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Rapeseed-mustard (Brassica spp.) is one of the most significant oilseed crops

globally, with India being a major contributor, accounting for 11% of world

production. Despite advancements in mustard cultivation practices, there

remains a lack of comprehensive analysis integrating resource efficiency and

input interactions to optimize yields sustainably. Furthermore, limited studies

have employed advanced methodologies to assess the impacts of input

uncertainties on yield stability and risk management. Therefore, the study

evaluated the resource use efficiency in mustard cultivation through the

Cobb-Douglas production function, Monte Carlo simulations, offering insights

into input utilization and yield variability under uncertain conditions and

sensitivity analysis for specific inputs’ contribution to yield. Results revealed

imbalances in resource utilization; land and soil qualities are underutilized,

while labor, plant protection chemicals, and machinery are overutilized.

Fertilizer and seed inputs emerged as significant positive influencers of yield,

with sulphur and fertilizer identified as critical factors through sensitivity analysis.

Monte Carlo demonstrates yield stability, predicting a 100% probability of

achieving at least 6 quintals per acre (1483 Kg/ha) under current input

conditions. Policymakers can design targeted interventions to reduce regional

productivity disparities and foster sustainable growth in the rapeseed-mustard

sector. Findings also underscore the need for optimizing input utilization to

balance economic, agronomic, and environmental outcomes, as well as

adopting better practices for India’s oilseed sector.
KEYWORDS

rapeseed-mustard, resource use efficiency, input uncertainty, yield determinants,
input contribution
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1 Introduction

Rapeseed-mustard (Brassica spp.) stands as one of the most

economically vital oilseed crops globally and occupies a pivotal

position in the agricultural framework of India. It serves as a critical

source of edible oil, significantly bolstering the domestic supply.

Globally, rapeseed-mustard ranks as the third-largest source of

edible oil, following soybean and palm oil (FAOSTAT, 2022).

Beyond its oil production, the crop has diverse applications,

including culinary, medicinal uses, and as fodder for livestock.

India, the third-largest producer of rapeseed-mustard globally

(Khatun et al., 2016; Devegowda et al., 2020; Rathour et al.,

2023), contributes approximately 11% of global production,

trailing Canada and China.

The geographic distribution of rapeseed-mustard cultivation in

India is extensive, with notable concentrations in Rajasthan (46.63%),

Madhya Pradesh (14.36%), and Haryana (11.63%), as reported by

ICAR-DRMR. India’s rapeseed-mustard cultivation spans diverse

agro-climatic regions, ranging from irrigated zones in Rajasthan

and Haryana to rainfed systems in Madhya Pradesh and Uttar

Pradesh. The crop demonstrates a remarkable adaptability to

various soil types, thriving in light loam soils and performing well

on sandy loam and clay loam soils (ICAR-DRMR, 2018). It plays a

critical role in rural economies, particularly in Rajasthan, Madhya

Pradesh, and Haryana, by providing employment and supporting

livelihoods. Within this context, the state of Bihar, which serves as the

focus of this study, underscores the importance of rapeseed-mustard

as a key oilseed crop. In Bihar, rapeseed-mustard accounts for 0.08

million hectares of cultivated area, yielding 0.11 million tons

(Rathour et al., 2022) with an average productivity of 1123 kg/ha

(DES, Government of Bihar, 2021–22). These regions span diverse

agro-climatic zones, from arid to semi-arid conditions, which

underscore the need for efficient resource management practices to

enhance productivity. With nearly 74% of the cultivated area under

irrigation, efficient water management emerges as a critical

determinant for optimizing yields (GoI, 2021). Despite its vital role,

mustard yield in India is constrained by several challenges, including

suboptimal input utilization, resource allocation inefficiencies, and

climatic variability (Sarker et al., 2010; Khatun et al., 2016; Singh et al.,

2017; Kumari, 2019; Rathour et al., 2023; Tiwari et al., 2024). The

national average yield of rapeseed-mustard is approximately 1499 kg/

ha (GoI (Government of India), 2021), significantly lower than the

attainable potential under optimal agronomic practices (Verma et al.,

2015). Input variations, encompassing land, labor, fertilizers,

irrigation, and mechanization, contribute substantially to yield

discrepancies. These inconsistencies not only limit productivity but

also impact profitability and the long-term sustainability of

mustard farming.

