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Abstract 

Wheat (Triticum aestivum L.) is the most important grain crop in Australia. Around 

36% of its production comes from the Mediterranean-type environment of south-

western Australia. Climatic changes predicted for this region for the year 2050, such as 

increase in the average temperatures (up to 2.7°C), reduction in rainfall (at least 7%) 

and increase in carbon dioxide (CO2) concentration, threaten future wheat grain yields. 

The objectives of the studies reported in this thesis were to examine the impact of the 

above components of climate change on growth and grain yield of commercial cultivars 

and breeding lines of wheat with high-yielding traits. The study was conducted during 

three consecutive growing seasons (2010 to 2012) at The University of Western 

Australia’s,  Shenton  Park  Field  Research  Station,  and   the  crops  were  grown   in   tunnel  

houses that controlled atmospheric CO2 concentration, air temperature and watering 

regime in the field.  

The first experiment was conducted in 2010, where elevated CO2 (ECO2; 700 µL L 
1) 

was combined with three levels of high temperature (HT; 2, 4 and 6°C above ambient 

temperature) and terminal drought. The hypothesis that ECO2 ameliorates the negative 

effects of terminal drought on biomass and grain yield was tested in a vigorous line 38-

19 and in a non-vigorous cultivar Janz, both with potential adaptation to climate change. 

Reductions of approximately 50% biomass and 45% in grain yield caused by terminal 

drought were less severe (37 and 41%, respectively) under the combination of ECO2, 

and temperature 2°C above ambient. This amelioration resulted from changes in the 

carbon source:sink relationship such as 63% increase in the rate of leaf net 

photosynthesis in the vigorous line 38-19 and 39% increase in tiller number and leaf 

area in the non-vigorous cultivar Janz. However, differences in the phenology between 

the two cultivars may also have influenced these responses and did not allow major 

comparison between vigorous and non-vigorous wheat. In 2011 one pair of sister lines 
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contrasting in tillering capacity and one pair contrasting in vigour were grown under a 

full-factorial design of ECO2, high temperature (ambient +3°C) and terminal drought. 

Two hypotheses were tested: (i) ECO2 is the main driver for amelioration of terminal 

drought effects on biomass accumulation and grain yield; (ii) sister lines with stronger 

sink capacity have higher biomass and grain yield than their contrasting sister lines, 

under the simulated climate change. In all four lines, terminal drought reduced grain 

yield (16–17%), but ECO2 increased grain yield (24–35%) by increasing net 

photosynthesis rates, ear number and grain number per ear. Despite greater sink 

capacity, free-tillering and high-vigour lines did not perform better than restricted-

tillering and low-vigour lines, respectively. This was probably associated with a strong 

compensation of yield components; for example lines with increased grain number per 

unit area had lower individual mean grain weight.  

In 2012, the full-factorial design of ECO2, one level of high temperature (ambient +3°C) 

and terminal drought was used to test other two hypotheses: (i) ECO2 increases grain 

number per ear by increasing the survival of competent florets at anthesis, and (ii) the 

rate of grain filling in the free-tillering line is lower than that in the restricted-tillering 

line. ECO2 reduced the death rate of florets by 42% averaged across both sister lines, 

resulting in more competent florets in both sister lines at anthesis, probably by 

increasing carbon assimilates through higher photosynthetic rates, and supporting floret 

development, implying that grain yield is limited by source capacity before anthesis. 

Rates of grain filling were lower in the free-tillering than in the restricted-tillering line, 

mainly because increased potential grain number may have caused a yield component 

trade-off limiting grain size and hence grain yield. The studies undertaken in this thesis 

found that grain yield will be increased by ECO2 despite high temperatures and terminal 

drought. This study also unravelled the mechanisms of yield determination affected by 

ECO2 and demonstrated that grain yield is limited by source capacity before anthesis. 
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Sink capacity appeared to be a secondary limitation for increased yield potential 

(occurring after anthesis) under climate change conditions. Further understanding of 

source:sink relations and negative relations of yield components under climate change 

conditions are important in developing improved genotypes with traits capable of 

adapting to climate change. 
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1 General Introduction 

Wheat (Triticum aestivum L.) is the third most important cereal after maize and rice, 

with an average annual grain production of 700 million tonnes (Mt) (FAOSTAT 2011), 

and contributes approximately 25% of the daily protein intake of humans (Lawlor and 

Mitchell 2000; Shewry 2009; Tausz-Posch et al. 2012).  

In Australia wheat production is mainly focussed in the Mediterranean-type climate 

(ABARE 2013) found in the cropping region of the southern Australia and with high 

variability in rainfall and temperatures, and high incidence of end-of-season drought 

(terminal drought) (Loss and Siddique, 1994; Turner 2004; Turner and Asseng 2005). In 

2012, south-western Australia produced approximately 11 million tonnes of wheat; this 

is   36%   of  Australia’s   total   wheat   production   and   represents   about   3.8   billion   dollars  

gross production value (ABARE 2013). 

Predictions for climate change are forecasting scenarios that threaten future grain 

production around the globe, including the south-western Australian growing region. 

An increase of 2°C in seasonal temperature could halve wheat yields (Asseng et al. 

2011); in south-western Australia, temperatures have already increased by 0.1 to 0.2°C 

from 1951 to 2003 (Hughes 2003) and further changes are expected. It is estimated that 

average annual temperature will increase by 2.7°C by 2050 and by up to 5.4°C by 2080 

(IPCC 2007b). Future grain production is also threatened by the predicted reduction in 

rainfall, which will increase the incidence of drought during growing season, but 

particularly in the end-of-season (Ragab and Prudhomme 2002). Average winter 

rainfall, as with temperature, is expected to change, decreasing by 15% in the next 40 

years. Severe drought events are expected to increase by 80% in the next 60 years 

(IPCC 2007b; Mpelasoka et al. 2008). Atmospheric concentration of carbon dioxide 
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(CO2) is predicted to reach 800 µL L-1 by 2100 when global carbon emissions into the 

atmosphere are expected to reach 26Gt year-1 (IPCC 2007a). 

The impact of terminal drought, high temperature and elevated concentration of CO2 

(ECO2) on growth and grain yield of wheat has been individually evaluated, but models 

predicting future climates foresee that increases in CO2 concentration, ambient 

temperature and incidence of terminal drought will occur simultaneously and 

throughout the season. However, no study has so far exposed wheat crops to the 

combination of ECO2, high temperatures and terminal drought. The aim of the research 

reported in this thesis was to determine the effect of the predicted future climates on the 

growth and grain yield of wheat, focusing on the physiology and productivity under the 

combination ECO2 concentration, temperatures above the ambient and terminal drought. 

Chapter 2 of this thesis reviews the literature and captures what is known about wheat 

production under climate change simulations. The review of literature covers the current 

knowledge of wheat grain yield under climate change. To do that, the review 

particularly explores how the interactions of climate variables predicted to change can 

affect components of grain yield, wheat growth, development and the physiological 

processes of carbon assimilation and water use. 

Chapter 3 describes the design and performance of the key methodology used in the 

research undertaken in this project and reported in chapters 4, 5 and 6. Specifically, 

chapter 4, which is part of a research paper, published in the scientific journal 

‘Functional Plant Biology’, volume 40, issue 2 in 2013 (Appendix 1), reports the 

response of a vigorous growth breeding line in comparison with a non-vigorous cultivar 

under a range of scenarios in which ECO2 was combined with temperatures of 2, 4 and 

6°C above the ambient and water was withheld at anthesis to induction of terminal 

drought. This chapter will show how scenarios with ECO2 combined with high 
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temperatures can ameliorate effects of terminal drought in wheat yield in contrasting 

genotypes. Chapter 5 describes a step further in the research, where one pair of sister 

lines of wheat contrasting in vigour growth and one pair of sister lines contrasting in 

tillering capacity were grown under a factorial design of ECO2, 3°C above ambient 

temperature and terminal drought after anthesis. This allowed testing individual effects 

of each climate variable as well as possible interaction effects between them. It also 

helped to identify the responses of specific traits and eliminating confounding effects of 

phenology. Chapter 6 explains the mechanisms and developmental dynamics 

responsible for the amelioration effect in grain yield caused by ECO2 and 3°C above 

ambient temperature and terminal drought in sister lines contrasting in tillering capacity.  

Chapter 7 is a general discussion that integrates the previous knowledge of wheat 

production under climate change conditions with key findings reported in the 

experimental chapters (Chapters 4, 5 and 6). It discusses the findings of this research 

and directions for wheat breeding and adaptation for future climate change in 

Mediterranean-type climate. 
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2 Review of the literature 

2.1 Introduction 

More than 600 million tonnes of wheat are produced annually (FAOSTAT) in a wide 

range of environments over several latitudes and longitudes (Lawlor and Mitchell 

2000). Amongst those environments is the Mediterranean-type climate, which is 

generally located on the western coast of south-western Australia, north-western South 

Africa, south-south-western Europe, central-western Chile, central-south coast of 

California, and central-northern coast of Mexico (Loss and Siddique 1994; Acevedo et 

al. 1999).   

The Mediterranean-type climate of south-western Australia is characterised by dry and 

hot summers and wet and moderately cold winters, and produces approximately 20 

million tonnes of wheat during winter. This represents approximately 40% of all wheat 

produced annually in Australia (ABARE 2012a). However, natural rainfall varies from 

year-to-year (Turner and Asseng 2005) and decreasing rainfall at the end of the growing 

season often reduces grain yield (Palta et al. 2004). Predicted changes in climate in the 

near future are likely to affect wheat production in this environment (Lawlor and 

Mitchell 2000).  

2.2 Climate change and wheat productivity in south-western Australia 

For this review, climate change is defined as changes in climatic systems (e.g. 

temperature and rainfall) as well as the increase in atmospheric CO2 concentration. 

Changes   in   climate   have   occurred   many   times   during   the   Earth’s   history   (Broecker 

1997; Adams et al. 1999); over long periods of time. Carbon dioxide concentrations 

across the globe have fluctuated from 180 to 280 µL L–1 since the ice-ages around 

600,000 years ago until the industrial revolution of the 18th century (Petit et al. 1999). 
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Since then, atmospheric CO2 has gradually increased. It was estimated in 2009 that CO2 

had reached the highest concentration in the last 15 million years (Tripati et al. 2009), 

and in November 2011 it was approximately 390 µL L–1 (Peters et al. 2012). The IPCC 

(2007a) estimated that the concentration will reach 800 µL L–1 by 2100.  

In south-western Australia, rainfall is distributed mainly during winter (Loss and 

Siddique 1994; Palta et al. 2004). In this region it is predicted to decline by at least 7% 

until the year 2050 and events of severe drought are predicted to increase by up to 80% 

within the next 60 years (IPCC 2007b; Mpelasoka et al. 2008). The area affected by 

drought will probably increase by 17-30% (Kirono and Kent 2011). 

Within the region that encompasses 400 km from the coast, average annual 

temperatures in south-western Australia are predicted to increase by 1.0°C by 2020, by 

2.7°C by 2050 and by up to 5.4°C by 2080 (IPCC 2007b). This means that winter may 

be warmer, drier and shorter (Loss and Siddique 1994). Reductions in wheat grain yield 

have been associated with increased growing season temperatures (Lobell and Asner 

2003; Long and Ort 2010) and rainfall variability (Turner and Asseng 2005). 

Elevated atmospheric CO2 has a range of direct and indirect effects on plant species. It 

generally increases yield in wheat, and in many cases, ameliorates the negative effects 

of low soil moisture or high temperature, although results can vary (Amthor 2001). 

However, studies combining elevated CO2 with both high temperatures and terminal 

drought are needed to investigate whether elevated CO2 can ameliorate high 

temperature and terminal drought simultaneously. Furthermore, genotypes with traits 

that respond and adapt to changes in climate could cause another level of interaction. 

Since 1980, one-third of yield improvements in south-western Australia (about 4% per 

annum) have resulted from genetic gain and use of new breeding varieties (Turner and 

Asseng 2005), including those with improved harvest index (Loss and Siddique 1994). 
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The need for further increases in grain yield requires a comprehensive evaluation of 

genotypic variation in response to climate change predicted for south-western Australia. 

In that way, clear targets for selection in terms of grain yield, biomass accumulation, 

and physiology can be understood. 

2.3 Yield and yield components under climate change 

Grain yield is the product of genetic potential, developmental processes and 

environmental variability. It involves a combination of factors that occur over the whole 

growing season (Slafer 2003). Grain yield is at the maximum or reaches its potential 

when a genotype is grown in a non-limiting environment (Evans and Fischer 1999). 

Yield potential is selected by breeding new genotypes that have improved grain yield 

(Ziska et al. 2012). Environmental constraints, such as water shortage and high 

temperature, and the traits that confer tolerance to these environmental constraints are 

not often considered (Gleadow et al. 2013; Gourdji et al. 2013). Therefore, many traits 

have been selected due to their capacity to respond to high-input environments (Redden 

et al. 2011). As a consequence, a new genotype may have high yield only when grown 

under conditions free of water shortage or high temperatures. 

The main reasons for yield improvement, under a range of environmental conditions, 

have been associated with better biomass partition (i.e improved harvest index). 

However, this strategy has allegedly reached its apex and is unlikely to be the reason for 

further yield improvement (Loss and Siddique 1994; Miralles and Slafer 2007); 

therefore other strategies to improve yield potential under climate change must be used. 

For example, genetic variability in responses to elevated CO2 in any crop has not been 

adequately assessed (Redden et al. 2011). In addition, selection for high yield potential 

under elevated CO2 will require the assessment of many different germplasm, and if 

possible, under field conditions (Ziska et al. 2012).  
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Yield potential does not seem to have reached a ceiling (Evans and Fischer 1999). 

Further improvements may be achieved with the selection of several genotypic traits 

that can respond to the environment, or with a combination of traits that might interact 

to control yield (Frederick and Bauer 1999). These traits can be architectural (e.g. tiller 

number, leaf area or thickness, or root depth), physiological (e.g. increased transpiration 

efficiency, photosynthetic rates or water-soluble carbohydrates content) or, even a 

reproductive trait (e.g. more ears per m2, more grains per ear, or bigger grains). 

Although all the traits responsible for grain yield are potentially influenced by 

environmental changes, grain yield is considerably more affected by events that take 

place during reproduction and grain filling than during the vegetative stage (Lawlor and 

Mitchell 2000).   

In south-western Australia, changes in climate will probably limit wheat grain yield by 

affecting both, vegetative and reproductive growth stages. The reason for that is that the 

changes in climate can be different according to the time, but also because wheat plants 

can have different responses to the same change in climate, according to developmental 

stage. For example, growth and reproduction will be differently affected by changes in 

temperature, or carbon assimilation will be different before and after anthesis if 

temperature is increased. Different carbon allocation patterns in different stages will 

affect total biomass; yield components and grain yield (Qiao et al. 2010). In early 

stages, carbon is allocated into roots and shoots, but before anthesis a competition 

between florets, flag leaf and ear peduncle for carbon will affect allocation (Sadras and 

Denison 2009). After anthesis most assimilated carbon will be allocated in the grains 

(Kobata et al. 1992; Palta et al. 1994).  

The development of yield components follows a sequence: ear number, followed by 

grain number per ear and finally grain size (Figure 2.1). One event determines the 

amount of resources left and the response of the following component (Adams 1967). 
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This means that an increase in one component will not necessarily increase yield, 

because it may decrease other components (Frederick and Bauer 1999; Slafer 2003; 

Rajala et al. 2009). The negative correlation of yield components is known as 

oscillatory compensation (Adams 1967; Adams and Grafius 1971), and this could be an 

important step to understanding yield limitation under climate change. It has been 

suggested that in wheat there is a lot of variation in grain number but a small range of 

variation in grain size (Sadras 2007). Among yield components, the most important to 

determine grain yield is grain number per m2, which in turn is dependent on the number 

ears per m2 and hence tiller number (Slafer et al. 1996). The development of genotypes 

based on the improvement of yield components usually considers components that are 

positively correlated, but often, the expression of one can be negatively correlated to 

another (Acreche and Slafer 2006; Morant et al. 2010).  

Grain number is already determined at anthesis (Fischer 1975; Fischer and 

HilleRisLambers 1978), and is correlated with biomass accumulation and partitioning in 

the stage that goes from final spikelet formation until one week after anthesis 

(Bindraban et al. 1998). This suggests that grain yield is not only determined before 

anthesis, being tuned by the genotypic variation of the potential size of grains (Egli 

2006) set at carpel development and that changes after anthesis may only affect grain 

dry weight (Fischer 2008). It is believed that the most important phase for grain number 

determination is when the growth rate of the ear is at maximum and floret death occurs 

(Bancal 2008; Gonzalez et al. 2011), because floret survival is correlated with ear dry 

weight (Fischer and Stockman 1980; Stockman et al. 1983; Siddique et al. 1989b; 

Gonzalez et al. 2005; Rattey et al. 2009).  
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Figure 2.1. Diagram showing the correlation of yield components. The insertion 
represents the developmental order of yield components. Adapted from Adams (1967). 

The development of florets starts with the formation of final spikelet, usually at the 

beginning of stem elongation and reaches its maximum number at the end of stem 

elongation (Kirby 1974; Whingwiri and Stern 1982; Siddique et al. 1989b; Loss and 

Siddique 1994). The longer the stem elongation phase, the bigger the potential number 

of florets, because it is positively correlated with extended phenology (Rickman and 

Klepper 1995). However, extended phenology will not be the cause for an increase in 

the potential number of florets. When the flag leaf and maximum growth rate of ear 

initiate, the number of florets is reduced and only a proportion of the potential number 

of florets remains competent at anthesis (Kirby 1988; Miralles et al. 2000; Arisnabarreta 

and Miralles 2006; Wang et al. 2009). The rates of floret death are the same for all 

spikelets (Gonzalez et al. 2011) and because floret death and maximum ear growth 

occur at the same time, the competition for available assimilates in this period may be 

responsible for floret survival (Siddique et al. 1989b; Gonzalez et al. 2005; Gonzalez et 

al. 2011). Normal developmental processes can be accounted for the reduction in floret 

number (Bancal 2008, 2009); however, competition for assimilates should be accounted 

for negative correlation of yield components (Table 2.1). Evolutionary studies suggest 

X Z

Y
N

um
be

r o
f k

er
ne

l p
er

 e
ar

 Y
 a

nd
 

nu
m

be
r o

f e
ar

s 
X

K
er

ne
l d

ry
 w

ei
gh

t Z

Time

Time



31 
 

that this may be a competition-like event to adjust allocation of assimilates between 

vegetative   and   reproductive   sinks   to   improve   the   plant’s   fitness   (Sadras and Denison 

2009). Understanding processes determining fertile florets (and grain number) under 

elevated CO2, high temperature and terminal drought is essential to predict the impact 

of climate change on grain yield.  

Table 2.1. Summary of the different kinds of competition for resources among plant 
parts. Adapted from Sadras and Denison (2009). 

Observed correlation Explanation   

Negative relationship between size and number of 

units (cells, seeds and fruits) 

Units compete for resources 

Negative relationship between vegetative and 

reproductive sinks 

Reproductive and vegetative 

sinks compete for resources 

Increasing source:sink ratio increases sink number, 

sink size or both. 

Sinks compete for resources 

 

Terminal drought, a common feature of Mediterranean-type climates, impacts grain 

yield (Palta et al. 2004; Palta et al. 2007; Palta et al. 2012) by increasing leaf 

senescence (Yang et al. 2001), reducing carbon assimilation, and affecting maturation 

of floret structures and their fertility. Terminal drought also reduces carbon supply to 

grains which increases grain abortion and reduces grain dry weight and harvest index 

(Shah and Paulsen 2003). The severity of terminal drought on grain yield can be 

reduced by: (i) increasing tiller number, leaf area and accumulated biomass, using more 

water when available, but having more assimilates to remobilise when water runs out;  

(ii) increasing ear number and grain sites per unit area, and improving remobilisation 

from pre-anthesis stored carbon to an improved sink strength (Palta et al. 1994); and 

(iii) increasing water use efficiency and reducing heat stress under elevated CO2 by 
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improving efficiency of photosystem II and electron transport, and increasing 

photosynthesis after anthesis, which improve grain filling (Reynolds et al. 2005) .  

Elevated CO2 tends to increase grain number per m2 (Musgrave and Strain 1988; 

Manderscheid and Weigel 1997; Batts et al. 1998; Hogy et al. 2009; Qiao et al. 2010), 

which would contribute to higher grain yields (Table 2.2). Elevated CO2 also 

ameliorates some of the negative impacts of drought and high temperature on grain 

yield by increasing tiller number, and total biomass (Ewert and Porter 2000; Lawlor and 

Mitchell 2000; Schütz and Fangmeier 2001; Manderscheid and Weigel 2007) or 

increasing photosynthesis rates and accumulation of photoassimilates to fill grains 

(Kobata et al. 1992; Palta et al. 1994). Furthermore, root size can be increased under 

elevated CO2 and drought (Chaudhuri et al. 1990) and is a trait that can respond to 

climate change and support mitigation of drought effects (Palta and Watt 2009a). 

Elevated CO2 increases grain number per unit area by increasing grain number per ear 

(Musgrave and Strain 1988; Manderscheid and Weigel 1997; Hogy et al. 2009; Qiao et 

al. 2010; Thilakarathne et al. 2013). However, it is not clear whether elevated CO2 

increases the potential number of florets per se, or reduces floret death; or increases the 

percentage of grain set or reduces abortion of grains after flowering. The third 

alternative is unlikely because modern cultivars have high grain set (>90% of fertile 

florets at anthesis set grains; Siddique et al. 1989b), which means that the number of 

fertile florets at anthesis essentially determines grain number. This also means that 

increases in grain number by elevated CO2 should be achieved through more assimilates 

to increase the potential number of florets or to reduce floret death (Gonzalez et al., 

2005).  

It is a fundamental challenge to improve grain yield. High yield potential continues to 

be a driver for breeding under climate change. In order to succeed, vegetative and 
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reproductive traits that respond to negative and positive aspects of climate change need 

to be identified. Therefore, understanding how climate change affects the growth and 

physiology of wheat is crucial to increase grain yield in wheat.  

2.4 Development and carbon assimilation under climate change. 

Plant growth, defined as the incorporation of carbon into plant tissue (whether for cell 

division, cell extension or storage), increases leaf number, leaf area, tiller number and 

root growth. Each of these developmental processes has a particular demand for carbon, 

which lead to a permanent change in shape controlled internally, but influenced by the 

exterior (Milthorpe and Moorby 1979). In wheat, carbon demand and partition may vary 

according to agronomic practices (e.g. sowing rate, soil fertilisation), environmental 

variables (e.g. soil type, soil moisture, air temperature, light intensity) and genotypic 

traits. Genotypic traits like tillering capacity in particular could change carbon 

allocation to a great extent in wheat grown under ECO2, like it does in rice (Seneweera 

et al. 1995; Makino et al. 1997; Seneweera 2011). The demand for carbon is rather a 

demand for glyceraldehyde-3-phosphate, the final product of photosynthesis (Kant et al. 

2012) that is produced after carboxylation of 1-5 Ribulose bisphosphate (1,5-RuBP) by 

Rubisco and which is converted into carbohydrates at different rates according to triose-

phosphate production itself, ambient temperature, water availability or plant 

developmental stage (Morcuende et al. 1996; Berg et al. 2002).  

Environmental factors affect growth by changing carbon assimilation and the patterns of 

assimilated carbon allocation (Passioura 1983; Chaudhuri et al. 1990; Passioura 1996). 

Elevated CO2 can increase biomass accumulation in wheat (Table 2.2) through different 

mechanisms, but especially through increased photosynthesis (Drake et al. 1997; 

Seneweera et al. 2011; Seneweera and Norton 2011; Thilakarathne et al. 2013), which 

enhances the rate at which triose-phosphate is produced. However, rates of triose-
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phosphate synthesis under elevated CO2 may be higher than the  plant’s  capacity  to  use  it  

(low carbon sink) (Stitt and Schulze 1994); starch accumulates in the thylakoid, which 

provokes a negative feedback called photosynthesis acclimation. Acclimation of 

photosynthetic rates may also be caused by decreased Rubisco activity or concentration, 

reduced nitrogen availability or even SPS activity (Arp 1991; Drake et al. 1997; Farage 

et al. 1998; Krapp and Stitt 1998; Brooks et al. 2000; Wall et al. 2000; Dias de Oliveira 

et al. 2012). Triose-phosphate use rate under elevated CO2 depends on the 

developmental stage, since elevated CO2 may increase tiller number, leaf area, stem 

width, or change the shoot:root ratio (Sionit et al. 1980; Musgrave and Strain 1988; 

Chaudhuri et al. 1990; Kimball et al. 1995; Manderscheid and Weigel 1997; Schütz and 

Fangmeier 2001; Manderscheid and Weigel 2007). The effects of elevated CO2 on 

carbon assimilation can have an important mitigative effect on high temperature. 

Therefore, biomass accumulation during vegetative growth will be more effective and 

grain yield will be closer to potential grain yield.  

Increased temperature enhances the rates of carbon assimilation and, by hastening 

phenology it increases the rates of triose-phosphate use. However, stress caused by high 

temperature, like the production of reactive oxygen species, may be dissipated by using 

assimilated carbon in a process called photorespiration, which in turn decreases under 

elevated CO2 (Sage and Kubien 2007).  

Water deficit directly reduces stomatal conductance (gs) and photosynthetic rates, which 

will restrict plant growth. Under elevated CO2, drought increases root biomass of wheat 

(Chaudhuri et al. 1990; Kimball et al. 1995), shifting the shoot:root ratio of carbon 

allocation towards the root. Because carbon accumulated after anthesis is directly 

available for grain filling, terminal drought will not affect vegetative growth, but will 

affect grain weight (Kobata et al. 1992; Palta et al. 1994). However, terminal drought 

reduces carbon assimilation, therefore carbon allocation changes so that carbon is 



35 
 

remobilised from vegetative parts to fill grains. Usually, remobilisation is not enough to 

fill grains; terminal drought primarily reduces grain yield because of reduced grain size 

(Passioura 1983). 

Table 2.2. Percent change in relation to control of above-ground dry weight and grain 
yield of wheat in experiments with elevated CO2, or combinations of elevated CO2 with 
drought or elevated CO2 with high temperature. 

