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ABSTRACT

A selection of winter barley genotypes was investigated for their responses to water shortage under different CO, concentrations
in a greenhouse. The experiment was conducted in a 2*2 factorial design. Plants were grown either with optimum water supply or
simulated drought in the BBCH 59 stage at current (~400 ppm CO,) or elevated CO, concentrations (~700 ppm CO,) with identical
climatic conditions. Yield parameters (aboveground biomass and grain yield), water use and water use efficiency (WUE; kg m=3)
were calculated. Drought stress induced a decrease in yield production, and the rate of yield reduction was higher at 700 ppm
CO, concentration. On average for the genotypes studied, water withdrawal resulted in a 20.01% and 22.0% reduction in grain
yield at 400 ppm and 700 ppm CO, levels, respectively. Under optimum irrigation, BCC570, BCC607, Ketos, BCC887, HOR12808
and Kaskade showed significant positive CO, responses. Under a limited water supply, positive CO, reactions were only ob-
served for BCC570, Ketos and BCC1585 genotypes; however, a significant positive CO, reaction regarding the yield production
was observed for Panda. The carbon dioxide enrichment significantly increased water use efficiency under optimum watering
conditions by 24.57% and drought-stressed conditions by 21.72%. However, the water shortage significantly increased water use
efficiency under both 400 ppm (10.48%) and 700 ppm (12.36%) CO,.

1 | Introduction in harvested yield (Kumar et al. 2020). Drought is already a se-

rious problem in many regions of the world and has particularly

One of the greatest challenges that will face mankind over the
coming decades is how to satisfy the food requirements of a
growing population (van Dijk et al. 2021). Based on recent trends,
even more agricultural land is needed to produce fodder crops
(Waha et al. 2018). Barley (Hordeum vulgare L.) is primarily used
for livestock feed, malt production and only to a lesser extent for
human consumption (Newman and Newman 2008). In 2022, 155
million tonnes of barley were produced worldwide on 49 million
hectares of land with an average productivity of approximately
3.0t per hectare (FAO 2023). Barley is more resilient to abiotic
stresses than wheat, and some varieties can be efficiently culti-
vated in arid regions. However, a shortage of water, especially
during the vegetative phase, could result in a significant decrease

damaging consequences for agriculture, especially field crop pro-
duction, which becomes even more serious because it limits plant
growth and productivity (Gbadegesin et al. 2022). The predicted
climate change scenarios involving rising CO, concentration
and the associated global warming are likely to further increase
the frequency of droughts. Atmospheric CO, is predicted to rise
continuously from currently 410ppm up to between 550 and
1000 ppm by 2100, depending on the scenario (Intergovernmental
Panel on Climate Change (IPCC) 2019). Recent studies confirm
the impact of rising atmospheric CO, on plant water use (Brienen
et al. 2017; Varga et al. 2017). Plants absorb CO, through stomata
and transpire water into the atmosphere. A higher CO, level
stimulates photosynthesis and increases plant growth, while
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Key Points

1.The interactions of environmental factors such as
water availability and atmospheric carbon dioxide
concentration significantly influence the adaptability
of winter barley genotypes.

2.The level of water supply is a significant factor in the
realisation of the carbon dioxide responses of barley
genotypes.

3.Plants grown under elevated carbon dioxide offset
much of the negative effects of drought stress and con-
tribute to soil water retention.

decreasing stomatal conductance. This improves water use ef-
ficiency (WUE) and alleviates the potentially negative impacts
of drought stress (Ainsworth and Long 2020; Farkas et al. 2021).
However, breeding of small grain cereals is a relatively slow
and expensive process, taking around 6-12years to produce a
new cultivar from the initial cross (Bourgault et al. 2013). An
effective approach to selecting genotypes with optimised CO,
responses would be to test existing varieties or breeding lines.
Previous studies have shown that an 8% higher grain yield can
be achieved with one barley genotype in a free-air CO, enrich-
ment experiment under optimum water supply (Manderscheid
et al. 2009), while a 14% higher biomass and a 12.5% higher grain
yield have been documented for barley in the same experimental
system under 550 ppm CO, compared to ambient levels (Weigel
and Manderscheid 2012). CO, enrichment impacts not only abo-
veground biomass, but also root length and root biomass. Varga
et al. (2022) confirmed that the elevated CO, induces root growth
in winter wheat varieties, while (Paefiens et al. 2019) demon-
strated the positive impact of the free-air CO, enrichment on the
root growth of maize and sorghum genotypes.

The amount of water taken up by the plants during the vegeta-
tion period is a crucial parameter because a shortage of available
above- and belowground water resources that can be utilised for
agricultural production has been detected in many parts of the
world (Sabbaghi et al. 2020; Vargas-Amelin and Pindado 2014).
Not only is water use efficiency (WUE) a key indicator of drought
tolerance, it also links sustainable agriculture, which focuses on
the efficient usage of above- and belowground water resources,
with profitable agricultural production (Varga et al. 2015). Crop
breeding has already increased WUE and is expected to play a
significant role in future (Passioura 2012). In order to assess the
abiotic plasticity of individual varieties, their phenotypic and
physiological properties must be evaluated under suboptimal cli-
matic conditions (Dahala et al. 2014). Some recent studies have
highlighted that stress conditions modify the WUE; however,
the direction and size of these changes depend on the variety
and stress intensity (Cai et al. 2020; Farkas et al. 2020). Elevated
atmospheric CO, concentrations typically result in an increased
water use efficiency due to intensive photosynthesis and grain
production, which could counterbalance the negative impacts of
abiotic stresses (Varga et al. 2017; Wang et al. 2018).

