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B Abstract. The purpose of the study was to identify patterns in the interaction between institutional and technological
factors in shaping sustainable transboundary water governance in the region. To obtain a comprehensive picture, methods
of descriptive and comparative statistics, coefficient-based analysis, and multiparametric comparison of quantitative and
qualitative characteristics of water management in the three countries — Kyrgyzstan, Uzbekistan and Tajikistan — were
employed. In addition, an analysis was conducted of the impact of the demarcation and delimitation of inter-state borders
on the institutional structure and mechanisms for the allocation of water resources, which made it possible to clarify
how administrative changes influence governance efficiency. The results demonstrated that a pronounced asymmetry
in the technical condition and in the digitalisation of water management systems persisted throughout 2017-2024. The
deterioration of the irrigation network amounted to 62% in Kyrgyzstan, 55% in Uzbekistan and 60% in Tajikistan, whereas the
deterioration of pumping units reached 75%, 70% and 72%, respectively. Water losses during transportation ranged from 16-
20% in Kyrgyzstan, 18-22% in Uzbekistan and 17-19% in Tajikistan, reflecting differences in the degree of canal modernisation.
Losses of regulated flow amounted to 80 million m? in Kyrgyzstan, 110 million m® in Uzbekistan and 85 million m*® in Tajikistan,
while losses of delivered water reached 25, 35 and 25 million m?, respectively. The aggregate technological losses of the
region reached approximately 650 million m?, including 230-250 million m?in Uzbekistan, which corresponded to the highest
load on the downstream irrigation system. Overall, a transition towards a coordinated governance model was observed,
within which technological integration and data exchange constitute the basis for the long-term water sustainability of the
Fergana Valley. The practical value of the study lies in applying its findings to improve the region’s water management and
infrastructure, as well as to minimise the risks of geopolitical natural-resource conflicts

B Keywords: natural-resource conflicts; hydraulic infrastructure; digitalisation; sustainable water use; modernisation;
water balance; water border

B INTRODUCTION

The relevance of this study is determined by the growing
tension in water-management relations among the coun-
tries of the Fergana Valley, where the transboundary re-
sources of the Syr Darya remain the key factor underpinning
the region’s economic and social stability. Rapid changes in
the hydrological regime, increasing water consumption in
the agricultural sector and insufficient coordination among
Kyrgyzstan, Uzbekistan and Tajikistan lead to rising water
losses, declining efficiency of irrigation systems and risks
of technogenic destabilisation, which, in turn, trigger new
episodes of geopolitical natural-resource conflicts. Under

conditions of intensifying climate variability and limited wa-
ter resources, the transition to digital and integrated man-
agement systems constitutes one of the priority avenues for
ensuring water security in the Fergana Valley. In this context,
the geo-economic and geopolitical position of Kyrgyzstan
as an upstream country plays a critical role in shaping re-
gional water and energy governance. As noted by E. Bel-
ek uulu et al. (2024), despite possessing significant hydro-
power potential and relatively well-studied water resources,
Kyrgyzstan continues to face structural constraints related
to its mountainous topography and complex water-sharing
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arrangements with downstream states, which limits the ef-
fective utilisation of its water and energy resources.

The issues addressed in this study stem from the ab-
sence of a unified mechanism for inter-state regulation of
water use, the uneven development of hydraulic infrastruc-
ture and the low level of automation in monitoring. Despite
the existence of institutional structures and elaborated
management concepts, a significant share of proposed ap-
proaches remains at a theoretical level, which has intensi-
fied the imbalance between the upper and lower reaches
of the basin. The lack of data transparency, incompatibility
of equipment and differences in the national standards of
border-adjacent states complicate the formation of a com-
mon system for governing the water balance. Under these
conditions, the scientific substantiation of mechanisms for
sustainable water resource management and the enhance-
ment of the spatial security of hydrological networks acquire
particular significance for the region’s long-term stability.

Drawing on the findings of N. Zatilla et al. (2025), it was
recorded in Uzbekistan that the redistribution of water com-
munications following demarcation led to the formation of
zones of heightened hydrological dependence. It was iden-
tified that strengthening coordination mechanisms among
the countries is capable of reducing the vulnerability of bor-
der-adjacent systems and increasing the uniformity of flow.
In the study by S. Xenarios et al. (2022), it was determined
that the basin management institutions that emerged after
delimitation retained a fragmented character. It was shown
that the absence of inter-state protocols and unified monitor-
ing systems hinders the effective regulation of seasonal wa-
ter flows. In the analysis of materials by E. Kilicbeyli (2023),
it was established that in Kyrgyzstan territorial delimitation
processes reinforced the importance of water diplomacy
and domestic political mechanisms of control over resource
distribution. It was noted that conflicts over access to irri-
gation canals most frequently arise in areas where energy
and agricultural interests intersect. Based on the review by
S. Jumari et al. (2023), it was determined that border adjust-
ments in densely populated valleys lead to institutional and
engineering contradictions. It was emphasised that demar-
cation without the synchronisation of hydraulic standards in-
creases the likelihood of duplicated water withdrawals and
emergency disruptions.

According to H. Wang et al. (2021), it was shown that
the introduction of geoinformation mapping contributes to
the optimisation of water protection zones and to reducing
moisture losses. It was established that spatial regulation
models make it possible to adapt flow distribution to land-
scape characteristics. In the conceptual interpretation by
Q. Fang & H. Li (2021), it was indicated that the long-term
sustainability of water use is directly linked to the economic
valuation of ecosystem services. It was argued that integrat-
ing the principles of natural capital into water policy creates
a foundation for a transition from resource exploitation to
sustainable management. In the analytical interpretation by
R. Schofield (2022), it was noted that water borders possess
a dynamic nature, and their stability is determined not by
legal agreements but by the morphology of the channels
themselves. It was emphasised that the demarcation of
channel systems requires constant updating of hydrological
data and the harmonisation of inter-state cartographic coor-
dinates. In the conceptual analysis by J. Castafio-Alvareza et
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al. (2023), it was shown that water management projects in
areas where the interests of different regions intersect form
the foundation of environmental and social contradictions. It
was argued that only the inclusion of natural and socio-eco-
nomic factors in the delimitation process can ensure the
long-term sustainability of water regimes.

In the structural analysis by A. Pino et al. (2025), it was
identified that the spatial organisation of water territories
follows the same patterns as urban boundaries. It was
shown that the precise delineation of water “functional con-
tours” reduces the load on irrigation networks and contrib-
utes to the even distribution of resources in transbounda-
ry valleys. In the institutional interpretation by S. Jumari et
al. (2022), it was noted that the demarcation of water fron-
tiers is impossible without the integration of political-admin-
istrative structures and mechanisms of joint management. It
was emphasised that the absence of unified regulations for
the operation of canals and pumping systems exacerbates
managerial fragmentation and decreases the effectiveness
of water control. In the hydroecological justification by
S. Al-Asadi & W. Muttashar (2022), it was shown that the
degradation of river ecosystems is capable of fundamen-
tally altering the parameters of international water law. It
was established that ecological shallowing and the silting
of channels compel states to revise water-use boundaries
and update the normative principles of interaction. In the
comparative context provided by E. Sackey (2024), it was
argued that the development of unified delimitation criteria
is possible only when legal and hydrographic approaches
are combined. It was noted that examples from West Africa
demonstrate how the synchronisation of technical stand-
ards reduces the risk of water disputes and strengthens
transboundary stability, analogous to the challenges faced
by the countries of the Fergana Valley. The influence of bor-
der changes on the efficiency of water allocation and the
coordination of inter-state resource governance remained
insufficiently studied.

The purpose of the study was to determine the inter-
relation between the technological condition, digitalisation
and institutional mechanisms that form a sustainable model
of transboundary water resource governance in the coun-
tries of the Fergana Valley, with a view to reducing the risks
of geopolitical natural-resource conflicts. The objectives of
the study were to identify changes in water use following
border demarcation, to assess the condition of hydraulic
infrastructure and to determine the factors influencing the
sustainability of water governance in the countries of the
Fergana Valley.

