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Abstract: A 2-year study was conducted to determine the response of four sun-
flower cultivars (Master, Lakumka, Favorite and Berezanski) to different irriga-
tion regimes: 45 (control), 60, 75 and 90% (I1-14) of maximum allowable
depletion (MAD) of available soil water (ASW). Severe deficit irrigation (I3 and
14) significantly decreased water-use efficiency, radiation use efficiency, yield
and yield-related components. The results also showed that water deficit, com-
pared to full-irrigated treatment (I1), increased the activity of all antioxidant
enzymes in leaves. Master had the highest seed yield in full and limited irriga-
tion as well as the highest antioxidant enzymes content. Sunflower plants
extracted most of the soil moisture from O to 50 cm soil layer. Therefore, it is
recommended that only the 0-50 cm soil profile be considered for scheduling
irrigation. Measured and simulated results revealed a special irrigation regime
threshold for each cultivar with respect to seed yield. The response rate to
irrigation regime ceased in higher irrigation rates as Iigin (65, 63, 65 and 70%
MAD for Master, Lakumka, Favorite and Berezanski, respectively). Moreover, all
estimated I, for all cultivars were higher than the current recommendation of
50% MAD. This shows the ability to sustain the yield of these sunflower cultivars
in the study region under deficit irrigation. The seed yield of all four cultivars
tended to respond similarly to irrigation in both years, but Master was more
efficient than the remaining three cultivars with respect to the response to
diverse treatments.
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Introduction

The objective of well-regulated deficit irrigation is to save water by subjecting
crops to periods of moisture stress with minimal effects on yield while also
identifying a particular cultivar under local conditions of climate and soil fertility
which would allow irrigation scheduling to maximize crop yield and use scarce
water resources most efficiently (Panda et al., 2004). Iran has an arid and a
semiarid climate (91% of total area), thus drought stress is considered to be one
of its main production problems, especially in shallow soils. Sunflower
(Helianthus annuus L.) belongs to the Asteraceae family and is one of the most
important oil crops due to its high content of unsaturated fatty acids and lack of
cholesterol. Although sunflower is moderately tolerant to water stress, its produc-
tion is greatly affected by drought (Casadebaig et al., 2008). Crop simulation
models that predict plant growth, water use and yield are being used to under-
stand the response of crops to the dynamics of climate — plant — water systems, to
evaluate physiological traits for genetic yield improvement and to help make
decisions that optimize the use of available resources (Soltani et al., 2006;
Kamkar et al., 2011), particularly under conditions of salinity (Rauf et al., 2012).
There are no reports in the literature analyzing grain yield response in sunflower
for the purpose of irrigation crop modeling. In plants under water deficit condi-
tions, an oxidative brush system may be used while the antioxidant system,
including antioxidant enzymes such as glutathione peroxidase (GPX), superoxide
dismutase (SOD), peroxidase (POX), catalase (CAT), and others, plays a key role in
controlling levels of reactive oxygen species (ROS) (Aroca et al., 2003). The level of
damage caused by abiotic stress may be limited by enzymatic and non-enzymatic
scavengers of free radicals (Foyer and Noctor, 2000; Aroca et al., 2003;
Hasanuzzaman et al., 2012). The specific objectives of this study were as follows:
(1) To study the effect of different irrigation schedules on sunflower root zone
soil water status, growth, yield parameters, water-use efficiency and
response of antioxidant enzyme contents, including GPX, GR, CAT and SOD;
(2) Torecommend an effective irrigation water management strategy for sunflower,
grown in semi-arid regions, particularly under conditions of water scarcity.
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Materials and methods

Experimental site

The experiment was carried out at the Agricultural Research Station of Kabotar
Abad Isfahan, Isfahan Province, Iran (47°56’E and 32°31'N; 1,545 m elevation)
during 2011 and 2012 on a sandy loam soil having 0.15% total nitrogen content,
0.40 kg ha™ phosphorus (Hamm et al., 1970), 5.70 kg ha™! exchangeable
potassium (Rhoades, 1982), 1.5% organic matter (Tiessen and Moir, 1993), and
a bulk density of 1.45 and 1.50 g cm™ in the 0-0.50 and 0.50-1.00 m profile,
respectively. The soil pH was 7.2. The average field capacity and permanent
wilting point of the root zone soil in the crop field were 15.8 and 6.7%, respec-
tively. Water lodging was not observed in the area and the soil water table was
deeper than 90 cm. The experimental site has mild rainy winters and dry
summers. An overview of experiment conditions is given in Table 1.

