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ABSTRACT 

Screening genotypes using physiological and agronomic traits and stress tolerance indices 

that are considered as putative selection criteria is crucial in order to develop resilient 

genotypes for drought prone environments. Thus, the present study examined the effect of 

different moisture regimes based on Total Available Water (TAW) on yield and 

physiological traits of bread wheat (Triticum aestivum L.) genotypes. A       factorial 

combination of three moisture regimes (optimum maintained at 80% of TAW, pre-and 

post-flowering water stress each of them maintained at 30% of TAW) and eight bread 

wheat genotypes were tested in a completely randomized design (CRD) with three 

replications under greenhouse condition. The analysis of variance revealed highly 

significant difference among genotypes for most physiological and yield and yield related 

attributes studied, showing the existence of genetic variability which could be used to 

breed for tolerance to moisture stress. The genotypes × moisture regimes interaction was 

also significant for most of the characters indicating the inconsistency of the performances 

of genotypes across moisture regimes and the need for selection of bread wheat genotypes 

that are specifically adapted to a particular moisture regime. Higher grain yields were 

harvested from genotypes B, C and E with an advantage of 65, 54 and 36%, respectively 

over the tolerant check at pre-flowering water stress regime. On the other hand, under 

post-flowering water stress regime genotypes A and D showed significantly superior 

performance over the tolerant check, with 85 and 72% increments, respectively. In 

addition, GEE biplot allowed the winning genotypes to be distinguished for each moisture 

regime mega environment. Accordingly, genotypes, B, C and E were identified as drought 

tolerant and suitable to pre-flowering water stress mega environment whereas genotypes, 

A and D were ideal genotypes to post-flowering water stress mega environment. Moreover, 

genotype H was the most stable genotype across all moisture regimes while genotypes F 

and G thrived best under optimal condition. Besides, results of correlation analysis 

between stress tolerance indices and grain yield in pre-flowering water stress condition 

revealed that TOL, HM, SSI, DRI, YSI and YI showed a high power of discrimination 

among genotypes. Also, TOL, MPI, GMP, HM, STI, SSI, DRI, YSI and YI were the best 

indices for identifying high yielding genotypes at post-flowering water stress condition. 

Hence, these indices could be used as selection criteria for screening genotypes under 

different moisture stress regimes. Principal component analysis (PCA) showed that 98 and 

95% of the total variation was explained by the first six and four PCs under pre-and post-

flowering water stress conditions, respectively. Thus, traits included in the first PCs 

particularly traits with higher vector loading scores are pertinent in screening bread 

wheat genotypes at each water stress regimes. Therefore, based on evaluations,  it could 

be recommended that genotypes A, B, C, D and E along with tolerant check should be 

promoted for further testing under field conditions both to confirm the results and to put 

them in the pipe line for release.  

 

Keywords: Bread wheat, TAW, moisture stress, stress tolerance indices, PCA, GGE biplot
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1.  INTRODUCTION 

Wheat (Triticum spp.) is a major cereal crop in many parts of the world and commonly 

known as king of cereals. It is a staple food for more than 35% of the world population and 

contributes more calories and protein to the world diet than any other cereal crop 

(FAOSTAT, 2012). Presently, it is the second major cereal crop after rice and ahead of 

maize with production of 735 million tons annually (USDA, 2015). Of wheat grown 

worldwide about 95% is bread wheat (Dixon, 2009). However, moisture deficit is 

threatening its productivity because of its potential sensitivity to water stress (Katalin et 

al., 2014). 

Drought is the major factor limiting wheat production worldwide and has been the main 

reason for reduced yield in recent years (Mancosu et al., 2015; Daryanto et al., 2016). In 

dry environments, wheat production is estimated to be depressed by 50-90% of the crop 

potential (Oliveras-Villegas et al., 2007). Contemporarily, climate change scenarios predict 

an increase of aridity in the future and certainly water will become an increasingly scarce 

commodity. Alarmingly, the percentage of drought affected land has approximately 

doubled from the 1970s to the early 2000s, affecting grain yield and quality of various 

crops resulting in food shortages in the world (Isendahl and Schmidt, 2006). Consequently, 

the stability of wheat production is also greatly influenced by stresses such as water 

scarcity (Bloem et al., 2010), and these stresses are projected to be increasingly severe in 

some regions due to climate change (Allen et al., 2010; Soussana et al., 2010). Moreover, 

periodic drought that occurs during the critical developmental stages can lead to serious 

damage to crop production, even in some normally favourable environments. For instance, 

tillering, flowering and grain filling have been reported as sensitive growth stages in wheat 

production (Nayyar and Walia, 2003; Ram et al., 2013; Sokoto and Singh, 2013: Katalin et 

al., 2014). Thus, exploitation and utilization of drought-resistant germplasm at critical 



2 
 

developmental stages are of great importance to meet the challenges of wheat production 

under the changing climatic conditions (Song et al., 2017). 

Recently, physiological traits are becoming ideal selection criteria for drought adaptation. 

These traits have acquired increasing importance in wheat stress tolerance improvement 

programs, because of a greater understanding of their relative contribution to grain yield 

(Olivares-Villegas et al., 2007). Apparently, morpho-physiological traits for growth and 

development have the greatest impact on the adaptation of plants to the target 

environments with the aim of achieving maximum productivity. In this regard, Slafer and 

Araus (2007) believed that improvements of genotypes for water stress need the integration 

of new tools and strategies to complement conventional breeding approaches. The two 

issues that might contribute to complement traditional breeding are molecular biology and 

crop physiology. A number of physiological traits have been reported to be associated with 

grain yield under a drought stressed condition. These traits, include, water-use efficiency 

and harvest index (Araus et al., 2002), canopy temperature (Oliveras-Villegas et al., 2007), 

leaf area, number of grains, grain yield and biological yield (Gupta et al., 2001), leaf 

relative water content (Merah, 2001), flag leaf chlorophyll content at grain filling stage 

(Reynolds et al., 2007a) and early ground coverage (Rana et al., 2007) were considered as 

important drought adaptive traits in wheat. 

Although several morpho-physiological drought adaptive traits have been reported, 

selection of genotypes based on limited physiological traits for water-limited environments 

is unlikely to be universal because some traits which are important in one region might be 

detrimental in another. Thus, selection of desirable drought adaptive traits for particular 

area would be essential. Moreover, preliminary selection of morpho-physiological drought 

adaptive traits is very important for next generation judicious and careful selection and 
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consequently confirms the outstanding drought tolerant wheat genotypes (Rahman et al., 

2016).  

In Ethiopia out of 18 major agro-ecological zones (AEZs), wheat is grown in more than 

eight AEZ. The major wheat growing areas include Arsi and Bale in the south-eastern, 

Hadiya and Kambata in the south, Shewa in the central highlands, and Gojam, Gondar, 

Wello and Tigray in the north-western and north (Mandefro Nigussie et al., 2009). There 

are also several pocket areas of wheat production in the country. Bread wheat (Triticum 

aestivum L.) and durum wheat (Triticum turgidum ssp. durum L.) are the two major 

species of wheat cultivated in the country. Ethiopia is considered as center of genetic 

diversity for durum wheat (Vavilov, 1951). However, owing to its higher productivity per 

unit of land, its significance as a cash crop, and its role in supplying some major dietary 

requirements of peasant farmers, the area under bread wheat production has been 

increasing in recent years as compared to that of durum wheat (Asefa Taa et al., 1996; 

Fassil Kelemeork et al., 2000; Mandefro Nigussie et al., 2009). Undoubtedly, the crop is 

one of the major cereal choices in Ethiopia, dominating food habits and dietary practices, 

and known to be a major source of energy and protein for the highland population and 

peoples dwelling at mid altitude of the country. Moreover, wheat has been selected as one 

of the target crops in the strategic goal of attaining national food self-sufficiency.  

The Ethiopian agriculture is mainly rain-fed in that its performance is highly dependent on 

the timing, amount and distribution of rainfall (Cheung et al., 2008). In almost all wheat 

producing agro-ecological zones of Ethiopia, the water supply for wheat production 

principally comes from rainfall. This makes the sector vulnerable to drought and other 

natural calamities. Besides, due to the changing global climate, the rainfall trend is also 

changing (Funk et al., 2012; Hellin et al., 2012; Stroosnijder et al., 2012). As a result, the 
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rains are becoming more erratic with a trend of starting late and ceasing early in the crop 

growing season. This has posed an eminent danger for wheat production. 

In fact, since the inception of wheat research in Ethiopia, fairly high numbers of improved 

bread and durum wheat varieties have been released to satisfy the growing production 

demands of the farmers. Most of these were developed from introduced germplasm, mainly 

CIMMYT, ICARDA, Kenya and Nepal particularly for bread wheat. Nevertheless, 

improvement of bread wheat genotypes for drought-prone environment has been given 

little attention. Taking the above facts into consideration, this study was, therefore, 

conducted with the following objectives.  

1. To identify physiological, yield and yield related traits and drought tolerance 

indices associated with drought tolerance in wheat that can be used as selection 

criteria. 

2. To study the correlation between studied traits and grain yield at pre-and post-

flowering water stress. 

3.  To select the winning bread wheat genotypes at each water stress regime that can 

be promoted for further trial. 
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2. LITERATURE REVIEW 

2.1. Origin and Importance of Wheat 

Wheat belongs to the grass family Poaceae, tribe Hordeae and of the genus Triticum in 

which several-flowered spikelets are sessile and alternate opposite side of the rachis 

forming a true spike. It includes both tetraploid (2n = 4x = 28) and hexaploid (2n = 6x = 

42) species (Ribaut et al., 2001). The former is indigenous to Ethiopia and the country is 

the center of origin and genetic diversity for teraploid wheat while the hexaploid wheat is 

believed to have been introduced by the Portuguese explorers in the 18
th 

century (Hailu 

Gebremariam, 1991). Common wheat (Triticum aestivum L.) was first domesticated 

approximately 6000 years ago in the Fertile Crescent, which stretches through the 

countries now known as Egypt, Israel, Jordan, Lebanon, Syria and Iran (Dvorak et al., 

1998). Since then, it has become widely grown across the world. 

Analysis by Jayne et al. (2010) assessed and identified patterns of rapid growth in wheat 

consumption in Eastern and Southern Africa as a consequence of urbanization, rising 

incomes, and dietary diversification where maize has previously been the predominant 

starchy staple. Wheat grain is used to make flour, breads, biscuits, cakes, cookies, pasta 

and also for beer, other alcoholic beverages or biofuel (Knott et al., 2009). Ethiopia is one 

of the largest wheat producing country in Sub-Saharan Africa Countries (USAID, 2014) 

and it is the principal staple crop in the country following teff, maize and sorghum out of 

the grain crops grown and it ranks 4
th

 in terms of production (CSA, 2018). It occupies over 

1.6 million hectares of land and contributes about 15.17% of the gross grain production of 

all cereals cultivated in "Meher" Season in Ethiopia which is next to teff, maize and 

shorghum (CSA, 2017). It is also one of the most important cereal crops, used as a source 

of food, cash and the straw is used for thatching and as animals‟ feed.  
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2.2. Wheat Response Mechanisms to Water Stress 

Drought is the most prevalent environmental condition, which severely impairs the plant 

growth and field crops production more than other environmental stresses (Edema, 2014). 

The capability of plants to maintain itself in water scarce conditions is important in crop 

production. The water requirement of wheat varies by the stage of crop development and 

environmental conditions in which it grows (De Leonardis et al., 2007). Consequently, in 

case of drier and hotter environmental conditions, more water is required by wheat plants.  

Wheat develops various mechanisms including their morphological, physiological, 

biochemical and molecular responses at cellular level to tackle water stress. These 

mechanisms are categorized into following drought response strategies: escape, avoidance 

and tolerance to sustain under dry environment (Ludlow and Muchow, 1990). In case of 

escape, wheat complete the life cycle during the sufficient water supply before the onset of 

drought stress e.g. early maturity (Araus et al., 2002). Different studies (Kandic et al., 

2009; Al-Karaki, 2012) concluded that early maturity in wheat avoid the late season water 

scarce period to attain fairly higher yield. 

Drought avoidance mechanism is associated with the ability of a plant to enhance its water 

uptake and reduced water loss (Chaves and Oliveira, 2004). It involves the strategies of 

wheat plant to maximize water uptake by long and thick root network (Wasson et al., 

2012) and reducing the water loss by leaf and stomatal characteristics by decreasing 

transpiration rates through reduced leaf growth, leaf rolling, leaf shedding, lowering 

canopy temperature and maintaining relative leaf water content (Bhutta et al., 2005; 

Izanloo et al., 2008; Khakwani et al., 2013).  

Dehydration tolerance enables the wheat plants to survive periods of water deficit and re-

grow when rain falls. It can also be defined as the ability of a plant to maintain 
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physiological function under low water potential. Dehydration tolerance may also allow 

wheat crop, to maintain metabolic activity for longer time, to withstand under water stress 

with low tissue water potential and tackle the injurious effects of drought by initiating 

various defense mechanisms i.e. osmotic adjustment, enhanced anti-oxidative capacity and 

physical desiccation tolerance by maintaining membrane integrity (Dhanda et al., 2004; 

Xue et al., 2006; Shi et al., 2010; Nezhadahmadi et al., 2013). 

2.3. Effect of Water Stress on Wheat Phenology 

The biological cycle of plants is frequently affected by several climatic and edaphic factors 

(Ahmed et al., 2017). Out of climatic factors, drought is a well-known environmental 

factor, which causes tremendous impact on phenological and other plant attributes. In this 

regard, Kilic and Yagbasanlar (2010) observed that drought stress accelerated phenological 

growth stages, the normal growth and development periods in wheat. Drought might have 

contrasting effects on different species, for instance, in wheat it may push forward the 

flowering while in rice, may delay the flowering (Parchin et al., 2011). According to 

Mahfuz et al. (2014) phenological traits such as days to heading, days to physiological 

maturity and grain filling duration were reduced significantly under water stress condition 

in wheat genotypes. Moreover, Ihsan et al. (2016) reported duration to complete 50% 

heading and physiological crop maturity in wheat genotypes were the most susceptible 

growth stage (GS) that denoted 31–72% reduction in number of days to complete these GS 

at severe water stress. Besides, the authors noted shortest grain filling duration for wheat 

genotypes grown under water stress condition. In fact, variations among wheat genotypes 

were also apparent in which some genotypes had demonstrated greater adaptability to 

stress tolerance with regard to phenological traits (Ihsan et al., 2016).  
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2.4. Effect of Water Stress on Physiological Parameters in Wheat  

2.4.1. Flag leaf area and flag leaf specific leaf area 

The area of the leaf lamina or all green surfaces (leaf lamina, leaf sheath, stem and spike) 

of the crop relates to the light interception and photosynthetic potential, the surfaces for 

transpiration/water loss, and the aboveground biomass of the crop (Alistair et al., 2012). 

Crops with large canopies have the potential to intercept more light and be more 

productive, but may do so inefficiently in relation to the water and nutrients required to 

produce and maintain them (Ibid.). Grain yield in cereal crops is a complex physiological 

and biochemical processes but is essentially associated with the carbohydrate accumulation 

process of grain filling, which in turn attributed to leaf functionalities (Biswal and Kohli, 

2013). By contrast to other leaves in the duration of reproductive phase, flag leaves are the 

main organ for photosynthesis, providing the major assimilate source required for plant 

growth and panicle development and also sensing environmental signals for adaptation 

(Biswal and Kohli, 2013;Tina et al., 2015). Of course, it is indisputable that reduction in 

flag leaf area induced by drought stress per se conductive to limited water use and could 

also result in lower productivity (Sinclair and Muchow, 2001). Study conducted on bread 

wheat and durum wheat genotypes under well water and water stress condition stated that 

both genotypes had shown different responses in flag leaf area (Zarei et al., 2013).  

Likewise, Song et al. (2017) had also reported significant reduction in flag leaf area of 

bread wheat genotypes under water stress condition. Therefore, maintaining relatively 

broader flag leaf area can be associated with better yield under stress prone environment. 

Specific flag leaf area (SFLA) is known as the ratio of flag leaf area to leaf dry weight. A 

thicker leaf are associated with an efficient rate per unit weight of leaves and is a desirable 

trait to water stress conditions where higher specific flag leaf area is a proxy for it. The 

specific flag leaf area showed significant positive correlation with spike length and grains 
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per spike and negative association with specific flag leaf weight under drought condition at 

post-anthesis stage in bread wheat genotypes (Ali et al., 2015).   

2.4.2. Flag leaf chlorophyll content 

Chlorophyll is the green photosynthetic pigment which absorbs sunlight (mainly in the 

blue and red portions of the electromagnetic spectrum) and transfers this energy to the 

reaction center of the photosystems. Measuring chlorophyll content, as a proxy for the 

entire photosynthetic complex, indicates photosynthetic potential. According to 

Manivannan et al. (2007) chlorophyll is one of the major components of chloroplasts for 

photosynthesis and relative chlorophyll content has a positive relationship with 

photosynthetic rate. In addition, flag leaf chlorophyll content is an indicator of 

photosynthetic activity and its stability indicates the conjugation of assimilate biosynthesis 

(Bijanzadeh and Emam, 2010).  

Nikolaeva et al. (2010) has reported marked reduction in chlorophyll content in wheat 

under drought condition. Loss of chlorophyll content, i.e., „chlorosis‟, is indicative of stress 

induced by drought, heat , salinity, nutrient deficiency, ageing, etc., and reflects a loss of 

photosynthetic potential (Debra et al., 2012). The decrease in chlorophyll content under 

drought stress may be the result of pigment photo-oxidation and degradation. Severe 

drought stress inhibits the photosynthesis of plants by changes in chlorophyll content, 

affecting chlorophyll components and damaging the photosynthetic apparatus. Total 

chlorophyll content is found to be reduced under water stress conditions (Tayeb, 2006). A 

decrease in chlorophyll content is faster in drought sensitive than in drought tolerant 

genotypes (Ibid.). The chlorophyll content in flag leaves reflect photosynthetic activity and 

yield potential of wheat plants. High chlorophyll content in different plant leaves was 

considered as a favorable trait in crop production under drought stress (Teng, 2004; Rong-

hua et al., 2006). Thus, it is reasonable to assume that high chlorophyll capacity of wheat 
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plants under drought conditions could be identified by selecting genotypes with high 

chlorophyll capacity (Naroui et al., 2012; Farshadfar et al., 2014). Chlorophyll content is 

an indicator of drought tolerance and it could be used as screening tool for drought 

tolerance in wheat. In this regards, Yasir et al. (2013) had reported that significantly 

varying SPAD values for bread wheat genotypes under two moisture regimes. Moreover, 

Farshadfar et al. (2014) also noted that, resistant genotypes of wheat had higher 

chlorophyll content than sensitive genotypes under water stress. 

2.4.3. Canopy temperature 

Cooler canopy temperature (CT) is positively associated with yield under heat and drought 

stress and both physiological (Lopes and Reynolds, 2010) and genetic (Pinto et al., 2010) 

evidences suggest this to be associated with a root/vascular capacity. However, CT is also 

sensitive to the environment and requires clear skies and low winds for a reliable reading. 

The surface temperature of the canopy is related to the amount of transpiration resulting in 

evaporative cooling. A hand-held infrared thermometer (IRT) allows canopy temperature 

to be directly and easily measured remotely and without interfering with the crop. Studies 

have shown that CT is correlated with many physiological factors: stomatal conductance, 

transpiration rate, plant water status, water use, leaf area index and crop yield (Pietragalla 

et al., 2012). Genotypes with „cooler‟ canopy temperatures can be used to indicate a better 

hydration status under optimal and water stress condition. Relatively, lower canopy 

temperature in drought stressed crop plants indicates a relatively better capacity for taking 

up soil moisture and for maintaining a relatively better plant water status by various plant 

adaptive traits. Studies conducted by Bulm et al. (1989a, b) were used these drought 

adaptive traits as screening tool for wheat genotypes in water stress environments. 

Moreover, the study conducted by Reza (2011) showed that wheat genotypes with a low 

canopy temperature could produce high yield under moisture-stressed conditions. In 
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quantitative terms, Zarei et al. (2013) had also reported 6.9% and 4.3% canopy 

temperature reduction under water stress condition compared with well watered at 

flowering and grain filling stage, respectively. Consequently, canopy temperature is 

considered as a useful trait which is used for screening drought tolerant wheat genotypes, 

as it reveals different physiological responses (Mason and Singh, 2014). Hence, such 

findings revealed the potential of this trait for screening wheat genotypes under water 

stress. 

2.4.4. Dry matter production and its partitioning 

Dry matter accumulation and distribution is an important factor indicating partitioning 

efficiency of photosynthetic assimilates. Soil moisture determines the distribution and 

accumulation of dry matter in different plant parts. The carbohydrates that are needed for 

grain growth are mainly provided from two sources (1) during grain filling via leaves and 

spike (Maydup et al., 2010) and (2) excess carbohydrates that are produced after and 

before anthesis, stored in the stem and remobilized to the grains during grain filling stage 

(Ehdaie et al., 2008). Several studies have reported that the contribution of stem 

remobilization in grain yield formation depends on genotypes and water regimes and 

ranges from 10% to 50% (Plaut et al., 2004; Ehdaie et al., 2006a, b, 2008; Karki et al., 

2014). The contribution of leaves and spike photosynthesis and carbohydrate 

remobilization from stem affect the final grain weight.  

Traditionally, the flag leaf has been considered as the main photosynthetic organ in grain 

yield formation (Evans et al., 1972) but Aggarwal et al. (1990) and Ahmadi et al. (2009) 

reported that defoliation at anthesis had only small effects on grain yield of wheat, and they 

stated that the yield of cultivars used under those conditions was more controlled by sink 

than source strength. Recently, Maydup et al. (2010) have indicated that the defoliation 



12 
 

significantly reduced the total grain weight per spike by about 25% in two wheat cultivars. 

There is evidence that when a photosynthesis organ of a plant is detached, the 

compensations in the remaining photosynthesis tissues or remobilization may occur and 

diminish the photo assimilate reduction (Chanishvili et al., 2005). Thus, the source 

limitation of grain yield in previous works (Aggarwal et al., 1990; Ahmadi et al., 2009) 

may be because of the fact that the photosynthetic role of spike was neglected. The 

contribution role of ear/spike photosynthesis in grain yield formation in wheat and barley 

has been reported from 10% to 76%, respectively (Biscos et al., 1975). A recent study by 

Maydup et al. (2010) showed that the ear photosynthesis makes a significant contribution 

to grain yield of wheat from 13% to 33% in control and 22% to 45% under water 

deficiency conditions. Besides, Karki et al., (2014) had also reported substantial reduction 

in root dry and shoot weight of bread wheat lines under moisture stress. 

