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Predicting heading date and frost impact in wheat across Australia
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Abstract
Spring radiant frosts occurring when wheat is in reproductive developmental stages can result in catastrophic 
yield lost for producers. In wheat, heading time is the main determinant to minimize frost risks and to adapt 
new frost-tolerant cultivars to target population environments. Gene-based phenology models provide robust 
tools to predict heading times based on alleles of VRN and PPD genes, and have been widely validated 
across Australian wheatbelt for most of commercial wheat cultivars. A field experiment was conducted 
at Gatton in 2014 to calibrate the gene-based model for newly released cultivars. The results indicated 
that one field experiment including extended photoperiod and pre-vernalization treatments can be used to 
parameterize new cultivars and allow accurate prediction of heading time across all Australian environments 
using our gene-based model. Across Australia, we found that yield could be improved by up to 20% on 
average if frost tolerant lines were available. The yield increase resulted from (1) reduced frost damage 
and (2) the ability to use earlier sowing dates. Simulations suggest that a small reduction in the threshold 
temperatures, equivalent to frost tolerance of 1°C lower than current cultivars, would have a large effect 
in the west of Australia. In the east, frost tolerance to lower temperatures (~ −4°C) would be required to 
maximise the yield advantage. 
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Introduction
Frosts at reproductive stages are catastrophic events for wheat crops and a single frost event has the potential 
to destroy grain yields by killing entire heads (Frederiks et al. 2012). Post-heading frosts are common in sub-
tropical areas but can also occur in Mediterranean and temperate regions (Fuller et al. 2007). In Australia, 
reproductive frosts commonly result in 10% yield penalties, but in affected districts yield losses greater than 
85% have been observed (Paulsen and Heyne 1983; Boer et al. 1993). In wheat, heading time is the main 
determinant of minimizing frost risks and adapting new cultivars to the target environments. Gene-based 
phenology modelling provides robust tools to predict heading times based on alleles of VRN and PPD genes, 
and has been widely validated across the Australian wheatbelt for most current Australian commercial wheat 
cultivars (Zheng et al. 2013). In order to do a national assessment of frost impact, the APSIM 7.6 model was 
adapted to predict impacts of post-heading frosts (Zheng et al. 2015). The aims of this study were to: (1) 
calibrate the phenology of cultivars for the model using pre-vernalisation and extended photoperiod trials, 
(2) characterise climatic trends in frost events at critical times for wheat over the last six decades, and (3) 
estimate the comparative benefits that breeding for tolerance to post-heading frost would bring to the wheat 
industry in Australia.

Material and Methods
In a previous study, 210 lines were phenotyped to simulate heading dates with a gene-based model in 
Australia (Zheng et al., 2013). In the current study, a field experiment was conducted at Gatton in 2014 to 
calibrate an additional 56 newly released cultivars. The experiment included four treatments, namely (1) 
natural vernalisation and natural photoperiod, (2) natural vernalisation with extended photoperiod, (3) pre-
vernalisation and natural photoperiod, and (4) pre-vernalisation with extended photoperiod. These treatments 
were used to estimate the gene-effects of major VRN and PPD genes as described in Zheng et al. (2013).
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To better understand the spatial and temporal variability of frost events, 0.05°gridded weather datasets were 
used to calculate frost occurrence and frost impact on wheat production across the Australian wheatbelt from 
1957 to 2013. Yield impact was simulated at 60 key locations with representative management practices 
(Chenu et al. 2013)using the APSIM-Wheat model with a newly-developed frost module.

Results and Discussions
Prediction of wheat heading time using a gene-based model
Simulations for an independent set of data closely reflected observations of heading times, for trials spread 
across the Australian wheatbelt from 1985 to 2014 (Fig. 1; RMSE = 5.95 d, N = 811 for 56 new genotypes 
RMSE = 4.76 d, N = 5792 for genotypes in Zheng et al. 2013; RMSE = 4.92 d, N = 6603 for all 266 
genotypes). The results indicated that a single field experiment including extended photoperiod and pre-
vernalisation treatments can be used to calibrate new cultivars and allow accurate prediction of heading time 
across all Australian environments using our gene-based model. This model was used to assess the impact of 
post-heading frosts across Australia.

Fig. 1 Comparison between observed and simulated heading times for (a) 210 cultivars as published by Zheng et 
al. (2013), (b) 56 newly parameterized genotypes evaluated for an independent dataset (validation) comprising 
trials from 1985 to 2014 across the Australian wheatbelt. Heading time is expressed in days after sowing (DAS).

