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Abstract: Rising air temperature and change in rainfall patterns are expected to have impact on
agricultural production. The impact of climate change on wheat production was investigated
and agronomic adaptation strategies were evaluated for two emission scenarios of Representative
Concentration Pathway (RCP4.5 and RCP8.5) and three projection periods (2030, 2050 and 2070)
using a climate model ensemble in the bio-physical model Agricultural Process SIMulator (APSIM).
Early and late maturing wheat varieties were tested under six sowing time scenarios. Under RCP4.5,
growing season rainfall would decrease by 9%, 15% and 19% in 2030, 2050 and 2070, respectively,
and temperature would increase by 0.7 ◦C, 1.2 ◦C and 1.4 ◦C, respectively. For RCP4.5, the wheat
yield would decrease by 9%, 15% and 19% in 2030, 2050 and 2070, respectively. Under RCP8.5, the
yield would decrease by 9%, 18% and 27%, respectively. Short-season cultivars would be suitable for
the low-rainfall environments and long-season cultivars for the high-rainfall environments. In 2050,
for RCP4.5 at a low-rainfall site, the yield of early maturing variety would decrease by 11% and 31%,
while at a high-rainfall site, these values would show a 9% decrease and 1% increase, respectively.
At the low rainfall site, yield reduction for early sown variety would be 14% and 23% when late
sown, while late maturing wheat would have a much higher yield reduction. At the higher rainfall
site, yield reduction for early and late sown early maturing variety would be 3% and 15%, while
for late-maturing wheat these values would be only 1% and 2%. Generally, the future climate is
expected to have significant impact on wheat yield and changes in agronomic practices can mitigate
the impacts on yield.

Keywords: adaptation; APSIM; Australia; climate change; wheat

1. Introduction

Wheat (Triticum aestivum L.) is one of the major staple crops in the world, and Aus-
tralia is the fifth largest exporter of wheat with an annual value of US$3.1 billion or 11%
of the global wheat trade [1]. In Australia, wheat is almost entirely grown under rain-
fed/dryland environment in the grain-belt that extends from Western Australia, through
South Australia, Victoria, New South Wales and southern Queensland. However, wheat
production highly varies from year to year, mainly due to rainfall variability, which can
be exacerbated by climate change [2]. Under the current climate, the choice of cultivar
and sowing time has been shown to have the potential to reduce yield loss, which occurs
due to increased temperature and evaporative demand in spring [2]. Observed climate
conditions in the wheat-producing regions of Australia have already shown a trend to-
wards increased temperature and decreased rainfall, particularly winter–spring rainfall [3].
From fundamental crop physiology principles, climate change-induced higher temperature
and CO2 levels result in faster development and higher photosynthesis rates. However,
under field conditions, the interactions of these climate change factors are substantially
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more complex. For example, the benefit of increased photosynthetic rates from higher
CO2 levels could be limited by the shortening of the grain-filling stage due to increased
temperature. On the other hand, the impact of rainfall decline can be moderated by the
improved water-use efficiency from higher CO2 levels [4]. Crop yields might increase due
to increased carbon assimilation rates and increased crop water-use efficiency [5]. The
question is whether this increase in yield due to fertilisation can offset yield loss due to
a rise in temperature and decreased rainfall. Generally, it is expected that the harm from
climate change-induced factors (e.g., increase in temperature and decline in rainfall) due to
CO2 and other greenhouse gases outweighs the benefits from CO2 fertilisation [6].

In order to get the agricultural industry better prepared and adapted to the changing
future climate, it is important to investigate the potential impacts of climate change on
production and identify and evaluate different on-farm adaptation strategies that could
minimise the climate change risk focusing on the impacts on crop phenology and grain
yield. The impact of climate change and variability on wheat production of the Australian
grain-belt has been assessed in some studies [7–9]. Although a complete assessment of
climate change risk should include both impact and adaptation, there are only limited
adaptation evaluation studies [10,11]. Some of the earlier studies of climate change’s impact
on crop yield were done by setting a hypothetical decrease in rainfall and increase in
temperatures in the future climate [9,12,13]. However, due to complex interactions among
weather variables, physico–bio–chemical responses to changing atmospheric composition,
and radiative forcing of the climate system, the temporal pattern and variability of the
current climate will not be the same as the one in the future climate [14,15]. As a result, in
order to assess the impact of climate change on crop phenology and yield, climate change
data from global climate models (GCMs) should be used as inputs to process-based crop
models. Agricultural Process SIMulator (APSIM) is one of such models widely used in
Australia and worldwide to simulate genetic x environment x management interactions
of a wide variety of crops [16]. Due to uncertainty in different emission scenarios and
individual model assumptions, the use of a single model can result in under-estimation or
over-estimation of rainfall amounts at regional scales in the future climate [17,18]. Thus,
the use of an ensemble of different future climate projections for a particular region as
projected by different GCMs is important [19,20].

