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Abstract
Water stress is the main environmental stresses that affects agricultural production worldwide, especially in arid and semi-arid regions.
This study was designed to evaluate the effects of water deficit during the vegetative stage on gas exchange variables and their relationship
with water use efficiency and grain yield formation of wheat. A factorial pot experiment was carried out in complete randomized
block design with three replications in greenhouse with two water regimes (well-watered and water deficit at vegetative growth stage).
The bread wheat genotypes ‘Pishtaz’, ‘DN-11’, ‘Sivand’ and ‘Marvdasht’ were used. Analysis of variance revealed significant differences
between water regimes and among the genotypes for most traits. The results showed that water deficit decreased net photosynthetic
rate, transpiration rate and stomatal conductance, but caused no change in photosynthetic sub-stomatal CO2 concentration and water
use efficiency. Thus leaf temperature of wheat was higher with water deficit, compared to that of the control. In addition, water deficit
stress reduced leaf area, grain yield, water use efficiency and evapotranspiration efficiency by 39.7, 54.4, 31.8 and 32.4%, respectively in
all genotypes. Water deficit reduced yield per plant significantly with a decrease in leaf area and net photosynthetic rate. The ‘Marvdasht’
genotype exhibited comparatively more tolerance to drought in the vegetative growth stage with less decline in agronomic traits and gas
exchange variables, compared with other genotypes. In conclusion, physiological and agronomic traits of wheat significantly decreased
due to interrupted irrigation at the vegetative stage in comparison with fully watered status.
Key words: bread wheat, grain yield, photosynthesis, Triticum aestivum, vegetative stage, water deficit.
Abbreviations: PWUE, photosynthetic water use efficiency; WUE, water use efficiency.

Introduction
Bread wheat (Triticum aestivum L.) is the main food in
the world (Gourdji et al. 2013), and as a staple food ranks
first among the cereal crops in Iran. Environmental stress,
such as water deficit, can be a primary cause of crop loss
worldwide, leading to average yield losses of over 50%
for major crops each year (Chaves, Oliveira 2004). Water
deficit is that the most important limiting factor for growth
and yield of crop plants, especially regarding wheat in
arid and semiarid regions around the world (Powell et al.
2012). To survive under water stress, plants have evolved
morphological, physiological, and biochemical responses.
Water deficit in plants is caused by higher water loss
through stomata; therefore the majority of plants are
vulnerable to water deficit conditions. Water deficit stress
might cause plant senescence and death and additionally
reduced crop production, because excess accumulation
of reactive oxygen species results in lipid peroxidation,
plasma membrane injury and chlorophyll degradation,
and reduced leaf area due to reduced cell development
(Mukherjee, Choudhuri 1983; Lawlor, Tezara 2009). Also,
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stomata closure leads to reduction of sub-stomatal CO2
concentration in leaves and subsequent decrease in the net
photosynthesis rate during water deficit stress conditions
(Chaves et al. 2002; Talebi et al. 2013). In turn, these events
can lead to decreased crop yield.
Knowledge of relationship between yield components
and grain yield can aid producers in crop management by
focusing on key yield components. The most sensitive stage
of winter wheat to water stress is from stem elongation to
booting, followed by flowering (Zhang et al. 2003). Reduced
yield in response to water deficit during the reproductive
period has been reported in several studies (Inoue et
al. 2004; Pradhan et al. 2012; Azhand et al. 2015; Cui et
al. 2015), whereas the effects of water deficit during the
vegetative period on yield remain unclear.
In the present study, we analyzed gas exchange
variables and some agronomic and physiological traits
involved in the response of contrasting wheat genotypes
to water deficit. Our objectives were to study the effects
of water deficit during vegetative periods on grain yield,
the photosynthetic capacity of leaves, and to clarify the
relationship between grain yield and photosynthetic
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capacity in different wheat genotypes. The results of this
study provide valuable information that can be used as the
genetic basis of improvement of wheat to enhance yield
under stress conditions.
Materials and methods
Plant material and growth conditions
A pot experiment was carried out during the growing
season from 2011 to 2012 in the greenhouse of Campus
of Agricultural and Natural Resource, Razi University
in Kermanshah city in western Iran (47°9’E, 34°21’N;
1319 m elevation from sea level). The climate based on
the Domarten classification in the study area is semiarid cold. The experiment was laid out in a randomized
complete block design in a factorial arrangement with
three replications. Four bread wheat genotypes were used:
‘Pishtaz’, ‘DN-11’, ‘Sivand’ and ‘Marvdasht’. Treatments were
two water regimes: control or well-watered (irrigation at 90
± 5% field capacity in all stages of plant growth normally),
and water deficit at vegetative growth stage. Soil moisture
was about 50 ± 5% of field capacity from the beginning of
stem elongation to flowering stages; 31 to 59 of the Zadoks
scale (Zadoks 1974). These four wheat genotypes were
chosen because they were new modern genotypes with
unknown biochemical and physiological characteristics.
Some growing characteristics of the genotypes used
in the experiments are shown in Table 1. The seeds of
wheat genotypes were obtained from the Seed and Plant
Improvement Institute, Agricultural and Natural Resources
Research Center of Kermanshah, Iran. Seeds were sown in
plastic pots with a diameter of 20 cm and height of 30 cm,
each filled with 3.5 kg o1:5 fertilized peat and soil. The soil
physicochemical properties used in the experiment were:
sand 17%, silt 39%, clay 44%, pH 7.4, organic carbon 1.14 g
kg–1, total N 0.098% and available P and K 8.0 and 329 mg
kg–1, respectively. Ten seeds per pot were sown. Two week
after their emergence, the number of the seedlings was
reduced to five per pot.
Leaf gas exchange
The net photosynthetic rate, stomatal conductance,
transpiration rate per leaf area, leaf temperature and substomatal CO2 concentration were measured using a portable
photosynthesis system LI-6400 (LI-COR, Lincoln, USA)
on the uppermost leaves on midday (09:00 to 12:00) at 20
days after water deficit. Photosynthetically active radiation

