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'URXJKW�VWUHVV� LV�DQ�DELRWLF� IDFWRU�DIIHFWLQJ�PDL]H�SURGXFWLRQ��7KLV�VWXG\�ZDV�FRQGXFWHG�WR�
H[DPLQH�LI�WKH�JURZWK�DQG�GHYHORSPHQW�RI�IRXU�PDL]H�YDULHWLHV�ZRXOG�EH�DIIHFWHG�E\�WKH�GLIIHUHQW�
ZDWHU�GHILFLW�FRQGLWLRQV�XQGHU� WKH�YLQ\O�KRXVH�FRQGLWLRQ��7KH�H[SHULPHQW�ZDV�GHVLJQHG�XVLQJ�D�
UDQGRPL]HG�FRPSOHWH�EORFN�GHVLJQ��5&%'���7KH�ZDWHU�GHILFLW�FRQGLWLRQV�ZLWK� IRXU� OHYHOV�ZHUH�
����Z�Z�DV�WKH�FRQWURO������Z�Z������Z�Z�DQG�����Z�Z��7KH�PDL]H�YDULHWLHV�ZHUH�&3�����/&+���
1.�����DQG�1.������7KH�UHVXOWV�VKRZHG�WKDW�UHJDUGOHVV�RI�PDL]H�YDULHWLHV��WKH�UHGXFWLRQ�RI�VRLO�
ZDWHU� FRQWHQW� FDXVHG� WR� VXSSUHVVLQJ�PDL]H� JURZWK�� ZKLFK� OHG� WR� D� GHFUHDVH� RI� JUDLQ� \LHOG� RI�
PDL]H� YDULHWLHV��7KH�EHVW� SODQW�SHUIRUPDQFH�ZDV�REVHUYHG� LQ� WKH� WUHDWPHQW� RI� ����Z�Z�RI� VRLO�
PRLVWXUH�FRQWHQW��DV�FRQWURO�FRQGLWLRQ���ZKLFK�IROORZHG�E\�WUHDWPHQW�RI�����Z�Z�RI�VRLO�PRLVWXUH�
FRQWHQW�� 7KH� ORZHVW� JURZWK� WUDLWV�� SK\VLRORJLFDO� WUDLWV� �OHDI� DUHD�� VKRRW� GU\� ZHLJKW��� \LHOG�
FRPSRQHQWV��JUDLQ�\LHOG�RI�PDL]H�ZHUH�REVHUYHG� LQ�SODQWV� WUHDWHG�E\�����Z�Z�RI� VRLO�PRLVWXUH�
FRQWHQW� �GURXJKW� VWUHVV� FRQGLWLRQ��� ,Q� SDUWLFXODU�� 1.����� VKRZHG� VLJQLILFDQWO\� KLJKHU�
SK\VLRORJLFDO� WUDLWV� DQG� JUDLQ� \LHOG� WKDQ� WKRVH� RI� RWKHU� YDULWLHV� XQGHU� FRQWURO� FRQGLWLRQ� �����
Z�Z���+RZHYHU��XQGHU�GURXJKW�VWUHVV�FRQGLWLRQV������WR�����Z�Z���/&+��DQG�1.�����VKRZHG�
VLJQLILFDQWO\�KLJKHU�SK\VLRORJLFDO�WUDLWV�DQG�JUDLQ�\LHOG�WKDQ�WKRVH�RI�1.�����7KLV�UHVXOW�VXJJHVWV�
WKDW� ZDWHU� GHILFLW� FRQGLWLRQ� HIIHFW� RQ� JURZWK� DQG� GHYHORSPHQW� RI� IRXU�PDL]H� YDULHWLHV�� EXW� WKH�
H[WHQW�RI�HIIHFW�RI�ZDWHU�GHILFLW�FRQGLWLRQ�RQ�JURZWK�DQG�\LHOG�RI�FRUQ�GHSHQGV�RQ� WKH�GLIIHUHQW�
PDL]H�YDULHWLHV���

.H\ZRUGV��:DWHU�GHILFLW�FRQGLWLRQ��PDL]H��JURZWK��\LHOG���
5HFHLYHG�����6HSWHPEHU��������UHYLVHG�����2FWREHU��������DFFHSWHG������1RYHPEHU�������
�

�
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0DL]H� �=HD� PD\V� /��� LV� RQH� RI� WKH� PRVW�
LPSRUWDQW� FHUHDOV� EURDGO\� DGDSWHG� ZRUOGZLGH�� ,Q�
9LHWQDP�� LW� LV� WKH� VHFRQG� VWDSOH� IRRG� FURS� DIWHU�
SDGG\� ULFH�� $PRQJ� FHUHDO� FURSV�� PDL]H� LV� DQ�
LPSRUWDQW� IRRG� FURS� JURZQ� IRU� KXPDQ�
FRQVXPSWLRQ�� OLYHVWRFN� IHHG�� DQG� LQGXVWULDO� UDZ�
PDWHULDOV�� ,W� LV� HVWLPDWHG� WKDW� IURP� ����� WR� ������
WKH�GHPDQG�IRU�PDL]H�LQ�GHYHORSLQJ�FRXQWULHV�ZLOO�
EH� GRXEOHG�� DQG� E\� ����� LW� ZLOO� EHFRPH� WKH� FURS�
ZLWK�WKH�KLJKHVW�SURGXFWLRQ�GHPDQG�JOREDOO\�>�@��

5DSLG�JOREDO�FOLPDWH�FKDQJH�OHDGV�WR�IUHTXHQW�
H[WUHPH� ZHDWKHU� HYHQWV�� XQHYHQ� SUHFLSLWDWLRQ��
GURXJKWV�� DQG� � IRRGV�� UHVXOWLQJ� LQ� UHGXFHG� FURS�
\LHOGV�� 'URXJKW� VWUHVV� GXH� WR� ZDWHU� GHILFLW� LV�

FRQVLGHUHG� DQ� LPSRUWDQW� FRQVWUDLQW� WR� PDL]H�
SURGXFWLRQ� DV� LW� FDQ� JUHDWO\� DIIHFW� JURZWK� DQG�
GHYHORSPHQW�VWDJHV�RI�PDL]H��HVSHFLDOO\� IORZHULQJ�
DQG�JUDLQ�ILOOLQJ��OHDGLQJ�WKH�UHGXFHG�\LHOG�RI�JUDLQ�
>�@��7KH�UHVXOW�RI� ILHOG�H[SHULPHQW�GDWD�SXEOLVKHG�
EHWZHHQ� ����� DQG� ����� VKRZHG� WKDW� GURXJKW�
UHGXFHG� ZKHDW� DQG� PDL]H� \LHOGV� E\� ������ DQG�
������� UHVSHFWLYHO\� >�@�� VR� SURSHU� ZDWHU�
PDQDJHPHQW�LV�FULWLFDO�WR�PDL]H�JURZWK��

$GDSWLQJ� WR� VXFK� FOLPDWLF� FKDQJHV� LV� FULWLFDO�
IRU� HQVXULQJ� QDWLRQDO� IRRG� VHFXULW\� DQG�HFRQRPLF�
VWDELOLW\�� 2QH� VXFK� DGDSWDWLRQ� VWUDWHJ\� KDV� EHHQ�
WKH� GHYHORSPHQW� RI� GURXJKW�WROHUDQW� PDL]H�
YDULHWLHV� >�@�� 'URXJKW� WROHUDQW� LQ�PDL]H� FRXOG� EH�
GHILQHG� DV� DQ� DELOLW\� WR� PDLQWDLQ� VWDEOH� \LHOG� RU�
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JUHDWHU�SHUIRUPDQFH�XQGHU�GURXJKW�FRQGLWLRQ�>�@��
+RZHYHU�� LQIRUPDWLRQ� LV� ODFNLQJ� RQ� WKH�
SHUIRUPDQFH� DQG� YDULDELOLW\� RI� GURXJKW�WROHUDQW�
PDL]H� YDULHW\��7KXV�� WKLV� VWXG\�ZDV� FRQGXFWHG� WR�
H[DPLQH� LI� WKH� JURZWK� DQG� GHYHORSPHQW� RI� IRXU�
PDL]H�YDULHWLHV�ZRXOG�EH�DIIHFWHG�E\� WKH�GLIIHUHQW�
ZDWHU� GHILFLW� FRQGLWLRQV��%DVHG�RQ� WKH� HYDOXDWLRQ��
WKH� EHVW� SHUIRUPLQJ� GURXJKW� �� WROHUDQW� PDL]H�
YDULHWLHV�ZRXOG�EH�VHOHFWHG�

���0$7(5,$/6�$1'�0(7+2'6��

7KH� SRW� H[SHULPHQW� ZDV� FRQGXFWHG� DW� WKH�
YLQ\O�KRXVH�RI� WKH�)DFXOW\� RI�$JURQRP\��9LHWQDP�
1DWLRQDO� 8QLYHUVLW\� RI� $JULFXOWXUH� GXULQJ� WKH�
ZLQWHU� FURSSLQJ� VHDVRQ� RI� ������ 7KH� WZR� �� IDFWRU�

H[SHULPHQW� ZDV� GHVLJQHG� XVLQJ� D� UDQGRPL]HG�
FRPSOHWH� EORFN� GHVLJQ� �5&%'�� ZLWK� WHQ�
UHSOLFDWLRQV��7KH� ILUVW� IDFWRU�ZDV� WKH�ZDWHU�GHILFLW�
FRQGLWLRQV� ZLWK� IRXU� OHYHOV�� ���� Z�Z� DV� WKH�
FRQWURO�� ����Z�Z�� ����Z�Z�� DQG�����Z�Z��ZKLFK�
ZHUH�XVHG�IROORZLQJ�WKH�PHWKRGV�RI�>�@��7KH�ZDWHU�
GHILFLW� FRQGLWLRQV�ZHUH� VHW� XS� IURP� ��� GD\V� DIWHU�
VRZLQJ� �'$6�� XQWLO� WKH� KDUYHVW�� (DFK� SRW� ZDV�
ZHLJKHG� GDLO\� DQG� WKH� DPRXQW� RI� ZDWHU� ORVW� ZDV�
UHSOHQLVKHG�� 7KH� VHFRQG� IDFWRU� ZDV� IRXU� PDL]H�
YDULHWLHV� DV� &3����� /&+��� 1.����� DQG� 1.������
ZKLFK�ZHUH�GURXJKW�WROHUDQW�PDL]H�K\EULGV��7DEOH�
����$OO�RI�IRXU�PDL]H�YDULHWLHV�KDG�WKH�VDPH�JURZWK�
VWDJH�DQG�DUH�ZLGHO\�JURZQ�LQ�1RUWKHUQ�9LHWQDP��

7DEH����2ULJLQ�DQG�DJURQRPLF�WUDLWV�RI�IRXU�PDL]H�YDULHWLHV�

9DULHWLHV� 2ULJLQ� $JURQRPLF�WUDLWV�

&3������� 0DL]H�5HVHDUFK�,QVWLWXWH�
'URXJKW�WROHUDQW�PDL]H�K\EULGV��DYHUDJH�JUDLQ�\LHOG��

��������WRQ�KD����JURZWK�VWDJH�����������GD\V�

/&+����� 0DL]H�5HVHDUFK�,QVWLWXWH�
'URXJKW�WROHUDQW�PDL]H�K\EULGV��DYHUDJH�JUDLQ�\LHOG��

�������WRQ�KD����JURZWK�VWDJH�����������GD\V�

1.����� 6\QJHQWD� 'URXJKW�WROHUDQW�PDL]H�K\EULGV��DYHUDJH�JUDLQ�\LHOG��
��������WRQ�KD����JURZWK�VWDJH������������GD\V�

1.����� 6\QJHQWD� 'URXJKW�WROHUDQW�PDL]H�K\EULGV��DYHUDJH�JUDLQ�\LHOG��
�������WRQ�KD����JURZWK�VWDJH������������GD\V�

7KUHH� SUH�JHUPLQDWHG� VHHGV� ZHUH� JURZQ� LQ�
SODVWLF� SRWV� ���� FP� LQ� KHLJKW� DQG� ��� FP� LQ�
GLDPHWHU�� ILOOHG� ZLWK� ��� NJ� RI� DLU�GULHG� VRLO�� 7KH�
VHHGOLQJV�ZHUH�WKLQQHG�WR�RQH�VHHGOLQJ�SHU�SRW�DW���
'$6��7KH� DPRXQW�RI� IHUWLOL]HU�ZDV� FDOFXODWHG� DQG�
DSSOLHG�IRU�HDFK�SRW�ZLWK�D�EDVH�RI�����NJ�1�������
NJ� 3�2�� �� ��� NJ� .�2� KD���� :KROH� SKRVSKDWH�
DPRXQWV�ZHUH�ZHOO�PL[HG�ZLWK� WKH� VRLO� DV� D�EDVDO�
DSSOLFDWLRQ�EHIRUH�VRZLQJ��1LWURJHQ�DQG�SRWDVVLXP�
ZHUH� VSOLW� HTXDOO\� LQWR� WKUHH� DSSOLFDWLRQV� DW�
VRZLQJ���� ����IXOO� OHDYHV�VWDJH�DQG��� ���� IXOO� OHDYHV�
VWDJH��

7KH�JURZWK�WUDLWV�LQFOXGLQJ�SODQW�KHLJKW��FP���
QXPEHU� RI� OHDYHV�ZHUH�PHDVXUHG� DW� WKUHH� VWDJHV�
�������OHDYHV��MRLQWLQJ�DQG�KDUYHVW���7KH�QXPEHU�RI�

OHDYHV�ZHUH�FRXQWHG�IURP�WKH�ILUVW�WUXH�OHDI�WR�WKH�
ILQDO�OHDI��7KH�OHDI�DUHD��/$��ZDV�GHWHUPLQHG�DW�WKH�
WDVVHOLQJ�VWDJH�XVLQJ�WKUHH�SODQW�VDPSOHV�IRU�HDFK�
WUHDWPHQW�� ZKLFK� FDOFXODWHG� E\� WKH� OHQJWK� î� WKH�
PD[LPXP�ZLWK�î������î�WKH�WRWDO�QXPEHU�RI�OHDYHV��
$W�WKH�KDUYHVW��WKH�VKRRWV�ZHUH�FXW�IURP�WKH�EDVH�
DQG� RYHQ�� GULHG� DW� ��R&� IRU� ��� K� IRU� GHWHUPLQLQJ�
WKH� VKRRW� GU\� ZHLJKW�� 7KH� \LHOG� FRPSRQHQWV�
LQFOXGLQJ�QXPEHU�RI�NHUQHOV�SHU�HDU�������NHUQHOV�
ZHLJKW��DQG�JUDLQ�\LHOG�SHU�SODQW�ZHUH�FROOHFWHG���

7KH� VWDWLVWLFDO� DQDO\VHV� ZHUH� GRQH� XVLQJ�
0LQLWDE�����7KH�GDWD�ZHUH�VXEMHFWHG�WR�$129$�WR�
GHWHFW�HIIHFWV�RI�WUHDWPHQWV�DQG�WKHLU�LQWHUDFWLRQV��
7UHDWPHQW� PHDQ� FRPSDULVRQ� ZHUH� VXEMHFWHG� WR�
7XNH\�+6'�DW����SUREDELOLW\�OHYHO���
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����� 3ODQW� KHLJKW� DQG� OHDYHV� QXPEHU� RI� IRXU�
PDL]H� YDULHWLHV� DV� DIIHFWHG� E\� ZDWHU� GHILFLW�
FRQGLWLRQV�

7DEOH� �� VKRZV� WKDW� JURZWK� LQGLFDWRUV�
LQFOXGLQJ�SODQW�KHLJKW� DQG� OHDI�QXPEHU� LQFUHDVHG�
RYHU� WKH� WLPH� DQG� UHDFKHG� WKH� KLJKHVW� YDOXHV� DW�
WKH� KDUYHVW� VWDJH�� 0DL]H� YDULHWLHV� GLIIHUHG�

VLJQLILFDQWO\� LQ� WHUPV� RI� SODQW� KHLJKW� DQG� OHDI�
QXPEHU��S����������H[FHSW�OHDI�QXPEHU�DW�WKH�VWDJH�
RI� �� �� �� OHDYHV� VWDJH��/&+��DQG�1.�����YDULHWLHV�
JDYH�KLJKHU�SODQW�KHLJKW�DW�WKH� MRLQWLQJ�VWDJH�DQG�
KDUYHVW�VWDJH��1.�����VKRZHG�WKH�PD[LPXP�OHDI�
QXPEHU� DW� WKH� ODVW� WZR� PHDVXUHG� VWDJHV�� ,Q�
JHQHUDO�� 1.����� JDYH� WKH� EHVW� SHUIRUPDQFH� LQ�
WHUPV�RI�JURZWK�LQGLFDWRUV�FRPSDUHG�WR� WKH�RWKHU�
YDULHWLHV��7DEOH�������

7DEOH����(IIHFW�RI�ZDWHU�GHILFLW�FRQGLWLRQV�RQ�SODQW�KHLJKW�DQG�QXPEHU�RI�OHDYHV�RI�IRXU�PDL]H�YDULHWLHV�

3ODQW�KHLJKW��FP�� 1XPEHU�RI�OHDYHV�

7UHDWPHQWV�
������������

OHDYHV�VWDJH�
-RLQWLQJ�
VWDJH�

+DUYHVW� ������������
OHDYHV�VWDJH�

-RLQWLQJ�VWDJH� +DUYHVW�

9DULHWLHV�

&3���� ����D� �����D� �����D� ���D� ����F� ����D�

/&+�� ����D� �����E� �����E� ���D� ����E� ����DE�

1.����� ����D� ������DE� �����E� ���D� ����F� ����F�

1.����� ����D� �����D� �����D� ���D� ����D� ����EF�

:DWHU�GHILFLW�FRQGLWLRQV�

����Z�Z� ����D� �����G� �����G� ���D� ����G� ����F�

����Z�Z� ����D� �����F� �����F� ���D� ����F� ����E�

����Z�Z� ����D� �����E� �����E� ���D� ����E� ����D�

����Z�Z� ����D� �����D� �����D� ���D� �����DW\� ����D�

1RWH��9DOXHV�IROORZHG�E\�WKH�VDPH�OHWWHU�LQ�D�FROXPQ�DUH�QRW�VLJQLILFDQWO\�GLIIHUHQW�DW�WKH����OHYHO���
7KHUH�ZDV� QR� VLJQLILFDQW� GLIIHUHQFH� RI� SODQW�

JURZWK�LQGLFDWRUV�XQGHU�ZDWHU�GHILFLW�FRQGLWLRQV�
DW� WKH� VWDJH� RI� �� �� �� OHDYHV�� +RZHYHU�� DW� WKH�
MRLQWLQJ� VWDJH� DQG�KDUYHVWHG� VWDJH��SODQW�KHLJKW�
ZDV� VLJQLILFDQWO\� LQIOXHQFHG� �S� �� ������ E\�ZDWHU�
GHILFLW� FRQGLWLRQV�� 7KH� KHLJKW� RI� PDL]H�

GHFUHDVHG� VLJQLILFDQWO\� ZLWK� GHFUHDVLQJ� VRLO�
PRLVWXUH� FRQWHQW� IURP� ����Z�Z� WR� ����Z�Z� RI�
VRLO� PRLVWXUH� FRQWHQW�� 7KH� VDPH� WUHQG� ZDV�
UHFRUGHG� LQ� WHUPV� RI� OHDI� QXPEHU�� ZKHQ� WKH�
ORZHVW�YDOXH�ZDV�REVHUYHG�XQGHU�����Z�Z�RI�VRLO�
PRLVWXUH� FRQWHQW�� 7KH� UHVXOW� DOVR� VKRZHG� WKDW�
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WKH� GURXJKW� VWUHVV� RI� ����Z�Z� DQG� ����Z�Z�RI�
VRLO� PRLVWXUH� FRQWHQWV� JDYH� WKH� ORZHVW� OHDI�
QXPEHU� DQG� QR� GLIIHUHQFH� ZDV� IRXQG� EHWZHHQ�
WKHVH�WZR�WUHDWPHQWV��6DK��HW�DO�� �������>�@�DOVR�

VKRZHG� WKDW� ZDWHU� VWUHVV� RFFXUULQJ� GXULQJ� WKH�
YHJHWDWLYH� DQG� IORZHULQJ� VWDJHV� UHGXFH� SODQW�
KHLJKW�DQG� OHDI�QXPEHU�� OHDGLQJ�WR�UHGXFH�JUDLQ�
\LHOG�RI�PDL]H��

7DEOH����7DEOH����,QWHUDFWLQJ�HIIHFW�RI�ZDWHU�GHILFLW�FRQGLWLRQV�DQG�YDULHWLHV�RQ�SODQW�KHLJKW��
DQG�QXPEHU�RI�OHDYHV�RI�PDL]H�

3ODQW�KHLJKW��FP�� 1XPEHU�RI�OHDYHV�

7UHDWPHQWV� ������
OHDYHV�
VWDJH�

-RLQWLQJ�
VWDJH�

+DUYHVW�
������
OHDYHV�
VWDJH�

-RLQWLQJ�
VWDJH�

+DUYHVW�

9DULHWLHV��
:DWHU��GHILFLW�
FRQGLWLRQV� � � � � � �

&3���� ����DEF� �����N� �����M� ���D� ����K� ����GH�

/&+�� ����DE� �����MN� �����M� ���D� ����HI� ����GH�

1.����� ����DE� �����L� �����M� ���D� ����J� ����IJ�
����Z�Z�

1.����� ����F� �����LM� �����M� ���D� ����HIJ� ����J�

&3���� ����DEF� �����J� �����K� ���D� ����IJ� ����EFG�

/&+�� ����DE� �����J� �����L� ���D� ����FGH� ����FG�

1.����� ����DE� �����K� �����L� ���D� ����IJ� ����HI�
����Z�Z��

1.����� ����DEF� �����K� �����L� ���D� ����HI� ����IJ�

&3���� ����DEF� �����G� �����H� ���D� ����EFG� ����DEFG�

/&+�� ����DE� �����I� �����J� ���D� ����GHI� ����DEF�

1.����� ����EF� �����GH� �����I� ���D� ����GHI� ����DEFG�
����Z�Z��

1.����� ����DEF� �����F� �����G� ���D� ����E� ����DE�

&3���� ����DE� �����D� �����DE� ���D� ����E� ����DE�

/&+�� ����DE� �����E� �����EF� ���D� ����EF� ����DEF�

1.����� ����D� �����DE� �����F� ���D� ����E� ������DEFG�����Z�Z�

1.����� ����DEF� �����D� �����D� ���D� ����D� ����D�

1RWH��9DOXHV�IROORZHG�E\�WKH�VDPH�OHWWHU� LQ�D�FROXPQ�DUH�QRW�VLJQLILFDQWO\�GLIIHUHQW�DW�WKH���� OHYHO��
7KH�UHVXOW�RI�$129$�DOVR�LQGLFDWHG�WKDW�WKHUH�

ZDV�D� VLJQLILFDQW� WZR�ZD\� LQWHUDFWLRQ�EHWZHHQ� WKH�
OHYHO� RI� VRLO� PRLVWXUH� FRQWHQWV� DQG� YDULHWLHV� RQ�
SODQW� KHLJKW� DQG� OHDYHV� QXPEHU� �7DEOH� ����
H[FHSWLQJ�OHDI�QXPEHU�DW�������OHDYHV�VWDJH��:LWKLQ�
WKH� VDPH� YDULHW\�� WKHVH� WZR� JURZWK� LQGLFDWRUV�
UHGXFHG� ZLWK� WKH� UHGXFWLRQ� RI� VRLO� PRLVWXUH�
FRQWHQWV� DW� WKH� DOO� WKUHH�PHDVXUHG� VWDJHV��$W� WKH�
KDUYHVW� VWDJH�� WKH� SODQW� KHLJKW� ZDV� QRW�
VLJQLILFDQWO\� GLIIHUHQW� DPRQJ� YDULHWLHV� XQGHU�

FRQWURO� FRQGLWLRQ������Z�Z��EXW�ZDV�VLJQLILFDQWO\�
GLIIHUHQW� XQGHU� GURXJKW� VWUHVV� FRQGLWLRQV� ����� WR�
����Z�Z���7KH�SODQW�KHLJKW�RI�1.�����DQG�/&+��
ZHUH� VLJQLILFDQWO\� KLJKHU� WKDQ� WKDW� RI� 1.�����
XQGHU�GURXJKW�VWUHVV�FRQGLWLRQV������WR�����Z�Z���
,Q� WHUPV� RI� OHDI� QXPEHU�� DW� WKH�KDUYHVW� VWDJH�� QR�
GLIIHUHQFH�ZDV�IRXQG�EHWZHHQ�IRXU�YDULHWLHV�XQGHU�
����Z�Z� DQG� ����Z�Z� RI� VRLO�PRLVWXUH� FRQWHQWV��
8QGHU�����Z�Z�RI�VRLO�PRLVWXUH�FRQWHQW��1.�����
YDULHW\� SURGXFHG�PRUH� OHDYHV�� ZKLFK� ZDV� DW� SDLU�
ZLWK�1.�����YDULHW\��
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3.2. Leaf area and shoot dry matter of four maize varieties as affected by water deficit conditions 

 
 Figure. Effect of water deficit conditions on leaf area (a, b)  

and shoot dry matter (c, d) of four maize varieties 

Note: Columns with the same letter within each treatment are not significantly different the 5% level. 
Leaf area and shoot dry weight significantly 

different under different maize varieties and water 
deficit contents [7 - 8] found that water stress 
occurring during the vegetative and tasseling 
stages reduced considerable shoot dry matter and 
leaf area index. In this study, there was the 
significant reduction of leaf area and shoot dry 
weight due to the decrease of soil moisture 

regardless of varieties. These two indicators were 
significantly higher under 30% w/w of soil 
moisture content compared to other treatments 
and lowest under 15% w/w of soil moisture 
content. It can be found that, CP111 variety 
showed the lowest leaf area in any cases of water 
deficit conditions. Interestingly, NK4300 variety 
gave highest leaf area under 25% and 30% w/w of 
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VRLO� PRLVWXUH� FRQWHQWV�� KRZHYHU� XQGHU� ���� DQG�
���� Z�Z� RI� VRLO� PRLVWXUH� FRQWHQWV�� WKLV� YDULHW\�
SURGXFHG� ORZHU� OHDI� DUHD�� ZKLFK� LQGLFDWHG� WKDW�
1.����� YDULHW\� ZDV� PRUH� VHQVLWLYH� WR� GURXJKW�
FRQGLWLRQ�� /&+�� DQG� 1.����� YDULHWLHV� SURGXFHG�
KLJKHU� OHDI�DUHD��HYHQ�LQ�WKH�FRQGLWLRQ�RI�����DQG�
����Z�Z�RI�VRLO�PRLVWXUH�FRQWHQWV���

6KRRW�GU\�ZHLJKW�RI�PDL]H�SODQWV�JURZQ�XQGHU�
WKH� VDPH� ZDWHU� GHILFLW� FRQGLWLRQ� YDULHG�
GUDPDWLFDOO\� EHWZHHQ� IRXU� VHOHFWHG� YDULHWLHV��
/&+��� DQG� 1.����� YDULHWLHV� SURGXFHG�
VLJQLILFDQWO\�KLJKHU�VKRRW�GU\�ZHLJKW�FRPSDUHG�WR�
RWKHU� YDULHWLHV� XQGHU� ���� DQG� ���� Z�Z� RI� VRLO�

PRLVWXUH� FRQWHQWV�� 8QGHU� ���� Z�Z� RI� VRLO�
PRLVWXUH� FRQWHQW�� /&+��� DOVR� JDYH� WKH� KLJKHVW�
VKRRW� GU\� ZHLJKW�� 6KRRW� GU\� ZHLJKW� RI� 1.�����
YDULHW\� ZDV� WKH� KLJKHVW� XQGHU� ���� Z�Z� RI� VRLO�
PRLVWXUH� FRQWHQW�� EXW� XQGHU� WKH� UHGXFWLRQ� RI� VRLO�
PRLVWXUH� IURP� ���� WR� ���� Z�Z� RI� VRLO� PRLVWXUH�
FRQWHQW�� WKLV� YDOXH� VLJQLILFDQWO\� GHFUHDVHG�
FRPSDUHG� WR� RWKHU� YDULHWLHV�� ,W� FDQ� EH� VXJJHVWHG�
WKDW� /&+��� DQG� 1.����� YDULHWLHV� ZDV� DEOH� WR�
DGDSW�ZHOO�WR�WKH�GURXJKW�VWUHVV�FRQGLWLRQ���

����� 5RRW� WUDLWV� RI� IRXU� PDL]H� YDULHWLHV� DV�
DIIHFWHG�E\�ZDWHU�GHILFLW�FRQGLWLRQV�

7DEOH����(IIHFW�RI�ZDWHU�GHILFLW�FRQGLWLRQV�RQ�URRW�WUDLWV�RI�IRXU�PDL]H�YDULHWLHV�

7UHDWPHQWV� 1XPEHU�RI�SULPDU\�URRWV� 3ULPDU\�URRW�OHQJWK��FP�SODQW�� 5RRW�GU\�ZHLJKW��J�SODQW��

9DULHWLHV�

&3���� ����F� ����E� ����E�

/&+�� ����E� ����F� ����F�

1.����� ����D� ����F� ����F�

1.����� ����D� ����D� ����D�

:DWHU�GHILFLW�FRQGLWLRQV�

����Z�Z� ����F� ����F� ����F�

����Z�Z� ����E� ����E� ����E�

����Z�Z� ����E� ����D� ����E�

����Z�Z� ����D� ����D� ����D�
1RWH��9DOXHV�IROORZHG�E\�WKH�VDPH�OHWWHU�LQ�D�FROXPQ�DUH�QRW�VLJQLILFDQWO\�GLIIHUHQW�DW�WKH����OHYHO���
7DEOH��� LOOXVWUDWHV� WKH� HIIHFW�RI� IRXU� OHYHOV�RI�

VRLO�PRLVWXUH�FRQWHQWV�DQG�IRXU�PDL]H�YDULHWLHV�RQ�
URRW� FKDUDFWHULVWLFV� RI� PDL]H�� 7KH� UHVXOWV�
LQGLFDWHG� WKDW� QXPEHU� RI� SULPDU\� URRWV�� SULPDU\�
URRW� OHQJWK� DQG� URRW� GU\� ZHLJKW� GLIIHUHG�
VLJQLILFDQWO\��S���������DPRQJ�WKH�IRXU�VRLO�ZDWHU�
FRQWHQW� WUHDWPHQWV� DV� ZHOO� DV� IRXU� FKRVHQ�
YDULHWLHV��&3����SURGXFHG�WKH�KLJKHVW�QXPEHU�RI�
SULPDU\� URRWV� ZLWK� ����� URRWV�� PHDQZKLOH� /&+��
DQG�1.�����KDG�WKH�VLJQLILFDQWO\�KLJKHU�SULPDU\�
URRW� OHQJWK� DQG� URRW� GU\� ZHLJKW� FRPSDUHG� WR�
RWKHU� YDULHWLHV�� ,Q� WHUPV� RI� ZDWHU� GHILFLW�

FRQGLWLRQV������Z�Z�RI�VRLO�PRLVWXUH�FRQWHQW�ZDV�
WKH� EHVW� FRQGLWLRQ� RI� VRLO� PRLVWXUH� IRU� PDL]H�
SODQWV�� VR� WKLV� WUHDWPHQW� JDYH� WKH� EHVW� YDOXHV� RI�
DOO� URRW� FKDUDFWHULVWLFV�� 5HGXFLQJ� WKH� VRLO�
PRLVWXUH�FDXVHG�WR�WKH�UHGXFWLRQ�RI�URRW�WUDLWV�RI�
PDL]H��ZKLFK�ZDV� ORZHVW� XQGHU� WKH� WUHDWPHQW� RI�
���� Z�Z� RI� VRLO� PRLVWXUH� FRQWHQWV�� 7UDQ� HO� DO��
�������>�@�DQG�=KDR�-�HO�DO��������>�@�DOVR�VKRZHG�
WKDW� URRW� WUDLWV� DV� QXPEHU� RI� ODWHUDO� URRW�� ODWHUDO�
URRW�OHQJWK�GHFUHDVHG�UHPDUNDEO\�XQGHU�GURXJKW�
VWUHVV�FRQGLWLRQ��



6&,(1&(�$1'�7(&+12/2*<�

$*5,&8/785(�$1'�585$/�'(9(/230(17���'(&(0%(5������YROXPH���QXPEHU�����

7DEOH����,QWHUDFWLQJ�HIIHFW�RI�ZDWHU�GHILFLW�FRQGLWLRQV�DQG�YDULHWLHV�RQ�URRW�WUDLWV�RI�PDL]H�

7UHDWPHQW�
9DULHWLHV���:DWHU�GHILFLW�

1XPEHU�RI�
SULPDU\�URRWV�

3ULPDU\�URRW�OHQJWK�
�FP�SODQW��

5RRW�GU\�ZHLJKW�
�J�SODQW��

&3���� ����M� ����I� ����IJ�
/&+�� ����KLM� ����J� ����IJ�
1.����� ����KL� ����J� ����J�

����Z�Z�

1.����� ����KLM� ����F� ����J�
&3���� ����KLM� ����GH� ����GH�
/&+�� ����JK� ����FG� ����GH�
1.����� ����HI� ����HI� ����HI�

����Z�Z�

1.����� ����IJ� ����FGH� ����GH�
&3���� ����IJ� ����D� ����G�
/&+�� ����HI� ����E� ����G�
1.����� ����GH� ����E� ����G�

����Z�Z�

1.����� ����EF� ����DE� ����EF�
&3���� ����HI� ����D� ����DE�
/&+�� ����FG� ����DE� ����F�
1.����� ����D� ����D� ����EF�

����Z�Z�

1.����� ����DE� ����D� ����D�

1RWH��9DOXHV�IROORZHG�E\�WKH�VDPH�OHWWHU�LQ�D�FROXPQ�DUH�QRW�VLJQLILFDQWO\�GLIIHUHQW�DW�WKH����OHYHO���
7KH� LQWHUDFWLRQ�RI�GLIIHUHQW�YDULHWLHV�DQG�ZDWHU�

GHILFLW�FRQGLWLRQV�VWDWLVWLFDOO\�GLIIHUHG�WKH�URRW�WUDLWV�
RI� PDL]H� �7DEOH� ���� (DFK� YDULHW\� VKRZHG� WKH�
GHFUHDVH� RI� QXPEHU� SULPDU\� URRWV�� SULPDU\� URRW�
OHQJWK�DQG�URRW�GU\�ZHLJKW�XQGHU�WKH�UHGXFLQJ�VRLO�
PRLVWXUH�FRQWHQWV��8QGHU�����Z�Z�RI�VRLO�PRLVWXUH�
FRQWHQW�� DOO� YDULHWLHV�SURGXFHG�PRUH�SULPDU\�URRWV�
ZLWK� KLJKHU� URRWV� OHQJWK� FRPSDUHG� WR� RWKHU�
WUHDWPHQWV� RI� ZDWHU� GHILFLW� FRQGLWLRQV�� ,W� FDQ� EH�
IRXQG�WKDW��&3����DQG�/&+��KDG�KLJKHU�QXPEHU�RI�
SULPDU\�URRWV�DV�FRPSDUHG�WR�RWKHU�YDULHWLHV�XQGHU�
WKH�GURXJKW�VWUHVV�FRQGLWLRQV������WR�����Z�Z����,Q�
DGGLWLRQ�� 1.����� VKRZHG� ORQJHU� SULPDU\� URRW�
XQGHU� ���� Z�Z� DQG� ���� Z�Z� RI� VRLO� PRLVWXUH�
FRQWHQWV�� ZKHUHDV� WKLV� LQGLFDWRU� RI� /&+�� ZDV�
KLJKHU� XQGHU� WKH� WUHDWPHQWV� RI� ����Z�Z� DQG� ����
Z�Z�RI�VRLO�PRLVWXUH�FRQWHQWV��,Q�WHUPV�RI�URRW�GU\�
ZHLJKW�� XQGHU� ���� RU� ���� Z�Z� RI� VRLO� PRLVWXUH�
FRQWHQW��QR�VWDWLVWLFDO�GLIIHUHQFH�ZDV�IRXQG�EHWZHHQ�
IRXU� YDULHWLHV�� +RZHYHU�� XQGHU� ���� Z�Z� RI� VRLO�

PRLVWXUH� FRQWHQW�� &3����� /&+���1.����� YDULHWLHV�
KDG� VLJQLILFDQWO\� URRW� GU\� ZHLJKW� FRPSDUHG� WR�
1.������8QGHU� ����Z�Z�RI� VRLO�PRLVWXUH� FRQWHQW��
/&+��JDYH�WKH�KLJKHVW�URRW�GU\�ZHLJKW��ZKLFK�ZDV�
DW�SDLU�ZLWK�1.������*HQHUDOO\��/&+��DQG�1.�����
ZDV� WKH� WZR� YDULHWLHV� ZLWK� EHWWHU� SHUIRUPDQFH� RI�
URRW�WUDLWV�XQGHU�GURXJKW�VWUHVV�FRQGLWLRQV��

�����<LHOG� FRPSRQHQWV�RI� IRXU�PDL]H� YDULHWLHV�
DV�DIIHFWHG�E\�ZDWHU�GHILFLW�FRQGLWLRQV�

7KH� UHVXOWV� VKRZHG� WKDW� WKHUH� ZDV� D�
VLJQLILFDQW�GLIIHUHQFH�LQ�WKH�QXPEHU�RI�NHUQHOV�SHU�
HDU��ZHLJKW�RI������NHUQHOV�DQG�JUDLQ�\LHOG�DPRQJ�
IRXU� OHYHOV� RI� VRLO� ZDWHU� FRQGLWLRQ� DV� ZHOO� DV�
GLIIHUHQW� YDULHWLHV� �7DEOH� ���� /&+�� JDYH� WKH�
KLJKHVW� QXPEHU� RI� NHUQHOV� SHU� HDU�� PHDQZKLOH�
&3����JDYH�WKH�VWDWLVWLFDOO\�KLJKHU�ZHLJKW�RI������
NHUQHOV�FRPSDUHG� WR� WKH�UHVW�YDULHWLHV��/&+��DQG�
1.����� YDULHWLHV� JDYH� VLJQLILFDQWO\� KLJKHU� JUDLQ�
\LHOG� DV� FRPSDUHG� WR� RWKHU� FKRVHQ� YDULHWLHV�� ,Q�
DGGLWLRQ��GHFUHDVH�VRLO�PRLVWXUH�FRQWHQW�FDXVHG�WR�
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WKH� GUDPDWLFDOO\� UHGXFWLRQ� RI� \LHOG� FRPSRQHQW��
FDXVLQJ� WR� WKH� ORZHVW� JUDLQ� \LHOG� RI�PDL]H� XQGHU�
����Z�Z�RI�VRLO�PRLVWXUH�FRQWHQWV��7KLV�UHVXOW�ZDV�
FRQVLVWHQW�ZLWK�WKH�UHSRUW�RI�>�@��ZKR�VKRZHG�WKDW�
JUDLQ� \LHOG� ZDV� VLJQLILFDQWO\� UHGXFHG� E\�
SURJUHVVLYH� GURXJKW� GXULQJ� WKH� JURZWK� VWDJH�� ,Q�

DGGLWLRQ�� >�@� DOVR� UHSRUWHG� WKDW� DQ� H[SRVXUH� RI�
ZDWHU� GHILFLW� VWUHVV� DW� IORZHULQJ� DQG� JUDLQ� ILOOLQJ�
VWDJH� EURXJKW� VHYHUH� QHJDWLYH� HIIHFWV� RQ�
SKHQRORJLFDO� DQG� \LHOG� WUDLWV� DWWULEXWHV� RI� WKH�
PDL]H��

7DEOH����(IIHFW�RI�ZDWHU�GHILFLW�FRQGLWLRQV�RQ�\LHOG�FRPSRQHQWV�DQG�JUDLQ�\LHOG�RI�IRXU�PDL]H�YDULHWLHV�

7UHDWPHQWV� 1XPEHU�RI�NHUQHOV�SHU�HDU� ������NHUQHOV�ZHLJKW��J�� *UDLQ�\LHOG��J�SODQW��

9DULHWLHV�

&3���� �����D� �����F� ����D�

/&+�� �����G� �����E� ����D�

1.����� �����F� �����E� ����D�

1N����� �����E� �����D� ����D�

:DWHU�GHILFLW�FRQGLWLRQV�

����Z�Z� �����G� �����G� �����G�

����Z�Z� �����F� �����F� �����F�

����Z�Z� �����E� �����E� ����E�

����Z�Z� �����D� �����D� ����D�
1RWH��9DOXHV�IROORZHG�E\�WKH�VDPH�OHWWHU�LQ�D�FROXPQ�DUH�QRW�VLJQLILFDQWO\�GLIIHUHQW�DW�WKH����OHYHO���

7DEOH����,QWHUDFWLQJ�HIIHFW�RI�ZDWHU�GHILFLW�FRQGLWLRQV�DQG�YDULHWLHV��
RQ�\LHOG�FRPSRQHQWV�DQG�JUDLQ�\LHOG�RI��PDL]H�

7UHDWPHQW�
9DULHWLHV���:'�

1XPEHU�RI�NHUQHOV�
SHU�HDU�

�����NHUQHOV�
ZHLJKW��J��

*UDLQ�\LHOG�
�J�SODQW��

&3���� �����J� �����K� ���N�
/&+�� �����KL� �����J� ���OP�
1.����� �����K� �����J� ���NO�

����Z�Z�

1.����� �����L� �����J� ���P�
&3���� �����H� �����J� ���K�
/&+�� �����I� �����I� ���M�
1.����� �����I� �����HI� ���Ğ�

����Z�Z�

1.����� �����I� �����H� ���KL�
&3���� �����F� �����HI� ��F�
/&+�� �����G� �����G� ��J�
1.����� �����G� �����G� ��I�

����Z�Z�

1.����� �����F� �����F� ��G�
&3���� �����D� �����F� ��E�
/&+�� �����E� �����D� ��F�
1.����� �����E� �����E� ��EF�

����Z�Z�

1.����� �����D� �����D� ��D�

1RWH��9DOXHV�IROORZHG�E\�WKH�VDPH�OHWWHU�LQ�D�FROXPQ�DUH�QRW�VLJQLILFDQWO\�GLIIHUHQW�DW�WKH����OHYHO���
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7KHUH� ZDV� VWDWLVWLFDO� GLIIHUHQFH� RI� \LHOG�
FRPSRQHQW� DQG� JUDLQ� \LHOG� RI� PDL]H� XQGHU� WKH�
HIIHFW�RI�LQWHUDFWLRQ�RI�GLIIHUHQW�PDL]H�YDULHWLHV�DQG�
ZDWHU� GHILFLW� FRQGLWLRQV� �7DEOH� ���� ,QWHUHVWLQJO\��
&3���� YDULHW\� FRQWDLQHG� WKH� KLJKHVW� ZHLJKW� RI�
����� NHUQHOV� LQ� DQ\� FDVH� RI� ZDWHU� GHILFLW�
FRQGLWLRQV�� ,Q� WHUPV�RI�QXPEHU�RI�NHUQHOV�SHU�HDU�
DQG� JUDLQ� \LHOG�� DOO� YDULHWLHV� JDYH� KLJKHU� YDOXHV�
XQGHU�����Z�Z�RI� VRLO�PRLVWXUH�FRQWHQW��7KHUHLQ��
1.�����DQG�/&+��YDULHWLHV�DFKLHYHG� WKH�KLJKHVW�
QXPEHU� RI� NHUQHOV� SHU� HDU� DV� ZHOO� WKH�PD[LPXP�
JUDLQ�\LHOG��8QGHU�WKH�FRQGLWLRQ�RI�����Z�Z�RI�VRLO�
PRLVWXUH� FRQWHQW�� /&+��� 1.����� DQG� 1.�����
SURGXFHG� VLJQLILFDQWO\� KLJKHU� NHUQHOV� SHU� HDU� DV�
FRPSDUHG� WR�&3�����PHDQZKLOH� XQGHU� FRQGLWLRQV�
RI�����Z�Z�DQG�����Z�Z�RI�VRLO�PRLVWXUH�FRQWHQW��
WKLV�LQGLFDWRU�ZDV�GUDPDWLFDOO\�KLJKHU�LQ�/&+��DQG�
1.����� YDULHWLHV�� 8QGHU� WKH� FRQGLWLRQV� RI� ZDWHU�
GHILFLWV� ���� y� ��� �� ���� Z�Z��� /&+�� DQG� 1.�����
YDULHWLHV� JDLQHG� KLJKHU� JUDLQ� \LHOG� FRPSDUHG� WR�
RWKHU� YDULHWLHV�� 7KHVH� VXJJHVWHG� WKDW� /&+�� DQG�
1.����� ZHUH� WKH� YDULHWLHV� DGDSWHG� ZLWK� WKH�
GURXJKW�VWUHVV�FRQGLWLRQ���

���&21&/86,21�

7KH� UHVXOWV� VKRZHG� WKDW� UHJDUGOHVV� RI� PDL]H�
YDULHWLHV�� WKH� UHGXFWLRQ� RI� VRLO� ZDWHU� FRQWHQW�
FDXVHG�WR�VXSSUHVVLQJ�PDL]H�JURZWK��ZKLFK�OHG�WR�
D� GHFUHDVH� RI� JUDLQ� \LHOG� RI� PDL]H� YDULHWLHV�� 7KH�
EHVW� SODQW� SHUIRUPDQFH� ZDV� REVHUYHG� LQ� WKH�
WUHDWPHQW�RI�����Z�Z�RI�VRLO�PRLVWXUH�FRQWHQW��DV�
FRQWURO�FRQGLWLRQ���ZKLFK�IROORZHG�E\�WUHDWPHQW�RI�
���� Z�Z� RI� VRLO� PRLVWXUH� FRQWHQW�� 7KH� ORZHVW�
JURZWK�WUDLWV��SK\VLRORJLFDO�WUDLWV��OHDI�DUHD��VKRRW�
GU\� ZHLJKW��� \LHOG� FRPSRQHQWV�� JUDLQ� \LHOG� RI�
PDL]H�ZHUH�REVHUYHG�LQ�SODQWV�WUHDWHG�E\�����Z�Z�
RI� VRLO� PRLVWXUH� FRQWHQW� �GURXJKW� VWUHVV�
FRQGLWLRQ��� ,Q� SDUWLFXODU�� 1.����� VKRZHG�
VLJQLILFDQWO\� KLJKHU� SK\VLRORJLFDO� WUDLWV� DQG� JUDLQ�
\LHOG� WKDQ� WKRVH� RI� RWKHU� YDULWLHV� XQGHU� FRQWURO�
FRQGLWLRQ� ����� Z�Z��� +RZHYHU�� XQGHU� GURXJKW�
VWUHVV� FRQGLWLRQV� ����� WR� ���� Z�Z�� /&+�� DQG�
1.����� VKRZHG� VLJQLILFDQWO\� KLJKHU� SK\VLRORJLFDO�
WUDLWV� DQG� JUDLQ� \LHOG� WKDQ� WKRVH� RI� 1.����� 7KLV�
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