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Abstract 

Wheat is most susceptible to frost(s) after the spike emergence (FASE) development stage. Differences in 

the susceptibility of wheat cultivars to FASE have been known in Australia since the late 1970s. Recently a 

large number of commercial cultivars have been ranked for their susceptibility to FASE. However the 

reasons for differences in susceptibility between cultivars was not well understood. This thesis presents 

research which compared the pattern of grain set, grain weight, yield components and spike morphology to 

understand if these traits were related to the amount of frost damage present in cultivars grown in the 

field. The grain setting characteristics and spike morphology were evaluated for three and four wheat 

cultivars known to differ in their susceptibility to FASE. In 2018 and 2019 at the field site there were 22 and 

33 natural radiation frost events (screen temperature ≤ 2 °C) from July to October (winter and spring in the 

Mediterranean-type climate). The less susceptible cultivars filled more grains in the distal florets in 

spikelets. The length of awns at the apical and basal parts of the spike was negatively associated with floret 

sterility when spikes were exposed to FASE (r2 = 0.29 to 0.80 and 0.20 to 0.98 respectively); there was no 

correlation for central spikelets. The research also quantified the contribution of chilling (0 < 5 °C) and 

freezing (< 0 °C) temperatures to frost damage using a plot heater to prevent freezing temperatures during 

natural frosts in the field. The heater was able to maintain canopy air temperature above freezing (≤ 0 °C) 

for the duration of the frost events (~6-8 hours) in a 3.4 m2 field plot. Heated plots had 2-3 °C warmer 

minimum canopy air temperatures than the non-heated plots. It was found that cold and chilling damage 

contributed 20-30 % proximal floret sterility, half of the floret sterility present. Therefore efforts for 

reducing the susceptibility of wheat to FASE should focus on genetic improvement at milder chilling 

temperatures first, before attempting to breed freezing tolerant cultivars. This thesis concludes by 

discussing the contribution of these results to knowledge of FASE damage in wheat and outlines priority 

areas for further research.  
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Glossary and acronyms 
Anther The male reproductive organ in the wheat plant which is located within each floret. 

Anthesis Flowering/reproductive development stage in cereal crops. Anthers are yellow in 

colour in the central proximal florets. Unless otherwise stated this refers to Zadoks 

stage Z65 (50 % anthesis of wheat plants). The anthesis period ranges from Z60 to 

Z69. 

Apical spikelets1 The uppermost section of the wheat spike containing spikelets. 

Assimilate Carbohydrate produced via photosynthesis. 

Basal spikelets1 The lowermost section of the wheat spike containing spikelets. 

Booting  The stage where the developing spike within the leaf sheath, is moving up the stem. 

The flag leaf sheath is extending. At full booting stage the flag leaf sheath is swollen 

Z45. 

Carpel The unfertilised female organ, containing the ovary, style and stigma which is 

located within each floret in the wheat spike 

Central 

spikelets1 

The central section of the wheat spike containing spikelets. 

Chilling 

temperature 

Canopy air temperatures less than 5 °C and greater than 0 °C. 

Cold 

temperature 

Canopy air temperatures less than 8 °C and greater than 5 °C. From this temperature 

range and below pollen viability is reduced (Thakur et al., 2010; Chakrabarti et al., 

2011). 

Distal florets1 The innermost florets/grain positions within the spikelet. See G3 and G4. 

DPIRD Department of Primary Industries and Regional Development. 

FASE Frost After Spike Emergence. 

Floret(s) The sub-unit of spikelets. Each floret contains a carpel (the female reproductive 

parts of the plant) and the anthers (the male reproductive part of plant). Successful 

fertilization of the carpel by the anther leads to the production of a grain.  

Freezing 

temperature 

Canopy air temperatures ≤ 0 °C at which freezing of plant tissue may occur.  

Frost Radiation frost which consists of cold, chilling and freezing damage. Canopy air 

temperatures ≤ 0 °C, screen temperatures ≤ 2 °C. 

Floret sterility                 Floret sterility on proximal florets (G1 and G2) averaged over 30 spikes, expressed as 

a percentage.  

FVPlus Frost Performance values FV-PLUS Decision Support Tool. 

(www.nvtonline.com.au/frost)  

G1 and G2 Proximal/outermost florets/grain positions within spikelet. G1 is on the left and G2 

on the right. 

http://www.nvtonline.com.au/frost
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G3 and G4 Distal/innermost florets/grain positions within the spikelet. G3 is on the left and G4 

on the right. 

Grain  The end product of the successful fertilization of a carpel. Grain is the unit of 

measurement of yield. Grain is the end product of a crop used for food, feed and 

fuel. 

Grain frost 

damage 

Grains appear with one or a combination of the following: blistered on the back of 

the grain, shriveled, shrunken and small in size.  

HI Harvest Index: the ratio of grain weight to above ground biomass at maturity. 

Ovule The female reproductive organ which is located within each floret in the wheat 

spike. It is a component of the carpel. 

Pollen Young 

Microspore 

Tetrad to early microspore stage during pollen meiosis. 

Proximal florets1 The outermost florets/grain positions within the spikelet. See definitions for G1 and 

G2 above. 

Rachis gap 

Spike 

The gap between the nodes, where spikelets attach to the spike. 

The part of a wheat part that contains the following sub-units in descending size of 

each sub-unit: spikelets, florets and the reproductive organs (anthers and ovules). 

Other common names for a wheat spike are: culm, ear or head.  

Sink The number of potential sites for grain to form i.e. the number of spikelets and 

florets within the spikelets. These potential sites create the demand for assimilate to 

be transported to these sites and build grains.  

Source Related to the production and availability of assimilate. Assimilate is used to build 

plant structures and in the reproductive phase, to build the reproductive organs and 

later the developing grains. Limitations on the source can occur via limitations on 

the inputs of photosynthesis (assimilate production) e.g. solar, water, nutrients, CO2. 

Spikelet1 The basic unit of a grass flower, consisting of one or more florets.  

Yield The measurement of the production of grains per a unit area. Grain number and 

grain weight are the two main components of yield. 

Zadok(s) A decimal code for the growth stages of cereal crops Zadoks et al., 1974. 

 

1Refer to Fig. 1.3 Wheat spike diagram for a visual illustration of these terms. 
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1  Chapter 1 – General introduction and literature review 

1.1 Introduction  

Frost damage to grain crops occurs intermittently across large areas of the grain growing regions of 

Australia, New Zealand, USA, Argentina, the UK and China (Paulsen and Heyne, 1983; Cromey et al., 1998; 

Whaley et al., 2004; Zhong et al., 2008; Fredericks et al., 2012; Martino and Abbate, 2019). Frost damage 

varies with seasons (years), location, elevation and soil type within these growing regions. For Australia, the 

estimates of the costs of lost grain production from frosts range from $100 M (AUD) in the eastern states 

and under severe seasons such as occurred in 2016 ~$410 M (AUD) in Western Australia (WA) (Grains 

Industry Association of Western Australia, 2016). Nationally for Australia, the annual loss of income owing 

to frost after spike emergence (FASE) has been estimated to be $360 M (AUD) in direct and indirect yield 

losses (Fuller et al., 2007; Biddulph et al., 2015; Leske et al., 2017a). Frost damage of crops poses a major 

risk to the production and profitability of Australian grain crops and therefore research is critical to improve 

strategies to manage and minimise this risk, both now and for future climates. 

 

Wheat is the third largest crop by production volume (885 M t p.a. 2015 to 2019) in the world and provides 

grain products needed to feed the growing world population (Food and Agriculture Organization of the 

United Nations, 2021). Wheat is the dominant crop grown in Australia with 65-70 % of the grain produced 

exported to more than 50 countries (Australian Export Grains Innovation Centre, 2021). Australia’s wheat 

production accounts for ~3.5 % of annual global production (Australian Export Grains Innovation Centre, 

2021). Australian wheat is used in a variety of food products including: Asian noodles, Asian steamed 

products, Asia-style bread, Western-style bread, Middle Eastern and Indian style bread, sweet cakes, 

pastries, and confectionary, pasta and cous cous (Australian Export Grains Innovation Centre, 2021). Thus, 

increasing and maintaining wheat yields is important both from an economic and food security point of 

view.   
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The vast majority of research on cold stress and wheat has been on freezing tolerance of winter wheat, 

which is of relevance to the North American cropping systems (Fowler et al., 1981; Fowler and Limin, 1987; 

Gusta et al., 1997; Fowler and Limin, 2004). In the North American farming system, wheat in some regions 

can be sown in autumn before snowfall. The plants can survive cold conditions under the blanket of snow, 

later emerging when the snow has melted as soil and air temperatures rise in spring. Breeding programs for 

winter wheats in this region have focused on ‘winter kills’ in the vegetative phase (Fowler et al., 1981; 

Fowler and Limin, 1987). In Australia, radiative frosts are caused by the night-time cooling of the ground, in 

a crop, the crop canopy cools (Section 1.2 and 1.7); although recently it has been discovered there is a 

component of these frosts caused by advection which will be discussed in Section 1.2 ‘Frost and the types 

of frost’.  

 

In the late 1960s and 1970s, two researchers, Single and Marcellos, examined frost damage at the spike 

emergence stage in wheat. This research highlighted as key findings: the ability for some stem and rachis 

nodes to slow the spread of ice formation (Single, 1964); the differences in cultivar resistance to freezing 

(Single and Marcellos, 1974); the changes in temperature within the wheat spike, below and above the 

canopy during radiation frosts in the field (Marcellos and Single, 1975); the impact of freezing temperatures 

on the photosynthetic output of leaf tissues (Marcellos, 1977); plants can supercool below temperatures 

that would normally cause injury (i.e. they remain unfrozen at below freezing temperatures) (Marcellos and 

Single, 1979); and at -4 °C, damage in wheat spikes approached 100 % sterility (Marcellos and Single, 1984). 

There was little  controlled environment and field-based research published, particularly for reproductive 

frost damage in wheat and barley until the 2000s. Since the 2000s, field phenotyping techniques improved; 

thermography has developed to a point that deeper research questions about plant tissue freezing can be 

answered; and controlled environment facilities developed further to simulate natural frosts more closely. 

These developments will be considered in this review. 
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The scope of this review will encompass: defining what is meant by the term “frost”; the susceptibility of 

wheat to frost, definitions of the terms floret sterility and grain set are given in this section which are to be 

used in addition to definitions in the Glossary to interpret the results; phenology and the role of time of 

sowing in relation to managing crops in frost-prone environments; future climate predictions for frost 

incidence; evaluation of field-based experiments that explore radiative frost and/or chilling damage in 

cereal crops; temperature distributions within wheat canopies during a frost event; frost controls in field 

experiments; consideration of spike architecture traits in wheat for breeding purposes; thermography; 

incorporating frost damage into crop models; and finally plant traits that might contribute to reducing the 

susceptibility of wheat to reproductive frost damage.  

 

Following this review, the research aims, objectives, hypotheses and structure of this thesis are outlined. 

This thesis presents novel research on testing traits that could reduce the susceptibility of wheat to frost 

after spike emergence (FASE) (Chapters 2, 3 and 4). Chapter 2 presents results from mapping grain set and 

measuring individual grain weights in wheat spikes to understand how cultivars differ in their yield 

components and the role this has on performance in a frost-prone field environment. Chapter 3 presents 

the evaluation of spike morphology traits to test if these are related to floret sterility induced by frost. 

Chapter 4 presents validation of a ‘frost-free’ control in the field and new insights into where floret sterility 

occurs in the wheat spike damaged by frost and how this affects grain set and yield. Chapter 5 concludes 

this thesis with a General Discussion and considers the direction of future research. 

 

1.2 Frost and the types of frost 

The Australian Government’s Bureau of Meteorology defines frost as: ‘a deposit of soft white ice crystals or 

frozen dew drops on objects near the ground; formed when the surface temperature falls below freezing 

point’ (Bureau of Meteorology, 2021). Frost can occur in two different forms, advection frost and radiation 

frost. Advection frost results from the incursion of cold air masses (Teitel et al., 1996; Crimp et al., 2015). 

Radiation frosts are caused by the night-time cooling of the ground; in a crop after canopy closure, the 
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cooling occurs at the canopy level while the ground is shaded from the night sky . Frosts in Australia were 

thought to be predominantly radiation frost, however recent research has discovered there is an advective 

component to radiation frosts in Australia in which dry, cold polar air moves from Antarctica and descends 

on the southern regions of the grainbelt in Western Australia, South Australia (SA), Victoria (VIC) and 

southern New South Wales (NSW) (Risbey et al., 2019). The general components that lead to a frost event 

are ‘a frontal passage, followed by a high pressure system’ and in extreme frost events a blocking high 

(Risbey et al., 2019). The high pressure system creates the conditions for calm, cloudless, cold nights, where 

longwave radiation radiates from the earth towards the sky, resulting in a net cooling of the ground as heat 

is lost to space (Perry, 1972; Risbey et al., 2019; Stutsel et al., 2020). Clouds can reduce this energy loss by 

acting as a barrier reducing net radiation loss to space, maintain warmer ground and air temperatures 

(Perry, 1972). Radiation frosts combined with advective conditions beforehand are the predominant type of 

frosts that occurs in late winter and early spring in Western Australia (Perry, 1972; Risbey et al., 2019) and 

are what will be referred to in this thesis as “frost”. 

 

1.3 Frost damage in crops 

Cereal crops are most susceptible to frost damage post heading, particularly at anthesis (i.e. flowering Fig. 

1.1), but frost(s) before this stage during young microspore, stem elongation and booting phases can also 

cause damage, yield and quality loss (Livingston and Swinbank, 1950; Single, 1961; Banath and Single, 1976; 

Marcellos and Single, 1984; Cheong et al., 2020). These developmental phases are also critical points of 

grain yield determination (Guo et al., 2016). To quantify the effects of low canopy temperature on wheat 

plant damage, three temperature classes will be used in this thesis: cold (5-8 °C), low temperature/chilling 

(0-5 °C) and freezing (≤ 0 °C) damage (Livingston and Swinbank, 1950; Slafer and Rawson, 1995; Chakrabarti 

et al., 2011; Liu et al., 2020). Each of these classes of low temperature affects wheat plants in different 

ways. Cold and chilling temperatures adversely affect pollen viability in wheat, with the severity of damage 

increasing with decreasing temperatures < 8 °C (Thakur et al., 2010; Chakrabarti et al., 2011). Fertility is 

significantly reduced when a portion of pollen becomes sterile, but damage can also occur to the carpels 
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(the female reproductive structures consisting of the ovary, stigma and style) and sugar transport to these 

developing parts is also disrupted by low temperatures (Oliver et al., 2007; Thakur et al., 2010). Chilling also 

can disrupt the nutrient flow during grain set and filling stages in wheat and other crops such as chickpeas, 

reducing grain weight, yield and quality (Cromey et al., 1998; Nayyar et al., 2005). The freezing of plant 

tissue causes dehydration and damage to cell membranes (Pearce, 2001; Gusta et al., 2004). Under field 

conditions, the cumulative nature of frost events means that crops can experience all three types of 

temperature damage and at multiple development stages throughout a growing season. Freezing damage 

also only occurs after cold and chilling damage, chilling damage after cold damage. Therefore it is important 

to consider the cumulative effect of these three types of damage, as they relate to the minimum 

temperature and duration of each frost event over a range of crop development stages.  

 

 

Fig. 1.1. A diagram depicting the susceptibility of cereal crops (wheat, barley and oats) to frost damage. The highest 

susceptibility is from spike emergence (ear emergence) to the end of anthesis (flowering). Source: Department of 

Primary Industries and Regional Development (2020).  

 

When referring to frost damage in this thesis the term floret sterility is used (Fig. 1.2). This term originated 

from Reinheimer et al. (2004) who described a method of measuring the number of sterile florets of grains 
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in florets of barley and expressing these as a percentage of the total number of florets in the spike. This 

method has been adapted to report frost damage in the proximal florets of wheat (Cocks et al., 2019; 

Ferrante et al., 2021). In this thesis floret sterility was measured on fresh primary tiller spikes at the 

medium milk stage (Z75) and has been used as a measure of the damage caused by FASE (Chapters 2, 3 and 

4), samples from ambient plots in comparison with heater-protected plots were also compared by this 

method (Chapter 4). Due to a four to six week period between anthesis and sample collection, the spikes 

could have been exposed to multiple frost events. Floret sterility could result from damage to pollen (or 

possibly anther), ovary or the embryo (abortion), or the young developing grain, thus resulting in a lack of a 

grain set (Department of Primary Industries and Regional Development, 2020). The use of this term 

encompasses all these causes that could result in the lack of grain set measured in the spike samples. The 

ultimate outcome for a spike could contain one or a combination of all of these causes. Attribution as to 

which individual reproductive organs were sterilised, damaged or which embryos were aborted by 

individual frost events was not determined.  

 
Fig. 1.2. A diagram showing how the use of the terms “floret sterility” (a) and “grain set” (b) in this thesis 

encompasses: pollen sterility (i), anther damage (ii) (often leading to necrosis), ovary sterility (iii), embryo abortion 

(iv), and ultimately resulting in reduced grain set (v). Both floret sterility (a) and grain set (b) were measured when 

grain mapping wheat spikes. Reduced grain set (v) leads to reduced grain number per spike (1), reduced grain number 

per unit area (2), and reduced grain yield (3). Images illustrate observed damage in field plots from various locations in 

the Western Australian grainbelt. Images were sourced from the Department of Primary Industries and Regional 

Development (2020). 
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Grain set is also referred to when characterising frost damage (Fig. 1.2). The grain set was measured via the 

“grain mapping” technique (Bremner and Rawson, 1978; Ferrante et al., 2012) on physiological mature, 

dried spikes (see Chapters 2 and 4). Earlier frost researchers have described frost damage by expressing 

grain set in spikelets as a percentage of floret number (Marcellos and Single, 1984). The term “grain set” is 

used in the text when referring to frost damage when comparing grain set and grain weight within spikes 

measured at physiological maturity. Unless otherwise stated, reductions in grain set of plots in ambient 

conditions are assumed to be owing to FASE.  

 

1.4 Crop development, phenology and time of sowing 

The notion of an optimal flowering period (OFP) for rain-fed crops is well documented (Woodruff and 

Tonks, 1983; Anderson and Smith, 1990; Shackley and Anderson, 1995; Sharma et al., 2008). The concept 

comes from the observed relationship between grain yield and sowing date, which in rain-fed 

environments follows an approximate quadratic form (Anderson et al., 2000). This response is a 

combination of the trade-off between frost and inadequate growth, combined with the quick onset of 

anthesis, which can limit grain yield when a crop is sown too early, and water deficit and high temperature 

which limits grain yield with late sowing (Woodruff and Tonks, 1983). More recently OFPs have been 

modelled and determined for a range of environments across Australia (Flohr et al., 2017). Despite 

warming climate trends, the OFP has largely stayed the same in WA from the periods determined in the 

1990s by field trials (Anderson et al., 2000). What has changed is that growers are now sowing much earlier 

as cropping programs have got larger, to ensure they maximise the amount of their program that will 

flower during the OFP (Fletcher et al., 2016).  

 

In Australia and particularly in WA, wheat is being sown earlier than ever before: in the late 1980s it was 

sown in early June, 10 years on in the 2000s it was sown in mid-May and currently it is being sown into mid 

to late-April (Kerr et al., 1992; Sharma et al., 2008; Fletcher et al., 2016). To ensure anthesis occurs within 

the OFP and not too much frost risk is taken on with this earlier sowing, slower maturing cultivars are 
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needed (Anderson et al., 1996; Leske et al., 2017a; Flohr et al., 2018). Recent research has again highlighted 

the importance of matching cultivar maturity to sowing date to maximise grain yield and profit (Leske et al., 

2017a; Leske et al., 2017b). These trials demonstrated: 1) that yield gains that can be made by sowing 

longer maturity spring and winter wheat in mid to late April sowing dates and; 2) the large yield penalties of 

planting short maturity spring wheat too early, particularly in frost-prone landscapes. In conclusion, 

growers have been optimising the anthesis time of wheat in Australia by adjusting their sowing time and 

choice of cultivars to ensure yield potential is maximised. The combination of sowing time and cultivar 

choice varies locally with the risk posed by frost during winter and spring, along with heat stress and 

terminal drought towards the end of the growing season. 

 

The drivers of plant development and phenology are well understood, with temperature (thermal time – 

degree days) being the primary driver, followed by photoperiod (PPD), vernalisation (VRN) and basic 

vegetative phase (BPV) or otherwise known as earliness per se (Halloran and Boydell, 1967a; Halloran and 

Boydell, 1967b; Slafer, 1996). Wheat breeders have used combinations of anthesis genes particularly PPD 

and VRN to breed locally adapted spring wheat cultivars as day length and vernalisation temperatures vary 

from the northern to the southern growing regions of Australia (Trevaskis, 2010; Cane et al., 2013; Zheng et 

al., 2013; Eagles et al., 2014). In WA, cultivars with stronger PPD genes such as Yitpi and Cutlass have been 

more favoured in the mild/cool environments in the Great Southern where the change in daylength has 

provided a reliable spike emergence and anthesis time from season to season (D. Bennett, 2021 pers. 

comm.) (Shackley and Anderson, 1995). Stable phenology is important so that cultivars do not flower too 

soon in a period of greater frost risk (Anderson et al., 1996; Sharma et al., 2008). PPD responsive cultivars 

have less stable anthesis time in the warmer northern part of the grainbelt around Geraldton Shire where 

they can bolt if warmer days (> 30 °C) occur after emergence following April sowing/early May sowing (D. 

Bennett, 2021 pers. comm.). This can result in plants not accumulating enough above (shoots) and below-

ground (roots) biomass to produce adequate grain yield (Kerr et al., 1992; Department of Primary 

Industries and Regional Development, 2017). In the cooler southern (Albany and Esperance shires) and 
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central parts of the grainbelt (the Shires of Northam, Merredin, Lake King and Katanning), cultivars with 

mild vernalisation response (cv. Magenta) and shorter BVP (cv. Mace and Scepter) are favoured. Degree 

days/thermal time accumulates more slowly there (Department of Primary Industries and Regional 

Development, 2017). These same cultivars can be adapted to warmer environments, where vernalisation 

accumulated more slowly and the cultivars have little to no PPD response (D. Bennett, 2021 pers. comm.). 

  

The development of wheat is sensitive to changes in temperature both throughout the season, but also in 

regard to broad-scale climate trends, particularly rising temperatures. Zheng et al. (2012) demonstrated 

that in a future climate scenario with warmer winter temperatures (2.35 °C global warming temperature 

increase), the wheat growing season would shorten by up to six weeks, especially during the critical pre-

anthesis stage. Faster crop development results in lower biomass (Fischer, 1979), smaller spikes, lower 

grain number and lower grain yield (Leske et al., 2017a). Reduced biomass at anthesis reduces grain 

number per unit area and grain yield; grain number per unit area is correlated to biomass at anthesis 

(Fischer, 1985) and grain yield is correlated to grain number per unit area (Perry and D'Antuono, 1989; 

Harris et al., 2017). Breeding wheat cultivars for future climates will need to account for long term changes 

in the climate and utilise the genetic variation in photoperiod, vernalisation and earliness per se to ensure 

plants continue to flower within OFPs (Zheng et al., 2012).  

 

1.5 Future climate scenarios and frost incidence 

Modelled wheat phenology data from 1957 to 2000 showed that the time to anthesis for wheat is 

shortening in Australia, and also for similar production environments like Argentina (Sadras and Monzon, 

2006). Increases in mean temperature in Australia by 0.09 °C per decade (Murphy and Timbal, 2008) or 

0.17 °C per decade (Crimp et al., 2016) are a likely explanation for this change in time to anthesis. This 

means that wheat reaches anthesis earlier, which coincides with a period of higher frost risk, but lower 

heat risk (Zheng et al., 2012). Earlier anthesis also means that grain fill occurs at cooler temperatures and 

higher available soil moisture, which is beneficial for higher grain yields, if not impacted by the higher frost 
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damage risk (Cromey et al., 1998; Allen et al., 2001). Wheat breeding will need to account for the faster 

development of plants (with the trend for warmer growing season temperatures) and the implications for 

changes to sowing times, for future releases of new cultivars (Zheng et al., 2012). 

 

Climate trends have revealed that the occurrence of spring frost events is increasing, occurring later into 

the season and the adverse impacts of the effects on grain yield are increasing, particularly in the south-

west and east of the Australian grainbelt (Zheng et al., 2015). Crimp et al. (2016) found in the south portion 

of the Australian grain belt that the frost season length increased by 26 days for 2014 compared to the 

1960 to 1990 long term mean. Some regions of south-eastern Australia experienced their last frost event an 

average of four weeks later in 2000-2014 compared to the 1960-1970s. Some regions are now experiencing 

frost damage because of the accelerated rate of growth due to the overall warmer winter temperatures 

(Crimp et al., 2016), coupled with earlier sowing practices (Fletcher et al., 2016). The southerly 

displacement of the position and intensification of the southern hemisphere sub-tropical band of high 

pressures may also contribute to the increase in frost events (Larsen and Nicholls, 2009; Whan et al., 2014; 

Crimp et al., 2016). These changes have been associated with reductions in growing season (April to 

October) rainfall (Scanlon and Doncon, 2020), creating a drier and clearer atmosphere, more favourable 

conditions for radiative cooling; additionally cold, dry air masses originating from near Antarctica are being 

drawn up and into southern Australia by the sub-tropical band of high pressure which is now located 

further south (Crimp et al., 2015; Risbey et al., 2019). All these factors combined have resulted in the 

increased incidence of frost events over the last 30 years and are anticipated to lead to greater future frost 

risk (Crimp et al., 2016). 

 

Coinciding with increasing spring frost risk over the last 30 years is the trend for grain growers to sow 

earlier and/or into dry soil, with germination occurring soon after the first sufficient amount of rain 

(Stephens and Lyons, 1998; Fletcher et al., 2015; Fletcher et al., 2016). Despite the previously mentioned 

climate trends, slower maturing cultivars offer an opportunity to continue early sowing while providing 
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enough stability in anthesis time to prevent the wheat plants from developing too fast due to warming 

temperatures when the seeds germinate in mid-autumn (Leske et al., 2017a; Hunt et al., 2019). While 

modelling outputs make an appealing case for the use of winter and slow spring wheat (i.e. longer duration 

in life cycle) in cropping programs in Australia (Flohr et al., 2017), adoption of these types of wheat is very 

low < 5 % of the area sown to wheat in Western Australia (Department of Primary Industries and Regional 

Development, 2017). Winter wheat can be used as a dual-purpose crop offering livestock grazing 

opportunities, particularly at a time when autumn and winter pasture feed availability is low (Bell et al., 

2015). However national livestock numbers across Australia (particularly in Western Australia) have been in 

decline for decades since the collapse of the wool market in the 1980s, further accelerated by the 

Millennium drought from the mid-1990s to 2010 (Verdon-Kidd et al., 2014). Investment into breeding slow 

spring or winter wheat has been minimal due to a lack of grower demand for their seed, low feed wheat 

prices and lack of end point royalty (i.e. plant breeder rights) capture on feed grains sold outside the bulk 

grain handlers (Flohr et al., 2018). However estimated gross income produced by sowing slow spring (Yitpi) 

and winter wheat (Wylah) at their OFP was 36 % higher than sowing the most widely grown shorter 

maturity cultivar (Mace) across the sowing window in a frost-prone environment (Leske et al., 2017b). 

Other trials in WA and NSW which used multiple sowing dates in both frost-prone and non-frosted 

locations, showed longer maturity cultivars including winter wheat out-yielded the mostly commonly 

grown shorter maturity cultivar with late April and early May sowing (Sharma et al., 2008; Flohr et al., 

2018). One risk that comes with dry sowing longer maturity spring wheat and particularly winter wheat is 

late germination. This could occur when the “break of the season” comes in late autumn or during winter 

and the likelihood of more frequent later “break of the season” is increasing in VIC and WA (Pook et al., 

2009; Stephens, 2016; Scanlon and Doncon, 2020). If the crop is dry sown and a late break occurs, the 

winter wheat would reach anthesis and filling grain at warmer temperatures and declining soil moisture 

levels. Leske et al. (2017b) demonstrated that if a winter wheat (Wylah) germinated in mid to late May, 

gross income was 3 and 40 % higher than if Mace (shorter maturity) germinated on these same dates at 

Brookton in 2015 and Dale in 2016, WA. The challenge remains to convince growers to retain seed for both 
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long and short maturity wheat cultivars so they can play the season as true “break of the season” rainfall 

events become less reliable. 

 

1.6 Experiments to assess variation amongst cereal cultivars to FASE  

There have been several studies published over the last 30 years examining the interactions of frost with 

wheat (Table 1.1). Bill Single began this work comparing different cultivars of wheat exposed to stem and 

spike frost damage under controlled environment and field conditions (Single, 1961). Mixed results were 

observed when comparing these two environments and the ranking of varietal performance. The methods 

used had limitations due to the removal of stems from the plants for freeze testing and transplanting of 

plants in later experiments. Later experiments in controlled environment chambers were also restricted by 

the size of the cold chamber. Despite the limitations of these experiments improvements in methodologies 

were made and varietal differences between spring and winter wheat, as well as significant interactions 

with cultivars and temperature were observed. Studies under controlled conditions established a 50 % 

floret sterility threshold air temperature of -4 to 4.7 °C. When the air temperature was decreased by 1 °C to 

-5 to 5.7 °C, this resulted in 100 % sterility (Marcellos and Single, 1984). Later studies confirmed this 

threshold value but found also that some spikes could supercool down to -15 °C (Fuller et al., 2007). Field 

experiments would have to consider this finding when selecting sites for frost experiments to ensure 

intermediate damage between 10 and 90 % sterility was achieved thus ensuring that differences between 

cultivars, if existing, can be observed.  
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Table 1.1 A summary of published research on experimental approaches used to look at the effect of cold or frost on wheat and barley plants (1961 to 2019).  

Reference Experiment type Number of breeding lines 
or cultivars tested 

Traits 
measured 

Correlation of frost 
damage to grain 
yield 

Comments 

Single 
(1961) 

Controlled environment and 
field experiments 

Three wheat cultivars 
(Cheyenne – American 
winter wheat, Bencubbin 
and Gabo). 
Stems were cut off the 
plants, placed in racks with 
their ends in water, and 
then transferred to a cold 
room. The temperature 
was lowered to -3.5 to -6.0 
°C for 4-6 hrs, then raised 
to 3.0 °C 

Percentage of 
frozen stems, 
developmental 
stage, 
percentage of 
freezing injury 
to stems 

The correlation 
between frost (or in 
these experiments 
freezing damage 
was reported) and 
grain yield 

Mixed ranking results of the varieties 
between field and controlled conditions 
(Bencubbin and Gabo). Cheyenne had 
superior “resistance”.  
Differences were suggested to have been 
due to differences in plant/spike height 
and the canopy temperature. No 
differences in plant resistance were 
observed pre-spike emergence 

Marcellos 
and Single 
(1984) 

Controlled environment 
(convection and/or radiation 
freezing chamber) 

Nine spring wheat, one 
winter wheat (Triticum 
aestivum L.) and one 
emmer wheat (Triticum 
dicoccum L.) 
 
 

Grains set per 
spikelet 

Grain yield was not 
measured. Pot grain 
yield could be 
determined from 
the data presented. 
However it is not 
clear how this and 
the sterility 
measured relates to 
natural frosts in the 
field. 

Cultivars were tested under radiative and 
convective controlled environment 
methods. A threshold was observed at -4 
to 4.7 °C when sterility was 50 %. After 
passing this threshold by decrease in 1 °C 
this resulted in 100 % sterility. 
Spikes/stems were cut from plants and 12 
were placed in the chamber and the 
remainder in the cool room. Samples 
were left in the glasshouse to allow the 
grain to be set.  
The cutting of spikes is not ideal as the 
movement of the xylem and phloem is cut 
off in these freezing tests and therefore it 
is hard to compare the findings of this 
study to the field 
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Reference Experiment type Number of breeding lines 
or cultivars tested 

Traits 
measured 

Correlation of frost 
damage to grain 
yield 

Comments 

Single 
(1988) 

Field trials 1979-1986 
Tamworth 

Eight wheat cultivars (TPZ 
AUS 18446, Falcon, Kite – 
check line, Takari, Cook, 
Condor, Gamut and 
Songlen)  

Grain set, yield 
(one trial is 
reported) 

The correlation is 
not directly 
reported, however 
a combined mean 
seed set across 
trials for each 
cultivar and the 
grain yield in 1983 
is reported. 
Comparing the two 
there does not 
appear to be a good 
correlation between 
the two parameters  

Single and colleague found a mean grain 
set spread of ~45 % between eight wheat 
cultivars highlighting the potential for 
selecting cultivars that have higher grain 
set in frost prone environments. However 
the mean grain set and grain yield data 
(one spike only) do not consider: 1) the 
timing of frost events with crop 
development stage; 2) the potential for 
grain yield compensation between the 
time of damage and the time of harvest; 
and 3) the influence these factors and 
their combination might have on the data 
reported  

Fredericks 
et al. 
(2004) 

Field screening at Kingsthorpe 
and Hermitage Research 
Facility, Queensland. 
Photoperiod extension was 
used as per Fredericks et al. 
2011. The site was known to 
experience radiant frost from 
May to August. Photoperiod 
extension was used to create 
a spread in anthesis time so 
comparisons between lines 
could be made within a 
sowing date. 
A purpose build frost cover 
was used at Hermitage 2000-
2002    

Six synthetic wheat 
breeding lines 
(CIGM89.559; CIGM90.846; 
CIGM90.863; CIGM92.1723; 
CIGM92.1721; 
CIGM93.261) from CIMMYT 
with putative increases in 
frost resistance (Maes et 
al., 2001) and five cultivars 
developed by David 
Woodruff in QLD and Kite 
and Hartog (referred to as 
control cultivars) were 
tested over 5 years (1999-
2003). A purpose build frost 
cover was used at 
Hermitage 2000-2002 

Grain set (data 
not shown). 
Only 
temperature 
data is 
reported in 
this paper 

Not explored None of the lines showed signs of less 
frost damage than control lines. Any 
difference was shown to be less than the 
0.4 °C accuracy of the temperature 
sensors. CIMMYT lines were all long 
season wheat and therefore the author 
suggests they likely escaped damage and 
lack true frost resistance. 
However this paper presents no sterility 
data and only temperature data. This is a 
significant omission when the key finding 
was that there was no difference 
between cultivar performance. Compared 
to Marcellos and Single (1984) who found 
sterility reaches 100 % are -4.7 °C, it is not 
surprising that none of the lines was able 
to survive such severe frost events which 
reach down to -6 °C 
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Reference Experiment type Number of breeding lines 
or cultivars tested 

Traits 
measured 

Correlation of frost 
damage to grain 
yield 

Comments 

Reinheimer 
et al. 
(2004) 

Field screening at Loxton 
(latitude: −34.4333°S, 
longitude: 140.6000°E, 
elevation: 66.0 m) and Black 
Rock (latitude: −32.8333°S, 
longitude: 138.7000°E, 
elevation: 596.0 m) in South 
Australia 
 

Three barley populations: 
225 double haploid lines 
(Franklin x Arapiles) 
112 double haploid lines 
(Galleon x Haruna Nijo) 
129 double haploid lines 
(Amagi Nijo x WI2585 cross) 
 
Only single frost events are 
noted in 2001 (-4.6 & -3.0 
°C in respective locations) 
and two in 2002 (-4.5 & -2.8 
°C) 

Floret sterility, 
height to flag 
leaf, height to 
base of the 
spike, 
peduncle 
length, and 
decimal 
growth stage 

Grain yield data was 
not reported in the 
paper. Therefore 
the relationship 
could not be 
inferred 

QTLs found on chromosome 2HL and 5HL 
in barley. 2HL has been associated with 
maturity in the Arapiles/ Franklin 
population. It is at the same locus as the 
earliness per se gene (Laurie et al. 1995). 
This suggests tolerance was likely 
associated with frost escape rather than 
true tolerance. The QTL on 5HL explained 
19 and 20 % of the variation in frost 
induced grain damage and total frost 
induced damage. There was not a non-
frosted control in this experiment 

Chen et al. 
(2009)  
 

Controlled environment – 
Australian Genome Research 
Facility frost simulation 
chamber 

Experiment 1 -  
Five spring barley cultivars: 
Keel, Schooner, WI2585, 
Sloop and Amagi Nijo 
 
Experiment 2 (using Ice 
Nucleating Protein) –  
Four spring barley cultivars: 
Haruna Nijo, WI2585, 
Galleon and Amagi Nijo 

Floret sterility Not explored The authors showed 2H Low Temperature 
Response (LTR) tolerance locus was 
acclimation dependant. (Note: this is cold 
tolerance, not frost or freezing tolerance). 
The authors suggested that cooler 
growing conditions could increase 
background tolerance. 
Note: The effect of anthesis timing genes 
changing the amount of cold acclimation 
in the vegetative state and its effect on 
floret sterility was not explored 
 

Fredericks 
et al. 
(2011) 

Field screening at Kingsthorpe 
and Hermitage Research 
Facility, Queensland. Sites 
were known to experience 
radiant frost from May to 
August. Two or three planting 
dates were used at each site.  

Seven spring barley 
cultivars: Franklin, Amagi 
Nijo, Haruna Nijo, Icarda 
#81, Icarda #70, Gilbert and 
Kaputar were tested over 3 
years 

Grain set – the 
inverse 
measure of 
floret sterility 

Grain yields were 
not reported in the 
paper 

Barley frost tolerance rankings differed in 
this Northern environment compared to 
the Southern environment in Reinheimer 
et al. 2004. Authors contest tolerance 
QTLs in the above paper for their 
usefulness in Northern environments (the 
growing conditions and severity of frost  



33 
 

Reference Experiment type Number of breeding lines 
or cultivars tested 

Traits 
measured 

Correlation of frost 
damage to grain 
yield 

Comments 

Fredericks 
et al. 
(2011) 
 
Continued 

A randomised design was 
used for each planting date. 
Photoperiod extension was 
used to create a spread in 
anthesis time so comparisons 
between cultivars could be 
made within a sowing date   

Continued Continued Continued differ between these environments). 
Explanation of yield components and how 
they changed would have been useful to 
put the amount of yield loss between the 
varieties in context. There were no non-
frosted controls which makes this more 
difficult 

Cocks et al. 
(2019) 

Field screening nationally in 
three states in Australia (2012 
to 2016): Loxton, South 
Australia; Narrabri, New South 
Wales; Wickepin (2012-2014), 
Brookton (2015) and Dale 
(2016), Western Australia 

28 to 108 wheat and barley 
lines per site per year, 
consisting mostly of 
commercial cultivars and 
some breeding lines. Only 
data from the wheat 
genotypes are reported in 
this paper 

Floret sterility, 
plant height to 
the top of the 
spike, 
peduncle and 
spike length, 
Zadoks growth 
stage 

Not reported in this 
paper. The focus 
was on the 
statistical approach 
used to analyse the 
floret sterility data 
and present it as a 
ranking for cultivar 
comparison 

This field-based screening approach has 
been adapted from Reinheimer et al. 
(2004) and used as the basis frost damage 
measurement in  agronomic trials in 
Australia, see the following as examples 
(Rebbeck and Knell, 2007; Biddulph et al., 
2019; Ma et al., 2019; Martino and 
Abbate, 2019; Stutsel et al., 2019; Zhang 
et al., 2021). This is the first time 
genotypic differences in wheat have been 
reported for more than 20 commerical 
cultivars. 

