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Abstract. The increasing impact of climate change on agricultural systems necessitates
the development of adaptive irrigation management approaches capable of ensuring stable
yields under growing environmental uncertainty. The aim of this study is to analyze and
demonstrate the effectiveness of an adaptive irrigation management model based on yield
forecasting and scenario analysis to improve the economic efficiency and sustainability of
agricultural production.

Methods: analysis of the scientific literature was applied to examine current
developments in this field; generalization and systematization were used to present the
research findings.

Results. The study synthesizes contemporary theoretical and methodological
approaches to irrigation management and integrates them with predictive and analytical tools
to form a comprehensive decision support system. The structural framework of the adaptive
model is substantiated, combining climatic, agronomic, and economic parameters into a unified
system of dynamic interaction. Key sources of uncertainty affecting irrigation efficiency are
identified, namely climatic variability, water resource availability, and technological
constraints, and their influence on yield is established. The methodological foundations of yield
forecasting and their integration into managerial decision-making processes are examined,
enabling the timely, data-driven adjustment of irrigation strategies. The role of scenario
modeling is analyzed as a tool for evaluating alternative development trajectories of irrigation
systems under varying climatic and economic conditions, which makes it possible to determine
optimal strategies under risk and uncertainty. The economic feasibility of implementing the
adaptive model is substantiated through its comparison with traditional irrigation approaches,
demonstrating its advantages in resource efficiency, yield stability, and profitability. The
model’s sensitivity to changes in external parameters is assessed, and the limits of its
adaptability under extreme conditions are determined.

Conclusions. The proposed model enhances the resilience and economic viability of
irrigated agriculture by improving the quality of decision-making, reducing risks, and ensuring
more efficient use of water resources under climate change.
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AHoTania. 3pocTtaryvi BIUIMB 3MiHM KJIMaTy Ha CUIBCBKOTOCHOJApPChbKi CHUCTEMH
3YMOBJIIOE HeOOXiHICTb pO3p06JieHHSI aJJalTUBHUX MiAXO/iB [0 yHpaBJ/iHHS 3pOLIEHHSM,
3/laTHUX 3abe3meyyBaTH CTabiJibHY BpOXAWHICTL B yMOBaX 3pOCTAalO40i €KOJIOTi4HOl
HeBU3HauyeHOCTi. MeTOWw 1bOro AOoCHi/keHHS € aHaJi3 i JeMoHcTpalis edeKTUBHOCTI
alallTUBHOI MOJieJli yIpaBJliHHA 3pOLIEeHHAM, 3aCHOBAHOI HAa IPOrHO3YBaHHI BPOXKaWHOCTI Ta
CLeHapHOMY aHaJi3i, 3 MeTOW MiJBHUILEHHS €KOHOMi4HOi epeKTUBHOCTI Ta CTiMKOCTI
ClJIbCbKOTOCIOapChbKOT0 BUPOOHHUIITBA.

MeToau: aHasli3 HAyKOBOI JIiTepaTypu — [IJis BUBUEHHS Cy4YacCHUX PO3PO6OK y 1iiK chepi;
y3araJbHeHHs Ta CUCTeMaTu3alid — JJId IpeJCTaBJIeHHs pe3yJbTaTiB JOC/iKeHH .

