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Abstract
The agricultural community is confronted with dual challenges; increasing production of nutritionally dense food and decreas-
ing the impacts of these crop production systems on the land, water, and climate. Control of plant pathogens will figure 
prominently in meeting these challenges as plant diseases cause significant yield and economic losses to crops responsible 
for feeding a large portion of the world population. New approaches and technologies to enhance sustainability of crop 
production systems and, importantly, plant disease control need to be developed and adopted. By leveraging advanced geo-
informatic techniques, advances in computing and sensing infrastructure (e.g., cloud-based, big data-driven applications) 
will aid in the monitoring and management of pesticides and biologicals, such as cover crops and beneficial microbes, to 
reduce the impact of plant disease control and cropping systems on the environment. This includes geospatial tools being 
developed to aid the farmer in managing cropping system and disease management strategies that are more sustainable but 
increasingly complex. Geoinformatics and cloud-based, big data-driven applications are also being enlisted to speed up crop 
germplasm improvement; crop germplasm that has enhanced tolerance to pathogens and abiotic stress and is in tune with 
different cropping systems and environmental conditions is needed. Finally, advanced geoinformatic techniques and advances 
in computing infrastructure allow a more collaborative framework amongst scientists, policymakers, and the agricultural 
community to speed the development, transfer, and adoption of these sustainable technologies.

Keywords Biological control · Cover crops · Geographic information systems · Precision agriculture · Remote sensing · 
Sustainable agriculture

Introduction

Estimates indicate that current agricultural production 
must increase 60–100 percent all else unchanged (food 
waste levels, current trends in population, diet) to meet 

nutritional needs of a future human population of 9–10 
billion (Folely 2011; Martin and Li 2017; Mattoo 2014). 
It is obvious that increased production of plant-based 
foods will play a key role in meeting these challenges. The 
endosperm of the cereal staples—rice, wheat, and maize 
alone provide approximately 23, 17, and 10%, respec-
tively, of total calories for humans globally. In addition 
to macronutrients (fat, protein, carbohydrate) supplying 
these calories, plant foods are major sources of micronu-
trients (vitamins, essential amino acids, essential lipids) 
and mineral elements essential for human nutrition. Plant 
foods also contain a varied range of bioactive compounds 
(alkaloids, carotenoids, organosulfur compounds, phenolic 
compounds, phytosterols) that have been associated with 
the prevention of chronic diseases including heart and 
circulation problems, cancer, diabetes, cataracts, and age-
related functional decline (Martin and Li 2017; Mattoo 
2014; Roberts and Mattoo 2019).
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Crop production cannot meet the nutritional needs 
of future populations simply by increasing land acreage 
devoted to agriculture. Competition for land use with 
urbanization, and the loss of land to salination and deser-
tification will reduce suitable land available for agricul-
tural production (Federoff et al. 2010; Foley et al. 2005, 
2011). It is also unlikely that productivity of current plant 
production systems can be increased by using the agricul-
tural intensification methods of the past. Food production 
doubled worldwide over the past 35 years; largely by lev-
eraging high-yielding plant germplasm with extensive use 
of synthetic fertilizer, pesticides, and irrigation (Pingali 
2012; Reganold and Wachter 2016; Roberts and Mattoo 
2018; Triplett and Dick 2008). Feedstocks for synthetic 
fertilizer production are dwindling and there are increas-
ing water shortages in many regions of the world (Adey-
emi et al. 2017; Dimpka and Bindraban 2016; Rosegrant 
and Cline 2003; Tilman et al. 2002). In addition, agricul-
tural intensification over the past decades has had nega-
tive environmental impacts, such as increased soil erosion 
and decreased soil fertility, pollution of ground water and 
eutrophication of rivers, lakes, and coastal ecosystems, 
and increased greenhouse gases (Foley et al. 2011; Mat-
son et al. 1997; Tilman et al. 2001, 2002). Adding to the 
challenge is the changing and increasingly erratic global 
climate (Ray et al. 2015, 2019). More frequent and more 
severe weather events such as heat waves, drought periods, 
or flooding have been predicted by climate models. Heat 
waves, drought, salinity stress, and higher ozone levels due 
to global climate change, as well as the associated devel-
opment of new pest and pathogen problems, are predicted 
to be a drag on crop yields (Long et al. 2006; Tester and 
Langridge 2010; Zhao et al. 2017). Of equal concern are 
the negative impacts of elevated temperature and  CO2 lev-
els on the nutritional quality of many crops (Fedoroff et al. 
2010; Myers et al. 2014; Schlenker et al. 2009).

Clearly, measures that decrease yield losses to plant dis-
eases will help meet this challenge of increasing the quantity 
of food available for human consumption. It is estimated 
that pathogens and pests cause losses of 10–40% in the sta-
ple crops that provide approximately 50% of global calorie 
intake. Yield-loss range estimates globally were 10.1–28.1% 
for wheat, 24.6–40.9% for rice, 19.5–41.1% for maize, 
8.1–21.0% for potato, and 11.0–32.4% for soybean. Disease 
control measures that reclaim yield lost to disease would 
contribute to increased food availability and improve food 
security in certain regions of the world as the greatest yield 
loss estimates were in regions of the world with fast-growing 
populations and food insecurity (Savary et al. 2019).

Disease control methods to function 
within sustainable, regenerative cropping 
systems

Going forward, disease control measures need to be com-
patible with sustainable and climate-resilient crop pro-
duction systems. These next-generation crop production 
systems will rely in some cases on big data-driven preci-
sion agriculture to reduce inputs, and biologically based 
technologies to improve soil health and control soil ero-
sion, as well as control pathogens and pests (Adeyemi 
et al. 2017; Delgado et al. 2019; Pingali 2012; Roberts 
and Mattoo 2018, 2019). New crop germplasm is needed 
that has increased tolerance/resistance for these pathogens 
and pests but also increased tolerance for abiotic stresses 
due to an erratic climate; that offers higher yields but uses 
less water, fertilizer, and other inputs; and has higher 
nutritional quality for the consumer (Fatima et al. 2016; 
Martin and Li 2017; Mattoo 2014; Mattoo and Teasdale 
2010; Pingali 2012; Roberts and Mattoo 2018, 2019). In 
short, these disease control measures need to be developed 
in such a way that the resulting crop production system can 
regenerate soil resources and protect our water and air, 
and the new crop germplasm produce more food of high 
nutritional quality.