The productivity of mustard cultivation is heavily influenced by

several biophysical factors, including soil fertility, nutrient

management, and pest control. Soil nutrient deficiencies,

particularly in sulphur, nitrogen, and phosphorus, are prevalent

in many mustard-growing regions (Asiwal et al., 2013). Proper

nutrient management, particularly the balanced use of fertilizers,

has demonstrated significant potential to enhance yields (Alam
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et al., 2014). However, excessive or inefficient fertilizer application

can lead to environmental degradation, increased production costs,

and diminished returns. The integration of organic amendments,

such as manures, with judicious chemical fertilizer application

warrants further investigation to achieve a sustainable balance

between productivity and environmental stewardship (Singh

et al., 2014; Das and Sharma, 2018; Pawar et al., 2020; Gayathri

and Chakrabarty, 2021).

Challenges such as inefficient input utilization, inadequate pest

management, and climate variability further complicate mustard

yield optimization (Tomar, 2019; Shukla and Gupta, 2020; Rathour

et al., 2023). Inputs like labor, seed, fertilizers, and machinery show

high variability in efficiency, requiring systematic analysis to

understand their relationship with yield performance.

Additionally, the study identifies critical research gaps and

proposes risk management strategies to mitigate the effects of

climate and economic uncertainties in mustard cultivation.

Therefore, it employs advanced quantitative methods to clarify

the links between input factors and mustard yield. For example,

the use of the Cobb-Douglas production function models how

effectively resources such as land, labor, and fertilizers are used in

rapeseed-mustard cultivation (Chand and Singh, 2016). Meanwhile,

Monte Carlo simulations offer a comprehensive framework for

quantifying how input uncertainties impact yield distribution,

helping to better understand associated risks and resource

allocation opportunities. The research was to quantify the

individual contributions of essential inputs specifically land, labor,

fertilizers, irrigation, and machinery to rapeseed-mustard yields

through the application of sensitivity analysis. Furthermore, the

study rigorously evaluated the robustness, reliability, and stability of

these results. This research highlights the paramount importance of

optimizing resource utilization within rapeseed-mustard farming to

mitigate the disparity between actual and potential yields. It

strongly advocates for the implementation of sustainable

agricultural practices that center on enhanced efficiency,

economic viability, and environmental responsibility, which is

indispensable for forti fying the resi l ience and global

competitiveness of India’s rapeseed-mustard production.
2 Methodology

The study area was purposively selected as Begusarai district of

Bihar state, India, which holds the distinction of being the top producer

of mustard annually. Primary data were collected from two blocks

within the district, chosen based on the high concentration of mustard

growers (Sampa et al., 2021; Rathour et al., 2023). To ensure a

representative sample, farmers were selected randomly with the

support of agricultural extension officers from the respective blocks

and Gram Panchayat officials. The data collection of 120 respondents

were conducted through interviews using a pre-tested semi-structured

questionnaire, designed to capture relevant cross-sectional data in

2022-23. After the data were gathered, they were organized and

processed in Microsoft Excel, where they underwent necessary

modifications, such as editing and coding to ensure the data were in
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the correct format for analysis. The subsequent statistical analysis was

carried out using R Studio, which facilitated the data processing and

modeling for the study.
2.1 Cobb-Douglas production function

To examine resource productivity and resource use efficiency

across various types of production functions, the Cobb-Douglas

production function in its logarithmic form was employed, as

shown below:

Y  =  b0X
b1
1 Xb2

2 Xb3
3 Xb4

4 Xb5
5 Xb6

6 Xb7
7 Xb8

8 Xb9
9 Xb10

10 eUi

Where,

Y = Yield of mustard or Output (Quintals Acre-1); X1= Land area

under mustard cultivation (in Acre); X2 = Labor input (in hours); X3 =

Seed (Costs in Rs.); X4 = Manures/FYM (Costs in Rs.); X5 = Sulphur

(Costs in Rs.); X6 = Fertilizer (Costs in Rs.); X7 = PPC (Costs in Rs.); X8

= Irrigation (Costs in Rs.); X9 = Machinery (Costs in Rs.); X10 = Soil

quality factors (based on a scale of 0 to 100); b0= Constant or intercept

term; b1, b2, b3 ……. b10 is Coefficients of the respective input

variables; Ui = Error term

The Cobb-Douglas production function was transformed into

the following double-logarithmic (log-linear) form to facilitate

solution using the least squares method:

lnY  = lnb0lnb1X1lnb2X2lnb3X3lnb4
X4lnb5X5lnb6X6lnb7X7lnb8X8lnb9X9lnb10X10e

Ui

Where ln represents the natural logarithm.

The explanatory variables in this study were chosen based on their

expected influence on yield, as these factors are anticipated to have the

greatest impact on mustard production. Additionally, previous

literature (Sarker et al., 2010; Dhakal et al., 2015; Khatun et al.

(2016); Sampa et al., 2021; Khatun et al., 2019; Tiwari et al., 2024)

provided valuable guidelines for the selection of these variables.
2.2 Marginal productivity and value

The marginal productivity of a resource reflects the additional

value generated by increasing the input of that resource by one unit,

while holding other inputs constant. To calculate the Marginal Value

Product (MVP) (Equations 2, 3), theMarginal Physical Product (MPP)

(Equation 1), of an input is multiplied by the price of the output. The

MPP & MVP for a given input was computed as:

MPPxi = bi �  (�y=�x)  (1)

MVP = bi �  (�y=�x) � Pyi (2)

or

MVP = MPPxi � Pyi (3)

Where, bi = Regression coefficient per variables; ȳ = Geometric

mean of output (referred Table 1); �x = Geometric mean of inputs
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(referred Table 1); Pyi = Price of per unit of output; MFC = Price of per

unit of input (This approach ensures that the MFC reflects the cost of

using an additional unit of the input in terms of its contribution to

output value) to get MFC simply divide MVP by MPP.
2.3 Resource use efficiency

RUE is defined as the ratio of the Marginal Value Product

(MVP) to the Marginal Factor Cost (MFC) for each input used. This

ratio helps determine whether the resource is being utilized

optimally and is calculated as:

RUE = MVP​ =MFC

The RUE is tested to determine whether the value is greater

than, equal to, or less than 1, which has important implications for

resource allocation. The interpretation of RUE values is as follows:
If RUE > 1, it means the resource is underutilized and more of

this input should be used to increase profit.

If RUE < 1, it indicates overutilization of the resource,

suggesting that reducing its use could lead to cost savings.

If RUE=1, the resource is being optimally used, achieving

maximum efficiency.
2.4 Monte Carlo simulation and sensitivity
analysis

The study aimed to evaluate the impact of uncertainties in input

levels such as land area, labor hours, and fertilizers on mustard yield

using Monte Carlo Simulation. The simulation was designed to

identify risks, assess the probabilities of different outcomes, and

provide insights for better decision-making. The elasticity

coefficients (bi) (Table 2) derived from the Cobb-Douglas

production function served as parameters for the simulation.

Geometric means (Table 1) of each input variable were used as

baseline values, and variability was introduced to reflect real-world

uncertainties, with inputs assumed to vary within ±10% of their

mean values. Inputs followed specific probability distributions,

including normal distribution for continuous variables like land,

labor, and fertilizers, uniform distribution for costs with uncertain

ranges such as plant protection chemicals and machinery, and

triangular distribution for subjective factors like soil quality. The

yield function was defined using the regression Equation 4:

Yield  = b0 +  o (biXi) (4)

Where, b0 is the intercept, bi are coefficients, and Xi are inputs.

Random variability was introduced for each input using the

specified probability distributions, and yield calculations were

repeated over a large number of iterations to generate a

distribution of simulated yields. Summary statistics such as mean,

standard deviation, and percentiles were calculated to evaluate the
frontiersin.org
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results, and probabilities of exceeding specific yield or profit

thresholds were estimated. The analysis was conducted using R

Studio packages such as Sensitivity, Monte Carlo, and lhs. The

simulation also incorporated the calculation of the marginal

physical product (MPP) and the marginal value product (MVP).

