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Comprehensive abstract 

Introduction 
Drought stress is one of the most important environmental stresses in different regions of the 

world, which causes the instability of crop production. More than 20% of the world's agricultural lands 

are affected by moderate to severe drought stress. The seed filling stage is the last stage in the plant 

development and the most important stage in the accumulation of dry matter in the seed. Seed filling 

rate and period and the effect of various environmental and agronomical factors on these two 

important parameters affecting seed weight can be predicted using the mathematical models. 

Quadratic, polynomial cubic, and logistic models are among the mathematical models that have been 

used efficiently to predict the grain growth process. The purpose of this research was to investigate the 

grain growth process and the accumulation of photosynthetic substances in the grain of different wheat 

cultivars under non-stress (control) and late season drought stress conditions using mathematical 

models and to investigate the effect of grain growth parameters on grain yield. 

Materials and methods 
This experiment was conducted as split plots based on randomized complete block design with four 

replications in the research field of Faculty of Agriculture, University of Zanjan, Zanjan, Iran, in 2018-

2019. Normal irrigation (control) and drought stress after flowering were considered as main factor 

and four wheat cultivars (Shiraz, Marvdasht, Azar2 and Roshan) as sub-factor. Drought stress was 

applied by interrupt irrigation until the soil water potential reached about -2 MPa. To investigate the 

grain growth process, samples were taken from the main spikes after flowering every week. After 

drying the spikes, the grains were separated from the spike, the weight of single-grain was calculated, 

and the grain growth process was investigated using different mathematical models. To determine the 

best model, various statistical indices including root mean square error (RMSE), corrected Akaike 

(AICc) and ∆i were used, and the model with the lowest values of these indices was selected as the 

best model. Then, maximum and average grain filling rate, and grain filling period was estimated 

using the best selected model. The traits of plant height, main spike length, grain yield, biological 

yield and harvest index were also measured in addition to the grain growth process. 

Research findings 
Comparison of different models using RMSE, AICc and i∆ indices showed that Darroch and Baker 

model (model number one) was the best model to evaluate seeds growth process in this research. 

Investigating the growth of grains with this model showed that the final grain weight decreased in all 
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cultivars under drought stress conditions, and according to the prediction of this model, the lowest and 

highest final grain weight was belonged to Azar2 and Shiraz, respectively. Grain filling period 

decreased by 9.3% under drought stress conditions, and Shiraz (42.3 days) and Azar2 (34.4 days) had 

the highest and lowest grain filling period, respectively. Drought stress also reduced photosynthetic 

rate, leaf area durability, and number of grains per spike, but average and maximum grain filling rate 

were not affected by drought stress, which is probably due to the increase in the remobilization of 

photosynthetic materials under drought stress conditions. A positive and significant correlation was 

observed between grain filling period and grain yield under drought stress (r=0.375) and control 

(r=0.634) conditions. It can be concluded that the grain filling period was more important than the 

grain filling rate in this research. Drought stress decreased 1000-grain weight of the studied varieties 

by 18.3%, and Azar2 (47.70 g) and Marvdasht (33.50 g) had the highest and lowest 1000-grain 

weight, respectively. Grain yield and harvest index of the studied varieties also decreased by 40.8% 

and 22.4% under drought stress conditions, respectively, and Shiraz (4747.4 kg) and Azar2 (3179 kg) 

varieties produced the highest and lowest grain yield. Decrease in the harvest index indicated that 

drought stress reduced the grain yield more than the biological yield, which is probably due to the 

reducing of the grain filling period as well as disturbance in the grain filling process.  

Conclusion 
The results of this experiment showed that late season drought stress significantly reduced the 

photosynthetic rate, leaf area durability, number of grains per spike, 1000-grain weight and grain 

filling period, and finally led to a decrease in grain yield of the studied cultivars. 