Geoinformatic systems and big data 
analytics for development and use 
of next‑generation cropping systems 
and advanced germplasm

Managing data spatially coupled with big data analytics 
is inherent to the development and use of next-generation, 
environmentally friendly, climate-resilient crop produc-
tion systems using the precision agriculture approach 
(Delgado et al. 2019). Agricultural fields are highly het-
erogeneous spatially, regarding pathogen and pest popu-
lations and other field properties that impact plant health 
and growth such as topography, soil type, soil fertility, 
and soil moisture (Roberts and Kobayashi 2011). These 
field properties interact with climate, greatly influencing 
drainage, water and nutrient availability, and pathogen and 
pest outbreaks and their spatial distribution. Soil sensors 
and robots within the field and commercial satellite, aerial, 
and drone-based sensing systems have been developed that 
can monitor some of these factors. Geographic information 
systems (GIS) as the organizing principle for spatial data 
in combination with big data (defined as a combination 
of a variety of data, the velocity of data, and/or volume 
of data) management and analytics now allows us to use 
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data from these varied sensor systems and link informa-
tion regarding pathogens, pests, crop yield, soil fertility 
factors, water, etc. with climate factors to develop cor-
relations between disease, crop yield, soil type, and crop 
and management (Bestelmeyer et al. 2020; Delgado et al. 
2019; Janssen et al. 2017). Further, analytics performed on 
spatial data from these sensing platforms can potentially 
be used to effectively manage application rates of pesticide 
in addition to other resources such as seed, fertilizer, and 
irrigation. As a result, farmers can stop treating crop pro-
duction fields as a uniform management unit and instead 
treat the field as a heterogeneous substrate for plant growth 
(Delgado et al. 2019). In this way, farmers can maximize 
disease control, crop productivity, and profitability and 
more efficiently use pesticides and other inputs resulting 
in less loss of these resources from agricultural fields and 
associated harmful environmental impacts (Gebbers and 
Adamchuk 2010; Mahlein 2016).

It is obvious that continued advances in sensing and big 
data technology will aid in further development of this pre-
cision agriculture approach which is reliant on synthetic 
pesticides and other synthetic inputs. We argue that GIS 
combined with big data analytics will enhance development 
of precision sustainable, regenerative agricultural systems, 
where the precision agriculture approach is applied to sus-
tainable, regenerative cropping systems using biological 
inputs, and advanced germplasm with increased tolerance to 
disease, etc.; as well as the speed of development and adop-
tion of these new technologies. The following sections are 
not intended as exhaustive reviews of the literature, rather 
we provide literature and case studies, mostly from work 
associated with our units on field crops, to illustrate these 
points.

Disease control tactics with reduced 
environmental impact

Precision disease control for increased cropping 
system sustainability

As discussed above, due to the patchiness of disease in pro-
duction fields, the precision agriculture approach for dis-
ease management can potentially decrease pesticide use by 
applying pesticides only as needed in the field and thereby 
decrease environmental impact of the crop production sys-
tem (Oerke 2020). Encouragingly, in a French study with 
946 non-organic farms, high profitability remained with low 
pesticide use in 77% of the farms analyzed. The authors 
estimated that pesticide use could be reduced 42% without 
any negative effects on productivity in 59% of the farms 
(Lechenet et al. 2017). Precision agriculture could also 
decrease disease, hence pesticide use, in production fields 

by improving management of cropping system components 
such as fertilization and irrigation. Unbalanced fertilization 
and improper water conditions in field soils have been shown 
to increase the presence of certain diseases and pests (Cook 
and Papendick 1972; Rotem and Palti 1969; Veresoglou 
et al. 2000; Walters and Bingham 2007).

Sensor systems for disease detection and precision agri-
culture-based disease control. Many methods are available 
to determine the spatial distribution of pathogens and dis-
ease in grower fields with visual determination by human 
experts being the most common (Mahlein et al. 2018). How-
ever, disease monitoring by human experts takes substan-
tial effort and can be prone to errors and inconsistency. An 
additional issue is that such visual diagnosis does not scale 
well. A human expert cannot efficiently evaluate all plants 
within a large area (Wu et al. 2019). Surveillance with aerial 
optical sensor platforms are attractive for this role as they 
offer the potential to capture and analyze, using the latest 
analytical tools, data from large crop acreage for disease 
diagnosis and determination of disease severity (Mahlein 
2016; Oerke 2020). However, there are challenges with the 
remote sensing approach. Variable environmental conditions 
impact sensed plant characteristics and there is a need to 
differentiate among various abiotic and biotic stresses that 
may share similar spectral signatures. Also, intrinsic plant 
properties such as plant architecture and growth phase vari-
ation, and high sensitivity required for decision-making in 
disease control create challenges (Gold et al. 2020; Mahlein 
2016; Mahlein et al. 2018; Oerke 2020; Wu et al. 2019; 
Yang 2020).

In field crops, diseases that occur in patches, cause 
enough morphological and physiological changes in crops, 
are of economic importance, and can be controlled effec-
tively (e.g. effective fungicides, mechanical removal) are 
good candidates for detection using optical sensors fol-
lowed by precision agriculture approaches for disease 
control (Mahlein 2016; Oerke 2020; Yang 2020). Aerial 
sensors have been used to detect Cotton Root Rot, damage 
from root-knot nematodes, Late Blight on tomato, Northern 
Leaf Blight on corn, diseases on perennial/orchard crops, 
and other diseases in fields (Chen et al. 2007; Cook et al. 
2001; Mattupalli et al. 2018; Oerke 2020; Wu et al. 2019; 
Yang 2020; Zhang et al. 2005). Of these diseases, remote 
sensing is effective for precision management optimization 
for soilborne diseases and nematodes because root damage 
leads to visible changes in foliage characteristics, infections 
often cluster in the field, pathogen mobility in soil is slow 
impeding spatial disease spread in the field, there is scarce 
introduction of new disease foci in the field, and disease 
maps from one season can be applicable in future cropping 
seasons (Oerke 2020). For example, Cotton Root Rot tends 
to occur within the same area in a grower’s field from year to 
year allowing the use of maps of the disease from previous 
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years to direct site-specific application of pesticide for con-
trol (Yang 2020). However, for wilt diseases caused by soil-
borne pathogens, at least two daily measurements are needed 
to distinguish disease from wilting caused by transient water 
shortage during high irradiation periods.

With high-value perennial crops (citrus, pome fruits, 
grapevines, coffee, etc.) remote sensing of disease affect-
ing roots or those caused by invasive pathogens such as 
Xylella fastidiosa allows removal as early as possible to 
prevent further spread of the pathogen (Albetis et al. 2017; 
Oerke 2020; Zarco-Tejada et al. 2018). For example, spectral 
plant-trait characteristics of disease caused by X. fastidiosa 
in olive were detected pre-visually, a critical requirement 
for mechanical eradication of trees in time to contain spread 
of the pathogen, in this case via an insect vector (Zarco-
Tejada et al. 2018). The key here is the time it takes between 
detection of a specific disease and application of an effective 
control measure relative to disease progression and spread 
(Mahlein 2016; Mahlein et al. 2018; Oerke 2020). Remote 
sensing is useful in cases other than with active disease con-
trol efforts. Sensors may be used for estimating the disease 
loss within large areas and to determine which areas to leave 
out of production next growing season due to the presence 
of soilborne pathogens that cannot be controlled except by 
crop rotation (Oerke 2020).

