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Abstract Heat stress, when combined with drought, is one of the major limitations to food pro-
duction worldwide, especially in areas that use rainfed agriculture. As the world population contin-
ues to grow, and water resources for the crop production decline and temperature increases, so the
development of heat- and drought-tolerant cultivars is an issue of global concern. In this context,
four barley and two wheat genotypes were evaluated in south-eastern Russia to identify heat- and
drought-tolerant genotypes for future breeding programmes by identifying suitable sowing times for
specific genotypes. High temperature stress, when combined with drought during late sowing,
decreased the days to visible awns, days to heading and days to ripe harvest, finally negatively
affecting the growth and development of plants and resulting in a lower plant population m ™2, til-
lers plant™!, plant height and dry matter production m~2. On the other hand, low temperature in
combination with early sowing increased the number of days to germination, reduced seedling stand
establishment and tillering capacity, finally affecting the growth and development of the crops.
Compared to overall performance and optimum sowing date, barley genotypes ‘Zernograd.770’
and ‘Nutans’, and wheat genotype ‘Line4’ performed best in both late (high temperature with
drought) and early (low temperature) stress conditions.

© 2012 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.

1. Introduction

E-mail addresses: tanjimar2003@yahoo.com (A. Hossain), jaime-
tex@yahoo.com (J.A. Teixeira da Silva). Agriculture in Russia has always had to contend with unfa-
Peer review under responsibility of King Saud University. vourable climates. For centuries, farming was concentrated
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near the populated areas of European Russia where crop yields
were limited by short growing seasons. At the end of the 18th
century the need to feed a growing population finally led to
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the expansion of cropland into the southern steppe region
where better soils (e.g. Chernozems, Greyzems, Phaeozems
and Kastanozems) and a warmer climate provided higher crop
yields than in the traditional agricultural regions in the north
(Alcamo et al., 2007).

The agricultural production of Russia is six times smaller
than that of the OECD (Organization for Economic Co-oper-
ation and Development), as reported by Izrael and Avdjushin
(1997), who also reported that the yields of winter and spring
wheat were rather low when compared to the world mean val-
ues (1.4 and 2.4 metric tones ha™!, respectively). Despite that
report, Russia currently holds a leading position in the volume
of wheat and barley production, ranked 3rd and Ist in terms of
total production (MT) and price ($1000), respectively among
the 20 wheat- and barley-producing countries of the world
(FAOSTAT, 2011). On the other hand, the export share of
the Russian wheat and barley market is 13-14% of total world
export and main buyers of Russian wheat are Middle-Eastern
and North African countries (15-20 million tons/year) such as
Egypt, Turkey, Syria and Iran (Marubeni Corporation, 2010).

Under rainfed conditions, wheat and barley frequently suf-
fer from drought resulting in a significant loss of yield (Tretho-
wan and Pfeiffer, 1999; Hossain et al., 2012a) and decreased
revenue: total losses due to drought and other natural disasters
in 2000 alone amounted to 20 billion Rubles (US$ 800 million)
(Albit, 2011). The USDA estimated a crop loss of 21% due to
drought and heat stress over a period of 55 years from 1948 to
2002 in Russia (USDA-NASS, 2004).

Drought, the result of low precipitation or high tempera-
ture, is thus one of the main problems underlying the success
of modern agriculture around the globe and is one of the most
important environmental factors that affect the growth, devel-
opment and production of plants (Hasanuzzaman et al., 2012;
Hossain et al., 2012a). Drought is a non-uniform phenomenon
that influences plants differently depending on the develop-
ment stage at the time of its occurrence (Lopez et al., 2003;
Martiniello and Teixeira da Silva, 2011; Hossain et al., 2012a).

For spring wheat and barley, an air temperature of about
20-25 °C is considered to be optimum for growth and develop-
ment (Acevedo et al., 2002; Hakim et al., 2012; Hossain et al.,
2012b—d). Optimal crop growth requires a non-limiting supply
of water, nutrients, and radiation; as temperatures rise, the de-
mand for growth resources increases due to higher rates of
metabolism, development, and evapotranspiration (Rawson,
1988). When growth resources are limited by heat stress, the
size of plant organs such as leaves, tillers, and spikes, is re-
duced (Martiniello and Teixeira da Silva, 2011; Hossain
et al., 2012b—d). The apparent sensitivity of metabolic pro-
cesses to heat stress in the field (Reynolds et al., 2000), coupled
with the reduced length of the life cycle at high temperatures
(Midmore et al., 1984; Hakim et al., 2012; Hossain et al.,
2012b-d), results in low grain yield with lower total plant bio-
mass in hot environments.

Several research findings also indicated that not only high
temperature and drought have an effect on spring crops, but
also that low temperature is one of the major constraints of
late sowing in sub-tropical climates (Farooq et al., 2008; Ha-
kim et al., 2012; Hossain et al., 2011, 2012b—d) and early sow-
ing in temperate spring crops (Timmermans et al., 2007).
Representative research findings related to high temperature,
drought, low temperature stress and their effect on different

wheat and barley cultivars in different countries around the
world are presented in Table 1.

