Assessing the role of transpiration in ameliorating
leaf temperature in wheat (Triticum aestivum L.)
in relation to changing environmental conditions

S.R.W.M.Chandima Jeewanthi Kumari Ranawana
B.Sc. in Agriculture (Hons)
M.Sc. in Crop Science
University of Peradeniya, Sri Lanka

This thesis is presented for the degree of
Doctor of Philosophy of
The University of Western Australia
Faculty of Science
School of Plant Biology and The UWA Institute of Agriculture

May 2015

Abstract
High temperature can drastically reduce wheat yields. Therefore, adaptation strategies
that minimise the negative impact of high temperature on wheat need to be explored.
Transpiration (Tr) may play an important role in dissipating heat through evaporative
cooling. This thesis assessed the role of Tr in ameliorating leaf temperature (Tleaf) in
wheat in relation to changes in atmospheric vapour pressure deficit (VPD), air
temperature (Tair) and soil water, and identified some of the mechanisms underlying
the genotypic variability in those responses.
A morpho-physiologically diverse set of 20 wheat genotypes was assessed under
ambient and elevated Tair to investigate whether greater water use aids plants to
retain its biomass under high temperature. It was expected that the genotypes with
greater water use would be superior in maintaing their biomass by inhibiting
senescence through greater canopy cooling. A pot experiment was conducted in two
partially-controlled glasshouses (ambient and elevated temperature) under wellwatered (WW) conditions. Greater water use and its effect on leaf cooling contributed
to greater biomass retention under high temperature, which depended on genotype.
Genotypes differed in their capacity to maintain cooler T leaf, which did not always
correlate with the Tr (VPD) response.
Eight genotypes with contrasting Tr responses and leaf cooling were further evaluated
under controlled, steady-state conditions. The responses of Tr and stomatal
conductance (gs) to VPD, Tleaf regulation and the mechanisms governing such variations
under WW and water-stressed (WS) conditions were examined. A de-topped
treatment was also used to distinguish the effect of shoot and root attributes on the Tr
(VPD) response. Under WW conditions, two response patterns were identified: (1) Tr
increased gradually with VPD while gs was unresponsive, and (2) Tr responded to VPD
in two phases separated by a breakpoint (segmented linear response), which was
primarily a function of gs that gradually decreased with VPD. WS reduced Tr, induced
stomatal closure and reduced gs sensitivity to VPD in all genotypes. Under WS
conditions, Tr was primarily a function of VPD in all genotypes. A conceptual model was
proposed that explained the genotypic variation in Tr (VPD) responses as differing
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coordination between stomata and root hydraulics. The model suggested that the
linear Tr (VPD) response is driven by low root hydraulic conductance (Kroot) so gs is
insensitive to VPD, while the segmented linear Tr (VPD) is driven by high Kroot that
necessitates stomatal closure to prevent excessive water loss. Tleaf was not solely
dependent on the Tr (VPD) response, possibly due to other morphological attributes
and heat dissipation mechanisms.
To test the model, two cultivars with contrasting Tr (VPD) responses (Gladius: linear
response, Excalibur: segmented linear response) were exposed to four VPD levels
under WW and WS conditions, while root hydraulic conductance (Kroot) was limited
through root cooling (4 °C) with a control at 22 °C. In contrast to the proposed model,
Gladius did not have lower Kroot than Excalibur, but this was influenced by the change
in the Tr (VPD) response from segmented to linear in Excalibur when root
temperatures were maintained constant (even under control) and indicates that
increasing Tair inadvertently increases root temperatures in pot studies which alter the
Tr responses. WW and low VPD conditions, Kleaf (leaf hydraulic conductance) and Kroot
contributed equally to whole-plant hydraulic conductance (Kplant), but as VPD increased
Kroot became the major limitation for Kplant in both genotypes. Under WS conditions,
Kroot was the greatest limitation on Kplant, irrespective of VPD. Kroot was the major
influence on Tr and its response to VPD. Variable responses of Kplant, Kroot and Kleaf to
VPD and their coordinating role in mediating the T r (VPD) response were identified. Tleaf
increased rapidly with Tair in WS plants compared with WW plants in both genotypes
due to reduced Kroot. Root cooling had no effect on the Tleaf response to Tair in WW
plants possibly due to the confounding effect of the lower temperature of water
flowing in the plants with roots at 4 °C.
As evident in this thesis, Tleaf regulation in wheat not only depended on the Tr
response, indicating that other heat dissipating mechanisms should also be considered
in wheat breeding programs. The variability observed in the Tr response to VPD in the
studied genotypes may be used to target development of new wheat cultivars for
specific environments. Low and gradually increasing Tr with VPD may be suited to rainfed agricultural systems where soil water conservation is needed for the grain filling
stage. In contrast, segmented Tr to VPD response with initially greater Tr and Tr to VPD
response may be suited to environments with intermittent in-season rainfall as rapid
ii

increases in Tr under low VPD would maximise gas exchange after rainfall events and
restrict Tr under high VPD within the season droughts. As Kroot acts in coordination with
gs, measuring gs may give some proxy for Kroot that would overcome practical
limitations of measuring Kroot to a certain extent.
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CHAPTER ONE

Factors affecting canopy temperature depression (CTD) in plants. Adapted
from Reynolds et al. (2001)
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1. General introduction
Wheat (Triticum aestivum L.) is one of the most important cereals produced, utilized
and traded globally (FAOSTAT, 2013). However, the feasibility of meeting the projected
global wheat demand of more than 880 million metric tonnes by 2050 (Weigand, 2011)
is challenged by climate change. It is predicted that global temperature will rise by
1.4–3 °C by 2050 (Rowlands et al., 2012), which may be harmful for wheat since it is a
highly heat sensitive crop. It is therefore, questionable whether the current annual
rate of increase in wheat production (1.0%) is sufficient to meet the projected demand
in 2050 (Ray et al., 2013). This stresses the need to explore morpho-physiological
mechanisms that allow wheat crops to tolerate heat stress.
Transpiration (Tr) is a process considered to provide heat avoidance by maintaining leaf
temperature (Tleaf) several degrees below air temperature (Tair) through evaporative
cooling, thus minimising the damages associated with above-optimum temperatures
(Drake et al., 1970; Radin, 1992; Farooq et al., 2011; Xu et al., 2011). However, there
are contrasting views on the relative role of Tr in ameliorating Tleaf (Clum, 1926; Shull,
1930; Clements, 1934; Curtis, 1936), which requires a closer examination of this
phenomenon. Tr and Tleaf are influenced by several plant morpho-physiological
characteristics such as stomatal conductance, waxiness and pubescence and
environmental conditions such as air temperature, vapour pressure deficit and net
radiation (Sinclair et al., 1984; Richards et al., 1986; Amani et al., 1996; Cossani et al.,
2012; Jones, 2014), which makes it challenging to identify the exact contribution of Tr
in ameliorating Tleaf. The role of Tr in regulating Tleaf may also be affected by future
climatic conditions, which are predicted to be warmer and drier with limited soil water
(Wetherald and Manabe, 2002; IPCC, 2007) . In addition, wheat genotypes may
respond differently to such changes in environmental conditions due to their diverse
morpho-physiological traits. Identification of such variable responses and their
possible causes are current needs and will benefit the development of genotypes
better adapted to future climate. To fulfil that need, this thesis focused on identifying
the role of Tr in ameliorating Tleaf in wheat and mechanisms responsible for genotypic
variation.
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This thesis comprises six main chapters: general introduction, literature review, three
research chapters, and general discussion. An overview of the three research chapters
is shown in Fig. 1.1.
Chapter 1, the general introduction, covers a brief background and justification for the
research presented in the thesis, and outlines the overall structure of the thesis with
research aims, hypotheses and research approach.
Chapter 2 reviews the literature on potential impacts of warmer and drier atmospheric
conditions on wheat growth and development, and highlights the need for exploring
adaptation strategies to minimise the threat of heat on wheat production. The review
discusses the potential role of Tr as a heat avoidance strategy in regulating Tleaf and its
complex

relationships

with

morpho-physiological

characteristics

and

other

environmental conditions. Finally, this chapter identifies the gaps in knowledge based
on a critical assessment of the work done and what is known.
Chapter 3, the first research chapter, investigates whether greater water use increases
shoot biomass retention under high temperature through its effect on leaf cooling. It
also explores the responses of the instantaneous rate of Tr, Tleaf and the associated
morpho-physiological characteristics to warmer and drier atmospheric conditions. In
addition, this chapter examines whether variable responses in the instantaneous rate
of Tr to vapour pressure deficit (VPD) affect Tleaf regulation in wheat. Finally, the
chapter identifies genotypes contrasting in their Tr response to VPD and Tleaf regulation
for further examination. This chapter addresses the above aims by evaluating a
morpho-physiologically diverse set of 20 wheat genotypes, in two glasshouses, with
two different temperature regimes, under naturally-fluctuating temperature and VPD
conditions.

Chapter 4 then evaluates the responses of Tr and stomatal conductance to VPD and
Tleaf regulation in eight genotypes contrasting in their instantaneous Tr response to
VPD and Tleaf regulation, identified in Chapter 3. By exposing plants to six different VPD
levels, under two contrasting watering regimes, the chapter identifies some
mechanisms that control genotypic variation in Tr response to VPD and proposes a
conceptual model that explains the variability as differing coordination between
3
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stomata and root hydraulics. This chapter forms part of a manuscript recently
submitted to the Journal of Experimental Botany.

Chapter 5 focuses on testing the conceptual model proposed in Chapter 4 by
manipulating the root hydraulics of two selected genotypes. A controlledenvironmental study was conducted under well-watered and water-stressed
conditions with root hydraulic conductance altered by controlling root temperature.
This chapter identifies the role of whole-plant, leaf and root hydraulics in regulating Tr
response to VPD and Tleaf.

The thesis concludes with a General Discussion in Chapter 6 to integrate the previous
knowledge with the key findings reported in the research chapters (Chapters 3-5). The
General Discussion also evaluates the important issues raised, considers the
implications of the findings, and suggests directions for future research opportunities.
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Overall Aim: To assess the role of Tr in ameliorating Tleaf in wheat (Triticum aestivum L.) in relation to changing environmental conditions

Specific Aims

CHAPTER 4

To determine the genotypic variation in the
Tr and gs responses to VPD, their association
with Tleaf regulation under two contrasting
watering regime and mechanisms governing
variable responses.
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CHAPTER 3

To identify: (1) whether greater water use increases shoot
biomass retention under high temperature through greater leaf
cooling,
(2) the effect of high temperature on the instantaneous rate of Tr,
Tleaf regulation and associated morpho-physiological traits and
(3) genotypes contrasting in their Tr response to VPD and Tleaf
response to Tair and their associations.

CHAPTER 5

To identify the role of plant
hydraulics in regulating Tr
response to VPD and Tleaf in
wheat.

Hypotheses

Research Approach

(1) Greater water use through Tr increases shoot
biomass retention under high temperature through
greater leaf cooling.
(2) High temperature influences Tr and Tleaf
through high temperature-induced changes in
morpho-physiological traits.

Twenty wheat genotypes with contrasting morphophysiological characteristics and responses to heat
and drought stress were assessed under ambient
and elevated temperature-conditions (partiallycontrolled glasshouses). Plants were grown in pots
under well-watered conditions.

(1) Wheat genotypes differ in their Tr and gs responses to
VPD and the Tr response to VPD is primarily driven by gs.
(2) Water stress decreases the Tr response to VPD.
(3) Tleaf depends on the Tr response to VPD.

(1) Kroot is lower in Gladius (linear Tr to VPD response) than Excalibur
(segmented linear response).
(2) Kroot, as opposed to Kleaf, is the greatest limitation on Kplant.
(3) Kroot is the major influence on Tr and its response to VPD and reduction in Tr
and the Tr response to VPD under WS is due to lower Kroot.
(4) Kroot, but not Kleaf, increases with VPD to maintain Tr.
(5) Changes in K due to root cooling or in response to VPD are due to
temperature-induced changes in water viscosity and changes in AQP activity.
(6) Tleaf and its response to Tair increases under reduced Kroot due to the
associated reduction in Tr.

Eight genotypes with contrasting Tr response to VPD and leaf
cooling were selected from Chapter 3 and grown in growth
chambers with controlled, steady-state conditions. Plants were
exposed to six VPD levels (by manipulating Tair and RH%) and
evaluated under well-watered and water-stressed conditions
along with de-topped shoots in deionised water.

Two genotypes previously identified with contrasting Tr
responses to VPD (Chapter 4), were evaluated under
well-watered and water-stressed conditions by gradually
exposing them to four VPD levels in a growth chamber.
Kroot was reduced through the root cooling treatment
(4 °C) and compared with the control (22 °C).

Fig. 1.1. Schematic depiction of the three research chapters in this thesis. Tr = Transpiration; gs = Stomatal conductance; Tleaf = Leaf temperature; Kplant = Wholeplant hydraulic conductance; Kleaf = Leaf hydraulic conductance; Kroot = Root hydraulic conductance; AQP = Aquaporin; WS = Water stress; Tair = Air temperature;
RH% = Relative humidity; VPD = Vapour pressure deficit.
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Chapter 2

2. Literature review
2.1.

Introduction

Wheat (Triticum aestivum L.) is the third largest crop after maize and rice with current
global production exceeding 700 million tonnes per annum (FAOSTAT, 2013). The
annual global wheat market is around 140 million tonnes (FAOSTAT, 2013). Australia is
among the top four wheat-exporting countries with annual production of about 20–25
million tonnes (Australian Bureau of Statistics, 2012). The gross production value of
Australia’s total wheat production was around 7 billion dollars in 2012-13 (Australian
Bureau of Statistics, 2013).

2.2.

Potential impact of warm and dry environmental conditions on

wheat
Wheat-growing regions in Australia are characterized by subtropical to Mediterranean
climatic conditions (French and Schultz, 1984) with long, warm to hot, dry summers
and short, mild to cool wet winters (Loss and Siddique, 1994). High temperature and
water deficit, which often occur simultaneously, are considered the most critical yieldlimiting environmental variables (Wardlaw and Wrigley, 1994; Bahar et al., 2011)
prevailing in these regions. According to Asseng et al. (2011), 2 °C increase in average
temperatures in the wheat growing regions of Australia can result in up to 50% yield
reduction. Global mean temperature has already increased and is projected to
continue rising with an increased frequency of extreme heat events (Asseng et al.,
2011). Rising ambient temperature will also lead to exponential increases in the
saturation vapour pressure of air causing an increase in atmospheric vapour pressure
deficit (VPD), which is defined as the difference between the saturation vapour
pressure and actual vapour pressure of air (Fig. 2.1) (Breshears et al., 2013). This
projected increase in VPD will influence plant physiological processes as well as the
faster depletion of soil water through soil evaporation (Breshears et al., 2013).
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Fig. 2.1. Changes in actual (dashed line) and saturated (solid line) vapour pressure with air
temperature and corresponding increase in vapour pressure deficit (VPD) (at approximately
40% relative humidity (RH%)). Adapted from Breshears et al. (2013).

Although optimum temperatures for growth and yield can vary depending on
genotype and developmental stage of the crop (Slafer and Rawson, 1995), wheat is
generally considered to have an optimum temperature range of 17–23 °C, over the
whole growing cycle (Porter and Gawith, 1999). The critical maximum temperature for
wheat is 29 °C Robertson et al. (2013), beyond which yield declines. Wheat is
considered to be a highly heat-stress sensitive crop (Wollenweber et al., 2003). High
temperatures above optimum can exert a negative impact by affecting many plant
physiological processes (Table 2.1) and accelerating plant development in wheat,
which limit their ability to accumulate biomass to support grain growth (Asseng et al.,
2011).
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Table 2.1. Effect of high temperature on plant growth and development in wheat.

Process/Parameter Effect
Photosynthesis
Reduced due to
- loss of chloroplasts
- inhibition of enzymatic
activities
Photorespiration
Increased
Leaf senescence
Accelerated
Chlorophyll
Inhibition (at 42 °C)
biosynthesis
Reproduction
Increased male and female sterility
Grain filling
Reduced duration of grain filling
Increased rate of grain filling
Individual seed
Reduced
weight
Grain number per
Reduced
spike
Yield
Reduced

Reference
Xu et al. (1995)
Farooq et al. (2011)
Farooq et al. (2011)
Zhao et al. (2007)
Tewari and Tripathy (1998)
Saini and Aspinall (1982b)
Sofield et al. (1977)
Wardlaw and Moncur (1995)
Stone and Nicolas (1995) Zhao
et al. (2007)
Saini and Aspinall (1982a)
Farooq et al. (2011)
Ferris et al. (1998)

Future climate changes will put intense pressure on meeting the projected global
wheat demand of more than 880 million metric tonnes by 2050 (Weigand, 2011),
which will undermine global food security. It is therefore apparent that adaptation
strategies to minimise the impact of high temperature on wheat growth and
development need consideration (Asseng et al., 2011; Farooq et al., 2011).
Understanding possible heat avoidance mechanisms, which aid crops to stay cool,
irrespective of warm and dry conditions is of great importance.

2.3.

Leaf energy balance

There is a flow of energy between the plant and its surrounding environment (Raschke,
1960; Gates, 1968). Plants receive energy by solar radiation, which is used either for
plant physiological and metabolic processes or converted to heat, increasing plant
temperature (Gates, 1968). The way that the available energy is divided into various
plant and environmental processes is explained by the concept called energy balance
(De Costa, 2004) (Fig. 2.2).
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Solar radiation incident on leaves is reflected, absorbed, or transmitted. The absorbed
energy may be dissipated by the emission of long-wave radiation (re-radiation), by
sensible heat loss (conductance and convection) and by latent heat loss through
transpiration (Tr) (Jones, 2014) (Fig. 2.2).

Incoming solar radiation
Transpiration
(Latent heat loss)

Reflection

Reradiation
Conduction and Convection
(Sensible heat loss)

Transmittance

Fig. 2.2. Leaf energy balance showing the different processes involved in dissipating the
absorbed energy received through solar radiation.

2.3.1.

Re-radiation

Idso and Baker (1967) described re-radiation as the most effective mode of energy
dissipation, which functions under any set of environmental conditions compared with
Tr and sensible heat loss. In contrast, Tr is seen as less effective under humid and cool
environmental conditions (Idso and Baker, 1967).
2.3.2.

Sensible heat loss

Heat loss through convection is increased with high wind speed and large differences
between leaf and air temperatures (Idso and Baker, 1967). It also depends on leaf size,
where convective heat loss is more effective in smaller leaves due to low resistance
from the boundary layer (Givnish, 1987; Ball et al., 1988), which is the layer of still air
adjacent to the leaf surface. In addition, leaves in the top and lateral periphery of the
canopy are exposed to intense radiation and their heat dissipation through convection
is greater than that in interior and lower peripheral leaves (Idso and Baker, 1967).
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Under circumstances where Tr is low (low latent heat flux – see below), the ratio
between sensible heat flux to latent heat flux (Bowen ratio) increases (Taiz and Zeiger,
2010) and heat dissipation through sensible heat loss becomes prominent. In some
cases, there can be sensible heat gain rather than sensible heat loss when a leaf cools
below air temperature by Tr (Taiz and Zeiger, 2010).
2.3.3.

Transpiration (Tr) and canopy temperature depression

2.3.3.1.

Tr is a heat avoidance strategy

Transpiration (Tr) is the evaporation of water from the leaf to the surrounding
atmosphere through minute apertures located in the leaf epidermis known as stomata
(Idso and Baker, 1967). There are two basic requirements of Tr (De Costa, 2004);
I.

Energy supply: Plant receives energy needed to convert liquid water to water
vapour by solar radiation. Therefore, the rate of Tr depends on how much
radiation energy is absorbed by a plant canopy (De Costa, 2004)

II.

Removal of evaporated water from the leaf to atmosphere (Fig. 2.3): Water
vapour evaporated from mesophyll cells (generally believed to be the sites of
evaporation within the leaves (Holmgren et al., 1965)) accumulates in the substomatal cavity and diffuses from the sub-stomatal cavity to the leaf surface
through stomata. This process is controlled by stomatal conductance (gs)
(section 2.4.1.1) and the water vapour concentration gradient or leaf–air
vapour pressure deficit (VPD), which is the driving force for Tr. Water vapour
then moves from the leaf surface to the air beyond the boundary layer, which is
influenced by boundary layer resistance (section 2.4.1.2), wind speed and
relative humidity or VPD (De Costa, 2004).
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High water
vapour content

Sub-stomatal cavity

Transpiration
Low water vapour content

Fig. 2.3. Schematic cross-section of a typical leaf showing the process of transpiration (Tr).
Modified from Nobel (2005).

To convert liquid water to water vapour needs energy. Every gram of water that
escapes from the leaf through Tr carries 2.45 kJ of energy (at 20 °C) and is called the
“latent heat of vaporisation” (Jones, 2014). Therefore, Tr may be an important mode of
temperature regulation in plants. However, the effect of Tr on plant temperature is
controversial. Some studies have suggested that the contribution of Tr (latent heat
loss) in regulating plant temperature is less compared with the other heat dissipation
mechanisms (Clum, 1926; Curtis, 1936). Conversely, Shull (1930) and Clements (1934)
contend that Tr plays a major role in dissipating heat energy and lowering leaf
temperature. Clements (1934) also pointed out that comparing leaf temperature with
air temperature may underestimate the role of Tr in leaf cooling as the absorption
coefficients of leaf and air are different, where plants show relatively more capacity to
absorb light compared to air. These contrasting views on the role of Tr in ameliorating
leaf temperature necessitate a closer examination of this phenomenon.
13
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2.3.3.2.

Canopy temperature depression (CTD)

The canopy temperature of a crop can be several degrees cooler than the air
temperature due to evaporative cooling during Tr or other heat dissipating
mechanisms (Kumar and Tripathi, 1991; Farooq et al., 2011), discussed previously. The
degree of cooling depends on the rate of Tr (Amani et al., 1996). The difference
between air and canopy temperature is expressed as canopy temperature depression
(CTD) and is considered a selection trait in screening wheat for heat tolerance in hot
environments with plenty of available water (Reynolds et al., 1994; Amani et al., 1996).
CTD has been positively correlated with some physiological parameters such as gs
(Amani et al., 1996) and plant water status (Blum et al., 1982) and hence used as an
indicator in studies of plant water relations (Feng et al., 2009). A strong correlation
between leaf temperature and gs was reported for wheat under a cyclic drought
treatment, but the relationship was not significant for wheat under well-watered
conditions (Izanloo et al., 2008). CTD is also positively correlated with yield (Reynolds
et al., 1994), irrespective of plant development stage (pre-heading, heading, or grain
filling) (Amani et al., 1996). Recent studies have confirmed that wheat genotypes with
low canopy temperature are more superior than genotypes with high canopy
temperature in physiological and metabolic aspects such as chlorophyll content, leaf
functional duration, Tr rate, photosynthetic rate, protein content and activities of
superoxide dismutase, catalase and peroxidase (Feng et al., 2009).
Genotypic variation in canopy temperature of wheat has been widely observed in
many studies (Blum et al., 1989; Amani et al., 1996; Fischer et al., 1998; Ayeneh et al.,
2002). Such variations may exist due to anatomical and morpho-physiological factors,
which contribute to transpirational cooling and the other heat dissipating mechanisms
discussed above.
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2.4.

Tr is a complex biophysical process

The relationship between leaf/canopy temperature, air temperature, and Tr is complex
(Fig. 2.4) and arises from the Tr relationship with the physical environment and plant
anatomical and morpho–physiological attributes. Therefore, assessing the role of Tr in
mediating leaf temperature is challenging due to such confounding effects of other
variables. Comprehensive examination of Tr and leaf cooling under varying levels of its
controlling factors such as VPD, air temperature and soil water availability will assist in
unravelling complex relationship.

 VPD
(vapour pressure deficit)
 Air temperature
 Net radiation
 Light quality
 Wind velocity

 Soil water availability
Soil

Atmospheric
conditions

Transpiration and leaf
temperature
Plant anatomy
 Stomatal density
and morphology
 Pubescence
 Waxiness
(glaucousness)
 Leaf rolling
 Leaf shape and thickness
 Canopy architecture

Plant
physiological
attributes

 Stomatal
conductance (gs)
 Water absorption and
transport capacity of
vascular system-roots,
shoot and leaves

Fig. 2.4. Relationship of biophysical factors with transpiration (Tr) and leaf temperature
(Cossani et al., 2012)

2.4.1.

Tr and leaf temperature as affected by plant physiological attributes

The rate of Tr is influenced by the resistance or conductance for water vapour diffusion
and the plant water supply capacity (root water absorption and transport properties).
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2.4.1.1.

Stomatal conductance (gs) / stomatal resistance (rs)

Stomata are the predominant sites of Tr (De Costa, 2004) and their opening is
controlled by the turgor pressure of two flanking guard cells (Fig. 2.3). The number of
stomata per unit leaf area (stomatal density) and the degree of stomatal aperture
determine the “stomatal conductance (gs)”, which measures the rate of diffusion of
water through stomata. The reciprocal of gs is known as stomatal resistance (rs).
Stomatal functioning involves a series of biophysical and physiological processes,
which are not yet fully resolved. As reviewed by Dodd (2003), both environmental
(light, CO2 concentration, temperature and evaporative demand) and hormonal (ABA,
auxins, cytokinins, ethylene and gibberellins) factors and their interactions influence
stomatal functioning. Amani et al. (1996) suggested that there is a direct influence of gs
on transpirational cooling, where canopy temperature is negatively correlated with gs.
When plants try to control water used through Tr under water-stressed and high VPD
conditions by closing stomata, it may increase leaf temperature as well. However, this
relationship depends on VPD, where a strong relationship exists in high VPD
environments compared with low VPD environments (Fig. 2.5).

Low VPD
Canopy temperature (°C)

High VPD

gs (mmol m–2 s–1)
Fig. 2.5. Schematic relationship between canopy temperature and stomatal conductance (gs) in
relation to VPD. Adapted from Cossani et al. (2012).
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Besides stomatal control of Tr, there are other biophysical factors that influence the
rate of Tr. Jarvis and McNaughton (1986) introduced the Omega factor or decoupling
coefficient (Ω) as an index ranging from 0 to 1 to determine the degree of stomatal
control of Tr. Omega factor zero represents 100% stomatal control of T r (Martin et al.,
1999) and Ω = 1 represents situations with no stomatal control over Tr. In situations
where boundary layer conductance (gb) is low, Tr is known to be decoupled from gs,
that is, Tr is less influenced by variations in gs, while Tr is strongly influenced by gs under
high boundary conductance (Pallardy et al., 1994).
2.4.1.2.

Leaf boundary layer conductance (gb)

The leaf boundary layer affects both Tr and leaf temperature reducing the conductance
to the diffusion of water vapour and sensible heat loss from leaf to air. The gb of
individual leaves is governed by leaf size, leaf physical attributes such as pubescence
and wind speed (De Costa, 2004). Therefore, wheat genotypes contrasting in these
physical attributes may have different boundary layers, which ultimately lead to
differences in Tr and leaf cooling. At the plant canopy level, in addition to wind speed,
gb is influenced by “surface roughness” of the canopy. Grass cover or cereal crops have
smooth canopy surfaces with a thick boundary layer (low gb). In contrast, a forest has a
rough canopy surface with a thin boundary layer (high gb) (De Costa, 2004). Condon et
al. (1990) suggested that influence of gb on canopy water used through Tr may be
greater compared with stomatal control under well-watered conditions. However,
stomatal control may be more prominent under water-stressed conditions (Condon et
al., 1990).
2.4.1.3.

Leaf mesophyll resistance (rm)

Non-stomatal regulation of Tr by mesophyll cell walls exerting a resistance to water
vapour diffusion (rm) has been strongly debated (Livingston and Brown, 1912; Jarvis
and Slatyer, 1970; Farquhar and Raschke, 1978). Livingston and Brown (1912) found
that Tr reduced with declining leaf water content, independently of stomatal aperture.
Usually boundary layer resistance (rb) and rm are small compared with stomatal
resistance (rs). However, a recent study conducted using Agapanthus praecox Wild.
revealed that rm may be a significant factor regulating Tr in addition to rs (Canny, 2012).
Such control over Tr from mesophyll cells may be significant under excessive
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evaporative demand and when water supply is limited (Jarvis and Slatyer, 1970) or
when stomata fail to regulate water used through Tr (Canny, 2012) as with leaf aging
observed in wheat (Frank et al., 1973).
2.4.1.4.

Leaf cuticular resistance (rc)

The cuticle on the leaf surface serves as a barrier for water escape, exerting resistance
to water vapour transfer to the atmosphere. However, it is not entirely impermeable
to the passage of water as there are hydrophilic components embedded within the
cuticle. When stomata are open, the proportion of water escape through the cuticle is
very low in relation to the total Tr flux (Jarvis and Slatyer, 1970). However, cuticular Tr
substantially contributes to total water escape under water stress conditions and
during the night at minimum stomatal aperture (Bengtson et al., 1978; Rawson and
Clarke, 1988; Caird et al., 2007; Knipfer and Fricke, 2011). Cuticular Tr may vary
depending on the amount, composition and pattern of wax deposition on leaves
(Bengtson et al., 1978). For instance, Bengtson et al. (1978) found 14% decrease in
cuticular Tr with 24% increase in total amount of epicuticular wax in primary leaves of
two oat varieties. There is genotypic variation in wheat for wax deposition on leaves
(Johnson et al., 1983; Uddin and Marshall, 1988) and in some genotypes leaves
become waxier under drought or heat stress (such as Espada) (Australian Grain
Technologies, 2010a), but little is known about the influence of these variations on T r
due to the difficulty in separating water loss from cuticular evaporation from
evaporation through the stomata.
2.4.1.5.

Water absorption and transport capacity of the vascular system: roots,

stems and leaves
The vascular system of a plant is comprised of roots, stems and leaves and plays a
crucial role in absorbing and delivering water to the site of Tr.
2.4.1.5.1.

Root traits associated with improved transpirational cooling through

better water absorption
Although hidden underground, a plant’s root system plays a vital role in transpirational
cooling exploring soil-stored water at deep layers especially when water is scarce.
Therefore, a vigorous and deep root systems are linked with better water productivity
18

Chapter 2
(Palta and Watt, 2009; Richards et al., 2010) and maintenance of cooler canopies (Palta
et al., 2011; Cossani et al., 2012). Strong geotropism in wheat promotes deeper
penetration of roots (Araki and Iijima, 2001) with variation in seminal and nodal axile
root geotropism (Araki and Iijima, 2001; Manschadi et al., 2008). Other root traits such
as root weight density (RWD: amount of root weight per unit soil volume) and root
length density (RLD: length of root per unit soil volume) (Elazab et al., 2012), which
determine the spatial distribution of the root system in the soil profile, also influence
the amount of water absorption from soil profiles (more absorption with higher RWD
and RLD) (Passioura, 1983; Elazab et al., 2012). Song et al. (2010) observed an increase
in specific root length (SRL) or reduced root thickness in spring wheat under waterstressed conditions. In contrast Elazab et al. (2012) observed thicker roots (low SRL) in
water-stressed wheat plants compared with well-watered plants. Thicker roots with
greater strength are advantageous for penetrating through the soil profile when
mechanical barriers exist in drier soils. Therefore, it has been suggested that they
could enhance better water conductance under dry soil conditions due to their ability
to exploit water at deeper soil layers (Davies and Bacon, 2003; Elazab et al., 2012).
However, development of an extensive and deep root system may require greater
respiratory cost (Cossani et al., 2012), hence improving the efficiency of the root
system in the uptake and delivery of water would be advantageous.
2.4.1.5.2.

Efficiency of root water absorption and transport through the vascular

system
The capability or efficiency of water absorption and transport is referred to as
“hydraulic conductance (K)”, which can be quantified as the ratio of liquid water flow
rate through the system to the gradient in water potential driving the flow (Sack and
Holbrook, 2006). Fig. 2.6 shows the different components of K in the different
segments of the soil–plant–air continuum (SPAC) and their association with
environmental variables such as temperature, irradiance and soil water potential (Ѱ soil)
and other physiological parameters such as Tr, gs, boundary layer conductance (gb) and
plant water potentials (leaf, Ѱleaf and stem, Ѱstem).
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VPD

Tr
Tr

gb

gs
Ѱleaf

Ѱstem xylem

Water
storage
Ѱsoil

Fig. 2.6. A schematic representation of different components of plant hydraulic conductances
(K) in a simplified electronic circuit analog of the whole plant system and their association with
other physiological parameters and environmental variables in relation to regulation of
transpiration (Tr). Ksoil, Kroot, Kleaf and Kplant, represent the hydraulic conductance of soil, root,
leaf and plant, respectively. Ѱsoil, Ѱstem xylem, and Ѱleaf represent the water potentials of soil,
stem xylem, and leaf, respectively and gs, gb, and VPD represent stomatal and boundary-layer
conductances and leaf-to-air vapour pressure deficit, respectively. The influence of
environmental variables, irradiance and temperature is shown in red arrows. Adapted from
Sack and Holbrook (2006) and Jones (2014).

