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Abstract: Through the development of superior plant varieties that benefit from high
agrochemical inputs and irrigation, the agricultural Green Revolution has doubled crop
yields, yet introduced unintended impacts on environment. An expected 50% growth in
world population during the 2Ist century demands novel integration of advanced
technologies and low-input production systems based on soil and plant biology, targeting
precision delivery of inputs synchronized with growth stages of crop plants. Further,
successful systems will integrate subsurface water, air and nutrient delivery, real-time soil
parameter data and computer-based decision-making to mitigate plant stress and actively
manipulate microbial rhizosphere communities that stimulate productivity. Such an
approach will ensure food security and mitigate impacts of climate change.
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1. Introduction
1.1. Ecosystem Degradation and Resource Depletion

Though modern agricultural management practices developed during the 20th century, i.e., the
Green Revolution, have facilitated production intensification that has supported an ever-increasing
world population through advancement, integration, and utilization of mechanized equipment, modern
cultivars (“super varieties”), irrigation, and agrochemical inputs, millions of hectares of converted land,
and environmental and human health, have been negatively affected [1]. Of the 37% of Earth’s surface
presently under cultivation [2], at least 17% has experienced some form of soil degradation since
1945 [3], an area approximately twice that of the United States of America. This soil degradation is
frequently the result of water, wind, and chemical erosion, and the deterioration of soil physical
properties associated with intensive agricultural practices [4].

The degradation of aquatic ecosystems through the construction of water diversion structures, soil
erosion, and salt and nutrient loading has contributed to a generally negative public attitude toward
irrigation in production agriculture [3,5,6]. Water withdrawal structures (e.g., dams, canals, and wells)
lower stream levels and disrupt aquatic migratory animals. Approximately 20% of irrigation sourced
from ground water is used in excess of recharge [3]. Erosion contributes to soil degradation that causes
the loss of productive farm land and leads to sediment buildup in watersheds. Increases in sediment
load from soil erosion also negatively affects irrigation efficiency through the clogging of downstream
water delivery systems; reducing reservoir storage capacities, increasing maintenance costs, and
ultimately reducing production capacities [7]. In addition, application of excessive irrigation frequently
leads to anaerobic soil conditions that increase greenhouse gas emissions (i.e., CHs4, N>O, and
NO) [5,8].

Low crop use-efficiencies for both water and agrochemicals have led to water resource depletion,
aquatic ecosystem degradation, and increased greenhouse gas emissions from arable lands. A growing
reliance on chemical fertilizers (nitrogen and phosphorous in particular) has drastically increased input
costs for producers over the past half century. In addition to soaring costs, the negative impacts on
human and environmental health associated with widespread use (and overuse) of chemical fertilizers
are numerous. Runoff and volatilization of nitrogen and phosphorous continues to adversely affect
human health. Ecosystems exposed to excessive nitrogen and phosphorous inputs may increase
the prevalence of parasitic and infectious diseases (e.g., malaria, West Nile virus, cholera, and
schistosomiasis) [9,10]; depending on the response of host species to environmental stresses [11].
Additionally, tropospheric ozone from nitric oxide and ammonia emissions are known to exacerbate
pulmonary disease, and potable water polluted with nitrate has the potential to increase cancer and
reproductive risks [9]. Taken together, the effects of nitrogen oxides on human health and ecosystems
is estimated to represent 75% of the total damage costs associated with excessive reactive nitrogen in
the environment [4].

Excessive nitrogen can wreak havoc on natural ecosystems. Evolution of the many molecular forms
of nitrogen (nitrate, nitrite, nitric oxide, and nitrous oxide) through the environment allow nitrogen
ions to contribute to more than one of several detrimental environmental impacts; including loss of
biodiversity, eutrophication of coastal rivers and bays (affecting approximately 67% of coastal
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ecosystems in the United States of America) [12], ground water pollution, soil acidification, and
greenhouse gas emissions [9,13]. These negative environmental impacts now cost the European Union
twice as much as the value that nitrogen fertilizers add to farm incomes [14].

Active nitrogen from agricultural lands is projected to deposit approximately 10 kg N ha™ yr ' into
the environment by 2050; a rate twenty times that of natural deposition [9]. These elevated levels will
(and already do) contribute to increased greenhouse gas emissions (e.g., nitrous oxide, methane, and
carbon dioxide) [15]. Of particular concern is the release of methane and nitrous oxide from
agricultural lands [8]. Approximately 50% of anthropogenic methane [16] and 70% of anthropogenic
nitrous oxide emissions (resulting mainly from the overuse of nitrogen fertilizers) are now attributed to
agriculture production [5]. Methane production in arable soils results from the breakdown of organic
compounds by microorganisms under anaerobic conditions and at low redox potentials [8]. The most
common source of nitrous oxide production from cultivated lands is through microbial denitrification
under anaerobic conditions and at high redox potentials [17]. Between the 18th and the 20th centuries
atmospheric nitrous oxide concentrations have increased from 270 ppb to 314 ppb [18]. Nitrous oxide
possesses a global warming potential 296 times greater than carbon dioxide and 13 times greater than
methane [19]; and is currently responsible for approximately 6% of the global warming attributed to
greenhouse gas emissions [20].

The deterioration of natural ecosystems (e.g., eutrophication of coastal environments and
greenhouse gas emissions), depletion of resources (e.g., water withdraw in excess of natural recharge),
increasingly limited and expensive inputs (e.g., fertilizers and pesticides), and adverse impacts on
human health require new, innovative approaches to agricultural management in order to meet the
demands of a rapidly growing global population. These approaches should strive for the sustainable
intensification of production through the maximization of agricultural yields and minimization of
negative impacts. Twenty-first century management practices must balance agricultural production
needs and ecosystem goods and services (e.g., potable water, biodiversity, carbon storage, pest control,
pollination, fisheries, and recreation) [7,13,21]. Successful sustainable production systems will
actualize appreciable yields regardless of the presence biotic and abiotic shocks; requiring such
systems to be based on local values and constraints and, therefore, region and culture specific [3,22].

1.2. Attaining Sustainability

New super varieties (i.e., “miracle” varieties) of maize, wheat, and rice have allowed for increased
yields through higher harvest indexes, lodging resistance (e.g., shorter stature and increased stalk
strength), and greater resistance to biotic and abiotic stress [7]. Combined with high inputs of chemical
nitrogen and phosphorous fertilizers, producers have been able to continuously increase crop densities;
enhanced land productivity that currently supports approximately half of world population [4].
However, attainable yield potentials (estimated to be approximately 70%) have, for the most part,
already been realized in much of the industrialized world for current super varieties [3]. Yield
potentials are commonly limited by water stress (i.e., droughts, flooding, and root and vascular
diseases) and poor soil structure and fertility; constraints that cannot simply be overcome through
improved varieties and increased fertilizer inputs [7].
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Low agricultural water-use efficiencies are of increasing concern to both producers and consumers.
Globally, human water consumption now represents 23% of the renewable fresh water supply [23];
with a majority consumed by agriculture (outpacing both municipal and industrial uses) [24,25]. By
2025 human water consumption is expected to more than double to approximately 70% of accessible
runoff [6]; with some regions consuming significantly more (e.g., 94% of annual water consumption in
Iran is used for agriculture) [26].

Efforts to better manage water usage in agriculture is complicated by the fact that many of the
services provided by natural aquatic ecosystems that are of importance to urban populations have little
or no value to agriculture producers [3], creating tension through a conflict of interest. With world
urban populations expected to double by 2025 [6], increased competition for water resources between
agriculture, cities (e.g., potable water and electricity generation) [27], fisheries, and recreation is sure
to emerge [3]. This situation is compounded by the fact that less than 1% of all fresh water on Earth is
accessible for human consumption [23] (fresh water represents 2.5% of all water on Earth) and,
furthermore, it is not evenly distributed among arable land and population centers (e.g., approximately
2 billion people live in water-stressed areas) [28].

In addition to growing concerns over water resource stresses, large-scale irrigation has also begun
to attract scrutiny for its potential negative impact on human health. Representing 95% of irrigation
systems worldwide [29,30], flood irrigation frequently relies on water retention basins as a primary
means of storing water. These open reservoirs provide a breeding media for insect vectors of several
tropical diseases. Increases in the concentration and proximity of humans to irrigated cultivation raise
the frequency of infectious disease outbreaks [31]. Diseases of concern include but are not limited to:
malaria (1 million deaths annually), schistosomiasis (200 million infections annually), and lymphatic
filariasis (120 million infections annually with 1.1 billion at risk) [30,32—-34].