Table 1: Temperature, precipitation, solar radiation and reference evapotranspiration (ET,) for
the growing season in 2 years (2011-2012)

Month T max (°C) T min (°C)  Rainfall (mm) Radiation ETo
M m2d? (mm per day)

First Second First Second First Second First Second First Second
year year year year year year year year year year

June 35.1 36.7 16.3 17.4  26.2 22 23.9 24.2 5.5 6

July 38.4 39.6 18.1 19.4 36.6 24 22.7 23 7 7.6
August 36.2 37.7 175 17.7  32.2 261 21 21.8 7.5 7.8
September 32.3 34.4 112 14.7 30.4 25.3 18.8 19 6.9 7.4

October 28.1 29.5 9.1 9.8 25.9 22 14.5 14.9 4.5 4.9

Field layout and experimental details

A factorial experiment replicated in triplicate was carried out in a randomized
complete block design during two consecutive years (2011 and 2012). Factors
included sunflower cultivars (Master, Lakumka, Berezanski and Favorite) and
four irrigation regimes, which consisted of irrigation scheduling based on max-
imum allowable depletion (MAD) of the total available soil water (ASW). Each
irrigation regime was based on a predefined level of MAD, which was a fixed
percentage of the total ASW. Irrigation water was applied whenever the
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threshold value of MAD for the particular irrigation treatment was attained. The
irrigation treatments were assigned as I1-14 for 45 (control), 60, 75 and 90%
MAD of ASW. Three sunflower cultivars have a low oleic content (Master,
Lakumka and Favorite) while one has a high oleic content (Berezanski), all
four cultivars being the most common over the past 15 years in central Iran
(Ataei, 2004).

The area of each plot was 3.6 x 5 m (18 m?) consisting of 6 rows, 5 m long
and 0.60 m apart. The plots were surrounded by dykes, and a 2-m wide strip was
left bare between adjacent plots to prevent water percolation. Plots were hand-
sown on the 20th and 22nd June in 2011 and 2012, respectively and thinned to a
target density of 9 plants m (0.20 m x 0.60 m). Weeds were manually con-
trolled during the experiment. In both experiments, triple super phosphate
fertilizer was cast broadly before sowing at a rate of 100 kg ha™’. Urea (150 kg
ha™) was applied at planting (one-third of the application) and side-dressed at
the vegetative stage (two-thirds of the application). For all four cultivars, the
amount of irrigation applied was identical for all irrigation regimes from the day
after sowing (DAS) until the complete establishment of sunflower plants (after 8
leaves had formed; Chimenti and Hall, 1993). After this stage, the plots were
irrigated according to the aforementioned irrigation regimes.

For estimating soil water storage, the effective root zone of a sunflower crop
was considered as 0-1.00 m (Ataei, 2004). Soil moisture was measured grav-
imetrically. The amount of water applied after attaining the predefined MAD was
calculated according to eq. [1] (Panda et al., 2004):

_ MAD(%)(FC — WP)R,A
o 100

Vv, 1]
where Vg, R,, A, FC and WP are the volume of irrigation water, the effective
rooting depth, bulk density, surface area of the plot, root zone water storage
in the limits of field capacity and wilting point, respectively. R, was considered
as 0.50 m during 45-50 DAS, and as 1.00 m from 50 DAS to maturity
(Ataei, 2004).

Total water use (TWU) was managed by using the Excel-based soil
water balance tool, which was expressed in terms of water depletion in the
effective root zone D, ; (mm) at the end of each day based on eq. [2] (Todorovic,
2006):

D;; = Dy; ; — Pi — IR; — CR; + ET¢; + RO; + DP; 2]

where D,;; represents root zone depletion at the end of the previous day
i-1 (mm), P; is the effective precipitation on day i (mm), IR; is the net irrigation
supply on day i (mm), CR; is the capillary rise on day i (assumed to be zero), ET ;
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is crop evapotranspiration (mm), RO; is the runoff on day i (mm) and DP; is the
deep percolation on the same day (mm).

The effective rainfall was estimated using a simple rainfall coefficient
approach with a value of 0.8 during the whole season. The application efficiency
used for estimating net irrigation supply was assumed to be variable (for the
applied furrow irrigation method, between 80 and 90%) depending on the
time of irrigation, crop cover, etc. Crop evapotranspiration was calculated
from reference evapotranspiration (ET,) through the single crop coefficient
approach:

ET. = K ET, 3]

where effects of both crop transpiration and soil evaporation are integrated in a
single crop coefficient K.. K. values were assumed on the basis of the FAO56
data (Allen et al., 1998) checked for the Isfahan province as 0.35 during the
initial growing stage and at the time of harvesting and as 1.15 during the mid-
season (the period from flowering to maturity). Daily ET, was also calculated by
the FAO Penman—Monteith equation (Allen et al., 1998).

The management of allowable depletion was assumed to be 0.45 of
total available water (p = 0.45) during the whole growing cycle as suggested
in FAO56 (Allen et al., 1998). However, when the root zone soil water
content drops below the predefined threshold, the crop evapotranspiration
was adjusted as:

ET;aq; = Ks K. ETo [4]

where ET ,q; is the crop evapotranspiration adjusted for water stress, K; is a
dimensionless reduction coefficient (varies from zero to unit) dependent on ASW
content and given by:

K, = [TAW x D,]/[TAW x RAW] [5]

where TAW is total available water, RAW is readily available water (45% of
total), D, is the root zone soil water depletion and p is the fraction of total
available water (0.45).