The effects of drought stress and increased CO, can induce op-
posite responses in plants. Drought is a stressor, whereas car-
bon dioxide stimulates plant growth. Therefore, the interaction

between these two factors could result in wide variability in the
responses of different plants due to inconsistencies in drought
tolerance and reactions to carbon dioxide.

A previous experiment (Mitterbauer et al. 2017) examined the
CO, reactions of 98 barley genotypes in an open-top chamber
study under well-watered conditions and found high intraspe-
cific variability in growth responses to elevated CO,. However,
these varieties were only examined under optimum water sup-
ply. Therefore, 10 genotypes showing different CO, responses
were selected for a more detailed examination in climate-
controlled greenhouses. The aim was to determine (i) how
simulated drought stress influences the CO, responses, and in
particular (ii) whether there is an interaction between drought
and elevated CO, on grain yield and water use, (iii) how CO,
enrichment influences plant water use and water use efficiency
and (iv) the extent to which increased CO, concentrations can
alleviate drought stress in individual genotypes.

2 | Materials and Methods
2.1 | Plant Materials and Experimental Layout

Ten winter barley (Hordeum vulgare L.) genotypes originating
from GeneBank accessions at the Leibniz Institute of Plant
Genetics and Crop Plant Research in Germany were examined
in climate-controlled greenhouse chambers at the HUN-REN
Centre for Agricultural Research in Martonvasar, Hungary.
These genotypes were chosen based on the outcomes of a
CO, enrichment experiment conducted in open-top chambers
(Mitterbauer et al. 2017), which tested the CO, reactions of 98
barley genotypes under well-watered conditions. Of the geno-
types previously tested, BBC1585 and BBC887 were selected
for this study due to their significant positive CO, reactions.
BBC570, HOR12808 and Gerbel exhibited significant negative
CO, reactions in the previous experiment. For the remaining
genotypes (BCC 607, Ketos, Leonie, Kaskade and Panda), no
significant CO, reactions were determined. The origin and ear
types of the examined genotypes are summarised in Table 1.

Before planting, the plantlets were vernalised at 4°C for 6 weeks.
Five uniform vigorous plants were potted in each plastic pot
(height 30cm, diameter: 20cm) filled with 10kg of a mixture of
soil, sand and humus 3:1:1 (v/v). The actual water content and
the maximum water-holding capacity of the soil were determined
gravimetrically. First, the metal containers (volume: 0.2L) filled
with soil were weighed and then their total weight was mea-
sured. The containers were then over-dried at 70°C until they
reached a constant weight. Next, the containers were soaked in
water for 48h to saturate them, after which they were allowed to
dry. Once the dripping had stopped, the containers were weighed
again. Based on these calculations, the water content of the pots
was set at 60% of the soil's maximum water holding capacity,
corresponding to a volumetric water content of 22%-25% (v/v).
To prevent evaporation, the surface of the pots was covered with
black plastic foil. Soil water content was measured using 5TE soil
water meters, and the data were recorded by an EM50 data log-
ger (Decagon Devices Ltd., USA). The plants were watered twice
a week until they reached the stem elongation stage, and then
three times a week. Volldiinger Classic complex fertiliser solution
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(Gartenhilfe Ltd., Austria) was added once a week in accordance
with the manufacturer's recommendations. Water consumption
between consecutive irrigations was determined by weighing
the pots on a digital scale (Mettler-Toledo Ltd., USA). Drought
stress was simulated by withholding water completely once at the
end of the heading stage (BBCH 59) (Meyer 2018). The drought
treatment (S) was initiated when 50% of the plants had reached
the BBCH 59 developmental stage. The fresh aboveground bio-
mass of four calibration pots was weighed every 2weeks, and
the weight corresponding to the 60% soil water holding capacity
(control) was recalculated each time. The amount of irrigation
water was determined by the differences between the actual
weight (measured) and the weight corresponding to the 60% soil
water holding capacity. The water content of the control pots (C)
was kept constant at 60% of the soil water capacity throughout
the growing season. The treated plants received no water during
the stress period and were re-watered to control levels (60% soil
water capacity) when the soil's volumetric water content dropped
to 5-7v/v%, regardless of the severity of the symptoms. The dura-
tion and timing of the stress period were summarised in Table 2.

TABLE1 | Theeartypeand theorigin of the winter barley genotypes.

No. Genotype Ear type Origin reaSt(i);nsa
1 BCC1585 2-row Russia +
2 BCC887 6-row USA +
3 BCC570 6-row India -
4 GERBEL 6-row France -
5 HOR12808 2-row China -
6 BCC607 6-row Japan 0
7 LEONIE 2-row Germany 0
8 KASKADE 2-row Germany 0
9 KETOS 2-row Germany 0
10 PANDA 2-row France 0

CO, responses were estimated based on the results of Mitterbauer et al. (2017).
+ indicates significant positive, — significantly negative and 0 no significant CO,
responses.

