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The main reason for the development of the yield gap in crop production is the inefficient man-agement of nitrogen
(N). The nitrogen gap (NG) cannot be ameliorated without an indication and quantification of soil characteristics
that limit N uptake by a crop plant. The insufficient supply of N to a plant during its cardinal stages of yield
formation is a result of two ma-jor-variabilities. The first is spatial variability in the soil characteristics responsible for
water supply to a plant, also serving as a nutrient carrier. The second is a vertical variability in soil factors, decisive
for pools of available nutrients, and their in-season accessibility to the grown crop. The long-term strategy for NG
cover should focus first on soil characteristics (humus stock, pH, nutrient content) responsible for water storage

and its availability to the currently grown plant.

nitrogen use efficiency soil constraints subsoil spatial variability

| 1. Food Gap and Sustainable Intensification of Agriculture

The global human population, depending on the scenario, will reach 9-10 billion in 2050. Some prognoses of food
requirements in 2050, based on the level of food production in 2005, fluctuate from 50% to 110% L2l The analysis
made by Hunter et al. Bl showed a much lower level of food demand in 2050 compared to 2010, ranging from 25%
to 70%. The effective management of global food demand in 2050 should be a result of the simultaneous
implementation of three complementary strategies, termed "mega-wedges” 4. They are as follows: (i) filling the
food production gap, (ii) decreasing food losses in the entire food chain, (iii) reduction in the worldwide food
demand. The relative contribution of each particular mega-wedge in food security control has been assessed as
46%, 33.6%, and 20.4%, respectively. The second strategy does not include only direct losses of energy and
proteins in the food chain, but also reduced productivity of soil and water (10.4%). This means that above 55% of
the future food demand directly depends on efforts oriented on covering the food production gap. With respect to
food losses, it is necessary to stress that the net excess of the global protein supply is almost equal to its intake by
humans (36% vs. 44%) . It can be, therefore, concluded that the management of the food production chain
requires significant changes in agriculture. The conceptual (diagnostic, management, techniques, technology)
preparation of the agriculture sector for a considerable increase in food production in the coming 30 years is the

key challenge for the present generation.

The current level of food production is a function of two main factors, i.e., (i) actual crop vyield, (ii) crop yield
improvement. The actual yield of a particular crop in a strictly defined locality (field) is a result of the efficiency of
production inputs under the course of meteorological conditions during the growing season B, The realization of

the second target depends on progress in (i) breeding of new cultivars, (ii) improvement in water efficiency (WUE),
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(iii) improvement in nitrogen use efficiency (NUE). It is necessary to remember that the success of the Green
Revolution, resulting in the significant increase of yields of major crops (cereals, rice, maize) was a result of the
induced synergism between new, high-yielding cultivars, high rates of applied fertilizer nitrogen (Ns), and a high
level of crop protection, based on agrochemicals &l. An insufficient level of the required synergism between these
three main factors has resulted in stagnation in the world average yields of main crops during the last two decades
(¥, The necessary annual rate of yield increase of four global crops. i.e., maize, rice, wheat, and soybean to cover
the food gap in 2050 would have to reach 2.4%. The current yearly rate of yield increase for these four crops is far
below the assumed threshold, being at the level of 1.6%, 1.0%, 0.9%, and 1.3%, respectively 2%, For example, the
genetic progress in nitrogen use efficiency for wheat in the years 1985-2010 was only in the range of 0.30-0.37%
y~L. This was a result of the increased value of the Nitrogen Harvest Index (NHI), i.e., the relative amount of N

accumulated in grain 111,

Future progress in food production, in fact, will depend on two key drivers. The first is high-tech intensification,
based on highly productive cultivars of main crop plants, and the efficient use of mineral fertilizers and other agro-
chemicals. This strategy has been responsible for about % of the global food production increase in the last 85
years. The remaining ¥ was due to the increase in the area of arable land, mainly in less-developed countries. The
productivity of the newly cultivated soils is to a great extent driven by their natural fertility. In the future, this option
will be strongly limited due to the lack of high or even medium fertile soils. The primary resources of potential
arable land are extensive pastures and tropical forests. The key disadvantage of the first is a shortage of water and
of the second, low fertility, mainly due to high acidity and a shortage of essential nutrients. In addition, this option
requires a considerable financial input to increase soil fertility, as a prerequisite of an economically and