Pe3dysbTaTH. Y [OCHAIAXKEHH]I y3arajJbHeHO Cy4acHi TeopeTHYHI Ta MeTOJO0JIOTi4HI
MiAX04U 10 YIIPABJIiHHA 3POLIEHHAM i IHTerpoBaHO IX i3 IPOrHOCTUYHUMU Ta AaHAJTITUYHUMU
iHCTpyMeHTaMHu AJid GOpMyBaHHS KOMIIJIEKCHOI CUCTEMH MNiATPUMKHA NPUNHATTS pillleHb.
OGrpyHTOBAHO CTPYKTYpPHY OCHOBY aJlaNTUBHOI MoOJeJi, 110 TMO€EAHYE KJAIMaTUYHi,
arpoOHOMIiYHi Ta €KOHOMIYHI MapaMeTpHU B €AUHY CUCTEMY AUHAMIYHOI B3aeEMo/il. BU3HaueHOo
KJII0OYOBI YUHHUKM HEBHW3HAYEHOCTI, 1[0 BIUIMBAIOTh HAa e€(pEeKTHUBHICTb 3pOIIEHHSs, a caMe
KJIMaTU4YHY MiHJIMBICTb, OCTYIHICTh BOJHUX PECYpPCiB i TEXHOJIOTIYHI 0OMEXKEeHHS, a TaK0X
BCTAaHOBJIEHO IXHIM BIUIMB Ha BpOXauHICTh. JlocaijpkeHO MeTOAOJIOTIYHI 3acaau
MIPOTHO3YBAaHHSA BPOXXaWHOCTI Ta IX iIHTerpauyiio y npouecy yxBaJeHHs YIIPaBJIiHCbKUX pillleHb,
mo 3abe3mnedyye CBO€YaCHe KOpPUTYBaHHSA CTpaTerid 3polleHHA Ha OCHOBI JlaHUX.
[IpoaHanizoBaHO poOJib CLEHApHOI'0O MOJEJI0BAaHHA fAK IHCTPYMEHTY OL|iHIOBaHHHA
aJIbTEPHAaTUBHUX TPAEKTOPIA PO3BUTKY CUCTEM 3pOIIEHHS 3a PI3HUX KJIIMaTUYHUX Ta
€KOHOMIYHHMX YMOB, 1110 JA€ 3MOI'y BU3HA4YaTH ONTHUMAJIbHI CTpaTeril B yMOBaX PU3UKY Ta
HeBU3HAyeHOCTi. OOGrpyHTOBAaHO €KOHOMIYHy JOLJIBHICTb BIPOBaJKEHHS aJanTUBHOI
Mo/eJli IJIAXO0M 1i MOPIBHAHHSA 3 TPAAULLIMHUMM MiAX0AaMH 10 3pOLIeHHS Ta JeMOHCTpanil il
nepeBar 11010 pecypcoePeKTUBHOCTI, CTabi/IbHOCTI BpokalHOCTI Ta Npu6yTKOBOCTI. OLiHEHO
YyTJIMBICTb MOZeJi 40 3MiH 30BHILIHIX IMapaMeTpiB i BCTAHOBJIEHO MeXi II aJallTUBHOCTI B
eKCTpeMaJIbHUX YMOBAX.

BMCHOBKM. 3anponoHOBaHa MOJeJb CIPUA€E MiJABULIEHHIO CTIMKOCTI Ta €KOHOMIYHOI
)KUTTE3LATHOCTI 3POLIYBAHOTO CiJILCHKOIO TOCIOZAPCTBA 3aBJAAKM NOKpAIeHHI0 AKOCTI
NPUKHSATTS pillleHb, 3HUKEHHIO pPU3UKIB i 3a6e3ne4yeHH0 6i/ibll epeKTUBHOIO BUKOPUCTAHHS
BO/ZIHUX pecypcCiB B yMOBax 3MiHHM KJIiMaTy.

Ki1ro4oBi cs10Ba: BOJHI pecypcH B CiJIbCBKOMY TOCHOJApCTBI, aalTUBHI yIIPaBJ/IiHCHKI
CACTEMHM, arpokJiMaTU4YHa MIHJIUBICTb, MNPOTHO3HI MoOJZeJi BPOXAWHOCTI, CLEeHapHe
NJIaHyBaHHS, epeKTUBHICTb BOJOKOPUCTYBAHHS, EKOHOMiUHA CTiHKiCTh arpOBUPOOGHUI[TBA.
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Introduction

The intensification of climate change processes has substantially increased the variability
and unpredictability of agroclimatic conditions, calling into question the effectiveness of
conventional irrigation management systems. Rising temperatures, irregular precipitation
patterns, and the growing frequency of extreme weather events are altering crop water
requirements and disrupting established agricultural practices. Under these conditions,
traditional approaches based on fixed irrigation schedules and historical averages are no longer
capable of ensuring stable yields and efficient resource use. This necessitates the development
of more flexible, data-driven management systems capable of dynamically responding to
environmental change. At the same time, intensifying competition for water resources and the
need to balance economic efficiency with environmental sustainability further complicate
decision-making in irrigated agriculture. As a result, the development of scientifically grounded
models that account for climatic variability, crop response, and economic considerations has
become a critical objective for modern agricultural systems.

The relevance of developing an adaptive irrigation management model based on yield
forecasting and scenario analysis stems from its potential to enhance both the resilience and
productivity of agricultural production under conditions of uncertainty. By combining
predictive analytics with scenario-based assessment, such a model enables anticipation of
possible future states and supports the selection of optimal irrigation strategies under changing
climatic and economic conditions. This approach not only improves planning accuracy but also
reduces risks associated with water scarcity and yield fluctuations. It further provides a
methodological foundation for aligning short-term operational decisions with long-term
sustainability goals, including efficient water use and climate change adaptation. In this context,
the proposed study is highly relevant, as it addresses the need for innovative tools capable of
supporting evidence-based decision-making and strengthening the economic viability of
irrigated agriculture amid growing instability.

