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Abstract: The challenges of the global food supply and environment conservation require ongoing
scientific observations of soil-to-plant and plant-to-environment interactions with the aim of improv-
ing agriculture resource management. This study included observations of winter wheat yield and
biomass of four varieties over three consecutive growing seasons and four site-year cases to assess
the effects of nitrogen (N) fertilization rate and time of application on grain yield and biomass. For
different wheat varieties, the full factorial design was performed, where factorial combinations of
year, location, fall and spring N applications were laid out in a randomized complete block design.
The N rate significantly influenced grain yield and biomass production efficiency. The time of N
application had a highly significant effect on grain yield, biomass and NUE traits. The N rate of
120 kg ha~! was recognized as a breakpoint over which the grain yield and biomass showed a
downtrend. N application in the fall had a significantly higher impact on grain yield and biomass
compared to spring N application. The major contribution of wheat variability production belongs
to seasonal climate circumstances (<85%) and consequential intrinsic soil properties. The average
difference of grain yield between varieties was 15.75%, and 12% of biomass, respectively.

Keywords: nitrogen fertilization; yield response; design of experiment (DoE); NUE

1. Introduction

Cereals, and wheat specifically, are traditionally of the most important crops grown
globally. This is reflected in the proportion of the total cultivated area occupied by these
crops, in the total grain production and their participation in the world trade. The culti-
vated area shows fluctuations according to the market prices and the local agricultural
policies. According to the food and agricultural organization of the United Nations
(http:/ /www.fao.org/faostat/en/#data, accessed on 15 May 2020), despite the yearly
fluctuations in the area cultivated with wheat, the total amount of produced grain is con-
stantly increasing. This is attributed to the increasing trends of yield potential as a result of
the better crop management and improved genetic material, which gradually increased
the yields acquired by the farmers on a global basis. On the other hand, the fluctuations in
the quantity of wheat grain produced in Serbia followed the trends of arable land covered
with wheat crops (FAOSTAT, 2020). This indicates that wheat productivity remained at
similar levels during the last 13-year period and thus, there is scope for yield improvement
of wheat in Serbia.

In Serbia, for the period 2017-2019, winter wheat production occupied around 17% of
total arable land [1]. In the recent past, farmers preferred wheat due to its remedial effect
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on soil in the crop rotation cycle and positive contribution to pest control. Serbia is among
the highest yielding wheat producers in the world (32nd out of 124 countries); however, in
relation to European countries (rank 22/38), wheat yields in Serbia can be characterized as
low [2].

General projections imply that wheat yield must increase at least by 50% [3] by
2050 with the existed or slightly reduced natural resources due to the expanding human
population worldwide. Among all cereals, winter wheat can be characterized as one of
the most nitrogen (N) demanding crops [4]. However, Serbia uses approximately 600 kt
of N fertilizer annually, which is relatively low compared to other parts of Europe [5].
In Serbia, a uniform system it is still not established that regulates wheat trading on a
farm-scale respecting grain protein content as a price leveling factor. Thus, farmers are
strictly focused on reaching maximal grain yield.

Despite the established wheat quality market classes in developed countries, pro-
ducers are also prone to grow high-yielding wheat varieties and, consequently, manage
their resources in such a way to increase yield leading to lower protein content in the
grain [6]. Traditionally, in agricultural production, nitrogen fertilizer is the most utilized
due to its well-proven, instantaneous and visible effect on plant appearance. Nowadays,
annual nitrogen fertilizer consumption has reached 170 million tons worldwide, a multifold
increase from the annual consumption in the early 1960s [7,8].

Increased N fertilizer application does not always imply an increase of grain yield; on
the contrary, even a decrease in crop yields is seen in poorly managed production systems.
Nitrogen application at the right amount contributes to higher yields by increasing the
number of spikes and the number of kernels per spike [9,10]. Improper nitrogen manage-
ment is environmentally hazardous and has an indirect negative impact on human and
animal health. As [11] showed, about 67% of total applied N fertilizer in wheat production
could be lost because of natural processes like denitrification, leaching, volatilization (NHj3),
and greenhouse gas (N,O, NO or NO;) emissions.

One of the methods for estimating nitrogen fertilizer utilization is defined by [12]
as the ratio of the gained yield and the amount of applied nitrogen fertilizer. Nitrogen
utilization efficiency (NUE) is defined as the amount of grain produced per unit of N
uptake at maturity [13]. Several methods improve the efficiency of nitrogen fertilizers,
and they are based on the knowledge of the yield potential, an adaptation of the N rate
to soil organic matter content, and mineralization potential [14] as environmental-related
factors. The selection of fertilizer, the time of application and the method and the amount of
fertilizer application are important aspects for minimizing nitrogen losses from the soil [15].
The short-time dynamics of nitrogen content in the soil limits the possibility of assessing
the site-specific optimal fertilization rate [16] and time-specific roles for the adequate
application of achieving the desired yield levels. Nitrogen stocks in the soil come largely
from organic matter that bacteria transforms into an accessible form for plants to uptake.
It is a part of soil material, and many essential compounds for plant life are contained
therein, such as nucleic acids, proteins, enzymes, chlorophyll and others. The work
of [17] points out that the problems of mineral nutrition of wheat are of regional character,
since the efficiency of applied quantities and nutrient ratios depends on numerous soil
properties, specific climatic conditions, as well as cultivar specifics in terms of adoption to
the environmental conditions, and uptake, transport and accumulation of minerals. The
relationship between yield and NUE and factors influencing this interaction are still not
completely investigated [18].

