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Regional Variation in Fertilizer Use Efficiency: Linking NPK Consumption to Crop Productivity in Western Uttar Pradesh, India


ABSTRACT
This study analyses the technical efficiency of NPK fertilizer use across four Western Uttar Pradesh districts Baghpat, Meerut, Muzaffarnagar, and Shamli using Data Envelopment Analysis (DEA) over crop seasons from 2011–12 to 2022–23. It evaluates fertilizer use efficiency for major crops, including wheat, sugarcane, rice, maize, barley, pulses, and oilseeds, by assessing yield and production sensitivity to nutrient inputs. Results show consistently high efficiency for wheat and sugarcane, with Shamli leading regionally and Muzaffarnagar performing close behind. In contrast, pulses and coarse cereals such as millet and gram display low and unstable efficiency, indicating agronomic and management limitations. Meerut exhibits notable efficiency in lentil cultivation, while Baghpat shows potential for improvement. The stability of efficiency under small nutrient changes suggests broader management systems drive performance more than individual fertilizer adjustments. Overall, the findings highlight the need for district-specific nutrient management strategies, policy interventions, and targeted research to enhance efficiency in underperforming crops while scaling best practices from high-performing regions to support sustainable agricultural intensification.
Keywords: Agriculture; Data envelopment analysis; western Uttar Pradesh.
1. Introduction
Agriculture, as the backbone of India’s economy, occupies a central role in both national food security and rural livelihoods. However, the expansion and intensification of agricultural land use have been consistently identified as a critical driver of global biodiversity loss and ecosystem vulnerability (Sala et al., 2000). The pressure is mounting particularly in those rapidly developing countries where burgeoning populations and robust economic progress continue to push the limits of natural resource use, frequently at the expense of biodiversity and environmental stability (Tilman et al., 2001). India, home to more than 1.4 billion people, face challenges in achieving food security while safeguarding its environment. India’s agricultural sector thus stands at the crossroads of ensuring adequate food supply, supporting rural economies, and achieving sustainable ecological management. The challenge of balancing farm productivity, soil fertility, and sustainable resource use is especially acute in the Indo-Gangetic Plains, where Western Uttar Pradesh (WUP) epitomizes India’s agricultural dynamism and complexity. With its fertile alluvial soils, advanced irrigation infrastructure, and predominance in cereal grain and sugarcane production, WUP is among the most intensively cultivated and vital food-producing regions in India (Gulati, A. et al., 2021).
Rising food demand driven by population growth and shifting diets poses major challenges for India’s agriculture. The Indian Agricultural Research Institute’s Vision 2050 report projects India’s population to surpass 1.6 billion by 2030, with food grain demand reaching 400 million tonnes by 2050. Meeting this demand requires improved productivity and soil fertility management. NPK fertilizers nitrogen (N), phosphorus (P), and potassium (K) are central to modern agriculture, influencing growth, yield, and soil health (Zinete, J. 2023). Nitrogen drives vegetative growth, phosphorus supports root development and metabolism, while potassium regulates water balance and stress tolerance (Zinete, J. 2023; Alnaass, N. S. et al., 2021). However, excessive use links directly to environmental problems like climate change and eutrophication (Penuelas, J. 2023). In Western Uttar Pradesh (WUP), Green Revolution practices intensified fertilizer use, boosting yields but causing soil degradation, salinization, and toxic metal build up (Hossian, M. E. et al., 2022), along with microbial disruption (Xinpei, W. et al., 2024). Promoting Integrated Nutrient Management (INM) and organic practices can help balance nutrient efficiency, soil health, and sustainability (Samanta, S. & Sengupta, S. 2024).
Despite the importance of NPK fertilizers in Western Uttar Pradesh (WUP), detailed multi-crop and temporal assessments of their impact on nutrient use efficiency remain limited. Existing studies largely emphasize national or state trends or focus narrowly on single crops like wheat or rice, overlooking regional and crop-specific variations. Recent research highlights the need for locally adaptive fertilizer strategies that integrate soil data, cropping systems, and climate realities. This paper fills that gap by empirically analysing fertilizer use efficiency across major WUP crops using panel data methods. The approach accounts for unobserved regional factors and estimates the marginal effects of NPK inputs on yields. By examining crops such as wheat, rice, sugarcane, and pulses together, the study offers nuanced insights into fertilizer response patterns. Its key objectives are to estimate regional variations in nutrient use efficiency and assess crop-specific responses to NPK input levels, thereby guiding sustainable and efficient fertilizer management for enhanced productivity and reduced environmental impact.
Data Envelopment Analysis (DEA), a non-parametric optimization method introduced in 1978, is widely applied across economic sectors (Toma, Dobre, Dona, & Cofas, 2015). This study applies DEA at the regional level to assess agricultural performance in four Western Uttar Pradesh districts, Shamli, Baghpat, Muzaffarnagar, and Meerut, using 17 crops as inputs and yield and production as outputs
The structure of the paper is as follows: Section 2 outlines the empirical data and econometric methods, Section 3 presents key findings on varied crop responses to NPK application, and Section 4 concludes with recommendations. 
2. Objectives
1. To quantify the efficiency of NPK fertilizer use for major crops (wheat, sugarcane, rice, maize, barley, pulses, and oilseeds) in Baghpat, Meerut, Muzaffarnagar, and Shamli districts using Data Envelopment Analysis (DEA).
2. To compare district-level performance, identify best- and worst-performing crops, and rank districts overall based on multi-crop efficiency metrics.
3. Methods and Materials
This study evaluates the efficiency of fertilizer use for multiple crops using an input-oriented Data Envelopment Analysis (DEA) under constant returns-to-scale (CRS). Efficiency is computed separately for two output concepts Yield (per unit area) and Production (total output) by treating each crop-year observation as a Decision-Making-Unit (DMU). A sensitivity analysis perturbs each fertilizer input (N, P, K) by +10% to assess the robustness of efficiency scores. The crops included in the study are Barley, Grain, Gram, Lentils, Maize, Millet, Mung Beans, Mustard, Oilseeds, Pea, Pigeon pea, Potato, Pulses, Rice, Sugarcane, Urd and Wheat. 
· DMU definition for each crop, the DMUs are the yearly observations for that crop after merging.
Data checks and exclusions If any input or output contains NaN, those rows are flagged; the implementation returns NaNs for efficiencies in presence of NaNs (or may skip crops if necessary). If all input values are zero or all outputs are zero, the crop is skipped (no meaningful DEA possible).
· DEA model (input-oriented, CRS) mathematical formulation 
Notation
· Let there be 𝑛 DMUs (here: 𝑛 = 𝑛𝑐 ​ years for a given crop)
· m inputs (here 𝑚 = 3: Nitrogen N, Phosphorous P, Potassium K).
· s outputs (here 𝑠 = 1 when using YIELD, or 𝑠 = 1 when using PRODUCTION).
· For DMU j: input vector 𝑥𝑗 ∈𝑅+​ and output vector 𝑦𝑗 ∈ 𝑅+𝑠.
· For the evaluated DMU i: input vector xi, output yi.
· Decision variables: θ (scalar, efficiency score) and λj.
This study applies the Data Envelopment Analysis (DEA) model to evaluate the efficiency of 17 major crops cultivated across four districts with respect to fertilizer utilization Nitrogen (N), Phosphorus (P), and Potassium (K). DEA is a non-parametric technique widely used for measuring the relative efficiency of decision-making units (DMUs) when multiple inputs and outputs are involved. Following steps have been followed further:
Step 1: Identification of Decision-Making Units (DMUs) In this study, each crop cultivated in a district is considered a Decision-Making Unit (DMU). Thus, with 17 crops and 4 districts, there are a total of 68 DMUs (17×4). Each DMU represents a specific crop’s performance in a given district in terms of fertilizer usage and production output.
Step 2: Selection of Input and Output Variables The selection of input and output variables is based on agricultural productivity factors. - Inputs: Nitrogen (N), Phosphorus (P), Potassium (K) (all measured in kg/ha). - Output: Crop Yield (measured in kg/ha or ton/ha).
These variables reflect the intensity of fertilizer use and the resulting productivity for each crop. 
Step 3: Model Specification The input-oriented DEA model is employed in this analysis. The objective is to measure how efficiently each crop-district combination (DMU) uses fertilizers to achieve a given yield level. The model seeks to minimize input usage while maintaining output levels constant.
Mathematically, the DEA model is formulated as follows:

Minimize θ  
Subject to:
- ∑ λj xij ≤ θ xi0  for all inputs i  
- ∑ λj yj ≥ y0  for outputs  
- λj ≥ 0 for all j  


Where, 
- θ = Efficiency score of DMU₀ (0 < θ ≤ 1)
- xi = inputs (N, P, K)
- y = output (Yield)
- λj = weights assigned to peer DMUs
A score of 1 indicates that the DMU is efficient, while a score < 1 indicates inefficiency relative to other DMUs.
Step 4: Model Orientation and Returns to Scale - Orientation: Input-oriented (minimizing fertilizer usage for given yield). - Returns to Scale Assumption: Variable Returns to Scale (VRS), as agricultural production often experiences diminishing or increasing returns depending on soil fertility, rainfall, and management practices.
Step 5: Implementation involved collecting nitrogen, phosphorus, potassium, and yield data for 17 crops across 4 districts, normalizing to remove unit bias, and performing DEA using cvxpy in Python (Diamond & Boyd, 2016). Efficiency scores were computed, with values near 1 indicating optimal fertilizer use and lower scores signaling inefficiency.
Step 6: Sensitivity and Robustness Analysis To ensure robustness, a 10% perturbation in fertilizer inputs was simulated to test sensitivity. Changes in efficiency scores under perturbed inputs helped identify crops whose performance is highly sensitive to fertilizer variations.
Step 7: Interpretation and Policy Implications The results help identify which crops and districts are operating efficiently in terms of fertilizer utilization. Inefficient crops highlight potential areas for improvement through better nutrient management, balanced fertilization, or technological interventions.
4. Results and Discussion
Using the DEA model, district-wise efficiency of NPK fertilisers for various crops grown is analysed and discussed below. It follows as Baghpat district, Meerut, Muzaffarnagar, and Shamli district. 
4.1. Baghpat District 
4.1.1. Efficiency for crops yield and production towards NPK fertilizers
Table 1: Mean Efficiency scores for Baghpat over the study period
	Name of the crop
	Mean   Eff.
Yield
	Std     
Eff. 
Yield
	Min. 
Eff.
Yield
	Mean  
Eff.
Prod.
	Std.
Eff. Prod.
	Min.
Eff Prod.
	Max. 
Eff. Prod.

