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Abstract: The nutrient content in leaves of spelt wheat at late heading is crucial for the development
of its yield components, and in consequence, grain yield. This hypothesis was verified based on
data from long-term field experiments with four potassium (K) treatments based on the progressive
K supply potential to plants from soil and fertilizer and two magnesium treatments (−Mg, +Mg).
The number of ears (NE) and the number of grains per ear (NGE) responded significantly to the
increased K and Mg supply. The grain yield was positively correlated with NGE. A shortage of N
and Mg resulted in a lower NGE, whereas a shortage of N and Zn, concomitant with an excess of Ca,
resulted in a significant decrease in NGE and thousand-grain weight. This effect can be diminished
by the increased content of Mg. It has been revealed that the content of Zn in leaves of spelt wheat at
heading is an important nutritional factor effectively controlling N, P and Fe contents in grain, and
consequently, grain yield. This study showed that the content of nutrients in spelt leaves measured
just before anthesis can be used for reliable prediction of the grain yield.
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1. Introduction

Spelt, the ancient bread wheat, is nowadays experiencing a renaissance in its production, with
vastly increased areas being sown in Europe and North America [1]. The key reason for such renewed
interest is its much healthier nutritional quality, including its content of proteins, lipids, fibers, vitamins,
and nutrients as compared to common wheat [2,3]. Spelt wheat, in contrast to common wheat, is
considered to be a crop that is highly tolerant to unfavorable growth conditions, including low soil
fertility and low input of production measures. Therefore, it is cultivated mainly on organic farms, but
grain yields are low and variable from year-to-year [4].

The increasing interest in food products based on spelt wheat flour is a major reason for the
intensification of this wheat species production. There are considered to be two key ways of achieving
success. The first refers to breeding progress. Presently, an increasing number of new high-yielding
varieties are recorded. The second way comprises a set of agronomic measures, including soil quality
and health, fore-crop, and doses of applied nutrients. As reported by Ugrenović et al. [5], yields of
spelt wheat varieties, irrespective of weather conditions in consecutive years of study, were the highest
on chernozem. The recent study by Wanic et al. [6] has fully corroborated this opinion. These authors
showed that spelt is sensitive to growth conditions as created by preceding crops.

With respect to nutrient application, the most deeply studied is nitrogen (N). As clearly indicated
by Sinclair and Jamieson [7], N management in cereals is a key factor responsible for both the number
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of grains set per ear and grain yield. Spelt wheat is considered as having low requirements for N
fertilizer. This opinion has been recently corroborated by Andruszczak [8], who showed that a N dose
of 80 kg ha−1 resulted in a grain yield decline, mostly due to lodging. The current efforts in bread
wheat production are almost fully oriented to optimizing the N use efficiency of new cultivars in order
to decrease its losses to the environment [9,10]. The low requirement for N by spelt, concomitant with
its high-yielding potential, creates an alternative agronomic option for reducing the reliance of bread
wheat production on doses of applied N fertilizers [11].

The impact of other basic nutrients on the productivity of this crop, including potassium (K)
and magnesium (Mg) is, in fact, a black box. As recently published by Dhillon et al. [12], K use
efficiency in cereals is low, amounting to 19%. The physiological functions of K as related to water
management by crop plants are well recognized. Plants that are well supplied with K during the
growing season are able to overcome, at least partly, the negative impacts of drought [13]. Magnesium,
due to its predisposition to significant dilution in edible plant parts, requires careful attention from
both consumers and breeders, but especially farmers [14,15]. The deficiency of Mg in the edible part of
a crop plant can be solved in a complementary way. The first is a cultivation of crops naturally rich
in Mg. Spelt wheat, due to naturally having much higher contents of numerous nutrients, including
Mg, is a strategic option in future breeding programs [16–18]. The current, in fact, urgent solution for
overcoming the Mg deficiency in wheat grain is soil or foliar application of Mg fertilizers [19].

In spite of extended reports on spelt wheat with respect to agronomy measures, there is a lack
of studies concerning a diagnosis of its nutritional status during vegetative growth. The spelt wheat
biomass and its partitioning between plant organs just before anthesis is an important trait, significantly
affecting the development of yield components, and subsequently, grain yield [20]. The objective of
this study was to evaluate the impact of nutrient concentration in leaves of spelt wheat just before
anthesis, i.e., at heading, on the development of yield components, grain yield, and on the mineral
nutrient content.

2. Materials and Methods

2.1. Site Description

Field trials with spelt wheat were carried out in 2013–2016 at the Brody Experimental Farm
(Poznan University of Life Sciences, 52◦44′ N; 16◦28′ E). The study was based on an experimental
long-term trial which was established in 1991 on Albic Luvisol and originated from loamy sand
underlined by light loam [21]. The topsoil was characterized by an optimal soil reaction (Table 1). The
amount of mineral N (Nmin) measured in spring in a layer of 0–60 cm ranged from 44.4 kg ha−1 to
51.5 kg ha−1

. The topsoil samples taken from the K1 plot showed a low content of plant-available K;
K2, medium; K3, medium; and K4, high. At a soil depth of 0.3–0.6 m, the differences in K content
between treatments were less prominent than at a depth of 0–0.3 m, especially between K2 and K3
treatments. Moreover, the topsoil featured a high content of available P and Mg [22]. The long-standing
K fertilization system did not have a significant influence on the content of the above elements in soil.

