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ABSTRACT 

EXAMINING THE PROFITABILITY OF VARIABLE RATE NITROGEN FERTILIZER 

APPLICATION IN THE DGITAL REVOLUTION 

 

Kevin Probyn-Smith 

University of Guelph, 2018

Advisor(s): 

Dr. Alfons Weersink 

Farming is moving into what is being called the Digital Revolution of Agriculture. This 

revolution sees the increase in mechanization and automation across the farm sector. For farmers 

to adopt precision technologies there must be a demonstration of profitability. This paper 

examines the differences profitability between uniform and variable rate nitrogen fertilizer 

application in corn production using farm level data from Ontario. To show this difference we 

calculate profit with simulated fertilizer rates. We estimate field and zone level quadratic yield 

response functions from farm data provided by farmers who have adopted variable rate 

technology. We find that variable rate nitrogen application does not have higher profits than 

uniform rate nitrogen application. This finding is a result of the flatness of yield response 

functions and the similarity between response functions causing a lack of need for precision. 
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1 Introduction 

1.1 Background 

Data are becoming increasingly important to agriculture as technology evolves. Equipment 

generates, stores and uses more data. In traditional field crop production in Ontario, each field is 

treated as a homogeneous decision unit but technology allows the variability in the field to be 

recognized and treated differently. In the modern context this might involve collecting soil 

samples, observing yield averages, or a farmer’s assessments based on previous experience. The 

farmer uses this information to determine what single fertilizer, seed, pesticide, and herbicide 

rate and type to apply uniformly on a field. The problem with this approach is that fields can be 

large and can exhibit variation in yield response to the application of fertilizer. Unpredictable 

yields due to weather further increase the want for an accurate fertilizer prescription. 

The recognition that there can be high levels of heterogeneity in yield responses within a 

field and the availability of advances in information technology have led to the opportunity for 

field crop producers to use site specific management. Site specific management is the practice of 

taking specific regions of the field that are different from each other and treating each of them 

differently. This used to be done based on judgments from the farmer but with precision 

agriculture and increased digitization and automation this process is becoming more scientific. 

By adding global positioning systems (GPS) to tractors and advanced geographic information 

system (GIS) technology site specific management transitioned into what is now called precision 

agriculture (Anselin et al. 2004). Precision agriculture is “applying modern technology to 

manage spatial and temporal variability to improve crop performance or reduce negative 

environmental impacts” (Pierce and Nowak 1999). 
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Precision agriculture is still being expanded on by the addition of new and larger data. 

Big data is defined by Coble et al. (2016) as “large, diverse, complex, longitudinal, and/or 

distributed data sets generated from click streams, email, instruments, Internet transactions, 

satellites, sensors, video, and/or all other digital sources available today and in the future.” Data 

driven agriculture has created a new facet of precision agriculture, sometimes called digital 

agriculture, by mixing the large amounts of information with modern technology. The goal of 

precision agriculture is to analyze the field in small units and treat them as unique  

Farm data can currently be used by many pieces of precision agriculture equipment. The 

most commonly adopted is auto-steer in tractors (Mitchell et al. 2017) which gives one the 

ability to drive perfectly straight lines for planting, plowing, spraying, fertilizing, etc. These 

perfect lines allow for minimal overlap and reduce waste of inputs on the field while ensuring 

that the whole field is covered. This technology also allows for farming to be done in conditions 

that were otherwise foolish, such as planting rows at night or in heavy fog. Auto steer is a 

common technology that has already been widely accepted and is a good gateway into precision 

agriculture. For adoption of a precision agriculture technology to occur a farmer must believe it 

will increase their profit (Larson et al. 2008, Miller et al. 2017, Watcharaanantapong et al. 

2014). The ease of adoption lowers cost and also increase the likelihood of adoption (Miller et al. 

2017, Mitchell et al. 2017, Weersink et al. 2018).  

Mitchell et al. (2017) found that Canadian farmers are already adopting auto-steer and 

yield monitors. The yield monitors highlight that fields can exhibit different yield responses to 

fertilizer in different areas within the field. Farmers are turning to precision agriculture such as, 
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variable rate technology (VRT) to deal with this variability. As technology advances the ability 

to quantify and measure variability increases with it.  

VRT offers the ability to tailor input application to match the needs to a field. An area 

that has a higher fertilizer need can receive more without increasing application across the whole 

field. A result of under-applying nitrogen to a field is low yields. Over-applying nitrogen also 

results in low yield or potential damage to crops. The importance of N in crop production and of 

the variability in response suggest VRT for N would be attractive for precision agriculture use by 

farmers. However, Pannel (2006) finds that payoff functions from nitrogen application are often 

flat and small changes in fertilizer result in almost no change to yield. This begs the question of 

if there can be value from VRT since there is a large range of fertilizer application that result in a 

similar payoff. With flat payoffs from N application, an added cost of $10/ha-$12.5/ha to create 

prescription maps and the costs of variable rate application which can be charged as a service for 

$25/ha to $40/ha, the returns from VRT over traditional methods would have to be high.  

The decision to start adopting precision agriculture is being removed from farmers as it is 

more common for a dealership to sell tractors that already have precision agriculture ready 

features. Big data can also be implemented in other precision agriculture machines such as 

variable rate seeders, variable rate fertilizer spreaders, variable rate sprayers, plows, and tillers, 

to name a few. The GIS maps that are used can be generated by a combination of remote sensors, 

direct sensors, the tractor itself as it measures soil compaction, yield monitors, and unmanned 

aerial vehicle (UAV). Every piece of equipment on the farm has the potential to either use or 

generate information which feeds into the other equipment. 
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There are many benefits for a farmer in adopting technology beyond the potential 

increase in profit. There are demonstrated environmental benefits to precision agriculture which 

stems from a reduction in fertilizer use and other applied farm inputs (Basso et al. 2016). The 

goals for a farmer in using precision agriculture is often personal, but it has side effects that may 

benefit communities and environmental health as well. 

1.2 Economic Problem 

The goals of big data’s application in precision agriculture can best be explained by 

examining the difference in objective knowledge and subjective knowledge. Hayek (1945) 

separates the ideas of scientific (objective)1 knowledge and the knowledge of the particular 

circumstances of time and place (subjective)2. Historically a farmer would go to his field and 

make decisions based on his objective assessment and his subjective knowledge. For example, 

the farmer would decide the rate, timing, and method for inputs onto the field based on data he 

collected and his evaluation of that data. With automation and the digitization of agriculture, this 

judgment the farmer makes is changed by the knowledge gathered. This creates more accurate 

and detailed information on the field ranging from moisture to fertility. Additional data can make 

a realistic and accurate measurement on every region of the field in numerical terms. The 

machinery can then take this information and use its computer can solve complicated 

optimization problems that the farmer does not even think about, and apply fertilizer or seed to 

the field accordingly. 

                                            

1 Measurable information that can be quantified such as the temperature in degrees Celsius 
2 Unquantifiable information such as a feeling that a room is hot 
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This thesis compares the profitability of VRNA to URNA. The unique aspect of this 

analysis is that real farmers provided the data for the analysis. This data are used to calculate 

original yield response functions that are used in the simulation to calculate different levels of 

profit for VRNA and URNA. An original aspect of this thesis is that by using the characteristics 

of actual fields owned and operated by farmer’s profits are compared under different fertilizer 

strategies for the same parcel of land. This thesis begins by explaining the framework used to 

calculate profit, this is followed by an examination of the data and the creation of the yield 

response functions. This thesis closes with the results of the simulation and then a discussion of 

what these results mean.  

The scope of this thesis is limited to Nitrogen application on Corn in three fields across 

Ontario. The locations of the fields are spread far across Southern Ontario. Each field is studied 

in a different year due to data availability: one in 2015, one in 2016 and one in 2017. An 

assumption in the scope of the paper is that farmers have the choice to adopt variable rate 

nitrogen application and to adopt precision agriculture. It is possible that in the future equipment 

will only be available with precision technologies, this will only be addressed in the discussion. 

There are three main questions that a farmer should ask before adopting precision agriculture 

technology. The first question is whether precision agriculture provides benefits over uniform 

management. If there are currently not strong benefits to precision agriculture then there is no 

incentive to buy the expensive equipment that is necessary. The second question is how to define 

management zones. There are many proposed ways to delineate management zones based on 

yield, soil characteristics, or a combination of many factors. Of the many techniques is there a 

best one, and in what situations is it the best method? The third is what input to vary and what 
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rate to apply in each management zone? These questions can be hard to answer while managing 

factors that are out of the farmers control such as weather and climate. 

A further question to consider is how does big data play into precision agriculture. More 

information is being generated than is being used. Information can be costly, research has to go 

in to how to collect data and then further what to do with the data that is already collected. Is 

there a need to collect more data, and what should we do with the data once collected? These 

questions also lead to questions on the ownership of data and who should be responsible for 

regulation of the data.   

1.3 Research Problem 

Using big data and precision agriculture is not about pushing yield per acre as high as possible 

(Dongoski and Selck 2017). The focus of precision agriculture is on using less inputs in a better 

way. To understand input allocation we need to know more about the plant on a small spatial 

resolution. It should be possible to achieve a reduction in the use of fertilizer while also keeping 

yields per acre high. There is potential that variable rate technology will not change profits per 

acre. Yield response functions and payoff functions are often relatively flat (Pannell 2006). With 

a flat payoff function there is a large range of fertilizer that will result in similar levels of profit. 

This should result in precise fertilizer application having little benefit over a uniform rate of 

fertilizer application. 

Profitability of VRT was questioned early on by Ferguson et al. (2002) who found that 

when comparing uniform rate nitrogen application (URNA) to variable rate nitrogen application 

(VRNA) (using grid based management zones) that neither strategy had consistently higher 

yields. However, Basso et al. (2016) found using a validated crop simulation higher profit and 
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lower fertilizer use per acre could be achieved on a test plot. Comparing multiple VRNA 

strategies to URNA, Koch et al. (2004) showed an increase in per acre profit of $18.21 to $29.57 

in various fields. Anselin et al. (2004) found ex post higher profit from VRNA but the profits 

changed greatly depending on the yield response functions used. Boyer et al. (2011) studied 

VRT using on board sensors to detect N requirements but did not find VRNA to be better than 

URNA. The findings of profitability are not consistent but the majority do find a small increase 

in profit with VRNA over URNA. 

Previous research focuses on using the most modern equipment and laboratory conditions 

to demonstrate how profitable variable rate technology can be. This study uses data provided by 

farmers on their own fields to demonstrate how profitable VRNA would be to that farmer under 

the best case scenario. This is a unique aspect in that this thesis uses a type of observational data 

that was not designed as an experiment. The data reflects current conditions and allows us to 

make conclusions about a set of real farms. 

 

1.4 Purpose and Objectives 

The purpose of this research is to compare the profits of variable rate nitrogen fertilizer 

application to uniform rate nitrogen fertilizer application given that there are large differences 

field characteristics causing large amounts of heterogeneity across fields and across farms. The 

specific objectives are: 

1. To identify key variables and estimate yield response functions for a set of fields by 

regressing on data provided by farm cooperators in Ontario. 

2. To determine the optimal levels of fertilizer by maximizing profits in a simulation. 
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2. To compare the profitability of variable rate management and uniform management by 

simulating profits from data provided by farm cooperators in Ontario. 

4. To find the flatness of the payoff function by examining the range in which a five percent 

or less change in profit occurs from the profit achieved at the optimal fertilizer rate. 

1.5 Outline 

Chapter 1 provides an introduction to the thesis. This includes an outline of the problems that is 

addressed by the research and the purpose and objectives of conducting this research. Chapter 2 

explores big data and reviews the relevant literature on variable rate technology to motivate the 

conceptual framework. Chapter 3 breaks down the method used to analyze the data and how 

profitability is calculated for the fields examined in this thesis. Chapter 4 examines the data used 

in the calculation of the yield response functions and the simulation in this thesis. This chapter 

focuses on corn yields, management zones, nitrogen application rates, soil properties and how all 

of these layers come together to form a data set. Chapter 5 explains the yield response functions 

that are calculated in the thesis and the method used to simulate returns. Chapter 6 presents and 

discusses the results of the simulation. Chapter 7 concludes the thesis and provides directions of 

future research. 
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2 Big Data and Precision Agriculture 

This chapter is an examination of the impact of big data on precision agriculture. The chapter 

opens with an introduction to big data and some definitions that are commonly used surrounding 

big data in precision agriculture. The focus of the early parts of the chapter are on the integration 

of big data with precision agriculture equipment and how the internet impacts the growth and 

changes to adoption and accessibility. This moves into a discussion of the most widely adopted 

precision agriculture technologies and any technologies directly relevant to the discussion in 

other chapters. Strategies for precision agriculture and management techniques are also 

reviewed. The chapter concludes with a discussion of where, how, and when economics has been 

used to analyze precision agriculture in the context of big data and what this means for the future 

of big data in agriculture. 

2.1 The Digital Revolution of Agriculture 

2.1.1 Big Data 

To understand the application of big data in agriculture there first has to be an understanding of 

what big data is. Big data is a commonly used term with a fair amount of ambiguity as to what it 

really means. A definition of big data is given by Coble et al. (2016), and will be the definition 

used for the remainder of this thesis. Big data is “large, diverse, complex, longitudinal, and/or 

distributed data sets generated from click streams, email, instruments, Internet transactions, 

satellites, sensors, video, and/or all other digital sources available today and in the future.” This 

definition shows that any data source can provide data, and there are no limits to what big data 

can be. Some data is used to manage single entities with multiple characteristics, or observe long 



 

 

10 

 

term trends in any number of entities. Simply put big data is data that is large in every 

dimension. 

There is not a clear number of dimensions that big data has. Depending on who is giving 

the definition and in what sector the number of dimensions can vary quite heavily. In agriculture 

Coble et al. (2016) describes 4 key elements of big data, called the four V’s: volume, velocity, 

variety, and veracity. These V’s range between authors, typically there are between three to 

seven V’s but for the purposes of this paper four are appropriate and essential to the discussion. 

The first V is Volume, referring to the size of the data set – big data must be large. There 

is no specific size that makes data big, just that its size exceeds the capacity and capability of 

typical software and equipment. This can be large in length, width, or both. Big data can be 

single observations over a very long time series with high frequency, many observations over a 

short time, or any combination of length of observations with any number of observations. There 

is no limit, except that there should be a lot of information, or very rich information. An example 

of the volume of data for field applications could be climate data recorded hourly over the span 

of 10 years for each square meter of the field.  

The second V, Velocity refers to the capability to which data is able to be received and 

responded to. Due to the immense nature of big data there must be high transfer speed to process 

the data and compile it. Big data often can have too much information for a human to be able to 

look over and process the data simply from the sheer magnitude of information. This means 

advanced computation technology is often required simply to handle all of the data. In 

agriculture an example of velocity is real time fertilizer application from chlorophyll sensors. 
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Variety, the third V, refers to the wealth of sources that are now available for collecting 

data ranging from aerial drones to smart phones. Many other sources of variety are mentioned in 

the definition provided earlier from Coble et al. (2016). As the definition states there is no limit 

to the sources that are allowed in a big data set, anything and everything that can be processed 

can be big data. On the farm variety comes from the tractor, the GPS, planters, seeders, UAV, 

the internet, soil tests, and anything else that can record information. 

The fourth element, Veracity is essentially the quality of the data explaining human error 

and sensor error that may undermine the value of observations in the data. This can be a result of 

typographical errors in input, poor calibration of equipment, corruption of data during transfer, 

really any constraint to regular data but on a massive scale. A major concern of big data is that 

information can become unusable if the quality of the data is not high. Veracity may refer to how 

farmers calibrate their equipment, veracity is higher when there is the same common practice 

followed by the data providers. 

