake. 
This phenomenon might endanger the long-term success of tree planting in the 
groundwater discharge areas (Thorburn et al. 1995; Morris et al. 1998; Thorburn 
1999; Paydar et al. 2005), which prevail in Khorezm (Ibrakhimov et al. 2007). 
Nevertheless, the significant biomass production on the degraded land in our study 
over the first 7 years suggests a great tolerance of the selected species. Even though 
the trees do not “cure” the salinity problem, they do thrive and make better use of 
land with otherwise a little productive value. Continued observations of soil salinity 
dynamics and simulation analyses should quantify the growth response to increa sing 
salinity over time, and any ameliorating leaching required for long-term plantation 
sustainability.

15.4.2  Improving Soil Nutrient Stocks

Planting nitrogen-fixing tree species on nutrient-exhausted fallow lands or interplanting 
with valuable (tree) crops has been a widely acknowledged silvicultural practice.  
It utilizes the ability of N-fixers to replenish nutrient stocks and increase the productivity 
of agroforestry and silvopastoral systems, particularly in the tropics (Dawson 1986; 
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Danso et al. 1992; Dommergues 1995; Paschke 1997 2004). To assess 
the potential for improving soil fertility by afforestation in the arid region, N

2
 fixation 

of E. angustifolia was examined using the 15N natural abundance method (Khamzina 
et al. 2009a; Djumaeva et al. 2010).

Drought, salinity and P and micronutrient deficiency—conditions that predominate 
in degraded soils in Khorezm—can suppress nitrogen fixation by reducing plant 
growth or by directly affecting the symbiosis (Dommergues 1995). In our study, 
despite elevated root-zone salinity and deficiency in plant-available P (4–15 mg kg−1), 
the proportion of N derived from the atmosphere by E. angustifolia increased from an 
initial value of 20% to almost 100% over 5 years following planting. Due to the shallow 
groundwater table, the soil water content was not a limiting factor (Khamzina et al. 
2008, 2009b) whereas the high soil salinity did not inhibit N

2
 fixation either, implying 

a high salt tolerance of both, the host plant and the Frankia strains, naturally occurring 
in the soil. The high N

2
 fixation despite P deficiency might be attributed to the mycorrhizal 

1986).
Nitrogen fixation initially averaged 0.02 t ha−1 year−1, peaked at 0.5 t ha−1 year−1 

during the next 2 years, and thereafter stabilized at 0.3 t ha−1 year−1 (Khamzina et al. 
2009a). According to the classification of Dommergues (1995), species with a N

2
-

fixing potential of 0.1–0.3 t ha−1 year−1 are regarded as highly efficient. Elaeagnus 
angustifolia would thus fit this category.

The conversion of degraded cropland to tree plantations increased soil total N 
stocks in the upper 20 cm layer by 6–30% in 5 years. The increase in plant-available 
soil N was significantly higher in E. angustifolia plots than in P. euphratica and  
U. pumila plots. Increases in the concentrations of plant-available P of up to 74% 
were significant irrespective of tree species, suggesting an efficient nutrient pump 
(Khamzina et al. 2009a). This improvement in soil fertility via including N

2
-fixing 

trees is further evidence that afforestation with mixed-species plantations can be 
a  sustainable land-use option for the degraded cropland.

15.4.3  Carbon Sequestration

Planting trees on the degraded lands provides an opportunity to combine the efforts 
of combating land degradation and reducing CO

2
 emissions (FAO 2000). Moreover, 

payments are offered to land users implementing such bio-sequestration projects 
through mandatory (operated under Kyoto Protocol) and, in a larger share, voluntary 
markets. The Kyoto Protocol allows non-Annex I countries, such as Uzbekistan, to 
participate in the global carbon (C) sequestration effort by selling C units gained 
from re- and afforestation under the Clean Development Mechanism (CDM). These 
are the only land uses currently eligible under the CDM, but their potential in arid 
regions has not yet been fully recognized, let alone exploited.

Our results in Khorezm showed that 5 years after afforestation, the soil organic 
C (SOC) stocks rose by 10–35%, adding 2–7 t C ha−1 to the upper 0–20 cm soil 
layer, with E. angustifolia being the most effective tree species in soil C sequestration. 
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The SOC concentrations remained below 1%, reflecting the low soil fertility, but the 

2002) showed a mean of 18% increase in soil C stocks following  
conversion of cropland to tree plantation. Furthermore, results of a chronosequence 
study in Khorezm suggested that soil C sequestration continued at the rate of 
0.15 t ha−1 year−1 in the first 20 years and 0.09 t ha−1 year−1 thereafter (Hbirkou et al. 
2011). According to these results, the SOC stocks in tree plantation systems in the 
long-term exceed those in the native Tugai forest.

Depending on tree species, C sequestration in woody biomass ranged from 11 
to 23 t ha−1 already in the fifth year after afforestation. When such C sequestration 
in the biotic and soil pools occurs in an afforestation project certified under the 
CDM, the resulting C payments could encourage this alternative land use in 
degraded areas (Smith and Scherr 2003). In the study region, the cost effectiveness 
of forestry activities under the CDM and the magnitude of potential C payments 
remain to be determined.

15.5  Provisional Ecosystem Services – Non-timber Products

The ecological benefits alone are insufficient to incentivize the adoption of farm 
forestry on degraded land. The challenge is to enhance ecosystem services while 
meeting farmers’ domestic and income generation needs. Non-timber tree products 
can provide annual cash flows while waiting to harvest and market timber, the most 
valuable tree product, or, in a CDM project, before the C offsets become significant. 
Few studies from Central Asia reported on appropriate management practices to 
receive non-timber benefits (Fisher et al. 2004; Kan et al. 2008).

15.5.1  Wood for Fuel

Fuelwood is an important source of energy even in countries well-endowed with 
fossil fuels as an access to gas and electricity is often limited in rural areas due to 
difficulties in linking remote regions to national grids or due to interruptions of 
energy supplies. In this context, tree (residual) wood biomass is a cheap, additional 
energy option in Uzbekistan where over 50% of the rural population has insecure or 
reduced access to gas supplies1 (UNFCC 2001).

In pilot plantations, the observed calorific value of wood from E. angustifolia, 
U.  pumila and P. euphratica varied little over time, within 18–19 MJ kg−1. Thinning 
the 5-year-old plantations by a half of their initial density (2,300 stems ha−1), to make 
room for growing trees, generated an energy value varying from 6 tons of oil energy 
equivalent (toe) ha−1 (U. pumila) to 10 toe ha−1 (P. euphratica). This would satisfy the 

1 http://www.ieguzexpo.com/page/exhibition/clean_energy/71/res
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average annual per capita energy needs of 55–90 people in Uzbekistan and exceeds 
by 400% the energy value gained over the same period from cotton stalks, commonly 

2008). The new fuelwood source 
could also reduce the illegal cutting of natural Tugai and desert forests.

15.5.2  Supplementary Fodder

The importance of livestock rearing to rural livelihood has been growing in Khorezm, 
but fodder crop production remains restricted, as the state-ordered cotton and wheat 
cultivation occupies ca. 70–80% of cropland (Djanibekov 2006, 2008; Müller 2006). 

are too small in size and number to produce the desired fodder quantity (Djanibekov 
2006). Introducing fodder trees on degraded croplands could contribute to forage 
availability provided the nutritional quality of the planted species is appropriate.

Recent surveys in Khorezm showed that farmers feed their dairy cows with wheat 
bran and residues of maize and sorghum (Djanibekov 2008). With a ratio of crude 
protein to metabolizable energy content (CP:ME) of ~11 g MJ−1, these feedstuffs are 

−1 (Close and Menke 1986). 
In contrast, due to high CP and relatively low ME values, CP:ME ratio in tree leaves 
was at least 13 g MJ−1, a well-balanced ratio for milk production (Close and Menke 
1986). In fact, the CP:ME ratio of E. angustifolia was close to that of CP-rich  
cottonseed cake (CP:ME = 29.9 g MJ−1), an expensive supplement which, when 
affordable, is added to the diet of dairy cows (Djanibekov 2008
concentrations (up to 260 g DM kg−1), the tree foliage should be mixed with roughages, 
which are protein-poor but would yield the appropriate ME content to digest the 
proteins in the mixture. Supplementing the livestock diets with protein-rich leaves 
can thus contribute to forage-saving by reducing the amount of basic feed needed 
(Djumaeva et al. 2009 2010). Moreover, using tree leaves 
from afforestation plots to enrich and increase feed production can ease the pressure 
on natural pastures without competing for prime agricultural land.

An overall in-vitro evaluation of the leaves, considering the organic matter 
diges tibility and the effects of tannins, indicated a medium-to-good feed quality of  
E. angustifolia, U. pumila, M. alba, and Gleditchia triacantos (Khamzina et al. 
2006b; Djumaeva et al. 2009 2010). These results need to 
be confirmed by in vivo studies that access the intake and palatability of tree foliage.

15.6  Potential Financial Gains from the Alternative Land Use

The biomass data of the E. angustifolia, U. pumila, and P. euphratica plantings 
(Khamzina et al. 2009a) was supplemented with that of mature trees already gro wing 
on marginal land (Khamzina 2003). This combined dataset formed the basis for 
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elaborating 20-year growth functions for these species. Potential financial returns 
were assessed by considering annual fuelwood, fodder and fruit production, plus the 
stumpage value after 20 years. At a 16% discount rate (base case), the estimated Net 
Present Value (NPV, US$ ha−1) was greatest for E. angustifolia (ca. 13,900),  
followed by P. euphratica (ca. 4,100), and U. pumila (ca. 1,700) showing a benefit 

2008). Between 
47% (E. angustifolia) and 89% (U. pumila) of the total revenues accrued 20 years 

2008). 
This high-value commodity is at present largely imported in Uzbekistan.

A comparative analysis of tree-based land use with the conventional annual 
cropping of cotton, winter wheat and rice on the land of low fertility showed that, 
except for the first year, gross margins of tree plantations exceeded those of the 
annual crops, owing to the annually recurring benefits from fuelwood and fodder. 
Among the crops, particularly cotton persistently caused losses due to high 
expenses for labor and machinery and the low yields on marginal lands (cf. Rudenko 
et al.  2011).

The estimated opportunities for positive returns to investment in afforestation 
and the comparative advantages of perennial vs. annual vegetation on the degraded 
cropland suggest that conversion to tree plantations could bring significant financial 

2008).

15.7  Social Settings for Introduction of Forestry 
on Degraded  Land

Farmer acceptance is essential for the successful adoption of afforestation practices. 
However, until recently farmers’ knowledge of, and motivation for practicing the 
tree-based land-use systems hardly received research attention.

Therefore, a survey conducted by Kan et al. (2008) among 133 households 
during 2003–2005 in Khorezm found that farmers rarely invested in pure tree 
plantations. Instead, various agroforestry systems were managed, with 97% of all 
sites including fruit tree species. The preference for these species was motivated by 
the opportunity their fruits presented for additional income and enrichment of the 
family food basket. Annual crop components i.e. cereals, vegetables, fodder and 
cash crops were still considered commercially more important than the trees and 
were given the highest priority in these agroforestry systems.

The large share of trees below 10 years of age (over 40% of cases) was  
evidence of the emerging interest in fruit tree planting and appeared linked to the 
recent land reforms (Djanibekov 2008). The reforms included tax exemptions for 
land users who commit themselves to horticultural crops (Kan et al. 2008) and 
encouraged the inclusion of perennial crops in the land-use systems. However, 
farmers seemed to capture the tax exemption while maintaining a bias for annual 
crops rather than combining the two components in an optimal production system 
(Kan et al. 2008).
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The potential for growing trees on degraded cropland was underutilized, and, 
more often than not, the farmers’ knowledge about the environmental value of this 
land use and direct benefits (e.g., tree fodder) was either superficial or absent (Kan 
et al. 2008). The lack of knowledge may be linked to the only recent legalization of 
land ownership and thus limited experience in land management, and to the absence 
of suitable farmer training and education. Nevertheless, the boost in tree planting 
following the governmental support shows an emerging interest in perennial crops 
and is an encouraging step toward enhancing forestry activities with appropriate 
species on marginal agricultural land.

15.8  Outlook

Soil salinity, the primary cause of on-going cropland degradation in Khorezm, was 
not eliminated by conversion to tree plantations. Hence a return to cropping on these 
lands in the long-run seems impractical unless more sustainable irrigation and drainage 
practices are adopted to maintain salts at levels acceptable for common crops. 
Increasing regional water scarcity could render such technical solutions uneconomical 
for unproductive croplands. Thus highly degraded cropland parcels should likely be 
permanently converted to small-scale forests to assist in ecosystem rehabilitation 
rather than the restoration of the land to annual cropping.

However, the legislative aspects of retiring degraded croplands, which are  
currently under the state-ordered land use, for use in forestry, and related land  
tenure issues need to be addressed. Afforestation can also be constrained by 
socio-economic factors, such as poor market conditions for tree products, lack of 
infrastructure or an under-appreciation of the benefits of tree-based systems. 
Economic obstacles will need to be removed by the provision of incentives and 
access to capital (Kan et al. 2008 2008). The annual cash flows  
predicted from non-timber products are promising, but a commercialization of these 
products would be necessary to actually influence the cash income of rural Uzbek 
households. Processing locally gathered non-timber products, e.g., turning  
traditional fuelwood into wood briquettes for fuel could add value, create jobs, and 
exploit new markets. Agricultural extension services and transfer of technical and 
ecological know-how may help increase the motivation of farmers to plant ecologically 
appropriate tree species.

Environmental services from afforestation, when translated in monetary terms, 
can significantly increase the value of degraded land used for forestry (Costanza 
et al. 1997). The existing international C market offers an opportunity for small-scale 
forestry participation in the CDM thus linking the local and global interest via  
participatory afforestation. In Uzbekistan, the bio-sequestration forestry projects 
have been under-represented on the country’s CDM agenda due to presumably low 
cost effectiveness of such projects. We hope that the diversity and magnitude of 
benefits from afforestation demonstrated in our studies could create awareness of its 
financial and ecological advantage in degraded croplands.
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Chapter 16
Abundance of Natural Riparian Forests  
and Tree Plantations in the Amudarya Delta  
of Uzbekistan and Their Impact on Emissions  
of Soil-Borne Greenhouse Gases

Clemens Scheer, Alexander Tupitsa, Evgeniy Botman,  
John P.A. Lamers, Martin Worbes, Reiner Wassmann,  
Christopher Martius, and Paul L.G. Vlek 

Abstract Through a forest inventory in parts of the Amudarya river delta, Central 
Asia, we assessed the impact of ongoing forest degradation on the emissions of 
greenhouse gases (GHG) from soils. Interpretation of aerial photographs from 2001, 
combined with data on forest inventory in 1990 and field survey in 2003 provided 
comprehensive information about the extent and changes of the natural Tugai 
riparian forests and tree plantations in the delta. The findings show an average 
annual deforestation rate of almost 1.3% and an even higher rate of land use 
change from Tugai forests to land with only sparse tree cover. These annual rates 
of deforestation and forest degradation are higher than the global annual forest 
loss. By 2003, the Tugai forest area had drastically decreased to about 60%  
compared to an inventory in 1990.



250 C. Scheer et al.

Significant differences in soil GHG emissions between forest and agricultural 
land use underscore the impact of the ongoing land use change on the emission of 
soil-borne GHGs. The conversion of Tugai forests into irrigated croplands will 
release 2.5 t CO

2
 equivalents per hectare per year due to elevated emissions of N

2
O 

and CH
4
. This demonstrates that the ongoing transformation of Tugai forests into 

agricultural land-use systems did not only lead to a loss of biodiversity and of a 
unique ecosystem, but substantially impacts the biosphere-atmosphere exchange of 
GHG and soil C and N turnover processes.

Keywords

16.1  Introduction

The conversion of natural, unmanaged vegetation to cropland releases substantial 
amounts of carbon dioxide (CO

2
) to the atmosphere and in turn reduces C storage in 

soil and vegetation (Robertson and Grace 2004). Soil microbial transformations 
(e.g., nitrification, denitrification and methanogenesis) can produce significant 
amounts of the greenhouse gases (GHGs) methane (CH

4
) and nitrous oxide (N

2
O) 

(Mosier 1998). Recent estimates show that agriculture accounts for about 60% of 
N

2
O and about 50% of CH

4
 global anthropogenic emissions (Smith et al. 2007); 

whereas deforestation accounts for about 20% of global CO
2
 emissions, larger than 

the entire global transportation sector (Meridian Institute 2009). Land use change 
and deforestation are very acute processes also ongoing in the Amudarya river delta, 
Central Asia, where both direct and indirect anthropogenic causes are responsible 
for the degradation of the riparian (Tugai) forests.

Union epoch, the natural vegetation in the Amudarya delta consisted mainly of 
Tugai

Tugai forests are fast-growing deciduous trees mainly of 
poplar (Populus euphratica Oliv. and P. pruinosa), but also including Russian olive 

R. Wassmann
Institute for Meteorology and Climate Research, Atmospheric Environmental Research,  

e-mail: r.wassmann@cgiar.org

C. Martius
Center for Development Research (ZEF), Walter-Flex-Str. 3, 53113 Bonn, Germany 
e-mail: gcmartius@gmail.com
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(Elaeagnus angustifolia) and willow (Salix spp.), in the floodplains and river deltas 
2001; 

2001b). Their growth requires regular flooding, which explains their 

1997). With more than 230 plant species, the Tugai forest is considered to be one of 
2001).

At the beginning of the last century, the narrow belts of Tugai forest stretched for 
-

plains of the Amudarya alone, including 300,000 ha in its lower reaches and delta 
(Fig. 16.1). Nowadays, this area is reportedly reduced to less than 30,000 ha in the 

2001b). Varying from a 
Tugai forest 

-

 
tree-shrub communities into pasture ecosystems, are direct anthropogenic factors 
that reduced the area of Tugai. Many former Tugai forest areas have been converted 
also into agricultural croplands, in particular flooded rice fields, or were replaced by 
permanent forest plantations. Also, the intensive irrigation agriculture introduced during 
the Soviet era for the production of cotton (cf. Tischbein et al. 2011), has reduced 
river flow, lowered the groundwater table along the river and increased soil salinity, 
which are indirect factors having caused the disappearance of the Tugai forests 

1997 2001a). Furthermore, the Tuyamuyun reservoir 
2011) regulates river flow and reduces the 

regular floods that previously filled up the Tugai groundwater reservoirs.
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The impact of the manifold direct and indirect causes of land use change and 
deforestation of Tugai forests on the emission of soil-borne GHGs has not yet been 
quantified, although changes in land-use contribute to the anthropogenic emissions 

2007
inventory of the Tugai forests in the Amudarya delta (including those areas on the left 

GHG emission levels caused by the conversion of the Tugai forests into cropland or 

and changes of the Tugai
and (ii) assess their impact on emissions of soil-borne GHGs in this region.

16.2  Materials and Methods

16.2.1  Study Region

the Turan Lowland of the Aral Sea Basin, a vast low-lying desert basin stretching 

between 41°08  and 41°59  N latitude and 60°03  and 61°24  E longitude at 90–138 m 

et al. 2011
the areas most intensively used for agriculture with roughly 270,000–300,000 ha 
irrigated land (cf. Conrad et al. 2011).

16.2.2  Forest Inventory of Khorezm

2) and WE 
2) directions were delineated as the study area (Fig. 16.2). They covered ca. 

10% of the entire region in which four Tugai forest compartments and tree plantations 

1990), which was 
 

2001) complemented with field 
studies in 2003 (Tupitsa 2009).

 

photographs were prepared for the consecutive procedures of interior, relative and 
absolute orientations. ESRI ArcGIS 9.0 and ESRI ArcView 3.2 software and their 
extensions were used for the analyses. The photogrammetric technique included 
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ocular photo-interpretations with the plotter to identify forests and tree plantations 
according to the developed thematic classes (Table 16.1). Following the identification 
of each forest patch or tree plantation, its polygon was plotted and an output file 

16.2). The application of GIS-based tools 

on the FAO (2005) threshold values of the classification of a forest canopy of >10% 
(forest) and 5–10% (other wooded land), four Tugai forest compartments were  
classified. Ocular estimates of crown closure to the nearest 0.05 coefficient were 
carried out with the plotter. Finally, aerial photography was complemented with field 
surveys to identify species composition, vitality and age classes. Therefore, randomly 
selected plots of 0.01–0.1 ha representing a 5% area in each forest patch or tree 
plantation were surveyed. For rating insect and disease problems (Rohrmoser 1984), 

Fig. 16.2 Extent of forest and other wooded land in the Tugai forest compartments and example 
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simplified versions of international conventions were used. The locally used age 
classes, young ( 10 year), pre-mature (11–25 year) and mature ( 26 year) were 
determined with a Suunto 300 mm tree increment borer.

16.2.3  Emission of GHGs from Soils

In 2005, emissions of soil-borne GHG were measured in the Tugai forest reserve located 

1998). The forest in this reserve had suffered severely 
from deforestation and for years experienced decreased natural flooding caused by the 
diversion of the Amudarya water for irrigation. The fluxes of N

2
O and CH

4
 were mea-

sured in the Tugai forest vegetation with the closed chamber technique (Mosier 1989) 
in four chambers (replications). In the experimental area, poplars (Populus ariana L. 
and P. pruinosa) dominated the woody species. In 2005 and 2006, N

2
O and CH

4
 fluxes 

1998) with 
a sandy loam texture. The entire plantation covered 75 ha, including 70 ha of 10-year-

P. nigra) and 5 ha of 6-year-old Siberian elm (Ulmus pumila L.) trees. 
Fluxes were primarily measured in the P. nigra plantation.

Additional details about the method and the experimental set-up were presented 
previously (Scheer et al. 2008a, b).

16.3  Results and Discussion

16.3.1  Forestry Inventory of Khorezm

Tugai forest covered less than 1% of the study area (Table 16.2), which is classified 
as a low forest cover according to the classification by Lund (1999). No forest patches 
were found in the WE transect. Comparing the results of the inventories in 1990 and 
2003 showed that about 40% of the forest area had been turned into ‘other wooded land’ 
(thinned out and strongly degraded forest) resulting in an annual forest degradation 
rate of 3.1% (Fig. 16.3). However, these areas could still regenerate naturally or 
under rehabilitation efforts. If forests and other woodland are lumped together,  
then 17% of their combined area had been converted into cropland in that period, 
corresponding to an annual deforestation rate of 1.3% (Fig. 16.3). Due to the intensive 
agricultural land use, these areas cannot be rehabilitated to Tugai forest anymore. 
Thus, the latter value should be considered as a conservative deforestation estimate.

The estimated annual rates of forest degradation and deforestation in the Tugai, 
which are higher than the global annual forest loss, are due to land use change 
caused by numerous factors. The water shortages of 2000 and 2001 significantly 
affected the Tugai 2001a
particularly of young trees, forest fires and illegal cuttings has substantially reduced 
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the potential regeneration of the vulnerable Tugai 1998). Unless 
these low regeneration rates are increased by protective measures implemented 

the unique Tugai forests will be lost. Future forest management must be based on 
comprehensive, reliable and near real-time information which, as Tupitsa (2009) has 
adopted and verified for Tugai forests, can be extracted from aerial photographs 

Since the mid 1990s, a nationwide program pushed the establishment of 50,000 ha 
Populus spp.) 

plantations to satisfy the national demand for construction wood and pulp, which 
1994; FAO 2006). Yet, 

due to environmental constraints and disturbances affecting tree health, the recent 
tree-planting initiatives failed (FAO 2006), and poplar now only covers a small part 

<0.1% of Populus spp. plantations as compared to other plantings (Table 16.3).

Table 16.2 Spatial extent of the Tugai

Transect
Transect  
area (ha)

Forest classificationa

Forest
Other wooded  
land Total

NS 32,020 Area (ha) 139.1 177.8 316.9
Ratio to the transect 

area (%)
(0.4) (0.6) (1.0)

WE 23,020 Area (ha) − − −
Total 55,040 Area (ha) 139.1 177.8 316.9

Ratio to the transect 
area (%)

(0.3) (0.3) (0.6)

aFRA 2005 classification (FAO 2005)

A
re

a 
(h

a)

300

1990

2003

350

400

250

200

150

100

50

0
Forestand other wooded land

17%
(deforestation rate 1.3% yr 1)

40%
(forest degradation rate 3.1% yr 1)

Forest

Fig. 16.3 Changes in forest area in the Tugai
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Fig. 16.4

Populus spp. was about 20% (Fig. 16.4). Furthermore, the tree plantations were 
relatively young ( 10 year) and Populus spp. had no pre-mature and mature 
(>10 year) age classes. About 60% area of Populus spp. plantations was infested by 
pests and diseases (Tupitsa 2009). The environmental constraints and disturbances 
affecting tree health suppressed the recent initiatives on planting Populus spp.  

2006). Furthermore, although forest logging is 

removal between 1990 and 2003 amounted to about 30,000 m3 annually of which 
about 30% was for industrial use for sawn wood and hardwood for producing 
wooden cases, matches, pulp and paper. During the past years, wood has generally 
been supplied by the private sector and consumed by the small-scale wood-processing 
businesses for manufacturing small furniture (FAO 2006). Wood is also commonly 
used as fuel (UNECE 2005).

Given the growing need for timber by the local population, the extension of 
appropriate tree plantations on degraded, salt effected cropland could be an attractive 

2006b
plant not only softwood species, such as Populus spp., but also other species such as 
U. pumila 2006b).
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16.3.2  Soil-Borne GHG Emissions

Emissions of N
2
O and CH

4
 in the Tugai forest were measured at regular intervals 

from May to September 2005. During the entire sampling period, no CH
4
 fluxes and 

only very low N
2
O fluxes (<2 g N

2
O-N m−2 h−1) were observed. Maximum fluxes 

occurred in one replication (chamber) on May 12, which reached 17.6 g 
N

2
O-N m−2 h−1 (Fig. 16.5). The arithmetic mean of the N

2
O flux for all measurements 

in the four measuring chambers was 1.4 ± 0.75 g N
2
O-N m−2 h−1, corresponding to 

2
O-N ha−1 year−1.

and the sole water source was the shallow groundwater table. However, the topsoil 

Soil N
2

2000) and are disproportionately reduced with low soil moisture (Zheng 
et al. 2000). The very low N

2
O emissions in the Tugai land-use system can thus 

largely be explained by the low water content in the upper layer of the soil. However, 
it should be noted that the Tugai forests used to be regularly inundated by the rivers. 
As a result of the extensive use of river water for irrigation, this natural flooding  
has ceased. Under a natural flooding regime, which coincides with depositions of 

2

inundation events. Hence, the presently observed ‘natural’ N
2
O flux rates of the 

Tugai
water for irrigated agriculture (Scheer et al. 2008b).

Fig. 16.5 N
2

Tugai forest plot over the 
April-September 2005 measurement period. Error bars indicate the standard error
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In the poplar plantations, “substantial N
2
O emissions” were observed throughout 

the entire measurement period (Fig. 16.6), while significant CH
4
 fluxes could not be 

detected. The N
2
O fluxes showed clear inter-annual differences. In 2005, N

2
O fluxes 

were measured from April to October and high emissions were observed over the 
entire period (39.8 g N

2
O-N m−2 h−1

level, soil temperature can be considered the main regulating parameter of these 
N

2
O emissions. In 2006, the mean flux rates were significantly lower (22.9 g 

N
2
O-N m−2 h−1) with highest emissions in winter and lower flux rates in summer. 

Extraordinarily high N
2
O emissions were observed on two occasions in January and 

February, which corresponded to thawing after a frost period in the upper soil. Such 

to induce an emission pulse of N
2
O at, or shortly after, thawing during winter and 

1999 2006). After these initial 
events in the mid-winter months, the flux rates stayed below 50 g N

2
O-N m−2 h−1 

and followed no clear temporal trend. Compared to N
2
O emissions from forest  

plantations elsewhere (Robertson et al. 2000; Ferré et al. 2005), the measured flux 

been added. It seems that the main reason for these high flux rates at this study site 

during the summer months. Due to the shallow groundwater table of 1–2 m below 
ground level throughout the observation period, the soil water content remained 

Fig. 16.6 N
2

April 2005-September 2006 measurement period. Error bars indicate the standard error (Modified 
after Scheer et al. 2008b)
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high in these poplar plantations, even in the absence of regular irrigation events. The 

N
2

2000). During the whole measuring  

1999).

added at the examined site and topsoil N (0.1%) and organic matter (0.6%) contents 
2011). 

Hence, the N
2
O emissions should have been limited due to the low mineral-N  

content in the soil. A possible explanation for the elevated N
2
O emissions is that a 

2011) 

2003). However, this could not be  

The results reflect the potential impact of Tugai forests conversion (into degraded 
forests and agricultural land) on the emission of soil borne GHGs from these systems. 
GHG emissions previously reported from irrigated agricultural fields in the Amudarya 
delta were up to 100 times higher than the emissions observed in the Tugai forests 
(Scheer et al. 2008b). Consequently, the reduction of the Tugai forests will lead to 
elevated emissions of GHGs. Conversion of Tugai forests into irrigated cropping land 
will release 2.5 t CO

2
 equivalents per hectare per year (Fig. 16.7). Accordingly, the ca. 

50,000 ha of Tugai forests that have been converted into irrigated agricultural land will 
continuously be releasing an equivalent of 125,000 t CO

2
 eq. every year in emissions 

Tugai Forest Poplar Plantation Irrigated cropland

F
lu

x 
C

O
2-

eq
.[k

g/
ha

/y
ea

r]

0
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of N
2
O and CH

4

account the amount of CO
2
 that was lost from the aboveground biomass and C stored 

in the soils, so the absolute amount of CO
2
 emitted is even higher.

16.4  Conclusions

Air photography coupled with photogrammetry provided comprehensive information 
about the extent and changes of forested land in the Amudarya delta. The findings 
confirmed both the ongoing reduction of the Tugai forest and the degradation of 
forests. Furthermore, significant differences in GHG emissions from soil under  
different land uses were found. Degradation and the conversion of natural Tugai 
forests into cropland will result in elevated GHG emissions via enhanced N

2
O and 

CH
4
 fluxes from the modified land-use systems. Hence, the conservation of the Tugai 

forests would simultaneously help protect this unique ecosystem and mitigate 
emission of GHGs. However, this would require setting aside water for ecological 
purposes, which currently is not the case. Approaches to water saving in agriculture 

 
ecological benefits if properly administered.

