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HIGHLIGHTS

e Long-term wheat simulations under best
management in Australia reveal thermal
stress.

o Yield declines persist despite alignment
with optimal flowering period.

o Frost events exceeded heat events be-
tween booting and early grain filling.

e Frost events were consistent with dew
condensation preceding freezing.

e Reducing frost sensitivity by 1-2 °C
could boost yield by up to 13% in
adverse years.

ARTICLE INFO

Editor: T SCHUT

Keywords:

Wheat

Temperature
Water-limited yield
Yield potential

Heat

Frost

Optimal flowering period

* Corresponding author.

GRAPHICAL ABSTRACT

Findings

+ Combined frost + heat caused the greatestyield (osses.

Minimum Temperature < 2'C & Dew Point < 0°C

B g

sucays poryeorborweenzer-27s [ENENND
Som

with RH87% 5t oo i

Methods T gy

+ APSIM Next Generation across 83 Australian locations

+ 19702024 weather records and representative soils
anning the maturityrange:

& optimal flowering period

O, (350 ppm)

55 affects on yield -

scenarios tested

ABSTRACT

CONTEXT: Wheat production in Australia remains vulnerable to climate variability, particularly to drought, late
spring frost, and early heat during reproductive stages. Understanding how temperature extremes affect yield
trends under best practice management is critical for improving production under changing conditions.
OBJECTIVE: To assess long-term changes in frost and heat exposure, quantify their impact on wheat yield trends,
and evaluate the effectiveness of current adaptation strategies, including reduced frost sensitivity.

METHODS: APSIM Next Generation simulations were conducted across 83 locations using long-term weather
records (1970-2024) and genotypic variation in phenology and the optimal flowering period (OFP) methodol-
ogy. Simulations were run under best management conditions, with non-limiting nitrogen supply and CO- fixed
at 350 ppm to isolate temperature-driven effects. Analyses focused on shifts in the timing of last frost and first
heat, trends in yield potential and water-limited yield, characteristics of frost events and scenario analysis
modifying frost damage thresholds in an empirical function.

RESULTS AND CONCLUSIONS

Shifts towards later frost and earlier first heat increased the likelihood of thermal stress during the OFP. Yield
potential and water-limited yield declined over time across regions, even when flowering occurred within the
OFP, indicating that exposure to interacting climatic stresses persists despite phenological optimisation. Frost
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events were more frequent than heat events between booting and early grain filling, with up to 9.5 frost days
recorded in the worst 10% of seasons. Most frost events occurred under high humidity and dew point temper-
atures below 0 °C, consistent with dew condensation preceding freezing. Scenario analyses showed that
empirically reducing frost sensitivity by 1-2 °C increased yields by 7.3% and 13.4% respectively in adverse
seasons, with minimal impact on OFP timing. This suggests yield gains under best management arise primarily
from reduced crop sensitivity, with additional benefit from improved alignment between critical reproductive
stages and reduced exposure to drought and heat.

SIGNIFICANCE: Model simulations demonstrate that climate variability is increasing spring frost risk in
Australian wheat farming systems, exposing the limits of adaptation strategies based solely on phenological
optimisation and highlight opportunities to enhance wheat resilience through agronomic innovation, targeted
breeding, and improved modelling, supported by better understanding of frost type, canopy-level microclimate,
and ice nucleation processes. Together, they show that improving wheat system resilience will depend not only
on when crops flower, but on reducing how vulnerable they are to frost during critical reproductive stages.

1. Introduction

Numerous global and regional impact modelling studies have
demonstrated that drought and high temperature, both historically and
in future climate scenarios, are strongly associated with declines in
ecosystem performance and crop yields. These studies utilise a range of
methodologies. For example, using gridded climate data, Lobell and
Field (2007) found that growing season temperature and precipitation
explained ca. 30% of year-to-year variation in a range of crops. Lesk
et al. (2016), using a statistical model, concluded that between 1964
and 2007, extreme drought and heat events led to a 9-10% drop in
global cereal production. A crop multi-model ensemble study by Asseng
et al. (2015), projected wheat yield losses of 6% oc! temperature in-
crease across diverse locations. In Eastern Africa, Adhikari et al. (2015)
identified wheat as the most vulnerable crop under future climate sce-
narios, with current yields projected to decline by 48% by 2050. Using a
more empirical method, the yield gap methodology, Gerber et al. (2024)
warn about yield stagnation in wheat.

