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Abstract 
Quantifying the grain set and floret sterility (FS) of wheat cultivars is crucial to benchmarking their 
susceptibility to frost and exploring cultivar differences so that genetic improvement can be made. Ensuring 
that the measurement of grain set and FS is accurate and adequately captures the variation within and 
between spikes and cultivars, is vital to making progress in this space. A field trial with eight times of 
sowing blocks (from mid-April to early-June) was established at Dale, Western Australia to evaluate the 
susceptibility to frost of 15 wheat cultivars, of which three are reported on in this paper. Variance component 
analysis was used to determine the optimal sample size from a sub-set of three wheat cultivars with known 
differences in their susceptibility to frost damage (Impose CL Plus, Kunjin and Magenta). The optimal 
sample size was determined to be 15 to 20 spikes per plot, when grain positions per spike ranged from 25 to 
35.. Future phenotyping experiments exploring stresses or traits related to spike fertility would benefit from 
undertaking a variance component analysis to ensure efficient use of their resources.   
 
Key Words 
Triticum aestivum L, floret sterility, phenotyping, grain mapping 
 
Introduction 
The genetic improvement of wheat to reduce its susceptibility to frost is a key objective to lift the yield 
potential of wheat and reduce risk to growers in frost-prone areas of Australia. Accurate phenotyping 
methods are required to screen current cultivars. Current field phenotyping methods for frost susceptibility 
developed by Reinheimer et al. (2004) have been used to screen and rank commercial cultivars (Biddulph et 
al. 2015; GRDC National Frost Initiative 2019). This method measures floret sterility (FS) on the proximal 
florets, grain positions G1 and G2 using the nomenclature of Feng et al. (2018). Post heading frost causes 
damage both to anthers and ovules, resulting in floret sterility. Previous studies have de-grained wheat 
spikes, mapped the grains, recorded their weights and used sample sizes of 9, 10 and 20 spikes respectively; 
to understand the pattern of grain filling, competition between florets along the spike and evaluate 
mechanisms that could be contributing to final grain weight (Rawson and Evans 1970; Bremner and Rawson 
1978; Calderini and Reynolds 2000). To study the effect of nitrogen on durum wheat, a random selection of 
10 spikes was used to map the grain set under different treatments (Ferrante et al. 2013). Ferrante et al. 
(2017) previously reported on grain set in frosted wheat spikes using grain mapping and related this to yield 
and its components using a sample size of five spikes. Another study compared five winter wheat cultivars in 
China using a sample size of 30 spikes (Feng et al. 2018). While all these studies have used different sample 
sizes of wheat spikes to map grain set, there was no justification stated for the sample size to be used. Grain 
mapping is a labour intensive measurement and sample size is often constrained by the availability of 
resources: labour, infrastructure/limitations of experimental design and time.  In this study we set out to 
determine a standard grain mapping sample size, which adequately captures the variation of grain set within 
the subset of three wheat cultivars, when grown in a frost prone landscape. Previous work by Ferrante et al. 
(2017) mapped grain from frosted wheat spikes, this paper builds on that work by quantify an appropriate 
sample size to do this. 
 
Methods 
Trial design 
A randomised block design trial with eight times of sowing (TOS) blocks was established at one site in 
Western Australia at Dale; 20 km south-west of Beverley (-32.20°, 116.75°) in 2017. The site was located in 
a frost prone area of the landscape; stubble was burnt prior to sowing. To ensure germination soon after 
sowing, one 25 mm application of irrigation was applied (via a lateral irrigator) two weeks prior to seeding 
and a further 25 mm was applied the day before seeding, for all sowing dates. No further irrigation was 
applied after sowing. 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 wheat would flower from early 
August to early October, the typical frost window for the area. The plant density of each plot was 150 plants 
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m-2. Fourteen commercial wheat cultivars and one synthetic derived line (AUS30323) were sown; these were 
chosen based on contrasting reputations in their susceptibility to low temperature. Of these cultivars, detailed 
results of 3 cultivars (Impose CL Plus, Kunjin and Magenta) are reported in this paper. Each cultivar had 
three replicates per TOS block and were randomised in two directions in the same manner to (Leske et al. 
2017). 
 
Measurements 
The canopy temperature and screen temperature were measured as described in (Leske et al. 2017). Loggers 
were moved up the pole as the crop grew in height, to maintain the logger at canopy height. Plant 
development stage in each plot was scored weekly (from Z45-70) according to the Zadok scale (Zadoks et al. 
1974). Canopy heading (Z55) and flowering dates (Z65) of the cultivars were estimated from these scores 
(Zheng et al. 2013). Floret Sterility (FS) is the reduction in grain number per head expressed as a percentage 
of the total number of possible grains that could have formed in the proximal florets. When the spikes 
reached grain filling stage (Z85), 30 main tillers were collected and the FS of the two proximal florets were 
determined (discarding the top and bottom florets). Harvest index cuts and their yield components were 
determined as per Leske et al. (2017). Grain yield was obtained from the whole plot (1.65 x 3 m) using a 
small plot harvester specifically set up to retain the small frost affected grains.  
 