The root system exerts the greatest limitation in the liquid phase of the SPAC when the
soil is well-watered, but when the soil is dry the soil is the most limiting (Steudle,
2000). Kroot is influenced by the conductances in radial and axial water flow (root
xylem) pathways in the root (Blum, 2011). Living tissues are involved in the radial flow
of water in the root and hence K of this pathway can be variable depending on
whether water flows through cell-to-cell pathway or apoplastically (cell walls and
intercellular spaces) (Bramley et al., 2007). In the cell-to-cell pathway, water flow may
cross membranes with the involvement of aquaporins (AQPs) (Knipfer and Fricke,
2011), which are water channel proteins located in plasma and intracellular
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membranes that facilitate transcelluar water transport (Fricke and Chaumont, 2007)
and hence, the ability to rapidly adjust K through changes in their abundance and
activity (gating/open or closed state) (Tyerman et al., 2002). In wheat roots, radial
water flow occurs predominantly through cell-to-cell pathway by crossing membranes
with AQPs playing a regulatory role in Kroot (Bramley et al., 2009). Axial flow of water
depends on the anatomy, basically the number and diameter of xylem vessels
(Bramley et al., 2007; Blum, 2011) and hydraulic failures can occur when stem xylem is
under high tension (more negative water potentials) leading to cavitation, the loss of
hydraulic conductance due to the entry of air into xylem vessels (embolism) (Tyree and
Sperry, 1989). Radial hydraulic conductance in roots is much lower than axial hydraulic
conductance (Steudle and Peterson, 1998), hence it may be the rate-limiting factor in
root water transport (Bramley et al., 2007).
Kleaf describes the efficiency in liquid water transport from stem xylem to the site of
evaporation. Kleaf is determined by two components: resistance in the xylem (Rx) and
resistance outside the xylem (Rox) (Sack and Holbrook, 2006; Blum, 2011). Rox, which is
the resistance when water moves from the vascular bundle to the site of evaporation
(stomata) across the mesophyll is believed to contribute most to leaf hydraulic
resistance (Yang and Tyree, 1994; Salleo et al., 2003). Kleaf differences between and
within species depend on the leaf architecture/venation pattern (effects on Rx) and
AQP abundance and activity (effects on Rox) (Sack and Holbrook, 2006; Blum, 2011;
Shatil-Cohen et al., 2011; Chaumont and Tyerman, 2014; Sade et al., 2014).
Kroot and Kleaf are highly responsive to changes in temperature, irradiance, water supply
(Tsuda and Tyree, 2000; Martre et al., 2001b; Sack et al., 2002; Lee et al., 2004; Sack
and Holbrook, 2006) and by changing Kroot, plants tend to maintain internal water
balance (Steudle, 2000). With greater K, smaller water potential gradients are needed
to drive water flow and would minimise the drop in water potential (Tsuda and Tyree,
2000) which leads to catastrophic xylem cavitation. As these changes in K in response
to such environmental variables are rapid and reversible, it can be assumed that these
changes are mainly brought about by changes in expression (abundance) and activity
of AQPs rather than anatomy (Lee et al., 2004; Ionenko et al., 2010). Roots are also
known to vary their K in response to salinity (Maurel and Chrispeels, 2001), oxygen
deficiency (Maurel and Chrispeels, 2001; Bramley and Tyerman, 2010), ethylene
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(Kamaluddin and Zwiazek, 2002), nutrient deficiency (Carvajal et al., 1996; Maurel and
Chrispeels, 2001) and diurnally (Clarkson et al., 2000; Maurel and Chrispeels, 2001),
which have been attributed to changes in AQP (Aroca et al., 2012). AQP
abundance/activity has been found to differ between genotype (Bramley et al., 2007;
Sadok and Sinclair, 2010a; Schoppach et al., 2014), and change in response to water
and salt stress (Jang et al., 2004), pH (Tournaire-Roux et al., 2003), heavy metals
(Niemietz and Tyerman, 2002), nutrient deficiencies (Clarkson et al., 2000), hypoxia
(Bramley and Tyerman, 2010), temperature (Jang et al., 2004; Ionenko et al., 2010),
light (Sato-Nara et al., 2004) and abscisic acid (Hose et al., 2000; Jang et al., 2004;
Aroca et al., 2006; Parent et al., 2009).
2.4.2.

Tr and leaf temperature as affected by environmental parameters

As mentioned previously in this review, VPD or atmospheric demand (also known as
atmospheric drought) increase with global warming, hence wheat growing regions will
face warm and dry conditions in the future. Under future climates, crops will also be
more prone to edaphic drought, which is less water availability in the soil. Therefore,
understanding how crops sense and respond to both atmospheric and edaphic drought
in terms of their physiological processes, such as Tr, is important. These changes in Tr as
a result of climate may influence plant temperature regulation and there is likely to be
genotypic variability in those traits.
2.4.2.1.

Air temperature and atmospheric VPD

When air becomes warm and dry it increases the atmospheric VPD (evaporative
demand), which is the drying power of the air. Under high VPD conditions, air has
more capacity to hold moisture that favours greater evapotranspiration. Leaf–air
vapour pressure deficit, which is generally considered the driving force for Tr (De
Costa, 2004) also increases along with temperature and atmospheric VPD, which
would increases Tr (Sinclair et al., 1984).
Genotypic variation in the Tr response to VPD has been found in peanut (Devi et al.,
2010), pearl millet (Kholová et al., 2010), soybean (Fletcher et al., 2007), sorghum
(Gholipoor et al., 2010), and chickpea (Zaman-Allah et al., 2011). Rawson and Clarke
(1988) observed genotypic variation in the night-time Tr response to VPD in wheat.
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However, specific studies on the genotypic variation in the day-time Tr response to
VPD are limited in wheat (eg. Schoppach and Sadok (2012)) and the physiology
controlling those variations is still not fully understood. In all of the above species, Tr
response to VPD appears to fall into one of two categories: (1) T r increases in a simple
linear fashion with VPD or (2) Tr responds to VPD in two phases separated by a
breakpoint (BP) (called segmented or broken stick regression), where T r responds little
to VPD after the BP.
Genotypic variation in Tr response to VPD in wheat was suggested to be due to
differential hydraulic restrictions present in leaves and/or roots (Schoppach and Sadok,
2012), which was supported by the finding of narrower root metaxylem and lower flow
rate of water through roots in the wheat genotype RAC 875 which has a lower Tr
response to VPD with no BP (Schoppach et al., 2014). The lower root water transport
was attributed to less AQP activity through inhibition effects on T r with known AQP
blockers, but caution must be taken in interpreting their results because the
compounds are non-specific and most of the concentrations used are much greater
than the potency needed for AQP inhibition (Niemietz and Tyerman, 2002) and are
considered toxic (Zhang and Tyerman, 1999). In soybean, such variation in the
response of Tr to VPD was linked with leaf level hydraulic restrictions (Sinclair et al.,
2008; Sadok and Sinclair, 2010a). Gholipoor et al. (2010) suggested that there may be
both root- and leaf- based restrictions for water flow in sorghum genotypes with low
BP. As evident in pearl millet (Kholová et al., 2010), differential accumulation of leaf
abscisic acid may be another reason for the existence of genotypic variability in Tr
response to VPD. However, stomata are expected to play an important role in
mediating Tr response to VPD as it is the major pathway for water vapour escape via T r
and the genotypic variability in the role of gs in mediating the Tr to VPD response needs
to be further investigated.
There is some controversy about how stomata respond to changing atmospheric VPD.
For instance, Rawson et al. (1977) found that gs remained unchanged in response to
VPD. Mott and Parkhurst (1991) studied stomatal response to VPD in some grain
legumes using air and a helium:oxygen mixture (79:21 v/v, with CO2 and water vapour
added) and concluded that stomata are unresponsive to changes in humidity, and that
stomatal closure occurs due to leaf Tr rather than humidity. Conversely, Lange et al.
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(1971) found a direct response, a reduction in gs with decreasing humidity. In support
of that, Turner et al. (1984) observed a reduction in gs with increasing VPD in several
herbaceous and woody species.
Supporting the existence of a gs response to VPD, Oren et al. (1999) showed that the
magnitude of the reduction in gs to increasing ln(VPD) or “stomatal sensitivity” is
proportional to the magnitude of gs at low VPD (≤ 1 kPa) through an empirical analysis
using 40 plant species, including grasses and deciduous and evergreen trees.
The reduction in gs with increasing VPD may be due to one of two mechanisms:
(1) A direct response of stomatal guard cells to changing VPD regardless of bulk
leaf water potential which is called “feedforward response” (Farquhar, 1978).
Lange et al. (1971) described the guard cells as “humidity sensors” and also
suggested that the decrease in gs in response to humidity is due to increased
“peristomatal transpiration” (water escape from guard cells and subsidiary
cells).

(2) An indirect response of stomata to changing VPD through changes in leaf water
potential caused by changes in Tr; this type of response is known as a “feedback
mechanism” (Mott and Parkhurst, 1991; Monteith, 1995; Matzner and
Comstock, 2001)
Stomatal closure under high VPD is important for maintaining plant water balance,
although it can restrict the CO2 gain affecting photosynthesis (Sperry, 2000). Such
stomatal control would prevent Tr exceeding the critical level that leads to greater
xylem tension and which cause xylem cavitation (Breshears et al., 2013).
Stomatal closure under high VPD can increase leaf temperature by several degrees,
which in turn increases leaf–air VPD. Therefore, leaf–air VPD cannot be considered an
independent driving variable. Tardieu and Simonneau (1998) proposed that leaf-air
VPD is “a cause and a consequence” of Tr or flow of water through the plant.
Conversely, some scientists argue that partial stomatal closure under high VPD does
not significantly affect leaf temperature. For instance, Allen et al. (1998) found that
soybean leaves under elevated CO2 were only 0.5 °C warmer than that of leaves under
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ambient CO2 even with a 50% reduction in gs. Hence, leaf temperature regulation in
wheat under high VPD conditions, with the expected reduction in g s needs to be
studied.
2.4.2.2.

Soil water availability

A reduction in gs was observed in wheat as soil available water declines (Henson et al.,
1989; Siddique et al., 1990; Elazab et al., 2012), which in turn influenced the rate of Tr.
As stomata are the common pathway for both CO2 intake and water escape, there is a
trade-off between CO2 intake and water escape especially under water-stressed
conditions (Cornic, 2000; Lawlor and Cornic, 2002). However, under well-watered
conditions, stomatal regulation maintains an optimum level of internal CO2 (Cossani et
al., 2012).
A study conducted by Maricle et al. (2007) using 13 species of estuarine C4 grasses
revealed that latent heat loss from leaves decreased with decreasing soil water
potential (indicator of soil water availability) with up to 4 °C temperature increase in
leaves. They concluded that sensible and radiative heat losses serve as main pathways
for the dissipation of heat under reduced soil water potential rather than latent heat
loss due to Tr.
2.4.3.
2.4.3.1.

Tr and leaf temperature as affected by plant anatomy and morphology
Tr, leaf temperature and glaucousness

Glaucousness is the deposition of epicuticular wax on the leaves, stem and ears of
cereal crops which gives a bluish-white colour (Richards et al., 1986). Epicuticular wax
refers to the smooth film of lipids deposited on the cuticle (thin waxy covering on the
outer surface of the leaf) and the amorphous mixture of lipids embedded in the cuticle
is known as intracuticular wax. Epicuticular wax also refers to wax crystals which are
on the surface of the cuticle proper (Barthlott et al., 1998). Despite the large number
of studies on the heterogeneous composition of these two wax layers, reliable
information on its composition and exact relationship with leaf transpirational cooling
is rare.
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The maximum appearance of glaucousness in wheat is seen on the flag leaf sheath and
the abaxial surface of the flag leaf lamina in some genotypes (Richards et al., 1986;
Richards et al., 2010). A Study by Richards et al. (1986) revealed that the temperature
of glaucous wheat lines was 0.7 °C and 0.3 °C cooler than non-glaucous lines under
water-stressed and well-watered conditions, respectively. However, the day and night
Tr rates and photosynthetic rates of ears were lower in glaucous lines compared with
non-glaucous lines in both water-stressed and well-watered treatments. It was
therefore suggested that the temperature reduction in glaucous lines was mainly due
to spectral reflectance (Johnson et al., 1983). That is, the presence of wax would be
advantageous to maintain cooler canopies, especially when transpirational cooling is
reduced under water-stressed conditions. However, Figueiredo et al. (2012) did not
observe a significant reduction in leaf temperature with respect to epicuticular wax in
Jatropha mollissima and J. curcas.
Wheat genotypes differ in waxiness and heterogeneous composition of wax, and the
pattern of wax deposition may create differential leaf cooling among genotypes due to
its variation in spectral reflectance properties and water permeability. Wax deposition
on stomatal guard cells and other cells is enhanced under low humidity conditions and
it is sometimes absent in high humidity environments (Fuchigami et al., 1981; Grantz,
1990). Glaucousness also helps to conserve water thereby improving water use
efficiency (Richards et al., 1986). Therefore, wax content is considered a trait related to
increased drought tolerance in some plants (Yang et al., 2011).
2.4.3.2.

Tr, leaf temperature and pubescence

A reduction in light absorption and an increase in reflectance due to the presence of
leaf hairs was observed by Ehleringer et al. (1976) in Encelia farinosa, a desert species.
The presence of leaf hairs also creates a thick boundary layer which reduces the Tr rate
(Wuenscher, 1970) and possibly helps keep the leaf humid. However, the density of
the leaf hairs and wind speed will influence whether air flow over the leaf surface is
smooth or turbulent and hence, the size of the boundary layer. There are pubescent
wheat varieties with leaf hairs, which may therefore reflect radiation, but the trade-off
being a thicker boundary layer. However, wheat pubescence and its impact on Tr and
leaf temperature has not been widely examined (Loss and Siddique, 1994).
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2.4.3.3.

Tr, leaf temperature and leaf rolling

Leaf rolling is a plant’s response to abiotic stress factors such as drought, high
temperature and radiation (Kadioglu and Terzi, 2007). Leaf rolling may reduce Tr by
reducing the effective leaf area for Tr and radiation interception (Clarke, 1986; Loss
and Siddique, 1994). Leaf rolling exposes the abaxial side of the leaf with greater
waxiness (Richards et al., 2010), which helps to reflect excess radiation. However,
reduced Tr is not only due to reduced incident solar irradiance, but also to variation in
stomatal distribution, and the degree and pattern of stomatal opening in rolled leaves
(Heckathorn and DeLucia, 1991). The effective transpiring leaf area is believed to be
halved with complete leaf rolling, because it encloses the adaxial surface of the leaf
which has more stomatal density and higher gs in cereal grain crops (Sojka, 1985).
Heckathorn and DeLucia (1991) also observed reduced leaf temperature with leaf
rolling in two C4 prairie grasses, Andropogon gerardiz and Spartina pectinata and
suggested that it was mainly due to increased sensible heat loss and reduced incident
solar irradiance. However, Turner et al. (1986) observed a 1.6 °C temperature increase
in rice per unit of leaf rolling scored according to a visual scale. They suggested that
this was mainly due to a reduced Tr with leaf rolling.
2.4.3.4.

Tr, leaf temperature and canopy architecture

Canopy architecture affects the radiation distribution within the canopy, air and soil
temperature, VPD and thereby, influences the micro climate surrounding the leaf,
which in turn affects gas exchange, water relations (Neufeld et al., 1988) and leaf
temperature (Comstock and Mahall, 1985). Leaf orientation or the angle can vary
depending on genotype, stage of development and leaf position on the plant. Some
genotypes (e.g. Yecora 70) are known to have planophile (horizontal) leaf orientation,
while others (e.g. Ciano 67) are known to have erectophile orientation (vertical) (Pinter
Jr et al., 1985). Increased radiation heat load or interception in planophile leaf
orientation (Ball et al., 1988) compared with erectophile orientation may increase leaf
temperature.
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2.5.

Conclusion and gaps in knowledge

The role of Tr in ameliorating leaf temperature is not clear, particularly for crops such
as wheat. This is mainly because Tr and leaf temperature are influenced by a multitude
of plant and environmental factors as well as the interactions between those factors.
Wheat

genotypes

may

possess

contrasting

anatomical

and

morphological

characteristics and physiological mechanisms which contribute to variations in Tr and
leaf temperature regulation. Therefore, a comprehensive examination of the role of Tr
in ameliorating leaf temperature in wheat under different plant attributes and
environmental conditions is needed.
Understanding how wheat senses and responds to predicted changes in environmental
conditions will be useful in crop management and breeding programmes targeting
specific environments and the future climates. Thus there is a need to investigate the
genotypic variation in the Tr response to VPD in relation to soil water availability as
crops will be more prone to atmospheric and edaphic drought in future. There is no
clear understanding on the mechanisms that govern the genotypic variation in the Tr
response to VPD, particularly how soil water and genotypic differences in morphophysiological characteristics such as waxiness and stomatal density affect this
response. If Tr and the associated physiological processes such as stomatal regulation
and the efficacy of plant water supply (hydraulic conductance) are influenced by future
climate change, then how it affects leaf temperature regulation in wheat needs to be
explored.
Having identified gaps in knowledge, this thesis evaluates the role of Tr in ameliorating
Tleaf in wheat in relation to changing environmental conditions. This thesis also aims to
identify some mechanisms responsible for genotypic variation in Tr response to VPD
and leaf cooling (Chapter 1, Fig. 1.1).
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3. Biomass retention and physiological responses under high
temperature in a range of wheat genotypes
3.1.

Introduction

Future crop productivity under projected increase in intensity and frequency of
extreme climate events such as high temperature, vapour pressure deficit (VPD) and
drought spells, depends on genetic improvement targeting specific environmental
conditions.

Identifying

genotypic

variability

in

physiological

responses

to

environmental conditions and the physiological causes for those variable responses are
important prerequisites for genetic improvement.
Wheat is highly sensitive to heat stress (Wollenweber et al., 2003) and the projected
increase in future air temperatures (Tair) will be a great threat for wheat production
(IPCC, 2007; Asseng et al., 2011). Higher temperatures can negatively affect plant
growth and development, and reduce biomass accumulation leading to yield penalties.
The exploration of strategies for heat avoidance, such as transpiration (Tr) and its
contribution to leaf cooling is important. Tr is a complex bio-physical process, where
water evaporates into the surrounding air through stomata. This liquid-to-vapour
conversion requires energy, which is supplied by the heat energy absorbed by the leaf.
Thus, during the process of Tr, considerable heat is dissipated from leaves allowing
them to remain several degrees cooler than Tair (Amani et al., 1996; Farooq et al.,
2011). Therefore, genotypes which use more water through Tr may survive better and
be more productive under higher temperatures than those which use less water. T leaf
or canopy temperature in a given environment has been associated with a number of
plant traits including stomatal conductance (gs) (Amani et al., 1996), capacity of the
vascular system to support Tr (Cossani et al., 2012), plant water status (Blum et al.,
1982), rooting depth (Lopes and Reynolds, 2010) and, most importantly, with yield
(Reynolds et al., 1994; Olivares-Villegas et al., 2007). Hence, Tleaf or canopy
temperature is used as a selection tool for screening heat and drought tolerant
genotypes as it indicates a genotype’s fitness for a given environment (Reynolds et al.,
1994; Cossani et al., 2012). However, the relationship between Tleaf and Tr is complex
because they are influenced by a multitude of morpho-physiological and
environmental variables, in addition to those mentioned above, such as leaf waxiness,
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canopy architecture, VPD, radiation and soil water availability (Sinclair et al., 1984;
Richards et al., 1986; Amani et al., 1996; Cossani et al., 2012; Jones, 2014).
Therefore, this study investigated whether greater water use (through Tr) increases
shoot biomass retention (less reduction in biomass) under high temperature through
greater leaf cooling. It was expected that biomass would be decreased under T2 due to
high temperature-induced senescence. This reduction in biomass would be low in
genotypes with greater water use and they would retain its biomass by inhibiting
senescence through greater canopy cooling. It also explored the responses of Tr, Tleaf
and associated morpho-physiological characteristics to warmer and drier atmospheric
conditions. In addition, this study examined whether variable responses in the
instantaneous rate of Tr to VPD affect Tleaf regulation in wheat. To address the above
aims, a morpho-physiologically diverse set of 20 wheat genotypes was evaluated in
two glasshouses with two different temperature regimes, under naturally-fluctuating
temperature and VPD conditions.

3.2.

Materials and methods

3.2.1.

Plant material

Twenty wheat (Triticum aestivum L.) genotypes with contrasting morpho-physiological
characteristics and responses to heat and drought were selected (Table 3.1). The
genotypes were identified from the literature or were recommended by local wheat
breeders. The study was conducted in two batches of ten genotypes each (Table 3.1),
planted 10 weeks apart, due to the high number of measurements. The cultivar
Wyalkatchem, a high yielding and putatively drought tolerant commercial cultivar was
used in both batches as a reference for comparison.
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Table 3.1. Morpho-physiological criteria used for the selection of wheat genotypes.
Batch Character of
no
interest
1
Canopy
Temperature
Depression (CTD)
Transpiration rate
or stomatal
conductance (gs)
Pubescence

Leaf angle
Early vigour

2

Adaptability to
Western Australian
conditions
Carbon Isotope
Discrimination (CID)
or Transpiration
Efficiency (TE)

Status

Genotype

Reference

High
Low

Glennson 81
Sonora 64

Amani et al. (1996)
Amani et al. (1996)

High

Excalibur

Izanloo et al. (2008)

Pubescent
Glabrous

Downy
Einkorn*

Erectophile
Planophile
High
Low

Ciano 67
Yecora 70
Magenta
Janz

High

Wyalkatchem

Low CID or
High TE

Drysdale

Roberts et al. (1981)
Sharma and Waines
(1994)
Pinter Jr et al. (1985)
Pinter Jr et al. (1985)
InterGrain (2012b)
Richards et al. (2002);
Bourgault et al. (2013);
Dias de Oliveira et al.
(2013)
Akbari et al. (2006);
Dr. D. Mullan, InterGrain,
pers. comm.
Richards (2006); Dr. D.
Mullan, InterGrain, pers.
comm.; Dr. G. Rebetzke,
CSIRO, pers. comm.
Dr. B. Jacobs, LongReach
Plant Breeders, pers.
comm.
Richards (2006)

LongReach Envoy

Glaucousness
(waxiness)

Grain size
Drought adaptability

High CID or
Low TE
Nonglaucous

Hartog
GlossyHuguenot**

Hare (1997)

Glaucous
(high)

RAC 875
Espada

Ford et al. (2011)
Australian Grain
Technologies (2010a)

High
Droughttolerant

Emu Rock
Mace

InterGrain (2012a)
Australian Grain
Technologies (2013)
Australian Grain
Technologies (2010b);
Dr. D. Mullan, InterGrain,
pers. Comm.
Fleury et al. (2010);
Izanloo et al. (2008)
Akbari et al. (2006);
Dr. D. Mullan, InterGrain,
pers. comm.

Gladius

Adaptability to
Western Australian
conditions

Droughtsusceptible
High

Kukri
Wyalkatchem
(reference for
comparisons)

* T. monococcum, ** T. turgidum

32

Chapter 3
3.2.2.

Growing conditions

The experiment was conducted from June to November 2012 in naturally-lit
glasshouses (daily maximum PAR 800-1000 µmol m–2 s–1) under partially-regulated
conditions (31° 98' S, 115° 82' E, The University of Western Australia, Crawley, Western
Australia). Plants were grown for seven weeks in a glasshouse under ambient
conditions of Tair and VPD, after which the temperature treatment was imposed (Table
3.2 and Fig. 3.1). Seeds were surface sterilised with a commercial bleach solution
(active constituent 2.5% NaClO) and germinated on filter paper moistened with
deionised water, in covered petri-dishes, at room temperature for 48 h. One pregerminated seed was sown in each polyvinyl chloride pot (9 cm in diameter) filled to a
depth of 40 cm with 2.8 kg of soil. The soil was a 2:3 (v/v) mixture of sieved, air-dried
river sand and clay loam soil (clay = 50%, silt = 22%, sand = 27%) collected from a farm
site at Bindi Bindi, Western Australia, dried and sieved through a 4 mm sieve to
remove stones and gravel. The pH (in 0.01 M CaCl2) and electrical conductance of the
soil and sand mix were 7.8 and 12.6 mS m–1, respectively. The bottom of each pot had
four, 10-mm-diameter, drainage holes that were covered with a 5-cm layer of gravel
before filling to prevent soil loss. At sowing, each pot was fertilised with 4 g of
commercial slow-release fertiliser (N:P:K 19.4:1.6:5, Osmocote™, Scotts Australia Pty
Ltd, Auckland, New Zealand). Before planting, the pot soil water capacity (PSWC) of
each pot was determined by weighing the pots after saturating the soil with water and
allowing them to drain freely for 48 hours. The pots were sealed at the top with
aluminium foil during the period of free drainage to prevent evaporation from the soil
surface. The pots were well-watered and maintained 100 g below PSWC throughout
the initial growing period by weighing daily to prevent anaerobic conditions. A liquid
fertiliser (N:P:K 19:8.4:15.8, Poly-Feed™, Haifa Chemicals, Haifa, Israel) was applied at
a rate of 2 g per pot in 125 ml of water, three weeks after planting. A 2-cm layer of
white plastic beads was used to cover the soil surface in each pot to prevent
evaporation. The pots were randomly arranged on a glasshouse bench and periodically
rotated to minimise effects of environmental heterogeneity.
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Table 3.2. Environmental conditions inside the two glasshouses during the experiment period (after imposing the temperature treatment). Plants were grown in
the ambient temperature (Amb-T1) glasshouse and half of the replicates transferred to the high temperature (High-T2) glasshouse 7 weeks after planting. Data are
means ± SEM of the minimum (night), maximum (day) and average conditions of the particular parameter measured.

Glasshouse temperature (°C)
Min.

Max.

Avg.

Relative humidity (%)
Min.

Max.

Avg.

Vapour pressure deficit
(kPa)
Min.
Max.
Avg.

Batch 01
Amb (T1) 11.5 ± 0.3 22.7 ± 0.4 16.1 ± 0.2 57.4 ± 1.4 84.2 ± 1.1 73.2 ± 1.1 0.24 ± 0.01 1.09 ± 0.05 0.52 ± 0.02
High (T2)

20.8 ± 0.3 32.3 ± 0.5 25.1 ± 0.1 31.6 ± 1.7 61.9 ± 1.5 46.8 ± 1.4 1.06 ± 0.03 3.25 ± 0.14 1.78 ± 0.05

Batch 02
Amb (T1) 14.9 ± 0.1 27.9 ± 0.5 20.0 ± 0.2 47.8 ± 1.5 77.3 ± 1.5 62.6 ± 1.4 0.43 ± 0.02 1.89 ± 0.11 0.94 ± 0.04
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High (T2)

24.0 ± 0.1 35.0 ± 0.4 28.4 ± 0.1 24.8 ± 1.6 48.8 ± 1.5 37.5 ± 1.3 1.61 ± 0.04 4.09 ± 0.15 2.52 ± 0.07

Batch 01
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Fig. 3.1. Daily fluctuations in maximum, minimum, and average environmental conditions inside the two glasshouses during the experimental period (after
imposing the temperature treatment). Plants were grown in the ambient temperature (Amb-T1) glasshouse and half of the replicates transferred to the high
temperature (High-T2) glasshouse 7 weeks after planting.
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3.2.3.

High temperature treatment

Seven weeks after sowing (Zadoks growth stage Z39, Zadoks et al., 1974), this is when
physiological measurements also started, a high temperature treatment was imposed
by transferring half of the plants (four replicates from each genotype) to another
glasshouse with average temperatures 8-9 °C warmer (T2) than the ambient
glasshouse (T1) (Table 3.2 and Fig. 3.1). The remaining plants were maintained in the
ambient glasshouse. Plants were maintained under those two temperature conditions
for 4 weeks.
3.2.4.
3.2.4.1.

Measurements
Daily rate of Tr

Pots were weighed daily between 08:00 and 09:00 h using an electronic balance with
0.1 g resolution (Model PGL 6001, Adam Equipment Company, USA). After weighing,
plants were re-watered to 100 g below PSWC. The difference between the daily pot
weights was considered the daily rate of Tr per plant.
3.2.4.2.

Tleaf

Tleaf was recorded between 10:30 and 14:30 h weekly, on clear sunny days using a
hand-held infrared thermometer (Impac Model IN 15 plus, LumaSense Technologies,
Santa Clara, CA, USA; ± 0.2°C precision). Those measurements were made on the most
recent fully-expanded sunlit leaf (middle portion of the leaf) on the tagged main stem.
The infrared thermometer was held perpendicular to and 10 cm from the middle
portion of the leaf surface (kept in the horizontal plane) during each measurement.
The emissivity of the infrared thermometer was set at 0.94, which was determined
from a preliminary experiment, where the Tleaf reading from the infrared thermometer
was compared against Tleaf measured with a thermocouple (Digi-Temper Model 3527
with type K thermocouples, Tsuruga Electric Works, Osaka, Japan). Tair surrounding the
leaf was measured using a digital thermometer probe (Dick Smith Electronics Ltd., New
South Wales, Australia). The thermometer probe was shaded with an aluminium sheet
to prevent radiant heating from direct sunlight.
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3.2.4.3.

Instantaneous rate of Tr

Instantaneous rate of Tr and gs were measured on the same leaf after Tleaf
measurements using a portable gas exchange system (Model LI-6400, LI‐COR Inc.,
Lincoln, NE, USA), at weekly intervals. During the measurements, the conditions in the
leaf chamber were: reference CO2 concentration 380 µmol mol–1, flow rate 400 µmol
s–1 and photosynthetic photon flux density 1000 µmol m–2 s–1 (via LED light source
mounted on the chamber), which is the average saturation light intensity for
photosynthesis in wheat (Acevedo et al., 2002). Measurements continued for 4 weeks
after applying the temperature treatment.
3.2.4.4.

Stomatal density (abaxial and adaxial)

At the end of the experiment, the leaves used for physiological measurements were
kept separately in zip-lock bags on ice and used to analyse abaxial and adaxial stomatal
density. Images were taken of the central portion of the leaves, in the area adjacent to
the midrib, using a digital camera (Pro-MicroScan Model DCM 310, Oplenic Optronics
Co.,Ltd, Hangzhou, China) mounted on a dissecting microscope (Zeiss SteREO
Discovery.V8, Carl Zeiss MicroImaging GmbH, Gottingen, Germany). The number of
stomata were counted using ImageJ 1.47v (National Institute of Health, Bethesda,
USA).
3.2.4.5.

Leaf glaucousness (waxiness)

Leaf glaucousness was observed on adaxial and abaxial surfaces of the leaf lamina
(same leaf used for gas exchange measurements) using a magnifying glass (3x) and
scored using a 0 - 3 scale, based on visual observation, where
0 = No wax,
1 = Wax only on adaxial surface,
2 = Wax only on abaxial surface and
3 = Wax on both adaxial and abaxial surfaces.
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3.2.4.6.

Leaf pubescence

Leaf pubescence on the adaxial and abaxial surface of the leaf laminas was assessed
visually using a magnifying glass and rated according to a 0 - 3 scale, where
0 = hairs,
1 = hairs on both adaxial and abaxial surfaces,
2 = hairs only on adaxial surface and
3 = hairs only on abaxial surface.
3.2.4.7.

Green leaf area and specific leaf weight

Plants were harvested only after final measurement at the end of the experiment.
When measurements of gas exchange and Tleaf were completed, shoots were cut from
the roots at the crown, and leaves were separated from stems and kept in zip-lock
bags on ice. Green leaf area was measured with a portable leaf area meter (Model LI
3000, Li‐COR Inc., Lincoln, NE, USA). Specific leaf weight (g m–2) of the leaves used for
gas exchange measurements was calculated as the ratio of leaf dry weight to area.
3.2.4.8.

Plant dry matter

Roots were recovered from the soil by repeated gentle washing and sieving on a 1.4
mm sieve to produce a clean sample, as described by Liao et al. (2006) and Palta et al.
(2007). Stems, leaves and roots were oven dried separately at 60 °C for 48–72 h and
dry weights recorded for biomass. Root dry weights were measured only in Batch 02.
3.2.5.

Environmental parameters

Maximum and minimum Tair and relative humidity (RH) in the glasshouses were
recorded throughout the experimental period using a data logger (WatchDog Micro
Stations, Model 1250, Spectrum Technologies, Inc., Aurora, IL) positioned just above
the canopy. VPD at each measurement of instantaneous rate of Tr was calculated using
Tair and RH data according to the equations of Monteith and Unsworth (1990) and
Murray (1967):
100 − 𝑅𝐻
) × 𝑆𝑉𝑃
𝑉𝑃𝐷 = (
100
𝑆𝑉𝑃 = 610.7 × 107.5𝑇𝑎𝑖𝑟 /(237.3+𝑇𝑎𝑖𝑟 )
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where RH is relative humidity (%), SVP is saturated vapour pressure (Pa) and Tair is air
temperature (°C).
3.2.6.