To reduce the impact of the ongoing deforestation, sustainable forest management 
plans should urgently be developed and implemented. Given the growing need for 
timber and firewood, an extension of appropriate tree plantations in the near future 
will be needed. Removing land from irrigated agricultural production, or changing 
land use from an annual cropping system to perennial forest plantations, in particular 

2006a 2008), could help reducing land degradation and, at the same 
time, mitigate N

2
O and CH

4
 fluxes. In addition, such plantations would offer mitigation 

options through carbon sequestration, owing to a high rate of soil C storage and the 
accumulation of C in non-harvested wood, given the high biomass production which 
can reach 20–32 t ha−1

et al. 2011
provide an additional income source for farmers.
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Abstract A Farm-Level Economic Ecological Optimization Model (FLEOM) was 
developed in the ZEF/UNESCO Khorezm project as a land-use planning and 
decision-support tool at the level of farms and Water Users Associations (WUAs) 
to couple ecological and economic optimization of land allocation. The agronomic 
database for cotton, winter wheat and maize that underlines the model was established 
with the cropping system simulation model CropSyst using data sets, field experience 
and knowledge of a range of agronomic and hydrological studies on irrigation  
and fertilizer response, planting dates, tillage and residue management. Potential 
users of this tool are medium-level stakeholders such as representatives of WUAs 
and the local water authority. Besides, the model is intended to be a tool for 
scientists and for university education. The features of FLEOM are presented through 
simulation of four different management scenarios, each with different sets of 
assumptions relating to changes in socio-economic conditions: (i) business-as-usual, 
(ii) commodity market liberalization, (iii) ecological commodity market liberalization, 
and (iv) dry-year scenario. The evaluation of the scenarios demonstrates that FLEOM 
produces consistent and plausible outputs, and that it can be used for quite complex 
scenario simulations. The scenario results reveal that under conditions of a liberalized 
commodity market, cotton production had no comparative advantages and would 
completely disappear, and with it the state income from cotton exports. However, 
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simulations also highlighted that the state procurement of cotton seems to indirectly 
mitigate excessive use of irrigation water and that without the state procurement 
system, scarcity and conflicts over irrigation water even in normal years are likely 
to occur. Double cropping of rice and maize as summer crops after wheat was  
constrained mainly by the availability of water and/or by the obligation of fulfilling 
the state procurement production of cotton. Despite the model being normative, the 
simulation results are very reasonable and thus enable a better understanding of the 
impacts of different cotton policies on the farm economy as well as on farmers’  
decisions with respect to land and water use in Khorezm. The results of this study 
can further contribute to the discussion on what policy options are available for 
promoting income and food resilience of rural producers in other areas of Uzbekistan 
that are prone to water scarcity, and with agronomic and economic conditions 
closely resembling those observed in the Khorezm region.

Keywords

17.1  Introduction

The current practice of agronomic land and resource management by small- and 
medium-scale farmers in Khorezm (Uzbekistan) is subject to a variety of environmental 
challenges. For instance, while the overall irrigation water use is excessively high, 
water use efficiency on system as well as on field level is notoriously low. Irrigation 
water use is highly unsustainable on a regional scale. The immense withdrawal of on 
average 5 km3 water per annum for the Khorezm region alone from the Amudarya 
river has significantly contributed to the desiccation of the Aral Sea, bringing about a 
large-scale ecological catastrophe with severe impacts on human health and livelihoods 
(UNESCO 2000; Roll et al. 2005; Micklin 2007). Furthermore, the inefficient use of 
irrigation water triggers soil degradation by secondary salinization, negatively affecting 
the soil fertility of the desert soils of Khorezm (cf. Tischbein et al. 2011).

However, rural livelihoods in Khorezm mainly build on agriculture. The agricultural 
sector accounts for roughly 67% of the total regional GDP, 75% of the regional 
population lives in rural areas, and almost 40% of the labor force is employed in the 
agricultural sector (Djanibekov 2008). For various socio-economic reasons, and also 
because land and resource use is not optimal, income from agriculture is comparably 
low (cf. Djanibekov et al. 2011a). In particular, an economic-ecological restructuring 
of land and water use in the Khorezm region has considerable potential to improve 
farmers’ incomes while at the same time maintaining the natural resource base.

To address this issue, the so-called integrated Farm-Level Economic-Ecological 
Optimization Model (FLEOM) was developed, a site-specific integrated model 
capable of optimizing land and resource use at the micro-scale, while at the same 
time assessing the respective economic and environmental impacts. FLEOM 
captures the basic features of the regional agriculture, as well as the interrelations of 
production activities most prevalent to the local farmers. It aggregates, integrates and 
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optimizes field-level management decisions on the allocation of water, resources 
and labor, and reports the respective ecological and economic consequences. 
Additionally, FLEOM operates in a spatially explicit way. It furthermore relates  
farm-level decisions with constraints or (optimization) goals of networks at the next 
higher level, such as Water Users Associations (WUAs) or farmers’ associations. To 
meet these requirements, the size of a target area for FLEOM lies in the range of a 
WUA of around 1,000 ha, but it can also handle individual farms of different sizes.

FLEOM is a tool for scenario analysis (what-if) and for presenting possibilities, 
potentials and constraints for alternative land management, and is tailored to the 
characteristics of the irrigated agriculture predominating in the Khorezm region. 
The overall objectives to develop FLEOM were to:

understand options for optimal and sustainable land and resource allocation;
explore options to increase the income of farms and farmers’ associations while 
maintaining or even increasing crop and animal production with medium-term 
sustainable land management;
assess opportunities to promote an efficient use of irrigation water;
analyze the effects of various external “shocks” on farm income, crop and animal 
production, cropping pattern, water and resource use, and
develop and suggest optimal land use under alternative environmental conditions, 
e.g., water scarcity, to stakeholders.

User friendliness was one of the priorities when developing FLEOM, with the aim 
of enabling potential users with a less comprehensive understanding of the particular 
agronomic or socio-economic background of the model details to use this tool, such 
as medium-level stakeholders (WUA representatives, local water authorities and 
extension agents). Besides, FLEOM was developed as a tool for scientists in the 
respective fields and for education at universities, for workshops, etc. A detailed 
description of characteristics of the FLEOM model is given in Sommer et al. (2010).

This chapter briefly describes FLEOM, and the results of four different management 
scenarios are presented and discussed in detail. The scenarios were set up in particular 
to demonstrate the possibility of simulating and optimizing land use with FLEOM on 
the basis of economic and agro-ecological land-use drivers or constraints.

17.2  Model Description

FLEOM comprises five sub-components (Fig. 17.1): a graphical user interface 
(FLEOM-GUI) programmed in Java, a GIS visualization component realized with 
the Open Systems Mapping Technology (OpenMap, http://openmap.bbn.com/), and an 
economic-ecological optimization routine written in GAMS. This optimization 
component is connected to a MS-Access agronomic database. The database was  
established with the cropping system simulation model, CropSyst (Stöckle et al. 2003), 
using data sets, field experience and knowledge of a range of agronomic and 
hydrological studies. At present, the datasets contain the four crops cotton, wheat, 
rice and maize.
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Fig. 17.1 Components of FLEOM and their links
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After setup and start of the optimization analysis, the GUI launches the optimization 
routine in GAMS (Fig. 17.2). This sub-model receives all necessary data from the 
databases. The GAMS routine itself is an economic farm-household linear-
programming (LP) optimization routine developed to describe, simulate and optimize 
the farm-household economy in Khorezm. Settings and results of FLEOM are visualized 
in tables and figures or via the GIS environment.

17.3  Management Scenario Analysis

17.3.1  Management Scenario Description

Four different management scenarios (henceforth called scenarios 1 through 4) 
were simulated with FLEOM, each with different sets of assumptions relating to 
changes in socio-economic conditions:

 1. “Business-as-usual”
 2. “Commodity market liberalization”
 3. “Ecological commodity market liberalization”
 4. “Dry year”

In all four scenarios, the four crops cotton, wheat, rice and maize entered the 
simulations, and livestock production was also considered. For the sake of simpli city, 
identical endowments with respect to agricultural equipment and irrigation water 
for all modeled farms located inside the test WUA were assigned. However, due to 
the different sizes of the farms, the distinct geographic location within the WUA and 
differences in soils, the farms differed considerably. The basic framework conditions 
of the scenarios are summarized in Table 17.1.

Scenario 1 describes the situation under “business-as-usual” and is the base scenario. 
In 2009, the state-set raw cotton price of 370 UZS (=28 US cents at an exchange rate 
of 1 US$ = 1,319 UZS) per kilogram was slightly below the world market price.  
By the order of the state, at least 55% of the area of each individual farm specializing 
in cotton production had to be allocated to cotton. Additionally, 1 ton of wheat and 
rice had to be sold at a price prescribed by the government. Total available water for 
irrigation was defined by multiplying the farm size by 18,000 m3 ha−1, which is the 
average volume of irrigation water in a normal year (Müller 2006).

Scenario 2 describes a situation where the commodity market has been partly  
libe ralized under the assumption that the state order for cotton as well as for the 
mandatory delivery of a certain amount of wheat and rice to state agencies has been 
abolished. In this scenario, the price for raw cotton was raised to that of the world 
market (440 UZS kg−1 in 2007). Also, prices for cotton oil cake, wheat grain, cotton 
seed hulls, and cotton and wheat seed were increased by the same rate (19%). Since 
fertilizers under scenario 1 were subsidized by the state, under scenario 2, real  
market prices for fertilizers were used. According to the Commodity Exchange 
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Table 17.1 Costs, resource availability and assets of the modeled farms for four scenarios;  
1 US$ = 1,319 UZS

Parameter

Scenario 1 Scenario 2 Scenario 3 Scenario 4

Business-as- 
usual

Market 
liberalization

Eco- 
liberalization Dry year

Product prices (UZS kg−1)
Raw cotton 370 440 440 370
Cottonseed cake 210 250 250 210
Wheat, grains 400 476 476 400
Wheat straw 70
Rice, grains 900
Rice straw 75
Maize, grains 350
Maize stem 80
Cotton seed hulls 180 214 214 180

Fertilizer prices (UZS kg−1)
Ammonium nitrate 200 230 230 200
Ammonium phosphate 405 527 527 405
Potassium chloride 290 377 377 290
Ammonium sulfate 180 207 207 180

Diesel price (UZS litre−1) 730
Seed price (UZS kg−1)

Cotton 970 1 154 1 154 970
Wheat 450 535 535 450
Rice 900
Maize 350

Inter-farm canal  
efficiency (0–1)a

0

Field-canal  
efficiency (0–1)a

0

Max. availability of  
irrigation water  
(m3 ha−1)

18,000 18,000 18,000 5,400

Interest rate for credit (%) 25
Water price (UZS m−3) for  

cotton, wheat, rice, maize
0 0 20 0

Max. leaching of nitrate 
(kg N ha−1)

Unconstrained

Max. seasonal increase 
 in soil salinity (dS m−1)

Unconstrained

Share of farm land allocated  
to cotton according  
to state procurement  
task (%)

55 0 0 55

Wheat to be sold according  
to state procurement  
task (tons)

1 0 0 1

(continued)
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Parameter

Scenario 1 Scenario 2 Scenario 3 Scenario 4

Business-as- 
usual

Market 
liberalization

Eco- 
liberalization Dry year

Rice to be sold according  
to state procurement  
task (tons)

1 0 0 0

Money in farm (mln UZS) 100
Credit available for farm  

(mln UZS)
200

(Family) working hours  
available (h)

12,000

Number of cows and calves 20
Number of bulls 15
Number of poultry 40
a0 = unchanged, i.e., as current, 1 = lined, lossless canal

Table 17.1 (continued)

Office in Urgench, the market prices for ammonium nitrate, ammonium phosphate, 
potassium chloride, and ammonium sulfate were approximately 15%, 30%, 30%, 
and15%, respectively, above the state price.

Scenario 3 follows scenario 2, but is guided by the recurrently postulated view that 
unconstrained use of irrigation water that is free of charge causes an irrational use 
of irrigation water, thus a water price of 20 UZS (=1.5 US cents) per cubic meter of 
water is introduced. This price was repeatedly suggested during a workshop in 
Tashkent in 2007 by representatives of the Ministry of Agriculture and Water 
Resources (MAWR) of Uzbekistan.

Scenario 4 assesses potentially optimal production under conditions of water scarcity. 
Similar to the two pronounced dry years 2000/2001, actual water availability was 
reduced to 30% of the water available in a normal year such as in 2007.

The Pakhlavan-Makhmud Water User Association (PM-WUA) located in  
south-eastern Khorezm served as the test area for the simulations of various changes 
in farm environments (Table 17.2). A detailed biophysical classification of the  
predo minating soils, groundwater levels, as well as field boundaries and irrigation 
network was available in the field survey of Akramkhanov (2005). In the survey year 

Table 17.2 Size of modeled 
farms in Pakhlavan-
Makhmud Water User 
Association

Farm Size (ha)

1 90
2 121
3 135
4 161
5 83
6 84
7 147



274 R. Sommer et al.

2005, the PM-WUA consisted of around 100 individual private farms. Recent 
reforms imposed by the Uzbek state led to a re-organization of landholdings and to a 
dissolution and subsequent aggregation of these small farms (cf. Djanibekov et al. 
2011b; Veldwisch et al. 2011). Given the currently insecure land ownership (lease), but 
also to keep the FLEOM test applications simple and highlight the generic  
sub-regional land-use planning-tool character of FLEOM, the area of the PM-WUA 
(821 ha) was arbitrarily divided into seven modeled farms with 83–161 ha arable land 
(Table 17.2; Fig. 17.3).

17.3.2  Management Scenario Results

17.3.2.1  Scenario 1 “Business-as-Usual”

Given the state procurement task to produce cotton on 55% of the land in scenario 1, 
land allocation to cotton dominated in the PM-WUA in this simulation (Fig. 17.4a). 
However, cotton under these defined production conditions could not compete with 

Fig. 17.3 Pakhlavan-Makhmud Water Users Association and the seven modeled farms
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wheat-rice or wheat-maize (double) cropping, and thus cotton was not grown above 
the level defined by the state procurement task. On the other hand, on all farms, all 
available land was cultivated – no field was set aside – and with 145%1 the land-use 
rate was at a maximum. Rice, as the most profitable crop, occupied between 32% 
and 37% of the land of the model farms, and dominated as a summer crop in this 
scenario. Maize was produced for fodder for own livestock production and occupied 
8–13% of the land.

Even though rice ranked third after cotton and wheat in area coverage in this 
scenario, total water use for this crop was highest (Fig. 17.5a). This was due to the 
fact that rice fields are kept continuously flooded during the cropping season until 
about one week before rice maturity, and the per-hectare water use is thus several 
times higher than for cotton, wheat or maize. An average irrigation water amount 
between 27,325 m3 ha−1 (farm 5) and 39,212 m3 ha−1 (farm 4) was applied to produce 
a rice yield of between 5.0 and 6.6 t ha−1. Total irrigation water use for the other 
three crops followed overall crop abundance, with cotton production consuming 
more water than wheat or maize (Fig. 17.5a).

Fixed farm costs, which accounted for land tax, salaries of permanent labor, 
transportation expenditures, and costs for diesel (for field operations), were the type 
of expenditures that ranked highest in this scenario. These costs were followed by 
expenses for fertilizers and the payments to the bank for repaying credits and inte-
rest. The latter costs ranged between 5,222 US$ for the smallest farm 5 and 33,189 
US$ for the largest farm 4.

Under the assumptions in scenario 1, total farm profits ranged between 94,729 
US$ and 151,306 US$ (Fig. 17.6). Larger farms tended to make more profits than 
smaller farms. However, also the location, i.e., the differences in the natural resource 
base and distance to the water intake, influenced this trend. In fact, on a per-hectare 
basis, farms below 100 ha in size had the highest profit. This occurred as we had 
assumed that the considered input parameters (Table 17.1) ‘money in farm’, ‘credit 
available for farm’ and ‘family working hours available’ were the same for all farms. 
Smaller farms on an area basis thus had comparably more money and free labor 
available. As expected, the profits of 940 and 995 US$ ha−1 were lowest for farms 4 
and 7, respectively. These were located in the south of the PM-WUA where the 
comparably less-productive sandy soils were most abundant (Fig. 17.2).

17.3.2.2  Scenario 2 “Commodity Market Liberalization”

Given its higher profitability, double cropping (wheat-rice or wheat-maize) as  
compared to growing cotton only dominated land use when state procurement was 
substituted by free marketing of the farm products, as was realized in scenario 2. 

1 The maximum land use rate is 145%, because 45% of the land (=100% − 55% for cotton) can be 
double cropped.



27717 Economic-Ecological Optimization Model of Land and Resource Use…

Farm 1
0

1,000

2,000

3,000

0

1,000

2,000

3,000

0

1,000

2,000

3,000

0

1,000

2,000

3,000

Farm 2 Farm 3 Farm 4

Cotton Wheat Rice Maize

Farm 5 Farm 6 Farm 7

Scenario 1a

b

c

d

Scenario 2

Scenario 3

W
at

er
 u

se
 (

1,
00

0 
m

3 )

Scenario 4

Fig. 17.5 Total water use by crops in the four scenarios



278 R. Sommer et al.

Furthermore, under such conditions, cotton completely disappeared in the PM-WUA 
(Fig. 17.4b), and land-use rate was at, or close to, the maximum of 200%.

Even though rice was economically most profitable, its share dropped as  
compared to scenario 1 on some farms in favor of maize. This was due to the fact that 
the upper water consumption limit of 18,000 m3 ha−1 had been reached when  
considering the PM-WUA as a whole. To meet this constraint, the optimization 
procedure reduced rice production on the least productive sandy fields.

Except for the farms where maize was the main summer crop, total water use 
increased under scenario 2 as compared to the business-as-usual scenario (Fig. 17.5b). 
The higher water use was related to the increased land use (double cropping) rather 
than the increased use of water per hectare and higher per hectare production. Rather 
the contrary was the case, i.e., the average maize yield of 4.9 t ha−1 had slightly 
decreased as compared to scenario 1 (5.1 t ha−1). This indicates that spreading rather 
than concentrating crop production inputs was a more viable option under the 
assumptions of scenario 2.

Total profits were markedly higher on all farms under scenario 2 as compared to 
scenario 1 (Fig. 17.6). This meant that – in case water was provided free of charge 
– procurement tasks for cotton reduced farm profitability even when fertilizers were 
subsidized and provided below the market price. Farms 2, 3, 5 and 6 with comparatively 
more area under rice were able to achieve the highest increase in profits. Some 
farms had the highest profits per hectare of farmland. In this regard, diffe rences 
between farms related to the productivity of land, i.e., less productive sandy soils in 
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the south of the PM-WUA, and farm size were more marked than in scenario 1. For 
example, the farm profit per hectare of farmland of 2,385 US$ ha−1 of farm 5 (smallest 
farm) was almost double that of farm 4 (largest farm located in the south) that could 
only achieve 1,189 US$ ha−1.

17.3.2.3  Scenario 3 “Ecological Commodity Market Liberalization”

If the Uzbek government were to abolish the state procurement tasks for cotton 
(as simulated in scenario 2), and thus waive the claim on the state income from 
cotton exports, it was assumed that the state would consequently have no financial 
means for the operation and maintenance of the irrigation and drainage network. 
Under these assumptions, these costs would have to be completely shouldered by 
the farmers. Alternatively, a potential state income from water pricing could account 
for this. Water pricing is often suggested as a possible steering instrument to  
promote the rational and more eco-friendly use of irrigation water (OECD 2011).

With a water price incurred on top of the settings of scenario 2, the land-use rate 
of farms 3, 4 and 7 decreased by 11%, 20% and 4%, respectively, whilst farms 1, 2, 
5 and 6 maintained the maximum (200%) land-use rate. As an effect of the water 
price, the area under rice decreased on farms 2, 3 and 7. Relative crop allocation did 
not change notably on farms 4, 5 and 6. On farm 1, however, rice cultivation increased 
from 10 (scenario 2) to 53 ha. Here, the optimization rule applied that FLEOM opti-
mizes total WUA profits using the common resource water as one constraining 
parameter. Reducing rice production on farms 2, 3 and 7 while increasing it on farm 
1 is a particular result of this built-in optimization scheme. The optimal solution 
under scenario 3 also included the growth of cotton on 7 ha of land on farm 7.

Compared to scenario 2, the total water consumption under scenario 3 was reduced 
on farms 2, 3, 4 and 7 (Fig. 17.5). As more rice was cropped on farm 1, total water 
consumption increased. In total, for the whole PM-WUA, a water price of 1.5 US cents 
m−3 only triggered water saving to a maximum of 4% as compared to scenario 2.

Total farm profits decreased on all farms (Fig. 17.6), which had been expected, 
since additional production costs were imposed. However, profits were at least equal 
to or higher than under scenario 1, indicating that the increase in profits due to the 
abolishment of the state procurement task for cotton more than counterbalanced the 
increase in costs due to the introduction of a water price and higher fertilizer prices.

In total, 14,200,000 m3 of irrigation water was used by the PM-WUA in scenario 3. 
Thus, the state income from payments for irrigation water (1.5 US cents per m3) 
amounted to 213,000 US$ for the PM-WUA with its 812 ha arable land.

17.3.2.4  Scenario 4 “Dry Year”

The land-use rate decreased considerably under conditions of water scarcity, as can be 
assumed to occur in a dry year, and this was simulated in scenario 4 (Fig. 17.4d). As 
expected, water scarcity mostly affected rice cultivation, but in total all double-cropping 
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activities were reduced as compared to scenario 1. Rice was only produced in 
negligible quantities by farm 2 on 1 ha and by farm 5 on 0.35 ha. Similar to scenario 1, 
the area allocated to cotton did not exceed the area-percentage assigned to fulfill the 
state procurement task. The findings show that when keeping to this production 
target in dry years with an assumed reduction in water availability of 30% compared 
to a normal year, farm profits dropped substantially (Fig. 17.6). Compared to  
scenario 1, total water consumption was reduced by 55–76% (Fig. 17.5d).

17.3.3  Discussion

Double cropping of rice and maize as summer crops after wheat was the most profit-
able cropping strategy in all four scenarios. Double cropping was constrained 
mainly by the availability of water and/or by the obligation to fulfill the state pro-
curement production of cotton. This is not surprising considering the higher market 
price for rice in Khorezm. Further simulations with varying market prices for rice, 
cotton and wheat and with varying prices for irrigation water demonstrated under 
which conditions cotton production would become lucrative for farmers.

A commodity market liberalization as simulated in scenario 2 has the potential 
to increase farmers’ profits even when prices of fertilizers and seeds were increased 
to reflect unsubsidized market conditions. Average water use reached the specified 
maximum amount of 18,000 m3 ha−1, which would have been even higher if this 
constraint had been eliminated. The simulations of this scenario revealed that cotton 
production had no comparative advantages and that it would completely disappear 
in this scenario, and thus the state income from cotton exports. This indicates on the 
one hand that the state procurement of cotton seems to indirectly mitigate excessive 
use of irrigation water, and that without the state procurement system, scarcity and 
conflicts over irrigation water even in normal years are likely to occur. On the other 
hand, the findings of scenario 2 also demonstrate that, if the state remains responsible 
for the maintenance of the irrigation system as is currently the case, alternative state 
incomes would have to be generated. This demand could be satisfied by introducing 
a water price as is recurrently suggested (Rogers et al. 2002; OECD 2011).

In response to the introduction of a price for irrigation water (scenario 3), water 
consumption per se did not drop as remarkably as had been expected. This is very 
likely due to the low water price of 1.5 US cents m−3, which is a too low incentive 
for a substantial reduction in irrigation water consumption as recently argued. 
Djanibekov (2008) estimated that an irrigation water price of at least 2.5 US cents 
m−3 could lead to a significant reduction of irrigation water use in Khorezm (see also 
cf. Djanibekov et al. 2011a). Further simulations that also take into account various 
application alternatives are necessary to demonstrate the dependency between a 
price for water and the impact on its (rational) use.

During the on-going debates about the effectiveness of water pricing, it has 
repeatedly been argued that a water price alone will not lead to the desired outcome 
of more rational water use (Dinar et al. 1997; Tsur et al. 2004), as the relationship 
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between the two issues, water price and rational use of water, is more complex than 
can be expressed by a simple, linear water price – water use function. In this regard, 
simulations with FLEOM are limited if the constraining (potentially non-linear) 
framework conditions, e.g., a resilience-to-change behavior, are not clearly understood 
and introduced into the model. However, the FLEOM scenario results show clearly 
that under favorable settings – in our case an abolishment of state procurement tasks 
– farm grain-crop production levels and profits could be maintained at similar levels 
(compare scenario 1 and 3). This means that a water price does not necessa rily 
threaten rural livelihoods as could be argued. Nevertheless, this instrument needs to 
be carefully designed, as under the present socio-economic farming conditions it 
may not lead to a strong reduction in water use.

The state income generated by introducing a water price is significant. For the 
PM-WUA alone, 21,000 US$ were generated in 1 year for an area of 821 ha arable 
land. Scaling up this income to the whole Khorezm region (assuming ca. 200,000 ha), 
annually more than 50,000,000 US$ could be set aside for the urgently needed 
repair and maintenance of the irrigation and drainage infrastructure. These investments 
would eventually trigger a boost in crop production by improved provision and 
more efficient use of irrigation water.

There are a few lessons to be learned from the results of the dry-year simulation 
in scenario 4. Maintaining the state procurement tasks for producing cotton on 55% 
of the land during a dry year should be re-assessed. Lowering this target would be an 
instrument to sustain farmers’ incomes and livelihoods in such dry years. At the same 
time, this could be an efficient way of economizing labor and machinery, as taking 
land out of production using alternative crops with a lower water demand, and  
concentrating irrigation on less land during a dry year is more profitable, as would 
also be the case for harvesting more, i.e., better-irrigated cotton on less land.

As compared to yield ranges observed in reality (Shi et al. 2007), yields produced 
by FLEOM simulations did not show such large variations. For instance, raw-cotton 
yields were never below 1.95 t ha−1, whereas in reality, especially in a dry year, much 
lower yields can be expected. At first sight, this seems to be a flaw of the model. 
However, FLEOM does not mimic real cropping patterns and yields, but rather  
optimizes land use in an economic-ecological way in response to the given constraints. 
It is therefore not surprising that yield variation under optimized conditions is  
comparatively low. The same characteristic is detectable when, for instance, temporal 
and spatial distribution of grain yields of developing countries are compared with 
those of developed countries where production conditions are close to optimal.

17.4  Scope for FLEOM as a Discussion  
and Decision Instrument

The presented evaluation of selected scenarios demonstrates that in response to 
making exogenous changes in the FLEOM specification, the model produces consistent 
and plausible outputs, and that it can thus already be used for quite complex scenario 
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simulations. Increasing complexities in turn creates new challenges. Our first 
experience with the model showed that simulation results were sometimes difficult 
to comprehend at first sight, but that multi-disciplinary teams were able to understand 
causalities.

Great care was given to the detailed setup and description of the bio-physical 
settings for the multiple CropSyst simulation that built the basis of the input-output 
table. Also, bio-physical model calibration and validation received special attention. 
The importance of these underlying data sets cannot be overestimated, as all further 
integrated simulations rely on these.

The developed version of the model has a flexible and user-friendly interface and 
allows for one-click scenario formulation. However, up-to-datedness of integrated 
simulation models is a constant concern, especially when development of such a 
tool takes several years, as in our case. This is even more so true for the current 
situation of agriculture and farm enterprises in Uzbekistan, which underwent  
considerable institutional change in the past and most likely, will experience further 
changes in the near future (cf. Djanibekov et al. 2011b). Generally speaking, the 
current setup of FLEOM allows a multitude of changes via the user interface, and 
thus convenient updating of the agricultural system under study. Only a few rather 
‘hard coded’ cases (e.g., maximum allowance of water use for a particular crop) 
might require changes in the GAMS code, and thus some basic understanding of 
this economic software.

Furthermore, equally important is FLEOM’s in-built generic character that 
allows simulating any farming environment (single farm, farmers’ association, 
WUA) as long as bio-physical data and maps are available. However, putting 
together all necessary data for a single WUA requires considerable time.

Apart from the total availability of irrigation water, FLEOM also allows setting 
limits to other environmental hazards, such as the pollution of groundwater by 
excessive nitrate leaching or the deterioration of land by secondary soil salinization. 
The four scenarios presented therefore only provide a first insight into the potentials 
of FLEOM for assessing the production systems of farms in a single WUA in 
Khorezm.

Another aspect is the educational potential of FLEOM, i.e., for gaining new  
theoretical insights into the interdependencies within the simulated agricultural  
system. For such purposes, the exact quantities of endogenous variables in a specific 
situation are not compulsory.

In conclusion, FLEOM has the potential to serve as a discussion- and decision-
support instrument for medium-level, regional stakeholders with basic computer 
skills; computer novices on the other hand might be overwhelmed by the complexity 
of the software (above all the GIS environment). In any case, some training is advisable 
to (a) familiarize the users with the basic concept of FLEOM and to highlight its 
limitations, (b) to provide a steep learning curve and to maintain the enthusiasm, 
and (c) to be able to discuss results in a peer group. We believe that it is this group 
of users that may benefit directly the most from a “FLEOM experience”, but they 
may also be in the position to “translate” FLEOM simulation results into more easily 
(non-computerized) recommendations for farmers.
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Abstract A method is presented that uses a Geographic Information System 
(GIS) for integrating social science with physiographic data. Basis for the method 
is an empirical study on water use in irrigated agriculture in the Khorezm region. 
The boundaries of agricultural fields are used to link physiographic land characteristics 
such as proximity to the Amudarya river, land elevation etc. to survey answers of 
farmers, thereby explaining patterns of water access and water-saving practices. 
The results are based on (1) a statistical analysis across three water user associations 
(WUAs) and (2) visual observations within WUAs. The statistical analysis shows 
that proximity to the river influences water access and water-saving practices. One 
WUA thereby represents a specific tail-end situation within Khorezm’s irrigation 
system with an exceptional prevalence of water-saving practices. In the visual ana lysis, 
the location of farms within the WUA and the land elevation are used to explain  
patterns of the survey answers. Despite data and method constraints and despite 
sometimes contrasting results from the statistical and visual analyses, it is concluded 
that the method has three advantages as compared to disciplinary, non-spatial 
approaches: (1) interdisciplinary data management is possible, including the 
identification of data gaps and consistency checks, (2) immediate data visualization 
facilitates quick monitoring of research processes and delivers starting points for 
disciplinary in-depth analyses, and (3) interdisciplinary data integration allows for 
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truly socio-physical analyses. The analytical depth reached in the empirical study is 
thereby primarily a result of the quality and quantity of the collected data. 
Considerations concerning the protection of informants determine which kind of 
analyses can be conducted and published.

Keywords  

18.1  Introduction

In landscape studies, humans are often conceptualized as external disturbances, and 
the rationales of their practices are not included in the analyses. Social science, on 
the other hand, is typically not undertaken in spatially explicit ways, which is a 
shortcoming when social aspects of land and water management need to be monitored 
and assessed, e.g., in the context of combating land degradation (Buenemann et al. 
2011), which is the case in coupled human-ecological systems (Reynolds et al. 
2007). This chapter presents a method1 that uses a Geographic Information System 
(GIS) for the integration of social science with physiographic data, and thus uses 
GIS as a tool for interdisciplinary landscape research. The method uses the  
boun daries of agricultural fields to link physiographic land characteristics to survey 
answers of farmers.