The number of days from sowing to flowering and from sowing to maturity are
critical variables as there would be a positive correlation between these and eventual
grain yield [21]. Cultivar type and sowing date determine the length of these stages and
high temperature during late spring can shorten the grain filling period and increase leaf
senescence that can have detrimental effects on final grain yield [2,22]. The aim of this
study is (1) to investigate the effects of climate change on different agro-meteorological
variables, wheat phenology, and grain yield using a process-based model and GCM; and (2)
to evaluate if changing sowing time and cultivar choice would reduce or offset the negative
impacts of climate change on wheat yield.

2. Materials and Methods

In this study, analysis of the impact of climate change and evaluation of adaptation
strategies was done using down-scaled climate data from an ensemble of 11 GCMs.

2.1. Study Sites Characteristics

Six representative wheat production areas in terms of geographical distribution and
rainfall amounts and distribution were selected in eastern and south-eastern Australia
(Figure 1). The weather data for the study site, Wagga Wagga, were obtained from the
Australian Bureau of Meteorology (http://www.bom.gov.au/ accessed on 6 May 2020)
and the Scientific Information for Land Owners (SILO) climate database (https://www.
longpaddock.qld.gov.au/silo accessed on 6 May 2020). Three of the sites with respective
rainfall (Hermidale 416 mm, Hillston 370 mm and Jerilderie 398 mm) have relatively low
annual rainfall, while three (Quirindi 676 mm, Temora 544 mm and Tarcutta 657 mm) have

http://www.bom.gov.au/
https://www.longpaddock.qld.gov.au/silo
https://www.longpaddock.qld.gov.au/silo
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relatively high annual rainfall. Two of the sites (Hermidale and Quirindi) have summer-
dominant rainfall, two of the sites (Hillston and Temora) have more or less uniform rainfall
distribution throughout the year, and two of the sites (Jerilderie and Tarcutta) have slightly
winter-dominant rainfall (Figure 2).
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Figure 1. Study sites selected to evaluate the impact of climate change and adaptation strategies in New South Wales
(NSW), Australia.
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Figure 2. Rainfall distribution of the study sites: (a) annual rainfall, (b) monthly rainfall distribution, (c) and (d) proportions
of rainfall in the winter crop growing months and the rest of the months in mm and percent, respectively (http://www.
bom.gov.au/ accessed on 6 May 2020).

Hermidale had a summer-dominant rainfall pattern with 51% of the rainfall during
the five summer (Jan–March and Nov–Dec) months and 49% during the seven winter

http://www.bom.gov.au/
http://www.bom.gov.au/
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(April–October) months (Figure 2). Hillston had a winter-dominant rainfall with 59%
of rainfall during the winter months and 41% during the 5 summer months. Jerilderie
had a winter-dominant rainfall with 63% of rainfall during the winter months and 37%
of the rainfall during the 5 summer months. Quirindi had a summer-dominant rainfall
with 51% of the rainfall during the summer months and 49% of rainfall during the winter
months. Tarcutta had a winter-dominant rainfall with 64% of rainfall during the winter
months and 36% of the rainfall during the summer months. Temora had a winter-dominant
rainfall with 60% of rainfall during the winter months and 40% of the rainfall during the
summer months.

2.2. Climate Projections Data

Climate projections data from the GCMs archive, developed by different modelling
groups through the Coupled Model Intercomparison Project phase 5 (CMIP5) were used.
In the latest Intergovernmental Panel on Climate Change (IPCC) assessment report (IPCC
assessment report 5, IPCC-AR5), the projected changes were set for four representative
concentration pathways (RCPs), which are scenarios of emissions of greenhouse gases. Four
RCP types were identified in the IPCC-AR5, namely RCP2.6, RCP4.5, RCP6.0 and RCP8.5;
in this study RCP4.5 and RCP8.5 scenarios were used. RCP4.5 is for an anthropogenic
radioactive forcing reaching 4.5 W/m2 by 2100 relative to the preindustrial level. It assumes
an emissions reduction that would stabilise the CO2 concentration at about 540 ppm by
2100. RCP8.5 is a high emission scenario with a radiative forcing of 8.5 W/m2 by 2100. It
corresponded to an increase in emissions, leading to a CO2 concentration of about 940 ppm
by 2100 [23]. The baseline period centred on 1985 (1971–2000) and three future periods
2030, 2050 and 2070 were selected.

