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Abstract  
In order to study the effect of different levels of temperature and drought stress on seed germination of buckwheat, a factorial 

experiment was conducted as completely randomized design with three replications. Experimental treatments were included 

different levels of drought stress (0, -0.2, -0.4, -0.6 and -0.8 MPa) and different temperatures (8, 12, 16, 20, 25, 30, 35 and 40 oC). 

Results indicated that all models of thermal time, hydro time, and hydrothermal time could predict the germination of buckwheat. 

Basic temperature (Tb) was estimated from -0.98 to 11 oC, optimum temperature (To) from 21.7 to 24.7 oC, and maximum 

temperature (Tc) from 30 to 41.5 oC, which increasing osmotic potential Tb and decreased To and Tc in Buckwheat. Also, increasing 

temperature enhanced germination rate (decrease θHT from 18 MPa day at 8 oC to 3 MPa day at 35 oC), and decreased stress 

tolerance due to increasing basic potential (increase ψ50 from -0.927 MPa to 0.043 MPa). According to the hydrothermal time model 

output, Tb in this plant was about 1.93 oC and at 92 MPa oC day, highest germination rate was recorded and ψTb in this plant in Tb 

was about -1.31 MPa. Also, it was defined that, each of these three models predicted buckwheat seed germination under different 

temperature and water potential, but hydrothermal time was a general model and we can have suggested it.  
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TT� Q�TT����� )Fagopyrum esculentum Moench.( 

�TTT���� -�H��TTT�  HTTT& (TTT'"� ��!TTT�  NTTT'c<S��TTT�& 

)Polygonaceae(� � �TT& ! 3-<TT��  R�XTTY h��4TT  �� �

5!Y� � R�XY �-�e� �� ,3 <TT	
 ��TT*� TT-1 � .<TT��TT-a 

���� ����� i��!D�a j�!a��'� 
!� �&�U TT�� R��TT"� � 3��H� 

��f �� � ���) -��� &!7�  Q�M <��TT�� ,3 �� H
����� 

j k!7�h�#Y�! #��j��CTTj 2��� .��- TT� Q�TT�����  HTT&��TT�V 

i��!D ��L��a��� `& l�M��� &�!�	 � ��-!TT+  �e�TTZ* 

HTT����� <TT�� )Lim et al., 2012 .(Q�TT�� TT���� �� HTT&TT�V 

$ ��TTL�TT�N ��!�TT`��� m���\= ��TT���� ����� TTW�M�< 

�� ���  � ���&!�JK� �-a �TT��� ,�TTM R�!�TT`'
 8��TT
 ��� 

I�� ��� �� ��� �n k����� R!��
 �e�& ,�M ��	=� ,�$!TT�  �

�-<&� HL�� � H& ,�!+	��oD-a ���� <TT�� ��!TT
 UTT'L �� 

)Sytar, 2015; Ishii et al., 2008.( 2��4TT� ,�TT	� �TT�

�  ���TT*  p-�!Y H& VX*�  ���� �- ���� Q��� H
 ����

 ���TT& �TTP�* 8�TT� HTT& ,3 8�TT
�� �TT�� ��TT`-�!�j ��TT�

�W�ZM H���L H'f!  �� �	M 8�� VTT �
 ��TT$ HTT& �TT��

�X� g9	 �Y�& )Aubert and Quinet, 2022.( 

 �e�TTZ*  �� �TTM!& <TTc��� �� ��TTXc �\	  �� �-

 �����TT	
�TT  HTTq���� <TTM���-!�j � �TT�
 ��TT�r � �TTY�&

HTT���L �TTW�� ����� HTT
 �-���CTT&!TT�X
 �TT���  <c!TT� � �TT�


Y�& <M���-!�j�HTT��& ��,3 �� VTTW�f ��TT� HTT���� �TTY� 4TT�� �TT�

<TTY�� �TT����M �!��TT�
 )Farzaneh et al., 2014 �TTY� .(
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 � ���TTY��M %	"	� <=�-��

�  ��Y !+-� ��� �� � � ,�TTY 4#TT� �� ��M��TT�- Q�c ��TT/-�

 t\�M�H��& ������ �� <-!-�TT  �� ��\TT	  ��!TT& UTTL�  �TT�

�  Hc�4 ��Y )Farzaneh et al., 2014;( B �TT��!& a-�!&�TT�&

 VTTT ��c!JuTTT  HTTT���L !TTT& �� HTTTq���� ��!)�TTT�� � �TTT��

���!d�  ��XY H& R�Z*  !� <c��� H���� ����-3.  

HTT���L�TT�� 3!=-�TT� =�4-��TT��-�  HTT
 <TT���TT&  �TTY�

��Hq�� � v�S� �& � ��j3-H	H7 <=�& VM�� H&��� TT	Y�D� 

TT  VTT �
 �CTT&���TTY )Bradford, 2002.( ���CTT&�  �����

��5H� �� M �5�= �k��� ���TTW���H
  �CTT& !�TT`& ��k�TT'P  �

�TT �� TT`
� � <TT&�$� �UTT��� �,o =�TT
� � ��!TT5��TT�!�  k3

���X� kCL� <M�� � wS���4=� ����-8 HTT�=�- � �-HTT	H7 

  x��TTM �CTT& �����TTY )Bewley and Black, 2013(. �TT � 

�� ���S�  !J� ���  �C&����� H&��$�H
  � �CTT& k��M !&

��LH���� ���CTT& ���  k��TTM �TT5�=!�JKTT� �TT ���CTT� �TT � .

H�H���L �W�� !& ������� H���L <c!� !& H'&��� �C& 4TT�� 

JK����CTT�! <TT�� )Batlla and Benech-Arnold, 2015( .