Contribution (Equation 5) to yield was expressed as
Frontiers in Agronomy 04
Contribution = biXi ​ =o( ∣ biXi ​ ∣ )X100 (5)

Sensitivity analysis was conducted to assess the impact of

individual inputs on yield by examining how output varies with

changes in each input. Skewness and kurtosis were calculated

assuming a normal distribution (Figure 1) unless stated otherwise,
FIGURE 1

Probability density function of mustard yield under the normal distribution assumption.
TABLE 1 Geometric means of output and input variables in rapeseed-mustard.

Geometric mean (GM)

Output ȳ
Input variables

�x1 �x2 �x3 �x4 �x5 �x6 �x7 �x8 �x9 �x10

5.30 0.90 56.14 166.55 165.74 1012.56 1000.60 4.71 1615.88 351.23 67.66
TABLE 2 Regression results for Cobb-Douglas production function in rapeseed-mustard cultivation.

Variables (Xi) Coefficients (bi) Standard error t Stat P-value

Intercept -1.113 3.50 -0.318 0.751

X1 (Land) 0.5872 0.57 1.026 0.307

X2 (Labour) 0.3085 0.19 1.572 0.118

X3 (Seed) 0.2868 0.11 2.524 0.013*

X4 (Manures/FYM) 0.0674 0.05 1.264 0.209

X5 (Sulphur) 0.1143 0.13 -0.836 0.404

X6 (Fertilizer) 0.0936 0.02 3.697 0.0003***

X7 (PPC) -0.0125 0.01 -0.755 0.451

X8 (Irrigation) 0.0192 0.04 0.417 0.677

X9 (Machinery) -0.2615 0.53 -0.488 0.626

X10 (Soil quality factors) 0.2621 0.12 2.075 0.040*
Significant P-values highlighted using asterisks based on common thresholds (* for P < 0.05 and *** for P < 0.001).
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and confidence intervals were estimated as Mean ± 1.96 × SD/√n,

……… (vi), where ‘n’ is the sample size and SD is the standard

deviation. The unit of measurement for farm area was defined as an

acre, approximately equal to 0.4047 hectares (1acre ≈ 0.4047ha), and 1

quintal equals 100 kilograms (kg).
3 Results and discussion

3.1 The resource use efficiency

The Resource Use Efficiency (RUE) values (Table 3) provided

insights into the optimal use of resources in mustard farming. A

high RUE above 1 indicates underutilization, suggesting that

increasing the use of such a resource can lead to higher profits. In

the present study, land with an RUE of 3.463 is underutilized,

indicating that expanding mustard cultivation can significantly

enhance yield and profitability. This aligns with findings by

Sarker et al. (2010), which highlighted the importance of optimal

land utilization in increasing agricultural output. In contrast, labor

with an RUE of 0.005 is significantly overutilized, suggesting that

reducing labor hours could lower costs without negatively affecting

yields. This is consistent with the observations of Dhakal et al.

(2015), who reported diminishing returns from excessive labor in

smallholder agricultural systems. Similarly, seeds, with an RUE of

0.097, are also overutilized. Optimizing seed usage can improve cost

efficiency while maintaining productivity, as supported by Khatun

et al. (2016), who emphasized the importance of proper seed rates in

mustard production. The overapplication of manures, reflected by

an RUE of 0.068, indicates that reducing their usage can enhance

cost efficiency. Excessive reliance on inputs like sulphur

(RUE=0.019) and fertilizers (RUE=0.095) also suggests the need

for optimization to minimize costs and avoid wastage. Similar

conclusions were drawn by Dhakal et al. (2015), who highlighted

the adverse effects of overusing micronutrients on profitability.

