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/ABSTRACT

~

Purpose : Nitrogen (N) fertilizer is a major input in agro-ecosystems and has health, economic, and
environmental implications. Changes in the global N cycle has transgressed the ecological safe boundary
at present. Therefore, sustainable soil N management tools should be identified and implemented to reduce
environmental implications of agriculture. This review paper intends to describe the magnitude of the global N
based pollution, its health, economic, and environmental implications and suggest for approaches to achieve
sustainable soil N management.

Research Method : This paper shares a literature review on current efforts in optimizing soil N management. The
central topic is an on-farm experiment conducted in the University of Nebraska-Lincoln, USA that monitors and
manages in-season N in maize using a crop sensor technology. Other reliable findings from previously conducted
studies worldwide are presented as well.

Findings : Results of field studies revealed that there were no significant variations in maize grain yields
between sensor-based treatment and farmer’s business-as-usual treatment However, the crop sensor-
based treatment recorded savings of N at an average rate of 32 kg/ha. Based on the reported findings in
literature, advanced fertilizer technology, manipulation of fertilizer application methods and development
of conceptual models to predict the crop N need are other potential tools to optimize N in agriculture.

Research Limitation : The behavior of reactive N in soil is unpredictable due to a complex interacting effect
of crop, soil, climatic and management factors.

Originality/ Value : In Sri Lanka as a country having a significant stake in agriculture, understanding and
adoption of some of these available new technologies for efficient N management will serve well in our
efforts for ecological sustainability.
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-
INTRODUCTION

/

Since this earth is a finite system, it has its
own limits. With the rapid expansion in global
industrial sector developments, a subsequent
transgression  into  planetary  ecological
boundaries is becoming a huge threat to the
ecological balance. The concept of ecological
safe boundaries was first proposed by the team of
scientists from Australian National University in
2009. Nine planetary boundaries were identified
and seven among them were quantified including
climate change, biodiversity loss, interference
with N and P cycle (biogeochemical N and P),

global freshwater use, ocean acidification, ozone
depletion, and land use. Amongst the nine,
atmospheric aerosols and chemical pollution
are to be quantified. Further, the boundaries
of climate change, loss of biodiversity and
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changes to global N cycle have already been
transgressed by the human activities on this
planet (Rockstrom, et al., 2009, Steffen, et al.,
2015). Ecological safe boundaries demarcate
the safe zone for anthropogenic activities while
achieving global sustainable goals (Table 01).
When the planet is transitioned from Holocene
to the Anthropocene, these unacceptable changes
were created with increasing man-made activities.
Exponential growth of human activities due to
industrialization and agriculture continuously
change the earth system into an unknown state
where it can cause catastrophic disasters for the
human well-being.

Table 01:

As far as agricultural activities are concerned, soil
nutrient management plays a role of paramount
importance. With the intensification of cropping
systems, rapid surge of synthetic fertilizers and
other agrochemicals are becoming prominent
thus challenging both soil health and the health
of all living beings. Majority of farming systems
primarily focus on soil fertility and the crop
productivity. However, advances in ecology
and climate science have intensified calls for
sustainable practices in all spheres of human
activities including agriculture.

Global Planetary Boundaries (Line 100-102)

Planetary Boundaries

Earth-system Control variable Boundary Current Boundary
process value value across status
Atmospheric carbon dioxide concentration 350 400 Yes
Climate (ppm by volume)
change Increase in radiative forcing (W/m?) since
starting industrial revolution (~1750) 1 3.101 Yes
Biodiversity Extinction rate (number of species per million 10 -~ 100 Yes
loss per year)
Anthropogenic nitrogen removed from the
atmosphere (millions of tons per year) 35 121 Yes
Interference
with N and P ) o
cycle Anthropogem(j' phosphorus going into the 11 8.5-9.5 No
oceans (millions of tons per year)
Global
freshwater ~ Global human consumption of water (km?/yr) 4000 2600 No
use
'O.cean. Global mean saturation state of calcmrp 275 590 No
acidification  carbonate in surface seawater (omega units)
Ozoqe Stratospheric ozone cpncentratlon (Dobson 276 233 No
depletion units)
Land use Land surface converted to cropland (percent) 15 11.7 No

Source: Rockstrom et al., Nature, 2009
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Reactive N in Agriculture