Beyond general temperature effects, experiments have demonstrated
that specific thermal dynamics, such as night time warming, an
expression of temperature asymmetric change, can significantly impact
crop performance. Garcia et al. (2015) reported a 7% yield loss per °C
increase in nighttime temperature during critical stages of wheat and
barley development. Spring frost, though often overlooked in climate
impact assessments and more difficult to manipulate experimentally,
also poses a significant threat to crop production and natural vegetation.
Zohner et al. (2020), in a global study of temperate and boreal trees,
found that late spring frost risk decreased in North America but
increased in Europe and Asia between 1959 and 2017. In Australia,
where spring frost coincides with the sensitive reproductive period of
wheat, Zheng et al. (2015) documented an increase in frost events, a
delay of the last frost and a significant increase in frost impact on wheat
yields in certain areas of the cropping belt between 1957 and 2013.
Crimp et al. (2016) further reported a lengthening of the frost season in
southern Australia between 1986 and 2014, due to delayed last frost.
More recent studies, also alert to the damage caused by spring frost in
winter wheat in South Korea (Kim et al., 2025) and China (Zhao et al.,
2024).

These insights highlight the complexity of thermal stress and its
ongoing impact on crop productivity. While farmers, agronomists, and
plant breeders have implemented a range of adaptation strategies,
variation in yield and risk remains. The critical question is: what chal-
lenges persist in managing water stress and extreme temperatures once
these adaptations are in place? This study addresses that question in the
context of Australian wheat production, with a particular focus on
spring frost during the reproductive stage, a persistent and multifaceted
stressor that continues to affect yield stability despite adaptation efforts.

Australia's climate has warmed by 1.51 + 0.23 °C since national
records began in 1910. Since the 1970s, these changes have coincided

with a decline in cropping season rainfall (April-October), 16% in the
southwest and 9% in the southeast, with the southwest experiencing a
20% reduction in May-July rainfall, traditionally key planting rainfall
opportunities (State of the Climate 2024: Bureau of Meteorology). While
gradual warming within the optimal temperature range primarily shifts
phenological patterns, extreme events cause irreversible damage (Sadras
and Dreccer, 2015). One consequence of the former is the acceleration of
development in traditional cultivars sown in autumn in the Southern
hemisphere, increasing the risk of cold damage during spring, coinciding
with reproductive stages (Zheng et al., 2012).

Within the constraints of restricted water availability, farmers try to
minimise yield loss by choosing planting dates and cultivar combina-
tions that lead to flowering within a window with minimal impact of
both water stress and extreme temperature in the long-term, known as
the Optimal Flowering Window (OFP) (Flohr et al., 2017; Lilley et al.,
2019). Adaptation strategies such as cultivar selection and sowing
date adjustment can significantly buffer yield losses under elevated
temperatures (Challinor et al., 2014). However, Hochman et al. (2017)
reported stagnation in simulated water-limited wheat yields in Australia
between 1990 and 2015, attributing this to warming-induced accelera-
tion of crop development. Their study did not account for extreme
temperature impacts but noted that on-farm yield losses were partially
offset by technological advances. For instance, wheat breeders have
contributed to a positive GXxExM adaptation in the Australian farming
system by releasing cultivars with stronger vernalisation requirements,
enabling earlier sowing under autumn rainfall, avoiding now uncertain
traditional planting rainfall opportunities and stabilising flowering time
(Hunt et al., 2019; Zheng et al., 2016).

This study investigates the challenges of wheat production in
Australia under best management practices, with a particular focus on
frost during the reproductive stage. Using long-term weather records
(1970-2024), genotypic variation in phenology across representative
locations, and the APSIM Next Generation (NG) simulation model, the
analysis addresses five key questions regarding climate-crop in-
teractions. These include shifts in the timing of last frost and first heat
days over time and their influence on the optimal flowering period
(OFP); temporal variation in yield potential and water-limited yield
across cultivars of differing maturity types when sown to flower within
the OFP; and the extent to which frost and heat stress, individually and
in combination, constrain water-limited yield under best-practice
agronomy. The study also quantifies the frequency and meteorological
conditions associated with damaging frost events during the sensitive
reproductive phase and evaluates the potential yield benefits of reducing
crop sensitivity to frost through genetic or agronomic interventions,
particularly in years with extreme climatic conditions.

By addressing these issues, the study aims to clarify the limits of
current adaptation strategies and identify opportunities to enhance
resilience in wheat production under increasing climate variability.
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2. Methods
2.1. Crop model, weather, soils and cultivars

Wheat phenology, growth, yield, water balance, and responses to
frost and heat stress were simulated using the APSIM NG (version
2025.05.7755.0) (Holzworth et al., 2018) in 83 locations around the
cropping belt, 77 reported by Lilley et al. (2019) and 6 by Chenu et al.
(2013) (Supplementary Fig. 1, Supplementary Table 1). Yield was
simulated as yield potential (genetics, radiation and temperature
limited) and water limited yield. The APSIM NG model has been
extensively validated for wheat across phenology, leaf area index,
biomass and yield for a wide range of genotypes, environments and
management (e.g. yield in Supplementary Fig. 2).