	Barley
	0.863
	0.144
	0.535
	0.339
	0.321
	0.111
	1.000

	Grain
	0.273
	0.252
	0.140
	0.833
	0.122
	0.695
	1.000

	Gram
	0.486
	0.467
	0.000
	0.429
	0.494
	0.000
	1.000

	Lentils
	0.824
	0.135
	0.561
	0.355
	0.321
	0.084
	1.000

	Maize
	0.808
	0.149
	0.579
	0.575
	0.235
	0.230
	1.000

	Millet
	0.725
	0.183
	0.473
	0.540
	0.282
	0.200
	1.000

	Mung Beans
	0.758
	0.187
	0.541
	0.772
	0.169
	0.558
	1.000

	Mustard
	0.709
	0.166
	0.583
	0.542
	0.241
	0.288
	1.000

	Oilseeds
	0.717
	0.164
	0.585
	0.542
	0.241
	0.288
	1.000

	Pea
	0.806
	0.146
	0.494
	0.259
	0.353
	0.028
	1.000

	Pigeon pea
	0.665
	0.220
	0.389
	0.605
	0.289
	0.189
	1.000

	Potato
	0.813
	0.148
	0.603
	0.475
	0.231
	0.259
	1.000

	Pulses
	0.237
	0.272
	0.072
	0.598
	0.230
	0.345
	1.000

	Rice
	0.805
	0.139
	0.664
	0.737
	0.192
	0.469
	1.000

	Sugarcane
	0.860
	0.134
	0.657
	1207.437
	4179.953
	0.590
	14480.571

	Urd
	0.513
	0.276
	0.202
	0.451
	0.236
	0.199
	1.000

	Wheat
	0.816
	0.135
	0.668
	0.828
	0.126
	0.689
	1.000


Max Efficiency Yield = 1
The table 1, presents efficiency scores of Baghpat district (Mean, Standard Deviation, Min, Max) for yields and productions of various crops, using the DEA (Data Envelopment Analysis) approach to judge how efficiently each crop (DMU - Decision Making Unit) utilizes NPK fertilizers over the period of 2011-12 to 2022-23. Higher values (closer to 1) indicate higher efficiency.
It interprets that crops like Barley, Lentils, Maize, Potato, Sugarcane, Rice, and Wheat show high mean efficiency scores for both yield and production, most of their values approach 0.8-0.86, with maximum scores very close to 1. This means these crops are highly efficient in converting NPK fertilizer inputs into outputs.
Crops such as Pulses and Grain have considerably lower mean efficiency scores (around 0.24 and 0.27 for yield; 0.60 and 0.83 for production, respectively). These crops are less efficient with respect to NPK fertilizer use, signifying either management, inherent biological yield limits, or less optimized practices.
Moderate efficiency is observed in crops like Mustard, Mung Beans, Oilseeds, Pigeon pea, and Millet, all with mean yield efficiencies between roughly 0.66 and 0.76.
Crops Efficient in NPK Fertilizer Use (Top Performers)
· Barley: Mean_Yield = 0.86, Mean_Production = 0.34 (very efficient in yield, moderate in production; most scores reach 1)
· Sugarcane: Mean_Yield = 0.86, Mean_Production = 1207.44 (production absolute value very high; nearly optimal use with NPK)
· Wheat: Mean_Yield = 0.82, Mean_Production = 0.83 (consistently high in both metrics)
· Lentils, Maize, Potato, Rice: All have high efficiency scores, suggesting strong or best-practice use of NPK.
Crops Need NPK Efficiency Improvement
· Pulses: Mean_Yield = 0.24, Mean_Production = 0.60 (very low efficiency potential focus area for extension/advisory support)
· Grain, Gram, Urd: These also record relatively low yield efficiency values.
Crops closer to 1 in mean and max efficiency use NPK fertilizers judiciously demonstrating little wastage and optimal agricultural practices. Lower efficiency crops may offer scope for research, better extension, or demonstration of improved fertilizer management for yield and environmental sustainability. Efficient crops maximize returns from NPK use. Less efficient ones offer space for improved fertilizer management, technology, or research for sustainability and productivity.
4.1.2. Year-wise crops yield and production efficiency
This year-wise crop efficiency gives a detailed view of how each crop (DMU) performed annually from 2012-2023 with respect to NPK fertilizer use, splitting efficiency into yield and total production. The interpretation is based on the DEA model results calculated by the authors. The temporal trends and consistency are discussed below:


High and Stable NPK Efficiency Crops
· Barley, Wheat, Sugarcane, Maize, Lentils, Potato, Rice: These crops frequently reach or approach an efficiency of 1 in both yield and production across multiple years. This indicates not just overall high efficiency, but also consistent management and optimal practices nearly every year. Both yield and production efficiency are often aligned, showing balanced input-output response.
· Sugarcane: Shows very high production efficiency, even with some year-to-year variation, and is exceptional for resource conversion, especially in recent years.
· Potato and Rice: Both become more efficient over time, frequently achieving efficiency = 1 or close to 1 in more recent years.
Variable or Improving Efficiency Crops
Lentils, Mung Beans, Mustard, Oilseeds, Millet, Pigeon pea show some low and some high efficiency years, but most are trending up or periodically reach the frontier (efficiency = 1) in recent years. These patterns suggest improvement potential and successful adoption of best practices in several locations or years. 
Low but Improving Efficiency Crops
· Grain, Pulses, Urd, Gram: Many years for these crops show low yield efficiency, but a few years (especially the last one or two) spike to 1. This pattern may reflect farmer learning effects, technology transfer/diffusion, agroclimatic exceptions.  
· Pulses and Urd: Both displays historically low yield efficiency, but their final years jump sharply toward 1, showing a recent move toward best-practice levels.
· Gram: Efficiency is erratic, with a few years very high (1), and several close to zero, suggesting vulnerability to external factors (weather, policy, or data anomalies).
Crops with Divergence Between Yield and Production Efficiency
Grain: Shows low yield efficiency annually, but production efficiency is moderately high and even occasionally reaches 1. This suggests areas/years with better total production outcomes despite limited per-hectare yield efficiency. Improved aggregation or scale can offset lower field-level performance.
Pea: Yield efficiency remains moderate to high, but production efficiency stays low except for recent years, reflecting limited spread or less adoption of best practices until very recently.


4.1.3. Scenario for DMUs Perturbed at 10% mean
This provides a sensitivity analysis for efficiency in crop yield, showing how efficiency scores change (if at all) when the contribution of each NPK fertilizer is perturbed or individually adjusted. This process is used to test the stability and reliability of the DEA results.
NPK Sensitivity for Crop Efficiency
Efficiency_Yield_Original: Baseline DEA efficiency score considering standard NPK levels. 
Efficiency_Yield_Nitrogen_Perturbed, Yield_Phosphorus_Perturbed, and Potassium_Perturbed: Efficiency scores recalculated after individually modifying (perturbed) each nutrient’s level, one at a time.
Minimal change in efficiency with nutrient variation shows yield robustness, while sharp drops indicate high sensitivity and the need for precise nutrient management.
NPK-Sensitive (Robust) Crops
For rice, wheat, barley, maize, sugarcane, potato, oilseeds, mung beans, lentils, and millet, efficiency scores remain virtually unchanged across nutrient perturbations, indicating robust yield performance. Nutrient levels appear well aligned with crop needs, with other factors like irrigation and climate having greater influence—especially promising for rice and wheat under real-world variability.
Moderately Sensitive Crops
Urd, pulses, gram, grain, pea, mustard, and pigeon pea also show negligible efficiency changes under nutrient variation, indicating NPK use is not a key limiting factor. Their consistently low efficiency likely stems from broader agronomic or management constraints rather than nutrient imbalance.
No Crops with High NPK Sensitivity Detected
Across all crops and years, perturbed scores closely match baseline values, showing no single nutrient as a limiting factor. Balanced nutrient use and addressing broader agronomic or environmental issues are more vital than adjusting any one fertilizer.
4.2. Meerut District
4.2.1. Efficiency for crops yield and production to NPK fertilizers
The data in Table2, reflects the efficiency of different crops in Meerut district with respect to the use of NPK fertilizers, assessed through Data Envelopment Analysis (DEA) for both yield and production. 
Table 2: Crop yield and production mean efficiency scores for Meerut over the study period
	Name of the crop
	Mean eff. Yield
	Std eff. Yield
	Min eff. Yield
	Mean eff. Production
	Std eff. Production
	Min eff. Production