Spatially and temporally complete Australia-wide daily climate data from 1889 to
current was obtained from the SILO historical database. The consistent climate change
scenarios (CCS) historical baseline high-quality climate datasets are available from 1960
onwards (http://www.longpaddock.qld.gov.au/silo accessed on 6 May 2020). A model-
ready format of climate change projections data was obtained from the CCS project. In
the CCS-AR5 projections data, 19 GCM composites for four representative future climate
periods are available. Because of the inherent assumptions in the models and model bias,
using climate projections from a single GCM can lead to large errors. For this reason, it is
advised either to use all available GCMs or to use a composite projection based on these
models. In this study, a composite of climate models suitable for the study region was used
(https://legacy.longpaddock.qld.gov.au/climateprojections/index.html?csrt%= accessed
on 6 May 2020). In this resource, there are four composite climate projections clusters:
HP = high global warming and a warm Pacific Ocean; WI = smaller global warming and a
warm Indian Ocean; HI = high global warming and a warm Indian Ocean; WP = smaller
global warming and a warm Pacific Ocean (Figure 3). Of the four composite models, HP,
which has the highest number of models and the highest relative “accuracy” was used in
this study.

2.3. Climate Change Impacts and Adaptation Strategies

The impact of changing climate (CO2 concentration, air temperature and rainfall)
on crop phenology, above-ground dry matter, evaporation/evapotranspiration and grain
yield was simulated using APSIM [16]. The impacts were determined for six sites, three
projection periods, two emission scenarios, two wheat cultivars and six sowing dates. The
APSIM simulated the yield of short-season and long-season wheat cultivars at different
sites was used to evaluate the suitability of a particular cultivar to a given site in the future
climate (Table 1). The simulated yield of a given cultivar in the future climate, relative to
the baseline yield, for different sowing dates was used to evaluate sowing dates suitable in
the future climate.

http://www.longpaddock.qld.gov.au/silo
https://legacy.longpaddock.qld.gov.au/climateprojections/index.html?csrt%=
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Table 1. Simulation design: study sites, climate scenarios at different projection periods, wheat
cultivars and potential sowing dates.

Sites Climate
Projects

Emission
Scenarios

Wheat
Cultivars

Sowing Dates

Livingston Sunbrook

Hermidale 2030 RCP4.5 Livingston April Week 1 March Week 2
Hillston 2050 RCP8.5 Sunbrook April Week 4 March Week 4
Jerilderie 2070 May Week 3 April Week 2
Quirindi June Week 3 April Week 4
Tarcutta July Week 1 May Week 2
Temora July Week 3 May Week 4

2.4. Simulations

APSIM-Wheat model (Version 7.10) [16] was used to determine the likely effects of
climate change on wheat phenology, water use, dry matter production and grain yield
under two climate change scenarios (RCP4.5 and RCP8.5), for the baseline period 1985
(1971–2000), and three projection periods (2030, 2050 and 2070). The potential of short-
season vs. long-season wheat cultivars and early-sowing dates vs. late-sowing dates in
reducing the effects of climate change on wheat yield was also evaluated at six sites in
the major wheat-producing region of Australia. APSIM, one of the most widely used
agricultural systems models, is a bio-physical model with a modular structure of soil,
crop, climate, and management components [16]. A simulation model was set up for two
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wheat cultivars, short-season Livingston and long season Sunbrook. In northern NSW, the
recommended sowing window of Livingston is the 4th week of May–3rd week of June
and the recommended sowing window of Sunbrook is the 2nd week of April–4th week of
April. In southern NSW, the recommended sowing window of Livingston is the 3rd week
of May–2nd week of June.