Weather data (1950-2024) were obtained from patched point
meteorological weather stations (Jeffrey et al., 2001). Screen tempera-
ture (2 m height) was used, noting that temperatures at canopy height
during frost events are typically 2-3 °C lower (Frederiks et al., 2012;
Marcellos and Single, 1975). Soil profiles were sourced from Lilley et al.
(2019) and Chenu et al. (2013), as stored in the APSOIL database
(Dalgliesh et al., 2012). Simulations began in 1950, with analyses
restricted to 1970 onwards to avoid residual effects from initial water
and nitrogen inputs. Simulations assumed best management, with no
nitrogen limitation, daily sowing between 15 April and 15 July, no
annual soil water reset, and a small irrigation (15 mm) to ensure
establishment. CO2 was fixed at 350 ppm (1990 levels) to ensure model
stability and comparability across years, isolating temperature-driven
risks under best management.

Seven spring cultivars spanning the maturity spectrum, from quick to
very slow, as per the boundary categories defined by Celestina et al.
(2023) were used in the simulations (Supplementary Table 2) (Wang
et al., 2025). These included Emu Rock (Quick), Mace (Quick-Mid),
LRPB Trojan (Mid), Strzelecki (Mid-Slow), Beaufort (Slow), EGA
Eaglehawk (Slow-Very Slow), and Sunlamb (Very Slow).

Frost and heat damage in APSIM NG were applied as daily post-
processing yield penalties based on screen minimum and maximum
temperatures, during crop-specific sensitive periods (Supplementary
Fig. 3). The empirical damage functions were grounded in understand-
ing of reproductive-stage sensitivity, yield loss increasing with stress
severity (Cheong et al., 2019; Dolferus et al., 2011; Dreccer et al., 2014;
Jagadish, 2020). Parameters were derived from multisite field datasets
using cross-validated global optimisation and independently evaluated,
resulting in crop-specific temperature thresholds and response functions
that improved out-of-sample yield predictions relative to the original
APSIM model. Losses accumulated multiplicatively, with final yield
scaled by remaining fractions after frost and heat penalties; imple-
mentation is accessible via the APSIM NG GUI and source code (Sup-
plementary Table 5).

2.2. Optimal flowering period (OFP)

For each location, the OFP was defined as the range of flowering
dates achieving at least 95% of the peak mean long-term yield, through a
combination of sowing date and cultivar selection, following Lilley et al.
(2019) and Hu et al. (2021) with modifications reflecting long-term
simulations (1970-2024) and explicit inclusion of frost and heat im-
pacts on yield. Daily simulated frost and heat limited yield potential and
water-limited yield were analysed across flowering dates. For each
sowing date, the yearly outputs were grouped, and the mean values of
yield and flowering dates per cultivar were calculated. At each site, the
OFP corresponds to any of the seven cultivars that achieved minimum
95% of the peak mean long-term yield. The mid-point (flowering date
with highest long-term mean yield) and span of the OFP were calculated,
and their temporal dynamics assessed using a 20-year moving window.
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Statistical significance of the linear trends in mid-point and span was
evaluated by a t-test (o = 0.1) accounting for temporal auto correlation
(Santer et al., 2000).

2.3. Frost and heat events

Temporal trends in last frost and first heat were analysed using daily
SILO gridded climate data (Jeffrey et al., 2001) (0.05° x 0.05°, ~5 km
resolution) for 1970-2024 following Zheng et al. (2015). Frost and heat
were defined as Tmin <0 °C and Tmax >34 °C, respectively. The last
frost day was defined as the 90th percentile of Tmin <0 °C, and the first
heat day was defined as the 30th percentile of Tmax >34 °C. Temporal
shifts in these dates assessed over 1970-2024. Across most of mainland
Australia, the 90th percentile of last frost occurred between July and
October, later in Tasmania. Trends were tested using a t-test (o« = 0.1)
accounting for temporal autocorrelation (Santer et al., 2000).

2.4. Dew point temperatures analysis

To support dew point temperature analysis during early morning
hours, when frost risk is high, relative humidity measurements taken at
dawn (5 am) from patched point meteorological stations (2 m height;
Jeffrey et al., 2001) were used. These measurements have been consis-
tently available only since 2015. Consistent data availability from 2015
onwards, combined with a > 90% coverage criterion, resulted in 29
reliable stations across the cropping belt (Supplementary Fig. 4).
Weather data were filtered to the frost sensitive period defined in the
yield reduction function (Supplementary Fig. 2), i.e. from flag leaf
sheath opening (Z47) to late milk (Z77) for 2015-2024. Dew point
temperature was calculated as:

_a +In E
byt 100
by
a—vy

Taew =

where T is minimum air temperature (°C), RH is the relative humidity
(%), a =17.62 and b = 243.12; y varies with T and RH (Alduchov and
Eskridge, 1996).

Leaf wetness was estimated following (Wichink Kruit et al., 2004), as
validated by Gama et al. (2022) and Sentelhas et al. (2008). Leaves were
considered wet when RH > 87%; for RH between 70 and 87%, wetness
depended on changes in RH (>3% increase in 30 min for wetting; > 2%
decrease for drying); leaves were assumed dry when RH < 70%.