Going forward: Precision agriculture approaches for 
disease control with synthetic pesticides. In short, variable 
rate and site-specific pesticide application have potential to 
reduce pesticide application and thereby reduce environ-
mental impacts. However, considerable research is needed 
to make these precision agricultural approaches applicable 
to all diseases (Mahlein 2016; Mahlein et al. 2018; Oerke 
2020). In many cases, by the time disease is evident using 
aerial sensors it is too late to apply control measures to pre-
vent further damage to the crop (Yang 2020). For example, 
even though Late Blight on tomato can be detected remotely, 
wind and rain-borne dissemination of infective propagules 
of the causal agent, Phytophthora infestans, can lead to dis-
ease in portions of the field, or neighboring fields, far from 
where it occurred previously. For this reason, research into 
pre-symptomatic detection of disease using different sensor 
systems is ongoing (Mahlein 2016; Mahlein et al. 2019). 
In these cases, pre-symptomatic detection could be used to 
trigger management responses before inoculum propagule 
production or vector spread to prevent further propagation of 
disease (Gold et al. 2020; Zarco-Tejada et al. 2018). Changes 
in photosynthetic activity, transpiration, and increased res-
piration due to presence of the pathogen can be detected 
prior to generation of visible disease symptoms (Martinelli 
et al. 2015).

Rumpf et al. (2010) were able to detect Cercospora leaf 
spot, powdery mildew, and rust on sugar beet before the 
appearance of visible symptoms. Gold et al. (2020) used 

hyperspectral imaging to detect and distinguish two impor-
tant pathogens of potato, P. infestans and Alternaria solani, 
prior to visible symptoms on the potato plant in growth 
chamber experiments (Gold et al. 2020). These are important 
first steps, but it needs to be determined if these approaches 
can be scaled to applications using aerial imaging platforms. 
Encouragingly, pre-symptomatic detection of X. fastidiosa 
on olive was possible at the landscape level (Zarco-Tajeda 
et al. 2018).

A caveat regarding precision disease control is that in 
addition to connectivity and other infrastructure needs, 
there is a need to consider the increase in complexity of 
management of disease and the cropping system with this 
approach. These precision disease control systems need to 
be developed and deployed with the farmer in mind as many 
technologies are necessary for their implementation. Not all 
farmers have the knowledge and skills required to integrate 
all necessary technologies into a disease management sys-
tem (Yang 2020).

Biologicals for disease control and increased 
cropping system sustainability

Biological control, the use of biologicals (microbes, cover 
crops, etc., and/or their extracts) for disease control, has been 
researched for decades (Fravel 2005; Glare et al. 2012; Köhl 
et al. 2019). Biological controls are of interest because they 
are thought to be more environmentally benign than syn-
thetic pesticides for disease control (Glare et al. 2012). They 
are a particularly important tool for cropping system sustain-
ability when plant resistance to pathogens is lacking and 
effective cultural controls, such as crop rotation, inadequate. 
Biologicals (cover crops, microbes) also provide benefits 
to crop production systems in addition to disease control; 
with cover crops providing ecosystems services and certain 
microbials promoting plant growth and/or increased avail-
ability of essential plant nutrients such as phosphate (Berg 
2009; Compant et al. 2005; Morrissey et al. 2004; Vassilev 
et al. 2016). Cover crops will be discussed in another sec-
tion below.

Many microbial biological control agents are commer-
cially available for control of a variety of plant diseases 
and uses (e.g. https ://www.canr.msu.edu/news/biope stici 
des_for_use_in_green house s_in_the_us; https ://neveg etabl 
e.org/table -24-micro bial-disea se-contr ol-produ cts). How-
ever, greater grower adoption of biological controls is nec-
essary. For greater adoption, they must compare favorably in 
disease control efficacy and reliability to synthetic pesticide 
compounds over a wide range of environmental conditions 
(Fravel 2005; Glare et al. 2012). Biological control efficacy 
is often inconsistent due to the inherent complexity of the 
interaction between the biological control agent, the patho-
gen, and the soil and plant environments where biological 

https://www.canr.msu.edu/news/biopesticides_for_use_in_greenhouses_in_the_us
https://www.canr.msu.edu/news/biopesticides_for_use_in_greenhouses_in_the_us
https://nevegetable.org/table-24-microbial-disease-control-products
https://nevegetable.org/table-24-microbial-disease-control-products
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control interactions occur (Compant et al. 2005; Roberts and 
Kobayashi 2011). These soil and plant surfaces are highly 
heterogeneous regarding compounds and conditions that 
impact expression of genes important to biological con-
trol, influencing reliability and efficacy of disease control 
(Roberts and Kobayashi 2011). One approach to improv-
ing reliability and efficacy is to combine biological control 
microbes in individual formulations or through multiple 
treatments targeting strategic points in the disease cycle 
(Ji et al. 2006; Lemanceau and Allabouvette 1991; Pierson 
and Weller 1994; Roberts and Mattoo 2018). It is thought 
that a combination of microbes, with different ecological 
adaptations and mechanisms of disease control, are more 
likely to express traits important for disease control over a 
wider range of environmental conditions than an individual 
microbe (Compant et al. 2005; Lemanceau and Alabouvette 
1991; Roberts and Kobayashi 2011).

Development of a reliable, efficacious biological control 
strategy for S. sclerotiorum on oilseed rape in China. Hu 
et al. (2011, 2013, 2014, 2015, 2016, 2017, 2019) are devel-
oping microbial biological control agents to apply at stra-
tegic points during the S. sclerotiorum disease cycle since 
cultural practices are limited in effectiveness and breeding 
for resistance to this pathogen challenging. S. sclerotiorum 
has a broad host range and long persistence in soil making 
crop rotation unreliable (Hededus and Rimmer 2005; Mahini 
et al. 2020; Nelson 1998) while breeding strategies for plant 
disease resistance are hampered by limited oilseed rape gene 
pools and the need for multigenic resistance (Bardin and 
Huang 2001; Wu et al. 2013). Although commercial bio-
logical control products for control of Sclerotinia have been 
developed (de Vrije et al. 2001) they are not used in China, 
possibly due to monetary exchange rates (Hu et al. 2005).

