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Abstract: 
Wheat (Triticum aestivum L.) is a staple food crop worldwide, and optimizing its nutrient management is crucial for sustainable production. This review explores next-generation strategies for enhancing wheat productivity and soil quality through innovative nutrient management approaches. We discuss precision agriculture techniques, such as site-specific nutrient management and variable rate fertilization, which can improve nutrient use efficiency and reduce environmental impacts. The role of organic amendments, including compost, manure, and biochar, in improving soil health and nutrient availability is also examined. Additionally, we highlight the potential of plant growth-promoting rhizobacteria and mycorrhizal fungi to enhance nutrient uptake and plant growth. 	Comment by DELL: Improve introduction	Comment by DELL:  Add conclusion of the manuscript
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1. Introduction Wheat is one of the most important cereal crops globally, providing a significant portion of the world's food supply. Proper nutrient management is essential for optimizing wheat productivity and maintaining soil health. Traditional nutrient management practices, such as blanket fertilizer applications, often lead to inefficient nutrient use and environmental problems, such as nutrient leaching and greenhouse gas emissions [1]. 
Next-generation nutrient management strategies for wheat involve a combination of precision agriculture techniques, organic amendments, microbial inoculants, remote sensing technologies, and decision support systems. These strategies aim to optimize nutrient use efficiency, improve soil quality, and reduce the environmental footprint of wheat production. Precision agriculture techniques, such as site-specific nutrient management and variable rate fertilization, enable farmers to apply nutrients based on the spatial variability of soil properties and crop requirements [2]. 	Comment by DELL: Why it is Next-generation.
Organic amendments, such as compost, manure, and biochar, can improve soil health by increasing soil organic matter content, enhancing nutrient availability, and promoting beneficial microbial activity [3]. These amendments can also reduce the reliance on synthetic fertilizers and improve the long-term sustainability of wheat production systems. Plant growth-promoting rhizobacteria (PGPR) and mycorrhizal fungi are microbial inoculants that can enhance nutrient uptake, improve plant growth, and increase stress tolerance in wheat [4]. Remote sensing and geospatial technologies have emerged as powerful tools for monitoring crop nutrient status and soil properties in real-time [5]. These technologies, such as satellite imagery, unmanned aerial vehicles (UAVs), and soil sensors, can provide valuable information for optimizing nutrient management decisions. Crop simulation models and decision support systems can further aid in developing site-specific nutrient management strategies by integrating data from various sources and providing recommendations based on crop growth, soil properties, and weather conditions [6].	Comment by DELL: Include Supporting Data 
Case studies from various regions worldwide demonstrate the successful implementation of these next-generation nutrient management strategies in wheat production systems. For example, a study in China showed that site-specific nutrient management using soil testing and GIS-based fertilizer recommendations led to a 12% increase in wheat yield and a 20% reduction in nitrogen fertilizer use compared to traditional practices [7]. Another case study in Australia found that the use of variable rate nitrogen fertilization based on crop canopy sensors resulted in a 10-15% increase in wheat yield and a 15-20% reduction in nitrogen application [8 and 9].
Precision Agriculture Techniques
2.1. Site-Specific Nutrient Management : Site-specific nutrient management (SSNM) is a precision agriculture approach that involves applying nutrients based on the spatial variability of soil properties and crop requirements within a field [2]. This approach recognizes that soil fertility and crop nutrient needs can vary significantly within a field due to factors such as soil type, topography, and management history. By mapping this variability using geospatial technologies, such as global positioning systems (GPS) and geographic information systems (GIS), farmers can develop site-specific nutrient management plans that optimize nutrient application rates and placement [10-14].
