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Abstract
Smallholder farming systems worldwide suffer from low fertilizer and irrigation use efficiency, which leads to yield gaps, nutrient losses and unsustainable groundwater use. The current and future water shortages and soil deterioration require a way of thinking beyond the empirical management recommendations to a predictive and mechanistically based approach.
Objective: This review addresses the smallholder farming systems, fertilizer and irrigation use efficiency, and the possible contribution of integrated soil-water-plant modeling frameworks in terms of mechanistically improving nutrient and water use efficiency (NWE and WUE).
Mechanistic focus: The paper reviews the mechanistic basis of soil water movement, nutrient transport pathways and plant physiological responses to water and nutrient stresses, and how these are incorporated into the larger crop simulation models, such as DSSAT, APSIM, AquaCrop, CropSyst, STICS and HYDRUS.
Key findings: Optimisation of both irrigation and fertiliser is only possible if both are optimised mechanistically rather than separately, as soil moisture affects nutrient solubility, mass flow to root surface, denitrification rates, and physiological ability of crops to acquire and use both nutrients simultaneously. Process-oriented models that incorporate soil water dynamics, nutrient transport and crop growth in dynamic feedback loops can simulate these interactions at a reasonable degree of fidelity and provide reasonable management recommendations that can significantly increase resource-use efficiency. Applications in maize, rice, wheat and vegetable systems in sub-Saharan Africa, South Asia and the Mediterranean region have shown that model-based irrigation scheduling and fertilizer synchronisation can lead to a 20-40% higher N-use efficiency and to a 15-30% lower demand for irrigation water.
Applications: Priority areas for future research involve the development of hybrid mechanistic-machine learning models, integration of low-cost proximal sensing to parameterize the model in real time, and the design of simpler advisory platforms which can provide model-based guidance in the absence of large amounts of data.	Comment by Rakesh Kumar: Bold
conclusion: Integrated soil-water-plant modelling frameworks provide a scientifically sound foundation to improve precision resource management in smallholder systems, which will depend on specific investments in data infrastructure, model simplification and model design for decision support.	Comment by Rakesh Kumar: First letter must be capital
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1. Introduction
1.1 Resource Constraints in Smallholder Agriculture
Smallholder farmers, broadly defined as those working less than 2 hectare of cultivated land, are the main producers of food for most of the world's food-insecure population, but they are regularly constrained by limited resources which impede overall agricultural productivity(Touch et al., 2024). Of these constraints, water scarcity and diminishing soil fertility are the most widespread biophysical constraints, and they interact to limit crop yields well below their attainable maximum under even moderate technological intervention(Obayomi et al., 2026).
In smallholder systems water is limited by the combination of rainfall variability, soil water-holding capacity and lack of reliable supplemental irrigation facilities. A recurring problem in semi-arid and sub-humid conditions is the extreme variability in intra-seasonal rainfall patterns that result in drought periods during critical crop growth stages, when both water shortages and simultaneous nutrient shortages have added negative impacts on yield(Onyancha et al., 2026). The physiology of this interaction is known: when soil water potential is reduced below field capacity, the supply of dissolved nutrients to the root surface decreases, root hydraulic conductance decreases, and the stomatal aperture narrows, all of which lead to reduced nutrient uptake and CO₂ assimilation by the leaves(Santander et al., 2024).
In smallholders, soil fertility depletion is the result of a chronic negative nutrient balance, due to low rates of external inputs, poor residue management and faster mineralization at higher soil temperatures. N and P deficiencies are widespread in sub-Saharan African and South Asian smallholder systems and secondary and micronutrient deficiencies are now widely considered as yield-limiting in intensively cropped systems(Dimkpa et al., 2023). In sub-Saharan Africa, the fertilizer application rates by smallholders are mostly in the range of 8–35 kg ha⁻¹ year⁻¹, while the recommended agronomic optimum application rates are in the range of 60–120 kg N ha⁻¹ year⁻¹, contributing to significant and persistent yield gaps.
These constraints are compounded by climate variability, which causes more of the time variation between rain and periods of nutrient demand in the crop, and makes fixed recommendations based on average climatic conditions less reliable.
1.2 Limitations of Conventional Irrigation and Fertilizer Management
There are two basic shortcomings in the traditional, smallholder approach to irrigating and fertilizing: temporal imprecision and systemic decoupling. The most common option for application of fertilizer is as a single or split basal application around planting or early vegetative growth, irrespective of concurrent soil moisture status, weather forecast information or crop physiological demand signals. This practice does not account for the fact that soil moisture status is a key determinant in nutrient uptake efficiency, even when fertilizer is applied well: when soil water levels are low, all the fertilizer may not enter the soil solution and root uptake will be delayed(Xing & Wang, 2024) 
In smallholder systems, where irrigation is available at all times, irrigation scheduling is mainly based on a calendar or on visual assessment of plant water stress symptoms, both of which are lagging indicators and provide ample plant water stress before management action is taken. These reactive responses allow moisture deficits and re-wetting but also lead to a loss of continuity in the nutrient transport process, provide favorable conditions for denitrification after moisture addition and reduce transpiration-driven mass flow efficiency during periods of moisture stress.
The inability to match the need of nutrients with water is a key failure mode. Nutrient uptake windows are narrow and phenologically specific, due to the fact that root architecture, soil moisture, and nutrient concentration must all be adequate for efficient nutrient uptake. Nitrogen fertilizers applied earlier than irrigation might lead to leaching losses; during drought stress, uptake capacity of the roots is reduced; and after the peak vegetative demand, the contribution to yield formation is reduced. Such interactions cannot be dealt with heuristically and require the quantitative knowledge of their dynamic coupling(Sangha et al., 2023).
1.3 Need for Integrated Soil-Water-Plant Modeling
Conventional management methods fail to address the constraints, and a revolution in concept is needed from an optimization approach on the land for individual inputs to an integrated approach to land-water-plant system modelling, with the soil physical processes, plant physiological response, and nutrient dynamics being simulated as a coupled, dynamic system. The response of such a system is inherently nonlinear; that is, the response to small water inputs can be quite different in terms of nutrient transport, uptake capacity and yield at different growth stages and climatic conditions.(Nduka, 2024; Wu et al., 2023). This nonlinearity is best represented by mechanistic simulation models that incorporate equations of soil-water-plant relationships involving quantitative description of the physical, chemical, and biological processes of the soil. Empirical regression models relate average relationships under historical weather and soil conditions while mechanistic models simulate the process dynamics on a first principles basis and can be used under new combinations of weather, soil and management conditions, such as those expected with future climate change scenarios.
The integrated modeling frameworks have three distinct features that are not possible with traditional management approaches. First, they allow for predictive irrigation scheduling as they can simulate soil moisture changes in the root zone and the demand for evapotranspiration of crops before the time of dryness, not during it. Secondly, they model the interaction of irrigation timing and fertilizer placement in order to determine fertilizer management configurations that most closely match the nutrient availability and root uptake capacity. Third, they give quantitative predictions of the loss pathways of nutrients (e.g., leaching, volatilization, and denitrification) that allows management to be made to reduce losses without reducing nutrient uptake efficiency by the crop(Filipović et al., 2025).
1.4 Objective of the Review
This review critically analyzes the potential of the integrated soil-water-plant modeling frameworks for acting as mechanistic means for optimizing fertilizer and irrigation efficiency on smallholder farming systems, which has been inadequately captured by traditional empirical management strategies. The main thesis of the review is that there is no reason to consider soil moisture, nutrient transport and crop physiological demand separately from one another, each subject to optimization; in fact, they are mutually interconnected processes whose interaction creates system-level behaviors that can only be predicted and managed by dynamic, process-based soil simulation.