The subject of adaptive irrigation management under climate change has been addressed
in the scholarly works of a number of domestic researchers, who have examined various
aspects of scenario analysis, digitalization of the agricultural sector, and improved efficiency of
water resource use. The role of the scenario approach in modeling the impact of uncertainty on
the agricultural sector is substantiated by N. Prokopenko [1], who establishes a methodological
foundation for incorporating climatic risks into irrigation management systems. Mechanisms
of resource potential management in agricultural enterprises under conditions of global
environmental change are examined by H. Didur, A. Shevchenko, M. Chornyi, S. Motruk, and
0. Mokrinchuk [2], with direct relevance to the development of economically grounded water
use models. Zinov'ieva 0. [3] demonstrates the applicability of fuzzy logic to the optimization
of irrigation systems, confirming the viability of intelligent methods in agricultural decision-
making.

An evaluation of the economic efficiency of innovative technologies in agriculture is
provided by Yu.Perehuda [4], indirectly affirming the importance of resource-saving
approaches in irrigation systems. The role of digital technologies in water resource
management as a key factor in the formation of adaptive irrigation systems is emphasized by
S. Melnychenko [5]. Environmental parameters of land reclamation systems are analyzed by
M. Serbov, A.Tolmachova, and V.Pylypiuk [6], enabling ecosystem constraints to be
incorporated into irrigation modeling. Shulha O. [7] considers strategic approaches to adaptive
management of the agricultural sector under uncertainty, directly correlating with the concept
of scenario planning.

Precision farming technologies and their effectiveness in reducing environmental risks
are demonstrated by A.Lishchuk, A.Parfeniuk, N.Karachynska, and I. Beznosko [8],
constituting an important component of digital irrigation management systems. Mathematical
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modeling of soil moisture, which provides a direct foundation for the construction of predictive
water balance models, is addressed by M. Pokhorenko et. al. [9]. Bihun V.[10] synthesizes
adaptive strategies for the agricultural sector in response to climate change, underscoring the
necessity of implementing adaptive irrigation management systems to ensure yield stability.

Despite the substantial body of research devoted to the adaptation of the agricultural
sector to climate change, several issues remain insufficiently addressed, particularly the
integration of yield forecasting and scenario analysis into a unified decision support system for
irrigation management. Insufficient attention has been given to the formalization of adaptive
models capable of simultaneously accounting for climatic uncertainty, economic efficiency, and
real-time water resource dynamics. The quantitative assessment of the adaptability boundaries
of such models under extreme climatic events and high environmental variability also remains
an unresolved challenge.

The purpose of the study is to analyze and demonstrate the effectiveness of an adaptive
irrigation management model based on yield forecasting and scenario analysis, with the aim of
enhancing the economic efficiency and sustainability of agricultural production.

In accordance with this objective, the following tasks were formulated: to analyze the
theoretical and methodological foundations of adaptive irrigation management under climate
change; to substantiate approaches to yield forecasting and the application of scenario analysis
within the managerial decision-making framework; to develop and formalize an adaptive
irrigation management model; and to evaluate the economic efficiency and sustainability of its
implementation.

Methodology

Research methods. The methodological basis of the study is a systems approach to the
analysis of adaptive irrigation management under climate change, which entails a
comprehensive consideration of the interrelations among agroclimatic, hydrological,
technological, and economic factors. Within the present study, the adaptive model is treated as
a multilevel decision-making system that operates by integrating yield forecasting, the
assessment of resource efficiency, and scenario analysis of possible changes in the external
environment.

The methodological logic of the study draws on the combined concepts of risk-oriented
management, scenario modeling, and adaptive planning. This made it possible to assess not
only the direct effect of climatic variability on irrigation efficiency but also to identify the
resilience limits of the management model under conditions of unstable water supply, changing
production costs, and yield fluctuations. Such an approach ensured a comprehensive
investigation of the interaction between the ecological and economic parameters that govern
the functioning of irrigated agricultural systems.

In the course of the study, a complex of general scientific and applied methods was used.
An analysis of the scientific literature was employed to examine current approaches to
irrigation management, to assess the impact of climate change on agricultural production, and
to identify state-of-the-art yield forecasting models. The method of generalization and
systematization made it possible to structure existing theoretical propositions and to form the
conceptual basis of the adaptive model.

To evaluate the effectiveness of management decisions, scenario analysis was applied to
model alternative regimes of irrigation system operation under different levels of climatic and
economic uncertainty. Comparative analysis was used to contrast the adaptive and traditional
approaches to irrigation management against the criteria of water-use efficiency, yield stability,
and economic feasibility. Elements of analytical modeling were also applied to assess the
sensitivity of the system to changes in external parameters.
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Data sources. The information basis of the study was formed by combining theoretical,
analytical, and applied data sources. The main sources included the scientific works of domestic
and foreign researchers devoted to the problems of adaptive water resource management,
scenario modeling, digitalization of the agricultural sector, and improvement of irrigation
efficiency under climate change.

