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Introduction and the objectives of the dissertation

The achievements of the industrial revolution not only enabled rapid
population growth but also brought with them the large-scale burning of fossil
energy carriers, which contributed to the increase in atmospheric carbon dioxide
concentration, from the initial 278 ppm to approximately 417 ppm today. If the
rate of CO emissions does not change, the atmospheric concentration may reach
550 ppm level within 30 years. Carbon dioxide is a natural component of our
atmosphere and is necessary for the assimilation of plants. Due to its almost
doubling level over the last couple of centuries, it has become one of the most
significant greenhouse gases. The increased CO> level has positive effects on
photosynthesis, reduces water uptake, and improves the growth and production of
plants. An increase in CO: level can reduce stomatal resistance, thereby
improving water uptake. In C3 plants, elevated CO2 concentration can stimulate
net CO assimilation leading to higher biomass production and yield. The positive
effect of carbon dioxide on C3 plants is a well-known phenomenon, but this effect
is highly environmental effects-dependent, such as air temperature or the nutrient
and water content of the soil.

According to the forecasts, we can expect more and more intense periods of
drought in many agricultural areas in the coming decades. Drought stress is one
of the most important abiotic stresses, which significantly reduces plant
production and affects up to 40-60% of crop areas.

Water-use efficiency (WUE) is an important metric, as it sheds light on the
relationship between carbon and water turnover and is therefore an indicator of
drought tolerance. Determining the WUE is important in the study of plant
responses to climatic change, which metric shows significant differences between
species and influences many environmental factors. In the course of our work, we
examined the WUE of winter cereals in different experimental systems.

The main objectives if the thesis:

e Examination of the abiotic stress tolerance of winter cereals (barley, oat,
wheat).

e Determination of water uptake and water-use efficiency in various
experimental systems.

e Comparison of different WUE-calculating methods.

In order to achieve our goals, we used different experimental systems in
order to take advantage of the methods available to us and provide practice-
oriented results to both breeders and farmers. The experimental greenhouse
system under controlled climatic conditions ensured the elimination of effects of



possible unfavourable meteorological and soil conditions, we could examine the
water circulation effects of targeted stress treatments and evaluate the plants’
stress responses in the light of water circulation. The outdoor lysimeter system for
scientific purposes is currently the most precise system for simulating field
conditions, which, in addition to determining the water uptake of plants during
the growing season, is also suitable for determining the dynamics of water
circulation within a day, however, adaptation to environmental conditions is
necessary in this case, and due to the high cost of the investment, the examination
of large populations it is not viable in this system. The advantages of the
mentioned methods primarily provide information at the basic level, but for
farmers, it is a strategic question of how efficiently they manage the available
water resources, and how much productivity they have with the different field
conditions. In order to do this, we conducted our experiments in two different
growing seasons at three field sites with different climatic and soil properties. Our
aim was based on combining the three experimental systems in such a way that
the experiments, based on each other and complementing each other, provide the
most accurate information possible about the water circulation and water-use
efficiency of winter cereals. Hence the different cereals have different
developmental attribution and habitus in our experiments we included our most
important winter wheat also winter barley and winter oat.



Materials and methods

Greenhouse system

Experimental design

In the climate-controlled greenhouse experiment, we investigated four
winter wheat varieties: ‘Mv Ikva’, ‘Mv Nador’, ‘Mv Nemere’, and ‘Mv
Kolompos’; one winter barley variety: ‘Mv Initium’ and one winter oat variety:
‘Mv Hopehely’. The experimental design included three treatments, three carbon
dioxide levels, and six varieties. The control (C) plants were watered three times
a week with tap water. The optimal irrigation level was 60% of the maximum
water-holding capacity of the used soil mixture. As stress treatments, drought was
simulated by the third of the plants at the tillering developmental stage (T) (BBCH
21), and by the third of the plants at the heading developmental stage (H) (BBCH
55). The water content of the soil was monitored, and the stress treatment was
stopped when the water content of the soil mixture decreased to a 5 v/v% levels.
The treatments were repeated at three different carbon dioxide levels: ~400 ppm,
700 ppm and 1000 ppm.

Four vernalised plants were planted in plastic buckets and the surface of
the soil was covered with black foil to minimalize evaporation. After full maturity,
we measured the dry above-ground biomass (BM), we determined the number of
spikes (SN), the yield (GY) and thousand kernel weight (TKW). The exact water
uptake of the plants was determined on a digital scale. The water consumption
during the growing season (WU) was obtained by summing up the registered
amount of irrigation. After the harvest, the above-ground biomass was dried for
48 hours at 70 °C in a drying cabinet and was weighed by a digital scale.

The water-use efficiency was calculating by first equation,

WUE = <& (1),
wu
where WUE is water-use efficiency (g-LY), GY is grain yield (g) and WU is water
use (L).
The harvest index was calculating by second equation,
H] = GY=*100 (2)’
BM

where HI is harvest index (%), GY is grain yield (g), BM is above-ground biomass

(9).



Relative changes of the different parameters to elevated carbon dioxide level
were calculated using the third equation,
Ex vagy Ey
A A
3,
where A is the different parameters’ values on ~400 ppm CO: level, Ex is the
different parameters’ values at 700 ppm COq level and Ey is the different
parameters’ values at 1000 ppm CO2 level.

The experimental design involved four winter wheat, one winter barley and
one winter oat variety, three watering treatments and three COz levels in three
replicates. A multi-way ANOVA was performed to determine the effects of the
tested factors (variety, water supply and CO>) and Tukey’s post hoc test was used
to compare means. The SPSS 16.0 program (IBM, Armonk, NY, USA) and
Microsoft Excel (Microsoft, Redmond, WA, USA) were used for the statistical
analysis and visualization. The significance level was set at P < 0.05.

Field experimental system

Experimental design

In our field experiments, we used in the greenhouse system examined
species and varieties. We set up the experiments at three sites: CER, Agricultural
Institute in Martonvasar, CER, Institute for Soil Sciences in Pusztaegres,
University of Debrecen, Institutes for Agricultural Sciences and Educational
Farm in Nyiregyhdza. The experiments were conducted on clay loam soil in
Martonvasar and Pusztaegres, and on sandy soil in Nyiregyhaza. We set up our
experiments in the same layout in two growing seasons (2019/2020 and
2020/2021). Plants were sown in small plots with number of 4.5 million
seedlings/ha. In Martonvasar and Pusztaegres, the experiment included six
repetitions per variety, and in Nyiregyhdza in three repetitions. After processing
of the plants, the precipitation-use efficiency of the plants was determined the
fourth equation.

PUE = %Y (),

where PUE is precipitation-use efficiency (g'-mm™), GY is grain yield (g)
and P is precipitation in the growing season (mm). During the determination, we
did not take into consideration the water movements below the soil surface.

The experimental design involved four winter wheat, one winter barley and
one winter oat variety, three production sites, two growing seasons, six or three
replications. A multi-way ANOVA was performed to determine the effects of the
tested factors (variety, production site and growing season) and Tukey’s post hoc
test was used to compare means (variety and production site) and t-probe



(growing season). The SPSS 16.0 program (IBM, Armonk, NY, USA) and
Microsoft Excel (Microsoft, Redmond, WA, USA) were used for the statistical
analysis and visualization. The significance level was set at P < 0.05.

Experimental lysimeter system

Experimental design

In our lysimeter experiments, we used in the greenhouse and field system
examined species and varieties. We set up the experiments at three production
sites: CER, Agricultural Institute in Martonvasar. The depth of the lysimeter
cylinders is 2 m, the surface is 1 m?. At the end of the experiment, the harvested
spikes were threshed with Wintersteiger Hege 16 laboratory threshing machine
and the grain yield was determined using a digital scale.

The water-use efficiency was calculating by the fifth and sixth equation,
Gy , BM
WUE, =— ¢é  WUEgy =— (5) and (6),
where WUE, is water-use efficiency calculating by grain yield (g-mm™), GY is
grain yield (g) and ET is evapotranspiration (mm) and WUEgwm is water-use
efficiency calculating by above-ground biomass (g'-mm™), BM is above-ground
biomass (g).
The precipitation-use efficiency was calculating by the seventh equation,
PUE == (7),
where PUE is precipitation-use efficiency (g-mm™), GY is grain yield (g) and P
is precipitation in the growing season (mm). During the determination, we did not
take into consideration the added and extracted water amount.

The agronomical constant (Ka) was calculated by the eight equations,
— ETgct

Ka - = (8)1

Eqct
where Ka is agronomical constant, ETact is the evaporation (mm) and Eac is
evaporation (mm).

The lysimeter cylinders were sown by hand on 10" October 2019 and 26"
October 2020, with seeding density of 4.5 million seedlings/ha. On the day after
sowing in the lysimeters, border (Mv Initium barley variety) was sown by hand
(scattered sowing) around the cylinders. The experiment was harvested with
scissors on 2" July 2019 and 6™ June 2020. During the experiment, no
fertilization or irrigation took place in the area.

The experimental design included four winter wheat varieties, one winter
barley and one winter oat variety, two growing season and one replication in each
season. We used Microsoft Excel (Microsoft, Redmond, WA, USA) to visualize
our data.