Agricultural activities, fossil fuel combustion,
and other human activities have altered the
global N cycle substantially, generally increasing
both the availability and the mobility of N over
large geographical regions of Earth. Moreover,
many of the mobile forms of N themselves have
environmental consequences. Although most N
inputs provide human needs such as agricultural
production, their environmental consequences
are serious and long term (Vitousek, 1997). It is
an obvious fact that use of N in farming activities
has tremendously increased with the green
revolution in 1960°s with the yields of crops
as well. Increased use of N in agriculture and
soil degradation and erosion due to agricultural
intensification are becoming the major sources
of nutrient pollution in receiving ecosystems
downstream. Nitrogen naturally occurs in the
atmosphere in the form of diatomic gas (N,))
and different forms of N such as oxide gasses
(NO, N,0, NO). Amine derivatives (NH, NH4"),
nitrous oxide (N,0), and anions (NO,", NO,")
are considered as reactive N which supports
growth of life forms by converting into proteins
directly or indirectly. As humans learned to break
down N, and form reactive N via Haber-Bosch
process, all possible forms of reactive N cascade
through various ecosystems that cause harm in
the environment (Gerald, et. al., 2011). Most of
these forms become available in high quantities
in the environment due to mismanagement of
fertilizer N in agriculture operations. Further,
the burning of fossil fuels releases fixed N in
the fuel and help in conversion of N, to NH,.
The release of N from biological pools such as
clearing forested land also contributes to reactive
N in the environment (Kanter and Searchinger,
2018; Vitousek, 1997). Therefore, an integrated
approach needs to be adopted in solving N
related issues in the environment. The objective
of this review paper is to discuss agricultural N
management with associated negative impacts in
ecology and identify available technology and
tools to optimize N management with reduced
environmental implications.

Importance of Reactive N in Food Production

Considering the terrestrial ecosystems, NH,"and
NO," are considered as the most abundant form
of reactive N in soil solution and on exchange
complex. Plant roots uptake N in these forms for
its growth and grain production. Relative presence
of these compounds is mainly governed by other
chemical, physical and biological properties
and conditions of the soil and considered as an
integrated system. In a given time, concentration
of these ionic forms in the soil solution is less
due to continuous uptake by plant roots and
slower release by mineralization of N-rich
organic matter. These diminishing amounts are
constantly being replenished by adding N based
fertilizer to the soil.

Environmental Implications of N

Ammonium based N is readily adsorbed on soil
exchange complexes and does not move down the
profile in larger amounts like nitrate-N. However,
it gets converted to NH, gas if along with high
soil pH, soil surface gets dry and weather is
windy. Nitrate based N in the soil solution can
be lost easily from the root zone via leaching
when water percolates down the soil profile and
reaches natural water bodies.

Nitrate-N is also denitrified to N,O, NO,and N,
if anaerobic conditions occur in the soil and there
is a sufficient supply of C to denitrifiers (Bijay
and Singh, 2003). In the case of Sri Lankan
agriculture, urea is a major source of N used for
many cropping systems where its fertilizer use
efficiency lies maximum around 30%. Most of
the remaining 70% of applied N is prone to loss
due to less adherence of NO,~ on soil colloids
and subsequent leaching. Therefore, NO," could
be considered as the major factor for many N
related negative consequences from agricultural
soil locally and globally polluting specifically the
water bodies.
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Ground water contamination and related issues;

Nitrate-N is readily soluble in water and can
be lost via run off or leaching to water system
downstream and thus contaminate ground water
and other water bodies. Increased levels of
nitrates in ground water directly increase the
risk of many health issues including blue baby
syndrome and carcinogenic effects. The World
health Organizatio (WHO) has established
maximum contaminant limit of Nitrate per liter
of water as 50 mg . Excess amounts of reactive
N including majority of nitrates in water bodies
cause eutrophication leading to algal blooms in
lakes and marine areas. This affects negatively on
entire aquatic ecosystems. Nitrate in water also
contributes to global climate problems as nitrate
converts to nitrous oxide, a potent greenhouse
gas (GHG).

Contribution for GHG emission,
warming and climate change;

global

Nitrous oxide (N,0), is a greenhouse gas that
also contributes to stratospheric ozone depletion
(EPA, 2010). On a molecule for molecule basis,
N,O has a global warming potential about 300
times greater than that of CO, (Prather ef al.,
2001).

