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Abstract 
With population forecasted towards 10 billion by 2050 (FAO, 2019) and climate change continuing its 

path to change the environment around us, attaining sustainable food security stands out as a global 

issue that must be addressed. Agriculture as a sector is currently the largest freshwater consumer and 

responsible for vast amounts of pollution. Water, fertilisers, and pesticides are all inefficiently used 

within agriculture due to inadequate technology commercially available and historically cheap 

fertiliser/pesticide costs. This paper has focused on the impact and potential that precision agriculture 

(PA) can have on increasing resource use efficiency through minimising inputs and maximising yields 

compared to conventional strategies. Over 60 studies were collated and showed that when compared to 

conventional strategies, PA was able to achieve a 28.5% average in water savings, a $67.2/ha average 

cost benefit relating to fertiliser inputs, and an average pesticide saving of 50%. Despite the proven 

ability of PA from an environmental and agronomical perspective, there is a lack of PA uptake – this is 

due to a lack of farmer confidence and high upfront capital costs. However, with rising fertiliser prices 

– previous views supporting the rejection of PA technologies must be reconsidered. A coordinated effort 

between government, researchers, and farmers must take place to boost PA adoption. 
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1. Introduction 

Throughout history, agriculture has remained the focal point of societal and economic growth, and 
now has the responsibility of food security for almost 8 billion people globally. By 2050, it is estimated 
that the population will reach 9.7 billion and food demand worldwide is expected to grow by over 50% 
(FAO, 2019; Anon, 2019). Food security is essential for any society to flourish, and with growing 
population increasing food demand, the agricultural sector must adapt to meet consumption needs 
whilst adhering to sustainable objectives focused on reducing emissions.  

Currently, 25% of croplands worldwide are being irrigated using 70% of global freshwater resources 
(FAO, 2020a). It is predicted that a 10% increase in water usage will be required for agriculture to 
sufficiently provide for increased food demand in 2050 (FAO, 2020b). The sector is also one of the 
key contributors of emissions, particularly pertaining to nitrogen and phosphorus pollution in water 
bodies through both point and non-point sources. With fertiliser being historically cheap and 
improving yields substantially, inefficient management of the substance has become the norm and 
has led to environmental issues effecting both wildlife, human health, and environmental 
degradation. The rise of pesticides also gave way to agriculture’s inevitable growth due to the 
impacts it has on crop waste reduction, however the use of the substance has been directly linked to 
unnatural chemicals being found across both water bodies and living organisms worldwide. The 
efficiency of water, fertiliser, and pesticide usage across the sector has been relatively low, 
considering societies technological advancement throughout the 20th and 21st century.  

Understanding the technology required to improve efficiency across agriculture, whilst reducing 
emissions, is therefore of the upmost importance. A key concept that can be the solution to 
challenges faced ahead is precision agriculture (PA), a management concept that relies on 
observations, measurements, and response to crop variability across fields. The goal of PA is to 
ensure that returns are optimised, and inputs are efficiently reduced.  

The aim of this report is to understand the benefits that PA has shown through research and the 
potential it can provide for the agriculture sector to improve crop production and reduce emissions.  

Key objectives that are the focal point of this report is as follows: 

- Understand the general framework behind precision agriculture 
- Collate and convey the results of research completed on PA implementation within water, 

fertiliser, and pesticide usage 
- Understand the key strategies and reasons for differing magnitudes of PA results compared 

to conventional practice  
- Evaluate PA benefits and drawbacks from an agronomic, environmental, and economic 

perspective.  
- Provide an insight into directions and key developments within precision agriculture  

 

2. The purpose of precision agriculture  

Four components make up precision agriculture as a management tool: geographic location, 
information collecting, decision support, and variable-rate treatment. A fifth element may be yield 
mapping, which gives farmers the ability to track the real results of varying inputs (Pedersen 2003). 
The goal of these systems should be to provide farmers the potential to enhance yield, decrease 
inputs, and replace intensive manual labour with an effective decision-support model and sensor 
system that can boost farm economics and lower emissions. Precision agriculture follows other 
advances that cut costs and require less labour, such as minimal tillage and genetically modified (GM) 
crops; the latest advancements in sensor systems, drone technology, and autonomous vehicles are 
expected to hasten this process even more. 
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Inputs are often dispersed evenly throughout the whole field in conventional farming, with a constant 
input per unit area across the site. To maximise productivity from a given field or to reduce input costs, 
precision farming entails dispersing inputs site-specifically. Since all fields have a variety of production 
potential or input saving potential, precision farming should be able to take advantage of this 
heterogeneity. Although each unit has a unique yield potential, changing the application of inputs may 
not always result in an extra marginal economic benefit; this is dependent on the marginal net benefit 
of implementing further inputs on a site-specific basis and the extent to which the site-specific data 
required to make that decision is available (Pederson et al. 2017). 

Figure 1 represents the general technical structure of a precision agriculture system. Geographical 
positioning technologies, such as GPS, are used to provide a location-based map of the field. This map 
is then linked to an information gathering tool, such as ground based sensors or aerial pictures through 
drone technology. Both location and sensor-based tools will be inputted into a decision support model 
that will control a variable rate technology to follow in order to maximise yields and minimise inputs.  

 

 

Figure 1: different technical systems and sensors in precision agriculture (Pederson et al., 2017) 

 

Variable rate technologies (VRT) can optimise a variable element of a system (e.g. water usage, 
fertiliser usage, or pesticide usage) based on the characteristics of the system itself (e.g. weather, 
topography, plant density etc.). The optimum amount of input is determined through models based 
on specific/multiple characteristics to maximise yields (such as crop production). VRT is a commercially 
available technology across the globe, however issues around the accessibility and affordability of the 
technology have hindered the adoption of the technology – this will be discussed later in the report. 
Precision technology falls within a broader scope of precision management, such as management 
zones (MZ).  
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A management zone (MZ) is a small region with generally uniform topography and soil characteristics, 
they are implemented to conveniently record the geographical distribution of yield-influencing factors 
throughout the season. To assist farmers in increasing input usage effectiveness, agricultural 
sustainability, and environmental protection - dynamic prescription maps may combine information 
on the geographical and temporal development of pressures with site-specific irrigation systems. 
When defining MZ for the use of precision agriculture, several parameters such as soil characteristics, 
sensor-based information, management practise, crop properties, weed control, and landscape 
attributes should be included into a decision support model (Khosla, 2010).  

This report focuses on precision agriculture that incorporates VRT, since we are more concerned with 
the environmental impacts of PA technologies, rather than the labour-intensive aspect of the industry.  

 

3. Irrigation  

3.1. Global agricultural water usage  

The largest consumer of global available fresh water supplies is agriculture (FAO, 2016). There are 
already 300 million acres of irrigated land worldwide with projections to 2050 indicate an increasing 
scarcity of water supplies for agriculture (FAO, 2020). Water is considered renewable; however the 
problem is that in water scarce regions, demand outstrips the ability of the hydrological cycle to 
replenish supplies. The severity of global poverty, climate change, and food insecurity has increased 
because of this predicament. 
 
Table 1 shows that agriculture currently accounts for 69% of all freshwater usage globally. With water 
resources looking uncertain in the future, the agriculture sector must increase water use efficiency if 
the almost 8 billion people around the world are to sustainably consume food (UN, 2017).  
 

  Agricultural (km3/yr) Municipal (km3/yr) Industrial (km3/yr) 

Africa 184 33 9 

North America 261 87 305 

South America 154 36 26 

Asia 2,069 234 253 

Europe 84 69 181 

Oceania 16 5 4 

World 2,768 464 778 
 

Table 1: Freshwater usage by sector and region (FAO, 2016) 

Rainfall only accounts for 1% of the overall demand for crop evapotranspiration (ET), which is more of 
a problem in arid countries where irrigation relies on subterranean water sources such as aquifers 
(Mauget et al., 2017). Numerous aquifers have been depleted due to intensive irrigation. For instance, 
in certain wells in the Texas High Plains region, up to 78 m of water depth was drained when looking 
at the water table of the Ogallala aquifer from 1950-2013 (McGuire, 2013). This is over 12 times the 
4.5 metre average drop for the whole aquifer basin. According to predictions, this pace of depletion 
will render 35% of the Southern High Plains incapable of supporting irrigation in 30 years. Solutions 
for water conservation in agriculture are required since other alternative water resources throughout 
the globe are running out with little replenishment (Mauget et al., 2013). To effectively preserve water 
and increase water usage efficiency in agriculture, more effective water management is necessary.  
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3.2. Status of PA management of irrigation 

3.2.1. Motivations for precision irrigation 

Because of the expansion of agriculture, producers have had to specialise, and for many of them, 
investing in irrigation has shown to increase farm profitability. Farmers now must take into account 
the benefits of heterogeneous irrigation strategies on crop yields and quality due to rising labour and 
energy expenses. Changing patterns in food consumption trends towards more meat and dairy within 
diets due to economic growth has led to a further increase in grain feed production and thus further 
stress on water usage within agriculture. 
   
