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�
�
�
$EVWUDFW�
�
6RXWK�)ORULGD�VODVK�SLQH�IRUHVWV�FRQWDLQ�PDQ\�KDUGZRRG�VSHFLHV�DQG�EXUQ�DW�DQ\�WLPH�RI�\HDU���
$W� KLJKHU� ODWLWXGHV�� LW� KDV�EHHQ�ZLGHO\� QRWHG� WKDW� WKH� VHDVRQ�RI� EXUQLQJ� LQIOXHQFHV� WKH� UH�
VSRQVH�RI�KDUGZRRGV�WR�ILUH���,W�LV�SRVVLEOH�WKDW�WKH�VHDVRQDO�HIIHFWV�DUH�QRW�DV�SURQRXQFHG�LQ�
VRXWK�)ORULGD�EHFDXVH� WKH�FOLPDWH� LV�PRUH�HTXLWDEOH�DQG�PRVW� VSHFLHV� DUH� HYHUJUHHQ�� �7KH�
REMHFWLYH�RI�WKLV�VWXG\�ZDV�WR�GHWHUPLQH�WKH�VHDVRQDOLW\�LQ�WKH�DELOLW\�RI�VHOHFWHG�KDUGZRRGV�WR�
UHFRYHU� IROORZLQJ�NLOOLQJ�RI� WKH�DERYH�JURXQG�VWHP�� �)LUH� LV� D�GLIILFXOW� DQG�H[SHQVLYH� WUHDW�
PHQW�WR�DSSO\�FRQVLVWHQWO\�RYHU�WLPH���,QVWHDG�RI�EXUQLQJ��ZH�FXW�VWHPV�RI�ILYH�VSHFLHV����QD�
WLYH����QRQ�QDWLYH��DW�LQWHUYDOV�WR�VLPXODWH�WKH�NLOOLQJ�RI�VWHPV�E\�ILUH�DW�GLIIHUHQW�VHDVRQV���)RU�
PRVW�VSHFLHV������LQGLYLGXDOV�ZHUH�PDUNHG�DW�D�VLQJOH�ORFDWLRQ�DQG����UDQGRPO\�FKRVHQ�LQGL�
YLGXDOV�ZHUH�FXW�QHDU�JURXQG�OHYHO�HDFK�PRQWK�IRU�D�\HDU���%DVDO�GLDPHWHU��KHLJKW��DQG�DERYH�
JURXQG�ELRPDVV�ZHUH�PHDVXUHG�LQLWLDOO\�DQG���\U�DIWHU�WUHDWPHQW���2QH�\HDU�DIWHU�FXWWLQJ��ZH�
PHDVXUHG�KHLJKWV�DQG�EDVDO�GLDPHWHUV�� �6FKLQXV�WHUHELQWKLIROLXV�5DGGL��QRQ�QDWLYH��KDG�XS�
WR�����PRUWDOLW\�IURP�FXWWLQJ�LQ�-XQH�WR�2FWREHU��RWKHU�VSHFLHV�VKRZHG�OLWWOH�PRUWDOLW\�DW�DQ\�
WLPH���5HFRYHU\�RI�DOO�VSHFLHV�H[FHSW�0HODOHXFD�TXLQTXHQHUYLD��&DY���6�7��%ODNH��QRQ�QDWLYH��
ZDV�DIIHFWHG�E\�WLPH�RI�FXWWLQJ�DQG�ZDV�JHQHUDOO\�JUHDWHVW�IROORZLQJ�FXWWLQJ�LQ�1RYHPEHU�WR�
0DUFK���*XHWWDUGD�VFDEUD��/���9HQW��QDWLYH��ELRPDVV�UHFRYHU\�DIWHU�VXPPHU�FXWWLQJ�ZDV�����
RI�WKDW�DIWHU�ZLQWHU�FXWWLQJ���'U\�FRQGLWLRQV�GXULQJ�$SULO��0D\��DQG�HDUO\�-XQH�W\SLFDOO\�UHVXOW�
LQ� WKH�KLJKHVW� LQWHQVLW\� ILUHV� LQ�VRXWK�)ORULGD�DQG�SUHVXPDEO\� WKH�JUHDWHVW� LPSDFW�RQ�KDUG�
ZRRGV���5HVXOWV�KDYH�LPSOLFDWLRQV�IRU�QDWXUDO�DUHD�ILUH�PDQDJHPHQW�DQG�H[RWLF�VSHFLHV�FRQ�
WURO�E\�PHFKDQLFDO�PHDQV�
�
�
�
,QWURGXFWLRQ�
�
)LUH�SOD\V�DQ�LPSRUWDQW�UROH�LQ�UHJXODWLQJ�WKH�VWUXFWXUH�DQG�IXQFWLRQ�RI�SODQW�FRP�
PXQLWLHV�LQ�VRXWK�)ORULGD��:DGH�HW�DO����������7KH�LQIOXHQFH�RI�ILUH�LV�SDUWLFXODUO\�
QRWLFHDEOH�LQ�WKH�SLQH�IRUHVW�FRPPXQLW\��ZKHUH�ILUH�VXSSUHVVHV�WKH�GHYHORSPHQW�RI�
WKH�KDUGZRRG�XQGHUVWRU\�E\�NLOOLQJ�VKUXEV��RU��PRUH�FRPPRQO\��MXVW�WKHLU�DERYH�

���
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JURXQG�SDUWV�� �7KH�VKUXE� OD\HU� LQ� VODVK�SLQH� �3LQXV�HOOLRWWLL��(QJHOP��YDU��GHQVD�/LWWOH�
	�'RUPDQ��IRUHVWV�RI�VRXWKHUQ�SHQLQVXODU�)ORULGD�LV�KLJKO\�GLYHUVH�DQG�LQFOXGHV�D�
IHZ�DFWLYHO\�LQYDGLQJ�H[RWLF�VSHFLHV���,Q�WKH�DEVHQFH�RI�UHODWLYHO\�IUHTXHQW�ILUH��WKH�
SLQH�IRUHVWV�VXFFHHG�WR�FORVHG�KDUGZRRG�IRUHVW���
�
6RXWKHUQ�)ORULGD�H[SHULHQFHV�D�VXEWURSLFDO�FOLPDWH�ZLWK�VHDVRQDO�UDLQIDOO��7KH�VXP�
PHU�UDLQ\�VHDVRQ�W\SLFDOO\�HQGV� LQ�2FWREHU�DQG�FRQGLWLRQV�JHW�SURJUHVVLYHO\�GULHU�
XQWLO�FRQYHFWLRQDO�VWRUPV�EHJLQ�DJDLQ�XVXDOO\� LQ�0D\�� �:LOGODQG� ILUHV�RFFXU� DW� DOO�
WLPHV�RI� WKH�\HDU��EXW� WKH\�EXUQ� WKH� ODUJHVW�DUHD� LQ�$SULO��0D\��DQG�-XQH� �6Q\GHU�
��������
�
,Q� PRUH� WHPSHUDWH� DUHDV�� WKH� VHDVRQ� LQ� ZKLFK� ILUHV� RFFXU� KDV� EHHQ� VKRZQ� WR�
JUHDWO\�LQIOXHQFH�WKH�UHVSRQVH�RI�KDUGZRRG�XQGHUVWRULHV��ZLWK�VXPPHU�EXUQV�FDXV�
LQJ�PRUH�VHYHUH�VWUHVV�WKDQ�ZLQWHU�EXUQV��5REELQV�DQG�0\HUV���������,W�LV�SRVVLEOH�
WKDW�VHDVRQDO�YDULDWLRQ�LQ�IDFWRUV�VXFK�DV�GHJUHH�RI�GRUPDQF\�RI�KDUGZRRGV��DPEL�
HQW�WHPSHUDWXUH��DQG�IXHO�PRLVWXUH�DUH�GLIIHUHQW�HQRXJK�LQ�VRXWK�)ORULGD�WR�PRG�
HUDWH�RU�HOLPLQDWH�WKLV�VHDVRQDO�UHVSRQVH���0RVW�VRXWK�)ORULGD�SLQHODQG�KDUGZRRGV�
DUH�HYHUJUHHQ�DQG�WKHUHIRUH�QRW�DV�GRUPDQW�DV�OHDIOHVV�GHFLGXRXV�WUHHV�LQ�WKH�ZLQ�
WHU�� �$W�KLJKHU� ODWLWXGHV��DLU� WHPSHUDWXUHV�GXULQJ� WKH�JURZLQJ�VHDVRQ�DUH�VXEVWDQ�
WLDOO\�ZDUPHU�WKDQ�GXULQJ�WKH�GRUPDQW�VHDVRQ�VR�WKDW�OHVV�KHDW�IURP�WKH�ILUH�LV�UH�
TXLUHG�WR�UDLVH�SODQW�WLVVXHV�WR�D�OHWKDO�WHPSHUDWXUH���7KH�UDLQIDOO�SDWWHUQ�LQ�VRXWK�
)ORULGD��ZLWK�ZHW� VXPPHUV�DQG�GU\�ZLQWHUV�� WHQGV� WR�FUHDWH�GULHU� IXHO� FRQGLWLRQV�
DQG�� WKHUHIRUH��KRWWHU� ILUH� WHPSHUDWXUHV�GXULQJ� WKH�ZLQWHU� WKDQ� WKH� VXPPHU�� �$OO�
WKHVH� IDFWRUV� PD\�PLWLJDWH� DJDLQVW� WKH� SDWWHUQ� RI� JUHDWHU� GDPDJH� IURP� VXPPHU�
ILUHV�WKDQ�ZLQWHU�ILUHV�LQ�VRXWK�)ORULGD��
�
,Q�D�VRXWK�)ORULGD�VWXG\�FRPSDULQJ�KDUGZRRG� UHFRYHU\�DIWHU�SDLUHG�ZHW� DQG�GU\�
VHDVRQ�EXUQV�� ILUH� WHPSHUDWXUH�UDWKHU� WKDQ� VHDVRQ�DSSHDUHG� WR�GHWHUPLQH� WKH�GH�
JUHH�RI�UHFRYHU\��6Q\GHU���������,Q�RQH�RI�WZR�SDLUV�RI�EXUQV��WKH�KDUGZRRGV�UH�
FRYHUHG� OHVV� DIWHU� WKH�ZHW� VHDVRQ�EXUQ� WKDQ� WKH�GU\� VHDVRQ�EXUQ��ZKLFK�ZDV� WKH�
H[SHFWHG�UHVXOW���,Q�WKH�RWKHU�FDVH��KRZHYHU��WKHUH�ZDV�OHVV�UHFRYHU\�DIWHU�WKH�GU\�
VHDVRQ�EXUQ� WKDQ� WKH�ZHW� VHDVRQ�EXUQ�� � ,Q�ERWK� LQVWDQFHV�� LW�ZDV� WKH�KRWWHU� ILUH�
ZKLFK�KDG�OHVV�KDUGZRRG�UHJURZWK�� �7KLV�VXJJHVWHG�WKDW�HLWKHU�WKHUH� LV� OLWWOH�VHD�
VRQDO�YDULDWLRQ� LQ� WKH�FDSDFLW\�RI�KDUGZRRGV� WR�UHVSURXW�RU�� LI� WKHUH�DUH�VHDVRQDO�
GLIIHUHQFHV�LQ�UHVSURXWLQJ�DELOLW\��WKH�GLIIHUHQFHV�FDQ�EH�RYHUULGGHQ�E\�WKH�HIIHFWV�
RI�ILUH�WHPSHUDWXUH��
�
7KH�REMHFWLYH�RI�WKLV�VWXG\�ZDV�WR�GHWHUPLQH�LI�WKHUH�LV�VHDVRQDOLW\�LQ�WKH�DELOLW\�RI�
VHOHFWHG�VRXWK�)ORULGD�KDUGZRRGV�WR�UHFRYHU�IROORZLQJ�NLOOLQJ�RI�WKH�DERYHJURXQG�
VWHP���:KLOH�VKUXE�UHVSRQVH�WR�ILUH�ZDV�WKH�PDLQ�PRWLYDWLRQ�IRU�WKH�VWXG\��ZLOG�
ODQG�ILUH�LV�D�GLIILFXOW�DQG�H[SHQVLYH�WUHDWPHQW�WR�DSSO\�FRQVLVWHQWO\�RYHU�WLPH��VR�
ZH�VWXGLHG�WRS�UHPRYDO�E\�FXWWLQJ�DV�DQ�DQDORJ�WR�WRS�NLOOLQJ�E\�ILUH���,Q�WKLV�ZD\��
ZH�ZHUH�DEOH�WR�NHHS�WKH�WUHDWPHQW�FRQVWDQW�RYHU�DQ�DQQXDO�F\FOH�� LQ�D�VHQVH�WKH�
WUHDWPHQW�EHLQJ�D�ILUH�RI�]HUR�LQWHQVLW\���
�
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0HWKRGV�
�
)LYH�KDUGZRRG�VSHFLHV�FRPPRQO\�IRXQG�LQ�SLQH�IRUHVWV�DQG�FDSDEOH�RI�UHDFKLQJ�DW�
OHDVW� VXEFDQRS\� VWDWXUH�ZHUH� LQFOXGHG� LQ� WKH� VWXG\�� WKUHH�QDWLYH� VSHFLHV� DQG� WZR�
SHVWLIHURXV�H[RWLFV� �7DEOH� ���� �7KH� VWXG\�ZDV� FDUULHG�RXW� LQ�(YHUJODGHV�1DWLRQDO�
3DUN��(13��DQG�DGMRLQLQJ�%LJ�&\SUHVV�1DWLRQDO�3UHVHUYH� �%&13��� �*XHWWDUGD�LV�D�
FRPPRQ� QDWLYH� VKUXE� LQ�(13� SLQHODQGV�� �0\ULFD� DQG�0\UVLQH� DUH� QDWLYH� VSHFLHV�
FRPPRQ�LQ�ERWK�(13�DQG�%&13�SLQHODQGV��DOWKRXJK�0\ULFD�LV�IRXQG�LQ�D�EURDG�
UDQJH�RI�KDELWDWV���6FKLQXV�LV�DQ�H[RWLF�WKDW�IUHTXHQWO\�LQYDGHV�SLQHODQGV�DQG�RWKHU�
KDELWDWV�WKURXJKRXW�VRXWK�)ORULGD���0HODOHXFD� LV�D�SUREOHP�H[RWLF�LQ�ZHWODQG�DUHDV�
RI�VRXWK�)ORULGD�DQG�FRPPRQO\�LQYDGHV�WKH�ZHW�SLQHODQGV�RI�WKH�%LJ�&\SUHVV�UH�
JLRQ�����
�
6WXG\�VLWHV�ZHUH�FKRVHQ� WR�FRQWDLQ� ODUJH�QXPEHUV�RI� VWHPV�RI� D� VL]H� OLNHO\� WR�EH�
WRS�NLOOHG�E\�ILUH�� �(DFK�VSHFLHV�ZDV�VWXGLHG� LQ�HLWKHU�(13�RU�%&13��H[FHSW� IRU�
6FKLQXV��ZKLFK�ZDV�WHVWHG� LQ�ERWK�DUHDV��,Q�%&13��WKH�6FKLQXV�VLWH�ZDV�DQ�DUHD�RI�
OLPHVWRQH� URFN� ILOO� MXVW� VRXWK� RI� 8�6�� URXWH� ��� DQG� ZHVW� RI� 'RQD� 'ULYH� LQ�
2FKRSHH���7KH�6FKLQXV�LQ�(13�ZDV�VWXGLHG�LQ�WKH�HDVWHUQ�HQG�RI�DQ�DUHD�RI�DEDQ�
GRQHG� IDUPODQG� NQRZQ� DV� WKH�+ROH�LQ�WKH�'RQXW�� �7KH� VWXG\� VLWH�ZDV� URFNODQG�
SLQH� IRUHVW� EHIRUH� LW� ZDV� URFNSORZHG� DQG� IDUPHG�� � �*XHWWDUGD�DQG�0\UVLQH�ZHUH�
VWXGLHG�DW�D�SLQHODQG�VLWH�LQ�ILUH�PDQDJHPHQW�EORFN�)�ZHVW�RI�WKH�/RQJ�3LQH�.H\�
FDPSJURXQG��(13���7KH�0\ULFD�VLWH�ZDV�WKH�HGJH�RI�D�SUDLULH�DERXW���NP�QRUWK�RI�
8�6��URXWH����RQ�WKH�ZHVW�VLGH�RI�%LUGRQ�5RDG��DQG�WKH�0HODOHXFD�VLWH�ZDV�DQ�DUHD�
RI�PL[HG�SLQH�DQG�F\SUHVV�DERXW���NP�QRUWK�RI�8�6��URXWH����RQ�WKH�ZHVW�VLGH�RI�
7XUQHU�5LYHU�5RDG�LQ�%&13��
�

7DEOH�����&KDUDFWHULVWLFV�RI�ILYH�KDUGZRRG�VSHFLHV�LQFOXGHG�LQ�VWXG\��

�
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)RU�HDFK�VSHFLHV������VWHPV�ZHUH�PDUNHG�DQG����UDQGRPO\�FKRVHQ�LQGLYLGXDOV������
DQG����IRU�0\ULFD��ZHUH�FOLSSHG�����FP�DERYH�JURXQG�OHYHO�HDFK�PRQWK�EHJLQQLQJ�
LQ�-DQXDU\��QDWLYH�VSHFLHV��RU�)HEUXDU\��H[RWLF�VSHFLHV���������%HFDXVH�PRVW�RI�WKH�
VSHFLHV� DUH� FORQDO�� ZH� DOVR� FXW� DOO� FRQVSHFLILF� VWHPV�ZLWKLQ� D� ��P� UDGLXV� RI� WKH�
PDUNHG� VWHPV�� :H� DOVR� FXW� EDFN� DQ\� RWKHU� XQGHUVWRU\� VKUXEV� WKDW� VKDGHG� WKH�
VWXPS��7KH�LQWHQWLRQ�ZDV�WR�PRUH�FORVHO\�DSSUR[LPDWH�WKH�HIIHFWV�RI�ILUH���$W�WKH�
VWDUW�RI�WKH�VWXG\��WKH�*XHWWDUGD��0\ULFD��DQG�0\UVLQH�VWHPV�ZHUH�����P�WDOO��WKH�0H�
ODOHXFD�VWHPV���������P�WDOO��DQG�WKH�6FKLQXV�VWHPV�DERXW�����P�WDOO� LQ�%&13�DQG���
P�WDOO�LQ�(13���0HODOHXFD�SODQWV�ZHUH�VPDOOHU�WKDQ�WKH�RWKHU�VSHFLHV�EHFDXVH�VWHPV�
RI�WKLV�VSHFLHV�PXFK�JUHDWHU�WKDQ���P�WDOO�JHQHUDOO\�DUH�QRW�WRS�NLOOHG�E\�ILUH��EXW�
UHVSURXW� IURP� WKH� VWHP�� � 6WHPV� RI� DOO� WKH� RWKHU� VSHFLHV� ZHUH� ODUJH� HQRXJK� WR�
IORZHU��
 
