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,QWURGXFWLRQ
� $JDU�$TXLODULD�PDODFFHQVLV�/DPN��� RFFXUV� SUHGRPLQDQWO\� LQ� WKH� ,QGR�%XUPD� KRWVSRW� RI�
ELRGLYHUVLW\� �:KLWPRUH�������� ,W� LV� DOVR� IRXQG� LQ�1HSDO��%KXWDQ��1RUWK�(DVWHUQ� ,QGLD� �$VVDP��
0HJKDOD\�� 1DJDODQG�� 0DQLSXU� DQG� 7ULSXUD��� 0\DQPDU�� 7KDLODQG�� /DRV�� 9LHWQDP�� &DPERGLD��
,QGRQHVLD�� 0DOD\VLD�� 6RXWK�(DVWHUQ� &KLQD�� %UXQHL� 'DUXVVDODP�� 7KH� 3KLOLSSLQHV�� 3DSXD� 1HZ�
*XLQHD�DQG�LVODQGV�RI�(DVW�,QGLD��%DNVKD�HW�DO��������%XUNKLOO����������,Q�%DQJODGHVK��LW�LV�IRXQG�
QDWXUDOO\�LQ�WKH�IRUHVWV�RI�6\OKHW��&KLWWDJRQJ�DQG�&KLWWDJRQJ�+LOO�7UDFWV�RI�%DQJODGHVK��5DKPDQ�
DQG�%DVDN��������3RSXODWLRQ�RI�$JDU�KDV�PDUNHGO\�GHFUHDVHG�LQ�QDWXUDO�IRUHVWV�RI�%DQJODGHVK�GXH�
WR�XQVXVWDLQDEOH�KDUYHVWLQJ�RI�QDWXUDO�WUHHV�IRU�DJDU�ZRRG�WUDGH��+HQFH��LW�LV�HQOLVWHG�LQ�µ7KH�:RUOG�
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/LVW�RI�7KUHDWHQHG�7UHHV¶�VLQFH�ODWH�����V��&KDNUDEDUW\�HW�DO����������7KH�KLJK�YDOXH�RI�WKH�ZRRG�
KDV�UHVXOWHG�LQ�LQGLVFULPLQDWH�IHOOLQJ�RI�QDWXUDO�SRSXODWLRQV�LQ�VRPH�FDVHV��7KXV��WKH�NQRZOHGJH�RI�
LWV� UHJHQHUDWLRQ� HFRORJ\� LV� H[WHQVLYHO\� GHVLUHG� IRU� GHYHORSLQJ� SURWRFROV� IRU� UDLVLQJ� ODUJH�VFDOH�
SODQWDWLRQV�RI�$JDU�'RQRYDQ�HW�DO���������

� *HQHUDOO\�VHHGOLQJ�LV�UHJHQHUDWHG�DIWHU�VWRULQJ�RI�VHHG�RYHU�YDULDEOH�SHULRG��(IILFLHQW�VWRUDJH�
RI� VHHGV� LV� QHFHVVDU\� WR� HQVXUH� FRQWLQXRXV� DQG� FRVW� HIIHFWLYH� VXSSO\� RI� VHHGOLQJV�� ZKLFK� LV� D�
SUHUHTXLVLWH� IRU� WKH�VXFFHVV�RI�DQ\�DIIRUHVWDWLRQ�SURJUDPPH��6HHG�VWRUDJH� LV�DOVR� LPSRUWDQW� IRU�
FRQVHUYLQJ�WKH�JHQHWLF�UHVRXUFHV�ZKLFK�DUH�UDYDJHG�E\�GHIRUHVWDWLRQ�DV�ZHOO�DV�E\�FDWDVWURSKHV�
VXFK� DV� IRUHVW� ILUH�� GUDXJKW� DQG� IORRGV�� +RZHYHU�� VWRUDJH� SRWHQWLDO� RI� WUHH� VHHGV� LV� KLJKO\�
VSHFLHV�VSHFLILF� DQG� ODUJH� YDULDWLRQ� KDV� EHHQ� HQFRXQWHUHG� DFURVV� WKH� WUHH� VSHFLHV� �%HUMHN� DQG�
3DPPHQWHU�� ������� %DVHG� RQ� WKH� LQKHUHQW� VWRUDJH� SRWHQWLDO�� VHHGV� DUH� JURXSHG� LQWR� WZR�PDLQ�
FDWHJRULHV� YL]�� UHFDOFLWUDQW� DQG� RUWKRGR[� �%HUMHN� DQG� 3DPPHQWHU�� ������� 5HFDOFLWUDQW�
�GHVLFFDWLRQ�VHQVLWLYH�� VHHGV� DUH� PHWDEROLFDOO\� DFWLYH� ZKHQ� VKHG� IURP� WKH� PRWKHU� SODQW� DQG�
SRVVHVV� UHODWLYHO\� KLJK� PRLVWXUH� FRQWHQW�� (YHQ� XQGHU� DPELHQW� WHPSHUDWXUH� DQG� ORZ� UHODWLYH�
KXPLGLW\�WKHLU�SRVW�KDUYHVW�OLIH�LV�YHU\�VKRUW�ZKLFK�DOVR�GHSHQGV�RQ�WKH�VSHFLHV��6LQFH�VHQVLWLYH�WR�
GHVLFFDWLRQ��WKHVH�VHHGV�ORVH�YLDELOLW\�ZKHQ�WKHLU�PRLVWXUH�FRQWHQW�IDOOV�EHORZ����WR������)DUUDQW�
HW�DO��������3ULWFKDUG��������$V�$JDU�VHHG� LV� UHFDOFLWUDQW�� LW� LV� LPSHUDWLYH� WR� ILQG�RXW�D�VXLWDEOH�
VWRUDJH� PHWKRG� ZKLFK� FDQ� SURORQJ� LWV� YLDELOLW\� WR� UDLVH� VHHGOLQJV� LQ� ODUJH� VFDOH� DW� QXUVHU\��
+RZHYHU�� WKHUH�LV�D�VFDQW\�OLWHUDWXUH�UHJDUGLQJ�WKH�VWRUDJH�PHWKRG�RI�$JDU�VHHG��7KHUHIRUH�� WKH�
SUHVHQW� VWXG\� ZDV� XQGHUWDNHQ� WR� HYDOXDWH� WKH� HIIHFW� RI� VWRUDJH� FRQGLWLRQ� DQG� GXUDWLRQ� RQ�
JHUPLQDWLRQ�DQG�YLDELOLW\�RI�$JDU�VHHG�

0DWHULDOV�DQG�0HWKRGV
� 7KH� H[SHULPHQW�ZDV� FRQGXFWHG� DW�1DWLRQDO� )RUHVW� 6HHG�&HQWUH�� 6HHG�2UFKDUG�'LYLVLRQ��
%DQJODGHVK�)RUHVW�5HVHDUFK� ,QVWLWXWH��&KLWWDJRQJ�GXULQJ�-XO\� WR�$XJXVW�������0DWXUH� IUXLWV�RI�
$JDU�ZHUH�FROOHFWHG�IURP�WKH�SOXV�WUHHV�LQ�WKH�PRQWK�RI�-XO\��6HHGV�ZHUH�H[WUDFWHG�IURP�GHSXOSLQJ�
WKH�IUXLWV�PDQXDOO\��

� )UHVK�VHHG�JHUPLQDWLRQ�DQG�YLDELOLW\�WHVW�ZDV�FRQGXFWHG�ZLWK�IRXU�UHSOLFDWLRQV�RI�����VHHGV�
HDFK��6HHGV�ZHUH�VRZQ�LQWR�PRLVW�VDQG�EHG�DQG�JHUPLQDWLRQ�ZDV�FDOFXODWHG�IROORZLQJ�VWDQGDUG�
PHWKRG��,67$��������7R� WHVW� WKH� LQIOXHQFH�RI�VWRUDJH�FRQGLWLRQV�DQG�GXUDWLRQV�D� WRWDO�RI�������
VHHGV�ZHUH� WDNHQ� DQG� GLYLGHG� HTXDOO\� LQWR� ILYH� VHHG� ORWV�� (DFK� ORW� KDV� VXEMHFWHG� WR� D� VSHFLILF�
VWRUDJH�FRQGLWLRQ�DV�IROORZV��RSHQ�DLU�FRQWURO��VDQG��FKDON�SRZGHU��UHIULJHUDWRU�DQG�VDZ�GXVW��6HHGV�
LQ�DOO�FRQGLWLRQV�ZHUH�VWRUHG�IRU�GLIIHUHQW�GXUDWLRQV�YL]����������������������������������������������
DQG����GD\V��)URP�VWRUHG�VHHG��WHQ�VHHGV�ZLWK�ILYH�UHSOLFDWLRQV�ZHUH�WDNHQ�RXW�DIWHU�HYHU\�WKUHH�
GD\V�DQG�JHUPLQDWLRQ�ZDV�WHVWHG�E\�VRZLQJ�LQ�PRLVW�VDQG�EHG��6HHGV�ZHUH�VRZQ�����FP�GHSWK�DQG�
����FP�GLVWDQFH�EHWZHHQ�VHHGV�LQ�VDQG�EHGV�DQG�WKHQ�SUHVVHG�OLJKWO\�LQWR�WKH�VDQG��3URSHU�VKDGH�
ZDV�SURYLGHG�XQWLO�JHUPLQDWLRQ�VWDUWV��5RXWLQH�ZDWHULQJ�DQG�ZHHGLQJ�DFWLYLWLHV�ZHUH�FDUULHG�RXW��
6HHGV� ZHUH� FRQVLGHUHG� JHUPLQDWHG� ZKHQ� WKH� FRW\OHGRQV� SURWUXGHG� IURP� WKH� VDQG� VXUIDFH��
*HUPLQDWHG�VHHGV�ZHUH�UHPDUNHG�ZLWK�VPDOO�VWLFNV�WR�GLIIHUHQWLDWH�WKHP�IURP�QHZO\�JHUPLQDWHG�
VHHGV��*HUPLQDWLRQ�ZDV�REVHUYHG�RQ�DOWHUQDWH�GD\V�XQWLO�FRPSOHWLRQ��7KH�IDFWRULDO�H[SHULPHQW�ZDV�
IROORZHG�DV�FRPSOHWH�UDQGRPL]HG�EORFN�GHVLJQ�ZLWK�WZR�IDFWRUV���VWRUDJH�FRQGLWLRQ�DQG�GXUDWLRQ��
$� YDULDWLRQ� �$129$�� LQ� JHUPLQDWLRQ� SRWHQWLDO� XQGHU� GLIIHUHQW� FRQGLWLRQV�ZDV� DQDO\]HG� XVLQJ�
VWDWLVWLFDO�SDFNDJH�067$7��



5HVXOWV�DQG�'LVFXVVLRQ
� $QDO\VLV� RI� YDULDQFH�$129$�� IRU� JHUPLQDWLRQ� SRWHQWLDO� RI�$JDU� VHHG� XQGHU� GLIIHUHQW�
FRQGLWLRQV� DQG� GXUDWLRQV� ZDV� GRQH� DQG� IRXQG� KLJKO\� VLJQLILFDQW� ZLWKLQ� VWRUDJH� FRQGLWLRQV� ��
GXUDWLRQV� DQG� WKHLU� LQWHUDFWLRQ�7DEOH� ���� 7KLV� LQGLFDWHG� WKDW� YLDELOLW\� RI�$JDU� VHHG� LV� KLJKO\�
GHSHQGHQW� RQ� ERWK� VWRUDJH� FRQGLWLRQV� DQG� VWRUDJH� GXUDWLRQV� ZKLFK� ZDV� LQ� DFFRUGDQFH� ZLWK�
0DQMNKROD�HW�DO�������DQG�3DQZDU�HW�DO����������

� *HUPLQDWLRQ�RI�$JDU�ZDV�HSLJHRXV��%RWK�IUHVK�DQG�VWRUHG�VHHGV�VWDUWHG�JHUPLQDWLRQ�ZLWKLQ�
��WR����GD\V��6LPLODU�UHVXOWV�ZHUH�REVHYHUHG�IRU�$��FUDVVQD�ZKHUH�VHHGV�JHUPLQDWHG�ZLWKLQ���WR����
GD\V��6RHKDUWRQR�DQG�1HZWRQ�������6KDQNDU�������DQG�IRU�*\ULQRSV�ZDOOD�*DUWHQ��ZLWKLQ���WR����
GD\V�$OZLV�HW�DO���������*HPLQDWLRQ�ZDV�FRPSOHWHG�ZLWKLQ����GD\V�ZKLFK�LV�VLPLODU�WR�%HQLZDO�
�������DQG�$GHOLQD�HW�DO����������

)LJXUH����$��)UXLWV��%��6HHGV�DQG�&��6HHGOLQJV�RI�$JDU

7KH�KLJKHVW�JHUPLQDWLRQ�������ZDV�UHFRUGHG�ZLWK�ERWK�IUHVK�VHHGV�VRZQ�LPPHGLDWHO\�DIWHU�KDUYHVW�
DQG� VWRUHG� LQ� UHIULJHUDWRU� ��a��&�� IRU� �� GD\V��7DELQ� DQG� 6ULYDVWDYD� ������� UHFRUGHG� ���� DQG�
$GHOLQ�HW�DO���������UHFRUGHG��������JHUPLQDWLRQ�ZKHQ�GLUHFW�VRZLQJ��

7DEOH������7ZR�ZD\�$129$�IRU�VHHG�JHUPLQDWLRQ�DW�GLIIHUHQW�VWRUDJH�FRQGLWLRQV�LQ�UHODWLRQ�ZLWK�
VWRUDJH�SHULRGV��
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� $�UHGXFWLRQ�WUHQG�RQ�VHHG�JHUPLQDWLRQ�SHUFHQW�RYHU�WKH�SHULRG�ZDV�HYLGHQW�DQG�VLJQLILFDQW�
GLIIHUHQFHV�LQ�WKH�JHUPLQDWLRQ�DPRQJ�WKH�VWRUDJH�FRQGLWLRQV�DQG�GXUDWLRQV�XVHG�LQ�WKH�H[SHULPHQW��
7KH�VHHGV�VWRUHG�IRU���GD\V�LQ�UHIULJHUDWRU�VKRZHG�WKH�KLJKHVW�������JHUPLQDWLRQ���)LJ�����IROORZHG�
E\�WKH�VHHGV�VWRUHG�LQ�VDZ�GXVW��������VDQG��������FRQWURO������DQG�FKDON�SRZGHU��������$IWHU�D�
SHULRG�RI����GD\V�VWRUDJH��WKH�VHHGV�RI�UHIULJHUDWRU�IRXQG������JHUPLQDWLRQ�IROORZHG�E\�WKH�VHHGV�
RI�VDZ�GXVW��VDQG�DQG�FKDON�SRZGHU����������DQG����UHVSHFWLYHO\��DOWKRXJK�WKH�VHHGV�RI�FRQWURO�
KDG�QR�JHUPLQDWLRQ��$IWHU�WKH�VWRUDJH�RI��������DQG����GD\V��WKH�VHHGV�RI�UHIULJHUDWRU�VKRZHG������
���� ���� DQG� ���� RI� JHUPLQDELOLW\� UHVSHFWLYHO\�� ZKLOH� RWKHUV� VWRUDJH� FRQGLWLRQV� VKRZHG� QR�
JHUPLQDWLRQ� DW� DOO�� 3UHVHQW� VWXG\� UHYHDOHG� WKDW� VWRULQJ� VHHGV� LQ� FRRO� FRQGLWLRQV� VXFK� DV� LQ� D�
UHIULJHUDWRU�FDQ�SURORQJ�YLDELOLW\����XS�WR����GD\V��1R�PRUH�VHHGV�ZHUH�IRXQG�ZLWK�JHUPLQDELOLW\�
DIWHU�VWRUDJH�RI����GD\V��

� $QDO\VLV�RI�YDULDQFH��$129$��IRU�YLDELOLW\�SRWHQWLDO�XQGHU�GLIIHUHQW�PHGLD�DQG�GXUDWLRQV�
ZDV�GRQH�DQG�)�YDOXH�ZDV�IRXQG�KLJKO\�VLJQLILFDQW��7DEOH����ZLWKLQ�WKH�LQWHUDFWLRQ�RI�PHGLD�DQG�
VWRUDJH� GXUDWLRQV�� /6'� YDOXHV� ������� DW� ��� DQG� ������ DW� ��� OHYHO�� ZHUH� IRU� JUDGLQJ� WKH�
FRPELQDWLRQ�PRUH�SUHFLVHO\��*HUPLQDWLRQ� OHYHO� LQ�HDUOLHU� LQWHUYDO�SHULRG�RI� IROORZHG�DOO� VWRUDJH�
PHGLD�ZHUH�IRXQG�DOO�PRVW�VDPH�DQG�PD[LPXP��%XW��HPSKDVL]LQJ�WKH�SURORQJLQJ�SHULRG�RI�YLDELOLW\�
LQ� GHVLUHG� OHYHO�� VHHGV� VWRUHG� LQ� UHIULJHUDWRU�� JHUPLQDWLRQ� DIWHU� ���� ��� DQG� ��� GD\V�ZHUH� IRXQG�
VWDWLVWLFDOO\�VDPH�DQG�RSWLPXP�DW����	����OHYHO�RI�VLJQLILFDQFH��6HHG�YLDELOLW\�RI�$JDU�RWKHU�WKDQ�
WKRVH�FRQGLWLRQV�LQ�YDULRXV�LQWHUYDO�SHULRGV�ZHUH�IRXQG�SRRU�	�EHORZ�GHVLUHG�OHYHO��7DEOH�����

� 7KHUHIRUH�� YLDELOLW\� SHULRG� RI�$JDU� LQ� GHVLUHG� OHYHO� FRXOG� EH� VHOHFWHG� IRU� WKH� SHULRG�
SURORQJLQJ����GD\V�LQ�UHIULJHUDWRU�FRQGLWLRQ��,Q�WKH�VDPH�FRQGLWLRQ�$JDU�VHHG�SURORQJHG�RQO\�����
JHUPLQDELOLW\�XS�WR���GD\V��

)LJXUH�����(IIHFW�RI�VWRUDJH�FRQGLWLRQV�DQG�GXUDWLRQV�RQ�JHUPLQDWLRQ�RI�$JDU�VHHGV



$FNQRZOHGJHPHQWV
� 7KH� DXWKRUV� DUH� VLQFHUHO\� DFNQRZOHGJHG� WR� 0U�� 0G��$EX� 7DKHU� +RVVDLQ� �52�� )RUHVW�
(FRQRPLFV�'LYLVLRQ��IRU�KLV�FRRSHUDWLRQ�GXULQJ�VWDWLVWLFDO�GHVLJQ�DQG�DQDO\VLV�

5HIHUHQFHV
$GHOLQD��1�� ��+DUXP�� )��6FKPLGW�� /�� DQG� -RNHU��'�� ������ 6HHG�/HDIOHW��$TXLODULD�PDODFFHQVLV��

/DPN��)RUHVW�	�/DQGVFDSH��'HQPDUN�
%DNVKD��0��:��$NKWHU��6���%DVDN��$��&��DQG�5DKPDQ��0��6��������%DQJODGHVKH\�DJDU�FKDV�R�DJDU�

NXWLU�VLOSR��$JDU�FXOWLYDWLRQ�DQG�DJDU�FRWWDJH�LQGXVWU\�LQ�%DQJODGHVK���%DQJODGHVK�)RUHVW�
5HVHDUFK�,QVWLWXWH��&KLWWDJRQJ����SS���D�ERRNOHW�LQ�%DQJOD�

%DUMDN��3��DQG�3DPPHQWHU��1��:��������2UWKRGR[�DQG�UHFDOFLWUDQW�VHHGV��,Q��9R]]R�-��$���(G���
� 7URSLFDO�7UHH�6HHG�0DQXDO�86'$�)RUHVW�6HUYLFH��:DVKLQJWRQ�'&�
%HQLZDO���%��������6LOYLFXOWXUH�&KDUDFWHULVWLFV�RI�$TXLODULD�DJDOORFKD�5R[E��,QGLDQ�)RUHVWHU��������

��±��
%XUNKLOO��,��+���������$�GLFWLRQDU\�RI�WKH�HFRQRPLF�SURGXFWV�RI�WKH�0DOD\�3HQLQVXOD�����±����
&KDNUDEDUW\�� .��� .XPDU�� $�DQG� 0HQRQ�� 9�� ������ 7UDGH� LQ� $JDUZRRG�� 7UDIILF� ,QGLD� DQG�

::)�,QGLD��1HZ�'HOKL����S��
'RQRYDQ��'��*��DQG�3XUL��5��.��������/HDUQLQJ�IURP�WUDGLWLRQDO�NQRZOHGJH�RI�QRQ�WLPEHU�IRUHVW��
SURGXFWV�� 3HQDQ� %HQDOXL� DQG� WKH� DXWHFRORJ\� RI�$TXLODULD� LQ� ,QGRQHVLDQ� %RUQHR�� (FRO�� 6RF����
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