In addition, the study took into account generalized indicators of meteorological
observations, data on soil moisture, parameters of crop water consumption, as well as
statistical characteristics of yield and the economic performance of irrigated production, which
were used in the construction of the analytical model. The combination of different types of
data made it possible to perform a comprehensive analysis of the factors that affect the stability
and efficiency of adaptive irrigation management.

Analytical tools. The analytical toolkit of the study was based on the use of predictive
modeling approaches, scenario analysis, and comparative evaluation. Yield forecasting models
were applied to determine the potential response of agricultural crops to changes in water
supply and agroclimatic conditions. This made it possible to assess the dependence of
production performance on irrigation parameters and on the adaptability of management
decisions.

Scenario analysis was used as a tool for evaluating alternative trajectories in the
development of irrigation systems under varying levels of risk, including water resource
shortages, increasing temperature fluctuations, and technological constraints. To determine
the economic feasibility of implementing the adaptive model, a comparative assessment of
resource-use efficiency, yield stability, and potential profitability was applied, which made it
possible to substantiate the practical value of the proposed system.

Limitations of the study. Despite the comprehensive nature of the analysis conducted,
the study has a number of limitations. First, the proposed adaptive model is based mainly on
generalized agroclimatic and economic parameters, which may limit the accuracy of its
application in specific regional contexts characterized by high spatial heterogeneity of soils,
water resources, and production infrastructure.

Second, the scenario approach involves the evaluation of possible variants of
development, but it cannot fully account for all stochastic risks associated with extreme climatic
events, abrupt changes in market conditions, or institutional transformations in the sphere of
water use. In view of this, further research should be directed toward expanding the empirical
base, integrating real-time data, and refining forecasting models in order to enhance the
adaptability of irrigation system management.

Results

The development of an adaptive irrigation management model based on yield forecasting
requires a clear formalization of its structure to ensure coherence among the agronomic,
climatic, and economic components. The model is grounded in the integration of biophysical
crop response functions with water balance equations and economic optimization criteria. Its
structural framework can be represented as a multilevel system in which the input variables
comprise climatic parameters (temperature, precipitation, evapotranspiration), soil
characteristics (water holding capacity, infiltration rate), and technological factors (irrigation
methods, scheduling regimes). Output variables are expressed primarily through projected
yields and their associated economic returns. The model incorporates a dynamic feedback
mechanism linking forecasted yield indicators to irrigation decisions, enabling continuous
adjustment under changing environmental conditions [9, p. 14-15]. The key parameters of the
model include crop-specific water requirements, yield response coefficients to water deficit,
the marginal productivity of irrigation water, and cost functions associated with water use and
energy consumption. These parameters are calibrated on the basis of both empirical
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observations and established agronomic relationships, ensuring the model's applicability
across diverse agroclimatic zones.

An important component of the model is the management decision adaptation algorithm,
which is grounded in the principles of iterative optimization and scenario-based adjustment.
The algorithm operates in several stages, beginning with the collection and processing of real-
time and forecast data, followed by the generation of yield projections under alternative
irrigation strategies. Drawing on these projections, the model evaluates expected economic
outcomes and identifies the optimal irrigation schedule that maximizes net returns while
minimizing resource use and associated risks. The adaptive character of the algorithm is
ensured through periodic recalibration, whereby discrepancies between projected and actual
yields trigger adjustments to model parameters and decision rules. This iterative process
enhances system reliability by enabling effective responses to climatic variability and
uncertainty [10, p. 185-186]. The application of scenario analysis further strengthens the
decision-making framework by enabling the assessment of diverse possible future states,
including extreme weather events and water deficit conditions. As a result, the model supports
not only short-term operational decisions but also medium- and long-term strategic planning
in irrigation management.

The effectiveness of an adaptive irrigation management model is largely determined by
the quality and completeness of its informational support, encompassing both data sources and
data processing mechanisms. The model is grounded in the combination of historical datasets
and real-time information streams, including meteorological observations, remote sensing
data, soil moisture monitoring systems, and agricultural statistics. Satellite data provide critical
information on vegetation indices, land surface temperature, and the spatial variability of crop
conditions, thereby enhancing the accuracy of yield forecasts. Ground-based sensors supply
high-resolution data on soil moisture dynamics and microclimatic conditions, which are
essential for precise irrigation scheduling. Statistical databases and farm-level records
contribute information on yields, resource use, and economic performance, supporting model
calibration and validation. Advanced data processing techniques, including machine learning
algorithms and time series analysis, are applied to identify patterns and improve forecast
accuracy. The integration of these diverse data sources into a unified information system
ensures the reliability and scalability of the model, making it an effective tool for supporting
adaptive irrigation management under conditions of increasing climatic uncertainty.