Grain mapping and analyses 
From the harvest index cuts, five main tillers were sub-sampled per plot from 11 cultivars. Three cultivars 
(Kunjin, Magenta and Impose CL Plus) had 30 tillers sub-sampled to explore the within sub-sample variation 
in grain set, so that an optimal sample size could be determined. Grain mapping was carried out on these 
samples as described by (Feng et al. 2018), with the variation that undeveloped spikelets at the base of the 
spike were discarded and spikelet position one began at the first fully formed spikelet. Grain set was mapped 
on one side of the spike (Ferrante et al. 2017). A variance component analysis was used to determine the 
optimal sample size (Snedecor and Cochran 1956). A linear mixed model was used to analyse grain set 
within spikes; ID (grain and spike position information) as a fixed term and replicate as a random term 
(Genstat - VSN-International Ltd. 2018).  
 
Frost events 
The timing of frost events (i.e. sub-zero canopy air temperatures) was during the susceptible stages of 
flowering (Figure 1). The coldest being when Impose CL Plus was heading (-3.4°C) and others when Scout 
(-2.7°C and -2.4°C) and AUS3023 (-1.2°C and -0.9°C) were flowering. 

 
 
Figure 1. Minimum canopy air temperatures on dates with sub-zero recordings at Dale frost nursery from July 
to October 2017.  
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Results and Discussion 
The timing, intensity and severity of frost events is highly variable. The results and our variance component 
analysis showed that the largest sample size of 30 spikes per plot, provided the best estimate of grain set and 
floret sterility when compared to smaller sample sizes (Table 1). The variance component analysis of the 
three cultivars showed 15 or 20 spikes per plot offered an improved accuracy, as compared to five spikes 
which had been used in the past. However, it should be noted that the study by Ferrante et al. (2017) had 
three plot replicates, so pooled sample size would have been adequate. The optimal sample size remained the 
same even when the number of grain positions, that might be present in a spike was varied from 25 and 30. 
When the number of grain positions within a spike increased, the variance of the mean number of grains and 
the error were reduced. This means that in cultivars with longer spikes, more spikelets and those that set 
grains from G1 to G4 and G5, smaller sample sizes can be used, without comprising accuracy. Smaller 
sample sizes would also be acceptable, below an increase of five percent in the standard error and variance of 
the mean grain number threshold. For example, if the average number of grain positions is 25, then 15 to 20 
spikes could be mapped. If the average number of grain positions is 35, then a sample size of 10 to 15 spikes 
could be mapped. An increase of four and five percent in the standard error and variance of the mean would 
result, with these reduced sample sizes (Table 1). 
 
Table 1. Variance components from REML model of 30 spikes (6 sets) per cultivar (3 cultivars) 
mapped for grain set. Bold text highlights the threshold of five percent change in the mean variance 
and standard error to give the minimum sample size required for a given average number of grain 
positions in the spikes.  

Number of 
spikes mapped 
for grain set 

Number of 
grain 
positions 

Mean variance Standard 
error of the 
mean 

Ratio of SE Ratio of mean 
variance 

5 25 0.12 0.35 1.16 1.35 
10 25 0.11 0.32 1.07 1.14 
15 25 0.10 0.31 1.04 1.08 
20 25 0.10 0.31 1.02 1.04 
25 25 0.09 0.31 1.01 1.02 
30 25 0.09 0.30 1.00 1.01 
5 30 0.12 0.34 1.14 1.30 
10 30 0.10 0.32 1.06 1.12 
15 30 0.10 0.31 1.03 1.06 
20 30 0.09 0.31 1.01 1.03 
25 30 0.09 0.30 1.01 1.01 
30 30 0.09 0.30 1.00 1.00 
5 35 0.12 0.34 1.12 1.26 
10 35 0.10 0.32 1.05 1.10 
15 35 0.10 0.31 1.02 1.05 
20 35 0.09 0.31 1.01 1.02 
25 35 0.09 0.30 1.00 1.00 
30 35 0.09 0.30 1.00 0.99 

Variance of cultivar = 0.259, variance of five spike sets mapped = 0.027, variance of grain positions = 2.13, 
mean grain number per position = 2.894, standard error of the mean = 0.304 
 
Conclusion 
The results from this study have shown that when measuring grain set in wheat under frost conditions, a 
relatively large sample size of 30 spikes or greater is ideal. However, due to the cost and time constraints of 
grain set and FS measurements, 15 to 20 spikes offers an adequate compromise. It is recommended that FS is 
measured first, to determine the extent of frost damage, and then also used to determine an appropriate 
sample size for mapping grain set. Grain mapping is conducted afterwards, as measuring FS can cause 
breakage of the spike. The results of this study showed, that the current phenotyping approach used to rank 
wheat cultivars for their ability to maintain grain number under frost, had a suitable standard sample size.  



