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Abstract. Water scarcity and land degradation pose significant challenges 

to agricultural sustainability in arid regions, particularly in the Aral Sea 

basin of Central Asia. In response to these pressures, circular bioeconomy 

and regenerative agriculture frameworks emphasize resource reuse, biomass 

circulation, and food waste valorization as pathways toward resilient food 

systems. However, limited empirical research has examined the structural 

production composition of smallholder farms and their embedded bio-

resource circulation potential in ecologically vulnerable regions. This study 

analyzes the production structure of dehkan farms in the Republic of 

Karakalpakstan using official statistical data for 2023–2024. The research 

evaluates crop–livestock distribution patterns, sectoral growth dynamics, 

and diversification levels across districts. A structural analysis approach 

combined with diversification indicators is applied to assess biomass 

generation and organic resource potential within existing agricultural 

systems. The results indicate that dehkan farms maintain a diversified 

production structure with a dominant role in vegetable, fruit, dairy, and 

livestock output. The coexistence of crop and livestock activities creates 

significant opportunities for internal nutrient cycling, manure-based soil 

regeneration, and organic residue valorization. The findings suggest that 

strengthening crop–livestock integration and promoting circular bio-

resource management can enhance regenerative capacity under water-scarce 

conditions. Policy measures supporting decentralized bioeconomy 

initiatives may further contribute to sustainable agricultural transformation 

in the Aral Sea region.  

1 Introduction 

Water scarcity and land degradation continue to shape the global agricultural agenda, 

particularly in arid and semi-arid regions where irrigation-dependent production systems face 

increasing pressure. Recent studies highlight that improving water-use efficiency requires 

not only technological modernization but also systemic transformation in resource 

management [1,4,5]. While digital irrigation tools, monitoring platforms, and water–energy 
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performance metrics have enhanced operational efficiency, structural sustainability remains 

a broader challenge that extends beyond technical optimization. 

At the same time, the concept of the circular bioeconomy has gained prominence as a 

framework for reorganizing agri-food systems around principles of resource efficiency, 

reuse, and regeneration. Rather than treating agricultural residues as waste streams, circular 

models integrate crop and livestock production, organic recycling, and industrial symbiosis 

to close nutrient and energy loops [2,6]. This paradigm shift redefines biomass as a renewable 

resource capable of supporting soil restoration, renewable energy generation, and sustainable 

food production. 

Regenerative agriculture further complements this transition by emphasizing soil health 

restoration, biodiversity enhancement, and ecosystem resilience [3]. Practices such as organic 

residue incorporation, diversified crop rotations, and integrated crop–livestock systems 

contribute to long-term productivity and carbon sequestration. However, the practical 

implementation of regenerative principles depends heavily on the structural composition of 

agricultural systems and the availability of internal bio-resources. 

In Central Asia, and particularly in the Aral Sea region, these global challenges intersect with 

severe ecological degradation. Decades of intensive irrigation and environmental 

mismanagement have resulted in soil salinization, reduced water availability, and heightened 

climate vulnerability. Agricultural sustainability in the Republic of Karakalpakstan therefore 

requires approaches that combine water efficiency improvements with regenerative resource 

cycles. 

Dehkan farms constitute a dominant component of the regional agricultural system and 

play a critical role in ensuring local food security. Their diversified production model, often 

combining vegetable cultivation, fruit production, and livestock rearing, provides inherent 

potential for internal nutrient circulation. Despite this structural advantage, existing empirical 

research in the region has primarily focused on irrigation efficiency, digital technologies, or 

farm-level performance indicators [1,4]. 

Therefore, this study aims to analyze the production structure of dehkan farms in the Aral 

Sea region, assess biomass and organic resource circulation potential, and identify pathways 

for strengthening regenerative agricultural systems based on circular bioeconomy principles.  

This study provides the first structural quantification of circular bio-resource potential in 

dehkan farming systems of the Aral Sea region using diversification and biomass-based 

indicators. 

In this study, crop residues and livestock manure are considered as primary bio-resources 

within the circular bioeconomy framework, while post-harvest and consumer-level food 

waste valorization remains a direction for future research. 

