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ABSTRACT 

 

Climate change is varying the amount and patterns of rainfall, which affects wheat 

production in Australia and other dryland regions in the world. The availability of soil water 

is critical for wheat to maintain yield stability, and the form, size and function of the root 

system are important for accessing soil water to minimise water deficit. This study 

examined the role of wheat root system size in conferring tolerance to drought. It was 

hypothesised that wheat cultivars with contrasting root system size differ in their tolerance 

to drought. Three experiments were conducted in controlled environments at The 

University of Western Australia to test the above hypothesis. 

The first experiment (Chapter 3) focused on characterising the root system and shoot traits 

of five wheat cultivars with putatively different root system size. The size of the root system 

was determined from total root biomass and cumulative root length. The cultivars were 

categorised as large, medium and small root systems. Wheat cultivars with large root 

systems (Bahatans-87 and Ghurka) had greater leaf area and leaf biomass at harvest than 

those with small root systems (Tincurrin and Hartog). Phenology was positively associated 

with root system size, such that cultivars with larger root systems had a longer time to 

anthesis than cultivars with smaller root systems, allowing more time for root and shoot 

growth. Thus, leaf area was correlated with root system size. 

The second experiment (Chapter 4) examined the response of three wheat cultivars with 

contrasting root system size to drought after emergence or early season drought. The wheat 

cultivars were selected based on the size of the root system from the first experiment, being 

Bahatans-87 (large root system), Harper (medium root system) and Tincurrin (small root 

system). The cultivars were grown in 1 m long columns filled with field soil. Immediately 

after sowing in dry soil, water equivalent to 25 mm rainfall was supplied to each column, 

with no water added for the next 30 days, to simulate early season drought. The restricted 
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water supply reduced leaf water potential (from −0.46 Mpa to –2.46 MPa in Bahatans-87 

and about –1.94 MPa in Harper and Tincurrin), stomatal conductance, leaf photosynthetic 

rate, shoot and root biomass. Early season drought delayed phenology in all cultivars. By 

anthesis, root and shoot biomass had recovered in the three cultivars, but leaf area and shoot 

biomass in Bahatans-87 recovered better than Tincurrin. Early season drought reduced 

grain yield, in Tincurrin than Bahatans-87 due to the slow phenological development of 

Bahatans-87. 

The third experiment (Chapter 5) examined the response of two wheat cultivars with 

contrasting root system size to end of season drought (terminal drought). The cultivars 

Bahatans-87(large root system) and Tincurrin (small root system) were grown in 1 m long 

columns filled with field soil under well-watered conditions until the onset of ear 

emergence (Z51), at which time, water was withheld to simulate terminal drought. The 

restricted water supply reduced stomatal conductance, leaf photosynthesis, and 

transpiration rates faster in Bahatans-87 than in Tincurrin. Terminal drought reduced grain 

yield by 67% in Tincurrin and 80% in Bahatans-87 due to a reduction in both grain number 

and grain size in Bahatans-87 and grain size in Tincurrin. Bahatans-87 had lower water use 

efficiency under terminal drought than Tincurrin due to larger reduction in grain yield. The 

terminal drought increased the ratio of pre- to post-ear emergence water use.  

The above research findings highlights the interdependency between root system size, 

shoot traits and phenology. In the last decade, interest in root traits has increased with 

studies identifying root length and root biomass as a potential traits for consideration in 

breeding programs to improve wheat cultivars for dry environments. The current study 

showed that the cultivar with larger root system size and more shoot biomass (Bahatans-

87) recovered better from early season drought due to its longer phenology, and higher 

grain yield than the cultivar with smaller root system size (Tincurrin). However, the larger 
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root system size, greater shoot biomass, and longer phenology was detrimental under 

terminal drought, as the available soil water rapidly depleted reducing grain yield more 

than the cultivar with the smaller root system.  

Wheat breeding to improve yield in dry environments has selected cultivars with early 

anthesis to escape terminal drought. However, this advantage is not evident when such 

cultivars experience early season drought, due to delayed phenology, particularly anthesis. 

The risk of early season drought has increased as a result of dry sowing practices and 

decrease in rainfall early in the season, particularly in May and June; in such cases, root 

system size play a key role in accessing water and avoiding yield losses. The role of root 

system size and its interdependence with shoot traits and phenology deserves more 

attention by wheat breeders especially under the climate change/variability scenario. 
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Chapter 1. General introduction  

 

1.1 Background 

Wheat (Triticum aestivum L.) is one of the most important cereal crops and a staple food 

worldwide. It is estimated that global wheat consumption per capita will increase by 13% 

in 2027 compared to the base period (2015–2017) (FAO, 2018). In Australia, wheat is the 

major winter crop with an annual production of 31.8 million tons from 12.2 million hectares 

(Brown, 2019). Western Australia makes up 65% of Australian wheat production valued at 

A$2–3 billion each year (Wilkinson, 2019). Drought is the main abiotic stress affecting 

Australian wheat production. The Australian grainbelt has highly diverse rainfall and 

drought patterns (Chenu et al., 2013). Drought patterns in the grainbelt during the 2015 to 

2019 growing seasons varied considerably, with 2016 being the 15th wettest year in 

recorded history and 2019 being the warmest and driest with rainfall 40% below the 

national average (Figure 1.1)(Hu et al., 2020).  

 

Figure 1.1 Drought patterns from July to October, 2015–2019, expressed as a precipitation 

condition index, calculated as (P–Pmin)/(Pmax/Pmin), where P is the average of precipitation 

3-month seasonal time scale that was reported to be appropriate for estimated index in 

agricultural drought. Modified from Hu et al. (2020) 
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Annual rainfall in Western Australia has declined by up to 17% in the last decade; at the 

same time, growing season rainfall (April to October) has declined by up to 50% (Scanlon 

and Doncon, 2020). It is predicted that growing season rainfall decline by some 27 mm by 

2030 compare to a period of 1967–2013, increasing the probability of drought stress on 

crops (Watson et al., 2017). Terminal drought is common in the Western Australian 

grainbelt (Turner and Nicolas, 1987); in the last decade, both the variability and decline in 

rainfall has frequently exposed wheat crops to drought after plant emergence, called ‘early 

season drought’ (French and Palta, 2014; Scanlon and Doncon, 2020).   

Despite the constant decline in rainfall across the Western Australian grainbelt, wheat grain 

yields have increased over the past 117 years (Fletcher et al., 2020b), which are mainly due 

to the improved crop management practices and the release of new cultivars. However, 

simulated yields in water-limited environments show that the decline in grain yield is 

mainly due to the reduced rainfall, even with the growth benefits of incremental increases 

in atmospheric CO2, (Dias de Oliveira et al., 2013; Fletcher et al., 2020b). It is critical to 

identify wheat physiological traits that can help to improve grain yield under water-limited 

environments are identified. 

The interest in root traits has increased in recent years (Ephrath et al., 2020), with various 

root architecture traits identified as having the potential to improve drought tolerance. Yet 

none of these traits have been incorporated into breeding programs (Palta et al., 2011). An 

interesting root system trait that could confer drought tolerance, is root system size (root 

length and root biomass). Some studies have reported a positive correlation between grain 

yield and root length and root depth, particularly under drought and rainfed conditions 

(Abdolshahi et al., 2015; Muñoz-Romero et al., 2010; Palta and Turner, 2018). Increases 

in root system biomass have been suggested to improve grain yield in rainfed environments 

(Heřmanská et al., 2014), but selections for increased grain yield in Australian wheat 
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cultivars from 1958 to 2007 shows a progressive decline in root biomass and root length 

(Aziz et al., 2016). Consequently, it is critical to understand the role of the root system size 

in the response to drought.  

 

1.2 Objective of the research 

This study aimed to determine the role of root system size in wheat in the response to 

drought by investigating:  

1. Root system size and shoot traits in five wheat cultivars with putative differences in total 

root biomass and root length when grown in soil in large rhizoboxes.  

2. The role of root system size in wheat in response to early season drought (drought after 

emergence). 

3. The role of root system size in wheat in response to terminal drought (end of season 

drought). 

 

1.3 Thesis outline  

This thesis comprises six main chapters.  

Chapter 1: General overview of the response of wheat cultivars with contrasting root system 

size in response to drought stress, the current problem, the importance of root studies, and 

the questions to be addressed in the upcoming chapters.  

Chapter 2: Literature review related to this study, particularly the effect of drought on wheat 

production and the role of root system traits in improving drought tolerance. This chapter 

focuses on root system size (root length and root biomass) as the main trait, and discusses 

knowledge gaps and research opportunities. 

Chapter 3: Characterises root and shoot traits in wheat cultivars with putative differences 

in root system size. This chapter confirmed that genotypic differences in wheat root system 
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size at early vegetative stages (tillering, Z21) grown under semi-hydroponic conditions 

(Chen et al., 2020) were reproducible at late phenological stages (booting, Z49) in soil-

filled rhizoboxes. A paper from this chapter was published in Agronomy (Vol. 8, 2018) 

(Appendix 1). 

Chapter 4: Investigated the response of three wheat cultivars with contrasting root system 

size to early season drought, their recovery and yield. The cultivars with contrasting root 

system size differed in their recovery at anthesis and grain yield after early season drought. 

A paper was published in Plants (Vol. 8, 2019) (Appendix 2). 

Chapter 5: Examines the response of two wheat cultivars with contrasting root system size 

to terminal drought and the effect of terminal drought on grain yield and yield components. 

The two cultivars with contrasting root system size differed in their response to terminal 

drought. A manuscript has been submitted to Frontiers in Plant Science (under review). 

Chapter 6: General discussion integrating the key findings of the experimental chapters 

(Chapters 3, 4 and 5) and other wheat cultivars with contrasting root system size to improve 

the yield performance of wheat under drought the ever-changing Mediterranean-type 

climate of the Western Australian grainbelt. It also discusses the limitations and future 

directions of this research to understand the role of root system size in conferring drought 

tolerance in wheat.  
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Chapter 2. Literature review 

 

2.1. Introduction 

Wheat is the third most important cereal crop in the world after rice and maize (Ray et al., 

2013). In the last decade, global production and consumption of wheat have steadily 

increased (FAO, 2018). In 2016–2017 world wheat production was 753 million tons from 

222 million hectares, with Australia being one of the largest wheat producers with 31.8 

million tons from 12.2 million hectares (Brown, 2019). Wheat is the largest commodity in 

the Australian grain industry and is grown throughout southern and eastern regions in a 

crescent known as the Australian grainbelt (Ghahramani et al., 2015). Annual wheat 

production in Australia is valued at AU$9.1 billion, or 4% of annual global production, 

with exports of 22 million tons valued at AU$6.3 billion (Brown, 2019). These figures 

reflect the importance of wheat in the Australian economy. 

2.2 Water deficit and wheat production 

The advent of climate change is altering the amount and distribution of rainfall, with an 

increasing incidence of drought, which is threatening wheat production (Kim et al., 2016). 

From 1983 to 2009, drought affected 161 million hectares of crop harvest, with estimated 

yielded losses of US$ 47 billion (Wonsik et al., 2019). If drought-prone areas continue to 

increase, then wheat production is estimated to decrease by 37–52 million tons by 2050 

(Balkovič et al., 2014). 

Australian wheat yields have progressively increased from an average of 1.4 t ha–1 (1980–

1990) to 2.0 t ha–1 (2010–2017), with a maximum average yield of 2.6 t ha–1 in 2016–

2017.(Brown, 2019). Interestingly, wheat yield have increased in a rate from 9.88 kg ha–1 

from 1900–1989 and 5.16 kg ha–1 from 1990–2015 in Australian grainbelt even though 

rainfall has declined in 2.7 mm per year in crop rainfall (Hochman et al., 2017). In Western 
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Australia, wheat yield has continued to increase from 1990–2016 as farmers have 

implemented technological innovations such as new cultivars, rotation with other crops, 

nitrogen fertilizer and dry sowing (Figure 2.1)(Fletcher et al., 2020b).  

 

Figure 2.1 Time series of wheat yield produced in the grainbelt of Western Australia 

(closed circles) and simulated water-limited yield using observed increases in CO2 

concentration (open circles) from 1900 to 2016 (Fletcher et al., 2020b). 

 

Richards et al. (2014) estimated a grain yield gap of about 0.4 t ha–1 between years with 

low rainfall and years with average rainfall (Figure 2.2). Further increases in the wheat 

yield gap can occur as yield declines up to 0.9% with each percentage reduction in rainfall 

(Anwar et al., 2015). 
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.  

Figure 2.2 Average wheat yield in Australia since 1890 in the most favourable years (   ) 

and the driest years (    ). 

Reductions in rainfall, which induce a soil water deficit can occur at different times in the 

growing season, which are categorised according to phenological development: early 

season drought (from emergence to the first node), mid-season drought (from stem 

elongation to two weeks before flowering) or terminal drought (from flowering to maturity) 

(Figure 2.3). 

Figure 2.3 The life cycle of wheat showing key development stages and drought categories 

under Australian conditions. Adapted from Hunt et al. (2018). 
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2.3. Early season drought 

With the advent of climate change, the amount of seasonal rainfall is declining and the 

variability in its pattern is increasing (Arnell et al., 2019; Wang et al., 2019b). These 

changes have intensified the incidence and severity of drought spells around the world, 

including Australia (Wang et al., 2018). Early winter rainfall in Western Australia (WA) 

has been declinining since 1900, exposing crops to periods of soil water deficit within the 

crop season (Fletcher et al., 2020b). Since 2000, rainfall has declined considerably in May 

and July (Scanlon and Doncon, 2020). In WA, the majority of wheat is sown into dry soil 

(Fletcher et al., 2020a; Flohr et al., 2018b). Wheat seeds germinate and emerge with the 

first rainfall, but the uncertainity of rainfall can leave wheat crops vulnerable to drought for 

20 days, in 2 of 4 years and 32 days in 1 of 4 years (French and Palta, 2014). During drought 

after emergence, also called ‘early season drought’, wheat seedlings reduced their leaf 

water potential, transpiration rate, stomatal conductance, photosynthetic rate and 

accumulation of sugar metabolites (Marcek et al., 2019), with the water stress affecting 

relative growth rate, leaf morphology and leaf biomass (Abid et al., 2016). Root biomass, 

root proliferation and root length decline with early season drought, while the root: shoot 

ratio and specific root length increase (Ahmadi et al., 2018). Early season drought can 

reduce root length density in the top 0.3 m of the soil profile and increase it in the 0.3–0.6 

m layer (El Hafid et al., 1998c). Seedlings exposed to early season drought often survive 

(French and Abrecht, 2013) and during their recovery can increase their rates of shoot and 

root growth, but not enough to compensate for the lack of growth during early season 

drought (Abid et al., 2016; El Hafid et al., 1998c; French and Palta, 2014). Thus, shoot 

biomass and grain yield in wheat crops that experience early season drought are low at final 

harvest (El Hafid et al., 1998a). The reduction in wheat grain yield depends on the duration 
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and severity of the early season drought (El Hafid et al., 1998a); in severe cases, yield can 

be halved (Armstrong et al., 1996). 

2.4. Terminal drought 

End of season drought or terminal drought often occurs in Australian wheat-growing areas, 

particularly in the Mediterranean-type climatic region (Loss and Siddique, 1994; Turner 

and Asseng, 2005). In the grainbelt, the probability of drought occurring during wheat 

flowering is 44%, and grain filling is 77% (Chenu et al., 2013). Terminal drought decreases 

leaf water potential, stomatal conductance and leaf photosynthesis (Liwani et al., 2018; 

Saradadevi et al., 2017), which accelerates leaf senescence and shortens the time for grain 

filling (Fabian et al., 2011; Mahrookashani et al., 2017). Drought stress before anthesis 

mainly reduces grain number per plant (Fischer, 2008; Prasad et al., 2011). Drought stress 

after anthesis affects endosperm cell division, starch accumulation and kernel morphology 

to reduce grain weight (Begcy and Walia, 2015; Fabian et al., 2011; Nicolas et al., 1985). 

Grain yield is reduced by terminal drought due to reductions in grain number per spike, 

grain weight and harvest index (Saeidi and Abdoli, 2015; Saradadevi et al., 2016).  

In the Mediterranean-type climate region of WA rainfall during the wheat growing season 

(April to October) has declined in the last 20 years, up to 50% (Scanlon and Doncon, 2020). 

Wheat is usually sown after the first major rainfall between mid-May and the end of June, 

with 75% of the annual rainfall received between May and October (Ludwig and Asseng, 

2006). Wheat growth during the winter months, is slow due to low temperatures and solar 

radiation (Turner and Nicolas, 1998). Loss of soil water by deep drainage below the root 

zone can occur during early winter in deep sands when the crop is small. Conversely, water 

deficits develop after flowering when rainfall decreases and evaporation increases (Turner 

and Nicolas, 1987). Terminal drought can reduce grain yield by 50% when water deficit 

occurs from 50% of anthesis (Dias de Oliveira et al., 2013). 
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In water-limited environments, such the Mediterranean-type climate region of WA, grain 

yield is a function of water use, water use efficiency and harvest index (Passioura, 1983). 

The grain yield of Australian wheat cultivars released between 1958 and 2007 has increased 

by 18 kg ha−1 y−1, with a concomitant increase in the yield per unit transpiration of 0.12 kg 

ha−1mm−1 y−1 (Sadras and Lawson, 2013). Harvest index has increased at a rate of ∼0.002 

per year for the last 113 years, reductions in plant height (36%) and stem biomass (26%) 

(Flohr et al., 2018a).  

2.5. Mechanisms to improve drought adaptation 

Wheat has adapted to different agro-ecological zones (Ruiz et al., 2018). In dry 

environments, resistance mechanisms developed by plants can improve drought adaptation 

(Reynolds et al., 2005). The three types of resistant mechanisms are classified as: drought 

escape, avoidance, and tolerance (Turner, 1986; Turner et al., 2001). 

Drought escape is an adaptive mechanism for plants to complete the full life-cycle before 

the drought event starts (Turner, 1986). Fast phenology, rapid growth and early heading, 

flowering, and maturity are desirable traits that allow plants to escape drought, particularly 

at the end of the season (Flohr et al., 2018b; Shavrukov et al., 2017; Takumi et al., 2020; 

Wang et al., 2019a). Under terminal drought, Australian wheat cultivars with fast 

phenology can effectively escape drought reducing grain yield loss (Richards et al., 2002). 

Drought avoidance is the ability of a plant to maintain high plant water potential despite 

the soil water deficit, to optimize water uptake and minimise water loss (Levitt, 1985). This 

mechanism conserves water and slows plant growth and cell metabolism to protect grain 

yield (Fischer and Turner, 1978). Wax accumulation on the leaf surface and rolling leaves 

are physical barriers that reduce water loss in wheat (Richards et al., 1993; Richards et al., 

1986). Improving root water uptake by improving root-soil exploration is and effective 

mechanism to avoid drought (Lilley and Kirkegaard, 2011).  
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Drought tolerance is the ability of plants to grow satisfactorily when exposed to water 

deficit. Drought tolerance has two major mechanisms of dehydration tolerance: (i) turgor 

maintenance and (ii) desiccation tolerance (Turner, 1986). Cells maintain turgor through 

osmotic adjustment (Morgan and Condon, 1986). Osmotic adjustment is the accumulation 

of solutes in plant cells under water deficit that results in more negative osmotic potential 

and increases cell turgor pressure (Turner, 1986). Another strategy to maintain cell turgor 

is to reduce cell size, cell area and perimeter (Rascio et al., 1990). A combination of stomata 

deregulation and a distinctive modulation of amino acid metabolism could enhance drought 

tolerance in wheat cultivars (Aidoo et al., 2017). At the biochemical level, a dehydration 

tolerant cultivar has better cell membrane protection, and an abundance of proteins related 

to defense and oxidative responses (Faghani et al., 2015; Singh et al., 2012). 

