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Abstract: Winter wheat is the most important crop in Germany, which is why a three-year field trial
(2015–17) investigated the effects of weather on biometric parameters in relation to the phenological
growth stage of the winter wheat varieties Opal, Kerubino, Edgar. In Brandenburg, there have been
frequent extreme weather events in the growth phases that are relevant to grain yields. Two winter
wheat varieties were grown per trial year and parts of the experimental field areas were irrigated.
In addition, soil physical, biometric and meteorological data were collected during the growing
season (March until end of July). There were five dry periods in 2015, six in 2016, and two in 2017
associated with low soil moisture. Notably, in 2016 the plant height was 5 cm lower and the cover
was 15% lower than on irrigated plots. The grain yield was increased by 19% and 31% respectively by
irrigation. However, due to irrigation costs, the net grain yield on irrigated plots was lower than on
the unirrigated plots. It turned out that in dry years there were hardly any differences between winter
wheat varieties. Multiple regression analysis showed a strong correlation between the biometric
parameters considered here and the grain yield.

Keywords: phenology; drought stress; irrigation; field experiments; sandy soils; grain yield; biometric-
parameters; cost-effectiveness; available water capacity; agrometeorological conditions

1. Introduction

In a highly industrialized society with a predominantly urban population, agriculture
continues to be of fundamental importance for national food security. Especially nowadays,
more and more regional products are being favored than just a few years ago. In addition,
agricultural production conditions are directly dependent on regional natural conditions.
The climatic and edaphic conditions are decisive. The growth of agricultural crops is
mainly influenced by solar radiation, air and soil temperature, as well as by the amount of
precipitation and its distribution. Due to the unusual weather variability that has occurred
in recent years, several recent studies have investigated the influence of changing weather
conditions on the main agricultural crops.

Several studies have looked at the climatic and soil-related influences on the growth
and grain yield of winter wheat. According to Iwańska et al. [1], the soil and weather
conditions of a location have a significant impact on the grain yield of winter wheat. Not
only in Europe, but also worldwide, Du et al. [2] recorded grain yield losses for winter
wheat due to dry stress in the period 1982–2011. In addition, Iwańska et al. [1] argue
that watering in spring also leads to grain yield losses for winter wheat. Nevertheless,
the winter wheat varieties used are better adapted to changing site conditions [3], so that
in the future a selection of seeds with the aim of high grain-yield potential ought to be
sufficient to counteract the expected increase in dry periods. On the other hand, the results
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of Mäkinen et al. [4] show that there was a significant drop in wheat grain yields in the
period 1991–2014 due to extreme agrometeorological events throughout Europe.

In Germany, about 50% of the total area is used for agricultural production. Winter
wheat is the most common crop in plant production [5]. In the current harvest year 2020,
winter wheat accounted for 46% of the total area among cereals [6]. It is therefore of great
importance for securing food availability in Germany. The areas cultivated and the grain
yields for winter wheat vary from state to state.

Lüttger and Feike [7] investigated the influence of dry periods on the grain yield of
winter wheat in Germany. They noted that there was a steady increase in dry periods
between 1901 and 2010. Short and medium dry periods, such as rain-free periods of up to
a maximum of 8 days, increased more strongly compared to longer dry periods (>11 days).
In addition, there is a decreasing spatial grain yield variability that remains broadly stable
over the three decades (1981–1990, 1991–2000, and 2001–2010). A clear spatial gradient
became apparent over the period 1981–2010, with the variability in the West of Germany
being significantly lower than in the East [7].

Higher air temperatures lead to higher evapotranspiration of winter wheat plants,
which in turn leads to water deficits. Balla et al. [8] confirm the results of Lüttger and
Feike [7] that grain yields are highly dependent on the duration of the heat period. In
addition, Balla et al. [8] found that it is crucial during which phenological growth stage
the dry period occurs. These results are supplemented by Bönecke et al. [9]. According to
Bönecke et al. [9], all phenological growth stages except stem elongation (GS 30–39) occur
earlier and have a shorter duration. In addition, their results suggest that agrometeorologi-
cal changes have a strong impact on grain yield, especially during the grain-filling phase.
The phenological growth stage significantly influences the grain weight and the number of
reproductive ears [9]. Furthermore, grain yields at sites with higher yield potential are less
prone to adverse weather conditions, according to Bönecke et al. [9], than yields at sites
with lower yield potential.

This paper describes these relationships on the basis of data collected in the field.
In addition, biometric parameters to this extent have not yet been considered. The aim
of the research approach was to identify and analyze weather-related growth differences
in winter wheat. Field trials (2015–2017) were carried out in Marquardt near Potsdam
(Brandenburg). Due to the natural conditions, the lowest grain yields per hectare were
achieved in Brandenburg. Brandenburg is one of the driest locations in Germany, with less
than 650 mms of precipitation per year, and at the same time has low soil quality due to its
glacial character [5].

In Brandenburg, weather-related extreme events, especially prolonged dry periods
and heavy rainfall, have occurred more and more frequently in recent years during the
grain yield-relevant development growth stages of winter wheat. Since temperatures and
precipitation have a direct effect on the quantity and quality of the grain yield, this influence
was investigated in the trial years. The type of winter wheat cultivated is also decisive. In
the three-year field trial, the cultivation was carried out at the trial site according to good
professional practice under constant soil conditions. Meteorological data and biometric
parameters, such as plant height, degree of coverage, leaf area index, and chlorophyll value,
and phenological data were collected. In addition, soil-physical parameters relevant for the
water supply of the plants were also measured. Finally, the data were evaluated for each
trial year and then across the years. The aim was to determine the effect on grain yield of
weather-related differences in growth caused by drought during the growing season of
winter wheat.

The present study thus provides an approach for the analysis of weather-related
growth differences between three winter wheat varieties under consideration of soil-
physical and biometric parameters. The following research questions are answered in
th study:

1. Which differences in growth are evident depending on the weather?
2. Are there variety-specific differences in drought stress resistance and yield?
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3. Does irrigation allow a constant grain yield over all years?
4. Which biometric parameters are relevant for determining the grain yield?
5. Is irrigation economical?

The aim of this study is to use these research questions to provide farmers in this region
with information on drought stress-related growth differences of the considered winter
wheat varieties on sandy soils in the context of climate change and to make statements
on the effectiveness of irrigation. Furthermore, this information will be of high relevance
for further related topics like crop growth modelling or the use of remote sensing data for
precision farming.

2. Materials and Methods
2.1. Materials
2.1.1. Selected Winter Wheat Varieties

In this field trial, winter wheat varieties Kerubino (2015–2017), Opal (2015 and 2016),
and Edgar (2017) were examined.

Kerubino belongs to the wheat quality group E and is a yield-safe variety [10]. It is
characterized by a fast maturation, so that it passes through the phenological stages faster
than Opal and Edgar. Kerubino is drought-tolerant. An upward-facing leaf position and
stretched ears at the end of the stem are characteristic of Kerubino [10].

Opal is characterized by medium-yield characteristics, with the number of grains
being above average. It is assigned to quality group A. Opal is also not one of the fast-
maturing winter wheat varieties [11]. Opal is distinguished from Edgar and Kerubino by
leaves perpendicular to the shoot axis and by an inclination of the ear. In 2014, Opal was
last tested in Germany [11].