The development of scenarios for the operation of irrigation systems under climate
change represents a critical step in advancing analytical approaches aimed at supporting
informed and forward-looking management decisions. Unlike deterministic planning models,
scenario-based analysis explicitly acknowledges the substantial uncertainty associated with
future climatic, environmental, and socioeconomic changes. The first stage of this approach
involves the systematic identification of key uncertainty factors that significantly affect
irrigation efficiency and agricultural productivity. Among these factors, climatic variability
plays a central role, particularly changes in precipitation patterns, drought frequency, extreme
temperatures, and evapotranspiration levels.

Non-climatic uncertainty factors are equally significant, however, including constraints
on water availability arising from intersectoral competition, fluctuations in energy prices
affecting irrigation costs, the pace of technology adoption, and institutional and policy changes
related to water resource governance [11, p. 1717]. The interactions among these factors exert
complex and often nonlinear effects on irrigation efficiency and crop productivity, necessitating
a structured framework for their comprehensive analysis.

Building on the identification of uncertainty factors, the development of a baseline
scenario and alternative scenarios enables a comprehensive examination of possible system
development trajectories. The baseline scenario typically reflects the continuation of current
trends, premised on assumptions of moderate climate change and stable institutional and
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technological conditions. Alternative scenarios, by contrast, are constructed to capture a range
of plausible futures, encompassing both adverse and favorable changes. For instance, a
pessimistic scenario may assume an increased frequency of extreme droughts, reduced water
availability, and rising operational costs, whereas an optimistic scenario may project
improvements in water use efficiency driven by technological innovation and effective policy
interventions [12, p. 2636]. Intermediate scenarios may also be developed to represent gradual
transitions or mixed conditions. The purpose of this structured diversification is not to predict
a single outcome but to assess the resilience and adaptability of irrigation systems under
varying external pressures.
The comparative characteristics of these scenarios are presented in Table 1.

Table 1
Characteristics of irrigation system operation scenarios under climate change conditions
[11-15]
Scenario Climatic Conditions Water Technological Expected Impact
Type Availability Level on Yield
Baseline Moderate warming, Relatively Current Stable or subject
stable precipitation stable technologies to minor
fluctuations
Pessimistic Significant Limited and Low level of Substantial
temperature irregular adaptation decline
increase, frequent
droughts
Optimistic Controlled warming, Efficient and Advanced Yield growth
improved sufficient irrigation
precipitation technologies
utilization
Intermediate Variable climatic Periodic Partial Moderate
fluctuations constraints technological variability
modernization

The integration of such scenarios into analytical models enables a more detailed
assessment of potential outcomes, particularly with respect to crop yield levels. The impact of
each scenario on yield is evaluated through the interaction among water supply reliability, crop
water requirements, and adaptive management practices. Under pessimistic conditions, yield
decline is driven primarily by water stress occurring at critical growth stages, compounded by
insufficient adaptive capacity. Conversely, optimistic scenarios indicate that the adverse effects
of climate change can be mitigated or even offset through improvements in irrigation efficiency,
the adoption of precision farming methods, and timely decision-making. Intermediate
scenarios underscore the importance of flexibility, as even partial improvements in water
resource management can substantially reduce yield variability.

Notably, scenario-based assessment also contributes to the identification of threshold
effects and critical tipping points beyond which the performance of irrigation systems may
undergo disproportionate decline. This aspect is particularly relevant for regions already
characterized by high levels of water deficit, where even marginal shifts in climatic conditions
can result in significant yield losses. By quantifying yield sensitivity to various combinations of
uncertainty factors, the scenario-based approach provides an essential foundation for
prioritizing investments in infrastructure, technology, and institutional capacity. In this
context, scenario construction and analysis not only improve understanding of potential risks
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but also inform the development of proactive strategies aimed at ensuring the long-term
resilience and economic viability of irrigated agriculture under climate change [16, p. 2377].