Irrigated agricultural sectors will have to work harder with less resources in the event of decreased 
water supply, more frequent droughts, and climatic uncertainty. This indicates that water use 
efficiency needs to be raised. Even though irrigation has been used for centuries, the industry has only 
lately been forced to adapt to public expectations for less water allocation and more efficiency. In this 
situation, precision irrigation, defined as site-specific irrigation management using VRT, emerges as a 
viable means of boosting irrigated agriculture's output while minimising its emissions.  It will need a 
coordinated worldwide effort to put technology into place that are suitable for various agricultural 
systems, reducing water/energy usage whilst enhancing crop output. 
 
In Europe, overhead irrigation using high-pressure rain guns, pivots, or sprinklers is the predominant 
method of irrigation. These may utilise excessive amounts of water and electricity. Less than 5% of all 
irrigated agriculture worldwide uses drip irrigation (micro-irrigation) (Thenkabail, 2012). The 
percentage of precision agriculture implementation throughout Europe varies, with Spain (28%) and 
Italy (14%) leading the countries, whilst multiple eastern European countries have failed to adopt 
precision agriculture at all.  The expense of setting up and maintaining systems and infrequent 
applications when additional irrigations are used, limits the utilisation of micro irrigation outside of 
dry regions. In fact, many farmers in these regions are switching from typical portable sprinkler 
systems to semi-permanent (seasonal) solid-set systems as a replacement for drip irrigation. The 
development of precision irrigation for overhead systems is anticipated to result in the biggest short-
term increases in water efficiency. 
 

 
Figure 2: Overhead irrigation systems - rain gun, sprinkler, centre pivot 

Most field-scale irrigation methods utilised today unintentionally do not evenly distribute the same 
water depth over a field. Pressure fluctuation in ground slopes and laterals, wind distortion, and lack 
of overlap of sprinkler impact area all have a negative impact on sprinkler irrigation systems 
(Lamaddalena et al., 2007). Similarly, wind may affect hose reel systems, which are used for most of 
the agricultural irrigation in northern Europe. Boom-based hose reel systems are becoming more 
common for field-scale horticulture irrigation because they provide a better URI than guns, although 
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they are still susceptible to pressure variations and irregular pull-in speeds. None of the technologies 
in use now are more flexible than PA to handle spatially variable water application. 
 
Leaching in agriculture refers to the soil's loss of water-soluble plant nutrients because of excessive 
irrigation. When leaching causes groundwater pollution, it poses a threat to the natural environment. 
Chemicals may dissolve when water seeps into the earth from rainfall, floods, or other causes, 
contaminating underground water supplies. Leaching concerns in agriculture are especially high for 
excess fertiliser and biocides (such as pesticides, fungicides, insecticides, and herbicides). Figure 3 
provides a diagram representation of the leaching process. The reduction of deep percolation and 
runoff, which may result in an excessive loss of nutrients, is one of the environmental advantages of 
having a system that regulates water application spatially. Overwatering often causes water to drain 
below the rootzone and leach chemicals into the groundwater. Runoff, which may result in soil erosion 
and non-point source pollution owing to the movement of nutrients, particularly nitrogen and 
phosphorus, is a second important consequence of excessive water application. The best management 
practises (BMPs) that maximise water use efficiency and safeguard water quality must be chosen by 
producers to ensure PA is being implemented to its full potential.  
 

 
Figure 3: Explanation of nutrient leaching process (Alissa, 2016) 

 
3.2.2. Precision water management strategies  

To increase agricultural output when there is a water shortage, many precision irrigation systems have 

been created, however the effectiveness and profitability of site-specific technology is only as good as 

the precision irrigation management that it falls within. For many years, site-specific management has 

been carried out utilising the determination and deployment of MZ using spatial and temporal 

knowledge of numerous agronomic parameters. The creation of prescription maps using AI for site-

specific water management has also increased in popularity in recent years. 

In an investigation for potatoes in Idaho, site-specific irrigation was compared to traditional URI (King 

et al., 2006). A 2.9-ha field was split into nine MZ using the soil's available water-holding capacity. The 

findings demonstrated that site-specific management increased production in six out of nine MZ. The 

research made clear how vital it is to integrate all known variables that impact yield when deciding 

irrigation MZ for site-specific irrigation management. For instance, the number and location of soil 
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moisture sensors used to calculate irrigation requirements may vary depending on the size and cost, 

both of which are factors when calculating the number of MZ in the field. 

Numerous studies have defined MZ for the use of variable rate irrigation (VRI) using crop attributes 

such as yield maps. The nutrient variability in the field may be successfully captured by the MZ that 

were established using yield data from numerous years. However, since geographical and temporal 

variation in yield is dependent on several variables, using yield maps for site-specific management 

is challenging. Information from remote and proximal sensing (e.g. digital photography and airborne 

imagery), can be an effective method for both predetermined estimates of water requirements and 

more recently, it has been demonstrated that it can be used as a method of real-time sensing in 

precision agriculture. Throughout the season, action choices may be made using zone information 

together with crop response models and early season environmental indicators. Figure 4 below 

provides an image of a plot that has been split into MZ based on a parameter, which leads to the best 

management zone – this parameter could be anything used to distinguish the heterogeneity of the 

plot.  

Correct and efficient management strategy is necessary for putting VRI technology into practice. The 

ultimate yield or profitability may not always be favourable when technology is used in the field. For 

example, research has shown that from an economic perspective, the use of VRI may result in overall 

reduced profitability within a region of high rainfall throughout the growing season (Evans et al. 

2012).   Several approaches might be used to save energy and water in the field to increase crop yields. 

Some of the techniques include growing multiple crops in the same field, bypassing irrigation in 

uncultivated regions, reducing irrigation in low-water-use areas (ET), and collecting rainwater in places 

with high water-holding capacity (Neupane and Guo, 2019). Modern irrigated agricultural cropping 

systems need new methods, like adapting the present irrigation system for site-specific chemical and 

water treatments (O'Shaughnessy et al., 2014). Throughout the growth season, management 

techniques like as location and timing are essential for maximising irrigation. Deficit irrigation (DI) is a 

supplementary technique that conserves irrigation water by selectively scheduling watering during 

periods of slower growth. In this technique, irrigation is used while a crop is in its drought-sensitive 

growth stages. In phases less susceptible to drought, irrigation is used in accordance with precipitation 

and the water availability for upkeep 

Current site-specific management employs a variety of control strategies, including computer 

modelling of crop output or the environment, sensor feedback used for site-specific water flow, 

Figure 4: Example of MZ being created from a plot and leading to a best management zone (Albornoz et al., 2015) 
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optimising irrigation application timing, as well as using model prediction which determines the 

optimal input (Neupane and Guo, 2019).  Also, the use of AI which incorporates machine learning and 

big data to choose water application parameters for optimal irrigation is growing (McCarthy et al., 

2014).  

3.3. Examples of PA management of irrigation 

3.3.1. Water utilisation under PA systems compared to conventional irrigation practice  

 

3.3.2. Topographic factors influencing PA results compared to conventional practice 

 Large agricultural fields often exhibit topographic variation, which causes spatial heterogeneity in soil 
water and, eventually, crop productivity. In the same area, topography can result in over 50% of 
variations in water availability and affects both hydrologic features and processes (Hanna, et al. 1982). 
The heterogeneity in soil and topography features may also account for between 28-85% of the 
variation in yield (Jiang et al., 2004). For VRI applications, it is crucial to characterise the variability of 
terrain features and soil qualities. There may be variances in crop output of up to 69% at various sites 
in the field because of this, which may have a substantial impact on crop growth and yield (Brubaker, 
et al. 1993). According to research done in central Illinois and eastern Indiana, geography alone may 
account for around 20% of yield variability (Kravchenko and Bullock, 2000). As a result, results of 
studies focused on PA should take into account topographic impacts.  