In order for the advancement of big data in use and adoption all four V’s must be 

addressed. Big data is an increasingly popular topic in fields that are experiencing advanced 

mechanization (Kusiak 2017). The increases to machines in most fields is resulting in the ability 

to measure more variables and to use these variables to execute complicated analysis and 

performance. Big data is becoming unavoidable in engineering, biological sciences, computer 

sciences, business and marketing, manufacturing, psychology, agriculture and economics. 

Kusiak (2017) describes how important big data is to the manufacturing sector as products 

become exceedingly complicated, big data is used in manufacturing to make production more 

efficient, sustainable and produce higher profits which are not goals or characteristics unique to 
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that sector. Realistically these changes are becoming the norm in many disciplines. In biology 

big data is used for what is called biocuration which is described by Howe et al. (2008), as the 

generation of online databases to allow sharing of information for research. In agriculture big 

data is being used to enhance precision agriculture but longer term has been used to track 

commodity prices such as by the Chicago Board of Trade. Each sector has its own application 

for big data but many elements and concepts of big data generalize across most disciplines. 

2.1.2 Precision Agriculture and Big Data 

A definition of precision agriculture used in this thesis is provided by Pierce and Nowak (1999) 

as, “applying modern technology to manage spatial and temporal variability to improve crop 

performance or reduce negative environmental impacts.” Big data is now dominating modern 

technology. Modern farm equipment can collect and use incredible detail in addition to its 

common function. Big data offers many opportunities for the improvement of agricultural 

practices and life on the farm. The use of big data in agriculture is not new, but the quantity, 

quality and potential applications of big data are rapidly growing. 

Farmers already are using big data more than most of them realize. Data is collected and 

assembled regularly on elements of the farm ranging from fertility to yields to prices on both a 

temporal and spatial scale. Farmers will directly see the benefits of big data through the changes 

it will make to farm structure, farm management, and the environmental quality surrounding the 

farm once it is more widely integrated with precision agriculture. Additionally big data offers the 

opportunity for farmers to lower average costs through the reduction of input application for the 

same levels of achievable yield. 
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The reduction in average cost, paired with larger farms being often earlier to adopt 

technology may push farms to expand (Larson et al. 2008). Farms in Ontario are getting larger, 

this combination may lead to even farther increases in the adoption of precision agriculture and 

big data technology. For medium and small farms, this reduction in costs may allow for more 

time to preform off-farm activities that either increase utility or revenue. 

Of all the changes that precision agriculture can make to farms, changes to farm 

management are the easiest to understand. Implementing new technology for use on a farm can 

change the way that farms operate. A wider tractor with automated guidance compared to an old 

tractor with manual guidance is a dramatic change to the way a field is planted. These changes 

will make farms better off by saving on costs and increasing revenue. However these changes 

can have a very high up front cost as they require the purchase of new equipment. In addition to 

on-farm benefits, big data may also yield environmental benefits (Basso et al. 2016). Big data 

may result in a reduction in inputs, such as fertilizer and pesticides, applied to the field through 

use of variable rate technology. It may also identify areas that should be kept out of production 

and could be converted to other uses or complimentary uses such as pollinator strips. As a result, 

negative environmental impacts due to over-application of fertilizer and pesticides can be 

lowered (Grace et al. 2011). 

The increases in mechanization and the application of big data are now being referred to 

as the digital revolution of agriculture. The exact start date of the digital revolution is hard to 

pinpoint as it was a slow wash of advancement and the realization of the technological potential 

that already existed. Different sources outline the major revolutions of agriculture in different 

ways and claim different time periods. Dongoski and Selck (2017) outlines three major 
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revolutions in the following way. The first was the increase in mechanization of agriculture 

which roughly coincided with the industrial revolution from 1900 to 1930. The second revolution 

was the increase in genetic technology which was during 1990 to 2005 although this is not the 

common dates given for the green revolution, this is essentially the green revolution. The third is 

the digital revolution, which we are currently in and entered fairly recently. Dongoski and Selck 

(2017) claim the digital revolution will be the largest change so far from any of the agricultural 

revolutions to the entire agricultural sector and value chain. The number of revolutions and the 

names of revolutions are debated but the important takeaway is that there was a biological 

technology revolution (the green revolution) which has now wrapped up and now we have 

moved into the digital revolution. 

The green revolution was focused on new varieties of seeds, mechanization of 

agriculture, irrigation, and reducing the costs of seed and fertilizer (Tilman 1998). The use of 

new seed varieties was paired with the heavy use of fertilizer resulting from the reduced costs on 

inputs (Cleaver 1972). Elderd et al. (1999) found that although farm yields rose environmental 

and societal issues that would eventually stem from the advances and significant environmental 

damage. There are polarized opinions on the benefits and costs of the green revolution. On one 

side is the fact that it increased the amount of food that is being produced globally, on the other 

side is the social and environmental side effects and consequences of these increases. The 

negative impact that the green revolution had on social stability in poorer populations are 

discussed by Cleaver (1972) but these arguments are disputed by others such as Ruttan (2002). 

Some papers such as Harwood (2013) argue that negative impacts of the green revolution are not 
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due to technological advances but the lack of evidence based policy formation and the active 

disregard for historical information. 

There is no dispute on one fact of the green revolution, globally many lives were saved. 

The advancements of the green revolution reduced the amount of land that had to be brought into 

agriculture by an estimated 18 million to 27 million hectares to produce the level of food that 

was achieved (Stevenson et al. 2013). Dongoski and Selck (2017) predict the digital revolution 

will have a larger impact than any of the previous revolutions. Unlike the green revolution the 

focus of the digital revolution is not as much about forcing an increase to yields through new 

seed varieties jacked up on fertilizer, it is about decreasing input use and reducing heterogeneity 

to increase, or stabilize yields. The variety of seed types from the green revolution allows for a 

further reduction of inputs if applied properly using the information we now have. The digital 

revolution is likely to have environmental benefits and social benefits in addition to the direct 

benefits to farm profit and yield stability unlike the controversial green revolution. 

2.1.3 Limitations and Issues of Big Data for Precision Agriculture 

The benefits of big data are simple, more information is always better. The issues of big data are 

far more complicated, these issues specifically pertaining to agriculture are discussed in detail by 

Coble et al. (2016). Most issues of big data stem from limited adoption of the technology or are 

created by the limited adoption. Reasons for the lag in adoption are often a result of the lack of 

trust stemming from: information ownership concerns, changes to the distribution of market 

information, and the time lag from adopting big data technology to the time where benefits are 

able to be realized. The other prevalent issues of big data are the quality of information and the 
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ability to connect to information through rural internet which is typically of lower quality. These 

issues will be unpacked further in this section. 

There currently is no legislation or ruling on who is the owner of big data information. 

Farmers do not want their information going somewhere that they cannot access it but a 

company can potentially sell it back to the farmer or us it against the farmer in some way. Since 

data is being collected by farmers through equipment that equipment manufacturers create there 

are many arguments for who should own the data that is generated. Farmers are the ones who 

collect the data on equipment that they had to purchase or rent, this might give them a claim to 

the information. Equipment manufacturers create the technology that allows them to collect data, 

and are the ones who need to have software developed to utilize the data. Data storage is not 

cheap, especially with the volume of big data, maybe data storage companies would require that 

they own the data. Academic institutions and the government could use the information for 

research especially if the data was available to them. There are many claims for who should own 

the data, but currently there is no rule that enforces it, and no clear plan. There is an incentive for 

farmers not to share their data if they collect it, or to not collect it at all if they may have no 

claim to the data in the future. 

The data ownership concern may lead to asymmetric information and the potential for 

opportunistic behaviour by the party controlling data. There is possibility that companies can use 

this to price discriminate farmers, charging them based on their farm size, which any farmer who 

may be charged more than his neighbours and friends for the same services or machines would 

object to. Farmers do not know who their information will be sold to which is a confidentiality 

problem or what this will mean for them. The distribution of information may lead to the access 
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to opportunities being reduced, if data is aggregated, anyone can figure out these opportunities 

instead of those immediately around the opportunity. Although this is not a problem, those that 

would have previously been able to access these opportunities before the information spread will 

object. 

There are concerns about the use of data and the timing associated with implementation. 

Institutions, such as Ohio State University, recommend 5 or more years of data is needed before 

a reasonable prescription can be offered. The 5 year rule is confirmed by Boydell and McBratney 

(2002) which found that using 5 years of yield data yields similar results to using 11 years of 

yield data on cotton fields in Australia. This means buying equipment and generating data for 5 

years before any real benefit from it can be seen. Even then if this data is incomplete or 

corrupted in the process it can become useless, lengthening the time frame further. The time 

value of money explains why this is a problem, people prefer a dollar today to a dollar tomorrow. 

If a farmer has to spend money now and cannot see any benefits for multiple years, there is low 

incentive to spend money now. This problem becomes even larger since the profitability of 

variable rate technology over uniform rate application is still being contested. 

Big data technology generates a huge amount of information. To make information more 

useable and shareable this information needs to be uploaded to the internet. Rural Internet is 

often not strong enough to handle the 0.5KB per plant (Shearer 2014), adding to around 37GB 

per hectare of information (Mark et al. 2016), not including UAV imagery which is estimated 

around 42MB per hectare annually of information to be uploaded (Shearer 2014). There needs to 

be large advances to rural internet to meet the needs of a big data farmer. Technology usually 
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increases, it is likely that this amount of information will continue to grow. Without increases to 

internet the most valuable farm land will suddenly require a strong internet connection. 

Even with all these concerns big data is still becoming dominant in agriculture. Whether 

it is the farmers, the equipment providers, or someone else entirely it appears that big data is 

being increasingly integrated with precision agriculture. 

2.2 Big Data and Crop Production Technology 

There is a plethora of precision agriculture technologies available that can either generate or use 

big data to improve their functionality. As Miller et al. (2017) notes, there is large variation in 

which technologies have been adopted, however there seems to be consistency in one aspect, the 

most adopted technologies are the easiest to use and implement. There is evidence that adoption 

precision agriculture technologies is a predictor of adoption of more technologies 

(Watcharaanantapong et al. 2014). Once farmers start using precision agriculture it is more 

tempting and easier to transition into a digital farm. The other dominant factor in predicting 

technological adoption of precision agriculture is found by Larson et al. (2008) as the 

profitability of that technology. The focus of this section is on the technologies that have been 

most widely adopted by farmers. The factors above all point to adoption of a technology being 

more likely if the adjustment costs are low, the returns are positive, and the benefits achieved are 

immediate. New technology is less likely to be adopted if the technology is disruptive to the 

existing management system and the returns not received until well after the initial investment. 

Common precision agriculture technologies can be sorted into three dominant categories: 

assessment, sensing, and dispensing. Sensing technologies are those that generate information, 

this includes chlorophyll sensors, aerial surveillance, yield monitors, soil sampling, or anything 
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that is used to generate a yield map. Dispensing technologies mostly consist of variable rate 

applicators. These variable rate applicators are commonly for fertilizer, lime, pesticide, and 

herbicide application. Assessment is a mix of technologies and practices that improve the all-

round functionality of a farm practicing precision agriculture. Assessment includes the tools and 

ideas used to delineate management zones, but also includes some more general or broad 

technologies such as automated steering and auto-guidance. 

Most of the technologies presented in this section are not new, the same ones can be seen 

in a figure referenced by Sonka and Coaldrake (1996) illustrating precision agriculture in the mid 

1990’s, included here as figure 2.1. Although this is graphic is now over 20 years old and the 

technologies have dramatically improved in quality and adoption rates they are largely the same 

technologies. This figure also helps visualize the connectivity of precision agriculture. There are 

more technologies than presented here but these are the dominant pieces of equipment that are 

used for precision agriculture on modern farms. Some of the lesser technologies, and 

implementation strategies are also touched on in this section when they are relevant to later 

chapters. The focus for the remainder of the thesis outside of this chapter is on the assessment 

practices associated with precision agriculture, the technological details are provided to increase 

understanding. 

The first technology that is essential to understand is an assessment technology, the 

integration of Global Positioning Systems (GPS) a subset of Global Navigation Satellite System 

(GNSS) with a tractor’s guidance system. This allows for auto-steer which lets farmers to drive 

in perfectly straight lines and for the tractor to record its position in the field to pair with other 

information layers. This is the key to big data integration with agriculture. The use of GPS 
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allows for the creation of geographic information systems (GIS) maps. GPS is now a standard 

feature in tractors, almost any modern tractor that a farmer purchases will already be GPS 

equipped. Auto-steer and auto-guidance are the most widely adopted precision agriculture 

technology in Canada (Mitchell et al. 2017). This makes GPS low cost for implementation as 

there is relatively no opportunity cost to not adopting it, the transaction costs particularly the 

search cost may even be higher as it would be harder to find a non-GPS tractor. GPS allows for 

farmers to plant straight rows which benefits the homogeneity of yield as each plant will have the 

same amount of room. GPS also allows for farmer to plant in low visibility conditions, the 

farmer does not have to worry about driving in a straight line because the tractor is doing that for 

him. Thanks to GPS guidance planting in the rain, fog, or even at night are not a concern. The 

precision of the tractor and the information it is generating reduces the variability present in the 

field which allows for the farmer to generate and employ a GIS map of his field. 

GIS maps are where big data comes into play again, GIS maps are the end goal of 

assessment practices in the field. Modern GPS guided tractors, paired with aerial drones, remote 

sensing and, yield monitors (to name a few) give the farmer the ability to generate a map of their 

field which has more information than the farmer could possibly account for himself. Many 

observations can be collected and then tagged to a specific location in the field. A single point in 

the field may have its yield, elevation, soil characteristics all tied to that one point to be used in 

analysis. There are many ways to analyze the data which is where disagreements on what should 

be done with the information begin. The most common industry practice for delineating 

management zones it to separate the field into groupings based on yield and apply fertilizer or 

seed at a rate based on the historical yields. Another method is to apply fertilizer at a rate based 
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on the soil characteristics. Since yield information is collected by the tractor at harvest and is one 

of the easiest set of numbers for farmers to understand and respond to the other methods are less 

common. 

Yield monitors, another of the most widely adopted technologies, offer the ability to 

record yield while harvesting a crop. When paired with GPS and auto-steer, the yield monitor 

offers a method for creation of yield maps. Each observation of yield can be spatially tied to a 

region of the field allowing farmers to see which regions of their field have the highest and 

lowest returns. This GIS map that can be created can be used to help in the creation of variable 

rate (discussed in greater detail below) prescriptions. Yield monitoring involves the employment 

of an impact plate and load cell to measure the impact of grain at the top of an auger. The mass 

flow rate of grain can be estimated after the generated signal’s amplitude is calibrated to a 

corresponding yield (Myers 1994). This can be used in harvesters in conjunction to header width 

and speed to provide reliable (accurate to 1-3%) instant wet yields in-cab for farmers. Using the 

moisture content of the grain, this can be converted into a dry yield, which provides more 

useable information to farmers. Other methods of yield monitoring include radiometric and 

photoelectric sensing which have been met with limited success; radiometric monitoring risks 

exposing the operator to radiation, while photoelectric sensing has been shown to have lower 

accuracy (Reyns et al. 2002). There has been large improvements to the accuracy of 

photoelectric sensors from industrial manufacturing, but many of these more accurate versions of 

the photoelectric sensor require 2 sensing points and have not yet been optimized for farm 

application. 
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Yield is the most commonly used method for delineating management zones. When 

looking at yield maps farmers understand what they are looking at clearly and how they can use 

this information to improve farming practices. Although yield maps generated by yield monitors 

and GPS provide insights, it is often not a strong tool as the only metric for delineating a 

management zone. Yield is simply an outcome of planting conditions, soil conditions which 

include nutrient and moisture content, as well as topography, and other environmental factors 

(Doerge 1999). Although high and low yielding areas can be targeted for management, the 

reasons for the yield is not given. It is possible that yield in one section of the field is low due to 

a micro nutrient deficiency. You cannot tell this from a yield map, and may as a result try to fix 

the problem with higher N fertilizer application, which would have no effect. This is a where 

precision soil sampling, or soil sampling in general, has demonstrated prowess to clarify data 

(Flowers et al. 2005). 

