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Abstract: The process of winter bread wheat (WW) nutrient management in the Critical Cereal
Window (CCW) has a decisive impact on yield component formation and, consequently, the grain
yield (GY) and grain protein content (GPC). This hypothesis was verified in a single-factor field
experiment carried out in the 2013/2014, 2014 /2015, and 2015/2016 seasons. It consisted of seven
nitrogen-fertilized variants: 0, 40, 80, 120, 160, 200, and 240 kg N ha—1. The mass of nutrients in
ears was determined in the full flowering stage. The mass balance of nutrients (N, P, K, Mg, Ca, Fe,
Mn, Zn, and Cu) was determined in leaves and stems. These sets of data were first used to calculate
the soil nutrient uptake and then to predict the GY and GPC. Three nutrients, i.e.,, N, Ca, and Mg,
were the main predictors of ear biomass. The set of ear nutrients significantly predicting GY and
GE consisted of Ca, P, and Zn. Overall, this indirectly indicates a balanced N status for the ear. A
positive nutrient balance in leaves, indicating their remobilization, was found for N, P, Fe, Zn, and Cu.
Negative values, indicating a net nutrient accumulation in the non-ear organs of WW, were found for
the remaining nutrients. The greatest impact on the GY and its components was observed for the
balance of Mg and P but not N. The predictive worth of the nutrient balance for stems was much
lower. The GPC, regardless of the type of indicator, depended solely on the N balance. Meanwhile,
the main nutrient sources of N and Fe in ears were leaves and stems due to their uptake from the soil.
For Cu, the primary source was soil, completed by its remobilization from leaves. For the remaining
nutrients examined, the key source for the ear was soil, which was completed by remobilization
from leaves and stems. Mg and Ca differed from other nutrients because their source for ears was
exclusively soil. They were invested by WW in the ears and non-ear organs, mainly in the stems.
The effective use of the yield potential of WW and other cereals requires insight into the nutritional
status of the canopy at the beginning of the booting stage. This knowledge is necessary to develop an
effective N management strategy and to correct and possibly apply fertilizers to improve both the
yield and the GPC.

Keywords: growth stages; leaves; stems; nutrients: remobilization; uptake; prediction: grain; protein

1. Introduction

The world’s total wheat grain production in the 2022 /2023 season was 789 million tons,
but the target production for 2050 is 840 million tons [1,2]. Therefore, the required annual
average increase would have to be 1.96%, but from 2014 to 2023, it was only 0.76% [1].
Overall, the progress in wheat yield due to breeding is slow at less than 1% per year, but it
should be 2.4% [3]. The commonly proposed solution of increasing the area of arable soils
suitable for wheat is extremely difficult, if not impossible, to implement. Wheat, especially
bread wheat, is a crop with very high requirements regarding soil fertility and agronomic
conditions. Soils suitable for wheat are already occupied by this crop [4]. Therefore, the
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potential yield gap will only be covered by increasing the efficiency of the nitrogen fertilizer
(N¢) applied [5].

It is generally accepted that the number of grains per m? (the canopy grain density)
of wheat is closely related to the number of fertile florets (NFFs) at the beginning of
flowering [6,7]. This decisive trait, which determines grain yield formation, has a specific
development cycle. The potential number of inflorescence primordia appears in the double
ridge stage. Their death occurs when the juvenile ear grows rapidly [8,9]. Further, fully
fertile florets during cereal plant flowering are those that have acquired the ability to be
fertilized and thus achieve the potential to produce grains. The condition for the potential
fertility of floret primordia is to obtain meiotic capacity at the beginning of the booting
phase, and floret primordia that have not achieved this status are subject to abortion [10].
An intensive reduction in floret primordia begins after 20-30 days, reaching the critical
stage 6-20 days before flowering [11]. The spectrum of factors, apart from developmental
ones, determining the survival of primordia florets during this period is wide. The decisive
factor is the availability of assimilates for the growing ear in its juvenile growth stage [12].
The driving nutrient in this process is N, which determines the production of assimilates
(CO; fixation) and thus affects the number of fertile florets in the ear [10,11]. As stated by
Zhao et al. [13], the mechanisms responsible for N accumulation in the ear are not well
understood. Therefore, the beginning of the booting phase can be considered the beginning
of the Critical Cereal Window (CCW). This period lasts until the full flowering of the cereal
plant [14].

Ear biomass is considered a physiological sink for N, which has a decisive impact
on the formation of fertile florets [15]. Their number in a wheat ear in the flowering
phase strongly depends on the supply of assimilates from the beginning of the booting
phase. For these reasons, the pre-flowering N status depends on the farmer’s N-control-
oriented activities [13,16]. Ears in the canopy of winter wheat should reach the same stage
of development at the beginning of flowering. This condition of the wheat canopy is
ensured by the morphological uniformity of ears (equal stem length), which determines
the uniformity of the grain size and protein content [17-20]. This condition, as shown in
Figure 1, is difficult for the farmer to achieve. In the CCW, the period of ear development,
regardless of the stage at the beginning of the heading, is shortened to two days for spikelet
initiation and six hours for the growth of floret primordia. Therefore, the probability of
survival of weakly developed florets in a tertiary or quaternary ear-bearing shoot is low,
and the size of floret primordia and spikelets is reduced [21].

aborted

spikelets

Figure 1. Winter wheat in the full flowering phase—the layered structure of ears in the canopy. [Photo
by Witold Grzebisz].
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Non-ear organs of the wheat tiller, such as leaves and stems, can potentially compete
with the intensively growing ear for assimilates in the CCW. Strong internal competition has
been recognized between the still-growing stem and developing spikelets [22]. However,
the impact of non-ear organs on NFFs is poorly understood [10]. The ear plays a complex
role in N supply to the growing grains. It largely serves as a buffer/transit organ for
N compounds. The resources and efficiency of N remobilization from the ear under
conditions of optimal water and N supply are lower than from leaves and reach 56% and
75%, respectively [23,24]. At the same time, the ear-forming role of nutrient-supporting N
action in the plant is a black box.

The greatest dynamics of N accumulation by wheat occur in the stem elongation phase
(BBCH 30-BBCH 39). The amount of nutrients accumulated in this period has a significant
impact on grain yield [25,26]. Two questions should be asked here: (i) How much N, as
well as the nutrients that support its effectiveness, is taken up in the CCW? (ii) What is the
distribution of these nutrients between the vegetative organs of winter wheat (leaves, stem)
and the intensively growing ear?

So far, the sources of nutrients in winter wheat ears during the Critical Cereal Window
have not been identified. This conclusion also applies to other cereals. Their source for the
growing ear may be remobilization from the vegetative parts of the plant and/or direct
uptake from the soil. At the same time, the potential competition between the growing
ear and the still-growing leaves and the stem cannot be ignored. In the present state of
knowledge, several questions arise regarding managing nutrients in winter wheat from the
beginning of booting to full flowering, i.e., within the CCW. They are as follows:

Does ear biomass depend solely on N supply?

What are the sources of nutrients for the growing ear?

Which source has the greatest effect on the N mass in the ear?

Are the vegetative organs of winter wheat an effective sink for nutrients?
Under what conditions does this phenomenon manifest itself?

AR

The substantive essence of this article is to obtain answers to questions about the
sources—the origin of nutrients—determining the growth of the ear of a cereal plant. So
far, there are no such answers. However, the hypothesis is as follows: the processes of
nutrient management by winter bread wheat (WW) in the Critical Cereal Window (CCW)
are decisive for yield component formation and, consequently, grain yield (GY) and grain
protein content (GPC). The key objective of the study was to determine the sources of
nutrients and their source structure in the developing ears in a winter wheat canopy during
the Critical Cereal Window. Furthermore, an important objective was to predict the yield
and the grain protein content based on the amount and balance of nutrients in the ear in
the Critical Cereal Window.

