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Extended abstract

Introduction

Climate change has intensified the frequency and severity of heat stress events, particularly in semi-arid
regions where rainfed wheat is a staple.crop. In such environments, heat stress during sensitive
reproductive stages, such as flowering and_grain filling, can significantly impair grain yield. Lorestan
Province, located in western Iran, features diverse microclimatesiand is particularly vulnerable to these
adverse effects. Adjusting sowing dates has emerged as an effectiveiagronomic strategy to mitigate heat-
induced yield losses. This study evaluated the'effects of different sowing dates on heat stress risk and
wheat grain yield across five contrasting locations in Lorestan Province using the APSIM-Wheat model
over a 41-year period (1980-2020).

Materials and methods

Long-term daily meteorological data (minimum and maximum temperature, solar radiation, and
precipitation) werelobtained from five stations: Khorramabad, Borujerd, Aligudarz, Kuhdasht, and Pol-
e Dokhtar. The impact.of heat stress on rainfed wheat was simulated using the APSIM-Wheat model
across four distinct sowing dates (October 7, October 20, October 31, and November 10) for each study
site. To quantify heat stress from flowering to physiological maturity, three thermal stress indices were
used: (1) heat stressfrequency (HSF), defined as the number of days with maximum temperature (Tmax)
exceeding 30,°C; (2) heat stress duration (HSDU), referring to consecutive days under such conditions
lasting 2 days ormore; and (3) heat stress degree days (HSDD), defined as the cumulative sum of daily
heat stress degtree-days, calculated as Tmax — 30 on days when Tmax > 30 °C. This index quantifies the
cumulative intensity of heat stress over the growing season. The model also simulated grain yield to
examine the influence of sowing date shifts on productivity.

Results and discussion

Simulation results demonstrated that both the frequency and intensity of heat stress increased with
delayed sowing, particularly in lowland and warmer regions. For instance, in Pol-e Dokhtar, one of the
warmest study areas, early sowing on October 7 resulted in an HSF of 16.5 season™!, an HSDD of 64.2
°Cd, and an HSDU of 5.5 days. In contrast, late sowing on October 31 reduced HSDU and HSF to 2.1
days and 1.6 season™1, respectively, with an HSDD of 4.6 °Cd in Pol-e Dokhtar. Correspondingly, mean
grain yield increased significantly with later sowing dates, reaching 3.98 t ha™1. In cold regions such as
Aligudarz and Borujerd, early sowing on October 7 resulted in the lowest values of HSDU (1.7 and 1.8
days), HSF (2.1 and 2.8 season™1), and HSDD (6.8 and 2.5 °Cd) in Aligudarz and Borujerd, respectively.
Moreover, in these areas, shifting the sowing date from early (October 7) to late (November 10) led to a
decrease in grain yield, from 2.9 t ha™! to 1.3 t ha™! in Borujerd and from 4.6 t ha™! to 2.5 t ha™1 in
Aligudarz. The results of the correlation analysis among the studied traits revealed significant negative
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correlations between grain yield and the heat stress indices HSDD, HSF, and HSDU, with correlation
coefficients of —0.63, —0.59, and -0.55, respectively. These negative relationships indicate the
detrimental effects of heat stress during reproductive stages, particularly flowering and grain filling,
which can lead to reduced grain number per spike, lower 1000-grain weight, and ultimately, decreased
grain yield.

Conclusion

This study highlights heat stress, particularly during reproductive and grain-filling stages, as a key
limiting factor for rainfed wheat yield across various climates in Lorestan province. The intensity of
heat stress strongly depends on geographic location and sowing date, with early sowing increasing stress
in warm areas such as Pol-e Dokhtar but reducing it and improving yield in colder regions such as
Borujerd and Aligudarz. Overall, the findings underscore the need to integrate climate analysis,
optimized sowing dates, and adaptive agronomic practices to develop resilient cropping calendars under
rising temperatures and climate change.
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Table 2. Soil characteristics of the studied regions.
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Table 4. Heat stress indices and some traits during the growing season of rainfed wheat across different regions and sowing
dates of Lorestan province.