Meteorological data are presented in Figure 1. The total sum of precipitation during the spring
growing season (March–July) was 284 mm in 2014, 272 mm in 2015, and 346 mm in 2016, whereas the
long-term average for this period is 275 mm.

2.2. Experimental Design

The field trial was arranged as a two-factorial split-block design, replicated four times, and was
comprised of two systems of nutrient application:

(1) four rates of potassium: K1→ 0 kg ha−1; K2→ 18.75 kg ha−1; K3→ 37.5 kg ha−1; K4→ 75 kg ha−1,
(2) two rates of magnesium: 0 kg Mg ha−1; 10.5 kg Mg ha−1 (7.5 + 3.0 kg Mg ha−1).

The area of an individual plot was 22.4 m2 (2.8 m × 8 m). The fore-crop for spelt wheat was oilseed
rape. Ears of spelt (Triticum spelta, cultivar Ebners Rotkorn) were sown at a rate of 300 kg ha−1 at the
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end of September (seeding depth = 50 mm; row spacing = 150 mm). Rates and forms of nutrients
applied two weeks before wheat sowing were as follows: (i) K as potassium salt (KCl; 49.8% pure
K) in accordance with the experimental design, (ii) Mg as kieserite (MgSO4 × H2O; 15.8% Mg) in
accordance with the experimental design→ 7.5 kg Mg ha−1, (iii) P at the rate of 19.8 kg ha−1 as single
superphosphate. Magnesium applied (3.0 kg Mg ha−1) to wheat foliage at beginning of stem elongation
(according to the BBCH scale 31; BBCH in German: Biologische Bundesanstalt, Bundessortenamt and
CHemische Industrie) was in the form MgSO4 × 7H2O (9.6% Mg). Nitrogen as ammonium nitrate
(34% N) was applied in one dose of 60 kg ha−1 at the beginning of spring vegetation.

Table 1. Soil chemical properties as a result of stationary long-term field experiments, varied K
fertilization (mean for three years).

Soil Depth,
m

K
Treatment

pH1 P2 K2 Mg2 Ca2 NH4-N3 NO3-N3 Nmin
3

mg kg−1 kg ha−1

0–0.3 K1 6.5 153.4 91.5 72.0 1213 3.7 29.4 33.1
K2 6.5 154.0 110.3 70.5 1169 3.9 26.7 30.6
K3 6.5 154.3 129.5 72.0 1219 3.5 29.4 32.6
K4 6.6 152.4 163.7 75.0 1166 4.5 31.6 36.1

0.3–0.6 K1 6.1 61.0 68.5 90.5 1390 3.8 12.2 16.0
K2 6.2 63.5 80.0 84.0 1401 3.7 10.1 13.8
K3 5.9 65.0 86.5 105.5 1293 3.8 12.3 16.1
K4 6.1 69.5 104.5 98.0 1328 3.7 11.7 15.4

1 1.0 mol KCl; 2 Mehlich 3 method; 3 0.01 mol CaCl2.
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Figure 1. Mean daily air temperature and precipitation during the 2014–2016 growing seasons,
measured at the Synoptic Station at Brody.

2.3. Experimental Measurements and Chemical Analysis

Soil samples were collected twice a year, in summer (after harvest of forecrop) and at the beginning
of spring vegetation. Soil samples were taken using a manual Eijkelkamp auger (Eijkelkamp Soil and
Water, Giesbeek, Nederland) from topsoil (0–0.3 m) and subsoil (0.3–0.6 m) of each field representing
different K fertilization. After air-drying, soil properties were determined according to the standard
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method: pH in 1.0 mol KCl (soil/solution ratio 1:2.5; w/v) and plant-available P, K, Ca and Mg by the
Mehlich 3 method [23]. The NH4-N and NO3-N were determined in field-fresh soil samples. Twenty
grams of soil samples were shaken for 1 h with 100 mL of a 0.01 M CaCl2 solution (soil/solution
ratio 5:1; w/v). Concentrations of NH4-N and NO3-N were determined with the colorimetric method
using flow injection analyses (FIAstar 5000, FOSS Analytical AB, Sweden). Concentrations of K, Mg,
and Ca in the collected extracts were analyzed by atomic absorption spectrophotometry (SpectrAA
55B, Varian, Australia). The concentration of P was determined by the colorimetric method using a
spectrophotometer Specord 40 (Analitik Jena, Germany).

Plant material used for the determination of dry matter (DM) and nutrient content was collected
from an area of 0.2 m2 at spelt wheat heading (according to the BBCH scale 56–58). Grain was collected
during harvest (BBCH 89). The total grain yield (GY) harvested from an area of 12 m2 was adjusted to a
14% moisture content. The nitrogen content was determined using a standard macro-Kjeldahl procedure
(Kjeltec Auto 1031 Analyzer, FOSS Analytical AB, Sweden). For other nutrients, the harvested plant
sample was dried at 55 ◦C and then mineralized at 600 ◦C. The obtained ash was then dissolved in 33%
HNO3. The phosphorus concentration was measured by the vanadium–molybdenum method using a
Specord 40 (Analytik Jena, Jena, Germany) at a wavelength of 436 nm. The potassium concentration
was measured by flame photometry and other nutrients by atomic absorption spectrometry.