2. Materials and Methods
2.1. Experimental Site

A study on the mass and sources of nutrients in winter wheat ears and relationships
with grain yield, its components, and grain protein content was conducted in the 2013/2014,
2014/2015, and 2015/2016 seasons in Smolice (52°42' N; 17°10’ E), Poland. The field
experiment was conducted on fertile soil formed from loamy sand over loamy sand,
classified as Albic Luvisol. The organic carbon (Corg) content and pH values were variable
in subsequent growing seasons. The content of available nutrients, measured before
applying fertilizers, was, except for Ca, very good for the tested crop. The amount of N
(Npin), measured just before the spring regrowth of winter wheat in the 0.0-0.6 m soil layer,
was generally high or very high (Table 1).
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Table 1. The agrochemical soil characteristics in consecutive growing seasons /234,

. Corg P K Mg Ca Cu Mn Zn Fe Nmin
Soil, cm  pH % mg kg1 kg ha-1
2013/2014
0-30 6.9 13 2345VH 231H 105 M 988 L 04L 272L 3.6M  536H 86.4

30-60 6.7 1.1 234VH  237H 103 VM 876 L 04L 25.7L 35M 541H
2014/2015

0-30 7.1 22 185VH 185M 165MVH 2045M 35M 85M 63H  268M 129.0

30-60 7.2 2.1 161VH 157M 155VH  2063M  35M 938M 56H 269M :
2015/2016

0-30 6.6 1.6 202VH 281VH  165VH 1480 L 28M 619M 61H 347M 110.0

30-60 6.6 1.4 139VH 222VH 163 VH 1504 L 25M 620M 37M  231M :

1 1.0 M KCl soil/solution ratio of 1:2.5, m/v. 2 Loss on ignition. 3 Mehlich 3 [27]. 4 0.01 dm~3 CaCl,, soil/solution
ratio of 1:5, m/v. ° Availability classes: VL, very low; L, low; M, medium; H, high; VH, very high [28-30].

The local climate in the study area, classified as intermediate between Atlantic and
Continental, is seasonal, but the latter dominates in the summer months. The early vege-
tation phase of winter wheat in spring 2014 was very good; however, May was wet. The
second part of the season was less favorable, as June was very dry, and July was dry. The
2015 growing season was dominated by mild dry conditions, prevailing throughout spring
vegetation. The beginning of the 2016 growing season was wet, May was semi-dry, and
June was dry. Subsequently, most of the wheat grain filling period was wet (Figure 2).
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Figure 2. The daily mean air temperature and precipitation at the Smolice Experimental Station
during the study.

2.2. Experimental Design

The data used in this study were based on a one-factor field experiment replicated
four times, including a control N plot and six plots with increasing doses of N fertilizer: 40,
80, 120, 160, 200, and 240 kg ha~1. The total area of a single plot was 22.5 m? (1.5 x 15 m).
The winter wheat cv. Wydma was sown annually after winter oilseed rape in the fourth
week of September at 300 grain m 2. The crop was harvested the following year at the end
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of July from an area of 19.5 m~2. Nitrogen was applied in the form of ammonia nitrate
(34:0:0) in line with the following experimental schedule:

(1) The first N doses of 40 and 80 kg N ha~! were applied at the end of winter, just before
the spring beginning of winter wheat vegetation.

(2) The N dose was supplemented to 160 kg N ha~! at the end of tillering /the beginning
of shoot elongation (BBCH 29/30).

(3) The N dose was supplemented to 240 kg N ha~! when the flag leaf became visible
(BBCH 39).

Nitrogen fertilizer was applied to the top dressing using a fertilizer spreader. Phospho-
rus was applied at a rate of 17.2 kg P ha~! in the form of triple superphosphate (46% P,Os)
and potassium at a rate of 100 kg K ha~! as Korn-Kali (K-MgO-Na;O-SO; — 40-6-3-12.5).
Both fertilizers were applied to the soil two weeks before wheat sowing. Plant protection
was conducted in accordance with the principles of the Code of Good Practice.

2.3. Plant Sampling

The plant material used to determine dry matter and nutrient content in the ears of
winter wheat was collected at the full flowering stage (BBCH 65). The N content was
determined in plant material using the standard macro Kjeldahl method [31]. For mineral
nutrients, the collected plant sample was dried at 65 °C and then mineralized at 550 °C. The
obtained ash was dissolved in 33% HNOj. The P concentration was measured using the
vanadium-molybdenum method with a Specord 2XX/40 (Analytik Jena, Jena, Germany)
at a wavelength of 436 nm. The concentrations of K, Mg, Ca, Fe, Mn, Zn, and Cu were
determined using flame-type atomic absorption spectrometry. The results were expressed
on a dry matter basis. The mass of the nutrients in winter wheat ears was calculated based
on the ear biomass and the content of a given nutrient.

2.4. Calculation of Nutrient Balance During the Critical Cereal Window

The balance of nutrients, including N, P, K, Mg, Ca, Fe, Mn, Zn, and Cu, was prepared
based on data on the mass of nutrients in the leaves and stems of winter wheat at the BBCH
40 and BBCH 65 stages. Primary data for these characteristics are included and discussed
in the article by Grzebisz and Biber [32]. The balance equations for the tested nutrients are
as follows:

NuB; = Nugyy — Nuges, kg, g ha~!

where the following apply:

NuB;—the balance of a given nutrient;

Nu,40—the amount of a nutrient in leaves or stems at the BBCH 40 stage, kg, g ha™!;

Nu,ae5—the amount of a nutrient in leaves or stems at the BBCH 65 stage, kg, g ha™ 1.

Positive balance values for the given nutrient indicate its net remobilization from
leaves or stems. A negative value indicates a net accumulation of the given nutrient in the
vegetative organs of winter wheat in the CCW.

The uptake of nutrients (Nus) by wheat from the soil in the CCW was calculated as
the difference between the amount of the nutrient in the ear and its balance in vegetative
parts of the crop canopy. The equation used for the calculations is as follows:

Nus; = Nugag; — (NuBrgi + NuBst;), kg, gha™'

where
Nu;—a given nutrient;
Nugarj—the nutrient mass in the ears, kg, g ha~1;
NuBp.;—the balance of a given nutrient in leaves in the CCW, kg, g ha~!;
NuBgri—the balance of a given nutrient in stems in the CCW, kg, g ha1.
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2.5. Statistical Analysis

The effect of experimental factors (the year and N doses) and their interactions with
the nutrient mass in ears, nutrient balance, and soil nutrient uptake during CCW were
assessed using a two-way ANOVA (years, Y and N doses, and N¢). Means were separated
via honest significant difference (HSD) using Tukey’s method when the F-test indicated
significant factorial effects at p < 0.05. The relationships between the traits were analyzed
using Pearson correlation and linear regression. STATISTICA 12 software was used for
all statistical analyses (StatSoft Inc., Tulsa, OK, USA, 2013). In the second step of the
diagnostic procedure, stepwise regression was applied to define an optimal set of nutrients
for the tested wheat traits (grain yield, grain protein content, grain protein yield, and yield
components). In the computational procedure, a consecutive variable was removed from
the multiple linear regressions step by step. The best regression model was chosen based
on the highest F-value.

3. Results
3.1. The Mass of Nutrients in the Ears in the Full Flowering Phase

The mass of nutrients accumulated in winter wheat ears in the full flowering phase
(BBCG 65) responded significantly to the applied N¢ doses. At the same time, it showed
considerable variability in subsequent growing seasons. However, there was no response
to the interaction of both factors (Table 2). The mass of nutrients, except for potassium (K),
was much higher in the 2016 growing season. The largest difference compared to 2015 was
recorded for magnesium (Mg) and manganese (Mn). They were 3.6-fold and 2.9-fold higher,
respectively, in favor of 2016. Approximately 2-fold differences were noted for phosphorus
(P), iron (Fe), zinc (Zn), and copper (Cu). In the case of K, its mass in 2015 was significantly
lower compared to other years.

Table 2. The mass of nutrients in winter wheat ears in the full flowering phase: BBCH 65.