Statistical analysis

The experimental design was a completely randomized factorial design (two factors)
with four replicates. The two factors were genotype and temperature regime; ambient
(T1) and high (T2). Plant physiological and morphological parameters and other growth
attributes were analysed separately for each batch as the environmental conditions
inside the glasshouses differed and the reference genotype, Wyalkatchem, behaved
differently between batches. The conditions inside the glasshouses could only be
partially controlled, which resulted in somewhat warmer and drier conditions in Batch
02 compared with Batch 01 (Table 3.2 and Fig. 3.1).
The percentage reduction in shoot dry weight under T2 conditions in relation to T1
conditions (biomass reduction%) was calculated as:

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛% =

(𝑠ℎ𝑜𝑜𝑡 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑎𝑡 𝑇1 − 𝑠ℎ𝑜𝑜𝑡 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑎𝑡 𝑇2)
𝑥 100
(𝑠ℎ𝑜𝑜𝑡 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑎𝑡 𝑇1)

A linear mixed model (LMM) was fitted for biomass reduction% to test the hypothesis
that greater water use increases biomass retention (less reduction) under high
temperature through greater leaf cooling using R version 2.15.2 (R Core Team, 2012)
package ASReml-R (Butler et al., 2009). The blocking structure accounted for the
nested structure of genotype within a batch, namely the terms batch and batch x
genotype were fitted as random factors. Also, the model accounted for the unbalanced
allocation of the genotypes within the batches. The fixed terms in the model included
total water use, leaf-to-air temperature differential (Tair–Tleaf) and their interactions
with genotype. Correlation between biomass reduction% and total water use per plant
was studied using GraphPad Prism 6 (GraphPad Software Inc., San Diego, CA) to
identify how water use influences biomass retention under warm and dry conditions.
Two ̶ way ANOVA for daily rate of Tr, stomatal density, green leaf area, shoot and root
dry weights, shoot:root ratio, and specific leaf weight were performed using the
statistical software R version 2.15.2 (R Core Team, 2012). The means were separated
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by least significant difference (LSD) using the R package agricolae (de Mendiburu,
2010). Correlations between total water use per plant and green leaf area, shoot dry
weight, shoot:root ratio and specific leaf weight were examined using GraphPad Prism
6 (GraphPad Software Inc., San Diego, CA). Correlation between total stomatal density
and gs measured at the end of experiment was also examined with the same software.
Instantaneous rate of Tr and Tleaf measurements taken under T1 and T2 regimes over
the experimental period were used to evaluate genotypic variation in the
instantaneous Tr response to naturally-fluctuating atmospheric VPD and the Tleaf
response to Tair in the glasshouse, using the single linear regression model (GraphPad
Prism 6, GraphPad Software Inc., San Diego, CA). Data within a common VPD range
(1.3-4.3 kPa) and Tair range (23.6-32.3 °C) were selected for each genotype in both
batches in the instantaneous Tr response to VPD and Tleaf (Tair) regressions,
respectively, and genotypes contrasting in their transpiration response to VPD and T leaf
response to Tair were identified based on their regression slopes. Correlation between
the instantaneous Tr response to VPD and Tleaf response to Tair was studied using
GraphPad Prism 6 (GraphPad Software Inc., San Diego, CA) to identify the possible role
of Tr in regulating Tleaf.

3.3.

Results

3.3.1.

Morpho-physiological responses under elevated temperature

3.3.1.1.

Daily rate of Tr

The interaction effect of genotype x temperature regime on the daily rate of T r per
plant was not significant in Batch 01 (P = 0.731; Fig 3.2) or Batch 02 (P = 0.604; Fig 3.2).
Average daily rate of Tr differed significantly between genotypes in both batches
(Batch 01, P = 0.006; Batch 02, P < 0.0001).
In Batch 01, average daily rate of Tr ranged from 94.8 g plant–1 day–1 in Wyalkatchem
and 112.4 g plant–1 day–1 in Downey and in Batch 02, it ranged from 117.5 g plant–1
day–1 in Kukri to 162.1 g plant–1 day–1 in Espada. The T2 temperature treatment
significantly increased the average daily rate of Tr (Batch 01 and 02, P < 0.0001) by
70.8% in Batch 01 genotypes and 38% in Batch 02 genotypes (Fig. 3.2). However, post40
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hoc analysis found that there was no significant difference in the daily rate of Tr

Batch 02

Batch 01
240

T1

200

T2
ns

160

ns
ns

120
80
40

Emu Rock
Wyalkatchem
LongReach-Envoy
Gladius
Hartog
Kukri
Mace
Espada
Glossy-Huguenot
Drysdale
RAC 875

0

Sonora 64
Wyalkatchem
Excalibur
Yecora 70
Ciano 67
Einkorn
Janz
Glennson 81
Downey
Magenta

Daily rate of Tr (g plant

-1

-1

day )

between T1 and T2 conditions in Hartog, Kukri and Mace (P > 0.05, Fig. 3.2).

Fig. 3.2. Mean daily rate of transpiration (Tr) of 20 wheat genotypes in Batch 01 and 02 under
ambient (T1) and high (T2) temperature regimes over the period of temperature treatment.
Mean daily rate of Tr was calculated by dividing total water use per plant over the treatment
period by the duration of the temperature treatment. Error bars indicate ± SEM; n = 04. The
letters “ns” indicate no significant difference (P > 0.05) in the average daily rate of T r between
the two temperature regimes.

3.3.1.2.

Leaf waxiness

The presence/absence of wax on leaf surfaces varied with genotype (Fig. 3.3). Downey,
Einkorn, Glossy-Huguenot and Janz had no wax on their leaves except under T2
conditions, where some wax could be seen on the abaxial leaf surface of Janz, close to
the leaf base. T2 conditions also induced wax deposition on the adaxial leaf surface of
Magenta compared with ambient temperature, where it had wax only on the abaxial
side of the leaf. Drysdale, Espada, Gladius, Glennson 81, Hartog and RAC 875 had wax
on both surfaces of the leaf under both temperature regimes.
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Genotypes

(A) T1

Ciano 67
Emu Rock
Excalibur
Kukri
LongReach-Envoy
Mace
Magenta
Sonora 64
Wyalkatchem
Yecora 70

Downey
Einkorn
Glossy-Huguenot
Janz
0 - No Wax

1 - Adaxial only

2 - Abaxial only

Drysdale
Espada
Gladius
Glennson 81
Hartog
RAC 875
3 - Both sides

Waxiness

Genotypes

(B) T2

Ciano 67
Emu Rock
Excalibur
Janz*
Kukri
LongReach-Envoy
Mace
Sonora 64
Wyalkatchem
Yecora 70

Downey
Einkorn
Glossy-Huguenot
0 - No Wax

1 - Adaxial only

2 - Abaxial only

Drysdale
Espada
Gladius
Glennson 81
Hartog
Magenta*
RAC 875
3 - Both sides

Waxiness

Fig. 3.3. Categorisation of wheat genotypes (Batch 01 and 02) based on the wax deposition of
leaves under ambient (T1, A) and high (T2, B) temperature regimes. High temperature
treatment enhanced the wax deposition specially in genotypes indicated by *mark.

There were noticeable differences in the amount of wax deposition between
genotypes (Fig. 3.4). Wax deposition first appeared on the flag leaf sheath and abaxial
surface of the leaf lamina close to the base and wax expression increased with time.
More wax deposition was always evident on the abaxial leaf surface compared with
the adaxial leaf surface. Based on visual observations, RAC 875, Espada and Gladius
were identified as heavy wax genotypes.
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Drysdale

RAC 875

Glsossy-Huguenot

Kukri

Gladius

Wyalkatchem

Fig. 3.4. Examples of the variations in wax deposition on the abaxial surface of the leaf in some
selected wheat genotypes under T2 conditions.

3.3.1.3.

Pubescence

Downey was the only genotype with pubescent leaves among the group of genotypes
in Batch 01 and Batch 02. In Downey, both abaxial and adaxial surface of leaf laminas
had a dense cover of hairs, which could be easily detected from the magnifying glass.
3.3.1.4.

Stomatal density

In Batch 01, the genotype x temperature regime interaction was significant for total
stomatal density (abaxial and adaxial combined, P = 0.037; Table 3.3). That means
genotypes were differently influenced by high temperature. In general, there was no
difference in total stomatal density between the two temperature regimes, except in
three genotypes (Magenta, Excalibur, Einkorn) where it was significantly higher under
T2 compared with T1 conditions. Under both temperature regimes, Einkorn had the
highest total stomatal density (T1, 125.2 mm–2; T2, 154 mm–2) and Downey had the
lowest (T1, 83.3 mm–2; T2, 95.5 mm–2). In Batch 02, the genotype x temperature
regime interaction had no effect on total stomatal density (P = 0.392; Table 3.4), but
the main effects of genotype and temperature regime were significant (P < 0.001). In
Batch 02, total stomatal density, on average, ranged from 110.4 mm–2 in Espada to
158.9 mm–2 in Glossy-Huguenot. In Batch 02, on average, stomatal density (total)
increased by 11.3% under T2 compared with T1 conditions. No significant correlation
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was found between total stomatal density and gs (at the end of experiment) in either
of the batches (P > 0.05; Annex 3.1).

Table 3.3. Abaxial, adaxial and total stomatal densities of 10 wheat genotypes in Batch 01
under ambient (T1) and high (T2) temperature regimes. Values presented are means ± SEM,
n = 4.

Genotype
(G)

Treatment Stomatal density
(T)
(number of stomata per mm–2)
Abaxial
Adaxial
Total
Excalibur
T1
58.7 ± 1.7 59.1 ± 1.1 117.9 ± 2.0
T2
71.2 ± 1.2 70.7 ± 5.2 141.8 ± 6.3
Glennson 81
T1
52.5 ± 2.4 66.7 ± 3.5 119.2 ± 1.3
T2
53.0 ± 3.5 79.2 ± 4.4 132.2 ± 6.9
Sonora 64
T1
55.7 ± 2.8 64.0 ± 3.6 119.7 ± 5.3
T2
55.9 ± 2.5 63.0 ± 2.4 118.9 ± 1.3
Downey
T1
36.5 ± 2.4 46.8 ± 6.1
83.3 ± 8.3
T2
43.0 ± 1.0 52.5 ± 4.3
95.5 ± 5.0
Einkorn
T1
66.0 ± 5.5 59.2 ± 2.3 125.2 ± 7.7
T2
80.5 ± 3.0 73.5 ± 4.9 154.0 ± 7.6
Ciano 67
T1
51.3 ± 2.0 53.3 ± 2.2 104.7 ± 4.1
T2
54.8 ± 3.2 56.5 ± 2.7 111.3 ± 5.9
Yecora 70
T1
52.3 ± 4.1 70.2 ± 0.4 122.5 ± 4.1
T2
60.0 ± 2.5 63.2 ± 1.2 123.2 ± 3.7
Magenta
T1
46.5 ± 3.2 60.0 ± 3.1 106.5 ± 2.5
T2
53.1 ± 4.9 72.6 ± 3.7 125.7 ± 8.1
Janz
T1
49.2 ± 2.1 56.2 ± 1.7 105.5 ± 2.4
T2
51.1 ± 3.8 67.0 ± 2.1 118.1 ± 5.6
Wyalkatchem
T1
65.4 ± 1.4 55.6 ± 0.9 121.0 ±2.0
T2
53.4 ± 1.2 65.0 ± 2.0 118.4 ±2.5
P value: G
< 0.001
< 0.001
< 0.001
T
0.008
< 0.001
< 0.001
Gx T
0.003
0.056
0.037
LSD value: G
6.010
6.508
10.194
T
2.655
2.875
4.503
Gx T
8.540
NS
14.486
NS: Not significant (P > 0.05)
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Table 3.4. Abaxial, adaxial and total stomatal densities of 11 wheat genotypes in Batch 02
under ambient (T1) and high (T2) temperature regimes. Values presented are means ± SEM,
n = 4.
Genotype
(G)

Treatment
(T)

Drysdale

T1
T2
T1
T2
T1
T2
T1
T2
T1
T2
T1
T2
T1
T2
T1
T2
T1
T2
T1
T2
T1
T2

LongReach-Envoy
Hartog
Glossy-Huguenot
RAC 875
Espada
Mace
Gladius
Kukri
Emu Rock
Wyalkatchem
P value:

G
T
GxT
LSD value: G
T
GxT

Stomatal density (mm–2)
(number of stomata per mm–2)
Abaxial
Adaxial
Total
49.1 ± 1.4
61.1 ± 1.5
110.2 ± 2.5
58.5 ± 1.1
67.0 ± 1.3
125.5 ± 1.7
60.7 ± 1.8
61.3 ± 2.6
122.1 ± 2.4
63.7 ± 2.2
70.1 ± 2.5
133.9 ± 2.4
57.7 ± 0.6
64.2 ± 1.7
122.0 ± 1.3
66.9 ± 0.9
78.3 ± 1.6
145.2 ± 2.4
71.9 ± 1.3
80.0 ± 1.0
151.9 ± 2.1
82.7 ± 3.3
83.1 ± 2.3
165.9 ± 4.2
49.0 ± 5.8
62.2 ± 4.3
111.2 ± 10.0
55.4 ± 1.2
66.9 ± 2.3
122.2 ± 2.0
47.9 ± 2.9
53.5 ± 2.4
101.4 ± 4.1
57.5 ± 5.1
62.0 ± 6.1
119.5 ± 11.2
50.0 ± 0.6
52.0 ± 0.3
102.0 ± 0.7
57.9 ± 5.6
66.0 ± 1.8
123.9 ± 6.5
53.2 ± 1.9
65.9 ± 2.2
119.1 ± 4.1
64.0 ± 4.2
74.2 ± 4.1
138.2 ± 5.6
54.5 ± 4.3
62.2 ± 1.6
116.7 ± 5.4
54.5 ± 3.3
62.8 ± 2.1
117.3 ± 5.2
61.9 ± 1.9
63.5 ± 1.5
125.4 ± 1.5
63.4 ± 3.4
65.9 ± 3.7
129.2 ± 5.3
59.4 ± 1.8
63.4 ± 4.5
122.7 ± 5.8
60.5 ± 1.9
68.6 ± 3.6
129.1 ± 5.1
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
0.502
0.309
0.392
5.960
5.669
9.861
2.539
2.415
4.200
NS
NS
NS

NS: Not significant (P > 0.05)

In Batch 01, there was a significant genotype x temperature regime interaction for
abaxial stomatal density (P = 0.003; Table 3.3). In general, abaxial stomatal density was
similar between the two temperature regimes, except in Excalibur and Einkorn where
it increased and in Wyalkatchem where it decreased under T2 compared with T1
conditions. Under both temperature conditions, Einkorn had the highest abaxial
stomatal density (T1, 66 mm–2; T2, 80.5 mm–2) and Downey had the lowest (T1, 36.5
mm–2; T2, 43 mm–2). In Batch 02, only the main effects of genotype and temperature
regime (P < 0.001), but not their interaction (P = 0.502; Table 3.4), had a significant
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effect on abaxial stomatal density. In Batch 02, abaxial stomatal density on average
ranged from 52.2 mm–2 in RAC 875 to 77.3 mm–2 in Glossy-Huguenot. In Batch 02,
abaxial stomatal density on average increased by 11.6% under T2 compared with T1
conditions. Unlike in Batch 01, Wyalkatchem had similar abaxial stomatal density
under both temperature regimes in Batch 02.
The interaction effect of genotype x temperature regime was not significant for adaxial
stomatal density in Batch 01 (P = 0.056; Table 3.3) or Batch 02 (P = 0.309; Table 3.4),
where all genotypes were affected similarly by temperature conditions. In Batch 01,
the average adaxial stomatal density significantly differed between genotypes (P <
0.001) ranging from 50.1 mm–2 in Downey to 72.9 mm–2 in Glennson 81. In Batch 02, it
ranged from 57.7 mm–2 in Espada to 81.6 mm–2 in Glossy-Huguenot with significant
difference between genotypes (P < 0.001). T2 conditions increased average adaxial
stomatal density by 12% in Batch 01 genotypes and by 11% in Batch 02 genotypes,
compared with T1 conditions.
3.3.1.5.

Green leaf area

In Batch 01 (P = 0.003; Table 3.5) and Batch 02 (P = 0.006; Table 3.6), there was a
significant genotype x temperature regime interaction for green leaf area. That is the
magnitude of the effect of high temperature on green leaf area differed among
genotypes. In general, green leaf area significantly reduced under T2 compared with T1
conditions in both batches, except in two genotypes (Sonora 64 and Downey), where
green leaf area was similar between the two temperature regimes. In Batch 01, under
T1 temperature regime, Downey had the highest green leaf area (0.24 m2 plant–1) and
Sonora 64 had the lowest (0.09 m2 plant–1), whereas under T2 temperature regime,
Downey had the highest green leaf area (0.23 m2 plant–1) and Ciano 67 had the lowest
(0.04 m2 plant–1). In Batch 02, under T1 temperature regime, green leaf area ranged
from 0.05 m2 plant–1 in Emu Rock to 0.14 m2 plant–1 in LongReach-Envoy, whereas
under T2 temperature regime, it ranged from 0.02 m2 plant–1 in Hartog to 0.06 m2
plant–1 in Glossy-Huguenot.
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Table 3.5. Growth attributes of 10 wheat genotypes in Batch 01 under ambient (T1) and high
(T2) temperature regimes. Values presented are means ± SEM, n = 4.

Genotype
(G)

treatment
(T)

Excalibur

T1
T2
T1
T2
T1
T2
T1
T2
T1
T2
T1
T2
T1
T2
T1
T2
T1
T2
T1
T2

Glennson 81
Sonora 64
Downey
Einkorn
Ciano 67
Yecora 70
Magenta
Janz
Wyalkatchem
P value:

G
T
GxT
LSD value: G
T
GxT

Green leaf area Shoot dry
(m2 plant–1)
weight
(g plant–1)
0.14 ± 0.03
13.9 ± 1.9
0.07 ± 0.01
11.7 ± 0.4
0.17 ± 0.01
15.3 ± 1.6
0.07 ± 0.01
10.6 ± 0.6
0.09 ± 0.00
14.6 ± 0.7
0.06 ± 0.00
12.7 ± 0.6
0.24 ± 0.02
12.7 ± 1.0
0.23 ± 0.01
10.8 ± 0.5
0.20 ± 0.00
8.1 ± 0.5
0.12 ± 0.00
7.2 ± 0.2
0.09 ± 0.00
16.9 ± 0.7
0.04 ± 0.00
12.0 ± 0.3
0.12 ± 0.01
15.9 ± 0.4
0.05 ± 0.00
11.7 ± 0.3
0.18 ± 0.00
16.9 ± 1.2
0.07 ± 0.01
12.5 ± 0.4
0.16 ± 0.01
16.2 ± 1.2
0.08 ± 0.01
13.1 ± 0.6
0.15 ± 0.02
13.2 ± 0.5
0.08 ± 0.01
11.5 ± 0.3
< 0.001
< 0.001
< 0.001
< 0.001
0.003
0.139
0.023
1.662
0.010
0.743
0.032
NS

NS: Not significant (P > 0.05)
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Specific leaf
weight (g m–2)
42.7 ± 1.3
49.6 ± 0.8
46.8 ± 1.8
51.9 ± 1.4
49.3 ± 1.9
47.9 ± 0.8
34.7 ± 3.1
39.2 ± 2.8
31.6 ± 2.2
40.8 ± 1.7
46.2 ± 0.6
45.8 ± 0.9
45.4 ± 2.7
43.9 ± 1.4
45.1 ± 2.5
44.6 ± 1.4
47.6 ± 1.7
44.2 ± 2.1
40.4 ± 0.6
44.3 ± 4.8
< 0.001
0.019
0.048
4.154
1.858
5.874
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Table 3.6. Growth attributes of 11 wheat genotypes in Batch 02 under ambient (T1) and high
(T2) temperature regimes. Values presented are means ± SEM, n = 4.

Genotype (G)

Temp.
Green leaf
treatment area
(T)
(m2 plant–1)

Shoot dry
weight
(g plant–1)

Root dry
weight
(g plant–1)

Drysdale

T1
T2
T1
T2
T1
T2
T1
T2
T1
T2
T1
T2
T1
T2
T1
T2
T1
T2
T1
T2
T1
T2

19.3 ± 0.6
15.0 ± 0.5
12.5 ± 1.2
12.0 ± 1.3
14.3 ± 1.6
9.5 ± 1.7
19.5 ± 1.3
14.0 ± 0.7
20.6 ± 1.2
15.4 ± 0.3
19.3 ± 2.3
17.0 ± 0.7
16.4 ± 2.1
12.3 ± 1.2
12.8 ± 1.5
13.0 ± 2.2
16.1 ± 2.7
8.9 ± 1.2
11.9 ± 2.2
11.6 ± 2.0
11.2 ± 1.3
10.9 ± 1.9
< 0.001
< 0.001
0.241
3.152
1.344
NS

2.2 ± 0.3
0.9 ± 0.0
2.0 ± 0.2
1.1 ± 0.1
1.7 ± 0.1
0.5 ± 0.1
3.1 ± 0.2
2.1 ± 0.2
2.1 ± 0.2
1.3 ± 0.1
2.3 ± 0.4
1.5 ± 0.2
1.5 ± 0.2
0.9 ± 0.1
1.7 ± 0.3
1.3 ± 0.2
1.6 ± 0.3
0.6 ± 0.1
1.1 ± 0.3
0.9 ± 0.1
1.6 ± 0.5
0.9 ± 0.2
< 0.001
< 0.001
0.540
0.462
0.197
NS

LongReach-Envoy
Hartog
Glossy-Huguenot
RAC 875
Espada
Mace
Gladius
Kukri
Emu Rock
Wyalkatchem
P value:

G
T
GxT
LSD value: G
T
GxT

0.08 ± 0.00
0.03 ± 0.00
0.14 ± 0.01
0.05 ± 0.00
0.07 ± 0.01
0.02 ± 0.00
0.11 ± 0.00
0.06 ± 0.00
0.10 ± 0.00
0.05 ± 0.00
0.10 ± 0.00
0.05 ± 0.00
0.08 ± 0.01
0.04 ± 0.00
0.08 ± 0.01
0.04 ± 0.00
0.08 ± 0.01
0.03 ± 0.00
0.05 ± 0.01
0.03 ± 0.00
0.07 ± 0.01
0.04 ± 0.01
< 0.001
< 0.001
0.006
0.013
0.005
0.018

Shoot:root Specific
ratio
leaf
weight
(g m–2)
8.9 ± 1.0 52.5 ± 1.0
15.9 ± 0.5 51.4 ± 2.2
6.2 ± 0.5 45.9 ± 2.2
10.6 ± 0.2 57.9 ± 2.7
8.6 ± 0.8 50.0 ± 1.5
18.2 ± 0.7 51.6 ± 1.1
6.4 ± 0.5 56.7 ± 2.6
6.8 ± 0.5 57.0 ± 1.1
10.0 ± 0.8 54.6 ± 1.7
12.4 ± 0.7 57.3 ± 1.8
8.5 ± 0.5 55.1 ± 2.1
11.4 ± 1.1 55.8 ± 1.6
10.8 ± 1.1 51.1 ± 0.7
13.8 ± 0.4 56.3 ± 1.2
7.8 ± 0.8 51.5 ± 1.2
10.2 ± 0.9 50.2 ± 4.1
10.5 ± 0.5 49.3 ± 1.8
15.4 ± 1.6 52.4 ± 0.5
12.3 ± 1.7 49.7 ± 1.2
13.3 ± 1.5 51.9 ± 0.5
8.2 ± 1.4 45.9 ± 2.1
12.5 ± 1.5 56.0 ± 2.9
< 0.001
0.004
< 0.001
0.000
< 0.001
0.012
1.946
3.835
0.830
1.635
2.752
5.424

NS: Not significant (P > 0.05)

Total water use per plant was positively correlated with green leaf area per plant
under both temperature regimes in both batches (Fig. 3.5). However, the strength of
the correlation depended on the batch and temperature regime, where Batch 02
under T2 conditions showed comparatively higher correlation.
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Fig. 3.5. Relationship between green leaf area and total water use per plant in Batch 01 (A) and
Batch 02 (B) wheat genotypes under T1 and T2 temperature conditions. Each data point
represents an individual plant. Pearson correlation coefficient (r) and probability (P) are given
in each sub-figure.

3.3.1.6.

Shoot dry weight

There was no significant genotype x temperature regime interaction for shoot dry
weight in Batch 01 (P = 0.139; Table 3.5) or Batch 02 (P = 0.241; Table 3.6), but the
main effects of genotype and temperature regime on shoot dry weight were significant
(P < 0.001). In Batch 01, Magenta and Janz had the highest average shoot dry weights
(14.7 g plant–1), whereas Einkron had the lowest (7.7 g plant–1). In Batch 02, Espada
and Wyalkatchem had highest and the lowest average shoot dry weights (18.2 g
plant–1 and 11.0 g plant–1, respectively). The T2 temperature treatment reduced
average shoot dry weights by approximately 20% in both batches. The differences in
plant size and greenness between ambient and high temperature conditions can be
seen in Fig. 3.6.
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T1

T2

Fig. 3.6. Wheat plants (Batch 01) before final harvest (at 11 weeks after planting) inside the
two glasshouses with two different temperature regimes, ambient (T1) and high (T2).

Shoot dry weight per plant was positively correlated with total water use per plant
under both temperature regimes in both batches (Fig. 3.7). However, the strength of
the correlation was greater in Batch 02 genotypes (Fig. 3.7B) compared with Batch 01
genotypes (Fig. 3.7A).
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Fig. 3.7. Relationship between shoot dry weight and total water use per plant during the
period of temperature treatment in Batch 01 (A) and Batch 02 (B) wheat genotypes under T1
and T2 temperature conditions. Each data point represents an individual plant (replicate), all
genotypes combined. Pearson correlation coefficient (r) and probability (P) are given in each
sub-figure.
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3.3.1.7.

Root dry weight and shoot:root ratio

In Batch 02, there was no significant genotype x temperature regime interaction for
root dry weight (P = 0.540, Table 3.6), but the main effects of genotype and
temperature regime were significant (P < 0.001; Table 3.6). Glossy-Huguenot had the
highest average root dry weight (2.6 g plant–1), whereas Emu Rock had the lowest
(1.0 g plant–1). On average, there was 42.5% reduction in root dry weight under T2
temperature regime compared with T1 temperature regime. The effect of genotype on
shoot:root ratio varied significantly depending on temperature regime (P < 0.001;
Table 3.6). Under T1 temperature regime, shoot:root ratio ranged from 6.2 in
LongReach-Envoy to 12.3 in Emu Rock. Under T2 temperature regime, it ranged from
6.8 in Glossy-Huguenot to 18.2 in Hartog. In general, shoot:root ratios were higher
under T2 temperature regime compared with T1 temperature regime. No significant
correlation was found between shoot:root ratio and total water use per plant (P =
0.208) in either batch or the temperature regime.
3.3.1.8.

Specific leaf weight

The effect of genotype on specific leaf weight (a measure of leaf thickness) varied
depending on temperature regime in Batch 01 (P = 0.048; Table 3.5) and Batch 02 (P =
0.012; Table 3.6). In Batch 01, under T1 temperature regime, specific leaf weight
ranged from 31.6 g m–2 in Einkorn to 49.3 g m–2 in Sonora 64 (thick leaves), whereas
under T2 temperature regime, it ranged from 39.18 g m–2 in Downey to 52.0 g m–2 in
Glennson 81. In Batch 02, under T1 temperature regime, specific leaf weight ranged
from 45.9 g m–2 in Wyalkatchem and 56.7 g m–2 in Glossy-Huguenot, whereas under T2
temperature regime, it ranged from 50.2 g m–2 in Gladius to 57.9 g m–2 in LongReachEnvoy.

3.3.2.

Association of biomass retention under high temperature with total water

use and leaf-to-air temperature differential (Tair–Tleaf)
Table 3.7 summarises the results for the fixed effects in the linear mixed model, where
biomass reduction% under T2 compared with T1 conditions was fitted as the response
variable. The interactions of (Tair–Tleaf) x genotype and total water use x genotype were
highly significant (P = 0.0004 and P < 0.0001, respectively), which indicates that the
51

Chapter 3
effect of (Tair–Tleaf) on biomass reduction% depended on genotype and similarly, the
effect of total water use depended on the genotype.

Table 3.7. Summary of the fixed effects of the linear mixed model used to evaluate the effect
of total water use per plant and leaf-to-air temperature differential (Tair–Tleaf) on biomass
reduction% under high temperature conditions (T2).

(Intercept)
(Tair–Tleaf)
Total water use
(Tair–Tleaf) x genotype
Total water use x genotype
Residual (Mean Square)

Degrees of
freedom (df)
1
1
1
19
19
264

Sum of
squares
24197
16
11524
12273
13467

Wald statistic

Pr (Chisq)

91.640
0.061
43.644
46.482
51.003

< 0.0001
0.806
< 0.0001
0.0004
< 0.0001

Biomass reduction% was negatively correlated with total water use per plant in both
batches of genotypes. However, the strength of this relationship was higher in Batch
02 than Batch 01 genotypes (Table 3.8).
Table 3.8. Correlation between biomass reduction% and total water use under T2 conditions in
two batches of wheat genotypes. Values in parentheses indicate the Pearson correlation
coefficient (r) and P indicates probability (P).

Batch
01
02

3.3.3.

Correlation*
Negative (0.36)
Negative (0.52)

P
0.021
0.0003

Genotypic variability in the response of instantaneous rate of T r to VPD

Instantaneous rate of Tr linearly increased with VPD in all genotypes in both batches.
However, the response of instantaneous rate of T r to VPD, that is the slope of the
regression between the two parameters differed significantly between genotypes (P <
0.05), ranging from 1.04 mmol H2O m–2 s–1 kPa–1 in Hartog to 3.08 mmol H2O m–2 s–1
kPa–1 in Magenta (Table 3.9).
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Table 3.9. Parameters of linear regression models for the relationship between instantaneous
rate of transpiration (Tr) and atmospheric vapour pressure deficit (VPD) in 20 wheat
genotypes. Data are means ± SEM for the best-fit values and the goodness of fits of the
regressions.
Genotype

Slope
(mmol H2O
m–2 s–1 kPa–1)

Hartog
Kukri
Drysdale
Espada
Sonora 64
Mace
Downey
Gladius
RAC 875
Glossy-Huguenot
Ciano 67
Emu Rock
Wyalkatchem (Batch 01)
Wyalkatchem (Batch 02)
Yecora 70
Janz
LongReach-Envoy
Glennson 81
Excalibur
Einkorn
Magenta

1.04 ± 0.39
1.06 ± 0.34
1.14 ± 0.47
1.22 ± 0.31
1.53 ± 0.22
1.57 ± 0.29
1.59 ± 0.24
1.66 ± 0.34
1.67 ± 0.34
1.69 ± 0.41
1.71 ± 0.46
1.75 ± 0.24
1.87 ± 0.28
1.56 ± 0.29
1.93 ± 0.44
2.24 ± 0.53
2.46 ± 0.48
2.85 ± 0.35
3.05 ± 0.48
3.05 ± 0.38
3.08 ± 0.42

3.3.4.

Instantaneous rate
of Tr-intercept
(mmol H2O
m–2 s–1)
5.50 ± 1.14
4.98 ± 0.95
6.11 ± 1.27
4.38 ± 0.85
1.65 ± 0.62
5.17 ± 0.83
0.46 ± 0.73
4.19 ± 0.96
4.64 ± 1.00
5.09 ± 1.24
1.91 ± 1.35
4.24 ± 0.65
1.85 ± 0.78
5.00 ± 0.82
1.65 ± 1.32
0.62 ± 1.64
2.37 ± 1.41
0.37 ± 1.03
0.40 ± 1.40
0.70 ± 1.15
-0.45 ± 1.22

R2

P

0.22
0.31
0.22
0.42
0.72
0.56
0.71
0.51
0.49
0.42
0.41
0.72
0.69
0.55
0.49
0.51
0.52
0.77
0.67
0.78
0.72

0.015
0.005
0.025
0.001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
0.001
0.001
< 0.0001
< 0.0001
< 0.0001
0.0003
0.001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001

Genotypic variability in Tleaf response to Tair

There was linear increase in Tleaf with increasing Tair in all genotypes, but the rise in Tleaf
per unit increase in Tair (i.e., the slope) significantly differed between genotypes (P <
0.05; Table 3.10). Tleaf (Tair) regression slope ranged from 0.49 °C °C–1 in Einkorn to
1.02 °C °C–1 in Janz. That is, in some genotypes such as Einkorn, Tleaf increased slowly
with increasing Tair. In contrast, in some genotypes such as Janz, Tleaf increased in
parallel with Tair.
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Table 3.10. Parameters of linear regression models for the relationship between leaf
temperature (Tleaf) and air temperature (Tair) in 20 wheat genotypes. Data are means ± SEM for
the best-fit values and the goodness of fits of the regressions.

