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Preface

Precision is an important concept that has induced, guided, and improved many
aspects of human endeavor for ages. Historically, precision has been an important
factor in agricultural evolution per se. Precision in planting dates and matching crops
with seasons to derive maximum advantage from soils and precipitation patterns are
perhaps the oldest aspects of agriculture. Farmers have been striving to achieve greater
accuracy on these aspects of agricultural cropping since the Neolithic period. They
continue to do so even today. There is no doubt that through the ages, precision as a
concept has been imbibed into almost every technique and practice during crop pro-
duction. Precision has been a key factor in selection of healthy seeds, seeding tech-
nique, fertile locations, types of manures, and moist zones. Precision has sometimes
caused quantum changes in cropping pattern and productivity. Precision in matching
soil fertility and its variations with crop species or its genotype with yield goals is a
key aspect of agriculture in any part of the world. Precision is needed while selecting a
crop genotype. The genotype should match the agro-environment, soils, season, grain
yield goals, and profitability. Agricultural cropping trends and productivity, in particu-
lar, have depended on the extent of precision bestowed on farming procedures. For ex-
ample, precise crop genotype, accurate supply of nutrients, and irrigation in time and
space were major factors in improving crop productivity during first half of the 20th
century. Today, precision techniques offer farmers the greatest opportunity to regulate
soil nutrient dynamics, protect agro-environment and yet enhance crop productivity.

During recent years, a perceptibly greater degree of precision has been incorpo-
rated into almost all farming procedures. Soil fertility and manure supply trends, in
particular, have received greater attention with regard to the extent of precision pos-
sible. The advent of computer models, simulations, and decision support systems have
allowed us to direct exact quantities of seeds, fertilizers, water, and pesticides through
the use of variable-rate technology. Actually, equipments such as computers, hand-
held sensors, and satellite-guided systems have remarkably enhanced precision during
farming. Precision technique creates uniform soil fertility across a field. Grain/fruit
and forage productivity too become uniform commensurately. Precision techniques
often envisage use of slightly or markedly lower quantities of fertilizers and irrigation
to achieve same levels of crop productivity. The reduction in fertilizer usage delays or
totally avoids deterioration of soils, ground water, aquifers, and general agro-environ-
ment. Precision techniques also provide higher profits to farmers. Overall, reduction in
use of natural resources, improved grain/forage yield, and extra profitability compared
to farmer’s traditional procedures hold the key to its rapid acceptance in most agricul-
tural regions of the world.

During past decade, rapid improvements have occurred in precision techniques.
Improvization of GPS-guided farm machinery, sensors, data capture, soil fertility
mapping procedures, and GPS-guided variable-rate techniques have been marked.



Xii Preface

The spread of precision techniques into different agricultural belts and evaluation of
its advantages have received the greatest attention. Precision technique is most recent
among the agronomic procedures exposed to farmers/researchers. Field evaluations
across different continents suggest it could be a very popular and profitable technology
in the near future.

This book, titled Precision Farming, is introductory. It begins with a discussion
on historical aspects, provides brief descriptions on techniques, and enlists advan-
tages as well as constraints that influence the adoption and spread of precision farming
in different continents. Chapter 2 provides details on intricate instrumentation, their
functioning, and advantages that accrue during precision farming. Chapter 3 forms the
centerpiece of this book. It deals with the influence of precision farming approaches on
soil fertility, nutrient dynamics, and productivity of various crops. The spread of preci-
sion farming methods into different geographic regions and profitability are discussed
in detail in Chapter 4. A brief discussion about the future course of precision farming
approaches appears in the last chapter.

This book on precision techniques is concise and provides valuable information on
instrumentation and methodology. It encompasses lucid discussions about the impact
of precision techniques on soil fertility, nutrient dynamics, and crop productivity. It
is most useful to students, researchers, and professors involved in various aspects of
agriculture.

— K. R. Krishna, PhD
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1.1 HISTORICAL ASPECTS

Precision means exactness or accuracy in performance of a particular task. In the pres-
ent context, it refers to accuracy of various agricultural practices and farming per
square that are carried out by farmers. Precision is actually a concept that got imbibed
into agricultural endeavor of human beings, since pre-historic times. Precision also
induced evolution of agricultural techniques and farming. Earliest of the steps towards
precision could be seen in preferential seeding of a particular crop species in the vi-
cinity of prehistoric human dwelling sites of early to late Neolithic period. Neolithic
farmers gained by seeding and growing a precise crop species in those backyards of
their dwellings. It overcame difficulty in tedious collection of grains from swamps or
plains that had admixtures of all kinds of plant species. In this case, precision in terms
of crop species and domestication allowed farmer greater quantity of harvests. It is
interesting to note that since these early stages of agricultural history, precision as a
concept has been quietly imbibed and utilized too, mainly to make farming easier and
enhance productivity of land. Farmers devised procedures and manufactured imple-
ments that enhanced accuracy. Precise soil management using plough meant better
nutrient and water management. Farmers introduced ploughing and line sowing during
ancient period. Ploughing and line sowing is indeed a conspicuous effort to add greater
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degree of precision into farming, in terms of planting geometry and density, efficient
interception of light, as well as moisture and nutrient scavenging. It is a major event
in the agricultural history that added precision to farms worldwide. Line sowing im-
proved crop production compared to a field randomly broadcasted with seeds. Tillage
and line sowing added precision to several other procedures like timing of intercul-
ture operations, top dressing, irrigation, pesticide application, and harvesting. During
modern era (1820th century), precision got imbibed into agriculture through various
improvements that farmers effected on to their implements, seeding procedures, irriga-
tion devises, harvesting, and grain processing. During this period of history, farmers
literally gained in efficiency and productivity by adding precision to farming proce-
dures. Most glaring of the procedures introduced by farmers that added precision are
precise planting dates to match with precipitation pattern and season. Even today, we
strive hard to add precision into planting dates, seeding depth and plant population be-
cause it improves nutrient scavenging, moisture absorption and grain harvests signifi-
cantly. Precise crop species and precise field to match fertility requirements of crops
are other measures that improved productivity. Irrigation channels helped farmers in
the supply of precise quantities of water at various stages of the crop development.
During recent decades, there has been a steady improvement in precision aspects of
implements, gadgets and procedures adopted in the field. Invention of fertilizer formu-
lations improved accuracy further. Soil fertility could be mended accurately and sus-
tained despite repeated cropping of the same field. Soil nutrients could be accurately
replenished using various soil chemical analysis procedures and soil test crop response
(STCR) studies. Automatic irrigation based on periodic soil moisture measurements
and crops’ need improved accuracy of crop production. Together, aspects like precise
crop species/genotype, nutrient replenishment and irrigation were instrumental in en-
hancing crop yield. We should note that precise selection and genetic improvement of
crop species has added to grain harvests significantly.

Historically, selection of genotypes that flowered and matured uniformly, pro-
duced non-dehiscent panicles/seeds of uniform traits have added to accuracy. Produc-
tion of genotypes with uniform height and panicle development (semi-dwarfs) that
aided efficient mechanical harvest is a glaring example that depicts gain in precision
through crop breeding. Since mid 1900s, precision as a concept was imbibed as a
matter of routine into almost all aspects of farming. Throughout past decades, almost
every modification in traction machinery, types of coulters, their shape, size, seed
drills, fertilizer drills, hoes, weeders, harvesters, right up to development of elaborate
combine harvesters have all aimed at enhancing accuracy of specific tasks. Gadgets
driven mechanically or through electrical power added further to precision of agricul-
tural techniques. Electronic controls and timing too added precision to various farm
operations.

Historically, most recent of the farming measures that seems to add precision into
farming procedures, yet again and in significant amount, is the use of satellite-guided
seeding, fertilizer application, irrigation, pesticide spray, harvesting, and yield moni-
toring. Satellite-guided procedures and computer-aided decision support systems are
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forecasted to revolutionize the way agricultural farms are managed. Such procedures
are collectively termed Precision Farming (PF) because they add accuracy to soil fer-
tility and moisture management, rather enormously. In summary, precision is a concept
that has been imbibed into farming. It has helped farmers to carry out various tasks
efficiently with due gains in input efficiency and grain/forage harvests. Right now, we
have no idea regarding limit to precision or accuracy in farming procedures and the
extent of benefits it may fetch. We ought to appreciate that evolution of agricultural
operations and gain in precision has affected nutrient dynamics and productivity of
the land, either directly or inadvertently. This aspect should be needs to understand in
greater detail.

The PF as we know today currently involves, remote sensing, Global Position-
ing Systems (GPS) guided instrumentation, fertilizer supply based on Geographic
Information System (GIS), computer models, and variable rate nutrient applicators.
Historically, this aspect of farming is only one and a half decade old. Its develop-
ment, refinement in technology, introduction and rapid spread into different cropping
zones has occurred since mid 1990s. It is relatively a new scientific aspect with a short
stretch of history. Some of the earliest references to within field variability pertaining
to soil moisture, nutrients, and pH were made as early as 1986. Actually, precision
agriculture as a concept that overcomes within field variability in soil fertility and one
that provides better synchronization between nutrient need and supply was envisaged
in 1986 (Fairchild, 1994). It received greater attention as a method that has impact on
resource use efficiency, crop production, profitability, and environment during 1990s
(Earl et al., 1996; Gerhards et al., 1996; Khakural et al., 1996).

Farmers situated in most regions of the world, including highly intensive crop pro-
duction zones like Corn Belt of USA or Wheat expanses in Europe or rice cultivation
areas in Southeast Asia or subsistence farming zones in semi-arid regions were ordi-
narily accustomed to simple and traditional techniques to estimate soil fertility. Then,
they prescribed fertilizers/organic manure and recorded harvest derived from entire
field. Identification of within field variations regarding soil physico-chemical prop-
erties, fertility trends and obtaining productivity maps was not practiced routinely.
According to Berry et al. (2010), soil or yield maps played insignificant roles in crop
production until mid 1990s. Soil and topographical maps were more generalized and
directed towards demarcation of soil fertility regimes. Agricultural crop production
was based mostly on whole field estimates of soil fertility. In fact, only broad averages
were considered while taking nutrient management decisions. Soil sampling was su-
perficial and done to know physico-chemical conditions and nutrient status at a broad
field level. Grain elevators and combine harvesters recorded only final yield per field/
farm allowing us to compute only average grain yield per hectare. Such data were
used as efficiently and authentically to decide about cropping systems, soil fertility
measures, planting densities, irrigation, and disease/pest control measures and harvest
schedules. It is interesting to note that during past 15 years, geospatial technology as
applied to agricultural crop production has improved enormously. This technology
has expanded rapidly from a mere practice to operational reality in several million



4 Precision Farming: Soil Fertility and Productivity Aspects

hectare all over the world (Berry et al., 2010). It is a fact that, at present, even least
sophisticated tractors or harvesters bought come with ability to record and map grain
yield. Most tractors with advanced instrumentation sense soil fertility variations. They
are also equipped with variable rate technology (VRT). Lowenberg-DeBoer (2003a)
has made an interesting comparison regarding adoption and spread of PF techniques.
He states that initially, pattern of spread of precision techniques was slow and un-
even. This seems more like the situation found with motorized mechanization of farm
operation in the first half of 20th century or adoption of “No-tillage systems” during
second half of 21st century. Hence, spread of precision techniques was not similar to
rapid acceptance of say Hybrid Maize in 1930s or hybrids of other cereal species like
Sorghum or Triticum. It has been argued that precision techniques are evolving and
becoming more efficient with time rather slowly. It is not a finished product unlike a
“Hybrid Corn”.

Adoption of PF has been relatively more widespread and rapid in developed na-
tions. Farmers have moved from conventional mechanized farming to high technol-
ogy PF that is guided by GPS, computer based decision support and electronically
controlled variable rate applicators and other farm machinery. It is interesting to note
that during past decade, sales, and use of equipments necessary for PF such as moni-
tors and variable applicators have increased by 70% in USA and Canada (Tran and
Nguyen, 2008). Large farms common to North American agricultural zones seems to
induce adoption of PF. Whereas, in the Fareast, small farms seem to make its adoption
slower. However, there are clear instances wherein farm size or geographic location
does not seem to retard acceptance of PF. It is interesting to note that during initial
years in 1990s, the PF techniques were adopted more by farmers situated in proxim-
ity to farm and fertilizer dealerships and stores. Farmers with fertile soils and those
intending to obtain greater profits from nitrogen fertilizer adopted PF in greater num-
ber than, ones who were financially poor and possessed fields with low fertility soils
(Kessler and Lowenberg-DeBoer, 1998). In the Mid-west region of USA, a few other
surveys directed at assessing farmers adopting PF techniques indicated that in early
1990s, farmers who were young, less than 50 years old and educated up to collegiate
level preferred newer techniques like VRT. Farmers previously exposed to computers
and those already using electronic gadgets adopted PF despite its elaborate require-
ment of sampling, GIS, GPS, and VRT instrumentation (Khanna et al., 1999).

Dobermann et al. (2004) have pointed out that initial spurt in adoption of PF in
North America and Europe was primarily driven by need to maximize profits, reduce
fertilizer-N consumption and NO, leaching into ground water. However, adoption of
PF was only patchy in North America, Europe, and Australia. Regarding initial use
of yield monitors, Lowenberg-DeBoer (2003a) has stated that such instruments were
first used in 1992 in USA. Since then its use has grown rapidly, especially in the Great
Plains area. In 2003, 30% of tractors used in maize farms were fitted with yield moni-
tors, 25% of soybean fields and 10% of wheat cultivating zones were being assessed
using yield monitors. Currently, PF is a popular technology in the Corn Belt and entire
Great Plains, where wheat and cotton cropping dominates. Further, it has been pointed
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out that, in 2004 A.D., about 30,000 yield monitors were in use in USA, 800 in
Australia, 800 in Argentina, 1300-1500 in European cereal belt and a few on experi-
mental basis in Asian cropping zones. This is indicative of popularity and usefulness
of PF as perceived by farmers. Presently, European cropping zones that support cereal
and forage production too use precision techniques more frequently. Dobermann et al.
(2004) state that commercialization of soil and crop sensors began in 2000 A.D. It
mainly involved estimation of pH, electrical conductivity, and soil nutrients. Whereas,
crop sensors develop during this period, usually estimated leaf color, chlorophyll con-
tent, and moisture.

Historically, the VRT was among the earliest of site specific technologies adopted
on farms. It was used first in 1992 in the “Corn Belt of Untied States of America”.
It was used to spread fertilizer evenly into farms/fields. Initially, VRT depended on
accrued data or maps obtained from grid sampling. The VRT spread rapidly in the
mid-west region of USA. In 1996, over 29% of cereal farms adopted VRT and the
area improved to 50% in 2002 (Lowenberg-DeBoer, 2003a). Adoption of VRT was
generally profitable to farmers in the Great Plains. High value crops responded better
than low productivity cereal zones, whenever VRT was adopted to supply fertilizer.
Currently, “on-the-go” soil analysis, decision support systems and rapid incorporation
of fertilizers is practiced. However, overall goal of VRT is still the same even after 25
years. It aims at finding spatial variations and supplying nutrients/water appropriately
at target spots (Sudduth, 2007).

The PF is an apt suggestion in countries that support large sized farms and expan-
sive agriculture, for example in Argentina, Australia, United States of America, some
regions in Western Europe, and Russia. PF could be a preferred technique in most of
the large sized commercial farms situated anywhere on the globe. It is interesting to
note that in USA, farms less than a square mile would become nonviable. Basically,
these are large farms and a “field” would mean a vast area with wide fluctuations in
soil fertility, especially nutrient and water distribution in the surface and subsurface of
soil profile. Blanket application of fertilizer-based nutrient supply creates a mismatch.
It results in unequal nutrient removals from patches of soil. Crops tend to be uneven
with regard to productivity. Soil fertility continues to stay uneven in the entire farm.
Therefore, precision approaches like, closely spaced grid sampling of soils and their
analysis is a necessity. Demarcation of large field into “management zone” is a good
alternative. Maps depicting soil fertility variations can be used to apply fertilizers ac-
curately resulting in better economics, in addition to providing uniformity to soil fer-
tility. According to Rickman et al. (2003), there are over 2 million farms in USA that
are large and need to be managed using precision techniques. The situation is similar
with large farms in other regions of the world. The PF allows us to impart uniformity
in soil fertility and economize on use of fertilizers and water, especially in agricultural
regions with large sized farms. During 2000-2010, extension programs in Ohio State
of USA aimed at transmitting knowledge about PF from “early adopters” to those con-
sidering its adoption. The program aims at spreading information about usefulness of
precision techniques to environmental quality, nutrient dynamics in the farm and grain
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yields. They mainly at aimed sharing details on yields monitors, variable rate applica-
tors, and information gathering techniques (Batte and Arnholt, 2003).

Economic surveys conducted in the farming zones of South Central Plains, espe-
cially in Arkansas, indicated that about 35% rice farmers, 2% each of soybean, cotton,
maize, and wheat cultivators had adopted PF in one form or other. Forecasts by Griffin
et al. (2000) suggested that fraction of farmers shifting to precision techniques would
increase rapidly by 10-20% in case of crops like rice, soybean, and wheat, say in 38
years time. Currently, farmers using VRT has crossed 20% in Arkansas, USA. Adop-
tion of PF was induced through special incentives in several states of southern USA.
Programs initiated in 2010 aimed at reduced fertilizer inputs, reduction in runoff and
leaching of nutrients. It also aimed at improving water quality irrigation use efficiency.

Segarra (2001) states that PF was first tested in Northern Texas during mid 1990s.
The PF was introduced as a method to economize on fertilizer based nutrient supply
into fields that supported cotton, sorghum or corn. Farmers actually aimed at deriv-
ing greater profits by adopting “management zones” to place precise quantities of
fertilizers and water. Surveys of cotton farms in Southern plains of United States of
America showed that, PF was accepted by most farmers, mainly to lessen burden on
fertilizer input, improve soil quality and most importantly gain extra cash benefits. The
PF methods had spread into large portion of cotton belt by 2000 (Roberts et al., 2002).

Field experimentation with precision techniques began in early 1998 in New Mexico
State. They used a series of techniques such as grid sampling, sensors to assess soil
and crop nutrient status, variable rate applicators and so on. Farmers were also educat-
ed about usefulness of adopting PF. The PF was introduced in many locations within
New Mexico, mainly to optimize fertilizer based nutrient supply, pesticide sprays and
irrigation. Farmers in New Mexico could also obtain proper soil fertility and produc-
tivity data and revise their yield goals accordingly (Ball and Peterson, 1998).

Historically, soil sampling drew greater attention from farmers who intended in-
tensive farming and those who wanted to replenish lost nutrients and reap uniform har-
vests. Soil sampling became more accurate when both surface and subsurface samples
were drawn at close spacing. This provided better judgment regarding within field
variations of soil fertility, especially major nutrient distribution. Intensive sampling
of soil is a recent trend corresponding with adoption of PF approaches. In the North
American farming zones, farmers adopting PF have consistently sampled soils us-
ing grid or management zones and analyzed them for nutrients and other traits since
past 15-20 years (Ferguson and Hergert, 2009). Since 2000 A.D., remote sensed soil
maps, yield maps, and maps depicting variations in soil fertility have been in vogue
with farms practicing PF. During recent years, sampling densities and measurements
have increased enormously. The main aim is to enhance accuracy of fertilizer supply
across a field and remove unevenness in crop growth and grain harvests as effectively
as possible.

According to Sparovek and Schnug (2001), historically the concept of PF ema-
nated from North American fertilizer industry specialists, who aimed at improving soil
fertility assessment and fertilizer efficiency. It was introduced into Brazilian cropping
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zones in South and Southeast during later part of 1990s. Argentineans have been using
precision techniques, especially those related to soil maps and yield monitoring since
past decade. Experimental evaluation and adoption of PF methods began in Argentina
in 1996. Initially, it was tested on cereals and soybean grown in large expanses that are
common to Pampas, more precisely in the Cardoba region of Argentina (Bongiovanni
and Lowenberg-DeBoer, 2005). This program later expanded into other areas of the
nation.

The PF techniques were in vogue in Chile by the turn of the century. Such tech-
niques have been applied on major crops like wheat, oats, beet, and maize that are
generally grown on Rhodoxeralfs (Alfisols). The PF that includes preparation of soil
fertility maps; chlorophyll meter readings and variable rate N inputs have been prac-
ticed by Chilean farmers since 2000 A.D. (Claret, 2011; Molina and Ortega, 2006;
Ortega et al., 2009; Villar and Ortega, 2003). Regulation of N dynamics in fields,
mainly reduction in fertilizer-N supply and loss through leaching and emissions are
major reasons for pursuing precision techniques.