References 

Above-ground DW Grain Yield 

CO2 CO2+ 
drought 

CO+ 
HT CO2 CO2+ 

drought 
CO+ 
HT 

Sionit et al. 1981 90 - - - - - 

Sæbø and Mortensen 1996 11 - - - - - 

Moot et al. 1996 20 - - - - - 

Batts et al. 1997 36 - - - - - 

Manderscheid and Weigel 1997 - - - - - - 

Batts et al. 1998 187 - - - - - 

Mulholland et al. 1998 - - - - - - 

Fangmeier et al. 1999 35 - - - - - 

Jager et al. 1999 37 - - - - - 

Li et al. 2001 - - - 4 - - 

Cardoso-Vilhena and Barnes 2001 44 - - - - - 

Amthor 2001* - - - 31 51 -1 

Schütz and Fangmeier 2001 - - - 40 57 - 

van Oijen and Ewert 1999 - - - 25 38 - 
Bloom et al. 2002 44 - - - - - 
Kimball et al. 2002 19 14 - 12 23 - 

Manderscheid et al. 2003 12 - - 12.5 - - 

Wu et al. 2004   - - - - 78 - 

Manderscheid and Weigel 2007 12 45 - 12 15 - 

Hogy et al. 2009 - - - 10 - - 

Qiao et al. 2010 - - - 6.7 10.4 - 

Thilakarathne et al. 2013 - - - 38 - - 

Bourgault et al. 2013 - - - 16 - - 

*Review of 156 experiments from different methodologies. 
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Different wheat genotypes have been selected using several strategies for biomass 

accumulation (Siddique et al. 1989a; Loss and Siddique 1994). These strategies can be 

associated with (i) architectural traits: tiller number, leaf area or thickness, or root depth 

for example; and (ii) physiological traits: high canopy photosynthesis, different 

root:shoot carbon allocation or phenology. All traits can be potentially affected by 

environmental conditions; moreover, these traits can possibly be combined to another 

trait (e.g. less tillers but higher rates of photosynthesis and thicker leaves). 

Understanding how specific traits respond to climate change is important so that the 

best combination of traits can be used to improve biomass accumulation and grain yield 

potential in future genotypes. For example, an extended-growing-season genotype, 

which allows more time for biomass accumulation, is a wise choice in high rainfall 

zones, however, to avoid end-of-season drought and heat stress, many modern 

genotypes have been selected for shorter phenology (Siddique et al. 1989a). 

Furthermore, changes in rainfall and temperature already apparent in Mediterranean-

type climates like south-western Australia, in addition to elevated CO2 concentration, 

will hasten phenology (Sionit et al. 1981) and hence, negate the efficiency of a long-

growing-season genotype. On the other hand, other combinations of growth strategies 

may still be effective under climate change conditions, because these other strategies 

can respond to the positive aspects of climate change and tolerate adverse conditions. 

Increased tiller number produces more leaf area, more ears per unit area, and hence 

more grain sites per unit area (Bos and Neuteboom 1998). Therefore, a trait that firstly 

improves biomass accumulation can, as a consequence of vegetative growth, improve 

grain yield potential by enhancing grain number, which is the main factor for improving 

grain yield. Another trait that can potentially improve grain yield under climate change 

conditions is early vigour. Characterised by fast leaf area development and biomass 

accumulation (Palta et al. 2011), this trait could increase yield potential, reduce soil 
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evapotranspiration in early growth stages and use soil water before end-of-season 

drought. However, early-vigour growth is often associated with a short growing season 

and therefore, reduced tiller number (Regan et al. 1992) and grain sites per unit area.  

When the time for carbon assimilation is limited, rates of carbon assimilation must be 

increased for growth and grain filling. The process of carbon uptake is very sensitive to 

environmental changes, and interactions between drivers of climate change can have 

serious implications. This is mainly because not only carbon assimilation is likely to be 

affected, but also the way water is going to be used, leading to a new relationship 

carbon uptake/water use.  

2.5 Balancing carbon intake with water loss 

Plants experience and respond to changes in their environment for survival in hostile 

conditions or take advantage of conditions rich in resources. Stomatal cells sense 

changes and act like a gate allowing communication with the surrounding environment 

(Zeiger 1983). Stomatal aperture is controlled by mechanisms that respond to abiotic 

factors such as light intensity, temperature, water availability and vapour pressure 

deficit, and internal CO2 concentration; these mechanisms regulate the aperture through 

the turgor pressure of guard cells, which is sustained by a fine control of ion and water 

flux. This type of control allows rapid adjustment to the environmental conditions to 

balance CO2 uptake and water losses (Damour et al. 2010).  

The first environmental factor modulating stomatal conductance (gs) is light (Zeiger 

1990). It promotes water influx in the guard cells (Zeiger and Hepler 1977) by affecting 

photosynthesis reaction (Eckert and Kaldenhoff 2000). It is known that canopy 

architecture may increase shading, reducing canopy photosynthesis and changing the 

resistance to mesophyll transport of CO2 under different water status (Niinemets 2007). 

It is also known that current light intensities saturate photosynthesis in wheat, therefore, 
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it is unlikely that possible reductions in light intensity reaching crops due to increase in 

nebulosity and in atmospheric particulate, will have a significant effect on seasonal gs 

(Hansen et al. 2000). 

In wheat, variation in transpiration and photosynthesis rates due to stomatal opening 

have been the centre of attention in studies combining elevated CO2 and high 

temperatures or reduced rainfall (Zeiger 1983). The probable cause for this focus is that 

these two responses directly affect grain yield. Fluctuations in temperature, water 

availability and internal leaf CO2 concentration are variables that affect gs throughout 

the season.  

Higher temperatures are primarily sensed by K+-transporting channels in stomata 

(Schroeder et al. 2001). This perception enhances the permeability of these channels to 

K+ and the inward flux of K+ increases K+ concentration inside the guard cells. The 

osmotic gradient promotes water influx, an increase in guard cell turgor pressure, 

causing stomata to open and higher transpiration rates (Ilan et al. 1995; Shabala 1996; 

Schroeder et al. 2001). Higher transpiration rates are important for regulating leaf 

temperature and protecting photosynthetic apparatus (Feller 2006) and reducing the 

impacts of heat and light stress (Zeiger 1983). However, this is only possible as long as 

water supply is sufficient to maintain high water status in plants. Changes for 

Mediterranean-type climates are predicted to combine higher temperatures with drought 

spells, probably challenging stomatal control in wheat, because temperature and drought 

cause contrasting stomatal responses. 

If stomatal opening is induced by high temperature due to ion influx, then stomata 

closure is caused by the opposite mechanism: ion efflux. Reduction in total gs, a vital 

mechanism in environments with low rainfall, is caused by ion efflux from guard cells 

as a response to drought or as response to enhanced CO2 concentration inside guard cell 
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(Schroeder et al. 2001). Although, drought and elevated CO2 have the same final effect 

in gs, the pathways by which drought and elevated CO2 concentration lead to these 

responses are quite distinct. 

The main reason for reduced gs is the stomatal closure due to higher abscisic acid 

(ABA) synthesis in roots under drought and hence higher concentration of ABA in 

xylem sap (Tardieu and Davies 1993). ABA is transported by xylem and increases 

cytosolic alkalinity, inhibits K+ influx and increases K+ efflux from the guard cells (Pei 

and Kuchitsu 2005); even when water supply is high, stomata may be controlled by 

ABA sensitivity when vapour pressure deficit changes (Tardieu and Davies 1993).   

The reduction in total gs under elevated CO2 concentration is associated with different 

mechanisms working in synergy (Ainsworth and Rogers 2007), generally reducing 

water consumption (Keel et al. 2007; Tong et al. 2009) and leading to environmental 

feedback (Hungate et al. 2002; Ainsworth and Long 2005; Ainsworth and Rogers 

2007). The mechanisms affected by elevated CO2 include: (i) reduced number and 

density of stomata on leaves grown under elevated CO2 concentration (Hetherington 

and Woodward 2003); (ii) increased ATP, NADPH and Ca2+ in the cytosol and in the 

amount of Ca2+ inside guard cells; and (iii) reduced pH in the cytosol due to increased 

CO2 fixed by guard cells (Assmann 1999). Mechanisms (ii) and (iii) alter the 

permeability of H+–ATPases and cause membrane depolarisation (Zeiger 1983), 

promoting ion efflux, stomatal closure and decrease in gs. 

One of the consequences of changes in the major drivers of climate change (ECO2, high 

temperature and low rainfall) may be the contrasting responses by stomata due to 

interactions between the mechanisms that increase and those that decrease gs under 

climate change. These contrasting responses will affect the balance of carbon 

uptake/water transpired and the total effect of climate change on the physiology and 



40 
 

growth of wheat. Under elevated CO2 concentration, the dissipation of oxidative stress 

and excess energy (reactive oxygen species) can occur by different pathways, like 

increase in photochemical efficiency of photosystem II (Dias de Oliveira et al. 2012) so 

the reduced gs by elevated CO2  may not harm plants when under high temperatures 

(Tuba et al. 1994; Garcia et al. 1998; Bunce 2000; Martinez-Carrasco et al. 2005). 

Responses of gs in wheat due to combinations of CO2 and other variables range from 

33% increase when CO2 is combined with high temperature (Martinez-Carrasco et al. 

2005) to 60% reduction when only elevated CO2 was applied (Tuba et al. 1994; 

Samarakoon et al. 1995; Miglietta et al. 1996; Garcia et al. 1998; Bunce 2000; 

Wechsung et al. 2001; Martinez-Carrasco et al. 2005; Gutierrez et al. 2009a; Tausz-

Posch et al. 2012). These stomatal responses to environmental changes may dictate the 

most important effects of climate change on wheat, thereby influencing carbon 

assimilation and water use. 

2.6 Photosynthesis responses of wheat to climate change 

Photosynthesis, which is an essential process for biomass accumulation and grain yield 

in wheat, will be directly affected by changes in climate predicted for south-western 

Australia. Photosynthesis will play an important role for maintenance of grain yield in 

wheat in the future. Seasonal photosynthesis is one of the most important determinants 

of grain yield, however, selection of genotypes with increased photosynthesis has 

played only a small role in improving wheat yields to date (Austin 1990; Fischer et al. 

1998; Zhu et al. 2010; Parry et al. 2011). Enhanced yield has been achieved mainly by 

developing yield potential, harvest index or agronomic practices (Evenson and Gollin 

2003; Reynolds et al. 2009; Parry et al. 2011). However, an increase in total seasonal 

crop photosynthesis alone may not be enough to further increase yield since wheat yield 

might not be source-limited (Rogers et al. 1996a). Photosynthesis, as a combination of 

biochemical and biophysical processes, can be altered genetically or environmentally. 
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Therefore, it is difficult to anticipate how the combination of the predicted factors of 

climate change will affect photosynthesis (Sharkey et al. 2007).     

An increase in total carbon assimilation by a crop is dependent on three main conditions 

(Parry et al. 2011): (i) length of growing season, which is likely to be reduced because 

elevated CO2 plus high temperature or drought accelerates phenology (Ainsworth and 

Ort 2010); (ii) potential of the canopy to intercept and capture radiation through 

modifications to canopy architecture such as tiller number, and leaf area and angle in 

relation to the stem (Ort et al. 2008; Zhu et al. 2010); and (iii) photosynthetic potential 

of the canopy, which may be increased by obtaining higher rates of photosynthesis per 

unit leaf area (Long et al. 2006). This third condition is discussed in more detail below. 

When ambient temperature is close to the optimum for biochemical reactions, 

photosynthesis will be faster and more efficient. The optimum temperature for 

photosynthetic reaction in most C3 species ranges from 20°C to 35°C; usually closer to 

20°C at current CO2 concentration, but is higher under elevated CO2 concentrations 

(Sage et al. 2008). This means that elevated CO2 shifts the optimum temperature for 

photosynthesis (Berry and Bjorkman 1980; Crafts-Brandner and Salvucci 2000). In 

wheat, the optimum temperature is closer to 20°C not only for photosynthesis, but also 

in terms of grain yield, and it is likely to be increased by elevated CO2 (Farooq et al. 

2011). 

Under high temperatures, electron transport is limited and the Rubisco active site 

becomes inactive because of decarbamylation or catalytic inactivation. The restoration 

of Rubisco activity depends on Rubisco-activase, an enzyme which is heat-sensitive 

(Parry et al. 2011). Therefore, temperatures above optimum can rapidly inactivate 

carboxylation of ribulose-1,5-bisphosphate, as well as reduce the efficiency of 

photosystem II (Weis and Berry 1988; Sharkey and Zhang 2010) and ultimately reduce 
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carbon assimilation. However, under elevated CO2, the electron flux is increased and 

there is a reduction in the decarbamylation (Sage et al. 2008). 

Because optimum temperature is increased under elevated CO2, moderate increases in 

temperature can positively affect photosynthetic rates; the same is not true for more 

intense increases in temperature. Respiration in the dark and photorespiration increase 

may also increase under higher temperatures. Photorespiration represents an actual 

carbon loss for plants because under higher temperatures the solubility of CO2 and O2 

decreases   and   Rubisco’s   affinity   for   CO2 increases more than its affinity for O2 

(Ainsworth and Rogers 2007; Sage and Kubien 2007). This means that the required 

concentration of CO2 increases more than that of O2, which dislocates the equilibrium 

of Rubisco in the direction of oxygenase activity and hence, increases photorespiration. 

However, more molecules of CO2 will be available in the future, so there will be more 

of this substrate competing for the catalytic site of Rubisco, and photorespiration will be 

reduced. 

The other main factor of climate change that affects photosynthesis is water deficit. One 

of the first effects of water deficit in plants is the reduction in gs (Chaves 1991). This 

reduction in gs decreases diffusion of CO2 into leaves and therefore, concentration of 

CO2 inside leaves, which down regulates the photosynthetic apparatus to match carbon 

availability (Chaves et al. 2002). The down regulation of photosynthesis includes 

reduced activity of enzymes in the Calvin cycle, maximum carboxylation of Rubisco, 

regeneration of RuBP and use of triose-phosphate (TPU).    

In Mediterranean-type climates, increased temperatures will be associated with drought 

spells, a challenging combination for crops since higher temperatures increase the 

demand for CO2 for photosynthesis while drought reduces the amount of CO2 inside the 

leaf through stomatal closure. Under conditions of climate change, increased 
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atmospheric CO2 concentrations may moderate the reduction in photosynthesis due to 

high temperature or drought and may even increase photosynthesis (Lawlor and 

Mitchell 2000). Effects of elevated CO2 and combinations of elevated CO2 with high 

temperature or drought on photosynthesis in wheat vary from a 62% increase to a 4% 

decrease due to acclimation (Tuba et al. 1994; McKee et al. 1995; Garcia et al. 1998; 

Mitchell et al. 1999; van Oijen et al. 1999; Wall et al. 2000; Wechsung et al. 2001; 

Martinez-Carrasco et al. 2005; Gutierrez et al. 2009a; Zhu et al. 2009; Tausz-Posch et 

al. 2012; Bourgault et al. 2013; Thilakarathne et al. 2013). This large variation in 

response of photosynthesis to elevated CO2 due to interactions with drought or high 

temperature probably an indication of how elevated CO2 affects Rubisco, perhaps one 

of the key physiological responses of wheat to climate change. Elevated CO2 appears to 

reduce the amount of Rubisco present in plants, but increases Rubisco activity (Crafts-

Brandner and Salvucci 2000); an important response since Rubisco has reduced affinity 

for CO2 under high temperature. 

Under current CO2 concentration, photosynthesis is limited by CO2, this is partly 

because O2 competes with CO2 where oxygenation of Rubisco favours over 

carboxylation. However, more ATP is necessary for RuBP regeneration and there lies 

another limitation: the capacity of RuBP regeneration (Long and Drake 1992; 

Ainsworth and Rogers 2007). Under CO2, both limitations tend to disappear but the 

plant’s  capacity   to  use   the  product  of  both   reactions  becomes   the   third   limiting   factor  

for photosynthesis under elevated CO2 (Sharkey et al. 2007). This is called Triose-

phosphate utilization (TPU) limitation, which is the ability to use triose-phosphate to 

produce sucrose, starch and other carbohydrates(Stitt and Schulze 1994). In this phase, 

photosynthesis reaches its upper limit, and becomes unresponsive to further increases in 

CO2 (Sharkey 1985; Sharkey et al. 2007). 
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Photosynthesis   is   important   in   all   phases   of   a   crop’s   development.   From   seedling  

through flowering, photosynthesis provides carbon for vegetative growth, carbohydrate 

storage and prepares the plant for reproduction. From flowering, there is a shift in 

photosynthetic purpose (Takami et al. 1990; Kobata et al. 1992). Its products become 

the carbon used for grain-filling, which can also be supported by remobilised stored 

carbon should plants be affected by terminal drought (Takami et al. 1990; Kobata et al. 

1992; Palta et al. 1994). The amount of carbon provided in each particular 

developmental stage can determine grain yield and yield component responses, and a 

possible adaptive response of a particular genotype to climate change. Furthermore, the 

capacity by which the environment will affect photosynthesis and carbon assimilation 

will directly affect crop growth and yield.  

2.7 Response of WUE to environmental changes  

The term water use efficiency (WUE) has been used for many years (e.g. Briggs and 

Shantz, 1916) and is the ratio of assimilated carbon to the amount of used water (Eamus 

1991). However, this ratio can represent the ratio of instantaneous leaf photosynthesis 

rates to leaf transpiration rates (called transpiration efficiency TE), or agronomically, it 

can represent the amount of biomass or grain yield produced from the amount of water 

used by the plant during the entire season (Condon et al. 2004). Large amounts of water 

are transpired by crops; up to 99% of all the water taken up by a crop is transpired 

(Katerji et al. 2008). For every CO2 molecule fixed, between 200 and 400 molecules of 

water will pass through the stomata (Pittermann 2010). This ratio is closely related to 

the concentration of CO2 inside the substomatal cavity of the leaf (Ci) (Brodribb et al. 

2009), enhancing the importance of finely tuning stomatal aperture.  

WUE is not a fixed crop entity; therefore it cannot be directly controlled. However, its 

components can be manipulated (Blum 2005) and agronomical inputs like sowing time, 
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rotations and tillage, and soil type have a direct effect on WUE because it affects the 

amount of final product and use of water (Angus and van Herwaarden 2001; Asseng 

and Turner 2007). In Mediterranean-type climates, fast development, early flowering 

and high harvest index are essential to guarantee efficient water use in wheat (Siddique 

et al. 1990). At least three other factors affect both sides of the WUE relationship and 

two of these factors are environmental and are in the scope of what is defined here as 

climate change. 

The first of these is the choice of appropriate genotype with the right traits for the 

particular environmental conditions (Bramley et al. 2013), essential for achieving a high 

WUE. Some of the traits present in modern wheat genotypes can increase WUE, like 

high-vigour growth, which is characterised by increased root growth, increased leaf area 

in early stages (fast soil cover reducing soil evapotranspiration). Other traits like 

reduced transpiration rates, increased specific leaf area that increases radiation use 

efficiency, and decreased season length would reduce water use and perhaps increase 

WUE (Condon and Richards 1993). Genotypes with limited tiller numbers or greater 

capacity for water-soluble carbohydrate accumulation can also improve WUE mainly in 

Mediterranean-type climates where terminal drought is common (Setter et al. 1998; 

Asseng and Turner 2007). This is mainly because reduced tiller numbers will reduce 

canopy transpiration, and increased water-soluble carbohydrates are remobilized better 

under restricted water conditions. 

The second factor is water availability, which is often a limiting factor in wheat 

production, particularly in Mediterranean-type climates. Under such conditions, WUE 

generally increases because water stress reduces stomatal aperture, reducing water loss 

(Thompson et al. 2007). However, reduced transpiration rates limit biomass 

accumulation and yield capacity (Siddique et al. 1990; Morison et al. 2008), and 

increases the risk of crop failure (Davies et al. 2011). WUE can be enhanced if carbon 
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uptake is increased, or if water loss is reduced, but generally reduced water loss is the 

main factor (Bramley et al. 2013). However, it would be interesting if carbon uptake 

was enhanced while water loss was reduced, because then WUE would increase from 

both sides of the equation. Under current atmospheric CO2 concentration, reduced water 

loss, which comes from reduced gs may not cause carbon starvation (Yoo et al. 2009), at 

least until some threshold point (Figure 2.2). 

 

Figure 2.2. The relationship between transpiration, net CO2 assimilation, and water use 
efficiency (WUE), indicating how instantaneous WUE is influenced by stomatal 
conductance (gs) through differential responses of net CO2 assimilation (black squares) 
and transpiration (white squares). Transpiration rate increases linearly with gs. Net CO2 
assimilation linearly increases with increasing gs, but saturates at higher gs. WUE 
increases with gs at low gs because the rate of increase in CO2 assimilation is higher than 
the rate of transpiration. A reduction in gs from A to B improves WUE because 
transpiration is reduced (A”→  -B”),  but  reduction  in  net  CO2 assimilation is minimised 
(A’ →B’)  (adapted  from Yoo, 2009). 

 

The third factor to affect both sides of the equation (carbon intake/water loss) is 

seasonal temperature. Under current atmospheric CO2 concentration, an increase in 

seasonal temperature will potentially increase the rate of water loss and, at the same 

time increase canopy photosynthesis and hasten phenology (Xu et al. 2013). While it is 

unlikely that photosynthetic rates will increase enough to compensate for shorter 
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growing period, increased photosynthesis and accelerated phenology are likely to have a 

positive effect on WUE, but this may not be enough to compensate for greater water use 

under high temperature. On the other hand, increases in temperature accelerate the rates 

of grain filling, but reduce grain yield because of the shorter grain-filling period 

(Wardlaw and Moncur 1995; Zahedi and Jenner 2003; Asseng et al. 2011). Therefore, it 

is uncertain how the effects of high temperature will affect WUE. 

The three factors mentioned above can influence WUE and interact with elevated CO2 

concentration. Ultimately, elevated CO2 concentrations increase eco-physiological and 

agronomical WUE in wheat (Hunsaker et al. 2000; Wall et al. 2006) because they 

increase photosynthetic rates and grain yield, and reduce transpiration rates and hence, 

total water use. In the future, WUE in wheat crops will probably be enhanced simply 

because reduced water availability will reduce stomatal aperture to avoid desiccation. 

Furthermore, it is likely that elevated CO2 or the development of better-adapted 

genotypes will increase photosynthesis rates and biomass accumulation.  

2.8 Conclusion 

Changes in climate are already occurring and will intensify in the next decades in the 

Mediterranean-type climate of south-western Australia. These changes are likely to 

affect yield of wheat crops, but there is uncertainty about the mechanisms affected and 

the magnitude of these effects. This review of the literature suggests that genotypes may 

be affected differently by climate change. It also suggests that the climate variables have 

synergistic effects in some responses and, at the same time, opposing effects in other 

responses. Understanding the responses of mechanisms that determine yield under 

climate change conditions will help improve grain yield of wheat in the future. Elevated 

CO2 might ameliorate reductions in yield caused by high temperatures and terminal 

drought, but a full mitigation, or even an improvement of yield in relation to current 
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yield levels, may not happen unless there is a comprehensive understanding of climate 

change effects on yield components. This understanding will lead to the development of 

improved genotypes more adapted to the climate constraints and take advantage of extra 

resources when available. 
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3 Tunnel houses - Performance and methodology 

3.1 Different methods to simulate climate change  

To avoid constraints imposed by pot studies (Körner 2006), field simulations are needed 

to accurately predict the potential effects of future climate change on crop production. 

The most common methods to simulate climate change scenarios in the field are: (i) 

FACE (free air carbon enrichment) where CO2 fumigation rings are placed around the 

crops (Kimball et al. 1995), this system also allows temperature increase by use of 

infrared light (Ottman et al. 2012); (ii) Open-top chamber that encloses the crop and 

allows enriched CO2 air movement from the base through the top, and temperature and 

soil moisture generally follow the surrounding ambient (Dijkstra et al. 2002; Hungate et 

al. 2002); and (iii) Tunnel houses, which are tunnels made of special plastic greenhouse 

film, generally having a forced enriched CO2 air movement, temperature enhancement 

and irrigation control. Despite differences in microclimate among the methodologies 

they have their root system in the ground and allow real canopy/root interactions 

(Rawson 1995). In this research, tunnel houses were used to simulate predicted climate 

change conditions for south-western Australia to study the interaction between elevated 

CO2, higher temperatures and terminal drought.  

3.2 Simulating climate change in wheat in the field using tunnel houses  

Each tunnel house, 10 m long × 2.5 m wide × 2.5 m tall, consisted of a steel frame 

covered with a double sheet of F-clean greenhouse film (200 µm) (AGC Chemicals 

Americas, Inc. Exton, PA, USA) (Figure 3.1). When new and clean, and at a 

perpendicular sun angles, this film allows 95% light transmission, is virtually 

impermeable to CO2, and inflation between the double walls insulates against external 

temperature.  
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Figure 3.1. (a) Diagram of the tunnel houses used to control CO2 and temperature: A, 
CO2 sensor; B, multi-speed fan in the outlet; C, temperature and relative humidity 
sensor; D, cardboard radiator window in the inlet; E, enriched CO2 injection hose; (b) 
external photograph of the tunnel houses; (c) photograph of the cardboard radiator 
window in the inlet; (d) photograph of the multi-speed fan in the outlet; (e) photograph 
of wheat inside the tunnel houses during tillering; (f) photograph of wheat inside the 
tunnel houses during booting.   
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Air flow through each tunnel was provided by a CPD 0454 FHP multi-speed fan 

(Fantech, Pty, Ltd, Melbourne, VIC, Australia) capable of moving 1333 L s–1 of air. 

Each fan draws outside air through a cardboard radiator window mounted in the 

opposite wall of the tunnel, renewing the inside air in approximately 0.8 min. The fan 

speed was varied continuously with an ACS150 Drive (ABB Inc., New Berlin, WI, US) 

to maintain a set temperature rise inside a warmed with respect to the ambient tunnel, 

which was monitored with a TWA 27708 Resistance Thermometer Detector 

(Technitemp, Instruments and controls Pty, Perth, WA, Australia), located at the end of 

the tunnel.  