 

2.6. Role of the root system under drought 

2.6.1. Root water uptake 

Roots taking up water from soil aggregates prefer pathways with less resistance (Mawodza 

et al., 2020). Water moving from the soil into roots, and then through plant stems and leaves 

to the atmosphere, is driven by a negative water potential gradient. Root water uptake is 

regulated by osmotic and hydrostatic forces. Water flows from the soil into root xylem 

vessels through: (1) intercellular spaces (apoplastic pathways) (Figure 2.4a), (2) cytoplasm 

and plasmodesmata between cells (symplastic pathway) (Figure 2.4b) or (3) cytoplasm and 

vacuole (transcellular pathway) (Figure 2.4c) (Steudle and Peterson, 1998). When water 

reaches root xylem vessels, axial transport starts moving the water through the xylem 

vessels to stem and leaves (Doussan et al., 1998; Landsberg and Fowkes, 1978).  

Root water uptake under drought conditions depends on the soil type, soil interactions, 

roots and root hydraulic conductance (Trillo and Fernández, 2005). As soil dries, the root 
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system sends signals to reduce hydraulic conductance, transpiration and plant growth 

(Dodd, 2005; Xiong et al., 2006). Local water cues modulate auxin signalling to instruct 

root developmental decisions (Giehl et al., 2014). Under drought, cells mechanisms deposit 

suberin and lignin on the pericycle and stele cells in the roots (Kashiwagi et al., 2015). 

Therefore, the dominant water uptake pathways under drought are transcellular and 

symplastic (Steudle, 2000).  

 

Figure 2.4 Root water uptake pathways: (a) apoplastic, (b) symplastic and (c) transcellular.  

To maintain water uptake, plants invest more into root growth, which is less sensitive than 

leaf growth to drought stress (Hsiao and Xu, 2000). Abscisic acid increases in plants under 

drought stress to promote root growth and inhibit shoot growth (Dodd, 2005; Quarrie, 1980; 

Saradadevi et al., 2017).  
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2.6.2. Root traits to improve drought adaptation 

Form and function of the root system play an essential role in improving grain yield under 

water limited environments (Palta et al., 2011). Root system traits that improve drought 

adaptation can be divided into three functional traits: those that conserve soil water, those 

that allow deep root growth for water capture, and those that facilitate root water uptake 

(Table 2.1). Traits that conserve soil water include increased synthesis of biopolymers in 

the apical root zone (Leucci et al., 2008) and reduced diameter of root xylem vessels in 

seminal and nodal roots (Richards and Passioura, 1989; Steinemann et al., 2015). Traits 

that allow roots to capture water from depth include increased root length and root biomass 

at depth (Becker et al., 2015; Kirkegaard et al., 2007; Kong et al., 2013; Lopes and 

Reynolds, 2010; Manschadi et al., 2006) and reduced seminal root angle with vertical root 

distribution (Oyanagi, 1994). Traits that facilitate the root water uptake in soil profile 

includes increased root length (Abdolshahi et al., 2015; Awad et al., 2018; Ayalew et al., 

2015; Dhanda et al., 2004), root hair number and density (Carminati et al., 2017), root 

biomass (Heřmanská et al., 2014; Jain et al., 2014; Středa et al., 2012) and seminal root 

number (Golan et al., 2018). Root system traits have been widely studied, but has not been 

implemented in wheat breeding programs due to poor validation in the field, heritability 

problems and the lack of rapid screening methods (Palta et al., 2011). Recently, it was 

shown that many of the studied drought resistance traits provide a yield advantage through 

greater water use due to deeper roots (Palta and Turner, 2018). 

Studies have found that wheat genotypes with different root system properties differ in their 

adaptation to drought stress. Wheat landraces originating from colder and wetter zones have 

shallower seminal root systems than those from warmer and drier areas. In contrast, 

landraces derived from warmer and drier areas tend to have larger and more vertical root 

patterns than those from colder and wetter areas (Ruiz et al., 2018). Cultivars grown in a 
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temperate monsoon zone with a semi humid climate in China slightly increased root 

biomass and decreased root: shoot ratio at anthesis with decade of release (Sun et al., 2020).  

 

Table 2.1 Root characteristics and the potential functions that could increase wheat yield 

in water-limited environments. 

 

 

Function Potential root trait Reference 

   

Conserve water  Cell-wall polysaccharides in the apical root zone  Leucci et al., 2008 

 Reduce diameter vessels Richards and Passioura, 1989 

  Steinemann et al., 2015 

 More unsaturated lipid membranes 

Schoppach et al., 2014 

Djanaguiraman et al., 2018 

   

Deep water capture Increase root length at depth Manschadi et al., 2006 

 Increase root biomass at depth Becker et al., 2015 

 Increase root depth Kirkegaard et al., 2007 

  Kong et al., 2013 

  Lopes and Reynolds, 2010 

 Reduce seminal root angle  Oyanagi, 1994 

  

Christopher et al., 2013 

Zhu et al., 2019 

 Suppress lateral root length density Placido et al., 2020 

   

Facilitate water uptake  Increase root length Abdolshahi et al., 2015 

  Awad et al., 2018 

  Ayalew et al., 2015 

  Dhanda et al., 2004 

  Djanaguiraman et al., 2018 

 Increase root hairs Carminati et al., 2017 

 Increase root biomass  Heřmanská et al., 2014 

  Jain et al., 2014 

  Středa et al., 2012 

 Increase seminal root number  Golan et al., 2018 

 Increase root diameter Bai et al., 2019 
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Chinese modern wheat cultivars have more root biomass at shallow depth in irrigated areas, 

and more deep root density in dry seasons than older cultivars (Qin et al., 2018). Root depth 

of Swiss cultivars decreased with year of release under drought after flowering, but no 

correlation was found between root depth and year of release when drought occurred before 

flowering (Friedli et al., 2019). 

Australian wheat cultivars have been mainly selected under rainfed conditions and have 

reduced root length, root length density and root biomass with year of release (Aziz et al., 

2016). In WA, modern cultivars have lower root biomass and root: shoot ratios than older 

cultivars (Siddique et al., 1990a). 

An extensive, shallow yet broad root system is generally preferred in high rainfall 

environment and under irrigation (Figure 2.5a,c) to increase water uptake from superficial 

soil layers (Hassouni et al., 2018). A compact, narrow and deep root system is preferred in 

water-limited environments to reduce water use during the vegetative stages and increase 

access to water from deeper soil layers during grain filling (Manschadi et al., 2006) (Figure 

2.5b,d). A field experiment in China have shown a negative correlation between root 

biomass in the top 0–0.2 m layer of the soil profile and grain yield under rainfed conditions, 

but a positive correlation between root biomass in the 0.2–1 m layer of the soil profile and 

grain yield (Fang et al., 2017). Interestingly, a cultivar with a deeper root system up to 1225 

kg ha–1 more grain yield a in water-limited environment than a cultivar with a shallow root 

system under rainfed conditions (Hassouni et al., 2018). Under irrigation, where water is 

not limited, a cultivar with a larger, shallower root system produced up to 2000 kg ha–1 

more grain yield than a cultivar with a deeper root system (Hassouni et al., 2018).  
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Figure 2.5 Yield rewards and penalties associated with root architecture and phenology 

under different water availability. Adapted from Voss-Fels et al. (2018). 

2.6.3. The role of the root system size to improve drought adaptation 

The size of the root system is determined by the cumulative root length and total root 

biomass (Hamblin and Tennant, 1987; Palta et al., 2011). Cumulative root length appears 

to be positively correlated with grain yield under different growing conditions (Table 2.2). 

Wheat phenotyping at early vegetative stages showed a positive correlation between total 

root length and grain yield (r=0.31**), which could be related to an increase in grain yield 

per unit land, delayed maturity and longer grain filling period in the cultivar with a longer 

root system (Xie et al., 2017).  

At anthesis, when plants have reached maximum root length and root biomass, root length 

and grain yield are positively correlated, especially under rainfed conditions (Barraclough 

and Leigh, 1984; Palta and Turner, 2018). Root biomass has no clear correlation with grain 

yield under well-watered conditions (Table 2.2) but a positive correlation under drought 

stress (Ehdaie et al., 2012). 
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Table 2.2 Correlation between root system size traits and yield  

 Root trait 

 

Correlation 

coefficient 

Stage root trait 

assessed 

 

Irrigated/ 

rainfed 

Growing  

condition 

Reference 

 

      

Root length 0.35* Anthesis  Rainfed Field Abdolshahi et al., 2015 

 NS Anthesis Irrigated Field  

      

 0.75* Anthesis  Rainfed Field Barraclough and Leigh, 1984 

      

 0.30 Maturity Irrigated Columns Bektas et al., 2016 

      

 0.96*** Anthesis  Rainfed Field  Muñoz-Romero et al., 2010 

      

 0.95* Anthesis  Rainfed Field Palta and Turner, 2018 

      

 0.31** Vegetative   Hydroponic  Xie et al., 2017 

      

 0.76* Vegetative  Hydroponic Zhu et al., 2019 

      

Root biomass NS Anthesis  Both  Field Abdolshahi et al., 2015 

      

 0.53 Anthesis  Rainfed Field Barraclough and Leigh, 1984 

      

 0.22 Maturity  Irrigated  Columns Bektas et al., 2016 

      

 0.43  Maturity  Irrigated Columns Ehdaie et al., 2012 

 0.76*  Maturity Drought  Columns  

      

  NS Maturity   Pots Nagy et al., 2017 

      

 NS Anthesis Irrigated Field Sun et al., 2020 

 NS Anthesis Rainfed Field  

      

*, **, *** significant at 0.05, 0.01 and 0.001 probability levels, respectively. NS= not significant. 
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Wheat grain yield can be improved by increasing root system size (Heřmanská et al., 2014). 

However, during the last decades Australian grain yield have increased despite the indirect 

selection of wheat cultivars has reduced root system size in Australian wheat cultivars (Aziz 

et al., 2016; Sadras and Lawson, 2011). These correlations (Table 2.2) are based on 

individual studies under different conditions and growth stages; hence, further studies are 

needed to determine the role of root system size in improving yield under water limited 

environments. 

 

2.7. Research opportunities  

Wheat breeding in recent decades has focused on improving grain yield in water-limited 

environments by increasing water uptake efficiency (Sadras and Lawson, 2013). In the 

Australian grainbelt, drought is the main abiotic stress. The advent of climate change is 

changing the amount of seasonal rainfall and rainfall distribution patterns within the 

cropping season, increasing the risk of early season and mid-season drought. The root 

system of wheat grown under water-limited environments plays a key role in improving 

yields. Studies have reported candidate root system traits that could improve yield under 

water-limited conditions, but there is no evidence that these traits have been used to select 

new commercial cultivars with improved grain yields. This is because selection for grain 

yield is generally based on aboveground traits, which has inadvertently selected wheat 

cultivars with reduced root length, biomass and root: shoot ratios. Root system size and its 

interaction with aboveground traits, phenology and drought have not been considered. 

Furthermore, there is no information on the role of root system size under early season 

drought or terminal drought. Such information could help to improve wheat yields in water-

limited environments (Figure 2.6). 
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This study focuses on the role of root system size in wheat exposed to under conditions of 

drought stress during early and late growing season on yield. This study also characterises 

cultivars of different root system size and the relationship between shoot and root traits 

under optimum conditions and drought stress.  

Figure 2.6 Schematic representation of the research gap identified in this literature review. 

Green arrows represent the scope of this study in relation to previous studies in this area 

(blue arrow). 

The main hypotheses addressed in this research are: 

1. Genotypic differences in root system size at early vegetative stages (tillering, Z21) in 

wheat grown under semi-hydroponic conditions are reproducible at late phenological stages 

(booting, Z49), when grown with large rhizoboxes containing soil. 

2. Wheat cultivar with large root systems are less affected by early season drought than 

wheat cultivar with small root systems due to their better growth and biomass recovery by 

anthesis. 

3. Root length density, root biomass and root distribution at anthesis in wheat cultivar with 

large root system exposed to terminal drought have better water use, water use efficiency 

and grain yield than wheat cultivar with small root system.  
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Chapter 3. Characterisation of root and shoot traits in wheat cultivars with putative 

differences in root system size 

 

3.1. Introduction  

There is no consensus on whether root system size in wheat is critical for improving water 

and nitrogen uptake, despite the common assumption that large root systems capture more 

water and nitrogen and produce more biomass and greater yields (Palta et al., 2011; Palta 

and Watt, 2009). Genotypic variation in wheat root system size exists (Botwright Acuña et 

al., 2014; Løes and Gahooni, 2004), providing the opportunity to improve water and 

nutrient uptake efficiency in cereal crops (Anbessa and Juskiw, 2012; Hirel et al., 2007; 

Wasson et al., 2012). Whether the size of the root system is a candidate trait for improving 

water and nitrogen uptake efficiency needs investigation. However, as a first step, wheat 

genotypes with putative differences in root system size need to be identified and 

characterised.  

The size of the root system is determined by the total root biomass and cumulative root 

length (Hamblin and Tennant, 1987; Palta et al., 2011). It is assumed that a large root 

system requires more photosynthetic assimilates for its production, proliferation, growth 

and function. It has been estimated that the amount of photosynthetic assimilates invested 

to produce one unit of root dry matter can produce double that of shoot dry matter (Lilley 

and Kirkegaard, 2011). 

The extra carbon investment in root biomass and root length, which is mainly used in root 

respiration before floral initiation (Palta and Gregory, 1997), is reflected in shoot growth, 

particularly before booting (Palta and Watt, 2009). While wheat with large biomass and 

root length and more prolific root systems can improve water (Lilley and Kirkegaard, 2011) 

and nitrogen uptake in dry environments and deep sandy soils (Liao et al., 2004; Liao et 
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al., 2006; Palta and Yang, 2014), wheat root systems with small biomass and root length 

have been unintentionally selected in modern cultivars (Waines and Ehdaie, 2007). In 

Australia, wheat varieties released in the last 50 years have progressively had less root 

biomass, root length and root length density, while nitrogen uptake has increased (Aziz et 

al., 2016). This raises the question, to what extent do wheat breeders need to select for root 

system size and what is the efficiency of water and nitrogen uptake per unit of root length 

and root biomass?  

In this study, we characterized the root system and shoot traits in five wheat cultivars with 

putative differences in the total root biomass and cumulative root length at the onset of 

tillering (Z21) from a previous semi-hydroponic phenotyping study (Chen et al., 2020). We 

also evaluated whether the apparent differences in root system size at tillering in a 

preliminary semi-hydroponic phenotyping study were reflected at later phenological stages 

when wheat was grown in soil using large rhizoboxes. It was hypothesized that genotypic 

differences in wheat root system size at early vegetative stages (tillering, Z21) grown under 

semi-hydroponic conditions would be reproducible at late phenological stages (booting, 

Z49), when grown in soil with large rhizoboxes. To test this hypothesis, five wheat cultivars 

were grown in rhizoboxes to map and observe differences in root growth, branching and 

distribution (Aziz et al., 2016; Benlloch-Gonzalez et al. 2014 a,b; Judd et al., 2015; Nagel 

et al., 2012).  

3.2. Materials and methods 

3.2.1. Plant material and growth conditions  

Five wheat cultivars with apparent differences in total root biomass and cumulative root 

length at the onset of tillering (Z21) from a previous semi-hydroponic phenotyping study 

were used in this study (Chen et al., 2020). The cultivars were Ghurka and Bahatans-87, 
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released in 1916 and 1924, respectively; Hartog, released in 1983; and Tincurrin and 

Harper, released in 1978 and 2010, respectively (Table 3.1). 

Table 3.1 Five wheat cultivars with the country of origin, year of release and apparent root 

biomass and cumulative root length at the onset of tillering (Z21) identified in a 

phenotyping study using a semi-hydroponic system (Chen et al., 2020).  

 

The five cultivars were grown in 24-L glass-walled rhizoboxes (0.24 m long × 0.10 m wide 

× 1.0 m deep) filled with soil. Polyvinyl chloride (PVC) rhizoboxes have been previously 

described in root studies (Aziz et al., 2016; Benlloch-Gonzalez et al., 2014b; Liao et al., 

2006; Palta et al., 2007). Briefly, the acrylic glass side was covered with a removable, black 

PVC sheet to avoid light exposure to the roots. The rhizoboxes were placed on steel stands 

at a 30° angle to force the roots to grow along the acrylic glass side as described elsewhere 

(Benlloch-Gonzalez et al., 2014a, b; Dessureault-Rompré et al., 2006; Dieffenbach et al., 

1997; Liao et al., 2006; Palta et al., 2007). The visibility of the root system does not differ 

between rhizoboxes angled of 30 or 45° when seeds are sown in contact with the acrylic 

glass side (Nagel et al., 2012; Pfeifer, 2013). The 30° inclination facilitates root system 

mapping when using large rhizoboxes (Adu et al., 2014). 

     

Cultivars Country of origin  Year of release Total root biomass 
Cumulative root 

length 

     

Ghurka Australia 1916 Large Large 

     

Tincurrin Australia 1978 Small Small 

     

Hartog Australia 1983 Medium Medium 

     

Harper Australia 2010 Small Small 

     

Bahatans-87 Algeria 1924 Large Large 

     



Chapter 3 –Characterization of cultivars 

23 
 

Top soil (0–15 cm) was collected from a field site at Cunderdin (31°64´N, 117°24´E), 

Western Australia, and was classified as a reddish-brown sandy clay loam: Red Calcic 

Dermosal (Isbell, 1993). The soil consisted of 63.5% sand with a particle size between 

0.0025–0.050 cm, 8.3% silt and 28.3% clay with a pH, measured in a 1:5 suspension of soil 

in 0.01 M CaCl2, of 6.0. The soil contained 6 µg g−1 of nitrate−N, 4 µg g−1 of ammonium–

N, 46 µg g−1 of Colwell P and 691 µg g−1 of Colwell K (Aziz et al., 2016). Air-dried soil 

was sieved to 2 mm and mixed uniformly with 25% in (vol.) of washed and air-dried river 

sand to improve drainage (Aziz et al., 2016). The soil was packed to a bulk density of 

approximately 1.56 g cm−3 (Aziz et al., 2016). Compound fertiliser equivalent to 65 kg ha−1 

N, 79 kg ha−1 P, 71 kg ha−1 K and trace amounts of micronutrients (S, Cu, Zn, Mo and Mn), 

optimal amounts for wheat grown on Cunderdin soils (Flower et al., 2012; Ludwig et al., 

2008), was mixed homogeneously into the top 0.1 m of soil in each rhizobox before sowing.  