To establish this argument, the review follows four intertwined goals: First, it sets the groundwork for the soil-water-nutrient coupling by describing the physical, chemical and biological pathways that can connect soil water content with hydraulic conductivity, the transport of solutes by mass flow and diffusion, microbial nitrogen transformations, and the regulation of transpiration demand by stomata. Second, it reviews the architectures and relative performance of key integrated crop simulation models (e.g. DSSAT, APSIM, AquaCrop, CropSyst, STICS and HYDRUS) in terms of their ability to capture these coupled processes, and the compromises between the degree of mechanistic detail and ease of practical use. Third, it integrates the available published literature on the magnitude and circumstances of efficiency gains from model-guided irrigation scheduling and fertilizer synchronization strategies, in the smallholder context, across sub-Saharan Africa, South Asia and the Mediterranean – where advances in soil nutrient monitoring, precise water-fertilizer application technologies and irrigation water use efficiency remain active and unresolved research frontiers (Eshete et al., 2020; Sobhy & Anandhi, 2025; Xing et al., 2024; Liu et al., 2026). Fourth, it relates these limitations to the most promising research directions for the translation of this modeling capacity into regular farm-level decision support, such as hybrid mechanistic-machine learning architectures, remote sensing-based model parameterization, and simplified digital decision support systems.

The review is organized into the following sections: Section 2 provides the basis of the mechanisms involved in the interaction of the soil-water-plant system, Section 3 reviews the architectures and capabilities of major integrated modeling frameworks, Section 4 examines irrigation and Section 5 fertilizer optimization mechanisms, Section 6 analyzes applications in smallholder contexts, Section 7 discusses emerging technologies, and Section 8 synthesizes the current constraints and future research priorities.
2. Mechanistic Basis of Soil-Water-Plant Interactions
2.1 Soil Water Dynamics

The flow of water through the soil profile is controlled by the balance of water potential gradients due to gravity, matric potential, and osmotic potential, and the soil hydraulic properties are highly nonlinear functions of its volume water content. The Richards equation, which couples the Darcy law of unsaturated soil water flow with the continuity equation, is mechanistically used to describe infiltration, the movement of precipitation or applied irrigation water into the soil (Richards, 1931). A significant drop in hydraulic conductivity function, K(θ), occurs when the soil moisture level drops from the saturation to the field capacity state, and small changes in water content result in large changes in the rate of water and solute transport(Vogel et al., 2023).	Comment by Rakesh Kumar: Not found in reference section
The plant available water range is between field capacity (FC) and permanent wilting point (PWP) of the soil, in which crop growth and nutrient uptake is possible (approximately −0.033 MPa matric potential for most agricultural soils and −1.5 MPa for PWP). Under field conditions, the amount and location of plant-available water in the root zone at any time will be the first factor that determines whether transpiration-driven nutrient mass flow can meet the nutrient demand of the roots, and therefore, whether fertilizer use efficiency is achieved(Stone et al., 2025).
Capillary rise from shallow water tables can be a significant source for root zone water supplies in low lying smallholder fields, especially in the dry season periods. Percolation past the root zone can be a loss of water and a leaching pathway for nutrients. Irrigation or rainfall application rates and amounts in excess of field capacity can rapidly flush dissolved nitrate below the critical root zone(Joshi et al., 2026; Xu et al., 2024).

2.2 Root Architecture and Water Uptake Mechanisms
Root architecture — root length density distribution, root branching geometry and the spatial distribution of root growth and nutrient zones — is a key factor in water acquisition efficiency and nutrient interception capacity. The vertical variation of root length density (RLD, cm cm⁻³) controls the depth of water that can be removed during progressive drying events, and the surface area available for exchange of water and solutes with the soil matrix.
Transpiration-driven water uptake is the predominant way water is obtained from soil by a crop and the amount of water uptake is regulated by the hydraulic pathway from the root surface to the xylem to the leaf mesophyll and finally to the atmosphere. Under moderate soil moisture deficit, roots in moist soil layers can compensate for decreased water uptake in drier soil layers by a process of hydraulic compensation that allows for maintenance of transpiration at or towards potential level, whereas under severe soil moisture deficit, this compensation is not possible, so stomatal closure is accompanied by reduction in transpiration and carbon assimilation(Thomas et al., 2024; Vanderborght et al., 2024).