Traditional soil sampling, similar to uniform management where only a small number of 

samples are taken manually, has been shown to incorrectly characterize nutrient needs in fields 

with relatively high soil variability and encourage more uniform management. Samples are often 

taken on a 1 acre or larger grid. Soil properties can change drastically in small distances, this 

level of sampling can incorrectly characterize areas of the field, although it does provide useful 

information on the field overall. The lack of precision in these large grids leads to incorrect 

application rates and diminishing soil and water quality. Precision soil sampling can help manage 

field variability and target inputs to meet optimal production potentials (Winstead 2009). 

Precision soil sampling involves an on-board sample collector that can continuously (commonly 

every 5 meters) sample across a field, compiling a perspective on the soil composition. It is 
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generally used to refer to the measurement of the soil’s chemical composition, but can also 

measure pH, and soil conductivity, whether this be through one device, or multiple, some of the 

current equipment generates more than 70 layers of data. One example of a precision soil 

sampling technique is the dual EM electromagnetic induction sensor used in this study. The dual 

EM sensor measures electromagnetic energy in the soil and reflects soil moisture, soil type and 

soil nutrients. Different data from precision soil sampling can be used to varying degrees as a 

means to inform fertilizer, lime, and chemical application rates. 

Another technology used in prescription is chlorophyll sensors (otherwise known as 

photosynthetic pigment sensors). Chlorophyll sensors have also proven useful in estimating crop 

chlorophyll content (how green a plant is) which is a factor that can indirectly measure nitrogen 

stress. The result is often tied to plant health and potential yield but there are many factors that 

can affect the chlorophyll content which the sensor cannot directly measure. There are concerns 

that these sensors may not always be able to make accurate assessments on a single pass of the 

field (Alchanatis et al. 2005), but modern estimates are considered to be reliable enough to 

generate useful information. Many types of spectral indices are used to identify corresponding 

nutrient content, biomass, water stress, infestations, diseases and other properties. These sensors 

are very versatile and can be used accurately when mounted on-board tractors (Eitel et al. 2008), 

unmanned aerial vehicles (UAVs) (Berni et al. 2009), and satellites. The sensors are most 

accurate on the ground, or in tractors where they can get the most detail. According to Alchanatis 

et al. (2005), when implemented in satellites the detection bandwidths are ten to fifteen times 

larger than from immediate proximity sensors. 
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The technologies mentioned above all can contribute to more accurate prescriptions that 

deal with the heterogeneity seen in many fields. To apply inputs in variable rates however 

another technology is needed. There are multiple pieces of equipment that can apply a variable 

rate. As the tractor goes through the field, the application rate of the input can be changed to 

address the prescription. This attempts to homogenize the levels of fertility in the soil or alter the 

seed application so that yields will be consistent throughout the field, and hopefully high. 

Variable rate is most commonly used for fertilizing, seeding, weed control, and the application of 

lime although other applications are possible (Mitchell et al. 2017). Variable rate spreaders are 

not very different from regular spreaders, they differ in the ability to adjust the amount of input 

that they are applying instead of a constant application. To make use of variable rate technology 

the key is to have a good prescription. 

2.3 The Economics of Big Data in Crop Production 

2.3.1 Direct Value Information 

Value from a farming technology can be realized in multiple ways. The first and most common 

way to demonstrate the value of a technology is through an increase to yield. Yields are one of 

the easiest to understand ways to increase profit and thereby positively influence adoption 

(Larson et al. 2008). Stability and cash flow for a famer can be improved through multiple 

channels. The first channel is the most obvious, increases to profits. Profit can be increased 

through increases to yield and/or decreases to costs. Precision agriculture increases revenue by 

allowing farmers to understand the causes of yield and thereby increase yield. Precision 

agriculture also allows for the decreased use of inputs causing a reduction in costs (Basso et al. 

2016). 
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The second channel is an increase to the stability to yields by the creation of management 

zones within a field. Stability is created through precision agriculture by analyzing low yield and 

high yield zones and attempting to bring them all to a similar level of production or to 

understand the causes of problems and deal with them individually and bring the low yielding 

parts of a field to be higher yielding. This increase to stability has to major effects on farmers. 

With entrepreneurial firms, such as early adopters of technology, it is found that increased risk 

causes a decrease in investment (Caggese 2012). This decreased risk may make farmers more 

likely to continue to invest in precision agriculture as was found by Larson et al. (2008), 

precision agriculture incentivizes further investment in precision agriculture. The second effect 

on farms is that farmers who face high levels of uncertainty tend to over apply fertilizer (Rajsic 

et al. 2009). This means that an increase to stability in yields may cause another reduction in 

fertilizer use, further decreasing input costs. 

These benefits to farms are annual increases in that they increase per year profits and 

benefits to farms. There is a large cost which is the cost of a piece of new equipment. To adopt a 

technology the anticipated discounted cash flows should be higher than the initial cost, otherwise 

the net present value will be negative. There is evidence that precision agriculture can increase 

profit per acre, but this often does not include the cost of new equipment. The costs for new 

precision agriculture equipment are typically large for a farmer as any new equipment will be, or 

they are replacing a piece of machinery that they may already have. There is also a large 

differential in the costs of equipment, depending on implementation some technologies are very 

expensive such as new tractors and some are very cheap such as greenhouse sensors (Srbinovska 

et al. 2015). For field crops the larger machines are the required ones, small costs such as sensors 
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are not relevant to this context at much. It is likely that a farmer will have to buy tractors, 

spreaders, and other large equipment to perform precision agriculture. There are other lower cost 

technologies that should still be looked at. 

A smaller cost sensor networks allow for monitoring crops to be done continuously. 

These networks provide a constant stream of information rather than only assessing the situation 

when it might already be too late to change the outcome (Hedley 2014). Among the currently 

measurable characteristics for low cost on a continuous basis, according to Srbinovska et al. 

(2015) are temperature, humidity, and illumination. Although these are mostly focused on 

greenhouse management, these low cost sensors could provide useful seasonal aggregates for 

selecting seed variety and fertilizer application. Li et al. (2012) reviews sensor networks and how 

they can be used to measure light. This measurement of light can be used to assign treatment to 

the field in the form of the density of seed rate, re-seeding/over-seeding, and assessing the 

quality of soil. Li et al. (2012) proposes an algorithm that minimizes the number of sensors 

needed in a field which further reduces the cost of deploying a sensor network. The consensus on 

sensor networks are that they are cheap especially when applied in a greenhouse, but more 

difficult to implement in an outdoor setting. They are low cost and can provide high benefits but 

for the scope of this thesis, which is field crop production, they are not as relevant as aerial 

surveillance or other geographic information systems (GIS) technology. Sadly for farmers these 

costs would be in addition to the machinery costs that the farmer must pay, and not a substitute. 

2.3.2 Indirect Value Information  

In addition to these more obvious costs and constraints there are some less obvious ones. The 

first of these is relevant to all big data technologies in agriculture, the speed of the internet. 
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Internet connectivity is an important factor affecting the returns of precision agriculture. Mark et 

al. (2016) writes that limited wireless access that is present in rural areas (where farms typically 

are found) limits the extent to which precision agriculture fueled by big data can be used. The 

lack of internet availability and low connection speed that rural farmers face may end up being a 

major constraint to growth. In the context of the 4 V’s this is a major constraint to all of them. 

Velocity cannot be achieved with slow transmission, too much data needs to be processed. 

Veracity is severely reduced with bad internet as the risk of data corruption rises. High risk of 

corrupted or unreliable data undermines the confidence that a farmer can have in their data. 

Volume is hard to achieve as information needs to be uploaded and this is directly blocked by 

poor internet connection. Variety is impacted as each machine on the farm has to be able to 

connect to the network, this is impossible in many regions. As more and more data is generated 

by increasingly complicated calculations and precise observations are performed in the field 

these concerns to the 4 V’s only become larger. Until this barrier is overcome all other 

discussion on this topic becomes less valuable, poor quality rural internet will likely become the 

largest barrier that precision agriculture will face in the future. Advances to rural internet quality 

will become essential to precision agriculture to utilize many layers of data to create 

management criteria and management zones. 

2.3.3 Management Zones 

There are many methods that have been used to create management zones to varying levels of 

success and accuracy. A prescription for a zone cannot be assigned until the zone has been 

created. Creation of zones can rely on a number of factors and characteristics of a field. Zone 

delineation techniques are not exclusive. Some of them are able to be layers, for example grid 
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based soil techniques can be layered with yield information to create zones based on both. Other 

information can also be added such as elevation or climate data. The techniques are merely bases 

to work off of when creating zones to assign a prescription to. With the addition of big data to 

agriculture it is unlikely for one technique to work and multiple techniques will need to be 

integrated to manage all the data. 

Traditional uniform management often results in overuse of nitrogen fertilizers which 

leads to soil acidification, ammonia volatilization, nitrate leaching, and nitrous oxide emissions 

(Grace et al. 2011). Uniform management is not really a management technique for precision 

agriculture. Uniform management is common on farm practice, and is a contrast to precision 

agriculture. Precision agriculture is expensive to adopt which is why it needs to have its benefits 

over uniform management proven if it is to be accepted on farms (Easterly et al. 2010). 

Yield based management zones are the most commonly used precision agriculture zone 

delineation technique by modern software developers and the agricultural equipment industry. 

This is largely a result of a farmer’s ability to look at a yield map and understand what is 

happening in it and what they might do in response. There is a downside which is that yield 

based zones ignore the underlying causes and instead uses the outcome to decide the inputs 

(Pierce and Nowak 1999). If yield is low, sometimes changing the fertilizer level is not the 

appropriate response because a lack of nitrogen is not what is causing the low yield. Yield can 

change heavily from year to year due to weather conditions and is also based on the treatment 

applied to the field making implementation of a prescription affect data for subsequent uses 

causing instability. 
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Grid based zones are more stable than yield zones due to changes in soil happening far 

slower than changes in yield but also do not account for many factors that create yield. The more 

complicated methods such as fuzzy clustering and spatial regression take more data into account, 

usually mixing yield data in with grid based zones and additional information such as climate 

details. More information tends to create better prescriptions, at least according to the studies that 

use these methods. It is likely that these zones will be more stable although to the knowledge of 

this thesis the stability of different zone management techniques has not yet been analyzed.  

There is not yet an optimal method of zone delineation that exists in precision agriculture. 

There are many methods that account for different aspects of the field, some manage the spatial 

and temporal correlation that exists, but others do not. 

Comparisons of the methods have been studied. Flowers et al. (2005) compares grid 

based management strategies versus yield based management strategies. The results find that 

there is inconsistency in the optimal method depending on which field is in question even when 

kriging and control regions are included. The grid created in the study was fairly small, less than 

100 meters in most cases. According to a survey of precision agriculture dealerships by Mitchell 

et al. (2017) there was no dealerships that offered soil sampling on less than a 1 acre scale in 

Ontario. This finding makes the results of the paper less relevant as they do not generalize well 

to the real world. With precision soil sampling done by machinery running through the field it is 

possible to have a more accurate assessment but precision soil sampling does not use a grid 

based management strategy and is a continuous data collection. 

A paper by (Davatgar et al. 2012) looked at how the definition of management zones and 

the number of management zones could affect the outcome of precision agriculture application. 
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Different from most papers, this paper did not compare variable rate to uniform rate, it assumed 

there was profitability in variable rate and then attempted to optimize the number of management 

zones. Data was collected from rice paddy fields located in Iran. Using soil sample data principal 

component analysis and fuzzy clustering were used to delineate management zones. Fuzzy 

clustering is a method for sorting data in which the data is divided into groups (called clusters). 

The difference in fuzzy clustering from other methods is that a piece of data may belong to more 

than one cluster. The goal is to create zones with low in zone variability. This technique is 

difficult for machines to make use of as an observation may belong to multiple clusters. The 

result of this analysis is that four management zones was the optimal number in the data set 

using the fuzzy clustering method. A similar approach was performed by Jiang et al. (2012) in 

China, who found an optimal number of management zones to be three. These zones were not 

focused on variable rate nitrogen recommendations, as the fuzzy clustering approach creates 

management zones that can be used for multiple nutrients. 

As machinery advances it is possible that all of these methods will be replaced. Modern 

equipment can collect data continuously to a point where zone delineation is merely visual for 

understand of what is being done. Zones are assigned but the equipment does not need to 

function on a grid. GIS maps determine the characteristics of an area and a prescription is 

created, the machine only needs the prescription. 

2.3.4 Managing in Management Zones 

The remaining concern is what should be done with the information these maps provide. The 

scope of this paper focuses on using variable rate applicators to answer this question. Variable 

rate commonly is used to handle fertilizer, seed and lime. Of fertilizer application nitrates (N) 
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and phosphates (P) are the most common although others exist. Other inputs can also be used but 

they are far less common. Variable rate nitrogen is the most heavily studied input in academic 

literature of precision agriculture and is also the focus of this paper. Variable rate application 

allows for plants in regions with different elevations, levels of sun, or other factors to have the 

level of fertilizer tailored to their specific needs. Variable rate fertilizer spreaders give a farmer 

the ability to change the amount of fertilizer that they apply in different regions of the field 

which can have both environmental and economic benefits (Basso et al. 2016; Alchanatis et al. 

2005). 

In an examination of the literature by Anvec et al. (2004), when calculating the costs and 

benefits of precision agriculture the environmental and sustainability impacts that precision 

agriculture had were often ignored. In modern society there is a shift placing more focus on 

sustainability and the environment. The increase to public interest on sustainability and the 

environment creates a market for technology that respects this shift. High yields and providing 

food are not the only thing that people focus on as was the case in the heavily criticized green 

revolution. The conclusion of the paper from their data set is that uniform management at a low 

rate of nitrogen in the field studied was the best prescription. The rate found to be optimal was 3 

times lower than it would likely have been without the analysis. The authors of the paper believe 

that this response was a result of the value of information. Data available was limited and there is 

not enough volume or quality of information on environmental impacts. Big data can answer the 

concerns of Anvec et al. (2004) due to the social awareness around sustainability and the 

environment increasing, information on these impacts now exists, it simply needs to be 

integrated. 
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2.3.5 Variable Rate Application 

The bulk of this thesis is focused on variable rate nitrogen application. Previous papers on the 

economics of variable rate also tend to focus on other input application but with a heavy bias 

towards variable rate nitrogen. The following section reflects this as it, much like most of the 

field, is dominated by variable rate nitrogen. There are papers that exist but there is significantly 

less of them and they focus primarily on the technology and are not economics. The remainder of 

this chapter addresses the specifics of some of the articles about variable rate nitrogen on field 

crops. 

The first paper examined, by Ferguson et al. (2002), performed field studies from 1994 to 

1997 in the United States, assessing the effects of nitrogen fertilizer leeching on irrigated corn 

fields under variable rate and uniform rate application. The study also assessed the effects on 

yields from both management types. This study was done by comparing uniform management to 

site specific management using grid based management zones. When examined there was no 

significant difference between the amounts of fertilizer applied under the uniform management 

criteria and the variable rate management criteria. There was also no significant difference in the 

residual fertilizer in the soil from either condition, which makes sense due to there being no 

significant difference in the amount of fertilizer applied. In two years uniform management 

provided higher yields and in the other year variable rate provided better yield. The conclusion of 

this 2002 study was that better early detection for nitrogen status and to manage the critical 

growth stages are needed to make variable rate technology viable. Additionally better algorithms 

are needed to create nitrogen recommendations that are tailored more specifically to each 

individual site. 
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Of the papers reviewed in this section, the most recent is by Basso et al. (2016). This 

papers used a validated crop simulation to evaluate the environmental benefits of using variable 

rate nitrogen application. In a 13.6 hectare field in the Venice lagoon a field test was performed 

over 4 years. Corn was planted across the whole field and the field was divided into zones based 

on yield maps and soil electric resistivity, fairly similar to the data used in the bulk of this thesis. 