N P K M C F M V4 C
Factor Level of Factor kg ha-1 8 2 € n gha-1 n "
Year 2014 69.6¢ 11.6b 53.2a 5.71b 0.54¢ 131.8b 155.3b 132.1b 12.7b
Y) 2015 93.3b 10.0b 43.4b 3.40c 0.94b 114.5¢ 61.3¢c 87.8¢ 12.8b
2016 120.8a 21.5a 54.0a 12.40a 1.08a 230.0a 175.9a 148.2a 22.4a
Fe, p 46.4 *** 143 *** 12.8 *** 363 *** 92.6 *** 90.9 *** 138 *** 41.6 *** 84.2 ¥**
Nitrogen 0 63.9¢ 10.4c 33.5¢ 5.46¢ 0.58¢ 111.1d 85.5d 77 4c 11.5d
Rates (N) 40 76.5¢ 12.4bc 40.2¢ 6.35b 0.72b 130.5cd 109.6¢ 95.1bc 14.5¢
kg N ha™! 80 93.5b 13.4b 48.0b 6.54b 0.80b 143.8¢ 124.9bc 115.1b 15.7bc
120 107.1ab 16.3a 57.7a 7.93a 0.96a 173.2b 141.9ab 142.0a 17.1ab
160 110.7a 16.2a 60.3a 8.10a 0.96a 180.7ab 150.1a 147 5a 19.3a
200 105.3ab 16.1a 57.6a 7.99a 0.98a 194.3a 145.6ab 137.8a 17.6ab
240 105.1ab 15.6a 54.1ab 7.81a 0.95a 177.7b 158.3a 144.1a 16.1bc
Fe, p 9.6 *** 8.7 ¥** 16.2 *¥** 7.7 % 12.2 %% 9.4 *** 10.6 *** 13.8 *** 7.4 %%
Source variation for the studied interaction
Y x N ns ns ns ns ns ns ns ns ns

Similar letters in the column indicate a lack of significant differences between experimental treatments using
Tukey’s test; *** indicates significant differences at p < 0.001; ns—nonsignificant. Legend: N, P, K, Mg, Ca, Fe, Mn,
Zn, and Cu—nutrients.

The trends of nutrient mass in ears in response to increasing doses of nitrogen fertilizers
(N¢) were the same for all macronutrients examined. In general, the mass of a given nutrient
increased to an N¢ of 160 kg N ha~!, then stabilized, as was found for Mg and Ca, or
decreased slightly, as noted for N, K, and P. The trends found fit the quadratic regression
model quite well. The optimal N¢ dose for the maximum mass was 176, 175, 185, 194,
and 195 kg ha-lforN, K, P, Mg, and Ca, respectively (Figure S1). The same pattern was
found for micronutrients, with a stabilization trend observed for Fe, Mn, and Zn, as well
as a significant decline for Cu. The optimal N¢ dose was 212, 228, 203, and 161 kg ha~t,
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respectively (Figure S2). The significant difference in the progressive accumulation of N
and K is worth noting, which increased and gradually expanded to an N of 175 kg N ha~1.
Furthermore, the trends of Mn and Zn accumulation were almost analogous.

The basic set of nutrients determining ear biomass (EAB) consisted of N, Mg, and
Ca, responsible for 98% of its variability (Table A1). The first two nutrients had a positive
sign, indicating a deficiency, and Ca had a negative sign, indicating an excess. It should
be emphasized that N and Ca were strongly and positively correlated with each other
(r = 0.93***) and slightly weakly with Mg (r = 0.70***). A strong correlation also occurred
between N and Fe and Cu. Ca was significantly correlated with Fe and Cu (Table S1).

Similarly to EAB, the mass of nutrients in ears was used to predict the GY of winter
wheat and its components (Table A1). The predictive nutrient set mainly consisted of Ca. It
was present in six, including EAB, of the eight wheat traits examined. The effect of Ca on
these traits (GY, GPY, GE, CGD, and TGW) was always positive. In the case of TGW, Ca was
the only predictor, but the level of prediction was moderate. In the obtained algorithms, Ca
was often accompanied by Mn, P, and N. The reliability of GY and CGD prediction was
very high, and for GPY and GE, it was high. In the basic set of indicatory nutrients, next to
Ca, the most common was P. It was significantly correlated with all nutrients, including
an extremely strong relationship with Mg and Fe (r = 0.95***) (Table S1). Moreover, these
three of the eight algorithms contained Zn (GY and GPY) and Mn (GE), which performed
positively. These two micronutrients were strongly correlated with each other (r = 0.92***).
At the same time, no significant correlation of both nutrients with Ca was found. The set
of nutrients for CGD prediction consisted of Ca and Zn, which were deficient, and Mg,
which was in excess. A slightly different set of predictive nutrients was found for CED
and included N and Zn, which were deficient, and Mg, which was in excess. The grain
protein content (GPC) was determined using only the N mass, and a positive sign indicates
its deficiency in the ears.

3.2. Nutrient Mass Balance in Leaves in the Critical Cereal Window

Nutrient remobilization from winter wheat leaves from BBCH 40 to BBCH 65 (CCW),
occurring in all studied growing seasons, was recorded for N, P, Fe, Zn, and Cu (Table 3).
The amount of remobilized N (N remobilized quota—NRQ) among this set of nutrients
showed no significant response to either the year or N¢ doses applied. In 2014, the amount
of remobilized P was much greater compared to other seasons. The P remobilized quota
(PRQ) was only significantly dependent on the weather. However, it had a large impact on
the variability of many wheat yield traits (Table A2). The remobilization quota (RQ) for Fe
and Cu responded significantly to the years and applied N¢ doses but not to the interaction
of both factors. At the same time, FeRQ increased in line with the applied N¢ doses up to
160 kg N ha~! and then stabilized on plots with the highest N¢ doses. CuRQ was the lowest
in 2015, 6-fold and 3.5-fold lower compared to 2016 and 2014. In response to N, CuRQ
increased up to 120 kg N ha~! and then decreased significantly.

Among the nutrients examined, the mass balance of Mg, Ca, and Zn showed a signifi-
cant and specific response to the Y x N interaction (Table 3). The Mg balance depended
significantly on the weather and was slightly modified by N¢ doses (Figure S4). Net Mg
accumulation in leaves was only recorded in 2015. Its balance in the CCW showed a strong
response to N¢ doses, consistent with the quadratic regression model. In 2014, no response
of Mg balance to N¢ doses was found. In 2016, Mg was remobilized from leaves, showing
a moderate linear response to increasing N¢ doses. The Ca balance showed the strongest
response to the Y X N interaction (Figure S4). Net Ca accumulation in leaves was recorded
in 2014 and 2015, but it only increased gradually with increasing N¢ doses in 2015. In 2014,
the highest net Ca accumulation in leaves was found. It amounted to 4.4 kg N ha~! for Nfop
of 125 kg N ha~!. In 2016, the Ca balance was positive, which indicated its remobilization
from leaves. The trend followed the quadratic regression model. The cardinal values
were 1.1 kg Ca ha~! at N of 66 kg N ha~!. The trends of ZnRQ reached well-defined
maxima and corresponding optima for N¢. In 2014, it amounted to 20.1 g Zn ha~! and
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101.5 kg N ha~!. In 2015, its maximum decreased to 9.7 g Zn ha~! and was reached for an
N¢ of 94.5 kg N ha~!. In 2015, net Zn accumulation in wheat leaves was recorded in plots
fertilized with 200 and 240 kg N ha~!. In 2016, ZnRQ increased with increasing N¢ doses
(Figure S5). In the case of K, its remobilization was recorded in 2014 and 2016, while net
accumulation occurred in 2015. For Mn, its net accumulation in leaves was recorded in
2014 and 2015, and remobilization was recorded in 2016.

Table 3. The balance of nutrients in leaves of winter wheat from the beginning of booting to
full flowering.