2.5. Effect of Water Stress on Yield and Yield Components of Wheat 

Yield is a complex polygenic trait which is highly influenced by the environment and 

season. A sound knowledge on the association of various components of yield with 

biomass and grain yield is a pre-requisite for initiating successful improvement program. 

To date, various research findings have been reported, regarding growth, yield and yield 

related traits responses of wheat genotypes to drought stress, thus hereafter empirical 

review have been made on the traits as follows.  

Maralian et al. (2010) reported that tillering and heading stages were sensitive to water 

stress and grain yield of wheat decreased by more than 37% compared with well watered 

conditions. Moreover, data of grain yield per plant and its components, i.e. number of 

spikes/plant, number of grains/main spike and 1000-grain weight were measured for ten 

bread wheat genotypes under four water regimes and grain yield per plant and its 

components were reduced significantly by moderate and severe soil moisture deficit 
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treatments in both locations (Atta et al., 2010). The study conducted by Saeed (2012) also 

indicated that drought stress imposed at post-anthesis stage on two contrasting (tolerant 

and susceptible) bread wheat cultivars (cv.) resulted in significant seed yield reduction. In 

this study, drought stress was lasted for 31days and this resulted in 45.6 and 8.2% seed 

yield reductions in Marvdasht (susceptible cv.) and Zagros (tolerant cv.), two contrasting 

cultivars, respectively. In addition to seed yield, harvest index (HI %) decreased under 

water stress condition, although the reduction was more pronounced in the drought-

sensitive (37%) cultivar than (12%) drought-tolerant cultivar (Ibid.).  

Baloch et al. (2012) evaluated 16 spring wheat cultivars under two irrigation regimes, non-

stress and water-stress that were imposed at boot and anthesis growth stages and noted that 

yield related attributes such as, grain per spike, grain yield per plant and thousand kernel 

weight were significantly affected by the irrigation regimes and wheat cultivars alone. 

Besides, they have been reported that, wheat cultivars found to be significantly reduced 

under moisture stress condition in grain per spike and thousand kernel weight.  

According to Mohsen et al. (2015) water stress on different bread wheat cultivars at the 

vegetative growth stage caused 54%, 45%, 36% and 18% reduction in grain yield, 

biomass, the number of grains per spike and harvest index on an average, respectively 

while it had no significant effect on 1000 grain weight. Mohammad and Somayyeh (2015) 

also found that grain yield was significantly affected by drought stress and cultivars.  

In addition, considerable variations among 40 bread wheat genotype that were tested under 

drought stress in both field and glasshouse conditions were observed for growth, yield and 

yield related attributes (Abdolshahi et al., 2015). Accordingly, plant height, grain number, 

biomass yield, grain yield and thousand grain weight were significantly influenced by the 

main and interaction effects of genotypes and moisture regimes. 
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Recently, Song et al. (2017) evaluated thirty five hexaploid wheat genotypes under well 

watered and water stressed condition and they have found that spike length, grain number 

per spike, biomass yield per plant, grain yield per plant, and harvest index were 

significantly affected by the interaction of genotypes and moisture regimes.  

2.6. Stress Tolerance Indices  

Stress tolerance indices which provide a measure of drought tolerance based on yield loss 

under water stress conditions in comparison to optimal conditions have been used for 

screening drought tolerant genotypes (Mitra, 2001). To evaluate response of genotypes to 

drought stress, some selection indices based on a mathematical relation between stress and 

optimum conditions has been proposed. Several selection criteria have been proposed to 

select genotypes based on their performance in stress and optimal conditions. 

Many studies have used stress tolerance indices to select stable genotypes according to 

their performance under favorable and stress conditions (Moosavi et al., 2008; Farshadfar 

et al., 2013; Mursalova et al., 2015). Examples of such indices are tolerance (TOL) and 

mean productivity index (MPI) (Rosielle and Hamblin, 1981), harmonic mean (HM) 

(Schneider et al., 1997), geometric mean productivity (GMP) and stress tolerance index 

(STI) (Fernandez, 1992), stress susceptibility index (SSI) (Fischer and Maurer, 1978), 

yield stability index (YSI) (Bousalama and Schapaugh 1984), yield index (YI) (Gavuzzi et 

al., 1997) and drought resistance index (DI) (Lan 1998). 

Ahmadizadeh et al.(2011) have tested twenty-five durum wheat genotypes for two seasons 

under optimal and water stress condition and reported that stress tolerance indices (TOL, 

MP, HM, GMP,STI, SSI, YSI and YS) showed significant differences among the 

genotypes. Jatav and Kandalkar (2014) had also evaluated 125 promising genotypes of 

wheat for drought tolerance indices under normal and drought environments. They have 
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found that stress tolerance indices (STI, SSI, MP, GMP, YI and YSI) were significantly 

varied among genotypes, thus, can potentially be used for screening wheat genotypes under 

water stress condition. Similarly, Ashraf et al. (2015) evaluated the response of ten bread 

wheat genotypes to drought stress and have noted that the estimates of stress tolerance 

attributes indicated that identification of drought-tolerant genotypes based on a single 

criterion is contradictory. In spite of this, the result of correlation analysis between grain 

yield in both conditions and stress tolerance indices revealed that STI, MP, GMP, YI, 

harmonic mean (HM) and drought resistance index (DI) were the best indices for 

identifying high yielding genotypes in both conditions (Ibid.). Recent assessment which 

has been made on 20 bread wheat genotypes in response to water stress indicated 

statistically significant correlation between relative loss of intracellular electrolyte leakage 

from leaf tissue (LI-leakage index) and drought susceptibility index (DSI) and bread wheat 

genotypes have also shown variations in stress tolerance indices such as DSI, GMP, TOL, 

HM, MPI, and STI (Grzesiak et al., 2018).  

2.7. Multivariate Analysis 

Multivariate analysis are useful statistical tools to assess stability and can be used to 

identify groups with desirable traits for further improvement under optimal and water 

stress condition. The principal components analysis (PCA) is one of the most successful 

techniques for reducing the multiple dimensions of the observed variables to a smaller 

intrinsic dimensionality of independent variables (Johnson and Wichern, 2007). This 

approach is very helpful in deciding which traits of crop contributing most to yield under 

ideal and stress condition. Therefore, various studies pointed out the assessment of the 

relationships between traits to identify superior genotypes for both water-stressed and non-

stressed environments using principal component analysis (Ezatollah et al., 2012; Yasir et 
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al. (2013); Ashraf et al., 2015; Shivrama et al., 2016; Kacem et al., 2017; Grzesiak et al., 

2018).  

Ezatollah et al. (2012) evaluated twenty bread wheat landraces and the study showed that 

the PCA1 and PCA2 axes justify 50.90% of total variation, which mainly distinguish the 

indices in different groups. Similarly, 46 Chinese bread wheat genotypes were evaluated 

for two growing seasons (2010-2012), under water-stressed and non-stressed 

environments, to classify them according to the target environment using PCA (Yin-Gang 

et al., 2013). PCA classified the genotypes into three. Accordingly, the first group 

contained genotypes with high drought susceptibility which is suitable for non-stressed 

environments only. The second group consisted of drought tolerant genotypes suitable for 

stressed environments. The third group included genotypes with low yields in both 

environments. Accordingly, the first and second components justified 65.3% and 34.2% of 

total variation, respectively, with eigenvalue greater than one and accounted for 99.5% of 

total variation.  

Moreover, Shivrama et al. (2016) tested 35 core elite wheat germplasm under water deficit 

condition and principal components analysis showed that three components explained 

67.73 % of the total variation among traits. The first PC contributes 38.8%, second PC 

contributes 17.17% and third PC contributes 11.66 % of total variation between traits. 

Grzesiak et al. (2018) also assessed the differences among 20 wheat genotypes in response 

to drought using agronomic and physiological traits and drought tolerance indices. In this 

study the physiological traits in the PCA analysis the first factor (PC1) explains 47.4% of 

the total variance of variables, and the second factor (PC2) about 20.6%. In total, both PCs 

explain 68.0% of the total variance of all analyzed variables. In addition, the PCA is also 

carried out for seven different drought tolerance indices (drought susceptibility index, 
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tolerance index, stress tolerance index, geometric mean productivity, mean productivity 

index, harmonic mean and stress index) which were calculated on the basis of dry matter. 

The first factor of PCA analysis explains about 72.6% of the total variance of variables, 

and the second factor about 26.7% with both main axes explaining 99.3% of the total 

variance of all analyzed variables. 
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3. MATERIALS AND METHODS 

3.1. Description of Experimental Area 

The study was carried out at Hawassa, main campus of Hawassa University, under 

greenhouse condition, during August 2016 to December 2017. Hawassa is located at 7
0
 

04‟N and 38
0
 31‟ E on the escarpment of the Great Rift valley with an elevation of 1700 m 

a.s.l, which is located about 275 km south of Addis Ababa, the capital city of Ethiopia. The 

mean annual rainfall of Hawassa is 900-1100 mm. Long term annual average maximum 

and minimum temperature of the area is 26 ℃ and 12.4 ℃, respectively. 

3.2. Soil Sampling, Preparation and Analysis 

The soil for the experiment was brought from well-known wheat belt area, Arsi Negele. 

Two composite soil samples, each made from twelve sub-samples, one for total available 

water and the other for the rest soil parameters determination was collected diagonally in a 

zigzag pattern from 0-30 cm soil depth from farmer‟s field with the help of spiral auger. 

The composite soil sample was air dried, ground to pass through a 2 mm sieve, except for 

analysis of organic carbon and total nitrogen, where the sample was passed through 0.5 

mm sieve and stored in polythene bag for physical and chemical analysis using standard 

laboratory procedures. The particle size analysis was done by using the hydrometer method 

as outlined by FAO (2008). The pH of soil was measured in the supernatant suspension of 

1:2.5 (weight/volume) soil samples to CaCl2 solution ratio using digital pH meter (Page et 

al., 1982). Soil organic carbon was determined by using Walkley and Black method 

(Walkley and Black, 1934). Whilst total nitrogen of the soil was determined using the 

Kjeldahl method (Dewis and Freitas, 1975). Available P was determined following the 

method of Olson and Dean (1965). Saturated paste extract of electrical conductivity value 

(ECe) of the experimental soil was determined by digital EC meter and ECe value less than 

4 ds/m where regarded as normal soil (FAO, 1996). 



19 
 

3.3. Greenhouse Climate Condition 

Air temperature and relative humidity was measured for seven days during grain filling 

stage (when physiological traits such as canopy temperature and flag leaf chlorophyll 

content were measured) by sensors located in the experimental tent to establish daily 

maximum and minimum temperature, relative humidity and the vapor pressure deficit 

(VPD). The weather data was collected by the mini data logger (Model Testo174, Version 

5.0.2564.18771, Lenzkirch, Germany). Data logger was placed inside an open bucket to 

avoid direct sun and hung close to the plant canopy. The vapor pressure deficit of the 

greenhouse was calculated based on temperature and relative humidity recorded using 

VPD-Autogrow software(www.autogrow.com/wpcontent/uploads/2016/03/VPD_HDCALC.xls). 

From the result it was observed that higher (30.1℃) and lower (14.8℃) temperatures were 

recorded during middle of the day (12:00am) and before dawn (6:00 am), respectively 

(Table 1). On the other hand, greenhouse daily maximum relative humidity (69.2%) was 

recorded at 5:00 am whereas the greenhouse daily minimum relative humidity (40.1%) was 

recorded at 2:00 pm.  Maximum daily vapour pressure deficit (2.51KPa) and minimum 

daily vapour pressure deficit (0.56 KPa) were observed at 2:00pm and 6:00am, 

respectively (Table 1). Physiological measurement such as canopy temperature (CT) 

requires temperature more than 15 ℃ and conditions associated with high vapor pressure 

deficit and thus, the greenhouse condition was convenient enough to take CT measurement 

during grain filling stage.  

 

 

 

 

 

http://www.autogrow.com/wpcontent/uploads/2016/03/VPD_HDCALC.xls
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Table 1.Greenhouse daily climatic variables recorded during the experiment at grain filling 

stage 

Hour Temperature (℃) Relative humidity (%) VPD (KPa) 

1:00 pm 30.0 

 

42.6 

 

2.44 
2:00 pm 29.8 

 

  40.1 

 

2.51 

3:00 pm 29.5 

 

42.2 

 

2.38 

4:00 pm 29.6 

 

40.6 

 

2.46 

5:00 pm 26.6 

 

41.0 

 

2.05 

6:00 pm 22.9 

 

49.9 

 

1.40 

7:00 pm 21.3 

 

51.3 

 

1.23 

8:00 pm 20.8 

 

56.8 

 

1.06 

9:00 pm 20.1 

 

55.6 

 

1.04 

10:00 pm 19.5 

 

56.9 

 

0.98 

11:00 pm 19.2 

 

58.2 

 

0.93 

12:00 pm 18.6 

 

60.8 

 

0.84 

1:00 am 18.0 

 

63.2 

 

0.76 

2:00 am 17.6 

 

64.9 

 

0.71 

3:00 am 17.3 

 

67.5 

 

0.64 

4:00 am 16.7 

 

69.1 

 

0.59 

5:00 am 16.0 

 

69.2 

 

0.56 

6:00 am 14.8 

 

66.5 

 

0.56 

7:00 am 17.9 

 

60.5 

 

0.81 

8:00 am 23.6 

 

55.5 

 

1.30 

9:00 am 27.2 

 

44.3 

 

2.01 

10:00 am 28.2 

 

42.6 

 

2.20 

11:00 am 28.9 

 

43.5 

 

2.25 

12:00 am 30.1 

 

42.8 

 

2.44 

Note: VPD = Vapor pressure difference and KPa = Kilo Pascal 
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3.4. Determination of Moisture Regimes 

Bulk density of the soil 

Bulk density is a measure of the weight of the soil per unit volume (g/cm
3
). It was 

determined by taking undisturbed soil sample using core sampler. The weight of core and 

soil was separately treated, the soil was oven dried at 105 
0
C for 24 hours and weighed. 

BD (g/cm
3
) = 

                           

                       
………………..……….…………………………(1) 

                   = 
        

       
 

                   = 1.0609 g/cm
3 

Where, the standard volume of the core sampler is 100 cm
3
  

Moisture content at field capacity 

The core samples collected, mixed together, air dried, grinded and then sieved with 2mm 

size sieve then after submitted for analysis. From the submitted sample, soil was filled on 

sample retaining rubber ring on to the 1/3 bar ceramic plate and moistened by the distilled 

water until its saturation. The sample with 1/3 bar ceramic plate was put in to pressure 

plate apparatus for 72 hours (MANIFOLD#750 series, Soil moisture equipment corp., 

SANTA BARBARA, CAL., USA). After 72 hours of pressure exposure, the sample was 

removed from the pressure plate apparatus and weighed together with aluminum foil with 

sensitive balance. The weighed sample was oven dried at 105
0
C for 24 hours and re-

weighed. Eventually, the moisture content at filled capacity on weight basis was 

determined gravimetrically and converted in to volumetric moisture content using the 

following relationship: 

ƟFC = 
     

  
  (

  

  
) ..………………..………………………………………………...…(2) 

     = 0.4627   
             

         
 

     = 0.4909 
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Where, ƟFC = volumetric moisture content at field capacity (v/v) 

            Fw = weight of wet soil (g), and 

            Dw = weight of oven dry soil (g) 

               = bulk density of the soil, which is 1.0609 g/cm
3
 

              = density of the water 1 g/cm
3 

Moisture content at permanent wilting point
 

It was determined following the same procedures applied for field capacity, but the only 

difference was the bar and apparatus used, i.e., 15 bar ceramic plate and 15 bar membrane 

plate apparatus. Accordingly, moisture content at permanent wilting point on weight basis 

was computed as: 

ƟPWP = 
       

  
  

  

  
  …………………………………………………………………….(3) 

         = 0.2781   
             

         
 

         = 0.2950 

Where, ƟPWP = volumetric moisture content at permanent wilting point  

            Fw = weight of wet soil (g), and 

            Dw = weight of oven dry soil (g) 

Total available water 

As the water content above field capacity cannot be held against the forces of gravity and 

will drain and as the water content below wilting point cannot be extracted by plant roots, 

the total available water in the root zone is the difference between the water content at field 

capacity and wilting point (Richard et al., 1998): 

TAW=1000 (ƟFC – ƟPWP)   Zr ………………………………………………………....... (4) 

         = 1000(0.4909 - 0.2950)   0.22m 

        = 43.098mm or 4.3098cm 
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Where, TAW = the total available soil water in the root zone [mm] 

             ƟFC =the water content at field capacity [m
3
 m

-3
],  

             ƟPWP =the water content at wilting point [m
3
 m

-3
],  

              Zr =the rooting depth, in this case depth of the pot [m]. 

The volume of water applied to a given area would require multiplication of the depth by 

the area, measured in the same length units. Thus, amount of water to be applied to the soil 

was computed as: 

   100% of TAW= 4.3098cm   413.68 cm
2
……………………………………………. (5) 

                       = 1782.88 cm
3 

or 1.78 litters
 

Although water is theoretically available until wilting point, crop water uptake is reduced 

well before wilting point is reached. As the soil water content decreases, water becomes 

more strongly bound to the soil matrix and is more difficult to extract. When the soil water 

content drops below a threshold value, soil water can no longer be transported quickly 

enough towards the roots to respond to the transpiration demand and the crop begins to 

experience stress (Richard et al., 1998). Management allowed depletion (threshold value) 

for wheat is 0.55 (Ibid.). Consequently, the moisture regimes for optimum, pre-flowering 

and post-flowering stress treatments were computed as follows: 

80% of TAW (Optimum) = 1.78 litters   0.8.……………………………….................... (6) 

                       = 1.4 litters 

30% of TAW (Stress) =1.78 litters   0.3...…….………………………………………... (7) 

                       = 0.5 litters   

3.5. Experimental Materials 

Seven bread wheat genotypes along with one tolerant check, which have been developed 

for drought prone environments introduced from CIMMYT, Mexico by National Wheat 

Improvement Program were included in the present study (Table 1). In order to have equal 
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time of stress exposure, better performing genotypes which have more or less similar 

heading date (±3 days) were selected out of hundred entries from nursery trial at Melkassa 

Agricultural Research Center. Thus, genotypes used here were selected so as not to differ 

greatly in phenology. 

Table 2. Genotypes code and pedigree of studied bread wheat genotypes 

Entry Code Pedigree 

1 A CHEWINK #1/MUTUS 

2 B MUTUS*2//ND643/2*WBLL1 

3 C SWSR22T.B./2*BLOUK #1//WBLL1*2/KURUKU 

4 D 

SWSR22T.B.//TACUPETO F2001*2/BRAMBLING/3/2* 

 

TACUPETO F2001*2/BRAMBLING 

 
 

5 E 
PRL/2*PASTOR//PBW343*2/KUKUNA/3/ROLF07/4/BERKUT//PB

W343*2/KUKUNA 

6 F 
WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1*2/4/ND643/2

*WB1 

7 G 
WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1/4/PAURAQUE 

#1/5/WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1 

 
 

8 H Kingbird (Tolerant check) 

 

3.6. Experimental Design and Treatments 

The experiment was laid out in a factorial completely randomized design (CRD) with three 

moisture regimes viz. optimum (which was maintained at 80% of TAW throughout the 

experiment), pre-flowering water stress was subjected following the Zadock‟s scale from 

stem elongation (ZGS 31) up to booting stage (ZGS 45) maintained at 30% of TAW and 

rehydrated until maturity at 80% of TAW, and post-flowering water stress induced from 

kernel watery ripe stage (ZGS 71-73) to maturity (ZGS 92) maintained at 30% of TAW 

which is equivalent to pre-flowering stress period i.e., 20 days of exposure on eight bread 

wheat genotypes (     ) with three replications (Appendix 10). Thus, the experiment 
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consisted of 24 treatment combinations, so there were 72 experimental units in total, each 

randomized on the glasshouse bench. 

3.7. Experimental Procedures 

The soil was air dried and filled in the experimental pots of 10 litter volume, having 27 cm 

top diameter, 18 cm bottom diameter and 22 cm depth at the rate of 9.7 kg/pot which was 

calculated on the basis of bulk density of the soil. The soil was fertilized with 20 mg N and 

22 mg of P2O5 kg
-1

 of soil. As to the application time the whole P2O5 obtained from 

Diammonium Phosphate (DAP) was applied at sowing while N obtained from Urea was 

applied in split with half at tillering and the remaining half at heading stage. Sowing was 

done on August, 2016. Fifteen seeds were sown per pot and seedlings were thinned to 

twelve at two leaf growth stages.  All the experimental units were watered at 80% of TAW 

using hand held moisture meter until the commencement of water stress treatments. And 

then the pre-flowering water stress treatment was imposed after the plants have been fully 

established about 4 weeks after emergence or at stem elongation when 50% of first node in 

the pots was visible (ZGS 31). This was achieved by withholding irrigation until soil 

moisture content reaches the specified level of 30% of TAW. To this end, the stress period 

was for 20 days up to booting stage and then rehydrated to 80% of TAW till maturity. 

Regarding stress induction period for post flowering water stress; it was started at the early 

grain set stage when 50% of the grains were watery ripe, clear liquid to liquid off white 

(ZGS 71-73).  Similar to pre-flowering stress this was also maintained at prescribed level 

i.e. 30% of TAW until maturity for 20 days which was equivalent to pre-flowering stress 

period. The water content of the pots was routinely monitored using digital hand held soil 

moisture meter (LUTRON Soil Moisture Meter Model PMS-714, Japan). 
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3.8. Experimental Variables 

3.8.1. Phenological parameters 

Phenological data were taken on pot basis. Days to heading was recorded as days taken 

from the time of sowing to the date when more than 50 percent plants had completed 

heading. Days to maturity was determined as number of days taken from sowing to 80% of 

the spikes turned to yellow and grain filling period was calculated as the difference 

between days to maturity and day to heading. 