The corn was not irrigated and had to rely on climate conditions and rainfall. Two rates of 

fertilizer were applied to each zone.  

The findings of the paper were that higher profit and reduced fertilizer application could 

be achieved. As a result in the reduction of fertilizer the levels of nitrogen leeching would be 

decreased conferring positive environmental benefits. 

Koch et al. (2004) compared profitability of uniform management to variable rate 

management. They studied fields with continuous corn production in the United States in 2000 

and 2001. They compared uniform management to multiple variable management strategies. 

These strategies consisted of grid based zones and yield based zones. They found that fertilizer 

use was reduced from 6 percent to 46 percent and that profit increased from $18.21 to $29.57 per 

acre from the site specific strategies over the uniform strategy. These numbers represent a very 

high return to precision agriculture especially for large farms, however the data are only from a 

short time frame. 

Anselin et al. (2004) used a spatial econometric analysis from yield monitor data to 

estimate a crop response function and assess variable rate profitability. Data from corn fields in 

Argentina was used for the calculations in the study. The result was that nitrogen response 

differed by landscape position. The paper found that site specific management was profitable 
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with the model specifications used. Profitability depended heavily on the model used. Models 

that accounted for spatial position showed that site specific management would be profitable and 

models that did not account for spatial positioning often did not show profitability for variable 

rate technology. 

Boyer et al. (2011) studied variable rate nitrogen from plant sensing. The study was 

conducted from 2005 to 2009 in 8 locations in the United States. The study was to determine if 

profits calculated using variable rate nitrogen levels were different from profits calculated from 

fixed nitrogen rate trials. This consisted of 2 variable rate treatments and 3 uniform rate 

treatments that were compared. The results did not show variable rate to be more profitable than 

uniform rate. One of the uniform rate treatments performed consistently better than the variable 

rate treatment, but the worst treatment was also a uniform rate treatment. The result of this paper 

may indicate that using optical reflectance sensors to determine prescriptions may not be 

optimal, as mentioned earlier there are many factors that affect plant growth that may not be able 

to be accurately characterized by these sensors. 

The creation of maps is not the only way to apply a precision agriculture prescription to a 

field. Sensors that immediately create a prescription and apply it to the field in that region are 

becoming more common (Alchanatis et al. 2005). This is more similar to the method used in 

subsequent chapters although still quite different. This method was not found to be optimal when 

employed by Boyer et al. (2011), but this is likely due to an undeveloped technological 

constraint. 

The on the go sensing technology does not have the current ability to analyze and apply 

all the information that is created with big data technology. The processing time to incorporate 
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all the layers of data that can be included with big data would not be able to feed information 

into a variable rate spreader and analyze it in time to respond to it. With increases to internet 

speed and processing power this may eventually become the reality. 

2.4 Summary 

Big data is only one part of modern precision agriculture. Modern equipment can generate data 

to be used by a farmer. It is not yet understood how to use this data. There are many potential 

applications that have been tested, the value of variable rate fertilizer is primarily demonstrated 

but some studies do not find variable rate nitrogen application valuable. The experimentation of 

other studies is performed under controlled situations which often use new technology and 

university experimentation criteria which may not give an accurate picture of on farm conditions. 

There is very little consensus on what methods to use. Different experiments are all done 

differently and with different variables so it can be hard to determine which of these experiments 

adds the most value. We do see farmers are using precision agriculture technologies. Some of 

these technologies farmers have determined are useful such as autos-steer which is already 

widely adopted, some still need to be proven or discounted such as variable rate fertilizer 

application. 
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2.5 Figures 

Figure 2.1: Imagining Precision Agriculture in the Mid-1990’s. 

 

There are many precision agriculture technologies available, the ones depicted above were all 

available in the mid 1990’s. These technologies are nearly all the same as today although modern 

technologies are more advanced and automated. 

 

Source: Referenced by Sonka and Coaldrake (1996)  
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3 Conceptual Framework 

In this thesis, the concept of precision agriculture is defined within the variable rate application 

of nitrogen (VRNA) fertilizer on corn. This chapter presents a conceptual model for comparing 

the profitability of uniform management to the profitability of variable rate management. It 

derives the optimal fertilizer rate under each application method and then how the net returns to 

each system can be calculated. The following chapter presents the farm-level field data and the 

empirical model, the results of which are present in chapter 5. The financial feasibility of VRNA 

on corn involves comparing the profits under VRNA to URNA. A single management zone is 

used with URNA but there are multiple management zones with VRNA. A general payoff for 

zone i per unit of land area (πi) from applying nitrogen at a rate of Ni is  

 πi = PY Fi (Ni, Zi) - PN Ni  i=1,2, …K [1] 

where PY is the price of the crop per metric ton, Fi(Ni, Zi) is the yield response function relating 

the nitrogen application rate to the quantity of crop produced per unit of land area (Yi = Fi (Ni, 

Zi)) in zone i, Zi is a vector of geophysical characteristics of zone i such as organic matter 

content, PN is the unit price of nitrogen, and K is the total number of zones in a field. At this 

stage, nitrogen application costs of the different management systems are not considered and 

neither are the non-fertilizer costs per acre. The payoff given by [1] is only to the application rate 

of nitrogen fertilizer and additional cost such as those associated with equipment purchase, 

environmental externalities application and will be considered later. 

The whole field has an area AT, which is the sum of the area of the K individual zones 

within the field. The total profit for the field () is found by adding the profit for each 
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management zone of the field, which is the profit per zone given by [1] multiplied by the area of 

the zone (Ai).  

 = π1  A1 + π2  A2 + … + πK  AK [2] 

 Under uniform management (URNA), a single rate is applied to the whole field, NU. The 

payoff to any individual region from the constant rate (πU
i) is found by inserting NU into [1], 

 πU
i = PY Fi (N

U, Zi) - PN NU  i=1,2, …K [3] 

so the net return of uniform management across the whole field is  

 U = π U
1  A1 + π U

2  A2 + … + π U
K  AK. [4] 

For Variable Rate Application (VRNA), the optimal rate of nitrogen for a given area, N*i, 

maximizes the payoff function given by [1]. The maximum payoff occurs where the marginal 

value product of nitrogen is equal to its marginal factor cost, which is the price of nitrogen 

assuming the amount the farmer buys does not influence its price. The first order condition 

associated with [1] is  

 PY (𝜕 Fi (Ni, Zi))/ 𝜕Ni?,) = PN  i=1,2, …K [5] 

The optimal rate N*i for each site i is found by solving the above first order condition explicitly 

for N.  

 There is a single optimal rate associated with uniform management and a set of optimal 

rates associated with variable rate application. In the case of uniform management, the yield 

response function is specified for the whole field rather than for each individual management 

zone, F(N,Z). The optimal uniform rate, NU*, is thus found by solving the following in terms of 

the single N rate. 

 PY (𝜕F(N, Z))/ 𝜕N) = PN. [6] 
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The actual payoff to applying the optimal uniform rate of NU* within each zone when each zone 

has its own yield response function is thus 

 πi
U* = PY Fi (N

U*, Zi) - PN NU*  i=1,2, …K, [7] 

which then can be used to determine the payoff to using a uniform rate to the whole field (U*) 

by substituting [7] into [2] 

 U* = π1
U* A1 + π2

U* A2 + … + πK
U* AK. [4] 

which is simply the original equation [4] but with NU* to calculate U*. 

There is also an optimal and actual application rate for VRNA which is calculated from 

the original yield response function in each management zone. The rate that maximizes returns 

for a given zone N*i, is determined by solving the first order condition given by [5]. The value of 

the payoff from applying the optimal rate in each zone i is 

 πi *= PY Fi (N*i, Zi) - PN N*i  i=1,2, …K [8] 

and the corresponding returns to whole field are 

 * = π1*  A1 + π2*  A2 + … + πK*  AK [9] 

The benefits of adjusting input rates spatially arise because different parts of a field exhibit 

different yield responses to the application of nitrogen, resulting in different optimal input rates.  

 There are four different net returns, one for each of the different application strategies. 

The first two rates are ex post calculations which are a realized optimization: the optimal 

variable rate (*), which is the profit for the whole field assuming the optimal rate is applied 

within each management zone, and the optimal uniform rate (U*) which is the profit assuming 

the single rate that maximizes profit for the hole field is applied. There are also two ex ante 

expected optimization rates which are the rates that were applied to the field, decided on by the 
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farmer. The first of these rates is () which is a simulation of the variable rates the farmer would 

have applied to the field and (U) which is the uniform rate the farmer would have applied to the 

field. The uniform rate is the same as the medium fertilizer rate applied on the field.  

To evaluate variable rate nitrogen application as profitable for famers the hypothesis is 

that the returns should be  

 * >  > U* > U. [10] 

The difference in returns can be used to assess improvements relative to the costs of changing 

systems. The benefit of optimal VRT compared to the actual VRT system the farmer is using is 

* > , whereas the difference between optimal site-specific and uniform management is * > 

U*. These last two inequalities should always hold as the optimal realized rate has information 

that the farmer could not know. The key rate to compare is * > U* since if this holds it means 

in the best case scenario VRNA is more profitable than URNA. 
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4 Data  

The data used in this thesis were provided by farmers on their own fields. The data was uploaded 

or emailed to Niagara College where it was sent to an Ontario Ministry of Agriculture, Food and 

Rural Affairs (OMAFRA) crop team. The purpose of the project was to study zone prescription 

and the profitability of variable rate application of seed for corn, soybeans and wheat, and the 

variable application of nitrogen fertilizer on corn and wheat. A unique aspect of the study is 

basing the assessment on variable rate technology (VRT) using data on actual practices and 

yields from farmers using VRT. The methods used by other studies may include field trials 

(Ferguson 2002) or simulations based on experimental data (Basso 2016) which can lead to 

different findings. Data were obtained from 24 farm cooperators from across Ontario, some of 

whom were long time users of precision agriculture (up to 9 years), while others were more 

recent adopters.  

 The project collected multiple layers of data to investigate the factors that affect the 

yields and profitability of variable rate technology (VRT) in Ontario crop production. Data were 

collected on field characteristics, farm practices and yield. The project also launched an online 

service called Crop Portal, a site-specific mapping tool for growers to upload their own farm data 

and have management maps generated for them, and a way to collect future data for similar 

projects.  

The focus of this study is on the variable rate application of nitrogen fertilizer on corn. Of 

the 24 farms over 3 years, 3 fields supplied data for Ontario corn fields receiving VRNA. These 

fields are referred to by their approximate location (Exeter, Winchester and Delhi). These three 

fields are from a wide range of locations and soil types in Ontario.  
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The Exeter field is 83 acres of which 80 acres were used in the 2015 trial, the data from 

this field can be seen in the strips of data provided which are mapped in Figure 6.1. Figure 6.2 

provides a visualization of the Exeter field mapping YPI. The Exeter field is a rectangular shape 

and is made up of Perth Clay Loam, Huron Clay Loam, and Harriston Silt Loam soils. The crops 

grown on the field starting in 2010 were edible beans, wheat, corn, edible beans, wheat and corn 

with soybeans grown the year (2016) after the data used in the analysis. For the Exeter field, 

eight years of historical yield data were provided but only the most recent years under the project 

had complete data that was usable for analysis. From this field the 2015 year was selected where 

VRNA was applied on corn. 

The Delhi field is 49 acres and provided 4 years of historical yield data in addition to the 

2016 field trial. The YPI of the Delhi field is mapped in figure 6.3. This field is mostly low or 

high YPI with a smaller portion being in the middle, this can be seen easily in that the map is 

mostly red and green with little yellow. The transitions from low to high YPI happen over a 

small distance. The soil is a mix of Fox Loamy Sand and Grandby Loam Sand. The previous 

year in this field (2015) also planted corn. 

The Winchester field provided data for 2017. Only two years of historical data were 

available from this field. All of the soil in the Winchester field was classified as Bainsville. The 

YPI for the Winchester field is mapped in Figure 6.4. Almost all of the low YPI points are on the 

edges of the field. The middle of this field is almost entirely high yielding. In the previous year 

(2016) soybeans were grown. 
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These three fields are under different crop rotations, from different places in the province 

and are all from different years. Although it is hard to compare these fields to each other they 

have different characteristics and different farmers applying VRT to them. 

4.1 Corn Yield 

Corn yield data were collected from the yield monitor on the combine. Each farmer used their 

own combine and the width was roughly 6 m for these machines. Data was collected on average 

every 2.5 m resulting in units of approximately 15 m2. Yield is reported as dry yield by adjusting 

the moisture content of the harvested corn to 14.5%. The yield points are tied to GPS coordinates 

and all other layers of data are paired to these same GPS coordinates based on the nearest yield 

observation.  

Average yield for the Exeter field was 13909.25 kg/ha (9270.74 kg/ha Delhi, 12208.25 

kg/ha Winchester). The differences in average yield across three management zones are listed in 

Table 6.1, 6.2 and 6.3. The Exeter field outperformed both of the other fields, the Delhi field 

lagged behind the other 2 farms in terms of yield. Although there are little differences in average 

yield across management zones for the Exeter farm, there are large differences between the 

minimum and maximum average values within a management zone. Some other characteristics 

of the field that are mostly used in the calculation of the yield response functions are also 

reported in these tables. The largest differences in minimum, maximum and average yields are 

from the Delhi field which had the largest variation in its soil and the worst soil overall. The 

smallest differences were in the Winchester field which received uniform rate application and 

only had 2 years of data.  
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A Yield Potential Index (YPI) was the sole criteria for the generation of management 

zones created from multiple years of historical data following a procedure laid out by Duncan 

(2015). YPI only takes if the point was above or below average and does not tell us how much 

the point was differing from the average. If a point is 0.1 kg/ha over the average or 1000 kg/ha 

over the average these points are treated exactly the same. When there is only 2 years of data (as 

in the Winchester field) this loos of information is a big difference. There would be other 

processes to treat the data such as normalizing the previous crops but these are not used in the 

project or this thesis.  

4.2 Management Zones 

The zones in a field receiving individual treatment (denoted by i in section 2) can be delineated 

using criterion ranging from yield, soil type, nutrient content, and/or topography. The 

characteristics of each management zone including organic matter percentage and some 

important nutrients are reported for each field in Table 6.1, 6.2 and 6.3. The farmers in this study 

used yield to define three management zones (K=3). Previous years’ yield data from all crops on 

the field are converted into a yield potential index (YPI) for each management unit and then used 

to create the prescription for each management zone used to apply fertilizer. The YPI for a 

management unit is calculated by comparing the annual average for the whole field to the yield 

for that management unit for the crop grown in that field in the current year. To start each 

mangment unit has a YPI of 0. At the end of a harvest, if the yield is equal to the average or 

higher, the YPI score is increased by 1. As an example, with 4 years of historical yield data, the 

maximum value for YPI is 4 and means that this area always performs better than the average. 

Whereas, a YPI of 0 represents an area of the field that never performs better than the average A 
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number of different management zones could be defined. For example in the Exeter field (where 

7 years of historical yield data were provided), two management zones could be created by 

lumping YPI between (1) 0-4 and (2) 5-7 together. In practice, the YPI is used to define three 

management zones based on 7 years of historical yield data: (1) a YPI between 0-3 was the low 

zone; (2) a YPI between 4-5 was medium zone; and (3) a YPI between 6-7 was the high zone. 