Therefore, in the following year, the winter wheat variety Edgar was used, which has
similar properties to Opal [12]. As a B wheat variety, it has a crude protein content at the A
wheat level. A medium to late maturity is characteristic of Edgar.

Edgar and Opal are only moderately suited for cultivation on dry sites [11,12].
The winter wheat varieties considered had the following cultivation significance in

the trial years 2015–17 in Brandenburg:

1. Kerubino (E): medium cultivation significance with decreasing tendency
2. Opal (A): medium cultivation significance, stable over time
3. Edgar (B): no cultivation significance

2.1.2. Experimental Site and Setup

The experimental site is located in Marquardt (52◦28′01.1′′ N, 12◦57′31.6′′ E) near
Potsdam on the grounds of the Leibniz Institute for Agriculture Technology and Bioecon-
omy (ATB).

Due to the glacial character of the region, sandy soils with grain sizes of 63–200 µm
(fine sand) and from 200–630 µm (medium sand) predominate. The pedological investiga-
tion revealed a sand content of ~76%, silt content of ~12%, and clay content of ~12%. Thus,
according to the pedological mapping instructions [13], the first 30 cm consist of a weakly
clayey sand (cs3) with a field capacity of 22% vol. and a wilting point of 9% vol. [13].

In the first 30 cm, the pH value was 6.3. In the first year of the experiment, the
first 30 cm contained the following nutrient content: Phosphorus (P) = 27 mg/100 g,
potassium (K) = 12 mg/100 g, magnesium (Mg) = 5.3 mg/100 g, and organic carbon
(Corg) = 0.837. In the second trial year, the first 30 cm contained the following nutrient
content: P = 26.4 mg/100 g, K = 7.5 mg/100 g, Mg = 5.2 mg/100 g, and Corg = 0.91.

In 2017, the first 30 cm contained the following nutrient content: P = 7.5 mg/100 g,
K = 10.5 mg/100 g, Mg = 4.8 mg/100 g, and Corg = 0.44.

Following the objective, a similar experimental setup was chosen for the three trial
years (2015–2017). Two winter wheat varieties were grown each year. Besides the selected
varieties, only the number of plots varied over the years. The number and management
of the experimental plots was adjusted according to the local site characteristics and sizes
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of the available fields of the respective trial years. Due to the existing crop rotation, the
experimental plots were planted on different fields. The soil physical properties of the
fields were similar. In each trial year, the plots were set up in two rows, and each trial plot
had a size of 10 × 10 m.

Due to a change of ownership of the experimental site, information on the date
of seed and harvest as well as the dates of irrigation are not available for 2015. From
2016 onwards, some plots were irrigated with 10 mms on a weekly basis depending on
significant precipitation and the result of a finger test (after DIN 19682-2:2007-11) on soil
moisture (Table 1).

Table 1. Detailed data on the field trial.

2015 2016 2017

average air temperature
(March-July) 13.6 ◦C 14.3 ◦C 14.0 ◦C

amount of precipitation
(March–July) 145 mm 175 mm 360 mm

winter wheat varieties Opal & Kerubino Opal & Kerubino Edgar & Kerubino

plots 2 unirrigated plots p. variety
2 irrigated plots p. variety

2 unirrigated plots p. variety
6 irrigated plots p. variety

3 unirrigated plots p. variety
3 irrigated plots p. variety

dates of irrigation not available 04.05., 10.05., 17.05., 23.05.,
31.05., 8.06., 23.06., 30.06.

26.04., 12.05., 18.05., 23.05.,
29.05., 01.06., 20.06.

date of sowing not available 12.10.2015 23.09.2016
date of harvest not available 20.07.2016 31.07.2017

dates of measured soil
moisture

29.03., 30.04., 29.05.,
11.06., 17.07.

08.03., 15.04., 28.04., 10.05.,
24.05., 07.06., 21.06., 04.07.

28.03., 11.04., 03.05., 17.05.,
24.05., 31.05., 28.06., 12.07.

biometric parameters
(number of measurements for

each plot)

plant height (6),
leaf area index (5),

degree of coverage (5),
Growth stages (4)

plant height (8),
leaf area index (8),

degree of coverage (8),
chlorophyll SPAD value (7),

Growth stages (7)

plant height (9),
leaf area index (5),

degree of coverage (9),
chlorophyll SPAD value (7),

Growth stages (7)

In the first year of the trial, 4 plots per row were created. Opal and Kerubino were culti-
vated alternately. All parcels in the second row were irrigated on certain dates. Sprinklers—
irrigation—were used for small plot trials. This eliminates any influence on the adjacent
areas. The irrigation was carried out under controlled conditions, because it was observed
by the staff and moved over the experimental plots.

In 2016, 8 plots were created per row with Kerubino and Opal. Four parcels of the
upper row and all eight parcels of the lower row were irrigated on certain dates. In the
lower row Opal and Kerubino were cultivated alternately, while in the upper row the
following order was chosen: Kerubino, Opal, Opal, Kerubino, Opal (irrigated), Kerubino
(irrigated), Kerubino (irrigated), and Opal (irrigated). In the last trial year, 6 plots were
created per row. Three plots in each of the upper and lower row were irrigated. Kerubino
and Edgar were cultivated alternately.

The fields were managed by the Leibniz Institute for Agriculture Technology and
Bioeconomy (ATB). Fertilization was carried out as usual. KAS and Domogran were used
as N-fertilizer. Kornkali 40 was used as K/Mg fertilizer.

Triple superphosphate was also used as a P-fertilizer in the 2016/2017 season.

2.2. Methods
2.2.1. Data Collection in the Field

The meteorological data came from the weather station at the test site, which is
operated by ATB. Furthermore, the soil moisture and biometric parameters were measured
and phenological data were collected. The grain and straw yields were recorded per plot
at the time of harvest by ATB. The soil moisture and biometric parameters were recorded
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monthly (Table 1). The exact number of measurements on the plots during the trial years
depended on the availability of the staff.

For the biometric parameters, multitemporal measurements were made per plot. For
the analysis, the mean value of these measurements is used for each plot.

The soil moisture was measured regularly at a depth of 0–10 cm using the ThetaProbe
Type ML2X (LI-COR Lincoln, NE, U.S.A) and the Moisture Meter logger Type HH2 (Delta-T
Devices Ltd. Cambridge, UK) [14,15], because the length of the sensor is limited to 10 cm.
Five to seven measurements per plot were recorded; the mean values were used for the
analysis. In addition, the soil moisture at a depth of 0–90 cm was modeled using the
METVER agrometeorological soil-water balance model, which was developed by Müller
and Müller in 1988, Leipzig, Germany [16].

Plant height was measured by means of a limb scale per plot on three randomly
selected wheat plants along the main branch from the soil surface to the end of ear.

The degree of coverage was measured optically along the plot viewed from above,
0.5 × 0.5 m per section. For this purpose, the portion of the base area of the stand that was
covered by wheat plants in percentage terms was determined [17].

The chlorophyll value of the leaves was recorded by means of a chlorophyll meter
(SPAD-502 Plus, Konica Minolta Tokio, Japan). There, absorption was measured recording
the transmission of radiation through the leaf. Per plot, the chlorophyll value of 10 ran-
domly selected plants was measured and the mean value calculated [18]. The chlorophyll
value was determined on the top three leaves of the plants.

The phenological growth stage (GS) was determined using the scale in Table 2 [19,20].
Within a plot, several winter wheat plants were examined with regard to the develop-
mental characteristics of the Biologische Bundesanstalt, Bundessortenamt und CHemische
Industrie (BBCH) stade.