S. sclerotiorum overwinters as sclerotia in soil and 
produces mycelia or apothecia upon sclerotial germina-
tion. Ascospores produced from apothecia are the primary 
inoculum for most diseases of S. sclerotiorum. These 
ascospores typically germinate on senescing flower pet-
als, leading to infection of healthy leaf and stem tissue, 
and plant death (Abawi and Grogan 1979; Boland 2004). 
Application points for biological control agents in this dis-
ease cycle are as a seed treatment, where the biological 
control agent is expected to endophytically or epiphyti-
cally colonize the oilseed rape plant and persist for the 
growing season; as a foliar spray at oilseed rape flowering 
to position the biological control agent in the plant canopy 
to prevent infection by germinating ascospores; and as a 
spray on the field prior to planting to allow a mycoparasitic 
biological control agent to colonize and kill sclerotia prior 
to release of primary inoculum. In field trials conducted 
at several locations, seed treatment formulations of three 
Bacillus isolates (B. subtilis BY-2 and Tu-100, B. megate-
rium A6), and spray applications of two of these isolates 

at flowering, compared favorably to the chemical control 
carbendazim applied at flowering (Hu et al. 2013, 2014). 
Fungal mycoparasites of sclerotia of S. sclerotiorum were 
also developed (Hu et al. 2015, 2016, 2017). Spray appli-
cation of one mycoparasite, Aspergillus aculeatus Asp-4, 
to the soil prior to sowing rice in a rice-oilseed rape rota-
tion resulted in a significant reduction in disease incidence 
and apothecia formation compared with the non-treated 
control; suggesting that colonization and degradation of 
sclerotia by Asp-4 and subsequent reduction in ascospore 
production led to disease control (Hu et al. 2016).

Although more work needs to be done, the use of multiple 
biological control agents to improve disease control efficacy 
and reliability showed promise for control of S. sclerotio-
rum on oilseed rape, and for increasing oilseed rape seed 
yield (Hu et al. 2019). Treatments containing all three Bacil-
lus isolates (A6, BY-2, Tu-100) were applied individually 
and in combinations as seed treatments and tested in field 
trials conducted at four locations with different soils. The 
treatment containing one isolate, B. subtilis BY-2, resulted 
in significant reductions in disease at all four locations. 
There was also an incremental, although not statistically 
significant, reduction in disease with increasing number of 
strains in the treatments (3 strains > 2 strains > 1 strain in 
terms of disease reduction) at three field trial locations. In 
plant growth promotion studies conducted in pots, the seed 
treatment containing all three isolates resulted in seed yield 
greater than the non-treated control in four of the five soils 
used (an additional soil not used in field trials was added to 
this study). A seed treatment containing both isolates A-6 
and Tu-100 significantly increased yield in one soil. No 
other treatment containing a single isolate, or two isolates, 
significantly increased yield in these pot studies (Hu et al. 
2019). Plant growth promotion may be due to production 
of the plant hormone indole acetic acid (IAA) or increased 
phosphate availability as these strains produced IAA and 
increased soil phosphate levels (Hu et al. 2019).

Hu et al. are currently determining if combining different 
biological agents applied at different points in the disease 
cycle improves biological control of S. sclerotiorum on oil-
seed rape. An experiment is underway at several locations 
where a seed treatment containing all three Bacillus iso-
lates (A6, BY-2, Tu-100) is being combined with a spray 
application of the mycoparasite A. aculeatus Asp-4 to soil 
prior to planting to see if disease control is improved rela-
tive to the seed treatment or spray applied alone (Hu et al. 
unpublished). The hypothesis is that these two application 
methods will reinforce each other regarding disease con-
trol. The application of mycoparasites prior to planting oil-
seed rape would reduce initial inoculum of S. sclerotiorum, 
resulting in less disease to be controlled with the Bacillus 
seed treatment. Likewise, the follow-up use of the Bacillus 
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seed treatments would minimize disease caused by pathogen 
inoculum that escaped the soil spray with the mycoparasite.

Another approach to increasing sustainability of disease 
control is to combine microbial biological control agents 
with reduced rates of synthetic pesticides (Glare et al. 2012). 
For example, a formulation of the mycoparasite, Tricho-
derma sp. Tri-1, sprayed onto the soil prior to planting was 
tested in combination with reduced application rates of the 
chemical pesticide carbendazim, applied at oilseed rape 
flowering, for control of S. sclerotiorum (Hu et al. 2016). 
Encouragingly, treatments containing formulated Tri-1 
combined with carbendazim applied at 75% the recom-
mended rate reduced incidence of disease to levels obtained 
with the treatment containing carbendazim applied at the 
recommended rate in field trials. An added benefit of this 
combined approach is that development of pathogen resist-
ance to the both the biological control agent and chemical 
pesticide could be slowed. Although both biological control 
agents and chemical pesticides are susceptible to develop-
ment of resistance by the target pathogen or pest, the use of 
two or more unrelated tactics should decrease development 
of resistance to each tactic (Glare et al. 2012; Siegwart et al. 
2015; Tomasetto et al. 2017). It is also possible that combi-
nations of biological control agents with synthetic pesticides 
provide additive, if not synergistic effects (Xu et al. 2011).

Going forward: Precision agriculture approach for use of 
biologicals for disease control. Decreasing costs associated 
with biologicals is another way, in addition to improving 
disease control efficacy and reliability, to increase grower 
adoption (Glare et al. 2012). Higher costs associated with 
biologicals due to pricing of the product or the necessity for 
multiple treatment applications (persistence of biological 
activity in the environment is typically short; Glare et al. 
2012) could be reduced using the precision-agriculture 
approach. Variable rate and site-specific spray application 
or seed-treatment delivery of biologicals to only the region 
of the field where needed can easily be envisioned as more 
cost-effective than delivery of these biologicals to an entire 
grower field. As with precision application of chemical pes-
ticides, wider use of the precision approach for biological 
control agents is dependent on detection of disease in time 
to restrict widespread dissemination of pathogen inoculum.

Approaches detailed here for biological control agents 
substantially increase the complexity of cropping system 
management and are more knowledge-intensive in relation 
to those using synthetic pesticides, creating another impedi-
ment to grower adoption (Chandler et al. 2011; Glare et al. 
2012). Combinations of treatments (e.g. soil spray prior 
to planting, seed treatment, spray at flowering) need to be 
aligned with crop rotation, crop development, etc., that can 
vary with region, weather, and other factors. Handling and 
application of microbial biological control agents may dif-
fer with the microbial used; and clearly differ with those 

associated with chemical pesticides. To encourage grower 
adoption, communication with the grower, grower educa-
tion, and management decision support tools (DSTs) to 
simplify grower decision making are needed (Barratt et al. 
2018; Chandler et al. 2011; Goldberger and Lehrer 2016; 
Marrone 2007).