Disturbances to the process of soil natural N
fixation;

Excess reactive N in the soil would become toxic
to naturally present N fixing microorganisms
in the soil and the process of natural N fixation
and other soil biological reactions such as
denitrification, nutrient metabolism etc.
become diminished over time. Surge of CO,
concentration in the atmosphere and changes in
the N deposition can interfere with the natural N
fixation process in the soil (Reed et al., 2011).
Findings of a research experiment in Eastern
United States showed that the elevated CO, and
artificial N fertilization treatment had a strong
and suppressive impact on soil N fixation (Sean
etal., 2014).

Non-protein N accumulation and depletion of
chemotherapeutic chemicals in food;

This concerns a serious health issue for both
human and livestock. Increased use of N fertilizer
and high N intake by plants lead to accumulation
of non-protein N in plant tissues. This is mainly
due to lack of enough time to convert non-protein
N by metabolic functions into plant protein as a
result of frequent uptake of fertilizer. Therefore,
food crops produced by adding synthetic
fertilizers may not be as healthy and nutritious
as they should be. Studies showed that high
levels of N availability in plant tissues influence
negatively on total antioxidant activity in plants
(Elhanafi et al., 2019, Nguyen, P., and Niemeyer,
E.D., 2008). Antioxidants are considered as
the main chemotherapeutic chemicals derived
from plants and polyphenols (phenolic acids,
flavonoids, anthocyanins, lignans and stilbenes),
carotenoids (xanthophylls and carotenes) and
vitamin C and E are the key examples. Especially
polyphenols and carotenoids are enriched with
anti-inflammatory, anti-microbial, anti-aging
and anti-cancer properties in human. Increased
availability of N within the plant may make it
less healthy for consumption (Xu et al., 2017).

High vulnerability of crops for pests and
diseases;

Growth and development of plants, insect pests
and disease-causing agents are favored by
mineral nutrition. Large canopies with dense
shoot growth are conducive for spore deposition
and development of fungal pathogens such as
Magnaporthe griceae, Oidium lycopersicum and
Pseudomonas syringae. Studies also showed
that manipulation of N levels on the crop could
be utilized as a disease management tool. High
levels of N, especially ammonium, are toxic to
some plants and moderately high levels promote
lush vegetative growth that is susceptible to pests
and diseases (Parthasarathy, 2015). In addition,
some studies showed that pests lay more eggs
in chemically N treated plots compared to
organically grown plants (National Institute of
Food and Agriculture, USA). Plants inherently
have their own chemical and structural defense
mechanisms against pests and disease attacks.
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Increased availability of N for plants leads to
reduction of these self-defense mechanisms.
Studies showed that this increased susceptibility
to pests and diseases is mainly due to more
nutrients availability to pathogens and pests
as well as suppression of bio synthesis of
antimicrobial substances against pathogens (Guo
etal., 2010; Ju et al., 2009; Liu et al., 2013).

Deployment of crop sensor technology in
sustainable N application

The use of crop sensing technology in grains,
cereals and other crops is a novel technique to
increase plant health and yield potential. This
enables in-season monitoring of the crop during
the growing season and can help producers
to determine actual N needs and timing of
applications. This intensive management can
help producers match N input to yield potential
during the season (Chua et al., 2003). Light
reflectance differs in healthy plants than stressed
plants. When plants are subjected to any kind of
stress like nutrient deficiency, drought, disease
or pest attack, such plants will reflect less near-
infrared (NIR) and high amount of red light than
healthy plants. The use of crop sensor enables a
site-specific N management strategy along with
assessing the yield potential of crops and would
be an advantage in terms of profit for the business
and environmental conservation. Fertilizer
application as a blanket recommendation leads
to low crop N use efficiency due to variability
present in fields (Singh, 2017; Jain and Abrol,
2017). The greater the amount of soil variability,
the harder it is for a producer to apply the correct
amount of N for a specific part of the field (Scharf
et al.,2002).

Crop sensors are designed to measure the ratio
between the amounts of absorbed and reflected
specific wave lengths of light precisely. The
numeric reflectance data are used to estimate
vegetative indices. The Normalized Difference
Vegetative Index (NDVI) is one of the most
commonlyusedindicesincropsensing. The NDVI
is highly correlated with the amount of green

vegetation produced by plants. It is necessary
to establish a reference strip with adequate N
fertilizer applied at non-limiting amounts in a
most representing area of the cultivated land.
These strips can be monitored throughout the
growing season and compared to the rest of
the field and resembles “farmer practice”. Crop
canopy sensor-based N management detects the
actual N need of plants by combining spectral
information with an algorithm that allows site-
specific N fertilization within a field. Some
algorithms consider other factors such as soil
moisture, growing degree days, and even crop
growth characteristics such as plant height. It
has been reported that N-sensors are valuable
for avoiding over- and under- fertilization within
a field, resulting in increased yield, decreased
lodging, and more homogenous ripening
(Lammel et al., 2001).