The temperature and supplemental lighting conditions of the
greenhouse chambers were automatically controlled. The cli-
matic program applied was developed by (Tischner et al. 1997)
based on the analysis of a 50-year time series for Hungary, and
is also used routinely in phytotron studies. The air temperature
was increased from an initial 10°C-12°C to 24°C-26°C over
16 weeks, while the humidity was maintained at 60% and 80%
through greenhouse chamber ventilation. When necessary,
natural light intensity was increased to 500 umol m=2s~! at the
beginning of the growing season using artificial lighting, and
this was gradually increased to 700 umol m~2s~!. The CO, con-
centration in the control chamber was maintained at 400 ppm
(ambient) through ventilation with outdoor air. In the elevated
chamber, the CO, concentration was maintained at 700 ppm.
Carbon dioxide was introduced into the chambers from 37.5-kg
cylinders via an SH-VT250 (SH-VT250; CO,, Temperature, and
Humidity Transmitter, Soha Tech Co. Ltd., Seoul, Korea) au-
tomatic valve controller through a network of perforated pipes
placed 0.5M above the plant canopy, and an even distribution of
the gas was achieved through ventilation. As a double check, in
both chambers, the actual CO, levels were measured and con-
tinuously recorded using a Wohler CDL 210 (W&hler CDL Serie
210 CO, Messgerit, Wohler Technik GmbH, Bad Wiinnenberg,
Germany) CO, monitor.

Inside the chambers, the pots (60 pots plus 4 calibration pots)
were arranged in four rows (8 pots per row) on two movable
plant-growing tables. To minimise the chamber effect, we ro-
tated the pots with each watering, swapping them between
the two tables and moving those from the inner two rows to
the outer.

Thiovit Jet (Syngenta) (active ingredient: sulphur) was applied
twice to control powdery mildew and was combined with
Karate Zeon (Syngenta) (active ingredient: lambda-cyhalothrin)
for aphid control.

2.2 | Analysis of Plant Material

The effects of the treatment on the phenological parameters
were studied when plants had reached the final ripeness stage
(BBCH 89). Each plant grown in an individual pot was handled

TABLE 2 | Duration and timing of the drought stress treatments for each genotype.

BCC1585
BCC887
BCC570

Gerbel
HOR 12808
BCC607
Leonie
Kaskade
Ketos

Genotypes

Panda

Note: Gray represents the duration of water withdrawal.
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TABLE 3 | The effects of the CO, enrichment and water shortage on the aboveground biomass (g/pot) of winter barley genotypes.

Factors Degree of freedom Sum of squares Mean squares Fvalue Prob LSD5%
CO, A) 1 414 414 3.66 0.0593 n.s.
Watering (B) 1 8059 8059 71.266 0.000*** 9.689
Genotype (C) 9 71,387 7932 70.139 0.000%*** 11.29
AB 1 15 15 0.13 0.7195 n.s.
AC 9 1391 155 1.367 0.2172 n.s.
BC 9 1517 169 1.491 0.1657 n.s.
ABC 9 980 109 0.963 0.4766 n.s.
Residuals 80 9047 113

Note: Significance codes: “***’ 0.001.

Abbreviation: n.s., non-significant.

and processed together. The grain yield (GY; g) of the plants 3 | Results

was measured using a Mettler-Toledo Mx2002 digital balance
(Mettler-Toledo GmbH, Budapest, Hungary) with a readability
of 0.01g, after the spikes had been manually harvested and
threshed. The plants were cut at the soil level and chopped
into pieces. The aboveground biomass, consisting of leaves
and stems, was placed in paper bags and dried in an oven at
70°C for 2days. The weight of the dry aboveground biomass
(B; g) was measured using a Mettler-Toledo MX2002 digital
balance (Mettler-Toledo GmbH, Budapest, Hungary). Water
uptake (WU; kg/pot) of the plants was calculated by multi-
plying the weight losses measured using the Mettler-Toledo
MX16001L balance (readability: 0.1g) at each irrigation time
throughout the vegetation period. Water use efficiency (WUE;
kg m~3) was calculated by dividing the grain yield (g/pot) by
the water uptake of the plants during the vegetation period
(WU; kg/pot). The CO, responses of the genotypes were quan-
tified as the quotient of the individual values measured at CO,
concentrations of 700 ppm and 400 ppm.

2.3 | Statistical Analysis

The experimental design comprised ten genotypes, two wa-
tering levels and two CO, concentrations. The experimental
layout was a 2 x 2 factorial design. Treatments were replicated
three times (pots), with 15 biological replications. Multivariate
analysis (ANOVA) was used to test for significant main effects
of genotype, CO,, and water supply as well as their interac-
tions. Means were compared using the LSD (least signifi-
cant difference) test, which was performed with the help of
the Agricolae package (Mendiburu 2017) in R software ver-
sion 3.4.1 (R Core Team 2017). Student's t-test (p <0.1) was
applied for pairwise comparison, after checking for similar-
ity in variances and normality of the distributions using the
Kolmogorov-Smirnov and Bartlett tests, respectively. The ef-
fect sizes of the tested factors were determined using the Eta
Squared Test with the help of the LSR Package (Navarro and
Foxcroft 2019; Richardson 2011). Plots were generated using
the ggplot2 (Wichham 2009) and ggpubr (Kassambara 2020)
packages in R as well as Microsoft Excel.