Table 2. Macro growth stages of winter wheat [19,20].

Macro Growth Stages of BBCH—Scale Description of Stage

0 Germination
10 Seeding growth
20 Tillering
30 Stem elongation
40 Booting
50 Ear emergence
60 Flowering
70 Milk developement
80 Dough developement
90 Ripening

Using an indirect measurement method by the Sunscan probe from Delta-T Devices,
the leaf area index (LAI) was determined [21]. The imaging sensor works in the photosyn-
thetically active radiation range. First, the one-meter-long probe of the device was held
horizontally above the crop canopy as a reference measurement to determine the total in-
coming radiation. Subsequently, measurements were carried out close to the ground below
the leaf surface. The device models the LAI from the relation of the radiation conditions.
Light conditions that remain largely the same are required.

2.2.2. Agrometeorological Soil-Water Balance Model METVER

METVER is a complex water balance model for calculating evapotranspiration on
agricultural production areas. It is based originally on a model approach developed by
Müller and Müller in 1988 [16]. Since its development in the 1980s, the METVER model has
been continuously tested on different soil types by means of predominantly gravimetric
soil moisture measurement by the German Weather Service. The results of these checks
allow an unrestricted application of the model also for the site investigated here. The model
is tested on the soil types published in the publication of Müller et al. [22].
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Today, it has over 40 different types of fruit and crops from agriculture and forestry.
The vertical soil structure is mapped using a single-layer model at 10-cm intervals at up
to 2 m in depth. In addition to the meteorological values (daily mean temperature, daily
amount of precipitation, and, optionally, the duration of sunshine or of global radiation),
plant parameters (biological-physiological development factors, effective root penetration
depth, interception capacity) are taken into account. In addition, the soil properties, which
include substrate properties, field capacity and wilting point, and the initial soil moisture
are also included in the calculation. Additionally, these factors are related to the latitude of
the meteorological station.

Based on Equation (1), the potential evapotranspiration in METVER is determined.
Here, n is the number of days in the considered interval, t the mean temperature, wSS
the true sunshine duration, and ai, bi the constants changing over the course of the year
according to the extra-terrestrial radiation and astronomically possible sunshine duration.

PETTURC = (ai + bi × wSS) × (t × n)/(t + 15) (1)

Since the actual or real evapotranspiration is usually smaller than the potential evap-
otranspiration, further conditions must be summarized as a degradation factor. This
degradation factor depends on the biological-physiological factor (which describes the
phenological development), the actual water supply of the withdrawal sector, and the
available water capacity (AWC) in the withdrawal sector concerned.

It should be noted that the supplied energy in the form of radiation and temperature
is first used for interception evaporation before it is used for evaporation and transpiration.
The water demand is met by the withdrawal sector and corresponds to the main rooting
zone. About 60% of the AWC is in the main rooting zone, and only 40% is in the secondary
supply sector. The depth of the root zone depends on the root development of the stock
and on the available exploitation layer.

It should also be noted that the precipitation is corrected according to Richter [23].
Precipitation in liquid form is increased by 10% and in solid form by 30%. The transition
from liquid to solid precipitation is assumed if the daily mean temperature assumes values
below 0 ◦C. In this model, leachate only occurs if the field capacity in the utilization layer is
exceeded. Now, the amount of water that seeps from the secondary supply sector towards
the groundwater is output.

“The soil moisture (in % AWC) always refers to the exhaustion layer” [24] (p. 22). The
model calculates the water balance variables as a function of the phenological development,
and either separate data sets can be provided for each year or the calculations are based on
mean phenological development.

There are two different model-based variants that simulate a temperature-dependent
phenological development. Finally, the root calculation describes a dynamically changing
root development of the respective crop species.

2.2.3. Data Evaluation

In order to describe the agrometeorological situation in the trial years, the monthly
mean was calculated from the daily values of the air temperature. Daily precipitation
was added to monthly values. Both the monthly precipitation and the monthly mean air
temperature were classified according to the climate reference period 1961 to 1990.

The data for the climate reference period are from the weather station on the Tele-
grafenberg in Potsdam (52◦22′54.2′′ N 13◦03′52.5′′ E), which is 81 m above sea level. The
weather station is about 12 km from the experimental site.

First, the data collected for each experimental year were analyzed and gaps in the data
on the measurement dates were filled with the help of linear interpolation or extrapolation.
To check whether the results are statistically significant, a two-sided t-test is performed
assuming equal variances (Equation (2)), where x1 and x2 are the sample mean values, s2 is
the pooled sample variance, and n1 and n2 are the number of samples [25].
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The degrees of freedom are expressed as n1 + n2 − 2. The significance level (α) is set
here at α = 0.05. If the p-value of the two-sided t-test is less than α, then the results are
statistically significant.

t =
x1 − x2√

s2( 1
n1

+ 1
n2
)

, s2 =
∑n1

i=1(xi − x1)
2 + ∑n2

j=1 (xi − x1)
2

n1 + n2 − 2
(2)

In addition, a multiple linear regression according to Equation (3) was carried out to
statistically analyze the relationship between the biometric parameters and the grain yields.
In Equation (3), ŷ the equation picture indicator is the predicted or expected value of the
dependent variable, X1 to Xp p are different independent or predictive variables, b0 is the
value of Y if all independent variables (X1 to Xp) are zero, and b1 to bp are the estimated
regression coefficients [26].

Ŷ = b0 + b1 X1 + b2×2+· · ·+ bp Xp (3)

With the help of the KTBL [27], the irrigation costs were calculated and compared to
the proceeds of the grain yield. Current market prices were used to calculate the proceeds.
In order to classify the trial years in terms of climate, the monthly climate water balance
(CWB) was calculated based on the available meteorological data from the weather station
at the experimental site. The CWB is calculated according to the following equation:

CWB [mm] = monthly amount of precipitation [mm] −monthly amount of potential evapotranspiration [mm] (4)

As the biometric data of the trial years were only collected during the vegetation
period, the daily meteorological data collected during this period were also only evaluated
from 1 March to 31 July.

Due to the objective of the field trial, the focus was placed on dry periods. These were
defined as follows: At minimum for 10 days in a row, less than 1 mm of precipitation must
have fallen. According to Böttcher and Schmidt [28], stress situations occur for crops when
soil moisture (SM) is less than 30% AWC or above 80% AWC. Depending on how long and
in which phenological growth stage of the crops these values are lower or higher, yield
losses have to be expected. Between 30% and 80% AWC are developmentally favorable
soil moisture conditions. Within this range, between 50% and 80% AWC, the soil moisture
is at its optimum.

In order to evaluate the available results in this respect, soil moisture values of the
TDR probe were converted from % vol. to % AWC by means of the Soil Mapping Manual
(KA5) [13].

