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Abstract—Agriculture contributes significantly to greenhouse
gas emissions, mainly attributable to the ineffective and uniform
application of fertilizers, seeds, pesticides, and irrigation water.
Precision agriculture technologies, especially those utilizing
variable rate input applications, provide an effective solution by
modulating input quantities according to the distinct conditions of
each field segment. While prior research has examined the
theoretical advantages of these technologies, few empirical studies
have measured environmental and agronomic effects across
various input types. This study examines primary data from
variable rate fertilizer application by quantifying the reductions
in input utilization and corresponding scope three greenhouse gas
emissions. The analysis contrasts traditional uniform application
methods with precision-based strategies, demonstrating
quantifiable advantages in reduced indirect emissions, enhanced
input-use efficiency, and improved crop yield. The results
encourage precision agriculture techniques by underscoring the
environmental and productivity advantages of precision-managed
inputs to guide agricultural policy, promote sustainable farming
practices, and aid global warming mitigation efforts.
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I.  INTRODUCTION

Agricultural practices account for approximately 10 percent
of Canada's total greenhouse gas emissions [1, 2]. These
emissions predominantly stem from the extensive application of
fertilizers, seeds, pesticides, and irrigation water [1, 2].
Agricultural methods have depended on uniform input
applications that overlook the variability in soil, crop health, and
nutritional requirements particular to each field [3, 4]. Along
with increasing input expenses for producers, uniform
application also contributes to environmental problems,
including nutrient runoff, eutrophication, pollution from
greenhouse gases, and biodiversity devastation [3, 4].

Due to these environmental and economic problems,
precision agriculture tools such as Variable Rate Technology
(VRT) are gaining attention. VRT tailors the inputs based on the
specific needs of the field, using the most recent data gathered
from crop and soil conditions. This enables producers to match
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input rates to the present conditions in the field [5]. VRT is used
to reduce unnecessary input use. It can reduce excessive
resources, lower input costs, and even reduce the indirect
emissions from producing and applying such inputs [3, 6]. By
using fertilizer, seed, water, and pesticides more efficiently,
VRT can help to improve yields while supporting environmental
sustainability through reduced resource consumption.

Although theoretical case studies provide robust support for
VRT [5], extensive empirical evaluations assessing the direct
environmental and agronomic advantages are limited [7]. This
study makes use of primary field data on Variable Rate Fertilizer
Application (VRFA) gathered at Steckler Farm, Olds College in
Alberta, Canada. The input category was chosen just because of
its considerable impact on agricultural emissions and input
expenses [3, 8]. The utilization of fertilizers makes up a large
share of agriculture's emissions, which are attributable to
energy-intensive production methods [3].

This study quantitatively assesses reductions in indirect
emissions and resource use efficiency achieved through the
implementation of VRFA, utilizing regional analysis and
statistical comparisons. The study demonstrates the advantages
of VRFA over traditional uniform application methods by
comparing emissions reduction, increased input-use efficiency,
and higher yields. The study provides insights into the practical
benefits and wider ramifications of implementing VRFA
methods.

Although the comparison in this study focuses on 2021 and
2024, the field did not move directly from one management
system to the other. In the seasons between these two years, the
same land was used to grow corn under a variable-rate fertilizer
application. Those intermediate years matter as they shaped the
baseline from which the 2024 canola crop responded. A field,
managed with VRT for multiple seasons, responds differently:
nutrient patterns settle, the extremes of fertility begin to soften,
and the soil becomes more predictable [9, 10]. Acknowledging
this history allows the reader to understand that the 2024 season
is not an isolated event but part of a longer trajectory of
adaptation, learning, and gradual change within the field.
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This paper provides agricultural policymakers and
producers with insights for data-driven adoption of precision
agriculture practices. In the context of global warming and
resource scarcity, such adoption is essential for accomplishing
the dual objectives of increasing agricultural output and
attaining environmental sustainability.

II.  LITERATURE REVIEW

A. Introduction

Improving resource efficiency in agriculture has historically
been a primary concern for researchers [11]. Enhancing
sustainability throughout the agricultural chain is essential for
mitigating global food insecurity [12]. Increasingly frequent
extreme weather events, including droughts and floods,
negatively impact agricultural productivity and exacerbate
vulnerabilities within food systems [13]. Existing inefficiencies
in agricultural practices worsen these risks and threaten the
stability of the food supply [14].

Current agricultural methods may present environmental and
economic hazards, such as soil degradation, reduced long-term
production, and the excessive application of agricultural inputs
beyond the needs of crops and soil [13]. These inefficiencies
result in increased production costs and inflated market prices
for food commodities [15].

Addressing the challenges requires a shift towards methods
that improve production while reducing resource use and
negative environmental impacts. Precision agriculture tools,
especially VRT, offer a way forward. VRT improves the
application of the inputs, helping boost productivity, reduce
yield variation, and lower operating costs compared to
traditional systems. VRT also promotes environmental
sustainability by enhancing soil carbon retention, decreasing
nitrogen application, minimizing fuel usage, and reducing tillage

[3].

VRT functions in precision agriculture by customizing the
application of fertilizers, herbicides, water, and other inputs
according to the specific variability of each field [3]. It regulates
input rates according to soil properties, topography,
meteorological conditions, and several agronomic parameters,
thus enhancing resource utilization efficiency and production
potential while minimizing environmental repercussions [16].
VRT systems are generally classified into map-based and
sensor-based methodologies [17]. Map-based VRT systems
depend on prescription maps generated from soil sampling,
laboratory analysis, geospatial data, and remote sensing inputs,
which determine application rates specific to each zone [4].
Prescription maps are transferred to applicators equipped with
accurate positioning devices to direct input distribution [17]. On
the other hand, sensor-based VRT requires neither preliminary
mapping nor laboratory analysis. Real-time sensor
measurements control application rates during field operations,
and the gathered data can then be utilized to create prescription
maps for future applications [17].

However, there are still relatively few studies that examine
the impacts of VRT in practice, particularly its effects on
greenhouse gas emissions and resource-use efficiency [3]. The
literature review consolidates existing knowledge on VRT and
associated precision agriculture methodologies, including
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variable-rate seeding and irrigation, focusing on global warming
mitigation and agricultural sustainability. The review evaluates
theoretical frameworks, empirical findings, and practical
applications to identify existing evidence and highlight research

gaps.

VRT appears as a promising approach to address economic
and environmental issues in agriculture [3]. Empirical research
should quantify its advantages, enhance acceptance, and guide
policy and investment choices. The following sections provide
context on VRT, establishing a basis for the evaluation of effects
on productivity, resource efficiency, and emissions in
agricultural systems.

B. Environmental Impact of Agriculture

The extensive dependence on nitrogen-based fertilizers,
essential to agricultural systems, has led to considerable nitrogen
pollution impacting terrestrial and aquatic ecosystems [4].
Nitrogen runoff from agricultural land exacerbates
eutrophication in aquatic ecosystems, resulting in oxygen
depletion and a decline in biodiversity [19]. Excessive nitrogen
application also increases nitrous oxide emissions, a powerful
greenhouse gas with a global warming potential roughly 300
times that of carbon dioxide [3]. Simultaneously, indiscriminate
pesticide application undermines ecosystem equilibrium, affects
beneficial species, and contaminates soil and water resources
[19].