For elevated CO2 treatments, food-grade certified CO2 gas was pulsed from a gas vessel 

(BOC Special Gases, Chatswood, NSW, Australia) through a 1.5 m × 15 mm diameter 

plastic hose into the inlet stream of each tunnel, via a solenoid valve. The last 1 m of 

hose had punctures to evenly distribute the pulse of CO2 into the inlet stream. The pulse 

rate of the solenoid valve was determined by measuring the CO2 level in the outlet 

stream of the tunnel, using a GAS-CO2-002-K infrared gas analyser (Gas Alarm 

System, Sydney, NSW, Australia). The CO2 concentration was maintained at 700 µL L–

1 inside the tunnels with elevated CO2 treatment and there were no discernible gradients 

of CO2 or temperature along the tunnels at any time. The system was automatically 

regulated so that when CO2 uptake by plants increased at high irradiance, the CO2 

injection rate increased to compensate for the diluting effect of the increased uptake. 

The CO2 injection was maintained the whole day. Instantaneous spot measurements 

were conducted thoroughly during the experiment with a portable CO2, temperature and 

relative humidity meter (pSense – AZ0001, CO2Meter, Inc., Fl, US).  

For ambient CO2 and for temperature treatments, each fan drew outside air at a different 

speed through the tunnel with ambient CO2 concentrations between 380–390 µL L–1. 
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Fan speed was manually controlled by continuously monitoring air temperature outside 

the tunnel houses.  

Temperature and CO2 concentration inside the tunnels were scanned every 5s; 0.5h 

averages were stored by an 8–channel data logger (TP488-RT, Amalgamated 

Instrument CO Pty LTD, Hornsby, NSW, Australia) and visualised with the software 

Windows™ Compatible Logging & Live Reading (Amalgamated Instrument CO Pty 

LTD, Hornsby, NSW, Australia). A manually controlled system of drippers disposed in 

rows irrigated the plots within each tunnel with capacity to release 2 L m-2 h-1. 

3.2.1 Location 

Field experiments were conducted between May and November (2010, 2011 and 2012) 

at Shenton Park Research Station of the University of Western Australia (UWA) (31º 

57’S,   115º   45’E),  Western  Australia.   The   site   is   located in an area with a long-term 

average rainfall (80 years) of 710 mm for the May-November growing season. The soil 

is a free-draining infertile Spearwood sand (McArthur and Bettenay 1960) consisting of 

brown fine sandy clay with less than 1% organic matter. The pH, measured in a 1:5 

suspension of soil in 0.01 M CaCl2 was 5.1–6.8 in the surface 0–10cm and 4.1–4.5 in 

lower layers of the soil profile.  

3.3 Tunnel houses performance and experimental conditions 

3.3.1 Soil fertilization 

The equivalent of 60 kg N ha–1 as urea, 75 kg P ha–1 as amended superphosphate (with 

Cu, Zn, Mo, S) and 55 kg K ha–1 as KCl was buried with the seed. A top-dressing 

application of 33 kg N, 38 kg P and 28 kg K ha–1 was made when plants were at the 3–4 

leaf stage (Z13–Z14; Zadoks scale of growth) (Zadoks et al. 1974). Another application 

of N as urea was made at the end of stem elongation (Z39), at a rate of 50 kg N ha–1. 
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3.3.2 Season 1 (2010)  

In the first season of experiments, each tunnel house was set to serve as combination of 

CO2, temperature and watering regime, being: 

Ambient CO2, Ambient Temperature (ACO2 + AT). 

Elevated CO2 (700 µL L–1), 2°C above ambient temperature (ECO2 + HT2). 

Elevated CO2 (700 µL L–1), 4°C above Ambient Temperature (ECO2 + HT4). 

Elevated CO2 (700 µL L–1), 6°C above Ambient Temperature (ECO2 + HT6).  

During the first season of experiments (June–November 2010), each tunnel received 

10–12.5 h of daylight, with an average maximum photosynthetic photon flux density 

(PPFD) inside the tunnels of 948 ± 19 µmol m–2 s–1, measured at 13:00 h. The Shenton 

Park Research Station average maximum temperature was 19.2 ± 0.2°C and minimum 

temperature was 7.8 ± 0.3°C. Dynamics of diurnal temperatures in the tunnel houses are 

shown in Figure 3.2. During season 1, temperature and CO2 concentration weekly 

averages are shown in (Figure 3.3 a & b).  

 

Figure 3.2. Diurnal temperature inside the tunnel houses in one day in July 2010. 
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3.3.3 Seasons 2 (2011) and 3 (2012) 

In seasons 2 and 3 of experiments, each tunnel house was set to serve as combination of 

CO2, temperature and watering regime, being: 

Ambient CO2, ambient temperature (ACO2 + AT). 

Ambient CO2, 3°C above ambient temperature (ACO2 + HT). 

Elevated CO2 (700 µL L–1), ambient temperature (ECO2 + AT). 

Elevated CO2 (700 µL L–1), 3°C above ambient temperature (ECO2 + HT). 

During the second experiment (May–November 2011), each tunnel received 10-12.5 h 

of day light, with an average maximum PPFD inside the tunnels of 967 ± 27 µmol m–2 

s–1, measured at 13:00 h. The Shenton Park Research Station average maximum was 

temperature 23.2°C and minimum temperature was 3.5°C. Temperature and CO2 

concentration performance during the season 2 are shown in Figure 3.3 (c & d).  

In the third experiment (May–November 2012), each tunnel received 10–12.5 h of day 

light, with average maximum PPFD inside the tunnels of 977 ± 49 µmol m–2 s–1, 

measured at 13:00 h. The average maximum and minimum temperatures at Shenton 

Park Research Station were 19.5°C and 8.5°C, respectively. The temperature and CO2 

concentration performance during the season 3 are shown in Figure 3.3 (e & f). 

3.4 Conclusions 

During the three seasons of experiments (2010–2012), the control of climate variables 

was precise, and therefore, the design and performance of the tunnel houses to simulate 

climate change in crops was adequate.  

The temperature differences intended between tunnels were maintained throughout the 

growing season during daytime only. Night time temperatures were the same in all 

tunnels. With handheld spot measurements (data not show), it was assured that no 
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discernible temperature gradient was observed within each tunnel during the 

experiments.  

The CO2 concentration predicted under climate change for the second half of this 

century (approximately 700 µL L–1) was simulated with a high level of accuracy. For 

that to happen, approximately 200 kg of CO2 was needed per tunnel per week. Because 

of precise drip irrigation during the growing season, terminal drought simulation in 

relevant plots by removing the plastic hoses was very efficient. Plastic barriers between 

plots did not allow lateral water movement between wet and dry plots. 

The most important part of this methodology is that it allowed precise simulations of 

temperature, CO2 concentration and rainfall in wheat crops directly planted in the soil, 

making this study relevant in terms of potential climate change effects on wheat crops.      
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Figure 3.3. C
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4 Can elevated CO2 combined with high temperature ameliorate the effect of 

terminal drought in wheat? 

4.1 Introduction 

Climatic conditions across the wheat-growing regions of the world are predicted to 

change with potentially severe impacts on wheat production over the next 50 years 

(Tubiello et al. 2007; Forster et al. 2007b). One of the wheat growing regions to be 

affected by climate change is the Mediterranean-type climatic region of Australia, 

which produce 19.7 million tonnes of wheat per year on 9 million hectares (ABARE 

2012b). Atmospheric CO2 concentration and temperatures will increase, while rainfall 

will decrease for this region (Ragab and Prudhomme 2002). Studies on the impact of 

climate change on wheat crops have focussed on the independent effects of elevated 

CO2 (Gifford et al. 1985; Kimball et al. 1995), high temperatures (Slafer and Rawson 

1995; Ferris et al. 1998) or water shortage (Inoue et al. 2004; Passioura 2004). Few 

studies have examined the combined effects of elevated CO2 and high temperature 

(Wheeler et al. 1996) or elevated CO2 and water deficit (Schütz and Fangmeier 2001; 

Manderscheid and Weigel 2007), but none have studied the effects of all three variables 

combined. 

Elevated CO2 may increase biomass production in wheat as a result of greater rates of 

net leaf photosynthesis and reduced photorespiration (Gifford et al. 1985; Musgrave and 

Strain 1988; Sengupta 1988; Kimball et al. 1995; Miglietta et al. 1996; Bunce 1998; 

Manderscheid et al. 2003; Hogy et al. 2009). Elevated CO2 also improves grain yield by 

increasing grain size or the number of spikes (Högy and Fangmeier 2008). 

Instantaneous and agronomic water use efficiency also improve under elevated CO2 

(Rogers et al. 1996b; Drake et al. 1997; Garcia et al. 1998; Long et al. 2004; Palta et al. 

2009) due to reduced stomatal conductance, which reduces water use (Miglietta et al. 
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1996; Garcia et al. 1998; Bunce 2000). A negative effect of elevated CO2 may be 

reduced tissue nutrient concentration, particularly nitrogen, which results in lower grain 

protein content (Rogers et al. 1996b; Kimball et al. 2001). 

High temperatures increase the rates of transpiration and hence, crop demand for water 

(Lawlor and Mitchell 2000; Peng et al. 2004). High temperatures also affect grain yield 

by accelerating phenology and reducing biomass production (Slafer and Rawson 1995; 

van Ittersum et al. 2003). High temperatures increase the rates of grain filling, but 

reduce the duration of grain filling and ultimately, grain yield (Wardlaw and Moncur 

1995; Zahedi and Jenner 2003; Asseng et al. 2011).  

End-of-season drought or terminal drought is characteristic of regions with 

Mediterranean-type climates where rainfall decreases and evaporation and temperature 

increases in spring, when wheat enters its reproductive stage (Fitzpatrick 1970). 

Terminal drought is the major cause of grain yield variability in wheat. It enhances leaf 

senescence and reduces post-anthesis photosynthesis, therefore reducing final biomass, 

grain yield and harvest index (Passioura 1983; Kobata et al. 1992; Palta 1996; Yang et 

al. 2001). The reduction in grain yield and harvest index is mostly a consequence of 

floret abortion and reduced grain size, depending on the time and intensity of the 

terminal drought (Passioura 1983). 

Previous studies on the combined effects of elevated CO2 with high temperature on 

wheat have shown contrasting results. Rawson (1995) and Martinez-Carrasco et al. 

(2005) observed greater photosynthetic rates and above-ground biomass under 700 

µmol mol–1 CO2 combined with temperatures 2°C higher than the ambient in gradient 

tunnels.  However, no positive effect of the same CO2 concentration combined with 

temperatures 2°C higher than the ambient was found in the studies of Batts et al. (1997; 

1998), and van Oijen and Ewert (1999) in open-top chambers. The differences in the 



59 
 

response of leaf photosynthesis and biomass between these studies presumably reflects  

the differences in temperature and hence the effect that high temperatures have on 

phenology (Lawlor & Mitchell, 2000) and on grain size and number, which may negate 

the positive effect of elevated CO2 on biomass and photosynthesis (Baker 2004; 

Tubiello et al. 2007).  

The combined effect of elevated CO2 and water deficits during the vegetative growth of 

wheat has also been studied. Shütz (2001) found that shoot biomass and grain yield 

were 60 and 57%, respectively greater under elevated CO2 combined with drought than 

under ambient CO2 plus drought, indicating that elevated CO2 ameliorated the effect of 

drought on biomass and grain yield. The combined effects of elevated CO2 and terminal 

drought on wheat growth and yield are not known, neither the combined effect of 

elevated CO2, high temperatures and terminal drought. The aim of this study was to 

determine the effects of combining elevated CO2, high temperature and terminal 

drought in wheat. It was hypothesized that the effects of elevated CO2 combined with 

high temperature ameliorates the negative effects of terminal drought on wheat. The 

wheat breeding line 38–19 selected for maximum shoot and root vigour (Palta et al., 

2011; Rebetzke, unpubl) and the commercial cultivar Janz were chosen to represent the 

boundaries for the vigour trait. Lines with different vigour tend to have different 

potential to climate change adaptation. The two genotypes were grown in specially-

designed tunnel houses in which elevated CO2, temperature and terminal drought were 

controlled. 

4.2 Materials and Methods 

4.2.1 Location and soil 

The location, site conditions and soil type are described in detail in Chapter 3. 
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4.2.2 Plant material 

Two wheat (Triticum aestivum L.) genotypes; the high yielding, semi-dwarf and widely 

adapted commercial cultivar, Janz (Brennan et al. 1991) and a tall, recurrent selection 

line 38–19, selected by Dr G. Rebetzke at CSIRO Plant Industry for maximum shoot 

(fast leaf area development and biomass accumulation) and root vigour (water uptake in 

deeper soil layers) (Palta et al., 2011; Rebetzke, unpubl) were grown in naturally-lit 

tunnel houses (Chapter 3). The two genotypes were sown in a randomised block design 

within each tunnel house. Fertilisers were applied as described in Chapter 3. 

4.2.3 Treatments 

Each tunnel house served as combination of CO2, temperature and watering regime: 

Ambient CO2, ambient temperature (ACO2 + AT). 

Elevated CO2, 2°C above the ambient temperature (ECO2 + HT2). 

Elevated CO2, 4°C above the ambient temperature (ECO2 + HT4). 

Elevated CO2, 6°C above the ambient temperature (ECO2 + HT6). 

There were a total of six plots in each tunnel, three plots per genotype (three replicates 

per genotype). Each plot (3.0 m × 0.9 m) was regularly irrigated with drip irrigation to 

maintain soil water content close to field capacity until 50% anthesis. At this stage, 

irrigation was withheld from half of the plots to induce terminal drought, while watering 

of the other half continued (well-watered). The well-watered plots received 

approximately 400 mm m–2 of water in total during the whole season. 

4.2.4 Measurements 

The dates of the developmental stages (phenostages) for anthesis and physiological 

maturity (95% of leaves and spikes had turned yellow) were recorded for each plot 

under each combination. Observations were made at 3-day intervals and the phenostage 



61 
 

noted when 50% of the plants had achieved the particular stage. Phenostages were 

defined using the Zadoks scale of cereal development (Zadoks et al. 1974). 

Comparisons between the two genotypes were made in days after sowing. 

Above-ground biomass was measured by harvesting 15 plants plot–1 at 50% anthesis 

(Z58) and 0.5 m2 quadrants per plot at final harvest in each combination, cut at the soil 

surface. Plants from edge rows were not sampled to minimise edge effects. On each 

occasion, plants and sampling sites were assigned randomly and plant material was 

separated into leaves and stems, before being dried in a fan-forced oven at 70°C for at 

least 48 h, and then weighed. Where appropriate, spikes were counted and threshed by 

hand, and grain was redried and weighed. Grain number was counted and 1000-seed 

weight was determined for each sample. Grain yield data was plotted against biomass 

production after anthesis for analysis of grain filling and carbon remobilisation (Takami 

et al. 1990). Green leaf area was measured at stem elongation and 50% anthesis using a 

Li-Cor LI-3100 leaf area meter, (Li-Cor, US). Tiller number was measured at 50% 

anthesis and final harvest. 

Soil moisture content in the top 0.5 m of the soil profile was monitored by core 

sampling once a week from anthesis. On each occasion, one soil core per plot was 

sampled with an auger, 0.02 m in diameter, to a depth of 0.5 m. The soil sample was 

weighed, dried in a fan-forced oven at 70°C for at least 72 h and weighed again for 

gravimetric determination of water content. 

Leaf water potential (leaf ) was measured near midday (12:00–14:00 h) on clear sunny 

days, every 6 days for 18 days after anthesis. leaf was measured in 3 flag leaves that 

were well-illuminated on randomly-selected plants of each plot, under each 

combination. Leaves were enclosed in a polyethylene bag immediately before cutting 

(Turner 1988) and leaf  were measured using a Scholander pressure chamber (Series 
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3000, Soil Moisture Equipment Corp, Santa Bárbara, CA, US). Replicate analyses 

agreed within 0.05 MPa. 

Net photosynthesis and transpiration rates of 4 flag leaves per plot were measured using 

a portable CIRAS-II open gas exchange system (PP Systems, Amesbury, US) from 50% 

anthesis at 6-day intervals between 10:30–13:30 h on cloud-free days, when PPFD was 

above 900 mol m–2 s–1, the level at which photosynthesis is saturated in wheat (Austin 

1990; Henson et al. 1990). The system used the same CO2 concentration and 

temperatures of the tunnel it was being used. 

4.2.5 Statistical analysis 

The experimental design was a complete randomized split-plot design and comprised 

four combinations of CO2 plus temperature with three replications for each 

combination. Each tunnel had a split-plot factorial combination of water regimes (main 

plot; terminal drought and well-watered) and genotypes (sub-plot; Janz and 38–19). 

Analysis of variance used. Repeated measures over time were analysed by regression, 

using thermal time as the independent variable, and CO2 plus temperature combination, 

water regime and genotype as factors. Data were analysed using GenStat 13 (VSN 

Intenational Ltda, UK); graphs were produced using GraphPad Prism 5.0 (GraphPad 

Software, Inc., CA, USA). 

4.3 Results 

4.3.1 Phenology 

Main effects of genotype and combinations of CO2 + temperature were highly 

significant (P = 0.012) for time to flowering and physiological maturity, whereas 

interaction effects were insignificant (P = 0.223–0.387).  Time to flowering was 20–21 

days earlier in 38–19 than in Janz under ACO2 + AT, ECO2 + HT2 and ECO2 + HT4 
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(Table 4.1). Time to flowering was reduced by elevated CO2 plus high temperature, but 

only when crops were grown under the combination ECO2 + HT6, when flowering of 

both genotypes occurred 11 days earlier. Physiological maturity of both genotypes was 

also 8–12 days earlier under ECO2 + HT6 than under any other combination of CO2 and 

temperature (Table 4.1). Terminal drought did not affect time to physiological maturity 

of either genotype under any climate combination (P > 0.05). The vigorous line 38–19 

flowered 20–21 days earlier and reached physiological maturity 20–23 days earlier than 

Janz under all climate and watering combinations (Table 4.1). 

Table 4.1. The mean and L.S.D. (least significant difference) of three replicates of 
number of days after sowing (DAS) when 50% anthesis (Z58) and physiological 
maturity occurred in non-vigorous (Janz) and vigorous (38–19) wheat genotypes grown 
under combinations of ACO2 + AT, ECO2 + HT2, ECO2 + HT4 and ECO2 + HT6, 
under well-watered (ww) or terminal drought (td). N=3 

Genotype 
ACO2 + AT ECO2 + HT2 ECO2 + HT4 ECO2 + HT6 l.s.d            

(P = 0.05) 
 Anthesis (DAS) 

Janz ww 85 82 81 74 
5.1 38-19 ww 64 62 60 54 

  Physiological Maturity (DAS)  
Janz ww 135 133 131 135 

6 Janz td 129 126 117 109 
       38-19 ww 130 119 119 119 

6 38-19 td 118 112 113 109 

4.3.2 Leaf area, tiller number and anthesis biomass 

There was a significant interaction effect of genotype × CO2 + temperature at anthesis 

(P = 0.016). Janz had greater leaf area under ECO2 + HT2, but it was only significantly 

different from ECO2 + HT4 (52%) (Table 4.2). Leaf area of 38–19 under ECO2 + HT6 

was two times greater than under ACO2 + AT, but it was not significantly different from 

any other climate combination (Table 4.2). Specific leaf area in Janz was 18% lower 

under ECO2 + HT4 than under ECO2 + HT2 or ACO2 + AT, but it was not significantly 

different under any climate combination in 38–19 (Table 4.2).  
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Table 4.2. Mean value and L.S.D. for leaf area, leaf dry weight, specific leaf area 
(SLA), tiller number and above-ground biomass at 50% anthesis (Z58) of three 
replicates in non-vigorous (Janz) and vigorous (38–19) wheat genotypes grown under 
combinations ACO2 + AT, ECO2 + HT2, ECO2 + HT4 and ECO2 + HT6. N=3 

Genotype Combination Leaf area 
(m2 m–2) 

Leaf DW  
(g m–2) 

SLA 
(cm2 g–1) 

Tiller 
(plant–1) 

Biomass 
(g m–2) 

Janz 
ACO2 + AT 2.87 99.8 288.0 2.3 508.7 
ECO2 + HT2 4.12 143.2 287.8 3.2 764.3 
ECO2 + HT4 2.71 113.7 239.0 3.1 717.5 
ECO2 + HT6 2.99 111.4 268.6 3.6 508.2 

38–19 
ACO2 + AT 1.53 63.4 242.8 1.5 421.6 
ECO2 + HT2 2.07 79.6 260.3 2.1 504.5 
ECO2 + HT4 2.02 73.7 274.2 2.1 477.8 
ECO2 + HT6 3.04 108.4 280.7 2.3 525.1 

                         l.s.d (P = 0.05) 1.30 42.3 42.3 0.8 143.3 

There was significant interaction of genotype × CO2 + temperature for tiller number (P 

= 0.041) and in biomass accumulated at anthesis (P = 0.050). In Janz ECO2 + HT 

increasing the number of tillers by 39–56% (P = 0.022) compared to ACO2 + AT, 

whereas there was no change in the line 38–19 (P < 0.001). Similarly, biomass at 

anthesis increased in Janz under ECO2 + HT2 (50%) and ECO2 + HT4 (41%), while 

there was no change in 38–19 (Table 4.2).  

4.3.3 Soil water content, leaf, photosynthesis and transpiration 

Water regime × time interactions for gravimetric soil water content in the top 0.5m of 

the soil profile were highly significant (P < 0.001), with a linear decline from 12.0 and 

7.0 g cm–3 in the well-watered treatment, compared to a much faster exponential decline 

from 12 g cm-3 to 0.5 g cm-3 within 18 days in the plots from which irrigation was 

withheld after anthesis (Figure 4.1a). Genotypic interactions were not significant (P diff 

terminal drought = 0.542, well-watered = 0.791), indicated by similar slopes in both 

Janz and 38–19 under the contrasting water regimes.  
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In contrast, for leaf water potential interactions (leaf ) of thermal time × genotype × 

watering regime were highly significant (P < 0.001). Under well-watered conditions 

midday leaf gradual decreased linearly with time, between -0.7 and -1.3 MPa in both 

Janz and 38–19 (P diff=0.648) (Figure 4.1b). However, under terminal drought the rate 

of leaf decline was much faster in 38–19 (from -0.7 to -2.4 MPa) compared to Janz (-

0.7 to -1.5 MPa, Figure 4.1b) (P < 0.001). 

 

Figure 4.1. Change with thermal time after anthesis (Z58) in (a) gravimetric soil water 
content in top 0.5 m of soil profile (b) midday leaf water potential (leaf ) of Janz under 
(black triangle) well-watered and (white triangle) terminal drought and 38–19 under 
(black circle) well-watered and (white circle) terminal drought The lines represent the 
best-fit to the data (P < 0.001) and the parameters of the linear (well-watered) and non-
linear (terminal drought) regressions were not significantly different between genotypes 
under well-watered conditions (P = 0791) and under terminal drought (P = 0.542). Bars 
indicate ± s.e.m. for 8 replicates when larger than the symbol. Time to 50% anthesis 
indicated by arrows. 

0 100 200 300 400 500
-5

-4

-3

-2

-1

Thermal Time after anthesis ( oC)


le

af
(M

Pa
)

0

5

10

15

G
ra

vi
m

et
ric

 w
at

er
 c

on
te

nt
 (g

 c
m

-3
)

b

a



66 
 

The well-watered and terminal drought data for photosynthetic rates were combined 

because there was no significant interaction between the water regimes imposed after 

anthesis and CO2 + temperature in the regression of photosynthesis and transpiration 

over time. Under any combination of CO2 + temperature, leaf net photosynthetic rate in 

38–19 declined linearly (P < 0.001) with thermal time regardless of the watering regime 

after anthesis (Figure 4.2a). Leaf net photosynthetic rate in Janz was maintained with 

time under well-watered conditions, but it decreased under terminal drought (P < 

0.001). Leaf net photosynthetic rate was higher under ECO2 + HT than under 38–19 (P 

< 0.001), but not in Janz (P > 0.05) (Figure 4.2a). 

The rates of leaf transpiration followed a similar trend to that of leaf photosynthetic rate. 

Transpiration rate in 38–19 was affected more under ECO2 + HT than Janz (Figure 

4.2b). Terminal drought reduced transpiration rates in 38–19 faster than well-watered 

conditions (P = 0.007). Leaf transpiration rate in Janz was maintained with time under 

well-watered conditions, but it decreased under terminal drought.  

4.3.4 Above-ground biomass, grain yield and yield components 

ECO2 + HT increased total above-ground biomass at maturity (P = 0.021) (Table 4.3), 

but the magnitude of the effect depended on the ECO2 + HT combination, watering 

regime and genotype. Terminal drought reduced above-ground biomass by up to 50% 

compared to well-watered treatment (P < 0.001). In Janz, ECO2 + HT did not affect 

biomass when well-watered, but under terminal drought biomass under ECO2 + HT2 

was 0.2 kg m-2 greater than under the other climate combinations (Table 4.3). In 38–19, 

biomass was 0.2–0.4 kg m-2 greater under all combinations of ECO2 + HT than ACO2 + 

AT when well-watered, but under terminal drought ECO2 + HT2 and ECO2 + HT4 

increased biomass by 0.2 kg m-2. There was no significant difference between the two 

genotypes in total above-ground biomass at maturity (P = 0.131). 
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Figure 4.2. Change with thermal time after anthesis (Z58) in the rate of net 
photosynthesis (a) in wheat cultivar Janz under ACO2+AT (white circles), ECO2+HT2 
(white triangles), ECO2+HT4 (white diamonds) and ECO2+HT6 (white squares), and 
38–19 under ACO2+AT (black circles), ECO2+HT2 (black triangles), ECO2+HT4 
(black diamonds) and ECO2 + HT6 (black squares); and (b) rate of transpiration in Janz 
under ACO2+AT (white circles), ECO2+HT2 (white triangles), ECO2+HT4 (white 
diamonds) and ECO2+HT6 (white squares), and 38–19 under ACO2+AT (black circles), 
ECO2+HT2 (black triangles), ECO2+HT4 (black diamonds) and ECO2 + HT6 (black 
squares). Bars indicate ± s.e.m. for 8 replicates when larger than the symbol. Time to 
50% anthesis indicated by arrows. 
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4.3), but yield under terminal drought was higher in ECO2 + HT2 than under the other 

treatments. Grain yield in Janz was greater than 38–19 (P = 0.042) and there was no 

interaction effect of genotype × CO2 + temperature and watering regime (P = 0.761).  