Cover crops for sustainable, regenerative cropping 
systems and disease control

Cover crops collectively provide a diverse array of ecosys-
tem services including control of pathogens, insect pests, 
and weeds (Abawi and Widmer 2000; Larkin 2013, 2015; 
Mattoo and Teasdale 2010; Teasdale et al. 2004; Vukice-
vich et al. 2016). Cover crops also fix atmospheric  CO2 and 
build soil organic matter when decomposed, contributing to 
soil health. Cover crops capture excess nutrients preventing 
nutrient loss from soil, prevent soil erosion, and increase 
rainfall infiltration and soil water holding capacity. Legu-
minous cover crops such as vetch, clover, peas, and beans 
fix atmospheric nitrogen and thereby improve soil fertility 
(Mattoo and Teasdale 2010). Mixtures of cover crops are 
being developed to increase the number of ecosystem ser-
vices provided. For example, small grains cover crops, such 
as cereal rye, produce substantial biomass, build soil organic 
matter, prevent soil erosion, and provide reliable weed sup-
pression as a living cover crop and after termination as a 
surface mulch (Poffenbarger et al. 2015; Snapp et al. 2005). 
While hairy vetch, a legume, fixes atmospheric nitrogen 
and releases nitrogen into the soil during decomposition but 
grows slowly in the fall and decomposes rapidly making it 
less effective for weed suppression. Mixtures of hairy vetch 
and cereal rye have been shown to provide greater above 
ground biomass and weed suppression than hairy vetch 
monocultures and release greater amounts of nitrogen into 
the soil than cereal rye monocultures (Hayden et al. 2012; 
2014; Poffenbarger et al. 2015).

Cover-crop-based production system for delivery of eco-
system services and disease control. A sustainable tomato 
cropping system developed by Abdul-Baki and Teasdale 
(1993) is an example of the use of cover crops to decrease 
cropping system environmental impact while providing a 
measure of disease and pest control. Conventional, field-
grown tomato production systems in the mid-Atlantic region 
of the United States typically consist of tomato transplanted 
into raised soil beds. Farmers rely on tillage and black poly-
ethylene plastic for weed control and synthetic fertilizer to 
maintain nitrogen fertility levels (Abdul-Baki et al. 1996). 
Synthetic pesticides are used to control disease and insect 
pests. Excess nitrogen in the form of fertilizer is sometimes 
applied to maximize yield, potentially contributing to sur-
face and groundwater pollution as nitrogen recovery by the 
tomato plant is low (Abdul-Baki et al. 1996). Abdul-Baki 
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and Teasdale integrated the leguminous cover crop hairy 
vetch into the field-grown tomato cropping system to 
increase sustainability. In this production system, hairy vetch 
is planted into raised soil beds in the fall, in early spring the 
hairy vetch is killed by spraying with a light herbicide dose, 
and subsequently tomato seedlings are no-till planted into 
the dead hairy vetch mulch covering the entire production 
field. Black plastic was omitted from the sustainable tomato 
production system.

Notably, the need for fungicide application was decreased 
with the sustainable tomato production system due to 
delayed development of tomato early blight disease caused 
by Alternaria solani, a major disease problem with growing 
tomatoes in the mid-Atlantic region of the US. The hairy 
vetch-mulch inhibited splash dissemination of soil contain-
ing inoculum into the tomato canopy (Mills et al. 2002a, 
b). There was also greater resistance of the crop to inva-
sion and damage by the Colorado Potato Beetle (Teasdale 
et al. 2004). The sustainable cropping system also had a 
broad impact on tomato plant physiology. In field and green-
house experiments, gene transcripts and proteins involved 
in diverse biological processes were differentially up-reg-
ulated in leaves of hairy vetch-grown tomato plants rela-
tive to control plants grown with black plastic (Kumar et al. 
2004, 2005; Mattoo and Abdul-Baki 2006). Up-regulated 
genes included ribulose bisphosphate carboxylase/ oxyge-
nase (Rubisco), nitrogen-responsive glutamate synthase, 
stress-defense related protein glucose-6-phosphate dehy-
drogenase, chaperone proteins (HSP70 and ER protein BiP) 
that stabilize native proteins, and the plant defense anti-fun-
gal proteins chitinase and osmotin. Up-regulation of these 
plant defense genes may have increased disease resistance 
of tomato (Kumar et al. 2004; Mills et al. 2002a, b). Current 
work is directed at determining what sustainable cropping 
system components cause this change in tomato physiology 
resulting in enhanced resistance to tomato early blight (Mat-
too et al. unpublished).

The tomato production system was decreased in environ-
mental impact in addition to being more robust to patho-
gens and pests. There was a reduction in synthetic ferti-
lizer inputs. Minimum nitrogen fertilizer rates necessary to 
achieve maximum tomato yield were reduced to 80 lb/acre 
compared to 170 lb/acre associated with the conventional 
black plastic system (Abdul-Baki et al. 1997). Soil erosion 
and water runoff were also reduced. The hairy vetch-mulch 
allowed more water infiltration into soil than the impervi-
ous black plastic. Additionally, pesticide loads released from 
fields were substantially reduced (Rice et al. 2001, 2002). 
Importantly, tomato yield, and economic return with this 
hairy vetch production system were greater or equivalent 
to that obtained with the conventional tomato production 
system (Abdul-Baki et al. 1996; Kelly et al. 1995).

Going forward – Precision approach for delivery of cover 
crops for disease control and other ecosystem services. As 
can be seen, use of cover crops can add to the resilience of 
the cropping system to disease as well as deliver other eco-
system services to help restore soil health. However, signifi-
cant challenges remain regarding management of cover crop 
and cover crop mixtures to optimize ecosystem services pro-
vided and minimize the cover crop competing for resources 
with the subsequent cash crop as a weed (Mirsky et al. 2013; 
2017a, b; Wallace et al. 2017). Cover crops, like cash crops, 
respond to environmental conditions in fields that impact 
crop biomass and quality—two performance factors tightly 
correlated with benefits that cover crops deliver (Finney 
et al. 2016; Mirsky et al. 2017a, b). Therefore, current efforts 
are directed at integrating cover crop use into a precision 
framework to facilitate cropping system management. New 
sensing technologies coupled with big data analytics can 
quantify cover crop performance factors and spatial vari-
ability and impacts on ecosystem service delivery. Remote 
sensing offers many tools relevant to cover crops, including 
populating landscape-level models with estimates of per-
centage of land cover, Normalized Difference Vegetation 
Index (NDVI) based on reflectance of cover crops to evalu-
ate soil cover and cover-crop biomass, and lidar technol-
ogy to map structure, including vegetation height, density, 
and other characteristics across a region (Hively et al. 2009; 
Prabhakara et al. 2015; Saha et al. 2018).

