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Abstract

The study highlights the impact of drought stress at different phenological stages and different carbon dioxide concentra-
tions on the growth and productivity of four Hungarian winter wheat varieties (‘Mv Ikva’, ‘Mv Nador’, ‘Mv Nemere’, ‘Mv
Kolompos’). The experiments were performed at the HUN-REN Centre for Agricultural Research and the experimental
setting contained three different watering regimes (optimal watering as control, water withdrawal at the stem elongation,
water withdrawal at the heading developmental stage as drought treatment) and three different carbon dioxide levels (cur-
rent atmospheric, 700 ppm or 1000 ppm). Our findings contribute to a better understanding of how atmospheric conditions,
including elevated CO, levels, might interact with drought stress to influence wheat growth. At current atmospheric CO,
concentration drought experienced during the early developmental stage caused a significant reduction in several measured
parameters compared to drought occurring at the heading stage. At elevated CO, levels (700 ppm and 1000 ppm), the drought-
induced reductions in plant height were generally less severe. Drought stress during stem elongation significantly reduced
spike weights, at 700 ppm CO, concentration, the early-stage drought had a stronger negative impact on this parameter than
the late-stage drought. Early drought significantly reduced the grain number in the main spikes under ambient CO, levels,
while heading-stage drought primarily affected the secondary spikes.

Keywords Abiotic stress - Drought stress - Climate change - Main and secondary spikes

Introduction

One of the most pressing issues of present era is the assur-
ance of the adequate quantity and quality of food. Hence,
in 2022 the global population reached 8 billion and it is
expected to reach 10 billion by 2050, it would be a chal-
lenging task (Saeed et al. 2023; Sakaguchi 2023; The World
Bank Group 2025). Ensuring food security fundamentally
relies on food availability, food production and distribution.
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While there is a growing need for food, the food supply is
being steadily constrained and limited by factors such as
urbanization, land degradation, spreading of industrial crops
and climate change (Albahri et al. 2023). The effects origi-
nated from climate change affect greatly the production of
agricultural crops and threaten the provision of food secu-
rity (Iancu et al. 2022; Tudor et al. 2023). Since the indus-
trial revolution, the atmospheric carbon dioxide concentra-
tion has risen from 278 to appr. 417 ppm. A continuous
increase in CO, levels has been observed since the 1760s,
but this upward trend has become much steeper since the
1960s (Betts 2021). Depending on efforts to reduce carbon
emissions in the future, the atmospheric concentration of
this gas could be between 500 and 1000 ppm by the end of
the century (Anwar et al. 2018; Dusenge et al. 2019). The
elevated concentration of CO,, along with other greenhouse
gases, has altered the composition of the atmosphere, caus-
ing global warming (Dusenge et al. 2019). The Earth’s sur-
face temperature has increased by 0.08 °C per decade since
1880, and since 1981, the rate of increase has accelerated to
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0.18 °C per decade (Lindsey and Dahlman 2021). The inten-
sity of warming shows no uniform distribution around the
globe, with higher latitudes experiencing more significant
warming than the tropical belt. The expected rate of warm-
ing varies by season, with the greatest increase anticipated
during winter months (Ciais et al. 2013). Climate change
will have a significant impact on the Earth’s vegetation.
The elevated temperature and the increasing dryness of
the atmosphere, coupled with lower relative humidity, may
enhance potential evaporation (Ficklin and Novick 2017).
Over the past 40 years, an increase in the number of extreme
events due to climate change has been observed. This growth
has been more pronounced in hydrological (e.g., floods) and
meteorological events (e.g., storms) compared to climato-
logical proceedings (e.g., extreme temperatures, droughts,
forest fires). The changes in the global climate will have both
spatial and temporal impacts on agricultural production. The
rising frequency of extreme weather events, such as heat-
waves, heavy rainfall and floods, along with soil degradation
or a reduction in arable land imposes an increasingly heavy
burden on agriculture, exacerbating the already precarious
situation of food security (Del Buono 2021; Khadka et al.
2020).

Wheat (Triticum aestivum L.) plays a significant role in
our civilization, and its importance is well-illustrated by the
fact that wheat is ranked second among cereal crops regard-
ing total global production (FAO 2018). The primary causes
of losses in wheat production are attributed to abiotic fac-
tors such as drought, salinity and heat stress, rather than
biotic factors (Abhinandan et al. 2018). Regrettably, recur-
ring drought events pose a significant threat to global wheat
production, demanding substantial attention. The impact of
water stress varies across different developmental stages of
wheat (Daryanto et al. 2016), with the duration and inten-
sity of water stress influencing wheat development at vari-
ous trait levels (Sarto et al. 2017), ultimately leading to a
decrease in grain yield. Reports from various regions world-
wide consistently highlight the substantial role of limited
water availability in diminishing wheat yield (Khadka et al.
2020). In general, although the overall performance of the
crop is greatly influenced by the intensity and frequency of
drought, it is equally crucial to consider the specific phe-
nological stage at which these drought events occur (Sarto
et al. 2017). Wheat may exhibit increased vulnerability to
drought during specific critical growth stages, including
germination and seedling phases (Akram 2011); tillering
and stem elongation stages (Saeidi et al. 2015; Wang et al.
2015; Ding et al. 2018); as well as heading, anthesis and
grain filling stages (Akram 2011; Sarto et al. 2017). Drought
stress can have varied effects on different physiological pro-
cesses. When the decrease in turgor pressure is significant,
the size of actively growing cells tends to remain smaller.
The reduction in cell size influences the external appearance
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of the plant, but differences arise depending on the growth
stage at which water shortage occurs. If drought occurs at the
beginning of the growth cycle, morphological changes are
observed, such as a decrease in leaf area surface, leading to
lower carbon dioxide uptake throughout the entire vegetation
period. Additionally, drought during the vegetative phase
limits shoot development and branching extent (Kato et al.
2008; Barnabas et al. 2008; Lipiec et al. 2013; Aslam et al.
2013; Dietz et al. 2021). Drought stress experienced during
stem elongation results in reduced plant height, leaf area
index and concurrently observed decreased water-use effi-
ciency (Li et al. 2017). Numerous studies suggest that plants
are more sensitive to drought stress during their reproductive
phase (Farooq et al. 2014; Ma et al. 2017; Varga et al. 2017),
but the severity of drought effects greatly depends on the
intensity and duration of the stress. In the early reproductive
phase, drought stress leads to pollen and spikelet abortion,
resulting in reduced grain number (Kato et al. 2008; Dolf-
erus et al. 2011). Pre-flowering drought reduces the spikelet/
spike number (Kato et al. 2008), decreases plant height and
the harvest index of plants (Quaseem et al. 2019) and alters
flowering time (Foulkes et al. 2007; Cattivelli et al. 2008).
Drought during flowering increases the rate of pollen and
ovary abortion, hinders pollen development and can cause
spike sterility (Praba et al. 2009; Rang et al. 2011; Powell
et al. 2012; Aslam et al. 2013). Moreover, drought during
grain filling shortens the filling period, reduces grain num-
ber, yield and thousand-kernel weight, as well as the harvest
index (Samarah 2005; Foulkes et al. 2007; Samarah et al.
2009; Blum 2017). The morphological characteristics influ-
encing the ultimate grain yield vary across different growth
stages, and the severity of the stress event is determined
by how much these traits are affected by drought (Khadka
et al. 2020). Prolonged droughts, particularly those initiat-
ing from stem elongation and extending through maturity,
lead to a more substantial reduction in yield compared
to droughts starting at later phenophases and continuing
through maturity (Shamsi and Kobraee 2011). Due to partly
anthropogenic influences, the increase in atmospheric car-
bon dioxide concentration has an impact on the phenology
of plants. Alongside the rise in carbon dioxide levels, there
is a potential increase in plant biomass production, thou-
sands-kernel weight, harvest index, number of grains and an
improvement in water-use efficiency. However, these posi-
tive effects are primarily observed in C3 plants (Wu et al.
2004; Kimball 2016; Dunn et al. 2019; Hussen 2020; Gamez
et al. 2020; Abdelhakim et al. 2021). The elevated carbon
dioxide concentration may reduce stomatal conductance
and decrease the transpiration rate; thereby, it will reduce
excessive water loss and consequently increase water-use
efficiency (Allen et al. 2011; Abdelhakim et al. 2022). By
spring wheat higher grain yield and harvest index was found
at elevated CO, level (~ 800 ppm) compared to the ambient
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level (Abdelhakim et al. 2022). Due to increased number of
grain per spike increased grain yield (up to 30-40%) can be
observed at elevated (950 ppm) CO, concentration (Combe
1981).