environmentally sound level of production [£2I13],

The progressively increasing demand for food, resulting from the permanently growing human population, is in
contradiction to the concept of sustainable development of agricultural production. The most advanced scenarios of
a sustainable approach to food production assume a massive reduction or even the elimination of N fertilizers and
pesticides. The main objective of this restrictive view of agriculture is to arrest the degradation of both local and
global environments 14, In the current and future reality, food demand is too high to completely abandon modern
production measures 13181 A realistic view of sustainable agricultural development, termed as sustainable
intensification of agriculture (SIA), defines this concept as a process or production system where yields are
increased without an adverse impact on the environment and without the cultivation of low-quality land 2. A less
sophisticated, but at the same time a more practical definition of SIA, has been proposed by Smith (18], The core of
this definition is to produce more, and high-quality food per unit of used and applied production measures, taking
into account both soil fertility and externally applied measures (fertilizers, pesticides, fuel) on the one hand, and
protection of the existing ecosystems against damage on the other hand. These opinions are summarized in the
concept of twin objectives, which relies on the assumption that agricultural development, including new tools, both
implemented as new production technologies, production systems, and management, has to ensure the stability of
the global ecosystem 191201,
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The area of arable land and the amount of available water during the growing season of a particular crop plant are
key factors that limit food production for a country, region, or field. A rise in food production cannot be based solely
on the increased efficiency of water usage. As reported recently by Grafton et al. 21, based on an analysis of
numerous methods of crop plant irrigation, no direct substitution between water and nitrogen was observed. The
key factor limiting yield, as results from this study, is nitrogen. The authors clearly stated that the greatest challenge
to the progress of crop plant productivity depends on the improvement in N management. The required rate of food
production increase to cover the food gap by 2050 can be achieved by an adequate supply of fertilizers, both
nitrogenous, and those balancing N, i.e., containing P, K, Mg, S, and micronutrients. Scenarios of nitrogen
fertilizers (Ny) consumption in agriculture to cover the food production gap vary 3-fold, i.e., from 85 Mt N y™* to 260
Mt N y~1 221 |n the model of N flows by Conijn et al. (23], the total consumption of N; will increase to 181 Mty™1, i.e.,
by 76% in 2050 as compared to 2010 (103 Mt N y™1). The increased N; consumption will lead, however, to a
simultaneous increase in losses of its active compounds into the environment. The N loss in 2050 is projected to lie
in the range of 102—156% with respect to 2010 [24],

Any increase in the production efficiency of both key agronomic factors, i.e., water and nitrogen, depends on the
soil status of all the other production factors decisive for their efficiency. The production of phosphorus fertilizers to
cover crop plant requirements for this nutrient is set to increase in the period 2010-2050 by 32% (from 17.9 to 23.7
Mt P y~1) [23]. An analysis made by Pradhan et al. 22 showed that to fulfill food production goals in 2050 the
consumption of N, P, and K fertilizers will increase in the range of 45-73% for N, 22-46% for P,0s, and 2—3-fold for
K50, respectively, compared to 2010. The sustainable intensification of agriculture cannot be realized without
taking into account other nutritional factors that limit the productivity of water and nitrogen, such as magnesium,
sulfur, and micronutrients 281271,

2. The In-Season Management of Nitrogen—Cardinal Growth
Stages

The first task in the reorientation of the crop production system is to calculate the total requirement of a currently
grown plant for nitrogen. This can be calculated for an average yield harvested on a particular field or based on the
potential yield of a given cultivar in the same climatic region. Two additional components have to be taken into
account to make a reliable estimation of the total N requirement by the currently grown cultivar. The first is nitrogen
concentration in the main product, for example, seeds or grain. There is still ongoing scientific discussion with
respect to the extent to which N concentration in seeds or grain is a conservative, i.e., genetically, or
environmentally governed trait 2822139, The second component refers to the partitioning of N taken up by the crop
between the main yield, and its by-product, for example, between grain and straw. At harvest, this process refers to

the value of the nitrogen harvest index (NHI), which is a conservative trait of seed crops B4,

Total N input (N;) in the soil/crop system for an assumed yield of grain/seeds is calculated based on the algorithm:

N; = (Ycpy - Gne)/NHI (1)
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where:

N,—nitrogen input, kg ha™;

Y cpy—climatic potential yield of the grown cultivar, kg ha™;
Gnc—grain/seed nitrogen concentration, kg t™1;
NHI—nitrogen harvest index, a value in the range of 0.6-0.8.