was 1200 to 1600 μmol photon m–2 s–1, ambient CO2
concentration was 380 to 400 ppm. Six leaves from three
pots (two leaves per plant) were collected for measurement
for each treatment at each time. Photosynthetic water
use efficiency (PWUE) was calculated by dividing net
photosynthetic rate by stomatal conductance (Ahmadi,
Siosemardeh 2005).
Total leaf area
Total leaf area was measured with a leaf area meter (LI3000A, LI-COR, Lincoln NE, USA) at flowering stage.
Ten plants (two pots) were collected for each treatment at
measurement times.
Grain yield and days to physiological maturity
To estimate grain yield, ten plants were harvested at
physiological maturity stage from each treatment (two
pots). Number of days to physiological maturity was
recorded.
Water use efficiency and evapotranspiration efficiency
At the end of the experiment, water use efficiency (WUE)
and evapotranspiration efficiency were estimated as
described by Ehdaie and Waines (1993) according to the
following equations:
WUE (kg m–3) = [grain yield (kg)] / [consumed water
(m3)];
evapotranspiration efficiency (kg m–3) = [biomass (kg)] /
[consumed water (m3)].
Statistical analysis
The data collected was subjected to ANOVA to determine
significant differences among treatments. SAS software
(version 8.0) was used. The treatment means were compared
by a Duncan Multiple Range test at 5% significance level
(Steel et al. 1997).
Results
Photosynthesis and gas exchange variables
Statistical analysis of gas exchange variables are presented
in Table 2. The average net photosynthetic rate and gas
exchange variables are listed in Fig. 1A–F. In this study,
net photosynthetic rate decreased with water deficit
stress, such that in the well-watered treatment, the net
photosynthetic rate varied from 17.8 to 19.9 μmol CO2
m–2 s–1 whereas the range was 5.9 to 9.5 μmol CO2 m–2 s–1

Table 1. Characteristics of genotypes used in the experiment. Source: Abdoli, Saeidi (2012)
Genotypes
‘Pishtaz’
‘Sivand’
‘Marvdasht’
‘DN-11’
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Grain yield
High
High
Medium
High