Results and discussions

Investigation of the production and water use of cereals in the greenhouse
experiment

The effects of CO, concentration and simulated water deficit on plant
phenological parameters
At the current atmospheric carbon dioxide level (~400 ppm), except for the

‘Mv Kolompos’ winter wheat variety, both stress treatments (water withdrawal at
BBCH 21 (‘T’) or at BBCH 55 (‘H’) growing stage) significantly reduced
biomass by all tested genotypes compared to the control plants. When the plants
were grown at 700 ppm CO: level, we observed significant differences between
all treatments (‘C’, ‘T” and ‘H’) by the barley, oat and two wheat varieties (‘Mv
Ikva’ and ‘Mv Kolompos’). The simulated drought stress at BBCH 55 stage
reduced the biomass in every tested variety. At 1000 ppm CO: concentration
compared to the optimal watering, early-stage drought stress reduced the biomass
of ‘Mv Ikva’ and ‘Mv Kolompos’ wheat varieties and late-stage drought reduced
this parameter by ‘Mv Hopehely’, ‘Mv Nemere’ and ‘Mv Kolompos’. The
increase in the carbon dioxide level had a positive effect on biomass production
by the tested barley variety, which effect was only detectable in stressed plants.

At the current atmospheric carbon dioxide concentration, early-stage drought
stress significantly increased the number of spikes in ‘Mv Nemere’ (30%) and in
‘Mv Nador’ (18%) wheat varieties, but this treatment caused a 13% decrease in
the tested winter barley variety. Drought during the heading also reduced the SN
of the tested barley variety by 13% and a significant decrease (24%) was also
observed in the ‘Mv Ikva’ wheat variety. At 700 ppm CO> concentration, we
observed that the spikes number of ‘Mv lkva’ was significantly decreased and
significantly increased in ‘Mv Nemere’ and ‘Mv Initium’ genotypes as the result
of the BBCH 21 stage stress. The simulated heading stage drought resulted in an
increase (43%) of SN by the ‘Mv Nador’ wheat variety but by ‘Mv Ikva’ spikes
number was decreased (12%) because of it. When the plants were grown at 1000
ppm CO; concentration the water withdrawal increased the number of spikes at
the early-stage by the ‘Mv Nemere’ wheat variety (30%), while the water deficit
at the heading-stage increased this parameter by the ‘Mv Ikva’ wheat genotype.

The increase in the carbon dioxide level had a positive effect in regard to the
spikes number, we observed a significant negative CO. reaction at 1000 ppm level
only in the optimal irrigation treatment and in stress treatments by ‘Mv Ikva’.

At the current atmospheric CO> level, the tillering-stage drought reduced the
thousand kernel weight by ‘Mv Nador’ and ‘Mv lkva’ varieties (20% and 16%)



and the heading-stage water stress reduced the TKW of ‘Mv Nador’, ‘Mv
Hopehely’ and ‘Mv Initium’ genotypes (by 16%, 8% and 7%). There were
significant differences between the two stress treatments for all testes varieties,
Expect for ‘Mv Kolompos’ wheat variety. In the case of the ‘Mv Initium’, ‘Mv
Hopehely’ and ‘Mv Nemere’ varieties, the TKW decreased to a greater extent as
a result of the late-stage drought. At 700 ppm carbon dioxide level, the thousand
kernel weight of the tillering-stage stressed plant decreased by all investigated
varieties except the barley. As a result of the late drought, we determined higher
TKW values by ‘Mv Initium’ (28%) and ‘Mv Kolompos’ (21%) varieties, but this
treatment significantly reduced the TKW of ‘Mv Hoépehely’ (58%) and ‘Mv
Nador’ (28%) wheat varieties. The thousand kernel weight of the optimal watered
and by early-stress treatment plants was significantly lower at both elevated
carbon dioxide levels (700 ppm and 1000 ppm) than by current atmospheric level
grown plants and the decrease was more severe at 700 ppm level. On the other
hand, we observed increased TKW values by heading-stage stress treatment on
700 ppm compared to the current CO- level. Compared to the CO> level at 700
ppm, the thousand kernel weight was significantly reduced in all three treatments
by the tested oat genotype furthermore the late-stage stress caused a significant
decrease at the 700 ppm level.

The effects of CO. concentration and simulated water deficit on the yield

At the current CO- level, both drought stress treatments reduced the grain
yield of all tested cultivars, with the exception of the ‘Mv Kolompos’ wheat
variety. Compared to the optimal irrigation treatment, the most significant
changes were observed by the tested oat variety, the early-stage stress resulted in
a 24% decrease in GY, and the simulated drought stress at the heading stage
resulted in a 54% decrease in this parameter. By ‘Mv Initium’, ‘Mv lkva’ and ‘Mv
Hopehely® varieties, significant differences emerged between the two stress
treatments; the effect of the late-stage drought led to a greater reduction in yield.
At an elevated carbon dioxide level (700 ppm), the tillering-stage water
withdrawal reduced the GY of ‘Mv Hopehely’ (47%), ‘Mv lkva’ (20%), ‘Mv
Néador’ (12%) and ‘Mv Nemere’ (10%) varieties. The heading-stage stress
reduced the grain yield of the tested oat and the wheat varieties, compared to the
optimal irrigation treatment. The greatest decrease (77%) was observed by the
‘Mv Hopehely’ oat cultivar. In the case of ‘Mv Kolompos’, ‘Mv Nador’, ‘Mv
Nemere’ and ‘Mv Hopehely’ varieties, there were differences between the two
stress treatments; the late-stage stress resulted in a significantly lower yield. At
1000 ppm carbon dioxide level, the tillering stress treatment significantly reduced
the grain yield only by the ‘Mv lkva’ wheat variety (15%), but the heading-stage



stress resulted in a significant yield reduction in all tested cultivars except for ‘Mv
Kolompos’ variety. The greatest decrease (64%) was also observed by the tested
oat genotype. There was also a significant difference between the two stress
treatments in the case of the tested barley and oat varieties, the effect of the late-
stage drought led to a more drastic yield reduction in both varieties.

The tested barley variety (‘Mv Initium’) reacted significantly positively to
the increase in carbon dioxide levels in all applied treatments, but we could
observe a greater grain yield increase in the stress-treated plants. We observed an
opposite trend by the tested oat variety (‘Mv Hopehely’); carbon dioxide
fertilisation, typically at the level of 1000 ppm, significantly reduced the grain
yield of this genotype, however, this trend was not detectable by the optimal
irrigation treatment at the 700 ppm CO; level. ‘Mv lkva’ wheat variety also
showed a negative CO; reaction, which, however, was only significant by the
control treatment. The other tested varieties mostly responded positively to CO,-
fertilisation. Compared to the atmospheric CO2 concentration, the elevation to the
700 ppm level resulted in an increase in yield by ‘Mv Nemere’ and ‘Mv
Kolompos’ varieties by the control treatment and by the early-stress treatment. In
the case of the ‘Mv Kolompos’ wheat variety, positive reactions were observed
in the control plants and in the late drought stress treatment, when the CO>
concentration was raised to 1000 ppm level. The grain yield of the ‘Mv Nador’
wheat variety was reduced by the late-stage drought stress at both elevated CO>
concentrations (compared to the current atmospheric CO; Level), this significant
decrease was detectable at 1000 ppm COz level in the case of ‘Mv Nemere’ wheat
variety.

The effects of CO2 concentration and simulated water deficit on harvest index

At the current atmospheric CO2 concentration, the tillering-stage stress
reduced the harvest index of the tested oat variety by 15% and increased the HI
of ‘Mv Kolompos’ by 8%. The heading-stage drought reduced the HI of ‘Mv
Hopehely’ (45%) and increased it of the tested barley variety by 7%. In the case
of the ‘Mv Hoépehely’ variety, we also observed significant differences between
the three treatments, the lowest HI values resulted from the late-stage stress
treatment, while the most favourable value was measured by the optimal irrigation
treatment. At 700 ppm CO2 concentration in the early developmental phase, water
deprivation significantly increased the harvest index of ‘Mv lkva’ (9%), ‘Mv
Nemere’ (4%) and ‘Mv Nador’ (4%) wheat varieties and reduced the ihi values
by ‘Mv Hopehely’ (31%) and ‘Mv Initium’ (8%) varieties. Drought stress at the
heading developmental stage reduced the HI by all tested cultivars, the largest
measurable decrease (62%) was found by the oat variety. Water deficit induced



by the heading stage reduced the HI by ‘Mv Nador’, ‘Mv Initium’, ‘Mv
Kolompos’, ‘Mv Ikva’ and ‘Mv Nemere’ (19%, 18%, 16%, 15% and 8%)
compared to the control. There were significant differences between all three
treatments at 700 ppm carbon dioxide level; the late drought reduced the grain
yield of the plants to a greater extent than the biomass, so the decrease visible in
the HI values was even more intense. At 1000 ppm CO: concentration, the
drought stress induced in the early development phase had no significant effect
on the HI tested of the cultivars, but the water withdrawal applied in the generative
phase significantly reduced the HI of ‘Mv Hopehely’ (43%), ‘Mv Nador’ (15%)
and ‘Mv lkva’ (9%) varieties.

The responses of the plants to the increase in carbon dioxide level were
consistent only in the case of the ‘Mv Hopehely’ winter oat variety with regard to
the harvest index. Compared to the atmospheric CO level the 1000 ppm
concentration, all treatments led to a significant decrease in HI values, and at a
700 ppm CO- level, compared to the current atmospheric concentration, we also
determined significantly lower values in the stress treatments.