Crop Country Control System Key findings Reference

Tomato China Soil moisture sensing 30% increase in water savings (Renkuan et al., 2020)

Ornamental crop US Soil moisture sensing 50% reduction in irrigation volume (William et al., 2020)

Plum crop China Soil moisture sensing Improved water savings across all MZ (Doudou et al., 2020)

Cotton Spain Soil moisture sensing Improved water savings across all MZ (Cruz-Blanco et al., 2014)

Strawberry Mexico Soil moisture sensing 58.8% water saving (Lozoya et al., 2019)

Cantaloup Plant Malaysia Weather-based scheduling 30% water savings (Abioye  et al., 2021)

Baby Pakchoi China Weather-based scheduling Guarantee crop water requirements were met (Doudou et al., 2020)

Maize Spain Weather-based scheduling Yield and IWP were kept to satisfactory levels (Cruz-Blanco et al., 2014)

Rye winter cover crop US Plant-based scheduling 10% reduction in irrigation water (Calvin et al., 2020)

Maize New Zealand Soil moisture sensing 26.3% water savings (O'Shaughnessy et al., 2019)

Soybean US Soil electrical conductivity mapping 25% water savings and 2.8% higher yields (Evett et al., 2019)

Corn US Soil electrical conductivity mapping 25% water savings and 0.8% higher yields (Evett et al., 2019)

Table 2: Collated research on PA technology water savings compared to conventional irrigation practice 

Table 3: Topographic characteristics causing discrepancies in different PA results for yield improvements and water savings 

Site elevation

Cotton lint output was shown to be adversely linked with site elevation in a 7.4 hectare field study in Texas Southern High Plains (Guzman et al. 2011). The 

buildup of run-off water and nitrate eroded from the upper slope sections may have contributed to the increased lint production and nitrogen (N) 

absorption in bottom slope positions compared to upslope. Relative elevation accounted for up to 49% of the difference in soil water content and 32% of 

the variation in field lint production (Guzman et al. 2011).

Field curvature

The concentration of surface water is determined by the curvature of the field surface (Kaspar et al. 2003). Water flow is concentrated on concave 

surfaces with negative curvatures, whereas flow of water is dispersed on convex surfaces with positive curvatures. Up to 15% of variability in crop 

productivity can be attributed to the curvature of the soil surface. Another study (Silva et al. 2008) found a link between surface curvature and corn yield. 

Concave curves produced 14 percent more corn than convex sections in this study.

Soil texture

As a result, it has an impact on how water is distributed for field irrigation needs and plant development. The best water-holding capacity is often found in 

fine sandy loams and silts, while a rise in either clay or sand content in the soil profile reduces water-holding capacity (Duncan et al. 2012). According to a 

research, the amount of clay in the soil can alter how much water is available for crop growth, accounting for up to 17% of the variation in winter wheat 

production (Boenecke et al. 2018). Since soil texture affects crop productivity and water availability, it should be taken into account when planning and 

implementing VRI (Hake et al. 2010).

Soil organic matter (SOM)

Due to SOM's affinity for water, its impact on water-holding capacity plays a key role in VRI (Ball, 2001). SOM has a favourable impact on yield, and this 

impact is stronger in soils with low levels of organic matter (Kravchenko et al. 2000). Understanding the distribution of organic matter in the field may 

therefore aid in estimating the irrigation needs for the field and should be taken into account when creating site-specific water management.
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Table 3 provides a summary of site elevation, field curvature, soil texture, and soil organic matter 
impacts on yields – which will produce varying degrees of VRI impact for each field (Pokhrel et al., 
2018).  
 
3.4. Evaluation of precision irrigation management strategies  

3.4.1. Agronomic and economic evaluation of variable rate irrigation application  
 
The results of the research show that producers can more effectively manage water resources and 
comply to regulatory water allocation laws by using VRI to apply irrigation scheduling both temporally 
and spatially. Integrated water management may also have favourable effects on a 
farmer's economy (saving time, convenience), society, and the environment. Limited watering 
quantities may be applied to regions that pond under full irrigation or to locations that have 
traditionally produced poor yields. The total net return profitability will determine how much water 
should be applied to the low-producing sectors. 
 
VRI may also be used to redirect irrigation water away from fields with consistently poor yields and 
toward those with higher yields when water is not considered as the constraint. An example of this is 
redirecting water away from a poor yielding region which may have an insect infestation, resulting in 
reduce yields (Workneh et al., 2017). 
 
Although there has been evidence that PA technologies are more profitable over the long run, farmers 
have not adopted VRI technology because of the large upfront capital requirements. A 12.6-ha field in 
southwest Georgia was the subject of research, which revealed that VRI produced an additional 
$16/ha in return above traditional uniform rate irrigation (URI), however even with these profits, high 
upfront costs reduced the confidence in farmers to implement this technology (Nijbroek et al., 2003),. 
Additionally, Sui and Yan (2017) evaluated irrigation quantities with URI and employed VRI technology 
to administer irrigation to match the temporal and geographical variability in soil and plant parameters 
within a field. Each variety of MZ had a set of three soil water sensors attached to monitor the levels 
of soil water content. When the soil water content fell to 74% of the field's capacity, irrigation 
commenced. In comparison to the URI, the VRI system utilised 25% less water, which greatly increased 
profitability. Profits were found to have increased by 27.1%, 56.9%, 96.4%, and 49.2% in Temple, 
Kunnunura, Hyderabad, and Saskatchewan, respectively.  
 
More research at the landscape level is required to determine the percentage of fields that will be 
responsive to VRI since certain fields benefit from this technology while others do not. Most of the 
recent research on VRI concentrate on the field-scale level, which is not realistic to many producers – 
therefore further research will need to be implemented, although the results strongly suggest that VRI 
is a positively impactful technology.  
 

3.4.2. Further opportunities and constraints within variable rate irrigation 
 
If the advantages are shown on a "real farm," producers are more willing to embrace VRI. The majority 

of earlier research on VRI was done in tiny, misrepresentative areas that were used for experiments 

or other purposes (Sadler et al., 2005). To guarantee that management practises and study objectives 

are in harmony, this form of research requires tight coordination between the researcher and farmer. 

Large-scale data and information acquisition is expensive and time-consuming. Additionally, the 

absence of suitable tools that combine traditional statistical techniques with spatial analysis makes 

the statistical analysis of on-farm data difficult. This makes it difficult to comprehend how crop 

development and its surroundings interact when using site-specific irrigation. For information on real-

world VRI uses, further on-farm investigations are required. Additional barriers to the use of precision 
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agricultural technologies include the farmer's lack of understanding of temporal variation and 

environmental effects (McBratney et al., 2005). 

Data and information from soil physical and chemical qualities, crop growth conditions, 

meteorological parameters, and the interplay between these components are needed for precision 

irrigation management. A thorough decision-support system that can process multiple layers of data 

is necessary for the effective deployment of precision irrigation moving forward (Miller et al., 2017). 

The minimal amount of farmer-friendly decision support tools, like those creating dynamic 

prescription maps, continues to be a problem for the implementation of PA (Barker et al., 2018). Many 

decision support systems are available, but because of their complexity, manufacturers are hesitant 

to use them to their fullest extent. Additionally, the information that scientists and engineers believe 

should be included in the decision support system do not consider enough, the use of farmers' implicit 

knowledge or meet their demands in the actual world. The absence of learning incentives are some 

other factors that prevent the widespread usage of various decision assistance technologies (Lindblom 

et al., 2017). 

 

4. Fertilisers 

4.1. Global fertiliser consumption 

Worldwide fertiliser consumption differs significantly by geography, with East and South Asia using 
the most and Africa using relatively less (Kotschi 2015). Table 4 shows the global fertiliser 
consumption projected for 2022 to surpass 200 million tonnes for the first time (FAO, 2019).. 