DISCUSSION

In the United States, there are 2.1 million farms
spread over approximately 33 million hectares of
land (Kanter and Searchinger, 2018). The use of
crop sensors, combined with reference strips in
experimented sites, has recorded savings of USD
2448 per hectare in N fertilizer costs as well as
increased N use efficiency (Olga, 2015, Olga et
al., 2018). Another study conducted at 55 sites in
Missouri, USA has compared sensor determined
N rates to farmer determined N rates. The study
found that utilization of crop sensors reduced the
amount of N that was applied by 15.69 kg/ha and
increased the profit by $40.8/ha averaged over
all locations. This increase in profit was due to
reduced N use and increased crop yield. Despite
the benefits of sensors for N management, less
adoption of farmers to the technology due to
high initial cost is a challenge (Scharf et al.,
2011). Results of multi-site study which were
conducted in Nebraska, USA in 2015-2017 and
compared grower practice and use of crop sense
for N management in maize are summarized in
the table 02.
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Table 02:

Comparison between crop sense and grower standard N application (Line 264-272)

2015-2017 Average Crop Sense Grower
Total N rate (kg N/ha) 180.4 212.6
Maize yield (Mg/ha) 13.7 13.8
Partial Factor Productivity (kg grain/kg N) 83 68
Partial profitability (USD/ha) 692.8 679.6

Source: Project Sense, university of Nebraska-Lincoln, 2019

This multi-site/multi-year study from Nebraska
showed that there were no significant differences
in grain yield between sensor-based treatment
and farmers’ management treatment. However,
the sensor-based treatment recorded savings
of 32.2 kg N/ha and thereby, enhanced crop N
use efficiency and profitability (Project SENSE,
UNL, 2019). Another study conducted in North
China (Cao et al, 2016) compared three in-
season N management strategies that included
ACS; active crop canopy sensor, and soil N test
based in-season N management strategy (2009-
2013) against farmer’s conventional practice with
blanket recommendation. Results revealed that
the ACS significantly improved the estimation
of early season precision N management and
the grain yield of winter wheat. Further, both
in- season N management strategies significantly
reduced the rate of N application compared to
farmer’s practice. However, there was not any
significant difference in grain yield among all
three N management methods (Cao et al., 2016).

RECOMMENDATIONS

Agricultural operations could be considered as
a major source in relation to the reactive N in
the environment, Therefore, an approach which
satisfies the needs of agriculture and producers
without breaking the ecosystem balance would
be of topical importance.

Concern on actual crop N need

The amount of N being used by any crop at

any time varies by crop growth stages. Soil
and climatic conditions throughout the growing
season influence how much N is available for
the crop. It takes an extensive set of field trials
data to model and determine how much N is
needed for crop. For example, following is the
model developed for N management in maize in
Nebraska, USA.

Nitrogen needed =

35 + (1.2 x Estimated yield) - (8 x nitrate ppm)
—(0.14 x Estimated Yield x % Organic Matter)
- other credits (legumes, manure, and irrigation
water nitrate).

Since N balance in agro-ecosystems is mainly
governed by soil and climatic conditions, crop
species, N fertilization rates, management
practices, atmospheric N deposition, N content
in irrigation water and losses, it is necessary
to assess the residual N content in the soil and
possible N mineralization. This enables adjusting
N fertilizer application rates into an optimum
utilizable level and minimize losses of N from
soil (Sainju, 2017). Nitrogen balance in an
ecosystem is measured by deducting N outputs
and changes in soil total N storage from N inputs
(Sainju, 2017) as shown below.