Considering the rate of rapid climate change in the past decade, whose major im-
plications directly affect open-sky agriculture, studies must be continued [19] regionally
towards the mitigation of its negative impact, by efficient and less environmentally haz-
ardous management of any available resource. Nitrogen fertilizers are of the most utilized
artificially produced chemical compounds in agriculture worldwide due to the importance
of nitrogen in crop growth. Spatial and temporal dynamics of available N in the soil is
strongly related to applied agronomic procedure is the appropriate assessment of NUE
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and its underlying components using methods that allow for fair comparisons across
different crops, varieties, experimental setups and agroecological environments [20]. In
general, it is known that early N application may result in lower grain yield in comparison
to mid-season sensor-based fertilization [11]. The contribution of early, or mid-season N
application and their combination, to grain yield and biomass of winter wheat, has not
been adequately determined for chernozem soils.

Vojvodina is a traditionally agricultural region located in Northern Serbia. It is the
southern part of the Pannonian region characterized by mainly flat landscapes and fertile
soils. There are numerous soil types in the Vojvodina region, but chernozems predominate
approximately 43% of the total arable land [21]. Chernozem soils are very fertile with a
high content of organic matter [22].

The common agronomical practice in wheat production that most farmers follow is
performing the split application of the N fertilizer in two or three doses. Starting with the
basic fertilization, synthetic fertilizer in granular form is usually incorporated in the soil
shortly before or at sowing (October 5-25th). A second fertilization is applied in spring (late
February-early March) as the top-dress application of urea (46%) in granular form. Some
farmers follow a second, top-dress application at the end of stem elongation (mid-April)
as the optional fine-tuning correction of N (usually applying ammonium-nitrate). The
amount of N is usually selected based on a regional agronomical recommendation without
recognizing the annual variability in yield potential and crop response to N [23]. Some
farmers conduct early spring soil analysis to determine the residual nitrate in the soil and
the potential for soil mineralization which is the basis for the N application recipe.

The main hypothesis of this study was that specific environmental conditions in
Vojvodina region in combination with different genotypes and N timing application in
three consecutive growing seasons affect the efficiency of the applied N fertilizer in winter
wheat production. Thus, the study aimed to find optimal fertilization scheme that better fits
the soil and climatic conditions in Vojvodina region. The experiment was set up accordingly
to study which basic N application rate is more profitable, whether a second top-dress
application at spring increases profitability, and at which rate, under variable weather
conditions. This will be the basis for the development of automated N application systems
adjusted to chernozem soils and to the special conditions of the Pannonian regions.

2. Materials and Methods

The study was conducted over a three-year period (2018-2020), at four commercial
fields at different geographical locations with similar climatic conditions and different
soil properties located in Ravno Selo and Bajmok, in central-west and northern Vojvod-
ina, respectively. Therefore, the overall experiment was conducted at four site-years as
summarized in Table 1.

Table 1. Year, location, climate, and reference names of the study.

Year Location Geolocation (WGS) Soil Type Koppen-Geiger Reference Name
2018 Ravno Selo 45°26/09.8"" N, 19°37'47.5" E Calcic Chernozem Dfb site-year 1
2018 Bajmok 45°57'45.2" N,19°24/37.2" E Gleyic Chernozem Dfb site-year 2
2019 Ravno Selo 45°26/06.1" N, 19°37'59.4" E Calcic Chernozem Dfb site-year 3
2020 Ravno Selo 45°27'25.4"" N, 19°37'49.5" E Calcic Chernozem Dfb site-year 4

Two high-yielding cultivars of winter wheat (Triticum aestivum L.), widely grown in
Serbia and other neighboring countries, were included in the study, namely: “NS40S” and
“Ingenio”. The cultivar N540S was released by the Institute of Field and Vegetable Crops,
based in Novi Sad, in Serbia, while CCB Ingenio is an imported variety from Syngenta’s
catalog (Syngenta, France). The cultivars were selected based on their variability in plant
height, and grain yield potential and other characteristics; (a) NS40S is recommended
as medium early, resistant to lodging, tolerant to drought, resistant to powdery mildew and
leaf rust; (b) Ingenio is also medium early and resistant to lodging, resistant to Fusarium
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wilt and well adapted to the Serbian growing conditions. According to data from the
Institute of Field and Vegetable Crops in Novi Sad, on average, for N540S variety, based
on multiyearyear average, grain yield increases from 4-6 t ha~! in unfavorable conditions
and more than 10 t ha~! in favorable conditions. Regarding the Ingenio variety, during
the introduction process, the average yield was 8.8 t ha—!, in some localities, the yield was
above 10 t ha~! in 2009, while in 2010 the average yield reached 7.7 t ha~!, and in some
localities, it was exceeded 9 t ha~! in production conditions.

The practices for soil preparation included conventional tillage (CT) with a moldboard
plow at 20 cm depth, followed by a final soil consolidation using a combined cultivator
to ensure uniform soil condition over the plots. As [24] recognized, a lower intensity of
soil tillage increased small-scale variation in nitrogen use efficiency. Sowing took place
in the fall (October) using a 25-row wheat-seeder equipped with a single-disc furrow
opener at 0.12 m distance between rows, which was calibrated to perform seeding rate of
500-550 seeds m~2. The typical pest control approach was conducted in the trials, including
early insecticide application after plant emergence (Alfa—cipermetrin 100 g L™!), followed
by herbicide application in early spring (metsulfuron metil 600 g kg~!) simultaneously
with the first fungicide treatment (Propikonazol 250 g L~!), while at the beginning of
flowering, the final pesticide application was performed for ear protection (Tebukonazol
133 g L1 + Prohloraz 267 g L™ 1).

Based on the common farmers’ practice in the region, approximately 50 kg of N ha~!
are applied as basic fertilization at sowing and up to 150 kg of N ha~! are top-dressed in
spring. Some farmers also apply a second top-dress application depending on the weather
conditions and plant nitrogen supply assessments, relying on farmers’ personal perception.
The N rates applied in the study were arranged to cover from no application up to a rate
two times higher than the commonly applied rate for both basic and top-dress application.