B MATERIALS AND METHODS

The study examined the functioning characteristics of water
management systems and the irrigation and hydraulic infra-
structure of Kyrgyzstan, Uzbekistan and Tajikistan, as well
as the interrelations among their operational, technological
and organisational parameters for 2017-2024. The objects of
observation were the water resource management systems
and the irrigation and hydraulic structures of the Fergana
Valley, including canals, pumping stations, hydroposts and
key reservoirs. This approach made it possible to encom-
pass the full cycle of the functioning of the region’s water
management complex and to identify interrelations among
operational, technological and organisational parameters.
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For the analysis, statistical data were used from
the national water resource committees of Kyrgyzstan
(NSCKR, 2025), Uzbekistan and Tajikistan (CAWATER, 2023;
2024). The following were considered as basic indicators:
actual water withdrawal for the Syr Darya basin (km?), devi-
ation from the limit (%), actual use of water limits (%), water
losses in open canals (billion m3), length of modernised ca-
nals (km), number of pumping stations (units), level of hy-
draulic infrastructure modernisation (index), share of water
management expenditure in GDP (%), volume of key reser-
voirs (km?), reduction of winter releases (%), glacial runoff
(km3/year), automated hydroposts (units), average delay in
hydrological data transmission (hours), implemented deci-
sions of inter-state commissions (units), economic damage
from uncoordinated actions (million USD/year) and the po-
tential for water savings through the introduction of synchro-
nised systems (%). Standard statistical algorithms and cal-
culation formulas were used for data processing, providing
a quantitative assessment of differences and ratios among
water-use indicators. The calculations were performed in
Statistica 12.0 (StatSoft, USA) and Microsoft Excel 2021. The
mean value was calculated according to formula (1):

M =E=n, ()

where x, — an individual observation; n — the number of ob-
servations.

For spatial analysis, layers of basin boundaries, water
intakes, canals and reservoirs were used, processed in
ArcGIS 10.8 with the application of Spatial Analyst and the
Hydrology Toolset. The resulting data were used for quanti-
tative comparison and for analysing the distribution of flow
and water losses. The analysis of operational characteris-
tics was carried out using production logs, reports and lit-
erature sources for Kyrgyzstan (Ministry of Water Resourc-
es..., 2024), Uzbekistan (lkramov et al., 2025) and Tajikistan
(Environmental Monitoring Report, 2024). The following pa-
rameters were considered: water losses during transporta-
tion (%), losses of regulated flow (million m?), pump efficiency
factor, deterioration of units (%), number of emergency shut-
downs (cases/year), losses of delivered water (million m3),
volume of cleaning works (thousand m?®), fulfilment of repair
plans (%), deterioration of the irrigation network (%), canals
without concrete lining (%), area of land requiring recon-
struction (million ha), cost of supplying 1 m*® of water (USD),
annual electricity expenditure (million USD), inter-repair pe-
riod of pumps (years), share of capacities with an efficiency
factor below 0.6%, regional water losses (million m3®year),
loss of crop yield (% of agricultural output), area of sustaina-
bly irrigated land (million ha).

The study relied on data from the analytical report on
water resources in Central Asia for the three countries,
World Bank (2024a). The following were examined: the
share of irrigation and drainage communications in border
zones (%), number of unauthorised accesses (units), water
losses due to interventions (million m®), material damage
(million USD), number of functioning pumping stations, level
of protection (coefficient), engineering stability (coefficient),
share of facilities requiring enhanced protection (%), share
of video-monitoring systems (%), number of installed leak-
age and pressure sensors, average delay in hydrological
data transmission (hours), integral index of spatial stability,
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average response time to failures (hours), recovery coeffi-
cient after shutdowns, reduction in the number of emergen-
cy incidents (%), engineering reliability of systems, increase
in regional security (%) and reduction in economic risks (%).
To summarise the parameters, an integral assessment meth-
odology was applied, in which composite indices were cal-
culated as weighted averages of three groups of factors:
engineering, organisational and digital.

The analysis was conducted on the basis of literature
sources and reports of the United Nations Economic Com-
mission for Europe (2025) for Uzbekistan (Asilbekova et
al., 2023), for Kyrgyzstan (Water Yearbook, 2024) and for
Tajikistan. The following indicators were used in the study:
share of autonomous water use (%), controlled water with-
drawal coefficient, number of automated observation points
(units), average error of hydrological data (%), share of syn-
chronised accounting points (%), level of digitalisation of
hydrological networks (%), accuracy of flow-distribution
forecasts (%), share of hybrid pumping stations (%), integral
water sustainability index and projected sustainability level.

B RESULTS

Dynamics of the functioning

of the water resource distribution system

By 2024, the transboundary management of water resourc-
es in the Fergana Valley continued to show a high depend-
ence on inter-state coordination and technological dispari-
ties. Between 2017 and 2025, as a result of the processes
of delimitation and demarcation of inter-state borders, the
structure of water flow distribution and the administrative
affiliation of key hydraulic structures among Kyrgyzstan,
Uzbekistan and Tajikistan changed. The process was com-
pleted between Uzbekistan and neighbouring countries by
2023, whereas demarcation between Kyrgyzstan and Tajik-
istan is ongoing, which has resulted in the redistribution of
responsibility for the operation and technical maintenance
of water management infrastructure. Prior to 1991, water
resource management was carried out centrally within the
framework of Soyuzgidroproyekt and the basin administra-
tions of the USSR, which ensured the planned distribution
of flow among the republics. After 1991, upon gaining inde-
pendence, each country formed its own water regulation
bodies, which increased fragmentation and complicated the
coordination of limits. The presented data show that the wa-
ter deficit in the Syr Darya basin reached critical levels, and
the gap between approved limits and actual water withdraw-
al amounted to approximately 17%. Uzbekistan gained the
greatest benefits from demarcation, as a significant share
of main canals and reservoirs became located within its
territory after the clarification of borders, including facilities
previously operated jointly with Kyrgyzstan and Tajikistan.
This change strengthened its position in regulating down-
stream flows and the distribution of irrigation resources. In
Kyrgyzstan, the consequences of the division of operational
networks manifested themselves in rising water losses and
reduced controllability of upstream sections, whereas Uz-
bekistan obtained an advantage in controlling distribution
lines and the water supply of irrigation zones as a result of
the ratified and delimited borders. In Tajikistan, reconstruc-
tion works covered major canals and pumping stations, but
their effectiveness was constrained by technical depend-
ence on main lines, part of which, following demarcation,
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the delimitation and demarcation of 2017-2025 altered the
balance of ownership and operation of water resources,
intensifying technological and institutional asymmetry. The
main challenges of the post-demarcation period relate to
the division of responsibilities, the uneven modernisation of
infrastructure and the complexities of inter-state regulatory
coordination (World Bank, 2024b). Summary indicators re-
flecting the scale of demarcation impacts and the potential

came under the administration of neighbouring countries
(Scientific-Information Center..., 2024a).

An additional factor transforming the water balance
was Afghanistan’s construction of the Qosh-Tepa Canal
(since 2022), which led to the redistribution of the Amu
Darya flow and a reduction in water inflow to downstream
areas, including Tajikistan. This circumstance required Tajik-
istan, Kyrgyzstan and Uzbekistan to strengthen hydropoliti-

F 2

cal cooperation and adjust their water-use strategies. Thus,

for reducing water losses are presented in Table 1.

Table 1. Key indicators of water management in the countries of the Fergana Valley (2023-2024

Actual water withdrawal in

Total regional volume -

limits, % (2024)

the Syr Darya Basin, km3 2.8 34 19 3
(2024) 8.1 km
Deviation from the limit, % 47 10 17 Uzbekistan offsets the deficit
(2024) through flow redistribution
A High utilisation of limits in
Actual utilisation of water 78 91 87 the lower reaches of the

basin

Water losses in open canals,

Decreased from 3.4

Decreased from 6.5

Decreased from 7.1

High losses in ageing

expenditure in GDP, % (2024)

billion m3 (2023-2024) to 3.1 to 6 to 6 irrigation networks
Length of modernised Active reconstruction of
canals, km (2023-2024) 210 410 620 main canals in Uzbekistan
. ) Uzbekistan has the largest
Number of pumping stations, ) )
units (2024) 12 38 25 pumping nerork in the
region
Level of hydrotechnical .
infrastructure modernisation, 35 42 40 According toi)h;World Bank,
% (2024)
Share of water management 0.9 21 17 High burden on Uzbekistan’s

agricultural sector

Volume of key reservoirs, km3
(March 2024)

7.7 (Toktogul
Reservoir)

2.3 (Tyuyamuyun
Reservoir)

3.4 (Kayrakkum
Reservoir)

Key reservoirs of the Fergana
Valley

Glacial runoff, km3/year

1.2 (Petrov Glacier)

0.4 (Ak-Suu Glaciers)