Physiological maturity
Late maturing
Late maturing
Late maturing
Early maturing

Plant height
Tall
Tall
Tall
Medium

Grain weight
High
High
Low
Medium
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Table 2. Analysis of variance (mean square) of the effect of water regime and genotypes on net photosynthesis rate (Pn), stomatal
conductance (gs), transpiration rate (Tr), sub-stomatal CO2 concentration (Ci), leaf temperature (Tl) and photosynthetic water use
efficiency (PWUE). ns, * and **; non significant, significant at 5% and 1% levels of probability, respectively
Source of variation
Replication
Water regimes (W)
Genotypes (G)
W×G
Error
CV (%)

df
2
1
3
3
14
-

Pn
51.7 ns
814 **
8.61 ns
1.06 ns
24.1
36.8

gs
0.002 ns
0.087 **
0.003 ns
0.001 ns
0.003
31.8

in water deficit conditions. A considerable reduction of
60.7% in net photosynthetic rate occurred due to water
deficit (Fig. 1A). The top three genotypes retaining high net
photosynthetic rate in non-stress condition were ‘Pishtaz’,
‘Sivand’ and ‘Marvdasht’ (19.0, 19.8 and 19.9 μmol CO2 m–2
s–1, respectively), while the lowest net photosynthetic rate
under water deficit was in ‘DN-11’ by 5.9 μmol CO2 m–2 s–1
(Fig. 1A).
The results showed significant differences in stomatal
conductance between well-watered and water deficit
conditions (Table 2). Under well-watered regime,
‘Marvdasht’ had the highest (0.220 mol H2O m–2 s–1) and
under water deficit regime, ‘Sivand’ the lowest stomatal
conductance (0.040 mol H2O m–2 s–1), but no significant
differences were evident with the other genotypes (Fig. 1B).
The results clearly showed that water deficit stress
at the vegetative growth stage decreased transpiration

Mean squares
Tr
Ci
11.5 *
3028 ns
101 **
2563 ns
1.65 ns
1650 ns
0.32 ns
508 ns
3.07
1054
33.7
20.6

Tl
109 **
73.2 **
2.42 ns
0.96 ns
1.76
3.54

PWUE
1745 ns
7340 ns
1293 ns
3290 ns
2668
36.8

rate considerably. As expected, canopy temperature was
significantly higher under water deficit conditions (Fig.
1C). Average leaf temperature of the genotypes in wellwatered condition was 35.7 °C, but under water deficit stress
significantly increased to 39.2 °C (9.8% increase compared
to control; Fig. 1E). In general, genotypes and water deficit
stress had no significant effects on sub-stomatal CO2
concentration and PWUE (Table 2; Fig. 1D,F).
Agronomical and morpho-physiological characteristics
Significant (P < 0.01) effect of water regime and genotype
for area of leaves per plant were indicated (Table 3).
The average leaf area of the genotypes in well-watered
conditions was 14.8 cm2 plant–1, while under water deficit
this value significantly reduced to 8.93 cm2 plant–1 (39.7%
lower than in the control; Fig. 2A). Furthermore, in the wellwatered treatment, ‘Pishtaz’ and ‘Marvdasht’ (12.9 and 13.8

Fig. 1. Effect of water deficit on Pn, net photosynthesis rate (A); gs, stomatal conductance (B); Tr, transpiration rate (C); Ci, sub-stomatal
CO2 concentration (D); Tl, leaf temperature (E) and PWUE, photosynthetic water use efficiency (F) of different wheat genotypes. Means
followed by the same letters in each column are not significantly different at 5% level, according to Duncan’s Multiple Range test.
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Table 3. Analysis of variance (mean square) of the effect of water regimes and genotypes on grain yield, and some morphological and
phonological traits. ns, * and **; non significant, significant at 5% and 1% levels of probability, respectively
Source of variation

df
Leaf area

Replication
Water regimes (W)
Genotypes (G)
W×G
Error
CV (%)