At site-years 1, 2 and 4, the plots were 2-m wide and 8-m long. Using small-sized
plots helped minimize the within-plot variability. The basic N fertilizer application was
hand-applied on the soil surface immediately after sowing, using pre-weighed labelled
bags with the corresponding fertilizer quantity for each plot. During the spring top-dress
application, the plots were split into four subplots sized 2 m by 2 m.

At site-year 3, the plots were larger, 3-m wide and 12 m-long, in order to accommodate
the mechanical application of basic fertilizer. Shortly after sowing, a 3 m wide conventional
wheat seeder (Majevica Ltd., Backa Palanka, Serbia) was used, after properly calibrated,
incorporating the corresponding rates of ammonium nitrate (urea 46% N) in granular
form, in each plot. The same procedure was repeated for the second application in spring
utilizing ammonium nitrate (34% N).

Soil sampling took place right after setting up the experimental plots and before
fertilizer application to define the initial soil nutritional levels. A composite soil sample
per field was taken, consisted of four subsamples, one from each plot of the corresponding
treatment. Dichromate wet oxidation method proposed by [25] was performed to determine
soil humus content. Grain N concentration was multiplied by grain yield to obtain grain
N uptake (kg ha™!). Nitrogen use efficiency was computed using the difference method
(http:/ /www.nue.okstate.edu/N_Fertilizers/NUE_definition.html, accessed on 16 May
2020) as defined in the following equation:

Grain N from (Fertilized plots — Unfertilized plots)
N applied

NUE (%) = x100. 1)

Harvest took place at the end of June or the beginning of July (Table 2), depending
on weather conditions when the plants reached full maturity and the grain moisture
content was approximately 14%. The crop was hand-harvested, cutting the above surface
biomass, including the grain from 1-m? areas located in the center of each subplot. The
harvested samples were weighed in the field and placed in pre-labelled bags for further
processing. The grain was manually threshed, and grain weight and the above-ground
biomass were measured.
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Table 2. Sowing dates, fertilizer application dates and harvest dates for the four site-years of the study.

Reference Name Sowing Date Fall Basic N Application Date Spring Top-Dress Application Date Harvest Date
site-year 1 October 22nd October 27th march 15th June 26th
site-year 2 October 20th October 20th march 28th July 7th
site-year 3 October 13th October 13th march 3rd July 5th
site-year 4 October 11th October 11th February 19th July 9th

In the fall, at site-years 1 and 2, a full factorial design was followed with 4 replications
and 5 rates of nitrogen fertilizer application starting from 0-N (control) up to 180 kg
of N ha—! (0, 30, 60, 120, and 180 kg of N ha=1). At site-year 3, the identical number
of replications was conducted even so with 4 rates of nitrogen fertilizer (Table 3). The
experimental design at site-year 4 followed the previous year; however, the number of
replications was reduced to three to make the experiment more manageable. With the
changes of experiment design over time, we have strived to keep track of the experimental
design used to obtain a given observation. Urea (46% N) was selected as the fertilizer to be
applied in the fall since the local farmers widely adopt it as a good agricultural practice.

Table 3. Experimental plan for the four site-years of the study.

Reference Name Varieties Tested Rpl Basic Application kgN ha—1 Top-Dress kgN ha—1
site-year 1 Ingenio, NS40S 4 0, 30, 60, 120, 180 0, 50, 100, 150
site-year 2 Ingenio, NS40S 4 0, 30, 60, 120, 180 0, 50, 100, 150
site-year 3 Ingenio, NS40S 4 0, 60, 120, 180 0, 50, 100, 150
site-year 4 Ingenio, NS40S, Pobeda, Futura 3 0, 60, 120, 180 0, 50, 100, 150

A spring top-dress application followed during the end of tillering and the beginning
of stem elongation. The initial plots were split into four additional treatments of top-dress
N starting with 0-N up to 150 kg of N ha~! in increments of 50 kg of N ha~! (Table 3).
Ammonium nitrogen form of fertilizer (34% N) has been chosen for spring top-dressing
because ammonium ions are less subject to loosening of nitrogen to the atmosphere even
under dry conditions.

The climate and weather data for the three years of study were acquired from the
National Oceanic and Atmospheric Administration (NOAA) and analyzed to explain the
results and behavior of the crop response to N fertilizer applications.

2.1. Statistical Analysis on the Influence of N on Wheat Production

As an adequate approach for the analysis of variations in wheat yield, a design
of experiments (DOE) methodology was used. Using analysis of variance (ANOVA),
particular contributions of main factors and interactions in the total influence on responses
was calculated proportionally to the sum of squares, i.e., to mean square errors (in the
case when degrees of freedoms of observed effect differs), while statistically significant
influences were confirmed by p-value (<0.05). In the research, the focus was on the
determination of the influence of controlled factors on wheat yield and biomass. Full
factorial design was used with a two-factor interaction (2FI) model [26]. The influence of
factors on yield traits was analyzed using “Design-Expert” software (version 11, Stat-Ease,
Inc., Minneapolis, MN). Besides the influence of fall and spring fertilizer treatment on
yield and biomass, variability caused by location, variety and year were studied. It was
expected that a comprehensive analysis would show a significant impact yearly. So, in
order to obtain more precise and noticeable results of the influence of the remaining factors
on yield and biomass firstly were performed, then an analysis during the particular years
for separated varieties and multiyear study after that.

Nitrogen fertilization management and cultivar selection are the main factors deterio-
rating yield potential. The results from the nitrogen fertilization experiments performed in
the framework this study, are thoroughly discussed in the following subsections.
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2.2. Soil Analyses Results

Comparing the soil characteristics, all four site-years showed similar pH levels. On
the other hand, the rest of the measured soil parameters, showed considerable variations
among site-years, as shown in Table 4.

Table 4. Results from the laboratory analysis of the soil samples collected from each site-year.