 !TTJ��TT � HTT���L !TT&���  UTT`f!& ��TT ����
-R�TT� )�TT �� 

V5��TTf1 k�TT'P  �2  �!y
��TTf3( &TT�,�  ����TTY HTT���L ���� 

� ��-a  ����* �-� �   z����� a-� �  �& �� ,����� >��D

 R�  �� ���S����-� �4 �  ��!5 ���!& ��� �TT��� .8�TT
�� 

 H&� � H�`&�� ��TT  � �Y� H)P�  �n5� �H��� H& �� �TT"& ,� �

 <Y��!&<��. H&'
��$� ���C&� �)  �� H���"  ($�� -HTT` 

` !� ($��  �&�!� ���!f HL�� H&��� !�X
� ����  H�Y��

H��� ���� 	f�� ����  HTT&�TT � !TT�X
� HTT��� ����� TT'��� 

�TT���� )Savaedi et al., 2019(.  a�TT�"� �� U-!TTd�-�TT � 
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)Calendula officinalis(  H
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2100 ����� HL�� 8�TT� � ���TT& <c�TT� ��!� ���TTY200 

�'� �e�   !-��TT)  8-�4TT=� UL� ,3�TT�  HTT&2150  �2569 

����TTTTTTTTT� HTTTTTTTTTL���TTTTTTTTTY <c�TTTTTTTTT� ��!TTTTTTTTT�   

)Parmoon et al., 2018.( 

n�  �� �TT- 4TT�� {�TTM k3 V�TT`���D VTT ��c a-!TT�

�  �P�* H���L !& H
 �Y�& HTq���� ��!)�T�� � �T��!�JKTT� 

�TT ) ���CTT�Gurvich et al., 2017.( HTT���L >TT��D �TT��

V�`���D H& ���C&��&�TT$� R�TT  �� ���S��� �& �� N'�9  ���5 

                                                             
1 Base temperature (Tb) 
2 Optimum temperature (To) 
3 Maximum temperature (Tc)  
4 Thermal time  
5 Hydrotime  
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��!TTTX�  HTTT
 ����UTTTL�  �TTT  �!TTT'Xc 8-�4TTT=� ��TTTY  

)Mirsky et al., 2013(.  �� ����TT`& �� <TT�� ��TTY 2��4�

 ,������W��  <c!� �HT���L k3 V�TT`���D 8��TT
 �TT& �TT��

�  8��
) �TT&�-Ullah et al., 2022; Kiani et al., 2020.( 

 � �'�� ,���X�)Tilki et al., 2007 ( H"��P  �� HTT��� H�

 x�
)Pinus brutia (!
 ����	 ���� H���L ��TT � �� �TT��

15 ����� HL��!� �� � �� !�X
 ��21 ����TT� HTTL�� ��!TT�
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 R�T ��&�$�- �-� �1  R�  �� �� �#�
!� H
�-�TT �  �

��&�$� � H& ��Y�&<�)=�  ��$�4TT� 3 �TT|X
 ��!TT& ���TT�

 V�`���D � � � !J� ,� 4X�k3 H���L !&����TT`& pTT��� �TT�� 

 ��) <TT�� ��TTY ����TT	�D a�TT))* Bewley et al., 2013 .(

H���L >��D (�5� ��P& R�  a-����� ��� �� �� ��CTT& ��TT�

V�`���D � ��� � H�'
 a-� ���!� ���D .��X� ���3!& k3 ���

gM�TTTY ��TTT��� ,�TTT	� %TTT5�� �� R�TTT  <�"TTTd� ��TTT�

���TT� �-��TT��
� � �-��TT��-4�=�TT  �CTT& ��TT� ��TTY�&

)Bradford and Still, 2004.(  � ���TTT	9&,���TTTX� 

)Bakhshandeh et al., 2011 ( 4��R�  ��HTT���L ������� 

nTT5� ��  HTT#�D��� � �-�TT� �� �TT& <TT&�$� � �TT � !TTJ� UTT�
!�

 R�TTT  �� ���S�T����&�TT$� - �-�TT � ��!TT& HTT-�D ��TT � ���TT)  �

HTT���L wTTT-��}-� � 4 �TT�'-� Q�TT5�� �HTT#�D��� ��TT�� �TT�� ��

HT&UT��!� 3/3�4/3  �2/5 ����T� HTL�� HTTT-�D V�`T���D ���!T�

 ��TTT�� HTTT� !TTT� ��!TTT&9/0 - ���TTT)  � R�TTT��D�+   U-!TTd

��&�$� - �-� � �� H& UTT��!�7/26� 5/26 �3/27  R�TT��D�+ 

����� HL�� �� ��� �� ��!� ,��&���!
.  � �!TT#
�,���TTX� 

)Akbari et al., 2015 ��TTT��!
 2��4TTT� 4TTT�� ( R�TTT   

��&�$�-  ��-� 2��!& �R�#-�  R�TT  �TT& HTT`-�)  �� �!�	�&

��&�TT$�- �-�TT � ���� HTT& R�TT !�HTT���L ��TT� ����CTT& �TT��

�TTY�� �TT7!
H � HTT���L ��!TT& HTT-�D ��TT � ����CTT& �TT��

 R��TTT"  �TTT7!
86/8 ����TTT� HTTTL�� <TTT&�J � ��!TTT�

��&�$� U-!d- �-� �  R��TTT" 1/833  HTTL�� R�TT��D�+ 

�����<c�� ��!�� D k3 V�`���DH���L h�!Y ��!& H-� �TT��

 R��" 71/1- R���D�+  �Y ���3!&.  

��TTY ,�TT�& UTT��P  HTT& HTTL�� �TT&�  HTT"��P  aTT-� �� t�TT�

R�  ���!& ����-� � � ��&�$� ��&�$��- �-�TT �  <TT�L

�!TT&�HTT���L ��!TT��6� �TT��� 2 � �TT � HTT& ���TT� Q�TT�� �TT��

V�TT`���DNTTT'�9  �4XTTT�� ��TTT�  <TTT�LTTT�"����TTT����� a 

H���L��� �� a-� �� ,3 <Y�
 H"��� �� .�Y�&  

?� � ���"��1  

HTT& 8��oTTD a-� ���TTW8-�TT �3  UTT��5 �� VTT-���
�=

 ��TT	��� ��+TT	-� �3 �� ��!TT� HTT� �& �=��Z� [\ �
 O!$

�"�#$ %&��  � �����	
 �TT'�&��� (TT)*  ��+TT	���  R�TT� ��

1399 � 1400 HTT���L <TT�'&�5 �TT��!& ��!TT& .�TTY �!L� �TT��

���C&�  <*� ���� Q���!�JKTT�  �4XTT�� V�TT`���D � ��TT�� �

NTTT'�9  ����CTTT&  NTTT'�9  O�PTTT� ���4XTTT�� V�TTT`���D   

)0 �2/0- �4/0- �6/0- � 8/0- R�TTTT��D�+  � ( ��TTTT�� �

 V �TTTY NTTT'�9 8 �12 �16 �20 �25 �30 �35  �40  HTTTL��

����� ��!����Y ,� �3H& .V�`���D H��� ��I� �� �4XTT�� �

N'�9  �'D �� R�TT-\� a'���6000 �TT���TTY ���S �  w}TT�

R�  �� �&�-������Y. 