Plant Protection Chemicals (PPC) show a negative RUE (-2.676),

indicating counterproductive usage that reduces profits. Overuse of

PPCs can have detrimental economic and environmental impacts
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(Tiwari et al., 2024; Khatun et al., 2019), recommended reducing

such inputs for sustainable agriculture. Irrigation, with an RUE of

0.003, is another overutilized resource. Reducing water usage can

improve cost efficiency while preventing issues like waterlogging,

which negatively affect crop growth, as highlighted in Dhakal

et al. (2015).

Machinery, with a negative RUE (-1.203), is overutilized,

leading to reduced profits and potentially counterproductive

outcomes in mustard cultivation. This finding suggests that

current levels of machinery application such as tractors for land

preparation, threshers, or irrigation pumps exceed optimal

thresholds, resulting in high fixed and operational costs that

outweigh yield benefits. In smallholder systems like those in

Begusarai district, Bihar, where average farm sizes are small

(Table 1), machinery overuse can lead to inefficiencies such as

soil compaction, uneven application, or mismatched scale,

ultimately diminishing marginal returns and contributing to

negative yield impacts (Dubey et al., 2014; Murti, 2020). For

instance, Dubey et al. (2014) reported in a cost-return analysis of

rapeseed-mustard in Bharatpur, Rajasthan, that machine labor costs

constituted 10-15% of total variable costs across farm sizes, with net

returns declining on larger farms due to disproportionate

mechanization expenses, implying similar inefficiencies in

resource-scarce regions like Bihar. Soil quality factors, with an

RUE of 1.360, are underutilized. Improving soil health through

measures like organic amendments and soil testing can significantly

enhance productivity. Tiwari et al. (2024) emphasized that soil

quality is a critical determinant of resource productivity and

profitability in mustard farming. This study carries significant

implications for policymakers and agricultural stakeholders. By

pinpointing high-impact inputs like fertilizers and soil quality

while addressing inefficiencies in resource utilization, such as

machinery and plant protection chemicals (PPC) (Verma et al.,

2015; Sahu et al., 2018; Sharma et al., 2018). These results

collectively highlight the need for optimized resource use to

enhance efficiency and profitability in mustard cultivation.

The regression results highlight several significant variables

(Table 2) that influence mustard yield. Fertilizer usage shows a
TABLE 3 The resource use efficiency (RUE) in rapeseed-mustard cultivation.

Input variables (Xi) Coefficients (bi) MPP MVP MFC RUE

X1 Land area under mustard cultivation 0.5872 3.464 206.121 59.52 3.463

X2 Labor input (in hours) 0.3085 0.005 0.294 58.8 0.005

X3 Seed (Costs in Rs.) 0.2868 0.097 5.753 59.32 0.097

X4 Manures/FYM (Costs in Rs.) 0.0674 0.068 4.031 59.28 0.068

X5 Sulphur (Costs in Rs.) 0.1143 0.019 1.113 58.58 0.019

X6 Fertilizer (Costs in Rs.) 0.0936 0.095 5.639 59.36 0.095

X7 PPC (Costs in Rs.) -0.0125 -2.676 -159.248 59.5 -2.676

X8 Irrigation (Costs in Rs.) 0.0192 0.000 0.003 1 0.003

X9 Machinery (Costs in Rs.) -0.2615 -1.203 -71.583 59.5 -1.203

X10 Soil quality factors (based on a scale of 0 to 100) 0.2621 1.361 80.957 59.5 1.360
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highly significant positive relationship with yield, with a coefficient

of 0.0937 and a P-value of 0.0003, indicating that an increase in

fertilizer use leads to a substantial increase in yield. This finding

aligns with the works of Sarker et al. (2010), which identified

fertilizers as a major factor in enhancing crop productivity.

Furthermore, the seed variable also demonstrates a significant

positive impact (coefficient = 0.2868, P-value = 0.013). This

suggests that optimized seed usage plays a crucial role in

improving mustard yield, corroborating the conclusions drawn by

Khatun et al. (2016) and Begum et al. (2020), who emphasized the

importance of quality seeds in achieving higher agricultural output.

In contrast, soil quality factors also significantly affect yield,

with a coefficient of 0.2621 and a P-value of 0.040. This result

highlights the importance of soil health and its direct effect on crop

performance. Dhakal et al. (2015) observed similar findings,

indicating that soil conditions are integral to agricultural success.