For each cultivar, six sowing periods were simulated. For Livingston week 1 (wk1)
of April, wk4 of April, wk3 of May, wk3 of June, wk1 of July, wk3 of July. For Sunbrook,
wk2 of March, wk4 of March, wk2 of April, wk4 of April, wk2 of May, wk4 of May.
Non-limiting nitrogen fertiliser (150 kg/ha NO3-N) was applied at sowing. A sowing
density of 100 plants/m2, row spacing of 25 cm, and sowing depth of 3 cm were used.
The soil water profile was assumed to be 50% full at the time of sowing. A number of
parameters were simulated, including days to flowering, days to maturity, above-ground
dry matter, and grain yield. The changes in temperature, rainfall, days to flowering and
days to maturity, relative to the baseline period, were determined. The changes in grain
yield for different sowing dates, relative to the baseline period, were used to evaluate how
a change in sowing date can be used to mitigate yield loss due to climate change. The
percentage yield reduction of the two varieties at different locations were used to assess
which variety would be suitable for which site in the future climate. The output data
for all the combinations of factors: site, projection year, emission scenario, wheat variety,
and sowing date were analysed and summarised using the R-statistical program [25]. A
soil with high plant available water capacity (191 mm/1.5 m), bulk density 1.53 g/cm3,
wilting point 0.17 cm3/cm3 and field capacity 0.30 cm3/cm3 was adopted from the APSoil
database https://www.apsim.info/apsim-model/apsoil/ accessed on 6 May 2020 [26].

3. Results
3.1. Projected Climate Relative to Baseline

Temperature was projected to increase under both RCP scenarios considered in this
study, RCP4.5 and RCP8.5. Under the medium emission scenario RCP4.5, relative to the
baseline, the increase in minimum temperature would be 0.67 ◦C, 1.25 ◦C and 1.4 ◦C in
2030, 2050 and 2070, respectively, while the maximum temperature would increase by
0.9 ◦C, 1.6 ◦C and 2.2 ◦C, respectively. There was no significant difference between the
study sites. For Temora-RCP4.5, for example, the median winter crop growing season
minimum temperature would increase by 0.7 ◦C, 1.2 ◦C and 1.4 ◦C in 2030, 2050 and 2070,
respectively, while the maximum temperature would increase by 0.8 ◦C, 1.2 ◦C and 1.8 ◦C,
respectively. For RCP8.5 these values would be 0.7 ◦C, 1.3 ◦C and 2.1 ◦C for minimum
temperature and 0.8 ◦C, 1.6 ◦C and 2.6 ◦C for the maximum temperature.

The change in projected rainfall relative to the baseline during the three projection
periods and the two climate scenarios is shown in Figure 4. Under RCP4.5, the rainfall
would decrease by almost the same proportion at all sites, which was 9% in 2030, 15% in
2050 and 19% in 2070. In the near future projection (2030), there would be no significant
difference between the two emission scenarios, with both scenarios having a median rainfall
reduction of 9%. In 2050 and 2070, there would be a significant difference between the
rainfall reduction of the two emission scenarios; in 2050, the rainfall would reduce by 15%
and 18% under RCP4.5 and RCP8.5, respectively, and in 2070, RCP4.5 and RCP8.5 would
result in rainfall reduction of 19% and 27%, respectively. For the intermediate scenario
RCP4.5, in 2030 the reduction in incrop rainfall would vary from 17 mm at Hermidale
to 38 mm at Tarcutta. In 2050, the incrop rainfall decrease would vary from 25 mm at
Hermidale to 61 mm at Tarcutta and in 2070, the rainfall would decrease by 31 mm at
Hermidale and 75 mm at Tarcutta.

It can be seen that early sowing results in higher incrop rainfall. For example, for the
Tarcutta–Livingston RCP4.5, incrop rainfall for sowing in the 1st week of April would be
371, 348 and 331 mm and for sowing in the 1st week of July, it is 295, 277 and 265 mm
in 2030, 2050 and 2070, respectively. For Jerilderie-Livingston-RCP4.5, 1st week of April
sowing (202, 187 and 183 mm) vs. 1st week of July sowing (156, 147 and 141 mm) in 2030,

https://www.apsim.info/apsim-model/apsoil/
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2050, and 2070, respectively. The rainfall variability is projected to increase in the future,
with the highest variation being in the low rainfall environments and the lowest in high
rainfall environments.
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3.2. Impact of Projected Climate on Crop Phenology

The timing of phenological events, such as days to flowering (DTF) and days to
maturity (DTM), are important as they determine the yields of annual crops. There would
be a significant reduction in days to maturity (DTM) (Figures 5 and 6) and of the days
to flowering (DTF) (Figures 7 and 8) in 2030, 2050 and 2070 relative to the baseline 1971–
2000. It can be seen that the reduction in DTM was higher for the relatively high-rainfall
sites, distant projection year and long-season cultivar. The reduction in DTM for different
emission scenarios and projection periods is shown in Figure 5. The difference between the
DTM of the two emission scenarios increases with the projection period with no significant
difference in 2030, except at Tarcutta. There would be a significant difference between the
reduction in DTM of the two emission scenarios in 2050 and 2070. Taking the average for
all the sites and the two emission scenarios, the DTM would decrease by 12 days, 22 days
and 30 days in 2030, 2050 and 2070, respectively.