+HLJKW� DQG�EDVDO�GLDPHWHU�RI� VWHPV�ZHUH�PHDVXUHG�EHIRUH�FXWWLQJ�DQG� UHVSURXWV�
ZHUH�PHDVXUHG���DQG���\U� DIWHU� FXWWLQJ�� �7KH� UHVSRXWV�ZHUH�KDUYHVWHG��� \U� DIWHU�
RULJLQDO�FOLSSLQJ�� �2YHQ�GU\������&��ZHLJKWV�ZHUH�GHWHUPLQHG�RI� WKH� LQLWLDO� VWHPV�
DQG�WKH���\U�UHVSURXWV���$�IHZ�PRQWKV�DIWHU�WKH�VHFRQG�FXWWLQJ�� WKH�SLQHODQG�VLWH�
IRU�*XHWWDUGD�DQG�0\UVLQH�ZDV� EXUQHG� E\� D� SUHVFULEHG� ILUH�� � 7KH� RWKHU� VLWHV�ZHUH�
FKHFNHG�IRU�HYLGHQFH�RI�UHVSURXWLQJ�DIWHU�WKH�VHFRQG�FXWWLQJ��
�
�
5HVXOWV�DQG�'LVFXVVLRQ�
�
0RVW�VWHPV�VXUYLYHG�DQG�UHVSURXWHG�IURP�WKH�EDVH�DIWHU�FXWWLQJ��7DEOH������0\UVLQH�
VXIIHUHG�WKH� OHDVW�PRUWDOLW\��RQO\�RQH�VWHP�GLG�QRW�UHVSURXW��DQG�6FKLQXV�VXIIHUHG�
WKH�PRVW���1HDUO\�DOO�PRUWDOLW\�IROORZHG�FXWWLQJ�LQ�0D\�WKURXJK�2FWREHU���7KH�UHOD�
WLYHO\�KLJK�PRUWDOLW\�RI�6FKLQXV�DIWHU�WRS�UHPRYDO�LQ�-XQH�WR�2FWREHU�LQGLFDWHV�WKH�
SRWHQWLDO� IRU� FRQWURO�E\� HLWKHU�PHFKDQLFDO� WUHDWPHQW�RU� ILUH�GXULQJ� WKDW� WLPH�SH�
ULRG�� � 7KH� UHVXOWV� IRU� WKH� RWKHU� SUREOHP� H[RWLF��0HODOHXFD�� DUH� QRW� HQFRXUDJLQJ��
VLQFH�RQO\�WKUHH�SODQWV�ZHUH�NLOOHG�E\�FXWWLQJ����
�
$IWHU�WKH�VHFRQG�FXWWLQJ�� WKHUH�ZDV�UHODWLYHO\� OLWWOH�DGGLWLRQDO�PRUWDOLW\�RI�6FKLQXV��
H[FHSW�IRU�WKH�-XQH�FXWWLQJV�LQ�%&13��7DEOH�����0HODOHXFD�DQG�0\ULFD�ERWK�VKRZHG�
PXFK� JUHDWHU�PRUWDOLW\� DIWHU� WKH� VHFRQG� FXWWLQJ� WKDQ� WKH� ILUVW�� � ,W� LV� QRW� NQRZQ�
ZKHWKHU�WKLV�ZDV�GXH�WR�UHSHDWHG�FXWWLQJ�RU�WR�GLIIHUHQW�HQYLURQPHQWDO�FRQGLWLRQV�
DIWHU� WKH� VHFRQG� FXWWLQJ�� � 7KH� JUHDWHVW� PRUWDOLW\� RI�0HODOHXFD� IROORZHG� WKH� -XQH�
WKURXJK�$XJXVW�FOLSSLQJV��EXW�0\ULFD�GLG�QRW�VKRZ�DQ\�FOHDU�VHDVRQDO�SDWWHUQ���7KH�
KLJK�PRUWDOLW\�RI�0HODOHXFD�DIWHU�WKH�VHFRQG�FXWWLQJ�PD\�KDYH�EHHQ�GXH� LQ�SDUW�WR�
IORRGLQJ�RI�WKH�VLWH�GXULQJ�$XJXVW�RI�WKDW�\HDU���)ORRGLQJ�RI�0HODOHXFD�VWXPSV�LV�D�
NQRZQ�PHDQV�RI�PHFKDQLFDO�FRQWURO��0\HUV�DQG�%HOOHV��������
�
7KH�UHFRYHU\�RI�KDUGZRRGV�DIWHU�FXWWLQJ�LV�SUHVHQWHG�LQ�)LJV��������+HLJKW�UHFRYHU\�
LV�WKH�KHLJKW�RI�WKH�WDOOHVW�UHVSURXW�GLYLGHG�E\�WKH�KHLJKW�RI�WKH�RULJLQDO�VWHP���%D�
VDO�DUHD�UHFRYHU\�LV�WKH�VXP�RI�WKH�EDVDO�DUHDV�RI�DOO�UHVSURXWV�RI�D�VWHP�GLYLGHG�E\�
WKH� LQLWLDO� EDVDO� DUHD�� � %LRPDVV� UHFRYHU\� LV� GHILQHG� DV� WKH� GU\� ZHLJKW� RI� WKH� UH�
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VSURXWV�DW���\U�GLYLGHG�E\�WKH�GU\�ZHLJKW�RI�WKH�RULJLQDO�VWHP���7KH�GDWD�RI�SULPDU\�
LQWHUHVW�DUH�WKH�UHFRYHU\�RI�ELRPDVV���\U�DIWHU�FXWWLQJ�� �7ZR�\HDUV� LV� WKH�VKRUWHVW�
SUDFWLFDO�LQWHUYDO�EHWZHHQ�ILUHV�LQ�VRXWK�)ORULGD�SLQHODQGV�DQG�ELRPDVV�LV�WKH�PRVW�
HFRORJLFDOO\� PHDQLQJIXO� PHDVXUH� RI� UHFRYHU\�� � +HLJKW� DQG� EDVDO� DUHD� DUH� QRQ�
GHVWUXFWLYH� PHDVXUHV� RI� UHFRYHU\� WKDW� DUH� FRUUHODWHG� ZLWK� ELRPDVV� DQG� DOORZ� D�
FKHFN�RQ�UHFRYHU\���\U�DIWHU�FXWWLQJ���
�
7KHUH�ZHUH�VLJQLILFDQW�GLIIHUHQFHV�DPRQJ�WUHDWPHQW�PRQWKV�LQ�WKH�UHFRYHU\�RI�GU\�
ZHLJKWV�LQ�DOO�FDVHV�H[FHSW�IRU�0HODOHXFD�DQG�0\ULFD��.UXVNDO�:DOOLV�WHVW��S��������,Q�
WKH�FDVH�RI�0HODOHXFD��WKHUH�LV�QR�LQGLFDWLRQ�RI�DQ�XQGHUO\LQJ�DQQXDO�SDWWHUQ�WKDW�LV�
PDVNHG� E\� WKH� KLJK� YDULDELOLW\� ZLWKLQ� PRQWKV� �)LJ�� ���� � )RU�0\ULFD�� WKH� SDWWHUQ�
VKRZV� WKDW�$SULO� WR�2FWREHU� LV�SUREDEO\� WKH�SHULRG�RI�ZHDNHVW� UHFRYHU\� �)LJ�� ���
DQG�D�ODUJHU�VDPSOH�VL]H�ZRXOG�SUREDEO\�KDYH�UHVXOWHG�LQ�VWDWLVWLFDO�VLJQLILFDQFH��
�
7KH� UHFRYHU\�RI�*XHWWDUGD�ELRPDVV� VKRZV� D�PDUNHG�GHFOLQH� DIWHU�0DUFK� WKURXJK�
6HSWHPEHU� FXWWLQJ� �)LJ�� ��� WKH�$SULO� GDWD� ZHUH� ORVW� LQ� D� GU\LQJ� RYHQ� ILUH��� � 7KH�
PLQLPXP�UHFRYHU\�LV�DERXW�����RI�WKH�PD[LPXP�UHFRYHU\�� �%HJLQQLQJ� LQ�2FWR�
EHU��WKHUH�LV�DQ�LQFUHDVH�LQ�WKH�DPRXQW�RI�UHFRYHU\��EXW�WKH�UHFRYHU\�DIWHU�'HFHP�
EHU�FXWWLQJ�GRHV�QRW�DSSURDFK�WKH�UHFRYHU\�WKDW�IROORZHG�WKH�-DQXDU\�FXWWLQJ���7KH�
H[SHFWHG�SDWWHUQ�ZDV�PRUH�VLPLODU�WR�WKH�UHFRYHU\�RI�KHLJKW�DIWHU�RQH�\HDU��)LJ�������
$SSDUHQWO\� WKHUH� LV� ORQJLWXGLQDO� WUHQG� WKDW� LV� VXSHULPSRVHG� RQ� WKH� VHDVRQDO� UH�
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*XHWWDUGD� �� �� �� �� ��� �� �� �� �� �� �� ��

0HODOHXFD� �� �� �� �� �� �� �� �� �� �� �� ��

0\ULFD� �� �� �� �� �� �� ��� �� �� ��� �� ��

0\UVLQH� �� �� �� �� �� �� �� �� �� �� �� ��

6FKLQXV��(13�� �� �� �� �� �� ��� �� ��� ��� ��� �� ��

6FKLQXV��%&13��
�

�� �� �� �� �� ���� ��� ��� �� ��� �� ��

�Q ���� � � � � � � � � � � � �

�

������������� ������������� �������������0RQWK�
�

������
6SHFLHV�� �

6Q\GHU�

7DEOH�����0RUWDOLW\��SHUFHQW��RI�ILYH�KDUGZRRG�VSHFLHV�E\�PRQWK�LQ�ZKLFK�LQGL�
YLGXDOV�ZHUH�FXW���6DPSOH�VL]H�LV�Q ����H[FHSW�IRU�0\ULFD��Q �����

�



������� )ORULGD·V�*DUGHQ�RI�*RRG�DQG�(YLO�

)LJXUH� ��� 3HUFHQW� UHFRYHU\� RI�0HODOHXFD�TXLQTXHQHUYLD��� DQG� �� \U��
DIWHU� FXWWLQJ� �ILOOHG� VTXDUHV� DUH� PHDQV� RI� WUHDWPHQWV�� VKDGHG�
ER[HV�DUH�����6(��KRUL]RQWDO�OLQHV�DUH�RYHUDOO�PHDQV��

0RQWK�RI�FXWWLQJ�

3H
UF
HQ
W�U
HF
RY
HU
\�

+HLJKW��<HDU��� %DVDO�$UHD��<HDU���

%DVDO�$UHD��<HDU���
+HLJKW��<HDU���

:HLJKW��<HDU���

VSRQVH���7KLV�FRXOG�EH�GXH�WR�WKH�LQFUHDVLQJ�DJH�RU�VL]H�RI�WKH�*XHWWDUGD�VWHPV��EXW�
WKH�VL]H�RI�WKH�VWHPV�GLG�QRW�FKDQJH�VLJQLILFDQWO\�RYHU�WKH����PRQWKV�EHWZHHQ�WKH�
ILUVW�DQG�ODVW�FXWWLQJV���,W�VHHPV�KLJKO\�XQOLNHO\�WKDW�WKH����PRQWK�GLIIHUHQFH�LQ�DJH�
ZDV�LPSRUWDQW�HLWKHU��VLQFH�DOO�WKH�VWHPV�ZHUH�SUREDEO\�UHVSURXWV�WKHPVHOYHV�GDW�
LQJ� IURP� D� SUHVFULEHG� ILUH� DERXW� ILYH� \HDUV� EHIRUH� WKH� VWDUW� RI� WKH� VWXG\�� �0RVW�



���������6Q\GHU�

)LJXUH����3HUFHQW� UHFRYHU\�RI�0\ULFD�FHULIHUD���DQG���\U�DIWHU� FXW�
WLQJ��ILOOHG�VTXDUHV�DUH�PHDQV�RI�WUHDWPHQWV��VKDGHG�ER[HV�DUH���
��6(��KRUL]RQWDO�OLQHV�DUH�RYHUDOO�PHDQV��1�'�� �PLVVLQJ�GDWD���

0RQWK�RI�FXWWLQJ�

3H
UF
HQ
W�U
HF
RY
HU
\�

+HLJKW��<HDU��� %DVDO�$UHD��<HDU���

%DVDO�$UHD��<HDU���+HLJKW��<HDU���

:HLJKW��<HDU���

OLNHO\�� WKH� ORZHU� UHFRYHU\� DIWHU�1RYHPEHU� DQG�'HFHPEHU� FOLSSLQJV� FRPSDUHG� WR�
WKH�-DQXDU\�DQG�)HEUXDU\�FOLSSLQJV�LV�GXH�WR�OHVV�IDYRUDEOH�JURZLQJ�FRQGLWLRQV�GXU�
LQJ� WKH� VHFRQG� JURZLQJ� VHDVRQ� WKDQ� WKH� ILUVW�� �7KLV� SUREDEO\�ZDV� UHODWHG� WR� WKH�
DPRXQW�DQG�WLPLQJ�RI�UDLQIDOO��
�
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)LJXUH����3HUFHQW�UHFRYHU\�RI�*XHWWDUGD�VFDEUD���DQG���\U�DIWHU�FXW�
WLQJ��ILOOHG�VTXDUHV�DUH�PHDQV�RI�WUHDWPHQWV��VKDGHG�ER[HV�DUH�����
6(��KRUL]RQWDO�OLQHV�DUH�RYHUDOO�PHDQV��1�'�� �PLVVLQJ�GDWD���

0RQWK�RI�FXWWLQJ�

3H
UF
HQ
W�U
HF
RY
HU
\�

+HLJKW��<HDU���
%DVDO�$UHD��<HDU���

%DVDO�$UHD��<HDU���+HLJKW��<HDU���

:HLJKW��<HDU���

7KH�VHDVRQDO�SDWWHUQ�IRU�0\UVLQH�VKRZV�PLQLPDO�UHFRYHU\�RI�ELRPDVV�DIWHU�FXWWLQJ�
LQ�0D\��)LJ������VHYHUDO�PRQWKV�HDUOLHU�WKDQ�IRU�*XHWWDUGD���7KH�PLQLPXP�UHFRYHU\�
LV�VOLJKWO\�PRUH�WKDQ�����RI�WKH�PD[LPXP�UHFRYHU\���$�GHFOLQH� LQ�UHFRYHU\�DIWHU�
6HSWHPEHU�VHHPV�WR�EH�D�PRUH�GUDPDWLF�PDQLIHVWDWLRQ�RI�WKH�VDPH�SKHQRPHQRQ�
VHHQ�ODWH�LQ�WKH�\HDU�ZLWK�*XHWWDUGD���7KH�)HEUXDU\�WUHDWPHQW�DSSHDUV�WR�EH�DQRPD�



���������6Q\GHU�

)LJXUH� ��� 3HUFHQW� UHFRYHU\� RI�0\UVLQH�IORULGDQD��� DQG� �� \U� � DIWHU�
FXWWLQJ��ILOOHG�VTXDUHV�DUH�PHDQV�RI�WUHDWPHQWV��VKDGHG�ER[HV�DUH�
����6(��KRUL]RQWDO�OLQHV�DUH�RYHUDOO�PHDQV���

0RQWK�RI�FXWWLQJ�

3H
UF
HQ
W�U
HF
RY
HU
\�

+HLJKW��<HDU��� %DVDO�$UHD��<HDU���

%DVDO�$UHD��<HDU���+HLJKW��<HDU���

:HLJKW�� <HDU�

ORXV��2YHUDOO�UDWHV�RI�UHFRYHU\�RI�0\UVLQH�DUH�VXEVWDQWLDOO\�ORZHU�WKDQ�WKRVH�RI�*XHW�
WDUGD���7KH�GLUHFW�FRPSDULVRQ�FDQ�EH�PDGH�EHFDXVH�WKH�VSHFLHV�ZHUH�VWXGLHG�DW�WKH�
VDPH� VLWH� DQG� WKH� VWHPV�ZHUH� SUHVXPDEO\� WKH� VDPH� DJH�� VLQFH� WKH\� DOO� SUREDEO\�
GDWHG� IURP� WKH� ODVW� ILUH�� � 7KH� PD[LPXP� UHFRYHU\� RI� ELRPDVV� RI�*XHWWDUGD�ZDV�
DERXW�����RI�RULJLQDO�ZHLJKW�ZKLOH�0\UVLQH� UHDFKHG�VOLJKWO\�RYHU�����RI� LWV�SUH�



������� )ORULGD·V�*DUGHQ�RI�*RRG�DQG�(YLO�

WUHDWPHQW�ZHLJKW��
�
6FKLQXV�ZDV�WHVWHG�DW�WZR�VLWHV���$W�%&13��6FKLQXV�H[KLELWHG�D�KLJKO\�VHDVRQDO�SDW�
WHUQ�RI�ELRPDVV�UHFRYHU\� �)LJ������ �0LQLPXP�UHFRYHU\�RI�ELRPDVV�RFFXUUHG�DIWHU�

)LJXUH� ��� 3HUFHQW� UHFRYHU\� RI� 6FKLQXV�WHUHELQWKLIROLXV�LQ� %LJ� &\SUHVV�
1DWLRQDO�3UHVHUYH���DQG���\U�DIWHU�FXWWLQJ��ILOOHG�VTXDUHV�DUH�PHDQV�
RI�WUHDWPHQWV��VKDGHG�ER[HV�DUH�����6(��KRUL]RQWDO�OLQHV�DUH�RYHUDOO�
PHDQV���

3H
UF
HQ
W�U
HF
RY
HU
\�

0RQWK�RI�FXWWLQJ�

+HLJKW��<HDU��� %DVDO�$UHD��<HDU���

%DVDO�$UHD��<HDU���

+HLJKW��<HDU���

:HLJKW��<HDU���



���������6Q\GHU�

)LJXUH� ��� 3HUFHQW� UHFRYHU\� RI� 6FKLQXV�WHUHELQWKLIROLXV�LQ� (YHUJODGHV�
1DWLRQDO�3DUN����DQG���\U�DIWHU�FXWWLQJ��ILOOHG�VTXDUHV�DUH�PHDQV�RI�
WUHDWPHQWV�� VKDGHG�ER[HV�DUH�����6(��KRUL]RQWDO� OLQHV� DUH�RYHUDOO�
PHDQV��1�'�� �PLVVLQJ�GDWD���

0RQWK�RI�FXWWLQJ�

3H
UF
HQ
W�U
HF
RY
HU
\�

+HLJKW��<HDU��� %DVDO�$UHD��<HDU���

%DVDO�$UHD��<HDU���+HLJKW��<HDU���

:HLJKW��<HDU���

-XQH�FXWWLQJ�DQG�ZDV�DERXW�����RI�WKH�PD[LPXP�UHFRYHU\�ZKLFK�IROORZHG�)HEUX�
DU\�FXWWLQJ���$V�ZLWK�*XHWWDUGD�DQG�0\UVLQH��WKH�UHFRYHU\�DIWHU�WKH�ODVW�WUHDWPHQW�GLG�
QRW�FRPH�FORVH�WR�WKH�UHFRYHU\�DIWHU�WKH�ILUVW�WUHDWPHQW����
�



������� )ORULGD·V�*DUGHQ�RI�*RRG�DQG�(YLO�

�

�

�

�

-�
�

)�
�

0�
�

$�
�

0�
�

-�
�

-�
�

$�
�

6�
�

2�
�

1�
�

'�

� � � � � � � � � � � � �
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0\ULFD� �� ��� ��� ��� ��� �� ��� �� ��� ��� ��� ��

6FKLQXV��(13�� �� �� �� �� �� ��� ��� ��� ��� ��� �� ��

6FKLQXV��%&13��
�

�� �� �� �� �� ��� ��� ��� ��� ��� �� ���

�

0RQWK�
�

6SHFLHV�

,Q�(13��WKH�PLQLPXP�UHFRYHU\�RI�6FKLQXV�RFFXUUHG�WZR�PRQWKV�ODWHU�� LQ�$XJXVW��
DQG�ZDV�OHVV�WKDQ����RI�WKH�PD[LPXP�UHFRYHU\��)LJ������HDVLO\�WKH�PRVW�GUDPDWLF�
HIIHFW�RI�VHDVRQ�RXW�RI�WKH�VL[�FDVHV���+RZHYHU��WKHUH�ZHUH�VRPH�XQXVXDO�DVSHFWV�
WR� WKH� FDVH� RI�6FKLQXV�LQ�(13�� � 7KH� DERYH�JURXQG� ELRPDVV� �� \U� DIWHU� FXWWLQJ� LQ�
)HEUXDU\�ZDV�PRUH�WKDQ�IRXU�WLPHV�JUHDWHU�WKDQ�WKH� LQLWLDO�ELRPDVV�� � ,Q�FRQWUDVW��
WKH�UHFRYHU\�RI�6FKLQXV�LQ�%&13�DQG�WKH�WKUHH�QDWLYH�VSHFLHV�ZDV�OHVV�WKDQ������
DIWHU� �� \U�� � �*URZLQJ� FRQGLWLRQV� LQ� WKH� IRUPHU� IDUPODQG�ZHUH� DSSDUHQWO\�PXFK�
PRUH�IDYRUDEOH�GXULQJ�WKH�ILUVW�JURZLQJ�VHDVRQ�WKDQ� WKH�VXEVHTXHQW�VHDVRQV�� � ,Q�
DGGLWLRQ��WKH�YLJRURXV�UHJURZWK�RI�6FKLQXV�DQG�RWKHU�KDUGZRRGV�UHVXOWHG�LQ�VKDG�
LQJ� RI� WKH� VPDOOHU� UHVSURXWV�� VXSSUHVVLQJ� JURZWK� RI� WKH� UHVSURXWV� IURP� ODWHU�
PRQWKV���
�
%DVDO�DUHD�DQG�KHLJKW�VHUYH�DV� IDLUO\�JRRG�VXUURJDWHV� IRU�ELRPDVV��EDVHG�RQ� WKHLU�
FRUUHVSRQGHQFH�DW���\U��)LJV���������,Q�JHQHUDO��LQWHUSUHWDWLRQV�EDVHG�RQ���\U�UHFRY�
HU\�RI�KHLJKW�DQG�EDVDO�DUHD�ZRXOG�DJUHH�ZLWK�WKRVH�EDVHG�RQ���\U�ELRPDVV�� �([�
FHSWLRQV� LQFOXGH� ERWK� KHLJKW� DQG�EDVDO� DUHD� UHFRYHU\� RI�0HODOHXFD� DW� �� \U�� ZKHUH�
WKHUH�DUH�REYLRXV�PLQLPD�HDUO\�LQ�WKH�\HDU�WKDW�DUH�QRW�VHHQ�LQ�WKH�UHFRYHU\�RI�GU\�
ZHLJKW�DW���\U��)LJ�������7KH���\U�UHFRYHU\�RI�0\ULFD�EDVDO�DUHD�DOVR�DSSHDUV�WR�KDYH�
D�PLQLPXP�HDUOLHU�LQ�WKH�\HDU�WKDW�LV�QR�ORQJHU�VHHQ�DW���\U��)LJ��������
�
,Q�VXPPDU\��WKH�GDWD�VKRZ�WKDW�WKHUH�LV�VHDVRQDO�YDULDWLRQ�LQ�WKH�UHVSURXWLQJ�DELO�
LW\�RI�VRXWK�)ORULGD�SLQH�IRUHVW�KDUGZRRGV���7KH�VHDVRQDO�YDULDELOLW\�LV�VWURQJHU�IRU�
WKH�H[RWLF�6FKLQXV�WKDQ�WKH�QDWLYH�VSHFLHV�WHVWHG���$ERYH�JURXQG�ELRPDVV�UHFRYHU\�
RI�WKH�KDUGZRRGV�LV�JHQHUDOO\�ORZHU�DIWHU�FXWWLQJ�LQ�$SULO�WR�2FWREHU���7KH�PLQL�
PXP�UHFRYHU\�UDQJHG�IURP�0D\�WR�6HSWHPEHU�GHSHQGLQJ�RQ�WKH�VSHFLHV�DQG�VLWH���
0RUWDOLW\� DOVR� VKRZV�VHDVRQDOLW\��ZLWK�DOPRVW� DOO�RFFXUULQJ�DIWHU�0D\� WR�2FWREHU�

7DEOH���� �&XPXODWLYH�PRUWDOLW\� �SHUFHQW��RI� WKUHH�KDUGZRRG�VSHFLHV� DIWHU� WZR�
FXWWLQJV���6DPSOH�VL]HV�YDU\�EHFDXVH�QRW�DOO�SODQWV�ZHUH�UHORFDWHG��



���������

FXWWLQJ�� �9HU\� IHZ�VWHPV�RI�QDWLYH� VSHFLHV�GLHG��EXW� DV�PDQ\�DV�RQH� WKLUG�RI� WKH�
6FKLQXV�VWHPV�GLG�QRW�UHVSURXW�DIWHU�WKH�6HSWHPEHU�DQG�2FWREHU�FXWWLQJ��
�
3UHVXPDEO\��WRS�NLOOLQJ�E\�ILUHV�RI�HTXDO�LQWHQVLW\�DW�GLIIHUHQW�VHDVRQV�ZRXOG�VKRZ�
WKH�VDPH�SDWWHUQV��EXW�ZLWK�OHVV�YLJRURXV�UHVSURXWLQJ�DQG�PRUH�PRUWDOLW\���,W�LV�UHD�
VRQDEOH�WR�H[SHFW�WKDW�WKH�PRUH�LQWHQVH�WKH�ILUH��WKH�OHVV�YLJRURXV�WKH�UHVSURXWLQJ�
DQG� WKH�JUHDWHU� WKH�PRUWDOLW\�� �7KHUHIRUH��KLJK� LQWHQVLW\� ILUHV�GXULQJ� WKH� VXPPHU�
VKRXOG�UHVXOW�LQ�WKH�OHDVW�KDUGZRRG�UHFRYHU\���*LYHQ�WKH�DQQXDO�SDWWHUQ�RI�UDLQIDOO�
DQG�WKH�LQIOXHQFH�WKDW�KDV�RQ�IXHO�FRQGLWLRQV��LW�LV�OLNHO\�WKDW�KRW�ILUHV�GXULQJ�0D\�
DQG�-XQH��GXULQJ�\HDUV�ZLWK�SURORQJHG�GU\�VHDVRQV��ZLOO�UHVXOW�LQ�WKH�OHDVW�UHFRYHU\�
RI�KDUGZRRGV���6XPPHU�ILUHV�XQGHU�ZHW�IXHO�FRQGLWLRQV��KRZHYHU��ZLOO�QRW�QHFHV�
VDULO\�EH�DV�VWUHVVIXO�WR�KDUGZRRGV�DV�ZLQWHU�ILUHV�ZLWK�GU\�IXHOV���
�
�
$FNQRZOHGJHPHQWV�
�
$ODQ�+HUQGRQ��*RUGRQ�:DUG��/LVD�6SLHU��-RKQ�'HODSS��7RQ\�3HUQDV��DQG�5HQHH�
%H\PHU�DVVLVWHG�ZLWK�WKH�VWXG\��-LP�%XUFK�SURGXFHG�WKH�JUDSKLFV��
�
�
/LWHUDWXUH�&LWHG�
�
0\HUV�� 5�� /��� DQG�+�� $�� %HOOHV�� ������6WXGLHV�WR�'HYHORS�0HODOHXFD�&RQWURO�7DFWLFV�8VLQJ�)LUH�DQG�+HUELFLGHV�

1RQJDPH�:LOGOLIH�3URJUDP�3URMHFW�5HSRUW�� �7DOODKDVVHH��)ORULGD�*DPH� DQG�)UHVK�:DWHU�
)LVK�&RPPLVVLRQ���

5REELQV��/��(��� DQG�5��/��0\HUV�� ������6HDVRQDO�(IIHFWV�RI�3UHVFULEHG�%XUQLQJ�LQ�)ORULGD��$�5HYLHZ��0LVFHOOD�
QHRXV�3XEOLFDWLRQ�1R�����7DOODKDVVHH��)OD���7DOO�7LPEHUV�5HVHDUFK��,QF��

6Q\GHU�� -�� 5�� ������ 7KH�,PSDFW�RI�:HW�6HDVRQ�DQG�'U\�6HDVRQ�3UHVFULEHG�)LUHV�RQ�0LDPL�5RFN�5LGJH�3LQHODQG���
6RXWK�)ORULGD�5HVHDUFK�&HQWHU�5HSRUW�6)5&���������+RPHVWHDG��)OD���1DWLRQDO�3DUN�6HUY�
LFH��(YHUJODGHV�1DWLRQDO�3DUN��

BBBBBBB��������)LUH�UHJLPHV� LQ�VXEWURSLFDO�VRXWK�)ORULGD��7DOO�7LPEHUV�)LUH�(FRORJ\�&RQIHUHQFH�3URFHHGLQJV�
�������������

:DGH��'��� -��(ZHO�� DQG�5��+RIVWHWWHU�� ������)LUH�LQ�6RXWK�)ORULGD�(FRV\VWHPV��*HQHUDO�7HFKQLFDO�5HSRUW�
6(������$VKHYLOOH��1�&���8�6��)RUHVW�6HUYLFH��6RXWKHDVWHUQ�)RUHVW�([SHULPHQW�6WDWLRQ��

6Q\GHU�




