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Abstract. Increasing the crop yield is very important and depends relatively on high plant density. The
high grain yield per unit area of cereals is due to the optimum plant density. In this review, recent
improvements and future insights to obtain better information for the regulation of nitrogen use efficiency
in cereals under high plant density are presented. An updated knowledge of the basic mechanisms
controlling plant nitrogen interaction is very important in cereals, to increase nitrogen use efficiency and
for decreasing high cost of fertilizers, to obtain high output. In view of this fact, we should emphasize to
develop plant morpho-physiological, agronomic and molecular studies which focuses on phenomics,
genomics, and metabolite profiling to understand comprehensive knowledge of the different steps of
nitrogen uptake, assimilation, and recycling under high plant density in cereals. A very important piece of
information is provided on understanding of the physiological assimilation of N under different
environmental conditions in cereals under different plant densities that has been improved through the use
of different strategies for future research. According to the global economic and environmental
constraints for future, agronomic and physiological principles and application which were adapted to less
fertilizer inputs are discussed under high plant density.
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Introduction

Cereals are sine qua non for current and projected human food security being staple
food nearly in every region and country. Across the globe, merely 5% of staple derives
from root crops like cassava, yams and potato, while the rest is provided by cereals with
a range of health benefits. To ensure and secure food security on sustainable basis,
cereals have to produce grains with many-fold larger quantity. Further increase in yield
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would largely come from optimal planting density in field (Tokatlidis et al., 2011; Sher
et al.,, 2017, 2018). Increasing the planting density of cereals is an agronomical
task/deed/process has evolved over the time and this management practice has changed
from the past six decades (Tollenaar, 1992; Sher et al., 2016; Noor, 2017). For example
in USA Corn Belt, maize planting density has evolved from 3 plants m2to 8 plants m?
in 85 years from 1930 to 2015 (Li et al., 2015) which caused many fold increase in
average yield.

In the USA hybrids of central lowa have increased nearly 79 kg ha? annually
(Duvick, 1996). These yield escalations have occurred however mean yield per plant
has not been changed significantly, increased by just an average of 0.05 kg plant™ over
the past 40 years (USDA, 2010) while average plant population has increased by an
average 720 plants ha® per year over the past 44 years (USDA, 1965-2009). In
European countries where climate is heterogeneous than USA row spacing for planting
density of maize vary between 70-75 cm to facilitate intensive cultivation (Sharratt and
McWilliams, 2005). Developing countries produced lower grains of maize from a unit
of land than developed countries though environmental and irrigation are satisfactory
for maize production. Therefore the main constrain is low plant density per unit of land
than those of developed countries. Mean planting density of 58000 ha® in developed
countries is about two times less intensive than current cultivation stand density in
developed countries. Grain yield per unit land area is the product of grain yield plant*
and number of plants per unit area (Hashemi et al., 2005). Maximum yield per unit area
may be obtained by growing cereals hybrids that can withstand high plant density, up to
100,000 plants ha* (Huseyin et al., 2003). Growing hybrid by maintaining high density
may causes a radical decline in grain yield as these hybrids can be susceptible to high
stand density. In such hybrids, one-eared bearing pattern, recumbent leaf, plant height
and large-type plants are the reasons of non-significant tolerance against high plant
population (Tang et al., 2018; Hou et al., 2019). On other hand, developed countries
grow hybrids that are characterized by high vyielding ability per unit land due to
prolificacy, early silking and tasseling, short anthesis-silking interval (ASI), more grain
filling period, rare barren stalks backed them to adopt high density field environments.
Likewise genotypes with erect leaves intercept light more efficiently and are very
desirable for increased population densities (Radenovic et al., 2007). Therefore, there is
a great genetic difference in grains production by cereals owing to their response to
altering planting density (Liu et al., 2004). Main purpose of higher plant densities is to
increase grain yield or biomass over per unit of land which make the cropping system
more efficient over a piece of land. In absence of environmental stresses, grain
production is directly proportional to amount of solar radiation intercepted by plants.
Thus, efficient light harvesting is of paramount importance for plants growing in
competition in dense stands under natural conditions (Pearcy et al., 2004; Valladares
and Niinemets, 2008). The plant density has been evolving for decades, but now more
enhancements in density fails to upsurge grains production has been rising steadily. But
advancement in hybrids to tolerate high canopy still can attain the goal. Researchers
believes that high densities like 90,000 plants ha™ are still below potential maximum
yield densities, indicating even higher tolerance to stand density may be possible in
advanced hybrids (Widdicombe and Thelen, 2002). Planting density is also critical for
the wheat because it directly affects the morphological parameters like number of ears
per unit area. Currently, the plant density for the wheat ranges from 250 to 400 viable
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seeds. This is based on the hybrid cycle, as well as its dual ability as a forage and grain
crop (Comissao et al., 2007).