The reduction in the days to flowering (DTF) for different projection periods, emission
scenarios and the two wheat cultivars is shown in Figure 7. The decrease in the DTF
of Sunbrook would be higher than that of Livingston. The change in DTF of wheat for
different projection periods and emission scenarios is shown in Figure 8. The difference
between the DTF of the two emission scenarios increases with the projection period, the
difference in 2070 being higher than that of the 2050. At Hermidale, by 2030, DTF would
be reduced by 4 days both in RCP4.5 and RCP8.5. In 2050-RCP4.5, 2050-RCP8.5, 2070-
RCP4.5, and 2070-RCP8.5, DTF would decrease by 7, 8, 8 and 11 days, respectively. For
Temora in 2030, DTF would be reduced by 7 days both in RCP4.5 and RCP8.5, and in
2050-RCP4.5, 2050-RCP8.5, 2070-RCP4.5 and 2070-RCP−8.5, DTF would be reduced by 10,
12, 12 and 17 days, respectively. Days to flowering was more advanced in high rainfall
sites compared to the low rainfall sites. For the intermediate emission scenario RCP4.5,
for all the six sites, the average days to maturity would decrease by 12, 21 and 25 days in
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2030, 2050 and 2070, respectively. Taking the average for all the sites and the two emission
scenarios, the DTF would decrease by 5, 9, and 12 days in 2030, 2050, and 2070, respectively.
Comparing the changes of DTF and DTM in the future climate, it can be seen that days
to flowering is reduced only slightly compared to the days to maturity. This shows that
it is the grain-filling period, after flowering, that is highly affected/shortened due to the
changing climate.
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Figure 8. Comparison of the DTF under two emission scenarios, three projection periods, and six sites of NSW, Australia.
The level of difference between the two emission scenario is shown (ns = no significant difference; ** = significantly different
at p < 0.01; **** = significantly different at p < 0.0001).

3.3. Impact of Projected Climate Change on Crop Yield

The yield of two wheat cultivars under two emission scenarios, three projection
periods, and different sowing dates is shown in Figures 9 and 10, respectively. The wheat
yield would decrease in all the three projection periods and at all the sites except at Tarcutta.
The long-season cultivar would have a low yield in the low-rainfall sites, while it performed
well in the high-rainfall sites. Since it is the winter crop growing season (April to October)
rainfall, not the total annual rainfall, that determines the yield. Hermidale would have a
lower yield than Jerilderie, although it has a higher annual rainfall (Figure 2). The same is
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true for Quirindi and Tarcutta. In the future climate, the yield loss in the three low-rainfall
environments (Hermidale, Hillston and Jerilderie) would be significantly higher than that
of the high-rainfall environments (Quirindi, Tarcutta and Temora). The yield at Tarcutta
would be the highest due to its relatively higher winter rainfall and temperate climate. The
average yield and yield loss of the two cultivars was Livingston: baseline (3796 kg/ha),
2030 (3451 kg/ha, 9% less), 2050 (3145 kg/ha, 17% less), 2070 (2862 kg/ha, 25% less)
and Sunbrook: baseline (4625 kg/ha), 2030 (4199 kg/ha, 9% less), 2050 (3806 kg/ha, 18%
less), 2070 (3540 kg/ha, 24% less). The average yield of the cultivars, sites, and climate
change scenarios in the baseline period, 2030, 2050 and 2070 projection periods would be
3836 kg/ha, 3496 kg/ha, 3221 kg/ha and 2953 kg/ha, respectively. These correspond to a
reduction of 9%, 16% and 23%, respectively. In 2030, the yield decrease would be 8.7% and
9%, under RCP4.5 and RCP8.5, respectively. The respective yield decrease values would be
14.5% and 17.6% in 2050 and 18.6% and 27.4% in 2070. In 2030-RCP4.5 and 2030-RCP8.5,
Livingston yield would decrease by 8.4% and 9.0%, respectively. The yield decrease in
2050-RCP4.5, 2050-RCP8.5, 2070-RCP4.5 and 2070-RCP8.5 would be 12.7%, 15.7%, 17.4%
and 26.1%, respectively. For Sunbrook, these values would be 8.5%, 9.3%, 16%, 19%, 19.6%
and 28.4%, respectively. Except for the long-season cultivar in the lowest incrop-rainfall
site (Hermidale), early sowing would result in greater yield.
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Figure 9. Grain yield of a short-season wheat cultivar Livingston sown at different sowing dates at six contrasting wheat-
producing sites under two emission scenarios and three projection periods in NSW, Australia. The level of difference between
the two emission scenario is shown (ns = no significant difference; * = significantly different at p < 0.05; ** = significantly
different at p < 0.01; **** = significantly different at p < 0.0001).