Geospatial tools to aid cropping system 
management

As illustrated in the sections above, efforts to increase crop-
ping system sustainability while providing disease con-
trol can increase management complexity of the farming 
operation. This is particularly true considering that cover 
crops could be combined with biological control agents, or 
biological control agents combined with other biological 
control agents or reduced rates of synthetic pesticides, in 
an integrated, sustainable disease management approach. 
Additionally, use of biologicals, such as cover crops and 
microbial biological control agents, introduces increased 
environmental influences on their performance that must be 
managed (Siegwart et al. 2015). Other approaches for more 
sustainable disease control such as mixtures and multi-lines 
of cash crop cultivars for increased genetic heterogeneity 
and reduced use of pesticide may also introduce cropping 
system management complexity. An important pathogen of 
rice was controlled by alternating rows of two rice varieties 
within the field (Zhu et al. 2002). This intermingling of cash 
crop genotypes can alter the disease-resistance profile of the 
grower field and decrease or eliminate the pathogen (Brown-
ing and Frey 1969; Garrett and Mundt 1999; Wolfe 1985).
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Ultimately the impact of sustainable cropping system 
approaches on our sustainable future depends on grower 
adoption. Geospatial tools are being developed with grower 
adoption of sustainable cropping system approaches in mind 
(Kanatas et al. 2020; Lindblom et al. 2017; Rose et al. 2016). 
Technologies that are consistent with norms, are not com-
plex, have observable impacts, and are easy to implement 
tend to be adopted more readily than the opposite (Lindb-
lom et al. 2017). Sustainable farming approaches are clearly 
the opposite, even regarding observable impacts. It can take 
years for observable improvements in soil health, etc. For 
this reason, geospatial tools are available or being devel-
oped that decrease the information burden on the farmer, 
and thus management issues, resulting from complex, more 
technology-driven sustainable farming operations.

Use of sensing technologies within a precision frame-
work allows designing geospatial tools that provide real-
time, site-specific, decision-making support (O’Grady and 
O’Hare 2017). Examples of currently available geospatial 
tools include autosteering, designed to reduce input (fer-
tilizer, pesticide, etc.) application overlap and conserve 
energy as farm machinery moves through the field, and the 
Yara N-sensor, designed to optimize site-specific nitrogen 
fertilizer application. The Yara N-sensor couples canopy 
reflectance in the red and near infrared EM spectrum, to 
determine crop nitrogen and biomass status, with a fertiliz-
ing algorithm to inform variable-rate farm equipment (Lind-
blom et al. 2017). Geospatial decision support tools (DSTs) 
are interactive and lead users through decision steps with 
various expected outcomes to aid in effective decision mak-
ing (Dicks et al. 2014). In this case, they translate scientific 
information into farm management decisions, which neces-
sitates integration of different models, scales, and scientific 
disciplines. Most are based on a subset of research stud-
ies, data sets, or models designed to represent the system 
in question (Dicks et al. 2014; Parker et al. 2002). Certain 
software tools can facilitate effective farm management 
by recording data efficiently, analyzing it, and generating 
a series of evidence-based recommendations (Rose et al. 
2016; Rossi et al. 2014). Available geospatial tools typically 
do not consider the management complexities arising from 
use of biologicals in precision sustainable cropping systems. 
For this reason, Mirsky and Reberg-Horton et al. are devel-
oping geospatial DSTs where data important to cover crop 
performance is integrated from field-based, robot-based, 
and aerial-based sensors; that will provide the farmer with 
real-time, site-specific information for decisions concerning 
optimization of ecosystem services delivered by the cover 
crops (Melkonian et al. 2017; Roberts et al. 2020).

Geospatial tools and DSTs have not enjoyed widespread 
use by the farmer despite the perceived benefits of their use 
by the researchers and others who developed them (Kanatas 
et al. 2020; Lindblom et al. 2017; O’Grady and O’Hare 

2017; Rose et al. 2016). Many studies blame this lack of use 
on non-participation of the farmer in tool design (Cerf et al. 
2012; Ditzler et al. 2018; Lindblom et al. 2017). Existing 
DSTs are based on information researchers and DST devel-
opers consider as necessary, but do not actually capture all 
needs of farmers. Other reasons for lack of widespread use 
are a perceived problem of complexity by the user, level of 
knowledge of the users, poor user interface design, and tedi-
ous data input requirements, among others (Lindblom et al. 
2017). Going forward, to increase use of geospatial tools 
and DSTs researchers and developers are pivoting to user-
centered design, which is much more collaborative with the 
user (farmer). This design process includes the user in the 
initial research (analysis) phase as well as the final evalua-
tion phase. The purpose of the analysis phase is to under-
stand the need of the user and the context of use, while the 
evaluation phase is for verification and refinement of the 
product (Lindblom et al. 2017).

Development of advanced crop germplasm

Disease-resistant crop germplasm represents an efficient 
and environmentally friendly means of controlling disease 
as pesticide use can be decreased when disease-resistant 
germplasm is used. Use of genetically improved germ-
plasm is also a tested method to enhance farmer adoption 
of a more sustainable farming approach. Farmers are very 
familiar with working with the new technology (seed); use 
of new crop germplasm is extremely easy to implement; 
advanced germplasm that enhances disease resistance pro-
vides an easily observable benefit, increased yield under 
disease pressure with less pesticide input expense; and use 
of disease-resistant crop germplasm decreases the complex-
ity of farming operations, as the need for time-dependent 
knowledge regarding pesticide application and disease fore-
casting is reduced (Mahlein et al. 2019).

The use of GMO-seed is the sometime exception to 
grower adoption, as some parts of the world extensively use 
GMO crops while GMO crops are resisted elsewhere. Thirty 
countries produce GMO crops with five countries (United 
States, Brazil, Argentina, Canada, and India) accounting 
for approximately 90% of total GMO crop production (Van 
Acker et al. 2017). In the United States herbicide-tolerant 
(HT), insect-resistant (Bt), or stacked GMO seed contain-
ing both HT and Bt traits are extensively used (≥ 90% of 
acreage planted to GMO) in corn, cotton, and soybean but 
also widely used in alfalfa, canola, and sugar beet produc-
tion (USDA-ERS 2020). Practical concerns around GMO 
crops decreasing grower interest include insect-pest- and 
weed-resistance to pesticides that are partnered with the 
GMO-integrated traits. Other concerns include broad seed 
variety access for farmers, rising seed costs, and dependency 
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on multinational seed companies (Van Acker et al. 2017). 
Also, citizens in many countries are opposed to GMO crops 
due to perceived negative impacts on human health and the 
environment (e.g. Jayarman et al. 2012). Consideration of 
techniques used for development of crop germplasm (e.g. 
crop breeding vs. GMO technologies) is important as adop-
tion by farmers and consumers could be highly impacted.

GIS combined with big data management and analytics 
will speed the development of advanced crop germplasm by 
enabling high throughput screening systems, data analysis, 
and collaboration amongst scientists. Development of crop 
varieties with resistance to biotic (pathogens, pests) and 
abiotic stresses traditionally has been slow and challenging 
as effects of stresses on crops are variable and complex in 
the case of combinations of stresses (Suzuki et al. 2014; 
Taranto et al. 2018). These challenges are compounded by 
the need to develop crop germplasm that more efficiently 
uses cropping system inputs and yields edible tissues of 
higher nutritional quality. Crop germplasm development will 
require large collections of germplasm as well as large plant 
populations resulting from breeding or advanced biotechnol-
ogy techniques, such as gene editing or genetic engineer-
ing; necessitating the use of high-throughput operations for 
screening for desired traits (Taranto et al. 2018).