Soil Parameter Site-Year 1 Site-Year 2 Site-Year 3 Site-Year 4

pH (KCI) 7.28 7.33 7.43 7.29

pH (H,O) 8.1 8.08 8.11 8.1
CaCO3 % 13.61 15.17 11.48 13.83
Organic matter % 3.91 3.28 4.05 4.46
N% 0.2 0.16 0.2 0.22
AL-P,05 mg/100g 21.25 25.39 14.55 17.1
AL-K,O mg/lOOg 23.58 21.16 18.74 19.9

3. Results and Discussion
3.1. Weather and Climate Data from the Experimental Sites

Weather in Ravno Selo showed rather significant temporal variability during the three
years of study (Figure 1) regarding site-years 1, 3, and 4. The beginning of the wheat
growing season in the first year (October-November 2017), was characterized by a rela-
tively sufficient water supply for plant germination. Oppositely, in 2018, a small amount of
precipitation was recorded, which could justify poor germination and tillering of wheat
plants. This could affect wheat production since a positive relationship was found between
wheat plant density and yield [27]. According to the findings from previous studies in
Vojvodina region [2], highly positive correlation between the yield and amount of rainfall
during November was obtained. Weather conditions from sowing until February are
crucial for vernalization and water accumulation in the soil profile. February to March
in 2018 was characterized by significantly high precipitation indicating high water accu-
mulation (Figure 1a). In addition, the first post-emerge application of nitrogen fertilizer
was performed during this period, which aims to create sufficient nutrient supplies for the
purpose of building the organic matter of the plants. The end of March is the beginning
of stem elongation, and rapid growth occurs. Any water shortage at this stage leads to
reduced yield potential. May was a rather wet month in 2019, showing increased risk for
diseases, while late rainfalls during June occurred in 2020, which could jeopardize grain
yield and postpone harvest operation. Precipitation in site-year 2 (Figure 2a) followed the
pattern that occurred in site-year 1.

In terms of temperature, the average monthly values during the three growing seasons
were higher as compared to the historical climate average (Figure 1b). Contrary to that,
the minimum temperatures were lower than the historical climate data with extreme frosts
occurring in March 2018 (at tillering stage) and December 2019 (at stem elongation stage)
(Figure 1b,c). In 2020, the temperature regimes were more favorable but with a mild
late frost occurring in April. In site-year 2, an extreme frost occurred in February 2018,
recording the lowest temperatures among all site-years (Figure 2b).
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Figure 1. Climate data and weather; precipitation (a), average temperature (b), and minimal temperatures (c) in Ravno Selo,
during 2018-2020 growing seasons (site-years 1, 3, and 4).
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Figure 2. Weather data; precipitation (a), average temperature and minimal temperatures (b) in Bajmok, during 2018
growing season (site-year 2).

3.2. Results from 2018 Study Sites

A comprehensive analysis of the impacts of selected variables (location, fall N ap-
plication and spring N application) on grain yield in 2018 was conducted. In 2018, the
experiment included two wheat cultivars (Ingenio and NS40S) and two locations (Ravno
Selo and Bajmok; site-years 1 and 2, respectively). ANOVA results within a full factorial
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experimental design (Table 5) indicate a statistically significant influence of location on
grain yield for tested varieties (p < 0.01). The field location showed a weaker but statistically
significant contribution to the Ingenio yield (p = 0.0047). Fall N application highly impacted
the grain yield of both wheat varieties (p < 0.01). Different responses of the grain yield to
spring top-dressing of N fertilizer appeared between the two cultivars, showing a more
significant contribution for Ingenio (p < 0.01) in relation to N540S (p = 0.023).

Table 5. ANOVA table for the 2018 grain yield dataset.

Ingenio NS40S Ingenio NS40S  Ingenio NS40S Ingenio NS40S
df

Source Sum of Squares Mean Square F-Value p-Value
Model 18.57 10.25 15 1.24 0.68 11.74 8.21 <0.01*  <0.01**
A 1.02 2.65 1 1.02 2.65 9.71 31.88 0.005**  <0.01 **
B 10.02 5.08 4 2.51 1.27 23.77 15.27 <0.01*  <0.01**
C 3.74 0.98 3 1.25 0.33 11.84 3.94 <0.01 ** 0.02*
AB 2.74 0.73 4 0.68 0.18 6.51 22 0.001 ** 0.09
AC 1.03 0.79 3 0.34 0.26 3.26 3.18 0.04 * 0.04 *
Residual 2.53 2 24 0.10 0.08
Cor Total 21.1 12.24 39

A—Location; B—Fall N application and C—Spring N application. * Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.

ANOVA also revealed the considerable impact of location on biomass production
(Table 6). Similar to the yield analysis results, the N application affected biomass production
significantly (at the 0.0001 level) except for NS40S where the spring application was slightly
less significant compared to the fall application (although the p-value was significant at
the 0.05 level). The interaction of AB factors nominates location and fall N application as
dominant factors for a build-up of wheat biomass in 2018. The interaction of location and
spring N application was not statistically significant, contrary to the yield case.

Table 6. ANOVA table for biomass in 2018.

Ingenio NS40S Ingenio NS40S Ingenio NS40S Ingenio NS40S
df

Source Sum of Squares Mean Square F-Value p-Value
Model 114.79 51.24 15 7.65 3.42 18.41 8.37 <0.01*  <0.01**
A 18.72 9.36 1 18.72 9.36 45.04 22.95 <0.01*  <0.01**
B 57.3 28.38 4 14.32 7.1 34.46 17.39 <0.01*  <0.01**
C 13.92 3.89 3 4.64 13 11.16 3.18 <0.01 ** 0.04*
AB 22.61 5.94 4 5.65 1.49 13.6 3.64 <0.01 ** 0.02*
AC 2.23 3.65 3 0.744 1.22 1.79 2.99 0.18 0.051
Residual 9.98 9.79 24 0.4157 0.408

Cor Total 124.76 61.03 39

A—TLocation; B—Fall N application and C—Spring N application. * Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.