Genotype
Einkorn
RAC 875
Excalibur
Espada
LongReach-Envoy
Emu Rock
Kukri
Wyalkatchem (Batch 02)
Mace
Glossy-Huguenot
Gladius
Hartog
Drysdale
Downey
Wyalkatchem (Batch 01)
Yecora 70
Glennson 81
Ciano 67
Magenta
Sonora 64
Janz

3.3.5.

Slope
(°C °C–1)
0.49 ± 0.15
0.57 ± 0.12
0.57 ± 0.12
0.58 ± 0.14
0.62 ± 0.14
0.64 ± 0.17
0.65 ± 0.16
0.67 ± 0.13
0.69 ± 0.16
0.68 ± 0.12
0.74 ± 0.13
0.78 ± 0.13
0.80 ± 0.14
0.81 ± 0.13
0.81 ± 0.13
0.87 ± 0.19
0.89 ± 0.08
0.91 ± 0.19
0.92 ± 0.12
0.93 ± 0.18
1.02 ± 0.14

Tleaf-intercept
(°C)
13.73 ± 4.55
12.44 ± 3.24
10.58 ± 3.36
12.57 ± 3.97
12.57 ± 3.84
11.35 ± 4.84
11.15 ± 4.48
10.01 ± 3.72
9.50 ± 4.40
9.90 ± 3.51
8.48 ± 3.68
7.51 ± 3.54
6.68 ± 4.01
4.96 ± 3.72
3.53 ± 3.85
1.64 ± 5.60
0.81 ± 2.26
1.26 ± 5.42
0.34 ± 3.53
0.75 ± 5.26
-2.01 ± 4.14

R2

P

0.45
0.60
0.63
0.53
0.59
0.49
0.53
0.65
0.56
0.65
0.69
0.72
0.68
0.74
0.79
0.61
0.92
0.64
0.81
0.71
0.80

0.008
0.0002
0.0003
0.001
0.001
0.002
0.001
0.0001
0.001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
0.0001
0.001
< 0.0001
0.0004
< 0.0001
0.0003
< 0.0001

Relationship between instantaneous Tr response to VPD and Tleaf regulation

Fig. 3.8 shows the relationship between instantaneous rate of Tr response to VPD (A) and leaf
temperature (Tleaf) response to air temperature (Tair) (B) of two selected genotypes, Excalibur
and Downey. Fig. 3.9 shows the relationship between Tleaf response to Tair and

instantaneous rate of Tr response to VPD in the 20 wheat genotypes studied. There
was no significant correlation between Tleaf response to Tair and Tr response to VPD
when all 20 wheat genotypes were considered together (P = 0.981). A few genotypes
did not conform to the general trend, Tleaf of Janz, Magenta and Glennson 81 (Fig. 3.9)
increased in parallel with Tair, but their instantaneous rate of Tr increased rapidly with
VPD (greater slope of instantaneous rate of Tr vs VPD regression). In contrast, in
Espada and Kukri, Tleaf increased slowly with Tair, but they showed slower increase in
instantaneous rate of Tr with VPD. After removing those five contrasting genotypes,
there was a negative correlation between Tleaf response to Tair and instantaneous rate
of Tr response to VPD (r = –0.60, P = 0.013).
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Fig. 3.8. Relationship between instantaneous rate of transpiration (Tr) response to VPD (A) and
leaf temperature (Tleaf) response to air temperature (Tair) (B) of two selected genotypes,
Excalibur and Downey. The figure shows the genotypic variability in the instantaneous rate of
Tr vs VPD and Tleaf vs Tair responses indicated by the differences in the slopes of the linear
regression lines. The dashed line in the sub-figure B represents the 1:1 scenario, i.e. Tleaf = Tair.
Each data point represents an individual plant/shoot (replicate). Solid lines are the best fit
regressions (see Table 3.9 and 3.10 for parameters).
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Fig. 3.9. Relationship between instantaneous rate of transpiration (Tr) response to VPD (mean
slope of instantaneous rate of Tr response to VPD regression) and leaf temperature (Tleaf)
response to air temperature (Tair) (mean slope of Tleaf response to Tair regression) of 20 wheat
genotypes (two batches combined). Each data point represents an individual genotype. The
genotypes circled do not conform to the expected model of negative linear correlation
between Tleaf (Tair) and instantaneous rate of Tr (VPD) slopes.
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3.4.

Discussion

The effect of water use and (Tair-Tleaf) on shoot biomass retention depended on
genotype. High temperature along with high VPD increased daily rate of T r and
ultimately total water use in both batches of genotypes. Morpho-physiological and
growth attributes such as stomatal density, waxiness, green leaf area and shoot and
root dry weights were also affected by high temperature and VPD. Instantaneous rate
of Tr increased with VPD in all genotypes, but the rate of increase (slope of the
relationship between instantaneous rate of Tr vs VPD) differed between genotypes
indicating the genotypic variability in this trait. Genotypic variability in T leaf response to
Tair was found, where in some genotypes Tleaf increased slowly with Tair in contrast to
those with rapidly increasing Tleaf with Tair. In most of the genotypes, the Tleaf response
to Tair was correlated with the instantaneous Tr response to VPD, indicating that
genotypes whose instantaneous rate of Tr increased more to VPD maintained lower
Tleaf as Tair increased and vice versa. However, there were a few contrasting genotypes
whose Tleaf response to Tair did not correlate with the instantaneous Tr response to
VPD.
3.4.1.

Greater water use through Tr increases shoot biomass retention under high

temperature conditions
Plant survival and productivity under high temperature relies on heat tolerance and
avoidance mechanisms (Levitt, 1980). Heat avoidance is the ability to maintain internal
tissue temperatures below lethal stress levels, which is acquired through
transpirational cooling, changes in leaf orientation, reflection of solar radiation, and
extensive rooting (Bonos and Murphy, 1999; Xu et al., 2011). On the other hand, heattolerant genotypes are able to survive and develop under high temperature, even with
high internal tissue temperatures (Xu et al., 2011). Greater biomass retention under
high temperature may be associated with both heat tolerance and avoidance
mechanisms. This study showed that greater water use contributes to greater biomass
retention under high temperature depending on genotype. CO2 exchange and water
escape shares a common pathway that is through stomata. Thus, this contribution of
greater water use in biomass retention under high temperature may be brought about
by greater CO2 exchange and evaporative cooling. In some genotypes, biomass
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retention may be less or not related with the water use. In those genotypes, biomass
retention may be mainly associated with the efficiency of the photosynthetic process
and biomass accumulation or rate of respiration. Some genotypes may be more
efficient in photosynthesis and biomass accumulation with less sensitivity to heat,
despite the differences in water use. The effect of leaf cooling or (T air–Tleaf) on biomass
retention under high temperature also depended on the genotypes, where in some
genotypes, biomass retention was less or not related with (T air–Tleaf). That means,
biomass retention under high temperature may not necessarily be linked with water
use or its resulted effect of leaf cooling (Annex 3.2).
Other possible reasons why Tair–Tleaf was not directly related to biomass retention
under high temperature include:
(1) Environmental factors may confound the relationship between T air–Tleaf and Tr,
such as VPD, Tair, net radiation and boundary layer resistance (Smith et al.,
1986). For instance, Tair–Tleaf may not be constant and may increase with Tair. To
prevent differences in Tair confounding the results, Tleaf measurements in each
genotype should ideally be made at the same Tair.

(2) Biomass retention under high temperature may also relate to heat tolerance,
independent of Tair–Tleaf or Tr. The internal tolerance mechanisms of some
genotypes possibly enabled them to withstand heat, despite high Tleaf, without
reducing biomass. For instance, production of heat shock proteins that have a
protective role against heat stress can be induced in some genotypes when
they are exposed to temperatures around 32 °C in wheat (Hendershot et al.,
1992). In this study, Tair sometimes exceeded 35 °C and this suggests the
possibility of some genotypes acquiring heat tolerance. The reverse also can
happen, where some genotypes are more heat sensitive even with relatively
low Tleaf.

(3) Tair–Tleaf measured once or at different times during the experimental period
may not relate to biomass retention or water use during the whole period. The
ability to maintain greater Tair–Tleaf throughout plant’s growing cycle, regardless
of growth stage or changes in environmental conditions is more important
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(stability), which will be translated into biomass retention under warmer
conditions. This trait may be more prominent in some genotypes compared
with others.
3.4.2.

Water use through Tr and associated morpho-physiological and growth

characteristics as affected by temperature
Higher temperature (8–9 °C rise in average temperature) increased the average daily
rate of Tr by 38–71% depending on the batch. Such increases in daily rate of Tr is likely
to be driven by the associated higher VPD under high temperature conditions
(Table 3.2 and Fig. 3.1) (Sinclair et al., 1984) and changes in morpho-physiological
characteristics induced by high temperature and VPD. Interestingly, three genotypes
(Hartog, Kukri and Mace) with relatively low daily rate of Tr had no significant
difference in daily rate of Tr between the two temperature regimes. Those three
genotypes may have strict control of water use by either stomata or other hydraulic
properties.
In general, high temperature significantly influenced morpho-physiological and growth
characteristics such as stomatal density, the amount of leaf waxiness, green leaf area,
and shoot and root biomass, but the amount or direction of the changes varied
between genotypes.
Water escape to the atmosphere occurs through stomata and hence, the observed
increase in daily rate of Tr under high temperature may be related to changes in
stomatal density. Abaxial and adaxial stomatal density varied between genotype,
which were differently influenced by high temperature. Frank et al. (1973) previously
found a decrease in stomatal density in the flag leaf and an increase in the penultimate
leaf in wheat with increasing temperature, but there are no other reports for wheat.
However, stomatal density has been found to increase in a range of herbs and trees in
response to high temperature and VPD (Salisbury, 1928; Leuschner, 2002; Murphy et
al., 2014), but also decrease under high VPD in some species such as tomato, capsicum
and egg plants (Bakker, 1991). In this study, in Batch 01, the effect of high temperature
increased total stomatal density in three of the ten genotypes, while stomatal density
was similar under both temperature conditions in the other seven genotypes. In Batch
02, total stomatal density of all genotypes under high temperature conditions was
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11.3% higher than that of ambient conditions. This increase occurred either by greater
number of stomata on both sides of the leaves (Excalibur, Einkorn, Espada, Mace,
Gladius and Hartog) or only on the abaxial (Drysdale and Glossy-Huguenot) or adaxial
side (Magenta). Greater stomatal density has been correlated with greater g s in some
species of trees, shrubs and herbs (Woodward and Bazzaz, 1988), but no correlation
between stomatal density and gs was found in rice (Ohsumi et al. (2007). Similarly, the
results of the present study found no correlation between those two parameters. For
instance, increased total stomatal density in Hartog and Mace under high temperature
conditions compared with ambient conditions, did not translate into any difference in
daily rate of Tr between the two temperature regimes. This may be because it is not
only stomatal density that affects gs, but stomatal apertures also influence gs (Farquhar
and Sharkey, 1982).
High temperature tended to increase the level of wax expression in most, but not all
genotypes. Although the presence of wax has been suggested to reduce T r due to its
low permeability and blockage of stomata (Araus et al., 1991), no such differences in
daily rate of Tr were observed in this study. This may be due to other genotypic factors
confounding the influence of waxiness on daily rate of T r. Consequently, precise
identification of the effects of waxiness on daily rate of T r should involve iso-genic lines
that contrast in the presence and absence of waxiness (Richards et al., 1986).
However, chemical analyses are needed for the precise estimation of the level of wax
deposition.
Green leaf area significantly decreased under high temperature conditions, the extent
of which depended on genotype. There was a moderate positive correlation (r = 0.40–
0.57) between total water use through Tr and green leaf area (increased
transpirational area). It appeared that genotypes with higher water use may be able to
maintain leaf area probably through avoiding overheating and delaying senescence,
which would support higher biomass accumulation due to greater photosynthetic area.
This would finally be translated into greater yield.
In both batches, high temperature conditions reduced average shoot dry weight by
20%. However, shoot dry weight was positively correlated with total water use under
both temperature regimes reflecting the positive role of Tr in plant growth and
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biomass accumulation. High temperature conditions reduced root dry weight more
than shoot dry weight, which is likely to be associated with the reduced dry matter
partitioning to roots that occurs under high temperature (Wardlaw et al., 1980).
However, the smaller root biomasses managed to meet the increased evaporative
demand as indicated by 71% greater daily rate of Tr under high temperature
conditions. Root length was not measured in this study, so it is not known whether the
change in root biomass resulted in a smaller root system or thinner roots. However,
the greater daily rate or Tr indicates that the efficiency of water absorption and
delivery (hydraulic conductance) could have increased.
The effect of high temperature on specific leaf weight, an approximate measure of leaf
thickness, depended on genotype (interaction effect). In 13 of the 20 genotypes,
specific leaf weight increased (leaves thickened) under high temperature conditions,
while the other seven had similar or slightly lower specific leaf weights under high
temperature. Hotsonyame and Hunt (1998) also previously observed increased specific
leaf weight when Tair was greater than 20 °C. Thick leaves are believed to have higher
volume of vascular tissues (Garnier and Laurent, 1994), which may improve the axial K.
Thus, it was expected that genotypes with thick leaves would transpire more water.
However, thick leaves may have longer radial path through mesophyll that may limit
radial K. These counteracting effects may explain why total water use did not correlate
with specific leaf weight.
3.4.3.

The different responses between the two batches of genotypes as explained

by the differential adaptations to warm and dry conditions
The growing conditions prior to exposure to high temperature conditions differed
slightly between the two batches. Due to starting later in the season, the second batch
of plants were grown under relatively warmer and drier atmospheric conditions before
being exposed to T2 conditions. Consequently, the second batch of genotypes may
have developed some adaptive mechanisms to those warmer and drier atmospheric
conditions that resulted in less response to T2 compared with the first batch of
genotypes. For example, the difference in VPD between the two temperature
glasshouses for Batch 02 ranged from 1.2 to 2.2 kPa, whereas for Batch 01, VPD ranged
from 0.8 to 2.2 kPa. In comparison, the average increase in daily rate of Tr by Batch 02
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genotypes was only 38%, but in batch 01 genotypes, the average increase was 71%.
This was more clearly evident in the genotype Wyalkatchem, which was included in
both batches as a reference. In Batch 02, Wyalkatchem transpired at 56% higher rate
under warmer conditions compared with ambient conditions, which was much lower
compared with Batch 01 (79%).
Furthermore, the differential adaptations to warm and dry conditions in batch 01 and
batch 02 genotypes were evident in their differences in the strength of the relationship
between total water use and some growth attributes. For instance, the strength of the
relationship between total water use and green leaf area and also shoot dry weight
and total water use were much higher in Batch 02 genotypes compared with the Batch
01 genotypes.
3.4.4.

Genotypic variability in Tr response to VPD and its influence on variable

responses in Tleaf to Tair
The instantaneous measurements of rate of Tr varied with the naturally-fluctuating
VPD depending on genotype. Instantaneous rate of T r linearly increased with VPD in all
genotypes, but the magnitude of the increase in instantaneous rate of T r per unit
change in VPD (i.e. the slope) differed between genotypes. Such variability in the
instantaneous Tr response to VPD may be associated with differences in stomatal
regulation and/or the efficacy of water absorption and delivery of the vascular systemroots, shoot and leaves (hydraulic conductance).
Tleaf also increased in response to Tair in all genotypes. However, the rate of increase
(slope) differed among genotypes indicating the differences in their capacity to
regulate Tleaf under changing Tair conditions. When all 20 genotypes were considered
together, no significant correlation was observed between the instantaneous T r
response to VPD and the Tleaf response to Tair. However, the correlation between the
instantaneous Tr response to VPD and the Tleaf response to Tair became positive when a
few contrasting genotypes were excluded from the analysis. Those contrasting
responses may be linked with the differences in leaf physical attributes such as
waxiness, pubescence, leaf colour and leaf size, which influence the absorption of
radiant energy, reflectance and sensible heat loss (Ehleringer et al., 1976; Johnson et
al., 1983). For instance, high leaf waxiness in Espada (Australian Grain Technologies,
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2010a) may explain its moderate Tleaf response to Tair despite its low instantaneous Tr
response to VPD, due to greater reflectance associated with waxiness (Johnson et al.,
1983). It is also possible to have warmer leaves if they are dark green in colour
compared with pale green leaves (Ferguson et al., 1972), regardless of the Tr response
to VPD (e.g. Magenta). These findings suggested that transpirational cooling is not the
only mechanism contributing to heat avoidance under high temperature, but other
heat dissipation mechanisms such as those mentioned above contribute to heat
avoidance. Moreover, their relative contribution can vary depending on genotype.

3.5.

Conclusions

High temperature and VPD significantly influenced daily rate of T r, Tleaf and associated
morpho-physiological and growth characteristics. Positive correlation between shoot
dry weight and water use indicates the benefit of Tr in maintaining growth under warm
conditions. However, greater water use through Tr or its potential effect of leaf cooling
did not contribute equally to biomass retention under warm conditions in all
genotypes. Some genotypes may still be able to maintain growth and biomass, to a
certain extent, regardless of water use or leaf cooling through other mechanisms. Such
genotypes may be better adapted and perform well in situations where leaf cooling
through Tr is limited due to soil water deficit. Moreover, in such situations, genotypes
capable of reflecting the excessive radiation heat load (e.g. waxy or pubescent
genotypes) such as Gladius and Espada will be beneficial.
The root system of a plant plays a crucial role in supporting Tr through water
absorption. It appeared that under high temperature condition less dry matter was
allocated to roots, which had no significant effect on T r. Thus efficiency of the root
water absorption (greater hydraulic conductance) may have improved to support Tr.
However, under water-stress conditions, greater dry matter allocation to produce
extensive and deeper root systems would be beneficial to capture water in the deeper
layers of the soil.
In this chapter, plant responses to naturally-fluctuating environmental conditions were
assessed through long-term exposure to such environmental conditions under
partially-controlled conditions. Adaptation mechanisms to warmer conditions could
have occurred during that period so that the responses were moderate. It is therefore,
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important that a comprehensive examination of Tr and Tleaf responses to short-term
changes in environmental conditions is conducted under steady-state conditions in
more controlled conditions. This would help to identify possible causes for variable
responses in Tr to VPD and associated Tleaf regulations.
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CHAPTER FOUR

Chapter 4

4. Stomatal control of the transpiration responses to vapour
pressure deficit and leaf temperature in wheat
4.1.

Introduction

Global warming and climate change are predicted to increase the frequency and
intensity of extreme climate events leading to yield penalties (Padgham, 2009). Vapour
pressure deficit (VPD) or the “drying power of the air”, which is determined by relative
humidity and air temperature (Tair) also increase along with the rise in average global
temperature (Chapter 2, Fig. 2.1). In the field conditions, drought stress often occurs
simultaneously with heat stress (Silva et al., 2010). Hence, the understanding on how
wheat crop respond to above-and below-ground environmental fluxes (VPD, Tair and
soil water availability) in terms of their physiological processes, such as transpiration
(Tr), and the mechanisms underlying variable responses will be beneficial for preparing
for climate change. Tr is the evaporation of water from leaves to the surrounding
atmosphere through stomata (Idso and Baker, 1967). It is a complex biophysical
process influenced by physical environmental factors, such as water availability and
VPD, and anatomical and morpho-physiological attributes, such as stomatal
conductance (gs) and the water transport capacity of roots (Chapter 2, section 2.4).
As VPD increases, Tr generally increases (Sinclair et al., 1984; Sinclair, 2012; Gholipoor
et al., 2013). Genotypic variation in the Tr response to VPD has been found in peanut
(Devi et al., 2010), pearl millet (Kholová et al., 2010), soybean (Fletcher et al., 2007),
sorghum (Gholipoor et al., 2010), chickpea (Zaman-Allah et al., 2011) and wheat
(Rawson and Clarke, 1988; Schoppach and Sadok, 2012). In all of these crop species, Tr
response to VPD appears to fall into two categories: (1) T r increases in a simple linear
fashion with VPD and (2) Tr responds to VPD in two phases separated by a breakpoint
(BP) (called segmented or broken stick regression) where Tr responds little to VPD after
the BP. In two of eight wheat lines tested, Tr response to VPD followed the simple
linear pattern, whereas in the other six lines, there was a BP ranging from 2.4 to 3.9
kPa (Schoppach and Sadok, 2012). The slope of the Tr response to VPD was thought to
be a proxy for maximal gs although gs was not measured (Schoppach and Sadok, 2012).
Genotypic variation in Tr response to VPD was suggested to be due to differential
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hydraulic restrictions in root system (Schoppach et al., 2014). It has also been
suggested that these variations in Tr response to VPD is linked with leaf level hydraulic
limitations in soybean (Sinclair et al., 2008). However, stomata are expected to play an
important role in mediating Tr response to VPD being the major pathway for water
vapour escape via Tr.
There is little consensus on how stomata respond to changing atmospheric VPD
(Chapter 2, section 2.4.2.1). Stomatal conductance of wheat tends to gradually
decrease as soil water declines (Henson et al., 1989; Siddique et al., 1990; Elazab et al.,
2012). Xue et al. (2004) found a greater gs response to VPD under water-stressed
conditions compared with well-watered conditions in winter wheat while the opposite
was found in Pseudotsuga tnenzicsii (Mirb.) seedlings (Johnson and Ferrell, 1983). In
contrast, water status did not affect the gs response to VPD in Gmelina aroborea L.
seedlings (Osonubi and Davies, 1980) or Helianthus annuus L. (Turner et al., 1985).
These findings imply that genetic variation exists in stomatal sensitivity to VPD under
different soil water conditions.
In addition to being necessary for water uptake, the process of Tr dissipates heat
energy absorbed by the canopy and helps to maintain cooler canopies. Every gram of
water that escapes from the leaf through Tr carries 2.45 kJ of energy (at 20 °C), which is
called the “latent heat of vaporisation”. Therefore, Tr is generally considered an
important mode of temperature regulation in crops (Blum, 1988; Reynolds et al., 1994;
Amani et al., 1996). Restricted Tr at higher VPD might affect plant temperature
regulation and it is not known if this is related to genotypic variation in the ability to
maintain cooler leaf temperatures (Tleaf) with respect to increasing Tair. Do genotypes
with greater Tr response to VPD maintain lower Tleaf as Tair increases? In addition, does
the BP in the Tr response result in Tleaf increments that occur around the BP?
Although previous studies provide some insight into the genotypic variation in Tr
response to VPD, it is not known what mechanisms govern such variations. It is also
unknown what influence soil water content or genotypic differences in
morpho-physiological characteristics such as waxiness and stomatal density. would
have on Tr response to VPD. The aims of this study were to determine the genotypic
variation in the response of Tr and gs to VPD and their association with Tleaf regulation
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in wheat under two contrasting watering regimes. Previous study (Chapter 3)
identified some variability in instantaneous Tr response to VPD (leaf level) and leaf
cooling between genotypes by long-term exposure to high temperature and high VPD
conditions under partially-controlled conditions. Based on those contrasting
responses, eight genotypes were selected for this study and their Tr, gs and Tleaf were
measured under well-watered (WW) and water-stressed (WS) conditions under a
range of VPD levels. In contrast to the pervious study (Chapter 3), environmental
conditions were strictly controlled including light intensity and responses of T r (wholeplant level) to VPD were examined. A de-topped treatment was also used along with
the intact plants to distinguish the effect of shoot and root attributes on Tr in response
to VPD. We expected that: (1) wheat genotypes differ in their Tr and gs responses to
VPD and that the Tr response to VPD is primarily driven by gs, (2) water stress
decreases the Tr response to VPD, and (3) Tleaf response to Tair depends on Tr response
to VPD.

4.2.

Materials and methods

4.2.1.

Plant material and growing conditions

Eight wheat (Triticum aestivum L.) genotypes with contrasting instantaneous Tr
response to VPD and leaf cooling were selected based on the results of chapter 3 and
grown under controlled, steady-state conditions (Table 4.1) at The University of
Western Australia, Perth, Australia (31°98’ S, 115°82’ E). Because of the large number
and intense measurements, genotypes were planted in pairs and the planting was
staggered two weeks apart. Seeds were germinated and planted into the same soil/pot
conditions, as described in Chapter 3. Plants were grown in a walk-in growth chamber
(interior capacity 9 m3, Model BDW40, Conviron, Winnipeg, Manitoba, Canada) with
22/12 °C day/night temperature, 70% relative humidity (RH) and 12 h light that was
regulated diurnally as shown in Table 4.2. Lighting was provided through a
combination of metal halide and halogen lamps.
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Table 4.1. Wheat genotypes selected for this study from the previous study (Chapter 3). Those
eight genotypes were selected based on their contrasting responses of instantaneous rate of
transpiration to VPD and leaf temperature response to air temperature (Chapter 3, Table 3.9
and 3.10). Genotypes were grown in pairs under identical conditions due to the large number
of measurements to be conducted at the same time.

Pair Genotype
01
02
03
04

Longreach-Envoy
Excalibur
Drysdale
Espada
Gladius
Mace
Glennson 81
Sonora 64

Instantaneous transpiration
response to VPD*
High
High
Low
Low
Moderate
Moderate
High
Low

Leaf temperature response
to air temperature*
Low
Low
Moderate
Low
Moderate
Moderate
High
High

The pots were well-watered and maintained 100 g below PSWC throughout the initial
growing period by weighing daily to prevent anaerobic conditions. A liquid fertiliser
(N:P:K 19:8.4:15.8, Poly-Feed™, Haifa Chemicals, Haifa, Israel) was applied at a rate of
2 g per pot in 125 ml of water three weeks after planting.

Table 4.2. Diurnal light intensity in the growth chamber during plant growth.

Time of day
08:00–09:00
09:00–10:00
10:00–18:00
18:00–19:00
19:00–20:00
20:00–08:00

Photosynthetic photon flux density
(µmol m–2 s–1)
400
600
800
600
400
0
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4.2.2.
4.2.2.1.

Treatments
Watering treatment

Plants (seven weeks old) were organised in a two-factor complete randomized design
with four replicates per genotype x watering treatment combination. For WW
treatment, soil water content was maintained 100 g below PSWC and for the WS
treatment, water was withheld from four random plants per genotype two days before
the start of the VPD treatment, until the target soil water content of 50% PSWC was
achieved. Water used through Tr was replaced thereafter to maintain 50% PSWC
during the experiment. A 2.0-cm layer of white plastic beads was used to cover the soil
surface in each pot to prevent evaporation.
4.2.2.2.

De-topped treatment

Another four plants from each genotype were selected for a de-topped treatment. The
main stem in each plant was excised under water at the penultimate leaf node or the
node below that, leaving 2–3 leaves per cut main stem just before the start of the VPD
treatment. The cut end of each main stem was immediately inserted through a rubber
stopper and sealed with parafilm® into an aluminium foil-covered glass-bottle (250
ml) containing deionised water. A preliminary test identified that deionised water was
the best solution enabling stable Tr in de-topped shoots for the duration of the
experiment.
4.2.2.3.

VPD treatment

The day before the start of the VPD treatment, plants were transferred to another
walk-in growth chamber with the same environmental settings used during the
growing period. The de-topped shoots prepared for the VPD treatment were also
transferred to the same chamber on the day of VPD treatment.
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Leaf

Soft
foam

Plastic clamp (2x)

Thin aluminium stick

Fig. 4.1. Image showing the method used to fix leaves for temperature and porometer
readings in the horizontal plane. A thin aluminium stick was attached to the PVC pot and the
other end of the stick was connected to a plastic clamp. A piece of soft foam was stuck to
either side of the clamp to prevent damage to the leaf during clamping. The leaf was clamped
within 3 cm of the tip. The inset shows a closer view of the clamp.

Tr, gs and Tleaf measurements were made on two consecutive days and on each day,
plants were exposed to three VPD levels in gradual increments, starting from low to
high (Fig. 4.2). This method of low-to-high exposure was chosen rather than the
reverse (high to low VPD) because stomata may need time to recover (reopen) after
high VPD levels. Target VPD levels were achieved by regulating Tair and RH in the
growth chamber (Table 4.3). Tair was regulated by refrigerative cooling and electric
element heaters. Required humidity levels were maintained using spray-assisted
nozzles. Airflow was uniformly distributed downward. The photosynthetically active
radiation (PAR) inside the growth chamber was maintained at 800 µmol m–2 s–1 light
intensity during the measurement period.
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Fig. 4.2 shows the experimental procedure for the VPD treatments. After each new
target VPD level was programmed, the chamber needed 30 min to reach the target
VPD level and stabilise. The plants were then given another 30 min to acclimate before
starting the measurements. When the measurements were finished, the next VPD
level was programmed into the chamber and the procedure repeated.

Final weight
Leaf temperature
Stomatal conductance*
Start measurements
(Initial weight)

Day

Time (hrs)

1

07:00–10:30
10:31–14:00
14:01–17:30
07:00–10:30
10:31–14:00
14:01–17:30

2

Chamber set
to 0.8 kPa

VPD
level
(kPa)
0.8
1.3
2.1
2.9
3.7
4.5

VPD 0.8 kPa level

7:00 hr

7:30 hr

8:00 hr

9:00 hr

Exposure period to set VPD level

10:30 hr
Continue 1st set of measurements

Acclimation period for plants to stabilise transpiration
Stabilisation period for chamber to reach to target VPD
Same procedure was repeated for the next VPD levels 1.3, 2.1, 2.9, 3.7, and 4.5 kPa
After 17:30 of day 1, VPD was gradually decreased to 0.4kPa and maintained until 04:00
next day. Thereafter, VPD was gradually increased to 2.9 kPa until 07:00.
*Stomatal conductance measurements were made starting from 1.3 kPa
Fig. 4.2. Schematic diagram of the experimental procedure adopted during the experiment to
achieve different vapour pressure deficit (VPD) levels and the timing of measurements. A full
description is provided in the text.

VPD at each observation was also measured using corresponding Tair and RH data
recorded by a data logger (WatchDog Micro Stations, Model 1250, Spectrum
Technologies, Inc., Aurora, IL) positioned just above the canopy. VPD was calculated as
described previously in Chapter 3.
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Table 4.3. Temperature and relative humidity (RH) conditions programmed in the growth
chamber to achieve the targeted vapour pressure deficit (VPD) treatments.
Day

Growth chamber conditions
Temperature (°C)

RH (%)

22
26
31
31
34
38

69
61
53
35
30
32

1

2

4.2.3.