In the rice production system higher densities are helpful in suppression of weeds
(Ahmed et al., 2016). But extra cost on more seeds for high seedling density should be
set off with more vyield. Sorghum is most favorable for those areas where water
availability is limited as it produced grains with less water compared to other cereals.
Plant population of sorghum influence both tillering and panicle weight. The greater
densities did support fewer tillers per plant. This response is due to the competitiveness
of the stand and is normally associated with reduced weight of the inflorescence
(Gardner et al., 2010). Yield response of barley also varies with changing planting
densities (Soleymani et al., 2011). Therefore, optimal grains production come from
optimal planting stand by taking into account the specific set of environmental
conditions and available resources including the particular cultivar characteristic which
are responsible for tolerance to dense canopy architecture. Several factors, such as
hybrid maturity group, water availability, soil fertility and row spacing (Sangoi et al.,
2002) are crucial in determining proper plant number per unit area. In this study the
response of cereals to plant population and nutrient management are presented and
future prospects and insights are discussed.

Importance of nitrogen use efficiency

For food security it is necessary to enhance NUE in cereal crops at low input of
fertilizers (White and Brown, 2010). Cereal crops need large amount of nitrogen to
produce optimum vyield and for which NUE is calculated is below 50% (Wang et al.,
2018; Zhu, 2000; Ruan and Johnson, 1999). Irrigation, fertilizer and soil management
practices are very important to enhance the crop yield (Ruan and Johnson, 1999).

Nitrogen plays an important role in crop growth and yield (Noor, 2017). Among the
major plants nutrient N is taken up by the plants in largest amount. N is an essential
component of plant growth (protein, enzymes, DNA, RNA) and photosynthesis i.e.
chlorophyll. Symbiosis process in leguminous crops provides more nitrogen to soil
which ultimately increased crop yield. Plants use nitrogen in the form of ammonium
and nitrate (Fig. 1). Excess of nitrogen adversely affect plant growth and environment
and surface nitrogen often leads to its contamination, eutrophication which later
produces a decline in oxygen content of water. To improve NUE in cereals, some
strategies need to apply for example N management, plant breeding and genetics. NUE
is economically and also environmentally beneficial to enhance irrigation use
efficiency, diminish soil erosion, reduces the pest infestation, to maintain soil texture,
increase soil organic matter and humidity, less reliance on agricultural chemicals and
improve crop NUE (Noor, 2017; Halvorson et al., 2001; Riedell et al., 2009).