The Intergovernmental Panel on Climatic Change (IPCC)
reported that global mean temperature is expected to rise
0.3 °C decade™' (Jones et al., 1999) reaching approximately 1
and 3 °C above the present value by 2025 and 2100, respec-
tively, and leading to further global warming (IPCC, 2007).
Rising temperatures may lead to altered geographic distribu-
tion and growing season of agricultural crops by allowing
the threshold temperature for the start of the season and crop
maturity to be reached earlier (Porter, 2005). Based on
60 years of data, seasonal temperature around the world has
been shown to be increasing every year (NASA, 2011). The
FAO (2011), in February of 2011, issued an alert on drought
in China stating that drought affected about 5.16 million ha
of winter wheat. In 2010, drought damaged at least 10.3 mil-
lion ha of crop land in Russia and wheat harvest was fore-
casted to fall to 50 million metric tons (FAO, 2010).

The development of stress-tolerant varieties and halo-
phytic-like crops is a judicial way of mitigating the adverse ef-
fects of abiotic stresses (Ruan and Teixeira da Silva, 2011).
However, the adverse effect of drought and high temperature
on a crop can be minimized by avoiding stress at the most sen-
sitive stages of crop development such as reproductive and
grain-filling periods (Saini and Westgate, 2000; Hossain
et al., 2012a). This is usually achieved by adjusting seeding
date or by growing early-maturing varieties. However, as abi-
otic stresses are unpredictable, the best way to cope with them
is to develop tolerant varieties that perform well under stress
and under optimum environments (Prasad et al., 2008; Nouri
et al., 2011; Hossain and Teixeira da Silva, 2012).

Considering that high temperature and drought strongly af-
fect spring wheat and barley in southern European Russia and
in other drought-prone regions of the world (Table 1), this
study had, as its primary objective, to identify genotypes that
would be most suitable for growth under early, optimal and
late sowing dates under these harsh climates. Genotypes were
assessed by observing variation at different phenological stages
of plant development so as to better predict stand establish-
ment of the crop populations, tiller production capacity and
dry mater partitioning (i.e. yield). Such data would be valuable
for future breeding programmes involving these select
genotypes.

2. Materials and methods

The experiment was conducted in a research field of the Cas-
pian Scientific Research Institute of Arid Agriculture
(CSRIAA), Salt Zaymische, Chernoyarsky district, Astrakhan
region, Russia, during the spring (April to July) of 2011.

2.1. Location of the experimental site

The Astrakhan region is located in the south-east of the East
European Plain in the middle latitudes in the northern zone
of a semi-desert and covers an area of 57,600 km>. The extreme
northern point of the region lies on the border with the
Volgograd region at 48° 52’ N (lat.). The western most point
is located in Chernoyarsky district on the border with the
Volgograd region at 44° 58, where this experiment was
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Table 1 Relevant studies related to heat, drought and low temperature stress in different countries around the world (chronological
order); all cultivar names in single inverted commas. Barley = italics entries.
Country Tested cultivars Main research findings Reference
Denmark Tested 2,255 Mexican wheat Landraces were evaluated for traits associated with heat tolerance: Hede et al. (1999)
landraces canopy temperature depression (LCC), and 1000-kernel weight.
Three landrace cultivars with superior and consistent LCC values
were identified. These accessions are potentially useful sources for
improving heat tolerance in cultivated wheat
Australia Wheat ‘Lyallpur’ Despite favourable day/night temperature (18/13 °C), drought Wardlow (2002)
reduced kernel dry weight at anthesis
Sudan Wheat ‘Debira’, ‘El Nelein” and A 2-year field study in two regions showed that ‘El Nelein’ Ahmed et al. (2003)
‘Donki’ performed best when sown late (air temp. 17-24 °C)
China Spring wheat ‘Ningchun18’ Soil water deficit both during the middle vegetative stage (jointing) Zhang et al. (2006)
and the late reproductive stages (filling and maturity or filling) and
no-soil-water-deficit both during the late vegetative stage
(booting) and the early reproductive stage (heading) had the
highest yield increase of 25.0% and 14.0%
Bahrain Three barley cultivars ‘Rehani-3°,  High temperature (27-33 °C) combined with water stress (—3 to  Al-Karaki et al. (2007)
‘SLB’ and ‘Rum’ —0.9 MPa) effect was the most pronounced than individual effect
Egypt Wheat ‘Sakha8’, ‘Sakha93’, Based on drought susceptibility index ‘Sakha8’ and ‘Sakha93’ El-Fadly et al. (2007)
‘Sakha61’, ‘Chinese spring’ were tolerant while ‘Sakha61’ and ‘Chinese spring’ were
susceptible to drought
Argentina Three seasons and at each season Wheat, barley and one triticale cultivars were evaluated in three =~ Ugarte et al. (2007)
a wheat, barley and triticale were seasons under three thermal conditions: control and two timing of
evaluated heating before anthesis; stem elongation stage was most sensitive
to high temperature stress. Growth chamber temperatures were
maintained at an average 5.5 °C higher than air temperature
Slovak Barley ‘Kompakt’ When stress was induced during shooting or earing, grain yields Kréek et al. (2008)
Republic declined by >50% compared to optimal water regime
Hungary Wheat ‘GK-Elet’, ‘Mv-Emese’ Pot culture experiment in growth chamber. ‘Mv-Emese’ had better Lukacs et al. (2008)
drought stress tolerance than ‘GK-Elet’
Portugal 4 Triticum genotypes: ‘Golia’, After treated by heat stress (day/night 31/20 °C), analysis of plant Dias et al. (2009)
‘Sever’, ‘Acalou’, “TE9306’ samples showed that stress tolerant plant had more Fe and Mn
than susceptible plants. Fe and Mn helped to overcome stress
Iran Wheat ‘Azar-2’, ‘Sardari’, ‘Frankia’ performed better at various levels of terminal drought  Dalirie et al. (2010)
‘Frankia’, ‘Trakia’ stress
United Wheat ‘Damani’, ‘Gomal-8’, Only ‘Hashim-8* was drought tolerant Khakwani et al. (2011)
Kingdom ‘Hashim-8’, ‘DN-73’, ‘Zam-04’,
‘Dera-98’
Iran 10 advanced spring barley Crop physiological status of plants was remarkably affected by Bavei et al. (2011)
cultivars ‘L1’ to ‘L10’ terminal heat stress, which ultimately reduced grain yield. Overall,
‘L6’ and ‘LS’ were heat-tolerant
India Wheat ‘HD2851, ‘HI8498’, Temperature (< 18-20 °C air temperature) at reproductive stage  Chakrabarti et al.,