2.4. Yield-Gap Calculation

The yield-gap (loss) was calculated based on the index, termed as the Partial Factor Productivity
of N fertilizer (PFPN). It expressed the gross productivity of the applied N fertilizer [24]. The cPFPN

average for the third quarter of the ascending PFPN data set was used as the critical value for the
maximum yield calculation (GYMAX). The yield-gap calculation procedure comprised the following
set of equations:

PFPN = GY / N, (1)

GYMAX = cPFPN × N, (2)

GY-L = GY − GYMAX, (3)

where, PFPN—Partial Factor Productivity of N fertilizer, kg kg−1; GY—grain yield, kg ha−1; N—nitrogen
fertilizer rate, kg N ha−1; GYMAX—maximum of GY, kg ha−1; cPFPN—the average of the third quarter;
GY-L—yield-gap, kg ha−1.

2.5. Statistical Analysis

The effects of individual research factors (year, potassium, magnesium) and their interactions on
the grain yield and mineral nutrient contents were assessed by means of a three-way ANOVA. Means
were separated by honest significant difference (HSD) using Tukey’s method, when the F-test indicated
significant factorial effects at the level of p < 0.05. The effects of factors on the seed yield and mineral
nutrient contents were compared by means of a one-way ANOVA (year, potassium, magnesium), or
two-way ANOVA (interaction between factors). The relationships between the traits were analyzed
using Pearson correlation and linear regression. The stepwise regression was applied to define the
optimal set of variables for plant characteristics. The best regression model was selected based on the
highest F-value for the entire model. STATISTICA 12 software was used for all statistical analyses [25].

3. Results

3.1. Grain Yield and Yield Components

The grain yield of spelt wheat was significantly dependent on the interaction of experimental
treatments and weather (Figure 2, Table 2). The effect of weather was the decisive grain yield factor,
being slightly modified by experimental factors. The effect of K treatments (soil K fertility level +

current K application) was only significant with respect to the control plot (+9.5%). The same level



Agronomy 2019, 9, 558 5 of 14

of impact was found for Mg, resulting in a grain yield increase of 8.2%. The lowest grain yield, as
recorded in 2014, was due to a shortage of precipitation during most of the spring vegetation (Figure 1).
In this year, the effect of increasing K treatment was negligible, but Mg treatment resulted in a yield
increase in contrastive K plots (K1 and K4). In 2015, a year with drought in the summer months,
the grain yield was double as compared to 2014. The impact of K rates was highly variable, but it
responded significantly to Mg application. The observed trend corroborates data for other crops which
are very sensitive to Mg fertilization in years with drought [26]. In 2016, a favorable year with respect
to the amount and distribution of precipitation, the yields were the highest, showing a significant
response to the interaction of K and Mg when applied in high rates. This is in agreement with the
opinion of Grzebisz [19], who stated that Mg application was an effective nutritional measure for
exploiting a crop yielding potential under optimal growth conditions.

Table 2. Grain yields of spelt wheat and yield components.

Factor Level
of Factor

GY1 NE NGE SD TGW PFPN GY-L
t ha−1 No m−1 No ear−1 No m−2 g kg kg−1 t ha−1

Year (Y)
2014 2.43a 610.0b 18.2a 11212 28.9a 32.4a

−2.351a

2015 3.79b 568.4b 22.1b 12597 54.8b 63.1b
−0.996b

2016 4.48c 504.2a 22.9b 11639 51.5b 74.6c
−0.308c

F-value 230.8*** 15.4*** 41.7*** 2.83 977.6*** 410.8*** 230.8***

K rate
kg ha−1

0.0 3.33a 555.6ab 19.4a 10745a 44.8 52.9a 1.457b

18.8 3.66b 536.5a 20.9ab 11164a 45.1 58.5b 1.208a

37.5 3.65b 599.6b 22.6c 13573b 45.7 57.8b 1.138a

75.0 3.63b 551.8ab 21.4bc 11782ab 44.7 57.7b 1.159a

F-value 4.08** 3.00** 8.50*** 6.55*** 0.81ns 4.39** 4.1**

Mg rate
kg ha−1

0.0 3.42a 548.1 20.4a 11151a 44.7 54.5a 1.360b

10.5 3.71b 573.7 21.8b 12481b 45.5 59.0b 1.078a

F-value 12.9*** 2.65 9.42*** 7.46** 2.73 13.1*** 12.9***

F-values for interaction
Y × K 6.09*** 1.04ns 0.76ns 1.05ns 0.69ns 6.61*** 6.09***

Y ×Mg 0.22ns 0.28ns 0.01ns 0.05ns 1.42ns 0.47ns 0.22ns

K ×Mg 2.24ns 0.26ns 0.47ns 0.35ns 1.16ns 2.26ns 2.24ns

Y × K ×Mg 3.65** 1.10ns 0.93ns 1.12ns 2.73* 3.49** 3.65**
1 Abbreviations: GY—grain yield; NE—number of ears; NGE—number of grains per ear; SD—seed density;
TGW—thousand-grain weight; PFPN—Partial Factor Productivity of N fertilizer; GY-L—yield-gap. ***, **, *
significant at p < 0.001; < 0.01; < 0.05, respectively; ns—not significant; the same letter indicates a lack of significant
differences within the treatment.