2.5. Impact of decreasing frost sensitivity

Different levels of frost sensitivity were simulated by modifying the
empirically derived daily yield reduction function, lowering the tem-
perature at which damage can occur. The default function (damage
increasing below 1 °C) was compared with scenarios starting at 0, —1
and — 2 °C, while keeping the maximum damage threshold constant at
—4 °C (Supplementary Fig. 5). Simulations were re-analysed to deter-
mine (i) shifts in the OFP, (ii) relative yield gain and (iii) the number of
events during sensitive stages. Yield (Y) gain (G,) was calculated as:

Yo —Yp
— X

100
Yo

G, =

Where Y, and Yp, are water limited yield without frost stress and
water limited yield with frost stress as illustrated in Supplementary
Fig. 5 for the default and the three reduced frost sensitivity scenarios
(D_1=0°C,D_=-1°Cand D_3 = —2°C () with respect to the default
function (D = 1 °C) at a representative location.
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3. Results
3.1. Have dates of last frost and first heat changed?

The first heat day is occurring significantly earlier, by 0.5 d y! or
more, while the last frost day is occurring later, by 1 d y ! or more where
trends are significant, particularly in the southeast (Fig. 1(a) and 1(b)).
In locations with significant trends, the 90th percentile for last frost day
(Tmin <0 °C) occurred between mid-August and mid-October, indi-
cating that in 9 out of 10 years, frost events occur on or before these
dates (Fig. 1(c)). Conversely, the 30th percentile for first heat day (Tmax
>34 °C after July 1st) occurred from late September onwards, marking
the earliest onset of heat events in 3 out of 10 years (Fig. 1(d)). The
narrowing interval between these percentile thresholds suggests an

(a) Trend of last Frost day (day y—")
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increased probability of crops being exposed to either late frost and/or
early heat during sensitive phenological stages, thereby increasing the
risk of thermal stress and yield loss.

3.2. Have yield potential and water limited yield changed between 1970
and 2024?

In this study, both the yield potential and water limited potential
were simulated under best practice agronomy and met the criteria
defined for the optimal flowering period (OFP), i.e. with each variety
flowering at a date achieving at least 95% of the peak mean long-term
yield. Analyses were conducted across different maturity groups to
examine long-term yield outcomes using phenology as an integrative
framework through which warming, frost and heat timing, water

(b) Trend of first Heat (day y—")
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Fig. 1. Temporal trends in last frost (a) and first heat day (b) between 1970 and 2024. Last frost day is Tmin<O0 °C and first heat day is Tmax>34 °C after July 1st.
Date of last frost day (90th percentile) (c) and date of first heat date (30th percentile) (d). Coloured cells where the trend was significantly different from 0 (P < 0.1).

Light grey cells indicate areas with no frost or heat; dark grey cells indicate no change.
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limitation, and changes in OFP properties jointly influence productivity.

Yield potential, constrained only by temperature, radiation and
cultivar genetics declined across the cropping belt and among different
maturity groups between 1970 and 2024. On average, yield potential
declined by 15 kg ha™! yr™! for quick-maturing varieties and 19 kg ha™!
yr~! for slow-maturing varieties across all sites. When considering only
sites with significant trends (approximately 28 out of 83), the decline

(a) Yield Potential
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was around 11 kg ha™! yr! for quick and mid-maturity types, and 17 kg
ha~! yr~! for slow types (Fig. 2, Supplementary Table 3). While some
sites exhibited significant decline in yield potential for only one or two
maturity groups, others showed decline across all maturity groups. Sites
such as Birchip in Victoria, Tarlee in South Australia and Parkes in New
South Wales are among those that showed a decline in yield potential
across the different maturity groups.

(b) Water Limited Yield

| Emu Rock (Quick) |

| Emu Rock (Quick)

Mace (Quick-Mid) |

| Mace (Quick-Mid)

Strzelecki (Slow) |

| Strzelecki (Slow)

Yield (kg/hal/year) - _

40 0 40

Yield (kg/ha/year) - .

40 O 40

Fig. 2. Temporal trends in yield potential (a) and water limited yield (b) in 83 sites between 1970 and 2024 for a quick (Emu Rock), a quick-mid (Mace) and a slow
(Strzelecki) maturing variety. Grey circles indicate sites with no significant trend over time (P > 0.1), based on a t-test that accounts for temporal autocorrelation
(Santer et al., 2000). Coloured circles represent sites with significant trends, indicating the direction and magnitude of change, while size indicates magnitude (kg

ha™! year’l).
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Simulated water limited yield, constrained by temperature, water
availability, radiation and cultivar genetics, also showed a declining
trend. Across all sites, average declines were approximately 17 kg ha™!
yr~! for quick maturing and quick-mid maturing varieties, and 25 kg
ha~! yr! for slow maturing varieties. Among sites with significant de-
clines, water-limited yield potentials were 18, 15 and 22.5 kg ha—* yr*
for the quick, quick-mid, and slow varieties respectively, based on 54,
40, and 29 out of 83 sites (Fig. 2, Supplementary Table 4).