3.8.2. Physiological parameters 

3.8.2.1. Growth parameters 

The Zadoks scale „decimal code‟, growth stage (ZGS 75-77) (Zadoks et al., 1974), which 

is mid-grain filling stage was selected for flag leaf area measurement, counting total leaf 

number and specific flag leaf area computation. Flag leaf area was measured using a LI-

3100 leaf area meter (LI-COR, Inc., Lincoln, Nebraska, USA) and the average of three 

plants was considered. Also, flag leaf dry weight was determined after drying the flag 

leaves in an oven at 70℃ for 48 hours. Accordingly, specific leaf area was calculated as 

the ratio of flag leaf area to flag leaf dry weight (SFLA= flag leaf area/flag leaf dry weight 

(cm
2
g

-1
). The ratio between the area of flag leaf lamina to flag leaf dry weight reflects the 

flag leaf thickness of the bread wheat genotypes. At harvest maturity, plant height 

measurement was taken from main plant starting from the ground level up to the tip of the 

spike excluding awns. 

            3.8.2.2. Flag leaf chlorophyll content (SPAD value) 

The chlorophyll content of leaves was quickly and non-destructively measured using a 

hand-held battery portable optical meter (Minolta SPAD-502 chlorophyll meter) which 

measures the chlorophyll content via light transmittance (absorbance of red light at 650 nm 

and infrared light at 940 nm). SPAD (Soil Plant Analytical Development) Chlorophyll 
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meter readings measures the greenness or relative chlorophyll content of the leaves. 

Measurements were taken from clean, dry, intact, young fully expanded flag leaf with no 

sign of disease or damage between 10:00 am-12:00 am hour with three locations on each 

flag leaf being measured and from three averages of three flag leaves per pot (i.e., 3 × 3 

flag leaves). It was made twice at five days interval commencing from mid grain filling 

stage in order to obtain reasonably heritable estimate of trait expression. The flag leaf was 

placed in the sensor half of the way from the base of the leaf (mid-point), bottom, and top 

(with the adaxial surface facing upwards, avoiding the midrib, major veins or particularly 

thick parts of the leaf).  

                   3.8.2.3. Canopy temperature 

Canopy temperature (CT) was non-destructively measured by using a hand-held Fluke-574 

precision infrared thermometer (IRT) which directly and easily measured remotely and 

without interfering with the crop. Studies at CIMMYT have shown that CT is best 

expressed on warm, sunny, cloudless days with low relative humidity (RH < 60%) and 

warm air temperature (above 15°C) - i.e., conditions associated with high vapor pressure 

deficit. CT is sensitive to environmental fluxes: sites/days with low air temperature and/or 

high RH are not suitable for measurement as the low vapor pressure deficit reduces 

transpiration, decreasing the expression of CT (Pietragalla et al., 2012). Hence, 

measurements from one hour before to two hours after solar noon (11:00 am to 2:00pm) 

was taken during mid-grain filling stage twice in 5 days interval so as to obtain reasonably 

heritable estimate of trait expression. The IRT was held at an appropriate angle (45°) so 

that measurements were not taken from the soil. Three measurements per pot were 

considered. 
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              3.8.2.4. Dry matter production and its partitioning  

At harvest maturity each plant parts (root, stem plus leaf sheath, leaf, and spike) were taken 

from three plants separately. The root were washed to remove soil and allowed to air dry 

for approximately 30 minutes. Each plant part was oven dried at 70
 o
C for 48 hours and dry 

weight per plant basis was determined. From these measurements estimates of root to shoot 

ratio (RSR=root dry weight/shoot dry weight), stem weight ratio (SWR=stem plus leaf 

sheath dry weight/total dry weight), leaf weight ratio (LWR=leaf dry weight/total dry 

weight), and dry matter partitioning to spike (DMPS (%) = spike dry weight/total dry 

weight   100) were computed on individual plant basis i.e., the average of three plants 

were considered. 

3.8.3. Yield and yield components 

The grain yield is the ultimate expression of many individual physiological processes 

which have interacted with the environment during the crop‟s growth cycle. The 

determination of yield attributes was computed on individual basis from the average of five 

plants taken at harvest maturity. Spike length was measured from the bottom of the spike 

to the top most fertile spikelet on the main axis. Filled and unfilled grain per spike was 

taken at harvest maturity. Rate of fertile grain per spike was calculated by dividing the 

mean number of filled grain per spike to the total number of grain per spike multiplied by 

hundred. On the other hand, biological yield and grain yield were computed on pot basis. 

Biological yield was determined from the weight of all plants per pot which was sun dried 

and weighed using electronic balance. Grain yield was adjusted to 12.5% moisture content 

and measurement was taken using electronic balance. Harvest index is the proportion of 

grain yield to biological yield and it shows the ability of the plants to translocate 

physiological matters to grains and it was calculated as the ratio of grain yield to biological 
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yield expressed as a percentage and hundred kernel weight is the weight of hundred kernel 

weight seeds at 12.5% moisture content.   

3.8.4. Stress tolerance indices 

To compare the response of different genotypes for stress environments, various indices 

have been used. In the present study, the stress indices which are mentioned below on the 

Table 2 were selected to compare the performances of genotypes under optimum/control, 

pre-flowering water stress and post-flowering water stress. 

Table 3. Stress tolerance indices were computed using the following formula 

Index name  

 
Outcome  

 
Formula  

 
Reference  

 Tolerance 

Index(TOL) 

The genotypes with low 

values of this index are more 

stable in two different 

conditions. 

 

Tol=Ypi-Ysi (Rosielle and 

Hamblin, 1981)  

 

Mean Productivity 

Index (MPI)  

 

The genotypes with high 

value of this index are more 

desirable. 

 

MPI= 
       

 
 (Rosielle and 

Hamblin, 1981)  

 
Harmonic Mean 

(HM) 

The genotypes with high 

value of this index are more 

desirable.  

 

HM=
          

       
 (Schneider et 

al., 1997 )  

 
Geometric Mean 

Productivity (GMP)  

 

The genotypes with high 

value of this index are more 

desirable.  

 

GMP =√         (Fernandez, 

1992)  

 

Stress 

Susceptibility Index 

(SSI)  

 

The genotypes with SSI<1 are 

more resistant to stress. 

 

SSI =  
         

       
 (Fisher and 

Maurer, 1978)  

 

Stress Tolerance 

Index (STI)  

 

The genotypes with high STI 

values are tolerant to stress. 

 

STI =  
         

   
 (Fernandez, 

1992)  

 
Yield Stability  

Index (YSI)  

 

The genotypes with high YSI 

values can be regarded as 

stable genotypes under stress 

and non-stress conditions. 

 YSI =  
   

   
 (Bouslama and 

Schapaugh,198)  

 

Yield Index (YI)  

 

The genotypes with high 

value of this index are 

suitable for stress condition. 

 

YI = 
    

  
 (Gavuzzi et al.,  

1997)  

 

 Drought Resistance 

Index (DRI) 

The genotypes with high 

value of this index are 

suitable for drought stress 

condition  

 

DRI= 
    

   

   
 

  
 

(Lan, 1998) 

Ypi = the potential mean yield of each genotype in the control condition, Ysi = the mean yield of each genotype in stress 

condition, Ys = the mean yield of all genotypes in stress condition and Yp = the potential mean yield of all genotypes in 

control condition. 
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3.9. Statistical Analysis 

Analysis of variance (ANOVA) for the collected data was computed using General Linear 

Model (GLM) procedure SAS software version 9.0 (SAS Institute, 2002). Mean 

separation was done using Duncan Multiple Range Test (DMRT) for each moisture 

regimes at 5% level of significance. The probability level less than 0.05 was designated as 

significant. When there was a statistically significant interaction between the factors, the 

interaction was considered, rather than the main effects, otherwise, only the main effects 

of treatments were presented. Graphs were plotted using Sigma Plot software version 10. 

Pearson‟s correlations were also computed using SAS software to know the magnitude 

and direction of correlation of parameters at pre-and post-flowering moisture stress 

regimes with grain yield.   

3.9.1.  GGE biplot analysis  

Genotype main effect plus genotype by environment interaction (GGE) biplot analysis is 

very important as it graphically addresses important concept such as crossover (genotype 

by environment interaction), mega-environment differentiation, specific adaptation and 

the like (Yan and Tinker, 2006). Moreover, it shows which genotype won where as a 

visual tool, which is one of the most attractive features of GGE biplot (Ibid.). GGE biplot 

consists of an irregular polygon and a set of lines drawn from the biplot origin and 

intersecting each of the sides at right angles. The vertices of the polygon are the genotype 

markers located farthest away from the biplot origin in various directions, such that all 

genotype markers are contained within the resulting polygon. A line that starts from the 

biplot origin and perpendicularly intersects a polygon side represents the set of 

hypothetical environments in which the two genotypes defining that side perform equally. 

The perpendicular lines to the polygon sides divide the biplot into sectors, each having its 

own winning genotype (Yan, 2002). If all environment markers fall into a single sector 
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this signifies a single genotype had the highest yield in all environments. If environment 

markers fall into different sectors, this indicates different genotypes won in different 

sectors or mega-environment (Yan et al., 2007). Accordingly, to know which genotypes 

won where; GGE biplot analysis was carried out using SAS software. 

3.9.2. Principal Component Analysis (PCA) 

Principal component analysis is a form of multivariate analysis utilized to reflect the 

importance of the largest contributor to the total variation at each axis of differentiation. 

The analysis was conducted using SAS software. Before analysis, the mean data of eight 

genotypes for each of the traits were first pre-standardized to mean zero and variance 

unity to avoid bias due to differences in measurement scales.  

In PCA, the eigenvalues are often used to determine how many factors to retain. Thus, 

according to Gutten‟s lower bound principle, eigenvalues < 1 should not be considered 

(Kumar et al., 2011). Furthermore, there was no guideline to determine the significance 

of eigenvectors (Duzyaman, 2005). However, the coefficients (eigenvector loading) with 

larger absolute value for characters substantiated the relatedness of those characters with 

respective principal component axes (Broschat, 1979). Therefore, PCA was performed in 

order to select characters that contribute considerable variation to the total variation with 

respect to each moisture stress regimes (pre-flowering and post-flowering water stress). 
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4. RESULTS AND DISCUSSION 

4.1.  Soil Physical and Chemical Properties  

The result of the physical and chemical properties of the soil used for the trial is presented 

in Table 4. The soil used for the greenhouse experiment was Clay loam in texture. The 

bulk density of cultivated soils varies from 1.0 to 1.6 g cm
-3

. The compact layer has higher 

values, but the soil used for this trial was not compact (1.0609 g cm
-3

). The field capacity 

and wilting point indicates the upper and lower limit of water availability to plants, 

respectively. Field capacity is the amount of water, which the soil holds after free water 

has drained off. At field capacity large pores are filled with air, micro-pores are filled with 

water and drainage is very slow. The wilting point is the soil moisture content at which 

plants can no longer obtain enough moisture to meet the transpiration requirements. Thus, 

volumetric moisture content at field capacity and permanent wilting point of the soil used 

for the trial were 49.0 and 29.5%, respectively. Accordingly, the volumetric total available 

water content of the soil used for the experiment was 19.59%, which is quite high in 

accordance with Beernaert (1990) rating. 

Regarding chemical properties, the pH of the soil used for experiment was 7.3, which is 

neutral according to Jones (2003) and Horneck et al. (2011) classification (Appendix 11) 

and ideal for wheat production. The saturated pest extract ECe value of the soil used for the 

trial was 1.14 ds/m, which implies the soil is normal, since the soil considered is saline 

when the ECe value exceeded or equals to 4 ds/m (FAO, 1996). The organic carbon 

content of the soil used for the trial was 3.15%, which is low according to Landon (1991) 

(Appendix 12). The total nitrogen content (0.28%) of the soil used for the experiment was 

very high in accordance with the ratings of Tekalegn (1991) signifying that the nutrient 

was not a limiting factor (Appendix 12). The Olsen extractable available phosphorus 

content of the soil was 7.33 ppm, which is below the critical level (8ppm) for most crops, 
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which was established by Tekalign and Haque (1991) for some Ethiopian soils and 

Cottenie (1980) (Appendix 13). This indicated that phosphorus is limiting nutrient for 

optimum wheat growth in the soil used for the experiment. 

Table 4.Selected physical and chemical properties of the soil used in the experiment 

Physical property Values Chemical property Values 

Clay (%) 30 pH 7.3 
Silt (%) 37 ECe (ds/m) 1.14 

Sand (%) 33 Total nitrogen (%) 0.28 
Textural class Clay loam Available phosphorus (ppm) 

(ppm)((ppm) 

7.33 
Bulk density (g/cm

3
) 1.0609 Organic carbon (%) 3.15 

Volumetric moisture content at 

FC (%) 

49.09   

Volumetric moisture content at 

PWP (%) 

29.5   

Total available water (v/v) (%) 19.59   

Source: (the author, 2018) 

4.2. Analysis of Variance  

The analysis of variance revealed significant differences among the moisture regimes for 

all morpho-physiological traits, except for dry matter partitioning to spike, leaf weight ratio 

and root to shoot ratio (Table 5). Of the significant parameters, 15 traits were highly 

significant (P < 0.001) whereas only 3 of the traits were found significant (P < 0.01). The 

bread wheat genotypes used had also shown a significant difference in morpho-

physiological attributes with the exception of flag leaf area, and dry matter production and 

partitioning related traits. On the other hand, 14 of the morpho-physiological traits 

evaluated were significantly affected by genotypes × moisture regimes interaction (Table 

5).  
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Table 5. Mean square values for morpho-physiological traits of bread wheat genotypes 

evaluated under different moisture regimes 

Traits Moisture 

regimes 

(MR) DF=2

  

Genotypes  

DF=7 

Genotypes 

×MR 

DF=14 

Error 

DF=48 

SEM 

(±)  

CV (%) 

FLC1
st 

1276.46
***

 11.84
***

 61.58
***

 1.78 0.77 2.98 
FLC2

nd 
1737.03

***
 11.35

***
 48.38

***
 1.99 0.81 4.03 

MFLC(SPAD) 1494.14
***

 11.08
***

 54.18
***

 1.60 0.73 1.17 
CT1

st 
209.72

***
 6.79

***
 18.67

***
 0.94 0.56 3.16 

CT2
nd 

290.47
***

 5.20
**

 15.43
***

 1.24 0.64 4.47 
MCT (℃) 248.19

***
 5.66

***
 16.78

***
 0.91 0.55 3.44 

LN 12.80
***

 7.65
***

 0.32
ns

 0.38 0.35 4.42 
PH (cm) 75.38

**
 112.01

***
 3.94

ns
 9.53 1.78 6.89 

FLA (cm
2
) 1567.05

***
 24.13

ns
 140.33

***
 14.93 2.23 13.34 

FLDW (g) 0.0154
***

 0.0029
*
 0.0031

**
 0.0010 0.02 13.23 

SFLA (cm
2
g

-1
) 1026.45

***
 106.15

**
 192.51

***
 27.51 3.03 12.69 

STDW(g) 1.48
***

 0.19
ns

 0.08
ns

 0.08 0.20 12.98 
LDW (g) 0.7327

**
 0.2459

ns
 0.1927

ns
 0.1098 0.23 16.69 

RDW (g) 0.5877
***

 0.1702
**

 0.1856
***

 0.0419 0.14 15.32 
SPDW (g) 0.7758

**
 0.0252

ns
 0.2806

**
 0.0942 0.22 15.41 

SHDW (g) 7.88
***

 0.67
ns

 0.95
ns

 0.47 0.48 11.14 
TDW (g) 12.51

***
 1.29

ns
 1.52

*
 0.68 0.58 11.00 

DPTSP (%) 7.47
ns

 30.79
ns

 33.21
*
 14.18 2.66 14.10 

LWR 0.0005
ns

 0.0012
ns

 0.0010
ns

 0.0007 0.02 10.19 
SWR 0.0051

***
 0.0004

ns
 0.0007

ns
 0.005 0.05 7.43 

RSR 0.0019
ns

 0.0028
*
 0.0042

**
 0.0011 0..02 15.34 

DF=degree of freedom,*, **, *** significant at 5%, 1% and 0.1% probability level respectively, ns=non-significant, 

FLC1
st =first flag leaf chlorophyll content reading (SPAD value), FLC2

nd =second flag leaf chlorophyll content reading, 

MFLC=mean flag leaf chlorophyll content, CT1
st = first canopy temperature reading, CT2

nd =second canopy temperature 

reading, MCT=mean canopy temperature, FLA= flag leaf area, FLDW=flag leaf dry weight, SFLA=Specific flag leaf 

area, LN=leaf number, PH=plant height, STDW= stem dry weight, LDW=leaf dry weight, RDW=root dry weight, 

SPDW=spike dry weight, SHDW=shoot dry weight, TDW= total dry weight, DPTSP= dry matter partitioning to spike, 

LWR=leaf weight ratio, SWR=stem weight ratio and RSR=root to shoot ratio.  

Moreover, the results of the analysis of variance exhibited significant differences among 

the genotypes for all phenological, yield and yield related attributes except total biomass 

yield (Table 6). Likewise, the main effect of moisture regimes was also found significant 

for yield and yield related traits and phenological attributes such as days to maturity and 

grain filling period.  
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Table 6. Mean square values for phenological, yield and yield related traits of bread wheat 

genotypes evaluated under different moisture regimes 

Traits 

Moisture 

regimes 

(MR)DF=2 

Genotypes 

DF=7 

MR x 

Genotypes 

DF=14 

Error 

DF=48 

SEM 

(±) 

CV 

(%) 

DH 0.93
ns

 2.79
***

 0.23
ns

 0.38 0.36 1.11 

DM 717.72
***

 7.01
***

 0.63
 ns

 0.36 0.35 0.66 

GFP 768.51
***

 3.77
***

 0.89
ns

 0.47 0.40 1.92 

SL(cm) 17.49
***

 3.58
***

 1.65
***

 0.47 0.40 9.06 

FGPS 458.53
***

 10.40
***

 41.46
***

 1.15 0.62 4.41 

UGPS 266.03
***

 32.05
***

 34.90
***

 2.41 0.90 11.00 

TGPS 57.48
***

 45.43
***

 2.28
ns 

1.38 0.68 3.06 

RFGPS (%) 2032.43
***

 102.72
***

 244.86
***

 11.41 1.95 5.34 

TBY(g) 36.94
***

 1.42
ns

 4.14
***

 0.76 0.50 9.05 

GY(g) 14.42
***

 0.21
***

 0.83
***

 0.04 0.11 8.96 

HI (%) 644.81
***

 20.14
***

 28.05
***

 2.58 0.93 7.60 

HKW(g) 16.18
***

 0.05
**

 0.22
***

 0.01 0.06 6.16 

DF=degree of freedom, *, **, *** significant at 5%, 1% and 0.1% probability level, respectively,  ns=non-significant, 

DH=days to heading, DM=days to maturity, GFP=grain filling period, SL=spike length, FGPS=filled grain per spike, 

UGPS=unfilled grain per spike, TGPS=the sum of filled and unfilled grains per spike, RFGPS=rate of fertile grain per 

spike, TBY=total plant biomass, GY=grain yield, HI= harvest index and HKW=hundred kernel weight. 

In addition,  except for the sum of filled and unfilled grains per spike, all yield and yield 

related traits were highly significantly (P < 0.001) affected by genotypes × moisture 

regimes interaction (Table 6). This indicated that for these traits the performance of 

genotypes was not consistent across the three moisture regimes. The significances of 

genotypes × moisture regimes interactions noted for the various traits were in line with the 

previous reports (Sangtarash, 2010; Khaledian et al., 2014; Song et al, 2017; Unathi et al., 

2018; Grzesiak et al., 2018). Therefore, for those parameters which had significant 

genotypes × moisture regimes interaction, the interaction was considered for interpretation; 

otherwise the main effect was taken in the succeeding sections.  
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4.3. Phenological Traits Responses 

The analysis of variance showed that days to heading, days to maturity and grain filling 

period were not significantly (P ≥ 0.05) influenced by the interaction of genotypes × 

moisture regimes (Table 6). However, there were highly significant (P < 0.001) differences 

among genotypes in days to heading, days to maturity and grain filling period (Table 6). 

Similarly, moisture regimes had also shown highly significant (P < 0.001) effect on days to 

maturity and grain filling period (Table 6). 

Regarding moisture regime, both pre-and post-flowering water stress which were 

maintained at 30% of total available water (30% of TAW) took 55 days to heading, which 

is statistically at par with the optimum moisture (80% of TAW). On the other hand, both 

pre-and post-flowering water stress were significantly varied from those maintained at 

80% of total available water with regard to days to maturity, which were 1 and 10 days 

shorter, respectively (Table 7). The later took relatively shorter days to mature and this is 

perhaps the late moisture stress incident at watery ripe stage causing forced maturity. 

Likewise, grain filling period was also significantly influenced by moisture regimes where 

the longest days (39 days) was obtained from optimum moisture while the shortest days 

(29 days) was recorded from post-flowering water stress (Table 7). Comparatively, both 

pre-and post-flowering water stress had significantly shorter grain filling period than the 

optimum moisture regime.  

There were also significant differences among the genotypes evaluated; genotype F and E 

took significantly longer days ( 56 days) to head  than genotype H (the tolerant check) 

(Table 7). On the contrary, genotype B took shorter days (54 days) to head compared to the 

tolerant check (Table 7). As to days to maturity, genotype F took significantly longer days 

(92 days) to mature compared with the tolerant check (91 days) (Table 7). However, four 
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genotypes A, B, C and D took significantly shorter days (90 days) to mature than the 

tolerant check (Table 7). Furthermore, genotypes B, C, E, F and G were significantly at par 

with the tolerant check regarding grain filling period. Whereas genotypes A and D had 

significantly lower grain filling periods with respective reduction of 2 days and 1 day over 

the tolerant check (Table 7).  

Concomitant with this study, Kam et al. (2007) observed that early maturity can be related 

to drought tolerance in bread wheat. The results agreed with the finding of Mahfuz et al. 

(2014) who noted the significant effect of water stress on phenological traits: days to 

heading, days to maturity and grain filling period. In line with this study, Abdolshahi et al. 

(2015) had reported that days to heading, days to maturity and grain filling period were 

significantly reduced in response to drought stress. Similarly, Ihsan et al. (2016) had also 

reported that wheat phenological traits viz. days to heading and maturity show pronounced 

variations under the influence of various water stress regimes, temperature stress, and 

genotypes.  