Decreasing (or limited) fresh water supplies and environmental concerns have, over the course of
the past 30 years, slowed investments in irrigation (5% decrease per capita) [7]. Furthermore, new dam
construction is estimated to only increase by 10% during the next three decades [3]. Given the fact that
some estimates indicate 60% of future food demands will depend on some form of irrigation,
this declining investment in irrigation systems is concerning [35]. Low water-use efficiencies and
negative impacts on human and environmental health mean that improved water management in
agriculture represents a great opportunity (e.g., through the development and integration of precision,
micro-irrigation systems) to reduce pressure on fresh water resources and improve both environmental
and human health.

Beyond increased investments in irrigation systems and development of stress resistant super
varieties, large applications of nitrogen and phosphorous fertilizers have also contributed to increased
yields during the past half century. In fact, between 30% and 50% of yield increases associated with
the Green Revolution have been attributed to increases in chemical nitrogen applications [36].
Accordingly, access to affordable chemical nitrogen fertilizer has become an increasingly critical
component of production agriculture; generated via the Haber-Bosch nitrogen fixation process (out of
the 187 Tg of reactive nitrogen produced in 2005, 100 Tg was created through the Haber-Bosch
process) [9]. Approximately 80% of total reactive nitrogen is currently consumed by agriculture; with
48% of the world population now dependent on crops fertilized with chemical nitrogen [36].
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Over the past four decades growing dependence of agriculture on chemical fertilizers has resulted in
a massive increase in the global application of nitrogen and phosphorous [31,37] that will at least
double by 2050 [13]. As a consequence, humans now rival natural ecosystem processes for nitrogen
and phosphorous deposition into the environment [13] by applying half of all nitrogen fertilizer ever
used during the last two decades of the 20th century [10]. Increased demand, reduced input
use-efficiencies (e.g., nitrogen use-efficiency decreased from 80% in 1960 to 30% in 2000) [36], and
rising energy costs, have more than quintupled the costs of chemical nitrogen and phosphorous
fertilizers [37]; input costs that now exceed land preparation costs and are the highest direct agriculture
production expense [5]. In fact, between 50% and 70% of applied nitrogen and 35% of applied
phosphorous is not taken up by crops [13]. These inefficiencies alone are estimated to cost European
Union producers between $16 billion and $85 billion in lost potential benefits [4].

2. A Brief History of Agriculture Intensification
2.1. The Emergence of Agriculture as a Science

Scientific and technological innovations have fundamentally shaped the history of agriculture and,
consequently, the history of human civilization; with the continual development and refinement of
tools and methodologies for agricultural production fueling at least five distinct agricultural
revolutions. These include: the Neolithic revolution beginning around 9000 BC, the ancient revolution
beginning around 3500 BC, the medieval revolution beginning around 500 AD, the contemporary
revolution of the eighteenth century, and Green Revolution of the mid-twentieth century [38].
Emergence of agricultural production as a science is frequently credited to notable scientists and
agriculture researches such as Jethro Tull, Justus von Liebig, and Luther Burbank. The experiments
conducted and programs developed by these men consequently led to the development of modern
agriculture production management practices and, ultimately, the Green Revolution that relied heavily
on mechanization, large agrochemical inputs, irrigation, and high yielding crop cultivars.

Luther Burbank oversaw an intensive breeding program during the late nineteenth and early
twentieth centuries, developing new varieties of fruits, flowers, grains, grasses, and vegetables;
creating and utilizing novel grafting, hybridization, and cross-breeding techniques [39]. Through his
development of the seed drill and refinements to plough design [40] Jethro Tull greatly contributed to
the foundations of modern production agriculture by promoting what, in modern terms, could be
described as a sustainable soil management system (reviewed in [41]).

Justus von Liebig’s research during the mid-19th century laid the foundation for modern inorganic
and organic chemistry [42]; emphasizing that systematic practical experience was a necessary
component of scientific study [43]. He is credited with developing the idea that minerals (e.g., nitrogen,
phosphorous, and potassium) are required for plant growth [44]; a realization that lead to his Law of
the Minimum which contends that plant growth is restricted by the least available nutrient when all
other nutrients are in excess (i.e., adding nutrients other than the requisite nutrient will not result in
additional growth) [45]. Justus von Liebig’s advancements helped lead to the creation and utilization
of fertilizers, an intrinsic component of the future Green Revolution [42].
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2.2. The Agricultural Green Revolution

Beginning in the mid-1960s and continuing through to today, the Green Revolution has
approximately doubled agricultural yields through intensification of crop production [7,46]. This
two-fold increase in yields has been realized through the development of super varieties of maize,
wheat, rice and other crops, the large-scale integration of mechanized equipment, the adoption of
modern irrigation systems [47], and massive increases in the application of chemical fertilizers and
pesticides [5]. Through the integration of these modern production management technologies, land
area under cultivation has grown by less than 20% [13], facilitating intensification without
necessitating the conversion of all available arable land and, therefore, helping to preserve many
ecosystems that would have otherwise been converted for agriculture production [48].

Despite the agricultural advances of the past half century, 6 billion people currently live in poverty,
2 billion lack a diet containing sufficient iron, iodine, and vitamin A, and 840 million are
undernourished [36,38]; a situation that is forecast to worsen in the coming decades. World population
is projected to increase 50% by 2050 [49]; with a corresponding 2.4-fold increase in per capita real
income [3]. This increased population, with its growing spending power, is expected to more than
double world demand for agricultural products (e.g., food, fuel, and textiles) [38,50]; requiring greater
yields per unit available land. Additionally, if recent historical trends are to continue (e.g., 60% per
capita meat production growth over the past 40 years) [37], increasing demand for animal protein will
necessitate dramatic increases in grain production for fodder. This large usage of grain for meat
production (e.g., 1 kg of animal protein requires between 3 and 10 kg of grain) [3] is highlighted in the
European Union, where 85% of crop nitrogen is currently consumed by livestock [4]; representing
70% of cultivated crops [13]. Meeting world food and feed demands in the ensuing decades without
further ecosystem degradation (i.e., as a result of high energy inputs, water resource depletion and
contamination, and greenhouse gas emissions), and large increases in cultivated land area will require
development of technologically innovative and resource-use efficient agricultural systems that will
have similar impacts on society as the Green Revolution [25].

A contributing factor to intensive agricultural production is modern irrigation. Field irrigation
systems are designed around several criteria; including start-up costs, field characteristics (e.g., shape,
size, and soil type), available water resources, local climate, and crop varieties [29]. Integration of
these systems (e.g., flood, sprinkler, and drip) into agriculture management schemes during the Green
Revolution represented a substantial investment in infrastructure by producers; with cultivated land
under irrigation increasing from 94 million hectares in 1950 to 276 million hectares in 2002 [51].
Increases in supplemental water inputs provided by irrigation have increased yield potentials, fertilizer
responsiveness, and, along with greater chemical fertilizer inputs, facilitated substantial increases in
cropping densities [7]; allowing the 16% of cultivated land currently under irrigation to produce
approximately 40% of agricultural crops worldwide [3]. When properly utilized (e.g., appropriate
system design and timely maintenance), modern irrigation systems allow producers to increase yield
per unit of water through increases in water-use efficiencies and the minimization of water related crop
stresses (e.g., insufficient rainfall for the realization of optimal yields) [29,30]; benefits that are used to
rationalize increases in investment and production costs [47]. Despite these advantages, modern
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irrigation systems (e.g., flood and overhead sprinklers) are highly inefficient; wasting between 20%
and 50% of applied water [23].

2.3. Traditional Approaches to Agriculture Management

Over the past half century modern industry has successfully incorporated advanced technologies
(e.g., automation through the utilization of modern robotic and sensor systems) into production
strategies; a synthesis that has yet to be fully realized in agricultural production [15]. In fact, research
spending dedicated to developing new, technologically driven agricultural production represents less
than 2% of global agricultural GDP [52]. Efficacious 21st century farm management solutions must
employ precision input management schemes through the incorporation of existing, innovative science
and engineering technologies. These successful systems will integrate real-time field level data
collection, intelligent decision-making, and task automation [15] to reduce inputs and improve (or
maintain) ecosystem health [5].