Target VPD
(kPa)
0.8
1.3
2.1
2.9
3.7
4.5

Measurements

The most recent fully-expanded leaf on the main stem was selected for Tleaf and gs
measurements. The day before VPD treatments began, the selected leaves were fixed
in the horizontal plane using a specially-designed clamp (Fig. 4.1) to prevent the leaf
angle from influencing Tleaf due to different amounts of incident radiation reaching the
leaves.
Once the plants had acclimatised to set VPD level, initial weight of the pot was
measured on an electronic balance (Model PGL 6001, Adam Equipment Company,
USA) with 0.1 g resolution. The initial weight of the glass bottle with de-topped plant
was measured by an electronic balance (Model Sartorius TE 612, Data Weighing
Systems, Inc. IL) with 0.01 g resolution. After exposing the plants to the set VPD level
for 60 minutes, plants were reweighed and water added to replace the transpired
water. The whole plant/shoot transpiration rate (Tr, mg H2O m–2 s–1) was calculated by
dividing the difference in final and initial weights by the duration of exposure to the
given VPD level and normalised by total leaf area of the given plant/shoot. Tleaf and gs
on abaxial and adaxial surfaces were recorded on the clamped leaves using a handheld infrared thermometer (Impac Model IN 15 plus, LumaSense Technologies, Santa
Clara, CA, USA) and a porometer (AP4, Delta-T Devices, Cambridge, UK; ± 0.2
precision), respectively. The infrared thermometer was held perpendicular to and 10
cm from the middle portion of the leaf surface during each measurement. Tair
surrounding the leaf was measured using a digital thermometer probe (Dick Smith
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Electronics Ltd., New South Wales, Australia). The thermometer probe was shaded
with an aluminium sheet to prevent radiant heating from the growth cabinet’s lights.
After the final measurement on the second day, shoots were cut at the soil surface and
leaves separated from stems and kept in zip–lock bags on ice. Green leaf area was
measured with a portable leaf area meter (Model LI 3000, Li‐COR Inc., Lincoln, NE,
USA). The leaves used to measure gs and Tleaf were kept separately in zip–lock bags on
ice and used to analyse abaxial and adaxial stomatal density. The number of stomata
were counted with ImageJ 1.47v (National Institute of Health, Bethesda, USA) from
images taken using a digital camera (Pro-MicroScan Model DCM 310, Oplenic
Optronics Co.,Ltd, Hangzhou, China) mounted on a dissecting microscope (Zeiss
SteREO Discovery.V8, Carl Zeiss MicroImaging GmbH, Gottingen, Germany). Roots
were carefully washed, and stems, leaves and roots were oven dried separately at
60 °C for 48-72 h and dry weights recorded.
4.2.4.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 6 (GraphPad Software Inc.,
San Diego, CA) and R software version 2.15.2 (R Core Team, 2012). Tr and gs were
regressed against VPD. For each data set, both models, two-segmented and single
linear regression were fitted and compared using the model-fitting procedure in
GraphPad Prism. The model with the best-fit was selected based on the extra sum of
squares F test. The following model was used in the two-segmented linear regressions:
𝑌1 = 𝑠𝑙𝑜𝑝𝑒1 (𝑋) + 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡1
𝑌𝑎𝑡 𝑋0 = 𝑠𝑙𝑜𝑝𝑒1 (𝑋0 ) + 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡1
𝑌2 = 𝑌𝑎𝑡 𝑋0 + 𝑠𝑙𝑜𝑝𝑒2 (𝑋 − 𝑋0 )
𝑌 = 𝐼𝐹(𝑋 < 𝑋0 , 𝑌1, 𝑌2)

where intercept1 is the Y value where the first line segment intersects the Y axis,
slope1 is the slope of the first line segment, X0 is the X value where the two line
segments intersect (BP break point ), Y at X0 is the Y value at the BP and slope2 is the
slope of the second line segment.
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Correlation between Tr, gs and VPD was studied to determine the role of gs in the
observed variation in Tr response to VPD. The genotypes were grouped into two
categories, simple linear response and segmented linear response of T r to VPD.
Unbalanced ANOVA was done separately for those two categories considering T r as the
response variate, VPD level as the treatment and gs as the covariate. As ANOVA
partitions the total variation in observed data (T r) into various components (gs and VPD
level) (Neter et al., 1996), mean square (estimate of variability) values were used to
identify the main driver for the Tr response to VPD.
Tleaf was plotted against Tair and the slopes and intercepts of the regressions were
compared at the 5% level of significance to determine any significant differences
between treatment combinations.
ANOVA for shoot and root dry weight, green leaf area, shoot:root ratio and stomatal
density was performed with the means separated by least significant difference (LSD)
using the R package agricolae (de Mendiburu, 2010).

4.3.

Results

4.3.1.

Genotypic variation in the response of Tr to atmospheric VPD

4.3.1.1.

Intact plants

Tr generally increased with VPD with the best-fit regression model for the Tr responses
to VPD depending on genotype and watering treatment (Fig. 4.3, Table 4.4). The
regressions were significant for all genotypes and treatments except for Glennson 81
and Sonora under WS conditions, where the slopes did not significantly deviate from
zero (Table 4.4).
Under WW conditions, Tr of Gladius and Mace increased linearly with VPD at the same
rate of 12.2 mg H2O m–2 s–1 kPa–1 (P = 0.215, Fig. 4.3A–B). However, their intercepts
were significantly different (P < 0.0001), with Gladius constantly transpiring about
4 mg m–2 s–1 more than Mace regardless of VPD. Water stress reduced Tr and the
response of Tr to VPD in both genotypes (Fig. 4.3A–B), with a greater reduction in
Mace than Gladius (P = 0.0056).
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Tr response to VPD under WW conditions in Excalibur, LongReach-Envoy, Drysdale,
Espada, Glennson 81 and Sonora 64 was represented by a segmented linear regression
where Tr increased with VPD in two phases separated by a breakpoint (BP) (Fig. 4.3C–
H). Tr increased with VPD more rapidly in the first phase of the regression than the
second phase (Table 4.4). The slope of segment 1 (corresponding to the regression line
below BP) depended on genotype (P = 0.009), with a two-fold difference between the
lowest (Glennson 81) and highest (Drysdale) rates. The slope of segment 2
(corresponding to the regression line above BP) also depended on genotype, diverging
from a positive slope in Excalibur, LongReach-Envoy, Drysdale and Espada, to a
negative slope in Sonora 64 and Glennson 81 (Table 4.4). The BP values varied among
those six genotypes (P = 0.05), ranging from 2.1 kPa in Excalibur to 3.4 kPa in Glennson
81 and Sonora 64.
WS reduced Tr in response to VPD in Drysdale and Espada, reducing the slopes of the
first and second phases of the segmented regressions and increasing the BP (Table 4.4,
Fig. 3E–F). Tr response to VPD under WS condition was also reduced in Excalibur and
LongReach-Envoy, but the regressions that best fit the responses changed from
segmented to simple linear, i.e. there was no BP (Fig. 4.3C–D). The regression of
Sonora 64 and Glennson 81 also changed to simple linear under conditions of water
deficit (Fig. 4.3G–H), but the slopes of the regression line did not significantly deviate
from zero, i.e. Tr was constant regardless of VPD, with average of 15 mg m–2 s–1 in
Glennson 81 and 20 mg m–2 s–1 in Sonora 64 (Table 4.4).
4.3.1.2.

De-topped shoots

Tr response to VPD in de-topped shoots was different to that in intact plants. Tr
increased as VPD increased in almost all genotypes until reaching their respective BP
but beyond the BPs, transpiration rates decreased (Fig. 4.3A–H). In LongReach-Envoy,
Tr continually declined with increasing VPD without a BP. BP values ranged from 2.1
kPa in Excalibur to 3.0 kPa in Drysdale (Table 4.4). Overall, Tr was higher in de-topped
shoots than in intact plants in all genotypes except LongReach-Envoy (Fig. 4.3 and
Table 4.4). The difference in BP of de-topped shoots was not statistically significant (P
> 0.05) compared with the corresponding intact WW plants except for Glennson 81,
where de-topped shoots had a lower BP than the intact WW plants. Overall, Slope1
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was greater (P < 0.05) in de-topped shoots than in their intact WW plants except for
Espada (P = 0.239).
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Fig. 4.3. The relationship between rate of transpiration (Tr) and atmospheric vapour pressure
deficit (VPD) in eight wheat genotypes in intact plants under two watering regimes, wellwatered (WW) and water-stressed (WS), and de-topped shoots in deionised water. Each data
point represents an individual plant/shoot (replicate). Solid (WW and WS) and dashed (detopped) lines are the best-fit regressions based on an extra sum of squares F test. The
regression parameters for each genotype are given in Table 4.4.
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Table 4.4. Parameters of the best-fit regression models for the relationship between the rate
of transpiration (Tr) and atmospheric vapour pressure deficit (VPD) for eight wheat genotypes;
well-watered (WW), water-stressed (WS), and de-topped shoots in deionised water. Data are
means ± SEM for the best fit values and goodness of fit of regressions. The best-fit model was
selected based on an extra sum of squares F test.
Treatment

Well-watered
Gladius
Mace
Excalibur
LongReach-Envoy
Drysdale
Espada
Glennson 81
Sonora 64
Water-stressed
Gladius
Mace
Excalibur
LongReach-Envoy
Drysdale
Espada
Glennson 81
Sonora 64
De-topped
Gladius
Mace
Excalibur)
LongReach-Envoy
Drysdale
Espada
Glennson 81
Sonora 64

Best- fit Slope 1a or Slope 2b
model Slopea(linear) (mg H2O m–2
(mg H2O
s–1 kPa–1)
m–2 s–1
kPa–1)

T rinterceptc
(mg H2O
m–2 s–1)

Break
R2
d
point Xo
(kPa)

P

Linear
Linear
Seg
Seg
Seg
Seg
Seg
Seg

13.4 ± 1.7
10.9 ± 0.9
27.0 ± 2.5
19.5 ± 2.2
31.2 ± 3.8
23.7 ± 3.0
15.9 ± 1.5
21.7 ± 2.0

NA
NA
7.2 ± 3.1
5.7 ± 2.8
2.6 ± 3.1
7.7 ± 2.3
-2.2 ± 3.5
-2.9 ± 13.8

22.2 ± 5.1
18.0 ± 2.8
10.5 ± 3.5
7.9 ± 3.1
3.9 ± 6.1
3.3 ± 4.7
14.2 ± 3.0
13.1 ± 4.2

NA
NA
2.1 ± 0.2
2.2 ± 0.3
2.6 ± 0.2
2.6 ± 0.3
3.4 ± 0.2
3.4 ± 0.7

0.73
0.86
0.94
0.92
0.92
0.94
0.91
0.90

0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001

Linear
Linear
Linear
Linear
Seg
Seg
Linear
Linear

3.5 ± 0.6
1.2 ± 0.5
5.5 ± 0.7
2.4 ± 0.7
10.8 ± 1.2
6.5 ± 1.1
1.1 ± 0.6
1.2 ± 0.6

NA
NA
NA
NA
-2.4 ± 2.1
-1.3 ± 1.8
NA
NA

12.7 ± 1.7
11.1 ± 1.5
17.4 ± 1.5
12.6 ± 1.7
2.2 ± 2.3
2.4 ± 2.0
15.1 ± 1.6
20.4 ± 1.6

NA
NA
NA
NA
2.9 ± 0.2
3.1 ± 0.3
NA
NA

0.63
0.21
0.80
0.33
0.87
0.79
0.17
0.16

0.0001
0.024
0.0001
0.003
0.0001
0.0001
0.058*
0.057*

Seg
Seg
Seg
Linear
Seg
Seg
Seg
Seg

47.8 ± 14.8
48.4 ± 18.5
69.2 ± 16.4
-6.5 ± 2.2
67.5 ± 4.8
42.5 ± 6.2
46.7 ± 5.1
51.2 ± 10.8

-18.7 ± 14.4
-14.1 ± 17.8
-40.8 ± 19.6
NA
-76.9 ± 8.6
-46.1 ± 11.2
-32.8 ± 4.1
-57.9 ± 8.7

26.3 ± 27.8
22.5 ± 34.8
18.6 ± 23.3
49.4 ± 4.9
6.2 ± 9.1
25.3 ± 11.8
27.1 ± 8.1
44.3 ± 16.9

2.7 ± 0.4
2.7 ± 0.5
2.1 ± 0.3
NA
3.0 ± 0.1
2.9 ± 0.1
2.4 ± 0.1
2.5 ± 0.2

0.43
0.43
0.52
0.36
0.95
0.78
0.88
0.77

0.001
0.001
0.0001
0.009
0.0001
0.0001
0.0001
0.0001

Seg - Segmented linear regression
*Slope did not significantly deviate from zero (P > 0.05)
a
Slope of the first line segment of the segmented regression or the slope of the simple linear
response, respectively
b
Slope of the second line segment of the segmented regression
c
Tr value where the first line segment intersects the Y axis in segmented regression or Trintercept of the simple linear regression
d
VPD value where the first and second line segments intersect
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4.3.2.

Genotypic differences in gs in response to atmospheric VPD

4.3.2.1.

Intact plants

The response of gs to VPD varied among genotypes and between the two watering
regimes (Fig. 4.4A–H). Under the WW treatment, there was no significant linear
relationship between gs and VPD for Gladius and Mace (Gladius, P = 0.587; Mace,
P = 0.195). There was a negative linear relationship between gs and VPD in Excalibur,
LongReach-Envoy, Drysdale and Espada under WW conditions (Table 4.5). The rate of
the reduction in gs due to VPD did not significantly differ between these genotypes
(P = 0.171, mean slope = –0.16 mol m–2 s–1), but the regression intercepts significantly
differed (P < 0.0001). In contrast, the gs response to VPD in WW Glennson 81 and
Sonora 64 exhibited segmented linear regression with a similar VPD breakpoint at 2.4
kPa. gs declined with increasing VPD at a faster rate in Sonora 64 compared with
Glennson 81 (P < 0.05) and, after the BP, gs continued to decline but at a slower rate in
Sonora 64 but remained relatively constant in Glennson 81.
WS reduced gs in all genotypes (Fig. 4.4A–H) with the magnitude of the reduction
depending

on

genotype.

Some

genotypes

(Gladius,

Mace,

Excalibur

and

LongReach-Envoy) had a negative linear relationship between gs and VPD with the
slope ranging from –0.03 mol m–2 s–1 kPa–1 in Gladius to –0.07 mol m–2 s–1 kPa–1 in
LongReach-Envoy. Under WS treatment, gs in Drysdale and Espada was constant
regardless of VPD (P = 0.437 and 0.059, respectively). Regression of Glennson 81
changed from segmented to an average gs of 0.21 mol m–2 s–1 regardless of VPD
(deviation from zero non-significant P = 0.512). Segmented linear regression was still
the best fit for the gs response to VPD under WS conditions in Sonora 64. However, gs
declined at a faster rate at higher VPD than lower VPD levels (slope2 > slope1).
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Fig. 4.4. The relationship between total (abaxial and adaxial combined) stomatal conductance
(gs) and atmospheric vapour pressure deficit (VPD) in eight wheat genotypes in intact plants
under two watering regimes, well-watered (WW) and water-stressed (WS), and de-topped
shoots in deionised water. Each data point represents an individual plant/shoot (replicate).
Solid (WW and WS) and dashed (de-topped) lines are the best-fit regressions based on an extra
sum of squares F test. The regression parameters for each genotype are given in Table 4.5
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Table 4.5. Parameters of the regression models for the relationship between stomatal
conductance (gs) and atmospheric vapour pressure deficit (VPD) for eight wheat genotypes;
well-watered (WW), water-stressed (WS), and de-topped shoots in deionised water. Data are
means ± SEM for the best-fit values and goodness of fit of regressions. The best-fit model was
selected based on an extra sum of squares F test.
Treatment

Well-watered
Gladius
Mace
Excalibur
LongReach-Envoy
Drysdale
Espada
Glennson 81
Sonora 64
Water-stressed
Gladius
Mace
Excalibur
LongReach-Envoy
Drysdale
Espada
Glennson 81
Sonora 64
De-topped
Gladius
Mace
Excalibur
LongReach-Envoy
Drysdale
Espada
Glennson 81
Sonora 64

Best- Slope 1a or
fit
Slopea(linear)
model (mol m–2
s–1 kPa–1)

Slope 2b
(mol m–2
s–1 kPa–1)

g sinterceptc
(mol m–2
s–1)

Break
pointd
Xo (kPa)

R2

P

Linear
Linear
Linear
Linear
Linear
Linear
Seg
Seg

0.03 ± 0.06
-0.07 ± 0.05
-0.15 ± 0.04
-0.18 ± 0.02
-0.20 ± 0.03
-0.10 ± 0.03
-0.26 ± 0.09
-0.44 ± 0.14

NA
NA
NA
NA
NA
NA
0.01 ± 0.05
-0.08 ± 0.07

0.73 ± 0.18
0.90 ± 0.17
1.32 ± 0.09
1.15 ± 0.05
1.33 ± 0.09
1.13 ± 0.09
1.43 ± 0.17
1.69 ± 0.28

NA
NA
NA
NA
NA
NA
2.4 ± 0.4
2.4 ± 0.4

0.02
0.10
0.47
0.82
0.71
0.39
0.47
0.60

0.587*
0.195*
0.0008
< 0.0001
< 0.0001
0.0032
0.0016
0.0003

Linear
Linear
Linear
Linear
Linear
Linear
Linear
Seg

-0.03 ± 0.01
-0.05 ± 0.01
-0.06 ± 0.02
-0.07 ± 0.01
0.01 ± 0.01
0.03 ± 0.01
-0.01 ± 0.01
0.00 ± 0.01

NA
NA
NA
NA
NA
NA
NA
-0.07 ± 0.02

0.32 ± 0.04
0.32 ± 0.03
0.55 ± 0.05
0.35 ± 0.03
0.16 ± 0.03
0.14 ± 0.04
0.21 ± 0.03
0.14 ± 0.03

NA
NA
NA
NA
NA
NA
NA
3.0 ± 0.4

0.37
0.66
0.43
0.69
0.03
0.22
0.02
0.70

0.0061
< 0.0001
0.0079
< 0.0001
0.437*
0.059*
0.512*
< 0.0001

Linear
Linear
Linear
Linear
Seg
Seg
Linear
Linear

-0.37 ± 0.06
-0.32 ± 0.06
-0.36 ± 0.05
-0.04 ± 0.03
-0.02 ± 0.11
-0.08 ± 0.10
-0.46 ± 0.07
-0.36 ± 0.05

NA
NA
NA
NA
-0.56 ± 0.08
-0.39 ± 0.07
NA
NA

1.94 ± 0.21
1.76 ± 0.19
1.47 ± 0.12
0.23 ± 0.07
0.98 ± 0.21
1.02 ± 0.20
2.14 ± 0.21
1.49 ± 0.15

NA
NA
NA
NA
2.7 ± 0.2
2.7 ± 0.4
NA
NA

0.64
0.69
0.74
0.12
0.84
0.78
0.76
0.74

< 0.0001
0.0001
< 0.0001
0.207*
< 0.0001
< 0.0001
< 0.0001
< 0.0001

Seg - Segmented linear regression
*Slope did not significantly deviate from zero (P > 0.05)
a
Slope of the first line segment of the segmented regression or the slope of the simple linear
response, respectively
b
Slope of the second line segment of the segmented regression
c
gs value where the first line segment intersects the Y axis in segmented regression or gsintercept of the simple linear regression
d
VPD value where the two line segments intersect
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In all genotypes, gs on the adaxial leaf surface was always greater than the abaxial side
(Table 4.6 and Annex 4.1). Under WW conditions, both adaxial and abaxial g s were
unresponsive to VPD in Gladius and Mace. In contrast, adaxial and abaxial gs reduced
at similar rates in Excalibur (P = 0.966) and LongReach-Envoy (P = 0.905), whereas
adaxial gs decreased more than abaxial gs in response to VPD in Drysdale (P < 0.0001)
and only adaxial gs responded to VPD in Espada, Glennson 81 and Sonora 64.
WS reduced gs in all genotypes, especially on the abaxial leaf surface where the levels
were close to zero in most genotypes (Annex 4.1). gs of the adaxial surface was
unresponsive to VPD in Drysdale, Espada and Glennson 81 while it decreased with VPD
in LongReach-Envoy, Mace, Gladius and Sonora 64. Adaxial gs of Excalibur also
decreased with VPD under WS conditions, but only after a BP (2 kPa).
Stomatal sensitivity to VPD was examined by plotting the magnitude of the gs response
to ln(VPD) (absolute slope) against gs at a reference VPD of 1 kPa (Oren et al., 1999),
for the group of genotypes with simple linear gs (VPD) response. Genotypes with
greater gs at low VPD were more sensitive to VPD and exhibited greater decline in gs as
VPD increased (Annex 4.2).
4.3.2.2.

De-topped shoots

Stomatal conductance (gs) declined with increasing VPD in de-topped shoots of all
genotypes except LongReach-Envoy (Fig. 4.4A–H), with simple linear regression best
fitting the data in five genotypes (Gladius, Mace, Excalibur, Glennson 81 and Sonora
64) and segmented linear regression best fitting the data in two genotypes (Drysdale
and Espada) (Table 4.5). In contrast, gs did not change significantly with VPD in
LongReach-Envoy (P = 0.207). The rate of the decline in gs with VPD in the linear
regressions (slope) did not differ significantly between genotypes (P = 0.634). In the
segmented linear regressions, both genotypes had the same BP (2.7 kPa), but in the
first phase, gs declined quicker with VPD in Espada and the second phase declined
quicker in Drysdale.
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Table 4.6. Parameters of the regression models for the relationship between abaxial and adaxial stomatal conductance (gs) and atmospheric vapour pressure deficit
(VPD) for eight wheat genotypes under well-watered (WW) and water-stressed (WS) conditions. Data are means ± SEM for the best fit values of the regressions. The
best fit model was selected based on an extra sum of squares F test.
Treatment
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Well-watered
Gladius
Mace
Excalibur
Longreach-Envoy
Drysdale
Espada
Glennson 81
Sonora 64
Water-stressed
Gladius
Mace
Excalibur
Longreach-Envoy
Drysdale
Espada
Glennson 81
Sonora 64

Model

gs (Abaxial)
Slope 1a or Slopea(linear)
(mmol m–2 s–1 kPa–1)

Linear (NS)
Linear (NS)
Linear
Linear
Linear
Linear (NS)
Linear (NS)
Linear (NS)

-0.1 ± 22.9
4.7 ± 22.9
-77.3 ± 19.3
-91.5 ± 16.7
-23.9 ± 10.7
-19.4 ± 25.0
1.7 ± 11.2
-0.3 ± 8.9

Segmented
Linear
Linear (NS)
Linear
Linear
Linear
Linear
Linear

13.3 ± 3.9
9.5 ± 3.4
-7.7 ± 12.5
9.6 ± 1.2
7.3 ± 1.7
6.6 ± 1.23
8.1 ± 2.7
3.1 ± 0.7

Slope 2b
(mmol m–2 s–1 kPa–1)

-12.1 ± 29.2

Model

gs (Adaxial)
Slope 1a or Slopea(linear)
(mmol m–2 s–1 kPa–1)

Linear (NS)
Linear (NS)
Linear
Linear
Linear
Linear
Segmented
Segmented

33.6 ± 46.2
-79.1 ± 39.4
-76.0 ± 21.5
-87.9 ± 25.7
-177.3 ± 30.6
-84.0 ± 25.9
-270.1 ± 67.5
-421.6 ± 117.6

Linear
Linear
Segmented
Linear
Linear (NS)
Linear (NS)
Linear (NS)
Linear

-38.6 ± 11.1
-55.3 ± 8.3
9.4 ± 31.4
-81.5 ± 11.4
1.0 ± 10.1
22.9 ± 13.9
-15.9 ± 12.1
-34.4 ± 6.8

NS
Slope did not significantly deviate from zero (P > 0.05)
a
Slope of the first line segment of the segmented regression or the slope of the simple linear response, respectively
b
Slope of the second line segment of the segmented regression

Slope 2b
(mmol m–2 s–1 kPa–1)

70.4 ± 81.9
-70.2 ± 59.9

-78.9 ± 16.6
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4.3.3.

Relationship between Tr, gs and VPD

Under WW conditions, Tr was negatively correlated with gs in genotypes with
segmented linear Tr to VPD response, but no significant correlation was found in
genotypes with simple linear Tr to VPD response (Table 4.7). Under WS conditions, all
the genotypes with linear Tr to VPD response except LongReach-Envoy had no
correlation between Tr and gs, but Tr of LongReach-Envoy (WS) was negatively
correlated with gs (Table 6). In contrast, Tr was positively correlated with gs under WS
conditions in genotypes with segmented linear Tr to VPD response (Drysdale and
Espada). De-topped shoots of some genotypes (Gladius, LongReach-Envoy, Glennson
81 and Sonora 64) showed positive correlation between T r and gs while others (Mace,
Excalibur, Drysdale and Espada) showed no significant correlation (Table 4.7).

Table 4.7. Correlation between rate of transpiration and stomatal conductance of eight wheat
genotypes under well-watered (WW) and water-stressed (WS) conditions, and de-topped
shoots in deionised water.
Genotype
Gladius
Mace
Excalibur
LongReachEnvoy
Drysdale
Espada
Glennson 81
Sonora 64

Well-watered
Correlation*
NS
NS
Negative (0.51)
Negative (0.79)

P
0.242
0.481
0.022
0.000

Water-stressed
Correlation*
NS
NS
NS
Negative (0.67)

P
0.104
0.167
0.073
0.002

De-topped
Correlation*
Positive (0.48)
NS
NS
Positive (0.59)

P
0.030
0.211
0.105
0.020

Negative (0.77)
Negative (0.69)
Negative (0.52)
Negative (0.59)

0.000
0.001
0.023
0.008

Positive (0.55)
Positive (0.74)
NS
NS

0.013
0.001
0.376
0.165

NS
NS
Positive (0.78)
Positive (0.57)

0.409
0.062
0.000
0.009

*The values in parentheses indicate the Pearson correlation coefficient (r)
NS Not significant (P > 0.05)

Genotypes were then categorized into two groups based on their Tr response to VPD,
linear and segmented, and unbalanced ANOVA was applied to determine the
relationship between Tr as affected by gs and VPD level. Under WW conditions, Tr was
only influenced by VPD but not by gs in genotypes grouped under simple linear Tr
response to VPD (Table 4.8). Both gs and VPD influenced Tr in the segmented linear
response group, with gs having the greater influence (greater mean square value)
(Table 4.8).
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In contrast, both gs and VPD significantly affected the Tr response to VPD in both
genotype groups under WS conditions, but VPD level had the greater influence on T r. Tr
of de-topped shoots was also influenced by both gs and VPD, with gs having the greater
influence in both genotype groups.

Table 4.8. Results of the unbalanced ANOVA for rate of transpiration (Tr) of two groups of
transpiration responses to vapour pressure deficit (VPD), simple linear and segmented linear
recorded by eight wheat genotypes under well-watered (WW) and water-stressed (WS)
conditions, and de-topped shoots in deionised water (response variate, rate of Tr; treatment,
VPD level; covariate, stomatal conductance (gs)).
Response group
(Tr response to VPD)
WW,
Simple linear

WW,
Segmented linear

WS,
Simple linear

WS,
Segmented linear

De-topped,
Simple linear

De-topped,
Segmented linear

4.3.4.
4.3.4.1.

Change
gs
VPD level
Residual
Total
gs
VPD level
Residual
Total
gs
VPD level
Residual
Total
gs
VPD level
Residual
Total
gs
VPD level
Residual
Total
gs
VPD level
Residual
Total

Degrees of
freedom
1
4
31
36
1
4
110
115
1
4
65
70
1
4
31
36
1
4
9
14
1
4
124
129

Sum of
squares
345.5
4764.35
3099.1
8208.9
9398.2
13566.6
15293.9
38258.8
325.5
1917.5
1512.6
3755.6
159.2
1048.9
967.9
2176.0
645.8
794.7
408.3
1848.7
41969.1
66709.7
110955.9
219634.7

Mean
square
345.5
1191.1
99.9
228.0
9398.2
3391.7
139.0
332.7
325.5
479.4
23.3
53.6
159.2
262.2
31.2
60.4
645.8
198.7
45.4
132.0
41969.1
16677.4
894.8
1702.6

F pr.
0.073
<0.001

<0.001
<0.001

<0.001
<0.001

0.031
<0.001

0.004
0.031

<0.001
<0.001

Tleaf response to Tair
Intact plants

All genotypes maintained lower Tleaf compared with Tair under both watering regimes
over the range of Tair measured (Fig. 4.5). Tleaf increased linearly with Tair, but the
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slopes of the regression differed among genotypes and between watering regimes
(P < 0.0001) (Table 4.9).
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Fig. 4.5. Changes in leaf temperature (Tleaf) with air temperature (Tair) in eight wheat
genotypes under two watering regimes, well-watered (WW) and water-stressed (WS), and detopped shoots in deionised water. The dotted line in each sub-figure represents the 1:1
scenario, i.e. Tleaf = Tair. Each data point represents an individual plant/shoot (replicate). Solid
(WW and WS) and dashed (de-topped) lines are the best fit regressions (see Table 4.9 for
parameters).
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Table 4.9. Linear regression parameters for the relationship between leaf temperature (Tleaf)
and air temperature (Tair) for eight wheat genotypes under well-watered (WW) and waterstressed (WS) conditions, and de-topped shoots in deionised water. Data are means ± SEM for
the best-fit values and goodness of fit of regressions.
Treatment

Well-watered
Gladius
Mace
Excalibur
LongReach-Envoy
Drysdale
Espada
Glennson 81
Sonora 64
Water-stressed
Gladius
Mace
Excalibur
LongReach-Envoy
Drysdale
Espada
Glennson 81
Sonora 64
De-topped
Gladius
Mace
Excalibur
LongReach-Envoy
Drysdale
Espada
Glennson 81
Sonora 64

Slope
(°C °C–1)

TleafIntercept
(°C)

R2

0.69 ± 0.04
0.74 ± 0.05
0.68 ± 0.02
0.71 ± 0.02
0.74 ± 0.02
0.70 ± 0.02
0.73 ± 0.03
0.79 ± 0.02

5.20 ± 1.19
3.72 ± 1.53
6.49 ± 0.75
5.65 ± 0.55
4.32 ± 0.81
4.83 ± 0.71
4.45 ± 0.92
3.13 ± 0.72

0.94
0.92
0.97
0.98
0.97
0.98
0.97
0.98

< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001

0.91 ± 0.03
0.89 ± 0.03
0.81 ± 0.02
0.92 ± 0.02
0.88 ± 0.02
0.81 ± 0.02
0.94 ± 0.02
1.02 ± 0.02

1.05 ± 0.97
1.49 ± 0.96
3.42 ± 0.77
1.01 ± 0.60
2.31 ± 0.66
4.01 ± 0.77
0.00 ± 0.65
-1.55 ± 0.67

0.98
0.98
0.99
0.99
0.99
0.98
0.99
0.99

< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001

0.97 ± 0.05
1.00 ± 0.05
1.03 ± 0.05
1.08 ± 0.05
0.90 ± 0.06
0.85 ± 0.05
0.98 ± 0.06
1.07 ± 0.06

-2.40 ± 1.71
-2.40 ± 1.59
-3.00 ± 1.64
-3.25 ± 1.52
-0.46 ± 2.05
1.13 ± 1.76
-2.65 ± 1.87
-4.34 ± 2.05

0.94
0.95
0.95
0.97
0.90
0.92
0.93
0.93

< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001

P

Under WW conditions, the difference between Tair and Tleaf increased with increasing
Tair with the Tleaf vs Tair slopes ranging from 0.68 °C °C–1 in Excalibur to 0.79 °C °C–1 in
Sonora 64. Water stress increased the slopes and decreased the intercepts, bringing
Tleaf closer to Tair. The lowest and highest slopes under WS conditions were Excalibur
(0.81 °C °C–1) and Sonora 64 (1.02 °C °C–1), respectively (Table 4.9).
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4.3.4.2.

De-topped shoots

Tleaf increased linearly with Tair at similar rates in de-topped shoots of all genotypes
(P = 0.069) (Fig. 4.5 and Table 4.9), but the intercepts were significantly different
(P < 0.0001), meaning that some de-topped shoots of genotypes, LongReach-Envoy
and Sonora 64 were always warmer than others regardless of Tair.
4.3.5.

