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Abstract: Improvements in nitrogen (N) use efficiency in crop production are important for addressing
the triple challenges of food security, environmental degradation and climate change. The three
fertilizers, calcium ammonium nitrate (CAN), urea (Urea) and stabilized urea (Ureag,p), were applied
at a rate of 160 kg N ha~! with two or three splits to winter wheat (Triticum aestivum L.) in the
Pannonian climate region of eastern Austria. On average, over all fertilization treatments, the grain
yield (GY) increased by about a quarter and the grain N concentration (GNC) doubled compared to
the control without fertilization. Consequently, the grain N yield (NYgran) was increased with N
fertilization by 154%. The GY increased due to a higher grain density with no differences between
N fertilizers but with a tendency of a higher grain yield with three compared to two splits. Three
splits also slightly increased the GNC and consequently the NYgramn of CAN and Ureag,p, in one
year. The removal of N fertilizer with the NYgran (N surplus) was higher than the amount of
applied fertilizer. Fertilization decreased the N use efficiency (NUE), the N uptake efficiency (NUpE)
and the N utilization efficiency (NUtE) but increased the soil mineral nitrate (NO3-N) at harvest
and the apparent N loss (ANL). Three compared to two applications resulted in a higher NO3-N
at harvest but also a lower N surplus due to partly higher NYgrain. Consequently, the ANL was
lower with three compared to two splits. Also, the NUpE and the apparent N recovery efficiency
(ANRE) were higher with three splits. The best N treatment regarding highest above-ground biomass
yield with lowest N surplus, N balance and ANL was the three-split treatment (50 CAN, 50 CAN,
60 liquid urea ammonium nitrate). Three splits can, under semi-arid conditions, be beneficial when
aiming high-quality wheat for bread-making and also for reducing the N loss. Whereas, two splits
are recommended when aiming only at high GY, e.g., for ethanol-wheat production.

Keywords: winter wheat; mineral N fertilizer; N splitting; crop yield; N yield; apparent N loss;
N use efficiency

1. Introduction

Nitrogen (N) is a major driver in crop production, but too much nitrogen is harmful for the
ecosystems and potentially also to human health [1]. Nitrogen management in agriculture aims to
achieve agronomic objectives (farm income, high crop and livestock productivity) and environmental
objectives (minimal N losses) simultaneously. Nitrogen use efficiency (NUE) and their components are
indirect measurements of the sustainability of cereals production systems [2—4]. Improving the NUE,
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especially the fraction of N input harvested as product, is one of the most effective means of increasing
crop productivity while decreasing environmental degradation [5]. In the global analysis of cropping
systems (also including mixed crop-livestock production systems, which use manure N) using the
FAO (Food and Agriculture Organization of the United Nations) database, Zhang et al. [5] reported a
N output-input ratio (the fraction of N input harvested as product) of 0.42 kg harvest N kg™! input
N, and for Europe, 0.52 kg harvest N kg~! input N. The global target annual output-input ratio of N
for 2050, using FAO projections for food demand and the allowable N pollution, was calculated with
0.67 kg harvest N kg~! input N, and for Europe, 0.75 kg harvest N kg~! input N.

Nitrogen fertilization is increasing grain yield (GY) and grain quality (protein concentration)
of wheat [6]. But, fertilizer production energy is also the highest portion of the energy input in
arable farming, even ahead of soil tillage [7]. The amount of fertilizer and the fertilizing strategy are
influencing the energy efficiency, as shown for maize [8] and wheat [7]. An efficient N use is therefore
a key indicator in sustainable plant production. Basically, there are two primary efficiency aspects:
N fertilizer efficiency and crop N efficiency. N fertilizer efficiency is the fraction of applied fertilizer
N that is recovered in the crop [2]. Crop N efficiency can be partitioned into the capture of N by
roots (N uptake efficiency (NUpE) = crop N uptake/N available) and its conversion to grain by shoots
(N utilization efficiency (NUtE) = GY/crop N uptake) [9]. NUpE is a breeding goal for wheat, whereas
there was no need in breeding independently for increasing the NUtE because this automatically went
up with improved yield [10]. New varieties encouraged excessive use of fertilizer with consequences
for the environment which have become all too apparent according to Barraclough et al. [2], who
described four key variables determining N efficiency in a wheat crop—GY, grain N concentration
(GNCQ), N yield of the above-ground biomass (NY sgp) and nitrogen harvest index (NHI), which are
ultimately constrained by the law of conservation of matter. Improving the NUE at a given N uptake
and NHI can only be achieved at the expense of GNC. A high GY with a high grain quality (i.e., a high
GNC) requires a high input and uptake of nitrogen. A comparison of high-yielding European hybrid
vs. line cultivars of winter wheat showed on average a higher GY but a lower GNC, mainly due to
higher harvest index for hybrid cultivars compared to line cultivars. The current wheat hybrids seem
to be more efficient in overall N use because they are better converting comparable amounts of N taken
up into grain biomass, thus they have a higher NUtE [11].

Besides genotype, the N fertilization management also determines the N efficiency in plant
production [3,12,13]. The N management variables are amount of fertilized N, the source of N fertilizer
(organic N, inorganic N: nitrate N, ammonium N, carbamide N), splitting (one, two or three doses)
and timing of application.

N efficiency can be improved by matching N applications to crop N demand throughout the
growing season by applying N in several smaller doses at periods of high N demand during rapid crop
growth [6,14]. Many studies (e.g., References [14,15]) showed an increase of GY and N efficiency and a
reduction of N losses through splitting of applied N fertilizer. A split application reduces lodging and
N losses by leaching as N application and N uptake can be balanced both in time and amount [16].
Other research [17-19] indicates that weather conditions and total N supply are more important for
yield and crude protein contents in cereals than splitting and the timing of applications. The effect of N
splitting is small, if the total amount of N is sufficient [20] and the last N application cannot be taken up
efficiently by the plants, particularly under dry weather conditions in May and June during the heading
stage [21]. Especially under climate conditions with dry periods, N fertilization is more challenging.

Studies on efficiency of N fertilization were often carried out in wet climate regions, with the aim
of mitigating environmental pollution (N leaching, gaseous emission of ammonia and nitrous oxide).
There is a lack of studies on N fertilizer efficiency under climate conditions of the Pannonian region
(Eastern part of Austria, Hungary, parts of Slovakia, the Czech Republic, Romania, Serbia, Croatia
and the Ukraine). The aim of this study was therefore to quantify the effect of N fertilizer (calcium
ammonium nitrate, urea, stabilized urea, incorporated urea, liquid urea ammonium nitrate) applied in
various doses and phases of plant growth (tillering, stem elongation and ear emergence) on (i) crop
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yield and yield components, (ii) plant N concentrations and N yield, (iii) N balance and apparent N
loss and (iv) different N efficiency parameters of winter wheat under Pannonian climate conditions.

