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Abstract: Two 16-year-old series of experiments with winter wheat grown in rotation after winter
oilseed rape were used in the study. The experiments were located in the cold temperate dry and
moist climate zones on light soils. Wheat was fertilized with nitrogen in the doses of 40, 80, 120,
160, and 200 kg N·ha−1 per year. Through the several years of the experiment, critical N rates for
maximum yield and gross margin from the linear-plus plateau regressions were 149 ± 23.9 and
112 ± 23.6 kg N·ha−1, respectively. The estimated nitrogen indicators for these doses were as follows:
nitrogen use efficiency (NUE) 93 and 108%, N surplus (Ns) 6.8 and −10.1 kg·N·ha−1, yield-scaled
Ns, N2O, and NH3 3.5 and −0.2; 0.35 and 0.30; 0.31 and 0.25 kg N·Mg−1, respectively. Experiments
have shown that two strategies for reducing nitrogen losses on light soils under wheat cultivation are
possible: by limiting the N dose to the critical values due to the yield requirements, or due to the
gross margin. The analysis of the 11-year data for 2300 farm fields with winter wheat grown on light
soils showed that only 10% of them were implementing the first strategy, and as much as 90% chose
the second strategy.

Keywords: wheat; N rates; NUE; N surplus; yield-scaled emissions; N2O; NH3

1. Introduction

Nitrogen (N) is one of the most essential nutrients ensuring crop production [1].
Simultaneously, N is the most important crop yield limiting factor in the world [2]. As a
main nutrient element, it is necessary in a relatively large quantity for the production of
proteins, nucleic acids, and chlorophyll in plants [3]. Therefore, in agriculture, it is used
to fertilize crops in the form of natural and mineral fertilizers. Over the last 100 years,
the consumption of mineral fertilizers has risen in particular for nitrogen [4]. This has
contributed significantly to the growth of global food, feed, and biofuel production [5].
However, the negative effect of the increase in N consumption was profound changes in
the global cycle of nitrogen transformation [6,7]. Excessive consumption of N has led to
an increase in the amount of reactive nitrogen diffused into the environment, contributing
to the problems of human health and ecosystem degradation [6,8,9]. The volatilization of
ammonia, nitrate leaching, and the emissions of di-nitrogen, nitrous oxide, and nitrogen
oxide are the main loss pathways from agricultural systems [7,10].

Over time, nitrogen balancing has been used to evaluate the effects of fertilization at
different levels of agroecosystem organization [11–14]. It turned out that such indicators
as nitrogen use efficiency (NUE) and nitrogen surplus (Ns) are useful for characterizing
nitrogen performance. The concept of NUE was defined in the 1980s [15]. It evolved later
and many NUE definitions appeared which were scalable from the plant to the global
agroecosystem and food system [16]. In Europe, NUE was recently defined as the ratio
between N outputs and N inputs (in kg N output harvested per kg N input or in %), and N
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surplus as the difference between N inputs and N outputs (in kg N·ha−1) [17]. At the same
time, it was assumed that for European conditions the threshold values of the N indicators
are N offtake (Yn) > 80 kg ha, NUE 50–90%, and Ns < 80 kg ha [14].

Numerous studies show that less than 50% of N introduced into agroecosystems in
the form of mineral and natural fertilizers is effectively used while the rest is dispersed
in the environment and contributes to various negative ecological effects [18–20]. NUE
is considered quite low on average in conventional agricultural systems in the world,
including developed countries. The NUE for world cereal production has been estimated
at 33% of fertilizer N recovered by the crop [21]. Nitrogen inputs, nitrogen output, and
loss vary strongly in Europe [22]. On average, 145 kg N·ha−1 is added to European soils
each year. The average Yn is 92 kg N·ha−1·yr−1, which implies an average NUE of 63%
and Ns of 53 kg N·ha−1·yr−1 [22]. NUE of European agriculture has increased, but by far
not enough to sufficiently reduce N losses and meet environmental targets [23]. Exploring
nitrogen indicators of farm performance among farm types across several European case
studies show a wide variation in NUE and Ns, mainly related to differences in farming
systems and management [24]. Arable farms presented lower mean N input and surplus
than livestock farms, and therefore had the highest median NUE. The median of data
for arable farms were NUE of 61% and N surplus of 68 kg N·ha−1, for dairy farms NUE
of 30% and N surplus of 155 kg N·ha−1, and for pig farms NUE of 40% and N surplus
of 135 kg N·ha−1. NUE sometimes turned out to be higher than 100%, especially when
soil available N before sowing a crop was high. The ambitious NUE and Ns targets for
studied farm were 75% and 42 kg·N ha−1, respectively. In Europe, to achieve surface water
quality targets without crop production losses, average NUE needs to increase from 64 to
78%, whereas achieving groundwater targets only requires a modest increase from 64 to
67%. In hotspot areas, however, crop production and N thresholds can only be reconciled
at NUE > 0.90% [14]. Increasing NUE is practically possible by tuning the rate, timing,
method, and type of N fertilizers’ application, with the goal to better adjust N supply to
crop demand [25–29]. In general, improving NUE while reducing soil Ns constitutes an
effective strategy to mitigate soil gaseous N loss through N2O and NH3 emissions [30,31].