These bins for YPI could be set differently for example (1) 0, (2) 1-6, and (3) 7 but this is at the 

discretion of the farmer or whoever is defining zones. YPI is a relative measure of performance 

for each management unit and is not comparable across different fields since each field will have 

a different maximum value depending on how many yields of historical yield data it has. 

4.3 Nitrogen Application Rates 

Instead of the commonly used field research technique where a uniform rate is applied on the 

whole field with variable rate test strips or a gridded test approach, the fields from each 

participating farmer received variable rate fertilizer application with uniform test strips. The test 

strips consisted of a uniform fertilizer application of a near zero rate (34 kg/ha) and a very high 

rate of fertilizer that would not limit plant growth (225 kg/ha). Figure 6.1 indicates the test strips 

for the Exeter field (red zero rate, blue non-limiting rate and green variable rate). The extremes 

allowed for estimation of the yield response function to nitrogen. 

Fertilizer was applied in gallons per acre which was converted to lbs/ac using the 

procedure outlined by Maguire et al. (2009). This lbs/ac value was then converted to kg/ha to be 

in metric units. All fertilizer rates over 240 kg/ac were omitted from the analysis, this removed 3 

(<1%) observations from the Exeter field and 191 (~2%) observations from the Delhi field. No 

observations were removed from the Winchester field since the fertilizer rates are target rates and 
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not applied rates. The observations removed had a rate of fertilizer that was too high and not the 

intentional rate applied to the field. 

The majority of each field received a rate of fertilizer that varied by management zone. 

Each field had three management zones created from previous yield data, as discussed above. 

The farmer determined the rate of fertilizer applied in each management zone. The amounts 

applied by Exeter were 112 kg/ha to the low zone, 146 kg/ha to the medium zone, and 185 kg/ha 

to the high management zone. The application rates in the Winchester field were 105 kg/ha in the 

low zone, 225 kg/ha in the medium zone and 265 kg/ha in the high zone. The rates in the low and 

high zone were actually test strip values and higher and lower than the farmer would normally 

apply. Exeter and Winchester applied more fertilizer on higher yielding zones, this is the 

traditional approach, making more nitrogen available to the areas of the field that historically 

perform well. Delhi received a reverse prescription of the other fields where the low zone 

received the highest rate and the high zone the lowest rate. These rates corresponded to 200 

kg/ha in the low zone, 171 kg/ha in the medium zone and 148 kg/ha in the high zone. A base 

amount of N was applied uniformly to the whole field at planting and the remainder was applied 

as a 28% UAN solution at the time of side dressing in June, the Delhi field and the Winchester 

applied a 32% UAN solution. The Exeter field applied 34 kg/ha as the base, Delhi applied 67 

kg/ha and Winchester applied 105 kg/ha. 

4.4 Soil Properties 

Soil tests performed on this field in 2014 to obtain information on levels of organic 

matter, phosphorus (P), potassium (K), pH, cation exchange capacity and some other 

micronutrients. Samples got mixed for each 1 acre (0.4 ha, 4000 m2) but soil types were not 



 

 

47 

 

mixed, this results in the soil test for each being an average across the 1 acre (0.4 ha). These tests 

had no connection to the management zones or management units. The number of samples 

varied depending on the field and who collected the samples. Table 6.1, 6.2 and 6.3 summarize 

the values for organic matter, P and K by management zone for their respective field. These 

values for all three nutrients are lowest in the Winchester field which is not expected due to the 

high yield in that field. The highest rates were in the Exeter field where they were within target 

values for medium textured northern soils. To convert the one-acre plot size for soil properties to 

smaller unit sizes that align with the yield data the project team used a kriging procedure 

interpolated the data to generate estimates for each yield point. 

4.5 Coordination of Data Layers 

There are several different data layers (a data layer being all information on one attribute such as 

yield or organic matter percentage) collected from each field- yield from monitors on the 

combine, fertilizer application rates applied at planting and/or after emergence by an applicator, 

and soil test values are just a few of the possibilities. These layers differ in spatial resolution with 

some being small scale observations (15 m2 yield observations) and others being large (0.4 ha for 

the soil test) this 1 acre (0.4 ha) is interpolated so although it is not precise the resolution can be 

changed to any scale. The differences in spatial resolution have implications for the creation of 

management zones, calculation of the yield response function and the application of fertilizer on 

the field. 

The problem of coordinating the data is illustrated in Figure 6.5 for a hypothetical one-

acre grid. There are six panels representing different data layers for a hypothetical one acre field: 

yield from the monitor on the combine (A), management zones defined by yield potential index 
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(B), uniform fertilizer rate applied at planting over whole zone (C), second fertilizer VRT by 

management zone applied by side-dress after emergence (D), raw soil test samples (E), and the 

soil test samples after they have been interpolated (F).  

The first issue is the different resolution of the data layers. The dimensions of each point 

on the initial yield layer depends on the width of the combine and the speed at which the 

combine travels through the field harvesting. Although it is theoretically possible to manage the 

field at the individual plant scale (Panel A), the size of the typical yield layer is 15 m2 (Panel B). 

The resolution of the observations on a yield map depends on the equipment and software on the 

combine. The width of the layer on which the base fertilizer is applied (Panel C) depends on the 

width of the spreader or planter. However, the size for Panel C is inconsequential as the same 

rate is applied across the whole field as noted by the single colour (assuming the rate is applied 

as intended). The width and speed of travel of the applicator for side-dress nitrogen determines 

the size of the fertilizer application block (Panel D), which for the farmers in this sample is 

roughly 6 yield points, or 90 m2 (6*15 m2). The soil tests are performed on a one-acre grid, 

which is roughly equivalent to 44 management units per test plot. The sampling points within the 

grid (Panel E) are interpolated and presented on a smaller scale grid to attempt to account for 

smaller changes in soil chemistry and soil fertility characteristics that could not be seen on the 1 

acre (0.4 ha) grid (Panel F). All of these layers come together into one data sheet (a collection of 

all the data layers), which are paired to the yield points causing the data to have varying degrees 

of precision due to the differences in spatial resolution for each measurement. 

The yield data have a higher spatial resolution than the fertilizer data since yield is 

collected with a 6m combine and fertilizer is applied with a 9m spreader. One consequence is 
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that management zones have to be aggregated up to coincide with the size of the zone at which 

fertilizer can be variably applied - the yield data are currently more precise than the fertilizer 

data. This means instead of the fertilizer prescription being assigned to each yield point as was 

discussed above, the individual YPIs are grouped and the management zone is based on the YPI 

with the highest frequency YPI. For example, if the aggregation consisted of the following 6 

individual yield points, 1, 3, 3, 7, 7, and 7, the YPI for the zone would be 7 and the N rate based 

on that YPI. While technological advances will increase the accuracy in the future, the data is 

currently more precise than can be dealt with from current technology that was available. 

In addition to differing sizes in the units of measurement between yields and nitrogen 

application, the actual level of N applied in a zone will not necessarily be equal to the desired 

rate. As noted in Table 6.1, 6.2 and 6.3, the nitrogen rates vary within a management zone. 

Although the farmer prescribed a set amount for each zone, the actual amount applied at a given 

point differed due to the imprecision. The ability to change rates on the fly differs with the 

technology and speed at which the applicator is travelling. There is also a transition from zone to 

zone and the net result is that a wide range of N rates can be applied within a single management 

zone in contrast to the ideal single rate. Some of the yield points are also on a split between 

different rates of fertilizer leading to them appearing to be in the middle of multiple targeted 

fertilizer rates. 

The imprecision of data is highlighted by the plots of yield against the level of fertilizer 

applied which is visualized in Figure 6.6 for the Exeter field and 6.7 for the Delhi field. There is 

no figure for the Winchester field since the tractor does not track applied rates, only the targeted 

prescription rate is recorded so this graph would not provide any information. The colour of each 
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observation represents a management zone as defined by the YPI. Ideally, there would only be 5 

rates of fertilizer observed: base, 3 variable rates, and non-limiting. In addition, the three variable 

rates should be associated with a single management zone. For example on the Exeter field, the 

112 kg/ha of N should be associated with only the low management zone (red), 151 kg/ha with 

the medium zone (yellow), and 185 kg/ha with the high zone (green). Instead, there is a 

distribution of rates around the three desired VRT rates and each of the three management zones 

is represented within a given rate of fertilizer. Actual yields within a management zone and for a 

given rate are expected to vary due to other factors such as soil properties but the expectation is 

that the green points should be above the yellow points, and the yellow points should be above 

the red points. This order should hold since green points are historically high yielding and red 

points are historically low yielding. Note, the test strip rates (zero and non-limiting) of 34 kg/ha 

and 225 kg/ha encompass a number of management zones as expected with the higher 

management zones tending to yield more also as expected. However, the accuracy of VRT 

implied by the conceptual model is much less precise in reality.   
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5  Empirical Model 

5.1 Yield Response Function 

Estimating the returns to each of the four strategies is based on calculations of a yield response 

function from the data provided by farmers. I estimate a yield response function for each field 

and for each zone. I used a quadratic functional form. Cerrato and Blackmer (1990) review six 

corn yield response functions to nitrogen. All functional forms tended to have similar R2 values 

but different optimal levels of fertilizer application. The most common forms overall were the 

linear plateau and the quadratic. I chose a quadratic yield response function so that a single 

maximum value could be obtained. The quadratic form of the yield response function has also 

been used by other Ontario studies examining the response of corn yield to nitrogen (Gandorfer 

and Rajsic 2008, Cabas et al. 2010, Rajsic and Weersink 2008). The quadratic yield response 

function to be estimated is  

 Yi = Fi (Ni, Zi) = ai + biN + ciN
2 + di Zi  i=1,2, …K [11] 

where Y is yield, N is nitrogen rate, Z is a vector of field characteristics,  

a, b, and c are estimated parameters of the yield response function d is a vector of estimated 

parameters, i is the management zone, and K is the number of management zones. 

I estimated the single yield function for the whole field, F(Ni, Zi), using all field 

observations on application rate and yield. This yield response function is used to determine the 

optimal uniform nitrogen rate for the field. I estimated the zone-level yield response functions 

using the only observations for each management zone. The number of management units 

reported in table 6.1, 6.2 and 6.3 show the number of observations that are used in each 

regression. As noted, in the previous section, there are not just five values for the application rate 
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(base, 3 VRTs, and unlimited) but rather multiple N values for each management zone partly 

because of observations being split across management units when spatial resolution differs, and 

partly because of the most common YPI being selected. The observations used to estimate the 

regressions for each management zone can be visualized by the colour of the observation of the 

raw data illustrated in Figure 6.6 and Figure 6.7. There are many observations that fall into 

unexpected places such as red (low) points that receive a high rate of fertilizer. The colour of 

these points, which is determined solely by YPI is used to split the zones and not the rate that 

was applied in the field. Adding heat units or precipitation variables would also be constant 

across the span of a field which should not impact the analysis.  

The variables included in the field characteristics (Zi) Organic matter, phosphorus and 

potassium. Organic matter is included because it reflects nutrient availably in the soil and carbon 

content. Phosphorus and potassium are key nutrients for plant growth so they provide useful 

information in the yield response function. Some other variables such as elevation, cation 

exchange capacity and dual EM induction sensor measurements were not included. Cation 

exchange capacity is too closely related to organic matter and would likely cause a collinearity 

issue. Elevation was available but curvature was not, although either of these would relate to 

fertilizer runoff or nutrient pooling it is unlikely that over a one year period that elevation would 

make a difference. Dual EM is not included for two reasons which are the collinearity among 

measurements of the dual EM and difficulty in interpreting its coefficients. Dual EM is a 

composite of too many things that are related and interact (soil moisture, soil texture, soil type), 

these coefficients are not interpretable or comparable across fields. 
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5.2 Simulation of Returns 

Four different returns are calculated in the simulation, the profits associated with optimal 

uniform and optimal variable fertilizer application and the profit associated with variable and 

uniform fertilizer application at the rate the farmer would apply. The determination of net returns 

for each management system begins with calculation of the profit maximizing fertilizer rate N*i 

for each management zone i (i=l (low), m (medium), and h (high)). The optimal rate by 

management zone as defined by [8] and using the quadratic production function given by [11] is  

 N*i = [(PN/PY) -bi] (1/2ci) i=l, m, h. [12] 

The optimal uniform rate is found using a similar method but with the single production function 

 NU* = [(PN/PY) -b] (1/2c). [14] 

Note that the corresponding rates that maximize yields rather than profits are 

 NYmax
i = -(bi/2ci) i=l, m, h and NU, Ymax = -(b/c).  [15] 

 The nitrogen rates are plugged back into the estimated production function and yield 

estimated for each observation site j within a management zone i 

 Yi,j = = ai + bi N*i + ci N*i 
2 + di Zi,j  i= l, m, h [16] 

Although the same rate is applied within a management zone, the simulated yields across sites 

within a management zone can differ with differences in Z, associated with characteristics such 

as organic matter and soil nutrients. The payoff per unit land area for each site using the profit 

maximizing nitrogen rate is determined using [1] 

 πi,j *= PY Yi,j - PN N*i  i= l, m, h [17] 
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The total payoff for a given site j within a management zone i is calculated by multiplying the 

per area returns given by [17] by the size of the site (Aij). The total returns for each management 

zone (i*) is the sum of the payoff for each site within that zone  

 i* = ∑ 𝜋𝑖,𝑗  𝐴𝑖,𝑗𝑗   i= l, m, h [18] 

The total payoff to the field from using VRT with the optimal application rates in each zone is 

    * = πl*  Al + πm*  Am+ πh*  Ah  

 = l* + m* + h* [19] 

Note that the size of each of the three management zones (i) is the sum of the area for each of 

the observations within that zone  

 i = ∑  𝐴𝑖,𝑗𝑗   i= l, m, h [20] 

Similarly, the size of the whole field (AT) is the sum of the area of the three management zones 

 T = l + m + h. [21] 

The calculation of total area enables the calculation of payoffs per unit land area so that 

comparisons can be made across fields of different sizes. 

 The process of determining the payoffs for each management zone and for the whole 

field can be repeated for the optimal uniform rate and the actual rates used by the farmer with a 

uniform and variable rate application strategy. 
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6 Results and Discussion 

6.1 Yield Response Functions 

The regression results for the corn yield response functions are reported in Table 6.4 for the 

Exeter field, 6.5 for the Delhi field 6.6 for the Winchester field. The second column represents 

the estimated yield response function for the whole field using all data observations regardless of 

the associated management zone. This column is used in the determination of the uniform 

fertilizer application. The subsequent columns are estimated based on observations from each 

management zone and are used in the assessment of variable rate technology. 

The estimated regression for the quadratic response function fits the data for the Exeter 

field regardless of management zone as indicated by the adjusted R2 values (see Table 6.4). The 

signs of the regression coefficients are consistent with expectations. Nitrogen application rate 

increases corn yield but at a decreasing rate and both the linear and quadratic coefficients for 

nitrogen are statistically significant. The intercept values are also consistent with expectations; 

the higher the quality of the management zone, the higher the base-yield without fertilizer 

applied. The other characteristics of the field (organic matter, P and K levels) vary in terms of 

magnitude and significance. These variables are most likely to be statistically significant in the 

low or high management zones.  

The yield response functions for the Delhi field are not as strong a fit. The R2 values are 

less than half of those in the Exeter field. The low zone has the lowest R2 of all the fields in this 

analysis. In the medium zone for this field fertilizer is only a significant coefficient at the 10% 

level and the squared term is not significant. The intercept for the whole field yield response 

function is also negative albeit statistically insignificant. The phosphorus coefficients offers 
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some confusion as they have negative coefficients implying the addition of phosphorus causes a 

reduction in yield. This field has significantly more observations used in the analysis despite 

being the smallest of the three fields, it also has the most even distribution of share into each of 

the management zones. 