The basis is an empirical study on irrigation and water-saving practices that was 
conducted under the ZEF/UNESCO project on land and water use in the Khorezm 
region in Uzbekistan. Khorezm is located approximately 350 km south of the present 
boundaries of the drying Aral Sea. Its irrigation system receives water from one of 
the (now intermittent) tributaries of the Aral Sea, the Amudarya river. Agriculture 
demands over 90% of the water resources in Khorezm (cf. Tischbein et al. 2011) 
with water use being technically very inefficient.2 Table 18.1 gives an overview of 
the basic characteristics of agriculture in Khorezm.

Technical studies show that water-saving practices could increase the irrigation 
water use efficiency in Uzbekistan significantly (e.g. Horst et al. 2005; Paluasheva 
2005; Forkutsa et al. 2009; Hornidge et al. 2011). However, very few of these 
practices have been adopted by farmers in Khorezm. The empirical study presented 

1 We recognize that the use of this term may raise some controversies, as natural scientists would 
tend to see this as an application of social-science data within the general method of analysing 
spatial data with Geographical Information Systems, rather than a method in itself. However, 
due to the interdisciplinary approach of this paper, the argument is partly rooted in social science 
methodology and thinking and we hence see it as seminal to enrich the methodology discussion in 
social research.
2 An overall technical efficiency of approx. 30% and field application efficiency in the range of 
45% were measured in a sub-unit of the irrigation system in Khorezm (Hornidge et al. 2011).
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hereafter aims to shed light on the underlying rationales of water saving in 
Khorezm, i.e., on who adopts practices, which practices, and why. The focus is on 
the interrelation of physiography, perceptions and behavior.

18.2  Research Approach

18.2.1  GIS as Boundary Object

In this study, we conceptualize the arena of the water use activities of farmers as 
a  landscape. The concept landscape emphasizes three characteristics that apply at 
any given moment: (1) a spatial pattern, (2) a combination of interlinked physiographic 
and human/societal elements, and (3) the simultaneous existence of a bio-physical 
reality and a social construct based on human perception processes. A  landscape 
view hence has the advantage of facilitating both a spatial analysis and an integration 
of natural and social science perspectives.

Table 18.1 Basic characteristics of agriculture in Khorezm (Based on Hornidge et al. 2011)

Hydrology Precipitation approx. 90 mm, annual average potential evapotranspiration 
approx. 1,500 mm, shallow groundwater levels averaging 
1.61 ± 0.51 m over the region and the period 1990–2006  
(cf. Tischbein et al. 2011)

Soils Medium and heavy loam soil textures prevailing, clayey light loam and 
sandy loam soils less widespread, approx. 50% of soils moderately 
or strongly saline (Ibrakhimov et al. 2007)

Crops Main crops in summer are cotton and rice (the latter either sown directly 
or transplanted onto fields previously cropped with wheat); 
furthermore fruits, vegetables and fodder crops (e.g., maize)  
are grown.

Irrigation system Canal system length of 16,233 km (Conrad 2006) reaching from the 
Amudarya to the borders of Turkmenistan and Karakalpakstan, 
irrigation water pumped or diverted by gravity from canals;  
drainage system of 9,255 km length (open ditches and collectors) 
(Ibrakhimov 2004)

Farm units After independence in 1991, state farms (sovkhozes) were turned into 
collective farms (kolkhozes), then into joint-stock companies 
(shirkats, literally associations), by 2006 largely dismantled and 
divided into private farms (Veldwisch 2008), in 2008 consolidated to 
usually >80 ha for cotton and wheat producing farms and 5 ha for 
horticultural farms. Farms consist of land owned by and leased from 
the state and are headed by an individual farmer who – usually 
together with other household members – runs the farm

Planned economy Area- and production-based yield quota for the state-ordered crops 
cotton and wheat; compulsory sale to the state at fixed prices for part 
of the harvest; agricultural norms to regulate cropping patterns and 
agricultural practices, norm compliance monitored and enforced 
(Müller 2006; Wehrheim and Martius 2008)
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In the sense of Löwy (1992) and Mollinga (2008), landscape functions as 
a  boundary concept: “Boundary concepts are words that function as concepts in 
different disciplines or perspectives, refer to the same object, phenomenon, process 
or quality of these, but carry (sometimes very) different meanings in those different 
disciplines or perspectives. In other words, they are different abstractions from the 
same ‘thing’” (Mollinga 2008:24). While boundary concepts make communication 
between disciplines possible, so-called boundary objects permit the practical inte-
gration of data. They are the actual instruments for joint analyses. In this study, we 
use a GIS as such a boundary object, thereby translating the landscape into a set of 
GIS layers containing both physiographic as well as social science data.

Table 18.2 shows the departure points of the natural and the social science  
perspectives, respectively, with regard to the physiographic and human landscape 
elements. It furthermore presents the added value that we envision by a GIS-supported 
crossing of disciplinary boundaries.

18.2.2  Previous Interdisciplinary GIS Studies

While the relationship between human activities and environmental systems remains 
little understood, global challenges of a socio-physical character (e.g. climate change) 
have stimulated new approaches in the last decade, particularly in the field of natural 

Table 18.2 Natural and social science perspectives and GIS-supported boundary crossing

Natural sciences Social sciences

Physiographic 
landscape 
elements

Physiographic elements are analyzed 
with regard to their spatial  
pattern, their temporal dynamics 
and their interaction

Physiographic elements are considered 
the material setting around human 
interaction, the source of resources 
or the carrier of symbolic 
meaning. Spatial pattern is rarely 
considered in the analysis

Human/societal 
landscape 
elements

Human/societal elements are 
considered external to the  
analysis. Human actors are 
discussed as disturbance of the 
physiography and as recipients  
of the normative results of the 
analysis

Human/societal elements are analyzed 
with regard to cognitive patterns, 
values, practices and interactions

Added value of a 
GIS-supported 
boundary 
crossing

Spatial observations remain possible 
while human landscape elements 
become part of the system of 
analysis. Associations between 
physiographic and human 
landscape elements can be 
investigated. The analysis  
takes into account human/societal 
factors when deriving normative 
results

The material setting becomes part of 
the system of analysis, i.e., context 
becomes analytical content. 
Physiography as the source of 
resources or carrier of symbolic 
meaning can be analyzed in a 
more differentiated way and with 
regard to its spatial pattern. The 
impact of human practices on the 
physiography can be investigated
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resource management. In this process, GIS has increasingly found its way into 
interdisciplinary studies that aim at incorporating the aspect of space into analyses. 
Besides technological progress, this also reflects the rising engagement of social 
theory with the concept of space (Soja 2003), which has brought social science 
closer to traditionally spatial disciplines such as environmental science.

Wahid et al. (2008) argue that the spatial interplay of environmental and  
socioeconomic predictors determines land degradation in the Lam Phra Phloeng 
watershed of Thailand and therefore included village surveys into their study. Their 
approach, however, applies regression models while GIS is not used, and space thus 
is only implicitly incorporated. Likewise, the study of Hoffman and Todd (2000) on 
land degradation in South Africa is interdisciplinary with regard to the considered 
data, but does not provide an explicit spatial analysis. Le Blanc and Perez (2008) 
explore the regional differences in population density and rainfall variation in  
Sub-Saharan Africa in order to assess future water stress. The study combines GIS 
data on population density and rainfall with climate change scenarios, but does not 
integrate survey data in the sense of individual interviews. Also on a macro-level, 
Huby et al. (2007) integrated socio-economic and environmental data to characterize 
different rural environments in England.

Messina and Walsh (2005) use socioeconomic and demographic survey data, 
GIS coverage of resource endowments and geographic accessibility, remote sensing 
data, and data derived from expert interviews to explore the causes and consequences 
of land-use and land-cover change in the Amazon region of Ecuador. The study 
does not include interviews of individual land users. Wright et al. (2009) conducted 
research on GIS approaches of natural resource management associated with public 
participation in the USA. Their study provides an interesting insight into the power 
structures created or decomposed by the use of GIS but does not deal with the 
integration of social and physical data.

Hence, previous approaches either (1) do not make space explicit in a way that 
allows visual analyses, (2) remain on a macro level without emphasis on individual 
natural resource users, or (3) do not truly integrate data in an interdisciplinary way. 
Hence, the here presented methodology is innovative due to the fact that it allows the 
interdisciplinary study of local interrelations between physiography and individual 
natural resource users.

18.2.3  Objectives of the Study and Hypotheses

Method development. The primary objective is the method development. The process 
of interdisciplinary data integration, the data requirements for a successful joint ana lysis, 
and the strengths and weaknesses of the proposed method are to be investigated 
through its application in an empirical study. Irrigation water use in Khorezm was 
hereby chosen as case study because the interaction between the physical and the 
social sphere are extremely relevant, differing data reliability allows for the detection 
of data requirements, and qualitative data previously collected by the first author in the 
study area could be used as background knowledge for the analysis.
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Empirical study. The empirical study itself has a separate objective. Previous 
studies in Khorezm have concluded that to develop adequate water-saving strategies, 
it is important to take into account the heterogeneity of farmers with regard to the 
physiography of their land, because the physiographic differences influence both 
perceptions and water use practices of farmers. How and to which extent this influence 
has an effect, has not been investigated in detail. The objective of the empirical 
study is to shed light on this question

Based on previous studies (Veldwisch 2008; Oberkircher 2011; Oberkircher and 
Hornidge 2011) the following hypotheses are formulated:

 1. WUA proximity to the river: Farmers in WUAs closer to the river have better 
water access and apply fewer water-saving practices.

 2. Location of farms within WUAs. Since irrigation water arrives through a centralized 
canal network, farmers with fields closer to the head of the canal have better 
water access and apply fewer water-saving practices.

 3. Land elevation. While low land is less fertile, it is much easier to get water there 
(Veldwisch 2008). Water can often be received by gravity and pumps are not 
necessary or pumping costs are at least lower than for high land. Farmers with 
lower land have better water access and apply fewer water-saving practices.

 4. Orthogonal distance from the main canal: Instead of using the already constructed 
field canals, farmers often dig small canals and divert water to their fields through 
temporary constructions particularly when water is scarce (Oberkircher and 
Hornidge 2011). This is only possible when land is located close to the main 
canals. Hence, farmers with land closer to the main canal have better water access 
and apply less water-saving practices.

18.3  Methods

18.3.1  Empirical Data Collection

The empirical study uses the landscapes of three water user associations as cases 
(WUAs, i.e., non-governmental, local level water management organizations): 
WUA 3 is located in the Kushkupir district at the tail end of the irrigation system 
at the border to Turkmenistan, WUA 1 in Gurlen district directly on the western 
bank of the Amudarya, and WUA 2 in medium proximity to the river (Khiva district).3 
The three WUAs are comparable with regard to overall agricultural system, regional 
culture, and selection of crops that is available. However, the proximity of each 
WUA to the river differs, which also causes differences with regard to water 
availability and living standards. Regarding the latter two characteristics, WUA 1 
is most advantaged, followed by WUA 2 and the disadvantaged WUA 3.

3 WUA (and farmer) names are not mentioned in the article due to anonymity concerns.
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Primary data collection in the WUAs took place between March and December 
2009. Only farmers (Uzbek fermers) with a state-plan arrangement for cotton (main 
summer crop in Khorezm) participated in the study. Livestock, orchard, fishery, and 
silkworm fermers were not considered, since they use comparatively little water; 
peasants (Uzbek dehqons) were also not included because a representative survey of 
their perceptions and practices was beyond the scope of this study.

18.3.2  Physiographic Data Collection

The physiographic data collected for this study include the location of canals, field 
and farm boundaries as well as information on land elevation (Table 18.3).

18.3.3  Social Science Data Collection

The social science data were collected through a farmer survey covering topics 
such as irrigation satisfaction, water availability perception and farmer practices 
(Table 18.4). The expression ‘drainage blocking’ in one of the survey questions 
refers to the practice of raising groundwater levels by closing drains completely or 
partly with earth or weirs that prevent drainage water run-off.

Table 18.3 Physiographic data and their sources

Data GIS Format Source and processing

Canals Polyline Secondary data from the state water 
management organizations BUIS and 
UPRADIK, verified and corrected with 
the help of Spot 5 satellite images

Field boundaries Polygon Secondary data from the Land Cadastre 
branch of Uzgiprozem,4 verified and 
corrected with the help of Spot 5 
satellite images

Farm boundaries Polygon Primary data collected with the help of the 
local land surveyor (zemlemer) who 
drew the farm boundaries on the 
existing field boundary map

Elevation Raster SRTM (Shuttle Radar Topography 
Mission) remote sensing data

4 Uzbekskiy Institut po Proektirovaniyu Zemleustroystva (State Institute for Land Management 
Planning).
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‘Drainage water use’ refers to the practice of re-using drainage water for irrigation 
(usually by pumping it from the drain back into the canal system).

In WUA 2, five farmers were excluded from the survey because information on 
the location of their land was not available; the remaining 23 farmers were interviewed. 
All farmers of WUA 1 and 3 were interviewed (21 each). In sum, the sample consists 
of 65 cases.

Table 18.4 Survey questions and their rationale

Topic Rationale Survey questions

Irrigation 
satisfaction

Irrigation satisfaction represents the  
actual water access that farmers  
had in 2009, i.e., the result of the 
combined use of all the assets they  
had at their disposal to get water

Did you irrigate as much as 
you wanted this year 
(2009)  
(Yes/No)

Water availability 
perception

2008 was the most water scarce year  
in Khorezm since (at least) indepen-
dence5 and water became abundant  
again only in late spring/early summer  
of 2009 with water availability then 
rising above average throughout 2009. 
How these differences in water  
availability were perceived  
by farmers is covered by questions  
on the water situation in spring  
and summer 2009. The difference 
between these questions  
and irrigation satisfaction is an  
emphasis on perception as opposed  
to actual water access

Spring 2009 assessment: How 
would you characterize the 
water situation this spring 
(2009)? (More than usual/
Usual/Less than usual but 
enough/Less than usual 
and not enough)

Summer 2009 assessment: 
How would you character-
ize the water situation this 
summer (2009)? (More 
than usual/Usual/Less than 
usual but enough/Less than 
usual and not enough)

Farmer practices Oberkircher (2011) studied the response of  
farmers to the water scarcity  
prevailing in 2008. The survey  
questions reflect the practices  
she observed

Rice cropping 2009: Did you 
grow rice in 2009? (Yes/No)

Drainage blocking 2009: Did 
you block the drainage in 
2009? (Yes/No)

Drainage water use 2009: Did 
you use drainage water in 
2009? (Yes/No)

Changed cropping pattern: 
When you cannot get 
water, do you change the 
crops you grow? (Yes/No)

Reduced cropping area: When 
you cannot get water, do 
you reduce the size of the 
cropped area? (Yes/No)

5 Based on overall physical water availability, the drought years 2000/2001 could be considered 
even water scarcer. However, in the perception of the Khorezmian farmers (as stated in interviews) 
2008 was clearly the most water scarce year.
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18.3.4  Setting up the GIS

Physiographic layers. Table 18.5 gives an overview of the physiographic information 
captured in four layers of the GIS and the method of their creation.

Farm unit. The central unit of analysis is the polygons that represent the farm 
boundaries. Through this unit it was possible to reference all physiographic 
information to a farmer as a person. Figure 18.1a–c shows the farm boundaries 
within the three WUAs. Each letter-number combination symbolizes one farmer 
(who may also crop land that is not connected but consists of separate farm parts, 
i.e., fields, and therefore polygons); land represented by one shade/symbol 
belongs to the same  farm.

The three continuous physiography rasters were converted into the farm unit by a 
zonal statistics tool and a raster-to-polygon conversion to attach a single value to the 
farm unit for each physiographic attribute, i.e., the mean of the input layer area 
covered by the polygon. The result was a polygon shape file that consisted of the farm 
boundaries and one attribute column each for location along the canal, orthogonal 
distance from the canal and land elevation. In addition to this, the rank of proximity 
to the river was incorporated.

Survey answers. The resulting shape file then contained all information on the  
independent variables of analysis. The dependent variables, i.e., the survey answers with 
regard to irrigation satisfaction, water availability perception and farmer practices, 
were inserted into the same layer, which then stored all data in one shape file.

Table 18.5 Physiographic GIS layers

Layer Method of creation

WUA proximity  
to the river

As mentioned in Sect. 18.2.3, proximity to the river is the characteristic that 
shapes overall differences between WUAs (proximity to the river here 
meaning proximity to the closest irrigation water intake along the river). 
All farmers were categorized based on the WUA they belong to. 
Farmers in WUA 1 were given the rank 1 for proximity to the river, 
likewise all farmers of WUA 2 and 3 the rank 2 and 3 respectively

Location along  
the canal  
within WUA

This raster represents the head- and tail-end gradient within each WUA 
based on the actual distance from the entrance of the canal into the 
WUA. Distance is here not measured in the sense of the straight-line 
distance but is instead based on the distance the water has to travel 
through the canal network to every point within the WUA. A point 
shape was created for each WUA with the distance from the water 
source assigned as attribute to each point. A kriging interpolation was 
applied to derive a raster that covers all points within the WUA

Land elevation Elevation was represented by a SRTM digital elevation model dataset
Orthogonal  

distance from  
the main  
canal(s)

Buffers were created around the main canals in intervals of 50 m, then 
clipped to the boundaries of the WUAs. Fifty meter was chosen as most 
suitable interval based on run-times of the calculation and desired 
precision
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Fig. 18.1 Farm boundaries within the three case study WUAs
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18.3.5  Analysis

All dependent and independent variables (Fig. 18.2) were exported from GIS,  
and a  logistic regression analysis was conducted across WUAs. The following  
constraints of the statistical analysis have to be kept in mind when interpreting the 
results:

Small sample size. For a logistic regression, the sample size n should be around 
300 (Long and Freese 2006) to detect small to medium effects. With our sample 
of 65 farmers, we might consequently fail to reach significance or, equivalently, 
get estimates where even the direction (positive or negative) might not be clearly 
identified. Technically, the small sample limits the number of independent 
varia bles that can be incorporated into the model. As a minimum ratio, ten cases 
per variable should be reached (Rothman et al. 2008:422), i.e., six variables 
would be the maximum to use in a generalized linear model for this study. The 
logistic model was therefore simplified as much as possible. Four independent 
variables were used and even the dependent variables on water availability  
perception that would have required a multinomial regression were reformulated 
into binary variables.
Confounders. Since this study is not based on an experiment but on real-life 
situations, the influence of unknown confounders can never be fully estimated.
Differences between WUAs. Since the three WUAs were analyzed jointly, the 
variables of analysis had to be comparable between WUAs. The physiographic 
variables were therefore normalized by recoding them into respective values 
within a [0;1] interval for each WUA. The underlying rationale is that, for 
instance, in the case of land elevation not the absolute value is relevant but the 
relative value within the WUA with reference to the height of the canal entry 
point to the WUA.

Fig. 18.2 Summary of the resulting variables incorporated into the statistical analysis
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Figure 18.2 summarizes the resulting variables that were incorporated into the 
statistical analysis.

In addition to the statistical analysis, maps were exported from the GIS that 
represent different attributes of layers. These were used for a visual analysis of local 
phenomena within each WUA.

18.4  Results from the Empirical Study and Discussion

18.4.1  Statistical Analysis of Phenomena Across WUAs

Table 18.6 shows variables that were identified as significant (and relevant) in the 
statistical analysis. As expected, in several regressions the variable ‘WUA proximity 
to the river’ showed that the further away from the river, the worse the water situation 
was perceived and the more practices in response to water scarcity were observed.

In one regression, the variable ‘location within the WUA’ had a significant effect. 
However, the direction of the effect was contrary to what could have been expected 
and what was observed during the field research. Namely, according to the statistical 
analysis, the further the farms were from the head of the canal, the smaller was  
the number of farmers reducing their cropping area in the case of water scarcity. 

Table 18.6 Results of logistic regressions

WUA proximity  
to the river

Location along  
the canal within 
WUA

Land 
elevation

Orthogonal distance  
from the main canal

Irrigation  
satisfaction

Water availability  
in spring 2009

Significant at the 
5% level 
(p = 0.000)

Water availability  
in summer 2009

Rice cropping Significant at the 
5% level 
(p = 0.000)

Drainage  
blocking 2009

Drainage water  
use 2009

Significant at the 
5% level 
(p = 0.034)

Reducing the  
cropping area

Significant at the 
5% level 
(p = 0.001)

Significant at the 
5% level 
(p = 0.025)

Changing the  
cropping pattern
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There are three possible explanations for this: (1) the result is a random peculiarity 
of the farmers of the three WUAs revealed in the analysis because the population is 
too small to eliminate the phenomenon, (2) there is an unknown confounder that 
influences both the dependent variables and the location within the WUAs, or 
(3) farms at the tail end of a WUA in fact have better water access. To be able to 
clarify this, the first two options should be eliminated by increasing the sample size 
and incorporating further variables into the analysis in a follow-up study.

Farmer practices. Since the findings with the limited number of parameters show that 
the WUA proximity to the river plays an important role with regard to farmer practices, 
these were analyzed again regarding their occurrence in each WUA (Fig. 18.3).

Rice growing. Overall, 55% of the sample farmers grew rice in 2009. However, 
there is a strong gradient between the WUAs. WUA 1 is a rice growing area (91%) 
while rice is more of an exception in WUA 3 (24%).

Drainage blocking and drainage water use. Drainage blocking and drainage water 
use are practiced by 20% and 17%, respectively, of the farmers overall, but the 
majority of these are from WUA 3 (29% and 43%, respectively). Previous surveys 
show that both practices are (correctly) considered bad for the soil by farmers in 
Khorezm and only applied when water is scarce or its supply unreliable,6 which is 
often the case at the tail end of the irrigation system represented by WUA 3.

Changed cropping pattern and reduced cropping area. 66% of the farmers overall 
change their cropping pattern when they expect not to get sufficient water at the 
right time. However, this is more so the case in WUAs 1 (86%) and 3 (71%). The 
former is a rice growing area with rice often being grown on land exempted from 
the state quota system. On this so-called free area, farmers themselves choose the 
crops they want to grow and can therefore react to changes in water availability, 
which they do particularly for rice that bears the risk of drying out quickly with 
respect to the way it is presently cultivated in Khorezm (as paddy rice).

Fig. 18.3 Percentage of farmers who change their cropping pattern/reduce their cropping area in 
response to water scarcity and percentage of farmers who did not crop rice/used drainage water/
blocked the drainage in 2009

6 This statement is based on previous qualitative research conducted in the study area.
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In WUA 3, little rice is grown, but farmers are used to having to adapt to water 
scarcity, which occurs regularly in the downstream regions of Khorezm. In 2008, 
people were observed to grow maize and sorghum on their free areas, since these 
crops need less water than rice and many vegetables. The location of WUA 3 at the 
very tail end of the irrigation system is also acknowledged as such by the authorities, 
and even land under the state plan may sometimes be dealt with in a more flexible 
manner than elsewhere. During the water scarce year of 2008, farmers had to 
leave land fallow, even though some of it was under the state quota. Previous  
findings indicate that farmers invited the authorities to judge the situation of water 
scarcity in their WUA, thereby aiming to have their practices tolerated because of 
the extreme tail-end situation.7 This is also reflected in the survey answer on reducing 
the cropping area, for which WUA 3 scored very high (57%) compared to WUA 1 
(10%) and WUA 2 (4%).

In general, all practices that function as a response to water scarcity (including 
growing less rice) were observed most in WUA 3 and less so in the other WUAs 
(apart from changing the cropping pattern in WUA 1, which is explained above as 
a  particularity of rice cropping). Farmers of WUA 2 were found to apply the 
practices in response to water scarcity least frequently – however only slightly less 
frequently than those of WUA 1. The association between proximity to the river and 
water-saving practices is thus not a linear one. Instead, there appears to be a boun dary 
somewhere between WUA 2 and WUA 3 where a particular tail-end situation starts 
and practices in response to water scarcity are more frequent. Other WUAs at  
the very tail end as well as between WUA 2 and WUA 3 should be investigated to 
determine where exactly this change takes place, and whether there are specific 
reasons for this (e.g., a hydraulic structure or a WUA that frequently exceeds its 
official share of water). Conceptually, this would also allow a more precise definition 
of what characterizes a tail-end situation in Khorezm.

18.4.2  Visual Analysis of Phenomena Within WUAs

Irrigation satisfaction. As expected, farmers in WUA 1 near the river show a generally 
high irrigation satisfaction of 86% without a physiographic pattern within the WUA. In 
WUA 2, there is no clearly visible pattern of irrigation satisfaction within the WUA 
either, and satisfaction is overall lower (70%).

In WUA 3 at the tail end of the canal system, the question on irrigation satisfaction 
yielded a distinguishable pattern of answers, visible when presented in the form of 
a map (Fig. 18.4a). The majority of farmers (67%) were satisfied with their water 
access. However, two groups of farmers were not, i.e., one at the entrance and 
another in the south-west of the WUA. It seems surprising at first sight that farms 
located at the very head of the canal should have had problems with water access. 
However, the land elevation map (Fig. 18.4b) shows that the farms in this part of the 

7 This statement is based on previous qualitative research conducted in the study area.
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Fig. 18.4 Irrigation satisfaction (a), land elevation (b), and location along the canal (c) in WUA 3
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WUA are relatively high in comparison with the rest of the WUA. Farmers therefore 
rely on pumping for irrigation. It was frequently observed during the field research 
in WUA 3 that the electricity necessary for pumping was deliberately turned off in 
response to requests of tail-end farmers who wanted the water to reach their fields. 
Farmers in the middle reaches of the canal, who were able to irrigate their (lower-
lying) land by gravity, hence had better water access than those at the head of the 
canal, who could only irrigate when electricity was provided. The survey answers 
reflect this situation.

The second group of dissatisfied farmers is located around two of the five local 
tail ends of the WUA (Fig. 18.4). This area is not further away from the head of the 
canal than the other three tail ends. However, qualitative observations revealed that 
there is a difference with regard to the socio-political capital that farmers can make 
use of. It is likely that particularly one farmer, who holds a very large land lease of 
the WUA and used to be in an influential position before decollectivization, was 
able to use his influence to get water to the three tail ends where he holds land. 
Hence, the two other tail ends with little socio-political capital were disadvantaged. 
Previous qualitative studies indicate that socio-political capital is an influential  
factor in water management besides land physiography. The example of WUA 3 
shows that it would be useful for further analyses to quantify socio-political capital 
in subsequent studies.

Water availability perception. It has already been mentioned that water availability in 
Khorezm was scarce in spring 2009 but abundant in summer 2009. At the tail end of 
the irrigation system, in WUA 3, this overall trend is reflected in the survey answers, 
while there are little local differences. Regarding the spring season, everybody stated 
that there was less water than usual, and only 10% of the farmers thought there was 
nevertheless enough water. In summer, in contrast, everybody perceived water to be 
enough, and the majority (67%) stated that there was more water than usual.

In WUA 1, the difference between the spring and summer assessment is  
similarly pronounced. However, for summer 2009 (Fig. 18.5a), WUA 1 also shows 
a  physiographic pattern of answers, with land elevation (Fig. 18.5b) influencing the 
perception of the situation. While this may be related to similar pump and electricity 
issues as in WUA 3, high land elevation also leads to relatively lower groundwater 
levels. Since groundwater contributes significantly to crop development in Khorezm 
(Forkutsa et al. 2009), high land requires more water, and water availability may 
hence have been perceived as usual rather than particularly abundant, because 
groundwater levels may have lagged behind with regard to water abundance, thus 
reflecting the drought situation slightly longer than the canal water supply. This 
shows that it is important to include separate questions on actual water availability 
and the perception of it into surveys because perceptions are influenced by many 
more aspects than mere factual water availability.

In the case of WUA 2, there is no clear pattern of answers. However, there seem 
to be two rather distinct regions within the WUA where people tend to have better 
access to water (which is revealed in the answers on irrigation satisfaction, water 
availability spring 2009 and water availability summer 2009) (Fig. 18.6). One of 
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these regions is located at the entrance of the WUA and one at the tail end of the 
canal, where land elevation is particularly low. However, there are also other areas 
in the WUA with these characteristics that do not reflect the same water access in 
the survey answers. This cannot be explained by the data at hand, but further details 
could be clarified with, for instance, qualitative research.

Fig. 18.5 Perception of water availability in summer 2009 (a) and land elevation (b) in WUA 1
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Fig. 18.6 Perception of water availability in spring (a) and summer 2009 (b), irrigation satisfaction 
2009 (c), and land elevation (d) in WUA 2
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Orthogonal distance from the canal. Orthogonal distance from the canal was not 
found to influence perceptions or practices of farmers – neither in the statistical 
analysis across WUAs nor in the visual analysis within WUAs. That Oberkircher 
and Hornidge (2011) found this variable to influence practices may be due to the 
fact that dehqon farmers were included in their analysis. For the much smaller 
peasant plots, self-made canals are probably much more relevant than for the larger 
land of farmers that this study deals with.

Farmer practices. The statistical analysis of farmer practices across WUAs revealed 
the influence of the WUA proximity to the river on farmer practices. The visual 
analysis on the local level did not yield any further results. This is most likely due to 
the influence of further physiographic variables that were not included in this analysis. 
Particularly with regard to drainage water and drainage blocking, it is likely that the 
proximity to drains and the soil texture influence farmers’ practices. In WUA 1, for 
instance, only three farmers used drainage water in 2009. For one of them we know 
that his land is located directly next to a central drain of the WUA. Collecting reliable 
data on soil texture and the location of drains was beyond the scope of this study, but 
should be considered for further studies applying the here presented methods.

18.4.3  Data and Method Limitations

Farm unit. Although the farm unit is a fundamentally important part of the analysis, 
its characteristics pose certain methodological constraints. Several farmers hold land 
in different locations within one WUA, but the characteristics of their land as well as 
the survey answers were incorporated into the analysis in the form of a  mean. 
Leaving room for differentiated answers of survey questions based on different parts 
of the farm would improve the depth of the analysis. A more fundamental question 
is whether a farmer with his/her personal biography can be well represented by his/
her farm unit. In the case of farmers who have held their land for a long time, their 
perceptions and practices will certainly be connected to experiences with the land. 
However, farmers who may have worked on different land in the past may still 
perceive and act on these earlier experiences, which is difficult to capture with the 
method presented here unless biographic questions are included into the survey.

Data reliability. Figure 18.7 shows scatter plots of the area of farms based on the 
GIS boundary calculations and the area stated as total irrigated area by farmers in 
the survey (excluding farmer Am25 from WUA 1 and As07 from WUA 3 since they 
hold very large areas, which would skew the figure and hamper its readability). We 
had expected to find the GIS area to be larger than the total irrigated area, since part 
of the land within the GIS farm boundaries is left fallow every year, particularly in 
WUA 3 where land is only put under the state plan when water availability is sufficient 
(hence a rather large difference between the GIS and survey area in the case of 
WUA 3). Unexpected was an underestimation of the irrigated area in the GIS as is 
the case for several farmers in WUA 1 (and one outlier in WUA 2).
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To determine the reason for this, we compared the official boundary of WUA 1 
with satellite images and investigated the fields in the eastern part of the WUA further. 
We found that the official data on farm boundaries as well as the WUA boundary were 
not correct, and therefore several fields in the east of the WUA close to the river were 
missing. It is highly likely that these fields are cropped by the five farmers that are under-
estimated in the GIS area, which may have disguised local phenomena within WUA 1 
that could have otherwise been detected in the visual analysis. For the statistical 
analysis across WUAs, which mainly showed differences due to the variable proxi-
mity to the river, this error is unlikely to have caused incorrect results.