Martino et 
al. (2019) 

Assessment of the 
susceptibility of wheat to frost 
damage at different stages 
development in Argentina 

Two wheat cultivars Klein 
Roble and Floripan 100 

Floret sterility, 
Zadoks growth 
stage 

Frost damage data 
is presented and 
the effect of 
temperature at 
different stages of 
development 
determined. 
However no yield 
data is presented 

This paper is the first of its kind which 
demonstrates the collection of frost 
damage data in wheat and applies this 
data model to make a frost damage 
model. The lack of good data for 
improving frost damage functions in crop 
models e.g. APSIM, is an ongoing need for 
abiotic stress research going forward. The 
use of a control for frost is presented also 
– the development of frost controls is one 
that has been lacking attention over the 
last decade since Fredericks et al. (2012) 
review paper  
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Reference Experiment type Number of breeding lines 
or cultivars tested 

Traits 
measured 

Correlation of frost 
damage to grain 
yield 

Comments 

Ferrante et 
al. (2021) 

Field screening nationally in 
three states in Australia (2010 
to 2019): Loxton, South 
Australia; Narrabri, New South 
Wales; Wickepin (2012-2014), 
Brookton (2015) and Dale 
(2016-2019), Western 
Australia 

28 to 108 wheat and barley 
lines per site per year, 
consisting mostly of 
commercial cultivars and 
some breeding lines 

Floret sterility, 
plant height to 
the top of the 
spike, 
peduncle and 
spike length, 
Zadoks growth 
stage 

Despite vast 
amounts of floret 
sterility measured 
yield and its 
components were 
not reported 

This paper builds on Cocks et al. (2019) by 
including 2017-2019 years of field 
phenotyping data and using Factor 
Analytical Selection Tools (FAST) to 
present the overall performance of wheat 
and barley lines. Barley data is presented 
for the first time alongside wheat data 
using the same analytical approach. 
When plant height was plotted against 
overall performance wheat varieties with 
higher susceptibility tended to be shorter. 

  



35 
 

Field based phenotyping experiments have explored the intra-species variation in performance under 

natural FASE for both wheat and barley. Field screening of barley cultivars by Reinheimer et al. (2004) 

identified QTLs for frost induced sterility on 2HL and 5HL, as well as frost induced grain damage on 

chromosomes 5HL. While this study was important for the development of the phenotyping approach used 

to rank wheat and barley cultivars in more recent times (Biddulph et al., 2015), there was no control to 

compare the frost treatment with. Consequently, the value of these QTLs in terms of improvement in grain 

yield in frost-prone landscapes was not able to be established. Field experiments in Queensland compared 

synthetic wheat cultivars to standard cultivars (Fredericks et al., 2004), but the frost environment was very 

severe and the cultivars did not perform significantly different from each other. The maximum, magnitude 

of any increase in tolerance of the synthetic lines was shown to be 0.4 °C. It was noted that the 

temperature sensors were only accurate to this amount, suggesting little, if any improvement in tolerance 

(Fredericks et al., 2004). However in this paper there was no floret sterility data presented to confirm this 

result. Another study exploring the reported genetic improvement of Japanese barley lines identified by 

Reinheimer et al. (2004) did report grain set data, but no yield data. Fredericks et al. (2011) questioned the 

usefulness of Reinheimer et al. (2004) QTLs in the northern (i.e. Queensland) growing environments, as 

locally adapted cultivars Gilbert and Kaputar performed better than elite southern cultivar Franklin and 

Japanese cultivars Amagi Nijo and Haruna Nijo. Again there was no frost control and yield component data 

were presented for comparison between the cultivars (Fredericks et al., 2011). In all these field 

experiments there is a clear lack of floret sterility data presented alongside grain yield and a ‘frost-free’ 

control for comparison with the frost treatment. Large scale phenotyping of 28 to 108 wheat cultivars and 

36 to 48 barley cultivars for susceptibility to FASE was done across three states in Australia using a 

standardised trial design and a screening method based on floret sterility to contrast cultivars based on 

anthesis and heading dates (Biddulph et al., 2015; Cocks et al., 2019; Ferrante et al., 2021). The consistent 

methodology and large datasets of these phenotyping experiments enable comparisons between many 

cultivars, which is useful for growers in developing their pre-seeding frost management strategies. However 

there is a lack of data relating the frost susceptibility of cultivars to grain yield and explaining cultivar 

differences by their yield components. Research should aim to present the relationship between floret 
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sterility, grain yield and yield components and relate this to canopy air temperatures of frost events. This 

would help quantify frost damage accounting for Gene x Environment interactions, particularly the 

duration(s) between the frost event(s) and physiological maturity, which influences the chances of 

compensation. 

 

1.7 Temperature distributions in wheat canopies during frost events 

The vertical distribution of temperature within a wheat canopy during a radiation frost has been 

investigated (Marcellos and Single, 1975) and comparisons of screen temperatures to canopy air 

temperature and soil temperatures have been made. The coldest part of the canopy was at flag leaf height, 

up to 2 °C colder than the mid-canopy height. Thermocouples were placed inside glumes as well as at 

various heights in the canopy, in the soil and in the Stevenson Screen. More recent research aimed to 

better understand temperature distributions in field conditions and to evaluate where to best place 

temperature loggers in wheat plot canopies when conducting experiments (Stutsel, 2019; Stutsel et al., 

2020). The Distributed Temperature Sensing (DTS) method used by Stutsel et al. (2020) was able to give 

temperature readings along the length of fibre optic cable to an accuracy of 0.1 °C after calibration. The 

‘DTS uses the Raman Effect and the scattering of laser light to measure temperature continuously across 

fibre optic cable providing temperature data with high spatial and temporal resolution’ (Stutsel et al., 

2020). The fibre optic cable (3.5 km in length) was installed lengthwise through field plots of wheat and 

looped back and forth to create a fence with temperature measurements being taken laterally from 100 

mm above ground level (AGL) up to 800 mm AGL, in 100 mm intervals. The DTS fence had a spatial 

resolution of 650 mm (the length of cable temperature is measured over) and a sampling resolution of 250 

mm (the distance required to record 90 % of the temperature transition) along the length of the cable 

(Stutsel et al., 2020). This accuracy was the same as Marcellos and Single (1975). Stutsel et al. (2020) found: 

the coldest air temperatures were recorded at ~200 mm below the top of the spike in Elmore (taller 

cultivar) and ~100 mm in Wyalkatchem (shorter cultivar by 40-100 mm across the sowing dates compared 

to Elmore); and the vertical temperature gradient between 100 mm above ground level and minimum 
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temperature for each cultivar was just below spike and had a range of -0.2 to 0.27 °C with a mean of -0.24 

°C per 100 mm across both cultivars in all blocks for the first three frost events. The use of wide 

temperature arrays can help researchers in their phenotyping, to understand the macro and micro-climate 

effects that occur during frost events in the field, and how these might influence the results they observe 

for the plants. Temperature dynamics during frost events will be discussed in the subsequent experimental 

chapters. 

 

1.8 Frost controls in field experiments 

As mentioned previously in Section 1.3 ‘Frost damage in crops’, frost damage consists of a combination of 

cold, chilling and freezing temperature-related effects on plants and the cumulative nature of frost events 

throughout a growing season. In field trials, it is almost impossible to separate one frost event from all the 

others without a “low/absence of frost” control, or to partition out what is cold, chilling and freezing 

damage. To know how much yield was lost due to frost damage at a location, plots exposed to frosts should 

be compared with a ‘frost-free’ (or low/absence of frost) control plot. 

 

A few attempts have been made to create a control or ‘frost-free’ area within a trial by moderating or 

preventing the effect of frost on cereal plants (Teitel et al., 1996; Fredericks et al., 2012; Martino and 

Abbate, 2019). These attempts used a cover placed over plants, which is labour intensive and requires 

active monitoring e.g. Fredericks et al. (2004). This cover was then automated in a later iteration, but this 

was not without problems (Fredericks et al., 2012). Recently Stutsel et al. (2019) developed an automated 

plot heater as a low frost control. This heater would automatically activate when the temperature 

measured at a thermocouple dropped below a pre-determined threshold. The heat was pumped through a 

manifold located in the plot. The heated area was 1.6 x 1.0 m which is small, but significant enough to 

demonstrate clear differences in the observed floret sterility, yield and yield components, without notably 

impacting plant growth or phenology. Improvement and scaling up of this ‘frost-free’ control could be used 

to understand the cause of differences in the relative performance of different wheat cultivars under frost 
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(Leske et al., 2017a; Cocks et al., 2019). The development of a reliable low/absence of frost control is 

critical to enhancing our understanding of the pathways affected by frost damage in plants and explaining 

traits or mechanisms that could be related to differences in FASE susceptivity between cultivars. 

Additionally separating out and studying the combined and cumulative effects of cold, chilling and freezing 

damage in isolation and in combination at different crop developmental stages to understand specific 

temperature related susceptibilities of wheat to natural frost. 

 

1.9 Grain set, floret sterility and their measurement 

“Grain set in wheat can be influenced by adverse conditions leading up to and during anthesis, through the 

effects of floret development, pollen viability, fertilisation and also by interactions between florets at the 

time of anthesis” (Evans et al., 1972b). The pattern of grain set and grain growth within wheat spikes has 

been studied in detail since the 1970s when Rawson and Evans (1970) first demonstrated intra-spike 

compensation. Wheat spikes compensated, when one of the proximal florets (G1 and/or G2 - see Fig. 1.3 

for the corresponding locations) of the central spikelets was sterilised four days before anthesis, by 

increasing grain weight in the remaining florets within the same spikelet. Individual grain weight increases 

were measured in apical and basal spikelets of the spike. Spike grain weights increased when one of the 

central florets were removed: by 21 % when G1 was removed and 20 % when G2 was removed. Spike grain 

weights decreased by 5 % when both proximal florets (G1 and G2) were removed (Rawson and Evans, 

1970). Therefore the removal of single grains from the spikelet can lead to increases in the grain weight of 

the remaining grains. However when both are removed this reduces the flow of assimilate to distal grains 

(G3 and G4) which develop up to four days later than G1 and G2 (under controlled environment conditions) 

(Evans et al., 1972b).  



39 
 

 

Fig. 1.3. A wheat spike with spikelets numbered from the most basal to the most apical positions. The insert shows a 

spikelet with the individual florets labelled with G1 and G1 (proximal florets where proximal grains are found), G3 and 

G4 (distal florets where distal grains are found). 

 

The “de-graining” experiments described above demonstrated that the removal of florets reduced the 

“sink” or potential sites for grains to form. These concepts can assist interpretation of the consequences of 

frost damage on grain yields. The responses to de-graining demonstrate that resources that would have 

been directed to these florets are now available to be used elsewhere in the spike. Radiation frosts that 

occur post spike emergence cause floret sterility thus reducing grain set and grain yield. Sterilisation of 

florets achieves in effect what previous “de-graining” experiments aimed to do, that is, they reduced the 

“sink” or potential sites for grains to form. Although sterility caused by frost does this in a more random 

and less precise way; the sites of sterilised florets vary from spike to spike. Freezing of plant tissue can also 

affect the “source” (the site of the production and delivery of assimilate to the sink) when ice formation is 



40 
 

on the surface of and/or within the leaf and stem tissues, causing cells to rupture and their contents to leak 

out (Pearce, 2001; Pearce and Fuller, 2001; Gusta et al., 2004; Livingston et al., 2021). Thus, understanding 

FASE damage in terms of the effect this stress has on both the source and sink will aid in understanding the 

yield component (grain number and weight changes) within the spike.  

 

Carpel size was found to have a hyperbolic relationship with final grain weight: the greater the carpel 

weight, the greater final grain weight (Calderini et al., 1999; Calderini and Reynolds, 2000). The order of 

carpel weight from highest to lowest in proximal to distal florets (Fig. 1.3) is G1, G2 and G3 at anthesis 

(Calderini et al., 1999). Note that G1 and G2 were at the same floret development stage but G3 was less 

developed than the former florets. G4 to Gn were discarded in this experiment as they were often sterile. 

The lower final grain weight of G3 was shown to be due to the late onset of grain filling and slow initial 

grain filling rate (Xie et al., 2015). 

 

De-graining spikelets from three synthetic wheats selected for their diversity in grain weight expression 

demonstrated that the carpel weight could be partially associated with grain weight potential (Calderini 

and Reynolds, 2000). De-graining via the detachment of either proximal or distal florets in the central 

spikelets at heading and seven days after anthesis resulted in: significant grain weight changes in synthetic 

wheat lines for all G3 grains (4.7-13.4 mg grain-1 heavier than the control) and 50 % of the lines for G1 

grains (4.8-9.6 mg grain-1 heavier than the control); but no significant differences for de-grained G2 grains 

pre-anthesis. For post-anthesis de-graining, there were only three significant changes in grain weight (-10.6 

to 6.6 mg grain-1) out of the 18 possible combinations of experimental location x synthetic wheat line x 

grain position. The remaining fifteen combinations of these factors had non-significant changes in grain 

weight (Calderini and Reynolds, 2000). Therefore changes in individual grain weight in G1 and G3 due to de-

graining are possible when de-graining occurs pre-anthesis, but changes to grain weight are not significant 

and/or inconsistent when de-graining occurs post-anthesis.  
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The influence of the availability of assimilates (“source”) on wheat grains has also been evaluated. When a 

limitation on assimilate production was imposed on wheat nine days after anthesis via two levels of 

shading, basal spikelets had a 4 % greater reduction in grain weight compared to the control when 45 % of 

incident light was intercepted by shade cloth. Apical and basal spikelets had 6 and 9 % greater reductions in 

grain weight compared to the control when 70 % of incident light was intercepted by shade cloth (Bremner 

and Rawson, 1978). This demonstrates that both apical and basal spikelets are more responsive than 

central spikelets to changes in grain weight when limitations are placed on assimilate supply. In the context 

of FASE damage, these earlier findings from shade experiments imply that if source limitations are imposed 

on wheat spikes, apical and basal spikelets will see reductions compared to a control treatment.  

 

Selective breeding for semi-dwarf wheat cultivars has influenced the structure of the spike as a sink. 

Reduced height genes (Rht) common in wheat since the 1950s have been shown to reduce the relative 

contribution of proximal grains and an increase in the relative contribution of distal grains to grains per 

spikelet in Brazilian spring wheat (Miralles and Slafer, 1995). Rht genes in modern Chinese Spring wheat 

(from the 2010s) have increased the relative contribution of distal grains to both grain number per spike 

and total grain weight per spike, compared to older wheats from 1948 to 1993 (Feng et al., 2018). Breeding 

for reduced plant height has influenced the contribution of both proximal and distal grains both within 

spikelets and the spike. Changes in the structure of the spike, grain filling characteristics and strength of the 

sink will have implications when stresses such as frost alter the source-sink balance either by reducing the 

source via freezing damage to leaf and stem tissues or the sink via floret sterility.  

 

The ranking of grain weight within spikelets is G2, G1, G3 and G4 (Fig. 1.3) (Rawson and Evans, 1970; 

Miralles and Slafer, 1995). Proximal grains (G1 and G2) are the majority contributors to grain yield in 

Chinese Spring wheat (grown from the 1950s to 2010s with combinations of Rht-D1b, Rht-B1b and Rht8 



42 
 

genes). Proximal grains contributed 60-80 % of total grain weight per spike, 60-75 % of grain number per 

spike and 55-60 % to average grain weight. Measurement of floret sterility caused by abiotic stresses, such 

as FASE, has focused on measurement of sterility (this includes those aborted but not individually 

determined) in proximal grains on the two outermost florets of the spikelet (Fig. 1.3) (Reinheimer et al., 

2004; Cocks et al., 2019). The focus on proximal floret sterility was because these florets are such 

significant contributors to final grain yield (as previously mentioned) and when both proximal florets are 

sterilised, grain weights decline in the distal (G3) florets of that spikelet (Rawson and Evans, 1970) making 

any remaining contribution of that floret to total grain weight of the spike even less. 

 

In summary, grain set can be influenced by limitations imposed on the production and the availability of 

assimilate by “source” (influenced by solar radiation, water and nutrition) and “sink” (the number of 

spikelets and florets within those spikelets where grain is set and successful fertilisation of these). Changes 

to either or both the source or the sink (i.e. the sink size determines grain number and the source size 

determines grain weight and individual grain weight) will change grain yield. When overlayed with a stress 

such as FASE, which can alter both the source and the sink, the interaction between these factors becomes 

more complex. Wheat cultivars have known differences in their susceptibility to FASE. However there have 

only been two published results exploring differences in yield components, floret sterility and grain set 

between Australian wheat cultivars (Ferrante et al., 2017; Ferrante et al., 2019). There are key areas where 

knowledge is lacking. Firstly, what is the pattern of grain set in frost damaged spikes? Are certain parts of 

the wheat spike (i.e. different floret positions) more sterilised than others by frost? Secondly, does 

compensation occur with such random sterilisation of florets and can this be measured? In this thesis, I 

propose the use of grain mapping to answer these research questions which are further explored in 

Chapter 2.  
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1.10 Spike morphology 

Spike morphology in wheat has progressively changed over time as new cultivars have been bred to 

increase grain yields, harvest index, lodging resistance (through shorter stature) and incorporating disease 

resistance traits, such as rust resistance (Dalrymple, 1988; Swaminathan, 2009). Spikes in Australian 

cultivars have gone from being long and slender like Darkan (1968) and Halberd (1969), to become more 

compact like Wyalkatchem (2001) (Whiting et al., 2004). Spike morphology interacts with yield components 

such as grain number and grain weight. Individual grain weight changes with the number of grain positions 

in the spike, both the number of spikelets and florets within a spikelet (Bremner and Rawson, 1978; 

Miralles and Slafer, 1995). Abiotic stresses, such as frost, can alter grain set and weight in spikes that are 

damaged after the spikes have emerged from the leaf sheath and entered the reproductive phase.  

 

Spike architecture traits and their relationship to frost damage or tolerance have received little attention, 

particularly in studies that test the relative susceptibilities between varieties. Maes et al. (2001) suggested 

that pubescence on the glumes might confer lower susceptibility to frost damage. Fredericks et al. (2004) 

tested these cultivars in Queensland but found this trait did not reduce wheat susceptibility to frost under 

severe frost conditions in this northern environment. Recent research explored the role of glumes and their 

thickness as a means of potentially protecting the sensitive floral organs from cold air (Martino et al., 

2021). There was no association between glume thickness and the susceptibility of wheat cultivars to 

reproductive frost damage.  

 

Awns are another spike morphological trait. Awns on the wheat spike contribute to a varied number of 

functions and are a common feature amongst the majority of Australian wheat cultivars (Whiting et al., 

2004). Awns can significantly increase the net photosynthetic rate of wheat spikes (Blum, 1985). This is 

particularly important in conditions where light interception by the canopy is low, competition for light 

amongst neighbouring plants is high (i.e. at high seeding rates), or under water limitation, high 

temperatures, leaf diseases, and other causes of premature leaf senescence (Martin et al., 2003; Rebetzke 
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et al., 2016). After the flag leaf, the glumes and awns are the two main tissue types that can contribute to 

photosynthesis during the grain filling period (Evans and Rawson, 1970). The structure of awns has been 

proposed to be linked to water-use efficiency and high temperature tolerance (Blum, 1985). The direct 

connection between the lemma and the awns offers a shorter distance for photosynthate to be delivered 

to the reproductive organs and later to growing grains (Evans and Rawson, 1970; Evans et al., 1972a). 

However the presence and size of awns have a trade-off with grain number m2, grain weight and grains per 

spike, with awned wheat having fewer, larger and heavier grains per spike compared to awnless wheat 

(Rebetzke et al., 2016). This occurs during early carpel development as growing awns compete for 

assimilate with the developing florets. This trade-off between awns and grain set, and competition 

between the components of the spike for assimilate has implications for the maintenance of plant grain 

yield, particularly under stressful conditions such as FASE. Following a frost event, the number of 

undamaged florets and the amount of resources a wheat plant has invested into the damaged florets is 

expected to have implications for the resulting grain set at maturity. At an applied level, awnless wheat is 

preferred over awned wheat by international hay markets and offers growers more crop salvage options to 

cut their crop for hay. Awnless wheat could be suited to frost-prone landscapes with access to hay export 

or domestic consumption nearby (Rebbeck and Knell, 2007). Older studies have compared awnless cultivar 

Kite to other awned and awnless cultivars under controlled conditions (Single and Marcellos, 1974). 

However for field comparisons awned and awnless cultivars with similar phenology need to be compared 

to mitigate against potential frost escapes. To my knowledge, a direct comparison of the frost susceptibility 

of awned and awnless near isogenic lines has not been made and published and there is a need to measure 

this. 

 

In summary, as highlighted above, there are linkages between spike morphology traits and grain yield. 

However apart from the two studies that examined glume pubescence and glume thickness in relation to 

FASE (both studies showing no relationship between frost susceptibility and these traits), there have been 
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no other published studies that have looked at other spike morphology traits and their relationship FASE in 

wheat.  

 

1.11 Thermography of freezing/frost events 

Thermography has been used for the last few decades to observe the freezing process in plant tissue. A 

summary of a few studies that explored the freezing process in plants are summarised in Table 1.2. Early 

work using thermography was conducted by Le Grice (1993) and Wisniewski et al. (1997). Le Grice recorded 

images on a video recorder (VHS) and was able to make out exotherms by studying the histogram of 

temperature distribution. However he noted that the ice boundary was not very distinct. He was able to 

show nucleation points change temperature (via a colour change) as the exothermic reaction occurred and 

ice formed. Supercooled leaves were shown to change temperature as their threshold was reached and ice 

formation began. Wisniewski et al. (1997) took thermography further to observe the rates of ice 

propagation in different plant tissues and with different nucleators. Thermography is unique in that 

temperature measurement is not destructive and the location of ice nucleation and spread can be 

observed. Before the use of thermography, thermocouples could be inserted into the plant; but in some 

cases, this could become the site of ice nucleation (Wisniewski et al., 1997). 
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Table 1.2. A brief summary of published research on freezing processes in agricultural plants. 

Reference Experiment type Crop type Number of 
lines tested 

Traits measured Comments 

Chen and 
Gusta (1983) 

Laboratory 
experiment 
treating plants 
with ABA and 
cold hardening 
temperatures to 
determine the 
effect of ABA on 
freezing 
resistance and 
the cold 
hardening 
process 

Winter wheat 
(Triticum 
aestivum L. cv 
Norstar), winter 
rye (Secale 
cereale L. cv 
Cougar), and 
bromegrass 
(Bromo inermis 
Leyss) 

3 Regrowth of plant tissue 
after freezing treatment, 
low temperature dose to 
kill 50 % of plant cells 
determined via cell 
fluorescence and 
reduction of 2,3,5-
triphenyl tetrazolium 
chloride by plant cells 

This paper demonstrates that ABA plays a role in making 
plant cells more resistant to freezing (i.e. they froze at 
lower temperatures). It was able to achieve this 
irrespective of cold hardening beforehand 

Rajashekar 
and Burke 
(1996) 

Controlled 
environment 
freezing 
experiment 

Grape stems, 
oak leaves and 
mountain 
cranberry 

3 Ice nucleation 
temperature, osmotic 
concentration, predicted 
cell tensions, non-
freezable water, tissue 
water content 

Ice forms in the intercellular spaces first. 
 

Wisniewski 
et al. (2002)  

A review book 
chapter 
summarising 
freezing 
experiments 

Tomato plants Multiple 
studies 
cited in the 
review 

Ice nucleation 
temperature  

Moisture on the plant tissue surface plays a role in 
determining when a plant will freeze. ‘Dry plants will 
always supercool to a lower temperature than wet 
plants.’ 
Ice Nucleating Active (INA) Bacteria will cause plants to 
freeze at warmer temperatures than just moisture alone 
(Wisniewski et al. 1997, Fuller and Wisniewski 1998). 
Nucleators need moisture to be active. 
Before ice can form inside the plant, ice formed on the 
outside of the plant must link up with moisture on the 
inside. This can occur via a break in the cuticle surface or 
stomatal opening (Wisniewski and Fuller, 1999). 
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Reference Experiment type Crop type Number of 
lines tested 

Traits measured Comments 

Wisniewski 
et al. (2002) 
 
Continued 

Continued Continued Continued Continued The use of an emulsion of hydrophobic kaolin allowed 
tomato plants to be supercooled to -6 °C compared to -
1.5 to -2.5 °C. The kaolin prevented moisture from 
accumulating on the plant tissue and lowered the amount 
of contact the water droplet had with the surface. This in 
some instances caused the droplets to roll off. Ice crystal 
formation was delayed for ~1 hr and sometimes for the 
duration of the frost. 
Silicone grease prevented external ice from causing 
plants to freeze.  
Cold acclimation plays a role in slowing ice crystal growth 
via the sugars and proteins contained in cellular tissue. 
Acclimated plants can lose water very rapidly without 
being injured when ice formation occurs.  
There was a difference observed between the known 
hardiness of cultivars and the rate of ice formation on 
cellular extracts. 
Antifreeze proteins that lower the freezing point of water 
in transgenic Arabidopsis enhanced its ability to 
supercool 

Gusta et al. 
(2004) 

Laboratory 
experiment to 
determine the 
effect of 
acclimation on 
the freezing of 
leaves  

Canola (1x 
winter and 1x 
spring type) 

2 Thermography was used to 
observe ice nucleation, 
patterns of formation and 
freezing rates 

Cell sap of non-acclimated leaves froze 3 times faster 
than acclimated leaves. Simple sugars had a greater 
effect on freezing point than proteins. 
The freezing rate was strongly dependent on the osmotic 
potential of the leaves. 
The higher water content of non-acclimated leaves 
meant they could not supercool as much as acclimated 
ones. A similar result was found for wetted and non-
wetted leaves 
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Plant freezing research progressed in the 2000s to link cold acclimation of plants in vegative stages (Fowler 

et al., 1981; Fowler et al., 1996; Fowler and Limin, 2004) with the point of ice nucleation from which 

freezing begins (Wisniewski et al. 1997). Gusta et al. (2004) used thermography to observe the pattern of 

freezing in acclimated and non-acclimated canola leaves and found differences between the treatments. 

There was a significant amount of water that remained unfrozen in acclimated leaves held at -7 °C and the 

non-acclimated leaves were completely frozen at this temperature. Acclimated leaves had much lower 

levels of electrolyte leakage (8 % after 30 min at -6 °C) compared to non-acclimated leaves (93 % after 20 

min at -3 °C). A two-step freezing process was observed: 1) an exothermic event spread through the whole 

tissue then disappeared (the authors suggested this was either the freezing of water on the outside of the 

cell walls or water vapour); and 2) the slow migration of intracellular water to extracellular ice and a 

growing ice front. Supercooling was observed on dry leaves. The dry outer surface delayed the formation of 

ice crystals until much colder temperatures (dry leaves: -9 to -14 °C, wet leaves: -6 to -7 °C); the authors 

cited this as evidence that external ice crystals grow into the interior of the plant. Livingston et al. (2018) 

used considerably higher definition thermography to observe the freezing process in field grown wheat. 

They observed that: plants do not freeze from the leaf tips (despite canopy height being the coldest point 

of the canopy (Marcellos and Single, 1975)); the entire plant does not all freeze at once at a given 

temperature (much of the plant can remain supercooled while a section freezes); damaging freezing events 

can occur without the soil freezing; and a pattern of age dependant freezing occurred from the oldest to 

youngest leaves. With high definition thermography they were able to show that freezing in wheat leaves 

occurs in the vascular bundles, most likely in the xylem vessels (Livingston et al., 2018). This contrasts with 

the earlier work of Gusta et al. (2004) who proposed that freezing begins on the outside of leaves with ice 

moving inside the plant tissue. Livingston et al. (2021) explored the age dependant freezing process further 

and found xylem vessel diameter was correlated to the freezing order of leaves 3, 4, 5 and 6, but not older 

leaves 1 and 2.  
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Finally, as the technology improved in resolution so did the understanding of the freezing process of plants 

during frost events and the cost per pixel has also come down. Future research using thermography should 

continue to explore the freezing process and ice spread: 1) within plant tissue; and 2) between individual 

plants in a crop canopy under spring radiation frosts under field conditions. This could determine if there is 

nucleation occurring from plant to plant when in physical contact of the leaves as neighbours or if it is due 

to other nucleators (e.g., dust, ice nucleating bacteria or pollen). This will better relate the knowledge 

gained by observing single plants in controlled environments to the freezing process in the field. 

 

1.12 Incorporating frost damage in crop models 

Barlow et al. (2015) completed a recent review of frost damage functions currently used in models. Gaps 

that were identified were: 1) the duration of time below a critical temperature for frost damage to occur; 2) 

the distribution of frost sensitivity around anthesis as this is the most sensitive time, but how this sensitivity 

varies around anthesis and how the variation in synchronisation of anthesis within the crop canopy affects 

whole crop impacts is less clear; 3) the cumulative effect of multiple frost events over the anthesis window; 

and 4) how large are the potential compensatory effects in the translocation of resources due to partial 

sterility of the wheat spike, so that the remaining grains could receive additional resources without the 

‘competition’ from the usual number of grains (Rawson and Evans, 1970; Barlow et al., 2015). A lot of these 

gaps are addressed by making assumptions in the models, but these knowledge gaps and assumptions may 

explain some of the poor correlations between modelling results and grain yield data from the field (Hao et 

al., 2021).  

 

The level of susceptibility at different developmental stages (gap 2) has been explored by Martino and 

Abbate (2019). There are mixed views on which stages apart from anthesis is the next most susceptible to 

frost damage (Single, 1964; Dolferus et al., 2011; Fredericks et al., 2012). Martino and Abbate (2019) found 

reductions in grain number from Z45 to Z67 due to frost damage (Zadoks et al., 1974) showing that both 

pre- and post-heading stages are equally important when considering the susceptibility of wheat to frost. 
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As previously mentioned in Section 1.4 ‘Crop development, phenology and time of sowing’, modelling has 

been used to define Optimal Flowering Periods (OFP) for wheat growing regions in Australia using APSIM 

(Keating et al., 2003; Flohr et al., 2017). Flohr et al. (2017) built on previous work by Zheng et al. (2012) 

which only used temperature data to define these periods. These new OFPs incorporate the effects of 

water supply and demand, radiation and temperature on grain yield using 51 years of climate data (1963 to 

2013) (Flohr et al., 2017). While this is a substantial data set to “train” the model, there are limitations in 

the damage function that has been applied for both frost and heat (Barlow et al., 2015; Hao et al., 2021). 

The sensitive stages for frost damage considered are only from Z60 to Z79. Previous research has identified 

that earlier stages of development (young microspore and booting stages) are also sensitive both to frost 

and water stress (Ji et al., 2010; Dolferus et al., 2011). A more recent study found these stages are just as 

sensitive as anthesis stage (Martino and Abbate, 2019). Therefore more work is required both to develop 

methods to better define damage functions in APSIM and redefine OFP using these improved damage 

functions that incorporate damage at pre-heading stages. This knowledge gap will not be addressed directly 

in this thesis. However the results of Chapter 2 demonstrate that ‘frost-free’ controls will form an integral 

part in generating the data required to improve frost damage functions in crop models: in particular, the 

pre-heading and post heading developmental stages. 

 

1.13 Knowledge gaps and rationale 

Recent frost research in Australia has focused on genetic, management and environmental (climatic) 

aspects of frost research through the Grains Research and Development Corporation’s national frost 

initiative (Grains Research and Development Corporation, 2015). Despite significant investment in 

screening for genetic resistance in international and domestic germplasm, frost resistant germplasm is yet 

to be identified (Fredericks et al., 2015; Cocks et al., 2019; Ferrante et al., 2021). Therefore the focus of 

research must shift to identifying what traits may have made modern cultivars more susceptible to frost 

damage relative to each other in the pursuit of high grain yield.  
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Wheat cultivars have been known to vary in susceptibility to FASE since the 1960s and 1970s (Single, 1961; 

Single, 1964; Single and Marcellos, 1974; Marcellos and Single, 1984). More recently, research has been 

carried out that phenotyped 28 to 108 wheat cultivars per year, in three states, for five years to determine 

variation in susceptibility to FASE (Biddulph et al., 2015; Cocks et al., 2019; Ferrante et al., 2021). These 

experiments tagged 30 individual spikes per plot, at the anthesis stage (Z60-67) to ensure spikes at the 

same developmental stage were compared and the likelihood of “frost escape” via different phenology was 

very low. They were able to demonstrate consistent cultivar differences in FASE susceptibility in Australia 

(Biddulph et al., 2015; Cocks et al., 2019; Ferrante et al., 2021) and this has been confirmed in similar 

experiments in Argentina (Martino et al. 2019; Martino et al. 2021). The cause of variation in wheat’s 

susceptibility to FASE is not known. Further research is needed to understand the causes of this variation 

between cultivars and determine if the associated traits can be selected for in breeding programmes to 

reduce the susceptibility to FASE of future varieties of wheat. 

 

This review of the literature on wheat responses to radiation frosts after spike emergence has identified 

the following gaps in knowledge: 

1) Past field phenotyping trials or those that have measured damage caused by FASE in different 

cultivars of wheat each lack at least one of the four key data to relate frost damage to grain yield 

response: 1) air temperature data, 2) a measure of frost damage (either as floret sterility or a 

percentage of grain set), 3) grain yield and 4) yield component data (harvest index, average grain 

weight, grains m-2, spikes m-2, grains spike-1 and anthesis biomass).   

 

2) The linkages between spike morphology traits and grain yield when wheat is exposed to FASE. 

Apart from the two studies that examined glume pubescence and glume thickness in relation to 

FASE (both studies showing no relationship between frost susceptibility and these traits), to the 

authors knowledge there have been no other published studies that have looked at other spike 
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morphology traits (i.e. awn length, rachis gap and spike length) and their relationship FASE in 

wheat.  

 

3) There is a clear lack of control treatments used in field frost research. This is either due to: 1) a lack 

of reliable control options; or 2) limited ability to use controls at scale in large field phenotyping 

trials. The lack of controls has resulted in only relative differences in the performance of wheat and 

other crop types in frost-prone conditions being reported in the literature. The result is that various 

assumptions are then made by modellers when they develop damage functions that in turn inform 

sowing decisions for growers in Australia. While attempts have been made to address this with 

shelters and covers, they can cause artifacts on experiments through shading and reducing 

radiation interception. Frost controls need to minimise the potential for artifacts, be mobile and fit 

within the confines of field trials, while effectively protecting the plants from FASE.   

 

 

1.14 Research aims, objectives and hypotheses  

This thesis has three main aims: 

First Aim 

To explore potential traits in wheat (Triticum aestivum) that might explain the differences in susceptibility 

of wheat to FASE. The trait data would be presented alongside floret sterility, grain yield and yield 

component data to quantify the trait effect if present. To the best of the authors knowledge, previous field 

studies presented only two out of three types of this data (see Section 1.6 ‘Experiments to assess variation 

amongst cereal cultivars to FASE’).  

Hypothesis 

It is hypothesised that cultivars with higher grain number per spike and lower average grain weight 

can maintain higher grain yield under reproductive stage frost damage by having more florets and 
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individual grain positions to compensate for frost damage, than those with lower grain number and 

higher average grain weight. 

 

Second Aim 

To explore the relationship between spike morphology and FASE. The relationships will be explored in the 

context of yield and yield components in a similar way to the first aim. Previous studies have focused on 

glume pubescence and thickness (both studies showing no relationship between frost susceptibility and 

these traits), but to the authors knowledge, there are no published studies that have looked at awn length 

and rachis gap.  

Hypotheses 

It is hypothesized that cultivars with longer awns would have higher levels of floret sterility and 

lower grain weight per spike compared to cultivars with shorter awns.  

It is hypothesized that cultivars with larger rachis gaps will have lower levels of frost damage 

compared to cultivars with narrower rachis gaps.   

 

Third Aim  

To further validate and improve the ‘frost-free’ control (i.e. plot heater ‘heated plots’) initially developed by 

Stutsel et al. (2019) so that it can be scaled up to increase phenotyping capacity and our understanding of 

the temperature related effects of frost on wheat.  

Hypothesis 

It is hypothesised that ‘frost-free’ controls (i.e. plot heater ‘heated plots’) will be able to show 

greater grain set and individual grain weights within the spike than the frosted field plots and the 

effect of freezing damage (≤ 0 °C air temperature) is greater than that of cold and chilling in the 

controls.  
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1.15 Thesis structure 

This thesis comprises of five chapters: Chapter 1 consists of a literature review. Chapters 2-4 are 

experimental chapters written in a journal paper format according to Field Crops Research Journal. Chapter 

5 of the thesis has a general discussion and conclusion.  

