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Abstract

Technological innovations during the recent centuries have enabled us to
significantly boost agricultural production to feed the rapidly increasing global
population. While advances in digital technologies triggered the onset of the fourth
revolution in agriculture, we also have several challenges such as limited cropland,
diminishing water resources, and climate change, underscoring the need for unprece-
dented measures to achieve agricultural resilience to support the world population.
Geographic information system (GIS), along with other partner technologies such as
remote sensing, global positioning system, artificial intelligence, computational sys-
tems, and data analytics, has been playing a pivotal role in monitoring crops and in
implementing optimal and targeted management practices towards improving crop
productivity. Here we have reviewed the diverse applications of GIS in agriculture
that cover the entire pipeline from land-use planning to crop-soil-yield monitoring to
post-harvest operations. GIS, in combination with digital technologies and through
new and emerging areas of applications, is enabling the realization of precision
farming and sustainable food production goals.

Keywords: Geographic Information system (GIS), precision agriculture, remote
sensing, Global Positioning System (GPS), resource management

1. Introduction

As the world population is projected to grow close to 10 billion by 2050, we need to
produce about 50% more food compared to 2013 production to meet the global
demand [1]. This goal needs to be met while facing the challenges of climate change,
the limited scope of arable land expansion, and dwindling water resources. In addi-
tion, anticipated food production also needs to incorporate practices for sustainable
management of croplands to preserve soil health, conserve water resources, and
encompass biodiversity [2]. Considering these challenges and constraints in achieving
our food production targets there is an unprecedented need for monitoring of crop
growth and health and timely interventions to maintain or improve crop productivity
while reducing wastage of inputs and resources. Advances in sensors, communication
technologies, computational systems, and powerful data analytics are enabling us to
accomplish these tasks. Technologies that can enable efficient use of agricultural
inputs and reduce environmental losses while contributing to increased and sustain-
able production are of great value for achieving food security. Several existing and
emerging tools and technologies such as geographic information system (GIS), remote
sensing (RS), Global Positioning System (GPS), Artificial Intelligence (AI), Big Data
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Analytics, and Internet of Things (IoT) are instrumental in achieving this goal through
efficient monitoring of crops and soils, and, combined with other pieces of informa-
tion, are providing data-driven insights for targeted or site-specific management of
crops ensuring increased productivity [3]. Geographic Information System (GIS), a
key foundational technology, is defined as a powerful system comprising tools for the
collection, storage, and retrieval of data at will, as well as analyzing, transforming, and
displaying the spatial data for a specific purpose [4–7]. It plays a critical role as it
provides the spatial context and information on several features each of which is
available as a data layer. In addition, it provides the tools to manipulate spatial and
non-spatial data and presents them through intuitive and illustrative map formats [8].
GIS has been making an impact in diverse domains that include geography, environ-
mental sciences, natural resources, forestry, agriculture, food, manufacturing, bank-
ing, and health services [8]. Recent decades have seen a significant increase in the
application of GIS tools for diverse applications in agriculture at local, regional,
national, or global scales. These applications most often involve the use of GIS along
with partner technologies such as remote sensing, GPS, and data analytics towards an
in-depth understanding of a given farm or a region and facilitating intervention or
corrective measures for the crops and/or the soils. Since the GIS data are linked to a
common referencing system, another advantage GIS offers is that the same data can
be used for different applications or goals and we can also bring in other data and,
combining that with existing data, we can perform a joint analysis for deriving novel
insights. Many studies have reported the use of GIS for diverse applications in differ-
ent crops [9–11]. To further enable the readers to develop a strong appreciation for the
role of this powerful technology in agriculture, here we have reviewed the most
widely used and emerging applications of GIS, either by itself or in combination with
other partner technologies, and how it has been making major impacts on agricultural
productivity and supply chains.

2. Key partner technologies of GIS

The power and impactful contributions of GIS in diverse domains can be attrib-
uted to the combined use of GIS and two other key geospatial technologies: GPS and
Remote Sensing. Each of these three partner technologies plays a crucial role in
realizing the goals of applications (Section 3), and, therefore, are briefly described
below.

2.1 Geographic information system (GIS)

Based on its role in supporting the collection, storage, retrieval, and analysis of
data on features and location, and its utility for data-driven solutions, especially in
site-specific management, GIS is considered the brain of Precision Agriculture [12].
Digital GIS maps differ from conventional maps in that they harbor several layers
of information each layer providing information or a map about a given attribute
such as soil survey, precipitation, nutrient status, pest infestation, yield, etc. In
addition, GIS provides the analytical capability by using statistical tools and geospatial
analytics enabling extraction of inter-relationships between attributes, and the
insights, thus derived, are valuable for decision making with respect to management
practices.
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2.2 Global positioning system (GPS)

This positioning/navigation system based on a satellite network enables the deter-
mination of positional information by providing the latitude, longitude, and elevation
of a location. The location information collected by GPS receivers enables farmers and
researchers to the reliable identification of fields, mapping of field boundaries, water
bodies, infested or problematic areas in the field, and for understanding the relation to
several other attributes within and outside the boundaries of a given field. Such a
high-fidelity field mapping permits site-specific application of nutrients, pesticides,
herbicides, and water, thereby improving productivity and reducing input costs—the
essence of precision agriculture.