The effects of CO. concentration and simulated water deficit on water uptake

Early drought stress did not cause a significant change in water uptake at
current atmospheric carbon dioxide levels, but drought at the heading-stage
significantly reduced the water uptake of ‘Mv lkva’ (24%) and ‘Mv Nemere’
(12%) wheat varieties. By ‘Mv Nemere’, there were also significant differences
between the two stress treatments, the simulated water shortage at the heading-
stage reduced the WU values to a greater extent. At 700 ppm CO: level, the water
withdrawal at the tillering resulted in a significant change only in the case of the
‘Mv lkva’ wheat variety, but the late stress reduced the WU of all the tested
varieties, to the greatest extent by ‘Mv Ikva’ (20%). Significant differences were
observed between the two stress treatments by the ‘“Mv Kolompos’ wheat variety.
At 1000 ppm CO: concentration, both applied drought stress treatments
significantly reduced the water uptake of the ‘Mv lkva’ variety (by 15% at early
and by 12% at late-stage stress). WU was significantly affected by CO>
fertilization only at 1000 ppm CO- level. Compared to the current atmospheric
level, at 1000 ppm CO:z concentration, we observed a significant decrease in the
water uptake of all tested varieties, as a result of all treatments; the only exception
to this was the “Mv Hopehely’ oat variety, which received optimal irrigation. With
optimal irrigation, the plants' water demand was reduced by an average of 24%,
and in the case of water withdrawal at tillering or heading stage, the WU was
reduced by 23% and 20% as a result of the stress treatments at 1000 ppm CO>



level compared to the control (current atmospheric carbon dioxide level)
conditions.

The effects of CO. concentration and simulated water deficit on water-use
efficiency
At the current CO> concentration, drought stress during the tillering stage
did not modify the water-use efficiency of the tested varieties, on the other hand,
the stress during the heading significantly reduced the WUE of the tested oat
variety. At elevated CO> concentration (700 ppm), the simulated drought at
BBCH 21 stage significantly reduced the WUE values of Mv ‘Hohely’ and ‘Mv
Nador’ varieties by 48% and 6%, while there was no significant change in the
case of the other tested varieties. The late-stage drought had significant
consequences for the ‘Mv Hopehely’ oat variety; the WUE decreased by 76%
compared to the optimal irrigation level. We also observed a significant decrease
(25%, 15%, 10%) in terms of WUE by the ‘Mv Nador’, ‘Mv Kolompos’ and ‘Mv
Nemere’ wheat varieties as a result of the simulated drought during the heading-
stage. Significant differences were also observed between the two stress
treatments in the case of the ‘Mv Hopehely’, ‘Mv Nador’, ‘Mv Nemere’ and ‘Mv
Kolompos’ varieties, the water withdrawal during the late developmental stage
reduced the plants' WUE values to a greater extent than the early-stage drought.
At 1000 ppm CO: concentration, early-stage water withdrawal did not induce
significant changes in the water-use efficiency of the tested varieties, which
indicates that carbon dioxide fertilization can offset the negative effects of a
water-deficient environment. The drought treatment during the heading only
reduced the WUE values of ‘Mv Hopehely’ (by 60%) and ‘Mv Nador’ (by 17%)
varieties, indicating that the other tested varieties are less sensitive to drought.
Carbon dioxide fertilization had a positive effect on the grain yield and
reduced the water uptake of the investigated barley variety (‘Mv Initium’), as a
result of which the water-use efficiency of the variety improved in all applied
treatments (by 39% in the in optimal irrigation treatment, by 34% in the early-
stage and 48% in the late-stage drought treatment). By the tested oat variety (‘Mv
Hoépehely”) with optimal water supply or as a result of the tillering-stage drought
treatment, we observed a reduced yield production at elevated carbon dioxide
levels, which was offset by moderate water uptake, so the increase in CO: levels
did not cause a significant difference in the plants' WUE as a result of the applied
treatments. The drought stress during the heading significantly reduced the yield
of the Mv ‘Hopehely’ oat genotype, as a result of which we can observe a
significant decrease in the WUE values at both elevated carbon dioxide levels. At
1000 ppm CO: concentration, better WUE values were calculated by all tested



wheat varieties in all applied treatments (compared to the current atmospheric
COz level). The largest increase was observed by ‘Mv Kolompos’ (63%, 38% and
56% by the control and the two stress treatments).

The discussions of the results of the greenhouse experiment

In our experiment, the drought stress treatment applied in the vegetative
(BBCH 21) and generative (BBCH 55) developmental stage reduced the biomass
of five out of the six tested varieties, when the plants were grown at current
atmospheric carbon dioxide level. A similar trend was observed in case of the
winter oat and wheat varieties ‘Mv Hopehely’, ‘Mv Ikva’, ‘Mv Nemere’ and ‘Mv
Nador’ respectively, when the level of carbon dioxide was raised to 700 ppm.
Furthermore, in the case of ‘Mv Ikva’ and ‘Mv Nador’ varieties, we found a
decrease in biomass due to both applied stress treatments at 2000 ppm COz level.
The biomass of the tested barley variety (‘Mv Initium’) increased due to the
increased carbon dioxide levels (700 ppm, 1000 ppm) and the applied drought
treatment. Our results are similar to Dong et al. (2017), Ding et al. (2018), and
Zhao et al. (2021) studies; according to which the biomass of winter wheat and
oat varieties decreases as a result of limited water supply in when the plants were
grown at current atmospheric carbon dioxide level. Manderscheid and Weigel
(2007) and Li et al. (2017) observed that the water deficit after elongation at
elevated carbon dioxide concentrations (~700 ppm and 800 ppm) reduces the
biomass of spring wheat, which tendency was confirmed by our experiments in
the case of winter wheat as well. According to studies, at elevated carbon dioxide
concentrations (700 ppm), the water deficit in the vegetative growth phase reduces
the biomass in durum wheat (Garmendia et al. 2017) and barley (Bista et al. 2020).
However, based on our results, the biomass production of the examined barley
variety was higher compared to the control, which could be explained by the
different reaction to the CO; alterations. Shokat et al. (2021) claimed reduced
biomass production as a result of late drought treatment compared to the control,
when plants were grown at 800 ppm carbon dioxide level. Contrary to our results,
Varga et al. (2017) did not find a significant difference in plant biomass
production at elevated carbon dioxide level (1000 ppm) between optimally
irrigated and drought-stressed plants, which can confirm the assumption that plant
responses to changed carbon dioxide level differently, depending on the variety.
In our experiment higher biomass production was observed at both elevated CO>
levels (700 ppm, 1000 ppm) by the tested barley variety and the induced drought
treatment at different stages of development (tillering, heading) increased the
biomass of ‘Mv Nador’ and ‘Mv Kolompos’ wheat varieties at elevated carbon
dioxide level (700 ppm) compared to plants grown at current carbon dioxide level.



We also observed a higher biomass production by the optimally irrigated ‘Mv
Hopehely’, ‘Mv Nemere’ and ‘Mv Kolompos’ varieties at 700 ppm CO2 level,
and in the case of the ‘Mv Kolompos’ variety at 1000 ppm CO> level, compared
to the current atmospheric level. According to Ulfat et al. (2021), if drought occurs
during the flowering period of winter wheat even at normal atmospheric or
elevated (800 ppm) carbon dioxide concentration, the highest biomass production
was observed in optimally irrigated plants grown at atmospheric CO2 level, while
this parameter will be lower at elevated CO- levels, with optimal water supply. In
contrast, in our experiments, we determined higher biomass values at elevated
carbon dioxide level (700 ppm) compared to the atmospheric level in the case of
optimally irrigated and drought-stressed ‘Mv Nador’, ‘Mv Nemere’ and ‘Mv
Kolompos’ winter wheat varieties. Shokat et al. (2021) claimed, that the biomass
of plants grown at elevated carbon dioxide level (800 ppm) was higher compared
to the values of plants grown at atmospheric CO> concentration, but only in the
case of optimal irrigation, while the opposite result was found due to late water
withdrawal.

We observed that the lack of water at the beginning of tillering increased the
number of ears in the case of the ‘Mv Nemere’ wheat variety and the ‘Mv Initium’
barley variety at the current atmospheric carbon dioxide level, but drought during
heading reduce this parameter for the barley variety and one of the investigated
wheat varieties (‘Mv Ikva’). Our results agree with Samarah et al. (2009), that late
drought reduces the number of ears of barley. Khakwani et al. (2012) found that
the lack of water reduces the number of ears, in the reproductive state of winter
wheat. Early or late drought stress reduced spring wheat’s ear number according
to Ding et al. (2018) and Rollins et al. (2013) and this were also confirmed by our
results. A significant decrease in the number of ears was observed in the case of
the tested barley variety when the plants received drought treatment during their
generative phase. In our experiment, at 700 ppm CO: level, the early drought
increased the number of ears in the tested barley variety and one of the wheat
varieties (‘Mv Nemere’), furthermore, decreased it by the Mv ‘Ikva’ winter wheat
variety. The lack of water by heading increased the number of ears of ‘Mv Nador’
but decreased it in the case of ‘Mv lkva’. According to Garmendia et al. (2017),
in durum wheat the number of ears shows a slight increase due to the combined
effect of late drought and elevated carbon dioxide concentration (700 ppm). We
obtained similar results in the case of the tested variety. Shokat et al. (2021), on
the other hand, observed the opposite, in their experiment, the number of ears in
wheat decreased because of the late drought, where the plants were examined at
800 ppm COz concentration. In plants grown at 1000 ppm carbon dioxide level,



water withdrawal at tillering or heading developmental stage increased the
number of ears of ‘Mv Ikva’ variety. Shokat et al. (2021) also observed a decrease
in this parameter in wheat due to a late drought, but only at 800 ppm CO:
concentration. According to our results, neither the drought stress treatment nor
the difference between the carbon dioxide levels caused significant changes in
this parameter in the case of the examined oat variety (‘Mv Hopehely’). In ‘Mv
Nador’ wheat variety, compared to plants grown at current atmospheric carbon
dioxide level, higher ear number values were observed for all treatments when the
plants were grown at 700 ppm CO2 concentration. This is in agreement with
Thilakarathne et al. (2013) observations, who found a higher number of ears at
700 ppm CO:2 than in control conditions, in spring wheat grown at the current
atmospheric concentration.

