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Abstract

Introduction

Wheat (Triticum spp.) is a fundamental staple crop, globally cultivated on 219 million hectares in
2022, and producing over 808 million tons, ranking as the third most important crop by total
world production. Adapted to a broad latitudinal range (67° N to 45° S), wheat thrives under
widely varied environmental conditions. In Iran, wheat remains the foremost priority of
agricultural development efforts, with recent years focused on attaining self-sufficiency.
However, maximizing grain yield requires breeders to address both biotic and abiotic stresses,
particularly terminal heat stress, which critically affects grain development. Among the
phenological traits, heading date is pivotal in breeding and genotype selection, directly impacting
adaptation and final yield under stress conditions.

Materials and Methods

This study analyzed the effects of temperature during critical developmental phases on grain
yield across six growing seasons (2012-2018) in Northern Khuzestan. Data were complied from
14 international and 12 national wheat experiments conducted in a warm southern climate,
comprising a total of 1,226 genotypes. For each genotype, the average minimum and maximum
temperatures were recorded and analyzed for two distinct periods: from sowing to heading and
from heading to physiological maturity. The impact of thermal factors especially during pre- and
post-heading stages, on grain yield was assessed. Post-heading data from the first replicate in
each experiment were used to calculate correlation coefficients between phenological traits and
yield. Analysis of variance and estimation of genotypic and phenotypic correlation coefficients
were conducted using META-R software.
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Results and Discussion

Thermal amplitude (Tmax-Tmin) was employed as an environmental index to assess its impact
on phenological development, growth, and yield. The variation in average minimum and
maximum temperatures from sowing to heading ranged from 7.61 to 18.96°C in the early-
heading genotypes and 7.62 to 21.46°C in late-heading genotypes. During the grain-filling period
(heading to physiological maturity), the minimum and maximum temperature averages ranged
from 11.1 to 15.74°C and 24.51 to 31.39°C, respectively. Although correlation coefficients
between grain filling and thermal variables did not exhibit consistent trends, a significant
relationship was observed between yield and thermal amplitude during the pre-heading stage. In
contrast, correlations between yield and days to heading, as well as with average minimum and
maximum temperatures from sowing to heading, were generally not statistically significant.
Similarly, relationships observed during the reproductive phase were inconsistent, underscoring
the pre-heading stage as a critical period of sensitivity to heat stress.

Conclusion

These results provide deeper insights into the complex interplay between temperature
fluctuations and wheat developmental stages. The findings suggest that thermal amplitude before
heading is a critical determinant of yield stability under terminal heat stress, guiding both
breeders and farmers. For breeders, this underscores the value of selecting for optimal heading
dates and heat resilience, while for farmers, understanding temperature effects can inform variety
choice and sowing times. Ultimately, adopting such strategies has the potential to mitigate crop
losses, support sustainable agriculture, and enhance food security amid climate variability.
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Table 1. Trials/Nurseries detail and information

Stage of data application

Year of evaluation Nursery/Trial  Pre-heading Post-heading Number of genotype  Number of replication  Design layout
1PWYCYT X X 2 a-Lattice
7‘“d EBWYT X X 30 3 a-Lattice
2" SATYN X X 50 2 a-Lattice
1391-92 (2012-2013) 339 ESWYT X X 50 2 a-Lattice
ARWYT-91 X X 46 2 a-Lattice
ERWYT-91* X 18 4 RCBD
2WYCYT X 42 2 a-Lattice
8" EBWYT X 30 3 a-Lattice
39 SATYN X 24 2 a-Lattice
2013-2014 34N ESWYT X 50 2 a-Lattice
ARWYT-92 X 46 2 a-Lattice
ERWYT-91¢ X 18 4 RCBD
ERWYT-92*% X 32 4 a-Lattice
4T SATYN X 28 2 a-Lattice
35I: ESWYT X 50 2 a-Lattice
13" HTWYT X 50 2 a-Lattice
2014-2015 ARWYT-93 X X 62 2 o-Lattice
ERWYT-92¢ X 32 4 a-Lattice
ERWYT-93* X X 28 4 a-Lattice
3ITWYCYT X 42 2 a-Lattice
361: ESWYT X 50 2 a-Lattice
14" HTWYT X 50 2 a-Lattice
2015-2016 ARWYT-94 X X 64 2 a-Lattice
ERWYT-93¢ X X 28 4 a-Lattice
ERWYT-94* X X 28 4 a-Lattice
ARWYT-95 X X 64 2 a-Lattice
2016-2017 ERWYT-94¢ X X 28 4 a-Lattice
ERWYT-95* X X 28 4 a-Lattice
ARWYT-96 X X 68 2 a-Lattice
2017-2018 ERWYT-954 X 28 4 a-Lattice
ERWYT-96* X 32 4 a-Lattice
First year of evaluation * RN