In Table 8 (p. 344) of the KA5 [13], it can be seen that the soil type (cs3) is assumed to
have the following values for field capacity (FC) and wilting point (WP):

FC = 22% vol. and WP = 9% vol.
Using the following equation, the present soil moisture values are converted from %

vol. to % AWC:

SM [% AWC] = ((SM [% vol.] −WP [% vol.]) * 100)/(FC [% vol.] −WP [% vol.]) (5)

3. Results
3.1. Agrometeorological Situation in the Trial Years

The average air temperature in 2015 was above the average for the reference period
1961–1990 in the months January to March. The amount of precipitation in these months
was lower than in the reference period. Only January showed a positive climatic water
balance (Figure 1). In February, in particular, there was a marked shortfall in precipitation
compared with the reference period from 1961 to 1990 [29]. February was the driest month
of the year with only 4.3 mms of precipitation. Nevertheless, the modeled soil moisture
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was above 80% AWC in January to March (Figure 2). Compared to the reference period,
only a third of the average precipitation fell in April and only a quarter in May.
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In addition, April was around 2 ◦C and May around 1 ◦C warmer than the long-term
average. Due to the low precipitation, the modeled soil moisture values decreased steadily.
This trend continued in the summer months. In June, precipitation was below the average
for the reference period, whereas in July and August it was above the average for the
reference period.

June was 1.1 ◦C and August 4.6 ◦C too warm compared to the reference period. In June
and July, there was sometimes heavy precipitation [30], which could hardly be absorbed by
the dried-out soil (<20% AWC) (Figure 2). September was 0.5 ◦C too warm and only 50% of
the average precipitation fell. From February to September, the climatic water balance was
negative. Subsequently, October and November recorded a slightly positive climatic water
balance. The amount of precipitation in these months was above the long-term average.
In October the mean air temperature was 0.8 ◦C lower than in the reference period, while
in November it was 3.7 ◦C higher. In December, the climatic water balance was balanced
(Figure 1). However, the amount of precipitation was 15 mms significantly lower than in
the reference period (55 mms). With an average air temperature of 7.1 ◦C, December was
clearly too warm. The long-term average temperature is 0.7 ◦C.

Due to the extreme soil moisture situation in summer 2015 and the extreme precip-
itation deficit of a total of 190 mms compared to the reference period, the modeled soil
moisture values were not 100% AWC but ~70% AWC at the beginning of 2016 (Figure 2).
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In addition, the average air temperature in January to September and in December was
above the long-term mean for the reference period (Table 3). The climatic water balance
was almost balanced only in January and February, but in March to September it was
negative (Figure 1). Due to the precipitation deficit, the modeled soil moisture values
also decreased steadily from April onwards (Figure 2). In the second half of June, there
was heavy precipitation, which caused the modeled soil moisture values to rise slightly.
However, the precipitation deficit could not be compensated. In July, the dry conditions
intensified, so that the soil moisture dropped below 30% AWC (Figure 2). The positive
climatic water balance in the winter months was unable to compensate for the precipitation
deficits in spring and summer [31]. The conditions for harvesting winter wheat were thus
not optimal at the end of July, as there was a permanent change between wet and dry
phases [31].

Table 3. Climate data for the trial years and the reference period 1961 to 1990.

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year

amount of
precipiation

[mm]

1961–1990 44.0 37.7 38.2 44.1 56.3 69.5 52.4 60.3 45.5 35.5 47.3 55.0 585.7
2015 36.9 4.3 17.0 14.4 14.3 43.4 55.5 63.4 24.3 57.7 49.8 14.8 395.8
2016 17.1 24.0 22.3 27.3 23.5 56.6 46.2 27.9 10.5 32.9 18.3 35.8 342.4
2017 14.6 20.2 36.9 18.0 33.0 160.4 112.2 50.5 38.7 72.8 47.2 21.7 626.2

average air
temperature

[◦C]

1961–1990 −0.8 0.2 3.6 8.1 13.2 16.6 17.9 17.5 13.8 9.4 4.2 0.7 8.7
2015 3.7 2.6 6.8 10.1 14.2 17.7 17.7 22.1 14.3 8.6 7.9 7.1 11.1
2016 −0.1 3.9 4.9 9.2 16.3 20.4 20.8 19.1 18.8 9.0 3.9 3.0 10.8
2017 −1.0 2.5 7.8 8.7 15.7 18.7 19.2 19.5 14.4 11.9 6.1 3.7 10.6

heat sum
[◦C]

1961–1990 1938.8
2015 2228.4
2016 2370.1
2017 2250.0

Overall, spring and summer were clearly too dry in 2016 (Figure 1), which is also
reflected in the monthly precipitation (Table 3). This was below the long-term average in
all months and the overall precipitation deficit was 243 mms compared to the reference
period (Table 3).

The year 2017 also started with a rather mild weather pattern in winter [32]. January
had an average air temperature of −1.0 ◦C by 0.2 ◦C cooler than the reference period
(Table 3). January, February, and March recorded a slightly positive climate water balance
(Figure 1). However, only one third of the average rainfall fell in January and only half
in February compared to the reference period (Table 3). Due to the climatic situation in
2016 and the low rainfall in January and February, soil moisture was ~60% AWC (Figure 2).
In February through December, the average air temperature was always higher than in
the reference period [32]. Precipitation in March to May was lower than the long-term
average (Table 3), which was shown by the negative climatic water balance in April and
May (Figure 1) and also explains the decrease in modeled soil moisture in Figure 2. In June
and July, there was abundant precipitation, which caused soil moisture levels to rise from
July onwards. In June there was 130% and in July there was 114% more precipitation than
in the reference period. Until the winter wheat harvest at the end of July, April, and May
were clearly too dry in 2017 (Figure 1).

Based on the agrometeorological situation, it is clear that both 2015 and 2016 were
very dry years. The amount of precipitation in these two years was below the long-term
average. 2017, in contrast to the previous two years, had more precipitation (Table 3) and
thus offered better growing conditions for winter wheat. The amount of precipitation was
40 mms higher than in the reference period. The mean air temperature was higher than the
long-term mean in all three trial years (Table 3).
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The heat sums refer to the period from 1 January to 31 July of the respective year. In
the trial years it was always higher than the long-term average. It was warmest in 2016
(Table 3).

3.2. Results of Field Trial

The agrometeorological situation was described chronologically, because the climatic
situation in 2015 influenced both the course of the weather and the soil moisture situation
from 2016 and 2017. However, the results of the field trial are presented in the order of
2017, 2016, and 2015. Data were collected in the field more frequently in both 2017 and
2016 than in 2015.

Results2017
The average air temperature during the growing season of winter wheat (March to

July) was 14.0 ◦C and 360 mms of precipitation fell at the experimental site (Table 1). Spring
was relatively dry, while 75% of the total precipitation was spread over June and July.

During stem elongation (GS 30–33), only two dry periods occurred in 2017 (Table 4).
Within these two low-precipitation phases, the modeled soil moisture at 0–90 cm in the
unirrigated plots was between 30 and 80% AWC and thus still in the area of optimal soil
moisture conditions (Figure 3). From 21 May until 22 June, the 30% AWC was lower during
booting (GS 40–49) and at the beginning of ear emergence (GS 50). Towards the end of
June as well as at the end of July, the modeled soil moisture was above 80% AWC and was
outside of the area of optimal soil moisture conditions (Figure 3).

Table 4. Dry periods during yield-relevant phenological growth stages (GS) of winter wheat in 2015 to 2017.

2015 2016 2017

Period Length GS Period Length GS Period Length GS

05 March–20 March 16 08 March–21 March 14 30 March–11 April 17 30
12 April–25 April 14 31 March–12 April 13 24 April–03 May 14 33
13 May–27 May 15 30–39 29 April–11 May 13 30–39
02 June–12 June 11 50–59/60 13 May–22 May 10 30–39

24 July–09 August 17 92 18 June–03 July 16 50–59/60
15 July–26 July 12 87
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The measurements with the mobile TDR probe at 0–10 cm varied very strongly
between the measuring dates. In some cases, due to the precipitation, soil moisture values
above 80% AWC were calculated on the basis of the measured values. Only during the two
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dry periods and on the subsequent measurement dates was it shown that the surface, with
values below 30% AWC, was drier than the deeper layers (Figure 3).