. 
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Table 7. Main effects of moisture regimes and bread wheat genotypes on phenological 

traits 

Means ± SE (standard error), are shown for n=3. Means followed by a different letter within columns indicates significant 

differences at P < 0.05 according to Duncan‟s Multiple Range Test (DMRT) values. 

4.4. Growth and Physiological Traits 

4.4.1. Leaf number and plant height  

The main effect of moisture regimes and genotypes were found significant on leaf number 

per plant and plant height (Table 5). However, the interaction of moisture regimes and 

genotypes was non-significant for both parameters. The maximum (15) and minimum (13) 

number of leaves per plant was observed from optimum moisture (80% of TAW) and pre-

flowering water stress (30% of TAW), respectively (Table 8). Similarly, the highest plant 

height (46.66 cm) was observed from optimum moisture (80% of TAW) while the lowest 

was recorded from pre-flowering water stress (30% of TAW). Water stress at pre-and post-

flowering (30% of TAW) resulted significant reduction in number of leaves per plant and 

 

Treatments 

Days to  

Grain filling 

period  
Heading Maturity 

Moisture regimes    

Optimum moisture (80% of TAW)   55.00 ± 0.17
ab 

94.38 ± 0.22
a 

39.38 ± 0.15
a 

Pre-flowering stress (30% of TAW)   54.92 ± 0.16
b 

93.79 ± 0.19
b 

38.88 ± 0.17
b 

Post-flowering stress (30%of TAW)   55.29 ± 0.14
a 

84.63 ± 0.23
c 

29.33 ± 0.25
c 

DMRT min 

             max                                                                                                                          

0.3554 

0.3738 

0.3488 

0.3668 

0.3989 

0.4195 

Genotypes    

A  55.44 ± 0.38
ab 

90.00 ± 1.78
c 

34.56 ± 1.91
c 

B  54.22 ± 0.15
e
 90.33 ± 1.59

c 
36.11 ± 1.63

a 

C  54.56 ± 0.18
ed 

90.44 ± 1.45
c 

35.89 ± 1.49
a 

D  54.67 ±0.17
cde 

89.89 ± 1.58
c 

      35.22 ± 1.65
b 

E  55.67 ± 0.15
a 

 91.89 ± 1.49
ab 

36.22 ± 1.49
a 

F  55.78 ± 0.16
a 

92.22 ± 1.57
a 

36.44 ± 1.63
a 

G 55.22 ± 0.16
abc 

91.33 ± 1.67
b 

36.11 ± 1.79
a 

H  55.00 ± 0.00
bcd 

91.33 ± 1.59
b 

36.33 ± 1.59
a 

DMRT min 

            max                                                                                                                          

0.5804 

0.6712 

0.5696 

0.6587 

0.6513 

0.7533 
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plant height compared to the optimum moisture (80% of TAW) with 9.8 and 2.8%  loss for 

number of leaves per plant and 7.6 and 4.4% for plant height, respectively (Table 8). This 

is possibly due to the pre-flowering water stress imposition at vegetative stage, which 

curtailed growth highly in terms of leaf number and plant height due to reduction in turgor 

pressure. Thus, because of low turgor pressure water stress restricts cell expansion and 

growth. This could be considered as one of the adaptation strategies in plants in the face of 

moisture stress to minimize potential water loss from the surface of the plant.  

On the other hand, analysis of variance showed a considerable amount of genotypic 

variability for leaf number and plant height. Thus, genotype E (14.34), F (15.16), and G 

(14.83) have shown significantly superior performance in leaf number over the tolerant 

check (13.58) while genotype A (12.30) had significantly lower leaf number than tolerant 

check (Table 8).  Regarding genotypic performance in plant height, genotype E (46.57 

cm), F (49.61 cm) and G (49.14 cm) were taller than the tolerant check (42.50 cm). The 

lowest plant height was recorded from genotype B (39.88 cm) albeit it was statistically at 

par with the tolerant check. 

The study results concur with the finding of Khan and Naqvi (2011) who reported a 

significant reduction in plant height of bread wheat under moisture stress environment. In 

line with this study, Abdolshahi et al. (2015) reported that under water stress condition 

height of bread wheat genotypes was decreased. They had also reported a considerable 

amount of genotypic variability among the bread wheat genotypes tested. Concurrent with 

the present finding Song et al. (2017) also evaluated bread wheat genotypes under well 

watered and water stress conditions and noted that bread wheat genotypes displayed lower 

plant height under water stress condition. The same author had also observed highly 

significant differences in plant height among thirty five bread wheat genotypes evaluated.  
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4.4.2. Stem (plus leaf sheath) and shoot dry weight 

The result indicated that stem and shoot dry weight per plant significantly (P < 0.001) 

responded to moisture regimes (Table 5). Quite the reverse, genotypes did not show 

significant (P ≥ 0.05) variation on the stem and shoot dry weight per plant. Significantly 

maximum stem dry weight accumulation per plant was observed from optimum moisture 

(80% of TAW) followed by post-flowering water stress (30% of TAW) while the 

minimum stem dry weight per plant was obtained from pre-flowering water stress (30% of 

TAW). Comparatively, pre-flowering water stress (30% of TAW) had a significant 

reduction (23%) in stem dry weight per plant compared to the optimum moisture (80% of 

TAW) (Table 8).  

In this trial, all genotypes produced maximum shoot dry weight per plant under optimum 

moisture condition followed by post flowering water stress though they were not 

statistically different (Table 8). Unlike, pre-flowering water stress had resulted in a 

significant reduction (20.5 %) on shoot dry weight per plant compared to the optimum 

moisture (Table 8). Moreover, non-significant (P ≥ 0.05) genotypes × moisture regimes 

interaction effect was observed from both stem and shoot dry weight per plant. This non-

significant interaction effect indicated that the differences among tested genotypes were 

similar on the three moisture regimes. Correspondingly, Karki et al. (2014) reported 

significantly reduced shoot dry weight under water stress regime in the experiment 

conducted for two seasons on bread wheat lines. Concomitant with the present study, 

Grzesiak et al. (2018) had also stated that above-ground dry matter was significantly 

reduced in response to drought stress. 
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Table 8.Main effects of moisture regimes and bread wheat genotypes on leaf number, plant 

height, stem dry weight and shoot dry weight 

Treatments Leaf number Plant height 

(cm) 

Stem dry 

weight plant
-1

 

(g) 

Shoot dry 

weight plant
-1

 

(g) 

Moisture regime     

Optimum moisture 

(80% of TAW) 

14.46 ± 0.26
a 

46.66± 0.85
a 

2.39 ± 0.09
a 

6.84 ± 0.21
a 

Pre-flowering stress 

(30% of TAW) 

13.05 ± 0.19
c 

43.13± 0.95
b 

1.84 ± 0.06
c 

5.44 ± 0.19
b 

Post-flowering stress 

(30% of TAW) 

14.06 ± 0.17
b 

44.61± 0.85
b 

2.34 ± 0.08
b 

6.23 ± 0.20
a 

DMRT min 

              Max 

0.3554 

0.3738 

1.792 

1.885 

0.2077 

0.2182 

0.5016 

0.5268 

Genotypes     

A  12.30 ± 0.20
f 

41.56± 1.29
de 

   1.90 ± 0.15 5.62 ± 0.37 

B  13.11 ± 0.19
e
   39.88± 1.37

e 
   2.28 ± 0.12 6.20 ± 0.24 

C 13.79 ± 0.23
cd 

 45.52± 0.67
bc 

   2.00 ± 0.11 5.83 ± 0.22 

D 13.74 ± 0.21
cd 

43.61± 1.01
bcd 

   2.32 ± 0.22    6.33 ± 0.50 

E 14.34 ± 0.31
bc 

 46.57± 0.65
ab 

   2.07 ± 0.17  5.95 ± 0.32 

F  15.16 ± 0.43
a 

 49.61 ± 1.32
a 

   2.33 ± 0.15    6.45 ± 0.49 

G 14.83 ± 0.38
ab 

 49.14± 1.18
a 

   2.38 ± 0.12 6.50 ± 0.42 

H  13.58 ± 0.25
de 

 42.50 ±0.81
cde 

   2.27 ± 0.19    6.48 ± 0.58 

DMRT min 

              Max 

0.5804 

0.6712 

2.927 

3.385 

ns ns 

Data are presented as the mean ± SE (standard error). Means followed by a different letter within columns indicates 

significant differences at P < 0.05 according to DMRT values. Stem dry weight comprises the sum of stem and leaf 

sheath dry weight. 

4.4.3. Leaf dry weight 

The result dictated that the main effect of moisture regimes showed a significant (P < 0.01) 

influence on leaf dry weight per plant (Table 5). Higher leaf dry weight accumulation per 

plant was observed from optimum moisture (80% of TAW), whereas the least was 

recorded from pre-flowering water stress (30% of TAW) though it was statistically at par 

with post-flowering water stress (30% of TAW). Accordingly, the magnitudes of reduction 

in both stress regimes were 19 and 11% for pre- and post-flowering water stress (30% of 

TAW) over the optimum moisture, respectively (Table 9). Regarding the responses of 
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genotypes, all have shown similar performances on leaf dry weight per plant under 

different moisture regimes (Table 9). 

In this study, leaf dry weight appeared to be diminished under both pre-and post-flowering 

water stress conditions. Similar to the present study, Othmani et al. (2015) found that 

drought stress led to a decrease in leaf dry weight in two improved durum wheat cultivars.  

4.4.4. Stem weight ratio 

The main effect of moisture regimes was found highly significant (P < 0.001) on stem 

weight ratio whilst it was not significantly (P ≥ 0.05) affected by the main effect of 

genotypes (Table 5). Stem weight ratio was a proxy used for dry matter partitioning to 

stem.  Thus, significantly maximum dry matter partitioning to stem (stem weight ratio) was 

recorded from post-flowering water stress (30% of TAW). The minimum dry matter 

partitioning to stem was obtained from optimum moisture (80% of TAW) and pre-

flowering water stress (30% of TAW). However, post-flowering water stress (30% of 

TAW) had significantly higher stem weight ratio (0.31) than optimum moisture regime 

maintained at 80% of TAW (Table 9).  

Plants invest small dry mass in culm growth under lower soil moisture content, thus 

reducing the loss of water from transpiration process and ensuring the competitiveness. 

The study results indicated that marked reduction in dry matter partitioning to stem (stem 

weight ratio) in response to pre-flowering water stress. Likewise, drought stress caused 

significant reductions in culm and leaves dry weight (52.33%) of all the rice genotypes 

evaluated (Rafii et al., 2018). The lower stem dry weight under drought stress could be 

attributed to the lower osmotic adjustment in leaf than in root cells (Chartzoulakis and 

Noitsakis, 1993). 
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Table 9.Main effects of moisture regimes and bread wheat genotypes on leaf dry weight, 

leaf weight ratio and stem weight ratio 

Treatments  Leaf dry weight (g) Stem weight ratio 

Moisture regimes   

Optimum moisture (80% of TAW) 2.21 ± 0.09
a 

0.28 ± 0.01
b 

Pre-flowering stress (30% of TAW) 1.79 ± 0.09
b 

0.28 ± 0.01
b 

Post-flowering stress (30% of TAW) 1.97 ± 0.11
b 

0.31 ± 0.00
a 

DMRT min 

             Max 

0.2418 

0.2539 

0.01587 

0.01667 

Genotypes   

A 1.67 ± 011 0.25 ± 0.01 

B 1.90 ± 0.15 0.25 ± 0.01 

C 1.80 ± 0.16 0.26 ± 0.01 

D 2.05 ± 0.19 0.27 ± 0.01 

E 1.92 ± 0.15 0.27 ± 0.01 

F 2.08 ± 0.18        0.26 ± 0.01 

G 2.27 ± 0.14 0.29 ± 0.01 

H  2.20 ± 0.24        0.28 ± 0.01 

DMRT  ns ns 

Data are presented as the mean ± SE (standard error). Means followed by a different letter within columns indicates 

significant differences at P < 0.05 according to Duncan‟s Multiple Range Test (DMRT) values. 

4.4.5. Total dry weight  

Results of interaction effect between genotypes and moisture regimes showed a significant 

(P < 0.05) influence on total dry weight per plant (Table 5). Under pre-and post-flowering 

water stress (30% of TAW), genotypes performed similarly (Figure 1). However, under 

optimum moisture regime (80% of TAW) genotypes responded differently on total dry 

weight per plant. Consequently, under optimum moisture regime condition, genotype G 

(9.55 g), F (9.50 g), B (9.35 g) and D (8.20 g) produced significantly similar total dry 

weight per plant compared to the tolerant check (genotype H) (8.90 g). Also, there were 

other genotypes A and C which had statistically the same total dry weight per plant 

compared with the tolerant check but not better than genotypes B, F, and G. Genotype E 
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(7.1 g) was the lowest performer with significant reduction (20.7%) of total dry weight per 

plant in comparison with the tolerant check at optimum moisture regime (Figure 1).  

In this experiment, total dry weight of bread wheat genotypes was found significantly high 

under non-limiting condition whereas at pre-and post-flowering water stress, genotypes 

have shown similar performance. However, in comparison with the optimum, genotypes 

had lower total dry weight under pre-and post-flowering water stress. This finding was 

consistent with the finding of Hafiz et al. (2019) who reported higher dry weight (73.3%) 

under non-limiting condition. Furthermore, this finding aligned correctly with previous 

findings (Othmani et al., 2015; Rafii et al., 2018). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The interaction effect of bread wheat genotypes and moisture regimes on total dry weight plant
-1

  

Note: Only treatment grouping for responses of bread wheat genotypes under optimum moisture regimes was 

shown since genotypes performance in total dry weight per plant across the other moisture regimes (pre-and 

post-flowering water stress) were statistically similar P ≥ 0.05 using DMRT. 

Genotypes

A B C D E F G H

T
o

ta
l 

d
ry

 w
ei

g
h

t 
p

la
n

t-1
 (

g
)

0

2

4

6

8

10

12

Optimum 

Pre-flowering water stress 

Post-flowering water stress 

bc

a

bc

abc

a

c

a ab



45 
 

4.4.6. Root dry weight and root to shoot ratio 

Analysis of variance showed that the interaction effect of genotypes and moisture regimes 

was significant on root dry weight per plant and root to shoot ratio at 0.1% and 1% level of 

significance, respectively (Table 5). Hence, there exists a considerable amount of 

genotypic variability for root dry weight per plant and root to shoot ratio traits under 

different moisture regimes. At optimum moisture regime, genotype B (2.45 g) was found 

significantly higher than the tolerant check (1.50 g) (Figure 2a). Moreover, genotypes A, 

C, D, E, F and G were statistically at par with the tolerant check under optimum moisture 

regime (Figure 2a). On the other hand, at pre-flowering water stress (30% of TAW), 

genotype G (1.45 g) was found to be more tolerant over tolerant check (0.95 g) with 34.5% 

more root dry weight accumulation per plant (Figure 2a). While, the rest of genotypes A, 

B, C, D, E and F produced comparable root dry weight per plant which was statistically at 

par with the tolerant check under pre-flowering water stress. Moreover, at post-flowering 

water stress (30% of TAW), all genotypes had accumulated statistically similar root dry 

weight per plant.  

Regarding root to shoot ratio, at optimum moisture regime, genotype B (0.36) had higher 

root to shoot ratio than tolerant check (0.20) whereas the remaining genotypes A, C, D, E, 

F and G had statistically similar ratios with the tolerant check (Figure 2b). At pre-

flowering water stress (30% of TAW), genotype A (0.32) had relatively higher partitioning 

to root than shoot compared to the tolerant check (0.20) (Figure 2b). However, the 

remaining genotypes B, C, D, E, F and G were statistically at par with a tolerant check 

under pre-flowering water stress. In addition, at post-flowering water stress (30% of 

TAW), the highest root to shoot ratio was recorded from genotype F (0.23) while the 

lowest was obtained from genotype A (0.18) even though they were not statistically 

different from the tolerant check (0.22) (Figure 2b).  
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The root dry weight and root-to-shoot ratio of wheat plant are imperative traits which are 

influenced by water stress. To facilitate water absorption, root-to-shoot ratio rises under 

drought conditions (Nicholas, 1998). The root is an important organ as it has the capability 

to move in order to find water (Hawes et al., 2000). It is the first organ to be induced by 

drought stress in maize (Shimazaki et al., 2005). Xue et al. (2006) reported increased root-

to-shoot ratio in winter wheat under drought condition. Moreover, similar to the present 

study, Karki et al. (2014) noted differential responses of bread wheat lines on root dry 

weight per plant in response to water stress.  
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Figure 2. Interaction effects of bread wheat genotypes and moisture regimes on: a) root dry weight per plant 

(g) and b) root to shoot ratio. Means followed by a different letter within columns indicates significant 

differences at P < 0.05 according to Duncan‟s Multiple Range Test (DMRT) values. 
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4.4.7. Spike dry weight and dry matter partitioning to spike 

The analysis of variance declared that the interaction of genotypes by moisture regimes 

was significant on spike dry weight and dry matter partitioning to spike at 1% and 5% 

levels of significance, respectively (Table 5). At optimum moisture regime (80% of TAW) 

and pre-flowering water stress (30% of TAW) bread wheat genotypes evaluated have 

shown statistically similar spike dry weight (Figure 3a). Quite the opposite, at post-

flowering water stress (30% of TAW), genotype A (2.40g) had accumulated significantly 

higher spike dry weight over genotype H (tolerant check) (1.95g) with 18.8% increment 

(Figure 3a). Also, five genotypes C, D, E, G and H had produced statistically the same 

spike dry weight under post flowering water stress. In contrast, genotype B (1.6) and F 

(1.6) had accumulated significantly lower spike dry weight than tolerant check with 33.3% 

reduction for each genotype (Figure 3a).   

Under non-limiting condition (optimum moisture maintained at 80% of TAW), all the 

bread wheat genotypes considered in this trial had statistically similar dry mater 

partitioning to spike. While at pre-and post-flowering water stress regimes, genotypes 

responded differently. Therefore, all genotypes evaluated were statistically the same on dry 

matter partitioning to spike with the tolerant check under pre-flowering water stress 

(Figure 3b). Likewise, at post-flowering water stress regime, genotypes A (32.49%) and C 

(32.16%) were superior over the tolerant check (22.56%) on dry mater partitioning to spike 

(Figure 3b). Furthermore, most genotypes B, D, E, F G and H had partitioned statistically 

similar dry matter to spike under post-flowering water stress condition. 

The plant‟s productivity is determined in part by the photosynthates allocation between 

organs (Remi et al., 2013). Drought stress can differently influence the growth of each 

plant organ and change the dry mass accumulation pattern within the plants (Cox and 

Conran, 1996). In the present study, bread wheat genotypes have shown different 
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responses on spike dry weight at post-flowering water stress. On the other hand, on dry 

matter partitioning to spike, genotypes had different responses under both pre- and post-

flowering water stress conditions. In line with this study, Rafii et al. (2018) reported a 

reduction in panicle dry weight per plant of rice genotypes under drought condition. Under 

water deficit conditions, declining photosynthesis and the subsequent decline in assimilates 

during the grain filling stage can increase the contribution of pre-anthesis assimilates 

stored in the stems to grain in order to prevent severe reduction in grain yield (Ehdaie et 

al., 2006).   
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Figure 3.Interaction effects of bread wheat genotypes and moisture regimes on: a) spike dry weight per plant 

(g) and b) dry matter partitioning to spike per plant (%). Means followed by a different letter within columns 

indicates significant differences at P < 0.05 according to Duncan‟s Multiple Range Test (DMRT) values. 
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4.4.8. Flag leaf area  

Flag leaf area per plant was significantly (P < 0.001) affected by the interaction effect of 

genotypes and moisture regimes (Table 5). Under optimum moisture regime (80% of 

TAW), genotype G (46.97cm
2
), F (45.23 cm

2
), A (41.63 cm

2
), B (37.20 cm

2
), and D (34.27 

cm
2
) produced statistically similar flag leaf area per plant with tolerant check (42.07 cm

2
) 

(Figure 4). But, genotype E (30.83cm
2
) and C (28.10 cm

2
) had significantly lower flag leaf 

area per plant than tolerant check (42.07 cm
2
) with respective reduction of 26.7% and 

33.2% under optimum moisture regime condition (Figure 4). At pre-flowering water stress 

(30% of TAW), genotype B (33.63 cm
2
) and C (29.60 cm

2
) were found significantly more 

tolerant than tolerant check (19.47 cm
2
) (Figure 4). But, five genotypes A, D, E, F and G 

produced statistically the same flag leaf area per plant compared to tolerant check at pre-

flowering water stress regime (Figure 4). In addition, under post-flowering water stress 

regime, genotype A (31.50 cm
2
) and D (31.07 cm

2
) had significantly superior flag leaf area 

per plant over tolerant check (22.43 cm
2
) (Figure 4). However, genotypes E, F and G 

produced flag leaf area per plant which was statistically at par with tolerant check under 

post-flowering water stress regime. In addition, more pronounced reduction was observed 

from genotypes B (16.87 cm
2
) at post flowering water stress regime compared with 

tolerant check maintained under the same water stress regime (Figure 4). This possibly 

indicated that genotype B was appeared to be more susceptible using this trait at post-

flowering water stress regime. 

Correspondingly, Zarei et al. (2013) had reported noticeable genotypic differences in flag 

leaf area under drought and heat stress conditions in wheat. Besides, Song et al. (2017) 

noted that flag leaf area of bread wheat genotypes found to be significantly reduced under 

drought condition. Moreover, under drought stress condition, flag leaf area had a 
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significant reduction (18%) in all the genotypes of rice as compared to the control (Rafii et 

al., 2018). 
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Figure 4. The interaction effect of bread wheat genotypes and moisture regimes on flag leaf area per plant 

(cm
2
). Means followed by a different letter within columns indicates significant differences at P < 0.05 

according to Duncan‟s Multiple Range Test (DMRT) values. 