0.5 (Gissar Range

Main sources feeding the

(2023-2024)

(2024) Glaciers) basin’s rivers
Reduction of winter releases, _ 8 12 For accumulating spring
% (2024) water volumes
Highest density of
0,
Automated hydroposts, % 38 49 42 hydroposts in the lower
(2024)
reaches
Average delay in hydrological Rapid data transmission in
data transmission, hours 60-72 54-60 60-72 Uzbekistan due to SCADA
(2024) networks
Implemented decisions of )
inter-state commissions, % 38 4 38 Share of implemented Syr

Darya agreements

Economic damage from
uncoordinated actions,
million USD/year (2023-2024)

reduced from 95
to 90

reduced from 120
to 110

reduced from 95
to 90

Total regional damage,
highest in the lower reaches

60 — agricultural

70 — agricultural

60 — agricultural

(2024)

sector
sector - sector o
Structure of damage, % 25 - electricity sector 20 - electricity 25 - electricity sector Distribution OAf losses across
> sector g economic sectors
15 — operational . 15 — operational
10 — operational
costs costs
costs
Potential water savings with According to calculations
synchronised systems, % 22 27 23 by the Central Asian Water

Resources Institute

Note: GDP — gross domestic product
Source: developed by the author based on CAWATER (2023; 2024), Scientific-Information Center... (2024a), E. Chembarisov
& M. Rakhimova (2024), World Bank (2024b), NSCKR (2025), and formula (1)
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By 2024, the transboundary management of water re-
sources in the Fergana Valley continued to exhibit tension
and dependence on inter-state coordination. According to
statistical data, the highest actual water withdrawal was
recorded in Uzbekistan — approximately 3.4 km?, reflecting
the key role of the country as the main water consumer
in the lower reaches of the Syr Darya. The lowest with-
drawal was observed in Tajikistan — approximately 1.9 km?,
where resource use was constrained by mountainous ter-
rain and a smaller area of irrigated land. The gap between
approved limits and actual withdrawal averaged 10-17%,
indicating a deficit of flow and technological unevenness
in water distribution. Resource shortages reached peak
levels specifically in the spring-summer season, when irri-
gation demand is at its maximum and the coordination of
inter-state releases becomes more difficult (Chembarisov
& Rakhimova, 2024).

Infrastructure development in 2023-2024 demon-
strated significant disparities. The largest volume of mod-
ernisation of irrigation systems was carried out in Uz-
bekistan — more than 410 km of canals and 38 pumping
stations — which made it possible to reduce water losses
in open channels from 6.5 to 6 billion m®. The lowest rates
of renewal were recorded in Kyrgyzstan, where approx-
imately 210 km of networks were modernised, while the
share of technically deteriorated canals remained high.
The share of water management expenditure in GDP also
varied: the highest was 2.1% in Uzbekistan, the lowest —
0.9% in Kyrgyzstan, which confirmed differences in the
countries’ capacities to finance the water sector. The en-
ergy-hydrological aspect remained one of the key sources
of contradictions. The largest reservoir in the region — Tok-
togul in Kyrgyzstan — contained 7.7 km® of water, serving
as the main regulator of flow. The lowest volumes were
recorded in the Tuyamuyun Reservoir (2.3 km?, Uzbeki-
stan), located entirely under national administration, which
limited the capacity to compensate for seasonal fluctua-
tions and regulate water supply to Uzbekistan’s irrigation
systems. Irregular releases resulted in water shortages in
downstream areas and yield losses amounting to up to
60% of the total damage to the agricultural sector. The
region’s aggregate economic damage was estimated at
USD 110-120 million per year, with Uzbekistan bearing the
largest losses and the mountainous areas of Tajikistan the
smallest (Scientific-Information Center..., 2024a).

The level of digitalisation of hydromonitoring also dif-
fered. The highest level of automation was recorded in Uz-
bekistan (approximately 49% of hydroposts), the lowest —in
Kyrgyzstan (38%). The average delay in data transmission
amounted to 54-72 hours, which limited the effectiveness
of response during inter-agency coordination. The poten-
tial for water savings under the transition to synchronised
systems reached up to 27% in Uzbekistan, whereas the
smallest effect — approximately 22% — was projected for
Kyrgyzstan. These differences show that, after the com-
pletion of demarcation and delimitation processes, the
sustainability of water governance in the Fergana Valley is
determined not by the physical availability of water, but by
the level of technological modernisation, digital exchange
and inter-state coordination (World Bank, 2024b). Regions
with the highest water withdrawals and the highest level
of automation (Uzbekistan) gain an advantage in the sta-
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bility of flow distribution, whereas territories with minimal
modernisation (Kyrgyzstan) remain vulnerable to seasonal
shortages and losses.

Dynamics of the modernisation

and reconstruction of irrigation networks

The technological structure of the irrigation infrastructure
of the Fergana Valley in 2023-2024 demonstrated the con-
sequences of the administrative division of water systems
among Kyrgyzstan, Uzbekistan and Tajikistan. The analysis
of water transfer indicators and the operation of pumping
stations indicated a pronounced heterogeneity in technical
condition and differences in management efficiency. Uz-
bekistan gained relative advantages after the completion
of demarcation and delimitation processes, as key sections
of main canals and part of the pumping stations, which en-
sure stable water inflow to the lower parts of the valley,
came under its control. At the same time, Kyrgyzstan and
Tajikistan faced increased dependence on border-adjacent
flows and the need to coordinate water-release regimes
through inter-state commissions. The impact of demarca-
tion and delimitation of state borders exerted substantial
influence on the contemporary configuration of water man-
agement. The division of what was previously a unified
irrigation network led to the redistribution of ownership
zones and responsibilities for the operation of hydraulic
structures, including pumping stations, distribution nodes
and flow-regulation systems. Part of the infrastructure pre-
viously under joint use came under the jurisdiction of Uz-
bekistan, which increased its level of control over water
supply to downstream basin areas. Meanwhile, Kyrgyzstan
lost part of its regulating capacities, particularly in territo-
ries where borders passed along old riverbeds and canals.
This resulted in a mismatch between administrative and
technical boundaries, complicating coordination and the
planning of water supply. The delimitation processes inten-
sified management fragmentation, especially in the border
areas of the Fergana Valley, where the need emerged for
precise synchronisation of water-use schedules and the
coordination of seasonal releases. This, in turn, required
new mechanisms of inter-agency exchange and digital
monitoring, without which it is impossible to implement co-
ordinated water-use regimes within transboundary basins
(Cohen et al., 2025).

Comparative analysis of operational reliability showed
that the highest concentration of controllable capacities
was observed in Uzbekistan, where the level of technical
modernisation was above the regional average. The sys-
tems of Kyrgyzstan remained the least resilient to opera-
tional failures, which was associated with high equipment
deterioration and limited reserve capacities. Collectively,
this reflected the increasing institutional and technological
asymmetry between the countries, manifested in differ-
ences in energy efficiency, digitalisation and the respon-
siveness of flow regulation. Thus, the processes of demar-
cation and delimitation altered not only the geography of
water use but also the distribution of advantages in the
management of water structures, heightening the need
for inter-state coordination and the alignment of technical
standards (Central Asia Water & Energy Program, 2023).
Summary indicators characterising these differences are
presented in Table 2.
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Table 2. Key technological indicators of the irrigation infrastructure of the Fergana Valley

Water losses during transport, % 16-20 18-22 17-19 19
Losses of managed flow, million 80 110 85 92
m3/year
Efficiency coefﬁgient of pumping 0.64-0.68 0.66 0.65 0.65
stations
Wear of pumping units, % 75 70 72 72
Number of emergency shutdowns, 7 6 6 6
cases/year
Losses of supplied water, million 25 35 05 08
m3[year
Annual volume lc()rfnclearnng works, 180 320 240 047
Fulfilment of repair plans, % 32 48 38 39
Wear of the irrigation network, % 62 55 60 59
Canals without concrete lining, % 40 33 40 38
Area of land requiring
reconstruction, thousand ha 70 90 100 87
i 3
Cost of s“pp'ydgg; m? of water, 0.025 0.021 0.022 0.023
Annual elec.tr'|C|ty expenditure, 10 20 10 13
million USD
Average inter-repair period of 5 6 5 53
pumps, years
Share of capacities with efficiency
below 0.6% 25 2 25 24
Water Ios§e§ across the region, 200 230 200 210
million m3/year
Yield losses, % of gross agricultural 8 6 8 7
output
Area of sustamaply irrigated land, 03 14 05 107
million ha

Source: developed by the author based on Central Asia Water & Energy Program (2023), Ministry of Water Resourc-
es... (2024), Environmental Monitoring Report (2024), N. Ikramov et al. (2025), A. Cohen et al. (2025)

The technological parameters of the operation of the
irrigation infrastructure of the Fergana Valley in 2023-2024
demonstrated significant differences among the countries
of the region, reflecting both the technical condition of the
systems and the consequences of the demarcation of water
borders. Uzbekistan was characterised by the most stable
indicators of water use, where water losses during trans-
portation amounted to 18-22%, which was lower than in Kyr-
gyzstan (up to 20%) and comparable to Tajikistan (17-19%).
The lowest pump efficiency factor was recorded in Tajik-
istan (approximately 0.65), whereas in Uzbekistan it reached
0.66, reflecting the comparatively better technical condition
of equipment and partial automation of water delivery.