3.1 | Biomass

The ANOVA confirmed the significant effects of the watering
levels and genotypes on aboveground biomass (p<0.001).
However, the impact of the CO, concentrations was not
significant. No interactions between the tested factors could
be detected (Table 3). The Eta Squared test revealed that the
factor genotype had a large effect on the biomass, while wa-
tering and CO, treatments had medium and small effects,
respectively.

Differences in watering levels and between the genotypes
were the main factors in explaining the observed variabil-
ity. Water shortage reduced the biomass of BCC570, Leonie,
Kaskade and Panda genotypes (asterisks in Figure 1). Under
optimum irrigation, the Panda and Gerbel varieties produced
the highest biomass at 400 ppm CO, concentration, while the
aboveground biomass weight of BCC607 was significantly
lower than that of the other genotypes. Under limited wa-
tering, the biomass of BCC1585 Gerbel, BCC887, Leonie and
Panda did not differ significantly. The aboveground biomass
of BCC570 and BCC607 was significantly lower than that of
the other varieties (Figure 1).

At a CO, concentration of 700 ppm, the water shortage re-
sulted in a significant decrease in the aboveground biomass
of BCC570, Leonie, Kaskade, and Panda genotypes, while the
other genotypes did not respond significantly to drought stress
(asterisks in Figure 2). This pattern was similar to the changes
observed at 400ppm CO,, indicating that CO, enrichment
did not modify the susceptibility of the studied genotypes
to drought. Under well-watered conditions, at 700 ppm CO,,
the highest aboveground biomass was observed for Gerbel,
though this did not differ significantly from that of BCC1585
and BCC887. No significant differences were found between
Ketos, BCC1585, BCC887, and Leonie. As with the trends ob-
served at 400 ppm, at the 700 ppm CO, level, the BCC570 and
BCC607 genotypes exhibited the lowest biomass production
(Figure 2).
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FIGURE2 | Aboveground biomass (g/pot) production of winter barley genotypes under well-watered (C) and drought-stressed (DS) conditions at
elevated (700 ppm) CO, concentrations. Error bars represent standard deviations. Different lowercase letters indicate significant differences between
the genotypes within the watering levels (LSD test) (p <0.05), and asterisks indicate significant differences between the biomass of the individual

genotypes under control and drought-stressed conditions (LSD test) (p <0.05).

ANOVA did not confirm any significant impact of CO, on bio-
mass production when considering the full set of experiments.
However, when the impacts of the CO, enrichment on the
biomass weight of individual genotypes were evaluated
by Student's t-test, significant differences were observed.
There was a significant increase in biomass for two vari-
eties (BCC887 and BCC570) at 700 ppm CO, concentration
under both watering levels, compared with the biomass at
400 ppm (filled bars in Figure 3). The increase in the biomass
of BCC607 induced by the CO, enrichment was only signifi-
cant under optimum watering, while positive CO, reactions
were also detected for Leonie and Ketos, but the impacts of
CO, enrichment were only significant under drought-stressed
conditions (Figure 3).

3.2 | GrainYield

The grain weight was significantly influenced by all the tested
factors (CO, levels, watering levels and genotypes) at p <0.001.
The interaction between CO, and genotypes was significant at
the p<0.001 level, and the interaction between watering and
genotypes was significant at the p <0.05 level. According to the
Eta Squared test, both genotype and watering had large effects
on the grain yield in the experiment; however, CO, only had a
small effect (Table 4).

At 400ppm CO, concentration, the highest grain yields were ob-
served for BCC1585 and Gerbel under optimum watering condi-
tions, 45.1g/pot and 42.09 g/pot, respectively. The lowest yield was
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achieved by the BCC607 genotype (13.62g/pot). At 700ppm CO,,
the genotypes with the highest yields were Ketos, Gerbel, BCC1585
and BCC887. There were no significant differences between them
under optimum irrigation. The same trends were observed under
drought-stressed conditions; only the above-listed genotypes and
HOR12808 were complete. Under both irrigation levels, Leonie
produced significantly lower yields than the other genotypes.
On average of the genotypes, the water withdrawal resulted in a
20.01% and 22.0% reduction in grain yield at CO, levels of 400 ppm
and 700ppm, respectively. On average of the genotypes, under
optimal irrigation conditions, the CO, enrichment resulted in an
11.1% increase in yield; however, significant differences were ob-
served in the CO, responses of the genotypes. Under optimum irri-
gation conditions, the CO, responses were significantly positive for
BCC570, BCC607, Ketos, BCC887, HOR12808 and Kaskade, with
yield increases ranging from 13.6% to 40.96%.

Under drought stress conditions, CO, enrichment induced a
significant increase in grain yield on average across genotypes
studied, but the rate of change (8.34%) was lower than under
optimal irrigation. Under a limited water supply, the CO, fertil-
isation effects remained stable only for the BCC570, Ketos and
BCC1585 genotypes. However, a significant positive CO, reac-
tion in terms of yield production was observed for Panda. Leonie
showed significant negative CO, responses under optimum and
limited water supplies, with yield reductions of 13.1% and 17.9%,
respectively (Table 4).

3.3 | Water Uptake

The effects of genotype, watering and CO, enrichment were sta-
tistically significant in relation to water uptake at the p <0.001
level. However, no interactions were observed when the ef-
fects of the factors were tested in combination (Table 5). The
Eta Squared test revealed that each factor, including genotype,
watering and CO, enrichment, had a significant impact on the
water uptake of plants. Genotype explains the highest propor-
tion of unpredictability, while water supply and CO, explain
smaller proportions.