In the soil water balance calculation, runoff and capillary rise were assumed
to be zero while deep percolation was calculated as the surplus of water in the
root zone caused by excessive precipitation and/or irrigation. Accordingly, the
amount of net irrigation in different irrigation schedules for 45, 60, 75 and 90%
MAD for the first year (2011) was 418, 350, 298 and 200 mm; and for the second
year (2007) was 438, 381, 310 and 220 mm. More water was applied in the second
year than in the first because rainfall was higher in the former (140 mm) than in
the latter (110 mm).
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Data collection

Crop measurements (leaf area index, dry biomass) and intercepted solar radia-
tion were performed every 2 weeks. The plants were randomly sampled by
collecting five representative plants from each plot. Dry biomass was measured
after drying in an oven (75°C), until biomass reached constant weight. The
intercepted solar radiation was measured by a light bar (LI-190SA) six times
during the growing season at midday (solar time) on days when the sky was
clear.

Yield components were recorded on five randomly selected plants from
each plot. To measure harvest index (HI) as the ratio of seed weight
per mature weight of the above-ground plant parts, five plants plot™! were
oven-dried (at 65°C until constant weight during three consecutive days)
and weighed. Seed yield was measured by harvesting 8 m? in the center of
each plot. Water use efficiency (WUE) was calculated as seed yield/TWU (FAO,
2000).

The proline content, superoxide dismutase (SOD), glutathione peroxidase
(GPX), glutathione reductase (GR) and catalase (CAT) were measured according
to Torrelo and Rice (1986), Beyer and Fridovich (1987), Aebi (1984), Rao (1992)
and Rotruck et al. (1973), respectively.

Experimental data were statistically analyzed for variance using the SAS
system (SAS Institute, 1999). When analysis of variance showed significant
treatment effects, the LSD test was applied to compare the means at p < 0.05.
Also, significant responses of the various cultivars to irrigation regimes were
investigated by regressing seed yield against MAD (I1-14) using a segmented
quadratic-plateau model as follows (eq. [6]); (Soltani et al., 2006; KamKar et al.,
2011).

(6]

ao + bI + cI? > Ijin(quadratic part)
plateau I < [join(plateau part)

where W is seed yield (kg ha™), I is MAD, Iioin is the joined point or the rate of
MAD at which the plateau finished, and a, b, ¢, and plateau are model coeffi-
cients. The regression plateau was used to estimate the maximum yield while
the join point of the regression estimated the rate of MAD at which maximum
seed yield was achieved. These nonlinear regression coefficients were estimated
using the iterative optimization method by the Solver Add-ins tool of Microsoft
Excel (2003) to obtain the least squared difference between measured and
simulated values by a model.
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Results

Soil water content variation and crop evapotranspiration

The results of soil water balance were obtained on a daily basis and are given by
means of the root zone soil water depletion as illustrated in Figure 1 for I1-14.
The intensity of water shortage for different treatments was monitored by means
of the K coefficient, used to reduce ET. and calculated by eq. [5]. Temporal
variation of soil moisture observed in experimental plots at 45% MAD is pre-
sented in Figure 1. The amplitude of cyclic variation of soil water was high only
in the 0-50 cm soil layer and low in other layer (50-100 cm), indicating that
most of the water required by the plant was extracted from the top layer under
this schedule (Figure 1). The results also revealed that during the latter stages of
growth, when roots were full developed, the plant also extracted some water
from the lower layer i.e. 50-100 cm (Figure 1).

Under the irrigation schedule with 60% MAD (I2), soil water was extracted
from all the layers of the root zone; but most of the extraction was from 0 to 50
cm soil layer (Figure 1). Schedule 12, being a dryer regime than I1, the magnitude
of cyclic variation was higher in the 0-50 cm soil layer than in a similar layer
in I1. The frequency of irrigation was lower and the volume of water applied was
higher under this irrigation schedule than in I1. According to the soil water
content, the water deficit started on DAS = 70, reaching maximum depletion on
DAS = 100, when K; (ET. reduction coefficient) was estimated to be 0.6. A high
amplitude of cyclic variation was noted under the irrigation schedule with 75%
MAD (I3) in the 0-50 cm soil layer of the root zone and low variation was noted
in the 50-100 cm soil layer (Figure 1). The frequency of irrigation was lower and
the volume of water applied each time was comparatively higher than in I2. In
this irrigation schedule, the plant roots penetrated deeper to explore water
resources. Considerable soil moisture fluctuation was observed under the 75%
MAD (I3) schedule. A high amplitude of cyclic variation was noted in the 0-50
cm soil layer of the root zone and little variation was seen in the 50-100 cm soil
layer (Figure 1). Water shortage started on DAS = 53 in which K reached 0.76.
The fluctuation of soil water was quite high under the 90% MAD (I4) schedule
(Figure 1). The 0-50 cm soil layer exhibited higher cyclic variation than the
50-100 cm soil layer. The water was lost through the uppermost soil layer at a
faster rate because of the evaporation from the soil surface and transpiration
from adult plants. The time span of cyclic variation was higher during 14 than
during other treatments. The first indication of water shortage was at 40 DAS,
but more intense deficit started on 50 DAS with a K value of 0.85.
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Figure 2: ET, and cumulative crop evapotranspiration for different irrigation regimes (data
averaged over 2 years, 2011-2012)