Further in-depth analysis revealed the quantified contribution of each factor in relation
to the measured output (Figure 3). The most important factor influencing biomass in both
varieties (42 and 46% for Ingenio and NS40S, respectively) was the location. Further, Fall N
fertilizer application showed significantly higher influence on biomass production (32%
and 35% for Ingenio and NS40S, respectively) compared to the Spring N application (11%
and 6% for Ingenio and NS40S, respectively). The contribution of AB and AC interactions
were on a similar level as the spring N application. Concerning the results from the yield
data analysis, this location had only 18% of total impact in yield of the Ingenio variety,
whilst the grain yield data of NS40S was more impacted by field location (56%) as a variable.

The results indicate that even though the biomass production of the Ingenio variety
was greatly affected by the location and the growing environmental conditions, yield
was considerably less influenced. The explanation could be in context to the different
soil conditions of trial locations, which caused the altered grain to total shoot dry matter
ratio (or Harvest index—HI) of Ingenio variety. NS40S had a more stable contribution
of the included factors to yield and biomass. This indicates differences in the genetic
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background of the two varieties, where the NS40S genotype is bred in the local climate and
soil conditions, and thus showed a more stable performance. Ingenio also showed higher
nitrogen-use efficiency from the spring N application in terms of yield improvement (22%)
than the NS40S variety (7%). These findings are contrary to [28], who observed that the
application of N in the fall resulted in lower N use efficiency (NUE) when compared with
spring-applied N. In the trials of [29], grain yield of high yielding irrigated hard red winter
wheat (HRW, Triticum aestivum L.) was not appreciably affected by N application timing.
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Figure 3. Contribution of the factors examined in the study (location-A, Fall N fertilizer application-B, Spring N fertilizer
application-C) on yield and biomass of Ingenio (a) and NS40S (b) varieties in 2018.

Each variety had a specific genotypic reaction to the environmental conditions as
Figure 4 depicts. Site-year 1 (Ravno Selo) provided a higher grain yield than site-year 2
(Bajmok) (Figure 4a). In addition, the grain yield had a different ratio to biomass yield,
respecting trial locations since a higher biomass production was recorded in Site-year 2
(Figure 4b). This can be explained by the considerably higher soil OM, available N, and
K5O initial levels in the soil (Table 4) and by the more favorable weather conditions during
growth (Figure 1).

Overall, wheat was considerably more responsive to basic N fertilization applied
in Fall in terms of yield and biomass increase. The highest yield and biomass were
achieved at 120 kgN ha~!, with the exception of biomass of Ingenio that offered its maximal
productivity at the highest fall N dose (Figure 4c,d). If applying more than 180 kg of N, not
only was the no yield increase; on the contrary, a yield loss was recorded. This means that
applying more than the optimal amount of fertilizer, N use efficiency decreases, leading
to increased N losses to the environment. This is a typical response confirmed in studies
on wheat [30] and other grain-producing crops such as maize [31]. A similar trend was
followed by the biomass production.

The breaking point is the point on the model graph on which the maximum yield
and economically acceptable scenario were obtained. According to the 2018 results, in
both locations, the most economical rate of nitrogen (MERN) for the basic fertilization
applied in fall, was in the range of 60 and 120 kg of N per ha. Overall, NS40S performed
lower average yield and biomass than Ingenio (AY = 1.25 t ha—!, ABM = 3.09 t ha—!) under
different N rates and time of application might be attributed to lower grain yield potential
and lower response to increased N availability of the specific cultivar.

Spring N top-dress application had less significant impact on grain yield and biomass
for both varieties in the study than the fall N application (Figure 4e,f). This can be attributed
to the disharmony between the time of N application and rainfall scheme that is very
important to avoid N volatilization as one of major N loss factor. Possibly, at the time of high
requirement for N, the plants might have taken most of the nitrate from the mineralized
organic matter, which depends on climate regime. Notwithstanding, [32] observed a better
response to N when it was split-applied in the fall and spring, with NUE reaching as high
as 60% compared with a single fall (55%) or spring (53%) application.
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Figure 4. The effects of location on yield (a) and biomass (b), fall N fertilizer application on yield (c) and biomass (d), and
spring N fertilizer application on yield (e) and biomass (f) of Ingenio and NS40S varieties for 2018 growing season. The
letters on the graph represent different classes obtained by ANOVA with p = 0.05 level of significance.

In general, the Ingenio variety showed a better response to a spring N application
than NS40S. In the case of Ingenio, the breaking point was situated at 50 kg of N per ha.
For N540S, this point was reached at 100 kg of N per ha, but the obtained yield differences
were statistically insignificant for applied spring N doses. The Ingenio variety performed
the highest average grain yield at the highest nitrogen application rate (150 kgN ha—1), al-
though observed differences among average yields obtained for specific spring N treatment
were insignificant. This suggests that the potential for further yield improvement may
have existed if higher N rates than 150 kg N ha~! were applied. Hypothetically, a higher N
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rate applied in spring would be wasted resulting in a low economic benefit. According to
basic economical calculations, the yield increase from the top-dress spring application was
not high enough to justify the costs of the extra inputs required for the application for both
cultivars and using any top-dress N application rate.

3.3. Results from 2019 Study Sites

In 2019, the experiment included the same wheat cultivars used in 2018; Ingenio and
NS40S. Based on the ANOVA results, in site-year 3, none of the fertilizer applications
or their interaction had a statistically significant impact on yield or biomass for Ingenio
cultivar (Tables 7 and 8; p > 0.05). Conversely, a statistically significant contribution of
fall N application to grain yield and biomass production was obtained for NS40S. This
was not the case with the spring top-dress application, which according to the ANOVA
results, did not significantly increase yield or biomass. This can be attributed to the fact
that precipitation was insufficient during end of fall and in the beginning of spring season
(Figure 1) which diminished the potential for nitrogen uptake. Due to the top-dressing
application, according to which N fertilizer granules are distributed on the soil surface,
the occurrence of rainfall is vital to dissolve and translocate nitrogen into the root zone. In
addition, the Chernozem soil type has high organic matter content, hence the high cation
exchange capacity which might contribute to a sufficient nutrient supply during the spring
growing season.