The contrasting of all combinations of ECO2 + HT (without including the effect of 

terminal drought) against ACO2 + AT was highly significant (P = 0.002). Within the 

three ECO2 + HT combinations, the increase in temperature linearly reduced harvest 

index (P = 0.013). However, there was a three-way interaction of genotypes × watering 

regimes × CO2 + temperature (P = 0.004) (Table 4.3). This interaction indicates that 

under well-watered conditions, Janz had higher harvest index than 38–19, and that 

harvest index was reduced in both genotypes, under ECO2 + HT combinations. Under 

terminal drought, 38–19 maintained high harvest index in most combinations of CO2 + 

temperature, except under ECO2 + HT6 in which it decreased significantly. Janz 

showed a quadratic response; lower than 38–19 under ACO2 + HT, increasing from 

ECO2 + HT2 to ECO2 + HT4, and decreasing under ECO2 + HT6.  

There was no significant interaction genotype × watering regime in the number of ears 

m-2 (P = 0.302– P = 0.977). Under well-watered conditions there were no differences in 

the number of ears m-2 between ACO2 + AT and ECO2 + HT combinations. The number 

of ears m–2 under ACO2 + AT was reduced in both genotypes by 17–37% when terminal 

drought was induced (P = 0.017), and alleviated under all ECO2 + HT combinations by 

22–55% (Table 4.3). Janz had more ears m–2 than 38–19 (P < 0.001) across all CO2 + 

temperature combinations. 

In 38-19 the number of grains ear-1 under well-watered conditions increased by 4–7 

grains under any combination of ECO2 + HT in comparison with ACO2 + AT. However, 

grains ear-1 in Janz was not affected by ECO2 + HT2 but decreased under ECO2 + HT4 

and ECO2 + HT6 (Table 4.3). Under terminal drought, number of grains ear-1 in 38–19 
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was similar across all combinations of CO2 + temperature but, in Janz it was reduced 

under ECO2 + HT6 

There was a significant interaction of genotype × CO2 + temperature with grain weight 

decreasing in 38–19 under all ECO2 + HT combinations, except under well-watered 

ECO2 + HT4 (Table 4.3); in Janz, grain weight increased under ECO2 + HT4 (P = 

0.045). Terminal drought reduced grain weight (P < 0.001) in both genotypes. 

Table 4.3. Mean value and L.S.D. for above-ground biomass (kg m–2), grain yield, 
harvest index and components of grain yield for non-vigorous (Janz) and vigorous (38–
19) wheat genotypes grown under combinations ACO2 + AT, ECO2 + HT2, ECO2 + 
HT4 and ECO2 + HT6, under well-watered (ww) and terminal drought (td). N=3.  

Genotype Treatment 
Above-
ground 
biomass 
(kg m–2) 

Grain 
yield 

(g m–2) 
HI Ears m-2 Grains 

per ear 

Grain 
dry 

weight 
(mg) 

Janz 

ACO2 + AT 
ww 1.06 565.6 53.2 383.3 36.9 35.2 

td 0.64 280.2 43.4 316.7 32.9 27.2 

ECO2 + HT2 
ww 1.21 635.5 52.1 436.3 38.4 42.3 

td 0.85 401.9 46.9 441.0 32.3 24.3 

ECO2 + HT4 
ww 1.13 556.7 49.0 399.3 31.9 38.5 

td 0.72 381.2 52.7 388.0 31.8 31.9 

ECO2 + HT6 
ww 1.17 521.6 44.3 445.3 32.0 39.6 

td 0.61 260.0 42.5 391.7 25.9 23.3 

         

3819 

ACO2 + AT 
ww 0.85 425.0 50.3 286.0 30.9 51.3 

td 0.49 235.2 47.3 179.0 30.1 45.1 

ECO2 + HT2 
ww 1.22 597.0 48.9 359.0 36.0 47.4 

td 0.69 325.7 47.2 277.3 30.9 37.1 

ECO2 + HT4 
ww 1.05 498.3 47.6 305.0 34.9 51.0 

td 0.59 282.4 48.1 271.0 28.0 29.9 

ECO2 + HT6 
ww 1.19 499.1 41.9 300.0 37.9 40.4 

td 0.73 258.2 36.7 278.7 27.2 28.4 

 
   L.S.D.(P = 0.05) 0.16 80.3 1.5 49.7 3.8 1.8 
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The total above-ground biomass produced during the post-anthesis period was similar to 

the grain yield (Figure 4.3). The 1:1 dashed line represents where post-anthesis biomass 

and grain yield are equal, assuming assimilate translocation to and from roots and 

respiratory losses and were similar for both genotypes under all treatments. Data points 

above the dashed line indicate that the grain yield was proportionally greater than the 

biomass produced after anthesis. Data points below the dashed line indicate a smaller 

grain yield than post-anthesis biomass, suggesting that post-anthesis biomass was not 

converted fully into grain yield (Takami et al., 1990; Kobata et al 1992). 

 

Figure 4.3. Relationship between grain yield and biomass produced after anthesis in (a) 
non-vigorous wheat cultivar Janz and (b) vigorous line 38–19 grown under ACO2+AT 
(black circles), ECO2+HT2 (black triangles), ECO2+HT4 (black diamonds) and ECO2 + 
HT6 (black squares) well-watered and ACO2+AT (white circles), ECO2+HT2 (white 
triangles), ECO2+HT4 (white diamonds) and ECO2+HT6 (white squares under terminal 
drought. Each point is Mean ± s.e.m. of three replicates. 
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Under conditions of terminal drought, grain yield was greater than the post-anthesis 

biomass produced by both genotypes, particularly under ECO2 + HT2 and ECO2 + HT4 

(Figure 4.3). Under well-watered conditions, grain yield of Janz was greater than the 

postanthesis biomass produced under ECO2 + HT2 and ECO2 + HT4, but not under 

ACO2 + AT and ECO2 + HT6. Under ACO2 + AT grain yield was equal to the increase 

in post-anthesis biomass and under ECO2 + HT6 it was lower (Figure 4.3a). In the line 

38–19, grain yield was equal to the post-anthesis biomass under ACO2 + AT only. 

Under the other combinations, particularly under ECO2 + HT6, grain yield was lower 

than the biomass produced after anthesis (Figure 4.3b). 

4.4 Discussion 

Elevated CO2 combined with high temperature simultaneously increased biomass and 

grain yield in both genotypes when the temperature was 2°C higher than the ambient 

only (ECO2 + HT2) and regardless of the watering regime imposed after anthesis. The 

increase in biomass was due to high rates of leaf net photosynthesis in the vigorous line 

38–19 and increased tillering combined with leaf area in the non-vigorous cultivar Janz. 

The increase in grain yield resulted mainly from an increase in the number of ears m-2. 

Biomass and grain yield were not additionally increased when the genotypes were 

grown under elevated CO2 and 4 or 6°C higher than the ambient (ECO2 + HT4 and 

ECO2 + HT6), indicating that temperatures more than 2°C above the ambient restricted 

the well known response of wheat biomass and grain yield to elevated CO2 (Schütz and 

Fangmeier 2001). Grain yield in particular, tended to decrease linearly with increasing 

temperature in both genotypes under elevated CO2, mainly because harvest index and 

kernel dry weight were reduced. This is in agreement with the well known effect of high 

temperature on the rates and duration of grain filling (Wardlaw and Moncur 1995; 

Zahedi and Jenner 2003; Asseng et al. 2011). 
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Results from previous studies suggested that elevated CO2 can mitigate the effects of 

drought events when they occur during vegetative growth (Chaudhuri et al. 1990; Ewert 

and Porter 2000; Schütz and Fangmeier 2001; Manderscheid and Weigel 2007). In the 

present study, terminal drought was induced by withholding water when both genotypes 

were at 50% anthesis. This early onset of terminal drought severely reduced biomass 

and grain yield (40-50%) when both genotypes were grown under ambient CO2 and 

ambient temperature (ACO2 + AT). However, the reduction was less severe (21-28%) 

under elevated CO2 and temperature that was 2°C higher than the ambient (ECO2 + 

HT2). This indicates that elevated CO2 plus 2°C above ambient temperatures partially 

compensated for the negative effect that terminal drought has on wheat biomass and 

grain yield (Passioura 1983; Kobata et al. 1992; Palta 1996; Yang et al. 2001) and 

supports the hypothesis of this study. The amelioration in biomass and grain yield 

resulted mainly from more tillers per m-2, which increased biomass and also the number 

of ears m-2.  

A surprising feature of this study was that when crops were grown under the 

combination elevated CO2 and high temperature (ECO2 + HT) the leaf net 

photosynthetic rate responded positively in the vigorous line 38–19, but not in the non-

vigorous cultivar Janz. The leaf net photosynthetic rate in 38–19 was 30% higher than 

Janz under ambient CO2 and ambient temperature (ACO2 + AT) and the response to 

elevated CO2 and high temperature made it 1.83 times higher than in Janz. A likely 

explanation for the high rate of leaf net photosynthesis in 38–19 may be a high demand 

for carbon due to its vigorous growth trait (G. Rebetzke, unpublished). However, the 

response of leaf net photosynthetic rate to the combination of ECO2 and HT in 38–19 

was not reflected in its above-ground biomass accumulation. This high demand for 

carbon by 38-19 may be due to high photosynthetic rates which were not reduced by 

terminal drought. Biomass measured at anthesis and final harvest was similar in 38–19 
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and Janz. There are three possible explanations for the lack of differences in biomass 

between 38–19 and Janz. Firstly, the rate of leaf net photosynthesis in 38–19 was higher 

than in Janz, but presumably not the canopy photosynthesis because its leaf area was 

around 30% lower than in Janz. Secondly, 38–19 could be investing a proportionally 

greater amount of its biomass in its root system. Root biomass was not measured in this 

study. Thirdly, Aranjuelo et al. (2011) recently reported that adequate sink strength in 

wheat crops is essential for maximizing the response to elevated CO2. In our study, 38–

19 produced less tillers than Janz across all combinations of CO2 and temperature, 

reducing its sink strength. Thus, it is likely that the rate of leaf net photosynthesis in 38–

19 exceeded the sink capacity to utilize photosynthate causing an increase in respiration 

(Aranjuelo et al. 2011). 

An interesting observation in the present study is that leaf transpiration rate in 38–19, 

which was higher than in Janz under ambient conditions (ACO2 + AT), was reduced 

under the combination elevated CO2 plus 2°C above ambient temperature only (ECO2 + 

HT2). The reduction in the rate of leaf transpiration occurred parallel to the reduction in 

the rate of net leaf photosynthesis, suggesting a reduction in stomatal conductance. This 

effect has been reported for wheat grown under elevated CO2 (Bunce 2000) and has 

usually been taken as evidence for a reduction in water use (Hunsaker et al. 2000). Leaf 

transpiration rate was not reduced when the genotypes were grown under elevated CO2 

plus 4 or 6°C above the ambient (ECO2 + HT4 and ECO2 + HT6), indicating that 

temperatures more than 2°C above the ambient restricted the response of leaf 

transpiration rate and stomatal conductance to elevated CO2 (Kimball and Bernacchi, 

2006). The much higher leaf transpiration rate at anthesis in 38–19 than in Janz was 

associated with the development of a more severe water deficit as indicated by leaf. 

When irrigation was withheld at anthesis, leaf fell to -2.4 MPa in 38–19 and -1.5 MPa 

in Janz despite the same rate of drying in the top 0.5 m of the soil profile in both 
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genotypes. Soil water content was not measured below 0.5 m of the soil profile in this 

study, but 38–19 possibly dried the deeper soil profile faster than Janz because of its 

large and deeper root system (Palta et al. 2011), two root systems characteristics that 

increase water uptake and use in wheat (Palta and Watt 2009b; Ehdaie et al. 2010). 

However, transpiration rate decreased more rapidly in 38–19 than Janz under terminal 

drought, which also suggests that the root hydraulic resistance may have been limiting 

water transport to the shoot. 

Jitla et al. (1997) showed that tiller number under elevated CO2 is determined very early 

in the plant development as a consequence of the accelerated development in the shoot 

apex of rice caused by exposure to elevated CO2. It was expected that the vigour 

genotype (38–19) with faster phenological development than the non-vigorous one 

(Janz) would have produced more tillers under the combination ECO2 + HT. However, 

the number of tillers increased in Janz but not in 38–19. Since tiller number per unit 

ground area depends on radiation received per day or at a critical time (Evans 1978; 

Rawson 1986), it may be possible that that 38–19, the genotype with faster phenological 

development, received less radiation which resulted in its poor tiller production. Even 

under the combination elevated CO2 plus 6°C the ambient ECO2 + HT6, where Janz 

produced its largest tiller number, 38–19 was not responsive. The fast phenological 

development of 38–19, maturing 20–23 days earlier than Janz, could be advantageous 

under rainfed conditions as grain filling could potentially avoid severe terminal drought. 

Genotypes in the present study were not grown under rainfed conditions and terminal 

drought was induced when each genotype was at 50% anthesis. Consequently, both 38–

19 and Janz were subjected to a similar soil water shortage and experienced a similar 

opportunity to respond to the soil water shortage (Palta and Ludwig 1996). 

The time between 50% anthesis and physiological maturity was similar in both 

genotypes (31–33 days) under ACO2 and AT and any combination of ECO2 and HT and 
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watering regime, indicating that both genotypes had the same number of days to 

complete grain filling. This means that plants had similar periods of time to remobilize 

carbon from stems to the grains. Duration and rates of grain filling were not measured 

in this study, but the analysis of the relationship between grain yield and post-anthesis 

gain in biomass (Takami et al., 1990; Kobata et al., 1992) indicates that under well-

watered conditions the transfer of carbon assimilates to the grain was not fulfilled under 

ECO2 + HT6 in Janz and ECO2 + HT4 and ECO2 + HT6 in 38–19. While the potential 

availability of assimilates was enhanced by ECO2, the transfer to the grain was inhibited 

by temperatures more than 2°C above the ambient. Certainly, kernel dry weight under 

ECO2 + HT4 and ECO2 + HT6 was reduced in both genotypes. Kernel dry weight, 

which is an indicator of stress events occurring after anthesis, usually shows a negative 

linear relationship to temperature during grain filling (Hobbs and Sayre 2001).  

4.5 Conclusions 

Biomass and grain yield were enhanced when crops were grown under the combination 

of elevated CO2 plus 2°C above the ambient temperature (ECO2 + HT2), regardless of 

whether they were well-watered or experienced terminal drought. The combinations 

ECO2 + HT4 and ECO2 + HT6 neither enhanced nor had detrimental effects on biomass 

accumulation and grain yield under well-watered conditions. The expected severe 

reductions in biomass and grain yield caused by terminal drought induced at 50% 

anthesis were partially ameliorated by elevated CO2 and temperature when the 

temperature was no higher than 2°C above the ambient, supporting the hypothesis that 

elevated CO2 combined with high temperature can compensate for the adverse effects of 

terminal drought on biomass accumulation and grain yield in wheat. The vigorous and 

non-vigorous genotypes achieved similar biomass at anthesis and final harvest through 

different physiological responses to elevated CO2 combined with higher temperatures. 
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The vigorous line 38–19 increased its leaf net photosynthetic rate; the cultivar Janz 

increased its number of tillers and leaf area. 
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5 Responses of sister lines of wheat contrasting in tillering and vigour to elevated 

CO2, high temperature and terminal drought.  

5.1 Introduction 

It is well known that ECO2 and high temperature affects biomass and grain yield of 

wheat (Mitchell et al. 1993; Kimball et al. 1995; Moot et al. 1996; Manderscheid and 

Weigel 1997; Fangmeier et al. 1999; Manderscheid et al. 2003) and these two climate 

change  drivers may have interactive effects (Long 1991). Possible interactions  may be 

caused by (i) reduction in the positive response to ECO2 due to a negative effect of high 

temperature, (ii) amelioration of a negative response to high temperature by a positive 

effect of ECO2 and (iii) increase positive responses to ECO2 due to synergistic effect of 

high temperature (Mitchell et al. 1993; Rawson 1995; Batts et al. 1997; Batts et al. 

1998; van Oijen et al. 1999; Martinez-Carrasco et al. 2005). The interactive responses 

observed may be associated with genotypic differences, with the ability of these 

genotypes to adapt to environmental changes, or with the methodology used to simulate 

climate change. In wheat, ECO2 combined with soil water shortage often interact and 

ECO2 ameliorates the negative effect of drought on biomass accumulation and grain 

yield (Chaudhuri et al. 1990; Kimball et al. 1995; Schütz and Fangmeier 2001; 

Manderscheid and Weigel 2007; Dias de Oliveira et al 2012), but if water is completely 

exhausted, ECO2 does not affect positively crops responses (Kimball and Bernacchi 

2006). Under water deficit, ECO2 increases allocation of carbon to the roots, increases 

biomass accumulation and reduces the number of stomata and gs, reducing  transpiration 

and water use  (Chaudhuri et al. 1990; Hunsaker et al. 1996; Ewert and Porter 2000; 

Hunsaker et al. 2000; Qiao et al. 2010).  

Not many studies with wheat crops have combined the three components of climate 

change ECO2, high temperature and water deficit. The study reported in Chapter 4 
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showed that such a combination can cause contrasting responses according to the level 

of those variables and genotypes. For instance, wheat genotypes grown under the 

combination of ECO2 plus 2°C above ambient temperature had ~30% greater biomass 

and grain yield, in comparison with ambient conditions, regardless of whether they were 

well-watered or experienced terminal drought. However, total biomass and grain yield 

tended to declined when crops were grown under ECO2 plus 4°C or 6°C above ambient 

temperature. An increase in ear number per m-2 was the trait by which both genotypes 

alleviated the effects of terminal drought under ECO2 and high temperatures. 

In the study reported in Chapter 4, it was not possible to determine whether the greater 

biomass and grain yield under the combination of ECO2 plus 2°C above ambient 

temperature with and without terminal drought were driven by ECO2 or the high 

temperature. The aim of this study was to identify whether ECO2 or high temperature 

was the major driver for the biomass and grain yield amelioration of terminal drought, 

or if both variables were equally important for this response. Two pairs of sister lines 

contrasting in tillering (free and restricted-tillering) and vigour growth (high and low-

vigour) were chosen to allow comparison between the specific traits of tillering capacity 

and vigour under ECO2 high temperature and terminal drought, without phenological 

differences within each pair of contrasting lines. Tillers are carbon sink and will also 

produce grains, a storage carbon sink; and vigour growth can have high demand for 

carbon. Therefore both pairs of sister lines can have different source: sink relationships.  

It was hypothesized that ECO2, which increases carbon assimilation, leaf area, tiller 

number and ear number m-2 was responsible for the amelioration of biomass and grain 

yield under terminal drought in wheat. It was also hypothesized that lines with 

potentially more sink capacity (e.g. greater tiller capacity and leaf area) will have 

greater grain yield under the three components of climate change. 
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5.2  Materials and Methods 

5.2.1 Location 

The location, site conditions and soil type are described in detail in Chapter 3. 

5.2.2 Plant material 

Two pairs of sister lines of wheat (Triticum aestivum L.) were grown in tunnel houses. 

One pair of sister lines contrasted in tiller capacity (free-tillering and restricted-

tillering), and the other pair of sister lines contrasted in vigour growth (high-vigour and 

low-vigour). The four lines were selected by Dr G. Rebetzke at CSIRO Plant Industry. 

Free-tillering and restricted-tillering are F5-derived, sister lines for restricted-tillering in 

a Lang genetic background (Wyalkatchem//3*Silverstar/971/3/Lang). High-vigour and 

low-vigour are F2-derived, F5:7 lines selected from a cross between the reduced-vigour, 

Rht8 donor Chuan-mai 18 and a tall vigorous donor Vigour 18. Sister lines were 

selected with similar Rht8-based dwarf stature but contrasting in leaf areas of leaves 1 

and 2 (G.Rebetzke, personal communication). The day before sowing, plots were 

cultivated by hand to a depth of 6 cm using a wide rake; six plots (75 × 75 cm) of each 

line were sown by hand to attain a density of 125 plants plot–1 on 18 May 2011.  

5.2.3 Treatments 

Each tunnel house served as combination of CO2, temperature and watering regime: 

Ambient CO2, ambient temperature (ACO2 + AT). 

Ambient CO2, 3°C above ambient temperature (ACO2 + HT). 

Elevated CO2 (700 µL L-1), ambient temperature (ECO2 + AT). 

Elevated CO2 (700 µL L-1), 3°C above ambient temperature (ECO2 + HT). 



80 
 

This temperature was chosen for being between +2C and +4C in the previous season, 

with significant and non-significant effects is several parameters, respectively. Plots 

inside each tunnel (24 plots in total, 6 per sister line) were regularly irrigated by drip 

irrigation to maintain the soil water content close to field capacity until 50% anthesis. 

At this stage irrigation was withheld from half of the plots in each tunnel house (12 

plots, 3 per sister line) to induce terminal drought. The other half of the plots in each 

tunnel house (12 plots, 3 per sister line) was maintained under irrigation until 

physiological maturity (well-watered). The well-watered plots received approximately 

450 mm m–2 of water in total during the whole season. 

5.2.4 Sampling and Measurements 

The dates of the developmental stages (phenostages) for anthesis and physiological 

maturity (flag leaves had turned yellow; Hanft and Wych 1982) were recorded for each 

plot in each tunnel house. Daily observations were made and the phenostage noted 

when 50% of the plants had achieved the particular stage. Phenostages were defined 

using   the   Zadoks’   scale   of   cereal   development   (Zadoks et al. 1974). Comparisons 

between sister lines in each pair were made in days after sowing (DAS).  

Above-ground biomass was measured by sub-sampling five plants per plot (total six 

plots per treatment) at 50% anthesis (Z65). Twenty plants per plot were sampled at final 

harvest, equating to three replicates per treatment because of the two watering regimes 

imposed from anthesis. Plants from edge rows were not sampled to avoid edge effects. 

On each occasion, plants and sampling sites were assigned randomly and plant material 

was separated into leaves and stems, before being dried in a fan-forced oven at 70°C for 

at least 48 h, and then weighed. Where appropriate, ears were counted and threshed by 

hand, and grain was redried and weighed. Grain number and grain weight was 

determined for each sample. Green leaf area was measured at 50% anthesis using a Li-
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Cor LI-3100 leaf area meter, (Li-Cor, US). Tiller number was recorded at 50% anthesis 

and final harvest. Leaf net photosynthesis,   leaf   transpiration   rate   and   Ψleaf were 

measured following the same methodology described in Chapter 4.  

5.2.5 Experimental design and Statistical analysis  

The experimental design was a four-factorial complete randomised split-plot design 

which comprised of two levels of CO2, two levels of temperature, with six replicates 

fitted within each environment (tunnel house) at anthesis and three at final harvest. Each 

tunnel house had a split-plot combination of watering regimes (main plot; terminal 

drought and well-watered) and sister lines (sub-plot; free-tillering and restricted-tillering 

lines; high-vigour and low-vigour line). The repeated measures of leaf, leaf net 

photosynthesis and leaf transpiration rate over time were analysed by regression. 

Thermal time (an accumulation of daily temperature averages) was the independent 

variable because the measurements were made on different calendar days and anthesis 

was used as 0°C degree day; CO2, temperature, watering regime and genotype were the 

response variables. Data were analysed using GenStat 13 (VSN International Ltd, UK).  

5.3 Results 

For some of the measured variable responses, two, three or even four-factor interactions 

were significant. Main effects of treatments are only described when there was no 

significant interaction between factors. Each measured response variable is individually 

discussed below.  

5.3.1 Phenology 

Time to anthesis and physiological maturity were affected by different interactions. At 

anthesis there was a significant interaction of CO2 × temperature in the sister lines 

contrasting in tillering (P = 0.013) and in the lines contrasting in vigour (P = 0.026) 
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(Table 5.1). In all lines ECO2 reduced time to anthesis by an average of two days under 

AT only. HT tended to reduce time to anthesis regardless of the CO2 concentration.  

Time to physiological maturity in lines contrasting in tillering was reduced by 9 days by 

main effects of terminal drought, 6 days by HT and 6 days by ECO2  (P < 0.001 for all) 

(Table 5.1). However, in lines contrasting in vigour, there was a significant interaction 

of CO2 × temperature (P = 0.034). In this interaction, HT reduced time to physiological 

maturity by 4 days under ACO2, and by 8 days under ECO2. In both lines contrasting in 

vigour, terminal drought reduced time to physiological maturity by 10 days (P < 0.001).  

Table 5.1. Time to anthesis and physiological maturity and l.s.d for the pairs of sister 

lines contrasting in tillering and in vigour when grown under different combinations of 

CO2 and temperature and terminal drought. n = 6 replicates for anthesis, n = 3 replicates 

for maturity. 

Sister line Treatments 
Anthesis 

(DAS) 

Time to Maturity (DAS) 
well-watered terminal drought 

Free-tillering 
ACO2 AT 79 119 110 

HT 78 112 107 

ECO2 AT 76 114 105 
HT 77 108 98 

Restricted-tillering 
ACO2 AT 82 121 108 

HT 81 114 105 

ECO2 AT 80 114 105 
HT 81 108 99 

                                   L.S.D. (P=0.05) 1.3 4.3 

High-vigour 
ACO2 AT 75 119 108 

HT 72 116 105 

ECO2 AT 72 118 112 
HT 71 113 103 

Low-vigour 
ACO2 AT 75 119 110 

HT 72 112 106 

ECO2 AT 74 118 108 
HT 72 109 98 

                                   L.S.D. (P=0.05) 1.1 2.7 

5.3.2 Tiller number m-2 

There was a significant interaction of CO2 × lines contrasting in tillering (P = 0.032) 

where ECO2 increased tiller number in the free-tillering line by 40% but, had no effect 
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on the restricted-tillering line. There was no effect of temperature on tiller number (P = 

0.213), so data was averaged across temperatures (Figure 5.1 a).  

In the lines contrasting in vigour, there was a significant interaction of CO2 × 

temperature (P = 0.014), in which ECO2 increased tiller number when crops were grown 

under HT (24%). HT increased tiller number in both lines when grown under ECO2 

(Figure 5.1 b). The low-vigour line had 25% more tillers per m-2 than the high-vigour 

line averaging environments (P = 0.002).  

 

Figure 5.1. Tiller number m-2 at anthesis (Z65) in (a) interaction of sister lines 
contrasting in tillering × CO2, averaged across temperatures; and (b) interaction of 
temperature × CO2, averaged across sister lines contrasting in vigour growth grown 
under two levels of CO2 (ACO2 and ECO2) and two levels of temperature (AT and HT). 
Bars are ± s.e.m; n=6 replicates. 