The experiment was conducted in an evaporatively cooled glasshouse at The University of 

Western Australia, Perth, Australia (31°93´S, 115°83´E) from May to July 2017 with an 

average air temperature of 16°C, maximum temperature of 22°C, minimum temperature of 

9°C, relative humidity of 61% and 10–11 h of natural light. The five cultivars were grown 

in a completely randomized block design with three replicates (Figure 3.1).  

Four homogenous pre-germinated seeds were sown equidistant from each other at a depth 

of 2 cm in each rhizobox, ensuring that the seeds were in contact with the acrylic glass wall. 

This corresponded to a field sowing density of 160 plants m−2 (Lemerle et al., 2004). The 

plants were hand-watered as required with tap water to maintain the soil water content close 

to field capacity and to avoid excessive drainage. Plant phenology was monitored regularly 

using the scale of Zadoks et al. (1974). The experiment ended at 63 days after sowing 

(DAS) when some roots had reached the bottom of the rhizoboxes.  
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Figure 3. 1 Wheat cultivars in rhizoboxes at 56 days after sowing 

 

A separate, but simultaneous experiment was conducted to monitor, in detail, the 

phenological development in each cultivar. The experiment was conducted in pots (25 cm 

diameter, 30 cm height), with eight plants per pot, corresponding to a field sowing density 

of 160 plants m−2 (Lemerle et al., 2004), using the same five cultivars, the same soil and 

similar a plant density as those used in the rhizobox study and grown in the same glasshouse 

with similar temperature, light and watering conditions. Time to tillering (Z21), time to 

booting (Z49) and time to anthesis (Z61) were recorded (Zadoks et al., 1974)(Table 3.2).  

Differences in the phenological development between plants grown in pots and rhizoboxes 

were not expected to be due to the differences in soil volume between the pot experiment 

(15L) and the rhizoboxes (24L) , since phenology in wheat is driven by temperature and 

natural light (Asseng et al., 2011; Sadras and Monzon, 2006). 
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Table 3.2 Time in days after sowing to the onset of tillering (Z21) measured in five wheat 

cultivars grown in rhizoboxes, and to booting (Z49) and anthesis (Z61) measured in the 

same cultivars growing in pots in similar conditions. Developmental stages were reached 

at the same time in both the pot and rhizobox experiment.  

    
 

Cultivars 

 

Time to Tillering (Z21) Time to Booting (Z49) Time to Anthesis (Z61) 

    

Ghurka 16 92a 104a 

    

Tincurrin 17 59c 75b 

    

Hartog 15 57c 67b 

    

Harper 18 85b 104a 

    

Bahatans-87 14 95a 107a 

    

LSD P < 0.05 NS 4.2 6.9 

    

For each parameter, means with the same letter indicate no significant difference between 

cultivars (P< 0.05), NS = not significant. 

3.2.2. Root traits: non-destructive measurements 

Root growth was monitored weekly from seven DAS through the glass wall of each 

rhizobox by removing the black PVC cover sheet. Visible new roots were marked on 

transparency films using a black waterproof, permanent pen. Immediately afterwards, the 

visible new roots were also marked on the acrylic glass of the rhizobox so that new root 

growth could be recognized at the next measurement. The glass wall was covered with the 

black PVC cover sheet immediately after the glass was marked. The transparent film was 

scanned at 600 pixels per mm using a portable scanner (Jenkins PS4100: East Bentleigh, 

Vic, Australia) and root images were analysed for root length using WinRHIZO Pro 

software (v2009, Regent Instrument, Quebec, QC, Canada). 
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3.2.3. Destructive measurements  

When the experiment ended at 63 DAS, destructive above- and below-ground 

measurements were taken. The plants in each rhizobox were harvested by cutting the shoots 

from the roots at the crown. Aboveground measurements included shoot biomass, leaf area 

(LA), leaf biomass, specific leaf area (leaf area per unit leaf weight, SLA), tiller number, 

and plant height. Leaf area was measured using a portable leaf area meter (LI-3000, Li-

COR Biosciences, Lincoln, NE, USA). Shoots, spikes and leaves were separated and oven-

dried at 70°C (Heratherm OMS 100, Thermo Scientific, Langenselbold, Germany) before 

being weighed on a precision balance (Voyager®, Ohaus Corporation, Parsippany, NJ, 

USA).  

Destructive belowground measurements included root length, root biomass, root length 

density (root length per unit of soil volume, RLD) and specific root length (root length per 

unit of biomass, SRL). Each rhizobox was opened by removing the glass wall, and the soil 

profile was sampled in 0.2 m sections from the top by cutting the soil with a carbon steel 

filling blade. The roots in each section were recovered from the soil by washing through a 

1.4-mm sieve to produce a clean sample Palta and Fillery (1993). The recovered roots from 

each 0.2-m soil section were placed in plastic bags and stored at 4°C until scanned at 400 

dpi per mm (Epson Perfection V800, Long Beach, CA, USA) to quantify root 

morphological traits. The root samples were dried and weighed after scanning as per the 

shoot samples. Root images were analysed using WinRHIZO Pro software (v2009, Regent 

Instrument, Quebec, QC, Canada) (Chen et al., 2016). The total root length density was 

calculated as the total root length divided by the soil volume. The distribution of RLD in 

the soil profile was calculated as the root length in 0.2 m sections from the top to the bottom 

of each rhizobox divided by the soil volume of the corresponding section (0.0024 m3). The 

specific root length (SRL), an indirect measure of the thickness of the root system, was 
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estimated as the total root length divided by the total root biomass (Aziz et al., 2016; 

Benlloch-Gonzalez et al., 2014a,b; Hamblin and Tennant, 1987; Liao et al., 2004; Liao et 

al., 2006; Palta et al., 2007; Palta and Gregory, 1997). 

3.2.4. Statistical Analysis 

The data were checked for normal distribution and equal variance and then analysed with 

one-way ANOVAs. Multiple comparisons were made using Fisher’s least significant 

difference (LSD) tests (P= 0.05) using R package Agricolae (Mendiburu, 2017). The 

cumulative root length data were analysed using the repeated measures model. The 

covariance structure that was selected as the best, based on the value of deviance and 

Akaike information criterion (AIC), was unstructured. The model uses days and cultivars 

and their interactions. The analysis was conducted using Genstat statistical software 18th 

edition. A Pearson correlation analysis of the mapped root length (total root length of the 

visible root system measured non-destructively through the glass-wall of the rhizobox), 

total root length (total length of the root system measured destructively at the end of the 

experiment), root biomass, specific root length, root:shoot ratio, leaf area, specific leaf area, 

leaf biomass, shoot biomass, tiller number and plant height was undertaken. All statistical 

analyses were performed using R software version 3.4.2 (R Development Core Team, 

2017). 

 

3.3. Results  

3.3.1. Shoot traits 

All five wheat cultivars emerged within 2–3 DAS. The onset of tillering (Z21) occurred at 

14–18 DAS, with no significant differences between the five cultivars (Table 3.2). 

The leaf area ranged from 402 cm2 plant−1 in Hartog to 627 cm2 plant−1 in Bahatans-87. 

The cultivars with large root systems (Ghurka and Bahatans-87) had 24% more leaf area 
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than those with small root systems (Tincurrin and Hartog) (Table 3.3). Leaf biomass ranged 

from 1.51 g plant−1 in Hartog to 2.12 g plant−1 in Bahatans-87; again, the cultivars with 

large root systems had more leaf biomass than those with small root systems (Table 3.3). 

The specific leaf area (SLA) ranged from 255 cm2 g−1 in Harper to 312 cm2 g−1 in Tincurrin. 

The high SLA in Tincurrin indicates that it has the thinnest leaves among the five cultivars 

(Table 3.3). The tiller number varied from 4.6 tillers plant−1 in Hartog to 8.8 tillers plant−1 

in Bahatans-87. The shoot biomass ranged from 3.2 g plant−1 in Ghurka to 5.1 g plant−1 in 

Hartog (P<0.05). Hartog and Tincurrin had 21% more shoot biomass than Ghurka, Harper 

and Bahatans-87 (Table 3.3). 

 

Table 3.3 Leaf area (LA), specific leaf area (SLA), leaf biomass (LB), tiller number , 

shoot biomass and plant height (H) of five wheat cultivars at harvest (63 DAS). 

       

Cultivars LA SLA LB Tillers Shoot biomass H 
 (cm2 plant−1) (cm2 g−1) (g plant−1) (tillers plant−1) (g plant−1) (cm) 

       

Ghurka 555ab 277c 2.00ab 5.3b 3.2b 44b 

       

Tincurrin 493bc 312a 1.58bc 5.7b 4.6ab 65a 

       

Hartog 402c 267cd 1.51c 4.6b 5.1a 70a 

       

Harper 491bc 255d 1.93abc 4.8b 3.5b 43b 

       

Bahatans-87 627a 295b 2.12a 8.8a 3.3b 46b 

       

LSD P< 0.05 113 14 0.42 2.1 1.4 7.1 

For each parameter, means with the same letter indicates no significant difference between cultivars 

(P< 0.05). 
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3.3.2. Root traits  

Cumulative visible root length increased until 42 DAS, and after that, the rate of cumulative 

root length [growth] started to decline. Differences in cumulative visible root length 

between the cultivars became apparent from 35 DAS and differed significantly (P<0.05) 

from 49 DAS (Figure 3.2). At 63 DAS (Figure 3.3), the cumulative visible root length 

ranged from 9.08 m plant−1 in Hartog to 12.5 m plant−1 in Bahatans-87; Bahatans-87 and 

Ghurka had a 2.54 m plant−1 (31%) longer root length than Hartog and Tincurrin.  

The total root length at harvest ranged from 199 m plant−1 in Hartog to 278 m plant−1 in 

Bahatans-87; Ghurka and Bahatans-87 had 70.5 m plant−1 (26% greater) root length than 

Hartog and Tincurrin (Table 3.4). Root biomass at harvest ranged from 1.05 g plant−1 in 

Tincurrin to 2.03 g plant−1 in Bahatans-87; Bahatans-87 and Ghurka had an additional 0.79 

g plant−1 of root biomass than the other three cultivars. The SRL ranged from 139 m g−1 in 

Bahatans-87 to 202 m g−1 in Tincurrin; Tincurrin presented 61.5 m g−1 greater SRL than 

Ghurka and Bahatans-87, indicating that Ghurka and Bahatans-87 had 30% thicker roots 

than Tincurrin (Table 3.4). The RLD ranged from 9.3 cm cm−3 in Hartog to 11.64 cm cm−3 

in Harper; Ghurka, Harper and Bahatans-87 had 1.76 cm cm−3 greater RLD than Hartog 

and Tincurrin (16% higher RLD). The root:shoot ratio ranged from 0.22 in Hartog to 0.62 

in Ghurka; the root:shoot ratios of Ghurka and Bahatans-87 were 2.6 higher than those in 

Tincurrin and Hartog, which is likely due to the cultivars with large root systems having 

1.6 g plant−1 less shoot biomass (32% less shoot biomass) than those with small root 

systems (Table 3.4).  
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Figure 3.2 Cumulative visible root length measure non-destructive every 7 days by root 

mapping through the glass wall of each rhizobox from the time the plants were 7 to 63 days 

after sowing (DAS). Vertical bars represent LSD at P<0.05. The time to tillering for the 

five cultivars is indicated by T and the time to booting for the cultivars Tincurrin and Hartog 

is indicated by B. Time to booting for the Harper, Ghurka and Bahatans-87 cultivars is not 

indicated, as booting in these cultivars occurred at 85, 92 and 95 DAS, respectively.  
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Figure 3.3 Example of the root distribution patterns of Ghurka, Tincurrin, Hartog, Harper 

and Bahatans-87 drawn on the glass panels of the rhizoboxes at 63 DAS. 

 

Table 3.4 Root length, root biomass, specific root length, root length density, shoot 

biomass and root:shoot ratio of five wheat cultivars at harvest (63 DAS). 

       

Cultivars 
Root 

length 

Root 

biomass 

Specific root 

length 

Root length 

density 

Shoot 

biomass 

Root:shoot 

ratio 

 (m 

plant−1) 
(g plant−1) (m g−1) (cm cm−3) (g plant−1)  

       

Ghurka 273a 1.94a 142c 11.37ab 3.2b 0.62a 

       

Tincurrin 211b 1.05b 202a 9.75bc 4.6ab 0.23c 

       

Hartog 199b 1.10b 178b 9.30c 5.1a 0.22c 

       

Harper 230ab 1.44b 162bc 11.64a 3.5b 0.41b 

       

Bahatans-87 278a 2.03a 139c 10.84abc 3.3b 0.61a 

       

LSD P < 0.05 56 0.47 35 1.85 1.4 0.12 

       

For each parameter, means with the same letter indicates no significant difference between 

cultivars (P<0.05). 
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Most of the root biomass (80%) was distributed in the top 0.4 m of the soil profile; however, 

differences in root biomass distribution occurred among the cultivars (Figure 3.4a). 

Bahatans-87 and Ghurka (large root system) had 37% and 46%, respectively, of their total 

root biomass allocated into the top 0.2 m layer of the soil profile, compared with 46% and 

47%, respectively, in Tincurrin and Hartog (small root systems). The percentage of the total 

root biomass that Bahatans-87 allocated in the top 0.2 m layer differed significantly from 

the other cultivars (P< 0.01). Bahatans-87 and Ghurka had 30% and 36%, respectively of 

their total root biomass in the 0.2–0.4 m soil layer, compared with 34% and 39%, 

respectively, in Tincurrin and Hartog. Despite the differences in the grams allocated by 

cultivars at this level, there were no significant differences between cultivars in the 

percentage that the cultivars allocated at a depth of 0.2–0.4. At a depth of 0.4–1.0 m, 

Bahatans-87 had 34% of its total biomass, compared with ~20% in the other cultivars.  

Most of the root length was also distributed in the top 0.4 m of the soil profile in all five 

cultivars. About 50% of the total root length was in the top 0.2 m of the soil profile, and 

30% was in the 0.2–0.4 m layer. The RLD in the 0–0.2 m layer of the soil profile was 

highest in Bahatans-87, followed by Ghurka and Harper, with Hartog and Tincurrin having 

the lowest RLD. At a depth of 0.2–0.4, Ghurka and Harper had higher RLD than the other 

cultivars. Below 0.6 m, Bahatans-87 had the highest RLD value of the five cultivars. The 

lowest values in the RLD throughout the 1m soil profile were presented by Hartog, and 

Tincurrin had similar values (Figure 3.4b). 

SRL decreased in all cultivars down the soil profile (Figure 3.4c). Tincurrin had the highest 

SRL in the top 0.6 m of the soil profile. Ghurka had the lowest SRL in the top 0.2 m layer, 

while Bahatans-87 had the lowest SRL in the 0.2–0.6 m layer. 
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Figure 3.4 Destructively measured vertical profiles (0.2 m sections from the top to bottom 

of each rhizobox) of (a) root biomass, (b) root length density and (c) specific root length. 

The horizontal bars represent LSD at P<0.05 for comparison between cultivars at each 

depth increment in the soil profile. 



Chapter 3 –Characterization of cultivars 

34 
 

3.3.3 Correlation between Traits  

There was a strong positive correlation (r = 0.82) between the root length mapped on the 

glass surface and the scanned total root length at harvest (Table 3.5). Leaf area was 

positively correlated with leaf biomass (r = 0.91) and tiller number (r = 0.75) (Table 3.5). 

Root length was positively correlated with root biomass (r = 0.87; P<0.01) and the root: 

shoot ratio (r = 0.72; P<0.05). Root biomass was negatively correlated with SRL (r = −0.84; 

P <0.01) and positively correlated with the root:shoot ratio (r = 0.92; P< 0.01). SRL was 

negatively correlated with the root:shoot ratio (r = −0.87; P<0.01), while RLD was 

positively correlated (r = 0.61; P<0.05) (Table 3.5). 

Root length was positively correlated with leaf area (r = 0.86; P<0.01) and leaf biomass (r 

= 0.90; P<0.01). A similar correlation was found between the root biomass and shoot traits. 

SRL was positively correlated with shoot biomass (r = 0.65; P<0.05) and plant height (r = 

0.70; P<0.01). RLD was negatively correlated with plant height (r = −0.83; P<0.01). The 

root: shoot ratio was positively correlated with leaf biomass (r = 0.66; P <0.05), and 

negatively correlated with shoot biomass (r = 0.75; P<0.05) and plant height (r = −0.83; 

P<0.01) (Table 3.5). Shoot biomass included leaf biomass, stems and young spikes. The 

negative correlation between shoot biomass and RLD and the R:S ratio occurred mainly 

because the Tincurrin and Hartog cultivars, which have small root systems, were already 

in their reproductive stage (booting stage) at 63 DAS when the experiment was terminated. 

The Harper and Bahatans-87 cultivars, which have large root systems, were in their 

vegetative stages (late tillering). 
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Table 3.5 Pearson correlations (r) between 12 traits investigated in wheat cultivars. RL = root length; MRL = mapped root length; RB = root 

biomass; SRL = specific root length; RLD = root length density; R: S = root: shoot ratio; LA = leaf area; SLA = specific leaf area; LB = leaf 

biomass; SB = shoot biomass; T = tiller number; H = plant height. 

Traits RL MRL RB SRL RLD R:S LA SLA LB SB T 

MRL 0.82 ***           

RB 0.87 *** 0.80 ***          

SRL −0.50 −0.51 −0.84 ***         

RLD 0.32 0.08 0.39 −0.48        

R:S 0.72 ** 0.68 ** 0.92 *** −0.87 *** 0.61 **       

LA 0.86 *** 0.92 *** 0.77 *** −0.43 0.12 0.62      

SLA −0.03 0.13 −0.07 0.21 −0.22 −0.05 0.28     

LB 0.90 *** 0.88 **** 0.83 *** −0.53 0.23 0.66 ** 0.91 *** −0.15    

SB −0.19 −0.26 −0.46 0.65 ** −0.74 ** −0.75 ** −0.22 −0.02 −0.22   

T 0.64 0.61 0.63 −0.41 0.10 0.51 0.75 ** 0.39 0.59 −0.09  

H −0.56 −0.53 −0.67 ** 0.70 ** −0.83 *** −0.83 *** −0.49 0.24 −0.61 0.81 *** −0.29 

**, ***significant at P<0.05 and P<0.01 probability levels, respectively. 
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3.4 Discussion 

3.4.1 Characterising the root systems of cultivars with contrasting root system sizes 

At 63 DAS, Bahatans-87 and Ghurka, which have putative large root systems, had higher 

cumulative root length and total root biomass than Tincurrin and Hartog (P<0.05), which 

have putative small root systems, when grown in soil up to booting, Z45. The differences 

in root system size were mainly due to cumulative root length and total root biomass due 

to root branching and proliferation rather than differences in rooting depth. Bahatans-87 

and Ghurka had more root branching and proliferation in the top 40 cm of the soil profile 

than the other cultivars. Vertical growth of the root system in Bahatans-87 was 37% faster 

than the other cultivars. Apart from Bahatans-87, root extension down the soil profile did 

not differ between the cultivars, suggesting that the seminal roots in the other four cultivars 

had similar rates of vertical growth. Specific root length (SRL) is an indirect measure of 

root thickness (Liao et al., 2006). Bahatans-87 and Ghurka had the lowest SRL down the 

soil profile, indicating thicker roots than Tincurrin and Hartog. In particular, Ghurka had a 

lower SRL than Bahatans-87 in the top 20 cm of the soil profile. The situation was reversed 

from 0.2–1.0 m with Bahatans-87 having a lower SRL than Ghurka. 