gyl 9l Wiy e (Swl diioy (2S5l
cuisls OLo}C.’JM L}:"“ ASL“).ﬁ) az yo A_&) 099 Jj-b C-'M‘u“-"u‘ J“ASJ"" »° G}ﬁﬁ‘ﬁ}‘ Lo
&b yels Sowing Sl o Gl (Gl gl Length of the Sy oy Sy b
County date HSDU HSF HSDD growth period  M-LAL C-Rain MT
day No. seasont °Cd day mm °C
ol el 21 6.8 184 1.49 416 217
Aligudarz 1-Oct
S ALY 40 8.2 159 1.14 394 237
20-Oct
ottt o8 49 8.5 164 08 376 25.3
31-Oct
oLl
2.8 5.4 8.8 165 07 351 26.2
10-Nov
S )0 g 28 25 157 0.48 263 22.9
Borujerd 1-Oct
ALY 33 3.4 161 0.35 248 248
20-Oct
ol oy 41 54 165 0.32 238 26.0
31-Oct
bl
25 5.2 6.5 170 0.32 235 26.7
10-Nov
ey ) 49 5.4 8.1 288 0.08 413 19.1
Khorramabad 1-Oct
# YA 50 29 54 157 1.25 431 21.6
20-Oct
obld o7 41 9.1 130 15 413 23.4
31-Oct
oMl e 45 10.4 134 1.64 416 24.7
10-Nov
Cbang el 5o 6.2 105 289 0.17 317 19.7
Kuhdasht 1-Oct
#TAT 54 48 10.2 188 0.78 323 22.1
20-Oct
ol o4 45 9.7 128 0.98 311 24.0
31-Oct
ot 5 5.4 12.4 133 0.89 305 25.6
10-Nov
Fob - e¥d o 16.7 64.2 298 0.23 274 17.6
Pol-e Dokhtar 1-Oct
A Y 7.2 24.7 297 0.04 288 19.3
20-Oct
ottt 5 1.6 46 845 1.49 301 21.0
31-Oct
RIAL
1.8 22 43 91.2 1.43 276 225
10-Nov

HSDU: heat stress duration; HSDD: heat stress degree days; HSF: heat stress frequency; M-LAI: maximum leaf area index; C-
Rain: cumulative rainfall during the growing season; MT: mean maximum temperature from floral initiation to maturity
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Fig. 4. Simple correlation among different traits of rainfed wheat. GY: grain yield; GN: grain number
per spike; GS:1000-grain weight; HSDU: heat stress duration; HSF: heat stress frequency; HSDD: heat
stress degree days; LGP: Length'of the growth period; M-LAI: maximum leaf area index; C-Rain:
cumulative rainfall during the growing season; MT: mean maximum temperature from floral initiation

to maturity,

N\
N\

Ababaei, B, bhenu, K., 2020. Heat shocks
increasingly impede grain filling but have little
effect on grain setting across the Australian
wheatbelt. Agricultural and Forest
Meteorology. 284, 107889.
https://doi.org/10.1016/j.agrformet.2019.1078
89

Abbasi Alikamar, R., Nassiri Mahallati, M.,
Koocheki, A., 2020. Evaluation of temperature
changes and its impacts on seed filling period
and grain yield of wheat (Triticum aestivum L.)
in different regions of Iran (1992-2012).
Journal of Agroecology. 12(2), 319-343. [In
Persian with English Summary].
https://doi.org/10.22067/jag.v12i2.58737

&L

Appiah, M., Bracho-Mujica, G., Ferreira, N.C.,

Schulman, A.H., Rétter, R.P., 2023. Projected
impacts of sowing date and cultivar choice on
the timing of heat and drought stress in spring
barley grown along a European transect. Field
Crops Research. 291, 108768.
https://doi.org/10.1016/j.fcr.2022.108768

Bennett, D., Izanloo, A., Reynolds, M., Kuchel,
H., Langridge, P., Schnurbusch, T., 2012.
Genetic dissection of grain yield and physical
grain quality in bread wheat (Triticum aestivum
L.) under water-limited environments.
Theoretical and Applied Genetics. 125, 255-
271. https://doi.org/10.1007/s00122-012-1831-
9


https://doi.org/10.1016/j.agrformet.2019.107889
https://doi.org/10.1016/j.agrformet.2019.107889
https://doi.org/10.22067/jag.v12i2.58737
https://doi.org/10.1016/j.fcr.2022.108768
https://doi.org/10.1007/s00122-012-1831-9
https://doi.org/10.1007/s00122-012-1831-9

Chen, Y., Zhang, Z., Tao, F., Palosuo, T., Rétter,
R.P., 2018. Impacts of heat stress on leaf area
index and growth duration of winter wheat in
the North China Plain. Field Crops Research.
222, 230-237.
https://doi.org/10.1016/j.fcr.2017.06.007

Chenu, K., Collins, B., Ullah, N., Frederiks, T.,
Christopher, J., 2021. Increasing heat tolerance
in wheat in West Australia. GRDC Grains
Research Update. Queensland, Australia.