 

Table 4: Historic and projected global fertiliser consumption (thousand tonnes) from 2016-2022 (FAO,2019) 

China is the world's biggest producer of grains and one of the top users of fertilisers, with the highest 

levels of phosphate and nitrogen usage for agriculture (Reuters 2010; FAO 2020b) (FAO 2020b). China 

has produced more than eight times as much grain since the 1960s, but its consumption of nitrogen 

fertiliser has climbed by roughly 55 times (Reuters 2010). Together, East Asia, South Asia, and Latin 

America account for more than 70% of the global need for fertiliser. About 69% of the world's fertiliser 

is used in Asia, with China making up most of that usage. According to Skowroska and Filipek (2014), 

10.5 million tonnes of N, 2.4 million tonnes of P2O5, and 2.7 million tonnes of K2O were consumed as 

fertiliser in the EU-27 nations in 2011–2012. 

The demand for nitrogen, phosphate, and potash in the globe increased annually between 2014 and 

2016 by 2%; however, the demand for fertiliser decreased by 1% between 2017 and 2019. (FAO,2020). 

This decrease in consumption is due to a factors such as worsening global economies, trade disputes, 

and war (IFA 2019). 
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With yearly growth rates of 1.2% for nitrogen, 1.7% for phosphates, and 1.8% for potash, the 

forecasted global demand for fertilisers may be well over 200 million tonnes by 2024 (Quinn 2020), 

and it is anticipated to reach over 324 million tonnes in 2050. (Drescher et al. 2011). In 2007, the USA 

(24%), China and other adjacent Asian nations (18%), and Africa (17%) accounted for the majority of 

the world's mineral P demand. The remaining 41% of mineral P supplies were consumed by the rest 

of the globe (Villalba et al. 2008). By 2050, farmland is expected to need 22–27 million tonnes of P 

fertilisers annually, while grassland will use an additional 4–12 million tonnes (Mogollon et al. 2018; 

Bindraban et al. 2020). 

The ratio of nitrogen in our crops' harvested products relative to our inputs (fertilisers or manure) is 

known as the "nitrogen usage efficiency," and it may be used to determine how effectively nitrogen 

is being utilised (NUE). If our crops' NUE was 60%, it meant that our crops contained 60% of the 

nitrogen that was provided to them as inputs. The crops didn't consume the remaining 40% of the 

nitrogen. A low NUE is not good. This indicates that the amount of nitrogen we apply is seldom ever 

absorbed by the crops. If the NUE was 20%, then 80% of the applied nitrogen was converted to 

pollution. 

Since 1980, the efficiency of nitrogen utilisation has been poor worldwide, ranging between 40% and 

50%. (Lassaletta et al., 2014). This is surprisingly low. It implies that our crops only absorb less than 

half of the nitrogen we apply to them. The remainder is surplus waste that seeps into the ecosystem. 

However, as the figure illustrates, NUE varies significantly over the globe, as seen in figure 5. Some 

nations only reach a NUE of less than 40%. For instance, the efficiency of both China and India is merely 

a third. But some nations do far better. The efficiency of France, Ireland, the UK, and the US is more 

than two-thirds (Lassaletta et al., 2014). 

Figure 5: Global map demonstrating variation in NUE (Hannah and Max, 2013) 

Between 40-50% of nitrogen has been used inefficiently over the globe since 1980. (2014) Lassaletta 

et al. This is astoundingly low. It suggests that the amount of nitrogen we apply to our crops is only 
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absorbed to a lesser extent. The remaining portion is extra waste that penetrates into the 

environment. However, as the image shows, NUE varies widely over the world. Some countries only 

achieve a NUE of less than 40%. For instance, China and India are just about a third as efficient. 

However, some countries score notably better. More than two-thirds of the US, UK, France, Ireland, 

and other countries are efficient (Lassaletta et al., 2014). 

4.2. Motivations for implementing PA for fertiliser  

Nitrate, which is a form of Nitrogen, is a frequent contaminant in ground and surface waters. In 

agricultural soils, nitrate may easily drain through the root zone and into the surface or groundwater. 

Nitrogen leaching in irrigated areas has raised serious worries about nitrate (NO3) pollution in surface 

and groundwater, and nitrous oxide, which is 300 times more impactful than carbon dioxide’s 

contribution to climate change (Robertson and Groffman, 2009).   In parts of Europe, groundwater 

nitrate contamination has become so severe that over 10% of the population experiences levels above 

WHO drinking water guidelines (FAO, 2019). 

High fish mortality and algal blooms are other impacts caused by the eutrophication of reservoirs, 

lakes, and coastal water bodies - this is due to the enrichment of N from fertilisers as non-point source 

pollution. Additionally, can lead to a negative effect on the contribution of rural income 

and aquaculture to food security in developing countries. Nitrate stimulates phytoplankton 

production in surface waters, which causes eutrophication, resulting in biodiversity loss and 

hazardous algal blooms that may affect whole ecosystems (Bartley et al., 2003). Some regions have 

seen increases in N flows of up to 15 times, which has significantly accelerated coastal eutrophication. 

Similarly, the two main outcomes of phosphatic fertilisers are phosphorous (P) fixation and runoff 

which causes eutrophication (Howarth, 2008). 

The use of nitrogen fertiliser has expanded dramatically over the previous 50 years, contributing to a 

40% increase in grain yield per capita (Mosier et al. 2001). Synthetic nitrogen is estimated to provide 

roughly 40% of the world's dietary protein, and reliance on N fertiliser will increase in coming decades 

(Smil, 2004). Leaching losses in dry and semi-arid locations are minor. Nitrate leaching has been shown 

to be a problematic issue especially in sandy soil with a variation of climatic conditions (Wang et al. 

2014). N shortage in agricultural soils may result in restricted growth and lower crop output in 

deficient environments (Zhu et al. 2019). The technique used to apply nitrogen fertiliser is certainly a 

factor in controlling N losses in soils. 

Croplands make up 60% of the regions with increased 

levels of nitrate in ground water worldwide (Shukla et 

al., 2018). The amount of fertiliser N used, and the 

amount of nitrate lost through irrigated farmland to 

water bodies is substantially larger compared to rain-

fed agriculture as 20% of cultivated area consists of 

irrigated agriculture, accounting for 40% of global 

food supply (UNESCO, 2021). Although there are 

many variables that affect the regional and temporal 

profile of nitrate in ground water below farmland, 

one important effect of elevated levels is the linear 

rise in N fertiliser use, shown in figure 6, due to rising 

demand for cereal grains and meat-based food. 

  

Figure 6: Fertiliser nitrogen consumption globally from 
1960-2020 
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As further nitrate reaches the watersheds and onto the main river basins, the effects of non-point 
source pollution brought on by fertiliser usage in agro-ecosystems will continue to worsen. Due to the 
possibility of coastal water becoming eutrophic, it subsequently becomes a regional problem (van 
Drecht et al., 2001). The world's largest rivers' N intakes are shown in table 5, along with their N 
exports to coastal seas. In the instances of the Amazon and Zaire, the minor contributions of 
agriculture to the N flows indicate limited agricultural growth, while the Chinese rivers and the Ganges 
represent the region's increased usage of fertiliser obtained from agriculture during the previous 
several decades. 

 

Table 5: N inputs/exports of major water bodies worldwide 

Crop production is the primary cause of nitrogen cycle disruption worldwide. According to estimates, 

fertiliser provided 50% of the 136.6 Tg of annual nitrogen flows into agricultural land (Liu et al., 2010). 

Leaching and soil erosion account for 23 Tg N/year and 24 Tg N/year, respectively, of the 148 Tg N/year 

N outflows (Liu et al., 2010). 

In the EU, agriculture is responsible for 20–40% of the phosphorus and 40–80% of the total nitrogen 

that pollutes surface water resources (Tudi et al., 2021). The United States Department of Agriculture 

estimates that nitrogen contamination causes groundwater pollution in more than half of the nation's 

counties. This problem is made more difficult by the heterogeneity of the field's growth 

characteristics, such as soil texture and water availability, which affects nitrogen absorption and plant 

growth across the field. Precision technology can match local plant demand with nitrogen supply by 

modifying fertiliser application rates within the field. 