Nitrogen balance = N inputs — N
outputs — changes in soil total N

N inputs could be defined as inorganic and
organic inputs of N, N from biological fixation,
atmospheric N deposition (rain, snow, dry
deposition) irrigation water and content in the
crop seed. Crop N removal, losses of N from
soil (leaching, NH, volatilization, gas emissions
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(NOx), denitrification, runoff, soil erosion,
plant senescence) are considered as N outputs
in an agro-ecosystem. Changes in total soil N
is estimated by deducting total estimated soil N
at the beginning of the considered period from
total soil N at the end of the considered period
(cropping season). Positive N balance as per this
equation indicates that the system is gaining in N
and in converse, a negative N balance represents
N loss from the system. Since the N recycling
does not occur in the soil efficiently due to
various reasons, most of the time there may be a
net gain or net loss of N from soil systems. Some
parameters such as biological and atmospheric N
deposition, N losses from various processors are
practically difficult to precisely estimate, since
these processors are largely uncertain and varying
temporally and spatially. Multilevel-inferential
modeling may guide decisions for site specific
N fertilizer application with least environmental
burden (Lv et al., 2015; Papadopoulos et al.,
2017). Sri Lanka, as an agriculture-based country
and having many environmental issues alongside
in relation to agrochemical usage, developing
tools to determine crop nutrient needs should be
prioritized (Krienke ef al., 2018).

Utilizing  available

technology

advanced  fertilizer

The advanced fertilizer technology focuses
mainly on sustaining N availability in soil for
crop use and reducing impact on environment.
Available advanced fertilizer technologies
include Enhanced Efficiency Fertilizers (EEF) in
various ways to increase the N use efficiency by
minimizing losses. Controlled release fertilizers
through polymer coating (CRF) and fertilizers
with urease and nitrification inhibitors are
widely used in agriculture operations. Controlled
released fertilizers release nutrients over an
ample period of time and the releasing rate
depends on root zone temperature, moisture,
particle size and coating thickness. Currently,
CREF is broadly used in agriculture worldwide.
Fertilizer N is encapsulated and subjected to
slow release enabling continuous nutrient release
over growing season (50-80 days) to meet crop
demand. In addition to CREF, there are other
formulations consisting of N transformation

inhibiting additives. These inhibitors present
within fertilizers manipulate the micro biota
in soil such as Nitrosomonas and Nitrobactor
which are responsible for converting NH, “in soil
to NO, and helps to stay attach N in NH," form
with soil colloids (Sempeho ef al., 2014, Shaviv,
2018). Maize is the single largest agricultural N
consumer in US and in US maize belt, around
35% of lands exceeded the recommended N rate
in 2016. A study was conducted to compare two
scenarios of EFF increased usage in maize belt
by 2030 and their effects on cost effectiveness,
industry profitability and environment (Kanter
and Searchinger, 2018). In scenario 1 where
EEF use increases from 12% in 2016 to 30% in
2030, the avoided environmental damage due to
reduced N losses will worth an average of USD 5
billion. In scenario 2 where EEF usage increases
from 12% in 2016 to 50% in 2030 such avoided
environmental damage will worth USD 8 billion.

Manipulation of N application methods

4R Nutrient Stewardship principles promote
the usage of right fertilizer source, at the right
rate, at the right time, and in the right place.
Following the 4Rs can help increase yields and
profitability while protecting the environment
and improving sustainability. Selection of
correct type of fertilizer based on the specific
crop type and crop characteristics ensures
balanced supply of essential nutrients. Further,
application of correct N source close to the crop
for it to uptake, avoiding surface application of
N fertilizer especially in dry conditions and high
pH soils, increase use of cover crops to maintain
nutrients in the root zone during non-cropping
season may contribute towards a sustainable N
management (Eagle ef al., 2018). Reactive N in
the environment is an emerging issue. Because
of agriculture’s dependence on N for continued
yield improvements, it is an issue the industry
will want to monitor and alleviate as the impact
of reactive N in our environment is explored.
All human activities on the planet must take
the range within which Earth System processes
varied in the Holocene as a scientific reference
point for a desirable planetary state (Rockstorm
et al.,2009).
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CONCLUSION

Accelerated human activities on the planet
since pre-industrial era to present have resulted
into transgressing three planetary boundaries,
namely climate change, loss of biodiversity
and interference with the N cycle. Although
most N inputs serve human needs such as
agricultural production, their environmental
consequences are serious and long term. There
is no easy solution for limiting N pollution in
the agricultural systems across the world. This
would become challenging with the growth of
world population. Adopting new technology in
N fertilizer management as active crop canopy
sensor technology is promising towards reducing
reactive N in the environment and related
environmental consequences. Along with optical
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