The highest deterioration of pumping units was ob-
served in Kyrgyzstan — up to 75%, with the regional average
around 72%, indicating chronic underfunding of repair pro-
grammes. The lowest deterioration was recorded in Uzbeki-
stan (approximately 70%), where more regular maintenance
and canal cleaning works were carried out. The frequency
of emergency shutdowns also differed: the highest num-
ber (7 cases per year) was recorded in Kyrgyzstan, and the
lowest (6 cases) in Uzbekistan. These differences demon-
strated the heterogeneity of electricity supply and the level
of technical resilience of pumping systems. Following the
demarcation and delimitation of state borders carried out
in 2017-2024, what had previously been a unified irrigation
network became divided among the countries, leading to a
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shift in water flows and in the distribution of responsibilities
for the operation of facilities. As a result, the largest losses
of regulated flow were recorded in Uzbekistan — approx-
imately 110 million m?® per year — and the smallest in Kyr-
gyzstan (80 million m3). This difference reflected the coun-
tries’ positions within the hydrological structure of the basin:
the upper reaches in Kyrgyzstan form the flow, whereas the
downstream sections in Uzbekistan experience losses dur-
ing transport and distribution (Cohen et al., 2025).

The volume of annual cleaning and restoration works in
Uzbekistan reached approximately 320 km, the highest val-
ue in the region, whereas in Kyrgyzstan their length did not
exceed 180 km. The fulfilment of repair plans also varied: the
maximum (48%) was recorded in Uzbekistan, and the mini-
mum (32%) in Kyrgyzstan, which directly influenced the op-
erational reliability of systems. At the same time, the largest
share of canals without concrete lining (40%) persisted in
Kyrgyzstan and Tajikistan, whereas in Uzbekistan it did not
exceed 33%, which reduced filtration losses. Energy indica-
tors likewise demonstrated substantial differences: annual
electricity expenditure in Uzbekistan amounted to approxi-
mately USD 20 million, the highest among the countries of
the region, whereas the lowest costs (USD 10 million) were
recorded in Kyrgyzstan and Tajikistan. The cost of supplying
water ranged from USD 0.021 per m? in Uzbekistan (the low-
est) to USD 0.025 in Kyrgyzstan (the highest), confirming the
relationship between energy efficiency and the modernisa-
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tion of equipment. The area of land requiring reconstruction
was lowest in Kyrgyzstan (70 thousand ha) and highest in
Uzbekistan (90 thousand ha), reflecting differences in the
scale of irrigation networks and the level of technogenic
load. Overall, the data for 2023-2024 show that Uzbekistan
obtained the greatest advantages from demarcation and de-
limitation, strengthening its control over the lower links of the
irrigation network and centralising water distribution man-
agement. Kyrgyzstan, by contrast, faced increasing opera-
tional risks due to the fragmentation of hydrosystems (Cen-
tral Asia Water & Energy Program, 2023). Thus, the analysis
of the highest and lowest indicators demonstrates that the
territorial boundary-setting processes of 2017-2025 led to
technological and institutional asymmetry, whereby Uzbek-
istan consolidated its position in managing water facilities,
while Kyrgyzstan and Tajikistan remained more vulnerable.

Comprehensive analysis
of the spatial reliability of the region’s hydrosystems
Following the completion of the demarcation and delimi-
tation of inter-state borders carried out between 2017 and
2025, a significant share of the irrigation and drainage com-
munications of the Fergana Valley became divided among
Uzbekistan, Kyrgyzstan and Tajikistan. Demarcation altered
the configuration of ownership of water management fa-
cilities, while delimitation clarified the legal boundaries of
responsibility for the operation of canals, reservoirs and
pumping stations. As a result, what had previously been a
unified water-use system fragmented into separate seg-
ments, the management of which now required constant
inter-agency coordination. The alignment of engineering
communications with political-administrative boundary lines
created new risk zones and laid the foundation for a geo-
political natural-resource conflict. In border-adjacent areas
where irrigation networks pass through several countries,
the need emerged for daily coordination of water releases
and technical maintenance. This increased the dependence
of the functioning of hydrosystems on political stability and
the level of inter-state cooperation. After delimitation, Uz-
bekistan gained control over several strategically significant
hydraulic facilities in the lower reaches of the Fergana Val-
ley, including distribution nodes and pumping stations that
ensure the water supply of densely populated agricultural
districts. Kyrgyzstan, by contrast, retained predominantly the
upper reaches of rivers where the main flow is formed, but
found itself constrained in its ability to regulate that flow due
to the loss of part of its infrastructure. Tajikistan occupied an
intermediate position, retaining part of the main canals and
reservoirs, while simultaneously increasing its dependence
on coordination with neighbouring states regarding season-
al release regimes (World Bank, 2024a).

Demarcation and delimitation not only consolidated
new borders but also altered the mechanisms of ownership

and water allocation. Whereas in the Soviet period (until
1991) the regulation of water resources was conducted cen-
trally under the unified administration of Sredazgiprovod-
khoz, after independence and the completion of territorial
boundary-setting each country created its own departmen-
tal structures and water-use standards. This resulted in the
emergence of duplicating functions, the misalignment of
water delivery schedules and an increase in operational
pressure on regional services. The most sensitive conse-
quence of boundary-setting was the loss of the integrity of
irrigation systems and the need to restructure water-release
balances. Thus, water delivery that previously moved along
unified main canals now crosses multiple jurisdictions, each
of which regulates its own section. This led to an increase
in technological losses and complicated the maintenance of
stable irrigation regimes. The policy of Afghanistan became
an additional destabilising factor. The construction of the
Qosh-Tepa Canal in the northern provinces of Afghanistan,
which began in 2022, reduced the inflow of Amu Darya wa-
ters, adversely affecting the water supply of the southern re-
gions of Tajikistan. This circumstance further strengthened
the significance of the Fergana Valley as a key node of ge-
opolitical control over water resources (Wang et al., 2022).

In response to these challenges, Tajikistan began de-
veloping a strategy of geopolitical partnership with Uzbeki-
stan and Kyrgyzstan aimed at the joint regulation of season-
al releases and the monitoring of flow. The establishment of
unified inter-state observation stations and real-time hydro-
logical data exchange is being considered. Such measures
are viewed as part of a geopolitical mechanism for prevent-
ing natural-resource conflicts and strengthening regional
resilience. Uzbekistan, for its part, strengthened its role in
the management of water facilities and dispatch control in
the lower reaches, which gave it a relative advantage after
demarcation. Kyrgyzstan and Tajikistan remain more vul-
nerable but retain strategic significance as sources of flow
formation. Parallel initiatives developed for the creation of
unified indicators of engineering reliability, energy efficiency
and digitalisation, allowing comparisons of the condition of
water management systems. By the end of 2024, the region
demonstrated signs of a transition to a more coordinated
governance model, in which technical modernisation was
accompanied by political negotiations and attempts to de-
velop unified safety standards (Golunov & Bitabar, 2025).
Thus, demarcation and delimitation not only altered admin-
istrative boundaries but also reshaped the water manage-
ment system, transforming it into an instrument of geopo-
litical interaction. These processes determined the balance
of interests among Uzbekistan, Kyrgyzstan and Tajikistan,
where control over water facilities became a factor of not
only economic but also political weight. Summary indicators
of engineering protection, digitalisation and operational re-
silience by country are presented in Table 3.