Based on our results, early drought stress significantly reduced the thousand
kernel weight (TKW) of two tested wheat varieties (‘Mv Ikva’ and ‘Mv Nador’),
and late drought had this effect on the ‘Mv Initium’, ‘Mv Hopehely’, ‘Mv Nador’
and ‘Mv Nemere’ varieties. Other authors also observed a decrease in TKW due
to drought during grain filling stage in barley (Samarah et al. 2009) or due to
drought during heading in oat (Zhao et al. 2021) and wheat (Shokat et al. 2021).
Both of the applied stress treatments reduced the thousand kernel weight of the
plants grown at 700 ppm carbon dioxide level by the “Mv Hopehely’, ‘“Mv Nador’
and ‘Mv Kolompos’ varieties and at the 1000 ppm level by the ‘Mv lkva’. We
could also observe a decrease due to the drought at the tillering stage in the case
of the ‘“Mv Initium’ barley variety at 700 ppm COz level and in the ‘Mv Hopehely’
and ‘Mv Nemere’ varieties at 1000 ppm CO:z level. Drought stress during heading
reduced the TKW of the ‘Mv Ikva’ wheat variety at 700 ppm CO> level and of
the ‘Mv Nemere’ at 1000 ppm CO2 concentration. A positive carbon dioxide
reaction was observed in the TKW of the optimally irrigated ‘Mv Ikva’ and ‘Mv
Nemere’ wheat varieties, which was detectable at both elevated carbon dioxide
levels (700 ppm and 1000 ppm). In the case of the tested winter oats, we could
only verify this tendency at the 700 ppm CO2 concentration. The increasing
carbon dioxide level (700 ppm, 1000 ppm) had a negative effect on the TKW of
the optimally irrigated barley (‘Mv Initium”) and the tested oat variety at the 1000
ppm CO: level. As a result of the two applied stress treatments, we could observe
higher values at 700 ppm carbon dioxide level than current atmospheric
concentration by the ‘Mv Initium’ and ‘Mv Kolompos’ varieties. Raising the CO>
level (1000 ppm) also had a positive effect on the tested wheat varieties, if the
stress was applied in the generative developmental stage. The examined oat



variety was negatively affected by the drought during heading and the increase in
carbon dioxide levels (700 ppm and 1000 ppm).

Contrary to our results, Hogy et al. (2009) found that the increased carbon dioxide
level (~550 ppm) did not change in the thousand kernel weight of spring wheat,
although in their experiment the used CO> concentration was significantly lower
than the levels in our study. Fangmeier et al. (2000) claimed that the TKW of
spring barley decreased slightly as a result of the increased carbon dioxide level
(650 ppm), we experienced a significant decrease in this parameter by the tested
barley variety at both investigated CO- levels. Wu et al. (2004), similarly to our
results, found higher thousand kernel weight values at elevated carbon dioxide
level (700 ppm) than at current atmospheric level, in the case of wheat with an
optimal water supply and drought treatment. Ulfat et al. (2021) found that winter
wheat also showed a higher TKW in optimally watered plants grown at elevated
carbon dioxide level (800 ppm), and with regard to the parameter, the adverse
effects of the late drought were also moderated by the effect of carbon dioxide
increase. According to Shokat et al. (2021) results, the late drought significantly
reduced the thousand kernel weight of the examined wheat at 800 ppm carbon
dioxide concentration, and even the artificial increase of the gas concentration had
a negative effect on this parameter; compared to those grown at atmospheric level,
a lower TKW was found in both optimally watered and stressed plants (Shokat et
al. 2021).

In our experiment, water deficit in the BBCH 21 development stage and
BBCH 55 stage (compared to optimal irrigation) reduced the grain yield of the
‘Mv Ikva’ wheat variety at all investigated carbon dioxide levels (~400 ppm, 700
ppm, 1000 ppm). Both applied stress treatments reduced the GY of ‘Mv
Hopehely’, ‘Mv Nador’ and ‘Mv Nemere’ varieties at current atmospheric and
elevated (700 ppm) carbon dioxide levels, and at ~400 ppm level by the ‘Mv
Initium’ barley variety. At 1000 ppm CO- concentration, the late-stage water
withdrawal reduced the grain yield of all tested varieties, except for the ‘Mv
Kolompos’ wheat variety. Zhao et al. (2021) also found lower grain yield values
for oat in response to drought stress applied at different stages of development.
Quaseem et al. (2019) described similar results in the case of wheat as a result of
water deficit treatment applied before flowering. Our results agree with
Manderscheid and Weigel (2007); Varga et al. (2017); Shokat et al. (2021) and
Ulfat et al. (2021) results; the authors observed a decrease in grain yield of wheat
cultivars at elevated carbon dioxide concentrations (700 ppm, 800 ppm or 1000
ppm) as a consequence of early or late drought treatment. We observed a positive
carbon dioxide reaction for the tested barley variety and a negative one for the oat



variety in terms of grain yield at both elevated CO. levels (700 ppm and 1000
ppm) for all applied irrigation levels (optimal, drought at tillering or heading). A
high level of grain yield was demonstrated in the optimally irrigated and early
drought-stressed ‘Mv Nemere’ and ‘Mv Kolompos’ cultivars at elevated carbon
dioxide level (700 ppm). Thilakarathne et al. (2013) also measured higher grain
yield in spring wheat at elevated CO level (700 ppm) with optimal irrigation.
Shokat et al. (2021), on the other hand, described an opposite trend; reported
higher values for the atmospheric concentration, both in the case of optimally
irrigated wheat and as a result of the late drought treatment, at 800 ppm carbon
dioxide level.

According to our results, the lack of water at tillering stage increased the
Harvest index by the ‘Mv Kolompos’ wheat variety at current atmospheric CO2
level and by the ‘Mv lkva’, ‘Mv Nador’, ‘Mv Nemere’ wheat varieties and
reduced it by the ‘Mv Hopehely’ oat variety at atmospheric and elevated CO>
level (700 ppm) and by the ‘Mv Initium’ barley at 700 ppm CO2 level. The lack
of water during heading reduced the Harvest index of the examined oat variety at
both of the elevated CO: levels (700 ppm, 1000 ppm). The late drought reduced
the HI values of all tested varieties at 700 ppm COz level, and in ‘Mv Hoépehely’
and ‘Mv Nador’ varieties we also experienced a significant decrease in this
parameter at 1000 ppm CO> concentration. Compared to the current atmospheric
level, the increased level of carbon dioxide (700 ppm or 1000 ppm) had a negative
effect on the Harvest index of the tested oat variety. Contrary to our results, Zhao
et al. (2021) observed that the applied drought treatment had a positive effect on
the HI of the examined oat variety at current atmospheric carbon dioxide level.
According to Samarah et al (2009), the HI value of the examined barley decreased
due to the late drought, in our experiment we experienced the opposite tendency.
Ding et al. (2018) found that the drought stress during tillering improves the
Harvest index of winter wheat at normal atmospheric CO2 concentration, our
results supported this only in the case of the ‘Mv Kolompos’ variety. Wu et al.
(2004) published higher Harvest index values compared to the control at elevated
carbon dioxide level (~700 ppm) in spring wheat as a result of the drought
treatment. Compared to the control, Ulfat et al. (2021) claimed a reduced Harvest
index value as a result of the drought treatment applied at 800 ppm CO:
concentration. In our experiment, we also experienced a decrease in HI at elevated
COz level (700 ppm) as a result of water withdrawal during heading. Varga et al.
(2017) also observed a decrease in the Harvest index caused by drought at 700
ppm and 1000 ppm CO: levels.



At the current atmospheric carbon dioxide level, drought stress during
tillering developmental stage did not cause a significant change in water uptake,
but drought during heading reduced this parameter in the case of the ‘Mv Ikva’
and ‘Mv Nemere’ wheat varieties. At 700 ppm carbon dioxide level, we observed
a reduced water uptake in the case of tested wheat varieties as a result of late
drought stress. Also, in the case of the ‘Mv Ikva’, the applied drought stress (early
or late drought) reduced the water uptake of this variety at 700 ppm and 1000 ppm
carbon dioxide concentration. Compared to the current atmospheric level, the
artificial increase of the carbon dioxide concentration to the level of 700 ppm did
not cause a significant change in WU, but at the 1000 ppm level it already had a
positive effect. Compared to the current atmospheric level, at 1000 ppm carbon
dioxide concentration, the water uptake of the tested varieties decreased
significantly at all applied irrigation levels (optimal, water withdrawal at tillering
or heading). According to Varga et al. (2017) results, optimal irrigation and late
drought reduce the water uptake at elevated carbon dioxide levels (1000 ppm).

Our results show that early drought stress (applied at BBCH 21 development
level) reduced the water-use efficiency of the ‘Mv Hopehely’ and ‘Mv Nador’
varieties, but only at elevated carbon dioxide level (700 ppm). The late drought
(BBCH 55 development stage) significantly reduced the WUE of the ‘Mv
Hopehely’ oat variety at all investigated carbon dioxide levels, in ‘Mv Nador’
wheat variety reduced this parameter at elevated CO- levels (700 ppm and 1000
ppm), and by the ‘Mv Nemere’ and ‘Mv Kolompos’ wheat varieties only at 700
ppm CO; concentration. We observed a positive effect of carbon dioxide in terms
of WUE in the case of the examined barley variety and all the tested wheat
varieties at 1000 ppm COz in all the applied treatments. Positive effects were also
observed at 700 ppm carbon dioxide level in the case of the ‘Mv Kolompos’ and
‘Mv Nemere’ wheat varieties, when the plants were irrigated optimally or treated
with early drought stress. Liu et al. (2016) found a more favourable WUE value
for oat at elevated carbon dioxide level (700 ppm) with optimal irrigation,
however, based on our research, there was no significant difference in the WUE
of optimally irrigated plants at different carbon dioxide levels. According to Li et
al. (2017), the water-use efficiency of winter wheat slightly increased at elevated
CO2 concentration (800 ppm) as a result of late drought. Based on our results, at
elevated carbon dioxide level (700 ppm), the WUE of the tested wheat varieties
decreased when stress treatment was applied. Robredo et al. (2007) found that the
highest WUE values were observed for winter and spring wheat and barley by
drought at elevated CO2 concentration (700 ppm). Medeiros and Ward (2013)



found the most efficient WUE at elevated carbon dioxide level (700 ppm) by
drought treatment.