Under optimal conditions of temperate climate, it is possible to obtain the yield of
winter wheat grain of 10 Mg·ha with Yn = 250 kg·ha, F = 300 kg·ha and NUE > 80% [32].
Under the conditions of intensive nitrogen fertilization of winter wheat (245 ± 75 kg·ha),
the medians Yn, NUE, and Ns were 164 kg·ha, 80%, and 78 kg·ha, respectively [33]. In
the cited studies, it was found that NUE>100% was present in 20% of the studied fields.
NUE values in winter wheat crops in Central Europe depended on the cultivar, N dose,
and fertilizer form and ranged from 57 to 81% [34].

In open field conditions, NUE decreases while Ns increases with increasing N doses [35].
Most of the Ns in arable land is leached [36]. The amount of N leached depends on
the properties of the soil, the cultivated plant, and the amount of rainfall [37–40]. A
certain amount of Ns is emitted as N2O and NH3 in the nitrification and denitrification
processes [41–43]. These emissions can be measured, modeled, or estimated using emission
factors [13]. Although there is value to both measuring and modeling emissions, it is
believed that a simple field- and farm-level indicator of N loss, responsive to changes
in farm management practices, is likely to be both more credible and more useful to
farmers [13].

Increasingly, in studies on the mitigation of N gas losses, emissions are provided as
yield-scaled quantities [13,44–50]. This makes it possible to compare for systems of differ-
ent productivity and facilitates the assessment of the effectiveness of various mitigation
practices [13]. Some studies showed that the N input producing optimum amount of crop
yields may minimize yield-scaled emissions in agricultural production [51].

Increasingly, nitrogen rate strategies for reducing N losses take into account not
only environmental aspects (increasing NUE or lowering Ns), but also economic aspects
(maximizing returns to N, economic optimum N rate) [47,50,52–54].
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The recently formulated ‘farm to fork’ strategy assumes a reduction of nutrient losses
from agriculture in the EU by at least 50% by 2030, which should lead to a reduction in
the amount of fertilizers used by at least 20% [55,56]. The set goal should be achieved
while maintaining soil fertility. It is likely that the reduction targets will vary between
countries, as the doses of fertilizers used in each country are different in size and adjusted
to the crops produced, production methods, climatic zones, and soil conditions. Due to
the implementation of the strategy, the interest of farmers and advisors in the practical
application of the NUE and Ns indicators will probably increase.

Objectives of the study were to (i) investigate grain yield, nitrogen uptake, nitrogen use
efficiency, nitrogen surplus and yield-scaled nitrogen surplus, nitrous oxide, and ammonia
responses to nitrogen input, (ii) estimate the optimum nitrogen input rate and optimum
yield-scaled nitrogen losses, (iii) compare N indices from experimental fields and farm
fields. The research hypothesis assumed that by applying an appropriate nitrogen dose,
it would be possible to reduce nitrogen losses on light soils without deteriorating their
fertility and simultaneously maintain yields of winter wheat.

2. Materials and Methods
2.1. Study Site and Experimental Design

The long-term field experiments in the split-plot layout were carried out between
2003 and 2018 at the Experimental Stations of the Institute of Soil Science and Plant
Cultivation in Grabów (21◦39′ E, 51◦21′ N) and Baborówko (16◦37′ E, 52◦37′ N), Poland.
Experimental Stations are located in the cold temperate dry and cold temperate moist
climate zones, in which potential evapotranspiration normally exceeds rainfall during
the whole vegetation period. Average annual rainfall in Baborówko was 517 mm and
in Grabów 621 mm in the period of investigations. In Experimental Station Grabów, the
soil under the experiment was a heterogeneous, sandy loam, (WRB: Stagnic Luvisols). In
Baborówko, the experiment was located partly on a sandy loam (WRB: Albic Luvisol) and
partly on black soil (WRB Gleyic Phaeozem). In Grabów, the soil was characterized as
slightly acidic (pHKCl 6.2) (according to the classification of soil reaction used in Poland,
based on the measurement of pH in 1 M KCl 1:5 soil solution), with medium content of
available potassium (88.8 mg ·kg−1 soil), determined by Egner-Riehm DL method with UV–
Vis spectrophotometry (Nicolet Evolution 300), and high content of available magnesium,
determine according to the Schachtschabel method with F-AAS spectroscopy (Varian
Spectra AA-240 FS). In Baborówko, the soil reaction was neutral (pHKCl 6.8), the content of
potassium was high (116 mg K·kg−1 soil), and the concentration of magnesium very high
(54 mg ·kg−1 soil). The detailed characteristics of soil chemical properties, soil management
in the field experiment, meteorological data in the years of investigations, and the source
data were presented in Supplementary Materials.