Approaches to agriculture management can be broadly grouped into three distinct categories; all of
which involve making the growing environment and resource inputs more favorable for crops [53].
These three management groups include: macro-level management, meso-level management, and
micro-level management [54]. The intensive management systems developed and adopted during the
Green Revolution commonly employ a macro-level, large-scale mono-crop production approach that
utilizes field-level, uniform input applications of fertilizers, pesticides, and water resources. These
systems have been integral in the effort to meet ever-increasing agricultural demands during the past
half century. However, this approach to production management has led to large inefficiencies in
resource uses and escalating production costs. The benefits associated with this management approach
(e.g., yield increases through intensification) have, unfortunately, been counterbalanced by negative
impacts on socioeconomic and ecosystem health [13].

Meso-level agricultural management schema exploit soil parameter data (e.g., moisture, temperature,
acidity, and nutrient concentrations) to variably apply inputs (i.e., fertilizers, pesticides, and water)
across a field [55]. This intra-field approach to soil management employs modern, commercially
available sensors to collect soil parameter data (e.g., soil macro- and micronutrient pools, acidity,
moisture, and structure). Data collection includes laboratory-based, inductively coupled plasma
analysis for soil fertility testing (mostly P, K, Ca, Mg, Zn, Mn, Cu, Fe and B content) (e.g.,
http://www.soiltest.vt.edu/) [56], land and aerospace-based VIS/NIR (visible and near-infrared)
spectrography (e.g., to estimate soil moisture content, crop canopy cover, and surface water resource
levels) (e.g., http://www.veristech.com) [57], and vehicle mounted and handheld induction- and
resistance-based soil sensors (e.g., electrical conductivity to estimate soil water holding capacity,
organic matter content, and cation exchange capacity) (e.g., www.LSUAGCenter.com [58] and
http://www.geonics.com [59]). Soil data are typically collected once or twice per year with expensive,
tractor-mounted sensors and are coupled with GPS (global positioning system) location data to create
digital spatial and temporal maps representative of parameter variation across the field. Once created,
these maps allow for the variable rate application of water, chemical fertilizers, and pesticides. If the
data are collected infrequently the application of soil amendments will likely be inadequate. As with
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macro-management, this meso-level management approach to agricultural production relies heavily on
agricultural inputs to increase (or simply maintain) the fertility of top soil.

Micro-level agricultural management approaches are beginning to emerge as an advanced
alternative to traditional macro- and meso-level management [41]. This novel methodology should
allow for the management of agriculture production on an individual plant basis [60] through
subsurface inputs delivery and the utilization of multiple inexpensive soil-sensor nodes (motes)
positioned throughout the field to provide real-time soil parameter data. Sensor nodes can provide data
related to soil respiration (e.g., soil oxygen and carbon dioxide levels), moisture, temperature, and
acidity. These data can be collected and stored locally (e.g., data logger) or transmitted in real-time via
wireless (e.g., Bluetooth) communication to a computer, and then to a portable handheld device
(e.g., iPhone). The data, coupled with subsurface input delivery (e.g., www.kisss.com.au [61] and
www.irrigro.com [62]) of water, gas (air, hydrogen, or gas mixtures), low doses of soluble fertilizers
(organic and/or inorganic), and plant protection chemicals as required, will allow farmers to minimize
production costs while actively manipulating microbial communities in soil, nourishing plants, and
affecting soil structure and plant and soil health. In an effort to realize management on a small planting
area, or an individual plant basis (e.g., in orchards, vineyards), a “smart field” at the Virginia Tech
Catawba Sustainability Center in Catawba, Virginia has been developed (J. Gabbard, J. Weekley and J.
Nowak, unpublished [63]). The smart field has been suggested as a technology platform to study the
beneficial effects of micro-level precision soil management in agricultural production [41]. The
Catawba Sustainability Center smart field utilizes unique sensor and communication systems to
acquire, transmit, and provide researchers and managers access to real-time data related to plant
physiology, soil environment, and atmospheric data. The smart field evolved out of the laboratory and
now represents a versatile technological platform for exploring unique, 21st century approaches to
maximizing yields while minimizing negative social and environmental harms through the sustainable
intensification of agricultural production.

3. Modern Approaches to Agriculture Management—Utilization of Plant Growth Promoting
Microorganisms (PGPMs)

Millions of years of coevolution of terrestrial plants and soil microorganisms have resulted in
plant-microorganism relationships that support an incalculable number of functional interactions [64].
The specificity of these relationships is such that the number and composition of host microbial
consortia fluctuate not only between species and cultivar [60], but also among plant tissues [65] and
throughout plant developmental events [66]; often taking advantage of specific niche utilization [60].
Though microorganisms are commonly described only in terms of pathogenic potential,
plant-microbial associations can, in fact, be characterized as beneficial, neutral or pathogenic; with
each association representing approximately 33% of all observable interactions [60]. Mutualistic
plant-microbe relationships occur on two levels: endophytic and rhizospheric [67]. Endophytic
microorganisms are described by Wilson ef al. [68] as “fungi or bacteria, which for all or part of their
life cycle, invade the tissues of living plants and cause unapparent and asymptomatic infections
entirely within plant tissues.” Plant tissues and organs colonized by endophytic bacteria and/or
fungi include xylem tissues [69,70], seeds, roots, stems, leaves [71], fruits and flowers [72], and tuber



Agronomy 2012, 2 329

tissues [60,67]. The acute interdependence of plant host and microorganisms form mutualistic
associations that developed through evolutionary mechanisms and resulted in the number and genetic
information of microbial consortia typically exceeding that of the host plant [73]. Taken together, this
genetic information is known as the hologenome [73]. The combined host-microbial consortia unit
(i.e., holobiont) is better equipped for evolutionary survival and fitness through the ability of microbial
consortia to more rapidly fluctuate; increasing genetic variability and leading to higher evolutionary
rates (i.e. the ability to adapt to changing environmental conditions) [73,74]. Documented benefits of
plant-microbe symbiosis include greater growth rates (shoots and roots) [71,75,76] and host’s overall
surface area [77], greater proliferation of root hairs (i.e., root branching and improved root-soil contact
for greater nutrient and water uptake) [78,79] and increased resistance to biotic and abiotic
stresses [65,76] (e.g., transplantation, drought, and heat) [80-82]. Larger bacterial communities
predominately result in greater plant growth promotion [65,83]. However, growth promotion benefits
may not become apparent until the onset of stress [84]; which, after onset, may gradually encourage
the improvement and strengthening of symbiotic relationships during crop growth [60].

Soil microorganisms are an integral component of the soil solution (affecting soil health both
positively and negatively) [22] and bulk soil is the main source of plant-associated symbiotic microbial
consortia [60,85]; with anthosphere, carposphere, leaf stomata, and above ground wounding sites
acting as additional microbial entry points [72,86]. Soil microorganisms translocate from bulk soil to
rhizosphere (i.e., the soil volume influenced by rhizodeposits) [86] to rhizoplane to endorhiza and then
throughout internal plant tissues [60,71,72]; frequently establishing non-uniformly [87]. To attract and
encourage the establishment of microbial consortia, plants may release up to 50% of their fixed carbon
into the rhizosphere [88,89]. Another source of rhizosphere carbon deposition is root cells shed by
plant root systems (either through root growth or death). These sloughed root cells attract, support and
maintain specific rhizosphere microbial consortia [90]. Plant roots also excrete water (especially
during periods of darkness) that facilitates bacterial motility and translocation [91]. In fact, dense root
tip bacterial communities have the potential to greatly influence plant available nutrients [92].

Rhizodeposition by plants, combined with root turnover, is a major driver of soil microbiological
processes; accounting for up to 40% of carbon input into soil [93,94]. Plant exudates include organic
compounds (e.g., organic acids form the nutritional basis of rhizosphere colonization) [95], inorganic
ions, allelochemicals [96], phytotoxins, phytoalexins, phytohormones and ectoenzymes [90]. These
exudates vary between plant species, cultivar, growth stage, and host’s health [97,98] and are known to
elicit different microbial gene responses [86]. In addition to chemical signals, plants may also rely on
electrogenic ion transport generated electric potentials to attract microorganisms [99]. These
rhizosphere investments by plants vary, depending on ecosystem type, plant species, and host’s growth
stage [90].