In the Winchester field the yield response functions all have a positive intercept and both 

fertilizer coefficients are statistically significant with the expected signs. The Organic matter and 

phosphorus coefficients are never significant and the potassium coefficient is only significant in 

the whole field yield response function and the medium zone yield response function. The R2 

values are near the same as the Delhi field (except for the very low R2 in the low zone for Delhi) 

but are still lower than for the Exeter field. 

6.2 Nitrogen Application Rates 

The actual and estimated application rates and associated yields for alternative management 

zones and decision rules are reported in Table 6.7, 6.8 and 6.9 along with the average estimated 

yield that corresponds to the fertilizer rate. Figure 6.8 and Figure 6.9 show the frequency of 

fertilizer application in the Exeter and Delhi fields. Figure 6.10 shows the frequency of the target 

rate of fertilizer in the field since application rates were not tracked. There is a wide range of 

application rates in the Exeter field, the range of fertilizer application where the spikes in the 5 

different treatments can be clearly seen. In the Delhi field there are only 2 large spikes but they 

encompass the vast majority of the data. These figures show that in the Exeter field there is a 

large range of fertilizer applied which likely contributes to the strength of the yield response 

functions. In the Delhi field and Winchester field the yield response functions are likely weaker 

as the data is far more clustered offering less predictive power. 



 

 

57 

 

The uniform nitrogen rate applied to the whole field that maximizes profit in the Exeter 

field is 228.5 kg/ha (Table 6.7) which is calculated by taking the first order condition of the 

payoff function. This rate in the Delhi field is 140.5 kg/ha (Table 6.8) and 192.4 kg/ha (Table 

6.9) in the Winchester field. In the Exeter field this uniform rate is higher than the profit 

maximizing rate in any of the management zones which may be a result of the very good 

growing year that Exeter had in 2015. In the Delhi field the profit maximizing rate is lower for 

the uniform rate than for any of the individual management zones. The Winchester field’s profit 

maximizing uniform rate is lower than the medium or low zone, but higher than the high zone. 

The summaries for the Winchester field appear odd due to the uniform rate meaning the low and 

high zones are not really low and high zones but test strips. 

These optimal variable fertilizer rates are similar in the Exeter and Winchester fields 

between management zones but different in the Delhi field. The medium zone in the Delhi field 

recommends a fertilizer rate of 244.9 kg/ha which is higher than any of the rates used in 

calculating the yield response function. In the Delhi and Winchester fields the highest 

recommended rate of fertilizer application is in the medium zone which is different from the 

prescription that any farmer applied. The rates to maximize yield increase with the quality of the 

management zone (lower fertilizer rates are applied on traditionally lower yielding zones and 

higher fertilizer rates are applied on traditionally high yielding zones) in the Exeter field but this 

is not true in the Winchester or Delhi fields. In the Winchester field the medium zone received 

the highest rate and the high zone receives the lowest rate, in the Delhi field the medium zone 

received the highest rate and the low zone received the lowest rate. 
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The yield maximizing rates are higher than the profit maximizing rates as expected since 

the costs are not considered in the calculation of the former. The difference in the yield 

maximizing and profit maximizing fertilizer rates are approximately 3% higher in the low 

management zone and 4% higher in the high historical yielding management zone for the Exeter 

field, 2% higher in the low management zone and 3% higher in the low management zone for the 

Delhi field and 2% higher in the low management zone and 1% higher in the high management 

zone for the Winchester field.  

Differences in yields are different across all three fields. The smallest difference is in the 

Winchester field where the lowest average yield in a management zone to the highest average 

yield is 208.6 kg/ha. In the Exeter field this difference is 1252.2 kg/ha with the largest difference 

being in the Delhi field at 4092.7 kg/ha. The yield response functions for each zone and the 

overall field are plotted in Figure 6.11, 6.12 and 6.13 for each field. From Figure 6.11 (Exeter) it 

can be seen that the medium zone is very similar in production to the whole field which makes 

sense since the medium zone is the center of the distribution of historical yield. The high zone 

always has higher yield at the same level of fertilizer than the medium zone or low zone and the 

low zone always performs worse than the high or medium zone. Notably the central section (near 

optimal levels) the variation of yield based on fertilizer application is quite small. For the whole 

field, if the farmer applied anywhere between 115 kg/ha and 357 kg/ha (a difference of 242 

kg/ha) of fertilizer, the difference in yields is less than 10% from the maximum as a result of this 

flat quadratic function.  

One of the big selling points of variable rate technology is the promise of the 

optimization of fertilizer usage on farm fields. Table 6.10, 6.11 and 6.12 contain estimations of 
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the total amount of fertilizer that would be applied to the field. With the profit maximizing goal, 

less fertilizer is used than a yield maximizing goal since the costs of fertilizer are accounted for 

when choosing the profit maximizing rate. More fertilizer is used in the optimal uniform rate 

prescription than the optimal variable rate in the Exeter field, but less fertilizer is used in the 

other two fields. These optimal rates do not include the loss of fertilizer or any environmental 

damages that may be caused by fertilizer runoff. If this cost was included the optimal rate of 

fertilizer would be lower. The optimal rates would have the farmer use 48% more fertilizer than 

the actual rate the farmer was applying in the Exeter field, this is the opposite of the other two 

fields. In the other research the rates of fertilizer decrease with variable rate application (Basso et 

al. 2016, Gourecitch et al. 2018, Grace et al. 2011). Gourevitch et al. (2018) discusses that the 

evaluation of VRT often does not include the social costs of fertilizer that are created as an 

environmental externality. Our paper also does not account for this cost in that the assessment 

performed is to inform farmers if the technology is worth adopting for them. Fertilizer runoff is 

an externality that is an economic cost but not a business cost. Some farmers may consider this 

additional cost when they are making their application decisions but many will not. The cost 

does not have a dollar amount assigned to it that can be seen so the cost is currently subjective to 

farmers.  

6.3 Payoffs to Uniform and VRT Systems 

To calculate simulated profits the fertilizer rates are plugged into the profit equation [1] 

function for the corresponding zone. The hypothesis is that * >  > U* > U (presented as 

equation 10). In this case looking at table 6.13 (Exeter), 6.14 (Delhi) and 6.15 (Winchester) these 

strategies would be evaluated on a whole field basis. What is seen in practice is that * > U* > 
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 > U for the Exeter field, * > U > U* >  for the Delhi field and * > U* > U >  for 

the Winchester field. The order of payoffs is not the same in any case. However in all fields * 

> U* indicating that without the costs of VRNA there is profit in VRNA over URNA. 

The profits under VRT compared to uniform are examined in Table 6.13 for the Exeter 

field, 6.14 for the Delhi field and 6.15 for the Winchester field. At this stage all costs except the 

$10/ha-$12.5/ha for creating prescription maps, the costs of variable application and the costs of 

equipment (which is roughly $25/ha to $40/ha for VRNA as a service) are included. The profit 

from optimized VRNA is higher than URNA for all three fields. The magnitude of the difference 

ranges from $0.78/ha in the Winchester field, $6.53/ha in the Exeter field and $23.06/ha in the 

Delhi field. These payoffs are lower in all cases than the cost of prescription maps meaning that 

unless the maps were free the farmers would lose profits from adopting VRNA. Even in the best 

case scenario on a field (optimized profit) the costs of maps and the cost of applying fertilizer per 

hectare are larger than the benefits received through VRNA. With the actual fertilizer rates the 

Exeter field had higher profit from VRNA but the other 2 fields do not. 

Anselin et al. (2006) find that prescriptions remain mostly stable after five or more years 

of data. The cost of VRNA is not different per acre from URNA when the fertilizer rates are the 

same. The largest costs are from applying more or less fertilizer and the costs of VRT machinery. 

VRT equipment is often very expensive relative to the payoff a farmer receives 

(Schimmelpfennig 2016). If the cost of applying variable rate nitrogen and the costs of creating 

prescription maps is removed or reduced in the future then some fields may realize profit form 

VRNA adoption.  
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As for social costs of fertilizer the reduction in fertilizer did not happen on every field. 

VRNA increased fertilizer use on one of the fields studied. The social benefits of reducing 

nitrogen loading only exist if the amount of fertilizer applied is reduced. 

The yield response functions are quite flat. This flatness also transfers to the payoff 

functions. In terms of payoffs in the Exeter field the farmer would have made 95% of their total 

profit reported in table 6.13 if they had applied a wider range of fertilizer (155-236 kg/ha in the 

low zone, 166-272 kg/ha in the medium zone and 162-287 kg/ha in the high zone). This is also 

true in the Delhi (128-194 kg/ha in the low zone, 138-212 kg/ha in the medium zone and 42-312 

kg/ha in the high zone) and the Winchester field (162-236 kg/ha in the low zone, 152-252 kg/ha 

in the medium zone and 156225 kg/ha in the high zone). This is calculated by taking 95% of the 

profit and then running the simulation at every level of fertilizer between zero and 400 kg/ha and 

finding where the profit is higher and lower. With the small differences in the optimized payoff 

and the wide range of application that would result in 95% of the same profit our paper finds that 

VRNA is generally not profitable over URNA. 

6.4 Discussion and Conclusions 

The findings of this paper are that VRNA does not provide higher profits than URNA 

when both strategies are applied optimally. Profits are higher for VRNA by a small amount 

without the inclusion of the costs of prescription maps and/or the cost of applying variable rate 

nitrogen. Small returns, such as those presented here, would explain the relatively low rate of 

adoption of variable rate nitrogen application technology. The return on investment would be too 

low for the length of time or scale of operation they would need. This does not say anything for 
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other precision agriculture technologies. Our study only concludes about VRNA in its current 

state if the sole criteria for adoption is profit.  

Our finding is not consistent with the majority of current literature reviewed. Some 

papers that find VRNA profitable compared to URNA are Alchanatis et al. (2005), Anvec et al. 

(2004), Basso et al. (2016), Boyer et al. (2011), Davatgar et al. (2012), Jiang et al. (2012) and 

Mourtzinis et al. (2018). There are also papers such as Boydell and McBratney (2002) and 

Fergusson et al. (2002) that find, similar to us, that increased profit may not be achievable in all 

fields through VRNA. All of these papers use data from different locations than our data set with 

different technology and different criteria for the creation of management zones. I do find that 

without some of the major costs of VRNA such as the creation of maps and the application of 

fertilizer that VRNA is profitable over URNA but these costs are important.  

In the best case scenario, I find VRNA profitable over URNA when costs are equal. 

Costs are not equal in both situations though. There are extra costs associated with VRNA. The 

first major cost is the cost of generating prescription maps which is small but is a per acre cost. 

This cost will likely decrease in time but as of right now still exists. The second major cost is the 

cost of purchasing new equipment. Most farmers have the equipment for uniform rate 

application, they do not own VRT. It is possible for some equipment to be retrofitted which is a 

way to reduce this large cost. A farmer can also pay to have N applied instead of doing it 

themselves which would cost upwards of $25/ha-$40/ha. 

It is possible that if the farmer had the ability to respond to the information faster or had 

more consistent and clean data they would have been better able to optimize their expected 

fertilizer rates. Weather predictions are unlikely to be accurate for the whole year. The inability 
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to know the future weather means that if the expected rate is the same as the realized rate it 

would be random chance. There would still be a movement from the actual variable rate towards 

the optimized variable rate which would be an increase to profit. The data used in this study 

comes from real farms. Differences in spatial resolution and technological constraints cause 

difficulty explaining some data. Convincing farmers to adopt VRNA would be difficult 

considering low profits, higher costs, no promise of fertilizer reduction and even the data they 

generate may not be usable in the future as digital agriculture evolves. VRT overall is not lost. 

VRNA can still be beneficial, it gives a farmer more control over their field, although it is not a 

large increase to profits it is not a loss either. As the cost of VRNA application equipment 

reduces or becomes the only option this cost disappears. As technology progresses management 

zones will become cheaper and also more detailed. When these costs are lower than some fields 

will see profits from VRT.  

The flatness of yield response and payoff functions can lead to over application of 

fertilizer since the cost of over applying is small. Farmers over apply fertilizer as a method of 

reducing risk since the loss of over applying is small (Gandorfer and Rajsic 2008). The cost of 

under applying is also small, there can be large social benefits from under applying fertilizer 

(Giraldez and Fox 1995). A good target for policy formation would be at getting farmers to 

under apply fertilizer rather than over apply. Since I see flat payoffs the loss from under applying 

would be as small as the loss from over applying. VRNA allows for farmers to under apply 

fertilizer if the social cost of fertilizer is deemed high but with control over how low they apply 

fertilizer and where to target with lower rates. 
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In this paper YPI was the exclusive criteria for delineating management zones. The 

prescription is then created from a simple yield response formula in that zone. The resulting 

prescription is only for variable rate nitrogen and can have a very small difference between the 

highest rate applied in the field and the lowest rate applied in the field. In practice, differences 

this small would cause little to no difference for yield. Instead of focusing on VRNA, digital 

agriculture may have other more valuable applications. Instead of looking at yield and applying 

nitrogen to deal with any problems, other criteria may be able to explain the issue better. 

Precision soil sampling, smaller gridded soil tests, topographic measurements, climate data, soil 

compaction and many more factors could explain low yields. 

A point for consideration is from Stuart et al. (2017) who found that farmers thought 

universities often recommended rates of fertilizer that the farmers perceived as too low and too 

risky. Combined with other literature that suggests that farmers over apply fertilizer to reduce 

risk it will be difficult to convince farmers to lower their N application rates anyways (Panel 

2006, Rajsic and Weersink 2008, Rajsic et al. 2009). Nitrogen recommendations are not 

considered as a precise number, to have an exact number the weather for the year would have to 

be known ahead of time. Figure 6.1, 6.2 and 6.3 similarly show that yield response functions are 

flat. Even moderate changes in nitrogen levels create small changes in output. I also see messy 

data, the focus of precision agriculture is on precision. It does not make sense to be applying a 

fertilizer that in practice does not need to be exact. Stranger and Lauer (2008) found that crop 

rotation had a larger effect than changing nitrogen fertilizer rates to corn yield. VRNA was not 

found to be of value on the fields I tested but there can be social and environmental value in 

reducing fertilizer application. Flat yield response functions indicate that a fertilizer reduction 
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should be possible with the use of VRNA. These response functions are flat across one year, the 

response functions across multiple years are not known since the data was not available. With a 

focus on social costs of fertilizer application it is likely that the value of VRNA would increase 

(Gourevitch et al. 2018). 

Volume, variety and velocity of data are being improved over time. Veracity is still of 

key importance to this paper. Turning back to Figure 6.5, the data is messy due to many factors. 

This is the real nature of data for farmers. A bigger benefit for farmers would be keeping clean 

and high quality data. There is not yet a consensus on what data is useful and what is not. It is 

hard to maintain veracity of data while volume and variety increase. Different machines have 

different resolutions of application, and combining this data is hard. The concern should not be 

optimizing data collection, but on collecting data that is useful in combination. It would be far 

more pertinent to collect data on fertilizer application and yield at the same resolution. 