While temperature, water availability and atmospheric
CO, play crucial roles in regulating plant growth, function
and development, their effects can vary significantly among
different species and varieties. In this study, we explored
the impacts of varying CO, concentrations, coupled with
simulated water shortage, at distinct developmental stages
across four Hungarian winter wheat varieties. The objec-
tive of the present research was to assess the influence of
water shortage and different CO, concentrations on the
phenological and yield parameters of commonly cultivated
wheat varieties in the Carpathian Basin and to determine
the interaction effects between the CO, enrichment and the
water stress in different developmental stages on main and
secondary spikes.

Materials and methods
Experimental design

In a model experiment conducted at the HUN-REN Centre
for Agricultural Research in Martonvasar, Hungary, four
locally bred winter wheat (Triticum aestivum L.) varieties
(‘Mv Ikva’, ‘Mv Nemere’, ‘Mv Nador’, ‘Mv Kolompos’)
were examined. Our study, performed in climate-controlled
greenhouse chambers in 2020, started on February 3rd and
ended at the end of June with manual harvesting. Among
the varieties, ‘Mv Ikva’ is classified as extreme early ripen-
ing, ‘Mv Nemere’ and ‘Mv Nador’ as early ripening, and
‘Mv Kolompos’ as a late-ripening variety. The varieties
were selected for the trial based on the ripening classes in
that those get national registration. The experimental setup
included three water-supply treatments: control (‘C’), water
shortage at stem elongation (‘SE’) and water shortage at
heading (‘H’) developmental stage. One-third of all tested
plants (36 pots, 144 plants in total) represented the control
plants and were watered until reaching 60% of soil water
holding capacity (WHC). Drought stress was inducted by
ceasing irrigation at BBCH 31 stage (‘SE’) for one-third
of the plants (36 pots, 144 plants in total) or at BBCH 51
stage (‘H’) for another one-third (36 pots, 144 plants in
total). The developmental stages were defined according
to Lancashire et al. (1991). WHC was monitored daily at
9:00 during the stress treatments in the center of the pot by
5TE sensors (Decagon Devices Ltd., Pullman, WA, USA)
and the re-watering occurred when the soil water content
dropped below 5 v/v%, maintaining consistent stress inten-
sity (Figures 7, ). This study was conducted in three climate-
controlled greenhouse chambers with different CO, levels:

ambient (~400 ppm) as control and enriched to 700 ppm8
or 1000 ppm. Pure CO, was introduced into the chambers
through a perforated pipe network placed 0.5 m above the
plants. Uniform gas distribution was achieved by ventilation.
The CO, concentration was controlled by SH-VT250 device
(SH-VT250 CO,, Temperature and Humidity Transmitter,
Soha Tech Co., Ltd., Soul, Korea), and the CO, level was
measured and verified by Wohler CDL 210 (Wohler CDL
Serie 210 CO, Messgerit, Wohler Technik GmbH, Bad
Wiinnenber, Germany) logger device in the chambers where
the plants are grown under elevated CO, concentration.

In this experiment, four vernalized plants of each tested
variety were planted in plastic pots (depth: 27 cm; diameter:
24 cm) as described by Varga et al. (2017). The experimental
design comprised 108 pots in total, distributed across the
three greenhouse chambers with different carbon dioxide
levels. A total of 432 plants were examined, with 12 plants
of each variety subjected to the same treatments under dif-
ferent irrigation and CO, levels. Measurements at full matu-
rity included shoot heights, spike lengths and weights, grain
number per spike and grain weights per spike. The exact
water uptake of the plants/pot was monitored by a digital
balance (ICS689g-A15, Mettler Toledo Ltd., Budapest,
Hungary) from the planting to the final harvest, while spike
and grain weights were measured with a digital scale (440-
45N, KERN & SOHN GmbH, Balingen, Germany). Plant
heights were determined by adding the length of the shoots
and spikes.

Relative changes of the different parameters to elevated
carbon dioxide levels were calculated by using Eq. (1):

Ex/A or Ey/A (D

where A is the different parameters’ values at 400 ppm CO,
level, Ex is the different parameters’ values at 700 ppm CO,
level and Ey is the different parameters’ values at 1000 ppm
CO, level.