Most agricultural emissions arise from crop production and
livestock, not just fertilizer manufacturing or fossil fuel use [1].
Emissions from farm machinery and land-use changes also add
to the sector’s environmental impact [2]. These gases stay in the
atmosphere for a long time, which makes early and continued
mitigation necessary [1, 2].

Agriculture needs to become more sustainable, balancing
productivity with responsible environmental management [3].
Agriculture's impact on global warming, biodiversity decline,
and the disruption of global biogeochemical cycles indicates that
it is advancing several planetary boundaries into critical limits
[11]. Transformative innovation in agricultural techniques is
vital for safeguarding ecological resilience and ensuring long-
term stability in food systems.

C. Variable Rate Technologies Evolution and Potential

VRT is a key development in precision agriculture that
allows inputs to be applied more precisely across a field [19]. It
uses data on soil conditions, crop needs, and environmental
factors to adjust input rates by zone. This reduces waste,
improves input use, and lowers environmental impacts [19].
Improvements in sensors, GPS, and data analysis have made
VRT more accurate and practical by enabling real-time
assessment of soil, crop, and weather conditions [3, 20].

VRT is made up of several site-specific practices that
together support more sustainable agricultural systems [19].
VRFA plays a central role by matching fertilizer application to
soil nutrient levels and crop requirements. This approach limits
unnecessary fertilizer use, reduces runoff, and lowers
environmental impacts without compromising crop nutrition [3,
4]. VRI manages water more carefully by adjusting irrigation
based on soil moisture, crop demand, and weather conditions,
preventing over-irrigation and related issues such as nutrient



leaching and soil degradation, especially in water-limited
regions [3, 21]. VRS modifies seeding rates according to soil
properties and field variability, leading to more uniform crop
stands, less seed waste, and better yield potential [3, 22]. VRPA
focuses pesticide application only on areas where pests are
present, reducing overall chemical use and protecting beneficial
species and surrounding ecosystems [3, 19].

VRT is widely recognized for improving crop production,
reducing input costs, and lowering environmental impacts [19].
Early versions depend on basic soil maps and manual
adjustments, which restricts precision. Advances in GPS, remote
sensing, geospatial modelling, and machine learning have
greatly improved accuracy and efficiency [17, 18]. Current VRT
systems combine data from soil sensors, yield monitors, and
climate tools to support real-time decisions, cut waste, and
improve environmental outcomes [4].

Precision agriculture research is aimed at reducing resource
use, limiting environmental damage, and improving yield and
crop quality. This growing body of work highlights the
increasing interest in VRT across a wide range of agricultural
systems [20, 23].

D. Economic and Environmental Benefits

VRT offers both economic and environmental benefits,
making it a useful tool for supporting sustainable agriculture and
protecting ecosystems [6].

From an economic perspective, VRT improves input
efficiency by applying fertilizers, pesticides, and irrigation water
only where and when they are needed. This reduces waste and
lowers production costs. As a result, studies report cost savings
and higher profit margins, particularly in large-scale farming
systems [6]. However, adopting VRT requires financial
commitment, time to learn the technology, and some operational
risk. Its economic performance depends on factors such as field
size, crop type, and the specific technology used [7].
Profitability also depends heavily on access to accurate, site-
specific data, which highlights the importance of continued
investment in agricultural data and information systems. Long-
term, publicly financed research programs are crucial for
producing the data required to improve VRT accessibility and
acceptance [24].

VRT also offers clear environmental benefits. By reducing
the overuse of inputs, it limits nutrient runoff and chemical
pollution in bodies of water, which protects aquatic ecosystems
and maintains water quality [19]. More precise fertilizer use
lowers nitrous oxide emissions, while better irrigation
management and targeted pesticide application reduce carbon
dioxide emissions by cutting down energy use and input
production [3]. In addition, VRT supports soil health by
reducing erosion and improving soil carbon retention, which
helps maintain long-term productivity and strengthens resilience
to climate variability. Healthier soils function as carbon sinks,
and VRT aids in global warming mitigation [3] and can diminish
nitrate leaching and groundwater pollution [4].

While VRT is not a universal solution, it requires balancing
short-term financial investment with long-term environmental
gains. The upfront cost, the need for technical skills, and
uncertainty around outcomes can slow adoption, especially for
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smaller producers or those with limited resources [24]. The
success of VRT also depends on the type of technology used, the
quality of data available, and how well the system is managed.
Even with clear benefits, challenges such as skill gaps and
unclear returns on investment continue to limit wider adoption
[18]. Confronting these obstacles is essential for fostering
resource-efficient and environmentally sustainable agriculture.

E. Efficacy of Technology

Empirical studies highlight the economic and environmental
advantages of VRT across various regions and agricultural
systems, enhancing input efficiency, sustaining or increasing
crop yields, and improving profitability while minimizing
environmental impacts [3, 6, 19]. Research conducted in
Virginia-United States, indicated a reduction of approximately
27 kilograms/hectare in nitrogen application using VRT, while
maintaining yields comparable to conventional practices,
suggesting improved nutrient-use efficiency and enhanced
environmental performance [3].

Case studies throughout FEurope substantiate the
technology's potential. In Greece, VRT achieved a 38 percent
reduction in nitrogen application alongside just over 2 percent
increase in yields [6]. In the Czech Republic, a study reported
yield increases of about 2 percent across all test plots, alongside
decreased input usage and enhanced economic returns [6]. The
latter study recorded significant reductions in residual soil
nitrate after harvest, thereby decreasing the risk of nitrate
leaching and groundwater contamination. While many studies
show that VRT can improve economic returns and protect soil
and water resources [6], the evidence also shows that precision
agriculture has strong potential to reduce input use while
maintaining or improving productivity [20].

VRT applications in vineyards and pear orchards resulted in
water savings ranging from 20 to 50 percent and a decrease in
emissions related to global warming [19]. In another study, VRT
achieved a 60 percent reduction in fertilizer use and an 80
percent reduction in pesticide use, concurrently increasing
yields by 62 percent [19]. The results demonstrate VRT's
adaptability to various crop types and growing conditions, along
with its ability to conserve water, decrease agrochemical usage,
and enhance productivity. The development of precision
viticulture as a unique field of research and practice highlights
the increasing importance of site-specific management in
specialized cropping systems [20].

Research consistently demonstrates that VRT offers clear
economic advantages, such as decreased production costs and
enhanced profit margins [6]. Alongside environmental benefits,
VRT offers a viable option for the agricultural industry to
reconcile profitability with long-term sustainability objectives
[19].

F. Best Practices and Challenges in Variable Rate
Technology Adoption

The benefits of VRT are well documented and using it
effectively depends on following best practices and strong
collaboration between producers, technology providers,
researchers, and policymakers [3, 19].