Anonymity and protection of informants. One extremely important consideration 
when applying the method presented here is the protection of the informants who 
participate in the survey. As soon as the visual analysis is made transparent by  
publishing maps, the answer of each informant in the survey can be immediately 
traced to him/her based on the location and shape of his/her land, even if codes are 
used instead of names. This has general implications for the kind of analyses that 
can be conducted and is even more problematic in a politically sensitive context 
such as agriculture in Uzbekistan. In this study, for instance, maps that show who 
cropped rice were not displayed due to the sensitivity of this topic.

18.5  Conclusions

The method presented here is able to integrate survey data and physiographic data 
for a joint spatial analysis. For the case study, it provided insights into the influence 
of physiography on perceptions and practices and yielded the following results with 
regard to the hypotheses formulated at the onset of the study:

 1. WUA proximity to the river: Farmers in WUAs closer to the river indeed apply 
more water-saving practices, albeit there is not a linear association for all 

Fig. 18.7 Differences between the farm area as represented in the GIS and the total irrigated area 
as stated by farmers in the survey
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practices. Instead, WUA 3 seems to represent a specific tail-end situation that 
increases the prevalence of water-saving practices. The perception of water 
availability in spring 2009 (a water-scarce time) was also significantly associated 
with proximity to the river.

 2. Location of farms within WUAs. The hypothesis was not confirmed in the statistical 
analysis. To investigate this further, the sample size needs to be increased and 
confounders such as, for instance, socio-political capital need to be incorporated 
into the analysis. It may also be necessary to disaggregate these analyzes to field 
instead of farm level. The visual analysis suggested that farm location (in the 
sense of mean of the field locations) within the WUA can have an influence on 
water access (cf. WUA 3).

 3. Land elevation. The visual analysis resulted in three examples that confirm the 
hypothesis. The statistical analysis did not identify land elevation as significant 
variable, which could have been caused by the limited sample size. Previous 
research in the study region indicated that the elevation of cropland determines 
water availability and in turn water use (Ibrakhimov 2004).

 4. Orthogonal distance from the main canal: Neither the statistical analysis nor 
the visual analysis confirmed the hypothesis.

Since the results of the visual analysis make sense for the respective cases but 
were not found to consistently hold true in all three WUAs, further research should 
be conducted to gain a better understanding of the presented phenomena. It is 
recommended to include further physiographic data into the analysis such as soil 
texture, soil salinity, and information on the drainage system. Developing ways to 
include social aspects such as socio-political capital would also be very relevant 
albeit challenging with regard to quantification.

The GIS approach to socio-physical landscape research presented here has the 
following advantages as compared to non-spatial and disciplinary approaches:

Data management. Both physiographic and survey data can be stored jointly with a 
spatial reference. Data can be easily retraced and data gaps identified. Data from 
different sources can be compared with regard to consistency (e.g., as shown for the 
farm area above).

Description and exploration. The possibility of creating maps with survey data 
allows an immediate visualization of the collected data. This makes descriptions 
based on visual observations possible across data formats and delivers starting 
points for further research by highlighting patterns among the investigated farmer 
sample and the physiographic characteristics of the land.

Analysis. Both visual analysis and the statistical analysis based on an export of GIS 
data to statistics software allow a joint analysis of social and physiographic  
phenomena and particularly of their interrelations. In this sense, GIS can function 
as a boundary object for interdisciplinary research. The analytical depth that can be 
reached depends primarily on the quality of the collected data and the sample size 
of the survey. The protection of informants determines which analyses can be  
conducted (and published).
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Abstract To restructure land- and irrigation-water use in Khorezm towards  
sustainability and economical feasibility, the current water use demands improvement. 
This requires increasing water use efficiency as much as possible, while at the same 
time minimizing negative impacts on the production system. These objectives can 
be reached with an integrated management of the irrigation and drainage system.  
To develop optimal management strategies, models describing the water distribution 
(irrigation scheduling model) and analyzing the impact on the groundwater (groundwater 
models) will be very helpful. In the Water Users Association (WUA) Shomakhulum, 
located in the southwest of Khorezm and with an irrigated area of approximately 
2,000 ha, current irrigation strategies were monitored. Overall irrigation efficiency 
of the sub-unit representing the WUA is rather low (33%). Besides the poor state of 
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the irrigation infrastructure, major reasons for the low efficiency are on the one hand 
a lack of detailed and up-to-date information on the system and its temporal behavior, 
and on the other hand missing options to consider detailed information in the  
procedures to establish water distribution plans. To tackle these issues, the irrigation 
scheduling model FAO CROPWAT was applied as an alternative to the current 
rather rigid water distribution planning. Feeding the model with detailed information 
on the irrigation system and its behavior (application efficiency by field-water  
balancing, network efficiency based on ponding experiments) provided a powerful 
tool to improve water use. As the groundwater in Shomakhulum is shallow, the 
model was further developed in order to assess the importance of the capillary rise. 

show that capillary rise is an important factor in water balancing and can contribute 
a maximum of 28% of crop-specific evapotranspiration in cotton, 12% in vegetables 
and 9% in winter wheat. In-practice irrigation scheduling, when simulated and 
assessed with the CROPWAT model, showed a 7–42% reduction in cotton yield. If 
the overall irrigation efficiency is improved to 56%, water saving of 41% can be 
achieved. Introducing alternative crops to cotton can result in 6% water saving. 
About 15–20% of the water can be saved by leaving marginal lands, i.e., land of low 
quality, out of the production.

Keywords

19.1  Introduction

During the past few decades, world-wide competition for water among different 
users has increased manifold and is expected to increase further. The development 
of new resources is not economically and environmentally viable. Therefore, raising 
the efficiency of the use of the existing water resources will play a key role to meet 
the increasing demands of water.

The majority of irrigation schemes around the world operate with a low overall 
efficiency of about 30% (Sarma and Rao 1997). Often, inappropriate system design 
causes low overall efficiency, but even with proper design, adequate management is 
essential for the effective operation and maintenance of irrigation water delivery 
systems. Worldwide evidence shows that significant improvements are to be gained 

1999). Although yield and seasonal 
evapotranspiration (ET) relationships have been widely used for the management of 
water resources, the effect of timing of water application is also of key importance 

1983 1983 1990). Irrigation scheduling should define 
when and how much to irrigate a crop. Given the complexity, several computerized 
simulation models to support and improve irrigation scheduling were developed 

1974; Smith 1992 2002). For the amount and 
timing of water application, these models use soil water accounting over the root 
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zone, whereas crop water production functions, which relate crop yield to the 
amount of water applied, are often used to optimize on-farm water application.

Unfortunately, most of the irrigation scheduling models cannot compute/
incorporate the groundwater contribution, which is an important parameter for 
water budgeting under shallow groundwater conditions, particularly in arid and 
semi-arid regions. Ayars and Schoneman (1986) concluded that groundwater can 
contribute up to 37% of the total evapotranspiration (ET) of cotton under a water 
table depth of 1.7–2.1 m, and Wallender et al. (1979) reported that cotton can extract 
even 60% of its ET from a saline (electrical conductivity (EC) = 6.0 dS m−1) shallow 
water table. Pratharpar and Qureshi (1998) observed that in areas with shallow 
water tables, the irrigation requirements can be reduced to 80% of the total crop 
ET without reducing crop yield.

The recent developments in modeling enable simulation of the capillary rise 
under different agro-climatic conditions. These models simulate the water flow in 
the unsaturated zone (Simunek et al. 1998 2000; Costantini et al. 
2002 2002 2002; Srinivasulu et al. 2004; 

2005
purpose for which the model is elaborated (Bastiaanssen et al. 2004), whilst the 
accuracy of the results depends on the assumptions and simplifications made in 
the model and their relation to site-specific conditions, and also on the accuracy 
of the input data (Zavattaro and Grignani 2001).

The present research was conducted in the Khorezm region of Uzbekistan, which 
is located at the downstream reach of the Amudarya river, and is seen as a model 

2009
soils in the region are saline to a different degree, and at least 48% were moderately 
and highly saline as of 2006 (Ibrakhimov et al. 2007). Soil salinization in Khorezm 
is primarily a consequence of the shallow saline groundwater, since the regional 
average groundwater tables range from 1.0 to 1.2 m below the surface during leaching 
and irrigation events (Ibrakhimov et al. 2007). It is postulated that groundwater 
tables become shallow due to substantial losses from the irrigation network, which 
is enhanced by deficits of the drainage system and by the regional flatness and  
subsequent absence of a regional lateral groundwater flow. Despite the fact that 
groundwater levels are shallow, water insufficiency is a pressing issue in the downstream 
areas of the region, for which all water is tapped from the Amudarya river. During 
years with average and low discharge in the Amudarya river, the middle and tail 
ends of the irrigation network usually suffer from insufficient amounts and timing 
of the water supply.

Present water distribution guidelines originate from the 1960s following the 
widespread development of areas for irrigated agriculture in the Aral Sea Basin 
(Sadikov 1979; Rakhimbaev et al. 1992). In these guidelines, water requirements of 
major crops such as cotton were elaborated for different agro-hydrological, climatic 
and ecological areas, but the contribution of shallow groundwater to soil moisture 
enhancement is not accounted for in detail. This is a one of the reasons for the 
excessive use of irrigation water.
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The current irrigation strategies based on the conventional norms were 
therefore monitored and compared with the results obtained from an integrated 

model (Simunek et al. 1998) was introduced to the irrigation scheduling model. 
The FAO CROPWAT program (Clarke et al. 1998) was selected as a baseline 
model for this study. Procedures for calculating crop water demands and hence 
irrigation requirements are based on methodologies presented in various FAO 
Irrigation and Drainage Papers (Doorenbos and Pruitt 1977; Doorenbos and 
Kassam 1979; Allen et al. 1998). Advantages of the model are (1) the flexibility 
to react to changing situations, (2) an option for developing site-specific solutions, 

calculate the capillary rise. The model includes sophisticated and useful tools to 

2000; 
2001; Bitterlich et al. 2004 2004; Sommer 

et al. 2004; van der Grift et al. 2004 2005) but not intensively 
in the irrigated areas of the Aral Sea Basin.

19.2  Materials and Methods

19.2.1  Study Site

The Khorezm region, located in the northwest of Uzbekistan, is a lowland with 
elevations ranging from 112 to 138 m a.s.l.. It is part of the desert region of 
Central Asia and has an arid continental climate (Suslov 1961
daily maximum temperatures exceed 33°C and low relative humidity (48.1%) 

90–100 mm does not have a significant influence on surface water or groundwater. 
The potential evapotranspiration (annually ca. 1,150 mm) rises from April until a 
peak in July.

The Shomakhulum WUA, located in the southwest of Khorezm, was chosen to 
assess the water use practices, since its environmental conditions are representative 
for the irrigated areas in Khorezm with respect to groundwater table and salinity, 
soil characteristics, cropping patterns and climate. A further reason for this  
selection was the fact that the WUA had been chosen by the agricultural management 
authorities of Uzbekistan in 2005 for testing the introduction of water pricing, and 
excellent collaboration could be established with the WUA management, which 
facilitated the field research. In addition, the Shomakhulum WUA has distinct 
hydrological boundaries, which facilitate water monitoring and accounting. Soils 
are predominantly loamy to sandy loamy according to the USDA classification 
(Knight 1937).
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19.2.2  Irrigation Scheduling Model (CROPWAT)

The FAO CROPWAT program was used to model optimal irrigation schedules  
and to analyze options for water saving and needs in water deficit situations. The 
optimal use of water for irrigation requires an accurate estimate of crop water 
requirements against the available water supply from irrigation network, rainfall 
and capillary rise.

19.2.2.1  Crop Water Use

Crop water use is commonly expressed in terms of crop evapotranspiration (ETc), 
which was computed here using the FAO CROPWAT model. The required weather 
data to calculate the reference evapotranspiration (ETo) were collected with an 
automatic weather station installed in the WUA. ETo was converted to crop ETc 
using crop physiological parameters (development stages and coefficients, rooting 
depths, depletion fractions), which were obtained from the Central Asian Scientific 
Research Institute of Irrigation (SANIIRI), Uzbekistan.

19.2.2.2  Capillary Rise (Hydrus-1D)

Capillary rise is dynamic in nature due to its dependence upon various physical 
parameters, such as crops, soils, groundwater levels, and groundwater salinity. To 
allow the spatial dynamics of groundwater levels and the soil characteristics to be 
represented – factors that determine capillary rise and in turn water balance and then 
recharge – the WUA in this study was divided into smaller spatial units for which 

depths (0–30, 30–60, 60–90, 90–120 and 120–150 cm) was collated from secondary 
sources (ZEF/UNESCO GIS center in Urgench). Out of these five soil profiles, four 
had a dominantly silt loam soil texture, whereas the fifth had a silty clay loam. 
Thiessen polygons were drawn using a GIS to consider spatial distribution of the 
soil texture attributes (Fig. 19.1). The advantage of using Thiessen polygons was 
twofold: (1) Interpolation techniques such as Kriging (Cressie 1992) and Inverse 
Distance Weighted (Nalder and Wein 1998) create the representative value of the 
parameter considered whereas Thiessen polygons creates the polygon, which was 

interpolation technique which works with sparse data sets – a limitation in the study 
region due to sparse data sets on soil texture and groundwater levels.

Groundwater level data for the 15 groundwater observation wells in the WUA 
were collated from TEZIM (the irrigation system authority). Using the Thiessen 
polygon method in a GIS environment, the WUA was divided into polygons on the 
basis of 15 observation wells (Fig. 19.1). Polygons were drawn using the 15 wells 
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Fig. 19.1 Thiessen polygons for soil texture and groundwater levels in the WUA Shomakhulum
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Fig. 19.2 Average daily values of groundwater level (GW) for the shallow, medium and deep 
groundwater level zones in the Shomakhulum WUA for year 2007

as the center point for each polygon, and the groundwater level measured at the well 
is considered representative for the area of land included in the respective polygon.

The groundwater levels in the polygons were classified as shallow (0–100 cm), 
medium (100–150 cm) and deep (more than 150 cm) during the peak irrigation  
season (June–August) (Fig. 19.2). The temporal behavior of the groundwater level 
in the classes defined above follows the same characteristic pattern.
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Thiessen polygons around the groundwater observation wells were overlaid on 
19.3). 

(Table 19.1

levels and silty clay loam soil texture is named D-SCL. The cropping pattern in each 

19.2.2.3  Initial and Boundary Conditions

 
parameter selection from the database was guided by the information on the soil 
conditions in the WUA (silt loam, silt clay loam). The capillary rise was observed 
from a node equal to the maximum rooting depth for that specific crop restricted by 
the groundwater condition.

Fig. 19.3

Table 19.1 Characteristics of hydrological response units in the WUA Shomakhulum

Soil texture Groundwater level

Silt loam Shallow S-SL
Silt loam Shallow S-SL
Silt loam Shallow S-SL
Silty clay loam Deep D-SCL
Silt loam
Silt loam
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For the bottom boundary conditions, the groundwater data collated from the WUA 
were used. Potential evaporation (E) and transpiration (T) for dominant crops  
(cotton, wheat and vegetables; represented by their first letter in the matrix below) in 
each polygon were calculated by the FAO dual crop coefficient approach (Allen et al. 
1998). ETc (and irrigation and rainfall) was then used as the upper boundary condition. 
Subsequently, the capillary rise was calculated using the following matrix:

 

Crop HRU Crop HRU

(a) (b)

C S SL C D SCL

W M SL W

V V

 

19.2.3  Scenarios by Integrated Modeling Approach

The main interest in using models results from their ability to simulate alternative 
irrigation scenarios relative to different levels of allowed crop water stress and to 
various constraints in water availability (Pereira et al. 2009). Different scenarios 
were analyzed in this study and are presented below.

Optimal irrigation schedule and the irrigation schedule in practice: Improvement in 
irrigation efficiency under the typical Khorezmian conditions can lead to lower ground-
water recharge and hence lower groundwater table; this leads to lower capillary rise and 
in turn to changed (higher) net irrigation depths (quota). The optimal irrigation schedule 

also to improvements of the field application (FAR) and conveyance (CR) ratios to reach 
the target values (Table 19.2). Target values of FAR are taken from Bos and Nugteren 
(1974), and those of CR are taken from Jurriens et al. (2001). Overall irrigation  
efficiency by definition is the product of CR and FAR. The reference situation is based 
on the product of the current values of FAR (0.43) and CR (0.76). This scenario is the 
business-as-usual (BAU) scenario, and represents low irrigation efficiency. In Scenario 
B, the target value of CR (0.84) was multiplied by the current value of FAR (0.43). In 
this scenario, the improvement in the irrigation efficiency is caused by increasing the 

value. In scenario C, the target value of FAR (0.67) was multiplied by the current value 
of CR (0.76). This scenario shows that an improvement in FAR can significantly improve 
the irrigation efficiency. Scenario D is the product of the target values of FAR and CR. 
This scenario represents the maximum irrigation efficiency, which can be achieved by 
improving both the FAR and CR.

Strategies to cope with situation of low water availability: In years of low water 
availability, fulfillment of crop water requirements might not be possible, and deficit 
irrigation cannot be avoided. Deficit irrigation strategies need to be conceived such 
that they lead to the lowest possible impact of non-avoidable water stress on yield. 
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As a prerequisite, information on the impact of water stress on yield considering the 
site-specific situation is needed. For that purpose, the impact of deficit irrigation 
was analyzed assuming a 25% and 50% reduction of available water resources.

Water saving scenarios (WSS): In the water saving scenarios (WSS), different water 
saving options were introduced. In WSS-1, high water demand crops (e.g., cotton 
and rice) were replaced with low water demand crops (vegetables). The share of 
cotton was reduced from 50% to 30% and 20%, respectively, and replaced with 
vegetables. Rice is grown on only 2% of the irrigated area in the WUA, therefore it 
was totally eliminated from the crop portfolio to see the impact on water saving.

In contrast, for the years with expected high water availability, when 20% and 
30% of the present cotton area is replaced with rice, there will be an expected rise 
in water use; this was quantified in this scenario.

In WSS-2, marginal land (soils having low productivity either due to soil salinity 

et al. (2004) cited that 15–20% of the Khorezm area (based on the soil bonitet (soil 
fertility indicator) values) consists of marginal land areas, which vary however in 
size and are scattered over the region.

In WSS-3, irrigation efficiency at system level was evaluated. At present, 63–53% 
of the water is lost by farmers during field irrigation, whereas 24% is lost during  
conveyance in the irrigation network, and that together results in a low irrigation  
efficiency of 33% (Awan 2010). Assuming the target values of Bos et al. (2005), the 
current efficiency of the irrigation system in the WUA can be increased to 56%. The 
amount of water saved by increasing the irrigation efficiency was quantified in this 
scenario. The amount of water saved by improving the irrigation efficiency and the 
reduction in capillary rise contribution due to improved efficiency are also discussed.

19.3  Results

19.3.1  Optimal Irrigation Schedule and the Irrigation  
Schedule in Practice

The optimal irrigation schedules for all the improved irrigation efficiency  
scenarios for cotton (scenarios S-A, S-B, S-C and S-D) show that the capillary rise 

Table 19.2 Improved irrigation efficiency scenarios

Scenario Application ratio Conveyance ratioa Irrigation efficiency ratio

S-A (BAU) 0.43 0.76 0.33
S-B 0.43 0.84 0.36
S-C 0.67 0.76 0.51
S-D 0.67 0.84 0.56
a Conveyance ratio considers percolation/seepage (and evaporation), but not the 
operational losses, which can hardly be measured
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Table 19.3

S-SL D-SCL

Irrigation 
interval (days)

Irrigation 
quota (mm)

Irrigation 
interval (days)

Irrigation 
quota (mm)

Irrigation 
interval (days)

Irrigation 
quota (mm)

51 55 63 61 28 42
16 64 16 69 33 58
14 71 11 71 13 65
11 72 11 68 11 71
13 72 11 74 11 68
13 70 13 72 11 69
17 79 20 86 12 70

16 78
Total 483 501 521

Table 19.4

S-SL D-SCL

Irrigation 
interval (days)

Irrigation 
quota (mm)

Irrigation 
interval (days)

Irrigation 
quota (mm)

Irrigation 
interval (days)

Irrigation 
quota (mm)

60 58 63 61 44 50
13 64 13 69 20 60
11 73 11 72 12 67
10 67 11 71 10 69
11 71 12 70 10 68
12 72 12 72 11 70
15 77 17 82 12 71

16 79
Total 482 497 534

Table 19.5

S-SL D-SCL

Irrigation 
interval (days)

Irrigation 
quota (mm)

Irrigation 
interval (days)

Irrigation 
quota (mm)

Irrigation 
interval (days)

Irrigation 
quota (mm)

26 41 34 46 27 54
33 58 25 59 16 62
13 64 14 64 11 66
11 73 11 71 10 69
10 68 11 71 11 73
11 72 12 73 11 68
12 72 13 71 12 68
14 74 18 79 19 83
Total 522 534 543
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contribution has a significant impact on the irrigation schedule (Tables 19.3–19.6). 

irrigation quota is due to a greater capillary rise contribution, whereas the higher 
irrigation quota in D-SCL is due to lower capillary rise resulting from less shallow 
groundwater levels.

The irrigation quotas in the different irrigation efficiency scenarios do not differ 

the irrigation quotas of S-A and S-B is due to the small difference in capillary rise 
contribution for these scenarios (Tables 19.3 and 19.4
for S-C and S-D differs substantially from that of S-A and S-B. The increase in S-C 
and S-D compared to S-A and S-B is again due to the difference in capillary rise 
contribution. The low capillary rise in S-C and S-D increased the irrigation quota in 
these scenarios.

The irrigation schedule officially recommended for cotton by the irrigation  
planners for the WUA is presented in Table 19.7. This schedule not only leads to 
higher irrigation quotas, but also to yield losses. The high yield losses are due to 
inflexible irrigation timing (norm-based), which cannot completely satisfy the  
time-depending water requirements. Compared to the optimal irrigation schedule  
of cotton simulated by CROPWAT, the irrigation schedule implemented by  
the government officials shows not only yields losses (7%) but also water wastage 
(9%) through deep percolation.

The comparison of the official schedule and the schedules practiced by the farmers 
reveals that the farmers do not necessarily follow the recommended irrigation 
schedules, but often apply untimely and large amounts of irrigation water. When the 
irrigation scheduling of cotton typically used by farmers (Table 19.7) was fed into 

Table 19.6

S-SL D-SCL

Irrigation 
interval (days)

Irrigation 
quota (mm)

Irrigation 
interval (days)

Irrigation 
quota (mm)

Irrigation 
interval (days)

Irrigation 
quota (mm)

33 45 33 41 24 40
25 59 25 53 33 57
14 64 14 60 14 65
11 70 11 71 11 72
11 72 11 68 10 69
11 67 11 68 11 73
13 72 13 71 12 73
17 77 17 70 13 71

80 28 95
Total 526 582 615
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the CROPWAT program, the results were not only yield reductions but also water 
losses. At Farm-1, the farmer applied two irrigations, which resulted in 354 mm of 
irrigation water lost by deep percolation and a 42% reduction in cotton yield. 
The farmer applied more water than necessary in the first irrigation and just 6 days 
after the first irrigation, he started to apply the second irrigation. At Farm-2, the 
farmer applied three irrigations, which resulted in a 33% yield loss and 84 mm  
irrigation water loss due to deep percolation during the whole cotton vegetation 
season. Questioned about this, the farmer replied that he used irrigation water when 
he had the opportunity, as the water might not be available in the future, and he did 
not want to miss the opportunity. This in fact happened, and the farmer could not 
match the next scheduled irrigation with that of other farmers, i.e., he could not 
irrigate his fields when this was needed at the later occasion.

It is important to mention that irrigation schedule data for the farmers is based on 
only two farm samples. The irrigation schedule practiced by the farmers depends 
upon several factors such as water availability, operational problems with pumps 
due to electricity cut-offs or pump mal-functioning, and on agreement between 
different farmers about who will apply water on which day.

19.3.2  Optimizing the Irrigation Scheduling  
with Reduced Water Supply

The effects of the deficit irrigation on crop yield are presented in Table 19.8. If 
25% of the surface water supply is proportionally deducted from each irrigation 
quota of the optimal irrigation schedule (Table 19.3), yield losses vary from 

Table 19.7 Irrigation scheduling recommended by WUA officials and currently practiced by 
farmers

Official recommendation Farm-1 Farm-2

Irrigation 
interval (days)

Irrigation 
quota (mm)

Irrigation 
interval (days)

Irrigation 
quota (mm)

Irrigation 
interval (days)

Irrigation 
quota (mm)

40 11 70 355 40 117
10 17 6 183 51 130
10 58 14 32
10 64
10 68
10 68
10 77
10 68
10 58
10 47
10 17
Total 553 538 279
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10% to 18% of the potential yield, and for a 50% water reduction, the yield 
losses are 22–30%.

The second option to manage the reduced surface water supply is to reduce the 
number of irrigation events. This would result in yield reductions of 24–29% at 50% 
deficit irrigation for cotton, wheat and vegetables, whereas with 25% deficit  
irrigation, yield losses would be 13–20% (Table 19.8). This smaller difference in 
yield is due to the selection of an irrigation time when the impacts of water stress on 
yield are minimal.

19.3.3  WSS 1 – Change in Cropping Pattern by Introducing  
Low Water Demand Crops

Different types of vegetables are the most promising crops in the study area due to 
their low net irrigation requirements of about 340 mm (against 601 mm for cotton). 
Reducing the cotton area from currently 50–30% and replacing it with vegetables 
would save about 6% water. If 30% of the cotton area is replaced with vegetables, 

(Bobojonov et al. 2008). If rice, which currently covers 2% of the cropped area, 
is eliminated from the system, water use could be reduced by up to 1%. On the other 
hand, if 20–30% of the present cotton area is replaced with rice, the rise expected in 
net irrigation water requirements could amount to 7–10%.

19.3.4  WSS 2 – Not Cropping Marginal Areas

Eliminating marginal areas from the irrigation plan is another option to save 15–20% 
surface water. This would be extremely beneficial in years of water shortage 
(Djanibekov 2008), as 15–20% water saving could contribute strongly to lowering 
the impact of water stress of the routine crops such as cotton. The water saved by 
keeping the marginal area out of the production plans in normal years of water  
availability could also be used for cultivating crops with higher income potential 

Table 19.8 Effect of reduced water supply on crop yields (% of the potential yield lost)

Proportionally reduced irrigations Reduced number of irrigations

 
25% RWS

 
50% RWS

 
25% RWS

 
50% RWS

S-SL 10 22 16 24
11 25 13 26

D-SCL 18 30 20 29

YR yield reduction, RWS reduced water supply
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such as rice. Under the existing official cropping pattern, only a smaller share of rice 
can be cultivated due to higher water requirements (the local practice in Khorezm is 
to provide permanent flooding to the rice basins) of rice against the limited water 
supply. Alternatively, the saved water could be used to improve the ecological  
situation of the landscape by planting trees or creating fish ponds as recently  
advocated (Rudenko 2008).

19.3.5  WSS 3 – Improving the Irrigation Efficiency

By increasing the current average application efficiency from 43% to 67%, a total 
of 36% water can be saved. Improving the application and irrigation network  
efficiency to the target values, 41% of water can be saved. By improving the irrigation 
network efficiency from 76% to 84% without changing the current application 
efficiency, 8% of water can be saved. It is feasible to achieve an overall irrigation 
efficiency of at least 56% in the WUA, which would result in water savings of 
about 41%.

19.4  Discussion

Norms and recommendations currently in use for water resource use in Central Asia 
were developed during the Soviet era of collective farming systems. Despite the 
reforms initiated after independence, the former practices still dominate the current 
practices. The share of the areas with medium and heavy salinization and shallow 
groundwater levels is constantly growing, indicating the inefficiency of those 
practices (Ibrakhimov et al. 2007). Shallow groundwater levels are dynamic in 
nature and play an important role in root-zone water balancing. Therefore, to update 
the norms for the existing conditions, introduction of flexible schedules based on 
model approaches is a prerequisite for sustainable water resources management 
in the area.

Water balance models are used to develop the optimum irrigation schedule 
(Brown et al. 1978 1996 1999). Pereira (1989) 
developed the IRRICEP and ISAREG water balance models, and tested their 
performance against field data. Paulo et al. (1995) validated the IRRICEP model for 
selected sectors of the Sorraia irrigation system in Brazil. Khepar et al. (2000) 
developed a water balance model to predict deep percolation loss during wet and dry 

deep and where groundwater does not affect the root zone water balance. George 
et al. (2000) reported that the problem of irrigation scheduling is complicated by a 
number of factors (weather, response of crop to irrigation, spatial and temporal 
variability of infiltration characteristics, soil water availability, etc.), and therefore a 
user-friendly irrigation-scheduling model is required.
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Due to shallow groundwater conditions in the WUA Shomakhulum, the capillary 
rise contribution to crop water needs cannot be neglected (Forkutsa et al. 2009). 
None of the existing irrigation scheduling models estimates the capillary rise 
contribution, which is an important parameter in the context of Khorezm, and for 
similar regions in Central Asia and elsewhere. Flat-terrain, flood-irrigated wheat 
and cotton production areas are abundant throughout Central Asia and the Caucasus 

The results of the irrigation schedule for cotton under the business-as-usual 
scenario show that 9% of the irrigation water can be saved, compared to the norms, 
by following the optimum irrigation schedule. It is only possible to model this water 
saving due to the introduction of the capillary rise contribution in the CROPWAT 
model. The capillary rise contribution is within the range of the studies conducted 
in the region by Forkutsa et al. (2009) and studies conducted in regions with similar 
climatic conditions, e.g., Pakistan (Kahlown et al. 2005). Capillary rise has a significant 
impact on the surface water requirements and needs to be addressed when designing 
the irrigation norms.

The results of the scenarios show that by improving the irrigation efficiency to 
the target value (from scenario S-A to scenario S-D), the irrigation quota (net irriga-
tion depth) for cotton would increase by 8–15% compared to the business-as-usual 
scenario. This increase in surface water demand is due to the decline of the ground-
water levels. Through the capillary rise contribution, 19% of the average surface 
water demand for all the crops can be met.