Winter wheat (Triticum aestivum L.) grown under rainfed conditions in crop rotation
maize–spring barley–winter oilseed rape–winter wheat and was fertilized with nitrogen in
the doses of 40, 80, 120, 160, and 200 kg N·ha−1 each year as ammonium nitrate against
the background of the recommended doses of P, K, Mg, and Ca. During the experiment,
no manure was applied, no leguminous plants were grown, and straw was removed from
the field. The first dose of 40 kg N·ha−1·y−1 was applied at the beginning of the spring
vegetation, and the successive N doses were carried out at two-week intervals. All N doses
were used by spreading.

Experiments are assumed to represent average farm practices in the agricultural fields
on light soils in Poland.

2.2. Measurements and Determinations
Crop Sampling

The grain and straw yields of wheat were harvested by plot harvester from an area
of 17.9 m2. The grain yields were determined at a moisture level of 15%. The samples
of grain and straw were collected at full maturity from an area of 1 m2 and analyzed for
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total N as determined by mineralization of the sample using the Kjeldahl method with
Continuous Flow Analysis (CFA). The uptake of N in grain and straw was calculated from
the percentage of N in the yields each year.

2.3. Data and Statistical Analysis

The dataset used in the considerations covers 32 site-years (n = 320 treatments). The
grain yield (Yd) response to N rates in synthetic fertilizer treatments plus site specific
atmospheric N depositions (F) was adjusted using the linear-plateau model [57] for the
entire dataset (Equation (1)):

If F < C; Yd = a + b × F
If F ≥ C; Yd = Ymax = a + b × C

(1)

where Yd is the grain yield (Mg·ha−1); F is the N rate (kg N·ha−1); a (intercept, Mg·ha−1)
is the yield at 0 kg N·ha−1; b (Mg·kg−1 N) is the increase in yield per unit increase in F;
and C (kg N·ha−1) is the critical N rate or minimum N rate at which the maximum yield
(Ymax) is obtained. The same model was used to estimate gross margin response to N
rates. Yd data combined with 5-year mean grain price and cost data (variable costs: seed,
N fertilizers, sprays) were used to calculate gross margin, expressed in EUR·ha−1.

Following the method proposed by the EU Nitrogen Expert Panel, N use efficiency
(NUE), and nitrogen surplus (Ns) were calculated [17]. According to the approach, NUE
calculations based on N input and N output at different levels provide information
about resource use efficiency, the economy of food production (N in harvested yield),
and the pressure on the environment (N surplus). The desired value of NUE, N uptake
(Yn), and N surplus (Ns) should be in the range: NUE 50–90%, Yn >80 kg N·ha−1, and
Ns < 80 kg N·ha−1 [17]. These values need further underpinning [24,33,58].

Nitrogen use efficiency (%) was calculated according to the formula [17]:

NUE =
Yn
F
∗ 100 (2)

where Yn is total N uptake by the crop (kg·ha−1); F is N fertilizer rate plus N deposition
(kg·ha−1).

N surplus (Ns, kg·ha−1) was calculated according to the formula [17]:

Ns = F − Yn (3)

The net value of this indicator was used in the following considerations. It was
calculated by subtracting NH3 and N2O gas losses from Ns.

Direct and indirect N2O emissions from soil (N2O-N kg·ha−1) were calculated accord-
ing to the IPCC tier 1 methodology using BIOGRACE spreadsheet [59]. F and the amount
of nitrogen remaining in the soil with belowground biomass were taken into account. The
emission of ammonia (NH3 kg·ha−1) from ammonium nitrate was estimated assuming
the emission factor of 16 g NH3 per 1 kg of applied fertilizer [60]. NH3 emissions were
converted into NH3-N kg·ha−1.