Quest to standardize and adopt PF techniques began in many of the European
nations during early part of 1990s. They adopted a range of techniques that suited
different regions within Europe. Factors like topography, cropping systems, intensity
of cropping, economic value of the crop, and advances in instrumentation affected
the spread of PF. Sensor based technology was common in many farms that produced
wheat. Fertilizer recommendations were guided by the computer based decision sup-
port and yield goals. In some regions, for example in the wheat growing regions of
France, farmers started using digital imagery and remote sensing to regulate fertilizer
and water supply to their fields. By the year 2002, farm cooperatives were supplied
with remote sensed images and appropriate suggestions based on satellite pictures
(SPOT) (Astrium, 2002).

In many parts of Southern Africa, PF is a modern technology that is fueled by
recent advances in computer-based control of farm equipments and implements. Ex-
perimental evaluation and adoption of site-specific methods is more recent in South
Africa. It began during early part of past decade. Much of the interest in PF in South
Africa is focused around soil and fertilizer-based nutrients on crop productivity and
farm profits (Maine et al., 2005). The PF techniques were also evaluated for use on
horticultural and cash crops common to South Africa. Main goals were to assess its
impact on soil and environment, crop productivity and economic advantages to farm-
ers. Both short and long term benefits of PF were evaluated (Maine and Nell, 2005).

In South Africa, PF was initiated as part of a continuous 30 year steady moderniza-
tion of machinery, implements and methods that improvise traction, seedings, intercul-
ture, harvest, and processing. Early efforts to introduce and standardize PF in South
African farming zones occurred during mid 1990s (Rusch, 2001). Initially, techniques
and instrumentation relevant to PF were derived from European nations.

Earliest of the reviews regarding adoption of PF during sugarcane production in
Mauritius were made by Jhoty and Autrey (2000). They have made several sugges-
tions regarding improvising sugarcane production through PF. They have argued that
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PF approach that improves resource use efficiency (fertilizers, irrigation, and pesti-
cides) and enhances profitability could make sugarcane production more competitive.

Based on their observation in several developing countries of Asia, Tran, and
Nguyen (2008) state that PF system got initiated in early 1990s. It was practiced in
various forms depending on knowledge base and available technologies. It is imple-
mentation depended on access to combination of advanced information technology
and farm mechanization. Electronic methods of data collection and decision making
played the key role in its adoption. The basic components of PF in any agro climatic
region comprises remote sensing, GIS, GPS, soil testing, sensors, mapping of soil
fertility variations, yield monitors, and VRT.

According to Indian Agricultural Research agencies, facilities for adoption of PF
are available for use in many agro-ecoregions of India. The basic aspects involved are
assessing soil variability, managing variation, and evaluation of impact of precision
techniques. During recent years, PF has been evaluated in India, on crops like potato,
rice, wheat, and cotton. It seems there are clear possibilities to economize on fertilizer-
N supply and still improve crop productivity.

The PF that involves GPS, GIS, grids and soil fertility maps, sensors, VIT, and
yield monitors was introduced in parts of Southern India, on an experimental basis
in the dry regions of Dharmapuri in Tamil Nadu, during 2003-2004 kharif season. It
included 5 crops that were managed using chisel ploughing, satellite based soil fertility
maps, and fertilizer application using variable rate instruments and drip irrigation to
regulate soil moisture uniformly. In three years between 2003 and 2006, number farm-
ers adopting PF increased and the crops covered included many cereals, legumes, and
vegetables. Farmers making profits from PF congregated to create “precision farming
societies”. Such societies disseminated knowledge among others in the area (India
Development Gate, 2010; Shanwad, 2010). Reports by Maheswari et al. (2008) clearly
suggest that quite a large number of vegetable farmers situated in different districts
of Tamil Nadu adopted PF. In Dharmapuri District of Tamil Nadu, which is situated
in dry region, economic surveys indicated that PF was in vogue by 2005 and most
farmers reaped better profits compared to conventional farming procedures. During
past decade (2000-2010), several other agencies initiated long term evaluation of PF.
For example, Indian Space Research Organization evaluated remote sensing and soil
fertility maps derived from it for potato production at Jalandhar, in Punjab. Similarly,
cropping systems project at Modipuram evaluated soil fertility mapping and variable
rate inputs into several crop rotations followed in Gangetic plains.

Regarding practice of PF in the horticultural belts of South India, it is interesting
to note that at present, several “Precision farming Development Centers” has been
started. Such centers standardize precision techniques to suit to the cropping pattern
adopted locally and test them commercially in the farmer’s fields (KSHMA, 2011).
Most of the PF centers meant for horticultural crops are situated in the Agricultural
universities and research institutes of Indian Council of Agricultural Research, New
Delhi (Shanwad, 2010).
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In China, effort to introduce PF was guided by the Chinese Academy of Agricul-
tural Science, Beijing. They conducted a series of experimental evaluations in 1990s
on crops like cotton, maize, and wheat in the provinces such as Hebei, Shanxi, and
Shandong. Reports suggest that Chinese farmers used soil fertility maps, GIS, and
GPS guided systems on maize grown in Shandong as early as 1998 (Jiyun and Cheng,
2011). State Agricultural Agencies and farmers were driven to adopt PF mainly to
improve fertilizer efficiency and productivity of land per unit time.

Maize is an important cereal crop of China. It is often intercropped or rotated with
soybean. Fertilizer supply and its efficient use are priority items within this cropping
belt. Therefore, efforts to manage soil nutrients using PF during maize production
were initiated during later half of 1990s and 2000 A.D. (Wang et al., 2006). Similarly,
rice production zones are vast and intensive in many areas of China. The PF approach-
es were evaluated for their utility in rice production during the past decade (Wang et
al., 2006; Xie et al., 2007; Zhang et al., 2006). Currently, many farmers in major cereal
production zones are practicing PF.

In the Australian wheat belt, experimentation and use of PF got initiated dur-
ing late 1990s. Initially, it was confined to preparing soil fertility maps and variable
rate N application. At present, PF has been applied to several other aspects of wheat
production (GRDC, 2010). Dobermann et al. (2004) opines that during mid 1990s,
Australian farmers were enthusiastic about the newly developed yield monitors and
GPS guided instrumentation. Yield monitors were introduced in the Australian wheat
belt during 1993. Large farms in Western Australia used GPS guided machines for
wheat production on duplex soils. However, farmers found cost of grid sampling and
using yield maps prohibitive. Hence, they resorted to management zones and strip-
based techniques to supply variable rates of fertilizers. During recent year that is since
2005, precision techniques based on “on-the-go” soil analysis, computer-based deci-
sion support systems and use of computer simulation/models are becoming popular.

The Australian rice belt is relatively very small, yet its productivity is high at 10 t
grain ha. The soil fertility variation that occurs during rice cultivation is being tack-
led using PF approaches, at least in some areas of New South Wales (Spackman et
al., 2003). Precision techniques are being used to supply in season split dosages of
fertilizer-N. They use both sensors placed close to crop canopy as well as multispec-
tral remote sensing data to feed their variable rate fertilizer applicators. Reports by
AGMARDT (2002) suggest that in New Zealand, precision techniques were adopted
to assess soil fertility and moisture variation in fields in order to supply nutrients/ir-
rigation using VIT on cereals and oilseeds grown as early as 1998.

1.1.1 Trends in Soil Fertility Management Practices

The PF is part of a series of soil fertility management methods that farmers and re-
searchers have been devising and adopting since ages. Indeed several of them are still
popular and useful to farmer’s world over. Now, let us consider a chronology of farm-
ing techniques that were shrewdly devised to maintain soil fertility, crop productivity,
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and ecosystematic functions. Historically, farmers began adopting soil fertility resto-
ration methods many centuries ago. These nutrient management techniques generally
involved in situ measures like residue recycling, fallows, and refurbishment using ani-
mal or farmyard manures. Soil fertility was held at optimum level, to the extent pos-
sible, depending on the nutrient content of the organic manures. Variations in nutrient
availability were removed only to a certain extent and it persisted. Repeated cropping
and insufficient recycling meant lower grain/forage yield, occurrence of soil fertility
variations within a field and in many cases nutrient deficiencies were conspicuous. As
a consequence, potential grain/forage yield possible in a given location or environ-
ment was not possible. Progressively crop yield would decrease in a location.

Knowledge gained through mineral theory of crop growth, several other soil fertil-
ity concepts and fertilizer technology helped us to develop a series of different soil nu-
trient management procedures, all aimed at restoring soil nutrient status and maximiz-
ing crop yield. Earliest of the soil fertility management methods involved visual score
of crop, identification of nutrient deficiencies and matching a supply of fertilizer-based
nutrient. Although, nutrient deficiencies were overcome to a certain extent, it did not
ensure optimum yield. The nutrient supply was not based on a yield goal. It only en-
sured removal of nutrient deficiencies transitorily. Further, nutrient ratios were also not
at all maintained and this could have lead to nutrient imbalance. In many situations, it
actually led to lack of yield response due to Liebig’s Law of Minimum.

Later, a concept more generally applicable and based on previous evaluation of
crop’s response to different levels of fertilizer supply was adopted. It was called “Criti-
cal Nutrient level”. Critical nutrient availability in soil is a level at which at least 95%
of maximum grain/forage yield potential in the given location or environment could be
produced. The critical nutrient level varies depending on several factors mostly related
to soil, crop, environmental parameters, and yield goals. During past 23 decades, farm-
ers cultivating perennial crops have been exposed to fertilizer recommendations based
on plant tissue analyses. It involves elaborate sampling and analysis of all essential
nutrients in leaf, leaf blade or petiole or any other portion of a plant. It is more com-
monly known as DRIS. Since the method utilizes only a small portion of plant tissue
and just a few samples, it is non-destructive, if we consider the entire crop. Fertilizer
recommendations could be altered periodically as the crop grows or seasons progress,
based on nutrient status of the crop.

Next, a concept called “STCR” was envisaged. It involved series of field trials
that evaluated crop’s response to different levels of fertilizers. Aspects like fertilizer
formulations, nutrient ratios, methods of fertilizer placement, crop genotype, and yield
goals could all be standardized and recommended to farmers on a blanket basis, as
suitable for a given agro-ecoregion.

Farmer’s traditional practices were also in vogue in many agricultural belts. Farm-
ers adopt several practices that maintain soil fertility and maximize crop yield. Such
agronomic measures were standardized through the ages drawing knowledge from
folklore and based on recent experiences. Collectively, these approaches are called
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“Farmer’s Traditional Practices”. Farmers may apply soil test values before prescrib-
ing fertilizers. Farmer’s practices envisage supply of nutrients through both inorganic
and organic sources. The quantity of fertilizers supplied is guided by the soil type,
crop genotype, and season. Nutrients supplied may not suffice to achieve maximum
possible yield. Also, fertilizer dosages may not be the best in terms of economic ad-
vantages. Nutrient ratios in soil may or may not get satisfied. Usually application of
organic manures removes dearth for micronutrients. Currently, farmer’s practice in a
moderately fertile belt involves inorganic fertilizers, Farmyard manure (FYM), bio-
fertilizer and amendments to correct soil pH, if required.

State agency recommendation (SAR) was formulated to guide farmers in an agri-
cultural belt or large cropping expanse. Fertilizer recommendation is primarily guided
by State Agricultural Programs related to land management, cropping systems, inten-
sity, and annual yield goal. Fertilizer supply rates are stipulated for a soil type, crop,
region or yield goal. The SAR do not consider within field variations. Therefore, nutri-
ent supply could often be higher than required or sometimes insufficient depending on
variations in soil fertility. Nutrient dynamics in a large area is optimized through state
agency stipulations.

Best management practice (BMP) is a term more commonly used to denote a col-
lection of soil fertility management methods that result in high grain/forage yield and
offers best economic advantages in a given location. Fertilizer supply is held at high
levels so that deficiencies are not expressed. Grain yield is generally high. Soil fertil-
ity is held optimum using inorganic and organic sources. Bio-fertilizers are also used.

Maximum Yield Technology is a concept that envisages fertilizer supply so that
grain/forage productivity is highest in a given locality. Yield maximization involves
application of high rates of inorganic fertilizers and FYM. Basically, aspects like fer-
tilizer quantities, their timing, ratios, and formulations are all aimed at maximizing
biomass production. It does not consider soil fertility variations within a single field.
Often, a certain quantity is held in subsurface layers of soil as residual nutrients.

Integrated nutrient management (INM) envisages supply of nutrients based on soil
tests, crop’s demand for nutrients, and yield goals. Most importantly, it considers en-
vironmental issues like soil deterioration, exhaustion of nutrients, and recycling and
soil quality. Therefore, under INM, farmers are asked to supply nutrients using as
many different sources. Both, organic and inorganic sources of nutrients are utilized
at different ratios. In addition, bio-fertilizers are also used. Crop yields are generally
optimum but not the best or maximum in a given locality. Again, INM does not con-
sider soil fertility variations that may occur within a field. Nutrient accumulation or
depletion in soil based on a given locality and cropping pattern is a clear possibility.

Site-specific nutrient management (SSNM) or PF is perhaps the most recent tech-
nigue among the series of nutrient management methods that is known to farmers situ-
ated worldwide. It considers relatively minute variations in soil even within a small
field. Often, it involves use of detailed grid sampling, soil nutrient estimations; prepa-
ration of soil maps, GIS, computer models and GPS guided soil fertility distribution
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using variable applicators. Of course, SSNM is also amenable manually. The PF is a
relatively new procedure. Basically, it considers soil fertility and crop’s demand for
nutrients as accurately as possible in time and space. Since nutrient supplies are exact,
undue accumulation in the soil profile is avoided. It also avoids soil and ground wa-
ter deterioration. Crop yield is optimum and economic benefits are generally slightly
more than that achieved using other procedures. Ecosystematic functions are not al-
tered or affected to any great extent.

1.2 DEFINITIONS FOR PRECISION FARMING

According to Khosla (2011), PF has indeed experienced unprecedented expansion and
popularity in some parts of the world, especially where intensive farming practices are
in vogue and productivity is relatively high. The PF as a concept has been understood
and utilized in different ways by the farmers and researchers. There are of course sev-
eral different explanations about what is PF or not. Khosla (2011) says PF connotes
several “Rs”. They are right input, right timing, right amount, right place, right meth-
ods, right manner, right machinery, right crop, right fertilizers and other inputs and so
on. However, he also cautions that PF is often misinterpreted as complex technological
invention of the recent times, meant to be used mostly by the rich farmers and large
farms. The PF is said to be costly because it involves large machinery, high electronic
and mechanical sophistication, and costly labor. It is not so. The PF is amenable to
both, highly mechanized farms that are controlled electronically and small farms that
depend on manual distribution of seeds, farm inputs and regulation of irrigation.

The PF has been defined and explained in variety of ways depending on context,
purpose or end use, relevant agricultural operations and inputs such as fertilizers, wa-
ter, pesticide, methods employed and so on. Most of these definitions or explanations
deal with utility of PF in managing soil fertility that is obtaining uniform and accurate
distribution of soil nutrients and/or water. Following is a list of definitions and brief
explanations provided by various researchers.

One of the definitions arrived at the Second International Conference on Site-
specific Management for Agricultural Systems, held at Minneapolis in 1994 states
that, PF or site-specific crop management is an information and technology based
agricultural management system to identify, analyze and manage site-soil spatial and
temporal variability within fields for optimum profitability, sustainability, and protec-
tion of the environment.

One of the most common definitions for PF states that it begins with an accurate
assessment of soil fertility through GPS mapping, soil sampling, and testing. It aims
to achieve maximum efficiency with regard to nutrient and water supply, and maxi-
mize profits. According to National Agricultural Research Council of United States of
America, PF that is also frequently termed as “site-specific crop management” refers
to developing agricultural management system that promotes variable management
practices within a field. It is dependent on site’s soil fertility conditions (NARC, 1997).

Berry et al. (2010) consider a wider horizon for PF. They define it as a system
that focuses on sound crop production, applying geotechnology to effectively
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understand and manage the dynamic flows and cycles of nutrients within a field
or agroecosystem.

Rickman et al. (2003) have suggested that a mismatch between uniformity of crop
treatments, nutrient supply and distribution necessitates adoption of PF. The PF actu-
ally integrates a suite of technologies that retain benefits of large-scale mechanization.
Yet, it recognizes local variations and aims to correct them. Satellite-based data ac-
crual regarding soil fertility variations and crop development allows farmers to fine
tune seeding, fertilizer, and water supply. It generally lowers cost of production.

Blackmore (2003) states that PF strives to improve yield goal and efficiency in
agricultural practices. It involves developing techniques and procedures that help agri-
cultural managers to enhance production efficiency. It integrates computing, electronic
gadgetry, and satellite based-techniques.

Hernandez and Mulla (2008) have opined that PF is a holistic, new and develop-
ing agricultural system. It is adoption could progressively change crop production
practices and trends in United States of America and other parts of the world. The PF
is already influencing the agricultural crop production through adoption new GPS-
based techniques. Precise spatial and temporal information regarding soil fertility and
moisture can increase input efficiency, farm productivity, and profitability. At the same
time, it imparts a certain influence on environmental quality of farm.

Karlen et al. (1998) have defined that precision agriculture, at the minimum, re-
quires three elements, namely:

(a) Positioning capabilities (GPS) to know where certain equipment is located,;
(b) Real-time mechanisms for controlling nutrient and water related inputs; and

(c) Databases or sensors that provide information needed to develop input sched-
ule to suit the site-specific conditions.

Ess and Wn (2010) define PF as an old idea provided with new life by the advent
of technologies based on GPS. These GPS-based techniques are used to tailor soil and
crop management in order to match conditions at every location in the field.

Precision agriculture usually includes the management of within field variability
using information technology (GIS) and geopositioning methods. In addition, such
new techniques help the farmer in meticulous documentation of field data related to
soil fertility, water, labor inputs, and crop productivity (Vrindts et al., 2003).

Goddard (1997) had suggested that PF should not be construed as a simple yield
mapping and variable rate fertilizer distribution method. Instead, it also includes pro-
duction aspects like extension, management and economic advantages.

Dobermann et al. (2004) have provided a definition that considers PF as a more
holistic approach with far fetching influence on agriculture. They state that, although
PF started as a technology-led development, it is not just synonymous with yield map-
ping and VRT, for managing spatial variability within a field. Instead, PF should be
considered as a systems approach to crop production, in which the goal is to reduce
decision uncertainty through better understanding and management of uncontrolled
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variation. Expertise from many disciplines is utilized, including information technol-
ogy to bring data from multiple sources and scales to bear on decisions associated with
crop production.

While dealing with Malaysian rice growing areas, Gholizadeh et al. (2009) have
stated that PF is a conceptualized “systems approach”. It considers crop production as
a total system that aims at sustainable low inputs and high efficiency. It is practically a
site-specific strategy to manage production inputs and outputs.

While discussing the economic aspects, Batte and Arnholt (2003) have stated that
PF has the potential to help farmers with appropriate input allocation within each field,
thereby lowering quantity of fertilizers/water to be applied. In other words, it reduces
on production cost and improves profitability. Batte and Van Buren (1999) suggest
that precision faming or site-specific crop management is actually a combination of
technologies or methods and their integration permits the following: namely:

(@) Collection of data on an appropriate scale at a suitable time;
(b) Integration and analysis of data to support a range of management options; and

(c) Implementation of a management response on an appropriate scale and at a
suitable time.

Sparovek and Schnug (2001) describe PF as an umbrella terminology that en-
compasses knowledge (agronomic practices), and its practical expression (machines,
computers, software, treatments, and procedures) in order to solve problems related to
soil fertility variations.

Bramely (2006) states that precision agriculture seeks to exert greater control over
a crop production system by recognizing variation and managing different areas of
land differently, according to a range of economic and environmental goals.

The PF technologies are used to identify and measure within field variability and
its causes. It prescribes site-specific inputs (fertilizers and/or water) that differ with
crop and soil type. Reduction in input (fertilizers and/or water) levels, increased effi-
ciency, uniformity in soil fertility or moisture, and proper timing are known to enhance
cotton crop yield and cost benefit ratios (Banerjee and Martin, 2007).

Basic mapping and field level record keeping is one of the first practices under
PF. The benefits of implementing PF include increased profits through increased ef-
ficiency, reduced agronomic inputs, improved production, and reduced environmental
impact (Koostra et al., 2003).