The key objective of nitrogen fertilizer (Nf) application is to synchronize its application time with the crop plant
requirement. The dominant factor is the stage of plant growth and the required content of N, which progressively
increases with the crop growth. The right determination of the N; dose in the critical stage of yield formation is,
therefore, the decisive factor in the exploitation of the yielding potential of the currently cultivated crop. The crop
demand for N in a particular growth stage depends on the rate of plant biomass growth, primarily driven by
temperature and water supply 2. The sum of physiologically active temperatures (GDD), and water and nitrogen
supply are major factors for the quantity of biomass produced by the crop during the respective phase 231, The rate
of seed crop growth throughout the vegetative season is not constant. Based on this criterion, three mega-phases
can be distinguished, named as canopy foundation (CF), yield component construction (YCC), and yield realization
(YR) 4. The first two periods describe the vegetative part of the plant life cycle and the third one its reproductive
phases (Figure 1). The shape of the dry matter accumulation curve can be described mathematically using very
sophisticated models B2, In cereals, the CF period, extending from sowing up to the end of tillering, is responsible
for the number of tillers per plant. The course of dry matter accumulation is best described by the exponential
regression model. The YCC period, extending from the beginning of stem elongation up to flowering, is responsible
for the set of flowers. The rate of dry matter accumulation during this period is best described by the linear

regression model. The dry matter yield of wheat at the end of the CK2 can be used to make a prognosis of grain
yield (361,

The borderline stages of plant growth, which occur between the mega-phases of CF and CYC, and between the
CYC and YR periods, can be named Cardinal Knots (CKs), i.e., CK1 and CK2, for the first and second borderline
of consecutive mega-periods, respectively. These two CKs are decisive stages for yield component formation. For
example, as shown in Figure 2, the content of soil nitrate-nitrogen (NN) during the YCC period of oilseed rape
undergoes a strong depletion (=N uptake by WOSR during the YCC period). The recorded NN depletion
significantly affected the seed density, which was the key yield component, determining seed yield (R? = 0.89, p <
0.001). What is most important, however, is the fact, that the dependence obtained clearly defines the rosette stage
(BBCH 30) as the decisive stage for the yield prognosis (NNg, = 163.3 kg ha™ for Y max = 77.6 - 1000 seeds m~2).
The result obtained indicates that in farming practice, the time of N application has to precede the BBCH 30. In

maize, the second rate of N is applied, based on N, determination, at the 5th leaf stage [37I[28],
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Figure 1. A conceptual pattern of dry matter accumulation by a typical seed/grain crop. Legend: CK1, CK2—

cardinal stage 1 and 2, respectively (author’s own concept).
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Figure 2. The response of seed density of winter oilseed rape to the content of nitrate nitrogen at the rosette stage
and its uptake by the crop up to flowering. (based on 2. Legend: NN- the content of nitrate nitrogen at BBCH 30;
ANN—the change of the NN content during the period extending from the rosette up the flowering stage of WOSR
growth.

The yield realization (YR) period commences from the onset of flowering and persists up to the physiological
maturity of the plant. It can, however, be divided into two parts. The first part extends from flowering up to the
watery stage of the seed/grain plant growth, i.e., to BBCH 71 (15% of seed/grain DW). It has well been
documented that nitrogen supply to a seed crop, like cereals and oilseed rape, significantly affects the degree of
yield component expression. The N pool accumulated by the seed plant during its vegetative growth, i.e., before
flowering, considerably impacts the number of seed/grain per field unit area (physiological sink capacity) “4[41142],
The second part of the YR period, which begins from the early milk-stage (BBCH 72) and finishes at physiological
plant maturity (BBCH 89/90), is termed as the grain/seed filling period (GFP, SFP). The course of dry matter
accumulation can be described by different mathematical models, but the linear or quadratic dominate. During this