A consistently developmentally favorable availability of water (30–80% AWC) was
observed on the irrigated plots (Figure 4). Here, the modeled soil moisture was even
above 80% AWC towards the end of June, which was due to the abundant precipitation
and irrigation. Furthermore, the measurements at 0–10 cm depth using the TDR probe
showed that the topsoil had a good water content. The converted soil moisture values were
between 50–80% AWC. During the dry period in April and May, the 30% AWC was only
briefly undershot (Figure 4).
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In 2017, growth differences were identified between the two varieties Kerubino and
Edgar. The plant height of both winter wheat varieties was on average ~4 cm (Edgar) and
~3 cm (Kerubino) higher (Figure 5). At the end of the vegetation phase, this difference
became clearer: on 12 July there was a difference of 12 cm for Kerubino and 7 cm for Edgar.

No significant differences between the irrigated and unirrigated plots of the respective
winter wheat variety could be detected by the t-test. (p > 0.05). On the leaf area index, no
differences were found between the irrigated and unirrigated plots of the two winter wheat
varieties during the growing season. The plots with Kerubino had a slightly higher (0.2)
leaf area index (Figure 5). The differences in the degree of coverage between the irrigated
plots and the unirrigated plots of the two winter wheat varieties were significant on all
measurement dates: p = 0.016 (Edgar) and p = 0.027 (Kerubino).

On 11 April and 17 May, a decrease in the degree of coverage was evident on the
irrigated and unirrigated plots of both winter wheat varieties. This may have been caused
by the dry period. The irrigated plots with Kerubino and Edgar had on average a 7%
higher degree of coverage. Towards the end of the vegetation period, the irrigated plots
showed a 9% (Edgar) and 5% (Kerubino) higher degree of coverage (Figure 5). Chlorophyll
SPAD values were on average 3 units higher on the unirrigated plots than on the irrigated
plots. In addition, they declined from mid-May onwards on the irrigated plots of both
winter wheat varieties. On 14 June, the chlorophyll SPAD values on the irrigated plots
were reduced by 9 units (Edgar) and 7 units (Kerubino) (Figure 5).

Using the t-test, significant differences between the irrigated and unirrigated plots
were found for the winter wheat variety Edgar (p = 0.03).

In 2017, hardly any differences could be detected between the growth stages of the two
winter wheat varieties (Table 5). The unirrigated plots with Kerubino and Edgar reached
the growth stage 90 (Ripening) on 12 July, and the irrigated plots were simultaneously at
dough development, GS 87–89 (Table 5).
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Figure 5. Measurements of the biometric parameters of the winter wheat varieties Opal and Kerubino on irrigated and
unirrigated plots from March to July 2017; (a) plant height; (b) degree of coverage; (c) leaf area index; (d) chlorophyll
SPAD value.

Table 5. Growth stages (GS) of winter wheat varieties Opal, Edgar, and Kerubino on irrigated and unirrigated plots.

2015 2016 2017

Opal
Irrigated Opal Kerubino

Irrigated Kerubino Opal
Irrigated Opal Kerubino

Irrigated Kerubino Edgar
Irrigated Edgar Kerubino

Irrigated Kerubino

25.03. 20 20 20 20 28.03. 25 25 25 25
15.04. 30 30 30 30 11.04. 30 30 30 30
28.04. 31 31 31 31

03.05. 33 33 33 33
10.05. 33 33 33 33 17.05. 33 33 33 33
24.05. 51 53 56 56 24.05. 50 51 56 57

29.05. 60 50 60 50 31.05. 61 61 62 62
11.06. 60 60 60 60 07.06. 62 62 62 62 14.06. 74 74 75 74

21.06. 80 80 80 80 28.06. 84 84 84 84
04.07. 87 85 87 85 12.07. 87 90 89 91

17.07. 92 92 92 92

The unirrigated plots with Kerubino and Edgar had almost identical straw yields,
whereas the irrigated plots showed a difference of about 0.5 t/ha in straw yield. Irrigation
increased the straw yield by 29% for Edgar and by 40% for Kerubino (Table 6).

Table 6. Grain and straw yield of winter wheat varieties Opal, Edgar, and Kerubino on irrigated and unirrigated plots.

Grain Yield at 86% Dry Matter in t/ha Straw Yield at 86% Dry Matter in t/ha

Opal/Edgar Opal/Edgar
Irrigated Kerubino Kerubino

Irrigated Opal/Edgar Opal/Edgar
Irrigated Kerubino Kerubino

Irrigated

2015 5.1 5.6 5.3 6.7 3.4 3.5 3. 3.9
increase in

earnings (%) 9 25 6 25

2016 4.7 5.6 4.8 6.2 2.1 2.7 2.1 2.9
increase in

earnings (%) 19 31 28 38

2017 6.1 7.1 6.4 7.2 3.9 5.0 3.9 5.5
increase in

earnings (%) 17 14 29 40
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The irrigated plots of both winter wheat varieties had a significantly higher grain
yield than the unirrigated plots (Table 6). On the irrigated plots with Kerubino, the average
grain yield was 14% higher compared to the unirrigated plots. In the irrigated plots with
Edgar, the grain yield increased on average by 17% compared to the unirrigated plots.
Kerubino achieved an average grain yield ca. 0.3 t/ha higher than Edgar (Table 6).

Results 2016
Similar to 2017, the average air temperature during the growing season of winter

wheat (March to July) was 14.3 ◦C. However, 175 mms of precipitation fell during the
growing season in 2016, which is half the amount of precipitation in 2017. The month with
the most precipitation was June (56.6 mms), followed by July (46.2 mms). The spring was
very low in precipitation.

In contrast to 2017, there were six dry periods in 2016. Two of them were at the
beginning of the growing season (from 15 March on), the others during the stem elongation
(GS 30–39), ear emergence (GS 50–59), and hard dough (GS 87) of winter wheat (Table 4).

The modeled soil moisture was 80% AWC at the beginning of the growing season
in March at a depth of 0–90 cm and decreased continuously from that time on (Figure 6).
It was only at the beginning of ear emergence at the end of May that the modeled soil
moisture of the unirrigated plots of both winter wheat varieties was temporarily lower
than 30% AWC. Thus, although the dry periods at the beginning of the growing season
and during stem elongation (GS 30) led to a decrease in soil moisture, there was no water
shortage in the winter wheat. This occurred starting on 26 June during dough development
(GS 80) of the winter wheat, because the modeled soil moisture was permanently below 30%
AWC until the end of July (Figure 6). In the upper soil layer (0–10 cm), the converted soil
moisture values, which are based on the measurements with the TDR probe, were above
80% AWC due to precipitation. During two dry periods, the topsoil dried out (Figure 6).
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precipitation [mm] in the period March to July 2016.

On the irrigated plots, the modeled soil moisture at 0–90 cm was between 30–80%
AWC and thus in the area of optimal soil moisture conditions (Figure 7). Only in July
were the values below 30% AWC for a short time. Due to the irrigation, calculated soil
moisture values above 30% AWC were also achieved in the uppermost soil layer (0–10 cm)
(Figure 7).