2. Materials and Methods

2.1. Experimental Site and Climatic Conditions

A two-year experiment was performed in the growing seasons 2016/2017 (2017) to 2017/2018 (2018)
at the Experimental Station of the University of Natural Resources and Life Sciences, Vienna (BOKU),
in Grof3-Enzersdorf (48°11’59.13” N, 16°33’42.45” E, 154 m elevation). The field site was located in the
east of Vienna (Austria) on the edge of the Marchfeld plain, which is an important crop production
region in the north-western part of the Pannonian Basin. The region is in the transition zone between
the semi-humid Western-European climate and the continental East-European one. According to the
phytogeographical and climatological aspect, Marchfeld is part of the Pannonicum, with high levels of
sunshine, high average temperature during the growing period and low precipitation. The silt loam
soil (pHcqcy,: 7.6, soil organic carbon: 16.3 g kg_l) is classified as a Calcaric Chernozem of alluvial
origin [22]. The Pannonian climate area is characterized by hot summers with low rainfall and cold
winters with little snow. The mean annual temperature is 10.8 °C, the mean annual precipitation is 568
mm (1994-2018; [23]). Long-term precipitation pattern shows that most rainfall occurs from May to
September, with monthly values above 60 mm and with the highest rainfall in July (76 mm). The mean
monthly temperature and mean total precipitation during the growing season of winter wheat from
October to June are shown in Table 1. Long-term average temperature and precipitation during the
growing season of winter wheat (from October until June) were 8.0 °C and 361 mm (1994-2018).
The deviations in the growing season of the experimental years were 0.0 °C and —48 mm (2016/2017)
and +1.1 °C and +10 mm (2017/2018). The growing season of 2017 was thereby dryer and the growing
season of 2018 was warmer than the long-term average. Due to a high rainfall deficiency in the year
2017 (Table 1), a supplemental irrigation with 30 mm of water was performed on the 23 May.

Table 1. Long-term average monthly temperature and precipitation (1994-2018) and deviations during
the growing seasons 2017 und 2018 (weather station: Grof3-Enzersdorf).

Temperature (°C) Precipitation (mm)

1994-2018 2017 2018 1994-2018 20171 2018

October 10.4 -0.8 +1.7 39 +25 +13
November 5.8 -1.0 +04 33 +3 -2
December 1.2 -0.4 +1.7 30 -17 -3
January 0.3 —4.1 +3.6 27 -15 +7
February 2.0 +0.9 -29 22 +1 -3
March 5.7 +3.2 -24 35 -6 +5
April 11.2 -1.2 +4.1 41 +14 -28
May 16.0 +0.5 +2.5 63 -18 +18
June 19.5 +2.5 +1.6 71 -35 +3

1 A supplemental irrigation with 30 mm of water was performed on 23 May 2017.

2.2. Experimental Design and Management

The experiment was arranged in a randomized complete block design with three replications.
Plot size was 18 m? (6 x 3 m). Treatments consisted of nine N fertilization variants with a total N
application of 160 kg ha~! and an unfertilized control (Table 2). The three nitrogen fertilizers, calcium
ammonium nitrate (CAN), urea (Urea) and stabilized urea (Ureagtyp ), were compared with two different
fertilization regimes, giving the full N doses in either two splits (at tillering and stem elongation) or in
three splits (at tillering, stem elongation and ear emergence) in an orthogonal matrix. An additional
three N treatments were tested: Ureag,p,, where the full dose was given at the first split, incorporated
urea (Ureajncorp), With harrowing between plant rows after the first split of 100 kg N ha~! and 60 kg
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N ha~! at the second split without harrowing, and CAN + liquid urea ammonium nitrate (CAN +
UANjiquid), with CAN given at the first two splits and UANjjquiq at the third. Urea-based fertilizers are
susceptible to N losses through volatilization, denitrification and leaching, but nitrogen stabilizers
(urease and nitrification inhibitors) can improve its efficiency [24]. We used in our study a stabilized
urea (46% N), where a nitrification inhibitor decelerates the nitrification of ammonium-N to nitrate-N
(Table 2).

Table 2. Fertilizer types and splitting regimes with growth stages (BBCH [Biologische Bundesanstalt,
Bundessortenamt and CHemical industry] -code according to Witzenberger et al. [25]) at the
application dates.

Percentage of

Type of N N in th Fertilization Dose of Fertilizer in the Plant Development Stage
Fertilizer F 1n the Schedule (kg N ha™1)
ertilizer
Splits First split Second split © Third split 7
Growth stage Tillering Stem elongation Ear emergence
(BBCH 22/23) BBCH 31/32) (BBCH 52)
Control (NO) - 0:0:0 0 0 0
CAN'! 27 50:50:60 50 50 60
CAN 27 100:60:0 100 60 0
Urea 46 50:50:60 50 50 60
Urea 46 100:60:0 100 60 0
Ureag,p, 2 46 50:50:60 50 50 60
Ureagtab 46 100:60:0 100 60 0
Ureagtap 46 160:0:0 160 0 0
Ureaincorp 8 46 100:60:0 100 (Ureajncorp) 60 0
CAN+UANjiqui * 27/32 50:50:60 50 (CAN) 50 (CAN) 60 (UANjiquia)

1 Calcium ammonium nitrate (27% N), 2 Stabilized urea (46% N) with nitrification-inhibitor (DCD—Dicyandiamid
and 1 H-1,24 Triazol)—Alzon®, 3 Incorporated urea, 4 Liquid urea ammonium nitrate (8.0% nitrate N, 8.0%
ammonium N, 16.0% N carbamide), 5 9 March 2017 or 23 March 2018, ¢ 25 April 2017 or 27 April 2018, 723 May
2017 or 24 May 2018.

No potassium, phosphorus, magnesium and sulfur fertilization were carried out, because these
nutrients were sufficiently plant-available according to former soil analysis.

The winter wheat cultivar Bernstein (quality bread wheat without awns) was sown on the
20 October 2016 and on the 17 October 2017 with a disc seed drill (row distance: 12.5 cm, seeding
depth: 3—4 cm) with 340 germinable seeds m~2. Pre-crop was spring barley. Plants were sprayed
against weeds in one pass-over (130 g ha™! of Broadway®; active ingredients: Florasulam—22.8 g kg~!,
Pyroxsulam—68.3 g kg~! and Cloquintocet—68.3 g kg~!) in mid-April of each year.

2.3. Plant and Soil Sampling and Measurements

Harvest was done at physiological maturity manually on 1 m? from the center of each plot on
5 July 2017 and on 27 June 2018. The yield of above-ground biomass (Y agp) and the yields of grain
(GY) and straw (SY) are given at 14% moisture. The ear density (ED, ears m~2) was counted and
the thousand kernel weight (TKW) was determined with a seed counter (Condator, Pfeuffer GmbH,
Kitzingen, Germany). Thereof, the grains ear!, the grain density (GD, grains m~2) and the single ear
yield (SEY, g) were calculated.

Soil samples for analyzing soil nitrate (NO3-N) were taken with a soil auger to a depth of 0.9 m,
separated into the soil horizons of 0-30, 30-60 and 60-90 cm at start of the growing season in spring
(9 March 2017 and 23 March 2018) and at harvest. For each plot, a composite sample consisting of four
sub-samples was taken. Soil samples were deep-frozen immediately after sampling. For analyzing
NOs-N, the soil samples were extracted with 0.01 mol L~} CaCl, solution using a soil extraction ratio
of 1:4 (w:v) for 30 min (shaking frequency 180 min~') using an over-head shaker. The extracts were
filtrated and analyzed with a photometric flow analyzer (FIAstar™ 5000 Analyzer, FOSS, Hogandés,
Sweden) [26].
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The nitrogen concentrations of grain (GNC) and straw (SNC) were determined by oxidative
combustions of the samples followed by reduction of nitrogen oxide to elementary nitrogen and
detection with thermo-conductivity detector according Dumas [27] using an elemental analyzer (vario
MAX cube CNS, Elementar Analysensysteme GmbH, Germany).