The assessment of the economic efficiency of implementing an adaptive irrigation
management model represents a critical step in validating its practical feasibility and scalability
within agricultural systems confronting growing climatic uncertainty. Such an assessment
requires a comprehensive methodological framework capable of capturing both the direct and
indirect economic effects associated with improved water resource management practices. The
proposed approach to determining economic efficiency indicators is grounded in the
integration of cost-benefit analysis, marginal productivity assessment, and risk-adjusted
performance metrics. The core indicators encompass net present value, internal rate of return,
payback period, and profitability index, supplemented by sector-specific measures such as
water productivity, cost per unit of yield, and marginal irrigation returns. Additionally, the
methodology incorporates variability-adjusted indicators, including the crop yield coefficient
of variation and risk reduction metrics, enabling the evaluation of economic stability under
conditions of environmental uncertainty. This multi-criteria approach allows efficiency to be
assessed not only in terms of short-term profitability but also with regard to long-term
resilience and resource use sustainability [17, p. 2917].

A key element of the assessment is the comparative analysis of conventional and adaptive
approaches to irrigation management. Conventional systems are generally characterized by
fixed irrigation schedules, limited capacity to respond to real-time environmental conditions,
and reliance on historical averages for planning purposes. Adaptive approaches, by contrast,
involve flexible scheduling, data-driven decision-making, and continuous adjustment of
irrigation volumes in response to changing climatic conditions and crop status. From an
economic perspective, these differences give rise to distinct cost structures and revenue
outcomes. Conventional methods frequently result in either over-irrigation, generating
unnecessary resource expenditures, or under-irrigation, causing yield losses. Adaptive systems,
by optimizing water application in accordance with crop water requirements, tend to reduce
production costs and improve overall productivity [18]. Adaptive management also reduces
exposure to climatic risks, stabilizing revenues and enhancing financial predictability for
agricultural producers.

The economic characteristics of these two approaches are summarized in Table 2.

Table 2
Comparative characteristics of conventional and adaptive approaches to irrigation

Indicator Conventional Irrigation Adaptive Irrigation Management
Approach Model

Water use efficiency Moderate or low High

Irrigation costs Relatively high due to Optimized and controlled

inefficiency
Yield level Variable, climate-sensitive More stable and potentially
higher

Sensitivity to climatic High Low

risks

Profitability Unstable More stable and improved

Resource use Suboptimal Efficient

The economic effect of implementing an adaptive irrigation management model manifests
in both quantitative and qualitative dimensions. From a quantitative perspective, the model
contributes to increased net farm income through the combined effect of higher yields and
reduced input costs, particularly with respect to water and energy consumption. The
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optimization of irrigation schedules minimizes losses and ensures water delivery at the stages
where it yields the highest marginal return. Over time, these improvements accumulate,
resulting in a positive net present value and a relatively short payback period on investments
in data infrastructure and decision support systems. Furthermore, the reduction in yield
variability enhances financial stability, which is critical for long-term planning and access to
credit.

From a qualitative perspective, the adoption of adaptive irrigation practices strengthens
the overall economic resilience of agricultural enterprises. By reducing dependence on
unpredictable climatic conditions and improving resource use efficiency, the model supports
the development of more robust production systems. It also creates opportunities for the
introduction of complementary innovations, such as precision farming technologies and digital
monitoring tools, further amplifying the economic benefits. Importantly, the model facilitates
better alignment between economic and environmental objectives, as efficient water use not
only reduces costs but also mitigates the negative externalities associated with resource
overexploitation. In this context, the economic efficiency assessment demonstrates that
adaptive irrigation management is not merely a technological improvement but a strategically
significant approach to enhancing the competitiveness and sustainability of agricultural
production under climate change [24].

The sensitivity and stability analysis of the adaptive irrigation management model with
respect to changes in external conditions provides an essential foundation for evaluating its
reliability and practical applicability in dynamic and uncertain environments. In this context,
sensitivity analysis serves as a methodological tool for quantifying the degree to which changes
in exogenous parameters affect model outputs, particularly those related to yield, resource use
efficiency, and economic performance. Climatic parameters play a significant role in shaping
these outputs, with temperature fluctuations, precipitation variability, and changes in
evapotranspiration intensity exerting both direct and indirect effects on model behavior. For
instance, a gradual increase in mean temperature may accelerate crop development cycles
while simultaneously increasing water demand, thereby altering the optimal irrigation
schedule. Similarly, irregular precipitation patterns can disrupt soil moisture dynamics,
resulting in discrepancies between projected and actual water availability. The model's
response to such changes is assessed through partial sensitivity coefficients and elasticity
indicators, which reveal that yield forecasts are highly sensitive to deviations in water supply
during critical phenological stages. At the same time, interaction effects among climatic
variables frequently amplify overall system instability, underscoring the importance of
employing multidimensional sensitivity assessments rather than isolated parameter variations
[25].