a��TT  n5� ����C& �� H"��P  a-� ��2  R�TT� ��TTY �TT����

2019  .�TTY ���S�TT�� �TT-! 3 <TT��7���  <TT��-� �� ��!TT&

H���L ,� �3 ���� ���&�����C& ���� Q��� �TT& <TT-!'
�}�� 

n-�� �- �W�� H& HTT)�5� �TT- ��   w}TT� ����Sc�TTd

H& ���!& ��I� !�JK� ��TTX����TT�  ���TT"� ����S�TT�� ���TT 50 

H& �C& ��c8TT-� �!TT�D �� � k�9��� �=��Z� ���W ��TT�

H	�Y !P5 H& V-!��� ��9 ����� ��!5 !� <=!� . �!�D !� H&

�� 8-�  ���f7  �'���!�  R�TT'* TT'D����a'  !TT& R�TT-\�

HTT$�&!  <TTI'j ~�TT�� �TTY ���4TT=�  ��TT�� � �� w}TT� �

 ���� ��!5 ������ �� VM�� �� N'�9  .�Y VTTf�!  Q�TTX� ��

                                                             
1 Hydrothermal time  
2 Mancan  
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 �4XTT�� V�TT`���D �� �PM ��/-� �� �!���'L ��!& 8-� �3

HTT���L ���CTTj�
 ��HTT& .�TT	� ���S�TT�� �TT����TTI�  �TTSf 

�<&�$� �!�D8-��� �� VM�� H`�
���TT�\D ���  ��!TT5

���� 2��XY .���Y ����C& H���L��� H&���W H�����  �TT�

14 ��� Q�/�� �Y � x�!M H	-�R�$ H&) H7 2 �'� (!�  H& 

H�4�  H���L��� �C& k�`*  �Y )Perry, 1991.(  

HTT���L <c!TT� � �TTW�� H#TT��*  ��!TT& HTT ��!& �� ���

Germin  ���S��� H ��!& a-� H
 �Y50D  ,�TT � ��TT  ��"-)

H���L �� Q�e ���50 �TT  H#TT��*  �� (!y
��TTf �W�� �TT�


)Soltani et al., 2002.(  

HP&�� )1(  50=1/D50R 

 � ��  H& ,���� ,�50 H���L �W�� ~�TT�� !& 4�� ���

HP&�� a-� �� .�Y H#��*  !-� R� !=N  HTT���L� �-�TT�� ��� 

in  �jn HTT���L ��C& ���"� 4�� a�TT& ,�TT � ��TT  �� ���it– jt 

� ) �Y�&Coolbear, 1984.( 

) HP&��2(  )in-j)]/ (nit- j) (tin-+ [(N/2 i= t 50D  

 1�". ��3  

R�TT  �� �-�TT��- TT
HTT���L <�TT��`f H HTT& ��CTT& ���

�TT  a�TT�"� �� �TT	M 8�TT� R�TT  ��TT�
�&�TT$�� �TT  �TTY�&

)Gummerson, 1986 .( ��TT"��P  �� wD R�  a-� �� ���S���

) �
� �TT� � ���TT=��!&Bradford and Somasco, 1994 (

�!
 ���D 2!�`�:  

HP&�� )3(  50× t )b(50)ψ -= (ψ HTƟ 

� ��TTTT-a HTTTTP&�� THƟ  ��&�TTTT$� U-!TTTTd UTTTT`f!&

 R�TT��D�+ ��� �ψ �R�TT��D�+  UTT`f!& k3 V�TT`���D :

)50b(ψ ��!& H-�D k3 V�`���D :50 �W�� H���L ���U`f!& 

 �R�TTT��D�+ 50tHTTT���L ,�TTT � : ���50  ��CTTT& �� �TTTW��

 UTT`f!&��� �TT  ,�TT	� �� H"TT��� �TT& .�TT���HTT���"  e�TT& �

�����-< ���"  H&H  R�  ��!& !-� ��&�$�������. 

HP&�� )4(  ψb(50)/ σb(50)ψ-}50/ tHTƟ -t = {ψProbi  

HTT& HTT���"  a-� ��!TT& ��!&��TT
 � ��TT�'
 HTT���"  ,���c

 U-�!d a�X9� ��&�TT$��TT  k�TT`*  a�TTY�� �TT& HTT
 ��TTY

 k3 V�TT`���D ���TT) (ψ)HTT���L ,�TT � � ���(t)  !TT� ��!TT&

H���L �"X/� �W�� � {�W ,�TT � �� �TT��t HTT& �� ��f��

 (-!$R�  �PM!�j e�&  U-�!d�&�$� ����� ��!& �� ��TT�

H���L ���3!& ����Y )Bradford and Still, 2004.(  

 1�" @��A.��"�  

 R�  U-!d�-� � 4�� �TT|X
 ��!&���TT� !�JKTT�  !TT& �TT �

H���L ���S�TT�� �TT���TT ��TTYHTT
 B  <XTT`5 �� �� R�TT  aTT-�

 .<�� ��Y V�	�HTTP&�� �� R�TT�-���
 ���� � a�X9� ��!& 

5 a��"� ��!& � U-�!d �-� � ��� � !-  HTTP&�� �� 4TT�� HTT���&

6 �Y ���S��� )Hu et al., 2015(.   

) HP&��5( 

Ft= (T-Tb)/(To-Tb)    if Tb<T<T0 

Ft= 1-((T-T0)/(Tc-T0))  if T0<T<Tc 

HP&�� )6(  50t) ×bT –T = ( TT(50)θ  

 ,3 �� HTTT
)50(TTθ <TTT&�J : U-!TTTd�-�TTT �  HTTTL��)

����TT� !�e�TT& ��TT�� � ���TT)  �TT�"- (��� �� ��!� ��TT � ��

 HTT& ,��TT�� ��!& H
 �H-�D50 �TTW�� HTT���L ��TT��T ��TT � :

 � p�TT* bT����TT� HTTL��) HTT-�D ��TT � :�TT  (��!TT�.�TTY�&   

oT � H���& �-� � :cT	�& �� � :�.<�� H�  

 1�". ��3 - .��"�  

�X
 ��!&HTT���L <c!TT� ���TT� � �TT � HTT& <#TT`� �TT��

k3 V�`T���D H&��$ ,� 4X� 4TT��  R�TTT  ���&�TT$��- �TT ��- 

�Y ���S��� )HP&�� 7( .R�T  aT-�  <TT�� ���TT5HTT���L�TT�� �� 

HTT� �� ��V�TT`���D � �TT�� � �� �� N�TTW�� k3 ��TT��TT-�X� 

)Bradford, 2002(.  