Investigation of the production and water uptake of cereals in the field experiment

We observed remarkable differences in the rainfall of the two studied
growing seasons (2019/2020 and 2020/2021); in Martonvasar and Pusztaegres,
the first year was rainy, while in Nyiregyhdza more precipitation fell in the second
season. Based on the data on the monthly distribution of precipitation, we
determined that a remarkable amount of precipitation fell in Martonvasar and
Pusztaegres in November and December of the first growing season, and in June
in Martonvasar and Nyiregyhaza. In the second growing season, an outstanding
amount of precipitation fell in May, compared to the other months, in all three
growing areas.

The yield production of the tested varieties in the investigated production areas

In the first year of our experiment (2019/2020 growing season), among the
three production areas, we observed the lowest yield in Nyiregyhaza. Compared
to the Pusztaegres, we measured a significantly lower yield on the sandy soil
(Nyiregyhaza) for all examined varieties, the largest difference (39%) can be
observed in the case of the ‘Mv lkva’ wheat variety. In Martonvasar, with the
exception of the ‘Mv Kolompos’ wheat variety, the yield was significantly higher
than in Nyiregyhaza. The biggest difference (44%) between the two production
sites was observed in the oat variety (‘Mv Hopehely’). There were also significant
differences between the yield values in Pusztaegres and Martonvasar. In the case
of the examined barley variety (‘Mv Initium’) and three wheat varieties (‘Mv
Nador’, ‘Mv Nemere’ and ‘Mv Kolompos’), the yield was higher at Pusztaegres,
while the yield was higher for the examined oat variety (‘Mv Hopehely’) at
Martonvasar. In the second year (2020/2021 growing season), there was no
significant difference in the yield of the varieties between the three growing areas
in the case of the ‘Mv Initium’ and ‘Mv Hopehely’ varieties. By the investigated
wheat varieties, we observed significant differences in productivity between
Pusztaegres and the other two production sites. The productivity of ‘Mv lkva’ was
higher in Pusztaegres, but in the case of the other three wheat varieties (‘Mv
Kolompos’, ‘Mv Nador’ and ‘Mv Nemere’), we obtained significantly lowest
values in Pusztaegres. In the two investigated growing seasons in Martonvasar,
among the investigated plants, the grain yield of ‘Mv Hopehely’ and ‘Mv Ikva’
was significantly different between years, in both cases the yield was higher in
the first, wetter year. The studied oat variety produced 19% less, while ‘Mv lkva’
produced 17% less yield in the second studied year. With the exception of the



investigated oats variety, the yield of the plants differed significantly between the
two examined years, with higher values measured in the first, wet year. The
biggest difference (34%) was observed in the case of the ‘Mv Nador’ wheat
variety, but there was also a difference of more than 30% in the case of ‘Mv
Nemere’ (33%) and ‘Mv Kolompos’ (31%) between the two examined years, the
on the production areas. The plants also produced a higher yield in the wetter year
(2020/2021 growing season) on sandy soil, this difference was significant for all
tested investigated except for the ‘Mv Initium’ barley variety. In the case of ‘Mv
Nemere’ and ‘Mv Ikva’ wheat varieties, the difference between the two years was
50%, and in the case of ‘Mv Hoépehely’ and ‘Mv Nador’, there was a difference
of 43% and 33%.

The precipitation-use efficiency of the tested varieties in the investigated
production areas

In the first year of our experiment (the growing season of 2019/2020), the
highest precipitation-use efficiency was calculated on sandy soil (Nyiregyhaza)
but in the case of ‘Mv Hopehely’ and ‘Mv Ikva’ varieties, there were no
significant differences in the PUE values on the three different growing areas. In
the case of ‘Mv Initium’, ‘Mv Kolompos’, ‘Mv Nador’ and ‘Mv Nemere’
varieties, the PUE values differed significantly between the production locations.
The lowest WUE values were obtained in Martonvasar. In the case of ‘Mv
Initium’ and ‘Mv Kolompos’ we observed in Pusztaegres the plants had a better
PUE compared to Nyiregyhaza. We did not observe any significant differences in
the PUE values of the investigated oat variety at the three studied production areas
in the 2020/2021 growing season. In the second year (2020/2021 growing season),
the PUE values of the tested barley variety were significantly lower at
Nyiregyhéaza than at the other two production areas, but the difference was not
significant between Pusztaegres and Martonvasar. In the case of the ‘Mv Ikva’
and ‘Mv Kolompos’ wheat varieties in Martonvasar had the highest PUE of the
plants, but these values did not differ significantly from the values of the plants
developed on sandy soil. We did not find any significant difference between
Nyiregyhaza and Pusztaegres in the PUE values of the two wheat varieties (‘Mv
Ikva’ and ‘Mv Kolompos’). The PUE values of ‘Mv Nador’ in Martonvasar were
higher compared to the other two production sites, and the values in Nyiregyhaza
and Pusztaegres are not significantly different. In the case of ‘Mv Nemere’, we
also determined the highest PUE values in Martonvasar, but this difference was
only significant compared to the PUE value of plants grown in Pusztaegres. The
precipitation-use efficiency of all examined varieties was significantly higher in
the second growing season. The PUE values in Pusztaegres also differ



significantly between the two investigated seasons, but in the case of the ‘Mv
Ikva’ and ‘Mv Nemere’ wheat cultivars in this growing area, higher values can be
observed in the first growing season, while in the case of the other examined
cultivars, this parameter was higher in the second investigated season. On the
sandy soil, the two years differed significantly only in the case of the ‘Mv Initium’
barley variety, and ‘Mv Nador’ and ‘Mv Kolompos’ wheat varieties, in all cases
the 2019/2020 growing season resulted in higher PUE values.

The discussions of the results of the field experiment

Drought can reduce the yield of cereals (Sadras et al. 2017; Schmidthoffer
et al. 2018; Chowdhury et al. 2021), but the drought stress in different growth
phases affects in different ways (Mehraban et al. 2019), as well as the temporal
exposure of the drought and its strength is also an important factor (Zhang et al.
2017). During our work, although we did not grow plants with optimal water
supply, there was a significant difference in the amount of precipitation between
the two investigated growing seasons, and in April of the first investigated
growing season, a negligible amount of precipitation fell in all three production
areas (Martonvasar, Pusztaegres, Nyiregyhdza), which can be interpreted as an
early drought. According to Mehraban et al. (2019), stress at an early
developmental stage reduces the yield of wheat more than drought in later stages.
We could only observe this effect grown in production site of Nyiregyhaza; in the
second, wetter year, the yield of all wheat varieties was higher. In Pusztaegres,
we experienced the exact opposite, the effects of drought stress at a young age
were later offset by rainfall during the growing season. Not only the amount of
precipitation can affect the yield of our crops, but also the type of soil (Lipiec and
Usowicz, 2018). The results of our experiment support the findings of Lipiec and
Usowicz (2018), in the case of our barley and oat variety grown in nutrient-rich
soil, we measured a higher yield.

Xue et al. (2019) determined a lower precipitation-use efficiency in the
wettest years when the plants were grown in poorer quality soil in the case of
winter wheat. On the other hand, higher PUE values were realized in soil with a
better nutrient supply when significantly less precipitation fell. In the case of the
plants growing on sandy soil, we found a significant difference between the two
investigated years in PUE values only of the ‘Mv Initium’, ‘Mv Nador’ and ‘Mv
Nemere’ varieties. In the case of all three varieties, higher values were determined
in the less rainy year, contrary to Xue et al. (2019) results. In the case of the
Martonvasar production site, our results are consistent with Xue et al. (2019), we
measured higher PUE values in the less rainy year. Peng et al. (2020) also found



decreased precipitation-use efficiency in the case of wheat varieties in the less
rainy year.

Investigation of the production and water uptake of cereals in the lysimeters

The biomass production of the investigated cereal varieties

Higher above-ground biomass production was observed in the second
growing season (2020/2021) for all tested varieties. In the 2019/2020 growing
season, the biomass of the ‘Mv Nemere’ wheat genotype was the highest (2618
g-m2), and we observed the smallest difference between the two studied growing
seasons (94 g-m) by this variety. In the first growing season, the lowest biomass
was measured for the ‘Mv Ikva’ wheat variety (1674 g-m™). In the second studied
growing season, the highest biomass (2798 g-m™) was observed in the case of the
‘Mv Ikva’ wheat variety, and the lowest (2144 g-m™) by the ‘Mv Kolompos’
wheat variety. The average of the biomass values of our examined varieties in the
first examined period was 1998 g-m™, compared to this, the biggest difference
was observed by the ‘Mv Ikva’ wheat variety. In the second period, the average
value was 2473 g-m, and the biggest difference was observed in the case of the
‘Mv Nemere’ wheat variety.