The water uptake of the BCC607 variety was significantly lower
than that of the other genotypes in all treatments. At a carbon
dioxide concentration of 400 ppm, no significant difference in
water uptake was detected between the water-demanding gen-
otypes under optimum water supply: Gerbel, Panda, Leonie
BCC1585, and Kaskade. Under drought stress conditions, the
water uptake of Leonie's water uptake was significantly higher
than that of the other genotypes, while no significant differ-
ences could be observed between Gerbel, Panda, BCC1585 and
Kaskade. At an elevated CO, concentration (700 ppm), Leonie
and Gerbel took up the highest amount of water under well-
watered conditions. In the drought stress treatment, however,
no significant differences could be observed in the water use of
Panda, Leonie, Gerbel, Ketos and BCC1585. Simulated water
withdrawal reduced water uptake by an average of 11.9% and
12.6% across varieties at CO, concentrations of 400ppm and
700 ppm, respectively. CO, enrichment reduced the water up-
take of the plants by 8.89% and 9.07% under well-watered and
drought-stressed conditions, respectively. An increase in the
atmospheric CO, concentration led to a significant reduction
in the water use of the BCC1585, HOR12808, Leonie, Kaskade
and Panda genotypes when water supply was at the optimum
level. However, under the water-limited conditions, a significant
decrease in water uptake was observed in the Gerbel, BCC887,
Leonie and Kaskade genotypes (Table 5).

3.4 | Water Use Efficiency

All CO, treatments, water supply, and genotype have signifi-
cant effects on water use efficiency at p <0.001. The interactions
between CO, treatments and genotypes, and between water-
ing and genotypes, were statistically significant at p <0.05 and
p<0.001 levels, respectively. The Eta Squared test confirmed
that genotype and CO, enrichment have a large effect on water
use efficiency, while watering has a medium effect. The ANOVA
showed that, in addition to differences in genotype-specific
water usage, the impacts of carbon dioxide enrichment domi-
nate the variability in water use efficiency. This also highlights
alteration in genotypic CO, reactions (Table 6).

6 of 14
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Under atmospheric CO, concentrations (400ppm), the geno-
type Kaskade (1.034kgm~3) and Leonie (1.18 kgm~3) exhibited
the highest water use efficiencies under optimum water supply.
The most favourable water use efficiencies were observed in the
BCC570 (1.863kgm=3), BCC1585 (1.791kgm—) and BCC887
(1.687kgm™) genotypes. Under elevated CO, concentrations
(700 ppm), Leonie (1.047kgm™3) exhibited the lowest water use
efficiency, while BCC 570 (2.446kgm™3) exhibited the highest.
Overall, the carbon dioxide enrichment significantly increased
water use efficiency under optimum watering conditions by
24.57% and drought-stressed conditions by 21.72%. However,
the water shortage significantly increased water use efficiency
under both 400 ppm (10.48%) and 700 ppm (12.36%) CO, concen-
trations (Table 6).

Under optimum water supply, carbon dioxide enrichment in-
duced significant changes in all genotypes except BCC1585
and Panda. While most genotypes showed positive CO, reac-
tions (from 14.4% to 57.9%); a significant decrease in water use
efficiency (-11.3%) was observed in the Leonie variety. Under
drought-stressed conditions, the water use efficiency improved
significantly as a result of the CO, enrichment (from 13.5% to
52.1%) for all genotypes except Leonie, whose water use ef-
ficiency decreased by 10.58% under a CO, concentration of
700 ppm compared to 400ppm. Of the 10 genotypes studied,
positive effects of CO, enrichment on water use efficiency were
confirmed in seven varieties. Leonie was the only genotype to
consistently show negative CO, responses, regardless of irriga-
tion levels (Table 6).

4 | Discussion

Agriculture is a water-intensive industry, and field crop produc-
tion is particularly vulnerable to the effects of climate change,
socioeconomic development, and population growth (Gerten
et al. 2020). Hexaploid wheat (Triticum aestivum L.) and diploid
barley (Hordeum vulgare L.) are among the most important ce-
real crops in terms of feeding the growing human population
and serving as animal feed. Consequently, an examination of
the stress responses and water use properties of the cultivated
varieties is essential to propose appropriate varieties that can
support the effectiveness of the water-conservation-oriented
agronomic practices (Giraldo et al. 2019). Barley varieties have
been found to be more adaptable to adverse environmental con-
ditions than wheat genotypes (Varga et al. 2013). Therefore, it
can be presumed that cultivating barley can be more effective
in regions where water availability is the main limiting factor
in achieving the genetically determined yield potential (Arenas-
Corraliza et al. 2019).