 HP&��)7(  50) ×tbT-) × (T bψ -= (ψ  HTTθ  

 �HTTTP&�� aTTT-� �� HTTT
HTTθ: <TTT&�J ��&�TTT$�- �-�TTT � 
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) HTTTL�� �� R�TTT��D�+ ���TTT����!� ��� ��(� :T ��TTTT � 

� p�* bT: �� �  H-�D)����� HL����!�(� ψ:  k3 V�TT`���D

� :ψb V�`T���D  HT-�D k3)R�T��D�+ ( �  %&�TT� aTT-� .�TTY�&

HTTT���L 8�TTT
�� �� � k�TTT'P  !TTT-� ��TTT�� � �� �TTT��

V�TT`���D �� NTT'�9  k3 ���HTT&&�M� �TT  N�TTW�� �TT�


)Larsen et al., 2004(.  

1�" B5� 699CD  

R�  2��!& �&�-��� ��!&��  a�+��TT�  HTT	-� gM�TTY ��

�TTPM ��"&! 1 ���TTY ��*TTZ� �TT�-�
3 gM�TTY2  � ��TT�" 

a�`�& ��c\$�3  ��!&a��"� R�  <5�  ��!TT5 ���S�TT�� ���TT 

 p&��� H
 <=!�,3�� )8  ��10�TTY ,�TT�& H ��� �� (<TT�� � 

)Anderson and Burnham, 2002(. 

 HP&��)8(    

 H
RSS4 � X/� ��"&!  h5�&���TT��  Bn HTT��X� ���TT"� �

 �K�  !I� ���  R�  ���!� ���D ���"� �.�Y�&  

) HP&��9(  nlogpLlog2BIC ii   

 ,3 �� H
Li  �Pi  !TT� ��!TT& �TT�!� ���D ���TT"� � R�X�f�

 � R� n .<�� �����	  ���"�  

) HP&��10(  
1

1=RMSE



pn

SS residual  

R�  Q�X� V�'*� � H-4/� ��!&Q!� �� ���TT 3 �����4TT=� 

R TTTT`�9 H4.2.1 TTTTD ��1��TTTT� Devtools� tidyverse�  

drc ggplot2� gridExtra �drcSeedGerm �cowplot 

.�Y ���S���  

EF� � G�� �  

HTT���L <c!TT� � �TTW�� w��TT-��� HTT-4/� 1-�TT�� �TT��

 !�J�TT� <TT*� !� ���D �� a-� H
 ��� ,�	� ���� Q��� ����C&

V�`���D���D �� �TT � VTT&�)�  !TTJ� � �TT � NTT'�9  ��� �� V�TT`

 �P�1  R��L) ���=!� ��!5 �W��1.(  

 R��L1 - H���L <c!� � �W�� w��-��� 4����3 1-��� ���� Q��� ����� V�`���D� � N'�9  � �4X�� ��� 1234  

Table 1- Analysis of variance of germination percentage and germination rate of buckwheat seeds under 

several water potential and temperature 

 

!��6� %&��  
S.O.V 

����3 HL�� 
df 

��"&!  a�+���  
Means square 

��� H���L �W�� 

Germination percentage 

��� H���L <c!� 

Germination rate 
�4X�� V�`���D 

Water potential (WP) 
4 8130.32** 1.084** 

� � 
Temperature (T) 

8 2549.43** 0.294** 

V&�)�  !J� 

WP×T 
32 258.79** 0.025** 

�PM 

Error 
90 20.59 0.003 

��!��6� U-!d 

CV (%) 
- 22.17 17.99 

** ��"  R�X�f� �P� �� ���1 .�W��  ** Significant at 1 %  

                                                             
1 Root Mean Square Error (RMSE) 
2 Akaike Information Criterion corrected (AICc) 
3 Bayesian information criterion (BIC) 
4 Residual Sum of Squares 
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1�".��"�  

 R�  2��!& 1-����-� � H& ���!& ��I�  ��!TT��6� ����

H���L�TT�� � �� ���TT� Q�TT�� ����CTT& ���9  �NTT'�  ,�TT	�

V�TT`���D �� <`���� R�  a-� ���� !STTW) e�TT& �4XTT�� ��TT�

V�TT`���D �� !��& (R���D�+  �4XTT�� ��TT��TTD�-a S� )�!TT� (

H���L8�D �� N'�9  ���� � �� ��� ��TT-�X� ���&HTT&��$ �

 H
RMSE  ����*  �� R�  a-�007/0  �TT�032/0  �AICc 

 �BIC  ����TTTT*  �� 4TTTT��5/31-  �TTTT�121-  �6/30-  �TTTT�

6/120- 6� TT�! 8�TTD !-��TT)  � ��TT& !-��TT)  !TT& ��TTY �TT��&

 R��TTL) ����& �����M!& ���#5 V&�5 ��#P�� �� ��Y ����	 

2  VY �1 �R�TT  aTT-� �� ��TTY a�TTX9� ��TT�!� ���D (#$ .(

H���L H-�D �� ���� )bT k3 �4XTT�� V�`���D �� ���� a-� (

 ���f �� !P) 98/0- ����TT� HL��TTJ� �� HTT
 ���TT& ��!TT� !