Screening operations are thought to be the rate limiting 
factor in development of advanced crop germplasm (Araus 
et al. 2018; Taranto et al. 2018). As with disease assessments 
for precision agriculture, disease assessment phenotyping 
in germplasm development is typically done manually leav-
ing phenotype assessments open to subjectivity, human 
error, and repeatability issues. High-throughput phenotyp-
ing methods are being developed for disease assessment 
in these screening operations based on image processing 
(inherently a geospatial technique), machine learning, and 
big data management and analytics to increase speed and 
accuracy (Araus et al. 2018). Imaging technology can quan-
titate percent leaf area diseased and several studies have 
demonstrated digital phenotyping on crop or canopy scale 
(Mahlein et al. 2019). Big data management and analytics 
will also support advanced molecular technologies used in 
advanced plant germplasm development such as QTL map-
ping; genomics, transcriptomics, and proteomics; genome 
editing; and bioinformatic analysis (Taranto et al. 2018).

Geographic information systems and big 
data analytics to leverage collaboration

Research efforts directed at increasing cropping system sus-
tainability and resilience to disease are heavily reliant on 
interdisciplinary collaboration, sharing data, and access to 
the most advanced analytic tools. For example, development 
of advanced crop germplasm requires extensive collaboration 

to provide skills in plant breeding, molecular biology, engi-
neering, and bioinformatics. Also needed are collaborations 
across regions to test resulting advanced crop germplasm for 
expression of disease resistance and other traits under vary-
ing environmental conditions (Taranto et al. 2018). Research 
directed at implementing precision approaches in disease 
control and cover crop management are also heavily reliant 
on cross-disciplinary collaborative efforts spread across large 
geographical regions.

Agricultural research outcomes system (AgCROS).

To enable collaboration and speed development of technology, 
the USDA-Agricultural Research Service (ARS) has devel-
oped AgCROS. AgCROS is a GIS-based platform designed to 
foster the sharing of research data, the development of DSTs 
for both scientists and producers, and to provide a framework 
for expediting the development of agricultural models and 
algorithms. Based on technology from Esri, AgCROS fuses 
real-time data from IoT sensor networks, field data collected 
in situ, and remotely sensed data from UAVs and spaceborne 
sensors into a single platform that can be used by scientists to 
rapidly develop and deploy new techniques to producers who 
can provide immediate feedback to improve the science.

Built on Microsoft’s Azure cloud, AgCROS utilizes a suite 
of core components from Esri, built on a loosely organized 
data infrastructure. Unlike traditional data warehouses that 
require significant upfront design costs, the data manage-
ment approach is to start by ensuring data are captured in the 
cloud in a data pool, organized around a scientific objective 
or project, and linked or contextualized using GIS at its core. 
Because most of the data in AgCROS are geospatial, the Esri 
components are designed in a multi-tenant architecture to man-
age a variety of data types including tabular, vector, and raster 
data that is often voluminous (i.e., big data).

Projects act as tenants allowing scientists to control their 
environment before releasing or publishing results to the com-
munity on the AgCROS platform or exposing data through 
APIs to other platforms. Because Esri is designed to operate in 
a federation or “system of systems” called WebGIS, data can 
be easily shared as a webservice for use to and from AgCROS, 
thereby reducing unnecessary data movement that can be sig-
nificant in the context of the “big data” world. This is also 
important when pushing information products in the form of 
mobile DSTs to the edge in remote areas where bandwidth is 
limited, but decisions must be made quickly.

Use of AgCROS to foster collaboration 
between USDA‑ARS and the agricultural community 
to control Citrus Greening in the United States

In the disease management arena and as an example of this 
new paradigm in use as one of the tenants, AgCROS is being 
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used by the CRAFT Foundation, Inc. to bring together con-
stituencies from the over $3 billion Florida citrus industry to 
combat the spread of Huanglonbing (HLB) or Citrus Green-
ing, which is transmitted via citrus psyllids. Covering over 
2000 acres, over 40 growers across 14 Florida counties are 
collaborating with the USDA-ARS, state inspectors, and  3rd 
party contractors to develop new disease control practices 
while new disease resistant cultivars and other disease con-
trol measures are being developed. Because the threat to the 
business is so imminent, producers uncharacteristically have 
agreed to share their data publicly around their farm manage-
ment practices to provide immediate feedback to researchers 
regarding the efficacy of their scientific recommendations.

The use of AgCROS for HLB disease control develop-
ment provides a spatial perspective of the on-farm net-
work of volunteer growers who sign up via the interface 
in Fig. 1 and provide data around the land’s intended use, 
planned planting and management practices, pest/disease 
management used, cost analysis, etc. With this information, 
researchers can approve applications based on scientific 
merit and begin the experimental design process for tree 
planting using GIS tools in AgCROS. Because the system 
is public, growers can monitor the results of other growers’ 
practices to quickly improve their own results. These design 
patterns shown in Fig. 2 are created to test a variety of poten-
tial remedies for psyllid control including reflective mulch, 
individual protective covering (IPC), and Kaolin Clay 
Spray as opposed to traditional uses of chemical control. 
With the ability to capture data continuously from growers 
via a mobile application, collected data can be aggregated 
and correlated to treatment outcomes as displayed in Fig. 3. 
While correlating treatments to outcomes at the field level 

support confidence and best practices adoption, monitor-
ing tree health and HLB transmission from a regional per-
spective is key to providing data around Industry economic 
health to authorities like the Florida Department of Agricul-
ture Consumer Services (FDACS).

As with any pathogen, early detection of HLB is key 
to preventing long-term loss. Recent research into the use 
of canines for early detection (Gottwald 2020) shows prom-
ise when coupled with the aforementioned field data col-
lection  and GIS techniques  as an early detection sys-
tem. Additionally,  combining  UAV-based phenotyping 
using imagery with field data collection and novel manage-
ment practices gives researchers an overall picture of the 
disease. This is also done in AgCROS through the on-farm 
network via times-series-data-based NDVI and NDRE indi-
ces (Ampatzidis et al. 2019). Specifically, as shown in Fig. 4, 
growth metrics like canopy area and volume from identified 
trees sourced from UAV flights can be linked back to plant 
nutrition and diagnostics collected from FDACS.