Banglade-sh

Pakistan

Saudi
Arabia
Russia

Jordan

‘HDR77’, ‘PBW343°, ‘HD2936’

8 wheat cultivars ‘Sourav’,
‘Gourav’, ‘Shatabdi’, ‘Sufi’,
‘Bijoy’, ‘BARI-Gom-25’, ‘BARI
Gom-26’

5 wheat cultivars: ‘TJ-83’,
‘Imdad-2005’, ‘Abadgar-93’ ,
‘Moomal-2000’, ‘Mehran-89’

3 wheat cultivars: ‘KSU-105,
‘KSU-106’, “Yecora Roja’

8 wheat ‘Amir’, ‘Aestina’, ‘Zlata’,
‘Lada’, ‘Priokskaya’, ‘Ester’,
‘MIS’, “Yubileinaya’

16 wheat ‘Hourani-27’, ‘Omguer-
5°, ‘Genil-3’, ‘Stork’, ‘Korifla’,
‘Omrabi-5’, “‘Waha-1’, ‘Stojocri-
3’, ‘Massara-1’, ‘Omsnima-1’,
‘Lagost-3’, ‘Heina’, ‘Ombar’,
‘Gersabil-2’, ‘Moulsabil-2,
‘Zeina-3

caused sterility of pollen grains. ‘HD2851, ‘HI8498’and ‘HDR77
were highly affected by low temperature (< 15 °C). ‘PBW343’ and
‘HD2936’ were tolerant to air temperature at 11.6-15 °C
Growth of early sown crop, and germination and grain-filling
stages of late sown crops were highly affected by low air
temperature and heat stress

‘Moomal-2000" and ‘Mehran- 89’ performed better at 20-30 °C
(air temperature) heat stress. ‘TJ-83’, ‘Imdad-2005" and ‘Abadgar-
93’ were heat-sensitive

‘KSU-105" performed better in late heat stress (25-30 °C). ‘KSU-
106’ and “Yecora Roja’ were heat-sensitive

‘Zlata’ was sensitive to low air temperature (—3 °C) and ‘Ester’
and “Yubileinaya’ were tolerant to low temperature

Mediterranean adapted cultivars had long pre-heading periods,
followed by short periods and high rates of grain filling to avoid
terminal drought and high temperature (25-31 °C) stress. ‘Waha-
1I’, ‘Omrabi-5’, and ‘Massara-1" performed best

(2011)

Hossain et al. (2011)

Buriro et al. (2011)

Refay (2011)

Karmanenko et al.
(2011)

Al-Karaki (2012)




Table 2 Soil moisture (%) and total moisture content (mm) of experimental field soil in Chernoyarsky district, SE Russia.

Soil horizon (cm) First moisture data were taken Second soil moisture data were measured at three Feeke’s stages (FS) [10.2 (heading completed), 10.1 (awn visible) and 10.0

immediately prior to all three (boot stage)] of early, optimum and late sowing

sowing dates Early sowing Optimum sowing Late

(8 April) (15 April) sowing
(22 April)
% Soil Total moisture % Soil Total moisture % Soil Total moisture % Soil Total moisture
moisture content moisture content moisture content moisture content (mm)
(mm) (mm) (mm)

0-10 12.8 16.4 6.0 7.4 5.8 7.2 5.6 6.9
10-20 14.0 18.2 5.2 6.2 6.7 8.1 9.4 11.3
20-30 15.0 20.2 6.8 8.5 6.8 8.5 10.9 13.7
30-40 15.7 22.0 7.2 9.7 12.0 16.1 13.1 17.5
40-50 15.8 22.3 10.3 14.5 13.6 19.0 12.4 17.3
50-60 14.6 20.7 13.6 19.1 12.5 17.4 12.3 17.2
60-70 10.8 15.7 13.4 18.2 13.2 18.5 13.3 18.6
70-80 8.8 12.3 13.0 18.2 13.0 18.2 13.3 18.6
80-90 6.4 9.1 11.2 15.7 10.5 14.7 10.7 15.0
90-100 5.8 8.4 9.8 13.7 8.9 12.5 9.4 13.2
0-30 54.8 22.1 23.8 31.9
0-50 99.1 46.3 58.9 66.7
0-100 165.3 131.2 140.2 149.3