2.4. Calculations

The harvest index (HI) was calculated using Equation (1):

HI (%) = YiZB x 100. 1)

where GY or Yagp are dry yields of grain or above-ground biomass (kg ha™').
Grain N yield (NYgrain) and straw N yield (NYstraw) were calculated using Equations (2) and
(3) according to Liu et al. [13]:

GY x GNC
-1 _
NYcram (kg ha™) = 0 )
SY x SNC
-1 _
NYsrraw (kgha™!) = ST ©)

where GY and SY are dry grain and straw yields (kg ha~!) and GNC and SNC are the N concentrations
(%) in grain and straw. The N yield in the above-ground biomass (NYgp) and N harvest index (NHI)
were calculated using Equations (4) and (5):

NYcs (kg ha™) = NYcra + NYstraw (4)
NYGram

NHI (%) = ————— x 100 5

(%) NYags ©®)

The N surplus (Equation (6)) or the N balance (Equation (7)) were calculated as the difference of the
fertilized N (Nggrr, kg ha™!) minus the NYgram or NYagp according to Hartmann et al. [28]. These
simple balance calculations do not include the gaseous losses as well as the atmospheric deposition
of N.

N surplus (kg ha_l) = NFERT - NYGRAIN (6)

N balance (kg ha_l) = Nperr —NYacs @)

The apparent net N mineralization (ANM) of the control was calculated as the difference between
N recovered at harvest (sum of NYgp and NO3-Ngnp) and N supplied (NO3-NgtarT) using Equation
(8) according to Cui et al. [29] and Hartmann et al. [28]:

ANM (kg ha™) = NYagp + NO3-Ngxp — NO3-Nstarr (8)

where NO3-Ngnp or NO3-Ngragt are the soil mineral nitrate contents at harvest or at the start of the
growing season in spring in a depth of 0-90 cm. The NO;3-N (0-90 cm) at the start of the growing
season was, in 2017 significantly higher than in 2018, with no differences between plots (Table 3).
The ANM in the control differed between years, with a lower value in 2017 (with 15.9 kg ha~!), which
was the drier year, than in 2018 with 44.6 kg ha™!.
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Table 3. Above-ground biomass yield (Y agp), grain yield (GY), straw yield (SY), harvest index (HI),
ear density (ED), grains ear~!, thousand kernel weight (TKW), grain density (GD) and single ear yield
(SEY) depending on fertilizer treatment and year.

o N Yacs GY SY HI ED Grains TKW GD SEY
N Fertilizer Splitting
(kgha!) (kghal) (kgha™) (%) (m=2) (ear)) (g) (m~2) (g)
Control 10,236 26 4604 2 5632 447 380 36.3 359 13,0132 1.27
CAN'! 50:50:60 12,900 b 5855 ab 7045 45.0 431 39.0 35.8 16,711 " 1.37
CAN 100:60:0 12,267 5354 ab 6913 44.0 428 36.8 35.9 15,586 P 1.26
Urea 50:50:60 12,518 P 6052 b 6466 48.1 424 39.0 38.1 16,325 1.43
Urea 100:60:0 12,762 P 5786 2 6976 45.0 439 38.0 35.8 16,777 ® 1.32
Ureagg,p 2 50:50:60 12,713 6236 6476 49.4 425 41.8 36.0 17,858 b 1.47
Ureaggb 100:60:0 12,516 P 5971b 6545 48.0 452 38.5 35.2 17,355 b 1.33
Ureagp, 160:0:0 12,846 P 5375 ab 7471 45.0 432 34.0 370 1497236 122
Ureaincorp 100:60:0 12,516 P 5699 ab 6817 45.6 430 38.8 34.9 16,818 P 1.32
CAN + UANjiquig *  50:50:60 13,761 P 5897 ab 7864 425 449 38.3 35.6 17,051 b 1.32
Year
2017 14,194 b 6818 P 7376 4830 430 490 3262 20948b  159P
2018 10,813 2 45472 6265 2 4242 428 2712  395b 115452 1072
ANOVA 5
N treatment (N) * * ns. ns. ns. ns. ns. i ns.
Year (Y) R R EEd Rl n.s. EEd EEad EEsd EEd
NxY ns. 7 n.s. n.s. * n.s. n.s. n.s. n.s. *

1 Calcium ammonium nitrate, 2 Urea with nitrification inhibitor, 3 Incorporated Urea, 4 Liquid urea ammonium
nitrate, > Analysis of variance, ¢ Different letters indicate significant differences. Significant effects: p < 0.05 (*) and
p < 0.001 (***),7 Not significant.

The supplied N (Nsypp), which is the total N supply through both fertilizer and N from the soil,
was calculated using Equation (9):

Nsurp (kg ha_l) = Nggrr + NO3-Nstarr + ANM )

The apparent N loss (ANL) was calculated as the difference between the total N in the soil-plant
system at harvest and the Ngypp using Equation (10) according to Hartmann et al. [28]:

ANL (kg ha_l) = NYagg + NOs3-NgnD — Ngupp (10)

The N use efficiency (NUE) gives the amount of grain which is produced by the Ngypp. It was
calculated using Equation (11) according to Barraclough et al. [2]:

GY
-1 _
NUE (kg kg™) = N (11)

The N uptake efficiency (NUpE) was calculated using Equation (12) according to Barraclough
etal. [2]:
NY
NUpE (%) = —258 %100 (12)
Nsupp

The agronomic N efficiency (ANE) is defined as the increase of GY per unit nitrogen applied and
was calculated using Equation (13) according to Yang et al. [3] and Tian et al. [12]:

(GYperr — GYcontrOL)
Nrgrr

ANE (kg kg™') = (13)
where GYFERT or GYCONTROL are the GY in N treatments or the control.

The apparent N recovery efficiency (ANRE) of the applied N was calculated using Equation (14)
according to Tian et al. [12] and Liu et al. [14]:

NYacp- — NYagp-
ANRE (%) = ( AGB-FERT NFERTAGB CONTROL) %100 (14)
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where NYAGB-FERT or NYAGB-CONTROL are the NYAGB (kg ha—1) of the fertilized treatments or
the control. A precise method to measure the fertilizer N recovery efficiency is by labelling the fertilizer
with 15N to differentiate fertilizer N from the indigenous soil N [2]. The apparent N recovery efficiency
is an easier approach but the recovery of the applied N in the fertilized treatments is just ‘apparent’ as
the amount of fertilization is also affecting mineralization, and thereby, the difference in the N uptake
of the fertilized and the control treatments might not be solely explained by N fertilization. Grain N
utilization efficiency (NUtE) was calculated using Equation (15) according to Barraclough et al. [2]:

GY
_1 o
NUtE (kgkg™!) = Yoo (15)

2.5. Statistical Analysis

Statistical analyses were conducted using IBM®SPSS®Statistics 21. The requirements for
analysis of variance (ANOVA) were tested with the Levene test for homogeneity of variances and
the Shapiro-Wilk test for normal distribution of residuals. ANOVA tests were carried out to detect
growing season (year) and N treatment effects using a general linear model. Multiple comparisons to
separate means were carried out with the Student-Newman-Keuls test (p < 0.05). For testing the split
effect, the orthogonal dataset was used (i.e., two and three splits of CAN, Urea and Ureastab).

3. Results

3.1. Crop Yields and Yield Components

The means for crop yields, HI and yield components (over all fertilization treatments and both
years) were: Ycp—12,504 kg ha~!, GY—5683 kg ha™!, SY—6821 kg ha~!, HI—45.3%, ED—429 m~2,
grains ear '—38.1, TKW—36.0 g, GD—16,247 m~2? and SEY—1.33 g (Table 3).

The Yagp in all N fertilized treatments was higher than in the unfertilized control (by a mean of
+24.9% over both years) with no differences between N fertilization treatments.

The GY was highest with Ureag,p (50:50:60), Ureagt,p (100:60:0) and Urea (50:50:60), and lowest
for the control with other treatments showing intermediate values. The GY of N fertilized treatments
was +23.4% higher than that of the control (mean over all N fertilization treatments and both years).
Splitting of CAN, Ureagt,}, and Urea three times (50:50:60) resulted in an increase in GY of 344 kg ha™!
compared to two splits (100:60:0) (6048 vs. 5704 kg ha~!, means over fertilizers and years, p = 0.099,
not significant (n.s.)).

The SY did not differ between treatments and also not between years. The SY of N fertilized
treatments was +23.4% higher than that of the control (mean over all N fertilization treatments and
both years).

There was a significant N fertilization X year interaction for the HI (Table 4). In 2017, the HI was
highest in the control and lowest in CAN 100:60:0, Urea 100:60:0 and Ureajncorp 100:60:0, with other
treatments showing intermediate values. Whereas in 2018, it was highest in Ureag,p 50:50:60 and
Ureagt,p, 100:60:0, and lowest in the control. The HI did not differ between the splitting regimes of the
individual fertilizers in 2017. Whereas in 2018, applying the fertilizers just once (160:0:0) significantly
reduced the HI of Ureag,}, compared to two- and three-times applications, and two applications of Urea
also tended to cause a lower HI than three applications (n.s.). The HI was higher for some fertilization
treatments in 2017 than in 2018.
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Table 4. Harvest index (HI), single ear yield (SEY), grain N yield (NYgra), N harvest index (NHI), N surplus, N use efficiency (NUE) and N utilization efficiency

(NULE) as affected by N treatment X year.

N Fertilizer N Splitting HI SEY NYGraIN NHI N Surplus NUE NUE
(%) (kg ha™1) (%) (kg ha™1) (kg grain kg~1 Ngypp) (kg grain kg~ NYagp)
2017 2018 2017 2018 2017 2018 2017 2018 2017 2018 2017 2018 2017 2018
Control 54.7¢6 3442 1.78 0.772 63.82 4152 91.3b 7152 63.82  —4152 747 409¢ 86.7 d 56.0
CAN! 50:50:60 4833bc  417abe  pggabc g o7bed  qgppde  1262cd  g7pab  gp3ed  _gebc  33gbc 2822 19.9 ab 36.7 abe 30.7 abe
CAN 100:60:0 4232 443bbed g g4gab jpgbed 372D qpg4cd 8402 79.0bc 2884 356bc 2472 19.6 2P 39.7 abe 29.12
Urea 50:50:60 50.7bc  46.0bcd 1.69bc 1184 1634cde  1pp6c°d g93ab  g49cd —34¢  334bc 2872 21.6 2P 39.1 abe 33.4 abc
Urea 100:60:0 51.3 be 38.32b 1.59abc 1 04bed  q479bed  1099c¢  ggpab 7312 127 50.1°¢ 28.82 19.2 ab 4.8 be 29.52b
Ureagyap, 2 50:50:60 48,0 abe 50.7 4 1.6723¢  127d 172.5¢ 13554 8772  865¢  —125bc  245b 28.52 2132 37.4 abe 32.9 abe
Ureaggap 100:60:0 46.0 20 50.0 4 14920 116bd  1404P 1257 g7pab  g53¢ 19.69  34.3bc 2652 229P 41.2 abe 36.5 be
Ureagap 160:0:0 47,0 abe 3502 1502  (.9472b 138.8 P 826" 86.0 2P 71.02 2124 77.4 ¢ 29.23 15.02 43.3¢ 32.2.abc
Ureajncorp ° 100:60:0 447 b 470 1.442 1.20 <4 146.1 be 107.9 ¢ 8272  8p9bed 139 52.1¢ 23.72 21.02b 35.9 ab 38.0¢
CAN + UANjjquig * 50:50:60 48.3 abe 3632 1642 1002  1835° 1194 8472 7553 _p35b  406bc 2892 18.7 ab 3432 2752
LSD® 7.8 0.23 20.2 6.0 20.2 6.6 7.3

1 Calcium ammonium nitrate, 2 Urea with nitrification inhibitor, 3 Incorporated Urea, 4 Liquid urea ammonium nitrate, 5 The least significant difference (LSD) is separating means of N
treatment X year interactions. 6 Different letters indicate significant differences (p < 0.05) within years, Nsypp = supplied N, NYacp = N yield of above-ground biomass.
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The ED did not differ between treatments and between years. Anyhow, it was +14.3% higher in N
fertilized treatments compared to the control (mean over all N fertilization treatments and both years).

The number of grains ear~! did not differ between fertilization treatments and between years, but
the control had the second lowest value after Ureag,p, (100:60:0) (n.s.). The TKW did not differ between
fertilization treatments.

The GD was lower in the control than in the N fertilized treatments, except for Ureag,p, (100:60:0),
which showed intermediate values. The N fertilized treatments, except for Ureagt,}, (100:60:0), had a
GD of about 30% higher than the control (mean of both years).

There was a significant N fertilization X year interaction for the SEY (Table 4). In 2017, the SEY
was highest in the control and lowest with Ureaincorp, With other treatments showing intermediate
values. Whereas in 2018, the SEY was lowest in the control and highest with Ureag,p 50:50:60, with all
fertilized treatments except Ureag,p, 160:0:0 and CAN + UANiiquid showing higher values than the
control. The SEY was higher in all treatments in 2017 than in 2018. Splitting of individual fertilizers
tended to decrease the SEY with all fertilizers in 2017 and with Urea in 2018 (n.s.), and significantly
decreased the SEY with Ureag,}, from three to one split in 2018.

On average over all treatments, yield and all yield components except for ED and TKW were
higher in 2017 than in 2018: Y gp—+3382 kg ha™! (=31%), GY—+2271 kg ha™! (=50%), SY—+1111 kg
ha™! (=18%), HI—+5.9% (=14%), grains ear '—+21.9 (=81%), GD—+9403 m~2 (=82%) and SEY—+0.52
g (=49%). The ED did not differ between the years. The TKW was +6.9 g (=21%) higher in 2018 than
in 2017.

3.2. N Concentration, N Yield and N Harvest Index

The means for N concentration, N yield and NHI (over all treatments and both years) were:
GNC—2.62%, SNC—0.43%, NYGrain—127.7 kg N ha™!, NYgrraw—25.6 kg N ha=!, NYAgp—153.3 kg
N ha~! and NHI—82.9% (Table 5).

Table 5. N concentration, N yield and N harvest index depending on fertilizer treatment and year.

N Treatment N Splitting N Concentration N Yield NHI
GNC SNC NYGraiIN  NYsTrRAW NYacs
(%) (kg ha™1) (%)
Control 1.3726 0.232 52.62 11.72 6432 81.4
CAN'! 50:50:60 2.94cd 0.44° 146.4 <d 26.1°P 172.5¢<d 84.7
CAN 100:60:0 2.85¢d 0.52P 127.8 be 29.7b 157.5 bed 81.5
Urea 50:50:60 2.82¢d 0.39P 145.0 <d 2143 166.4 bed 87.1
Urea 100:60:0 2.67 bed 050 128.9 be 305P 159.4 bed 80.6
Ureaggp 2 50:50:60 291¢cd 0.42° 154.0 4 22.43b 176.4 <4 87.1
Ureagap 100:60:0 2.61be 0.39P 133.1 bed 21.52b 154.6 be 86.2
Ureagap 160:0:0 2440 0.45P 110.7° 28.2° 138.9P 78.5
Ureancorp ° 100:60:0 2.61bc 0.48P 127.0 be 28.6P 155.6 b¢ 81.8
CAN + UANjiquig * 50:50:60 3.03¢ 053" 151.4 < 357 187.1¢ 80.1
Year
2017 2472 0.352 1454 23,02 168.5P 86.7P
2018 2.78 P 0.52P 110.02 28.1°P 138.12 79.02
ANOVA 5
N treatment (N) Ex R R SN Lt n.s'
Year (Y) Kok EE et L Kok s
NxY ns.”’ n.s. * n.s. n.s. **

1 Calcium ammonium nitrate, 2 Urea with nitrification inhibitor, 3 Incorporated Urea, 4 Liquid urea ammonium
nitrate, > Analysis of variance, ¢ Different letters indicate significant differences. Significant effects: p < 0.05 (*),
p < 0.01 (**) and p < 0.001 (***), 7 Not significant. GNC = N concentration of grain, SNC = N concentration of
staw, NYgrain = grain N yield, NYsrraw = straw N yield, NYgp = N yield of above-ground biomass, NHI = N
harvest index.

The GNC was +102% (mean over both years) higher in all N fertilized treatments than in the
control. The highest value was observed with CAN + UANjjquid, with +122% (mean over both years)
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compared to the control. The GNC was affected by splitting individual fertilizers as follows: CAN and
Urea—no differences between three and two splits, and Ureag,,—higher values with three compared to
one split, with two splits showing intermediate values. The lowest GNC of the N fertilized treatments
was found with Ureag,, 160:0:0.

The SNC was +104% (mean over both years) higher in all N fertilized treatments than in the
control, with no differences between N treatments. The GNC and SNC did not differ between three or
two splits for CAN, Urea or Ureag,p. The GNC was 13% higher and the SNC 49% higher in 2018 than
in 2017.

The NYGran was +154% (mean over both years) higher in the N fertilized treatments than
in the control. There was a significant N fertilization X year interaction for the NYgram (Table 4).
All fertilized treatments had a significantly higher uptake than the control. Splitting of individual
fertilizers significantly increased the NYgram from two to three splits of CAN in 2017 but not in
2018. No significant differences but higher values with three than two splits were observed for Urea.
Whereas, the NYgran with Ureagyp increased from one and two splits to three splits in 2017 and one
to three splits in 2018. The highest NYgramn was obtained by CAN+UAN|jquig in 2017 and by Ureagtap,
50:50:60 in 2018. The NYGran was higher in 2017 than in 2018 in all treatments.

The NYstraw was +132% (mean over both years) higher in all N fertilized treatments than
in the control. It was higher with N fertilization than in the control, except for Ureag,p, (50:50:60),
Ureag;,p (100:60:0) and Urea (50:50:60), which showed intermediate values. The NYgrraw of individual
fertilizers did not differ between the splitting regimes. The NYsrraw was 22% higher in 2018 than
in 2017.

The NY5gp was +154% (mean over both years) higher in all N fertilized treatments than in the
control. The highest value was observed for CAN + UANjjquia- The NYgp was affected by splitting
individual fertilizers as follows: CAN and Urea—no differences between three and two splits and
Ureagp—higher values with three compared to one split, with two splits showing intermediate values.
The NYcp was 20% higher in 2017 than in 2018.

There was a significant N fertilization X year interaction for the NHI (Table 4). It was highest in
2017 in the control and lowest with Ureaincorp, the other treatments showed generally intermediate
values. In 2018, the NHI was lowest in the control and highest in Ureagt,p, (50:50:60). In 2017, splitting
of individual fertilizers caused no differences of the NHI. Whereas in 2018, the NHI of Urea was
significantly lower with two than with three splits and of Ureag,p, with one than with two and three
splits. The NHI was higher in 2017 than in 2018 except for the control, CAN + UANjiquid, Ureastap
(160:0:0) and Urea (100:60:0).

3.3. N Surplus, N Balance, Soil Mineral Nitrate and Apparent N Loss

The means for N surplus, N balance, NO3;-N and ANL (over all treatments and both years) were:
N surplus—16.3 kg N ha~!, N balance—-9.3 kg N ha~!, NO3-N at the start of the growing season in
spring—54.0 kg N ha™!, NO3-N at the end of the growing season—31.5 kg N ha~! and ANL—48.3 kg
ha~! (Table 6).

The N surplus was between 6.0 kg N ha! for Ureagp (50:50:60) and 49.3 kg N ha~! for Ureagap
(160:0:0). Consequently, all values of fertilized treatments were positive. The N balance was between
-27.1kg N ha~! for CAN + UANiiguid (50:50:60) and 21.1 kg N ha™! for Ureag,, (160:0:0), with negative
values for all treatments, where the fertilizers were applied in three splits. The mean N surplus or N
balance were, in all N fertilized treatments, at 24.0 kg N ha™! or at 3.1 kg N ha~!, and were thereby
146% or 95% higher than in the control (means over both years). The N surplus and N balance were, in
2018, 25% or 124% higher than in 2017. The three doses application regime (50:60:60) of CAN, Urea and
Ureagt,p resulted in a 18.6 kg N ha~! lower N surplus than the two doses application regime (100:60:0)
(11.5vs. 30.1 kg N ha~!, means over fertilizers and years, p < 0.001). The N balance was, in the three
doses application, 14.7 kg N ha™! lower than in the two doses application (-11.8 vs. 2.9 kg N ha™},
means over fertilizers and years, p = 0.024).
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Table 6. N surplus, N balance, soil mineral nitrate and apparent N loss (ANL) depending on fertilizer
treatment and year.