Second year of evaluation® @ L5l s
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Table 2. Grain yield and days to heading analysis of variance as well as phenotypic and genotypic correlation coefficient

Yield (Kg. ha™) Day to heading . .
o Vamtor 0 Geope  Vamion o, Gewope Rl
Year Nursey/Trial yield significance days significance
1P WYCYT 2023-5519 16.5 P<0.001 94-104 0.92 P<0.001 0.40* 0.34™
7"EBWYT 4619-6761 11 P<0.001 91-102 1 P<0.001 -0.10™ -0.03™
2012-13 2" SATYN 2684-6301 13.6 P<0.001 91-103 2.35 P<0.01 0.44** 0.19™
339 ESWYT 4068-7628 9.8 P<0.001 90-103 1.13 P<0.001 -0.04™ -0.09™
ARWYT-91 2234-5795 19.2 P<0.01 93-103 1.38 P<0.001 -0.43"™ -0.31*
2WYCYT 3756-6729 9.8 P<0.05 105-116 11 P<0.001 -0.71** -0.32*
2013-14 8" EBWYT 32.07-5855 13 P<0.01 99-109 0.9 P<0.001 0.56** 0.43*
3 SATYN 2890-5970 13 P<0.05 99-110 1.2 P<0.001 0.50* 0.42*
34" ESWYT 2675-5853 11.5 P<0.001 94-108 1.01 P<0.001 0.81** 0.68**
4" SATYN 3724-6459 8.6 P<0.01 87-102 11 P<0.001 0.35™ 0.29™
35N ESWYT 4633-6658 5.2 P<0.001 88-98 1.15 P<0.001 0.21"™ 0.11"™
2014-2015 13" HTWYT 4000-6698 1.7 P<0.001 84-99 1.6 P<0.001 0.31* 0.29*
ARWYT-93 4321-7237 7.9 P<0.001 89-104 1.6 P<0.001 0.12"™ 0.1™
ERWYT-93* 5138-6960 6.6 P<0.001 89-105 2.7 P<0.001 0.36™ 0.36™
3TWYCYT 4065-6687 7.7 P<0.01 92-102 1.8 P<0.01 -0.14™ -0.2™
36N ESWYT 4911-6331 6.3 ns 91-99 2.4 P<0.001 -0.14™ -0.25™
2015-2016 14" HTWYT 3652-6080 8.3 P<0.05 87-105 15 P<0.001 0.38** 0.17™
ARWYT-94 3308-6763 10.6 P<0.001 92-105 1.7 P<0.001 -0.26* -0.24"™
ERWYT-93¢ 4369-6104 8.6 P<0.001 92-102 1.12 P<0.001 0.39* 0.32™
ERWYT-94* 4159-6662 10.6 P<0.001 91-102 1.4 P<0.001 -0.18"™ -0.19™
ARWYT-95 5663-7945 5.7 P<0.001 93-107 1.6 P<0.001 0.22™ 0.13™
2016-2017 ERWYT-94¢ 5134-6854 9 P<0.001 97-110 1.7 P<0.001 -0.59** -0.44*
ERWYT-95* 4509-6831 104 P<0.001 96-105 1.6 P<0.001 -0.62** -0.43*
2017-2018 ARWYT-96 3665-7018 7.4 P<0.001 87-101 0.95 P<0.001 -0.20™ -0.23™

First year of evaluation*  Second year of evaluatione LT IS W S P 3 I (WO Y
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Tabel 3. Average of minimum and maximum of temperature from planting to heading date for each year and difference between them in early-
maturing and late-maturing genotype in comparison with the local check, Chamran 2