The coefficient of variation of the grain yield for the six locations, three projection
periods and the two emission scenarios is shown in Figure 11. It shows how a crop
production system can adapt to different environmental changes; high CV shows high
inter-annual variability. The coefficient of variation would be higher for the long-season
cultivar, higher emission scenario and medium and distant projection periods. Relative to
the baseline period, the coefficient of variation of yield under the intermediate emission
scenario RCP4.5 would increase as follows: Hermidale by 12%, 17% and 19% in 2030, 2050
and 2070, respectively; Hillston by 15%, 18% and 30% in 2030, 2050 and 2070, respectively;
Jerilderie by 19%, 29% and 36% in 2030, 2050 and 2070, respectively; Quirindi by 10%,
17% and 20% in 2030, 2050 and 2070, respectively; Tarcutta by 12%, 22% and 25% in
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2030, 2050 and 2070, respectively; and Temora by 16%, 27% and 35% in 2030, 2050 and
2070, respectively.
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p < 0.01; **** = significantly different at p < 0.0001).
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The change in grain yield, relative to the baseline, for different sowing dates in the
projected periods, is shown in Figure 12. The potential sowing period used for the simula-
tion was April-July for Livingston and March-May for Sunbrook. At Hermidale, under the
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intermediate emission scenario RCP4.5, the average grain yield over the sowing window
considered in this study is projected to decrease by 13%, 21% and 26% for Livingston and
18%, 27% and 30% for Sunbrook in 2030, 2050 and 2070, respectively. In 2030, the yield of
Sunbrook sown in the 2nd week of March would decrease by 13%, and when sown in the
2nd week of May, the yield would decrease by 16%. In 2050 and 2070, irrespective of the
sowing date, the yield loss would be high, 27% and 30% in 2050 and 2070, respectively.
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At Hillston, in the future climate, early sowing at Livingston would result in less yield
loss. In the intermediate scenario RCP4.5, the yield loss for Livingston sown in the 1st
week of April vs. the 1st week of July would be 9 vs. 15% (2030) and 21 vs. 29% (2070).
For Sunbrook, irrespective of the sowing dates, the yield loss would be high; yield loss
of 19%, 31%, 37% in 2030, 2050, and 2070, respectively. At Jerilderee, for RCP4.5 in 2030,
early sowing of Livingston results in only 8% yield loss when sown in the first week of
April and 18% when sown in the first week of July. In 2050, these values would be 9%
and 27%, respectively. Irrespective of the sowing date, Sunbrook yield loss would be high,
with an average yield loss of 20%, 35% and 40% in 2030, 2050 and 2070, respectively. At
Quirindi, for RCP4.5, early sowing at Livingston had lower yield loss compared to the late
sowing: 5 vs. 8% in 2030, 9 vs. 12% in 2050, 11 vs. 15% in 2070. For Sunbrook, the sowing
date would not have a significant effect, with the average yield decrease of 7%, 12% and
16% in 2030, 2050 and 2070, respectively. At Tarcutta, under the RCP4.5 scenario in 2030,
Livingston yield decreases would be 2% when sown in the 1st week of April and 6% when
sown in the 1st week of July. In 2050, the yield loss would be 1% when sown in the 1st
week of April and 11% when sown in the 1st week of July. In 2070, the yield loss would be
2% when sown in the 1st week of April and 13% when sown in the 1st week of July. At
Temora, in 2030-RCP4.5 for Livingston sown in the 1st week of April vs. 1st week of July,
yield decrease would be 2 vs. 8% in 2030, 2 vs. 15% in 2050 and 3 vs. 19% in 2070. For
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Sunbrook sown in the 2nd week March vs. 4th week May, the yield decrease would be 0 vs.
5% in 2030, 1 vs. 9% in 2050 and 3 vs. 12% in 2070.