2.3 Remote sensing (RS)

Remote sensing, with its diverse methods and applications in agriculture, has
revolutionized crop monitoring and interventions for improving farm productivity
[13, 14]. RS, in combination with GPS, GIS, and other tools is critical for
implementing the goals of precision agriculture. This combination is crucial for
enabling several applications that provide the basis for site-specific management of
fields and include soil mapping, crop growth monitoring, estimation of soil moisture
and fertility, detection of biotic (pests and diseases) and abiotic (drought and flood)
stresses, and yield estimation.

3. GIS applications

The onset of digital agriculture, considered the fourth revolution in agriculture,
has totally transformed the way farming is done, thanks to advances in geospatial
technologies, sensors, artificial intelligence, robotics, and other tools and
technologies. The ability to precisely identify the problem areas in cropland and
monitoring and management of all steps in the entire agriculture value chain
requires image and non-image data along with spatial context. GIS, with its
component tools and analytic modules, and the data gathered by its partner
technologies like remote sensing and GPS provides intuitive and lucid visualization
of information for data-driven decision making for improving crop productivity.
While GIS has been used for agricultural applications for quite some time, the number
of applications has been growing rapidly in recent years due to technological
advances. Several most common and emerging applications are presented and
discussed below.

3.1 Land suitability assessment and land use planning

We are in an era where we are facing the challenge of feeding billions of people
while the fertile land is shrinking, therefore, we need to optimize the use of natural
resources to maximize the benefits. GIS provides an excellent platform for assessing
the quality of land for suitable applications. Multi-criteria decision-making (MCDM)
approach based on GIS is the most popular choice among researchers for land use
planning. Researchers use different features offered by GIS such as soil type distribu-
tion, soil texture map, buried deep underground water level distribution, soil fertility
distribution, soil pollution distribution, hydraulic conductivity of soil (Ks), slope (S),
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soil texture (ST), depth to water-table (DTW), and electrical conductivity of ground-
water (ECw), climate conditions, topography, and satellite data, and identify the
variety of interactions, dependencies, and the impact of these interacting factors on
sustainable land use.

Chen et al. [15] evaluated weight sensitivity of MCDM model for land suitability
assessment for irrigated agriculture. They aimed to examine the sensitivity of
changing weights of the input features on the model output. The results suggested a
strong influence of sensitivity and, therefore, they have recommended giving special
emphasis on this criterion. Zolekar and Bhagat [16] have used GIS-based MCDM
model with IRS P6 LISS-IV images as input for the evaluation of agricultural
practices in hilly regions. The rank of influential criteria was determined by
correlation analysis and recommendations from scientific literature. The combined
use of remote sensing and GIS turned out to be beneficial for land suitability evalua-
tion. Pan and Pan [17] applied three scales, two-step analytic hierarchy processes
(AHP) for GIS-based crop suitability assessment. They have emphasized the impor-
tance of selecting appropriate evaluation factors and suggested the consideration of
features with a significant difference and controlling the land use and avoiding cau-
sality. Following this approach of feature selection, the AHP output was spatially
distinct. The authors have recommended appropriate land use based on land suitabil-
ity maps. In another study, [18] selected the features based on growth requirements
for examining the land suitability for the wheat crop. Analytic Network Process
(ANP) model was deployed for assessing the interdependence of strategic input
features for site suitability evaluation of citrus crops [19]. The ANP coupled with
GIS–MCDM identified critical factors for maximizing yield and minimizing
production loss. AHP integrated with geo-statistics had proven its merit for maize
cultivation land suitability mapping in calcareous and saline-sodic soils [20]. These
powerful GIS tools enable land reclamation planning with suitable conservation
practices.

Integrated fuzzy membership and GIS model were used to analyze arable land
suitable for farming. Topography and eight soil parameters were utilized for fuzzy
membership classification and the important crop productivity-related soil features
were accommodated accordingly. Fuzzy membership allowed the consideration of
partial memberships which is unlikely in classical approaches for classification. This
self-adaptive approach revealed that the land was better suitable for groundnut culti-
vation contrary to the current practice of Finger millet cultivation. Results of this
experiment proved that the GIS-based decision system can surpass the traditional
knowledge and, if deployed accurately, can improve the productivity of land [21].
This is the need of the hour technology as land and natural resources are declining,
and the demand for food production is increasing rapidly. The fuzzy set model, AHP,
and GIS were combined to generate a land suitability map for tobacco production [22].
This study has once again demonstrated the advantage of using Fuzzy membership
functions for land suitability analysis. AHP has the power of accurately assigning
weights to the input factors in a logical way. The maps were generated by ArcMap.
The integrated application of fuzzy, AHP, and GIS helped to circumvent the
problems resulting from the uncertainties, subjectivities, and hierarchy characteristics
of the traditional land suitability assessment process. GIS is a powerful tool to
delineate the study area, manipulate geographic data, process maps, and present
results in land suitability assessment. Integration of Fuzzy set and AHP methods with
GIS provides a precise and powerful combination in applying for land suitability
analysis. Researchers advocate that Fuzzy logic coupled with other decision-making
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methods is one of the best approaches for land suitability analysis [21–23]. Scientists
are also exploring artificial intelligence along with GIS for efficient land use
planning [23].