Effective VRT systems depend on good-quality data
collection and analysis, since data resolution and accuracy
directly affect how well the system performs. Research shows
that technologies with higher spatial resolution work especially
well in fields with high variability, helping improve yield
potential and nitrogen-use efficiency [4]. Selecting the right
VRT tools and integrating them into existing farm operations
requires careful consideration of crop type, field size, available
resources, and specific environmental constraints [7].

Capacity building and knowledge transfer are critical
elements in the adoption of VRT. It is essential for stakeholders
to receive training in equipment operation, data interpretation,
and informed input-management decision-making [25].
Management training is essential, highlighting the importance
of ongoing professional development to ensure sustained
success in VRT [26]. Agricultural cooperatives, extension
programs, and agricultural networks facilitate knowledge
exchange and promote best practices, thereby bridging skill gaps
and accelerating adoption [17].

Supportive policy frameworks and financial incentives are
essential for promoting the adoption of VRT. Measures can
include technology subsidies, tax incentives for sustainable
practices, and regulatory programs that support environmental
stewardship [27]. Public investment in research, innovation, and
extension services also plays a key role by improving knowledge
sharing and building capacity among producers. Policies such as
the European Union’s Common Agricultural Policy [28] and the
Farm to Fork Strategy [29] exemplify how coordinated policy
frameworks can support sustainable production and encourage
the adoption of technologies like VRT [3, 19].

Despite these benefits, the adoption of VRT is limited by
various challenges. Initial investment, the requirement for
specialized expertise, and the intricacies of VRT systems may
discourage, particularly small-scale producers [30]. Technical
and economic barriers underscore the need for targeted support
mechanisms to enhance adoption [26]. Furthermore, perceived
risks and uncertainties related to return on investment persist in
constraining adoption [18]. Addressing these challenges
requires collaboration among stakeholders to build capacity,
reduce financial barriers, and establish the long-term benefits of
adopting VRT.

G. Summary

VRT represents a progression towards enhancing
sustainability and resilience in agriculture [20]. VRT enables
accurate and efficient input applications, thereby minimizing the
environmental impact of agriculture and enhancing economic
outcomes. Empirical studies indicate its ability to reduce
emissions, conserve resources, and improve productivity in
various production systems [3].

The future of VRT will likely depend on continued
technological progress and stronger collaboration across the
industry. New tools such as artificial intelligence and machine
learning can improve VRT by enabling more adaptive and real-
time input management [31, 32]. Combining VRT with other
sustainable practices, such as cover cropping and conservation
tillage, may further improve carbon reduction and overall
environmental performance [33]. Furthermore, increasing
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access to affordable and accessible VRT systems may be crucial
for promoting adoption among small-scale and resource-limited
producers [30].

Policy support is essential for facilitating VRT adoption and
promoting agricultural transformation. Financial incentives,
research funding, and targeted extension programs reduce
economic barriers and support investment in VRT [22].
Regulatory  frameworks that promote environmental
stewardship and encourage sustainable production practices can
also support wider adoption of VRT [25]. As agricultural risks
continue to increase due to global warming, proactive policy
actions are needed to improve system resilience and help
producers adapt [34]. By improving input efficiency and
lowering environmental impacts, VRT plays an important role
in reducing climate-related risks and supporting long-term
agricultural sustainability [3].

Building a sustainable and resilient agrifood system requires
coordinated efforts across the entire industry. Collaboration
among producers, technology providers, policymakers, and
researchers is essential for developing practical solutions and
strengthening capacity building [25]. Broader access to
affordable VRT technologies, along with proper training and
technical support, is needed to ensure their effective use [30].
Integrating VRT into sustainable farming practices can help
address food production challenges while protecting
environmental resources for future generations [30].

III. METHODOLOGY

A. Introduction

This study utilized a comparative, longitudinal field
experiment to assess the agronomic and environmental impacts
of VRFA compared to uniform fertilizer application in a
commercial canola production system.

B. Study Area and Field Trials

The research was conducted at Steckler Farm, part of the
Olds College Smart Farm infrastructure located in Central
Alberta-Canada (51.65°N, 114.25°W). The field spans
approximately 310 acres and presents a heterogencous
landscape with moderate topographical undulation, variable soil
texture, and distinct management zones. Classified under the
Chernozemic soil order [35], the site offers variable fertility and
moisture retention capacities, making it a suitable environment
for testing precision agriculture technologies under actual field
conditions [36].

Steckler Farm had not been previously subjected to formal
precision agriculture field trials prior to the 2021 season. This
temporal baseline provided a unique opportunity to compare
traditional input strategies with variable rate approaches across
consecutive cropping seasons [37]. The site is located within the
agroecological transition zone between dark brown and black
soil groups, representing a typical prairie cropping system.
Weather patterns in the region are continental, with moderate
rainfall and large diurnal temperature ranges during the growing
season, typically from May through September [38].

Between the 2021 canola season and the 2024 trial, the field
was sown with corn twice, and both seasons followed a variable
rate fertilizer strategy. These years form an important bridge in



the evolution of the site. By the time the 2024 season began, the
field had already gone through two cycles of spatially responsive
fertilizer use. This continuity is relevant because the
performance of the 2024 canola crop reflects not only the
decisions made in that year but also the accumulated effects of
learning, correction, and stabilization that took place in the
intervening seasons [9].

C. Data Sources

Field trial data were collected during the 2021 and 2024
growing seasons, both sown with canola (Brassica napus). In
2021, a uniform fertilizer strategy was implemented using the
InVigor Choice LR344PC hybrid [39], while in 2024, a VRFA
strategy was employed using the DEKALB 902TF hybrid [40].
All primary agronomic data, including fertilizer application
maps, seed placement, and yield monitor outputs, were collected
using GPS-enabled equipment and provided by Olds College.
Prescription maps for 2024 were generated through site-specific
soil sampling and analysis conducted in collaboration with crop
input advisors.

Daily weather data for both years, 2021 and 2024, were
obtained from a FarmersEdge weather station situated at the
north end of Steckler Field. Supplemental climatic data were
sourced from Alberta’s Agricultural Climate Information
Service - ACIS, specifically the Olds College AGDM and Nier
AGDM stations [41]. These datasets provided daily measures of
precipitation, temperature, and Growing Degree Days (GDD).
Observations from field staff and agronomists highlighted that
the timing and frequency of precipitation events played a more
pivotal role in crop response than total seasonal rainfall.
Additionally, residual soil moisture carried over from the
preceding years may have contributed to crop performance in
both trial seasons.

D. Experimental Design

The field trials conducted in the 2021 and 2024 growing
seasons utilized contrasting management strategies to evaluate
the effectiveness of VRFA. In 2021, the field received a
conventional uniform fertilizer application strategy using the
canola hybrid InVigor Choice LR344PC. This uniform rate was
determined by the crop advisors and the researchers after taking
the soil and climatic factors into consideration. Conversely, in
2024, a spatially optimized VRFA strategy was implemented
using the hybrid DEKALB 902TF. Spatial prescriptions were
informed by detailed zone-specific soil sampling, historical
yield potential mapping, and satellite-based NDVI data, guiding
nutrient inputs tailored to soil productivity potential.