Table 3. Spatial security and resilience of the hydraulic infrastructure of the Fergana Valley (2023-2024)

Share of irrigation and drainage

After border demarcation, zones

o ) o 38 42 2y of operational risk for system
communications in border zones, % .
maintenance
Number of recorded unauthorised Interventions in the operation of

accesses (2023-2024)
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Table 3. Continued

Total water losses due to interventions, 25 08 32 Average annual regional loss volume:
million m3 75 million m3
Direct material damage, million USD 3.2 29 26 Total regional damage: USD 7.6 million
Number of functioning pumping 6 9 8 Greatest density in the lower reaches
stations, units of the valley
Level of protection of pumping stations 072 075 0.69 Reflects the presence of control and
(coefficient) ’ ’ : security systems
Engineering stability of water supply 0.68 077 074 Characterises the technical condition
networks (coefficient) ' : : of infrastructure
Share of facilities requiring enhanced 3 26 36 Facilities with low stability and high
engineering protection, % wear
Video-monitoring systems, % of total 43 54 16 Level of digital monitoring of the
number of canals hydraulic network
Installed leakage and pressure sensors, 12 38 18 Increased the rapid detection of
units leakages
Average delay n hydrolog|ca| data 70 58 65 Regional average indicator: 64 hours
transmission, hours
Integral index of spatial sustainability 0.73 0.79 071 Aﬁg?ﬁ?ﬁ;?@;ﬁ;ﬁ;f ;rgcly?:cetrilc?r%
Average response time to emergency 5 4 6 Reduced following the introduction of
failures, hours a three-level control system
Restoration coefficient after emergency Reflects the effectiveness of
shutdowns 083 086 082 maintenance services
Reduction in the number of emergency 12 16 17 Dynamics of improvement after
incidents, % compared with 2023 digitalisation
Engineering reliability of systems 0.74 0.76 0.74 Regional average level
(national average) ’ ’ ’
Increase in regional security level, % 1 12 11 ccffrjirr\ziiﬂ:wifdelﬁgiar:g:rtilr?gsatggdtgreds
Reduction of economic risks, % 15 16 15 Compared with 2023

Source: developed by the author based on World Bank (2024a), Scientific-Information Center... (2024b)

In 2023-2024, aggregate water losses resulting from
technical failures and interventions remained substantial
and were distributed unevenly across the countries of the
region. The highest leakages were recorded in Tajikistan —
approximately 32 million m® — which was associated with
the high level of infrastructure deterioration and insufficient
automation of processes. The lowest values were observed
in Uzbekistan, where losses did not exceed 28 million m?
owing to the introduction of remote monitoring and the sys-
tematic servicing of pumping stations. Kyrgyzstan occupied
an intermediate position, demonstrating a gradual reduction
in losses against the background of equipment modernisa-
tion programmes (Argali, 2025).

According to the Central Asian Water Resources In-
stitute, the level of protection of pumping stations ranged
from 0.69 in Tajikistan to 0.75 in Uzbekistan, which reflect-
ed differences in technical policy and operational organi-
sation. Uzbekistan employed a comprehensive approach
that included video monitoring, perimeter security, pressure
sensors and automatic diagnostics, which made it possi-
ble to minimise the risk of accidents and unauthorised in-
terventions. In Kyrgyzstan and Tajikistan such mechanisms
were still in a formative stage, increasing the likelihood of
technological failures. Indicators of engineering resilience
of water supply networks demonstrated the same pattern:
the highest level was recorded in Uzbekistan (approximately
0.77), and the lowest — in Kyrgyzstan (around 0.68). These
differences were explained by the degree of equipment re-
newal, the intensity of repair works and the level of energy
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efficiency. Uzbekistan maintained an optimal ratio between
the volume of supplied water and electricity consumption,
whereas the other countries of the region faced rising oper-
ational costs (Scientific-Information Center..., 2024b).

Uzbekistan also remained the leader in terms of digital-
isation, providing automated control for more than half of its
pumping stations (approximately 54%). In Tajikistan and Kyr-
gyzstan this indicator remained lower, which had a direct ef-
fect on the speed of response to emergency situations. The
average time required to eliminate malfunctions amounted
to around 4 hours in Uzbekistan and up to 6 hours in Ta-
jikistan. Demarcation and delimitation of inter-state borders
significantly influenced the organisation of water manage-
ment and the distribution of powers. After the boundary-set-
ting process, what had previously been a unified irrigation
network became divided into several national segments
with differing operational standards and levels of responsi-
bility. Ownership and operation of a number of pumping sta-
tions passed to Uzbekistan, which strengthened its position
in managing the lower reaches and ensuring stable water
supply. At the same time, the mismatch between technical
and administrative boundaries complicated flow manage-
ment, especially in areas where engineering systems inter-
sected state boundary lines. This resulted in risks of dupli-
cating functions, delays in coordinating water releases and
episodic monitoring failures (Argali, 2025).

These processes exacerbated the geopolitical natural-re-
source conflict, as the regulation of water flows became a fac-
tor of political influence and economic stability. Uzbekistan
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reinforced its importance as the country controlling key wa-
ter distribution nodes, whereas Kyrgyzstan and Tajikistan
depended on inter-state agreements and seasonal release
schedules. The integral index of spatial resilience, reflecting
the combined condition of engineering, organisational and
digital protection, reached 0.79 in Uzbekistan and 0.71in Ta-
jikistan. The regional average amounted to approximately
0.74, which indicated a gradual alignment of technical ca-
pabilities and the strengthening of security systems. Uz-
bekistan maintained leadership in infrastructure resilience
and response speed, Kyrgyzstan demonstrated positive
dynamics owing to network reconstruction, and Tajikistan
concentrated its efforts on the development of automation
and engineering protection (Golunov & Bitabar, 2025). Thus,
after demarcation and delimitation, Uzbekistan obtained the
greatest institutional and technological advantages, ensur-
ing a higher level of control, security and digitalisation within
the region’s water-use system, whereas Tajikistan faced the
greatest losses and vulnerability.

Transformation of approaches

to water resource management in the region

In 2023-2024, the water sustainability of the Fergana Valley
shifted from a short-term regulation regime towards the for-
mation of the foundations of long-term management. The re-
distribution of irrigation systems among Kyrgyzstan, Uzbek-
istan and Tajikistan was accompanied by a gradual change
in the structure of water use, the emergence of elements
of autonomous control and a reduction in dependence on
external supplies. These processes reflected the adaptation
of national systems to the new conditions of transboundary
interaction following the administrative boundary-setting of
water management territories. Demarcation and delimitation
of inter-state borders exerted a comprehensive influence
on the organisation of water resource management, shap-
ing the current state of coordination and the distribution of
responsibilities among the countries of the region. The di-
vision of what had previously been a unified infrastructure
required the clarification of operational zones, the legal sta-
tus of canals and the mechanisms of inter-agency control.
In practice, this resulted in the necessity to coordinate new
water-release regulations, to unify approaches to flow ac-
counting and to develop joint standards for the maintenance
of hydraulic structures. These processes were accompanied
by the emergence of a geopolitical natural-resource conflict
associated with control over key water distribution nodes,
some of which came under the administration of Uzbekistan.
Simultaneously, the legal and technical foundations were
being formed for the digital exchange of data, making it pos-

sible to integrate national monitoring systems into a unified
transboundary network (Prniyazova et al., 2025).

The development of mechanisms for joint monitoring
of water flows contributed to increasing transparency in the
distribution of resources and reducing discrepancies in data
among the countries. During this period, synchronisation in
the recording of indicators at border sections improved, and
inter-agency groups began to carry out regular automat-
ed comparison of information. Uzbekistan simultaneously
strengthened its role as a coordinating centre, controlling
key pumping stations and distribution nodes in the lower
reaches of the valley. This made it possible to achieve great-
er accuracy in assessing the water balance and greater re-
sponsiveness to seasonal fluctuations in inflow. Alongside
institutional changes, the technological capacity for manage-
ment was strengthened. The expansion of the observation
network, the introduction of digital platforms and the integra-
tion of national databases ensured a higher level of coordi-
nation of water-delivery and release schedules. The joint use
of telemetric systems and unified reporting formats facilitat-
ed progress towards establishing an integrated information
environment covering the main basin nodes of the Ferga-
na Valley (Prniyazova et al, 2025). Particular attention was
paid to digitalisation and the improvement of energy effi-
ciency in hydraulic systems. The expansion of automated ac-
counting stations, hybrid pumping units and software-based
forecasting tools enabled the transition from manual control
to algorithmic flow regulation. For Uzbekistan, this became
an instrument for strengthening technological influence and
stabilising water supply under conditions of geopolitical nat-
ural-resource conflict with neighbouring countries. At the
same time, Kyrgyzstan and Tajikistan sought to reduce their
dependence on decisions made by Uzbekistan by develop-
ing their own systems of local regulation.