The zonation within a field is an important aspect of PF. According to Aimrun et
al. (2011), identification and management of spatially coherent regions (zones) is a
crucial aspect under site-specific management or PF. In order to obtain maximum effi-
ciency of inputs (fertilizers), it is said that management zones should be homogeneous
combination of potential yield limiting factors.

Regarding PF practices in vogue with cotton farmers of Northern Texas; Yu et al.
(2001) explain that it is a set of site-specific methods involving advanced information-
based agricultural management system. It has been designed to identify, analyze, and
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manage spatial and temporal variability of soil effectively and obtain maximum profit-
ability. It also aims at preserving physico-chemical characteristics and quality of soil.

The PF in European farming zone integrates GPS and GIS technologies into daily
routines of farms. The PF is said to be an old traditional farming in the modern way. It
involves optimizing agricultural production through improving the precision of agro-
nomic procedures by implementing them at subfield scale.

With regard to paddy farming, Norasma et al. (2010) state that PF involves satel-
lites, sensors, and field or thematic maps. It is a fairly comprehensive approach de-
signed to optimize crop production by tailoring soil and crop management procedures
to fit each and every field separately.

Jhoty and Autrey (2000) explain that PF is a concept based on fact that soil fertil-
ity and moisture distribution are site/location specific. Soils are feebly or immensely
variable with regard to nutrient and moisture distribution, microclimate, weed species
and so on. We should note that crop productivity is directly influenced by site-specific
variations (Khakural et al., 1996).

According to Mishra et al. (2003), PF is a buzzword that is based on the philoso-
phy of soil heterogeneity and homogeneity. It requires precise information on the de-
gree of variability for fertility/water management within a field.

The PF or Precision Agriculture is a concept that involves use of new techniques,
field information, adopting right agronomic practice, applying right amounts of nutri-
ents/water, and at right time. Most importantly, information collected about specific
field is utilized to evaluate and decide on optimum planting density, estimate fertilizer
requirements accurately at various stages of the crop, and predict grain/forage yield
(India Development Gateway, 2010). The PF avoids unnecessary or excessive use of
inputs.

The PF is defined as application of principles and technologies that allow us to
manage spatial and temporal variability associated with various soil fertility factors.
It is relatively a comprehensive approach that optimizes crop production by utilizing
data accrued via several sources including satellite-based information (Shylla et al.,
2006).

Patil and Shanwad (2010) have defined PF keeping in view the large expanse of
cereals and legumes in the Vertisol belt of South India. They state that PF aims at opti-
mizing profitability and protecting environment through efficient use of inputs, based
on temporal and spatial variability of soils and crops.

Regarding precision agriculture in the West African Sahel Florax et al. (2005) state
that identification of local soil variability caused by within field differences in mac-
ronutrient availability and relevant ecological features is important, for effectiveness
of PF methods. Several spatial statistical, economic, soil and crop related analyses are
utilized to arrive at appropriate input levels.

In South Africa, PF is also called as Computer-aided Farming systems. It is defined
as a process whereby, a large field is divided into finite number of subfields, allowing
variation of inputs in accordance with the data gathered. It results in maximization
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of profits, minimizes risks like nutrient accumulation and reduces ill effects on agro-
environment (Rusch, 2001). Godwin et al. (2001; 2003) described PF as a name given
to a method of crop management that entails management of areas within a crop field
that require different levels of input.

The PF or “Prescription farming” or “Site-specific Crop Management” involves
collection of site-specific data in order to make appropriate decisions, regarding nutri-
ents, and water supply to discrete areas within a field. The PF utilizes GPS, GIS, and
VRT (Ball and Peterson, 1998).

Roberts et al. (2002) state that, PF of cotton in Tennessee involves use of set of
technologies to identify and measure within field variability and its causes. It then
prescribes site-specific inputs (fertilizer, water) that match varying crop and soil needs
during a crop season.

Regarding fertilizer-N inputs to cotton crop cultivated in Tennessee, Torbet et al.
(2008) state that PF improves accuracy of fertilizer-N supply by using data and in-
formation drawn through various GIS and GPS methods. Geospatial mapping, crop
development, and yield sensing help in improving fertilizer-N efficiency.

Definitions that relate to role of PF in improving management of within field soil
N and moisture variations are available in plenty. According to Shaver et al. (2010),
one of the primary goals of PF is to regulate on-farm inputs such as fertilizer-N by de-
termining in-field variability that directly affects crop growth and development. Data
derived from several methods could be used to decide most appropriate quantity, tim-
ing and distribution methods.

Al-Kufaishi (2005) explains that with regard to irrigation, primary goal of PF is to
supply the growing crop with right amount of water at the right time and in the right
place, avoiding any surplus that could lead to the leaching of water and nutrients that
limits plant growth and reduce yield.

1.3 MAJOR COMPONENTS OF PRECISION FARMING OR SITE-SPECIFIC
FARMING

The PF or site-specific farming is a set of geospatial technologies and accurate pro-
cedures that actually link mapped locations in a field with most appropriate decisions
regarding seeding, fertilizer inputs, irrigation, plant protection chemicals, and yield
recording (Berry et al., 2010; Davis et al., 1998). The PF in any agricultural zone has
following components at the least. They are:

(@ GPS,

(b) Remote Sensing Imagery or Sensor data regarding soil fertility variations and
crop productivity,

(c) GIS software, and

(d) Variable Rate Applicators (VRT with robotics that are guided by computer
models dealing with soil fertility status and crop response data.



Introduction 17

1.3.1 Precision Farming: A Map and/or Sensor based Technology

Morgan (1997) has suggested that at least two sets of methodologies could be used
during PF. One of them is termed map-based and the other sensor-based. Map-based
methods involve grid sampling, laboratory analysis of soil samples at least at two
depths, generating soil fertility and nutrient distribution maps or maps that depict soil
physico-chemical characteristics like pH, cation exchange capacity (CEC), electrical
conductivity, and so on. The map generated using soil data is then used to guide a
variable applicator. During both soil sampling and variable rate inputs, we need a
positioning system—Differential Global Positioning System (DGPS) to identify each
location. The second method, usually called Sensor-based PF involves extensive use
of real-time sensors and feedback control system to measure soil properties rapidly
“on-the-go”. Then, immediately use these signals to direct a variable rate applicator
appropriately. Often tractors are fitted with sensor in the front or on a separate vehicle
that leads the tractor fitted with variable applicator. This allows sufficient time for data
accrual via sensors, then to process it using computer models and direct variable ap-
plicators. The sensor-based technique does not need a GPS system, if treatments are
made immediately. However, traction equipment fitted with GPS can be loaded and
data preserved for posterity. Let us consider an example. “Soil DoctorR” produced and
marketed by Crop Technology Inc, Houston, Texas, USA, is an example that exam-
ines, soil type, organic matter content, CEC, soil moisture, and NO_-N using a rolling
electrode as the tractor moves through the field. The need for GPS is eliminated. Yet
another example is a Sensor-based technology developed by researchers at Purdue
University, Indiana, USA. It is a sensor (photodiode) surrounded with Light Emitting
Diode (LED). The reflected light is measured to estimate soil organic matter. Soil
moisture can also be estimated. Examples pertaining to real time sensors that estimate
soil texture, pH, NO,-N, K, and P are available in literature.

1.3.2 Global Information Systems (GIS)

In general, GIS enhances our ability with regard to decision support system and plan-
ning of fertilizer, water and pesticide distribution. It is actually organized collection
of computers that help in data capture, storage, retrieval, update, manipulation, and
analysis. It also helps us in integrating geographical data with various aspects like field
history, soil fertility, crop husbandry, and crop production projections. It allows us to
simulate fertilizer supply and crop response in a location, so that appropriate decisions
could be made. The GIS relevant to crop production allows us to analyze data collect-
ed through a period of time at a given location. GIS allows us to study spatial effects of
soil management and agronomic factors on crop productivity. For example, effects of
soil type, its texture or fertility status, pH, organic matter or moisture on grain/forage yield
could be ascertained using spatial data. Actually, regression analysis of data regarding
influence of major nutrients (N, P, and K) from entire field could be stored and used
to derive appropriate decisions in the following season. Soil nutrient maps, maps that
depict spatial variations pertaining to several other relevant soil characters like texture,
pH, electrical conductivity, and so on could be effectively used. GIS helps in preparing
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prescription maps for each field or smaller management zones based on spatial data
and crop production trends (Berry et al., 2010).

In addition to information on soil fertility and nutrient distribution within specific
fields, GIS records for larger cropping zones and stretches that encompass a state or a
small nation are also available. They help us in channeling fertilizers and prescribing
cropping patterns more accurately in a given cropping belt. For example, such detailed
information on soil nutrient status and pH variations in different states and sub-regions
are available in USA and many European nations. Fertilizer recommendations that are
arrived after considering a range of natural factors, crop production systems, yield
goals, and most importantly the economic advantages are also available to be retrieved
and consulted quickly using GIS (Bundy et al., 2005; Laboski and Bundy, 2005). A
recent report suggests that NLEAPGIS are a tool that helps farmers with US soil da-
tabase and climatic parameters. It aids in soil N management and risk assessment
(Delgado, 2011). This facility covers entire USA. Similarly, soil nutrient distribution
and productivity data for countries in Latin America, Africa and Asia are available for
retrieval through computers.

Web-based GIS Decision support systems are also available in certain regions. Its
functions are comparable to other computer-aided services like e-commerce, informa-
tion sharing and disseminating web sites. It is an open source technology that allows
free access anywhere in the world. For example, researchers at Universiti Putra, in
Malaysia have explored the use of Minnesota open map server, hypertext preproces-
sor, Apache Web server and MySQL database to study the soil fertility variations in
paddy growing regions (Norasma et al., 2010). It actually allows the farmers to access
webs that carry information on rice cultivation procedures and economic advantages
due to them.

Historical data on paddy planting dates, fertilizer input schedules, agronomic prac-
tices, growth and yield pattern, and yield response data could be retrieved or used
directly to arrive at computer-aided decisions. This system also allows integration with
soil fertility maps and variable rate inputs of fertilizers-N, P, and K. Farmers may of
course print soil maps or carry digital information separately and feed it to their ve-
hicles carrying variable rate applicators. It is believed that such web-based decision
support will become fairly common across farming zones in all continents. It is adop-
tion involves least cost to the farmers. Yet, it allows farmers with large and wide array
of information on which they could base their agronomic procedures. It also allows
rapid sharing of information. It should be a helpful tool to policy makers involved in
deciding cropping pattern, input supply, and yield goals.

1.3.3 Global Position Systems (GPS)

The GPS are techniques that provide farmers with unequalled accuracy, flexibility in
positioning farmer’s vehicles (tractors), navigation, and data capture about a particular
spot, a field or farm. The spatial variations are easily deciphered and stored through
GPS satellites. The GPS technology is known to use a set of 2431 satellites, situated in
high altitude orbit above earth. They are focused to survey earths’ surface soil, water,
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and crops. These satellites transmit signals continuously that are picked up by special
receivers. The GPS is divided into three aspects:

(@) A space segment that includes 21 operational satellites that orbit the earth at
20,000 km,

(b) A control system in Colorado, in central USA and linked stations, and

(c) A user segment that consists of receivers which help in positioning, veloc-
ity and time information to the user. A GPS receiver, it is said requires at the
least contact with four satellites to set its coordinates and location on earth.
The GPS signals have to be sharp and accurate. Raw and hazy signals are not
useful to determine a position in a field. The GPS referenced signals are often
used to plant seeds prepare soil fertility maps, yield variations, soil moisture
distribution and so on (Plate 1).

PLATE 1 Planting Maize in lowa, USA.
Source: Mr David Nelson, Nelson Farms Inc, Fort Dodge, USA
Note: Planting Maize and Soybean using GPS guided seeders is common in the Northern plains.

A medium range GPS receiver can establish positions within a field with an ac-
curacy of 1.0 m between two spots (Berry et al., 2010). Such receivers allow us to
stamp data pertaining to soil nutrient status, moisture or pH and so on with accurate
geographic coordinates to locate them at any time. Currently, combination of two or
more constellations of satellites, like US GPS system and Russian GLONASS has
improved accuracies to 2 cm. The GPS aided field boundaries and management zone
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demarcation are becoming common. In areas prone to soil maladies like salinity, GPS
can be coupled with salinity meter sledge and towed on a pick up van, all along the
field. Salinity mapping is an important procedure in the areas afflicted with high salts.
The GPS receivers are also used to map weed intensity and spread in a field. It helps
while accurately distributing herbicides in a field. The DGPS uses two GPS receivers—
a base station that is stationary and located at a referenced point and the other is mobile
fitted on the vehicle. The DGPS helps in overcoming problems related to resolution.

Incidentally, Franzen et al. (2008) have cautioned about use of the word “GPS” in
place of PF. The GPS actually makes use of a series of military satellites to determine
a precise geographic location. Deciphering exact location of farm vehicles or a point
in a field accurately has its advantages. The GPS helps in geographic identification of
soil properties. The GPS helps in distributing fertilizers accurately at each point based
on soil maps. The GPS helps in accurately mapping crop growth productivity through
yield monitors. The GPS helps in identifying areas that support low or high yield.

A satellite system equivalent to GPS is available to farmers in Europe. It was
developed by former Soviet Union and is called GLONASS. It is controlled by CIS
space command. It is a satellite system that has about 24 satellites (Blackmore, 2003).

Variable Rate Technology

The VIT involves application of seeds, fertilizers, and irrigation or pesticides in quan-
tities that is specific to each spot and variable (Plate 1). Inputs are decided by field map
and a decision support system. For example, in case of soil fertility, a computer-based
decision support considers soil fertility maps, nutrient availability pattern, crop spe-
cies/genotype, yield goals, and profitability. The quantity of input such as fertilizers
or water channeled at each spot depends on directions received from decision support
systems by a GPS guided vehicle. Variable rate fertilizer supply provides uniformity
with regard to soil fertility in an individual field. Similarly, variable rate irrigation
based on soil moisture map creates uniform availability of soil moisture to the crop.
Details on VIT and instrumentation involved are made available in Chapter 2.

1.4 ADVANTAGES THAT ACCRUE DUE TO PRECISION FARMING

The PF offers a wide range of advantages to farmers. The extent of advantages derived
is based on geographic location and farming enterprise in question. Yet, we can gener-
alize and group the advantages. For example, Tran and Nguyen (2008) have suggested
that extent and range of benefits accrued due to adoption of PF may differ between
developing and developed nations. Obviously, low or moderate supply of fertilizer-
based nutrients, water and other farm amendments may offer commensurate gains in
developing nations. Whereas, high input trends in agriculturally developed regions
may allow us proportionately higher advantages in terms of soil quality, its productiv-
ity, economic gains, and environment related advantages.

With regard to rice farming in South Asia and Fareast, Segarra (2002) have grouped
the advantages from PF as follows:
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« Overall Grain/Forage Yield: Aspects like, precise genotype, exact fertilizer in-
put in as many splits as possible, proper nutrient ratios, appropriate irrigation
schedules and timely monitoring of growth/maturation results in greater grain/
forage yield, compared with similar levels of uniform or blanket application of
fertilizers and irrigation.

 Improved Efficiency of Inputs: Aspects like, use of advanced electronically con-
trolled machinery, geospatial techniques of identification of soil fertility/mois-
ture variations, advanced computer-based growth and grain yield models that
allow us to distribute variable and exact quantities of nutrients/water in space
and time, contribute to enhanced efficiency of inputs.

* Reduced Production Costs: For a similar grain/forage yield level, fertilizer-
based nutrient supply and irrigation required is usually marginally or conspicu-
ously smaller. It results in lessening of input costs to farmers. Generally cost per
unit grain/forage yield is lower in farms maintained using precision techniques.

« Better Decision Making: Agricultural machinery, satellite guided geospatial
techniques and computer models allow us to accrue data and therefore helps
farmers in taking decisions regarding farm operations especially nutrients and
water supply.

« Reduced Environmental Impact and Risks: Placement of nutrients and water in
accurate quantities at appropriate timings during crop growth results in rapid
removal of nutrients. It reduces undue accumulation of fertilizer-based nutrients
in the soil profile or ground water. Loss of nutrients like N to ambient atmo-
sphere is lessened.

 Accrual of Accurate and Easily Retrievable Data about a Farm or Region: Ac-
tually almost all farm operations; their intensity and timing are recorded. Data
on exact quantities of nutrients supplied to each fertility zone is available, since
soil fertility maps and variable applicators are computer controlled with data re-
trieval facility. It definitely allows management of farm operations as we move
from one season or crop to next in sequence in the same field.

We should note that advantages that accrue from PF are also specific to geographic
area, soil, cropping pattern, agronomic requirements of the crop, and economic value
of the produce.

For example, in the European Plains, Cragg (2004) suggests that major advantages
are as follows:

(a) Precision technique saves on costs. It allows us to apply fertilizer-P and K at

rate to match crop’s need.

(b) The PF improves efficiency of seeding and fertilizer supply to fields.

(c) The PF improves the accuracy of crop husbandry by providing soil map, yield

maps, and accurate placement of nutrients.

(d) The PF offers environmental benefits by reducing on fertilizer and chemical

supply to fields.
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1.5 CONSTRAINTS TO ADOPTION OF PRECISION FARMING

Precision techniques are not easily amenable to all agricultural conditions. Farmer’s
stipulations and desires in each continent and its sub-region too vary enormously. Con-
straints faced during adoption and standardization of precision techniques is indeed
many.

Bongiovanni and Lowenberg-DeBoer (2005) have stated that major constraints to
adoption of PF in Argentina and other Latin American countries are high initial invest-
ments on equipments and management time (labor), lack of significant variations in
the soil fertility, tendency to use low amounts or no fertilizers during cereal produc-
tion, risk in grain pricing, and profits from precision technology. Above all, in several
cases, precision techniques fetch only small increases in returns due to low value of
the product.

Cragg (2004) opines that following are the major constraints to adoption of PF in
the European farming regions.

They are:

(a) Procedures to be adopted and instrumentation are too elaborate and time con-
suming. At times procedures get complicated.

(b) The PF needs initial investment that could be prohibitive.

(c) Interpretation of data drawn from digital imagery and other procedures could
involve specific skills and may add up to already high costs.

(d) Precision involves data collection that could be costly. The remote sensing and
digital imagery of fields showing variations in organic matter, nutrients and
water are generally costly.

(e) The PF may not turn out to be immediately profitable. Sometimes its benefits
are perceived, only if adopted on a long run for example environmental ben-
efits. Also, often the reduction in fertilizer supply that occurs due to PF may
be marginal, not perceived significantly, if the farm is small and value of the
crop is low.

According to Srinivasan (2010) constraints to adoption and popularization of PF in

the Asian cropping zones are as follows:

(a) High cost of obtaining site-specific data;
(b) Lack of willingness to share spatial data among various organizations;
(c) Complexity of tools and techniques that require new skills;

(d) Culture, attitude and perceptions of farmers including resistance to adoption
of new techniques and lack of awareness of agro-environmental problems;

(e) Small farms, heterogeneity of cropping systems, and land tenure/ownership
restrictions;

(f) Infrastructure and institutional constraints including market imperfections;

(9) Lack of success stories about adoption of PF and lack of demonstrated impacts
on yields;
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(h) Lack of local technical expertise;

(i) Uncertainty on returns from investments to be made on new equipment and
information management systems;

(i) Inadequate understanding of agronomic factors and their interaction;
(k) Lack of understanding of the geostatistics necessary for displaying spatial
variability of crops and soils using current mapping software; and
() Limited ability to integrate information from diverse sources with varying
resolutions and intensities.
In general, researchers have consistently strived to remove lacunae and improvise
precision techniques, so that it matches farmer’s economic requirements and at same
time answers environmental concerns.

KEYWORDS

¢ Geographic information system
¢ Global positioning systems

e Precision farming

¢ Soil fertility

e Variable rate technology

REFERENCES

AGMART. Optimizing Yield and Profit with Precision Farming: Canterbury Precision Farm-
ing, pp. 1-40 (2002), Retrieved from http://www.nutrientsolutions.co.nz/pdf/precision_Agri-
culture-initial_Nzarable_studies.pd.f (July 2nd, 2011).

Aimrun, W., Amin, M. S. M., and Amin H. Nouri. Paddy field zone characterization using Ap-
parent Electrical Conductivity for Rice Precision Farming. International Journal of Agricul-
tural Research, 6, 10-28 (2011).

Al-Kufaishi, S. A. Precision Irrigation. Master’s Thesis, The Royal Veterinary and Agricultural
University, Denmark, p. 23 (2005).

Astrium. Farmstar: Crop management with SPOT, pp. 1-3 (2002), Retrieved from http://www.
spotasia.com.sg/ web/sg/2625-precision-farming.php (April 25th, 2011).