Previous research findings (Zhang et al., 2006) indicated that soil moisture status is most important at the reproductive stages of wheat and barley. On the basis of previous finding data were taken in
10.2, 10.2 and 10.0 (FS) in early, late and optimum sowing.
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Table 3 Meteorological and agro-climatic conditions during April-July 2011 at the experimental site.

Meteorological parameters April May June July
Mean (10 days) Mean  Mean (10 days) Mean  Mean (10 days) Mean  Mean (10 days) Mean
1 I 111 I 11 11 1 I 111 1 11 111
Air temperature (°)
Mean 7.3 8.5 12.7 9.5 17.1 17.8 21.8 19.0 22.4 24.7 25.6 243 29.5 28.5 31.7 29.9
Mau. 16.3 19.5 24.0 24.0 27.5 30.2 33.0 33.0 32.1 333 38.3 38.3 42.7 37.6 42.1 42.7
Min. —4.4 1.0 -12 —4.4 8.4 6.4 9.9 6.4 12.0 13.4 13.2 12.0 19.6 17.4 16.8 16.8
Total amount of active temperature 27.0 34.5 76.6  138.1 120.9 128.4 184.5 4338 173.3 197.7 2059  576.5 2448 2352 2446 724.6
above 5 °
Total amount of active temperature 2.0 3.0 33.9 38.9 70.9 78.4 86.2 2355 129.5 123.3 147.4  400.2 194.8 1852 2384 6184
)
Rainfall (mm) 4.0 2.4 - 6.4 5.1 1.0 4.7 10.8 0.3 4.0 3.2 7.5 - - - -
Average relative humidity (%) 57 68 50 58 62 53 44 53 41 49 47 46 42 32 29 34
Min. relative humidity (%) 18 27 17 17 28 18 17 17 18 21 15 15 9 11 10 9
Soil surface temperature (°) =7 -2 -5 =7 7 5 8 5 9 11 19 13 21 22 25 22.7
Soil temperature in different depth (°)
Scm 6.5 8.5 14.7 9.9 19.5 21.1 25.2 22.1 27.3 28.6 29.8 28.6 30.7 31.3 31.9 31.3
10 cm 5.3 7.6 13.4 8.8 18.3 19.9 23.8 20.8 25.6 26.8 28.3 26.9 28.2 29.4 30.5 29.4
15 cm 4.5 7.2 12.6 8.1 17.7 19.3 23.2 20.1 25.0 26.6 27.0 26.2 27.2 27.3 28.4 27.6

I, IT and IIT indicates 1st 10 days, 2nd 10 days and 3rd 10 days average data in every month.
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Figure 1  Days to germination of all genotypes in early (low temperature) and late stress (high temperature with drought) conditions. ES
— early sowing, OS — optimum sowing, LS — late sowing; % increase and reduction were calculated in ES and LS compared to OS.
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Figure 2 Days to first awn visible of all genotypes in early (low temperature) and late stress (high temperature with drought) conditions.

Means (£ SD) were calculated from three replicates for each treatment. Bars with different letters are significantly different at P < 0.05
(LSD test).

conducted. The CSRIAA is situated in Salt Zaymische, sowing dates viz., early sowing (ES) (sown on 8 April), opti-

Chernoyarsky district, Astrakhan region, Russia. mum sowing (OS) (sown on 15 April) and late sowing (LS)
(sown on 22 April) using four spring barley cultivars (‘Zerno-
2.2. Treatments and experimental design grad.770’, ‘Sokol’, ‘Nutans’, ‘Ratnik’) and two spring wheat
cultivars (‘Saratov.70’ and ‘Line 4’). According to the
The experiment was laid out in a randomized complete block CSRIAA (http://www.pniiaz.ru/), optimum sowing time for

design (RCBD) with 3 replications. Treatments were three spring wheat and barley is a very narrow window in mid-April
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Figure 3  Days to heading of all genotypes in early (low temperature) and late stress (high temperature with drought) conditions. Means
(£SD) were calculated from three replicates for each treatment. Bars with different letters are significantly different at P < 0.05 (LSD
test).

100 - ES [@OS @OLS @O Mean @ % IncreasedinES A % ReductioninLS - 25
90 ot
o
c
o 80 T
o (72}
= : @
b c
@ 70 4 =
ko]
2 o
2 : ®
o 60 I g
- 0
2 o Il :
(1] 50 . =
a - 3
@
40 —{ 0
0
: £
30 +: X
20 o o
3 » x < c
N £ g £ % 2 g
o @ 3 g s = >
Y > 14 © 3
o T
g 0}
]
N
Genotypes

Figure 4 Days to harvest ripe of all genotypes in early (low temperature) and late stress (high temperature with drought) conditions.