Plant growth conditions

On December 14th in 2019, seeds of each tested variety were
prepared for germination. These seeds were placed in plastic
boxes in the dark at room temperature (22 °C) for two days.
Subsequently, the plants were moved to the vernalization
chamber at 4 °C for 48 days. On February 3rd in 2020, four
seedlings were transplanted into pots containing 10 L of
homogenous mixture of soil, sand and humus in a 3:1: (v/V)
ratio. The spring—summer climatic program (Tischner et al.
1997) was employed to automatically regulate climatic con-
ditions. According to the developmental stages, the air tem-
perature was raised from 10-12 °C to 24-26 °C, and the rela-
tive humidity was maintained between 60 and 80%. Artificial
illumination was used to supplement natural light, reaching
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500 umol m~2 s~! at the start of the vegetation period and
gradually increasing to 700 umol m~2 s~!. A nutrient solu-
tion was applied once a week, before watering, and each pot
received 200 mL of an 0.322 w/w% water-soluble fertilizer
(14% N, 7% P,0s, 21% K,0, 1% Mg, 1% B, Cu, Mn, Fe,
Zn; Volldiinger Classic; Kwizda Agro Ltd., Vienna, Austria)
before irrigation. Watering with tap water occurred twice a
week until the tillering stage of the plant and increased to
three times a week thereafter. Non-transparent foil was used
to cover the soil, preventing evaporation. During the veg-
etation sulfur (Thiovit Jet) and lambda-cyhalothrin (Karate
Zeon 5 CS, Syngenta Ltd. Switzerland) were applied twice
based on the manufacturer’s recommendations. The use of
fungicid and insecticid was necessary to control the powdery
mildew and aphid infestation.

Statistical processing

The experimental design involved four winter wheat varie-
ties, three watering treatments and three CO, levels in three
replicates. A Kruskal-Wallis test was performed to deter-
mine the effects of the tested factors (variety, water supply
and CO,) and Tukey’s post hoc test to compare means. 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.

Results

The effects of the elevated CO, concentration
combined with drought stress on the plant heights

At the current atmospheric CO, level, compared to the opti-
mal watering, the drought stress at stem elongation pheno-
phase significantly decreased the plant height in the case of
the main tillers by ‘Mv Ikva’ (18%), ‘Mv Nemere’ (15%)
and ‘Mv Nador’ (15%) and the water withdrawal at heading
stage decreased this parameter with 10% by ‘Mv Ikva’ and
with 9% by ‘Mv Nemere’ varieties. In the case of the sec-
ondary tillers, a significant decrease was observed by early-
stage drought stress by ‘Mv Ikva’ (9%) and by late-stage
drought treatment by ‘Mv Ikva’ (27%), ‘Mv Nemere’ (15%)
and ‘Mv Kolompos’ (6%) varieties. By the late-ripening
variety (‘Mv Kolompos’), a significant increase (6%) was
observed as an effect of the stem elongation-stage drought
(Table 1). At an elevated carbon dioxide level (700 ppm),
the early-stage drought decreased the plant height of the ‘Mv
Nador’ (17%) and ‘Mv Ikva’ (13%) varieties’ main shoot and
the heading-stage drought by ‘Mv Nador’ (8%), compared
to the control. In the case of the heights of the secondary
tillers, a 7% decrease was observed by the extreme early
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ripening variety (‘Mv Ikva’) as an effect of the stem elon-
gation-stage drought. The drought simulated at the heading
stage decreased this parameter in ‘Mv Ikva’, ‘Mv Nador’,
‘Mv Nemere’ and ‘Mv Kolompos’, with 32%, 21%, 20%
and 18%, respectively (Table 1). At 1000 ppm CO, level,
the drought stress at stem elongation phenophase caused a
significant decrease (10%) in the plant height of the main
tillers only by the ‘Mv Nemere’ variety. Drought at the head-
ing stage decreased plant heights of main shoots by the ‘Mv
Nemere’ (11%), by the secondary tillers in the case of ‘Mv
Ikva’ (20%) and ‘Mv Nemere’ (12%) genotypes (Table 1).
In this study, significant differences were observed regard-
ing the plant heights between the main and secondary till-
ers as an effect of the heading-stage water shortage at the
three tested carbon dioxide levels (~400 ppm, 700 ppm,
1000 ppm) by all examined winter wheat varieties. In the
case of the late-ripening variety (‘Mv Kolompos’), the plant
heights differed between the main and secondary tillers in
every applied treatment (control, drought at stem elongation
or heading developmental stage) (Table 1). Positive impact
of CO, was observed in the case of the extreme early ripen-
ing variety’s (‘Mv Ikva’) plant heights in the main shoots
as an effect of the heading-stage drought stress when the
carbon dioxide concentration was elevated from the ambi-
ent level up to 700 ppm or 1000 ppm (Fig. 1A). The plant
heights of the main tillers in the case of the ‘Mv Kolompos’
variety reacted negatively to the elevation of CO, level up
to 700 ppm level by the optimal watering and late-drought
treatment. Compared to the ambient level at 700 ppm CO,
concentration, also a negative reaction was observed in the
plant height of the late-ripening variety (‘Mv Kolompos’)
when the plants were stressed at the heading phenophase.
In the case of the tested winter wheat varieties’ secondary
tillers, only one significant CO, impact was observed, on
‘Mv Nador’ genotype. In the case of the late-stage drought
stress at 700 ppm carbon dioxide level, lower plant height
was observed than at the ambient level (Fig. 1B).

The effects of the elevated CO, concentration
combined with drought stress on the spike length

At the current atmospheric CO, concentration, the drought
stress simulated in BBCH31 or BBCHS51 phenophases
caused no significant differences regarding the lengths
neither by the main nor the secondary spikes at any tested
winter wheat varieties but by the extreme early ripening
genotype’s (‘Mv Ikva’) main spikes. The length of spikes of
the main spikes was longer than the secondary spikes in the
optimal watering and late-stage drought stress treatment in
the case of all tested varieties. As an effect of the early-stage
drought, a 10% reduction in spike length was observed by
‘Mv Néador’ variety (Table 2). At 700 ppm CO, level, the
stem elongation-phase stress decreased by 13% the lengths
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Fig. 1 Reactions of the tested winter wheat varieties (‘Mv Ikva’, ‘Mv
Nemere’, ‘Mv Nador’, ‘Mv Kolompos’) to the elevated carbon diox-
ide levels compared to the current atmospheric concentration regard
to the plant heights of main A and secondary B shoots. ‘C’ repre-
sents control (optimum watering), ‘SE’ stands for water withdrawal

of the main and secondary spikes of the ‘Mv Ikva’ genotype
and the heading-stage drought increased this parameter by
9% in the case of the ‘Mv Nemere’ variety. For second-
ary spikes, only the late-stage drought caused significant

at the stem elongation developmental stage, ‘H’ represents the water
withdrawal at the heading stage. The filled bars represent the signifi-
cant difference from the current atmospheric carbon dioxide level at
P <0.05 significance level