2.3 Nutrient Transport Mechanisms in Soil
Nutrient delivery to root surface occurs via three parallel mechanisms: mass flow, diffusion and root interception, the relative importance of which will vary with nutrient, soil solution concentration and volumetric water flux from transpiration. Soil moisture reduction, as a result of reduced transpiration, will result in reduced mass flow delivery, which is the product of ion concentration and transpiration. For phosphorus and potassium, diffusion is the major mode of transport. Fick's first law is used to describe the diffusive flux of an ion, with the consideration of tortuosity of the soil pores and an impedance factor brought on by the soil moisture-filled fraction of the pore space.
Mechanistically, the dependence of diffusive flux on soil water content is expressed by the impedance factor: reducing soil water content results in a reduction of continuity of the liquid-filled pore network, increases pore tortuosity, and can lead to a decrease in the effective diffusion coefficient for phosphorus of up to two orders of magnitude(Holz et al., 2024).

2.4 Coupling between Water Availability and Nutrient Uptake
Mechanistic coupling between soil water and nutrient availability is the core of the integrated soil water-plant modeling. This coupling is done in several parallel ways, causing emergent system behavior that is not predictable from the behavior of either of the two subsystems.
The production of abscisic acid (ABA) in the roots in response to drought stress signals to the leaves to close their stomata and slow down transpiration, and consequently, the movement of nutrients to the surfaces of the roots. Water deficit results in nitrogen limitation even if soil N concentrations are adequate: the mass flow that is the consequence of transpiration is missing before soil N becomes limiting. Soil moisture also influences the microbial activity that controls the release of mineral nitrogen from organic nitrogen. The highest rate of mineralization occurs at about 60% WFPS and decreases under waterlogged and drought conditions. The microbial reduction of nitrate to N₂O and N₂ (denitrification) increases dramatically when WFPS rises above 80%.(Abdalla et al., 2023; Wang et al., 2023)

2.5 Plant Physiological Responses to Water and Nutrient Stress
Plant physiological responses to water and nutrient stress are hierarchical and interactive signaling processes which influence resource allocation, growth, and reproduction in a stress intensity, duration, and plant growth stage dependent manner. The most rapid plant response to water deficit is stomatal regulation. Osmotic adjustment, which involves the accumulation of compatible solutes (e.g., proline, glycine betaine, soluble sugars) in response to a declining water potential, is a medium-term acclimation strategy that enables continued growth of the root system and nutrient uptake during mild to moderate water deficit. Combined water and nutrient stress results in biomass allocation changes, where plants will tend to shift more carbon to making roots under a water or nutrient deficit message(W. Zhao et al., 2025).	Comment by Rakesh Kumar: Write in a correct way 
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Figure 1. Conceptual representation of the coupled biophysical pathways governing soil-water-plant-nutrient interactions in agricultural systems. Water enters the soil profile via infiltration (governed by the Richards equation and unsaturated hydraulic conductivity K(θ)) and capillary rise from shallow water tables, and is lost through evapotranspiration, percolation, and surface runoff. Within the root zone, plant water uptake is modulated by root hydraulic conductance and osmotic adjustment, while nutrient delivery to root surfaces operates via three parallel mechanisms: mass flow (convective transport with the transpiration stream, dominant for N, Ca, Mg, and S), diffusion (concentration-gradient-driven flux following Fick's law, dominant for P and K), and root interception. Soil moisture status exerts bidirectional control over both transport pathways and plant physiology: stomatal closure under water deficit (mediated by abscisic acid signalling) reduces transpiration-driven mass flow of nitrogen simultaneously with photosynthetic capacity, creating compound water–nitrogen stress. Microbial nitrogen transformation rates (mineralization, nitrification, and denitrification) are regulated by water-filled pore space (WFPS), generating nonlinear feedback loops between irrigation management and nitrogen loss pathways. Nutrient loss via volatilization, denitrification, leaching, and runoff represents both economic inefficiency and environmental externality. Arrows indicate primary direction of process flow; dashed arrows indicate feedback regulatory pathways. Abbreviations: FC = field capacity; PWP = permanent wilting point; RLD = root length density; ABA = abscisic acid; WFPS = water-filled pore space.



3. Mechanistic Modeling Frameworks
3.1 Principles of Mechanistic Agricultural Modeling
Mechanistic or process-based models are based on the state of knowledge about the underlying physical, chemical, and biological processes that affect crop growth and resource use as a set of mathematical equations whose parameters are physically meaningful. This is different from empirical or statistical models which describe the observed input-output relations by regression or machine learning, but do not model the mechanisms that produce the relations.
Mechanistic models have a basic architecture that includes equations describing the rates of change of state variables (such as soil water content, crop biomass, plant nitrogen concentration, and leaf area index) as a function of other state variables and driving variables (such as weather and management inputs). These process equations are then numerically integrated over time with daily or sub-daily time steps, resulting in dynamic simulations of crop development, water use and nutrient cycling(Moreno-Lora et al., 2026; Zheng et al., 2026).

3.2 Crop Simulation Models
Decision Support System for Agrotechnology Transfer (DSSAT) is one of the best documented and widely used crop simulation systems, and consists of individual crop models such as CERES-Maize, CERES-Wheat, CERES-Rice and CROPGRO-Soybean with a common soil water, nitrogen and phosphorus system. In the soil water balance module of DSSAT, soil water movement is carried out one dimensionally across the soil profile with cascade flow from one soil layer to another and evapotranspiration is computed using the Priestley-Taylor or the FAO-56 reference method.
The Agricultural Production Systems Simulator (APSIM) has a modular structure, with each module representing a different crop, soil and management system, communicating via a common infrastructure, which facilitates the configuration of various production systems such as intercropping, fallowing and complex rotation systems(Kamara et al., 2023a; Wimalasiri et al., 2023).