Instead of improving the irrigation scheduling, a different option would be to 
improve the overall irrigation efficiency in the WUA. As the major losses occur  
during the field application, these could be reduced if the farmers were to implement 
water saving approaches such as improving the furrow irrigation (double sided  
irrigation or surge flow; cf. Tischbein et al. 2011), by installing equipment for  
discharge control at field level (e.g., siphons), and by introducing modern irrigation 
techniques (drip irrigation). Application efficiency would also be improved by using 

2009
need financial support for implementing some of these modern, costly techniques. 
An intensified maintenance of canals could already improve conveyance efficiency 
at much lower costs. General lining is not recommended due to the shallow and 
fluctuating groundwater tables, and also for cost reasons. A better coordination of 
operational activities could also help to avoid or reduce the overflow of water from 
the channels into the drains.

By improving the irrigation efficiency to the target value, 41% of surface water 

cause an 11% reduction of the capillary rise contribution to crop water requirements, 
which would need to be complemented by higher irrigation water amounts.

Currently, the decline in groundwater levels is not a feasible option for the farmers 
nor for water management institutions, as groundwater provides the necessary soil 
moisture to the roots (at WUA level, 19% of the crop water requirements) at the 
existing level. Farmers use it as a precaution against unreliable water supplies, e.g., 
by blocking drainage outlets (cf. Tischbein et al. 2011). Forkutsa et al. (2009) 
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reported that farmers grow cotton under these shallow groundwater levels even if 
they do not have a surface water supply.

Therefore, the impact of efficiency improvement on the current irrigation and 
drainage system/situation assessed in this study clearly shows that the groundwater 
contribution will be reduced. Therefore, the compensation for the safety-net function 
of the groundwater needs to be considered by institutional strengthening to make 
the water supply at farm level more reliable.

19.5  Summary and Conclusions

The importance of groundwater has not yet been considered adequately by the water 
managers in the development of water management strategies in Khorezm. The 
developed norms do not consider the contribution of groundwater, while farmers 
intervene on an individual basis for a beneficial use of groundwater by blocking the 
drains. An integrated water resources management tool was developed that considers 
the impact of groundwater on surface water requirements in a detailed way. The  
tool can help the farmers and WUA managers to improve the currently practiced 
scheduling by integrating surface water and groundwater. The tool highlights the 
importance of groundwater in the WUA Shomakhulum. Although 41% of the  
surface water can be saved by improving the irrigation efficiencies near to the target 
values, this would result in a decline in the groundwater levels. Such a decline would 
increase the uncertainty of water availability at farm level, as shallow groundwater 
levels provide 19% of the crop water requirement for the whole WUA, and farmers 
use groundwater as a safety net because of the unreliable water supplies. An option 
to improve the irrigation efficiency while at the same time keeping the groundwater 
as a safety net is to improve the infrastructure to control drainage outflows, and  
to operate this infrastructure in coordination with surface water management  
(controlled drainage) taking into account spatio-temporal water availability. 
Institutionalizing controlled drainage has the potential to make better use of  
groundwater than the current practice of the farmers, who utilize the groundwater 
on an individual basis.
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Abstract Crop water productivity (WP) in irrigated agriculture is a key for food 
and environmental security, in particular when water becomes scarce, as has been 
predicted for downstream regions in the Aral Sea basin. The assessment of WP for 
each field crop is hampered when farmers cultivate several crops at the same time 
and on the same fields and cannot record water allocation for each crop. Since 
results from the commonly used Ordinary Least Squares (OLS) approach turned 
out to be unreliable and in some cases even had negative values, we combined a 
behavioral approach with mixed estimation methods to estimate water allocation for 
each crop over larger areas and over various years with limited data availability. 
Unobserved crop specific input data was derived from aggregated data using the 
mixed estimation method for the case study region Khorezm, located in northwestern 
Uzbekistan. On the basis of actual water usage, spatial (for different administrative 
districts in Khorezm) and temporal (for the years 2004–2007) distributions of WP 
for cotton, wheat, rice, vegetables (including melons), and fruits were estimated and 
visualized through contour diagrams. All crops, except forage, used much more 
irrigation water than the recommended amount, with cotton and rice being the highest 
water consumers. For example, cotton was almost 64% over-irrigated compared to 
the recommended amounts. Even though rice was cropped on a relatively small 
share of the total land in Khorezm (less than 10% of the total arable land), about 
30% of the total crop irrigation water was applied on rice. WP depends on district 
or farms’ location declining proportionally to the distance from the water source, due 
to high conveyance losses and low yields monitored at the tail ends of the irrigation 
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system. Extremely high water losses on both conveyance and field level revealed 
much scope for water saving by implementing different water-wise options such as 
lining canals, introducing best water use practices and producing less water consuming 
crops. This would, in turn, allow increasing crop yields and WP particularly in 
downstream districts. Furthermore, the comparison of WP among different crops and 
different districts allowed determining the potential suitability of certain districts for 
certain crops, which suggests that a more regionally differentiated cropping portfolio, 
according to water availability, soil quality and similar parameters, would improve 
overall system WP, and hence sustainability of the agricultural production.

Keywords

20.1  Introduction

Irrigated agriculture plays a dominant role in the economy of Uzbekistan, as well as 
in the Khorezm region, consuming 92% of all water used in the country (Dukhovny 
and Sokolov 2002). Vast irrigation and drainage systems have been developed since 
the 1960s to provide croplands with irrigation water from the Amudarya and 
Syrdarya rivers. In 1999, the immense irrigation systems used 83% of the average 
water resources available in all rivers in the Aral Sea Basin (Martius et al. 2004). 
However, the efficiency of the irrigation network in the Khorezm region does not 
exceed 55%, owing to, in particular, the deterioration of the infrastructure and poor 
management of irrigation water. Main irrigation methods for crop cultivation are 
furrow and basin irrigation with field application efficiencies of less than 50% 
(Awan 2010; Bekchanov et al. 2010b) indicating substantial water losses. In contrast, 
the probability that farmers receive sufficient water in this downstream region  

2006). The present 
combination of physical water scarcity, as shown by reduced natural water flow and 
increased water demand in the upstream countries in conjunction with global climate 
change effects, and economic water scarcity caused by the deteriorated irrigation 
network and poor water resources management (Martius et al. 2004), have provoked 
an increased frequency of water shortages. This makes water a critical resource for 
the maintenance of regional livelihoods.

Despite these changes over time, crop water application recommendations developed 
during the Soviet Union period are still in use. They have been formulated to obtain 
highest yields since water at that time was not considered a limiting factor. However, 
with water becoming a limiting factor as experienced today, WP, which is the physical 
or monetary output obtained per unit of water, should gain at least equal priority as 
land productivity (Oweis and Hachum 2006). However, a major obstacle in estimating 
crop specific WP is the lack of available data on crop specific water use. Statistical 
sources for agricultural production systems in Uzbekistan used to report data on  
production volumes and land areas of different crops while presenting total water use 
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according to administrative districts only. Thus, bridging the information gap on water 
inputs used by various crops is a crucial step for quantitatively assessing the efficiency 
of agricultural production systems.

Although detailed experimental measurements at the field level are the best 
source for crop-specific data on irrigation water use, such measurements are too 
resource-demanding for the local water user associations (WUAs) and farmers. 
Since this dilemma frequently occurs in the context of transition economies, several 
approaches have been considered to obtain the necessary data using available, 
incomplete data sets (e.g. Just et al. 1990; Golan et al. 1996; Lence and Miller 1998). 
This study applies the methods proposed by Just et al. (1990), who suggested two 
approaches for estimating variable input allocations among activities. The first 
approach is based on behavioral rules whereby input/land ratios are assumed to  
follow accepted practices. The second approach is based on profit maximization, 
where input use depends on the changes in input and output prices. We used here the 
first approach considering the availability of data and improved replication of real 
data compared to the second approach. The Mixed Estimation Method (MEM), as 
proposed by Theil and Goldberger (1961), was employed to assess crop specific 
water allocation across the administrative districts in the case study region Khorezm 
and across years, relying on aggregate water use and average per hectare water 
requirements of main crops. While allowing the inclusion of additional information 
on the parameters to be estimated, this approach methodologically improves the 
Ordinary Least Squares (OLS) model. On the basis of the empirical and estimated 
data, spatial and temporal variation of WP was estimated for a better understanding 
of how effectively water is used in irrigated agriculture.

The study presented here complements the crop-specific water allocation analysis 
2008) by incorporating temporal and spatial WP variation analysis. The 

overall objectives were to (i) identify the actual water distribution across districts 
and crops, (ii) determine the reasons of crop WP variation, and (iii) estimate the 
suitability and comparative advantages of the administrative districts to cultivate 
certain crops in terms of WP.

20.2  Data and Computation Methods

20.2.1  Data Sources

Data on water intake during the irrigation period in the Khorezm region was obtained 
from regional water resources management departments (e.g. OblSelVodKhoz 2008) 
while harvested area, produced quantities, and yields of different crops across the 
districts were based on the data published by the Regional Statistical Department 
(e.g. OblStat 2008). The recommended norms of crop water demand per hectare 
were taken from regional water resources management department guidebooks 
(HydroModRay 2002).
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20.2.2  Crop Specific Water Allocation

The estimation of crop specific water allocation followed the method by Just et al. 
(1990 2006). The behavioral approach describes water allocation in a 
region with a group of r districts (here r = 1, 2 … 10) producing k crops (here k = 1, 
2 … 7) over a period of t years (here t = 2004, 2005 … 2007). The statistical analysis 
consisted of estimating the allocation of water among crops. The two types of 
information used for these estimations included the area allocated to the production 
of crop k in district r in year t ( krtA ) and the aggregate water use in each district r in 
year t ( rtW ). Then,
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where krtW  is the (unobserved) volume of water allocated to produce crop k in district 
r in year t. Information on rtW  existed for each district of Khorezm over the analyzed 
years, whereas the actual allocation of water for the different crops within fields is 
rarely recorded or not measured at all. In contrast, annual data on cropland allocation 
on field and district level is recorded by farmers and the statistical department.

The estimated relationship of the allocation of water for various crops is based 
on assumptions about farmers’ behavior. Production functions of farmers are 
assumed to have constant returns to scale, e.g., their decisions consist of water/land 
ratios and land allocations (Just et al. 1990).

Let  krt
krt

krt

Ww A  be the amount of water use per hectare to produce crop k in 

district r in year t. Then the decomposition of the systematic element of krtw
denoted by krtw will be:

 ,krt k r tw a b g  (20.2)

where ka  is a coefficient for crop effects, rb  is for the district effects, and tg  is for 
the time effects.

When combining (20.1) and (20.2), the following equation is derived:
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where rt  is a random error which is assumed to be normally and independently 
distributed for empirical purposes. The coefficients of Eq. 20.3 are estimated by 
regressing total water use on the areas allocated to each of the crops crossed with 
dummy variables, which correspond to the district and time effect. The results were 
normalized for the year 2004 and the district Gurlen in each case to avoid singularity 
of the matrix of explaining variables. The behavioral estimate of the allocation of 
water to crop k in district r at time t was then derived from the multiplication of the 
estimated per hectare water use by land allocated to the crop.
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The Eq. 20.3 with OLS turned out to be unreliable, sometimes even resulting in 
2006). Since this 

was most likely caused by a comparatively limited number of available observations, 
the MEM approach was used as described by Theil and Goldberger (1961) with the 
inclusion of additional (prior) information on the parameters to be estimated 

2008 for more details).
Determination coefficient (R2) for the regression was estimated according to 

Greene (2003):
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with:  e: n × 1 matrix for error terms of the regression model (n is number of 
observations)
y: n × 1 matrix for total water use (1,000 m3)
M0: n × n idempotent matrix whose diagonal elements are all (1 − 1/n) and 
off-diagonal elements are (−1/n)

20.2.3  Water Productivity

Following the estimation of water use per cropped area, water productivity ( krtWP ) 
was estimated as:
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Where krtQ is total production amount of crop k in district r at time t, and krty  is the 
corresponding yield.

Considering its very small share in total water consumption (Hydromet 
2007), drainage water re-usage for irrigation and groundwater use for satisfying 
rural household needs were not included in the estimations of water productivity. 
The results may therefore in some cases have been slightly overestimated, but 
due to this systematic approach, the relative WP values are likely to remain 
unchanged.

In order to show how WP values change across the districts and years, contour 
charts were designed for each crop. Contour charts are analogous to contour maps 
which show how altitude changes with longitude and latitude and allows visualizing 
classification groups of the districts according to WP levels through the observed 
years. The borders of each WP level group (called clusters here) were determined 
by applying an elementary classification, e.g., based on obtaining four groups with 
equal ranges considering maximum and minimum WP values.
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20.3  Results and Discussion

The water use estimates based on the Mixed Estimation Method (MEM) show that 
the estimated crop effect coefficients substantially differ from the prior information 
for crops such as cotton, fodder crops, rice, and vegetables (Table 20.1).

This indicates in turn that the values recommended by HydroModRay (2002) did 
not match the actual water application for these crops on the fields during the years 
examined. The highest relative deviation of 64% (9,200 m3 ha−1 (estimated) vs 5,620 
(recommended) m3 ha−1) was found for cotton. Even though the high area share for 
cotton most likely increased the explanatory power of the related parameter in the 
estimation model, it nevertheless shows that water application losses on field level 
were comparatively high. The recommended amount of irrigation water for cotton 
production is calculated based on about 50% field application efficiency in cotton 
cultivation (cf. Tischbein et al. 2011). Using this value, the estimated 64% relative 
deviation can be interpreted as an irrigation water use efficiency of about 30% (crop 
water use/total water applied = (100% − 50%)/(100% + 64%)). This derived irrigation 
water use efficiency is well in line with the efficiency measured during field  
experiments by Awan (2010) in Kushkupir district in Khorezm. Our derived estimation 
of cotton water use per hectare, which amounted to 9,200 m3 ha−1, is also comparable 
with the remote-sensing based findings of Conrad (2006), who estimated an average 
of 8,310 m3 ha−1 of actual evapotranspiration for cotton fields in 2005 over entire Khorezm. 
These indirect comparisons show the validity of the MEM approach when used for 
estimating gaps in incomplete datasets.

Rice water use was estimated to be 33,000 m3 ha−1 (3,300 mm), and rice was 
therefore the crop with the highest water consumption. Moreover, despite its  
comparatively low area share (about 10%), rice production consumed almost 30% 
of the total crop water use, and its per-hectare water use was four to six times higher 
than that of other crops. This indicates the scope to conserve water when decreasing 
rice production in the region. Furthermore, reducing water use in rice production 
may have a strong social impact if the unused water can be directed to areas with 
high water tensions. On the other hand, since rice is a high-cash crop that permits 
large profits compared to all other crops, attempts at establishing administrative 
rules to restrict the rice area may face huge challenges in Khorezm. Khorezm’s 
population consists to almost 70% of rural people, of which 27% live below the 
poverty line of 1 US$ day−1

2006). Introducing less water demanding rice varieties or high cash crops may 
therefore at present be options with the highest potential to economize the scarce 
resources as recently suggested (Bekchanov et al. 2010b; Devkota 2011).

The district effects conveyed virtually the same conclusions as those derived 
from the prior data (Table 20.1). Water usage per hectare in the districts not bordering 
the Amudarya River, such as Kushkupir, Khiva, and Yangiarik, was higher than in 
the districts along this river. This seems counter-intuitive but makes sense when 

2008). In the downstream 
districts, more water per hectare needs to be transported via the irrigation channels 
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Table 20.1 OLS based regression and MEM estimation results and prior information on crop 
water use and regional and time effects (1,000 m3 ha−1)

Ordinary Least 
Squares (OLS) Prior information

Mixed Estimation 
Method (MEM)

B b 0 0  
bay bay

t
bay

Crop effects Cotton 20.57 3.79 5.62 1.87 9.20 1.10 8.34
Fodder 4.98 4.50 8.42 2.81 5.68 2.19 2.60
Fruits 37.58 32.36 6.29 2.10  6.19 2.08 2.97
Grains −2.52 8.35 4.49 1.50 4.37 1.40 3.13
Other 21.26 52.40 6.72 2.24 6.67 2.24 2.98
Rice 10.22 5.47 26.2 8.73 32.86 2.68 12.25
Vegetables 5.22 13.95 6.29 2.10 7.34 2.03 3.61

District effects Bagat 2.15 1.84 6.52 1.84 5.58 0.46 12.18
Kushkupir 2.16 1.04 7.16 1.04 6.12 0.47 13.11
Urgench 0.23 1.14 4.56 1.14 3.47 0.38 9.05
Khazarasp −0.63 1.07 3.14 1.07 1.35 0.34 3.96
Khiva 2.66 1.97 7.43 1.97 6.66 0.54 12.32
Khanka 0.86 1.08 4.16 1.08 2.96 0.37 7.97
Shavat −0.22 1.43 4.72 1.43 3.64 0.42 8.57
Yangiarik 2.61 1.28 6.79 1.28 5.52 0.47 11.84
Yangibazar −0.70 1.16 5.06 1.16 3.83 0.47 8.12

Annual effects 2005 0.16 0.30 0.15 0.30 0.12 0.19 0.65
2006 −0.48 0.50 −0.56 0.50 −0.45 0.22 −2.10
2007 −1.57 0.62 −1.84 0.62 −1.12 0.23 −4.87

Notes: B is the regression coefficient and 
b
 is its standard deviation according to OLS estima-

tions; 
0
 and 

0
are prior information about the regression coefficient and its standard deviation; 

bay
,  

bay
, and t

bay
 are the regression coefficient, standard deviation and t-statistics value according 

to MEM estimations

to compensate for water losses that occur during the transport of water from the 
river node to these districts. Since irrigation water is transported to the fields in open 
and unlined channels, percolation, seepage and evaporation losses as well as overflow 
to the drainage system are common in the entire Khorezm region (Manschadi et al. 
2010). According to Veldwisch (2008), in 2005, a year with sufficient water supply, 
almost 50% of all incoming water ended up in the drainage systems flowing 
directly to desert sinks. This often has technical reasons, e.g., non-adjustable pump  
discharge rates (Awan 2010; Awan et al. 2011). On the other hand, when high seepage 
losses occur during conveyance, the water may end up in the groundwater and thus 
becomes indirectly available to satisfy crop water demand in those districts through 
which the channels run (Forkutsa et al. 2009). This may therefore lead to overestimating 
WP of the crops in such districts. But although irrigation management organizations 
presently still add about 30% surplus water during irrigation events to compensate 
for seepage and conveyance losses, recent results showed that seepage losses in the 
main distribution channel during the season were only 2%, which is merely a fraction 
of the initially estimated seepage losses (Awan 2010). This in turn indicates that 
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the estimated WP for crops in districts through which channels run are less biased 
by the contribution of the groundwater as previously postulated. Despite the close 
vicinity of Bagat to the river, high water consumption was estimated for this district, 
consistent with high water losses during conveyance, because most fields in this 
district are as far from the river as fields in downstream districts.

The average annual effects did not deviate significantly but showed an annual 
decrease in water usage during the last 2 years examined.

The MEM estimation for total water consumption across the districts of Khorezm 
replicated the sample information with an R2 of 0.87, which indicates a sufficiently 
strong fitness. This was also evidenced visually by a match of the observed and 
estimated values (Fig. 20.1). Since these estimates are in line with previous results 
and the model used replicated the empirical data sufficiently accurate, the results 
allowed for further calculations of aggregated water use and crop specific water 
productivity.

The estimated values of crop specific water use per hectare allowed estimating 
total field level water consumption across districts and crops (Fig. 20.2). The share 
of cotton water consumption varied substantially across districts from 34% to 56%, 
whilst the share of grain water consumption ranged from 5% to 14%. The share of 
rice water usage was highest in Gurlen (50%) and Khazarasp (44%), indicating that 
almost half of the total water withdrawal was used for rice. Vegetables consumed up 
to 10% of the total water use in Khiva district, but their share did not exceed 2% in 
districts such as Khazarasp. The share of fodder in water use varied between 3% and 
9% across districts.

Based on the derived water consumption amounts by crops and across districts 
for each year and considering the actual volume of crop production, temporal and 
spatial WP dynamics could be depicted. Variation analysis shows that for raw cotton, 
WP fluctuated in the range of 140–320 kg m−3 over the years 2004–2007 and across 
districts (Fig. 20.3). Cluster 1 comprises the districts Khiva (171–182 kg m−3), 
Kushkupir (154–166 kg m−3), and Yangiarik (176–180 kg m−3). The low cotton 
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Fig. 20.1 Observed and estimated total agricultural water use (TAW, 1,000,000 m3) in the Khorezm 
region, 2004–2007
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Fig. 20.2 Water allocation by crops and across districts (average of 2004–2007)

Fig. 20.3 Temporal-spatial variation of cotton water productivity (kg m−3) in 2004–2007

WP in these districts was caused mainly by higher water usage for cotton production 
compared to other districts. In these districts, 14,000–15,000 m3 ha−1 (1,400–1,500 mm) 
water were used while in other districts this amounted to only 9,000–13,000 m3 ha−1 
(900–1,300 mm). However, water use per hectare here also included canal conveyance 
losses due to seepage, percolation and evaporation and not only net water usage on 
field level. The results here may therefore deviate from findings obtained from direct 
field measurements (Forkutsa et al. 2009).

In the initial year of the study period, Bagat was grouped in Cluster 1 but then 
moved to Cluster 2 in the other 3 years. Cluster 3 comprised Gurlen in 2005, 
Khazarasp in 2006, and Khanka in 2006 and 2007. All other districts were grouped 
in Cluster 2 during all years, with WP values ranging between 185 and 230 kg m−3. 
The increase in cotton WP over the districts in 2007 was caused by a decreased 
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water supply in this year (Table 20.1). The highest cotton WP in Gurlen is a result 
of a combination of relatively high cotton yields and low water consumption per 
hectare in this district.

A similar classification analysis showed different contour graph images for grain 
WP (Fig. 20.4). In this case, Cluster 1, which ranged between 340 and 605 kg m−3, 
covered most of the area in Khorezm. Yet, as a result of comparatively low yields 
and the inconveniences associated with further distances to the water source, 
downstream districts such as Khiva, Kushkupir, and Yangiarik fell into Cluster 1 as 
well during all observed years. In spite of its location advantages and high wheat 
yields, Bagat also ended up in Cluster 1 because of high water losses during 
conveyance. Cluster 4 included only Gurlen, where the highest grain yield (4.5 t ha−1) 
was obtained in 2007. Another reason was that this district is situated closer to the 
river and therefore experienced relatively lower water losses during conveyance 
compared to other districts.

Cluster 3 included Gurlen in the other years (2005–2007) and Khazarasp in 2007. 
Cluster 2 comprised Khanka, Shavat, and Urgench in 2006–2007, Khazarasp in 
2004–2006, and Yangibazar in 2007. The main cause for the transition of Khazarasp, 
Shavat, and Urgench districts from Cluster 1 to Cluster 2 was the decrease in annual 
average water use on the one hand, and the yield increase (from 4.3 to 4.6 tons ha−1, from 
4.3 to 4.5 tons ha−1, and from 4.6 to 4.8 tons ha−1, respectively) on the other hand.

The highest rice WP (266 kg m−3) was observed in Khiva in 2007 (Fig. 20.5). 
Cluster 3 comprised Gurlen and Khazarasp in 2007. Rice WP was lowest (Cluster 
1) in Kushkupir, Khanka and Yangibazar districts through most years. The increasing 
rice WP in Yangiarik was caused by high yields of rice in this district in spite of low 
irrigation efficiency. Although Khazarasp had the highest water-use efficiency, it 
also showed the lowest WP (77 kg m−3) in 2004, which was due to the lowest rice 
yields (2.6 tons ha−1) in this year. Highest WP values were observed in Khiva, as rice 
yields were substantially high in spite of high water consumption per hectare.

Fig. 20.4 Temporal-spatial variation of wheat water productivity (kg m−3) in 2004–2007
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Vegetable WP analyses allowed identifying the potentially most attractive zones 
for vegetable production (Fig. 20.6). Gurlen and Khazarasp can be considered the 
most promising districts to cultivate vegetables due to the high WP. Kushkupir again 
fell into Cluster 1, with WPs that ranged from 1,008 to 1,614 kg m−3 in all study 
years. Cluster 1 also included Shavat and Yangiarik in 2004 and 2005, Urgench and 
Yangibazar in 2004, Bagat in 2005 and 2007, and Khiva in 2006. The main reason 
for the low WP was again caused by the long distance of these districts from the 
water source and the consequent high losses during the entire process of irrigation 
water delivery.

Fruit WP across districts and over years varied in the range of 570–1,790 kg m−3 
(Fig. 20.7). Cluster 4 (1,485 and 1,790 kg m−3) included Khazarasp in 2004 and 
2007 and Gurlen in 2006 and 2007. These two districts in the other years were 

Fig. 20.5 Temporal-spatial variation of rice water productivity (kg m−3) in 2004–2007

Fig. 20.6 Temporal-spatial variation of vegetable water productivity (kg m−3) in 2004–2007
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included in Cluster 3, which additionally comprised Khanka and Urgench in 2006 and 
2007. Khiva fell into Cluster 1 while Kushkupir and Yangiarik in years 2004–2006 
were grouped in Cluster 1 but transferred to Cluster 2 in 2007.

The findings revealed that, in general, WP of all crop groups except rice in the 
downstream districts was lower than that in the upstream districts, which was very 
likely due to a combination of high distribution and conveyance losses and relatively 
lower yields. Shi et al. (2007) also found an inverse relationship between the distance 
of fields from main irrigation channels and cotton yields, caused by generally lower 
water availability in the more remote areas. This was also postulated for the entire 
Khorezm region based on region-wide remote sensing analyses (Conrad et al. 2011) 
and on the analyses of a single WUA in the Khorezm region (Awan 2010).

The previous annual analysis of aggregated WP in economic terms across the 
districts in Khorezm (Bekchanov et al. 2010a) covering the years 2000–2007 
revealed a significant correlation between temporal-spatial water availability and 
agricultural revenue generation. Despite higher WP in drier years as shown here, 
yields are lower in general and even less irrigation water is available to downstream 
water users (Bekchanov et al. 2010a).

Increasing crop WP without compromising on sustainable yields, and consequently 
maintaining the comparative advantages of downstream districts, requires improving 
the presently low efficiency of water distribution in the conveyance system (Manschadi 
et al. 2010). The rehabilitation of the irrigation networks by, for example, lining 
would contribute to increasing efficiency in water transportation. Awan (2010), who 
assessed irrigation efficiency in the Khorezm region, also postulated the huge scope 
for water saving within the irrigation system to efficiently cope with current and 
future water shortages. However, costs and benefits of rehabilitation measures 
should be investigated further to determine the economic efficiency of canal lining, 
which requires huge investments. Although these estimates are still due for  
the Khorezm region, some indications can be gained from previous estimates for the 
entire Aral Sea Basin (Micklin 1988). An estimated 10–22 km3 of water could be 

Fig. 20.7 Temporal-spatial variation of fruit water productivity (kg m−3) in 2004–2007
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saved every year in the basin by rehabilitating and renovating the irrigation systems 
and concrete lining of irrigation canals (Micklin 1988). However, the costs for the 
entire basin would be enormous and were estimated to be around 16,000,000,000 
US$ (Micklin 2002). On the other hand, recent ponding trials showed that due to the 
shallow groundwater levels during the growing season, seepage losses with a major 
distribution channel did not exceed 2%, which is thus much lower than previously 
estimated (Awan 2010). Hence the present policy of adding at least 30% irrigation 
water to compensate for seepage and conveyance losses in the channels needs to be 
reviewed. Cheaper but less durable options and immediate actions could be covering 
the canal bottoms with special polyethylene films, which is particularly relevant in 
sandy soil zones of the irrigation canals. Also improved low cost water use practices 
such as alternate dry furrow, short furrow, and double side irrigation (Abdullaev 
et al. 2009) or advanced water-conservation technologies such as drip irrigation and 
laser guided land leveling on field level (Bekchanov et al. 2010b) may help farmers 
to increase water use efficiency.

Considering that the production of state order crops – cotton and winter wheat 
– occupies more than 70% of the irrigated area (cf. Djanibekov et al. 2011),  
diversification of the cropping pattern also could contribute improving the irrigation 
water use efficiency and environmental sustainability in the region (Bobojonov 
et al. 2011). For example, less water consumptive alternative crops, such as sorghum, 
mungbean and sweet maize, could provide very high yields and enhance crop 
rotations and are very attractive especially in downstream locations with very low 

2006). Moreover, the cultivation of alternative crops such as indigo and potato could 
improve farm income with less water (Bobojonov et al. 2011). However, since  
WP of crops differentiates across districts, in addition to water availability, soil 
productivity and groundwater level and salinity are main indicators for the suitability 
of cultivating a particular crop in a district or field. Crops diversification, in turn, could 
be supported by easing the presence of the state order, lack of access to seed and 
planting materials, and an underdeveloped market infrastructure which includes the 
processing sector and storage and trade channels (Bobojonov and Lamers 2008).

20.4  Summary and Conclusions

Increased demand for agricultural commodities and decreased rates of irrigation water 
availability over the years make water a critical resource for providing sustainable 
livelihoods in the Aral Sea Basin. When water becomes a limiting factor, improving 
water productivity (WP) should become as important as improving land productivity, 
which dominates the present thinking of local experts. However, calculating crop  
specific WP requires crop specific water use, which is currently not recorded. Mixed 
estimation methods were seen to be an effective tool for estimating detailed crop  
specific water allocation, which in turn allowed accounting water allocation and loss 
as well as WP over the study years and districts in the Khorezm region.
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The model results show that cotton production, which occupies more than half of 
the total irrigated area in the region, consumes about 64% more water than the  
recommended amount. The resulting low water use efficiency of cotton production 
indicates a huge scope for water saving. In spite of its low share (ca. 10% on average) 
in total cropped areas, rice cultivation consumed about 30% of total crop water 
usage. Therefore, replacing paddy rice varieties with less water consumptive rice 
varieties or replacing paddy rice and cotton with other less water consumptive cash 
crops would allow substantial water savings in the region. Technical options for this 
are currently being investigated (Devkota 2011).

Considering the combined seepage and evaporation losses during water  
conveyance in the whole region and that decreased water availability in downstream 
districts and WUAs is becoming even more severe in drier years, there is a dire need 
to increase conveyance efficiency. Such improvements may also contribute to 
increased WP and the comparative advantages of downstream farming zones with 
respect to the production of agricultural commodities. In addition, due to low water 
use efficiency, implementing field level water-wise options have much scope to 
maintain high WP and, therefore, to add to welfare increase particularly in downstream 
irrigated areas.