4. Discussion
4.1. Climate Change Projections and Impacts

There is a significant projected increase in air temperature, decrease in rainfall and
increase in rainfall variability during the wheat growing season in eastern and south-
eastern Australia. Under the intermediate emission scenario RCP4.5, the increase in mean
temperature during the wheat growing season would be 0.79 ◦C, 1.43 ◦C and 1.98 ◦C
in 2030, 2050 and 2070, respectively, and the decrease in rainfall would be 9%, 15% and
19%, respectively. These projections are in the ranges of values reported in other studies
in the region. In NSW, [27,28] projected mean annual increases in temperature of 0.6 to
1.5 ◦C in 2030 and 2.2 to 2.5 ◦C in 2070 and annual rainfall decrease of 2.5 to 10% by 2030.
Rainfall reduction of 9%, 16% and 26% were reported in 2030, 2060 and 2090 [8]; 3 to 10%
reduction in rainfall in 2030 and 20% in 2070 [29]; winter and spring rainfall in NSW would
decrease by 5 to 15 % in 2030 [30]. These changes in temperature and rainfall would have
substantial effects on crop phenology and yield. The increased temperature would shorten
the phenological stages, reducing the available time for light interception and carbon
assimilation, leading to yield reduction under climate change [31]. High temperature
accelerates crop growth and development, resulting in a short growing season [32]. The
crop would have less nutrient uptake, less radiation interception, lower biomass production,
and lower yield, assuming the harvest index would not change [33]. On average, the days
to maturity would decrease by 12, 22 and 30 days in 2030, 2050 and 2070, respectively, and
the days to flowering would decrease by 6, 9 and 12 days, respectively. The advancement of
crop phenology increases progressively from drier to wetter sites. Anwar et al. [8] reported
that the days to flowering of wheat would be shorter by 10, 18 and 29 days in 2030, 2060 and
2090, respectively, which was attributed to the projected temperature increases and rainfall
changes. A shorter crop-growing period, particularly the grain-filling period, would be
one of the major causes of yield loss in the future climate [33]. The significant impact of
temperature increase due to climate change is not limited to specific crops and regions.
Wang et al. [10] projected a 10 to 30 days shorter grain-filling phase and a decrease in maize
yield. This is due to a positive correlation between the length of photosynthetic activity
and the length of the grain-filling phase and grain yield [21]. Similarly, for maize in the
USA, shortening of days to flowering by 17 days and yield loss by 13% was reported if
temperature increases by 2 ◦C [34]. From six locations in NSW, Yang et al. [35] projected
+3.4 to –14.7% change in wheat yield by 2030 as a result of shorter growth duration in which
flowering and maturing time were reduced by 11 and 12 days, respectively. Yang et al. [36]
also reported that for wheat in southern Portugal, under both RCPs, yield loss in 2030
would be 14% and in 2070 it would be 17% under RCP4.5 and 27% under RCP8.5 scenarios.
A modelling study of the wheat belt of Australia has shown that increase in temperature of
2 ◦C could cause a yield reduction of up to 50% [37]. Anwar et al. [8] reported a percentage
grain yield change of 0.50% for each percentage change in wetter sites compared to 0.90%
grain yield changes in drier sites. Generally, warmer temperatures under climate change
would shorten the development stages of crops and reduce crop yield since temperature
determines the rate of plant growth and development.

4.2. Adaptation Strategies

The challenge to produce enough food and fibre for the fast-growing world population
will be higher under the changing climate unless the farming system makes adaptation
strategies and/or new technological breakthroughs are achieved. Since rainfed wheat
production is vital for food security, adapting this cropping system to a drier and warmer
future climatic condition is an important measure in the water-limited dryland farming
system [38]. In the future climate, wheat would have a shorter time to flowering and to
maturity. The suitability of short-season and long-season cultivars for low and high-rainfall



Agronomy 2021, 11, 337 14 of 17

environments differ. Therefore, adjusting sowing time and choosing the appropriate
cultivar could be considered two of the agronomic approaches which can be used to
minimise the impact of climate change on wheat yield. Short-season cultivars would be
suitable for drier environments and long-season cultivars for high-rainfall environments. In
the south-eastern NSW sites selected for this study, the wheat yield is expected to decrease
in almost all sites, time of sowing, and cultivar combinations except for one site, Tarcutta,
which has the highest growing season rainfall. An early sown short-season cultivar is
the best choice for low winter-rainfall environments of Hermidale, Hillston and Jerilderie.
Both short and long-season cultivars would be suitable for high rainfall environments of
Quirindi, Tarcutta and Temora, although a long-season cultivar is a better choice. However,
except at Tarcutta, none of the sowing dates offset the negative impacts of climate change
on wheat yield. The yield reduction in the changing climate is related to the reduction
in the phenological phases of flowering and maturity. Manipulating sowing time and
variety so that the pre and post-anthesis periods coincide with non-moisture and heat
stress periods is important to increase grain yield [39]. Unlike Sunbrook, which is a late
flowering/maturing cultivar, Livingston is an early flowering/maturing cultivar, which is
suitable for later sowing, especially under water-limited environments such as Hermidale,
Hillston and Jerilderie, where a decrease in growing season rainfall was projected.