	Barley
	0.84
	0.15
	0.52
	0.68
	0.18
	0.45

	Grain
	0.82
	0.12
	0.66
	0.84
	0.13
	0.67

	Gram
	0.75
	0.31
	0.00
	0.55
	0.32
	0.00

	Lentils
	0.87
	0.12
	0.60
	0.84
	0.16
	0.52

	Maize
	0.43
	0.22
	0.27
	0.61
	0.25
	0.33

	Millet
	0.60
	0.27
	0.00
	0.51
	0.32
	0.00

	Mung Beans
	0.77
	0.18
	0.35
	0.58
	0.20
	0.27

	Mustard
	0.72
	0.14
	0.54
	0.68
	0.17
	0.41

	Oilseeds
	0.72
	0.14
	0.54
	0.68
	0.17
	0.41

	Pea
	0.88
	0.13
	0.56
	0.51
	0.26
	0.15

	Pigeon pea
	0.68
	0.20
	0.40
	0.67
	0.29
	0.07

	Potato
	0.77
	0.14
	0.53
	0.78
	0.17
	0.50

	Pulses
	0.87
	0.15
	0.62
	0.85
	0.16
	0.54

	Rice
	0.66
	0.21
	0.46
	0.79
	0.14
	0.64

	Sugarcane
	0.89
	0.14
	0.58
	0.90
	0.13
	0.57

	Urd
	0.71
	0.23
	0.28
	0.63
	0.22
	0.25

	Wheat
	0.82
	0.12
	0.66
	0.83
	0.13
	0.66


Max. efficiency yield and Production = 1 for all crops
The table revealed that sugarcane exhibits the highest mean efficiency both in yield (0.89) and production (0.90), suggesting it is the most efficient crop in fertilizer use for this region. Pea and Pulses also show high mean yield efficiency (~0.88 and 0.87, respectively) with pulses having a strong mean production efficiency (~0.85). These crops reflect effective fertilizer utilization. Lentils demonstrate robust efficiency for both yield (0.87) and production (0.83), indicating balanced nutrient use.
Barley, Grain, Wheat maintains yield efficiency between 0.82 and 0.84, with production efficiency around 0.67 to 0.83, indicating reasonable effectiveness but some scope for improvement. Mustard, Oilseeds, Potato, Mung Beans all show moderate efficiencies ranging approximately from 0.58 to 0.77, meaning nutrient use could be better optimized. Rice has lower yield efficiency (0.66) but a somewhat higher production efficiency (0.79), indicating some production gains despite less efficient fertilizer-to-yield conversion.
Maize usually presents lower efficiency in fertilizer use. Millet also tends to have lower yield and production efficiency as seen in previous data sets. Gram and Pigeon pea reflect moderate to lower mean efficiencies, especially production efficiency being below 0.67. 
The standard deviations indicate variability in efficiency across time periods. Gram shows a high standard deviation in both yield and production (about 0.31), denoting large variations in how efficiently fertilizers are used across samples. Rice, Urd, and Pigeon pea also have relatively high standard deviations for production, suggesting inconsistent fertilizer use or varying management conditions. Lower standard deviation crops like Sugarcane, Grain, Lentils, Pea, Wheat, Barley indicate more consistent fertilizer efficiency across farms or years.
4.2.2. Year-wise crop yield and production efficiency in Meerut
The year-wise DEA scores of Meerut districts for efficiency in both yield and production for each crop, demonstrating how effectively these DMUs (crops) convert NPK fertilizer inputs into agricultural outputs across time.
Consistently High Efficiency Crops
Sugarcane efficiency scores for both yield and production are consistently high, often reaching 1, from 2012 to 2023. Wheat, Pulses, Lentils, Grain crops frequently show yield and production efficiency scores above 0.8 and regularly approach or reach 1 in numerous years. This shows sugarcane farms in Meerut are able to maximize outputs from fertilizer inputs, benchmarking best-practice standards over multiple years.
Crops with Fluctuating or Moderate Efficiency
Barley, Potato, Mustard, Oilseeds, Pea, Mung Beans maintain moderate to high scores in both metrics, though with more annual variation and some years falling to moderate levels (0.5–0.7). These crops reflect reasonably effective fertilizer use, but the variability points to influence by farm management, weather, or cropping system differences.
Crops with Lower or Inconsistent Efficiency
Maize, Millet, Gram, Urd, Pigeon pea, Rice: These show significant interannual variability, with some years at low or near-zero efficiency and others spiking to best-practice scores. Maize, for instance, mostly stays below 0.5 for yield efficiency, while millet and gram experience very inefficient years (including zero or near-zero efficiency) despite occasional strong results. This highlights substantial scope for improving consistent nutrient management and agronomic practices for these crops.
4.2.3. Scenario for DMUs Perturbed at 10% mean
Based on the DEA calculations, this presents DMU (crop) technical efficiency scores for yield and production, and how these scores change (as percent change) when N, P, or K inputs are individually perturbed. It provides a robust assessment of the sensitivity and robustness of fertilizer efficiency for various crops in Meerut district across years.
Baseline Efficiency Scores Original
· Crops such as Wheat, Sugarcane, Pulses, Lentils, Potato, Barley, Grain, and Pea regularly achieve high technical efficiency (0.8 to 1) for both yield and production in most years.
· Crops like Maize, Millet, Urd, Gram, Mung Beans, and Pigeon pea show more moderate or variable scores, with many years below 0.7 and some scoring very low, especially for yield.
 Sensitivity to NPK Fertilizer Change
· Across all crops and years, the percent change values for yield and production efficiency after perturbing Nitrogen, Phosphorus, or Potassium are extremely small (often in the order of 0.001–0.02, or even much less). This implies efficiency is highly robust to single-nutrient changes under current conditions.
· There are no crops or years showing dramatic efficiency losses (>5–10%) after perturbation, meaning no crop’s efficiency is acutely dependent on a single NPK nutrient. Variability is far greater in baseline scores due to site/year/farm management, not immediate nutrient composition.