N P K M, C F M Z C

Factor Level of Factor kg ha~1 8 a € n gha-1 n "
Year 2014 34.6 4.7a 31.9a 0.00b —1.78b 81.7a —13.3b 15.4a 4.4b
(Y) 2015 41.6 2.2b —6.0c —3.33¢ —11.34c 44.7b —27.9b 2.8b 1.2¢c
2016 40.5 3.2b 17.1b 2.84a 1.07a 1.7¢ 16.5a 21.5a 7.2a

Fe.p 0.8 ns 11.4 %= 31.2 #** 145.6 *** 228 *** 33.5 ¥+ 7.4 0% 23.0 *** 18.6 ***
Nitrogen 0 24.2 1.7 12.2 —0.05 —191a 8.1b -1.6 54 2.0d
Rates (N) 40 325 3.2 14.1 0.48 —2.47ab 23.0ab 2.1 11.4 3.5¢
kg N ha~! 80 38.8 3.2 14.2 -0.13 —3.48a—c 48.1ab —6.7 13.0 4.8ab
120 36.8 34 10.9 —0.36 —5.51c 47 .5ab —16.5 16.6 5.8a
160 48.7 4.0 17.6 —0.24 —5.28bc 58.0a -19.9 18.5 5.0ab
200 454 4.0 11.3 —0.47 —4.96bc 60.6a 1.9 14.9 4.4bc
240 459 3.9 20.1 —0.37 —4.50a—c 53.8a —16.8 12.7 4.5bc
Fc.p 1.9ns 2.0ns 0.2ns 0.7 ns 4.7 ** 3.5 ** 0.6 ns 19ns 2.9
Source variation for the studied interaction
Y x N ns ns ns ** bl ns ns * ns

Similar letters in the column indicate a lack of significant differences between experimental treatments using
Tukey’s test; ***, **, and * indicate significant differences at p < 0.001, p < 0.01, and p < 0.05, respectively; ns—
nonsignificant. Legend: N, P, K, Mg, Ca, Fe, Mn, Zn, and Cu—nutrients.

The ear biomass was significantly related to the micronutrient balance in wheat leaves.
It was driven negatively by Fe and positively by Zn (Table A2). As indicated earlier, the
nutrients that had the greatest impact on wheat yield characteristics were Mg and P. A
stepwise regression analysis conducted for the entire set of wheat yield characteristics
indicated the dominant role of Mg. It was crucial for determining GY, CPY, CED, GE, and
CGD, while P was crucial for determining GY, CED, and CGD. The effect of Mg and P on
the GY is shown in the equation below:

GY = 6.53 4 0.83P — 0.82Mg for n = 21, R* = 0.80, p < 0.001

In fact, net Mg accumulating in leaves, only under the condition of a simultaneous
increase in P remobilization, had a positive effect on GY. The same phenomenon was
revealed for other Mg-induced wheat traits. GPC only depended on N, but the relationship
was positive but weak (R? = 0.31) (Table A2). The Mg mass balance was significantly,
positively, and strongly correlated with Ca (r = 0.95***), as well as with Zn, Cu, and Mn.
At the same time, no significant correlation between Mg and N, P, and Fe was found. The
PRQ showed strong positive relationships with K and Fe but moderate relationships with
Zn and Cu. Fe was strongly correlated with P and other micronutrients but not with N and
K and was negatively correlated with Mg and Ca (Table S2).

3.3. Nutrient Mass Balance in Stems in the Critical Cereal Window

The balance of nutrients examined in winter wheat stems in the CCW showed a
significant response to the Y x N interaction (Table 4). The greatest impact on wheat yield
characteristics was found for Mg and Cu. Mg balance significantly affected EAB and TGW
(Table A2). Net Mg accumulation in stems was recorded in each growing season, and the
highest was noted in 2016. Mg accumulation trends in response to increasing Ny doses were
year-specific. In 2014, this trend was not significant due to high variability. In 2015, net Mg
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accumulation increased gradually with N¢ doses. In 2016, the analyzed trend was consistent
with the quadratic regression model. The maximum Mg balance of —10 kg Mg ha~! was
obtained for an N of 142 kg N ha~! (Figure S6). The Mg balance was significantly but
negatively correlated with Zn and Cu balances (Table S3).

Table 4. The balance of nutrients in the stems of winter wheat from the beginning of booting to
full flowering.

N r K M C F M V4 C
Factor Level of Factor kg ha—1 8 a € n gha-1 n v
Year 2014 35.1b 4.58a 21.0a —1.88a 0.82a 79.1a —125.1b —16.8¢c —4.7b
Y) 2015 6.5¢ 0.90b —29.7b —4.35b —2.77¢ —118.6b 38.4a 13.7b —5.3b
2016 52.6a 4.58a 21.2a —9.69¢ —0.65b 81.5a 22.7a 52.5a 7.3a
Fc, p 51.0 *** 30.1 *** 37.7 #** 217 *** 295 *** 79.4 #** 112 ¢ 97.4 #** 117 ##*
Nitrogen 0 22.5ab 0.24c —4.0c —4.81 —1.02ab —6.1 —23.7ab —3.6¢ —3.4b
Rates (N) 40 18.7b 4.61a 16.4ab —4.06 —0.72a 15.8 —13.7ab 8.2bc —1.6b
kg N ha! 80 39.5a 4.47ab 20.5a —5.39 —0.83a—c 38.2 —16.4ab 34.6a 4.2a
120 36.3ab 2.03bc —9.7bc —6.82 —1.20c 43.8 —60.8b 9.3bc —0.7b
160 33.5ab 3.34ab —8.5bc —6.37 —1.03bc —344 —40.5b 19.4a— —2.7b
200 33.4ab 4.21ab —1.8bc —5.24 —0.74a— 27.0 15.0a 24.7ab —2.4b
240 36.0ab 4.58a 16.4ab —4.44 —0.54a 13.8 —9.2ab 22.6ab 0.2ab
Fe, p 24* 7.7 ¥ 3.2%** 5.8 *** 2.0ns 19ns 3.5* 5.5 *** 8.1 ***
Source variation for the studied interaction
Y X N L2t k3% Hokk k% k% b2t *% Kok Hk

Similar letters in the column indicate no significant differences between experimental treatments using Tukey’s
test; ***, ** and * indicate significant differences at p < 0.001, p < 0.01, and p < 0.05, respectively; ns—nonsignificant.
Legend: N, P, K, Mg, Ca, Fe, Mn, Zn, and Cu—nutrients.

Particular attention should be paid to the Cu mass balance, which significantly affected
three basic yield characteristics: GY, GE, and GPC (Table A2). For the first two traits, it
was the single predictor. Trends in Cu balance in response to increasing N¢ doses were
year-specific but consistent with the quadratic regression model (Figure S7). In 2014, the
maximum Cu balance of —7.4 g Cu ha~! was obtained for N¢ of 104 kg N ha~'. In 2015,
these cardinal values were 0.2 g Cu ha~! and 86 kg N ha~!. In 2016, the corresponding
cardinals were 9.1 g Cu ha~! and 167 kg N ha~!. The Cu balance was significantly,
positively, and strongly correlated with Zn (r = 0.88***) and N (r = 0.88 (Table S3).

Among the other nutrients, P is noteworthy, as, together with Mg, it significantly
affected EAB. The biomass of ears increased with an increase in the PRQ and, at the same
time, with an increased amount of Mg in stems (negative balance) (Table A2). The lowest P
balance was recorded in 2015, when it was 6-fold lower compared to other seasons. The
trend of PRQ in 2015 was consistent with the quadratic regression model. The maximum
PRQ of 5 kg P ha~! was obtained for an N of 118 kg N ha~! (Figure S8). In 2014, the net
P balance was recorded. Its trend increased gradually with increasing Ny doses. In 2016,
the P balance was, on average, positive, but it showed exceptionally high variability in
response to N doses. The PRQ was significantly, positively, and strongly correlated with K
(r=0.6""), followed by N, Ca, and Fe (Table S3).

