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Comprehensive abstract

Introduction

The lack of irrigation water resources in the country in recent years has reduced the yield of crops
and threatened food security; Therefore, it is necessary to think of ways to produce crops while saving
water. One of the ways to increase production with limited irrigation water resources is the cultivation
of drought-tolerant crops with high water use efficiency. Sorghum is known as one of the most
important crops in arid and semi-arid regions of the world with its unique characteristics (including
tolerance to environmental stresses, especially drought and heat, deep and extensive root system, Cs
photosynthetic pathway, etc.). The use of appropriate irrigation methods is also known as another way
to increase the production of crops with limited water resources. In this regard, the irrigation methods
of alternate furrow irrigation and drip irrigation have been used as new irrigation management
solutions in the country with favorable results. This study aimed to evaluate the effect of different
irrigation regimes and methods on yield, morphological characteristics, water productivity, and
drought tolerance of open-pollinated and hybrid forage sorghum cultivars.

Materials and methods

This experiment was conducted as a factorial split-plot based on a randomized complete block
design with three replications at the Seed and Plant Improvement Institute, Karaj, Iran, during the
2019 and 2020 cropping seasons. The factorial combination of four irrigation methods (CFI,
conventional furrow irrigation; FFI, fixed alternate furrow irrigation; AFI, variable alternate furrow
irrigation; and drip irrigation) and three levels of drought stress (full irrigation, moderate stress, and
severe stress; including the supply 100, 75, and 50% of soil moisture deficit, respectively) as the main
factor and two sorghum cultivars (Speedfeed and Pegah) as sub-factor were investigated. In this study,
traits including silage yield, dry matter yield and percentage, irrigation water use efficiency, benefit
per drop, net benefit per drop, leaf-to-stem ratio, plant height, and drought stress tolerance indices
were evaluated. Due to the homogeneity of the variances of experimental errors over two years, the
data were subjected to combined analysis of variance using SAS 9.1 statistical software, and Tukey's
test (P<0.05) was used to compare the means. In addition, IPASTIC online software was used to
calculate stress tolerance indices and principal component analysis (PCA) based on these indices.
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Research findings

The results showed that drought stress in all investigated irrigation methods decreased the silage
yield, dry matter yield, and plant height and increased water use efficiency for silage and dry matter
production, dry matter percentage, and leaf-to-stem ratio. The highest silage and dry matter yields
(79.11 and 17.19 ton ha™, respectively), and the maximum net benefit per drop (18854 Rials m™) were
obtained by cv. Pegah under full irrigation and drip method, whereas the maximum water use
efficiency for silage and dry matter production (34.53 and 7.88 kg m™, respectively) and the highest
benefit per drop (60542 Rials m™) were recorded in hybrid Speedfeed under severe stress and drip
method. The highest leaf-to-stem ratio (0.715) was obtained in the FFI method under severe stress and
the amount of this trait in cv. Pegah was about 8.6% higher than that of hybrid Speedfeed. Based on
the stress tolerance indices, cv. Pegah under the CFI and drip methods and hybrid Speedfeed under the
FFI method had more drought tolerance. In contrast, there was no significant difference between the
cultivars under the FFI method.

Conclusion

In order to save water while achieving suitable forage yield and water productivity, the drip
irrigation method and supplying 75% of soil moisture deficiency is recommended. If it is impossible to
implement the drip irrigation system, the variable alternate furrow irrigation method can produce
suitable forage yield while reducing the amount of water consumed.
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Table 1. Effect of year, irrigation method, irrigation regime, and cultivar on forage yield, water productivity, and morphological characteristics of sorghum
Fresh forage yield Dry matter yield  Dry matter ~ IWUE-FFY® IWUE-DMY" BPDc® NBPDc ¢ Leafto  Plant height

Experimental factors

(ton.ha') (ton.ha™!) content (%) (kg.m) (kg.m3) (Rials.m™)  (Rials.m?)  stem ratio (cm)
Year 2019 48.41a 11.07a 23.11a 19.39a 4.46a 29091b 6885b 0.671a 205.03a
2020 50.42a 11.63a 23.30a 19.58a 4.54a 39155a 12002a 0.666a 207.90a
CFI 55.66b 12.47b 22.47¢ 17.01b 3.83c 29764b 11628ab 0.645¢ 214.78a
Irrigation FFI 36.92d 8.90d 24.18a 15.98c 3.88bc 28025b 4150b 0.699a 190.50c
method © AFI 43.07c 10.26¢ 23.86b 16.95b 4.06b 29675b 7493ab 0.681b 202.03b
DRIP 62.00a 13.79a 22.29¢ 28.00a 6.25a 49030a 14503a 0.649¢ 218.56a
rrigation Tioo 58.48a 13.21a 22.75¢ 16.59¢ 3.75¢ 29062b 11173a 0.650b 225.31a
regimef I75 49.39b 11.38b 23.20b 18.77b 4.33b 32835ab 9852a 0.667b 211.58b
Iso 40.37c 9.47c 23.66a 23.10a 5.43a 40474a 7305b 0.689a 182.50c
Cultivar Speedfeed 48.01a 11.14a 23.38a 20.19a 4.71a 35363a 9143a 0.641b 207.13a
Pegah 50.82b 11.57a 23.03b 18.79a 4.30b 32883a 9744a 0.696a 205.81a

Means followed by at least one common letter in each column are not significantly different by Tukey’s test at 5% probability level.
*IWUE-FFY,: Irrigation water use efficiency for fresh forage yield.