Recent years have seen a significant increase in concern over the extent of the world's phosphorus 

reserves. It has been estimated that, at the present pace of extraction, the commercially mineable 

deposit will be depleted in 60 to 100 years. According to a recent study, the PR's exploitable reserves 

might last 300–400 years assuming no changes to demand (Tudi et al., 2021). 

Currently, 85% of phosphorus that is extracted yearly is treated for use in agriculture, generally as 

animal feed (about 5–10%) and fertiliser to apply to land (about 80%). (Tudi et al., 2021). However, 

there is a growing consensus that P is inefficiently used because multiple studies have shown that only 

10-15% of application amount is used by crops, and rarely as much as 25% (Hilton et al., 2010). 
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Additionally, P residue is fixed in soil and cannot be used by subsequent crops. Such projections 

demonstrate the need of using phosphorus in agriculture effectively (Hilton et al., 2010).  

 

4.3. Fertiliser PA technology and management systems within PA 

4.3.1. Key management systems  

Treatment mapping:  

Precision management is available to be implemented once yield-influencing factors, such as N and P 

status, has been evaluated using sampling and analysis techniques. Then, correlations between N and 

other variables that affect grain production may be found using statistical methods. The objective is 

to create a site-specific treatment map that demonstrates the exact position/rate of required 

treatment across the site. The variation throughout the site may be addressed by using this strategy 

to operate variable-rate applicators. The yield-map output and soil condition variability in each specific 

field area may be used by the map-based fertilisation approach to optimally match fertiliser 

application rates (Plant, 2001). 

Real-time and in-season determination sensing:  

Another strategy that can be used instead of treatment maps is real-time and in-season determination 

sensing through the use of a range of sensing technologies, from infra-red cameras to UAV's 

This makes varying the N input without the need for considerable previous data analysis possible. 

Canopy reflectance devices/sensors are able to be attached on fertiliser applicators that have 

computer processing and VR controllers. Throughout the growing season, tractor-mounted 

equipment provides real-time crop growth detection, and fertiliser may be applied in a single dose 

(Kitchen et al. 2010). A control system determines the input requirements based on continuous data 

and sends information to a controller, providing the input to sensor’s identified location. 

Systems for determining homogeneous zones: 

Another method of regulating fertilisation is superimposing map images and categorising areas of the 

field according to important factors affecting yields, allowing a single dose of crop input to be 

delivered in a uniform manner within the management zone. Song et al. (2009) defined management 

zones on the basis of a combination of soil/yield data and remote sensing information, also known as 

Quickbird imagery. All three of these techniques reduced the variability of wheat spectral 

characteristics, crop nutrients, and yield within the various zones. Research revealed that 

management zone delineation using satellite remote sensing data was accurate and practicable across 

multiple crops (Song et al, 2009). A useful web-based precision technology has also been created, 

utilising satellite imagery and field data to automatically estimate the ideal number of management 

zones and define them (Zhang et al., 2010). Other precision technologies are outlined in Table 6 below.  

 

Table 6: Different examples of PA technologies in use today  

 

Nutrient Expert
Using a decision-support tool, fertiliser recommendations are dependant on growing environmental characteristics, soil fertility indicators, soil tests for P or K,  management of crop inputs, and farmer's practise. 

The methodology promotes adopting the 4R nutrient management approach for site-specific nutrition management.

QUEFTS
Software that uses a model to examine how crops produced in tropical soils are affected by nitrogen, phosphorus, and potassium limitations. Procedure is completed in four steps: determine potential supply of N, 

P, and K; determine actual expected nutrient absorption; establish three yield ranges based on actual absorptions of N, P, and K; determining the final estimate of yield (Janssen et al., 1990).

Nutrient Manager for Rice
A decision-making tool composed of questions without the need for soil investigation. Using the methods and algorithms outlined by Buresh et al., the answers to the questions can create P and K 

recommendations.

SST Summit
The SST Summit enables using soil fertility data to produce maps of nutrient availability and recommendations for fertiliser application at various rates. Additionally, it permits the development of sowing maps at 

various rates (SST, 2019).

RISSAC-RIA
A computerised system of recommendations is intended to assist farmers in making economical and logical use of the food resources at their disposal. For 48 major crops, the system provides fertiliser 

recommendations.
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4.3.2. 4R strategy process 

The 4R strategy relates to the best management practice of fertiliser use and highlights four key aspect 

of management that must be “right” to achieve optimal yields, reduced inputs, and minimal 

environmental damage. These four “right” aspects are: source, rate, time, and place – the table below 

briefly highlights where PA can fit into the 4R’s. 

 

Table 7: 4R's management strategy and PA's role fitting in 

4.4. Examples of PA fertiliser management 

4.4.1. Nitrogen utilisation under PA systems compared to conventional practice  

4.4.2. Evaluation of PA systems in the management of fertilisers  

Adopting specific nitrogen fertiliser recommendations may increase fertiliser effectiveness, reducing 

environmental effects due to N losses and lowering the price of unnecessary inputs for producers of 

cereal crops (Arregui et al., 2006). 

Ma et al. (2014) demonstrated that compared to uniform rate (UR) and single-dose pre-planting 

treatment, N's VR techniques needed less fertiliser to achieve an identical yield and had a higher 

nitrogen utilisation efficiency (NUE). Improvements in yield and NUE in the variable rate method was 

due to both a second topdressing application and a variate N application rate. In addition, compared 

to the treatments, variable rate application techniques lower the variability of mineral soil N spatially 

Reasoning PA Implications

Rate

A rate that is too low will limit crop output and quality, while a rate that is 

too high would harm crops and have a detrimental influence on the 

environment. Application of nutrients either in excess or insufficiently will 

reduce economic profitability.

By applying fertiliser at a variable rate, it is possible to control the spatial variance in the field's nutrient

requirements. It is possible to adapt variable-rate treatment, within the field, to different crop demands by taking

into account nutrient requirement differences based on soil testing.

Time
Application of nutrients at the proper time will maximise nutrient 

retention and boost crop output.

The best way to do this is with VRF models that combine sensors and field cameras that can accurately record field 

topography.  N and P application timing must be determined with careful regard to slope, soil type, climate 

conditions, and other topographic variabilities.

Place
The proper placement of nutrients allows plant roots to be able to always 

take up enough nutrient throughout the growth season.

By using soil testing, yield maps, and other techniques to evaluate the variations in yield potential, placement 

systems may be utilised to place fertiliser in proportion to the developing roots that have been discovered.

Source
Throughout the growth season, a balanced supply of key nutrients must be 

available in plant-accessible forms for when the crop needs them.
Little impact that PA technologies can do to optimise this process.

Table 8: Key findings from research of PA fertiliser management 

Crop Country Control/Model Key findings Economic benefit Reference

Corn USA Topsoil depth In over 75% of cases, VRT was more profitable than uniform rates. $75/ha (Butchee et al., 2011)

Corn USA N leaching estimate Reduced N leaching by 4.48kg/ha $3/ha (Li et al., 2009)

Wheat, Barley Germany Chemical loading Lowered N usage by 36% whilst maintaining high yields NA (Biermacher et al., 2006)

Corn Canada N-leaching simulation Reduced nitrate leaching by 13% on average NA (Raun et al., 2002)

Potatoes USA N leaching simulation No difference in N applied, N losses, or environmental benefits 0 (Scharf et al., 2011)

Corn USA Soil sensors Unrecovered N amounts decreased in least productive soils $24/ha (Wade et al., 2009)

Winter Wheat USA Soil sensors 82% reduction in fertiliser usage and 31.7% yield improvement NA (Jon et al., 2006)

Winter Wheat USA Plant sensors 59% reduction in fertiliser usage and 10.3% yield improvement NA (Jon et al., 2006)

Winter Wheat USA Soil sensors 6% yield improvement NA (Wade et al., 2009)

Winter Wheat China Optical sensor 28% reduction in fertiliser usage $90/ha (Li et al., 2009)

Spring Wheat UK Airborne imagery No difference in N applied, but a 0.46 t/ha increase in yields $400/ha (Welsh et al., 2003)

Winter Wheat USA Optical sensor Can increase NUE by 15% more than uniform rate technology NA (Raun et al., 2004)

Winter Wheat USA Optical sensor  Reduced N by 22 kg/ha whilst producing similar yields $14/ha (Butchee et al., 2011)

Wheat USA Soil sensors Reduced pre-plant N input by 59-82% $50/ha (Biermacher et al., 2006)

Wheat USA Plant sensors Mixed results of VRT economic benefits $32/ha (Biermacher et al., 2009)

Wheat Mexico Optical sensor Average savings of 69 kg ha−1 of N without a reduction in yields $48 /ha (Raun et al., 2002)

Corn USA OPM-based Increased yields by 110 kg/ha and reduced N by 15 kg/ha $10/ha (Scharf et al., 2011)

Coffee Brazil Soil sensors Yield increase of 34% with savings of 23% in phosphate fertilizer NA (Welsh et al., 2003)
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and the variability of yield. This is very important to farmers, as a survey showed that a top priority of 

farmers is the predictability and consistency of income (Ma et al, 2014).  