3.2 Water resource management

Abundance of water supply is a primary requirement for meeting the demand for
food production by the ever-increasing global population. As indicated earlier,
farmers have the responsibility of feeding about 10 billion people in 2050 which
demands a 50% increment in food production compared to 2013 level [24, 25]. The
availability of clean water is decreasing and dependence solely on rainfall is not a
viable option for the farmers [26, 27]. In this challenging scenario, water resource
management is the key to success. Irrigation is the best solution for meeting the water
requirement in agriculture. GIS technology backed by remote sensing has already
proved its merit for the management of water resources [28–31]. Researchers strongly
suggested that remote sensing can supplement the traditional geophysical models for
groundwater potential assessment and recharge experiments [32, 33]. Many
researchers supported the potential of GIS for groundwater management [34, 35].
Tripathi et al. [36] integrated the MODFLOW groundwater model with the GIS for
watershed prioritization. Singh et al. [37–39] combined GIS and remote sensing for
delineating groundwater potential zones. Lineament and hydro- geomorphological
maps were prepared from remote sensing images. The delineated groundwater
potential zones have been found to show synergy with the well-yield data. When sub-
watershed level runoff and sediment yield were assessed using the combination of GIS
and remote sensing data it reduced the time of the input data process and produced
good results compared to actual runoff and sediment yield [40]. Determining the
suitability of irrigation for a given geography is one of the most popular applications
of GIS. A study conducted in UAE accounted for non-renewable sources like desali-
nation and treated sewage effluent (TSE) to assess irrigation suitability [41]. This type
of water-scarce region needs optimization of water resources management. Land
management, topography, climate conditions, soil capabilities, and water potential
were used in the analytical hierarchical process (AHP) GIS model to assess crop
suitability. The results showed that the land was unsuitable for cereals and vegetables
but the cultivation of sorghum, jojoba, fruits, date palm, and forage was
recommended. This study unleashed the power of GIS technology for using every acre
of fertile land in a geography with a high level of water scarcity. Reduction in clean
water resources is motivating researchers and policymakers to identify suitable alter-
natives for irrigation water. Zolfaghary et al. [42] evaluated the scope of using urban
treated wastewater as an alternate source of irrigation. They have utilized the MCDM
method which was executed in the GIS software environment and the Analytic hier-
archy process (AHP) was used. This analysis revealed that the suitability of treated
wastewater is subject to suitability for crop cultivation, nitrate contamination burden,
and aquifer vulnerability. ISAREG irrigation scheduling model was integrated with
GIS with the aim of generating efficient irrigation scheduling advice and identification
of practices to account for water savings and salinity control [43]. These results
advocated the successful outcome of the model for irrigation scheduling and choosing
water saving measures during both wet and dry years. Though the intensification of
irrigation is beneficial for food production, it was pointed out that soil salinization and
waterlogging are the major drawbacks of irrigated agriculture intensification, and that
strong emphasis should be put on leveraging GIS and remote sensing technology for
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monitoring the problem areas followed by planning conservation and preventive
measures [44].

3.3 Soil health and fertility management

Soil fertility is directly proportional to productivity. It controls the availability of
nutrients and water to the crop. The soil fertility has been degrading due to various
factors like pollution, sealing, overgrazing, waterlogging, excessive use of agricultural
chemicals, and erosion. It is crucial to determine soil health and fertility status for
planning effective practices for site-specific management or precision farming
[45–47]. Soil macronutrients (N, P, and K), micronutrients (Zn, Mn, and Fe), pH, soil
organic carbon (SOC), water holding capacity, erosion status, and moisture content
are extensively used features for soil fertility status assessment [48–51]. Spatial inter-
polation, Multi-Criteria Decision Analysis (MCDA) [52–55], and Ordered Weighted
Averaging (OWA) [56–59] are the most popular geospatial analysis techniques
which provide spatiotemporal variability of soil health and fertility status to the
decision-makers.

Soil erosion status is an essential parameter for soil quality assessment and spatial
variation in erosion gives a clear picture for agricultural planning [60]. It was demon-
strated that geospatial maps of soil erodibility generated by Inverse Distance Weighted
(IDW) method is a great tool for assisting in sub-watershed level land use planning.
AbdelRahman et al. [61] combined the remote sensing and GIS technology to assess the
soil fertility status. They have used the LISS III and IV images for land use classification
and the RUSLE method for soil erosion estimation, collected the soil nutrient field data,
and applied a geostatistical model to identify the spatial variation of soil erosion and
nutrient availability. In another study, [62] used the IDW model for derived soil nutri-
ent maps and applied the OWAmethod to make the maps homogenized and used those
as the input for the fuzzy inference system for soil fertility mapping. Fuzzy mathemat-
ics developed with soil organic matter (SOC), total N, total P, total K, available N,
available P, available K, pH value, and cation exchange capacity as indicators in ArcGIS
showed that the soil fertility of mid- and low- yielding fields were low and are directly
correlated with soil profile configuration [63]. The association of crop productivity with
the soil fertility is evident and GIS-based soil maps and fertility status give prior
information about the field-specific crop suitability.

Leena et al. [64] proposed GIS-enabled cloud technology for soil fertility manage-
ment decision support system. This system has the capability to make fertilizer rec-
ommendation based on soil test and crop response. This recommendation system
helps farmers optimize their fertilizer usage and maximize yield. This system gener-
ated spatial nutrient variation works as fantastic e-governance system for the govern-
ment agencies. GPS- and GIS-based soil fertility maps are great tools for thorough
monitoring of the soil health and, based on such maps, [65] recommended application
of paper mill sludge to reduce acidity in the soil and cultivate pulses and groundnut to
make the best use of the acidic soil. These geospatial soil maps have proven to be an
effective decision support system in the context of food production challenges due to
soil degradation. Tunçay [66] applied soil fertility index (SFI) based on the variables
of sand, silt, clay, pH, EC, OM, CaCO3, Ntotal, Pavb, Kexc, Caexc, Naexc, Mgexc, and
available micronutrients (Feavb, Cuavb, Znavb, Mnavb) and proved the strength of
SFI. This study demonstrated the potential of combining Sentinel 2 image-derived
crop yield for validation of soil fertility model. Advances in the observatory systems
such as remotely sensed data of fine-to-coarse spatiotemporal resolutions, and in the
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process-based and data-driven modeling techniques have facilitated the collection,
storage, analysis, visualization, and interpretation of non-spatial data for soil fertility
index (SFI) [67–72].