Chapters 2-4 are written as standalone chapters and therefore there is some repetition in the Introductions 

and Methods sections of these chapters. Their content is on the following topics: 

Chapter 2 – Estimating effects of radiation frost on wheat using a field-based frost control treatment to 

stop freezing damage 

Chapter 3 – Spike morphology has little influence on the susceptibility of wheat to frost after spike 

emergence in the field 

Chapter 4 – Proximal grains within wheat spikes are key determinants of grain yield when exposed to 

radiation frost after spike emergence  
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2  Chapter 2 – Estimating effects of radiation frost on wheat using a field-

based frost control treatment to stop freezing damage1 
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2.1 Abstract 

Crop phenotyping experiments on frost have long struggled to have a reliable control treatment that 

excludes frost and associated freezing damage to plants. Previous attempts have been made to exclude 

frost using a barrier, such as a removable shelter or cloth. However these methods were labour intensive 

and varied in their effectiveness. A useful field control must not require much intervention to maintain, be 

reliable, mobile and affordable. The effectiveness of a diesel heater to protect a field plot of wheat (Triticum 

aestivum L.) from frost damage was tested by changes in canopy and ambient air temperatures and yield 

components at a natural frost-prone field site. Frost damage was measured in terms of sterility in proximal 

florets of the spike. In 2018 and 2019 at the field site there were 22 and 33 natural radiation frost events 

(screen temperature ≤ 2 °C) from July to October. The heater was able to maintain canopy air temperature 

above freezing (> 0 °C) for the duration of the frost (~6-8 hours) in a 3.4 m2 field plot. Heated plots had 2-3 

°C warmer minimum canopy air temperatures. Cold and chilling damage was still present in heated plots 

and represented 20-30 % of floret sterility; freezing damage in non-heated plots accounted for an additional 

10-30 % of floret sterility in proximal florets. Grain mapping revealed: grain set in the apical spikelets is most 

affected by frost damage; proximal florets (G1 and G2) contribute the most to grain yield, but distal (G3 and 

G4) are important contributors to grain yield when sterility in proximal florets occurs. These results 

mailto:brenton.leske@research.uwa.edu.au
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demonstrate that a plot heater is a useful tool to study frost-induced freezing damage in cereal crops, by 

way of preventing freezing damage in heated field plots for direct comparison to naturally frosted plots. Plot 

heaters can be used to manipulate plot temperatures during frosts to study the grain set and weight 

changes caused by frost damage to wheat in adjacent plots under field conditions. This approach could be 

used to develop improved damage functions for crop simulation models through a dose and timing-

response experiment for frost incidence on cereal crops in field plots.   

Keywords - Triticum aestivum L., frost, floret sterility, phenotyping, diesel heater, frost control 

 

2.2 Introduction 

Sub-zero canopy air temperatures at the reproductive stage of cereal crops cause considerable damage to 

plants, reducing grain yields and profitability of farming in southern Australia and other frost-prone regions 

throughout the world (Single and Marcellos, 1974; Paulsen and Heyne, 1983; Fredericks et al., 2012; 

Martino and Abbate, 2019). Frost can occur in two different forms: advection frost and radiation frost. 

Advection frost results from the incursion of cold air masses (Teitel et al., 1996; Crimp et al., 2015). 

Radiation frosts occur on cloudless, cold nights, where longwave radiation radiates towards the sky, 

resulting in a net cooling of the ground as heat is lost to space (Perry, 1972; Stutsel et al., 2020). Frosts in 

Australia were thought to be predominantly radiation frost, however recent research has discovered there 

is an advective component to radiation frosts in Australia in which dry, cold polar air moves from Antarctica 

and descends on the southern regions of the grainbelt in Western Australia, South Australia (SA), Victoria 

(VIC) and southern New South Wales (NSW) (Risbey et al., 2019). Radiation frosts after the advective 

cooling of the landscape are the predominant type of frost that occurs in late winter and early spring in WA 

(Perry, 1972; Risbey et al., 2019) and are what will be referred to by the term “frost” from hereon. 

 

Frost can cause damage to wheat at pre spike emergence, stem elongation and post spike emergence 

(Single and Marcellos, 1974; Banath and Single, 1976; Loss, 1989). During frosts, there are three types of 
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temperature related damage to wheat plants: cold (< 8 °C), low temperature/chilling (0-5 °C) and freezing 

(≤ 0 °C) damage (Livingston and Swinbank, 1950; Slafer and Rawson, 1995; Chakrabarti et al., 2011; Liu et 

al., 2020). Each of these types of temperature related damage affects wheat plants in different ways. Cold 

and chilling temperatures adversely affect pollen viability in wheat, with the severity of damage increasing 

with decreasing temperatures (Thakur et al., 2010). Freezing of plant tissue causes dehydration and 

damage to cell membranes (Perry, 1972; Pearce, 2001; Fuller et al., 2007). Recent research has shown that 

wheat plants in the field freeze from the ground up, with older and senesced leaves freezing first; individual 

tillers froze in a random order (Livingston et al., 2018). Further understanding of the freezing process in the 

field during frosts is needed to explain differences in cultivar performance under frost conditions at the 

reproductive stage (Fuller and Wisniewski, 1998; Fuller et al., 2007; Livingston et al., 2018; Cocks et al., 

2019). Moderating the effect of frost in field experiments, to provide ‘frost-free’ controls to compare 

against the frost-exposed plots, is critical to understanding the temperature related effects of frost on 

wheat plants during and after frost events.  

 

Crop models such as the Agricultural Production Systems Simulator (APSIM) (Keating et al., 2003) have 

been used to identify the optimal anthesis periods for wheat across Australia, accounting for soil water, 

radiation, heat and frost risk (Flohr et al., 2017). APSIM has been used to determine the economic cost of 

frost damage to growers in different grain growing regions of Australia and the economic benefit of 

breeding less susceptible cultivars to frost damage (Mushtaq et al., 2017). The lack of frost controls in field 

trials has meant there is a lack of data on the impact of frost on wheat plants at various development 

stages. This has meant frost damage functions in models like APSIM have been based on limited data and 

best-bet guesses (Farre et al. 2010; Bell et al., 2015), rather than field data with controls for frost damage 

treatments. Frost damage data which includes ‘frost-free’ controls would be useful in developing improved 

frost damage models. Models with an improved frost damage function based on data, can then be used to 

more accurately model future climate scenarios and determine the economic cost of frost damage in 
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Australia (Zheng et al., 2012; Barlow et al., 2015; Zheng et al., 2015; Crimp et al., 2016; Mushtaq et al., 

2017) and to optimise agronomic management decisions (Flohr et al., 2017; Hunt et al., 2019).  

 

Efforts have been made to develop ‘frost-free’ controls by moderating or preventing the effect of frost on 

experimental plots of cereal plants (Teitel et al., 1996; Fredericks et al., 2012; Martino and Abbate, 2019). 

These attempts used a cover placed over plants, which is labour intensive and requires active monitoring. 

Fredericks et al. (2012) used a cover that was automated, but stated it was not reliable. Moreover, a 

limitation of frost covers can be shading of plants if not removed shortly after dawn (Fischer and Stockman, 

1980; Zhang et al., 2010; Martino and Abbate, 2019).  Stutsel et al. (2019) presented an automated plot 

heater to reduce frost exposure post spike emergence in wheat plots. This previous research demonstrated 

the effectiveness of the heaters to raise plot canopy temperatures during cold nights and validated that the 

heater did not notably impact plant growth or grain yield in the absence of frost. However due to only mild 

frosts occurring during for this study in 2017 (floret sterility was ≤ 10 % across the five time of sowing 

blocks used in the field experiment), the impact of higher amounts of frost damage (20-80 %) on grain yield 

and yield components compared to the non-frosted control could not be assessed. Since, to the authors 

knowledge, there are no published results using this plot heater in the field during frost events that caused 

> 10 % floret sterility, further novel experiments were conducted to validate the plot heaters to provide 

relatively ‘frost-free’ control plots under natural frost conditions ≤ 0 °C in 2018 and 2019 at the post spike 

emergence stage in wheat. The term “frost(s)” is defined here as air temperature ≤ 0 °C at canopy height, 

which is approximately equivalent to 2 °C air temperature in a Stevenson screen 1200 mm above ground 

level (AGL) (Zheng et al., 2015).  

 

The aim of this study was to quantify frost damage in wheat by comparison of plots in ambient natural frost 

conditions in a frost-prone environment to those with heaters that prevent frost in selected plots. The 

effectiveness of the plot heaters was evaluated by measuring: canopy air temperatures at three different 

heights, with further observations made by handheld thermography; the sterility in the proximal florets of 
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the spike; grain yield and its components were recorded. Data is presented from two field seasons (2018 

and 2019) to test the repeatability and reliability of the plot heaters to maintain canopy air temperatures 

above 0 °C in heated plots when the ambient air temperature falls below 0 °C.  

 

2.3 Methods 
 

2.3.1 Experimental design 

Field experiments were conducted at the Department of Primary Industries and Regional Development 

research site at Dale, Western Australia, over the 2018 and 2019 growing seasons (32°12’24.48” S, 

116°45’31.32” E). The average elevation of the trial site was 245 m above mean sea level. The site is 

historically frost-prone, located on a flat valley with a 0.66 % slope from the southwest to the northeast 

side of the trial (Stutsel et al., 2020). Growing season rainfall (April to October) in 2018 and 2019 was 346 

and 322 mm respectively.  

 

To expose material to natural frost, each year a trial with eight times of sowing (ToS) blocks were 

established based on a predicted equidistant thermal time of ~250 growing degree days from early April to 

early June. This was done so that wheat would be at anthesis from July to October; the frost window for 

the region is from August to September. Two ToS blocks out of the eight were selected each year to deploy 

the plot heaters into, with the crop selected being not further advanced than Z39 at the time of 

deployment (Zadoks et al., 1974). Further details of the deployment of the plot heaters are described in 

Section 2.3.2 ‘Plot heaters’. The soil was a grey sandy loam (pH 5.4 CaCl2 0-10 cm). To reduce the 

confounding effects of stubble in altering frost damage (Smith et al., 2017), stubble was burnt before 

sowing. One 20 mm application of irrigation was applied two weeks before sowing to ensure germination 

occurred. The field plots (1.7 x 5 m) of wheat (cv. Wyalkatchem) consisted of six rows, 250 mm apart and 

were sown at 75 kg ha-1 to achieve a target plant density of 150 plants m-2. Each ToS block was fertilised at 

sowing with 12 kg N ha-1, 16 kg P ha-1, 14 kg K ha-1 and 9 kg S ha-1 as a compound fertiliser (Gusto Gold, 
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Summit Fertilizers, Kwinana, WA, Australia) and 23 kg N ha-1 as urea. Two additional applications of liquid 

fertiliser at 19 kg N ha-1 were applied at tillering and booting stage as Urea Ammonium Nitrate. 

Wyalkatchem was chosen because it represented a more frost-damage susceptible wheat cultivar 

comparatively to other cultivars grown across the wheat growing areas of southern Australia (Biddulph et 

al., 2015; Cocks et al., 2019) and is used as a parent in breeding crosses for various modern Australian 

wheat cultivars (Martynov et al., 2012).  

 

Individual plots were arranged in a randomised block design with three plot replicates (sub-blocks) per ToS 

block (main-block) (Fig. 2.1). This design used the same approach as Cocks et al. (2019). Within the ToS 

block, heated and non-heated treatments were randomised amongst 15 other cultivars of wheat which 

were optimised using the DiGGer statistical software package (Coombes, 2002). The other cultivars were 

used for another experiment and will not be reported on in this paper but were included in the trial design 

to improve the randomisation and reduce spatial temperature variation across the ToS block (Reinheimer 

et al., 2004; Stutsel et al., 2020). These experiments used plot heaters as controls (Heater+) (i.e. plots in 

which frost was prevented) for the ambient frost treatment (Heater-). The plot heaters were initially 

developed and described in Stutsel et al. (2019) (named prototype three).  
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Fig. 2.1. The field layout of one time of sowing (ToS) block of eight in each experiment from each year (2018 and 

2019). Each ToS block contained three sub-blocks, with one plot replicate in each of these sub-blocks for all the 15 

cultivars (two plots of each, including the heated and non-heated treatments for one cultivar, Wyalkatchem). Heated 

and non-heated treatments (red boxes) were located within each of the Wyalkatchem field plots within each sub-

block. Buffer plots surrounded each ToS block (green boxes). Note the location of heated and non-heated plots is not 

their actual location in the trials. 

 

2.3.2 Plot heaters 

To test the repeatability and reliability of the plot heaters across different seasons to maintain canopy air 

temperatures above 0 °C in heated plots when the ambient air temperature falls below 0 °C. Briefly, a 12 V 

2 kW diesel space heater (Belief 2 kW diesel space heater, Diesel Heat, TAS, Australia) was installed in a 

waterproof Pelican™ case and hot air produced by the heater was distributed through a 1 m (L) x 1.2 m (W) 

PVC manifold (Fig. 2.2 (a) and (c)). The manifold was engineered to lay flat on the ground between the crop 

rows on five inter-rows and release hot air in a vertical direction via holes on the sky-ward facing surface of 

the pipes. The sky-ward facing surface of the pipes was 50 mm from the soil surface and the downwards 
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facing surface of the manifold pipe was in direct contact with the soil surface. The manifold would heat the 

soil surface as well as the air space around and above it within the crop canopy. The manifold consisted of 

five x 65 mm PVC pipes with ~45 x 6 mm holes spaced 20 mm apart drilled on the sky-ward facing surface 

of the pipes (Stutsel et al., 2019). The manifold pipes were installed so an even amount of crop row was 

heated within each plot and between replicated heated plots. The sections of the manifold were secured 

with screws and sealed with self-amalgamating silicon and/or duct tape to prevent fittings from separating 

with air pressure and expansion and contraction caused by cyclic heating and cooling of the manifold. A 

heat resistant flexible rubber hose (Flex-flow, Hoseco, Welshpool, WA, Australia), secured by hose clamps, 

was used to direct the hot air out and away from the heater inside the waterproof case to the manifold. 

The exhaust pipe was extended to prevent the heated plot or neighbouring plots from being “fertilised” by 

the CO2 produced by heating. An electronic fuel pump (that came with the heater) supplied winterised 

diesel (50:50 diesel:kerosene fuel mix) from a 5 L plastic diesel fuel container to the heater. The heater, fuel 

pump and 12 V DC digital thermostat temperature controller (STC-1000, unbranded eBay) with a PT-100 

temperature probe were powered by a 12 V deep cycle battery (N70T, Century Yuasa Batteries, 

Forrestfield, WA, Australia). The battery was charged by a 160 W solar panel with a MPPT regulator (Kings, 

4WD Supacentre, Bibra Lake, WA, Australia) facing north, ~30° vertical angle, mounted on six wooden 

stakes in the inter-plot gap between two neighbouring buffer plots, set above the growing crop canopy at 

the anticipated maturity height (800 mm AGL). 

 

In 2018, a split-plot design was used to compare heated and non-heated treatments (Fig. 2.1). The 1.7 x 5 

m field plot was split in half with an insulated barrier between the sub-plots (Air-cell, Kingspan Insulation, 

Somerton, VIC, Australia). The subplots were randomly assigned to mitigate any effect of north or south 

facing treatments. A vertical array of unshielded thermocouples (T-Type, Temperature Controls Pty. Ltd., 

Sydney, NSW, Australia) at 200, 400, 600, 800 and 1000 mm AGL measured air temperature every minute in 

the centre of each treatment plot. The accuracy of the thermocouple is stated as 1 °C. Data were recorded 

by a data logger (DataTaker DT50-S3, Longtek, Glenbrook, NSW, Australia) paired with a calibrated weather 
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station (CR5000, Campbell Scientific Australia Pty. Ltd., Garbutt, QLD, Australia) and sent to a server via the 

Telstra mobile network.  

 

The PT-100 temperature probe (accuracy stated at 1 °C) was calibrated at the start of the 2018 season with 

a Kestrel 5500 weather meter (temperature accuracy 0.5 °C, Kestrel Instruments, Pennsylvania, United 

States of America). The plot heater was set to maximum heat output and would start heating when the air 

temperature at flag leaf height recorded by the PT-100 temperature probe fell to 2 °C. The 1.2 m2 area of 

the split plot was heated evenly by the manifold to 4 °C before the heater switched off. The heater would 

cycle on and off many times during a frost event.  

 

In 2019 further improvements were made to the design of the plot heater: 1) extending the manifold to 2 

m in length to heat more crop row, enabling more plants to be measured and sampled; 2) the plot heater 

was switched on when the air temperature at 600 mm AGL (flag leaf height) fell to 2 °C, via a relay on the 

DT50 data logger (dataTaker DT50-S3, Lontek, NSW, Glenbrook, Australia), replacing the 12 V DC digital 

thermostat temperature controller; 3) relative humidity sensors were installed in addition to the 

thermocouples, replacing the thermocouples at 600 mm and 1000 mm in both treatments and; 4) having 

separate heated and non-heated plots (1.7 x 5 m each), rather than a split plot design as in 2018. Note: 

non-heated plots were adjacent length ways to heated plots in a paired plot design with an inter-plot gap of 

500 mm between them; this allowed thermocouple wires to be laid either side of this gap for temperature 

measurement. The weather station recording the temperature data, the waterproof case containing the 

heater, the fuel container and the solar panel were all located in this inter-plot gap in both 2018 and 2019 

(Fig. 2.2).  

 

Fig. 2.2 shows the field installation and air temperature measurement systems used. In addition to this 

data, screen temperature and relative humidity were measured at the field site with a temperature and 
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humidity probe (Vaisala HMP60, ± 0.5 °C, Helsinki, Finland) housed in an enclosure (Campbell Scientific 

Model 413030-5A, Sydney, Australia) at 1.2 m AGL. Wind speed and direction (Vaisala WMT50 Ultrasonic, 

Helsinki, Finland) were recorded as per Stutsel et al. (2019).  

 

 

Fig. 2.2. A 2 kW diesel plot heater (Belief, Diesel Heat, TAS Australia) housed in a waterproof case (a); the weather 

station (dataTaker DT50-S3, Lontek, NSW, Glenbrook, Australia) which recorded humidity (Vaisala Humitter 110 with a 

Humicap sensor, Lontek, NSW, Glenbrook, Australia) and canopy air temperature (T-type, Temperature Controls Pty. 

Ltd., Sydney, NSW, Australia) in non-heated and heated plots and activated the heater (b); the unshielded 

thermocouples which measured canopy air temperature and the heated plot area of wheat (cv. Wyalkatchem) (c). 

 

A FLIR T420 (Teledyne FLIR, Wilsonville, Oregon, United States of America) was used to take thermal images 

of the plot heaters prior to dawn when in operation during frost events, to quantify the temperature of the 

manifold along its length and of the plants within the plot which it was heating.  

 

Plot heaters were installed prior to when the wheat plants reached Zadok growth stage Z39 (Zadoks et al., 

1974).  The aim was for the heaters to be installed before pollen young microspore stage as it was known to 

be frost sensitive (Cheong et al., 2019). In 2018 the three plot heaters and their weather stations were later 

removed (16/08/2018) at Z71 in time of sowing (ToS) block one (sown 12/04/2018) and moved to three 

new replicated plots in ToS block five (sown 10/05/2018) so that more data could be collected on additional 

field plots within that season. The plot heaters remained at their second location until Z87 when harvest 

index cuts were taken. In 2019, three additional plot heaters were built, so in total six heaters were 
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deployed at the same developmental stages as 2018. Three were deployed in ToS block two (sown 

17/04/2019) and three in ToS block six (sown 17/05/2019). This provided testing over two seasons x two 

different blocks or environments.  

 

2.3.3 In season measurements 

The effectiveness of the plot heaters to protect wheat against frost damage was evaluated by assessments 

of sterility in proximal florets, grain mapping to determine the distribution of grains across the spike, yield 

and yield component traits. Zadok scores were collected weekly from flag leaf emergence (Z39) to the end 

of anthesis (Z69) (Zadoks et al., 1974). Two development stages, 50 % heading (Z55) and 50 % anthesis 

dates (Z65) were estimated from these scores (Zheng et al., 2013). Floret Sterility is the reduction in 

proximal (G1 and G2 see Fig. 2.3 (a)) grain number per spike expressed as a percentage of the total number 

of possible grains that could have formed in the proximal position within the floret (Equation [1]). When 

the spikes reached medium milk stage (Z75), 30 primary tillers were collected and the floret sterility of the 

two proximal florets were determined (discarding the top and bottom florets) (Reinheimer et al., 2004; 

Cocks et al., 2019).  

𝑆𝑝𝑖𝑘𝑒 𝑓𝑙𝑜𝑟𝑒𝑡 𝑠𝑡𝑒𝑟𝑖𝑙𝑖𝑡𝑦 = (
𝑠𝑡𝑒𝑟𝑖𝑙𝑒 𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙 𝑓𝑙𝑜𝑟𝑒𝑡𝑠

𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙 𝑓𝑙𝑜𝑟𝑒𝑡𝑠
) 𝑥 100 Equation [1] 
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Fig. 2.3 (a) A schematic diagram showing grain positions (G1, G2 – proximal, G3 and G4 – distal) at different spikelet 

positions. Spikelet 1 (S1) is the most basal, through to spikelet position 20 (S20) is the most apical. (b) A schematic 

diagram showing the technique of grain mapping. Grains are individually removed from each spikelet and placed into 

its respective dish labelled with both the spikelet (Spikelet 2 to n) and floret (grain number from G1 to Gn).  

 

2.3.4 Grain yield and yield component measurements 

At anthesis, 25 cm of crop row from each of the four inner plot rows was hand-cut above ground level using 

a quadrat (0.254 m2) (Zadoks et al., 1974). These biomass cuts were dried at 70 °C for 48 hours and 
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weighed. Anthesis cuts were not taken in 2018 Heater+ plots as the removal of biomass would influence 

the canopy air movement in the plot and the amount of radiation entering the plot and soil surface during 

the day. At physiological maturity (Z87), 25 cm of crop row from each of the inner plot rows was hand-cut 

above ground level using a quadrat (0.254 m2). These harvest index (HI) cuts were oven dried at 70 °C for 36 

hours and weighed. Tillers were counted to determine spikes m-2, then carefully threshed to determine HI – 

the ratio of grain weight to above ground biomass (Pask et al., 2012; Rebetzke et al., 2016). Thirty main 

stem spikes per plot were sampled for floret sterility measurement during grain fill, four to six weeks after 

anthesis (Cocks et al., 2019; Ferrante et al., 2021). Note HI for ToS 5 2018 could not be determined due to 

missing data. From the HI cuts 15/20 primary spikes per replicated field plot in 2018/2019 were sub-

sampled for grain mapping, see Fig. 2.3 (Ferrante et al., 2012). Mapped grains were dried at 60 °C for 48 

hours. The grain mapping method used was based on the work of Bremner and Rawson (1978), others have 

adapted this technique (Calderini and Reynolds, 2000; Acreche and Slafer, 2006; Ferrante et al., 2013). The 

method described in these past studies had the modification that undeveloped spikelets at the base of the 

spike were discarded and spikelet position one (S1) began at the first fully formed basal spikelet to (Sn) the 

most apical position, as in Fig. 2.3 (a) (Leske et al., 2019). Additionally, grain set was mapped on one side of 

the spike (Ferrante et al., 2017; Leske et al., 2019) and mapped in lots of five spikes (three pseudo replicate 

subset groups x five spikes in 2018 and four pseudo replicate subset groups x five spikes in 2019) to 

decrease the grain weight measurement error by combining the grains from the same locations within the 

five spikes (e.g. combining all grains found in spike position 1 (basal), grain position 1 (proximal), with spike 

position 1 (basal), grain position 1 (proximal) see Fig. 2.3 (b). Grain set data are presented as a proportion 

of grains present in each grain and spikelet position from the five spikes mapped x three pseudo-replicates 

x three plot replicates. This was done so that the contribution of each grain position within the spikelet to 

grain set and grain weight could be determined, rather than just observing these traits across the whole 

spikelet (Acreche and Slafer, 2006). Previously I conducted a variance component analysis to determine the 

optimal sample size of spikes for grain mapping using the approach of Snedecor and Cochran (1956) (Leske 

et al., 2019). The optimal sample size of 15 and 20 spikes was used in each respective season was based on 

the number of grain positions I had previously measured in Wyalkatchem at the same site in a field trial in 
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2017. Grain yield and yield components were determined from the whole plot (1.7 x 3 m, 1 m from each 

end of the plot was removed to eliminate edge effects) using a small plot harvester with settings optimised 

to retain the small frost affected grains.  

 

Briefly, the yield components were determined as follows. Average grain weight (GWa) was determined 

from the harvested grain by counting 100 random grains and determining the total grain weight twice (Gr1 + 

Gr2), then averaging these weights (Equation [2]). If the variation between the two weights was >10 % then 

a third measurement of 100 random grains (Gr3) was taken (Rebetzke et al., 2016). Grains m-2 (Gm) was 

determined by dividing the total weight of grain threshed from the HI cut (GHI) by the average grain weight 

(GWa) (Equation [3]). Grains spike-1 was determined by dividing grains m-2 (Gm) by spikes m-2 (Sm) (Equation 

[4]). 

𝐺𝑊𝑎 =  
𝐺𝑟1 + 𝐺𝑟2  

200
  Equation [2]   

𝐺𝑚 =  
𝐺𝐻𝐼 

𝐺𝑊𝑎
   Equation [3] 

𝐺𝑠 =  
𝐺𝑚

𝑆𝑚
    Equation [4]  

 

The floret sterility, yield components and grain yield were analysed using a linear mixed model in Genstat® 

20th Edition, with the frost treatment (Heater+ or Heater-) as a fixed effect and plot replicate as a random 

term (Genstat – VSN-International Ltd., 2020) and each sowing date was treated as a different environment 

and analysed separately. Predicted means are presented n=3. Significance tests were made using Fisher’s 

protected LSD test (p < 0.05) with each ToS compared separately when comparing treatments across 

measured traits as noted in the tables, with plot replicate as the grouping factor. 

 



79 
 

A linear mixed model was used to analyse grain set and grain weight within spikes; I.D. (grain and spike 

position information e.g. G1S1, G2S2 etc. Fig. 2.3) as a fixed term and plot replicate as a random term 

(Genstat – VSN-International Ltd., 2020).  

 

The relative contribution of grain at each position was calculated as per the formula reported in Feng et al. 

(2018). The grain weight from each grain position (Gn) was summed across all spikelets for each plot 

replicate and analysed using a linear mixed model with I.D. as a fixed term and plot replicate as a random 

term. The summed grain weight was divided by the total grain weight from all positions (G1 to G4) and 

expressed as a percentage. 

 

2.4 Results  

2.4.1 Frost events  

The frosts provided numerous opportunities to test the plot heater to provide non-frosted control plots 

when adjacent plots were at sub-zero degree temperatures on multiple occasions, using three different 

heaters in two environments (ToS blocks) per season. Frost events were frequent in 2018 and 2019 at Dale, 

with a cumulative total of four and six occurring throughout the heading and anthesis windows of 

Wyalkatchem over two sowing dates (Fig. 2.4). The protection periods are noted in Fig. 2.4 by shaded bars 

at the bottom of the graph. In 2018 and 2019 at the field site there were 22 and 33 natural frost events 

(screen temperature ≤ 2 °C) from July to October. In 2018 there was one frost that occurred during Z55 

(20/07/2018) and Z65 (1/08/2018) for mid April sown Wyalkatchem; there were no other frosts within one 

week either side of these dates. For mid May sown Wyalkatchem there were three frosts during the same 

development window (3/09/2018 to 11/09/2018); there were three frosts that occurred at late anthesis 

stage within one week after Z65. More frost events occurred in 2019 with lower minimum temperatures 

and longer chilling duration (i.e. the cumulative duration < 5 °C screen temperature) compared to 2018. 

There were five frost events from 1/08/2019 to 10/08/2019 when Wyalkatchem sown on 17/04/2019 was 
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at Z55 and Z65 (Fig. 2.4). Up to 12 frosts occurred from one week before Z55, during Z55 to Z65 and one 

week after Z65 (30/07/2019 to 18/08/2019). For mid May sown Wyalkatchem there were two frosts that 

occurred between Z55 and Z65. Up to four occurred within one week before Z55, during Z55 to Z65 and 

one week after Z65 (2/09/2019 to 20/09/2019). Frost events in both seasons caused significant amounts of 

floret sterility in the spikes (20-60 %). Fig. 2.5 shows there was a lack of frost events and high temperatures 

at the end of the season. This resulted in low amounts of floret sterility with later sowing, in particular mid 

May 2019 (see Section 2.4.3 ‘Yield and yield components of Wyalkatchem after frost in heated and non-

heated plots’) and other later (June) sown plots of Wyalkatchem (data not sown). The maximum 

temperature did not exceed 28 °C from July to September 2019 and only six days were above 25 °C during 

the anthesis period (Fig. 2.5); at temperatures >30 °C some pollen sterility occurs due to heat rather than 

frost (Saini et al., 1983; Farooq et al., 2011). This provides evidence that the measured floret sterility 

present in spike samples was due to frost, and not another abiotic stress (heat or terminal drought). 
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Fig. 2.4. The timing of heading (Z55 –open triangles) and anthesis dates (Z65 – black triangles) for Wyalkatchem with 

frost events (minimum screen temperatures ≤ 2 °C, 1200 mm above ground level) measured by an onsite weather 

station (Campbell Scientific) at Dale from July to October 2018 (a) and 2019 (b). The horizontal textured bars show the 

period during which the plots heaters in place. Sowing dates for the corresponding heading and anthesis dates are: 

mid April 12/04/2018  and early May 10/05/18  (a), mid April 17/04/19  and mid May 17/05/19  (b).  
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Fig. 2.5. The daily minimum (dashed black line), maximum (solid black line) and average screen air temperature 

(dashed grey line) for the growing season from April to October 2018 (a) and 2019 (b) measured by an onsite weather 

station (Campbell Scientific) at Dale, Western Australia. Minute data was recorded over the whole period. 

 

2.4.2 Plot heater performance 

Wheat plants experienced a large change in air temperature from daytime maximum to pre-dawn 

minimum during frost events. A typical frost event can be seen in Fig. 2.6, hourly screen air temperature 

(from the onsite weather station) and minute canopy air temperature (from an unshielded thermocouple at 

800 mm AGL) when mid May sown Wyalkatchem was heading (Z55) on the 7th Sept 2019. The temperature 

differences in these heated and non-heated plots were typical of frost events that occurred over the two 

seasons in 2018 and 2019. Screen temperatures were warmer than unshielded canopy air temperature in 
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non-heated plots by 1.3 to 1.8 °C from 12 am to 7 am (Fig. 2.6). Over the 12 hour time period the screen 

temperature fluctuated 21.5 °C from the daytime maximum (22 °C) to the pre-dawn minimum (0.5 °C).       

 

Fig. 2.6. A typical frost event temperature profile depicting hourly (7 pm to 7am) screen air temperature (triangles - 

1200 mm above ground level - AGL from the onsite weather station) and minute canopy air temperature (an 

unshielded thermocouple 800 mm AGL (T-type, Temperature Controls Pty. Ltd., Sydney, NSW, Australia) heated (black 

line) and non-heated (grey line) during heading of mid May sown Wyalkatchem (Z55) on the 7th Sept 2019.  

 

The plot heaters were able to maintain air temperatures at canopy height above 0 °C (freezing) during frost 

events that occurred in 2018 and 2019 (Fig. 2.7 and Supp. Fig. S2.1). The heated plots were maintained at 2-

4 °C warmer than the non-heated plots whenever the air temperature at canopy height in non-heated plot 

is < 2 °C (Supp. Fig. S2.1). The durations of temperatures below 5 °C (where chilling and cold damage can 

result) were not different between heated plots and non-heated plots. For the September 7th frost 

durations of chilling temperatures overnight in heated plots were 678 (adjacent Heater 5) and 701 min 

(adjacent Heater 6) and in non-heated plots were 709 (Heater 5) and 728 min (Heater 6) (Heater 5 is shown 

in Fig. 2.6). The September 6th frost in Supp. Fig. S2.2 durations spent at chilling temperatures overnight in 

heated plots were 739 (adjacent Heater 5) and 758 min (adjacent Heater 6) and in non-heated plots were 

729 (Heater 5) and 759 min (Heater 6). There was also good consistency between the different heated plots 

to maintain canopy temperatures above freezing (Supp. Fig. S2.2).   
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Fig. 2.7. Average air temperature recorded in heated (black line) and unheated (grey line) plots (n=3) at 1000 mm 

above ground level (a), 800 mm (b) and 400 mm (c) from frost events during July to October 2019. Air temperatures 

were measured by an unshielded thermocouple (T-type, Temperature Controls Pty. Ltd., Sydney, NSW, Australia) in 

mid April sown Wyalkatchem wheat plots.  

 

It was observed that there was a temperature differential from the origin of the plot heater manifold to the 

end of the manifold of ~40 °C (Supp. Fig. S2.3 (b)) during a frost event on 18/8/2019 when the air 

temperature fell to -0.7 °C inside the screen (Fig. 2.4). The extent of the heated area was contained within 

the plot (Supp. Fig. S2.3 (b)). The surface temperature of some of the flag leaves was still below 0 °C (blue) 

in unheated areas around the edge of the plot. The non-heated plots were at -4 to -4.5 °C in the thermal 

image as per the outside of the plots shown there. Some flag leaves in the heated sections in Supp. Fig. S2.3 

(b) shows surface temperatures approaching 0 °C (blue). These leaves were orientated horizontally and still 

had cooled dew on the adaxial surface which the rising warmer air from the heater had not 
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warmed/evaporated. Visual leaf tissue damage occurred on horizontally orientated sections of flag leaves 

in non-heated plots, where cold dew pooled and presumably froze (Supp. Fig. S2.4 (a)) but was not 

observed on these areas in heated plots. In summary, thermography demonstrated the heater was 

effectively warming the plants within the plot without the heat spreading to neighbouring plots. 

 

Visual field observations in 2019 and in predawn field thermography (Supp. Fig.S2.3 (b)) during frost events 

indicated that heaters could protect spikes in addition to flag leaves.  The coldest air temperatures 

measured by un-shielded thermocouples were 800 mm above ground level (Supp. Fig. S2.2 (a) and (b)). The 

top of the spikes was measured to be ~620 mm (data not shown). Plant heights and the coldest vertical air 

height was consistent across frost events, ToS and seasons. Therefore spikes at 600 mm would be located 

in air temperatures during a frost between those of (a), (b) and (c), (d) seen in Supp. Fig. S2.2. Air 

temperatures at the top of the canopy during the coldest frost (0.5 °C screen temperature) in September 

2019 at some plots reached near 0 °C (Supp. Fig. S2.2 (d)). However for the rest of the frosts which were 

milder in minimum air temperature, the air temperature around spikes was kept well above 0 °C (i.e. 

freezing temperatures), but on occasion were still within the chilling temperature range (0-5°C).  

 

The plot heaters did not alter the phenology of the heated plot compared to the non-heated plots (Fig. 2.8). 

Crop development was the same in the two different treatments in both the 2018 split-plot design and the 

paired plot design in 2019. Variation in the weekly scores was less than two points on the Zadok 

development scale (Fig. 2.8). 



86 
 

 

Fig. 2.8. The crop development Zadok scores from Z40 to Z70 of heated (black triangle) and unheated (hollow square) 

plots (n=3) in 2018 (a) and 2019 (b) seasons at Dale. Values are average Zadok plot scores (n=3). Note sub-plots were 

used in 2018 and paired plots were used in 2019 for heated and unheated treatments. The dashed box highlights the 

main susceptible period for wheat plants at the anthesis stage. 

 

2.4.3 Yield and yield components of Wyalkatchem after frost in heated and non-heated plots 

There was significant frost damage in the 2018 and mid April 2019 sown Wyalkatchem with high floret 

sterility (30-60 %) and low HI (0.06-0.23) (Table 2.1). Heated plots had 1.0 to 1.5 t ha-1 more grain yield than 

the unheated plots. This higher grain yield, or lower yield loss due to frost, was reflected in higher harvest 

index (0.07 to 0.16), reduced floret sterility (11 to 31 %), higher grains spike-1 (17 grains spike-1 more, mid 

April 2019) and grains m-2 (2200 and 4400 more grains m-2 in mid April 2018 and 2019). Average grain 

weight was greater in heated plots in 2018, but not in 2019. Spikes m-2 were not affected by the heaters 

(Table 1). In mid April 2019 sown plants showed a 3-fold reduction in grain yield for Heater- compared to 

Heater+ treatments. There was no difference between the treatments in ToS 6. These contrasting ToS 
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blocks were used for further detailed analyses of frost damage on grain set and grain weight within the 

spike (Fig. 2.9 and 2.10).   
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Table 2.1. Values are predicted means (n=3) of grain yield, floret sterility and yield components of wheat (cv. Wyalkatchem) in heated and non-heated plots for the 2018 and 2019 

seasons at Dale, Western Australia. The same lowercase superscript letters indicate means that are not significantly different (p > 0.05) for comparisons within each sowing date 

(Fisher’s protected LSD test). Data is taken from harvest grain samplesA and the whole harvest index cutB, anthesis biomass cutC (Z65) and floret sterilityD from main stem spikes 

collected at Z75. 

Sowing date Treatment Grain yieldA  

(t ha-1) 

Harvest 

indexB 

(%) 

Anthesis 

biomassC 

(t ha-1) 

Floret 

sterilityD 

(%) 

GrainsB 

spike-1 

GrainsB 

m-2 

(000s) 

Average 

grain weightB 

(mg grain-1) 

SpikesB 

m-2 

Mid April 

12/04/2018 

Heater + 3.4a  0.23a    - 33a  -   9.5a 36.4a   - 

Heater - 2.4b   0.17b  7.1  44b 14   7.3b 33.0b 522 

Mid May 

10/05/2018 

Heater + 4.9ns    -   - 28a  -    9.9ns 49.4a   - 

Heater - 4.4ns  0.2    9.9  59b 18    8.5ns 51.7b 463 

Mid April 

17/04/2019 

Heater + 2.3a  0.22a    - 21a 25a    5.8a 48.3ns 232ns 

Heater - 0.8b  0.06b  7.2  36b 8b    1.4b 45.3ns 209ns 

Mid May 

17/05/2019 

Heater + 5.0ns  0.40ns    - 8a 41ns  11.3ns 44.3ns 278ns 

Heater - 4.5ns  0.40ns  9.1  11.2b 40ns  11.7ns 43.2ns 299ns 
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2.4.4 Grain set and grain weight within spikes of Wyalkatchem in heated and non-heated plots 

Apical spikelets are most affected by frost damage, at least one third of the apical proximal florets and one 

quarter of the distal florets had no grain set in them in both 2018 and 2019 (Fig. 2.9 and 2.10). 

 

Fig. 2.9. Values are predicted means (n=45 spikes per data point) of average grain set and grain weight in heated and 

non-heated plots exposed to more frosts (mid April 2019, 17/04/2019, Fig. 2.4, Fig. 2.5 and Table 2.1). Grain set is 

shown from G1 to G4 ((a) to (d)) and average grain weight along the spike in each grain position of the spikelet is 
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shown from G1 to G4 ((e) to (h)) (see Fig. 2.3 (a) for the location of grain positions in the spikelet). Heated plot (grey 

circles) and non-heated plot (white triangles).  Horizontal bars are ± standard errors. 