Taken together, these tendencies indicated a gradual
transition from an administratively divided model of water
regulation to a coordinated management system based on
digital exchange, the unification of technical norms and joint
oversight of infrastructure operation. Uzbekistan, possess-
ing the most developed system of monitoring and regula-
tion, consolidated its advantage in managing water flows in
the lower reaches, whereas Kyrgyzstan and Tajikistan main-
tained limited autonomy and dependence on inter-state
mechanisms. This process became the key outcome of re-
gional interaction during the period under consideration,
forming the basis for the further integration of water man-
agement systems (Abdullaev & Akhmedov, 2023). Summary
data on digitalisation, the level of autonomous water use
and system sustainability indices are presented in Table 4.

Table 4. Water sustainability and long-term resource management in 2023-2024

Share of autonomous water use, % 65 74 67 Reflects the degree of |n§e_pendent
water supply after delimitation
Coefficient _of managed water 078 0.86 075 Ratio of supplied to effectively utilised
withdrawal water volume
Automated observation points, units 20 32 18 Joint accounting of ﬂPW
at transboundary sections

Average hydrological data error, % 8 6 9 Error margin in inter-state data exchange
Share of synchronised accounting 46 58 a4 Percentage of facilities integrated

points, % into the unified monitoring system
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Table 4. Continued

Level of digitalisation of hydraulic Includes telemetric sensors
49 62 47 o
networks, % and digital gateways
Accuracy of flow-distribution 87 92 85 Increase in accuracy following the
forecasts, % introduction of digital systems
Share of hyt?r|d p””?p'”g stations 1 21 9 Use of renewable energy sources
(solar installations), %
Integral index of water sustainability 078 0.83 076 Comprehensive assessment of technical
(2024) ’ ’ : and institutional sustainability

Source: developed by the author based on I. Abdullaev & Sh. Akhmedov (2023), K. Asilbekova et al. (2023), Water
Yearbook (2024), United Nations Economic Commission for Europe (2025), A. Prniyazova et al. (2025)

According to the United Nations Economic Commis-
sion for Europe (2025) on the transformation of water use
in Central Asia after border demarcation, in 2023-2024 the
water sustainability of the Fergana Valley was shifting from
a crisis-management regime towards a more balanced sys-
tem of long-term governance. The redistribution of irrigation
networks among Kyrgyzstan, Uzbekistan and Tajikistan was
accompanied by a rise in autonomous water use: the high-
est share (74%) was recorded in Uzbekistan, where modular
pumping stations and automated distribution nodes were
being introduced, and the lowest (65%) in Kyrgyzstan, where
part of the networks remained dependent on transboundary
supplies. These differences demonstrated the influence of
administrative boundary-setting, which required the devel-
opment of new mechanisms of coordination and the deline-
ation of responsibilities among the countries (Asilbekova et
al., 2023). The coefficient of controlled water withdrawal
ranged from 0.86 in Uzbekistan (the highest value) to 0.75
in Tajikistan (the lowest), reflecting differences in the level
of automation and the technical condition of pumping sys-
tems. Uzbekistan demonstrated the greatest resilience due
to digital management of water delivery and release, where-
as Tajikistan retained a high share of manual regulation. Kyr-
gyzstan occupied an intermediate position (0.78), gradually
introducing elements of remote regulation. These values
indicated a trend towards the alignment of water load and
a reduction in dependence on transboundary flows, forming
a basis for the transition to joint water resource utilisation
(Prniyazova et al., 2025).

The development of monitoring systems became a key
instrument for reducing conflict potential and improving flow
controllability. In 2023-2024, the highest number of auto-
mated observation points was introduced in Uzbekistan (32
units), and the lowest in Tajikistan (18 units). This made it
possible to increase the density of the observation network
and reduce discrepancies in data among the countries. The
average error in hydrological data exchange reached 6% in
Uzbekistan (the lowest) and 9% in Tajikistan (the highest),
which reflected a rise in measurement accuracy and trans-
parency of regulation. The time lag between the recording
of indicators and their transmission decreased from 72 to
48 hours, which is especially important for adaptive man-
agement of irrigation regimes (Water Yearbook, 2024). The
consequences of demarcation and delimitation were most
evident in the area of inter-agency data exchange. The divi-
sion of water management systems along borders required
the integration of national databases and the harmonisation
of accounting formats. According to the Water Yearbook,
the highest coverage of transboundary accounting points —
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58% — was ensured in Uzbekistan, and the lowest — 44% in
Tajikistan. This reflected the level of administrative and tech-
nical readiness of the countries to operate within a unified
information space. Technological integration was enhanced
through the introduction of the shared electronic platform
“CA-HydroLink”, which covered 14 basin nodes. According
to literature sources, its use increased the efficiency of in-
ter-state regulation by 9% and reduced the volume of unco-
ordinated water operations by approximately 10-12%. These
improvements made it possible to reduce transportation
losses to 6% in Uzbekistan, the lowest value in recent years
(Water Yearbook, 2024).

An important direction of modernisation was the use
of hybrid pumping units operating partly on solar energy.
Their greatest diffusion was observed in Uzbekistan (21%
of stations), and the lowest in Tajikistan (9%), reflecting dif-
ferences in access to financing and technological resourc-
es. This transition made it possible to reduce energy costs
and strengthen the independence of water supply systems
from fluctuations in electricity regimes. The integral water
sustainability index of the region in 2024 ranged from 0.83
in Uzbekistan (the highest value) to 0.76 in Tajikistan (the
lowest), indicating a trend towards the gradual convergence
of technical and organisational characteristics. At the same
time, it was precisely in the period following delimitation
that the geopolitical natural-resource conflict intensified,
associated with the redistribution of ownership and control
over water nodes. Uzbekistan obtained key positions in flow
management and the maintenance of downstream supply,
which increased its strategic influence in the region (Abdul-
laev & Akhmedov, 2023). These indicators demonstrated
that after demarcation and delimitation the countries of the
region managed to transition from fragmented water use to
a more coordinated and digitally integrated management
system, in which technological compatibility and data trans-
parency became the basis of sustainability.

B DISCUSSION

The obtained results indicated that by 2024 water manage-
ment in the Fergana Valley retained features of institution-
al fragmentation and technological inequality among the
countries. The analysis showed that existing differences in
actual water withdrawal and the level of modernisation re-
flected not only disparities in resources but also the quality
of inter-agency coordination. The uneven utilisation of water
limits and the dependence on weather and energy condi-
tions pointed to the absence of a unified strategic model for
managing transboundary flows. The comparison of data for
Kyrgyzstan, Uzbekistan and Tajikistan revealed that meas-
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ures aimed at modernising infrastructure had a limited ef-
fect due to equipment deterioration and incompatibility of
regulation systems. The low level of automation and delays
in hydrological data transmission increased the risk of errors
in calculating the water balance. At the same time, contra-
dictions persisted between energy and irrigation priorities,
causing instability in water supply during seasonal cycles.
The institutional weakness of inter-state commissions was
manifested in the low implementation of agreed protocols
and in rising economic losses. These results confirmed that
technological integration and the unification of digital mon-
itoring are necessary conditions for the region’s transition
from crisis regulation to sustainable water use and for reduc-
ing conflict potential.

In the context of the general theoretical works of A.
Ghaffar et al. (2023) and S. Yusof & M. Saman (2023), the
issue of the delimitation of water systems was examined
from the standpoint of legal doctrine and geopolitical inter-
pretation. A. Ghaffar et al. analysed the scientific evolution
of approaches to delimitation over five decades, identifying
changes in the conceptual framework. S. Yusof & M. Sa-
man focused on the legal procedures of maritime bounda-
ry delimitation between Malaysia and Indonesia, where the
normative aspect, rather than the functional parameters of
systems, was regarded as central. Both studies were theo-
retical in nature, confined to interpretative models. The pres-
ent study on the Fergana Valley also relied on theoretical
analysis; however, it was distinguished by the inclusion of
structural comparison of the technological, institutional and
energy indicators of the three countries, forming an inter-
disciplinary basis for understanding regional sustainability.