N Treatment N Splitting N Surplus Balance Soil NO3-N ANL
Initial At At At At
(0-90 Harvest Harvest Harvest Harvest
(0-30 (30-60  (60-90 (0-90
cm)
cm) cm) cm) cm)
_ (k _ _
(kg ha™1) haﬁ) (kg ha1) (kg ha1)
Control -52.626 6432 49.7 862 392 3.02 15.62 -
CAN! 50:50:60 13.6 b¢ —12.6b¢ 52.2 33.1°¢ 5.6 b 394ab 426P —273¢d
CAN 100:60:0 32.2¢d 25 53.1 2243 g5ab 4.4 33.32b —50.7 abed
Urea 50:50:60 15.0 be —6.4 bed 49.6 2293 57ab 42 ab 32.92b —40.6 bed
Urea 100:60:0 311 0.7 bed 48.6 17.9ac  gpab 3.94ab 27.8ab  _5] gabed
Ureaggp 2 50:50:60 6.0P —16.4bc 59.4 26.6 b¢ 5.2ab 35a 35.2b —38.0 bed
Ureagyap 100:60:0 26.9 bed 55 52.2 1813  55ab 5.0P 28.6 20 —59.3 abe
Ureaggap 160:0:0 4934 2114 55.7 14.2 2 5.6 b 4.109b 23.82b -83.32
Ureaincorp > 100:60:0 33.0¢d 45 65.0 18.1 abe 8.4b 53b 316 —-68.1%
CAN + UANjquiq *  50:50:60 8.6b¢ -271% 543 327¢ 4%  43% 435D -1404
Year
2017 —-142 —2452  750Pb 23.7 55 334 325 —49.6°
2018 340b +59P 33,02 19.2 6.3 5.0P 30.5 -86.62
ANOVA 5
N treatment (N) wrt i n.s. ** * * * i
Year (Y) b e *xx ns. n.s. * ns. *xx
NxY * ns.”’ ns. ns. ns. ns. ns. ns.

1 Calcium ammonium nitrate, 2 Urea with nitrification inhibitor, 3 Incorporated Urea, 4 Liquid urea ammonium
nitrate, ° Analysis of variance, 6 Different letters indicate significant differences. Significant effects: p < 0.05 (*),
p <0.01 (**) and p < 0.001 (***), 7 Not significant. ! Urea with nitrification inhibitor, ? Different letters indicate
significant differences. Significant effects: p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***).

The NO3-N (0-90 cm) at the end of the growing season was highest in CAN (50:50:60) and CAN +
UAN]iquid and lowest in the control, with other treatments showing intermediate values. There were
no differences between the years. The NO3-N (0-90 cm) of N fertilized treatments was +113% higher
than that of the control (mean over all N fertilization treatments and both years). Three compared to
two splits of CAN, Urea and Ureagt,, resulted in higher NO3-N content in 0-90 cm (36.9 kg ha! vs.
29.9 kg ha™!, means over fertilizers and years, p = 0.080, n.s.) and in 0-60 cm (33.0 kg ha™! vs. 25.5 kg
ha! (p = 0.047).

The NOs-N at the end of the growing season was significantly influenced by the treatment
in all three soil horizons. The mean values of fertilized treatments were: 0-30 cm—22.9 kg ha™!,
30-60 cm—6.1 kg ha™!, 60-90 cm—4.3 kg ha~! (means over all fertilizers and years). Thereby, the
NOs3-N was: in 0-30 cm, 2.66-fold, in 30-60 c¢m, 1.56-fold, and in 60-90 cm, 1.38-fold higher than in the
control. In 0-30 cm, the highest NO5;-N was found in CAN (50:50:60) and CAN + UANjjquig- In these
two treatments, the NO3-N was higher than in the control and in Ureagt,}, (160:0:0). Three compared to
two splits of CAN, Urea and Ureag,, resulted in a higher NO3-N content in 0-30 cm (27.6 kg ha™! vs.
19.4 kg ha~!, means over fertilizers and years, p = 0.024). In 30-60 cm, Ureaincorp had a higher NO3-N
than the control, with other treatments showing intermediate values. Three compared to two splits of
CAN, Urea and Ureag,y, resulted in a lower NO3-N content in 30-60 cm (5.49 kg ha=! vs. 6.02 kg ha™!,
means over fertilizers and years, n.s.)

In 60-90 cm, Ureastap (100:60:0) and Ureajncorp had a higher NO3-N content than the control,
whereas the other treatments showed intermediate values. Three compared to two splits of CAN, Urea
and Ureagt,, resulted in a lower NOs3-N content in 60-90 cm (3.87 kg ha=! vs. 4.40 kg ha~!, means over
fertilizers and years, n.s.).

In 2018, the NOs3-N content at harvest was significantly higher than in 2017 in this soil. The ANL
was highest in Ureagy,, (160:0:0) with —83.1 kg N ha~! and lowest in CAN + UANiiquid (50:50:60) with
-14.0kg N ha~!. Two times application (100:60:0) of CAN, Urea and Ureag,}, resulted in a significantly
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higher ANL than the three times application (50:50:60) strategy (—54.6 kg ha™! vs. =353 kg N ha™!,
means over fertilizers and years, p = 0.012). The ANL was significantly higher in 2018 than in 2017.
The correlation between the apparent N loss and the N surplus is shown in Figure 1 and that of
the apparent N loss and the N balance in Figure 2. The graphs show that the apparent N loss was
negatively correlated with both a higher N surplus and a higher N balance. From the graphs, it can be
estimated that a zero-loss of ANL can be reached with a N surplus of —29.5 kg ha~! and a N balance of
—51.2 kg ha™!. A theoretical zero N surplus and zero N balance showed an estimated ANL of —26.7

and -51.5 kg N ha™!,
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Figure 1. Correlation between apparent N loss (ANL) and N surplus.

60

40 -

-20

-40 -

-60

ANL (kg ha™)

-80

y=-1.005"x - 51.491

-100 4 R?=0.737
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Figure 2. Correlation between apparent N loss (ANL) and N balance.

3.4. Nitrogen Efficiency

The means for the N efficiency parameters (over all fertilization treatments and both years) were:
NUE—27.1 kg grain kg~! Nsypp, NUpE—68.1%, ANE—6.57 kg grain kg~! Nggrr, ANRE—61.8% and
NUtE—39.1 kg grain kg~! NYagp (Table 7).
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Table 7. N use efficiency (NUE), N uptake efficiency (NUpE), agronomic N efficiency (ANE), apparent
N recovery efficiency (ANRE) and N utilization efficiency (NUtE) depending on fertilizer treatment

and year.
N Fertilizer N Splitting NUE NUpE ANE ANRE NUtE
(kg grain (%) (kg grain (%) (kg grain kg1
kg1 Nsupp) kg1 Nggrr) NYags)
Control 57.8b6 81.1P 71.3b
CAN'! 50:50:60 2402 70.9 ab 6.86 67.6 b¢ 33.72
CAN 100:60:0 2212 65.12b 412 58.2 abe 3442
Urea 50:50:60 2512 69.3 2P 7.94 63.8 abe 36.22
Urea 100:60:0 2402 66.7 2P 6.48 59.4 abe 36.12
Ureag,p 2 50:50:60 2493 70.4 20 8.95 70.1be 3522
Ureagtap 100:60:0 24.72 63.8 P 7.50 56.4 ab 38.82
Ureaggp 160:0:0 2214 56.9 2 423 46.62 37.82
Ureaincorp ° 100:60:0 22432 60.8 % 6.00 57.0% 37.02
CAN + UANjiquia * 50:50:60 23.82 76.0° 7.09 76.7 3092
Year
2017 3220 72.7P 4772 68.4P 43.7b
2018 2202 6352 8.38P 55.12 3462
ANOVA 5