Yield-scaled net Ns, N2O, and NH3 were calculated by dividing these N losses by Yd
and expressed in kg N·Mg−1.

Descriptive statistics for the variables under consideration (median (Me), median ab-
solute deviation (MAD), relative MAD ((MAD/Me) * 100)) were estimated. The regression
relationships between NUE, Ns, yield-scaled Ns, N2O, NH3, and N doses were estimated.
The analyses were processed over 32 site-years data. Only statistically significant and
best-fitted regressions were accepted for further interpretation (p ≤ 0.05). The corrected
R2-values were used for model selection in addition to standard error of estimate and mean
absolute error. All statistical calculations were performed with Statgraphics Centurion
16 Package (Statgraphics Centurion, Rockville, MD, USA) [61].
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The optimization with the assumption of NUE and N rate targets for Yd, NUE,
yield-scaled Ns, N2O, NH3, and GM in the range of F from 90 to 173 kg N·ha−1 were
carried out with the use of a genetic algorithm due to the curvilinearity of the relationship
between the tested N data and F. Negative Ns values were set as values equal to 0. The
optimization was carried out using the Evolver program [62]. The following parameters
were adopted in the calculations: solving method—recipe; mutation rate—0.1; crossover
rate—0.5; population size—50; optimization—random number seed; constraint type—hard;
penalty function—100*(Exp(deviation/100) − 1)).

2.4. Data from Survey Research

Surveys were conducted in all NUTS-5 in Poland (652). In each NUTS-5, 2 farms
with representative soils were selected. In 2008–2018, data were collected on, among
others, the grain yield and the applied N fertilization. Grain yields and N doses for
winter wheat grown on light soils were selected from the existing database. Thus, a set
of 2300 yields and N doses were obtained. Yn were calculated for these data as crop
yield multiplied by a crop N recovery coefficient, indicating how much N is retained in
crop yield per unit (grain and straw). N2O emissions were estimated from the equation
obtained for the experimental data: N2O-N (kg·ha−1) = 0.0424 + 0.0112*F + 0.0721*Yd,
R2 = 98.1%. NH3 emissions (kg·ha−1) were calculated assuming that N was used as
ammonium nitrate (the emission factor of 16 g NH3 per 1 kg of applied fertilizer) [60].
The gross margin (GM) was calculated from the equation obtained for the experimental
data: GM (EUR·ha−1) = −204.205 + 158.320*Yd, R2 = 97.6%. Then, in accordance with the
previously described methods (Section 2.3), N indices were calculated. Descriptive statistics
(Me, MAD, relative MAD) for obtained N indices were calculated using Statgraphics
Centurion 16 (Statgraphics Centurion, Rockville, MA, USA). Descriptive statistics were
provided for data sets with NUE ≥ 90% and NUE < 90%.

3. Results
3.1. Descriptive Statistics for Experimental Data

The statistics for the entire dataset are presented in Table 1. Only Yd, GM, and
Ns showed normal distribution. The other variables were characterized by significant
departures from normality.

Table 1. Statistics for experimental data (n = 320); Yd (Mg·ha−1); Yn, Ns (kg·ha−1); NUE (%); yield-scaled Ns, N2O, NH3

(kg N·Mg−1), GM (EUR·ha−1).

Statistics Yd Yn NUE Ns
Yield-Scaled

GM
Ns N2O NH3

Me 132 5.40 120 97 1 0.14 0.34 0.32 669
MAD 42 1.42 38 28 31 5.95 0.09 0.11 227

* rMAD 32 26 31 29 3100 424 26 34 34
Min 50 1.34 24 37 −126 −15.56 0.13 0.08 34
Max 213 10.71 283 340 127 50.73 1.06 1.16 1517

* relative MAD (%).

The variability in the presented data could have been caused not only by the differ-
entiation of N doses, but also by abiotic stresses induced by differences in the timing and
intensity of precipitation events, which could also affect N availability. It might also be due
to cultivar differences, inefficient nutrient application, and pests and diseases. What draws
attention in these data is the variability of Ns and yield-scaled Ns, which are two or one
orders greater than in the case of the other variables.