Stomatal density and other growth attributes

Significant genotypic variation was observed in abaxial, adaxial and total stomatal
densities, but stomatal density was not affected by watering regime (Table 4.10).
Abaxial stomatal density was generally lower than that on the adaxial leaf surface
except in Mace and LongReach-Envoy. Total stomatal density (adaxial and abaxial
stomatal densities combined) ranged from 107 mm–2 in Mace to 132 mm–2 in
Excalibur.
Significant genotypic variation was observed in shoot (P < 0.001) and root (P < 0.001)
dry weights (Table 4.11). WS slightly reduced shoot dry weight by an average of 1.5 g,
but had no effect on root dry weight (Table 4.11). Shoot:root ratio varied with
genotype ranging from 2.8 in LongReach-Envoy to 8.4 in Sonora 64 and was on average
higher under WW conditions compared with WS conditions.
There was a significant genotype by watering regime interaction for green leaf area per
plant where WS had no effect on the genotype Espada, but reduced green leaf area by
24% in the other genotypes (Table 4.11). The genotypes differed significantly in terms
of specific leaf weight (P = 0.034), ranging from 55.6 g m–2 in Mace to 63.9 g m–2 in
Espada, but there was no effect of watering regime (Table 4.11).
There was no clear correlation between Tr (VPD) regression slope and root dry weight
(P = 0.632) or shoot:root ratio (P = 0.863). Similarly, no significant correlations were
observed between Tr (VPD) regression slope and shoot dry weight (P = 0.217), green
leaf area (P = 0.104), specific leaf weight (P = 0.321) or total stomatal density
(P = 0.432).
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Table 4.10. Stomatal densities on the surface of both sides of the leaf of eight wheat
genotypes under two watering regimes, well-watered (WW) and water-stressed (WS). Total
stomatal density was obtained by combining abaxial and adaxial densities. Values presented
are means ± SEM, n = 4.
Genotype

Gladius
Mace
Excalibur
LongReach-Envoy
Drysdale
Espada
Glennson 81
Sonora 64

Stomatal density (mm–2)

Watering
regime
WW
WS
WW
WS
WW
WS
WW
WS
WW
WS
WW
WS
WW
WS
WW
WS

P value
Genotype
Watering regime
Genotype x watering regime
LSD value
Genotype
Watering regime
Genotype x watering regime

Abaxial

Adaxial

Total

56.7 ± 1.1
55.7 ± 2.6
55.0 ± 2.3
56.0 ± 2.8
64.2 ± 2.3
65.7 ± 2.8
63.4 ± 2.4
62.4 ± 2.8
56.2 ± 1.8
56.8 ± 2.0
52.8 ± 3.4
53.7 ± 2.3
54.4 ± 0.7
52.7 ± 0.2
55.1 ± 1.3
56.0 ± 0.6

69.0 ± 1.8
70.0 ± 4.0
50.5 ± 1.7
51.1 ± 0.9
66.4 ± 2.1
68.8 ± 2.4
46.1 ± 2.8
48.2 ± 3.4
62.5 ± 1.1
62.5 ± 2.1
55.7 ± 2.1
58.0 ± 2.5
62.5 ± 0.9
63.0 ± 2.3
72.9 ± 4.5
72.5 ± 5.0

125.7 ± 2.6
125.7 ± 6.6
105.5 ± 3.8
107.1 ± 3.5
130.6 ± 4.4
134.5 ± 5.1
109.5 ± 3.4
110.6 ± 5.4
118.7 ± 2.0
119.3 ± 3.1
108.5 ± 5.4
111.7 ± 4.7
116.9 ± 1.0
115.7 ± 2.4
128.0 ± 4.8
128.5 ± 5.5

< 0.001
0.896*
0.994*

< 0.001
0.466*
0.999*

< 0.001
0.578*
0.999*

4.367
NS
NS

5.768
NS
NS

8.593
NS
NS

* Statistically not significant (P > 0.05)

NS Not significant (P > 0.05)
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Table 4.11. Growth attributes of eight wheat genotypes under two watering regimes, wellwatered (WW) and water-stressed (WS). Specific leaf weight was calculated as the ratio
between leaf dry weight and leaf area. Values presented are means ± SEM, n = 4.
Genotype

Watering Shoot dry
regime
weight
(g plant–1)

Gladius

WW
WS
Mace
WW
WS
Excalibur
WW
WS
LongReach-Envoy WW
WS
Drysdale
WW
WS
Espada
WW
WS
Glennson 81
WW
WS
Sonora 64
WW
WS
P value
Genotype
Water regime
Genotype x water regime
LSD
Genotype
Water regime
Genotype x water regime

Root dry
weight
(g plant–1)

Green leaf
area
(m2 plant–1)

Specific
Shoot:Root
leaf weight ratio
(g m–2)

20.5 ± 0.7
21.3 ± 0.4
18.9 ± 0.5
18.2 ± 0.7
20.6 ± 0.9
15.7 ± 1.1
18.3 ± 0.4
15.2 ± 0.3
24.4 ± 1.0
22.8 ± 0.5
22.6 ± 1.0
20.8 ± 0.8
21.6 ± 1.5
21.5 ± 0.4
27.4 ± 1.9
25.5 ± 1.7

3.6 ± 0.3
3.9 ± 0.1
3.4 ± 0.2
4.2 ± 0.2
5.6 ± 0.4
4.8 ± 0.8
6.0 ± 0.2
6.1 ± 0.4
3.8 ± 0.2
3.8 ± 0.2
4.0 ± 0.3
3.8 ± 0.3
4.9 ± 0.8
4.9 ± 0.2
3.3 ± 0.4
3.1 ± 0.3

0.20 ± 0.00
0.17 ± 0.01
0.23 ± 0.01
0.18 ± 0.00
0.21 ± 0.01
0.13 ± 0.00
0.24 ± 0.01
0.18 ± 0.01
0.17 ± 0.00
0.13 ± 0.00
0.20 ± 0.00
0.18 ± 0.00
0.23 ± 0.00
0.18 ± 0.01
0.18 ± 0.01
0.14 ± 0.00

57.6 ± 1.4
61.3 ± 1.1
53.2 ± 1.3
58.0 ± 3.4
62.6 ± 5.0
62.0 ± 1.0
58.9 ± 2.2
61.2 ± 1.4
57.7 ± 1.7
65.5 ± 2.3
63.9 ± 2.0
63.9 ± 2.4
63.6 ± 1.1
59.7 ± 2.9
59.6 ± 1.3
58.7 ± 1.1

5.9 ± 0.3
5.4 ± 0.2
5.6 ± 0.3
4.3 ± 0.0
3.7 ± 0.1
3.4 ± 0.5
3.0 ± 0.1
2.5 ± 0.1
6.5 ± 0.1
6.1 ± 0.3
5.7 ± 0.3
5.4 ± 0.2
4.6 ± 0.5
4.4 ± 0.2
8.5 ± 0.5
8.4 ± 0.3

< 0.001
0.002
0.186*

< 0.001
0.890*
0.643*

< 0.001
< 0.001
0.012

0.034
0.135*
0.240*

< 0.001
0.004
0.636*

1.981
0.990
NS

0.748
NS
NS

4.605
NS
NS

0.573
0.286
NS

* Statistically not significant (P > 0.05)

4.4.

0.014
0.007
0.019

NS Not significant (P > 0.05)

Discussion

Tr response to VPD differed among wheat genotypes where one group had a simple
linear increase in Tr with VPD, while the other group had a segmented linear response
to VPD with two phases separated by a BP. These response patterns have been
observed previously for a different set of wheat genotypes (Schoppach and Sadok,
2012) and other crop species (Fletcher et al., 2007; Devi et al., 2010; Gholipoor et al.,
2010; Kholová et al., 2010; Zaman-Allah et al., 2011), indicating wide genetic variation
for these traits under controlled environment. WS decreased the Tr response to VPD
and, in some cases, the shape of the regressions also changed from segmented to
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simple linear. The WS treatment did not induce any changes in morphological or
anatomical attributes, suggesting that these linear or two phase responses are driven
by physiological processes. Moreover, those genotypes with a BP in their Tr response
to VPD, responded differently beyond their respective BP indicating genotypic
differences in their ability to control water used through Tr at higher VPD. The variation
in Tr response to VPD can be explained by genotypic variation in shoot and root
hydraulics (Fig. 4.6) where genotypes with low hydraulic resistance (R) follow a
segmented linear Tr response to VPD while the genotypes with greater R follow a
simple linear Tr to VPD response, which will be discussed in detail later.
As VPD increases and the atmosphere dries, the driving force for evaporation of water
from the leaves increases, causing an increase in Tr. Plants meet that demand through
rapid uptake and transport of water to the leaves. In the segmented linear response
group of genotypes, Tr increased more rapidly with VPD in the first phase compared
with Tr of the genotypes in the linear response group. Without the BP, for example in
Drysdale, Tr would reach up to 144 mg m–2 s–1 at the highest VPD levels in this study,
which is equivalent to about 88 g of water transpired every hour per plant. At this rate,
the plant would soon exhaust its water supply. In contrast, T r of Drysdale did not
exceed 88 mg m–2 s–1 (55 g h-1 plant-1) at the highest VPD levels suggesting an upper Tr
threshold that is not exceeded even when water supplies are not limiting . That means
the rate of water escape is altered by plants at high VPD and high T r either
intentionally through sensing high VPD and/or the high Tr rates or through physical
restrictions where plants may have no control.
Schoppach and Sadok (2012) speculated that the slope of Tr to VPD response below BP
is related to maximal gs (stomata fully open) and stomata remain unchanged at their
maximal conductance up to BP in genotypes with no further increase in Tr beyond BP.
They suggested that this BP occurs when the rate of water uptake is not sufficient
enough to compensate for water used by the plant. They also suggested that the
simple linear Tr to VPD response group probably had the lowest gs. Other studies on
sorghum and soybean suggested that the varied Tr to VPD response is mainly linked
with differential hydraulic restrictions in the root and/or shoot (Sinclair et al., 2008;
Gholipoor et al., 2010), which was supported by the finding of low leaf hydraulic
conductance in a soybean genotype with a VPD BP compared with two genotypes
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without a BP (Sinclair et al., 2008). The combined intact and de-topped results in the
current study indicate that the BP in wheat genotypes is mostly a shoot-controlled trait
(Fig. 4.6) because it is the same value in intact plants and de-topped shoots. BP also
only occurred in de-topped shoots of some genotypes where it did not occur in intact
plants. If the BP is only determined by the Tr rate, BPs in de-topped shoots would occur
at lower VPDs because of their higher Tr compared with intact plants. Hence, wheat
plants probably sense VPD or atmospheric demand rather than Tr or soil water.
Despite stomata being the greatest hydraulic resistance to water escape from leaves
(Cowan, 1972; Martínez-Ballesta et al., 2011), none of the recent studies that
investigated Tr response to VPD in crop plants measured gs. The current study
identified the role of stomata in mediating genotypic variation in T r response to VPD
and found that gs was the key driver for the Tr to VPD response in segmented linear
response group of genotypes, but not in the simple linear response group under WW
conditions. Stomata were sensitive to VPD in the segmented response group, closing
as VPD increased, but the magnitude depended on the genotype—closing more
dramatically in genotypes with higher Tr. In the other genotypes (Gladius and Mace)
stomata were insensitive to VPD in intact WW plants, but closed with increasing VPD in
de-topped shoots. These findings imply that there is co-ordination between gs (vapour
phase) and hydraulic resistance (liquid phase) and maximum rates of gas exchange
(Sack and Holbrook, 2006). Tr is regulated by gs according to water supply to leaves and
internal hydraulics (Sack and Holbrook, 2006). For wheat genotypes, the variability in
Tr response to VPD and sensitivity of stomata to VPD can be explained by contrasting
plant hydraulic resistance (R) (Fig. 4.6). In de-topped shoots, greater rates of water
absorption and transport in the absence of root hydraulic restrictions resulted in
initially higher Tr and Tr response to VPD. Signals generated by roots that influence
stomatal opening would also be absent in de-topped shoots. As R was lowest in
de-topped shoots (causing higher flow rates), stomata exerted tight control on water
escape causing a rapid decrease in gs with VPD (Fig. 4.6, – line A). In intact plants
(WW), genotypes displaying the segmented linear Tr response to VPD have
intermediate R compared with de-topped shoots and the simple linear Tr response
group with intermediate Tr, gs gradually decreased with VPD (Fig. 4.6, – line B). In the
simple linear response group (WW), the moderately high gs and low Tr at low VPD
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imply that R is high (Fig. 4.6 – line C). In this case, water used through Tr may not need
to be so tightly regulated by stomata, so gs was insensitive to VPD.

WW
(A) Lowest R, moderate–high gs at low
VPD and rapid decrease in gs with VPD
(B) Low R, moderate gs at low VPD and
gradual decrease in gs with VPD
(C) High R, moderate gs constant with
VPD

A

Tr

B
C

Break point (BP)

VPD
WS
 High R compared with WW and VPD is the main driver for Tr to VPD response
 gs influences the shape of the Tr (VPD) regression
 Segmented response group – comparatively low R, low gs constant with VPD (tight gs
control)
 Simple linear response group – comparatively high R, comparatively higher gs at low
VPD and gradually decreases with VPD

Fig. 4.6. A model summarising the different patterns of transpiration (Tr) responses to vapour
pressure deficit (VPD) and the coordination of stomatal conductance (gs) with plant hydraulic
resistance (R) in controlling the Tr response to VPD. Lines A, B and C represent de-topped
shoots, intact plants (WW) with segmented linear Tr to VPD response and intact plants (WW)
with simple linear Tr to VPD response respectively.

The two genotypes with simple linear Tr to VPD response under WW conditions, Mace
and Gladius are two Australian drought-tolerant spring wheat varieties with different
pedigrees. The hydraulic limitation causing the speculated high R may reside in roots,
leaves or both organs due to anatomical or physiological attributes (Bramley et al.,
2009). The change in the shape of the Tr to VPD response from simple linear (WW) in
intact plants to segmented linear in de-topped shoots suggests that the hydraulic
restriction occurs mainly in the roots. In the absence of root restrictions, de-topped
shoots transpired at a faster rate with VPD compared with intact plants. These findings
suggest that while BP in wheat is a shoot-controlled trait, Tr (VPD) response or slope is
a root-controlled trait. Root size had no influence on Tr to VPD response, but in a
wheat breeding line related to Gladius, RAC 875, the lower Tr response to VPD with no
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BP was associated with root-based hydraulic restrictions due to narrower root
metaxylem and limited trans-membrane transport of water through aquaporins
(Schoppach et al., 2014). Therefore, Gladius and Mace may also have narrower root
metaxylem or lower aquaporin activity.
In general, WS reduced Tr, especially at higher VPD levels and hence, reduced Tr
response to VPD (i.e. the slope). The level of reduction differed among genotypes
indicating different sensitivities to water stress (50% PSWC). In some genotypes, WS
induced a change in the regression model from segmented to simple linear, while the
BP increased in other genotypes. WS induced stomatal closure and also reduced gs
sensitivity to VPD in all genotypes except Gladius and Mace. Therefore, under WS
conditions, VPD acts as the main driver for the Tr to VPD response. Change in the Tr
(VPD) regression from segmented to simple linear under WS can be explained by an
increase in hydraulic resistance and low gs that is insensitive to VPD. Under WS
conditions, the rapid increase in Tr with VPD in those genotypes with segmented linear
Tr to VPD response compared with the simple linear response group is possibly due to
their lower hydraulic resistance. Hence, their stomata exert tight control over T r by
maintaining low gs across all VPD levels. In contrast, the simple linear Tr to VPD
response group (WS) possibly had higher R. Hence their gs was comparatively greater
at low VPD levels and gradually decreased with VPD.
Wheat leaves are amphistomatous and genotypic variation was found in the side of
the leaf dominating the gs to VPD responses. In six out of the eight genotypes studied,
stomata were more abundant on the adaxial leaf surface, but adaxial gs was higher
than abaxial gs in all genotypes regardless of watering regime. It is well known that
stomatal density alone does not determine gs (or Tr), but the degree of opening or size
determines the gs (Farquhar and Sharkey, 1982). Under WW conditions, stomata on
both sides of the leaf were insensitive to VPD in the group of genotypes with a simple
linear Tr to VPD response. In contrast, adaxial gs rapidly decreased with VPD (tight
stomatal control) compared with abaxial gs in the segmented linear Tr to VPD response
group, except for Excalibur and LongReach-Envoy where both abaxial and adaxial gs
decreased at similar rates with VPD. This type of differential adaxial and abaxial gs
response to VPD would be beneficial for a plant where adaxial g s > abaxial gs. Stronger
regulation of adaxial gs would prevent excessive water use through Tr without
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compromising CO2 gain through stomata on the abaxial leaf surface. Stomata on the
abaxial leaf surface were generally more sensitive to water stress, closing tightly so
that abaxial gs was very close to zero in most genotypes, whereas adaxial gs decreased
with VPD or stomata remained partially closed.
Although Tleaf was influenced by VPD and varied with genotype, Tleaf did not depend
solely on Tr response to VPD. Fig. 4.7 shows the relationship between Tleaf response to
Tair and Tr response to VPD in the wheat genotypes studied. Under WW conditions, Tleaf
generally increased more slowly with Tair in genotypes with greater Tr response to VPD
(slope) (Fig. 4.7A).
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Fig. 4.7. Relationship between Tair (mean slope of Tleaf (Tair) regression) and Tr response to VPD
(mean slope of Tr (VPD) regression) of eight wheat genotypes under two watering regimes;
well-watered (WW) and water-stressed (WS). Each data point represents different genotypes.
The genotypes connected by the dashed line (manually drawn) in A conform to the expected
model of negative linear correlation between Tleaf (Tair) and Tr (VPD) slopes.

Among those genotypes, the heat tolerant genotype Excalibur (Talukder et al., 2010)
had the lowest slope of Tleaf vs Tair regression. However, there were exceptions where
Tr response to VPD did not correlate with the T leaf response to Tair, especially when
comparisons were made between genotypes. For example, under WW conditions,
Gladius maintained lower Tleaf as Tair increased despite a low Tr to VPD response.
Gladius is also known to exhibit heat tolerance (Fleury et al., 2010) and has waxy
leaves and stems (Australian Grain Technologies, 2010b), which help to reflect incident
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radiation thereby keeping the leaf cooler. In contrast, Drysdale was unable to maintain
proportionally lower Tleaf as Tair increased under WW conditions despite having the
highest Tr to VPD response. In addition, Tleaf of Sonora 64 heated up proportionally
more with Tair than predicted by Tr to VPDresponse. Sonora 64 is known to exhibit
relatively lower canopy temperature depression (Amani et al., 1996), but it is not
known why transpirational cooling had less effect on the Tleaf of Drysdale and Sonora
64 under WW conditions. Other morphological and anatomical characteristics that
influence light absorption and reflection such as leaf size, colour, waxiness and leaf
thickness, are likely to be involved. Under WS conditions, lower Tr rates result in lower
transpirational cooling and caused incremental increases in T leaf (Tair) slopes (Fig. 4.7B).
The ranking order of the genotypes varies slightly under WS, but Drysdale is still the
standout genotype whose Tleaf exceed that predicted by the Tr to VPD response.

4.5.

Conclusions

The variation in Tr responses to VPD in wheat genotypes involves coordination
between stomata and plant hydraulic properties (resistance). When soil water content
is not limiting, but a greater plant hydraulic resistance limits the transport of water to
leaves, stomata are unresponsive to VPD. When there is low hydraulic resistance to
limit water flow rates or insufficient soil water, stomata play a prominent role in
controlling water escape. These response features could be used to target the
development of new cultivars for specific environments. Lower Tr to VPD responses
(greater hydraulic restrictions) may be suited to rain-fed agricultural systems, where
conservation of soil water is needed for later use during the grain filling stage. In
contrast, the segmented linear Tr to VPD may be suited to environments with
intermittent in season rainfall as rapid increases in Tr under a low VPD level would
maximise gas exchange under low VPD levels after rainfall events and restrict Tr under
high VPD levels (beyond VPD BP) within the season droughts.
Tleaf response to Tair is mediated by, but not solely dependent on, T r response to VPD.
Other morphological attributes such as waxiness and other heat dissipation
mechanisms are involved in regulating Tleaf of wheat. In hot, dry environments, Tleaf
response to Tair should be investigated in conjunction with T r to VPD responses to
identify the most appropriate germplasm for wheat development.
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5. The role of plant hydraulics in regulating transpiration
response to VPD and leaf temperature in wheat
5.1.

Introduction

Variability in transpiration (Tr) responses to vapour pressure deficit (VPD) has been
identified for wheat (Chapter 4; Schoppach and Sadok (2012)) and other species, such
as peanut, pearl millet, soybean, sorghum and chickpea (Rawson and Clarke, 1988;
Fletcher et al., 2007; Devi et al., 2010; Gholipoor et al., 2010; Kholová et al., 2010;
Zaman-Allah et al., 2011; Schoppach and Sadok, 2012). The challenge now is to identify
the underlying mechanisms responsible for such variations, which have been
suggested to be due to differential hydraulic restrictions in roots (Schoppach et al.,
2014), leaves (Sinclair et al., 2008; Sadok and Sinclair, 2010b) or in both of these
organs (Gholipoor et al., 2010; Sadok and Sinclair, 2010a). Differences in leaf ABA
accumulation have also been linked with variation in the Tr response to VPD in pearl
millet (Kholová et al., 2010). Based on the results in Chapter 4, a model was proposed
that explains genotypic variation in the Tr response to VPD is related to differences in
liquid and gaseous phase control of water flow and their coordination. This chapter
measures the hydraulic parameters proposed in that model.
Water uptake and flow through the plant (liquid phase) is generally governed by the
gradient in water potential driving water flow and the hydraulic conductance (K) of the
liquid flow pathways (root, stem and leaves). K is a measure of the efficiency of water
uptake and transport systems (Boyer, 1985; Bramley et al., 2007). Water escape to the
atmosphere (gaseous phase) is regulated by stomata and the vapour pressure
difference between leaf and air (Chapter 4) (Jarvis and McNaughton, 1986). Although
the greatest resistance to water movement in the soil–plant–air continuum (SPAC) is
located in the gaseous pathways (but see Buckley (2015)), when water vapour moves
through mesophyll air spaces, stomatal pores and the boundary layer, the plant’s root
system is believed to exert the greatest limitation in the liquid pathways of the SPAC
(Steudle, 2000).
K of leaves (Kleaf) and roots (Kroot) varies between species (Bramley et al., 2007) and
probably across genotypes within species due to differences in morphology, anatomy
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and aquaporin (AQP) activity (Sack and Holbrook, 2006; Bramley et al., 2009; Sadok
and Sinclair, 2010b; Schoppach et al., 2014). AQPs are water channel proteins located
in plasma and intracellular membranes, which facilitate transmembrane water
transport (Tyerman et al., 2002). Morphology and anatomy determine the pathway for
water movement through the organ, while AQPs bestow the ability to rapidly adjust
the rate of water flow in response to the environment. Kroot and Kleaf are highly
dynamic, rapidly responding to changes in temperature, irradiance and water supply
(Tsuda and Tyree, 2000; Martre et al., 2001b; Sack et al., 2002; Lee et al., 2004; Sack et
al., 2004; Sack and Holbrook, 2006). Some plant species have also been found to adjust
Kroot to maintain the water balance (Tsuda and Tyree, 2000), which increases the
efficiency of root water uptake and water flow through the plant (Steudle, 2000).
Greater K also means that smaller gradients in water potential would be needed to
drive the water flow and would minimise the drop in water potential (Tsuda and Tyree,
2000) that could lead to catastrophic xylem embolism/cavitation. Wheat roots are also
known to vary their K in response to oxygen deficiency (Bramley and Tyerman, 2010),
nutrient deficiency (Carvajal et al., 1996) and diurnally (Clarkson et al., 2000).
However, it is not known if Kroot of wheat varies in response to VPD to meet the
demands of Tr. It is also not known whether Kleaf of wheat is variable and increases
with Tr, but it is more likely to decrease with increasing VPD as xylem cavitation often
occurs in some species when the leaf dehydrates (Sack and Holbrook, 2006). However,
there is also a possibility that Kleaf increases as temperature increases (Sack and
Holbrook, 2006), along with VPD, due to reduced water viscosity and increased AQP
activity (Sack and Holbrook, 2006; Ionenko et al., 2010). Therefore, identification of
how wheat roots and leaves respond to changes in atmospheric VPD in different
genotypes may explain the variation in the Tr response to VPD.
To examine the relationship between K, its components, and T r in wheat, two
genotypes previously identified with contrasting Tr responses to VPD (Chapter 4), were
selected. The genotypes were the cultivars Gladius, with linear Tr response to VPD, and
Excalibur, with segmented linear response to VPD. In Chapter 4, it was suggested that
the lower Tr and Tr response to VPD, and invariable stomatal conductance found in
Gladius compared with Excalibur could be due to lower Kroot in Gladius.
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Therefore, in this chapter, it was expected that:
(1) Kroot would be lower in Gladius than Excalibur.
(2) Kroot, as opposed to Kleaf, would be the greatest limitation on whole-plant
hydraulic conductance (Kplant).
(3) Kroot would be the major influence on Tr and its response to VPD. The reduction
in Tr and the Tr response to VPD under WS is due to lower Kroot. To test the
effect of Kroot on the Tr response to VPD, Kroot was inhibited using a root cooling
treatment (4 °C). The assumption was that when Kroot was maintained low, Tr
and the Tr response to VPD would also be low.
(4) Kroot, but not Kleaf, would increase in response to VPD to maintain Tr.
(5) Changes in K due to root cooling or in response to VPD would be due to
temperature-induced changes in water viscosity and changes in AQP activity.
Hence, Kroot of genotypes with greater abundance/activity of AQP would be
affected more by root cooling once the viscosity effects on K root had been taken
into account.

Leaf temperature (Tleaf) was also measured under the different treatments to
determine the influence of Kplant and its components on this attribute. It was expected
that Tleaf and its response to air temperature (Tair) would increase when Kroot was
reduced due to the associated reduction in Tr.

5.2.

Materials and methods

5.2.1.

Plant material and growing conditions

The wheat genotypes, Gladius and Excalibur were chosen for this study because of
their contrasting Tr and gs responses to VPD (Chapter 4). Measurements were
conducted batch-wise, with two replicates from each genotype x treatment
combination evaluated each day (Fig. 5.1). Therefore, planting was staggered (1-2 days
apart) so that the stage of plant growth was similar in all batches when taking
measurements. Seeds were germinated and planted into the same soil/pot conditions,
as described in Chapter 3. Plants were initially raised in a natural light, temperaturecontrolled glasshouse at The University of Western Australia, Crawley, Western
Australia (31° 98' S, 115° 82' E). During the growing period, day/night temperatures
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were 20-25/13-15 °C and relative humidity was 52-79/61-90%, respectively. The pots
were well-watered and maintained at 100 g below pot soil water capacity (PSWC)
throughout the growing period and a liquid fertiliser was applied, as described in
Chapter 3. The main stem of each plant was tagged two weeks after planting.

Root temperature
regime (T1/T2)

Watering regime
(WW/WS)

Genotype

No. of
replicates

VPD level 1

Batch 1
Day 1
(16 plants)

2

X

2

X

2

X

2

Batch 2
Day 2
(16 plants)

2

X

2

X

2

X

2

Fig. 5.1. Schematic representation of the experimental procedure adopted for a given vapour
pressure deficit (VPD) level. Two genotypes, Gladius and Excalibur, were subjected to four VPD
levels (0.8, 1.3, 3.7 and 4.5 kPa) and evaluated under two watering regimes, well-watered
(WW) and water-stressed (WS) and two root temperature regimes, 4 °C (T1) and 22 °C (T2).
Four replicates of each genotype x treatment combination were measured over 2 days at one
VPD level. The same plan was repeated for each VPD level.

5.2.2.
5.2.2.1.

Treatments
Watering and root temperature treatments

Both genotypes were subjected to two watering regimes; well-watered (WW) and
water-stressed (WS) and two root temperature regimes; 4 °C (T1) and 22 °C (T2), (Fig.
5.1). The root cooling treatment (T1) was designed to reduce Kroot and it was compared
with the control (T2). Seven weeks old plants (Zadoks growth stage Z39, Zadoks et al.,
1974) were organised in a three factor complete randomised design with four
replicates per genotype x treatment combination. For the WS treatment, water was
withheld 2-3 days before the start of the VPD treatment, until a target water content
of 50% PSWC was achieved. Water used through Tr was replaced thereafter, to
maintain 50% PSWC during the experiment.
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One week before measurements, the drainage hole at the bottom of each pot and the
joint between the pot sides and its base were sealed with silicon sealant (Parfix™,
Clayton Vic, Australia) to prevent water leakage into the pots during the root
temperature treatment. A nylon string was attached to the top of each pot to aid
lifting and submerging the pots in a water bath during the experiment. A 2 cm-layer of
white plastic beads was applied to the surface of the soil to prevent evaporation.
On the evening before the start of the VPD treatment, plants were transferred to
another glasshouse containing a root cooling tank facility. The drainage holes at the
bottom of the pots and the basal part of the pots were further sealed with duct tape,
and each pot was tightly enclosed in a low density polyethylene (LDPE) bag to prevent
water entry. Pots were weighed and watered up to the set levels according to the
targeted watering regime. Half of the pots (eight pots) were then placed in a root
cooling tank with the water temperature set at 4 °C (T1) (Fig. 5.2A). The water level of
the tank was maintained at the same height as the soil surface of the pots. The other
half of the pots were placed in a home-made water bath consisting of an insulated
cooler box (Coleman® 71 litre Xtreme® 5 Wheeled Cooler, Coleman Company, Inc.,
Kansas, U.S.A) containing water at 22 °C (T2) (Fig. 5.2B). The lid of the cooler was
replaced with a polystyrene sheet (4 cm thick) that was glued to the top of the cooler
to prevent any air gaps (Fig. 5.2B). The pots were inserted into the cooler via holes cut
into the lid (10-cm diameter). The following morning, pots in the root cooling tank
were transferred to another similar cooler containing an ice and water slurry at 4 °C
(T1) (Fig. 5.2B). The temperature of both water baths was monitored with mercury
thermometers. Soil temperature was measured in randomly-selected pots using a
digital soil thermometer (Model T200KC, Digitron Instrumentation Ltd., UK). Both
water baths containing plants were transferred to a walk-in growth chamber (interior
capacity: 9 m3, Model BDW40, Conviron, Winnipeg, Manitoba, Canada) for VPD
treatment.
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A

B
(B)

Root cooling tank (4 °C)
T2

T1

Polystyrene sheet

Fig. 5.2. Image showing application of root temperature treatment. (A) root cooling tank used
to maintain root temperature at 4 °C (T1) prior to transfer into a home-made water bath
containing an ice and water slurry at 4 °C (T1) inside the controlled environment room (CER);
(B) two water baths were used to maintain root temperature at 4 °C (T1) and 22 °C (T2) inside
the CER.

5.2.2.2.

VPD treatments

Each genotype x treatment combination was subjected to four VPD levels and each day
consisted of both genotypes under both watering regimes (WW and WS) and both root
temperature regimes (T1 and T2), with two replicates. The VPD levels were 0.8, 2.1, 3.7
and 4.5 kPa. Each day, only one VPD level was set inside the chamber, which took 30
minutes to stabilise before the plants were introduced. The same VPD level was
maintained for two days so that there was a total of eight days of measurements.
Target VPD levels were approximately achieved by regulating air temperature and RH
in the growth chamber (Table 5.1), which was the same chamber as described in
Chapter 4. The photosynthetically active radiation inside the growth chamber was
maintained at the maximum light intensity (800 µmol m–2 s–1) during the measurement
period. VPD at each observation was measured using the corresponding air
temperature and RH data recorded by a data logger (WatchDog Micro Stations, Model
1250, Spectrum Technologies, Inc., Aurora, IL) positioned just above the canopy. VPD
was calculated as described previously in Chapter 3.
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Table 5.1. Temperature and relative humidity (RH) conditions programmed in the growth
chamber to achieve the targeted vapour pressure deficit (VPD) treatments.
Target VPD (kPa)
0.8
2.1
3.7
4.5

5.2.3.

Temperature (°C)
22
31
34
38

RH (%)
69
53
30
32

Measurements

The most recent fully-expanded leaf on the main stem was selected for Tleaf and leaf
water potential (Ѱleaf) measurements. The day before treatments began, the leaves
were fixed in the horizontal plane using the specially-designed clamp, as described in
Chapter 4. Another leaf on the main stem, beneath the clamped leaf, was covered with
aluminium foil and plastic wrap for stem water potential (Ψstem) measurements.
Once the plants had acclimatised to the set VPD level (30 minutes, Chapter 4), the
initial weight of the pot was measured on an electronic balance with 0.1 g resolution
(Model PGL 6001, Adam Equipment Company, USA), after drying it with a piece of
cloth. After exposing plants to the set VPD level for 60 minutes, Tleaf and Tair
surrounding the leaf were recorded using the same procedure as described in
Chapter 3. Pots were then reweighed and the whole-plant transpiration rate
(Tr, mg H2O m–2 s–1) was calculated by dividing the difference in final and initial weights
by the duration of exposure to the given VPD level and normalised by total leaf area of
the given plant.
Water potentials of the covered (Ψstem) and uncovered (Ψleaf) leaves were measured
using a Scholander-type pressure chamber (Model 1000, PMS Instrument Co., Oregon,
USA; 0.1-1% precision). The leaf was covered with a polyethylene sheath before
excision and during the measurement to prevent water escape through Tr (Turner,
1988). Immediately after the water potential measurements, each pot was removed
from the growth chamber and the plant covered with an aluminium-foil sheet followed
by a transparent LDPE bag. Pots were then placed in similar water baths with 4 °C and
22 °C water, according to the respective treatments, and kept in dark conditions until
the following morning, when leaf water potential was measured on a leaf (on the main
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stem) close to the soil surface. Because the plant was not transpiring, this water
potential was considered to be the water potential at the soil-root interface (Ψsoil)
(Tsuda and Tyree, 1997). Under WW and WS conditions, Ψsoil were approximately 0.1Mpa and -0.5MPa, respectively. In the steady-state conditions, Kplant, Kleaf and Kroot
were calculated from the following equations (Tsuda and Tyree, 1997; Tsuda and
Tyree, 2000):

K plant = Tr /(Ψsoil − Ψleaf )
K leaf = Tr /(Ψstem − Ψleaf )
K root = Tr /(Ψsoil − Ψstem )

After completing the measurements, shoots were cut at the soil surface and the leaves
separated from stems and kept in zip–lock bags on ice. Green leaf area was measured
with a portable leaf area meter (Model LI 3000, LI‐COR Inc., Lincoln, NE, USA). Roots
were carefully washed, and both shoot and roots were oven dried separately at 60 °C
for 48-72 h and dry weights recorded. The same procedure was repeated for the next
seven days (Fig. 5.1), using the other batches of plants.
5.2.4.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 6 (GraphPad Software Inc.,
San Diego, CA) unless otherwise described. Hydraulic conductances and water
potentials were regressed against VPD to examine their responses to VPD. To
determine the influence of the temperature dependence of the viscosity of water on
Kleaf and Kroot, values were standardised to a reference of 25 °C (Kleaf.corrected and
Kroot.corrected, respectively) using the equation from Sack and Scoffoni (2012):

K ∗ (25 °C) =

K ∗∗ (t)
(0.88862 x (

1

2
10((1.3272 x (20−t)−0.001053 x (t−20) )/(t+105) )

105

))
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where K* is Kleaf.corrected or Kroot.corrected and K** is Kleaf or Kroot at tissue temperature t
(°C). For the Kleaf correction, Tleaf was used for t and for Kroot corrections, root
temperatures (T1 or T2) were used. It was assumed that water flowing in the leaves or
roots was at the temperature of the respective organ. Kleaf.corrected and Kroot.corrected were
then regressed against VPD.
The rate of Tr was regressed against VPD with the best fit model selected among twosegmented and single linear regression models based on the extra sum of squares F
test. If the slopes of two regressions were statistically similar (at P = 0.05), but
intercepts were different, analysis of covariance (ANCOVA) was performed to identify
the predicted difference in the intercepts. To determine the relationship between Tr
and Kplant, Kleaf or Kroot, correlation analysis was performed. Tleaf was plotted against Tair
and the slopes and intercepts of the simple linear regressions compared to determine
any significant differences between treatment combinations.
Three-way ANOVA for green leaf area, and shoot and root dry weights was performed
using R version 2.15.2 (R Core Team, 2012). Means were separated by least significant
difference (LSD) using the R package agricolae (de Mendiburu, 2010).