Yield-gap (GY-L) is a measure of N inefficiency. The value of the Partial Factor of Nitrogen
Productivity (PFPN), as calculated for the third quarter of PFPN, amounted to 79.7 kg grain per 1.0 kg of
applied N. The lowest PFPN of 32.4 kg kg−1 N was recorded in 2014. It was twice as low as compared
to 2015. In 2016, PFPN reached the highest value of 75 kg kg−1 N, i.e., at the level of 94% of the
calculated maximum. The range obtained clearly corroborated the opinion of the decisive impact of
environmental conditions on the N productivity of spelt wheat [27]. The maximum attainable grain
yield (GYMAX) under conditions of the study based on PFPN of 79.7 kg kg−1 amounted to 4784 kg ha−1

(4.78 t ha−1). This yield level of spelt wheat is achievable, provided favorable growth conditions,
which are defined by a high soil fertility level, favorable weather conditions during the grain-filling
period and a high quality of the fore-crop [5,6]. The yield loss (GY-L) in 2014 was almost equal to the
harvested yield. In 2015, it was much lower, constituting 21% and in 2016, only 6% of the attainable
yield (Table 2). The existing yield-gap was partly covered by the interactional effect of experimental
factors, but its power depended on weather in consecutive years. The net grain yield gain (GY-G) was
achieved in 2016 on treatments with the highest rates of K and Mg (Figure 2).

The course of the weather was the key factor affecting the variability of yield components of
spelt wheat. The number of ears and the number of grains per ear showed a strong compensation
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mechanism, which resulted in a constant seed density in all the years of study. It is necessary to stress
that the thousand-grain weight (TGW) was positively correlated with the number of grains per ear, but
at the same time, negatively correlated with the number of ears (Table 3). The positive relationship
between the number of grains per ear and TGW clearly indicates that competition for assimilates
between the number and the enlarging grains during the grain-filling period did not occur [28]. The
low TGW, as recorded in 2014, can be explained by a disturbance in the supply of assimilates from
leaves to the developing grains during the grain-filling period. The impact of fertilization treatments
on yield components was the most consistent only for the seed density. The effect of increasing K rates
on seed density (SD) was best described by the quadrate regression model:

SD = −1.236 K2 + 112.6 K + 10,402 for R2 = 0.69, n = 24 and p = 0.554. (4)
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Figure 2. Effect of fertilization treatments on the grain yield (GY), yield-gap (GY-L) and net grain
yield gain (GY-G) of spelt wheat depending on the year. Potassium rates: 0 kg K ha−1, 18.8 kg K ha−1,
37.5 kg K ha−1, 75.0 kg K ha−1; 0 kg Mg ha−1—control, without Mg fertilization; Mg—magnesium
fertilization (10.5 kg Mg ha−1). The same letter indicates a lack of significant differences within the
treatment; *—test for the GY-L.

A maximum seed density of 12,966 grains m−2 was recorded for a K rate of 45.6 kg ha−1. The
recorded seed density was consistent with the increase in both the number of ears and number of
grains per ear. The significant effect of applied Mg was recorded only for the number of grains per ear.
The key reason for poor grain yield in 2014 was an extremely low thousand-grain weight, explicitly
indicating a disturbance in the supply of assimilates to grains during the grain-filling period. It is well
documented that the N concentration in leaves of cereals during the grain-filling period is decisive for
the rate of photosynthesis and longevity of leaves, treated as a source of assimilates for the growing
grain [29]. The stepwise regression analysis clearly showed that the grain yield (GY) of spelt was
driven by the number of ears (NE) and the number of grains per ear (NGE):

GY = 0.9 − 0.0054 NE + 0.269 NGE for R2 = 0.79, n = 24 and p < 0.001. (5)

The unit productivity of fertilizer N (PFPN) significantly depended on the degree of development
of these two yield components, and TGW values:
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PFPN = 0.47 − 0.078 NE + 3.334 NGE + 0.662 TGW for R2 = 0.87, n = 24 and p < 0.001. (6)

This equation indirectly stresses the importance of K and Mg application as agronomic measures
for exploiting the yielding potential of spelt wheat. Their effect resulted from the significant and
positive impact of applied nutrients on both NGE and PFPN (Table 2).