particular period, grain/seed reaches its final individual weight 421,

Efficient in-season N management, including knowledge of N, resources, should be oriented towards covering
the plant N requirements during the period extending from the onset of flowering to the physiological plant maturity.
For the seed crops, 75-85% of the N finally accumulated in seeds/grains originates from the pre-flowering
resources, i.e., present in vegetative plant parts 4. Post-flowering N management by the crop canopy can be
described by three algorithms:
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N remobilization quota: NRQ = N;,, Ny, kg ha™® )

N remobilization efficiency: NRE = NRQ/Ny - 100, % )

Post-flowering N uptake: PNUP = N - Ng, kg ha™* 4)
where:

N;,,—N amount in vegetative organs of crop canopy at harvest, kg ha™;
N4—N amount in vegetative organs of crop canopy at the onset of flowering, kg ha™;
N—total N amount in crop canopy at harvest, kg ha™.

The patterns of N accumulation by the plant between particular CKs during the growth of a crop are the basis for a
build-up of an efficient strategy of the in-season N status correction. Any free choice of N timing and its dose, as
frequently observed in classic or even modern fertilization programs, does not fit the crop requirements for N, being
the main reason for its inefficiency. A sound strategy of N management in seed crops, despite an almost similar
accumulation pattern throughout the life cycle, is crop-specific. For example, in bread wheat, the key period of yield
component formation extends from CK1 to CK2. During this period, the requirement for N results from both (i) the
number of grain per unit area, and (ii) the required protein content in grain 2. Consequently, a nitrogen fertilization
strategy based on the correction of the plant N status in both CK1 to CK2 should also take into account protein
concentration in grain. As a rule, any increase in the number of grains per unit field area results in a protein
concentration decrease 481, Therefore, any fertilization strategy, oriented to the increase in the crude protein
concentration, requires an extra Ny dose, which should be applied at the end of the CK2. In maize, its nutritional
status at the 5th leaf stage, which slightly precedes CK1, is decisive for the degree of yield component expression
(471481 Nitrogen fertilizer should be applied just at such a time preceding this cardinal stage of maize growth
because it affects the potential number of leaves and cobs. Nitrogen status in maize at the CK2, before the
beginning of flowering, is important for the yield development, but it has only a predictive value 9. In farming
practice, it makes no sense to apply Nt at this particular stage because the yield was already fixed in much earlier
stages of maize growth.

Nitrogen efficiency depends on the supply of other nutrients needed for its uptake and utilization BYBL5E2] |t jg
necessary to pay attention to the fact that the accumulation of K by major crop plants, like wheat, oilseed rape,
sugar beets, or potato, is as a rule higher as compared to N B224, The maximum K uptake by high-yielding WOSR
reaches its maximum during the phase of the main stem elongation. It can, therefore, be concluded that an efficient
uptake of K from the subsoil by some crops, in comparison to N, is a necessary condition for the effective uptake of
nitrogen. As recently reported by Grzebisz et al. , the efficient uptake of NO3™ ions by WOSR depends on the
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adequate concentration of K and other nutrients, such as Ca and Mg in the sub-soil. All these nutrients are

responsible for the development of yield components by crop plants.

One of the most important priorities in the breeding of crop plants is to increase the uptake efficiency of nutrients,
especially of N and P from soil. Efficient acquisition of water and nutrients is required for the realization of both

production and environmental goals. The efforts of key breeders have recently focused on the improvement of root
system traits through BSIE8IB7IS8159];

Accelerating the early rate of root growth of short-season crops, for example, vegetables;

» Increasing root density in the topsoil to increase uptake of freshly applied fertilizers;

» Deeper rooting of crops grown in areas vulnerable to nitrate-nitrogen leaching.

» Stronger root branching to increase exploration of soil zones rich in mineral nitrogen;

» Increasing the density and length of root hairs for effective acquisition of phosphorus and potassium by a
currently grown crop;

« Improvement in mycorrhiza association for effective acquisition of phosphorus and micronutrients.
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