Ball, S. T. and Peterson, J. L. Precision farming in New Mexico: Enhancing the Economic
Health of Agriculture, p. 8 (1998), Retrieved from http://www.cahe.nmsu.edu/pubs/_z/z-106.
html (January 6th, 2011).

Banerjee, S. and Martin, S. W. Summary of Precision-farming practices and perceptions of Mis-
sissippi Cotton Producers. Mississippi Agricultural and Forestry Experiment Station Bulletin
No 1157, pp. 1-43 (2007).

Batte, M. T. and Arnholt, M. W. Precision farming adoption and use in Ohio: Case studies of
six leading-edge adopters. Computers and Electronics in Agriculture, 38, 125-139 (2003).

Batte, M. T. and Van Buren, R. N. Precision farming: A factor influencing Productivity. Paper
presented at the Northern Ohio Crops Day Meeting, Woody County, Ohio, USA, p. 21 (1999).



24 Precision Farming: Soil Fertility and Productivity Aspects

Berry, J. K., Delgado, J. A., and Khosla, R. Precision Faming advances Agricultural sustainabil-
ity (2010), Retrieved from www.ars.usda.gov/research/publication/publication.html?seq_no_
211567 (May 28th, 2011).

Blackmore, S. The Role of Yield Maps in Precision Farming. National Soil Resources Institute,
Cranefield University, Silsoe, United Kingdom (Doctoral Dissertation), p. 161 (2003).

Bongiovanni, R. and Lowenberg-DeBoer, J. Precision Agriculture in Argentina. Third Simpo-
sio Internacional de Agricultura de Precision, pp. 1-14 (2005), Retrieved from http://www.
cnpms.  embrapa.br/siap2005/palestras/SIAP3-Palestra_Bongiovanni_e_LDB.pdf (March
25th, 2011).

Bramely, R. Precision Agriculture: Profiting from Variation. Ecosystems Sciences Division, Coun-
cil of Scientific and Industrial Research Organization, Glen Osmond, Australia, pp. 1-3 (2006),
Retrieved from http://www.csiro.au/science/PrecisionAgriculture.htm (January 28th, 2010).

Bundy, L., Andraski, T., Laboski, C., and Sturgul, S. Determining optimum nitrogen Application
rates for Corn. Department of Soil Science, University of Wisconsin-Madison, USA. New
Horizons in Soil Science, 1, 1-11 (2005).

Claret, M. M., Urrutia, R. P.,, Ortega, R. B., Stanely, B. S., and Valderrama, V. N. Quantifying
Nitrate leaching in irrigated Wheat with different Nitrogen fertilization strategies in an Alfi-
sol. Chilean Journal of Agricultural Science, 71, 148-156 (2011).

Cragg, A. The promise, pitfalls, and practicalities of Precision Farming. HGCA Conference on
Managing Soil and Roots for Profitable Production, pp. 1-6 (2004), Retrieved from www.
hgca.com/events.past_events/.../press%20releases.mspx.htm (May 28th, 2011).

Davis, G., Casady, W., and Massey, R. Precision Agriculture: An Introduction. University of
Missouri Extension Services. Water Quality, 450, 1-9 (1998).

Delgado, J. A. A new GIS approach to assess Nitrogen Management across the USA, pp. 1-8
(2011), Retrieved from http://www.icpaonline.org/finalpdf/abstract_176.pdf (June 21, 2011).

Dobermann, A., Blackmore, S., Cook, S. E., and Adamchuk, V. I. Precision Farming: Challeng-
es and Future Directions. In New Directions for a Diverse Planet. Proceedings of the Fourth
International Crop Science Congress, Brisbane, Australia, p. 19 (2004), Retrieved from www.
cropscience.org.au (January 20th, 2011).

Earl, R., Wheeler, P. N., Blackmore, B. S., and Godwin, R. J. Precision farming: The Manage-
ment of Variability. Landwards, 51, 18-23 (1996).

Ess, D., Wn, T., and Erickson, D. Site Specific Management, p. 2 (2010), Retrieved from http://
www. agriculture. purdue.edu/ssmc/Frames/main.html (December 15th, 2010).

Fairchild, D. Precision faming concepts an industry’s perspective and experience since 1986
In Proceedings of Site-specific Management for Agricultural Systems. P. C. Roberts (Ed.)
American Society of Agronomy, Wisconsin, USA, pp. 753-755 (1994).

Ferguson, R. W. and Hergert, G. W. Soil sampling for Precision Agriculture. Journal of Animal
and Plant Sciences, 5, 494-506 (2009).

Franzen, D., Hofman, V., and Halverson, A. Soil fertility and Site-specific farming study at
area IV Research Farm, pp. 1-3 (2008), Retrieved from http://www.soilsci.ndsu.nodak.edu/
Franzen/scientific-pubs.html (May 28th, 2011).

Gerhards, S., Wyse-Pester, D. Y., and Mortensen, D. A. Spatial stability of Weed patches in Ag-
ricultural fields. In Proceedings of the 3rd International Conference on Precision Agriculture.
Minneapolis, Minnesota, USA, pp. 521-529 (1996).

Gholizadeh, A., Amin, M. S. M., Anuar, A. R., and Aimrun, W. Evaluation of SPAD-Chloro-
phyll meter in two different Rice growth stages and its temporal variability. European Journal
of Scientific Research, 37, 591-598 (2009).



Introduction 25

Goddard, T. What is Precision Farming. Proceedings of Precision Farming Conference, Taber,
Alberta, Canada, pp. 1-5 (1997).

Godwin, R. J., Earl, R, Taylor, J. C., Wood, G. A, Bradley, R. I., Welsh, J. P., Richards, T.,
Blackmore, B. S., Carver, M. J., Knight, S., and Welti, B. Precision Farming of Cereal crops.
A five-year Experiment to develop Management guidelines. Home grown Cereals Authority
Project no 267, p. 28 (2001).

Godwin, R. J., Richards, T. E., Wood, G. A., Welsh, J. P., and Knight, S. M. An Economic
analysis of the potential for Precision farming. Biosystems Engineering, 84, 533-545 (2003).

GRDC. Precision Agriculture-Fact sheet-How to put Precision Agriculture into practice. Grain
Research and Development Corporation, Kingston, Australia, pp. 1-6 (2010), Retrieved from
www.grdc.com.au (January 1st, 2011).

Griffin, T. W., Popp, J. S., and Buland, D. V. Economics of Variable rate applications of Phos-
phorus on a Rice and Soybean rotation in Arkansas. Proceedings of the 5th International
Conference on Precision Agriculture and other Resource Management. Bloomington, Min-
nesota, USA, pp. 23-40 (2000).

Hernandez, J. A. and Mulla, D. J. Introduction to Precision Agriculture, pp. 1-7 (2008), Re-
trieved from http:// soils.umn. edu/academics/classes/soil4111.htm (December 15th, 2010).

India Development Gateway. Precision Farming. Tamil Nadu Agricultural University, Coim-
batore, India, pp. 1-3 (2010), Retrieved from http://www.tnau.ac.in/horcbe/hitechfld.swf.
(December 15th, 2010).

Jhoty, 1. and Autrey, J. C. Precision Agriculture-perspectives for the Mauritian Sugar Industry.
Mauritius Sugar Industry Research Institute, Mauritius, Bulletin 12, pp. 1-7 (2000).

Jiyun, J. and Cheng, J. Site Specific nutrient Management in China: IPNI-China program. In-
ternational Plant Nutrition Institute, Norcross, Georgia, USA, pp. 1-7 (2011), Retrieved from
http://www.ipni.net/ppiweb/china.nsf/$webindex/27D05B2887D6B7EE482573AE0029344
8?opendocument.

Karlen, D. L. Andrews, S., Colvin, T. S., Jaynes, D. B., and Berry, E. C. Spatial and tempo-
ral variability in corn growth, development and yield. In Proceedings of 4th International
Conference on Precision Agriculture. American Society of Agronomy, Madison, Wisconsin,
USA, pp. 101-112 (1998).

Kessler, M. C. and Lowenberg-DeBoer, J. Regression analysis of Yield monitor data and its use
in fine-tuning crop decisions. Proceedings of the 4th International Conference on Precision
Agriculture. American Society of Agronomy, Madison, W1, USA, pp. 821-828 (1998).

Khakural, B. R., Robert, P. C. and Mulla, D. T. Relating Corn and/or Soybean yield to variability
in Soil and Landscape characteristics. In Proceedings of the 3rd International Conference
on Precision Agriculture. P. C. Roberts (Ed.). American Society of Agronomy, Minneapolis,
Minnesota, USA, pp. 117-128 (1996).

Khanna, M., Epouche, O. F., and Hornbaker, R. Site-specific Crop Management: Adoption pat-
terns and incentives. Review of Agricultural Economics, 21, 455-472 (1999).

Khosla, R. Precision Agricultural Techniques and Technologies Presidential Address. First In-
do-US Bilateral workshop on Precision Farming. Punjab Agricultural University, Ludhiana,
India, p. 1 (2011), Retrieved from www.agsci.colostate.edu.news/News2011/khosla_India.
html (May 28th, 2011).

Koostra, B. K., Stombaugh, T. S., and Dowdy, T. C. Development of Precision Agriculture to
suite using ArcPad. ESRI Paper No. 0477, (2003), Retrieved from www.bae.uky.edu/~tstomb/
StombaughPackage_8-26-05.pdf (December 15th, 2010).



26 Precision Farming: Soil Fertility and Productivity Aspects

KSHMA. Precision Farming Development and Extension through PFDCs, pp. 1-17 (2011),
Retrieved from http://horticulure.kar.nic.in/dshma/guidlines.html (March, 2011).

Laboski, C. and Bundy, L. New Nitrogen Rate guidelines for Corn in Wisconsin using a regional
approach. Department of Soil Science, University of Wisonsin-Madison. New Horizons in
Soil Science, 3, 1-8 (2005).

Lowenberg-Deboer, J. Precision Framing or Convenience Farming, pp. 1-32 (2003a), Retrieved
from http://www. regional.org.au/au/asa/2003/i/6/lowenberg.htm (March 23rd, 2011).

Maheswari, R. Ashok, K. R., and Prahadeeswaran, M. Precision Farming Technology, Adop-
tion Decisions and Productivity of Vegetables in Resource-poor Environments. Agricultural
Economics Research Review, 21, 415-424 (2008).

Maine, N. and Nell, W. T. Strategic approach to the implementation of Precision Agriculture
principles in Cash crop farming, pp. 217-225 (2005), Retrieved from http://www.farming-
success.com /id126.htm (February 21st, 2011).

Maine, N., Nell, W. T., Alemu, Z. G., and Barker, C. Economic analysis of Nitrogen and Phos-
phorus application under Variable and Whole field strategies in the Bothaville district of
South Africa. Research Report of Department of Geography. University of Free State, Bloem-
fontein, South Africa, p. 10 (2005), Retrieved from http://ideas.repec.org/a/ags/agreko/7047.
html.

Mishra, A., Sundermoorthi, K., Chidambara Raj, and Balaji, D. Operationalization of Precision
Farming in India. Map India Conference. New Delhi, India, (2003), Retrieved from gisdevel-
opment.net/ application/agriculture/.../pdf/127.pdf (December 15, 2010).

Molina, M. and Ortega, R. Evaluation of the nitrification inhibitor DMPP in two Chilean soils.
Chilean Journal of Plant Nutrition, 29, 521-534 (2006).

Morgan, M. T. Precision Farming: Sensors and Map-based. Agricultural and Biological Engi-
neering Reports. Purdue Research Foundation, West Lafayette, Indiana, USA, pp. 1-3 (1997)
http:/www.agriculture.purdue.edu/ssmc/.../sensors.html (May 28th, 2011).

NARC. Precision Agriculture in the 21st Century: Geospatial and Information Technologies in
Crop Management. National Academy Press, Washington. DC, p. 149 (1997).

Norasma, C. Y. N., Shariff, A. R. M., Amin, A. S., Khairunniza-Bejo, S., and Mahmud, A. R.
Web-based GIS Decision Support System for Paddy Precision farming. Web Precision Farm-
er V.2.0. University Putra Malaysia, Selangor, Malaysia, pp. 1-3 (November 29th, 2010).

Ortega, R. A., Munoz, R. E., Acosta, L. E., and Riquardo, J. S. Optimization model for Variable
rate application in extensive crops in Chile: The effects of fertilizer distribution within the
field. In Proceedings of the 7th EFITA Conference, Wageningen. European Federation for
Information Technology and Agriculture (EFITA), Wageningen. Netherlands, pp. 489-495
(2009).

Patil, V. C. and Shanwad, U. K. Relevance of Precision Farming to Indian Agriculture. Depart-
ment of Agronomy, University of Agricultural Sciences, at Raichur, Karnataka, India, (2010),
Retrieved from www.acr.edu.in/info/infofile/144.pdf (May 28th, 2011).

Rickman, D., Luvall, J. C., Shaw, J., Mask, P., Kissel, D., and Sullivan, D. Precision Agricul-
ture: Changing the Face of Farming. American Geological Institute, Alexandria, VA, USA.
Geotimes, pp. 1-9 (2003), Retrieved from http://www.agiweb.org/geotimes/nov03/feature_
agric.html #author (January 4th, 2011).

Roberts, R. K., English, B. C., Larson, J. A., Cochran, R. L., Goodman, B., Larkin, S., Marra,
M., Martin, S., Reeves, J., and Shurley, D. Precision farming by Cotton producers in six
Southern states: Results from 2001 Southern Precision farming survey. Department of Ag-
ricultural Economics, University of Tennessee, Knoxville, Tennessee, USA Research Series
03-02, pp. 1-83 (2002).



Introduction 27

Rusch, P. C. Precision Farming in South Africa. MSc Thesis, Department of Agriculture and
Food Engineering, University of Pretoria, South Africa, p. 51 (2001).

Shanwad, U. K. Precision farming: Dreams and Realities for Indian Agriculture, pp. 1-4 (2010),
Retrieved from www.gisdevelopment.net/application/agriculture/overview/mi04115pf.htm
(January 15th, 2011).

Shaver, T., McCuen, R. H., Ferguson, R., and Shanahan, J. Crop canopy Sensor utilization for
Nitrogen management in Corn under semi-arid limited irrigation conditions. American So-
ciety of Agronomy Annual International Meetings, Long Beach California, USA (Abstract),
p. 1 (2010).

Shylla, B., Handa, A., and Sharma, U. Precision Farming in Horticulture. Science Tech: En-
trepreneur, pp. 1-5 (2006), Retrieved from http://www.techno-preneur.net/information-desk/
sciencetech-magazine/2006/jan06/Precision-Farming.pdf (May 28th, 2011).

Spackman, S., Lamb, D., Louis, J., and Mackenzie, G. Remote Sensing as a potential Precision
Farming Technique for the Australian Rice Industry, pp. 1-3 (2003), Retrieved from http://
www.regional.org.au/au/gia/13/403spackman.htm (January 11th, 2011).

Sparovek, G. and Schnug, A. Soil tillage and Precision Agriculture: A theoretical case study of
soil erosion in Brazilian Sugarcane production. Soil and Tillage, 61, 47-54 (2001).

Srinivasan, A. Relevance of Precision Farming Technologies in Asia and the Pacific, pp. 1-14
(2010), Retrieved from http://www.sristi.org/mtsa/s_7-4.htm (30th July, 2011).

Sudduth, K. Current Status and Future Directions of Precision Agriculture in the USA. In Pro-
ceedings of 2nd Asian Conference on Precision Agriculture. Pyeongtaek, Korea, CDROM
(March 1st, 2011) (2007).

Torbett, J. C., Roberts, R. K., Larson, J. A., and English, B. C. Perceived improvements in
Nitrogen Fertilizer efficiency from Cotton Precision Farming. Computers and Electronics in
Agriculture, 64, 140-148 (2008).

Tran, D. V. and Nguyen, N. V. The concept and implementation of Precision Farming and Rice
Integrated Crop Management systems for sustainable production in the twenty first century.
A report on Integrated Systems. Food and Agricultural Research Organization of the United
Nations, Rome, Italy, pp. 91-101 (2008).

Villar, D. and Ortega, Y. R. Medidor de Clorofila. Bases teoricas su application para la fertil-
izacion nitrogenada en cultivos. Agronomia y Forestal UC, 5, 4-8 (2003).

Vrindts, E., Reyniers, M, Darius, P., Frankinet, M., Hanquet, B., Destain, M., and Baerdemaeker,
J. Analysis of spatial soil, crop and yield data in a winter wheat field. Society for Engineering
in Agricultural, Food and Biological Systems. Proceedings of the Annual International Meet-
ing. Paper No. 031080, pp. 1-14 (2003).

Wang, H., Jin, J., and Wang, B. Improvement of Soil Nutrient Management via information
technology. Better Crops, 90, 30-32 (2006).

Xie, G., Chen, S., Qi, W,, Lu, Y., Yang, X., and Liu, C. A multidisciplinary and Integrated study
of Rice Precision Farming. Chinese Geographical Science, 13, 9-14 (2007).

Yu, M., Segarra, E., Watson, S., Li, H., and Lascano, R. J. Precision Farming Practices in ir-
rigated Cotton production in the Texas High plains. Proceedings of the Beltwide Cotton Con-
ference, 1, 201-208 (2001).

Zhang, J. H., Wang, K. Bailey, J. S., and Wang, R. C. Predicting Nitrogen status of Rice using
Multi-spectral Data at Canopy scale. Pedosphere, 16, 108-117 (2006).



This page intentionally left blank



Feferences

1 1. Introduction

AGMART. Optimizing ¥ield and Profit with Precision Farming:
Canterbury Precision Farming, pp. 1-48 (2662), Retrieved
from

Aimrun, W., Amin, M. 5. M., and amin H. Wouri. Paddy field
zone characterization using Apparent Electrical
Conductivity for Rice Precision Farming. International
Journal of Agricultural Research, 6, 16-28 (2a11).

Al-Kufaishi, 5. A. Precision Irrigation. Master’s Thesis,
The Roual veterinary and Agricultural University, Denmark,
p. 23 (2885).

Astrium. Farmstar: Crop management with SPOT, pp. 1-3
(2aaz), Retrieved from http://www. spotasia.com.sgs
webssgs2e25-precision-farming. php (April 25th, 2611).

Ball, 5. T. and Peterson, J. L. Precision farming in New
Mexico: Enhancing the Economic Health of Agriculture, p. 8
(1998), Retrieved from

http: /A www, cahe . nmsu. eduspubss _z/z-186. html (January 6th,
2at11).

Banerjee, 5. and Martin, 5. W. Summary of Precision-farming
practices and perceptions of Mississippi Cotton Producers.
Mississippi Agricultural and Forestry Experiment Station
Bulletin Mo 1157, pp. 1-43 (20a7).

Batte, M. T. and Arnholt, M. W. Precision farming adoption
and use in Ohio: Case studies of six leading-edge
adopters. Computers and Electronics in Agriculture, 38,
125-139 (2083).

Batte, M. T. and “an Buren, R. N. Precision farming: A
factor influencing Productivity. Paper presented at the
Northern Ohio Crops Day Meeting, Woody County, Ohio, USA,
p. 21 (1999).

Berry, J. K., Delgado, J. A., and Khosla, R. Precision
Faming advances Agricultural sustainability (26163,
Retrieved from

Blackmore, S. The Role of ¥Yield Maps in Precision Farming.
National Soil Resources Institute, Cranefield University,
Silsoe, United Kingdom (Doctoral Dissertation), p. 161
(2oa3).



Bongiovanni, R. and Lowenberg-DeBoer, J. Precision
fAgriculture in Argentina. Third Simposio Internacional de
Agricultura de Precision, pp. 1-14 (2605), Retrieved from
http:/Awww,. cnpms.

Bramely, R. Precision Agriculture: Profiting from
Variation. Ecosystems Sciences Division, Council of
Scientific and Industrial Research Organization, Glen
Osmond, Australia, pp. 1-3 (2666), Retrieved from
http:/Awww.csiro.aus/sciencesPrecisionfAgriculture.htm
(January 28th, 261a).

Bundy, L., Andraski, T., Laboski, C., and Sturgul, 5.
Determining optimum nitrogen Application rates for Corn.
Department of Soil Science, University of
Wisconsin-Madison, USA. MNew Horizons in Soil Science, 1,
1-11 (2885) .

Claret, M. M., Urrutia, R. P., Ortega, R. B., Stanely, B.
5., and Valderrama, V. N. Quantifying Mitrate leaching in
irrigated Wheat with different Nitrogen fertilization
strategies in an Alfisol. Chilean Journal of Agricultural
Science, 71, 148-156 (2@811).