From the analytical perspective of the works of
M. Salameh et al. (2021) and B. Jabbar (2024), water sys-
tems were considered as part of the political-economic
structures that shape resource-centred dependencies.
M. Salameh et al. examined the water crisis in Middle East-
ern countries, linking it to macroeconomic imbalances,
whereas B. Jabbar described the interconnection of water
and energy interests in the Mediterranean in the context of
a theoretical model of interdependence. These studies re-
mained conceptual and did not engage with cross-sectoral
interrelations. In contrast, the theoretical study on the Fer-
gana Valley relied on the comparison of water-energy and
organisational factors, which made it possible to identify
the internal logic of regional vulnerability and systemic im-
balance, a level of understanding unattainable in narrower
models. In the epistemological context of the studies by
J. Choi (2024) and M. Hossain et al. (2021), attention was
focused on the institutional dimension of transboundary
governance. J. Choi examined interaction mechanisms on
the Korean Peninsula as a model of trust-building within
a peace process, while M. Hossain et al. considered the
judicial delimitation of the Bay of Bengal as a theoretical
example of the legal codification of conflicts. Both stud-
ies remained within the confines of normative-institutional
analysis and did not incorporate cross-sectoral compari-
sons. In contrast, the conducted study of the Fergana Val-
ley retained a theoretical character but relied on a multilay-
ered methodology, integrating institutional, infrastructural
and technological parameters into a unified conceptual
model of the regional water balance. This made it possi-
ble to substantiate the integrative potential of a theoret-
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ical system for managing transboundary resources that
extends beyond individual legal cases.

Within the analytical syntheses of M. Aryal &
M. Jung (2023) and T. Aklilu et al. (2024), attention was
directed towards developing theoretical models for the in-
teraction of natural and institutional factors in delineating
water-use zones. M. Aryal & M. Jung examined the settle-
ment of India-Nepal border disputes through a politico-le-
gal prism, describing delimitation as a form of diplomatic
compromise. The study was conceptual in nature, with-
out recourse to statistical or operational data. T. Aklilu et
al., by contrast, focused on the theoretical vulnerability of
water sources in the Upper Awash Basin and the idea of
protective zoning, yet without inter-state comparisons or
infrastructure analysis. Both works represented typical nor-
mative-analytical approaches, in which spatial parameters
were examined through models and assumptions rather
than empirical observations. The theoretical study of the
Fergana Valley developed this approach further by offering
a comprehensive interpretation of the delimitation of water
systems as a process affecting technological, institutional
and environmental sustainability. Such an interdisciplinary
synthesis made it possible to move beyond geopolitical
models and to formulate a structured concept of the re-
gion’s water balance.

In the context of the spatial-ecological interpretations
of M. de Andrés & J. Barragdn Mufioz (2022) and W. Ribei-
ro et al. (2022), attention was focused on the relationship
between theoretical principles of water ecosystem manage-
ment and the socio-economic parameters of land use. M. de
Andrés & J. Barragdn Mufioz examined the delimitation of
coastal zones in Andalusia as an element of socio-ecologi-
cal planning aimed at the sustainable use of natural resourc-
es, yet without extending the analysis to interregional inter-
connections. W. Ribeiro et al. analysed water consumption
in irrigated zones of Brazil, describing mechanisms for the
distribution of water flows within the theoretical context of
sustainable agriculture. In both studies, there was no prac-
tical assessment of the technical condition of infrastructure,
and water management was considered as a theoretical
model of rationalisation. In contrast, the study of the Fer-
gana Valley, while theoretical, was nonetheless systemic: it
combined the spatial logic of ecosystem analysis with insti-
tutional and technological approaches, encompassing not
only issues of balance but also the structural asymmetry of
water distribution among the countries of the region.

From a methodological perspective, F. Pinillos et
al. (2023) and B. Farhat et al. (2023) developed theoretical
approaches to the spatial differentiation of water systems
using geoinformation and multicriteria methods. F. Pinil-
los et al. proposed a concept of integrated management
of Chilean coastal zones based on cartographic models
and systems for the theoretical delineation of natural terri-
tories. B. Farhat et al. presented an analytical methodology
for assessing groundwater potential using GIS and hier-
archical analysis, viewing water resources as an object of
conceptual stratification according to utilisation priorities.
Both studies were distinguished by a strong methodological
component; however, they were confined to demonstrating
tools without practical interpretation for inter-state systems.
The theoretical study of the Fergana Valley, by contrast, em-
ployed similar methodologies to construct a comprehensive
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scheme of regional water sustainability. Geoinformation and
index-based analyses were applied not as abstract models
but as elements of a systemic reconstruction of water man-
agement, enabling a theoretical description of transbound-
ary flow coordination and the dependence of infrastructural
indicators on the level of digitalisation.

Within the framework of the theoretical developments
of N. Lépez-Calatayud et al. (2022) and N. Thanh Minh et
al. (2023), attention was focused on the modelling and al-
location of water resources in various geopolitical and nat-
ural contexts. N. Lépez-Calatayud et al. examined the man-
agement of wetlands under the Ramsar Convention, where
modelling processes were conducted in a normative-eco-
logical dimension and did not include inter-state parameters
of water use. The study was conceptual in nature, aimed at
formulating general principles of sustainable management
of natural areas. N. Thanh Minh et al,, in turn, analysed the
process of allocating water and maritime spaces between
Vietnam and neighbouring states, focusing on the politi-
co-legal aspects of maritime delimitation. The authors’ study
constituted a theoretical reconstruction of an interaction
model, without incorporating quantitative indicators or hy-
drological data. Both works were significant for the devel-
opment of the theoretical foundation of water policy, yet
remained confined to normative and conceptual levels. In
this context, the theoretical study of the Fergana Valley pos-
sessed greater systemic depth: it integrated spatial, institu-
tional and technological aspects, elucidating not only the
concept of delimitation but also its functional implications for
the sustainability of water systems under conditions of trans-
boundary interdependence. The obtained results confirmed
that the key factors of regional sustainability are the coher-
ence of hydraulic infrastructure, the digitalisation of water
monitoring and the institutional compatibility of manage-
ment systems. In contrast to existing theoretical concepts,
the present study proposed a holistic model linking water,
energy and spatial sustainability. This made it possible to
determine the dependence of the water balance on the lev-
el of technological modernisation and to demonstrate that
the long-term stability of transboundary systems requires
not only legal regulation but also the integration of technical
and organisational mechanisms.

B CONCLUSIONS

The conducted study showed that in 2017-2024 water man-
agement in the Fergana Valley was in a transitional state
between a fragmented and a coordinated regulatory sys-
tem. The actual water withdrawal in the Syr Darya Basin
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amounted to 8.1 km?, which was 10-17% below the approved
limits. The highest level of limit utilisation was observed in
Uzbekistan (91%), where the largest pumping network in
the region operated, and the lowest in Kyrgyzstan (78%),
reflecting differences in the degree of automation and in-
stitutional coherence. The overall water deficit reached
2 km?, indicating the persistence of uneven flow distribu-
tion between the upper and lower reaches of the basin.
Water losses during transport ranged from 16-20% in the
upper reaches to 18-22% in the lower reaches, associated
with canal deterioration and the uneven density of distri-
bution networks. Uzbekistan implemented the most exten-
sive restoration works: the length of annual cleaning oper-
ations reached 320 km, and the fulfilment of repair plans
amounted to 48%. The wear of pumping units across the
region remained high, averaging 70-75%, with an efficiency
coefficient not exceeding 0.66. The integral index of spa-
tial sustainability stood at 0.79 in Uzbekistan and 0.71 in
Tajikistan, reflecting differences in engineering and digital
protection. The average delay in hydrological data trans-
mission decreased to 54-60 hours in Uzbekistan compared
with 70 hours in Kyrgyzstan.