4.4.9. Specific flag leaf area 

Results of the interaction between genotypes and moisture regimes revealed significant (P 

< 0.001) influence on specific flag leaf area per plant (Table 5). At optimum moisture 

regime, six genotypes A, C, D, E, F and G had statistically similar specific flag leaf area 

per plant with tolerant check. Conversely, genotype B (39.43 cm
2
/g) had significantly 

diminished specific leaf area per plant than the tolerant check (48.77 cm
2
/g) under 

optimum moisture regime condition (Figure 5).  On the other hand, at pre-flowering water 

stress regime, genotype E (53.07 cm
2
/g) and B (49.77 cm

2
/g) gave higher specific leaf area 
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per plant than the tolerant check (32.03 cm
2
/g) with respective increment of 65.7% and 

55.4% (Figure 5).  

Whereas, five genotypes A, C, D, F & G gave comparable specific flag leaf area per plant 

with tolerant check under pre-flowering water stress regime. Regarding genotypes 

performance under post-flowering water stress regime, genotype A (46.33 cm
2
/g), D 

(43.87 cm
2
/g) and C (42.30 cm

2
/g )  had significantly superior performance over the 

tolerant check (29.30 cm
2
/g) implying that these bread wheat genotypes had thicker flag 

leaves than tolerant check under post-flowering water stress condition  (Figure 5). 

However, four genotypes B, E, F and G had able to maintain statistically similar specific 

flag leaf area per plant with tolerant check under post-flowering water stress condition. 

Concurrent with this finding, Ali et al. (2015) reported low specific flag leaf area under 

drought stress at post-anthesis stage.  
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Figure 5. The interaction effect of bread wheat genotypes and moisture regimes on specific flag leaf area per 

plant (cm
2
/g). Means followed by a different letter within columns indicates significant differences at P < 

0.05 according to Duncan‟s Multiple Range Test (DMRT) values. 
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4.4.10. Flag leaf chlorophyll content 

The results displayed that the interaction effect between genotypes and moisture regimes 

was significant (P < 0.001) on flag leaf chlorophyll content at first and second reading 

(Table 6a).  As could be seen from figure 6a, bread wheat genotypes tested in this trial 

have shown similar trend on flag leaf chlorophyll content across both readings plus there 

was a rank change for some genotypes under pre-and post-flowering moisture stress 

regime. 

Under optimum moisture regime, significantly higher mean flag leaf chlorophyll content 

was observed from genotype G (53.16 SPAD value) and F (53.23 SPAD value) compared 

with the tolerant check (50.08 SPAD value) (Figure 6b). However, five genotypes A, B, C, 

D and E had significantly lower mean flag leaf chlorophyll content than the tolerant check. 

At pre-flowering water stress, genotype B (42.47 SPAD value), E (41.83 SPAD value), C 

(41.29  SPAD value) and G (41.03 SPAD value) had produced significantly more mean 

flag leaf chlorophyll content over the tolerant check (34.77 SPAD value) with 22.1%, 

20.3%, 18.8% and 18.0%  increase, respectively (Figure 6b). This indicated that, these 

genotypes able to maintain their flag leaf chlorophyll content which confers them special 

adaptation strategies under water stress condition. Moreover, three genotypes A, D and F 

had also produced statistically similar mean flag leaf chlorophyll with tolerant check under 

pre-flowering water stress regime. At post-flowering water stress regime, genotypes D 

(39.62 SPAD value) and A (38.78 SPAD value), contained significantly more (24.4 %) and 

(21.8%)  mean flag leaf chlorophyll content, respectively than tolerant check (31.85 SPAD 

value) (Figure 6b). There were also some genotypes C and E which were statistically at par 

with the tolerant check under post-flowering water stress regime. On the contrary, three 

genotypes B, F and G contained significantly lower mean flag leaf chlorophyll content than 

tolerant check with respective reduction of 13.9%, 5.9% and 6.5% (Figure 6b). 
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The leaf chlorophyll content is an indicator of the photosynthetic capability of plant 

tissues. The amount of chlorophyll pigments varies under drought environments (Jaleel et 

al., 2009). In this experiment, bread wheat genotypes had considerable variation in mean 

flag leaf chlorophyll content under different moisture regimes. Genotypes maintained at 

pre-and post-flowering water stress regimes have shown a substantial reduction in mean 

flag leaf chlorophyll content. Similar findings have been reported by various studies 

(Nikolaeva et al., 2010; Naroui et al., 2012; Yasir et al., 2013; Zarei et al., 2013; 

Farshadfar et al., 2014; Grzesiak et al., 2018). For instance, Yasir et al. (2013) noted that 

significantly reduced flag leaf chlorophyll content (SPAD value) of bead wheat genotypes 

tested under drought stress condition. Furthermore, Grzesiak et al. (2018) reported 33% 

reduction in chlorophyll content (SPAD value) under drought condition in wheat. 
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Figure 6. The interaction effects of bread wheat genotypes and moisture regimes on: a) Flag leaf chlorophyll 

content at first and second reading and b) Mean flag leaf chlorophyll content (SPAD value). Means followed 

by a different letter within columns indicates significant differences at P < 0.05 according to DMRT values. 
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4.4.11. Canopy temperature  

Analysis of variance dictated that the interaction effect of genotypes and moisture regimes 

had a highly significant influence on canopy temperature at first and second readings (five 

days after the first reading) (Table 5). There was a reduction in canopy temperature in the 

second reading and genotypes evaluated exhibited similar trend across both readings 

though accompanied by rank change for some genotypes particularly under water stress 

regimes (Figure 7a). Under well watered conditions, bread wheat genotypes B, C, D and E 

found to have significantly higher mean canopy temperature over the tolerant check 

(Figure 7b). On the contrary, two genotypes F and G had significantly lower mean canopy 

temperature than tolerant check at optimum moisture regime. But, genotype A had 

statistically similar mean canopy temperature with tolerant check under optimum moisture 

regime. At pre-flowering water stress regime, none of genotypes have shown higher 

canopy temperature than the tolerant check. However, genotypes E (28.60 ℃), C (28.40 

℃) and B (27.54 ℃) had significantly cooler canopy tempreture than the tolerant check 

(30.12 ℃) with 5%, 5.7%, and 8.6% reduction, respectively (Figure 7b). Thus, these 

genotypes found to be resistant than the tolerant check since they could able to regulate 

their tissue temperature under pre-flowering water stress condition. At post-flowering 

water stress, genotype D (28.87 ℃) and A (28.05℃) were significantly better in 

maintaining their tissue temperature than the tolerant check (30.43 ℃) (Figure 7b). As to 

the magnitude of reduction, temperature of genotypes D and A declined by 5.12% and 

7.8%, respectively compared to tolerant check (Figure 6b). This result corroborated the 

findings of Zarei et al. (2013), who noted that canopy temperature of wheat was higher in 

water stress condition. Regarding the magnitude of increments, they had reported 7 % and 

4 % canopy temperature increments, under water stress condition compared with well 

watered condition at flowering and grain filling stage, respectively. In addition, canopy 



58 
 

temperature could be used as screening bread wheat genotypes against water stress as it 

govern various physiological responses (Mason and Singh, 2014). 
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4.5. Yield and Yield Components 

4.5.1. Number of filled grains per spike  

The effects of moisture regimes and genotypes and their interactions had highly significant 

(P < 0.001) effect on number of filled grains per spike (Table 6). The interaction of 

genotypes × moisture regimes implied the inconsistency of genotypes across different 

moisture regimes and, thus, the interaction was considered for further discussion. 

Accordingly, at optimum moisture regime genotype G (34.40) had the highest number of 

filled grains per spike which was significantly higher than the tolerant check (31.40) (Table 

10). In contrast, four genotypes B, C, D and E had significantly inferior number of filled 

grains per spike than the tolerant check at optimum moisture regime (Table 10). Also two 

genotypes A and F produced statistically similar number of grains per spike with the 

tolerant check under well watered condition (Table 10). At pre-flowering water stress 

regime most of the genotypes B, C, E, G, F and A evaluated had recorded significantly 

superior number of filled grains per spike which were, 27.33, 26.47, 24.53, 23.20, 22.20 

and 22.13, respectively over the tolerant check (20.27) (Table 10). Only genotype D 

(20.47) was statistically at par with the tolerant check regarding production of filled grains 

per spike under pre-flowering water stress regime (Table 10). Under post-flowering water 

stress regime genotype A (26.20) and D (24.73) produced significantly more number of 

filled grains per spike than the tolerant check (19.40) and found to be more tolerant (Table 

10). While, four genotypes C, E, G and F were found statistically similar with the tolerant 

check at post-flowering water stress regime. Moreover, at post-flowering water stress 

regime genotype B (16.20) had significantly lower number of filled grains per spike than 

the tolerant check (19.40) with 16.5% reduction and thus, it was found susceptible (Table 

10).  



60 
 

These findings are consistent with earlier studies (Khaledian et al., 2014; Abdolshahi et al., 

2015; Song et al., 2017) conducted on bread wheat. Saeidi et al. (2012) noted a 7.8% 

decrease in grains per spike in bead wheat cultivar under water deficiency at grain filling 

stage. Besides, significant grain number loss (73%) has also been reported on barley 

genotypes due to exposure to water stress at vegetative stage (Rizza et al., 2004).  

4.5.2. Number of unfilled grains per spike 

The interaction effect of genotypes and moisture regimes showed highly significant (P < 

0.001) effect on number of unfilled grains per spike (Table 6). Under non-limiting 

condition, all genotypes evaluated in this study have shown statistically similar 

performances compared to the tolerant check (Table 10). However, at pre-flowering water 

stress regime four genotypes A, E, B and C had significantly lower number of unfilled 

grains per spike, which were 14.47, 10.53, 9.27 and 7.20, respectively than the tolerant 

check (18.20) (Table 10). In fact, at pre-flowering water stress regime three genotypes F, G 

and D and the tolerant check had non-significant differences (Table 10). At post-flowering 

water stress regime, genotypes F, G and B had significantly similar number of unfilled 

grains per spike with the tolerant check. In addition, genotypes E (16.93), C (14.33), D 

(13.00) and A (12.47) had significantly lower unfilled grains per spike than the tolerant 

check (20.33) with respective reduction of 16.7, 29.5, 36.1, and 38.7% (Table 10).  

Decreased seed number per spike (64% loss) has been reported owing to water and salinity 

stress imposition at reproductive stage on rice (Salekdeh et al., 2002); this is indirectly 

associated with high number of unfilled grains per spike under drought and salinity stress 

conditions. 
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Table 10. Responses of bread wheat genotypes under different moisture regimes on number of filled and unfilled grains per spike 

 Filled grain per spike Unfilled grain per spike 

Genotypes 

Optimum  

(80% of TAW) 

Pre-flowering 

stress (30% of 

TAW) 

Post-flowering 

stress (30% of 

TAW) 

Optimum 

(80% of 

TAW) 

Pre-flowering 

stress (30%  

of TAW) 

Post-flowering 

stress (30%  

of TAW) 

A 29.67±0.37
cd 

22.13±0.87
c 

26.20±0.46
a 10.87±0.90 14.47±0.74

b 
12.47±0.81

c 

B 24.87±0.75
f 

27.33±0.48
a 

16.20±0.31
d 12.60±1.59 9.27±0.97

cd 
20.87±0.70

a 

C 25.07±0.44
f 

26.47±0.29
a 

20.13±0.57
b 12.60±1.39 7.20±0.90

d 
14.33±0.88

bc 

D 27.87±0.44
de 

20.47±0.29
d 

24.73±0.77
a 12.00±0.64 16.40±0.40

ab 
13.00±1.60

c 

E 26.47±0.18
ef 

24.53±0.66
b 

20.07±0.93
bc 9.80±0.70 10.53±0.59

c 
16.93±0.88

b 

F 32.20±1.06
ab 

22.20±0.53
c 

18.13±0.24
c 9.53±0.58 17.00±0.23

a 
21.87±0.85

a 

G 34.40±1.11
a 

23.20±0.42
bc 

19.53±0.66
bc 10.27±0.64 16.67±0.74

ab 
21.07±0.79

a 

H 31.40±0.81
bc 

20.27±0.29
d 

19.40±0.61
bc 10.20±0.53 18.20±1.04

a 
20.33±0.98

a 

DMRT min     

             max                                                                                                                          

 2.154                      1.543                        1.818 

 2.444                      1.751                        2.063 

 ns 2.248 

2.551                          

2.918 

3.311 
Means ± SE (standard error), are shown for n=3. Means followed by a different letter within columns indicates significant differences at P < 0.05 according to  

Duncan‟s Multiple Range Test (DMRT) values. 
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4.5.3. Rate of fertile grains per spike 

The rate of fertile grains per spike was significantly (P < 0.001) different among genotypes 

grown under different moisture regimes (Table 6). Five genotypes F, G, A, E and D were 

superior in rate of fertile grains per spike but they were not statistically different from the 

tolerant check under non-limiting condition (Table 11). While genotypes C and B were 

found inferior and had significantly smaller rate of fertile grains per spike than the tolerant 

check under non-limiting condition. On the other hand, genotypes C (78.70 %), B (74.73 

%), E (69.93 %), A (60.47 %) and G (58.23 %) had better spike fertility over tolerant 

check (52.73%) at pre-flowering water stress (Table 11). Genotype F and D had 

statistically similar spike fertility with tolerant check (Table 11). The superiority in spike 

fertility is observed for genotype A (67.8 %), D (65.70 %) and C (58.47 %) at post-

flowering water stress with 38.7, 34.4 and 19.6% increment over the tolerant check (48.90 

%), respectively (Table 11). Besides, four genotypes E, G, F and B were found statistically 

at par with the tolerant check under post-flowering water stress (Table 11).   

In this study, considerable variation was observed in bread wheat genotypes on rate of 

fertile grains per spike in response to different moisture regimes. Moreover, means of 

genotypes appeared to decline in fertile grains per spike under pre-and post-flowering 

water stress in comparison with the non-limiting condition. The result coincide with the 

finding of Jatoi et al. (2011) who reported 51.3% reduction in spike fertility due to drought 

stress at anthesis stage. This is possibly because drought can cause pollen sterility and 

grain loss due to accumulation of abscisic acid in spikes of drought-susceptible wheat 

genotypes, and abscisic acid synthesis genes in the anthers (Ji et al., 2010). 
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Table 11. Responses of bread wheat genotypes under different moisture regimes on rate of 

fertile grains per spike 

 Rate of fertile grains per spike (%) 

Genotypes 

Optimum 

(80% of TAW) 

Pre-flowering stress 

(30% of TAW) 

Post-flowering 

stress (30% of 

TAW) 

A 73.23±1.75
abc 

60.47±1.99
c 

67.80±1.69
a 

B 66.53±3.55
c 

74.73±2.27
ab 

43.73±1.08
d 

C 66.67±2.83
c 

78.70±2.21
a 

58.47±2.13
b 

D 69.93±1.39
bc 

55.53±0.90
cd 

65.70±3.55
a 

E 73.03±1.45
abc 

69.93±1.75
b 

54.20±2.25
bc 

F 77.63±1.54
a 

56.63±0.90
cd 

45.37±1.30
d 

G 76.97±1.62
a 

58.47±1.16
c 

48.10±1.70
cd 

H 75.50±1.03
ab 

52.73±1.68
d 

48.90±1.97
cd 

DMRT min 

              max                                                                                                                          

6.155                            5.068                             6.245 

6.985                            5.751                             7.087 

Means ± SE (standard error), are shown for n=3. Means followed by a different letter within columns indicates significant 

differences at P < 0.05 according to Duncan‟s Multiple Range Test (DMRT) values. 

4.5.4. Total biomass yield  

The effect of moisture regimes and the interaction of genotypes and moisture regimes had 

a highly significant (P < 0.001) effect on total biomass (Table 6). However, genotypes 

didn‟t show significant effect on total biomass yield (Table 6). At optimum moisture 

regime, six genotypes G, F, A, E, B and C have shown statistically similar total biomass 

yield with the tolerant check (Table 12), whereas genotype D produced the lowest total 

biomass yield and significantly deviated from the tolerant check under non-limiting water 

condition (Table 12). Under pre-flowering water stress condition genotype B (10.30 g) and 

C (10.10 g) gave significantly higher biomass yield than the tolerant check (8.57 g) with 

20.2 and 17.9 % biomass yield advantage, respectively (Table 12). While, four genotypes 

E, G, F and A were found statistically at par with the tolerant check under pre-flowering 

water stress regime (Table 12). Genotype D (7.23 g) was the least performing and found 

susceptible with 15.6 % reduction over the tolerant check at pre-flowering water stress 

regime (Table 12). At post-flowering water stress, seven genotypes D, A, C, E, F, G and B 

have shown statistically similar performances compared to the tolerant check regarding 

total biomass yield (Table 12).  
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Consistent with this finding, Abdolshahi et al. (2015) reported that the highest biomass 

yield from well-watered control. They have reported that mean total biomass yield of 40 

bread wheat genotypes found to be diminished (19%) under moisture stress condition. In 

addition, Song et al. (2017) asserted that biomass yield of bread wheat genotypes was 

significantly reduced under drought condition. Grzesiak et al. (2018) had also reported 

similar findings with this study i.e., 48% reduction in total biomass yield in response to 

water stress. 

4.5.5. Harvest index 

Parallel to total biomass yield, the interaction effect of genotypes and moisture regimes 

significantly (P < 0.001) influenced harvest index (Table 6). Under non-limiting condition 

seven genotypes (D, G, F, A, E, B and C) responded in a similar manner to the tolerant 

check (Table 12). At pre-flowering water stress superior harvest index were observed from 

genotype B (23.60 %), C (22.43 %), and E (20.40 %) with 37.2, 30.4 and 18.65 % 

increment over the tolerant check (17.20 %), respectively (Table 12). While four genotypes 

(G, D, A and F) were statistically at par with the tolerant check at pre-flowering water 

stress condition (Table 12). Furthermore, significantly higher harvest index was observed 

from genotype A (24.0 %) followed by genotype D (22.23 %) under post-flowering water 

stress. These genotypes were appeared to be more tolerant than the tolerant check (15.10 

%) due to high performance for this trait, as exhibited in Table 12, with respective 

advantage of 58.9 and 47.2 %.  

The result is in agreement with the finding Yasir et al. (2013) who noted that 49 bread 

wheat genotypes had substantial variability in response to two moisture regimes for harvest 

index. Moreover, Song et al. (2017) had also reported marked reduction on harvest index 

under water stress at grain filling stage.  
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Table 12. Responses of bread wheat genotypes to different moisture regimes on total biomass yield and  harvest index 

 Total biomass yield (g) Harvest index (%) 

Genotypes 

Optimum 

(80% of TAW) 

Pre-flowering 

stress (30% of 

TAW) 

Post-flowering 

stress (30% of 

TAW) 

Optimum 

(80% of 

TAW) 

Pre-flowering 

stress(30%  

of TAW) 

Post-

flowering 

stress(30%  

of TAW) 

A 11.43±0.22
abc 

9.17±0.58
ab 

10.00±0.32
a 27.13±0.22

abcd 
18.50±0.61

bc 
24.00±0.93

a 

B 10.20±0.42
cd 

10.30±0.15
a 

7.33±0.49
b 24.77±1.44

cd 
23.60±0.90

a 
14.17±0.62

b 

C 9.93±0.55
cd 

10.10±0.15
a 

9.03±0.26
ab 24.43±1.18

c 
22.43±0.83

a 
15.90±1.35

b 

D 9.50±0.76
d 

7.23±0.79
c 

10.03±0.45
a 29.90±2.58

a 
18.50±0.81

bc 
22.23±0.93

a 

E 10.60±0.45
bcd 

9.80±0.12
ab 

8.43±0.46
ab 25.50±0.69

bcd 
20.40±0.35

b 
15.43±0.19

b 

F 12.23±0.45
ab 

9.20±0.25
ab 

8.07±0.52
b 28.60±0.35

abc 
17.37±0.27

c 
13.23±0.41

b 

G 12.73±0.78
a 

9.30±0.29
ab 

7.73±0.87
b 28.90±1.02

ab 
19.00±0.35

bc 
14.87±1.04

b 

H 11.43±0.23
abc 

8.57±0.55
b 

8.40±0.74
ab 25.97±0.30

abcd 
17.20±0.76

c 
15.10±0.31

b 

DMRT min 

             max                                                                                                                          

1.565                    1.285                   1.644 

1.775                    1.458                   1.866 

3.661                                   

4.154                      

 1.959 

 2.223 

2.444 

2.773 

Means ± SE (standard error), are shown for n=3. Means followed by a different letter within columns indicates significant differences at P < 0.05 

 according to Duncan‟s Multiple Range Test (DMRT) values. 
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4.5.6. Hundred kernel weight 

The analysis of variance exhibited highly significant (P < 0.001) variations among bread 

wheat genotypes evaluated under different moisture regimes (Table 6). At optimum 

moisture regime condition, three genotypes F, G and A were found statistically at par with 

the tolerant check on hundred kernel weight while four genotypes D, E, B, and C  had 

significantly lower hundred kernel weight than tolerant check (Table 14). Genotypes viz. B 

(1.80 g), C (1.80 g), E (1.80 g) and G (1.63 g) had significantly higher hundred kernel 

weight over the tolerant check (1.33 g) under pre-flowering water stress condition (Table 

13). Accordingly, 35.3, 35.3, 35.3 and 22.6 % increment were obtained for genotype B, C, 

E and G, respectively compared to the tolerant check (Table 13).  Therefore, these 

genotypes were found tolerant based on this trait. On the other hand, three genotypes A, F 

and D had statistically similar hundred kernel weight with the tolerant check ranging from 

1.30 g to 1.43 g (Table 13). Regarding post-flowering water stress, genotype A (1.63 g) 

and D (1.57 g) had the highest thousand kernel weight which was significantly varied from 

tolerant check (0.97 g) (Table 13). But, the rest of the genotypes C, F, E, B and G were not 

significantly deviated from the tolerant check at post-flowering water stress (Table 13). 

Thus, at post-flowering water stress, genotypes A and D were found tolerant with 

respective advantages of 68 and 61.9% over the tolerant check, respectively (Table 13). 

In the present trial, a hundred kernel weight was significantly affected by genotypes and 

moisture regimes. This indicated that for this trait the performance of genotypes was not 

consistent across the three moisture regimes. Concomitant with this finding, Saeid et al. 

(2012) reported 61.9% and 20.3% reduction in thousand kernel weight in tolerant and 

sensitive wheat cultivars, respectively due to water stress at grain filling stage. Abdolshahi 

et al. (2015) also stated that thousand seed weight of bread wheat genotypes evaluated 

under drought condition was significantly affected, whereby water stressed treatment 
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produced lower grain weight than the well watered control. Moreover, this observation is 

in conformity with previous finding by Song et al. (2017) who reported that thousand 

kernel weight in wheat declined by 14.5% when plants were subjected to water deficit 

conditions. 