A key limitation on the current research papers focused on precision nutrient application, is the lack 

of regional diversity – especially within developing countries where farming practices are considerably 

less efficient compared to western Europe and north America.  

The most successful fertiliser management strategy for preventing nitrate leakage from soil-plant 

systems is the application of prescribed fertiliser N rates. Nitrate leaching outside of the root zone of 

crops may be decreased by adjusting the timing of fertiliser N application to match the N absorption 

pattern of crops. Predictive models for N enrichment of acquifers have shown that the optimum 

distribution of spatially variable fertiliser input in agricultural watersheds reduces nitrate pollution by 

over 22% (Ma et al. 2017). This method relies heavily on information, but it could be countered by 

practical considerations like the comparatively high actual and opportunity costs of agricultural labour. 

Throughout the research, there has been clear evidence of a reduction in N leaching under VRT. In 

areas with high potential for leaching, VR application of pre-plant fertiliser was related to decreased 

soil NO3 concentration. Additionally, when VRT was applied, NO3-N leaching was significantly reduced 

by up to 28% in sensitive areas, such as valleys (Drechsel et al., 2015). Additionally, it was shown in 

most studies that VR application had negligible impacts on crop yields, in contrast to UR that resulted 

in a decrease in yields. 

Thrikawala et al. (1999) used an N fertiliser simulation which presupposed that all surplus N 

applications were lost via leaching into groundwater to demonstrate the environmental advantages 

of VRT in maize. Large decreases in N inputs kept yield levels constant and pollution was reduced in 

all scenarios, ranging from 4.2%-36.3%. They also discovered that when average soil fertility increased, 

the environmental advantages of VRT decreased. However, it should be emphasised that the research 

suggests that VRT has little impact if there is either a relatively low or high average of field soil fertility. 

A specific range of average soil fertility should be considered before implementing certain PA 

strategies to have an optimal effect. 

Figure 7: Global map of different soil textures, critical to the results of VR application for irrigation and fertilisers 
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The possible environmental impacts of PA in nutrient management were explored by Larson et al. in 

1997. It was found that field texture played an important role in PA results with sandy loams to loamy 

sands, having a nitrogen leaching reduction of up to 60 kg/ha and 99 kg/ha respectively (Larson et al., 

1997). This experiment showed that generally PA technology seems to be more effective in 

environments that consist of loamy sands instead of sandy loam type soils – the different soil types 

have been presented in figure 7.   

Throughout many reports researched, a key theme that was discussed was the reduced inputs, and 

thus, the reduced costs that farmers would experience in the use of PA. However, most reports 

neglected the upfront cost that farmers would have to pay to implement the new technology. 

According to Blackmore et al. (1994), PA has the potential to significantly improve agricultural 

practises by reducing emissions, particularly from N fertiliser. They issued a warning that financial 

impacts on farmers would need to be compensated by grants or subsidies if PA were to be employed 

in a farming policy that was motivated by environmental concerns. The financial risks to the farmers 

might escalate if only environmental concerns are given more weight when determining input level. 

The model's capacity to recognise the time of fertiliser administration and correlate it with the time 

taken for nutrient loss processes was a critical distinction between the impacts of different PA 

technologies. For mobile soil nutrients (e.g. N), timing of input is critical, compared to nutrients 

retained in the soil, such as P and K. There are many loss processes with regards to N. In general, 

wetter conditions result in more leaching and denitrification losses (Bausch et al., 2005). Any crop that 

uses nitrogen should have it applied as quickly as possible and before full crop absorption in order to 

meet the crop's growth demands. When it comes to P and K, most of the nutrients will be maintained 

in the soil even during periods of severe rainfall, therefore the scheduling of application has little effect 

on crop absorption. However, if P surface treatments are made only a few weeks before a runoff 

event, they may have a significant negative water quality (Drechsel et al., 2015). 

Variable-rate applications of fertigation have not been extensively studied. Crop yield responses to 

both nitrogen and water are not uniform within a field (King et al., 2009), highlighting the need of 

researching how water and fertiliser interact during variable-rate irrigation. Remote sensing and 

irrigation combined with site-specific N application can result in a 50% reduction in N inputs and an 

85% reduction in leaching whilst having no impact on yields (Bausch et al., 2005). 

4.4.3. Implications of fertiliser price increase for PA adoption  

Prices of major fertilisers such as ammonium nitrate have jumped 200% compared to 2021, forcing 
farmers to spend more to grow crops. The present crisis has been brought on by a number of causes, 
including the war in Ukraine, as Russia, Belarus, and Ukraine are all major exporters. Additionally, 
rising gas prices due to the war have put further pressure on nitrogen fertilisers, as many are produced 
via energy intensive methods. China, responsible for 30% of the world’s phosphate 
production, banned the export of fertilisers last year in attempt to combat mounting domestic prices – 
further spurring on price hikes internationally (FAO, 2020). Meanwhile, the world’s single biggest 
fertiliser producer, the Canadian company Nutrien, has struggled to export its product due to rail 
strikes. 
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The crisis clearly demonstrates a need for the implementation of PA technologies. Accurate nitrogen 
recommendations may increase fertiliser effectiveness, lowering unnecessary input costs for 
producers and the negative effects of nitrate leaching to the environment (Arregui et al., 2006). 
Shanahan et al. (2008) claims that N management techniques are still ineffective, and over 66% of 
nitrogen fertilisers used in production systems are being lost to leaching and runoff.  

𝑃𝑟𝑖𝑐𝑒 𝑝𝑒𝑟 𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑓𝑒𝑟𝑡𝑖𝑙𝑖𝑠𝑒𝑟 𝑁 = $907.89 

% 𝑙𝑜𝑠𝑡 𝑜𝑓 𝑓𝑒𝑟𝑡𝑖𝑙𝑖𝑠𝑒𝑟 = 66% 

2022 𝑎𝑛𝑛𝑢𝑎𝑙 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 201,000,000 𝑡𝑜𝑛𝑛𝑒𝑠 

𝐴𝑛𝑛𝑢𝑎𝑙 𝑎𝑔𝑟𝑖𝑐𝑢𝑙𝑡𝑢𝑟𝑎𝑙 𝑁 𝑙𝑜𝑠𝑠 𝑐𝑜𝑠𝑡 = $907.89 × 66% × 201,000,000 

𝐴𝑛𝑛𝑢𝑎𝑙 𝑎𝑔𝑟𝑖𝑐𝑢𝑙𝑡𝑢𝑟𝑎𝑙 𝑁 𝑙𝑜𝑠𝑠 𝑐𝑜𝑠𝑡 = $120.44 𝑏𝑖𝑙𝑙𝑖𝑜𝑛 

Theoretically, if PA technologies were rolled out across the globe and the entire agricultural industry 
used the technology to ensure maximum use efficiencies, the annual savings would amount to 
$120.44 billion.  

This change of cost in fertiliser prices has made a significant impact on the way we view prior studies. 
Many studies, such as Leiva et al. (1997), deemed PA technologies as cost inefficient due to intensive 
capital costs for small changes in fertiliser production revenue. However, due to this increase in 
fertiliser price, we will see a dramatic increase in the positive view of PA technologies from a farmer’s 
economic viewpoint, which will increase technology adoption levels worldwide.  

Figure 8: Fertiliser price change 2017-2022 (Statista, 2022) 



22 
 

 

Figure 9: Graphs showing side-by-side analysis of the affordability of rice and sugar alongside fertiliser prices 

Figure 9 above show that there is a need for government initiatives to be implemented for affordability 

of essential items to rise again – through the improvements in yield form the research conducted, 

policies should be aimed towards higher uptake of PA technologies.  

 

5. Pesticides 

5.1. Definition and use of pesticides 

5.1.1. Defining pesticides 

Insecticides, fungicides, and herbicides are all included in the category of substances known as 

pesticides (Bernardes et al., 2015). It is well acknowledged that pesticides have a significant role within 

agricultural as they lower product losses and raise food quality and production at an affordable level 

(Aktar et al., 2008). Global output of pesticides climbed 11% annually, from 200,000 tonnes to over 5 

million tonnes from 1950-2000 (Carvalho, 2017). Annually, 3 billion kg of pesticides were used across 

the globe, however just 1% of those pesticides are successfully employed (Bernardes et al., 2015). The 

substantial quantities of pesticides that are still present permeate or reach non-target plants and the 

surrounding environment. 

Functional groups, chemical classes, and toxicity are some of the categories used to 

distinguish pesticides (Garcia et al., 2012). The diverse targets, such as fungicides, herbicides, and 

insecticides are a crucial categorization. For instance, insecticides are to eradicate insects, herbicides 

are to eradicate weeds, and fungicides are used to eradicate fungus. 

  5.1.2. Importance of pesticides on waste reduction 

Pesticides are vital in the production of agricultural products. Farmers have employed them to manage 

weeds and insects in agricultural operations, and the usage of pesticides has been linked to 

remarkable gains in agricultural output (Bernardes et al., 2015). Pesticides are used in around one-

third of agricultural goods globally. Without pesticides, the output of grains, vegetables, and fruits 

would decline by 32%, 54%, and 78% respectively (Lamichhane et al., 2017). Therefore, pesticides are 

essential for lowering disease rates and increasing agricultural yields all around the globe. 

There are fifty thousand species of plant diseases responsible for 13% of crop waste, nine thousand 

pest species responsible for 14% of crop waste, and over eight thousand weed species that are 

responsible for 13% of crop waste (Pimentel, 2009a). When insecticides were employed, crop loss due 
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to pests decreased by 35-42%, and today over 80% of crops in the US use fungicides – apples economic 

worth grew by $1.2B with the use of fungicides (Guo et al., 2007). Without pesticides there would be 

a 27% fall in the US wheat, cotton, and soybean export supply (Zhang et al., 2011). 

5.2. Global outlook on pesticide use 

In the three main categories of pesticides (insecticides, fungicides/bactericides, and herbicides) from 

2007 to 2008, herbicides came out on top (Anket et al. 2019). Fungicides and bactericides had a sharp 

rise and were ranked second. As shown in table 9, Asia is now largest user of pesticides in the world, 

with Europe being second. The top pesticide producers, users, and traders globally are China, the US, 

Brazil, France, and Japan. Maize is the most pesticide treated crop, mostly herbicides, in industrialised 

nations.  

 

The major drivers of rising pesticide usage are population increase and climate change, with future 

projections predicting larger worldwide pesticide output (Tirado et al. 2010). Although pesticides 

significantly increase agricultural yields and help produce food that is both inexpensive and of high 

quality, their widespread usage has severe detrimental impacts on the environment (Miraglia et al. 

2009). Environmental pollution is caused by the spread of pesticide contamination from target plants. 

Pesticides are able to travel by wind, water, runoff, leaching, or air. 

The risk of a dramatic increase in pesticide usage in emerging nations may escalate in the years to 

come as their economies improve. It is a difficult effort to maintain or enhance the downward trend 

of pesticide usage in developed nations. Developing nations, as shown in Figure 10, often employ 

extremely harmful chemical pesticides, whereas industrialised nations typically utilise low-toxic, low-

residual insecticides, herbicides, and bio-pesticides. Thus, the implementation of PA regarding 

pesticides is far more important in developing nations.  

Africa Total pesticide usage (kg) Pesticide usage density (kg/ha) Europe Total pesticide usage (kg) Pesticide usage density (kg/ha)

Congo 71,053,500 3,030 France 21,504,366 3,900

Sudan 4,715,170 250 Spain 16,698,678 3,350

Cameroon 5,800,392 1,220 Sweden 3,239,741 720

Zimbabwe 2,071,012 530 Germany 13,572,384 3,800

Malawi 710,904 600 Italy 19,435,011 6,450

Togo 141,963 250 Greece 3,404,052 2,580

Rwanda 416,569 1,470 Portugal 6,263,251 6,840

Burundi 52,885 190 Austria 2,004,206 2,390

Czech Republic 1,143,557 1,450

Ireland 1,995,753 2,840

Asia Total pesticide usage (kg) Pesticide usage density (kg/ha) Denmark 315,900 710

China 1,807,000,000 18,829 Netherlands 4,062,123 9,860

India 56,120,000 1,707 Belgium 2,358,423 7,730

Malaysia 49,199,000 14,916

Pakistan 27,885,000 3,162 Other

Thailand 21,800,000 4,249 USA 500,000 5,084

Vietnam 19,154,000 5,775 Brazil 500,000 5,871

South Korea 19,788,000 19,747 Argentina 236,000 8,488

Bangladesh 15,833,000 10,665 Australia 80,000,000 1,033,429

Table 9: Breakdown by continent and countries of pesticide use globally in 2014 (Anket et al. 2019) 
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5.3. Pesticide environmental impact and the push for PA adoption  

When pesticides leak from agricultural fields, groundwater becomes contaminated (Ben Salem et al. 

2016).  Surface water systems, such as lakes, streams, reservoirs, and rivers are vulnerable to pesticide 

build-up as they are small sinks for the emissions (Ansara-Ross et al. 2012).  The hydrologic cycle 

connects surface water systems to atmospheric water and groundwater. In addition, seepage of the 

soil may allow pesticides present in surface water to enter the groundwater. Evaporation and 

transpiration are other ways that they get into the atmosphere (Adams et al. 2016). Surface waters 

may be refilled by both groundwater and atmospheric water. 

Just 1% of insecticides sprayed worldwide are deemed effective and 99% of  pesticides used make 

their way to non-target locations, such as soils, the atmosphere, and water bodies - these pesticides 

are then consumed by all animals unintentionally. get a-that are discharged into non-target soils, 

water bodies, and the environment (Zhang et al. 2011). Nearly all wells in the US were found to contain 

one or more of the 127 pesticides used globally (EPA, 2015). An Indiana University study team 

examined 90 locations and focused on tree barks, ranging across different climates and 

geographies, and found pesticide residues at every location (EPA, 2015). All of this suggests that PA 

technology must be used to effectiveness of pesticide application. 

The samples of water taken from Pakistan's Rawal Lake, the main supply of drinking water for the 

surrounding areas, were discovered to have pyrethroid pesticide residue levels that were four times 

higher than the acceptable threshold. The primary cause of the residues were runoff pollution from 

surrounding agricultural areas (Khan et al. 2020). Over 90% of water samples tested had pesticides in 

them, either in little amounts or in large amounts (Kole et al. 2001). In a recent research, 34 chemicals 

from pesticides of three distinct categories—herbicides, fungicides, and insecticides—were identified 

and quantified in the Louros River in Greece (Kapsi et al. 2019). Since nearly 95% of the world's 

population depends on groundwater, contamination is an issue that must be addressed, especially in 

agricultural regions where pesticides are regularly utilized (Singh et al. 2018). 

Figure 10: Breakdown of developing countries' pesticide use per hectare in 2018 
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Several pesticides were discovered by the United States Geological Survey (USGS) in more than 90% 

of the water and fish samples taken from US streams (Rose et al. 2018). 37,000-500,000 m2 of 

wetlands in Saskatchewan, Canada, were contaminated by herbicides to levels higher than the 

national threshold (Mazlan et al. 2017). According to a 2013 Greenpeace investigation, 70% of 

pesticides applied in China did not reach plants as intended and instead leaked into the groundwater 

and soil (Fan, 2017).  

5.3.1. Conventional pesticide application practices 

Airborne pesticide contamination is a significant source of pollution that has dangerous effects on 

human health, plants and animals (Liu et al. 2015). Agricultural pesticides are constantly sprayed into 

the air, with the residues often being made up of either spraying application or the volatilization of 

pesticides from soil or plants (Langenbach et al. 2017). 