2
1
3
3
14
-

3.49 ns
212 **
19.5 **
8.90 *
2.65
13.6

Days to
physiological
maturity
45.7 *
1.04 ns
31.0 ns
25.2 ns
9.45
3.15

cm2 plant–1, respectively) had the minimum and ‘Sivand’
(17.3 cm2 plant–1) had the maximum leaf area, as well as,
under water deficit stress, ‘DN-11’ and ‘Pishtaz’ by 6.33 and
7.48 cm2 plant–1, respectively had the lowest and ‘Sivand’ by
11.2 cm2 plant–1 had the highest leaf area (Fig. 2A).
Genotypes and water deficit stress at the beginning
of stem elongation to flowering stages had no significant
effects on days to physiological maturity (Table 3; Fig. 2B).
The present results indicate that water deficit stress
retards grain yield of the tested genotypes of wheat. In
the well water treatment, grain yield of ‘Marvdasht’ was
significantly lower than of other genotypes. In terms of
grain yield production, except ‘Marvdasht’, there were no
significant differences between other genotypes (Fig. 2C).
Water deficit stress significantly reduced grain yield of the
tested genotypes (54.4%) compared to the control. The

Mean squares
Grain yield

0.124 ns
170 **
1.32 ns
6.36 **
0.54
12.6

Water use
efficiency

Evapotranspiration
efficiency

0.007 ns
0.391 **
0.012 ns
0.043 *
0.005
17.4

0.073 ns
1.03 **
0.062 ns
0.082 **
0.021
16.1

greatest reduction in grain yield occurred in ‘DN-11’ and
‘Sivand’ genotypes and the lowest reduction in ‘Marvdasht’
and ‘Pishtaz’ genotypes (Fig. 2C).
Water deficit stress at vegetative stage showed negative
effects on WUE and evapotranspiration efficiency (ratio
of total dry weight to total water used) of wheat. Also on
average there was 31.8 and 32.4% reduction in WUE and
evapotranspiration efficiencies due to water deficit (Fig.
2D,E). Genotypic variation for WUE was significant under
both water regimes (Fig. 2D). In the well-watered treatment
WUE was highest in the ‘DN-11’ (0.609 kg m–3) and lowest
in the ‘Marvdasht’ (0.434 kg m–3; Fig. 2D). However, under
water deficit stress, the lowest and highest significant
reductions in WUE and evapotranspiration efficiency were
seen in ‘Marvdasht’ (13.0 and 22.0%) and ‘DN-11’ (68.0 and
60.0%), respectively (Fig. 2 D, E).

Fig. 2. Effect of water deficit on LA, leaf area (A); DPM, days to physiological maturity (B); GY, grain yield (C); WUE, water use efficiency
(D) and ETE, evapotranspiration efficiency (E) of different wheat genotypes. Means followed by the same letters in each column are not
significantly different at 5% level, according to Duncan’s Multiple Range test.
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Discussion
Drought, like other environmental stresses, affects many
physiological, biochemical and metabolic processes in
plants. Injury to drought includes reduction of growth,
decrease in pigment and chlorophyll content, increase in
H2O2, which causes lipid peroxidation, and consequently
membrane injury and reduction of net photosynthetic
rate (Mukherjee, Choudhuri 1983; Chaves et al. 2002).
Persistence in net photosynthetic rate of genotypes in water
deficit conditions may serve as good indicator of drought
tolerance.
Results from this study show that photosynthesis
and gas exchange variables declined when plants were
subjected to water stress (Fig. 1 A–F). These results of
the present study regarding gas exchange variables were
similar with the results from other studies, which showed
that limitation of irrigation at different crop growth stages
considerably affects the gas exchange variables of wheat
varieties (Chaves et al. 2002; Ahmadi, Siosemardeh 2005;
Saeidi, Abdoli 2015; Cui et al. 2015). Stomatal closure is
one of the earliest plant responses to water deficit, and
causes decline in photosynthetic activity under water
deficit conditions (Mafakheri et al. 2011; Azhand et al.
2015). Moreover, decreased net photosynthetic rate in
plants under drought stress may be the result of reduction
of Rubisco and PEP carboxylase activity under stress. The
terminal drought stress reduced net photosynthetic rate,
stomatal conductance, transpiration rate, chlorophyll a and
b concentration, and chlorophyll a/b ratio, and enhanced
leaf temperature and sub-stomatal CO2 concentration
(Saeidi, Abdoli 2015).
Water deficit stress caused increase of leaf temperature
(7.7 to 12.9%) of all genotypes (Fig. 1 E). In accordance
with our results, Vaisnad and Talebi (2015) reported that
water stress significantly increased canopy temperature
in chickpea. Increase of canopy temperature during
withholding of irrigation can be caused by reduced
transpiration from leaves. In well-watered plants, the
transpiration rate is higher and therefore, due to transpired
water, the surface of leaves will be cooled (GonzalezDugo et al. 2005; Saeidi, Abdoli 2015; Khaki-Moghadam,
Rokhzadi 2015). This agrees with the hypothesis that plants
with low canopy temperature have a high photosynthesis
rate and consequently more production (Hirayama et al.
2006). Under drought stress condition, sub-stomatal CO2
concentration in the leaf is decreased as a result of limited
stomatal conductance but this variable did not significantly
differ from thst under optimum water conditions (Fig. 1
D). However, it has been reported that water deficit stress
at grain filling period can considerably increase substomatal CO2 concentration (Azhand et al. 2015; Saeidi;
Abdoli 2015). Water deficit stress had no significant effect
on PWUE (Table 2; Fig. 1 F). However, enhanced PWUE
in wheat plants under post-anthesis water stress has been