Table 13.Response of bread wheat genotypes under different moisture regimes on hundred 

kernel weight 

 Hundred kernel weight (g) 

Genotypes 

Optimum 

(80% of TAW) 

Pre-flowering stress 

(30% of TAW) 

Post-flowering 

stress (30% of 

TAW) 

A 2.87±0.09
a 

1.43±0.09 1.63±0.09
a 

B 2.57±0.09
b 

1.80±0.00
a 

1.00±0.00
b 

C 2.50±0.10
b 

1.80±0.00
a 

1.13±0.03
b 

D 2.60±0.10
b 

1.30±0.00
c 

1.57±0.12
a 

E 2.57±0.09
b 

1.80±0.00
a 

1.00±0.00
b 

F 3.00±0.06
a 

1.43±0.03
c 

1.03±0.07
b 

G 3.00±0.00
a 

1.63±0.09
b 

1.00±0.06
b 

H 2.87±0.07
a 

1.33±0.03
c 

0.97±0.03
b 

DMRT min 

              max                                                                                                                          

0.2396                           0.1413                          0.1903 

0.2719                           0.1604                          0.2159 

Means ± SE (standard error), are shown for n=3. Means followed by a different letter within columns indicates significant 

differences at P < 0.05 according to Duncan‟s Multiple Range Test (DMRT) values. 

4.5.7. Grain yield 

In this trial, the interaction of genotypes and moisture regimes had highly significant (P < 

0.001) effect on grain yield (Table 6). Genotype G and F produced significantly higher 

grain yield than the tolerant check whereas genotype B and C produced significantly lower 

grain yield than the tolerant check under optimum moisture regime condition (Table 14). 

Also, under optimum moisture regime three genotypes A, D and E were statistically 

similar with the tolerant check (Table 14). At pre-flowering water stress regime 

significantly higher grain yield were observed in genotype B (2.43 g), C (2.27 g) and E 

(2.00 g) with an advantage of 65.3, 54.4 and 36.15 %, respectively over the tolerant check 

(1.47 g) (Table 14). Hence, these genotypes were the best suited genotypes for pre-

flowering stress regime. In addition, virtually negligible amount of reduction i.e. 3.95 and 
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6.58% were recorded form genotype B and C, respectively but higher 25.93 % reduction 

for genotype E compared to their counterparts under non-limiting condition (Table 14). 

The other genotypes viz. genotype G, F and D could be regarded as less tolerant than B, C 

and E genotypes since they produced statically similar grain yield with the tolerant check 

at pre-flowering water stress regime (Table 14). Besides, they have shown substantial 

reduction which ranged from 51.77 to 54.29 % compared to their counterparts under 

optimum condition (Table 14). Under post-flowering water stress regime genotype A (2.40 

g) and D (2.23 g) showed significantly superior performance over the tolerant check (1.30 

g) with 84.6 and 71.5 % increase, respectively (Table 13). Therefore, genotypes A and D 

can be candidates for use under post-flowering water stress as highly tolerant genotypes 

and, these, could be promoted for further study. They (genotype A and D) showed 

relatively minimal, 22.58 and 20.36%, loss in grain yield, respectively compared to their 

counterparts under optimum moisture regime (Table 14). However, five genotypes C, E, G, 

F, and B which were ranked in descending order were not significantly deviated from the 

tolerant check under post-flowering water stress regime (Table 14). In addition, five 

genotypes B, E, F, G and H encountered higher yield loss ranging from 51.85 to 69.43 % 

compared to their counterparts at optimum moisture regime (Table 14). Whereas genotype 

C had lost less than half of the potential grain yield (41.15 %) and thus, might be 

considered as moderately tolerant genotype under post-flowering water stress regime 

condition (Table 14).  

Generally, grain yield was adversely affected by moisture stress at pre-and post-flowering 

stress in bread wheat genotypes under this study. This reduction as a result of moisture 

stress at pre-flowering was characterized by reduced number of filled grains (r = 0.99
***

), 

higher number of unfilled grains (r = -0.90
**

), low rate of fertile grains per spike (r = 

0.94
***

) and lower grain weight (r = 0.93
***

) (Table 17). Likewise, reduced number of 
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filled grains (r = 0.97
***

), higher number of unfilled grains (r = -0.89
**

), low rate of fertile 

grains per spike (r = 0.95
***

) and lower grain weight (r = 0.98
***

) were contributed to the 

reduction of grain yield under post-flowering water stress condition (Table 18). Thus, in 

this study genotypes responded in a different way in different growth stages when water 

stress was imposed. This is similar to other studies (Yasir et al., 2013; Khaledian et al., 

2014; Abdolshahi et al., 2015; Song et al., 2017; Christopher et al., 2018; Grzesiak et al. 

2018) that show differences in genotypes response because of their variation in their 

genetic make-up.  

Table 14.Response of bread wheat genotypes under different moisture regimes on grain 

yield 

Genotypes 

Grain yield (g) 

Optimum 

(80% of 

TAW) 

Pre-flowering 

stress (30% of 

TAW) 

Post-flowering 

stress (30% of 

TAW) RTCPre (%) RTCpos (%) 

A 3.10±0.06
b 

1.70±0.15
d 

2.40±0.12
a 

45.16 22.58 

B 2.53±0.23
c 

2.43±0.12
a 

1.03±0.03
c 

3.95 59.29 

C 2.43±0.22
c 

2.27±0.09
ab 

1.43±0.09
b 

6.58 41.15 

D 2.80±0.00
bc 

1.33±0.12
e 

2.23±0.15
a 

52.50 20.36 

E 2.70±0.06
bc 

2.00±0.06
bc 

1.30±0.06
bc 

25.93 51.85 

F 3.50±0.10
a 

1.60±0.06
de 

1.07±0.07
c 

54.29 69.43 

G 3.67±0.15
a 

1.77±0.07
cd 

1.13±0.09
c 

51.77 69.21 

H 2.97±0.03
b 

1.47±0.03
de 

1.27±0.09
bc 

50.51 57.24 

DMRT min 

              max                                                                                                                          
0.3982                0.2849                 0.2737 

0.4518                0.3232                 0.3106 

  

Means ± SE (standard error), are shown for n=3. RTCPre and RTCpos = stands for relative traits change over the control at 

pre and post-flowering water stress regimes, respectively. Means followed by a different letter within columns indicates 

significant differences at P < 0.05 according to DMRT values.  

4.6. Stress Tolerance Indices 

4.6.1. Stress tolerance indices at pre-flowering water stress  

On the basis of grain yield measured under both non-stress and stress conditions, different 

drought tolerance indices were calculated to identify the drought resistant and sensitive 

genotypes. Genotypes with high values of Stress Tolerance Index (STI), Geometric Mean 

Productivity (GMP), Mean Productivity Index (MPI), Harmonic Mean (HM), Drought 
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Resistance Index (DRI), Yield Stability Index (YSI), and Yield Index (YI) and low values 

of Tolerance Index (TOL) and Stress Susceptibility Index (SSI) < 1 can be selected as 

tolerant genotypes to water stress condition. Rosielle and Hamblin (1981) reported that 

genotypes that exhibited lower TOL values and high MPI values are more tolerant. Hence, 

the lowest tolerance index (TOL) was recorded for genotypes, A (0.10), B (0.13), and E 

(0.63) (Table 15). In addition, regarding mean productivity index (MPI), genotypes which 

showed higher MPI values are regarded as tolerant genotype and accordingly genotype B, 

C, E, F and G had higher values of this index (Table 15). Geometric mean productivity 

index (GMP) often used to determine the degree of tolerance under stress conditions; 

genotypes with high value of GMP are considered as more desirable (Fernandez, 1992). In 

this case, genotype B (2.48), C (2.40), E (2.36), F (2.37) and G (2.55) were found to have 

high values of GMP (Table 15). As to the harmonic mean (HM), genotypes B, C, E, F and 

G having higher HM values were tolerant at pre-flowering water stress regime (Schneider et 

al., 1997). According to Fernandez, (1992) genotypes having higher stress tolerance index 

(STI) value display higher grain yield stability across different environments. Hence, 

genotype B, C, E, F and G with STI values of 0.68, 0.64, 0.62, 0.62 and 0.69 respectively 

were the most stable genotypes across the moisture regimes (Table 15). Fisher and Maurer 

(1978) stated that those genotypes which have SSI (stress susceptibility index) value < 1 

indicate genotype to be more resistant to stress. Thus, all genotype with the exception of 

genotype A (1.23) had SSI values < 1 (Table 15). Lan (1998) often used drought resistance 

index (DRI) to differentiate tolerant genotypes; genotypes B (1.46), C (0.91) and E (1.19) 

showed high value of DRI compared to the tolerant check (Table 15). Besides, Bouslama 

and Schapaugh (1984) and Gavuzzi et al. (1997) also used yield stability index (YSI) and 

yield index (YI) to distinguish stable genotypes under stress and non-stress conditions and 

stable genotypes are expected to have high values. According to these classifications, 
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genotypes B, C, and E with respective YSI values of 0.96, 0.95 and 0.77 were the most 

stable genotypes whereas genotypes B, C and E were found to be the most suitable 

genotypes out of the bread wheat genotypes evaluated with YI values of 1.33, 1.28 and 

1.13, respectively (Table 15). 

A suitable stress tolerance index must have a significant correlation with grain yield under 

water stress condition (Mitra, 2001). Correlation coefficient analysis revealed that in the 

pre-flowering stress, grain yield recorded significant positive correlation with HM (r = 

0.87
**

), DRI (r = 0.92
**

), YSI (r = 0.96
***

) and YI (r = 1.00
***

) which shows these indices 

are powerful (Appendix 1). On the contrary, TOL (r = -0.89
**

) and SSI (r = -0.72
*
) had 

negative but significant correlation with grain yield under pre-flowering water stress 

condition (Appendix 1). Therefore, common promising genotypes that were attested by 

those indices which had significant correlation with grain yield could be considered as 

stress tolerant and these indices could be used as criteria for improvement of bread wheat 

genotypes yield under pre-flowering water stress condition. Hence, among all genotypes 

evaluated, genotype B, C and E were identified as drought resistant genotypes and 

desirable under pre-flowering water stress condition.  

 

Table 15. Mean values of stress tolerance indices for bread wheat genotypes at pre- 

flowering water stress 

 Stress tolerance indices 

Genotypes TOL MPI GMP HM STI SSI DRI YSI YI 

A 1.50 2.35 2.23 2.11 0.55 1.23 0.27 0.52 0.88 

B 0.10 2.48 2.48 2.48 0.68 0.04 1.46 0.96 1.33 

C 0.13 2.40 2.40 2.40 0.64 0.05 0.91 0.95 1.28 

D 1.50 2.08 1.94 1.81 0.42 0.53 0.27 0.47 0.73 

E 0.63 2.38 2.36 2.34 0.62 0.23 1.19 0.77 1.13 

F 1.90 2.55 2.37 2.20 0.62 0.54 0.35 0.46 0.88 

G 1.90 2.72 2.55 2.38 0.72 0.52 0.53 0.48 0.97 

H 1.80 2.37 2.19 2.02 0.53 0.55 0.37 0.45 0.80 
TOL= Tolerance index, MPI=Mean productivity index, GMP=Geometric mean productivity index, HM=Harmonic mean, STI= Stress 
tolerance index, SSI= Stress susceptibility index, DRI=Drought resistance index, YSI= Yield stability index and YI= Yield index. 
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4.6.2. Stress tolerance indices at post-flowering water stress  

According to STI, GMP, MPI, HM, DRI, YSI and YI values the two genotypes namely A 

and D were identified as tolerant genotypes at post-flowering water stress (Table 16). 

These genotypes had greater values for all aforementioned stress tolerance indices with the 

exception of TOL and SSI compared to the tolerant check (Table 16). Moreover, to 

determine the most desirable drought tolerant genotypes selection criteria, the correlation 

coefficients between grain yield at post-flowering water stress and indices of drought 

tolerance were calculated. In other words, correlation analysis between grain yield and 

drought tolerance indices can be a good criterion for screening the best genotypes and 

indices used (Appendix 2). A suitable index must have a significant correlation with grain 

yield at post-flowering water stress condition. Accordingly, results from analysis of 

correlation revealed that grain yield under post-flowering water stress condition had 

negative and significant correlation with TOL (r = -0.81
*
) and SSI (r = -0.82

*
) (Appendix 

2). In contrast, grain yield at post-flowering water stress had significant and positive 

correlation with MPI (r = 0.75
*
) and DRI (r = 0.75

*
) (Appendix 2). Furthermore, it had 

positive and highly significant association with GMP, HM, STI and YSI with respective 

correlation coefficient values of r = 0.94
***

, r = 0.99
***

, r = 0.95
***

 and r = 0.95
***

 

(Appendix 2). Also, positive and significant correlation (r = 1.00
***

) was observed between 

YI and grain yield at post-flowering water stress condition (Appendix 2). Therefore, 

among all genotypes tested, genotype A and D were identified as drought resistant 

genotypes and suitable for post-flowering water stress. This study concurred with the 

finding of Ashraf et al., (2015) who reported that stress tolerance indices such as STI, MP, 

GMP, YI, HM and DI had strong correlation with grain yield under stress condition and 

identified as appropriate indices to select drought tolerant genotypes. Likewise, Grzesiaka 

et al. (2018) had also reported that drought susceptibility index (DSI), stress tolerance 
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index (STI) and stress index (SI) were most useful to identify genotypes differing in their 

response to drought. 

Table 16.Mean values of stress tolerance indices for bread wheat genotypes at post-

flowering water stress 

 Stress tolerance indices 

Genotypes TOL MPI GMP HM STI SSI DRI YSI YI 

A 0.70 2.75 2.73 2.71 0.83 0.44 0.62 0.77 1.66 

B 1.60 1.73 1.54 1.36 0.26 0.63 0.14 0.37 0.64 

C 1.10 1.92 1.84 1.76 0.37 0.45 0.81 0.55 0.94 

D 0.60 2.53 2.52 2.50 0.70 0.21 1.29 0.79 1.54 

E 1.40 2.00 1.87 1.76 0.39 0.52 0.28 0.48 0.90 

F 2.50 2.25 1.87 1.56 0.39 0.71 0.22 0.29 0.69 

G 2.53 2.40 2.04 1.73 0.46 0.69 0.35 0.31 0.78 

H  2.03 2.25 2.01 1.79 0.45 0.62 0.41 0.38 0.85 
TOL= Tolerance index, MPI= Mean productivity index, GMP= Geometric mean productivity index, HM=Harmonic 

mean, STI= Stress tolerance index, SSI= Stress susceptibility index, DRI=Drought resistance index, YSI= Yield stability 

index and YI= Yield index. 

4.7. GGE Biplot on the Basis of Grain Yield  

Genotype main effect plus genotype by environment interaction (GGE) biplot analysis is 

very important as it graphically addresses important concept such as crossover of genotype 

by environment, mega-environment differentiation, specific adaptation and the like (Yan 

and Tinker, 2006). Moreover, it shows which genotype won where as a visual tool, which 

is one of the most attractive features of GGE biplot (Ibid.). On the basis of grain yield 

GGE biplot was sketched in this study and the three moisture regime environments fell into 

three sectors viz. optimum moisture regime, pre-and post-flowering water stress regime 

mega-environments with different winning genotypes which implied the presence of 

crossover (genotype by moisture regime) interaction (Figure 8). Thus, the winning 

genotypes at optimum moisture regime were genotypes F and G, since one laid over the 

other as can be seen from GGE biplot (Figure 8). Also under post-flowering water stress 

genotypes A and D were the winning genotypes whereas at pre-flowering water stress 

regime genotypes B and C were winning genotypes (Figure 8). Genotype close to the 
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origin, in this case genotype H (tolerant check) was the most stable one indicating this 

genotype performs best at all mega-environments. In general, at pre-flowering water stress 

genotypes B, C, and E well performed while at post-flowering water stress genotypes A 

and D were found to be suitable. Therefore, these genotypes could be considered as 

tolerant genotype for their respective mega environments/moisture stress regime.  

 
Figure 8. Which bread wheat genotype won where view of the GGE biplot on the basis of grain yield. CO = 

control/optimum (80% of TAW), PR=pre-flowering water stress (30% of TAW) and PO=post-flowering 

water stress (30% of TAW). 

4.8. Correlation Result 

Correlation analysis was computed to estimate the magnitude and direction of correlations 

of pairs of traits and their correlation with grain yield under pre-and post-flowering water 

stress conditions. Hence, in the following section correlation results for all pairs of studied 

traits are presented. 
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4.9.1.  Correlation of grain yield with other studied traits under pre-flowering     

        water stress 

The study result showed that under pre-flowering water stress condition grain yield had 

positive significant correlation with flag leaf chlorophyll content (r = 0.88, P < 0.01), total 

biomass yield (r = 0.90, P < 0.01) and specific flag leaf area (r = 0.77, P < 0.05) (Table 17). 

Also, grain yield at pre-flowering water stress exhibited positive and highly significant 

association with flag leaf area (r = 0.99, P < 0.001), filled grains per spike (r = 0.99, P < 

0.001), rate of fertile grains per spike (r = 0.94, P < 0.001), harvest index (r = 0.94, P < 

0.001) and hundred kernel weight (r = 0.93, P < 0.001) (Table 17). Quite the reverse, grain 

yield under pre-flowering water stress condition was negatively and significantly 

correlated with mean canopy temperature (r = -0.97, P < 0.001) and unfilled grains per 

spike (r = -0.90, P < 0.01) (Table 17). Besides, grain yield at pre-flowering water stress had 

non-significant (P ≥ 0.05) correlation with phenological traits such as days to heading, days 

to maturity, grain filling period and other traits like leaf number, plant height and spike 

length (Table 17).  

Similarly, Liu et al. (2015) noted the significant positive correlation of grain yield per plant 

with number of grains per plant, biomass and harvest index under pre-anthesis water-

deficit condition. Moreover, Del Pozo et al. (2016) had reported significant positive 

correlation between chlorophyll content (SPAD value) and grain yield of bread wheat 

genotypes under water stress condition. 
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Table 17. Correlation matrix for studied traits under pre-flowering water stress regimes 

Traits DH DM GFP MCC MCT FLA SFLA LN PH SL FGPS UGPS RFG TBY GYpre HI HKW 

DH 
 

1.00 

 

0.79* 

 

0.12
ns

 

 

0.03
ns

 

 

0.15
ns

 

 

-0.12
ns

 

 
0.15

ns 0.23
ns

 

 

0.48
ns

 

 

0.19
ns

 

 

-0.20
ns

 

 
0.27

ns
 -0.26

ns 
0.24

ns 
-0.17

ns 
-0.46

ns 
-0.03

ns
 

DM  
1.00 

 
0.69

ns 
0.38

ns 
-0.11

ns 
0.13

ns 
0.26

ns 
0.53

ns 
0.59

ns 
-0.24

ns 
0.07

ns 
0.20

ns 
-0.13

ns 
0.42

ns 
0.08

ns 
-0.20

ns 
0.25

ns 

GFP   
1.00 

 
0.59

ns 
-0.35

ns 
0.35

ns 
0.25

ns 
0.60

ns 
0.40

ns 
-0.62

ns 
0.34

ns 
0.01

ns 
0.09

ns 
0.41

ns 
0.33

ns 
0.21

ns 
0.44

ns 

MCC    
1.00 

 
-0.86** 0.87** 0.73* 0.24

ns 
0.28

ns 
-0.15

ns 
0.91

** 
-0.74* 0.80* 0.84** 0.88** 0.79* 0.97*** 

MCT     
1.00 

 
0.98*** -0.84** 0.08

ns 
0.14

ns 
0.00

ns 
-0.97*** 0.89** -0.91** -0.86** -0.97*** -0.93*** -0.91** 

FLA      1.00 

 
0.77* -0.15

ns 
-0.15

ns 
-0.04

ns 
0.98*** -0.86** 0.91** 0.91** 0.99*** 0.91** 0.91** 

SFLA       1.00 

 
-0.15

ns 
-0.13

ns 
0.20

ns 
0.74* -0.74* 0.74* 0.72* 0.77* 0.71* 0.81* 

LN        
1.00 

 
0.86** -0.29

ns 
-0.06

ns 
0.22

ns 
-0.17

ns 
0.05

ns 
-0.15

ns 
-0.20

ns 
0.08

ns 

PH         1.00 

 
-0.23

ns 
-0.05

ns 
0.13

ns 
-0.09

ns 
0.09

ns 
-0.12

ns 
-0.26

ns 
0.16

ns 

SL          1.00 

 
-0.05

ns 
-0.10

ns 
0.03

ns 
0.14

ns 
-0.09

ns 
-0.03

ns 
-0.13

ns 

FGPS           1.00 

 
-0.91** 0.95*** 0.87** 0.99*** 0.94*** 0.94*** 

UGPS            
1.00 

 
-0.99*** -0.73* -0.90** -0.92** -0.86** 

RFG             1.00 

 
0.78* 0.94*** 0.94*** 0.90** 

TBY              1.00 

 
0.90** 0.69

ns 
0.87** 

GYpre               1.00 

 
0.94*** 0.93*** 

HI                1.00 

 
0.86** 

HKW                 1.000 

 
*, **, *** significant at P < 0.05, P < 0.01 and P < 0.001 probability levels respectively; ns= not significant, DH=days to heading, DM=days to maturity, GFP=grain filling period, 

MCC=mean flag leaf chlorophyll content, MCT=mean canopy temperature, FLA=fag leaf area, SFLA=specific flag leaf area, LN=leaf number, PH=plant height, SL=spike length, 

FGPS=filled grains per spike, UGPS=unfilled grains per spike, RFG=rate of fertile grains per spike, TBY=total biomass yield, GYpre =grain yield at pre-flowering water stress, 

HI=harvest index and HKW=hundred kernel weight. 
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4.9.2. Correlation of grain yield with other studied traits under post-flowering 

water stress 

Pearson‟s correlation coefficients revealed significant association between grain yield at 

post flowering water stress condition and 12 traits (Table 18). As shown in table 18, grain 

yield at post-flowering water stress condition had positive and highly significant 

associations with mean flag leaf chlorophyll content (r = 0.97, P < 0.001), flag leaf area (r 

= 0.95, P < 0.001), filled grains per spike (r = 0.97, P < 0.001), rate of fertile grain per 

spike (r = 0.95, P < 0.001), total biomass yield (r = 0.95, P < 0.001), harvest index (r = 

0.99, P < 0.001) and hundred kernel weight (r = 0.98, P < 0.001). Likewise, specific flag 

leaf area (r = 0.80, P < 0.05) had also positive correlation with grain yield but at 5% level 

of significance. In contrast, days to heading (r = -0.81, P < 0.05), grain filling period (r = -

0.72, P < 0.05), mean canopy temperature (r = -0.95, P < 0.001) and unfilled grains per 

spike (r = -0.89, P < 0.01) found to be negatively and significantly correlated with grain 

yield under post-flowering water stress (Table 18).  