N treatment (N) b ** ns. * ok

Year (Y) L Ex * s Ex

NxY i ns.”’ n.s. n.s. i

1 Calcium ammonium nitrate, 2 Urea with nitrification inhibitor, 3 Incorporated Urea, 4 Liquid urea ammonium
nitrate, > Analysis of variance, ® Different letters indicate significant differences. Significant effects: p < 0.05 (*),
p <0.01 (**) and p < 0.001 (***), 7 Not significant, Nsypp = supplied N, Ngggrr = fertilized N, NYgg = N yield of
above-ground biomass.

The NUE in the control was 34.1 kg grain kg‘1 Nsupp (= +144%, mean over both years) higher
than in the N fertilized treatments, which did not differ among each other. There was a significant N
fertilization X year interaction. In 2017, there were no differences in the NUE between splitting regimes
of the individual fertilizers. Whereas in 2018, Ureag,p, with two and three splits had a higher NUE
than with one split. The NUE was higher in all treatments, except for Ureasp 100:60:0 and Ureajncorp,
in 2017 than in 2018 (Table 5).

The NUpE in the control was 14.4% (= +22%, mean over both years) higher than in the N fertilized
treatments. It was highest in the control and CAN + UANjjquiq and lowest in Ureag,p (160:0:0), with
other treatments showing intermediate values. The NUpE was 14% higher in 2017 than in 2018.

The ANE did not differ between fertilizers and splitting rates: it was 76% higher in 2018 than
in 2017.

The ANRE of N fertilized treatments was highest for CAN + UAN};quiq and lowest for Ureastap,
(160:0:0). The ANRE was 24% higher in 2017 than in 2018. It was affected by N fertilizers as follows
(Table 7): The highest ANRE was found in CAN + UANjjquig (50:50:60), which was 64% higher than
the lowest ANRE in Ureagt,), (160:0:0). The other treatments showed intermediate values. Through
splitting of CAN, Urea and Ureag,p, the ANRE increased from 58.0% (two splits) to 67.2% (three splits)
(mean over fertilizers and years, p = 0.024).

The NUE in the control was 35.8 kg grain kg ™! NYgp (= +101%, mean over both years) higher
than in the N fertilized treatments. The NUtE was 26% higher in 2017 than in 2018. A highly significant
N fertilization X year interaction was found for NUtE. The NUtE was highest in both years in the
control and lowest with CAN + UAN]jjquid. Splitting regimes of individual fertilizers did not affect the
NUE. The NULE in the control, CAN 100:60:0, Urea 160:0:0 and Ureag,p 100:60:0 was higher in 2017
than in 2018 (Table 4).

The NUE, ANE and NUtE of CAN, Urea and Ureag,, did not significantly differ between the
splitting regimes. There was a tendency of a splitting X year interaction for NUpE of CAN, Urea and
Ureagt,p (p = 0.055, n.s.). NUpE in 2017 and 2018 for the three-splitting regime was 75.5% and 64.9%
respectively, and for the two splitting regime was 65.3% and 65.1%, respectively. Splitting CAN, Urea
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and Ureagt,), three times (50:50:60) also tended to increase the ANE from 6.0 kg grain kg_1 NEggr to
7.9 kg grain kg ™! Nggg, thus by 1.9 kg grain kg™' Nggg or +32% (means over the fertilizers, p = 0.099,
n.s.). Splitting of CAN, Urea and Ureag,}, increased the ANRE from 58.0% (two splits) to 67.2% (three
splits) (means over fertilizers and years, p = 0.024).

The N efficiency parameters are positively correlated with each other. The Pearson correlation
coefficient of NUE with NUpE was 0.63 (p < 0.001), with ANE was 0.27 (p = 0.46), with ANRE was 0.54
(p < 0.001) and with NUtE was 0.91 (p < 0.001).

4. Discussion

4.1. Crop Yields, Nitrogen Concentrations and Yields

The increase of the GY with N fertilization in our experiment explained a higher grain density,
which resulted from the tendency of both a higher ear density and more grains ear™! with N fertilization,
whereas the TKW was not affected by N. In the same location, the yield increase of oat with CAN
fertilization was attributed to a higher panicle density with no differences in grains panicle™ or
TKW [30].

The lower number of grains ear~! in 2018 is explained by the dry and cold spring, whereby less
productive tillers were generated. The competition of unproductive and productive tillers for water
and nutrients in spring was also found by Lu et al. [31]. It is assumed that the intra-plant competition
was lower in spring 2017, which allowed the plant to allocate resources into productive stems and
favored a higher number of fertile florets.

Three splits compared to two splits of the fertilizers CAN, Urea and Ureagt,}, (urea with nitrification
inhibitor) tended to also increase the GY, whereas both the GY and also the Y g did not differ between
fertilizer types. Amount, type and time of N application is affecting the plant-available amount of
N in the soil and thereby the formation of yield components [32]. Similar to our observation with a
tendency of a higher number of grains ear!, N fertilization was reported to increase the spikelets
of barley [33]. But, contrary to our observation that the TKW of winter wheat was not affected by
N fertilization, the grain size of barley was reduced when the N dose was mainly given at early
tillering [34]. N fertilization increased grain but not SY of winter wheat in both years. Contrary to that,
the GY of spring-sown chickpea, pea, barley and oat was not affected by N fertilization in a two-year
experiment in the same location, but the SY was increased in the more humid year but also stayed
unaffected in the dry year. Similar to our study, where the GY did not differ between N fertilizer types,
the SY of the four spring-sown crops was also not affected by the N fertilizer type [35].

Both GNC and SNC were increased in all N treatments compared to the control. The GNC also
differed between splitting regimes of Ureag,},, where three splits caused a higher value compared to one
split, whereas no differences between splits were observed for CAN and Urea. Consequently, also both
the NYGrain and NYstraw and thereby the NY 4gp were more than doubled with N fertilization, with
little differences between N treatments, except for a higher NYgramn and NY 5 with three compared
to one splits of Ureag,p, and also a tendency of higher values with more rather than less splits of
CAN and Urea. A high protein content in the grain, caused by N fertilization, has a positive effect
on wheat grain intended for baking bread, but negatively if the grain is to be used for malt. Higher
N concentrations rather than higher yields were also the reason for higher N yields of spring-sown
chickpea, pea, barley and oat in the same location in an earlier experiment, whereas in their case,
higher values of both the N concentrations and the N yields during crop growth and at harvest were
observed for CAN than for a depot fertilizer [36,37]. Similar to our observations, Aufthammer et al. [38]
also reported a similar N uptake of maize with different N fertilizer types, attributing this to the high
initial soil mineral N contents and a high mineralization from the soil. The differences of the NHI
between the unfertilized control and the N treatments were considerably lower than the differences of
the N yields in grain and straw, with even a higher NHI in 2017 but the lowest in 2018 for the control.
Thus, the reason for the higher N yields in both grain and straw were the better uptake in both with N
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fertilization but not a better translocation to the grain. Splitting of N doses of Urea and Ureag,, but
not of CAN enhanced the NHI. Contrary to that, a lower translocation of macro- and micro-nutrients
has been reported for oat and pea after fertilization with N [39,40].