The NRQ in the CCW was a significant predictor of GPC. Together with Zn, it in-
creased, while Cu decreased GPC values (Table A2). The N balance was positive, although
variable, in subsequent growing seasons. Its annual values decreased in the following order:
2016 > 2014 > 2015 (Table 4). The effect of increasing N¢ doses on the tested wheat trait
was year-specific. A significant response was found in 2014 and 2015. In 2014, it increased
in line with N¢ doses. The most pronounced trend was observed in 2015, when it was
consistent with the quadratic regression model. The maximum NRQ of 23 kg N ha~! was
obtained for an N¢ of 102 kg N ha~! (Figure S9). Moreover, it was significantly, positively,
and strongly correlated with P, K, Fe, and Cu (Table S3).
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3.4. Soil Nutrient Uptake by Winter Wheat During the Critical Cereal Window

The key factor affecting the nutrient uptake from the soil by winter wheat in the CCW
was the weather in subsequent growing seasons (Table 5). There was a significant response
to N¢ noted for Mg and Zn. In the case of Mg, no interaction between experimental factors
was found. In the case of Zn, its uptake depended on the Y x Ny interaction. The same
regularity was found for K, Ca, and Cu. Mg requires special attention. Its uptake by wheat
from the soil in the CCW showed a large impact on EAB and GPC (Table A3). Its uptake
responded significantly to the years and N; doses (Table 5). In subsequent years of the
study, it followed the order 2014 < 2015 < 2016. In response to increasing N¢ doses, Mg
uptake is best described by the quadratic regression model. The amount of 14.2 kg Mg ha~!
was obtained for N¢ was 156 kg N ha~!. It was significantly and strongly correlated with P,
moderately correlated with Fe, and weakly correlated with N. The same special attention
should be paid to K. Its uptake by wheat in the CCW depended only on the weather in a
given growing season. In 2014, no soil K uptake was recorded, but in other years, it was
significant. In 2015, it was 5-fold higher than in 2016.

Table 5. Soil nutrient uptake by winter wheat from the beginning of booting to full flowering.

N P K M C F M V4 C
Factor Level of Factor kg ha1 8 a € n gha-1 n "
Year 2014 —0.2b 2.2¢ —0.1b 7.6¢ 1.5b —28.9c¢ 292.4a 133.0a 13.0ab
Y) 2015 45.2a 6.9b 79.1a 11.1b 15.0a 188.4a 50.7¢ 71.4b 16.9a
2016 27.7ab 13.7a 15.6b 19.2a 0.7b 146.8a 136.8b 74.2b 7.9b
Fc.p 59* 32.9 #** 17.7 *** 67.2 ¥** 215 *** 24.0 *** 30.5 *** 17.8 *** 9.2 *¥**
Nitrogen 0 17.1 8.2 23.4 10.3b 3.5¢ 109.3 107.8 74.4c 12.6
Rates (N) 40 25.2 4.6 9.7 9.9b 3.9bc 91.7 121.2 75.4c 12.6
kg N ha™! 80 15.1 5.8 13.3 12.0ab 5.1a—c 57.5 148.1 67.6cd 6.7
120 34.0 109 56.5 15.1a 7.7a 81.9 219.2 116.1a 12.0
160 28.4 8.9 51.2 14.7ab 7.3ab 157.1 210.5 109.5ab 17.0
200 26.5 7.9 48.1 13.7ab 6.7a—c 106.8 128.6 98.2b 15.7
240 23.2 7.2 17.5 12.6ab 6.0a— 110.2 184.4 108.7ab 11.5
Fc.p 0.2ns 1.8 ns 1.7 ns 33* 3.8 ** 1.5ns 1.8ns 25* 14ns
Source variation for the studied interaction
Y x N ns ns ns ** ns ook ns ns * ok

Similar letters in the column indicate a lack of significant differences between experimental treatments using
Tukey’s test; ***, **, and * indicate significant differences at p < 0.001, p < 0.01, and p < 0.05, respectively; ns—
nonsignificant. Legend: N, P, K, Mg, Ca, Fe, Mn, Zn, and Cu—nutrients.

In this set of nutrients, Ca had a key effect on wheat yield characteristics. Stepwise
regression analysis showed that Ca was a significant, independent predictor of GY, CPY,
and CED (Table A3). However, the R? values for these relationships were moderate
(GY = 0.45) or low, as found for the other traits (0.31 and 0.23, respectively). Moreover, Ca,
together with the accompanying nutrients, affected GE (P and Mn) and CGD (Fe). The
effect of increasing Ny doses on Ca uptake by wheat was year-specific (Figure S10). In
2014, it followed the quadratic regression model. The maximum Ca uptake of 2.5 kg ha~!
was obtained for an N of 108 kg N ha~!. The same trend was recorded in 2016, and the
cardinals were 1.2 kg Ca ha~! for an N of 87 kg N ha!. In 2015, Ca uptake by wheat
increased in line with N¢ doses. Ca uptake from soil by wheat was significantly, positively,
and strongly correlated with K; moderately correlated with N, Fe, and Cu; and weakly
correlated with Mn (Table 54).

The variability in Cu uptake by wheat, in combination with P, Mg, and Zn, determined
94% of the variability of EAB (Table A3). Annual Cu trends in response to increasing N¢
doses followed the quadratic regression model (Figure S11). In 2014, the maximum Cu
uptake of 17.6 g ha~! was obtained for N of 115 kg N ha~!. This trend was reversed
in 2015 and 2016. The cardinal values were 14.6 and 5.0 Cu ha~—! for N doses of 74 and
98 kg ha~!, respectively. Cu soil uptake was significantly and strongly correlated with K;
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moderately correlated with Ca; and weakly correlated with N, Fe, and Zn (Table S4). P
uptake, which was also responsible for the state of GE, showed only a response to weather
in subsequent growing seasons. It was significantly and strongly correlated, especially with
Mg (r = 0.94***) (Table S4).

The Zn uptake by wheat in the studied period resulted from the Y x N interaction.
The highest was recorded in 2014, when it was twice as high compared to the other two
seasons (Figure 512). The Zn uptake trend in response to N¢ doses followed the quadratic
regression model. The maximum amount of 164 g Zn ha~! was obtained for an N; that was
142 kg N ha~!. The opposite tendency was found in 2015. The cardinals were 43.8 Zn ha~!
for an Nt of 75 kg N ha™!, respectively. In 2016, Zn uptake was at the same level as in 2015,
but no significant trend in response to N¢ doses was found. This nutrient only showed a
significant and strong relationship with Mn (r = 0.94***), which was responsible for GE
formation (Table S4).

3.5. Redistribution of Nutrients Taken up by Winter Wheat in the CCW

The total amount of nutrients taken up by wheat plants during the CCW changed in
subsequent years of the study. The macro-elements were dominated by N, followed by K.
The amount of P and Mg was similar but varied over the years. The lowest amount was
recorded for Ca. In the macronutrient group, Fe and Mn were taken up by plants, despite
seasonal variability, in approximately the same amounts. Zn was taken up in much smaller
quantities, and the quantity of Cu was the smallest (Figures S13a-515a).

Analyzing the redistribution of nutrients taken up from the soil by the wheat plant
between its organs is very complex. The first step concerns the redistribution of nutrients
between the ears and vegetative organs, while the second step concerns the structure of
nutrient sources in the ear.

In 2014, the entire set of tested nutrients for the growing ear, based on the structure
of the origin source(s), was divided into five groups (Table 6). The three-source structure
(multi-source) group included nutrients remobilized from the leaves and the stem and
taken up by the plant during CCW from the soil. This group was represented by P. Its
resources in ears were provided in equal amounts by leaves and stems (40% each), and
the remaining 20% was taken up by the plant from the soil (Figure A2). At the same
time, no net accumulation was noted in the vegetative wheat organs. The double-source
group had two variants. The first vegetative group (Double-VE), representing nutrients
remobilized from the leaves and stem, consisted of N, K, and F. In the case of N, which was
accumulated in the ears in the largest amounts, the share of both sources was balanced
(50% each). Almost the same structure was found for Fe. The main source of K was leaves
(60%). The second double-source group (SOLE) includes nutrients taken up by plants from
the soil and remobilized from the leaves. This group was represented by Zn and Cu. Soil
nutrient uptake accounted for 89% and 69% of their total mass in wheat ears, respectively
(Figure S13b). It should be emphasized that part of both nutrients taken up from the soil
was allocated to the stems (Figure A2). Two single sources of nutrients for the ears were
identified. The first was the stems (ST), covering 100% of the Ca needs of the ears and some
of the Ca needs of the leaves. The second single source was soil (SO), covering the ears’
needs for Mg and Mn. In the case of Mg, 25% of soil nutrients were allocated to the stem.
In the case of Mn, 5% of its total amount of soil taken was accumulated in the stem, and
43% was accumulated in the leaves.

