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Abstract. Water scarcity remains one of the most pressing constraints to 

agricultural productivity in the Aral Sea region. Dehkan farms operate under 

limited irrigation resources, making efficient input allocation essential for 

sustainable production. However, empirical evidence on whether digital 

agri-food technologies improve farm-level efficiency in water-constrained 

environments is still limited. This study aims to evaluate the technical 

efficiency of dehkan farms and examine the impact of digital technology 

adoption on production performance under water scarcity conditions. The 

analysis is based on primary survey data collected from 120 farms in 

Karakalpakstan during the 2025 agricultural season. An input-oriented Data 

Envelopment Analysis (DEA) model under variable returns to scale is 

applied to estimate technical efficiency. Farms are classified into digital 

adopters and conventional producers for comparative assessment. Results 

indicate that digitally oriented farms demonstrate higher average efficiency 

scores and improved irrigation water use compared to conventional farms. 

The findings suggest that digital irrigation practices and improved farm 

management systems contribute to enhanced resource efficiency. 

Strengthening institutional support and expanding access to digital 

technologies can improve agricultural sustainability in the Aral Sea region.  

1 Introduction 

Water scarcity has become one of the most critical global challenges affecting agricultural 

sustainability. According to the Food and Agriculture Organization [1], land degradation and 

inefficient water use significantly threaten food security, particularly in arid and semi-arid 

regions. As freshwater resources become increasingly limited, improving irrigation 

efficiency and optimizing farm-level resource allocation are essential for sustainable 

agricultural production. 

The Aral Sea region represents one of the most water-stressed agricultural areas in Central 

Asia. Decades of intensive irrigation and environmental mismanagement have resulted in 
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severe ecological degradation and reduced water availability. Studies in the Aral Sea Basin 

highlight the importance of improving irrigation efficiency and institutional mechanisms to 

enhance water productivity [2,3]. However, structural and technological improvements 

remain unevenly distributed across farms. 

Recent literature emphasizes the growing role of digital technologies in improving water 

management. Precision irrigation systems, monitoring tools, and decision-support platforms 

have demonstrated potential for optimizing water allocation and enhancing farm efficiency 

[5,6,7]. Efficiency-focused studies further confirm that technological adoption can 

significantly improve farm-level performance [4]. 

Despite these advances, limited empirical evidence exists on how digital agri-food 

technologies affect smallholder farm efficiency under severe water scarcity conditions in the 

Aral Sea region. Most studies focus either on macro-level water policy or technological 

reviews, while farm-level efficiency impacts remain underexplored. This study aims to 

evaluate the technical efficiency of dehkan farms in Karakalpakstan and to assess whether 

digital technology adoption contributes to improved farm performance under water-

constrained conditions. 

This study contributes to the existing literature in several ways. First, it provides one of 

the first micro-level DEA–Tobit analyses examining the relationship between digital agri-

food technology adoption and farm-level technical efficiency under severe water scarcity 

conditions in the Aral Sea region. Second, unlike previous studies primarily focused on 

macro-level water policy or general digitalization trends, this research integrates farm-level 

resource allocation, irrigation intensity, and digital technology adoption within a unified 

efficiency estimation framework. Third, the study generates empirical evidence from dehkan 

farms operating in an ecologically degraded and resource-constrained agricultural 

environment, where efficient irrigation management has critical implications for sustainable 

production. These contributions strengthen the understanding of how digital technologies can 

improve agricultural efficiency in water-stressed regions. 

2 Literature Review 

Digital agriculture has increasingly been recognized as a key driver of productivity growth 

and resource optimization in modern farming systems. Precision agriculture technologies 

enable site-specific input application, real-time monitoring, and improved decision-making, 

thereby enhancing technical efficiency [9,10]. Empirical evidence shows that farms adopting 

digital tools often operate closer to the production frontier compared to non-adopters. Studies 

examining multiple technology adoption further confirm that integrated technological 

packages contribute to improved farm-level efficiency [11]. These findings highlight the 

importance of technological modernization, particularly in regions characterized by resource 

constraints. 

Water-use efficiency has been widely studied in the context of irrigation management. 

Institutional reforms and improved water governance mechanisms significantly influence 

irrigation performance [12]. More recent research emphasizes technological and policy 

challenges associated with implementing water-saving irrigation systems in Uzbekistan [13]. 

At the macro level, digital economy development has been shown to positively affect 

agricultural water efficiency through better information flows and resource allocation [14]. 

However, limited empirical research evaluates the direct impact of digital agri-food 

technologies on farm-level technical efficiency under severe water scarcity conditions in the 

Aral Sea region. 