Li et al. [72] applied weighted space fuzzy clustering coupled with the soil nutrient
space mutation distribution for soil fertility characterization. This information aids in
optimizing the fertilizer recommendation system. Agricultural practices such as crop
residue management, nutrient management, soil tillage, and pest management affect
ecosystem goods and services and soil quality and fertility [73–75]. The best manage-
ment practices, compatible land use/cover changes, and land suitability analysis are
required to prevent the degradation and loss of prime farmlands [73, 76, 77]. Soil
erosion management, soil biodiversity improvement, and rehabilitative farming sys-
tems are some of the best management practices used to improve soil quality and crop
yields [78–80].

A study that leveraged GIS and fuzzy evaluation method to evaluate the soil
fertility status used total nitrogen, total phosphorus, total potassium, available nitro-
gen, available phosphorus, available potassium, soil organic matter, cation exchange
capacity, and pH as indicators for the generation of fertility indices [63]. This fertility
index revealed that total nitrogen and soil organic matter are higher for paddy fields.
These fertility maps also give an insight into the suitable soil qualities under different
types of land use and climatic conditions. Sub-watershed level nutrient mapping
revealed that available N, P, S, Zn, and Fe are controlling agents of soil fertility [81].
Thus, fertility maps and their relationship with soil properties and crop yields serve as
an information system for precision agriculture.

3.4 Biotic and abiotic damage assessment and intervention

Studies have reported that biotic crop damage, caused by insects, fungi, and other
pests, can cause 15–70% yield loss [82–84]. This scenario impacts the demand and
supply chain and also affects the economy of farmers. The changing pattern of weather
makes the crops susceptible to pests and diseases. The availability of crop protection
methods is quite beneficial for tackling crop health, but the lack of timely information
about the pests and diseases makes the damage irrepressible. GIS technology holds
immense potential for site-specific pest and disease management. Remote sensing and
GIS-based forewarning systems are boon to farmers to arrest the yield and economic
loss. Ranjan and Vinayak [85] advocated that pest and disease forecasting systems allow
farmers to apply the control measures in time to reduce the cost of production. Apart
from the forewarning system, the pest population density map also plays a crucial role
in identifying the hotspots and extending advisory to farmers. According to [86],
information about the geospatial density of oriental fruit moth, Grapholita molesta, had
the scope of reducing the crop injury and pest population by applying geographically
suitable management measures. The difference in current and predicted geospatial
distribution of two polyphagous and invasive Icerya species clearly indicated the impact
of climate change in modifying the pest attack patterns [87]. Such pest distribution
maps enable farmers, agricultural experts, and policymakers to prepare management
strategies to combat pest attack in the future. Tracking the migratory patterns of pests is
of utmost importance given the instances of a sudden outbreaks of cutworm, Agrotis
ipsilon, and fall armyworm, Spodoptera frugiperda, in different continents than their
usual geographical locations [88–90]. Remote sensing and GIS are important tools for
monitoring habitats of pest species such as western tarnished plant bug, Lygus hesperus,
and Migratory and Australian Plague locusts [91, 92]. Remote sensing and GIS are rapid
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and cost-effective technology for assessing the extent of crop damage by pests and
diseases [93]. Researchers had demonstrated the feasibility of pest and disease type
detection and severity mapping from remote sensing images [94–96]. These damage
assessment maps hold key spatial information about the damaged crop acreage and its
trend across multiple years over different geographical units. These maps have the
potential to act as an aid for insurance settlement for the farmers and for those seeking
government subsidies and benefits.

Natural calamities cause irreversible damage to agriculture. Rapid mapping and
quantification of damage aid in economic loss recovery and act as a decision support
system. A geo-spatial model is used in a case study to assess the impacts of extreme
flood events on agricultural production in the Quang Nam province of Vietnam. Chau
et al. [97] generated the water surface by interpolating flood depth marks by the inverse
distance weighting (IDW) and employed a digital elevation model (DEM) to generate
the flood inundation map. This map overlaid with the land use map gave an effective
estimate of the damaged agricultural area [98–100]. Drought is another constraint to
agricultural productivity and understanding the hotspot and climatology is crucial to
strategically minimize the impact. MODIS satellite Normalized Difference Vegetation
Index (NDVI) derived drought risk classes were prepared to access the spatial pattern
[101]. GIS-based characterization of climate variability and drought zones provides
scope for strategic measures adoption to maximize productivity [102, 103].