Plant-microbial associations are quid pro quo relationships; with bacteria also producing and
excreting many organic and inorganic volatile compounds and siderophores that benefit the host
plant [84,95,100]. Microbial exudates may contribute to plant growth and health through enhanced
nutrient availability (e.g., nitrogen fixation, phosphorous mobilization, and iron sequestering
siderophore production) [94] and/or by acting as antagonistic agents against root pathogens (e.g., lytic
enzyme production and detoxification and degradation of virulence factors) [101,102]. Siderophore
sequestration helps to deprive pathogenic microorganisms of nutrition (i.e., iron) and its production is
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affected by soil acidity and ion concentrations [102]. Additional plant growth promotion mechanisms
attributed to beneficial soil microorganisms are microsite competition [103] and secretion of
phytohormones [65,104]. The relationship between plant host and endophytic microorganisms is not
passive. Endophytic bacteria and fungi communicate through signaling molecules (e.g., quorum
sensing) [105] that plants are able to recognize [106]; molecules that, combined with plant and
microbial exudates, influence and modify root structures and exoroot bacterial communities [60,64,74].
In general, root growth leads to increased substrate loading that promotes microbial growth which in
turn promotes additional root growth [41].

Colonization of plants by soil microorganisms follows several phases, such as: gene-based
recognition and chemotaxis [107], adherence (involving an initial weak and reversible attachment
followed by a second strong and permanent attachment), invasion (for endophytes and pathogens),
colonization and growth [90,108]; with belowground plant tissues and surfaces (rhizosphere,
rhizoplane and endorhiza) experiencing greater bacterial population concentrations than above ground
tissues and surfaces [60]. Several environmental soil conditions influence both the establishment of
microbial consortia and population densities of specific soil microorganisms within the consortia [60].
These include acidity [109,110], moisture content and water availability [111], temperature,
partial pressure of oxygen [112], salinity, redox potential, soil type [113] and above ground
vegetation [114,115]. Other critical factors influencing the establishment and diversity of microbial
consortia are host genotype and local mycorrhizal structures causing axillary branching of roots [64].
Successful rhizosphere colonization by soil microorganisms is also dependent on efficient substrate
acquisition, resistance mechanisms to biotic and abiotic stresses, and competitive traits [90]. Bacterial
micro-colonies can grow from the attachment of a single cell [95,116]. Following initial establishment
on the root, the plant-bacterium alliance may attract and/or stimulate growth of other plant
growth-promoting microorganisms [67]; frequently colonizing on exudation sites [116]. Once
established, bacterial consortia can be passed from dead or dying roots to newly emerging and/or
already developed roots (bacterial consortia continuity throughout the life of the plant); with different
root types typically colonized by different bacteria and fungi species [92].

Though plant roots are the largest fraction of biological material in most arable soils [72], the plant
rhizosphere is only a small fraction of the total soil volume [115]. The rhizosphere is a complex and
dynamic zone where plant roots, soil microorganisms and adjacent soil conditions interact [90,95,117].
Properties of soil in the rhizosphere are influenced by the presence and activity of the plant root and
include changes in the physical, chemical and biological parameters affecting plant growth and
health [90,94]. These capabilities are limited to the rhizosphere; with plants exerting little or no
influence in bulk soil [115]. Due to the active interaction between plant roots and soil-borne
microorganisms, management of the rhizosphere zone of crop plants is considered a strategic target in
the development of environmentally friendly and sustainable agricultural production [118].

Despite a historical knowledge in the scientific community of the existence of symbiotic
plant-microbial associations, only recently have scientists begun to study in depth mechanisms of the
benefits of these relationships [41]. A major challenge in this delayed investigation is the reality that
up to 80% of soil bacteria have yet to be characterized [119] making it difficult to determine microbial
species critical to plant productivity [120]. Although plant growth-promoting microorganisms (PGPM)
are a promising alternative to high input management practices developed during the agricultural
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Green Revolution [95], the twentieth century breeding program objectives did not include beneficial
plant-microbial associations. Plant growth-promoting microorganisms have been shown to enhance
host plant root system, improve its water management capability, pathogen resistance, and increase
phenolic and chlorophyll content of plant tissues [76,78]. These relationships could be exploited in
agricultural biotechnology [118] as a sustainable avenue for maximizing crop growth to close present
day yield gaps [41,121].

Commonly known plant growth-promoting microorganisms are bacterial or fungal in nature.
Bacterial species of interest primarily include Pseudomonas, Bacillus, Burkholderia, Rhizobium and
Azospirillum [85,118,122—124]. Fungal species include Ampelomyces, Coniothyrium [118] and
Trichoderma [125]. Bacteria may be more promising for the establishment of long-lasting beneficial
associations [60,126]; with bacterial species tending to colonize a larger number of plant species
(i.e., greater overlap among plant species and cultivars) [90] than fungi [108]. In addition to increased
nutrient and water availability and greater resistance to pathogens [102], microbial growth promotion
mechanisms also involve the mediation of soil processes (i.e., decomposition, nutrient mobilization,
and mineralization) [22]. The root protective florae that provide benefit to plants cannot only colonize
the rhizosphere and rhizoplane but also the root interior (endorhiza) [60], affecting bacterial
community phenotype and functionality through signaling molecules and excretions. These altered
local soil environmental conditions then affect plant root function, disease suppression, and
physiological development (e.g., observable root growth stimulation in cucumber, pepper, potato,
tomato, and watermelon) [65,78,80,83,127].

A majority of surveyed plant species and families have been found to host arbuscular mycorrhizal
(AM) fungi [90,128]. These fungi alter plant physiology through their influences on the mineral
compositions of plant tissues, plant hormonal balances and carbon partitioning [97]. Establishment of
arbuscular mycorrhizal fungi in roots is known to enhance plant biomass, increase nitrogen and
phosphorous tissue content [67], improve uptake of micronutrients (e.g., Ca, Cu, K, Mg and Zn),
protect against biotic and abiotic stress (which are responsible for up to 50% of crop losses
worldwide) [129] and improve soil structure [94,130,131]. Arbuscular mycorrhizal fungi may increase
plant water and nutrient availability through elevated vascular osmotic pressures (e.g., improved plant
transplantation survival) [132] (reviewed in [60,133]) and increase its access to water in soil pores that
are of insufficient size for root extraction (soil pores that are smaller than 0.2—0.3 um in diameter) [92].
These fungi explore bulk soil with external hyphae [22] that may act as an evolutionary alternative to
the production of cluster roots by plants [94,134]; extending plant access to soil water and nutrients
from just a few millimeters to several centimeters [94,135]. Increases in plant-available phosphorous
are also attributed to phosphorous solubilization and changes in microbial consortia that result from
arbuscular mycorrhizal colonization and its associated mycorrhizosphere [136]; which supports
microbial relationships similar to those found in the plant rhizosphere [94]. In fact, arbuscular
mycorrhizal fungi form tripartite associations with bacteria consortia and host plants [137]. Within the
mycorrhizosphere species are able to influence bacterial communities through exudates encouraging
growth of mycorrhizal helper bacteria [138]. These bacteria can then stimulate mycelial growth and
enhance mycorrhizal colonization of plant roots [94,139] through increases in root cell permeability,
root exudation rates, and/or production of phytohormones [94,136].
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One of the major soil inhabitants, protozoa, also significantly influences soil microbial communities.
Protozoan biomass is substantial; equaling or exceeding all other soil animal groups combined and
exerting greater influence on plant biomass and nutrient turnover than earthworms [88,94]. Protozoa
consume (i.e., selectively graze) bacteria in the rhizosphere, releasing nutrients and helping to regulate
and control plant-growth promoting microbial communities through the promotion of diverse
populations [88]. Protozoa grazing has been shown to increase shoot biomass and nitrogen
concentrations through nitrogen mineralization [88] even in the absence of enhanced nutrient supply
(e.g., fertilizer application) [140,141].

Nitrogen and phosphorous are growth limiting plant nutrients; often greatly affecting crop
yields [67,142]. The ever-increasing costs associated with application of fertilizers is now driving
research into the utilization of biofertilizers (i.e., the use of soil microorganisms) to increase nutrient
availability and uptake in the commercial production of crops (i.e., nitrogen, phosphorous, and other
macro- and micro-nutrients) [67,143]. Biological fertilizer can be any microorganism-containing
substance applied to seeds, soil, or plant surfaces that help to establish colonies of beneficial microbial
consortia in the rhizosphere, rhizoplane or endorhiza [67]. Biological fertilization includes the
replacement of soil nutrients, solubilization of plant-unavailable forms of nutrients, and siderophore
production that aid transport of nutrients from soil solution to plants [67]. Challenges associated with
biofertilization include inoculant survival, microorganism’s compatibility with targeted host plants,
and determination of adequate environmental conditions for the establishment of symbiotic
relationships [22]. These challenges foster fundamental research likely leading to the use of biologicals
in agriculture [67].