The non-destructive measurement of root length by mapping indicated that all cultivars 

have similar root lengths until 35 DAS; differences in root length and branching between 

cultivars became apparent mainly after tillering at the beginning of stem elongation. 

Differences in root length after 35 DAS were reported for nine wheat cultivars, released 

across five decades, grown in rhizoboxes (Aziz et al., 2016), reporting similar values of 

total root length before tillering, and the differences were associated with the onset of stem 

elongation (Z30). When the root growth of vigorous and non-vigorous wheat genotypes 

was compared in rhizoboxes by Liao et al. (2006), visual differences in root length and 

proliferation from the one-leaf stage (10 DAS) were monitored, but it was not until the 
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onset of stem elongation (30 DAS) that significant differences occurred. These findings not 

only reflect the plasticity of the wheat root system when different cultivars are grown under 

different conditions (Aziz et al., 2016; Becker et al., 2015; Botwright Acuña and Wade, 

2012; Ehdaie et al., 2010; Palta and Watt, 2009; Saradadevi et al., 2017; Siddique et al., 

1990a; Xie et al., 2017), but uncover the perils of conducting early-stage root phenotyping 

in wheat (Atkinson et al., 2015; Watt et al., 2013). Despite the high plasticity of the root 

system, wheat cultivars, when grown in the field or in rhizoboxes, maintained a similar 

ranking in root biomass and root length density under well-watered and moderate water 

deficit conditions (Fang et al., 2017; Palta et al., 2011). 

3.4.2 Negative relationship between phenology and root system size  

Time to booting (Z45) in Tincurrin and Hartog, which have small root systems, was 36 

days earlier than Bahatans-87 and Ghurka, which have large root systems (P<0.05). A 

similar study with nine wheat cultivars observed differences of only seven days (Aziz et 

al., 2016). The large discrepancy in our study possibly reflects cultivar differences in 

photoperiod and vernalisation requirements (Brooking and Jamieson, 2002; McMaster et 

al., 2008; Spitters and Kramer, 1986) or temperature responses (McMaster et al., 2008; 

Porter and Gawith, 1999). However, under field conditions, wheat cultivars with less root 

biomass reached anthesis up to 26 days earlier than cultivars with more root biomass 

(Siddique et al., 1990a), which may be due to slower phenological development in some 

cultivars, allowing root systems to grow and proliferate for longer than cultivars with faster 

phenological development (Aziz et al., 2016). The allocation of photosynthetic assimilates 

to the wheat root system and root growth rates abruptly fell from 48% to 17% at floral 

initiation (double ridge) and subsequently, declined slowly to about 4% at booting (Z41) 

(Gregory et al., 1997; Palta and Gregory, 1997). This implies that, the slower phenological 

development in Bahatans-87 and Ghurka was likely associated with their large root 
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systems. On the other hand, the earlier time to booting (Z41) in Tincurrin and Hartog was 

likely associated with their small root systems, because their roots grew slowly, and they 

reached booting much earlier than the other cultivars (Watt et al., 2009). 

3.4.3 The relationship between root system size and shoot traits  

Bahatans-87 and Ghurka, which have large root systems, had more leaf area than Tincurrin 

and Hartog, which have small root systems (P<0.05). This is consistent with the finding 

that wheat root biomass is closely correlated with shoot traits (Palta et al., 2011), 

particularly leaf area and leaf biomass (Watt et al., 2005). It is likely that Bahatans-87 and 

Ghurka, which have more leaf area and leaf biomass, would have a higher rate of 

photosynthesis per plant (Palta et al., 2011) which would result in more Carbon assimilates 

allocated to roots (Gregory et al., 1997). The cultivars with large root systems had higher 

root:shoot ratios, indicating that a higher proportion of the total plant biomass was allocated 

to the roots (Rajala and Peltonen-Sainio, 2001). The root:shoot ratio is closely related to 

wheat cultivar phenology as it decreases with developmental stage (Siddique et al., 1990a). 

Cultivar differences in the root:shoot ratio may be due to the delayed start to reproductive 

development in the cultivars with large root systems (Bahatans-87 and Ghurka), extending 

the period of investment to root biomass (Siddique et al., 1990a). Indeed, by the time the 

cultivars with small root systems (Tincurrin and Hartog) had reached Z55 (half ear 

emergence), those with large root systems were only at mid-tillering (Z25). 

There is no consensus on whether the size of the root system in wheat is paramount for 

improving water and nitrogen capture, despite most studies relating root system size with 

water and nitrogen uptake, suggesting that large root systems can capture more water and 

more nitrogen and produce more biomass than small root systems (Palta et al., 2011; Palta 

and Watt, 2009). Vigorous wheat genotypes with large root systems that proliferate early 

are the most effective for capturing nitrogen in deep sandy soils (Liao et al., 2004; Liao et 
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al., 2006; Palta et al., 2011), but they can deplete the soil water fast and early, causing 

premature water deficits (Palta and Watt, 2009). Few non-vigorous wheat genotypes with 

small root systems can capture as much nitrogen per plant as those with large root systems 

(Pang et al., 2015). Furthermore, the root system of wheat varieties released in Australia in 

the last five decades has progressively declined in size, while nitrogen uptake has increased, 

mainly due to an increased efficiency in capturing nitrogen (Aziz et al., 2016). This 

indicates that nitrogen uptake and, likely, water uptake, are not always directly or entirely 

associated with large root systems. The question remains, to what extent does the size of 

the root system influence nitrogen and water uptake efficiency. 

3.5 Conclusions  

Wheat cultivars with large and small root systems at early vegetative stages (Z21) of growth 

in a semi-hydroponic system maintained the size of their root system at later stages (booting 

stage Z45) when grown in soil. Wheat cultivars with large root systems had greater root 

length, root biomass, root branching and thicker roots, particularly in the top 40 cm of the 

soil profile than cultivars with small root systems. Cultivars that took longer to reach 

anthesis had larger root systems than those that reached anthesis earlier, indicating that they 

had more time for root growth and that the size of the root system is likely related to 

phenology. The size of the wheat root system is likely to be associated with more 

photosynthetic assimilates being allocated to roots (Palta et al., 2011; Palta and Gregory, 

1997; Passioura, 1983). Cultivars with large root systems had 25% more leaf area and leaf 

biomass, presumably increasing canopy photosynthesis to supply the demand for carbon 

assimilates to roots. The characterization of the root system size and shoot traits in five 

wheat cultivars in this study will assist further investigations on the role of root system size 

in the efficiency of water and nutrient uptake. 
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Chapter 4. Early season drought largely reduces grain yield in wheat cultivars with 

smaller root systems 

 

4.1 Introduction  

Climate change is altering the pattern of the rainfall in the Australian grainbelt, affecting 

wheat production (Asseng and Pannell, 2013). In the Australian grainbelt, drought spells 

often occur early in the season (Fletcher et al., 2015), mid-season (from stem elongation to 

two weeks before flowering) (Chenu et al., 2013) and from flowering (terminal drought) 

(Sprigg et al., 2014). Early sowing is common practice in the Australian grainbelt, allowing 

wheat crops to escape the severe effects of terminal drought on grain yield (Cammarano et 

al., 2012). However, early winter rainfall in the Mediterranean-type climate of Australia 

has declined and in response, 82% of wheat growers are now sowing all their crops into 

dry land (Fletcher et al., 2015). Wheat crops sown into dry soil will germinate at the first 

rainfall, which could leave crops vulnerable to 20–32 days of drought after emergence (i.e., 

early season drought, ESD). While seedlings subjected to ESD often survive (Adda et al., 

2005), their growth and development are significantly slowed, which delays anthesis and 

reduces biomass and grain yield (French and Palta, 2014). ESD reduces the rate of leaf net 

photosynthesis, tiller number, leaf area, aboveground biomass and grain yield (Armstrong 

et al., 1996; El Hafid et al., 1998a, b) as well as below ground traits, such as, total root 

length and root surface area, increases the root: shoot ratio (Han et al., 2015).  

The size of the root system is determined by total root biomass and cumulative root length 

(Hamblin and Tennant, 1987; Palta et al., 2011) is considered together with leaf area, tiller 

survival and time to anthesis, as candidate traits that should be examined under early season 

drought (French and Palta, 2014). Under field conditions, larger root systems increased 

wheat grain yield (Heřmanská et al., 2014; Středa et al., 2012) and root length has been 
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positively correlated with yield under water stress (Abdolshahi et al., 2015). However, 

selection for increasing grain yield in Australian wheat varieties has unintentionally 

selected for less total root length, root length density and root biomass; the reduced root 

system size is more efficient at nitrogen (N) uptake (Aziz et al., 2016; Cossani et al., 2012). 

This study examined whether differences in root systems are associated with tolerance to 

ESD. It was hypothesised that wheat cultivars with large root systems are less affected by 

ESD with better growth and biomass recovery by anthesis than wheat cultivars with small 

root systems. To test this hypothesis, three wheat cultivars with different-sized root systems 

were exposed to 30 days of ESD. Differences in shoot and root traits were analysed at the 

end of the drought period; after recovery at anthesis and at final harvest. 

4.2 Materials and Methods  

4.2.1 Plant Materials and Growing Conditions  

Three wheat cultivars with different sized root systems, identified from a previous rhizobox 

study, were used in this study: Bahatans-87 (large root system), Harper (medium root 

system) and Tincurrin (small root system) (Figueroa-Bustos et al., 2018). The selection of 

these three cultivars was based on two criteria: total root length and total root biomass at 

63 days after sowing (DAS) when Tincurrin was in booting stage meanwhile Bahatans-87 

and Harper were in stem elongation. The faster phenological development of Tincurrin 

allow this cultivar reached the maximum root biomass earlier than Bahatans-87 and Harper.  

The three cultivars were grown in polyvinyl chloride columns (0.15 m diameter, 1.0 m 

deep) with a long sleeve clear plastic bag (150 µm thick with 24 small holes in the bottom 

to facilitate drainage) inserted into each column for the ease of root recovery at harvest. 

Each column was filled with 26 kg of soil at a bulk density of 1.47 g cm–3 over a 5 cm layer 

of gravel at the bottom to facilitate drainage. The soil was a mixture (75:25) of a reddish-

brown sandy clay loam (Red Calcic Dermosal) (Isbell, 1993), obtained from the top soil 
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(0–15 cm) of a field site at Cunderdin, Western Australia, and washed and air-dried river 

sand to improve drainage (Aziz et al., 2016; Figueroa-Bustos et al., 2018). Fertiliser 

equivalent to 60 kg ha–1 N, 77 kg ha–1 P, 71 kg ha–1 K and trace amounts of micronutrients 

(S, Cu, Zn, Mo and Mn) was mixed homogeneously into the top 0.1 m soil layer in each 

column before sowing. Fertilizer dose at sowing corresponds to the optimal nutrient supply 

for wheat crops in the Cunderdin district in Western Australia, from where the soil was 

collected for the experiment (Flower et al., 2012). Daily inspection of wheat plants did not 

show any visual nutrient deficiency symptoms. Five seeds were sown per column, and 

thinned to two plants per pot at the 1–2– leaf stages. A water soluble fertiliser with Mg, Cu, 

Zn, Mo, S and other micronutrients was supplied trough irrigation at 44 and 61 DAS as 

required.  

The experiments were conducted in an evaporative cooled glasshouse at The University of 

Western Australia, Perth, Australia (31°93´S, 115°83´E) from May to November 2018, 

with an average air temperature of 17°C (ranged from 7–26°C), relative humidity of 63% 

and natural day light (photoperiod) of 11 to 12 h with an average maximum photosynthetic 

photon flux density of 935 ± 19 µmol m−2 s−1 measured at the plant level at 13:00 h. 

4.2.2 Experimental Design and Treatments  

The three cultivars were grown in a row column design with two factors (cultivar × water) 

and five replicates. Ninety columns filled with dry soil were divided in two groups of 45 

(15 columns per cultivar). In the first group (well-watered, WW), the soil in each column 

was slowly watered by hand to saturation and left to drain for 48 h to obtain the column 

soil water capacity. For both groups, fertiliser was applied and homogenously mixed in the 

top 0.1 m of the soil of each column before sowing; seeds were sown into the dry soil in 

the second group (ESD). Immediately after sowing, ESD group received simulated rainfall 

of about 25 mm to induce germination (Figure 4.1). 
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Figure 4.1 Diagram of the watering treatments in three wheat cultivars with different root systems, grown under well-watered conditions and 

exposed to early season drought (ESD), which was induced by simulating a 25 mm rainfall after sowing in dry soil and no watering for 30 days. 
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The soil of the well-watered treatment was slow watered by hand twice a week to keep the 

soil close to field capacity and avoid excessive drainage. The ESD treatment received no 

additional water for 30 DAS to induce a water deficit. During this period, the volumetric 

water content was measured twice a week with a 15 cm soil moisture probe (Hydrosense, 

Campbell, Australia) (Figure 4.2a,b). The ESD treatment was terminated at 30 DAS, when 

the plants showed permanent wilting symptoms, by slowly hand watering the soil in the 

columns to field capacity. All the plants were then watered by hand on alternate days close 

to pot holding capacity until physiological maturity-Z91 (Zadoks et al., 1974). 

4.2.3 Measurements  

Plant phenology was monitored regularly using the scale of Zadoks et al. (1974). Days to 

booting (Z49), anthesis (Z61) and physiological maturity (Z91) were recorded.  

At 30 DAS plants in the ESD treatment showed permanent wilting symptoms, 

measurements of leaf water potential (Ψleaf), stomatal conductance (gs), transpiration and 

leaf net photosynthesis rate were taken on the top fully expanded leaf of the main stem on 

five replicate plants between 10:30 am and 1:30 pm on days with clear sky. Leaf net 

photosynthesis, gs and transpiration were measured with a LI-COR gas-exchanged system 

(LI-6400, LI-COR Bioscience, Lincoln, NE, USA) with LED light source on the leaf 

chamber. In the LI-COR cuvette, CO2 concentration was set to 380 µmol mol–1 and LED 

light intensity 900 µmol m–2 s–1, which is the average saturation intensity for photosynthesis 

in wheat (Austin, 1990). Immediately after these measurements, Ψ leaf was measured using 

a Scholander pressure chamber (model 1000, PMS Instrument Co., Albany, OR, USA). 

The flag leaf was loosely covered with a plastic sheath before excision and during the 

measurement to avoid evaporation (Turner, 1988).  
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Figure 4.2 Volumetric soil water content (%) in (a) well-watered treatment and (b) early 

season drought (ESD) measured in the top 0.15 m of the soil profile during the watering 

treatments; (c) leaf water potential (Ψleaf), (d) stomatal conductance (gs), and (e) leaf 

photosynthesis rate measured at the end of the early-season drought treatment (30 DAS) in 

three cultivars with different root systems, grown under well-watered conditions (WW) and 

exposed to ESD. ESD was induced by simulating a 25 mm rainfall after sowing in dry soil 

and no watering for 30 days. Mean values (n = 30) followed by different letters in Figure 

4.2 (c), (d) and (e) are significantly different P<0.05. Vertical bars on each mean bar 

represent s.e. of the mean (n = 5). 
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Aboveground measurements—leaf area (LA), leaf biomass, specific leaf area (leaf area per 

unit leaf weight, SLA), tiller number and shoot biomass—were made on 30 DAS (just 

before the early season drought treatment was watered), 50% anthesis, and maturity. At 

each sampling time, the shoots of ten plants (5 pots) were cut from the roots at the crown, 

the number of tillers recorded and stems and leaves separated. Leaf area was measured 

using a portable leaf area meter (LI-3000, Li-COR Bioscience, Lincoln, NE, USA). Stems 

and leaves were dried separately in an oven at 70°C for 48 h and then weighed.  

Immediately after harvesting the shoots, the plastic bag in each column was pulled away 

and opened. The soil profile was sampled in 0.2 m sections from the top by cutting the soil 

with a carbon steel blade. The roots in each 0.2 m section were recovered from the soil by 

washing through a 1.4 mm sieve to produce a clean sample (Palta and Fillery, 1993). The 

recovered roots from each 0.2 m soil section were placed in plastic bags at 4°C until 

scanned at 400 dpi per mm (Epson Perfection V800, Long Beach, CA, USA) to quantify 

root morphological traits (the first two harvests only), including root length, root length 

density (root length per unit of soil volume, RLD) and specific root length (root length per 

unit of biomass, SRL). The root samples were dried after scanning as per the shoot samples, 

to obtain root biomass. Root images were analysed using WinRHIZO Pro Software (v2009, 

Regent Instrument, Quebec, QC, Canada) (Chen et al., 2016). Total RLD was calculated as 

the total root length divided by the soil volume. The distribution of RLD in the soil profile 

was calculated as the root length in 0.2 m sections from the top to the bottom of each 

column divided by the soil volume of the corresponding section (0.0035 m3). Specific root 

length, an indirect measure of the thickness of the root system, was estimated as total root 

length divided by total root biomass (Aziz et al., 2016; Liao et al., 2006).  

At the final harvest, the number of spikes per plant was counted. Spikes were separated 

from shoots, oven dried at 60 °C for 48 h before being hand-threshed. The number and 
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weight of grains per plant were recorded. Harvest index (HI) was calculated as the ratio of 

grain yield to shoot biomass. 

4.2.4 Statistical Analysis 

The data from each harvest were analysed using two-way ANOVA in the statistical 

software GenStat 18th edition (VSI International, Hemel Hempstead, UK, 2015), followed 

by the least significant difference (l.s.d.) test for multiple comparisons. 

4.3 Results  

4.3.1 Soil water content, water potential, stomatal conductance and leaf 

photosynthesis  

In the first 30 days after sowing (DAS), the volumetric soil water content in the top 0.15 m 

of the soil profile in the well-watered treatment remained high; range 28–34% for the three 

cultivars (Figure 4.2a). Leaf water potential (Ψleaf) in the well-watered plants was 

maintained at about −0.46 MPa for the three cultivars (Figure 4.2c). In the ESD treatments, 

volumetric soil water content in the top 0.15 m of the soil profile decreased continuously 

from about 19% to 10% in the first 30 DAS (Figure 4.2b), and Ψleaf decreased to –2.46 MPa 

in Bahatans-87 and about –1.94 MPa in Harper and Tincurrin (Figure 4.2c). In the first 30 

DAS, ESD reduced Ψleaf by a factor of 5.6 in Bahatans-87 and 4.2 in Harper and Tincurrin 

(P<0.001). In the well-watered treatment, the three cultivars had a similar stomatal 

conductance (gs) of ~816 mmol m–2 s–1, but gs declined in the ESD treatment ~92 mmol m–

2 s–1 (~90% reduction) (P<0.001; Figure 4.2d). When soil water was sufficient, the leaf 

photosynthetic rate was ~25 µmol m–2s–1 in all cultivars (Figure 4.2e), but declined under 

ESD to 9.15 µmol m–2 s–1 (65% reduction) in Harper and ~4.3 µmol m–2 s–1 (~83% 

reduction) in Bahatans-87 and Tincurrin (P<0.001; Figure 4.2e). 
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4.3.2 Phenology  

In the well-watered treatment, time to booting (Z49) was 19 and 26 days earlier in Tincurrin 

than Bahatans-87 and Harper, respectively (Table 4.1). The ESD treatment delayed the time 

to booting by 7 days in Bahatans-87 and Tincurrin, and 10 days in Harper (P<0.01). 