Crop evapotranspiration (Figure 2) was highest for I1 (460 mm) but it was
slightly lower for 12, with a mild water shortage after 70 DAS (400 mm). I3
and I4, with a severe deficit irrigation, had significantly lower crop evapotran-
spiration, 310 and 213 mm, respectively. After flowering, when crop ET demand
was higher and water shortage was more serious, the difference in ET. had
become more evident.

Crop growth

The evolution of dry matter (DM) is shown in Figure 3. Greater DM accumulation
was observed in the first year due to favorable weather conditions (Table 1).
Genotypic differences in above-ground DM occurred among cultivars. Above-
ground DM of Lakumka was greater throughout the growing period, followed by
Master, Favorite and Berezanski under all irrigation levels (Figure 3). It can be
inferred from Figure 3 that DM accumulation in sunflower was positively influ-
enced by the irrigation regimen and followed a sigmoidal pattern. A decrease in
total DM by as much as 50% was noticed when irrigation interval increased from
45 to 90% MAD (I1-14), caused directly by earlier senescence of leaves whose
senescence decreased biomass. In addition, not only was early crop growth
faster in 11 and 12, but so too did the period of rapid growth last longer in I1
and I2 than in I3 and I4 over both years (Figure 3).
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Figure 3: Dry matter accumulation of sunflower as influenced by irrigation regimes and cultivars
(data averaged over 2 years, 2011-2012)

Intercepted photosynthesis active radiation and radiation
use efficiency

Irrespective of the irrigation regime, the fraction of intercepted radiation (FINT)
increased from 15 DAS to 60 DAS and then tended to decline (Figure 4).
Maximum FINT values for all irrigation regimes were observed 1 week before
anthesis, which is correlated with the highest number of leaves on plants.
Maximum FINT values for I1 and I2 were 86% while for I3 and I4 it was lower,
64 and 55%, respectively. After anthesis (about 60 DAS), FINT decreased sub-
stantially for all irrigation regimes reaching about 22% for 11 and 12 and 7% for
I3 and 14 at harvest. As expected, the greatest values of cumulative IPAR were
obtained for I1 and I2 (642.41 and 632.99 M] m™2 respectively) while related
values were 556.4 and 499.8 MJ m ™ for I3 and 14, respectively. Plants irrigated at
I1 and I2 produced greater leaf area than plants irrigated at lower levels of
irrigation (data not shown) and therefore had greater IPAR.

There was high variation in RUE among treatments with a breakdown of
linearity observed at anthesis. In Table 2, the RUE values of pre- and post-
anthesis periods, served to distinguish periods determined by regression analy-
sis, are compared. The correlation coefficients for the pre-anthesis period were
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Figure 4: Variations of radiation and fraction of intercepted radiation (FINT) for different irrigation

regimes during the sunflower growing season (data averaged over 2 years, 2011-2012)

Table 2: The best fitting slope of linear relationship between the biomass and IPAR and the

biomass and ET, for different irrigation regimes. Data averaged for 2 years (2011-2012)

RUE
Irrigation regime Slope (g M J™) R?
Pre-anthesis I1and I2 3.4 0.85
13 and 14 2.5 0.81
Post-anthesis 11 1.0 0.89
12 0.7 0.65
13 0.3 0.71
14 -0.6 0.68

WUE

Irrigation regime Slope (kg m™3) rR?
Initial period I1 and I2 1.37 0.99
I3 and 14 1.15 0.99
Intensive growth up to anthesis I1 and I2 6.88 0.99
13 and 14 5.79 0.99
Post-anthesis 11 1.04 0.66
12 0.81 0.54
13 0.39 0.59
14 -0.4 0.67
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high and the slopes were similar for all treatments. RUE up to anthesis was 13%
lower for I3 and I4 relative to I1. In the post-anthesis period, there was a
substantial decrease in biomass in I4 resulting in a negative slope for that
treatment. These results show that RUE decreased linearly as the severity of
water deficit increased.

Biomass and yield water use efficiency

Variation in the relationship between biomass and cumulative ET. during the
growing season is presented for different irrigation treatments in Table 2. An
evident breakdown of data was observed distinguishing between initial growth
stage, intensive crop growth up to anthesis and post-anthesis periods.
Consequently, biomass WUE was separately analyzed for each of three above-
mentioned stages. The results of biomass WUE values for the three different crop
growth periods are presented in Table 2.