Means (£ SD) were calculated from three replicates for each treatment. Bars with different letters are significantly different at P < 0.05
(LSD test).

for this region, hence the sowing dates for ES, OS and LS. The row distance. The experiment was conducted under rainfed
unit plot size was 4 X 1 m wide with 6 rows and a 20-cm inter- condition without irrigation or fertilizers.
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2.3. Data collection

Development of wheat plants can be classified into three
broad phases: the seed germination and seedling establish-
ment phase, the vegetative phase, and the reproductive phase
followed by maturity and ripening. Each developmental
phase can be further classified into distinct growth stages.
Even though there are several methods or scales to describe
them such as Zadoke’s (0-94 stages), Acevedo et al. (2002)
(G to GS3) and Feekes’ (1-11.4 stages) stage systems, Za-
doke’s stages (0-94 stages) are very detailed while those of
Acevedo et al. (2002) are usually categorized into E (germina-
tion to emergence), GS1 (emergence to double ridge), GS2
(double ridge to anthesis) and GS3 (anthesis to maturity).
In this experiment, we used the Feeke’s stage (FS) system
(Large, 1954). Phenological data on days to germination
(FS 1.3), days to first visible awn (FS 10.1), days to heading
(FS 10.5) and days to ripe harvest (FS 11.4), growth data on
plant population m~ (FS 1.3), number of tillers plant™" (FS
3.0), and green biomass and dry biomass (both gm?) (FS
10.5.2) were recorded. Soil moisture (%) and total moisture
content (mm) were also noted (Table 2). Maximum, mini-
mum and mean air temperature, the temperature at three soil
depths (5, 10 and 15 cm), rainfall and, mean and minimum
relative humidity (RH) were recorded daily during the exper-
imental period from the information division of the CSRIAA
website (http://rp5.ru/archive.php?wmo_id = 34578&lang)
(Table 3). Data were analysed using MSTAT-C (Russell,
1994). Treatment means were compared for significance by
using the Least Significance Difference (LSD) test at
P = 0.05.

3. Results

Temperature is an important environmental factor influencing
the growth and development, and finally yield of crop plants.
During the growth and development of a cereal crop several
growth stages are distinguishable in which important physio-
logical processes occur. In our present research, high tempera-
ture, when combined with drought, affected the phenology and
growth, and finally yield and other parameters (data not pre-
sented) of rainfed spring wheat and barley, under field condi-
tion in southern European Russia. Here we explain the
phenological variation in relation to the growth of develop-
ment of spring wheat and barley under different sowing dates.

3.1. Soil moisture (% ) and total moisture content (mm) in
experimental soil

Soil moisture is the most important parameter for the growth
and development of a plant, especially in dry land farming
where temperature is high, relative humidity (RH) and rainfall
are very low, irrigation is limited and evapotranspiration is very
high. In this research, soil moisture (%) and total moisture con-
tent (mm) in the soil were recorded before sowing and also re-
corded at different stages of different sowing times (Table 2).
It was found that pre-sowing soil moisture was higher than at
other sowing dates. There was a relation between increasing
temperature and RH: as temperature increased, soil moisture
and RH decreased, ultimately affecting the plant’s response
(Tables 2 and 3). In particular, the LS crop was strongly affected
from germination to reproductive stages due to a deficit in soil
moisture and high air and soil temperature (Tables 2 and 3).
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Figure 5 Plant population (m~2) of all genotypes in early (low temperature) and late stress (high temperature with drought) conditions.
Means (£ SD) were calculated from three replicates for each treatment. Bars with different letters are significantly different at P < 0.05

(LSD test).
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Figure 7  Plant height (cm) of all genotypes in early (low temperature) and late stress (high temperature with drought) conditions. Means
(£SD) were calculated from three replicates for each treatment. Bars with different letters are significantly different at P < 0.05 (LSD
test).

3.2. Climatic conditions during growing season the ES crop was exposed to very low temperature (soil surface

temperature reaching —0°C) at germination and seedling
Climatic factors are most important for the growth and devel- stages which delayed germination, affected stand establish-
opment of plant, by which morpho-anatomical, physiological ment and tillering, ultimately affecting biomass and grain yield

and biochemical changes are occurred in plants. In this study, (Table 3).
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RH is one of the most important constraints in dry land
farming due to low rainfall and high temperatures. In our re-
search, RH decreased from ES to LS (Table 3), which may
have affected evapotranspiration and metabolic processes of
plants; finally decreasing biomass of the evaluated crops
(Fig. 8).

3.3. Days to germination (FS 1.3)

In our present study, due to low temperature, all genotypes
took long time to geminate in ES than OS (Table 3; Fig. 1).
As compared with OS, the days required for germination in-
creased in all genotypes by 17% and 33% in ES and LS. Ger-
mination required the most time at LS (Tables 2 and 3; Fig. 1)
due to a deficit in soil moisture.