 

Fig. 2.10. Values are predicted means (n=45 spikes per data point) of average grain set and grain weight in heated and 

non-heated plots exposed to less frosts (mid May 2019, 17/05/2019, Fig. 2.4, Fig. 2.5 and Table 2.1). Grain set is 

shown from G1 to G4 ((a) to (d)) and average grain weight along the spike in each grain position of the spikelet is 

shown from G1 to G4 ((e) to (h)) (see Fig. 2.3 (a) for the location of grain positions in the spikelet). Heated plot (grey 

circles) and non-heated plot (white triangles).  Horizontal bars are ± standard errors. 
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The differences grain set (as stated in the methods, grain set was calculated as an average from five spikes 

within each treatment) and grain weight between the heated and non-heated plots was greatest in the 

proximal florets. Proximal florets also had the heaviest grains present at 50-60 mg grain-1 in heated plots 

and 20-40 mg grain-1 in non-heated plots exposed to more frosts (Fig. 2.9 (e) G1 and (f) G2).  Grain set was 

approximately two-fold greater in heated versus non-heated plots in the proximal florets (Fig. 2.9 (a) G1 

and (b) G2) in April sown Wyalkatchem, 2019.   

 

Plants exposed to less frosts  saw distal florets (G3 and G4) contribute more to grain number (Fig. 2.10 (c) 

and (d)), grain weight per spike (Fig. 2.10 (g) and (h)) and grain yield.   

 

Central spikelets were the most responsive to frost damage. In the mid April 2019 sown plants, exposed to 

more frosts , the central spikelets in non-heated plots had an average grain set of 1.5-2 grains per spikelet 

in proximal florets; heated plots by contrast, on average had more than double the that with 3.5-4.5 grains 

per spikelet. In mid May 2019 plants exposed to less frost events, grain set was 4-5 grains per spikelet in 

proximal florets and 2.5-3 grains in distal florets with no difference with the heaters. Grain weight was also 

stable for both treatments at 40-45 mg grain-1 at all central spikelet positions (Fig. 2.10 (e) to (h)).  

 

2.4.5 The relative contribution of grain position to spike grain weight and grain number per spike 

The contribution of grain position to spike weight and ultimately grain yield was most for G1 and G2, 

followed by G3 and then G4 (Fig. 2.9 and 2.10). Plants exposed to less frost events  (< 10 % floret sterility) 

at mid May in 2019 the heated and non-heated treatments proximal grain positions G1 and G2 contributed 

over 36-37 % of the spike weight and ultimately grain yield, followed by G3 (15 %), then G4 (13 and 12 %) 

(Fig. 2.10 (b)). However when spikes were damaged by frost and floret sterility was present in higher 

amounts (30-60 %), patterns of grain set were altered. In 2019 in mid April heated plots, G1 and G2 

contributed 31 and 35 % of the spike weight, G3 19 % and G4 15 % (Fig. 2.10 (a)). In adjacent non-heated 

plots in Mid April exposed to more frosts, the contributions to spike weight were: G1 38 %, G2 37 %, G3 13 
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% and G4 12 % (Fig. 2.10 (a)). There was a greater percentage reduction in the proportional contribution to 

spike weight of G3 and G4 in the non-heated plots compared to G1 and G2. Despite this change, the total 

grain weights in each grain position revealed that in non-heated plots there was a significant reduction of 

all grain positions: G1 weights were reduced by 70 %, G2 by 74 %, G3 18 % and G4 20 % (Fig. 2.10 (c)). 

Therefore the remaining grains in G1 and G2 were of considerable weight (25-40 mg grain-1) and of enough 

number to still maintain a contribution of 38 % and 37 % to grain yield for frost damaged non-heated plots 

(Fig. 2.10 (a)).  

 

 

Fig. 2.11. The relative contribution of grain at each position of the spikelet (grain position) to spike grain weight in 

Wyalkatchem exposed to more frosts sown in mid April (17/04/2019 (a)) and  less frosts sown in mid May 

(17/05/2019 (b)) sampled from heated and non-heated plots. Absolute spike grain weights (averaged for 15 spikes) for 

the same sowing dates are shown on (c) and (d) with significance (p<0.05) noted by different lowercase letters for 

each sowing date compared separately. Relative contributions are calculated from the predicted means of absolute 

spike grain weights (n=45 spikes per data column). 

 

In 2018 contrasting amounts of floret sterility were measured in heated and non-heated plots for mid April 

(33 % and 44 %) and mid May (29 % and 59 %) (Table 2.1). In mid April, proximal grains G1 and G2 in heated 

plots contributed 35 % and 38 % of the spike weight, followed by G3 18 % and G4 9 %; in the frosted non-
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heated plots the contributions were G1 36 %, G2 40 %, G3 14 % and G4 10 % (Fig. 2.11 (a)). The reduction 

for each position in total grain weight from non-heated compared to the heated treatment were: G1 23 %, 

G2 21 %, G3 57 % and G4 23 % (Fig. 2.11 (c)). So just like mid April in 2019, 2018 saw the proportional 

contribution of G1 and G2 increase compared to G3 and G4 in non-heated plots. However the reduction in 

grain weight of each position per spike was different: G1 and G2 weights were reduced by 47 % and 53 % 

more in mid April in 2019, whereas G3 and G4 had a 40 % and 3 % more reduction in mid April 2018 than 

mid April in 2019. In later sown mid-May in 2018 Wyalkatchem proximal grains G1 and G2 in heated plots 

contributed 40 % and 37 %, G3 15 % and G4 8 %; in frosted non-heated plots the contributions were G1 32 

%, G2 37 %, G3 23 % and G4 8 % (Fig. 2.11 (b)).  In this frost environment an 8 % increase in the relative 

contribution of G3 was observed; in contrast to the two other frosted environments mentioned above, 

there was a decrease in the relative contribution of G1, while G2 and G4 did not change compared to the 

heated plots (Fig. 2.11 (b). G1 and G2 had a 42 % and 22 % decrease in spike grain weight, G3 a 13 % 

increase, and G4 27 % decrease between heated and frosted non-heated treatments (Fig. 2.11 (d)). 

 

When frost damage sterilises proximal florets, distal florets can compensate through increasing their grain 

number and weight (Fig. 2.12 (b) G3). The weight of distal grains in the central and basal florets in non-

heated plots was still 30-35 mg grain-1 and not very different from the weight in heated plots. Whereas in 

the proximal florets there was a much greater difference between heated and non-heated plots, both in 

terms of grain set and grain weight.   
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Fig. 2.12. The relative contribution of grain at each position of the spikelet (grain position) to spike grain weight in 

Wyalkatchem sown on mid April (12/04/2018 (a)) and mid May (10/05/2018 (b)) sampled from heated and frosted 

non-heated plots. Absolute spike grain weights (averaged for 15 spikes) for the same sowing dates are shown on (c) 

and (d) with significance (p<0.05) noted by letters with each sowing date compared separately. Relative contributions 

are calculated from the predicted means of absolute spike grain weights (n=45 spikes per data column). 

 

In conclusion, between mid April 2018 and 2019 I measured a proportional contribution of G1 and G2 

increase compared to G3 and G4 when comparing frosted non-heated plots to their adjacent heated plots. 

In a more severe frost damage environment mid May 2018 (Heater+ 30 % and Heater- 60 % floret sterility, 

Table 2.1), proportional contribution of G1 decreased and G3 increased, showing some indication of 

compensation occurring when the dominant proximal grain positions were sterilised. The extent of the 

changes in actual weights and grain numbers varied with frost exposure and timing across environments. 

 

2.5 Discussion 

Plot heaters were able to reduce the severity and duration of frosts and resultant frost damage to wheat 

plants compared to naturally frosted non-heated plots in all frost environments experienced (Table 2.1). 

For these frost events the heaters were able to sufficiently heat the plants to prevent freezing frost damage 
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during the critical, flag leave extension, heading and anthesis stages (see Fig. 2.6 as an example for the 

coldest frost in 2019). Heaters increased the canopy air temperature by 0.5-1 °C at the coldest part of the 

canopy (800 mm) and the coldest time of the frost at or just prior to dawn in this example. The protection 

from more severe frost damage by the heaters was reflected in the floret sterility data from heated plots 

being significantly lower across all environments compared to non-heated plots. Floret sterility was 

reduced by 10 to 30 % across the environments in frost damaged sowing windows. On average, grain 

number was 2,200 to 4,400 grains m-2 greater in heated plots compared to frosted non-heated ones. This 

translated to a 1.05 to 1.60 t ha-1 improvement in grain yield. Therefore the grain yield lost to freezing frost 

damage was 1.05 to 1.60 t ha-1. Plot heaters were successful in heating an enlarged area of field plot 

without the heat escaping into neighbouring plots, and as more frosts occur on still nights with very low 

windspeed (< 1.0 m s-1) the hot air simply rose warming the canopy above. Thermal images confirmed that 

no radiant heat was being experienced by neighbouring plots, as reported also in Stutsel et al. (2019). The 

heater design meant that heating the crop canopy occurred from the base of the plant upwards. This would 

have assisted in preventing freezing of plant tissue which occurs in the field from the ground up (Livingston 

et al., 2018). In conclusion, plot heaters were able to maintain canopy air temperatures at or above 2 °C 

when the ambient air temperature was at or below 0 °C for frost events in 2018 and 2019. Plot heaters are 

useful tools in moderating the effects of frost on wheat plants in randomised field trials to enable the 

further study of the effect of frost on different stages of wheat development under field conditions. 

 

In the experiments the heater was found to effectively warm the plots, leading to a reduction in frost 

damage (floret sterility), resulting in improvements in yield and yield components. Thermography was able 

to confirm that the heaters prevented freezing damage from occurring. However despite this result, there 

was still floret sterility (9-33 %) in heated plots in both 2018 and 2019 (Table 2.1). While temperatures did 

not reach freezing (≤ 0 °C), the Fig. 2.6 example shows that temperatures did enter chilling stress 

temperature range (0-5 °C) (Ji et al., 2017). Chilling temperatures were reached in frost events noted in Fig. 

2.4 in both heated and non-heated plots in 2018 and 2019 (Fig. 2.7 and Supp. S2.1). This suggests that the 

spikes were still within the coldest vertical gradient of temperature, despite the top of the leaf canopy 
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being warmed to 1-2 °C when the non-heated plots were at temperatures below 0 °C (Fig. 2.6). 

Consequently, spikes were still exposed to chilling temperatures.  

 

Despite the reduction in frost freezing damage the heated plots would contain chilling damaged plants and 

the frosted non-heated plots containing chilling + freezing damaged plants. The resultant (chilling) stress 

produced 21 to 33 % floret sterility in heated treatments (Table 2.1). The reasons for floret sterility to be 

present in heated plots is likely due to chilling damage results from plants exposed to air temperatures < 5 

°C. Chilling has been shown to be damaging to wheat plants at susceptible stages during jointing, 

booting/young microspore and anthesis (Thakur et al., 2010; Chakrabarti et al., 2011; Ji et al., 2017; Liu et 

al., 2020). Cheong et al. (2019) Supp. Fig. S2.1 (d) suggests that the sensitivity is due to the developing 

pollen and its subsequent viability and ability to fertilise the ovule declined with increasing duration of 

chilling. A negative effect of chilling on pollen has been observed in other crops, such as rice and pulses 

(Oliver et al., 2007; Thakur et al., 2010; Chakrabarti et al., 2011). The 21-33 % of floret sterility is likely to be 

due to the combined effects of any chilling young microspore damage and pollen sterility, due to chilling 

temperatures at the post-heading stage which was still present in heated plots. Some of the sterility 

present in mid April in 2018 heated plots was also likely due to grain frost damage that occurred after the 

heaters were shifted to mid May sowing date at Z71 (Fig. 2.4) and floret sterility measured in spikes at Z85 

(harvest index cut grain samples confirmed the presence of grain frost damage Supp. Fig. S2.5) (Cromey et 

al., 1998; Allen et al., 2001). In summary, the plot heaters can prevent freezing damage in frosts causing up 

to 60 % floret sterility in non-heated plots and enable the further study of the effect of freezing and chilling 

frost damage on different stages of wheat development under field conditions. 

  

Measurements of grain set within the spike revealed apical spikelets are most affected by frost damage. 

This result is consistent with other abiotic stresses such as heat, in which exposed spikes show symptoms of 

“tipping”: apical spikelets become bleached and are aborted (Bányai et al., 2021). Under controlled 

environment conditions the apical spikelets of wheat were the most impacted by low temperature in wheat 
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at jointing and booting stages (Liu et al., 2020). Marcellos and Single (1975) reported that the top of the 

canopy is the coldest point in a plant canopy during a frost. Therefore it is reasonable to expect the greatest 

amount of sterility to occur in the apical spikelets and that the grain set data and the average grain weights 

along the spike would be impacted the most there. However if frost after spike emergence (FASE) reduces 

the amount of assimilates reaching the spike, containing the developing grains or reproductive organs, then 

two things are expected to occur: (a) the apical part of the spike will be affected first with the onset of 

stress (i.e. more sensitive), (b) the limitation on assimilates reaching the spike will cause the plant to 

preferentially direct resources to central and basal floret positions in the spike. This is further examined in 

Chapter 4 when comparison are made between Wyalkatchem and two other cultivars that are less 

susceptible to frost damage. Selection of wheat cultivars with lower apical spikelet sterility when exposed 

to post heading frosts, would reduce the yield losses in the frost-prone wheat growing regions of the world.  

 

The central spikelets were most responsive to changes in grain set and grain weight. This was also the 

region where there are more grains set per spikelet in the heated treatment (Fig. 2.9). Across the four 

environments, central spikelets set a higher number of grains per spike compared to apical and basal 

spikelets. In mid April 2019 sown plants the central spikelets in frosted non-heated plots had grain set of 

1.5-2 grains per spikelet in proximal florets; while the heated plots had 3.5-4.5 grains per spikelet in 

proximal florets (Fig. 2.8 (a) and (b)). This represented the greatest difference in grain set between the 

treatments out of apical, central and basal regions of the spike. In mid May 2019 sown plants which had 

very little frost damage in both +/- heaters, grain set was 4-5 grains per spikelet in proximal florets and 2.5-

3 grains in distal florets (Fig. 2.9 (a), (b), (c) and (d)). Under this low floret sterility scenario, fruiting 

efficiency was high in this part of the spike and grain weight was stable along the spike at 40-45 mg grain-1. 

Slafer and Savin (1994) found the grain weight of central spikelets were more responsive to de-graining 

when they manipulated the source-sink relationship of two cultivars in a field experiment. Grain number in 

these spikelets appears to be more plastic and therefore represents an opportunity for selective breeding 

for higher fruiting efficiency in this part of the spike. 
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The dominance of grain positions G1 and G2 to spike weight and grain yield under varied frost damage 

severity was evident in our results. In conditions where spike floret sterility was 36, 44 and 59 % G1 and G2 

still made up 38 %, 36 % and 32 % (G1) and 37 %, 40 % and 37 % (G2) of the total spike weight (Table 2.1 

and Fig. 2.10 (a), Fig. 2.9 (a) and (b)). However the extent of dominance of G1 and G2 was reduced by frost 

damage (Fig. 2.10 (c) and 2.11 (d). Other studies also found this dominance of the proximal grain positions 

and observed changes in grain weight with de-graining and changes through breeding (Bremner and 

Rawson, 1978; Acreche and Slafer, 2006; Feng et al., 2018). There have been only two other studies that 

have mapped the grain in frost damaged spikes known to the author (Ferrante et al., 2017; Ferrante et al., 

2019). The former of these studies reported grain set within the spikelet, contrasting six different cultivars. 

In support of what I found, grain set varied with sowing time and frost exposure. The novelty of this new 

research is, grain set changes on a per-floret-basis have been reported, with a frost control treatment (i.e. a 

plot heater). By using a control for the frost treatment, I have demonstrated that the apical part of the 

spike is most effected by frost damage, G1 and G2 contribute the most to grain yield, and when grain set in 

G1 and G2 is reduced, grain yield is significantly reduced.  

 

Distal florets (G3 and G4) were still significant contributors to grain number per spike, grain weight and 

grain yield in the presence of frost damage (Fig. 2.11 (d) G3, Heater-). In situations where proximal florets 

(G1 and G2) were sterilised due to frost damage, these distal florets then become even more important to 

maintaining grain number and grain weight within the spike, and ultimately grain yield. Wheat breeding 

over the decades has influenced the contribution of grain positions with the spikelet to grain yield. Acreche 

and Slafer (2006) found a traditional CIMMYT cultivar with higher average grain weight and lower grain 

number, had higher proximal and lower distal grain numbers in the central spikelets. Compared to a 

modern French cultivar with lower average grain weight and higher grain number, it had a lower proximal 

and higher distal grain numbers in the central spikelets. In China, wheat breeding since the 1950s has seen 

an increase in the contribution of grain number from G3 and G4, the relative contributions of G4 have 
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increased over time (Feng et al., 2018). The introduction of Rht genes to increase harvest index and grain 

yield has increased the contributions of distal grains to grain number and grain weight (Miralles and Slafer, 

1995). In one out of the four ToS x year environments (mid April in 2018) in our experiments we observed 

the average grain weight declined as grain m-2 declined (Table 2.1). Some of this could have been due to 

grain frost damage (Supp. Fig. S2.5). It is generally accepted that average grain weight declines as grains m-2 

increases (Slafer et al., 1996; Acreche and Slafer, 2006). Therefore it appears that frost damage can have 

the inverse effect on these yield components to what is commonly observed. This would be conditional on 

the timing and severity of frost events, which is variable at best. Part of the explanation could be that in 

reducing grain set in proximal florets, the proportional contribution and weight of typically smaller grains 

(G3 and G4) increases from distal florets (Acreche and Slafer, 2006). This can be observed in the reduction 

in the proportion on grain set in G3 mid May in 2018 (Fig. 2.11 (b) and (d)). However the same observation 

did not occur in April in 2018 or mid April in 2019.  In frost-prone environments selective breeding to 

increase the contribution of distal grains to grain number and average grain weight could provide a greater 

buffer against loss of grain numbers caused by post-heading frost damage.   

 

Evidence of compensation in commercial frosted crops through increases in grain weight and re-tillering are 

often observed in the field. Re-tillering was not observed in these experiments. This could be due to no 

stem frost damage being observed which results in the loss of apical dominance (Marcellos, 1977). It is 

noted that re-tillering can contribute to yield compensation after stem frost and FASE (the latter, if 

sufficient soil moisture is available) (Banath and Single, 1976). I found evidence of compensation through 

increases in grain weight as seen in G3 in 2018 mid May sown Wyalkatchem (Fig. 2.11 (b)). However this 

same result did not occur in G3 for mid April sown Wyalkatchem in 2018 and 2019, nor in mid May sown 

Wyalkatchem in 2019 (Fig. 2.11 (a) and Fig. 2.9 (a) and (b)). Calderini and Reynolds (2000) results using 

synthetic hexaploid wheat showed that the timing of the de-graining had a significant effect on the grain 

weight change. De-graining at heading significantly increased weight of remaining grains. However when 

de-graining occurred after anthesis, there was no increase in final grain weight. It is likely that similar 
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compensation by increases in grain weight will only occur if frost(s), resultant sterility and reductions in 

grain number occur(s) at heading, prior to anthesis. However there will be limits of the amount of the 

compensation than can occur through increases in grain weight, carpel weight being a primary factor 

(Calderini and Reynolds, 2000; Xie et al., 2015; Guo et al., 2016). As grain number is the main driver of grain 

yield (Fischer, 1985; Perry and D’Antuono, 1989; Slafer and Savin, 1994; Acreche and Slafer, 2006), I believe 

there would be a tipping point at which grain weight cannot compensate for loss of grain number (Table 

2.1). For mid April 2019 sown plants, such a tipping point was exceeded with grain number being reduced 

by frost damage to one quarter that of the heated control. Comparatively mid April 2018 sown plants did 

not reach such a tipping point; the grain number, although reduced, did not plummet and the result was 

the grain yield reduction was not as severe. In both these examples grain weight was still higher in the 

heated control, although the difference was significant for 2018, not 2019. In conclusion, compensation 

through grain weight increases was possible in frost affected spikes but is dependent on: (a) the timing, 

duration and number of frost events, (b) the number of sterile florets and (c) carpel size of fertile florets. 

 

Seasonal timing, intensity and severity of frost events is variable and hence the effect that frost will have on 

grain set and grain weight within spikes of wheat will be variable. The variability in floret sterility and grain 

weight contribution of each grain position to spike weight between seasons can likely be explained by the 

differences in the number and timing of frost events and when they coincidences with more susceptible 

growth stages (Fig. 2.4) (Livingston and Swinbank, 1950; Marcellos and Single, 1984; Ferrante et al., 2017; 

Leske et al., 2017). However the variation within each season, sowing date and plot, could also be due to 

other factors that relate to the freezing process, the presence of ice nucleators and supercooling (Marcellos 

and Single, 1979; Lindow et al., 1982; Pearce, 2001; Wisniewski et al., 2009). Livingston et al. (2018) 

demonstrated in the field that wheat plants freeze one at a time from the ground up, in a random manner. 

The older leaves freeze first, followed by the younger and then the stems. In-field observations via 

thermography did confirm this ground-up freezing process during spring frosts in Australia field conditions 

(Biddulph et al., 2021). The temperature data from this study, field observations (thermography) and the 



101 
 

lack of stem/crown frost damage symptoms demonstrate that ground up freeze was prevented by the plot 

heaters (Fig. 2.5, Fig. 2.6 and Fig. 2.7). However cold and chilling damage from the low temperatures (0-8 

°C) above the canopy was still present (see Fig. 2.4, Fig. 2.7 and Supp. Fig. S2.1). Therefore the plot heaters 

are useful to study the effects of chilling and cold damage to developing spikes, their grain set and size, 

while preventing freezing damage. Further research could examine the ratio of chilling and cold damage 

versus freezing damage by designing an experiment with multiple heaters and using them in such a way as 

to have several frost “doses” to create a frost dose-response curve. Additionally, different stages of 

development could be protected to varying extents to develop dose and timing response curves. This data 

would be useful in developing better frost damage functions, overcoming the limitations of frost covers 

which can shade plants and still have < 0 °C temperatures present in covered plots (Fischer and Stockman, 

1980; Zhang et al., 2010; Martino and Abbate, 2019). Models with an improved frost damage function 

based on data and not assumptions (Bell et al., 2015), can then be used to model more accurately further 

climate scenarios and more accurately determine the economic cost of frost damage in Australia (Zheng et 

al., 2012; Barlow et al., 2015; Zheng et al., 2015; Crimp et al., 2016; Mushtaq et al., 2017; Hao et al. 2021) 

and optimal agronomic management decisions (Flohr et al. 2017; Hunt et al. 2019).  

 

2.6 Conclusions  

Plot heaters are useful tools in moderating the effects chilling (0-5 °C) and freezing (≤ 0 °C) temperatures 

during frost(s) (screen temperatures ≤ 2 °C) on wheat plants to enable the further study of the effect of 

frost on grain yield and its components. The present work evaluated responses of one wheat cultivar, 

Wyalkatchem, but I hypothesise that cultivars with a high concentration of grains in proximal florets (G1 

and G2) makes them sensitive to yield loss when these grain positions are sterilised by frost as reductions in 

grain yield are attributed to decreased grain number per spike. Increasing the contribution of distal florets 

(G3 and G4) to grain number and grain weight could help maintain grain yield when sterility occurs in 

proximal florets. Central spikelets show greater plasticity to changes in grain number and weight than 

apical and basal spikelets under varying amounts of frost induced sterility. Exploring the variation in 
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commercial cultivars for this trait would improve our understanding of differences in cultivar performance 

under spring frosts in the field. Apical positions are particularly sensitive to cold stress. Future research 

should focus on understanding why this occurs and, if confirmed breeding, should aim to select cultivars 

with higher fertility in this part of the spike. 
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2.9 Supplementary Material 

Supplementary Fig. S2.1 

 

Fig. S2.1. Average minute air temperature at 1000 (a), 800 (b), 600 (c), 400 (d) and 200 mm (e) above 

ground level (AGL) for the Heated plots (solid line) and adjacent non-heated plots (grey line) for frost 

events in July to October 2018.   

  



109 
 

Supplementary Fig. S2.2 

 

Fig. S2.2. Air temperature at 800 (a and b), 400 (c and d) and 200 mm (e and f) AGL for the Heated plot (solid line) and 

adjacent non-heated plot (grey line) on 6th September 2019.  Data is from Heater 5 and Non-heated plot 5 (a, c, and 

e) and Heater 6 and Non-heated plot 6 (b, d, and f). 
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Supplementary Fig. S2.3 

 

Fig. S2.3. The diesel heater heating a field plot during a frost event at Dale August 18th, 2019 (a) digital photograph, (b) 

thermal image. In (a) the heated area can be seen by the darker canopy (inside dashed line box) which indicated that 

the heat kept most of the frost (white dew on the awns and spikes seen in the background) off the plants, i.e. 

prevented symptoms of plant frost exposure. In (b) the thermal image shows the warm PVC pipe and the colder 

canopy around the edge of the heated plot.  
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Supplementary Fig. S2.4

 

 

 

Fig. S2.4. (a) Freezing damage to wheat flag leaves at Dale September 6th, 2019. (b) The bleaching and plant tissue 

damage is isolated to sections of the flag leaves where they were horizontally orientated and cold dew pooled and 

froze there. Freezing damage presents itself bronze patches on leaves a few hours after the frost, this remains on the 

leaves for ~1-3 days.  

(b) 

(c) 

(a) 
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Fig. S2.5. Images of grain samples from unheated plots harvest cuts ToS 1 (a) and ToS 5 (b) 2018. (a) shows clear 

evidence of grain damage due to frosts occurring at the grain filling stage (Zadoks growth stage Z70-77 from August 7th 

to 14th) (Fig. 2.3 (a) and Fig. 2.6 (a)). This resulted in pinched and shrivelled grain like that seen in Cromey et al. 1998. 

(b) shows large grain size in unheated plots, despite moderate levels of flowering frost damage at (60 % in heated) 

(Table 1). There were no frost events during grain filling stage (Figure 2.3 (a)). 
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3.1 Abstract 

The interaction between how wheat spike morphology and plant structure may be related to abiotic stress, 

such as reproductive stage frost damage are explored in this chapter. The aim of this study was to explore 

floret sterility in frost damaged wheat spikes and potential interactions with spike morphology during field 

studies. To expose wheat plants to multiple natural frost events, field trials were established with multiple 

sowing times using four wheat cultivars with variation in awn length, spike length and plant height in 2018 

and 2019. Main stem spikes were collected from field plots; plant structural traits and spike morphology 

(awn length, rachis gap and spike weight) were measured. Apical and basal spikelet awn lengths correlated 

with variation in frost damage in four cultivars (r2 = 0.29 to 0.80 and 0.20 to 0.98 respectively); central 

spikelet awn lengths had little to no correlation to floret sterility. Rachis gap initially appeared to correlate 

to floret sterility in four cultivars for a range of sowing times in 2018. However there was no correlation in a 

wider sample size of 59 cultivars in 2018 and 46 cultivars in 2019 at the same site. Spike awn length and 

rachis gap did not correlate with variation in frost susceptibility to reproductive frost damage in wheat 

under field conditions. Therefore efforts to improve wheat yields in frost-prone landscapes should focus on 

more promising traits, such as increasing grains per spike, fruiting efficiency, pollen viability and perhaps 
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identifying and correcting weaknesses in the assimilate transmission pathways to growing grains, 

particularly in the recovery phase after frost events, rather than spike morphology. 

Keywords – Frost, sterility, wheat, spike morphology, awn length, rachis gap 

 

3.2 Introduction 

Pragmatic and selective breeding has been changing the morphology of the wheat plant (both in statue and 

spike morphology) to increase grain yields (Dalrymple, 1988; Siddique et al., 1990; Joukhadar et al., 2017). 

Modern breeders Farrer (1846-1906) and Borlaug (1914-2009) have been noted as pioneers of this. The 

efforts of these and other breeders have led to increased yields through improving rust resistance of wheat 

and selecting semi-dwarf cultivars that responded well to irrigation and fertilising (Dalrymple, 1988; 

Swaminathan, 2009). As a result of plant selections made in the breeding process, spike morphology has 

changed (the term spike morphology refers to traits like: spike length, spike width, rachis length, rachis gap 

and awn length). Spikes in Australian cultivars have gone from being long and slender like Darkan (1968) 

and Halberd (1969), to become more compact like Wyalkatchem (2001) (Whiting et al., 2004). The 

structural design of a wheat plant has implications for setting the yield potential that the plant can achieve. 

Since the green revolution, wheat has been bred to have short stems using dwarfing (Rht) genes (Siddique 

et al., 1989; Rebetzke et al., 2012). In doing so, harvest index, grain weight and water-use efficiency were 

drivers for increased grain yield (Sadras, 2007; Sadras and Lawson, 2011). The current breeding approach 

has been selecting for increased grain number per unit area to increase yield (Slafer et al., 1996). Some 

suggest that this approach may have reached a tipping point where grain weight or grain number and 

therefore grain yield will begin to fall (Fischer, 2007; Slafer, 2007). Spike morphology interacts with yield 

components such as grain number and grain weight. Individual grain weight changes with the number of 

grain positions in the spike, both the number of spikelets and florets within a spikelet (Bremner and 

Rawson, 1978; Miralles and Slafer, 1995). Abiotic stresses, such as frost, alter grain set and weight in spikes 

that are damaged after the spikes have emerged from the leaf sheath and entered the reproductive phase 

(Frost After Spike Emergence – FASE) (Ferrante et al., 2017; Ferrante et al., 2019). Frosts events are also 
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frequent in the 20-30 days before anthesis and 7-10 days afterwards, which is a critical period for floret 

primordia and grain number determination (Fischer, 1985; Ferrante et al., 2021). The hypothesis that it is 

expected there is a relationship between spike morphology traits (awn length and rachis gaps) and floret 

sterility caused by radiation frost was tested.  

 

Awns on the wheat spike contribute to a varied number of functions and are a common feature amongst 

the majority of Australian wheat cultivars (Whiting et al., 2004). Awns can significantly increase net 

photosynthetic rate of wheat spikes (Blum, 1985). This is particularly important in conditions where light 

competition by leaves in the canopy may be high, or under water limitation, high temperatures, in the 

presence of late foliar diseases, and other causes of premature leaf senescence (Martin et al., 2003; 

Rebetzke et al., 2016). After the flag leaf, the glumes and awns are the two main tissue types that can 

contribute to photosynthesis during the grain filling period (Evans and Rawson, 1970). The structure of 

awns has been proposed to be linked to water-use efficiency and high temperature tolerance (Blum, 1985). 

The direct connection between the lemma and the awns offers a shorter distance for photosynthate to be 

delivered to the reproductive organs and subsequently to growing grains (Evans and Rawson, 1970; Evans 

et al., 1972). However there is an energy cost to the plant associated with growing awns. Awns have a 

negative effect on grain number as the awns may compete with other growing parts of the spike for 

assimilate at growth stages from tillering to booting and during the critical phase, 30 days before anthesis 

when the florets, anthers and ovules have a high demand for assimilate (Kirby, 1988; Miralles et al., 1998). 

Thus the presence and size of awns may have a trade-off with grain number m2, grain weight and grains per 

spike; with awned wheat having fewer, larger and heavier grains per spike compared to awnless wheat 

(Rebetzke et al., 2016; Sanchez-Bragado et al., 2020). This means that awned and awnless wheats have two 

slightly different reproductive strategies; the former having a greater investment of resources into few 

grains and the later spreading its resources across more grains (Sadras, 2007). At a spike level, FASE reduces 

grain number, therefore compensation for this yield loss is limited by the upper limit of grain weight (sink 

size limited). Traits associated with the reduction of grain number to increase grain weight may, therefore 
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have negative implications for grain yield under FASE. Following a frost event, the number of undamaged 

florets and the resources a wheat plant has invested into the damaged florets is expected to have 

implications for resulting grain set at maturity. Furthermore, at the ear peep stage, awns protrude from the 

flag leaf sheath and during frosts they increase the amount of surface area of the apical part of the spike 

exposed to low temperatures and potential sites for ice nucleation (Fuller et al., 2009; Fredericks et al., 

2015). FASE damaged field grown spikes often present with missing and bleached florets in the apical part 

of the spike (Fuller et al., 2009; Department of Primary Industries and Regional Development, 2020). Under 

FASE it is hypothesised that cultivars with longer awns would have higher levels of floret sterility and lower 

grain weight per spike compared to cultivars with shorter awns.  

 

Rachis and rachilla lengths are structural components of the wheat spike that are influenced by breeder 

selection. Marcellos and Single (1984) concluded that the rachis and rachillas could form a barrier to ice 

formation and spread. This finding was explored further in barley and it was found that QLTs for rachis 

internode length and the reproductive frost damage on the distal end of chromosome 2HL arm overlaps 

with the anthesis time 2L QTL (Flt-2L). This QTL is also associated with plant height (Chen et al., 2009), 

supporting the association between rachis gap and reproductive frost damage. Al-Issawi et al. (2013) 

observed the spread of ice formation from the point of initiation to be erratic and attributed this to nodal 

regions between the spikelet and the rachis. Livingston et al. (2018) used high definition infrared 

thermography to demonstrate a two-stage freezing process in vascular bundles of wheat plants in 

controlled conditions and a ground-up freezing process under field conditions in North America. Meanwhile 

in Australia, spring frost events do not coincide with the freezing of the soil and winter-kill of juvenile wheat 

plants (Marcellos and Single, 1975), but recent observations have found a similar ground up freezing of 

wheat plants under radiation frosts in the field (Biddulph et al., 2021). Further research has demonstrated 

that the sequence of freezing of plant tissue depends on: 1) the size of xylem vessels and 2) carbohydrate 

and amino acid composition of that tissue (Livingston et al., 2021). Differences in the susceptibility of 

Australian wheat cultivars to radiation frost damage post spike emergence has been known anecdotally and 
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now demonstrated experimentally (Biddulph et al., 2015; Cocks et al., 2019; Ferrante et al., 2021). Several 

related cultivars with high frost sensitivity all have short plant height, short peduncle length and short 

spikes (e.g. Wyalkatchem, Impose CL Plus and Impress CL Plus, see http://wheatpedigree.net and 

https://nvt.grdc.com.au/grdc-nfi-frost-rankings). This result has been confirmed in a MET analysis of field 

trial data; ‘wheat cultivars with high susceptibility to frost damage tended to be shorter with a reduced 

number of fertile spikelets per spike’ (Ferrante et al., 2021). Cultivars that represent different 

susceptibilities to frost damage, from different pedigrees, also have different spike morphology and 

structural traits, including plant height. Should rachis nodes slow the spread of ice formation, then the 

number of rachis nodes and the rachis gap might influence the amount of freezing damage spikes 

experience while freezing from the ground up in spring radiation frosts. Therefore it is hypothesized that 

cultivars with larger rachis gaps will have lower levels of frost damage compared to cultivars with narrower 

rachis gaps that reached anthesis at the same time.   

 

Structural traits of four wheat cultivars and spike morphology will be assessed to see if these relate to the 

level of floret sterility in frost damaged spikes. If there was a relationship between traits and damage, then 

this will provide evidence that these features might be targets to be manipulated in breeding, to reduce the 

susceptibility of wheat to frost. If so, breeders could test the traits further in segregating populations to 

validate this. If no relationship is found, then this could demonstrate that these traits are not useful targets 

to reduce susceptibility and there will be no increase in susceptibility of future cultivars should one of these 

traits be indirectly selected for by breeders.  

 

3.3 Methods 

3.3.1 Experimental design 

To expose plants to frost whenever it might occur from August to September, a randomised block design 

trial with eight times of sowing (ToS) blocks and six wheat cultivars was established at a site in Western 

http://wheatpedigree.net/
https://nvt.grdc.com.au/grdc-nfi-frost-rankings
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Australia at Dale (-32.20°, 116.75°): 20 km south-west of Beverley over two years (growing seasons 2018 

and 2019). Out of these six cultivars, four wheat cultivars were selected for the detailed trait 

measurements. The site was in a frost-prone area of the landscape. To reduce the potential confounding 

effects of stubble in altering frost damage (Smith et al., 2017), stubble was burnt before sowing. To ensure 

uniform germination and establishment at sowing, one 25 mm application of irrigation was applied (via a 

lateral irrigator) two weeks before seeding and 25 mm applied the day before sowing, to each ToS block for 

the first seven out of eight blocks in 2018. In 2019, irrigations pre and post sowing were made according to 

the irrigation schedule in Appendix Table 1 due to a late break to the season. Sowing dates were selected 

based on a predicted equidistant thermal time of ~250 growing degree days from April 12 to June 8. This 

was done to ensure that anthesis would occur from early August to early October, the typical frost window 

for the area. Plots were 5.0 x 1.7 m in size. Each cultivar had a longitudinally adjacent paired plot; one 

which was used for plant sampling, the other for grain yield. The target plant density of each plot was 150 

plants m-2. Fifteen commercial spring bread wheat cultivars and one synthetic derived line (AUS30323) 

were sown in 2018 (fourteen cultivars in 2019); these were chosen based on previous reports in their 

susceptibility to frost temperature (Grains Research and Development Corporation, 2019). A subset of six 

cultivars (AUS30323, Corrigin, Cutlass, Forrest, Scout and Wyalkatchem) was chosen for spike morphology 

trait measurement based on prior performance and variation in FV Plus (https://nvt.grdc.com.au/grdc-nfi-

frost-rankings) (Biddulph et al., 2015; Cocks et al., 2019). Results are presented for AUS30323, Corrigin, 

Scout and Wyalkatchem because the anthesis period (Z60-69) occurred within 2-5 days of each other (Fig. 

3.1 and Fig. 3.2, Table 3.1 and Table 3.2). Each cultivar had three replicates per ToS block and was 

randomised in two directions in the same manner as Leske et al. (2017) to minimise effects of micro-plot 

effects of topography on canopy temperature (Biddulph et al., 2015; Cocks et al., 2019; Stutsel et al., 2020). 

 

3.3.2 Data measurement 

To determine frost occurrence, canopy temperature was recorded at 15 minute intervals by un-shielded 

Tinytag TGP4017 loggers (Hastings Data Loggers, Port Macquarie, Australia). Loggers were mounted to a 

https://nvt.grdc.com.au/grdc-nfi-frost-rankings
https://nvt.grdc.com.au/grdc-nfi-frost-rankings
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PVC pipe facing North, with the internal sensor was facing upward. Loggers were moved up the pole each 

week as the canopy grew throughout the season. An onsite calibrated Campbell Scientific CR5000 onsite 

weather station was positioned in a buffer plot within ToS 2 block in 2018 and 2019 (Stutsel et al., 2019b). 