The correlation coefficient of regression lines was very high for the first and
second stage (from 0.9 to 0.99), while for the third period (post-anthesis) it was
much lower. During the initial growth stage, the slopes of regression lines were
very similar among irrigation regimes (between 1.15 and 1.37 kg m ™), while in the
phase of intensive crop growth, the slope increased (Table 2). The slopes of the
post-anthesis period were less consistent. Seasonal biomass WUE for full irrigation
treatment (I1) was slightly greater than the values commonly found in the litera-
ture. This can be explained by regular irrigations in the vegetative growth stage,
which both had an impact on the T/ET ratio and improved WUE. Biomass WUE
decreases regularly as the intensity of water shortage increases, similar to RUE.

WUE was established, also referred to yield (YWUE). In this case, the great-
est YWUE was observed in 12 (0.71 kg m>), followed by I1 (0.704 kg m™),
I3 (0.53 kg m™>), and 14 (0.46 kg m™>). The slight increase in WUE in I2 than in
I1 was associated with a higher amount of irrigation water and could be due to a
greater loss of water by evapotranspiration than the corresponding increase in
seed yield. On average, Master exhibited higher WUE (0.64 kg m ™), followed by
Favorite (0.61 kg m™), Berezanski (0.551 kg m—) and Lakumka (0.551 kg m™>).
The difference in WUE can be explained by the fact that cultivars with high WUE
also have a high HI.

Yield components

The number of grains head™ is one of the most important yield components in
sunflower. Irrigation regime and cultivar significantly affected the number of
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Table 3: Analysis of variance for yield, yield components and some antioxidants of sunflower
under different irrigation regimes and cultivars in combined over 2 years

sov* df NG 1,000 SW BY HI SY CAT GPX GR SOD Proline
Year (Y) 1 ns * * ns * ns ns ns ns ns
Cultivar (C) 3 * * * * *% *% *% *%k

|rrigation (l) 3 *% *% * * *% *% *% *% *% *
Y x C 3 ns ns ns ns * ns ns ns ns ns
Y x| 3 ns ns ns ns ns ns ns ns ns ns
C x| 9 ns * ns ns ns *x *x *k *x ns
Y x C x| 9 ns ns ns ns ns ns ns ns ns ns
C.V (%) 4.5 3.2 49 83 42 71 6.6 7.8 7.4 9.2

Notes: & SOV: Source of variation; df.: degrees of freedom; NG: number of grains head™; 1,000
SW: 1,000-seed weight; BY: biological yield; HI: harvest index; SY: seed yield; CAT: Catalase;
GR: Glutathione reductase; GPX: Glutathione peroxidase; SOD: Superoxide dismutase. ns, * and
**: non significant, significant at (p < 0.05) and (p < 0.01), respectively.

grains head™ and 1,000-seed weight (Table 3). In this study, number of grains
head™ decreased by increasing water deficit, with the minimum value (average
of 803 grains) observed for I4 (Table 5). The maximum and minimum 1,000-seed
weight was obtained at 12 and 14, respectively (Table 4). A significant reduction
in the number of filled seeds head ™ resulted from a reduced head diameter and
an increase in the unfilled seed percentage with an increase in water shortage
(data not shown). Number of grains head™ was positively correlated with seed
yield (r = 0.63, p < 0.01) under all irrigation regimes. Averaged across irriga-
tion regimes, a significant difference in the number of grains head™ was
observed among cultivars (Table 3), as Master and Berezanski achieving the
most and fewest grains head™, respectively (Table 4). 1,000-seed weight was
also significantly different between study years (Table 3) and responded differ-
ently to growing season and conditions (Table 4). In 2011, rainfall was higher
than in 2007, resulting in higher 1,000-seed weight. Among the four cultivars
studied, Lakumka had significantly greater 1,000-seed weight (Table 4).

The effect of irrigation regime and cultivar on HI was also significant
(Table 3). The highest HI was observed in 12 (Table 4), but the HI of I1 was not
significantly lower than 12, although the values for I3 and 14 were significantly
lower (Table 4). As water shortage increases in severity, though, there could be
direct effects on HI in many determinate crops. In this study, severe water
shortage treatments (I3 and I4) decreased grain yield more than biological
yield resulting in a decrease in HI. Only small differences in HI were observed
among cultivars (Table 4). Master had greatest HI. However, increasing the
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Table 4: Mean comparison of yield, yield components and proline of sunflower under irrigation
regimes and cultivars (2-years average)

SY® 1,000-SW BY  HI (%) NG Proline

(kg ha™) (8 (kgha™) (pmol g7)

Year (Y) 2011 4,448 a 63.63a 13,914a 32.18a 1,097 a 38.13 a
2012 3,872 b 60.23 b 12,195b 32.06a 1,024 a 38.40 a

Cultivar (C)  Master 4,547 a 57.23 b 13,780b 32.74a 1,224 a 38.47 a
Lakumka 4,410 a 70.68a 14,715a 3090b 1,195a 35.9 a

Favorite 4,096 b 59.00 b 12,813 ¢ 32.70 a 1,111 a 35.46 a

Berezanski 3,331 ¢ 51.67 ¢ 10,189d 32.02a 950 b 30.78 b

Irrigation (I) 11 5,300 a 67.28a 15,657 a 34.06a 1,213a 27.07 d
12 5,205 a 68.00a 15,190a 34.78a 1,170b 45.87 a