Table 7. ANOVA table for grain yield in 2019.

Ingenio NS40S Ingenio NS40S Ingenio NS40S Ingenio NS40S
df

Source Sum of Squares Mean Square F-Value p-Value
Model 7.46 58.35 15 0.50 3.89 1.13 7.65 0.38 <0.01 **
A 1.04 48.32 3 0.35 16.11 0.79 31.67 0.51 <0.01 **
B 1.85 2.55 3 0.62 0.85 1.40 1.67 0.26 0.19
AB 4.56 7.48 9 0.51 0.83 1.15 1.64 0.36 0.15
Residual 13.24 15.26 30 0.44 0.51

Cor Total 21.41 75.33 47
A—Fall N application and B—Spring N application ** Significant at the 0.01 probability level.

Table 8. ANOVA table for biomass in 2019.

Ingenio NS40S Ingenio NS40S Ingenio NS40S Ingenio NS40S
df
Source Sum of Squares Mean Square F-Value p-Value

Model 29.53 224.68 15 1.97 14.98 1.32 6.88 0.25 <0.01 **
A 12.23 182.34 3 4.08 60.78 2.73 27.92 0.06 <0.01 **

B 2.26 19.90 3 0.75 6.63 0.51 3.05 0.68 0.04*

AB 15.04 2244 9 1.67 2.49 1.12 1.15 0.38 0.36

Residual 44.77 65.30 30 1.49 2.18

Cor Total 77.51 294.83 47

A—Fall N application and B—Spring N application. * Significant at the 0.05 probability level. ** Significant at the
0.01 probability level.

The contributions of factors on yield and biomass in 2019 are depicted in Figure 5,
which imply specific genotype to environment interaction. Ingenio grain yield was mostly
impacted by the spring N application (42%) followed by the interaction of fall and spring
N treatment (34%), and the least contribution had a fall N application (24%). Conversely,
biomass responded mostly to the fall N treatment (63%) while spring N treatment had
very small contribution (12%). Nevertheless, these results were not statistically significant
according to ANOVA analysis (Table 3). In the case of NS40S, the majority of grain yield and
biomass variations were related to fall N application (>87%), while the spring application
(5-9%) and the interaction of the treatments (4-5%) had a minor contribution to yield
and biomass.
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Figure 5. Contribution of partial variance of the factors (fall N fertilizer application, spring N fertilizer
application) on yield and biomass of the Ingenio and NS40S varieties in 2019.

Figure 6 shows the response of the wheat plants to N fertilizer management concerning
grain yield and biomass production in 2019. The varieties differ significantly in utilizing
the total plant N for grain yield. A chart characterized the impact of fall and spring N
application on the Ingenio cultivar (Figure 6a,c) similarly to previous studies [33], with the
highest yield achieved by applying 60 kg of N per ha in fall and 50 kg of N per ha in spring
fertilization. However, as already mentioned, the contributions of applied fertilizer to the
depicted parameters were not significant, indicating low NUE. With the increase of fall
N rate on the Ingenio plots, a relative improvement was only 8% on grain yield and 11%
on biomass.

Concerning N540S, yield and biomass measurements were affected by the fall basic N
fertilization (80% grain increase; 58% biomass increase) with the rate of 120 kg of N per ha
being the most appropriate (Figure 6a,b). Grain yield production efficiency for NS40S at
different N rates ranged from 44.2 to 62.5 kg kg~ N at the rates of 60 and 120 kg N ha~!,
respectively. Van Sanford et al. [34] also obtained similar results in which they noted N
use efficiency values of 29.3-43.9 and 31.8-48.3 kg kg ! N, respectively. N application in
spring season offered meaningful grain and biomass improvement of NS40S, confirming
the ANOVA results according to which the response to this application was statistically
significant (p = 0.04). Yield and biomass dispersion of NS40S and Ingenio illustrated in
Figure 6¢,d can be associated with internal heterogeneity of genotype thus quantitative
trait variation [35].

3.4. Results from 2020 Study Site

The results from this site-year presented the potential of specific varieties to improve
productive characteristics by applying fall and spring N fertilization in a certain manner as
presented in Tables 9-12.

Table 9. ANOVA table for grain yield in 2020.

Ingenio NS40S Ingenio NS40S  Ingenio NS40S Ingenio NS40S
df

Source Sum of Squares Mean Square F-Value p-Value
Model 30.80 23.85 15 2.05 1.59 3.74 3.54 <0.01**  <0.01**
A 13.02 12.62 3 4.34 421 791 9.37 <0.01*  <0.01**
B 3.61 2.2 3 1.20 0.73 2.19 1.63 0.11 0.20
AB 14.17 9.02 9 1.57 1.00 2.87 2.23 <0.01**  <0.05*
Residual 16.46 13.47 30 0.55 0.45

Cor Total 49.98 45.72 47

A—TFall N application and B—Spring N application. * Significant at the 0.05 probability level. ** Significant at the
0.01 probability level.
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Figure 6. Effects of fall N fertilizer application (a,b) and spring N fertilizer application (c,d) on grain yield and biomass of

Ingenio and NS40S wheat varieties for 2019 growing season. The letters on the graph represent different classes obtained by
ANOVA with p = 0.05 level of significance.

The Ingenio variety was significantly impacted by the fall N treatment, at the p < 0.01
significance level (Table 9). Conversely, the spring N treatment had a significant contribu-
tion only in biomass production (p < 0.05).

Based on the results in Table 10, variability of NS40S grain yield and biomass produc-
tion was only affected by the fall N application showing statistically significant results at

the p < 0.01 significance level.