3.2. Grain Yield Prediction Based on Nutrient Concentration in Leaves at Heading

The heading phase of wheat growth is considered to have the highest photosynthetic capacity,
being responsible for the grain set per ear [30,31]. Therefore, the nutritional status of wheat plants at
this particular phase seems to be a crucial factor for the expression of yield components. The study
clearly demonstrated that the content of nutrients in wheat leaves at the end of heading (BBCH 56–58)
was significantly driven by the course of weather. The content of N, P, K, and Cu decreased in the
order 2015 > 2016 > 2014 (Table 3). All these nutrients were significantly correlated with each other
(Table 4). Nitrogen was the only nutrient to show a significant response to K treatments. As a rule, a
much higher content of N was recorded in plants fertilized with K. It is well-documented that K is
the key cation required during the grain-filling period for assimilate transportation from leaves to the
growing grains [32]. The shortage of both N and K in wheat leaves, as recorded in 2014, explains the
lower TGW, which subsequently led to a low grain yield.

Table 3. Nutrient content in leaves of spelt wheat at heading (BBCH 56–58).

Factor Level
of Factor

N P K Mg Ca Mn Zn Cu
g kg−1 mg kg−1

Year (Y)
2014 12.4a 2.4a 23.0a 1.7b 0.3b 45.7a 14.1a 2.1a

2015 23.5c 3.9c 31.0c 1.0a 0.2a 47.1ab 13.9a 5.7c

2016 19.4b 3.3b 26.2b 2.5c 0.2a 51.9b 24.1b 3.9b

F-value 166.5*** 129.9*** 36.8*** 274.5*** 123.7*** 3.36* 84.0*** 160.8***

K rate
kg ha−1

0.0 16.9a 3.2 25.5 1.7 0.3 47.5 17.5 3.9
18.8 19.0b 3.2 26.5 1.6 0.3 51.1 16.7 4.0
37.5 19.0b 3.2 28.1 1.7 0.3 48.6 18.2 3.9
75.0 18.7b 3.1 26.8 1.7 0.3 45.7 16.8 3.8

F-value 3.87* 1.23ns 1.90ns 1.33ns 0.33ns 1.20ns 1.77ns 0.34ns

Mg rate
kg ha−1

0.0 18.5 3.2 26.9 1.7 0.3 49.4 16.8 4.0
10.5 18.3 3.1 26.5 1.7 0.3 47.1 17.9 3.8

F-value 0.12ns 1.36ns 0.33ns 2.22ns 0.12ns 1.27ns 0.02ns 2.54ns

F-values for interaction
Y × K 0.12ns 1.87ns 0.43ns 0.75ns 1.60ns 1.11ns 0.87ns 0.36ns

Y ×Mg 1.09ns 0.32ns 1.60ns 0.89ns 0.26ns 1.61ns 0.07ns 0.74ns

K ×Mg 0.12ns 1.44ns 0.59ns 1.23ns 3.32* 1.20ns 3.53* 1.39ns

Y × K ×Mg 0.46ns 0.7ns 0.45ns 2.90* 1.31ns 1.87ns 1.75ns 0.36ns

BBCH—Biologische Bundesanstalt, Bundessortenamt and CHemische Industrie. ***, **, * significant at p < 0.001;
< 0.01; < 0.05, respectively; ns—not significant; the same letter indicates a lack of significant differences within
the treatment.

The most grain-yield-limiting factor was Ca, the concentration of which increased due to water
stress (Table 4). At the same time, its concentration was positively correlated with NE, but negatively
with NGE and TGW. The analysis of Table 4 clearly illustrates that the contents of N, P, K, Cu and
Zn were crucial for both NGE and TGW development. It can be concluded that any decrease in the
contents of these four nutrients plus Zn resulted in significantly lower NGE and TGW. This opinion
was fully corroborated by the applied stepwise regression, which showed that both NGE and GY were
significantly controlled by almost the same set of nutrients:

TGW = 38.6 − 67.1 Ca + 4.81 Cu + 0.29 Zn for R2 = 0.98, n = 24 and p < 0.001 (7)
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NGE = 9.08 + 0.48 N + 1.89 Mg for R2 = 0.70, n = 24 and p < 0.001 (8)

GY = −0.47 + 0.12 N + 0.10 Zn for R2 = 0.84, n = 24 and p < 0.001 (9)

The key reason for the high Ca concentration in leaves of spelt wheat at heading was drought. The
spelt grain yield was also the lowest in this particular year. Therefore, the highest Ca concentration,
as recorded in 2014, concomitant with a simultaneously lower concentration of K and N indicates an
imbalance status of both nutrients in spelt wheat. The amount of soil-available Ca was in the suitable
class. The amount of available K was in the low class for the K1 treatment and in the suitable class for
other treatments. Therefore, these two nutrients were well-balanced in the soil. It is well-documented
in the scientific literature that a shortage of K negatively affects the rate of plant growth [33].