3.5 Crop monitoring and yield prediction

Monitoring of crop growth, health, and accurate or near accurate prediction of
yield is crucial not only for estimating economic return but also for assessing the food
production thereby helping in the management of food security. Many studies showed
that traditional methods of crop yield estimation could lead to poor assessment and
inaccurate crop area appraisal [104, 105]. Moreover, these methods require time-
consuming, labor-intensive, and expensive crop and yield data collection. This is
where technologies like remote sensing (RS), GPS, and GIS provide a huge advantage
as they can be used to assess temporal and spatial variability of crop dynamics and
yield output [106]. The use of two key partner technologies, RS and GIS, with
required input from others can provide an efficient solution for monitoring crop
health and developing models for predicting crop yields across diverse spatial scales.
While remotely sensed images and associated analytics permit the tracking of crop
health and predicting the yield, GIS technology enables the collection, storage,
retrieval, and visualization of data that were linked geographically. Remotely sensed
geospatial data acquired by satellites, aircrafts, or unmanned aerial vehicles (UAVs)
can be used to gather information on several features of the crops and the character-
istics of the soils supporting their growth thereby enabling the assessment of crop
health. The images gathered can be used for assessing general vigor, disease or pest
infestations, or deviations from expected growth due to drought or other abiotic
stresses. Geospatial data collected in a spatiotemporal manner and the associated
analysis techniques help in assessing the changes in the health of crops thereby per-
mitting management interventions while providing predictions on anticipated yields
based on the growth and health of the crops. A commonly used method for assessing
crop health is based on the determination of vegetation indices that are calculated
based on surface reflectance from crop canopies at two or more wavelengths. Many
vegetation indices are available for evaluating the extent and vigor of vegetation, crop
growth dynamics, stress due to biotic or abiotic factors, and other useful assessments
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[107]. Adhav et al. [108] used multiple vegetation indices that included Normalized
Difference Vegetation Index (NDVI), Green Normalized Difference Vegetation Index
(GNDVI), Chlorophyll Vegetation Index (CVI), and Difference Vegetation Index
(DVI) to determine crop health as well as variations in health conditions. To further
improve the efficiency of health assessment, they have combined all vegetation indi-
ces using ArcMap 10.5 software and reclassified the merged indices which were then
used for categorical representation of health scenarios. Such a representation helps
farmers to identify areas that need immediate management intervention [108].
Determination of crop health is particularly critical in smallholder farms as the sub-
sistence and livelihood of these farmers depend on the productivity of their crops. As
per a recent study, small farms were found to account for 84% of all farms worldwide
but they operate only on around 12% of all agricultural land and produce about 35% of
world’s food [109]. Use of UAVs for gathering and leveraging data for assessing crop
growth and dynamics has proven to be crucial for farmers to take timely and appro-
priate corrective measures to maintain or increase productivity. A recent study in
South Africa [110] evaluated the utility of multispectral UAV imagery and random
forest machine learning (ML) algorithm to estimate maize chlorophyll content at
various growth stages and created a chlorophyll variation map capturing the spatial
heterogeneity of chlorophyll in the field thereby helping the farmers to take manage-
ment actions. Considering the strategic role of sustainable intensification towards the
food production goals of Sub-Saharan Africa [111], such RS- and GIS-based diagnos-
tics and interventions are critical for smallholder farmers. Another study assessed crop
health using different chlorophyll indices in addition to modified vegetation index by
leveraging data from two different satellites and ArcMap (of ArcGIS) for geospatial
analytics [112] resulting in insights that could be used for managing nutrient applica-
tions towards improving crop productivity. Two essential prerequisites to implement
location-specific management practices and interventions are the availability of an
accurate acreage map of crop of interest and the cropping systems of a given area and
technologies for predicting yield before the reproductive phase or harvesting of the
crop. The use of RS and GIS technologies can help achieve both goals. NDVI, a
commonly used vegetation index, serves the dual purpose of assessing crop health and
predicting crop yield while GIS tools can provide the spatial context. Several studies
abound that leveraged NDVI and GIS for yield predictions and a few examples are
discussed here. In a study that measured NDVI values at different growth stages of
rice, several linear regression-based yield prediction models were developed using
NDVI values and narrowed down to a model that had the highest prediction potential
and was also able to predict yield well ahead of harvesting time [113]. Such a model
can help the farmers to implement changes to the fertilization, water, pest, and
disease management practices towards realizing improved productivity. Using time-
series data of SPOT vegetation and two key spectro-agrometeorological variables,
rainfall estimate (RFE) and NDVIactual (NDVIa), that are highly correlated to maize
yield, [114] have developed an operational model with high predictive ability for yield
forecasting in Ethiopia. By leveraging both RS and GIS, this model enabled yield
forecast at flowering season which is more than two months earlier than the forecast
by conventional method thus providing an advantage of early intervention towards
crop productivity and crucial data for the authorities for crop production estimates
[113]. In a field study aimed at developing an efficient model for predicting potato
tuber yield using RS and GIS techniques two vegetation indices, NDVI and soil
adjusted vegetation index (SAVI), generated from images acquired by Landsat-8 and
Sentinel-2 satellites were found to be highly effective in yield prediction [115]. In
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addition, the indices enabled them to create maps of the study area that has clearly
shown zones differing in productivity. This is very useful information for both
farmers for implementing necessary management practices and for authorities in
arriving at accurate production estimates. While manly researchers have used RS-
based vegetation indices and GIS for predicting crop yields, several researchers have
combined GIS with crop simulation or physiological models and demonstrated their
strong performance in yield prediction [116–119]. Crop simulation models came into
prominence due to their utility in designing management practices, assessing the role
of climate variations on crop performance, and predicting yields [120, 121]. Similarly,
physiological crop models have evolved from their original applications in farm man-
agement to measuring the impact of climatic changes on crop productivity. The ability
to incorporate spatial variability of the inputs that go into physiological or simulation
models makes them even more powerful for determining the interactions between
climatic variation and crop productivity while highlighting the spatial heterogeneity.
In a study that integrated RS data, crop growth model, and GIS, it was found that yield
estimates from RS images were more precise compared to another approach where
GIS climate layers and soil attributes were integrated into Oryza 2000 rice crop model
highlighting the superiority of combining RS, GIS, and crop model for estimating crop
yields [118]. To capture the spatial variability of input variables and their influence on
yield estimates, [116] have linked RS and GIS with a growth model of soybean. The
results demonstrated spatial variability in simulated yield estimates and the variability
was primarily attributed to soil characteristics and rainfall. The availability of such
spatial patterns from the simulated yield estimates is very helpful in productivity
estimates in areas prone to abiotic stresses, for example, droughts, as well as providing
insights into factors contributing to yield. Efforts also exist that have created web-
based decision support systems based on a combination of simulation model and GIS
towards making agronomic decisions [119]. In yet another approach, the Erosion
Productivity Impact Calculator (EPIC), a model for the analysis of the relationship
between soil erosion and crop yield at field level, was integrated with GIS and an
Inference Engine (IE) towards global estimation of crop productivity [122]. While the
integration of GIS expands the application of EPIC to regional or global level, the
availability of IE helps in determining potential crop combinations for given growing
conditions. This study not only demonstrated the ability of GIS-based EPIC for crop
productivity simulations at global level but also delivered predictions for future yields
and how they are adversely affected by global climate change underscoring the
importance of the development of climate-resilient varieties of crops. Since traditional
crop productivity simulations are based on site-specific crop models, [123] developed
an operational crop model that can be utilized at the regional level, North China, by
integrating USDA EPIC model with NASA MODIS LAI product from Earth Resources
Observation System (EROS), ancillary ground data, and GIS [123]. Applications also
exist where a combination of GIS and RS was used for assessing damage in some high-
value crops. Cranberry is one such crop that exhibits extreme crop yield variations due
to soil characteristics which in turn influence water and nutrient availability. Using
GIS, GPS, and RS, [124] have created a spatial variation map for the crop enabling the
analysis of crop losses within zones in a field or at the whole field level.