reported (Saeidi, Abdoli 2015).
In general, water deficit stress at the vegetative stage
decreased leaf area (Fig. 2A). The major photosynthetic
organ with respect to grain yield in wheat is flag leaf, which
may be affected by water deficit during vegetative periods. It
has been reported that growing cells of stressed leaves may
not expand fully to the size under optimum conditiond,
when drought reduces the number of cells produced per
leaf, fewer are available for expansion in the post-treatment
phase (Granier et al. 2000; Cui et al. 2015). This can be
a reasonable explanation for the reduction of leaf area
induced by water deficit stress during vegetative stages.
In this study, water stress significantly decreased grain
yield (Fig. 2C). Water stress induced decrease in grain yield
has been previously reported for several plant species,
including synthetic hexaploid wheat (Pradhan et al. 2012),
bread wheat (Inoue et al. 2004; Abdoli, Saeidi 2012), and
chickpea (Vaisnad, Talebi 2015). In this case, mild water
deficit during the vegetative period was noted to be useful
and beneficial for grain yield in winter wheat (Kang et al.
2002; Cui et al. 2015) and spring wheat (Zhang et al. 2006),
but the underlying mechanism has not been completely
clarified. In our studies, water deficit during beginning of
stem elongation to flowering stages decreased grain yield
significantly. Attenuate yield in response to the water
deficit treatment was probably related to the reduction in
sink (reduced grain number and fertile florets) and source
strengths (smaller leaf area, and reduction of photosynthetic
activity) (Cui et al. 2015; Saeidi, Abdoli 2015).
Water deficit stress at the vegetative stage showed
negative effects on WUE and evapotranspiration efficiency
of different bread wheat cultivars (Fig. 2 D, E). WUE
decreased under severe water deficit in ‘Hab-Ahmar’ and
‘Sindy-2’ genotypes, but was not affected in the other wheat
genotypes (Boutraa et al. 2010). This decrease in WUE
as a result of water stress was confirmed by a number
of researchers using cultivars of winter bread wheat
(Shangguan et al. 2000) and durum wheat (Boutraa et al.
2010). Commonly, management efforts are made to reduce
water loss through pathways other than transpiration,
increase leaf area index of crops, to increase level of
absorbing sunlight, reduce evaporation from soil surface,
and therefore raise WUE.
In general, the results showed that water deficit caused
considerabe reduction of all photosynthetic parameters,
compared to the well-watered treatment. Grain yield
was diminished under water deficit treatment due to
the decreased photosynthetic capacity of leaves. Hence,
water deficit during vegetative periods is not beneficial
for yield stability. Also, the results indicated the presence
of a considerable amount of genotypic variation among
the wheat accessions under water deficit stress. The wheat
‘Marvdasht’ genotype showed relatively more tolerance
to drought at the vegetative growth stage with minimum
reduction in photosynthesis rate, gas exchange variables and
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agronomic traits, compared with the other genotypes. We
conclude that decreased photosynthetic capacity by water
deficit during the vegetative growth period substantially
lowers grain yield. Furthermore grain yield decreased due
to the lowe leaf area and photosynthesis parameters under
water deficit.
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