E. Measurement Parameters

Key measurement parameters collected during the primary
VRFA trials at Steckler Farm included spatially explicit
fertilizer application rates of kilograms per hectare (kg/ha),
individual nutrient application rates for nitrogen (N),
phosphorus (P), potassium (K), and sulfur (S), as well as grain
yield bushels per acre (bu/ac). All inputs were tracked using
GPS-enabled machinery. The application files were analyzed at
the management zone level to evaluate differences in total
nutrient use and estimated carbon emissions based on kilograms
of carbon dioxide equivalent per hectare (kg CO2-eq/ha). Grain
yield was measured using an on-combine yield monitoring
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system operating at l-second intervals, which provided a
georeferenced yield map at high spatial resolution. These
datasets formed the basis for a comparative analysis of
agronomic efficiency under uniform and variable rate strategies.

The embodied energy based on megajoules per hectare
(MJ/ha) and lifecycle carbon emissions (kg CO:-eq/ha) were
estimated using coefficients from peer-reviewed literature.
Meteorological parameters such as cumulative rainfall,
precipitation timing, mean daily temperature, and GDD were
used to contextualize the observed agronomic responses. Field-
level observations during both growing seasons emphasized that
rainfall timing, particularly during key growth stages, had an
influence on nutrient uptake and crop development than total
precipitation volume. In addition, residual soil moisture from
previous seasons was noted as a contributing factor to early-
season crop vigor and nutrient availability.

F. Analytical Techniques

To assess the agronomic and environmental impacts of
VRFA, this study compared two production years, 2021 and
2024, conducted on a canola field in Alberta-Canada. The 2021
season employed a conventional uniform application strategy,
while the 2024 trial utilized spatially optimized VRT. Fertilizer
application rates for nitrogen (N), diphosphorus pentoxide
(P20s), potassium oxide (K:0), and sulfur (S), along with
corresponding yield and GPS-based spatial coordinates, were
recorded using precision agriculture equipment. The goal was to
quantify differences in nutrient use, yield performance, GHG
emissions, and upstream energy consumption between the two
approaches.

Statistical data processing was conducted using RStudio,
where raw datasets exceeding one million data points were
cleaned, structured, and analyzed. Cleaning procedures included
removal of missing entries, identification of outliers using the
interquartile range method, and standardization of spatial
formats using the sf'and dplyr packages. A 30 square meter grid
was applied to the field boundary, and average input and output
values were calculated for each cell. This enabled spatially
explicit comparisons of fertilizer application and yield across
both years.

To account for varietal differences, yield normalization was
conducted. The 2021 and 2024 trials used different canola
hybrids, specifically InVigor Choice LR344PC and DEKALB
902TF. The normalized yield was calculated using a benchmark
for canola, as reported by the Agriculture Financial Services
Corporation [42], where the average is 2,455 pounds (lbs) per
acre, equivalent to 49.1 bushels per acre. All yield values were
converted using the following expression:

Yield (bu/ac) = Yield (Ibs/ac) ~ 49.1

Fertilizer application rates, originally recorded in pounds per
acre, were converted to kilograms per hectare to align with life
cycle assessment protocols. The conversion factor used was:

1 Ib/ac=1.12085 kg/ha

Embodied GHG emissions were calculated by multiplying
the application rate for each nutrient by its corresponding
emission factor. These factors account for the upstream
emissions associated with raw material extraction, synthesis,



packaging, and transport. The calculation was conducted as
follows:

GHG _embodied = Fertilizer Rate (kg/ha) > Emission
Factor (kg COz-eq/kg)

The emission factors used in the study are listed below:
*  Nitrogen (N): 3.51 kg COz-eq/kg [43]

. Phosphorus (P20s): 1.011 kg CO2-eq/kg [44]

. Potassium (K20): 0.576 kg CO2-eq/kg [44]

. Sulfur (S): 3.35 kg CO2-eq/kg [44]

To estimate embodied energy use, fertilizer application rates
were multiplied by nutrient-specific energy coefficients and
adjusted using a land area conversion factor. The formula
applied was:

Energy embodied = Fertilizer Rate (Ib/ac) * Energy
Coefficient (MJ/Ib) x 2.47105

The factor 2.47105 accounts for conversion from acres to
hectares. Energy coefficients were drawn from peer-reviewed
life cycle inventory studies:

. Nitrogen: 27.5 MJ/Ib [8]

. Phosphorus: 5.04 MJ/Ib [8]
. Potassium: 3.04 MJ/Ib [8]
. Sulfur: 19.05 MJ/Ib [45]

Finally, Welch’s two-sample t-test was applied to determine
whether mean nutrient rates and yields differ significantly
between the uniform and variable rate applications. This method
was selected for its suitability in samples with unequal variances
and different sample sizes. The test was performed on the grid-
aggregated data, and the t-statistics were calculated using:

t=(X:-Xo) /((s:%n1) + (5:%n))

All statistical analysis were conducted in RStudio at a 95
percent confidence level (p < 0.05). The approach used in this
study aligns with protocols for spatial agronomic evaluation
found in site-specific nutrient management research conducted
in Revere, Minnesota [46].

IV. RESULTS

The implementation of VRFA resulted in notable agronomic
and environmental enhancements relative to uniform application
practices. The comparison employed data from two growing
seasons, 2021 (uniform) and 2024 (variable rate), on the same
field (51.65°N, 114.25°W), with each year featuring a distinct
canola hybrid. InVigor Choice LR344PC was cultivated in
2021, while DEKALB 902TF was sown in 2024.

Average yield increased from 31.7 bu/ac in 2021 to 56.5
bu/ac in 2024, marking a 78.4 percent improvement (see Figure
1 and Table I).
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Yield (bu/acre)

2021 (Uniform)

2024 (Variable Rate)

Fig. 1. Bar Chart Comparing Yield Under Uniform (2021) and Variable Rate
(2024) Fertilizer Application
TABLE 1.

TABLE COMPARING YIELD UNDER UNIFORM (2021) AND
VARIABLE RATE (2024) FERTILIZER APPLICATION

Year Average Yield (bu/ac)
2021 (Uniform) 31.68
2024 (Variable Rate) 56.51

The observed increase surpassed the genetic yield potential of
the DEKALB hybrid, indicating that precision nutrient
management was more influential than varietal differences. The
uniform and variable rate yield maps are illustrated below. (see
Figures 2 and 3).
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Fig. 2. Spatial Distribution of Yield in 2021 (Uniform Application).
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Fig. 3. Spatial Distribution of Yield in 2024 (Variable Rate Application).