However, several variables did not significantly influence

mustard yield. Land area (coefficient = 0.5873, P-value = 0.307),

labor (coefficient = 0.3085, P-value = 0.118), and manures

(coefficient = 0.0674, P-value = 0.209) showed positive coefficients

(see Table 2) but were not statistically significant, suggesting that, at

current levels, these factors might not drastically impact yield

(Verma et al., 2024). Interestingly, PPC (plant protection

chemicals) displayed a negative coefficient of -0.0126, although it

was statistically insignificant (P-value = 0.451). This finding may

indicate that excessive reliance on plant protection chemicals could

lead to inefficiencies, a result consistent with Sarker et al. (2010),

who cautioned against overuse of chemical inputs. Additionally, the

negative impact of machinery (-0.2615) with a high P-value (0.626)

impl ies that overut i l i za t ion of machinery might be

counterproductive, possibly due to inefficiencies or costs

outweighing the benefits (Verma et al., 2015).

The Multiple R value of 0.8421 indicates (Table 4) a strong

positive linear relationship between the observed and predicted

values. This suggests a high correlation between the variables. The R

Square value of 0.7092 implies that 70.92% of the variation in the

output is explained by the input variables in the model, indicating a

good fit. The Adjusted R Square of 0.6796 adjusts for the number of

predictors in the model, suggesting that around 67.96% of the

variance in the output is explained by the inputs after considering

the model’s complexity. The Standard Error of 0.47 shows the

average distance that observed values fall from the regression line,

with a relatively small value indicating that the model’s predictions

are fairly precise. Returns to scale was 1.67, this indicates increasing

returns to scale, as the sum is greater than 1 (Singh et al., 2017;

Sarkar et al., 2020; Layek et al., 2021).
3.2 Simulation of yield under uncertain
input conditions and their contribution,
summary statistics and visualizations

The Monte Carlo simulation offers an in-depth analysis of the

potential yield distribution for mustard under uncertain input

conditions (Jain et al., 2005; Kumrawat and Yadav, 2018). By
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introducing variability in key factors such as land area ( ± 10%),

labor ( ± 15%), and seed costs ( ± 10%), and modeling soil quality

with a triangular distribution centered at 70, the simulation allows

for a comprehensive understanding of yield outcomes. The mean

yield of 5.4 quintals per acre represents the expected output,

indicating the average performance under these modeled

conditions. The standard deviation of 0.25 quantifies the extent of

variability, reflecting a stable system with relatively small

fluctuations in yield. Analyzing the percentile values (Table 5b)

offers further granularity:
The 5th percentile yield of 5.1 indicates that only 5% of

simulations yielded values lower than this threshold,

providing a conservative estimate of performance.

The 50th percentile (median) yield of 5.4 confirms that half the

simulated outcomes were above this value, reinforcing it as

the central tendency (Figure 2).

The 95th percentile yield of 5.65 suggests that 95% of the

outcomes fall below this level, capturing a high-

performance boundary.

The interquartile range (IQR) of 0.24 demonstrates that the

middle 50% of yield outcomes are tightly clustered, further

supporting the system’s stability.
The histogram visualization (Figure 3 of simulated yields

provides a clear picture of the distribution, emphasizing its spread

and central tendencies. The 100% likelihood of achieving at least 6

quintals per acre underscores the robustness of the inputs and

model design (Figure 3). The probability of achieving the target

yield of 1482 kg/ha was 100% (Figure 3), demonstrating the

robustness of the current input levels under simulated

uncertainties (Jain et al., 2005; Prasad et al., 2020). However,

optimizing inputs like sulphur and fertilizer can further enhance

yield potential, while reducing inefficiencies in machinery use could

mitigate losses.

Insights derived from the simulation include an assessment of

risks, where the probability of yields falling below key thresholds

can guide strategic decisions. This simulation also enables scenario

planning by identifying the inputs contributing most to variability,

thereby suggesting areas where adjustments could optimize

performance. By leveraging these insights, policies and

interventions can be designed to minimize risks, enhance stability,

and ensure consistent productivity.