In comparison, quick varieties experienced smaller significant re-
ductions in water limited yield over time, in more locations, compared
to slow maturing varieties. The greatest losses were more frequently
observed in the southeast region of the cropping belt.

3.3. Trends in the optimal flowering period (OFP) under water limited
conditions

The optimal flowering period under water limited conditions was
estimated for each site, for the cultivar x sowing date combination
maximising yield in the long-term. Significant variation in the mid-point
was observed in 31 out of 83 locations, trending to later dates, and in 41
out of 83 sites for the span, contracting by up to 1 d y ! (Fig. 3).

3.4. What is the impact of frost and heat individually and in combination
on water limited yield under best practice?

To investigate the impact of frost and heat, individually or in com-
bination, on simulated water-limited yields, scenarios including frost
damage, heat stress, or both were compared to a baseline simulation that
accounted for water limitation only.

The reduction to the water limited yield due to frost was generally
greater than that due to heat alone (Fig. 4). In the 10% of years with
highest yield losses, frost-related water limited yield reduction ranged
from no change to more than 50% depending on location, with a median
of 16%, while heat-related reductions ranged from no change to ca.
30%, with a median of 6%. The combined effect of frost and heat caused
greater reductions in water-limited yield than either stress alone (Fig. 4
and Supplementary Table 5). This pattern was consistent across loca-
tions, particularly in years representing the worst 1 in 4 (25% worst) and
1 in 10 (10% worst) seasons for yield losses. These comparisons reflect
relative impacts under the applied empirical framework; they do not
imply complete biological separation of frost-only and heat-only effects.

3.5. Frost characteristics: number of events
In wheat crops sown to maximise yield by flowering in the OFP, the

number of frost events while the crop was sensitive according to the
model function for yield reduction due to frost, i.e. from Zadoks 47 to 78

Trend OFP mid-point (d/y)

. 1.0
05
0.0
0.5

o - 1.0
°
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(Supplementary Fig. 3), was greater than for heat (Fig. 5). During the
worst 10% of years, one location experienced up to 9.5 frost events in
this period. Across 83 sites, the average number of frost events was
approximately 4, and only 7 sites did not experience any frost (Fig. 5).

3.6. Frost characteristics: relative humidity and dew point temperature

Dew point temperature is a critical indicator of frost risk, as it de-
termines whether moisture condenses as dew or freezes on plant surfaces
or whether the plant surface is devoid of moisture during the freezing
event, directly influencing the likelihood of crop damage.

Dew point was calculated using measurements taken at the standard
weather station height of 2 m, where minimum temperature and relative
humidity are recorded, during the crop's sensitive period according to
the model function (Supplementary Fig. 3). Because the minimum
temperature at canopy height (0.7-0.9 m) is typically 2-3 °C lower than
at screen height (Marcellos and Single, 1975), a 2 °C offset was applied
to approximate canopy conditions, assuming this corresponds to ~0 °C.

To better characterize conditions associated to freezing events,
relative humidity was grouped into three categories: wet (>87%),
transitioning (70-87%), and dry (<70%), linked to leaf wetness (see
Materials and Methods). When minimum temperature fell below 2 °C,
the number of occurrences varied depending on dew point: 1919 events
per year were recorded when dew point was >0 °C, compared to 1241
when it was below 0 °C (Fig. 6). Events with dew point above 0 °C at
screen height occurred only under RH >87%, conditions that favour
liquid dew formation and may allow freezing at canopy level, although
this cannot be confirmed. By contrast, when dew point dropped below
0 °C at screen height (2 m), conditions were more conducive to ice
formation if canopy temperatures fell below freezing (Fig. 7). Among the
1241 records with minimum temperature below 2 °C and dew point
below 0 °C, 89% occurred under relative humidity >87%, while only
2.7% and 8.1% occurred under relative humidity <70% and 70-87%,
respectively. Within the high-humidity group, 98% of events corre-
sponded to frost (minimum temperature < 0 °C at screen height, and
likely even lower at canopy height). A summary of relative humidity and
temperature conditions per location in the lower-left quadrant of Fig. 7
is provided in Supplementary Fig. 6. As expected, relative humidity at
the time of frost showed no correlation with minimum temperature
(data not shown).

To assess the spatial patterns, daily weather records were filtered per
location by minimum temperature below 2 °C and dew point tempera-
ture below or above 0 °C (Fig. 7). As expected, when dew point tem-
perature was above 0 °C, all events occurred under relative humidity
above 87% (Fig. 7b). When dew point temperature was below 0 °C, sites
with relative humidity above 87% showed the highest frequency of
frost-conducive events, expressed either as a count or as a percentage of

Trend OFP span (d/y)

W,

Fig. 3. Temporal trends in the optimal flowering period mid-point (left) and span (right). At each site, the OFP corresponds to the flowering dates at which cultivars
achieved a minimum 95% of the peak mean long-term yield. Grey circles indicate sites with no significant trend over time (P > 0.1), based on a t-test that accounts for
temporal autocorrelation (Santer et al., 2000). Coloured circles represent sites with significant trends, indicating the direction and magnitude of change, while size

indicates magnitude (d y ).
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Fig. 4. Yield reduction due to the impact of frost (top row), heat (bottom row) and frost and heat (centre row) on water limited yield in the best performing cultivars
per site. The left panel represents the 25% worst years, and the right panel represents 10% worst years for yield reduction between 1970 and 2024.

total events per location (Fig. 7a, Supplementary Fig. 6).