Fertilizer application rates varied significantly across
nutrients. Nitrogen decreased marginally from 116.1 lb/ac to
114.5 1b/ac, phosphorus declined from 50.5 lb/ac to 48 Ib/ac,
potassium increased from 10.1 Ib/ac to 21 Ib/ac, and sulfur
decreased from 20.2 Ib/ac to 18.2 Ib/ac, see Table I1. All changes
were statistically significant based on Welch’s two-sample T-
tests (p < 0.001).
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TABLE II. SUMMARY OF NUTRIENT APPLICATION RATES (2021 VS.
2024), INCLUDING P-VALUES
Variable Mean_ 2021 Mean 2024 P _Value

N 116.0670837 114.5365766 8.71E-08
P 50.45547227 47.95479478 5.56E-90
K 10.05211063 21.00499759 0
N 20.18219021 18.23069683 0.00E+00

Yield 31.67607321 56.50967774 0

These nutrient shifts reflect spatially informed corrections
made possible by VRT (see Figures 4 and 5).
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Fig. 4. Spatial Distribution of Fertilizer Application Rates: Uniform (2021)
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Fig. 5. Spatial Distribution of Fertilizer Application Rates: Variable Rate
(2024)

Weather conditions in both seasons influenced crop growth
and fertilizer efficiency. Based on Farmer's Edge station data
(see Figures 6 and 7), cumulative precipitation in 2024 was
higher and slightly better distributed during key phenological
stages compared to 2021. The 2024 season also featured more
moderate daytime temperatures and fewer high-heat stress days
in June and July, which likely improved nutrient uptake
efficiency and supported the higher yield. While the fertilizer
application strategy was the primary variable under
examination, this favorable weather context should be
considered when interpreting performance outcomes [41].
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The shift to variable rate application resulted in a reduction
in total embodied GHG emissions. Using standard emission
factors and conversion methods, the total emissions from
fertilizer inputs decreased from 596.4 kg CO2-eq/ha in 2021 (see
Table III) to 586.7 kg CO2-eq/ha in 2024, representing a net
reduction of 9.7 kg CO2-eq/ha (see Table IV). Nutrient-specific
emissions, such as the 6.3 kg CO:-eqg/ha reduction for nitrogen,
are outlined in Table IV.

TABLE III. FERTILIZER APPLICATION RATES AND EMBODIED CARBON
EMISSIONS (2021)
Input Izlgfel" 2021 Rate® EF¢ Emzigszitl)ns“
N 116.1 130.1 3.51 456.7
P 50.5 56.6 1.011 57.2
K 10.1 11.3 0.576 6.5
S 20.2 22.7 3.35 76
Total , , 5 596.4
a. Ib/ac
b.  kg/ha
c. kg COz-eq/kg
d. kg COz-eq/ha
TABLE 1V. FERTILIZER APPLICATION RATES AND EMBODIED CARBON
EMISSIONS (2024) AND NET CHANGE (2021 vSs 2024)
Input ligf:, Iigi:h EF® | 2024 Emissions Cl}:ﬁ‘ged
N 114.5 128.3 3.51 450.4 -6.3
P 48 53.8 1.011 54.4 -2.8
K 21 23.5 0.576 13.6 7.1
N 18.2 20.4 3.35 68.3 -7.7
Total s s s 586.7 -9.7
a. Ib/ac
b.  kg/ha
c. kg COz-eq/kg
d. kg COz-eq/ha

Embodied energy analysis revealed a parallel decline.
Energy use per acre dropped by approximately 62.6 MJ, driven
mainly by reductions in nitrogen and sulfur. Although potassium
use increased, the rise in energy input was offset by reductions
in the other nutrients. Full calculations and coefficients are
summarized in Tables V and VI.

TABLE V. FERTILIZER EMBODIED ENERGY USE (2021)
Energy
Nutrient 205; /;{ca;te Coefficient 20?;/[?;::)‘@
(MJ/1b)
Nitrogen (N) 116.1 27.5 3,192.80
Phosphorus (P:0s) 50.5 5.04 254.5
Potassium (K:0) 10.1 3.04 30.7
Sulfur (S) 20.2 19.05 384.8
Total - - 3,862.80
TABLE VI. FERTILIZER EMBODIED ENERGY USE (2024) AND NET
CHANGE (2021 vs 2024)
2024 Energy 2024 Net
Nutrient Rate Coefficient Energy Change
(Ib/ac) (MJ/1b) (MJ/ac) (MJ/ac)
Nitrogen (N) 114.5 27.5 3,148.80 —44.0
Phosphorus
(Pl:Os) 48 5.04 2419 -12.6
Potassium (K:0) | 21 3.04 63.8 +33.1
Sulfur (S) 18.2 19.05 346.7 —38.1
Total — — 3,800.20 —62.6

97

Despite localized increases in potassium application, the
overall environmental burden decreased while productivity
sharply improved. This outcome highlights the dual benefits of
VRFA, which enhances both economic performance and
sustainability in canola production.

V. DISCUSSION

This research presents empirical evidence that VRFA
considerably improves agronomic and environmental outcomes
in commercial field settings. In this study, VRFA achieved a
reduction in embodied fertilizer-related GHG emissions of 9.7
kg CO:-eq/ha, while concurrently enhancing grain yield by 78.4
percent compared to uniform fertilization. The results surpass
the usual VRFA vyield gains of 5 to 20 percent documented in
previous precision agriculture studies [3, 8], indicating that
under optimal agronomic and climatic conditions, VRFA can
provide transformative improvements rather than merely
incremental ones.

The simultanecous improvements in productivity and
sustainability are significant, as fertilizer inputs are among the
primary contributors to agricultural energy demand and GHG
emissions, especially nitrogen-based fertilizers characterized by
high embodied carbon intensity [3]. VRFA optimized nutrient
supply in accordance with the spatial variability of crop demand,
thereby decreasing excessive applications of nitrogen and
sulphur, which are linked to elevated carbon footprints, while
focusing potassium inputs on areas that have been historically
under-fertilized. This nutrient redistribution indicates that
VRFA not only decreases input usage but also optimizes nutrient
balance to enhance crop physiology and promote environmental
stewardship. The observed increase in yield, alongside reduced
emissions, indicates effective input reallocation rather than
solely a decrease in input intensity.

Weather-related factors provide additional context for these
outcomes. Empirical studies indicate that the timing of
precipitation, temperature variations, and intra-seasonal weather
fluctuations influence yield responses to variable rate
technologies [47, 48]. Field observations in this study suggest
that efficiency gains driven by VRFA were enhanced by more
evenly distributed and agronomically suitable precipitation
events in 2024, especially during key vegetative and
reproductive phases in May, June, and August. In 2021, rainfall
during critical growth periods was lower, even though overall
seasonal  totals were  similar, with  precipitation
disproportionately concentrated in July (see Figure 8). The
conditions in 2021 likely limited nutrient uptake and biomass
accumulation, thereby diminishing the effectiveness of uniform
fertilization and enhancing the relative benefits of VRFA in
2024.
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Collectively, these findings indicate that, in conjunction with
favourable weather patterns, VRFA can substantially enhance
both productivity and environmental performance beyond
typical reported ranges. The integration of precision nutrient
management with climate-resilient agronomic planning is
essential, as interactions between weather and nutrients will
increasingly influence fertilizer efficiency outcomes in changing
climatic conditions.