13 3,600 b 61.64b 12,009b 30.20b 997 ¢ 38.24 b

14 2,900 ¢ 54.34 ¢ 10,029 ¢ 29.01c 803 d 31.65 ¢

Notes: @SY: seed yield; NG: number of grains head™; 1,000 SW: 1,000-seed weight; BY:
biological yield; HI: harvest index. *Mean values in the same column with the same letter are
not significantly different (p < 0.05) according to the LSD test.

supply of water increased the biological yield more prominently than seed yield
in Lakumka, as reflected by a lower HI, relative to the high-yielding Master
(Table 4).

Antioxidant enzymes and proline

Results from analysis of variance showed that antioxidant enzymes followed
similar trends (Tables 3, 5). The content of antioxidant enzymes was affected by
water deficit and cultivar as well as the C x I interaction (Table 3). They were
increased by increasing water shortage with the highest level being produced
under 12 (Table 5). The different content among cultivars was not significant under
the well-irrigated condition (I1) (Table 5). Under moderate irrigation deficit, the
content of enzymes in cultivars showed a declining order: Master > Lakumka >
Favorite > Berezanski. In severe water shortage (I3 and I4), the highest and lowest
enzyme content was in Master and Berezanski, respectively. There was a positive
and significant relationship between seed yield and GPX, GR and CAT activity
under the fully irrigated condition (r=0.78, 0.62 and 0.92; p < 0.01, respectively)
and under water deficit (r=0.91, 0.73 and 0.69; p < 0.01, respectively).

The proline content was affected by water deficit and cultivar (Table 3). As
seen in Table 4, there was a significant increase in proline content in stressed
leaves. Rewatering decreased the synthesis of proline in all irrigation regimes
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Table 5: Mean comparison of catalase, glutathione reductase, glutathione peroxidase
and superoxide dismutase contents in sunflower different cultivars under irrigation regimes
(2-years average)

Irrigation Cultivar GPX (U mg™ SOD (U mg™ GR (U mg™ CAT (U mg™
protein) protein) protein) protein)

11 Master 41,16 a 79.90 a 219 a 19.24 a
Lakumka 41.18 a 78.40 a 1.88 a 19.00 a

Favorite 41.08 a 77.90 a 193 a 18.86 a
Berezanski 40.90 a 71.70 b 1.80 a 18.07 a

12 Master 80.92 a 145.38 a 3.25a 26.89 a
Lakumka 67.09 b 143.35 a 3.11a 24.60 b

Favorite 65.11 b 133.01 b 3.01a 23.26 b
Berezanski 56.16 ¢ 11113 ¢ 2.51b 21.04 ¢

13 Master 56.14 a 99.50 a 2.84 a 22.63 a
Lakumka 50.99 b 95.90 a 2.61a 21.53 a

Favorite 49.43 b 94.88 a 2.46 a 21.30 a
Berezanski 43.24 ¢ 87.32 b 2.04 b 20.00 b

14 Master 53.01a 88.90 a 2,50 a 22.00 a
Lakumka 46.21 b 85.60 a 231a 20.34 b

Favorite 46.03 b 82.01a 230 a 19.87 bc
Berezanski 42.85 ¢ 75.80 b 1.84 b 19.45 ¢

Notes: CAT: catalase; GR: glutathione reductase; GPX: glutathione peroxidase; SOD: superoxide
dismutase. *Mean values in the same column with the same letter are not significantly different
(p < 0.05) according to the LSD test.

(data not shown). The proline content among cultivars varied as follows:
Master > Lakumka > Favorite > Berezanski (Table 4). There was a positive and
significant relationship between seed yield and proline under water deficit
(r=0.73, p<0.01), revealing that Master was more drought tolerant than other
cultivars because of its high proline content.

Seed yield

As seen in Table 3, there were significant differences between growing season
and yield in the first year which was higher than in the second year (Table 4).
The higher sunflower yield in 2011 was due to favorable conditions for the
growth of sunflower in that year. The analysis of variance on seed yield data
showed that the effect of cultivar and irrigation level on this character was
significant (p< 0.01) (Table 3). Partitioning of the treatment sum of squares



52 — A.R. Safahani Langeroodi et al. DE GRUYTER

revealed that irrigation regime was the major cause of variation in seed yield in
these experiments (data not shown), but the interaction effect of these two
factors on seed yield was not significant (Table 4). The highest seed yield was
possible when irrigation level was high (i.e., I1) (Table 4), which could be
attributed to an increase in both grain number and 1,000-grain weight in I1 in
both years (Table 4). Seed yield differed significantly among the four cultivars:
Master and Lakumka had the highest seed yield (Table 4). The difference in seed
yield between the lowest- and highest-yielding cultivars was about 900 kg ha™.