This study contributes to the literature by providing micro-level efficiency analysis 

linking digital adoption and water-constrained agricultural performance. 
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3 Methodology 

3.1 Data Collection 

The empirical analysis is based on primary survey data collected from 120 dehkan farms 

operating in the Republic of Karakalpakstan during the 2025 agricultural season. A structured 

questionnaire was administered to gather farm-level information on land use, labor input, 

irrigation water consumption, energy use, production value, and digital technology adoption. 

Only fully completed responses were included in the final dataset. Farms were classified into 

two groups: digital adopters and conventional farms. Digital farms reported the use of 

improved irrigation practices, monitoring tools, or participation in structured training 

programs. 

3.2 Efficiency Measurement: DEA Model 

Technical efficiency was estimated using a Data Envelopment Analysis (DEA) approach. An 

input-oriented DEA model under variable returns to scale was applied, reflecting the 

resource-constrained production environment of the Aral Sea region (see Figure 1). The DEA 

model can be expressed as follows: 

 
   𝑚𝑖𝑛𝜃,𝜆𝜃  𝑠. 𝑡. 𝑌𝜆 ≥ 0𝑦𝑖        (1) 

   𝜃𝑥𝑖 ≥ 𝑋𝜆         (2) 

   𝑁1′𝜆 = 1        (3) 

   𝜆 ≥ 0         (4) 

 

where θ represents the technical efficiency score, xi  and yi denote the input and output 

vectors, while λ is the intensity vector under the VRS assumption. A value of θ =1 indicates 

full technical efficiency. 

Fig. 1. Input variables used in the DEA efficiency estimation model 

Input variables were selected according to the production characteristics of dehkan farms 

under water scarcity conditions. The output variable is total crop production value expressed 

in monetary terms. Efficiency scores range between 0 and 1, where a score of 1 indicates full 

technical efficiency. The model estimates the proportional reduction in inputs required to 

maintain observed output levels. 
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3.3 Second-Stage Analysis  

To examine determinants of efficiency, a Tobit regression model was employed due to the 

censored nature of DEA efficiency scores. The explanatory variables include (see Figure 2). 
 

Fig. 2. Conceptual framework of the DEA–Tobit efficiency estimation model 

This second-stage analysis allows identification of factors influencing efficiency 

differences among farms.  

The Tobit regression results for the determinants of technical efficiency are presented in 

Table 3.  

Table 3. Tobit Regression Results for Technical Efficiency Determinants 

Variable Coefficient Std. Error p-value 

Digital adoption 0.143*** 0.041 0.002 

Training access 0.087** 0.029 0.011 

Farm size 0.052** 0.018 0.024 

Water intensity -0.065*** 0.020 0.004 

*** p<0.01, ** p<0.05 

 

The Tobit regression results indicate that digital technology adoption positively and 

significantly affects technical efficiency at the 1% level. This finding suggests that farms 

using digital irrigation and monitoring technologies operate closer to the production frontier 

through more efficient input allocation. Training access also shows a positive and statistically 

significant effect, highlighting the importance of institutional support and farmer capacity-

building.  Farm size also demonstrates a positive relationship with efficiency, suggesting that 

larger farms may benefit from economies of scale and improved resource management. In 

contrast, higher water intensity is negatively associated with technical efficiency, reflecting 

the adverse impact of inefficient irrigation practices under water scarcity conditions. 
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4 Results 

The estimated technical efficiency scores indicate considerable variation among dehkan 

farms operating under water scarcity conditions. As reported in (Table 1), the average 

technical efficiency score across all farms is 0.72. This suggests that farms could potentially 

reduce input use by approximately 28% while maintaining current output levels. The 

minimum score of 0.41 highlights the presence of substantially inefficient production units, 

whereas the maximum score of 1.00 indicates that several farms operate on the efficiency 

frontier. The standard deviation of 0.14 reflects moderate dispersion and heterogeneity in 

production performance. 

Table 1. Technical Efficiency Scores of Dehkan Farms 

Indicator Mean Minimum Maximum Standard Deviation 

Technical Efficiency 

(All farms) 
0.72 0.41 1.00 0.14 

 

A comparison between technology groups reveals a clear efficiency advantage for 

digitally oriented farms. As shown in (Table 2), digital farms achieve a mean efficiency score 

of 0.81, while conventional farms record an average score of 0.67. The efficiency gap of 0.14 

points demonstrates a meaningful difference in resource utilization and production 

management practices. 