Case Study: SSNM in Indian Wheat Production : A study conducted in the Indo-Gangetic Plains of India demonstrated the effectiveness of SSNM in improving wheat productivity and nutrient use efficiency [15]. 	Comment by DELL: Add supporting statistics of the study
2.2. Variable Rate Fertilization :Variable rate fertilization (VRF) is another precision agriculture technique that involves applying fertilizers at varying rates within a field based on the spatial variability of soil properties and crop requirements [16]. VRF is often used in conjunction with SSNM to optimize nutrient application and improve nutrient use efficiency. With VRF, fertilizers are applied using specialized equipment, such as variable rate spreaders or sprayers, that can adjust the application rate on-the-go based on GPS-guided prescription maps [17-21].
Case Study: VRF in US Wheat Production: A three-year study conducted in Oklahoma, USA, evaluated the performance of variable rate nitrogen fertilization in winter wheat production [22]. Researchers used a combination of soil sampling, crop canopy sensing, and yield mapping to develop variable rate nitrogen prescriptions. 	Comment by DELL: Add outcomes and conclusion of the study
Organic Amendments
3.1. Compost : Compost is an organic amendment that is produced by the controlled decomposition of organic materials, such as crop residues, manure, and food waste [23]. Compost is rich in nutrients and organic matter, and can improve soil health and fertility when applied to agricultural fields. In wheat production, compost can be used as a soil conditioner and nutrient source, either alone or in combination with other fertilizers [24].	Comment by DELL: Lacking relevant data
One of the main benefits of using compost in wheat production is its ability to improve soil physical properties, such as structure, porosity, and water-holding capacity [25]. Compost contains a high proportion of stable organic matter, which can help to build and maintain soil structure over time. This can lead to better root growth and development, as well as improved water infiltration and retention in the soil [26]. Compost can also increase soil microbial activity and diversity, which can enhance nutrient cycling and plant growth [27-33].
Case Study: Compost Application in Egyptian Wheat Production A field experiment conducted in Egypt investigated the effects of compost application on wheat growth, yield, and soil properties [34]. The study compared three treatments: control (no compost), low compost rate (5 tons per hectare), and high compost rate (10 tons per hectare). Compost was applied before planting and incorporated into the soil.	Comment by DELL: Add result and conclusion
3.2. Manure:  Manure is another organic amendment that can be used to improve soil health and fertility in wheat production systems. Manure is the solid and liquid waste produced by livestock, such as cattle, pigs, and poultry, and can contain significant amounts of nutrients and organic matter [35]. Like compost, manure can be used as a soil conditioner and nutrient source in wheat production, either alone or in combination with other fertilizers [36-46].
Biochar Application in Wheat Production Systems
Biochar is a carbon-rich material produced through the pyrolysis of organic biomass under low oxygen conditions [49]. This highly porous material has gained significant attention for its potential to improve soil health and fertility in wheat production systems.
Key Benefits
Biochar offers multiple advantages for wheat cultivation:	Comment by DELL: Add Graphs or figures with data 
· Improved Soil Physical Properties: Enhances soil structure, porosity, and water-holding capacity, leading to better root development and increased yields [52]
· Enhanced Nutrient Efficiency: Acts as a slow-release fertilizer while reducing nutrient leaching through increased cation exchange capacity [54, 55, 56]
· Environmental Benefits: Increases soil carbon sequestration and reduces greenhouse gas emissions, supporting climate change mitigation efforts [53]
· Reduced Environmental Impacts: Decreases water pollution and eutrophication through improved nutrient retention [57]
Application Guidelines
For effective biochar implementation in wheat production, farmers should consider:
1. Feedstock Selection: Biochar properties vary widely depending on source materials (crop residues, wood waste, manure) and pyrolysis conditions [59]
2. Application Rates: Typically 5-20 tons per hectare, adjusted based on soil type and fertility status [60]
3. Timing: Apply before planting or during early growth stages for optimal results [61]
4. Method: Either incorporate into soil through tillage or apply to the surface [61]