The plant life cycle in response to the nitrogen management is divided into two parts:
the vegetative part and the reproductive part. During vegetative growth, smaller roots
and leaves respond as sink organs before flowering and then reduced by the nitrate
assimilatory pathway (Hirel and Lea, 2001). The amino acids are further used for the
synthesis of enzymes and proteins which are involved in growing plant architecture and
the different components of the photosynthetic pigments, in C3 species 50% of the total
soluble leaf protein can be represent alone by Rubisco (ribulose 1,5- isphosphate
carboxylase) (Mae, 1997) and 20% in C4 species.
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Before anthesis in wheat, 60-95% N comes from the remobilization of N stored in
young roots and shoots (Palta and Fillery, 1995). Post-flowering N uptake and N
translocation to the grain is available in a very less quantity. Under N-deficient
conditions the size and the N content of the grain significantly decreased (Dupont and
Altenbach, 2003). Nitrogen (N) deficiency, is one of the major problem diminishing
crop growth (Tanner et al., 1993; Teklu and Hailemariam, 2009). Three split
applications at anthesis showed significant result for Higher NHI (Jan et al., 2010). It is
not clear that storage protein synthesis and plant N availability or that decreases the
determination of grain yield and protein synthesis N applications in wheat are generally
calculated by the total N budget method. Until tillering, the soil supplies nitrogen to the
plant. Three applications are generally recommended: one at tillering (50-80 kg ha),
one at the beginning of stem elongation (around 50 kg ha'), and one at the second node
stage (40-50 kg h'). SPAD meter is a potential instrument used for predicting grain N
requirements in cereals (Lopez-Bellido et al., 2004). In rice crop same pattern of N
management exists but the plant mostly uses ammonium instead of nitrate. VVegetative
organs uses the remobilized N 70-90% of the total panicle N (Mae, 1997; Tabuchi et
al., 2005). Crop residues in rice belt farming patterns have small or no short-term
benefits on rice yield (Thuy et al., 2008). In the field, at early growth phase and tillering
40 to 110 kg N ha® used in the form of ammonium or urea. At panicle primordial stage
and the late stage of spikelet initiation, additional top-dressing N (15-45 kg ha) is
applied and is effective for spikelet production. Sink size of rice crop is little effected by
N uptake. During the grain-filling stag, in a leaf blades N is accumulated and large part
used by the grain and that contributes to grain N protein synthesis (Mae, 1997). Plant
density and nitrogen use efficiency of cereals are represented in Table 1.

Plant absorb nitrogen Fish excrete ammonia

Mitrogen .

cycle |
Mitrites

convertedto —
nitrates
Ammon |_a converted
to nitrates
[4

Figure 1. Nitrogen cycle in agricultural systems.
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Physiological response of cereals to nitrogen use efficiency

Good et al. (2004) and Lea and Azevedo (2006), defined nitrogen use efficiency as
nitrogen in grain per total N uptake. NUE is further divided into two parts i.e. uptake
and utilization efficiency (Moose and Below, 2009). Winter wheat response to next crop
and crop management the effect of next crop on the N uptake of the following crop has
long been studied (Anderson, 2008).

Table 1. Nitrogen use efficiency for different plant density and nitrogen regimes

Planting density | Crop | Seed rate/PD* Yield NUE Ref Exp. duration
LD Wheat 180 kg ha-1 2643 kg/ha 225 Gao et al., 2009 2003
HD Wheat 225 kg ha-1 2657 25.9 Gao et al., 2009 2003
LD Wheat 180 kg ha-1 3,477 kg/ha 45.3 Gao et al., 2009 2003-4
HD Wheat 225 kg ha-1 3,745 54.6 Gao et al., 2009 2003-4
ND Maize 27cm 3.51 g/plant 46.51 Jiang et al., 2013 2007
HD Maize 6cm 3.24 49.57 Jiang et al., 2013 2007
ND Maize 27cm 3.57 46.82 Jiang et al., 2013 2007-2008
HD Maize 6 cm 3.40 50.87 Jiang et al., 2013 2007-2008
ND Wheat | 300 plants/m? 676.40 g/m2 1.3 kg/ha | Jamaati-e-Somarin et al., 2010 2008
ND Wheat 350 753.42 2.1kg/ha | Jamaati-e-Somarin et al., 2010 2008
ND Wheat 400 909.63 2.4 kg/ha | Jamaati-e-Somarin et al., 2010 2008