Differences between the irrigated and unirrigated plots could be seen in the biometric
parameters. At the onset of flowering (GS 60) and during dough development (GS 80), the
winter wheat plants on the irrigated plots were ~13 cm higher than on the unirrigated plots
(Figure 8).
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Figure 8. Measurements of the biometric parameters of the winter wheat varieties Opal and Kerubino on irrigated and
unirrigated plots from March to July 2016; (a) plant height; (b) degree of coverage; (c) leaf area index; (d) chlorophyll
SPAD value.

Averaged over the entire growing season, the irrigated plots of both winter wheat
varieties were 5 cm higher. The measurements of the leaf area index showed an almost
identical course. The leaf area index decreased by 0.5 units during the dry period of the
stem elongation (GS 30–39) in May on the unirrigated plots. At the time of flowering (GS
60), the highest values between 3.6 and 4.0 were achieved for the leaf area index (Figure 8).
No significant differences between the irrigated and unirrigated plots could be detected for
either growth height or leaf area index (p > 0.05).

Further, during the dry period in May, the degree of coverage of unirrigated plots of
both winter wheat varieties was on average 15% lower than on irrigated plots (Figure 8).
At the beginning of the growing season up to and including 7 June, the chlorophyll values
on the irrigated and unirrigated plots were the same (Figure 8). With the onset of dough
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development (GS 80), the chlorophyll SPAD values decreased by an average of 21 units
both on the irrigated plots of both winter wheat varieties and on the unirrigated plots with
Opal. The unirrigated plots with Kerubino showed a decrease of 39 units (Figure 8).

The chlorophyll SPAD values increased until hard dough on 4 July remained con-
stant. The decisive factors for this decrease may have been the dry period from 18 June to
3 July and low soil moisture. No significant differences between the irrigated and unirri-
gated plots could be detected in the degree of coverage and the chlorophyll SPAD values
(p > 0.05).

The growth stages of Opal and Kerubino were synchronized. On 4 July, the irrigated
plots of both winter wheat varieties reached hard dough (GS 87) (Table 4). The unirrigated
plots of both winter wheat varieties were at the same time at soft dough, GS 85 (Table 5).

The irrigated plots on which Kerubino was grown had a higher grain yield of an
average of 0.9 t/ha compared to the irrigated plots with Opal (Table 6). The grain yield on
the unirrigated plots was almost identical for both winter wheat varieties.

Irrigation increased the mean grain yield by 19% for Opal and by 31% for Kerubino
(Table 6). The same can be seen in the straw yield. As a result of irrigation, this rose by 28%
for Opal and by 38% for Kerubino (Table 6).

Results 2015
2015 was on average ~1 ◦C cooler than the other two years and was the year with the

lowest amount of precipitation during the three trial years. The average air temperature
during the vegetation period of the winter wheat was 13.3 ◦C, and the amount of precipita-
tion was 145 mms (Table 1). As in the previous two years, June and July were the months
with the heaviest rainfall, as 70% of the total rainfall was distributed over these months.
The spring was also low in precipitation in 2015.

In 2015, similar to 2016, there were a total of five dry periods due to precipitation at
the beginning of the growing season as well as during the stem elongation (GS 30–39), ear
emergence (GS 50–59), and grain hard (GS 92) of winter wheat (Table 4).

At the beginning of the growing season, the modeled soil moisture was 85% AWC and
then decreased continuously. In the course of the modeled soil moisture of the unirrigated
plots at a depth of 0–90 cm, the 30% AWC was permanently lowered from 15 May onwards
(Figure 9). Within the uppermost soil layer (0–10 cm), the calculated soil moisture values of
the unirrigated plots, which are based on the values measured with the TDR probe, were
also below 30% AWC from this time on (Figure 9).
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Figure 9. Modeled and measured soil moisture [% AWC] of unirrigated winter wheat plots Opal and Kerubino and
precipitation [mm] in the period March to July 2015.

The effects of the drought periods could be seen above all in the plant height. The
irrigated plots were on average 3 cm (Opal) or 5 cm (Kerubino) higher than the unirrigated
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plots (Figure 10). In June, at the beginning of flowering (GS 60), the highest values of
the leaf area index were measured on the irrigated plots of both winter wheat varieties:
on 11 June, the leaf area index on the irrigated plots was around 0.85 (Kerubino) and 0.4
(Opal) higher than on the unirrigated plots. This difference can be explained by the dry
period (2 June–12 June) and the resulting low soil moisture values on the unirrigated plots.
Thereafter, the leaf area index decreased continuously on both irrigated and unirrigated
plots (Figure 10).
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Figure 10. Measurements of the biometric parameters of the winter wheat varieties Opal and Kerubino on irrigated and
unirrigated plots from March to July 2015; (a) plant height; (b) leaf area index; (c) degree of coverage.

Throughout the entire growing season, the degree of coverage on the irrigated plots
was on average 2–3% higher than on the unirrigated plots. A difference in the degree
of coverage between the irrigated and unirrigated plots of up to 15% was found by the
measurement on 29 May at the time of ear emergence (GS 50–59), as shown in Figure 10.
No significant differences (p > 0.05) in the biometric parameters were found between the
irrigated and unirrigated plots of both winter wheat varieties.

Table 5 shows that the irrigated plots with Opal and Kerubino did not change until
reaching the stage of ear emergence (GS 50) on 29 May, while the unirrigated plots of both
winter wheat varieties were already in flowering at the same time (GS 60). This difference
in development can be an indication of drought stress, because under stress the growth
stages are completed faster.

The unirrigated plots differed only slightly in terms of grain yield. Varietal differences
were shown by the grain yields of the irrigated plots: the mean grain yield was 1.1 t/ha
higher for Kerubino than for Opal (Table 6). Irrigation resulted in an average grain yield
increase of 9% for Opal and 25% for Kerubino (Table 6). The straw yield of both varieties
was almost identical on irrigated and unirrigated plots. Due to irrigation, straw yield
increased by 6% for Opal and 25% for Kerubino (Table 6).

4. Discussion
4.1. Weather-Related Differences in Growth of the Winter Wheat Varieties Examined

The precipitation in 2015 and 2016 was 396 mm and 342 mm, respectively, well below
the long-term average for the reference period 1961–2020. On the one hand, the climatic
water balance during the growing season of winter wheat from March to the end of July
was predominantly negative. On the other hand, this precipitation deficit was also evident
in the course of modeled soil moisture up to 90 cm depth. From May (2015) and from
mid-June (2016), the modeled soil moisture was predominantly below 30% AWC.

But with stem elongation (BBCH 30–39), the water consumption of winter wheat
increases and is highest between ear emergence (BBCH 50–59) and flowering (BBCH
60) [31]. During these development stages, there were five and six dry periods in 2015 and
2016, respectively.