2 Literature Review 

Research on agricultural sustainability under water scarcity has expanded rapidly, with strong 

emphasis on improving irrigation performance and water productivity. Model-based studies 

demonstrate that optimizing irrigation quantities can significantly improve water-use 

efficiency while maintaining crop yields, particularly in water-constrained irrigation districts 

[7]. Such evidence reinforces the importance of precision water allocation as a core 

adaptation pathway in arid agricultural systems. 

Alongside biophysical optimization, recent literature highlights the systemic role of 

digital transformation in improving resource efficiency. Empirical work from China indicates 

that the digital economy can enhance agricultural water efficiency through improved 

information flows, better resource allocation, and technology diffusion mechanisms [8]. 

These findings suggest that digitalization operates not only at the farm level but also through 

broader institutional and market channels that shape efficiency outcomes. 
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Digital agriculture is also increasingly positioned as a climate-smart strategy that links 

productivity growth with mitigation and resilience objectives. Reviews emphasize that digital 

tools, including sensor-based irrigation, remote monitoring, and decision-support systems, 

can reduce resource waste and improve climate adaptability, thereby supporting food security 

goals [9]. However, much of this evidence remains concentrated in technologically advanced 

contexts, while fragile regions often lack comparable micro-level assessments. 

Systematic literature reviews further confirm that new technologies are reshaping 

irrigation management at the field scale. Digital irrigation management approaches are shown 

to improve scheduling accuracy, reduce over-irrigation, and enhance energy efficiency, with 

implications for water–energy nexus sustainability [10]. Yet, most studies focus on 

technological performance rather than the underlying production structure that determines 

how bio-resources circulate within farming systems. 

In parallel, circular bioeconomy and regenerative agriculture research argues that 

sustainability gains require closed-loop resource strategies rather than isolated efficiency 

improvements. While digital and precision irrigation can reduce input waste, regenerative 

transitions depend on crop–livestock integration, biomass availability, and organic residue 

reuse within local systems. This highlights the need to complement irrigation efficiency 

research with structural assessments of production composition and bio-resource circulation 

capacity in smallholder farming contexts. 

Overall, the literature provides strong evidence on water-use optimization and the benefits 

of digital irrigation technologies, but fewer studies connect these advances to regenerative 

system design and circular bioeconomy pathways in ecologically degraded regions such as 

the Aral Sea basin. This study addresses this gap by focusing on production structure and 

bio-resource circulation potential as key determinants of regenerative capacity under water 

scarcity. 

3 Methodology 

3.1 Data Source 

The empirical analysis is based on official agricultural statistics for 2023–2024 obtained from 

regional statistical authorities of the Republic of Karakalpakstan. The dataset includes 

district-level data on crop production volumes, livestock numbers, dairy output, vegetable 

and fruit production, and sectoral growth indicators. Dehkan farms constitute the primary 

unit of analysis due to their dominant role in regional food production. 

The selected period reflects the most recent post-pandemic agricultural cycle and allows 

assessment of current structural dynamics under ongoing water scarcity conditions. Data 

were aggregated at district level to ensure comparability across production categories. 

The Republic of Karakalpakstan includes heterogeneous ecological zones, including 

delta, desert, and irrigated agricultural areas. While district-level variation exists across these 

zones, the present analysis focuses on overall structural patterns rather than spatial 

differentiation. 

3.2 Structural Analysis Approach 

A structural composition analysis was applied to evaluate the distribution of agricultural 

output across crop and livestock sectors. The relative shares of vegetables, fruits, cereals, 

fodder crops, dairy production, and livestock numbers were calculated as proportions of total 

agricultural output. 
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Sectoral growth rates were examined to identify trends in specialization or diversification. 

This approach enables identification of dominant production patterns and potential 

imbalances within the agri-food system. 

3.3 Diversification Index 

To quantify production diversification, the Herfindahl–Hirschman Index (HHI) was applied: 

 

𝐻𝐻𝐼 = ∑ 𝑠𝑖
2𝑛

𝑖=1         (1) 

 

where (si) represents the share of each production category in total agricultural output. 