The shortage of the same set of nutrients, in combination with an excess of Ca, was the main
reason for the PFPN development:

PFPN = 29.94 + 1.66 N − 105.1 Ca + 1.34 Zn for R2 = 0.93, n = 24 and p < 0.001. (10)

The effect of Ca on PFPN, and consequently, on the GY, was indirect—through other
nutrients—because it exerted a strong negative impact on the content of basic nutrients, such as
N, P, K and also on Cu, which were positively correlated with grain yield (Table 4). The applied
stepwise regression analysis showed that the yield-gap decreased in accordance with the increase in N
and Zn contents in leaves of spelt wheat during late heading (Figure 3).
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The nutrient status of spelt wheat, as measured just before anthesis, can be taken as a reliable
diagnostic tool for the GY prediction. The pre-anthesis phase, i.e., heading, is treated for other cereals
as the diagnostic phase for the evaluation of nutritional status or for the yield prediction. The classical
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example of information in the first area is the book by Bergmann [34]. It contains data of optimal
ranges of nutrient concentration for wheat and other cereals. The calcium content in leaves was found
to be a stressful growth factor, negatively influencing two yield components, i.e., NGE and TGW. The
excesses of Ca significantly disturbing the content of N, P, K, and Cu subsequently led to a decrease
in NGE and TGW. The shortage of N is considered as the key factor responsible for the variability in
NGE, subsequently resulting in the GY variability [7]. The simultaneous reduction in these two yield
components resulted in the development of a yield-gap (GY-L). The results obtained corroborate the
opinion by Ugrenović et al. [5] that spelt wheat is not tolerant to both harsh environmental conditions
and low soil fertility.

Table 4. Correlation matrix between contents of nutrients in leaves of spelt wheat, yield components
and yield traits, n = 24.

Traits P K Mg Ca Mn Cu Zn NE1 NGE TGW GY PFPN

N 0.93*** 0.89*** −0.33 −0.76*** 0.13 0.95*** −0.11 −0.38 0.73*** 0.94*** 0.71*** 0.77***
P 0.89*** −0.34 −0.71*** 0.15 0.97*** −0.07 −0.37 0.61** 0.91*** 0.60** 0.67***
K −0.50* −0.47* 0.18 0.91*** −0.10 −0.12 0.59** 0.77*** 0.44* 0.51*

Mg −0.23 0.30 −0.43* 0.77*** −0.39 0.18 −0.07 0.34 0.29
Ca −0.13 −0.65** −0.50** 0.69*** −0.74*** −0.90*** −0.88*** −0.91***
Mn 0.13 0.33 −0.35 0.22 0.18 0.28 0.28
Cu −0.01 −0.31 0.56** 0.90*** 0.57** 0.64**
Zn −0.39 0.47* 0.34 0.67*** 0.64**

NE 1 −0.27 −0.51* −0.54** −0.57**
NGE 0.78*** 0.84*** 0.84***
TGW 0.84*** 0.89***
GY 0.99***

1 Abbreviations: NE—number of ears; NGE—number of grains per ear; TGW—thousand-grain weight; GY—grain
yield; PFPN—Partial Factor Productivity of N fertilizer. ***, **, * significant at p < 0.001; < 0.01; < 0.05, respectively.

3.3. Nutrient Content in Grain and its Relation to Grain Yield

The nutrient content in the grain of spelt wheat was significantly governed by weather during
consecutive growing seasons (Table 5). The content of N, in spite of a significant dependence on the
K and Mg interaction, showed the lowest year-to-year variability, as corroborated by a coefficient
of variation (CV) of 4.2%. The high N stability can be explained by both the conservative trait of
the N content in spelt grain and a relatively low dosage of applied N fertilizer. The first hypothesis
is frequently discussed in numerous papers, which stress a high N content in the grain of spelt
wheat, irrespective of the impact of external conditions, such as soil fertility level or environmental
stresses [35,36]. The second opinion is corroborated by the fact that high N fertilizer doses result in the
excessive growth of stems, leading to their lodging and in turn resulting in yield decline [8].

It is necessary to stress that N content was negatively correlated with the contents of all studied
nutrients, except P and iron (Fe). The highest negative impact of N was recorded for Mg, followed by
Cu and Mn (Table 6). The highest decrease in the contents of these nutrients, except P and Fe, was
recorded in 2015, a year that experienced water shortages during the grain-filling period. Even more
interesting is the fact that N content in leaves of spelt at heading negatively affected the content of the
same set of nutrients, except N and P (Table 7).
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Table 5. Nutrient concentration in spelt wheat grain at maturity.

Factor Level
of Factor

N P K Mg Ca Fe Mn Zn Cu
g kg−1 mg kg−1

Year
(Y)

2014 23.7ab 2.3b 4.6b 0.97b 0.31c 40.8c 18.6b 21.2b 3.2ab

2015 24.7b 3.2c 3.7a 0.77a 0.15a 35.1b 13.7a 18.7a 2.3a

2016 22.7a 1.6a 4.5ab 1.11c 0.29b 29.3a 21.7c 23.1c 3.3b

F-value 9.92*** 189.4*** 34.6*** 121.1*** 281.4*** 35.3*** 58.0*** 16.9*** 18.6***

K rate
kg ha−1

0.0 23.8 2.4 4.2 0.94 0.23 34.2 18.0 21.7 2.8
18.8 24.1 2.4 4.1 0.95 0.27 35.3 17.0 20.9 2.8
37.5 23.1 2.4 4.2 0.96 0.24 33.8 17.8 20.2 3.2
75.0 23.7 2.3 4.4 0.97 0.25 36.8 19.3 21.3 2.9