The level of digitalisation of hydraulic networks reached
62%, ensuring more rapid responses to emergency disrup-
tions. Despite the completion of territorial boundary-setting,
the Fergana Valley continued to experience a geopolitical
natural-resource conflict driven by uneven distribution of
headwaters, the concentration of hydraulic structures in
the upper reaches, institutional differences and population
growth in the lower reaches. Demarcation and delimitation
did not eliminate these contradictions but merely altered
their form, shifting them into a geopolitical dimension. Water
resources continued to constitute a key element of region-
al stability, with the balance of interests among Uzbekistan,
Kyrgyzstan and Tajikistan determining the prospects for sus-
tainable development. Future research should focus on the
empirical assessment of the effectiveness of digital moni-
toring systems and on modelling scenarios of sustainable
water use under conditions of transboundary interaction.
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B AHHOTauMs. V31naeeHyH MakcaTbl aiiMakTa TypyKTyy TpaHCUeK aparblk Cyy pecypctapbiH 6aLlkapyyHy eHYKTYPYYae
WMHCTUTYLUMOHANAbIK XXaHa TEXHONOrnanblk GakTop/1opayH 63 apa apakeTTeHyY YAry/1epyH aHbIKTOO 601roH. Komnnekctyy
KOPYHYLUTY anyy Y4YyH CYpeTTeMe >aHa canbllTbipManyy CTaTUCTUKaNbIK bikManap, KO3OPUUMEHTTUK aHanu3 >aHa
vy enkene — KbiprbiactaH, ©36ekcTaH xaHa TaXukcTaHga — Cyy pecypcTapbiH GallkapyyHYH CaHAbIK KaHa canaTtTblk
MYHO36MeNepyH Ken e3repMeryy CasbllWTbipyy KOMAOoHYyNraH. MamnekeTTep apanblk Yek apanapabl AeMapKaunsamOOHyH
>KaHa 4eNUMUTauUANI00HYH MHCTUTYLMOHANAbIK TY3YMIe XaHa Cyy pecypcTapbiH 66/1yLWTYPYY MeEXaHU3MAeprHE TUArn3reH
TaaCMpVH KolyM4ya Tangoo aaAMWHUCTPATUMBAMK ©3repyyiepayH OallukapyyHyH HaTblixanyynyryHa TURrM3reH taacupuviH
TAKTOOro MYMKYHAYK 6epan. XbIAbIHTbIKTap KOPCOTKOHAON, Cyy pecypcTapbiH 6alukapyy cucTemManapbliHbiH TEXHUKaNbIK
abanblHOa >aHa CcaHapunTeWTUPYYCYHAe aWikbiH acuMmmeTpusa 2017-xbingaH 2024-xbinra YewurH cakTanbin KanraH.
Cyrat TapMarbiHbiH acknpuwn KbiprbidctaHgarsl 62 %, ©36ekctangarsl 55 % xaHa TaxukctaHgarsl 60 % Ty3ay, an amu
HaCOCTYK arperatrapiblH 3CKUpULLK TuelwenyynyryHe >xapawa 75 %, 70 % xaHa 72 %ra >eTtkeH. Tawyy yyypyHaarbl
CYYHYH oroTyynapbl KbiprbiactaHaarbl 16-20 %, ©36ekcTtaHgarbl 18-22 % xaHa TaxukctaHgarbl 17-19 % yernHge esrepyn
TypraH, 6yn kaHangapabl MOAEPHU3AUMSN00 AapaxkacblHAarbl anbipMayblnbiKTapabl Yarbingblipat. balwkapbinyydy arbim
»orotyynapbl KblproiactaHgarbl 80 munnvon M3, ©36ekctaHgarbl 110 munnnon M3 >kaHa TaxukcraHgarbl 85 MUASIMOH
M3 Ty34y, an aMu GepunireH CyyHyH >KOroTyynapbl TuellenyynyryHe >apawa 25, 35 xaHa 25 MUAAnoH m3re XeTTu.
PervoHpory sxanmbl TeXHONOMUSAMbIK XOroTyynap 60/1kon meHeH 650 MUIMOH M3re XeTTu, aHblH nYnHae ©36ekcTaHaarb!
230-250 MunMoH m3, 6yn TOMOHKY arbiMAbl Cyrapyy CUCTEMAacbiH@ 3H XOrOpKy XYKTeMre Tyypa kenau. XXannbicbiHaH
anraHga, depraHa ©peeHYHAery y3ak MeeHeTTYY Cyy TYPYKTYYTYryHYyH HErusuvH TEeXHONOMUS/bIK WMHTerpauus >aHa
MaanbiMaT anMallyy Ty3reH KoopauHauuanaHraH Galikapyy mogenvHe etyy 6enruneHan. V3nngeeHyH npakTukasnbik
Gaanyynyry aHblH XbIAbIHTbIKTapblH aiMakTarbl CyyHy OallukapyyHy »aHa nHPaCcTPyKTypaHbl XaKLbIpTyyra, OLLOHAON 31e
>apaTblbll pecypctapbl 60OHYa reocasicuii Ybip-vaTaktapablH TOOOKeNAVKTEPMH MUHMMangalTbipyyra KongoHyyaa artat
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B AHHOTauMS. Lienbio nccrenoBaHns ABAANOCH BbISBIEHNE 3aKOHOMEPHOCTEN B3aMMOAECTBUA UHCTUTYLIMOHAMBHBIX
N TeXHonorn4yeckmx ¢pakTopos B GOPMMPOBAHMM YCTONHMBOIO TPAHCIPaHNYHOro BOAHOIO ynpaBneHns pervona. [ns nonyyexHms
KOMM/TIEKCHOM KapTWHbI UCMONb30Ba/IMCb METOAbI ONUCATENBHOM U CPaBHUTENBHOM CTATUCTUKUN, KOSDPULNEHTHbI aHanus, a
TaK>XXe MHOrornapameTpruyeckoe CONoCTaB/IeHMNE KOTMYECTBEHHbIX U Ka4eCTBEHHbIX XapaKTePUCTMK BOOHOIO MEHEIKMEHTA
Tpex cTpaH — Kbiprbi3ctaHa, Y36ekucrtaHa n TamkmkuctaHa. [JlonoHUTENbHO NPOBEeAEH aHann3 BO3AEeNCTBUSA AeMapKaunm
N 4eNUMUTaLUN MEXIOCYAapCTBEHHbIX FPaHNUL, Ha MHCTUTYLMOHA bHYIO CTPYKTYPY U MEXaHU3Mbl pacnpeaeneHns BOAHbIX
pPecypcoB, YTO MNO3BONAO0 YTOYHUTL BIMSHUE aAMUHUCTPATUBHBIX U3MEHEeHWI Ha 3bdEKTUBHOCTL ynpaBieHuns. Pesynbratsl
nokasanu, 4to B 2017-2024 rogax coxpaHsanacb BblpaXeHHas aCUMMETPUSA B TEXHUYECKOM COCTOSIHUM U UMdpoBm3aLmnm
CUCTEM BOOHOro X034McTBa. M3HOC nppuraumoHHon cetn coctaBnan 62 % B KbiprbisctaHe, 55 % B Y36ekucraHe n 60 %
B TagkMKuCTaHe, Torga Kak M3HOC HaCOCHbIX arperatoB gocturan 75 %, 70 % n 72 % cootBeTcTBEHHO. [1oTepn Boabl Npu
TpaHCcnopTMpoBKke BapbupoBanu B npegenax 16-20 % B Keiproiactane, 18-22 % B Y36ekuctane n 17-19 % B TagXukuncrtaHe,
4YTO OTpaxkasio pasnnuusa B CTerneHu MoAepHu3auuu KaHasnoB. MoTepu ynpaBnseMoro ctoka coctasnsnn 80 mMaH m° B
Kblprbiactare, 110 MaH M3 B Y36ekucTtaHe 1 85 MaH m° B TagpkMKUCTaHe, a noTepu nogasaemoi sodbl gocturanu 25, 35
n 25 maH M3 cootBeTCcTBEHHO. COBOKYMHbIE TEXHOMOMMYECKME NMOTEPU perMoHa AoCTuranu okono 650 MaH M3, BKAYas
230-250 MnH M3? B Y36€KUCTaHe, YTO COOTBETCTBOBA/IO CaMOW BbICOKOW Harpyske Ha OPOCUTE/TbHYIO CUCTEMY HU30BbLEB. B
Lile/IoM OTMEYEH Nepexon K KOOPAMHUPOBAHHOW MOAENN YNPAB/IEHUS, FAe TEXHONOrMYeCcKasa MHTerpaumnsa n oOMeH AaHHbIMK
GOopMUPYIOT OCHOBY [O/ITOCPOYHON BOAHOW YCTONYMBOCTN DepraHcKon AoAnHbI. [pakTuyeckas LEHHOCTb NCCNefoBaHNs
COCTOMUT B MPMMEHEHUN ero pe3ynbraToB Ans COBEPLUEHCTBOBAHMS BOAHOMO yrnpaBieHUs u MHPPaCTPYKTypbl PErnoHa, a
TaKXe B LeN1sX MUHUMU3aLMn PUCKOB reonoMTUYECKUX NPUPOAHO-PECYPCHBbIX KOHGTMKTOB
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