Soil microorganisms are an integral part of the soil nitrogen cycle involving fixation, nitrification,
denitrification, and mineralization [144,145]. Soil nitrogen availability is a function of soil ion
concentrations and water content, root distribution, and plant growth rate [94]. Nitrogen uptake by
plants as ammonium and nitrate is influenced by root length and branching, physiological response
mechanisms, and the interaction of host plants with associated exo- and endophytic microbes.
In the absence of chemical nitrogen fertilizer applications, crops can acquire nitrogen from
biomass decomposition in soil and via nitrogen fixing microorganisms. Biological nitrogen fixing
microorganisms are the main source of plant available nitrogen for most soil and water
ecosystems [146]; with microbial nitrogen fixers providing up to 80% of nitrogen for some
grasses [147], 90% for nodulating plants, primarily legumes [94,148], and 65% for crops
worldwide [95]. The best known examples of biological nitrogen fixation include symbiotic nitrogen
fixing bacteria which nodulate leguminous crops. However, free-living nitrogen fixing microorganisms
may also play an important role in producing plant-available nitrogen; with genera of known
free-living nitrogen fixing rhizobacteria including Azospirillum, Herbaspirillum, Acetobacter
and Azoarcus [95]. Despite the potential of free-living nitrogen fixers, endophytic nitrogen
fixing microorganisms may prove to be beneficial to host plants beyond acquisition of
nitrogen [60,67,149,150]. Adesymoyer and Kloepper [143] argue that phytohormone production by
free-living diazotrophs may be their greatest contribution to plant growth and health through improved
root growth, enhanced organic acid extrusion, and increased water and mineral uptake.

Symbiotic biological nitrogen fixers are commonly associated with leguminous crops, with over
15,000 species forming specific associations with root nodulating nitrogen fixing Rhizobia [73].
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Rhizobia genera with the greatest potential include Rhizobium, Sinorhizobiumi, Mesorhizobium,
Bradyrhizobium, Azorhizobium and Allorhizobium [95]. The new challenge for researchers and
producers is the reduction of chemical nitrogen fertilizer inputs through the integration of biological
nitrogen fixing microorganisms into non-leguminous crops [95].

Phosphorous promotes nitrogen fixation in leguminous crops and is essential for photosynthesis,
and energy and sugar production [22,151]. Soil organic phosphorous, ranging between 30% and 65%
of total soil phosphorous, must be converted to inorganic or low-molecular weight organic acids before
plants are able to uptake it [143]. Both mineralization of soil organic phosphorous and phosphate
solubilization from rock phosphates are the two natural processes aided by rhizosphere
microorganisms that increase phosphorous availability to plants [22,67,94,152—154]. Organic acids
derived from the microbial decomposition of biomass help to liberate phosphorous from both organic
compounds (e.g., phytates) [155] and rock phosphates, establishing a phosphorous gradient between
the rhizosphere and bulk soil [94,156]. Phosphate solubilizing microorganisms include bacteria and
fungi [94] equipped with organic acid mobilization mechanisms that involve reduced sorption of
phosphorous, desorption of orthophosphate, and chelation of cations [94,157]. Global production costs
for phosphorous fertilizers are estimated to reach approximately $4 billion per year [22,154]. Therefore,
the ability to develop and exploit phosphate solubilizing soil microorganisms could lead to more
efficient utilization of phosphorous soil reserves and external inputs [22].

Phytohormone production helps to prevent plant infections [158] and stimulates the establishment
of beneficial plant-microbial associations [121] that can influence the hormonal balance and growth of
plants [94,95,118]. These phytohormones include auxins (e.g., indole-3-acetic acid), cytokinins (both
isoprenoid and aromatic) [159], gibberellins, ethylene, salicylic acid, abscisic acid, and jasmonic acid,
with plant growth effects dependent on their relative concentrations [84]. Auxins are commonly
produced by plant-growth promoting microorganisms [160]; with up to 80% of rhizosphere bacteria
producing indole-3-acetic acid (IAA) [161] that can be used as a carbon source for growth [90,162]
and as a catalyst of cell elongation, formation and organization of vascular tissues, root initiation, apical
dominance, and fruit growth and development [163]. However, plant responses to indole-3-acetic acid
vary among species and varieties and, therefore, its production may become a source of stress in
localized host-environment combinations [164]. Cytokinins promote cell division, growth and
differentiation, apical dominance, auxiliary bud growth, and leaf senescence [163]; and are
also an integral component of local and long-range [159] root-to-shoot nitrogen availability
communication [165]. Plant cytokinin production and concentrations vary among species, plant tissues,
growth stage, and nitrogen availability [159]. Lazarovits and Nowak [78] demonstrated that
plant-associated bacteria can induce synthesis of cytokinins in colonized potato plants in the early
developmental stages and/or facilitate uptake of cytokinins from the environment. The presence of
gibberellins in plant tissues is associated with stem elongation, germination, dormancy, flowering, sex
expression, enzyme induction, and leaf and fruit senescence [163]. Ethylene (i.e., the “wounding
hormone”) production in plants influences fruit ripening [41], flower opening, leaf and fruit
abscission [90], inhibition of root elongation [67], release from dormancy, shoot and root growth and
differentiation, adventitious root formation, root system morphology, and plant responses to biotic and
abiotic stresses [90] (e.g., heavy metals, ozone, pathogen attack, and flooding) [166]. Ethylene can also
be produced by soil microorganisms [167].
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Plant growth promoting microorganisms may also reduce the production of ethylene through the
excretion of ACC deaminase that can cleave the precursor of ethylene, 1-aminocyclopropane-1-
carboxylate (ACC), to ammonia and a-ketobutyrate [166,168,169]. The plant growth promoting effects
of ACC deaminase may be most effective during pathogen attack [94,170-172] and in stressful
environments (e.g., flooded and heavy-metal contaminated soils) [173,174]. Additionally, under stress
conditions plant vitamin synthesis declines. Vitamin producing rhizobacteria may help to stimulate
plant growth and yield under less than optimal growing conditions [94].

Similar to biofertilization, microorganisms could also be utilized as biological pest controllers
(i.e., anti phyto-pathogenic); with “primed” plants better able to endure biotic and abiotic stresses after
exposure to beneficial soil microorganisms [132]. Vessey et al. [67] define biological pest controllers
(i.e., biopesticides) as “bacteria that promote plant growth through the control of deleterious
organisms;” with reduced stress levels known to enhance crop yields [102]. These microorganisms
help to increase resistance to pathogen attack through enhanced response to stress signals, protection
(e.g., through strain competition) against soil-borne pathogens [96] or deleterious rhizobacteria [102,175]
(e.g., exclusion of pathogens through the occupation of niche microsites) [176], nutrient
competition [60,177], siderophore production [102,178] (i.e., increased uptake of nutrients by plant
growth promoting microorganisms deprives pathogenic organisms of nutrition) [67], parasitism [118],
and induced systemic response (ISR) [102,179,180]; with anti-pathogenic mechanisms dependent on
plant genotype, growth stage, and local environmental conditions [105]. Microbial-mediated
induced systemic response in plants may provide a broad spectrum resistance against multiple
pathogens [41,132] and is influenced by plant physiology and biochemistry, as well as local
environmental conditions [118]. Additionally, some bacteria (e.g., Pseudomonas spp.) and bacterial
consortia [102] produce antibacterial and antifungal agents [60,95,102,181] that may enhance
resistance to pathogen attack in plants (e.g., pyrolueteorin, pyrrolnitrin, phenazines, hydrogen cyanide,
and viscosinamide) [53]. Therefore, microbial biopesticides (possibly in combination with artificial
substrate vibration disruption) [182] are a promising environmentally friendly and sustainable
approach to field-level pest control for agricultural production.