Deficit irrigation had a pronounced effect on crop yield and yield attributes
such as head diameter and 1,000-seed weight, both of which decreased progres-
sively as water deficit increased, and ultimately reduced the seed yield of all
four cultivars. However, the drought-sensitive cultivar (i.e. Berezanski) was
seriously affected by water shortage and thus seed yield was more reduced
under all water shortage conditions compared to the drought-tolerant cultivar
(i.e. Master).

Seed yield responded to irrigation regime in a curvilinear manner, but the
responses were consistent among the four cultivars (Figure 5). The segmented
quadratic-plateau model revealed that the reduction in seed yield from 11 to 12
was marginal (i.e. a plateau) due to the marginal effect of moisture stress level
between I1 and 12, which was equal to 45-60% MAD (Figure 5). However, the
decline in seed yield was more prominent beyond the level of 12, i.e., I3 and I4.
This could be due to the fact that a level of soil moisture depletion > 60% MAD

6,000

Magter eeeceee Lakumka
5,500+ ====Favorite = = Berezanski

5,000

4,500+

(kg ha!)

4,000+

Seed yield

3,500-

3,000-

2,500 T T T
30 50 ) 70 90
Maximuim available depletion (%)

Figure 5: Nonlinear regression output for seed yield produced under different irrigation regimes,
averaged data for two experiments, and the vertical solid line indicates the recommended rate of
MAD which do irrigation for sunflower production under semiarid conditions in Iran



DE GRUYTER Response of Sunflower Cultivars to Deficit Irrigation = 53

was sufficient to limit the uptake of water by roots, thereby affecting grain
formation. A similar trend was observed during the 2 years. Generally, the
response rate to irrigation regime was ceased in higher irrigation rates as lioin
(65, 63, 65 and 70% MAD for Master, Lakumka, Favorite and Berezanski,
respectively; Table 6). Also, all estimated o, for all cultivars were higher than
the current recommendation of 50% MAD (Figure 5). This shows that sunflower
cultivars could sustain yield in the study region under deficit irrigation (with
nearly a 20% decrease in water consumption between recommended irrigation
rate and estimated values).

Table 6: Summary of the nonlinear regression coefficients (a: intercept; b: linear slopet;
c: quadratic slopet; Jjoin point, rate of MAD at which the plateau finished; plateau,
upper asymptote) for seed yield produced by Master, Lakumka, Favorite and Berezanski,
The data were collected from 2 years

Cultivar a b c lioin R?
Master 5,250 + 175 18.632 +2.45 -0.2442+0.06 65+ 6 0.98
Lakumka 5,221+ 110 5.0094 +0.912 -0.14314+0.011 63+ 4 0.99
Favorite 4,920 + 210 3.5285 +0.919 -0.1914 +0.065 65+ 8 0.97
Berezanski 3,578 £ 89 1.0833 +£0.194 -0.0717 +0.012 70+ 4 0.99

The intercept (a value), linear slope (b value), and quadratic slope (c value)
coefficients were used to assess the responses of seed yield to irrigation regime
for each cultivar (Table 6). The intercept of the regression indicated that maximum
yield occurred in most cases when I1 was applied. The inflection point of the
regression was used to estimate the water application rate at which maximum
seed yield was achieved while the regression plateau was used to estimated
maximum yield. There were differences in the linear and quadratic slope coeffi-
cients among the four cultivars. Master was the most responsive cultivar to
increase water application (highest b value) in terms of seed yield and maximum
seed yield was achieved most rapidly (reflected by the more negative quadratic
slope coefficient) compared to the other cultivars (Table 6).

Discussion

Our results showed that the activities of antioxidant enzymes increased under
mid-irrigation deficit (I2) in comparison to full irrigation while the activities of
antioxidant enzymes decreased when sunflower plants suffered extreme water
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deficit (I3-14). Previous research showed that enzymatic antioxidant systems,
including CAT, GPX, GR and SOD, play an important role in scavenging harmful
oxygen species (Singh et al., 2010) and that the activities of these antioxidant
enzymes are altered when plants are subjected to stress. Under full irrigation,
the content of antioxidant enzymes was often not significantly different among
the four cultivars. However, the highest antioxidant enzyme content was
observed in Master under water deficit conditions. The correlation results
showed that there was a high, positive and significant correlation among
yield, CAT and GPX in irrigation deficit. Thus, GPX and CAT content could be
considered as a drought tolerance index to select tolerant cultivars under water
deficit. Singh et al. (2010) found a significant positive correlation between
peroxidase with SOD and CAT. They reported that these antioxidant enzymes
could serve as a reliable biochemical marker to identify genotypes with a higher
activity of antioxidants such as SOD and CAT. Water deficit stimulated proline
accumulation and the extent of proline accumulation was dependent upon the
degree of stress applied. It is well established that proline has a protective role
in plant growth and productivity by reducing the production of free radicals
and/or by scavenging free radicals (Jain et al., 2001). The fact that drought-
sensitive cultivar Berezanski tended to accumulate less proline, in contrast to
drought-tolerant cultivar Master, under various water deficit conditions, is cor-
roborated by the results of Cechin et al. (2006).