3.6 Precision farming

Precision Farming, also called Precision Agriculture (PA) or site-specific crop
management (SSCM), is the application of technologies and principles to manage
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spatial and temporal variability associated with all aspects of agricultural production
[125]. Earl et al. [126] defined it as a system that integrates information with crop
production that is designed to increase long-term, site-specific as well as whole farm
production efficiency, productivity, and profitability while minimizing unintended
impacts on wildlife and the environment [126]. The operational goals of precision
farming include better management of inputs such as seeds, fertilizers, pesticides,
herbicides, and water using right amounts of inputs at the right place, and at the right
time. Several crucial tools and systems such as GPS, GIS, and RS are required for the
collection of timely geospatial information on soil-plant-animal requirements towards
mining insights followed by leveraging those insights for prescribing and applying
site-specific treatments towards improving agricultural productivity while contribut-
ing to sustainability and protecting the environment [127–129]. The role of different
tools and technologies as well as the applications of precision farming are described in
several review articles and references therein [9, 128, 130]. While GPS, GIS, and RS
are vital for obtaining and analyzing the data for deriving insights, a key technology
that implements the precision applications by leveraging the input of these three tools
is variable rate technology (VRT). VRT systems take all the required information
about a field such as soil maps, yield, infestation of pests, diseases, and weeds, and
they determine the quantities of fertilizers, pesticides, herbicides, and other inputs
and ensure their application at the right place and at the right time saving the input
costs. The integration of GIS, GPS, and VRT technologies thus provides farmers an
unprecedented ability to view field maps and apply input where and when needed
towards ensuring crop productivity. Precision farming can be broadly divided into
three steps or stages depending on data collection or site-directed or specific activities
happening during, before, and after the crop growth period [131]. These are Prepara-
tory or Pre-planting stage, Crop growth stage, and Harvesting stage. Role of GIS in
each of these stages is discussed below.

Preparatory stage: This is essentially a planning stage that encompasses the data
collection prior to planting and includes, among other things, gathering data on soil
nutrient status, groundwater, previous crops and their residual influence on the next
crops, and data on pests, diseases, and problematic weeds in that area that could affect
yields of the crop to be planted. Data gathered on all these aspects are stored in a GIS
system. Historical crop data from GIS also helps in ‘variable planting’ decisions that
determine where to plant what crop/variety and to what extent so that the variable
planting plan can be carried out in the field automatically by seeding machines [131].
A major activity in the preparatory stage is soil mapping and accurate prediction of
soil properties is critical for precision farming interventions and for sustainable agri-
culture. The approach used for traditional soil mapping relies on a representative soil
property from a location of focus and, therefore, has the limitation of not capturing
the variability of soil properties in the maps generated. Moreover, soil sample collec-
tion, analysis, interpretation, and map generation are all monotonous, time-
consuming, and costly. These methods have been improved greatly with the develop-
ments in spatial science and the geospatial modules in ArcGIS and other tools are
being used extensively for their ability in spatial interpolation [132–134].