3.7. Impact of decreasing crop sensitivity to frost, particularly in worst-
case scenario years

To investigate the potential gains based on management or genetic
interventions, the threshold temperature (screen height) where frost
damage starts in the APSIM NG damage function was reduced from 1 °C
(D, default) to 0 °C(D_1), —1 °C (D_3) and — 2 °C (D_3) (Supplementary
Fig. 7). Therefore, the slope of sensitivity to frost damage increased from
D_; to D_3. The temperature at which maximum damage will occur was
not changed, as it would be less likely to design an intervention that can
prevent damage in this range.

Decreasing the sensitivity to minimum temperature shifted the
midpoint of the OFP progressively more from D_; to D_s. The OFP
occurred on average 6 days earlier in D_; (range: 1 to 27 days, 48 sites),
14 days earlier in D_; (range: 1 to 29 days, 62 sites) and 16 days earlier
in D_3 (range: 1 to 33 days, 65 sites) (Fig. 8). Interestingly, earlier OFP
was not only observed for sites in the southeast but also in the west, with

even bigger shifts depending on the sensitivity scenario.

In the 10% worst years, yield gains would be on average 7.3% (range:
0.1 to 21.3%), 13.4% (range: 0.1 to 35.2%) and 17.2% (range: 0.1 to
45.2%) by D_1, D_5 and D_3 respectively in ca. 93% of locations, due to
crops facing a lower number of events during the sensitive period
compared to the default function (Fig. 9).

4. Discussion
4.1. Yield potential and water limited yield

Despite optimisation of flowering time and removal of nutrient
constraints, long-term simulations revealed declining trends in both
yield potential and water-limited yield across large parts of the
Australian cropping belt. The direction of these declines is consistent
with earlier modelling and observational studies, although their
magnitude varies with cultivar choice, sowing rules, fertilisation stra-
tegies, representation of CO: responses, and the source and period of
climate data (Hochman et al., 2017; Lawes et al., 2025). Extending the
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Fig. 5. Number of frost and heat days while the crop is sensitive according to
the model function (Supplementary Fig. 2). The left panel represents the 25%
worst years, and the right one represents the 10% worst years for yield
reduction between 1970 and 2024.

analysis back to 1970 and applying the optimal flowering period (OFP)
framework highlights the cumulative effect of climate variability under
best-practice systems.

Within this context, cultivar phenology should not be interpreted as
the primary causal driver of yield decline, but rather as an integrative
axis through which interacting stresses operate. In Australian rainfed
systems, phenology has been central to adaptation, underpinning man-
agement strategies such as modified vernalisation requirements com-
bined with earlier and deeper sowing to stabilise flowering time under
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shifting rainfall patterns (Flohr et al., 2017; Rebetzke et al., 2007; Hunt
et al., 2019), as well as alternative approaches such as winter sowing of
summer cereals to avoid heat and drought during reproduction
(Rodriguez et al., 2024). While these strategies have been effective in
buffering some climate impacts, the present results show that yield
losses persist even when crops flower within the OFP. Taken together,
these results suggest that, despite substantial breeding and agronomic
innovation under increasing climatic variability, the benefits of
phenology-based adaptation under best management have occurred
against a backdrop of declining yield potential and water-limited yield,
and are increasingly offset by persistent constraints and continued
exposure to damaging reproductive-stage temperature stress, reinforced
by delays in the timing of the last spring frost (Crimp et al., 2016; Li
et al., 2015).

4.2. Impact of frost and heat stress on water limited yield

Even under best management, thermal extremes continued to
constrain water-limited yield. Frost was the dominant stressor, causing
larger losses than heat, especially in severe seasons, and the combined
effect of frost and heat was greater than either stress alone. This likely
reflects differences in timing and expression: frost is occurring more
frequently and later in spring (Crimp et al., 2016; Li et al., 2015; Zheng
et al., 2015), coinciding with critical stages such as pollen meiosis and
anthesis (Cheong et al., 2019), when grain number is determined
(Fischer, 1985). By contrast, heat more often acts through gradual
warming that accelerates development and alters resource capture
(Garcia et al., 2015; Subedi et al., 2025). Severe heat events are more
sporadic and tend to occur later in autumn-sown spring crops (Dreccer
et al., 2018), mainly affecting grain filling and composition
(Martinez-Subira et al., 2021; Stone and Nicolas, 1995). Although
early-season heat shock events can potentially cause significant damage
(Jagadish, 2020), they remain relatively uncommon. The lower relative
impact of heat observed here likely also reflects the role of the OFP
framework, which reduces long-term exposure to severe water and heat
stress by association, whereas frost is harder to avoid and can continue
to reduce yield beyond flowering (Perry et al., 2017).