Differences in time to anthesis (Z61) between cultivars and treatments followed the same 

trend as time to booting (Table 4.1). ESD delayed anthesis by 13 days in Harper and 7 days 

in Bahatans-87 and Tincurrin (P<0.01). Regardless of the watering treatment, Tincurrin 

reached physiological maturity (Z91) three days earlier than Bahatans-87 and 25 days 

earlier than Harper. ESD delayed physiological maturity by 4 and 10 days in Harper and 

Tincurrin, respectively (P<0.01) than WW. Independent of the watering treatment, grain 

filling in Bahatans-87 was 25 and 13 days shorter than Harper and Tincurrin, respectively 

(Table 4.1). 

4.3.3 Shoot Traits  

At 30 DAS well-watered Bahatans-87 had 25% more leaf area than Harper and Tincurrin 

(Table 4.2). In the first 30 DAS, ESD reduced leaf area five-fold in Bahatans-87 and three-

fold in Harper and Tincurrin (P<0.01; Table 4.2). At anthesis (Z61), well-watered Harper 

had 25% and 41% more leaf area than well-watered Bahatans-87 and Tincurrin, 

respectively; in the ESD treatment, Harper had 33% and 51% more leaf area than Bahatans-

87 and Tincurrin, respectively (Table 4.2). By anthesis, ESD had reduced leaf area by 15% 

in Bahatans-87 and 23% in Tincurrin (P<0.05), but had no effect on leaf area in Harper 

(Table 4.2). 
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Table 4.1 Number of days to booting (Z49), anthesis (Z61), physiological maturity (Z91) 

and duration of the grain filling in three wheat cultivars with different root systems, grown 

under well-watered conditions (WW) and exposed to early season drought (ESD). ESD was 

induced by simulating a 25 mm rainfall after sowing in dry soil and no watering for 30 

days. 

     

Cultivar 

 

Booting 

 

Anthesis 

 

Physiological 

 maturity 

Duration of the 

 grain filling 

 (DAS) (DAS) (DAS) Days 

  WW ESD WW ESD WW ESD  WW ESD 

          

Bahatans-87 93c 100b 102c 109b 139c 150b  37c 41c 

          

Harper 100b 110a 107b 120a 170a 174a  63a 54b 

          

Tincurrin 74e 81d 87e 94d 137c 147b  50b 53b 

     

LSD (C) 

LSD (T) 

LSD (CxT) 

2.3 

1.9 

3.3** 

2.9 

2.4 

4.1** 

6.1*** 

5** 

NS 

4.1 

3.4 

5.8*** 

Means followed by different letters are different according to least significant difference (LSD) 

test. **, *** significant at P<0.01 and P<0.001, respectively. Cultivar (C) and Treatment (T). 

At 30 DAS well-watered Tincurrin plants had 12% more SLA than Bahatans-87 and Harper 

(Table 4.2) ̶̶ In the ESD treatment, Tincurrin and Harper had 25% more SLA than Bahatans-

87. At 30 DAS, ESD reduced SLA by 41%, 22% and 29% in Bahatans-87, Harper and 

Tincurrin, respectively (P<0.05). At anthesis, well-watered Tincurrin had 25% and 20% 

more SLA than Bahatans–87 and Harper, respectively (Table 4.2) ̶̶ In the ESD treatment 

Tincurrin had 25% and 22% more SLA than Bahatans-87 and Harper, respectively. ESD 

had no effect on SLA at anthesis in any cultivar. 

At 30 DAS, well-watered Bahatans-87 had one and two more tillers per plant than Harper 

and Tincurrin, respectively (P<0.001), while none of the cultivars had produced tillers in 

the ESD treatment (Table 4.2). At anthesis, well-watered Bahatans-87 and Harper had nine 
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and ten more tillers per plant than Tincurrin (Table 4.2) while in the ESD treatment 

Bahatans-87 and Harper had seven and nine more tillers per plant than Tincurrin. ESD 

reduced the number of tillers at anthesis by 18%, 11% and 13% in Bahatans-87, Harper and 

Tincurrin, respectively (P<0.01; Table 4.2).  At 30 DAS, well-watered Bahatans-87 had 

25% and 38% more shoot biomass than Harper and Tincurrin, respectively (Figure 4.3a), 

while all cultivars had similar low shoot biomass in the ESD treatment. In the first 30 DAS, 

ESD reduced shoot biomass by 70% in Bahatans-87, 60% in Harper and 55% in Tincurrin 

(P<0.01; Figure 4.3a). At anthesis, well-watered, Bahatans-87 had 8% and 45% more shoot 

biomass than Harper and Tincurrin, respectively (P<0.01; Figure 4.3b), while the shoot 

biomass was 7.2% and 61.6% more, respectively, in the ESD treatment (P<0.01). Shoot 

biomass at anthesis did not differ between the well-watered and ESD treatments in 

Bahatans-87 and Harper, but Tincurrin had 31% less shoot biomass in the ESD treatment 

(Figure 4.3b; P<0.01). 

Figure 4.3 Shoot biomass at (a) the end of the drought treatment (30 DAS) and (b) anthesis, 

in three wheat cultivars with different root systems, grown under well-watered conditions 

(WW) and exposed to early season drought (ESD). ESD was induced by simulating a 25 

mm rainfall after sowing in dry soil and no watering for 30 days. Means followed by 

different letters are significantly different P < 0.05. Vertical bars on each mean bar 

represent s.e. of the mean (n = 5).
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Table 4.2 Leaf area, specific leaf area (SLA) and tiller number measured when the early season drought treatment was ended at 30 DAS, and 50% 

anthesis (Z61) in in three wheat cultivars with different root systems, grown under well-watered conditions (WW) and exposed to early season 

drought (ESD). ESD was induced by simulating a 25 mm rainfall after sowing in dry soil and no watering for 30 days. 

 

Means followed by different letters are different according to the least significant difference (LSD) test. *, **, *** significant at P<0.05, P<0.01 and 

P<0.001, respectively. NS, no significant P>0.05. Cultivar (C) and Treatment (T). 

    

Cultivar Leaf Area (cm2plant −1) Specific Leaf Area (cm2 g −1) Tiller Number (plant −1) 

 30 DAS Anthesis 30 DAS  Anthesis 30 DAS  Anthesis 

 WW ESD WW ESD WW ESD WW ESD WW ESD WW ESD 

             

Bahatans-87 101a 20c 1946b 1648c 270b 159d 229c 215bc 3a 0d 17a 14b 

             

Harper 75b 24c 2604a 2444a 272b 212c 245b 225b 2b 0d 18a 16b 

             

Tincurrin 77b 24c 1548c 1194d 307a 219c 305a 287a 1c 0d 8c 7c 

       

LSD (C) 8.4 179.7 17.6 13.2 0.2 1.2*** 

LSD (T) 6.9 146.7 14.4 10.7 0.2 1.0** 

LSD (CxT) 11.9** 254.1* 24.9* 18.6*** 0.3*** NS 
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4.3.4 Root Traits  

At 30 DAS, well-watered Bahatans-87 and Tincurrin had similar total root length per plant, 

while Harper had 7 m more than the other two cultivars (P<0.01). In ESD treatment at 30 

DAS, the three cultivars had similar low total root lengths (Figure 4a). In the first 30 DAS, 

ESD reduced total root length by 75% in Bahatans-87, 54% in Harper and 70% in Tincurrin 

(P<0.01; Figure 4.4a). At anthesis, well-watered Bahatans-87 had 17% and 42% more total 

root length than Harper and Tincurrin, respectively (P<0.001); in the ESD treatment 

Bahatans-87 had 9% and 46% more total root length than Harper and Tincurrin, 

respectively. ESD reduced total length at anthesis by 33% in Bahatans-87, 27% in Harper 

and 38% in Tincurrin (P<0.001; Figure 4.4b). 

At 30 DAS, well-watered Bahatans-87 and Tincurrin had similar root biomass per plant, 

but Harper had 17% more (P<0.05). In the ESD treatment at 30 DAS, the three cultivars 

had similar total root biomass (Figure 4.4c). In the first 30 DAS, ESD reduced total root 

biomass in all three cultivars by about 30% (P<0.01; Figure 4.4c). At anthesis, well-watered 

Bahatans-87 had 50% and 65% more root biomass than Harper and Tincurrin, respectively 

(P<0.001). In the ESD treatment, Bahatans-87 had 47% and 68% more root biomass than 

Harper and Tincurrin, respectively (P<0.001; Figure 4.4d). ESD reduced total root biomass 

at anthesis by 33%, 29% and 38% in Bahatans-87, Harper and Tincurrin, respectively 

(P<0.001; Figure 4.4d).  

At 30 DAS well-watered Bahatans-87 and Tincurrin had similar RLD, but Harper had 40% 

less (P<0.001). In the ESD treatment at 30 DAS, all the three cultivars had similar low 

RLD (Figure 4.5a). In the first 30 DAS, ESD reduced RLD by 70% in Bahatans-87, 40% 

in Harper and 64% in Tincurrin (P<0.001; Figure 4.5a). At anthesis, well-watered 

Bahatans-87 was 17% and 33% greater than in Harper and Tincurrin, respectively 
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(P<0.001; Figure 4.5b). ESD reduced RLD at anthesis by 33%, 26% and 46% in Bahatans-

87, Harper and Tincurrin, respectively (P<0.001; Figure 4.5b). 

Figure 4.4 Total root length at (a) end of the drought treatment (30 DAS) and (b) anthesis; 

total root biomass at (c) end of the drought treatment and (d) at anthesis in three wheat 

cultivars with different root systems, grown under well-watered conditions (WW) and 

exposed early season drought (ESD). ESD was induced by simulating a 25 mm rainfall 

after sowing in dry soil and no watering for 30 days. Means followed by different letters 

are significantly different P<0.05. Vertical bars on each mean bar represent s.e. of the mean 

(n = 5). 

 

At 30 DAS and under well-watered conditions, Bahatans-87 and Tincurrin had similar 

specific root lengths (SRL), while Harper had 17% more (P<0.05; Figure 4.5c). In the ESD 
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treatment at 30 DAS, the three cultivars had similar SRL (Figure 4.5c). In the first 30 DAS, 

ESD reduced SRL by 65% in Bahatans-87, 45% in Harper and 56% in Tincurrin (P< 0.05). 

At anthesis, well-watered Harper and Tincurrin had similar SRL, while Bahatans-87 had 

40% less (P<0.001; Figure 4.5d); similarly, in the ESD treatment, Harper and Tincurrin 

had similar SRL, while Bahatans-87 had 41% less (P<0.001). The ESD treatment had no 

effect on SRL at anthesis in the three cultivars (Figure 4.5d).  

 

Figure 4.5 Root length density at (a) end of the drought treatment (30 DAS) and (b) 

anthesis, and specific root length (c) at the end of the drought treatment and (d) at anthesis 

in three wheat cultivars with different root systems, grown under well-watered conditions 

(WW) and exposed to early season drought (ESD). ESD was induced by simulating a 25 

mm rainfall after sowing in dry soil and no watering for 30 days. Means followed by 

different letters are significantly different P<0.05. Vertical bars on each mean bar represent 

s.e. of the mean (n = 5). 
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At 30 DAS, well-watered Tincurrin had 33% and 29% higher root to shoot ratios (R: S) 

than Bahatans-87 and Harper, respectively (P <0.05); similarly, in the ESD treatment, 

Tincurrin had 8% and 13% higher R:S than Bahatans-87 and Harper, respectively (P<0.05; 

Figure 4.6a). In the first 30 DAS, ESD increased the R: S in Bahatans-87, Harper and 

Tincurrin by 55%, 49% and 38%, respectively (P<0.05; Figure 4.6b). At anthesis, well-

watered Bahatans–87 had 46% and 36% higher R:S than Harper and Tincurrin, respectively 

(P<0.001; Figure 4.6b); in the ESD treatment, Bahatans-87 had 43% and 17% higher R:S 

in Harper and Tincurrin, respectively (P<0.001). ESD reduced R:S at anthesis by 32%, 

28% and 11% in Bahatans-87, Harper and Tincurrin, respectively (P<0.001; Figure 4.6b). 

Figure 4.6 Root: Shoot ratio at (a) the end of the drought treatment (30 DAS) and (b) 

anthesis. ESD was induced by simulating a 25 mm rainfall after sowing in dry soil and no 

watering for 30 days. Means followed by different letters across cultivars and treatments) 

are significantly different at P<0.05. Vertical bars on each mean bar represent s.e.m of the 

mean (n = 5). 
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4.3.5. Root systems distribution in the soil profile  

At anthesis, well-watered conditions Bahatans-87 had 54%, 54% and 93% more RLD than 

Tincurrin in the 0–0.2 m, 0.2–0.4 m and 0.8–1 m soil layers, respectively (P<0.05; Figure 

4.7a). At anthesis in the ESD treatment, Bahatans-87 and Tincurrin had similar RLD in the 

0–0.2 m and 0.2–0.4 m soil layers, but Bahatans-87 had 35%, 93% and 98% more RLD 

than Tincurrin in the 0.4–0.6 m, 0.6–0.8 m and 0.8 –1.0 m soil layers, respectively (P<0.01; 

Figure 4.7a). ESD reduced RLD at anthesis in Bahatans-87 by 28%, 51%, 48%, 39% and 

54% in the 0–0.2 m, 0.2 –0.4 m, 0.4–0.6m, 0.6–0.8m and 0.8–1.0 m soil layers, respectively 

(P<0.05). ESD had no effect on RLD at anthesis in Tincurrin in the 0–0.2 m and 0.2 –0.4 

m soil layers, but reduced it by 39% and 95% in the 0.4–0.6 m, and 0.6–0.8 m soil layers, 

respectively (P<0.01). At anthesis, well-watered Bahatans-87 had 54%, 72%, 58%, 44% 

and 96% more root biomass than Tincurrin in the 0–0.2 m, 0.2–0.4 m, 0.4–0.6m and 0.8–

1.0 m soil layers, respectively (P<0.05 Figure 4.7b); in the ESD treatment, the 

corresponding values were 46%, 43%, 50%, 98% and 99% (P< 0.05; Figure 4.7b). ESD 

significantly reduced root biomass at anthesis in each 0.2 m soil layer (except 0.6–0.8 m) 

in Bahatans-87 (P<0.05; Figure 4.7b) and had on root biomass in the top 0–0.6 m in 

Tincurrin, but reduced by 96% in the 0.6–0.8 m soil layer (P<0.01; Figure 4.7b). 
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Figure 4.7 (a) The distribution of root length density, and (b) root biomass down the soil 

profile in wheat cultivars with different root systems, grown under well-watered conditions 

(WW) and exposed to early season drought (ESD). ESD was induced by simulating a 25 

mm rainfall after sowing in dry soil and no watering for 30 days. Horizontal bars represent 

LSD at P< 0.05 for comparison between cultivars at each depth in the soil profile. 

 

4.3.6. Grain yield and yield components  

Well-watered Bahatans-87 and Tincurrin had similar grain yield, while Harper had 18.7% 

less (Table 4.3). A similar trend was observed in the ESD treatment. ESD reduced grain 

yield by 9.6%, 11.5% and 15.6% in Bahatans-87, Harper and Tincurrin, respectively 

(P<0.001). Well-watered, Harper had 19% and 33% more spikes per plant than Bahatans-

87 and Tincurrin, respectively (Table 4.3). In the ESD treatment, Bahatans-87 and Harper 

had similar spike numbers, while Tincurrin had 13% fewer (P<0.01). Well-watered 

Bahatans-87 and Harper had similar grain numbers per spike under, while Tincurrin had 

20% more (Table 4.3). 



 

58 
 

Table 4.3 Grain yield, number of spikes per plant, number of grain per spike, 1000-grain weight and harvest index (HI) in three wheat cultivars 

with different root systems, grown under well-watered conditions (WW) and exposed to early season drought (ESD). ESD was induced by 

simulating a 25 mm rainfall after sowing in dry soil and no watering for 30 days. 

Means followed by different letters are different according to the least significant difference (LSD) test. *, **, *** significant at P<0.05, 

P<0.01 and P<0.001, respectively. NS, no significant P>0.05. Cultivar (C) and Treatment (T). 

      

Cultivar Grain Yield Spikes Grains 1000 Grain Weight Harvest Index 

 (g plant −1) (plant −1) (spike−1) (g)  

 WW ESD WW ESD WW ESD WW ESD WW ESD 

           

Bahatans-87 31a 28b 17b 16b 42c 40c 44a 45a 0.38c 0.35d 

           

Harper 26c 23d 21a 16b 44bc 40c 32c 33c 0.35d 0.34d 

           

Tincurrin 32a 27bc 14c 14c 55a 46b 41b 40b 0.52a 0.46b 

           

LSD (C) 2.4*** 1.3 3.7 1.6** 0.03*** 

LSD (T) 1.9*** 1.1 3.0 NS 0.03* 

LSD (CxT) NS 1.8** 5.2* NS NS 
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In the ESD treatment, Tincurrin had 13% more grains per spike than Bahatans-87 and 

Harper. ESD had no effect on grain number per spike in Bahatans-87 and Harper, but 

reduced it by 16% in Tincurrin (P<0.05). Well-watered Bahatans-87 had 27% and 7% 

1000-grain weight than in Harper and Tincurrin, respectively (P<0.01). In the ESD 

treatment, Bahatans-87 had 27% and 11% higher 1000-grain weight than Harper and 

Tincurrin, respectively (Table 4.3). ESD had no effect on 1000-grain weight in the three 

cultivars. Well-watered conditions, HI differed between the three cultivars, ranging from 

0.35 to 0.52. In the ESD treatment, Bahatans-87 and Harper had similar HI but it was 24% 

higher in Tincurrin. ESD had no effect on HI in Harper, but reduced it by 8% and 12% in 

Bahatans-87 and Tincurrin, respectively (Table 4.3). 

4.4. Discussion  

4.4.1. Water stress characterisation of the early season drought treatment  

The 25 mm of simulated rainfall applied to dry soil after sowing wet the top 0.12–0.15 m 

of the soil profile and allowed germination and emergence to occur. The subsequent 

restriction to water supply reduced the volumetric soil water content in the top 0.15 m layer 

of the soil profile. Although the plant water deficit was not measured as the volumetric soil 

water content decreased, the Ψleaf—measured at 30 DAS, when the watering treatment had 

ended—had declined in the three cultivars with restricted water supply, relative to well-

watered plants, indicating that water deficits had occurred. Ψleaf fell to –2.46 MPa in 

Bahatans-87 and –1.94 MPa in Harper and Tincurrin, both of which are lower than the Ψleaf 

at which stomatal conductance, transpiration rate and leaf photosynthetic rate in wheat are 

reduced (–1.4 MPa to –1.5 MPa) (Henson et al., 1989; Jensen et al., 1989). Indeed, at 30 

DAS, gs had declined in the three cultivars by about 90% (P<0.001) and the rate of leaf 

photosynthesis by 65–83% (P<0.001), indicating that the cultivars were under water stress. 
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Since this physiological condition developed after plant emergence, we refer to it here as 

early season drought (ESD) (Figure 4.8). 