LD*N Maize 54,000 p/nec | 138.6 g/plant 8.68 Ciampitti & Vyn, 2011 2009
LD*HN Maize 54000 p/h 142.6 g/p 5.18 Ciampitti & Vyn, 2011 2009
MD*LN Maize 79,000 p/h 124.2 glp 8.89 Ciampitti & Vyn, 2011 2009
MD*HN Maize 79,000 p/h 145.9 g/p 10.47 Ciampitti & Vyn, 2011 2009
HD*N Maize 104,000 p/h 102.3 g/p 18.55 Ciampitti & Vyn, 2011 2009
HD*HN Maize 104,000 p/h 105.8 g/p 10.54 Ciampitti & Vyn, 2011 2009

LD = low density, HD = high density MD = medium density

NHI is defined as the ratio of grain protein content to the nutritional quality (Sinclair,
2004). Jan et al. (2010) reported that the higher NHI in the three split application at
anthesis gave significant result. The genomics for grain composition indicates that grain
yield and protein concentration in most grain crops has been reduced by an apparent
inverse genetic relationship (Simmonds, 1995), including wheat (Canevara et al., 1994),
oilseed rape (Brennan et al., 2000; Jackson, 2000) and maize (Feil et al., 1990). A
negative regression is used to predict higher grain protein content among wheat line
(Oury et al., 2003; Kade et al., 2005).

High yielding and high protein varieties are used to determine negative control
present between yield and grain protein content. This is also helpful for understanding
the comparison of N uptake and N use for protein deposition under less and high N
condition (Uribalarrea et al., 2007). Modern varieties showed greater NUE than older
ones (Sylvester-Bradley and Kindred, 2009), but this phenomena has not been
identified. Crop management, fertilizer application methods to develop high yielding
varieties through breeding are the two ways to enhance NUE for example root system
can be modify in up taking the nitrate from the below soil that have negative effects on
the uptake efficiency of phosphate, which is present in upper soil.
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Impact of nitrogen use efficiency and plant density on photosynthesis

To increase light interception on plants to improve photosynthesis there is a tight
relationship among radiation use efficiency (RUE), leaf N distribution, leaf
photosynthetic pigments and N supply and plant population (Gastal and Lemaire, 2002)
when C3 or C4 crop species are studied. It is very important to study the level of CO>
saturation of Rubisco. As an example of a tillering Gramineae species, Bos and Vos
(2000) analysed for wheat which morphological leaf components were influenced by
plant population and which mechanisms were involved. They reported that the most
significant effect of higher plant population on leaf area per plant was the absence of
later formed tillers. When a species does not form tillers, plant density can only affect
the growth of leaves on the main stem. A study into the effects of environmental factors
on the morphological development of such a plant type could lead to a better
understanding of mechanisms involved in the effects of plant density on leaf-area
development. Moreover, at higher plant densities, leaf area per plant is decreased in
later phases of growth (Hay and Walker, 1989).

In both Sorghum and maize N uptake capacity depends leaf senescence is the cause
of increased photosynthetic activity (Borrel et al.,, 2001). For improving the
characterization of plants that are stay-green, N uptake, N assimilation and N recycling
of the fine regulatory mechanisms is very important (Rampino et al, 2006). To know
more about the physiological and molecular basis of the stay-green phenotype, further
research is needed. To characterize whether such a phenotype are used when N
fertilization is decreased and when water resources are decreased in relation to nitrogen
availability, root N uptake capacity and architecture (Borrell et al., 2000).

Plant N economy and their species specificities

Nitrogen (N) deficiency is big threat for limiting wheat production and yield (Tanner
et al., 1993; Teklu and Hailemariam, 2009). In maize (Zea mays L.) before silking about
45-65% of the grain N already exists in stover and the remaining 35-55% of the grain
N produces from post-silking N (Ta and Weiland, 1992; Rajcan and Tollenaar, 1999;
Gallais and Coque, 2005). To obtain maximum yield, one application of N fertilizer is
recommended at sowing, ranging from 100 to 240 kg N ha 1. Chlorophyll meter is the
best instrument to estimate leaf N in maize crop (Chapman and Baretto, 1997).