"IWUE-DMY: Irrigation water use efficiency for dry matter yield.

¢ BPDc: Benefit per drop.

¢ NBPDc: Net benefit per drop.

¢ CFIL: Conventional furrow irrigation; FFL: Fixed alternate furrow irrigation; AFL: Variable alternate furrow irrigation; DRIP: Drip irrigation.
T100: Full irrigation; I;s: Moderate drought stress; Iso: Severe drought stress.
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Table 2. The interaction of irrigation method X irrigation regime x cultivar on forage yield, water productivity, and morphological characteristics of sorghum

. . Fresh forage yield Dry matter yield Dry matter content IWUE-FFY'T  IWUE-DMY# BPDc# NBPDc'*
Method®  Regime' Cultivar (ton h§“)y y(ton ha-ly) Y (%) (kg m?) (kg m?) (Rials m®)  (Rials m?)
: Speedfeed 63.47d 14.06d 22.151 15.04] 3.33ijk 26352ij 12207cd
100 Pegah 71.04b 15.48b 21.77mn 14.81j 3.23kl 25893kl 13312¢
CFI Lo Speedfeed 54.53fg 12.42¢f 22.80j 17.23h 3.93fg 30148h 12097cd
Pegah 57.22¢ 12.79¢f 22.34k1 15.91i 3.55hi 27818i 11966cd
. Speedfeed 44.05ik 10.20jk 23.13hi 20.88de 4.83d 36522de 10742def
%0 Pegah 43.67jk 9.88jk 22.64jk 18.21g 4.12ef 31850g 9443efg
: Speedfeed 45.69j 10.85hi 23.75ef 15.21ij 3.61h 26652ij 8225ghi
100 Pegah 44.05ik 10.42ij 23.64efg 13.07k 3.091 22927m 6696ijk
— Lo Speedfeed 39.441 9.61k 24.37bc 17.51gh 4.27e 30650gh 6884ijk
Pegah 35.00m 8.351 23.84de 13.85k 3.30jkl 242931m 35471
Iso Speedfeed 30.99n 7.71m 24.88a 20.63¢ 5.13¢ 36213e 19341
Pegah 26.330 6.48n 24.61ab 15.63ij 3.84¢g 27419ij -2385m
- Speedfeed 49.30i 11.56g 23.48fg 14.84j 3.48hij 25997jk 8887gh
Pegah 52.21gh 12.25¢ 23.42gh 13.92k 3.26jkl 24331kIm 9223fg
AFI Lo Speedfeed 42.30k 10.19jk 24.08¢cd 16.98h 4.09ef 29743h 7739g-j
Pegah 42.68k 10.04jk 23.55efg 15.17ij 3.57h 26518ij 7247h-k
. Speedfeed 35.59m 8.731 24.53b 21.43de 5.26¢ 37546de 5734k
>0 Pegah 36.34m 8.781 24.13cd 19.37f 4.68d 33914f 6130jk
: Speedfeed 62.98d 13.89d 22.05Im 21.62d 4.77d 37944d 11981cd
100 Pegah 79.11a 17.19a 21.73n 24.24¢ 5.27c¢ 42402¢ 18854a
DRIP Lo Speedfeed 57.49 12.92¢ 22.49k 26.33b 5.92b 46052b 12211cd
Pegah 66.46¢ 14.73¢ 22.161 27.15b 6.02b 47458b 17129b
. Speedfeed 50.27hi 11.48gh 22.84ij 34.53a 7.88a 60542a 11075de
%0 Pegah 55.68ef 12.51ef 22.48k 34.11a 7.66a 59783a 15767b

Means followed by at least one common letter in each column are not significantly different by Tukey’s test at 5% probability level.
TIWUE-FFY: Irrigation water use efficiency for fresh forage yield.

*IWUE-DMY: Irrigation water use efficiency for dry matter yield.

# BPDc: Benefit per drop.

T NBPDc: Net benefit per drop.