Crop-Specific Patterns
· Wheat, Rice, Sugarcane, Pulses, Potato, Lentils, Grain, Barley, Oilseeds, Mustard, Pea show extremely low sensitivity, with technical efficiency scores essentially unchanged under simulated variation in N, P, or K inputs.
· Maize, Gram, Millet, Urd, Mung Beans, Pigeon Pea have moderate or variable efficiency, but equally resistant to marginal changes in any one nutrient. Where a change is observed, it rarely exceeds a 1–2% shift, and is often less than one-tenth of a percent.
Robustness to nutrient perturbation signals that observed fertilizer rates are either close to optimal, or that further gains require system-level improvements like balanced fertilization, timing, precision, water management, pest management, rather than boosting or reducing N, P, or K alone.
4.3. Muzaffarnagar District
4.3.1. Efficiency for crops yield and production to NPK fertilizers
Table 3: Crop yield and production mean efficiency scores for Muzaffarnagar over the study period
	Name of the crop
	Mean eff. Yield
	Std eff. Yield
	Min eff. Yield
	Mean eff. Production
	Std eff. Production
	Min eff. Production

	Barley
	0.86
	0.21
	0.40
	0.82
	0.19
	0.44

	Grain
	0.86
	0.17
	0.51
	0.85
	0.18
	0.49

	Gram
	0.76
	0.30
	0.19
	0.20
	0.26
	0.02

	Lentils
	0.53
	0.26
	0.25
	0.52
	0.24
	0.29

	Maize
	0.75
	0.23
	0.34
	0.53
	0.23
	0.18

	Millet
	0.17
	0.39
	0.00
	0.17
	0.39
	0.00

	Mung Beans
	0.73
	0.31
	0.00
	0.23
	0.26
	0.00

	Mustard
	0.81
	0.23
	0.34
	0.79
	0.22
	0.31

	Oilseeds
	0.81
	0.22
	0.34
	0.79
	0.22
	0.31

	Pea
	0.81
	0.23
	0.35
	0.59
	0.32
	0.17

	Pigeon pea
	0.65
	0.42
	0.00
	0.53
	0.43
	0.00

	Potato
	0.76
	0.23
	0.42
	0.75
	0.24
	0.34

	Pulses
	0.84
	0.18
	0.50
	0.78
	0.19
	0.52

	Rice
	0.90
	0.14
	0.61
	0.86
	0.16
	0.55

	Sugarcane
	0.90
	0.15
	0.64
	0.91
	0.15
	0.61

	Urd
	0.79
	0.20
	0.39
	0.69
	0.22
	0.38

	Wheat
	0.86
	0.17
	0.49
	0.84
	0.18
	0.47


Max. efficiency yield and Production = 1 for all crops


Similarly, from Table 3, the mean efficiency scores for major crops in Muzaffarnagar district are discussed here. 
Highly Efficient Crops: Rice (0.90 yield, 0.86 production), Sugarcane (0.90 yield, 0.91 production), Barley, Grain, Mustard, Oilseeds, Pulses, Wheat, and Pea all score 0.8+ for yield and production, reflecting excellent fertilizer management.
Moderate Efficiency: Potato, Maize, Urd, Gram, Mung Beans have mean scores from 0.73 to 0.79.
Low Efficiency/High Variability: Millet and Pigeon pea are least efficient and most variable; minimum efficiency is often zero, indicating management or environmental constraints in some years.
Most top crops show standard deviation below 0.25, meaning efficiency is consistent year to year. This suggests Muzaffarnagar excels in NPK use for food security crops (rice, sugarcane, wheat), but targeted interventions are required for crops like millet, pigeon pea, and gram to achieve uniform high efficiency across the district.
4.3.2. Year-wise crops yield and production efficiency
The year-wise yield and production efficiency (DEA scores) for major crops in Muzaffarnagar under NPK fertilizer management presents that Most crops (Barley, Grain, Wheat, Sugarcane, Pea, Potato, Mustard, Oilseeds, Pulses, Rice, Urd) show frequent years with perfect or near-perfect efficiency (score = 1), interspersed with a few low years, reflecting generally strong fertilizer management and best practice performance in many seasons, especially for food security crops.
Cropping variability: Crops like Millet and Pigeon pea have exceptionally volatile efficiency, with several years at zero. Gram, Lentils, and Mung Beans are also highly inconsistent—sometimes hitting maximum efficiency, sometimes very low. This points to either erratic management practices, external stressors, or suboptimal response to fertilizer for these crops.
Yearly peaks: Most major crops demonstrate periodic spikes in efficiency (score = 1) even in generally moderate or variable contexts, confirming that optimal NPK use is attainable on select farms/seasons.
 4.3.3. Scenario for DMUs Perturbed at 10% mean
The year-wise yield and production efficiency across crops in Muzaffarnagar under NPK management, as well as the percent change in efficiency from marginal perturbations in Nitrogen, Phosphorus, and Potassium inputs.
For almost all crops and years, efficiency is highly robust to changes in individual N, P, or K inputs percent change values are extremely small (often less than 1%), affirming that technical efficiency is primarily set by overall management, not by narrow fertilizer imbalances.
· Crops like Rice, Wheat, Sugarcane, Barley, Grain, Pulses, Pea, Potato, Oilseeds, Mustard, Urd display efficiency scores close to 1 in many years and very small sensitivity to fertilizer changes. This underscores well-optimized nutrient management in the district.
· Sensitivity: Only crops with highly variable or low baseline efficiency (e.g., Millet, Gram, Pigeon pea, Mung Beans in some years) show occasional larger percent changes or anomalous values, typically in years when technical efficiency is close to zero or data is unstable.
4.4. Shamli District 
4.4.1. Efficiency of crops yield and production to NPK fertilizers
Table 4: Crop yield and production mean efficiency scores for Shamli over the study period
	Name of the crops
	Mean eff. Yield
	Std eff. Yield
	Min. eff. Yield
	Max. eff. Yield
	Mean eff. Production
	Std eff. Production
	Min eff. Production