Barley (Hordeum vulgare L.) is the fourth major crop in cereals. Due to genetic,
physiological and agronomic studies it is an established model plant (Raun and Jonhson,
1999). However, N uptake and assimilation through biochemical and molecular
mechanisms and recycling is best in this crop. Future improvements require studying N
fertilizer levels and timing of application to achieve best grain yield and good quality of
protein content. However, symbiotic N crop species contributes half of the amount of N
applied in inorganic N fertilizers (Smil, 2006).

Plant development stages related to nutrition and plant density

Cereal yield is linearly correlated to high plant density. Improved morphology was
the key for promoting light use efficiency per plant (Yu et al., 1998; Li and Li, 2004)
which influenced canopy architecture, light interception and yield (Maddoni et al.,
2001; Stewart et al., 2003; Tollenaar et al., 2006; Li and Wang, 2010). Superoptimal
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planting densities can affect canopy architecture particularly during the period
bracketing silking and can lead to reduce the yield (Tollenar and Wu., 1999; Maddoni et
al.,, 2001; Christopher et al., 2009). Increasing panting density accelerated leaf
senescence (Tethio-Kagho and Gardner, 1988), increased the shading of leaves
(Hashemi-Dezfouli and Herbert, 1992), and reduced the net assimilation of individual
plants. An increase in plant population of 2—13 plants per m? reduced net assimilation
per plant from 0.85 to 0.11 mg CO2 m? s, but increased grain yield per area (Dwyer et
al., 1991). This enhancement in grain yield can be explained by the increase in LAI and
net crop assimilation rate. Corn cultivars having erect leaves are very desirable for
increased population densities, which increases light interception (Radenovic et al.,
2007).

In plants N availability influences several developmental processes the number i.e.
leaves and their rate of appearance (Snyder and Bunce, 1983; Mae, 1997), and the
number of tillers (Vos and Biemond, 1992; Trapani and Hall, 1996) are reduced under
N-limiting conditions both in spring wheat. The valuable contribution of Arabidopsis
research community is to verifying the connection between N, N uptake and root
development (Remans et al., 2006); However, recent studies have suggested that an
increased acidification capacity of the rhizosphere could be targeted to increase nitrate
uptake and improve NUE in addition, the NUE of agricultural system may be improved
if plants could maintain internal nutrient concentrations and optimal growth with a
lower outside concentration in the soil. Therefore understanding the response
mechanisms of NACE to nutrient deficiencies may improve the ability of crops to
tolerate lower nutrient concentrations in the soil and thereby save fertilizer and reduce
potential pollution. All abbreviations are added in Table 2.

Table 2. Abbreviations

LD Low density

MD Medium density

HD High medium density
NUE Nitrogen Use efficiency
NHI Nitrogen harvest index
HHV High heat value

AN Ammonium nitrate
CN calcium ammonium nitrate

Manufacturing and cost of production of nitrogenous fertilizers

The products of the fertilizer industry are unique and different, every product needs
different production processes. Fertilizer industries use many input as raw materials for
example (energy, electricity natural gas, and other hydrocarbons), mineral phosphate,
potassium salts, sulphur ammonia and acids (phosphoric, sulphuric, nitric), blending
mixtures. There are different small companies’ uses basic fertilizer materials to process,
blends and mix compounds, which may or may not be further processed into mixtures,
blends or compound to make fertilizers. Due to this complex process, basic fertilizer
material such as phosphate, potassium salts, sulphur and ammonia should be used to the
soil directly, according to this scenario, one company raw material may be another
company product.
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Cost of production for nitric acid, ammonium nitrate (AN) and calcium
ammonium (CN) nitrate production

Basic inputs per ton of AN in modern plants include 0.21 t NH3, 0.78 t 100% HNO3
and 25-40 kWh of electricity. Steam and turbine power are according to the nitric acid
concentration. Thus, the net steam requirement may vary from zero to 50 kg/t, and it
depends if final product is only AN solution, steam may be exported (UNEP et al.,
1998). Anhydrous ammonia production is represented in Figure 2.