The yield production of the investigated cereal varieties

We determined that in the second growing season (2020/2021) the
investigated varieties produced more crops, except for the ‘Mv Nemere’ wheat
variety. In the 2019/2020 growing season ‘Mv Nemere’ variety had the highest
(816 g'm?) yield, and we observed the smallest difference between the two
studied growing seasons (12 g-m) by this variety. In the second growing season,
the ‘Mv Ikva’ wheat variety produced the least grain yield (462 g-m?),
furthermore by the ‘Mv Hopehely’ and ‘Mv Kolompos’ varieties observed we
almost the same yield values (610 and 614 g m). There were similarly small
differences between these two varieties in the second growing season (652 and
644 g-m?), and the grain yield of the ‘Mv Nador’ and ‘Mv Nemere’ wheat
varieties also barely differed from each other (808 and 804 g-m™). In the year of
2021, we observed the highest yield (1000 and 808 g-m) for the ‘Mv Initium’
and ‘Mv Ikva’ varieties, and the biggest difference in the yield (342 g- m™ and
426 g-m™) were also observed in the two examined years.

The harvest index of the investigated cereal varieties

A higher harvest index was determined in the first growing season in the
case of the ‘Mv Hopehely’ oat and ‘Mv Nemere’ and ‘Kolompos’ wheat varieties



and in the second season in the case of the ‘Mv Initium’ barley, and ‘Mv Ikva’
and ‘Mv Nador’ wheat. In the two investigated seasons the highest (36 and 39 %)
HI was observed by the examined barley cultivar, furthermore the biggest
difference from the average HI value also showed by the barley genotype. The
smallest difference (<1%) between the two investigated seasons was seen by the
‘Mv Kolompos’ wheat variety and the biggest (4%) was by the ‘Mv lkva’ cultivar.

The evapotranspiration of the investigated cereal varieties

Higher evapotranspiration values were observed in the second examined
period (2020/2021 growing season). In the 2019/2020 season, the highest ET (369
mm) was measured by the ‘Mv Nemere’ wheat variety and the lowest (275 mm)
by the ‘Mv Ikva’ weak variety. In the second examined period, the highest value
(386 mm) occurred for the ‘Mv Kolompos’ wheat variety, while the lowest (344
mm) was found by the examined oat variety. The largest difference in the
evapotranspiration values (76 mm) between the two growing seasons was
observed by the ‘Mv lkva’ wheat variety, while the smallest difference (3 mm)
occurred by the ‘Mv Nemere’ wheat variety. In the case of the examined oats
variety (‘Mv Hopehely’), the difference between the two years was also not
considerable (13 mm). In the first examined period, the average of the ET values
was 326 mm, ET of the ‘Mv Ikva’ and ‘Mv Nemere’ wheat varieties deviated
from the average the most. In the second examined growing season, the average
ET was 363 mm, in this period we could observe the largest deviations from the
average values in the case of the ‘Mv Kolompos’ and ‘Mv Hopehely’ genotypes.
Based on the monthly sums of ET, in the first examined year we observed that,
the highest monthly amount of ET was in April and in the second year in May,
and that the plants evaporated more in the first growing season in March and
April, and in May and June in the second growing season. The exceptions to this
are the varieties the ‘Mv Ikva’ wheat and ‘Mv Initium’ varieties, in the case of
the wheat variety we could measure a higher value in May 2021, while for the
barley variety in June 2020.

The agronomical constant of the investigated cereal varieties

The lowest agronomic constant values were seen in the second examined
period (2020/2021 growing season), except for the ‘Mv Ikva’ wheat variety. In
the first examined period (2019/2020 growing season), the highest value (3.24)
was determined for the ‘“Mv Nemere’ wheat genotype, while the lowest (2.41) was
determined for the ‘Mv Ikva’ wheat variety. In the second examined period, the
highest value (2.76) was calculated for the ‘Mv Kolompos’ wheat, while the
lowest value (2.45) was found by the examined oat variety (‘Mv Hopehely’). The



average K, of the examined varieties was 2.86 in the first year and 2.60 in the
second. The largest deviation from the average was observed in the case of the
‘Mv lkva’ and ‘Mv Nemere’ in the first examined period, and in the case of the
‘Mv Kolompos’ and the oat variety in the second period. The agronomic constant
of the tested varieties was also determined monthly. We observed that its Ka
values increased from March to May of the first year examined, and then this
parameter decreased significantly in June; which indicates a decrease in the water
consumption of the plants in parallel with the ripening. Similar trends can also be
seen in the second examined year, but in the case of the Mv Hopehely autumn oat
variety, we see a difference. The agronomic constant of the variety increased from
March to May and this value decreased significantly by June, but still remained
higher than the March and April values. We observed a decrease in the Ka value
of the spring barley species (Mv Initium) and the wheat varieties (Mv lkva, Mv
Nador, Mv Nemere and Mv Kolompos) in April 2021, compared to the value
calculated for the previous month, which can be explained by the low moisture
content of the soil.

The water-use efficiency of the investigated cereal

In the second examined growing season (2020/2021), we determined higher
WUE values calculated based on the biomass for all investigated varieties, except
for the ‘Mv Kolompos’ wheat variety. In the first examined period (2019/2020
season), the highest value (7.088 g-mm™) was determined for the ‘Mv Nemere’
wheat variety while the lowest (5.614 g-mm™) was determined for the oat variety
(‘Mv Hopehely’). In the second period, the highest WUEgwm value (7.972 g-mm’
1Y was calculated for the ‘“Mv Ikva’ wheat variety, and the lowest (5.548 g-mm™)
for the ‘Mv Kolompos’ wheat cultivar. The WUEgwm value of the two examined
periods differed the least for the ‘Mv Kolompos’ variety and the largest for the
‘Mv Ikva’ variety. In the first examined period, the WUEgwm value was on average
6.111 g-mm™, the most significant deviation from the average was observed by
the ‘Mv Nemere’ variety, while in the second year, the average was 6.828 g-mm"
! and the largest deviation was shown by ‘Mv Kolompos® genotype. The water-
use efficiency related to grain yield (WUEy) was higher in the second examined
period, with the exception of the ‘Mv Nemere’ and ‘Mv Kolompos’ wheat
varieties. In the first examined period, the highest value of WUE (2.21 g'-mm™)
was observed by the ‘Mv Nemere’ wheat variety and the lowest (1.68 g-mm-1)
by the ‘Mv lkva’ wheat variety. In the second period, the highest WUEy value
was determined for the investigated barley variety (2.87 g-mm™) and the lowest
for the ‘Mv Kolompos’ cultivar (1.67 g-mm™). Between the two examined years,
the smallest differences occurred in the examined oat variety (‘Mv Hopehely’)



and ‘Mv Nemere’ (0.06 and 0.05 g-mm™) variety; the biggest differences were
observed for the barley variety and ‘Mv Ikva’ wheat variety (0.73 and 0.85 g-mm”
1). The average WUEy value of the examined varieties was 1.93 g-mm™in the first
period and 2.21 g-mm™ in the second. The largest deviation from the average was
observed in the case of the ‘Mv Nemere’ and ‘Mv lkva’ wheat varieties in the
first examined period and in the case of the examined barley and ‘Mv Kolompos’
cultivar in the second period.

The precipitation-use efficiency of the investigated cereal varieties

In the second of the two investigated periods (2020/2021), we could observe
higher precipitation-use efficiency values. In the first investigated growing season
(2019/2020), the highest value (2.46 g-mm™) was observed by the ‘Mv Nemere’
wheat variety, while the lowest (1.39 g'-mm™) was determined by the ‘Mv Ikva’
wheat variety. In the second examined period, the highest PUE value (4.62 g-mm’
1) was observed by the investigated barley variety (‘Mv Initium”), and the lowest
(2.97 g'mm™?) by the ‘Mv Kolompos’ wheat variety. The average PUE value of
the examined varieties was 1.91 g'-mm™ in the first examined period and 3.69
g-mm™ in the second. The largest deviation from the average was observed in the
case of the ‘Mv Kolompos’ in the first growing season and the case of the
examined barley variety in the second period.

The discussions of the results of the lysimeter experiment

Groh et al. (2020) in their lysimeter experiments, found the biomass values
of the examined varieties of oat and wheat showed almost the same value in the
area with different rainfall, but the biomass of the variety of the tested barley was
higher in the drier area. Based on our results, the biomass of the varieties grown
in the lysimeter was higher in the drier growing season, especially the tested
barley variety and the early-maturing wheat variety showed the greatest
difference. The biggest difference between the two investigated periods was
found by the ‘Mv Initium’ and ‘Mv Ikva’ varieties; we measured higher values in
the year when more precipitation fell in April and May. According to Umair et al.
(2019) despite the significant (more than one and a half times) difference in
rainfall between seasons, only negligible differences were measured in terms of
biomass by the investigated wheat genotypes. We also observed these trends in
the results of the ‘Mv Initium’ and ‘Mv Ikva’ varieties. Groh et al. (2020) results
were similar; the value of the grain yield was higher in the drier area for winter
barley, oat and wheat. The yield of the late-ripening varieties (‘Mv Hopehely’ oat
variety and ‘Mv Kolompos’ wheat variety) differed only slightly between the two
years, the grain yield of the ‘Mv Nemere’ wheat variety was higher in the wetter



growing season. Umair et al. (2019) measured significantly higher grain yield
values for wheat as a result of significant rainfall excess. A higher Harvest index
could be determined by the ‘Mv Hopehely’ oat variety, ‘Mv Nemere’ and ‘Mv
Kolompos’ wheat varieties in the wetter growing season, while for the barley
variety ‘Mv Initium’ and ‘Mv Ikva’ and ‘Mv Nador’ wheat varieties in the drier
period. The results of the early ripening varieties are similar to the findings of
Groh et al. (2020), according to which higher HI values can be determined in a
drier area. In agreement with the findings of Groh et al. (2020) and Umair et al.
(2019), in our experiment, we could determine higher evapotranspiration in the
growing season when more significant precipitation was observed in April and
May. Examining the monthly evapotranspiration values, we observed an
increasing trend in the wetter year until the end of April, which after significantly
decreased it in the following months. Groh et al. (2020) and Tezera et al. (2019)
also found similar trends for barley, wheat and oat. When the water-use efficiency
values were calculated on the basis of grain yield the WUE were higher in the
drier year, except for the ‘Mv Nemere’ and ‘Mv Kolompos’ wheat varieties,
similar to the results of Groh et al. (2020). In their experiment, the WUE values
of the studied varieties were higher in the drier area, and if the WUE was
calculated based on biomass, higher values were also determined in the drier area.
In the case of spring wheat and naked oat, Zhang et al. (2015) found that the
maximum WUE coincided with warm and dry weather conditions, and the
minimum values were calculated under warm and wet climatic conditions. We
found higher WUE values for all studied varieties except for the late-maturing
wheat variety, when we calculated it based on biomass, in agreement with Groh
et al. (2020) results.