Dew Point (°C)

T T T

T
10 15 20 25

Minimum Temperature (°C)

Relative Humidity (%)

<70% © 70-87% © >87%

Fig. 6. Relationship between dew point temperature and minimum temperature at 29 sites, includes all events during the sensitive period between 2015 and 2024.
Data have been separated into three relative humidity ranges, details in Methods. Note: Multiple data points overlap and may appear as a single point.
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Fig. 7. Relative Humidity Group Count (left column) refers to the average number of days per year during the sensitive period in the model function (Zadoks 47-78)
that met the specified temperature and dew point criteria. Relative Humidity Group (%) (right column) is the proportion of those days relative to the total number of
days meeting the temperature condition across all humidity categories at each location. Panel (a) Tmin<2 °C and dew point <0 °C. Panel (b) Tmin <2 °C and dew
point >0 °C. Event panels are grouped by relative humidity category (see Methods). Grey points are locations with no events registered for the category under study.

The relative importance of frost, heat, and their combined effects
should, however, be interpreted in light of how thermal stress was
represented in the model. The frost and heat damage functions used here
provide a pragmatic large-scale representation of thermal stress through
empirical daily yield penalties based on temperature thresholds and
crop sensitivity. Although not mechanistic, they are grounded in current
physiological understanding of sensitive stages and supported by field-
based evidence, enabling consistent comparison of interacting stresses
across environments and long-time series. These outcomes, however,
remain contingent on interacting climatic conditions and stage-specific
damage processes that are not explicitly resolved at the process level
in the functions. By contrast, controlled-environment studies often rely
on fixed conditions and synchronised phenology, which can limit the
robustness and transferability of derived parameters to field conditions
characterised by fluctuating temperatures, variable humidity, and
phenological asynchrony (Xiao et al., 2022).

Future advances will require more mechanistic representations of
frost and heat damage including processes governing grain number and
grain filling (Barlow et al., 2015; Richetti et al., 2025), as well as
resolving canopy energy balance and organ-level temperature dynamics
(Webber et al., 2017). Capturing the effects of temperature variability,
exposure duration, and damage processes will likely require higher

temporal resolution data alongside improved representation of spatial
variability such as topography and wind exposure (Gobbett et al., 2021;
Guo et al., 2024; Rapacz et al., 2022). In this context, the use of location-
specific weather data in this study reduces uncertainty associated with
spatial averaging and highlights the vulnerability of the southeast
cropping belt to combined frost and heat stress under best-practice
management.

4.3. Frost characteristics during the sensitive period: mechanisms and
modelling implications

Frost damage in wheat depends not only on threshold temperature
but also on the timing of sensitive stages and the atmospheric conditions
governing freezing. Consistent with radiative frost, most damaging
events during sensitive stages were associated with high humidity and
low dew point conditions (0 to —5 °C) frost (Roman-Figueroa et al.,
2021). Current modelling and monitoring approaches, however, rely
largely on screen-height temperatures and lack canopy-level microcli-
mate information, limiting their ability to capture the conditions under
which damage actually occurs. Distinguishing between frost types, such
as dew-associated freezing, depositional frost and internal freezing,
therefore provides a more process-relevant basis for improving both risk
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Fig. 8. Change in the OFP midpoint (days) towards earlier calendar days when
the sensitivity to frost starts at 0 °C (D_;), —1 °C (D_») and — 2 °C (D_3) with
respect to the default function (1 °C). In the scale, O represents no change.

assessment and management.

Dew point temperature is central to the interpretation of frost risk
because it determines whether moisture condenses or freezes on plant
surfaces, directly influencing the likelihood of crop damage. Dew point
was calculated using measurements taken at the standard weather-
station height (2 m), noting that minimum temperature at canopy
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height is typically 2-3 °C lower than at screen height (Marcellos and
Single, 1975). This vertical temperature gradient implies that freezing
conditions at the canopy can occur even when screen temperatures
remain above nominal damage thresholds.

The pathway to frost damage depends strongly on the presence of
water and ice nucleation processes. The occurrence of external nuclea-
tors, together with moisture such as dew during a frost event, reduces
the ability of herbaceous plants to supercool (Wisniewski et al., 2009).
Experimental evidence showed that dry wheat spikes can supercool
down to —15 °C, whereas wet spikes (when water combined with ice
nucleating bacteria) nucleate at considerably warmer temperatures
(average at —4.5 °C) (Fuller et al., 2007). In the field, wheat at the post-
spike emergence stage can be damaged at approximately —3.5 °C to
—4.5 °C, and wax removal has been shown to increase susceptibility
under high-humidity freezing, highlighting the importance of barriers to
external nucleation (Single and Marcellos, 1974). Freezing may also
initiate internally, with older tissues freezing before younger ones,
which may retain greater supercooling capacity due to differences in
composition and microbial load (Livingston et al., 2016, 2018, 2021).
Taken together, these observations show that frost damage cannot be
attributed to a single mechanism, reinforcing the need to resolve frost
type and canopy conditions in field environments.