Cragg, A. The promise, pitfalls, and practicalities of
Precision Farming. HGCA Conference on Managing Soil and
Roots for Profitable Production, pp. 1-6 (2684), Retrieved
from www.

hgca.comsevents.past _events/s./pressizoreleases.mspx.htm
(May 28th, 2611).

Davis, G., Casady, W., and Masseuy, R. Precision
Agriculture: An Introduction. University of Missouri
Extension Services. Water Quality, 456, 1-9 (1998).

Delgado, J. A. A new GIS approach to assess Nitrogen
Management across the USA, pp. 1-8 (2611), Retrieved from
http: /A ww. icpaonline.orgs/f inalpdf sabstract _176.pdf (June
21, 2811).

Dobermann, A., Blackmore, 5., Cook, 5. E., and Adamchuk, V.
I. Precision Farming: Challenges and Future Directions. In
MNew Directions for a Diverse Planet. Proceedings of the
Fourth International Crop Science Congress, Brishane,
Australia, p. 19 (2664), Retrieved from www.
cropscience.org.au (January 28th, 2811).

Earl, R., Wheeler, P. N., Blackmore, B. 5., and Godwin, R.
J. Precision farming: The Management of Variability.



Landwards, 51, 18-23 (1996).

Ess, D., Yun, T., and Erickson, D. Site Specific
Management, p. 2 (2616), Retrieved from http:s/ ww.
agriculture. purdue.edusssmc/Framessmain.html (December
15th, 2818).

Fairchild, D. Precision faming concepts an industry’s
perspective and experience since 1986 In Proceedings of
Site-specific Management for Agricultural Systems. P. C.
Roberts (Ed.) American Society of Agronomy, Wisconsin,
USA, pp. 753-755 (1994).

Ferguson, R. W. and Hergert, G. W. S0il sampling for
Precision Agriculture. Journal of Animal and Plant
Sciences, 5, 494-586 (2809).

Franzen, D., Hofman, ¥., and Halverson, A. Soil fertility
and Site-specific farming study at area IV Research Farm,
pp. 1-3 (2688), Retrieved from

http:/Awww, soilsci.ndsu. nodak . edus
Franzensscientific-pubs.html (May 28th, 2611).

Gerhards, S., Wyse-Pester, D. %., and Mortensen, D. A.
Spatial stability of HWeed patches in Agricultural fields.
In Proceedings of the 3rd International Conference on
Precision Agriculture. Minneapolis, Minnesota, USA, pp.
521-529 (1996).

Gholizadeh, A., Amin, M. 5. M., Anuar, A. R., and Aimrun,
W. Ewvaluation of SPAD-Chlorophyll meter in two different

Rice growth stages and its temporal wariahility. European
Journal of Scientific Research, 37, 591-598 (2689).

Goddard, T. What is Precision Farming. Proceedings of
Precision Farming Conference, Taber, Alberta, Canada, pp.
1-5 (1997).

Godwin, R. J., Earl, R., Taylor, J. C., HWood, G. A.,
Bradley, R. I., Welsh, J. P., Richards, T., Blackmore, B.
5., Carver, M. J., Knight, 5., and Welti, B. Precision
Farming of Cereal crops. A five-year Experiment to develop
Management guidelines. Home grown Cereals Authority
Project no 267, p. 28 (2881).

Godwin, R. J., Richards, T. E., Wood, G. A., HWelsh, J. F.,
and Knight, S. M. An Economic analuysis of the potential
for Precision farming. Biosuystems Engineering, 84, 533-545
(2o83).



GRDC. Precision Agriculture-Fact sheet-How to put Precision
fAgriculture into practice. Grain Research and Development
Corporation, Kingston, Australia, pp. 1-6 (2818), Retrieved
from wow. grdc.com.au (January 1st, 2611).

Griffin, T. W., Popp, J. 5., and Buland, D. ¥. Economics of
variable rate applications of Phosphorus on a Rice and
Soybean rotation in Arkansas. Proceedings of the Sth
International Conference on Precision Agriculture and

other Resource Management. Bloomington, Minnesota, USA, pp.
23-40 (2080) .

Hernandez, J. A. and Mulla, D. J. Introduction to Precision
Agriculture, pp. 1-7 (2668), Retrieved from http://
soils.umn. edusacademicssclassess/soildl11l.htm (December
15th, 2818).

India Development Gateway. Precision Farming. Tamil Madu
fAgricultural University, Coimbatore, India, pp. 1-3 (2@81a),
Retrieved from http://www.tnau.ac. inshorcheshitechf ld. swf.
(December 15th, 2616).

Jhoty, I. and Autrey, J. C. Precision
fAgriculture-perspectives for the Mauritian Sugar Industry.
Mauritius Sugar Industry Research Institute, Mauritius,
Bulletin 12, pp. 1-7 (2@08).

Jiyun, J. and Cheng, J. Site Specific nutrient Management
in China: IPNI-China program. International Plant MNutrition
Institute, Norcross, Georgila, USA, pp. 1-7 (2611),
Retrieved from

karlen, D. L. Andrews, 5., Colvin, T. 5., Jaynes, D. B.,
and Berry, E. C. Spatial and temporal wariability in corn
growth, development and yield. In Proceedings of 4th
International Conference on Precision Agriculture.
American Society of Agronomy, Madison, Wisconsin, USA, pp.
1e1-112 (1998).

kKessler, M. C. and Lowenberg-DeBoer, J. Regression analysis
of ¥ield monitor data and its use in fine-tuning crop
decisions. Proceedings of the 4th International Conference
on Precision Agriculture. American Society of Agronomd,
Madison, WI, USA, pp. 821-828 (1998).

kKhakural, B. R., Rohert, P. C. and Mulla, D. T. Relating
Corn andsor Soybean yield to variability in Soil and
Landscape characteristics. In Proceedings of the 3rd
International Conference on Precision Agriculture. P. C.
Roberts (Ed.). American Society of Agronomy, Minneapolis,



Minnesota, USA, pp. 117-128 (1996).

kKhanna, M., Epouche, 0. F., and Hornbaker, R. Site-specific
Crop Management: Adoption patterns and incentives. Review
of Agricultural Economics, 21, 455-472 (1999).

khosla, R. Precision Agricultural Technigues and
Technologies Presidential Address. First Indo-US Bilateral
workshop on Precision Farming. Punjab Agricultural
University, Ludhiana, India, p. 1 (2611), Retrieved from
wuw, agsci.colostate.edu.news/Newsze11/khosla_India. html
(May 28th, 2611).

Koostra, B. K., Stombaugh, T. S., and Dowdy, T. C.
Development of Precision Agriculture to suite using
ArcPad. ESRI Paper Mo. @477, (2663), Retrieved from
wuw, bae.uky.eduststomb/ StombaughPackage_8-26-85. pdf
(December 15th, 2616).

KSHMA. Precision Farming Development and Extension through
PFOCs, pp. 1-17 (2611}, Retrieved from
http:/shorticulure.kar.nic. insdshmasguidlines.html (March,
2611).

Laboski, C. and Bundy, L. New Nitrogen Rate guidelines for
Corn in Wisconsin using a regional approach. Department of
501l Science, University of Wisonsin-Madison. Mew Horizons
in Soil Science, 3, 1-8 (2865).

Lowenberg-Deboer, J. Precision Framing or Conwvenience
Farming, pp. 1-32 (2663a), Retrieved from http: /s www.
regional.org.aus/aus/asas/2083/ 1,6/ lowenberg . htm (March 23rd,
2a11).

Maheswari, R. Ashok, K. R., and Prahadeeswaran, M.
Precision Farming Technology, Adoption Decisions and
Productivity of Wegetables in Resource-poor Environments.
Agricultural Economics Research Review, 21, 415-424
(Zpag) .

Maine, N. and MNell, W. T. Strategic approach to the
implementation of Precision Agriculture principles in Cash
crop farming, pp. 217-225 (2865), Retrieved from
http:/Aww. farmingsuccess.com Aid126.htm (February 21st,
2a11).

Maine, M., Mell, W. T., Alemu, Z. G., and Barker, C.
Economic analysis of Witrogen and Phosphorus application
under “ariable and Whole field strategies in the Bothaville
district of South Africa. Research Report of Department of



Geography. University of Free State, Bloemfontein, South
Africa, p. 18 (2685), Retrieved from
http://ideas.repec.orgsasagssagrekos/7647. html.

Mishra, A., Sundermoorthi, K., Chidambara Raj, and Balaji,
0. Operationalization of Precision Farming in India. Map
India Conference. New Delhi, India, (2683), Retrieved from
gisdevelopment.net/ applicationsagricultures. .. pdf/127.pdf
(December 15, 2818).

Molina, M. and Ortega, R. Evaluation of the nitrification
inhibitor DMPP in two Chilean soils. Chilean Journal of
Plant Mutrition, 29, 521-534 (2606).

Morgan, M. T. Precision Farming: Sensors and Map-based.
fAgricultural and Biological Engineering Reports. Purdue
Research Foundation, MWest Lafauette, Indiana, USA, pp. 1-3
(1997)
http:Awww,agriculture. purdue. edusssmc/./sensors.html (May
28th, 2@11).

NARC. Precision Agriculture in the 21st Century: Geospatial
and Information Technologies in Crop Management. National
Academy Press, Washington. DC, p. 149 (1997).

Morasma, C. ¥. N., Shariff, 4. R. M., émin, A. 5.,
kKhairunniza-Bejo, 5., and Mahmud, A. R. Weh-based GIS
Decision Support System for Paddy Precision farming. Web
Precision Farmer ¥.2.8. University Putra Malausia,
Selangor, HMalaysia, pp. 1-3 (November 29th, 2616).

Ortega, R. A., Munoz, R. E., Acosta, L. E., and Riguardo,
J. 5. Optimization model for Wariable rate application in
extensive crops in Chile: The effects of fertilizer
distribution within the field. In Proceedings of the 7th
EFITA Conference, Wageningen. European Federation for
Information Technology and Agriculture (EFITA), Hageningen.
Netherlands, pp. 489-495 (2863).

Patil, ¥. C. and Shanwad, U. K. Relevance of Precision
Farming to Indian Agriculture. Department of Agronomd,
University of Agricultural Sciences, at Raichur, Karnataka,
India, (2816}, Retrieved from

www. acr.edu. ins/infosinfofiles144 . pdf (May 28th, 2811).

Rickman, D., Luwall, J. C., Shaw, J., Mask, P., Kissel, D.,
and Sullivan, D. Precision Agriculture: Changing the Face
of Farming. American Geological Institute, Alexandria, VA,
USA. Geotimes, pp. 1-9 (2663), Retrieved from

http:/Awww, agiveb.oreg/gent imes/noves/feature_ agric.html



#author (January 4th, 2611).

Roberts, R. K., English, B. C., Larson, J. A., Cochran, R.
L., Goodman, B., Larkin, 5., Marra, M., Martin, 5.,

Reeves, J., and Shurley, D. Precision farming by Cotton
producers in six Southern states: Results from 2681
Southern Precision farming survey. Department of
Agricultural Economics, University of Tennessee, Knoxville,
Tennessee, USA Research Series 63-82, pp. 1-83 (2eaz).

Rusch, P. C. Precision Farming in South Africa. MSc Thesis,
Department of Agriculture and Food Engineering, University
of Pretoria, South Africa, p. 51 (2881).

Shanwad, U. K. Precision farming: CDreams and Realities for
Indian Agriculture, pp. 1-4 (2616), Retrieved from

Shawver, T., McCuen, R. H., Ferguson, R., and Shanahan, J.
Crop canopy Sensor utilization for Witrogen management in
Corn under semi-arid limited irrigation conditions.
American Society of Agronomy Annual International Meetings,
Long Beach California, USA (Abstract), p. 1 (2618).

Shylla, B., Handa, A., and Sharma, U. Precision Farming in
Horticulture. Science Tech: Entrepreneur, pp. 1-5 (28867,
Retrieved from

http:/Awww, techno-preneur.netsinformat ion-desk/
sciencetech-magazines2086/ jangc/Precision-Farming. pdf (May
28th, 2a11).

Spackman, S., Lamb, D., Louls, J., and Mackenzie, G. Remote
Sensing as a potential Precision Farming Technigue for the
Australian Rice Industry, pp. 1-3 (2663), Retrieved from
http:/s www.regional.org.ausaus/giars13/463spackman. htm
(January 11th, 2611).

Sparovek, G. and Schnug, A. So0il tillage and Precision
fAgriculture: A theoretical case study of soil erosion in
Brazilian Sugarcane production. Soil and Tillage, 61, 47-54
(zom1).

Srinivasan, A. Relewvance of Precision Farming Technologies
in Asia and the Pacific, pp. 1-14 (2616), Retrieved from
http:/Aww. sristi.org/mtsass_7-4.htm (38th July, 2611).

Sudduth, K. Current Status and Future Directions of
Precision Agriculture in the USA. In Proceedings of 2nd
Asian Conference on Precision Agriculture. Pyeongtaek,
Korea, COROM (March 1st, 2611) (2ea7).



Torbett, J. C., Roherts, R. K., Larson, J. A., and English,
B. C. Perceived improvements in Mitrogen Fertilizer
efficiency from Cotton Precision Farming. Computers and
Electronics in Agriculture, 64, 148-148 (2668).

Tran, D. ¥. and Nguyen, N. ¥%. The concept and
implementation of Precision Farming and Rice Integrated
Crop Management systems for sustainable production in the
twenty first century. A report on Integrated Systems. Food
and Agricultural Research Organization of the United
MNations, Rome, Italy, pp. 91-181 (2@88).

Willar, D. and Ortega, . R. Medidor de Clorofila. Bases
teoricas su application para la fertilizacion nitrogenada
en cultivos. Agronomia 4 Forestal UC, 5, 4-8 (26683).

Vrindts, E., Reyniers, M, Darius, P., Frankinet, M.,
Hanguet, B., Destain, M., and Baerdemaeker, J. Analusis of
spatial soil, crop and yield data in a winter wheat field.
Society for Engineering in Agricultural, Food and
Biological Systems. Proceedings of the Annual International
Meeting. Paper No. 831886, pp. 1-14 (2ea3).

Wang, H., Jin, J., and HWang, B. Improvement of Soil
Nutrient Management wia information technology. Better
Crops, 9@, 38-32 (2006).

#ie, G., Chen, S., @i, W., Lu, ¥., ¥Yang, ®., and Liu, C. A
multidisciplinary and Integrated study of Rice Precision
Farming. Chinese Geographical Science, 13, 9-14 (2ea7).

Yu, M., Segarra, E., HWatson, 5., Li, H., and Lascano, R. J.
Precision Farming Practices in irrigated Cotton production
in the Texas High plains. Proceedings of the Beltwide
Cotton Conference, 1, 281-288 (2e61).

Zhang, J. H., Wang, K. Bailey, J. S., and HWang, R. C.
Predicting Mitrogen status of Rice using Multi-spectral
Data at Canopy scale. Pedosphere, 16, 188-117 (2006). This
page intentionally left blank



2 2. Precision Farming: Methodology

Aimrun, W., Amin, M. 5. M., Amin H., and Nouri, H. Paddy
field zone characterization using Apparent Electrical
Conductivity for Rice Precision Farming. International
Journal of Agricultural Research, 6, 16-28 (2811).

Aishah, A. W., Zauyah, 5., Anaur, A. R., and Fauziah, C. I.
Spatial variability of selected Chemical characteristics of
Paddy soils in Sawah Sempadan, Selangor, Malausia.
Malaysian Journal of Soil Science, 14, 27-39 (2818).

Atherton, B. C., Morgan, M. T., Shearer, 5. A., Stombaugh,
T. 5., and Ward, A. D. Site-Specific Farming: A
perspective on information Needs, Benefits, and
Limitations. Journal of Water and Soil Conserwvation, 54,
455-461 (1999).

Balkcom, K. and Rodekohr, D. VWariable Rate Cotton
fertilization Development in the Coastal Plains of
Alabama. American Society of Agronomy Annual meetings Long
Beach CA, USA, pp. 1-2 (281a), Retrieved from
ASA_18_greenseeker.pdf (January 1st, 2611).

Blackmore, S. The role of ¥Yield maps in Precision Farming.
National Soil Resources Institute, Cranefield University,
Silsoe, United Kingdom (Doctoral Dissertation), pp. 161
(208a3).

Bogrecki, I. and Lee, W. 5. Comparison of Ultraviolet,
Visible and Mear Infrared Sensing for Soil Phosphorus.
Biosystems Engineering, 96, 293-299 (2067).

Bongiovanni, R., and Lowenberg-DeBoer, J. Precision
Agriculture in Argentina. Third Simposio Internacional de
fAgricultura de Precision, pp. 1-14. (2865), Retrieved from
http:/Awww, cnpms.

Bredemeier, C. and Schmidhalter, U. Non-contacting
Chlorophyll fluorescence sensing for Sitespecific Nitrogen
fertilization in Wheat and Maize. In Precision Agriculture.
J. Stafford and A. Herner (Eds.). Wageningen Academic
Publishers, pp. 163-188 (Z28a3).

Campbell, R. H. Recent Advances in ¥ield monitoring of
conveyor harvested crops. In Proceedings of the 4th
International Conference on Precision Agriculture. P. C.
Roberts (Ed.). American Society of Agronomy, Madison, WI,
Usa, pp. 1181-1186 (1998).



Casady, W., Pfost, D., Ellis, C., and Shannon, K. Precision
Agriculture: Yield Monitors. University of Missouri Sustem,
University Outreach and Extension Serwvice. Water Quality,
451, 1-4 (z@1a).

Christy, C. D., Drummond, P., and Lund, E. Precision
fgriculture applications of an ‘on-the-go’ soil infra-red
reflectance sensor, pp. 1-12 (2618), Retrieved from
http:/Awww, veristech-coms pdf_filess
Optical_8thinticonf.pdf (June 12th, 2611).

Chung, 5., Sudduth, K., Jung, %., Hong, ¥., and Jung, K.
Estimation of Korean Paddy field soil properties suing
Optical reflectance. In ASABE Annual International Meeting
Technical papers. American Society of Biological Engineers
Annual International Meeting. Providence, Rhode Island.
Paper Mo. 683682, pp. 1-3. (2668), Retrieved from
http://asae.fruymulti.com/
abc.asp?JID=5&AI0=25621&CID=provzaasaT=2 (December 15th,
2a1e) .

Colburn, J. W. Soil Doctor a multi-parameter, real time
501l sensor and concurrent input control system.
Proceedings of the 4th International Conference an
Precision Agriculture, p. 1693 (1999), Retrieved from
linkinghub.elsevier.com/retrieves/pili/S661676610100674% (May
28th, 2a11).

Dobermann, A., Blackmore, 5., Cook, 5. E., and Adamchuk, V.
I. Precision Farming: Challenges and Future Directions. In
MNew Directions for a Diverse Planet. Proceedings of the
Fourth International Crop Science Congress, Brishane,
Australia, p. 19 (2664), Retrieved from www.
cropscience.org.au (January 28th, 2811).

Doerge, T. Yield monitors create on and off farm profit
opportunities. Crop Insights, Pioneer International, 9,
1-4 (1999,

Doerge, T., Kitchen, M. R., and Lund, E. D. Soil Electrical
Conductivity mapping. International Plant MWutrition
Institute. Morcross, Georgla, USA, pp. 1-2. (26117,
Retrieved from http:// www.

Ferguson, R. W. and Hergert, G. W. S0il sampling for
Precision Agriculture. Journal of Animal and Plant
Sciences, 5, 494-586 (2809).

Franzen, 0. W. and Kitchen, N. R. Developing Management
zones to target Nitrogen applications. International Plant



MNutrition Institute, Morcross, GA, USA, pp. 1-2 (2811),
Retrieved from

Franzen, 0. W. and Swenson, L. J. Soil sampling for
Precision farming. Sugar beet Research and Extension
Reports, 26, 129-134 (1995).

Geypens, M., Vanaongewal, L., Wogels, N., and Meukens, J.
Spatial variability of Agricultural Soil fertility
parameters in a Gleyic Podzol. Precision Ag¢riculture, 1,
319-326 (1999).

Gholizadeh, A., Amin, M. 5. M., Anuar, A. R., and Aimrun,
W. Ewvaluation of SPAD-Chlorophyll meter in two different
Rice growth stages and its Temporaltemporal wvariability.
European Journal of Scientific Research, 37, 591-598
(2pe9) .