 �� � HTT�=�- 8-�4TT=� �TT � aTT-� �4XTT�� V�TT`���D 8��TT


V�TT`���D �4XTT�� ���6/0-  �8/0-  HTT& R�TT��D�+ 6/11  �

12 ����� HL��HTT���& �� � .���� ��!� )oT( ) H��TT	�& �cT (

 �� 4�� ���� a-�7/24  �9/41 ����TT� HL�� V�TT`���D �� ��!TT�

 HTT& (!STTW �4XTT�� V�TT`���D) !TTP)  k37/21  �30  HTTL��

����� �4XTT�� V�TT`���D �� ��!TT�8/0-  8��TT
 R�TT��D�+ 

 VTTY) ���=�-2 R�TT  U-!TTd 1-�TT�� .(�-�TT � ))50TT(θ 4TT�� (

 U-!TTd aTT-� ���X� g9	 8/124 ����TT� HTTL�� �� ��!TT�

- U-!TTTd � ����M��TTT�� ))50TT( σ(  4TTT�� ,360  HTTTL��

����TT� 8-�4TT=� UTTL�  �4XTT�� V�TT`���D .��TT& ��� ��!TT�

 U-!d�-� �  HTT&3/283 TTL������TT� H ���TTY ��� �� ��!TT�

!�j ��M���- U-!d ��!��6� ����TT�"  �TT��� ,��TT& � ���

 R��L) ��& g9	 2.(  

��TT � R�TT�-���
 <TT�L <-���TT*  �&�TT-��� ,�TT � ��TT�

H��� �-��=�!6L,3 <	
 ,� � � ����  a��qX� �8�D ��!& �TT��&

gM�TTY �TTc��� ,�TT���� �TTX� � �TTY� VTTf�!  �#TT���  ��TT� HTT&

�TT  k�`f�TT-3 )Nazari et al., 2018 .( (TT#$2��4TT� ��TT�

 �H�=!� ���W���� �����  �TTX� � �Y� �X�'5� p-�!Y � �� ��TT��

 !& !Ju  V ��cR��-���
 �� � �-�TT � U-!d ,�4�  � HTT���L �TT��

�C& <TT�� ��Y g9	  .���`�  HTT
HTT��� !TTy
����TT�� ��TT�  ��

��TT � ����TT*   a�TT&15  �TT�30  HTTL������TT���!TT�  a-!TT��&  

H���L����� �� ��� )Pourreza and Bahrani, 2012.(  

 

 VY1 - H���L ��!��6� ���� �� ���� Q��� ����C& �"X/� ��� N'�9  ���� � � �4X�� V�`���D R�  �� ���S��� �&�-� �  

8�D !-��)  ��PM � ��Y ����	  !-��)  ��)��  ��Y ���&.�Y�&  
Figure 1- Trend of cumulative germination of buckwheat seeds under water potential and temperature by 

using of thermal time model. 
Circle is observed and lines is predicted values 
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 VY2 - H���L <c!� ��!��6� �������X+�� R�  �� ���S��� �& N'�9  ���� � � �4X�� V�`���D �� ���� Q��� ����C& ���  

  ��)�8�D !-��)  ��PM � ��Y ����	  !-��)�  ��Y ���&.�Y�&  
Figure 2- Trend of germination rate of buckwheat seeds under different water potential and temperature by 

using of segmented model. 
Circles are observed and lines predicted values 

  

 R��L2 - X9� ���!� ���D R�  ��Y a��-� � 8�D <�LH���L ���&N'�9  ���� � � �4X�� V�`���D �� ���� Q��� ����C& �"X/� ���.  
Table 2- Estimated parameters of thermal time model to predict germination of buckwheat seeds under 

several water potential and temperature 

 

�4X�� V�`���D 

D�+ )(R���  

Water 

Potential 

(MPa) 

R�  ���!� ���D 

Parameters of model 
 

a�X9� U-�!d 

Estimated Coefficient 

Tb 

(OC) 

To 

(OC) 

Tc 

(OC) 
 

θTT(50) 

(OC day) 

σ TT(50) 
(OC day) 

 RMSE AICc BIC 

0 -0.98±2.29 24.7±1.32 41.9±1.64 
 

124.8±2.8 60.0±2.4  0.032 -31.5 -30.6 

-0.2 -0.12±1.66 23.0±1.14 41.6±1.49 
 

128.2±3.1 79.8±0.8  0.022 -38.9 -37.9 

-0.4 0.47±2.36 22.7±0.88 35.5±0.83 
 

130.0±5.0 62.9±2.4  0.016 -44.0 -43.0 

-0.6 11.6±0.36 22.6±0.30 30.0±0.25 
 

264.8±4.1 78.7±4.0  0.007 -58.2 -57.3 

-0.8 12.0±0.01 21.7±0.01 30.0±0.01 
 

283.3±9.9 68.7±1.5  0.000 -121.5 -120.6 

  

 ��TT � 4TT�� �TT  H"��P  ��20  �TT�25 ����TT� HTTL�� ���!TT�

U��� !�-a  VTTY) ��& ���� Q��� ��!& ��� �1TT& .( HTTL�� �

V&�5 !TTJ� �TT � HTT�-� HTT&HTTL��� HTT���L ��TTj3 �� ����� �TT��

n�  �� ����TTX�!TT�-a VTT �ca��"� ��TT� �TT- <TT�)=�  ��TT��


�TTTTT  ��XTTTTTY HTTTTT& HTTTTTq���� ��!)�TTTTT�� <TTTTT`Y���   

)Al-Jami Ahmadi and Kafi, 2007 a�TT�qX� .( 8��TT


k3 V�`���D 8�� !J� �����TTY 8�TT� � �4X�� ���  sTTc�&

<TT���"= ,�Y ��
 � k3 kCL �� R\�M� ����&�TT�  ��TT�

 ,�TT � <TT-��� �� � ��TTY �CTT& VM��HTT���L�� �TT��  8-�4TT=�

�  ��TT�� �-�TT � U-!TTd 8-�4TT=� U#TT� !TT � aTT-� HTT
 �TT��
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� ) ��TTYPatane et al., 2013, Parmoon et al., 2018 (

.���� <)&�P  H"��P  a-� �� ��Y ����	  1-��� �& H
 

 �� ��CTT& <TT�"XL �TT����!= %-��� 1-��� U-!TTd�-�TT � 

 NTT'�9  VTTY ��3 <TT�� ��TTY ���� 8-�TTX� V�TT`���D �� �

R�TT��D�+  !STTW �4XTT��  �� U-!TTd�-�TT � 120  HTTL��

����TT�HTT���L ��CTT& <TT�"XL !�TT	�& ��� �� ��!TT� �TT& � ���

��D 8��TT
 <TT��� <XTT� HTT& �+��TT7 ,�4TT�  �4XTT�� V�TT`�

 HTT
 ��TTY !�TT	�& ����X� ����	
 ,�4�  a��qX� .�Y V-�X� 

 ��!��6� H� �� 8-�4=� ! � a-� U-!d�-�TT �  ��CTT& <TT�"XL

�TT  ,�TT	� �� ��TT��H&��$�HTT
  �4XTT�� V�TT`���D ��8/0 - 

 �� R���D�+  U-!d�-� � 285 ����� HL�� ��� �� ��!TT�

50 5 �C& <�"XL �W��H���L H& ����  ��� VY) �Y�&3.( 

 

 VY3 -  ~��� !& ���� Q��� ��C& <�"XL �#`� �����!= U-!d�-� � V�`���D ���4X�� N'�9  ���  
Figure 3- probability density of buckwheat seed population as thermal time under various osmotic potential. 