4.4. Impact of decreasing frost sensitivity

Within this environmental context, simulation results highlight crop
sensitivity as a key lever for adaptation under conditions where
phenological adjustment alone is insufficient. A modest reduction in
frost sensitivity (1-2 °C) produced substantial yield gains in adverse
seasons across most locations and was associated with a shift of the
optimal flowering period (OFP) towards earlier dates. It is likely that
yield gains arise primarily from reduced crop sensitivity, with additional
benefit from improved alignment between critical reproductive stages
and reduced exposure to drought and heat, thereby avoiding the trade-
offs typically associated with strategies that delay flowering to escape
frost.

From a breeding perspective, progress in reducing frost sensitivity
has been limited. Gusta and Wisniewski (2013) attribute this to under-
recognition of the diversity of dominant frost types and ice nucleation
sources, difficulties in scaling traits from molecular or cellular levels to
canopy level, and the limited transferability of controlled environment
results to field conditions. Evidence in wheat indicates limited capacity
for cold acclimation during reproductive stages, suggesting that plants
may rely primarily on avoidance mechanisms rather than acquired
tolerance (Fuller et al., 2007). Accordingly, avoidance traits such as
waxiness, supercooling capacity, erect leaves and ice compartmentali-
sation can reduce ice formation and help avoid intracellular freezing,
while tolerance traits such as membrane stability, osmotic adjustment,
and accumulation of compatible solutes may mitigate damage once
freezing occurs (Gusta and Wisniewski, 2013; Rahman et al., 2021;
Wisniewski et al., 2009).

Agronomic strategies remain an essential part of the solution to
managing frost risk. Landscape position, exposure, and soil properties
influence frost occurrence and severity (Boer et al., 1993; Gobbett et al.,
2021) and while phenology-based strategies can reduce risk, they do not
eliminate it (Zheng et al., 2016). Management options such as soil
modification by delving have shown promise by increasing soil and
canopy temperatures but are costly, and effectiveness is limited to sandy
topsoils (Rebbeck et al., 2007), while high residue loads in conservation
systems may exacerbate frost damage by lowering soil temperatures
(Flower et al., 2022). Varietal mixtures offer potential for buffering
stress impacts through asynchronous responses (Fletcher et al., 2016;
Stefan et al., 2024, 2025), though trait-level understanding of plasticity
within a mixture under frost remains unexplored. In-season manage-
ment options are currently limited but include growth regulators,
grazing, and apical pruning to stagger flowering (Porker et al., 2022).
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Fig. 9. Relative yield gain (%) (left column) and change in the number of frost events (days) (right column) (negative numbers mean fewer events) in the 10% worst
years for yield loss, when the sensitivity to frost starts at 0 °C (D_;), —1 °C (D_») and — 2 °C (D_3) with respect to the default function (D = 1 °C).

Chemical approaches targeting biological ice nucleators (e.g. Pseudo-
monas syringae) have shown inconsistent efficacy in the field, and
commercial products claiming to enhance freezing tolerance lack robust
validation (Roman-Figueroa et al., 2021). Overall, these findings rein-
force that reducing frost losses will depend on resolving frost type
(Kirchhof et al., 2025) and canopy microclimate, while incorporating
reductions in crop sensitivity via agronomic and genetic strategies to
better align crop responses with the environments that drive damage.

5. Conclusions

Spring frost continues to impose a persistent constraint on wheat
yield stability under best management. Climate variability is extending
and intensifying the frost risk window, reducing the effectiveness of
adaptation strategies that rely primarily on cultivar choice and sowing
date. Even when crops flowered within the optimal flowering period,
both yield potential and water-limited yield declined over time, and
frost imposed larger yield penalties than heat in severe seasons. Further

11

progress in adaptation and modelling remains limited by incomplete
characterisation of frost types and damage pathways, insufficient rep-
resentation of frost processes in crop models, and the reduced reliability
of phenological escape as a stand-alone risk management strategy.
Simulation scenarios further indicate that modest reductions in crop
frost sensitivity (=1-2 °C), within the bounds of the empirical functions
tested, can substantially reduce yield losses in high-risk seasons, while
inducing only small shifts towards earlier optimal flowering. This sug-
gests that yield benefits arise primarily from reduced crop sensitivity
during critical reproductive stages, with additional potential benefits
from improved alignment between grain number formation, seasonal
water availability, and atmospheric demand, while avoiding the trade-
offs typically associated with strategies that delay flowering to escape
frost. More broadly, these results indicate that targeting reduced frost
sensitivity provides a complementary adaptation pathway to improve
the resilience of wheat systems without increasing exposure to terminal
drought or heat under increasingly variable climatic conditions.
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