3.2. Effect of N Rate on Yield

Yd response to F was described by a linear-plus plateau regression (Figure 1). The crit-
ical N rate (C) was 149.4 kg·ha−1 and its standard error was 23.9 kg·ha−1. For this dose the
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Yd reached a maximum of 5.99 Mg·ha−1 and did not increase further with the increasing F.
As can be seen, the observed Yd are highly scattered around the predicted curve, therefore,
the coefficient of determination is relatively low (R2 = 15.3%) but statistically significant at
the level p ≤ 0.01.
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3.3. Effect of N Rate on Gross Margin

The maximum gross margin (GM) of 693 EUR·ha−1 was achieved at the critical dose
of 111.9 ± 23.6 kg N·ha−1 (Figure 2). The coefficient of determination reached the value of
7.3% and was statistically significant (p ≤ 0.01).
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Figure 2. Observed and predicted gross margin (EUR·ha−1) depending on nitrogen doses (F,
kg N·ha−1) (critical F rate (C) = 111.9 kg N·ha−1, for F < C GM = 306 + 3.46*F, R2 = 7.3%, for
F > C GM = 693 EUR·ha−1, n = 320).

3.4. Effect of N Rates on NUE and Ns Values

The relationship between NUE and F was described by the logarithmic-X model
(Figure 3). The regression equation took the form: NUE = 359.85 − 53.37*ln(F), R = 32.9%
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(p ≤ 0.01). The estimated NUE values for the critical doses of F 112 and 149 kg N·ha−1

were 108 and 93%, respectively. The observed NUE values were highly scattered around
the estimated curve with smaller F and less scattered with larger F.
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Figure 3. Observed and predicted nitrogen use efficiency (NUE, %) depending on nitrogen doses (F,
kg N·ha−1) (R2 = 32.9%, n = 320).

The relationship between net Ns and N doses was described by squared-X model:
Ns = −31.91 + 0.00174*F2, R2 = 28.5% (Figure 4). The estimated Ns values for the critical
doses of F 112 and 149 kg N·ha−1 were −10.1 and 6.8 kg N·ha−1, respectively. The curve is
quite flat in the range of lower N doses and increases markedly in the range of high doses.
The dispersion of the observed Ns values around the curve increases with the dose.
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kg N·ha−1) (R2 = 32.9%, n = 320).

3.5. Effect of N Rates on Yield-Scaled N Losses

Yield-scaled Ns depending on the doses of N was described by squared-X model:
Ns/Yd = −5.02 + 0.000385*F2, R2 = 24.1% (Figure 5). The estimated Ns values for the
critical doses of F 112 and 149 kg N·ha−1 were −0.19 and 3.5 kg N·ha−1, respectively. The
curve increases quite steeply after exceeding the dose of 112 kg N·ha−1. The scatter of Ns
observed around the regression line increased with the N dose rise.
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Figure 5. Observed and predicted yield-scaled N surplus (Ns/Yd, kg N·Mg−1) depending on
nitrogen doses (F, kg N·ha−1) (R2 = 23.9%, n = 320).

The relationship between N2O/Yd and N doses was described by the reciprocal-Y
model: N2O/Yd = 1/(4.88 − 0.0138*F), R2 = 47.0% (Figure 6). The estimated N2O/Yd
values for the critical doses of F 112 and 149 kg N·ha−1 were 0.30 and 0.35 kg N·ha−1,
respectively. The curve increases steeply at higher N doses. At these doses, the spread of
Ns/Yd around the regression curve also increased.
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Figure 6. Observed and predicted yield-scaled N2O emissions (N2O/Yd, kg N·Mg−1) depending on
nitrogen doses (F, kg N·ha−1) (R2 = 47.0%, n = 320).

The regression between NH3/Yd and N rates was described by the reciprocal-Y model:
NH3/Yd = 1/(6.58 − 0.0226*F), R2 = 48.0% (Figure 7). The estimated NH3/Yd values for
the critical doses of F 112 and 149 kg N·ha−1 were 0.25 and 0.31 kg N·ha−1, respectively.
As in the case of NH3/Yd, regression increased quite steeply for higher doses of F. The
spread of NH3/Yd around the regression line also increased with the dose of N.
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on nitrogen doses (F, kg N·ha−1) (R2 = 48.0%, n = 320).

A fairly close regression relationship was found between Ns and yield-scaled emis-
sions of N2O and NH3 (Figures 8 and 9). In both cases it was described with the exponen-
tial model.
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3.6. Data Optimization for NUE and N Rate Targets

The optimization analyses performed showed that for the NUE target 90%, F may
slightly decrease, Yd may slightly increase, yield-scaled N losses may decrease significantly,
and GM may increase compared to the regression estimates for critical F due to yield
(Table 2). Optimization for F equal to 112 kg N·ha−1 showed that the yield may slightly
decrease, N2O/Yd may also decrease, whilst NUE and Ns may increase, and NH3/Yd and
GM may increase relatively to the GM-critical F regression data. It is worth noting that the
optimization data was obtained with random seed selections. Apart from the identified
differences, it can be concluded that one-way regressions and multi-factor optimization
gave similar results.