Giles, K. Variahle Rate Technology (WRT) for Site-Specific
Agriculture, pp. 1-7 (2616), Retrieved from. Precision
ag.org/word/chl12.doc (January 11th, 2611).

Grain Research and Dewvelopment Corporation (GRDC).
Precision Agriculture Fact sheet. How to put Precision
fAgriculture into practice. Grain Research and Development
Corporation, Kingston, Australia, pp. 1-6 (281a),
Retrieved from www.grdc.com.au (January 1st, 2611)

Hall, T. L., Backer, L. F., Hoffman, %. L., and Smith, L.
J. Ewvaluation of Sugar beet Yield sensing systems operating
concurrently on a harvester. In Proceedings of the 4th
International Conference on Precision Agriculture. P. C.
Roberts (Ed.). American Society of Agronomy, Madison, WI,
USA, pp. 1167-1118 (1998).

Heisel, T. and Christensen, 5. A Digital camera suystem for
HWeed detection. Proceedings of the 4th International
Conference on Precision Agriculture. American Society of
Agronomy, Madison, USA, pp. 1569-1577 (1999).

Hellebrand, H. J. and Umeda, M. Soil and Plant Analusis for
Precision Agriculture. 1st Asian Conference on Precision
Agriculture, Kuala Lumpur Malausia, pp. 1-8 (2684,
Retrieved from

Huang, C. W., Huang, C. C., Yang, C. K., Wu, T. H., Tsai,
Y. 2., and Miao, P. L. Determination of Nitrogen content
in Rice crop using Multispectral Imaging. ASAE Annual
Meeting. Paper Wo. 631132, pp. 1-2 (2663)
http://asae.fruymulti.com/



abstract.asp=13741&t=2http://asae.fruymulti.com/
abstract.asp=13741&t=2 (January 11th, 2811).

Jahanshiri, E. GIS-hased Soil sampling methods for
Precision Farming of Rice. MastersMaster’s thesis,
University Putra Malaysia, Selangor, Serdang, Malausia, p.
72. (2886), Retrieved from http:// psasir.upm.edu.mys612
(April 23rd, 2811).

Johnston, A. E., Barraclough, P. D., Poulton, P. R., and
Dawson, C. J. Asessment of some spatially wvariable soil
factors limiting crop yields. In Proceedings of
International Fertilizer Society, pp. 1-2 (1998},
Retrieved from

http:/Awww, fertilizer-society.org/proceedings Auks
Pro419.htm (June 12th 2@11).

Jorgensen, R. M. Study on Line-imaging Spectroscopy as a
tool for Nitrogen Diagnostics in Precision farming.
Department of Agricultural Sciences, Riso Mational
Laboratory, Roskilde, Denmark, PhD Thesis, p. 93 (2062).

Kasowski, M. and Genereax, D. Farming by the foot in the
Red River valley of Minnesota. Agricultural Finance, 124,
2e-21 (1994).

kebabian, P. L., Theisen, A. F., Kallelis, 5., Scott, H.
E., and Freedman, A. A passive two-band plant fluorescence
sensor with applications in Precision Agriculture.
Precision Agriculture and Biological Quality. Proceedings
of the SPIE, Boston, MA, USA, pp. 238-245 (1998).

khosla, R. Active Remote Sensing: An innowvative Technigue
for Precision Fertilization, pp. 1-4 (2888), Retrieved
from http: s/ www.extsoilcrop.colostate. edus/newsletter.htm
(March 1st, 2811).

kKim, J. H., Sudduth, K. A., and Hummels, J. W. Soil
Macronutrient Sensing for Precision Agriculture. Journal of
Environmental Monitoring, 11, 1816-1824 (2669).

Kyveryga, P. M., Tao, H., Morris, T. F., and Blackmer, T.
M. Identification of Nitrogen Management categories by Corn
stalk Nitrate sampling guided by Aerial Imagery. Agronomy
Journal, 162, B58-867 (2889).

Kyveryga, P., Blackmer, T., and Pearson, R. Uncaliberated
late-season Digital imagery for predicting Corn Nitrogen
status within fields. International Annual Meetings of
American Society of Agronomy., Long Beach, California,



Usa, 187(3), p. 1 (2616a), Retrieved from

La, HW., Sudduth, K. A., Chung, S., and Kim, H. Spectral
reflectance estimates of Surface soil Physical and
Chemcial properties. In ASABE Annual Interntional Meeting,
Technical papers. American Society of Ag¢ricultural and
Biological Engineers Annual International meeting
Providence, Rhode Island. Paper Mo. 884242, pp. 1-3 (2868),
Retrieved from http://asae.
frymulti.coms/abc.asp?IID=5&AID=24696&CI0=proy 2088&T=2
(December 15th, 2616).

Lakes, J. ¥., Bock, G. R., Goode, J. A., and Mulla, D. J.
Geostatics, Remote Sensing and Precision Farming.
Proceedings of CIBA foundation sumposium on Precision
Agriculture, pp. 1-2 (2667). Retrieved from

Lee, K. 5., Lee, D. H., Sudduth, K., Chung, 5., and
Drummond, S. Wawvelength Identification for Reflectence
estimation of Surface and Subsurface soil properties. ASABE
Annual Interntional Meeting Technical papers, pp. 1-2.
(2e67), Retrieved from http://sasae.frumulti.com/request.
asp?search=1&JID=S5&AID=22894&CID=min2667&=&1i=&t=2 (March
1st, 2811).

Lemos, 5. G., Mogeira, A. A., Torre-neto, A., Parra, A.,
and Alonso, J. Soil Calcium and pH monitoring sensor
system. Journal of Food and Agricultural Chemistry, 55,
4658-4663 (26067).

Lems, J., Clay, D. E., Hamburg, D., Doerge, T. A., and
Resse, 5. C. ¥ield Monitors-Bsic steps to ensure system
accuracy and performance. International Plant MNutrition
Institute, Norcross, Georia, USA, pp. 1-2 (2611), Retrieved
from http: s/ www. ipni.netppivebs/ppibse.
nsf/twehindexsarticle=4E42F302852569C4886C6399ABBBE5EE
(June 27th, 26111).

Long, D. 5., Engel, R. E., and Reep, R. Grain protein
sensing to identify MWitroegen management of Spring wheat.
International Plant Wutrition Institute, Worcross, Gerogia,
USA, pp. 1-2 (z2e11).

Lowenberg-Deboer, J. Precision Framing or Conwvenience
Farming, pp. 1-32. (2663a), Retrieved from http:/ www.
regional.org.aus/aus/asas/2083/ 1,6/ lowenberg . htm (March 23rd,
2a11).

Maleki, M. R. Soil-sensor-based Variable rate Phosphorus
fertilization: ‘On-the-Go’ fertilization. Lambert fcademic



Publishing, London, p. 244 (2818).

Mallarino, A. P. Using Precision Agriculture to improve
501l fertility Management and On-farm Research. Iowa State
University Extension Serwvices. Integrated Crop Management,
486, 12-14 (1998).

Moshia, M. S., Khosla, R., Davis, J. G. HWestfall, D., and
Reich, R. Precision Manure Management across Site-specific
Management Zones. International Annual Meetings of American
Society of Agronomy. Long Beach, California, USA, pp.
162-1:1-2 (January 11th, 2611) (261a).

Moulin, A., Derksen, D., Mclaren, D., and Grant, C. Spatial
variability of soil fertility and identification of
management zones on hummocky terrain. Brandon Research
Center, agriculture and Agri-Food, Canada. Research

Report, pp. 1-8 (2883).

Mulla, D and Schepers, J. Key processes and properties for
Site-specific Soil and Crop Management. In The Site of
Site-specific management for Agriculture. F. J. Pierce and
E. J. Sadler (Eds.). American society of Agronomy,
Madison, WI, USA, pp. 1-18 (1997).

Patil, ¥. C. and Shanwad, U. K. Relevance of Precision
Farming to Indian Agriculture. Department of Agronomd,
University of Agricultural Sciences, at Raichur, Karnataka,
India, (2816}, Retrieved from

www. acr.edu. ins/infosinfofiles144 . pdf (May 28th, 2811).

Peng 5., Garcia, F. ¥., Laza, R. C., Sanico, A. L.,
Visperas, R. M., and Cassman, K. G. Increased N-use
efficiency using Chlorophyll meter on High yielding
Irrigated rice. Field Crops Research, 47, 243-252 (1996).

Peng, 5., Laza, R. C., Garcla, F. C., and Cassman, K. R.
Chlorophyll meter estimates Leaf area-based N
concentration of Rice. Communication of Soil and Plant
Analysis, 26, 927-935 (1995).

Plattner, C. E. Hummel, J. W., Robert, P. C. Rust, R. H.,
and Larson, W. E. Corn plant population sensor for
Precision Farming Agriculture. Proceedings of the 3rd
International Conference in Precision Agriculture.
Minnesota, USA, pp. 785-794 (199a).

Rossel, R. V., Walter, C., and Fouad, ¥. Assessment of two
reflectance technigues for the guantification of the
within-field Spatial wariability of Soil 0Organic Carbon. In



Precision Agriculture. J. Stafford, and A. Werner (Eds.).
Wageningen Academic Publishers. Metherlands, pp. 697-763
(2e63) .

Schmidt, J. D., Dellinger, A. E., and Beegle, D. B.
MNitrogen Recommendations for Corn: An on the Go sensor
compared with current recommendation methods. Agronomy
Journal, 161, 916-924 (2889) .

Selige, T., MWatscher, L., and Schmidthalter, U. Spatial
detection of Topsoil properties using Hyper-spectral
sensing. In Precision Agriculture. J. Stafford and A.
Herner (Eds.). Wageningen Academic Publishers,
Netherlands, pp. 633-638. (2803).

Shawver, T., McCuen, R. H., Ferguson, R., and Shanahan, J.
Crop canopy Sensor utilization for Witrogen management in
Corn under semi-arid limited irrigation conditions.
American Society of Agronomy Annual International Meetings,
Long Beach California, USA (Abstract), p. 1 (2618).

Snyder, C. S., Bruulsema, T. HW., Sharpley, A. N., and
Beegle, D. B. Site-specific use of the environmental
phosphorus concept. International Plant Wutrition
Institute, MNorcross, Georgila, USA, pp. 1-2 (2611),
Retrieved from http:/ www. ipni.net/ppiwebs/ppibase.nsfs
Fuwebindexsar ticle=28F949238525695306581E631AZC3168 (June
27, 2811).

Solari, F., Shanahan, J. H., Ferguson, R. B., and Adamchuk,
Y. I. An active sensor algorithm for corn N applications
hased on chlorophyll meter supply index frame work.
Agronomy Journal, 182, 1896-1893 (2608).

Sonka, 5. T., Baeur, M. E., and Cherry, E. T. Precision
Agriculture in the 21st Century: Geospatial and Information
Technologies in Crop Management. Mational Academy Press,
Washington D.C., p. 168 (1998).

Stroppiana, D., Boshetti, M., Alessandro Briwvio, P., and
Bochi, 5. Plant Witrogen concentration in Paddy rice from
Field Canopy Spectral Radiometry. Field Crops Research, 11,
119-129 (2869).

Sudduth, K. A., Hummel, J. W., and Funk, R. C. Soil Organic
Matter sensing for Precision herbicide application.
Proceedings of Conference on Pesticide formulations and
application systems: Tenth sumposium Philadelphia, USA,

pp. 111-125 (199a).



Sudduth, K. A., Kitchen, N. R., Scharf, P., Palm, C., and
Shannon, H. Field-scale N application using Crop
Reflectance Sensors. American Society of Agronomy Annual
Meetings Abstracts MWew Orleans, USA, Paper Mo 153-157, p.
1 (28a7).

Sudduth, K., Newell, K., and Scott, D. Comparison of three
Canopy Reflectance Sensors for Variable-rate Nitrogen
application in Corn. Proceedings of the International
Conference on the Precision Agriculture #@hstract, pp. 1-2
(261@), Retrieved from www.ars.usda.gov/s pandp/
peoplespeople.htm?personid=1471.html (December 15th, 261@).

Thylen, L., Gilkertsson, M., Rosenthal, T., and Hren, S. An
on-1line protein sensor-from research to product, pp. 1-9.
(2o82), Retrieved from

http:/uw. zeltex.comsonline_proteinsensor.doc (June 11th,
2a11).

Upadhyaua, S. and Teixeira, A. Sensors for Information
gathering during precision farming, pp. 1-9 (2618},
Retrieved from

Wagner, P. The Future of Precision Farming. The Development
of a Precision Farming information system and Economic
aspects, pp. 1-13 (1999), Retriewved from.
http:/Awww, 1b. landw.
uni-halle.despublikationen/pf/pf_efita99.htm (June 2,
2a11).

Zhang, J. H., Wang, K., Bailey, J. 5., and Hang, R. C.
Predicting Mitrogen status of Rice using Multi-spectral
Data at Canopy scale. Pedosphere, 16, 185-117 (2606).



3 3. Precision Farming, Soil Nutrient
Dynamics, and Crop Productivity

Arnall, 0., May, J., Butchee, K., and Taylor, R. Evaluation
of Sensor based Witrogen application in Producers fields.
International Annual Meetings of American Society of
Agronomy, Long Beach, California, USA, 187(5), pp. 1-2
(2a16), Retrieved from http://a-c-s.confex. coms/crops28i16am
Juebprogram/Papers8ss87.html (January 4th, 2611).

Babcock, B. A. and Paustch, G. R. Moving from Uniform to
Yariable fertilizer rates on Iowa corn: Effects on rates
and returns. Journal of Agricultural and Resource
Economics, 23, 385- 480 (1998).

Bali, 5. K., Kumar, R. Hundal, H. 5., Singh, K., and Singh,
B. GIS-aided Mapping of DTPA extractable Zinc and Soil
characteristics in the State of Punjab. Journal of Indian
Society of Soil Science, 58, 189-199 (2ai1@).

Beuerlein, J. and Schmidt, W. Grid Sampling and
Fertilization. Ohio State University Experimental Station.
Agronomy Technical Report Mo 9362, pp. 1-12 (1993).

Bongiovanni, R. and Lowenberg-DeBoer, J. Nitrogen
management in Corn using Site-Specific crop response
estimates from spatial regression model. Proceedings of the
5th International Conference on Precision Agriculture.
Minneapolis, USA, pp 1-8 (Z2eal).

Bradley, K. and Khosla, R. The role of Precision
fgriculture in Cropping Systems. Journal of Crop
Production, 9, 361-381 (26863).

Bruulsema, T. W., Malzer, G. L., Davis, P. C., and
Copeland, P. J. Spatial relationships of Soil Nitrogen
with Corn yield response to applied MWitrogen. Proceedings
of 3rd International Conference on Precision Agriculture.
Minneapolis, USA, pp. 585-512 (1996).

Buresh, R. J., Pampolino, P. 5., Tan, R., Rajendran, R.,
Gines, H. C., Son, T. T., and Ramanahan, 5. Reaching
towards Optimal Productivity. International Plant Mutrition
Institute, MNorcross, Georgila, USA, pp. 1-8 (26686),
Retrieved from http:/ www. ipipotach.orgsptreifc/2e06/16/15.
htm (June 38th, 2811)

Burton, E., Mahajanashetti, 5. B., and Roherts, R. K.
Economic and Environmental benefits of Variable rate
application of MWitrogen to Corn fields: Role of Wariahility



and HWeather. Proceedings of the american Agricultural
Economics Association. Nashwville, TH, USA, pp. 22-24
(1999).

Christy, C. D., Drummond, P., and Lund, E. Precision
fgriculture applications of an ‘on-the-go’ soil infra-red
reflectance sensor, pp. 1-12 (2618), Retrieved from
http:/Awww, veristech-coms pdf_filess
Optical_8thinticonf.pdf (June 12th, 2611).

Chung, 5., Sudduth, K., Jung, %., Hong, ¥., and Jung, K.
Estimation of Korean Paddy field soil properties suing
Optical reflectance. In Asabe Annual International Meeting
Technical Papers. American Society of Biological Engineers
Annual International Meeting. Providence, Rhode Island.
Paper Mo. 683682, pp. 1-3 (2868), Retrieved from
http://asae.fruymulti.com/
abc.asp?JID=5&AI0=25621&CID=provzaasaT=2 (December 15th,
2a1e) .

Claret, M. M., Urrutia, R. P., Ortega, R. B., Stanely, B.
5., and Valderrama, V. N. Quantifying Mitrate leaching in
irrigated Wheat with different Nitrogen fertilization
strategies in an Alfisol. Chilean Journal of Agricultural
Science, 71, 148-156 (2@811).

Delgado, J. A. A new GIS approach to assess Nitrogen
Management across the USA, pp. 1-8 (2611), Retrieved from
http: /A ww. icpaonline.orgs/f inalpdf sabstract _176.pdf (June
21, 2811).

Dobermann, A., Blackmore, 5., Cook, 5. E., and Adamchuk, V.
I. Precision Farming: Challenges and Future Directions. In
MNew Directions for a Diverse Planet. Proceedings of the
Fourth International Crop Science Congress, Brishane,
Australia, p. 19 (2664), Retrieved from www.
cropscience.org.au (January 28th, 2811).

Dwivedi, B. S., Sing, D., Swarup, A., Yadav, R. L., Tiwari,
K. M., Meena, M. C., and Yadav, K. 5. On-Farm Ewvaluation

of SSNM in Pearl millet-based Cropping systems on Alluvial
soils. Indian Journal of Fertilizer, 7, 20-28 (2611).

El-Nahry, A. H. Ali, R. R., and El Baroudy, A. A. An
approach for Precision farming under Pivot irrigation
systems using Remote Sensing and GIS technigues.
Agriculture Water Management, 98, 517-531 (2ai1e).

Fiez, T. E., Miller, B. C., and Pan, W. L. Assessment of
spatially variable nitrogen fertilizer management in



winter wheat. Journal of Production Agriculture, 7, 86-93
(1994).

Forcella, F. VYalue of Managing Within-field variability.
Proceedings of the 1st HWorkshop on Precision Farming.
American society of Agronomy, Madison, WI, USA, pp. 125-132
(1993).

Franzen, 0. W. and Swenson, L. J. Soil sampling for
Precision farming. Sugar beet Research and Extension
Reports, 26, 129-134 (1995).

Godwin, R. J., James, I. T., HWelsh, J. P., and Earl, R.
Managing spatially wvariable Nitrogen: A Practical
fpproach. Proceedings of the Annual ASEA Meeting, Michigan
State University, paper Mo 99, p. 1142 (1999).

Graham, C., VYan Es, H., Melkonian, J., and Laird, D.
Integrating model-based adaptive management of Nitrogen
with Site-specific WIR-based carbon estimates in Maize
production. International Annual Meetings of American
Society of Agronomy. Long Beach, California, USA, 187(2),
pp. 1-2 (2a1a).

GRDC. Precision Agriculture-fact sheet-How to put Precision
fAgriculture into practice. Grain Research and Development
Corporation, Kingston, Australia, pp. 1-6 (2818), Retrieved
from wow. grdc.com.au (January 1st, 2611).

Griffin, T. W., Popp, J. 5., and Buland, D. ¥. Economics of
Variable-rate applications of Phosphorus on a Rice and
Soybean rotation in Arkansas. Proceedings of the Sth
International Conference on Precision Agriculture and

other Resource Management. Bloomington, Minnesota, USA,

pp. 23-46 (2686).

Hammond, M. W. and Mulla, D. J. J. Development of
Management maps for spatially variable Soil fertility.
Proceedings of the 39th Annual Far West Regional Fertilizer
Conference. Bozeman, HMontana, pp. 36-38 (1988).

Haneklaus, S., Bloem, E., and Schnug, E. Precision
agriculture-New production system for an 0ld crop, pp. 1-7
(2o82), Retrieved from
http:/Auw.regional.org.aus/ausgcric/2/16. htm (July 2nd,
2a11).

Heiniger, R. W. and Meijer, A. M. Why Variahle Rate
Application of Lime has increased grower profits and
acceptance of Precision Agriculture in the Southeast.



Proceedings of the 5th International Conference an
Precision Agriculture and other Resource Management.
Bloomington, Minnesota, USA, pp. 576-659 (260a).