Frost limits achievable yield in a large part of the Australian wheatbelt
During the past six decades, a significant increased number of frost events (P < 0.1) has been recorded for 
several areas in the Australian wheatbelt (Fig. 2b; Zheng et al., 2015)). For instance, up to an extra 0.5 frost 
day per year has been recorded on average in higher altitude areas. While most of the western and southern 
parts of the wheatbelt have seen a slight increase in the number of frost days, decreases in frost occurrence 
were observed across almost half of the eastern part of the wheatbelt. Significant delay in last frost days 
(P < 0.1) were also recorded particularly in the south, south-eastern and western parts of the wheatbelt, with 
shifts up to 1.4 days later per year occurring in the South and West (Fig. 2c). A significant yield decrease was 
simulated in about a third of the wheatbelt due to more frost days and/or a delay in the occurrence of the last 
frost day (Fig. 2d).
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Fig. 2 Temporal trends in (a) season minimum temperature (average from May to October),  
(b) number of frost days (annually), (c) timing of the last frost day and (d) yield for the mid-maturity cultivar Janz 
sown at 18-May. Data from 1957 to 2013 across the Australian wheatbelt. Figure adapted from Zheng et al. (2015).

Potential benefits of developing frost-tolerant genotypes 
The level of frost tolerance required to achieve greater yield was examined in silico for frost tolerance 
from 0°C to -5°C (ideotypes). Most potential benefits occurred by decreasing the frost damage threshold 
temperature from 0°C to just -1°C in the West, and from 0°C to -3 or -4°C in the East and South-East. Extra 
yield improvement may be gained in the East and South-East with the opportunity to exploit earlier sowing 
times, i.e. exploit longer growing seasons with less terminal drought (‘Direct plus indirect impact’ of frost, 
Fig. 3). Yield advantages of up to 1 t ha-1 extra yield were predicted in parts of the East and the West (Fig. 3).

Fig. 3 Simulated yield advantage of mid-maturing cultivars when increasing the frost tolerance to  
-1 oC (top maps (a-b); “FT1 – Ctrl”) or to a total tolerance (bottom maps (c-d); “FTtot – Ctrl”). To assess the “direct 
impact” of frost (a and c, left), simulations were performed at the optimum sowing date for the current frost 
damage threshold (0 oC, i.e. ‘control’), and at the optimum sowing date specific to each frost-tolerance level to assess 
additional gains that are allowed by opportunities of earlier sowing (“direct plus indirect impact” of frost; b and d, 
right). Simulations were done for 1957-2013 at 60 locations. Figure adapted from Zheng et al. (2015).

Small changes in frost tolerance could greatly improve national yield 
Improving frost tolerance from 0°C (Control) to -1°C (FT1) increased the estimated national yield of a mid-
maturing cultivar by about 7% when considering direct impacts (frost damage), and by about 10% when 
considering, in addition, indirect impacts (with earlier sowing to optimise yield potential). Further yield 
advantages were simulated by increasing frost tolerance level to -2°C (FT2) and -3°C (FT3). A similar trend in 
yield gains was estimated for all the tested genotypes regardless of their maturity type. Frost immunity (total 
frost tolerance) increased the average simulated yield of early, mid and late-maturing cultivars by as much as 
9.8%, 10.8% and 10.7% for direct impact alone.  When both direct and indirect impact were included, yield 
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increases were even greater at 19.6%, 21.1% and 18.2%, respectively (Fig. 4).

Fig. 4 Simulated yield increase due to (i) direct frost damage or (ii) direct damage plus the opportunity benefits of 
early sowing for the four major cropping regions of Australia and for national production. Simulations for early-, 
mid- or late-maturing cultivars performed for the optimum sowing dates as detailed in Fig. 3.

Conclusion
While counter-intuitive, global warming may actually increase the risk of frost by accelerating wheat 
phenology, with heading time occurring earlier, during the frost-prone period. To reduce frost risks, a 
gene-based model is now available to adjust farmer management for newly released cultivars. From the 
simulations performed with this model, it appears that breeding for improved tolerance to post-heading frost 
could allow ~20% yield increase in Australia (Fig. 4), as direct frost damage could be reduced and as crops 
could be sown earlier to reduce risks of late-season drought and/or heat stress. 
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