In 2015, the year with the highest grain yield, four groups of nutrient sources for the
growing ear were distinguished (Table 6). The multi-source group consisted of N, P, and
Zn (Figure A3). In the case of Zn and P, the dominant source was soil, with a share of
81% and 69%, respectively (Figure S14b). Regarding N, the share of soil and leaves was
almost equal (48% and 45%, respectively). In the SOLE group, including Fe and Cu, the
dominant source was soil, whose share was 61% and 92%, respectively. At the same time,
some of the nutrients taken up by the plants from the soil were transferred to the stem
(63% and 29%, respectively) (Figure A3). The SOST group only included Mn. Its uptake
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from the soil comprised 65% of the mass of the ear. At the same time, 35% of soil Mn was
incorporated into the leaves, and the soil was the only source of K, Mg, and Ca to the
growing ear. Nutrients taken from the soil were also accumulated in both vegetative parts.
In the case of K, 8% of the soil taken was allocated to the leaves, and 38% was allocated
to the stem. In the case of Mg, the respective contribution to the leaves was 27% and 36%.
However, in the case of Ca, the contribution included 73% to the leaves and 20% to the
stem. Only seven percent of Ca taken up by wheat plants in the CCW was allocated to
the ears.

Table 6. The nutrient economy of winter wheat in the Critical Cereal Window.

Growing Nutrient Sources for the Growing Ear—Summary Nutrient Invested in Vegetative Organs
Season Type of Source Source Sources
Year Acronym of Nutrients Nutrients Leaves (LE) Stems (ST)
Multi A LE + ST + SO P
Double—VE B LE + ST N, Fe, K Ca, Mn Mg, Mn, Zn, Cu
2014 Double—SOLE C SO +LE Zn, Cu
Single—ST D ST Ca
Single—SO E SO Mg, Mn
Multi A LE + ST + SO N, P, Zn
2015 Double—SOLE C SO+ LE Fe, Cu K, Mg, Ca, Mn K, Mg, Ca, Fe, Cu
Double—SOST D SO + ST Mn
Single E SO K, Mg, Ca
Multi A LE+sT+so VDK Mn
2016 Zn, Cu
Double—SOLE C SO +LE Mg — Mg, Ca
Double—SOST D SO + ST Fe
Single—LE F LE
Mean Multi A LE + ST + SO bR T
2014— Double—SOLE C SO + LE Cu Mg (trace), Ca, Mn Mg, Mn, Cu
2016 Single E SO Mg, Ca, Mn

Legend: LE—leaves; ST—stems; SO—soil.

In 2016, the year with the lowest grain yield, only three groups of nutrient sources for
the growing ear were distinguished (Table 6; Figure A3). The multi-source group comprised
six nutrients, including N, P, K, Mn, Zn, and Cu (Figure S15b). For N and K, the dominant
source was the stem, amounting to 44% and 39%, respectively. Soil was the dominant
source of P, Mn, and Zn. However, for Cu, all three sources contributed equally. The
SOLE group was represented by Mg and Ca. Meanwhile, Mg’s main source was soil (75%).
Moreover, 51% of the total amount taken up by wheat plants from the soil in the CCW was
accumulated in the stem. In the case of Ca, leaves delivered 99% of accumulated nutrients
to the ears. Analogously to Mg, most of the soil’s Ca was transferred to the stem. The SOST
group was solely represented by Fe. Soil dominated the stem’s source of nutrients (65%
vs. 35%).

4. Discussion
4.1. Ear Nutrients—Yield Prediction

The ear of a cereal plant is the final physiological sink of biological energy. GY results
from the potential of the number of florets to be fertilized in the full flowering phase. The
supply of assimilates to the growing ear results from the N nutritional status of the plant in
the critical period of basic yield component formation [11,12,33]. This is the period from the
beginning of booting to the beginning of flowering [22,32]. Therefore, the basic question is
to assess the predictive worth of winter wheat ears, which is mainly considered in terms of
GY and GPC; however, the main yield components, such as GE, cannot be omitted.

Based on the productivity of N mass in ears in the full flowering phase of winter wheat
and GY, the individual growing seasons can be treated as follows:
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1.  Effective N—2014. This season was characterized by a low amount of N in the ears
and high yield. The productivity of N accumulated in ears was 141 kg grain kg !
ear N.

2. Optimal N—2015. This season was characterized by a moderate amount of N in the
ears and a very high yield. The productivity of N accumulated in ears was 120 kg of
grain kg ! N.

3. Ineffective N—2016. This season was characterized by a very high amount of N in the
ears and moderate yield. The productivity of N accumulated in ears was only 60 kg
grain kg ! ear N.

Therefore, the mass of N in winter wheat ears in the full flowering phase is not a clear
indicator of grain yield.

This study showed that the mass of nutrients accumulated in winter wheat ears in the
full flowering phase was stable over the years in response to increasing N¢ doses. For all
nutrients examined, the obtained trend was consistent with the quadratic regression model.
This type of response indicates the nutritional saturation of the ears in the WW canopy.
Such a model for N in winter wheat appears in years with optimal growing conditions,
leading to a high GY [34]. With respect to the optimum N¢ dose, the nutrients examined
can be divided into three groups (with a division criterion of 20 kg N ha~!):

1.  Moderate: Cu, N, K, and P; range: 160-180 kg N ha=1;
2. High: Mg, Ca, and Zn; range: 190-210 kg N ha~1;
3. Very high: Fe and Mn; range: 210-230 kg N ha~!.

The obtained ranges clearly indicate that the accumulation of micronutrients and
secondary nutrients, like Mg and Ca, in the wheat ears occurred under a high supply of N.
Therefore, for High-Yield-High-Protein (HY-HP) varieties of WW, a good crop supply with
these nutrients is consistent with high doses of N;. The presented ranges, excluding the first
group, fall within or even exceed the ranges suggested for bread wheat [35]. Fe requires
special attention because its accumulation in wheat ears depends on high N¢ doses [36]. The
obtained results expand the range of nutrients that require a large supply of N, leading to
an increase in their mass in wheat in the period just before flowering. This is also important
in terms of the quality of wheat grain. As a result of a phenomenon called mineral density
dilution, the content of nutrients, especially Mg and microelements, in grains at maturity
decreases [37].

A reliable analysis of the diagnostic worth of nutrient mass in EAB in the CCW requires
a specific division of the data obtained into two subsets based on the GY in subsequent years
of the study. For both, i.e., the two-year system (2YS, 2014 and 2015) and the three-year
system (3YS, all studied years), the prediction of EAB was extremely high (R? ~ 0.98-0.997).
Importantly, N and Ca’s predictive value was shown in both algorithms, regardless of the
length of the analyzed period. In 2YS, excess N was only revealed for the highest N doses
in 2015, i.e., the year with the highest GY. The N deficiency in 3YS is misleading because
EAB over 3.9 t ha~! was significantly unproductive [32].