3.4. Days to first visible awn (FS-10.1)

From Fig. 2, it can be observed that all genotypes in ES — com-
pared to OS and LS — required a long time until the first visible
awn, possibly caused by delayed germination and a long peri-
od of vegetative growth due to low temperature (Table 3).
Compared to all genotypes, ‘Line4’ took the longest time to
complete FS-10.1 in all three sowing conditions, followed by
‘Ratnik’ in OS and ‘Saratov.70’ in both OS and LS (Fig. 2).
More days were required to complete FS-10.1 in wheat than
in barley. Because of low temperature in ES, days required
for FS-10.1 increased by 15% in ‘Sokol’ than in ‘Line4’
(2%). On the other hand, in LS, days to visible awn was re-
duced the most (by 25%) in ‘Line4’ and ‘Saratov.70’ than in
‘Sokol’ (19%).

3.5. Days to heading (FS-10.5)

Both wheat and barley under ES took more time than under
LS to reach heading. Among these, ‘Line4’ needed the most
time (Fig. 3). The two crops under LS took less time to reach
heading due to high temperature stress (air and soil), lack of
rainfall and low RH (drought), which influenced the inherent
characteristics of growing plants and reduced their life span
(Tables 2 and 3). ‘Sokol’ and ‘Ratnik’ took more time (13%
increase) while ‘Nutans’ (4% increase) took less time to com-
plete FS-10.5 in ES due to low temperature which delayed ger-
mination at the vegetative stage. On the other hand, due to
high temperature (air and soil) and low soil moisture (drought)
in LS, ‘Line4’ took less time (25% reduction) while ‘Sokol’
took more time (21% reduction) to heading.

3.6. Days to ripe harvest (FS-11.4)

It is well-known that the duration of maturity of any crop is
reduced by stress and varies with genotype, due to their inher-
ent nature. From our experimental result, we found that LS
crop was highly affected by high temperature combined with
drought, resulting in fewer days (reduced 18-20%) to reach
ripe harvest than OS. ES crop at seedling and vegetative stages
affected by low temperature, finally took more time (increased
4-7%) to complete the life span (Tables 2 and 3; Fig. 4).
Among the genotypes, ‘Line4’ took the highest duration
(increase 7%) than ‘Zernograd.770’ and ‘Nutans’ (4%) in
ES, due to low temperature stress. On the other hand, in LS
all barley genotypes took more time (18% reduction) than
wheat (‘Saratov.70’ (20%) and ‘Line4’ (19%)), due to high
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Figure8  Green and dry biomass weight (m~2) of all genotypes in early (low temperature) and late stress (high temperature with drought)
conditions. Means (+ SD) were calculated from three replicates for each treatment. Bars with different letters are significantly different at

s < 0.05 (LSD test). GB — green biomass and DB — dry biomass.
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temperature (air and soil) and drought (deficit soil moisture)
(Tables 2 and 3; Fig. 4).

3.7. Plant population m—> (FS-1.3)

Plant population m ™2 is an important growth parameter to get
maximum yield m~2. It is fully depending on seed rate, geno-
types, percent germination and environmental condition. In
our research, the plant population m™> of all genotypes was
higher in ES followed by OS and LS due to the available soil
moisture at the time, which helped to increase germination,
resulting in an increased plant population (Fig. 5; Table 2).
Among the genotypes, ‘Line4’ and ‘Saratov.70’ showed most
plants m~2 in ES but plant population was lower in LS due
to a decrease in soil moisture and an increase in temperature
from ES to LS, which postponed germination and stand estab-
lishment, ultimately reducing plant population m~2 (decreased
by 12-70%) (Tables 2 and 3; Fig. 5).

3.8. Number of tillers plant™' (FS-3.0)

Wheat tillers grow from the axils of the main shoot leaves. The
potential number of tillers varies from genotype to genotype
and depends on environmental conditions. In our research,
we found that the tillering ability of all genotypes was higher
in OS and lower in ES (Fig. 6). In ES, soil moisture was
favourable, but air temperature was low (occasionally minus
°C) (Tables 2 and 3) in seedling and vegetative stages, which
may have hampered stand establishment and tillering ability.
Because of low temperature in ES and high temperature (air,
soil) and deficit soil moisture in LS, ‘Ratnik’ was more highly
affected than other genotypes (76% reduction in ES and 68%
in LS). On the other hand, as compared with OS, the tillering
stage of ‘Nutans’ was less affected in ES (reduced by 50%) and
LS (increased by 17%) than other genotypes. On the other
hand, the tillering ability of the LS crop was lower due to
low soil moisture (drought), high soil and air temperature,
and low RH, which ultimately reduced the number of tillers
plant™! (Tables 2 and 3; Fig. 6).

3.9. Plant height (¢m) (FS-11.0)

Plant height is an inherent character and varies with genotype
and environmental conditions. From Fig. 7, it can be observed
that plant height of all genotypes in ES and LS was lower than
at OS. Low temperature may have reduced plant height at the
seedling and vegetative stages in ES while high temperature
combined with drought may have reduced plant height in LS
(Tables 2 and 3). The effect of low temperature stress was
greater in ‘Sokol’ (25% decrease) than ‘Zernograd.770” (6%
reduction) (Fig. 7). On the other hand, due to high tempera-
ture (air, soil) and deficit available soil moisture (drought), ‘So-
kol was more affected (41% reduction) than ‘Nutans’ (31%
reduction) in LS (Fig. 7).