Utilization of plant growth-promoting microorganisms (e.g., through biofertilization, biological pest
control, or phytohormone production) can be realized either through the management of native soil
microorganisms or through inoculation of crops with autochthonous microorganisms [118]; with their
use representing an opportunity to engineer the rhizosphere through artificial symbiosis [90,183,184].
However, microbial inoculants should not inhibit the functionality of beneficial, autochthonous
bacteria consortia [64] and should not show pathogenicity towards human tissues [86]. Biological
nitrogen fixation inoculants have been commercially available since the 1890s [185]; with microbial
inoculants (e.g., “BioGro”) continuing to represent a growing commercial market (e.g., 10% annual
growth rate) [118]. “BioGro” is a commercially available biofertilizer containing four strains of
bacteria selected from rice rhizospheres in the Hanoi area of Vietnam that can be applied to seedlings
or directly to fields; it has been shown to increase plant growth and nutrient uptake [186,187].
Compared to agrochemical nutrient applications, advantages of microbial inoculants include
improved safety, reduced negative environmental and human health impacts, greater functionality
(e.g., improved nutrient uptake and pathogen protection in combination), and greater effectiveness in
smaller quantities [118]. However, field-level (i.e., in situ) establishment of microbial inoculants
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(i.e., non-native/resident) is difficult [64]. This is a result of competition from indigenous
microorganisms, poor rhizosphere competence, and difficulties associated with the culturing of
potential inoculants [64,76]; with age and concentration of inoculants greatly influencing the efficacy
and timespan of benefits [175]. Early establishment of beneficial inoculants may help the survival of
non-indigenous consortia through the minimization of negative microbe-microbe interactions [64].

Inoculants are typically applied via seed amendments [22] or directly to seed-bed media [64].
Disadvantages of seed applications include limited adherence, influence of direct contact with seed
applied chemicals and post-planting environmental stress, and the tendency of some microbial
consortia inoculants to diffuse out of the rhizosphere [22]. Conversely, field-level inoculant
applications (e.g., through a subsurface delivery system) benefit from the ability to apply greater
microbial concentrations, lessened exposure to chemically treated seeds, lack of seed mixing, and
benefits associated with establishment in a more natural soil environment [22]. Field-level inoculant
delivery mechanisms could include incorporation into soilless mixes [188,189], nodal explants
biotization [76], transmission through vegetative reproduction or biotization [60,73] (i.e., could reduce
inoculation frequencies and associated costs) [65], and irrigation [175]. Successful, field-level
inoculants must survive in the rhizosphere (i.e., colonize and thrive), efficiently utilize plant root
exudates, and compete with indigenous microorganisms [95]. Furthermore, plants with slow growing
root systems may prove more promising [92].

Potential microbial inoculants include both bacteria (e.g., Pseudomonads and cyanobacteria) and
fungi, with combinations of multiple bacterial strains and/or bacterial and fungal strains improving
inoculant survival and efficiencies [22,76,96,190,191]. These improvements through bacterial
consortia or bacterial consortia in combination with fungal consortia may be a result of synergistic
interaction between different microorganisms [94] (e.g., phosphate solubilizing microorganisms
combined with biological nitrogen fixers) [22], indirect plant impacts through amendments to soil
structures and solutions [74], and the redundant functionality of certain rhizospheric microbial
consortia (e.g., “helper bacteria” and “insurance policy theory”) [67,90,192]. Host’s benefits include
increased seedling root growth and weight, taller and sturdier stems (e.g., thicker stems with
greater lignification), larger leaves, more ad ventitious and secondary roots, and greater top and root
growth [65,76].

4. Micro-Level Agriculture Management: Opportunities and Challenges
4.1. Smart Field Technology Platform: An Introduction

Goals and challenges of 21Ist century sustainable agriculture include increased resource-use
efficiencies, internal regulation of biological processes under agriculture production management, and
the closing of nutrient cycles within agricultural production systems (i.e., outputs balanced with
inputs) [60,133,193]; with appropriate and responsible soil management practices vitally important for
the prevention of long term soil degradation [115]. These objectives must be met by balancing
economic profitability, environmental health, and ethical soundness [142] through the development of
novel and technologically advanced approaches to agriculture research and production [193]. A
promising approach to sustainable intensification of agriculture production involves the utilization of
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endophytic and free-living bacteria and fungi; an avenue dependent upon the maintenance,
manipulation, and modification of beneficial microbial consortia within specific cropping systems
under field conditions [60]. Possible methods of manipulating plant endophytic microbial consortia
include inoculation (i.e., seeds, micro-plantlets, and other vegetative propagules such as tubers,
cuttings, and micro-grafts), encouragement and establishment of plant growth-promoting beneficial
microbial communities (i.e., promote the presence and function of various bacteria and fungi consortia
in different environments) [94], and/or gene for gene transfer of beneficial functionality from
microorganisms into new crop varieties [60]. However, exploration of holistic (hologenomic)
approaches to plant-microbial relationships through breeding and production for the establishment and
maintenance of plant beneficial bacterial consortia may prove to be a more sustainable and socially
acceptable approach to crop enhancement than genetic modification [41,95,132] (e.g., production of
I-aminocyclopropane-1-carboxylate deaminase by soil microorganisms is a more effective method for
reducing plant ethylene levels than is the creation of transgenic plants) [166]. Plant and microbial
rhizospheric exudates are poorly understood under field conditions; representing a potentially critical
area of research and experimentation into understanding the mechanisms involved with spatial and
temporal influences of specific plant-microbial consortia colonization and their effects on root system
growth and dynamics (e.g., plant-microbial exchange of nutrients and chemical signals) [92].

Successful approaches to precision soil management for sustainable agriculture research leading to
the refinement of production systems (e.g., sustainable intensification) will utilize smart fields that
combine affordable, commercially available environmental sensors, digital imaging and data analysis,
subsurface precision soil and plant-input delivery, and ground- and aerial-based autonomous vehicle
technologies. Development of these systems will require collaborative, interdisciplinary teams
comprised of soil and crop scientists, agronomists, foresters, microbial ecologists, and engineers [193].
Smart field technology platforms will be based on soil and plant biology and will target precision
delivery of inputs synchronized with growth stages of crop plants. Technologically novel research and
production systems may utilize multiple inexpensive, stationary solar powered soil sensor nodes
(i.e., motes) positioned strategically throughout a field to provide real-time data related to soil, plant,
and microbial growth and health. Environmental sensors can provide data related to soil respiration
(e.g., soil oxygen and carbon dioxide levels), soil greenhouse gas emissions (e.g., methane and nitrous
oxide), plant stress level (e.g., ethylene emissions), moisture, temperature, electrical conductivity
(e.g., to monitor methane and nitrous oxide emissions) [17], and acidity. Fixed node sensor data could
be combined with data collected by ground- and aerial-based autonomous vehicle mounted sensor
systems and stored locally (e.g., data logger) or transmitted in real-time via wireless (e.g., Bluetooth)
communication to a computer, or a portable handheld device (e.g., iPhone) for viewing, data mining
(e.g., real-time and long-term trend data), and computer-based decision making to achieve automated,
real-time best management practices (e.g., timely production interventions) [41].

Replacing flood irrigation with sub-irrigation and/or surface drip irrigation is a high priority in
sustainable agriculture production [193]. Subsurface textile irrigation systems, such as the KISSS
Below Flow Flat [BFF] (see www.kisss.com.au [61]), combine reinforced tubing, pressure
compensating emitters, anti-percolation layers (i.e., discourage downward water movement),
dispersion layers (i.e., minimize surface tunneling), and geo-textiles (i.e., encourage uniform capillary
water movement) to provide many benefits beyond traditional flood and/or overhead sprinkler
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irrigation systems [194]. Advantages of subsurface water delivery include water-use reductions of up
to 60% (e.g., minimizing evaporation, runoff, and tunneling during conveyance and delivery) [193],
precision root zone water delivery, uniform water application, root intrusion deterrence without
chemical inputs, and weed growth suppression [195]. Combined, these benefits encourage stronger
plant roots, enhance plant growth uniformity, reduce water logging (i.e., minimize anaerobic soil
events), and decrease soil salinity levels [194].

In addition to irrigation, subsurface precision delivery systems in combination with fixed and
vehicle-mounted mobile sensor suites will allow managers and researchers to actively manipulate
microbial communities in soil, and/or plant growth media, that affect soil health and structure through
the real time delivery of supplementary inputs such as gas (air, hydrogen, or other gases/gas mixtures),
soluble fertilizers (organic and/or inorganic) and plant protection chemicals in time [102] (i.e., input
delivery synchronized with plant growth stage) [142] and space as required. Precision delivery of
air (e.g., through the utilization of aerated water, see www.mazzei.net [196]) [197] would help to
mitigate/prevent water saturated, anaerobic soil conditions (e.g., reduce anaerobic microsites) that
increase plant stress and greenhouse gas emissions [8]. This preferential feeding of plants, soil, and
plant-beneficial microorganisms, and precision input-based intervention for the timely alleviation of
abiotic stresses will help to create both beneficial rhizospheres and healthy plant stands [41].