Days to heading tMin /t Max in the perioda in the period
Sowing date Earliest Local Grain yield
Year dd/mm/yy genotype Latest genotype check” Earliest genotype Latest genotype Local check” (Kg ha'l)
2012-2013 03/12/2012 89 104 103 8.60/19.90 9.03/20.72 8.99/20.60/11.61 4862
11.30 11.69
2013-2014 02/12/2013 94 116 108 7.62/18.96 8.66 /20.03 8.34/19.43/11.09 4964
11.34 11.37
2014-2015 22/11/2014 88 106 99 9.37/21.11 9.23/21.08 9.24/21.02/11.78 5919
11.74 11.85
25/11/2014 83 103 96 9.15/21.00 9.03/21.18 9.09/20.89/11.08 5615
11.85 12.15
2015-2016 02/12/2015 87 105 102 7.61/19.32 8.42/20.43 8.24/20.37/12.13 5350
11.71 12.01
2016-2017 01/12/2016 87 112 110 6.77/19.13 7.62 /20.47 7.59/20.41/12.82 6336
12.36 12.85
2017-2018 21/11/2017 87 101 102 7.97/21.48 8.45/21.46 8.46/21.51/13.05 5958
13.51 13.01

*: Local check Chamran 2
t Min= Average of minimum temperature in the period

t Max= Average of minimum temperature in the period

Period*= Sowing to Heading date
A = (tMax -tMin)

Y J9u S o (w00l ( Sod Lyl yo -¢ o>
Table 4. Simple correlation of coefficient of table 3 variables

Traits EMin period® EI\_/Iax period® Earliest genotype tMin period” latest ~ tMax period” latest Latest genotype Average grain
earliest genotype earliest genotype genotype genotype yield
IMin period” earliest genotype 1
tMax period* earliest genotype 0.709 1
Earliest genotype -0.244 0.511 1
tMin period” latest genotype 0.933* 0.509 -0.437 1
tMax period* latest genotype 0.585 0.968 0.617 0.342 1
Latest genotype -0.360 0.344 0.910 -0.623 0.522 1
Average grain yield -0.176 0.347 0.691 -0.490 0.443 0.814* 1
t Min= Average of minimum temperature in the period Period®= Sowing to heading date P<0.05; df=5 Critical value =0.755

t Max= Average of minimum temperature in the period A = (tMax -tMin)
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Figure 1. Relationship between yield and days to heading with significant genetic correlation coefficient, in the
(@), I WYCYT and (b), 2" SATYN nurseries conducted in 2012-2013, Red dotted line: maximum average yield
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Figure 2. Relationship between yield and days to heading with significant genetic correlation coefficient, in the

2" WYCYT (a), 3 SATYN (b), 8" EBWYT(C) and 34" ESWYT (d), nurseries conducted in 2013-2014, Red
dotted line: maximum average yield
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Figure 3. Relationship between yield and days to heading with significant genetic correlation coefficient, in the
13" HTWYT conducted in 2014-2015, Red dotted line: maximum average yield
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Figure 4. Relationship between yield and days to heading with significant genetic correlation coefficient, in the

14th HTWYT (a), ARWYT-94 (b) and the second year of performing ERWYT-93 (c), nurseries conducted in
2015-2016, Red dotted line: maximum average yield
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Figure 6. Daily maximum temperature from heading to physiological maturity
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Table 5. Average minimum and maximum temperatures, along with the difference between them, for the high-yielding genotypes of curves no. 1to 5

oYY

Grain yield (Kg. ha) ?((j)(\j/m% ;1;;;9 Days o éverage of temper_ature from sowmg_to hea(jlng
Nursery/Trial . tMin of tMax of A (tMax -tMin)
Year heading w0 w0 o
period” (°C) period” (°C) C

2012-2013 1" WYCYT 4852 03/12/2012 104 9.03 20.72 11.69
2" SATYN 6219 102 8.95 20.47 11.52
2013-2014 2"WYCYT 6146 02/12/2013 112 8.43 19.70 11.27
3“SATYN 5059 107 8.26 19.36 111
8" EBWYT 5574 108 8.34 19.43 11.09
34N ESWYT 5725 106 8.2 19.31 11.11
2014-2015 13" HTWYT 6318 25/11/2014 96 9.24 21.02 11.78
2015-2016 14" HTWYT 5759 02/12/2015 92 7.90 19.62 11.72
ARWYT-94 6581 104 8.33 20.39 12.06
ERWYT-93 ¢ 5830 102 8.19 20.31 12.12
2016-2017 ERWYT-94 ¢ 6787 01/12/2016 100 7.14 19.94 12.80
ERWYT-95 & 6289 97 7.07 19.69 12.62