The Food and Agriculture Organization has developed a water productivity oriented model called AquaCrop, in which the water productivity concept is explicitly implemented: the biomass production and crop yield formation are primarily driven by canopy cover and transpiration. It is deliberately parsimonious in its parameterization, requiring only widely available data such as climate, soil texture, and basic management data, and consequently is much more accessible for deployment to smallholder situations with limited data(Foster et al., 2017).
CropSyst is capable of modelling multi-year crop rotations, including explicit representation of crop residue decomposition, soil organic matter dynamics and the water and nitrogen balance at the scale of the field. STICS (Simulateur mulTIdisciplinaire pour les Cultures Standard) is a French model known for its copious representation of the dynamics of soil organic matter, nitrogen mineralisation, denitrification and its ability to simulate the canopy energy balance and water use at a fine temporal resolution(CropSyst, n.d.; Terán-Chaves et al., 2023).

3.3 Soil Water and Hydrological Models
The U.S. Salinity Laboratory developed HYDRUS-1D and HYDRUS-2D/3D which offer the most rigorous mechanistic treatment of variably saturated water flow and solute transport available for agricultural applications. The HYDRUS models numerically simulate water flow and the transport of solute species through a complex soil profile geometry by applying finite element methods. The Soil and Water Assessment Tool (SWAT) is a watershed or catchment scale simulation model that models water, sediment and nutrient cycles from a spatially distributed landscape(Mu et al., 2025; Šimůnek et al., 2024).
3.4 Coupled Soil-Water-Nutrient Models
The most complete, mechanistically complete, simulation models of the integrated system of irrigation and fertilizer management are those that fully couple soil water dynamics, solute transport, and crop physiological response in a single dynamic system, with bidirectional feedbacks between each of the subsystems. These coupled systems result in water flows affecting nutrient transport and nutrient availability affecting transpiration demand, and the dynamic growth of crop roots affecting soil moisture and nutrient gradients(S. Chen et al., 2019, 2026).	Comment by Rakesh Kumar: Write in correct way
3.5 Model Calibration and Validation
Any mechanistic crop model can be used to optimize a management for practical use only if the model is calibrated to the specific soil, climate and crop conditions of the target site and the parameters of the model are adjusted to reduce the difference between model and observed behavior of the system. Sensitivity analysis quantifies the proportional change in the model output that occurs when each of the input parameters is varied and is an important pre-condition for efficient calibration. One of the main challenges to deployment is the data for calibration in smallholder situations(Wallach et al., 2023).
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Figure 2. Schematic representation of the modular data flow and dynamic feedback architecture of integrated soil-water-plant simulation systems. Three categories of input data — weather variables (maximum and minimum temperature, rainfall, solar radiation, humidity, and wind speed for reference evapotranspiration calculation), soil physical and chemical properties (texture, bulk density, saturated hydraulic conductivity, water retention curve, soil organic matter, pH, and nutrient stocks), and management information (planting date, cultivar identity, irrigation event records, and fertilizer type, rate, and timing) — drive the simulation through sequentially coupled modules. The Soil Water Module resolves water redistribution across the soil profile using either the Richards equation (as in HYDRUS and CropSyst) or tipping-bucket cascade approaches (as in DSSAT-SoilWat and APSIM-SoilWater), computing layer-wise volumetric water content, drainage flux, and actual evapotranspiration. The Nutrient Transport Module simulates mass flow, diffusion, and root interception delivery alongside organic matter decomposition, mineralization, nitrification, and denitrification transformations (implemented as DSSAT-CENTURY, APSIM-SOILN, or STICS nitrogen sub-models). Bidirectional coupling between these two modules — shown by the bold double-headed arrow — reflects the mechanistic dependency of nutrient transport rates on soil water flux and the modulation of water demand by crop nitrogen status. The Crop Growth Module integrates phenological development, leaf area expansion, biomass accumulation, assimilate partitioning, and transpiration demand, with feedback loops from root growth altering soil water and nutrient depletion gradients. Model outputs quantify agronomically and environmentally relevant indicators including grain yield, water use efficiency (WUE), nitrogen use efficiency (NUE), nitrate leaching, nitrous oxide emissions, and seasonal irrigation demand. Italic labels indicate representative model implementations at each module. Dashed feedback arrows represent dynamic regulatory pathways closed at each simulation time step.



4. Mechanisms of Irrigation Optimization
4.1 Soil Moisture-Based Irrigation Scheduling
Mechanistic irrigation scheduling is based on the concept that crop water use and soil water supply must be monitored and managed as a balance and irrigation must be initiated based on a soil water deficit, not by a calendar date or by observing symptoms of stress. Most mechanistic irrigation management models have a soil moisture depletion fraction, which is the percentage of the soil moisture available to the plant that has to be consumed before crop stress occurs, and is a crop-specific, growth-stage dependent, and tunable management threshold.
The calculation of reference evapotranspiration (ET₀) is based upon the Penman-Monteith equation, widely used in FAO-56 methodology and adapted versions of DSSAT, which uses standard meteorological data and modifies it with a crop coefficient (Kc) that varies with the growth stage of the crop to estimate crop-specific potential transpiration (ETc)(Pereira et al., 2026; Seidel et al., 2016).