Crop growth stage: In this stage, the insights and the data gathered in the prepara-
tory stage are retrieved through GIS and used for formulating and implementing
management practices addressing irrigation, soil fertility, and protection from biotic
and abiotic stresses. The availability of diverse types of imaging sensors, satellite and
proximal sensing capabilities, GPS and GIS systems have enabled the assessment of
plant characteristics, growth, health, and also in gathering information on the soils
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and infestation of pests and diseases, all with precise geospatial information. By using
RGB, hyper- or multi- spectral remote sensing options for measuring the reflectance,
fluorescence, or other useful emissions, it became possible to assess the disease status
of the crops and take precise management measures for controlling the diseases at
precise locations based on GPS and GIS information, thus improving crop health, and
helping to improve productivity [135]. The use of advanced geoinformatics tools and
data-driven recommendations are also being used for monitoring and managing pes-
ticides and other plant protection inputs with a particular focus on sustainable prac-
tices towards improving productivity while reducing impact on the environment.
Geoinformatics-based tools are also being leveraged for accelerating the crop germ-
plasm that is suited for a given location or region towards realizing increased produc-
tivity as well as the germplasm that has tolerance to biotic or abiotic resistance needed
for a given geographic location [136]. Spectral reflectance and vegetation indices of
the crops being monitored combined with GIS are also playing a crucial role in
managing nutrients and water stress in precision farming programs. Use of remote
sensing and GIS in detecting nutrient stress of the crops enables site-specific correc-
tion management of nutrients thereby promoting plant growth while reducing the
cost of cultivation due to targeted use of nutrients [137]. Similar site-specific manage-
ment can also be implemented for addressing water stress and such an approach is
especially attractive for croplands with limited water resources. The role of data
analytics used in remote sensing, GIS, and other tools for achieving the goals of
precision agriculture needs special mention. Early and accurate detection of biotic
(pests and diseases) and abiotic (water deficiency) stresses is a prerequisite for taking
appropriate management measures. Recent years have seen the use of several machine
learning methods for developing models that are enabling both early and accurate
detection of biotic stress agents such as diseases and weeds thereby helping precision
crop protection [138].

Harvesting stage: This final stage serves the dual purpose of knowing the final output
(yield) resulting from the season-long precision practices on the crop and leveraging
this yield data to formulate a strategy for the next crop season [131]. The data collected
at the harvesting stage is loaded into GIS for analysis towards generation of maps and
insights for future use emphasizing the central role of GIS in precision farming. Yield
monitoring and mapping is an important component of precision farming. The purpose
of a yield monitor is to provide the farmer or a researcher with an accurate assessment
of yield variability in the field and when combined with GPS, it can provide the data for
creating yield maps [130]. Information on yield measurements and the geospatial con-
text is critical for precision farming as it helps in formulating necessary tweaks to the
management decisions for the next crop season.

3.7 Biomass assessment

Renewable sources of energy are crucial to achieving climate change and sustain-
ability goals. Agricultural residues are a promising source of biomass-based energy the
demand for which is rapidly increasing around the globe. One challenge with agricul-
tural residues for efficiently channeling them for energy production is the fact that
their availability is seasonal and is geographically widely distributed. A solution that
can address this spatio-temporal variability, seasonal fluctuations in biomass supply
levels, and identification and transport of residues to power plants is a critical prereq-
uisite for biomass-based energy generation. GIS, in combination with remote sensing,
can be a great tool for precise identification and assessment of the crop residues and
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for planning a given region’s feedstock material for renewable energy and its eco-
nomical transportation to power plants. GIS-based estimation of bioenergy potential
enables a technologically advanced solution for leveraging the residues from existing
cropping practices that promise even more benefits as the farmers shift from conven-
tional to smart farming [139]. Some of the efforts in leveraging GIS and its partner
technologies to this end are discussed below. Methods that can predict biomass
potentials of a given region containing weather and crop production variations are of
high value for enabling an efficient supply chain from biomass to power plants. By
using BioSTAR, a carbon-based crop model, [140] have calculated biomass potentials
for maize, triticale, and cup plant, and linked them with a GIS map of the soil dataset
of Hannover region in Germany and demonstrated the utility of this method for
predicting agricultural potentials under diverse environmental and crop management
practices and conditions [140]. In a study that mapped rice cropland in a rural area in
India, images from WorldView-2 satellite were used and the resulting map along with
agricultural production statistics was analyzed in GIS for assessing the availability of
rice straw as a feedstock for generating bioenergy [141]. In addition, the study also
estimated the annual rice straw availability and the electrical power it could generate,
thus providing valuable information for energy developers and policymakers for
planning. Since the success and sustainability of a biomass-based energy generation
project depend on several factors that include the feedstock resource, logistics, and
environmental considerations, the role and value of GIS and key associated tools and
technologies need to be understood prior to establishing the supply chain and the
power plants. Two tools can help to address this task: GIS and life cycle assessment
(LCA). While GIS is critical for assessing the resources dispersed in small or large
areas, LCA is useful in evaluating the environmental impacts of bioenergy production
projects. A comprehensive review on the application of LCA, especially spatial LCA,
in understanding the impact of biomass-based energy generation on different ecosys-
tem services and the value of integrating LCA and GIS to conduct a holistic assessment
of environmental benefits in connection with bioenergy production recommended the
inclusion of LCA as an essential component in planning bioenergy projects [142]. To
assess the spatial and temporal availability of crop residues and to pinpoint locations
for ideal power plants along with cost considerations, an integrated GIS-based bio-
mass, site optimization, and logistics cost model was developed by using soil erosion,
soil conditioning index (SCI), and crop residue yield indicators [143]. To estimate
crop residues, prediction models based on artificial neural networks (ANNs) were
developed for each of these indicators and were implemented on a GIS platform. The
utility of this model was also demonstrated using a sustainable assessment of cotton
stalks (CS) that are used to produce fuel pellets. An advantage of this model is that its
use can be extended to assessment of multiple types of crop residues [143]. Models
based on GIS and multi-criteria inclusion-exclusion analysis and facility location-
allocation were also developed for the identification of sustainable crop biomass at
larger spatial and longer temporal scales and to suggest ideal biogas plants along with
cost considerations for biomass delivery [144].