Keywords: Grain filling period, Grain filling rate, Grain yield and yield components, Late season 

drought stress 
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Table 1. Some physical and chemical properties of the experimental soil 

Sand  

(%) 

Silt  

(%) 
Clay  

(%) 
Absorbable potassium 

(ppm) 
Absorbable 

phosphorus (ppm) 
Total nitrogen 

(%) 
Organic 

carbon (%) 
42  27  31  266  5.6  0.07  1.31  

  

  
 L�A1- ?;�V" Z�. ��>�8� � 3 " �%�"�H�  

Figure 1. Soil moisture curve of experimental field 

  

?>���5� X�:�	 �	 ^< ?�	
 �A� ���� ���#> ��` "�  ?>

 ?5C�W9J� #� �% ���?5b � �	 ��> �5C	 ��� t < ?��>

?��:� �
 ��H �
 �� ?5b � �
#� ��. �	 ^< � �A �#��

 ��"
75  ?P�
}��*5� ?> M�"24 9;��� ?�	
 �	 ��

 v��:A �	 ^< � 	�P ?5b �� ���%1 ?�	
 �"�:����  ���

��?�	
 �A� ���� ���#> 9!P ^c� �A ?b��3" ?�	
�  �	

 /A (�" �K�%� E>	�� 7b8 �
�J��	 #%� v�	#> �	 ^< �

(�"���  a�6��	 (�" 1%#�!>A�:  

)1 (    )Darroch and Baker, 1990 (     Y � �
�����	
   

)2)     (Naderi et al., 2000 (              Y � �
������


�   

)3 (    )Mohammadi et al., 2012 ( Y � �

�������
�
�
�

   

)4(     )Richards, 1959 (      Y � a ∗ �1 � be����   

)5(     )Cao et al., 2019 (              Y � a � ���
���


�	
 

   

)6(     )Richards, 1959 (            Y � ae���!�	
"�   

 �
E>	�� 1%	 �Y  �(X#�) ?�	
 ��. ���W  #g�	�G

 �(X#�) ?�	
 ���X  
	�S��
#� �	 ^< ���� ����W	 a �b �

c �d �n  �k  ?�	
 ��A #< 9;#� � (�8 �> Eb�#" R%	#K

 1%	 �
(�"� �*� ��.  �	 ^<(�" v�	#>���  1��S� 9!P

d.�A �	 (�" 1%#�!>���"H ��� L"�A RMSE ) Root

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.0001 0.001 0.01 0.1 1 10

V
o

lu
m

et
ri

c 
w

at
er

 c
o
n

te
n

t 

Soil  suction (MPa)

410  



 X� � X�F�	 ?�	
 �A� ���� ?S��2"93�  ���. / � E%	#A                        ���
 /Mhw M�U�U3���/0�
V  /X�
 ���:A� ���*>�1402 

quare ErrorS Mean �(AIC )Akaike Information 

Criterion � (i∆ 0� ?� ���" � �
�J��	 1%	 �	V�" 1%#�

d.�A�� 9A	
 	�� ?>�A a�6��	 ��%V�#> (�" �	� ;:  

)7                          (RMSE � '∑!Oi � Si"+ /n  

 �?2>	� 1%	 �
n �
	
 
	�S� ���O  � ��A �����" �	�U"

S /�< �	�U" E��� ��A � �>(�" .9�	  

)8    (                          AIC � n log �445
6 � � 2k   

 ?� �
�H �SSE  ��2. M�S>#" i�:"n �
	
 
	�S� ��

 �k  ���#�"	��< 
	�S�(�"  �	�U" ?b��3" 9!P .9�	

 ��A e�3Y� ��f��H V���	  �
�J��	 #%� ?2>	��A:  

)9(                     AICc � AIC � 2k � �+�!���"
6���� �  

)10      (                        ∆i � AICc � minAICc  

�
  �?2>	� 1%	 AICc � ��A e�3Y� ��f��H �	V�"

minAICc > ��A e�3Y� ��f��H LF	�G? �	 ��"H 9�


(�" 7�U3� 1%	 �
 �
�J��	 
��" 45�6" ��� .
�>  

(�" ���#> �	 ^< ���A �
	
 v�	#> ��� (�"1 

)Darroch and Baker 1990> �(?(�" 1%#�!> �	� ; #> 

d.�A }��	 ��� o�> .�A a�6��	 R%#K �
 �?"	
	 �
B 

 �C }��	 #>  (�" 1%	 
��H#> ^c� � #g�	�G �	V�"