Case Study: Biochar Application in Australian Wheat Production A field trial in Australia investigated the effects of biochar application on wheat growth, yield, and soil properties under dryland conditions [62]. The study compared two treatments: control (no biochar) and biochar application at a rate of 10 tons per hectare. Biochar was produced from wheat straw and applied before planting.	Comment by DELL: Add study based data 
Microbial Inoculants for Wheat Production
Plant Growth-Promoting Rhizobacteria (PGPR)
PGPR are beneficial bacteria that colonize the rhizosphere and enhance plant growth through multiple mechanisms [63, 64]. In wheat systems, they improve yields, nutrient efficiency, and disease resistance [65].
Key Benefits:
· Nutrient solubilization (P, K, Fe) through organic acids and enzymes [66, 67]
· Atmospheric nitrogen fixation, reducing fertilizer requirements [68]
· Production of growth hormones (auxins, cytokinins, gibberellins) [69]
· Synthesis of siderophores for improved iron uptake [70]
Application Methods:
· Seed treatments (most common for wheat) [73]
· Soil inoculants [72]
· Foliar sprays [72]
Research in Pakistan showed combining PGPR with 50% fertilizer achieved yields similar to full fertilizer applications [75].
Mycorrhizal Fungi
These fungi form symbiotic associations with wheat roots, extending the plant's nutrient absorption network [76, 77].
Types for Wheat:
· Arbuscular mycorrhizal (AM) fungi - most common, enhancing P, K, and Zn uptake [78, 79, 80]
· Some ectomycorrhizal (EM) fungi (e.g., Pisolithus tinctorius) also benefit wheat [81, 82]
Implementation Guidelines:
· Maintain favorable soil conditions (moisture, limited tillage) [84, 85]
· Apply as seed or soil inoculants [86]
· Combine with organic amendments for enhanced results [87]
Italian research demonstrated AM fungi allowed reduced fertilizer use while maintaining durum wheat quality [88].
Satellite Imagery
Satellite platforms like Landsat, Sentinel, and MODIS provide multispectral images for monitoring wheat growth, nutrient status, and soil properties [89, 90]. This technology enables development of field-specific nutrient management strategies [91].
Key Applications:
· Vegetation indices (NDVI, EVI) assess crop health and nutrient status [92, 93]
· Identification of nutrient-deficient areas for targeted management [94]
· Mapping of soil properties affecting nutrient availability [95, 96]
· Optimization of fertilizer use and reduction of nutrient losses [97]
A Mexican study used Landsat 8 imagery to develop variable-rate nitrogen fertilization maps by calculating NDVI to estimate wheat biomass and N uptake [98].
Unmanned Aerial Vehicles (UAVs)	Comment by DELL: Add impact of their use in enhancing Wheat productivity
UAVs equipped with RGB, multispectral, and thermal cameras provide high-resolution monitoring of wheat crops [99, 100, 101].
Advantages over Satellites:
· Real-time, centimeter-level resolution data [102, 103]
· More frequent data collection for responsive management [104]
· 3D mapping of crop canopy structure and biomass [105]
· Integration with predictive models for nutrient decision-making [106]
Research in China demonstrated UAV-mounted multispectral cameras effectively monitored nitrogen status in winter wheat using vegetation indices like NDVI and Red-Edge Chlorophyll Index [107].
Soil Sensors
In-field sensors provide real-time measurement of soil moisture, temperature, pH, and nutrients at high spatial resolution [108, 109, 110].
Types and Applications:
· Electrical conductivity (EC) sensors map soil variability [111, 112]
· Ion-selective electrodes measure specific nutrient levels [114]
· Spectral sensors assess organic matter content [114]
· Various deployment platforms (handheld, tractor-mounted, UAV) [115]
A German study combined EC and spectral sensors to map soil nitrogen supply for variable-rate fertilization in winter wheat [116].
6. Crop Simulation Models and Decision Support Systems
6.1. Crop Simulation Models: Crop simulation models are computer programs that simulate the growth and development of crops based on various environmental and management factors, such as weather, soil, and nutrient inputs [117]. These models can be used to predict crop yield, nutrient uptake, and other performance indicators under different scenarios, and to optimize nutrient management strategies for specific conditions [118].	Comment by DELL: Discuss on accuracy and table of case studies
In wheat production systems, crop simulation models such as DSSAT, APSIM, and CERES-Wheat have been widely used to simulate the effects of nutrient management on crop growth and yield [119]. These models can integrate data from various sources, such as weather stations, soil sensors, and remote sensing platforms, to provide a comprehensive and dynamic view of the crop-soil-environment system [120].	Comment by DELL: Author should add some lines for explaining these models