 

 1�". ��3   

,�TTT	� 1-�TTT��  R�TTT  ������&�TTT$�  ��!TTT��6� <TTT`����

H���L��� Q��� ����  �� ��V�`���D���  NTT'�9 H&���TTW 

8�D U��� R�  <5� �� � � 8-�4=� �& � �-�X� ���& H�TT��
 

 ��!TTT��6� .�TTTYRMSE  ��017/0  �TTT�028/0 � AICc �� 

 ����TT* 284-  �TT�364-  ��!TT��6� �BIC  �� 4TT��275-  �TT�

355- �Y H#��*   R��L)3 �  VTTY4.(  ��TT�!� ���D (TT#$

 �� � �� �R�  a-�8 ����TT� HTTL�� U-!TTd ���!TT���&�TT$� 

)THθ(  ���� a-�18 HTT-�D V�TT`���D �TT& ��� �� R�TT��D�+  50 

HTT���L �TTW��) �TT��50ψ( 927/0-  � R�TT��D�+ t�!TT*�� 

)50ψσ( 91/0  UTTTL�  �TTT � 8-�4TTT=� � ���TTT& R�TTT��D�+ 

 U-!d 8��
 ��&�$� HTT-�D V�TT`���D 8-�4TT=� � t�!TT*�� �

50 �W��� H���L �Y ���H&��$�H
  ��TT � ��35  HTTL��

����� H& !-��)  a-� ��!�02/3  ���� �� R�TT��D�+ 043/0 

 � R���D�+ 49/0  ���� R���D�+  R��L)3(.  

HTT
 <TT�� ��TTY g9TT	   U-!TTd ��&�TT$� �� �TTZM�Y

H���L <c!�� <TT�� �TT	M 8�TT� NTT'�9  O�P� �� ��� 

�TTY�& !TT�X
 U-!TTd aTT-� HTT7 !�� ,�TT	�  ,��TT& !�TT	�& ��TT���

H���L <c!�<TT�� ��� )Cardoso and Bianconi, 2013( 

HTT���L <c!TT� � � 8-�4=� �& a-�!&��&V�TT`���D �� �TT�� ��TT�

 ��TT"��P  !TT+-� 1-�TT�� �TT& HTT
 <TT=�- 8-�4TT=� NTT'�9   

) ���� <TT)&�P  HTT�=!� ���TTWAkbari et al., 2015; 

Bakhshandeh et al., 2011; Tabatabaei et al., 2020.( 

 �R�  a-� ��!� ���D !-�� ~��� !& a��qX�50ψ ,�	�  ��TT���
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H���L ,�4�  ,3 �� !�X
 �� H
 <�� V�`���D �� �*P� ���

 �� !�X
 H&50 H���L !y
��f �W������ ����M ���  !TT� �

!� ���D a-� H7 S� �!TT� �TTY�&  HTT& ��TT�� !�TT	�& VTTX*� !+��TT�&

�&3 8�� ����	  .<�� ��TTY ���TT� Q�TT��  ��TT�� � ��e�TT& 

�  ��!5 �&3 8�� !�JK� <*� !�	�&�!��  4TT�� ��TT�� VTTX*� �

�  ���D 8��
 R��L) ��
2 a�TT�qX� .( t�!TT*�� U-!TTd

<TT�"XL �� HTT-�D V�`���D %-��� )50ψσ (,�TT	�  ,�4TT�  ��TT���

HTT���L ��M��TT�-<TT�� <TT�"XL �� �TT��  � HTT7 !TT�,�4TT�  

7�
 U-!d a-� ���c,�TT	� �TTY�& !�  ��M��TT�- ��TT���

<�� !�	�& �TT � 8-�4TT=� �TT& ��M���- ��!��6� ���� a-� �� .

 <c!TT� 8-�4TT=� ��TT��� ,�TT	� HTT
 <TT�� HTT�=�- 8-�4TT=�

H���L�  � � !J� �� ���) �Y�&Bradford, 2002.( 

  

 VY4 - H���L ��!��6� ���� �� ���� Q��� ����C& �"X/� ���9  ���� � � �4X�� V�`���D N'� R�  �� ���S��� �&��&�$�  

 !-��)  ��PM � ��Y ����	  !-��)  ��)�8�D���& �  ��Y.�Y�&  
Figure 4- Trend of cumulative germination of buckwheat seeds under several water potential and temperature 

by using hydrotime model. 
Circles are observed and lines are predicted values 

  

 R��L3 –  R�  ��Y a�X9� ���!� ���D��&�$� 8�D <�LH���L ���&N'�9  ���� � � �4X�� V�`���D �� ���� Q��� ����C& �"X/� ���.  
Table 3- Estimated parameters of hydrotime model to predict germination of buckwheat seeds under various 

water potential and temperature. 
� � 

�����)(��!�  
Temperature 

(OC) 

R�  ���!� ���D 

Parameters of model 
 

a�X9� U-�!d 

Estimated Coefficient 

θHT 

(MPa day) 

ψ50 

(MPa) 

σψ50 

(MPa)  
RMSE AICc BIC 

8 18.06±1.14 -0.927±0.07 0.91±0.06 
 

0.017 -364.0 -355.0 

12 9.73±0.38 -0.860±0.03 0.62±0.02 
 

0.020 -342.1 -333.1 

16 6.50±0.30 -0.660±0.03 0.66±0.02 
 

0.026 -306.9 -297.9 

20 4.38±0.16 -0.602±0.02 0.40±0.01 
 

0.028 -298.8 -289.8 

25 3.71±0.11 -0.548±0.01 0.37±0.01 
 

0.023 -326.9 -318.0 

30 3.51±0.16 -0.252±0.02 0.47±0.01 
 

0.018 -284.0 -275.9 

35 3.02±0.23 0.043±0.02 0.49±0.02 
 

0.017 -295.1 -287.0 
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 ����X��� 4TT�� HTT"��P  ���TT  ��CTT& <TT�"XL �TT����!= %-�

) H���& �-��� � �� ��� ,�	�20  �25 ����TT� HL�� aTT-� (��!TT�

���� HTT���L HTT-�D V�TT`���D ���TT�
�!D ,�4TT�  a-!TT�X
 �� �TT��

����TT	
 ,�4�  a-!�X
 ����X� � H�Y��  .<TTY�� ��TT�qX��a 

 � ���TT�
�!D ,�4�  �H���& ����*  �� � � 8��
 � 8-�4=� �&

���TT	
 %TT-��� ,�TTY !TT�,3�TT�  VTTY) <TT=�- 8-�4TT=�5 .(

 ��TT�� � �� HTT
 �TTY g9TT	 20  �25 ����TT� HTTL�� ���!TT�

 V�TT`���D �� !�e�& H-�D V�`���D ����� ���C& �� �!�X
 <�"XL

 �TT� �TT � 8-�4TT=� �TT& �TT�� ���& !P)  k330  �35  aTT-� HTTL��

 ��TTTY !�TTT	�& �TTT����!=HTTT&��$ ��TTT � �� HTTT
 �35  HTTTL��

����� �� ��!����f 50 ��CTT& <TT�"XL �TTW��  ���TT#� ���TT5

H���L ,3 �� !�X
 � !P)  k3 V�`���D �� .��TTY�& H�TTY�� �TT��

 �-�TT�� � �TT���X� 4�� H���& !-� ���� � ���  �� 1-��� a��qX�

��6� ��Y ��� ���& H���& �� !�e�& �TTY ����TT	  �!TT�X
 ��!

 VY)5 �<TT�� ��TTY 2��4TT� .( V�TTT`���D %TTT-��� �+��TTT7

����TTTT ��D ����� HTTT-�D k3  <TT�� �TTX�  �-��TT��
� �

 <TT�� Q�TT�S  aTT-� !+��TT�& 8TT9& HTT
�����CTTT& nTTIc  �TT-

 ��C& <�"XL e�& ���� � �� HTT-�D k3 V�`���D !-��)  �����

<#y !�� �� � ���T& �-a�� P  p-�!TTY <*� ��f !�TT`& k�TT'

 4�� �C&H���L H& ���5��� ��& ����9� )Watt et al., 2011.(  

H���L ��Y R� !� ,� � ����X� ���~��� !& HTT-�D V�TT`���D 

���X� g9	  4��  ,�TT � �� !�e�TT& � !TT�X
 �-�TT�� � �� HTT���&

H���L ����e�TT$�!� )TT	
���!� �TTY,  ,�TT � �������TT�� pTTM

,�TT � pTT���  8-�4=� � (��Y R� !� HTT���L ��!TTX� HTT& �� �TT��

.���� H&��$�HTT
  ����TT*  ��15 ��� HTT���L ��TT � �� ���

20  �25 ����� HL��H���L ��!� �� !�e�TT& HTT& ���75  �TTW��

HTT���L ,�TT � aTT-� �� �TT"& � ���TT�� �TT � �� aTT-� �� ��� Q�TT/��

�X���Y<TT�� ���f �� a-� .  ��TT � ��8 ����TT� HTTL�� ��!�

H���L ����* TTf �� ��� ���30 �TTW��  ��TT�� � �� �12  �

16 ����� HL�� H& ��!�50  �55  ��TT � �� .��TT�� �W��30 

����� HL��H���L ����*  4�� ��!����  HTT& ���� a-��� !TT�X
 

50  ��TT � �� �35  �� !TT�X
 HTT& HTTL��30 .��TT�� �TTW�� 

H&'
��$ !TT& ��\c �4X�� V�`���D 8��
 H
 �Y g9	  �

HTT���L 8��
4TT=� UTTL�  �TT�� ��!TT& Q�e ,�TT � ��TT  8-�

H���L� ��Y ���  UTTL�  4TT�� HTT���& ��TT � ����*  �� x�!M

 a-� H& ,��	9& ��Y��!J� ) �Y VY6.( 

  

 VY5 -  ���� Q��� ��C& <�"XL �#`� �����!=~��� !& N'�9  ���� � �� H-�D V�`���D  

 �� !�e�& H-�D V�`���D �& <�"XL �����!= �/���� H�f��`���D�V   k3�  !P).�Y�&  
Figure 5- probability density of buckwheat seed population based on water potential under different 

temperatures. 
The orange zone is the population frequency based on potentials higher than the distilled water potential 
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 VY6 - L ��!��6� ����H�����Y R� !� ,� � ~��� !& N'�9  ���� � � �4X�� V�`���D �� ���� Q��� ����C& �"X/� ���  

�!-��  !-��)  ��PM � ��Y ����	  !-��) 8�D���& �  ��Y.�Y�&  
Figure 6- Cumulative germination trend of buckwheat seeds under water potential and 

temperature based on normalized time. 

Circle and lines are observed and predicted values 

  

2��4TT� (TT#$ HTT�=!� ���TTW ��TT� ���TTT)  8��TTT


k3 V�TTT`���D  ��!TT& k3 HTT& !�TT	�& �TT�!��� HTT& ��TT�� �HTT-�D

HTT���L ��TT�� � �� �TT���TTD�-a!�  <TT&�J 8��TT
 ���&�TT$� �

H���L <c!� 8-�4=��� �T � 8-�4T=� �& ��� �TT  ,�TT	��TT�� 

)Tabatabaei et al., 2020; Bakhshandeh et al., 2011( 

H&��$�  �� 4�� H"��P  a-� �� H
18  HTT& ��� �� R�TT��D�+ 

3  R��TTL) <TT=�- 8��TT
 ��� �� R�TT��D�+ 2( <c!TT� .

HTTT���L�TTTT& � ���TTTT& a-!�TTTT	�& HTTTT���& ��TTT � �� �TTT�� 

�TT  8��
 � � 8��
/8-�4=�HTT& .�TT&�- HTTq���7 ��'
��TT$

 p-�!TY!�`& �C& H&H���TT�3 !-��TT)  ��TT� )bT�bψ(  �TT-�4�

H�T`�3 �'�M ���C& ���Y �TT  H���L <c!TT� 8��TT
 .�TT���

H���Lp#�!T  ��f �� � � 8��
 �& ���  <c!TT� 8��TT
 �TT&

��&3�TTY �TTX-4�3 �e�TT"S�� � VTT"= 8��TT
 �  �� ���CTT&

<�� a�-�D ���� � )Akbari et al., 2015.(  

  