differences, namely a 15% decrease in the spike’s length
by ‘Mv Kolompos’ and ‘Mv Nador’ varieties. At 700 ppm
CO, level, the lengths of the spikes were significantly lower
by the secondary spikes compared to the main spikes in the
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heading-stress treatment in every tested variety. By optimal
watering, significant differences occurred by ‘Mv Ikva’ and
‘Mv Nador’ varieties between the main and secondary till-
ers. As an effect of the stem elongation-stage drought, the
main spikes were longer by the ‘Mv Kolompos’ and ‘Mv
Nemere’ varieties (Table 2). At 1000 ppm carbon dioxide
concentration, no significant changes were observed by the
main ears. However, the applied stem elongation-stage stress
increased the length of the secondary spikes by the ‘Mv
Ikva’ (18%) and by the ‘Mv Nador’ (12%) varieties. Signifi-
cant differences were observed between the main and sec-
ondary spikes in the case of the well-watered ‘Mv Ikva’, Mv
Nemere’ and ‘Mv Kolompos’ varieties and by ‘Mv Ikva’, Mv
Nemere’ and ‘Mv Nador’ genotypes as an effect of the head-
ing-stage stress (Table 2). As an effect of the elevation of the
carbon dioxide level, a positive CO, reaction was observed
in the case of the late-ripening variety’s (‘Mv Kolompos’)
spike’s lengths in all treatments (optimal watering, drought
stress at stem elongation or heading phenophase) at 700 ppm
level. However, a positive impact of the elevated CO, level
(1000 ppm) compared to the atmospheric concentration can
be detected only by the late-stage drought (Fig. 2A, B). By
the ‘Mv Nador’ variety, in the case of the heading-stage
drought, a significant decrease was observed as an effect of
the CO, enrichment regarding the spike lengths (Fig. 2A, B).
Positive impact of CO, showed on the lengths of the main
spikes by the ‘Mv Ikva’ variety in the early stress and by
the ‘Mv Nemere’ genotype by the two applied stress treat-
ments at 700 ppm and by late-stage drought at 1000 ppm
(Fig. 2A). By the lengths of the secondary spikes, the well-
watered ‘Mv Ikva’ at 700 ppm showed a positive reaction
to the carbon dioxide concentration elevation, and by the
heading-stage stressed, ‘Mv Nemere’ and ‘Mv Nador’ geno-
types at 1000 ppm level were observed the same effect. But
as an effect of the drought simulated in the late develop-
mental stage by the ‘Mv Ikva’, we observed a decrease in
this parameter at 1000 ppm compared to the ambient carbon
dioxide level (Fig. 2B).

The effects of the elevated CO, concentration
combined with drought stress on the spike weight

At ambient carbon dioxide level, the drought stress applied
by stem elongation phenophase decreased the weights of
spikes by main ears in the case of ‘Mv Nemere’ (35%). ‘Mv
Nador’ (28%) and ‘Mv Ikva’ (12%) varieties. By secondary
spikes, the BBCH31-stage stress also caused a significant
decrease in ‘Mv Nador’ (22%), ‘Mv Nemere’ (18%) and ‘Mv
Ikva’ (17%) varieties. Regarding the weights of the spikes,
the heading-stage drought decreased this parameter by the
‘Mv Ikva’ genotype with 9% (main spikes) and by the ‘Mv
Nemere’ (13%) variety in the case of the secondary spikes
(Table 3). When the carbon dioxide level was elevated up
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to 700 ppm, the early-stage drought decreased the spikes’
weights of main ears in every tested variety (‘Mv Nador’
with 39%, ‘Mv Kolompos’ with 22%, ‘Mv Nemere’ with
16%, ‘Mv Ikva’ with 15%). In the case of secondary spikes,
the water withdrawal applied by the stem elongation phase
only decreased this parameter by the ‘Mv Nemere’ (20%)
variety and the late-stage drought lowered it in the case of
‘Mv Kolompos’ and ‘Mv Nador’ with 33% and 18%, respec-
tively (Table 3). At 1000 ppm CO, concentration, the early-
stage drought decreased the spikes’ weights of main spikes
in ‘Mv Nador’ (35%), ‘Mv Nemere’ (28%) and ‘Mv Kolom-
pos’ (20%) genotypes and by secondary spikes, significant
differences were observed by ‘Mv Nador’ (24%) compared
to the control treatment (Table 3). At ambient CO, level,
the weights of the main ears were higher than the tillers’
ears in every tested variety in each treatment, except by the
‘Mv Nemere’ genotype. In this case, as an effect of the early
drought, the weight of the main and the secondary tillers
were not different. At 700 ppm and 1000 ppm CO, con-
centration, the same phenomenon was observed in the case
of the ‘Mv Nador’ and the ‘Mv Nemere’ variety (Table 3).

The elevation of the carbon dioxide level from the cur-
rent atmospheric level up to 1000 ppm caused no significant
changes regarding the weight of the spikes in the case of
main ears in any winter wheat varieties. When the CO, con-
centration was elevated up to 700 ppm, significant increases
were observed by this parameter by the late-ripening geno-
type (‘Mv Kolompos’s main ears) in the case of the well-
watered plants and by the heading-phase drought treatment,
compared to the ambient CO, level. But by ‘Mv Nemere’
variety, as an effect of the elevation of the carbon dioxide
level significant decrease was observed in the spike weights
under optimal irrigation. By ‘Mv Nador’ variety, significant
decreases were observed by the two applied stress treatments
(drought in BBCH31 and BBCHS51 phenophase) (Fig. 3A).
By the secondary spikes of the tested varieties, significant
increases were observed in the ‘Mv Kolompos’ variety in
the applied treatments (optimal watering, drought by stem
elongation or heading developmental stage) at 700 ppm CO,
level and by drought treatment at 1000 ppm level (compared
to the atmospheric level). In the case of the ‘Mv Nador’
variety, the CO, enrichment up to 700 ppm significantly
decreased the spike weights by optimal watering or simu-
lated drought stress in the BBCHS51 stage at 1000 ppm CO,
level (Fig. 3B).