References

BISTA, D.R., HECKATHORN, S.A., JAYAWARDENA, D.M., BOLDT, J.K. (2020):
Effect of drought and carbon dioxide on nutrient uptake and levels of nutrient-uptake
proteins in roots of barley. In: American Journal of Botany, 107 1401-14009. p.

CHOWDHURY, M.K., HASAN, M.A., BAHADUR, M.M., ISLAM, MD.R., HAKIM,
MD.A., IQBAL, M.A., JAVED, T., RAZA, A, SHABBIR, R., SOROUR, S,
ELSANAFAWY, N.E.M., ANWAR, S., ALAMRI, S., EL SABAGH, A., ISLAM, M.S.
(2021): Evaluation of drought tolerance of some wheat (Triticum aestivum L.) genotypes
through phenology, growth, and physiological indices. In: Anronomy, 11 (9) 1792.

DING, J., HUANG, Z., ZHU, M, LI, C., ZHU, X., GUO, W. (2018): Does cyclic water
stress damage wheat yield more than single stress? In: PLoS ONE, 13 e0195535.

DONG, B., ZHENG, X., LIU, H., ABLE, J.A., YANG, H., ZHAO, H., ZHANG, M.,
QIAO, Y., Wang, Y.; Liu, M. (2017): Effects of drought stress on pollen sterility, grain



yield, abscisic acid and protective enzymes in two winter wheat cultivars. In: Frontiers
in Plant Science, 8 1008.

FANGMEIER, A., CHROST, B., HOGY, P., KRUPINSKA, K. (2000): CO; enrichment
enhances flag leaf senescence in barley due to greater grain nitrogen sink capacity. In:
Environmental and Experimental Botany, 44 151-164. p.

GARMENDIA, I.; GOGORCENA, Y.; ARANJUELO, I.; GOICOECHEA, N. (2017):
Responsiveness of durum wheat to mycorrhizal inoculation under different
environmental scenarios. In: Journal of Plant Growth Regulation, 36 855-867. p.

GROH, J., VANDERBORGHT, J., PUTZ, T., VOGER, H-J., GRUNDLING, R., RUPP,
H., RAHMATI, M., SOMMER, M., VEREECKEN, H., GERKE, H.H. (2020):
Responses of soil water storage and crop water use efficiency to changing climatic
conditions: a lysimeter-based space-for-time approach. In: Hydrology and Earth System
Sciences, 24 1211-1225. p.

HOGY, P., WIESER, H., KOHLER, P., SCHWADORF, K. BREUER, J.,
FRANZARING, J., FANGMEIER, A. (2009): Effects of elevated CO- on grain yield and
quality of wheat: results from 3-year free-air CO, enrichment experiment. In: Plant
Biology, 11 60-69. p.

KHAKWANI, A.A.; DENNETT, M.D.; MINUR, M.; ABID, M. (2012): Growth and
yield response of varieties to water stress at booting and anthesis stages of development.
In: Pakistan Journal of Botany, 44 879-886. p.

LI, Y.; LI, X;; YU, J.; LIU, F. (2017): Effect of the transgenerational exposure to elevated
CO- on the drought response of winter wheat: Stomatal control and water use efficiency.
In: Environmental and Experimental Botany, 136 78-84. p.

LIPIEC, J., USOWICZ, B. (2018): Spatial relations among cereal yields and selected soil
physical and chemical properties. In: Science of The Total Environment, 663 1579-1590,
p.

LIU, J.-C., TEMME, A.A., CORNWELL, W.K., VAN LOGTESTIIN, R.S.P., AERTS,
R., CORNELISSEN, J.H.C. (2016): Does plant size affect growth responses to water

availability at glacial, modern and future CO; concentration? In: Ecological Research,
31 213-227. p.

MANDERSCHEID, R.; WEIGEL, J.-H. (2007): Drought stress effects on wheat are
mitigated by atmospheric CO; enrichment. In: Agronomy for Sustainable Development,
27 79-87. p.

MEDEIRQOS, J.S., WARD, J.K. (2013): Increasing atmospheric [CO;] from glacial
through future levels affects drought tolerance via impacts on leaves, xylem and their
integrated function. In: New Phytologist, 199 738-748. p.

MEHRABAN, A., TOBE, A., GHOLIPOURI, A., AMIRI, E., GHAFARI, A., ROSTAII,
M. (2019): The effects of drought stress on yield, yield components, and yield stability
at different growth stages in bread wheat cultivar (Triticum aestivum L.). In: Polish
Journal of Environmental Studies, 28 (2) 739-746. p.



PENG, Z., WANG, L., XIE, J., LI, L, COULTER, J.A., ZHANG, R., LUO, Z,
CARBERRY, P., WHITBREAD, A. (2020): Conservation tillage increases yield and
precipitation use efficiency of wheat on the semi-arid Loess Plateau of China. In:
Agricultural Water Management, 231 106024.

QUASEEM, M.F.; QURESHI, R.; SHAHEEN, H. (2019): Effects of pre-anthesis
droughts, heat and their combination on the growth, yield and physiology of diverse
wheat (Triticum aestivum L.) genotypes varying in sensitivity to heat and drought stress.
In: Scientific Reports, 9 6955.

ROBREDO, A.; PEREZ-LOPEZ, U.; SAINZ DE LA MANZA, H.; GONZALEZ-
MORO, B.; LACUESTA, M.; MENA-PETITE, A.; MUNOZ-RUEDA, A. (2007):
Elevated CO; alleviates the impact of drought on barley improving water status by
lowering stomatal conductance and delaying its effects on photosynthesis. In:
Environmental and Experimental Botany, 59 252-263. p.

ROLLINS, J.A.; HABTE, E.; TEMPLER, S.E.; COLBY, T.; SCHMIDT, J.; VON
KORFF, M. (2013): Leaf proteome alterations in the context of physiological and
morphological responses to drought and heat stress in barley (Hordeum vulgare L.). In:
Journal of Experimental Botany, 64 3201-3212. p.

SADRAS, V.0., MAHADEVAN, M., ZWER, P.K. (2017): Oat phanotypes for drought
adaptation and yield potential. In: Field Crops Research, 212 135-144. p.

SAMARAH, N.H.; ALQUDAH, AM.; AMAYREH, J.A.;; MCANDREWS, G.M.
(2009): The effects of late-terminal drought stress on yield components of four barley
cultivars. In: Journal of Agronomy and Crop Science, 195 427-441. p.

SCHMIDTHOFFER, 1., SZILAK, L., MOLNAR, P., CSONTOS, P., SKRIBANEK, A.
(2018): Drought tolerance of European barley (Hordeum vulgare L.) varieties. In:
Agriculture, 64 137-142. p.

SHOKAT, S., GROBKINSKY, D.K., LIU, F. (2021): Impact of elevated CO2 on two
contrasting wheat genotypes expose to intermediate drought stress at anthesis. In: Journal
of Agronomy and Crop Science, 207 20-33. p.

SIONIT, N.; HELLMERS, H.; STRAIN, B.R. (1980): Growth and yield of wheat under
CO; enrichment and water stress. In: Crop Science, 20 677-690. p.

TEZERA, K., DIRIRSA, G., HORDOFA, T. (2019): Determination of wheat (Triticum
aestivum L) seasonal water demand and crop coefficient for effective irrigation water
planting and management in semi-arid, central rift valley of Ethiopia. In: International
Journal of Environmental Sciences & Natural Resources, 21 1 556054.

THILAKARATHNE, C.L.; TAUSZ-POSCH, S.; CANE, K.; NORTON, R.M.; TAUSZ,
M.; SENEWEERA, S. (2013): Intraspecific variation in growth and yield response to
elevated CO; in wheat depends on the differences of leaf mass per unit area. In:
Functional Plant Biology, 40 189-194. p.

ULFAT, A.; SHOKAT, S.; LI, X.; FANG, L.; GROBKINSKY, D.K.; MAJID, S.A;
ROITSCH, T.; LIU, F. (2021): Elevated carbon dioxide alleviates the negative impact of
drought on wheat by modulating plant metabolism and physiology. In: Agricultural
Water Management, 250 106804.



UMAIR, M., HUSSAIN, T., JIANG, H., AHMAD, A., YAQ, J, Ql, Y., ZHANG, Y.,
MIN, L., SHEN, Y. (2019): Water-saving potential of subsurface drip irrigation for
winter wheat. In: Sustainability, 11 10 2978.

VARGA, B.; VIDA, G.; VARGA-LASZLO, E.; HOFFMAN, B.; VEISZ, O. (2017):
Combined effect of drought stress and elevated atmospheric CO, concentration on the
yield parameters and water use properties of winter wheat (Triticum aestivum L.)
genotypes. In: Journal of Agronomy and Crop Science, 203 192-205. p.