The findings on crop specific WP values allowed classifying districts according to 
their comparative advantages with respect to the cultivation of certain crops, and thus 
may guide future policy formulations aiming at optimal cropland allocation in  
the Khorezm region. Taking into account that cotton occupies more than half of the 
irrigated areas in each district crop diversification could allow improved water use 
efficiency, secure farm incomes, and effective crop rotations. However, since WP 
for each crop varies according to district as the results have shown, planting and 
watering crops should be planned according to the district’s situation along the  
irrigation system, soil quality, and impact on the environmental sustainability, 
instead of following blanket recommendations for the whole district. The portfolio 
of crops grown needs to become more diversified, which would make it necessary, 
as a precondition, for the present constraints of the state order to be relaxed, and for 
the input-output markets as well as the market infrastructure to be improved.
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Abstract Agriculture plays a pivotal role in the economy of both the Republic of 
Uzbekistan and the region Khorezm, as substantiated by a contribution of 25% of 
GDP and 40% of regional income. Since the agrarian sector is the engine of rural 
development and welfare, the impact of various agricultural policy scenarios on 
macroeconomic interrelationships and private and governmental earnings was 
examined using a computable general equilibrium (CGE) model developed for the 
national and the regional level. A total of seven scenarios include the current set-up 
as well as alternative cumulative and non-cumulative scenarios. Considering the 
substantial contribution of the agricultural sector to the GDP and regional income 
and the dominance of cotton production in the agricultural sector of Uzbekistan, 
non-cumulative scenarios include a partial liberalization of cotton market and an 
upgrade of the total factor productivities of livestock and main crop production sectors. 
The national and regional databases included production, final demand, and input–
output relations for 20 sectors of the economy, of which seven belonged to the 
agrarian sector. The establishment of the CGE model for the economies of both the 
region and the country permitted the comparison of policies on both levels.  
The model findings suggest, among other findings, that the scenario of the liberalization 
of the present cotton production policy would not necessarily have an immediate 
and substantial impact on national and regional income. However, this policy change 
would substantially decrease government (state budget) revenues on the regional 
scale while significantly benefiting the private sector due to the enormous reliance 
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of the regional economy, particularly government earnings, on cotton and cotton-related 
industry sectors. The scenario of increased livestock productivity would yield a higher 
positive impact on national and regional income than cotton market liberalization 
and upgrading crop production efficiency. In spite of its negative impact on private 
revenues at the national scale, it would not only bear much room for increasing 
private incomes of the rural population, but also would allow a wider implementation 
of advanced water saving technologies, in particular in remote rural areas, and 
promote more crop biodiversity, at regional scale. In terms of government earnings, 
a livestock productivity increase is estimated to have higher impact than a  
crop-production efficiency increase on the national scale. However, on the regional 
level, it is the latter option that would produce higher governmental (state budget) 
earnings. It is argued that the effectiveness of regional development strategies in 
Uzbekistan would be enhanced by accounting for regional characteristics and the 
comparative advantages of each region, instead of a blanket approach to all regions 
in a uniform nationwide program.

Keywords

21.1  Introduction

Uzbekistan is one of the five Central Asian countries that gained independence from 
the Soviet Union block in 1991. Between 1924 and 1991, the region was part of a 
political and economic system in which in particular irrigated cotton production was 
stimulated since the 1960s and the country was chosen to become a raw cotton  
provider for the entire Union. This was made possible due to an enormous extension 
of the irrigated areas from about 2,500,000 ha in 1960 (FAO AQUASTAT 1997) to 
about 4,300,000 ha in 2000 (FAO 2003). Cotton production was of importance during 
the Soviet era and keeps playing an important role in present-day Uzbekistan, which 
is the sixth largest cotton producer in the world and ranks second in the list of cotton 
fiber exporting countries (Rudenko et al. 2008). In particular, in the Khorezm region, 
located in the northwest of Uzbekistan on the lower reaches of the Amudarya river 
and subject to water release from up-stream regions, cotton is cultivated on more 
than half of 270,000 ha of irrigated land. Cotton export provides as high as 99% of 
the entire export revenues (Rudenko et al. 2008). However, despite the dominance of 
cotton production and its high contribution to agricultural revenues, “…the cotton 
industry was blamed for political repression, economic stagnation, widespread poverty 
and environmental degradation in the region” (International Crisis Group 2005).

At present, more than 60% of the total population of Uzbekistan lives in rural 

2006). Due to the dominant role of agriculture, political reforms addressing this sector 
may impact on the livelihood security of rural households in a variety of ways. 
Following its independence from the Soviet Union in 1991, Uzbekistan implemented 
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different economic restructuring programs targeting all sectors of the economy, 
including agriculture. The restructuring of previously state-owned collective farms 
into private farms and the introduction of water user associations for managing water 
supply are among the most obvious outcomes of those reforms, although significant 
positive changes in farming practices or rural income generation did not occur 
(Abdullaev et al. 2009). Despite the gradual reforms in the centrally enforced raw 
cotton production and trade control system, and despite governmental support of 
liberalization in agriculture, particularly in cotton production and processing, technical 
progress and investment are taking place only at a slow pace.

Cotton processing and export contribute a high share of foreign currency revenues 
and thus support the state budget, which in turn is used to pay for employees in public 
organizations such as schools, kindergartens, and medical services, which account for 
about 23% of total employment (CEEP 2006). In addition, because of the cotton-
processing infrastructure inherited from the Soviet Union and the lack of financial 
resources to develop new non-cotton industries, cotton production and processing is 
still prioritized by national economic strategies. However, the profitability of the cotton 
sector for either farmers or the governmental budget was debated in various studies 

2008; Rudenko et al. 2008) due to fluctuations in world market cotton prices 
between 1998 and 2001. Technological improvements in the last 20 years have likely 
decreased cotton production costs in other developed and less-developed countries, 
while technological depreciation and lack of funds for restoration of the irrigation 
infrastructure were a common problem in many former Soviet republics.

Against this background, a number of research questions related to the Uzbek 
cotton sector had to be addressed: Are there opportunities to gain more benefits for 
all stakeholders through promoting the non-cotton sectors? What are the effects of 
changing policies on macroeconomic and welfare indicators, as well as on land and 
water allocation? Are policies that appear adequate at the national level also adequate 
on a regional level? This paper uses national and regional equilibrium models to 
analyze development opportunities at the national and regional level for Uzbekistan, 
using the Khorezm district as a case study for the regional level. The different 
scenarios that we analyzed are (1) a liberalization of the cotton market and an increase 
in total factor productivity in the (2) livestock and (3) main crop production sectors.

The Computable General Equilibrium (CGE) approach was chosen due to its 
economy-wide scope and the representation of relevant actors, such as government and 
producers, in spite of its limitations which are in an extensive data requirement – often 
not available for transition countries – and various assumptions underlying the model 
calibration. For instance, production function parameters in most CGE models are 
calibrated or borrowed from the literature rather than estimated econometrically.  
The standard IFPRI CGE model (Lofgren et al. 2001) was therefore adapted to the 
case of transition economies (Wehrheim 2003 2006), which in turn was calibrated 
to the datasets for national and regional economies of Uzbekistan for 2005.

These datasets were prepared in the form of Social Accounting Matrices (SAMs). 
A SAM represents all flows of economic transactions within an economy both at the 
national and regional levels and is the backbone of CGE models.

In the following, first the compilation of both the regional and national SAMs is 
described. The following section briefly discusses how national and regional CGE 
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models are implemented based on SAMs. The main results obtained under various 
scenarios for the economies on regional and national scale are discussed next. The 
final section summarizes the main findings of the CGE analysis.

21.2  National and Regional Social Accounting Matrices

A Social Accounting Matrix (SAM) represents a double-accounting framework for 
monetary flows in entire economies for a given year. The construction of a SAM on 
national or regional level requires extended data sets, which often have to be 
collected from various sources. Using multiple sources to construct the national and 
regional SAM usually results in unbalanced accounts. In the present study, in order 
to obtain well-balanced micro-SAMs, the SAM accounts for 20 sectors were  
compiled in a step-by-step procedure, moving from highly aggregated datasets to 
more detailed representations. First, macro-SAMs, which are an aggregated balance 
of macroeconomic flows directly available from the System of National Accounts 
(SNA), were constructed. Then, the macro-SAMs were further disaggregated into 
SAMs with six productive sectors, which are conditionally called meso-SAMs. 
Finally, the desired micro-SAMs with 20 sectors were elaborated on the basis of  
the meso-SAMs. Unbalanced meso-SAMs and micro-SAMs obtained after the  
disaggregation were here balanced based on a maximum entropy approach (Robinson 
et al. 2001 2006).

21.2.1  Macro-SAM

A macro-SAM is a highly aggregated circular flow matrix that captures all income-
expenditure relationships in an economy for 1 year and is based on macro-economic 

2006). A micro-SAM differs 
from the (underlying) macro-SAM since it reveals the micro-economic structure of 
respective macro-totals (e.g. intermediate or final demand) by sectors and other 

2006). For instance, households can be split 
2006).

21.2.1.1  Macro-SAM for Uzbekistan

The macro-SAM for Uzbekistan (Table 21.1) was compiled from different sources 
such as Asian Development Bank (ADB) and Uzbek organizations such as the 
Centre for Efficient Economic Policy (CEEP) and Center for Economic Research 
(CER). While import and export data could be extracted from key indicators of the 
ADB, primary factor accounts were filled based on the calculations from datasets 
from CER. Other accounts of the macro-SAM were provided by CEEP, or estimated 

2006).
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21.2.1.2  Macro-SAM for Khorezm

For constructing the regional macro-SAM for Khorezm (Table 21.2), data on the 
regional economy were provided by the Regional Statistical Department (Oblstat 
2006). Although this source provided most of the data needed, several assumptions 
had to be made concerning the volume of capital expenditures (operating surplus). 
This in the end was estimated as the difference between the total value added and the 
product of the average number of employees times the average wage. Due to the 
absence of reliable information on trade between Khorezm and the rest of the country, 
the account “Rest of Uzbekistan” was not included. Export and import flows between 
the region and foreign countries were included in the “Rest of the World” account.

21.2.2  Meso-SAM

The constructed macro-SAMs represent a consistent overview of the economies at 
country- (Uzbekistan) and regional (Khorezm) levels for 2005 and formed the basis 
for all further computations. For this purpose, both SAMs were disaggregated into 
a SAM with six productive sectors (agriculture, industry, construction, trade, transport 
and communication, and other services) subsequently referred to as “meso-SAMs”. 
The accounts of the meso-SAM were chosen to allow for as much information as 

2006). For example, “construction” and “trade” sectors 
are represented as the sectors that do not produce any commodities for consumption. 
Any payments to the construction sector are regarded as investments while the trade 
sector received the trade mark-ups from all sectors.

21.2.2.1  Meso-SAM for Uzbekistan

For the establishment of the meso-SAM for Uzbekistan (Table 21.3), data from the 
macro-SAM of 2005 and from the input–output matrix for 2005 by CER (CER-IOM, 
UNDP 2006) was used. These data sources resulted in the compilation of the  
input–output table (IOT). Value-added by the six productive sectors were obtained 
from the ADB database (www.adb.org/Documents/Books/Key_Indicators/2006/
pdf/UZB.pdf). Components of value-added (compensation of employees, operating 
surplus), investment, export and import were calculated based on the shares 
previously reported for 2005 (UNDP 2006). Trade margins (mark-ups) for each sector 
were estimated based on national averages. Indirect taxes were calculated according 
to sectoral shares for the 13 sectors input–output model of the CER (UNDP 2006) 
and the relative shares of export, import and domestic consumption in those sectors. 
Other accounts of the meso-SAM were derived directly from the developed macro-SAM. 
These compilation steps resulted in a complete, yet unbalanced meso-SAM. The 
balancing procedure was completed by the use of macro-SAM as control-totals, 
following the works on Maximum Entropy applications by Robinson et al. (2001) 
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Table 21.3 Meso-SAM for Uzbekistan in 2005 (in billion UZS)
Macro Name Meso 1 2 3 4 5 6 7 8 9 10 11 12

Agriculture AAGR6 1 3,518

Industry AIND6 2 11,824

Construction ACON6 3 2,085

Trade ATRD6 4 2,000

ACT Transport and 
communi-
cation

ATCM6 5 3,191

Other services AOTS6 6 3,645

Agriculture CAGR6 7 512 1,297 7 11

Industry CIND6 8 1,343 6,091 957 159 763 736

Construction CCON6 9

COM Trade CTRD6 10

Transport and 
communi-
cation

CTCM6 11 119 488 333 214 606 344

Other services COTS6 12 108 348 36 199 92 302

Trade TRCD6 13 279 542 142 11 244

TRD Transport and 
communi-
cation

TRCM6 14 4 328 1 11 8

Other services TRCE6 15 6 444 9 5

LAB Labor LAB6 16 933 672 517 459 1,087 1,493

CAP Operating 
surplus

CAP6 17 2,868 2,470 225 945 626 1,236

HHO Households HHO6 18

Shirkats SHR6 19

ENT Farmer FER6 20

Dehqon DKH6 21

Other 
enterprises

ENT6 22

GOV Government GOV6 23

Indirect taxes ITD6 24 4 236 86 32 474 70

Ti Import taxes ITM6 25 167 62 1

Export taxes ITE6 26 213 146 1

Td Direct taxes DTX6 27

Tf Factor taxes RES6 28 9 603 18 18 18 35

Ts Subsidies SUB6 29 −513

S-I Capital account S-I6 30

ROW “Rest of the 
world”

ROW6 31 63 4,303 14 326 121

Total 32 5,893 11,969 2,085 2,000 3,191 3,645 3,874 18,056 2,329 2,033 4,231 4,095
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13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

2,375 5,893

145 11,969

2,085

2,000

3,191

3,645

1,696 200 60 89 3,874

1,680 1,022 5,305 18,056

2,329 2,329

1,217 352 463 2,033

923 292 911 4,231

1,112 1,732 89 77 4,095

1,217

352

463

5,160

8,370

5,160 405 648 1,727 4,598 274 389 13,201

439 439

703 703

1,727 1,727

5,231 5,231

228 904 231 359 928 700 −513 2,836

904

231

359

435 34 54 404 928

700

−513

4,835 337 −1,673 3,499

271 5,099

1,217 352 463 5,160 8,370 13,201 439 703 1,727 5,231 2,836 904 231 359 928 700 −513 3,499 5,099
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2006). The model was implemented with the General Algebraic 
Modelling System (GAMS), using the numerical solver CONOPT3.

21.2.2.2  Meso-SAM for Khorezm

The meso-SAM for Khorezm (Table 21.4) was obtained by the same procedures as 
described for the elaboration of the national meso-SAM. Data were mainly provided 
by the Regional Statistics Department (Oblstat 2006). However, in the absence of 
data to construct the IOT, the input–output coefficients (IOCs) from the national 
meso-SAM were used for building the regional IOT. Household and commodity 
consumption expenditures by sectors were calculated according to sectoral shares 
for these accounts in the national meso-SAM. In calculating capital and labor 
expenditures, labor was estimated as the product of the average wage and the 
average number of employees while capital (operating surplus) was assessed as the 
difference between the values added and labor expenditures for each of the six 
sectors. Trade margins, resource and indirect tax accounts by each of the sectors 
were derived from the regional average rates. Import and export volumes by sectors 
were provided by regional statistics (Oblstat 2006).

As previously described for the national meso-SAM, the regional meso-SAM 
was also balanced applying the maximum entropy approach. The balancing  
procedure revealed various differences between the original or derived unbalanced 
and the final balanced datasets at the national and regional levels. This could not 
be avoided since some information was not available from any source and  
therefore could only be indirectly derived without any possibility to cross-check 
for consistency.

21.2.3  Micro-SAM

Given the intended focus on the agricultural and closely related sectors, the still highly 
aggregated meso-SAM accounts for agriculture and industry were disaggregated 
further into seven and nine sub-sectors, respectively. Similar to the use of macro-SAM 
as control-totals in the previous step, now the meso-SAMs formed the boundary 
conditions for the targeted micro-SAMs with 20 sectors.

21.2.3.1  Micro-SAM for Uzbekistan

The structure of micro-SAM for 2005 follows closely the micro-SAM for 2001 by 
2006), but differs from the CER-IOM for 2005 as data for only 13 sectors 

of the economy were made available in the latter. To disaggregate the agricultural 
2006) were used. In 

contrast, for a more suitable disaggregating of the industrial sector, IOCs of the 
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CER-IOM for 2005 as reported by UNDP (2006) were used. The missing data in the 
CER-IOM for 2005, such as for light manufacturing and the cotton processing  
sub-sector, were derived from data and shares between sectors as developed previously 

2006), to complete the disaggregation. In the third 
step, the capital account was disaggregated into land, water and other capital 
accounts according to the shares and factors derived from the micro-SAM 2001. 
Factor accounts were split into sub-sectors due to shares from the CER-IOM for 
2005 and the micro-SAM for 2001. Values for “the Rest of the World”, and 
“Household” accounts were calculated based on shares from CER-IOM for 2005 
and the micro-SAM for 2001. The rest of the accounts were completed according to 
the balanced Meso-SAM.

21.2.3.2  Micro-SAM for Khorezm

To complete the micro-SAM of the Khorezm region, IOCs of the consumption 
expenditure from the national SAM were used. The calculations of the different 
disaggregated account values followed the same procedures as used during the  
completion of the national micro-SAM. Foreign trade volumes by sectors were 
obtained from OblStat (2006), while trade margins and indirect taxes were determined 
in accordance with average sector rates.

The thus obtained unbalanced micro-SAMs for both levels were balanced once 
more running a GAMS solver using the maximum entropy method. The final micro-
SAMs were used for the elaboration of the base scenario in the following general 
equilibrium model calculations.

21.3  General Equilibrium Model and Simulations

CGE models are an efficient tool to analyze the impact of different policies and 
market shocks to an economy under study. By considering all financial flows in this 
economy, including inter-sectoral economic relations and public and private budgets, 
the influence of changes on the different economy agents can be estimated.

21.3.1  CGE Model Calibration

The standard CGE model was used in the scenario analyses (Lofgren et al. 2001). 
This model represents various aspects of an economy with considerable detail. For 
the calibration, additional data such as the elasticity coefficients for the Armington 
function and elasticities of substitution for constant elasticity of substitution (CES) 

2006). After 
setting the different exogenous parameters, the model was calibrated in such a way 
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Table 21.4 Meso-SAM for Khorezm in 2005 (in billion UZS)
Macro Name Meso 1 2 3 4 5 6 7 8 9 10 11

Agriculture AAGR6 1 185

Industry AIND6 2 217

Construction ACON6 3 51

Trade ATRD6 4 44

ACT Transport and 
communica-
tion

ATCM6 5 46

Other services AOTS6 6

Agriculture CAGR6 7 13 90 0 1

Industry CIND6 8 78 65 9 1 3 8

Construction CCON6 9

COM Trade CTRD6 10

Transport and 
communi-
cation

CTCM6 11 2 9 3 2 11 4

Other services COTS6 12 7 8 2 6 2 16

Trade TRCD6 13 8 13 4 4

TRD Transport and 
communi-
cation

TRCM6 14 1

Other services TRCE6 15 8

LAB Labor LAB6 16 128 32 30 18 16 65

CAP Operating surplus CAP6 17 112 16 7 17 14 81

HHO Households HHO6 18

Shirkats SHR6 19

ENT Farmer FER6 20

Dehqon DKH6 21

Other enterprises ENT6 22

GOV Government GOV6 23

Indirect taxes ITD6 24 6 7 3 1 2

Ti Import taxes ITM6 25 1

Export taxes ITE6 26 4

Td Direct taxes DTX6 27

Tf Factor taxes RES6 28

Ts Subsidies SUB6 29 −2

S-I Capital account S-I6 30

ROW “Rest of the 
world”

ROW6 31 62

Total 32 341 220 51 44 46 172 199 312 57 46 52
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12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

156 341

3 220

51

44

46

172 172

95 199

45 103 312

1 56 57

37 1 8 46

21 52

75 69 0 184

7 37

1

0 8

289

246

289 9 28 71 115 13 525

9 9

28 28

71 71

130 130

7 24 1 4 24 8 −2 65

5 24

1

0 4

16 8 24

8 8

−2

114 −16 −42 56

62

184 37 1 8 289 246 525 9 28 71 130 65 24 1 4 24 8 −2 56 62
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that the model’s equilibrium in the base scenario for 2005 reflected the observed 
equilibrium as represented by the micro-SAM.

21.3.2  Macroeconomic Closure Rules

The standard CGE model includes three macroeconomic balances: the current 
account of the government, the current account of the balance of payments, and the 
savings-investment balance, as previously suggested (Lofgren et al. 2001). A set of 
closures (macroeconomic constraints) determines the way how these accounts come 

2006). Considering the specific properties of the Uzbek  
economy, flexible government savings with fixed direct tax rates were assumed as 

2006). The closure rule 
of flexible foreign savings with fixed real exchange rate was specified for current 
account of the balance of payments. Fixed investment and government consumption 
absorption shares (flexible quantities) with uniform marginal propensity to save 
(MPS) point change for selected institutions closure were admitted for the  
savings-investment balance.

21.3.3  Simulations

Single shocks after which the model economy reached a new equilibrium condition-
ally are called “items” here. The scenarios may consist of neither or several items 
according to the purpose of the experimental setting.

Item 1 – Liberalization of the Uzbek cotton market considered a 50% decline in 
subsidies for raw cotton producers, 50% decrease in indirect taxes for the cotton 
processing industries compared to the baseline scenario and omitting the state order 
that sets cotton production targets.

Considering the high contribution of cotton production to agricultural income 
and the presence of several agricultural policies which may hinder functioning of 
free markets in the agricultural sector – such as (i) an enforcement of the cotton 
production targets, (ii) provision of input subsidies to producers which in turn would 
influence the welfare of the cotton-processing industry due to lower prices for raw 
cotton, and (iii) existence of export taxes in the cotton processing sector, it would be 
interesting to analyze the impacts of the relaxation of these conditions on the 
incomes of the government and households.

Except for these policy changes, the effects of improved total factor productivity 
of animal production and main crops were simulated as well, taking into account the 
key role of the agricultural sector in the economy of Uzbekistan.

Item 2 – Improvement of total factor productivity of animal production builds on 
the observation of low animal productivity (Djanibekov 2008). The total factor 
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productivity of the livestock sector is increased by 10% to gain insights into the 
relative importance of this sub-sector.

Item 3 – Improvement of total factor productivity of main crops considered the 
improvement of total factor productivity (increase by 10%) for the main crops 
cotton, cereals, and rice at the same rate.

The three items formed seven scenarios as given in Table 21.5.
To maintain the ceteris-paribus characteristic of the simulations, improvements 

of total factor productivity are here assumed to take place exogenously, thus without 
considering the sources of the increase.

21.3.4  Results

Table 21.6 shows the major macroeconomic results for the given policy scenarios. 
In this section, policy change impact results at the national scale are discussed first, 
followed by the analysis of the simulation results for regional scale.

When comparing the impact of the first three non-cumulative scenarios, the  
following observations were made: First, under partial cotton market liberalization for 
the entire national economy (Scenario 1), the domestic market prices for raw cotton 
and cotton fiber would increase by almost 10% and 6.5%, respectively. At the same 
time, this would trigger an increase in the production of raw cotton and cotton lint by 
1.0% and 0.4%, respectively. Yet, cotton market liberalization would also cause a 
1.2% decrease in average wages while providing an additional 2.7% employment in 
the cotton production sector. Consequently, total income of the private sector would 
decline by 0.8% owing to the 1.2% drop in wages, and an 8.1% decrease in government 
transfers. In contrast, the national revenues would decline by 0.2% only.

The increased livestock productivity in scenario 2 has a small negative impact on 
wages at national scale, but the largest positive impact on the operating surplus. 

Table 21.5 Overview of the scenarios (Sc.) related to the agricultural sector

Scenarios

Items

1. Liberalization  
of cotton market

2. Improvement of total  
factor productivity  
of animal production

3. Improvement of total 
factor productivity  
of main crops

Base − − −
Sc. 1 + − −
Sc. 2 − + −
Sc. 3 − − +
Sc. 4 + + −
Sc. 5 + − +
Sc. 6 − + +
Sc. 7 + + +

Note: Items in scenarios: + included, − not included
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This indicates that the improvement of the total factor productivity in the livestock 
sector may induce labor-savings on national scale. In contrast, technical progress in 
the production of main crops had a generally positive influence on the increase in 
various macroeconomic indicators.

An increased livestock productivity caused an income decrease of 0.4% in the 
private sector due to decreased wages (−0.2%) and governmental transfers (−0.9%). 
In addition, the increase of animal production efficiency stimulated the national 
income by 2.0% due to increased imports (+2.2%) and operating surplus (+3%). 
Total government revenues raised by 0.6% as a result of the 2.1% increase in indirect 
taxes and fewer subsidies.

Increase in the total productivity of the crop production sectors provided only a 
0.1% increase of the national income and a 0.4% increase in government revenues. 
However, all stakeholders benefited from this policy change although at different 
magnitudes.

The findings of the same scenarios for the Khorezm region differed from those 
for the national economy (Table 21.6). Under the assumptions of partial market 
liberalization (Scenario 1), the general regional income of the study region Khorezm 
did not differ much from the baseline scenario. However, there was substantial 
change in the components of the regional income. For example, exports increased 
by 10% and investments reduced by 18% on regional level. At the same time, 
governmental revenues decreased by 7% and private income increased by 1.4% due 
to the 1.8% increase in governmental transfers and 0.7% shift in wages.

Although the income of the private sector rose in all scenarios examined, the 
level of increase differed among the seven scenarios: from +0.7% in scenario 2 to 
+3.5% in scenario 7. The highest overall growth of the regional income of 3.9% was 
found in scenario 6. An increased livestock productivity would provide much higher 
growth in total national income than an increased crop productivity (+2.3% and 
+1.5% growth in scenarios 2 and 3, respectively), while the latter option would 
contribute less than the second scenario simulations to the revenue of the government 
(+1.9% and +2.3% increase in scenarios 2 and 3, respectively).

In Tables 21.7 and 21.8, land and water allocations due to partial market liberal-
ization, increased plant growth and livestock sector productivity are given. Market 
liberalization brought about little change in cropland allocation at the national scale. 
However, increased livestock productivity may cause an increase of fodder-cropped 
lands by 11%. In the case of increased plant productivity, lands cropped to grain and 
rice declined by 17% and 12%, respectively.

The same observations were revealed at regional scale with similar directional 
change, although at a different degree than in the case of the entire country. Cotton 
market liberalization led to an increase in cotton area by 6%, whereas the area for 
all other crops would decline (Table 21.7). The livestock productivity increase 
brought an increase in fodder area by 14%. Under scenario 3, grain and rice areas 
reduced by 13% an 11%, respectively.

The changes in water allocation under various scenarios showed the same directional 
trends as the change in land allocation in response to these scenario simulations 
(Table 21.8).
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21.4  Discussion

Salient findings of the analyses are the high impact of technical progress in the 
livestock sector and the substantial differences of policy options on regional and 
national level.

21.4.1  Livestock Productivity Change

Increasing livestock productivity provided substantial increase in overall income, 
operating surplus, and government earnings on both country and regional levels. 
High positive welfare impact of and an enormous potential for increasing livestock 
rearing productivity were also estimated by Djanibekov (2008) for the Khorezm 
region, owing to the present low productivity of the livestock sector in this region. 
Particularly remote rural districts that regularly face water scarcity would benefit 
from a development in livestock rearing. Since livestock at present is in particular 
kept by rural households, livestock productivity improvement may increase incomes 
of the majority of the rural population. Increased private incomes, at regional scale, 
may promote adoption of the advanced water saving technologies of plant  
production in water scarce areas, which at present are not widely accepted due to 
high initial investments (Bekchanov et al. 2010). Although livestock rearing has 
become key to livelihood security in rural Uzbekistan (Kan et al. 2008), it is hampered 
because the demand for high quality feed is presently surpassing its production 
(Djumaeva et al. 2009). Hence, a livestock productivity increase requires more 
and better fodder. Replacing the cotton monoculture with high feed value crops 
such as alfalfa would bear much room for promoting new varieties of fodder crops, 
and introducing intercropping systems and crop rotations (Djanibekov 2008). 
In addition, to avoid forage price increases which would in turn decrease the present 
comparative advantages of the livestock sector, the inadequate feeding practices 
could be improved, for example, by mixing tree foliage with the present low quality 
feed diets. With the support of a specially elaborated least-cost-ratio model, recent 
findings showed that mixing tree foliage with common feed bears the potential of 
reducing the dependence on the presently available feed or fodder while increasing 
farmers’ profits by 53% at the season-onset, by 38% in mid-season and by 34% at 
the end of the season (Djumaeva et al. 2009).

21.4.2  Policy Change Impacts – National Versus Regional Scale

The regional results partly coincide with, and partly contradict the impact of policies 
on the national economy because of structural differences in the economies between 
the region and the nation as a whole. For instance, partial market liberalization has 
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the potential to only slightly increase governmental revenues but even to decrease 
private income on national scale. In contrast, the same policy at the regional scale 
would clearly benefit the private sector due to increased wages and government 
transfers, but it would decrease government revenues due to reduced taxes and non-tax 
revenues. A substantial positive impact of market liberalization on income earnings 
and overall welfare was shown in studies by Bobojonov (2009) and Djanibekov 
(2008). However, both studies focus on Khorezm and the liberalization policies they 
analyzed differ from those discussed here.

A plant productivity increase would result in higher governmental (state budget) 
income change than a livestock productivity increase at regional level. At the 
national level, the plant productivity increase would bring fewer benefits compared 
to those in scenario 2. The differential impacts predicted at various scales can be 
explained by the difference in natural conditions and economic structure between 
the region and the whole country. For example, agriculture provides almost half of 
the regional income but only one third of the national income. Export revenues from 
raw and lint cotton are dominant in the regional economy, while energy commodities 
are substantial for national exports (CEEP 2006). Moreover, the share of the industrial 
sector is substantial at the national scale but of only modest importance at the 
regional scale. Thus, a partial cotton market liberalization may substantially decrease 
government earnings at regional level while only slightly influencing budget revenues 
at the national level. These and findings of Lovo et al. (2010) for Italy with the 
employment of national and multi-regional CGE models, indicate that in case of 
such structural differences between various scales, a diversified regional policy 
should be promoted rather than a single national agricultural reform policy.

21.5  Summary and Conclusions

The results of the simulations based on the general equilibrium model provided 
insight into the potentials of possible growth in the national and regional economies 
owing to policy changes in the agrarian sector. The impact of the policies of only a 
(partial) liberalization of the cotton market at national scale was estimated to be only 
small. However, due to the high dependence of regional economies on agriculture 
and cotton export revenues as well as the dominance of cotton in crop cultivation, 
such kind of policy would significantly decrease governmental earnings and provide 
increased private income at regional scale. In contrast, the increased livestock  
productivity scenario showed high welfare improvement potentials at both the national 
and regional scales. Livestock rearing productivity may have positive impacts on 
environmental indicators as well, since it promotes sustainable crop rotations and 
maintains rural household income, which can be used to finance advanced water saving 
technologies in the agricultural sector. The livestock sector has enormous potential to 
increase welfare level particularly in remote, poor rural areas.