4.4.2. Early season drought delayed phenology in wheat cultivars with different-

sized root systems  

In all three cultivars, ESD delayed time to booting, anthesis and physiological maturity. 

Tincurrin (small root system), reached anthesis 15 days earlier than Bahatans-87 (with large 

root system) independent of the water treatment, indicating faster phenological 

development in Tincurrin, which may explain its smaller root system and leaf biomass at 

anthesis compared to Harper and Bahatans-87. The delayed in phenology with ESD, when 

Ψleaf fell to about –2.5 MPa, could be due to a cessation of apical development and cell 

division (Angus and Moncur, 1977). Delaying the time to anthesis allows the root system 

to grow for a longer time (Motzo et al., 1993), as the root system in wheat growth until 

anthesis (Gregory and Atwell, 1991; Palta and Gregory, 1997; Siddique et al., 1990a). 

However, delaying time to anthesis to compensate for the growth of the root system is not 

a useful strategy to increase yield in some environments, such as Mediterranean-type 

climates, where wheat crops often experience drought after flowering (Kobata et al., 1992; 

Palta et al., 1994); any delay to anthesis will reduce the opportunity to escape the severe 

effects of terminal drought. 
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Figure 4. 8 Aboveground growth at the end of the drought treatment (30 DAS) in (a) Bahatans-87, (b) Harper and (c) Tincurrin. Root growth in 

the 0-20 cm depth at the end of the drought treatment in (d) Bahatans-87, (e) Harper and (f) Tincurrin. Pictures: Left - well-watered treatment and 

the right - early season drought (ESD) treatment. 
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4.4.3. Small root system had significant reduction in leaf area and biomass at 

anthesis 

ESD significantly reduced leaf area and shoot biomass at anthesis compare to well-watered 

plants, however no differences were observed in the ESD between the cultivars at 30 DAS 

in these parameters. At end of the ESD treatment, leaf area and shoot biomass recovered, 

more so in the cultivar with the large root system (Bahatans-87) than the cultivar with small 

root system (Tincurrin) because wheat cultivars with large root systems often have more 

days to booting (Aziz et al., 2016) and anthesis (Figueroa-Bustos et al., 2018) than those 

with small root systems, thus increasing the opportunity to accumulate more shoot biomass. 

However, leaf area and shoot biomass in Bahatans-87 did not recover to that of well-

watered plants, indicating that ESD, despite delaying time to anthesis, restricted wheat 

growth. 

4.4.4. Early season drought reduced the root: shoot ratio at anthesis  

ESD reduced the root: shoot ratio at anthesis, regardless of the size of the root system. The 

reduction in root biomass at anthesis in the ESD treatment could be explained by the delay 

in the appearance of tillers (El Hafid et al., 1998a), since root biomass and tiller number 

are close related (Allard et al., 2013). In the vegetative stage during water deficit, wheat 

plants invest more in root biomass than shoot biomass (Hamblin et al., 1990; Siddique et 

al., 1990a). However, during rewatering period the root growth rate in the ESD was lower 

compared to that in well water treatment (Asseng et al., 1998), and the shoot growth rate 

between end of tillering and booting was the same or higher than the control (El Hafid et 

al., 1998c). These findings may explain why ESD reduced the root:shoot ratio at flowering. 

Root growth rated were not measured in this study, but the reduction in root biomass at 

anthesis could be due to slower rates of root growth during the recovery under well-water 

conditions (Asseng et al., 1998), despite ESD delaying the time to anthesis, which increased 
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the number of days for root growth. Differences between the cultivars in the time to anthesis 

after exposure to ESD may explain why root biomass at anthesis in Bahatans-87 (large root 

system) had less reduction in shoot biomass than Tincurrin. Despite the fact that Bahatans-

87 and Harper have similar time to anthesis, the differences in root biomass may be due to 

the different root growth rate between the cultivars. The root:shoot ratio at anthesis in the 

cultivar with the large root system was reduced more than the cultivar with the smaller root 

system. This was mainly because Bahatans-87 and Harper took longer time to reach 

anthesis than Tincurrin and thus accumulated more shoot biomass. 

4.4.5. Early season drought largely reduced grain yield in a cultivar with a smaller 

root system  

ESD reduced grain yield in all three cultivars, more so in Tincurrin, with the small root 

system. Tincurrin, had earlier tillering, booting and anthesis than cultivars with large root 

system (Aziz et al., 2016; Figueroa-Bustos et al., 2018). Harper (medium root system) had 

less reduction in grain yield than Tincurrin. The percentage reduction on grain yield with 

ESD in Harper was higher than in Bahatans-87, indicating the longer phenology in Harper 

was not sufficient to compensate the grain yield reduction. Late heading and anthesis in 

wheat that has experienced ESD have been positive correlated with grain yield (van Ginkel 

et al., 1998). Selection for increased root system size in wheat showed that an increment of 

~21% in root system size increased grain yield by 0.4 t ha–1 under rainfed conditions (Středa 

et al., 2012), indicating a positive correlation between root system size and grain yield in 

wheat growing under such conditions (Heřmanská et al., 2014). 

Breeding programs to improve wheat grain yield in dry environments and dry seasons have 

mainly focused on selecting for tolerance to terminal drought (Asseng and van Herwaarden, 

2003; Golabadi et al., 2010; Senapati et al., 2018; Siddique et al., 1990b). The selection of 

wheat cultivars with early growth and early anthesis has allowed wheat to escape the severe 
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effects of terminal drought (Lopes et al., 2012; Shavrukov et al., 2017; Siddique et al., 

1989a). However, ESD—which has become more frequent in some dry environments such 

as the Mediterranean-type climate of Australia (Fletcher et al., 2015; French and Abrecht, 

2013)—is delaying time to anthesis and hence preventing wheat crops from escaping the 

severe effects of terminal drought has on grain yield. 

4.5. Conclusions 

The simulated 25 mm of rainfall has followed the planting into dry soil wet the top ~ 0.15 

m of the soil layer, allowing germination and emergence to occur. The subsequent restricted 

water supply for 30 days (ESD) reduced Ψleaf, stomatal conductance, transpiration rate, leaf 

photosynthetic rate, root biomass and shoot biomass. ESD delayed phenology, particularly 

time to anthesis, with time to anthesis delayed more in Bahatans-87 (large root system) than 

Tincurrin (small root system) allowing more time to recover leaf area and shoot biomass. 

It is likely that the faster phenological development in the cultivar with the small root 

system exposed it to more to ESD because at the end of 30 DAS Tincurrin was close to 

double ring stage. An important question arising from this study is to what extent the delay 

in time to anthesis in wheat experiencing ESD reduce the severe effects of terminal drought 

and its effect on grain yield. 
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Chapter 5. Wheat cultivars with contrasting root system size responded differently 

to terminal drought 

 

5.1 Introduction 

In the Australian grainbelt, annual rainfall declined from 1900 to 2009 by up to 20% and a 

further 10% reduction is estimated by 2070, threatening wheat production (Asseng and 

Pannell, 2013). This change in annual rainfall has followed a declining linear trend with 

annual wheat yield losses (up to 1.5%) in the Australian grainbelt from 1981 to 2018 

(Ababaei and Chenu, 2019). End-of-season drought or terminal drought occurs in most 

Australian wheat-growing areas (Chenu et al., 2013), particularly in Mediterranean-type 

environments, where crops are usually sown on the first major rainfall between mid-April 

and the end of June. In this region, 80% of annual rainfall is received between May and 

October and soil water losses by deep drainage below the root zone can occur during early 

winter in deep sands when the crop is small (Scanlon and Doncon, 2020). Conversely, water 

deficits develop after flowering when rainfall decreases and evaporation increases (Turner 

and Nicolas, 1987). Terminal drought reduces grain yield mainly because it reduces 

photosynthesis and the duration of grain filling (Christopher et al., 2016; Fabian et al., 

2011; Saeidi and Abdoli, 2015; Yu et al., 2016). Under terminal drought, every millimetre 

of extra soil water extracted by the root system is critical for maintaining grain filling and 

improving water use efficiency (Passioura, 1983).  

The root system plays a key role in the uptake of soil water and regulation of leaf 

senescence and leaf photosynthesis rate during grain filling (Kong et al., 2013). A deeper 

root system can prevent a severe water deficit from developing by accessing soil water at 

depth during terminal drought (Palta and Watt, 2009). Root length and root biomass are 

positively correlated with water use (Abdolshahi et al., 2015). However, a compact, deeper 
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and uniform root system should reduce water use early in the season increasing water 

availability from deeper soil layers post-anthesis (Palta and Turner, 2018). This is because 

conservative water use during vegetative growth will increase available soil water during 

flowering and grain filling, and thus increase harvest index and grain yield (Ahmed et al., 

2018; Araus et al., 2002). In contrast, large and shallow root systems can extract water from 

the top layers of the soil profile during vegetative growth, when rainfall is plentiful in the 

winter season (Manschadi et al., 2006). Cultivars with larger root systems had greater grain 

yield than cultivars with smaller root systems in rain-fed experiments in Central Europe 

(Motzo et al., 1993; Středa et al., 2012). Early season drought reduced grain yield less in 

Bahatans-87 (larger root system size) than Tincurrin (smaller root system size) due to slow 

phenology that allows better recovery in leaf area and shoot biomass at anthesis (Figueroa-

Bustos et al., 2019). However, it is not clear whether a strategy of higher water use (higher 

biomass production and transpiration rate) of the cultivar with larger root system size or the 

saving water strategy (lower water use combined with a lower leaf area) of cultivar with 

smaller root system size are superior under terminal drought. This study examined whether 

differences in root system size are associated with differences in tolerance to terminal 

drought. It was hypothesised that root system size ( in terms of root length and root 

biomass) at anthesis in a wheat cultivar with a large root system increased water use, water 

use efficiency and grain yield relative to cultivars with smaller root system size, under 

terminal drought. To test this hypothesis, two wheat cultivars with different-sized root 

systems were exposed to terminal drought. Differences in shoot and root traits were 

analysed before starting the water treatment and at final harvest. 
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5.2 Material and methods 

5.2.1 Plant material and growing conditions 

Two wheat (Triticum aestivum L.) cultivars—Bahatans-87 (large root system size) and 

Tincurrin (small root system size) —were selected from a phenotyping study characterising 

root trait variability in 184 genotypes using a semi-hydroponic phenotyping platform (Chen 

et al., 2020), and further validated in a rhizobox experiment (Figueroa-Bustos et al., 2018).  

The categorisation of the root system size, following the definition of Hamblin and Tennant 

(1987); Palta and Watt (2009); Palta et al. (2011), was based on total root length and root 

biomass. The selection of these two cultivars was based on the previous two criteria at 35 

days after transplanting when plants were at the onset of tillering in the semi-hydroponic 

system (Chen et al., 2020), and at 63 days after sowing (DAS) when Tincurrin was in the 

booting stage and Bahatans-87 was in stem elongation in rhizoboxes filled with soil 

(Figueroa-Bustos et al., 2018). Growth and development of the two cultivars with 

contrasting root system size were characterized in a previous study under well-watered 

conditions (Figueroa-Bustos et al., 2018) and the differences in root system size between 

the two cultivars were correlated with leaf area, tiller number, leaf biomass and 

phenological development. The two cultivars were grown in PVC columns (0.15 m 

diameter, 1.0 m deep) with a long sleeve clear plastic bag (150 µm thick with 24 small 

holes in the bottom to facilitate drainage) inserted into each column for the ease of root 

recovery at harvest. Small holes at the bottom of the plastic bag to facilitate drainage from 

the plastic bag to the PVC pot, which had fixed bottom lid and short plastic tubes connected 

to a bottle to collect any drainage. Drainage was minimised by manually watering each pot. 

Each column was filled with soil at a bulk density of 1.47 g cm–3 over a 5 cm layer of gravel 

at the bottom to facilitate drainage. The soil was a reddish-brown sandy clay loam (Red 

Calcic Dermosal) (Isbell, 1993), obtained from the top 0–15 cm of a field site at Cunderdin 
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(31°64’ S, 117°24’ E), Western Australia. The soil consisted of 63.5% brown sand, 8.3% 

silt and 28.3% clay with a pH 6.0 (measured in a 1:5 suspension of soil in 0.01 M CaCl2). 

Air-dried soil was sieved to 2 mm and mixed with coarse river sand (200-2000 µm particle 

size) in a 4:1 ratio by weight using a cement mixer for uniformity (Aziz et al., 2016; 

Figueroa-Bustos et al., 2018). Fertiliser equivalent to 60 kg ha –1 N, 77 kg ha –1 P, 71 kg ha 

–1 K and trace amounts of micronutrients (S, Cu, Zn, Mo and Mn) was mixed 

homogeneously into the top 0.1 m soil layer in each column the day before sowing. The 

fertiliser dose at sowing corresponded to the optimal nutrient supply for wheat crops in the 

Cunderdin district in Western Australia, from where the soil was collected for the 

experiment (Flower et al., 2012). Five seeds per column were sown on 14 May 2020 and 

thinned to two plants per pot at the 1–2 leaf stage. At tillering (Z23) (Zadoks et al.,1974), 

a 2.5 cm layer of plastic beads was uniformly spread on the top of the soil in each column 

to prevent the soil water losses from evaporation. A water soluble fertiliser (Scott Peter 

excel) with 15% nitrogen, 2.2% 130 phosphorus, 12.4% potassium and other 

micronutrients was supplied through irrigation at 34, 49 and 65 DAS to prevent any nutrient 

deficiencies. 

Plants were grown in an evaporative cooled glasshouse at The University of Western 

Australia, Perth, Australia (3193’ S, 11583’ E) from May to November 2019, with an 

average air temperature of 17C (range 9–27C), relative humidity of 60% and natural 

daylight (photoperiod) of 11 to 12 h. From sowing to ear emergence, before the terminal 

drought was induced, all plants in each cultivar were watered twice a week to maintain the 

pot soil water capacity close to 80%. On each occasion, pots were weighed, and the amount 

of water supplied to each pot was based on amount of water transpired. 
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5.2.2 Experimental design and treatments 

A randomised complete block design was used with two factors (ESD and WW) and seven 

replicates per treatment, for a total of 28 columns (experimental units). Twelve extra 

columns (six columns per cultivar) were grown for measurements of root and shoot traits 

at the time when the first spikelet on the main stem ear was visible in each cultivar (Z51), 

just before the watering treatments were imposed. Five of the six replicates were used as 

controls. The layout of the experimental units in the glasshouse consisted of four columns 

by ten rows. One replicate consisted of two columns by two rows. The two watering 

treatments were imposed when the tip of the ear was just visible in the main stem of 50% 

of the plants (Z51; start of ear emergence). Water deficit was induced by withholding water 

from 14 columns (seven per cultivar) in the terminal drought treatment. A second group of 

seven columns per cultivar were well watered twice weekly to maintain above 80% of 

column water holding capacity (WW) until physiological maturity (Z91). 

5.2.3 Measurements 

Phenological development was monitored regularly using the scale of Zadoks et al. (1974). 

Days after sowing (DAS) to boot swollen (Z51), anthesis (Z61) and physiological maturity 

(Z91) were recorded. Apparent duration of grain filling was calculated as the difference 

between days to physiological maturity and anthesis.  

When the first spikelet on the main stem ear was visible in each genotype (Z51), just before 

inducing terminal drought, five columns from each cultivar were randomly selected and 

harvested. Plants were harvested by cutting the shoots from the roots at the crown, the 

number of tillers recorded, and stems and leaves separated for destructive measurements of 

leaf area, leaf biomass and specific leaf area (leaf area per unit leaf weight, SLA). Leaf area 

was measured using a portable leaf area meter (LI-3000, Li-COR Bioscience, Lincoln, NE, 

USA). Stems and leaves were dried separately in an oven at 60ºC for 48 h and then weighed.  
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Immediately after harvesting the shoots, the plastic bag inside each column was pulled out 

from the column and opened to recover the roots. The soil profile was sampled in 0.2 m 

sections from the top by cutting the soil with a carbon steel blade. The roots in each 0.2 m 

section were recovered from the soil by washing through a 1.4 mm sieve to produce a clean 

sample (Palta and Fillery, 1993). The recovered roots from each 0.2 m soil section were 

placed in plastic bags at 4C until scanned at 400 dpi per mm (Epson Perfection V800, 

Long Beach, CA, USA) to measure root length. The root samples were dried after scanning 

as per the shoot samples to measure root biomass and specific root length (root length per 

unit of biomass; SRL). Root images were analysed using WinRHIZO Pro Software (v2009, 

Regent Instrument, Quebec, QC, Canada) (Chen et al., 2016). Specific root length, an 

indirect measure of the thickness of the root system, was estimated as total root length 

divided by total root biomass (Aziz et al., 2016; Liao et al., 2006).  

From the time the first spikelet on the main stem ear was visible in each genotype (Z51) 

until the flag leaf in plants under terminal drought conditions had dried and rolled, 

measurements of stomatal conductance (gs), leaf net photosynthesis rate (Pn) and 

transpiration (Tr) were made at 3–4 day intervals. Measurements were made on the top 

fully expanded leaf of the main stem on seven replicate plants between 10:00 am and 1:00 

pm on days with clear sky using a LI-COR gas-exchanged system (LI-6400, LI-COR 

Bioscience, Lincoln, NE, USA) with LED light source on the leaf chamber. In the LI-COR 

cuvette, CO2 concentration was set to 380 µmol mol–1 and LED light intensity 900 µmol 

m–2 s–1, which is the average saturation intensity for photosynthesis in wheat (Austin, 

1990). 

The amount of water applied to each column at each watering was recorded. Pre-ear 

emergence water use was calculated as the sum of water applied until ear emergence 

commenced in each genotype (Z51). After the well-watered and terminal drought 
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treatments had commenced, the columns in both treatments were weighed twice a week. 

After weighing the columns, the soil in the well-watered treatment was slowly watered to 

keep the soil close to full pot capacity, while the columns in the terminal drought treatment 

were not watered. Post-ear emergence water use was calculated as the difference in weight 

of individual columns at ear emergence (Z51) and at maturity plus the water applied in-

between. Total water use was calculated as the sum of pre- and post-ear emergence water 

used. The ratio pre-to post-anthesis water use was calculated. Water use efficiency 

(WUEgrain) was calculated as grain yield per unit total water used. Soil water content (SWC) 

was calculated as 

[1–  (Wc– Wn)/(Wc– Wd)) ]*100 

where Wc is the initial column weight at saturation, Wn is the weight of the column on the 

day of measurements and Wd is the weight of the column with dry soil.  

At final harvest, the number of tillers and spikes per plant was counted. Spikes were 

separated from shoots, oven dried at 60C for 48 h before being hand-threshed. The number 

and weight of grains per plant were recorded. Harvest index (HI) was calculated as the ratio 

of grain yield to shoot biomass. 