In addition to in-season rainfall, moisture from the preceding
year may have influenced yield variations between 2021 and
2024. Although total rainfall in 2020 exceeded that of 2023, a
notable distinction emerges in late-season precipitation. August
2023 received substantially higher rainfall than August 2020,
while subsequent months recorded almost similar totals. The
late-season rainfall in 2023 likely increased soil moisture
reserves and enhanced water availability for the beginning of the
2024 growing season (see Figure 9). While such carryover
effects cannot be quantified precisely in this study, the improved
soil moisture conditions in early 2024 may have complemented
the benefits of VRFA, contributing to the substantial yield
increase observed.
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Fig. 9. Monthly total rainfall comparison between 2020 and 2023
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Collectively, these findings indicate that the performance of
VRFA in 2024 cannot be exclusively ascribed to precision input
management. This reflects the interaction of VRFA with
favourable weather conditions during the growing season and
from previous year's rainfall patterns, highlighting the
importance of interpreting agronomic and environmental
outcomes within a broader climatic context.

The results of the 2024 season can also be interpreted
through a wider lens. VRT is seldom a technology that
transforms a field in a single attempt. Instead, its benefits tend
to accumulate over time as the system learns, corrects, and
gradually stabilizes [9, 49]. The two preceding corn seasons,
both managed with VRT, played a role in shaping the landscape
that 2024 inherited. Much of the spatial irregularity present in
2021 had already begun to soften during those intervening years
[9]. When seen this way, the strong fertilizer-use efficiency and
yield improvements observed in 2024 are not only the outcome
of decisions made in that year but also represent a continuation
of a longer process in which the field progressively aligned itself
with the logic of variable rate management.

The analysis of embodied emissions highlights the
importance of VRFA in strategies for sustainable intensification.
Reductions in nitrogen and sulphur emissions underscore
VRFA's contribution to decreasing the upstream carbon
footprint of crop production, with energy use decreasing by
approximately 62.6 MJ/ac relative to uniform application.
Localized increases in potassium application resulted in some
emissions; however, the overall net balance was distinctly
positive. This substantiates the argument for VRFA as a
fundamental practice in low-carbon agriculture, necessitating
the simultaneous achievement of productivity and emissions
targets.

These findings enhance the broader discourse on precision
agriculture, which has frequently been fragmented by focusing
on individual input types. Although numerous studies examine
agronomic or environmental outcomes individually, there is a
scarcity of research that quantifies both concurrently. This study
provides explicit evidence that emissions savings and yield
gains can coexist under VRFA, thereby enhancing the
foundation for integrated sustainability assessments in crop
production.

VL

While making empirical contributions, this study has
limitations that warrant acknowledgment. The analysis focused
on one commercial farm in Alberta, and the results may not be
applicable to other agro-ecological contexts with varying soils,
climates, or management histories. The analysis quantified
solely the embodied emissions associated with fertilizer
manufacture and delivery, excluding soil-based nitrous oxide
emissions and long-term effects on soil fertility. The dimensions
are essential for a comprehensive sustainability assessment.

LIMITATIONS AND FUTURE RESEARCH DIRECTIONS

Subsequent research should extend these findings by
broadening the geographic range of VRFA trials, utilizing multi-
year datasets, and incorporating soil-based emissions
monitoring. Research should examine the dynamics of producer
adoption, focusing on cost-benefit trade-offs, barriers to
implementation, and decision-making processes amid climate



uncertainty.  Integrating  agronomic, economic, and
environmental dimensions should enhance the understanding of
VRFA's long-term role in sustainable agricultural systems.

VIL

This research argues that VRFA improves agronomic
performance and environmental sustainability in commercial
canola production. Comparative field trials conducted at
Steckler Farm in Alberta revealed a 78.4 percent increase in
yield, alongside a reduction of 9.7 kg CO:-eq/ha in fertilizer-
related emissions and a decrease of 62.6 MJ/ac in embodied
energy use. The findings indicate that precision nutrient
management enhances the efficiency of crop input utilization by
synchronizing fertilizer application with spatial variability
within the field, resulting in increased productivity and reduced
environmental impacts.

CONCLUSION

The yield gains observed in the VRFA system cannot be
exclusively ascribed to cultivar differences. The 2024 hybrid
(DEKALB 902TF) demonstrated a lower published yield
potential compared to the 2021 hybrid (InVigor LR344PC);
however, actual farm performance in 2024 surpassed anticipated
benchmarks. Enhanced nutrient placement and improved
fertilizer-use efficiency were the main factors contributing to
productivity gains under VRFA.

Weather conditions served a moderating function. In 2021,
precipitation predominantly occurred late in the season, thereby
restricting early growth effectiveness during essential crop
phases. The 2024 season experienced more uniform rainfall
distribution during critical phenological stages, including
establishment, vegetative development, and pod fill, supported
by residual soil moisture from a favourable 2023 season. The
findings underscore that the timing and distribution of
precipitation, along with moisture carryover from the previous
year, are critical factors influencing fertilizer efficiency and
yield potential in Prairie cropping systems.

The novelty of this research is providing field-level
evidence by simultaneously quantifying emissions, energy use,
and yield, addressing a literature frequently characterized by
theoretical, model-based, or single-metric assessments. The
findings establish VRFA as a scalable, practical, and impactful
precision agriculture method that can aid in achieving Canada's
sustainable intensification objectives.

Further evaluation across diverse agro-ecological zones,
crop types, and climatic conditions might be essential to enhance
generalizability. Future research should integrate long-term
climate variability and soil-water dynamics to enhance VRFA
decision frameworks and quantify system-level benefits.

VRFA represents a practical and environmentally
sustainable strategy that can enhance productivity in agriculture
and other global production areas while decreasing carbon
intensity. Considering global warming and the increasing
importance of nutrient efficiency, VRFA presents a viable
approach to sustainable crop production and resilient food
systems.
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VIII. LIST OF ABBREVIATIONS
Bushels Per Acre bu/ac
Di-phosphorus Pentoxide P20s
Global Position System GPS
Greenhouse Gas Emissions GHG
Growing Degree Days GDD

Kilograms Of Carbon Dioxide

Equivalent Per Hectare kg COz-eq/ha

Kilograms Per Hectare kg/ha
Megajoules Per Hectare MlJ/ha
Nitrogen N
Phosphorus P
Potassium K
Potassium Oxide K0
Pounds lbs
Sulfur S
Variable Rate Fertilizer Application VRFA
Variable Rate Irrigation VRI
Variable Rate Pesticide Application VRPA
Variable Rate Seeding VRS
Variable Rate Technology VRT

ACKNOWLEDGMENTS

1) Conflict of Interest
The authors of this publication declare there is no conflict of
interest.

2) Funding Agency
This research received economic sponsorship from
Canadian Colleges for a Resilient Recovery (C2R2) through
funding of the Wawanesa Climate Champions: Youth
Innovation Grant, used for the data collection and preliminary
analysis.

3) Data Contribution Acknowledgement
The authors acknowledge the contribution of Olds College
of Agriculture & Technology for providing access to the field-
level datasets used in this study. We are grateful to David
Fullerton, Herman Simons, and Blair Bateman for their support
in data access, coordination, and technical guidance.

4) Declaration of Generative Al and Al-Assisted
Technologies

The authors used ChatGPT to assist with some language
clarity and overall organization of the text. All content was
reviewed, edited, and verified by the authors, who take full

responsibility for the accuracy and integrity of the final article.