4.2 Deficit Irrigation and Water Stress Management
Regulated deficit irrigation (RDI) is a strategy where sub-optimal soil moisture is applied in stress-tolerant growth stages resulting in reduced water application and yield loss in a non-proportional manner, due to the non-linear relationship between transpiration deficit and yield loss. The use of mechanistic crop models is a key component in implementing RDI strategies because crop-specific, stage-dependent, and location-dependent thresholds of acceptable deficit, and re-watering schedules, are difficult to establish from general agronomic principles alone(Abera et al., 2025; Badr et al., 2026; Teshome et al., 2023).

4.3 Irrigation Effects on Nutrient Mobility and Uptake
The relationship between irrigation management and nutrient dynamics is mechanically bidirectional: irrigation management influences the transport processes that provide nutrients to the root surfaces and nutrient status affects the crop transpiration demand and root architecture that determines irrigation efficiency. Leaching loss can happen when there is too much nitrate in the soil, and irrigation or precipitation events that bring the soil above field capacity causes more nitrate than the roots can remove from the soil.
Fertigation is the practice of applying fertilizers in the form of a dissolved solution within the irrigation water, and is the one that most directly takes advantage of the mechanistic coupling between water and nutrient transport. The dynamics of fertigation are simulated most completely with HYDRUS and STICS, including the spatial distribution of the nutrient deposition patterns under drip emitters(R. Chen et al., 2025; B. Zhao et al., 2025).	Comment by Rakesh Kumar: Write in correct way as mention in reference section 

4.4 Model-Guided Irrigation Decision Systems
The integration of real time soil moisture data obtained from the capacitance sensors, tensiometers or soil moisture derived from satellite observations can provide continuous updating of model state variables to correct the model prediction errors. This data assimilation method (Kalman filtering or Ensemble methods) has been shown to increase the accuracy of forward-looking irrigation scheduling predictions and to help minimize the errors in irrigation application by up to 15-25% over open-loop model-based scheduling(Jamal et al., 2023; Sun et al., 2025; H. Zhao et al., 2023)	Comment by Rakesh Kumar: Write in correct way as mention in reference section
5. Mechanisms of Fertilizer Optimization
5.1 Nutrient Use Efficiency Mechanisms
Nutrient use efficiency (NUE) is a composite index consisting of three mechanistically distinct components, namely, agronomic efficiency (AE), the crop yield increase per unit of nutrient applied; recovery efficiency (RE), the fraction of applied nutrient that the crop has taken up; and physiological efficiency (PE), the crop yield produced per unit of nutrient in the shoot. Each component is controlled by different mechanisms and is affected differently by changes in water availability, fertilizer management and soil conditions.
Dissolved nitrogen is carried by mass flow to root surfaces under adequate soil moisture and remains available in the root-zone matrix for uptake throughout the demand period. As described previously, this transport is reduced under drought stress, and the efficiency of recovery is also reduced even when the soil nitrogen supply is nominally adequate. Leaching below the root zone under excess moisture following irrigation events causes recovery efficiency to be lowered due to physical transport losses independent of crop demand(Govindasamy et al., 2023).

5.2 Fertilizer-Water Synchronization
The principle of fertilizer-water synchronization is that the timing of fertilizer application should be synchronized with soil moisture conditions that are optimal for nutrient dissolution, transport and crop uptake. This principle is a direct consequence of the mechanistic soil-water-nutrient coupling described in Section 2, and, as a direct route to improving NUE under smallholder conditions, its implementation via model-guided scheduling is one of the most direct routes to improving NUE.
The availability of soil nutrients is episodic, or pulse, with highs and lows after specific fertilizer application events, and must be synchronized to crop demand windows based on growth stage and physiological nutrient needs. Mechanistic models trace the time evolution of soil nutrient concentration after application and also take into account the time evolution of nutrient demand based on simulated growth rate and tissue concentration targets(Lee et al., 2026; Linker & Kisekka, 2023; Zhang et al., 2025).

5.3 Mechanisms of Nutrient Loss
The quantification and minimization of nutrient losses are key targets of integrated management modelling — losses are both an environmental liability and an economic inefficiency. The four main loss mechanisms (leaching, volatilization, denitrification and runoff) involve different mechanisms and are sensitive to different soil, climate and management conditions. Under high rainfall or over-irrigation conditions the dominant loss pathway in coarse-textured soils is nitrate leaching. Urea and ammonium based fertilizers are often applied to the surface and ammonia volatilisation from these is a surface applied loss pathway whose rate depends on soil pH, soil temperature, wind speed and soil moisture at the time of application.
Denitrification, the microbial anaerobic conversion of NO₃-N to N₂O and N₂, is simulated in DSSAT as a function of soil NO₃-N level, labile carbon, soil temperature and water-filled pore space (WFPS), and increases rapidly with increasing water-filled pore space above 60% and approaches maximum rates near 90% WFPS conditions(Mulla et al., 2023).

5.4 Site-Specific Nutrient Management
Soil properties vary across smallholder field systems, meaning nutrient demands and supplies are also very variable, and blanket fertilizer recommendations do not readily handle this situation. The parameterization of mechanistic models using spatially distributed soil characterization data can predict the optimal spatially-distributed rate of nitrogen needed for each distinct soil mapping unit in a field or farming landscape to achieve the greatest economic return with the lowest environmental risk.
Use of remote sensing products, especially satellite-derived vegetation indices (NDVI, chlorophyll-sensitive indices) as inputs to mechanistic model-based approaches to NUE could provide an avenue to identify spatial variability in crop N status during the growing season and instigate management decisions during the season(Yin et al., 2025).