    

5.3.3  Leaf area 

There were no significant interactive effects in leaf area in lines contrasting in tillering 

(P = 0.058 – 0.598). There were only two significant main effects; the free-tillering line 

produced 17% more leaf area than the restricted-tillering line (P = 0.04) and ECO2 

increased leaf area in both lines contrasting in tillering by 33% (P < 0.001) (Table 5.2).  

In the pair of lines contrasting in vigour, leaf area was significantly affected by three-

factor interaction of CO2 × temperature × sister lines (P = 0.039) (Table 5.3). In this 
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interaction, leaf area of the low-vigour line was not affected by HT or ECO2. However, 

in the high-vigour line, ECO2 did not affect leaf area under AT, but significantly 

increased leaf area by 50% under HT.  

5.3.4 Leaf dry weight and specific leaf area  

There were no significant interactions in leaf dry weight at anthesis for lines contrasting 

in tillering (P = 0.061 – 0.633). Both lines contrasting in tillering had similar leaf dry 

weight (P = 0.763) and both were equally affected solely by ECO2 (P = 0.001) which 

increased leaf dry weight at anthesis by 31% averaged across both lines (Table 5.2).  

Table 5.2 Leaf area, leaf dry weight (leaf DW), specific leaf area (SLA) and above-

ground biomass (g m-2) of two sister lines contrasting in tillering at anthesis (Z65) when 

grown under two levels of CO2 (ACO2 and ECO2), and two levels of temperature (AT 

and HT). Values are the mean and L.S.D. n=6 replicates, ns = non-significant.        

Source of Variation 
Leaf Area 
(cm2 m-2) 

Leaf DW 
(gm-2) 

SLA 
(cm g-1) 

Above-ground 
biomass (m-2) 

ACO2 2900.0 85.9 341.9 435.8 
ECO2 3872.5 112.4 345.7 589.9 

AT 3152.5 91.7 346.9 471.4 
HT 3620.0 106.5 340.7 554.3 

Free-tillering 3657.5 100.3 368.2 495.6 
Restricted-tillering 3115.0 97.9 319.4 530.1 

L.S.D. (P=0.05) 518.0 15.7 14.9 63.7 
Interaction ns ns ns ns 

 

For leaf dry weight of lines contrasting in vigour, there was a significant three-factor 

interaction of CO2 × temperature × sister lines (P = 0.019) (Table 5.3). In this 

interaction, leaf dry weight of the low-vigour line was not affected by HT or ECO2, 

whilst leaf dry weight of the high-vigour line was not affected by ECO2 under AT, but it 

was significantly increased by ECO2 when under HT (59%). 
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There was no significant interaction of CO2 × temperature × sister lines contrasting in 

tillering (P = 0.331) in specific leaf area (Table 5.2). However, there was a difference in 

specific leaf area between free-tillering and restricted-tillering line (P < 0.001) in which 

free-tillering line had 15% more specific leaf area than restricted-tillering genotype. No 

difference between lines contrasting in high-vigour (P = 0.239) (Table 5.3).  

Table 5.3. Interaction of CO2, and temperature  on leaf area, leaf dry weight (leaf DW), 

specific leaf area (SLA) and above-ground biomass (g m-2) of two sister lines 

contrasting in vigour at anthesis (Z65) when grown under two levels of CO2 (ACO2 and 

ECO2), and two levels of temperature (AT and HT). Values are the mean and L.S.D. 

n=6 replicates.  

Source of Variation Leaf Area 
(cm2 m-2) 

Leaf DW 
(gm-2) 

SLA    
(cm2 g-1) 

Above-ground 
biomass (g m-2) Sister line Treatments 

High-vigour 
ACO2 

AT 4050 122.1 328.4 688.2 
HT 2620 80.1 328.3 506.6 

ECO2 
AT 3320 101.1 332.0 677.1 
HT 3940 127.1 309.7 847.5 

Low-vigour 
ACO2 

AT 3540 104.7 338.6 563.1 
HT 3170 96.3 329.8 544.7 

ECO2 
AT 3930 121.6 327.2 738.7 
HT 3840 115.7 334.2 757.1 

                           L.S.D. (P=0.05)  837 27.7 23.3 145.7 

 

5.3.5 Above-ground biomass at anthesis 

There was no significant interactive effects in above-ground biomass for the sister lines 

contrasting in tillering at anthesis (P = 0.073 – 0.984). For both lines the main effects of 

temperature and CO2 were significant (P = 0.012 and P < 0.001, respectively). HT 

increased above-ground biomass at anthesis by 17%, while ECO2 increased it by 35%, 

on average across the two lines contrasting in tillering (Table 5.2).  
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Within sister lines contrasting in vigour, there was a significant three-factor interaction 

of CO2 × temperature × sister line (P = 0.035) (Table 5.3). In this interaction, above-

ground biomass in the low-vigour line was increased by ECO2 only by 35%. Above-

ground biomass in the high-vigour line was reduced by HT when grown under ACO2 by 

26%, but increased by HT by 25% when grown under ECO2. 

5.3.6 Grain yield 

There was no significant interaction effect in grain yield for sister lines contrasting in 

tillering capacity (P = 0.881). The grain yield in both of sister lines for tillering was 

significantly affected only by main effects of watering regime after anthesis and CO2 

concentration (P < 0.001 for both). In the lines contrasting in tillering, grain yield was 

reduced by an average of 18% by terminal drought, and increased by an average of 36% 

by ECO2 (Table 5.4). Grain yield averaged across both lines and temperatures, was 

47.5% higher under terminal drought and ECO2 than under terminal drought and ACO2. 

As per sister lines for tillering, there was no significant interaction effect in grain yield 

for sister lines contrasting in vigour (P = 0.441). The grain yield in both lines for vigour 

was affected significantly only by main effects of watering regime after anthesis (P = 

0.003) and CO2 concentration (P < 0.001). Grain yield of the lines contrasting in vigour 

was reduced in average by 17% under terminal drought but increased in average by 24% 

under ECO2 (Table 5.5). Because there was no difference in grain yield between sister 

lines under the two temperature regimes,, data were averaged across both lines and 

temperatures showed grain yield was 28% higher under terminal drought and ECO2 

than under terminal drought and ACO2.   
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5.3.7 Above-ground biomass at final harvest 

There was no significant interaction effect in total above-ground biomass at final 

harvest in lines contrasting in tillering (P = 0.728). There was no significant difference 

in above-ground biomass between lines contrasting in tillering (P = 0.359) or between 

AT and HT for lines contrasting in tillering (P = 0.159) (Table 5.4). Both lines 

contrasting in tillering were affected only by main effects of watering regime (P = 

0.004) and ECO2 (P < 0.001) (Table 5.4) in which terminal drought reduced total above-

ground biomass by 16%, while ECO2 enhanced it by 35%. 

Table 5.4. Interaction in above-ground biomass (g m-2), grain yield (g m-2) and harvest 

index, of the two sister lines contrasting in tillering at final harvest when grown under 

two levels of CO2 (ACO2 and ECO2), two levels of temperature (AT and HT) and well-

watered (ww) and terminal drought (td) conditions. Values are the mean and L.S.D. n=3 

replicates; ns = non-significant. 

Source of variation Above-ground 
biomass (g m-2) 

Grain yield 
(g m-2) Harvest Index 

ACO2 1025.1 489.8 47.7 
ECO2 1381.7 668.8 48.5 

AT 1156.6 559.3 48.3 
HT 1250.1 599.3 47.9 

Free-tillering 1173.2 578.3 49.3 
Restricted-tillering 1233.5 580.2 46.9 

Well-watered 1304.7 637.3 48.9 
Terminal drought 1102.1 521.3 47.3 

L.S.D. (P=0.05) 131.9 62.0 1.04 

Interaction ns ns 

                    AT HT 
ACO2 47.14 48.20 
ECO2 49.40 47.58 

                       AT HT 
ww 48.34 49.40 
td 48.20 46.38 

L.S.D.(P=0.05) 1.46 

 

There was no significant interaction effect in above-ground biomass for lines 

contrasting in vigour (P = 0.573). There was no significant difference in above-ground 
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biomass at maturity between AT and HT for the lines contrasting in vigour (P = 0.530) 

(Table 5.5). There was a significant difference in above-ground biomass between the 

two lines contrasting in vigour (P = 0.047) where the low-vigour line accumulated 12% 

more biomass than the high vigour line. Furthermore, main effects of watering regime 

and CO2 concentration were also significant (P = 0.029 and P < 0.001, respectively). 

While watering regime reduced accumulation of biomass by 12% and ECO2 increased it 

by 29.5%. 

5.3.8 Harvest index (HI) 

There were two significant interactions within the two lines contrasting in tillering: (i) 

temperature × watering regime (P = 0.008), where HT did not affect HI under well-

watered conditions, but reduced it from 48.2 to 46.4 under terminal drought conditions 

(Table 5.4); (ii) CO2 × temperature (P = 0.008), where HT did not affect HI under 

ACO2, but reduced it from 49.4 to 47.6 under ECO2. 

Table 5.5. Above-ground biomass (g m-2), grain yield (g m-2) and HI of the two sister 

lines contrasting in vigour at final harvest when grown under two levels of CO2 (ACO2 

and ECO2), two levels of temperature (AT and HT) and well-watered and terminal 

drought conditions. Values are the mean and L.S.D. n=3 replicates; ns =non-significant. 

Source of variation 
Above-ground 
biomass (g m-2) 

Grain yield 
(g m-2) 

Harvest 
Index 

ACO2 1336.5 623.0 46.4 
ECO2 1730.8 770.2 44.6 

AT 1507.3 691.8 45.8 
HT 1559.9 701.4 45.1 

High-vigour 1448.1 677.4 46.8 
Low-vigour 1619.1 715.8 44.1 

Well-watered 1628.3 759.5 46.9 
Terminal drought 1438.9 633.7 44.0 

L.S.D. (P=0.05) 168.8 80.5 1.5 
Interaction ns ns ns 
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Within the two lines contrasting in vigour, only main effects were significant for HI. 

The high-vigour line had higher HI (46.8) than the low-vigour one (44.1) (P < 0.001). 

However, the response of these two lines to terminal drought and ECO2 was the similar. 

In average, terminal drought reduced HI from 46 to 44 (P<0.001), and ECO2 reduced it 

from 46.4 to 44.5 (Table 5.5). 

5.3.9 Ear number m–2  

There were no significant interactions in the ear number m–2 in either of the two pairs of 

sister lines (P = 0.320 – 0.550). However, some main effects were significant for both 

pairs of lines. Consistent with the increased tillering, the free-tillering line had in 

average 22% more ears m–2 than the restricted-tillering line (P < 0.001) (Table 5.6). 

Averaging across both lines contrasting in tillering ECO2 significantly increased the ear 

number m–2 by 25.5% (P < 0.001). Also consistent with the difference in tiller number 

m–2, the low-vigour line had 17% more ears m–2 than the high-vigour line (P < 0.001) 

averaging across treatments (Table 5.7). Terminal drought reduced the ear number m–2 

by 11% within both lines contrasting in vigour (P = 0.013). 

5.3.10 Grain number per ear 

There was no significant interaction of CO2 × temperature × watering regime in sister 

lines contrasting in tillering for grain number per ear (P = 0.889). The only significant 

main effect observed was due to the CO2 concentration (P < 0.001) in which ECO2 

increased grain number per ear by 11% averaged in both lines contrasting in tillering 

since there was no difference between the sister lines (P = 0.0132) (Table 5.6). 

For the two lines contrasting in vigour growth, there was a significant difference in 

grain number per ear (P < 0.001). The high-vigour line had 16% more grains per ear 

than the low-vigour one (Table 5.7). There was also a significant effect of ECO2 (P < 
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0.001). ECO2 effect in grain number per ear was similar in both lines contrasting in 

vigour, averaging 23% more grains per ear in both lines. 

Table 5.6. Main effects and interactions on ear number m–2, grain number ear–1 and 

grain dry weight (mg), and interaction found in grain dry weight of the two lines 

contrasting in tillering at final harvest when grown under two levels of CO2 (ACO2 and 

ECO2), two levels of temperature (AT and HT) and well-watered (ww) and terminal 

drought (td) conditions. Values are the mean and L.S.D. n=3 replicates; ns (non-

significant). 

Source of variation Ears m–2 Grains ear–1 Grain dry weight (mg) 
ACO2 364.3 29.2 46.8 
ECO2 457.5 32.4 46.4 

AT 398.9 30.6 47.1 

HT 422.9 31.0 46.0 

Free-tillering 452.2 31.3 40.8 
Restricted-tillering 369.6 30.2 52.4 

Well-watered 407.4 31.6 50.6 

Terminal drought 414.5 30.0 42.5 

L.S.D. (P=0.05) 44.9 1.8 2.4 

Interaction ns ns 
 

  free-  
tillering 

restricted-
tillering 

ww 43.59 57.66 
td 37.97 47.06 

L.S.D. (P=0.05)3.42 

 

5.3.11 Single grain dry weight  

Within the two lines contrasting in tillering there was a significant interaction of sister 

line × watering regime (P = 0.044) for grain dry weight. The restricted-tillering line had 

greater individual grain dry weight than the free-tillering line under both well-watered 

(32%) and terminal drought (24%) conditions (Table 5.6). However, terminal drought 

reduced the grain dry weight in the restricted-tillering line (18%) more than in the free-

tillering line (13%). There was significant interaction of CO2 × temperature × watering 

regime in grain dry weight for the lines contrasting in vigour (P = 0.026). Under ACO2, 

HT did not affect the grain dry weight under well-watered or terminal drought 
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conditions. However, under ECO2, HT reduced the grain dry weight by 7% under well-

watered conditions (Table 5.7). 

Table 5.7. Main effects on ear number m–2, grain number ear–1 and grain dry weight 

(mg), and interactions in grain dry weight of the two lines contrasting in vigour at final 

harvest when grown under two levels of CO2 (ACO2 and ECO2), two levels of 

temperature (AT and HT) and well-watered (ww) and terminal drought (td) conditions. 

Values are the mean and L.S.D. n=3 replicates; ns (non-significant).  

Source of variation Ears m–2 Grains ear–1 Grain dry weight (mg) 
ACO2 392.7 36.1 44.0 
ECO2 403.4 44.5 43.3 

AT 382.5 41.5 43.8 

HT 413.6 39.1 43.5 

High-vigour 366.1 43.3 43.0 

Low-vigour 430.0 37.3 44.2 

Well-watered 421.1 39.7 45.8 

Terminal drought 375.0 40.9 41.5 

L.S.D. (P=0.05) 35.8 2.6 1.2 

Interaction ns ns 

 
ww td 

ACO2+AT 45.8 41.4 
ACO2+HT 47.7 41.0 
ECO2+AT 46.2 41.6 
ECO2+HT 43.3 42.0 

L.S.D (P=0.05)            2.42        

 

5.3.12 Leaf net photosynthesis rate 

The leaf net photosynthesis rate measured after anthesis followed a second order 

polynomial distribution (Y = A + BX + CX2). Values of R2 for leaf net photosynthesis 

rate curves of the lines contrasting in tillering were between 0.9692 and 0.9993 (Figure 

5.2 a, b, c and d). There were two significant interactions on the leaf photosynthesis rate 

in the lines contrasting in tillering: (i) sister line × CO2 (P = 0.017) and (ii) CO2 × 

watering regime (P = 0.048). Under ECO2, the restricted-tillering line had higher rates 

of leaf net photosynthesis at anthesis (intercept) than the free-tillering line (25%). After 

anthesis, the restricted-tillering line had consistently higher rates of net leaf 
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photosynthesis than the free-tillering line (P < 0.001). In the second interaction, the leaf 

photosynthesis rates in under both watering regimes were similar at anthesis, but the 

decline in photosynthesis was faster under terminal drought within each CO2 

concentration. The decline in leaf photosynthesis rate was faster under ECO2 and 

terminal drought than under ACO2 and terminal drought. 

 
Figure 5.2. Leaf net photosynthesis rates in the free-tillering (FT) under well-watered 
conditions (a) and under terminal drought (c); and restricted-tillering line (RT) under well-
watered (b) and terminal drought conditions (d), and combinations of CO2 + temperature. 
ECO2 + HT (black circles), ECO2 + AT (white circles), ACO2 + HT (black triangles), ACO2 
+ AT (white triangles). Data are the means ± s.e.m of 3 replicates. 
 

For the two lines contrasting in vigour, the values of R2 for leaf net photosynthesis rate 

curves were between 0.6163 and 0.9956. There was a significant interaction effect of 

sister lines × CO2 × temperature on leaf photosynthetic rates (P = 0.013) (Figure 5.3 a, 
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b, c and d). HT only increased leaf photosynthesis rate under ACO2. ECO2 increased 

leaf photosynthesis rate regardless of temperature in both lines. Under ECO2, the 

decline in leaf photosynthesis rate after anthesis was slower in the high-vigour line 

under AT, but under ACO2 the decline was faster in the low-vigour line under HT. 

Terminal drought significantly reduced leaf net photosynthesis rate by 22% (P < 0.001). 

 
Figure 5.3. Leaf net photosynthesis rate of the high-vigour line (HV) under well-
watered (a) and terminal drought (c) conditions; and low-vigour line (LV) under well-
watered (b) and terminal drought (d) conditions, and combinations of CO2 + 
temperature. ECO2 + HT (black circles), ECO2 + AT (white circles), ACO2 + HT (black 
triangles), ACO2 + AT (white triangles). Data are the means ± s.e.m of 3 replicates. 
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significant interaction of sister lines × CO2 × watering regime (P = 0.044) (Figure 5.4 a, 

b, c, and d). In this interaction under ACO2 and well-watered conditions, the free-

tillering line had a higher transpiration rate at anthesis and a faster decline after anthesis 

compared to the restricted-tillering line. However, under ECO2 there was no difference 

in the decline of transpiration rate after anthesis. Under terminal drought and regardless 

of the CO2 concentration, the decline in transpiration rate was faster in the restricted-

tillering line. 

 
 
Figure 5.4. Leaf transpiration rate of the free-tillering line (FT) under well-watered (a) 
and terminal drought (c) conditions and the restricted-tillering line (RT) under well-
watered (b) and terminal drought (d) conditions, and combinations of CO2 + 
temperature. ECO2 + HT (black circles), ECO2 + AT (white circles), ACO2 + HT (black 
triangles), ACO2 + AT (white triangles). Data are the means ± s.e.m of 3 replicates. 
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sister line × CO2 × watering regime (P = 0.046) (Figure 5.5 a, b, c and d). In this 

interaction, the high-vigour line had higher leaf transpiration rate at anthesis and a 

steeper decline in the rate of transpiration under ECO2 and well-watered conditions. The 

rate of transpiration in the low-vigour line was higher under ACO2 and terminal drought 

than under ECO2 and terminal drought. 

 

Figure 5.5. Leaf transpiration rate in the high-vigour (HV) under well-watered (a) and 
terminal drought (c) conditions; and in the low-vigour line (LV) under well-watered (b) 
and terminal drought (d) conditions, and combinations of CO2 + temperature. ECO2 + 
HT (black circles), ECO2 + AT (white circles), ACO2 + HT (black triangles), ACO2 + 
AT (white triangles). Data are the means ± s.e.m of 3 replicates. 

5.3.14 Leaf  water  potential  (Ψleaf) 

Ψleaf measured after anthesis followed a second order polynomial distribution (Y = A + 
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Ψleaf (P < 0.001 for both) (Figure 5.6 a, b, c and d): (i) sister line × watering regime in 

which both lines had the same intercept and similar rate of decline under well-watered 

conditions. 

 

Figure 5.6. Ψleaf in the free-tillering line (FT) under well-watered (a) and terminal 
drought (c) conditions; and in the restricted-tillering line (RT) under well-watered (b) 
and terminal drought (d) conditions and combinations of CO2 + temperature. ECO2 + 
HT (black circles), ECO2 + AT (white circles), ACO2 + HT (black triangles), ACO2 + 
AT (white triangles). Data are the means ± s.e.m of 3 replicates. 

 

However, the restricted-tillering line had a faster decline in Ψleaf (2.7 fold decline) under 

terminal drought compared to the free-tillering line (2.2 fold decline). In the second 

interaction CO2 × temperature, Ψleaf in plants under ACO2 + HT declined faster than the 

other combinations of CO2 and temperature.  
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The values of R2 for Ψleaf curves of the two lines with contrasting in vigour were 

between 0.8303 and 0.9996. There was a significant interaction of sister line × 

temperature × watering regime (P = 0.013) for Ψleaf (Figure 5.7 a, b, c and d).  

This interaction was characterized by a difference in the decline of Ψleaf. The faster 

decline in Ψleaf after anthesis was in the high-vigour line under HT and terminal 

drought. The slowest decline was in the low-vigour line under AT and well-watered 

conditions and also in the high-vigour line under both AT and HT when well-watered. 

 

Figure 5.7. Ψleaf in the high-vigour line (HV) under well-watered (a) and terminal 
drought (c) conditions; and in the low-vigour line (LV) under well-watered (b) and 
terminal drought (d) conditions, and combinations of CO2 + temperature. ECO2+HT 
(black circles), ECO2+AT (white circles), ACO2+HT (black triangles), ACO2+AT 
(white triangles). Data are the means ± s.e.m of 3 replicates. 
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5.4 Discussion 

The three components of the climate change examined here affected grain yield and 

biomass accumulation in both pairs of sister lines for tillering and vigour. The lack of 

interactions between the three components of climate change in grain yield and total 

biomass means that responses for each component were independent of other 

component. The hypothesis that ECO2 is the major driver for amelioration of terminal 

drought was proven. Responses to ECO2 were strongly dominant, indicating that ECO2 

alone, rather than ECO2 combined with high temperature, was responsible for the 

amelioration of the effects of terminal drought. Although terminal drought reduced 

grain yield and biomass under both CO2 concentrations, grain yield under ECO2 and 

terminal drought was higher than under ACO2 and terminal drought in both pairs of 

sister lines. 

There were different mechanisms by which ECO2 increased grain yield in two pairs of 

sister lines. Consistent with the findings in Chapter 4, ECO2 increased leaf area, leaf dry 

weight and total above-ground biomass at anthesis in the two lines contrasting in 

tillering by increasing the leaf net photosynthesis rate in both lines, and by increasing 

tiller number in the free-tillering line. The capacity to increase tiller number under 

ECO2 has long been recognized  in wheat crops (Sionit et al. 1980), but the comparative 

response to ECO2 of sister lines with contrasting tillering has received less attention.The 

free-tillering line appeared to have greater capacity to utilise the carbohydrates available 

under ECO2 (McMaster et al. 1999). The restricted-tillering line was less responsive to 

ECO2, and this is similar to the response of other low-tillering genotypes (Thilakarathne 

et al. 2013). 

Tiller number in the sister lines contrasting in vigour was enhanced by ECO2. However, 

leaf area, leaf dry weight and above-ground biomass at anthesis were affected by the 
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interaction CO2 × temperature × sister line. In the high-vigour line only, HT 

significantly reduced leaf area, leaf dry weight and above-ground biomass under ACO2. 

However, under ECO2 the effects of HT on leaf area, leaf dry weight and above-ground 

biomass were totally inverted. The interaction of HT × ECO2 increased leaf area, leaf 

dry weight and above-ground biomass at anthesis in the high-vigour line.  

In all four lines, the increase in above-ground biomass at anthesis under ECO2 was also 

observed at maturity, with a simultaneous increase in grain yield. Increase in tiller 

number under ECO2 has been suggested to be the main reason for increased ear number 

(Ziska and Bunce 2007; Thilakarathne et al. 2013) and this was observed in the free-

tillering line and in the sister lines contrasting in vigour. However, ECO2 did not 

increase tiller number in the restricted-tillering line, but increased ear number per m-2. 

One possible explanation is that ECO2 might have reduced the number of unfertile 

tillers (tillers not bearing ears) in the restricted-tillering line. 

Although the free-tillering line had more ears per m-2 than the restricted-tillering one, 

the difference did not result in differences in grain yield between these two sister lines, 

which rejected the second hypothesis. This indicates that having an increased sink 

capacity through more tiller number did not provide a grain yield advantage to the free-

tillering line under ECO2 compared to the restricted-tillering line. It is likely that a 

trade-off occurred between yield components (Adams and Grafius 1971), and this was 

accountable for the lack of differences in grain yield because individual grain dry 

weight in the restricted-tillering line was higher than in the free-tillering line. 

Sink capacity is supposedly a limiting factor of grain yield in wheat (Reynolds et al. 

2009). This is probably correct for the restricted-tillering line, in which an enhanced 

source capacity resulting from its high rates of leaf photosynthesis under ACO2 and 

increased leaf photosynthetic rate under ECO2, did not result in a grain yield advantage 
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over the free-tillering line. The extra number of ears per m2 and grain number per ear in 

the free-tillering line might have increased the sink capacity more than the increase in 

the capacity of carbon supply by the tillers. Indeed, tiller number increased by 14% in 

the free-tillering line, but ear number increased by 25% suggesting an increase in the 

number of fertile tillers, and therefore, more demand for assimilates of carbon to fill the 

extra grains per ear. Less available carbon assimilates  per grain could be the cause for 

which the grain in the free-tillering line had less dry weight than in the restricted-

tillering line, canceling out the advantage of having more grains per unit area. This type 

of compensation may be important in understanding the grain yield response of 

contrasting lines  because the same grain yield may be achieved using lines with fewer 

tillers, since strong gene linkages may not allow the necessary plasticity under changing 

environments to break this established compensation (Adams and Grafius 1971). A 

break in this oscillatory compensation in the free-tillering line could lead to 

improvements in grain yield beyond the improvements observed in this study, by 

reducing the gap between potential and actual yield. 

The lack of differences in both above-ground biomass and grain yield between the two 

sister lines contrasting in vigour under ECO2, suggests that there was an oscillatory 

compensation since several yield components were affected. For instance, the low-

vigour line had more tillers per m2 and hence more ears per m2 under ECO2 than the 

high-vigour line, but the high-vigour line had heavier grains and higher HI than the low-

vigour line. ECO2 increased biomass and consequently grain yield in both lines 

contrasting in vigour, mainly by increasing leaf photosynthetic rate, and therefore 

providing more carbon assimilates to support increased tiller numbers, and  leaf area. 