(Bardehji et al. 2023) examined the physiology and production
of four Iranian local barley varieties in water-limited environ-
ments. They found that the two-rowed varieties responded pos-
itively to CO, enrichment under both normal and limited water
supply. However, no positive CO, reactions were observed in
the six-rowed varieties under drought stress. In our study, the
BCC570 and Ketos genotypes responded positively to CO, en-
richment when grain yield was taken into account; however,
they were six-rowed and two-rowed genotypes, respectively.
Furthermore, Leonie yielded significantly decreased at elevated

CO, concentrations compared to the ambient levels under
both well-watered and drought-stressed conditions. Bourgault
et al. (2013) examined the CO, reactions of twelve wheat gen-
otypes, and calculated water use efficiency based on exchange
intensity. However, no evidence of genotypic variability in the
response to elevated CO, was observed. Our study showed
significant variety-specific differences in CO, reactions and
confirmed the positive effects of higher carbon dioxide concen-
trations on yield production and reduced water uptake. While
only two barley genotypes showed an increase in yield, the
water use efficiency of all varieties except Leonie improved sig-
nificantly at 700ppm CO, compared to the ambient concentra-
tions. Fitzgerald et al. (2016) published that elevated CO, can
increase wheat yield and counterbalance the negative impacts
of heat stress. However, our results highlight that, in the case
of barley, the CO, enrichment can only partly counterbalance
the impacts of the water shortage. The observed reduction in the
water demand could support the sustainability of the field crop
production. Ingvordsen et al. (2015) tested 138 barley genotypes
in a combination with elevated temperature and atmospheric
carbon dioxide concentrations. They discovered that carbon
dioxide enrichment increased grain yield by 16%. However, the
combined treatment resulted in a 29% decrease in productivity.
Droughts are often accompanied by severe water shortage and
high air temperature, but Plants are able to survive prolonged
periods of extreme heat as long as there is water available in the
soil. Our study focuses on the role of a water-limited environ-
ment, and we confirmed that water withdrawal alone resulted
in a 20.01% and 22% decrease in grain under ambient and ele-
vated CO, concentrations, respectively. In the long term, rising
atmospheric CO, concentrations will also become a significant
factor in field production. Our study confirmed that, for some
genotypes, CO, enrichment can offset the negative effects of
simulated drought on grain yield. However, large variability
between genotypes must be emphasised: for example, the yield
of the Ketos genotype was 6.2% higher under drought condi-
tions at 700 ppm CO, concentration than well-watered plants at
400ppm. Conversely, the negative impacts of the elevated CO,
concentrations on the grain yield of Leonie genotype were more
severe under drought conditions (—26.3%) than under optimum
watering (21.9%). Mitterbauer et al. (2017) determined that the
aboveground biomass increased by 15% as a result of the CO,
enrichment (700 ppm) across 98 barley varieties in well-irrigated
open-top chambers. In our study, CO, enrichment did not gener-
ally modify aboveground biomass production, however positive
CO, reactions were observed in three genotypes under well-
watered conditions.

Increasing harvest index could significantly contribute to the
improvement of crop productivity, solving the problem of food
supplies for the rapidly increasing population (Asefa 2019).
Grain yield is the primary product of barley cultivation, so our
results have significant practical implications as we confirmed
that CO, enrichment generally has more intensive impacts on
grain yield than on the by-products. Mitterbauer et al. (2017)
ranked the examined genotypes based solely on biomass pro-
duction, but grain yield and water use efficiency are more rel-
evant properties in field crop production. A comparison with
the previously published results shows that BCC570, Gerbel and
HOR12808 were identified as varieties insensitive to elevated
CO,; but in our experiment, the biomass of BCC570 and Ketos

Journal of Agronomy and Crop Science, 2026

9of 14

850807 SUOWILIOD BAIIER.D 8|qed![dde aLy Aq peusencb a2 S9[olie YO ‘8SN JO s3I 10} A%eud1T8Ul|UO /8|1 UO (SUORIPUOO-PUE-SWLBY W0 A8 | 1M ARIq | BU1 [UO//:SANY) SUORIPUOD PUe SWe 1 8y} 89S *[9202/90/2Z] Uo AkeidiTaulluo A8|IM ‘BaminoLBY 10j8nue) W LIN Aq STZOL Jel/TTTT 0T/I0p/w0 A8 | iM AeIq Ul |uo//SAny WoJj pepeoiumod ‘v ‘9Z0Z ‘XLE06EFT



1439037x, 2026, 4, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/jac.70215 by MTA Centre for Agricultural, Wiley Online Library on [22/06/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

S

Q

JUBOITUSIS-UOU “'S°U {UOIBIAIQQY S

*$10J0®J 0M) JO SUOT}ORIDIUT JBOUTIIUSIS Juasaidal oI[elr pue 1030y A[SUIS € JO J09JJ0 JuedIyTuSIS Juasaxdal PIog "S0°0 ., 100°0 (s, :SOPOI 22UBIYTUSIS :2JON .m

S

PSH0'0 0629°€ 0'08 senpisay | &

S

su TL6S0 02280 €L£0°0 09€€°0 06 ogv 3

]

95270 00070 01vT9 1€82°0 08¥S°T 06 od 2

(=]

N

¥220 «V20°0 0887°C 8€01°0 0v€6'0 06 ov g

<

su 9¥S€'0 0L98°0 €6£0°0 06€0°0 0T qav s

=]

7€92°0 #xx000°0 0Sty'ST LOOL0 090€°9 06 (D) ad£youen m

2
S9ET'0 00070 0119'+C SOIT'T 091T'T 01 (9) Surrorem
S8TI'0 #£+000°0 0€ST'L9 €9%0°¢ 090°€ 0T (W) %00
%S AST qoadg anfea J saxenbs ueo saxenbs Jo wing WIoP3dIJ Jo sa13d(q s10)oe]