Table 2. Efficiency Comparison by Technology Adoption 

Group Number of Farms Mean Efficiency Standard Deviation 

Digital farms 54 0.81 0.10 

Conventional farms 66 0.67 0.13 

 

A two-sample t-test confirms that the difference in mean efficiency between the two 

groups is statistically significant at the 5% level (p < 0.05). This result indicates that digital 

technology adoption is positively associated with improved technical efficiency. 

Additionally, digital farms exhibit lower irrigation water intensity per unit of output, 

suggesting more efficient water allocation under scarcity conditions. 

5 Discussion 

The empirical results indicate that digitally oriented farms demonstrate higher technical 

efficiency compared to conventional farms. This performance difference can be explained by 

improved input allocation and better production management practices. Digital tools enable 

farmers to monitor irrigation timing, soil moisture conditions, and crop requirements more 

precisely. As a result, resource use becomes more targeted and less wasteful, allowing farms 

to operate closer to the production frontier. 

The findings are consistent with Carrer et al. (2022), who reported that precision 

agriculture technologies improve technical efficiency through optimized input allocation and 

better farm management practices. Similarly, DeLay et al. (2021) found that digital 

monitoring systems reduce resource waste and allow farms to operate closer to the production 

frontier. The positive relationship between digital adoption and efficiency observed in this 

study suggests that digital irrigation technologies play a particularly important role under 
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water-scarce conditions, where efficient allocation of irrigation water directly affects 

production performance. 

The results also support the broader argument of Chang et al. (2023), who emphasized 

that digitalization contributes to agricultural water-use efficiency through improved 

information flows and resource coordination. However, unlike previous macro-level studies, 

this research provides micro-level evidence from dehkan farms in the Aral Sea region, where 

ecological degradation and irrigation constraints create a highly resource-sensitive 

production environment. 

One of the primary mechanisms behind improved performance is water-saving efficiency. 

Precision irrigation systems reduce over-irrigation and optimize water delivery according to 

crop needs. Digital monitoring technologies support real-time decision-making, which 

lowers water losses and energy consumption. In water-scarce environments such as the Aral 

Sea region, these improvements directly translate into higher productivity per unit of water 

used. 

Institutional factors also play a critical role in determining efficiency outcomes. Access 

to extension services, training programs, and affordable credit facilitates digital adoption and 

enhances farmers’ managerial capacity. Farms with better institutional support are more 

likely to integrate modern irrigation technologies and improve operational efficiency. 

Without adequate policy and financial support, the diffusion of digital technologies may 

remain limited. 

Overall, the findings suggest that digital transformation in agriculture, combined with 

institutional strengthening, can significantly enhance farm-level efficiency under water 

scarcity conditions.  

6 Conclusion 

This study examined the technical efficiency of dehkan farms in the Aral Sea region and 

assessed the impact of digital agri-food technology adoption under water scarcity conditions. 

The results indicate that digitally oriented farms operate closer to the production frontier and 

demonstrate higher efficiency scores compared to conventional farms. Improved irrigation 

management and more precise input allocation contribute significantly to resource-saving 

potential and enhanced farm performance. 

The findings confirm that digital technologies can serve as an effective mechanism for 

improving water-use efficiency in water-constrained agricultural systems. However, 

technology alone is not sufficient. Institutional support mechanisms, including farmer 

training, extension services, and access to affordable credit, are essential for scaling digital 

adoption. 

From a policy perspective, governments and regional authorities should prioritize 

investments in digital irrigation infrastructure, expand capacity-building programs, and 

facilitate financial instruments that lower adoption barriers for smallholder farms. 

Strengthening institutional coordination in water management can further enhance 

sustainable agricultural development in the Aral Sea region. 

References 

1. Food and Agriculture Organization of the United Nations (FAO). (2025, November 3). 

Addressing land degradation for a sustainable future. Addressing Land Degradation for 

a Sustainable Future. https://www.fao.org/interactive/2025/tackling-land-

degradation/en/   

6

BIO Web of Conferences 239, 04004 (2026)
ICSAF 2026

https://doi.org/10.1051/bioconf/202623904004

https://www.fao.org/interactive/2025/tackling-land-degradation/en/
https://www.fao.org/interactive/2025/tackling-land-degradation/en/


2. M. Bekchanov, A. Bhaduri, C. Ringler, Potential gains from water rights trading in the 

Aral Sea Basin. Agr. Water Manage. 152, 41–56 (2015). 

https://doi.org/10.1016/j.agwat.2014.12.011 

3. M. Bekchanov, C. Ringler, A. Bhaduri, M. Jeuland, Optimizing irrigation efficiency 

improvements in the Aral Sea Basin. Water Resour. Econ. 13, 30–45 (2015). 