Chenu, K., Deihimfard, R., Chapman, S.C., 2013.
Large-scale characterization of drought pattern:
a continent-wide modelling approach applied
to the Australian wheatbelt—spatial and
temporal trends. New Phytologist. 198(3), 801-
820. https://doi.org/10.1111/nph.12192

Collins, B., Chenu, K. 2021. Improving
productivity of Australian wheat by adapting
sowing date and genotype phenology to future
climate. Climate Risk Management. 32,
100300.
https://doi.org/10.1016/j.crm.2021.100300

Deihimfard, R., Rahimi-Moghaddam, S., Eyni-
Nargeseh, H., Collins, B., 2023. An optimal
combination of sowing date and cultivar could
mitigate the impact of simultaneous heat and
drought on rainfed wheat,in arid regions.
European Journal of Agronomy. 147, 126848.
https://doi.org/10.1016/j.eja.2023:126848

Dias, A.S., Lidon, F.C., 2009. Evaluation,of grain
filling under heat stress. Journal of Agronomy
and Crop Science.n. 195(2), 137-147.
https://doi.org/d0.111%/j. 1439-
037X.2008.0034 7%

Djanaguiraman, M., Narayanan, S., Erdayani, E.,
Prasad, P.V., 2020. Effects of high temperature
stress duringranthesis and grain filling periods
on photosynthesis, lipids and grain yield in
wheat.  \BMC Plant Biology. 20, 1-12.
https://dQi.org/10.1186/s12870-020-02479-0

Dubey, R., Pathak, H., Chakrabarti, B., Singh, S.,
Gupta, D.K., Harit, R.C., 2020. Impact of
terminal heat stress on wheat yield in India and
options for adaptation. Agricultural Systems.
181, 102826.
https://doi.org/10.1016/j.agsy.2020.102826

FAO, 2023. FAOSTAT. Food and Agriculture
Organization of the United Nations. Rome,
https://faostat.fao.org, 403

Farajzadeh, M., Ghavidel Rahimi, Y.,
Asadzadeh, B., 2021. The evaluation of climate
change effects on wheat yield in Iran. Climate
Change Research. 2(6), 1-18. [In Persian with

English Summary].
https://doi.org/10.30488/ccr.2021.261267.103
1

Fernie, E., Tan, D.K,, Liu, S.Y., Ullah, N. and
Khoddami, A., 2022. Post-anthesis heat
influences grain yield, physical and nutritional
quality in wheat: A review. Agriculture. 12(6),
886.
https://doi.org/10.3390/agriculture12060886

Gambin, B.L., Borrés, L., Otegui, M.E., 2008.
Kernel weight dependence upon plant growth
at different grain-filling stages in maize and
sorghum. Australian Journal of Agricultural
Research. 59(3), 280-290.
https://doi.org/10.1074/ARO#275

Gunn, K.M., Hally, M.A., Veith, T.L., Buda,
AR., Prasad, R., Rotz, C.A., Soder, K.J.,
Stoner, A.M.,| 2019." Projected heat stress
challenges and abatement opportunities for
U.S. "Milk wpreduction. PLOS ONE. 14(3),
€0214665.
hitips://doi.org/10.1371/journal.pone.0214665

Hafeez, M.B., Zahra, N., Kausar, A., Li, J.,
Rehmang A., Faroog, M., 2023. Influence of
heat _stress. during grain development on the
wheat grain yield, quality, and composition.
Journal of Soil Science and Plant Nutrition.
23(3), 2955-2969.
https://doi.org/10.1007/s42729-023-01386-1

Holzworth, D.P., Huth, N.I., Zurcher, E.J.,
Herrmann, N.l., McLean, G., Chenu, K., van
Oosterom, E.J., Snow, V., Murphy, C., Moore,
A.D., Brown, H. 2014. APSIM—evolution
towards a new generation of agricultural
systems simulation. Environmental Modelling
& Software. 62, 327-350.
https://doi.org/10.1016/j.envsoft.2014.07.009

Hunt, J.R., Lilley, J.M., Trevaskis, B., Flohr,
B.M., Peake, A., Fletcher, A., Zwart, A.B.,
Gobbett, D., Kirkegaard, J.A., 2019. Early
sowing systems can boost Australian wheat
yields despite recent climate change. Nature
Climate Change. 9(3), 244-247.
https://doi.org/10.1038/nclimate2470