OURBLIEA JO SISA[RUY

9LS'T SeL'T LIV'T 08¥°T 1291 8€E'T cl9°T 6v8'1 S6v'1

XXV oXd oXd XV O o) JOXV o) 0 UeaN
(4171 I8S°T €8€°T STr'l 6LS'T ILT1 8€S'T Z8S°'T vov'1 epued
98G°'1 SE]'T 8€C'T S8IS'T LT €9¢'1 €So'1 L66'T [4EN] S0393
€6C'1T VIS'T TL0°T (414N ! S6E'L 80T'T vee'l €91 YE0'T Spesel]
S0’ ¥86°0 SOT'T 9L6°0 126°0 0€0°T VIiT'T LYO'T 08T'T QIUOIT
L8L'T 796’1 019’1 208’1 9161 8891 CLLT (4104 ceS’l L09D0Dd
(78 LEG'T €Sl LT 0L8'L €6S'T 6VL'T 00°C cov'l 808Z1 YOH
S99'1T T08°T 6¢CS'T SS9'1 PI8'T 9611 SL9'T L8L'T 9S°1 [°q10D
9¢9°'1T L68'T SLET LIT'T LYE'T 988°0 SS1'C ovy'C €98'L 0L50D0d
VLL'T 196’1 L8S'T 6991 ¢S8'T 987’1 6L8°T 0L0°C L89'T L88DDd
€SL'T 088°T 979°'1T 291 €V8'1L 971 vS8°T 916'1L T6L'1T 8510049 (D) sreann)

(4 X V) ueay wdd ooz wddoop (V) ueaA wdd ooz wddoor (V) ueaA wdd ooz wdd gop
(g) uean (V) s1ea91 ‘0D (V) s1ea91 0D
ssa13s JySnoaq ToxU0)
(9) S19A9] Surrdarem

"sadKjouad Ks[req 101u1m JO (¢t 33) AOUIONJR SN 10JEM 3Y) U0 9Fe}I0YS 19eM PUEB JUSWYDLIUD Q) 9Y3 JO S109JJ2 YL, | 9 ATAV.L

10 of 14



increased significantly under both well-watered and drought-
stressed conditions. Our results support those of (Mitterbauer
et al. 2017) because we also detected no significant CO, reac-
tions for Gerbel and HOR12808 in terms of biomass and grain
yield under either optimum or limited water supply.

Water use efficiency is a useful indicator of the interaction be-
tween environmental factors, water use and the yield produc-
tion (Hoover et al. 2023). Previous studies have confirmed that
there is significant variability in the WUE of cereal varieties,
which is affected by various abiotic factors (Farkas et al. 2021;
Hussain et al. 2022). In our experiment, genotypic differences
dominated the determination of the WUE; however, the im-
pacts of the watering and the CO, enrichment were also signif-
icant. The WUE of BCC570, BCC607, Gerbel, Ketos, BCC887,
HOR12808 and Kaskade improved significantly as a result of
the CO, enrichment under both watering regimes. A significant
positive CO, response was also detected for the BCC1585 and
Panda genotypes under drought stress conditions.

The mechanism of action of elevated carbon dioxide concen-
trations manifests through numerous plant physiological pro-
cesses during plant development (Seneweera and Norton 2011).
To determine exactly how simulated CO, enrichment occurs
and through which regulatory processes, very complex exper-
imental systems, including plant physiological measurements,
are required (Leakey and Lau 2012). Our experiment was suit-
able for the selection of genotypes that were suitable for further
studies because of their reactions to elevated CO, concentration
under limited water availability in comparison with optimal
watering. Our study also highlighted how genotypic responses
altered under regulated environmental conditions and under
constant CO, supply in a comparison with the previous study
(Mitterbauer et al. 2017).

The most direct effect of elevated CO, is the stimulation of pho-
tosynthesis, especially in C3 plants such as wheat and barley, in
which Rubisco plays a key role by catalysing the fixation of CO,
in the Calvin cycle (Ekele et al. 2025). However, Rubisco also
has oxygenase activity, which reacts with O, to initiate photore-
spiration. Rubisco can react with O, under low CO, conditions
that favour photorespiration, so by inhibiting photorespiration,
this enzyme can protect previously fixed carbon and increase
net photosynthetic efficiency (Busch 2020). Based on our re-
sults, the differences between genotypes can be inferred from
the differences in Rubisco activity that can shift the balance be-
tween photosynthesis and photorespiration.

In our study, we tried to measure the photosynthetic activity
of the genotypes during the drought stress period using the
CIRAS-2 Portable Photosynthesis System (PP Systems Inc.,
Hertfordshire, U.K.), but we could not obtain comparable results
because the stomata were closed quickly, especially when the
plants were exposed to drought stress. But special investigations
could answer the open questions of whether the elevated CO,
induced a faster stomatal closure and how the regulation of sto-
mata was induced by the water shortage. Elevated atmospheric
CO, affects stomata primarily by altering guard cell physiology
and plant water relations (Xu et al. 2010). However, in a CO,-rich
environment, plants can maintain sufficient CO, uptake while
losing less water through transpiration, thereby improving

energy and water balance. de Haan et al. (2021) confirmed that
there is no significant correlation in the major field crops be-
tween water use efficiency (WUE), which was calculated by
dividing the plant's water uptake and harvested yield, and the
intrinsic water use efficiency (WUE,), determined based on gas
exchange intensity; therefore, even though some physiological
processes influence plant physiology at a given time, it does not
necessarily impact the ratio of productivity and photorespiration
at a growing cycle level.