This weather station was equipped with a wind speed sensor (Vaisala WMT50 Ultrasonic, Helsinki, Finland), 

screen temperature and vertical temperature were measured with unshielded thermocouples (T-Type, 

Temperature Controls Pty Ltd, Sydney, NSW, Australia) as in (Leske et al., 2017; Stutsel et al., 2019b). The 

plant development stage in each plot was scored weekly (from Z45-70) according to the Zadok scale 

(Zadoks et al., 1974). Spike emergence (Z55) and anthesis dates (Z65) of the cultivars were estimated from 

these scores (Zheng et al., 2013). Floret Sterility is the reduction in proximal grain number per spike 

expressed as a percentage of the total number of possible grains that could have formed in the proximal 

florets (Equation [1]). When the main stem spikes reached the medium milk stage (Z75), 30 main stem 

spikes were collected and the floret sterility of the two proximal florets were determined (discarding the 

top and bottom florets) (Reinheimer et al., 2004; Cocks et al., 2019).  

𝑆𝑝𝑖𝑘𝑒 𝑓𝑙𝑜𝑟𝑒𝑡 𝑠𝑡𝑒𝑟𝑖𝑙𝑖𝑡𝑦 = (
𝑠𝑡𝑒𝑟𝑖𝑙𝑒 𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙 𝑓𝑙𝑜𝑟𝑒𝑡𝑠

𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙 𝑓𝑙𝑜𝑟𝑒𝑡𝑠
) 𝑥 100 Equation [1] 

 

Harvest index cuts were taken from 25 cm of the four inner rows of each plot designated for plant 

samplings, at physiological maturity (Z87) and oven-dried for 24 hours at 60 °C before further processing. 

Main stem spikes (30) from these plant cuts were selected at random for grain mapping. All spike 

morphology measurements mentioned from hereon were determined on the same spikes for which grain 

set was mapped on, as described in Chapter 2. Spike morphology measurements were determined first, 

then the grain set was mapped – the latter being a destructive measurement. Yield and its components 

were measured and methods were described in Chapter 2. The following spike morphology traits were 

measured: spike length, floret widths and awn lengths at the apical, basal and mid-point florets, peduncle 

length and rachis gap. Partitioning of resources into the spike and stem were quantified by their respective 

dry weight biomass. Awns that were broken (i.e. < 20 mm in length at apical and central positions and < 15 

mm in length at basal positions) were excluded from the analysis. Due to the fragile nature of oven-dried 
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samples and subsequent breakage of the stems the peduncle length could not be reliably measured. The 

rest of the harvest index cut was used to determine yield components as per Leske et al. (2017) and Pask et 

al. (2012). Grain yield was obtained from whole plots (1.7 x 3 m) longitudinally adjacent to destructive 

sampling plots, using a small plot harvester specifically set up to retain the small frost affected grains.  

 

Briefly, the yield components were determined as follows. Average grain weight (GWa) was determined 

from the harvested grain by counting 100 random grains and determining the total grain weight twice (Gr1 + 

Gr2), then averaging these weights (Equation [2]). If the variation between the two weights was >10 % then 

a third measurement of 100 random grains (Gr3) was taken (Rebetzke et al., 2016). Grains m-2 (Gm) was 

determined by dividing the total weight of grain threshed from the HI cut (GHI) by the average grain weight 

(GWa) (Equation [3]). Grains spike-1 was determined by dividing Grains m-2 (Gm) by spikes m-2 (Sm) (Equation 

[4]). 

𝐺𝑊𝑎 =  
𝐺𝑟1 + 𝐺𝑟2  

200
  Equation [2]   

𝐺𝑚 =  
𝐺𝐻𝐼 

𝐺𝑊𝑎
   Equation [3] 

𝐺𝑠 =  
𝐺𝑚

𝑆𝑚
    Equation [4]  

 

A principal component analysis was conducted to examine the spike traits to determine the relationship 

between traits (R Development Core Team, 2008). All other traits presented in the results section of this 

chapter were analysed by a linear mixed model with cultivar as a fixed effect and plot replicate as a random 

term, Genstat 20th Edition (Genstat - VSN-International Ltd., 2020).  

 

Data collected from the Australian National Frost Project (ANFP) at the same experimental site (Dale, 

Western Australia) in 2018 and 2019 were used to further explore the relationship between the rachis gap 
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and floret sterility in a wider set of germplasm (Ferrante et al., 2021). The 2018 dataset consisted of 50 

commercial cultivars and nine breeding lines that reached anthesis stage (Z61 to Z67) during a frost event 

at Dale on September 15th and 16th 2018. The 2019 dataset consisted of 46 wheat cultivars that were at the 

anthesis stage (Z61 to Z67) two days before three consecutive frost events at Dale on September 5th, 6th 

and 7th 2019. Each cultivar had two replicate plots per ToS block and was randomised in two directions to 

minimise the effects of micro-plot effects of topography on canopy temperature (Biddulph et al., 2015; 

Cocks et al., 2019; Stutsel et al., 2020; Ferrante et al., 2021). At the 50 % anthesis stage (Z65) 30 to 35 main 

stem spikes were tagged and later harvested from field plots at medium milk stage (Z75) ~four weeks later 

(Biddulph et al., 2015; Cocks et al., 2019). For the 2018 trial, a subset of the entire dataset was analysed to 

include just wheat plants that were at the anthesis stage (between Z61 and Z67) on 11th of September 

2018, four and five days before two consecutive frost events which occurred on the 15th and 16th of 

September 2018. The minimum screen temperature at 1.2 m above ground level for both these frost events 

was -0.4 °C. Similarly for the 2019 trial, a subset of the  dataset was analysed to include just wheat plants 

that were at the anthesis stage (between Z61 and Z67) on the 3rd of September 2019 before the coldest 

frosts for that season at Dale with minimum screen temperatures of -1.4, -1.6 and -1.4 °C.  

 

3.4 Results  

3.4.1 Frost events 

The timing of frost events (F1 and F2) occurred when mid to long maturity wheat cultivars were at heading 

and anthesis stages having been sown in late April and mid-May in 2018 (Fig. 3.1 (a)). Wyalkatchem and 

Scout were sown on the 27th of April 2018 reached 50 % anthesis (Z65) on the 24th and 29th of August, 

which coincided with frosts (< 2 °C) that occurred on the 23rd, 24th, 25th of August (F1). There were seven 

frost events in the 30 days leading up to anthesis, three frost events ten days after anthesis for 

Wyalkatchem and Scout. Wyalkatchem and Scout that were sown on the 10th of May 2018 reached 50 % 

anthesis on the 11th and 14th of September (F2). There were eight frost events in the 30 days leading up to 

anthesis, three frost events ten days after anthesis for Wyalkatchem and Scout. 
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2019 had more frost events compared to 2018 (Fig. 3.1 (b)). Sterility values are much higher for plots when 

a frost event coincided with the heading and anthesis stages of most mid and long maturity cultivars when 

sown from mid April to late May. Frost affected grains were also observed from grain filling damage in 

short and mid maturity cultivars. For Wyalkatchem and Scout that were sown on the 1st of May 2019 and 

reached 50 % anthesis on the 30th of August, the timing was such that frosts (< 2 °C screen temperature) 

occurred pre and post-anthesis (F3). There were 17 frost events in the 30 days leading up to anthesis, and 

three frost events ten days after anthesis for Wyalkatchem and Scout (Fig. 3.1). 

 

Fig. 3.1. Screen temperature from an onsite weather station at Dale in 2018 (A) and 2019 (B). Dates which the 

minimum temperature fell below 3 °C are displayed. Anthesis dates (Z65) for Wyalkatchem (triangles), Scout (squares) 

and Cutlass (circles) are shown. The sowing dates for the corresponding anthesis dates are indicated by the brackets 

  

  

  

  

F1 

  

  

  

  

F2 

  

  

  

  

 F3 

(a) 

(b) 

12/04 27/04 10/05 28/05 

1/05 17/04 17/05 
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and labels (D/M): mid April (12/04/2018), late April (27/04/2018), mid May (10/05/2018), late May (28/05/2018), mid 

April (17/04/2019), early May (1/05/2019) and mid May (17/05/2019). 

 

Fig 3.2. The anthesis dates for Corrigin (white circle), AUS30323 (white square), Wyalkatchem (black triangle), Scout 

(black square), Cutlass (black circle) and Forrest (grey circle) in 2018 (a) and 2019 (b). Specific sowing dates are 

indicated by labels vertically aligned with the x-axis. The rectangular boxes indicate the times of sowing targeted for 

sampling that was at 50 % anthesis (Z65) stage during the frost events (F1, F2 and F3 in Figure 1). 

 

3.4.2 Frost damage and yield components 

Corrigin, AUS30323, Scout and Wyalkatchem reached anthesis within five days of each other and will be 

considered to have experienced a similar exposure to cold temperatures for comparisons later in the 
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results (Fig. 3.2 and Table 3.1 and Table 3.2). Frost damage measured via floret sterility in proximal florets 

was prevalent in April and early May sowing dates in all cultivars 2018 (Table 3.1), as well as in cultivars 

Corrigin and Wyalkatchem in 2019 (Table 3.2). Damage was evident with low harvest index values (0.1 to 

0.2) and the halving of grain yields in all cultivars in late April compared to early and mid May sowing dates 

in 2018 (Table 3.1). Anthesis biomass improved with mid May sowing from 6.3 to 11 t ha-1 over both 

seasons (Table 1 and 2). Floret sterility and grains per spike exhibited an inverse response as grains per 

spike were high when floret sterility was low. Grain yield was closely related to grain number, with the 

impacts of frost captured by floret sterility reducing grains per spike and then in turn grain number (Table 

3.1 and 3.2). When floret sterility was low (< 10 %), grain number approaching 10,000 grains m-2, grain 

yields were highest. Spikes m-2 changed little with sowing date and cultivar except for AUS30323: which had 

a lower spike number than the rest of the cultivars in 2018 and in late May sowing in 2019 along with 

Scout.    
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Table 3.1. Values are predicted means (n=3) of grain yield, floret sterility and yield components of four wheat cultivars grown at Dale, Western Australia in 2018. The standard error 

(±) of the mean is in parenthesis. The same lowercase superscript letters indicate means that are not significantly different (p > 0.05) for comparisons within each sowing date 

(Fisher’s protected LSD test). Data is taken from harvest grain samplesA and the whole harvest index cutB, anthesis biomass cutC (Z65) and floret sterilityD from main stem spikes 

collected at Z75. 

Cultivar Sowing date (D/M/Y) 

Anthesis 
date 
(D/M/Y) 

Grain 
yieldA   

(t ha-1)  
Harvest 
indexB 

Anthesis 
biomassC  
(t ha-1)  

Floret 
sterilityD 
(%) 

GrainsB 
(spike-1) GrainsB (m-2) 

SpikesB  
(m-2) 

Average 
grain 
weightA 
(mg grain-1) 

AUS30323 Mid April 12/4/18 1/8/18 4.4b   (0.2) 0.2bc  (0.02) 7.7b   (0.6) 3b   (1) 21b   (2) 6825a   (1365) 320a   (40) 38.0c  (1.0) 

Corrigin   27/7/18 5.7c    (0.2) 0.2c   (0.02) 6.3a   (0.6) 3a   (1) 22b   (2) 10405b  (1365) 470bc  (40) 33.6b  (1.0) 

Scout   7/8/18 4.5b   (0.2) 0.2bc  (0.02) 7.7b   (0.6) 3ab  (1) 24b   (2) 11080b  (1365) 475bc (40) 30.2a  (1.0) 

Wyalkatchem   1/8/18 3.2a   (0.2) 0.1ab  (0.02) 7.1ab  (0.6) 24c    (1) 13a   (2) 6635a  (1365) 520c   (40) 36.3c  (1.0) 

AUS30323 Late April 27/4/18 28/8/18 1.9b   (0.2) 0.1a   (0.02) 10.0a   (0.6) 95c   (3) 10a   (3) 3830a     (880) 400a   (35) 42.8a  (1.3) 

Corrigin   27/8/18 2.4c    (0.2) 0.1a   (0.02) 9.9a   (0.6) 78a   (3) 9a   (3) 4105a     (880) 480bc  (35) 40.1a  (1.3) 

Scout   29/8/18 1.2a   (0.2) 0.1a   (0.02) 8.9a   (0.6) 89b   (3) 6a   (3) 2375a     (880) 460bc  (35) 40.9a  (1.3) 

Wyalkatchem   24/8/18 1.4a   (0.2) 0.1a   (0.02) 9.1a   (0.6) 79a   (3) 5a   (3) 2210a     (880) 510b   (35) 42.6a  (1.3) 

AUS30323 Early May 10/5/18 11/9/18 4.7bc  (0.4) 0.3a   (0.02) 10.9a   (0.6) 28a   (4) 29c   (3) 9105c   (1170) 320a   (35) 43.4b  (0.8) 

Corrigin   13/9/18 4.1ab  (0.4) 0.2a   (0.03) 10.2a   (0.6) 43b   (4) 16ab  (3) 6700ab  (1170) 410bc   (35) 40.4a  (0.8) 

Scout   14/9/18 5.3c   (0.4) 0.2a   (0.03) 10.7a   (0.6) 32a   (4) 22b   (3) 8775bc  (1170) 365ab  (35) 48.5c  (0.8) 

Wyalkatchem   11/9/18 3.4a   (0.5) 0.2a   (0.03) 10.1a   (0.6) 55c   (4) 13a   (3) 5960a   (1170) 465c   (35) 51.5d  (0.8) 

AUS30323 Late May 28/5/18 29/9/18 5.2a    (0.3) 0.2a   (0.02) 9.7a   (0.8) 2a   (1) 30a   (3) 8030a   (1270) 285a   (30) 38.8b  (0.8) 

Corrigin   28/9/18 5.4ab   (0.3) 0.3b   (0.02) 9.7a   (0.8) 2a   (1) 30a   (3) 11980b   (1270) 410b  (30) 33.5a  (0.8) 

Scout   28/9/18 6.5c    (0.3) 0.3bc (0.02) 10.4a   (0.8) 2a   (1) 25a   (3) 9760ab (1270) 390b   (30) 41.2c  (0.8) 

Wyalkatchem   26/9/18 6.0bc  (0.3) 0.3c   (0.02) 9.1a   (0.8) 7b   (1) 25a   (3) 12010b  (1270) 485c  (30) 41.3c  (0.8) 
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Table 3.2. Values are predicted means (n=3) grain yield, floret sterility and yield components of three cultivars grown at Dale, Western Australia in 2019. The standard error (±) of the 

mean is in parenthesis. The same lowercase superscript letters indicate means that are not significantly different (p > 0.05) for comparisons within each sowing date (Fisher’s 

protected LSD test). Data is taken from harvest grain samplesA and the whole harvest index cutB, anthesis biomass cutC (Z65) and floret sterilityD from main stem spikes collected at 

Z75. 

Cultivar Sowing date (D/M/Y) 

Anthesis 
date 
(D/M/Y) 

Grain 
yieldA   

(t ha-1)  
Harvest 
indexB 

Anthesis 
biomassB  
(t ha-1)  

Floret 
sterilityD 
(%) 

GrainsB 
(spike-1) GrainsB (m-2) 

SpikesB 
(m-2) 

Average 
grain 
weightA 
(mg grain-1) 

AUS30323 Mid April 17/4/19 18/8/19 4.8d  (0.2) 0.4d   (0.03) 8.9b (0.5) 7a (2) 36c  (3) 11190d   (760) 345ab (30) 48.6c (1.0) 

Corrigin   4/8/19 3.1c  (0.2) 0.2c    (0.03) 7.6a (0.5) 31b (2) 17b  (3) 6515c     (760) 380b   (30) 39.3a (1.0) 

Scout   10/8/19 2.0b  (0.2) 0.15b (0.03) 7.6a (0.5) 8a (2) 15b  (3) 4380b   (760) 300a   (30) 38.5a (1.0) 

Wyalkatchem   9/8/19 1.4a  (0.2) 0.06a (0.02) 7.4a (0.5) 65c (3) 6a  (2) 2145a   (670) 385b  (30) 43.1b (1.0) 

AUS30323 Early May 1/5/19 1/9/19 4.7ab (0.2) 0.2a   (0.02) 9.3a (0.6) 4a (2) 24ab (3) 6915a   (940) 285a  (35) 42.3a (0.7) 

Corrigin   31/8/19 4.8ab (0.2) 0.3b   (0.02) 9.7a (0.6) 31c (2) 28b  (3) 9675b   (940) 355a  (35) 43.4a (0.7) 

Scout   30/8/19 5.0b  (0.2) 0.3b   (0.02) 10.0a (0.6) 13b (2) 28b  (3) 9575b   (940) 340a  (35) 48.5b (0.7) 

Wyalkatchem   31/8/19 4.4a  (0.2) 0.2a   (0.02) 9.4a (0.6) 37d (2) 21a  (3) 6420a   (940) 310a  (35) 52.4c (0.7) 

AUS30323 Mid May 17/5/19 13/9/19 3.9a  (0.3) 0.3b   (0.03) 9.5a (0.8) 2a (1) 27a  (4) 7465a (1265) 275a  (30) 38.9a (0.9) 

Corrigin   13/9/19 5.0b  (0.3) 0.2a    (0.03) 8.8a (0.8) 2a (1) 35ab (4) 11995a (1265) 345b  (30) 37.1a (0.9) 

Scout   12/9/19 5.0b  (0.3) 0.4c  (0.03) 10.0a (0.8) 2a (1) 44c  (4) 11050b (1265) 250a  (30) 42.8b (0.9) 

Wyalkatchem   13/9/19 5.0b  (0.3) 0.4c   (0.03) 9.3a (0.8) 13b (1) 36bc (4) 12085b (1265) 355b  (30) 44.2b (0.9) 
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3.4.3 Principal component analysis between yield traits - 2018 data 

A principal component analysis of traits within the mid April and mid May sowing dates that were damaged 

by frost in 2018 is present in Fig. 3.3 and Fig. 3.4. The relationship between spike morphology traits from six 

different cultivars shows there was relatedness between spike length (SL) and rachis length (RL) for frost 

damaged spikes (Fig. 3.3). Longer spikes had longer rachis lengths and shorter spikes had shorter rachis 

lengths. As expected, rachis gap was also related to these two spike traits: longer spikes had larger rachis 

gaps. This result was consistent across a range of sowing dates (mid April, mid May and late May). There 

was some relatedness between total plant height and spike length, rachis length and rachis gap. Total plant 

height was related to spike weight but strongly related to rachis length, spike length and rachis gap. In taller 

cultivars, AUS30323 and Forrest (total plant height 1000 mm) spike weight were higher than the shorter 

cultivar Wyalkatchem (total plant height 690 and 790 mm) when sown in mid-April and mid-May (ToS 1 and 

5) (data not shown). However this distinction was not present between cultivars (Cutlass and Scout) with 

smaller height differences of < 20 mm when sown in mid-April (data not shown). Spike weight was not 

strongly correlated with spike length, rachis length and rachis gap. 
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Fig. 3.3. Principal Component Analysis (PCA) of spike morphology traits from six wheat cultivars (A = AUS30323, Co = 

Corrigin, Cu = Cutlass, F = Forrest, S = Scout, W = Wyalkatchem) from two sowing dates (1 = 12/04/2018 A, Cu, F, S, W 

and 5 = 10/05/2018 A, Co, W) at Dale. Spike morphology traits: RG = rachis gap (mm) RL = rachis length (mm), SL = 

spike length (mm), SW = spike dry weight (g), TPH = total plant height (mm). 

 

Awn lengths on the left and right sides of the spike were correlated with each other both at the apical (top) 

and at the mid-spike position (Fig. 3.4). Floret widths at the apical, mid and basal positions were all related 

to each other. Awn lengths and floret widths were not related to each other. 
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Fig. 3.4. Principal Component Analysis (PCA) of spike morphology traits from six wheat cultivars (A = AUS30323, Co = 

Corrigin, Cu = Cutlass, F = Forrest, S = Scout, W = Wyalkatchem) from two sowing dates (1 = 12/04/2018 A, Cu, F, S, W 

and 5 = 10/05/2018 A, Co, W) at Dale. Spike morphology traits: ALTL = awn length top left (mm), ALTR = awn length 

top right (mm), ALML = awn length mid left (mm), ALMR = awn length mid right (mm), FWA = floret width apical/top 

(mm), FWM = floret width mid (mm), FWB = floret width basal/bottom (mm).  

 

3.4.4 Awn length 

Across the range of awn lengths in cultivars that were at anthesis 2-5 days of each other (AUS30323, 

Corrigin, Scout and Wyalkatchem) longer awns at apical and basal spikelets were linked to higher levels of 

floret sterility; the length of awns on central spikelets was not related to floret sterility (Table 3.3). Awn 

lengths on the left and right of the apical and basal spikelets were correlated to floret sterility, but central 

spikelets showed little if any relationship to floret sterility (Table 3.3). Correlations between floret sterility 

and awn lengths at the apical part of the spike ranged from 0.29 to 0.80, excluding mid April 2018 for which 

there was no relationship between the traits at all except the bottom right awns (Table 3.3). The mid April 

sowing had fewer frost events during the 30 days before anthesis than the later three (Fig. 3.1); floret 

sterility was higher in Wyalkatchem at 24 % and much lower at only 2-3 % in the remaining three cultivars 

(Table 3.1). There was also a greater spread in the phenology between Scout and the other cultivars (Fig. 
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3.1 and Table 3.1). Correlations were weak to non-existent for central awns related to floret sterility. Basal 

awn lengths were correlated to floret sterility; longer awns having higher levels of floret sterility (except for 

left-side basal awns in the 12/04/2018 sowing date), with r2 values ranging from 0.20 to 0.98. There was 

some variation in awn length measured on the four cultivars of this subset: awn length ranged from apical 

34-69 mm, central 34-72 mm and basal 16-40 mm. The longest awn lengths were measured on Corrigin, the 

club wheat. Awn lengths were the longest from the central to apical spikelets. Shorter awns were found at 

the basal spikelets of the spike.  

 

Table 3.3. Correlation coefficients of awn length and floret sterility for the G1 and G2 at the apical, central and basal 

florets. The trait data were measured on 30 main stem wheat spikes of cultivars: AUS30323, Corrigin, Scout and 

Wyalkatchem at Dale in 2018.  

      Apical     Central     Basal 

Time of sowing 

G1 

Left 

G2 

Right 

G1 

Left 

G2 

Right 

G1 

Left 

G2 

Right 

12/04/2018 0.01 0.00 0.00 0.00 0.00 0.26 

27/04/2018 0.80 0.75 0.16 0.17 0.36 0.98 

10/05/2018 0.45 0.32 0.02 0.03 0.35 0.43 

28/05/2018 0.46 0.29 0.01 0.01 0.77 0.20 

 

3.4.5 Rachis gap 

There was a significant difference in the rachis gap between AUS30323, Corrigin, Scout and Wyalkatchem 

across all sowing dates (27/04/2018 and 10/05/2018, Fig. 3.5). This difference in the rachis gap also 

coincided with significant differences in the floret sterility between these cultivars. As rachis gaps increased 

from 3 to 8 mm floret sterility increased 15 % for the late April sowing (Fig. 3.5 (a)), but with mid May 

sowing floret sterility decreased by 25 % over the same rachis gap range (Fig. 3.5 (b)). There was a strong 

negative correlation (r2 = 0.58) between the rachis gap and floret sterility for AUS30323, Corrigin, Scout and 

Wyalkatchem sown in mid May (Fig. 3.5 (b)). However the correlation was positive when the cultivars were 

sown in late April (27/04/2018) (Fig. 3.4 (a)).  
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Fig. 3.5. The rachis gap and the floret sterility of four wheat cultivars sown (a) late April (27/04/2018) and (b) mid May 

(10/05/2018) at Dale. AUS30323 , Corrigin , Wyalkatchem , and Scout . A linear trend was observed 

between the two traits across all four cultivars that flowered within 1-3 days of each other. Both slopes were 

significantly different to zero. Error bars are the standard error of the mean of three replicates for floret sterility.  

 

3.4.5.1 Rachis gap and floret sterility - testing the relationship against more genotypes using the 

Australian National Frost Program 2018 and 2019 datasets  

The correlation between the rachis gap and floret sterility was tested with a larger number of cultivars for a 

dataset collected from the Australian National Frost Project exposed to the same frosts at the same 

experimental site each year. This dataset consists of commercial cultivars and breeding lines that were 
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sown on different dates but flowered within one to three days of each other and four to five days of the 

coldest frost events for each year; on September 15th and 16th 2018 (-0.4 °C minimum screen temperature 

for both events) and September 5th to 7th 2019 (-1.4, -1.6 and -1.4 °C minimum screen temperature). The 

frosts gave expected discriminating levels of damage (20-90 % frost sterility) (Fig. 3.1, Table 3.1 and Table 

3.2). The linear regression indicated that there was no significant correlation between the rachis gap and 

floret sterility in this larger dataset of 50 wheat cultivars and 9 breeding lines in 2018 and 46 cultivars in 

2019 (Fig. 3.6 (a) and (b)).  

 

 

Fig. 3.6. (a) The rachis gap and the floret sterility of 50 wheat cultivars and 9 breeding lines that were at the anthesis 

stage (Z61 to Z67) during a frost event at Dale on September 15th and 16th 2018. (b) The rachis gap and the floret 

sterility of 46 wheat cultivars that were at the anthesis stage (Z61 to Z67) two days before three consecutive frost 
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events at Dale on September 5th, 6th and 7th 2019. Each data point represents 60 spikes (i.e. two plot replicates). The 

slopes were not significantly different from zero. 

 

3.4.6 The partitioning of plant resources into stem and spike 

As expected taller plants had greater stem weight (r2= 0.42, p < 0.001), in the absence of frost damage and 

with later sowing this relationship was stronger (r2= 0.94, p < 0.001). However there was no relationship 

between stem weight and spike weight across all sowing dates and under high damage frost conditions. 

Under the lowest floret sterility conditions in all cultivars (2-7 % floret sterility) in the latest sowing on May 

28th, only 20 % of the variation in spike weight could be explained by stem weight; the effect was slightly 

positive (slope = 0.29). Spike weight was positively correlated with plant height, across all sowing times (r2= 

0.28, p < 0.001); in the presence of frost damage the positive correlation between plant height and spike 

weight was still evident (r2= 0.20, p < 0.001), but with later sowing the relationship of plant height and spike 

weight was weak and all plant heights were lower (r2= 0.13, p < 0.001). The heavier spikes in taller cultivars 

were offset by lower spikes m-2 in cultivars such as AUS30323 (Table 3.1 and 3.2).  

 

3.4.6.1 Spike weight 

A negative relationship (r2 = 0.59 and 0.49) was observed between spike weight and floret sterility both for 

late April and mid May sowing dates in 2018 (Fig. 3.7). This was expected as floret sterility causes a 

reduction in grain set and grain weight in wheat spikes. Longer spikes did not result in greater spike weights 

across AUS30323, Corrigin, Wyalkatchem and Scout in the late April and mid May sowing dates in 2018. 

There was no correlation between spike length and weight, indicating that there was little to no influence 

of spike length on fertility under varying levels of floret sterility (from 2-95 %) in the spikes (Table 3.2).  
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Fig. 3.7. Spike weight at maturity and the floret sterility of four wheat cultivars in late April (27/04/2018 a) and mid 

May (10/05/2018 b) at Dale. AUS30323 , Corrigin , Wyalkatchem  and Scout . Line-dashed regression is of 

all four cultivars and both slopes were significantly different to zero. Error bars are the standard error of the mean of 

three replicates for floret sterility. 

 

3.4.7 Plant height 

There was no correlation between plant height at maturity of the four cultivars and floret sterility for all 

four cultivars (AUS30323, Corrigin, Scout and Wyalkatchem) when sown in late April (27/04/2018, Fig. 3.8 

(a)), but in contrast there was in mid May (10/05/2018, r2 = 0.87, Fig. 3.8 (b)). Plants were only very slightly 

shorter in the later sowing and had an average 25 % less floret sterility than wheat plants sowed in April. 

Frost events occurred both before and after anthesis. Whereas for the mid May sowing frost events 

occurred after anthesis and during grain filling.  
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Fig. 3.8. Plant height and floret sterility at maturity of four wheat cultivars (AUS30323 , Corrigin , Wyalkatchem

, and Scout ). on sown 27/04/2018 (a) and 10/05/2018 (b) at Dale and were at anthesis between 24/08/2018 

to 29/08/2018 (a) (the slope was not significantly different to zero) and 11/09/2018 to 14/09/2018 (b) (the slope was 

significantly different to zero). Line-dashed regression is of all cultivars. Error bars are the standard error of the mean 

of three replicates for floret sterility. 

 

3.4.7.1 Plant height and floret sterility - testing the relationship with more genotypes  

Data from 2018 indicated no correlation between plant height and floret sterility for a mid September frost. 

However there was a weak correlation for these two traits in 2019 data for a frost during the first week of 

September (Fig. 3.9). For tagged wheat spikes at the same development stage there was a large variation in 

floret sterility in both seasons from < 10-95 %. 
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Fig. 3.9. Plant height and floret sterility at maturity of 50 wheat cultivars and 9 breeding lines (a) and 46 wheat 

cultivars (b) that were at anthesis stage (Z61 to Z67) during a frost event at Dale on September 15th and 16th 2018 (a) 

and two days before three consecutive frost events at Dale on September 5th, 6th and 7th 2019 (b). Each data point 

represents 60 spikes (i.e. two plot replicates). 

 

As expected, the taller cultivars and longer spikes did have larger rachis gaps (r2 = 0.33 and r2 = 0.30, p < 

0.001, excluding Corrigin, Fig. 3.10). When frost damage was greater for plants sown in late April the effect 

of plant height on rachis gap was stronger (r2 = 0.46, and p < 0.001) and longer spikes were associated with 

75 % of the variation for rachis gap size (r2 = 0.75, and p < 0.001). With later sowing the plants were shorter, 

therefore the height of cultivars was less closely associated with rachis gap (r2 = 0.27, and p < 0.001), but 

spike length still had a strong correlation with rachis gap (r2 = 0.80, and p < 0.001). 

 



138 
 

 

Fig. 3.10. The relationship between plant height (a) and spike length (b) on rachis gap in six wheat cultivars 

(AUS30323, Corrigin, Scout and Wyalkatchem) sown from mid April to late May at Dale 2018. Mid April (light grey 

circle), late April (white triangle), mid May (grey triangle), late May (black square). Note: the cluster of points 

highlighted in the dashed box is (cv. Corrigin) was excluded from regression analysis across all sowing dates (solid 

black trendline) r2= 0.33 (a) and 0.30 (b), as it was a club head biscuit wheat. Other regressions are late April (light grey 

dashed trendline – high frost damage) 27/04/2018  r2= 0.46 (a) and 0.76 (b), late May (dark grey dashed trendline – 

low frost damage) 28/05/2018 r2= 0.27 (a) and 0.80 (b). All slopes are significant p < 0.001. Error bars are the standard 

error of the mean of three replicates for spike length. 
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3.5 Discussion 

The aim of this study was to explore floret sterility in frost damaged wheat spikes and potential interactions 

with spike morphology from field studies. The main findings were: (1) apical and basal spikelet awn lengths 

correlated with variation in frost damage in four cultivars; (2) central spikelet awn lengths had little to no 

correlation to floret sterility; (3) rachis gap did not correlate to floret sterility. These findings are discussed 

separately then collectively considering the whole plant and implications for future research. 

  

3.5.1 Awn length 

The awn length data exhibited varied relationships with floret sterility (Table 3.1). There were significant 

and strong relationships between awn length at both apical and basal spikelets of the spike and floret 

sterility (Table 3.3). Awn lengths were longer at central and apical spikelets and shorter at basal spikelets 

(Table 3.3). The reasons why both these parts of the spike correlated to FASE damage and not the central 

spikelets of the spike are not well understood. However several factors might contribute to different parts 

of the spike having a varied relationship between awn length and floret sterility. Firstly, anthesis begins in 

the central spikelets of the spike then progresses to the extremities of the spike (Kirby, 1988). Secondly, 

semi-dwarf cultivars have an increased number of grains per spikelet and greater contribution of distal 

grains to spike grain weight than standard-height cultivars (Miralles and Slafer, 1995). These two factors 

mean that the central spikelets of semi-dwarf wheats act as a strong sink for assimilate (Bremner and 

Rawson, 1978). This could result in lower floret sterility in this part of the spike by drawing assimilate away 

from apical florets. Frost damage that occurs at the beginning of spike emergence through to the anthesis 

stage, often appears in the apical part of the spike (Chapter 2 and 4) (Fuller et al., 2009). Measurement of 

grain set and individual grain weight has shown greater reductions in grain set and grain weight occur in the 

apical part of the spike due to frost (Chapter 2 and 4), but it is not known if this is due to the apical part of 

the spike emerging from the leaf sheath first (Ferrante et al., 2017; Ferrante et al., 2019) or assimilate 

supply and demand. The differences in spike grain set after FASE and sink strength might help to explain 

the linkage between awn length and damage in some parts of the spike and not others. However the 

influence of canopy temperatures at different heights from the ground cannot be dismissed as influencing 
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the severity of frost damage in different parts of the spike, their grain set and the remaining sink strength 

(Marcellos and Single, 1975; Stutsel et al., 2020). It is acknowledged that the cultivars assessed in this study 

did not represent all possible extremes of awn length and perhaps a population such as that used in 

Rebetzke et al. (2016) could be used in future studies which aim to further assess the relationship between 

this trait and FASE damage. For now, it is concluded that the length of awns should not be a major focus of 

a breeder’s selection criteria for breeding less susceptible wheat to reproductive stage frost damage.  

 

3.5.2 Crop height 

The results from this experiment did not provide evidence that selecting cultivars with reduced heights 

(with the same phenology) could make plants more susceptible to frost damage (Fig. 3.8). The ANFP data in 

2018 did not show a relationship between plant height and floret sterility for a larger sample size of 59 

cultivars; however there was a weak correlation in the 2019 dataset of 46 cultivars r2= 0.12). The timing and 

severity (both minimum temperature and duration) of frost events contributed to the variation in damage 

between seasons and therefore the strength of the correlation observed in each of the trials (Fig. 3.1, Fig. 

3.7 and Fig. 3.8). Anecdotal evidence has shown cultivars with double dwarf genes present also have high 

amounts of sterility present (Grains Research and Development Corporation, 2019). Our results and the 

performance of these same cultivars agree with other published results; Wyalkatchem was more 

susceptible than Scout and AUS30323  (Biddulph et al., 2015; Cocks et al., 2019). A large multi-environment 

trials (MET) analysis of Australian frost phenotyping trials did find shorter wheat cultivars were more 

susceptible to frost damage than taller cultivars; short maturity cultivars also demonstrated higher levels of 

susceptibility than late maturity cultivars (Ferrante et al., 2021). Possible explanations for this phenomena 

include: the spike being closer to the coldest part of the canopy, which is flag leaf height (Marcellos and 

Single, 1975; Stutsel et al. 2020); indirect selection for wheat plants with less pollen (Qian et al., 1986), 

more temperature-sensitive pollen (Chakrabarti et al., 2011; Barton et al., 2014) or those that over-produce 

grain positions that cannot be filled i.e. low fruiting efficiency (Slafer et al., 2015). Shorter cultivars also 

have shorter internode distances, which influences not just stem lengths but also peduncle lengths and 
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rachis gaps (the distance of the spikes to the coldest region of the canopy at flag leaf height) (Stutsel et al., 

2020). Peduncle length is another trait that could be measured and its relationship to floret sterility under 

FASE tested in a future experiment.  

 

The effect of cool air drainage to the lowest parts of the canopy, i.e. plots of shorter wheat cultivars, cannot 

be ignored as temperature dynamics may play a significant role in frost damage (Marcellos and Single, 

1975). It is acknowledged that trial design can influence field plot temperatures by a range of up to 1.3 °C in 

minimum air temperature and 5.0 °C hr (degree hours below 0 °C) variation in cold (Stutsel et al., 2019a). 

This effect is likely due to cold air drainage across plots and differences in canopy closure between 

cultivars. However our trial was designed to minimise these effects through randomisation, three plot 

replicates per cultivar and blocking of 15 cultivars; these elements were more limited in Stutsel et al. 

(2019a) with their trial with only two cultivars present. Future field phenotyping experiments of FASE in 

cereals crops need to consider this factor in their trial designs to limit any confounding effects of cold air 

drainage across their experimental plots. 

 

3.5.3 Rachis gap 

It was hypothesised that cultivars with larger rachis gaps will have lower levels of frost damage compared 

to cultivars with narrower rachis gaps. The reasoning for this is there are several related cultivars with high 

frost susceptibility and they all have short plant height, short peduncles and short spikes with narrower 

rachis gaps (Ferrante et al. 2021). The hypothesis was initially supported based on comparisons of four 

cultivars (AUS30323, Corrigin, Scout and Wyalkatchem) sown in late April and mid May 2018. However in 

two larger data sets of 50 commercial wheat cultivars and 9 breeding lines and 46 commercial cultivars in 

2018 and 2019 there was no relationship between the rachis gap and sterility. There was a wide range in 

damage in the cultivars from 20-80 % floret sterility to test this response, but the variation in the rachis gap 

was comparatively narrow at 8.4 to 11.6 mm in 2018 and 9 to 13 mm in 2019. It was concluded that it is 
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unlikely that the rachis gap greatly influences the amount of frost damage a cultivar receives from frost 

events that occur in Australia.  

 

As expected, taller cultivars had longer spikes, larger rachis gaps and lower sterility (AUS30323 and Scout) 

than a shorter cultivar with shorter more compact spikes (Wyalkatchem). Marcellos and Single (1984) 

proposed that the rachis and rachilla could form barriers to ice formation. There could be a possible 

interaction between the spread of ice on the spike and the amount of floret sterility observed, but the 

results presented here on the rachis gap did not support that. Ongoing research using high-resolution 

thermography in the field could be used as described by Livingston et al. (2018) or Biddulph et al. (2021) to 

determine if the rachis and rachilla influence the spread of ice on wheat spikes.  