The complete N budget is calculated as a function of N mineralization and the soil
nitrate levels are used at the beginning of the season. Nitrogen mineralization are
calculated as a function of soil texture and organic matter content. Most agricultural
soils contain less naturally occurring plant available nitrogen to meet the needs of a crop
throughout the growing season. Supplementary nitrogen applications are normally made
each year to meet crop demand.

400-500C
Iron catalyst

H
Maturalgas

Liquid ammonia
prepared

Figure 2. Anhydrous ammonia production

Strategies and practices to improve nitrogen use efficiency

Soil physical properties are very important to improve nitrogen use efficiency for
example, soil texture, soil structure, organic matter.

Soil texture: Top soil texture is very important to determine lime requirement.

Soil structure: To obtain optimum economic yields, crops need sufficient nutrients
and water from the soil through roots. To maintain good soil structure root growth is
very important soil parameter, such as compaction.

Soil organic matter: Soil organic matter is a vital source of N used by crops. Organic
matter consists of stable material called humus that has cumulated over a period of time.

There are different ways and procedure which are used to lower the price of
fertilizers at farm-gate and to reduce the farmers’ perception of the risk in the use of
fertilizers Dby: (i) Hashemi-Dezfouli and Herbert (1992) sting in distribution
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infrastructure; (i) Researching innovative ideas to avoid losses and to provide finance;
(iii) Encouraging sub regional measurement for country-level fertilizer manufacturing
companies, facilities and/or procurement; and (iv) Encouraging dialogue between
different agencies to arrive at a common approach to increase nitrogen use efficiency.
Nitrogen management for intensification of cereals is widely researched topic across the
globe.

Soil quality and NUE: Cycling of nutrients depends on the quality of agricultural
soils, either directly through their capacity to receive nutrients and to convert them into
or keep them in forms that are available to crops, or indirectly by governing the
productivity and harvestability of crops and thereby the effective capture of nutrients
from soils (Giller et al., 1997; Harris et al., 2011; Keesstra et al., 2016). Generally to
improve nitrogen use efficiency following points should be considered (1) fertilizer use
timing (2) Risk of N loss; (3) Placing N close to the period of maximum crop growth;
(4) Even application of fertilizer and Fertilizer application rate; (5) Nitrogen fertilizer
sources; (6) Application methods (7) Additives to reduce losses; (8) Managing nitrogen
from manure; (9) Promoting efficient uptake and special consideration. Agronomic
factors affecting plant population are (i) cultivar, (ii) length of the growing season, (iii)
time of planting, (iv) water availability, (v) row spacing. Management and sources of
nitrogen fertilizers are represented in Figure 3.

Inorganic

sources : i el
N management and technologies

sources

Medum
Ammoneum nitrate
Lmmoniom sutate ; ‘ New sources
Nano fertilizers
Recycled nutrients

Organic
sources

Figure 3. Nitrogen production sources and management

Concluding remarks

A genetic, physiological, and agronomic approach to N response and plant density
will be useful for the use of NUE and is necessary to get key selection criteria for
researchers and is important tool for farmers for fertilization protocol. This review will
enhance the understanding to develop an integrated research work for discovering genes
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by means of a complete phenotypic, agronomical, physiological, and biochemical under
different plant population densities. High population density, important for high yields,
causes greater competition for resources and morphological changes in the plant and
may lead kernel abortion and lodging. Under different plant populations, due to
leaching of NO3-N and contamination of water the sufficient amount of N is not
available to plant thus the NUE reduced. The future prospect is that how genetic,
physiological, and agronomic approaches to high plant density and nitrogen to improve
yield and quality of cereals. The breeders and agronomists should focus molecular and
genetic aspects of cereals and should breed cultivars which are resistant to lodging and
other problems under different plant densities.
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