Table 2. Comparison of parameters from optimization and regression analyses; F (kg N·ha−1); Yd (Mg·ha−1); NUE (%);
Ns/Yd, N2O/Yd, NH3/Yd (kg N·Mg−1).

Parameter Target F Yd NUE
Yield-Scaled

GM
Ns N2O NH3

Data from optimizations

NUE 90 141 6.27 90 0 0.25 0.26 779
F 112 112 5.07 115 2.0 0.27 0.28 758

Data from regressions

F Critical F for Yd 149 5.99 93 3.5 0.35 0.31 693
F Critical F for GM 112 5.26 108 −0.2 0.29 0.25 693

3.7. Nitrogen Indicators for Farm Fields

In the dataset from farm fields for which NUE was ≥90%, the medians were yield
−6.00 Mg·ha−1, NUE–118%, and Ns-26 kg N·ha−1 (Table 3). The corresponding yield-
scaled N losses were as follows: Ns−4.2, N2O 0.30, and NH3 0.23 kg N·ha−1. The obtained
gross margin reached the value of 746 EUR·ha−1.

Table 3. Statistics for farm fields where NUE ≥90% (n = 1830); F, Yn, Ns (kg N·ha−1); Yd (Mg·ha−1);
yield-scaled Ns, N2O, NH3 (kg N·Mg−1).

Statistics F Yd Yn NUE Ns
Yield-Scaled

GM
Ns N2O NH3

Me 111 6.00 142 118 −26 −4.2 0.30 0.23 746
MAD 20 1.00 23 18 18 3.1 0.03 0.04 158
rMAD 18 17 16 15 −69 −73.0 10 17 21

Min 38 2.50 59 90 −111 −16.1 0.16 0.08 192
Max 241 11.00 261 304 15 2.0 0.37 0.33 1537

Surprisingly, when the dose of N was increased but NUE < 90%, the yields de-
creased (Table 4). Understandably, nitrogen losses increased with higher fertilization and
lower yields.

Table 4. Statistics for farm fields where NUE <90% (n = 470); F, Yn, Ns (kg N ha−1); Yd (Mg ha−1);
yield-scaled Ns, N2O, NH3 (kg N·Mg−1).

Statistics F Yd Yn NUE Ns
Yield-Scaled

GM
Ns N2O NH3

Me 151 5.00 119 79 27 5.5 0.41 0.37 587
MAD 20 1.00 23 6 11 2.3 0.03 0.03 158
rMAD 13 20 19 8 41 42 7 8 27

Min 71 2.00 47 36 8 2.1 0.37 0.31 112
Max 291 8.50 201 89 165 40.1 0.81 0.79 1142
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4. Discussion

The 32 site-year experiments, the results of which have been presented here, were
conducted on light soils, which are considered as typical for Poland, accounting for almost
49% of arable land in the country [63]. They are characterized by a low content of organic
carbon (<2%).

The obtained yields of 5.40 ± 1.42 Mg·ha−1 were comparable to those reported in
the previous studies in Poland [64]. It was found that the yields ranged from 4.35 to
5.95 Mg·ha−1 in 45 experiments carried out on light soils all over the country. The statistical
yields in the study period (2003–2018) for wheat were, on average, 4.63 Mg·ha−1 [65].

The ideal N rate for any crop would be the one that promotes the goals of high crop
yield and low N losses. However, such a rate should also be economically viable. The wheat
yields in the conducted experiments increased until N rate reached 149 ± 23.9 kg N·ha−1,
which allowed a maximum yield of 5.99 Mg·ha−1. Zhang et al. [66], also based on the
linear-plus plateau model, found that the optimal N rate (for field trials conducted at
120 sites) varied from 84 to 270 kg N·ha−1, with a mean value of 138 kg N·ha−1, under
which the maximum wheat yield varied from 5.21 to 8.78 Mg·ha−1 with an average value
of 6.79 Mg·ha−1. These studies also showed that discrepancies in the optimal N dose
and maximum yield may have resulted from environmental variability. Further analyses
carried out by us showed that the maximum gross margin (693 EUR ha−1) was achieved
at a dose of 112 ± 23 kg N·ha−1. Thus, increasing the dose above the given critical value
was unprofitable. We also confirmed this claim by extensive research (17,870 observations
of winter wheat), which showed that increasing average N rate from 107 to 147 kg ha−1

in Polish environmental conditions might not increase yield sufficiently for its use to be
justified [45]. More important factors of yield variability were the use of fungicides and
growth regulators, which are applied at much smaller rates than N fertilizer and positively
influence efficient winter wheat production.