In the future climate, compared to the current sowing time, early sowing can result
in less yield loss and can be considered as a mitigation strategy for the impacts of climate
change. Earlier sowing results in higher yield due to less reduction in phenophases and use
of a longer-season cultivar could minimise some of the negative effects of future climate
change on wheat yield. In the future climate, short growing season wheat cultivars are
viable for low-rainfall areas, such as Hillston and Jerilderie. For high rainfall areas, such as
Tarcutta and Temora, both short and long season varieties are suitable. However, the use of
long-season wheat varieties will be a suitable adaptation strategy for mitigating the impact
of changing climate on wheat yield in high rainfall sites such as Tarcutta and Temora.
Therefore, changing the sowing date can be used as one of the adaptations to minimise
the negative impacts of climate change on wheat yield. Although the yield loss can be
reduced using the right cultivar and early sowing, the yield loss is not reversed. This shows
that other on-farm adaptation options such as crop breeding for the future climate and
conservation farming with zero/minimum tillage, which increases water-use efficiency,
are needed to reverse the negative impact of future climate change. In south-eastern
Australia, in order to sow early, management strategies that improve capture and storage
of summer fallow rain (e.g., weed control, stubble retention and no-till farming) need to
be implemented [40]. The risk of heat and drought stress occurring during reproductive
growth stages can be obtained by shifting sowing dates. Appropriate cultivar choice (e.g.,
long-season cultivar) can compensate for the reduced growth duration resulting from
warmer temperatures [41]. Early sown crops develop a deeper root system that can access
sub-soil water, develop a bigger canopy that reduces evaporative losses from the soil and
increase transpiration efficiency [42]. In a low-rainfall environment of Western Australia,
Sprigg et al. [43] also simulated that short-season wheat cultivars would have a higher
yield than long-season cultivars in the near future projection period 2030. The use of long-
season varieties with larger thermal requirements to moderate the impacts of increased
temperature due to climate change might result in yield loss due to water deficit later in
the season [44].

5. Conclusions

Under a medium emission scenario, relative to the baseline, there would be an increase
in the average temperature of 0.79 ◦C, 1.43 ◦C and 1.80 ◦C, in 2030, 2050 and 2070, respec-
tively, and the rainfall would decrease by 9% in 2030, 15% in 2050 and 19% in 2070. Taking
the average for all the sites and the two emission scenarios, the days to flowering would
decrease by 5, 9 and 12 days in 2030, 2050 and 2070, respectively, while the days to maturity
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would decrease by 12 days, 22 days and 30 days, in 2030, 2050 and 2070, respectively. These
would result in a grain yield reduction of 9%, 16% and 23%, respectively.

The projected climate change, with rising air temperatures and changes in rainfall
patterns, will become a threat to world food production unless adaptation strategies are
taken. In the relatively wetter regions of Quirindi, Tarcutta and Temora, early sowing of the
slow maturing wheat cultivar would result in lower yield reduction in the future climate.
However, in the drier sites of Hermidale, Hillston and Jerilderie, irrespective of the sowing
dates, the slow maturing cultivar results in significant yield loss. In the future scenario of
decreasing winter rainfall, sowing early into stored soil water from summer fallow rain,
could alleviate the impacts of the decline in in-crop (April–May) rainfall. In order to use
out-of-season rainfall, soil water conservation practices should be encouraged in future
crop management as the in-season rainfall declines. This highlights the importance of
properly managing summer season fallow land using stubble and/or weed control, so that
rainfall infiltration and storage is increased during the summer period [45]. In high-rainfall
areas, late-maturing cultivars are effective in minimising the negative impacts of high
temperature on grain yield. Generally, early-sown long-duration wheat cultivars will be
a suitable adaptation strategy to mitigate the impact of climate change on wheat yield.
However, in both low-rainfall and high-rainfall areas, quick maturing cultivars would have
lower relative yield reduction. As changing the planting date is region- and variety-specific,
its effectiveness may vary from region to region. Different GCMs and emission pathways
may also respond differently. As a result, to increase the certainty of the strategy of shifting
the sowing date, it should be tested for each specific region using an ensemble average of
multiple GCMs.
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