Table 10. ANOVA table for biomass of N540S in 2020.

Ingenio NS40S Ingenio NS40S Ingenio NS40S  Ingenio NS40S
Source Sum of Squares Mean Square F-Value p-Value
Model 268.85  102.33 15 17.92 6.82 4.24 3.26 <0.01*  <0.01**
A 106.43  52.00 3 35.48 17.33 8.39 8.28 <0.01*  <0.01**
B 38.06 10.34 3 12.69 3.45 3.00 1.66 0.04 * 0.20
AB 124.35 39.98 9 13.82 4.44 3.27 212 <0.01 ** 0.06
Residual 126.87  62.80 30 423 2.09
Cor Total 42443  192.78 47

A—Fall N application and B—Spring N application. * Significant at the 0.05 probability level. ** Significant at the

0.01 probability level.
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Table 11. ANOVA table for grain yield for the three-year time range (2018-2020).

Ingenio NS40S Ingenio NS40S Ingenio NS40S Ingenio NS40S
df

Source Sum of Squares Mean Square F-Value p-Value
Model 68.22 759 23 297 3.3 13.02 14.37 <0.01*  <0.01**
A 58.5 52.52 2 29.25 26.26 128.42 114.36 <0.01*  <0.01**
B 3.92 8.95 3 1.31 2.98 5.73 13 <0.01*  <0.01**
C 2.04 0.8798 3 0.6805 0.2933 2.99 1.28 0.051 0.305
AB 1.49 12.27 6 0.2484 2.04 1.09 89 0.396 <0.01 **
BC 2.28 1.27 9 0.2532 0.1416 1.11 0.6167 0.3919 0.77

Residual 5.47 5.51 24 0.2278 0.2296
Cor Total 73.69 81.41 47

A—Year; B—Fall N application and C—Spring N application. ** Significant at the 0.01 probability level.

Table 12. ANOVA table for biomass for the three-year time range (2018-2020).

Ingenio NS40S Ingenio NS40S Ingenio NS40S Ingenio  NS40S
df

Source Sum of Squares Mean Square F-Value p-Value
Model 83827 56349 23 3645 2449 2844 3262 <001 <00
A 759.33  464.98 2 379.66 232.49 296.26 30956  <0.01% < 9;01
B 30.96 48.24 3 10.32 16.08 8.05 21.41 <0.01*  <0.01**
C 11.65 7.41 3 3.88 247 3.03 3.28 0.049 * 0.04 *
AB 11.73 33.213 6 1.96 5.5 1.53 7.37 0.21 <0.01 **
BC 24.6 9.63 9 2.73 1.07 2.13 1.42 0.067 0.23
Residual 30.76 18.02 24 1.28 0.75

Cor Total 869.02 581.51 47

A—Year; B—Fall N application and C—Spring N application. * Significant at the 0.05 probability level. **
Significant at the 0.01 probability level.

The share of influence of each experimental factor in yield and biomass for the included
wheat varieties examined in 2020 is shown in Figure 7. In general, dominant impact on
grain yield and biomass for the fall N application was in the range between 57% and
71%. Le Gouis et al. [36] reported a nonsignificant influence of variety and interaction
between N rate and genotype on NUE. Fall N treatment was most contributive to NS40S
(71&69%) variety followed by Ingenio (61&57%). Weather conditions in 2020 indicate low
precipitation from March until May (Figure 1) when the N fertilizer was applied, disabling
nitrogen uptake by the plants.
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Figure 7. Contribution of partial variance of the factors on yield and biomass of the Ingenio and
NS40S varieties in 2020.

Tested cultivars were only responsive to fall N application in terms of grain yield and
biomass (Figure 8). Ingenio and NS40S achieved a considerably different yield showing
distinctive response to fall N application. In the study by [36] that included 20 wheat
genotypes on two years trials, genotype x year x N level interactions were not significant.
Significant differences between varieties performance and response to N application were
also confirmed in a previous study [37]. Taking into account fall N application, the NS40S
grain yield was maximized when applying 60 kg of N per ha, even though the Ingenio
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variety required 120 kg of N per ha to reach the maximum yield (Figure 8a). This can be
explained by the fact that Ingenio showed a higher-yielding potential compared to the
NS40S variety. A similar reaction to the N fertilization occurred due to biomass production
(Figure 8b).
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Figure 8. Effects of fall N fertilizer application (a,b) and spring N fertilizer application (c,d) on grain yield and biomass of

Ingenio, NS40S, Futura, and Pobeda wheat varieties for 2020 growing season. The letters on the graph represent different

classes obtained by ANOVA with p = 0.05 level of significance.

3.5. Multiyear Analysis

In the multiyear analysis, the datasets for the two varieties studied throughout all
the three years of trial (2018-2020) were analyzed, widening the insight of the different
factors’ implications on wheat traits (Tables 11 and 12). The calculated Pearson’s correlation
coefficients (rpp18 = 0.85, 12019 = 0.82, 2020 rp020 = 0.84, overall ryyeran = 0.84) between yield
and biomass over the years and treatments coincide with the results of the authors [38].
In this representation, the strong correlation between grain yield and biomass impose
the inference that biomass can be used as an indicator of grain yield responses to N
treatments [39]. Growing season conditions, as well as genotype specificity, appears to
result in a grain to straw ratio. Following the previous discussion on the climate during
the trial period, it is clear that better harmonization of yield and biomass is occurring
under favorable conditions and vice versa. In some cases, genotypes can reach the peak
of vegetative development earlier, shortening the phenological cycle, as we experienced
in the 2019 growing season, which can disturb the uniformity of the plants’ development
over the field/plot.