F-value 1.32ns 0.11ns 1.10ns 0.29ns 4.12** 1.49ns 2.31ns 0.98ns 1.39ns

Mg
rate

kg ha−1

0.0 23.9 2.4 4.2 0.95 0.25 35.4 17.8 20.9 2.9
10.5 23.5 2.4 4.3 0.96 0.24 34.7 18.3 21.1 2.9

F-value 1.20ns 0.03ns 2.57ns 0.61ns 2.68ns 0.36ns 0.60ns 0.04ns 0.08ns

F-values for interaction
Y × K 1.29ns 0.96ns 0.46ns 0.33 4.90*** 0.39ns 0.66ns 2.33* 1.07ns

Y ×Mg 0.16ns 0.48ns 0.07ns 0.04 0.63ns 0.35ns 0.62ns 0.34ns 0.44ns

K ×Mg 0.80ns 2.27ns 4.29** 2.22 15.2*** 1.73ns 0.49ns 0.80ns 0.15ns

Y × K ×Mg 3.45** 0.85ns 0.19ns 0.69 11.1*** 0.24ns 1.16ns 0.64ns 0.33ns

***, **, * significant at p < 0.001; < 0.01; < 0.05, respectively; ns—not significant; the same letter indicates a lack of
significant differences within the treatment.

Table 6. Correlation matrix between contents of nutrients in grain of spelt wheat, n = 24.

Traits P K Mg Ca Fe Mn Cu Zn NE NGE TGW GY PFPN

N 0.58** −0.37 −0.54** −0.40 0.28 −0.39 −0.51* −0.50* −0.03 −0.23 0.03 −0.37 −0.30
P −0.72***−0.93***−0.73***0.48* −0.71***−0.79***−0.89*** 0.39 −0.07 0.21 −0.19 −0.14
K 0.79*** 0.82*** 0.08 0.69*** 0.79*** 0.82*** −0.03 −0.28 −0.59** −0.22 −0.29

Mg 0.77*** −0.43* 0.83*** 0.78*** 0.96*** −0.42* 0.13 −0.17 0.26 0.20
Ca 0.09 0.71*** 0.75*** 0.77*** −0.12 −0.38 −0.65** −0.25 −0.32
Fe −0.28 −0.08 −0.32 0.72*** −0.62** −0.71***−0.79***−0.81***

Mn 0.68*** 0.85*** −0.39 0.03 −0.24 0.15 0.12
Cu 0.81*** −0.51* −0.03 −0.15 −0.11 −0.17
Zn −0.04 −0.05 −0.46* 0.17 0.11
NE −0.27 −0.51** −0.54** −0.57**

NGE 0.78*** 0.84*** 0.84**
TGW 0.84*** 0.89***
GY 0.98***
1 Abbreviations: NE—number of ears; NGE—number of grains per ear; TGW—thousand-grain weight; GY—grain
yield; PFPN—Partial Factor Productivity of N fertilizer. ***, **, * significant at p < 0.001; < 0.01; < 0.05, respectively.

Table 7. Relationships between the contents of nutrients in leaves of spelt wheat at heading and in the
grain at maturity, n = 24.

Variables Ng
2 Pg Kg Mgg Cag Feg Mng Zng Cug

Nh
1 0.17 0.42* −0.71*** −0.37 −0.74*** −0.49* −0.42* −0.29 −0.56**

Ph 0.26 0.45* −0.75*** −0.41* −0.75*** −0.49* −0.46* −0.34 −0.59**
Kh 0.24 0.56** −0.80*** −0.57** −0.81*** −0.27 −0.60** −0.54** −0.64**

Mgh −0.67*** −0.94*** 0.65** 0.91*** 0.68*** −0.55** 0.86*** 0.72*** 0.75***
Cah 0.13 0.11 0.25 −0.21 0.30 0.82*** −0.11 −0.20 0.21
Mnh −0.03 −0.32 0.01 0.27 0.09 −0.40 0.16 0.16 0.10
Znh −0.64** −0.68*** 0.22 0.67*** 0.23 −0.74*** 0.61** 0.43* 0.42*
Cuh 0.30 0.54** −0.83*** −0.53** −0.83*** −0.42* −0.58** −0.45* −0.72***

***, **, * significant at p < 0.001; < 0.01; < 0.05, respectively; 1
h—heading; 2

g—grain.
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The highest year-to-year variability in the mineral nutrient content in spelt grain was recorded
for P and Ca. The highest P content was recorded in the dry 2015, and the lowest in the wet 2016,
being concomitant with the highest yield (Table 5). The P content was positively correlated with N and
Fe, but negatively with all other nutrients (Table 6). Its content in spelt leaves at heading showed a
negative impact on the content of all nutrients in grain, except N and P (Table 7). The highest negative
relationships were observed for K and Ca. These negative relationships, combined with tendency of
the P content to dilution as recorded in 2016, but at the same time a lack of the significant impact on
PFPN and grain yield, indicate an excess of P in spelt leaves at heading.