5.2.4 Statistical analysis  

One-way ANOVA was used for the analysis of growth parameters collected at the 

beginning of ear emergence before the water treatments were imposed. The analysis aimed 

to compare the two cultivars at growth stage.  

Two-way ANOVA was undertaken for the following response variables: days to anthesis, 

physiological maturity, growth and yield parameters at final harvest. The main effects of 

‘cultivar’, ‘water treatment’ and their interaction were fitted in the model. The predicted 

means for the significant terms in the model were compared using least significant 

difference (LSD) at 5%.  



Chapter 5 –Terminal drought 

72 
 

Both ANOVA models accounted for the blocking structure, presented here as a replicate.  

Measurements of stomatal conductance (gs), leaf net photosynthesis rate (Pn) and 

transpiration (Tr) were taken at days 7, 10, 14, 21 and 24 after the drought treatment started. 

The data were analysed in two ways addressing two questions of interest. First, repeated 

measures techniques were used to assess the significance of the main effects of cultivar, 

water treatment and their interaction along with fitting an unstructured model to account 

for the correlation of the observations measured on the same experimental unit for each of 

the 7 days. The second model modelled the dynamics of gs, Pn and Tr in time for the four 

cultivar and water treatment combinations. An exponential curve of type y=a+brx was 

fitted for each of the response variables, where a, b and r are the shift, scale and rate 

parameters, respectively and x is the numbers of days. The same type of exponential curve 

was used to model the soil water content (SWC).  

The data were analysed using the statistical software Genstat statistical 20th edition (VSI 

International, Hemel Hemstead, UK, 2019).  

5.3 Results 

5.3.1 Phenology 

The first visible spikelet on the main stem ear (Z51) appeared 29 days earlier in Tincurrin 

than Bahatans-87 (P<0.01; Table 5.1). Regardless of water treatment, anthesis in Tincurrin 

occurred 23 days earlier than Bahatans-87. Terminal drought accelerated physiological 

maturity by 17 days (P<0.01; Table 5.1) in both cultivars. Regardless of water treatment, 

grain filling took around 14 days longer in Tincurrin than Bahatans-87 (P<0.01; Table 5.1). 

Terminal drought conditions shortened grain filling by 15 days in Bahatans-87 and 17 days 

in Tincurrin (P<0.01; Table 5.1).  
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Table 5.1 Number of days to the first  visible spikelet on the main stem ear (Z51), anthesis 

(Z61), physiological maturity (Z91) and duration of the grain filling in Bahatans-87 (large 

root system) and Tincurrin (small root system) under well-watered (WW) and terminal 

drought conditions (TD) from the time the first spikelet on the main stem ear was visible. 

 

Means followed by different letters differ significantly (LSD test). *** Significant at P<0.001. NS, no 

significant P> 0.05. Cultivar (C) and Treatment (T). 

 

5.3.2 Soil drying, stomatal conductance, leaf rate photosynthesis and transpiration 

rate 

In the first 52 days of treatments, soil water content in the well-watered treatment was 

maintained at about 81% in Bahatans-87 and 88% in Tincurrin (Figure 5.1). The fitted 

curve of the soil water content model under terminal drought explained 96% of the variance 

(P<0.001). The fitted curve is presented as SWC=20.15+81.62*0.88day for Bahatans-87 and 

SWC=13.86+91.97*0.94day for Tincurrin (Figure 5.1). The dynamic of the curve showed 

that the soil water content under Bahatans-87 decreased faster than Tincurrin when water 

      

Cultivar Treatment  First visible main 

steam spikelet 

(DAS) 

Anthesis 

(DAS) 

Physiological 

maturity 

(DAS) 

Grain filling 

duration 

(Days) 

      

Bahatans-87 TD 101a 109a 131c 22c 

 WW 100a 109a 147a 37b 

      

Tincurrin TD 72b 86b 121d 35b 

 WW 72b 86b 138b 52a 

      

LSD (C)    2*** 2*** 2***   2*** 

LSD (T)  NS NS 2***    2*** 

LSD (C× T)  NS NS NS NS 



Chapter 5 –Terminal drought 

74 
 

was withheld completely from ear emergence (Z51) (P<0.001). The soil water content rate 

decreased 7% faster for Bahatans-87 than Tincurrin (Figure 5.1). 

Under well-watered conditions, stomatal conductance (gs) ranged from 290 to 481 mmol 

m–2 s–1 in Bahatans-87 and 398 to 641 mmol m–2 s–1 in Tincurrin (Figure 5.2a). Under 

terminal drought, gs decreased from 346 to 17 mmol m–2 s–1 in Bahatans-87 and 607 to 56.3 

mmol m–2 s–1 in Tincurrin in the first 24 days after the start of the treatment. The reduction 

in gs under terminal drought was faster in Bahatans-87 than Tincurrin, with gs decreasing 

by 90% in Bahatans-87 and 24 days in Tincurrin after 14 days of withholding watering 

(P<0.001). The best-fitted model explained 86% of the variance (P<0.001). The curves 

generated by the model for well-watered conditions followed the equations: 

gs=334.6+1682*0.717day for Bahatans-87 and gs=427.3+20391*0.527day for Tincurrin. The 

curves for terminal drought conditions followed the equations: gs=18.8+7014*0.6551day for 

Bahatans-87 and gs=–255+1297*0.9438day for Tincurrin, indicating that gs in Bahatans-87 

declined 31% faster than Tincurrin under terminal drought. 

The leaf photosynthesis rate (Pn) under well-watered conditions ranged from 15 to 17 µmol 

m–2 s–1 in Bahatans-87 and 13 to 17 µmol m–2 s–1 in Tincurrin (Figure 5.2b), while under 

terminal drought it decreased from 14 to 2 µmol m–2 s–1 in Bahatans-87 and 16 to 5 µmol 

m–2 s–1 in Tincurrin (Figure 5.2b). The best-fitted model explained 75% of the variance 

(P<0.001). The curves for well-watered conditions followed the equations: Pn=17.27–

0.27*1.096day for Bahatans-87 and Pn=13.98+11.2*0.857day for Tincurrin, indicating that 

Bahatans-87 had a 22% higher photosynthetic rate than Tincurrin. The curves for terminal 

drought followed the equations: Pn=2.321+100.9*0.7465day for Bahatans-87 and Pn=19.71–
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1.4*1.1023day
 for Tincurrin, indicating that Bahatans-87 growth rate declined 32% faster 

than Tincurrin.  

 

Figure 5.1 Change with time in soil water content (%) after the first spikelet on the main 

stem ear was visible (Z51) in Bahatans-87 (large root system) and Tincurrin (small root 

system) under well-watered (WW) and terminal drought conditions (TD). Points represent 

the average of the seven replicates. Broken lines represent soil water content in WW treatment. 

Solid lines represent the best exponential fitted model for soil water content over days after 

booting stage TD. 
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Figure 5.2 Change with time in (a) stomatal conductance (gs), (b) leaf photosynthesis rate 

(Pn) and (c) transpiration rate (Tr) after the first spikelet on the main stem ear was visible 

(Z51) in Bahatans-87 (large root system) and Tincurrin (small root system) under well-

watered (WW) and terminal drought conditions (TD). Vertical bars on each mean bar 

represent standard errors of means (s.e.m) (n=7). 
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The transpiration rate (Tr) under well-watered conditions ranged from 3.5 to 5.5 mmol m–

2 s–1 in both cultivars (Figure 5.2c). However, under terminal drought, the transpiration rate 

declined in Bahatans-87 from 3.4 to 0.3 mmol m–2 s–1 and Tincurrin from 5.1 to 1.1 mmol 

m–2 s–1 in Tincurrin (Figure 5.2c). The best-fitted model explained 81% of the variance 

(P<0.001). Under well-watered conditions, the Tr of Tincurrin increased 14% faster than 

Bahatans-87, while under terminal drought, the Tr of Bahatans-87 declined 41% faster than 

Tincurrin.  

 

5.3.3 Plant growth 

When the first spikelet on the main stem ear appeared, just before terminal drought was 

induced, Bahatans-87 had 28% more leaf area than Tincurrin (P<0.05; Figure 5.3a) and 

higher specific leaf area (235 cm2 g–1) than Tincurrin (299 cm2 g–1) (P<0.01; Figure 5.3b). 

Bahatans-87 had 81%, 70%, and 47% higher root biomass, root length and root: shoot ratio 

than Tincurrin (P<0.05; Figure 5.4), but Tincurrin had 40% higher specific root length than 

Bahatans-87 (P<0.01; Figure 5.4c), indicating that Tincurrin had a thinner root system than 

Bahatans-87. 

Shoot biomass, before terminal drought was induced, was 63% higher in Bahatans-87 than 

Tincurrin (P<0.001; Figure 5.5a). At final harvest, Bahatans-87 had 31% more shoot 

biomass under well-watered conditions than Tincurrin (P<0.001; Figure 5.5b) and 42% 

more shoot biomass under terminal drought conditions than Tincurrin (P<0.001; Figure 

5.5b). Terminal drought reduced shoot biomass more in Tincurrin (47%) than in Bahatans-

87 (36%) (P<0.001; Figure 5.5b). Tiller number, before terminal drought was induced, was 

higher in Bahatans-87 (five more tillers) than Tincurrin (P<0.01; Figure 5.5c). At final 

harvest, Bahatans-87 had seven more tillers than Tincurrin, irrespective of water treatment 
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(P<0.001; Figure 5.5d). Terminal drought had no effect on tiller number in either cultivar 

(P>0.05), mainly because it was induced at ear emergence.  

 

 

 

Figure 5.3 (a) Leaf area and (b) specific leaf area after the first spikelet on the main stem 

ear was visible (Z51) in Bahatans-87 (large root system) and Tincurrin (small root system), 

just before terminal drought was induced. Means followed by different letters differ 

significantly (P<0.05). Vertical bars on each mean bar represent s.e.m (n= 5).  
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Figure 5.4 (a) Root biomass, (b) root length, (c) specific root length and (d) root:shoot ratio 

in Bahatans-87 (large root system) Tincurrin (small root system) after the first spikelet on 

the main stem ear was visible (Z51), just before terminal drought was induced. Means 

followed by different letters differ significantly (P<0.05). Vertical bars on each mean bar 

represent s.e.m (n= 5). 
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Figure 5.5 Shoot biomass (a), before the watering treatments were applied and (b) at final 

harvest, and tiller number (c) just before terminal drought was induced and (d) at final 

harvest in Bahatans-87 (large root system) and Tincurrin (small root system) under well-

watered (WW) and terminal drought conditions (TD) from the time the first spikelet on the 

main stem ear was visible. Means followed by different letters differ significantly (P< 

0.05). Vertical bars on each mean bar represent s.e.m (n= 7). 

5.3.4 Water use and water use efficiency 

Under well-watered conditions, Bahatans-87 had 45% and 33% greater pre-and post-ear 

emergence water use than Tincurrin, respectively (P<0.01; Table 5.2). Across the whole 

experiment, under well-watered conditions, Bahatans-87 used 39% more water than 

Tincurrin. Under terminal drought, post-ear emergence water use decreased by 82% in 
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Bahatans-87 and 49% in Tincurrin, compared with their respective well-watered treatment 

((P<0.01; Table 5.2). Across the whole experiment, under terminal drought, Bahatans-87 

used 39% more water than Tincurrin ((P<0.01; Table 5.2). Terminal drought reduced total 

water use by 37% in both cultivars ((P<0.01). The ratio of pre-and post-ear emergence 

water use was comparable in both cultivars under well-watered conditions, but it almost 

doubled under terminal drought (P<0.001). Tincurrin had 36% and 59% higher WUEgrain 

than Bahatans-87 under well-watered and terminal drought conditions, respectively 

((P<0.001; Table 2). Under terminal drought, WUEgrain declined by 67% in Bahatans-87 

and 49% in Tincurrin ((P<0.001; Table 5.2).  

5.3.5 Grain yield 

Under well-watered conditions, Bahatans-87 and Tincurrin had similar grain numbers and 

grain yields, despite Bahatans-87 producing five more spikes than Tincurrin (P<0.05; Table 

5.3). Tincurrin had 30% more grains per spike than Bahatans-87 (P<0.001; Table 5.3). 

Under terminal drought, Tincurrin produced 36% higher grain yield than Bahatans-87 

(P<0.001). Terminal drought reduced grain yield by 67% in Tincurrin and 80% in 

Bahatans-87 (P<0.001). Under terminal drought, Tincurrin had 33% more grains per spike 

than Bahatans-87 (P<0.001). Terminal drought reduced grain number by 30% in Tincurrin 

and 57% in Bahatans-87 (P<0.001). Under terminal drought, both species had similar spike 

numbers, despite terminal drought reducing spike number per plant by five in Bahatans-87 

and one in Tincurrin (P<0.05). Tincurrin produced 30% more grains per spike than 

Bahatans-87 under well-watered conditions (P<0.001). Under terminal drought, Bahatans-

87 produced 43% more grains per spike than Tincurrin (P<0.001). Terminal drought 

reduced grain number per spike by 31% in Bahatans-87 and 15% in Tincurrin (P<0.001).
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Table 5.2 Pre- and post-ear emergence water use, total water use, ratio of pre-ear to post-ear emergence water use and water use efficiency 

(WUE grain), in Bahatans-87 (large root system) and Tincurrin (small root system) under well-watered (WW) and terminal drought conditions 

(TD) from the time the first spikelet on the main stem ear was visible. 

Means followed by different letters differ significantly (LSD test). **,*** significant at P<0.01 and P<0.001, respectively. NS, not significant P>0.05. Cultivar (C) and 

Treatment (T). 

 

 

Cultivar Treatment Pre-ear 

emergence 

water use 

(L plant–1) 

Post-ear 

emergence 

water use 

(L plant–1) 

Total 

water use 

(L plant–1) 

Pre-ear/post-ear 

emergence water 

use 

WUE grain 

(g grain L–1) 

 

        

Bahatans-87 TD 12.0a 1.8c 13.8b 6.6a 0.29d  

 WW 12.1a 10.2a 22.2a 1.3c 0.88b  

        

Tincurrin TD 6.6b 1.8c 8.5c 3.5b 0.71c  

 WW 6.6b 6.8b 13.5b 1.0d 1.38a  

        

LSD (C)  0.13*** 1.0**   1.1*** 0.12*** 0.097***  

LSD (T)  NS   1.0***   1.1*** 0.12*** 0.097***  

LSD (C × T)  NS 1.4** 1.5** 0.16*** NS  



 

83 
 

Both cultivars had similar 1000-grain weights (~ 41 g) under well-watered conditions. 

Terminal drought reduced 1000-grain weight in both cultivars by about 53% (~19 g; 

P<0.001). Under well-watered conditions, Tincurrin had 28% higher HI than Bahatans-87 

(P<0.001; Table 5.3), which increased to 61% higher under terminal drought (P<0.001). 

Terminal drought reduced HI by 67% in Bahatans-87 and 39% in Tincurrin (P<0.001). 

 

5.4 Discussion 

5.4.1 Cultivar with large root system size depleted soil water faster than cultivar 

with small root system size  

Before the watering treatments were imposed at ear emergence, the cultivar with the larger 

root system size (Bahatans-87) had higher leaf area and shoot biomass than the cultivar 

with smaller root system size (Tincurrin), confirming that the size of the root system in 

wheat is positively correlated with leaf area and shoot biomass (Aziz et al., 2016; Liao et 

al., 2006). Since leaf area and shoot biomass are positively associated with transpiration 

(Araya et al., 2019), it was expected that Bahatans-87 would deplete available soil water 

faster than Tincurrin. Indeed, withholding watering from when the first spikelet was visible 

rapidly reduced soil water content in Bahatans-87 (large root system) 17 days earlier than 

Tincurrin (small root system), which reflected the faster reduction in stomatal conductance 

and leaf net photosynthesis. Stomatal conductance dropped below 200 mm m–2 s–1 within 

10 days of withholding water in Bahatans-87, while Tincurrin reached a similar value 

within 17 days of withholding water, indicating that the cultivar with the large root system 

size closed the stomata and developed plant water deficit earlier than cultivar with small 

root system.  



 

84 
 

Table 5.3 Grain yield, grain number, spike number, grains per spike, 1000-grain weight and harvest index (HI)  in Bahatans-87 (large root 

system) and Tincurrin (small root system) under well-watered (WW) and terminal drought conditions (TD) from the time the first spikelet on the 

main stem ear was visible.  

Means followed by different letters differ significantly (LSD test). *, **, *** significant at P <0.05, P <0.01 and P<0.001, respectively. NS, not significant P> 0.05. Cultivar 

(C) and Treatment (T). 

        

Cultivar Treatment Grain yield 

(g plant–1) 

Grains 

plant–1 

 

Spikes 

plant–1 

Grains 

spike–1 

1000 grain 

weight (g) 

Harvest 

index 

        

Bahatans-87 TD 3.9c 209c 7.9b 26.5d 19.5b 0.11d 

 WW 19.4a 484a 12.8a 38.2c 40.3a 0.33b 

        

Tincurrin TD 6.1b 312b 6.9b 46.2b 19.3b 0.28c 

 WW 18.6a 443a 8.1b 54.5a 42.0a 0.46a 

        

LSD (C)  NS NS      1.4***    4.6*** NS     0.03*** 

LSD (T)       1.6*** 48      1.4***    4.6***      2.4***     0.03*** 

LSD (C × T)  NS     67**  1.9* NS NS NS 
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5.4.2 Water use higher in the cultivar with larger root system size 

The higher pre-ear emergence water use in Bahatans-87 could be related to a higher demand 

for water due to its higher leaf area and shoot biomass and slower phenological 

development. Bahatans-87 (large root system) reached anthesis 23 days after Tincurrin 

(small root system), confirming that there is a correlation between time to anthesis and root 

system size in wheat (Aziz et al., 2016; Figueroa-Bustos et al., 2018). It is likely that wheat 

cultivars with longer time to anthesis have more time for root system growth, since the 

allocation of daily photosynthates to roots decreased abruptly from 42% to 18% at floral 

initiation (double ridge, Z31) and to 4% by booting (Z47) (Gregory and Atwell, 1991; Palta 

and Gregory, 1997). The 33% higher post-ear emergence water use in Bahatans-87 than 

Tincurrin are directly associated with its shoot biomass and higher leaf area, since leaf area 

and transpiration are linearly correlated (Ritchie, 1974).  

5.4.3 Cultivar with larger root system had higher reduction in grain yield than 

cultivar with smaller root system under terminal drought 

The wheat cultivars with contrasting root system size in this study had no significant 

difference in grain yield under well-watered conditions. Despite both cultivars having 

similar grain numbers per plant and thousand grain weights, Bahatans-87 had more spikes 

per plant than Tincurrin. Tincurrin compensated for the lower number of spikes by 

producing more grains per spike. Bahatans-87 is an old cultivar released in 1924, while 

Tincurrin was released 54 years later (Figueroa-Bustos et al., 2018). Old cultivars produced 

more tillers than newer cultivars (Fang et al., 2017; Siddique et al., 1989a). However, in 

dryland environments, many of these tillers die before producing a spike (Duggan et al., 

2000). Modern cultivars have more grains per spike than older cultivars (Álvaro et al., 

2008; Fang et al., 2017; Qin et al., 2018). Hence, modern cultivars like Tincurrin produce 
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similar grain yields to old cultivars like Bahatans-87 by increasing grain numbers per spike 

under well-watered conditions.  