Thus, in 2015 and 2016, the water uptake by the roots on the undisturbed plots of
both winter wheat varieties was limited during the yield-relevant development stages.
The drought-induced stress situations on the undisturbed plots have an impact on the
aboveground shoot growth, especially on leaf development [5,33]. This was shown to be
the case in the two years of the experiment on the unirrigated plots. On the one hand, the
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plant height of both winter wheat varieties on the unirrigated plots was on average 13 cm
(2015) and about 5 cm (2016) lower. On the other hand, the degree of coverage was up
to 5% lower. During the dry periods in May, the degree of coverage was even 15% lower
than on the irrigated plots. The leaf area index is particularly sensitive to temporary water
stress [5], which is confirmed by the results of this field trial. In both 2015 and 2016, the leaf
area index was lower on the unirrigated plots than on the irrigated plots of both winter
wheat varieties. The lower leaf area index due to drought stress may be due to reduced leaf
growth [33]. In addition, a small number of leaves per plant may lead to a lower leaf area
index [34]. This can be demonstrated by the available results, as the degree of coverage on
the unirrigated plots was shown to be lower than on the irrigated plots. In addition, the
small leaf area limits the transpiration of the winter wheat plants [35], and thus the winter
wheat plants consume less of the plant-available water in the soil.

Not only the leaf area index, but also the chlorophyll content, has an impact on
photosynthesis and yield performance [36,37]. During the dry periods in May 2016, the
chlorophyll value of the two winter wheat varieties was lower on the unirrigated plots. Due
to high temperatures and dry stress, the photosynthetic parameters are reduced. According
to Ganji Arjenaki et al. [38], there is a significant relationship between dry stress and the
reduction of chlorophyll in the leaves, but this was different according to the variety. The
available results confirm this relationship, but there were no varietal differences. However,
the influence of photosynthetic parameters on yield formation is less than that of the leaf
area index and the cover line, because the chlorophyll value can regenerate faster [36]. This
field trial showed that the growth of the winter wheat varieties Kerubino and Opal on the
unirrigated plots in the first two years of the trial was limited by drought stress.

This field trial showed that the growth of the winter wheat varieties Kerubino and
Opal on the unirrigated plots in the first two trial years was limited by drought stress and
confirmed the results of many studies on this topic [39–41].

On the irrigated plots in 2015 and 2016, soil moisture was mostly in the area of optimal
soil moisture conditions during the dry periods, so that no dry stress occurred. This also
explained the higher values of the biometric parameters on the irrigated plots with Opal
and Kerubino.

Due to the drought in 2015, the ripening of both winter wheat varieties was accelerated
on the unirrigated plots. The winter wheat plants of the varieties Opal and Kerubino
reached flowering (GS 60) on the unirrigated plots on 29.05.2015, while the irrigated plots
at the same time in the ear emergance (GS 50). In 2016, the two winter wheat varieties
on the irrigated plots reached the hard dough (GS 87) on 4 July 2016, while those on the
unirrigated plots were in the soft dough (GS 85) at that time.

In addition, they are particularly sensitive to drought stress in later developmental
stages. Accelerated ripening has an impact on fruit formation as well as on product
quality [5].

In contrast to the two previous years, the precipitation in 2017 was more pronounced,
and only two dry periods occurred. The climatic water balance was negative during the
winter wheat growing season in April and May. The modeled soil moisture up to 90 cm
depth was lower than 30% AWC during the booting (GS 40–49) and at the beginning of the
ear emergence (GS 50) on the unirrigated plots. During this time (21 May–22 June), water
shortages occurred in both winter wheat varieties. On the irrigated plots, the 30% AWC
was not below, but the modeled soil moisture was above 80% AWC from the end of June.
As a result, there may have been oxygen deficiency in the root zone [28], which also had a
negative impact on grain yield.

In the first half of the growing season, the degree of coverage was subject to significant
fluctuations over time on both the unirrigated and irrigated plots. These fluctuations can be
explained by the beginning of stem elongation. During stem elongation, the winter wheat
plants change into longitudinal growth, and the leaf position also changes. As a result,
the degree of coverage can vary considerably during this time. In terms of plant height
and degree of coverage, no effects of the dry periods could be seen on the unirrigated
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plots. Plant height as well as leaf area index and degree of coverage were lower on
the unirrigated plots throughout the growing season than on the irrigated plots of both
winter wheat varieties. On the other hand, the chlorophyll SPAD values from mid-May
onwards were higher on the unirrigated plots than in the irrigated plots of both winter
wheat varieties.

Due to the wetter conditions in the stand of both winter wheat varieties on the irrigated
plots, which may have been triggered by the irrigation, fungal infestation was reported.
The fungal disease led to a yellowing of the leaves, which caused a significant decrease
in chlorophyll SPAD values from mid-May onwards. It was probably a yellow or brown
rust infestation.

On 12 July 2017, Edgar and Opal reached grain hard (GS 92) on the unirrigated plots,
while the irrigated plots simultaneously reached hard dough (GS 87) and were at full
maturity (GS 89). The somewhat faster development of both winter wheat varieties on the
unirrigated plots was due to the dry period from 21 May to 22 June 2017.

4.2. Consistent Yields of the Winter Wheat Varieties through Irrigation

The available yield data for the experimental years 2015, 2016, and 2017 show that the
yields also varied on the irrigated plots. In all trial years, a higher grain yield was achieved
on the irrigated plots than on the unirrigated plots. The winter wheat variety Kerubino
consistently achieved higher grain yields than the winter wheat varieties Opal and Edgar.
Especially in the two very dry years 2015 and 2016, the grain yield was increased through
irrigation by 25% and 31% for Kerubino, while for Opal the yield was increased by 9% and
19%, respectively. Due to the favorable weather during the growing season of winter wheat
in 2017, the grain yields of both winter wheat varieties on the irrigated plots differed only
slightly (ca. 0.1 t/ha).

4.3. Variety-Specific Differences with Regard to Drought Stress Resistance and Yield

Kerubino is described as a climate-stable variety, which is also well suited for dry
locations. However, the available results showed that Kerubino also reacted to drought
on the unirrigated plots. The available results of the biometric parameters of Kerubino
hardly differed from the biometric data of the winter wheat variety Opal. Based on the
available results, there were no variety-specific differences with regard to dry periods. Due
to irrigation, especially in the two dry years 2015 and 2016, the grain yield increase was
more pronounced for Kerubino than for Opal. This difference can be explained by the
quality group. Kerubino is described as a high-yielding variety, which distinguishes itself
when soil moisture conditions, e.g., irrigation, are favorable for growth.

In 2015, compared to the yield in the Potsdam-Mittelmark district (8.2 t/ha), below-
average yields were achieved on the trial plots [42]. Depending on variety and cultivation,
between 5.1 and 6.7 t/ha were achieved (Table 7).

In 2016, below-average yields were achieved on the trial plots compared to the yield
in the Potsdam-Mittelmark district (7.2 t/ha) [42]. Depending on variety and cultivation,
between 4.7 and 6.3 t/ha were achieved (Table 7).

In 2017, compared to the yield in the Potsdam-Mittelmark district (5.6 t/ha) [43], below-
average yields were achieved on the trial plots. Depending on variety and cultivation,
between 6.0 and 7.3 t/ha were achieved (Table 7).

On the trial plots, the highest grain yields in the trial years were achieved in 2017 on
both irrigated and unirrigated plots of the two winter wheat varieties.

4.4. Determination of Grain Yield on the Basis of the Biometric Parameters Collected

By means of multiple linear regression, a strong correlation between grain yields and
the biometric parameters recorded during the growing season could be demonstrated for
the irrigated plots with Opal and Kerubino in 2016. The coefficient of determination (R2)
was 0.99. Depending on the time of measurement and the winter wheat variety, individual
biometric parameters have a significant influence (p < 0.05) on the grain yield. On the
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irrigated plots, the degree of coverage (p = 0.045) during ear emergence (GS 50–59) and
flowering (GS 60) and the chlorophyll SPAD values (p = 0.032) at flowering (GS 60) and the
plant height (p = 0.033) from dough development (GS 80) had a significant influence on the
grain yield of Opal (Table 8).