The wheat biomass at the beginning of flowering explains 70% of the variability in
the canopy grain density (CGD) [38]. This conclusion is true for optimal wheat growth
conditions, which are the exception and not the rule in natural rainfall conditions. In such
conditions, N deficiency reduces the accumulation of N in the ear, leading to a decrease in
its mass and, consequently, to a reduction in CGD [11,39]. Analysis of the yield-forming
role of N, or more precisely, the N mass in wheat ears, showed that in 2YS, it was critical for
six of eight wheat traits examined. This mainly applies to the economically key ones, i.e.,
GY and GPC. Both these traits were N-deficient despite high N doses. However, in 3YS,
the N mass, apart from EAB, was only critical for GPC. The grain protein yield (GPY) in
the variant with maximum N doses was 1.945 and 1.315 t ha~!, respectively, for 2015 and
2016. The unit productivity of an ear N was 8.1 and 5.5 kg protein kg Near !, respectively.
Therefore, the HY-HP production system found in 2015 was more productive with respect
to GPY than the Medium-Yield-High-Protein (MH-HP) system found in 2016.
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The Ca mass in the ear was a key predictor of six winter wheat traits, including EAB.
It is worth noting that in 3YS, Ca mass accumulated in the ears at BBCH 65 was critical
for both GY and its key components, such as GE and TGW. No such phenomenon was
observed in the 2YS. This controversy clearly indicates a disturbance in Ca accumulation
in ears in 2016, a year with the lowest yield. However, there is a question of whether the
increase in Ca content in the wheat ear was the reason or the result of a sudden decline
in GE. Overall, it likely is not because it was a consequence of the reduced number of
grains, which increased the mass of vegetative parts of the ear. A negative impact of Ca
accumulation in vegetative organs of a cereal crop just before flowering on GE and GY
was observed for spelt wheat [40]. Moreover, the mass of Ca in the ear was very strongly
related to N and moderately related to P. The yield-forming role of P was revealed in both
discussion systems. The negative P sign in the developed equations clearly suggests its
excessive mass in the ear at BBCH 65. It can, therefore, be concluded that regardless of
the GY level, P was not effectively used by wheat to support grain yield. The ineffective P
management deepened in 2016, with a much lower yield than previous seasons. Excess P
in the ears was very significant in predicting GE. The reason for this relationship lies in the
significant reduction in GE because the grains are the main sink for P [41]. Winter wheat—
and, therefore, all cereals—can, similarly to rapeseed, effectively manage P, provided an
optimal size of the sink, i.e., grains per m? [42].

4.2. Nutrient Economy of Winter Wheat Canopy During CCW

In the CCW, two aspects of nutrient management in winter wheat require great
attention. The first concerns the redistribution of nutrients taken up by wheat between its
organs. The second one focuses on the sources of nutrients for the growing ear.

The key question is the cause(s) that induce the redistribution structure of nutrients
taken up by wheat from the soil between the actively growing ear and the non-ear organs
of the plant. The physiological function of nutrients examined in the CCW, based on their
redistribution among wheat parts, can be divided into three groups (Table 6; Figure 3). The
first, which can be called physiologically conservative, consists of N and P. Their physiological
action was only oriented toward the growth of the ear. Moreover, they were remobilized
from both the leaves and the stem. In the case of N, its remobilization during the vegetative
part of seed plant growth is the base of the diagnostic tool known as Critical Nitrogen
Dilution [43]. In the studied case, the key predictor was the N remobilization quota (NRQ).
It explains 92% of the variability in GY in subsequent growing seasons, as follows:

GY = —0.05NRQ +12.1 forn =3, R> =0.92, p < 0.06

The much lower N remobilization from the stems in 2015 compared to the remaining
growing seasons was compensated by a large simultaneous uptake from the soil. A low
stem NRQ indirectly indicates an immature nutritional status. This assumption also results
from the activity of nutrients, whose nutritional status in the CCW can be described as
physiologically labile. The set of nutrients accumulated both in the ear and in the vegetative
wheat organs varied over the years. In 2014, it comprised Mn, Zn, and Cu, which accu-
mulated in the stems. In 2015, this set included K and Mn, which accumulated both in
leaves and stems, and again Cu and Zn, which accumulated only in stems. The supply
of a crop plant with K (including high-yielding winter wheat) during the growing season
depends on its available resources in the soil [44,45]. However, critical microelements can
and even must be provided to the crop plant to exploit its production potential using foliar
spraying [46,47].
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Figure 3. The redistribution of nutrients taken up by winter wheat plants from the soil in the CCW.
Legend: *, **—nutrient source, kg ha~!, macronutrients, micronutrients, respectively; LE—leaves;
ST—stems, SOIL—soil.

The growth of the stem is inherently related to the formation of the ear. It has been
proven that the better the stem shape (length, mass), the larger the ear. Moreover, the stem
is the transportation pathway for assimilates to reach floret primordia [48]. The prolonged
period of stem growth just before wheat flowering is considered to be its biometric trait that
increases yield [49,50]. This is, as presented by Grzebisz et al. [14], sourced from a large
CGD. The low stem NRQ in 2015 was not the primary factor determining the stem growth
in the WW canopy but, rather, a secondary factor. The primary factor was the pool of soil
mineral N (Np,in) available to the crop during CCW. In 2014, it was fully exhausted before
the booting phase, while in 2016, it was relatively low. In 2015, the convergence of Nin
resources with the simultaneous high availability of K and other nutrients was probably
the primary reason for the extended growth of the stem, which ultimately led to an increase
in the grain set in a wheat ear. The sink-source theory is dominated by the view that GY
is limited by a low size of the sink CGD [51-53]. In fact, the sink size in seed plants, e.g.,
cereals, should be assessed at the beginning of booting, not at the beginning of flowering,
and certainly not at harvest. This study indirectly shows that the main limitation in the
build-up of CGD is the limited size of the N source. This probably refers to the amount of
nitrate nitrogen in the soil in the period extending from the beginning of shoot elongation
to the beginning of wheat flowering (CCW; 14). This assumption is based on a study with
winter rapeseed oils, for which a decrease in the N-NO3; mass from BBCH 30 to BBCH 60
was significantly correlated with the crop biomass at the end of this period [54].

Among the nine nutrients examined, only Mg and Ca showed constant physiological
activity, consisting of stable (regardless of weather conditions) investment in the non-ear
organs of WW during CCW. Therefore, they can be called physiologically active. Most of
the soil Mg was allocated to the stem, while Ca was allocated to the leaves. The change
of leaves into stems as the sink for Ca in 2016 emphasizes a disturbance in the nutritional
physiology of winter wheat, indirectly indicating a juvenile status of ear-bearing tillers.
For Ca, the stem is only a transitional, temporary organ and not the final acceptor—the
final acceptor is the leaves [55]. The allocation of Mg in the CCW in the stems indicates the
physiological activity and growth of this plant organ [14]. The multi-functionality of Mg is
due to its necessity in transporting assimilates to the growing florets in the spikelets. Thus,
this yield-forming function of Mg should be treated as the basis for its application to wheat
foliage at the beginning of the booting phase but the latest in the heading phase [46].
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The main source of nutrients for the growing ear, apart from N and Fe, was the soil
(Figure 4). As for N, its main source for growing ears was leaves, followed by stems.
Over the years of the study, the N source structure was very variable. In 2015, the leaves
contributed equally to the soil, while in 2014, the leaves contributed equally to stems, and
no soil uptake was recorded. However, in 2016, the stem dominated over leaves, which
should be considered a disturbance of the N economy in the CCW. In the case of Fe, there
was a balance between leaves and stems (43% each), which was achieved via soil uptake.
No soil uptake was recorded in 2014, while in other seasons, dominant soil uptake was
recorded. The observed relationship indicates an important role of Fe in the N economy of
WW. This is consistent with recent reports for rice [56]. Soil was the dominant source of
the other nutrients examined. Averaged over years and N doses, soil delivered 100% of
Mg, Ca, and Mn accumulated in the ear in the full flowering stage. The double-nutrient
source, i.e., soil and leaves (SOLE), was represented by Cu, where soil uptake contributed
to 75% of Cu mass in the ear. All other nutrients that accumulated in the ears, such as N,
Fe, P, K, and Zn, came from three sources. In the case of the last three nutrients, soil uptake
predominated over remobilization from winter wheat non-ear organs. The structure of Fe
sources clearly indicates how to supplement the needs of winter wheat for this nutrient:
foliar feeding. In the case of nutrients whose sources for the ear are dominated by soil
uptake, the plant supply depends on the size of the soil’s available pool. Zn soil application,
practiced in many regions of the world, increases the size of the wheat root system. As a
consequence, there was an increase in Zn uptake and an increase in grain yield and Zn
concentration in the grain [57]. Our results showed a strong relationship between the mass
of Zn accumulated in ears, especially with K, Mn, and Fe, but not with Ca. Therefore, Zn
can be treated as a specific regulator of N efficiency by improving the management of other
nutrients in the CCW. This is a challenge for farmers, whose goal is not only to use the yield
potential of winter wheat but also to increase the efficiency of N in the soil/crop system.

mLE mST mSOIL
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0% - ‘ ‘ ‘
N P K Mg Ca Fe Mn n Cu
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Sources of nutrients

Figure 4. Percentage of individual nutrient sources in the ear of winter wheat in the full flowering
phase. Legend: *—nutrient share; LE—leaves; ST—stems, SOIL—soil.