IMO. 2021. Iran Meteorological Organization.
Available at: https://www.irimo.ir

Ishtiaque, A., Singh, S., Lobell, D., Fishman, R.,
Jain, M., 2022. Prior crop season management
constrains farmer adaptation to warming
temperatures: evidence from the Indo-Gangetic
Plains. Science of the Total Environment. 807,
151671.


https://doi.org/10.1016/j.fcr.2017.06.007
https://doi.org/10.1111/nph.12192
https://doi.org/10.1016/j.crm.2021.100300
https://doi.org/10.1016/j.eja.2023.126848
https://doi.org/10.1111/j.1439-037X.2008.00347.x
https://doi.org/10.1111/j.1439-037X.2008.00347.x
https://doi.org/10.1186/s12870-020-02479-0
https://doi.org/10.1016/j.agsy.2020.102826
https://faostat.fao.org/
https://doi.org/10.30488/ccr.2021.261267.1031
https://doi.org/10.30488/ccr.2021.261267.1031
https://doi.org/10.3390/agriculture12060886
https://doi.org/10.1071/AR07275
https://doi.org/10.1371/journal.pone.0214665
https://doi.org/10.1007/s42729-023-01386-1
https://doi.org/10.1016/j.envsoft.2014.07.009
https://doi.org/10.1038/nclimate2470
https://www.irimo.ir/

https://doi.org/10.1016/j.scitotenv.2021.15167
1

Khodashenas, A., 2021. Evaluation of response
of wheat cultivars and lines to delay in planting
date in Mashhad conditions. Journal of Crops
Improvement. 23(4), 741-727. [In Persian with
English Summary].
https://doi.org/10.22059/jci.2021.306231.2419

Koocheki, A., Nasiri Mahalati, M., 2008. Impacts
of climate change and CO; concentration on
wheat yield in Iran and adaptation strategies.
Iranian Journal of Field Crops Research. 6(1),
139-154. [In Persian with English Summary].
https://doi.org/10.22067/gsc.v6i1.1185

Kuchel, H., Williams, K., Langridge, P., Eagles,
H.A., Jefferies, S.P., 2007. Genetic dissection
of grain yield in bread wheat. 1l. QTL-by-
environment interaction. Theoretical and
Applied Genetics. 115, 1015-1027.
https://doi.org/10.1007/s00122-007-0628-8

Liu, B., Asseng, S., Miiller, C., Ewert, F., Elliott,
J., Lobell, D.B., Martre, P., Ruane,. A.C.,
Wallach, D., Jones, JW., Rosenzweig,<C.,
2016. Similar estimates of temperature impacts
on global wheat yield by three independent
methods. Nature Climate Change. 6(12), 1130-
1136. https://doi.org/10.1038/nclimate3115

Liu, B., Liu, L., Tian, L.,7Cao,»W., Zhu; Y.,
Asseng, S., 2014. Post-heading.heat stress and
yield impact in winter wheat of China. Global
Change Biology. 20, 372-381.
https://doi.org/10:2111/gch.12442

Lobell, D.B., Hammer, G.L.,.Chenu, K., Zheng,
B., McLean, G., Chapman, S.C., 2015. The
shifting influence of drought and heat stress for
crops in northeast Australia. Global Change
Biology. 21, 4115-4127.
https://dei.org/10.1111/gch.13022

Lobell, D.B., Sibley, A., lvan Ortiz-Monasterio,
J., 2012. Extreme heat effects on wheat
senescence in India. Nature Climate Change.
2(3), 186-189.
https://doi.org/10.1038/nclimate1356

MAJ, 2023. Ministry of Agriculture Jihad.
Agricultural Statistics. Annual harvested area,
production, and yield in 2022- 2023. 126p. [In
Persian].

Nachtergaele, F., Velthuizen, H.V., Verelst, L.,
Wiberg, D., 2009. Harmonized World Soil
Database (HWSD). Food and Agriculture
Organization of the United Nations, Rome,
1045.