REFERENCES
[1] Auditor General of Canada, Emission Reductions Through Greenhouse
Gas Regulations - Environment and Climate Change Canada:

Independent Auditor’s Report. Ottawa: Office of the Auditor General of
Canada / Bureau du vérificateur général du Canada, 2023.



(2]

(3]

(4]

[3]

(6]

(7

(8]

[

[10]

[11]

[12]

[13]

[14]

[15]
[16]

[17]

[18]

[19]

[20]

Government of Canada, Greenhouse Gas Emissions and Agriculture.
[Online]. Available:
https://agriculture.canada.ca/en/environment/greenhouse-gases
(accessed: Dec. 29, 2024).

A. Balafoutis et al., “Precision agriculture technologies positively
contributing to GHG emissions mitigation, farm productivity and
economics,” Sustainability, vol. 9, no. 8, 1339, July 2017, doi:
10.3390/su9081339.

K. Spiti, R. Huber, and R. Finger, “Benefits of increasing information
accuracy in variable rate technologies,” Ecological Economics, vol. 185,
107047, January 2022, doi: 10.1016/j.ecolecon.2021.107047.

P. P. Pawase et al., “Variable rate fertilizer application technology for
nutrient management: A review,” Int J Agric & Biol Eng, vol. 16, no. 4,
pp. 11-19, July 2023.

S. Fabiani et al., “Assessment of the economic and environmental
sustainability of variable rate technology (VRT) application in different
wheat-intensive European agricultural areas. A water energy food nexus
approach,” Environmental Science & Policy, vol. 114, pp. 366-376,
August 2020, doi: 10.1016/j.envsci.2020.08.019.

S. Bahmutsky, F. Grassauer, V. Arulnathan, and N. Pelletier, “A review
of life cycle impacts and costs of precision agriculture for cultivation of
field crops,” Sustainable Production and Consumption, vol. 52, pp. 347—
362, November 2024, doi: 10.1016/j.spc.2024.11.010.

M. Kazlauskas, I. Brugiené, A. Jasinskas, and E. Sarauskis, “Comparative
analysis of energy and GHG emissions using fixed and variable
fertilization rates,” Agronomy, vol. 11, no. 1, p. 138, January 2021, doi:
10.3390/agronomy11010138.

Y. Lan, S. Zhang, W. Li, and Ma, W. C. Hoffmann, C., “Variable rate
fertilization for maize and its effects based on the site-specific soil fertility
and yield.” [Online]. Available:
https://cigrjournal.org/index.php/Ejounral/article/download/1269/1125/0
? (accessed: Nov. 22, 2025).

R. Lal and B. A. Stewart, Soil-Specific Farming: Precision Agriculture,
Ist ed. Boca Raton: CRC Press, 2015. [Online]. Available:
https://www.taylorfrancis.com/books/mono/10.1201/b18759/soil-
specific-farming-stewart-rattan-lal

D. Tilman, K. G. Cassman, P. A. Matson, R. Naylor, and S. Polasky,
“Agricultural sustainability and intensive production practices,” Nature,
vol. 418, no. 6898, pp. 671-677, August 2002, doi: 10.1038/nature01014.

J. M. Gémez and J. G. Keogh, “Informatics for the food supply chain and
traceability systems,” in AgriFood Informatics: Biological, Chemical, and
Health Informatics for Agriculture and Food, B. German, M. Lange, and
E. Steliotes, Eds., Cambridge: Royal Society of Chemistry, 2026, Ch. 11,
in-press.

Commission on Sustainable Agriculture and Climate Change, “Final
report: Achieving food security in the face of climate change,”
Commission on Sustainable Agriculture and Climate Change, Mar. 2012.

FAO, “Global database of GHG emissions related to feed crops,” Food
and Agriculture Organization of the United Nations and Rome, 2017.

J. A. Foley et al., “Solutions for a cultivated planet,” Nature, vol. 478, no.
7369, pp. 337-342, 2011, doi: 10.1038/nature10452.

E. Sarauskis et al., “Variable rate seeding in precision agriculture: Recent
advances and future perspectives,” Agriculture, vol. 12, no. 2, p. 305,
February 2022, doi: 10.3390/agriculture12020305.

R. Grisso, M. Alley, W. Thomason, D. Holshouser, and O. Roberson,
“Precision farming tools: Variable-rate application-Precision, geospatial,
and sensor technologies.” Produced by Communications and Marketing,
College of Agriculture and Life Sciences, Virginia Polytechnic Institute
and State University, 442-505, 2011.

T. W. Griffin and L. Traywick, “The role of variable rate technology in
fertilizer usage,” Journal of Applied Farm Economics, vol. 3, no. 2, pp.
59-67, 2020, doi: 10.7771/2331-9151.1049.

G. Papadopoulos, S. Arduini, H. Uyar, V. Psiroukis, A. Kasimati, and S.
Fountas, “Economic and environmental benefits of digital agricultural
technologies in crop production: A review,” Smart Agricultural
Technology, vol. 8, 100441, March 2024, doi:
10.1016/j.atech.2024.100441.

F. Pallottino, M. Biocca, P. Nardi, S. Figorilli, P. Menesatti, and C. Costa,
“Science mapping approach to analyze the research evolution on

100

(21]

[22

—

(23]

[24

[}

[25

[}

[26]

(27]

[28

[}

[29

[}

[30

=

(31]

[32

—

[33

—

[34

[}

[35]

[36]

[37]

[38]

precision agriculture: World, EU and Italian situation,” Precision Agric,
vol. 19, no. 6, pp. 1011-1026, March 2018, doi: 10.1007/s11119-018-
9569-2.

E. A. Flint et al., “Irrigation zone delineation and management with a
field-scale variable rate irrigation system in winter wheat,” Agronomy,
vol. 13, no. 4, 1125, April 2023, doi: 10.3390/agronomy13041125.

K. Spiti, R. Huber, I. Logar, and R. Finger, “Incentivizing the adoption
of precision agricultural technologies in small-scaled farming systems: A
choice experiment approach,” J of Agr & App Econ Assoc, vol. 1, no. 3,
pp- 236-253, August 2022, doi: 10.1002/jaa2.22.

Marco Ammoniaci, Simon-Paolo Kartsiotis, Rita Perria, and Paolo
Storchi, “State of the art of monitoring technologies and data processing
for precision viticulture,” Agriculture 2021, vol. 11, pp 1-20, February
2021.

D. S. Bullock, M. L. Ruffo, D. G. Bullock, and G. A. Bollero, “The value
of variable rate technology: An information-theoretic approach,”
American J Agri Economics, vol. 91, no. 1, pp. 209-223, February 2009,
doi: 10.1111/1.1467-8276.2008.01157 x.

J. McFadden, F. Casalini, and J. Anton, “Policies to bolster trust in
agricultural digitalization,” OECD 175, April 2022.

M. Masi, J. Di Pasquale, Y. Vecchio, and F. Capitanio, “Precision
farming: Barriers of variable rate technology adoption in Italy,” Land, vol.
12, no. 5, 1084, May 2023, doi: 10.3390/land12051084.