 1�". ��3 -.��"�  

 R�  2��!& 1-�����&�TT$�- �-�TT �  aTT-� HTT
 ��� ,�TT	�

 ��!TT��6� �TT��� <`���� 4�� R� HTT���L �� ���TT� Q�TT�� �TT��

 �� NTT'�9  ���� � � V�`���DHTT&��$ �TT#�
!�  �TT�4& a�TTX9�

HTT&,���c �R�TTy   ,�4TT� RMSE �� ���TTf 049/0 �AICc  �

BIC  ���f ��1463-  �1438-  R��TTL) �TTY H#��* 4  �

 VY7.( ���!� ���D (#$ Y a�X9��� �TTY g9TT	  R� � 

H���L H-�D �� � ���� a-� ���93/1 ����� HL�� ���TT& ��!TT�

 R�TT  U-!TTd ���&�TT$�- �-�TT � )TTHθ( 19/92  HTTL��

����TT� V�TT`���D �� HTT
 �TTY ��� a�TTX9� ��� ��!TT�4XTT��� 

)Tbψ( 31/1- H���L R���D�+ ���  H&50 �W�� �TT  .�TT��

��Y g9	  a��qX� H���L ��M���-��� )wbσ (-� ���� a

 ���f ��503/0 R���D�+  <��  R��L)4.(  

 R�  ����&�$�-  �-� � �,�TTT � HTT
 <�� a-� !& �!=

� <c!TTT� HTT���L �TTW�� <TT&�J ��TT � �TT- �� �CTT& �TT��
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a�TTT& t\�TTTM� �TTT��4& pTTT���  � �CTT& !�TT`& k3 V�TT`���D

<T�"XL �� �T��"  �TW�� HT-�D k3 V�T`���D  R!TT��
 ��C&

� ��TTY )Bloomberg et al., 2009 .( ��TTT"��P  !�TT	�& ��

%T-��� a�T	�D  R�TT !� ��CTT& <TT�"XL �� HTT-�D k3 V�TT`���D

<T�� ��TY �!=  HTT-�D V�TT`���D �� ��CTT& <TT�"XL !�	�& �

HTT���L HTT& ���TT5) ���TT`� �TT��Akbari et al., 2015; 

Bakhshandeh et al., 2011(. !d-U ��&�TT$�-  �-�TT � �

�D �� k3 H-�D V�`���D ���"  t�!*�� �-�TT � ��!TT��6� H& >�

 HTTP&�� �TT- HTT& ,��TT�� ��!TT& HTT/��� �� ���TT& !TT�X
 ���TT`&

����� 3��
 � � !�  R�TT  a-� �� V��� a�X� H& �<�� !�#��� 

�  ,���H&�LR�  � .��TTX� ���S�TT�� ��&�TT$� � �-�TT � ��TT�

8��oD �� U-�!d a-� ��!��6� ,�TT���� ��!& N'�9  ���

<�� ����� ��#J� H& N'�9  )Wang et al., 2005.(  

  

 VY7 - H���L ���� R�  �� ���S��� �& N'�9  ���� � � �4X�� V�`���D �� ���� Q��� ����C& �"X/� �����&�$� -�-� �  

 !-��)  ��PM � ��Y ����	  !-��)  ��)�8�D���& �  ��Y.�Y�&  
Figure 7- Trend of buckwheat seeds cumulative germination under various water potential and temperature 

by using of hydrothermal time model. 
Circle are observed and lines are predicted values 

  

 R��L4 -  R�  ��Y a�X9� ���!� ���D��&�$� -�-� �  <�L8�D���& H���LN'�9  ���� � � �4X�� V�`���D �� ���� Q��� ����C& �"X/� ���.  
Table 4- Estimated parameters of hydrothermal time model to predict germination of buckwheat seeds under 

water potential and temperature. 

R�  ���!� ���D 
Parameter model 

 
a�X9� U-�!d 

Estimated Coefficient 

θHTT 

(MPa OC day) 

Tb 

(OC) 

ψTb 

(MPa) 

σwb 

(MPa ) 
 RMSE AICc BIC 

92.19±4.12 1.93±0.244 -1.31±0.038 0.503±0.012  0.049 -1463.1 -1438.3 
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 �9�H89��  

 R�TT  HTT� !TT� HTT
 ��� ,�TT	� HTT"��P  aTT-� 1-�TT���-�TT � �

��&�$�  ���&�$� -�-� � H���L ���`���� Q�TT�� ����CTT& ���

 � �TT�� � �� ���TT�TT`���D�V��� NTT'�9  �4XTT��  ��HTT&&�M� 

8�D(#$ .��-�X� ���& L�!M��TT�� R�TT  aTT-� HTT-�D ��TT � �TT�

H���L���  ����*  �� ����98/0 -  ��11 ����� HL�� �TT& ��!�

 �4X�� V�`���D H& HL��6� �!  ��� ���&H&��$  ��TT � pTT��� 

 ��TT�� aTT-� HTT-�D93/1  HTTL������TT���!�  HTT���& ��TT � .<TT��

H���L 4�� ���� a-� ���7/21  ��7/24 ����TT� HL�� �� � ��!TT�

 x��M U-!d 4�� �-� � ����*  a-� ���-� �  8-�4TT=� ��TT��

�  ���DHTT���L <c!� 8-�4=� U#� 4�� � � 8-�4=� .��
 �TT��

 U-!d 8��
 ���&�$�  V�TT`���D �TT�� <TT�� ��TTY ���� a-�

 H-�D50 H���L �W�� !TT � aTT-� HTT
 ���� 8��TT
 �� ��TT�� �TT��

 8-�4TT=� !TTJ� �� ��TT�� aTT-� 8�� H& VX*� 8��
 ����� ,�	�

��TT � HTT���L���  .<TT��HTT&'
��$�  R�TT  �TTL�!M (TT#$ �

��&�$� - �-�TT �  �� ��TT�� aTT-�92 HTTL�� R�TT��D�+   -  ���

&�<c!� a-!�e HTT���L �TT��H�TTY��  V�TT`���D HTT-�D ��TT � �� �

 4�� ���� a-� �4X��3/1 - �  R���D�+ .�Y�&  
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