 

3.5.4 Linkages between traits 

The results of this study demonstrate there was a mixed response in the relationships between spike 

morphology, plant structural traits (plant heights, portioning into stem and spikes, rachis gap) and the 

susceptibility of wheat cultivars to frost. Correlations between floret sterility and awn length at apical and 

basal positions of the spike were found. These interactions along with detailed source sink relationships 

need to be tested further in an awned and awnless near-isogenic lines (NILs) population to verify this 

finding. Associations between plant height and floret sterility varied between seasons and sowing dates. In 

2018 one sowing date showed a strong correlation and the other had no relationship. Similarly in subsets 

from the coldest frosts the WA ANFP datasets 2019 had a weak correlation, but 2018 had no relationship 

between plant height and floret sterility. There was no relationship between the rachis gap and floret 

sterility based on the ANFP dataset from 2018 and 2019. Apart from awn length in apical and basal 

positions of the spike, there were no other traits that in combination could explain differences in cultivar 

susceptibility to FASE. Therefore efforts to improve wheat yields in frost-prone landscapes should focus on 

increasing grains per spike, fruiting efficiency, pollen viability and perhaps identifying potential weaknesses 

in the assimilate supply to growing grains and identifying potential remedies, particularly in the recovery 

phase after frost events.    
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3.5.5 Avenues for further research 

The experiments identified that awn length may influence floret sterility, particularly in apical and basal 

spikelets. To explore this concept further, a NILs population similar to Rebetzke et al. (2016) could be used 

in multiple environments to determine the value of awns or awnless wheat to reduce susceptibility to frost. 

NILs would provide confidence that any reduction in susceptibility (if present) was more closely linked to 

the presence or absence of awns, not other confounding traits like phenology, rachis gap, plant height and 

peduncle length. Given that the presence of awns alters grain weight and number as demonstrated by 

Rebetzke et al. (2016) this concept would be worth exploring from a frost survival and recovery 

perspective. Grain weight and number have been linked to the relative susceptibility of wheat cultivars to 

frost damage and their ability to maintain grain yield under this stress (Chapter 2 and 4). 
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4  Chapter 4 – Proximal grains within wheat spikes are key determinants of 

grain yield when exposed to radiation frost after spike emergence 
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4.1 Abstract 

Yield increases over the last century have been made by breeding for maximum grain yield and disease 

resistance. Physiologists have quantified grain yield improvement by examining changes in its components: 

grains spike-1, grain weight, tiller number and grain number per unit area. Changes in yield components 

under abiotic stresses, such as frost-after-spike-emergence (FASE), have received less attention than other 

stresses like heat and drought, or nutritional inputs such as nitrogen, despite FASE being a large production 

risk to global grain production. The aim of this study was to explore the pattern of grain set in frost 

damaged wheat spikes, the respective grain weight contributions of different grain positions and improve 

measurement of this trait in field studies. To expose plants to FASE, field trials were established in 2018 and 

2019 with multiple sowing times of 15-16 wheat cultivars. Natural radiation frost events where screen 

temperature ≤ 2 °C occurred on 22 and 33 occasions from July to October in 2018 and 2019. Grain yields 

were reduced by up to 86 %. Primary tillers were collected from field plots, the grain position and weight 

were recorded, while floret sterility and yield components were also determined. Less susceptible cultivars 

to FASE, Cutlass and Scout, had more grains formed in distal florets (away from the point of spike 

attachment), both with and without FASE. More FASE susceptible cultivar Wyalkatchem had proportionally 

more grains set in proximal florets (close to the point of spike attachment) and less in distal florets. 
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Proximal grains within wheat spikes were key determinants of grain yield when exposed to FASE. However 

grains set in distal florets were important for maintaining grain yield of Cutlass and Scout. Cultivars that set 

proportionally more grain in distal florets than proximal florets can maintain higher grain number and grain 

yield when exposed to FASE and the value of this warrant’s further evaluation.   

Key words – Frost, wheat, grain mapping, grain position, grain weight, grain number 

 

4.2 Introduction 

Frost damage to crops at the reproductive stage (frost after-spike-emergence, FASE) can cause devastating 

damage to wheat crops globally (Paulsen and Heyne, 1983; Boer et al., 1993; Cromey et al., 1998; 

Fredericks et al., 2012; Zheng et al., 2015). Radiation frosts are the predominant type of frost that cause 

damage to cereal crops occurring in late winter and spring, which coincides with spike emergence in cereal 

crops in Western Australia (Perry, 1972). Severe freezing (advective) frosts are less common in Western 

Australia, than Eastern Australia; these frost result in the freezing of stems at the stem elongation phase 

(Banath and Single, 1976; Risbey et al., 2019). Estimates of the cost of FASE damage in Australia vary with 

seasons and location. They range from $100 M (AUD) on the east coast, and under severe seasons in 2016 

~$410 M (AUD) in Western Australia. Nationally the cost of FASE has been estimated to be $360 M (AUD) in 

direct and indirect yield losses annually (Fuller et al., 2007; Biddulph et al., 2015; Leske et al., 2017a).  

 

Wheat (Triticum aestivum L.) is most sensitive to frost (screen temperatures < 2 °C) at growth stages from 

when spikes emerge (post-heading) to the end of anthesis (Livingston and Swinbank, 1950; Single, 1961). 

This stage corresponds to Zadok stage Z50 to Z69 (Zadoks et al., 1974). The anthers and the ovules are 

particularly sensitive to cold temperatures and freezing damage (Thakur et al., 2010), resulting in much of 

the yield decline caused by frost in Australia and Argentina (Marcellos and Single, 1975; Banath and Single, 

1976; Crimp et al., 2016; Martino and Abbate, 2019; Martino et al., 2021). Damage can also occur to plants 

when frost causes freezing to stems at the elongation phase (Banath and Single 1976; Frederiks et al., 
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2012). This can result in the loss of apical dominance as the main stem spike is completely sterilised and re-

tillering from the crown (Marcellos, 1977). If there is sufficient soil water, there is potential for these tillers 

can compensate for lost grains. Variation in the susceptibility of wheat cultivars to frost has been reported 

for several decades in Australia and Argentina (Single and Marcellos, 1974; Marcellos and Single, 1984; 

Biddulph et al., 2015; Martino and Abbate, 2019), and information on the susceptibility of current 

Australian wheat cultivars is available to growers (Cocks et al., 2019; GRDC National Frost Initiative, 2019). 

This paper aims to explain known variation in the susceptibility of spring wheat cultivars to FASE due to 

changes in grain set and weight in individual positions of the spike.  

 

Yield components provide a framework for understanding grain yield (Calderini et al., 1995; Slafer, 2007). 

Two yield components, grain weight and grain number have been a major point of discussion in the 

literature - particularly the trade-off between these two components (Acreche and Slafer, 2006; Ferrante et 

al., 2017a). Manipulating these two components has helped physiologists understand the relationship 

between source and sink (Rawson and Evans, 1970). Bremner and Rawson (1978) demonstrated that when 

florets at some grain positions within a spikelet were removed, the remaining grains increased in weight 

due to the reduced competition between growing grains for assimilate. They also demonstrated that there 

is a preferential flow of assimilate to the outer positions (G1 and G2, also known as proximal florets/grain 

positions) first, then the inner positions (G3 and G4, also known as distal florets/grain positions). To further 

understand the controls of grain weight, Calderini and Reynolds (2000) examined the relationship between 

carpel weight and final grain weight. They concluded that the carpel weight at anthesis regulates grain 

weight potential. A more recent study under field conditions showed that larger carpels, combined with 

earlier, faster and longer duration of the grain filling period, leads to increased final grain weight and 

greater grain survival in a recombinant inbred population of bread (Triticum aestivum L.) × spelt wheat 

(Triticum spelta L.) (Xie et al., 2015). Other researchers have proposed that increases in grain yield could be 

achieved by increasing the amount (grain number) and weight of grain formed in the distal positions within 

the floret (Feng et al., 2018).  
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Different wheat cultivars have different reproductive strategies involving varying the number of grain 

positions they can set grain in (through spike length and spikelet width), as well as the potential size and 

weight that grain can achieve through carpel size. The different strategies can be viewed in terms of 

resource investment: some cultivars spread their resources wide (with higher grain number and lower grain 

weight), and others more narrowly (with lower grain number and higher grain weight) (Sadras, 2007). 

Studies have examined variation in modern wheat cultivar performance under FASE under field conditions 

(Ferrante et al., 2017b; Leske et al., 2017a; Leske et al., 2019). However the author is aware of none that 

have determined which plant reproductive investment strategy will produce the most stable yields under 

these conditions. As FASE sterilises parts or all the florets in the spike, a field experiment was conducted to 

determine which grain positions are most impacted by FASE and if remaining positions can compensate for 

some or all the loss of yield potential by increased grain weight. It is hypothesised that cultivars with higher 

grain number per spike and smaller average grain weight can maintain higher grain yield under FASE. 

Determining how wheat spikes and their grain yield are impacted by frost at a spike level and how spikes 

prioritise the partitioning of resources when damaged by FASE, will provide an improved understanding of 

the ability of spikes to compensate for yield loss due to frost.  

 

4.3 Methods 

4.3.1 Experimental design 

Field experiments were conducted in a known frost prone part of the landscape at the Department of 

Primary Industries and Regional Development research site at Dale, Western Australia, over the 2018 and 

2019 growing seasons (32°12’24.48” S, 116°45’31.32” E). The average elevation of the trial site was 245 m 

above mean sea level. The site was located on a flat valley with a 0.66 % slope from the southwest to the 

northeast side of the trial (Stutsel et al., 2020). Growing season rainfall (April to October) in 2018 and 2019 

was 346 and 322 mm.  
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To expose wheat plants to FASE, each year a trial with eight times of sowing (ToS) blocks were established 

based on a predicted equidistant thermal time of ~250 growing degree days from April 12 to June 8. This 

was done to ensure that anthesis would occur from mid July to early October, the typical frost window for 

the region is from August to September. To reduce the confounding effects of stubble in altering frost 

damage (Smith et al., 2017), stubble was burnt before sowing. To ensure germination soon after sowing, 

one 25 mm application of irrigation was applied (via a lateral irrigator) two weeks before seeding and a 

further 25 mm was applied the day before seeding, to each ToS block for its respective sowing date. No 

further irrigation was applied after sowing. The details of the irrigation can be found in the Appendix Table 

1. The soil  was a grey sandy loam (pH 5.4 CaCl2 0-10 cm). Each ToS block was fertilised at sowing with 12 kg 

N ha-1, 16 kg P ha-1, 14 kg K ha-1 and 9 kg S ha-1 as a compound fertiliser (Gusto Gold, Summit Fertilizers, 

Kwinana, WA, Australia) and 23 kg N ha-1 as urea. Two additional applications of liquid fertiliser at 19 kg N 

ha-1 were applied at tillering and booting stage as Urea Ammonium Nitrate. The field plots were 1.7 x 5.0 m 

consisted of six rows, 250 mm apart, were sown at 75 kg ha-1 to achieve a target plant density of 150 plants 

m-2. Each cultivar had a longitudinally adjacent paired plot; one which was used for plant sampling, the 

other for grain yield. Fifteen commercial spring bread wheat cultivars (Calingiri, Corrigin, Cosmick, Cutlass, 

Endure, Forrest, Impress CL Plus, Kunjin, Mace, Magenta, Scepter, Scout, Wyalkatchem, Wylah and Young) 

and one synthetic derived line (AUS30323) were sown (fourteen commercial wheat cultivars were grown in 

2019); these were chosen based on contrasting reputations in their susceptibility to FASE (Biddulph et al., 

2015; Cocks et al., 2019; GRDC National Frost Initiative, 2019). A subset of three cultivars (Cutlass, Scout 

and Wyalkatchem; Table 4.1) were chosen for detailed grain mapping measurements due to the labour-

intensive nature of the measurements. Each cultivar had three replicates per ToS block and was 

randomised in two directions in the same manner as Leske et al. (2017a) to minimise the effects of micro-

plot effects of topography on canopy temperature (Stutsel et al., 2020). Additional buffer plots surrounded 

each ToS block to mitigate against these effects. 
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Individual plots were arranged in a randomised block design with three plot replicates (sub-blocks) per ToS 

block (main-block) (Fig. 4.1). This design used the same approach as Cocks et al. (2019). Within the ToS 

block, cultivars were randomised amongst each other using the DiGGer statistical software package 

(Coombes, 2002).  

 

Fig. 4.1. The field layout of the experiment displays a model time of sowing (ToS) block. Each ToS block contained 

three sub-blocks, with one plot replicate in each of these sub-blocks for all the 16 bread wheat cultivars grown at Dale 

in 2018 and for 15 bread wheat cultivars grown at Dale in 2019. Buffer plots surrounded each ToS block (darker-colour 

boxes).  

 

Table 4.1. Bread wheat cultivars (with differences in maturity and frost susceptibility) were used for detailed analyses 

for floret sterility, yield, and yield components under frost conditions in the field. AD = anthesis date; data is from the 

field experiments described above. Pedigree information is from DPIRD (2017) and http://wheatpedigree.net/. 

Relative frost susceptibility from FV-Plus Frost Rankings (https://nvtonline.com.au/frost/) – these rankings are 

determined independently of anthesis date.  

Cultivar name Pedigree Maturity Relative 

frost 

susceptibility 

Days to 50 % 

AD (sown 

10/5/18) 

Days to 50 % 

AD (sown 

17/5/19) 

Cutlass Rapier/Bounty Long Low-

medium 

134 126 

 

Scout Sunstate/QH-71-6//Yitpi Mid Low 128 118 

Wyalkatchem Machete/3/(84-W-129-

504)Gutha//Jacup*2/11th-

Isepton-135 

Mid High 125 119 

 

4.3.2 Data measurement 

The canopy temperature was recorded as the mean temperature over 15 minute intervals using un-

shielded Tinytag TGP4017 loggers (Hastings Data Loggers, Port Macquarie, Australia). Loggers were 

mounted to a PVC pipe facing North, with the internal sensor facing upward. Loggers were moved up the 

1 2 3 4 5 6 7 8 9 10 11 12

2

3

4

5

6

7

8

Sub-block 1 Sub-block 3 Sub-block 2  

http://wheatpedigree.net/
https://nvtonline.com.au/frost/
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pole each week as the canopy grew throughout the season. A calibrated Campbell Scientific CR5000 onsite 

weather station (Campbell Scientific Australia Pty. Ltd., Garbutt, QLD, Australia) was installed 49.5 m to the 

North-East side of ToS 1 in 2017. In 2018 and 2019 it was positioned in a buffer plot in ToS 2 block (Stutsel 

et al., 2019). This weather station was equipped with a wind speed sensor (Vaisala WMT50 Ultrasonic, 

Helsinki, Finland).  Screen temperature and vertical temperature differences were measured with 

unshielded thermocouples (T-Type, Temperature Controls Pty Ltd, Sydney, NSW, Australia) as in (Leske et 

al., 2017a; Stutsel et al., 2019). The plant development stage in each plot was scored weekly (from Z39-70) 

according to the Zadok scale (Zadoks et al., 1974). Spike emergence (Z55) and anthesis dates (Z65) of the 

cultivars were estimated from these scores using the approach of Zheng et al., (2013). Anthesis (Z65) 

biomass was determined by hand-harvesting 25 cm of crop row from each of the four inner plot rows using 

a quadrat (0.254 m2). These biomass cuts were dried at 70 °C for 48 hours and weighed. Floret Sterility is 

the reduction in proximal (G1 and G2) grain number per spike expressed as a percentage of the total 

number of possible grains that could have formed in the proximal position within the floret (Equation [1]). 

When the spikes reached the medium milk stage (Z75), 30 primary tillers were collected and the floret 

sterility of the two proximal florets were determined (discarding the top and bottom florets).  

𝑆𝑝𝑖𝑘𝑒 𝑓𝑙𝑜𝑟𝑒𝑡 𝑠𝑡𝑒𝑟𝑖𝑙𝑖𝑡𝑦 = (
𝑠𝑡𝑒𝑟𝑖𝑙𝑒 𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙 𝑓𝑙𝑜𝑟𝑒𝑡𝑠

𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙 𝑓𝑙𝑜𝑟𝑒𝑡𝑠
) 𝑥 100 Equation [1] 
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Fig. 4.2. Schematic diagram showing grain positions (G1, G2 – proximal, G3 and G4 – distal) at different spikelet 

positions. Spikelet 1 is the most basal.  

 

Harvest index (HI) cuts (0.254 m2) were taken from the four inner rows of each plot at physiological 

maturity (Z89) were oven-dried for 24 hours at 60 °C before further processing. The total number of tillers 

was counted from the HI cut to determine spikes m-2 (Sm). Thirty primary tillers from these plant cuts were 

selected for grain mapping. Potential grain number per spike was estimated based on the number of 

spikelets present on both sides of the spikes and the number of proximal and distal florets within each 

spikelet. The total number of florets that grain could have formed in the absence of frost damage were 

totalled to give an estimation of the grain number potential of the spike. The rest of the HI cut was used to 

determine yield components as per Leske et al. (2017a). Grain yield was obtained from the whole plot (1.7 

x 3 m. 1 m on each end of the plot was removed before harvest to account for plot edge effects) using a 

small plot harvester specifically set up to retain small frost affected grains.  
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Briefly, the yield components were determined as follows. Average grain weight (GWa) was determined 

from the harvested grain by counting 100 random grains and determining the total grain weight twice (Gr1 + 

Gr2), then averaging these weights (Equation [2]). If the variation between the two weights was >10 % then 

a third measurement of 100 random grains (Gr3) was taken (Rebetzke et al., 2016). Grains m-2 (Gm) was 

determined by dividing the total weight of grain threshed from the HI cut (GHI) by the average grain weight 

(GWa) (Equation [3]). Grains spike-1 was determined by dividing Grains m-2 (Gm) by spikes m-2 (Sm) (Equation 

[4]). 

𝐺𝑊𝑎 =  
𝐺𝑟1 + 𝐺𝑟2  

200
  Equation [2]   

𝐺𝑚 =  
𝐺𝐻𝐼 

𝐺𝑊𝑎
   Equation [3] 

𝐺𝑠 =  
𝐺𝑚

𝑆𝑚
    Equation [4]  

4.3.3 Grain set measurement and mapping  

The grain mapping technique was used to determine the proportion of grains present in a population of 

primary tiller spikes for each grain position across three cultivars (Rawson and Evans, 1970; Acreche and 

Slafer, 2006; Feng et al., 2018). Firstly, spike and stem fractions of the primary tiller were weighed. Floret 

sterility of the proximal grain positions (G1 and G2) was determined on the “mapping” side of the spike (the 

side with one less floret than the opposing side) and then both sides of the spike (Equation 1 and Fig. 4.3). 

Underdeveloped spikelets at the base of the spike were discarded. Spikelet position 1 began at the first 

fully formed spikelet at the base of the spike (Fig. 4.3) (Leske et al., 2019). Each spikelet was separated from 

the spike one at a time, maintaining its identity, then each individual grain was placed into a labelled Petri 

dish with its identity from the most proximal (G1) to the most distal (Gn) on one side of the spike (Miralles 

and Slafer, 1995; Ferrante et al., 2017b; Leske et al., 2019). Average grain weight was determined for each 

grain position by combining the number of grains for that specific position from five spikes. This was done 

to minimise weighing errors owed to weighing such light frost affected grains, and the number of spikes 

used was five to enable time efficiency.  
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Fig. 4.3 (a) A schematic diagram showing grain positions (G1, G2 – proximal, G3 and G4 – distal) at different spikelet 

positions. Spikelet 1 (S1) is the most basal, and spikelet position 20 (S20) is the most apical. (b) A schematic diagram 

showing the technique of grain mapping. Grains are individually removed from each spikelet and placed into their 

respective dish labelled with both the spikelet (Spikelet 2 to n) and floret (grain number from G1 to Gn). 

 

Spatial statistical models were fitted to plot data (heading and anthesis dates, floret sterility, potential grain 

number, grain yield, harvest index, and grain quality data: screenings and average grain weight) to account 
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for variation across each sowing block (Genstat - VSN-International Ltd., 2018). Linear mixed models were 

fitted to trait data (grain set and grain weight by grain position) taken from 15 samples within each plot 

(three plot replicates were used). The relative contribution of grain at each position was calculated as per 

the formula reported in Feng et al. (2018). The grain weight from each grain position (Gn) was summed 

across all spikelets for each plot replicate and analysed using a linear mixed model with I.D. (grain position 

and spike position e.g. G1S1 etc.) as a fixed term and plot replicate as a random term. The summed grain 

weight was divided by the total grain weight from all positions (G1 to G4) and expressed as a percentage. 

 

Linear regression was performed between grain number (explanatory variable) and grain weight (response 

variable) to test the significance of the correlation between these two traits (Genstat - VSN-International 

Ltd., 2020). Linear regression was also performed on potential grain number  

spike-1 (explanatory variable) and spike length (response variable). Bartlett’s test for homogeneity of 

variance and the Shapiro-Wilk test for normality of data was performed to ensure the data met the 

assumptions of the linear mixed models and the spatial models.  

 

4.4 Results 

4.4.1 Frost events 

The timing of frost events occurred when Wyalkatchem, Scout and Cutlass were at heading and anthesis 

stages (from August to October), and when they were sown from late April to mid May in 2018 and 2019 

(Fig. 4.4). In 2018 there were fewer frost events and shorter durations of screen temperatures below 2 °C 

compared to 2019. Sterility values are much higher for plots at which a frost event coincided with heading 

and anthesis of Wyalkatchem, Scout and Cutlass when sown from mid April to late May in 2019. Grain frost 

damage was also present with the early April sowing of Scout and Wyalkatchem in 2018 and 2019 (see also 

Chapter 2, section 2.5 Discussion and Supp. Fig. S2.5).  
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Fig. 4.4. Screen temperature from an onsite weather station at Dale in (A) 2018 and (B) 2019. Dates in which the 

minimum temperature fell below 2 °C (“frost” or “frost event”) are displayed. Anthesis dates (Z65) for Wyalkatchem 

(triangles), Scout (squares) and Cutlass (circles) are shown. The sowing dates for the corresponding anthesis dates are 

indicated by the brackets and labels (D/M): 12/04/2018, 27/04/2018, 10/05/2018, 28/05/2018, 17/04/2019, 

1/05/2019 and 17/05/2019. 

 

4.4.2 The relationship between grain weight and grains m-2 

A significant negative relationship was observed between the average grain weight and grains m-2 at Dale in 

2018 and 2019 (Fig. 4.5). This negative relationship was consistent across all ToS in both seasons (Table 

4.2). The regression analysis for 2018 showed average grain weight decreased by 0.88 mg grain-1, per one 

thousand grains m-2 increase. In 2018, of the eight different sowing dates, four of them had a correlation 

with a significant slope (p ≤ 0.05) and of these the r2 values ranged from 0.24 to 0.75; the rest did not have 
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a significant relationship (Table 4.2 (a)). The first two early sown blocks and the third last and last sown did 

not exhibit significant correlations. The regression analysis for 2019 showed average grain weight 

decreased by 0.82 mg grain-1, per one thousand grains m-2 increase. This result was consistent with the 

previous year, albeit 2019 was characterised by more frost and colder frost events than 2018 (Fig. 4.4). In 

2019, two of the eight sowing dates had correlations with significant slopes and r2 values of these ranged 

from 0.28 and 0.49. ToS 5 slope was almost significant (p=0.06) and r2 = 0.25 (Table 4.2). There was a 

tighter cluster of cultivars with grain number was between 10,000 to 14,000 grains m-2 and grain weight 

between 30 to 40 mg grain-1 (Fig. 4.5). Whereas in the previous year, grain number and grain weight varied 

across the range of sizes and weights and showed a tapering of the range with late May sowing . As in 2018, 

the relationship was significant for mid-range ToS blocks and not the early or late sown blocks in 2019.  

 

Fig. 4.5. (a) The relationship between grain weight and grains m-2 for 16 bread wheat cultivars grown at Dale in 2018 

and for (b) 15 bread wheat cultivars grown at Dale in 2019. 

 

 

 

 

 

 

 

 



162 
 

Table 4.2. (a) The correlation coefficients and probability that the slope of the regression are different to zero of 

average grain weight and grains m-2 for 16 cultivars grown at Dale in 2018 and (b) 15 cultivars grown at Dale in 2019. 

(a)       (b) 

Sowing date r2 value slope p-value  Sowing date r2 value slope p-value 

12/04/2018 0.17 -0.51 0.11  10/04/2019 0.03 0.35 0.55 

19/04/2018 0.08 -0.38 0.31  17/04/2019 0.06 0.43 0.37 

27/04/2018 0.24 -0.86 0.05  24/04/2019 0.28 -0.76 0.04 

3/05/2018 0.39 -1.35 0.01  1/05/2019 0.49 -1.69 <0.01 

10/05/2018 0.75 -1.87 <0.01  8/05/2019 0.25 -2.11 0.06 

18/05/2018 0.18 -0.68 0.11  17/05/2019 0.04 -0.36 0.48 

28/05/2018 0.29 -1.20 0.04  28/05/2019 0.01 0.42 0.74 

8/06/2018 0.16 -0.64 0.12  11/06/2019 0.14 -0.87 0.18 

 

 

4.4.3 Grain yield, harvest index, biomass and floret sterility  

2018 

Grain yields varied widely with sowing time as did floret sterility in the proximal florets. Mid April sown 

Scout out yielded Cutlass and Wyalkatchem by 1.2 and 1.6 t ha-1 respectively (Table 4.3). Yield of Cutlass 

and Wyalkatchem at this sowing time did not differ significantly. Grain yields in shorter maturity, late April 

sown, Scout and Wyalkatchem reduced as floret sterility reached 80 to 90 %. Cutlass out yielded Scout by 5 

t ha-1 and Wyalkatchem by 4.6 t ha-1. More moderate levels of floret sterility in early May sowing (32 and 55 

% for Scout and Wyalkatchem), saw the grain yield differences narrow significantly, with Cutlass still out 

yielding Scout and Wyalkatchem by 1 and 2 t ha-1 respectively. Late May sowing (when no “frost events” 

occurred after anthesis, Fig. 4.4) saw Scout and Wyalkatchem’s grain yield (6.6 and 6.1 t ha-1) close the gap 

to Cutlass (5.7 t ha-1); they reach their peak yield across the range of sowing dates with negligible floret 

sterility (2 and 7 % respectively). Grain yield was not significantly different between the three cultivars at 

this sowing time. 
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Table 4.3. Values are predicted means (n=3) grain yield, floret sterility and yield components of three wheat cultivars grown at Dale, Western Australia in 2018. The standard error (±) 

of the mean is in parenthesis. The same lowercase superscript letters indicate means that are not significantly different (p > 0.05) for comparisons within each sowing date (Fisher’s 

protected LSD test). Data is taken from harvest grain samplesA and the whole harvest index cutB, anthesis biomass cutC (Z65) and floret sterilityD from main stem spikes collected at 

Z75. 

Cultivar Sowing date 

Grain 

yieldA   

(t ha-1) 

Harvest 

indexB 

Anthesis 

biomassC  

(t ha-1) 

Floret 

sterilityD 

(%) 

GrainsB 

(spike-1) GrainsB (m-2) 

SpikesB 

(m-2) 

Average 

grain 

weightA 

(mg grain-1) 

Cutlass Mid April 12/04/2018 3.1a (0.2) 0.1a (0.02) 10.7b   (0.6) 14b (1) 8a (2) 3840a (1365) 485a  (40) 36.7b (1.0) 

Scout   4.3b (0.2) 0.2a (0.02) 7.7a   (0.6) 3a (1) 24c (2) 11080c (1365) 475a  (40) 30.2a (1.0) 

Wyalkatchem   2.7a (0.2) 0.1a (0.02) 7.1a   (0.6) 24c (1) 13b (2) 6635b (1365) 520a  (40) 36.3b (1.0) 

Cutlass Late April 27/04/2018 5.9b (0.2) 0.3b (0.02) 11.9b   (0.6) 47a (3) 30b (3) 11040b   (880) 385a  (35) 48.5b (1.3) 

Scout   0.9a (0.2) 0.1a (0.02) 8.9a   (0.6) 90c (3) 6a (3) 2375a   (880) 458bc (35) 40.9a (1.3) 

Wyalkatchem   1.3a (0.2) 0.1a (0.02) 9.1a   (0.6) 80b (1) 5a (3) 2210a   (880) 510c  (35) 42.6a (1.3) 

Cutlass Early May 10/05/2018 6.3c (0.3) 0.3b (0.03) 12.0b   (0.6) 20a (4) 44c (3) 12680c (1165) 305a  (35) 41.4a (0.8) 

Scout   5.3b (0.3) 0.2a (0.03) 10.7a   (0.6) 32b (4) 22b (3) 8775b (1165) 366a  (35) 48.5b (0.8) 

Wyalkatchem   3.3a (0.3) 0.2a (0.03) 10.1a   (0.6) 55c (4) 13a (3) 5960a (1165) 460a  (35) 51.5c (0.8) 

Cutlass Late May 28/05/2018 5.7a (0.3) 0.3a (0.02) 9.6a   (0.8) 2a (1) 32b (3) 10120a (1265) 325a  (30) 38.5a (0.8) 

Scout   6.6a (0.3) 0.3a (0.02) 10.4a   (0.8) 2a (1) 25a (3) 9760a (1265) 390b  (30) 41.2b (0.8) 

Wyalkatchem   6.1a (0.3) 0.3a (0.02) 9.1a   (0.8) 7b (1) 25a (3) 12010a (1265) 485c  (30) 41.3b (0.8) 
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Harvest index (HI) improved with later sowing in both Scout and Wyalkatchem; Cutlass’ HI was more stable 

from late April  till late May. HI with mid April  was very low at 0.1 and 0.2, and it did not differ between the 

three cultivars (Table 4.3). Late April sowing saw HI significantly improve in Cutlass as its grain yield lifted 

(HI increased from 0.1 to 0.3; grain yield doubled); HI of Scout decreased slightly (0.2 to 0.1) and 

Wyalkatchem was unchanged from the previous sowing date at 0.1. Early May saw HI in Scout and 

Wyalkatchem lift as grain yields improved (from 0.1 to 0.2); Cutlass’ HI remained stable at 0.3. Scout and 

Wyalkatchem’s HI peaked at 0.3 with late May sowing when grain yield was optimised; Cutlass’ HI 

remained stable at 0.3. Overall shorter maturity cultivars Scout and Wyalkatchem had low HI with early 

sowing, due to frost damage; when sown later frost damage was reduced, grain yields and HI optimised. 

Cutlass has a more stable HI, even at times when floret sterility was up to 50 % (Table 4.3). 

 

Biomass production improved with later sowing until early May, after this point anthesis stage biomass 

declined in all three cultivars (Table 4.3). For early April sowing, anthesis biomass was 39 and 51 % greater 

in longer maturity Cutlass (aided by warmer growing temperatures during the vegetative stage and 

photoperiod genes delaying reproductive development), than the shorter maturity Scout and Wyalkatchem 

respectively (calculated from Table 4.3). The higher biomass production of Cutlass continued for late April 

and early May sowings (Table 4.3). Cutlass produced 2.8 and 1.9 t ha-1 more biomass than Wyalkatchem 

and 3, and 1.3 t ha-1 more biomass than Scout. Anthesis biomass peaked at early May sowing for all 

cultivars (12, 10.7 and 10.1 t ha-1 for Cutlass, Scout and Wyalkatchem respectively). Declines in anthesis 

biomass from late May sowing compared to the early May were 2.4, 0.3 and 1 t ha-1 respectively (calculated 

from Table 4.3).      

 

In 2018, floret sterility varied from low levels of < 10 %, ranging through 20 to 90 % sterility (Table 4.3). 

While Fig. 4.4 might suggest that the mid April sowing of Scout and Wyalkatchem avoided anthesis during a 

frost event(s), Wyalkatchem still had 24 % floret sterility; Scout did avoid major frost damage with only 3 % 

floret sterility and Cutlass reached anthesis during frosts and had 14 % floret sterility. Apart from the final 
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sowing date in late May, all other sowing dates lead to cultivars reaching anthesis stage during frost events 

(Fig. 4.4). The late April sowing time produced the highest amount of sterility in all cultivars (Cutlass 47 %, 

Wyalkatchem 80 % and Scout 90 %). Grain yield of both Scout and Wyalkatchem was severely impacted by 

these frost events. However Cutlass was less affected even though primary spikes had half of their proximal 

grains sterilised. With early May sowing  floret sterility was reduced compared to the previous sowing by 28 

%, 24 %, 57 % for Cutlass, Wyalkatchem and Scout. Grain yields improved by 1.1, 2.5 and 5.9 times 

respectively. Floret sterility in the cultivars sown in late May was very low (< 10 %). This coincided with 

peak grain yield in Scout and Wyalkatchem.  

 

2019 

Consistent with 2018, grain yield was positively correlated to grain number in 2019 (r2 = 0.83 calculated 

from Table 4.4). Grain yields varied from 1.4 t ha-1 for mid April sown Wyalkatchem to 5.0 t ha-1 for early 

May sown Scout and Cutlass, mid May sown Scout and Wyalkatchem. Early sowing saw significant levels of 

floret sterility in Wyalkatchem at 65 % (Table 4.4). Mid April sown wheat grain yields varied from 1.4 t ha-1 

for Wyalkatchem, 2.0 t ha-1 for Scout and 3.5 t ha-1 for Cutlass. Grain yields improved in early May sowing 

compared to mid April. Wyalkatchem’s yield increased 314 % to 4.4 t ha-1, Scout by 250 % and Cutlass by 

143 % (Table 4.4). Mid May sowing saw grain yields peak in Wyalkatchem at 5.0 t ha-1, Scout’s grain yields 

plateaued at 5.0 t ha-1, Cutlass’ grain yield declined by 0.5 t ha-1 compared to the early May sowing (Table 

4.4). 
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Table 4.4. Values are predicted means (n=3) grain yield, floret sterility and yield components of three wheat cultivars grown at Dale, Western Australia in 2019. The standard error (±) 

of the mean is in parenthesis. The same lowercase superscript letters indicate means that are not significantly different (p > 0.05) for comparisons within each sowing date (Fisher’s 

protected LSD test). Data is taken from harvest grain samplesA and the whole harvest index cutB, anthesis biomass cutC (Z65) and floret sterilityD from main stem spikes collected at 

Z75. 

Cultivar  Sowing date 

Grain yieldA   

(t ha-1) 

Harvest 

indexB 

Anthesis 

biomassC  

(t ha-1) 

Floret 

sterilityD 

(%) 

GrainsB 

(spike-1) GrainsB (m-2) 

SpikesB 

(m-2) 

Average 

grain weightA 

(mg grain-1) 

Cutlass  Mid April 17/04/2019 3.5c (0.2) 0.23c  (0.03) 7.9b (0.5) 40c (2) 19b (3) 6600c     (760) 350a (25) 52.7c (1.0) 

Scout    2.0b (0.2) 0.15b (0.03) 7.6a (0.5) 8b (2) 15b (3) 4380b   (760) 300a (25) 38.5b (1.0) 

Wyalkatchem    1.4a (0.2) 0.06a (0.02) 7.4a (0.5) 65a (3) 6a (2) 2145a   (670) 385a (23) 43.1a (1.0) 

Cutlass  Early May 1/05/2019 5.0b (0.2) 0.5c      (0.02) 8.6a (0.6) 4c (2) 50b (3) 12405b   (940) 250a (35) 48.1b (0.7) 

Scout    5.0b (0.2) 0.3b   (0.02) 10.0a (0.6) 13b (2) 28a (3) 9575b   (940) 335a (35) 48.5b (0.7) 

Wyalkatchem    4.4a (0.2) 0.2a   (0.02) 9.4a (0.6) 37a (2) 21a (3) 6420a   (940) 310a (35) 52.4a (0.7) 

Cutlass  Mid May 17/05/2019 4.5a (0.3) 0.4b    (0.03) 8.5a (0.8) 2b (1) 45b (4) 11065a (1265) 240b (30) 37.5b (0.9) 

Scout    5.0a (0.3) 0.4ab  (0.03) 10.0a (0.8) 2b (1) 44b (4) 11050a (1265) 250b (30) 42.8a (0.9) 

Wyalkatchem    5.0a (0.3) 0.4a   (0.03) 9.3a (0.8) 13a (1) 36a (4) 12085a (1265) 355a (30) 44.2a (0.9) 
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Cutlass out-yielded Scout and Wyalkatchem in two out of the three sowing dates for which samples were 

grain mapped (see Section 4.4.5 ‘The impacts of frost on grain set within the wheat spike – Grain 

mapping’). The later anthesis of Cutlass with early sowing would have contributed to this. However the 

ability of Cutlass to consistently maintain stable grain weight across the spike, particularly in the proximal 

positions, resulted in stable grain weight per spike, contributing to a more stable grain yield (Table 4.4).  

 

HI increased relative to April sowing in all cultivars, this was particularly evident in Scout and Wyalkatchem. 

HI for mid April sowing was low at 0.06, 0.15, 0.23 for Wyalkatchem, Scout and Cutlass, with differences 

between each pair of cultivars for this sowing date significantly different (Table 4.4). Low HI occurred in mid 

April sown Wyalkatchem when biomass production was adequate at more than 7-8 t ha-1; grain yield 

however was reduced by frost damage (Table 4.4). Early May sowing saw HI double for Scout and Cutlass to 

0.3 and 0.5; HI tripled for Wyalkatchem to 0.2 (albeit from a very low base). HI peaked at 0.4 for both Scout 

and Wyalkatchem with mid May sowing; Cutlass’ HI was reduced by 20 % from its peak to 0.4 (Table 4.4).  

 

Anthesis biomass of May sowings tended to increase relative to April sowing in all cultivars. Biomass 

production was high at 7.4 to 10.0 t ha-1 across the three cultivars and three sowing times (Table 4.4). 

Anthesis biomass was not significantly different between the three cultivars for mid April sowing. Biomass 

did not change significantly between mid May sowing and early May sowing; Scout observed no change 

and Cutlass and Wyalkatchem only saw a relatively small 100 kg ha-1 decline (Table 4.4).   