5.3.

Results

5.3.1.

Relationship between hydraulic conductance and VPD

Under WW conditions and T2, Kplant was the same in both genotypes at the lowest VPD
level (0.9 kPa), with an average of 27.3 x 10–6 kg m–2 s–1 MPa–1 (Fig. 5.3A). As VPD
increased, Kplant increased linearly in Gladius, but was constant regardless of VPD in
Excalibur (Fig. 5.3A and Table 5.2). Cooling the roots to 4 °C reduced Kplant in both
genotypes to the same average value (16 x 10–6 kg m–2 s–1 MPa–1) that was invariable
with VPD.
Under WS conditions, both genotypes behaved the same, with a similar rate of
increase in Kplant with VPD under T2 (P = 0.952) and constant Kplant regardless of VPD
under T1 (Fig. 5.3D and Table 5.2). WS treatment reduced Kplant under both T1 and T2
treatments compared with WW conditions. The average reduction under T1-WS was
65%.
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Fig. 5.3. Relationship between whole plant (Kplant), leaf (Kleaf) and root (Kroot) hydraulic conductances with atmospheric vapour pressure deficit (VPD) in two wheat
genotypes, Gladius and Excalibur under two watering regimes, well-watered (WW) and water-stressed (WS) and two root temperature regimes, 4 °C (T1) and
22 °C (T2). A–C represent WW conditions and D–F represent WS conditions. Each data point represents an individual plant (replicate) and the solid (T2)/dashed
(T1) lines are the best fit regressions based on an extra sum of squares F test. The regression details for each treatment combination are given in Table 5.2.
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Table 5.2. Parameters of the simple linear regression models for the relationship between
hydraulic conductance and atmospheric vapour pressure deficit (VPD) in two wheat genotypes,
Gladius and Excalibur measured under well-watered (WW) and water-stressed (WS) conditions
and two root temperature regimes, 4 °C (T1) and 22 °C (T2). Hydraulic conductance is shown
for the whole plant (Kplant) and its components, leaf hydraulic conductance (Kleaf) and root
hydraulic conductance (Kroot). Data are means ± SEM for the best fit values and goodness of fit
of regressions.
Response

WW
Kplant

Genotype

Gladius
Excalibur

Kleaf

Gladius
Excalibur

Kroot

Gladius
Excalibur

WS
Kplant

Gladius
Excalibur

Kleaf

Gladius
Excalibur

Kroot

Gladius
Excalibur

*

Root
temp.
regime

Slope
(kg m–2 s–1
MPa–1 x 10–6
kPa–1)

Y-intercept
(kg m–2 s–1
MPa–1 x 10–6

R2

P

T1
T2
T1
T2
T1
T2
T1
T2
T1
T2
T1
T2

0.6 ± 0.93
4.2 ± 0.96
0.5 ± 0.59
1.5 ± 1.07
3.9 ± 4.03
14.6 ± 3.78
-3.2 ± 2.08
8.1 ± 3.59
0.5 ± 1.42
5.1 ± 2.72
1.7 ± 1.49
1.1 ± 1.59

16.7 ± 2.89
25.9 ± 3.08
15.3 ± 1.86
27.6 ± 3.35
50.9 ± 2.51
42.8 ± 12.1
54.8 ± 6.47
47.0 ± 11.4
25.7 ± 4.40
55.3 ± 8.23
21.6 ± 4.48
46.2 ± 4.86

0.03
0.59
0.04
0.12
0.06
0.53
0.15
0.28
0.01
0.26
0.10
0.06

0.505*
0.001
0.447*
0.181*
0.339*
0.002
0.142*
0.042
0.708*
0.088*
0.261*
0.504*

T1
T2
T1
T2
T1
T2
T1
T2
T1
T2
T1
T2

0.4 ± 0.39
1.8 ± 0.58
0.5 ± 0.32
1.8 ± 0.84
-0.8 ± 2.46
0.3 ± 3.59
-1.0 ± 1.86
-2.2 ± 2.76
0.8 ± 0.49
3.6 ± 1.01
1.5 ± 0.54
2.6 ± 0.95

5.9 ± 1.24
9.1 ± 1.82
5.2 ± 1.03
8.6 ± 2.65
41.6 ± 7.89
53.7 ± 11.26
32.4 ± 6.17
53.7 ± 8.68
6.5 ± 1.52
9.8 ± 3.18
4.7 ± 1.71
10.3 ± 2.82

0.07
0.40
0.17
0.25
0.01
0.00
0.03
0.04
0.16
0.47
0.35
0.40

0.316*
0.009
0.107*
0.048
0.755*
0.932*
0.597*
0.439*
0.122*
0.003
0.016
0.020

Slope did not significantly deviate from zero (P > 0.05)

Under T2-WS, the average reduction in Kplant was 63% at the lowest VPD level, but the
corresponding reductions under high VPD levels (4.5 kPa) were 62% in Gladius and
39% in Excalibur.
Under WW conditions, Kleaf was statistically similar in both genotypes, regardless of the
root temperature and VPD. Under T2 conditions, Kleaf increased linearly with VPD at a
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rate of 11.1 x 10–6 kg m–2 s–1 MPa–1 kPa–1, whereas it remained constant at an average
of 53 x 10–6 kg m–2 s–1 MPa–1 kPa–1 under T1 conditions (Fig. 5.3B and Table 5.2).
Kleaf.corrected still increased with VPD in Gladius under T2-WW, but did not change
significantly with VPD in Excalibur (Table 5.3 and Annex 5.1A). In comparison,
Kleaf.corrected did not change significantly with VPD in Gladius (P = 0.774) under T1-WW
conditions, but decreased in Excalibur with VPD (P = 0.013).

Table 5.3. Parameters of the simple linear regression models for the relationship between
hydraulic conductance corrected for changes induced by temperature dependence of water
viscosity (Kleaf.corrected and Kroot.corrected) and atmospheric vapour pressure deficit (VPD) in two
wheat genotypes, Gladius and Excalibur under two watering regimes, well-watered (WW) and
water-stressed (WS) and two root temperature regimes, 4 °C (T1) and 22 °C (T2). K values were
standardised to 25 °C by using an equation given in the materials and methods. Data are
means ± SEM for the best fit values and goodness of fit of regressions.
Response Genotype

WW
Kleaf.corrected

Gladius
Excalibur

Kroot.corrected Gladius
Excalibur
WS
Kleaf.corrected

Gladius
Excalibur

Kroot.corrected Gladius
Excalibur

*

R2

Root
Slope
temp. (kg m–2 s–1
regime MPa–1 x 10–6
kPa–1)

Y-intercept
(kg m–2 s–1
MPa–1 x 10–6

P

T1
T2
T1
T2
T1
T2
T1
T2

1.05 ± 3.60
9.90 ± 3.20
-5.30 ± 1.87
3.75 ± 3.11
0.95 ± 2.49
5.50 ± 2.91
3.06 ± 2.61
1.19 ± 1.71

53.43 ± 11.19
48.59 ± 10.24
57.01 ± 5.81
53.96 ± 9.82
45.02 ± 7.72
59.29 ± 8.82
37.95 ± 7.86
49.56 ± 5.21

0.01
0.42
0.36
0.10
0.01
0.26
0.10
0.06

0.774*
0.008
0.013
0.249*
0.708*
0.088*
0.261*
0.504*

T1
T2
T1
T2
T1
T2
T1
T2

-2.70 ± 1.99
-2.32 ± 3.18
-2.44 ± 1.54
-4.41 ± 2.26
1.41 ± 0.85
3.87 ± 1.09
2.55 ± 0.94
2.77 ± 1.02

41.43 ± 6.40
54.40 ± 9.94
32.52 ± 5.10
53.86 ± 7.12
11.44 ± 2.67
10.49 ± 3.41
8.30 ± 2.99
11.05 ± 3.03

0.12
0.04
0.18
0.21
0.16
0.47
0.35
0.40

0.198*
0.477*
0.142*
0.072*
0.122*
0.003
0.016
0.020

Slope did not significantly deviate from zero (P > 0.05)

Under WS, Kleaf remained constant at 53.7 x 10–6 kg m–2 s–1 MPa–1 in both genotypes,
regardless of VPD (Fig. 5.3E and Table 5.2) when roots were at T2. Similarly, under T1,
Kleaf did not change significantly with VPD in both genotypes, but Gladius had
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significantly higher Kleaf (41 x 10–6 kg m–2 s–1 MPa–1) compared with Excalibur (32 x 10–6
kg m–2 s–1 MPa–1). Under T2 conditions, there was significant reduction in K leaf in WS
plants compared with WW plants of both genotypes, especially at higher VPD (Fig.
5.3E). Under T1 conditions, WS reduced Kleaf in Gladius by 18% and in Excalibur by 41%.
Kleaf.corrected was maintained constant under WS conditions regardless of VPD and root
temperature (Table 5.3 and Annex 5.1C).
Under WW conditions, Kroot remained constant with increasing VPD in both genotypes
(Fig. 5.3C and Table 5.2), under both temperature regimes. Under T2, Kroot was 20%
higher in Gladius (55.3 x 10–6 kg m–2 s–1 MPa–1) than Excalibur (46.2 x 10–6 kg m–2 s–1
MPa–1). Under T1, Kroot was statistically similar between the two genotypes (P = 0.794)
and averaged at 23.6 x 10–6 kg m–2 s–1 MPa–1. Root cooling reduced Kroot by 57% in
Gladius and 49% in Excalibur.
Under WW conditions, Kroot.corrected did not change with VPD, irrespective of genotype
and root temperature (Table 5.3 and Annex 5.1B). Interestingly, Kroot.corrected of plants at
T1 was 30% and 16% lower than Kroot.corrected at T2 in Gladius and Excalibur, respectively
Under WS and T2 conditions, Kroot increased with VPD at a similar rate (P = 0.476,
average rate 3.1 x 10–6 kg m–2 s–1 MPa–1 kPa–1) in both genotypes and their intercepts
of Kroot (VPD) relationship did not differ significantly (P = 0.244). Under WS and T1
conditions, Kroot remained constant in Gladius, but increased linearly with VPD in
Excalibur (Fig. 5.3F).
Under WS conditions, the pattern of Kroot.corrected response to VPD was similar to Kroot
response to VPD in genotype x treatment combinations, but the slopes and intercepts
changed (Table 5.3 and Annex. 5.1D). In general, WS reduced Kroot in both genotypes
under both root temperature regimes. Under T2 conditions, the average reduction in
Kroot due to WS treatment ranged from 75% under low VPD conditions to 52% under
high VPD conditions. Under T1, the corresponding reduction was 75% in Gladius,
regardless of VPD, whereas it ranged from 73% under low VPD to 47% under high VPD
in Excalibur.
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Transpiration (Tr) response to atmospheric vapour pressure deficit (VPD)

5.3.2.

Under WW and T2 conditions, Tr of both genotypes increased linearly with VPD at the
same rate (7.7 mg H2O m–2 s–1 kPa–1; P = 0.111), but regression intercepts significantly
differed between the two genotypes (P = 0.005; Fig. 5.4A and Table 5.4). ANCOVA
predicted that the Tr of Gladius was always 8.9 mg H2O m–2 s–1 higher than Excalibur.
Under WW and T1 conditions, there was no significant difference in the Tr response to
VPD between the two genotypes (P = 0.863), but the Tr response to VPD was
significantly reduced to 2.9 mg H2O m–2 s–1 kPa–1 (P = 0.002) compared with T2.
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Fig. 5.4. The relationship between rate of transpiration (Tr) and atmospheric vapour pressure
deficit (VPD) in two wheat genotypes, Gladius and Excalibur under two watering regimes, wellwatered (WW) and water-stressed (WS) and two root temperature regimes, 4 °C (T1) and 22 °C
(T2). A represents WW conditions and B represents WS conditions. Each data point represents
an individual plant (replicate) and the solid (T2)/dashed (T1) lines are the best fit regressions
based on an extra sum of squares F test. The regression details for each treatment
combination are given in Table 5.4.

Under WS conditions, Tr increased linearly with VPD, but Tr and the Tr response to VPD
was reduced compared with WW conditions (Fig. 5.4B and Table 5.4). Tr increased at
an average rate of 2 mg H2O m–2 s–1 kPa–1 regardless of genotype x root temperature
regime combinations (P = 0.152), but intercepts of Tr (VPD) regressions differed
significantly (P < 0.0001), where Gladius had higher Tr compared with Excalibur under
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both root temperatures. The difference in Tr between the two genotypes was greater
under T2 conditions.

Table 5.4. Parameters of the best fit regression models for the relationship between rate of
transpiration (Tr) and atmospheric vapour pressure deficit (VPD) in two wheat genotypes,
Gladius and Excalibur under two watering regimes; well-watered (WW) and water-stressed
(WS) and two root temperature regimes, 4 °C (T1) and 22 °C (T2). Data are means ± SEM for
the best fit values and goodness of fit of regressions. The best fit model was selected based on
an extra sum of squares F test.
Treatment

WW-T1
Gladius
Excalibur
WW-T2
Gladius
Excalibur
WS-T1
Gladius
Excalibur
WS-T2
Gladius
Excalibur

5.3.3.

Best fit
model

Slope
(mg H2O m–2 s–1
kPa–1)

Tr-intercept
(mg H2O m–2 s–1)

R2

P

linear
linear

3.1 ± 1.24
2.8 ± 0.98

19.3 ± 3.85
17.4 ± 3.03

0.31
0.38

0.026
0.012

linear
linear

9.5 ± 1.55
6.0 ± 1.43

24.6 ± 4.81
25.4 ± 4.46

0.73 < 0.0001
0.56
0.001

linear
linear

1.7 ± 0.57
1.2 ± 0.26

7.0 ± 1.77
6.3 ± 0.84

0.39
0.58

0.010
0.001

linear
linear

2.8 ± 0.76
2.4 ± 0.50

11.1 ± 2.38
9.1 ± 1.59

0.50
0.61

0.002
0.0004

Correlation between hydraulic conductance components and Tr

Positive correlations were observed between Kplant, Kleaf or Kroot, and Tr under both
watering regimes in both genotypes (Fig. 5.5A–F). The strength of the correlation was
generally higher in Kplant (r = 0.75 to 0.93) and Kroot (r = 0.80 to 0.85) than Kleaf (r = 0.41
to 0.82), in both genotypes.
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Fig. 5.5. Correlation between whole plant (Kplant), leaf (Kleaf) and root (Kroot) hydraulic
conductances and rate of transpiration (Tr) in two wheat genotypes, Gladius and Excalibur
under two watering regimes, well-watered (WW) and water-stressed (WS). A–C represent WW
conditions and D–F represent WS conditions. Data from two root temperature regimes, 4 °C
(T1) and 22 °C (T2) are combined under each watering regime. Each data point represents an
individual plant (replicate). Values within parenthesis indicate the Pearson correlation
coefficient (r) and probability (P).
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Changes in Ψleaf and Ψstem with VPD

5.3.4.

Under WW conditions, Ψleaf decreased with VPD in both genotypes at a similar rate
(P = 0.563) regardless of root temperatures, but Ψleaf was 0.33 MPa lower at T1 than
under T2 (Fig. 5.6A and Table 5.5). Intercepts did not differ significantly between the
two genotypes at T1 (P = 0.946) or T2 (P = 0.535).
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Fig. 5.6. Changes in leaf water potential (Ψleaf) and stem water potential (Ψstem) with
atmospheric vapour pressure deficit (VPD) in two wheat genotypes, Gladius and Excalibur
under two watering regimes, well-watered (WW) and water-stressed (WS) and two root
temperature regimes, 4 °C (T1-restricted Kroot) and 22 °C (T2-non-restricted Kroot). Sub-figures
A and C represent Ψleaf of WW and WS, respectively. B and D represent Ψstem of WW and WS,
respectively. Ψleaf and Ψstem were measured from the most recent fully-expanded leaf on the
main stem (transpiring leaf) and a leaf closer to that covered with an aluminium foil and cling
film (non-transpiring), respectively. Each data point represents an individual plant (replicate)
and the solid lines are simple linear regression fits to the data. The regression details for each
treatment combination are given in Table 5.5.
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The WS treatment significantly reduced Ψleaf in both genotypes, which decreased
linearly with VPD in Gladius, at a similar rate under both root temperature regimes (P =
0.192), and was constant with VPD in Excalibur under T1 (P = 0.292) or T2 (P = 0.083)
(Fig. 5.6C and Table 5.5).
Under WW conditions, Ψstem in Gladius decreased linearly with VPD under T1 and T2 at
similar rates (P = 0.306), but was constant with VPD in Excalibur under T1 (P = 0.667) or
T2 (P = 0.122) (Fig. 5.6B and Table 5.5).

Table 5.5. Parameters of the simple linear regression models for the relationship between
water potential (leaf and stem; Ψleaf and Ψstem, respectively) and atmospheric vapour pressure
deficit (VPD) for two wheat genotypes, Gladius and Excalibur under two watering regimes,
well-watered (WW) and water-stressed (WS) and two root temperature regimes, 4 °C (T1) and
22 °C (T2). Ψleaf and Ψstem were measured on the most recent fully-expanded leaf on the main
stem (transpiring leaf) and an adjacent non-transpiring leaf (covered with an aluminium foil
and plastic wrap), respectively. Data are means ± SEM for the best fit values and goodness of
fit of regressions.

Response

WW
Ψleaf

Genotype

Gladius
Excalibur

Ψstem

Gladius
Excalibur

WS
Ψleaf

Gladius
Excalibur

Ψstem

Gladius
Excalibur

*

Root
temp.
regime

Slope
(MPa / kPa)

Ψleaf or
Ψstem -intercept
(MPa)

R2

P

T1
T2
T1
T2
T1
T2
T1
T2

-0.09 ± 0.02
-0.15 ± 0.04
-0.10 ± 0.03
-0.12 ± 0.04
-0.07 ± 0.03
-0.11 ± 0.03
0.02 ± 0.04
-0.09 ± 0.05

-1.35 ± 0.07
-0.95 ± 0.12
-1.33 ± 0.08
-1.07 ± 0.12
-0.95 ± 0.09
-0.45 ± 0.10
-1.07 ± 0.14
-0.59 ± 0.16

0.55
0.56
0.54
0.44
0.28
0.45
0.01
0.16

0.001
0.003
0.002
0.007
0.036
0.004
0.667*
0.122*

T1
T2
T1
T2
T1
T2
T1
T2

-0.06 ± 0.02
-0.12 ± 0.03
0.04 ± 0.03
-0.08 ± 0.04
0.00 ± 0.02
-0.06 ± 0.04
0.11 ± 0.04
0.02 ± 0.04

-1.84 ± 0.07
-1.59 ± 0.10
-2.09 ± 0.11
-1.79 ± 0.13
-1.71 ± 0.06
-1.35 ± 0.12
-1.99 ± 0.12
-1.70 ± 0.14

0.41
0.47
0.10
0.25
0.00
0.18
0.39
0.02

0.010
0.003
0.292*
0.083*
0.852*
0.104*
0.009
0.587*

Slope did not significantly deviate from zero (P > 0.05)

115

Chapter 5
WS significantly reduced Ψstem of both genotypes. Under WS conditions and T2, no
significant relationship was found between Ψstem and VPD in both genotypes. Under
T1, Ψstem was constant in Gladius, but increased linearly with VPD in Excalibur (Fig. 5.6D
and Table 5.5).
5.3.5.

Growth characteristics

Interaction effects of watering regime x root temperature regime and genotype x
watering regime on green leaf area were significant (P = 0.028 and P = 0.001,
respectively; Table 5.6).

Table 5.6. Growth attributes of two wheat genotypes, Gladius and Excalibur under two
watering regimes, well-watered (WW) and water-stressed (WS) and two root temperature
regimes, 4 °C (T1) and 22 °C (T2). Values presented are means ± SEM.
Genotype

Watering
regime

Gladius

WW
WW
WS
WS
WW
WW
WS
WS

Excalibur

Root
temp.
regime
T1
T2
T1
T2
T1
T2
T1
T2

P value
Genotype
Watering regime
Root temp. regime
Genotype x watering regime
Genotype x root temp. regime
Watering regime x root temp. regime
Genotype x watering regime x root tem. regime
LSD value
Genotype
Watering regime
Root temp. regime
Genotype x watering regime
Genotype x root temp. regime
Watering regime x root temp. regime
Genotype x watering regime x root temp. regime
NS

Statistically not significant at P = 0.05
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Green leaf
area
(m2 plant–1)
0.18 ± 0.01
0.20 ± 0.01
0.16 ± 0.01
0.15 ± 0.01
0.28 ± 0.01
0.30 ± 0.01
0.22 ± 0.01
0.21 ± 0.01

Shoot dry
weight
(g plant–1)
12.03 ± 0.97
13.08 ± 0.89
12.83 ± 0.82
11.15 ± 0.75
13.75 ± 0.49
14.50 ± 0.86
12.23 ± 0.75
13.12 ± 0.84

Root dry
weight
(g plant–1)
1.40 ± 0.14
1.51 ± 0.17
1.66 ± 0.19
1.33 ± 0.12
1.74 ± 0.15
1.81 ± 0.18
1.65 ± 0.19
1.73 ± 0.17

<0.001
<0.001
0.542
0.001
0.505
0.028
0.761

0.050
0.080
0.663
0.433
0.324
0.256
0.214

0.028
0.858
0.878
0.580
0.404
0.356
0.326

NS
NS
NS
NS
NS
NS
NS

0.231
NS
NS
NS
NS
NS
NS

0.014
0.014
NS
0.020
NS
0.020
NS
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In Gladius, under T2 conditions only, WW plants of Gladius had significantly higher
green leaf area than that of WS plants. In Excalibur, green leaf area was greater under
WW conditions compared with WS conditions in both root temperature regimes.
Under both watering regimes, Excalibur had more green leaf area than Gladius and the
reduction in green leaf area due to WS conditions was greater than in Gladius. Shoot
dry weight did not differ significantly between genotype or treatment combinations
(Table 5.6). Root dry weight was not affected by watering or root temperature
treatments, but was significantly different between the two genotypes, with Excalibur
roots having 17.4% heavier dry mass than Gladius (P = 0.028; Table 5.6).
5.3.6.

Tleaf response to Tair

Tleaf increased linearly with Tair in both genotypes, irrespective of root temperature and
watering regimes (Fig. 5.7A-B and Table 5.7). There was no significant difference in the
Tleaf response to Tair between genotype and root temperature regime combinations
under WW (P = 0.660; Fig. 5.7A and Table 5.7) or WS conditions (P = 0.803; Fig. 5.7B
and Table 5.7). In addition, the Tleaf (Tair) regression intercepts did not differ
significantly among genotype and root temperature regime combinations (P = 0.056)
under WW conditions. Under WS conditions, there was no significant difference in T leaf
(Tair) regression intercepts between the two genotypes under T2 (P = 0.078) or T1 (P =
0.406) conditions. However, Tleaf (Tair) regression intercepts were significantly different
between the two temperature regimes under WS conditions (P = 0.018).
To evaluate the main effect of watering regime on the Tleaf (Tair) response under T2
conditions, data from both genotypes were combined (Fig 5.7C and Table 5.7). Under
T2 conditions, there was significant difference in the Tleaf response to Tair between the
two watering regimes, where the WS treatment significantly increased the Tleaf
response to Tair (P = 0.022; Fig. 5.7C and Table 5.7). Under the WS-T2 treatment, Tleaf
was higher than Tair up to Tair ≈28.2 °C, beyond which Tleaf was lower than Tair (Fig.
5.7C). In contrast, under the WW-T2 treatment, plants had lower Tleaf than Tair beyond
≈22.2 °C.
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Fig. 5.7. Changes in leaf temperature (Tleaf) with air temperature (Tair) in two wheat genotypes, Gladius and Excalibur under two watering regimes, well-watered
(WW) and water-stressed (WS) and two root temperature regimes, 4 °C (T1) and 22 °C (T2). A and B represent WW and WS conditions, respectively. C represents
WW and WS comparison under T2 conditions (data from two genotypes combined). The dotted line in each figure represents a 1:1 scenario, i.e. Tleaf = Tair. Each
data point represents an individual plant (replicate) and the solid/dashed lines in each figure are the regression lines fitted for each genotype x treatment
combination. The regression details for each genotype x treatment combination are given in Table 5.7.
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Table 5.7. Simple linear regression parameters for the relationship between leaf temperature
(Tleaf) and air temperature (Tair) in two wheat genotypes, Gladius and Excalibur under two
watering regimes, well-watered (WW) and water-stressed (WS) and two root temperature
regimes, 4 °C (T1) and 22 °C (T2). Data are means ± SEM for the best fit values and goodness of
fit of regressions.
Treatment
WW-T1
Gladius
Excalibur
WW-T2
Gladius
Excalibur
WS-T1
Gladius
Excalibur
WS-T2
Gladius
Excalibur
WWa
WSb
a, b

Slope
(°C °C–1)

Tleaf-intercept
(°C)

R2

P

0.61 ± 0.06
0.54 ± 0.04

9.05 ± 1.95
11.49 ± 1.28

0.89
0.93

< 0.0001
< 0.0001

0.55 ± 0.04
0.59 ± 0.04

10.21 ± 1.32
8.87 ± 1.38

0.93
0.94

< 0.0001
< 0.0001

0.73 ± 0.04
0.71 ± 0.04

7.96 ± 1.42
8.85 ± 1.33

0.95
0.96

< 0.0001
< 0.0001

0.67 ± 0.06
0.71 ± 0.04
0.57 ± 0.03
0.69 ± 0.04

9.13 ± 2.07
8.70 ± 1.45
9.55 ± 0.93
8.90 ± 1.29

0.89
0.95
0.93
0.91

< 0.0001
< 0.0001
< 0.0001
< 0.0001

data from two genotypes (only T2 conditions) combined within each watering regime.

5.4.

Discussion

This study was designed to examine the role of K and its components in regulating the
differential Tr responses to VPD and Tleaf in wheat. Table 5.8 lists all the hypotheses
evaluated in this study and their acceptance or rejection based on the results.
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Table 5.8. The hypotheses that were tested in this study and their acceptance or rejection in
relation to key findings.

Hypothesis
01 Kroot would be lower in Gladius than
Excalibur

Accepted or Rejected
Rejected
Under WW conditions (T2)
Kroot (Gladius) > Kroot (Excalibur)
Under WS conditions (T2)
Kroot (Gladius) = Kroot (Excalibur)
Under WW conditions (T2)
Low VPD – Equal contribution from Kleaf
and Kroot on Kplant (Hypothesis rejected)
High VPD – Hypothesis accepted
Under WS conditions (T2) -Accepted
Accepted

02 Kroot, as opposed to Kleaf, would be the
greatest limitation on Kplant

03 Kroot would be the major influence on Tr
and its response to VPD
The reductions in Tr and the Tr response
to VPD under WS were due to lower Kroot
04 Kroot, but not Kleaf would increase in
response to VPD to maintain Tr
05 Changes in K due to root cooling or in
response to VPD were due to
temperature-induced changes in water
viscosity and changes in AQP activity

Accepted

Hence, Kroot of genotypes with greater
abundance/activity of AQP would be
affected more by root cooling once the
viscosity effects on Kroot had been taken
into account
06 Tleaf and its response to Tair would
increase when Kroot was reduced due to
the associated reduction in Tr.

Root AQP abundance/activity possibly
higher in Gladius than Excalibur
Leaf AQP abundance/activity probably
higher in Gladius than Excalibur

Rejected under WW conditions (T2)
Accepted under WS conditions (T2)
Kroot – Accepted for both genotypes
(root cooling effect)
Kleaf (increase in response to VPD) –
Accepted for Gladius, but Kleaf increase with
VPD in Excalibur was only due to viscosity
change

Partly accepted
Under WW conditions
No difference in Tleaf or its response to
Tair due to root cooling treatment
Under WS conditions
No difference in Tleaf response to Tair due
to root cooling, but Tleaf was different
compared to control (T2)
WS conditions increased Tleaf and its
response to Tair, possibly due to reduced
Kroot under WS compared with WW
conditions
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5.4.1.

Kroot in Gladius is not lower than Excalibur

In Chapter 4, it was suggested that linear or segmented Tr responses to VPD and
contrasting stomatal responses were associated with Kroot. Gladius, with its
comparatively low Tr, linear Tr to VPD response and invariable gs was expected to have
lower Kroot compared with Excalibur, that had initially greater Tr, segmented linear Tr to
VPD response and gradually decreasing gs with VPD. However, under WW and T2
conditions, Gladius had 20% higher Kroot than Excalibur, whereas under WS and T2
conditions, both genotypes had similar Kroot. These unexpected results may have been
caused by differences in the initial growing conditions compared with Chapter 4. Plants
were grown in a temperature-controlled glasshouse for this study, before conducting
the VPD measurements in the growth room, because the high number of plants
required for the entire experiment would not fit in one growth room. However, the
glasshouse growing conditions resulted in smaller shoot and root dry weights,
especially Excalibur roots, although leaf area was similar (compare Table 4.11 with
5.6). It is not known whether the reduction in root dry weight was due to thinner roots
or reduced root length, but either could influence Kroot (Davies and Bacon, 2003; Tyree,
2003).
Alternatively, the unexpected findings in this study may be due to differences in root
temperatures during the experiment (uncontrolled in Chapter 4 vs constant in this
Chapter) and genotypic root sensitivity to temperature. The uncontrolled root
temperature during the VPD treatments in Chapter 4 possibly increased with Tair
causing an increase in Kroot. If root temperature increased at a similar rate to Tair, the
temperature-induced changes in viscosity of water can raise Kroot by 5 x 10–6 kg m–2 s–1
MPa–1 kPa–1 (Annex 5.2). Roots of control plants were maintained at constant 22 °C,
despite Tair increasing from 22 °C to 38 °C for the VPD treatments and hence,
temperature-dependent changes in water viscosity had no influence on K root as
indicated by the constant Kroot with VPD in both genotypes.
In further support of the above arguments, Tr and the Tr response to VPD in plants
under WW and T2 conditions in this study were significantly lower compared with
plants under the WW treatment in Chapter 4, especially in Excalibur (e.g. 29% and 78%
reduction in Tr (VPD) slope in Gladius and Excalibur, respectively). Moreover, limiting
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Kroot through root cooling should have hypothetically changed the T r response to VPD
from segmented to linear in Excalibur, but the T r to VPD response was linear and Kroot
was probably lower in this study compared with Chapter 4. This indirectly supports the
model proposed in Chapter 4, but another treatment should be included, where root
temperature is not controlled, to fully test the model.
5.4.2.

Relative contribution of Kroot and Kleaf to Kplant

In Chapter 4, de-topped shoots in the absence of root hydraulic restrictions had
greater Tr to VPD response than their intact plants. Also, the shape of the T r to VPD
response changed from simple linear (WW) in intact plants of Gladius and Mace (linear
response group) to segmented linear in de-topped shoots. It was, therefore,
hypothesised that the greatest hydraulic limitation in the SPAC would exist in the root
system of wheat as opposed to the leaf. Under WW and low VPD conditions, roots and
leaves contributed equally to Kplant, but as VPD increased, Kroot was constant, whereas
Kleaf increased with VPD. Thus, Kroot was the greatest limitation on Kplant under
increasing VPD conditions. Under WS conditions, Kroot was the greatest limitation on
Kplant in both genotypes, irrespective of VPD.
Previous studies on Tr response to VPD identified different sites of hydraulic
limitations, depending on the species. For instance, the linear Tr to VPD response in
wheat genotype RAC 875 was associated with hydraulic limitation in roots (Schoppach
et al., 2014) which was similar to this study. Choudhary et al. (2013) found that in a
sorghum genotype with segmented linear response the major hydraulic restrictions
reside in leaves, as opposed to roots. They also suggested that the other genotype
with linear Tr to VPD response may have greater hydraulic restrictions in roots. Some
studies have also suggested that hydraulic restrictions may exist in both leaves and
roots in segmented linear response genotypes with low VPD break points (Gholipoor et
al., 2010; Sadok and Sinclair, 2010a). These findings suggest that the relative
contribution of Kroot and Kleaf to Kplant can vary between and within species.
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5.4.3.