One of the main applications of crop simulation models in wheat production is the optimization of nitrogen (N) fertilization [121]. N is a critical nutrient for wheat growth and yield, but its management can be challenging due to its high mobility and potential for losses through leaching, denitrification, and volatilization [122]. Crop simulation models can help farmers to determine the optimal N fertilization rates, timings, and placement methods based on the specific conditions of each field and season [123].
Crop simulation models can also be used to assess the long-term sustainability and environmental impacts of different nutrient management strategies in wheat production systems [124]. By simulating the effects of different practices on soil carbon and nutrient dynamics, greenhouse gas emissions, and water quality, these models can help farmers to identify the most sustainable and cost-effective nutrient management options for their specific conditions [125].
Case Study: Crop Model-Based Nitrogen Management in Australian Wheat Production A study in Australia used the APSIM crop simulation model to optimize nitrogen management in rainfed wheat production [126]. Researchers used long-term weather data, soil properties, and crop management information to simulate wheat growth and yield under different nitrogen fertilization scenarios. 
6.2. Decision Support Systems : Decision support systems (DSS) are computer-based tools that integrate data, models, and knowledge to support decision-making in various domains, including agriculture [127]. In wheat production systems, DSS can be used to optimize nutrient management decisions based on various factors, such as crop growth stage  soil properties, weather conditions, and economic considerations [128].
One of the main types of DSS used in wheat production is the nutrient management DSS, which provides recommendations for fertilizer application rates, timings, and placement methods based on site-specific data and models [129]. These DSS can integrate data from various sources, such as soil tests, crop sensors, and simulation models, to provide a comprehensive and evidence-based approach to nutrient management [130].
For example, the Nutrient Expert system developed by the International Plant Nutrition Institute (IPNI) is a nutrient management DSS that has been widely used in wheat production systems in various countries [131]. This system uses a combination of site-specific data, crop simulation models, and expert knowledge to provide nutrient management recommendations that are tailored to the specific conditions and goals of each farmer [132].
Other types of DSS that can be used in wheat production include the irrigation management DSS, which provides recommendations for water application based on crop water requirements and soil moisture status [133], and the pest management DSS, which provides recommendations for integrated pest management based on pest population dynamics and economic thresholds [134].
The use of DSS in wheat production can help farmers to optimize nutrient management decisions, reduce costs and environmental impacts, and improve crop yields and quality [135]. However, the effectiveness of DSS depends on the quality and relevance of the data and models used, as well as the ability of farmers to interpret and apply the recommendations provided [136].
Case Study: DSS-Based Phosphorus Management in US Wheat Production A study in the US evaluated the use of a phosphorus management DSS in winter wheat production [137]. The DSS, called the Phosphorus Index (PI), integrates various site-specific factors, such as soil test phosphorus, soil erosion potential, and phosphorus application rate and method, to assess the risk of phosphorus loss from agricultural fields.	Comment by DELL: Accuracy of the DSS system could be included. 
Conclusion	Comment by DELL: Conclude the study
 Nutrient management is a critical issue for the sustainable intensification of wheat production systems worldwide. The use of next-generation nutrient management strategies, such as precision agriculture techniques, organic amendments, microbial inoculants, remote sensing and geospatial technologies, and crop simulation models and decision support systems, can help to optimize nutrient use efficiency, improve soil health and fertility, and reduce environmental impacts in wheat production.
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Table 1. Nutrient Management Strategies
	Nutrient Management Strategy
	Key Benefits
	Challenges and Limitations