First year of evaluation # Second year of evaluation®

t Min= Average of minimum temperature in the period

t Max= Average of minimum

temperature in the period

Period*= Sowing to Heading date

A = (tMax -tMin

0 Jouzr S i ool ( Sodd o yo -1 J9u>
Table 6. Simple correlation of coefficient of table 5 variables

tMin of period®  °C

A (tMax -tMin)  °C

Grain yield tMax of period® °C
Yield 1
tMin of Period* -0.354 1
tMax of Period* 0.197 0.575 1
A (tMax -tMin) 0.605" -0.587" 0.324

P<0.05; df=10 Critical value = 0.576

t Min: Average of minimum temperature in the period

t Max: Average of minimum temperature in the period

Period®: Sowing to heading date
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Table 7. Variation range of grain yield, grain filling period and thermal variable in the period

Year tMin of Period® °C  IMax of Period® °C A (tMax-tMin) °C  GFP (days) Yield (Kg. ha)
2012-2013 13.11-15.08 28.57 -31.39 15.38 - 16.93 34 -49 1115- 7834
2013-2014 13.73-15.55 26.39 — 29.86 12.63 -14.45 37-48 1598 - 6704
2014-2015 11.10-16.5 2453 -27.8 11.27 - 14.63 36 — 58 2325 - 7884
2015-2016 11.74 -13.34 26.12 - 27.60 13.77-14.46 37 - 47 2809 - 6984
2016-2017 13.46 - 15.74 26.07 — 30.95 11.86-15.5 36 - 55 4775 - 8467
2017-2018 11.3-12.9 26 —29.7 143-174 31-53 3225 - 8208

t Min= Average of minimum temperature in the period

Period”= Heading to physiological maturity

t Max= Average of minimum temperature in the period

A1 Ol g 8593 10 damo (S Of ki 9 418 8 jhos (g 03k ( Kuwwodd ol po0 -A Jou>
Table 8. Simple correlation of coefficient between grain yield and environmental thermal variation in grain filling period

(GFP)
Year N tMin of Period” °C ¥Max of Period”°C A (EMax -tMin)°C GFP
2012-2013 224 0.808 **
2013-2014 96 0.962 **
tMax of Period®  2014-2015 122 0.870 **
°c 2015-2016 120 0.938**
2016-2017 120 0.874 **
2017-2018 128 0.660 **
2012-2013 224 0.236 ** 0.763 **
2013-2014 96 0.849 ** 0.961 **
A (EMax -EMin) 2014-2015 122 -0.322 ** 0.186 *
°c 2015-2016 120 -0.238 ** 0.114
2016-2017 120 0.549 ** 0.885 **
2017-2018 128 0.172 0.853 **
2012-2013 224 -0.024 -0.184 ** -0.277 **
2013-2014 9 -0.381 ** -0.500 ** -0.582 **
GEP 2014-2015 122 -0.086 -0.015 0.144
2015-2016 120 0.218 * 0.378** 0.434 **
2016-2017 120 -0.298 ** -0.193 * -0.048
2017-2018 128 0.841 ** 0.288 ** -0.206 *
2012-2013 224 -0.038 0.033 0.097 0.165*
2013-2014 9 0.527 ** 0.575 ** 0.579 ** -0.203 *
Grain yield 2014-2015 122 0.245 ** 0.197 * -0.111 0.089
2015-2016 120 -0.139 -0.165 -0.064 0.117
2016-2017 120 -0.064 -0.010 0.044 0.421 **
2017-2018 128 -0.307 ** -0.266 ** -0.136 -0.249 **

Period*= Heading to Physiological

t Max= Average of minimum temperature in the

t Min= Average of minimum

Maturity period temperature in the period
GFP/4Yls 418 8 Ko Sumod 9 30 SHwd -1 Jou>
Table 9. Sorting annual grain yield/ GFP correlation coefficient
Annual tMin of - . w0~ A(EMax -tMin) Yield/GFP
Year Periodm?  °C Annual tMax of Period” "C °c Correlation coefficient

2015-2016 12.4 26.49 14.09 0.117™
2014-2015 12.68 26.84 14.16 0.089"™
2017-2018 12.35 28.23 15.88 -0.249**
2013-2014 14.72 28.63 13.9 -0.203*
2016-2017 14.53 29.38 14.85 0.421**
2012-2013 14.07 30.41 16.33 0.165*

Period*= Heading to physiological maturity

SIS a5 Shey U a5 e
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