Jiyun, J. and Cheng, J. Site Specific nutrient Management
in China: IPNI-China program. International Plant MNutrition
Institute, Norcross, Georgila, USA, pp. 1-7 (2611),
Retrieved from

karlen, D. L. Andrews, 5., Colvin, T. 5., Jaynes, D. B.,
and Berry, E. C. Spatial and temporal wariability in corn
growth, development and yield. In Proceedings of 4th
International Conference on Precision Agriculture.
American Society of Agronomy, Madison, Wisconsin, USA, pp.
1e1-112 (1998).

kKhakural, B. R., Rohert, P. C., and Mulla, D. T. Relating
Corn andsor Soybean yield to variability in Soil and
Landscape characteristics. In Proceedings of the 3rd
International Conference on Precision Agriculture. P. C.
Roberts (Ed.). American Society of Agronomy, Minneapolis,
Minnesota, USA, pp. 117-128 (199a).

kKitchen, M., Hughes, D. F., Sudduth, K. @A., and Birrel, S.
J. Comparison of Variable rate to Single rate Nitrogen
fertilizer application: Corn Production and Residual soil
NO 3 -N. Proceedings of the International Conference on
Site Specific Management of Agricultural Sustems,
Minneapolis, MN, USA, pp. 427-439 (1994).

kKitchen, M., Shahanan, J., Roberts, 0., Scharf, P.,
Ferguson, R., and Adamchuk, %. Economic and Enwvironmental
Benefits of Canopy Sensing for Variable rate-N Corn
fertilization. In Proceedings of the American Society of
fgricultural and Biological Engineers Annual International
Meetings. Reno, Nevada, USA, pp. 1-3 (28@9), Retrieved from
http:/sasae.frymulti. comsabstract.asp?aid=27259&t=1.
(December 15th, 2616).

Krishna, K. R. Agrosphere: Nutrient Dynamcis, Ecology, and
Productivity. Science Publsishers, Enfield, New Hampshire,
UsSA, p. 453 (2663).

kKrishna, K. R. Peanut Agroeosystem: Nutrient Dynamcis and
Productivty. Alpha Science Internationl Inc. Oxford,
England, p. 292 (2@808).

kKrishna, K. R. Agroecosystems of South India. Mutrient
Dynamics, Ecology and Productivity. Brown Walker Press
Inc, Boca Raton, Florida, USA, p. 553 (2818).



kKrishna, K. R. Maize Agroecosystem: Nutrient Dynamcis and
productivity. Apple Academic Press Inc, Toronto, Canada,
p. 325 (2611).

kKitchen, M. R., Sudduth, K. A&., Drummond, 5. T., Scharf, P.
C., Palm, H. 1., Roherts, D. F., and Vories, E. D.
Ground-based Canopy reflectance sensing for Variable rate
Corn fertilization. Agronomy Journal, 182, 71-82 (2818).

Kyveryga, P., Caragea, P., Kaiser, M., Nordman, D., and
Blackmer, T. The dilemma of reducing Witrogen fertilizer
rate for Corn: Data analusis of On-farm trials.
International Annual Meetings of American Society of
Agronomy. Long Beach, California, USA, 316(3) pp. 1-2
(zaiah) .

Lowenberg-0eBoer, J. and Reetz, H. F. Phosphorus and
Potassium Economics for the 21st Century. Better Crops,
86, 4-8 (2862).

Maine, M., Mell, W. T., Alemu, Z. G., and Barker, C.
Economic analysis of Witrogen and Phosphorus application
under “ariable and Whole field strategies in the Bothaville
district of South Africa. Research Report of Department of
Geography. University of Free State, Bloemfontein, South
Africa (2665), Retrieved from
http://ideas.repec.org/s/asagssagrekos/ 7647, himl pp 14.

Maine, M., Mell, W. T., Loweberg-DeBoer, J., and Alemu, Z.
G. Economic Analysis of Phosphorus Applications under
variable and Single rate Applications in the Bothaville
District. Agrekon, 46, 72-78 (26007).

Mallarino, A. P. and MWittry, D. J., Dousa, D., and Hinz, P.
N. wariable rate Phosphorus Fertilization: 0On-farm Research
methods and Evaluation for Corn and Soyhean. Proceedings of
the 4th International Conference on Precision Agriculture.
American Society of Agronomy, Madison, WI, pp. 687-696
(1998).

Mayer-aurich, A., Gandorfer, M., and Wagner, P. Economic
potential of Site Specific Management of Wheat production
with respect to grain gualitu, pp. 1-6 (2887), Retrieved
from www.

efita.nets/appssacceshasesbindocload. asp?d=6261&t=8 (May
28th, 2811)

Miao, ¥., Mulla, D. J., Robert, P. C., and Hernandez, J. A.
Within field Variations in Corn yield and Grain guality



responses to Mitrogen fertilization and Hybrid selection.
Agronomy Journal, 98, 129-14@ (2606).

Molin, J. P., Motomiya, A. ¥. A., Frasson, F. R., Faulin,
G. C., and Tosta, W. Test procedure Variahle-rate
fertilizer on coffee. Acta Sciencia Agronomy, 32, 1-13
(zo18) .

Moshia, M. S., kKhosla, R., Davis, J. G., Hestfall, D., and
Reich, R. Precision Manure Management across Site Specific
Management Zones. International Annual Meetings of American
Society of Agronomy. Long Beach, California, USA, 182(1),
pp. 1-2 (January 11th, 2611) (261a).

Roberts, D., Kitchen, N., Sudduth, K., Scott, D., and
Scharf, P. Economic and Environmental implications of
Sensor-based N management. Better Crops with Plant Food,
94, 4-6 (2689).

Ruffo, M. L., Weibhers, M., and Below, F. W. Optimization of
Corn grain composition with wariable rate Nitrogen
fertilization. 18th World Congress on Soil Science.
Philadelphia, Pennsylvania, USA, pp. 1-3 (2086), Retrieved
from http://a-c-s.confex.com/crops/wc2e66/
techprogram/FP18257 (March 1st, 2@11).

Runge, E. C. A. and Hons, F. H. Precision Agriculture:
Development of a hierarchy of variables influencing crop
yields. In Proceedings of 4th International Conference on
Precision Agriculture. P. C. Roherts (Ed.). American
Society of Agronomy, Madison, WI, USA, pp. 143-158 (1998).

Satyanarayana, T., Majumdar, K., and Biradar, D. P. New
approaches and tools for Site Specific Nutrient Management
with reference to Potassium. Karnataka Journal of
Agricultural Sciences, 24, 86-96 (2811).

Sawyer, J. E. Mallarino, A. P., Kiljorn, R., and Barnhart,
5. K. A General guide for Crop Mutrient and Lime stone
recommendations in Iowa. Iowa State University Extension
Bulletin, pp. 1-18 (Z2eeg).

Scharf, P., Shannon, K., Sudduth, K., Kitchen, N., and
Scott, D. Crop Sensors to control Variable-N rate N
applications: Fiwve years of 0On-Farm Demonstrations.
Proceedings of American Society of Agronomy Annual
meetings. Abstract, Pittsburgh, PA, USA, pp. 1-2 (Z8@9a),
Retrieved from

Scharf, P., Kitchen, M., and Bronson, K. Precision Nitrogen



Management approaches to minimize impacts. In: Proceedings
of the American Society of Agronomy Annual meetings
(ahstract) Pittsburgh Pennsylvania, pp. 1-2, (28e3h),
Retrieved from www.ars.usda.gov/resarchs
publications/publications.htm?seq_no_115=246687 (May 28th,
2a11).

Schepers, J. 5. Precision Farming: One key to Quality
Water, pp. 1-3 (1996), Retrieved from

www. fluidfertilizer.com/pastart/pdf/13FP28-31.pdf (May 258th,
2611)

schloter, M., Bach, H. J., Metz, S., Sehy, U., and Much, J.
C. Influence of Precision Farming on the Microbial
community structure and functions in Nitrogen turnover.
Agriculture, Ecosystems, and Environment, 98, 295-3a4
(2p63) .

Simmonds, H., Linguist, G., Flant, R., and ¥an Kessel, C.
The influence of flood irrigation in Rice systems on the
Spatial Distribution of Soil nutrients, Plant nutrient
uptake and Yield. International Annual Meetings, Agronomy
Society of America, 186(4) 1 (26i1a).

Singh, M. ¥. Evaluation of Micronutrient stocks in
different Agro-ecological regions of India for sustainable
crop production. Fertilizer News, 46, 13-35 (2681).

Snyder, D. S. An economic analusis of Variable nitrogen
management. In Proceedings of the Third International
Conference on Precision Agriculture. P. C. Robert, R. H.
Rust, and W. E. Larson (Eds.). Minneapolis, Minnesota,
USA, pp. 1669-1618 (1996).

Sparovek, G. and Schnug, A. So0il tillage and Precision
fAgriculture: A theoretical case study of soil erosion in
Brazilian Sugarcane production. Soil and tillage, 61, 47-54
(zom1).

Sudduth, K. A., Hummel, J. W., and Funk, R. C. Soil Organic
Matter sensing for Precision herbicide application.
Proceedings of Conference on Pesticide formulations and
application systems: Tenth sumposium Philadelphia, USA,

pp. 111-125 (199a).

Sudduth, K., Newell, K., and Scott, D. Comparison of three
Canopy Reflectance Sensors for Variable-rate Nitrogen
application in Corn. Proceedings of the International
Conference on the Precision Agriculture #@hstract, pp. 1-2
(261@), Retrieved from www.ars.usda.gov/pandps



peoplespeople.htm?personid=1471.html (December 15th, 261@).

Tucker, D. P. H., Alva, A. K., Jackson, L. K., and Heaton,
T. A. Nutrition of Florida Citrus Trees. University of
Florida Extension Serwvices Publication-169, pp. 1-39
(1995).

vanek, V., Balik, J., Silha, J., and Cerny, J. Spatial
variability of Total Soil Nitrogen and Sulfaur content at
two conventionally managed fields, pp. 1-16 (2688),
Retrieved from
http://journals.uzpi.cz/publictiles /62456, pdf (July 2nd,
2a11).

Viglizzo, E. F., Pordomingo, A. J., Castro, M. G., Lertro,
F. A., and Bernardos, J. N. Scaledependent controls on
Ecological functions in Agroeosuystems of Argentina.
Agriculture, Ecosustems and Environment, 161, 39-51 (26a4).

Walley, F., Pennock, D., Solohuh, M., and Hnatowich, G.
Precision Farming: Precisely HWhat do we know?, pp. 1-16
(1998), Retrieved from

http:/Awww, ssca.casconferences2a66proceedingss walley.html
(January 1st, 28e1).

Wang, H., Jin, J., and HWang, B. Improvement of Soil
Nutrient Management wia information technology. Better
Crops, 9@, 38-32 (2006).

Wells, K. L. and Dollarhide, J. E. Precision Agriculture:
The effect of Wariahle Rate fertilizer f@pplication on Soil
test wvalues, pp. 1-12 (1998), Retrieved from

http: A ww. uky. edusAgs Agronomy/Extensionsssvl19a. pdf (June
11th, 2811).

Wortmann, C. S., Ferguson, R. B. Hergert, G. W., and
Shapiro, C. A. Use and Management of Micronutrient
Fertilizers in MWebraska. University of NWehraska-Lincoln,
Extension Bulletin G, 18¢, 1-4 (Zaa3).

Yu, M., Segarra, E., HWatson, 5., Li, H., and Lascano, R. J.
Precision Farming Practices in irrigated Cotton production
in the Texas High plains. Proceedings of the Beltwide
Cotton Conference Yol 1, pp. 201-288 (Z2aa1).



4 4, Geographic and Economic Aspects of
Precision Farming

fAishah, A. W., Zauyah, 5., Anaur, A. R., and Fauziah, C. I.
Spatial variability of selected Chemical characteristics of
Paddy soils in Sawah Sempadan, Selangor, Malausia.
Malaysian Journal of Soil Science, 14, 27-39 (2614).

fnselin, 1., Bongiavanni, R., and Lowenherg-DeBoer, J. A
spatial econometric approach of SiteSpecific Nitrogen
Management in Corn Production. American Journal of
Agricultural Economics, 86, 675-687 (2aad).

Arnall, 0., May, J., Butchee, K., and Taylor, R. Evaluation
of Sensor based Witrogen application in Producers fields.
International Annual Meetings of American Society of
Agronomy, Long Beach, California, USA, 187(5), pp. 1-2
(2a16), Retrieved from http://a-c-s.confex. com/
cropseeleam AwebprogramsPapers8sa7.html (January 4th,
2a11).

Astrium. Farmstar: Crop management with SPOT, pp. 1-3
(2682), Retrieved from http://www. spotasia.com.sgs
wehs/sg/2625-precision-farming.php (April 25th, 2611).

Attanandana, T., Suwannarat, C., Vaaraslip, T., Kongton,
5., Meesawat, R., Bunampol, Soitosong, K., Tipanuka, C.,
and Yost, R. 5. NPK Fertilizer Management for Maize:
Decision Aids and Test kits. Thail Journal of Soil and
Fertilizer, 22, 174-186 (Z6@@).

Australian Center for Precision Agriculture (ACPA). Five
main processes for a Site Specific Management Sustem.
University of Sydney, Sydney, Australia, pp. 91-181 (2665),
Retrieved from www.usyd.edu.aus/sus/agricsacpaspag.htm
(December 15th, 2616).

Banerjee, 5. and Martin, 5. W. Summary of Precision-farming
practices and perceptions of Mississippi Cotton Producers.
Mississippi Agricultural and Forestry Experiment Station
Bulletin No 1157, pp. 1-43 (2@87).

Bernardi, A. C. C., Gimenez, 1. M., Silwva, C. A., and
Machado, P. L. 0. A. Variable rate application of Potassium
fertilizer for Soyhean crop growth in a Wo-till sustem, pp.
1-18 (2863), Retrieved from

http: /A wow. icpaonline.orgs/f inalpdf sabstract _138.pdf (June
13th, 28a3).

Berntsen, J., Thomsen, K., Schelde, K., Hansen, G. M.,



Knudsen, L., Broge, M., Hougaard, H., and Horfarter, R.
Algorithms for Sensor-based re-distribution of Nitrogen
fertilizer in winter Wheat. Precision Agriculture, 7,
65-83 (2086) .

Blackmore, S. The role of ¥Yield maps in Precision Farming.
MNational Soil Resources Institute, Cranefield University,
Silsoe, United Kingdom (Doctoral Dissertation), p. 161
(2e63) .

Blaise, J. Integrated Nutrient Management for high guality
Fiber and ¥ield. Central Institute of Cotton Research,
MNagpur, India, pp. 1-24 (2666), Retrieved from
http://tmc.cicr.org. in/ POF/22.1.pdf (June 38th, 2666).

Bongiovanni, R. and Lowenberg-DeBoer, J. Precision
fAgriculture in Argentina. Third Simposio Internacional de
Agricultura de Precision, pp. 1-14 (2605), Retrieved from
http:/Awww,. cnpms.

Bongiovanni, R. and Lowenberg-DeBoer, J. Nitrogen
management in Corn using Site Specific crop response
estimates from Spatial regression model. Proceedings of the
5th International Conference on Precision Agriculture,
Minneapolis, USA, pp. 1-8 (2881).

Bourgain, 0. and LLorens, J. M. Methodology to estimate
economic levels of profitability of Precision Agriculture:
Simulation for Crop systems in Haute-Wormandie, pp. 1-16
(2689), Retrieved from

Bramely, R. Precision Agriculture: Profiting from
Variation. Ecosystems Sciences Division, Council of
Scientific and Industrial Research Organization, Glen
Osmond, Australia, pp. 1-3 (2666), Retrieved from
http:/Awww.csiro.aus/sciencesPrecisionfAgriculture.htm
(January 28th, 261a).

Burton, E., Roberts, R., and Sleigh, D. Spatial
distribution of Precision farming Technologies in
Tennessee. Department of Agricultural Economics. University
of Tennessee, Knoxwille. TN, USA, Research Report No 5,

pp. 1-24 (2668) .

Byju, G. and Suchitra, C. 5. Nutrient Management Strategies
in Tropical Tuber crops. Indian Journal of Fertilizers, 7,
95-113 (2611).

Cattanach, A. Franzen, D., and Smith, L. Grid Soil testing
and wariable rate fertilizer application effects on Sugar



heet ¥ield and Quality. Proceedings of the 3rd
International Conference on Precision Agriculture.
Minneapolis, USA, pp. 1833-1838 (1996).

Chung, 5., Sudduth, K., Jung, %., Hong, ¥., and Jung, K.
Estimation of Korean Paddy field soil properties suing
Optical reflectance. In Asabe Annual International Meeting
Technical papers. American Society of Biological Engineers
Annual International Meeting. Providence, Rhode Island.
Paper Mo. 683682, pp. 1-3 (2868), Retrieved from
http://asae.fruymulti.com/
abc.asp?JID=5&AI0=25621&CID=provzaasaT=2 (December 15th,
2a1e) .

Claret, M. M., Urrutia, R. P., Ortega, R. B., Stanely, B.
5., and Valderrama, V. N. Quantifying Mitrate leaching in
irrigated Wheat with different Nitrogen fertilization
strategies in an Alfisol. Chilean Journal of Agricultural
Science, 71, 148-156 (2@811).

Daberkow, S. G. and McBride, W. D. Socioeconomic profiles
of early adopters of Precision Technologies. Journal of
Agribusiness, 16, 151-168 (1998).

Deshmukh, A. K. Response of chilli to Site-specific
nutrient management through targeted yield approach
MNorthern transition zone of Karnataka. University of
fAgricultural Sciences, Dharwar, India, pp. 1-126 (Z8a8),
Retrieved from http://etd.uasd.edusft/tho724.pdf. (June
3ath, 2a11).

Dobermann, A., Blackmore, 5., Cook, 5. E., and Adamchuk, V.
I. Precision Farming: Challenges and Future Directions. In
MNew Directions for a Diverse Planet. Proceedings of the
Fourth International Crop Science Congress, Brishane,
Australia, p. 19, (2664), Retrieved from

www. cropscience.org.au (January 28th, 2811).

Dwivedi, B. S., Sing, D., Swarup, A., Yadav, R. L., Tiwari,
K. M., Meena, M. C., and Yadav, K. 5. On-Farm Ewvaluation

of SSNM in Pearl millet-based Cropping systems on Alluvial
soils. Indian Journal of Fertilizer, 7, 20-28 (2611).

Fenton, J. P. Precision Farming: On-farm Experience.
Proceedings of International Fertilizer Society, pp. 1-2
(1998), Retrieved from

http:/Awww, fertilizer-society.org/proseedings/uks
Prcd26.HTH (June 12th, 2@11).

Fiez, T. E., Miller, B. C., and Pan, W. L. Assessment of



spatially variable nitrogen fertilizer management in
winter wheat. Journal of Production Agriculture, 7, 86-93
(1994).

Finck, C. Precision farming can pay its way. Farm Journal,
122, 16-13 (1998).

Godwin, R. J., Earl, R., Taylor, J. C., HWood, G. A.,
Bradley, R. I., Welsh, J. P., Richards, T., Blackmore, B.
5., Carver, M. J., Knight, 5., and Welti, B. Precision
Farming of Cereal crops. A five-year Experiment to develop
Management guidelines. Home grown Cereals Authority
Project no 267, p. 28 (2881).

Godwin, R. J., Richards, T. E., Wood, G. A., HWelsh, J. F.,
and Knight, S. M. An Economic analuysis of the potential
for Precision farming. Biosuystems Engineering, 84, 533-545
(2o83).

Grain Research and Dewvelopment Corporation (GRDC).
Precision Agriculture-Fact sheet-How to put Precision
fAgriculture into practice. Kingston, Australia, pp. 1-6
(2618), Retrieved from www.grdc.com.au (January 1st,
2a11).

Guilian, M., Hongatao, J., and Qin, 2. Agriculture and
Precision Agriculture. The Information Research Institute,
Shangal Academy of Agricultural Sciences, Shangal, China,
pp. 1-8 (2683), Retrieved from

Hammond, M. W. Cost analusis of Variable Fertility
Management of Phosphorus and Potassium for Potato
production in Central MWashington. In Site Specific
Management for Agricultural Sustems. American Society of
Agronomy, Madison, WI, USA, pp. 213-219 (1993).

Hongprayoon, C. The mowvement from Conventional Agricultural
practices to Integrated Nutrient Management in Thailand.
FAD Corporate Document Repository, pp. 1-5 (281a),
Retrieved from

http:/Aww. fao.org/docreps/ele/ag120e/AG126E17 . htm (April
25th, 2e811).

Hoskinson, R. L. and Hess, J. R. Using Decision Support
systems for Agriculture (DSS4AG) for wheat fertilization.
Proceedings of the 4th International Conference an
Precision Agriculture. American Society of Agronomu,
Madison, WI, USA, pp. 1797-1866 (1999).