 (�8 � ?�	
 ��A #< 9;#� 1�����" �?�	
 ��A #< 9;#�

 ��"� M�" ?b��3" ?�	
 ��A #<A.�  
 (�" }��	 #>)1( 9�	 ���*� (�" �% ?�� 

> ���"� ?�	
 ��A #< 9;#� #g�	�G?�" 9�
 ��� ?� �%H

) �A�> ����� ?�	
 �%�!� ��� 4Y� ?> ?�	
Duguid and 

Brûlé-Babel, 1994(. E���"  ?�	
 ��A #< 9;#� V��

 ?�	
 �
 ��. �
�" I:� 9;#� 1�����" �� �
 ����

 ?�	
 ��A #< �89�	.  #g�	�G E���" �#< 9;#�  ��A

 ?�	
?> R��#�� �	� E>	)11) � (12( �A ?b��3":  

)11(                                                    R � �<
=  

 )12(                                             R>��6 � �
? 

1%	 �
  ��E>	 �R  �MeanR ?> R��#� #g�	�G E���" �

 �(��� �
 X#�) ?�	
 ��A#< 9;#�W  ��. ��� #g�	�G

?�	
 �(X#�) D  � ��� R*G #> ?�	
 ��A #< ���
 (�8C 

 ��A 
��H#> R%#K (�" E���.9�	  

 x�3� �	��#`�  (�") ��A �
	
 v�	#> (�" �
1 �(

 ��A 
��H#> ��. ��� #g�	�G ?> V�#� ?�	
 ��. ���

 ��A #< ���
 (�8 
��H#> 9!P 1%	#>� > .���� ��	�6�

 �� ?�	
 ��A #< i�#A ���"� ?5C�W 7�U3� 1%	 �
 ?�	


 ?> ?�	
 ��� ?� ���"�95  
��H#> ?�	
 ��� #g�	�G �C�


��#> ��A� �A ?�W#� #`� �
. ?>��` " 1�:��  #< (�8

 ?�	
 ��A}��	 #>  (�")1(  #>	#> ?�	
 ��� ?� ���"� �	#>

 �>0.95W  ��A�>) ?2>	� �	 �
�J��	 �>13?> ("H 9�
 �

)Duguid and Brûlé-Babel, 1994(:  

)13(                                          D � A6 ��+.C==
< 

 ?� �
 ��HB  �C  � (�" E��� ��A 
��H#> R%	#KD 

.9�	 ��� R*G #> ?�	
 ��A #< ���
 (�8  

 #g�	�G E���" �?�	
 ��A #< 9;#� V�� �  M�"

#> ?�	
 ��A #< ��"�  E>	�� }��	o�> #� �	#>  M#�

?b��3" ?���	�P ��%�"�H  � ^��%�	� ?%V� ^c�

�
	
?> ��� ��"H 9�
�A X��	 �	 �
�J��	 �> 1� {:� .

��A 
��H#> R%	#K� X#� �:� �> ?�	
 �A� ���� �	
�:� �	VW	

Excel  ?6*�2019 .�A 0��#�  

 �> V�� �#�%
 M�JC �?�	
 �A� ���� #> ��h;