The value of variable rate technology for a farmer is from the profits that they may receive 

from using it. The value for environmentalists is from the social benefits of reducing fertilizer 

use. The findings of this paper are that the benefits of VRT are small and can be inconsistent 

across fields and years. The increase of mechanization and automation in agriculture are likely 

inevitable. It does not seem of high value to focus this increase on VRNA unless targeted at the 

reduction of fertilizer use instead of on increasing profit. There is not a definite reduction in 

fertilizer when profit is maximized but VRNA could be used to effectively reduce fertilizer 

application. To improve the state of VRNA in Ontario there are three key points that should be 

addressed. The first is bringing data to the same resolution, if fertilizer, soil chemistry and yield 

are analyzed on the same scale analysis would be cleaner. The second point is that using optimal 
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fertilizer rates is hard before you know the weather for the year but using more data in decision 

making is always beneficial. The third and most important point is about the social cost of 

fertilizer, although farmers may not see profits from VRNA in its current state a meaningful 

fertilizer reduction could be possible. The focus of VRNA should not be on optimizing profit for 

farmers as it does not accomplish this with all the additional costs that it requires, the focus 

should be on optimizing nitrogen rates. This can be an environmentally optimal rate or an 

optimal rate for the field. As the costs of VRNA reduce in the future it is likely that VRNA will 

become profitable for farmers. With the current costs of VRNA it is not more profitable for 

farmers than URNA.  
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6.5 Tables 

Table 6.1: Summary Characteristics of the 32.4 Hectare Exeter Field (2015) 

  Management Zone Whole 

Field Variable Measure Low Medium High 

Yield Mean 12358.89 13783.71 14568.30 13909.25 

(kg/ha) 1 Min 7864.75 7594.85 5862.47 5862.47 

 Max 16137.49 17122.93 17750.61 17750.61 

 Std. Dev. 1920.68 1550.35 1173.75 1675.89 

      

Actual Nitrogen Rate Mean 129.12 148.51 158.71 149.97 

(kg/ha) 1 Min 105.70 105.36 105.58 105.36 

 Max 182.25 183.71 184.38 184.38 

 Std. Dev. 25.89 24.10 18.94 24.66 

      

Soil Characteristics      

 Organic Matter (%) Mean 3.5 3.6 3.8 3.7 

 Min 2.5 2.5 2.6 2.5 

 Max 6.1 6.1 6 6.1 

 Std. Dev. 1 0.8 0.9 0.9 

 Phosphorus (ppm) Mean 28.1 27.8 33.3 30.3 

 Min 14.1 13.8 13.6 13.6 

 Max 64 62.9 65 65 

 Std. Dev. 11.4 11 13 12.3 

 Potassium (ppm) Mean 131.2 129.9 138.5 133.9 

 Min 92.3 85.5 86.4 85.5 

 Max 188.5 197.3 190.7 197.3 

 Std. Dev. 22.3 20.6 17.6 20.2 

Other      

 Field Size (estimated 

hectares) 

7.0 11.2 14.1 32.4 

 Elevation (Meters above 

sea level) 

   304.4 

      

# of Management 

Units 2  

 251 400 503 1154 

 

Shares of management zones are 0.218 for low, 0.347 for medium and 0.436 for high 
 

1. Test Strips are not included for Yield and N Rate values in zones 

2. The number of observations is calculated by counting the number of management units in the 

management zone 
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Table 6.2: Summary Characteristics of the 19.4 Hectare Delhi Field (2016)  

  Management Zone Whole 

Field Variable Measure Low Medium High 

Yield Mean 7149.20 9546.91 11260.46 9270.74 

(kg/ha) 1 Min 1205.13 326.39 3797.42 326.39 

 Max 14022.23 16909.53 17129.21 17129.21 

 Std. Dev. 1311.84 1996.00 1613.12 2378.88 

      

Actual Nitrogen Rate Mean 175.19 165.21 158.71 166.67 

(kg/ha) 1 Min 107.04 68.82 69.27 68.82 

 Max 277.52 259.81 247.26 277.52 

 Std. Dev. 16.92 18.16 15.36 18.16 

      

Soil Characteristics      

 Organic Matter (%) Mean 2.9 3.2 3.2 3.1 

 Min 1.8 1.7 1.7 1.7 

 Max 3.8 3.9 3.9 3.9 

 Std. Dev. 0.6 0.6 0.6 0.6 

 Phosphorus (ppm) Mean 57.6 43.5 40.1 47.5 

 Min 14.2 11.1 11.1 11.1 

 Max 98 91.5 77.5 98 

 Std. Dev. 20.4 20 19.5 21.4 

 Potassium (ppm) Mean 93.4 91.3 91.7 92.2 

 Min 82.9 82.9 83.4 82.9 

 Max 101.3 101.9 102 102 

 Std. Dev. 4.1 4.7 4.8 4.6 

Other      

 Field Size (estimated 

hectares) 

7.0 6.0 6.4 19.4 

 Elevation (Meters above 

sea level) 

   231.3 

      

# of Management 

Units 2 

 3071 2626 2770 8467 

 

Shares of management zones are 0.363 for low, 0.310 for medium and 0.327 for high 

 

1. Test Strips are not included for Yield and N Rate values in zones 

2. The number of observations is calculated by counting the number of management units in the 

management zone  
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Table 6.3: Summary Characteristics of the 30.4 Hectare Winchester Field (2017) 

  Management Zone Whole 

Field Variable Measure Low Medium High 

Yield Mean 12176.87 12252.19 12158.04 12208.25 

(kg/ha) 1 Min 9641.07 9622.24 9691.28 9622.24 

 Max 14160.31 14875.86 14656.18 14875.86 

 Std Dev 954.06 985.45 960.34 972.89 

      

Target Nitrogen Rate Mean 219.57 188.08 211.62 201.30 

(kg/ha) 12 Min 105.36 105.36 105.36 105.36 

 Max 264.52 264.52 264.52 264.52 

 Std Dev 58.06 69.94 60.97 66.24 

      

Soil Characteristics      

 Organic Matter (%) Mean 2.8 2.8 2.8 2.8 

 Min 2.6 2.6 2.6 2.6 

 Max 3.3 3.4 3.3 3.4 

 Std Dev 0.3 0.2 0.1 0.2 

 Phosphorus (ppm) Mean 12.4 11.9 11.3 11.7 

 Min 10.6 9.7 9.6 9.6 

 Max 14.2 14.5 14 14.5 

 Std Dev 0.9 1.2 1.1 1.2 

 Potassium (ppm) Mean 57.9 59.1 58.6 58.8 

 Min 51.1 50.8 51.2 50.8 

 Max 64.5 65.3 65.2 65.3 

 Std Dev 5.4 5.4 4.7 5.2 

Other      

 Field Size (estimated 

hectares) 

3.9 14.4 12.0 30.4 

 Elevation (Meters above 

sea level) 

   236.7 

      

# of Management 

Units 3 

 69 255 211 535 

 

Shares of management zones are 0.129 for low, 0.477 for medium and 0.394 for high 
 

1. Test Strips are not included for Yield and N Rate values in zones 

2. Applied fertilizer rates were not tracked, instead the target fertilizer rates are used 

3. The number of observations is calculated by counting the number of management units in the 

management zone 
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Table 6.4: Estimated Whole Field and Management Zone Yield Response Functions for the 

Exeter Field 

  Management Zone 

Variable Whole Field Low Medium High 

N Rate 46.15210 64.56980 47.38934 38.70051 

(kg/ha) (4.2293) a *** (7.8733) *** (6.0635) *** (6.3179) *** 

     

N Rate2 -0.09772 -0.16115 -0.10479 -0.08280 

 (0.0163) *** (0.0302) *** (0.0235) *** (0.0244) *** 

     

Organic Matter 46.76886 440.23767 -3.66651 -221.58723 

(%) (68.2449) (146.5459) *** (119.3479) (79.2879) *** 

     

Phosphorus 17.25066 35.71593 -4.53014 8.20887 

(ppm) (7.9128) ** (15.5054) ** (13.3324) (10.9304) 

     

Potassium 5.50483 -18.37167 10.59243 14.21108 

(ppm) (4.4605) (8.6866) ** (7.1098) (6.3488) ** 

     

Intercept 7533.40062 6496.94524 7721.81811 8964.38049 

(kg/ha) (444.3762) *** (784.6289) *** (641.7733) *** (703.7587) *** 

     

Number of 

Observations 

1154 251 400 503 

     

Adjusted R2 0.495 0.575 0.532 0.464 

 

Shares of management zones are 0.218 for low, 0.347 for medium and 0.436 for high 

 
a- Standard errors are in parentheses 

*- significant at the 10% level, ** significant at the 5% level, *** significant at the 1% level 
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Table 6.5: Estimated Whole Field and Management Zone Yield Response Functions for the 

Delhi Field  

  Management Zone 

Variable Whole Field Low Medium High 

N Rate 92.81667 54.86691 14.16918 32.39603 

(kg/ha) (4.5240) a *** (4.3486) *** (8.3683) * (6.4843) *** 

     

N Rate2 -0.32640 -0.16878 -0.02669 -0.08949 

 (0.0155) *** (0.0154) *** (0.0275) (0.0228) *** 

     

Organic Matter 624.55041 409.49258 154.52728 195.34543 

(%) (53.1585) *** (54.5380) *** (81.3035) * (78.3571) ** 

     

Phosphorus -79.66626 1.08324 -52.32700 -51.87957 

(ppm) (2.1473) *** (2.6086) (4.0188) *** (2.7986) *** 

     

Potassium 213.43970 22.58865 40.88764 92.72140 

(ppm) (11.3823) *** (13.4447) * (18.9125) ** (15.5136) *** 

     

Intercept -14854.70683 -584.06363 5990.21416 1328.88615 

(kg/ha) (1115.0039) *** (1235.0234) (1864.2595) *** (1630.3114) 

     

Number of 

Observations 

8276 2995 2565 2716 

     

Adjusted R2 0.301 0.081 0.235 0.220 

 

Shares of management zones are 0.363 for low, 0.310 for medium and 0.327 for high 

a- Standard errors are in parentheses 

*- significant at the 10% level, ** significant at the 5% level, *** significant at the 1% level 
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Table 6.6: Estimated Whole Field and Management Zone Yield Response Functions for the 

Winchester Field 

  Management Zone 

Variable Whole Field Low Medium High 

N Rate 51.45350 63.71917 36.38800 72.68209 

(kg/ha) (6.8263) a *** (19.0211) *** (10.9500) *** (10.3985) *** 

     

N Rate2 -0.13111 -0.15764 -0.08756 -0.18795 

 (0.0188) *** (0.0525) *** (0.0302) *** (0.0282) *** 

     

Organic Matter -202.60098 -839.98329 35.84285 448.65997 

(%) (308.3632) (869.1537) (453.6926) (578.8690) 

     

Phosphorus 35.90488 -53.94589 -32.15508 13.30939 

(ppm) (43.0050) (173.6855) (71.1074) (71.8194) 

     

Potassium -17.56740 -13.58156 -38.87752 4.84816 

(ppm) (7.6123) ** (22.6486) (11.4998) *** (12.2658)  

     

Intercept 8919.03567 10126.95970 11509.92028 4199.34571 

(kg/ha) (991.4589) *** (2122.3886) *** (1443.9452) *** (1882.2706) ** 

     

Number of 

Observations 

535 69 255 211 

     

Adjusted R2 0.183 0.235 0.164 0.257 

 

Shares of management zones are 0.129 for low, 0.477 for medium and 0.394 for high 

 
a- Standard errors are in parentheses 

*- significant at the 10% level, ** significant at the 5% level, *** significant at the 1% level 
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Table 6.7: Actual and Profit Maximizing Nitrogen Application Rates by Application for the 

Exeter Field 
 

Application 

Method 

Management 

Zone 

Decision Rule N Rate 

(kg/ha) 

Yield  

(kg/ha) 

Uniform Whole Field Actual (NU) 146 13819.9 

  Profit Max (NU*)a 228.5 14383.2 

  Yield Max (NYmax) c 236.1 14363.3 

     

     

Variable Rate Low Actual (Nl) 112 12373.4 

  Profit Max (N*l)
 b 195.7 13627.5 

  Yield Max (NYmax
l)

 c 200.3 13630.9 

     

 Medium Actual (Nm) 146 13633.1 

  Profit Max (N*m) b 219.0 14300.4 

  Yield Max (NYmax
m) c 226.1 14305.8 

     

 High Actual (Nh) 185 14690.1 

  Profit Max (N*h)
 b 224.6 14879.7 

  Yield Max (NYmax
h)

 c 233.7 14886.5 

 

Shares of management zones are 0.218 for low, 0.347 for medium and 0.436 for high 

 

Profit maximizing rates as based on a corn price (PY) of $0.16/kg and a nitrogen price (PN) of 

$0.24/kg. Other non-fertilizer costs are $1244.42/ha. 

 
a Calculated via equation [13] 
b Calculated via equation [12] 
c Calculated via equation [14] 
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Table 6.8: Actual and Profit Maximizing Nitrogen Application Rates by Application for the 

Delhi Field 
 

Application 

Method 

Management 

Zone 

Decision Rule N Rate 

(kg/ha) 

Yield  

(kg/ha) 

Uniform Whole Field Actual (NU) 171 9283.5 

  Profit Max (NU*)a 140.5 9157.7 

  Yield Max (NYmax) c 142.2 9169.4 

     

     

Variable Rate Low Actual (Nl) 200 6987.3 

  Profit Max (N*l)
 b 159.3 7222.4 

  Yield Max (NYmax
l)

 c 162.5 7224.2 

     

 Medium Actual (Nm) 171 9568.8 

  Profit Max (N*m) b 244.9 9795.5 

  Yield Max (NYmax
m) c 265.4 9806.7 

     

 High Actual (Nh) 148 11221.0 

  Profit Max (N*h)
 b 174.9 11315.1 

  Yield Max (NYmax
h)

 c 181.0 11318.5 

 

Shares of management zones are 0.363 for low, 0.310 for medium and 0.327 for high 

 

Profit maximizing rates as based on a corn price (PY) of $0.16/kg and a nitrogen price (PN) of 

$0.17/kg. Other non-fertilizer costs are $1363.35/ha. 

 
a Calculated via equation [13] 
b Calculated via equation [12] 
c Calculated via equation [14] 
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Table 6.9: Actual and Profit Maximizing Nitrogen Application Rates by Application for the 

Winchester Field 
 

Application 

Method 

Management 

Zone 

Decision Rule N Rate 

(kg/ha) 

Yield  

(kg/ha) 

Uniform Whole Field Actual (NU) 225 12214.4 

  Profit Max (NU*)a 192.4 12787.0 

  Yield Max (NYmax) c 196.2 12792.1 

     

     

Variable Rate Low Actual (Nl) 105 11260.0 

  Profit Max (N*l)
 b 198.9 12744.7 

  Yield Max (NYmax
l)

 c 202.1 12746.3 

     

 Medium Actual (Nm) 225 12687.1 

  Profit Max (N*m) b 202.0 12710.1 

  Yield Max (NYmax
m) c 207.8 12713.0 

     

 High Actual (Nh) 265 11955.4 

  Profit Max (N*h)
 b 190.7 12918.7 

  Yield Max (NYmax
h)

 c 193.4 12920.1 

 

Shares of management zones are 0.129 for low, 0.477 for medium and 0.394 for high 

 

Profit maximizing rates as based on a corn price (PY) of $0.16/kg and a nitrogen price (PN) of 

$0.16/kg. Other non-fertilizer costs are $1269.80/ha. 

 
a Calculated via equation [13] 
b Calculated via equation [12] 
c Calculated via equation [14] 

  



 

 

76 

 

Table 6.10: Fertilizer Rates with Variable Rate Application Compared to Uniform 

Application for the Exeter Field 
 

Application 

Method 

Decision Rule Fertilizer 

Amount (kg) 
Compared to 

optimal uniform 

Uniform Profit Max (NU*)a 7397.0  

 Yield Max (NYmax) c 7645.2 +248.1 

    

    

Variable Rate Actual (Ni) 5037.8 -2359.3 

 Uniform (NU) 4501.0 -2896.0 

 Profit Max (N*i)
 b 7005.5 -391.5 

 Yield Max (NYmax
i)

 c 7246.1 -151.0 

    

 

Shares of management zones are 0.218 for low, 0.347 for medium and 0.436 for high 

 
a Calculated via equation [13] 
b Calculated via equation [12] 
c Calculated via equation [14] 
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Table 6.11: Fertilizer Rates with Variable Rate Application Compared to Uniform 