[image: ]
Figure 3. Integrated decision pathway diagram illustrating the mechanistic linkages between irrigation scheduling (left column, blue), fertilizer synchronization (right column, green), and their convergence in the optimal management interaction zone (centre, amber) to maximize irrigation and fertilizer use efficiency in smallholder crop systems. The irrigation scheduling pathway proceeds from weather-derived reference evapotranspiration (ET₀ via the Penman-Monteith equation) through crop-stage-specific soil moisture depletion thresholds (maximum allowable depletion fraction, field capacity, permanent wilting point, and water stress coefficient Kₛ) to ET-driven irrigation triggering and root-zone hydraulic response, including regulated deficit irrigation and hydraulic compensation. The fertilizer synchronization pathway proceeds from fertilizer application attributes (rate, chemical form, placement depth, and timing) through dissolution and nitrification kinetics driving nutrient pulse dynamics, to growth-stage-specific root uptake windows defined by the coincidence of root demand and soil nutrient supply, and ultimately to nitrogen and phosphorus assimilation and biomass partitioning responses. Within the central interaction zone, the coupled effects of soil moisture on nutrient transport (effective diffusion coefficient, mass flow rate, and water-filled pore space controlling denitrification risk), loss minimization (nitrate leaching, ammonia volatilization, and nitrous oxide emission), and stomatal-transpiration mediation of mass flow delivery are represented as shaded sub-domains indicating management conditions under which both resources are simultaneously optimized. Dashed curved arrows represent dynamic feedback from crop transpiration demand and nitrogen demand back to the respective scheduling pathways. Output metrics — NUE improvement of 20–40%, irrigation water reduction of 15–30%, minimized nitrate leaching, and yield gap closure — represent evidence-based outcomes from mechanistic model applications in sub-Saharan African and South Asian smallholder systems reviewed herein. Abbreviations: ET₀ = reference evapotranspiration; MAD = maximum allowable depletion; Kₛ = water stress coefficient; θ = volumetric soil water content; WFPS = water-filled pore space; ABA = abscisic acid; NUE = nitrogen use efficiency; WUE = water use efficiency.



6. Applications in Smallholder Farming Systems
6.1 Applications in Rainfed and Irrigated Systems
In sub-Saharan African maize based smallholder systems, DSSAT CERES-Maize has been used to assess the potential for efficiency improvements due to synchronizing split nitrogen input with the timing of rainfall based on seasonal forecasts. Simulations have consistently shown that a fraction of the total N dose applied in the first 5-7 days after a rainfall event that recharge the top 20 cm of the soil to above 50% available water content provides the optimum window for nitrogen delivery at the surface applied urea, resulting in an increase in simulated NUE of 25-40% compared to the calendar based N dose applied at planting(Gobezie et al., 2025; Kamara et al., 2023b).
In paddy rice systems, alternate wetting and drying (AWD) protocols were developed and evaluated through simulation modeling to reduce total water input by 20-30% by leaving the rice field to dry between irrigations while keeping the soil moisture above the threshold at which methane production, yield loss, and arsenic mobilization become significant. Simulations with AquaCrop in West Africa showed that yield advantage can be obtained when fertilizers are applied microdose only when applied with soil moisture conditions above the threshold for fertilizer transport to the roots(Bwire et al., 2024).

6.2 Constraints in Smallholder Contexts
Data availability is the most basic limitation for implementing mechanistic models in smallholders' environments. To provide meaningful model calibration, soil hydraulic parameters, variety-specific phenological inputs and weather station data at spatial scales that are not always available in the farming areas of smallholders must be provided. In smallholder areas, agricultural extension systems are generally underfunded and extension officer/farmer ratios are frequently 1:1000 or worse, especially in sub-Saharan Africa(Correa et al., 2025; Hajjarpoor et al., 2022).

6.3 Adaptation of Mechanistic Models for Low-Input Systems
Other research programs have concentrated on the question of how to design simplified interfaces for the models that remain mechanistic at the heart of the process simulation while minimizing the amount of data that needs to be entered when the models are used in an operational setting. The irrigation and fertilizer scheduling advice products created with DSSAT for East Africa and South Asia have shown that a pre-calibrated regional soil parameter database and the free availability of daily weather data derived from satellite observations (e.g., CHIRPS, ERA5-Land) can lead to irrigation and fertilizer scheduling advice with prediction accuracy similar to the local calibration of the models(Kenduiywo & Miller, 2024; Trenz et al., 2024).


7. Emerging Technologies in Integrated Modeling
7.1 Remote Sensing and Soil Moisture Monitoring
Satellite and airborne remote sensing platforms are increasingly viable options to deliver the spatial and temporal information needed by mechanistic models for parameterization and state variable updates in smallholder landscapes. Evapotranspiration derived from surface energy balance algorithms using thermal infrared imagery from Landsat-8 and Sentinel-3 satellites give spatially explicit ET estimates with a spatial resolution of 30-100 m and temporal resolution of 8-16 days. SMAP and Sentinel-1 SAR products offer surface soil moisture estimates globally, which can be downscaled to resolutions of 100-500 m for regional model application.

7.2 Artificial Intelligence and Hybrid Modeling
Machine learning techniques have shown significant ability to replicate the input/output behavior of complicated mechanistic models with much less computational expense. Large data sets of DSSAT or APSIM simulation outputs can be used for training neural network emulators that can simulate model predictions with accuracy greater than 95% in terms of root mean square error, and reduce by several orders of magnitude the computational time required to make model predictions, allowing for real time embedded operation on mobile platforms.
The hybrid model structures that attempt to integrate process fidelity of mechanistic models with pattern recognition capability of machine learning are an exciting new direction in agricultural systems modeling. For these hybrid systems, there are well understood processes for which physical equations are written; and there are processes that are poorly understood for which machine learning components are trained to correct for residuals or parameterize(Aderele et al., 2025).

7.3 Digital Decision Support Systems
The operationalization layer between scientific modeling and farmer practice are digital decision support systems (DSS) that convert outputs from the mechanistic models into practical farm management advice. Successful examples include the Digital Green platform in India, which integrates irrigation scheduling advisories based on AquaCrop with video-mediated peer learning networks; the Climate Services for Agriculture platform in East Africa; and the ENACTS-based climate decision support systems in Ethiopia and Tanzania(Petraki et al., 2025).