The meta-analytical studies show that nutrient management, including “4R” practices
as well as enhanced efficiency amendments, had the largest impact, increasing crop yields
and N uptake while reducing N2O and NH3 emissions as well as N surplus [25]. “4R”
fertilizer strategies (right source, rate, timing, placement) can affect the yield in the range
of about −20–5%·yr, and the crop of N indicators (content of N, Yn, or NUE) in the range
of about −30–30%·yr [25]. These results justify the critical need to develop agricultural
intensification strategies which would optimize crop productivity at N input levels that
are economically and environmentally sustainable. N indicators (Yn, NUE, Ns) and yield-
scaled N losses can be helpful in achieving this aim. The latter, expressed in terms of crop
productivity rather than per unit area, are a simple but informative tool for identifying N
application rates needed to optimize yields while lowering N losses per unit yield.

The median NUE value of 97% found in our experiments can be considered high.
Values of this order were found on farms in Spain, where in a 3-year rotation NUE some-
times turned out to be higher than 100%, especially when soil available N before sowing
a crop was high [24]. In our case, wheat was grown after oilseed winter rape, which
leaves a significant amount of unused nitrogen [67,68]. The estimated NUE values for
the critical doses of 149 and 112 kg·ha−1 were 93 and 108%, respectively. As a result of
the relatively high NUE, the Ns values for these critical N doses were relatively low and
equaled 6.8 and −10.1 kg N·ha−1, respectively. The analyzed values for agriculture in
Poland in 2003–2018 were NUE = 59% and Ns = 50 kg N·ha−1 [69]. In the Netherlands,
NUE and Ns in wheat crops were 80% and 78 kg N ha−1, respectively [33]. In general,
relatively high NUE combined with high Ns for most crops is the result of high N outputs
(yields) combined with high N application rates [33]. Moreover, high NUE and low Ns
were mostly associated with smaller N application rates. ‘Big Data’ research on commercial
farms in the Netherlands has shown that for wheat grown on the light soils target values
for NUE and Ns should be 65% and 80 kg N·ha−1, respectively [33]. However, these values
were determined for wheat intensively fertilized with nitrogen.
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The desired maximum NUE value was proposed to be 90% [17]. Values greater than
the specified may trigger a risk of mining soil N (and organic matter) and thus induce
soil N depletion and degradation of soil fertility and soil carbon [24]. On light soils, it
should be avoided due to low organic carbon reserves, except for high residual N soils.
Additionally, desired ranges of Yn (>80 kg·ha−1), NUE (50–90%), and Ns (<80 kg·ha−1)
have been proposed [17]. Farms outside the desired ranges could approach their specific
targets by increasing or reducing N inputs (intensification or extensification) or adopting
additional strategies (sustainable intensification) [24].

N surplus can be easily leached from the soil in the form of nitrates. The greatest
leaching usually occurs from light soils [37–40]. In Poland, when fertilizing winter wheat
with a dose of 70–210 kg N·ha−1 on sandy soil, N leaching in the multi-year period
amounted to 26–38 kg N·ha−1 [40]. This meant that 50–73% of the Ns was leached out.

There is a close relationship between Ns and N2O fluxes [70]. It is described for
meta-data as a generalized relationship between N balance and N2O losses for a wide
variety of cropping systems and regions, with the following equation [70]:

N2O = exp(0.339 + 0.0047*Ns)

where N2O is annual cumulative N2O emissions and Ns is the annual N surplus, both
in kg N·ha−1. The own research also revealed an exponential relationship between yield-
scaled emissions of N2O and NH3, and Ns.

Yield-scaled Ns, N2O, and NH3 for the critical dose by yield (149 kg N·ha−1) were 3.5,
0.35, and 0.31 kg·ha−1, respectively. Lowering the N dose to the critical value for obtaining
the maximum gross margin (112 kg N·ha−1) resulted in the reduction of these indices by
100, 17, and 19%, respectively.

In the experiments carried out in Germany, yield-scaled N2O emissions ranged from
0.23 to 0.28 kg N·ha−1 with winter wheat yields of 3.75–6.5 Mg·ha−1 obtained at doses of
0–240 kg N·ha−1. Therefore, the emissions were slightly lower than those found in our
own research for similar yields and doses of N. On the other hand, the yield-scaled N2O
emissions found by us fell within the range of 0.23–0.53 kg N·ha−1 with the wheat yield
of 5.89 Mg·ha−1 and the fertilization dose of 225 kg N·ha−1 [46]. Worldwide, the mean of
yield-scaled NO3 amounted to 5.8 kg N·ha−1 with wheat yields of 4.5 Mg·ha−1 and doses
of 100–150 kg N·ha−1 [71].