The effects of the elevated CO, concentration
combined with drought stress on the grain number

At current atmospheric CO, level, the drought stress at stem
elongation phenophase significantly decreased the average
number of grains of the main spikes by ‘Mv Nemere’ (43%),
‘Mv Nador’ (29%) and ‘Mv Ikva’ (22%) varieties. Drought
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Fig.2 Reactions of the tested winter wheat varieties (‘Mv Ikva’, ‘Mv
Nemere’, ‘Mv Nador’, ‘Mv Kolompos’) to the elevated carbon diox-
ide levels compared to the current atmospheric concentration regard
to the lengths of main A and secondary B spikes. ‘C’ represents con-
trol (optimal watering), ‘SE’ stands for water withdrawal at the stem

stress at heading phenophase caused a significant decrease
(18%) in the grain number of the secondary spikes by ‘Mv
Ikva’ and ‘Mv Kolompos’ varieties (Table 4). Under elevated
(700 ppm) carbon dioxide concentration, the applied drought
stress at the stem elongation phase decreased the grain

elongation developmental stage, ‘H’ represents the water withdrawal
at the heading stage. The filled bars represent the significant differ-
ence from the current atmospheric carbon dioxide level at P <0.05
significance level

number with 16% of main spikes and increased it by 12%
on the secondary spikes by ‘Mv Ikva’ genotype. The early
developmental phase drought decreased (23%) the grain
number of secondary spikes in the case of ‘Mv Nador’ vari-
ety. By secondary spikes, decreases were observed by ‘Mv
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Fig.3 Reactions of the tested winter wheat varieties (‘Mv Ikva’, ‘Mv
Nemere’, ‘Mv Nador’, ‘Mv Kolompos’) to the elevated carbon diox-
ide levels compared to the current atmospheric concentration regard
to the weights of main A and secondary B spikes. ‘C’ represents con-
trol (optimal watering), ‘SE’ stands for water withdrawal at the stem

Kolompos’ (35%) and ‘Mv Ikva’ (21%) varieties as an effect
of the heading-stage drought (Table 4). At 1000 ppm CO,
concentration, no significant alterations were observed as an
effect of the drought stress treatments in the case of the main
spikes. By the secondary spikes, the late stress decreased
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elongation developmental stage, ‘H’ represents the water withdrawal
at the heading stage. The filled bars represent the significant differ-
ence from the current atmospheric carbon dioxide level at P <0.05
significance level

the grain number by ‘Mv Néador’ (20%) and ‘Mv Nemere’
(15%) varieties (Table 4). At the current atmospheric carbon
dioxide level, significant decreases were observed in the four
tested varieties by optimum irrigation and drought stress at
the heading stage; the main spikes contained more grains.
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When the plans were stressed at the stem elongation phe-
nophase, significantly more grains were found by the main
spikes of ‘Mv Kolompos’ (Table 4). At 700 ppm CO, level
and optimal watering, the grain number in the main spikes
was higher than in the secondary spikes. Drought stress at
stem elongation phenophase induced higher grain number
in the main spikes of the ‘Mv Kolompos’ and ‘Mv Nemere’
varieties. Drought stress at the heading stage induced signifi-
cant differences between the main and secondary spikes by
each genotype except ‘Mv Nador’ (Table 4). The main spikes
showed significantly higher grain numbers by ‘Mv Nemere’
and ‘Mv Kolompos’ varieties at 1000 ppm CO, concentra-
tion and under optimum watering. Simulated drought stress
at stem elongation resulted in a higher grain number only
by ‘Mv Nemere’ variety; however, the late-drought stress
induced a significant increase in each genotype (Table 4).

The elevation of CO, up to 700 ppm resulted in a negative
effect regarding the grain number per ear of the main spikes
under optimum watering by ‘Mv Nemere’, ‘Mv Nador’ and
‘Mv Ikva’ varieties compared to the atmospheric level.
Drought stress induced at the stem elongation stage signifi-
cantly increased the grain numbers of the ‘Mv Nemere’ vari-
ety and drought at the heading stage increased the number of
grains by ‘Mv Kolompos’ and a decreased by ‘Mv Nador’
varieties as the effect of the CO, enrichment. Lower spike
numbers were observed at 1000 ppm than at atmospheric
CO, level by optimal irrigated ‘Mv Ikva’ and ‘Mv Néador’
genotypes, and the early drought increased the grain num-
bers (Fig. 4A). In the case of the grain number per spike
by the secondary spikes, a less significant CO, impact was
observed; by the ‘Mv Nemere’ variety, the drought stress at
heading increased the grain number at both elevated carbon
dioxide levels (700 ppm or 1000 ppm). By the ‘Mv Kolom-
pos’ variety, the late drought decreased the grain number at
700 ppm and increased it at 1000 ppm level compared to the
atmospheric CO, concentration (Fig. 4B).

The effects of the elevated CO, concentration
combined with drought stress on the grain weight

At the atmospheric carbon dioxide level, the water with-
drawal at the stem elongation stage decreased the grain
weight of the main spikes by ‘Mv Nemere’, ‘Mv Nador’ and
‘Mv Ikva’ with 37%, 27% and 12%, respectively. Drought at
heading phenophase caused a 9% decrease in grain weight
of the main spike by ‘Mv Ikva’, as compared with the well-
watered control (Fig. 5). By the grain weight per spikes of
secondary spikes, ‘Mv Ikva’ and ‘Mv Nemere’ show no sig-
nificant changes compared to the control. However, by ‘Mv
Nédor’ each applied stress treatment decreased the grain
weight of the early and late-drought stress by 26% and 16%,
respectively. In the case of the late-ripening genotype (‘Mv
Kolompos’), a 27% decrease was observed as an effect of

the water shortage at the heading stage (Fig. 5). At 700 ppm
CO, level, the applied early-drought treatment decreased the
grain weight by the main spikes of ‘Mv Nador’ (41%) and
‘Mv Ikva’ (16%) varieties and by the secondary spikes of
‘Mv Ikva’ (13%). Drought at heading decreased the grain
weights of ‘Mv Nador’ by 43% and the ‘Mv Kolompos’ by
37% in the secondary spikes (Fig. 5). At 1000 ppm carbon
dioxide concentration, significant decreases (33% 25% 22%)
were observed regarding the grain weights of the main spikes
by ‘Mv Néador’, ‘Mv Nemere’ and ‘Mv Kolompos’ geno-
types, respectively as an effect of the early-stage drought.
By secondary tillers, the drought stress caused changes only
by ‘Mv Nemere’, the water shortage at BBCH31 decreased
the grain weight by 13% (Fig. 5). The comparison of the
main and secondary spikes showed that the grain weights
were higher in each genotype by every treatment except by
the ‘Mv Nador’ in the early-stage drought treatment when
no significant changes were observed on the three carbon
dioxide levels (Table 5).