While UAV flights provide the necessary spectral, tem-
poral, and spatial resolution for the on-farm network, they 
are too cost prohibitive when viewing HLB from a national 
and global scale. As suggested in Lu et al. (2015), satellite 
data from WorldView-3 can be used at scale through the 
use of Machine Learning (ML) techniques applied to tree 
identification because of its high spatial, spectral, and tem-
poral resolution. In the CRAFT example in Fig. 4, identi-
fied trees with associated ground truth can be fed into the 
ML models as training data for later application to other 
parts of the world. As an example of this approach, USDA 
Crop Data Layer (CDL) from CropScape (Han et al. 2012) 
can be used to identify areas of the country where citrus 

Fig. 1  The CRAFT Growers Application is used to sign up growers to participate in the community of scientists and government personnel 
around eradicating Citrus Greening
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Fig. 2  Field designs used to test farm management practices for potential HLB remedies

Fig. 3  Survey Dashboard for displaying field collected data from growers and inspectors
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Fig. 4  Map of test plots (colored areas) and individual trees (dots) associated with health metrics (e.g., NDVI shades of green)

Fig. 5  Orange and Citrus areas in Florida derived from USDA’s Crop interface
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or orange groves exist. These areas identified in Fig. 5 are 
potential candidates for testing the ML models, sources of 
further ground truth or training data beyond the CRAFT 
sites, and potential future CRAFT partners or test sites for 
the on-farm network. Once field sites are identified, a data 
science environment using Jupyter Notebooks on AgCROS 
is constructed as shown in Fig. 6 to train an ML model 
based on training data that is defined by examining and 
identifying trees in the multispectral imagery using poly-
gons around the known tree area. In this example, using 
a similar approach to Ampatzidis et al. (2019), 4-band 
NAIP imagery was used from USDA and object detection 
in ArcGIS Pro was applied to train a Convolutional Neural 
Network (CNN) to extract the precise location of the trees 
in the grove. Once trained, spectral indices were extracted 
that indicate certain metrics on tree health at the tree loca-
tion, resulting in a map of the relative health of the trees. 
As a result of applying Esri ArcGIS Pro’s ML framework, 
individual trees were identified and shown as red circles 

in Fig. 7 with an accuracy of greater than 90% over 10 
epochs of training. Additionally, NDVI can be used on the 
selected trees from the previous object identification pro-
cess as an indirect indicator of health as shown in Esri’s 
ArcGIS Pro in Fig. 8 where green shows high values of 
NDVI and red low values.

From a ML perspective, the CRAFT project provides 
a mechanism for modelers to continuously collect train-
ing data for improving detection accuracy, leading to the 
opportunity to further quantify at tree level an accuracy 
beyond the CDL’s focus on quantifying Citrus cropland. 
In other words, the symbiotic collaboration between the 
growers and scientists operating on a common geoinfor-
matics platform like AgCROS not only improves the sci-
ence, but it also provides a practical environment for rap-
idly deploying and monitoring solutions to HLB. Given 
the cloud’s ability to scale to a national and global level, 
these techniques can provide a more accurate and wholistic 
view of the global citrus industry.

Fig. 6  Jupyter Notebook showing code used to prepare data for Esri’s machine learning framework
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Fig. 7  Results from running machine learning algorithms against NAIP imagery to identify individual trees represented by red circles

Fig. 8  By combining the individual trees shown in Fig. 7 with NDVI, individual tree health is indicated by color
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Going forward: collaboration 
amongst the agricultural community on a global 
scale

Of course, the citrus industry does not operate in a vacuum, 
as there are complex interactions amongst many agroecosys-
tems at a variety of scales. To model these interactions in a 
virtual world, the WebGIS pattern or framework can con-
nect the agricultural community at the global scale allow-
ing regional applications, like the HLB example presented, 
to provide food security in underserved areas of the world. 
Simultaneously, remote data repositories and remote mod-
els operating in the cloud can be pushed to the edge and 
made available to farm advisors, farmers, etc. with devices 
that can access the cloud. Just as in the case of the Florida 
growers, these devices can provide critical ground truth back 
to the cloud for analysis by scientists from any part of the 
world. Acting as a “Digital Twin”, AgCROS in this context 
moves from being a multi-tenant data repository to being an 
automated ML environment that adapts in alignment with 
changes in the real world.

Conclusions

A second Green Revolution is needed that is broadened 
in scope to include not only increasing crop yield but also 
sustainable, regenerative cropping systems that yield plant 
foodstuffs with a higher nutritional dose. Included in this 
are more sustainable approaches for plant disease control 
compatible with this improved crop germplasm and these 
cropping systems. The digital revolution will be key as it 
provides new opportunities for smarter use of agricultural 
resources (Pingali 2012). As outlined above, GIS as the 
organizing principle, coupled with big data management and 
analytics will contribute not only as component parts of new 
plant disease management and cropping system approaches 
but as infrastructure aiding in speeding the development and 
adoption of needed new technology and approaches. Impor-
tantly, adoption by the farmer will be driven not only by 
geospatial tools to decrease complexity of disease manage-
ment and cropping system management, but also by GIS and 
other information technologies enabling involvement of the 
farmer in the development of these technologies.

The first Green Revolution (1965–1985) and the post 
Green Revolution period (1985≈2005) resulted in tremen-
dous yield growth in staple crops, helping to feed the world 
despite large population increases and decreasing land 
availability for agriculture. Yield increases in developing 
countries were 208% for wheat, 109% for rice, 157% for 
maize, 78% for potatoes, and 36% for cassava (Pingali 2012). 
Contributing to the success of the Green Revolution and 
post Green Revolution periods was the establishment of 

Consultative Group on International Agricultural Research 
(CGIAR) to help transfer technology and knowledge from 
food-secure nations to national agricultural programs located 
across the developing world for subsequent dissemination 
and regional adaptation. Adoption of modern germplasm 
reached the majority of croplands. This resulted in poverty 
reduction and lower staple food prices allowing food diver-
sification to micronutrient dense foods, resulting in better 
nutrition for many (Eveson and Gollin 2003; Pingali 2012; 
Renkow and Byerlee 2010).

As with the first Green Revolution, spillover of technol-
ogy from food-secure nations to regions of the world with-
out food security is needed going forward. Here the digital 
revolution can have a tremendous impact on solving world 
food security and environmental problems by augmenting 
transfer of information from not only institutions such as 
CGIAR but, as illustrated with the above HLB example, 
also from platforms such as AgCROS located anywhere in 
the world. Geoinformatic decision support tools can aide 
in agricultural management decisions, and help sustainably 
increase crop yield, in lesser developed regions of the world 
without the considerable infrastructure needed for precision 
agricultural approaches. It can be envisaged that information 
from models hosted on another continent; using local inputs 
regarding soils, weather, crop genetics, etc.; can be pushed 
back to the edge via cloud-hosted services, accessed over 
the network from a Web browser running on a mobile phone 
or tablet; to provide best practices to local farmers (Janssen 
et al. 2017). Thus, the digital revolution, can contribute to 
sustainably feeding the future world population in many dif-
ferent, regionally-specific ways. All of which will be needed 
to sustainably feed the world population.
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