A common response to ECO2 in the two pairs of sister lines was an increase in grain 

number per ear. ECO2 could increase grain number per ear by increasing the potential 

number of florets (or the rates at which florets are developed within the spikelets). 
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ECO2 could also be reducing florets death, or reducing the abortion of grains (increase 

in grain-setting) after anthesis (Gifford 1979). It has been suggested that temperature, 

light and  soil water  may be more important than CO2 concentration for floret 

primordial initiation  and development (Whingwiri and Stern 1982; Longnecker et al. 

1993; Li et al. 1997) and spikelet fertility in spring wheat (Frank and Bauer 1996). The 

interactive effect of CO2 by temperature, and main effect of ECO2 on the grain-setting 

in wheat is not well known. What it is known is that grain number is related to the 

availability of assimilates during the period when plants have the fastest growth rates 

and the highest interplant competition which is from emergence of the penultimate leaf 

until end of stem elongation (Fischer 1985; Siddique et al. 1989b; Slafer 2003; 

Gonzalez et al. 2011).  

High temperature alone had no effect on biomass and grain yield, and did not interact 

with CO2. This is probably due to the fact that in this study, temperature was increased 

only during the daytime, therefore, 3°C above ambient means 1.5°C of thermal time 

difference. Furthermore, there is a great variability in response to heating according to 

season or sowing date (Ottman et al. 2012) or the response of wheat to night 

temperature can be as important as day temperature, like in rice (Lafarge et al. 2011). 

However, terminal drought reduced total above-ground biomass in the two sister lines 

contrasting in tillering, and that reduction was mainly responsible for the reduction in 

grain yield. Terminal drought was induced from 50% anthesis and reduced the carbon 

assimilation, which is the main source for grain filling (Kobata et al. 1992; Palta et al. 

1994). Consequently, the first yield component affected by terminal drought was grain 

dry weight. The reduction in grain yield due to terminal drought occurred regardless of 

the CO2 concentration. However, grain yield was higher under ECO2 and terminal 

drought than under ACO2 and terminal drought. This was because leaf net 

photosynthesis rate was higher under ECO2 regardless of the watering regime after 
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anthesis. Grain yield in the two lines contrasting in vigour also decreased under terminal 

drought, proportional to the reduction in total biomass. This may be related to the 

reduction in leaf photosynthetic rates after anthesis caused by terminal drought when the 

wheat crops depended on carbon assimilated after anthesis to fill the grain. Regardless 

of the watering regime after anthesis, ECO2 increased above-ground biomass and grain 

yield by similar proportion, indicating that when terminal drought occurs under ECO2, 

grain yield is significantly higher than under ACO2, mainly because ECO2 increases leaf 

photosynthetic rates and grain number per ear. 

5.5  Conclusions 

The responses to ECO2 were strongly dominant, indicating that ECO2 was key driver 

for amelioration of terminal drought effects, and temperature had no effects on yield or 

above-ground biomass. ECO2 increased grain yield and above-ground biomass, by 

affecting yield and final biomass components; however it did not give any advantage to 

lines with increased sink capacity. Terminal drought reduced grain yield and above 

ground biomass, but ECO2 ameliorated terminal drought effects. Despite carbon sink 

and source having different responses to climate change components, there were no 

differences in above-ground biomass or grain yield within sister lines. There was 

compensation by yield components, allowing the lines with less sink strength to produce 

the same grain yield as lines with more sink strength. The findings from this study 

suggest that if breeders can break the trade-off between yield components, grain yield 

can be improved when using genotypes with greater storage sink strength. To do so, it is 

crucial to understand how ECO2 affects the determination of grain number per ear. 
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6 Potential grain number and source: sink relation is affected by a combination 

of elevated CO2, high temperature and terminal drought in sister lines of 

wheat contrasting in tillering. 

6.1 Introduction 

Chapter 5 described how two sister lines contrasting in tiller number per m2 (free- and 

restricted-tillering), and consequently differing in ear numbers per m2, were affected by 

ECO2, HT and terminal drought. The hypothesis that ECO2 ameliorates the effects of 

terminal drought on grain yield regardless of the temperature being +3°C above ambient 

was validated, mainly because ECO2 increased grain number per ear in both sister lines. 

The free-tillering line with a potential for increased carbon sink capacity had no 

advantage in grain yield over the restricted-tillering line with low sink capacity because 

an increase in grain number per unit area in the free-tillering line under ECO2 resulted in 

smaller grains. Higher carbon sink capacity (e.g. grain number) tends to increase carbon 

assimilation under ECO2 (Aranjuello et al. 2011) because it creates a demand for 

assimilated carbon and should be an important characteristic for wheat adaptation under 

climate change.  

Grain number per unit area and grain size are yield components that are generally 

negatively correlated (Grafius 1972) mainly because evolution and breeding made the 

grain size variation quite restricted in cereal crops (Sadras 2007). Therefore, although 

increasing grain number is considered critical for improving grain yield  (Fischer and 

Aguilar 1976; Fischer 1985; Fischer 2011), it is likely to be limited by grain size 

(Grafius 1972; Rajaram and Ginkel 1996; Acreche and Slafer 2006). To increase these 

two yield components, it is important to understand the mechanisms determining both 

components (Reynolds et al. 2009; Fischer 2011; Ferrante et al. 2013b).   
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Grain number per unit area is determined by ear number per unit area and grain number 

per ear. Wheat genotypes with more ears are likely to produce more grains per unit area. 

Grain number per ear tends to be more affected by availability of assimilates before 

anthesis, since modern cultivars set more than 90% of the potential grains present at 

anthesis (Siddique et al. 1989b). Reduction of assimilates due to heat stress, water 

deficits and nitrogen deficiency reduces potential grain number at anthesis   (Calderini 

et al. 2001; Ferrante et al. 2013a). In contrast, increased distribution of assimilates 

increases yield potential (Slafer 2003; Reynolds et al. 2009). Because ECO2 increases 

the assimilation of carbon in wheat, it could provide more assimilates for floret 

development, increasing potential number of grains, and hence more grains per unit 

area. Therefore, the greater grain number per ear under ECO2 reported in Chapter 5 may 

be due to more florets production. However, the amount of assimilates needed to 

produce florets is almost insignificant compared to the amount needed to sustain them 

(Kirby 1988; Ferrante et al. 2013a). This means that increasing the amount of carbon 

assimilates should benefit survival of florets rather than the production of new florets. 

Therefore, the findings in Chapter 5 are more likely to be due a reduction in floret death.   

The aims of this study were: (i) to determine the mechanisms by which grain number 

per ear increased when grown under two levels of CO2 (ACO2 and ECO2), two levels of 

temperature (AT and HT) and well-watered (ww) and terminal drought (td) conditions; 

and (ii) to understand the mechanism responsible for yield component compensation, 

which made two sister lines contrasting in tillering have different grain size, but the 

same grain yield. It is hypothesised that ECO2 increases grain number per ear by 

reducing the rate of floret mortality because more assimilates are available to support 

competent florets, and not by increasing the maximum number of florets produced. It is 

also hypothesised that the rate of grain filling in the free-tillering line is lower than in 

the restricted-tillering line, which results in smaller grains. To test these hypotheses, the 
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sister lines of wheat contrasting in tillering was grown under ECO2, HT and terminal 

drought in tunnel houses, and the dynamics of tillering, florets and grain development 

were studied.  

6.2 Material and methods  

6.2.1 Location  

The location, site conditions and soil type are described in detail in Chapter 3. 

6.2.2 Plant material 

The pair of sister lines contrasting in tillering capacity (genetic background described in 

Chapter 5) were grown in natural-lit tunnel houses.  

6.2.3 Tunnel houses and treatments 

The CO2 and temperature treatments were described in detail in Chapter 3 and were: 

Ambient CO2, ambient temperature (ACO2 + AT). 

Ambient CO2, 3°C above ambient temperature (ACO2 + HT). 

Elevated CO2 (700 µL L–1), ambient temperature (ECO2 + AT). 

Elevated CO2 (700 µL L–1), 3°C above ambient temperature (ECO2 + HT). 

One day before seeding, plots were cultivated by hand to a depth of 6 cm using a wide 

rake and then sown by hand to a density of 150 plants m–2 on 21st May 2012. The two 

lines were sown in a randomised block design in 20 plots of 1 m × 0.9 m each per 

tunnel houses (10 plots per line per tunnel house). The fertilisation and irrigation 

followed the same procedure of the previous chapters.  
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6.2.4 Measurements of phenology  

The dates of the developmental stages (phenological stages) for anthesis and 

physiological maturity (flag leaves had turned yellow (Hanft and Wych 1982)) were 

recorded for each plot. Daily observations were made and phenological stages were 

defined   using   the   Zadoks’   scale   of   cereal   development   (Zadoks et al. 1974). 

Comparisons between the two contrasting lines were made in days after sowing (DAS). 

6.2.5 Tillering dynamics 

Production of stems was recorded in five uniform plants per plot (averaged and treated 

as one replicate). To identify order of emergence, the main stem and tillers were 

labelled with a thin plastic ring (drinking straw) differing in colour. Tillering dynamics 

followed an exponential distribution in both lines and was fitted by a quadratic-by-

quadratic curve (Y= A + (B + CX)/(1 + DX + EX2)), and accounted for 90.6% of the 

variation (curves equation parameters in Appendix 4). 

6.2.6 Floret production and survival and ear growth 

The number of spikelets and florets in spikelets 8 and 10 (mid-ear for most wheat 

genotypes (Bancal 2009) were counted using a stereoscopic dissecting microscope 

every four days. On each occasion, ears from three mainstems were sampled from each 

plot (averaged and treated as one replicate), starting from the beginning of stem 

elongation (Z39). This stage coincided with the beginning of floret development and the 

formation of terminal spikelets. These ears from the main stem, which were harvested 

determine of floret number and were oven-dried for 48 h at 70°C and weighed.  

The timing of events of primordial florets development was fitted by a quadratic-by-

quadratic curve from the beginning of stem elongation until anthesis and accounted for 

75% of the variation. The development of ears followed an asymmetric asymptote 
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growth curves, and were best fitted by Gompertz sigmoid function (Y=A + (C/1+e –b(x–

m))) which accounted for 89.0% of the variation (curves equation parameters in 

Appendix 6). 

6.2.7 Flag leaf and peduncle length. 

The length of flag leaf and ear peduncles from three mainstems per plot (averaged and 

treated as one replicated) were measured with calipers every two days to determine their 

growth rate. Flag leaves were measured after completely unfolding, and peduncles were 

measured after complete ear emergence.  

The Gompertz curve function was used as the best fit for flag leaf expansion and 

peduncle extension in both sister lines and accounted for 98 and 99% of the variation 

respectively (curves equation parameters in Appendix 7 and 8). 

6.2.8 Grain growth 

The peduncles of ears with extruded anthers from their central spikelets were tagged 

using a section of plastic drinking straw cut longitudinally. Different colours were used 

for different days so that the day of anthesis could be recognised for each ear. 

Measurements were made on ears with the same number of days after anthesis. Ears 

from three mainstems per plot (averaged and treated as one replicate), total of five 

replicates, were sampled first at anthesis and every four days after anthesis until thirty 

six days after anthesis (DAA). Ears were dissected and grains from spikelets 8 and 10 

were sampled, and weighed after oven-dried for 48 h at 70°C.  

Asymmetric asymptotes of grain growth curves were best fitted by the Gompertz 

sigmoid function  which accounted for 93% of variation (curves equation parameters in 

Appendix 9) (for full table of mean data of grain growth parameters in each 

combination of treatments, see Appendix 10).  
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6.2.9 Net leaf photosynthetic rates, leaf transpiration rates, transpiration efficiency 

(TE)  and  Ψleaf 

Net leaf photosynthesis and transpiration rates of two flag leaves per plot (treated as one 

replicate), total of five replicates, were measured following the same procedures of the 

previous chapters. TE (mmol CO2 mol H2O-1) was calculated as the ratio of the rate of 

net leaf photosynthesis by the leaf transpiration rate. Pre-dawn leaf water potential 

(leaf) was measured at 50% anthesis and every 6 days until the 24th day after anthesis 

(DAA). leaf was measured in the flag leaf of two randomly-selected plants in each plot 

(treated as one replicate), total of five replicates. Procedures as described in chapter 4. 

6.2.10 Grain yield and yield components 

For final harvest, 25 plants were assigned randomly and were harvested by cutting the 

shoots at the surface of the soil. Plant material was separated into stems and ears, oven-

dried at 70°C for at least 48 h, and then weighed. Where appropriate, ears were counted 

and threshed by hand, and grain was re-dried and weighed. Grain number was counted 

and the mean individual grain weight was determined for each sample (for full table of 

mean data of grain yield and yield components in each combination of treatments, see 

Appendix 11).  

6.2.11 Experimental design and statistical analysis  

The experimental design was a four-factorial complete randomised split-plot design, 

comprising two levels of CO2 (ambient and elevated) and two levels of temperature 

(ambient and ambient + 3°C), with ten replicates within each environment (tunnel 

house) until anthesis and five replicates after anthesis. Each tunnel house had a split-

plot combination of watering regimes (main plot; terminal drought and well-watered) 

and contrasting lines (sub-plot; free-tillering and restricted-tillering lines). Grain yield 
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and yield components were analysed using a four-factor analysis of variance (ANOVA). 

The results presented in this chapter are focussed on the significant main and interaction 

effects of treatment factors and the presented tables show results respectively only for 

these sources of variation (either, interactions or main effects). Tables of mean ± 

standard error of mean of grain yield and yield components for every combination of the 

levels of the treatment factors are found in the Appendix 11. 

The repeated measures of leaf, net photosynthesis and leaf transpiration rate over 

thermal time (accumulation of daily temperature averages) were analysed using 

generalised linear models in combination with additive linear models, where polynomial 

functions of time were added. In addition to the linear component of time, quadratic 

and, for some models, cubic components were fitted. The model with best fit was 

selecting the model that accounted for the biggest percentage of variance. Also curve 

fitting was used for analysis of tillering dynamics, flag leaf and peduncle extension, 

number of florets per spikelet, ear and grain growth, over thermal time. Thermal time 

(as the independent variable) along with a grouping factor was included in the model. 

The grouping factor had eight levels, combining three factors: CO2 concentration, 

temperature and watering regime. The curves were fitted separately for each genotype. 

Data were analysed using GenStat 15 (VSN International Ltd, UK). Figures were made 

using GraphPad Prism 5.0 (GraphPad Software Inc., San Diego, CA, USA). 

6.3 Results 

6.3.1 Phenology 

There was a significant interaction effect of CO2 × temperature (P = 0.005) in time to 

anthesis. In this interaction, ECO2 reduced time to anthesis from 83 to 81 DAS under 

AT only. There was no difference in time to anthesis between both lines contrasting in 

tillering (P = 0.467). Time to anthesis was 82 days, in both lines averaged across 
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growing conditions. There was no significant interaction in time to physiological 

maturity (P = 0.152 to 0.911). There was also no significant difference between 

contrasting lines (P = 0.823), which reached maturity 111 DAS. However, ECO2 and 

HT reduced time to maturity by 6 days, and terminal drought reduced time to maturity 

by 10 days (P < 0.001 for all).  

6.3.2 Tiller Dynamics 

There was a significant three-factor interaction effect (P = 0.001) of CO2 × temperature 

× lines, which caused different dynamics of tillering in both lines (Figure 6.1). In this 

interaction the free-tillering line had more tillers than restricted-tillering line under 

ACO2. Furthermore tiller number in the free-tillering line was affected by ECO2 under 

both AT and HT whilst in the restricted-tillering line, tiller number and growth was not 

affected by ECO2. In this interaction, ECO2 increased the growth rate, and maximum 

number of tillers in the free-tillering, but the rates of tiller death were the same under 

both CO2 concentrations.  
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Figure 6.1. Dynamics of tillering in the (a) free-tillering (FT) and (b) restricted-
tillering (RT) lines. Black triangles = ACO2 + HT; white triangles = ACO2 + AT; 
black circles = ECO2 + HT; and white circles = ECO2 + AT. Arrows indicate time of 
anthesis. Each point is mean ± s.e.m. of 10 replicates. 
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Therefore, the difference in the maximum tiller number between ACO2 and ECO2 was 

maintained after death of tillers (P = 0.008). Also in this interaction, HT increased the 

rate of tiller development in the free-tillering, so that at the same thermal time 

(approximately 1000°C days) there were more tillers under HT than under AT. 

6.3.3 Number of florets 

The production of florets was affected by two interactions: (i) CO2 × temperature × time 

(P = 0.004), and (ii) temperature × sister line (P = 0.015).The primordial florets in both 

lines contrasting in tillering were affected by CO2 concentration at different times (P = 

0.014) (Figure 6.2 a and b). Floret number increased faster under HT in the restricted-

tillering line only. Death of florets was affected by two interactions: (i) sister line × 

temperature (P = 0.025) and (ii) CO2 × temperature (P < 0.001).  

In the first interaction, HT increased the rate of floret death in the restricted-tillering line 

only. In the second interaction, HT increased floret death under ACO2 more than ECO2 

in both lines. Despite differences in the dynamics of competent florets, ECO2 increased 

the number of competent florets at anthesis by 42% on average across both lines (P < 

0.001) regardless of the temperature. 

6.3.4 Ear growth 

Maximum growth rate of the ears happened around the same time of the death of 

primordial florets in both lines (Figure 6.2). There was a significant interaction of time 

× sister line (P = 0.03); at 1 cm stage, there was no difference in ear dry weight between 

the lines, but the rate of ear growth was greater in the restricted-tillering line so that the 

weight of ears was 9.3% more than in the free-tillering line (Figure 6.2 c and d). A 

significant interaction of time × CO2 affected the growth of the ears (P < 0.001). ECO2 

increased the size of ears at anthesis by 37.5% on average across both contrasting lines. 
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Figure 6.2. Development of florets per spikelet (a and b) and ear dry weight (c and 
d) in (a) free-tillering (FT) and (b) restricted-tillering (RT). Black triangles = ACO2 + 
HT; white triangles = ACO2 + AT; black circles = ECO2 + HT; and white circles = 
ECO2 + AT. Arrows indicate time of anthesis. Each point is mean ± s.e.m. of 10 
replicates. 

 

6.3.5 Flag leaf and peduncle extension 

For flag leaf expansion, there was a three-factor interaction of thermal time × 

temperature × CO2 (P = 0.014). For both lines the rate of extension (~0.35 cm per °C 

day) of the flag leaf was the same regardless of CO2 concentration and temperature 

(Figure 6.3 a and b). However, plants under ECO2 expanded for longer, which resulted 

in flag leaves 4 cm longer on average. Flag leaves under HT in both CO2 concentrations 

expanded at the same rates, but the duration of the expansion was shorter under ACO2 

(27°C of accumulated temperature), therefore flag leaves under HT were on average 5 

cm longer under ECO2 than those under ACO2. 
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 The extension of the peduncle after ear emergence was affected by the same interaction 

as flag leaf expansion: time × temperature × CO2 (P < 0.001). In both lines, the rate of 

peduncle extension was faster under HT regardless of CO2 concentration, but under 

ACO2, the duration of peduncle extension was shorter (~10°C of accumulated 

temperature ). Therefore, the mainstem peduncle under ACO2 + HT was 4.3 cm shorter 

than under ECO2 + HT on average (Figure 6.3 c and d). 
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Figure 6.3. Length of the flag leaf (a and b) and peduncle (c and d) in (a) free-tillering 
(FT) and (b) restricted-tillering (RT). Black triangles = ACO2 + HT; white triangles = 
ACO2 + AT; black circles = ECO2 + HT; and white circles = ECO2 + AT. Arrows 
indicate time of anthesis. Each point is mean ± s.e.m of 10 replicates.  
 

6.3.6 Grain growth 

There was a significant interaction of CO2 × sister line × watering treatment (P = 0.003) 

for grain growth. In this three-factor interaction, the restricted-tillering line had 17% 

higher rates of grain filling than the free-tillering line under both CO2 concentrations 
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when well-watered (Figure 6.4). In contrast, when under terminal drought, the free-

tillering line had the same rates of grain filling regardless of CO2 concentration, whilst 

the restricted-tillering line had 12% higher rates of grain filling under ECO2. There was 

a second significant interaction of CO2 × temperature (P < 0.001). In this interaction, 

grain filling rate was 15% smaller and individual mean grain weight was 7% less under 

ACO2 + AT than averaged across ACO2 + HT, ECO2 + AT and ECO2 + HT.    
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Figure 6.4. Grain growth of (FT) free-tillering (a and c) and (RT) restricted-tillering (b 
and d) lines under well-watered (a and b) and terminal drought (c and d) conditions. 
Black triangles = ACO2 + HT; white triangles = ACO2 + AT; black circles = ECO2 + 
HT; and white circles = ECO2 + AT. Arrows indicate time of anthesis. Each point is 
mean ± s.e.m. of 5 replicates. 

6.3.7 Above-ground biomass, grain yield and yield components  

There was a significant interaction effect of CO2 × temperature (Table 6.1) for total 

above-ground biomass (P = 0.004) in which under ECO2, HT increased biomass by an 

average of 18%, but under ACO2, HT had no effect. The main effect of terminal drought 
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reduced above-ground biomass by 13% (P = 0.008), while there was no difference in 

above-ground biomass between the contrasting lines for tillering (P = 0.704). 

Table 6.1. Sources of variation for above-ground biomass (g m-2), grain yield (g m-2) 

and HI of free-tillering and restricted-tillering lines grown under ECO2 and ACO2, HT 

and AT, and well-watered and terminal drought conditions. Means of main effects or 

interaction and L.S.D. (ns = non-significant). 

Source of variation Above-ground 
biomass (g m-2) 

Grain yield 
(g m-2) HI 

ACO2 1313.0 507.0 0.51 

ECO2 1791.0 659.0 0.48 

AT 1524.0 578.0 0.50 

HT 1580.0 588.0 0.49 

Free-tillering 1568.0 598.0 0.51 

Restricted-tillering 1537.0 568.0 0.48 

Well-watered 1664.0 642.0 0.50 

Terminal drought 1441.0 524.0 0.49 

l.s.d.(P=0.05) 163.5 59.0 0.03 

Interactions 
 AT HT 

  
AT HT 

ACO2 1407.0 1220.0 ns ACO2 0.48 0.53 

ECO2 1642.0 1941.0 

 

ECO2 0.51 0.46 

l.s.d.(P=0.05)  
231.3 

  
0.04 

 

There was no significant interaction in grain yield between any of the climate change 

drivers for both lines contrasting in tillering (P = 0.105 – 0.996) (Table 6.1). 

Furthermore, there was no significant difference on grain yield between lines (P = 

0.309), or between temperature levels (P = 0.739). However, both lines were 

significantly affected by main effects of ECO2 and terminal drought (P < 0.001 for 

both), which worked in opposition to each other. ECO2 increased grain yield on average 

by 30%, while terminal drought reduced it by an average of 18.5%.  

There was a significant interaction of CO2 × temperature (P = 0.002) on HI (Table 6.1). 

HI was increased by HT (form 0.48 to 0.53) when under ACO2, but was reduced by HT 
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(0.51 to 0.46) when under ECO2. There were no significant main effects on HI (P = 

0.058 – 0.880).  

There were no significant interaction effects for ear number m-2 in lines contrasting in 

tillering (P = 0.104 – 0.670) (Table 6.2). There were also no main effects of temperature 

(P = 0.516) or terminal drought (P = 0.147) in ear number m-2. However, ear number m-

2 in the free-tillering line was 12.5% more than in the restricted-tillering line (P = 

0.036); and ear number m-2 was increased by ECO2 in both lines by average of 18% (P 

= 0.004).  

Table 6.2. Sources of variation of ears per m2, grains per ear and single grain weight 

(mg) of free-tillering (FT) and restricted-tillering (RT) lines grown under ECO2 and 

ACO2, HT and AT, and well-watered (WW) and terminal drought (TD) conditions. 

Means of main effects or interaction and L.S.D. (ns = non significant). 

Source of variation Ears 
per m2 

Grains 
per ear 

Individual grain 
 weight (mg) 

ACO2 417.9 37.0 33.7 

ECO2 492.2 39.4 34.5 

AT 446.9 39.1 33.5 

HT 463.2 37.3 34.7 

Free-tillering 481.9 38.7 32.2 

Restricted-tillering 428.2 37.7 36.1 

Well-watered 473.4 38.7 36.3 

Terminal drought 436.7 37.7 32.0 

l.s.d. (P=0.05) 50.1 2.0 1.9 

Interactions    
FT RT 

ns ns WW 32.8 39.7 

  
   TD 31.5 32.4 

l.s.d. (P=0.05) 
   

2.6 

Grain number per ear in both lines was not affected by any interaction effect (P = 0.077 

– 0.924). Both lines had on average 38.2 grains per ear (P = 0.300), and they were not 

affected by temperature (P = 0.074) or by terminal drought (P = 0.347) (Table 6.2). 
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ECO2 was the only significant main effect (P = 0.021). ECO2 increased grain number 

per ear by 6.5% averaged across both lines when compared with ACO2.  

Individual grain dry weight was affected by the interaction of sister line × watering 

regime after anthesis (P = 0.002), the grains of the restricted-tillering were 21.5% 

heavier than the free-tillering line under well-watered conditions, but not under terminal 

drought (Table 6.2). There was no significant effect of CO2 (P = 0.390) or temperature 

(P = 0.217) on individual grain dry weight. 

6.3.8 Leaf  net  photosynthesis  rates,  leaf  transpiration  rates,  TE  and  Ψleaf. 

Net photosynthetic rates were fitted using a polynomial regression including quadratic 

terms, which accounted for 86% of the variation (Figure 6.5). Leaf net photosynthesis 

rate after anthesis was affected by a significant interaction effect of thermal time × CO2 

× sister line (P = 0.041). In this interaction, the restricted-tillering line had net 

photosynthesis rates 16% higher on average than the free-tillering line, regardless of the 

condition. Furthermore, ECO2 increased photosynthetic rate more in the restricted-

tillering line (25%) than in the free-tillering line (14%).  

After anthesis the decline in leaf photosynthetic rate differed between the two lines 

under ECO2. The decline was almost linear in the restricted-tillering line, but it was 

non-linear in the free-tillering one (Figure 6.5). On average, the rates of leaf 

photosynthesis were 10% higher in the restricted-tillering line than in the free-tillering 

line across all the treatments (P<0.001) (Figure 6.5). Under terminal drought net 

photosynthesis rate declined linearly, whereas under well-watered treatment, the decline 

was reduced by terminal drought (P < 0.001). 
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Figure 6.5. Leaf photosynthesis rate (µmol m–2 s–1) under well-watered (a and b) and 
terminal drought conditions (c and d) in the free-tillering (FT) and restricted-tillering 
(RT) lines. Black triangles = ACO2+HT; white triangles = ACO2+AT; black circles = 
ECO2+HT; and white circles = ECO2+AT. Each point is mean ± s.e.m of 5 replicates. 
 