Sridhara and Prasad (2001) showed an increase in total dry matter produc-
tion in sunflower under optimum irrigation because of the extension of leaf area
and its higher durability, providing enough physiological resources to take
advantage of received light and therefore produce more DM. The greatest values
of accumulated IPAR in I1 and 12, which resulted from higher FINT, could be the
main factor affecting dry matter production.

RUE is also a determinant because the fraction of absorbed radiation multi-
plied by total intercepted radiation multiplied by RUE is equal to dry matter
production. Both RUE and WUE slopes were linear and constant until anthesis,
which had already been established for several other species (e.g. Sinclair and
Muchow, 1999). The change in slope could be explained on the basis of change
in the composition of reproductive biomass during seed filling, when oil is the
main compound being synthesized (Todorovi¢ et al., 2007). Other factors may
also explain the decrease in RUE and WUE after anthesis, such as a decrease in
leaf nitrogen content, saturation of canopy photosynthesis associated with
reduced leaf area, light interception by sunflower heads or increased mainte-
nance respiratory losses due to greater temperatures (Soriano et al., 2004). This
change in slope during the crop cycle of sunflower deserves special considera-
tion when modeling crop growth and yield production, especially in those crops



DE GRUYTER Response of Sunflower Cultivars to Deficit Irrigation —— 55

having a high energy cost for lipids synthesis during seed filling and for those
hybrids having a high early vigor.

Mild deficit irrigation increased the fraction of assimilate allocation to the
head, compensating thus the lower number of seeds per head through increased
seed weight (Table 4). This consolidates the results of Kram et al. (2007), who
reported that the increase in seed weight in stressed sunflower plants was
associated with an increase in the fraction of assimilates allocated to the head
to the detriment of the translocation to most vegetative organs. The relatively
greater fraction of assimilates allocated to the seeds in 12 compared to I1 was
associated to a non-significant reduction in seed yield.

The partitioning of dry matter to the head is critical in the process of yield
determination in water-stressed sunflower, and the effect of water deficits on the
HI of sunflower is complex due to interactions between the timing and intensity
of the stress relative to the developmental processes that determine the compo-
nents of yield (Soriano et al., 2004). Under terminal drought, the HI of grain
crops subjected to moderate water deficits is conservative and it is often
assumed that HI is a constant fraction of the above-ground biomass under a
range of water deficits. Experiments with sunflower in which water deficits were
imposed at different growth stages, generated a twofold difference in HI
(Soriano et al., 2002), challenging the view that HI may be considered constant
over a range of water deficits. Drought during the reproductive stage reduces HI
(Soriano et al., 2002). Our results also revealed this trend.

The variability in seed yield in cultivars under water deficit could be attrib-
uted to a differential rate of the minimization of water loss that can be achieved
either by lowering leaf area, transpiration per unit leaf area (stomatal conduc-
tance) or by reducing the energy load of the plant (extinction coefficient)
(Soriano et al., 2004), increasing the activity of all antioxidant enzymes and
proline.

Deficit irrigation can be used as a tactical measure to reduce irrigation water
use when supplies are limited by drought or other factors; it is not known
whether it could be used over long time periods. It is imperative to investigate
the sustainability of deficit irrigation via long-term experiments and modeling
efforts to determine to what extent it can contribute to the permanent reduction
of irrigation water use. Overall, seed yield responded to irrigation regimes in a
curvilinear manner for all the sunflower cultivars studied. Seed yield increased
sharply with increasing water applied rates up to 60% MAD (i.e. I4 to 12), the
rate of increase in seed yield plateau as irrigation levels approaching 60% MAD,
in which the amount of water was lower than the current recommendation of
45% MAD (Sezena et al., 2011). The magnitude of the responses to water applied
rates varied among the cultivars. Increasing the supply of water increased the
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biological yield more prominently than for seed yield in Lakumka, as reflected
by the lower HI (30.9), compared with high-yielding Master (32.74).

However, the WUE of some crops improved significantly due to a reduction
in irrigation (Fereres et al., 2007). Zhang et al. (2004) reported WUE values that
were higher under deficit conditions than under adequate irrigation, especially
when irrigation was applied to critical stages of plant development. A significant
reduction in WUE by increasing the irrigation interval more than 60% MAD in
this work could be due to a decrease in seed yield by increasing the drought
period.

Conclusions

Among studied cultivars, Master had the highest values with respect to above-
ground biomass, grain number and grain yield. On the other hand, this cultivar
had the highest GPX, GR, CAT and proline content, showing that they could be
considered as proper indices to select a cultivar proper for drought-prone
environments. Reduced LAI and consequently the fraction of absorbed radiation
reduced RUE and HI were all factors affecting the yield in all four cultivars as
water shortage severity progressed. Based on our results, deficit irrigation with
an approximate threshold of 60% MAD, while considering the 0-50 cm as the
target water extraction area, could be considered as a strategic tactic to save
water, while maximum WUE is achieved.
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