4.2. Smart Field Technology Platform: Applications

Investigations into plant inoculation with beneficial microorganisms in laboratories and/or
greenhouses are insufficient for field-level research due, in part, to the physical, chemical and
biological differences between laboratory/greenhouse and field soil conditions (i.e., different
diffusion rates for plant and microbial exudation and chemical signaling in each growth medium
environment) [92]. Presently, there is a dearth of referenced literature on the quality of commercial,
non-rhizobial, inoculants; with more research into the long term viability of field-level inoculant
strains and their associated effects on plant growth desperately needed [198] (e.g., quantification of
biofertilizer and biocontrol agent efficacy) [86]. The proposed smart field platform would allow for the
field-level study of plant-microbe associations observed in laboratory environments through scale-up
trials and bioprocess development [118]; helping to build up native plant beneficial microbial consortia
already adapted to particular soils and edaphic conditions, and/or determine optimal conditions for
introduced inoculants to provide prolonged benefit to crops [22,41].

The initial goals of the smart field investigations could focus on establishing beneficial plant
associated microbial consortia through the utilization of soil priming techniques (e.g., to set the
readiness of soil to receive specific growth-promoting crop-associated microorganisms); helping to
improve beneficial microbial growth, increase humification of soil organic matter, and improve
soil mineral and water holding capacities [41]. Other research opportunities may include the
identification of genetic determinants for plant-microbial compatibility [86], analysis of microorganism
ecology [41,94], the study of specific mechanisms (e.g., niche utilization) involved with the
establishment of field-level microbial (e.g., native and non-native) inoculated crops (e.g., facilitation of
on-site rhizospheric research to validate laboratory model studies and development of improved
inoculants) [86,90], and the possible development of real-time carbon sequestration quantification
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methods (e.g., through a better understanding of ecosystem carbon pools) to facilitate carbon credit
trading (i.e., additional income) for farmers [193].

Environmental factors affecting soil microorganisms include temperature, sugar content, carbon
dioxide levels, aeration, and native microflora and micro and meso-fauna [132]. Additionally,
vesicular arbuscular mycorrhizae respond favorably under elevated carbon dioxide conditions [76,199].
Most of these local environmental conditions could be manipulated and maintained with a smart field
system that utilizes the integration of soil sensors with subsurface, precision delivery technologies.
Such a system would facilitate the integration of precision agrochemical inputs, microbial
fertilization (i.e., biofertilization) and pest control (e.g., biological pest control). Development of this
technology-based system approach to soil management through precision input delivery represents a
unique opportunity to better homogenize plant-soil environments (e.g., rhizosphere, rhizoplane, and
mycorrhizosphere) [60]. Such delivery systems could be used to overcome field-level variabilities (e.g.,
optimization of soil pH, water content, structure, oxygen levels, and nutrient concentrations) [88] while
advancing the development of beneficial microbial-based crop rotation systems that focus on
consortia-level functionality [60] (e.g., production of 1-aminocyclopropane-1-carboxylate deaminase
to reduce plant ethylene levels) [166].

Microbial fertilization (biofertilization) and manipulation of rhizosphere microorganisms by
inputs of carbohydrates, carboxylic acids, and amino acids could be utilized to promote specific
plant-microbial associations [200]; subsidizing or replacing plant organic compound exudation
(e.g., using trehalose and sucrose). External introduction of these compounds may help to establish a
“biased rhizosphere” supporting the establishment of specific plant-microbial associations through the
modification of rhizospheric chemistry [90]. Such utilization of microbial growth-promoting
substances has already been demonstrated in soilless growing media to improve water retention and to
enhance wilting resistance of muskmelon transplants [200]. Though the specificity of plant exudates
for the attraction and establishment of particular microbial consortia represent a complex challenge for
microbial fertilization [41], development of commercially viable microbial-based inputs
(e.g., biological nitrification inhibitors) could be used to improve crop fertilizer-use efficiencies [143],
increase crop water-use efficiencies, and reduce greenhouse gas (e.g., nitrous oxide) emissions [94]
while sustainably maintaining or enhancing crop yields.

Negative impacts of monoculture practices (lack of crop production diversity) are a significant
modern agricultural issue; with maize, soybean, and wheat representing over two-thirds of all crops
planted each year in the United States [53]. Monoculture production exacerbates the buildup of
antagonistic soil-microorganisms; leading to increased instances of root infection, a decreased ability
to compete with weeds, and reduced overall yields [53]. Development of a smart field platform could
be used to enhance the technological capacity for precision management of water and nutrients through
the top soil profile to foster uniform development of root architecture, improve crop rotation and
tillage management efficacies (i.e., low or no-tillage production systems can save up to 75% in fuel
costs) [53] and reduce external agricultural inputs [64]. Outcomes from such an approach to
agricultural research and management will lead to improvements in the quality of degraded soil
through re-establishment of beneficial microbial communities (e.g., accelerating naturally slow,
non-linear ecosystem reclamation processes through precision soil fertility management) and reduction
of greenhouse gas emissions while enhancing plants’ capability to economically utilize inputs [22,115]
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and supporting the study of interactions between cultural practices, soil amendments (e.g., the positive
and negative impacts of chemical fertilizers and pesticides) [64], and crop rotations on soil, microbial,
and plant health [41].

A technologically advanced smart field platform may also be utilized for the field-level
establishment and promotion of plant propagules primed via biotization. Biotization is defined as “the
metabolic response of in vitro grown plant material to microbial inoculant(s) which promote
developmental and physiological changes that enhance biotic and abiotic stress resistance in
subsequent plant progeny [76].” Benefits of biotization include increased growth rates [82,201],
enhanced disease [74,202,203] and stress resistance [74,204], sturdier root systems with greater
biomass and root hair formation [64,74,83,126], increased leaf hair formation [65], and greater
lignification of xylem vessels [65,74]. Specific examples of beneficial biotization include increased
root nodule production in red clover [96], enhanced potato tuber production [191], greener potato
plantlets with higher levels of cytokinins [78], and elevated chilling tolerance (due to increases in total
soluble sugars and maintenance of high net photosynthesis) [205,206]. Additionally, bacterized
plantlets have been found to possess increased levels of phenylalanine ammonia lyase and free
phenolics (compounds associated with enhanced resistance to environmental stresses and pathogen
attack) [60,74]. However, benefits of bacterization at field-level are typically reduced by high
precipitation or severe drought [132]; adverse environmental factors that could be mitigated through
the utilization of a technology-driven precision input agriculture management system.

Furthermore, the proposed smart field technology platform could be used to provide insight into
signal transduction and recognition mechanisms in plant-microbe and microbe-microbe interactions
under varying environmental conditions [41,132] (e.g., influences of geographic location, soil type,
and soil parameters on microorganism consortia establishment and survival) [109,207], the molecular
determinants of plant and microbial nutrient sequestration, the classification of signal molecules
involved with nutrient sensing, and potential methods for rapid identification of beneficial and
pathogenic rhizospheric microorganism colonization (i.e., development of simple diagnostic
tools) [41]. Additionally, research and testing focused on development of artificial plant and microbial
exudate mixtures for field-level priming (e.g., low-toxic chemicals that mimic small interfering
RNAs) [208] could facilitate greater exploration and understanding of the volatile-mediated effects of
bacteria on plants [84]. The outcome of research facilitated through the utilization of a technologically
advanced and versatile smart field platform will lead to improved knowledge of the interactive
mechanisms between atmosphere, hydrosphere, and biosphere [193]; thereby laying the foundation for
development of cutting edge agricultural systems that incorporate advanced technologies and
low-input production management based on soil and plant biology that targets precision delivery of
inputs synchronized with growth stages of crop plants.

4.3. Smart Field Technology Platform: Interdisciplinary Opportunities

In the coming years we will see unprecedented investment in sustainable technologies and practices
that impact critical resources such as energy, food, and water. An obvious intersection and opportunity
to positively manage and impact these resources is in agriculture, where production of sustainable
energy crops and regional foods must be managed in ways that improve water quality, as compared to
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traditional agriculture methods which are typically not sustainable and may negatively affect water
resources. Moving forward, it can be argued that the infusion of engineering technologies is needed to
fully realize the economic and social benefits promised by sustainable practices—especially since
many agriculture activities rely on limited or dated technologies.