	Barley
	0.83
	0.14
	0.53
	1
	0.70
	0.24
	0.38

	Grain
	0.85
	0.28
	0
	1
	0.93
	0.08
	0.77

	Gram
	0.71
	0.38
	0
	1
	0.18
	0.31
	0

	Lentils
	0.64
	0.26
	0.27
	1
	0.53
	0.31
	0.24

	Maize
	0.88
	0.11
	0.73
	1
	0.65
	0.23
	0.41

	Mung Beans
	0.58
	0.43
	0
	1
	0.63
	0.40
	0

	Mustard
	0.76
	0.23
	0.41
	1
	0.59
	0.28
	0.21

	Oilseeds
	0.86
	0.16
	0.44
	1
	0.59
	0.28
	0.22

	Pea
	0.82
	0.14
	0.52
	1
	0.56
	0.30
	0.22

	Pigeon pea
	0.46
	0.49
	0
	1
	0.33
	0.42
	0

	Potato
	0.80
	0.23
	0.38
	1
	0.68
	0.28
	0.27

	Pulses
	0.80
	0.30
	0
	1
	0.81
	0.17
	0.51

	Rice
	0.75
	0.36
	0
	1
	0.89
	0.10
	0.71

	Sugarcane
	0.94
	0.05
	0.86
	1
	0.86
	0.10
	0.75

	Urd
	0
	0
	0
	0
	0.78
	0.18
	0.48

	Wheat
	0.93
	0.08
	0.77
	1
	0.91
	0.08
	0.76


Max. efficiency Production = 1 for all crops
For Shamli district, the DEA mean efficiency data shown in Table 4, it suggests that 
The highest mean yield efficiency crops include Sugarcane (0.94), Wheat (0.93), Grain (0.85), Maize (0.88), and Barley (0.83), with similarly high production efficiencies, indicating excellent NPK fertilizer use and nutrient management for these crops. 
Pulses, Pea, Oilseeds, Mustard, Potato, and Urd show good mean efficiency (above 0.75 in yield and production), signifying above-average but slightly variable fertilizer use efficiency.
Lentils, Gram, Mung Beans, Pigeon pea, and Millet have lower mean yields and production efficiency (many below 0.65), coupled with high variability (high standard deviations and minimums near zero), indicating inconsistent or poor fertilizer efficiency and potential agronomic constraints.
Standard deviations values shown that Sugarcane and Wheat exhibit low variability in efficiency suggesting consistent good fertilizer management among farms. Millet and Pigeon pea shown high variability and very low minimum scores, reflecting some highly inefficient cases or severe management challenges.

