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Frost trends and impact on yield in the Australian wheatbelt | 3615

Fig. 2. Maps of the average annual number of frost days over the 57 years from 1957 to 2013 (a d) and the temporal trend of number of frost days

(e h) for minimum temperature (T ) thresholds of 0 C (a and e),

1 C(bandf, 2 C(candg),and 3 C(dand h)across the Australian wheatbelt.

The grey shading in (a d) indicates frost-free regions where frost at the speci ed temperature threshold occurred in <10% of years and in (e h) regions
where trends in number of frost days were not signi cant (P>0.1) or for which there were <10% years with frost.

Janz grown in the East or in the middle part of the West, a
high risk of 10% yield reduction was simulated for plantings
in early to mid-May (Fig. 4e, ). Low risks of yield reduction
only occurred for most parts of the wheatbelt when sowing
was delayed until early to mid-June (Fig. 4g, h). Overall, the
lowest average crop losses were simulated for the northern
parts of the West region, close to the Great Australian Bight
in the South and West regions, coastal areas of the South,
and in the most northern part of the East region.

As anticipated, cultivars that ower early were even
more prone to frost than mid-maturity lines when sown in
early May (Supplementary Fig. S4 at JXB online). In some
frost-prone areas, sowing later than mid-June was required
to reduce the average yield loss to <10% for early cultivars
(Supplementary Fig. S4d). Later sowing and longer season
cultivars led to lower yield reduction (Fig. 4; Supplementary
Figs S3 S5), as crops escape the main mid-winter frost-risk
period. Even with late cultivars such as Sunbri, the average
yield reduction remained high for early May sowings for
many areas (Supplementary Fig. S5a). Low risks of yield
reduction were achieved by Sunbri from mid-May onwards
(Supplementary Fig. S5b d).

Trends over time revealed that simulated yield did not
vary signi cantly (P>0.1) since 1957 in half or more of the
wheatbelt (Fig. 4), regardless of the maturity class (Fig. 4;
Supplementary Figs S4, S5 at JXB online). Signi cant yield
increases up to 0.8% of yield per year were simulated in small
parts of the Australian wheatbelt where fewer frost events
occurred in recent years, such as the most northern part of
the East and a small part of the central West, especially for
earlier sowings (P<0.1, Figs 2e, 4i 1). In contrast, greater frost
damage of as much as 1.5% of yield per year (i.e. 85% since
1957) was simulated in parts of the wheatbelt such as in the
South-East and West, especially for earlier sowings (P<0.1;
Fig. 4i 1). Overall, simulations suggest that a larger cropping
area has been affected by greater yield loss over the last six dec-
ades (Fig. 4i I; Supplementary Figs S4i |, S5i ) due to more
frost days (Fig. 2e) and/or a delay in last frost day (Fig. 3e).

Potential bene ts of frost-tolerant genotypes differ
between the East and West

Currently, reducing frost impact on wheat yield in frost-prone
regions of Australia is done by adapting the sowing time to
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Fig. 3. Maps of the last frost day of the year (90th percentile; a d) and the temporal trend of last frost day (e h) for minimum temperature (T )
thresholds of 0 C(aande), 1 C(bandf), 2 C(cande),and 3 C (dand h)across the Australian wheatbelt. The grey shading in (a d) indicates
frost-free regions where frost events at the speci ed temperature threshold occurred in <10% of years, and in (e h) regions where trends in last frost
days were not signi cant (P>0.1) or for which there were <10% years with frost. Data correspond to the last frost day over 57 years (1957 2013).

ensure that heading occurs after the last frost day. However,
later sowing increases the risk of terminal drought and heat
stress during grain lling, and thus reduces yield potential.
Sowing windows are thus typically determined for each vari-
ety to limit abiotic risks such as frost, heat, and drought (e.g.
Supplementary Fig. S6 at JXB onling).

A highly sought alternative to reduce frost impact would
be to develop varieties with increased levels of frost toler-
ance. Unfortunately, no useful improved post-heading frost
tolerance has yet been discovered at least in part due to the
practical dif culties in phenotyping large numbers of geno-
types (Fredericks et al., 2012). With current cultivars con-
sidered sensitive to T,;,<0 C, simulated average yields for
the period from 1957 to 2013 ranged from 0.3 t ha ! to 4.1
t ha ! for sowing times related to the best long-term mean
yield (Fig. 5; Supplementary Figs S7, S8 at JXB online). By
totally removing the sensitivity of a genotype (FT:) but
retaining the same current sowing times ( direct impact ), an
average yield increase of 0.27, 0.21, 0.07, and 0.24 t ha * was
simulated in the East, South-East, South, and West areas,
respectively (Fig. 5a). An extra yield advantages of 0.52,
0.08, 0.06, and 0.11 t ha * was simulated on average in the

East, South-East, South, and West areas, respectively, when
adapting the sowing times ( direct plus indirect impact ;
Fig. 5b). These results highlight a strong interaction between
genotype (frost tolerance) and management (sowing times),
especially for the East (Fig. 5), indicating that gains due to
the ability to advance sowing dates in the East are likely to be
greater than the advantage from reduced frost damage per se.
The level of yield increase resulting from reduced frost sen-
sitivities varied across the wheatbelt (Fig. 6). In the West, most
of the potential simulated bene ts were gained by reducing the
frost damage threshold from0 Ctojust 1 Cwith nochangein
management. In contrast, in the East and South-East, yield was
substantially further improved by the frost tolerance to 3 C
or 4 C, and extra yield improvement arose from the opportu-
nity to exploit earlier sowing times and longer growing seasons
(direct plus indirect impact ; Fig. 6). The greatest region-wide
average yield impact was simulated in the East (0.79 t ha !, repre-
senting a 38% increase) for frost tolerance to 4 C and adjusted
sowing date (Fig. 5b). Locally, even greater yield advantages
were predicted for parts of the East and the West, with up to
1t ha ! yield increase (Fig. 6). Similar trends were observed for
early- and late-maturing cultivars (Supplementary Figs S7 10).
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