One way to apply pesticides is via pesticide sprays. The fan projects the pesticide as water droplets, 

and after passing through the canopy in a turbulent manner, they are both pulled into the earth by 

gravity and spread by atmospheric activity like wind (Durisi et al. 2010). Three significant techniques 

of spraying— aerial spraying, surface application, and subsurface application —generally are utilised 

in the current agricultural growth process. However, many impoverished nations still implement hand 

sanitizer use (de Jong et al. 2008). 

All pesticide application techniques have the risk of being ineffective, resulting in air pollution, and 

exposing the people to pesticides (Aktar et al. 2009). 25% of pesticide losses is down to drifting (Pan 

et al. 2020). This procedure has negative effects on the global environment in addition to causing 

pollution in the local area (Kim et al. 2017). For instance, pesticides were applied to farms in the 

southern United States, where they volatilized, were carried by atmospheric processes, condensed in 

cooler regions, and then were dropped from the sky into the Canadian Great Lakes (Sultana et al. 

2014). As a result, the rate and distance of drifting pesticide residues make it very difficult to evaluate 

pesticide air pollution. 

The use of pesticides in 3D crops, where spray is directed both upwards and laterally into the canopy 

by means of air support, leads to soil, water, and air contamination (Grella et al., 2017). Trees can not 

be considered a vertical plane which can be uniformly sprayed, therefore, applying airborne pesticide 

spray to 3D crop canopies, such as vineyards, is a complicated procedure (Walklate et al., 2003). The 

European Green Deal's which aligns policies for a more sustainable continent has set policies regarding 

the decrease in pesticide usage in agriculture by 50% by 2030 (European Commission, 2019). 
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5.4. Examples of PA management of pesticides  

5.4.1 Pesticide utilisation under PA systems compared to conventional practice 

 

Crop Country Year Control Savings Reference 

Apple/Pear U.S.A 1999 Tree Row Volume 23.0% (Doruchowski et al., 1999) 

Apple U.S.A 2013 Canopy/Foliage Based 73.0% (Chen et al., 2013) 

Apple U.S.A 2009 Canopy Height Based 40.0% (Landers, 2010) 

Olive Spain 2020 Tree Crown Volume 38.0% (Lizana et al., 2021) 

Vineyard Spain 2007 Tree Row Volume 58.0% (Gil et al., 2007) 

Merlot Spain 2012 Tree Row Volume 21.9% (Gil et al., 2013) 

Olive Spain 2006 Tree Width 70.0% (Solanelles et al., 2006) 

Pear Spain 2006 Tree Width 28.0% (Solanelles et al., 2006) 

Apple Spain 2006 Tree Width 39.0% (Solanelles et al., 2006) 

Apple Slovenia 2012 Tree Density 48.2% (Stajnko et al., 2012) 

Tempranillo Spain 2010 Vine Row Volume 77.0% (Llorens et al., 2010) 

Apple Slovenia 2011 Tree Row Volume 20.2% (Jejcic et al., 2011) 

Apple Spain 2021 Tree Row Volume 60.7% (Xun et al., 2022) 

Orange Spain 2017 Leaf Area Density 31.0% (Garcera et al., 2017) 

Vineyard Spain 2009 Vine Row Volume 58.0% (Llorens et al., 2010) 

Vineyard Spain 2019 Map-based 25.3% (Roman, 2020) 

Wheat Germany 2001 Grass Weed Control 90% (Timmermann et al., 2003) 

Barley Germany 2001 Grass Weed Control 78% (Timmermann et al., 2003) 

Sugar beet Germany 2001 Grass Weed Control 36% (Timmermann et al., 2003) 

Wheat Germany 2001 Broadleaf Weed Control 60% (Timmermann et al., 2003) 

Barley Germany 2001 Broadleaf Weed Control 11% (Timmermann et al., 2003) 

Sugar beet Germany 2001 Broadleaf Weed Control 41% (Timmermann et al., 2003) 

Corn U.S.A 1999 Weed Control 42% (Tian et al., 2000) 

Cereals Germany 1997 Weed Control 47-80% (Tian et al., 2000) 

Corn U.S.A 1994 Real-time sensing  30-72% (Mortensen et al., 1995) 

Corn U.S.A 1994 Broadleaf Weed Control 71% (Mortensen et al., 1995) 

Corn U.S.A 1994 Grass Weed Control 94% (Mortensen et al., 1995) 

Cereals Denmark 1996 Weed Control 47% (Doruchowski et al., 1999) 

Cereals U.K 1996 Grass Weed Control 40-60% (Chen et al., 2013) 

Table 10: Collated research on pesticide savings using PA compared to conventional methods 
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5.4.2 Evaluation of PA effectiveness for pesticide use 

PA offers a range of technologies that make it possible to lessen any environmental issues that might 

arise from pest control. These technologies include spatial/temporal field maps consisting of weed 

dispersion, a diagnostic tool of yield maps for weed impacts, and administering herbicide on regions 

of weed infestation through VRT. The same techniques may be used to treat weeds, illnesses, and 

insects (Hatfield, 2000). Before PA can be included into preferred pest control systems, pesticide 

management models must balance the costs of applying VRT with the advantages of lower herbicide 

expenses and the societal/environmental benefits of decreased herbicide use. 

Weed density and soil characteristics that influence the transport of herbicides were studied for two 

years in a corn-soybean rotation plant in soil (Khakural et al., 1998). Runoff flow and silt content in 

several water bodies were detected using sensors with auto samplers to assess pesticide leaching. It 

was discovered that soil characteristics including pH, coefficient of pesticide adsorption, organic 

matter, weed density, and texture parameters all differed geographically. 

Clay et al. (1998) studied a soybean field’s weed spatial variability in the US. The efficiency of weed 

control, crop yield, and financial success were calculated and compared to a producer's general 

herbicide treatment at each location. The treatments consisted of computer-generated suggestions, 

the grower's customary application of herbicide, and an untreated control. The bio-economic model 

suggested solutions $82/ha cheaper than conventional producer practice, with superior yields, 

economic returns, and weed control - benefitting both the farmer and society. 

Johnson et al. (1997) used a conceptual framework to show how site-specific weed control might 

improve environmental outcomes by using less pesticide overall. They demonstrated that spot 

treatments prevented the development of herbicide resistance. Johnson et al. (1995) discovered that 

employing VRT reduced the need for pesticides by 50%. 

Heisel et al. (1996) used weed control strategies 

using PA to find herbicide savings of 66–75% 

compared to conventional recommendations for 

barley in Denmark. Throughout the research, the 

type of weed control strategy seemed to have an 

impact on pesticide savings. Figure … shows that 

in general, across multiple crops and regions, it 

was found that grass weed controls generally 

saved 73.6% of herbicide usage, compared to  

42.4% for broadleaf weed control. For most crops 

in which broadleaf weed control was used, grass 

weed control could have been used instead – 

therefore, a recommendation is for farmers to 

prioritise grass weed as a control.  

In 12 Nebraska agricultural areas, Mortensen et al. (1994) performed geographic assessments of weed 

populations. Prior to the initial cultivation or postemergence herbicide treatment, they took samples 

of weed seedling populations in five soybean and seven corn fields. The findings showed that if 

herbicides were administered to existing populations, postemergence herbicide treatments for 

broadleaf and grass weeds may be decreased by 71% and 94%, respectively. They also calculated that, 

if in-row plant species recognition were achievable, real-time sensing might cut the usage of 

herbicides by an average of 30-72%. Haggar et al. (1983) predicted a postemergence VRT herbicide 

Figure 11: Comparison between different control systems in 
herbicide savings 
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treatment would result in a 60% decrease. According to Shearer and Jones (1991), utilising a 

photoelectric sensor reduced the need for herbicides by 15%. 

More than 9.7 Mha of crops in Europe are three-dimensional, including citrus, olives, and apples trees 

in and over 36 Mha globally (FAO, 2020). With 10.5 Mha globally, the olive tree is the most widely 

planted 3D crop in the world (FAO, 2020). Therefore, from an environmental and financial standpoint, 

applying precise dosages of pesticides to protect 3D crops becomes crucial (Román et al., 2020). 

A lot of  the research  on prescription maps are for  static VR pesti cide application  (VRPA) 
(Garcia et al.
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