The result was in line with the finding of Ahmadizadeh et al. (2011) who stated that grain 

yield has shown a positive and significant correlation with yield related attributes on 

durum wheat under drought condition. These results are also in agreement with the 

findings of other studies (Yasir et al., 2013; Jatav and Kandalkar, 2014; Ali et al., 2015; 

Song et al., 2017; Grzesiak et al., 2018) that indicated the significant association of 

physiological and yield related traits with grain yield under drought condition. 
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Table 18. Correlation matrix for studied traits under post-flowering moisture regimes 

Traits DH DM GFP MCC MCT FLA SFLA LN PH SL FGPS UGPS RFG TBY GYpost HI HKW 

DH 
 

1.0

0 

 

0.24
ns 

-0.35
ns 

0.25
ns 

-0.02
ns 

0.23
ns 

0.36
ns 

0.27
ns 

0.65
ns 

0.67
ns 

0.36
ns 

-0.01
ns 

0.17
ns 

0.19
ns 

0.20
ns 

0.19
ns 

0.19
ns 

DM  1.00 0.84* -0.57
ns 

0.82* -0.52
ns 

-0.45
ns 

0.76* 0.52
ns 

0.28
ns 

-0.61
ns 

0.57
ns 

-0.60
ns 

-0.53
ns 

-0.72* -0.77* -0.76* 

GFP   1.00 -0.70
ns 

0.80* -0.64
ns 

-0.64
ns 

0.58
ns 

0.12
ns 

-0.11
ns 

-0.79* 0.56
ns 

-0.67
ns 

-0.62
ns 

-0.81* -0.85** -0.84** 

MCC    
 

1.00 

 

-0.88** 0.97*** 0.78* -0.47
ns 

-0.10
ns 

-0.09
ns 

0.97*** -0.86** 0.94*** 0.97*** 0.97*** 0.95*** 0.93*** 

MCT     
 

1.00 

 

-0.90** -0.77* 0.75* 0.33
na 

0.38
ns 

-0.91** 0.91** -0.94*** -0.88** -0.95*** 
-

0.96*** 
-0.91** 

FLA      1.00 

 
0.86** -0.47

ns 
-0.04

ns 
-0.22

ns 
0.96*** -0.94*** 0.99*** 0.99*** 0.95*** 0.91** 0.89** 

SFLA       1.00 

 
-0.27

ns 
0.28

ns 
-0.05

ns 
0.85** -0.86** 0.89** 0.82* 0.80* 0.76* 0.80* 

LN        
1.00 

 
0.79* 0.67

ns 
-0.47

ns 
0.60

ns 
-0.55

ns 
-0.50

ns 
-0.62

ns 
-0.65

ns 
-0.61

ns 

PH         1.00 

 
0.70

ns 
-0.01

ns 
0.19

ns 
-0.09

ns 
-0.09

ns 
-0.21

ns 
-0.24

ns 
-0.20

ns 

SL          1.00 

 
-0.04

ns 
0.48

ns 
-0.30

ns 
-0.23

ns 
-0.18

ns 
-0.17

ns 
-0.11

ns 

FGPS           1.00 

 
-0.86** 0.95*** 0.94*** 0.97*** 0.96*** 0.93*** 

UGPS            
1.00 

 
-0.97*** -0.92** -0.89** -0.86** -0.84** 

RFG             1.00 

 
0.97*** 0.95*** 0.93*** 0.90** 

TBY              1.00 

 
0.95*** 0.91** 0.90** 

GYpost               1.00 

 
0.99*** 0.98*** 

HI                1.00 

 
0.97*** 

HKW                 1.00 

 
*, **, *** significant at P < 0.05, P < 0.01 and P < 0.001 probability levels respectively; ns= not significant, DH=days to heading, DM=days to maturity, GFP=grain filling period, 

MCC=mean flag leaf chlorophyll content, MCT=mean canopy tempreture, FLA=fag leaf area, SFLA=specific flag leaf area, LN=leaf number, PH=plant height, SL=spike length, 

FGPS=filled grains per spike, UGPS=unfilled grains per spike, RFG=rate of fertile grains per spike, TBY=total biomass yield, GYpost =grain yield at post-flowering water stress, 

HI=harvest index and HKW=hundred kernel weight. 



79 
 

4.9.3. Correlation of grain yield with dry matter related traits under pre- flowering 

water stress 

Dry matter production and its partitioning were found to be less correlated with grain yield at 

pre-flowering water stress condition (Table 19). Out of dry matter related traits considered in this 

trial, only spike dry weight (r = 0.77, P < 0.05) was found to be significantly and positively 

correlated with grain yield under pre-flowering water stress while the rest of dry matter 

production traits did not show significant (P ≥ 0.05) association (Table 19). Similarly, dry matter 

partitioning related traits also have shown non-significant (P ≥ 0.05) correlation with grain yield 

with the exception of dry matter partitioning to spike (r = 0.72, P < 0.05) which had positive and 

significant correlation with grain yield at pre-flowering water stress condition (Table 19).  

Table 19.Correlation matrix for dry matter production and it‟s partitioning at pre-flowering  

                 water stress 

Traits STDW LDW RDW SPDW SHDW TDW DPTS LWR SWR RSR GYpre 

STDW 
1.00 

 
0.57

ns 
0.50

ns 
0.12

ns 
0.71* 0.78* -0.32

ns 
0.23

ns 
0.43

ns 
-0.09

ns 
-0.01

ns 

LDW  
1.00 

 
0.50

ns 
-0.16

ns 
0.62

ns 
0.73* -0.54

ns 
0.81* -0.14

ns 
0.06

ns 
-0.15

ns 

RDW   
1.00 

 
-0.30

ns 
0.24

ns 
0.55

ns 
-0.62

ns 
0.26

ns 
-0.13

ns 
0.78* -0.11

ns 

SPDW    
1.00 

 
0.63

ns 
0.42

ns 
0.88** -0.62

ns 
-0.36

ns 
-0.57

ns 
0.77* 

SHDW     
1.00 

 

0.94*** 

 

0.20
ns

 

 
0.08

ns 
-0.20

ns 
-0.37

ns 
0.47

ns 

TDW      
1.00 

 
-0.06

ns 
0.20

ns 
-0.22

ns 
-0.05

ns 
0.34

ns 

DPTS       
1.00 

 
-0.77* -0.34

ns 
-0.59

ns 
0.72* 

LWR        
1.00 

 
0.07

ns 
0.13

ns 
-0.57

ns 

SWR         
1.00 

 
-0.21

ns 
-0.48

ns 

RSR          
1.00 

 
-0.32

ns 

GYpre           1.00 

*, **, *** significant at P < 0.05, P < 0.01 and P < 0.001 probability levels respectively; ns= not significant, STDW=stem dry 

weight, LDW=leaf dry weight, RDW=root dry weight, SPD=spike dry weight, SHDW=shoot dry weight, TDW=total dry weight, 

DPTS=dry matter partitioning to spike, LWR=leaf weight ratio, SWR=stem weight ratio, RSR=root to shoot ratio and 

GYpre=grain yield at pre-flowering water stress. 
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4.9.4. Correlation of grain yield with dry matter related traits under post-flowering   

water stress 

All the studied dry matter production related traits did not show significant (P>0.05) association 

with grain yield under post-flowering water stress condition (Table 20). Besides, almost all dry 

matter partitioning related traits were found to be non-significant regarding their correlation with 

grain yield at post-flowering water stress condition except stem weight ratio (r = -0.75, P < 0.05) 

which had negative correlation (Table 20).  

Table 20.Correlation matrix for dry matter production and it‟s partitioning at post-flowering 

water stress 

Traits STDW LDW RDW SPDW SHDW TDW DPTS LWR SWR RSR GYpost 

STDW 
1.00 

  
0.90** 0.92** -0.42

ns 
0.85* 0.90** -0.59

ns 
0.68

ns 
0.15

ns 
0.44

ns 
0.11

ns 

LDW  
1.00 

  
0.89** -0.27

ns 
0.85** 0.90** -0.64

ns 
0.84** 0.05

ns 
0.34

ns 
-0.04

ns 

RDW   
1.00 

  
-0.58

ns 
0.78* 0.86** -0.64

ns 
0.69

ns 
0.12

ns 
0.60

ns 
-0.07

ns 

SPDW    
1.00 

  
-0.08

ns 
-0.21

ns 
0.56

ns 
-0.25

ns 
-0.40

ns 
-0.85** 0.29

ns 

SHDW     
1.00 

  
0.99*** -0.18

ns 
0.46

ns 
-0.37

ns 
-0.01

ns 
0.46

ns 

TDW      
1.00 

  
-0.30

ns 
0.55

ns 
-0.27

ns 
0.14

ns 
0.35

ns 

DPTS       
1.00 

  
-0.87

** 
-0.77* -0.80* 0.67

ns 

LWR        
1.00 

  
0.46

ns 
0.47

ns 
-0.44

ns 

SWR         
1.00 

  
0.71

ns 
-0.75

* 

RSR          
1.00 

  
-0.67 

GYpost           1.00 

*, **, *** significant at P < 0.05, P < 0.01 and P < 0.001 probability levels respectively; ns= not significant, STDW=stem dry 

weight, LDW=leaf dry weight, RDW=root dry weight, SPD=spike dry weight, SHDW=shoot dry weight, TDW=total dry weight, 

DPTS=dry matter partitioning to spike, LWR=leaf weight ratio, SWR=stem weight ratio, RSR=root to shoot ratio and 

GYpost=grain yield at post-flowering water stress. 
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4.9. Principal Component Analysis (PCA) 

            4.9.1. PCA for pre-flowering water stress  

At pre-flowering water stress condition, six principal components were shortlisted with 

eigenvalues ranging from 1.33 to 12.37 (Table 21). Accordingly, the first six principal 

components exhibited more than one eigenvalue and showed 98% of variability. Hence, 

these six were given due emphasis for further explanation (Table 21). Besides, the sum of 

the eigenvalues is usually equal to the number of variables (Sharma, 1998). The variations 

were identified for 27 different characters in eight bread wheat genotypes maintained at 

pre-flowering moisture regimes. Most of the variation accounted by the first two canonical 

vectors represented the primary (46%) and secondary (24%) axes of differentiation (Table 

21). Moreover, third principal component (PC3), fourth principal component (PC4), fifth 

principal component (PC5) and sixth principal component (PC6) had also accounted for 9, 

8, 6 and 5 % of total variation, respectively (Table 21). 

In PC1 the variation was mainly due to yield and yield related traits (i.e. filled and unfilled 

grains per spike, rate of fertile grains per spike, total biomass yield, grain yield, harvest 

index and hundred kernel weight) and physiological traits such as mean flag leaf 

chlorophyll content, flag leaf area, specific flag leaf area, mean canopy tempreture, spike 

dry weight and dry matter partitioning to spike (Table 21). Unlike the first PC, most dry 

matter related traits like stem dry weight, leaf dry weight, shoot dry weight, total dry 

weight and leaf weight ratio and phenological and growth characters such as days to 

maturity, grain filling period, leaf number and plant height contributed 24% of the gross 

variation accounted by the second PC (Table 21).  Furthermore, 9%, 8%, 6% and 5% of the 

total variance was explained on the basis of the third, fourth, fifth and sixth PCs, 

respectively (Table 21). Spike length and dry matter production and partitioning related 

traits like root dry weight, stem weight ratio and root to shoot ratio were the primary 



82 
 

contributors to the variation explained by PC3. Also, the major contributing characters for 

the variability in PC4 were days to heading, days to maturity, plant height, specific leaf 

area, root dry weight and total dry weight. In addition, the contribution of PC5 resulted 

primarily from variations in characters like days to maturity, grain filling period, leaf 

number, spike length, total biomass, leaf dry weight, leaf weight ratio and root to shoot 

ratio (Table 21). In the sixth principal component traits such as spike length, stem dry 

weight, spike dry weight, shoot dry weight, total dry weight, dry matter partitioning to 

spike and leaf weight ratio contributed greater for total variation due to their high loading. 

Therefore, selection based on first component is helpful in developing drought tolerant 

bread wheat genotypes for pre-flowering water stress condition. Similarly, various studies 

(Ezatollah et al., 2012; Yin-Gang et al., 2013; Ashraf et al., 2015; Shivrama et al., 2016; 

Kacem et al., 2017; Grzesiak et al., 2018) have used principal component analysis to 

envisage the contribution of characters  to the total variation under drought condition. 

Ezatollah et al. (2012) evaluated twenty bread wheat landraces and the study showed that 

the PCA1 and PCA2 axes justify 50.90% of total variation. Moreover, Yin-Gang et al. 

(2013) noted that the first and second components justified 65.3% and 34.2% of total 

variation respectively. Grzesiak et al. (2018) also assessed the differences among 20 wheat 

genotypes in response to drought using the agronomic and physiological traits and drought 

tolerance indices. In the study the physiological traits in the first factor (PCA1) of the PCA 

explains 47.4% of the total variance of variables, and the second factor (PC2) about 20.6%.  
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Table 21.Eigenvectors, eigenvalues and cumulative percent of variation of the first six 

principal components for 27 traits of bread wheat genotypes under pre-flowering water 

stress 

Variables PC1 PC2 PC3 PC4 PC5 PC6 

DH -0.06 0.16 0.17 0.50 0.21 0.20 

DM 0.05 0.28 -0.01 0.29 0.38 0.18 

GFP 0.07 0.32 -0.18 -0.00 0.30 -0.18 

MFLCC (spad value) 0.25 0.16 0.05 0.03 0.07 -0.13 

MCT (℃) -0.28 -0.00 0.02 0.02 -0.05 -0.07 

FLA (cm
2
) 0.28 0.02 0.05 -0.10 0.13 0.03 

SFLA (cm
2
/g) 0.24 -0.07 -0.01 0.27 0.15 0.06 

LN -0.02 0.34 -0.13 0.17 -0.26 0.08 

PH (cm) -0.02 0.32 0.08 0.28 -0.18 -0.19 

SL (cm) 0.00 -0.17 0.40 0.16 -0.24 0.38 

UGPS -0.26 0.08 -0.07 -0.00 0.16 0.19 

FGPS 0.27 -0.04 0.05 -0.03 -0.12 -0.17 

RFGPS (%) 0.27 -0.04 0.05 -0.03 -0.12 -0.17 

TBY (g) 0.24 0.08 0.11 0.04 0.29 -0.04 

GY (g) 0.28 0.00 0.03 -0.09 0.10 -0.07 

HI (%) 0.27 -0.05 -0.04 -0.16 -0.08 -0.10 

HKW (g) 0.27 0.08 0.03 0.07 0.05 -0.21 

STDW (g) -0.00 0.29 -0.17 -0.34 0.06 0.25 

LDW (g) -0.05 0.35 0.15 -0.06 -0.24 -0.11 

RDW (g) -0.07 0.15 0.43 -0.33 0.20 0.06 

SPDW (g) 0.25 0.00 -0.05 -0.00 -0.14 0.36 

SHDW (g) 0.14 0.30 -0.01 -0.16 -0.20 0.27 

TDW (g) 0.10 0.30 0.13 -0.25 -0.11 0.25 

DPTS (%) 0.23 -0.15 -0.12 0.14 -0.11 0.24 

LWR -0.16 0.24 0.07 0.09 -0.25 -0.33 

SWR -0.15 0.01 -0.49 -0.14 0.19 0.08 

RSR -0.13 -0.06 0.46 -0.19 0.29 -0.08 

Eigenvalue 12.37 6.51 2.56 2.28 1.63 1.33 

Total variation (%) 0.46 0.24 0.09 0.08 0.06 0.05 

Cumulative total variation 

(%) 

0.46 0.70 0.79 0.87 0.93 0.98 

DH=days to heading, DM=days to maturity, GFP=grain filling period, MFLCC=mean flag leaf chlorophyll content, 

MCT=mean canopy temperature, FLA=flag leaf area, SFLA=specific flag leaf area, LN=leaf number, PH=plant height, 

SL=spike length, UGPS=unfilled grains per spike, FGPS=filled grains per spike, RFGPS=rate of fertile grains per spike, 

TBY, total biomass yield, GY=grain yield, HI=harvest index, HKW=hundred kernel weight, STD=stem dry weight, 

LDW=leaf dry weight, RDW=root dry weight, SPDW=spike dry weight, SHDW=shoot dry weight, TDW=total dry 

weight, DPTS=dry matter partitioning to spike, LWR=leaf weight ratio, SWR=stem weight ratio and RSR=root to shoot 

ratio. 
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            4.9.2. PCA for post-flowering water stress 

Four principal components were identified with eigenvalues ranging from 1.38 to 15.06 

under post-flowering water stress (Table 22). Accordingly, the first and second 

components justified 56% and 21% of total variation, respectively (Table 22). Moreover, 

PC3 and PC4 explained 13% and 5% of the total obtained variation, respectively (Table 

22).  

Based on the result given below, PC1 alone has the largest variance which was chiefly due 

to mean flag leaf chlorophyll content, mean canopy temperature, flag leaf area, specific 

flag leaf area, unfilled grains per spike, filled grains per spike, rate of fertile grains per 

spike, total biomass, grain yield, harvest index, handed kernel weight, spike dry weight, 

dry matter partitioning to spike, stem weight ratio and root to shoot ratio (Table 22).  In the 

second principal component, dry matter production and partitioning related traits such as 

stem dry weight, leaf dry weight, root dry weight, shoot dry weight, total dry weight, dry 

matter partitioning to spike and leaf weight ratio contributed greater for the total variation 

due to their higher loading (Table 22). The third dimension (PC3) essentially defined by 

days to heading, days to maturity, specific flag leaf area, leaf number, plant height and 

spike length (Table 22). Furthermore, the most prominent variance in PC4 was revealed by 

days to maturity, grain filling period, spike length, unfilled grains per spike, hundred 

kernel weight and stem weight ratio (Table 22).   

Generally, attributes included in the first principal components particularly attributes with 

higher vector loading scores are vital in screening bread wheat genotypes at post-flowering 

water stress condition. This procedure was also employed in bread wheat (Farshadfar et al., 

2014; Farshadfar and Amiri, 2016) for screening selection criteria of drought tolerance. 
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Table 22.Eigenvectors, eigenvalues and cumulative percent of variation of the first four 

principal components for 27 traits of bread wheat genotypes under post-flowering water 

stress 

Variables PC1 PC2 PC3 PC4 

DH 0.03 -0.02 0.48 -0.06 

DM -0.18 0.01 0.25 0.44 

GFP -0.20 0.03 -0.10 0.47 

MFLCC (spad value) 0.23 0.13 0.11 -0.04 

MCT (℃) -025 -0.03 0.07 0.07 

FLA (cm
2
) 0.24 0.07 0.12 0.12 

SFLA (cm
2
/g) 0.22 -0.09 0.22 0.06 

LN -0.18 0.04 0.35 0.13 

PH (cm) -0.06 -0.09 0.49 0.08 

SL (cm) -0.09 0.04 0.40 -0.46 

UGPS -0.25 -0.00 0.01 -0.21 

FGPS 0.25 0.04 0.07 0.10 

RFGPS (%) 0.25 0.04 0.07 0.10 

TBY (g) 0.24 0.07 0.09 0.12 

GY (g) 0.25 0.07 0.04 -0.12 

HI (%) 0.25 0.07 0.02 -0.20 

HKW (g) 0.24 0.02 0.04 -0.22 

STDW (g) -0.03 0.41 0.03 -0.01 

LDW (g) -0.04 0.40 -0.04 0.01 

RDW (g) -0.05 0.39 0.08 0.07 

SPDW (g) 0.25 0.03 -0.01 0.14 

SHDW (g) 0.08 0.39 -0.03 0.07 

TDW (g) 0.06 0.40 -0.00 0.07 

DPTS (%) 0.21 -0.21 -0.01 0.14 

LWR -0.14 0.29 -0.11 -0.18 

SWR -0.22 -0.01 -0.02 -0.25 

RSR -0.21 0.13 0.20 0.03 

Eigenvalue 15.06 5.80 3.44 1.38 

Total variation (%) 0.56 0.21 0.13 0.05 

Cumulative total variation (%) 0.56 0.77 0.90 0.95 
DH=days to heading, DM=days to maturity, GFP=grain filling period, MFLCC=mean flag leaf chlorophyll content, 

MCT=mean canopy temperature, FLA=flag leaf area, SFLA=specific flag leaf area, LN=leaf number, PH=plant height, 

SL=spike length, UGPS=unfilled grains per spike, FGPS=filled grains per spike, RFGPS=rate of fertile grains per spike, 

TBY, total biomass yield, GY=grain yield, HI=harvest index, HKW=hundred kernel weight, STD=stem dry weight, 

LDW=leaf dry weight, RDW=root dry weight, SPDW=spike dry weight, SHDW=shoot dry weight, TDW=total dry 

weight, DPTS=dry matter partitioning to spike, LWR=leaf weight ratio, SWR=stem weight ratio and RSR=root to shoot 

ratio. 
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5. SUMMARY AND CONCLUSION 

Wheat (Triticum spp.) is one of the most widely grown cereal in Ethiopia, where it is often 

cultivated as the principal crop in rotation with a number of other crops. Even though, the 

crop has paramount importance, recently moisture stress starting early in the season and 

terminal water stress are becoming a major threat which contributed to the reduction in 

wheat potential yield expression. Water stress is a serious challenge in many parts of wheat 

growing agro-ecologies in the country in circumstances of rapid change in climatic 

conditions especially for rainfed agriculture. In order to alleviate this problem, selection of 

genotypes that have better agronomic and physiological traits has been suggested as one of 

the cheapest strategy. However, little study has been carried out in this regard in the 

country. In line with this, the present study was undertaken on eight bread wheat genotypes 

to assess their performance on physiological traits, yield and yield related traits at pre-and 

post-flowering water stress under greenhouse condition. In the experiment treatments were 

arranged in factorial combinations of three moisture regimes based on Total Available 

Water (TAW) viz. optimum moisture (80% of TAW), pre-flowering water stress (30% of 

TAW) and Post-flowering water stress (30% of TAW) and eight bread wheat genotypes in 

completely randomized design (CRD) with three replications. 