8. Current Limitations and Research Gaps
8.1 Data Scarcity and Model Uncertainty
Most state-of-the-art mechanistic soil-water-plant models require significant amounts of data to be parameterized, which is often not available in smallholder agricultural fields, leading to a fundamental tension between model mechanistic fidelity and practical deployability. Uncertainty analysis via Monte Carlo simulation approaches have shown that in typical smallholder environments where soil hydraulic information is estimated by pedotransfer functions instead of measured, simulated estimates of root-zone water content have uncertainties between ±20-30 mm per meter of soil depth.(Y. Zhao, 2026)	Comment by Rakesh Kumar: Write in correct way as mention in reference section
8.2 Limited Representation of Smallholder Conditions
The overwhelming majority of mechanistic crop models were developed and validated in research system and commercial farming environments, where crops are grown in uniform stands, single species monocultures, mechanically managed, and where complete data sets are recorded, which are very different from the variety and spatial and temporal heterogeneity of smallholder farming. Most mechanistic models cannot be adapted to simulate intercropping and mixed cropping systems that are employed on more than 30% of the cultivated land of smallholders in Sub-Saharan Africa and South Asia(Haug et al., 2023).
8.3 Challenges in Scaling Mechanistic Models
A computational barrier to spatial scaling and real-time operational deployment is the computational complexity of full mechanistic soil-water-plant simulations that involve the iterative numerical solution of the water flow and solute transport differential equations at sub-daily time scales and in multiple soil layers. One of the most basic problems encountered in scaling up model use from the research site to operational advisory coverage is the transferability of model calibrations across the environmental and management gradients.
8.4 Future Research Priorities
Mechanistic-machine learning models that can extrapolate reliably with process-based models, while learning parameters efficiently with machine learning, are the most likely preferred path forward for the next few years for integrated agricultural modeling capacity. If probabilistic seasonal climate forecasting products could be integrated into mechanistic irrigation and fertilizer scheduling frameworks, they would be able to predict the distribution of season-aggregate irrigation resource use efficiency. Low cost precision agriculture tools specifically designed for smallholder use demand targeted investment in development that covers sensor technology development, model development and simplification, and user interface development within an integrated systems framework.


9. Conclusion
In this review, the mechanisms underlying soil-water-plant interactions, and how these interactions can be simulated as a whole in process-based crop models, have been discussed as a basis for optimising the use efficiency of fertilizers and irrigation in smallholder farming systems. The essential mechanistic principle that supports this framework is that the processes of solute transport, root uptake, stomatal control, and microbial metabolism in agricultural systems are not independent, but are inter-dependent, and that they lead to emergent behaviors in the system that cannot be determined by studying either of the subsystems alone.
The soil water content of the root zone at a particular time affects the amount of water available to the crop, but also its rate of delivery of nutrients, the effective diffusion coefficient for phosphorus and potassium, the rates of microbial reactions controlling nitrogen mineralization and denitrification, and root hydraulic conductance, which regulates transpiration and its associated nutrient delivery flux. The mechanistic linkages also imply that all irrigation management decisions are nutrient management decisions and that maximizing irrigated water use without maximizing nutrient use, and vice versa, are systematic trade-offs and compromises.
To identify management configurations that can maximize transpiration efficiency, nutrient recovery efficiency, and yield under heterodox weather and soil conditions on smallholder farms, a process-based simulation modelling approach is necessary that encodes these coupled dynamics in modules of integrated soil water, nutrient transport and crop physiological processes. Model-based irrigation and fertilizer timing in smallholder systems in Africa and Asia successfully show benefits of 20-40% more NUE and 15-30% less irrigation water compared to conventional management, and benefits are even higher when both resources are optimized at the same time.
The scientific basis for smallholder mechanized, integrated management of irrigation and fertilizer has been established and the research challenge is how to create the data collection, abstraction, and advisory systems necessary to turn this scientific basis into routine, on-farm agronomic practice.


Tables
Table 1. Comparison of Major Mechanistic Crop Models
	Model
	Simulated Processes
	Irrigation Components
	Nutrient Components
	Strengths
	Limitations

	DSSAT
	Crop growth, phenology, soil C/N, water balance, residue decomposition
	Deficit irrigation scheduling; ET-based water balance; soil moisture routing
	N and P dynamics; mineralization; leaching; organic matter
	Extensive calibration database; robust for cereals and legumes; widely validated
	Limited mixed-cropping; complex parameterization; poor representation of heterogeneous fields

	APSIM
	Modular crop, soil, water, nutrient; intercropping; tillage; long-term rotations
	Flexible irrigation triggers; soil water deficit models; drainage simulation
	N, P, S cycles; SOM dynamics; denitrification; leaching
	Highly modular; multi-crop; strong community support; adaptable to tropical systems
	High data demand; steep learning curve; limited real-time advisory integration

	AquaCrop
	Water-driven crop growth; canopy cover; biomass; harvest index
	Water productivity; deficit irrigation; ET partitioning; soil water balance
	Simplified N stress; no detailed nutrient cycling
	Minimal data requirements; strong water productivity focus; suitable for water-scarce regions
	No mechanistic nutrient module; limited to single crops; no fertigation simulation

	CropSyst
	Crop growth, phenology, soil C/N, water/heat stress; multi-year rotations
	Irrigation scheduling; water stress indices; percolation; runoff
	N leaching; organic matter decomposition; residue management
	Rotation modeling; climate change scenario testing; Mediterranean focus
	Limited tropical application; fewer publicly available calibration datasets

	STICS
	Detailed C/N cycling; soil microbiological processes; water uptake; multi-layer soil
	Evapotranspiration; root-zone moisture; irrigation scheduling
	Full N and C cycling; denitrification; volatilization; precise organic matter dynamics
	Detailed nutrient cycling; strong French and European validation; fertigation representation
	Computationally intensive; limited English documentation; sparse tropical validation