Lower HHI values indicate higher diversification, while higher values reflect sectoral 

concentration. Diversified systems are considered more resilient and more suitable for 

circular resource flows due to multiple biomass sources. 

To ensure conceptual clarity and methodological transparency, the analytical framework 

applied in this study is presented in Figure 1. The model illustrates the sequential logic 

through which structural assessment is transformed into an integrated regenerative capacity 

evaluation. 

 

Fig. 1. Analytical framework for assessing circular bioeconomy and regenerative capacity of dehkan 

farms 

As shown in Figure 1, the analytical model progresses from structural production 

identification to diversification measurement, biomass estimation, and integration 

assessment, culminating in the construction of a composite regenerative capacity index. 
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3.4 Biomass Estimation Logic 

Biomass potential was estimated based on crop output volumes and livestock population data. 

Crop residues were approximated using standard residue-to-product ratios derived from 

agronomic coefficients. Livestock manure potential was estimated using average manure 

generation rates per animal unit. 

Biomass estimation was based on FAOSTAT livestock data and standardized 

methodological approaches. Global livestock manure production reached approximately 125 

million tonnes of nitrogen (N) in 2018, of which about 27 million tonnes N were applied to 

agricultural soils [11]. At the same time, nearly 50% of manure N is lost to the environment, 

indicating significant inefficiencies in its utilization [11]. 

Manure generation rates were estimated following internationally accepted approaches, 

particularly IPCC guidelines for livestock-based calculations [13]. The use of such 

coefficients is especially important under conditions of water scarcity, where agriculture 

accounts for about 70% of global freshwater withdrawals and future food demand is expected 

to increase by around 60% by 2050 [12]. 

These calculations allow estimation of available organic material suitable for soil 

regeneration, composting, and nutrient cycling. The analysis does not measure actual reuse 

but estimates theoretical circular bio-resource capacity within existing production structures. 

The biomass estimation focuses on agricultural residues and livestock manure as 

measurable organic resource streams, while other forms of food waste, including post-harvest 

losses, are not included in the present empirical analysis. 

3.5 Circular Potential Assessment 

Circular bioeconomy potential was assessed by evaluating the degree of crop–livestock 

integration and the balance between plant and animal production systems. Districts exhibiting 

simultaneous high crop output and substantial livestock activity were classified as having 

stronger regenerative potential. 

The assessment considers three structural dimensions: diversification level, biomass 

availability, and integration capacity. This framework enables identification of districts 

where regenerative agriculture strategies can be implemented with minimal structural 

adjustment. 

4 Results  

The structural analysis of dehkan farms in Karakalpakstan for 2023–2024 reveals a 

diversified agricultural production system characterized by a balanced distribution between 

crop and livestock sectors. Vegetable production represents the largest share of total output, 

followed by dairy and fruit production, indicating a strong orientation toward food crops and 

high-value horticulture. 

Cereal and fodder crop production remain important components of the agricultural 

structure, supporting both food security and livestock development. The coexistence of crop 

and animal production activities creates favorable conditions for internal biomass circulation 

and nutrient recycling. 

The calculated diversification index confirms a low level of sectoral concentration, 

suggesting resilience under water-scarce conditions. Biomass estimations further indicate 

substantial availability of crop residues and livestock manure, providing a structural 

foundation for regenerative practices and circular bioeconomy implementation. The main 

structural indicators are summarized in Table 1.  
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Table 1. Structural Composition and Circular Bio-Resource Potential of Dehkan Farms (2023–2024) 

Indicator Value Interpretation 

Vegetables share (%) 28.4 Dominant crop segment 

Fruits share (%) 17.6 High-value horticulture 

Cereals share (%) 14.2 Staple production 

Fodder crops share (%) 11.8 Livestock support base 

Dairy production share (%) 15.3 Key regenerative input 

Livestock (meat) share (%) 12.7 Biomass and manure source 

Herfindahl–Hirschman Index (HHI) 0.19 High diversification level 

Estimated crop residue potential (thousand tons) 482 Strong organic residue base 

Estimated manure potential (thousand tons) 615 High soil regeneration capacity 

Crop–livestock balance ratio 0.94 Strong integration potential 

 

The results demonstrate that dehkan farms in Karakalpakstan maintain a diversified 

agricultural production structure, with vegetables and dairy production representing the 

largest shares (Table 1). The calculated Herfindahl–Hirschman Index of 0.19 indicates a low 

concentration level and confirms structural diversification. 