 

Floret sterility usually peaked with early sowing and then declined with later sowing (Table 4.4). Grain frost 

damage was also present in mid April sown Wyalkatchem and Scout (visual observation of grain samples; 

see also Chapter 2, section 2.5 Discussion and Supp. Fig. S2.5). This was reflected in the lower average grain 

weight when compared to the same cultivars sown in early May (Table 4.4). Floret sterility for early May 

sowing decreased by 1.8 times in Wyalkatchem, 10 times in Cutlass, but increased in Scout by 1.6 times 
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(calculated from Table 4.4).  Low harvest index coincided with high sterility in Wyalkatchem (65 %) and 

moderate sterility in Cutlass (40 %). Floret sterility in Scout was much lower at 8 % and samples taken at 

Z75, but spikes taken from the harvest index cut at Z87 had similar sterility to Cutlass at 36 % (Table 4.4 and 

Table 4.5). The timing of frost events with the susceptible anthesis stage was similar between Wyalkatchem 

and Scout (Fig. 4.4). However these frost events caused 30 to 57 % more sterility in the proximal florets of 

Wyalkatchem, compared to Scout. Despite Cutlass’ anthesis coinciding with the coldest frost events in 2019 

(< -1 °C), it had lower floret sterility than Wyalkatchem. Floret sterility was the lowest at the mid May 

sowing time. Both Wyalkatchem and Scout were not at anthesis when frost(s) occurred on 12/9/2019 and 

13/9/2019; Cutlass was at the anthesis stage during a frost on 20/9/2019.  

 

Table 4.5. Grains per half-spike (on the mapping side), floret sterility  and estimated potential grain number per spike 

measured on three wheat cultivar spikes that were grain mapped (15 spikes per plot, three plot replicates, n = 45), 

and for three sowing times which resulted in anthesis during frost events. The standard error (±) of the mean is in 

parenthesis. 

Variety  

Sowing 

date 

Grains 

spike-1 on 

the 

‘mapping’ 

side  

Floret 

Sterility 

(%) 

Potential 

grain 

number 

per spike 

Wyalkatchem 

Mid April 17/04/2019 6 56 (5) 35 (1) 

Early May 1/05/2019 11 52 (3) 42 (1) 

Mid May 17/05/2019 20 15 (1) 48 (1) 

Scout 

Mid April 17/04/2019 13 36 (5) 42 (1) 

Early May 1/05/2019 13 37 (4) 46 (1) 

Mid May 17/05/2019 27   2 (1) 57 (1) 

Cutlass 

Mid April 17/04/2019 9 58 (5) 39 (1) 

Early May 1/05/2019 24    8 (3) 50 (1) 

Mid May 17/05/2019 27    6 (1) 56 (2) 

 

Grain yields varied widely with sowing time as did sterility in the proximal florets. A negative relationship 

between these two traits was observed in both seasons (Fig. 4.6). Floret sterility could account for 39 % (p = 

0.007) and 53 % (p = 0.07) of the grain yield reductions due to frost damage in 2018 and 2019; and in the 

combination of both years accounted for 44 % (p < 0.001). 
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Fig. 4.6. The relationship between grain yield and floret sterility for three wheat cultivars sown on four and three 

different sowing dates in 2018 (grey squares and light grey dashed trendline) and 2019 (black triangles and black 

dashed trendline) at Dale, WA. The trendline for the combination of both years’ data is depicted by a solid grey line. * 

= significance p < 0.01, ns = not significant. 

 

4.4.4 Grain set, grain number, spike number and grain weight 

2018 

Grain set (grains spike-1) responded inversely to floret sterility as expected. Grain set (grains spike-1) was 

related to floret sterility (r2 = 0.34; calculated from Table 4.3), but also dependant on spike length (data not 

presented), which changed with sowing date. The grain set was very low in Cutlass and Wyalkatchem sown 

in mid April with only 8 and 13 grains spike-1 (Table 4.3); average grain weight was at the lowest end for all 

sowing dates at 36.7 and 36.3 mg grain-1. Scout had a significantly higher grain set at 24 grains spike-1 and 

lower grain weight at 30.2 mg grain-1. Grain set was very low at 6 and 5 grains spike-1 for late April sowing in 

Scout and Wyalkatchem as sterility peaked. In contrast, grain weight increased by 135 % to 40.9 mg grain-1 

and 117 % to 42.6 mg grain-1 for these two cultivars (calculated from Table 4.3). Cutlass had an increase of 

22 more grains spike-1 with a threefold increase in floret sterility; grain weight increased 132 % to peak at 

48.5 mg grain-1 and grain yield doubled (calculated from Table 4.3). Early May sowing saw grain set to peak 

in Cutlass at 44 grains spike-1; both Scout and Wyalkatchem had increases in grain set to 22 and 13 grains 

spike-1 (compared to mid and late April sowings). Grain weights peaked in Scout and Wyalkatchem to 48.5 
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and 51.5 mg grain-1 when floret sterility was moderately high (32 and 55 %) and grains spike-1 had not 

peaked yet. Late May sowing saw grain set peak in Scout and Wyalkatchem at 25 grains spike-1, and floret 

sterility reached the lowest levels in all three cultivars across the range of sowing dates (2, 2 and 7 %). Grain 

weight reduced by 18 % in Scout, 25 % in Wyalkatchem and 8 % in Cutlass, as grain yields peaked in Scout 

and Wyalkatchem.  

 

Grain yield was positively correlated to grains m-2 (r2 = 0.84, calculated from Table 4.3). Grain yield peaked 

when grains m-2 peaked: late May for Wyalkatchem (12010 grains m-2) and early May for Cutlass (12680 

grains m-2). The exception to this was Scout which had peak grain number (11080 grains m-2) when sown in 

mid April; however this was grain frosted, which was reflected in a low average grain weight. Scout’s and 

Wyalkatchem’s grain number m-2 increased with later sowing from late April to late May from 2373 to 9760 

and 2210 to 12008 grains m-2 respectively, four and five-fold increases. Cutlass’ grains m-2 peaked earlier in 

early May at 12678 grains m-2. Peak grains m-2 occurred when spikes m-2 and grain weights were both closer 

to the minimum amount observed across the sowing dates (Table 4.4). 

 

Spikes m-2 remained relatively stable across sowing times and cultivars. Cutlass consistently had a lower 

spike density (307 to 487 spikes m-2) than Wyalkatchem (463 to 522 spikes m-2) across all sowing dates 

(Table 4.3). Overall, there was a trend of declining spikes m-2 with later sowing, except for mid May sowing.    

 

Grain weight peaked in preceding sowing time when grain yield peaked. There was not a clear relationship 

between grain weight and floret sterility, or grain weight and grains spike-1 for all the cultivars.  

 

Potential grain number per spike peaked with grain yield and grain number. Potential grain number per 

spike was reached in early May sown Cutlass at 55 grains spike-1. Scout on late May sowing at 54 grains 
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spike-1 and Wyalkatchem at 51 grains spike-1. Potential grain number correlated with spike length (r2 = 0.80, 

p < 0.001, data not shown).   

 

2019 

Grain set (grains spike-1) responded inversely to floret sterility, both Scout and Cutlass had significantly 

higher grains spike-1 than Wyalkatchem sown in mid April (Table 4.4). Grains spike-1 was significantly higher 

in Cutlass (50 grains spike-1) than Scout and Wyalkatchem (28 and 21 grains spike-1) when sown in early 

May; there was no significant difference between Scout and Wyalkatchem. In the mid May sowing Scout 

and Cutlass had on average eight and nine more grains spike-1 than Wyalkatchem. The low grain set was 

accompanied by high floret sterility and conversely, the high grain set was accompanied by low sterility. 

 

Grain yield was positively correlated to grain number (grains m-2). Grains (m-2) increased with later sowing 

into mid May in Wyalkatchem and Scout. Grain number of Cutlass and yield peaked with early May sowing 

along with grain yield (Table 4.4). All three cultivars had significantly different grain number in the mid April 

sowing when floret sterility was highest. Cutlass had over three times as many grains (m-2) as Wyalkatchem 

and over 150 % more than Scout (calculated from Table 4.4). Grains (m-2) increased with early May sowing 

compared to mid April sowing. This increase was made up by increases in grains spike-1 in all cultivars. Mid 

May sowing saw a further increase in grains (m-2) for Wyalkatchem and Scout, however Cutlass had a slight 

reduction in grain number. The relationship between grain number and grain yield was directly 

proportional (Table 4.4 and Fig 4.5).  

 

Spike number (spikes m-2) remained relatively stable across sowing times and cultivars. Spikes (m-2) did not 

significantly differ between cultivars within sowing dates, except for mid May sowing (Table 4.4). Both 

Cutlass and Scout had significantly 116 and 106 spikes (m-2) less respectively than Wyalkatchem (Table 4.4). 
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Spikes (m-2) did not vary greatly across sowing time and between cultivars, this contrasted with the grain 

yield response.   

 

Grain weight varied between cultivars and sowing times. There was not a clear relationship between 

average grain weight and grain yield, grain weight and floret sterility, or grain weight and grains spike-1 for 

all the cultivars (Table 4.4). Cutlass was the only one of the three cultivars to show a trend of declining 

average grain weight with increasing grain yield, from 52.7 to 37.5 mg grain-1. Scout and Wyalkatchem both 

had average grain weight increases in early May sowing then declined with mid May sowing; during this 

time the grain yield of Wyalkatchem improved by 0.6 t ha-1 and Scout’s yield stabilised at 5 t ha-1 (Table 

4.4).   

 

Scout and Cutlass had higher estimated potential grain numbers per spike than Wyalkatchem (Table 4.5). 

Scout and Cutlass both had longer spikes (74, 68 and 60 mm respectively) than Wyalkatchem when sown in 

mid April (data not shown). Floret sterility of Cutlass in the proximal grain positions (Fig 4.4) in the spike 

when sown in mid April was slightly higher than that of Wyalkatchem (58 % and 56 %); Scout lost 36 % of 

grains (Table 4.4). Despite losing grains in these key positions, Cutlass out-yielded Wyalkatchem by 2.1 t ha-

1 (Table 4.4). Cutlass was able to maintain some grain set in distal spikelet positions and produce grains 

there weighing 30-50 mg grain-1 which contributed significantly to maintaining its yield (see Section 4.4.5 

The impact of frost in grain set within the wheat spike). Wyalkatchem however had distal grain weights that 

were much lower at 20-30 mg grain-1 (see Section 4.4.5 The impact of frost in grain set within the wheat 

spike). Spikes m-2 were not significantly different between Cutlass and Wyalkatchem, so the yield difference 

was not due to more tillers in Cutlass. However Cutlass had three-fold more grains m-2 than Wyalkatchem. 
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4.4.5 The impact of frost on grain set within the wheat spike – Grain mapping  

The data discussed here are from 15 to 20 spikes taken from the primary tillers of three cultivars sampled 

from three different sowing times from mid April to mid May in 2019. For the sake of space 2018 grain 

mapping data will not be presented or discussed, as similar patterns in grain set and weight was observed 

within individual spikes affected by frost for both years. More frost events occurred in 2019 (Fig. 4.4), 

therefore the effects of frost can be seen more clearly from this dataset. Results are presented in the 

context of the sowing date as this affects the exposure of plants to frosts at susceptible stages. 

 

Grain mapping spikes of the three cultivars, i.e. quantification of ultimate grain set at different positions in 

a spike, revealed that G1 and G2 (see Fig. 4.3 for floret position diagram) are most impacted by frost 

(spikelet position 1 to 17, Fig. 4.7). This was consistent in both 2018 (data not shown) and 2019 

experiments. For cultivars that fill more grains in G3 and G4, Scout and Cutlass, there is also an impact due 

to frost at these positions, but there was less in Wyalkatchem which filled less grains at G3 and G4 overall 

(Cutlass and Scout spikelet position 1 to 15, Wyalkatchem spikelet position 1 to 10, Fig. 4.7). The proportion 

of grain weight in mapped spikes contributed by G1, G2, G3 and G4 is discussed in detail in section 4.4.6 

‘The relative contribution of grain position to spike weight and grain number per spike’. For the sowing 

dates displayed, grain yield, grain m-2 and average grain weight were all significantly different between the 

cultivars in 2018 (Table 4.4). Wyalkatchem makes up most of its yield in G1 and G2 (spikelet position 1 to 

15), Scout and Cutlass G1 and G2 (spikelet position 1 to 17) followed by G3 then G4 (spikelet position 3 to 

13) (Fig. 4.7).  
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Fig. 4.7. Values are predicted means of average grain set in three subsamples of five frost-damaged Cutlass G1 (a) to 

G4 (d), Scout G1 (e) to G4 (h) and Wyalkatchem G1 (i) to G4 (l) wheat spikes taken from primary tillers (three plot 

replicates n=45 spikes per data point). Wheat was sown on mid April (17/04/2019, grey circles), early May 

(01/05/2019, white triangles) and mid May (17/05/2019, black squares) at Dale, Western Australia. Error bars are the 

(+/-) standard error of the mean. 

 

The grain set was reduced by frost damage at the reproductive stage in all three cultivars and across all 

grain positions in the spike. Apical grain positions in the spike had less grain set than central and basal 

positions (spikelet positions 17 to 21, Fig. 4.7). This was observed across all three cultivars and three sowing 

dates for which samples were taken (Fig. 4.7). Cutlass, Scout and Wyalkatchem sown in mid April 2019 had 

reductions in grain set of 60-100 % in the apical positions of the spike (calculated as the difference between 
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grain set from mid April and mid May sown plants for spikelet positions 17 to 21, Fig. 4.7, grey circles). 

Central and basal positions had reductions of 50-80 % (calculated as the difference between grain set from 

mid April and mid May sown plants for spikelet positions 1 to 15, Fig. 4.7). As a result, both the grain set in 

the apical positions were more variable, as noted by the size of the error bars (Fig. 4.7). In mid May sown 

plots, grain set in apical positions were most variable in Wyalkatchem, followed by Scout and Cutlass. Floret 

sterility was 15 (Wyalkatchem), 2.4 (Scout) and 6 % (Cutlass) (Table 4.4). 

 

Frost damage caused reductions in grain set and grains per spike most noticeably in the proximal positions 

G1 (Fig. 4.7 (a), (e) (i)) and G2 ((b), (f) and (j)) G2. This is where most of the sterility, i.e. reduced “grain set” 

and therefore yield loss occurred. Grain set in G1 (Fig. 4.7 (i)) of Wyalkatchem sown in mid April was highly 

variable, ranging from 0-3 grains (1.5-3 grains central – spikelet position 9 to 15 and basal – spikelet 

position 1 to 7, 0-1 grains apical positions – spikelet position 17 to 21) and a standard error of up to 2 grains 

in apical positions and 1 grain in the central and basal regions. G2 grain set was slightly less variable ranging 

from 2-3 grains in most positions and 0-1 grain in apical positions (spikelet position 17 to 21), errors were 

0.5 grain (Fig. 4.7 (j)). Interestingly, the timing of the frosts was such that Cutlass (40 % floret sterility; Table 

4.4) had only slightly better floret sterility than Wyalkatchem (65 %) and considerably worse than Scout (8 

% floret sterility) (Table 4.4). Grain set in Scout at G1 (Fig. 4.7 (e)) and G2 (Fig. 4.7 (f)) was 3-4 grains in 

central and basal and 1-2 grains (G1) and 0-2 grains (G2) in apical positions. Grain set in Cutlass at G1 (Fig. 

4.7 (a)) and G2 (Fig. 4.7 (b)) was 2-3 grains in central and basal and 0-2 grains in apical positions. Both Scout 

and Cutlass had lower variability (smaller error bars) than Wyalkatchem (Fig. 4.7 ((a), (e) and (i)).  

 

Proximal grain set in all three cultivars improved for early May sown treatments compared to the mid April 

sowing. Grain set in Wyalkatchem improved from 1.5-3 grains in central (spikelet position 9 to 15) and basal 

positions (spikelet position 1 to 7) to 3-4 grains in G1; apical positions (spikelet position 17 to 21) improved 

from 0-1 to 1.5-3 grains (Fig. 4.7 (i)). G2 grain set in central and basal positions improved from 2-3 to 3-4 

grains, likewise apical positions increased from 0-1 to 1.5-3 grains. Grain set in Wyalkatchem was similar if 
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not slightly better than Scout when sown on in early May (1/05/2019).  This was surprising, as the floret 

sterility data from mapped samples showed Scout having lower sterility (37 %) than Wyalkatchem (52 %) 

(Table 4.4). Grain set in Scout improved in apical parts of the spike with early May sowing compared to mid 

April sowing in G1 (e) from 0-2 to 1-3 grains and in G2 (f) from 0-2 to 1.5-3 grains (Fig. 4.7). Grain set in 

central and basal parts of the spike did not improve significantly from the previous sowing date. Grain set in 

Cutlass improved the most out of the three cultivars, particularly in central and basal positions from 2-3 

grains for mid April to 4-5 grains for early May sowing, apical grain set improved from 0-2 to 1-3 grains in 

G1 and G2 (Fig. 4.7 (a) and (b)). In summary, whole spike grain set in proximal positions (G1 and G2) of 

Scout did not change significantly between mid April and early May sowing; Wyalkatchem saw an 

improvement across the whole spike with grain set between mid April and mid May sowing results; Cutlass 

saw significant improvement across the whole spike with grain set approaching close to the maximum over 

most of the spike.         

 

Delaying sowing to mid May resulted in a mix of responses in proximal (G1 and G2) grain set from the yield 

of Wyalkatchem peaked, Scout stabilised and Cutlass declined. Grain set of Cutlass in central (spikelet 

position 9 to 15) and basal positions (spikelet position 1 to 7) was stable at 4-5 grains in G1 (a) and G2 (b) 

compared to early May sowing (Fig. 4.7). Apical (spikelet position 17 to 21) grain set improved from 1-3 to 

1-5 grains, with individual grain position improvements of up to 2 grains compared to the previous sowing 

date in mid April. Wyalkatchem’s grain set improved in central and basal positions from 3-4 to 3.5-4.5 

grains in G1 (i) and G2 (j) (Fig. 4.7); apical positions remain stable at 1-3 grains. Scout’s grain set shows 

marked improvement in central and basal positions from 3-4 to 5 grains in G1 (e) and G2 (f) (Fig. 4.7); apical 

positions improved also from 1-3 to 1-5 grains. Note that spike length increased with later sowing, so the 

range of grains set in apical positions increases to reflect this.  

 

The ability of the cultivars to set grain in the distal positions of the spike in order of more grains set was: 

Cutlass, Scout, followed by Wyalkatchem. Scout generally set more grain in distal florets (G3 and G4) than 
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Wyalkatchem (G3 and G4) (Fig. 4.7 (g) and (h), (k) and (l)). Cutlass set significantly more grain in G3 than 

Wyalkatchem in early and mid May sowings. Cutlass demonstrated an ability to set grain in G3 and G4 

much further up the spike into central and lower apical positions compared to Wyalkatchem. Central florets 

in distal grain positions were the most responsive to frost damage: the difference between grain set in mid 

April and mid May sown cultivars was the greatest in this part of the spike. In summary, distal grain 

positions were important contributors to grain yield and maintenance of grain number in the presence of 

frost damage, which reduces grain set, particularly in the proximal positions. 

 

4.4.6 The relative contribution of grain position to spike grain weight and grain number per spike 

The contribution of grain position to spike weight and ultimately grain yield was G1 and G2, followed by G3 

and then G4 (Fig. 4.8). Contributions by each grain position varied with sowing date and floret sterility 

(Table 4.4, Fig. 4.8 (a), (c) and (e)). Changes in the contributions of each grain position within the spikelet 

were reflected in average grain weight and grain set (grains per spike-1 Table 4.4).  
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Fig. 4.8. The relative contribution of grain at each position of the spikelet (grain position G1 to G4) to spike grain weight in three wheat cultivars: Cutlass, Scout and Wyalkatchem, 

sown on mid April (17/04/2019 (a)), early May (01/05/2019 (c)) and mid May (17/05/2019 (e)). Absolute spike grain weights for the same sowing dates are shown in (b), (d) and (f) 

with significance (p < 0.05) noted by letters with each sowing date compared separately. Relative contributions are calculated from the predicted means of absolute spike grain 

weights (n=45 spikes per data column). 
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Under low floret sterility  (2, 2 and 13 % ) (mid May) (Fig. 4.8 (e) and (f)) the weight of grain in proximal 

positions G1 and G2 contributed over 70 % to the total spike grain weight (Fig. 4.8 (e)). Wyalkatchem had a 

2-3 % higher contribution from the proximal florets (36.7 and 36.5 %) than Scout (35.1 and 34.2 %) and 

Cutlass (34.4 and 33.2 %). The inverse was true in distal positions G3 and G4. Scout had 3 % more grain 

weight contributed by G3 (16.7 %) and 1 % more in G4 (14 %) than Wyalkatchem (13.6 and 13.1 %). Cutlass 

had the greatest contribution in distal florets of 17 and 15.4 % in G3 and G4. This was 3.4 and 2.3 % greater 

than Wyalkatchem (13.6 and 13.1 %). G3 and G4 contributions in Scout was 16.7 and 14 %.  

 

Grain weight contributions of proximal and distal positions revealed proximal positions contributing the 

most grain weight to total spike grain weight (Fig. 4.8 (f)). Differences between proximal and distal grains 

were significantly different (p < 0.05). The contributions of G1 and G2 did not vary between the three 

cultivars and ranged from 97 (G1 and G2 Wyalkatchem) to 126 mg (G1 Cutlass) per spike. Contributions of 

G3 and G4 to total spike grain weight ranged from 35 mg (G4 Wyalkatchem) to 62.5 (G3 Cutlass). Significant 

differences were observed between Wyalkatchem and Cutlass in both G3 and G4 (Fig. 4.8 (f)). Scout’s grain 

weights were between those of the other two cultivars and not significantly different from either of them.  

 

Under high floret sterility (4, 40 and 65 % ) in mid April (when grain frost damage was observed. See also 

Chapter 2, section 2.5 Discussion and Supp. Fig. S2.5) the relative contributions of grain positions to total 

spike grain weight increased slightly in both G1 and G2 for all cultivars by 1-2.7 % compared to mid May, 

except for Wyalkatchem G2 (-1.3 %) (Fig. 4.8 (a)). The changes in distal florets G3 and G4 were more varied 

between the cultivars, with increases in one position offset by declines in the other. G3 increased 4.4 % in 

Wyalkatchem, while G4 declined 5.7 %. G3 declined by 4.4 % and G4 increased by 2.6 % in Scout. Cutlass 

had a 3.5 % decline in G3 and a minor 0.4 % decline in G4.  
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Grain weight contributions of proximal grains were 2-3 times greater than distal weights in Scout and 

Cutlass; Wyalkatchem had 2 to 5 times greater contributions from proximal positions to distal positions 

(Fig. 4.8 (b)). Significant differences were observed between: G1 and G2 compared to G3 and G4 of Scout 

and Cutlass; and G1 and G2 of Scout and Cutlass compared to G1 and G2 Wyalkatchem. There was no 

significant difference between the contributions of G1 to G4 in Wyalkatchem. Grain weights in each 

position for mid April were one third of mid May values for Cutlass, half in Scout, and one fifth of those in 

Wyalkatchem. Under high floret sterility, Wyalkatchem’s total spike grain weight is severely reduced across 

G1 to G4. Compensation was observed in Scout via an increase in the contribution of G4 to spike weight, 

compared to the other two cultivars and positions. G3 in mid April Wyalkatchem made a greater than usual 

(mid May) contribution to spike weight (Fig. 4.8 (a) and (b)). 

 

Intermediate floret sterility (4, 13, 37 % ) in early May resulted in the relative contributions of grain 

positions to total spike grain weight that was greater in the distal positions. Wyalkatchem saw a 2 % decline 

in proximal grain contribution and an increase in distal grain contribution of 1-3 % compared to mid May 

Wyalkatchem. This occurred when the grain set was at the highest levels in distal florets (Fig. 4.7 (k) and 

(l)). The opposite occurred in Scout with a 1-2 % increase in proximal contributions and a 1-2 % decrease in 

distal contributions. The grain set was low in early May Scout and no different in comparison with mid April 

Scout. However this shortfall was made up for by individual grain weight (which will be discussed in the 

next section), this contributed towards Scout being closer to the grain yield potential. Early May Cutlass had 

a 2.3 and 0.6 % decline in G1 and G2 compared to mid May to 32.1 and 32.6 % respectively (calculated from 

Fig. 4.8). However G3 and G4 contributions were 18.3 and 16.9 %, the highest contribution of distal grains 

of the three sowing dates (calculated from Fig. 4.8). This coincided with grain yields peaking in Cutlass for 

the early May sowing date (Table 4.4).  

 

The grain weight contributions of G1, G2, G3 and G4  to total spike grain weight showed clear differences 

between the cultivars, more so than the other sowing times (Fig 4.8 (b), (d) and (f)). Cutlass was the clear 
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standout. The difference between the grain weight contributions of proximal and distal florets in 

Wyalkatchem was much less in early May than in mid May. G1 and G2 were at 62 mg, G3 29 mg and G4 

26.7 mg spike-1. Grain weights in proximal positions of early May sown Scout were 40 mg spike-1 lower than 

for the mid May sowing; however there were 86 more spikes m-2 in early May to make up grain number m-2 

and grain yield (Fig. 4.8 (d) and Table 4.4). Scout’s G4 grain weights were as low as mid April at 26.7 mg 

spike-1, G3 was 34.4 mg spike-1, in between mid April and mid May weights. There were no significant 

differences between the grain weight contributions in G1 to G4 between Scout and Wyalkatchem (Fig. 4.8 

(d)). Grain weight contributions of proximal florets in early May sown Cutlass were slightly lower than mid 

May, although they were significantly greater than Scout or Wyalkatchem in the early May sowing. 

However as previously mentioned, G3 and G4 contributions peaked in this sowing. Distal grain weights 

were significantly greater in Cutlass than those in Scout and Wyalkatchem.   There were large differences in 

spike grain weight (Fig. 4.8 (d)) between Wyalkatchem and Scout and Cutlass. The contributions of distal 

positions were evident in Scout and Wyalkatchem. In conclusion, there were significant differences 

between Cutlass and, Scout and Wyalkatchem in spike grain weights in all grain positions G1 to G4 early 

May sowing (Fig. 4.8 (d)).  

 

4.4.7 Mapped grain weight  

Weight changes were related to changes in grain set (grains spike-1), sowing date and timing of frost events 

at susceptible stages of development (Table 4.3, Table 4.4 and Fig. 4.4). Despite Scout’s grain set being 

reduced by 30-40 %, primary tillers were able to compensate by producing large grains in the remaining 

fertile proximal central and basal positions of the spike (Fig. 4.9 (e) and (f)). These grains were large at 40-

55 mg grain-1. Cutlass sown in early May still had lower grain set in apical and central distal positions 

despite floret sterility being very low (8 %). Cutlass’ proximal grain weights were 40-55 mg grain-1 (Fig. 4.9 

(a) and (b)) Cutlass not only had the lowest sterility of the three cultivars sown in early May, but it also had 

a low variance in grain weight across the length of the spike and in both proximal and distal positions. In 

mid May sown Wyalkatchem the basal grains were the heaviest, with grain weights gradually declining 
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moving up the spike (Fig. 4.9 (i) and (j)). In Scout, central grains were the heaviest and weights declined 

moving up the spike; there were slightly lower weights in basal grains compared to central ones. Scout 

demonstrated that it can set more grains in distal positions (c) and (d) compared to Wyalkatchem. Weights 

of these grains were 30-40 mg grain-1. In Scout these grains are important contributors to grain weight per 

spike and grain yield. Grain weights in proximal (a) and (b) positions for Cutlass did not vary more than 5 mg 

grain-1 – this was reflected in Cutlass’ very stable grain yield across the three sowing dates (Table 4.4). 

Whereas Scout and Wyalkatchem varied ~12 and 16-20 mg respectively – their grain yields were much 

more variable across the sowing dates.  

 

Fig. 4.9. Values are predicted means of average grain weight in three subsamples of five frost-damaged Cutlass G1 (a) 

to G4 (d), Scout G1 (e) to G4 (h) and Wyalkatchem G1 (i) to G4 (l) wheat spikes taken from primary tillers (three plot 
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replicates n=45 spikes per data point). Wheat was sown on mid April (17/04/2019, grey circles), early May 

(01/05/2019, white triangles) and mid May (17/05/2019, black squares) at Dale, Western Australia. Error bars are the 

(+/-) standard error of the mean. 

 

4.5 Discussion 

Comparing yield components between cultivars exposed to frost events can aid in understanding the 

differences in final grain yield they achieve. In the context of the results the following discussion will focus 

on the impact of frost on: (1) differences in grain set and floret sterility between the three cultivars; (2) the 

potential for yield compensation following frost events; (3) grain yield in the context of grain number 

(grains m-2) and grain weight changes due to FASE; and (4) the impact of frost on grain yield and yield 

components. 

 

4.5.1 Grain set and sterility  

The trade-off between grain set (grains spike-1 and individual grain set per floret, measured here) and grain 

weight (average grain weight and individual grain weight, measured here) has been explored extensively by 

wheat physiologists to understand the pattern of grain filling and increase yield potential. My hypothesis 

that cultivars with more grains spike-1 and smaller average grain weight maintain higher grain yield under 

FASE (i.e. Scout and Cutlass) was supported. Conversely, cultivars with lower grains spike-1 and larger grain 

weight and do not maintain grain yield under FASE (i.e. Wyalkatchem) (Table 4.3 and Table 4.4). The higher 

grains spike-1 of Scout and Cutlass buffered against frost damage since there are more potential positions 

that can set grain (Table 4.5). Compared to Wyalkatchem, Scout and Cutlass had on average 6.4 and 6.6 

more potential grains per spike (Table 4.5). Both Scout and Cutlass had a higher concentration of grains and 

greater grain weight in the distal florets (Fig. 4.7, Fig. 4.8, Fig. 4.9). These same cultivars have been noted as 

less susceptible to frost damage at the post heading stage (Biddulph et al., 2015; GRDC National Frost 

Initiative, 2019).  
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Wyalkatchem was selected for these experiments because of its reported sensitivity to damage for all 

stages of frost damage (cold, chilling and freezing) (Cheong et al., 2019 Supp. Fig. S1 (d)). Wyalkatchem is 

sensitive to chilling damage compared to other wheat cultivars such as Young (Cheong et al., 2019; Cheong 

et al., 2020). When ten Australian wheat cultivars were screened for anther culture response, Wyalkatchem 

had the poorest response, producing virtually no embryos and zero green plants (Broughton, 2008). The 

failure of microspores to develop into embryos and plants in Wyalkatchem may be related to poor pollen 

viability in this cultivar (Broughton, 2008). Despite these negative traits, Wyalkatchem was originally 

selectively bred for its ability to maintain large grain weight (Eagles et al., 2014) and consistently produce 

low screenings, particularly in dry finishes (R. Wilson pers. comm.). It achieves this through reduced grain 

number and was adapted to low yield potential environments where terminal drought and heat are a 

significant risk (Penny, 2001). The reproductive strategy of Wyalkatchem is to place a higher amount of 

resources into fewer seeds (Sadras, 2007). G1 and G2 dominate the contribution to grain yield in the 

absence of frost damage (Table 4.4, Table 4.5, mid May in 2019 and Fig. 4.9 (i) and (j)). Therefore 

Wyalkatchem is particularly sensitive to yield loss when either or both G1 and G2 are sterilised by frost (Fig. 

4.7, Fig. 4.8, Fig. 4.9). Wyalkatchem is sink limited in high rainfall environments in Western Australia having 

an abundance of water-soluble carbohydrates stored in the stems and leaf sheath with inter grain 

competition being minor (Zhang et al., 2010). I propose that breeding for frost prone environments should 

focus on selecting cultivars with higher grain numbers in both proximal and distal positions, while retaining 

average grain weight to reduce screenings (Sharma and Anderson, 2004). 

 

Sterility in the apical parts of the spike as observed in the present study is common with other stresses such 

as heat, drought and root diseases (Bányai et al., 2021).  The apical part of the spike was most affected by 

frost compared to the central and basal parts of the spike when comparing heated and unheated field plots 

of Wyalkatchem (Chapter 2). I will discuss two hypotheses as to why there is lower grain set in the apical 

parts of the wheat spike when it is exposed to FASE. The first hypothesis is: the apical part of the spike is 

located in the coldest air temperatures above the canopy before other parts of the spike and for a longer 
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period. Thus the freezing of reproductive plant tissue occurs here first. Marcellos and Single (1975) 

demonstrated that the coldest part of the wheat plant during a radiative frost event is the pocket of air at 

and just above flag leaf height. The wheat spike is in this coldest portion of air. While there was a difference 

in floret sterility and spike length between Wyalkatchem ( 56 %, 62 mm) and Scout (36 %, 79 mm), both 

reached 50 % anthesis within 1-3 days of each other, a 17 mm difference in spike length would seem 

unlikely to give such a large air temperature differential to cause a 20 % difference in sterility. Air 

temperature is not the only consideration during frost events, particularly if ice formation occurs at 

freezing temperatures (≤ 0 °C). The point of ice nucleation on field grown plants during frosts is an area of 

ongoing research. Livingston et al. (2018) recently published thermal imagery showing an almost 

instantaneous freezing of wheat stems in the field during frost events in North America. Freezing occurs at 

the point of ice nucleation where nucleators are present (Fuller et al. 2007). Therefore in Livingston et al. 

(2018), ice nucleation appears to have come from the soil and older senesced leaves near the soil surface. 

Stubble, senesced leaves are a major source of ice nucleation activity in wheat and the addition of rainfall 

can increase nucleation activity of stubble and regions of the plant where the water droplets land (Bekuma 

et al. 2021; Biddulph et al. 2021). . Therefore further exploration via thermography is needed to determine 

if lower grain set in the apical parts of the wheat spike when it is exposed to FASE is due to nucleation 

there.  

 

The second hypothesis as to why there is lower grain set in the apical parts of the wheat spike when it is 

exposed to FASE is: If FASE reduces the amount of assimilates reaching the spike, containing the developing 

grains or reproductive organs, then two things will occur. (a) the apical part of the spike will be affected 

first with the onset of stress (i.e. more sensitive), (b) the limitation on assimilates reaching the spike will 

cause the plant to preferentially direct resources to central and basal floret positions in the spike. Acreche 

and Slafer (2006) showed a significant negative correlation between grain weight and the number of grains 

(m-2) for proximal near apical spikelets. This shows that grain weight in this part of the spike is particularly 

sensitive to changes in grain number. Evaluation of two winter wheat populations consisting of 180 and 210 
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cultivars demonstrated that central and basal spikelets are major contributors to grain number and grain 

yield per spike, compared to apical spikelets (Philipp et al., 2018). Therefore if abiotic stresses like FASE 

cause damage to the assimilate supply to the growing points of the spike, then it is more likely that grain 

set will be most affected in the region of the spike that responds more to changes in grain weight and grain 

set. In contrast to hypothesis one which would occur at chilling and freezing temperatures (Fuller et al., 

2009). It is expected that interruptions to the assimilate flow would occur at cold and chilling temperatures 

(Thakur et al., 2010; Dolferus et al., 2011). 

 

 

4.5.2 The potential for yield compensation following frost events 

A plant has two means by which it can compensate following FASE: 1) by increasing grain weight and, 2) 

through the production of new tillers. Evidence of compensation through increases in grain weight at G4 in 

Scout (Fig. 4.8 (a) and (b)) and higher contributions (c) and weights (d) of distal grains G3 and G4 in Cutlass 

compared to Wyalkatchem were observed in early May sown wheat in 2019 (Fig. 4.9). A possible 

explanation for why Scout was able to compensate for the loss in grains set by increasing grain weight, 

relative to Wyalkatchem, may be due to the carpel size in these grain positions. Scout may have larger 

carpel size in distal grain positions. Carpel size has been shown to play a significant role in determining 

grain weight and survival in wheat (Xie et al., 2015; Guo et al., 2016). Due to the difficulty of measuring this 

trait in the field and the destructive nature of its measurement, it was not quantified, but this does warrant 

further investigation. Anecdotal evidence in field trials over six years (2014-2019) in the Western Australian 

grainbelt revealed that re-tillering after FASE did not contribute significantly to grain yield. Often green 

grains from later tillers would be shrivelled and of low grain weight, many tillers would not fill grain before 

the season end. In 2018 and 2019 green tillers made up less than 2 % of all tillers, with over 75 % of these 

not producing viable grain (data not shown; see Section 4.5.4 ‘The impact of frost on grain yield and yield 

components’ for further explanation of spikes m-2). 
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4.5.3 Grain yield in the context of grain number (grains m-2) and grain weight changes due to FASE  

The significant negative relationship observed between average grain weight and grain number per unit 

area across all sowing dates for both seasons (Fig. 4.5), was consistent with other studies  without frost 

(Fischer, 1985; Perry and D’Antuono, 1989; Siddique et al., 1989; Acreche and Slafer, 2006). Frost induced 

floret sterility affected the grain number by reducing grains spike-1 and individual grain weight (Table 4.3, 

4.4 and Fig. 4.7). In some cases, average grain weight was higher with high floret sterility (Cutlass mid April 

2019 and Wyalkatchem early May 2019) (Table 4.3, Table 4.4). In other cases, average grain weight was 

lower due to grain frost damage (Wyalkatchem mid April 2018, see also Supp. S2.5) (Cromey et al. 1998). 

Individual grain weights were reduced with floret sterility (Fig. 4.9). Therefore it is not surprising that the 

correlation between these traits holds in situations where grain number is reduced, through sterility and 

cultivars either do not have enough season length to finish filling smaller grains in distal florets or produce 

new fertile tillers to compensate for this loss of grain number (see Section 4.5.4 ‘The impact of frost on 

grain yield and yield components’). The size of grains has been shown to increase when grains per spike is 

reduced through de-graining (Rawson and Evans, 1970; Bremner and Rawson, 1978). I observed a similar 

effect when frost damage “de-grained” spikes in a random manner and grain weight responded by 

increasing in weight when grains spike-1 was less than maximum e.g. Wyalkatchem and Scout mid May 

2018 and early May 2019 (Table 4.3 and 4.4). Floret sterility in both these cultivars was in a range of 30-55 

%. Earlier sowing of Wyalkatchem and Scout had grain frost damage (e.g. mid April 2018 and 2019. See also 

Chapter 2, section 2.5 Discussion and Supp. Fig. S2.5) and some FASE damage present (e.g. late April 2018 

and mid April 2019). Later sowing dates led to by warmer grain filling temperatures and declining soil 

moisture levels; grain weight was reduced by these two factors (e.g. late May 2018 and 2019 sowing dates 

Table 4.3 and 4.4).  

 

One other aspect in frost conditions that affects this relationship is grain frost damage (Cromey et al., 

1998). This occurred in April sowings in both seasons, as discussed in Chapter 2 for Wyalkatchem (see also 

Chapter 2, section 2.5 Discussion and Supp. Fig. S2.5). Grain frost damage reduces grain weight, which 
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enhances this relationship as grain number stays relatively unchanged, apart from shrivelled grains that are 

lost through the harvesting process, thus influencing grain number estimation. The effect of grain frost 

damage can be seen in the large spread of data in plots of lower grain weight (Fig. 4.5) and the lack of 

significant interaction between grain weight and grain number in early sowing dates in both seasons (Table 

4.2). Cultivars with a longer maturity (e.g. Cutlass, compared to Wyalkatchem – shorter) can avoid grain 

frost damage through later anthesis (Fig. 4.4, Table 4.3,  Table 4.4 and Chapter 2 Fig. 2.5).  