Calcium concentration showed a reverse pattern of year-to-year variability as compared to P. The
highest Ca concentration was recorded in 2014, a year with the lowest grain yield. The increased Ca
content negatively affected TGW. The Ca content was negatively correlated with P and N, but positively
with other nutrients, except Fe (Table 6). However, the key information is that the Fe concentration in
the grain (Feg) was the only nutrient that significantly correlated with Ca concentration in spelt leaves
at heading (Cah):

Feg = 21.7 + 50.3 Cah for R2 = 0.67, n = 24 and p < 0.001. (11)

The Fe content in spelt grain, through the negative impact on TGW, was revealed as the single
GY indicator:

GY = 9.397 − 0.169 Feg for R2 = 0.61, n = 24 and p < 0.001. (12)

From the results from the stepwise regression analysis, TGW showed a positive response to the
increase in the P content, but at the same time, showed a negative response to the increase in the
Fe content:

TGW = 112.8 + 12.1 Pg − 2.79 Feg for R2 = 0.88, n = 24 and p < 0.001. (13)

These three relationships clearly indicate that the Ca content in leaves (Cah), determined just
before wheat anthesis, is the primary reason for the negative impact of Feg on the quantitative status of
yield components such as NGE, TGW, and finally, the grain yield.

Contents of K and Mg in spelt wheat grain showed a three-fold and two-fold lower year-to-year
variability, respectively, when compared to Ca (Table 5). The K content was in the range frequently
published [2]. The Mg content was the highest in 2016, a year with the highest grain yield, but the
lowest in the dry 2015. In the dry 2015, the Mg concentration was lower by 30%, whereas the grain
yield was 15% lower, as compared to 2016. These two figures clearly indicate that the Mg content in
grain can be effectively managed, provided high soil fertility, combined with the favorable amount and
distribution of precipitation. These results clearly indicate the decisive impact of water availability
in a given growing season on Mg uptake by cereals [19]. The Mg content of 1.11 g kg−1 DM was
much higher than recorded for common wheat, but at the same time lower as compared to frequently
published data for spelt wheat [17].

In spite of expectation, Ca and Mg contents in spelt grain (Cag and Mgg), were significantly
correlated with each other (Table 6). However, both nutrients impacted NGE differently, as shown by
the following equation:

NGE = 13.1 + 0.02 Mgg − 0.04 Cag for R2 = 0.56, n = 24 and p < 0.001. (14)

The regression model obtained clearly shows that the reduced NGE, as recorded in 2014, was
due to the indirect impact of Ca in the leaves of spelt wheat measured just before anthesis. The most
important message, referring to Mg, is that its increased content in spelt grain resulted in the lower
contents of N, Fe, and especially of P (Table 6). These trends were due to the high Mg content in leaves
of spelt just before anthesis. The ameliorative impact of the Mg content in spelt leaves at heading
on the content of Fe in grain indicates its anti-stress functions during the grain-filling period of spelt
wheat (Table 7).
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The heading phase is a stage for correcting the nutritional disorder of cereals. In the studied case,
the practical solution is to apply magnesium sulfate (Epsom salt) to ameliorate the water shortage, at
least partly [19]. This practice is usually recommended for common wheat. As reported by Samar
Raza et al. [37], K applied under drought conditions to wheat foliage at different stages of growth
significantly narrowed the K:Ca uptake ratio. The most sensitive stage to K foliar application was the
grain-filling period. Our study corroborates the positive yield-forming role of foliar Mg application,
resulting in both higher yield and Mg content in the grain [19]. The content of micronutrients in spelt
grain was, in general, lower as compared to frequently published data [17,38]. This study showed that
the increasing content of K and Mg in the grain resulted in a simultaneous increase in the contents of
Mn, Zn, and Cu. The impact of micronutrient contents in spelt leaves at heading on their contents in
the grain was significant only for Zn. Its content negatively affected N, P, and Fe contents in the grain,
and consequently through PFPN increase, finally led to the increase in the GY of spelt wheat.

4. Conclusions

This study clearly showed that the effective exploitation of the yielding potential of spelt wheat
depends on the interactional effect of weather and a high level of soil fertility. The primary reason for
nutrient disorders in leaves of spelt wheat at heading was drought, which resulted in the excessive
concentration of Ca with respect to N, K, and Cu. The Ca concentration was revealed as the
primary nutritional factor affecting nutrient accumulation in the grain during the grain-filling period,
consequently leading to the excess content of Fe, which in turn decreased the number of grains per
ear, thousand-grain weight, resulting in the development of the grain yield-gap. The increase in
the number of grains per ear, through the positive impact of K and Mg fertilization leading to the
progressive Partial Factor Productivity of N fertilizer (PFPN) increase, resulted in a decrease in the
grain yield-gap. The post-harvest analysis of nutrient contents in the grain of spelt wheat showed
that the negative impact of Ca on the number of grains per ear and thousand-grain weight could be
controlled by the increased content of Mg. The Zn content in leaves of spelt wheat at heading was
revealed as an important nutritional factor effectively controlling N, P, and Fe contents in the grain,
PFPN, and consequently, the grain yield. It can be concluded that the effective exploitation of spelt
wheat yielding potential requires the use of K and Mg fertilizers for increasing N productivity and also
for controlling nutritional stresses, such as the excess Ca content in spelt leaves during the pre-anthesis
growth period.
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