Beyond climatic factors, the decision-making process within the model is subject to a
range of risks and uncertainties arising from both environmental and socioeconomic domains.
These uncertainties encompass measurement errors in input data, limitations in forecast
accuracy, and structural assumptions embedded in the model itself. The presence of stochastic
elements in weather conditions introduces probabilistic variability that cannot be fully
captured through deterministic approaches, necessitating the use of risk analysis methods such
as scenario weighting and confidence interval estimation. Economic uncertainty associated
with input prices, market demand, and policy interventions further complicates the
optimization of irrigation strategies. The model addresses these challenges through the use of
adaptive feedback mechanisms and probabilistic evaluation criteria, enabling decision-makers
to weigh expected returns against potential risks. Importantly, the integration of risk-adjusted
performance indicators allows for a more comprehensive assessment of alternative
management strategies, ensuring that decisions are informed not only by average outcomes but
also by the probability and magnitude of adverse deviations.
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A key aspect of the analysis is the determination of the adaptability boundaries of the
management model, defining the range of external conditions within which the model can
maintain an acceptable level of performance. These boundaries are shaped by both the
structural flexibility of the model and the availability of reliable input data. Under conditions of
moderate climatic variability, the adaptive mechanisms embedded in the model are capable of
adjusting irrigation schedules and sustaining stable yield indicators. However, as external
conditions approach extreme thresholds, such as prolonged droughts, severe heat waves, or
abrupt disruptions to water supply, the effectiveness of adaptive measures may diminish. In
such cases, the model may encounter boundary conditions under which incremental
adjustments prove insufficient to compensate for systemic stress, resulting in reduced forecast
accuracy and deterioration in decision-making quality. These threshold values are identified
through stress-testing procedures, during which the model is subjected to progressively
intensifying external shocks to observe patterns of performance degradation.

Accounting for adaptability boundaries is important both for model refinement and for
the development of policy responses. It highlights the need to complement adaptive
management tools with broader resilience-enhancing measures, including infrastructure
investment, diversification of water supply sources, and institutional support mechanisms. The
importance of continuous model updating and recalibration in response to evolving
environmental and economic conditions is also emphasized. Through systematic sensitivity
analysis, uncertainty assessment, and adaptability boundary determination, the model not only
enhances its internal consistency but also provides a transparent framework for understanding
its strengths and limitations. This, in turn, supports more informed and risk-oriented decision-
making in irrigation management, contributing to the long-term resilience and stability of
agricultural production systems under conditions of ongoing climate change.

Discussion

Interpretation of the results. The obtained results confirm that the application of the
adaptive irrigation management model substantially improves the efficiency of water resource
use under conditions of variability in climatic and production factors. In contrast to traditional
irrigation schemes that rely on fixed irrigation norms, the proposed approach provides a more
flexible response to the dynamics of soil moisture, forecasted weather conditions, and the
expected productivity of crops. This makes it possible to reduce the risks of excessive or
insufficient moistening, which directly affects the stability of agricultural production.

Particular importance is attached to the identified interrelation between the parameters
of adaptive control and the economic indicators of the system. The results of the scenario
modeling demonstrate that the optimization of irrigation regimes affects not only agronomic
performance but also the reduction of operating costs, lower energy consumption, and the
overall profitability of production. The water resource management system is therefore
regarded not merely as a technical instrument but as a component of the economic resilience
of an agricultural enterprise.

At the same time, the results indicate that the effectiveness of the model depends on the
quality of the input data, the stability of sensor-based monitoring, and the accuracy of the
forecasting algorithms. This points to the need for a comprehensive approach to the
digitalization of irrigation systems, in which mathematical modeling must be combined with
actual field observations and systems of operational control.

The interpretation of the obtained results makes it possible to assert that the principal
effect of adaptive management is achieved through the reduction of uncertainty in irrigation
decision-making. A system that takes into account the current state of the soil, climatic
fluctuations, and forecasted scenarios of agroecosystem development ensures a more accurate
distribution of water resources. This is particularly important under conditions of water
scarcity or heightened climatic instability.
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The positive yield dynamics observed in the modeled scenarios indicate that adaptive
irrigation supports the maintenance of an optimal plant water balance during the critical
phases of the growing season. In this case, the increase in productivity should be interpreted
not as a direct consequence of higher water consumption, but as the result of a more efficient
spatial and temporal distribution of irrigation events.

The economic indicators demonstrate that the greatest effect is achieved with medium-
term and long-term use of the system. The initial costs of introducing digital monitoring tools
can be offset by reductions in water and electricity expenses and by the decrease in yield losses.
This makes it possible to treat the model as an instrument not only of operational management
but also of strategic resource planning.