Leaf transpiration rate was analysed by fitting a polynomial regression with a quadratic 

component, which accounted for 72% of the variation (Figure 6.6). There was a 

significant interaction of CO2 × sister line for leaf transpiration rate (P = 0.005). Leaf 

transpiration rates were reduced more under ECO2 in the free-tillering line (32%) than 

in the restricted-tillering line (22%) compared to ACO2 (Figure 6.6).  

Leaf transpiration rate in the restricted-tillering line declined linearly after anthesis and 

was on average 12% lower than the free-tillering line, which declined non-linearly after 

anthesis. HT increased leaf transpiration rates at anthesis by an average of 35% across 

all the treatments (P<0.001), the difference in transpiration rates between AT and HT 
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was maintained during the weeks after anthesis. Terminal drought did not affect the leaf 

transpiration rates (P = 0.734).  

0

2

4

6

8

L
e

a
f 

tr
a

n
s

p
ir

a
ti

o
n

 r
a

te

(m
m

o
l m

-2
 s

-1
)

0 1 0 0 2 0 0 3 0 0 4 0 0

T h e r m a l T im e  a fte r  a n th e s is  (o C )

0 1 0 0 2 0 0 3 0 0
0

2

4

6

T h e r m a l T im e  a fte r  a n th e s is  (o C )

 L
e

a
f 

tr
a

n
s

p
ir

a
ti

o
n

 r
a

te

(m
m

o
l m

-2
 s

-1
)

b .a .

c . d .

F T R T

F T R T

 

Figure 6.6. Leaf transpiration rates (mmol m–2 s–1) under well-watered (a and b) and 
terminal drought conditions (c and d) in the free-tillering (FT) and restricted-tillering 
(RT) lines. Black triangles = ACO2 + HT; white triangles = ACO2 + AT; black circles = 
ECO2 + HT; and white circles = ECO2 + AT. Each point is mean ± s.e.m of 5 replicates. 

 

Polynomial regression fit into the ratio of carbon intake by transpired water (TE) well, 

explaining 84% of the variation (Figure 6.7). There was a significant interaction of 

thermal time × CO2 × temperature (P = 0.048) in which ECO2 under AT increased the 

TE in both lines after approximately 20 DAA. Furthermore, terminal drought increased 

TE in both lines by an average of 12% (P = 0.043) and the TE in the restricted-tillering 

line was on average 20% higher than in the free-tillering line (P = 0.003) (Figure 6.7). 
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Figure 6.7. TE (mmol CO2 mol H2O–1) under well-watered (a and b) and terminal 
drought conditions (c and d) in the free-tillering (FT) and restricted-tillering (RT) lines. 
Black triangles = ACO2 + HT; white triangles = ACO2 + AT; black circles = ECO2 + 
HT; and white circles = ECO2 + AT. Each point is mean ± s.e.m of 5 replicates. 

 

Polynomial regression fit into the measurements of Ψleaf well, explaining 96% of the 

variation (Figure 6.8). There were three significant interactions for Ψleaf: (i) thermal time 

× sister line (P<0.001); (ii) thermal time × CO2 × water (P = 0.008); and (iii) thermal 

time × temperature × water (P<0.001). In the first interaction, both lines had the same 

Ψleaf at anthesis, but while restricted-tillering line declined to an average of -1.25 MPa, 

the free-tillering line declined to -1.53 MPa after approximately 24 DAA. In the second 

interaction, Ψleaf declined in both lines over time, but the effect was more severe under 

terminal drought. However, Ψleaf declined less under terminal drought when combined 

with ECO2. In the third interaction, there was no difference in Ψleaf at anthesis between 
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AT and HT. However, with the induction of terminal drought, Ψleaf reduced more under 

terminal drought and HT than under terminal drought and AT (-1.49 MPa and -1.45 

MPa, respectively), regardless of CO2 concentration.  
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Figure 6.8. ψleaf under well-watered (a and b) and terminal drought conditions (c and d) 
in the free-tillering (FT) and restricted-tillering (RT) lines. Black triangles = ACO2 + 
HT; white triangles = ACO2 + AT; black circles = ECO2 + HT; and white circles = 
ECO2 + AT. Each point is mean ± s.e.m of 5 replicates. 

 

6.4 Discussion 

ECO2 increased grain yield in both lines contrasting in tillering by increasing grain 

number per ear. Under ECO2 there were a greater number of florets at anthesis 

compared with ACO2, supporting the first hypothesis that ECO2 increases grain number 

per ear by reducing the rate of floret mortality. The greater rates of net leaf 
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photosynthesis under ECO2 likely provided more assimilates (Balaguer et al. 1995; 

Palta and Ludwig 2000), enabling the survival of competent florets. The greater ear dry 

weights, longer peduncles and longer flag laves under ECO2 all indicate that the higher 

rates of net leaf photosynthesis under ECO2 increased the availability of assimilates. 

The production of more florets has been associated with a longer stem elongation phase 

(Miralles et al. 2000; Gonzalez et al. 2011) and the growth and development of the 

produced florets has been associated with more leaf area (Fischer 2011). Under the 

increase in temperature phenology will be shortened (Wang et al 2008) and therefore it 

is unlikely that the number of florets will increase. This is because the amount of 

resources needed to produce the florets is insignificant compared to the amount needed 

to support floret growth and development (Kirby 1988; Ferrante et al. 2013a). 

Therefore, because of increases in leaf area and in rates of net leaf photosynthesis due to 

the increases in CO2 concentration (Bloom et al. 2002; Gutierrez et al. 2009b) there will 

be more assimilates to support the developing florets. Consequently, an increase in the 

availability of assimilates did not seem to increase potential number of florets, because 

there was no increase in number of florets under ECO2 and high temperature  The rate 

of floret death was hastened by HT under ACO2 reducing the potential number of grains 

per ear at anthesis in both lines. However, under ECO2, the rate of floret death was not 

affected by HT, and hence the potential number of grains per ear at anthesis was not 

affected by temperature. Phenology was not hastened by ECO2 + HT, indicating that 

ECO2 had a mitigative effect on HT. This may also reflect the cooling effect that ECO2 

has on canopy due to better efficiency of photosystem II as found in other C3 plants 

(Martinez-Carrasco et al. 2005; Aranjuelo et al. 2008; Dias de Oliveira et al. 2012), 

which reduces photorespiration (Bunce 1998; Long and Bernacchi 2003; Long et al. 

2006; Sage and McKown 2006; Ainsworth et al. 2012), providing assimilates for florets 

survival. 
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Consistent with results from chapter 5, there was no difference in grain yield between 

the two isogenic lines contrasting in tillering under any condition of CO2, temperature 

or watering regime, despite the increase in tiller number in the free-tillering line under 

ECO2. However, although more tillers in the free-tillering line resulted in more grains 

per unit area, the average of individual grain dry weight was lower than the restricted-

tillering line. The restricted-tillering line had fewer grains per unit area than the free-

tillering line, but the individual grains dry weight were heavier. Potential  grain size, 

which is correlated to grain dry weight, is determined by the size of the carpels within 

the florets (Siddique et al. 1989b; Calderini et al. 1999), and presumably grain number  

was adjusted according to the potential grain size (Egli 2006; Sadras and Egli 2008). 

Although both lines had the similar grain number per ear, it cannot be assumed that the 

potential grain size was the same. It is possible that the potential grain size is correlated 

with rates of net leaf photosynthesis, which was higher in the restricted-tillering than in 

the free-tillering line. This could be an indication of how sink influences carbon source 

(Aranjuelo et al. 2011), but also indicates that more assimilates will be available per 

grain in the restricted-tillering line. 

It is well understood how environmental and genotypic variation affect grain size, but 

not how they affect potential grain size (Slafer et al. 1996). It is likely that changes in 

the components of climate change studied here do not affect potential grain size since 

the plasticity in grain size has a narrow range of variation when compared to grain 

number (Sadras 2007). There is an indication that increased grain number per unit area 

reduces grain size, despite the potential grain size (Loss et al. 1989; Siddique et al. 

1989b; Acreche and Slafer 2006), and changes in environmental conditions after 

anthesis strongly affect grain size.  

The greater number of ears m-2, grains per ear and photosynthetic rates under ECO2 

reduced the negative impacts of terminal drought on grain yield in comparison with 
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terminal drought under ACO2 in both lines. However, terminal drought reduced grain 

dry weight in both sister lines in this study, regardless of the CO2 concentration and 

temperature. Terminal drought was induced by withdrawing irrigation when 50% of 

plants reached anthesis and it is therefore likely that the water deficit immediately after 

anthesis, affected  grain development (Borras et al. 2004) and reduced grain dry weight 

due to reduced cell expansion. It is also likely that terminal drought reduced assimilate 

supply for grain filling in both lines (Pheloung and Siddique 1991; Kobata et al. 1992; 

Palta et al. 1994) affecting grain growth rates. 

Grain growth of the two sister lines had a longer lag phase under well-watered 

conditions. Water at this stage aids the initial grain development for probably being 

responsible for the initial expansion of cells size. It is known that putative genes of the 

expansins, a family of proteins responsible for turgor-driven cell wall expansion by 

breaking hydrogen bonds between crosslinking glycans and cellulose microfibrils 

(McQueen-Mason and Cosgrove 1994) are expressed during grain growth in wheat 

(Lizana et al. 2010) and that expression of cell expansions are correlated with grain size 

(Cosgrove 2000). The difference in final grain dry weight between the two isogenic 

lines for tillering resulted mainly from the faster rates of grain filling in the restricted-

tillering line compared with the free-tillering line. This was probably a consequence of 

having fewer grains per plant, higher carbon assimilation rates maintained after 

anthesis, and higher potential grain size. Under terminal drought the duration of grain 

filling was reduced in both lines. Therefore the phase of plateau (maximum grain dry 

weight) was reached earlier, and hence the size of grains under terminal drought was 

reduced. HT only reduced the duration of the linear phase of grain filling irrespective of 

the sister line or CO2 concentration. This significant reduction of the linear phase 

reduced the rate of dry matter accumulation in the grains, but was not enough to impact 

grain size.  
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In both lines contrasting in tillering, TE was increased by ECO2. In the free-tillering this 

increase was more due to reduced rates of transpiration, whilst in the restricted-tillering 

line it was more due to increased photosynthetic rates. Leaf photosynthetic rates in both 

lines had a different rate of decline as leaf senescence progressed under ECO2. 

However, hastened phenology could limit biomass accumulation that could come from 

higher photosynthetic rates. This limitation was observed in the breeding line 38–19 in 

chapter 4, in which accelerated phenology and reduced tillering presumably limited 

higher biomass accumulation. The analysis of tillering dynamics showed that the tiller 

number in the restricted-tillering line was not affected by ECO2 or HT, but leaf area was 

increased under ECO2, and the total canopy photosynthesis was probably similar 

between both lines. Therefore, the restricted-tillering line despite having a limited sink 

capacity may have other traits adaptive to future climates.  

6.5 Conclusions 

The expectation of greater grain yield due to greater tiller number was not achieved 

because the compensation of yield components limited grain yield in the free-tillering 

line. The compensation that limited grain yield was not broken by any of the climate 

change drivers studied here. The number of competent florets under ECO2 at anthesis 

was increased, by increasing carbon source by increasing leaf area and photosynthetic 

rates, but individual grain weight was not affected by ECO2. This limited any advantage 

for the free-tillering line in relation to the restricted-tillering line under climate change 

conditions. The increase in grain number to improve yield potential will not lead to 

increase yield because of limited individual grain weight. Results from this study 

indicate the need for breeding cultivars with greater potential number of florets, since 

this was not affected by variables predicted to climate change in the future. Perhaps a 

greater number of florets could remain competent and additional photosynthetic 
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capacity between stem elongation and anthesis period would support the increased 

number of competent florets. 
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7 General Discussion 

Climatic conditions across the wheat growing regions of Australia are changing, which 

includes the Mediterranean-type climate region of south-western Australia, where 36% 

of   Australia’s   wheat   is   currently   produced   (ABARE 2013). Atmospheric CO2 

concentration and average temperatures are increasing, and rainfall is declining, which 

increases the incidence of drought (IOCI 2002). The changes in these three drivers of 

climate pose a challenge for wheat production as new wheat cultivars adapted to these 

climatic conditions will be required, as well as efficient decision support systems and 

innovative agronomic packages. Studies into the impact of future climate change on 

wheat grown in Australia have focussed primarily on the impact of elevated CO2 and it 

is well known that elevated CO2 levels increase wheat biomass and grain yield (Fischer 

and Aguilar 1976; Gifford 1977, 1979; Sionit et al. 1980; Havelka et al. 1984; Gifford 

et al. 1985; Musgrave and Strain 1988). However, the beneficial effects of elevated CO2 

may vary with the predicted increases in temperature and reduction in rainfall, and as 

well as with genotype. To address this lack of knowledge, field studies during three 

consecutive growing seasons were conducted to investigate the physiology and 

productivity of wheat under elevated CO2 × high temperature × terminal drought. Four 

specialised tunnel houses were designed and built in the field to control atmospheric 

CO2 concentration, temperature and irrigation. Tunnel houses are a key facility for 

research on crop adaptation to climate change. The design of the tunnel houses reduced 

the spatial variability of climate change drivers while allowing crop growth in the field 

soil. The uniform performance and precise control of the climate change drivers inside 

the tunnel houses allowed accurate simulation of the predicted climate conditions for the 

Mediterranean-type environments in the future. 

Biomass accumulation and grain yield increased when crops were grown under the 

combination of elevated CO2 plus 2°C above the ambient temperature, which 
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ameliorated terminal drought effects that has long been known to reduce biomass and 

grain yield (Palta et al. 2004). The combinations of elevated CO2 plus 4 and 6°C above 

the ambient temperature did not additionally increase biomass and grain yield; these 

warmer temperatures appeared to restrict the positive response by biomass and grain 

yield to elevated CO2. Grain yield, in particular, tended to decrease linearly with 

increasing temperature over 2°C above the ambient, under elevated CO2.  

The climate change drivers affected grain yield in a similar way in both vigorous and 

non-vigorous genotypes. However, the vigorous and non-vigorous genotypes achieved 

similar biomass at anthesis and final harvest through different physiological and 

morphological pathways. The vigorous line 38–19 increased its leaf net photosynthetic 

rate, while the non-vigorous cultivar Janz increased tiller number, leaf area and 

biomass. This presumably allowed similar amounts of carbon to be assimilated by both 

genotypes.  

The comparison between three potential future climate scenarios (combination of 

elevated CO2 × high temperatures × terminal drought) did not allow the identification of 

the main driver in the amelioration of the effects of terminal drought on biomass and 

grain yield. In order to unravel the effects of each climate change driver, two pairs of 

sister lines contrasting in tillering capacity and vigour growth were grown under a full 

factorial experimental design. This design consisted of elevated CO2 alone, high 

temperature alone, and elevated CO2 plus high temperature, all with and without 

terminal drought conditions. It was expected that the accumulation of biomass and grain 

yield benefits under elevated CO2 would be higher in the lines with larger sink capacity 

(Aranjuelo et al. 2009), i.e. the lines with more tillers or greater vigour. It was expected 

that elevated CO2 would be the single climate factor responsible for amelioration of 

terminal drought effects. Indeed, elevated CO2 was the main driver for the amelioration 

of the effects of terminal drought on biomass and grain yield. In both pairs of sister 
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lines, elevated CO2 increased leaf net photosynthetic rate, as well as grain number per 

ear, which contributed to the amelioration of the effects of terminal drought. Within 

each pair of sister lines, the drivers of climate change had different effects on 

physiology, biomass and yield components For example, different rates of net 

photosynthesis decline, increased tiller number in the free-tillering and low-vigour lines, 

and different grain dry weights. However, biomass accumulation and the grain yield 

were similar within each pair of lines. This indicates that having the capacity to produce 

more tillers and hence a stronger sink capacity to store more carbon did not result in a 

grain yield advantage of the free-tillering over the restricted-tillering line with a limited 

sink capacity. Similarly, the potential of having a strong sink capacity to store more 

carbon did not result in any advantage to high-vigour in relation to the low-vigour line. 

The lack of difference in grain yield between the contrasting lines for vigour growth 

were associated with lack of difference in grain number and grain weight, but in lines 

contrasting in tillering it was associated with a trade-off between yield components, 

which was observed across all the combinations of the climate change drivers. The line 

with more grains per unit area (free-tillering) had lighter grains than the line with fewer 

grains restricted-tillering. It is likely that the increase in sink capacity was greater than 

the increase in source capacity, which increased competition for assimilates. Therefore, 

with the increase in grain number per unit area, there was trade-off that limited 

individual grain weight (Siddique et al. 1989b; Longnecker et al. 1993; Slafer et al. 

1996). 

As observed previously for wheat (McKee and Woodward 1994; Miglietta et al. 1996; 

Garcia et al. 1998; Taub et al. 2000; Wechsung et al. 2001; Alonso et al. 2009; Makino 

2011; Bunce 2012; Bourgault et al. 2013; Thilakarathne et al. 2013), an important and 

recurrent response to elevated CO2 is the increase in leaf net photosynthetic rate, which 

presumably supports increased biomass accumulation and grain yield (Austin et al. 



130 
 

1980; Slafer and Savin 1994). In this study grain number per ear also appeared to be an 

important response of wheat to elevated CO2, but the mechanisms of yield 

determination and limitation under elevated CO2 were not clear. It also was not clear 

why the free-tillering line, which produced more ears per m2 and hence, more grains per 

m2 under elevated CO2, did not yield more than the restricted-tillering line, which had 

less ears per m2 and hence less grains per m2. In order to understand these mechanisms 

it was hypothesised that: (i) elevated CO2 increases the number of competent florets at 

anthesis and (ii) the free-tillering capacity is associated with lower rates of grain filling 

when compared with restricted-tillering lines. Consistent with the first hypothesis, 

elevated CO2 did not increase the potential number of florets, but reduced the rates of 

floret death, and hence increased the number of florets that remained competent at 

anthesis. This indicates that the potential number of florets is under genetic control and 

is less influenced by climate change drivers. It also suggests that the amount of 

assimilates (source capacity) available during floret development does not determine 

floret production, but determines floret survival (Gonzalez et al. 2011; Ferrante et al. 

2013a), which may be a grain yield limitation before anthesis. This response reinforces 

the necessity of improving photosynthesis as a mechanism for improving grain yield. It 

also emphasises the relevance of improving pre-anthesis developmental processes to 

optimise spikelet fertility (Slafer 2003; Gonzalez et al. 2011; Gonzalez et al. 2013).  

The mechanism responsible for the lack of difference in grain yield between the lines 

contrasting in tillering when grown under elevated CO2 requires further research. The 

free-tillering line had more ears and hence more grains per m2, but a lower rate of grain 

filling than the restricted-tillering line. That is the reason for which the free-tillering line 

had more, but lighter grains than the restricted-tillering line. Elevated CO2 increased the 

source capacity in the free-tillering line by increasing the number of tillers and hence 

leaf area and biomass, but it appears to have increased the sink capacity more than the 
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source as indicated by the proportionally greater increase in grain number per m2 

compared with the increase in tiller number per m2. Therefore, it is likely that elevated 

CO2 may have changed the yield limitation from sink to source after anthesis. Similarly, 

in the restricted-tillering the grain number per m2 also increased in relation to tiller 

number per m2. However, as the net leaf photosynthetic rates were higher in the 

restricted-tillering, the total plant (or square metre) carbon assimilation was probably 

very similar in both lines. This means that in the restricted-tillering line, there were 

fewer grains to be filled with the same quantity of carbon per unit area. Therefore, the 

competition for assimilates was higher in the free-tillering line, and the rates of grain 

filling would be lower in the free-tillering line than in the restricted-tillering.  

7.1 Implications for wheat adaptation to climate change 

Climate change predictions for the Mediterranean-type climatic region in Australia by 

2050  include increments in temperature of 2–4°C (Preston and Jones 2006), increased 

atmospheric CO2 concentration to about 550 µL L-1 (IPCC, 2007), more droughts 

(Ragab and Prudhomme 2002) and greater climate variability (Forster et al. 2007a). 

There is no doubt that the next generation of productive wheat cultivars productive 

under these climate conditions will rely on genetic interventions based on the 

understanding of physiological processes and targeting adaptive traits. Considering the 

two traits that have been examined in this study in related lines, it has been shown that 

genotypes with the vigorous and non-vigorous growth trait have different physiological 

responses to elevated CO2 and high temperature. While the vigorous lines respond 

positively by substantially increasing their leaf net photosynthetic rate, the non-vigorous 

ones increase their tiller number and leaf area. The response of the leaf net 

photosynthetic rate in the vigorous lines was not reflected in their above-ground 

biomass and grain yield. This is mainly because tiller production was not stimulated by 

elevated CO2 in lines with high vigour. This failure to increase tiller numbers under 



132 
 

elevated CO2 was associated with rapid phenology because time to anthesis for vigorous 

wheat lines was 1–2 weeks earlier than for non-vigorous ones. It is likely that tiller 

production was restricted because the faster phenology reduced the total amount of 

radiation intercepted between germination and 4th leaf stage (Evans 1978; Rawson 

1986). However, the use of sister lines contrasting in vigour, but with identical 

phenology also showed a failure of the high-vigour line in increasing its tiller number in 

response to elevated CO2, indicating that there may be genetic restriction for higher 

production of tillers. Nevertheless, faster phenology in the vigorous wheat may help 

avoid terminal drought in rainfed environments.  

Sister lines with restricted and free-tillering trait also had different responses to growth 

under elevated CO2 and high temperature. The restricted-tillering line increased its leaf 

photosynthetic rates more, while the free-tillering line increased the number of tillers 

more and hence number of ears per m2. The increase in the number of tillers and ears in 

the free-tillering lines did not necessarily result in greater above-ground biomass and 

grain yield. This is because the specific leaf area was substantially increased (thin 

leaves), tillers were light and the grains were light. These results suggest that breeders 

can’t   expect   consistent   contribution   of   high-vigour or free-tillering traits alone in 

breeding for adaptation of wheat to future climates. However, the results also showed 

that selection for and expression of these two traits should remain relevant in breeding 

programs. This is because in theory they have potential for greater adaptation to 

terminal drought (Botwright et al. 2002; Munns and Richards 2007), and perhaps 

combining these traits, or a combination of these traits with other traits could allow 

greater yield.  

This thesis provides significant new knowledge to increase the understanding of yield 

component plasticity in response to elevated CO2 and physiological variability among 

genotypes in response to environmental stresses (temperature and water) under elevated 
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CO2, which is not yet entirely understood (Tausz et al. 2013). Results from this study 

emphasise the need for evaluation of lines that are less strictly vigorous or restricted-

tillering: high-vigour lines with greater tillering capacity and lines with multiple trait 

combinations. The results also suggest that lines with greater potential floret number 

needs further investigation, in order to improve grain number, which is one of the 

reasons of grain yield improvement under elevated CO2, but also showed that this trait 

may be associated with higher leaf net photosynthetic rates and faster grain filling in 

order to increase grain dry weight.  

In the traits evaluated, significant interaction for grain yield was not observed. 

Therefore, a wider search for germplasm and breeding lines with traits with contrasting 

responses to elevated CO2 × temperature × terminal drought is needed. This is important 

because it would mean that a specific trait could actually have a different response to a 

combination of climate change drivers. Finally, the understanding of wheat responses to 

elevated CO2 × temperature × terminal drought needs to improve and that will require 

the combination of quantitative genetics with molecular and biochemical phenotyping 

and associated production agronomy. 
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8 Appendices 

Appendix 1. Article published at Functional Plant Biology, 2013, 40, 160-171. 
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Appendix 2. Grain yield, total above-ground biomass and harvest index (HI) of free and 
restricted-tillering and high and low-vigour lines grown under different combinations of 
CO2, temperature and watering regimes. Mean ± s.e.m. 

Lines Treatments Grain yield   
(g m-2) 

Above-ground 
biomass           
(g m-2) 

HI 

Free-tillering 

ACO2 
AT 

ww 561.9 ± 43.9 1158.4± 92.4 48.5 ± 0.4 
td 437.8 ± 52.2 881.1 ± 115.8 49.9 ± 0.9 

HT 
ww 589.7 ± 98.7 1159.1 ± 195.5 50.9 ± 0.2 
td 422.9 ± 94.1 868.7 ± 166.1 48.1 ± 1.4 

ECO2 
AT 

ww 693.6 ± 23.3 1336.6 ± 57.0 51.9 ± 1.0 
td 567.4 ± 26.4 1176.1 ± 50.1 48.2 ± 1.0 

HT 
ww 739.3 ± 81.4 1505.6 ± 179.5 49.2 ± 0.5 
td 614.2 ± 26.8 1300.4 ± 69.5 47.3 ± 0.5 

Restricted-
tillering 

ACO2 
AT 

ww 473.9 ± 58.9 1061.1 ± 145.4 44.8 ± 0.7 
td 446.2 ± 38.4 981.2 ± 62.6 45.4 ± 1.2 

HT 
ww 607.2 ± 86.3 1232.6 ± 185.8 49.4 ± 0.4 
td 378.8 ± 22.8 858.7 ± 74.3 44.4 ± 1.8 

ECO2 
AT 

ww 649.3 ± 33.0 1351.8 ± 81.6 48.1 ± 0.7 
td 644.5 ± 61.8 1306.8 ± 123.6 49.3 ± 0.4 

HT 
ww 783.5 ± 74.0 1632.3 ± 171.8 48.1 ± 0.9 
td 658.4 ± 76.0 1443.8 ± 168.2 45.7 ± 2.0 

High-vigour 

ACO2 
AT 

ww 710.6 ± 68.3 1387.7 ± 147.2 51.5 ± 3.3 
td 667.7 ± 93.2 1406.2 ± 124.4 47.0 ± 3.0 

HT 
ww 618.6 ± 80.4 1236.1 ± 131.1 49.8 ± 1.3 
td 538.0 ± 49.8 1183.9 ± 105.2 45.4 ± 1.2 

ECO2 
AT 

ww 743.6 ± 66.0 1575.5 ± 123.0 47.1 ± 0.5 
td 630.8 ± 83.6 1416.8 ± 189.4 44.6 ± 1.3 

HT 
ww 836.0 ± 121.8 1819.7 ± 263.4 45.9 ± 0.1 
td 673.8 ± 40.1 1559.2  ± 68.5 43.2 ± 0.7 

Low-vigour 

ACO2 
AT 

ww 653.5 ± 104.3 1488.5 ± 201.1 43.7  1.1 
td 497.9 ± 75.3 1158.4 ± 141.7 42.6 ± 1.6 

HT 
ww 777.8 ± 36.8 1647.9 ± 62.3 47.2 ± 0.9 
td 519.7 ± 101.9 1183.1 ± 214.1 43.8 ± 0.9 

ECO2 
AT 

ww 896.8 ± 48.0 1932.6 ± 161.8 46.6 ± 1.5 
td 733.6 ± 95.4 1693.0 ± 218.1 43.3 ± 0.4 

HT 
ww 838.7 ± 65.2 1938.7 ± 193.5 43.5 ± 1.3 
td 808.2 ± 92.8 1910.6 ± 197.2 42.2 ± 0.6 
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Appendix 3. Means ± s.e.m of yield components of free-tillering, restricted-tillering, 
high-vigour and low-vigour line in all combinations of CO2, temperature and watering. 