https://doi.org/10.1016/j.wre.2015.08.003  

4. E. Njuki, B. E. Bravo-Ureta, Irrigation water use and technical efficiencies: 

Accounting for technological and environmental heterogeneity in U.S. agriculture 

using random parameters. Water Resour. Econ. 24, 1–12 (2018). 

https://doi.org/10.1016/j.wre.2018.02.004  

5. C. Parra-López, S. B. Abdallah, G. Garcia-Garcia, A. Hassoun, H. Trollman, S. Jagtap, 

S. Gupta, A. Aït-Kaddour, S. Makmuang, C. Carmona-Torres, Digital technologies for 

water use and management in agriculture: Recent applications and future outlook. Agr. 

Water Manage. 309, 109347 (2025). https://doi.org/10.1016/j.agwat.2025.109347 

6. E. A. Abioye, M. S. Z. Abidin, M. S. A. Mahmud, S. Buyamin, M. H. I. Ishak, M. K. I. 

A. Rahman, A. O. Otuoze, P. Onotu, M. S. A. Ramli, A review on monitoring and 

advanced control strategies for precision irrigation. Comput. Electron. Agric. 173, 

105441 (2020). https://doi.org/10.1016/j.compag.2020.105441 

7. L. Simionesei, T. B. Ramos, J. Palma, A. R. Oliveira, R. Neves, IrrigaSys: A web-

based irrigation decision support system based on open source data and technology. 

Comput. Electron. Agric. 178, 105822 (2020). 

https://doi.org/10.1016/j.compag.2020.105822 

8. Z. Zhai, J. F. Martínez, V. Beltran, N. L. Martínez, Decision support systems for 

agriculture 4.0: Survey and challenges. Comput. Electron. Agric. 170, 105256 (2020). 

https://doi.org/10.1016/j.compag.2020.105256 

9. M. J. Carrer, H. M. De Souza Filho, M. De Mello Brandão Vinholis, C. I. Mozambani, 

Precision agriculture adoption and technical efficiency: An analysis of sugarcane farms 

in Brazil. Technol. Forecast. Soc. Change 177, 121510 (2022). 

https://doi.org/10.1016/j.techfore.2022.121510 

10. N. D. DeLay, N. M. Thompson, J. R. Mintert, Precision agriculture technology 

adoption and technical efficiency. J. Agric. Econ. 73, 1, 195–219 (2021). 

https://doi.org/10.1111/1477-9552.12440 

11. N. Lampach, N. To-The, T. Nguyen-Anh, Technical efficiency and the adoption of 

multiple agricultural technologies in the mountainous areas of Northern Vietnam. Land 

Use Policy 103, 105289 (2021). https://doi.org/10.1016/j.landusepol.2021.105289 

12. K. Djumaboev, A. Hamidov, O. Anarbekov, Z. Gafurov, K. Tussupova, Impact of 

Institutional Change on Irrigation Management: A Case Study from Southern 

Uzbekistan. Water 9, 419 (2017). https://doi.org/10.3390/w9060419  

13. A. Hamidov, A. Akramkhanov, M. Khamidov, U. Juraev, S. Abulkosimova, K. 

Helming, Technological and policy challenges in implementing water-saving irrigation 

technologies: a case study from Uzbekistan. Int. J. Water Resour. Dev. 1–25 (2026). 

https://doi.org/10.1080/07900627.2025.2612485 

14. M. Chang, F. Li, S. Lin, J. Zhang, H. Shi, How is agricultural water efficiency affected 

by the digital economy? Insights from China. Water Policy 26, 1–17 (2023). 

https://doi.org/10.2166/wp.2023.168 

7

BIO Web of Conferences 239, 04004 (2026)
ICSAF 2026

https://doi.org/10.1051/bioconf/202623904004

https://doi.org/10.1016/j.agwat.2014.12.011
https://doi.org/10.1016/j.wre.2015.08.003
https://doi.org/10.1016/j.wre.2018.02.004
https://doi.org/10.1016/j.agwat.2025.109347
https://doi.org/10.1016/j.compag.2020.105441
https://doi.org/10.1016/j.compag.2020.105822
https://doi.org/10.1016/j.compag.2020.105256
https://doi.org/10.1016/j.techfore.2022.121510
https://doi.org/10.1111/1477-9552.12440
https://doi.org/10.1016/j.landusepol.2021.105289
https://doi.org/10.3390/w9060419
https://doi.org/10.1080/07900627.2025.2612485
https://doi.org/10.2166/wp.2023.168