Comparison with other studies. The obtained results are consistent with the
conclusions of contemporary studies in the field of precision agriculture and intelligent
irrigation management systems, which emphasize the importance of adaptive algorithms in
improving water productivity. In line with other works, it has been established that the use of
forecasting models and sensor-based monitoring makes it possible to reduce unproductive
water losses and to improve the stability of agrotechnological processes.

At the same time, the proposed approach is distinguished by a more comprehensive
integration of economic analysis and scenario modeling. In many previous studies, the main
attention was focused predominantly on the agronomic or technical parameters of irrigation,
whereas the economic feasibility of adaptive management was assessed only in a fragmentary
manner. In the present study, the model makes it possible to treat the effectiveness of the
system as a multifactorial indicator that encompasses productivity, resource conservation, and
financial sustainability.

In addition, in contrast to approaches oriented toward static climatic conditions, the
present model takes into account the variability of external factors and potential risk scenarios.
This broadens its applied value for regions with unstable hydrometeorological conditions and
enhances the adaptability of management decisions.

Scientific novelty. The scientific novelty of the study lies in the development of an
integrated adaptive irrigation management model that combines elements of mathematical
forecasting, scenario analysis, and economic efficiency assessment. In contrast to traditional
approaches, in which irrigation decisions are formed predominantly on the basis of normative
values or individual indicators of soil moisture, the proposed model takes into account the
interdependence among climatic, agronomic, and economic parameters.

A substantial scientific contribution is the application of the scenario approach to
modeling the behavior of the system under various conditions of resource availability and
changes in the external environment. This makes it possible to analyze not only the current
efficiency of irrigation but also to forecast the stability of the system under conditions of
heightened uncertainty. Such an approach broadens classical methods of optimizing water use,
which often do not take into account the multiplicity of risk variants.

An additional element of novelty consists in the combination of the technical efficiency of
irrigation control with economic criteria for decision-making. The proposed model makes it
possible to assess not only the agronomic result but also the impact of management decisions
on costs, energy efficiency, and the profitability of production. This forms an interdisciplinary
approach to irrigation management with the potential for further development within systems
of digital farming.

Practical significance. The practical significance of the study lies in the possibility of
implementing the adaptive irrigation management model within actual agricultural production
systems in order to enhance the efficiency of water resource use. The proposed approach can
be applied to optimize irrigation regimes under conditions of limited water supply, seasonal
climatic variability, and rising energy costs.
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For agricultural enterprises, the model provides a basis for reducing operating costs
through more accurate irrigation planning, the elimination of excessive water use, and a lower
load on pumping equipment. This produces a direct economic effect by decreasing the costs of
infrastructure operation and by improving the stability of crop yields. The practical value also
consists in the possibility of integrating the model with sensor platforms, remote monitoring
systems, and elements of automated control.

At the level of strategic planning, the results of the study can be used in shaping resource-
conservation policies, in the modernization of irrigation networks, and in the implementation
of digital technologies in agriculture. The model thus has significance not only for individual
farms but also for the broader development of sustainable water use and for enhancing the
adaptability of the agricultural sector to climate change.

Conclusions

The study synthesizes the theoretical and methodological foundations of adaptive
irrigation management under climate change and substantiates the rationale for transitioning
from conventional approaches to flexible, data-driven decision-making models. Effective water
resource management in the agricultural sector requires the integration of yield forecasting,
scenario analysis, and economic assessment into a unified analytical system. An adaptive
irrigation management model has been developed and formalized, grounded in the interaction
among climatic, agronomic, and economic parameters and incorporating iterative algorithms
for the adaptation of management decisions. The key parameters of the model have been
substantiated, their influence on system performance outcomes has been determined, and the
importance of informational support has been demonstrated, including the use of remote
sensing data, meteorological monitoring, and statistical sources. The applicability of the
scenario-based approach to evaluating irrigation system performance under uncertainty has
been analyzed, enabling the identification of critical risk factors and the delineation of
alternative development trajectories.

The economic efficiency assessment of the proposed model confirms its advantages over
conventional approaches, particularly in terms of improved water use efficiency, yield
stabilization, and reduced irrigation costs. The application of the adaptive approach is shown
to contribute to increased agricultural profitability and enhanced resilience to climatic
variability. The sensitivity analysis conducted enabled the determination of the influence of key
climatic parameters on modeling outcomes and the identification of the system's adaptability
boundaries under conditions of extreme environmental change. The highest model
effectiveness is achieved when data are updated in a timely manner and responses to changing
external factors remain flexible, underscoring the need for continuous improvement of
informational and analytical support. Directions for further research include expanding the
functional capabilities of the model through the integration of artificial intelligence methods,
improving yield forecast accuracy, and adapting the model to diverse agroecological conditions.
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