$ CFI: Conventional furrow irrigation; FFI: Fixed alternate furrow irrigation; AFI: Variable alternate furrow irrigation; DRIP: Drip irrigation.
T100: Full irrigation; I7s: Moderate drought stress; Iso: Severe drought stress.
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Figure 1. The interaction of irrigation method and irrigation regime on the sorghum leaf to stem ratio.
CFI: Conventional furrow irrigation; FFI: Fixed alternate furrow irrigation; AFI: Variable alternate furrow
irrigation; DRIP: Drip irrigation; 1100: Full irrigation; I75: Moderate drought stress; I50: Severe drought stress.
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Figure 2. The interaction of irrigation method and irrigation regime on the sorghum plant height.
CFI: Conventional furrow irrigation; FFI: Fixed alternate furrow irrigation; AFI: Variable alternate furrow
irrigation; DRIP: Drip irrigation; I1100: Full irrigation; I75: Moderate drought stress; I50: Severe drought stress.
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Table 3. Drought tolerance indices in different irrigation methods based on dry matter yield of Pegah and
Speedfeed cultivars under moderate drought stress conditions

Method" Cultivar TOL MP GMP HM SSI STI YI YSI RSI
CFI Speedfeed 1.64 1324 1322 13.19 0.84 1.00 1.09 0.88 1.03
Pegah 2.69 14.13 1407 14.00 1.25 1.13 1.12 0.83 0.96

FFI Speedfeed 1.24 10.23 1021 1020 0.82 0.60 0.84 0.89 1.03
Pegah 2.07 9.38 9.32 9.27 1.44 0.50 0.73 0.80  0.93

AFI Speedfeed 1.37 10.87 10.85 10.83  0.86 0.67 0.89 0.88 1.02
Pegah 2.20 11.14  11.09 11.03 130 0.70 0.88 0.82 0.95

DRIP Speedfeed 0.96 13.41 13.40 1339 0.50 1.03 1.14 0.93 1.08
Pegah 2.46 1596 1591 15.87 1.03 1.45 1.29 0.86 0.99

¥ CFI: Conventional furrow irrigation; FFI: Fixed alternate furrow irrigation; AFI: Variable alternate furrow irrigation;
DRIP: Drip irrigation; TOL: Tolerance; MP: Mean productivity; GMP: Geometric mean productivity; HM: Harmonic
mean; SSI: Stress susceptibility index; STI: Stress tolerance index; YI: Yield index; YSI: Yield stability index; RSI:
Relative stress index.
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Table 4. Drought tolerance indices in different irrigation methods based on dry matter yield of Pegah and
Speedfeed cultivars under severe drought stress conditions

Method" Cultivar TOL MP GMP HM SSI STI YI YSI  RSI
CFI Speedfeed 3.87 1213 1197 11.82 097 0.82 1.08 073 1.01
Pegah 5.60 12.68 1236  12.06 1.28  0.88 1.04 0.64 0.89

FEI Speedfeed 3.14 9.28 9.14 9.01 1.02 048 0.81 071 099
Pegah 3.94 8.45 8.21 7.99 1.34 039 068 0.62 0.87

AFI Speedfeed 2.83 10.15  10.05 9.95 08 058 092 076 1.05
Pegah 3.47 10.51 10.37  10.23 1.00 062 093 072 1.00

DRIP Speedfeed 2.41 12.68 12.63 1257 0.61 091 1.21 0.83 1.15
Pegah 4.68 1485 1466 1448 096 1.23 1.32 073 1.02

T CFI: Conventional furrow irrigation; FFI: Fixed alternate furrow irrigation; AFI: Variable alternate furrow irrigation;
DRIP: Drip irrigation; TOL: Tolerance; MP: Mean productivity; GMP: Geometric mean productivity; HM: Harmonic
mean; SSI: Stress susceptibility index; STI: Stress tolerance index; YI: Yield index; YSI: Yield stability index; RSI:
Relative stress index.
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Figure 3. Correlation between drought tolerance indices and sorghum dry matter under full irrigation (Yp) and
moderate drought stress (Ys) conditions. TOL: Tolerance; MP: Mean productivity; GMP: Geometric mean
productivity; HM: Harmonic mean; SSI: Stress susceptibility index; STI: Stress tolerance index; YI: Yield index; YSI:
Yield stability index; RSI: Relative stress index.
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Figure 4. Correlation coefficients between drought tolerance indices and sorghum dry matter yield under full irrigation
(Yp) and severe drought stress (Ys) conditions. TOL: Tolerance; MP: Mean productivity; GMP: Geometric mean
productivity; HM: Harmonic mean; SSI: Stress susceptibility index; STI: Stress tolerance index; YI: Yield index; YSI:
Yield stability index; RSI: Relative stress index.
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Figure 5. Principal components analysis (PCA) based on correlation matrix of dry matter yield under full irrigation
conditions (Yp), dry matter yield under moderate drought stress conditions (Ys) and stress tolerance indices.
S1: Speedfeed under CFI; P1: Pegah under CFI; S2: Speedfeed under FFI; P2: Pegah under FFI; S3: Speedfeed under
AFI; P3: Pegah under AFI; S4: Speedfeed under DRIP; P4: Pegah under DRIP.
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Figure 6. Principal components analysis (PCA) based on the correlation matrix of dry matter yield under full
irrigation conditions (Yp), dry matter yield under severe drought stress (Ys) and stress tolerance indices.
S1: Speedfeed under CFI; P1: Pegah under CFI; S2: Speedfeed under FFI; P2: Pegah under FFI; S3: Speedfeed
under AFI; P3: Pegah under AFI; S4: Speedfeed under DRIP; P4: Pegah under DRIP.
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