Compared to the atmospheric level, the elevation of the
carbon dioxide concentration up to 700 ppm significantly
reduced grain weight. In the case of the grain weights per
main spikes by the optimal watered ‘Mv Nemere’ variety,
and by the ‘Mv Nador’ genotype in the two applied stress
treatments. In the case of secondary spikes, the elevation
of CO, up to 700 ppm caused significant changes only by
‘Mv Nédor’; lower grain weight was observed at 700 ppm
than the atmospheric CO, level. When the carbon dioxide
concentration was elevated up to 1000 ppm, higher values
were observed in ‘Mv Ikva’ by both applied stress treatment
and by ‘Mv Kolompos’ as a result of the late-stage stress
(Fig. 6A, B).

Discussion

Drought significantly impacts wheat plant height, a crucial
trait. Insufficient moisture during stem elongation leads to
reduced photosynthesis and hinders metabolite/nutrient
translocation in wheat (Sarto et al. 2017). This decline in
height is a result of altered carbon partitioning as plants
undergo osmotic adjustment under water stress (Blum and
Sullivan 1997). The extent of height reduction depends on
both drought intensity and genotype (Mirbahar et al. 2009;
Khadka et al. 2020). Drought-tolerant plants tend to main-
tain shorter plant height and plant area index, minimizing
water demand and preventing transpiration-related water
loss (Su et al. 2019). Consequently, smaller plants dem-
onstrate proportionally less growth reduction than larger
ones, suggesting that smaller plants are less sensitive to
water stress (Blum and Sullivan 1997). Unlike the previ-
ous findings mentioned, we observed opposite results in our
experiment. On the one hand, in this study, the drought stress
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Fig.4 Reactions of the tested winter wheat varieties (‘Mv Ikva’, ‘Mv
Nemere’, ‘Mv Nador’, ‘Mv Kolompos’) to the elevated carbon diox-
ide levels compared to the current atmospheric concentration regard
to the number of grains of main A and secondary B spikes. ‘C’ rep-
resents control (optimal water regime), ‘SE’ stands for water with-

significantly reduced plant height across different wheat
varieties, with the magnitude of the decrease depending
on both the timing of water withdrawal (stem elongation or
heading stage) and the CO, concentration. At current atmos-
pheric carbon dioxide levels, drought during stem elongation
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drawal at the stem elongation developmental stage, ‘H’ represents the
water withdrawal at the heading stage. The filled bars represent the
significant difference from the current atmospheric carbon dioxide
level at P <0.05 significance level

decreased the height of main spikes by 18% and 15% in the
extreme early and in the two early ripening wheat varieties,
respectively. On the other hand, the tallest plant height was
observed in the late-ripening wheat variety, ‘Mv Kolompos’,
and among the tested varieties, this one exhibited the highest
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drought resistance in terms of plant height. Neither early
(stem elongation phase) nor late (heading stage) drought
stress caused significant height reduction in this variety.
Duvnjak et al. (2023) also found no significant differences
regarding the plant height of winter wheat in the case of
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‘H’ developmental stage). The significance level was set at P <0.05

stem elongation-stage drought. Xu (2015) found no signifi-
cant differences in plant height under optimal growth con-
ditions at either 400, 600, 800 or 1000 ppm carbon dioxide
levels. In our research, under optimal irrigation, compared
to the ambient level, we observed a negative CO, response
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Fig.6 Reactions of the tested winter wheat varieties (‘Mv Ikva’, ‘Mv
Nemere’, ‘Mv Nador’, ‘Mv Kolompos’) to the elevated carbon diox-
ide levels compared to the current atmospheric concentration regard
to the weight of grains of main A and secondary B spikes. ‘C’ repre-
sents the control (optimal water regime), ‘SE’ stands for water with-

in the late-ripening wheat variety at 700 ppm and the case
of the extremely early ripening genotype at 1000 ppm. Inter-
estingly, at 700 ppm CO, concentration, the late-ripening
variety showed a significant increase in plant height during
early-stage drought stress, suggesting that some genotypes
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drawal at the stem elongation developmental stage, ‘H’ represents the
water withdrawal at the heading stage. The filled bars represent the
significant difference from the current atmospheric carbon dioxide
level at P <0.05 significance level

might exhibit positive growth responses under elevated CO,
levels, but only under specific conditions.

The length of spikes plays a critical role in determin-
ing the number of grains per spike; longer spike may have
the potential to produce a greater number of grains. Spike
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length is influenced by genotype, but consistent observations
indicate that it is significantly affected by environmental fac-
tors (Mirbahar et al. 2009; Frantova et al. 2022). Although
several studies (Khan and Naqvi 2011; Khyber et al. 2019;
Frantova et al. 2022) claimed that drought negatively affects
the length of wheat spikes, in our experiment, we found that
only by the extremely early ripening genotype and only in
the case of the early-stage drought. However, Wang et al.
(2017) claimed that the imposition of drought at the dif-
ferent developmental stages had a moderate effect on the
spike length. We found a positive reaction among the tested
varieties to the elevation of the carbon dioxide level up to
700 ppm in the case of the late-ripening genotype, in every
treatment (control, the early- or late-stage drought) and at
1000 ppm level by the late drought. Although only a few
studies deal with this topic, especially with these develop-
mental stages (stem elongation or heading stage), Shokat
et al. (2020) found no significant effects of anthesis-stage
drought at 800 ppm CO, concentration, regarding this
parameter. On the other hand, Aljazairi and Nogués (2015)
found significant differences between their CO, treatments
in terms of spike length. Additionally, a consistent pattern
of longer spike length in main spikes compared to secondary
spikes was observed under optimal watering and drought
conditions. Notably, the positive CO, impact in spike length
was evident on the late-ripening variety, especially at ele-
vated carbon dioxide levels (700 and 1000 ppm), indicating
potential genotype-specific responses to CO, enrichment.

Studies stated that at the current atmospheric CO, con-
centration, the weight of the spikes was decreased as an
effect of the late-stage (pre-anthesis or post-anthesis) or
long-lasting drought stress by bread wheat (Fischer and
Wood 1979; Yang et al. 2001; Saeedipour 2011; Chen et al.
2021). In our study, we obtained a significant reduction
regarding the weight of the spikes as an effect of the late-
stage drought in only one genotype but the early, stem elon-
gation-stage drought caused significant decreases in spike’s
weight in majority of the tested genotypes. Gonzélez et al.
(2002) stated that drought can shorten the stem elongation
phase and consequently reduce the dry weight of ears, which
was also confirmed in our study for ‘Mv Nador’ genotype.
Abdelhakim et al. (2022) found a positive impact of CO,
on the weights of spikes of spring wheat under control con-
ditions at~770 ppm compared to the current atmospheric
concentration. In our experiment, we also observed a posi-
tive impact of CO, at 700 ppm level in the case of the late-
ripening genotype under control conditions and by the water
shortage at the heading stage. However, under control con-
ditions, we observed a significant decrease in the weight of
the spikes at 700 ppm compared to the current atmospheric
carbon dioxide level.