Terminal drought reduced grain yield in both cultivars, with the differences reflected in 

phenological development. Bahatans-87 had slower phenological development allowing 

root and shoot growth to continue for longer (Figueroa-Bustos et al., 2019). Rapid 

phenological development can reduce the drought risk during reproductive stages and 

improve grain yield in Mediterranean environments (Flohr et al., 2018b). Early flowering 

allows grain filling to be completed before the severe effects of water stress (Shavrukov et 

al., 2017). In Mediterranean environments cultivars with slower phenological development 

had higher pre-anthesis water use and less soil water available for reproductive stages 

(Siddique et al., 1990b). Post-anthesis water use is directly used for grain filling, such that 

cultivars that used more water during vegetative stages end up with grain yield penalties 

(Fischer and Wood, 1979). Hence, the faster phenology, lower ratio of pre-to post-ear 

emergence water use, and lower total water use in Tincurrin under terminal drought might 

explain its smaller reduction in grain yield, relative to Bahatans-87.  

5.4.4 Grain number affected yield in cultivar with larger root system size under 

terminal drought 

The critical period for grain set in wheat is from the appearance of the penultimate leaf 

(Z33) to the beginning of grain filling 10 days after anthesis (Z65) (Fischer, 2008; Zadoks 

et al., 1974). Soil water content at 10 days after flowering, when grain number was already 

set, was 27% in Bahatans-87 and 34% in Tincurrin, indicating that Bahatans-87 depleted 

most of the available soil water before grain number was determined. Since terminal 

drought reduced photosynthesis in Bahatans-87 earlier and faster than Tincurrin, grain 

number declined significantly in Bahatans-87, presumably as current photosynthate is 

essential for maintaining grain number during the critical period for grain set in wheat 
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(Kirby, 1988). It is also likely that reduction in photosynthesis decrease grain filling and 

induced grain abortion after pollination, which intern lead grain number reduction (Rajala 

et al., 2009).  

5.4.5 Cultivar with smaller root system size had better grain water use efficiency 

The higher water use efficiency of the cultivar with smaller root system size (Tincurrin) 

was associated with its low ratio of pre- to post-ear emergence water use, longer grain 

filling duration and higher harvest index than the cultivar with the larger root system size 

(Bahatans-87). Selection for high yield in wheat has also lowered the ratio of pre- to post-

anthesis water use, indicating that modern wheat cultivars use proportionally less water 

during vegetative stages, conserving water in the soil for reproductive stages (Siddique et 

al., 1990b). The lower ratio of pre- to post-anthesis water use and lower total water use in 

Tincurrin is likely due to its early anthesis and lower shoot biomass than Bahatans-87. 

Tincurrin is a semi-dwarf cultivar with lower stem weight that could increase harvest index 

(Acreche et al., 2008; Friedli et al., 2019; Siddique et al., 1989a). Increases in harvest index 

are associated with increases in grain yield (Perry and D'Antuono, 1989; Richards et al., 

2014).  

Breeding programs for improving wheat grain yield in dry environments and dry seasons 

have mainly focused on improving tolerance to terminal drought (Asseng and van 

Herwaarden, 2003; Golabadi et al., 2010; Senapati et al., 2018; Siddique et al., 1990b) by 

selecting for early growth and early anthesis to escape the severe effects of terminal drought 

(Perry and D'Antuono, 1989; Rebetzke and Richards, 1999; Richards et al., 2014). This 

advantage seems to diminish when cultivars selected for early anthesis experience early 

season drought, mainly delays phenology, particularly time to anthesis (Figueroa-Bustos et 

al., 2019). With the slow onset of climate change, early winter rainfall in the 

Mediterranean-type climate of Australia has been decreasing; as a result, more than 82% 
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of wheat growers are dry sowing their crops (Fletcher et al., 2015). Wheat crops sown into 

dry soil will germinate on the first rainfall, potentially leaving crops vulnerable to 20-32 

days of drought after emergence, called early season drought (French and Palta, 2014). 

5.5 Conclusion 

Differences in grain yield between wheat cultivars with contrasting root system size under 

terminal drought, were mainly related to water use, particularly post-ear emergence water 

use. Bahatans-87 (larger root system) depleted the available soil water faster than Tincurrin 

(smaller root system) due to higher leaf area and shoot biomass. Under well-watered 

conditions, both cultivars had similar grain yields, despite, Tincurrin having higher water 

use efficiency. Under terminal drought, leaf net photosynthesis rate during the first 10 days 

after anthesis sharply declined in Bahatans-87, which significantly affected grain number 

per plant, while the slow reduction in soil water content and photosynthesis in Tincurrin 

resulted in smaller reductions in grain number per plant. Terminal drought reduced grain 

yield in both cultivars, more so in Bahatans-87 than Tincurrin. The strong association 

between root system size and phenology, leaf area and shoot biomass, determined cultivar 

performance under terminal drought. Further studies to improve grain yield in water-

limited environments should consider that association. 
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6. General discussion 

 

6.1 Introduction  

Drought is a bio-physical phenomenon where a lack of rainfall for a considerable period 

fails to maintain potential evaporation, which reduces plant growth or grain yield due to 

insufficient water supply, or a large humidity deficit, despite seemingly adequate water in 

the soil (Passioura, 1996). Drought occurs worldwide and is the major abiotic stress limiting 

crop productivity in the Australian grainbelt. With the advent of climate change, it is 

predicted that 44% of the Australian grainbelt area will experience severe water stress by 

2030 (Ababaei and Chenu, 2019; Watson et al., 2017). An historical analysis (1976-2006) 

of the incidence and severity of drought in the four major environments of Australian 

grainbelt showed that 44% of severe water stress started before flowering with or without 

relief during grain filling, and the most common drought events occur during flowering and 

grain filling, with 44% of incidence in environment type characterised for (1) stress 

between flowering and grain filling and (2) severe stress beginning during vegetative period 

and lasted until maturity, and 77% of incidence in environments that present mild or severe 

water stress (Chenu et al., 2013). Simulations indicated that all areas of the Australian 

grainbelt will continue to experience severe water-stress conditions by 2070, being more 

severe in the western than eastern part of the grainbelt (Watson et al., 2017) (Figure 6.1). 
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Figure 6.1 Projected site-level frequency of occurrence of severe water stress in three 

scenarios—optimistic, central, and pessimistic—of climate models across the Australian 

grainbelt. Adapted from (Watson et al., 2017).  

 

Drought occurring after wheat flowering or terminal drought is the most common abiotic 

stress in the Mediterranean-type climate of the Western Australian grainbelt. The advent of 

climate change has reduced growing-season rainfall particularly in May and June, by 6% 

and 20%, respectively (Scanlon and Doncon, 2020), which has increased the occurrence of 

early season drought. Most of Western Australian wheat growers have responded to the 

increase in within-season drought by sowing wheat into dry soil (Fletcher et al., 2020a; 

Fletcher et al., 2016). Wheat seeds germinate after the first rainfalls (~ 20 mm), but dry 

sowing often leaves crops vulnerable to drought for 20 and 32 days after seed emergence 
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in 50% and 25% of years, respectively (Asseng et al., 2016; Palta, 2017). While there is 

putative evidence that wheat cultivars respond differently to early-season and terminal 

drought (T. Setter, pers. comm.), it is important to understand the drought response of 

cultivars with contrasting root system size, since access to soil water during drought is 

primarily determined by the form and function of root systems (Palta et al., 2011). A series 

of experiments were conducted in the glasshouse, with wheat cultivars grown in rhizoboxes 

and large columns to test the following hypotheses. It was hypothesised that wheat cultivars 

with contrasting root system size differ in their response to drought. In the early season 

drought experiment, it was hypothesised that wheat cultivar with large root system are less 

affected by drought after seedling emergence and have greater growth and biomass 

recovery in anthesis than those with small root system. In the terminal drought experiment, 

it was hypothesised that root length density, root biomass and root distribution at anthesis 

in cultivars with large root system improve water use, water use efficiency and grain yield 

of wheat under terminal drought. 

6.2 Key research findings 

The key research findings for the three experiments conducted in this thesis are reported in 

Chapter 3 “Characterisation of root and shoot traits in wheat cultivars with putative 

differences in root system size”, Chapter 4 “Early-season drought largely reduces grain 

yield in wheat cultivars with smaller root systems” and Chapter 5 “Wheat cultivars with 

contrasting root system size responded differently to terminal drought” and are summarised 

in Table 6.1. 
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Table 6.1 Summary of experiments in this thesis including hypotheses tested, whether the hypotheses were accepted or rejected and key 

findings. 

Chapter Hypothesis tested Accepted or rejected Remarks 

3 Genotypic differences in wheat root system size at early 

vegetative stages (tillering, Z21) grown under semi-

hydroponic conditions are reproducible at late 

phenological stages (booting, Z49) when grown in large 

soil-filled rhizoboxes. 

 

 

The size of the root system in wheat cultivars is 

associated with total root length and proliferation rather 

than total root biomass.  

 

Leaf area is correlated with root length and can be used 

as a surrogate character for total root length. 

 

Accepted  

 

 

 

 

 

 

Rejected 

 

 

 

Partially accepted 

Genotypic differences in wheat cultivars with 

contrasting root system size were evident when 

grown in soil in rhizoboxes. The root size ranking 

of cultivars at the tillering stage in the semi-

hydroponic system was reproducible when grown 

in soil-filled rhizoboxes at the booting stage.  

 

Root length and root biomass correlated thus the 

size of the root system depends on root biomass 

and root length. 

 

Leaf area was correlated with root length and root 

biomass, but the relationship between leaf area and 

root length was not as strong as the relationship 

between leaf area and root biomass.  

 

4 Wheat cultivars with a large root system are less stressed 

when drought occurs after seedling emergence (early 

season drought) than cultivars with a small root system.  

 

 

Wheat cultivars with large root systems recover better 

from early season drought by anthesis and maturity than 

cultivars with small root systems. 

 

 

 

Rejected 

 

 

 

 

 

Accepted 

 

At the end of early season drought, the cultivar 

with large root system size had lower leaf water 

potential, and similar stomatal conductance and 

leaf photosynthesis rate than cultivars with 

medium and small root system size. 

 

 Due to slow phenological development the 

cultivar with large root system size, had greater 

leaf area and shoot biomass recovery from early 

season drought by anthesis than the cultivar with 
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 small root system size and consequently had 

smaller reduction in grain yield. 

5 Grain yield, water use and water use efficiency in a wheat 

cultivar with large root system size exposed to terminal 

drought improves more than a wheat cultivar with small 

root system size.  

Rejected The large root system size was associated with 

high leaf area, shoot biomass and slow 

phenological development while the small root 

system size was associated with higher water use. 

Thus, the cultivar with large root system size 

exhausted soil water content faster, reduced 

stomatal conductance earlier, and with a higher 

reduction on grain yield than cultivar with small 

root system size.  

3,4,5  Accepted The wheat cultivar with large root system size had 

greater tolerance to early season drought than the 

cultivar with small root system size; however, the 

reverse was true under terminal drought.  
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Wheat cultivars with contrasting root system size grown to tillering (Z21) in a semi-

hydroponic system (Chen et al., 2020), maintained the size ranking at booting (Z49) when 

grown in large soil-filled rhizoboxes (Chapter 3). Cultivars with a large root system size 

had more root biomass and total root length (Palta et al., 2011) than those with medium and 

small root system sizes. Cultivars with large root system, size had low specific root length, 

indicating the presence of thick roots. Root anatomy and hydraulic properties were not 

examined in this study; however, it is known that root hydraulic conductivity and hence 

water absorption is high in long roots of large diameter (Zhao et al., 2005). Cultivars with 

large root system size also used more water than cultivars with small root system size 

(Chapter 5). Wheat cultivars with large root system size, such as Ghurka and Bahatans-87, 

had slower phenological development than cultivars with smaller root systems, like Hartog 

and Tincurrin. Differences in time to booting (Z49) between cultivars with large and small 

root system size, were up to 4 weeks, allowing the shoot and root systems in cultivars with 

large root system size to grow for longer. Indeed, cultivars with large root system size had 

24% and 25% more leaf area and leaf biomass than cultivars with small root system size. 

Leaf area and leaf biomass had a positive correlation with root biomass and root length and 

could be potentially used as surrogate characteristics to identify root system size in wheat 

cultivars without excavating the soil; however, the plasticity of the root system may affect 

the relationship between these traits. Shoot biomass was not correlated with root biomass 

or root length (Chapter 3) due to at harvest (63 DAS) cultivars with larger root system size 

were still at vegetative stages while cultivars with small root system size were at booting 

stages thus the stem biomass of cultivars with smaller root system size increased the shoot 

biomass; when cultivars were harvest at the same phenological stage (Chapter 4 and 5), the 

cultivar with larger root system size had also higher shoot biomass and leaf area. The wheat 

cultivars Bahatans-87, Harper and Tincurrin with large, medium and small root system size, 
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respectively, were selected for contrasting root biomass and root length in the following 

experiments. 

Under well-watered conditions, cultivar Bahatans-87 (large root system size) had higher 

leaf area and tiller number than Harper (medium root system size) and Tincurrin (small 

root system size), reflecting the robust growth characteristics of this vigorous wheat cultivar 

(Palta et al., 2011; Palta and Watt, 2009). Early season drought for 30 days affected three 

cultivars similarly (Chapter 4), delaying time to tillering, booting and anthesis, due to the 

cessation of apical development in the cultivars compared to the well-watered treatment 

(Angus and Moncur, 1977). Growth recovery after early season drought, was fast, but not 

enough to compensate for the reduced leaf area and shoot biomass caused by early season 

drought. Wheat cultivars with large root system size recovered better than those with small 

root system size, which might be due to their slow phenology, allowing more time for 

growth recovery. Early season drought reduced root length, root biomass and root:shoot 

ratio at anthesis; despite root growth rates not being measured in this study, it is likely that 

the reductions in root length and biomass were due to reductions in root growth rate during 

the rewatering period (Asseng et al., 1998). The later time to anthesis enabled Bahatans-87 

to recover better than the other cultivars from early season drought; hence, it had a smaller 

reduction in grain yield than Harper and Tincurrin. 

As expected, under well-watered conditions, Bahatans-87 had more root biomass, root 

length, leaf area and shoot biomass than Tincurrin (Chapter 5). The vigorous growth of 

Bahatans-87 combined with its slow phenological development and high leaf area lead to 

high plant transpiration and more pre-ear emergence water use. As watering was withheld 

from ear emergence (Z51) to induce terminal drought, Bahatans-87 transpired faster and 

began to close stomata earlier, reducing the leaf photosynthesis rate and depleting available 

soil water faster than Tincurrin. A larger reduction in grain number and spikes per plant 
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was associated with a large reduction in grain yield in Bahatans-87, indicating that 

Bahatans-87 had an earlier and more severe response to terminal drought than Tincurrin. 

Interestingly, under well-watered conditions, the two cultivars with contrasting root system 

size did not significantly differ in grain yield (Chapter 4 and 5). Bahatans-87, with a larger 

root system size, leaf area and shoot biomass was expected to produce more grain yield 

than the other cultivar. Bahatans-87 is an old cultivar released in 1924 from Algeria, 

characterised for its larger tiller production and stem biomass, taller plants and lower 

harvest index than Tincurrin. Tincurrin is an Australian modern cultivar released in 1978, 

characterised for its semi-dwarf cultivar with reduced tillering (Siddique et al., 1989a). 

Tincurrin also has improved grain use efficiency due to its shorter phenology, lower total 

water use, more grains per spike and higher harvest index than Bahatans-87. 

Bahatans-87 was selected in Algeria where drought can occur at any phenological stage 

including early- and mid-season drought (Touchan et al., 2016). Tincurrin is adapted to the 

Mediterranean-type climate of the Western Australian grainbelt, which is often exposed to 

end-of-season drought (Turner and Asseng, 2005). The slower phenological development, 

greater tiller number, leaf area, shoot biomass, root length and root biomass, and lower 

specific root length of Bahatans-87 appears enable better recovery and lower reductions in 

grain yield after early season drought than Tincurrin (Chapter 4). It is also likely that 

Bahatans-87 is more tolerant to mid-season drought than Tincurrin due to its longer 

phenology and better recovery of shoot and root traits by anthesis, but maybe a 

disadvantage under terminal drought. Tincurrin with its shorter phenology, lower total 

water use and lower leaf area, and higher specific root length enabled a slower depletion of 

soil water than Bahatans-87. The conservative water use strategy of Tincurrin resulted in a 

smaller reduction in grain yield under terminal drought than Bahatans-87 (Chapter 5). 
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Furthermore, the longer phenology of Bahatans-87 increases the risk of exposure to longer 

more severe terminal drought.  

6.3 Future direction and implications 

This study identified the relationship between root system size, shoot traits and 

phenological development in wheat cultivars with contrasting root system size. The cultivar 

with small root system size (Tincurrin) had a smaller yield reduction than the cultivar with 

large root system size (Bahatans-87) under terminal drought, which is the most frequently 

occurring drought in the Australian grainbelt. Rainfall variability and reduction in seasonal 

rainfall in the last 20 years has frequently exposed wheat crops to early-season drought and 

mid-season drought. The breeding and selection of Australian wheat cultivars for drought 

tolerance has focused on aboveground traits, reducing time to flowering and plant height, 

and increasing leaf area, leaf biomass, leaf greenness period, grain number and harvest 

index (Flohr et al., 2018a; Kitonyo et al., 2017; Sadras and Lawson, 2011; Siddique et al., 

1990a; Siddique et al., 1989b). Root system traits have been indirectly selected reducing 

root length density and root biomass traits in new Australian wheat cultivars (Aziz et al., 

2016). This study showed that the longer time to flowering, higher leaf area and higher 

shoot biomass of the cultivar with large root system had an advantage over the cultivar with 

small root system size when exposed to early season drought. When exposed to terminal 

drought from ear emergence, early time to flowering, smaller leaf area and lower shoot 

biomass of the cultivar with small root system had an advantage over the cultivar with large 

root system size.  

This study examined the response of cultivars with contrasting root system size, to either 

early season drought and/or terminal drought. The role of root system size in improving 

grain yield when wheat is exposed to both early season drought and terminal drought 

remains unknown. These two events occur in the same season in some areas of the dryland 
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cropping region of the south-west of Western Australia (Scanlon and Doncon, 2020) and 

should be considered when selecting wheat cultivars with tolerance to drought. The 

breeding and selection of Australian wheat cultivars for grain yield in dry environments 

and dry seasons has centred on reducing time to anthesis mainly to escape terminal drought. 

From the results of this study, it is likely that this advantage can be negated when wheat 

cultivars experience early season drought, since time to anthesis is delayed, and escape 

from terminal drought is not possible. Further detrimental effects on grain yield are 

expected if wheat is exposed to both early season drought and terminal drought in the same 

growing season.  

This study was conducted in the glasshouse with a small set of cultivars. It is important to 

validate these findings under field conditions in different environments and with more 

cultivars. However, root system size has an essential role in the response to early season 

drought and terminal drought and root system size should be considered in crop 

improvement programs for drought tolerance. 
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