3.10. Green and dry biomass (g m~2) (FS-10.5.2)

In our research, biomass (green and dry) of all genotypes in OS
was higher than in LS and ES (Fig. 8). Despite a higher plant
population m~2 in ES, tillers plant~' was lower, ultimately
reducing biomass (green and dry) which might have been
due to unfavourable conditions at the tillering stage (low

temperature). However, in LS, plant population m~2 and til-
lers plant™" was lower than OS due to high temperature, low
soil moisture and RH in air, which ultimately affected germi-
nation, tillering capacity and dry matter partitioning (Tables
2 and 3; Fig. 8). In our study, we found that all genotypes were
highly sensitive (57-81% reduction in dry matter) to the com-
bined effect of high temperature and drought than low temper-
ature stress (10-42% reduction in dry matter) (Fig. 8).

4. Discussion

Changes in evapotranspiration during a drought depend lar-
gely on the availability of moisture at the onset of a drought
and the severity and duration of a drought (Hanson, 2003;
Hossain et al., 2012a). Siahpoosh et al. (2011) stated that
evapotranspiration efficiency (ETE), a reliable physiological
indicator for evaluating cultivars with regard to water deficit
tolerance in different growing stages, was calculated by divid-
ing the total biomass by ET. Based on this indicator, they dis-
covered that wheat cultivar ‘Mahdavie’ had the highest ETE
from planting to stem elongation, ‘Niknejad’ from planting
to flowering, ‘Pishtaz’ from planting to dough development
and ripening, while ‘Kavir’ was tolerant to water deficit
throughout the entire growing season. In this situation, two
major processes are involved: (i) water absorption by the crop,
which is controlled by root characteristics and soil physical
properties; and (i) crop evapotranspiration, which depends
on atmospheric properties, notably net radiation and vapour
pressure deficit, and crop characteristics, such as crop ground
cover and stomatal conductance (Acevedo et al., 2002). In a
study by Zhang et al. (2006), the yield of wheat decreased un-
der soil-water deficit both during the middle vegetative stage
(jointing) and the late reproductive stages (filling and maturity
or filling) while subjected to no-soil-water-deficit both during
the late vegetative stage (booting) and the early reproductive
stage (heading), resulting in the highest increase in yield of
25.0% and 14.0%, respectively. These results are in agreement
with our data set (Tables 2 and 3).

In our research, fluctuations in weather conditions were re-
flected in the crop growth and development (Tables 2 and 3;
Fig. 8) and ultimately by yield (data not presented), which is
common among several crops (Martiniello and Teixeira da Sil-
va, 2011; Hakim et al., 2012; Hossain and Teixeira da Silva,
2012; Hossain et al. 2012b—d). Weather parameters such as max-
imum and minimum air and soil temperature (soil surface and
root zone), rainfall and RH are the most important climatic fac-
tors affecting the growth and development of plants, especially
in dry land cultivation area (Hossain et al., 2012a; Table 3). Ju
etal. (2010) also found a relation between air temperature, water
distribution and water storage in the soil profile: rising atmo-
spheric temperature, increased evaporation, evapotranspiration
and decreased RH in the air, by which water distribution and
storage in the soil profile changed, decreased biomass, number
of spikelets/spike and number of grains/spike of wheat. Chak-
rabarti et al. (2011) and Hossain and Teixeira da Silva (2012)
also found that air temperature <15 °C was not suitable for
the growth and development (germination, seedling stand estab-
lishment and tillering) of spring wheat.

RH, when decreased (Table 3; Fig. 8), may have affected
ET and metabolic processes, finally affecting the biomass of
the tested plant. This assumption is supported by Reynolds
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et al. (2001), who stated that the patterns of heat stress may
vary widely between wheat-growing regions and that, in low
RH areas, crops are affected by high temperature combined
with drought, while in high RH environments, disease pressure
may be an additional and possibly a more serious limitation.

Evans et al. (1975) found that heat seeds are usually stored
at around 12% moisture content with the minimum water con-
tent required in grain for germination being 35-45% by
weight; when moisture is in shortage, germination fails or is de-
layed, as observed in our results (Fig. 1). Al-Qasem et al.
(1999) and Hossain et al. (2012¢) found maximum germination
of spring wheat cultivars at 20-30 °C (air temperature). They
also reported that when soil moisture and air temperature were
low (<12°C), germination was delayed, adversely affecting
crop establishment, similar to our findings in which germina-
tion of all genotypes at ES took longer than at OS, possibly be-
cause of low temperature at ES (Table 3; Fig. 1). Hossain and
Teixeira da Silva (2012) also reported that low air temperature
during germination in LS spring wheat had a detrimental effect
on germination, crop establishment, tillering and finally
productivity.

The variation in required days to FS-10.1 (Fig. 2) observed
in ES and LS between genotypes is due to environmental fac-
tors (Hossain and Teixeira da Silva, 2012; Hossain et al.,
2012a—d). Araus et al. (2007) also stated that the environment
affects the number of days required to reach or achieve differ-
ent growth stages in wheat, but that this varies with genotype
due to their different genetic makeup. Reynolds et al. (2000)
stated that the sensitivity of metabolic processes of wheat in re-
sponse to heat stress in the field reduced the length of the life
cycle due to a shortage of favourable resources, resulting in
low grain yield and low total plant biomass.

In Fig. 3, a reduction in life span of the LS crop can be ob-
served due to the negative effect of high temperature (air and
soil) and drought (deficit soil moisture). Ubaidullah et al.
(2006) also noticed that in general, LS had negative effects
{due to high temperature (25-33 °C) stress at reproductive
stage} on all traits with as much as 23 days difference between
ES and LS for heading. Wollenweber et al. (2003) and Ho-
warth (2005) stated that the different phenological stages of
different genotypes differ in their sensitivity to climatic factors,
especially high temperature (air and soil) and low RH
(drought), and that this depends on species and genotype as
there are great inter- and intra-specific variations, which is sim-
ilar to our present result (Fig. 3). Prasad et al. (2008) and
Hossain and Teixeira da Silva (2012) reported a decrease in
time to flowering, grain set, and physiological maturity in
spring wheat when grown at high night temperature (> 14 °C).

Crops that are highly affected by stress attempt to survive
and complete all the developmental stages within a shortened
period of time (Young et al., 2004; Hakim et al., 2012; Hossain
et al., 2012b—d). On the other hand, Ubaidullah et al. (2006)
noticed from their two-year study that heading, grain filling
and grain maturity were 23, 3 and 29 days earlier when wheat
was sown late than when sown normally due to heat stress dur-
ing LS; these two assumptions are also true for our study
(Fig. 4).

Seed germination is one of the most important phases
affecting yield and quality in crop production (Almansouri
et al., 2001). Further, the interaction between the seedbed envi-
ronment and seed quality plays an important role in the estab-
lishment of a crop (Khajeh-Hosseini et al., 2003). Al-Karaki

et al. (2007) and Hossain et al. (2012a) stated that the com-
bined effect of high air temperature (27-33 °C) and water
stress (—3 to —0.9 MPa) was most critical to reducing germina-
tion rate and percentage than individual stressor effects. Water
shortage in soil postpones and reduces seed germination,
causes unequal seedling emergence, and results in variation
in the number of plants/unit area, ultimately decreasing seed
yield and quality (Hampson and Simpson, 1990), as also found
in our study (Fig. 5; Table 2).

The results of our study, with respect to number of tillers
plant™!' (Fig. 6), show a parallel resemblance to the follow-
ing two findings in wheat: Differentiation into tillers and the
appearance of tillers generally ended just before stem elonga-
tion started (Baker and Gallagher 1983); low air tempera-
tures (<12°C) negatively affected seedling establishment,
tillering and finally reduced grain yield (Hossain et al.,
2011). On the other hand, Herbek and Lee (2009) observed
that under weather stress conditions such as high tempera-
ture, drought, high plant populations, and low soil fertility,
or pests, plants responded by producing fewer tillers or even
aborting initiated tillers.

In our research, plant height varied under LS and ES
(Fig. 7) due to genotype effects and environmental stress. Aha-
med et al. (2010) also found similar results in ES and LS. On
the other hand, Khan et al. (2009) found, in rice, a positive
and significant association between plant height and all mor-
phological traits at the genotypic level. They also found that
grain yield/plant was positively and significantly correlated
with plant height, panicle length, flag leaf area and number
of grains/panicle at the genotype level.

In Mediterranean climates high temperatures combined
with drought cause considerable damage, including scorching
of leaves and twigs, sunburn on leaves, branches and stems,
leaf senescence and abscission, shoot and root growth inhibi-
tion, and fruit discoloration and damage, consequently reduc-
ing the yield (Martiniello and Teixeira da Silva, 2011;
Vollenweider and Gunthardt-Goerg, 2005). Similarly, in tem-
perate regions, heat stress has been reported to be one of the
most important causes of reduction in yield and dry matter
production in many crops, including maize (Giaveno and Fer-
rero, 2003). In wheat, under field conditions, high temperature
stress is associated with drought (low soil moisture and low
RH), affecting the growth and development, and finally reduc-
ing yield (Fig. 8; Ahamed et al., 2010; Machado and Paulsen,
2001; Mazorra et al., 2002; Simdes-Aratjo et al., 2003; Hoss-
ain et al., 2012a).

5. Conclusions

From the above results and discussion, it may be concluded
that the combined effect of high temperature (soil, air) and
drought (deficit soil moisture) is more destructive than low
temperature stress. There is a relation between phenological
variation and growth and development of wheat and barley:
high temperature stress, when combined with drought during
LS, decreased the days to visible awns, days to heading and
days to ripe harvest, finally negatively affecting the growth
and development of plants and resulting in a lower plant pop-
ulation m~2, number of tillers plant™!, plant height and dry
matter production m~2. On the other hand, low temperature
in combination with ES increased the number of days to
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germination, reduced seedling stand establishment and tillering
capacity, finally affecting the growth and development of both
cereal crops. Compared to overall performance and optimum
sowing date, barley genotypes ‘Zernograd.770’ and ‘Nutans’,
and wheat genotype ‘Line4’ performed best in both late
(high temperature with drought stress) and early (low
temperature stress) sowing conditions, making them potential
target genotypes for use in southern European Russia.
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