4.4.2. Year-wise crops yield and production efficiency
Like-wise, the yearly efficiency DEA based results for Shamli district shows very high and stable yield and production efficiency for Wheat, Sugarcane, Potato, Maize, Grain, Barley, Mustard, Oilseeds, Pulses, Rice, and Pea many years reach or approach 1, especially for major cereals and cash crops, highlighting strong fertilizer management and wide best-practice adoption.
Substantial variability in crops like Gram, Lentils, Mung Beans, Pigeon pea, and Urd, with some years at or near 1 but several years at low or even near-zero efficiency, indicating management, climatic, or system constraints.
Most crops have at least some years at optimal efficiency, but minor pulses and some oilseeds display greater fluctuations, sometimes reflecting inconsistent practices or sensitivity to biotic/abiotic stress.
Shamli's fertilizer efficiency is consistently high for dominant crops but shows persistently variable (often low) scores for several minor legumes and pulses, identifying these as important areas for targeted improvement and extension.
4.4.3. Scenario for DMUs Perturbed at 10% mean
Shamli district shows that for all major crops, NPK efficiency (yield and production) is highly stable and robust: the percent change in efficiency when Nitrogen, Phosphorus, or Potassium is perturbed is typically extremely small (less than 1%), even for the most variable crops and years.
Major crops like Wheat, Sugarcane, Rice, Potato, Maize, Barley, Pulses, Mustard, Oilseeds, the Year-wise efficiency remains high regardless of marginal NPK changes, small numeric variations, never large decreases. Efficiency stability is strongest for Wheat, Potato, Sugarcane, Maize, and some Pulses.
Pulses and minor crops like Gram, Lentils, Mung Beans, Pigeon pea, Pea, Millet show more years with low or unstable efficiency, but again the response to slight NPK perturbation is negligible except when baseline efficiency is already close to zero.
This pattern confirms that overall efficiency is dictated by broader agronomic management rather than dependent on single-nutrient tweaks. Further improvements require system-level interventions, not simple NPK dose adjustments.
4.5. Comparative Analysis of NPK Fertilizer Efficiency Across Districts
The analysis of NPK fertilizer efficiency across Baghpat, Meerut, Muzaffarnagar, and Shamli districts reveals distinct patterns of agricultural performance and resource utilization. Shamli emerges as the regional leader with the highest mean efficiency scores for major crops, particularly wheat (0.93 yield, 0.91 production) and sugarcane (0.95 yield, 0.86 production), demonstrating superior fertilizer management and consistent performance across years. Muzaffarnagar follows closely with exceptional rice efficiency (0.90 yield, 0.86 production) and strong sugarcane production efficiency (0.91), while Baghpat shows solid fundamentals in major crops but with higher variability in secondary crops. Meerut demonstrates specialized excellence in lentils (0.87 yield) and maintains good performance in sugarcane and pea, but faces challenges with maize efficiency (0.43 yield).
Across all districts, sugarcane and wheat consistently perform as champion crops with efficiency scores above 0.82, reflecting mature fertilizer management practices and widespread adoption of best agronomic techniques. In contrast, millet emerges as the most problematic crop region-wide, with extremely low efficiency scores (often below 0.20) and high variability, indicating systemic constraints that require urgent intervention. Gram and minor pulses also show persistent inefficiencies, particularly in production efficiency relative to yield, suggesting post-harvest and market-related challenges. The NPK sensitivity analysis reveals that efficiency is robust to minor nutrient perturbations across all districts, confirming that holistic management approaches rather than single-nutrient optimization drive overall performance.

[image: ]
Fig. 1: Efficiency ranking of NPK fertilizer usage was conducted based on 17 major agricultural crops across four districts of Western Uttar Pradesh Shamli, Meerut, Muzaffarnagar, and Baghpat covering the period from 2012 to 2023. Rank 1 suggests excellent and rank 5 suggests very poor performer states.
The regional comparison highlights the need for district-specific strategies that leverage existing strengths while addressing persistent weaknesses. Shamli's success model in wheat and sugarcane should be scaled across the region, while Muzaffarnagar's rice expertise and Meerut's lentils specialization offer valuable knowledge transfer opportunities. Priority interventions should focus on developing millet and minor pulses through targeted research, improved varieties, and enhanced extension services, while maintaining the excellence already achieved in major food and cash crops that form the backbone of the region's agricultural economy. Fig. 1, shows that on an average Shamli is the top performer in NPK efficiency, followed by Muzaffarnagar, then Meerut and among all Baghpat is the poorer one. 
Conclusion
This study evaluates NPK fertilizer use efficiency across Baghpat, Meerut, Muzaffarnagar, and Shamli districts in Western Uttar Pradesh using Data Envelopment Analysis (DEA) over 2011–12 to 2022–23. By examining multiple crops and years, it provides detailed insights into technical efficiency patterns, highlighting both strengths and gaps in regional nutrient management.
Results reveal a strong contrast in performance across crop groups. Major staples and cash crops—particularly wheat, sugarcane, rice, and maize—exhibit consistently high efficiency, often exceeding 0.85. These crops show stable year-to-year outcomes and minimal sensitivity to nitrogen, phosphorus, or potassium variations, indicating well-established nutrient practices. Shamli district performs exceptionally, setting a regional benchmark for effective NPK management.
In contrast, minor pulses, coarse cereals, and traditional crops such as millet, gram, and pigeon pea show low average efficiency, high variability, and persistent yield gaps. These findings suggest that while modernization in fertilizer use and technology has benefited major crops, smaller or traditional crops receive limited support in research, policy, and extension outreach.
District-level patterns highlight important regional strengths: Shamli’s overall superiority across crops, Muzaffarnagar’s cereal efficiency, and Meerut’s specialization in lentils. Baghpat, though improving, shows potential for targeted interventions. Sensitivity analysis confirms that efficiency remains largely robust to small nutrient variations, implying that productivity gains will depend more on holistic system-level changes than on fine-tuning fertilizer doses.
Looking forward, this research provides a foundation for evidence-based agricultural development in Western Uttar Pradesh, identifying high-performing crops and districts for scaling best practices. It guides resource optimization, cost reduction, and sustainable productivity to balance food security with environmental goals.
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Efficiency ranking of NPK fertilizer usage based on 17 major agricultural crops
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