Cotton market liberalization causes substantial decline in government (state budget) 
revenues at regional scale while its effects on the level of regional income are rather 
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insignificant. Policy simulations, which related to the agricultural sector of the 
whole country, indicated that increasing total productivity of the livestock sector has 
the potential to provide more incomes than increasing total productivity of crop 
production; although it influences negatively on the income of private households, 
it does so to a small degree only. However, the situation differed at the regional 
level. Both simulations of increasing productivity in livestock and crop producing 
sectors predicted positive and significant income effects for all economic agents, but 
policies in crop production influenced the incomes of the private sector and reve-
nues of the government slightly more than those in the livestock sector. The different 
outcomes of the same simulations for the economies of the region and country 
underline the importance of a regionally diversified policy that should account for 
the special features of the economies of each region and, thus, can provide more 
benefits for the stakeholders on both the national and regional levels.

Although the results presented are based upon actual economic statistics for the 
Republic of Uzbekistan and Khorezm, one of the 13 administrative regions of 
Uzbekistan, the findings have been interpreted with caution. This was needed since, 
in the absence of some data sets, these gaps had been filled while considering various 
assumptions. Because the construction and application of huge models such as CGE 
is a rather new experience in the context of Uzbekistan and the Khorezm region, this 
study is considered as a first step towards building both a comprehensive dataset and 
a model for macro-economic policy analysis in Uzbekistan. Future challenges 
include the improvement of the quality and credibility of data as well as multi-
regional disaggregation of the Social Accounting Matrix for Uzbekistan.
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Abstract Despite the establishment of private farms in Uzbekistan after its 
independence from the Soviet Union in 1991, agricultural production and the 
respective decision making remain to a large extent centrally managed by the 
national administration. Maintaining the state order system on cotton and wheat 
reflects the gradual approach that Uzbekistan is taking to reforms, possibly with the 
aim of cushioning potential financial and social shocks and preventing the collapse 
of the agricultural and industrial production systems. However, due to a wide range 
of market constraints and administrative barriers, the efficiency of the present 
resource use remains low. One pathway to identify opportunities for increasing 
those efficiencies is to analyze entire value chains for agro-commodities – including 
the agricultural and agro-processing sectors and to identify the deficiencies in the 
chains. Here, we apply a value chain analysis approach to the two strategic crops in 
the Khorezm region of Uzbekistan. The results of the analyses show that the cotton 
chain plays a significant role in the regional economy. It earns 99% of the export 
revenues, contributes 16% to the regional GDP, creates considerable output value 
and value added, supports employment (30–40% of the total regional labor force) and 
social security, and creates positive fund flows to the state budget (taxes minus subsidies). 
Developing the agro-processing sector in the cotton chain would bear the potential 
for generating higher export revenues (double in the case of export of processed 
cotton products such as T-shirts) at the same level of resource use or for maintaining 
the present export revenues while reducing the use of resources (cropland, irrigation 
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water, labor and capital) by 30%. Whereas the state does not earn much from the 
wheat value chain, the declared Uzbek policy of food self-sufficiency after  
independence in 1991 helped to reduce food insecurity and alleviate poverty. This 
chapter gives some insights on the state order system, provides an overview of value chains 
of cotton and wheat and offers options for improving agricultural resource use, and the 
welfare and environment of the country in general and the Khorezm region in particular.

Keywords
revenues

22.1  State Order Continues in Uzbekistan

In the Soviet Union, agricultural production was centrally managed, in particular by 

determined the area to be allocated to each crop and set targets for expected yields, 
the latter consigned the amount of irrigation water for the vast agricultural fields and 
the production costs for the kolkhozes (collective farms) and sovkhozes (state farms), 
which were the main production units during that era (Bloch 2002). Central  
planners at that time thus influenced not only the structure of agricultural production 

2007).
During the first 16 years after independence in 1991, the agricultural production 

2011). The state 
and collective farms were transferred into shirkats (Uzbek for agricultural cooperatives) 
and finally into private farms. The gradual reformation and privatization process 
took place between 1992 and 2006, with finally almost all shirkats being substituted 
by private farms. However, this privatization did not include land, which still belongs 
to the state and is only rented out to land users. Consequently, until today, farming 
decision making has been influenced by a centralized structure, and the state controls 
a considerable part of the agricultural production through state quotas on cotton and 
wheat output and area, prices, crediting and financing, marketing and control on 
farm inputs (Bloch 2002 2007; World Bank 2007
optimization process (consolidation of small-scale private farms into bigger ones), 

2011) but had not been  
completed by 2009–2010, has not changed these aspects.

Maintaining a state order system in Uzbekistan during the on-going transition 
from a command to a market economy helped the country to cushion potential 
shocks and prevent a collapse of the entire production capacities developed during 
the Soviet era, including the agricultural and processing sectors (Spoor and Visser 
2001). Cotton was meant to generate and maintain stable export earnings for the 

2005) and to keep the cotton processing industry  
functioning (including the ginning industry, some textiles, and agricultural machinery 
building plants).



37322 State Order and Policy Strategies in the Cotton and Wheat Value Chains

national government1 in the early years after independence and one component of 
the state order system to achieve self-sufficiency in food (Fig. 22.1). Consequently, 

dependency on food imports, mainly from Kazakhstan. Including wheat in the  
agricultural production system was also a strategy for preventing social unrest in a 
rapidly growing population.

Despite the retention of the state order system after independence, agricultural 

(Spechler et al. 2004
et al. 2011), the agrarian policies since 1991 have not only led to substantial change 
through a restructuring of the agro-producers’ typology and privatization, but also:

Reduced the number of crops subject to the state order. In 1991, the entire  
agricultural output had to be sold to the state, whereas several years later, state quotas 
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were removed except those for cotton, wheat and rice. The latter crop was 
removed from the state order system in the late 1990s.
Lowered quotas for the remaining state crops cotton and wheat.
state quota for wheat was clearly lowered to 50% in the mid 1990s, the change in 

2000; Spechler 
et al. 2004
2007; Rudenko 2008). In any case, in 2002, the government adopted a decree 
that allowed farmers to sell up to 50% of their cotton output either domestically 
or abroad. However, there still is no functional mechanism that would allow this 
process to begin, and thus the government keeps a de-facto monopoly on cotton 
marketing (Swinnen 2005; UzReport.com 2005). However, a commodity exchange 
has been set up throughout the country, and it is foreseen that farmers may in the 
future gain the right to directly sell their cotton surplus, i.e., the cotton production 
exceeding the state quota, through this type of exchange (Rudenko 2008).
Raised and differentiated procurement prices. State procurement prices for 
cotton and wheat are determined anew every agricultural season (Spechler et al. 
2004), and allegedly (by the state) with a 50–55% increase annually (Ismailov 
2003 2006). 
For both cotton and wheat, state procurement prices are differentiated between a 
fixed price, which is paid for state quota volumes and which ranges according to 
cotton/wheat classes and grades and at a negotiated price (20% premium) for the 

-
tials, whereas cotton producers have to cope with the monopsonic power of the 
state and have limited alternative marketing opportunities.
Reduced subsidization (and thus involvement of the state). Following independence, 
the agricultural sector remained highly subsidized by the state both explicitly and 
implicitly (World Bank 2005). Explicit subsidies included maintenance costs for 
irrigation and drainage networks, free irrigation water, debt write-offs for shirkats 
(until 2005), and the provision of agricultural inputs such as fertilizers and fuel at 

credits at low interest rates and lower cotton oil prices for agricultural producers. 
The latest trends show, however, that along with privatization and a restructuring of 
the agricultural sector, various subsidies have gradually been omitted. For instance, 

inputs largely due to a partial liberalization of the input markets.
Crediting and financing. Most farmers lack cash and other assets, which increases 
the demands for credits to produce agricultural commodities. The state finances 
the production of cotton and wheat through preferential bank credits at a low 

2007; Rudenko 2008).

It would be too undifferentiated to conclude that all farmers are obliged to  

on Private Farms’, farm units can be established for different purposes and with 
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specialization on, for example, cotton and/or wheat production, gardening, horticulture, 
animal husbandry, or aquaculture. But once farmers have chosen a specialization 
(e.g., cotton/wheat production) and concluded a contract with the state, they are 
obliged to follow the arrangements stipulated in the lease and land use agreement, 
which could mean, in the case of cotton and wheat farmers, that the strategic crops 
cotton and wheat have to be planted on up to 98% of the land (International Crisis 
Group 2005). However, if the farm was established for other purposes such as 
horticultural production, orchards or animal husbandry, farmers are free in their 
decision making. Even with cotton and wheat farmers, one part (although only a 
small part) of their cropland under the contract is frequently exempted from the  

2011; Oberkircher et al. 2011).
There is a paradox embedded in the state procurement system. On the one hand, 

this system dictates the production of cotton, which has to be sold at fixed and often 
low procurement prices. On the other hand, the cotton procurement system provides 

2007) and protects 
2005). Consequently, the gradual modifications to the 

state order system, which is often seen a dysfunctional remnant from the past, can 
be considered a strategy for a transitional country to achieve gradual change. Various 
studies showed the potential to increase the efficiency of agricultural production and 

2008; 
2008; Rudenko 2008). But this would need additional reforms. These 

should not be separate for the agricultural and processing sectors, but should cover 
the entire value chains of agro-commodities including agro-processing, handling 
and transport (Rudenko 2008).

community, and thus entered bi- and multilateral cooperation with international 
organizations that tried to support the ongoing reforms in Uzbekistan through 
research and formulation of policy strategies for the government. However, it has 
lately become evident that the proposed policy strategies did not always coincide 
with the main course of reform activities in the country, especially in the cotton and 
wheat chains. Information shared on cotton from Uzbekistan is often incomplete, 
simplistic and debatable. When issued by international or multinational institutions, 
it may even reduce effective decision making. For example, propositions to support 
isolated measures and reforms (e.g. World Bank 2005) that are based on incomplete 
information and targeted mostly at only a few components of a complex production 
system will not bring about the anticipated changes.

To obtain a full understanding of the state procurement system and the potential 
of cotton and wheat production and processing for national and regional development, 
we suggest a more holistic assessment such as a value chain analysis, which can 
provide a comprehensive picture of the cotton and wheat chains in Uzbekistan, 
including the flows of products, the actors involved and their interrelationships, the 
costs of production, and the income distribution along the chains, and which may 
serve as a basis for-better informed strategy formulations (Rudenko 2008). We here 
develop this approach using the Khorezm region as a case study from which important 
lessons for the whole country can be drawn.
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22.2  Cotton and Wheat Value Chains

Khorezm region following the methodology of Kaplinsky and Morris (2002)  
2006a, b, c). It used a stepwise approach to conduct a functional and 

institutional analysis of the involved stakeholders as well as financial and economic 
analyses of the activities along the chains. The functional analysis identified the 
flows, both in physical and monetary values along the chains, and the production 
stages, and provided the basis for developing virtual maps. The institutional analysis 
described the role of all agents in the chains with their functions. Furthermore, when 
complemented with a financial analysis, the value added and efficiency indicators of 

additional economic analysis pointed at the economic accounts corresponding to the 
activities of the actors and policy implications, and also provided the basis for 
policy simulations (for further details see Rudenko 2008).

Value chains do not exist in a vacuum, but within a complex matrix of 
institutions and supporting industries. At the most basic level, it should be pointed 
out that value chains at every stage and in every location are sustained by a variety 
of critical inputs, including human resources, infrastructure, capital equipment, 
and services 2001: 10). Value chains thus require an operating envi-
ronment that sets the required conditions and the framework for interaction of the 
chain actors. The operating environment includes the chain itself, the governing 
structure, and other service-providing institutions. Both the cotton and wheat 
chains in Khorezm involve several sectors of the economy, thus extending beyond 
the agricultural sector while including agro-processing and other industrial sectors 
(Figs. 22.2 and 22.3).

The governing structure of both the cotton and wheat chains consists of the 

Economic Relations, Trade and Development, and departments thereof such as 
UzStandart, Cottonseed Corporation, Grain Management Office and State Bread 
Inspection. This structure is responsible for decisions on how many hectares of  
cotton or wheat to plant each year, how much and which varieties to produce each 
year and where. Furthermore, this structure defines prices for cotton and wheat 
products and elaborates agro-commodity product balances, regulates export and 
import operations, sets standards for agricultural production and processing, as well 
as quality standards.

The first and direct actor in both chains is the crop production sector. In the 
cotton chain, the main producers are private farms and shirkats (until 2005), and in 
the wheat chain, they are these two groups plus dehqon farms. The second actor is 
the agro-processing industry, in the cotton chain represented by the ginning industry 
(Fig. 22.2) and in the wheat chain by the flour milling industry (Fig. 22.3). The next 
actors are the light (textile) industry in the cotton and the food industry (bakeries 
and pasta producers) in the wheat chain. The cotton chain includes another group of 
actors, namely the oil-crushing and chemical industries mandated to process the 
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Besides institutions governing and monitoring the chains, there are organizations 
and institutions aiming at facilitating the functioning of the entire chains and  
providing various services, including banking, marketing, exchange transactions, 
transportation, certification and quality control, insurance and other services (boxes 
below the grey bars in Figs. 22.2 and 22.3).

The cotton chain in Khorezm consists thus of cotton producers, ginneries, textile 
enterprises, and oil extracting plants (Fig. 22.4). The flows of cotton products along 
the chain begin with raw cotton coming from the farmers going to the ginneries. 
Cotton fiber from the ginneries then flows to the textile enterprises and is then, to a 
large extent, exported.

Cottonseed is partly returned to the producers as seeding material for the next 
agricultural season and partly to the oil extracting plant. Cotton oil and cottonseed 
meal and cake from the oil extracting plant are then purchased by the population or 
exported to neighboring countries. Finally, textile products from textile producers 
are consumed within the region or exported. The peculiarity of the cotton chain in 
Uzbekistan is the presence of the intermediate storage and distribution outlet, the 
Cotton Terminal.

Wheat also has to go through a sequence of transformations before it finally 
reaches the consumers. First, wheat produced by farmers and rural households 
(directly or through the grain preparing stations) flows to the wheat mills, which 
produce flour and fodder for cattle. The flour is forwarded to the food industry, 
which produces bread and pasta. Wheat and wheat products may also be sold via the 
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commodity exchange (for grain and flour), via private traders (for flour, bread, 
pasta), or directly via local markets (Fig. 22.5).

The financial and economic analyses of the chains show that the cotton chain has 
played an important role in the regional economy of Khorezm, but also that it has 
concealed a considerable growth potential. In 2005, it contributed as much as 16% 
to the regional GDP, earned virtually 99% of the total export revenues of Khorezm, 
created value added slightly over 79,000,000 US$ and had market-oriented production 

 
contributing actors were the agricultural component (44%), which provided the 
highest amount of wages, profits and depreciation costs and the ginning component 
(39%), which provided the highest amount of taxes, financial charges and remittances 

i.e., all agents received profits, with the crop production component of the cotton 
chain accruing the highest profit. However, on the other hand, this component was 
highly subsidized by the state. Should cotton producing farmers during this period 
face the real production costs including, for example, the operation and maintenance 
costs of the irrigation and drainage systems, water charges, or full costs of the main 

explicit and implicit subsidies2 provided to the cotton chain in Khorezm reached in 
2005 about 26,000,000 US$.

The total amount of subsidies provided to the cotton chain was slightly less than 
all the taxes accrued by the state from the cotton chain in the same year. Results 
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2 Methodology for calculating subsidies was adapted from the World Bank (2005).
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from the analyses show that the cotton sector brought net economic gain to the 
government, albeit to a lesser extent than previously reported (World Bank 2005).

With regard to wheat, the value chain analysis showed that the wheat chain had 
the potential to alleviate poverty, to reduce food insecurity and was less controlled 
by the state. Furthermore, its contribution to economic performance of the Khorezm 
region was moderate compared to the cotton chain in terms of contribution to the 
regional GDP and creation of value added and total output value. Subsidies provided 
to the wheat chain (mainly to agricultural producers) by the state exceeded the taxes 
accrued and thus created negative flows to the state budget. The state has thus until 
now supported this chain, which worked inefficiently under the production conditions 
in Uzbekistan and given the world price levels of 2005 (Rudenko et al. 2008). It 
should be recognized, however, that irrigated wheat production in Uzbekistan has a 

achieved in this very short period, (cf. Ibragimov et al. 2011), and further improvements 
can be anticipated. Thus, wheat continues to be the second most important crop in 

since 2007 show that the strategy of supporting domestic wheat production even 
under inefficient production conditions can in the end be profitable (Kienzler et al. 
2011). Should world grain market prices continue to rise as in 2007 and 2008, additional 
opportunities would arise for supporting the present land-use pattern in Uzbekistan 
in favor of wheat production. Moreover, an increase in wheat production for subsequent 
exports can become an option for Uzbekistan if the baking quality can be improved 
(Kienzler et al. 2011).

22.3  Policy Simulation

The higher complexity of the cotton chain compared to the wheat chain is due to the 
various goods produced from cotton. This involves diverse industries that require 
the integration of the cotton chain in other sectors of the economy. However, the 
processing capacities along the cotton chain in the Khorezm region in 2005 were in 
general underutilized. This was especially true for the textile producers, who only 
processed about 9,000 tons of cotton fiber (or 11% of the total fiber output), despite 
the existing processing capacities of up to 20,000 tons per year. The by far largest 
share of cotton fiber output (89% of the total fiber output) was exported. Other  
cotton products, such as cotton yarn, fabrics, ready-made garments, and absorbent 
cotton were locally produced and exported from the region in small amounts.

Furthermore, in 2005 the ginneries operated with a low ginning efficiency as 
evidenced by the 30–33% raw-cotton-to-fiber output ratio. This ratio is lower than 

ginning efficiencies have reportedly been 40–43% (Rudenko 2008).
Three deterministic policy simulation models, i.e., two for the cotton chain and 

one for the wheat chain, were set up to support the analysis and predictions of 
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possible improvement strategies (Rudenko 2008). The models were designed to 
reveal (i) if increased processing of cotton fiber inside the Khorezm region could 
contribute to the generation of higher export revenues, (ii) if the same export revenue 
as obtained in 2005 could have been gained with a lower agricultural resource 
endowment, (iii) if there is scope for eliminating subsidies to agricultural producers 
and for increasing returns to the Uzbek cotton growing farmers, and (iv) if the 
import of wheat could increase economic feasibility and efficiency compared to 
local production of wheat.

Five scenarios were analyzed and compared to the baseline scenario of 2005 
(Tables 22.1 and 22.2) to assess the potential impact and benefits from development 
of the cotton chain. Various variables were changed across the scenarios including 
the amount of cotton fiber forwarded for local processing as opposed to exports, 

Table 22.1 Simulation results for Model 1: potential increase in cotton export revenues

Export revenue, 
million US$

Potential increase  
in export revenue,  
million US$

Fiber export, 
% of total fiber 
output

Baseline 86.66 0 89
Scenario 1. Total fiber export 109.23 22.57 100
Scenario 2. Increased ginning efficiency 119.69 33.03 100
Scenario 3. Yarn export 121.34 34.68 80
Scenario 4. Fabrics export 133.68 47.02 80
Scenario 5. T-shirt export 164.55 77.89 80

Source: Rudenko (2008)

Table 22.2 Simulation results of Model 2: potential decrease in raw cotton production

 

Export 
revenue, 
mln US$

Required 
raw  
cotton,  
tons

Required 
cotton  
area, ha

Reduction  
in cotton 
area, %

Irrigation 
water level, 
mln m3

Explicit 
subsidies to 
agriculture, 
mln US$

Baseline 87.6 287,154 109,891 0 824 20
Scenario 1. Total  

fiber export
87.6 238,551 91,750 17 688 17

Scenario 2.  
Increased  
ginning  
efficiency

87.6 218,672 84,105 23 631 16

Scenario 3. Yarn 
export

87.6 206,684 79,494 28 596 14

Scenario 4. Fabrics 
export

87.6 173,058 66,561 39 499 12

Scenario 5. T-shirt 
export

87.6 88,991 34,227 69 257 6

Source: Rudenko (2008)
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ginning efficiency, stages of production along the chain, and the products to  
be exported. Scenario 1 assumed that the textile industry in the region is not  
functioning. In scenario 2, the ginning efficiency was increased by 3% (from 33% 
to 36%). Scenarios 3–5 allowed local textile enterprises to process more cotton 
fiber into cotton products for subsequent exporting. In scenario 3, along with export 
of cotton fiber, local textile enterprises produced and exported cotton yarn. In scenario 
4, cotton fabrics were manufactured and exported along with the rest of the cotton 

garments (T-shirts).
The simulation results of Model 1 (Table 22.1) show the potential for generating 

higher export revenues with the same resource endowment by the cotton chain if 
more cotton fiber had been processed into products with higher value added, e.g., 
from cotton fiber to cotton yarn, fabrics and ready-made garments. Export revenues 
from textile products in the baseline scenario were as low as 2,300,000 US$. 
In the case of increased domestic fiber processing and subsequent export of textile 
products, additional export revenues of almost 34,680,000 US$ could be generated 
through yarn, 47,020,000 US$ through cotton fabrics, and almost 77,890,000 US$ 
through ready-made garments (Table 22.1). The increase in the ginning efficiency 
alone (scenario 2) could achieve up to 33,030,000 US$ compared to the baseline 
scenario.

Model 2 (Table 22.2) showed that development, upgrading and streamlining of the 
cotton chain in Khorezm would allow a reduction in the use of raw cotton production 
resources (land and water) and would require less subsidies from the state.

The more processing stages cotton fiber undergoes, the higher the prices the 
produced cotton products may fetch, and thus, the lower the amounts of these products 
(and in the end lower amounts of cotton fiber and raw cotton) required to obtain the 
same level of regional export revenue. Because of such price differentials, involvement 
of the local textile enterprises in processing cotton fiber into cotton yarn would have 
the potential to earn the same regional export revenue on 30,000 ha less land  
for cotton plantations, while saving 228,000,000 m3 of irrigation water and also 
reducing the government’s explicit subsidies by about 6,000,000 US$ (Table 22.2, 
scenario 3). The best case scenario (Table 22.2, scenario 5) with textile enterprises of 
Khorezm being engaged in more advanced processing of cotton fiber into ready-made 
garments could decrease the main critical inputs for raw cotton production by more 
than 66%, or by about 76,000 ha of land (69% of the baseline cotton area), 
567,000,000 m3 of irrigation water and about 14,000,000 US$ of subsidies.

Since a large share of cotton export revenues was absorbed by all the actors along 
the cotton chain, the farmers received the remaining part or the so-called farm-gate 
price (export price minus processing and other costs along the cotton chain). The 
economic and financial analyses of the cotton chain checked if the general assumption 
that the income of the Uzbek cotton growing farmers would be substantially 
increased if some of the governing structures were to be removed from the cotton 
chain. The analyses revealed furthermore that an elimination of the ginning governing 

would only marginally increase the prices paid to cotton producers, e.g., by about 



38322 State Order and Policy Strategies in the Cotton and Wheat Value Chains

16 US$ per ton of raw cotton (using 2005 prices and exchange rates) or about 5% of 
the farm-gate price. Findings reveal that a better approach to increase the returns to 
farmers would be to first improve the financial efficiency of the ginneries, for which 
immense potential exists through lowering processing expenses and reducing the 
taxes (Rudenko 2008). These savings could then be made available to producers. 
For instance, processing expenses in 2005 accounted for about 20% of the export 
price, while the ginning industry was heavily taxed: 73% of all taxes generated in 
the cotton chain and about 64% of all remittances to the non-budgetary funds were 
accrued by the ginning branch. Financial charges comprised 43%, indicating that 
ginneries depended heavily on credits. The low depreciation costs strongly indicate 
that the ginning equipment is worn out, which obstructs higher productivity, reduces 
fiber quality and increases expenses for maintenance and spare parts. Furthermore, 
privatizing the ginning sector and giving the ginneries the freedom to market their 
main produce (cotton fiber) could lead to a reduction in the revenue shares absorbed 
by the state foreign trade companies.

The wheat chain analysis revealed that, under a certain world price level for 
wheat, Uzbekistan could afford to import wheat. Under favorable world grain market 
prices, the import of wheat would be profitable, since the low wheat prices would 
require relatively low foreign exchange expenditures, while allowing the introduction 
of a land-use policy that gives room for crops more economically beneficial than 
wheat (Rudenko et al. 2008). Given the present demand for wheat, the funding of 
wheat imports could have easily been met by cotton fiber export revenues, the main 
hard currency earner in Uzbekistan. Or, as an alternative, the Uzbek government 
could use export earnings from locally manufactured textile products to cover the 
expenses of wheat imports. In both cases, a significant amount of land could be 
freed and concurrently a substantial amount of agricultural inputs could be saved to 

an enabling legislation in particular with regard to customs regulations, import 
duties and other barriers for wheat import. However, the increased world market 
wheat prices observed since 2007/2008 dampen these expectations, and also a certain 
national independence in staple food production is favorable for any country 
(cf. discussion in Christmann et al. 2009). Should prices not return to pre-2007/2008 
levels (as is predicted) or even increase, wheat would become an expensive import 
commodity, which would support the present land-use policy in Uzbekistan of 
promoting domestic wheat production.

Theoretically, Uzbekistan could also become a wheat exporter, as production 

seems not feasible unless it’s baking quality is improved, since the wheat is of low 
quality according to both national and international standards, which reduces the 
quality of wheat products such as flour and bread (Kienzler et al. 2011). Mixing 
imported high-quality wheat with Uzbek wheat is needed to raise the quality of the 
domestically produced wheat and thus, at least for now, imports would remain 
necessary. Kienzler et al. (2005) underscored that increasing the baking quality 
could be feasible by (1) introducing better wheat varieties, (2) creating incentives 
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for the farmers to increase wheat quality through price differentials for better quality 
wheat, and (3) improving on-field agricultural practices, like better irrigation 
scheduling, and in particular nitrogen fertilization management. Flanking  
educational or awareness programs about the quality of wheat/wheat products would 
also be required.

22.4  Policy Strategies, Discussion and Conclusions

The fact that market constraints and administrative barriers contribute to the presently 
low efficiencies of resource use in Khorezm bears manifold opportunities for 

present state policy with its heavy involvement in agriculture takes decision-making 
power from agricultural producers and in turn hampers farmers’ income opportunities 

2011; Veldwisch et al. 2011), a better question may be how to 
develop and support the entire chains of agro-commodities. Since the prosperity  
of Uzbekistan lies in the economic pursuit of a strategy of export-led growth (gas  
oil but also agro-commodities such as cotton fiber and value-added products),  
the analyses of the entire commodity chains for cotton and wheat show that 
opportunities for development exist within the agro-processing industries for 

 
be used to increase farmers’ incomes. Opportunities lie in further development of the 
textile industry, in particular by increasing its efficiency while focusing on a complete 
cycle of commodities of competitive export-oriented outputs. The manufacturing of 
higher-value products at competitive prices conceals opportunities within both the 
cotton and wheat chains.

When striving for both economic and ecological improvements, options exist for 
intensifying the production of raw cotton on the most suitable lands and at the same 
time for increasing domestic fiber processing capacities. The subsequent export of 
products from cotton produced more efficiently on less land, and with a higher value 
added through post-harvest processing, could increase overall revenues while releasing 
the marginal land from cotton production. The land such freed could be allocated to 

et al. 2011), or the establishment of less intensive and less expensive land-use systems 
such as tree plantations (cf. Khamzina et al. 2011). Furthermore, substantial amounts 
of irrigation water could be saved, which would contribute to overall water efficiency 
strategies (Bekchanov et al. 2010). Moreover, subsidies can be saved and funds thus 
freed re-allocated to rural development.

Such overall development strategies offer great potential to support ongoing 
attempts to prevent further aggravation of the current environmental crisis without 
adverse effects on the economic performance of the cotton chain. This represents a 
triple-win situation: for the farmers, the environment and the state. Yet it will take 
time to change not only the structure of the cotton chain, but also the present mind-set 
of the stakeholders in the commodity chains, a pre-condition for sustainable change. 
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In addition, the institutional ground would need to be prepared for such changes, as 
for example, setting favorable export environment, supporting process or industrial 
upgrading of local producers, or product upgrading, which could lead to higher 
competitiveness and world recognition of the Uzbek (cotton) products. Some lessons 
could be learnt from the textile and clothing sectors in the European Union, which 
has responded to a highly competitive and demanding world market through the 
quality of its products and their fashion content, through the capacity to develop 
highly demanded brands, the ability to promptly and reliably deliver the products, 
and finally through the sustainability and safety of industrial systems for the envi-
ronment and the employers (Commission of the European Communities 2003).

Stakeholders along the cotton chain need to receive incentives to develop  
marketing and other capacities, and to learn how to do this, so that the value chains can 
function effectively in terms of time and monetary flows. Furthermore, privatization and 
upgrading of the main components in the cotton value chain may lower transaction 
costs by eliminating unnecessary intermediate agents. Under such conditions, farmers 
will get better prices for the produced raw cotton and thus increase their incomes 
and their capacity for building farm capital, which could in turn be invested in 
improving irrigation (cf. Bekchanov et al. 2011).

The declared Uzbek policy of food self-sufficiency after independence in 
1991 has reached its goal in a relatively short time span, but only with large  

its revenue has been used to cover the import of goods, including wheat and flour. 
The analyses show that cotton revenues would have allowed the purchase of 
wheat volumes higher than those domestically produced, since the return from 
1 ha of cotton is higher than that from wheat. However, assuming that the current 
high world market prices for wheat will be maintained in the future, the present 

In this case, however, a higher domestic wheat quality should be the target for 
both agricultural producers (with price incentives to produce higher quality 
wheat) and decision makers alike. In contrast, lower world market prices for 

diversification and alternative land uses while aiming at the production of other 
and more profitable crops such as fruits and vegetables, as postulated recently 

2008 2011).
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Abstract The limited availability of surface water, low water use efficiencies, a 
deteriorating irrigation network and land degradation aggravated by the impact of 
climate change are among the factors constraining agricultural production in the 
irrigated drylands of Central Asia. Recurrently, an introduction of water service fees 
has been suggested as one option to increase water use efficiency, which is analyzed 
here at the example of the downstream Amudarya Khorezm region, Uzbekistan. 
Underlying issues in introducing fees for water services in irrigated dryland agriculture 
given the state procurement policy are in Uzbekistan of crucial importance. 
Therefore, the impacts of different levels of water service fees were simulated with 
a mathematical programming model. The analysis and conclusions are based on 
changes in regional welfare, cropping pattern, export structure and economic 
attractiveness of crops to agricultural producers. Although the conclusions refer to 
the case study region, they help understanding the potential impact of water service 
fees on the national agricultural sector and add to the discussions on where 
opportunities for a (partial) cost recovery for the operation and maintenance of 
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the irrigation system of Central Asian countries may exist. It is argued that the 
introduction of water service fees may indeed generate sufficient funds to recover 
costs for operation and maintenance of the irrigation network. However, as the  
current institutional setup constrains a significant reduction of agricultural water 
demand, the introduction of water service fees as an isolated measure is not likely to 
achieve the expected benefits unless flanked by additional measures such as reduction 
of the state production targets on crops.