 

© Proceedings of the 2019 Agronomy Australia Conference, 25 – 29 August 2019, Wagga Wagga, Australia © 2019. 
www.agronomyaustralia.org/conference-proceedings  

4

 
 
Acknowledgements 
We thank Ben Biddulph’s team at the Frost Research Laboratory at the Department of Primary Industries for 
their valuable technical assistance. In particular to Nathan Height and the casual support: Bronwyn and Fiona 
Woodworth, Charlotte Ryan, Phoebe Dickins, Sharanya Ravindran, Emily Parker and Yasmyn Skinner. This 
research was supported by GRDC (GRDC Research Scholarship), DPIRD (Grains R&D Postgraduate 
Scholarships and Development Program). 
 
References 
Biddulph, B, Laws, M, Eckermann, P, Leske, B, March, T, Eglinton, J (2015) Preliminary ratings of wheat 

varieties for susceptibility to reproductive frost damage. In 'Crop Updates. Perth'. (GIWA: [Accessed 
04/02/19]. 

Bremner, P, Rawson, H (1978) The Weights of Individual Grains of the Wheat Ear in Relation to Their 
Growth Potential, the Supply of Assimilate and Interaction Between Grains. Functional Plant 
Biology 5, 61-72. 

Calderini, DF, Reynolds, MP (2000) Changes in grain weight as a consequence of de-graining treatments at 
pre- and post-anthesis in synthetic hexaploid lines of wheat (<i>Triticum durum</i> x <i>T. 
tauschii</i>). Functional Plant Biology 27, 183-191. 

Feng, F, Han, Y, Wang, S, Yi, S, Peng, Z, Zhou, M, Gao, W, Wen, X, Qin, X, Siddique, KH (2018) The 
effect of grain position on genetic improvement of grain number and thousand grain weight in winter 
wheat in north China. Frontiers in Plant Science 9, 129. 

Ferrante, A, Savin, R, Slafer, GA (2013) Floret development and grain setting differences between modern 
durum wheats under contrasting nitrogen availability. Journal of Experimental Botany 64, 169-184. 

Ferrante, A, Zerner, M, Leske, B, Biddulph, B, March, T (2017) 'Differences in yield physiology in wheat 
cultivars grown under frost-prone field conditions in Southern Australia, In the Proceedings of the 
18th Australian Society of Agronomy Conference ' Ballarat, VIC, 24 – 28 September Available at 
http://www.agronomyaustraliaproceedings.org/  

Genstat - VSN-International Ltd., 2018. GenStat for Windows 19th Edition. VSN-International Ltd. , Hemel 
Hempstead, UK.  

GRDC National Frost Initiative (2019) 'FV-PLUS Frost Rankings.' Available at 
https://www.nvtonline.com.au/frost/  

Leske, B, Nicol, D, Biddulph, B (2017) 'Optimising sowing time in frost prone environments is key to 
unlocking yield potential of wheat, In the Proceedings of the 18th Australian Society of Agronomy 
Conference.' Ballarat, Victoria, 24 – 28 September Available at 
http://agronomyaustraliaproceedings.org/images/sampledata/2017/163_ASA2017_Leske_Brenton_F
inal.pdf  

Rawson, H, Evans, L (1970) The Pattern of Grain Growth within the Ear of Wheat. Australian Journal of 
Biological Sciences 23, 753-764. 

Reinheimer, JL, Barr, AR, Eglinton, JK (2004) QTL mapping of chromosomal regions conferring 
reproductive frost tolerance in barley (Hordeum vulgare L.). Theoretical and Applied Genetics 109, 
1267-1274. 

Snedecor, GW, Cochran, WG (1956) 'Statistical methods applied to experiments in biology and agriculture.' 
(Iowa State UP:  

Zadoks, JC, Chang, TT, Konzak, CF (1974) A decimal code for the growth stages of cereals. Weed Research 
14, 415-421. 

Zheng, B, Biddulph, B, Li, D, Kuchel, H, Chapman, S (2013) Quantification of the effects of VRN1 and 
Ppd-D1 to predict spring wheat (Triticum aestivum) heading time across diverse environments. 
Journal of Experimental Botany 64, 3747-3761. 

 