5. Conclusions

A high grain yield with a simultaneous high grain protein content of winter bread
wheat is possible, provided that N resources are effectively controlled from the begin-
ning of the booting phase to the full flowering phase (CCW). A necessary condition for
determining the scope of fertilization treatments is recognizing the nutritional status of
winter wheat at the beginning of this period. In this study, the ear biomass (EAB) and the



Agronomy 2024, 14, 3018

17 of 22

mass of accumulated nutrients were considered critical winter wheat traits. These traits
define the grain yield (GY) and protein content (GPC). Overall, this study showed that the
range of critical nutritional factors in the ears resulted from the degree of disruption of N
management in the CCW.

The CCW indicators relating to the nutrient balance in leaves and stems during this
period made it possible to recognize the main processes, i.e., remobilization and/or net
accumulation, as well as their impact on the wheat traits examined. A positive nutrient
balance in leaves, indicating remobilization, was found for N, P, Fe, Zn, and Cu. The P and
Mg balance in stems were the best EAB predictors, and GY was the best predictor in leaves.
The leaf N balance confirms the importance of this indicator for GPC prediction.

The CCW period of winter wheat growth should always be combined with the effective
transformation of the taken-up soil N into grain yield and protein content. The soil N and
Fe were important but not the dominant sources for the growing ears. For both nutrients,
the processes of their remobilization from leaves and stems were more important. The
observed phenomenon is important for both farmers and breeders of winter wheat varieties.
For the first group, this indicates the optimization of N fertilization before the booting
phase, as well as foliar application of both nutrients in the CCW. The question for breeders
is how to increase the remobilization of both nutrients from leaves and stems. The only
source of Mg, Ca, and Mn (and partly for Cu) was soil. This is a clear suggestion and
challenges farmers to maintain the content of available nutrients in the soil at a high level.
The key source of P, K, and Zn for ears was soil, supported by extensive remobilization
from leaves and stems. The highest yield was provided by the set of nutrients taken up
from the soil by WW during CCW, apart from Mg and Ca, which also included K, Mn, Zn,
and Cu. For the farmer, in addition to fertilizing WW in the CCW, it is equally important
to choose a variety that has a high predisposition to take up N from the soil in the CCW,
specifically from previously applied fertilizers.
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in CCW in subsequent growing season; Figure S11. Trends in copper soil uptake by winter wheat
in CCW in subsequent growing season; Figure S12. Trends in zinc soil uptake by winter wheat
in CCW in subsequent growing season; Figure S13a. Nutrient uptake by winter wheat in CCW
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of nutrient sources for ear nutrients mass, 2014; Figure S14a. Nutrient uptake by winter wheat
in CCW and redistribution between plant organs, 2015; Figure S14b. Redistribution of nutrient
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nutrients mass, 2016; Table S1. Correlation matrix of nutrients accumulated in winter wheat ears
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during the Critical Cereal Window and grain yield and crude protein content and yield components;
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Appendix A

Table A1l. Regression models of nutrient mass in the ears of winter wheat in the full flowering phase.

Three-Year System, 3YS, Two-Year System, 2YS,

; 2 2
Wheat Trait n=21 R n=14 R

Ear biomass, EAB EAB=0.83+0.3N +0.21Mg — 146Ca 098 EAB=0.06 — 0.0IN +0.24P + 0.04K + 1.11Ca — 0.009Fe  0.997
Grain yield, GY GY =4.82 — 0.87P + 8.92Ca + 0.08Zn  0.89 GY =5.78 + 0.17N — 1.28P + 0.05Mn 0.85
Grain protein content, CP CPC =1.1+0.06N 0.73 CPC =8.76 + 0.14N — 1.31P + 0.05Mn 0.83
Grain protein yield, CPY GPY =0.11 — 0.11P + 1.49Ca + 0.01Zn  0.80 GPY =0.48 + 0.04N — 0.3P + 0.01Mn 0.87
Canopy ear density, CED CED =426 + 2.28N — 29.2Mg + 1.8Zn  0.72 CED =311 + 29Cu 0.69
Grain per ear, GE GE =25.7 — 2.29P + 22.5Ca + 0.13Mn 0.79 Nonsignificant -

Canopy grain density, CGD GD=10.1 — 1.88Mg + 8.2Ca +0.13Zn  0.88 CGD =10.6 + 0.13N 0.68
Thousand grain weight TGW =45.9 + 4.3Ca 0.49 TGW =51.6 + 0.07N — 2.1P + 0.28K 0.78

Legend: N, P, K, Mg, Ca, Fe, Mn, Zn, and Cu—nutrients.

Table A2. Regression models of nutrient balance in winter wheat leaves and stems in the Critical
Cereal Window.

Wheat Trait Leaves R? Stems R?
Ear biomass, EAB EAB =3.51 — 0.015Fe + 0.094Zn 0.70 EAB =17 + 0.23P — 0.31Mg 091
Grain yield, GY GY =6.53 + 0.83P — 0.82Mg 0.78 GY =9.28 — 0.17Cu 0.26
Grain protein content, GPC GPC = 8.65 + 0.095N 0.31 GPC =8.84 + 0.06N + 0.0Zn — 0.34Cu 0.59
Grain protein yield, GPY GPY =0.41 + 0.019N — 0.067Mg 0.60 Nonsignificant -
Canopy ear density, CED CED =422 + 53P — 67Mg — 1.9Fe +9.6Zn  0.71 Nonsignificant -
Grain per ear, GE GE =26.4 — 0.96Mg + 0.07Fe 0.84 GE =34.3 — 0.35Cu 0.27
Canopy grain density, CGD CGD =124 +1.95P — 1.66Mg 0.84 Nonsignificant -
Thousand grain weight TGW =50.1 — 0.53K 0.32 TGW =48 — 0.28Mg — 0.007Fe 0.58

Legend: N, P, K, Mg, Ca, Fe, Mn, Zn, and Cu—nutrients.

Table A3. Regression models of nutrients taken up from the soil by winter wheat in the Critical
Cereal Window.

Wheat Trait Three-Year System, 3YS, n =21 R?
Ear biomass, EAB EAB =1.06 — 0.11P + 0.3Mg + 0.1Zn — 0.07Cu 0.94
Grain yield, GY GY =8.2+0.22Ca 0.45
Grain protein content, GPC GPC =04 +0.24Mg 0.53
Grain protein yield, GPY GPY =1.0 + 0.028Ca 0.31
Canopy ear density, CED CD =623 + 6.0Ca 0.23
Grain per ear, GE GE =26.6 — 0.41P + 0.49Ca + 0.2Mn 0.73
Canopy grain density, CGD CGR =18 + 0.63Ca — 0.024Fe 0.59
Thousand grain weight TGW =48.3 + 0.01Fe 0.59

Legend: N, P, K, Mg, Ca, Fe, Mn, Zn, and Cu—nutrients.



Agronomy 2024, 14, 3018 19 of 22

Appendix B
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Figure A1. The redistribution of nutrients taken up by winter wheat in the CCW between its organs
during full flowering, 2014. * The percentage redistribution based on the amount of a given nutrient
in the ears. Legend: LE—leaves, ST—stems, SOIL—soil nutrient sources.
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Figure A2. The redistribution of nutrients taken up by winter wheat in the CCW between its organs
during full flowering, 2015. * The percentage redistribution based on the amount of a given nutrient
in the ears. Legend: LE—leaves, ST—stems, SOIL—soil nutrient sources.
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Figure A3. The redistribution of nutrients taken up by winter wheat in the CCW between its organs
during full flowering, 2016. * The percentage redistribution based on the amount of a given nutrient
in the ears. Legend: LE—leaves, ST—stems, SOIL—soil nutrient sources.
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