Biomass estimation results show substantial crop residue and manure availability, 

creating favorable conditions for internal nutrient cycling and organic soil regeneration. The 

crop–livestock balance ratio of 0.94 suggests a relatively integrated production system, which 

is a key structural prerequisite for circular bioeconomy implementation. 

Overall, the structural composition of dehkan farms provides a solid foundation for 

regenerative agriculture development under water-scarce conditions. 

5 Discussion 

The results indicate that the production structure of dehkan farms in Karakalpakstan 

possesses inherent characteristics supportive of regenerative agriculture. The relatively 

balanced distribution between crop and livestock sectors enhances the potential for internal 

nutrient cycling. Unlike specialized monoculture systems, diversified structures allow 

organic residues and livestock manure to be reused within the same production system, 

reducing dependency on external chemical inputs. 

One of the key mechanisms underlying regenerative potential is biomass circulation. 

Crop residues, when reintegrated into soil systems, improve organic matter content and soil 

structure. At the same time, livestock manure serves as a natural fertilizer source, contributing 

to nutrient recovery and soil fertility restoration. The estimated residue and manure 

availability suggests that existing structural conditions already provide the basic material 

base for circular bioeconomy implementation. 

Organic biomass circulation also plays an important role in water-use efficiency. The 

incorporation of crop residues and livestock manure increases soil organic matter, improving 

soil structure and moisture retention. Under arid conditions such as the Aral Sea region, this 

helps reduce irrigation needs and enhances drought resilience. 

Given that agriculture accounts for about 70% of global freshwater use and food demand 

is expected to grow by nearly 60% by 2050 [12], improving soil moisture retention through 

organic inputs becomes a key factor in reducing water pressure and maintaining stable 

production. 
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Diversified systems are better able to absorb water scarcity shocks because production 

risks are distributed across multiple subsectors. In water-constrained regions such as the Aral 

Sea basin, this structural flexibility becomes a critical sustainability factor. 

Institutional and policy factors, however, remain decisive for translating structural 

potential into actual regenerative transformation. While biomass availability is significant, 

effective valorization requires local composting systems, extension services, technical 

guidance, and financial support mechanisms. Without institutional coordination and targeted 

policy instruments, the circular potential identified in this study may remain underutilized. 

Overall, the findings suggest that regenerative transition in the Aral Sea region does not 

require radical restructuring of agricultural systems. Instead, it requires strengthening 

existing crop–livestock linkages, improving organic resource management practices, and 

aligning policy frameworks with circular bioeconomy principles. 

6 Conclusion 

This study examined the production structure of dehkan farms in the Republic of 

Karakalpakstan and assessed their embedded circular bio-resource potential under water-

scarce conditions. The findings demonstrate that dehkan farms maintain a diversified 

agricultural structure characterized by a relatively balanced distribution between crop and 

livestock activities. This structural composition creates favorable conditions for internal 

biomass circulation and regenerative resource use. 

The calculated diversification index confirms a low level of sectoral concentration, 

indicating resilience and structural flexibility. Biomass estimations reveal significant 

availability of crop residues and livestock manure, providing a tangible foundation for soil 

regeneration and nutrient recycling within circular bioeconomy frameworks. 

The results suggest that regenerative transition in the Aral Sea region can be achieved by 

strengthening crop–livestock integration and promoting decentralized organic resource 

management systems. Policy measures should focus on supporting local composting 

initiatives, improving extension services, and incentivizing bio-resource valorization 

practices. 

Overall, enhancing circular bioeconomy strategies at the farm level can contribute to 

sustainable agricultural transformation and long-term ecological resilience in water-scarce 

environments. 
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