One opportunity for interdisciplinary research in smart fields is the development of the
next-generation technology platforms that marry the best-of-breed in agriculture, human-computer
interaction, and advanced engineering (see Figure 1).

Figure 1. The interacting components of the next-generation, sustainable agriculture
technology platform. Research in the green area addresses information flow, accessibility,
and areas of human-computer interaction. Research in the blue areas represent advanced
agricultural irrigation practices [190]. The red areas represent engineering opportunities to

integrate unmanned vehicles in support of data collection, monitoring and intervention.
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The platform conceptually contains three broad areas of expertise: advanced agriculture,
human-computer-interaction, and engineering. In the most general sense, the advanced agricultural
research employs rhizosphere-, ground vehicle-, and aerial vehicle-based sensor suites to precisely
manage the rhizosphere while monitoring (in real-time) soil and plant health. Fixed position sensor
nodes could be integrated with autonomous ground- and aerial-based sensor suites to non-destructively
monitor abiotic and biotic crop stressors that affect crop growth and health (e.g., track and monitor
airborne plant pathogens) [209] through the utilization of image analysis equipment and techniques
(e.g., multispectral, hyperspectral, and thermography). Remote monitoring opportunities include
canopy height measurements [210], crop water status monitoring [211], quantification of
photosynthetic efficiencies [212-214], detection, identification [215], and monitoring of disease
progress [216] and herbaceous damage [217]. The availability of such data in real-time will allow for
quick intervention (treatment of “hot spots”) thus mitigating plant stress and reducing the potential for
the spread of disease/insects and yield losses. Fertilizer, water and air supply can also be adjusted to
developmental stages of the plant, further enhancing inputs efficacy and reducing environmental
impacts and cropping costs.

Genetically-based microbial profiling allows microbial population dynamics to be linked to soil
type and farming inputs and outputs as well as to distinguish between active and dormant
bacteria [218,219]. Results of this work can be leveraged to drive a technology-based input delivery
system, to provide, water, mineral nutrients, microbial inoculants, crop protection chemicals, gases
(i.e., Oy, air or Hy) and organic nutrients (i.e., sugars and/or signal molecules) that preferentially feed
soil beneficial microbes, creating healthy rhizospheres and plant stands. Using this platform, such
techniques can be applied prior to planting to reduce soil-borne disease pressures after establishment.

Additionally, smart field data collection and analysis (e.g., soil, plant, and environmental
monitoring) could provide real-time ecophysiological information that, combined with genetic
mapping, would facilitate the development of robust crop systems biology models for predicting and
monitoring crop growth and yield performance under varying environmental conditions at the
field-level. Ogata [220] defines system dynamics as “the mathematical modeling of dynamic systems
and response analyses of such systems with a view toward understanding the dynamic nature of each
system and improving the system’s performance.” Though system dynamics is typically recognized as
an engineering tool, plant scientists are beginning to utilize this technique for the dissection
and quantification of crop biology through the combining of data-driven, ecophysiological modeling
(e.g., temperature and photoperiod) [221] and genetic mapping [222]. This new approach to crop
modeling highlights the transition from tradition crop physiological modeling (i.e., whole plant
population interactions with abiotic environments) to development of advanced, data driven crop
biology models that, in addition to ecophysiological data, integrate molecular biology and molecular
genetics [221]. Yin and Struik [222] posit that development of a crop systems biology approach for
quantification of genotype-environment interactions will guide crop level understanding of functional
genomics and provide greater insights into intra- and inter-plant competition while assisting the
incorporation of biological mechanisms into existing crop models. It is hoped that this approach will
not only facilitate data synthesis and modeling of physiological plant responses, but also encourage the
development of novel hypotheses and methods that facilitate research into, and understanding of, crop
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biological systems from the micro- to the macro-level (e.g., biological scaling) [223]. Such approach
can significantly contribute to plant selection and breeding for specific edaphic conditions [224].

An emphasis on human-computer interaction (HCI) is needed to ensure that smart fields do not
become overwhelming and technologically confusing for farm managers. The technology platform
employs concepts of location-based network services (LBNS), GPS and mobile broadband internet to
allow farm managers with handheld phones to interact with sensor suites and advanced information
placed throughout the plot. This approach allows software components to reside on individual
handhelds (as opposed to secondary servers), independent of any other computing platforms. As such,
each handheld and sensor suite can act as independent agents, connecting with each other only when in
proximity to each other. This strategy also simplifies maintenance and troubleshooting during
application phases—since all software functionality is self-contained on each individual handheld.
More advanced concepts include the integration of mesh networks, cellular networks, or wi-fi clouds
to support sophisticated communication between sensors, as well as more advanced data mining,
analyses, and visualization (e.g., temporal 3D contour plots and GIS overlays).

All data are available via web services so that both handhelds and stationary desktop computers can
make real-time requests from sensor suite data. The sensor suite’s microprocessor retrieves the latest
data from the sensors and formats them into a webpage—available to farm managers on-the-go,
agriculture office computers and even teachers and students in the classrooms. In this platform, all
users access webpage containing real-time information streaming from particular sensors of interest.

The novelty (and power) of this approach is that by employing LBNS (see [225]) via handhelds,
farm managers are able to cognitively integrate and associate specific soil parameters (shown in
real-time on the handheld) with the visual appearance of the plant—noting for example that the wilted
leaves could be a result of low soil moisture—something that in the past would have to be conjectured
or heuristically determined.

Advanced engineering research can further enhance the technology platform, for example, by
employing real-time imaging modeling techniques to model and monitor plant growth stages. Images
are obtained via autonomous vehicle(s) (on ground and/or aerial), and then processed to determine
plant stage. This method allows the extension of precision delivery, beyond simply “space” and into
“time”. That is, enabling automated delivery of various fertilizers and supplements throughout an
individual plant’s lifecycle. Moreover, these image/vision analysis techniques are used to assist in soil
sensor fusion and data integration. Large amounts of spatial and temporal data about the soil’s health
are condensed into meaningful data that are presented spatially via handheld mobile displays;
employing Augmented Reality overlay techniques to perceptually attach digital information to actual
crops. Specifically, one can imagine a scenario where a farm manager takes a digital photo of a plot
and then views that same photo with additional information overlaid onto the photo. Conceptually, the
photo is sent via network to visual analysis software agents where a spatial model is created (using
photographs and stored spatial models) and married with geo-located real-time soil data. The
information is then rendered on top of the photograph and displayed to the farm manager. These
customized displays can be easily understood and acted upon by the farm manager.

The smart field platform can also utilize autonomous robots that will “work in the field” and
facilitate sustainable agriculture through precision delivery of inputs. These autonomous robots can
plug in to the technology platform (Figure 1), and provide additional communication, sensor and
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digital image capabilities supporting digital image capture to serve as input to visual/image modeling
and visualization; digital image analyses of plants including assessing plant health and growth stages;
identifying diseases and conditions on a plant-by-plant basis, and generating yield estimates; polling of
in-ground and above-ground soil sensors, and identifying potential problem areas to further sample;
precision delivery of pesticides or other interventions on an “as-needed” or “just-in-time” basis as
determined by soil-based and/or on-board sensor data.

5. Concluding Remarks

The elements of the proposed technology platform can be utilized either independently, or integrated,
depending on the socioeconomic realities of the farming site/community/region, etc. [226]. These can
range from a small-scale subsistent farming (e.g., in water deficient areas of the developing world
where subsurface irrigation tape can be connected to a water bucket for uniform delivery of water and
nutrients to the crop root zone) through large scale subsurface irrigation practices already in use
(e.g., in the production of cotton—in [227] and [228]) to futuristic, sophisticated “smart field” systems
that will allow for precise micro-delivery of inputs into the plant root zone based on the availability of
real-time soil data (such as moisture, mineral/organic nutrient, oxygen, carbon dioxide, N,O and
ethylene content, pH, and potentially others) collected with sensor nodes that provide information on
the biology of the air (aerial movement of pathogens), soil (microbial community dynamics) and plant
(developmental stage, nutrition and health status). Progress in sensor technology, data transmission,
their collection and processing capacity, and development of inexpensive next generation DNA
sequencing technologies [229] that can deliver fast results on microbial population dynamics in the
field will determine the speed, and the level of precision with which we can conduct research and
create frugal input management practices that enhance soil, plant, and potentially, human health.
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