P.J. Zarco-Tejada, N. Hubbard, and P. Loudjani, “Precision agriculture:
An opportunity for EU farmers-potential support with the CAP 2014-
2020,” European Parliament’s Committee on Agriculture and Rural
Development,  Belgium, June 2014. [Online].  Available:
https://www.europarl.europa.ecu/RegData/etudes/note/join/2014/529049/
IPOL-AGRI_NT(2014)529049 EN.pdf

European Commission, Common Agricultural Policy. [Online].
Available: https://agriculture.ec.europa.eu/common-agricultural-
policy en (accessed: Nov. 11, 2025).

European Commission, Farm to Fork Strategy. [Online]. Available:
https://food.ec.europa.eu/horizontal-topics/farm-fork-strategy en
(accessed: Nov. 11, 2025).

A. Abdalla and A. M. Nafchi, “Development and evaluation of an
affordable variable rate applicator controller for precision agriculture,”
AgriEngineering, vol. 6, no. 4, pp. 4639-4657, December 2024, doi:
10.3390/agriengineering6040265.

A. de Lara, T. Mieno, J. D. Luck, and L. A. Puntel, “Predicting site-
specific economic optimal nitrogen rate using machine learning methods
and on-farm precision experimentation,” Precision Agric, vol. 24, no. 5,
pp. 1792-1812, March 2023, doi: 10.1007/s11119-023-10018-8.

A. Uribeetxebarria, A. Castellon, I. Elorza, and A. Aizpurua, “Intra-plot
variable N fertilization in winter wheat through machine learning and
farmer knowledge,” Agronomy, vol. 12, no. 10, p. 2276, September 2022,
doi: 10.3390/agronomy12102276.

W. Ding et al., “Conservation tillage enhances both organic and inorganic
carbon in dryland: Insights from a 20-year field experiment and meta-
analysis,” Agriculture, Ecosystems & Environment, vol. 393, p. 109845,
July 2025, doi: 10.1016/j.agee.2025.109845.

A. Crane-Droesch, E. Marshall, S. Rosch, A. Riddle, J. Cooper, and S.
Wallander, “Climate change and agricultural risk management into the
21st century: Economic research report,” U.S. Department of Agriculture,
Economic Research Service, USA ERR-266, Jul. 2019. Accessed: Sep. 1,
2024.

D. Spiess, Alberta Soil Information Centre. [Online]. Available:
https://www1.agric.gov.ab.ca/soils/soils.nsf/soilgroupmap?readform
(accessed: Aug. 13, 2025).

D. Pennock, “Terrain attributes, landform segmentation, and soil
redistribution,” Soil and Tillage Research, vol. 69, 1-2, pp. 15-26,
February 2003, doi: 10.1016/S0167-1987(02)00125-3.

P. B. Hegedus et al., “Towards a low-cost comprehensive process for on-
farm precision experimentation and analysis,” Agriculture, vol. 13, no. 3,
p. 524, February 2023, doi: 10.3390/agriculture13030524.

E. Mapfumo, D. S. Chanasyk, D. Puurveen, S. Elton, and S. Acharya,
“Historic climate change trends and impacts on crop yields in key
agricultural areas of the prairie provinces in Canada: A literature review,”



[39]

[40]

[41]

[42]

[43]

[44]

Can. J. Plant Sci., vol. 103, no. 3, pp. 243-258, April 2023, doi:
10.1139/cjps-2022-0215.

BASF, InVigor Hybrid Canola InVigor Choice LR344PC. [Online].
Available: https://agriculture.basf.us/content/dam/cxm/agriculture/crop-
protection/products/documents/InVigor Choice LR344PC_US Techno
logy Sheet.pdf (accessed: 02/29/2025).

G. Richards and E. Richards, DEKALB Canola Trial Report. [Online].
Available: https://tools.bayer.ca/trial-
map/canola/2024/vct24can1715112441419 (accessed: Apr. 9, 2025).

Government of Alberta, Current and Historical Alberta Weather Station
Data Viewer. [Online]. Available:
https://www.acis.alberta.ca/acis/weather-data-viewer.jsp (accessed: Jul.
29, 2025).

AFSC, Grain Conversion Table.xlsx. [Online].  Available:
https://afsc.ca/wp-content/uploads/2022/10/Grain-Conversion-Table.pdf
(accessed: Apr. 24, 2025).

Faculty of Agriculture in Osijek, “Report on GHG emissions of
cultivation of rape oilseed in Croatia,” Faculty of Agriculture in Osijek
Department of Agroecology, 2017.

S. Ledgard and S. Falconer, “Update of the carbon footprint of fertilisers
used in New Zealand,” Fertiliser Association of New Zealand, August
2019.

101

[45]

[46]

[47]

(48]

[49]

R. Pajura, A. Maston, and J. Czarnota, “The use of waste to produce liquid
fertilizers in terms of sustainable development and energy consumption
in the fertilizer industry—A case study from Poland,” Energies 2023, vol.
15, no. 4, pp. 1-24, February 2023, doi: 10.3390/su15043459.

M. Mamo, G. L. Malzer, D. J. Mulla, D. R. Huggins, and J. Strock,
“Spatial and temporal variation in economically optimum nitrogen rate
for corn,” Agronomy Journal, vol. 95, no. 4, pp. 958-964, 2003.

N. Huang, X. Lin, F. Lun, R. Zeng, G. F. Sassenrath, and Z. Pan,
“Nitrogen fertilizer use and climate interactions: implications for maize
yields in Kansas,” Agricultural Systems, vol. 220, 104079, October 2024,
doi: 10.1016/j.agsy.2024.104079.

Y.-C. Su, P.-W. Sun, H.-Y. Dai, and B.-J. Kuo, “Evaluating the impact of
weather variability on maize yield fluctuation for different sowing dates,”
Agricultural and Forest Meteorology, vol. 371, 110625, August 2025, doi:
10.1016/j.agrformet.2025.110625.

A. F. Colago and J. P. Molin, “A five-year study of variable rate
fertilization in citrus.” [Online]. Available:
https://www.agriculturadeprecisao.org.br/wp-
content/uploads/2019/11/cgr-2014_01.pdf (accessed: Nov. 22, 2025).



	I. Introduction
	II. Literature Review
	A. Introduction
	B. Environmental Impact of Agriculture
	C. Variable Rate Technologies Evolution and Potential
	D. Economic and Environmental Benefits
	E. Efficacy of Technology
	F. Best Practices and Challenges in Variable Rate Technology Adoption
	G. Summary

	III. Methodology
	A. Introduction
	B. Study Area and Field Trials
	C. Data Sources
	D. Experimental Design
	E. Measurement Parameters
	F. Analytical Techniques

	IV. Results
	V. Discussion
	VI. Limitations and Future Research Directions
	VII. Conclusion
	VIII. List of Abbreviations
	Acknowledgments
	1) Conflict of Interest
	2) Funding Agency
	3) Data Contribution Acknowledgement
	4) Declaration of Generative AI and AI-Assisted Technologies
	References