Nguyen, C.T., Singh, V., van Oosterom, E.J.,
Chapman, S.C., Jordan, D.R., Hammer, G.L.,
2013. Genetic variability in high temperature
effects on seed-set in sorghum. Functional
Plant Biology. 40(5), 439-448.
https://doi.org/10.1071/FP12264

Omidi, M., Siahpoosh, M.R., Mamaghami, R.,
Modaresi, M., 2014. The effects of terminal
heat stress on vyield, yield components and
some morpho-phenological traits of wheat
genotypes in Ahwaz weather conditions.
Journal of Crop Production. 6(4), 33-53. [In
Persian with English Summary].
https://doi.org/20.1001,1.2008739.1392.6.4.3.
5

Pandey, N., Tripathi,”A.K.;"Mishra, R.M., 2022.
The effects<0f heat stress on wheat and its
vulnerability. A review. International Research
Journal. of Plant Science. 13(5), 1-5.
httpsi/dorierg/40.14303/irjps.2022.033

Porter, J.R., Gawith, M., 1999. Temperatures and
the. growth and development of wheat: a
review. European Journal of Agronomy. 10(1),
23-36. https://doi.org/10.1016/S1161-
0301(98)00047-1

Prasad, P.V.V., Pisipati, S.R., Mutava, R.N.,
Tuinstra, M.R., 2008. Sensitivity of grain
sorghum to high temperature stress during
reproductive development. Crop Science. 48,
1911-1917.
https://doi.org/10.2135/cropsci2008.01.0036

Rahimi-Moghaddam, S., Deihimfard, R., Azizi,
K., Roostaei, M., 2021. Characterizing spatial
and temporal trends in drought patterns of
rainfed wheat (Triticum aestivum L.) across
various climatic conditions: a modelling
approach. European Journal of Agronomy. 129,
126333.
https://doi.org/10.1016/j.eja.2021.126333

Saxton, K.E., Willey, P.H. 2005. The SPAW
model for agricultural field and pond
hydrologic simulation. In: Singh, V.P., Frevert,
D.K. (Eds.), Watershed Models. CRC Press,
Boca Raton, pp. 400-435.

Singh, V., Nguyen, C.T., van Oosterom, E.J.,
Chapman, S.C., Jordan, D.R., Hammer, G.L.
2015. Sorghum genotypes differ in high
temperature responses for seed set. Field Crops
Research. 171, 32-40.
https://doi.org/10.1016/j.fcr.2014.11.003

Tao, F., Zhang, Z., Zhang, S., Rétter, R.P., 2015.
Heat stress impacts on wheat growth and yield
were reduced in the Huang-Huai-Hai Plain of


https://doi.org/10.1016/j.scitotenv.2021.151671
https://doi.org/10.1016/j.scitotenv.2021.151671
https://doi.org/10.22059/jci.2021.306231.2419
https://doi.org/10.22067/gsc.v6i1.1185
https://doi.org/10.1007/s00122-007-0628-8
https://doi.org/10.1038/nclimate3115
https://doi.org/10.1111/gcb.12442
https://doi.org/10.1111/gcb.13022
https://doi.org/10.1038/nclimate1356
https://doi.org/10.1071/FP12264
https://doi.org/20.1001.1.2008739.1392.6.4.3.5
https://doi.org/20.1001.1.2008739.1392.6.4.3.5
https://doi.org/10.14303/irjps.2022.033
https://doi.org/10.1016/S1161-0301(98)00047-1
https://doi.org/10.1016/S1161-0301(98)00047-1
https://doi.org/10.2135/cropsci2008.01.0036
https://doi.org/10.1016/j.eja.2021.126333
https://doi.org/10.1016/j.fcr.2014.11.003

China in the past three decades. European
Journal  of  Agronomy. 71, 44-52.
https://doi.org/10.1016/j.eja.2015.08.003

Wu, Y., Zhou, G., Song, Y., Ren, S., Geng, J.,
Zhao, H., Song, X., 2023. A Simulation study
on optimization of sowing time of maize (Zea
mays L.) for maximization of growth and yield
in the present context of climate change under
the north China plain. Agronomy. 13(2), 385.
https://doi.org/10.3390/agronomy13020385

You, L., Rosegrant, M.\W., Wood, S., Sun, D.,
2009. Impact of growing season temperature on
wheat productivity in China. Agricultural and

Forest Meteorology. 149(6-7), 1009-1014.
https://doi.org/10.1016/j.agrformet.2008.12.00
4

Zhao, K., Tao, Y., Liu, M., Yang, D., Zhu, M.,
Ding, J., Zhu, X., Guo, W., Zhou, G,, Li, C.,
2022. Does temporary heat stress or low
temperature stress similarly affect yield, starch,
and protein of winter wheat grain during grain
filling?. Journal of Cereal Science. 103,
103408.
https://doi.org/10.1016/j.jcs.2021.103408


https://doi.org/10.1016/j.eja.2015.08.003
https://doi.org/10.3390/agronomy13020385
https://doi.org/10.1016/j.agrformet.2008.12.004
https://doi.org/10.1016/j.agrformet.2008.12.004
https://doi.org/10.1016/j.jcs.2021.103408