The analysis of variance (ANOVA) revealed that genotypes × moisture regimes interaction 

were found significant (P < 0.05) for most of the traits considered in this experiment 

indicating the inconsistency of genotypes in performance across moisture regimes 

accompanied with rank change. As a result, finding a superior genotype under all moisture 

regimes seems difficult. In contrary, phenological and growth parameters such as days to 

heading, days to maturity, grain filling period, leaf number, plant height and dry matter 

production and its partitioning related attributes like stem dry weight, leaf dry weight, 
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shoot dry weight, leaf weight ratio and stem weight ratio were not significantly (P ≥ 0.05) 

influenced by genotypes × moisture regimes interaction.  

In this trial, significant differences were exhibited among the bread wheat genotypes tested 

under different moisture regimes. The genotypes × moisture regimes interaction was highly 

significant (P < 0.001) for physiological traits namely, mean flag leaf chlorophyll content, 

mean canopy temperature, flag leaf area, specific flag leaf area, root dry weight and yield 

and yield related attributes i.e. filled and unfilled grains per spike, rate of fertile grains per 

spike, total biomass, grain yield, harvest index and hundred kernel weight. Also, total dry 

weight and dry matter partitioning to spike as well as root to shoot ratio were affected by 

genotypes × moisture regimes interaction at 5% and 1% levels of significance, 

respectively.  

On the other hand, days to heading, days to maturity, grain filling period, leaf number, 

plant height, leaf dry weight, stem dry weight, shoot dry weight and stem weight ratio were 

influenced by the main effect of moisture regimes. Likewise, days to heading, days to 

maturity, grain filling period, plant height and leaf number were also significantly affected 

by the main effect of genotypes.  

Correlation coefficient analysis and mean values of stress tolerance indices dictated that 

HM, DRI, YSI and YI had significant positive correlation whereas TOL and SSI had 

negative but significant correlation with grain yield at pre-flowering water stress regime. 

Hence, among all genotypes evaluated, genotype B, C and E were identified as drought 

resistant genotypes and desirable for pre-flowering water stress condition. Moreover, with 

respect to post-flowering water stress regime, stress tolerance indices such as GMP, MPI, 

DRI, HM, STI, YSI and YI had strong positive correlation while TOL and SSI had 

significant negative correlation with grain yield at post-flowering water stress regime. 
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Consequently, genotypes A and D were identified as drought tolerant and suitable for post-

flowering water stress regime. Moreover, these indices should be used as selection criteria 

under pre-and post-flowering water deficit conditions.  

The correlation coefficient of grain yield at pre- and post-flowering water stress regimes 

with other studied traits showed selection of genotypes having certain attributes could be 

effective criterion to increase yield under pre-and post-flowering water stress conditions. 

Generally it appears that bread wheat genotypes possessing the character combinations of 

high mean flag leaf chlorophyll content, high flag leaf area, high specific leaf area (thicker 

leaf), low mean canopy temperature, low number of unfilled grains per spike, high number 

of filled grains per spike, high spike fertility rate, high total biomass yield, high harvest 

index and heavier grain weight may be better adapted to pre-and post-flowering water 

stress conditions. On the other hand, traits such as early heading, short grain filling period 

and low stem weight ratio were associated with post-flowering water stress tolerance while 

genotypes having higher spike dry weight and dry matter portioning to spike had better 

adaptation to pre-flowering water stress. 

Moreover, GGE biplot showed that genotypes B, C and E were high yielding genotypes at 

pre-flowering water stress mega environment whereas genotypes A and D were high 

yielding genotypes at post-flowering water stress mega environment. Genotype H was the 

most stable genotype across all moisture regimes considered in this study. The results of 

this study may serve as a starting point for selection of drought tolerant genotypes by 

observing the ones which are specifically responded better to different moisture stress 

regimes. In addition, the principal components analysis at pre-flowering water stress 

displayed that the six PCs with eigenvalues greater than one accounted for 98% of the 

entire variation. The first PC that explained about 46% of total variance is chiefly 

accounted for by mean flag leaf chlorophyll content, flag leaf area, specific flag leaf area, 
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mean canopy tempreture, spike dry weight and dry matter partitioning to spike, filled and 

unfilled grains per spike, rate of fertile grains per spike, total biomass yield, grain yield, 

harvest index and hundred kernel weight. On the other hand, under post-flowering water 

stress condition, the first PC explained about 56% of the gross variation originated mainly 

from mean flag leaf chlorophyll content, mean canopy temperature, flag leaf area, specific 

flag leaf area, unfilled grains per spike, filled grains per spike, rate of fertile grains per 

spike, total biomass, grain yield, harvest index, handed kernel weight, spike dry weight, 

dry matter partitioning to spike, stem weight ratio and root to shoot ratio. Therefore, these 

traits could be used as selection criteria under pre-and post-flowering water stress 

conditions.  

In conclusion, the finding of the current study has managed to identify potential genotypes 

which can with stand drought at pre-and post-flowering crop stages. Accordingly, bread 

wheat genotypes B, C, and E appeared to be tolerant genotypes at pre-flowering water 

stress while genotypes A and D were found to be ideal genotypes at post-flowering water 

stress conditions. Therefore, these exotic genotypes could be promoted to field condition in 

order to reach at conclusive recommendation. Furthermore, it would also be worthwhile to 

evaluate these advanced genotypes under field condition over years and locations under 

stress regimes so as to ascertain the results. 
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7. APPENDICES 

Appendix 1. Correlation matrix among stress tolerance indices under pre-flowering moisture    

stress 

Indices 
Pre-flowering stress (30% of TAW) 

TOL MPI GMP HM STI SSI DRI YSI YI GYpre 

TOL 1.00 0.13
ns 

-0.30
ns 

-0.59
ns 

-0.30
ns 

0.67
ns 

-0.87** -0.98*** -0.89** -0.89** 

MPI  1.00 0.91** 0.72* 0.90** -0.13
ns 

0.20
ns 

0.04
ns 

0.33
ns 

0.33
ns 

GMP   1.00 0.94*** 1.00*** -0.39
ns 

0.56
ns 

0.45
ns 

0.69
ns 

0.69
ns 

HM    1.00 0.95*** -0.55
ns 

0.77
* 

0.71* 0.87** 0.87** 

STI     1,00 -0.41
ns 

0.57
ns 

0.45
ns 

0.70
ns 

0.70
ns 

SSI      1.00 -0.77* -0.73* -0.72* -0.72* 

DRI       1.00 0.90** 0.91** 0.92** 

YSI        1.00 0.96*** 0.96*** 

YI         1.00 1.00*** 

GYpre          1.00 
*, **, *** significant at P < 0.05, P < 0.01 and P < 0.001 probability levels respectively; ns= not significant, TOL= Tolerance 

index, MP= Mean productivity index, GMP= Geometric mean productivity index, HM=Harmonic mean, STI= Stress tolerance 

index, SSI= Stress susceptibility index, DRI=Drought resistance index, YSI= Yield stability index and YI= Yield index, and 

GYpre= grain yield at pre-flowering water stress. 

  

Appendix 2.Correlation matrix among stress tolerance indices under post-flowering moisture 

stress 

Indices 
Post-flowering stress (30% of TAW) 

TOL MPI GMP HM STI SSI DRI YSI YI GYpost 

TOL 1.00 -0.22
ns 

-0.55
ns 

-0.72* -058
ns 

0.91** -0.71* -0.94*** -0.81* -0.81* 

MPI  1.00 0.93*** 0.83* 0.92** -0.34
ns 

0.45
ns 

0.52
ns 

0.75* 0.75* 

GMP   1.00 -.98*** 1.00*** -0.62
ns 

0.64
ns 

0.79* 0.94*** 0.94*** 

HM    1.00 0.98*** -0.75* 0.71* 0.90* 0.99*** 0.99*** 

STI     1.00 -0.62
ns 

0.62
ns 

0.81* 0.95*** 0.95*** 

SSI      1.00 -0.91** -0.93*** -0.82* -0.82* 

DRI       1.00 0.81* 0.75* 0.75* 

YSI        1.00 0.95*** 0.95*** 

YI         1.00 1.00*** 

GYpost          1.00 
*, **, *** significant at P < 0.05, P < 0.01 and P < 0.001 probability levels respectively; ns= not significant, TOL= Tolerance 

index, MP= Mean productivity index, GMP= Geometric mean productivity index, HM=Harmonic mean, STI= Stress tolerance 

index, SSI= Stress susceptibility index, DRI=Drought resistance index, YSI= Yield stability index and YI= Yield index, and GY  

post =grain yield at post-flowering water stress. 
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Appendix 3.Means of eight bread wheat genotypes across three moisture regimes for days to emergence and flag leaf dry weight 

 Days to emergence Flag leaf dry weight(g) 

Genotypes 

Optimum 

(80% of TAW) 

Pre-flowering 

stress (30% of 

TAW) 

Post-flowering 

stress (30% of 

TAW) 

Optimum 

(80% of 

TAW) 

Pre-flowering 

stress(30% 

of TAW) 

Post-

flowering 

stress(30% 

of TAW) 

A 11.00 11.00
 

10.67
 0.28 0.22

 
0.23

 

B 10.00
 

10.00
 

10.00
 0.31

 
0.23

 
0.19

 

C 10.00
 

10.00
 

10.33
 0.21

 
0.26

 
0.21

 

D 11.00 10.33
 

11.00
 0.26

 
0.21

 
0.24

 

E 11.00 11.00
 

11.00
 0.20

 
0.17

 
0.21

 

F 11.00 11.00
 

11.00
 0.27

 
0.25

 
0.20

 

G 11.00 11.00
 

11.00
 0.28

 
0.24

 
0.18

 

H 10.00
 

11.00
 

10.33
 0.29

 
0.20

 
0.26
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Appendix 4.Means of moisture regimes and eight bread wheat genotypes for total number 

of grains per spike 

Treatments  Total number of grains per spike 

Moisture regimes  

Optimum (80% of TAW) 40.10 

Pre-flowering stress (30% of TAW) 37.04 

Post-flowering stress (30% of TAW) 38.16 

Genotypes  

A 38.60 

B 37.04 

C 35.27 

D 38.16 

E 36.11 

F 40.64 

G 41.71 

H 39.93 

Note: Total number of grains per spike stands for the sum of filled and unfilled grains per spike which was used for 

computation of rate of fertile grains per spike. 
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Appendix 5.Relative traits change (%) of parameters under pre-and post-flowering moisture stress (30% of TAW) compared to the optimum 

(80% of TAW) 

Parameters Days to heading Days to maturity 
Grain filling 

period 
Plant height (cm) Leaf number 

Genotype PRES POFS PRES POFS PRES POFS PRES POFS PRES POFS 

A -0.61 -1.82 0.36 11.39 1.72 30.17 5.93 -1.58 7.89 0.79 

B -0.62 -0.62 -0.36 10.00 0.00 24.58 9.23 10.16 6.45 0.74 

C 0.61 0.00 0.71 9.61 0.85 23.08 5.75 3.27 10.14 3.92 

D 1.82 0.00 1.42 10.68 0.86 25.86 8.27 4.61 7.08 1.18 

E 0.00 0.00 0.35 9.47 0.85 22.88 3.77 3.56 11.23 4.40 

F 0.00 -0.60 1.39 10.42 3.31 25.62 12.42 8.86 14.81 8.52 

G 0.00 -1.21 0.00 10.56 0.00 26.89 8.67 0.92 12.58 2.77 

H 0.00 0.00 1.05 10.53 2.50 25.00 5.67 4.99 6.52 -1.69 
PRE=pre-flowering stress (30% of TAW) and POFS=post-flowering stress (30% of TAW). 

 

Appendix 6.Relative traits change (%) of parameters under pre-and post-flowering moisture stress (30% of TAW) compared to the optimum 

(80% of TAW) 

Parameters 
Root dry 

weight(g) 

Stem dry weight 

(g) 

Leaf dry weight 

(g) 

Spike dry 

weight (g) 

Shoot dry 

weight (g) 

Total dry weight 

(g) 

Genotype PRFS POFS PRFS POFS PRFS POFS PRFS POFS PRFS POFS PRFS POFS 

A -21.74 0.00 22.50 -7.50 16.67 5.56 33.33 -6.67 24.79 -3.31 17.36 -2.78 

B 53.06 53.06 23.08 -6.00 34.78 17.39 -22.50 20.00 13.77 16.67 24.06 26.20 

C 12.00 16.00 18.18 9.09 5.00 25.00 -13.51 -16.22 4.13 6.61 5.48 8.22 

D 21.43 0.00 28.00 -6.00 16.28 -2.33 27.91 -2.33 24.26 -3.68 23.78 -3.05 

E 18.18 -27.27 23.81 -19.05 5.56 -25.00 4.76 14.29 11.67 -9.17 12.68 -11.97 

F 22.22 30.56 24.07 16.67 10.20 34.69 23.53 37.25 19.48 29.22 20.00 29.47 

G 17.14 28.57 23.64 16.36 15.38 23.08 42.86 30.61 26.92 23.08 25.13 24.08 

H 36.67 -3.33 19.57 -15.22 42.31 3.85 39.22 23.53 34.23 4.70 34.64 3.35 

PRFS=pre-flowering stress (30% of TAW) and POFS=post-flowering stress (30% of TAW). 
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Appendix 7.Relative traits change (%) of parameters under pre-and post-flowering moisture stress (30% of TAW) compared to the optimum 

(80% of TAW) 

Parameters 
Root to shoot 

ratio 

Stem weight 

ratio 

Leaf weight 

ratio 

Dry matter 

partitioning to 

spike (%) 

Flag leaf are 

(cm
2
) 

Specific flag leaf 

area (cm
2
/g) 

Genotype PRFS POFS PRFS POFS PRFS POFS PRFS POFS PRFS POFS PRFS POFS 

A -65.79 5.26 5.45 -5.45 -2.00 -8.00 19.50 -3.49 44.68 24.34 28.95 8.13 

B 46.48 43.66 -1.82 -18.18 12.24 12.24 -60.73 -8.29 9.59 54.66 -26.21 26.03 

C 7.32 9.76 11.67 0.00 0.00 -18.18 -17.64 -24.70 -5.34 7.47 13.01 3.42 

D -4.88 4.88 4.92 -3.28 -7.55 -1.89 4.83 -2.08 49.03 9.34 36.38 -0.15 

E 5.56 -16.67 10.17 -6.78 -10.00 12.00 -8.52 22.75 13.73 21.51 -1.73 27.54 

F 2.13 2.13 5.26 -17.54 -11.54 -7.69 5.82 10.27 50.18 55.42 46.05 38.52 

G -13.33 6.67 -3.51 -12.28 -14.81 1.85 23.80 8.53 49.75 56.21 42.46 32.30 

H 2.50 -10.00 -25.49 -19.61 12.07 0.00 8.63 21.22 53.72 46.67 34.31 39.92 
PRFS=pre-flowering stress (30% of TAW) and POFS=post-flowering stress (30% of TAW). 

Appendix 8.Relative traits change (%) of parameters under pre-and post-flowering moisture stress (30% of TAW) compared to the optimum 

(80% of TAW) 

Parameters 
Mean flag leaf chlorophyll 

content (SPAD value) 

Mean canopy 

tempreture (℃) 

Filled grains per 

spike 

Unfilled grains per 

spike 

Rate of fertile 

grains per spike 

(%) 

Genotype PRFS POFS PRFS POFS PRFS POFS PRFS POFS PRFS POFS 

A 25.13 19.83 -21.57 -14.29 25.39 11.69 -33.13 -14.72 17.43 7.42 

B 5.19 11.54 -2.01 -13.43 -9.92 34.85 26.45 -65.61 -12.32 34.27 

C 7.32 28.44 -4.14 -8.93 -5.58 19.68 42.86 -13.75 -18.05 12.30 

D 26.97 17.20 -16.85 -11.09 26.56 11.25 -36.67 -8.33 20.59 6.05 

E 8.27 29.76 -6.62 -13.62 7.31 24.18 -7.48 -13.75 4.24 25.79 

F 27.22 42.59 -49.46 -58.44 33.13 45.38 -78.33 -129.38 27.05 41.56 

G 22.82 43.97 -56.45 -61.67 32.56 43.22 -62.34 -105.19 24.34 37.51 

H 30.58 36.40 -33.47 -34.82 35.46 38.22 -78.43 -99.34 30.15 35.23 
PRFS=pre-flowering stress (30% of TAW) and POFS=post-flowering stress (30% of TAW). 
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Appendix 9.Relative traits change (%) of parameters under pre-and post-flowering moisture stress (30% of TAW) compared to the optimum 

(80% of TAW) 

Parameters Total biomass yield (g) Grain yield (g) Harvest index (%) Hundred kernel weight (g) 

Genotype PRFS POFS PRFS POFS PRFS POFS PRFS POFS 

A 19.82 12.54 45.16 22.58 31.82 11.55 50.00 43.02 

B -0.98 28.10 3.95 59.21 4.71 42.80 29.87 61.04 

C -1.68 9.06 6.85 41.10 8.18 34.92 28.00 54.67 

D 23.86 -5.61 52.38 20.24 38.13 25.64 50.00 39.74 

E 7.55 20.44 25.93 51.85 39.28 39.48 29.87 61.04 

F 24.80 34.06 54.29 69.52 39.28 53.73 52.22 65.56 

G 26.96 39.27 51.82 69.09 34.26 48.56 45.56 66.67 

H 25.07 26.53 50.56 57.30 33.76 41.85 53.49 66.28 
PRFS=pre-flowering stress (30% of TAW) and POFS=post-flowering stress (30% of TAW). 
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Appendix 10.The Zadoks scale „decimal code‟ is based on 10 major wheat growth stages, 

with each stage divided into sub-stages 

GS        Description GS        Description 

Germination Booting 

00        Dry seed 41       Flag leaf sheath extending 

01        Water uptake (imbibition) 

started 

43        Boot just visibly swollen 

03        Imbibition complete 45        Boot swollen 

05        Radicle emerged from seed 47        Flag leaf sheath opening 

07        Coleoptile emerged from seed 49        First awns visible 

09        Leaf just at coleoptile tip  

Seedling development Heading 
10       First leaf emerged 51        First spikelet of head visible 

11       First leaf unfolded 53        ¼ of head emerged 

12       2 leaves unfolded 55        ½ of head emerged 

13       3 leaves unfolded 57       ¾ of head emerged 

14       4 leaves unfolded 59        Emergence of head complete 

15       5 leaves unfolded  

16      6 leaves unfolded Flowering or anthesis 

17      7 leaves unfolded 61        Start of flowering 

18      8 leaves unfolded 65        Flowering half complete 

19      9 or more leaves unfolded 69        Flowering complete 

Tillering Kernel and milk development 

20      Main shoot only 71        Kernel watery ripe (clear liquid) 

21      Main shoot and 1 tiller 73        Early milk (liquid off -white 

22      Main shoot and 2 tillers 75        Medium milk (milky liquid) 

23      Main shoot and 3 tillers 77        Late milk (more solids in milk) 

24      Main shoot and 4 tillers Dough development 

25      Main shoot and 5 tillers 81        Very early dough (slides when crushed) 

26      Main shoot and 6 tillers 83        Early dough (elastic, dry and shiny) 

27      Main shoot and 7 tillers 85        Soft  dough (firm, thumbnail mark not  

            held) 

28      Main shoot and 8 tillers 87        Hard dough (thumbnail impression held) 

29      Main shoot and 9 or more tillers 89        Late hard dough (difficult to dent) 

Stem elongation or jointing Ripening 

30      Pseudo stem erection 91        Kernel hard (difficult to divide; 16%   

            water) 

31      1st node detectable 92        Kernel hard (not dented by thumbnail) 

32      2nd node detectable 93        Kernel loosening in daytime 

33      3rd node detectable 94        Overripe, straw dead and collapsing 

34      4th node detectable 95        Seed dormant 

35      5th node detectable 96        50% of viable seed germinates 

36      6th node detectable 97        Seed not dormant 

37      Flag leaf just visible 98        Secondary dormancy 

39      Flag leaf ligule/collar just visible 99        Secondary dormancy lost 
Source: (Zadoks et al., 1974). 
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Appendix 11.Classification of soil reaction based on pH (H2O) in the soil 

Classification
a 

pHe Classification
b 

pHe 

Extremely acidic < 4.5 Strongly acidic <5.1 

Very strongly acidic 4.5-5.0 Moderately acidic 5.2–6.0 

Strongly acidic 5.1-5.5 Slightly acidic 6.1–6.5 

Moderately acidic 5.6-6.0 Neutral 6.6–7.3 

Slightly acid 6.1-6.5 Moderately alkaline 7.4–8.4 

Neutral 6.6 -7.3 Strongly alkaline >8.5 

Slightly alkaline 7.4-7.8   

Moderately alkaline 7.9-8.4   

Strongly alkaline 8.5-9.0   

Very strongly alkaline > 9.1   
Source: (Jones, 2003) a and (Horneck et al., 2011)b. 

Appendix 12.Ratings of organic carbon and total nitrogen in the soil 

Rating
a 

Organic carbon (%) Rating
b 

Total nitrogen (%) 

Low <4 Very low Not given 

Medium 4-10 Low <0.05 

High >10 Medium 0.05-0.12 

  High 0.12-0.25 

  Very high >0.25 

Source: (London, 1991)a and (Tekalign, 1991)b. 

Appendix 13.Ratings of available phosphorus and total available water content in the soil 

Rating Available P  (mg kg
-1 

or ppm)
a
 TAW (%)

b
 

Very low <5 <8 

Low 5-9 8-12 

Medium 10-17 12-18 

High 18-25 18-21 

Very high >25 >21 
Source: (Cottenie, 1980) a and (Beernaert, 1990) b. 

 

 

 

 

 

 

 

 