4.2. N Surplus, N Balance, Soil Mineral Nitrate and Apparent N Loss

N fertilizer, which is not taken up by the crop during the growing season, will partly accumulate in
the soil [3] and partly be lost from the plant-soil system via ammonia volatilization [41] and emissions
of gases such N,O and NO [42]. The parameters N surplus, N balance, NO3-N content and ANL
provide information if and where non-recovered fertilizer N is remaining in the system.

In our study, much more N has been removed in the fertilized treatments than in the control.
Although, the N surplus and the N balance were considerably higher in fertilized treatments.
The positive values of the N surplus of the fertilized treatments show that less N has been removed
with the NYgrain than has been applied with fertilization. Consequently, more N remains with
fertilization after the removal of the NYgrain in the system for the subsequent crop than initially
present. Three split applications of CAN, Urea and Ureagt,}, (urea with nitrification inhibitor) reduced
both the N surplus and the N balance, with negative values for the N balance with three splits.
At the same time, the NO3-N content at harvest was higher with fertilization than in the control and
a higher accumulation occurred with three compared to two splits in the first soil layer (0-30 cm).
The combination of initial NO3-N content, N mineralization and Ngggrt led to a N supply exceeding
the crop N demand. This has been explained as a main driving factor for N loss [28].

Both the higher values of N surplus and N balance as well as the higher NO3-N content with three
compared to two splits could be obtained as the ANL was considerably lower with three than with
two splits. Already, Wallace et al. [43] have reported that deferring the N application can reduce N
losses and thereby environmental damage. Enhancing the synchronization between N supply and crop
demand especially with more splits is a major task for enhancing the N transfer into the crop [4,14].
But, under Pannonian climate conditions, the crop needs sufficient rainfall for the uptake of the third
N dose. In case of low rainfall after application, both the grain yield and the fertilizer uptake might
be reduced [43]. The best N treatment regarding highest Y 5gp and lowest N surplus, N balance and
ANL, was CAN + UANjiquid, whereas Ureat,p (160:0:0) had the worst performance. Similar to that
observation, Shi et al. [44] reported a lower N uptake and a higher N loss for basal compared to
top-dressed of N to winter wheat.

Sieling and Kage [45] reported a poor correlation between N balances and N leaching and therefore,
stated that N balance is not an appropriate indicator for the environmental impact of N fertilization in
the short-term but it might if set up over a longer period. Contrary to that, we found a strong negative
correlation of both N surplus and N balance with ANL. Under the semi-arid conditions of eastern
Austria, N fertilizer loss through volatilization and not through leaching is the problem. For that, the N
balance might be a good indicator also in the short-term.

4.3. Nitrogen Efficiency

Several authors have stated that an optimum N fertilizer management is a strategy for improving
the N efficiency (e.g., References [2,15,21]). Applying N fertilizer decreased NUE, NUpE and NUHE,
which has also been reported by others [3,5,46].

The N efficiency parameters differed between years. These parameters are highly impacted by
water availability according to Kirda et al. [47] and Neugschwandtner et al. [46]. As the total sum of
rainfall (plus irrigation in 2017) was quite similar in both years, the distribution of the rainfall or the
temperature regime might have caused these differences. Crop response to applied nitrogen varies
spatially and temporally [48] as environmental systems show a high degree of complexity, there is also
a high variability of the nitrogen-use efficiency, depending on season, soil type, N fertilizer input and
amount and distribution of rainfall [49].
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The N efficiency parameters focusing on yield formation were less affected by splitting of CAN,
Urea and Ureag,), (urea with nitrification inhibitor), as also, the differences of GY between splitting
regimes were small. Splitting had no effect on NUE and NUE but tended to increase the ANE with
three compared to two splits. Schulte auf'm Erley et al. [50] stated that N fertilization tends to decrease
the HI and thereby is further impairing N efficiency parameters like NUtE. This effect was also absent
in our study, as the HI did not differ between treatments.

Contrary to that, the N efficiency parameters focusing on N uptake and N recovery were affected
by fertilization treatments as the effects of fertilization on N concentrations and thereby on N yields
were higher than the effects on biomass yields. The NUpE tended to be higher in 2017 with three
compared to two splits and the ANRE was significantly higher with three compared to two splits.

High grain protein concentration for high-quality wheat can be expected to have a low NUE,
which was found in our study and was confirmed by Barraclough et al. [2].

Splitting is commonly recommended for producing high-quality wheat for bread-making. This can
be achieved, according to Lu et al. [31], especially by low-tillering large-spike cultivars. Schulz et al. [16]
on the other hand recommended a reduction of N applications when the protein content in wheat
production is not a target, i.e., in ethanol-wheat, where a single application might be sufficient. The low
differences in GY in our study support this observation. Especially, as every work operation is costing
time and fuel and is affecting the energy efficiency of the production system [7,8,51].

NUE is mainly controlled by NUtE and less by NUpE, as the correlation coefficients show in
Section 3.4. The low correlation between NUE and ANE indicated that the two N efficiency parameters
should be separately considered. The NUE components NUpE and NUE have been typically used
for characterizing newly developed cereal genotypes [2,9]. NUpE and ANRE can also show potential
N losses (leaching, volatilization and denitrification) of N fertilization to the environment [52,53].
For testing the N efficiency of agronomic practices according grain yield and grain protein content, the
efficiency parameters NUtE and ANE have been proposed [4,52]. Applying increased amounts of N
only has a minor impact on yield above the optimal application but can give significant increases in
grain N, however at the expense of NUtE [2,54]. ANE is useful for the economic assessment of the
mineral N fertilization, and according to Ladha et al. [55] and Hawkesford [52], can be improved by
crop management practices such as amount, timing, placement and N source.

5. Conclusions

In the Pannonian region, water is the most limiting factor for N fertilizer efficiency. In spring, it is
necessary to have enough rainfall for developing plants with fertile tillers. Fertile tillers produce more
grains ear~! and affect the GY and N efficiency positively, with lower N losses. Splitting of N fertilizer
influenced the crop yield, apparent losses and N efficiency more than the fertilizer type.

Dividing the N rate of 160 kg N ha™! in three splits (50:50:60) increased the GY and the ANRE and
reduced the N surplus and the N balance compared with two splits (100:60:0). Also, the ANL was
lower with three compared to two splits which shows that with three splits, the N demand of the crop
during the growing period could be better matched. Three splits are therefore recommended under
semi-dry conditions in the Pannonian region for producing high-quality wheat for bread-making.

There are many N efficiency parameters for analyzing the fertilization systems. Each of them has
a different explanatory power depending on crop yield or/and environmental perspective.
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