Kroot is the major influence on Tr and its response to VPD

Root cooling treatment reduced Kroot by approximately half in both genotypes under
WW conditions, which proportionately reduced Tr (by 32-51% from low to high VPD)
and the Tr (VPD) slope (62%) in both genotypes. This demonstrates the key role of Kroot
in regulating Tr and the Tr response to VPD in wheat. However, the role of Kleaf cannot
be discounted because it is also correlated with Tr and a major determinant of Kplant in
WW plants under low VPD conditions. Although gs was not measured in this study, we
can assume that it was unresponsive to VPD, similar to the linear response group in
Chapter 4. Hence, Kroot may play the key role in controlling the Tr response to VPD in
the linear response group.
Under WS conditions, both genotypes had lower Kroot compared with WW conditions,
which may be due to mechanisms such as changes in anatomy (Stasovski and Peterson,
1991; Steudle, 2000), losing hydraulic contact with soil following root shrinkage (Huck
et al., 1970), and reduced AQP expression and activity (Steudle, 2000; Tyerman et al.,
2002). Under high VPD conditions, the average reduction in Kroot due to WS treatment
(T2) was 52%, but Tr to VPD response was reduced by 74%. Hence, this huge reduction
in the Tr response to VPD under WS conditions may not only be due to reduced Kroot,
but also to strict stomatal regulation under WS conditions (Chapter 4).
Although, Kroot was identified as the regulatory variable affecting Tr and Tr response to
VPD in this study, calculation of Kroot may depend on knowing Tr. Therefore, Kroot values
observed in this study may be slightly variable from the values obtained from other T rindependent measures of Kroot such as high pressure flow meter (HPFM).
5.4.4.

Kroot and Kleaf responses to VPD in regulating Tr

It is important to examine how Kplant and its components respond to VPD to determine
whether they increase to meet the greater evaporative demand and maintain the
water balance. Kroot did not change with VPD, but Kleaf increased with VPD in both
genotypes under WW conditions (T2).
However, under WS conditions, Kroot, but not Kleaf increased slightly with VPD in both
genotypes under T2 and in Excalibur under T1. Roots may receive signals from shoots
as VPD increases and Ѱleaf decreases to increase water uptake from the soil. Such
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increase in Kroot would permit wheat to meet the evaporative demand without
lowering Ѱleaf to catastrophic levels, thus balancing plant water status (Vysotskaya et
al., 2004b). It would also help in faster tissue rehydration. As a result, Ѱstem remained
relatively constant in both genotypes under T2 and even increased with VPD in
Excalibur under T1.
Although there is no clear consensus about the role of ABA on Kroot (Markhart et al.,
1979; Fiscus, 1981; Hose et al., 2000; Wan and Zwiazek, 2001; Vysotskaya et al., 2004a;
Kudoyarova et al., 2014), changes in root ABA accumulation may be a possible reason
for such increase in Kroot with VPD. ABA has been shown to have a positive effect on
AQP activity and Kroot of wheat (Vysotskaya et al., 2004a). Under WS conditions, ABA
can accumulate in roots as the import from the phloem transport increases with
increasing Tair (Kudoyarova et al., 2011). Hence, increasing ABA concentration in roots
could stimulate higher Kroot.
5.4.5.

Changes in K due to root cooling or in response to VPD are due to

temperature-induced changes in water viscosity and changes in AQP activity
Root cooling treatment reduced Kroot by 57% in Gladius and 49% in Excalibur under
WW conditions. After accounting for temperature-induced viscosity effect, the
reduction in kroot was 30% in Gladius and 16% in Excalibur. Therefore, the reduction in
Kroot due to root cooling resulted from both increased viscosity of water (Cochard et
al., 2000; Matzner and Comstock, 2001; Aroca et al., 2005) and the possible reduction
in AQP activity (Murai-Hatano et al., 2008; Ionenko et al., 2010). It was expected that
the genotype with greater AQP abundance/activity would be affected more by root
cooling once the viscosity effects on Kroot had been taken into account. The results
indicated that water absorption and flow in Gladius were more affected by root
cooling than that of Excalibur. Thus, higher Kroot found in Gladius than that of Excalibur
under WW conditions may be due to the differences in AQP abundance/activity in
addition to morphological and anatomical differences.
After accounting for the temperature-induced changes in water viscosity, only Gladius
had an increase in Kleaf.corrected, while Excalibur remained constant with VPD. These
findings suggest that the increase in Kleaf with VPD in Excalibur under T2 was only due
to the reduced viscosity of water with increasing temperature (Sack and Holbrook,
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2006). In contrast, the rise in Kleaf in response to VPD observed in Gladius under T2 was
not only due to the temperature dependence of water viscosity, but resulted from a
physiological response such as increased AQP activity (Ionenko et al., 2010). AQPs may
be involved when water moves from the vascular bundle to the site of evaporation
across the mesophyll (living tissues) where most of the leaf hydraulic restrictions to
water flow occur (Yang and Tyree, 1994; Martre et al., 2001a; Salleo et al., 2003;
Chaumont and Tyerman, 2014; Sade et al., 2014). Thus, AQPs in Gladius may be
sensitive to VPD or Tr. In support of the latter suggestion, Kleaf did not change with VPD
in either genotype under WW and T1 conditions when Tr was low.
5.4.6.

The effect of reduced Kroot on Tleaf

Kroot was reduced by root cooling and WS treatment, which proportionately reduced
the Tr response to VPD. The reduction in Tr and the Tr response to VPD under WS
conditions were associated with warmer Tleaf and greater Tleaf response to Tair
compared with WW conditions. However, the reduction in Tr and the Tr response to
VPD due to reduced Kroot under root cooling treatment (T1) did not increase T leaf or the
Tleaf response to Tair compared with the control (T2) under WW.
Under WW conditions, Tleaf increased at a similar rate to Tair under both root
temperature treatments, despite the differences in Tr to VPD responses. Although the
Tr to VPD response was lower in plants (WW) under 4 °C than under 22 °C, they
exhibited similar Tleaf (Tair) responses probably due to the lower temperature of water
flowing inside the plant when roots were at 4 °C. It generally takes 4.2 J of heat energy
to raise the temperature of 1 g of water by 1 °C (specific heat capacity). If the
temperature of the water flowing in the plant is low, then more incident heat energy
will be absorbed by water before the tissue temperature increases. Since water is the
major constituent of plant cells and has high specific heat capacity, it plays a vital role
in thermal regulation of plants (De Costa, 2004) in addition to heat dissipation through
Tr. While the effect of reduced Kroot on Tleaf through root cooling may be confounded by
the lower temperature of water flowing in the plants with roots at 4 °C, it
demonstrates the role of water in the specific heat capacity of leaves.
In this study (WW-T2), Tleaf increased slowly with Tair in both genotypes (common
slope, 0.57 °C °C–1) compared with the corresponding WW treatment (uncontrolled
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root temperatures) in the previous study (Chapter 4, 0.68 C °C–1). This also suggests
that the differences in root temperatures may affect the Tleaf response to Tair.
In both watering regimes, Tleaf was higher than Tair up to a certain Tair depending on the
watering regime (WW up to 22.2 °C/ WS up to 28.2 °C), beyond which Tleaf was several
degrees lower than Tair. It seems that transpirational cooling when Tair is below these
critical values of Tair is not sufficient enough to drop the Tleaf below Tair in these two
genotypes. This critical Tair at which Tleaf begins to cool below Tair may depend on
environmental factors influencing Tr such as soil water availability, radiation and VPD.
For instance, the extension of this critical Tair in WS plants compared with WW plants
may be due to reduced Tr under WS conditions.

5.5.

Conclusions

This study supports, in part, the previously proposed model that linear Tr response to
VPD is associated with limited Kroot. To test the model fully and examine the effects of
Kroot on segmented linear Tr to VPD response group, another treatment should be
included, where root temperature is not manipulated. As gs in simple linear response
group is unresponsive to VPD (Chapter 4), there should be another controlling
mechanism to prevent excess water use through Tr. Under WW conditions, such
control appeared to be through roots, where kroot remained constant at low values,
while Kleaf increased with VPD. This increase in Kleaf would also facilitate CO2 exchange
as higher Kleaf supports stomata to stay open. Under WS conditions, stomatal closure
was accelerated in this linear Tr to VPD response group (Chapter 4), where gs declined
with VPD to control excessive water loss, preventing leaf xylem tension from reaching
the levels that leads to xylem cavitation (Sack and Holbrook, 2006). Hence, Kroot slightly
increased with VPD just to maintain the hydration status of the plant, while K leaf
remained constant. All these suggest that there is coordination between K leaf, Kroot and
stomata in regulating Tr response to VPD and water balance.
The limitation in Kroot may influence Tleaf regulation in wheat possibly through its
negative impact on Tr, which was evident under WS conditions in this study. However,
this relationship may also depend on the root temperature. In the normal field
conditions, when there is good ground cover by the crop canopy, roots especially at
deeper layers will be cooler than Tair, which may have an effect on the temperature of
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the water flowing in shoot. This would give greater specific heat capacity to leaves,
which in turn results in slower increase in Tleaf with Tair although the contribution from
transpirational cooling is low under such situations. However, further studies are
needed to verify this hypothesis.
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6. General Discussion
6.1.

Introduction

Climate change models have drawn special attention to dramatically increasing air
temperatures (Tair) along with atmospheric vapour pressure deficit (VPD) (IPCC, 2007).
This may place global wheat production at risk through morpho-anatomical,
physiological and biochemical changes (Xu et al., 1995; Tewari and Tripathy, 1998;
Zhao et al., 2007; Farooq et al., 2011; Asseng et al., 2015). This highlights the need for
a sound crop improvement program targeting for specific environments, which would
be achievable through plant breeding coupled with a better understanding of the
physiological responses to environmental fluxes and their controlling mechanisms.
Transpiration (Tr) will assist wheat crops dissipate excessive heat through evaporative
cooling and allow their canopies to remain a few degrees cooler than Tair, which would
help wheat tolerate warmer temperatures.
However, Tr and leaf temperature (Tleaf) are influenced by numerous factors including
different morpho-physiological characteristics such as stomatal conductance (gs),
waxiness, pubescence, stomatal density and plant hydraulic properties, and aboveand below-ground environmental variables such as Tair, VPD and soil water availability
(Sinclair et al., 1984; Richards et al., 1986; Amani et al., 1996; Cossani et al., 2012;
Jones, 2014). Genotypes may differ in their Tr and associated Tleaf regulations and their
responses to warm and drier atmospheric conditions. Until now, there was little
understanding of the role of Tr in ameliorating Tleaf in wheat with respect to genotype
and different environmental conditions. In addition, there was limited information
about the physiological mechanisms governing such variable responses. To address
these gaps in knowledge, three experiments were conducted during 2012 to 2014 at
The University of Western Australia under controlled and semi-controlled
environmental conditions. The overall objectives were to assess the role of Tr in
ameliorating Tleaf in relation to changing environmental conditions such VPD, T air and
soil water availability, and to identify the physiological mechanisms associated with the
genotypic variability in those responses.
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6.2.

Key research findings and their possible implications

The key findings of this thesis are summarised in Fig. 6.1, which shows T r, Tleaf and their
associations with plant and environmental factors, and the mechanisms governing the
variable responses.
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Fig. 6.1. Schematic diagram showing the key findings of this thesis, which explains the association between Tr, Tleaf and their regulating factors, the variable
responses of Tr in response to VPD and the underlining mechanisms governing such variable responses.
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Genotypes which use more water are assumed to avoid heat stress through greater
leaf cooling (Farooq et al., 2011). Cooler canopies are indicative of better hydration
status and greater capacity to extract water from deeper soil profiles (Pietragalla,
2012). Thus, Tleaf or canopy temperature is used as a selection criterion for screening
for heat and drought tolerant genotypes (Reynolds et al., 1994; Cossani et al., 2012)
based on their association with water use through T r. The first study in this thesis
(Chapter 3) found that greater water use was correlated with green leaf area and
shoot biomass under both ambient and elevated temperature conditions. However,
biomass retention under high temperature conditions, which gives an indication of
heat tolerance, depended on genotype, where some genotypes performed well,
irrespective of water use or its associated effect on leaf cooling. This means that those
genotypes with greater water use or cooler leaves were not always the ones that were
more heat tolerant. There may be some genotypes with greater photosynthetic
efficiency and/or other mechanisms to tolerate heat even under high temperature,
whose performance under heat is less dependent on water use or leaf cooling. In
addition, this experiment showed that Tleaf response to Tair did not always correlate
with the Tr response, which was subsequently confirmed in the second experiment. For
instance, in the first study, Espada which is known to produce heavy wax cover after
exposure to high temperature (Australian Grain Technologies, 2010a) showed slower
increase in Tleaf in response to Tair despite its lower response to VPD. Similarly, in the
second experiment, high-wax genotype Gladius showed slower Tleaf response to Tair,
although its Tr response to VPD was low. Tleaf of Espada, in the second experiment also
showed lower response to Tair, but had relatively greater Tr response to VPD as well.
Thus, it is not known whether this leaf cooling effect in Espada in the second
experiment was due to greater reflectance associated with waxiness (Johnson et al.,
1983) or transpirational cooling.
Canopy temperature measurements are generally made under high VPD conditions in
the field where the plant is most water-stressed (Pietragalla, 2012) in screening for
plant water use in wheat. As shown in this study T leaf can be low in some instances,
despite having a lower Tr response to VPD and vice versa, which highlights the
importance of considering leaf physical properties such as waxiness, when relating
canopy temperature measurements with crop water use. When measuring leaf or
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canopy temperature, special care should be taken as it is highly sensitive to
environmental fluxes (Pietragalla, 2012). As evident in this thesis, the leaf to air
temperature differential (Tair–Tleaf) increased with Tair, such that making comparisons
between measurements/genotypes, (Tair–Tleaf) should be ideally at the same Tair.
An increased occurrence of drought spells with higher intensity is predicted for the
future (Wetherald and Manabe, 2002) and thus, there will obviously be a trade-off
between water conservation and transpirational cooling. In such situations, maximising
other heat-dissipating mechanisms such as sensible heat loss and reflectance, and
improving heat tolerance will be more beneficial through screening for traits such as
waxiness (like in Gladius) and heat tolerance. However, the benefit from greater
reflection and associated cooling appeared to be dependent on the level of wax
expression and/or type of wax. Wax expression is constitutive in some genotypes, but
can be induced or increased with heat and drought (such as Espada) (Australian Grain
Technologies, 2010a). Traits like leaf size can also have different impacts on
transpirational cooling and sensible heat loss. When water is not limited,
transpirational cooling is effective for large leaves due to greater surface area for
water escape. However, when water is scarce, which imposes limits on transpirational
cooling, large leaves may be at a disadvantage due to their thick boundary layer, which
prevents sensible heat loss (Jones, 2014).
This thesis also showed that Tr response to high temperature depended on the
conditions under which the plants were grown before being exposed to high
temperature (Chapter 3). Tr of plants, initially grown under relatively warmer
conditions did not increase in response to high temperature relative to plants, initially
grown under cooler conditions. That means, plants which had previously experienced
high temperature may have developed some adaptation mechanisms to prevent
excessive water use. Therefore, the influence of global warming on water use will be
different between wheat grown in cooler and warmer regions. If wheat crops grown in
cooler regions are exposed to warmer conditions, their water use may be significantly
increased. However, if wheat crops are already in warmer conditions, water use may
not be increased proportionately in response to temperature.
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In addition, the results of Chapter 3 gave some insight into the genotypic variability in
the Tr response to VPD and leaf cooling under well-watered conditions. These
responses were related to long-term exposure of plants to naturally-fluctuating
environmental conditions (VPD and Tair) with uncontrolled light levels. Thus, Tr
responses can be masked by adaptive mechanisms acquired during high temperature
exposure in some genotypes. Plants can also be exposed to sudden changes in
atmospheric VPD and Tair in the field. Thus, Chapter 4 examined responses of wheat
genotypes to sudden changes in VPD and Tair under controlled environmental
conditions (with constant light intensity) and under two contrasting watering regimes,
well-watered (WW) and water-stressed (WS). Two types of Tr responses to VPD under
WW conditions were identified (Fig. 6.1):
(1) Tr continually increased with VPD, but at a relatively low rate. In this group of
genotypes, stomatal conductance (gs) was unresponsive to VPD.
(2) Tr increased at greater rate with VPD followed by a slowdown in T r after a break
point (BP), resembling a segmented linear response. The Tr response to VPD in
this group was primarily a function of gs that gradually decreased with VPD.
The differring Tr to VPD response patterns could be used to develop new cultivars
targeting specific environmental conditions. Genotypes with lower Tr response to VPD
such as Gladius and Mace may conserve soil water for later use during grain filling.
Such genotypes may be better suited to agricultural systems where crop yield depends
mainly on stored water, such as the north-eastern wheat-belt in Australia. Genotypes
with segmented linear Tr response to VPD may be better suited for agricultural
systems with intermittent in-season rainfall (such as the western Australian wheat
belt) to maximise gas exchange under low VPD levels after rainfall events and restrict
Tr under high VPD within the season droughts. Moreover, genotypes with relatively
higher Tr response to VPD under low VPD conditions (mostly during vegetative growth
stages) may benifit from greater CO2 exchange (Gholipoor et al., 2010), which in turn
supports greater stem reserves. Remobilised stem reserves are believed to be an
alternative source of carbon for grain filling, especially when photosynthetic sources of
assimilates are limited due to water and heat stress (Palta et al., 1994; Farooq et al.,
2011). Genotypes with greater stem reserves would be benefitted under such
situations (Pheloung and Siddique, 1991). However, greater water use during early
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stages of growth may deplete soil water faster making water less available for critical
stages of grain filling. So there can be trade-offs.
Chapter 4 proposed a conceptual model, which explains the coordinating role of
stomata (gas phase) and plant hydraulics (liquid phase) in mediating the T r response to
VPD (Fig. 6.1). The insensitivity of gs to VPD and hence, simple linear Tr to VPD were
assumed to be due to lower Kroot. As lower Kroot prevents excessive water use through
Tr, stomata can remain open to capture CO2. In contrast, the genotypes with
segmented linear Tr to VPD response were assumed to have higher Kroot. Hence, there
is a need to reduce gs with VPD to prevent excessive water loss. This hypothesis was
further supported by de-topped shoots, which were characterised by the initially
highest Tr response to VPD followed by a BP and rapidly declining g s with VPD. Such
rapid decline in gs may be needed as their hydraulic conductance is the greatest in the
absence of root limitations. In the segmented linear response group, under WW
conditions, adaxial gs rapidly declined with VPD (tight stomatal control) compared with
abaxial gs, except for Excalibur and LongReach-Envoy where gs of both sides of the leaf
decreased with VPD at similar rates with VPD. In general adaxial gs was greater than
abaxial gs, hence such strict regulation of adaxial gs in response to VPD would prevent
excessive water use through Tr while continuing CO2 exchange through abaxial stomata
which is less responsive to VPD.
To test the conceptual model proposed in Chapter 4, two genotypes with contrasting
Tr responses to VPD were evaluated for their hydraulic responses to VPD and the role
of plant hydraulics in regulating Tr response to VPD was identified (Chapter 5). It was
hypothesised that the low and linear Tr response to VPD in Gladius was associated with
a lower Kroot compared to Excalibur with segmented linear Tr response to VPD.
However, under WW and control root temperature conditions (22 °C), Gladius had
higher Kroot than Excalibur and under WS conditions both genotypes had similar K root.
Moreover, Excalibur which was expected to show a segmented linear Tr response to
VPD showed a linear Tr response to VPD under WW conditions. These unexpected
results may be due to differences in the initial growing conditions (glasshouse vs
growth room), and/or root temperatures during the experiment (uncontrolled vs.
controlled) between the two studies (Chapter 4 and 5). The reduction in root biomass
relatively to the previous study (Chapter 4) and maintaining roots at constant
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temperatures may have resulted in relatively lower Kroot in this study (Chapter 5). Such
reduction in Kroot may explain the relatively lower Tr to VPD responses in Chapter 5 in
both genotypes compared with Chapter 4. However, the reduction in the T r to VPD
response in Chapter 5 compared with Chapter 4 was greater in Excalibur than that of
Gladius, which may be due to greatly reduced Kroot in Excalibur in Chapter 5. Thus, the
Tr response to VPD in Excalibur changed from segmented linear to simple linear in
Chapter 5. Therefore, it is reasonable to suggest that simple linear T r to VPD response
is associated with lower Kroot. Although, Kroot was the key contributor to Tr to VPD
response under WW conditions, both Kroot and stomata appeared to play an important
role in regulating Tr to VPD response under WS conditions.
Understanding the relative contribution of Kroot and Kleaf is useful for identifying the
role of plant hydraulics in regulating the Tr response to VPD. It appeared that in the
linear Tr to VPD response group, Kroot and Kleaf contributed equally to Kplant under WW
and low VPD conditions. As VPD increased Kroot became the greatest limitation on Kplant.
Under WS conditions, Kroot was the greatest limitation on Kplant, regardless of VPD level.
Hydraulic limitations in roots may restrict the water supply to shoot causing water
deficit in the whole shoot, thus affecting plant water status (Choudhary and Sinclair,
2014). It was evident in Chapter 5 that both Ѱleaf and Ѱstem were low in plants with
restricted Kroot (at 4 °C) compared with the control (at 22 °C). In contrast, limitations in
leaves would restrict the water deficit only to a few cells. Thus, hydraulic limitations in
leaf xylem to stomata pathway are believed to be more advantageous than root
limitations (Choudhary and Sinclair, 2014). However, those few cells may be the most
important ones in a leaf (mesophyll) for some physiological process such as carbon
fixation.
To understand the role of Kplant and its components in regulating the Tr response to
VPD, it is important to examine how they respond to changes in VPD. It was expected
that Kroot would increase in response to VPD to maintain T r. However, under WW
conditions and when root temperature was kept constant at 22 °C, K root remained
constant, while Kleaf increased with VPD in both genotypes. The increase in K leaf was
due to combined effect of reduced viscosity and a rapidly responding plant mechanism
in Gladius, but only to the viscosity effect in Excalibur. This indicates that Gladius may
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have leaf AQPs that are sensitive to VPD, Tair or Tr, as opposed to Excalibur. The reverse
responses were found under water deficit conditions, where Kroot increased slightly
with VPD, while Kleaf remained constant in both genotypes under T2 conditions. The
contrasting Kroot and Kleaf responses under well-watered and water deficit conditions in
Chapter 5 and gs to VPD responses in Chapter 4 suggest a coordinating act of Kroot, Kleaf
and gs in regulating the Tr response to VPD and water balance (Fig. 6.1). When gs is
unresponsive to VPD, wheat may rely on root level control to regulate T r through low
and constant Kroot, while Kleaf increases with VPD. Such increase in Kleaf with VPD will
help stomata to stay open (through its possible effect on turgor maintenance), which
would maximise CO2 exchange. Under water deficit conditions, Tr was already
controlled with strict stomatal regulation. Thus, Kroot increased slightly with VPD
helping shoots to rehydrate faster, while Kleaf remained constant with VPD. However,
there is a risk that increasing Kroot could be harmful under severe WS conditions when
the plant is unable to lower its water potential below that of the soil causing water loss
to the soil.

Rapid adjustments in Kroot in response to external stimuli are due to physiological
responses such as changes in AQP activity rather than to anatomical changes (Ionenko
et al., 2010). Thus, whether or not a specific genotype rapidly adjusts its Kroot in
response to external factors depends on whether water flows through cell-to-cell
pathway, across membranes with the involvement of AQPs or apoplastically (around
cells in the intercellular spaces and cell walls) (Bramley et al., 2007) and relative
abundance of AQPs. The unresponsive Kroot to VPD in linear Tr response to VPD group
under WW conditions may be associated with relatively lower root AQPs and/or
insensitive AQPs compared with the segmented linear response group and/or lower
contribution from the cell-to-cell pathway to overall water flow. Under WW conditions
when plants are transpiring at higher rates, hydrostatic gradient may dominate
because of the tensions created in the xylem (Vandeleur et al., 2005). Under such
situations, water flow through the apoplast would be much greater because of the
lower resistance in the apoplast than water crossing through living tissues. Under WS
conditions, osmotic flow may dominate (Vandeleur et al., 2005). There is no direct
involvement of osmotic gradients in apoplastic pathway (Vandeleur et al., 2005) and
under an osmotic gradient, cell-to-cell pathway substantially contributes to overall
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water flow (Steudle, 2000). Under such situations, there is a possibility to increase Kroot
slightly with VPD resulting from increased AQP activity as evident from this study
(Chapter 5). Although there is little consensus on the effect of ABA on Kroot (Markhart
et al., 1979; Fiscus, 1981; Hose et al., 2000; Wan and Zwiazek, 2001; Vysotskaya et al.,
2004a), this increase in Kroot under WS conditions could be due to the positive effect of
ABA on Kroot (Vysotskaya et al., 2004a).

6.3.

Conclusions and future research

In summary, this thesis identified the important role of Tr in ameliorating Tleaf in wheat,
which was different between genotypes. Although Tleaf increased slowly with Tair in
rapidly-transpiring genotypes in response to VPD, some genotypes were able to keep
their leaves cooler, irrespective of Tr response possibly due to some morphological
characteristics such as waxiness and/or to other heat dissipation mechanisms such as
sensible heat loss. In addition, a genotype’s ability to tolerate heat and better
productivity under high temperature conditions was not always associated with water
use or Tleaf. Genotypes like Gladius are conservative in their water use due to their
lower Tr to VPD response and lower kroot, but keep Tleaf cooler due to waxiness. So
identification of such genotypes and improving their heat tolerance and other traits
related to productivity will be beneficial to cope with future warming scenarios.

The variability in the performances between Batch 01 and Batch 02 genotypes
highlights the fact that how sensitive they are to the changes in environmental
conditions. Such variable responses can be expected in the field conditions as the
conditions in the field are highly variable and predicted to be more variable in the
future. As shown in this thesis (Chapter 03), some genotypes may adapt and develop
some tolerant mechanisms when they are exposed to warmer conditions over longer
period of time. Identification of such tolerant and productive genotypes would
minimise the high temperature threat on crop productivity in a warmer climate to a
certain extent.

Controlled-environment studies provide a useful platform for physiological studies as
they eliminate confounding factors that occur under normal field conditions. However,
the micro-climate of pot plants in glasshouse/controlled environments may be
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different from the field conditions (Asseng et al., 2015). Vertical and horizontal root
distribution can also be limited in pots. Therefore, it is important to confirm results
from pot experiments in the field and incorporate a wide range of genotypes.
Most studies under controlled environments —those which investigate physiological
responses to environmental conditions such as heat stress— pay little attention to soil
temperature. Pots can get warmer with heat treatments, increasing root
temperatures, which will influence Kroot and thereby, affect the Tr response to VPD.
Under field conditions, where the crop canopy provides good ground-cover, the root
system may be at a constant temperature, especially in deeper soil layers, despite
rapid fluctuations in above-ground conditions. Thus, the segmented linear Tr response
to VPD with initially greater Tr response observed in the glasshouse/pot studies may
not be expressed under field conditions in some instances.

This thesis only measured Kroot responses to VPD when Tr increased linearly with VPD.
Thus, it should be examined whether Kroot increases with VPD when Tr response to VPD
follows a segmented linear pattern.

Leaf waxiness may play an important role in lowering Tleaf by reflecting excessive
radiation energy, especially when transpirational cooling is restricted. However, it is
challenging to distinguish the individual effect of T r on leaf cooling from the effect of
waxiness. This could be studied either by switching off Tr through the exogenous
application of ABA or inhibiting the effect of waxiness by mechanically or chemically
removing leaf surface wax. Alternatively, iso-genic pairs of genotypes contrasting in
waxiness can be compared. Furthermore, genotypic variability in amount, composition
and pattern of deposition of epicuticular and intracuticular wax and the associated
impacts on Tr and leaf cooling in wheat need to be explored.
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Chapter 6
This thesis suggests some important points to consider for the future in phenotyping:
-

Leaf attributes such as waxiness should be determined in relating Tleaf
measurements with water use

-

Relying only on Tleaf measurements for screening for heat tolerance and their
performances under high temperature may not be sufficient as T leaf does not
always correlate with heat tolerance and productivity.

-

Tleaf should be measured with special care to eliminate confounding effects
such as environmental fluxes and stage of growth.

-

As Kroot acts in coordination with gs, measuring gs may give some proxy for Kroot.
Such that practical limitations of measuring root traits such as K root can be
overcome to a certain extent.
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Annex 3.1. Relationship between stomatal conductance (gs) and total stomatal density in
Batch 01 (A) and Batch 02 (B) wheat genotypes under T1 and T2 temperature conditions. Each
data point represents an individual plant (replicate), all genotypes combined.
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Annex 3.2. Relationship between biomass reduction% and leaf-to-air temperature differential
(Tair–Tleaf) in Batch 01 and Batch 02 wheat genotypes under T2 temperature condition. Biomass
reduction% refers to the difference in biomass between T1 and T2 temperature conditions in
relation to the biomass under T1 condition. Each data point represents an individual plant, all
genotypes combined.

164

Annex

1 .5 0

(A) Gladius

(B) Mace

(C) Excalibur

(D) LongReach-Envoy

1 .2 5
1 .0 0
0 .7 5
0 .5 0
0 .2 5
0 .0 0
1 .5 0

WW-Adaxial
WS-Adaxial

1 .2 5
1 .0 0

WW-Abaxial
WS-Abaxial

-1

0 .2 5

gs (mol m

0 .5 0

-2

s )

0 .7 5

0 .0 0
1 .5 0

(E) Drysdale

(F) Espada

(G) Glennson 81

(H) Sonora 64

1 .2 5
1 .0 0
0 .7 5
0 .5 0
0 .2 5
0 .0 0
1 .5 0
1 .2 5
1 .0 0
0 .7 5
0 .5 0
0 .2 5
0 .0 0
0

1

2

3

4

5

0

VPD (kPa)

1

2

3

4

5

Annex 4.1. The relationship between stomatal conductance (gs) on the abaxial and adaxial leaf
surfaces and atmospheric vapour pressure deficit (VPD) in eight wheat genotypes under two
watering regimes, well-watered (WW) and water-stressed (WS). Each data point represents an
individual plant/shoot (replicate). Solid (adaxial) and dashed (abaxial) lines are the best fit
regressions based on an extra sum of squares F test. The regression parameters for each
genotype are given in Table 4.6.
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Annex 4.2. The relationship between stomatal sensitivity to vapour pressure deficit (VPD) and
stomatal conductance (gs) at 1 kPa VPD (gsref) in wheat genotypes under two watering regimes,
well-watered (WW), water-stressed (WS). gs sensitivity to VPD is the absolute slope of the
relationship between gs and ln(VPD) where response of gs to ln(VPD) was fit by simple linear
regression. Each data point represents a different treatment combination.
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Annex 5.1. The relationship between hydraulic conductances, leaf and root corrected for the
changes induced by temperature dependence of water viscosity (Kleaf.corrected and Kroot.corrected,
respectively) and atmospheric vapour pressure deficit (VPD) in two wheat genotypes, Gladius
and Excalibur under two watering regimes, well-watered (WW) and water-stressed (WS) and
two root temperature regimes, 4 °C (T1) and 22 °C (T2). K values were standardised to 25 °C by
using an equation given in the materials and methods. A and B represent WW conditions and C
and D represent WS conditions. Each data point represents an individual plant (replicate) and
the solid (T2)/dashed (T1) lines are the best fit regressions based on an extra sum of squares F
test. The regression details for each treatment combination are given in Table 5.3.
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Annex 5.2. Projected changes in Kroot of WW conditions if root temperature was not controlled
assuming root temperature = air temperature. Calculations were done accounting for the
temperature-induced water viscosity. The four data points in the graph represent Kroot
calculated at four air temperatures used in this study (22, 31, 34 and 38 °C). Following
equation from (Reddy, 2002) was used for the calculations;

Kroot at Tair = Kroot at 22°C (η at 22 °C/ η at Tair °C)
where, Kroot at Tair and Kroot at 22 °C are the root hydraulic conductances at given air
temperature Tair and at 22 °C, respectively; η at 22 °C and η at Tair °C are the coefficients of
water viscosity at 22 °C and given air temperature Tair, respectively.
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