?��:� ��	
#>10 ��	��	 M#� #� �	 �W
�Y� ?��>�#�� 

���A. ?> �	#>9�
?�	
 �	V� ��� �
��H  
�; �	V� 
	�S�

"��	 ��:A �O> �����
 E��� �O>���� )Pfeuffer, 

Germany (.�A ��� � v��:A ? < 
	�S��  ?�	
 
	�S�

 ?5b � �
?��> i�J��	 �  V��?�	
 L"�� ������ �	 ^<�� 

��	��	���A �#�� 
#�5:; .��*%�  L"�� ������ �	 ^<

?�	
�� ?�A�G TOG �	 ^<��?��> 9A	
#> �> �9G�*" ��� 

#�" ��!Q  I>#" ��%�"�H �G	� #� �	��	��	 .�A �#��

?�	
 �
#� 	�P �	 ^< V�� ?�	
 
#�5:;��� ��	��	 #> � �#��

 ����� �
 X#��5�� R*G9bD  �	 V�� 9A	
#> d.�A .�A

) �
�Y�F	 
#�5:; 9b*�EY) ��*%� 
#�5:; ?> (BY �> (

) ?2>	� �	 �
�J��	14.�A ?b��3" (  

)14 (                                 HI � 5E
�E  × 100  

^<  �	��	��	�
	
 9bD � M�JC �#�����  ?%V�

�
	
 ^��%�	�1�����" ?*%�U" ���(�" v�	#> � �� �> ��

X#� �	 �
�J��	 �	VW	SAS  ?6*�2/9  ?*%�U" .�A X��	

�
	
 1�����"? "	
 � Q ��"�H �> V�� �� e2� �
 1��	
 �	

 �	 V�� ���	
�:� 0��#� �	#> .�A X��	 �C�
 t < (�:�G	

X#� �	VW	Excel  ?6*�2019 .�A �
�J��	  

  

Q�� � R;��1  

5-( &�;��(S��.( 5-( T�U�1) � V>�U( =��  


��H#> �	 LC�G t%��� d.�A #%
�U" ���"H ���

RMSE �AICc  �i∆  �	#> (�" /A ��A v�	#> ?>

510  



�5��                               �	���:� � �                                             �w M�U�U3 /Mh0�
V�� ���
/  ���:AX�
/ ���*>�� 1402 

�
	
 ?�	
 ��. ��� ��� �
 (��P2 ?f	�	 9�	 ��A .

��:���A ?�J� ?� ��8  (�"�> 0� �	V�" 1%#�d.�A ���

RMSE �AICc  �i∆?> �R�� " �	� ; a�6��	 (�" 1%#�

�
 .�A (�" 1%#�!> a�6��	� d.�A #> ��h; ���A	 ���

 
�P�" R%	#K ��*%� 0���J" 1�A	
 � (�" ��
�� ���A

(�" �
  ���� ���#> 9!P (�" a�6��	 ������S" �	 V��


�> ?�	
 �A���?> t%��� 7>�2" .9�
 (�" ���"H��� )1(  �

)2( �	�	
 0� 1%#� #%
�U" 1%	d.�A ����
�>  � 1%	#>� >

 v�	#> 1%#�!> #> 	��
	
?�	
 ��. ��� ��� � �A	
 

 (��P)2.( ?*%�U" �
 (�" �
 1%	�  ?� %	 ?> ?P�� �>

 (�" R%	#K)1(  X�!J" �	�	
��*%� � �*��  (�" 1%	

?> �	� ; 1%#�!> a�6��	 ?�	
 �A� ���� ?S��2" 9!P (�"

 ?S��2" 9!P V�� �#�%
 M�U�U3� �
 (�" 1%	 �	 .�A

��#�"	��< 
��H#> � ?�	
 �A� ���� ��"� M�" � 9;#� �

 ?�	
 ��A#<�
 ) 9�	 ��A �
�J��	 X� �Brdar et al., 

2006; Mohammadi Gonbad et al., 2016 �	 ^< .(

(�" a�6��	  ���:A)1(R%	#K � W �B  �C  �% #� �	#>

0F� �	 ����>H E%	#A �
 93� ?S��2" 
��" X� � ���

���. / � � (�"#� �A 
��H#>  t%��� ?� (��P �
3 

?f	�	 .9�	 ��A  

  

 (��P2 - (�" ?*%�U"d.�A }��	 #> �� �OP ���"H ���"�����1 �2. M�S>#"  (RMSE)f��H�� 3Y��e ) ��AAICc � (i∆   
Table 2. Comparison of the models based on root mean square error (RMSE), corrected Akaike (AICc) and ∆i 

statistical indices 

Model RMSE AICc ∆i 

1 0.075825  -3276.49 0.0000 

2 0.075825  -3276.49 0.0000 

3 0.075811  -3274.53 1.9634 

4 0.087583  -3186.65 89.8443 

5 0.075804  -3274.59 1.9041 

6 0.076883  -3267.86 8.6360 
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Table 3. Evaluated coefficients for the model number 1 in the studied varieties under normal irrigation and 