Table 7. Cost-effectiveness of the irrigation of winter wheat varieties Opal/Edgar and Kerubino from 2015 to 2017
in Marquardt.

Yield (t/ha) of the Winter Wheat Varieties
(Average Grain Yield of the Trial Plots)

Opal/Edgar Kerubino
2015 2016 2017 2015 2016 2017

Yield without irrigation 5.1 4.7 6.1 5.3 4.8 6.4
Yield with irrigation 5.6 5.6 7.1 6.7 6.2 7.2

Difference 0.5 0.9 1.0 1.4 1.4 0.8

Proceedsin(€/t) from the Winter Wheat Varieties
(https://markt.agrarheute.com/marktfruechte-1/weizen-6

abgerufen on 28 October 2020 at 7:00 p.m.)

Opal/Edgar Kerubino
2015 2016 2017 2015 2016 2017

Proceeds (unirrigated) 93.9 86.3.0 110.9 98.6 88.4 118.0
Proceeds (irrigated) 101.9 102.8 129.3 123.8 115.6 134.4

Difference 8.0 16.5 18.4 25.2 27.2 16.4

Amount (mm) and Costs of Irrigation (€)

Opal/Edgar Kerubino
2015 2016 2017 2015 2016 2017

Amount of irrigation (mm) - 80 70 - 80 70
Costs of irrigation (×2.80) in (€)

[27] (p. 158) - 224 196 - 224 196

Annual process costs of the irrigation machine with nozzle trolley
(pipe diameter 90 × 6.7 mm)

[27] (p. 157/158)
- 242 242 - 242 242

Proceeds (€/t) from the Winter Wheat Varieties

Opal/Edgar Kerubino
2015 2016 2017 2015 2016 2017

Proceeds (unirrigated) 93.9 86.3 110.9 98.6 88.4 118.0
Proceeds

(irrigated minus costs of irrigation) - 56.2 85.5 - 69.0 90.6

Difference - −30.1 −25.4 - −19.4 −27.4

Table 8. p-values of multiple linear regression at the time of measurement between the biometric parameters and the grain
yield of winter wheat varieties on irrigated plots 2016 (p < 0,05: significant, marked red).

Biometric Parameters

Date, BBCH-Stade and Winter Wheat Variety 15.04.2016
BBCH 30

28.04.2016
BBCH 31

10.05.2016
BBCH 33

24.05.2016
BBCH 51–56

Opal Kerubino Opal Kerubino Opal Kerubino Opal Kerubino

plant height 0.877 0.660 0.212 0.144 0.148 0.860 0.377 0.562
LAI 0.525 0.473 0.129 0.057 0.440 0.979 0.058 0.065

chlorophyll value 0.262 0.142 0.087 0.007 0.739 0.756 0.867 0.021
degree of coverage 0.951 0.194 0.173 0.202 0.650 0.128 0.045 0.119

Biometric Parameters

Date, BBCH-Stade and Winter Wheat Variety 07.06.2016
BBCH 62

21.06.2016
BBCH 80

04.07.2016
BBCH 85–87

Opal Kerubino Opal Kerubino Opal Kerubino

plant height 0.085 0.673 0.033 0.480 0.005 0.123
LAI 0.483 0.479 0.799 0.954 0.268 0.159

chlorophyll value 0.032 0.790 0.675 0.748 0.310 0.163
degree of coverage 0.049 0.565 0.407 0.549 0.219 0.175

https://markt.agrarheute.com/marktfruechte-1/weizen-6
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On the irrigated plots with Kerubino, only the chlorophyll value (p = 0.0072 or
p = 0.021) at the time of stem elongation (GS 30–39) and ear emergence (GS 50–59) had a
significant influence on grain yield. For the other biometric parameters considered, no
significant influence on the grain yield of Kerubino could be demonstrated (Table 8).

Since the chlorophyll value is an indicator of the photosynthesis performance of
winter wheat plants, the present results confirm those of Bogale et al. [44]. The available
results can only be considered as trends due to the limited amount of data. Nevertheless,
Hlaváčová et al. [37] came to similar results.

For a multiple linear regression of the unirrigated plots in 2016 and for the irrigated
and unirrigated plots in 2015 and 2017, only a small number of value pairs per measurement
date were available. In 2016, the unirrigated plots of both winter wheat varieties had
two pairs of values per measurement date. In 2017, there were only 3 pairs of values per
measurement date for unirrigated and irrigated plots of both winter wheat varieties.

In a further study, the volume of measurement data would have to be significantly
increased in order to statistically prove this relationship between biometric parameters and
the grain yield.

4.5. Irrigation Efficiency

Table 7 below evaluates whether irrigation of the winter wheat varieties had a positive
economic impact. For this purpose, the profit was compared with the irrigation costs
according to KTBL [27]. A higher grain yield was achieved by irrigating individual plots.
Thus, for the irrigated plots with Kerubino, and Opal/Edgar, a higher grain yield was
measured compared to the unirrigated plots of both winter wheat varieties.

Due to the irrigation costs incurred, it became apparent for the years 2016 and 2017 that
irrigating the plots of both winter wheat varieties was not economically viable. The profit
less the irrigation costs was on average €200 to €300 lower per dt than for the unirrigated
plots (Table 7). No statement could be made for the year 2015 in this respect, because the
irrigation quantity was not known.

5. Conclusions

In the present study, weather-related differences in growth of the winter wheat vari-
eties Kerubino, Opal, and Edgar were analyzed in three experimental years (2015–17) in
Marquardt near Potsdam on sandy soils. Depending on the phenological development,
meteorological, biometric and soil physical parameters were evaluated and the growth
stages and yields were recorded.

Based on the annual precipitation over the three years of the experiment and com-
paring it with the mean rainfall over the reference period (1961–1990), it was found that
2015 and 2016 were very dry years. In 2017, the amount of precipitation was higher
than the long-term average. The experimental years were significantly warmer than the
reference period.

In particular, dry periods occurred in 2015 and 2016 in yield-relevant development
stages of the winter wheat varieties. Despite the dry periods, there were only slight
differences in biometric parameters between irrigated and unirrigated plots. The results of
the biometric parameters height of growth, leaf area index, chlorophyll value, and degree
of coverage showed no varietal differences.

The results showed that dry periods have a negative impact on the yield of the
three winter wheat varieties considered, unless irrigation is used in dry years. Irrigation
increased the yield of the three winter wheat varieties in all three trial years. On average,
the grain yield of Opal and Edgar increased by 15% and on average by 34% for Kerubino.

In practice, this means that irrigation during yield-relevant development stages can
significantly increase the grain yield of all three winter wheat varieties on sandy soils with
low water storage capacity. However, it was found that irrigation was not worthwhile in
this field trial, because the yield less irrigation costs was lower than on the unirrigated plots.
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It should be noted that this study was carried out only at one site with certain soil
characteristics and covers three years. Over this short period, it is not possible to make
a statement about weather-related trends during the growing season of winter wheat at
this location.

In order to make general statements on trends in weather-related growth differences
in winter wheat, a similar field trial would have to cover a longer period of time. Other
site conditions, such as soil organic matter or groundwater content, should also be taken
into account.
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