Keywords
analysis

23.1  Introduction

Global climate change has become a major environmental concern and research topic. 
Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan and Uzbekistan, the five former 
Soviet republics comprising Central Asia, are located in arid and semiarid regions. 
Agriculture in the Central Asian countries, which relies on an irrigation network 
constructed during the Soviet Union era, is highly dependent on irrigation water 
diverted from the Amudarya and Syrdarya rivers. Due to a lack of investments  
after independence, this irrigation network has been poorly maintained and its  
operational period has been expiring, leading to significant water losses and low 
water productivity (Bucknall et al. 2003; Bekchanov et al. 2011; Tischbein et al. 
2011). The agricultural sector uses 83.6% of the entire water resources in the region 
(Abdullaev et al. 2006) from which only 50–70% of water reaches crops (WARMAP 
1996). Furthermore, the institutional set-up for water use and management in 
Central Asia does not encourage agricultural producers to use their water efficiently 
(Bucknall et al. 2003). As a result, Central Asia is prone to severe water scarcity 
(Alcamo et al. 2003). The irrigation water scarcity constrains the regional agricultural 
production particularly in downstream areas; since 1980 an increase has been observed 
in the probability of facing a water scarcity in Khorezm, a region situated downstream 
on the Amudarya (Müller 2006).

The current economic/institutional water scarcity can in the long run be exacerbated 
by the impacts of climate change (McCarthy et al. 2001). It is predicted that the 
availability of water in the two rivers may decrease by as much as 30% and 40% 
(Perelet 2007), and water needs of upstream users may increase, too (Martius et al. 
2009
(Fischer et al. 2002; Perelet 2007), although this is not yet substantiated by the findings 
of the last four decades (Jarsjö et al. 2007; Conrad et al. 2011). Water demand for 
non-agricultural uses is also likely to increase.

The agricultural sector employs a large share of a population and generates a 
significant share of GDP in most Central Asian countries. For instance, in Uzbekistan, 
agriculture accounts for about 25% of GDP and 32% of labor employment, and directly 
provides 70% of domestic trade (2006 data; IMF 2008). Furthermore, population 
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a functional water management system (McCarthy et al. 2001; Perelet 2007).  
The future of the regional economy and people’s welfare under decreasing availability 
of water will depend on well-managed water distribution and allocation systems 
(cf. Oberkircher et al. 2011; Veldwisch et al. 2011) and a well-functioning irrigation 
and drainage system (cf. Tischbein et al. 2011
(Bucknall et al. 2003).

It recurrently has been suggested that operation and maintenance costs can be 
recovered via the introduction of proper water service fees (WSFs) (Cornish et al. 
2004). The introduction of WSFs in agriculture, subject of past and on-going 
discussions, is also part of the agricultural reforms in Uzbekistan (Bucknall et al. 
2003; MacDonald 2003). However, studies by Bobojonov (2009) indicated that 
WSFs may not reduce actual water use in the agricultural sector unless very high 
fees are introduced. Given the controversial discussion on the impact of WSFs, the 
effectiveness of such a reform and its impact on water use, production patterns and 
regional welfare, are factors that need to be well understood. The development and 

makers under the increasing likelihoods of regional warming and water scarcity, 
´the more so as agricultural producers in Central Asia typically operate at low 
income levels (Bucknall et al. 2003).

We discuss here the role of water service fees using the peculiar example of  
irrigated agriculture in the Khorezm region of Uzbekistan, as a representative case 
study for Central Asia as a whole. First, we describe the modeling approach chosen 
for testing the impact of different levels of WSFs on regional welfare, cropping 
pattern, trade and crop gross margins and present the results of the simulations. 
Based on those, we propose policy options to promote the adoption of WSFs.

23.2  The Case of Irrigation Water Use in the Drylands  
of the Khorezm Region

23.2.1  Irrigation Water Supply and Demand

In Khorezm, water from the Amudarya is the only source of irrigation and agricultural 
production in this region (Abdolniyozov 2000; cf. Conrad et al. 2011). The region 
consumes around 13% of the Amudarya water intake in Uzbekistan (2001 data; 
Djalalov 2003), around 4.5 km3 per year (cf. Tischbein et al. 2011). The river water, 
before arriving in Khorezm, is collected in the upstream Tuyamuyun water  
reservoir, which had initially a total capacity of 7.8 km3 (now reduced by sediments 
accumulated in the reservoir). The water is rationed by the water management  
organizations depending on the monthly water demand in the region (Müller 2006). 
Agriculture in Khorezm consumes up to 97% of the regional water intake, which is 
higher than the national average. In Khorezm, as in most parts of Uzbekistan, water 
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is channeled through a hierarchically arranged irrigation network including main, 
inter-farm, and on-farm channels (FAO 2008). In the 1960s, the Soviet government 
heavily invested in an expansion of irrigated agriculture (cf. Tischbein et al. 2011) 

to 276,000 ha in 1999 (Conrad 2006). Flood and surface furrow irrigation are the 

2009). The average water application rate has declined from about 21,000 m3 ha−1 
(in 1940–1990) to about 16,000 m3 ha−1 in (1991–2008). However, soil salinity  
and water logging are still widespread partly resulting from intensive irrigation 
caused also by a lack of incentives for producers to increase water use efficiency 
(Abdolniyozov 2000; Abdullaev et al. 2009).

Despite the large water discharges from the Tuyamuyun water reservoir (cf. 
Tischbein et al. 2011), long-term irrigation water supply in Khorezm has mostly but 
not always met crop water demand in the past, and some areas in the region face 
regular deficits even during years of sufficient water availability (Müller 2006). 
Water supply in Khorezm is unreliable in terms of volume, duration and periodicity; 
the likelihood for water-shortages in Khorezm has increased as evidenced in the 
probability of attaining sufficient amounts of water, which fell from 82% in 1992 to 
74% in 1999 (Müller 2006).

Based on their location relative to the river, the districts can be aggregated in 
upstream and downstream districts. Upstream districts are those that have immediate 
access to irrigation water, thus usually receiving sufficient water even in drought 
years. Downstream districts are distant from the river and have historically been 
most affected during drought years (Müller 2006). For instance, during the 2000–2001 
drought, the average irrigation rate per unit of area decreased by 57–65% in downstream 
districts, while the losses in upstream districts were ‘only’ 48–57% (Müller 2006). 
The probability of obtaining the expected amount of water was high in areas bordering 
the river, and low in the distant areas (Conrad 2006). In the large-scale irrigation 
system, which lacks any effective controlling mechanism, the limited surface 

from the split-up of the few large collective farms to many private farmers  
(cf. Djanibekov et al. 2011). As a result, inefficient water use in the upstream  
districts contributes also to downstream water scarcity (Djanibekov 2008).

23.2.2  Implication of Water Service Fees in Agriculture

After the water management and operation and maintenance (O&M) of canals had 
been transferred to the newly established water users associations (WUAs), state 
subsidies and budget expenditures directed to these activities were reduced. 
WUAs need to recover the incurred O&M and associated administrative costs fully 
or partially. They can do this by charging the farmers within their boundaries with 
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and distribution. In addition to the intention of cost recovery, WSFs may be 
accumulated for future activities of the WUA (Djanibekov 2008).

In the highly saline soils of Khorezm leaching is an important part of the field 
management and its water demands are significant, using up to 25% of the total 
annual water use (Forkutsa 2006). Therefore, a local peculiarity is that WSFs have 
to reflect also the pre-sowing season costs of leaching to fully recover the costs.

The introduction of WSFs has been advocated based on various arguments. The 
benefit expected from WSFs is to create sufficient funds for improving the existing 
irrigation and drainage systems, which in turn would affect both canal efficiency 
and crop yields. First, the collected WSFs could be invested into a series of agronomic, 
technical, managerial and institutional improvements such as cleaning the supply 
and drainage canals and developing more precise irrigation schedules (Kyle and 
Chabot 1997; Wallace and Batchelor 1997; Batchelor 1999). Furthermore, the 
improved managerial and institutional practices of WUAs and investments in O&M 

of irrigation water, particular at stages of crop development when crop response to 
irrigation is most sensitive (Dinar and Latey 1991).

Worldwide, two mechanisms for water charging, volumetric and non-volumetric, 
are applied, each with their pros and cons depending on the situation (Tsur et al. 
2004). WSFs based on the actual volumes of water supplied are the most obvious 
and widely studied economic instruments (Hellegers and Perry 2004). The volumetric 

agricultural producer below a point of measurement (Dinar et al. 1997). However, 
during the installation of the irrigation infrastructure in 1960s in Khorezm there was 
no evidence of water scarcity. The production units then, kolkhozes and sovkhozes, 
were large. With the progress of farm restructuring that resulted in many smaller 
private farms (cf. Djanibekov et al. 2011), volumetric measurement and differentiation 
of water services and control at farm and field level become more important, but 
will only be possible if water use is measured at many points. The installation and 
maintenance of a large number of measurement devices would raise costs.

Because of the large number of water users and imperfect information on actual 
water supply (cf. Tischbein et al. 2011), the WUAs in Khorezm currently impose a 
WSF at a fixed rate for all farms within their boundaries, using non-volumetric area- 
or crop-based water use estimation methods. The non-volumetric fees are relatively 
simple to administer and can provide a stable income source for the WUAs to 
recover O&M costs.

23.3  Methodology

With the intention to understand and evaluate the effects of the introduction of WSF 
on regional welfare, production and consumption patterns, a mathematical model 
was developed according to the framework presented by Hazell and Norton (1986) 
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via the integration of a well-behaved demand system.1 The model is a static spatial 
programming model with endogenous commodity prices. In the model, we assume 
that production and consumption occur in five district aggregates spatially grouped 
according to their location relative to the Amudarya river. To trace the cross-effects 
between commodities, the model includes 11 production and consumption activities 
and one activity of consumption of the “rest of commodities not covered in the 
model”. The products were grouped into wheat (which represents also other grains, 
except for rice and maize), rice, maize, potato, vegetables (all vegetables), fruits 
(fruits and melons), fodder (annual fodders, short-period maize for fodder and 
alfalfa), milk, eggs and meat.

Annex Tables 23.1–23.4. The objective function of the model maximizes regional 
welfare, which is a measure of summed consumer and producer surpluses. The 

23.4) is a sum 
of net-trade of commodities, producers’ revenues from food consumption by consumers, 
money-metric utility of consumers less transportation costs, and agricultural production 
costs, which includes also the simulated values of WSFs.

The supply part of the model includes the production components such as  

23.2) is considered as linear and defined in the supply part of the model. Total 
land availability constraint
at district aggregate according to the official statistics on sown area in 2007. The 
cropping calendar is introduced into the land constraint to cover double-cropping 
characteristics of regional agriculture. It allows two crops being grown and 
harvested from the same field during one agricultural year. The monthly crop 
water demand constraint
demanded for crop cultivation in each district aggregate according to cropping 
pattern observed in 2007. The state procurement constraint
that activity levels for cotton production in district aggregates are not less than the 
assigned area in 2007. Commodity market balance equation

and purchases from other districts must be balanced with food consumption, 
animal feeding, export and sales to other districts. Net trade earnings of agricultural 
producers
Producer revenues

Producers’ commodity transportation costs 

between districts according to the distances and the transportation costs. Producers’ 

1 The model used in this study is a part of a forthcoming effort of developing a sector planning 
model which would incorporate a risk component for the agriculture of Khorezm (cf. Sommer 
et al. 2011).
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production costs
and pesticides for crops and veterinary services for livestock. In the scenario  
simulations, production costs include also the product of WSF and total crop 
water demand.

As a starting point for the final model development and since observations on the 
shape of a non-linear Engel curve2 (i.e. for Uzbekistan) were not available, we used 
the linear approach via deriving parameters for Normalized Quadratic Expenditure 
System (NQES), which is linear in income (Britz 2003). According to the criteria 
listed by Britz (2003), NQES is flexible in calibration, globally well-behaved, fulfill 

modeled district aggregate consumption is given by NQES functions. The demand 
part of the model is based on the indirect utility function depending on consumer 
prices and per capita income (Ryan and Wales 1996; Britz 2003). Using Roy’s iden-
tity,3 the following Marshallian demand4 was derived as presented in Britz (2003) 

D, Gi, G and F
Consumer expenditure (income) for consumption per capita is defined as pro-
duction of regional consumption and commodity prices divided by population 

To attach a welfare measurement to the areas under the ordinary demand function, 
the demand function should be integrable. The general problem of incorporating 
demand functions of complex form, e.g. NQES, directly into the objective functions 
of the mathematical programming models, is that these functions are difficult to  

money-metric utility function
measure the welfare effects of price changes and shaped according to the indirect 
utility function depending on consumer prices and per capita income (Britz 2003).

The supply and demand parts of the model were calibrated to one point, e.g. to 
the observed production and consumption information for district aggregates in 

function via the Positive Mathematical Programming approach (Heckelei 2002: 
6–8) using own-price supply elasticities. The technical details of calibration of the 
demand system parameters to given elasticities and properties of NQES are as 
suggested by Britz (2003): derivation of demand system parameters to given  
elasticities in which (1) deviation between initial elasticities and the ones derived 
from the parameters are minimized and (2) the resulting parameters define a 

up, (c) symmetry and (d) negative own-price elasticities.

2 An Engel curve describes how household expenditure on a particular good or service varies with 
household income (Deaton and Muellbauer 1980; Mas-Colell et al. 1995).
3 Roy’s Identity provides means of obtaining a demand function from an indirect utility function 
(Deaton and Muellbauer 1980; Mas-Colell et al. 1995).
4 A Marshallian demand function specifies what the consumer would buy in each price and wealth 
situation, assuming it perfectly solves the utility maximization problem (Deaton and Muellbauer 
1980; Mas-Colell et al. 1995).
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23.3.1  Data Acquisition

well as secondary data from official governmental agencies, e.g. Regional 
Department of Statistics (OblStat) and Regional Department of Agriculture 
(OblSelVodKhoz). Annual reports from 2007 by OblStat were the main source of 
data on crop and animal production, cropping area and animal stock, crop and 
animal product yields. The input prices in the model are exogenous and their values 
were obtained from field observation as average annual prices. The values of 
annual crop water demand in districts were obtained from OblSelVodKhoz as 
official recommendations (norms) for different hydromodule zones of soil developed 
for Khorezm (more details in Bobojonov 2009). It includes monthly water demand 
during leaching as well as irrigation water. The annual crop water demand is 
calculated for each modeled district according to the hydromodule structure of 
soils prevalent in each district aggregate.

Due to the lack of data on regional consumption patterns, the information on 
consumption in Uzbekistan for 2003 was taken from the Supply Utilization Accounts 
(SUA) and Food Balance Sheets (FBS) in the database of FAO’s Statistics Division.5 
First, items presented in the FAO database were aggregated into nine main food 
categories according to the author’s discretion. The total value of ‘rest goods’ was 
proportionally inferred using their share in total food expenditures (81.6%) for 
Khorezm as reported by OblStat (2008). The initial price vectors for food commodities 
were obtained from the official statistical reports of OblStat as average annual  
market prices observed in Khorezm in 2007. Initial prices for ‘rest goods’ are 

in 2007 was 1,276 Uzbek Soums (UZS). The primary values for demand elasticities 
were obtained from Djanibekov (2008), which were generated from the WATSIM6 
model’s base-run dataset on the rest of the world. Due to the absence of information 
on total export and import values of crops and animal production, their values were 
generated within the base run solution of the transportation model.

23.3.2  Characteristics of Regional Production in 2007

Almost 60% of regional profits are generated by livestock and poultry (Table 23.1). 
The largest gross margins, using output-input prices and yields of 2007, were observed 

5 No commodity price information for Uzbekistan was available in the database of FAO’s Statistics 
Division by 01.04.2011.
6 The WATSIM is a recursive-dynamic spatial world trade model for agricultural commodities. It is 
mainly applied for the medium-term analysis of trade policy changes (Kuhn 2003).
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from fruits, vegetables, potato and rice. The state-prioritized crop, cotton, occupied 
almost half of the sown area and composed half of crop water demand in 2007, but 
generated only 1.5% of the total producer’s profit.

The most water demanding crop cultivated in Khorezm, rice, had the second 
lowest gross margin per cubic meter of annual water demanded, after maize that is 
cultivated mostly as fodder. Rice comprised almost one-fifth of regional crop water 
demand and occupied 7% of the total sown area. According to the official rates of 
crop water demand, rice demands 26,200 m3 ha−1. These rates were developed to 
plan spatial and timely distribution of water. As such their values differ from the real 
volumes at which farmers apply water. For instance, Kyle and Chabot (1997) 
reported that the annual water application for rice in Khorezm could be greater than 
50,000 m3 ha−1.

per capita, of which around 78% were spent for the consumption of agricultural 
food products. In the expenditure structure, meat and wheat products comprised the 
largest share, while the most water intensive commodity, rice, was the second  
lowest after eggs. Estimated regional foreign (outside of the regional borders) trade 

entirely exported from the region and was the largest contributor to the regional 
budget. However, meat and rice exports generated about 50% of the export earnings 
of farmers. In 2007, half of the locally produced meat and 70% of the rice were 
exported from the region. Wheat is the main food commodity and contributes  
strongest to energy and protein intake per capita in Khorezm (Djanibekov 2008), but 
local production could cover only 88% of the regional demand in wheat, obligating an 
import. The region also depends on import of potato and fruits, which generated 
14% and 52% of local demand, respectively.

23.4  Results

In the base run solution, the calibrated model replicates the agricultural production 
activities of Khorezm in 2007. The model solved for the optimal values of production, 
consumption, input use and commodity trade by consumer/producer groups and 

model and to monitor the effects of introduction of WSFs into the regional crop 
production levels, WSFs are introduced stepwise. Since an introduction of volumetric 
WSFs under the present conditions is technically very difficult, we simulated the 
introduction of crop-based WSFs according to the officially fixed norms on crop 

per 1000 m3 −3 m−3 in the final 50th 

of agricultural production costs of farmers. Cotton, which is subject to the state 
procurement system, had the lowest gross margin already, this could be worsened if 
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cotton producing farmers would be charged WSFs. Therefore in the simulation  
we set the WSF for cotton as zero. The rate of WSF is comparable to water 
charges and prices which were practiced in the agricultural sector of Morocco in 
2003 (Chohin-Kuper et al. 2003), Namibia, Algeria, Tunisia, Brazil, Portugal, 
United States and Spain (Dinar and Subramanian 1997) in 1996. The model was 
programmed using the GAMS modelling language; it was then calibrated and solved 
as a non-linear optimization, using the numerical solver CONOPT3.

23.4.1  Change in Crop Gross Margins

The gross margins of all crops except cotton would decrease with the introduction 
of WSFs. Figure 23.1
10−3 m−3, in comparison to the base situation, i.e. without fees. When the WSFs are 

observed for maize, rice and fodder. As rice is the most water demanding crop in 
Khorezm, the introduction of WSFs would significantly impact profits of farmers 
involved in rice cultivation: gross margin from rice would drop from 1,740 to 

−1 −3 m−3 of water. Maize and fodder crops are mostly 
produced for livestock and poultry feeding and, thus, their profit loss would be 
offset via an increase in livestock production.

23.4.2  Change in Cropping Pattern

The introduction of WSFs would decrease the total sown area and change the 
structure of crop cultivation. Even though profits from other cropping activities 
would drop due to the WSFs, the mandatory cotton production, which is not levied 
by WSFs, would still be kept at the level determined by the state procurement 
system. As a result, WSFs neither decrease nor increase the cotton cultivated area. 
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Fig. 23.1 Changes in crop gross margins under introduction of water service fees (WSF) in 
Khorezm, Uzbekistan
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−3 m−3) guarantees that other crops 
remain attractive for farmers. Cotton remains less interesting even if WSFs are 
established (Fig. 23.2). The crop most affected by WSFs is rice. Rice cultivated area 
would drop by 40% compared to the no-WSF situation in 2007. Nevertheless, 
regionally, rice would be produced at levels that fully cover the local demand and 
allow exporting its surplus outside.

23.4.3  Change in Regional Welfare, Producer  
and Consumer Surplus

The regional welfare per capita in the base situation, i.e. in 2007 without WSFs, is 

−1 −3 of water 
−3 m−3 

would decrease the regional welfare mostly at the expense of producer surplus 
(Fig. 23.3). This is because the prices of regional commodities do not increase dras-
tically since in the model set-up the region is assumed to be sufficiently small to not 
affect the national commodity prices.

Under the base condition of the reference year 2007, the regional welfare is 
−3 m−3 of water demanded. As the simulation results demonstrate, when 

WSFs are introduced the crop water demand would decrease more rapidly than the 
−3 m−3, welfare per cubic meter 

of water demanded would increase by 6%. This is largely caused by a relatively small 
decrease in regional consumer surplus. The price elasticity of annual crop water 
demand estimated from the simulation results is relatively weak (−0.04), and, thus, a 
given percentage variation in WSF induces a lower percentage variation in crop 
water demand. The state procurement policy determines that 51% of sown area 
should be occupied by cotton, which in turn would demand 53% of water. About 
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Fig. 23.2 Changes in regional cropping pattern under WSF introduction in Khorezm, Uzbekistan
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250,000,000 m3 −3 m−3, a substantially 
high rate of WSF. However this amount of saved water accounts for only a small 
proportion (less than 10%) of what the region uses currently (see Fig. 23.3). Thus, 
there is not much room for WSFs to decrease the agricultural water consumption in 
Khorezm under the existing mechanism of cotton procurement (Fig. 23.3).

As expected, introducing WSFs would decrease the regional earnings from agri-
cultural products exported outside the region (Fig. 23.4). However, the total export 
revenues would not drop significantly. The largest decline would be in rice exports.

Under the model assumptions, WSFs did not affect the cotton and livestock 
sectors, and hence their shares in the regional export earnings increased. The total 
production of food crops would however be decreased with the introduction of 
WSFs, which is unfavorable for regional food security given that already now 
Khorezm needs to import some food commodities (such as wheat and potato; 
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Djanibekov 2008). Thus WSFs would result also in a drastic increase in the share of 
import commodities in total regional consumption, and thus would make the region 
more dependent on food imports. However, the net export revenue of the region is 
largely composed by the exports of raw cotton and livestock products, and thus 
would not suffer from drastic decline.

23.4.4  Change in Water Demand

−3 m−3 of water 
demanded for crop cultivation when cotton producers are not charged would generate 

−1 of irrigation canal 
−1 of sown area. At the same time, the average annual O&M costs 

−1 for 
−1 for pump systems (FAO 2008), while 

−1 
(Djanibekov 2008 −1 in 2008.

−3 m−3, total annual crop water demand in the model would 
drop by 13% compared to crop water demand in 2007. The largest decrease in water 

fields. The amount of total decrease in crop water demands due to a service fee of 
−3 m−3 is around 256,000,000 m3

the rice-cropped area by about 9,800 ha. This amount of water could be allocated to 
promote other crops, improve crop yields or solve the problem of water scarcity in 
downstream districts, or simply it could leave the Khorezm region to the benefit of 
the Aral Sea (ecological use). In addition to the decrease in annual crop water 
demand, the structure of the crop water demand would change (Fig. 23.5). As in the 
base situation, 27% of water was demanded for leaching the fields, at a price of 

−3 m−3 this increased up to 30%. This may indicate that the introduction 

Fig. 23.5 Monthly crop water demand
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that WSF could reduce crop water demand in the water-intensive months (June, 
July), which in turn would increase the probability of receiving sufficient water.

23.5  Discussion and Conclusion

The results of the policy simulations in the study depend on model assumptions. 
These assumptions were mandatory to reduce the complexity of the situation and to 
be able to represent it in a relatively sophisticated model that is theoretically sound 
and also based on primary and secondary data. Therefore, the simulation results are 
illustrative but should not yet be taken as a policy action concept. Nevertheless, we 
believe these results to be reliable enough to contribute to the discussion on how 
policy changes would affect regional welfare, production patterns and factor use in 
agriculture, thus bringing new insights into the discussion on and formulation of 
water pricing policy.

Despite the fact that the introduction of WSFs as a single policy would decrease 
regional income, the model is comparatively static and the negative income effects 
may well turn out positive if long-term effects were taken into account, such as 
investments into overall reconstruction of canal network, operational improvement 
of the WUAs and positive environmental effects. Improving the efficiency of the 
irrigation system as well as improving the capacity of the WUAs will in turn reduce 
the losses associated with deteriorating canal infrastructure and management losses, 
which are shown to be very high in the region. WSFs may gain importance over 
time in water management as the constraining condition of the poor irrigation 
network will reduce the agricultural production on the limited arable land even 
further. Regional welfare, i.e. producer and consumer surpluses, might even increase 
under implementation of WSFs, as it might force upstream districts to use water in 
more efficient way and convey more water to downstream districts which suffer 
severe water shortage during ‘drought’ years. As model results show, the income 
loss may be offset by the expansion of the irrigated marginal areas and livestock 
sector in downstream regions.

As the regional timely and spatial demand exceeds its supply, the WSFs may 
have not only cost recovery purpose, but also allow managing the water scarcity 
between seasons and locations, and at least maintain the water productivity. As the 
model results show, the crop-based WSF can provoke a change in structure of water 
demand, which means that WUAs will have to increase their operations during the 
leaching seasons compared to the present situation. Additionally, the peak seasons 
when water demand is highest will be smoothened due to a decrease of rice fields. 
In general, the effect of WSFs on regional welfare is related largely to the area of 
rice cultivation. The selected rate of WSF could trigger a reduction in the area of 
rice cultivation to the level, which affects the regional exports, but still guarantees 
regional consumption. As the canal maintenance operations are not performed each 
year, WSF based on crop water demand should cover the allocated costs of WUA 
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not based on 1-year estimations, but rather on a multi-year value. While this paper 
does not focus on impacts of WSFs on the environment, the reduced crop water 
demand due to a decline in rice cultivation and generated funds for O&M activities 
may make this approach part of a toolbox for adapting to and mitigating the negative 
effects of climate change.

The WSF rates should be high enough to allow WUAs function properly: fully 
cover the O&M costs and allow for further investments into improvement of 
irrigation system. The sole introduction of high WSFs will have the greatest 
negative impact on the incomes of agricultural producers. WSFs could therefore be 
promoted only gradually over a period of time to allow water users to adjust to 
higher production costs. The simulation results show that the livestock sector is 
important for livelihood security also when high WSFs are introduced for crops: it 
maintains export revenues of the region and keeps fodder crops in the agricultural 
system. Furthermore, as the largest share of the livestock is reared in backyards of 
rural households (Djanibekov 2008), it can be used by rural households as a shield 
against income decreases.

Due to several reasons, the present lack of payments for water services fees by 
farmers remains a central problem to generate funds for investments. The first problem 
is related to the limited capacity of the WUAs to serve all water users within its 
boundaries. Whilst the irrigated (served) area within a WUA remained the same 
size, the farm restructuring process increased the number of water users from tens 
of farms per shirkat (cf. Djanibekov et al. 2011) to several dozens of private farms 
per WUA. With limited human resources, the service delivery by the WUA declined 
(Abdullaev et al. 2009). A second problem is related to the insufficient capital of 

they can impose only very low fees for their services. Thus, WSFs are currently 
introduced only to recover the WUA expenses. As a result, the government still has 
to cover the larger part of the water management costs, e.g. in 2006, 89% of the total 
water management costs were provided via subsidies to organizations involved in 
the water distribution (Bobojonov 2009). As a result, there was no clear role for 
WSFs other than cost recovery and the spatial and temporal balancing of water 
demands. Therefore, a more complex mechanism than just increases in the WSF 

Oberkircher et al. (2010) proposes to alter the WUAs into business units that also 
provide against payments management services, training, insurance as well as  
short-term credits to water users. Such additional offers can provide tangible benefits 
to water users and motivate them to pay WSFs.

The estimated price elasticity of annual crop water demand is relatively weak. 
This shows that given the current institutional setup of agricultural production in 
Khorezm, crop water demand is inelastic. Options to decrease crop water demand 
by the introduction of WSF are limited unless farmers are given more flexibility in 
their production decisions, i.e. through a modification in the state procurement  
of cotton. Currently, the top-down state procurement system defines the water  
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currently WSFs are directly linked to the state procurement mechanism. A reduction 
in the production targets would increase the risk coping ability of farmers as long as 
the complete abolishment of the state target is not yet an option. For instance, a 
flexible mechanism of state policy is much desired when the probability of receiving 
enough water is low (Bobojonov 2009). The implementation of WSFs to address the 
dwindling water availability will only be effective if it is integrated with other policy 
interventions to enhance its uptake. For instance, if considered as a tool to control 
water demand, WSFs cannot significantly reduce agricultural water demand due to 
weak flexibility in the decision-making of farmers. Djanibekov (2008) shows that 
the abolishment of state procurement targets for cotton in Khorezm bears the danger 
that the regional agricultural producers would significantly increase their water  
consumption, as farmers are likely to switch to rice cultivation unless this is restricted 
(rice production, for example, is determined each year by the regional administration 
in Khorezm). In this context, once the cotton producers are partly or totally freed 
from state targets, a judicial introduction of WSF might be conducive to temper the 
regional water use.

23.6  Annexes

Annex Table 23.1 The indices of the model
Code Description Code Description

x Production activities z Production inputs
i,j Commodities o Observed levels
r,r1 Districts aggregates

Annex Table 23.2 Model parameters
Code Indices Description

ep i Border (outside) price of commodity
dist r,r1 Distance between districts
tc i Transportation costs of commodity
hc i Handling costs of commodity
yild r,i,x Production yield per activity as observed in 2007
sord r,x State procurement constraint for cotton
inp r,x,z Input application rate per unit of activity
inpp z Input price as observed in 2007
caln r,m,x Cropping calendar
area r,m Land available for sowing as observed in 2007
watr r,m,x Monthly norms of crop water demand
watr0 r,m Monthly total crop water demand as observed in 2007
watp r,x The studied rate of water service fee

(continued)
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Annex Table 23.3 Model variables
Code Indices Description

Welf Regional welfare
MMU r Money-metric indirect utility function
Ntrad r Definition of net trade surplus of producers
Prev r Producer revenues from selling the local commodities to consumers
Tcst r Producers’ commodity transportation costs
Pcst r Definition of agricultural production costs
Levl r,x Production activity levels
Supply r,i Supply (production) of commodity (not allowed for rest commodities)
Demand r,i Consumption level
Price r,i Endogenous commodity prices
Income r Total income (consumption expenditure) of consumers
Xflows r,i Export flows of commodities
Mflows r,i Import flows of commodities
WatrF r,r1,m Water flow to districts according to crop water demand and sown area
D r,i Constant terms of Marshallian demand function
G r Part of generalized Leontief expenditure function
Gi r,i Derivative of G of generalized Leontief expenditure vs prices
F r Part of generalized Leontief expenditure function
B r,i,j Price dependent terms of Marshallian demand function

Code Indices Description

D r,i Constant term of Marshallian demand (“minimum commitment levels” or 

F r Part of generalized Leontief expenditure function
G r Part of generalized Leontief expenditure function
Gi r,i Derivative of G with respect to the product price
B r,i,j Price dependent terms of Marshallian demand function

Annex Table 23.2 (continued)
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