Elevated CO, can activate several signalling pathways that
may play a role in the regulation of stomatal closure (Xu
et al. 2016). HT1 (High Leaf Temperature 1) normally sup-
presses CO,-induced closure under ambient CO,, but its
elevated level inhibits HT1 activity, allowing downstream clo-
sure signalling (Horak et al. 2016; Tian et al. 2015). The OST1
(Open Stomata 1) pathway is a central component of abscisic
acid (ABA) signalling, demonstrating an overlap between the
ABA and CO, pathways (Negi et al. 2014). However, CO, sig-
nalling is not entirely ABA-dependent; stomata can respond
directly to elevated CO, without large increases in ABA (Hsu
et al. 2018). The complexity of the physiological processes be-
hind the stomata regulations shows that, besides reactive ox-
ygen species (ROS) and calcium signalling, numerous other
regulatory mechanisms modulate stomata and influence gas
exchange (Liu et al. 2022). Our experiment was not suitable
for measuring the physiological background behind these
processes, even if, because many gene functions have already
been confirmed only in Arabidopsis. Our experiment can sup-
port the selection of genotypes showing specific CO, reactions
for more specific studies.

However, it was also confirmed that long-term exposure to el-
evated CO, can also lead to photosynthetic acclimation, which
may result in a decrease in the initial stimulation level over time
(Xu et al. 2015; Krdmer et al. 2022). In our study, the observed
genotypic variability could be induced by such an acclimation
process, as plants were grown under elevated CO, concentra-
tions since planting, because this experimental setup simulates
well future environmental conditions. In the previous exper-
iment conducted by (Mitterbauer et al. 2017), the CO, was
supplied only during daylight hours, which can also result in
differences in the genotypic responses between the two exper-
iments. However, the effects of potential acclimation should be
evaluated in future experiments.

Elevated atmospheric CO, can strongly influence plant osmotic
adjustment by altering carbon metabolism and solute accumu-
lation (Lopez-Jurado et al. 2025). Under elevated CO,, plants
can accumulate more carbohydrates and starch degradation
products (glucose and maltose), which act as osmolytes and
can help reduce cellular osmotic potential (Hendrix et al. 1994;
Darko et al. 2019). The most intense osmolyte accumulation may
contribute to increased drought tolerance in some genotypes.
Elevated CO,, particularly under abiotic stress conditions, may
enhance the accumulation of compatible osmolytes such as pro-
line, glycine betaine, organic acids, and soluble amino acids.
These compounds contribute to osmotic adjustment while stabi-
lising proteins and membranes and maintaining enzyme activ-
ity without interfering with normal cellular metabolism (Ashraf
and Foolad 2007; Ghosh et al. 2021).
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5 | Conclusions

Our results highlight that the interactions between different
factors can significantly modify the adaptability of winter bar-
ley genotypes. Therefore, multifactorial experiments conducted
under controlled conditions are necessary to properly charac-
terise individual varieties' responses to water-limited environ-
ments and atmospheric CO, concentrations. Our results show
that water withdrawal generally decreases yield production and
that the rate of yield reduction is significantly higher at 700 ppm
CO, concentration than at 400 ppm. However, it has been con-
firmed that counterbalancing the negative impact on yield, an
elevated CO, concentration reduces water uptake and increases
water use efficiency, resulting in a water-saving effect. Plants
grown under elevated CO, conditions can compensate for many
of the negative effects of drought stress and contribute to water
sequestration in the soil. This could be a key factor in imple-
menting sustainable field crop production.

In the open-top chamber experiment that served as the basis for
variety selection, the two varieties (BCC1585 and BCC887) that
exhibited positive CO, responses also reacted positively to in-
creased atmospheric carbon dioxide under controlled climatic
conditions, even under optimal water supply and simulated
drought stress, although the magnitude of the change was not
significant for BCC1585. The biomass production of the BCC570
genotype, which showed negative CO, responses in the prelim-
inary experiment, was significantly positive in both treatments
in our trial, while there was no difference in trends between
the two experiments for the Gerbel and HOR12808 varieties.
Regarding grain yield, we confirmed this trait in varieties that
showed positive CO, responses in the preliminary experiment;
however, for BCC1585, this was only the case under simulated
water deficit, while for the BCC887 genotype, it was observed
under optimal water supply. Similar to biomass production, the
BCC570 variety exhibited opposite responses in the grain yield
analysis across the two experiments; under both water sup-
ply conditions, we observed a significant increase in yield at
700 ppm CO, compared to plants grown at 400 ppm CO.,.

The Leoni variety stood out, as its biomass production showed sig-
nificant positive CO, responses; in contrast, during the grain yield
assessment, we observed a significant decrease in yield for this va-
riety at both water supply levels. As a result of these characteristics,
this was the only variety whose water-use efficiency decreased at
both water supply levels. Regardless of the previously determined
CO, responses, each tested variety, except for Leonie, exhibited a
significantly positive CO, effect on water-use efficiency.

Based on our results, we recommend BCC570 and Leonie variet-
ies for future investigations, as these genotypes exhibited differ-
ent responses to elevated carbon dioxide levels compared to the
other genotypes, or their responses differed significantly from
those observed in previous experiments.
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