3.8 Supply chain management

GIS technology has proved to be of great value in understanding and optimizing
agricultural supply chains and its use is being extended to diverse crops and locations.
For ease of understanding its impact on supply chains can be discussed using the
following three categories.
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3.8.1 Improving supply chain management process

GIS technology has the potential to assist the successful transition of traditional
agriculture systems to smart systems. While there are many studies that have thoroughly
investigated the role of big data analytics in supply chains of diverse industries, such
studies are lacking in the application of big GIS analytics (BGA) in agriculture. To this
end, a systematic review of recent literature examined the role of BGA in agricultural
applications and has proposed a framework for supply chains where BGA can play even a
bigger role in improving the quality of GIS applications in agriculture [145]. The pro-
posed framework serves as a useful reference for scientists and authorities for the
successful management of big GIS data and leveraging it for improving productivity. The
utility of Geographical Information Technologies (GITs) for improving the complex
supply chain management process in the cotton crop was explored and was found to be
of great value since the GITs framework enables visualization of current states as well as
alternative options and what-if analyses for all steps that require decision making [146].
Another important application for which GIS was used is the analysis of supply chain
patterns and description of spatial components of safe crop product (SCP) in China
[147]. By using the spatial functions provided by GIS such as representation, location,
analysis, traceability coding, and other techniques, tracing and retracing of the quality of
safe crop product (SCP) was achieved. This systemwas also successfully demonstrated in
a real supply chain for (re)tracing of SCP. By developing a GIS-based constrained linear
programming model for minimizing transportation and storage costs for soybean and its
byproducts, and further optimizing this model using General Algebraic Modeling System
(GAMS), [148] have identified the lowest cost supply chains. The origin to destination
cost matrices and geographic data maps required for the model development and opti-
mization was developed by ArcGIS Network Analyst and ArcMap, respectively. This
study demonstrated the combinatorial utility of ArcGIS, ArcMap, and GAMS for devel-
oping optimal supply chains that are of value to the players in the process [148].

3.8.2 Decision support systems

Production of biofuels from renewable sources such as agricultural residues can
reduce the usage of fossil fuels thereby helping in the reduction of greenhouse gases.
Identification of ideal locations for establishing biofuel facilities and designing a cost-
effective supply chain for transferring biomass to the facility is highly desirable. To
this end, in one approach a decision support system (DSS) has been developed by
integrating a GIS-based method and two modeling methods, simulation, and optimi-
zation [149]. While GIS-based method was used for selecting facility sites, the selected
sites were run through simulation and optimization modeling, and together these
three methods provided an integrated DSS for assessing the cost, energy use, and
emissions for the facility candidates as well as minimizing supply chain costs. In
another approach, an intelligent spatial decision support system (ISDSS) was pro-
posed to overcome the drawbacks of GIS in enabling creation of a knowledge base that
supports decision making. The ISDSS combines GIS and intelligent systems and has
spatial data mining capability through IoT devices [150].

3.8.3 Locating power plants and developing supply chains

The sustainability of a biomass-based power plant depends on, among other
things, a consistent supply of the feedstock, an economical supply chain, and an
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optimal location of the facility. The GIS-based analysis enables the identification of an
ideal location for the plant and in making valid decisions related to the supply chain
development. Using open-source GIS software, Latterini et al. [151], have simulated
the identification of suitable locations for a small size power plant in Lazio region of
Italy that can use olive prunings as the feedstock. This user-friendly and low-cost
procedure, which can also be extended to other feedstocks, also provided supply chain
costs for the evaluation of different sites and can serve as a useful tool for stakeholders
in the development of economical biomass-based end-to-end supply chains [151]. In
another study, an integrated approach combining GIS-based analysis with optimiza-
tion modeling was developed resulting in a support system for decision-makers in
comparing facility candidates and in minimizing supply chain costs [152]. The system
developed could also be used for similar supply chains such as low capital biodiesel
plants.

4. Conclusions

The use of GIS in agriculture has increased at a rapid pace during the recent
decades and the number of applications and the prominence of GIS has further
amplified in the recent years due to advances in digital technologies that have been
leveraging GIS as an essential partner technology for assessing crops, soils, and their
environments. As discussed in this chapter, GIS is being used at all stages of agricul-
tural value chain. In addition to the historical, current, and popular uses of GIS in land
suitability/use planning and management of water, soil, and biotic and abiotic
stresses, the advent of digital agricultural tools and technologies has increasingly
leveraged the capabilities of GIS in new and emerging applications in high fidelity
crop monitoring, yield prediction, precision farming, and supply chain management
for both primary produce and biomass utilization towards energy production. The
multitude of capabilities and insights provided by GIS, including the recent enhance-
ments to collect and analyze data in real time, has further elevated its importance in
providing location/spatial intelligence needed for improving the productivity and
profitability of farms through precision practices. With the current and emerging
applications, in combination with existing and newer partner technologies, GIS has a
pivotal role in achieving sustainable agricultural productivity.
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