In terms of the grain yield, a highly significant contribution of year and fall N treatment
were depicted (Table 11; p < 0.01). On the other hand, spring N application did not have any
significant contribution to NS40S grain yield variability, although the Ingenio variety had
statistically remarkable response (p = 0.051). In terms of biomass (Table 12), the dominant
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inducing factors were location and fall N application (p < 0.01), while spring N application
was statistically significant at the p < 0.05 level.

According to the multiyear analysis, the strongest influence on the variability of
yield and biomass for both varieties, was attributed to the specific conditions at each
year (Figure 9). The yield in 2019 was significantly lower, which can be attributed to
unfavorable weather conditions after sowing. The extreme precipitation scarcity that
season, resulted in the late and inadequate emergence of wheat plants with a direct effect
on end-of0season yield. For this particular year, the yield response to N application,
especially for spring application, was higher, as compared to the other two experimental
seasons. This indicates that basic fertilizer N utilization was limited due to the soil moisture
scarcity, making the spring application more responsive. This finding shows several
opportunities for advancement in the field management to make wheat production less
dependent to weather impact. Alcoz et al. [40] reported similar findings and concluded
that applying all N fertilizer preplant vs. split-applied appeared to have a low impact
on yield. Moreover, even though the contribution of N fertilization to yield and biomass
production was considerably low with the inclusion of the year as a factor in the analysis,
it was statistically significant, thus worthy of further investigation. The fall N treatment
had higher contribution compared to spring application.
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Figure 9. Contribution of the factors examined in the study on yield and biomass of Ingenio (a) and NS40S (b) varieties in
the multiyear analysis (2018-2020).

The overall results from the multiyear analysis (Figures 10 and 11) suggested the
existence of various interactions between wheat traits and included factors. The lowest
grain yield and biomass were obtained in 2019, while the highest production was recorded
in 2020 (Figure 10a,b). Generally, the overall N rates and growing seasons, Ingenio cultivar
had 18.1% higher yield and 20.5% higher biomass production per unit of total plant N
compared to NS40S. This could lead to the conclusion of improved soil utilization and
climate adaptation of foreign variety, which include genetics originated from successful
cross-bred cultivars. Looking at the yearly averages from 2018 to 2020, Ingenio and NS40S
had similar variations of grain yield and biomass production (Figure 10), indicating the
significant dependence of non-irrigated winter wheat productivity from weather, regardless
of soil fertility.

In accordance with the analyses from the separate years, the wheat plants from both
cultivars were mostly responsive only to the fall N fertilizer application (Figure 11a,b).
The efficiency significantly dropped when the N application rate changed from 120 to
180 kg N ha~!. The difference in the fall N utilization efficiency for Ingenio was 13% if the
fertilizer application rate increased from 60 (19%) to 180 (6%) kg N ha~!, while for NS40S
it decreased from 24% to 11%. Figure 11a,b illustrates that yield and biomass production
for both cultivars were maximized with fall N inputs lower than 120 kg ha~!. Spring N
application did not offer any significant contribution to yield and biomass production
considering both varieties examined in the study (Figure 11c,d). Wheat varieties did not
respond to supplemented inorganic fertilizer N, possibly due to the high soil mineralization
potential that supplied adequate N, meeting crop demands over the springtime. Similar
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results were achieved by [41]. Spring N treatment provided low NUE for NS40S (only
3% for 50 N kg ha~!; 4%for 100 N kg ha~!; 3% for 150 N kg ha™!). Ingenio showed
higher NUE (19% for 50 N kg ha~!; 11% for 100 N kg ha~!; 9% for 150 N kg ha~!), which
explains its higher yield potential. Therefore, Ingenio was responsive to the spring N
application with the most economic rate at 50 kg ha~!; however, this response was not

statistically significant.
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Figure 10. Effects of seasonal climate circumstances on grain yield (a) and biomass (b) of Ingenio and NS40S wheat varieties.

The letters on the graph represent different classes obtained by ANOVA with p = 0.05 level of significance.
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Figure 11. Effects of fall N fertilizer application (a,b) and spring N fertilizer application (c,d) on grain yield and biomass of

Ingenio, and NS40S wheat varieties for 2018-2020 growing seasons. The letters on the graph represent different classes
obtained by ANOVA with p = 0.05 level of significance.
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4. Conclusions

Arable land in the northern part of Serbia is considerably fertile, providing high yield
potentials for wheat production even with poor fertilizer management. Nevertheless, high
soil organic matter content makes the task of optimization of nitrogen management more
difficult, due to temporal variability of soil nitrogen-releasing activities. In this study, it
was observed that about 85% of seasonal fluctuations of yield and biomass production are
caused by weather conditions. According to a multiyear study, the observed differences
in response to applied nitrogen respecting grain and biomass production, suggest that
foreign imported variety (Ingenio) demonstrated higher sensitivity to spring N fertilizer
than domestic one (NS40S), and vice versa in the case of N fertilizer applied in fall. Fall N
application (up to 120 kg ha~!) procured a reliable positive impact on yield and biomass.

The results do not support a rigid approach to the field practice of application of
N fertilizer over time; hence it must be updated to respect the specifics of the grown
genotypes. The spring N application had a low and unstable impact on wheat performance
over the trial period, distinctive for specific genotype and environment conditions. For
this reason, N fertilizer forms and application methods in the spring must be modified in
such a way as to place or inject fertilizer directly into the soil, but it requires additional
investment in new equipment, which would be the only cost-effective in the case of large
farms. Low spring N utilization by the plants was also due to a relatively long rainfall
absence from the time of spring top-dressing. According to this, the rainfall factor must be
part of a holistic N management strategy on a global scale, although the forecast at the field
level—especially during the spring season in the Vojvodina region—is quite unreliable,
which leaves too much room for uncertainty. On clayey soils, under continental climate
conditions, we suggest that 60-80% of the nitrogen in the form of urea should be applied in
the fall, and the rest of nitrogen in the early spring by banding or dribbling liquid nitrogen
fertilizer on the surface rather than broadcasting.
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