Yield-scaled NH3 emissions are rarely reported in the literature. More extensive
research on this topic has been carried out in Spain [72]. It showed that among the
strategies analyzed, only suppression of urea application combined with incorporation of
manure and N synthetic fertilizers other than urea could give a fully beneficial situation:
yield scaled NH3 emissions were reduced by 82%, N surplus was reduced by 9%, NUE
was increased by 19%, and yield was around 98% of the reference situation. This study
shows that the adoption of viable measures may provide an opportunity for countries like
Spain to meet the international agreements on NH3 mitigation, while maintaining crop
yields and increasing NUE.

Improving NUE and applying N fertilizer in balance with crop demand are frequently
proposed as environmental policy options for mitigating N losses. Some studies have
found that two environmental N rate reduction strategies (enhancing NUE by 30% or
maintaining zero N surplus) had greater potential to reduce N2O emissions on an area- and
yield-scaled basis compared to the two economic strategies. However, both environmental
strategies were associated with large reductions in N rate which negatively affected yields
and economic returns [47]. Research in Europe has also shown that, at current NUE,
reducing N inputs to comply with three environmental thresholds (critical N deposition
on terrestrial ecosystems and critical N concentrations in surface water and groundwater)
would reduce European crop production by 50% [14]. It is, therefore, a great challenge
for science and practice to reduce N losses and, at the same time, maintain yields. The
results of our experiments show that it is possible to maintain a high NUE close to the
desired value of 90% employing two strategies: limiting the dose to a critical value for
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maximum yield or maximum revenue. Such doses for winter wheat grown on light soils
were 149 ± 23.9 and 112 ± 23.6 kg N·ha−1.

Recent studies have shown that winter wheat grown on 156 production fields yielded
5.66 Mg·ha−1 and provided a gross margin of 655 EUR·ha−1 [73]. A survey conducted
by us for 2300 farm fields cultivating winter wheat on light soils showed that 90% of
them used, on average, (Me) 111 kg N·ha−1, obtaining a yield of 6.00 Mg·ha−1 and NUE
of 118%. They were characterized by relatively low nitrogen losses. Unexpectedly, the
increase in the average dose of N to 151 kg N·ha−1 ha in the remaining 10% of farm fields
resulted in both a decrease in yields to 5 Mg·ha−1 and a decrease in NUE to 79%, with a
simultaneous increase in yield-scaled emissions. The lack of response to the increase in
N dose is in line with the results of previous extensive studies [43]. They showed, on the
basis of 17,870 observations from experimental fields, that increasing the average N rate
used in Polish environmental conditions from 107 to 147 kg N·ha−1 might not increase
yield sufficiently enough for its application to be justified. More important factors of yield
variability were the use of fungicides and growth regulators, which positively influence
efficient winter wheat production. From both series of our results, it can be concluded
that the low water capacity of light soils and variable rainfall makes water-limited yield
potential very difficult to predict, and growers tend to keep the N dose below or close
to the economic maximum, fearing economic and environmental losses of N if wheat is
over-fertilized. That strategy is effective for reducing Ns and mitigating soil gaseous N loss,
but at the expense of moderate soil-N mining, which, in the long run, may be detrimental
to the fertility of light soils. It does not seem possible to avoid this soil-N mining in the
current economic conditions.

5. Conclusions

Research carried out can help farmers in adoption of N rate reduction aimed balancing
agronomic and environmental goals in winter wheat production on light soils. By com-
bining regression models of yield, nitrogen use efficiency, N surplus, and yield-scaled Ns,
N2O and NH3 losses with N rates, we found that two strategies of N rate reduction can be
used. The first consisted in limiting the N dose to the amount ensuring the maximum yield,
and the second one in N dose reduction to the amount enabling the maximum revenue to
be obtained. Both are already used in wheat production—the first in 10% and the second in
90% of farm fields. Reduction of N dose to the amount ensuring the maximum revenue did
not reduce the yields. However, it allowed for the reduction of yield-scaled Ns, N2O, and
NH3 in relation to the dose ensuring the maximum yield. Unfortunately, this reduction
was possible at the expense of moderate soil-N mining, which, in the current economic
conditions, seems inevitable.
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Table S4: Cultivation treatments performed in experimental fields. Figure S1: Precipitation. Figure S2:
SPI. Figure S3: Temperature.
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