Line Treatment  Ears m-2  Grain DW 
(mg) 

Grains per 
ear 

Free-tillering 

ACO2 

AT 
ww 404.7 ± 32.0 42.4 ± 1.3 33.0 ± 5.7 
td 383.4 ± 74.6 39.9 ± 1.9 28.7 ± 0.4 

HT 
ww 436.7 ± 15.2 44.5 ± 1.8 30.2 ± 1.1 
td 369.2 ± 96.1 38.6 ± 3.4 29.1 ± 1.2 

ECO2 

AT 
ww 482.8 ± 80.6 43.9 ± 0.2 33.1 ± 3.3 
td 511.2 ± 36.9 34.9 ± 2.5 31.9 ± 3.0 

HT 
ww 486.4 ± 95.5 43.6 ± 0.1 34.9 ± 0.8 
td 543.2 ± 80.4 38.5 ± 3.9 29.8 ± 3.1 

Restricted 
tillering 

ACO2 

AT 
ww 287.6 ± 87.2 60.7 ± 1.4 27.6 ± 2.7 
td 372.8 ± 46.4 47.2 ± 5.9 25.5 ± 1.9 

HT 
ww 372.8 ± 101.6 57.6 ± 0.8 28.7 ± 3.9 
td 287.6 ± 28.2 43.3 ± 7.5 30.9 ± 3.0 

ECO2 

AT 
ww 362.1 ± 28.2 56.8 ± 3.9 31.7 ± 2.7 
td 387.0 ± 86.1 51.3 ± 6.4 33.1 ± 4.8 

HT 
ww 426.0 ± 94.7 55.6 ± 4.0 33.4 ± 2.1 
td 461.5 ± 53.6 46.5 ± 8.0 31.0 ± 4.5 

High-vigour 

ACO2 

AT 
ww 369.2 ± 78.5 45.8 ± 3.5 42.3 ± 1.7 
td 383.4 ± 91.0 42.8 ± 2.7 40.7 ± 2.6 

HT 
ww 387.0 ± 50.3 47.3 ± 1.1 33.5 ± 3.2 
td 340.8 ± 18.5 40.7 ± 0.8 38.6 ± 3.4 

ECO2 

AT 
ww 365.7 ± 72.5 46.3 ± 1.5 44.2 ± 0.8 
td 312.4 ± 61.5 39.7 ± 1.3 50.7 ± 2.2 

HT 
ww 433.1 ± 40.3 41.0 ± 3.8 46.5 ± 6.5 
td 337.3 ± 24.6 40.5 ± 1.6 49.6 ± 6.0 

Low-vigour 

ACO2 

AT 
ww 408.3 ± 77.0 45.8 ± 0.7 35.0 ± 6.7 
td 365.7 ± 93.1 40.1 ± 0.8 34.2 ± 6.1 

HT 
ww 497.0 ± 44.3 48.0 ± 1.2 32.7 ± 2.3 
td 390.5 ± 58.7 41.3 ± 2.5 31.6 ± 5.1 

ECO2 

AT 
ww 461.5 ± 37.4 46.2 ± 1.9 42.2 ± 4.1 
td 394.1 ± 59.3 43.5 ± 2.4 42.6 ± 5.2 

HT 
ww 447.3 ± 66.5 45.6 ± 1.8 41.3 ± 3.7 
td 475.7 ± 37.4 43.4 ± 2.1 39.0 ± 5.3 
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Appendix 4. Estimates of parameters ± s.e.m. of tillering dynamic curves. 

Parameter Line [CO2] Temperature estimate s.e.m 
D Free-tillering ACO2 AT -2.12E-03 1.53E-04 

E Free-tillering ACO2 AT 1.42E-06 1.54E-07 

B Free-tillering ACO2 AT -195.00 25.50 

C Free-tillering ACO2 AT 0.33 0.04 

A Free-tillering ACO2 AT 439.80 77.60 

D Restricted-tillering ACO2 AT -1.92E-03 8.63E-05 

E Restricted-tillering ACO2 AT 1.05E-06 7.61E-08 

B Restricted-tillering ACO2 AT -28.90 22.40 

C Restricted-tillering ACO2 AT 0.10 0.02 

A Restricted-tillering ACO2 AT 282.60 54.60 

D Free-tillering ACO2 HT -2.10E-03 1.24E-04 

E Free-tillering ACO2 HT 1.38E-06 1.14E-07 

B Free-tillering ACO2 HT -138.10 25.10 

C Free-tillering ACO2 HT 0.30 0.05 

A Free-tillering ACO2 HT 383.30 75.50 

D Restricted-tillering ACO2 HT -1.37E-03 4.26E-04 

E Restricted-tillering ACO2 HT 8.62E-07 2.94E-07 

B Restricted-tillering ACO2 HT 105.00 270.00 

C Restricted-tillering ACO2 HT 0.31 0.14 

A Restricted-tillering ACO2 HT -96.00 424.00 

D Free-tillering ECO2 AT -2.25E-03 5.26E-05 

E Free-tillering ECO2 AT 1.47E-06 5.38E-08 

B Free-tillering ECO2 AT -230.30 15.00 

C Free-tillering ECO2 AT 0.40 0.03 

A Free-tillering ECO2 AT 496.40 45.90 

D Restricted-tillering ECO2 AT -1.05E-03 4.43E-04 

E Restricted-tillering ECO2 AT 5.84E-07 2.91E-07 

B Restricted-tillering ECO2 AT 576.00 822.00 

C Restricted-tillering ECO2 AT 0.25 0.19 

A Restricted-tillering ECO2 AT -766.00 1012.00 

D Free-tillering ECO2 HT -2.26E-03 1.07E-04 

E Free-tillering ECO2 HT 1.67E-06 1.04E-07 

B Free-tillering ECO2 HT -336.70 27.70 

C Free-tillering ECO2 HT 0.63 0.07 

A Free-tillering ECO2 HT 505.10 79.00 

D Restricted-tillering ECO2 HT -1.62E-03 2.63E-04 

E Restricted-tillering ECO2 HT 1.05E-06 1.93E-07 

B Restricted-tillering ECO2 HT -24.00 120.00 

C Restricted-tillering ECO2 HT 0.39 0.11 

A Restricted-tillering ECO2 HT -28.00 239.00 
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Appendix 5. Parameters of equations ± s.e.m.  for quadratic-by-quadratic curves fitting 
of florets number. 

Parameter Line [CO2] Temperature estimate s.e.m 
D Free-tillering ACO2 AT -2.76E-03 1.17E-04 

E Free-tillering ACO2 AT 2.23E-06 2.81E-07 

B Free-tillering ACO2 AT -2.42 2.55 

C Free-tillering ACO2 AT 0.01 0.01 

A Free-tillering ACO2 AT -4.43 4.81 

D Restricted-tillering ACO2 AT -2.69E-03 3.65E-05 

E Restricted-tillering ACO2 AT 1.85E-06 5.13E-08 

B Restricted-tillering ACO2 AT 0.02 0.08 

C Restricted-tillering ACO2 AT 1.24E-04 1.30E-04 

A Restricted-tillering ACO2 AT 3.76 0.45 

D Free-tillering ACO2 HT -2.40E-03 5.88E-05 

E Free-tillering ACO2 HT 1.54E-06 7.89E-08 

B Free-tillering ACO2 HT -0.21 0.31 

C Free-tillering ACO2 HT 9.41E-04 6.64E-04 

A Free-tillering ACO2 HT 0.9 1.5 

D Restricted-tillering ACO2 HT -2.40E-03 6.66E-05 

E Restricted-tillering ACO2 HT 1.56E-06 9.55E-08 

B Restricted-tillering ACO2 HT -0.22 0.41 

C Restricted-tillering ACO2 HT 1.15E-03 9.52E-04 

A Restricted-tillering ACO2 HT 0.28 1.87 

D Free-tillering ECO2 AT -2.76E-03 1.83E-04 

E Free-tillering ECO2 AT 2.23E-06 3.62E-07 

B Free-tillering ECO2 AT -1.96 2.5 

C Free-tillering ECO2 AT 4.65E-03 6.36E-03 

A Free-tillering ECO2 AT 0.62 4.87 

D Restricted-tillering ECO2 AT -2.72E-03 8.96E-05 

E Restricted-tillering ECO2 AT 1.97E-06 1.14E-07 

B Restricted-tillering ECO2 AT -0.82 0.37 

C Restricted-tillering ECO2 AT 1.72E-03 8.63E-04 

A Restricted-tillering ECO2 AT 2.94 1.55 

D Free-tillering ECO2 HT -2.82E-03 3.52E-04 

E Free-tillering ECO2 HT 2.32E-06 9.00E-07 

B Free-tillering ECO2 HT -3.47 6.52 

C Free-tillering ECO2 HT 0.01 0.01 

A Free-tillering ECO2 HT 1.44 5.23 

D Restricted-tillering ECO2 HT -2.51E-03 9.90E-05 

E Restricted-tillering ECO2 HT 1.71E-06 1.39E-07 

B Restricted-tillering ECO2 HT -0.93 0.66 

C Restricted-tillering ECO2 HT 1.84E-03 1.40E-03 

A Restricted-tillering ECO2 HT 3.02 1.97 
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Appendix 6. Estimates of parameters ± s.e.m. for ear growth curve. 

Parameter Line [CO2] Temperature estimate s.e.m 
B Free-tillering ACO2 AT -0.02 0.003 
M Free-tillering ACO2 AT 1042.8 16.2 
C Free-tillering ACO2 AT -1081.0 123 
A Free-tillering ACO2 AT 1091.0 111 
B Restricted-tillering ACO2 AT -0.02 0.003 
M Restricted-tillering ACO2 AT 1035.5 12 
C Restricted-tillering ACO2 AT -1165.0 98.1 
A Restricted-tillering ACO2 AT 1176.3 86.4 
B Free-tillering ACO2 HT -0.01 0.003 
M Free-tillering ACO2 HT 1046.2 16.8 
C Free-tillering ACO2 HT -1156.0 137 
A Free-tillering ACO2 HT 1165.0 124 
B Restricted-tillering ACO2 HT -0.02 0.002 
M Restricted-tillering ACO2 HT 1037.6 12.8 
C Restricted-tillering ACO2 HT -1202.0 107 
A Restricted-tillering ACO2 HT 1211.7 94.9 
B Free-tillering ECO2 AT -0.02 0.002 
M Free-tillering ECO2 AT 1035.3 7.72 
C Free-tillering ECO2 AT -1433.1 80.7 
A Free-tillering ECO2 AT 1454.8 71.1 
B Restricted-tillering ECO2 AT -0.02 0.002 
M Restricted-tillering ECO2 AT 1040.6 9.84 
C Restricted-tillering ECO2 AT -1623.0 113 
A Restricted-tillering ECO2 AT 1637.0 101 
B Free-tillering ECO2 HT -0.02 0.002 
M Free-tillering ECO2 HT 1033.6 7.68 
C Free-tillering ECO2 HT -1436.2 79.8 
A Free-tillering ECO2 HT 1457.2 70.1 
B Restricted-tillering ECO2 HT -0.02 0.002 
M Restricted-tillering ECO2 HT 1037.7 8.5 
C Restricted-tillering ECO2 HT -1621.8 98.1 
A Restricted-tillering ECO2 HT 1639.0 86.9 
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Appendix 7. Estimates of parameters ± s.e.m.  for peduncle extension curves. 

 Parameter Line [CO2] Temperature estimate s.e.m 

B Free-tillering ACO2 AT 0.04 0.002 
M Free-tillering ACO2 AT 867.04 1.75 
C Free-tillering ACO2 AT 31.13 0.95 
A Free-tillering ACO2 AT -0.10 0.76 
B Restricted-tillering  ACO2 AT 0.04 0.002 
M Restricted-tillering ACO2 AT 868.92 1.71 
C Restricted-tillering ACO2 AT 31.00 0.93 
A Restricted-tillering ACO2 AT -0.06 0.74 
B Free-tillering ACO2 HT 0.04 0.003 
M Free-tillering ACO2 HT 863.41 1.61 
C Free-tillering ACO2 HT 31.10 0.89 
A Free-tillering ACO2 HT 0.15 0.73 
B Restricted-tillering ACO2 HT 0.04 0.002 
M Restricted-tillering ACO2 HT 863.77 1.73 
C Restricted-tillering ACO2 HT 31.90 0.97 
A Restricted-tillering ACO2 HT -0.47 0.80 
B Free-tillering ECO2 AT 0.03 0.002 
M Free-tillering ECO2 AT 872.35 1.87 
C Free-tillering ECO2 AT 34.77 1.16 
A Free-tillering ECO2 AT -0.90 0.88 
B Restricted-tillering ECO2 AT 0.04 0.002 
M Restricted-tillering ECO2 AT 873.88 1.72 
C Restricted-tillering ECO2 AT 34.37 1.06 
A Restricted-tillering ECO2 AT -0.55 0.80 
B Free-tillering ECO2 HT 0.04 0.002 
M Free-tillering ECO2 HT 866.12 1.59 
C Free-tillering ECO2 HT 33.61 0.94 
A Free-tillering ECO2 HT -0.48 0.76 
B Restricted-tillering ECO2 HT 0.04 0.002 
M Restricted-tillering ECO2 HT 868.05 1.68 
C Restricted-tillering ECO2 HT 34.44 1.01 
A Restricted-tillering ECO2 HT -0.81 0.80 
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Appendix 8. Estimates of parameters ± s.e.m. for flag leaf extension curves. 

Parameter Lines [CO2] Temperature estimate s.e.m 
B Free-tillering ACO2 AT -0.0001 0.0019 
M Free-tillering ACO2 AT -39473 760811 
C Free-tillering ACO2 AT -1.98E+60 4.23E+63 
A Free-tillering ACO2 AT 34.059 0.67 
B Restricted-tillering ACO2 AT -0.01874 0.00165 
M Restricted-tillering ACO2 AT 750.6 3.67 
C Restricted-tillering ACO2 AT -34.58 1.91 
A Restricted-tillering ACO2 AT 33.116 0.234 
B Free-tillering ACO2 HT -0.0175 0.0019 
M Free-tillering ACO2 HT 723.14 6.09 
C Free-tillering ACO2 HT -40.53 3.74 
A Free-tillering ACO2 HT 33.899 0.215 
B Restricted-tillering ACO2 HT -0.0146 0.0017 
M Restricted-tillering ACO2 HT 722.11 7.99 
C Restricted-tillering ACO2 HT -44.38 4.65 
A Restricted-tillering ACO2 HT 33.171 0.234 
B Free-tillering ECO2 AT -0.0156 0.0014 
M Free-tillering ECO2 AT 746.8 4.79 
C Free-tillering ECO2 AT -41.14 2.62 
A Free-tillering ECO2 AT 37.585 0.251 
B Restricted-tillering ECO2 AT -0.0163 0.0014 
M Restricted-tillering ECO2 AT 751.43 4.24 
C Restricted-tillering ECO2 AT -39.33 2.28 
A Restricted-tillering ECO2 AT 36.594 0.25 
B Free-tillering ECO2 HT -0.0130 0.0013 
M Free-tillering ECO2 HT 730.05 7.72 
C Free-tillering ECO2 HT -48.83 4.46 
A Free-tillering ECO2 HT 38.345 0.26 
B Restricted-tillering ECO2 HT -0.0137 0.0013 
M Restricted-tillering ECO2 HT 734.38 6.86 
C Restricted-tillering ECO2 HT -46.57 3.9 
A Restricted-tillering ECO2 HT 37.37 0.257 

 

 

 

 

 

 

 



175 
 

Appendix 9. Estimates of parameters ± s.e.m. for grain growth curves. 

Parameter Line [CO2] Temperature watering estimate s.e.m 
B Free-tillering ACO2 AT td 1.75E-02 3.82E-03 

M Free-tillering ACO2 AT td 239.4 13.7 

C Free-tillering ACO2 AT td 26.7 2.3 

A Free-tillering ACO2 AT td 1.4 1.8 

B restricted-tillering ACO2 AT td 1.41E-02 2.83E-03 

M restricted-tillering ACO2 AT td 246.1 14.9 

C restricted-tillering ACO2 AT td 32.2 2.9 

A restricted-tillering ACO2 AT td 0.33 2.2 

B Free-tillering ACO2 AT ww 1.23E-02 2.46E-03 

M Free-tillering ACO2 AT ww 331.5 15.1 

C Free-tillering ACO2 AT ww 35.6 3.4 

A Free-tillering ACO2 AT ww 0.3 1.7 

B restricted-tillering ACO2 AT ww 1.76E-02 2.81E-03 

M restricted-tillering ACO2 AT ww 360.2 9.8 

C restricted-tillering ACO2 AT ww 37.8 2.2 

A restricted-tillering ACO2 AT ww 2.2 1.03 

B Free-tillering ACO2 HT td 1.49E-02 2.93E-03 

M Free-tillering ACO2 HT td 224.5 14.5 

C Free-tillering ACO2 HT td 32.9 3.0 

A Free-tillering ACO2 HT td 0.0 2.4 

B restricted-tillering ACO2 HT td 1.64E-02 2.88E-03 

M restricted-tillering ACO2 HT td 243.3 11.8 

C restricted-tillering ACO2 HT td 34.3 2.4 

A restricted-tillering ACO2 HT td 0.5 1.9 

B Free-tillering ACO2 HT ww 1.51E-02 2.69E-03 

M Free-tillering ACO2 HT ww 308.2 12 

C Free-tillering ACO2 HT ww 33.5 2.4 

A Free-tillering ACO2 HT ww 0.6 1.5 

B restricted-tillering ACO2 HT ww 1.53E-02 2.20E-03 

M restricted-tillering ACO2 HT ww 354.6 9.8 

C restricted-tillering ACO2 HT ww 42.7 2.5 

A restricted-tillering ACO2 HT ww 1.5 1.2 

B Free-tillering ECO2 AT td 1.36E-02 2.79E-03 

M Free-tillering ECO2 AT td 229.2 16.3 

C Free-tillering ECO2 AT td 33.3 3.3 

A Free-tillering ECO2 AT td -0.3 2.6 

B restricted-tillering ECO2 AT td 1.40E-02 3.00E-03 

M restricted-tillering ECO2 AT td 228.3 16.8 

C restricted-tillering ECO2 AT td 31.2 3.2 

A restricted-tillering ECO2 AT td 0.1 2.5 

B Free-tillering ECO2 AT ww 1.80E-02 3.15E-03 

M Free-tillering ECO2 AT ww 313.0 10.4 

C Free-tillering ECO2 AT ww 31.8 2.0 

A Free-tillering ECO2 AT ww 1.5 1.2 

B restricted-tillering ECO2 AT ww 1.81E-02 2.46E-03 
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M restricted-tillering ECO2 AT ww 321.2 8.0 

C restricted-tillering ECO2 AT ww 41.1 1.9 

A restricted-tillering ECO2 AT ww 2.1 1.1 

B Free-tillering ECO2 HT td 1.35E-02 2.55E-03 

M Free-tillering ECO2 HT td 255.2 14.3 

C Free-tillering ECO2 HT td 34.8 3.1 

A Free-tillering ECO2 HT td -0.4 2.2 

B restricted-tillering ECO2 HT td 1.35E-02 2.50E-03 

M restricted-tillering ECO2 HT td 253.3 14.1 

C restricted-tillering ECO2 HT td 35.6 3.1 

A restricted-tillering ECO2 HT td -1.1 2.3 

B Free-tillering ECO2 HT ww 1.51E-02 2.73E-03 

M Free-tillering ECO2 HT ww 306.1 12.2 

C Free-tillering ECO2 HT ww 33.0 2.4 

A Free-tillering ECO2 HT ww 0.2 1.5 

B restricted-tillering ECO2 HT ww 3.25E-02 5.35E-03 

M restricted-tillering ECO2 HT ww 353.2 5.8 

C restricted-tillering ECO2 HT ww 34.5 1.4 

A restricted-tillering ECO2 HT ww 4.6 0.8 
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Appendix 10. Duration of grain growth, final grain weight and maximum rates of grain 
growth (MGR) in the free-tillering and restricted-tillering lines when ww or under td. 
Means ± s.e.m. of five replicates.  

Line  
                                         

Treatments 
Duration of grain 

growth (days) 
MGR     (mg 
grain–1 day–1) 

Final grain 
weight (mg) 

Free-
tillering 

 

ECO2 
HT 

ww 25.6 ± 0.1 1.3 ± 0.5 32.3 ± 1.3 
td 24.0 ± 0.1 1.3 ± 1.6 33.1 ± 0.9 

AT 
ww 23.2 ± 0.1 1.4 ± 0.6 32.7 ± 1.9 
td 31.2 ± 0.1 1.1 ± 1.4 33.4 ± 0.7 

ACO2 
HT 

ww 21.6 ± 0.1 1.4 ± 0.4 32.7 ± 1.1 
td 24.8 ± 0.1 1.4 ± 1.4 32.0 ± 1.7 

AT ww 27.2 ± 0.1 1.2 ± 0.8 33.4 ± 0.5 
td 25.6 ± 0.1 1.1 ± 1.9 27.6 ± 1.9 

Restricted-
tillering 

ECO2 
HT ww 28.0 ± 0.1 1.4 ± 2.4 38.6 ± 1.8 

td 24.0 ± 0.1 1.4 ± 2.2 33.7 ± 1.6 

AT ww 26.4 ± 0.1 1.6 ± 1.5 41.8 ± 1.0 
td 21.6 ± 0.1 1.4 ± 1.5 30.5 ± 1.5 

ACO2 
HT ww 24.8 ± 0.1 1.7 ± 2.1 41.0 ± 0.4 

td 25.6 ± 0.1 1.4 ± 2.8 34.3 ± 1.9 

AT ww 27.2 ± 0.2 1.5 ± 2.3 37.4 ± 1.7 
td 28.0 ± 0.1 1.1 ± 1.8 31.4 ± 2.2 
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 A

ppendix 11. G
rain yield and yield com

ponents of the free and restricted-tillering lines, under different com
binations of C

O
2  

concentration (EC
O

2 , A
C

O
2 ), tem

perature (H
T, A

T) and w
atering regim

e (w
w

, td) in w
heat (data are m

eans ± s.e.m
 of five replicates). 

 Line 
Treatm

ent 
G

rains 
per ear 

H
I 

Ears per m
 –2 

G
rain yield (g m

–2) 
Total D

W
 (g m

–2) 

Free-
tillering 

EC
O

2  
H

T
 

w
w

   
39.9 ± 1.3 

44.7 ± 3.4 
540.1 ± 26.1 

694.1 ± 37.1 
2071.6 ± 146.2 

td 
37.9 ± 2.1 

46.1 ± 3.4 
570.0 ± 7.9 

709.7 ± 40.1 
2045.2 ± 148.8 

A
T

 
w

w
   

40.2 ± 1.8 
54.7 ± 1.1 

531.3 ± 62.7 
685.6 ± 57.0 

1643.9 ± 154.0 
td 

39.4 ± 3.2 
53.9 ± 5.5 

452.4 ± 18.6 
609.0 ± 90.1 

1474.3 ± 168.8 

A
C

O
2  

H
T

 
w

w
   

41.2 ± 2.3 
60.0 ± 2.7 

452.7 ± 51.6 
596.0 ± 42.0 

1309.2 ± 110.9 
td 

36.0 ± 0.5 
49.3 ± 3.4 

361.6 ± 20.1 
415.4 ± 30.9 

1127.9 ± 109.2 

A
T

 
w

w
   

37.0 ± 0.6 
52.2 ± 1.0 

558.7 ± 65.7 
683.7 ± 66.6 

1709.2 ± 168.6 
td 

38.5 ± 3.7 
47.7 ± 5.8 

384.6 ± 45.9 
391.6 ± 30.7 

1161.7 ± 101.7 

R
estricted-

tillering 

EC
O

2  
H

T
 

w
w

   
39.2 ± 1.5 

45.9 ± 2.5 
464.0 ± 60.6 

673.3 ± 32.6 
1881.9 ± 151.9 

td 
37.3 ± 1.8 

45.9 ± 0.4 
506.2 ± 46.9 

624.9 ± 40.7 
1766.1 ± 93.3 

A
T

 
w

w
   

40.9 ± 1.9 
46.8 ± 1.1 

450.5 ± 87.3 
762.0 ± 141.5 

2006.6 ± 350.2 
td 

40.5 ± 1.1 
48.9 ± 4.2 

419.1 ± 47.4 
516.6 ± 65.0 

1441.6 ± 213.6 

A
C

O
2  

H
T   

w
w

   
32.3 ± 1.3 

51.5 ± 2.8 
416.4 ± 63.8 

535.1 ± 51.2 
1314.3 ± 164.7 

td 
34.6 ± 1.2 

52.1 ± 2.4 
390.7 ± 22.7 

455.2 ± 34.6 
1126.6 ± 71.8 

A
T

 
w

w
   

38.9 ± 2.9 
47.7 ± 1.3 

373.7 ± 63.4 
506.8 ± 42.5 

1373.6 ± 159.7 
td 

37.8 ± 2.2 
45.4 ± 3.3 

404.6 ± 37.1 
469.1 ± 29.0 

1382.6 ± 111.0 

 