Table 2. Mechanisms Influencing Irrigation and Fertilizer Use Efficiency
	Category
	Mechanism
	Effect on Efficiency
	Modeling Approach

	Soil Water Dynamics
	Hydraulic conductivity governs water redistribution and root-zone residence time
	Determines nutrient mobility and uptake window
	Richards equation; HYDRUS water flow module

	Mass Flow
	Convective solute transport driven by transpiration stream
	Primary N delivery mechanism to root surface
	Convection-dispersion equation in soil-water models

	Diffusion
	Concentration-gradient-driven P and K movement in soil solution
	Limits P availability under low moisture
	Fick's law implemented in DSSAT, APSIM nutrient modules

	Deficit Irrigation
	Controlled water deficits inducing mild crop stress
	Improves water productivity; may reduce N leaching
	AquaCrop water stress functions; DSSAT irrigation triggers

	Fertigation Timing
	Synchronization of soluble fertilizer application with irrigation events
	Maximizes nutrient uptake window; reduces leaching
	HYDRUS coupled transport; STICS fertigation routines

	Denitrification
	Anaerobic microbial N2O and N2 loss under waterlogged conditions
	Reduces nitrogen recovery efficiency
	Michaelis-Menten kinetics in DSSAT, APSIM SOILN module

	Stomatal Regulation
	ABA-mediated stomatal closure under water deficit
	Reduces transpiration-driven mass flow; limits N delivery
	Transpiration-demand coupling in crop simulation models

	Root Density Distribution
	Spatial root architecture governing uptake surface area
	Determines nutrient interception zone and efficiency
	Root growth models in APSIM, CropSyst, DSSAT





Table 3. Applications of Integrated Modeling in Smallholder Systems
	Crop System
	Region
	Model Applied
	Key Finding
	Practical Implication

	Maize
	Sub-Saharan Africa
	DSSAT CERES-Maize
	Split N application synchronized with rainfall events improved NUE by 25-40%
	Timing fertilizer to rainfall onset reduces leaching and raises efficiency

	Rice (paddy)
	South and Southeast Asia
	ORYZA / APSIM-Oryza
	Alternate wetting and drying reduced irrigation water by 30% with <5% yield loss
	Model-guided AWD scheduling viable for water-scarce paddy systems

	Vegetable production
	Mediterranean / semi-arid
	CropSyst, HYDRUS
	Drip fertigation with model-optimized schedules reduced N input by 20% while sustaining yield
	Precision fertigation feasible with minimal sensor infrastructure

	Rainfed sorghum
	Semi-arid West Africa
	AquaCrop
	Micro-dosing fertilizer at optimized soil moisture thresholds increased WUE by 35%
	Low-dose precision fertilization viable in rainfall-limited environments

	Wheat
	South Asia (Indo-Gangetic Plain)
	DSSAT CERES-Wheat
	Model-based deficit irrigation scheduling reduced groundwater use by 15-20%
	Simulation-guided irrigation advisories reduce aquifer depletion



Table 4. Current Limitations and Future Research Priorities
	Limitation Domain
	Specific Challenge
	Impact on Model Utility
	Future Research Priority

	Data Scarcity
	Sparse soil physical and chemical characterization data in smallholder regions
	Limits calibration accuracy; propagates parameter uncertainty
	Low-cost proximal sensing networks; pedotransfer function libraries for tropical soils

	Mixed Cropping Systems
	Most mechanistic models designed for monoculture crops
	Cannot simulate intercrop competition for water and nutrients
	Development of intercrop modules in APSIM and DSSAT; light and root competition algorithms

	Computational Complexity
	Full mechanistic models require intensive parameterization and computation
	Impractical for farmer-level advisory use without technical support
	Cloud-based simplified model interfaces; mobile-optimized crop advisory platforms

	Climate Non-Stationarity
	Historical calibration may not reflect future precipitation and temperature regimes
	Reduces forecast reliability under climate change conditions
	Integration of probabilistic seasonal forecasting into irrigation and fertilizer scheduling

	Spatial Heterogeneity
	Smallholder fields exhibit high spatial variability in soil properties and management
	Single-point model outputs poorly represent field-level heterogeneity
	Spatially distributed modeling; geostatistical parameterization from remote sensing

	Scaling from Plot to Landscape
	Mechanistic models validated at plot scale may not transfer to watershed or regional scale
	Limits policy-relevant extrapolation
	Multi-scale model coupling; SWAT-crop model linkages; landscape-level validation
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Figure 2. Architecture of Integrated Soil-Water-Plant Modeling Systems
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Figure 3. Mechanistic Pathways of Irrigation and Fertilizer Optimization

(1) IRRIGATION SCHEDULING (2) FERTILIZER SYNCHRONIZATION

Scheduling Inputs
Weather - Soil texture - Crop stage - ETo

Fertilizer Application
Rate - Form - Placement - Timing

OPTIMAL MANAGEMENT
INTERACTION ZONE

ET-Driven Decision Root Uptake Windows
Penman-Monteith - FAO-56 Kc - Water balance Demand-supply synchrony - Growth stage match

Root-Zone Response Crop N/ P Response
Hydrau ompensation - Deficit irrigation \ O synthesis - Biomass partitioning

,'N demand
! feedback
.

Ra

PN}
Transpiration 'y
demand feedbady

~

‘\

Integrated Crop Response

Leaf area - Biomass - Grain yield - Water productivity
ity, Nutrient status, Phenological stage)

s

Optimized Management Outcomes

NUE +20-40% Irrigation -15-30% Leaching Reduced Yield Gap Closed
vs calendar management reduced water demand NO;0 loss minimized ‘Smallholder productivity t




image1.png
IRRIGATION INPUT

Figure 1. Mechanistic Soil-Water-Plant-Nutrient Interaction Framework
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