 

4.5.4 The impact of frost on grain yield and yield components  

Different cultivars and sowing times produced a wide range of grain yields in trials presented here from 0.9 

to 6.6 t ha-1 (Table 4.3 and 4.4). Floret sterility was able to explain almost half the yield reduction observed 

across the sowing dates (Fig. 4.6). The largest effect on grain yield was the time of sowing. This result 

corroborates with studies by Ferrante et al. (2017b) and Leske et al. (2017a). As expected, changes in 

sowing date resulted in changes in frost exposure, hence a wide variation in floret sterility was observed in 

the proximal florets. Since floret sterility signifies a reduction in grain number and grain number is 

positively correlated to grain yield (Fischer, 2007; Zhang et al., 2010), the negative relationship of grain 

yield and floret sterility was expected. Such variation in floret sterility and grain yields has been observed in 

previous studies (Leske et al., 2017b; Cocks et al., 2019).  

 

Yield components – harvest index (HI), biomass, spikes m-2, grain number and grain weight were impacted 

in different ways by frost (Table 4.3 and 4.4). HI was heavily influenced by frost due to its direct relationship 

to grain number and weight; HI in Wyalkatchem was as low as 0.06 in 2019. Anthesis biomass was little 

impacted by frost damage (there was no frost damage to stems present in the field experiments conducted 

here). Optimising anthesis biomass production in known to lead to  optimising grain yield; this ensured that 

the crop is not source-limited and has plenty of assimilate to put into developing grains (Slafer and Savin, 

1994). Spike number was unchanged by frost damage in the current study and there were few undeveloped 

spikes in HI cuts (i.e. spikes had not emerged from the leaf sheath). Less than five green infertile spikes 
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were found per HI cut (0.25 m2) of April sown Wyalkatchem and Scout, which indicated that their ability to 

re-tiller due to sterilised main tillers was negligible (see Section 4.5.2 ‘The potential for yield compensation 

following frost events’). Thus compensation due to frost damage must come largely from increases in grain 

weight. Compensation through increases in grain weight only occurred in one out of four sowing dates in 

which individual grains were mapped from each grain position within the spike. As the carpel size and 

hence potential maximum grain weight of distal grains is set at or before anthesis (Calderini and Reynolds 

2000) and the sterility occurs at or after anthesis, the increase in grain weight achievable is limited and 

therefore I did not observe  large increases in the size of distal grains (G3 and G4) when proximal grains (G1 

and G2) are absent. 

 

4.3 The impact of frost on grain set within the wheat spike 

Grain mapping spikes of the three cultivars revealed that G1 and G2 were more impacted by frost than G3 

and G4. I believe that this is the first time this result has been reported in a field study under radiation frost 

conditions. This adds further evidence that measurement of floret sterility in proximal florets after frost can 

be a useful tool to quickly phenotype and rank cultivar susceptibility to FASE damage and as a proxy for 

susceptibility to yield loss from frost (Biddulph et al., 2015; Leske et al., 2017a; Cocks et al., 2019). 

 

Increasing grain number per spike has been shown to increase yields in a double haploid population (Bustos 

et al., 2013) and two winter wheat populations (Philipp et al., 2018). Selection for high spike fertility has 

been shown to increase grain yield and its stability in wheat (Alonso et al., 2018). In my experiments I found 

that Wyalkatchem’s grain yield is predominantly made up from grains located in G1 and G2 within the 

spikelet. Whereas grain yield in Scout and Cutlass has contributions of grains from G1 and G2 followed by 

G3 then G4 (Fig. 4.9). Therefore Cutlass and Scout demonstrated higher grain number per spike and higher 

spike fertility in the presence or absence of frost damage (Table 4.3 and Table 4.4). Increasing grain set in 

distal florets has been attributed to increases in grain yield in wheat (Feng et al., 2018; Feng et al., 2019), 
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and it is a potential avenue to increase grain yield and yield stability in frost-prone regions of Australia 

which needs to be further explored.  

 

4.6 Conclusions 

The largest effect on grain yield for trials described here on spring wheat exposed to multiple frost events 

was the time of sowing followed by cultivar. A series of sowing dates resulted in a range of frost exposure, 

hence a wide variation in floret sterility was observed in the proximal florets. Floret sterility was able to 

explain almost half the yield reduction observed across the sowing dates. The significant negative 

relationship observed between average grain weight and grain number per unit area across all sowing 

dates for both seasons was consistent with other studies that measured these two traits in the absence of 

frost damage. Frost not only changes grain number but can also influence grain weight. The weight of 

grains has been shown to increase when grains per spike is reduced through de-graining. A similar effect 

was observed when frost damage “de-grained” spikes in a random manner (in Scout), grain weight 

responded by increasing in weight when grains spike-1 was less than maximum. However this occurred in 

one of the three sowing dates in 2019, so further measurement of compensation is needed to establish the 

frequency of grain weight increases in FASE damaged wheat spikes.  In this study I have demonstrated 

there are differences in grain set and weights for Australian spring wheat cultivars exposed to FASE in the 

field and demonstrated the intra-spike effects of this on grain set and weight. The comparison of three 

cultivars in this study demonstrates different plant reproductive investment strategies. Results supported 

my hypothesis that cultivars with higher grain number per spike and smaller grain weight (Scout and 

Cutlass) maintain grain yield under FASE by spreading their resource allocation into more florets and 

individual grain positions, as compared to Wyalkatchem (lower grain number and larger grain weight). The 

value of increasing grain set in distal florets to as a potential avenue to increase grain yield and yield 

stability in frost-prone regions of Australia needs to be further explored. 
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5  Chapter 5 – General discussion 

5.1 Introduction 

Sub-zero degree Celsius canopy air temperatures at the reproductive stage of cereal crops cause 

considerable damage to plants, reducing grain yields. Wheat is particularly sensitive to frost after spike 

emergence (FASE) compared with other cereals; barley and oats are less susceptible to FASE than wheat 

(Biddulph et al., 2019). There are differences amongst wheat cultivars in susceptibility to FASE (Chapter 1) 

however the basis for these cultivar differences was not well understood. The objectives of the research in 

this thesis were to: 1) validate and improve a “frost control” method for field plots to increase phenotyping 

capacity and knowledge of the temperature related effects of frost on wheat; and 2) explore some of the 

traits that could explain differences in susceptibility of wheat cultivars to FASE, using three contrasting 

cultivars. This General Discussion outlines the key findings as related to these two aims, the implications of 

these findings in the broader context of wheat frost damage research, limitations of the research and areas 

for future research. Firstly, the results of Chapters 2 and 4 will be discussed in the context of the 

susceptibility of wheat to FASE and plant traits that might explain differences in the susceptibility of wheat 

cultivars to FASE. Secondly, the findings of Chapter 3 will be discussed with regards to spike morphology 

and FASE effects on grain production. Thirdly, the further development of an approach for field-based 

‘frost-free’ control plots to enable comparisons with FASE affected plots will be discussed. The implications 

of the novel research findings and the experimental approaches used, including comments on the 

limitations of the research in this thesis and suggestions for future research, are considered.    
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5.2 Key findings  

In the context of current knowledge of the susceptibility of wheat to FASE (Chapter 1), the experiments 

outlined in this thesis produced the following conclusions:  

 

1) apical spikelets are the most affected by FASE for both freezing and chilling damage (Chapters 2 

and 4);  

2) chilling damage caused by FASE contributes a significant amount to total floret sterility in wheat 

(Chapter 2);  

3) plot heaters are a useful tool to establish a control against which the effects of freezing and 

chilling damage can be measured for adjacent plots in a frost-prone environment (Chapter 2).  

4) less susceptible wheat cultivars to FASE have more grains per spike and more grains in the distal 

florets than susceptible cultivars (Chapter 4); and 

5) awn length correlates to frost induced floret sterility in apical and basal spikelets, but not central 

spikelets, of wheat (Chapter 3).  

 

The conclusions I have drawn in this thesis increase our knowledge of the effects of FASE on wheat grain 

set, grain yield and its components, highlighting the different responses between cultivars of contrasting 

susceptibility to FASE. 

 

5.2.1 The susceptibility of wheat to FASE  

Proximal grains in wheat spikes are key determinants of grain yield when exposed to FASE. Proximal grains 

contributed over 70 % of grain weight to total spike grain weight under low floret sterility conditions (2-13 

%) (Chapter 2 Section 2.5 ‘Discussion’ and 4 Section 4.5.1 ‘Grain set and sterility’). Therefore loss of 

proximal grains from the spike due to FASE can have significant impacts on grain number and therefore 

grain yield. Five frosts that occurred from mid spike emergence to anthesis in mid April sown Wyalkatchem 

resulted in reductions of 44 and 52 mg spike-1 in proximal florets in 2019, 76 % less grain number and 67 % 
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less grain yield (plots in ambient natural frost conditions relative to heater-protected plots) (Chapter 2). 

Distal grains within wheat spikelets can play a modest compensatory role when proximal grains are missing 

due to floret sterility. For example, when G1 and G2 contributions to spike grain weight declined by 63 and 

62 mg spike-1 after FASE in mid April sown Scout, G4 had a 3 % increase in contribution to spike grain 

weight compared to mid May sown Scout (Chapter 4 Section 4.5.2 ‘The potential for yield compensation 

following frost events’). Less susceptible cultivars to FASE, Cutlass and Scout, formed more grains in distal 

florets than susceptible Wyalkatchem (Chapter 4 Section 4.4.6 ‘The relative contribution of grain position to 

spike weight and grain number per spike’). The two less susceptible cultivars have a reproductive strategy 

that spreads resources (i.e. assimilate) into more reproductive units (i.e. grains), whereas Wyalkatchem 

puts its resources into fewer units with a higher amount in each (i.e. larger grain weight in the absence of 

FASE) (Sadras, 2007).  

 

I propose that the upper limit of grain weight and compensation from distal florets to FASE is determined 

by carpel size. Carpel size was not measured in my experiments due to the lack of field based frost controls 

to protect multiple cultivars (these were still in development and validation phases during my experiments, 

see Chapter 2). Controls are an integral part of the measurement of grain weight changes after de-graining 

with respect to carpel weights. Carpel size was found to have a hyperbolic relationship with final grain 

weight; the greater the carpel weight, the greater the final grain weight (Calderini and Reynolds, 2000). 

Increases in grain weight in G1 and G3 were possible if the timing of de-graining was pre-anthesis (Calderini 

and Reynolds, 2000). Based on this result, for compensation to occur through increases in grain weight 

when spikes are damaged by FASE, the timing of the frost must be in the pre-anthesis and not the post-

anthesis period. However the timing of natural frost events cannot be controlled, which may explain why 

compensation through increases in grain weight appeared inconsistently and in modest amounts (Chapter 

2 Section 4.4.6 ‘The relative contribution of grain position to spike weight and grain number per spike’). 

Increasing the carpel size and final grain weights in distal florets could not only increase global grain yields 

through grain number per unit area and average grain weight (Feng et al., 2018; Feng et al., 2019), but it 
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could also improve compensation from distal florets following pre-spike emergence and after spike 

emergence (FASE) frost damage. 

    

Increasing carpel size and final grain weight in the distal florets would require selecting cultivars that have 

larger carpels at anthesis and initiate earlier grain filling in the distal florets (Xie et al., 2015; Guo et al., 

2016). The first steps to improving the carpel size and final grain weight of distal florets would be to 

examine changes in these two traits by looking at historical lines to understand how selective breeding has 

influenced these traits. Once candidate cultivars had been identified as having larger carpel size and final 

grain weight in the distal florets a population could be made by crossing relevant parents to produce new 

genotypes with these improved traits and evaluated in frost nurseries using a similar approach to (Ferrante 

et al., 2021) and including grain mapping measurements (Chapter 2 and 4). 

 

The research presented in this thesis is, to the best of the author’s knowledge, the first time that individual 

grains have been mapped in spikes damaged by FASE and presented in terms of their contribution within 

the floret to spike grain weight and grain yield. Other studies presented the grain set on a spikelet basis, 

but not a floret basis. Although the contribution of distal grains to grain number and yield was noted, no 

data was presented that quantified the contribution of distal grains to spike weight in FASE damaged spikes 

(Ferrante et al., 2017; Ferrante et al., 2019). The experiments in this thesis present such data and highlight 

the significant contributions of both proximal and distal grains to yield stability of wheat in a frost-prone 

landscape in Western Australia. The implication of these results are: firstly a successful validation of the 

contribution of proximal grains to grain yield and the modest contribution of distal grains to compensation 

for loss of proximal grains is needed across different locations in Western Australia and other states with 

similar type FASE events (see Section 5.4 ‘Areas for future research’, point 1). Secondly, the selection of 

cultivars with better frost performance (Grains Research and Development Corporation, 2019) in 

combination with higher grains per spike (both proximal and distal grains) could assist in stabilising grain 
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yields in frost-prone landscapes in Western Australia for mild FASE events (similar to those presented in 

this thesis). 

 

Apical spikelets are the most affected by FASE for both freezing and chilling damage (Chapters 2 and 4). 

This result is consistent with other studies that have mapped the grains in wheat spikes exposed to FASE 

and presented the presence of grain on a spikelet basis (Ferrante et al., 2017; Ferrante et al., 2019). Frost 

damage often appears as sterilised apical florets and sometimes whole spikelets in wheat (Fuller et al., 

2009). Apical florets appear to be less conserved for the production of grain than central and basal florets 

when exposes to FASE (Chapter 2 and 4); the apical positions have been noted to have smaller grains due to 

their lower grain weight potential and capacity to accumulate assimilates (Paul and Lawlor, 2014). As part 

of the strategy to maximise fitness, grain number and size are regulated to ensure the optimal number of 

grains are filled for reproductive success (Sadras, 2007; Sadras and Slafer, 2012). Grain number in wheat 

spikes is determined in the pre-anthesis period, 20-30 days before 50 % of spikes reach anthesis (Fischer, 

1985; Fischer, 2008). However FASE alters grain number in both pre spike emergence and after spike 

emergence stages changing the source-sink balance by causing pollen sterility and/or ovary damage or 

embryo abortion i.e. reducing the sink (Marcellos and Single, 1984; Thakur et al., 2010; Chakrabarti et al., 

2011) (Chapters 2, 3 and 4). Therefore in frost-prone landscapes where the frequency of FASE is high, 

cultivars with heavy tillering or branched spike genotypes (Fischer, 2008) might be preferred to ensure 

grain number per spike and grain number per unit area remains stable despite some of these grain 

positions being lost to FASE. While these plant phenotypes with increased potential for grain number per 

unit area might have failed to increase grain number in Mediterranean type environments due to a source 

limitation, they might help stabilise grain yield under stressful conditions like FASE since more grains cannot 

be created post-anthesis (Fischer, 2008). Although modest compensation through increases in grain weight 

was observed in the field experiments (Chapter 2), the capacity for increase weight per grain is relatively 

low. This was not surprising as grain weight has been noted to remain stable as a breeding trait (Sadras and 

Slafer, 2012). Therefore increases to grain number per unit area and grain number per spike (particularly in 
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the apical spikelets) appear to be a more promising avenue to stabilise grain yield in frost-prone 

landscapes. 

 

Wheat is not only sensitive to freezing temperatures (< 0 °C) during frosts but also chilling temperatures (< 

5 °C). Chilling temperatures accounted for around 20-30 % of total floret sterility in my experiments when a 

plot heater control was used to prevent freezing damage (Chapter 2 Section 2.4.1 ‘Frost events’ and 2.4.3 

‘Yield and yield components of Wyalkatchem to frost on heated and non-heated plots’). The 20-30 % floret 

sterility observed in heated plots in Chapter 2 is most likely due to pollen sterility from chilling 

temperatures present (although pollen viability was not measured); pollen sterility has been shown to 

occur at temperatures below 18 °C (~10 %), approaching 45 % at 12 °C; pollen germination declines from 

~70 % at 18 °C to ~50 % at 12 °C (Chakrabarti et al., 2011). The sensitivity of wheat to chilling temperatures 

at spike emergence and anthesis stages under field conditions needs further examination. Particularly the 

susceptibility of wheat pollen to chilling and how modern wheat responds to altering the source-sink ratios 

and to chilling temperatures (see Section 5.3 ‘The contribution of the research presented in this thesis to 

frost research literature’ and Section 5.4 ‘Areas for future research’). 

 

The effect of frosts causing freezing damage to wheat is widely reported in the literature (Marcellos and 

Single, 1975; Fredericks et al., 2004; Fredericks et al., 2011; Martino and Abbate, 2019). There are few 

reports of the effect of chilling damage on wheat plants, most are focused on young microspore and 

booting stages (Barton et al., 2014; Ji et al., 2017; Cheong et al., 2019; Cheong et al., 2020; Liu et al., 2020). 

Booting (Zadok’s stage Z45) was found to be more sensitive than jointing (Z31) at mild low-temperature −2 

°C/8 °C/3 °C (Tmin/Tmax/Tmean) and extreme low-temperature (−6 °C/4 °C/−1 °C Tmin/Tmax/Tmean) treatments in 

a controlled environment phytotron (Ji et al., 2017). Barton et al. (2014) also demonstrated that under 

controlled environment conditions the booting stage was more susceptible to chilling temperatures than 

the two weeks prior and the one week after this stage. Grain set reductions were 40 % greater in Hartog 

and Kite exposed to day/night temperatures of 10/0 °C for one week compared to 18/13 °C. Therefore 
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apart from the papers in the preceding sentence and data presented in this thesis, there is little 

information in the literature of the effect of chilling temperatures on field grown wheat at the post spike 

emergence development stage or the combined effect of it and freezing under frost. This lack of data on 

chilling effects on wheat is a problem when modelling the effects of frost risk with sowing time (Barlow et 

al., 2015; Flohr et al., 2017; Hao et al. 2021). The damage functions in models rely on assumptions for the 

percentage of damage caused by temperature (freezing and chilling damage) and duration (Bell et al., 

2015); however the amount of damage caused by frosts (freezing and chilling damage) varies also with 

development stage (Martino and Abbate, 2019). Models have relied on a threshold or critical temperatures 

e.g. < -1.5 °C (Martino and Abbate, 2019), but the data presented in this thesis show significant damage (> 

10 %) can occur at much warmer temperatures than these freezing thresholds. The frost period during the 

growing season (from July to early October in Western Australia), consist of multiple events with a 

significant number of these being chilling events (Leske et al., 2017; Martino and Abbate, 2019). The chilling 

temperature effect might account for some of the differences in observed and predicted values from 20 to 

80 % floret sterility when comparing two different frost damage models (Martino and Abbate, 2019). 

Determining the amount of floret sterility caused in field conditions by the chilling temperature range (0-5 

°C), as well as the more severe sub-zero temperatures associated with frosts, is needed. 

 

5.2.2 Spike morphology of wheat and FASE 

Awn length was associated with FASE induced floret sterility in apical and basal spikelets, but not central 

spikelets in four cultivars with matched phenology in 2018 (Chapter 3). There are two points to be 

considered in relation to this finding, they are: 1) the presence of awns has been associated with lower 

grain number spike-1 and this has implications for loss of grain number via floret sterility caused by FASE. 2) 

Awns compete with other growing parts of the spike during their development and this can have 

implications for grain yield potential and achieve yields.  
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Awns have been shown to increase average grain weight compared to awnless NILs by 4 % (Rebetzke et al., 

2016; Sanchez-Bragado et al., 2020). This is due to lower grain number per spike, particularly fewer in the 

distal florets in awned compared to awnless NILs (Rebetzke et al., 2016). Therefore the presence of awns is 

associated with a change the grain number per spike which has implications for floret sterility and grain 

yield for plants exposed to FASE (Fig. 5.1).  

 

Fig. 5.1. A Schematic diagram showing the differences between awned and awnless cultivars yield components and 

the potential implications for floret sterility caused by FASE. 

 

An impact of awn length on spikelet development might be expected, as growing longer awns takes 

assimilate away from other parts of the developing spike, namely spikelets, florets and the reproductive 

organs contained within them during the pre-anthesis stage when grain number is determined (Fischer, 

1985). Shorter awn lengths were found at basal spikelets where their awn length correlated with floret 

sterility, floret sterility was lower here (Table 3.3, Scout and Wyalkatchem in Fig. 4.7). Longer awn lengths 

were found at apical spikelets where their awn length correlated with floret sterility, floret sterility was 

higher here. However there was no correlation between the longer awns of the central spikelets and floret 

sterility. The reason for this response was not clear. This could be due to the preferential flow of assimilate 

to central spikelets at the cost of apical spikelets and distal florets.  It appears that the basal spikelets of the 

Awned wheat

•lower grain number 
per spike

•less distal grains

•higher average grain 
weight

Each grain 
represents a greater 

individual 
contribution to 

spike grain weight

Therefore loss of 
individual grains 

due to FASE 
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•higher grain number 
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weight

Each grain 
represents a lesser 
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contribution to 

spike grain weight

Therefore loss of 
individual grains 

due to FASE 
represents a lesser 
increase in floret 

sterility compared 
to awned wheat 
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spike have more highly conserved fertility than the apical spikelets as demonstrated in the grain mapping 

data from Chapter 4. In conclusion, I have suggested two ideas that might contribute to correlations 

between awn length and floret sterility in apical and basal spikelets. More data is needed to verify this 

hypothesis and determine if this same result can be found in other cultivars of matched phenology, in 

Australian field frost-prone environments. 

   

Rachis gap did not correlate to floret sterility, nor total (unthreshed) spike weight in frost affected field 

plots (Chapter 3). Rachis gap was a morphological trait of interest, based on the proposal made by 

Marcellos and Single (1984) that the nodes on the rachis could act as a barrier restricting the spread of ice 

crystallisation during FASE events. It was expected, based on their proposal, that cultivars with greater 

rachis gaps would have lower floret sterility present i.e. there would be larger barriers to restrict the spread 

of ice to the cold-sensitive anthers and ovaries. The results presented showed that in the initial dataset of 

four cultivars there was a correlation between the rachis gap and floret sterility. However when this was 

tested in a much larger dataset from the Australian National Frost Program (ANFP) of 59 and 46 cultivars at 

the same site from two different frost events in 2018 and 2019, there was no correlation (Chapter 3). 

Rachis gap and plant height were correlated, with taller plants having larger rachis gaps in the smaller 

subset of four cultivars (Chapter 3). Plant height and rachis gap are genetically linked in barley (Chen et al., 

2009) and wheat (Simons et al., 2006). Interestingly a multi-environment trial (MET) analysis of the ANFP 

trials from across Australia found that shorter cultivars had higher levels of floret sterility than taller 

cultivars when they flowered at the same time and were exposed to the same frost events (Ferrante et al., 

2021). Interaction between plant height and floret sterility exists but the current results indicate that is 

independent of rachis gap. Given the genetic linkage mentioned between plant height and rachis gap, it is 

surprising that there was not a correlation between these traits in the ANFP dataset. Therefore a MET 

analysis examining the rachis gap by floret sterility relationship in the ANFP trials across Australia and using 

many more frost events, cultivars and seasons than tested in this thesis, is needed. The results would allow 

a retrospective analysis of breeding changes in wheat, such as to determine if selection of semi-dwarf 
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wheats has increased susceptibility to frost, and thus inform future breeding decisions of cultivars for a 

future climate which may have a greater occurrence of frost events (Zheng et al., 2012; Zheng et al., 2015; 

Crimp et al., 2016; Mushtaq et al., 2017). 

 

Based on my and others’ published studies the findings regarding plant height, shorter peduncles could be 

linked to wheat cultivars more susceptible to frost. A paper comparing the plant height, pollen viability, 

pollen yield per spike or floret and anther size of commercial Australian wheat cultivars was not identified 

in the literature. However when ten Australian wheat varieties were screened for anther culture response, 

Wyalkatchem had the poorest response, producing virtually no embryos and zero green plants (Broughton, 

2008). Poor pollen fertility may be a contributing factor to this response (S. Broughton 2020, pers. comm.). 

Alternative Rht genes are being explored to identify those that can reduce height but maintain coleoptile 

length for deep sowing to chase valuable seeding moisture (Rebetzke et al., 2012). Understanding what is 

causing the increase in susceptibility in wheat to frost damage when plant height is reduced, means that 

the negative impact of this selection might be able to be uncoupled, through exploring new sources of 

variation for Rht genes that do not make wheat any more susceptible to frost damage (Ellis et al., 2005; 

Rebetzke et al., 2012). Future research could study how these alternative Rht genes affect the susceptibility 

of wheat to reproductive frost damage, in addition to pollen viability and peduncle length. 

 

Frost events throughout the 2018 and 2019 seasons produced a wide range of damage in the cultivars. 

There was a particularly wide variation in the floret sterility in the ANFP datasets used to compare the 

rachis gap with floret sterility (Fig. 3.5, Fig. 3.6 and Fig. 3.7). Freezing damage to plant tissues is thought to 

be random throughout a crop canopy due to the random nature of ice nucleation and formation (Livingston 

et al., 2018; Livingston et al., 2021). Ice nucleators such as: dust, biological molecules or structures, organic 

or inorganic debris and ice nucleating bacteria promote sites for ice to form (Pearce, 2001). During 

radiation frosts in Australia, the crop canopy is often wet from dew or small rainfall events that occur ahead 

of the frost, allowing ice nucleators to function through their direct contact with water (Pearce, 2001). Ice 
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nucleating bacteria cause ice to form at much warmer temperatures (-2 °C) compared to water and plant 

tissue without ice nucleators (< -5 °C) (Lindow et al., 1982; Wisniewski et al., 1997). Therefore I expect that 

the ice formation process and freezing of water condensed on the plant tissues and the plant tissue itself to 

not be uniform across plots and cultivars. Livingston et al. (2018) demonstrated that although there was 

order to the freezing of plant tissue during a frost event with freezing of oldest leaves followed by younger 

ones; the individual tillers freeze in random order. This creates a situation where variation in measured 

damage can result for cultivars with similar anthesis times, or cultivars that are at anthesis during a period 

in which there are frost events. I found samples taken from the same plot could vary from 10 to 90 % floret 

sterility when sown in mid April. The within plot variation was larger than the between plot variation. To 

manage this, larger sample sizes of spikes are required (Leske et al., 2019); I used a sample size of 30 main 

stem spikes per plot to minimise the effect of having a sample size that is too small. In conclusion, future 

field experiments need to consider the random nature of freezing and the large variation in floret sterility 

that can occur in field plots and use large sample sizes to account for this.  

 

5.2.3 Developments in field-based frost controls 

The plot heater was able to prevent freezing damage in field plots (3.4 m2) of wheat plants by maintaining 

canopy air temperatures > 0 °C for ~6-8 hours during each frost over the frost window – typically from July 

till the first week of October in Western Australia (Chapter 2). In 2018 and 2019 at the field site there were 

22 and 33 natural radiation frost events (screen temperature ≤ 2 °C) from July to October. Heated plots 

spent less time in the colder portion of chilling temperatures 0-2 °C than non-heated plots (Supp. Fig. S2.1, 

Chapter 2). Despite these results, there was still 20-30 % floret sterility in heated plots, but this was much 

lower than non-heated plots 36-60 %. Thus it is possible that over half of what is reported as ‘frost’ damage 

is the combined effect of freezing and chilling damage under these conditions. I believe that this was due to 

chilling temperatures causing pollen sterility as shown in the floret sterility measurements (Table 2.1, 

Chapter 2) because pollen sterility has been shown to occur at temperatures below 18 °C (~10 %), 

approaching 45 % at 12 °C; germination declines from ~70 % at 18 °C to ~50 % at 12 °C (Chakrabarti et al., 
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2011). Pollen viability and germination was not measured and has been proposed as an area of future 

research in Section 5.4 ‘Areas for future research’. 

 

5.3 Understanding variation in the frost susceptibility of wheat 

This thesis aimed to address a gap in the knowledge explaining the differences in the susceptibility of wheat 

to FASE between cultivars (Fig. 5.2. b) and c)). Contrasting cultivars had been identified by previous field 

phenotyping approaches (Cocks et al., 2019; Ferrante et al., 2021) (Fig. 5.2 a)). However there had been no 

focused studies that had tried to discover why there were differences between the amount of frost damage 

these cultivars sustained due to FASE when their phenology was matched. Through using the technique of 

grain mapping, portable plot heaters as “frost controls” and measuring: spike morphology, yield 

components, floret sterility and grain yield the process of identifying key traits to explain cultivar 

differences to FASE has begun. 

 

Fig. 5.2. A schematic diagram depicting the genetic improvement process in wheat breeding. This thesis contributes to 

the boxes with the bolded text. 

 

The results of this thesis demonstrate that there are no cultivars that are resistant or tolerant to FASE. This 

result was not surprising given the conclusions of other researchers (Fredericks et al., 2004; Fuller et al., 

2009; Fredericks et al., 2015). However there are still differences in the degree of susceptibility of 

a) screening diverse 
populations

b) focused 
phenotyping on 

contrasting cultivars

c) trait discovery

d) understanding the 
mechanisms
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commercial cultivars (Ferrante et al., 2021). I was able to demonstrate the usefulness of distal grains 

contribution to grain yield and their potential for compensation should the timing of the frost and season 

length allow it. The importance of cultivars that can produce high grain number per unit area as a buffer 

against loss of grain number through floret sterility, was also demonstrated. 

 

Future breeding with frost-prone environments and increasing frost risk in future climates should look to: 

incorporate higher grain number per spike, particularly in the distal positions; and high grain number per 

unit area. 

 

Field phenotyping approaches should aim to screen cultivars in less severe frost environments to avoid 

sterility approaching 100 % which does not produce useful quantitative data to identify traits that could 

explain susceptibility in wheat to FASE as a critical response to cultivar is lost. In addition, chilling stress 

accounted for around half of the total floret sterility in the trials and represents an opportunity to 

overcome and to breed greater yielding wheat. Avoiding susceptibility traits to FASE in future breeding 

programs appears to be one potential way of improving the resilience of wheat to FASE, given that 

screening for tolerance has not yielded tolerant plants from landraces, nor G.M. approaches (the latter also 

faces significant regulatory hurdles) (J. Juttner pers. comm. 2015). 

 

5.4 Areas for future research 

There are knowledge gaps that this thesis has uncovered which warrant further research.  

1) The results presented in this thesis have shown that proximal grains in wheat spikes are key 

determinants of grain yield when exposed to FASE. Therefore loss of proximal grains from the spike 

due to FASE can have significant impacts on grain number and therefore grain yield. Distal grains 

within wheat spikelets can play a modest compensatory role when proximal grains are sterilised. It 

is acknowledged that the data presented are from one site and one or two seasons. The 
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relationship between grain yield, grain number and grain weight vary between environments 

(Quintero et al., 2018). Therefore it would be useful to evaluate these same cultivars in different 

growing environments to determine if the individual grain weights vary with the environment and if 

the responses of the cultivars to FASE is consistent. Indeed, cultivar performance has been shown 

to vary in large frost screening nurseries at Narrabri, Loxton and four locations in the Western 

Australian grainbelt (Merredin, Wickepin, Brookton and Dale) from 2012 to 2019, with differences 

in soil type, rainfall, temperature, severity and frequency of frost events (Grains Research and 

Development Corporation, 2019). The screening nurseries in Western Australia and South Australia 

produced rankings between cultivars that were similar (Cocks and Cullis, 2017; Cocks et al., 2019). 

Both these regions have similar climatic components at work which create FASE events, namely 

blocking highs and advection of cold, dry polar air which cools the landscape (Grose et al., 2018; 

Risbey et al., 2019) (see Section 1.2 ‘Frost and the types of frost,’ Chapter 1). Exploring the 

Genotype by Environment (G x E) interaction in the context of grain set and size will validate the 

importance of proximal grains to grain yield and clarify the ability for plants to compensate through 

distal grains, particularly both with wet and dry finishes to the growing season. 

Successful validation of this result with a larger germplasm set across other locations in Western 

Australia and in South Australia which also experiences weather patterns causing FASE (Grose et al., 

2018; Risbey et al., 2019) and the resultant floret sterility (Cocks et al., 2019), would be needed to 

select parental materials for breeding programs and if validated multiple sites would benefit also 

selections of progeny with improved FASE resistance (for further detail refer to Section 5.3 ‘The 

contribution of the research presented in this thesis to frost research literature’).  

 

2) A knowledge gap in the research presented in this thesis and other frost phenotyping experiments 

is the assumption that all floret sterility is due to frost damage. It was shown that around 50 % of 

total sterility is not freezing damage and is presumably chilling damage. The combined effects of 

their possible interaction with heat and drought stress during the same reproductive stages were 
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not quantified (Reinheimer et al., 2004; Leske et al., 2017; Cocks et al., 2019; Ferrante et al., 2019; 

Ferrante et al., 2021). The measurement of canopy and screen air temperatures, soil water content 

at the beginning and end of the season in the experiments, provides confidence that heat and 

terminal drought effects were only influential in late May and June sowing times, particularly for 

late maturity cultivars and winter wheat. The distinction between which florets are sterilised by 

frost and which florets were aborted due to lack of sugar or unviable pollen, independent of frost 

was not measured. There remains the unknown variable of pollen viability, which could differ 

between the cultivars and explain some of the cultivar differences when exposed to FASE 

presented in this thesis and other studies (Leske et al., 2017; Ferrante et al., 2021). Therefore there 

is a need to test pollen viability in frost field phenotyping experiments. Pollen viability has been 

measured using dyes (vitality staining) (Peterson et al., 2010), size measurements and pollen 

germination (Heslop-Harrison and Heslop-Harrison, 1970; Rodriguez-Riano and Dafni, 2000; Kelly et 

al., 2002). More recently pollen viability has been measured using flow cytometry in tobacco, 

pepper, cucumber, tomato (Heidmann et al., 2016) and wheat under heat stress (Bokshi et al., 

2019; Bokshi et al., 2020). The flow cytometer used in the latter of these studies is portable, which 

would enable rapid (in-field) pollen viability measurement following a frost event. This avoids the 

potential problem of degradation of fresh samples while being transported to a laboratory. 

Screening cultivars of known differences in their susceptibility to frost damage for pollen viability 

during chilling, freezing or other abiotic stress events, could enhance selection criteria and efforts 

to breed less susceptible cultivars to FASE in future. 

 

3) Determining if there is an assimilate availability limitation in frost damaged wheat plants. Sucrose 

supplied by photosynthesis is critical for maintaining pollen viability and the successful fertilisation 

of the ovary and growth/filling of grain. An assimilate limitation could be either due to a lack of 

supply in the plant stems or limitation in the transport of assimilate. Oliver et al. (2007) 

demonstrated that pollen sterility and reductions in grain yield in rice can be due to cold disrupting 
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of sugar transport in the anthers. A similar mechanism might be occurring in wheat exposed to 

FASE. Sucrose has been infused into the stems of maize plants at low water potentials at anthesis 

to determine if there is a assimilate limitation under those conditions; it was concluded that there 

was an assimilate limitation (Boyle et al., 1991). Similarly, in chickpea under saline conditions, 

sucrose infusion partially rescued reproductive failure by increasing vegetative growth enabling 

more flower production and the carbon source for pod and seed growth (Khan et al., 2016). This 

‘stem infusion’ method could be applied to FASE damaged wheat spikes to determine whether 

there is an assimilate supply limitation and if increasing sucrose supply can mitigate this. It is 

expected that wheat infused with sucrose will result in increases in grain weight in undamaged 

spikes, particularly the distal grains and in spikes damaged by FASE there will be increases in grain 

weight in the remaining fertile grains. An experiment could be conducted both in the field and 

under controlled conditions using a growth chamber set up to mimic natural frosts such as those 

used by Cheong et al. (2019). Testing the hypothesis, that the damage caused by FASE results a 

limitation in the transport of assimilate, would be more complex than exploring the assimilate 

supply question. Infusion of sucrose would need to occur at the anther or ovary which could be 

challenging to achieve without causing damage to the vascular tissue there. It is expected that 

wheat anthers and/or ovaries infused with sucrose would result in higher fertility and less abortion 

as evident in higher grain set per spike. In wheat spikes exposed to FASE, it is expected that the 

floret sterility would be less compared in infused spikes compared to non-infused spikes. If an 

assimilate limitation is identified, then a selection of cultivars that have an assimilate transport 

mechanism that is less impacted by FASE and higher supply of assimilate for recovery after frost 

events might enable breeding of cultivars that are less susceptible to FASE. 

 

4) Field controls without (or with substantially less) frost damage help in quantifying the impact of 

frost on wheat plants at freezing temperatures, but there remains the effect of chilling damage 

(temperatures 0 > 5 °C) still being present when a heater is used (Stutsel et al. 2019; Chapter 2). 
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Other methods that have used a protective cover for a frost control treatment have some light 

interception and humidity artifacts; the covers did not consistently prevent freezing and/or chilling 

damage either (Ferrante et al., 2019; Martino and Abbate, 2019; Kim et al., 2021). Improvements in 

the heater design to increase heat output (via a larger heater) and improvement of heat 

distribution (via larger diameter ducting and with fans to draw air through the manifold) would 

enable canopy air temperatures to be maintained above chilling temperatures. This would enable a  

“full controlled treatment” to be imposed, removing the effects of chilling damage.  
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6  Appendix 
 

Table 1. Irrigation schedule at Dale 2018 and 2019 field seasons. All values are in mm. 

Sowing date 29-Mar 4-Apr 11-Apr 18-Apr 24-Apr 2-May 10-May 17-May Total 

10/04/2018 25  25     12 62 

17/04/2018  25  25 12    62 

24/04/2018   25  25   12 62 

1/05/2019    25  25 12  62 

8/05/2019     25  25 12 62 

17/05/2019      25  25 50 

28/05/2019       25 25 50 

11/06/2019                 0 

 

Sowing date 3-Apr 9-Apr 16-Apr 18-Apr 23-Apr 30-Apr 7-May 14-May 16-May 21-May 23-May 28-May Total 

10/04/2019 20   10  10  7.5     47.5 

17/04/2019 20 20  10 10  10   7.5   77.5 

24/04/2019  40   10 10  7.5     67.5 

1/05/2019   20    10   7.5   37.5 

8/05/2019     40  10 7.5     57.5 

17/05/2019       20  20 7.5   47.5 

28/05/2019        40    12.5 52.5 

11/06/2019                         0 

 

 

 