WU, D.-X.; WANG, G.-X.; BAI, Y.-F.; LIAO, J.-X. (2004): Effects of elevated CO;
concentration on growth, water use, yield and grain quality of wheat under two soil water
levels. In: Agriculture, Ecosystems & Environment, 104 493-507. p.

XUE, L., KHAN, S., SUN, M., ANWAR, S., REN, A., GAO, Z., LIN, W., XUE, J.,
YANG, Z., DENG, Y. (2019): Effect of tillage practices on water consumption ang rain
yield of dryland winter wheat under different precipitation distribution in the loess
plateau of China. In: Soil & Tillage Research, 191 66-74. p.

ZHANG, J., REN, W., AN, P., PAN, Z., WANG, L., DONG, Z., HE, D., YANG, J.,
PAN, S., TIAN, H. (2015): Responses of Crop Water Use Efficiency to Climate Change
and Agronomic Measures in the Semiarid Area of Northern China. In: PLOS ONE, 10
e0137409

ZHANG, W., GU, J., WANG, Z., WEI, C., YANG, J., ZHANG, J. (2017): Comparison
of structural and functional properties of wheat starch under different soil drought
conditions. In: Scientific Reports, 7 12312.

ZHAOQO, B., MA, B.-L., HU, Y., LIU, J. (2021): Source-sink adjustment: A mechanistic
understanding of timing and severity of drought stress on photosynthesis and grain yields
of two contrasting oat (Avena sativa L.) genotypes. In: Journal of Plant Growth
Regulation, 40 263-276. p.



Conclusions

In our greenhouse experiments, we examined six Martonvasar-bred winter
cereal varieties at current atmospheric and elevated (700 ppm and 1000 ppm)
carbon dioxide concentrations, at three irrigation levels (optimal water supply and
water withdrawal treatment applied at tillering or heading developmental stage).
Under controlled climatic conditions, we investigated the effect of two factors on
the biological production and water circulation parameters of our selected
varieties. Among these, the simulated water deficit is a stress factor, and the
elevated carbon dioxide concentration is a factor, in connection with which much
research have pointed out that species and varieties react very differently to the
level of carbon dioxide. Thus, this factor can be a stressor, but it can also increase
production. Based on several parameters, it was shown that the ‘Mv Initium’
barley variety reacted positively to the increase in CO, concentration, and this
factor was not present as a stressor but as a stimulator for this variety. In the case
of the barley variety, we observed that the elevated carbon dioxide concentration
not only alleviated the negative effects of the applied drought treatments but also
significantly improved the yield parameters. In the case of the tested oat variety
(‘Mv Hopehely’), the increase in carbon dioxide concentration acted as a stressor,
and a negative carbon dioxide reaction was observed. The ‘Mv Hopehely’ variety
showed considerable sensitivity to both applied stress treatments, although to a
greater extent to the drought stress at heading, in addition, an increase in the
carbon dioxide level did not alleviate the effects of the drought treatment, but
aggravated them, in the case of several parameters. In regard to the four wheat
varieties, we found a correlation between the effects of drought stress applied at
different stages of development, the CO> reactions and the ripening groups.
According to our investigations, the early-ripening variety (‘Mv Ikva’) was most
severely affected by the applied drought treatment, which was not alleviated even
by increasing the carbon dioxide level. In the case of early-ripening varieties,
increasing the CO> level acted as a stressor. In the medium-ripening varieties
(‘Mv Nador’ and ‘Mv Nemere’), the drought reduced the tested parameters less,
and a positive CO- reaction was observed in these varieties, especially in the case
ofthe ‘Mv Nemere’. The best drought tolerance was observed in the late-maturing
wheat variety (‘Mv Kolompos’), this variety also showed the most favourable
CO; reactions at 700 ppm and 1000 ppm levels. The 700 ppm carbon dioxide
concentration did not cause any significant differences in the water uptake of any
of the studied species or varieties, regardless of the level of water supply,
compared to that observed at the current atmospheric level. On the other hand, the
1000 ppm level of the gas significantly reduced the water uptake compared to the



current atmospheric level, and the time of application of water withdrawal did not
influence this trend either. The positive effect of the carbon dioxide level on the
water-use efficiency of the tested plants was already demonstrated at a level of
700 ppm, but this effect was even more pronounced at a level of 1000 ppm

Due to climate change, extreme events are occurring more frequently in our
country - including intense and long-lasting droughts - which threaten the crop
safety of our cultivated plants. An important indicator of drought tolerance is
water-use efficiency. Examining carbon and water circulation is important in the
breeding of drought-tolerant varieties, so in the course of our work, we tried to set
up experiments and experimental systems in which we can determine this
parameter as precisely as possible. We determined the water-use efficiency of
various Martonvasar-breed cereal in a greenhouse model experiment, in the field,
and in a lysimeter experiment system. Among the examined varieties, the oat
variety (‘Mv Hopehely’) had the lowest values in all three experimental systems.
The late-maturing wheat variety (‘Mv Kolompos”) showed low WUE and PUE
values in the greenhouse and lysimeter experimental systems, similar to the oat
variety, lower compared to the other tested wheat varieties, but in the field system,
the PUE values of the ‘Mv Kolompos’ variety were also high. The water- and
precipitation-use efficiency of the early- (‘Mv Ikva’) and mid-ripening wheat
varieties (‘Mv Nador’, ‘Mv Nemere’) show a very similar trend in all three
experimental systems. The tested barley variety (‘Mv Initium’) had similarly high
PUE values as the other tested early ripening variety (‘Mv Ikva’), but in the
greenhouse system the WUE value of the tested barley variety was lower than that
of the ‘Mv Ikva’, but in the lysimeter system it exceeded it. Based on our results,
we determined that the variability of the varieties in terms of the water-use
efficiency of the varieties grown in the lysimeters and the precipitation-use
efficiency of those developed in the field was the same, and the results of the
greenhouse system also follow the trends determined in the other systems.

We have observed that the water- or precipitation-use efficiency of plants
grown in different systems if they are not the same in absolute terms, show similar
trends. The lowest values were determined for the plants grown in the greenhouse
experimental system, whereas higher WUE values were obtained for the plants
grown in the lysimeters. The PUE values determined in the lysimeter system were
higher than the WUE values determined in the lysimeter system. The highest
values were determined in the field experimental system. The lysimeter
experimental system allows for the most accurate determination of
evapotranspiration, but due to the large investment requirements and the
complicated operation, it cannot represent a perspective for testing the water



circulation of a wide range of genotypes for breeding purposes. The greenhouse
model experimental system developed by us can also be used effectively for
testing a wide range of varieties.

In the early stage of the development of winter cereal the tillering in the
autumn and in the period of vegetative development in spring, lack of water is
typically not the main limiting environmental factor, even though more and more
often precipitation-lacking periods may occur at the end of winter and beginning
of spring. Water uptake is primarily influenced by, if it occurs, in which phase of
the generative development the water shortage occurs and whether it affects the
yield. Based on these, if water is available in the soil, during vegetative
development the plants take up the necessary amount of water regardless of the
amount of yield, which in turn accounts for a significant part of the total water
demand during the growing season. However, the water-use efficiency is typically
affected by the last month and a half of development, when the water circulation
is already reduced in intensity, but it is during this period that it is decided how
the previously used amount of groundwater is utilized from the production area.
The water-use efficiency cannot be separated from drought tolerance, since
species and varieties that can take up the soil's water resources in a wider range,
with appropriate root structure and plant physiological mechanisms can maintain
their assimilating surface for longer, translocation can be more efficient and
produce a higher yield level, so their water-use efficiency can also be more
efficient.



New results (theses)

We have developed a model experimental system suitable for determining
the water-use efficiency of winter wheat, winter barley, and winter oat
varieties, validated with lysimeter data, high throughput, and enabling the
testing of a wide range of cereal varieties. The new experimental
methodology can be used for the comparative investigation of the water-
use efficiency of strains developed in breeding, and also for the selection
of varieties that can be tested in the lysimeter system from a wider range
of varieties in basic research.

The parallel application of several different experimental systems can
provide the most accurate method to determine water circulation and
water-use efficiency. Controlled climatic conditions are necessary to
examine the correlations between stress responses and water turnover,
however, the obtained water-use efficiency values can only be used for
genotype comparison. The results of the lysimeter and field systems
provide data that can be used in agronomic practice, however, due to the
complex interactions of the environmental conditions, the water
circulation effects of the individual factors can be estimated using a model.
Drought tolerance and water-use efficiency are inseparable indicators,
water-use efficiency alone as an indicator is not suitable for characterizing
drought tolerance. The variability in productivity is significantly greater
than the variability in evapotranspiration of the varieties.

Under greenhouse conditions, the most sensitive varieties to the applied
drought stress treatments were the ‘Mv Hopehely’ oat variety and the ‘Mv
Ikva’ wheat variety, and in these varieties, the negative effects of drought
stress could not be offset by the elevated carbon dioxide concentration.
The most favourable drought tolerance was observed in the late-ripening
wheat variety (‘Mv Kolompos’) and the barley variety (‘Mv Initium’)
under greenhouse conditions. The CO- reaction of these varieties was the
most favourable, the increased carbon dioxide concentration alleviated the
negative effects of the drought treatments.

Compared to the current atmospheric level, the artificial increase of the
carbon dioxide concentration had a positive effect only at the 1000 ppm
CO: level, among the examined carbon dioxide concentrations; with
regard to the water requirements of the winter wheat varieties, the water
uptake of the tested species and varieties was significantly reduced even
in the case of optimal water supply and simulated drought.
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