Application for the Delhi Field 
 

Application 

Method 

Decision Rule Fertilizer 

Amount (kg) 
Compared to 

optimal uniform 

Uniform Profit Max (NU*)a 2729.4  

 Yield Max (NYmax) c 2761.9 +32.6 

    

    

Variable Rate Actual (Ni) 3379.9 +650.5 

 Uniform (NU) 3321.7 +592.4 

 Profit Max (N*i)
 b 3709.2 +979.8 

 Yield Max (NYmax
i)

 c 3894.4 +1165.1 

    

 

Shares of management zones are 0.363 for low, 0.310 for medium and 0.327 for high 

 
a Calculated via equation [13] 
b Calculated via equation [12] 
c Calculated via equation [14] 
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Table 6.12: Fertilizer Rates with Variable Rate Application Compared to Uniform 

Application for the Winchester Field 

Application 

Method 

Decision Rule Fertilizer 

Amount (kg) 
Compared to 

optimal uniform 

Uniform Profit Max (NU*)a 5848.1  

 Yield Max (NYmax) c 5965.0 +116.87 

    

    

Variable Rate Actual (Ni) 6849.1 +1000.99 

 Uniform (NU) 6745.9 +897.80 

 Profit Max (N*i)
 b 5993.4 +145.30 

 Yield Max (NYmax
i)

 c 6121.5 +273.41 

    

 

Shares of management zones are 0.129 for low, 0.477 for medium and 0.394 for high 

 
a Calculated via equation [13] 
b Calculated via equation [12] 
c Calculated via equation [14] 
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Table 6.13: Payoff from Variable Rate Application Compared to Uniform Application for 

the Exeter Field 
 

Management 

Zone 

Decision Rule Payoff 

($/ha) 

Compared to optimal 

uniform ($/ha) 

Whole Field Actual VRT () 895.23 -71.52 (93%) a 

 Actual Uniform (U) 878.28 -88.47 (91%) 

 Profit Max (*) 973.29 +6.53 (101%) 

 Yield Max (Ymax) 972.41 +5.66 (101%) 

 Optimal Uniform (U*) 966.75  -- 

    

Low Actual VRT (Nl=112) 677.74 -150.46 (82%) 

 Actual Uniform (NU=146) b 792.82 -35.37 (96%) 

 Profit Max (N*l=195.7)  855.48 +27.28 (103%) 

 Yield Max (NYmax
l=200.3)  854.93 +26.74 (103%) 

 Optimal Uniform (NU*=228.5) 828.19  -- 

    

Medium Actual VRT (Nm=146) 868.09 -86.39 (91%) 

 Actual Uniform (NU=146) 868.09 -86.39 (91%) 

 Profit Max (N*m=219.0) 955.96 +1.49 (100%) 

 Yield Max (NYmax
m=226.1)  955.12 +0.65 (100%) 

 Optimal Uniform (NU*=228.5)   -- 

    

High Actual VRT (Nh=185) 1025.35 -20.31 (98%) 

 Actual Uniform (NU=146) 929.03 -116.62 (89%) 

 Profit Max (N*h=224.6) 1045.85 +0.19 (100%) 

 Yield Max (NYmax
h=233.7) 1044.78 -0.88 (100%) 

 Optimal Uniform (NU*=228.5) 1045.66 -- 

 

Profit maximizing rates as based on a corn price (PY) of $0.16/kg and a nitrogen price (PN) of 

$0.24/kg. Other non-fertilizer costs are $1244.42/ha. Cost of the creation of yield maps and 

management zones is not included ($10/ha-$12.5/ha). 

 

Yields are estimated using response functions listed in Table 6.4 and the associated N rates 

listed. 

 

Shares of management zones are 0.218 for low, 0.347 for medium and 0.436 for high 
a Percentage difference is given in parentheses 
b Actual uniform is assumed to be the VRT rate applied to the medium zone by the farmer 
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Table 6.14: Payoff from Variable Rate Application Compared to Uniform Application for 

the Delhi Field 
 

Management 

Zone 

Decision Rule Payoff 

($/ha) 

Compared to optimal 

uniform ($/ha) 

Whole Field Actual VRT () 51.23 -3.36 (94%) a 

 Actual Uniform (U) 69.14 14.55 (127%) 

 Profit Max (*) 77.65 23.06 (142%) 

 Yield Max (Ymax) 76.83 22.24 (141%) 

 Optimal Uniform (U*) 54.59  -- 

    

Low Actual VRT (Nl=200) -297.46 -34.65 (113%) c 

 Actual Uniform (NU=153) b -257.06 5.75 (98%) c 

 Profit Max (N*l=159.3)  -253.42 9.39 (96%) c 

 Yield Max (NYmax
l=162.5)  -253.70 9.11 (97%) c 

 Optimal Uniform (NU*=140.5) -262.81  -- 

    

Medium Actual VRT (Nm=171) 114.07 22.86 (125%) 

 Actual Uniform (NU=153) 114.07 22.86 (125%) 

 Profit Max (N*m=244.9) 137.03 45.81 (150%) 

 Yield Max (NYmax
m=265.4)  135.26 44.05 (148%) 

 Optimal Uniform (NU*=140.5) 91.22  -- 

    

High Actual VRT (Nh=148) 378.23 6.47 (102%) 

 Actual Uniform (NU=153) 388.20 16.44 (104%) 

 Profit Max (N*h=174.9) 388.42 16.66 (104%) 

 Yield Max (NYmax
h=181.0) 387.89 16.13 (104%) 

 Optimal Uniform (NU*=140.5) 371.76 -- 

 

Profit maximizing rates as based on a corn price (PY) of $0.16/kg and a nitrogen price (PN) of 

$0.17/kg. Other non-fertilizer costs are $1363.35/ha. Cost of the creation of yield maps and 

management zones is not included ($10/ha-$12.5/ha). 

 

Yields are estimated using response functions listed in Table 6.5 and the associated N rates 

listed. 

 

Shares of management zones are 0.363 for low, 0.310 for medium and 0.327 for high 

 
a Percentage difference is given in parentheses 
b Actual uniform is assumed to be the VRT rate applied to the medium zone by the farmer 
c These values are a percentage of a loss rather than a gain 

  



 

 

81 

 

Table 6.15: Payoff from Variable Rate Application Compared to Uniform Application for 

the Winchester Field 
 

Management 

Zone 

Decision Rule Payoff 

($/ha) 

Compared to optimal 

uniform ($/ha) 

Whole Field Actual VRT () 617.97 -95.40 (87%) a 

 Actual Uniform (U) 696.92 -16.45 (98%) 

 Profit Max (*) 714.15 0.78 (100%) 

 Yield Max (Ymax) 713.82 0.45 (100%) 

 Optimal Uniform (U*) 713.37  -- 

    

Low Actual VRT (Nl=105) 486.76 -217.85 (69%) 

 Actual Uniform (NU=225) b 705.56 0.95 (100%) 

 Profit Max (N*l=198.9)  705.67 1.06 (100%) 

 Yield Max (NYmax
l=202.1)  705.41 0.81 (100%) 

 Optimal Uniform (NU*=192.4) 704.61  -- 

    

Medium Actual VRT (Nm=225) 692.44 -5.98 (99%) 

 Actual Uniform (NU=225) 692.44 -5.98 (99%) 

 Profit Max (N*m=202.0) 699.71 1.29 (100%) 

 Yield Max (NYmax
m=207.8)  699.25 0.83 (100%) 

 Optimal Uniform (NU*=192.4) 698.42  -- 

    

High Actual VRT (Nh=265) 570.87 -163.42 (78%) 

 Actual Uniform (NU=225) 699.50 -34.79 (95%) 

 Profit Max (N*h=190.7) 734.38 0.09 (100%) 

 Yield Max (NYmax
h=193.4) 734.16 -0.13 (100%) 

 Optimal Uniform (NU*=192.4) 734.29 -- 

 

Profit maximizing rates as based on a corn price (PY) of $0.16/kg and a nitrogen price (PN) of 

$0.16/kg. Other non-fertilizer costs are $1269.80/ha. Cost of the creation of yield maps and 

management zones is not included ($10/ha-$12.5/ha). 

 

Yields are estimated using response functions listed in Table 6.6 and the associated N rates 

listed. 

 

Shares of management zones are 0.129 for low, 0.477 for medium and 0.394 for high 

 
a Percentage difference is given in parentheses 
b Actual uniform is assumed to be the VRT rate applied to the medium zone by the farmer 
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6.6 Figures 

Figure 6.1: Data Locations in the Exeter Field 

 

Each circle represents one yield observation in the field. Each is considered as one management 

unit, management zones cannot be seen on this map. Each management unit is approximately 6m 

wide and 2.5m long (15m2).  
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Figure 6.2: Yield Potential Index (YPI) Showing Historical Yield Frequency of the Exeter 

Field 

 

Note: YPI shows the number of years this area of the field performed above average.  



 

 

84 

 

Figure 6.3: Yield Potential Index (YPI) Showing Historical Yield Frequency of the Delhi 

Field 

 

Note: YPI shows the number of years this area of the field performed above average.  
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Figure 6.4: Yield Potential Index (YPI) Showing Historical Yield Frequency of the Field 

 

Note: YPI shows the number of years this area of the field performed above average. 
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Figure 6.5: Simplified 1 Acre Plot Depicting Field Resolution Differences in the Same Area. 

 

A- Yield from the yield monitor on the combine. Yield ranges on a gradient from green (high) to red 

(low). This varies on a plant by plant basis. 

B- Yield data once it is averaged into management zones by frequency of historical yield. Recorded 

at the 6m width of the combine. 

C- Base fertilizer applied at a uniform rate. Width is based on what type of fertilizer is applied as the 

base (solid or liquid). 

D- Variable rate fertilizer applied at side-dress. Width of passes is 9m based on the fertilizer 

applicator.  

E- Location where soil was sampled on a 1 acre (0.4 ha) grid. These points are mixed to get an 

average for this 1 acre section of the field. 

F- Soil map once the layers of data have been interpolated to attempt to capture more variability in 

the soil than the 1 acre grid allows. 
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Figure 6.6: Yield and Fertilizer Plotted by Zone for the Exeter Field 
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Figure 6.7: Yield and Fertilizer Plotted by Zone for the Delhi Field 
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Figure 6.8: Histogram of Fertilizer Application Rates in the Exeter Field 
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Figure 6.9: Histogram of Fertilizer Application Rates in the Delhi Field 
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Figure 6.10: Histogram of Fertilizer Target Rates in the Winchester Field 

 

Applied fertilizer rates were not tracked, instead the target fertilizer rates are used and reported.   
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Figure 6.11: Estimated Yield Response Functions for the Exeter Field  
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Figure 6.12: Estimated Yield Response Functions for the Delhi Field 
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Figure 6.13: Estimated Yield Response Functions for the Winchester Field 
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7 Results and Discussion 

In this thesis I explore the profitability of variable rate nitrogen fertilizer application (VRNA) 

compared to uniform rate fertilizer application (URFA). The finding in the fields examined is 

that when costs are assumed to be the same profits are small, when all costs are considered there 

is not an increased profit in any of the three fields for using VRNA. At the optimized rates of 

fertilizer the total amount of fertilizer applied to the field increased on one field and decreased on 

the other two. This led to the conclusion when YPI is used as the sole criteria for determining 

management zones and all costs are considered VRNA is not profitable over URNA for Ontario 

corn fields.  

 The yield response functions were relatively flat for all fields which suggests that the rate 

of fertilizer need not be precise that is applied to the field to achieve near the maximum profit for 

that field. If the farmer over-applies or under-applies fertilizer by a small or medium amount it 

will likely not have a large effect on their profit. If social costs of pollution from fertilizer are 

included the rate of fertilizer would be lower but the profit for the farmer would only have a 

small decrease.  

 This thesis is unique in that it uses data provided by farm cooperators instead of 

controlled experimental data. This means that the equipment used and the data collection was 

owned and performed by the farmer for that field. This data allows us to understand if farmers 

would profit from using the technology instead of if the technology can be profitable. The 

answer is that it is unlikely for a farmer to get profit from VRNA in the current state of the 

equipment with the additional costs that they must pay to use VRNA. 
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 An important direction for future research is to examine the data that is being collected. 

Since this data is provided by farmers we can see what is being done in current practice. Some 

suggestions for how to improve data collection to allow for accuracy in the research follows. The 

data is large in some dimensions but not in others, it would be beneficial for these numbers to be 

similar. This could be done by collecting observations on the same resolution, the smaller the 

resolution the better. With the yield observations being 6 m wide, fertilizer observations being 9 

m wide and the soil tests being a whole acre the power of the analysis is diminished. It would be 

an improvement if these could be paired to the same 6 m width or even to a larger width such as 

9 m. In the Delhi field there are roughly 8500 yield observations but under 50 soil test 

observations, it is hard to use these in combination.  

 A direction that the project that this thesis took data from that should be continued on is 

the collection of more data. The project is collecting data from multiple farmers, having more 

fields is good. To create better yield response functions being able to add multiple years of data 

would be even better. Yield response functions change greatly from year to year, more than they 

do from field to field. Being able to look at these yield response functions across years and fields 

with a fixed effect model would provide greater insight and better fertilizer optimization rates. 

The industry suggestion for making a reliable prescription is 5 years of data for a field, this 

would be a good place to start. 
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Appendix A: Data Sample OF SELECTED VARIABLES FROM 

EXETER FIELD 

Yield 
(bu/ac) 

Fertilizer 
(lbs/ac) Fertilizer Squared YPI OM (%) 

Phosphorus 
(ppm) 

Potassium 
(ppm) 

237.1486 156.9052 24619.24 6 3.86057 33.7562 140.74 

234.2662 159.2159 25349.7 7 3.87686 33.0892 139.411 

248.8751 159.2013 25345.07 7 3.87597 32.7841 138.265 

264.3564 156.2692 24420.07 7 3.87597 32.7841 138.265 

265.2504 157.3664 24764.2 7 3.86866 32.4552 137.208 

273.4081 146.5185 21467.68 7 3.85554 32.1299 136.263 

270.0919 131.0455 17172.93 7 3.85048 31.5612 135.822 

262.8643 129.7665 16839.34 6 3.81572 32.1175 135.519 

274.067 129.069 16658.81 7 3.81545 31.6622 135.265 

272.7929 129.6871 16818.74 5 3.79946 31.4213 134.922 

258.7882 129.7702 16840.31 5 3.77373 31.0979 134.798 

244.1705 128.3344 16469.71 6 3.77373 31.0979 134.798 

215.4387 130.272 16970.8 5 3.74509 30.8448 134.883 

213.7143 130.762 17098.7 6 3.71219 30.6574 135.111 

225.4035 131.3327 17248.29 6 3.69964 30.1715 135.131 

227.0603 130.0919 16923.9 7 3.6595 30.0484 135.467 

247.7123 131.965 17414.76 7 3.63085 30.4482 135.872 

251.8321 131.3071 17241.55 7 3.61405 29.9679 135.897 

151.3597 30 900 4 3.87537 31.0783 149.865 

133.2631 30 900 6 3.7376 29.063 144.69 

120.7565 30 900 4 3.7376 29.063 144.69 

107.5098 30 900 4 3.51128 25.5599 135.77 

109.4696 30 900 4 3.61285 27.2141 139.937 

126.4849 30 900 4 3.43184 25.3437 132.815 

246.7936 203.626 41463.55 5 3.00475 24.4644 121.559 

253.7147 204.4569 41802.64 5 2.98546 25.0274 121.831 

252.9558 202.9647 41194.67 4 3.02241 23.9573 121.087 

243.5338 201.6404 40658.84 4 3.04146 23.4156 120.481 

230.4284 199.281 39712.93 6 3.06952 23.3353 121.07 

234.1416 203.4814 41404.67 6 3.06293 22.8567 119.779 

 