India Development Gateway. Precision Farming. Tamil Madu



fAgricultural University, Coimbatore, India, pp. 1-3

(2018), Retrieved from
http:/Awow. tnau.ac. inshorcheshitechfld.swf. (December 15th,
261a) .

Jhoty, I and Autrey, J. C. Precision
fAgriculture-perspectives for the Mauritian Sugar Industry.
Mauritius Sugar Industry Research Institute, Mauritius,
Bulletin 12, pp. 1-7 (2@08).

Jintong, L., Hong, C., Gaodi, ¥., and MNinomiua, 5.
Generality for Precision Agriculture and Practice in
China, (2616), Retrieved from

Jiyun, J. and Cheng, J. Site Specific nutrient Management
in China: IPNI-China program. International Plant MNutrition
Institute, Norcross, Georgila, USA, pp. 1-7 (2611),
Retrieved from

Kasetsart University, Site-Specific Nutrient Management,
pp. 1-7 (2e@6), Retrieved from http::// www .ssnm.agr.
ku.ac.th/main/Know/E_SSNM.htm. (December 15th, 261a).

kKent, 5., Kitchen, M., Sudduth, K., Scharf, P., and Palm,
H. Alternatives to using a reference strip for
Reflectance-based Witrogen application in Corn. Proceedings
of International Conference on Precision Agriculture.
Abstracts, pp. 1-3 (2867).

kKitchen, M., Shahanan, J., Roberts, 0., Scharf, P.,
Ferguson, R., and Adamchuk, %. Economic and Enwvironmental
Benefits of Canopy Sensing for Variable rate-N Corn
fertilization. In Proceedings of the American Society of
fgricultural and Biological Engineers Annual International
Meetings. Reno, Nevada, USA, pp. 1-3 (28@9), Retrieved from
http://asae.frymulti. comsabstract.asp?aid=27259&t=1
(December 15th, 2616).

kKitchen, M. R., Sudduth, K. A&., Drummond, 5. T., Scharf,
P. C., Palm, H. 1., Roherts, D. F., and Vories, E. D.
Ground-based Canopy reflectance sensing for Variable rate
Corn fertilization. Agronomy Journal, 182, 71-82 (2818).

Lambert, 0. and Lowenberg-DeBoar, J. Precision Agriculture
Profitability Review. Site Specific Management Centre,
School of Agriculture, Purdue University, Lafauette, IN,
USA, p. 154 (2668).

Lilleboe, 0. Will it Pay?. The Sugar Beet Grower, 25, 18-26
(1996).



Long, D. S, Carlson, G. R., and Mielsoen, G. A. Cost of
Variable Rate application of Nitrogen and Phopshorus for
Wheat production in Morthern Montana. Proceedings of the
3rd Interntaional Conference on Precision Agriculutre.
Minneapolis, MN, USA, pp. 1819-1632 (1996).

Lowenberg-DeBoer, J. Economics of Precision Farming:
Payoffs in the future. Procedings of Conference an
Precision Decisions, Uniwversity of Urbana-Champaign,
Illinois, Illinois, USA, pp. 56-58 (1995), Retrieved from
http:/Awww, agriculture. purdue. edus/SSMC/Frans/ecoomic_
issue.html (December 7th, 261a).

Lowenberg-DeBoer, J. Precision Agriculture in Argentina.
Modern Agriculture, 2, 13-15 (1999).

Lowenberg-DeBoer, J. Precision Agriculture in Argentina.
Red Agricultura de Precision. Cardoba, Republic of
Argentina, (2666), Retrieved from

www. cnpms . embrapa. br/.ASIAP3_
Palestra_Bongiovanni_e_LDP.pdf (Mau 28th, 2611).

Lowenberg-Deboer, J. Precision Framing or Conwvenience
Farming, pp. 1-32 (2663a), Retrieved from http: /s www.
regional.org.aus/aus/asas2003/ 1,6/ lowenberg . htm, (March 23rd,
2a11).

Lowenberg-deBoer, J. Precision Farming in Europe, pp. 1-3
(2ea3b), Retrieved from http:// wuw.agriculture.

purdue. edusssmc/newsletters/Juneds_PrecisionfAgEurope.htm
(June 1eth, 2811).

Lowenberg-Deboer, J. Economic of Variable rate FPlanting for
Corn, pp. 1-3 (2686), Retrieved from
http://sagrarias.tripod.com/precision-agriculture.htm (March
25, 2811).

Lowenberg-DeBoer, J. and Aghib, A. Average Returns and Risk
Characteristics of Site-Specific P & K Management: Eastern
Corn belt On-Farm-Trial Results. Staff Paper 97-2.
Department of Agricultural Economics, Purdue Universitu,
HWest Lafayette, IN, USA (1997).

Lowenberg-0eBoer, J. and Griffin, T. W. Potential for
Precision farming adoption in Brazil. Site-Specific
Management Center Mews Letter, Purdue University,
Lafayette, Indiana, USA, pp. 1-3 (2606).

Lowenberg-0eBoer, J. and Swinton, 5. M. Economics of



Site-Specific Management in Agricultural crops. In Site
Specific Management for Agricultural Systems,
ASASCSSASSSSAS, Madison, WI, pp. 369-396 (1997).

Mahavishnan, K., Prasad, M., and Bhanu Recka, K. Integrated
Nutrient Management in CottonSunflower cropping system
soils of Morth India. Journal of Tropical Agriculture, 43,
29-32 (2685) .

Maheswari, R., Ashok, K. R., and Prahadeeswaran, M.
Precision Farming Technology, Adoption Decisions and
Productivity of Wegetables in Resource-poor Environments.
Agricultural Economics Research Review, 21, 415-424
(Zpag) .

Maine, N. and MNell, W. T. Strategic approach to the
implementation of Precision Agriculture principles in Cash
crop farming, pp. 217-225 (20@5)

http:/Aww. farmingsuccess.com Zid126. htm (February 21st,
2a11).

Maine, M., Mell, W. T., Alemu, Z. G., and Barker, C.
Economic analysis of Witrogen and Phosphorus application
under “ariable and Whole field strategies in the Bothaville
district of South Africa. Research Report of Department of
Geography. University of Free State, Bloemfontein, South
Africa, p. 18 (2685), Retrieved from
http://ideas.repec.orgsasagssagrekos/7647. html.

Malzer, G. L., Mamo, M., Mulla, D., Bell, J., Graff, T.,
Strock, J., Porter, P., Robert, P., Eash, M., Braum, 5.,
and Dikici, H. Economic Benefits and Risks Associated with
Site-Specific Nutrient Management. In Proceedings of the
S5th Site-Specific Farming workshop. Fargo, MWorth Dakota,
USA, pp. 234-239 (1999).

Matela, M. The status of Precision farming in Cash Crop
Production in South Africa. Masters Dissertation.
Department of Agricultural Economics, University of Free
State, Bloemfontein, South Africa. p. 126 (2ea1).

Mayer-aurich, A. Gandorfer, M., and Wagner, P. Economic
potential of Site Specific Management of Wheat production
with respect to grain gualitu, pp. 1-6 (2887), Retrieved
from www.

efita.nets/appssacceshasesbindocload. asp?d=6261&t=8 (May
28th, 2a11).

Mayer-aurich, A., Griffin, T. W., Herbst, R., Giebel, A.,
and Muhamed, M. Spatial econometric analysis of



field-scale Site-Specific Nitrogen fertilizer experiment on
wheat (Triticum aestivum) yield and guality. Computers and
Electronics in Agriculture, 74, 73-79 (2818).

Molin, J. P., Motomiya, A. ¥. A., Frasson, F. R., Faulin,
G. C., and Tosta, W. Test procedure Variahle-rate
fertilizer on coffee. Acta Sciencia Agronomy, 32, 1-13
(zo18) .

Murat, I, Khanna, M., and Hinter-Melson, A. Investment in
Site-Specific Crop Management under uncertainty.
Proceedings of the Annual Meeting of American Agricultural
Economics Association. Nashwville, Tennessee, USA, pp.
78-79 (1999).

Morasma, C. ¥. N., Shariff, 4. R. M., émin, A. 5.,
kKhairunniza-Bejo, 5., and Mahmud, A. R. Weh-based GIS
Decision Support System for Paddy Precision farming. Web
Precision Farmer ¥%. 2.8 Universiti Putra Malausia,
Selangor, Malaysia, pp. 1-3 (November 25th, 2616) (2618).

Morton, G. W. and Swinton, 5. M. Precision Agriculture.
Global prospects and Environmental implications. In
Tomorrow's Agriculture Incentives, Institutions,
Infrastructure and Innowvations. G. H. Peters and P. Pingali
(Eds.). Aldershot, United Kingdom, pp. 73-84 (2661).

Pedersen, 5. M. A multi-perspective report on application
of advanced systems-economic, usability and acceptability.
Future Farm, pp. 1-2 (2611), Retrieved from

http:/Aww. futurefarm.eusnoses241 (June 18th, 2611).

Roberts, D., Shanahan, J., Richard, F., Adamchuk, ¥., and
Kitchen, N. Integration of an Active sensor algorithm with
S0il-based Management zones for WNitrogen management in
Corn. Proceedings of American Society of Agronomy Annual
meetings. New Orleans, USA, pp. 1-2 (2818), Retrieved from

Roberts, R. K., English, B. C., Larson, J. A., Cochran, R.
L., Goodman, B., Larkin, 5., Marra, M., Martin, 5.,
Reeves, J., and Shurley, D. Precision farming by Cotton
producers in six Southern states: Results from 2681
Southern Precision farming survey. Department of
Agricultural Economics, The University of Tennessee,
Knoxwille, Tennessee, USA Research Series 63-862, pp. 1-83
(Zp6z) .

Schepers, J. 5. Precision Farming: One key to Quality
Water, pp. 1-3 (1996), Retrieved from
www. fluidfertilizer.com/pastart/pdf/13FP28-31.pdf (May 258th,



z2al11;).

Sparovek, G. and Schnug, A. So0il tillage and Precision
fAgriculture: A theoretical case study of soil erosion in
Brazilian Sugarcane production. Soil and tillage, 61, 47-54
(zom1).

Srinivasa Rao, C. Nutrient management strategies in Rainfed
fgriculture: Constraints and opportunities. Indian Journal
of Fertilizers, 7, 12-25 (2811).

Sudduth, K. A., Kitchen, N. R., Scharf, P., Palm, C., and
Shannon, H. Field-scale N application using Crop
Reflectance Sensors. American Society of Agronomy Annual
Meetings Abstracts MWew Orleans, USA, Paper Mo 153-157, p.
1 (28a7).

Sudduth, K., Newell, K., and Scott, D. Comparison of three
Canopy Reflectance Sensors for Variable-rate Nitrogen
application in Corn. Proceedings of the International
Conference on the Precision Agriculture. Abstract, pp. 1-2
(2618), Retrieved from www.ars.usda.govs
pandps/peoplespeople.htm?personid=1471.html (December 15th,
2818 .

Swinton, S. M. and Lowenber g-DeBoer, J. Profitability of
Site Specific Farming. Site-Specific Management
Guidelines, SSMG-3. Potash and Phosphate Institute,
Norcross, Georgia, USA, p. 35 (1997).

Swinton, 5. M. and Lowenberg-DeBoer, J. Global adoption of
Precision Agriculture Technologies: Who, When and Why, pp.
557-562 (2oa5), Retrieved from https:/ www.msu.edususers
swintons/s0-7-8_SwintonECPAD.pdf (March 25th, 2611).

Sylvester-Bradley, R., Lord.E., Sparkes, D. L., Scott, R.
K., and Williams, 5. An analysis of the potential of
Precision Farming in northern Europe. Soil Use and
Management, 15, 1-8 (1999).

Tran, D. ¥. and Nguyen, N. ¥%. The concept and
implementation of Precision Farming and Rice Integrated
Crop Management systems for sustainable production in the
twenty first century. A report on Integrated Systems. Food
and Agricultural Research Organization of the United
MNations, Rome, Italy, pp. 91-181 (2@88).

University of California. Precision Agriculture: Economics
of Precision Agriculture, pp. 1-22 (2618), Retrieved from
http:/Aww. precisionag.orgshtml/chid. html (February 21st,



z2al11;).

Wagner, P. The Future of Precision Farming. The Development
of a Precision Farming information system and Economic
aspects, pp. 1-13 (1999), Retrieved from
http:/Awww, 1b. landw.
uni-halle.despublikationen/pf/pf_efita99.htm (June 2,
2a11).

Wang, H., Jin, J., and HWang, B. Improvement of Soil
Nutrient Management wia information technology. Better
Crops, 9@, 38-32 (2006).

Welsh, J. P., Wood, G. A. Godwin, R. J., Taylor, J. C.,
Earl, R., Blackmore, B. 5., Sphor, G., Thomas, G., and
Carver, M. Developing strategies for spatially wvariable
nitrogen application. Second European Conference an

Precision Agriculture Odense, Denmark, pp. 2-24 (1999).

#ie, G., Chen, S., @i, W., Lu, ¥., ¥Yang, ®., and Liu, C. A
multidisciplinary and Integrated study of Rice Precision
Farming. Chinese Geographical Science, 13, 9-14 (2ea7).

Yu, M., Segarra, E., HWatson, 5., Li, H., and Lascano, R. J.
Precision Farming Practices in irrigated Cotton production
in the Texas High plains. Proceedings of the Beltwide
Cotton Conference, 1, 281-268 (2081). This page
intentionally left blank



5 5. Precision Farming: Summary and
Future Course

Doerge, T. A. Variahle rate Nitrogen Management for Corn
production success proves elusive. International Plant
Nutrition Institute, Morcross, Georgia, USA, pp. 1-2
(ze11).

Ess, D. R. Precision and Profits: Producers heed bottom
line when considering high technology farming methods.
Resource Engineering and Technology, pp. 1-3 (2882),
Retrieved from

http:/Awww, highbeam. com/doc/IGI-83374244 . html. PRECISION
FARMING So0il Fertility and Productivity Aspects K. R.
kKrishna, PRDPRECISIONFARMINGSO1lFeETr
tilityandProductivityfAspectskr
i s hna PRECISION FARMING Soil Fertility and
Productivity Aspects Precision farming is the latest trend
with sophisticated and large farms all over the world.
Precision farming involwves soil fertility and crop growth
monitoring, electronic eguipment, remote sensing, global
information systems, 2lobal positioning systems, computer
models, decision support systems, variablerate technology,
and accurate recordkeeping. It potentially leads us to
“Push Button Agriculture”. This book on precision
technigues is concise and provides waluahle information on
instrumentation and methodology. It encompasses lucid
discussions on the impact of precision technigues on soil
fertility, nutrient dynamics and crop productivity. This
hook highlights the application and impact of GPS
technigues to regulate fertilizer supply hased on soil
nutrient distribution and vield goals set by farmers. It
considers advances and examples from different
agroecosystems from all continents. It will be highly
useful to advanced-level students, professors, farmers,
and those involved in agro-industries. ghout the Author K.
R. Krishna received his PhD in agriculture from the
University of Agricultural Sciences in Bangalore. He has
bheen a cereals scientist in India and a wvisiting professor
and research scholar at the Soil and HWater Science
Department at the University of Florida, Gaineswville, USA.
Dr. Krishna is a member of several professional
organizations, including the International Society for
Precision Agriculture, the American Society of Agronomony,
the Soil Science Society of America, the Ecological
Society of America, and the Indian Society of Agronomy.
wuw, appleacademicpress.com Apple Academic Press 9 781926
895444 aee69 ISBN 978-1-926895-44-4 Apple Academic Press
PRECISION FARMING Soil Fertility and Productivity Aspects
K. R. Krishna, PRDOPRECISIONFARMINGS D11l



FertilityandProductivituaspect
s KrishnaPRECISION FARMING Soil Fertility and
Productivity Aspects Precision farming is the latest trend
with sophisticated and large farms all over the world.
Precision farming involwves soil fertility and crop growth
monitoring, electronic eguipment, remote sensing, global
information systems, 2lobal positioning systems, computer
models, decision support systems, variablerate technology,
and accurate recordkeeping. It potentially leads us to
“Push Button Agriculture”. This book on precision
technigues is concise and provides waluahle information on
instrumentation and methodology. It encompasses lucid
discussions on the impact of precision technigues on soil
fertility, nutrient dynamics and crop productivity. This
hook highlights the application and impact of GPS
technigues to regulate fertilizer supply hased on soil
nutrient distribution and vield goals set by farmers. It
considers advances and examples from different
agroecosystems from all continents. It will be highly
useful to advanced-level students, professors, farmers,
and those involved in agro-industries. ghout the Author K.
R. Krishna received his PhD in agriculture from the
University of Agricultural Sciences in Bangalore. He has
bheen a cereals scientist in India and a wvisiting professor
and research scholar at the Soil and HWater Science
Department at the University of Florida, Gaineswville, USA.
Dr. Krishna is a member of several professional
organizations, including the International Society for
Precision Agriculture, the American Society of Agronomony,
the Soil Science Society of America, the Ecological
Society of America, and the Indian Society of Agronomy.
wuw, appleacademicpress.com Apple Academic Press 9 781926
895444 aee69 ISBN 978-1-926895-44-4 Apple Academic Press
PRECISI M FAR ING Soil Fertility and Productivity Aspects
K. R. Krishna, PRDOPRECISIONFARMINGS D11l
FertilityandProductivituaspect
s KrishnaPRECISION FARMING Soil Fertility and
Productivity Aspects Precision farming is the latest trend
with sophisticated and large farms all over the world.
Precision farming involwves soil fertility and crop growth
monitoring, electronic eguipment, remote sensing, global
information systems, 2lobal positioning systems, computer
models, decision support systems, variablerate technology,
and accurate recordkeeping. It potentially leads us to
“Push Button Agriculture”. This book on precision
technigues is concise and provides waluahle information on
instrumentation and methodology. It encompasses lucid
discussions on the impact of precision technigues on soil
fertility, nutrient dynamics and crop productivity. This
hook highlights the application and impact of GPS



technigues to regulate fertilizer supply hased on soil
nutrient distribution and vield goals set by farmers. It
considers advances and examples from different
agroecosystems from all continents. It will be highly
useful to advanced-level students, professors, farmers,
and those involved in agro-industries. ghout the Author K.
R. Krishna received his PhD in agriculture from the
University of Agricultural Sciences in Bangalore. He has
bheen a cereals scientist in India and a wvisiting professor
and research scholar at the Soil and HWater Science
Department at the University of Florida, Gaineswville, USA.
Dr. Krishna is a ember of several professional
organizations, including the International Society for
Precision Agriculture, the American Society of Agronomony,
the Soil Science Society of America, the Ecological
Society of America, and the Indian Society of Agronomy.
wuw, appleacademicpress.com Apple Academic Press 9 781926
895444 aee69 ISBN 978-1-926895-44-4 Apple Academic Press
PRECISION ARMING Soil Fertility and Productivity Aspects
K. R. Krishna, PRDOPRECISIONFARMINGS D11l
FertilityandProductivituaspect
s KrishnaPRECISION FARMING Soil Fertility and
Productivity A pects Precision farming is the latest trend
with sophisticated a d large far s all over the world.
Precision far ing involwves soil f rtility and crop growth
monitoring, electronic guipment, remote sensing, global i
formation systems, £lobal positioning systems, computer
models, decision support y tems, variablerate technology,
and accurate recordk eping. It potentially leads us to
“Push Button Agriculture”. This book on recision
technigues is concise and provides waluahle inform tion on
instr mentation and methodology. It encompasses lucid
discussi ns on the impact of precision technigues on soil
fertility, nutrient dynamics and cro roductivity. This
hook highlights the application and impact of GPS
technigues to regulate fertilizer supply hased on soil
nutri nt distribution and vield goals set by farmers. It
considers advances and examples from different
agroecosystems from all continents. It will be highly
useful to advanced-level students, professors, farmers,
and those involved in agro-industries. ghout the Author K.
R. Krishna received his PhD in agriculture from the U
iversity of Agricultural Sciences in Ba 2alore. He has
bheen a cereals scientist in India and a wvisiting professor
nd research schol r at the Soil and Water Science
Department at the University of Florida, Gaineswville, USA.
Dr. Krishna is a member of s veral professional
organizations, including the Internation 1 Society for Pre
ision Agriculture, the American Society of Agronomony, the
501l Science Society of America, the Ecological Society of



America, and the Indian Society of Agronomy.
wuw, appleacademicpress.com Apple Academic Press 9 781926
95444 aeead ISBN 978-1-926895-44-4 Apple Academic Press



	Front Cover
	Contents
	List of Abbreviations
	Preface
	Acknowledgements
	1. Introduction
	References