Although numerous studies have investigated the extent
to which drought stress experienced during the generative

developmental stage can reduce the number of grains per
spike (e.g., Mogensen 1985; Kato et al. 2008; Dolferus et al.
2011; Duvnjak et al. 2023), few studies have focused on the
effect of drought stress during early developmental stages
(tillering, stem elongation) on grain number. We observed a
significant decrease in the number of grains per spike by the
extreme early and early ripening varieties. Manderscheid and
Weigel (2007) also found that dry conditions (drought stress
was started two or three weeks after the first node appear-
ance) significantly decreased the grain numbers per spike at
ambient CO, level. The numbers of grains per spike reacted
negatively to the elevation of the carbon dioxide level up
to 700 or 1000 ppm by the extreme early or the early varie-
ties. On the contrary to our findings, Sionit et al. (1980) and
Manderscheid and Weigel (2007) found no significant effect
of the CO, concentration on grain number per spike.

The grain weight per spike greatly affects the formation
of wheat yield and depends on one hand on the weather
conditions and the other hand on the genetic characteris-
tics of certain varieties (Lozinskiy et al. 2021; Korkhova
et al. 2023). According to Fischer (1973), the greatest reduc-
tion in grain weight of wheat occurs when the water defi-
ciency starts 15 days before and 5 days after heading while
Gonzélez et al. (2002) reported that drought can reduce the
number of fertile florets at late-stage plant development
period resulting in lower grain yields. In contrast to this, in
our study significant decrease in grain weight per spike was
determined only in the extreme early ripening genotype as an
effect of the late-stage (heading) drought. However, drought
stress in the early developmental stage caused a more severe
decrease in the extreme early and early ripening varieties. It
has been stated that the grain yield of wheat increase when
it is exposed to elevated carbon dioxide concentration before
floral initiation (Krenzer and Moss 1975). However, the
reports say that the responses of yield components of wheat
grain yields under elevated carbon dioxide levels have not
been consistent. Combe (1981) reported that the increased
grain yield (30-40%) at 950 ppm CO, level was due to an
increased number of grain per spike and not to more spikes
or increased grain weight. On the other hand, we observed
negative impact or no impact of the elevation of the CO,
concentration on the weights of grains.

Conclusion

This study demonstrates that wheat varieties respond differ-
ently to drought stress and elevated CO, levels, with signifi-
cant variations in plant height, spike length, spike weight,
grain number and grain weight. Overall, elevated CO, con-
centrations can exacerbate the negative effects of drought,
particularly in drought-sensitive genotypes like ‘Mv Nador’.
However, some varieties, such as ‘Mv Kolompos’, may
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benefit from increased CO,, particularly in non-stress or
mild drought conditions. The observed differences between
the main and secondary tillers across all treatments highlight
the differential adaptation strategies of the tested wheat vari-
eties. In several cases, secondary tillers were more affected
by drought, indicating that they may serve as a key determi-
nant of yield stability under future climate scenarios. These
findings suggest that future wheat breeding programs should

consider both drought tolerance and CO, responsiveness to
improve crop resilience in the face of climate change.

Appendix A

See Tables 1, 2, 3, 4, and 5.

Table 1 Average heights (cm)

. . Variety Treat CO, concentration
of main (main) and secondary
(side) shoots per pot of the ~400 ppm 700 ppm 1000 ppm
tested winter wheat varieties at - - - - - -
different carbon dioxide levels Main Side Main Side Main Side
My Ikva C 785! 7181 73812 69" 718 675!
SE 64Bb1 64Bb1 64Bb1 65Bb1 68]33*1 66Ba*1
H 70Ab*2 52CC*1 73Ba*1 47CC*1 74Ba*1 54BCb*l
My Nemere C 74BCa1 684" 7284l 704! 7281 678!
SE 63Bb] 66Ba12 66Ba] 67Ba| 65Bb2 64Ba2
H 68BCb*1 5gBb*1 69Ca*1 56Bb*1 65Cb*1 59Bc*l
My Nédor C 628212 5784l 657! 608! 59Cab2 55Cal
SE 53Cbl 56Cal 54Ccl 57Cal 56Cb! 56Cal
H 64Ca*1 54BCa*1 60Pb*1 47Cb%2 62Ca*1 5pCa*l
My Kolompos C 914a*! 7340"1 goAa"2 774 9pra12 7641
SE 90Aa*1 77Aa*1 84Aa*] 75Aa*1 85Aa*] 74Aa*1
H 94Aa*1 68AC*1 86Aa*3 63Ab*1 89Aa*2 72Aa*1

C represents control (optimal watering), SE represents water withdrawal at stem elongation phenophase, H
represents water withdrawal at stem elongation phenophase

Capital letters indicate the statistically significant differences between the varieties; lowercase letters indi-
cate the statistically significant differences between the treatments; the numbers in the index show the sta-
tistically significant differences between the different CO, levels at p<0.05 levels (n=4)

Table2 Average lengths (cm)

4 . Variety Treat  CO, concentration
of main (main) and secondary
(side) spikes per pot of the ~400 ppm 700 ppm 1000 ppm
tested winter wheat varieties at - - - - - -
different carbon dioxide levels Main Side Main Side Main Side
Mv Ikva C 8.200%%" 12 6.9614%2  8.683ABx"1 7657821 785082 6.8065""2
SE 7.342402 75409840 7 567C012 7 g3gBal 8.0174! 8.063441
H 8.2002%1 726741 8.8007%"1  7.249BC"1 g 08B! 6.298¢0*2
Mv Nemere C 8.2028°12 7 p56A%1 g (y75Bb2 7.89781 8.9174"1 7.9504%°1
SE 7.892422  73@7A 8314BV*12 7 g39Batl g gp5Aal 8.523422
H 8.0332%2  7368A1 g gp5Atl 7. 9q9A% g gg7Aat] 7.748ABa%1
Mv Nédor C 7.933A8° 1 g 454A01 g g33Batl 7 47gBatl g ()33ABal 7.761ABb!
SE 8.100%%"1  7.483A2  7.59pCal 7.603B22 8.175M! 8.7107%!
H 8.050% 1 7.087A1 725082 63902 8.07584"! 7.044BC*12
Mv Kolompos C 8.14244°2 736582 g g33Aal 9.1334al 8.817ABa"12 g 19pAa*I2
SE 8.000%%2 735242 gog7Atl g 5974l g 583402 7.8094412
H 7.9084%°2 6588402 9.590A%"1 7 8()gABd*l g gpAa*2 8.618%"1