drought stress conditions 

Variety Condition W B C 

Azar2 
Normal 0.0534 24.9190 0.1734 

Drought stress 0.0507 23.9915 0.1847 

Roshan 
Normal 0.0552 17.2194 0.1367 

Drought stress 0.0484 24.6679 0.1709 

Marvdasht 
Normal 0.0442 31.4965 0.1647 

Drought stress 0.0402 29.9445 0.1797 

Shiraz 
Normal 0.0507 47.3462 0.1531 

Drought stress 0.0439 52.4879 0.1729 
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Figure 2. Grain dry matter accumulation of wheat cultivars under control and drought stress conditions 
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Table 4. Analysis of variance for the studied traits in wheat cultivars under control and drought stress conditions 

Source of  

variation 
df 

Mean square 

Plant height No. of tiller 
No. of grains  

per spike 

1000-grain 

weight 
Grain yield Biological yield 

Harvest 

index 

Grain filling 

period 

Maximum grain 

filling rate 

Average grain 

filling rate  

Replication (R) 3 13.44 ns 0.08 ns 14.49 ns 1.27 ns 611178.61 ns 1003286.38 ns 23.05 ns 122.01414 ** 2.87785 ns 3.34276 ns 

Irrigation (I) 1 477.09 ** 0.18 ns 107.31 ns 533.75** 35315372.86 ** 83043731.47 ** 577.61 ** 112.84032 ** ns 5.74376 2.21678 ns 

Ea (R×I) 3 24.01 0.03 65.80 11.62 152421.60 786422.13 17.25 2.14016 6.95749 1.36597 

Cultivar (C) 3 398.41 ** 0.51 ** 527.22 ** 256.75 ** 3604186.11 ** 5357726.52 * 125.65 ** 260.25984 ** 1.34055 ** 8.56356 ** 

C×I 3 2.24 ns 0.01 ns 18.67 ns 4.59 ns 479453.63 ns 1900661.97 ns 25.96 ns 6.47399 ns 4.63666 ns 1.03973 ns 

Eb 18 343.09 1.58 606.76 113.76 3717041.57 25086063.9 165.75 156.43831 7.98828 1.10362 

CV (%) - 4.78 35.43 14.64 6.19 11.07 10.89 8.17 7.66 10.47 6.14 
ns, * and ** Not-significant and significant at 5% and 1% probability levels, respectively. 

 

 

 
  

 (��P5 - *%�U"? ��	��	 M�JC 1�����" ��A �#�� �
X� � X�F�	 ?S��2" 
��" 1�> �  �
 ���. / � � ���A E%	#A  
Table 5. Comparisons of means of the measured traits in the studied wheat cultivars and between control and drought stress conditions  

Treatment 
Plant height 

(cm) 
No. of tiller 

No. of grains  

per spike 

1000-grain 

weight (g) 

Grain yield 

(kg.ha-1) 

Biological yield 

(kg.ha-1) 

Harvest 

index (%) 

Grain filling 

period (day) 

Maximum grain 

filling rate 

(g/day) 

Average grain 

filling rate 

(g/day) 

Irrigation Control 95.03 a 0.91 a 41.46 a 44.66 a 5152.2 a 12450 a 41.38 a 40.345 a 0.00199 a 0.00127 a 

 Stress 87.30 b 0.76 a 37.80 a 36.49 b 3051.1 b 9228.1 b 32.88 b 36.589 b 0.00202 a 0.00127 a 

 Azar2 101.53 a 1.20 a 29.37 c 47.07 a 3179 c 9632.9 b 32.69 b 34.416 c 0.00235 a 0.00152 a 

Cultivar Shiraz 89.74 b 0.65 b 44.55 a 39.47 c 4747.4 a 11266.7 a 41.36 a 42.305 a 0.00181 b 0.00112 c 

 Marvdasht 86.84 b 0.67 b 47.50 a 33.50 d 4090.1b 11413.3 a 35.06 b 39.401 ab 0.00197 b 0.00113 c 

 Roshan 86.55 b 0.82 b 37.10 b 42.25 b 4390 ab 11043.3 a 39.41 a 37.748 b 0.00191 b 0.00132 b 

Means followed by similar letter in each columns are not significantly different based on Duncan’s multiple range test at 5% probability level. 
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