Key sensitivity analysis highlighted (Table 6, Figure 4) the

relative contribution of inputs to yield variability. Sulphur

emerged as the most significant positive contributor to yield,

accounting for 27.11% of the total variability, followed by

fertilizer at 21.94%. These inputs demonstrated high marginal

physical products (MPP), indicating their critical role in

maximizing yield. This finding aligns with prior research

emphasizing the importance of balanced nutrient management

for crop productivity (Dhakal et al., 2015; Kumari, 2019; Khatun

et al., 2019).

Seed usage contributed 11.19% to the yield, highlighting its role

in ensuring optimal crop establishment. Irrigation accounted for
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7.29% of the yield variability, reflecting its importance in mitigating

water stress and ensuring consistent growth. Land, despite being

essential, had a relatively lower contribution (0.12%) (Table 6,

Figure 4), suggesting that the current land allocation is near

optimal and has limited scope for further impact under the

simulated conditions.

Conversely, machinery use showed a significant negative impact

on yield (-21.51%), indicating inefficiencies or overuse. This

negative contribution underscores the need for a nuanced analysis

of machinery’s role, as overutilization in simulated scenarios

amplified yield variability under input uncertainties (10-15%

variation). While machinery inefficiencies can reduce predicted

yields by 5-10% in smallholder contexts (Murti, 2020), literature

emphasizes multi-perspective solutions as economic (cost-benefit

optimization), agronomic (scale-appropriate tech), and policy-

driven (subsidies for efficient tools) to harness its inevitable

benefits in modern rapeseed-mustard systems (Verma et al.,

2015). This suggests the need to reevaluate machinery operations

to minimize losses, aligning with findings from previous studies on

cost efficiency in mustard farming (Dubey et al., 2014; Verma et al.,

2015; Kumrawat and Yadav, 2018; Kumar et al., 2023). Similarly,

PPC had a negligible and slightly negative impact (-0.01%) (Sarker

et al., 2010) (see Table 6, Figure 4), indicating its limited or

detrimental role in the current production system.

The results showed strong robustness, reliability, and stability,

confirming consistent performance across diverse environmental

and operational conditions. This ensures dependable yield

predictions and accurate efficiency measurements, which can

guide long-term decisions in mustard cultivation. The stability of

outcomes under different scenarios further reinforced the

trustworthiness of the findings.
4 Conclusion

The study highlighted the need to optimize fertilizer

application, seed utilization, and soil management to enhance
TABLE 5 Summery statistics for Monte Carlo yield distribution and
normal distribution. Values in (Quintals per Acre).

(a) Key descriptive statistics

Statistic Value Description

Mean Yield 5.4 Average yield across observations.

Standard Deviation 0.25 Variability around the mean yield.

Variance 0.0625 Square of the standard deviation.

Coefficient of
Variation (%)

4.63
Standard deviation as a percentage of the
mean.

Range 1.1
Difference between maximum and
minimum yields.

Interquartile Range
(IQR)

0.24 Spread of central 50% of data (Q3 - Q1).

(b) Yield distribution estimates

Percentile/
estimate

Value Description

Minimum Yield
(Estimate)

4.85
-2 SD from mean, assuming normal
distribution.

Maximum Yield
(Estimate)

5.95
+2 SD from mean, assuming normal
distribution.

5th Percentile 5.1 Yield below which 5% of observations fall.

10th Percentile 5.15
Yield below which 10% of observations
fall.

25th Percentile (Q1) 5.28
Lower quartile (25% observations below
this).

Median (50th
Percentile)

5.4 Central value of the dataset.

75th Percentile (Q3) 5.52
Upper quartile (75% observations below
this).

90th Percentile 5.6
Yield below which 90% of observations
fall.

95th Percentile 5.65
Yield below which 95% of observations
fall.

(Continued)
TABLE 4 Statistical summary of the estimated production function.