C represents control (optimal watering), SE represents water withdrawal at stem elongation phenophase, H
represents water withdrawal at stem elongation phenophase

Capital letters indicate the statistically significant differences between the varieties; lowercase letters indi-
cate the statistically significant differences between the treatments; the numbers in the index show the sta-
tistically significant differences between the different CO, levels at p <0.05 levels (n=4)
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Table 3 Average weight (g)

of main (main) and secondary
(side) spikes per pot of the ~400 ppm 700 ppm 1000 ppm
tested winter wheat varieties at

Variety Treat CO, concentration

different carbon dioxide levels Main Side Main Side Main Side

Mv Ikva C 276081 1758AB1 9 53581 ] gp5Batl g g354aTT ] gpgqAet
SE 2.427AB01 1 461801 2.1658°1 148401 2 2ggABatl  q g3(Aat]
H 2.52580"1 ] 547B0%1 9 593Batl ] 550ABatl 9 sg0Batl ] 440821

Mv Nemere C 3.003BT 214041 2439832 9 015ABa*T 790AeTT 1 ggpAat
SE 1.942C0! 1.754A8b!1 2.0608"1  1.605BCP*T  1.999BY*1 1 gg7Aatl
H 273341 1 865401 2.548Ba*1 ] 7814wt 9 54pBatl ] gggAat]

Mv Nédor C 2.837ABa%l 9 09pABa*l 9 5gpBatl ] 7p5Bat2 p go3Aatl ] g75Aa"I2
SE 2.054BC0"1 1 623ABbT ] 567002 173581 1.6818012 1 784741
H 2.6198%° 1 1782ABab L 9 66CadT2 ] 421BY2 551812 4p(Bb2

Mv Kolompos C 2.8264B32 1 662822 331941 3374l 9 gg1AatiZ q gpAatI2
SE 2,535 ] 850442 2.59380°1 9 g5gAatl  p 3g3AbYT ] gypAatl
H 2.68244°2  1351C3 3.238A%°1 ] 558ABb*2 5 g37Aatiz q g76Aat]

C represents control (optimal watering), SE represents water withdrawal at stem elongation phenophase, H
represents water withdrawal at stem elongation phenophase

Capital letters indicate the statistically significant differences between the varieties; lowercase letters indi-
cate the statistically significant differences between the treatments; the numbers in the index show the sta-
tistically significant differences between the different CO2 levels at p <0.05 levels (n=4)

Table 4 The average number of
grains per pot of main (main)

and secondary (side) spikes of ~400 ppm 700 ppm 1000 ppm
the tested winter wheat varieties

Variety Treat CO, concentration

at different carbon dioxide Main Side Main Side Main Side
fevels My Ikva C s4r! 387! a7he 35M0°1 4152 37ABb!
SE 42ABbl 39Aal 39Bcl 39Aacl 46Aal 43Aal
H 53Aa*l 3 lAb*l 49ABa*1 27Ac*l 49Aa*1 3 lAb*l
Mv Nemere C 45t 3h 34822 285t 3982 318t
SE 26Cb2 31Ba1 35Ca*1 30Ba*l 37Ba*1 32Ba*1
H 42Ba*1 32Aa*1 39BCa*< 1 26Aa*2 3 8Ba*1 27Bb*2
My Nador C 478ct 33M 37842 275 345 3AB
SE 34BCb1 33Ba1 32Cal 33Ba1 36Bal 35Ba1
H 47ABa*l 32Aa*1 28Ca2 29Aabl 3 8Ba* 12 26Bb*1
My Kolompos ~ C 5048t 358t 4oht 3ghet 514 3ghet
SE 46Aa* 12 36ABa* 1 52Aa*1 34ABa* 1 42ABa2 39Aal
H 47ABa*2 29Ab*2 56Aa*1 25Aab*3 47Aa*2 3 SAa*l

C represents control (optimal watering), SE represents water withdrawal at stem elongation phenophase, H
represents water withdrawal at stem elongation phenophase

Capital letters indicate the statistically significant differences between the varieties; lowercase letters indi-
cate the statistically significant differences between the treatments; the numbers in the index show the sta-
tistically significant differences between the different CO, levels at p <0.05 levels (n=4)
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Table5 Average weights of

grain (g) per pot of main (main)
and secondary (side) spikes of ~400 ppm 700 ppm 1000 ppm
the tested winter wheat varieties

Variety Treat  CO, concentration

at different carbon dioxide Main Side Main Side Main Side
levels My Tkva C 2348001 ] g75A0 1 o ATl g7qAatl g p51ATL | glgAat
SE 2.0714%"1 ].2494a%2 1.820A%*1  1277Bb*12 ] .9g3Aatl ] 4454071
H 213781 1265882 2219831 382412 5 gpAaTl ] 4309481
Mv Nemere C 249841 1700421 1.977430°2 ] 5044a%1 220842 ] 588471
SE 1.5658"1 1.41741 1.7014%*1 1312821 1.7214%"1 138140
H 2.2724%1 1.4528¢°1 2 qp8Ba*l ] 336Aa%1 2.186% 1 1.4314a01
Mv Nédor C 2330801 170641 2.1534%1 ] 4p3Ae 2.064%%°1 15324871
SE 1.691ABPT 126740 1.26482 1.284Ba1 1.373B012 ] 3g74al
H 2.1374%°1 1.4354B°1 1 6482 (0 805802 223081 1546471
Mv Kolompos ~ C 2.223Ba"1 133048 9 456hatt ] 7p8Aa" 2352441 1 496M2"1
SE 1.9684Ba*1 ] 4qpAa*l 9 g3gAatl ] sq7Aat 1.8304%*1 ] 455421
H 2.095%°2  0.982¢0"2 2585471 1 080BP*2 2.164%%2 154041

C represents control (optimal watering), SE represents water withdrawal at stem elongation phenophase, H
represents water withdrawal at stem elongation phenophase

Capital letters indicate the statistically significant differences between the varieties; lowercase letters indi-
cate the statistically significant differences between the treatments; the numbers in the index show the sta-
tistically significant differences between the different CO, levels at p <0.05 levels (n=4)
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Appendix B

See Figs. 7 and 8.
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Fig.7 The effects of the water shortage at stem elongation pheno- of the stress treatment. ‘C’ represents the control (optimal watering)
phase compared to the optimal watering regime at different carbon and ‘SE’ represents water withdrawal at stem elongation phenophase
dioxide levels. The photos was taken by the first author at the ending
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Fig.8 The effects of the water shortage at heading phenophase com-
pared to the optimal watering regime at different carbon dioxide lev-
els. The photos were taken by the first author at the ending of the
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