	Site-Specific Nutrient Management (SSNM)
	Improves nutrient use efficiency; reduces environmental impacts; increases yield and profitability
	Requires extensive data collection and analysis; high initial costs for technology and equipment

	Variable Rate Fertilization (VRF)
	Optimizes fertilizer application; reduces input costs; improves yield and quality
	Needs specialized equipment and software; relies on accurate and up-to-date data

	Organic Amendments (Compost, Manure, Biochar)
	Enhances soil health and fertility; provides slow-release nutrients; improves soil structure and water retention
	Variable nutrient content and quality; potential for contaminants and pathogens; requires proper management and application


Table 2. Microbial Inoculants
	Microbial Inoculants
	Mechanisms of Action
	Potential Benefits for Wheat

	Plant Growth-Promoting Rhizobacteria (PGPR)
	Nutrient solubilization and mobilization; production of plant growth regulators; pathogen suppression; stress tolerance
	Increased nutrient uptake and use efficiency; improved root growth and plant vigor; enhanced disease resistance and abiotic stress tolerance

	Arbuscular Mycorrhizal (AM) Fungi
	Increased surface area for nutrient absorption; enhanced water and nutrient uptake; improved soil structure and aggregation
	Better nutrient acquisition (P, Zn, etc.); improved water relations and drought tolerance; increased yield and grain quality


Table 3. Remote Sensing Technology
	Remote Sensing Technology
	Applications in Wheat Nutrient Management
	Benefits and Limitations

	Satellite Imagery (Landsat, Sentinel, etc.)
	Mapping crop health, biomass, and nutrient status; estimating yield potential; developing variable rate nutrient applications
	Provides large-scale, cost-effective data; limited by spatial and temporal resolution; requires ground-truthing and validation

	Unmanned Aerial Vehicles (UAVs)
	High-resolution crop monitoring; detection of nutrient deficiencies; creation of prescription maps for precision nutrient management
	Offers real-time, site-specific data; flexible and cost-effective; limited by payload capacity, flight time, and regulations

	Soil Sensors (EC, spectral, etc.)
	Mapping soil variability and properties; guiding variable rate nutrient applications; monitoring soil moisture and nutrient levels
	Provides high-resolution, in-situ data; enables real-time decision making; requires calibration and integration with other data sources


Table 4. Crop Simulation Models
	Crop Simulation Model
	Key Features and Applications
	Strengths and Weaknesses

	DSSAT (Decision Support System for Agrotechnology Transfer)
	Simulates crop growth, development, and yield; integrates genotype, environment, and management factors; enables scenario analysis and decision support
	Widely used and validated; provides mechanistic insights; requires extensive input data and calibration; limited in spatial scalability

	APSIM (Agricultural Production Systems sIMulator)
	Modular modeling framework; simulates biophysical processes in farming systems; allows for scenario analysis and risk assessment
	Flexible and adaptable; incorporates diverse crop, soil, and management modules; requires reliable input data and parameterization; complexity can limit usability


Table 5. Decision Support Systems
	Decision Support System
	Key Functions and Outputs
	Benefits and Challenges

	Nutrient Expert (IPNI)
	Provides site-specific nutrient recommendations based on yield goal, soil fertility, and agronomic management; estimates nutrient balance and economics
	User-friendly and scalable; integrates multiple data sources; promotes sustainable nutrient management; requires reliable input data and validation

	Adapt-N (Cornell University)
	Predicts optimum N rates based on weather, soil, and crop data; provides in-season N recommendations and post-season analysis
	Dynamic and responsive to seasonal conditions; reduces N losses and optimizes N use efficiency; requires real-time weather and soil data; limited to N management


Table 6. Sustainable Agricultural Practices
	Sustainable Agricultural Practice
	Effects on Nutrient Management
	Synergies with Next-Generation Strategies

	Conservation Tillage
	Reduces soil erosion and nutrient losses; improves soil structure and organic matter retention; enhances water infiltration and storage
	Complements precision agriculture by reducing variability and improving nutrient use efficiency; enhances the benefits of organic amendments and microbial inoculants

	Cover Cropping
	Reduces nutrient leaching and erosion; enhances soil organic matter and fertility; improves soil structure and water retention
	Provides synergistic benefits with precision nutrient management by reducing losses and improving soil health; complements the use of organic amendments and microbial inoculants

	Crop Rotation
	Enhances soil fertility and nutrient cycling; reduces pest and disease pressure; improves soil structure and water holding capacity
	Optimizes nutrient use efficiency and reduces input requirements; complements the use of organic amendments and precision agriculture technologies
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Figure 6. Remote Sensing Technologies for Nutrient Management
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