Statistic Value

Multiple R 0.84

R Square 0.71

Adjusted R Square 0.68

Standard Error 0.47

Returns to scale 1.67
TABLE 5 Continued

(a) Key descriptive statistics

Statistic Value Description

(c) Other metrics

Metric Value Description

Skewness ~0 Symmetry of the yield distribution.

Kurtosis ~3 Tailedness of the distribution.

Confidence Interval
(95%)

± 0.49 True mean yield likely falls in this range.
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FIGURE 2

Box plot representing yield distribution for Rapeseed-Mustard. Median (5.4): Represented by the central line in the box. IQR (5.28 to 5.52): The box’s
boundaries show the central 50% of the data. Whiskers (4.85 to 5.95): Indicate the range of expected yields assuming normality( ± 2 SD). Outliers (if
any): Points outside the whiskers, representing rare yield outcomes.
FIGURE 3

Monte Carlo simulation-based yield distribution with target threshold.
Frontiers in Agronomy frontiersin.org08

https://doi.org/10.3389/fagro.2025.1570033
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org


Rathour et al. 10.3389/fagro.2025.1570033
mustard yield. Efficient use of key inputs particularly sulphur and

fertilizers along with improved management of machinery and

plant protection chemicals was found to substantially increase

productivity and profitability. Inefficiencies in machinery use and

variability in input performance were identified as critical factors

influencing resource allocation and risk management. The findings

provide valuable insights for policymakers, who can design targeted

strategies to reduce regional yield disparities, promote sustainable

growth in the rapeseed–mustard sector, and advance climate-

resilient farming practices. Such measures equip farmers with the
Frontiers in Agronomy 09
tools and knowledge necessary to ensure efficient resource use and

strengthen resilience against environmental challenges.
5 Recommendations and policy
implications drawn from this study

The findings of this study highlight key policy directions to

enhance resource use efficiency and sustainability in mustard

cultivation. The positive RUE for land suggests that expanding

cultivated land can boost profitability. Policymakers should

promote land consolidation, affordable leasing, and financial

support for marginal farmers. Overutilized inputs such as labor,

seeds, manures, fertilizers, sulphur, PPC, irrigation, and machinery

indicate inefficiencies that can be mitigated through targeted

training on optimal input use and integrated nutrient management.

Improving soil health, with its RUE greater than one, should be

a priority through subsidized organic amendments and widespread

promotion of soil testing services. Negative RUE for PPC and

machinery highlights the need to reassess subsidies and explore

more efficient alternatives, such as integrated pest management and

customized mechanization strategies for small-scale farmers.

Efficient irrigation practices, including micro-irrigation systems,

should be incentivized to reduce water wastage and enhance

resource efficiency.

Inputs like sulphur and fertilizers, which significantly

contribute to yield, should be prioritized in subsidy programs to

ensure affordability while promoting bio-based alternatives to

reduce dependency on chemical inputs. The adoption of precision

agriculture technologies, such as GIS-based soil mapping and
TABLE 6 The sensitivity results.

Input Coefficient MPP
Contribution to

yield (%)

X1 (Land) 0.5872 0.52 0.12

X2 (Labour) 0.3085 17.32 4.05

X3 (Seed) 0.2868 47.77 11.19

X4 (Manures/FYM) 0.0674 11.17 2.61

X5 (Sulphur) 0.1143 115.76 27.10

X6 (Fertilizer) 0.0936 93.71 21.94

X7 (PPC) -0.0125 -0.06 -0.01

X8 (Irrigation) 0.0192 31.13 7.29

X9 (Machinery) -0.2615 -91.84 -21.51

X10 (Soil quality
factors)

0.2621 17.73 4.15

Probability of achieving target yield (6 quintals per Acre): 100%
FIGURE 4

The bar plot of sensitivity.
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automated irrigation, can optimize resource use and minimize

variability. Public-private partnerships should drive innovation

and accessibility in these areas.

Yield variability can be addressed through yield-indexed

insurance schemes, providing a safety net while encouraging best

practices. Research and development investments are essential to

refine the use of PPC and machinery, fostering evidence-based

solutions for efficiency. These measures collectively aim to balance

profitability and sustainability, ensuring resource-efficient

mustard farming.
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