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$EVWUDFW�
,Q� 1HZ� =HDODQG�� QLWURJHQ� �1�� LQSXWV� DQG� ORVVHV� KDYH� LQFUHDVHG� GUDPDWLFDOO\�
IROORZLQJ� HVWDEOLVKPHQW� �DQG� VXEVHTXHQW� LQWHQVLILFDWLRQ�� RI� (XURSHDQ� VW\OH�
SDVWRUDO�DJULFXOWXUH� IURP� WKH�����V��$Q� LQGLFDWRU� WKDW�FRXOG� LGHQWLI\�VRLOV�ZKLFK�
DUH�PRVW�YXOQHUDEOH�WR�1�ORVV�ZRXOG�EH�XVHIXO�WR�KHOS�WDUJHW�PDQDJHPHQW�SUDFWLFHV�
DLPHG� DW� UHGXFLQJ� XQZDQWHG�1� ORVVHV��7KH� QDWXUDO� DEXQGDQFH� RI� ��1� UHODWLYH� WR�
��1� � ��1�� LQ� VRLOV� LV� RQH� SRWHQWLDO� LQGLFDWRU� RI�1� ORVV�� EHFDXVH� GXULQJ�PRVW� 1�
WUDQVIRUPDWLRQV�LQ�VRLOV����1�LV�SUHIHUHQWLDOO\�SURFHVVHG�DQG�ORVW��H�J��YLD�DPPRQLD�
YRODWLOLVDWLRQ�� GHQLWULILFDWLRQ� RU� QLWUDWH� OHDFKLQJ��� 7KHUHIRUH� WKH� RYHUDUFKLQJ�
K\SRWKHVLV� IRU� WKLV� WKHVLV� ZDV� WKDW� SDVWRUDO� VRLOV� XQGHU� LQWHQVLYH� PDQDJHPHQW�
UHJLPHV� �ZLWK� KLJK� 1� LQSXWV�� F\FOLQJ� DQG� ORVVHV�� ZRXOG� EHFRPH� SURJUHVVLYHO\�
HQULFKHG� ZLWK� ��1� UHODWLYH� WR� VRLOV� XQGHU� OHVV� LQWHQVLYH� PDQDJHPHQW�� 7KLV�
K\SRWKHVLV� ZDV� WHVWHG� E\� PHDVXULQJ� ��1� LQ� VRLOV� IURP� IRXU� IRUHVW�WR�SDVWXUH�
FKURQRVHTXHQFHV�� DQG� LQ� DUFKLYHG� VRLOV� IURP� VL[� ORQJ�WHUP� ��±��� \HDU�� JUD]HG�
ILHOG�WULDOV�ZLWK�GLIIHUHQW�IHUWLOLVHU�RU�LUULJDWLRQ�UHJLPHV��
�
7KUHH�RI�WKH�IRUHVW�WR�SDVWXUH�FKURQRVHTXHQFHV�ZHUH�RQ�SXPLFH�VRLOV�ZKHUH�SLQH�
IRUHVWV�KDG�EHHQ�FRQYHUWHG�WR�GDLU\�SDVWXUHV��7KH�IRXUWK�FKURQRVHTXHQFH�ZDV�RQ�D�
SRG]RO�VRLO�LQ�1RUWKODQG��ZKHUH�QDWLYH�VFUXE�KDG�EHHQ�FRQYHUWHG�WR�VKHHS�JUD]HG�
SDVWXUHV��6XUIDFH� VRLO�G��1�RQ� WKH� SXPLFH� VRLO� LQFUHDVHG� VLJQLILFDQWO\� IURP�SLQH�
IRUHVWV� ��� Å�� WR� ORQJ�WHUP� SDVWXUHV� ����� Å��� ,Q� FRQWUDVW�� WKHUH� ZDV� QR� FOHDU�
UHODWLRQVKLS� EHWZHHQ� SDVWXUH� DJH� DQG� VRLO� G��1� IRU� WKH� FKURQRVHTXHQFH� RQ� WKH�
SRG]RO�VRLO��7KH�1RUWKODQG�VRLO�GLVSOD\HG�H[WUHPH�SRG]ROL]DWLRQ�DQG�ZHDWKHULQJ��
DQG� KDG� EHHQ� SUHYLRXVO\� GLVWXUEHG� E\� JXP� GLJJHUV�� LPSO\LQJ� UHVXOWV� FRXOG� EH�
UHODWLYHO\�XQLTXH�WR�WKLV�VRLO���
�
7KH�WZR�ORQJHVW�ILHOG�WULDOV�ZHUH�DW�:LQFKPRUH�RQ�WKH�&DQWHUEXU\�SODLQV��ZKHUH�
GLIIHUHQW� UDWHV� RI� VXSHUSKRVSKDWH� DQG� LUULJDWLRQ�KDG� EHHQ� DSSOLHG� IRU� a��� \HDUV��
6RLO�G��1�LQFUHDVHG�PRUH�LQ�WUHDWPHQWV�UHFHLYLQJ�KLJKHU�UDWHV�RI�VXSHUSKRVSKDWH�RU�
PRUH�IUHTXHQW�LUULJDWLRQ��DQG�WKHUH�ZHUH�VLJQLILFDQW�SRVLWLYH�FRUUHODWLRQV�EHWZHHQ�
WKH� DYHUDJH� UDWH� RI� FKDQJH� LQ� VRLO� G��1�� DQG� WRWDO� SDVWXUH� SURGXFWLRQ�� FORYHU�
SURGXFWLRQ��WKXV�1�IL[DWLRQ��DQG�FDOFXODWHG�1�ORVVHV���
�



�LY

6RLO�G��1�ZDV�DOVR�PHDVXUHG�LQ�DUFKLYHG�VRLOV�IURP�WKUHH�ORQJ�WHUP����±���\HDU��
VXSHUSKRVSKDWH� WULDOV� RQ�1RUWK� ,VODQG� KLOO� FRXQWU\�� ,Q� WKHVH� WULDOV� WKHUH�ZHUH� QR�
FRQVLVWHQW�GLIIHUHQFHV�LQ�VRLO�G��1�EHWZHHQ�WUHDWPHQWV��7KH�VKRUWHU�GXUDWLRQ�RI�WKH�
KLOO� FRXQWU\� WULDOV� �FRPSDUHG� WR� WKH� :LQFKPRUH� WULDOV��� FRPELQHG� ZLWK� VPDOOHU�
GLIIHUHQFHV�LQ�SDVWXUH�SURGXFWLRQ�EHWZHHQ�WUHDWPHQWV�DQG�KLJKHU�YDULDELOLW\�GXH�WR�
FRPSOH[� WRSRJUDSK\��PD\� KDYH� FRQWULEXWHG� WR� WKH� ODFN� RI� REVHUYHG� GLIIHUHQFHV�
EHWZHHQ�WUHDWPHQWV���,QGHHG��VORSH�DQG�DVSHFW�GLG�KDYH�D�VLJQLILFDQW�LQIOXHQFH�RQ�
VRLO�G��1�ZLWK�KLJKHU�YDOXHV�RQ� VKHOWHUHG�HDVW� IDFLQJ� VORSHV�� DQG�RQ�HDV\� VORSHV�
WKDQ�VWHHS�VORSHV��
�
7KH�ILQDO�WULDO�VWXGLHG�ZDV�D�1�IHUWLOLVHU�WULDO��LQ�ZKLFK�1�UDWHV�UDQJLQJ�IURP���WR�
����NJ�KD±�� \±��ZHUH� DSSOLHG� WR� KLOO� FRXQWU\� SDVWXUHV� RYHU� D� �� \HDU� SHULRG��6RLO�
G��1�LQFUHDVHG�VLJQLILFDQWO\�ZLWK�WLPH�LQ�WUHDWPHQWV�UHFHLYLQJ�!����NJ�1�KD±��\±���
DQG� WKH� LQFUHDVH�ZDV�PRUH� UDSLG� DV�1� UDWH� LQFUHDVHG��7KHUH�ZDV� DOVR� D� SRVLWLYH�
FRUUHODWLRQ�EHWZHHQ�WKH�UDWH�RI�FKDQJH�LQ�VRLO� ��1�DQG�QLWUDWH�OHDFKLQJ��S����������
�
,Q� JHQHUDO�� UHVXOWV� IURP� WKLV� WKHVLV� VKRZHG� WKDW� VRLO� G��1� XQGHU� LQWHQVLYHO\�
PDQDJHG�SDVWXUHV��L�H��WKRVH�UHFHLYLQJ�KLJKHU�UDWHV�RI�IHUWLOLVHU�RU�LUULJDWLRQ��ZDV�
KLJKHU�WKDQ�XQGHU�OHVV�LQWHQVLYHO\�PDQDJHG�SDVWXUHV��,W�ZDV�FRQFOXGHG�WKDW�KLJKHU�
VRLO� G��1� LQ� WKH�PRUH� LQWHQVLYHO\�PDQDJHG� SDVWXUHV�ZDV�PRVW� OLNHO\� GXH� WR� WKH�
LQIOXHQFH� WKDW� IHUWLOLVHU� RU� LUULJDWLRQ� KDG� RQ� SDVWXUH� SURGXFWLRQ�� 1� IL[DWLRQ� E\�
FORYHU�� DQG� WKH� IORZ�RQ�HIIHFWV� WKLV�KDG�RQ� DQLPDO� VWRFNLQJ� UDWHV� DQG�1�F\FOLQJ�
DQG� LVRWRSH� IUDFWLRQDWLQJ� ORVV� SURFHVVHV��+RZHYHU�� UHVXOWV� IURP� WKH� KLOO� FRXQWU\�
VXSHUSKRVSKDWH� WULDOV� DQG� WKH� FKURQRVHTXHQFH� RQ� WKH� SRG]RO� VRLO�� GHPRQVWUDWHG�
WKDW� RWKHU� IDFWRUV� �VXFK� DV� VORSH� DQG� DVSHFW�� FDQ� RYHUZKHOP� RU� VXSSUHVV� WKH�
H[SHFWHG� LQFUHDVHV� LQ�G��1�LQ�VRPH�VLWXDWLRQV��7KHUHIRUH�VRLO�G��1�ZLOO�SUREDEO\�
EH� PRVW� DFFXUDWH� DV� DQ� LQGLFDWRU� RI� ORQJ�WHUP� PDQDJHPHQW� LQWHQVLW\�� DQG�
PDQDJHPHQW� LQGXFHG� 1� ORVVHV�� DW� VLWHV� ZLWK� WKH� VDPH� �RU� VLPLODU�� WRSRJUDSK\��
VRLOV�DQG�FOLPDWH���
�
$YHUDJH�UDWHV�RI�FKDQJH�LQ�VRLO�G��1�RYHU�WKH�GXUDWLRQ�RI�WKH�WULDOV�LQYHVWLJDWHG�LQ�
WKLV�WKHVLV��UDQJHG�IURP�±������Å�\±��WR�������Å�\±���ZLWK�UDWHV�RI�FKDQJH�EHLQJ�
�����Å�\±�� LQ�DOO� WULDOV�H[FHSW� WKH�1�UDWH� WULDO� �ZKHUH�1� LQSXWV�ZHUH�YHU\�KLJK���
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7KLV� VXJJHVWV� WKDW�XQGHU� µW\SLFDO¶�SDVWRUDO�PDQDJHPHQW� UHJLPHV��DQ\�FKDQJHV� LQ�
EXON�VRLO�G��1�ZLOO�SUREDEO\�RQO\�EH�GHWHFWDEOH�DW�GHFDGDO�WLPH�VFDOHV���
�
$�SUHOLPLQDU\�LQGLFDWRU�RI�SDVW�PDQDJHPHQW�LQWHQVLW\�DQG�1�LQSXWV�DQG�ORVVHV�ZDV�
SURSRVHG�IRU�1HZ�=HDODQG�VRLOV��EDVHG�RQ�VXUIDFH�VRLO�G��1�YDOXHV������6RLOV�ZLWK�
G��1�YDOXHV� ���Å�ZLOO� EH� IURP� H[WHQVLYHO\�PDQDJHG� SDVWXUHV�� IRUHVWV�� RU� RWKHU�
QDWXUDO�HFRV\VWHPV�ZLWK�ORZ�1�LQSXWV�DQG�ORVVHV������6RLOV�ZLWK�LQWHUPHGLDWH�G��1�
YDOXHV���±��Å��ZLOO�EH�IURP�VLWHV�ZKLFK�KDYH�EHHQ�XQGHU�PRGHUDWH�PDQDJHPHQW�
LQWHQVLW\��ZLWK�PRGHUDWH�1�LQSXWV�DQG�ORVVHV������6RLOV�ZLWK�G��1�YDOXHV�!��Å�ZLOO�
EH�IURP�VLWHV�ZKLFK�KDYH�EHHQ�LQWHQVLYHO\�PDQDJHG�IRU�D�QXPEHU�RI�GHFDGHV�DQG�
VXEMHFW�WR�KLJK�1�LQSXWV�DQG�ORVVHV��H�J��1�LQSXWV�!����NJ�KD±��\±����0RUH�UHVHDUFK�
ZLOO�EH�UHTXLUHG�WR�IXUWKHU�WHVW�WKH�XVHIXOQHVV�RI�WKLV�LQGLFDWRU��.H\�DUHDV�IRU�IXWXUH�
UHVHDUFK� LQFOXGH��JDLQLQJ�D�EHWWHU�XQGHUVWDQGLQJ�RI� WKH�HIIHFW�RI� WRSRJUDSK\�DQG�
VRLO� W\SH� RQ� VRLO� G��1�� DQG� PDNLQJ� PRUH� GLUHFW� PHDVXUHPHQWV� RI� WKH� LVRWRSLF�
FRPSRVLWLRQ� RI� GLIIHUHQW� 1� LQSXWV� DQG� RXWSXWV� WR� PRUH� FOHDUO\� LGHQWLI\�
PHFKDQLVPV�GULYLQJ�FKDQJHV�LQ�VRLO�G��1�LQ�SDVWRUDO�V\VWHPV��
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$FNQRZOHGJHPHQWV�
,� ZRXOG� OLNH� WR� H[WHQG� VLQFHUH� WKDQNV� WR� WKH� IROORZLQJ� SHRSOH� ZKR� KHOSHG� DQG�
VXSSRUWHG�PH�GXULQJ�WKLV�3K'��,W�ZRXOGQ¶W�KDYH�EHHQ�SRVVLEOH�ZLWKRXW�\RX��
�
)LUVWO\��3URI��/RXLV�6FKLSSHU�� ,�FRXOGQ¶W�KDYH�DVNHG�IRU�D�EHWWHU�VXSHUYLVRU��\RXU�
HQFRXUDJHPHQW�DQG�DGYLFH�RQ�P\�WKHVLV��DQG�RWKHU� WKLQJV��ZDV�JUHDWO\�YDOXHG�� ,�
ZDV� SDUWLFXODUO\� JUDWHIXO� IRU� WKH� DPD]LQJO\� TXLFN� WXUQDURXQG� ZKHQ� \RX� ZHUH�
UHDGLQJ�DQG�FRPPHQWLQJ�RQ�P\�FKDSWHUV��HYHQ�RYHU�ZHHNHQGV�VRPHWLPHV����
�
0\�VHFRQG�VXSHUYLVRU��'U�$QZDU�*KDQL��7KDQNV�IRU�DOZD\V�PDNLQJ�WLPH�ZKHQ�,�
MXVW�µSRSSHG¶�LQ�WR�DVN�\RXU�RSLQLRQ�RQ�VRPHWKLQJ��IRU�SURYLGLQJ�VXJJHVWLRQV�IRU�
LPSURYHPHQW�RQ�FKDSWHUV��DQG�RUJDQLVLQJ�VR�,�FRXOG�EH�EDVHG�DW�$J5HVHDUFK��
�
:LWKRXW� WKH�HIIRUWV�RI�'U�7UR\�%DLVGHQ��ZKR�PDQDJHG�WR�VHFXUH�IXQGLQJ�IRU� WKH�
LVRWRSH�SURMHFW�ZKLFK�P\�3K'�ZDV�D�SDUW�RI��,�ZRXOGQ¶W�EH�ZULWLQJ�WKLV��,¶P�DOVR�
JUDWHIXO� IRU� \RXU� WHFKQLFDO� LVRWRSH� H[SHUWLVH� DQG� LQVLJKWIXO� FRPPHQWV� RQ� P\�
FKDSWHUV�� 7KDQNV� DOVR� WR� 'U� %U\DQ� 6WHYHQVRQ� IRU� OHDGLQJ� WKH� RULJLQDO� QLWURJHQ�
LVRWRSH�ZRUN�WKDW� WKLV� WKHVLV�ZDV�ODUJHO\�EDVHG�RQ��DQG�IRU�XVHIXO�GLVFXVVLRQV�RQ�
P\� WKHVLV� ZRUN�� 7KDQNV� WR� 'U� 0DUWLQ� 8SVGHOO� IRU� DVVLVWDQFH� ZLWK� VWDWLVWLFDO�
DQDO\VLV��DQG�SDUWLFXODUO\�IRU�\RXU�SDWLHQFH�LQ�DQVZHULQJ�P\�PDQ\�TXHVWLRQV���
�
7KDQN�\RX� WR� WKH�PDQ\� VFLHQWLVWV�� WHFKQLFLDQV� DQG� IDUP�PDQDJHUV�ZRUNHUV� IURP�
$J5HVHDUFK�ZKR�KDG�WKH�YLVLRQ�WR�VHW�XS�DQG�PDLQWDLQ�WKH�ORQJ�WHUP�ILHOG�WULDOV��
DQG� DOVR� VDPSOH� DQG� DUFKLYH� VRLOV�� ,Q� SDUWLFXODU�� WKDQNV� WR� %ULGJHW� :LVH�� ZKR�
KHOSHG�PH�XQGHUVWDQG�WKH�VRLO�DUFKLYH�V\VWHP�VR�,�FRXOG�ILQG�WKH�UHOHYDQW�VDPSOHV���
<RXU� PHWLFXORXV� ZRUN� LQ� RULJLQDOO\� DUFKLYLQJ� DOO� WKH� VRLOV� ZDV� QRWLFHG� DQG�
DSSUHFLDWHG��7KDQNV�DOVR�WR�5D\�0RVV�IRU�D�QXPEHU�RI�GLVFXVVLRQV�RQ�WKH�KLVWRU\�
RI� WKH� WZR�:LQFKPRUH� WULDOV�� DQG�'U�0LNH�'RGG� IRU�KHOSIXO�GLVFXVVLRQV�DURXQG�
FROODWLQJ�SDVWXUH�GDWD�IRU�:LQFKPRUH��7KDQNV�WR�/RXLVH�)LVN��(ULQ�7HOIHU�DQG�-DFN�
3URQJHU�IRU�\RXU�DVVLVWDQFH�ZLWK�VXEVDPSOLQJ�DQG�JULQGLQJ�DUFKLYHG�VRLOV��7KDQNV�
WR�$QMDQD�5DMHQGUDP�IRU�DOO�\RXU�ZRUN�RQ�LVRWRSH�DQDO\VLV��
�
,� DOVR�ZDQW� WR� DFNQRZOHGJH� -HQQL� (GZDUGV� DQG�$OHF�0DFND\� IRU� VDPSOLQJ� DQG�
DUFKLYLQJ� VRLOV� IURP� WKH�1RUWKODQG�&KURQRVHTXHQFH�� DQG� IRU� GLVFXVVLRQV� RQ� WKH�
KLVWRU\�RI� WKH�VLWH��7KDQNV� WR� WKH�PDQ\�IDUP�RZQHUV�DQG�PDQDJHUV�ZKR�DOORZHG�
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DFFHVV�WR�WKHLU�ODQG�IRU�VDPSOLQJ�LQ�WKH�IRUHVW�WR�SDVWXUH�FKURQRVHTXHQFH�VWXG\�LQ�
WKH� &HQWUDO� 1RUWK� ,VODQG�� DQG� IRU� SURYLGLQJ� LQIRUPDWLRQ� RQ� IDUP� KLVWRU\� DQG�
PDQDJHPHQW��7KDQNV�DOVR�WR�'U�0HJDQ�%DONV�ZKR�KDG�LQSXW�WR�VWXG\�GHVLJQ��DQG�
DVVLVWHG� ZLWK� VRLO� FODVVLILFDWLRQ� DQG� VDPSOLQJ�� ,� DOVR� DSSUHFLDWHG� WKH� DVVLVWDQFH�
ZKLFK�5LNL�/HZLV�DQG�'MXUR�3DULRSRYLF�JDYH�PH�ZLWK�ILQGLQJ�VLWHV�DQG�VDPSOLQJ���
�
,�ZRXOG�OLNH�WR�WKDQN�D�QXPEHU�RI�SHRSOH�ZKR�,�ZRUNHG�ZLWK�DW�$J5HVHDUFK��0LNH�
6SURVHQ� IRU� VKDULQJ�\RXU� RIILFH�� DQG�ZHDOWK� RI� NQRZOHGJH� DERXW� YDULRXV� WKLQJV��
/DXUD�%XFNWKRXJKW�DQG�-HQQ\�/L��ZKR�VKDUHG�WKH�µ3K'�VXLWH¶�ZLWK�PH�GXULQJ�WKH�
ILQDO�VWDJHV�RI�P\�3K'�±�\RX�ZHUH�JUHDW�WR�ERXQFH�LGHDV�RII��7KDQNV�WR�%UHQGRQ�
:HOWHQ�IRU� LQWHUHVWLQJ�GLVFXVVLRQV�RQ�RXU�3K'V��DQG�KXQWLQJ���DQG�-XVWLQ�:\DWW��
IRU� \RXU� LQWHUHVW� LQ� µKRZ� ,� ZDV� JRLQJ¶�� DQG� WKH� ILVKLQJ� WULSV�� 1RZ� WKDW� ,¶P�
ILQLVKHG��,�VKRXOG�KDYH�WLPH�IRU�PRUH��7R�HYHU\RQH�HOVH�DW�$J5HVHDUFK�±�WKDQNV�
IRU�EHLQJ�VR�ZHOFRPLQJ�DQG�IULHQGO\��LW�ZDV�D�JUHDW�SODFH�WR�ZRUN��
�
,� ZDV� YHU\� WKDQNIXO� WR� UHFHLYH� JUHDW� RSHUDWLRQDO� IXQGLQJ� IRU� WKH� 3K'�� DQG� DOVR�
VWLSHQG�IXQGLQJ�IURP�WKH�)RXQGDWLRQ�IRU�5HVHDUFK�6FLHQFH�DQG�7HFKQRORJ\�YLD�D�
VXEFRQWUDFW� ZLWK� *16� 6FLHQFH� �&��;������� ,� ZDV� DOVR� SULYLOHJHG� WR� UHFHLYH�
IXQGLQJ�IURP�WKH�:LOI�DQG�5XWK�0DOFROP�3RVWJUDGXDWH�6FKRODUVKLS��DGPLQLVWHUHG�
E\� WKH� 8QLYHUVLW\� RI� :DLNDWR�� ,� DP� VLQFHUHO\� JUDWHIXO� IRU� WKLV� DZDUG�� )XQGLQJ�
VXSSRUW� IRU� VDPSOH� SUHSDUDWLRQ� DQG� DQDO\VLV� ZDV� DOVR� SURYLGHG� E\� /DQGFDUH�
5HVHDUFK�YLD�WKH�6RLO�6HUYLFHV�SURJUDP��
�
7R�P\�IDPLO\�±�0XP��'DG��/\QHWWH�DQG�%UHQGRQ�±�WKDQNV�IRU�DOO�\RXU�ORYH�DQG�
VXSSRUW� RYHU� WKH� \HDUV�� DQG� SDUWLFXODUO\� IRU� KHOSLQJ� RXW� ZLWK� VRPH� RI� P\� µQRQ�
3K'¶�UHODWHG�UHVSRQVLELOLWLHV�LQ�WKH�ODVW�IHZ�PRQWKV��
�
$QG� ILQDOO\�� D� YHU\� ELJ� WKDQN� \RX� WR� -XGLWK� IRU� KHOSLQJ� ZLWK� VRPH� IRUPDWWLQJ�
µLVVXHV¶�DQG�SURRI�UHDGLQJ��EXW�PRVWO\�IRU�SUDFWLFDOO\�EHLQJ�D�VROR�PXP�IRU�WKH�ODVW�
IHZ�PRQWKV��<RXU�XQGHUVWDQGLQJ�DQG�VXSSRUW�KDV�EHHQ�KXJHO\�DSSUHFLDWHG�±�QRZ�,�
WKLQN�LW¶V�P\�WXUQ�WR�ORRN�DIWHU�WKH�NLGV�RQ�6DWXUGD\V��7R�-DFRE�DQG�(PLO\�±�\RX�
GLGQ¶W� KHOS� LQ� WKH� VOHHS� GHSDUWPHQW����� EXW� ,� WKLQN� \RX� KHOSHG� P\� VDQLW\�� 7KH�
KLJKOLJKW� RI�P\� GD\�ZDV� FRPLQJ� KRPH� JLYLQJ� \RX� D� EDWK� DQG� WXFNLQJ� \RX� LQWR�
EHG�� �
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7DEOH�RI�FRQWHQWV�
�
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���� %DFNJURXQG���������������������������������������������������������������������������������������������������
���� 1DWXUDO�DEXQGDQFH�QLWURJHQ�LVRWRSHV������������������������������������������������������������
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�� ,QWURGXFWLRQ��
�
�
���� %DFNJURXQG�
1LWURJHQ� �1�� LV� D� NH\� HOHPHQW� UHTXLUHG� IRU� WKH� JURZWK� RI� SODQWV� DQG� DQLPDOV��
EHFDXVH� LW� LV� DQ� LPSRUWDQW� FRPSRQHQW�RI�SURWHLQV� DQG�QXFOHLF� DFLGV� �:KLWHKHDG��
������1LHGHU�DQG�%HQEL��������� ,Q�PDQ\�QDWXUDO�HFRV\VWHPV�DQG�WKH�PDMRULW\�RI�
DJULFXOWXUDO�HFRV\VWHPV��1�LV�WKH�PRVW�OLPLWLQJ�IDFWRU�IRU�SODQW�JURZWK��9LWRXVHN�
HW�DO����������7R�DOOHYLDWH�WKH�QDWXUDO�1�OLPLWDWLRQ�RQ�SDVWXUH�DQG�FURS�SURGXFWLRQ��
KXPDQV� KDYH� LQWHUYHQHG� LQ� WKH� 1� F\FOH�� ,QLWLDOO\� LQWHUYHQWLRQ� ZDV� WKURXJK� WKH�
LQWHJUDWLRQ� RI� OHJXPHV� LQWR� DJULFXOWXUDO� V\VWHPV�� EHFDXVH� PDQ\� OHJXPHV� KDYH�
V\PELRWLF� UHODWLRQVKLSV� ZLWK� 1�IL[LQJ� EDFWHULD� �:KLWHKHDG�� ������� $QRWKHU�
VLJQLILFDQW�FKDQJH�FDPH�DIWHU� WKH�GHYHORSPHQW�RI� WKH�+DEHU�%RVFK�SURFHVV�±�DQ�
LQGXVWULDO� SURFHVV� ZKHUH� H[WUHPH� SUHVVXUH� DQG� KHDW� DUH� XVHG� WR� FRQYHUW� 1�� WR�
DPPRQLD��1+����IURP�ZKLFK�IHUWLOLVHU�FDQ�EH�PDGH��7KH�ZLGHVSUHDG�FXOWLYDWLRQ�RI�
OHJXPHV� DQG� XVH� RI� QLWURJHQ� IHUWLOLVHU� KDV� JUHDWO\� LQFUHDVHG� WKH� DPRXQW� RI� IRRG�
SURGXFHG� LQ� WKH� ZRUOG�� ZKLFK� KDV� EHHQ� LPSRUWDQW� WR� IHHG� D� UDSLGO\� JURZLQJ�
SRSXODWLRQ��)RU� H[DPSOH��6PLO� ������� HVWLPDWHG� WKDW� DURXQG�����RI� WKH� SURWHLQ�
FRQVXPHG� E\� KXPDQV� ZDV� SURGXFHG� ZLWK� 1� GHULYHG� IURP� WKH� +DEHU�%RVFK�
SURFHVV��
�
7KH� ODUJH� LQFUHDVH� LQ� 1� LQSXWV� IDFLOLWDWHG� E\� KXPDQV� KDV� KDG� QHJDWLYH�
HQYLURQPHQWDO�FRQVHTXHQFHV��$W�D�JOREDO�VFDOH��1�IL[DWLRQ�IURP�WKH�DWPRVSKHUH�LV�
QRZ� JUHDWHU� WKDQ� UHWXUQV� WR� WKH� DWPRVSKHUH� YLD� GHQLWULILFDWLRQ�� ZKLFK� PHDQV�
UHDFWLYH� 1� LV� DFFXPXODWLQJ� LQ� WKH� HQYLURQPHQW� �*DOORZD\� HW� DO��� ������� ([FHVV�
UHDFWLYH� 1� FDXVHV� SUREOHPV� LQ� ERWK� WHUUHVWULDO� DQG� DTXDWLF� HQYLURQPHQWV��
FRQWULEXWLQJ� WR� VRLO� DQG�ZDWHU� DFLGLILFDWLRQ�� ORVV� RI� ELRGLYHUVLW\�� HXWURSKLFDWLRQ��
DWPRVSKHULF�VPRJ��SURGXFWLRQ�RI�WURSRVSKHULF�R]RQH��DQG�QLWURXV�R[LGH��ZKLFK�LV�
D�SRWHQW�JUHHQKRXVH�JDV��9LWRXVHN�HW�DO���������*DOORZD\�HW�DO���������*UXEHU�DQG�
*DOORZD\��������5REHUWVRQ�DQG�9LWRXVHN�����������
�
1HZ�=HDODQG�KDV�IROORZHG�WKH�JOREDO�WUHQG�RI�LQFUHDVHG�1�LQSXWV�VLQFH�VHWWOHPHQW�
RI�(XURSHDQV�IURP�WKH�����V��3DUILWW�HW�DO���������HVWLPDWHG�WRWDO�1�LQSXWV�WR�1HZ�



� ,QWURGXFWLRQ� &KDSWHU���
�
��

=HDODQG�ZHUH�a����*J�LQ�������FRPSDUHG� WR������*J�LQ�������DQG� LQSXWV�ZHUH�
SURMHFWHG� WR� LQFUHDVH� WR� EHWZHHQ������*J� DQG� �����*J�E\������� GHSHQGLQJ�RQ�
IXWXUH� SROLFLHV�� 7KH� ODUJH� LQFUHDVH� LQ� 1� LQSXW� IURP� ����� ZDV� SULPDULO\� GXH� WR�
FOHDUDQFH� RI� ODUJH� WUDFWV� RI� QDWLYH� YHJHWDWLRQ� �PDLQO\� IRUHVW��� DQG� VRZLQJ� RI�
JUDVV�OHJXPH�SDVWXUHV��ZKHUH� OHJXPH�JURZWK��WKXV�1�IL[DWLRQ��ZDV�SURPRWHG�E\�
WKH�DGGLWLRQ�RI�VXSHUSKRVSKDWH�DQG�OLPH��DQG�LQ�VRPH�UHJLRQV�LUULJDWLRQ��0DF/HRG�
DQG� 0ROOHU�� ������� 2WKHU� ODUJH� FKDQJHV� KDYH� EHHQ� D� VL[� IROG� LQFUHDVH� LQ� 1�
IHUWLOLVHU� LPSRUWV�� DQG�PRUH� WKDQ� GRXEOLQJ� RI� 1� LPSRUWV� LQ� VXSSOHPHQWDU\� IHHG�
�H�J��JUDLQ�RU�SDOP�NHUQHO�H[WUDFW��EHWZHHQ������DQG�������3DUILWW�HW�DO���LQ�SUHVV�
E���0RVW�1�LQSXWV�WR�WKH�ODQG�VXUIDFH�LQ�1HZ�=HDODQG�DUH�IURP�1�IL[DWLRQ�DQG�1�
IHUWLOLVHUV� DQG� DWPRVSKHULF�1� GHSRVLWLRQ� LV� JHQHUDOO\� ORZ� ���� NJ� KD±�� \±����/RZ�
DWPRVSKHULF� GHSRVLWLRQ� LQ� 1HZ� =HDODQG� LV� GXH� WR� FRPSDUDWLYHO\� OLWWOH� LQGXVWU\��
IHZ� KRXVHG� OLYHVWRFN� RSHUDWLRQV�� DQG� EHFDXVH� 1HZ� =HDODQG� LV� D� ORQJ� QDUURZ�
FRXQWU\�VXUURXQGHG�E\�RFHDQ��PXFK�RI�WKH�1�HPLWWHG�LV�EORZQ�RXW�WR�VHD��QRW�UH�
GHSRVLWHG���3DUILWW�HW�DO�����������
�
,QFUHDVHG�1�LQSXWV�IURP�1��IL[DWLRQ��IHUWLOLVHU�DQG�VXSSOHPHQWDU\�IHHG��KDV�OHG�WR�
ODUJH�LQFUHDVHV�LQ�SDVWXUH�DQG�DQLPDO�SURGXFWLRQ��/DPEHUW�DQG�&ODUN��������&ODUN�
HW�DO����������EXW�DOVR�LQFUHDVHG�1�ORVVHV��H�J��QLWUDWH�OHDFKLQJ�DQG�1�2�HPLVVLRQV��
�/HGJDUG� HW� DO��� ������ /HGJDUG�� ������0RQDJKDQ� HW� DO��� ������� 1HZ� =HDODQG¶V�
SDVWRUDO�VRLOV�KDYH�DOVR�EHFRPH�SURJUHVVLYHO\�HQULFKHG�ZLWK�1�YLD�LPPRELOLVDWLRQ�
LQ�RUJDQLF�PDWWHU��DQG�VRLO�&�1�UDWLRV�KDYH�GHFOLQHG��:DONHU�HW�DO���������/DPEHUW�
HW�DO���������6SDUOLQJ�DQG�6FKLSSHU���������6FKLSSHU�HW�DO���������DUJXHG�WKDW�VRLOV�
FDQQRW� FRQWLQXH� WR� VWRUH�1� LQGHILQLWHO\�� DQG� WKDW� VRLO� RUJDQLF�PDWWHU� LQ�PDQ\�RI�
1HZ�=HDODQG¶V�SDVWRUDO� VRLOV�ZRXOG� OLNHO\�EHFRPH� µVDWXUDWHG¶�ZLWK�1�ZLWKLQ����
\HDUV�� ,Q� VXSSRUW�RI� WKLV�K\SRWKHVLV��6FKLSSHU� DQG�6SDUOLQJ� �������GHPRQVWUDWHG�
WKDW� QHW�1� LPPRELOLVDWLRQ� UDWHV�ZHUH� KLJKHVW� LQ� VRLOV�ZLWK� KLJK�&�1� UDWLRV�� DQG�
GHFOLQHG�DV�&�1�UDWLRV�GHFOLQHG�� ,I�1� LPPRELOLVDWLRQ�UDWHV�GHFOLQH�� WKH� ULVN�RI�1�
ORVV� LQFUHDVHV�� SDUWLFXODUO\� LI� 1� LQSXWV� UHPDLQ� WKH� VDPH�� 7KHUH� LV� SDUWLFXODU�
FRQFHUQ�DERXW� LQFUHDVLQJ�1�2�HPLVVLRQV��GXH� WR� LPSOLFDWLRQV�RQ�FOLPDWH�FKDQJH�
DQG� 1HZ� =HDODQG¶V� JUHHQKRXVH� JDV� EXGJHW�� ZKLOH� LQFUHDVHG� 1� OHDFKLQJ� ORVVHV�
KDYH�KDG�GHWULPHQWDO�LPSDFWV�RQ�JURXQG�DQG�VXUIDFH�ZDWHU�TXDOLW\��3DUOLDPHQWDU\�
&RPPLVVLRQHU�IRU�WKH�(QYLURQPHQW����������
�
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&RQFHUQ� RYHU� LQFUHDVHG� 1� ORVVHV� IURP� SDVWRUDO� DJULFXOWXUH� KDV� UHVXOWHG� LQ�
FRQVLGHUDEOH� UHVHDUFK� LQWR� QHZ� IDUPLQJ� SUDFWLFHV� WKDW� FDQ� UHGXFH�1� ORVVHV� �H�J��
QLWULILFDWLRQ� LQKLELWRUV� DQG� VWDQG�RII� SDGV�� � GH� .OHLQ� DQG� (FNDUG�� ������� DQG�
UHFHQWO\�WKHUH�KDV�DOVR�EHHQ�D�PRYH�WRZDUGV�UHJXODWLQJ�IDUPLQJ�SUDFWLFHV�LQ�1HZ�
=HDODQG�� SDUWLFXODUO\� LQ� VHQVLWLYH� FDWFKPHQWV� ZLWK� KLJK� FRQVHUYDWLRQ� RU�
UHFUHDWLRQDO� YDOXHV� �H�J�� /DNH� 7DXSR���'LUHFW�PHDVXUHPHQW� RI�1� ORVVHV� �L�H�� YLD�
OHDFKLQJ� RU� JDVHRXV� SDWKZD\V�� LV� ODERXU� LQWHQVLYH� DQG� H[SHQVLYH�� DQG� FDQ� RQO\�
UHDOLVWLFDOO\� EH� FDUULHG� RXW� DW� D� OLPLWHG� QXPEHU� RI� VLWHV� IRU� UHODWLYHO\� VKRUW� WLPH�
SHULRGV� �XVXDOO\� ��� \HDUV��� 7KHUHIRUH� D� VLPSOH� LQGLFDWRU� ZKLFK� FRXOG� SURYLGH�
LQIRUPDWLRQ� RQ� ORQJ�WHUP� 1� LQSXWV� DQG� ORVVHV� XQGHU� GLIIHUHQW� ODQG� XVHV� RU�
PDQDJHPHQW�UHJLPHV�ZRXOG�EH�XVHIXO�WR�KHOS�WDUJHW�PLWLJDWLRQ�SUDFWLFHV��
�
���� 1DWXUDO�DEXQGDQFH�QLWURJHQ�LVRWRSHV�
7KH� QDWXUDO� DEXQGDQFH� RI� VWDEOH� QLWURJHQ� LVRWRSHV� �WKH� UDWLR� RI� ��1� WR� ��1� LQ�
UHODWLRQ�WR�DWPRVSKHULF�1���G��1���KDYH�EHHQ�ZLGHO\�XVHG�WR�VWXG\�1�G\QDPLFV�LQ�
ERWK�SODQWV�DQG�VRLOV��DQG�FDQ�SURYLGH�DQ�LQWHJUDWHG�PHDVXUH�RI�1�F\FOH�SURFHVVHV�
�+|JEHUJ��������5RELQVRQ���������7KLV�RFFXUV�EHFDXVH�WKH�G��1�YDOXH�RI�D�V\VWHP�
LV�GHWHUPLQHG�E\�WKH�PDVV�DQG�LVRWRSLF�VLJQDWXUH�RI�1�LQSXWV�DQG�1�ORVVHV��DQG�WKH�
LVRWRSLF�VLJQDWXUH�RI�1�ORVVHV�LQ�SDUWLFXODU�FDQ�EH�VWURQJO\�LQIOXHQFHG�E\�LVRWRSLF�
IUDFWLRQDWLRQ� �WKH� VHSDUDWLRQ� RI� LVRWRSHV� LQ� SK\VLFDO�� FKHPLFDO� RU� ELRORJLFDO�
SURFHVVHV��� ,VRWRSLF� IUDFWLRQDWLRQ� RFFXUV� EHFDXVH� WKH� VOLJKW� GLIIHUHQFH� LQ� PDVV�
EHWZHHQ� ��1� DQG� ��1� PHDQV� WKH� WZR� LVRWRSHV� EHKDYH� GLIIHUHQWO\� LQ� PDQ\�
SURFHVVHV��7KH�KHDY\�LVRWRSH����1��IRUPV�VWURQJHU�FKHPLFDO�ERQGV��ZKLFK�PHDQV�
WKH�OLJKW�LVRWRSH����1��JHQHUDOO\�UHDFWV�IDVWHU��6KHDUHU�DQG�.RKO��������+|JEHUJ��
������� 7KHUHIRUH�� GXULQJ� PRVW� 1� WUDQVIRUPDWLRQ� SURFHVVHV� LQ� VRLOV� �H�J��
QLWULILFDWLRQ��GHQLWULILFDWLRQ�DQG�YRODWLOLVDWLRQ��� ��1�DFFXPXODWHV� LQ�SURGXFWV� �H�J��
12�±��1+���1���1�2���7KHVH�SURGXFWV�WHQG�WR�EH�SUHIHUHQWLDOO\�ORVW�IURP�WKH�VRLO��
VR� WKDW� WKH� UHPDLQLQJ� VXEVWUDWH� �H�J�� 1+��� RU� RUJDQLF� 1�� UHWDLQHG� LQ� WKH� VRLO�
EHFRPHV�HQULFKHG�ZLWK���1��SURYLGHG�WKDW�QRW�DOO�RI�WKH�VXEVWUDWH�LV�FRQYHUWHG�WR�
SURGXFW�� LQ� ZKLFK� FDVH� WKHUH� FRXOG� EH� QR� QHW� IUDFWLRQDWLRQ�� +|JEHUJ�� ������
5RELQVRQ�� ������� &KDQJHV� LQ� VRLO� G��1� RFFXU� VORZO\� GXULQJ� WKH� ZHDWKHULQJ� RI�
XQGLVWXUEHG�VRLOV�RYHU�PLOOHQQLD��9LWRXVHN�HW�DO���������%UHQQHU�HW�DO����������EXW�
FDQ�EH�JUHDWO\�DFFHOHUDWHG�ZLWK�GLVWXUEDQFH��3DUGR�HW�DO���������RU�DQWKURSRJHQLF�
1�LQSXWV��+|JEHUJ��������:DW]ND�HW�DO�����������
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7KH�PDLQ�1� LQSXWV� WR� SDVWRUDO� V\VWHPV� LQ�1HZ�=HDODQG� DUH�1� IHUWLOLVHU� �PRVWO\�
XUHD��DQG�1�IL[DWLRQ��LQ�DVVRFLDWLRQ�ZLWK�OHJXPHV���ZKLFK�ERWK�KDYH�G��1�YDOXHV�
RI�a��Å��7KHUHIRUH�FKDQJHV�LQ�VRLO�G��1�ZLOO�EH�GULYHQ�E\�WKH�EDODQFH�EHWZHHQ�1�
LPPRELOLVDWLRQ�LQ�WKH�VRLO�DQG�IUDFWLRQDWLQJ�1�ORVVHV��H�J��DPPRQLD�YRODWLOLVDWLRQ�
DQG�GHQLWULILFDWLRQ���,Q�VRLOV�VXEMHFW�WR�KLJK�1�LQSXWV��F\FOLQJ�DQG�ORVV��WKHUH�ZLOO�
EH� DPSOH� RSSRUWXQLW\� IRU� D� ODUJH� DPRXQW� RI� LVRWRSLF� IUDFWLRQDWLRQ� WR� RFFXU�� DQG�
WKHUHIRUH�VXFK�VRLOV�DUH�OLNHO\�WR�EH�HQULFKHG�ZLWK���1�UHODWLYH�WR�VRLOV�ZLWK�ORZHU�
1� LQSXWV�� F\FOLQJ� DQG� ORVV� �:DW]ND� HW� DO��� ������ 6WHYHQVRQ� HW� DO��� ������� 6RLOV�
FRQWDLQ� D� ODUJH� SRRO� RI� VORZO\� F\FOLQJ� 1� �LQ� RUJDQLF� IRUP��� DQG� FRQVHTXHQWO\�
FKDQJHV�LQ�EXON�VRLO�G��1�ZLOO�RFFXU�UHODWLYHO\�VORZO\��EXW�ZLOO�DOVR�EH�SUHVHUYHG�
LQ�WKH�VRLO�IRU�D�ORQJ�WLPH��-RKDQQLVVRQ�DQG�+|JEHUJ���������7KHUHIRUH�VRLO�G��1�
PD\�EH�D�VLPSOH�LQGLFDWRU�RI�WKH�ORQJ�WHUP�EDODQFH�EHWZHHQ�1�LQSXWV�DQG�ORVVHV�LQ�
SDVWRUDO� VRLOV�� +RZHYHU�� OLWWOH� LV� NQRZQ� DERXW� UDWHV� RI� FKDQJH� LQ� VRLO� G��1� LQ�
DJULFXOWXUDO�V\VWHPV��DQG�WKH�LQIOXHQFH�RI�GLIIHUHQW�PDQDJHPHQW�UHJLPHV�RQ�UDWHV�
RI�FKDQJH��7KHUHIRUH�D�ORJLFDO�ILUVW�VWHS�LQ�HYDOXDWLQJ�WKH�VXLWDELOLW\�RI�G��1�DV�DQ�
LQGLFDWRU�RI�1�ORVVHV�ZRXOG�EH�WR�GHWHUPLQH�KRZ�VRLO�G��1�FKDQJHV�ZLWK�WLPH��DQG�
LGHQWLI\�WKH�EURDG�GULYHUV�RI�DQ\�FKDQJHV���
�
���� +\SRWKHVHV�
,Q� WKLV� WKHVLV� WKH� RYHUDUFKLQJ� K\SRWKHVLV�ZDV� WKDW� SDVWRUDO� VRLOV� XQGHU� LQWHQVLYH�
PDQDJHPHQW� UHJLPHV� �ZLWK� KLJK� 1� LQSXWV�� F\FOLQJ� DQG� ORVVHV�� ZRXOG� EHFRPH�
SURJUHVVLYHO\�HQULFKHG�ZLWK���1�UHODWLYH�WR�VRLOV�XQGHU�OHVV�LQWHQVLYH�PDQDJHPHQW��
+HUH�DQ�LQFUHDVH�LQ�µPDQDJHPHQW�LQWHQVLW\¶�LV�GHILQHG�DV�LQFUHDVHG�DERYH�JURXQG�
ELRPDVV� SURGXFWLRQ� DQG� DVVRFLDWHG� LQFUHDVHV� LQ� JUD]LQJ� LQWHQVLW\�� GULYHQ� E\�
JUHDWHU�H[WHUQDO�LQSXWV�VXFK�DV�IHUWLOLVHU�RU�LUULJDWLRQ��0RUH�VSHFLILF�K\SRWKHVHV�DUH�
OLVWHG�RQ�WKH�QH[W�SDJH��
�
%HFDXVH� VRLO�G��1�ZDV� H[SHFWHG� WR� FKDQJH� UHODWLYHO\� VORZO\� �L�H�� aGHFDGDO� WLPH�
VFDOHV���LW�ZDV�QRW�SUDFWLFDO�WR�FRQGXFW�VXLWDEOH�H[SHULPHQWDO�ZRUN�ZLWKLQ�D���\HDU�
3K'�� 7KHUHIRUH� IRU� WKLV� WKHVLV�� VRLO� G��1� ZDV� PHDVXUHG� LQ� VDPSOHV� WDNHQ� IURP�
FKURQRVHTXHQFHV� �VSDFH� IRU� WLPH� VXEVWLWXWLRQ��� DQG� DOVR� LQ� DUFKLYHG� VRLOV� WDNHQ�
IURP� D� QXPEHU� RI� ORQJ�WHUP� JUD]HG� ILHOG� WULDOV� LQ� 1HZ� =HDODQG�� 7KH� GDWDVHWV�
GHYHORSHG�UHSUHVHQW�SHULRGV�UDQJLQJ�IURP�a��WR�a���\HDUV��
� �
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6SHFLILF�K\SRWKHVHV�ZHUH�WKDW��
�
���6RLO�G��1�ZLOO� LQFUHDVH�ZLWK� WLPH� IROORZLQJ�FRQYHUVLRQ�RI� IRUHVW�RU� VFUXE� WR�

SDVWXUH��GXH�WR�LQFUHDVHG�1�LQSXWV�DQG�LVRWRSH�IUDFWLRQDWLQJ�1�ORVVHV���
7KLV� K\SRWKHVLV� ZDV� WHVWHG� E\� DQDO\VLQJ� VRLOV� IURP� IRXU� IRUHVW�WR�SDVWXUH�
FKURQRVHTXHQFHV�� 7KLV� TXHVWLRQ� LV� UHOHYDQW� EHFDXVH� PRVW� RI� 1HZ� =HDODQG¶V�
SDVWRUDO�ODQG�ZDV�FRQYHUWHG�IURP�QDWLYH�IRUHVW�EHWZHHQ������DQG�������DQG�IURP�
DURXQG������H[RWLF�SURGXFWLRQ�IRUHVW�ZDV�DOVR�FRQYHUWHG�WR�SDVWXUH�DV�FRPPRGLW\�
SULFHV�FKDQJHG��SDUWLFXODUO\�LQ�IDYRXU�RI�GDLU\�IDUPLQJ����
�
���6RLO�G��1�ZLOO� LQFUHDVH�PRUH� UDSLGO\� LQ�PRUH� LQWHQVLYHO\�PDQDJHG� SDVWXUHV�

UHFHLYLQJ�KLJKHU�UDWHV�RI�VXSHUSKRVSKDWH�IHUWLOLVHU��QLWURJHQ�IHUWLOLVHU�RU�PRUH�
IUHTXHQW�LUULJDWLRQ��

7KLV�K\SRWKHVLV�ZDV�WHVWHG�E\�DQDO\VLQJ�DUFKLYHG�VRLOV�WDNHQ�IURP�ORQJ�WHUP���±
���\HDU��ILHOG�WULDOV�UHFHLYLQJ�GLIIHUHQW�UDWHV�RI�VXSHUSKRVSKDWH�IHUWLOLVHU��QLWURJHQ�
IHUWLOLVHU�RU�LUULJDWLRQ��$�PRUH�UDSLG�LQFUHDVH�LQ�G��1�LQ�WUHDWPHQWV�UHFHLYLQJ�PRUH�
IHUWLOLVHU�RU� LUULJDWLRQ�ZDV�K\SRWKHVLVHG� WR�RFFXU�EHFDXVH� IHUWLOLVHU� DQG� LUULJDWLRQ�
ZLOO� LQFUHDVH� SDVWXUH� SURGXFWLRQ�� JUD]LQJ� LQWHQVLW\�� DQG� 1� LQSXWV�� F\FOLQJ� DQG�
ORVVHV�� DQG� WKHUHIRUH� RSSRUWXQLWLHV� IRU� LVRWRSH� IUDFWLRQDWLQJ� 1� ORVVHV� ZLOO� DOVR�
LQFUHDVH��
�
���6RLO�G��1�ZLOO�EH�D�XVHIXO�LQGLFDWRU�RI�ORQJ�WHUP�1�LQSXWV��F\FOLQJ�DQG�ORVVHV�

IURP�SDVWRUDO�V\VWHPV��
7KLV�K\SRWKHVLV�ZDV� HYDOXDWHG� LQ� WKH� FRQFOXVLRQV� FKDSWHU�E\� FRQVLGHULQJ� DOO� WKH�
UHVXOWV�IURP�WKLV�WKHVLV��DQG�RWKHU�VLPLODU�VWXGLHV�SXEOLVKHG�LQ�WKH�OLWHUDWXUH���
�
:KLOH� WKH� IRFXV� RI� WKH� WKHVLV� LV� RQ�QLWURJHQ� LVRWRSHV��G��1�FDQQRW� EH� VWXGLHG� LQ�
LVRODWLRQ��DQG�FKDQJHV�LQ�G��1�ZHUH�DOVR�UHODWHG�WR�FKDQJHV�LQ�WRWDO�VRLO�&�DQG�1��
,Q� VRPH� FDVHV� &� DQG� 1� GDWD� KDG� EHHQ� SXEOLVKHG� SUHYLRXVO\� �RU� VXEPLWWHG� IRU�
SXEOLFDWLRQ��� ZKLOH� LQ� SDUW� RI� &KDSWHU� ��� DQG� LQ� &KDSWHU� ��� &� DQG� 1� GDWD� DUH�
UHSRUWHG�IRU�WKH�ILUVW�WLPH��
� �
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�
��

���� 7KHVLV�RXWOLQH�
�
&KDSWHU� �� �WKLV� FKDSWHU�� SURYLGHV� VRPH� JHQHUDO� EDFNJURXQG� RQ� QLWURJHQ�� DQG�
QLWURJHQ�LVRWRSHV��WKH�NH\�K\SRWKHVHV��DQG�DQ�RXWOLQH�RI�WKH�WKHVLV���
�
&KDSWHU���LV�D�UHYLHZ�RI�WKH�OLWHUDWXUH��DQG�SUHVHQWV�VRPH�WKHRU\�EHKLQG�WKH�XVH�RI�
QLWURJHQ�LVRWRSHV�LQ�HFRORJLFDO�VWXGLHV��VXPPDULVHV�WKH�LQIOXHQFH�RI�QDWXUDO�IDFWRUV�
�H�J��WRSRJUDSK\��RQ�VRLO�G��1��DQG�WKHQ�IRFXVHV�RQ�WKH�LQIOXHQFH�RI�ODQG�XVH�DQG�
PDQDJHPHQW�RQ�VRLO�G��1��ZLWK�DQ�HPSKDVLV�RQ�SDVWRUDO�V\VWHPV���
�
&KDSWHUV� �±�� SUHVHQW� DQG� GLVFXVV� WKH� UHVHDUFK� UHVXOWV� IURP� WKLV� WKHVLV�� DQG� DUH�
ZULWWHQ�DV� VWDQG�DORQH�FKDSWHUV� LQ�PDQXVFULSW� IRUPDW��7KH�RUGHU�RI� FKDSWHUV��±��
DUH� QRW� QHFHVVDULO\� LQ� WKH� RUGHU� WKH� ZRUN� ZDV� FRQGXFWHG�� EXW� DUH� RUGHUHG� WR�
UHSUHVHQW� WKH� JHQHUDO� GHYHORSPHQW� RI� SDVWXUHV� LQ� 1HZ� =HDODQG�� FRQYHUVLRQ� RI�
IRUHVWV�WR�SDVWXUH��VXSHUSKRVSKDWH�IHUWLOLVHU�DSSOLFDWLRQ��WR�IODW�ODQG���GHYHORSPHQW�
RI�KLOO�FRXQWU\��DQG�WKHQ�1�IHUWLOLVHU�DSSOLFDWLRQ�WR�ODQG���

&KDSWHU���UHSRUWV�VRLO�&��1�DQG�G��1�GDWD�IURP�IRXU�FKURQRVHTXHQFHV�ZKHUH�
HLWKHU�SLQH�IRUHVW�RU�QDWLYH�VFUXE�KDG�EHHQ�FRQYHUWHG�WR�LQWHQVLYH�SDVWXUHV��
&KDSWHU� �� GHVFULEHV� KRZ� VRLO� G��1� FKDQJHG� GXULQJ� a��� \HDUV� LQ� JUD]HG�
LUULJDWLRQ�DQG�VXSHUSKRVSKDWH�WULDOV�RQ�WKH�&DQWHUEXU\�3ODLQV��
&KDSWHU���SUHVHQWV�VRLO�G��1�GDWD�IURP�WKUHH���±���\HDU�VXSHUSKRVSKDWH�WULDOV�
RQ�1RUWK� ,VODQG�KLOO�FRXQWU\��DQG�H[SORUHV� WKH� LQIOXHQFH�RI� VORSH�DQG�DVSHFW�
RQ�G��1�LQ�DGGLWLRQ�WR�WKH�HIIHFW�RI�VXSHUSKRVSKDWH��
&KDSWHU� �� UHSRUWV� RQ� FKDQJHV� LQ� VRLO� &�� 1� DQG� G��1� GXULQJ� D� IRXU� \HDU� 1�
IHUWLOLVHU�WULDO��ZKHUH�1�UDWHV�UDQJHG�IURP��±����NJ�1�KD±��\±���DQG�1�OHDFKLQJ�
ORVVHV�ZHUH�DOVR�PHDVXUHG��

%HFDXVH�FKDSWHUV��±��DUH�ZULWWHQ�LQ�PDQXVFULSW�IRUP��WKHUH�LV�VRPH�UHSHWLWLRQ�RI�
LQWURGXFWRU\�PDWHULDOV��DQG�PHWKRGV��7R�DYRLG�UHSHWLWLRQ�DOO�UHIHUHQFHV�DUH�LQ�RQH�
OLVW� DW� WKH� HQG� RI� WKH� WKHVLV��%HIRUH� HDFK� RI� WKHVH� FKDSWHUV� LV� D� VWDWHPHQW� RI� WKH�
FRQWULEXWLRQ�RI�HDFK�RI�WKH�OLVWHG�DXWKRUV��
�
&KDSWHU���SURYLGHV�D�VXPPDU\�DQG�FRQFOXVLRQV��DQG�HYDOXDWHV�KRZ�WKH�K\SRWKHVHV�
OLVWHG�DERYH��VHFWLRQ������ZHUH�VXSSRUWHG��RU�QRW�VXSSRUWHG��E\�WKH�UHVXOWV�LQ�WKLV�
WKHVLV�� $� QXPEHU� RI� UHFRPPHQGDWLRQV� IRU� IXWXUH� UHVHDUFK� DUH� DOVR� SURYLGHG��



&KDSWHU��� ,QWURGXFWLRQ� �
�

��

$SSHQGL[�$�FRQWDLQV�D�SXEOLVKHG�MRXUQDO�SDSHU��6WHYHQVRQ�HW�DO����������RQ�ZKLFK�
3DXO�0XGJH�ZDV�D�FR�DXWKRU��7KLV�SDSHU�ZDV�SURGXFHG�GXULQJ�WKH�PLG�VWDJHV�RI�
WKLV�3K'��DQG�UHSRUWV�G��1�YDOXHV� IURP�VRLOV�XQGHU�D� UDQJH�RI� ODQG�XVHV� LQ�1HZ�
=HDODQG��7KH�SDSHU� LV�QRW�GLUHFWO\�SDUW�RI�ZRUN�FRQGXFWHG�IRU� WKLV�3K'��EXW�ZDV�
GLUHFWO\� DOLJQHG� DQG� LV� WKHUHIRUH� SURYLGHG� IRU� FRQWH[W�� 3DXO�0XGJH� VXSSOLHG� WKH�
OHDG�DXWKRU��6WHYHQVRQ��ZLWK�D�OLWHUDWXUH�UHYLHZ�RQ�VRLO�G��1�XQGHU�GLIIHUHQW�ODQG�
XVHV��DQG�FRQWULEXWHG�WR�LQWHUSUHWDWLRQ�RI�UHVXOWV�DQG�ZULWLQJ�RI�WKH�PDQXVFULSW���
� �
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�� /LWHUDWXUH�UHYLHZ�
�
�
���� ,QWURGXFWLRQ�
&KDSWHU���SURYLGHG�WKH�JHQHUDO�EDFNJURXQG�LQIRUPDWLRQ�UHOHYDQW�WR�WKLV�OLWHUDWXUH�
UHYLHZ��VXFK�DV��DQ�RYHUYLHZ�RI�KRZ�KXPDQV�KDYH�LQWHUYHQHG�LQ�WKH�QLWURJHQ��1��
F\FOH�WKURXJK�FXOWLYDWLRQ�RI�OHJXPHV�DQG�FUHDWLRQ�RI�DUWLILFLDO�IHUWLOLVHUV��DQG�KRZ�
WKLV� KDV� EHHQ� LPSRUWDQW� WR� KHOS� IHHG� D� UDSLGO\� JURZLQJ� SRSXODWLRQ�� EXW� KDV� DOVR�
KDG�QHJDWLYH� HQYLURQPHQWDO� FRQVHTXHQFHV��7KH� LQWURGXFWRU\� FKDSWHU� DOVR�EULHIO\�
VXPPDULVHG� KRZ� VHWWOHPHQW� RI�(XURSHDQV� LQ�1HZ�=HDODQG� IURP� WKH� ����V�� DQG�
HVWDEOLVKPHQW� RI� (XURSHDQ� VW\OH� SDVWRUDO� DJULFXOWXUH� JUHDWO\� LQFUHDVHG�1� LQSXWV��
VRLO�1��DQG�1� ORVVHV� WR� WKH�ZLGHU�HQYLURQPHQW��$Q�RYHUYLHZ�RI�KRZ� WKH�QDWXUDO�
DEXQGDQFH� RI� QLWURJHQ� LVRWRSHV� ���1� DQG��1�� FDQ� EH� XVHG� WR� KHOS� XQGHUVWDQG�1�
F\FOH� SURFHVVHV�� DQG� SRWHQWLDOO\� EH� DQ� LQGLFDWRU� RI� SDVW� 1� F\FOH� SURFHVVHV� LQ�
SDVWRUDO�VRLOV�ZDV�DOVR�SURYLGHG��
�
������ 3XUSRVH�DQG�VWUXFWXUH�RI�WKLV�OLWHUDWXUH�UHYLHZ��
7KH� PDLQ� SXUSRVH� RI� WKLV� UHYLHZ� LV� WR� SURYLGH� D� V\QWKHVLV� RI� WKH� HIIHFW� WKDW�
GLIIHUHQW�ODQG�XVHV�DQG�ODQG�PDQDJHPHQW�UHJLPHV�KDYH�RQ�WKH�QDWXUDO�DEXQGDQFH�
RI�VWDEOH�1�LVRWRSHV����1�DQG��1��LQ�VRLO��+RZHYHU�� WKH�UHYLHZ�ZLOO�EHJLQ�ZLWK�D�
VHFWLRQ� RXWOLQLQJ� ZKDW� LVRWRSHV� DUH�� WHUPLQRORJ\� DVVRFLDWHG� ZLWK� LVRWRSHV�� DQG�
WKHRU\� EHKLQG� WKH� XVH� RI� 1� LVRWRSHV� LQ� HFRORJLFDO� VWXGLHV�� 7KH� LQIOXHQFH� WKDW�
QDWXUDO�IDFWRUV�RWKHU�WKDQ�ODQG�XVH��H�J��FOLPDWH��VRLO�W\SH��WRSRJUDSK\��KDYH�RQ�1�
LVRWRSH�UDWLRV�ZLOO�WKHQ�EH�VXPPDULVHG��EHFDXVH�XQGHUVWDQGLQJ�WKH�HIIHFW�RI�WKHVH�
IDFWRUV�LV�LPSRUWDQW�ZKHQ�LQWHUSUHWLQJ�VRLO�1�LVRWRSH�VLJQDWXUHV�LQ�UHVSHFW�WR�ODQG�
XVH��$WWHQWLRQ�ZLOO� WKHQ� WXUQ� WR� WKDW� HIIHFW� ODQG� XVH� DQG�PDQDJHPHQW� KDV� RQ�1�
LVRWRSHV�� ZLWK� D� IRFXV� RQ� JUD]HG� JUDVVODQGV�� ZKLFK� DUH� DQ� LPSRUWDQW� ODQG� XVH�
JOREDOO\��DQG�LQ�1HZ�=HDODQG���
�
� �



� /LWHUDWXUH�UHYLHZ�� &KDSWHU���
�
��

���� 1LWURJHQ�LVRWRSHV�
������ :KDW�DUH�LVRWRSHV"�
$Q�LVRWRSH�LV�WKH�QDPH�JLYHQ�WR�RQH�RI�WZR�RU�PRUH�DWRPV�RI�DQ�HOHPHQW��WKDW�KDYH�
WKH� VDPH� QXPEHU� RI� SURWRQV� EXW� ZKLFK� FRQWDLQ� GLIIHUHQW� QXPEHUV� RI� QHXWURQV�
�5RELQVRQ���������7KHUH�DUH�WZR�W\SHV�RI�LVRWRSHV��µVWDEOH�LVRWRSHV¶�ZKLFK�GR�QRW�
XQGHUJR� UDGLRDFWLYH� GHFD\� DQG� µXQVWDEOH� LVRWRSHV¶�ZKLFK� DUH� UDGLRDFWLYH� DQG�GR�
GHFD\��)U\���������7KLV�WKHVLV�IRFXVHV�RQ�WKH�QDWXUDO�DEXQGDQFH�RI�WKH�WZR�VWDEOH�
LVRWRSHV�RI�QLWURJHQ����1�DQG���1��
�
$WRPV�RI���1�FRQWDLQ�VHYHQ�QHXWURQV�DQG�VHYHQ�SURWRQV��ZKLOH���1�DWRPV�FRQWDLQ�
HLJKW� QHXWURQV� DQG� VHYHQ� SURWRQV�� 7KH� H[WUD� QHXWURQ� LQ� ��1�PHDQV� WKDW� LW� KDV� D�
VOLJKWO\� JUHDWHU�PDVV� WKDQ� ��1�� 7KLV� GLIIHUHQFH� LQ�PDVV�PDNHV� WKH� WZR� LVRWRSHV�
EHKDYH� LQ� D� VOLJKWO\� GLIIHUHQW� ZD\� LQ� VRPH� SK\VLFDO�� FKHPLFDO� DQG� ELRORJLFDO�
SURFHVVHV�� 7KLV� VPDOO� GLIIHUHQFH� LQ� EHKDYLRXU� LV� SDUW� RI� WKH� EDVLV� IRU� QDWXUDO�
DEXQGDQFH�LVRWRSH�VWXGLHV�DQG�LV�H[SODLQHG�IXUWKHU�LQ�VHFWLRQ��������
�
������ 7HUPLQRORJ\�DQG�QRWDWLRQ�
7KH�DWPRVSKHUH�LV������1��DQG�WKLV�LV�WKH�ODUJHVW��1LHGHU�DQG�%HQEL���������DQG�
PRVW� ZHOO� PL[HG� SRRO� RI� 1� LQ� WKH� ZRUOG� �0DULRWWL�� ������� $WPRVSKHULF� 1� LV�
FRPSULVHG�RI����������� ��1��ZLWK� WKH� UHPDLQLQJ����������EHLQJ� ��1��0DULRWWL��
������� ([SUHVVLQJ� LVRWRSH� DEXQGDQFH� RQ� DQ� DEVROXWH� SHUFHQWDJH� EDVLV� LV� WHUPHG�
DWRP���7KH�LVRWRSLF�FRPSRVLWLRQ�RI�RWKHU�QDWXUDO�QLWURJHQRXV�PDWHULDOV�FDQ�GLIIHU�
IURP� WKH� DWPRVSKHULF� FRPSRVLWLRQ��ZLWK� GLIIHUHQFHV� VPDOOHU� WKDQ�������� DWRP��
EHLQJ� LPSRUWDQW��+DQGOH\�DQG�5DYHQ���������7KHVH�YHU\�VPDOO�GLIIHUHQFHV�PDNH�
UHFRUGLQJ� DQG� FRPPXQLFDWLQJ� GLIIHUHQFHV� LQ� DWRP�� GLIILFXOW�� 7KHUHIRUH� WKH�
QDWXUDO� DEXQGDQFH� RI� ��1� LV�XVXDOO\� H[SUHVVHG� LQ� GHOWD� QRWDWLRQ� � �� DV� SDUWV� SHU�
WKRXVDQG��Å��XVLQJ�WKH�IROORZLQJ�HTXDWLRQ��DIWHU�&RSOHQ���������
�
��1� �5���1���1�VDPSOH�±�5���1���1�DLU�±���
�
ZKHUH�5���1���1�VDPSOH�LV�WKH�UDWLR�RI���1���1�LQ�WKH�VDPSOH��DQG�5���1���1�DLU�LV�WKH�
UDWLR�RI���1���1�LQ�DWPRVSKHULF�1���WKH�LQWHUQDWLRQDO�VWDQGDUG���
�
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%\�GHILQLWLRQ�G��1� LQ� WKH� DWPRVSKHUH� LV� ]HUR� DQG� WKHUHIRUH�SRVLWLYH�G��1�YDOXHV�
LQGLFDWH�D�VDPSOH�KDV�PRUH���1�WKDQ�WKH�DWPRVSKHUH�DQG�QHJDWLYH�YDOXHV�OHVV���1�
WKDQ� WKH� DWPRVSKHUH�� 0RVW� QDWXUDOO\� RFFXUULQJ� VXEVWDQFHV� KDYH� G��1� YDOXHV�
EHWZHHQ�±���Å�DQG����Å��5RELQVRQ���������
�
������ ,VRWRSLF�IUDFWLRQDWLRQ�
7KH� UHDVRQ� ZK\� GLIIHUHQW� QLWURJHQRXV� PDWHULDOV� KDYH� GLIIHUHQW� LVRWRSLF�
FRPSRVLWLRQV�LV�GXH�WR�LVRWRSLF�IUDFWLRQDWLRQ��,VRWRSLF�IUDFWLRQDWLRQ�LV�D�WHUP�XVHG�
WR� GHVFULEH� WKH� VHSDUDWLRQ� RI� LVRWRSHV� GXULQJ� SK\VLFDO�� FKHPLFDO� RU� ELRFKHPLFDO�
SURFHVVHV�� ,VRWRSLF� IUDFWLRQDWLRQ� RFFXUV� SUHGRPLQDQWO\� GXH� WR� WKH� GLIIHUHQFH� LQ�
PDVV�EHWZHHQ� LVRWRSHV��+HDY\� LVRWRSHV� IRUP�VWURQJHU�FKHPLFDO�ERQGV� WKDQ� OLJKW�
LVRWRSHV��DQG�WKHUHIRUH�PRUH�HQHUJ\�LV�UHTXLUHG�WR�IRUP�DQG�EUHDN�ERQGV�EHWZHHQ�
KHDY\�LVRWRSHV�WKDQ�OLJKW�LVRWRSHV��5RELQVRQ����������
�
7KHUH�DUH�WZR�PDLQ�PHFKDQLVPV�WKDW�FDXVH�LVRWRSLF�IUDFWLRQDWLRQ��HTXLOLEULXP�DQG�
NLQHWLF� LVRWRSH�HIIHFWV� �6KHDUHU�DQG�.RKO��������+|JEHUJ��������� ,Q�HTXLOLEULXP�
H[FKDQJH�UHDFWLRQV�KHDY\�LVRWRSHV�DFFXPXODWH�ZKHUH�ERQGV�DUH�VWURQJHVW��VXFK�DV�
LQ�OLTXLGV�UDWKHU�WKDQ�JDVHV�DQG�LQ�PROHFXOHV�ZLWK�ODUJHU�PDVV�RU�KLJKHU�R[LGDWLRQ�
VWDWH��)U\��������6XO]PDQ���������)RU�H[DPSOH��LQ�WKH�HTXLOLEULXP�UHDFWLRQ�1+���
� 1+�� LQ� VROXWLRQ�� ��1� WHQGV� WR� DFFXPXODWH� LQ� 1+��� GXH� WR� LWV� JUHDWHU� PDVV��

(TXLOLEULXP�LVRWRSH�HIIHFWV�DUH�WHPSHUDWXUH�GHSHQGHQW��ZLWK�JUHDWHU�IUDFWLRQDWLRQ�
RFFXUULQJ�DW�ORZHU�WHPSHUDWXUHV��6XO]PDQ����������
�
.LQHWLF� LVRWRSH�HIIHFWV�RFFXU� LQ�XQLGLUHFWLRQDO� UHDFWLRQV�� DQG�DUH�FDXVHG�EHFDXVH�
OLJKW�LVRWRSHV�UHDFW�IDVWHU�WKDQ�KHDY\�LVRWRSHV��6KHDUHU�DQG�.RKO��������5RELQVRQ��
������ 6XO]PDQ�� ������� 7KH� IDVWHU� UHDFWLRQ� RI� OLJKW� LVRWRSHV� PHDQV� WKDW� GXULQJ�
PRVW� UHDFWLRQV� RU� SURFHVVHV�� SURGXFWV� WHQG� WR� EHFRPH� GHSOHWHG� LQ� WKH� KHDY\�
LVRWRSH�� ZKLOH� UHPDLQLQJ� VXEVWUDWH� EHFRPHV� HQULFKHG� �6XO]PDQ�� ������� ,W� LV�
LPSRUWDQW� WR� QRWH�� WKDW� LVRWRSLF� IUDFWLRQDWLRQ� FDQ� RQO\� RFFXU�ZKHQ� UHDFWLRQV� DUH�
LQFRPSOHWH�� EHFDXVH� LI� DOO� DWRPV� LQ� D� VXEVWUDWH� DUH� FRQYHUWHG� WR� SURGXFW�� WKH�
LVRWRSLF�FRPSRVLWLRQ�PXVW�EH�WKH�VDPH�DV�WKH�VXEVWUDWH��+|JEHUJ��������6XO]PDQ��
������� :LWKLQ� DQ\� V\VWHP�� WKH� RYHUDOO� G��1� FDQQRW� FKDQJH� XQOHVV� 1� HQWHUV� RU�
OHDYHV� WKH� V\VWHP�� DQG� WKH�1� HQWHULQJ� RU� OHDYLQJ�PXVW� KDYH� D� GLIIHUHQW� LVRWRSLF�
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VLJQDWXUH� IURP� WKH� WRWDO� 1� LQ� WKH� V\VWHP� �+DQGOH\� DQG� 5DYHQ�� ������ +|JEHUJ��
������5RELQVRQ���������
�
7KH�GHJUHH�RI�LVRWRSLF�IUDFWLRQDWLRQ�� ��IRU�D�JLYHQ�SURFHVV��RU�VHULHV�RI�SURFHVVHV��
LV�FDOFXODWHG�DV�5���1���1�SURGXFW���5���1���1�VXEVWUDWH��DQG�FDQ�DOVR�EH�H[SUHVVHG�RQ�
WKH�G� �VFDOH�DV�SDUWV�SHU�WKRXVDQG��Å��VLPSO\�DV� � � �±����&RSOHQ���������7DEOH�
����VKRZV�D�UDQJH�RI�LVRWRSLF�IUDFWLRQDWLRQ�IDFWRUV�IRU�VRPH�RI�WKH�SURFHVVHV�RI�WKH�
QLWURJHQ� F\FOH� DV� FROODWHG� E\�5RELQVRQ� ��������$� VXPPDU\� RI� IDFWRUV� DIIHFWLQJ�
HDFK�RI�WKH�IUDFWLRQDWLRQ�SURFHVVHV�SUHVHQWHG�LQ�7DEOH������LV�JLYHQ�LQ�UHYLHZV�E\�
6KHDUHU�DQG�.RKO��������DQG�+|JEHUJ���������DQG�WKH�UHDGHU�LV�UHIHUUHG�WR�WKHVH�
UHYLHZV�IRU�IXUWKHU�GHWDLOV���
�
7DEOH� ����5DQJH� RI� LVRWRSH� IUDFWLRQDWLRQ� IDFWRUV� IRU� VRPH� RI� WKH� NH\� SURFHVVHV� RI� WKH� QLWURJHQ�
F\FOH�DV�FROODWHG�E\�5RELQVRQ���������
1�F\FOH�SURFHVVHV� ��Å��
1��IL[DWLRQ�YLD�QLWURJHQDVH�� �±��
1+��YRODWLOLVDWLRQ�� ��±���
1�2�DQG�12�SURGXFWLRQ�GXULQJ�1+���R[LGDWLRQ��QLWULILFDWLRQ��� ��±���
1�2�DQG�1��SURGXFWLRQ�GXULQJ�12�í�UHGXFWLRQ��GHQLWULILFDWLRQ�� ��±���
12�í�DVVLPLODWLRQ�LQWR�RUJDQLF�1�E\�SODQWV� �±���
1+���DVVLPLODWLRQ�LQWR�RUJDQLF�1�E\�SODQWV�� �±���
12�í�RU�RUJDQLF�1�DVVLPLODWLRQ�E\�PLFUREHV� ���
1+���DVVLPLODWLRQ�E\�PLFUREHV�� ��±���
1+���SURGXFWLRQ�IURP�RUJDQLF�PDWWHU�GHFRPSRVLWLRQ��DPPRQLILFDWLRQ�� �±��
12�í�SURGXFWLRQ�GXULQJ�QLWULILFDWLRQ�� ��±���
2UJDQLF�1�DVVLPLODWLRQ�E\�DQLPDOV��GHDPLQDWLRQ�DQG�WUDQVDPLQDWLRQ��� �±��
�
�
������ +RZ�DUH�VWDEOH�1�LVRWRSHV�XVHG"�
7KHUH� DUH� WZR� PDLQ� ZD\V� LQ� ZKLFK� VWDEOH� 1� LVRWRSHV� DUH� XVHG� LQ� HFRORJLFDO�
VWXGLHV�� ���� WUDFHU� VWXGLHV� LQYROYLQJ� WKH� DGGLWLRQ�RI�PDWHULDO� DUWLILFLDOO\� HQULFKHG�
�RU� RFFDVLRQDOO\� GHSOHWHG�� LQ� ��1�� DQG� ���� PHDVXUHPHQWV� RI� QDWXUDO� LVRWRSH�
DEXQGDQFH���,Q���1�HQULFKHG�WUDFHU�VWXGLHV��D�NQRZQ�TXDQWLW\�RI�PDWHULDO�HQULFKHG�
LQ���1�LV�DGGHG�WR�D�V\VWHP��7KH�PRYHPHQW��WXUQRYHU�RU�GLVWULEXWLRQ�RI�WKH�DGGHG�
1� LV� FDOFXODWHG� IURP� WKH� LVRWRSLF� FRPSRVLWLRQ�RI�GLIIHUHQW�QLWURJHQRXV�PDWHULDOV�
VDPSOHG�IURP�ZLWKLQ�WKH�V\VWHP�DIWHU�D�SHULRG�RI�WLPH��7KH�H[SHQVH�RI�DUWLILFLDOO\�
HQULFKHG� ��1�XVXDOO\� OLPLWV� WKLV�DSSURDFK� WR�VPDOO�SORW�RU�DW�PRVW�SDGGRFN�VFDOH�
H[SHULPHQWDO�ZRUN��%HGDUG�+DXJKQ�HW�DO����������$UWLILFLDO���1�WUDFHU�VWXGLHV�DUH�
QRW�WKH�IRFXV�RI�WKLV�WKHVLV�DQG�ZLOO�QRW�EH�GLVFXVVHG�IXUWKHU���



&KDSWHU��� /LWHUDWXUH�UHYLHZ� ���

(DUO\�UHVHDUFK�RQ�QDWXUDO�1�LVRWRSH�DEXQGDQFH�ZDV�PDLQO\�GLUHFWHG�WRZDUGV�XVLQJ�
WKH�QDWXUDO�G��1�VLJQDWXUH�IURP�EDFWHULDO�1��IL[DWLRQ�DQG�1�IHUWLOLVHUV��WR�DVVHVV�WKH�
FRQWULEXWLRQ�RI�WKHVH�1�VRXUFHV�WR�SODQW�1�XSWDNH��H�J��0HLQWV�HW�DO����������7KH�
WKHRU\�EHKLQG�WKLV�DSSURDFK�ZDV�WKDW�PRVW�V\QWKHWLF�1�IHUWLOLVHUV��DQG�1��GHULYHG�
IURP�EDFWHULDO�IL[DWLRQ��KDYH�G��1�YDOXHV�RI�DERXW���Å��6KHDUHU�DQG�.RKO��������
%DWHPDQ�DQG�.HOO\���������ZKLOH�G��1�RI�WRWDO�VRLO�1�LV�XVXDOO\�PXFK�KLJKHU��H�J��
6KHDUHU� HW� DO��� ������� 0L[LQJ� PRGHOV� ZHUH� XVHG� WR� GHWHUPLQH� WKH� UHODWLYH�
FRQWULEXWLRQ�RI�1�IURP�WKH�GLIIHUHQW�VRXUFHV��5RELQVRQ���������:KLOH�VXFFHVVIXO�
LQ�VRPH�VLWXDWLRQV��WKH�1�LVRWRSH�VLJQDWXUH�LV�RIWHQ�QRW�D�FRQVHUYDWLYH�WUDFHU��GXH�
WR� LVRWRSLF� IUDFWLRQDWLRQ��� ZKLFK� FRPELQHG� ZLWK� D� ODUJH� DPRXQW� RI� VSDWLDO�
YDULDELOLW\�FDQ�OLPLW�WKLV�DSSURDFK��+|JEHUJ��������5RELQVRQ�����������
�
5HFRJQLWLRQ� WKDW� LVRWRSLF� IUDFWLRQDWLRQ� FRXOG� FRQIRXQG� VWXGLHV� VHHNLQJ� WR� XVH�
QDWXUDO� DEXQGDQFH�1� LVRWRSHV� DV� WUDFHUV�� OHG� UHVHDUFKHUV� WR� UH�WKLQN�KRZ�QDWXUDO�
DEXQGDQFH� 1� LVRWRSHV� FRXOG� EH� XVHG�� ,W� LV� QRZ�ZLGHO\� DFFHSWHG� WKDW� G��1� LV� D�
YDOXDEOH� LQWHJUDWRU� RI� WKH�PDQ\� FRPSOH[� 1� IUDFWLRQDWLRQ� DQG�PL[LQJ� SURFHVVHV�
WKDW� RFFXU� ZLWKLQ� QDWXUDO� V\VWHPV� �5RELQVRQ�� ������ (YDQV�� ������� 7KH� G��1�
VLJQDWXUH�RI�VRLO�FDQ�UHIOHFW� WKH�GHJUHH�DQG� W\SH�RI�QLWURJHQ�F\FOH�SURFHVVHV� WKDW�
KDYH� RFFXUUHG� DW� D� JLYHQ� VLWH�� )RU� H[DPSOH�� VRLOV� IURP� ORZHU� O\LQJ� DQG� ZHWWHU�
SRUWLRQV�RI� WKH� ODQGVFDSH�RIWHQ�KDYH�KLJKHU�G��1�YDOXHV�WKDQ�ZHOO�GUDLQHG�DUHDV��
GXH� WR�JUHDWHU�GHQLWULILFDWLRQ��ZKLFK�FDXVHV� ODUJH� LVRWRSLF� IUDFWLRQDWLRQ� �%HGDUG�
+DXJKQ�HW�DO�����������
�
�
���� 5HODWLRQVKLS�EHWZHHQ�SODQW�DQG�VRLO�G��1�
7KH�IRFXV�RI�WKLV�UHYLHZ�LV�RQ�1�LVRWRSHV�LQ�VRLO��+RZHYHU��QXPHURXV�VWXGLHV�KDYH�
DOVR� UHSRUWHG�G��1�YDOXHV�RI�SODQW�PDWHULDO� �PRUH� VWXGLHV� WKDQ� VRLO� VWXGLHV��� DQG�
VRPH�RI�WKHVH�VWXGLHV�KDYH�EHHQ�LQFOXGHG�ZKHUH�UHOHYDQW��7KLV�VHFWLRQ�SURYLGHV�D�
EULHI�VXPPDU\�RI�WKH�UHODWLRQVKLS�EHWZHHQ�SODQW�DQG�VRLO�G��1��,Q�JHQHUDO�WKHUH�LV�
D�SRVLWLYH�FRUUHODWLRQ�EHWZHHQ�SODQW�DQG�VRLO�G��1��ZLWK�U��YDOXHV�!����FRPPRQO\�
UHSRUWHG�IRU�VDPSOHV�WDNHQ�IURP�QRQ�1�IL[LQJ�SODQWV�DW�WKH�VDPH�VLWH��-RKDQQLVVRQ�
DQG�+|JEHUJ��������:DW]ND� HW�DO��� ������.ULV]DQ� HW�DO��� ������;X� HW�DO��� �������
7KH� UHODWLRQVKLS� EHWZHHQ� VRLO� DQG� SODQW� G��1� YDOXHV� LV� QRW� ����� ZLWK� YDOXHV� RI�
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SODQWV� DOPRVW� DOZD\V� ORZHU� WKDQ� WKH� XQGHUO\LQJ� VRLO� �6XWKHUODQG� HW� DO��� ������
6XWKHUODQG�HW�DO���������(YDQV�DQG�%HOQDS��������:DW]ND�HW�DO���������.ULV]DQ�HW�
DO����������/RZHU�G��1�YDOXHV�RI�SODQWV�WKDQ�VRLOV��LV�JHQHUDOO\�DWWULEXWHG�WR�SODQWV�
WDNLQJ�XS�1�GHSOHWHG�LQ���1�UHODWLYH�WR�WKH�EXON�VRLO��7KLV�FDQ�RFFXU�IRU�D�QXPEHU�
RI�UHDVRQV��VXFK�DV�����IUDFWLRQDWLRQ�DJDLQVW���1�GXULQJ�PLQHUDOLVDWLRQ�RI�RUJDQLF�
1�DQG�WKHQ�VXEVHTXHQW�XSWDNH�RI�LQRUJDQLF�1�GHSOHWHG�LQ���1�E\�SODQWV��+|JEHUJ��
������.ULV]DQ�HW�DO��������������SUHIHUHQWLDO�SDVVDJH�RI���1�GHSOHWHG�1�IURP�VRLO�WR�
WKH� SODQW� YLD� P\FRUUKL]DO� IXQJL� �+REELH� DQG�2XLPHWWH�� ������:DOODQGHU� HW� DO���
�������DQG�����SODQW�URRWV�FDQ�DOVR�GLUHFWO\�GLVFULPLQDWH�DJDLQVW���1�GXULQJ�XSWDNH�
�+|JEHUJ���������
�
3ODQW� G��1� YDOXHV� DUH�PXFK�PRUH� YDULDEOH� WKDQ� VRLO� G��1� YDOXHV�� )RU� H[DPSOH��
6XWKHUODQG�HW�DO���������IRXQG�WKDW�SODQW�G��1�YDOXHV�ZHUH�FRQVLVWHQWO\��±��WLPHV�
PRUH�YDULDEOH�WKDQ�VRLOV�DW�WKH�VDPH�VLWH��7KLV�LV�EHFDXVH�SODQWV�JHQHUDOO\�DFFHVV�
WKH� PLQHUDO� SRRO� RI� 1�� ZKLFK� LV� IDU� PRUH� LVRWRSLFDOO\� YDULDEOH� �VSDWLDOO\� DQG�
WHPSRUDOO\�� WKDQ� WRWDO� VRLO� 1� �6XWKHUODQG� HW� DO��� ������ +DQGOH\� HW� DO��� �������
-RKDQQLVVRQ� DQG� +|JEHUJ� ������� VXJJHVWHG� WKDW� SODQW� G��1� PD\� EH� D� PRUH�
VHQVLWLYH� LQGLFDWRU� RI� FKDQJHV� LQ� 1� F\FOLQJ� RYHU� VKRUW� WLPH� SHULRGV� �\HDUV±
GHFDGHV��WKDQ�VRLO�G��1��EHFDXVH�WKH�ODUJH�EDFNJURXQG�SRRO�RI�XQ�UHDFWLYH�VRLO�1�
WHQGV�WR�PDVN�FKDQJHV�RFFXUULQJ�LQ�WKH�VPDOOHU�DFWLYH�1�SRROV��+RZHYHU��+DQGOH\�
HW� DO�� ������� S������� VXJJHVWHG� WKDW� ZKROH� VRLO� G��1� ³LQWHJUDWHV� PRUH� RI� WKH�
LQIOXHQFHV�RQ�HFRV\VWHP�1�F\FOLQJ�WKDQ�GRHV�IROLDU�G��1´��
�
�
���� 7KH�LQIOXHQFH�RI�QDWXUDO�IDFWRUV��RWKHU�WKDQ�ODQG�XVH��RQ�G��1�
�
������ &OLPDWH�
$� ODUJH� DPRXQW� RI� UHVHDUFK� KDV� EHHQ� FDUULHG� RXW� WR� WU\� DQG� XQGHUVWDQG� WKH�
LQIOXHQFH� WKDW� FOLPDWH� KDV� RQ� SODQW� DQG� VRLO� G��1�� ,Q� RQH� RI� WKH� HDUOLHU� VWXGLHV��
0DUWLQHOOL�HW�DO���������IRXQG�WKDW�VRLO�G��1�YDOXHV�ZHUH�a��Å�KLJKHU�LQ�WURSLFDO�
IRUHVWV�FRPSDUHG�WR�WHPSHUDWH�IRUHVWV��ZKLOH�WKH�GLIIHUHQFH�LQ�IROLDJH�G��1�ZDV�����
Å��7KLV� ODUJH�GLIIHUHQFH�ZDV� DWWULEXWHG� WR� ³WURSLFDO� IRUHVWV� KDYLQJ� D�PRUH�RSHQ�
QLWURJHQ�F\FOH��ZLWK�JUHDWHU�ORVVHV�YLD�LVRWRSH�IUDFWLRQDWLQJ�SDWKZD\V��VXJJHVWLQJ�
WKDW�1�LV�LQ�UHODWLYH�H[FHVV�LQ�PDQ\�PRLVW�WURSLFDO�IRUHVWV´��0DUWLQHOOL�HW�DO���������
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S������6LWHV�ZLWK�KLJK�1�IHUWLOLW\�LQ�WKH�WURSLFV�KDG�VLJQLILFDQWO\�KLJKHU�G��1�YDOXHV�
WKDQ�VLWHV�ZLWK�ORZ�1�IHUWLOLW\��ZKLFK�VXSSRUWHG�WKH�K\SRWKHVLV�WKDW�1�DYDLODELOLW\�
�RU� H[FHVV��ZDV� GULYLQJ� ��1� HQULFKPHQW��$� QXPEHU� RI� VWXGLHV� KDYH� LQYHVWLJDWHG�
FKDQJHV� LQ� G��1� DORQJ� UDLQIDOO� JUDGLHQWV�� ZLWK� ERWK� SODQW� DQG� VRLO� G��1� YDOXHV�
JHQHUDOO\� GHFUHDVLQJ� ZLWK� LQFUHDVLQJ� PHDQ� DQQXDO� SUHFLSLWDWLRQ� �6KHDUHU� HW� DO���
������ $XVWLQ� DQG� 9LWRXVHN�� ������ $XVWLQ� HW� DO��� ������ +DQGOH\� HW� DO��� ������
6FKXXU�DQG�0DWVRQ��������6ZDS�HW�DO���������&KHQJ�HW�DO����������,Q�D�V\QWKHVLV�RI�
VRLO� DQG�SODQW�G��1�GDWD� IURP�D�QXPEHU� RI� VWXGLHV� FRQGXFWHG� DURXQG� WKH�ZRUOG��
$PXQGVRQ�HW�DO���������IRXQG�WKDW�DV�PHDQ�DQQXDO�SUHFLSLWDWLRQ��0$3��LQFUHDVHG��
G��1�YDOXHV�GHFUHDVHG��ZKLOH�ZKHQ�PHDQ�DQQXDO�WHPSHUDWXUH��0$7��LQFUHDVHG�VR�
WRR�GLG�G��1��$PXQGVRQ�HW�DO�� �������DWWULEXWHG� WKHVH� WUHQGV� WR�JUHDWHU� ORVVHV�RI�
��1�GHSOHWHG�1�LQ�ZDUPHU�DQG�GULHU�HQYLURQPHQWV��GXH�WR�D�PRUH�µRSHQ�1�F\FOH¶���
EXW�FRQFOXGHG�WKDW�XQGHUVWDQGLQJ�RI�WKH�PHFKDQLVPV�EHKLQG�WKHVH�WUHQGV�ZDV�VWLOO�
LQ� LWV� LQIDQF\��&UDLQH�HW�DO�� �������FDUULHG�RXW�D�PRUH�UHFHQW�V\QWKHVLV�RI��������
SODQW�VDPSOHV�IURP�WKURXJKRXW�WKH�ZRUOG��DQG�IRXQG�WKH�VDPH�JHQHUDO�SDWWHUQV�DV�
$PXQGVRQ� HW� DO�� �������� EXW� DOVR� WKDW� WKH� SUHVHQFH� �DQG� W\SH�� RI� P\FRUUKL]DO�
DVVRFLDWLRQV�KDG�D�VLJQLILFDQW� LQIOXHQFH�RQ�SODQW�G��1��7KHUHIRUH�� LW� LV� OLNHO\�WKDW�
FOLPDWH�PD\� QRW� GLUHFWO\� GULYH� G��1� WUHQGV�� EXW� UDWKHU� D� FRPELQDWLRQ� RI� IDFWRUV�
VXFK�DV�FOLPDWH�DQG�VRLO�W\SH�DJH�DIIHFWV�YHJHWDWLRQ�DVVHPEODJHV�DQG�P\FRUUKL]DO�
DVVRFLDWLRQV��ZKLFK�LQIOXHQFHV�1�F\FOLQJ��+REELH�DQG�2XLPHWWH����������
�
������ 6RLO�DJH�
%UHQQHU� HW� DO�� ������� PHDVXUHG� SHUFHQW� 1� DQG� G��1� DORQJ� D� �±����� \HDU�
FKURQRVHTXHQFH�LQ�DQ�DQQXDO�JUDVVODQG�LQ�&DOLIRUQLD��7KH\�IRXQG�D�ZHDN�WUHQG�RI�
LQFUHDVLQJ�G��1�DV�VRLO�DJH�LQFUHDVHG��SDUWLFXODUO\�DW�WKH�ROGHVW�VLWH���ZLWK�WKH�WUHQG�
EHLQJ�VWURQJHVW�EHORZ�����PP�GHSWK��0HDQ�G��1��WR���P�GHSWK��DW�WKH�\RXQJHVW�
VLWH� ZDV� ���� Å� FRPSDUHG� WR� ���� Å� DW� WKH� ROGHVW� VLWH�� %UHQQHU� HW� DO�� �������
VXJJHVWHG�WKDW�WKH�LQFUHDVH�LQ�G��1�ZLWK�VRLO�DJH�ZDV�GXH�WR�SURSRUWLRQDOO\�JUHDWHU�
LQRUJDQLF� 1� ORVVHV� �PDLQO\� 12�±�� FRPSDUHG� WR� RUJDQLF� 1� ORVVHV�� DQG� WKDW� WKH�
LQRUJDQLF�1�ZRXOG�KDYH�EHHQ�PRUH�GHSOHWHG�LQ�G��1�WKDQ�RUJDQLF�1��*UHDWHU�12�±�
DYDLODELOLW\� DQG� ORVVHV� IURP� WKH�ROGHU� VRLOV�ZDV� VXJJHVWHG� WR�EH�GXH� WR� D� VZLWFK�
IURP�1�WR�3�OLPLWDWLRQ���
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6LPLODU� LQFUHDVHV� LQ� G��1� DV� VRLOV� JHW� ROGHU� KDYH� EHHQ� REVHUYHG� LQ� +DZDLL��
9LWRXVHN�HW�DO���������WRRN�VRLO�DQG�WUHH�IROLDJH�VDPSOHV�IURP�WZR�VLWHV��RQH�ZLWK�
D� VXEVWUDWH� DJH� RI� ���� \HDUV� DQG� WKH� RWKHU�ZLWK� VXEVWUDWH� DJH� RI� a������� \HDUV��
$YHUDJH�VRLO�G��1���±����PP��ZDV�±����Å�DW�WKH�\RXQJ�VLWH�FRPSDUHG�WR������Å�
DW� WKH� ROG� VLWH�� )ROLDU� G��1� YDOXHV� RI� D� QDWLYH� QRQ� 1� IL[LQJ� WUHH� �0HWURVLGHURV�
SRO\PRUSKD��ZHUH�±����Å�DQG�±����Å�DW�WKH�\RXQJ�DQG�ROG�VLWH�UHVSHFWLYHO\��7UHH�
IROLDJH� �0HWURVLGHURV� VS��� ZDV� DOVR� VDPSOHG� DORQJ� D� PRUH� FRPSOHWH�
FKURQRVHTXHQFH�ZLWK�DJHV�RI����������a������DQG�!��������\HDUV��$YHUDJH�G��1�
YDOXHV�RI�WKH�IROLDJH��LQFUHDVLQJ�LQ�RUGHU�IURP�\RXQJHVW�WR�ROGHVW�VLWHV�ZHUH��±�����
±�����±����DQG�±�����Å��
�
0DUWLQHOOL� HW� DO�� ������� FDUULHG� RXW� D� VLPLODU� VWXG\� LQ� +DZDLL� RQ� D� ORQJHU�
FKURQRVHTXHQFH��ZLWK�VXEVWUDWH�DJHV�RI���������������������������������PLOOLRQ��
DQG�����PLOOLRQ�\HDUV��6XUIDFH�VRLO�G��1�YDOXHV�ZHUH� ORZHVW� LQ� WKH�\RXQJHVW� WZR�
VLWHV��±��Å���DQG�WKHQ�LQFUHDVHG�LQ�WKH��������\HDU�ROG�VLWH��a�����Å���DIWHU�ZKLFK�
YDOXHV�GHFUHDVHG�WR�DURXQG���Å�DW�WKH�WKUHH�ROGHVW�VLWHV��'HHSHU�VRLO�DQG�IROLDJH�
G��1�YDOXHV�VKRZHG�WKH�VDPH�WUHQG��EXW�WKH�GLIIHUHQFHV�EHWZHHQ�WKH�\RXQJHVW�VLWH�
DQG�WKH��������\HDU�ROG�VLWH�ZHUH�JUHDWHU��H�J��a��Å�IRU�VRLOV�DQG���Å�IRU�IROLDJH����
0DUWLQHOOL�HW�DO���������H[SODLQHG�WKDW�WKH�\RXQJHVW�VLWH�ZDV�YHU\�1�OLPLWHG��ZKLFK�
ZRXOG�KDYH�OHG�WR�D�FORVHG�QLWURJHQ�F\FOH��ZLWK�IHZ�1�ORVVHV�DQG�WKHUHIRUH�OLWWOH�
VFRSH� IRU� LVRWRSLF� IUDFWLRQDWLRQ�� %\� ������� \HDUV� 1� ZDV� QRW� WKH� RQO\� IDFWRU�
OLPLWLQJ�SURGXFWLRQ�DQG�DW�WKH�ROGHVW�VLWH�3�ZDV�WKH�PRVW�OLPLWLQJ�IDFWRU��ZLWK�KLJK�
UDWHV�RI�1�F\FOLQJ�DQG�1�ORVV��SURYLGLQJ�LGHDO�FRQGLWLRQV�IRU�LVRWRSLF�IUDFWLRQDWLRQ�
DQG�G��1�HQULFKPHQW���
�
7KHVH� VWXGLHV� FOHDUO\� GHPRQVWUDWH� WKDW� VRLO� DJH� VKRXOG� EH� FRQVLGHUHG� ZKHQ�
LQWHUSUHWLQJ�GLIIHUHQFHV�LQ�G��1�EHWZHHQ�VRLOV��
�
������ 3DUHQW�PDWHULDO�DQG�VRLO�W\SH��
3DUHQW�PDWHULDO�DQG�VRLO�W\SH�FDQ�LQIOXHQFH�VRLO�G��1�GLUHFWO\�YLD�WKH�G��1�YDOXHV�
RI�WKH�UDZ�PDWHULDOV�RI�WKH�VRLO�DQG�LQGLUHFWO\�EHFDXVH�SDUHQW�PDWHULDO�DQG�VRLO�W\SH�
LQIOXHQFH�WKH�FKHPLFDO�DQG�SK\VLFDO�SURSHUWLHV�RI�WKH�VRLO��ZKLFK�LQ�WXUQ�LQIOXHQFHV�
SODQW�JURZWK��VSHFLHV�FRPSRVLWLRQ�DQG�1�F\FOLQJ�SURFHVVHV���
�
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,Q�D�UHYLHZ��0DUWLQHOOL�HW�DO���������GLVFRYHUHG�WKDW�IROLDJH�IURP�WUHHV�JURZLQJ�RQ�
1�SRRU��ZKLWH�VDQG�VRLOV�LQ�WKH�WURSLFV�ZHUH�VLJQLILFDQWO\�GHSOHWHG�LQ�G��1��a����Å�
ORZHU� RQ� DYHUDJH�� FRPSDUHG� WR� WUHHV� JURZLQJ� RQ� RWKHU� VRLO� W\SHV�� 7KH� ORZ� 1�
VWDWXV�RI�WKH�ZKLWH�VDQG�VRLOV�SUREDEO\�PHDQW�WKDW�1�F\FOLQJ�ZRXOG�KDYH�EHHQ�VORZ�
�UHODWLYHO\�FORVHG�F\FOH���VR�WKHUH�ZRXOG�KDYH�EHHQ�OLWWOH�LVRWRSLF�IUDFWLRQDWLRQ�DQG�
1�ORVV��+RZHYHU��WKH�UHDVRQ�ZK\�WKHVH�VRLOV�ZHUH�VR�VHYHUHO\�1�OLPLWHG�ZDV�QRW�
GLVFXVVHG��EXW�LV�OLNHO\�UHODWHG�WR�WKH�YHJHWDWLRQ�DVVHPEODJHV�ZKLFK�DUH�DGDSWHG�WR�
JURZLQJ�RQ�WKHVH�VDQG\�VRLOV���
�
/HGJDUG� HW� DO�� ������� PHDVXUHG� G��1� RI� SDVWXUH� VRLOV� DQG� SDUHQW� PDWHULDOV�
XQGHUO\LQJ�WKHVH�VRLOV�LQ�VRXWK�HDVWHUQ�$XVWUDOLD��%DVDOW�KDG�G��1�YDOXHV�RI�����Å��
JUDQLWH�����Å�DQG�VHGLPHQWDU\�URFNV�����Å��7KHUH�ZDV�QR�UHODWLRQVKLS�EHWZHHQ�
VRLO� G��1� DQG� SDUHQW� PDWHULDO�� 7KLV� ZDV� VXJJHVWHG� WR� LQGLFDWH� WKDW� SURFHVVHV�
DVVRFLDWHG�ZLWK�WKH�DFFXPXODWLRQ�DQG�WUDQVIRUPDWLRQ�RI�RUJDQLF�1��ZHUH�WKH�PDLQ�
GULYHUV� RI� VXUIDFH� VRLO� G��1� �/HGJDUG� HW� DO��� ������� G��1� YDOXHV� RI� WKH� SDUHQW�
PDWHULDOV� ZHUH� PXFK� ORZHU� ����±����Å�� WKDQ� G��1� RI� VRLO� IURP� ���±���� PP�
GHSWK� ����±�����Å���/HGJDUG�HW�DO�� ������� VXJJHVWHG� WKDW� WKLV� LQGLFDWHG� WKDW� WKH�
SURFHVV� RI� VRLO� IRUPDWLRQ� KDG� FDXVHG� G��1� HQULFKPHQW� UHODWLYH� WR� WKH� SDUHQW�
PDWHULDO��
�
6LOYHU�HW�DO���������IRXQG�VLJQLILFDQWO\�KLJKHU�G��1�YDOXHV������Å�KLJKHU��LQ�FOD\�
VRLOV� WKDQ� VDQG\� VRLOV� LQ� D� ORZODQG� %UD]LOLDQ� IRUHVW�� &OD\� VRLOV� DOVR� KDG� KLJKHU�
UDWHV�RI�QLWULILFDWLRQ�DQG�GHQLWULILFDWLRQ�HQ]\PH�DFWLYLW\�WKDQ�WKH�VDQG\�VRLOV��7KLV�
VXJJHVWV�WKDW�JUHDWHU�LVRWRSH�IUDFWLRQDWLQJ�1�ORVVHV�YLD�GHQLWULILFDWLRQ�DQG�SRVVLEO\�
1�OHDFKLQJ�ZHUH�UHVSRQVLEOH�IRU�WKH�KLJKHU�G��1�YDOXHV�RI�WKH�FOD\�VRLO��6LOYHU�HW�
DO����������7KH�WH[WXUDO�GLIIHUHQFHV�DW�WKH�VLWH�ZHUH�WKRXJKW�WR�EH�D�UHIOHFWLRQ�RI�WKH�
XQGHUO\LQJ�VHGLPHQWDU\�URFN��ZKLFK�ZDV� WLOWHG��DQG�KDG�DOWHUQDWLQJ�EHGV�RI�VDQG�
DQG�FOD\�VHGLPHQWV��7KHUHIRUH�WKH�GLIIHUHQFH� LQ�G��1�ZDV�SUREDEO\�GXH�VROHO\�WR�
VRLO� SURSHUWLHV�� UDWKHU� WKDQ� WKH� FRPELQDWLRQ� WRSRJUDSKLF� SRVLWLRQ� DQG� VRLO�
SURSHUWLHV�ZKLFK�FRPPRQO\�RFFXUV���
�
)UDFWLRQDWLQJ�LQGLYLGXDO�VRLOV�LQWR�GLIIHUHQW�SDUWLFOH�VL]H�FODVVHV�KDV�VKRZQ�WKDW�WKH�
ILQHU�IUDFWLRQ��H�J��FOD\V��DUH�XVXDOO\�FRQVLGHUDEO\�PRUH�HQULFKHG�FRPSDUHG�WR�WKH�
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FRDUVHU�IUDFWLRQ��H�J��VLOWV�DQG�VDQGV���/HGJDUG�HW�DO���������7LHVVHQ�HW�DO���������
*HU]DEHN�HW�DO���������4XLGHDX�HW�DO���������/REH�HW�DO����������
�
������ /DQGVFDSH�SRVLWLRQ�DQG�WRSRJUDSK\�
%HGDUG�+DXJKQ� HW� DO�� ������� UHYLHZHG� WKH� OLWHUDWXUH� IRU� ODQGVFDSH� SDWWHUQV� RI�
G��1��DQG�GHYHORSHG�D�FRQFHSWXDO�PRGHO� WR� H[SODLQ� WKH� LQIOXHQFH� WKDW� ODQGVFDSH�
SRVLWLRQ�KDV�RQ�VRLO�G��1��,Q�JHQHUDO��KLJKHU�HOHYDWLRQ�DQG�FRQYH[�SRUWLRQV�RI�WKH�
ODQGVFDSH� KDG� ORZHU� G��1� WKDQ� ORZ� O\LQJ� DUHDV� VXFK� DV� IRRWVORSHV� DQG� ULSDULDQ�
]RQHV�� 7KH� PRVW� FRPPRQ� H[SODQDWLRQ� IRU� WKLV� SDWWHUQ� LV� WKDW� GHQLWULILFDWLRQ� LV�
KLJKHU� LQ� ORZHU� O\LQJ�DUHDV��GXH� WR� WKH�DFFXPXODWLRQ�RI�ZDWHU�FUHDWLQJ�DQDHURELF�
FRQGLWLRQV� �6XWKHUODQG� HW� DO��� ������ %HGDUG�+DXJKQ� HW� DO��� ������ %LVZDV� HW� DO���
������� 'HQLWULILFDWLRQ� FDQ� FDXVH� ODUJH� LVRWRSLF� IUDFWLRQDWLRQ� �VHH� 7DEOH� ������
SURYLGHG�DOO�1� LV�QRW�GHQLWULILHG�� ,Q�DGGLWLRQ��$PXQGVRQ�HW�DO�� �������H[SODLQHG�
WKDW� FRQYH[� SRUWLRQV� RI� WKH� ODQGVFDSH� WHQG� WR� ORVH� VRLO� YLD� HURVLRQ�� DQG�
GHPRQVWUDWHG�WKDW�DV�VORSH�LQFUHDVHG��VRLO�G��1�YDOXHV�GHFUHDVHG��7KLV� WUHQG�ZDV�
DWWULEXWHG� WR�KLJKHU�HURVLRQ�DQG� WKXV� ORZHU�VRLO� UHVLGHQFH� WLPH�RQ�VWHHSHU�VORSHV�
�DQG�WKXV�OHVV�WLPH�IRU�IUDFWLRQDWLRQ�DQG�1�ORVVHV�WR�RFFXU���DQG�WKHUHIRUH�VRLO�G��1�
YDOXHV�RQ�VWHHS�VORSHV�ZRXOG�EH�VLPLODU�WR�1�LQSXWV��ZKLFK�DUH�XVXDOO\�GHSOHWHG�LQ�
��1� FRPSDUHG� WR� VRLO��� (URVLRQ� DOVR� WHQGV� WR� SUHIHUHQWLDOO\� UHPRYH� ILQHU� VRLO�
SDUWLFOHV�ZKLFK� DUH� XVXDOO\� HQULFKHG� LQ� ��1� UHODWLYH� WR� EXON� VRLO� �/HGJDUG� HW� DO���
������7LHVVHQ�HW�DO���������*HU]DEHN�HW�DO���������)R[�DQG�3DSDQLFRODRX���������
ZKLFK� FRXOG� DOVR� FRQWULEXWH� WR� ORZHU� G��1� RQ� VWHHS� VORSHV�� $QRWKHU� VLPSOH�
H[SODQDWLRQ��QRW�H[SORUHG�E\�$PXQGVRQ��IRU�ORZHU�G��1�RQ�VWHHSHU�VORSHV�LV�WKDW�
SURGXFWLYLW\�LV�XVXDOO\�ORZHU��DOVR�OHVV�1�IL[DWLRQ��DQG�WKHUHIRUH�1�F\FOLQJ�ZLOO�EH�
ORZHU�ZKLFK�SURYLGHV�OHVV�RSSRUWXQLWLHV�IRU�LVRWRSH�IUDFWLRQDWLQJ�1�ORVVHV���
�
6XWKHUODQG� HW� DO�� ������� FRQGXFWHG� DQ� LQWHQVLYH� VWXG\� LQ� D� ZKHDW� ILHOG� LQ�
6DVNDWFKHZDQ�� 7KH\�PHDVXUHG�G��1� LQ� ���� VRLO� VDPSOHV� DQG� ���� VDPSOHV� IURP�
HDUV�RI�JUDLQ�FROOHFWHG�IURP�ZLWKLQ�DQ�DUHD�����P�[�����P��6RLO�G��1�LQ�WKH�����P�
[�����P�VDPSOLQJ�DUHD�UDQJHG�IURP�����WR������Å�ZLWK�D�PHDQ�RI������Å��0HDQ�
G��1�RI�WKH�JUDLQ�ZDV�ORZHU�������Å��EXW�WKH�UDQJH�LQ�YDOXHV�ZDV�JUHDWHU������WR�
�����Å���(OHYDWLRQ�ZLWKLQ� WKH�VDPSOLQJ�DUHD�GLIIHUHG�E\�����P��DQG�G��1�YDOXHV�
ZHUH� JHQHUDOO\� KLJKHU� IRU� ERWK� VRLO� DQG� SODQWV� LQ� WKH� ORZ� O\LQJ� DUHDV��(OHYDWLRQ�
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H[SODLQHG������RI� WKH�YDULDWLRQ� LQ� VRLO�G��1�DQG������RI� WKH� YDULDWLRQ� LQ� SODQW�
G��1��(OHYDWLRQ�DOVR�KDG�D�VLJQLILFDQW�HIIHFW�RQ�RWKHU�VRLO�SURSHUWLHV�DQG�SURFHVVHV��
ZLWK�KLJKHU�YROXPHWULF�VRLO�PRLVWXUH�FRQWHQWV��PRUH�ILQH�SDUWLFOHV��VLOWV�DQG�FOD\V��
DQG�KLJKHU�UDWHV�RI�GHQLWULILFDWLRQ�LQ�WKH�ORZHU�DUHDV��6XWKHUODQG�HW�DO���������DOVR�
WRRN�����VRLO�VDPSOHV�IURP�D�VPDOOHU����P�[����P�VXESORW�ZLWKLQ�WKH�ODUJHU�SORW��
G��1� YDOXHV� UDQJHG� IURP� ���� WR� ����Å� DQG� VKRZHG� D� UDQGRP� SDWWHUQ� ZLWK� QR�
VLJQLILFDQW�UHODWLRQVKLSV�EHWZHHQ�G��1�DQG�HOHYDWLRQ��ZKLFK�YDULHG�E\�����P���RU�
RWKHU�VRLO�YDULDEOHV���
�
%LVZDV� HW� DO�� ������� FDUULHG� RXW� DQRWKHU� LQWHQVLYH� SDGGRFN� VFDOH� VWXG\� LQ� WZR�
XQGXODWLQJ�ILHOGV�LQ�6DVNDWFKHZDQ��ILHOGV�KDG�EHHQ�FXOWLYDWHG�IRU�RYHU����\HDUV����
$�����P�VDPSOLQJ�WUDQVHFW�ZDV�ODLG�RXW�DW�HDFK�VLWH�ZLWK�VRLO�VDPSOHV�WDNHQ�WR�D�
GHSWK� RI� ���� PP� HYHU\� �� P� �WRWDO� RI� ���� VDPSOHV� SHU� WUDQVHFW��� 8VLQJ� EDVLF�
VWDWLVWLFV��WKH\�IRXQG�D�VLJQLILFDQW�QHJDWLYH�FRUUHODWLRQ�EHWZHHQ�G��1�DQG�HOHYDWLRQ�
�L�H�� KLJKHVW� G��1� YDOXHV� LQ� GHSUHVVLRQV�� IRU� WKH� ILUVW� ILHOG�� EXW� WKHUH� ZDV� QR�
VLJQLILFDQW�FRUUHODWLRQ�LQ�WKH�VHFRQG�ILHOG��+RZHYHU��XVLQJ�:DYHOHW�$QDO\VLV�WKH\�
UHYHDOHG� WKDW� WKHUH� ZDV� D� ³ORFDWLRQ� GHSHQGHQW� UHODWLRQVKLS� EHWZHHQ� G��1� DQG�
HOHYDWLRQ´�� ZLWK� KLJKHVW� G��1� YDOXHV� JHQHUDOO\� RFFXUULQJ� LQ� GHSUHVVLRQV�� ,Q� WKH�
ILUVW�ILHOG��WKH�GLIIHUHQFH�LQ�G��1�EHWZHHQ�WKH�WZR�KLJKHVW�NQROOV�DQG�WZR�KROORZV�
ZDV�DERXW���Å���
��
.DUDPDQRV�HW�DO�� �������IRXQG�WKDW�ZLWKLQ�RQH�ILHOG�G��1�ZDV�KLJKHU� LQ�VDPSOHV�
WDNHQ� IURP� ORZHU� VORSHV� WKDQ� XSSHU� VORSHV� DQG� WKLV� GLIIHUHQFH� RFFXUUHG� DW� DOO�
GHSWKV� ��� GHSWK� LQFUHPHQWV�� GRZQ� WR� D� GHSWK� RI� ��� FP�� $YHUDJHG� RYHU� WKH� ��
VDPSOLQJ�GHSWKV�G��1�ZDV������Å�KLJKHU�IURP�WKH�ORZHU�VORSH�VDPSOHV�WKDQ�WKH�
XSSHU�VORSH�VDPSOHV���
�
������ 'HSWK�LQ�WKH�VRLO�SURILOH�
,Q�JHQHUDO��G��1�LQFUHDVHV�ZLWK�VRLO�GHSWK�LQ�ERWK�QDWXUDO�DQG�PRGLILHG�HFRV\VWHPV�
�/HGJDUG�HW�DO���������+|JEHUJ��������+REELH�DQG�2XLPHWWH���������7KHUH�DUH�D�
QXPEHU�RI�PHFKDQLVPV�ZKLFK�FRQWULEXWH�WR�WKLV�SDWWHUQ��DOWKRXJK�PHFKDQLVPV�DUH�
QRW�IXOO\�XQGHUVWRRG���
�
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2QH�PHFKDQLVP� WKRXJKW� WR�FRQWULEXWH� WR� WKH� LQFUHDVH� LQ�G��1�ZLWK�GHSWK�� LV� WKDW�
IXUWKHU�GRZQ�WKH�SURILOH�RUJDQLF�PDWWHU�LV�JHQHUDOO\�ROGHU�DQG�KDV�XQGHUJRQH�PRUH�
ELRORJLFDO� WUDQVIRUPDWLRQV� �L�H�� PRUH� 1� F\FOLQJ�� DQG� WKHUHIRUH� KDV� KDG� PRUH�
RSSRUWXQLWLHV� IRU� LVRWRSLF� IUDFWLRQDWLRQ�DQG�1� ORVV� �%UHQQHU�HW�DO���������+REELH�
DQG� 2XLPHWWH�� ������� +RZHYHU�� +REELH� DQG� 2XLPHWWH� ������� H[SODLQ� WKDW� WKH�
HQULFKPHQW�IDFWRUV�REVHUYHG�LQ�UHODWLRQ�WR�GHFRPSRVLWLRQ�FDQQRW�IXOO\�DFFRXQW�IRU�
WKH�LQFUHDVH�LQ�G��1�ZLWK�GHSWK�LQ�PDQ\�VRLO�SURILOHV��$�VHFRQG�PHFKDQLVP�LV�WKDW�
SODQWV�JHQHUDOO\� WDNH�XS�1�ZKLFK� LV� VOLJKWO\�GHSOHWHG� LQ� ��1�UHODWLYH� WR� WKH�EXON�
VRLO� �GXH� WR� LVRWRSLF� IUDFWLRQDWLRQ� GXULQJ� PLQHUDOLVDWLRQ� DQG� SODQW� XSWDNH���
7KHUHIRUH� SODQW� PDWHULDO� LV� GHSOHWHG� LQ� ��1� UHODWLYH� WR� EXON� VRLO� 1�� DQG� WKLV�
PDWHULDO� LV� UHWXUQHG� WR� WKH� VRLO� VXUIDFH� YLD� OLWWHU� �+|JEHUJ�� ������� 0\FRUUKL]DO�
IXQJL�KDYH�EHHQ�VKRZQ�WR�DFFHQWXDWH�WKLV�SDWWHUQ�E\�VWURQJO\�IUDFWLRQDWLQJ�DJDLQVW�
��1� ZKHQ� 1� LV� WUDQVIHUUHG� IURP� IXQJL� WR� SODQWV� �+REELH� DQG� 2XLPHWWH�� ������
:DOODQGHU�HW�DO����������7KHUHIRUH����1�HQULFKHG�1�DFFXPXODWHV�LQ�IXQJL�DW�GHSWK��
ZKLOH�1�GHSOHWHG�LQ���1�DFFXPXODWHV�DW�WKH�VRLO�VXUIDFH�YLD�OLWWHU�IDOO��)XQJDO�W\SH�
LV� LPSRUWDQW��ZLWK� WKH� DYHUDJH�G��1�HQULFKPHQW� EHWZHHQ� VXUIDFH� VRLO� DQG� VRLO� DW�
a���� PP� GHSWK�� EHLQJ� WZLFH� DV� KLJK� LQ� HFWRP\FRUUKL]DO� V\VWHPV� FRPSDUHG� WR�
DUEXVFXODU�P\FRUUKL]DO�V\VWHPV��+REELH�DQG�2XLPHWWH���������
�
,Q� VRPH� VRLOV� �SDUWLFXODUO\� WKRVH� ZLWK� KLJK� 1� DYDLODELOLW\� DQG�RU� GRPLQDWHG� E\�
DUEXVFXODU� P\FRUUKL]DO� YHJHWDWLRQ�� PD[LPXP� G��1� FDQ� RFFXU� DW� LQWHUPHGLDWH�
GHSWK�� ZKLFK� PD\� EH� GXH� WR� ��1� HQULFKPHQW� RI� UHVLGXDO� QLWUDWH� GXULQJ�
GHQLWULILFDWLRQ�� DQG� WKHQ� LPPRELOLVDWLRQ� RI� WKLV� HQULFKHG� QLWUDWH� LQ� VRLO� RUJDQLF�
PDWWHU��+REELH�DQG�2XLPHWWH����������
��
������ 6XPPDU\�RI�HIIHFW�RI�QDWXUDO�IDFWRUV�RQ�G��1�
7KLV� VHFWLRQ� KDV� VKRZQ� WKDW� FOLPDWH�� VRLO� DJH�� SDUHQW� PDWHULDO� DQG� HYHQ� VXEWOH�
GLIIHUHQFHV� LQ� WRSRJUDSK\� FDQ� KDYH� D� ODUJH� LQIOXHQFH� RQ� VRLO� G��1� YDOXHV�� ,Q�
JHQHUDO� VRLO� DQG� SODQW�G��1�YDOXHV� GHFUHDVH�ZLWK� LQFUHDVLQJ�0$3�� DQG� LQFUHDVH�
ZLWK� LQFUHDVLQJ� 0$7� �$PXQGVRQ� HW� DO��� ������� 7KH� LQIOXHQFH� RI� FOLPDWH� LV�
WKRXJKW�WR�EH�D�NH\�GULYHU�RI�WKH�RQ�DYHUDJH�a��Å�KLJKHU�G��1�YDOXHV�LQ�WURSLFDO�
IRUHVW�VRLOV�FRPSDUHG�WR�WHPSHUDWH�IRUHVW�VRLOV��0DUWLQHOOL�HW�DO����������/DQGVFDSH�
SRVLWLRQ�ZLWKLQ�WKH�VDPH�ILHOG�KDV�EHHQ�VKRZQ�WR�DIIHFW�VRLO�G��1�E\�DV�PXFK�DV�
�����Å��.DUDPDQRV�HW�DO����������6RLOV�GLIIHULQJ�LQ�DJH�E\�DERXW��������\HDUV�KDG�
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G��1� YDOXHV� ZKLFK� GLIIHUHG� E\� �±�� Å� �0DUWLQHOOL� HW� DO��� ������� 6RLO� SDUHQW�
PDWHULDO�KDV�EHHQ�VKRZQ�WR�KDYH�QR�VLJQLILFDQW�HIIHFW��/HGJDUG�HW�DO����������RU�D�
ODUJH�HIIHFW� �a����Å��RQ� �VRLO�G��1��0DUWLQHOOL�HW�DO���������� ,Q�ERWK�QDWXUDO�DQG�
PDQDJHG�HFRV\VWHPV��G��1�JHQHUDOO\�LQFUHDVHV�ZLWK�GHSWK�LQ�WKH�VRLO�SURILOH��ZLWK�
GLIIHUHQFHV�!��Å�EHWZHHQ� WKH�VXUIDFH�VRLO�DQG�VXEVRLO�EHLQJ� UHODWLYHO\�FRPPRQ�
�+REELH�DQG�2XLPHWWH���������
�
7KH�SRWHQWLDOO\�ODUJH�LQIOXHQFH�RI�µQDWXUDO�IDFWRUV¶�RQ�VRLO�G��1��GHPRQVWUDWHV�WKDW�
ZKHQ�LQYHVWLJDWLQJ� WKH�HIIHFW�RI� ODQG�XVH�DQG�PDQDJHPHQW�RQ�VRLO�G��1��µQDWXUDO�
IDFWRUV¶�PXVW�EH�FRQVLGHUHG�GXULQJ�GHYHORSPHQW�RI� UHVHDUFK�TXHVWLRQV��VDPSOLQJ�
VWUDWHJLHV��DQG�GXULQJ�GDWD�LQWHUSUHWDWLRQ��
�
�
���� 7KH�HIIHFW�RI�ODQG�XVH�DQG�PDQDJHPHQW�RQ�VRLO�G��1��
7KHUH� DUH� QXPHURXV� ODQG� XVHV� DQG� PDQDJHPHQW� SUDFWLFHV� ZKLFK� FDQ� LQIOXHQFH�
SODQW� DQG� VRLO�G��1��7KLV� VHFWLRQ�ZLOO� EHJLQ�E\� ORRNLQJ� DW� EURDG�SDWWHUQV�RI� VRLO�
G��1� XQGHU� GLIIHUHQW� ODQG� XVHV�� DQG� ZLOO� WKHQ� GHOYH� LQWR� PRUH� GHWDLO� RQ� VRPH�
VSHFLILF�PDQDJHPHQW�SUDFWLFHV��ZLWK�SDUWLFXODU�HPSKDVLV�RQ�SUDFWLFHV� UHOHYDQW� WR�
SDVWRUDO�V\VWHPV��H�J��JUD]LQJ�DQG�IHUWLOLVHU�DSSOLFDWLRQ���
�
������ *HQHUDO�SDWWHUQV�RI�VRLO�G��1�XQGHU�GLIIHUHQW�ODQG�XVHV�
2QH�RI�WKH�HDUOLHU�VXUYH\V�RI�VRLO�G��1�XQGHU�D�QXPEHU�RI�GLIIHUHQW�ODQG�XVHV�ZDV�
FDUULHG�RXW�E\�6KHDUHU�HW�DO����������ZKR�DQDO\VHG�����VXUIDFH�VRLO�VDPSOHV����±
����PP�� IURP���� VWDWHV� LQ� WKH�8�6�$��7KH\� IRXQG� WKDW�G��1�UDQJHG� IURP�a�� WR�
a���Å�ZLWK�D�PHDQ�RI�����Å��EXW�WKHUH�ZDV�QR�FOHDU�GLIIHUHQFH�EHWZHHQ�VDPSOHV�
WDNHQ�IURP�XQGHU�FURSODQG��SDVWXUH��QDWLYH�KHUEV�RU�IRUHVW��7DEOH�������,Q�FRQWUDVW��
D�UHFHQW�DQDO\VLV�RI�����VXUIDFH�VRLOV���±����PP��IURP�WKURXJKRXW�1HZ�=HDODQG��
UHYHDOHG�FOHDU�GLIIHUHQFHV� LQ�G��1�EHWZHHQ� ODQG�XVHV��ZLWK�QDWLYH� IRUHVWV�KDYLQJ�
WKH� ORZHVW� YDOXHV� �����Å��� IROORZHG� E\� H[RWLF� SODQWDWLRQ� IRUHVWV� �����Å��� WKHQ�
SDVWXUHV�JUD]HG�E\�VKHHS�DQG�RU�EHHI�FDWWOH� �����Å���GDLU\�SDVWXUHV� �����Å��DQG�
ILQDOO\� FURSSLQJ� VRLOV� ����� Å�� �6WHYHQVRQ� HW� DO��� ������� 'LIIHUHQFHV� LQ� ��1�
EHWZHHQ� ODQG� XVHV� ZHUH� DWWULEXWHG� WR� GLIIHUHQFHV� LQ� PDQDJHPHQW� LQWHQVLW\� DQG�
LVRWRSH� IUDFWLRQDWLQJ� 1� ORVV� SURFHVVHV� �H�J�� DPPRQLD� YRODWLOLVDWLRQ� DQG�
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QLWULILFDWLRQ� IROORZHG� E\� GHQLWULILFDWLRQ� RU� QLWUDWH� OHDFKLQJ��� ZKLFK� W\SLFDOO\�
LQFUHDVH�IURP�LQGLJHQRXV�IRUHVWV�WKURXJK�WR�FURSSHG�ODQG��6WHYHQVRQ�HW�DO����������
7KH�DYHUDJH�YDOXHV�IRU�SDVWRUDO�VRLOV�ZDV�����Å��ZKLFK� LV�KLJKHU� WKDQ� WKH�PHDQ�
YDOXH�RI�����Å��UDQJH�±����WR�����Å��UHSRUWHG�E\�6WHHOH�DQG�:LOVRQ���������IRU�
��� VXUIDFH� VRLO� VDPSOHV� ��±��� PP�� IURP� LPSURYHG� SDVWXUHV� WKURXJKRXW� 1HZ�
=HDODQG��7KLV�GLIIHUHQFH�PD\�VLPSO\�EH�GXH�WR�D�GLIIHUHQW�GLVWULEXWLRQ�RI�VDPSOH�
VLWHV�� RU� WKH� VOLJKWO\� VKDOORZHU� VDPSOLQJ� GHSWK� RI� 6WHHOH� DQG�:LOVRQ�� EXW� FRXOG�
KDYH�DOVR�EHHQ�FDXVHG�E\���1�HQULFKPHQW�ZLWK�WLPH��WKH�6WHYHQVRQ�HW�DO��VDPSOHV�
ZHUH�WDNHQ���±���\HDUV�DIWHU�WKRVH�RI�6WHHOH�DQG�:LOVRQ���
�
$�QXPEHU�RI�VWXGLHV�KDYH�ORRNHG�DW�VRLO� ��1�XQGHU�IRUHVW�DQG�FURSODQG��DQG�D�IHZ�
VWXGLHV� KDYH� FRPSDUHG� IRUHVWV� DQG� JUDVVODQGV�SDVWXUHV�� RU� JUDVVODQGV� DQG�
FXOWLYDWHG�ODQG��6XUIDFH�VRLO� ��1�YDOXHV�IURP�D�QXPEHU�RI�VWXGLHV�DUH�VXPPDULVHG�
LQ��7DEOH�������,Q�JHQHUDO��VRLO� ��1�YDOXHV�ZHUH�KLJKHU�XQGHU�FURSSLQJ�ODQG�WKDQ�
IRUHVWV� �H�J�� /HPHQLK� HW� DO��� ������ $ZLWL� HW� DO��� ������ /ORUHQWH� HW� DO��� ������
6WHYHQVRQ� HW� DO��� �������6RPH� VWXGLHV� IRXQG�KLJKHU� VRLO� ��1� LQ�JUDVVODQGV� WKDQ�
IRUHVWV� �3RFHZLF]� HW� DO��� ������ 6WHYHQVRQ� HW� DO��� ������� VRPH� QR� GLIIHUHQFH�
�3LFFROR� HW� DO��� ������ (VKHWX� DQG� +|JEHUJ�� ������� DQG� VRPH� ORZHU� ��1� XQGHU�
JUDVVODQGV� �3LFFROR� HW� DO��� ����D�� 3LFFROR� HW� DO��� ������� 7KHUH� ZDV� HLWKHU� QR�
GLIIHUHQFH�LQ�VRLO� ��1�EHWZHHQ�JUDVVODQGV�DQG�FXOWLYDWHG�VLWHV��.DUDPDQRV�HW�DO���
������7LHVVHQ�HW�DO����������RU�FXOWLYDWHG�VLWHV�KDG�KLJKHU� ��1��6HOOHV�HW�DO���������
6WHYHQVRQ�HW�DO�����������
�
7KH� WHQGHQF\� IRU� FURSSHG� VRLOV� WR� KDYH� KLJKHU� ��1� WKDQ� IRUHVWV� RU� JUDVVODQGV�
FRXOG� EH� EHFDXVH� FXOWLYDWLRQ� JHQHUDOO\� FDXVHV� D� ORVV� RI� VRLO� RUJDQLF� PDWWHU�
�LQFOXGLQJ�RUJDQLF�1��� DQG� ��1�LV�SUHIHUHQWLDOO\�SURFHVVHG�GXULQJ�PLQHUDOLVDWLRQ��
DQG� LV� WKHUHIRUH� PRUH� OLNHO\� WR� EH� ORVW� IURP� WKH� VRLO� �H�J�� E\� OHDFKLQJ� RU�
GHQLWULILFDWLRQ��� )HUWLOLVDWLRQ� RI� FURSSLQJ� VRLOV� ZLWK� RUJDQLF� �L�H�� PDQXUH�� RU�
V\QWKHWLF�1�IHUWLOLVHUV�FRXOG�DOVR�FRQWULEXWH�WR���1�HQULFKPHQW��2UJDQLF�IHUWLOLVHUV�
DUH�XVXDOO\�HQULFKHG�ZLWK� ��1�UHODWLYH� WR� WKH� VRLO� �:DW]ND� HW�DO���������%DWHPDQ�
DQG�.HOO\���������DQG�FRXOG�WKHUHIRUH�GLUHFWO\�FDXVH�DQ�LQFUHDVH�LQ� ��1��ZKLOH�WKH�
DGGHG�1� LQ� RUJDQLF� RU� V\QWKHWLF� IHUWLOLVHU�ZRXOG� FDXVH� LQFUHDVHG�1� F\FOLQJ� DQG�
ORVVHV��DQG�WKXV�RSSRUWXQLWLHV�IRU�LVRWRSLF�IUDFWLRQDWLRQ��7KH�HIIHFW�RI�IHUWLOLVHU�RQ�
VRLO� ��1�LV�GLVFXVVHG�IXUWKHU�LQ�VHFWLRQ��������&XOWLYDWLRQ�RI�OHJXPHV�ZRXOG�DOVR�
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LQFUHDVH�1�LQSXWV�YLD�V\PELRWLF�1�IL[DWLRQ��DQG�SRWHQWLDOO\�LVRWRSH�IUDFWLRQDWLQJ�1�
ORVVHV��WKXV���1�HQULFKPHQW�RI�WKH�VRLO���DOWKRXJK�*XEVFK�HW�DO���������IRXQG�WKDW�
VRLO� ��1� GHFUHDVHG� VLJQLILFDQWO\� PRUH� LQ� SORWV� ZLWK� OHJXPHV� UHODWLYH� WR� SORWV�
ZLWKRXW�OHJXPHV��SUHVXPDEO\�GXH�WR�LPPRELOLVDWLRQ�RI�IL[HG�1��ZLWK�ORZ� ��1��LQ�
WKH� VRLO�� 7KH� KDUYHVW� DQG� H[SRUW� RI� SODQW� ELRPDVV� FRXOG� FRQWULEXWH� WR� ��1�
HQULFKPHQW�RI�VRLO�EHFDXVH�SODQWV�DOPRVW�DOZD\V�KDYH�ORZHU� ��1�WKDQ�XQGHUO\LQJ�
VRLOV� �VHH� VHFWLRQ� ������ +LJKHU� VRLO� ��1� LQ� VRPH� SDVWXUHV� FRPSDUHG� WR� IRUHVWV�
�3RFHZLF]� HW� DO��� ������ 6WHYHQVRQ� HW� DO��� ������ ZDV� DWWULEXWHG� WR� LQFUHDVHG� 1�
LQSXWV�DQG�LVRWRSLF�IUDFWLRQDWLQJ�1�ORVVHV��ZKLOH�GHFUHDVHV�LQ�VRPH�SDVWXUHV�ZHUH�
DWWULEXWHG�WR�DFFXPXODWLRQ�RI�IL[HG�1�ZLWK�ORZ� ��1�YDOXHV��3LFFROR�HW�DO�����������
�
�
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� /LWHUDWXUH�UHYLHZ�� &KDSWHU���
�
��

������ 7KH�LQIOXHQFH�RI�JUD]LQJ�RQ�VRLO�G��1�
*UD]LQJ�FDQ�LQIOXHQFH�VRLO��DQG�SODQW��G��1�LQ�QXPHURXV�GLUHFW�DQG�LQGLUHFW�ZD\V��
7KH� IROORZLQJ� VHFWLRQ� ����������GLVFXVVHV� WKH�PHFKDQLVPV�E\�ZKLFK�JUD]LQJ�FDQ�
LQIOXHQFH�VRLO�G��1��7KLV�ZLOO�EH�IROORZHG�E\�D�VHFWLRQ�����������VXPPDULVLQJ�DQG�
GLVFXVVLQJ�UHVXOWV�IURP�D�QXPEHU�RI�JUD]LQJ�WULDOV�ZKHUH�VRLO�G��1�ZDV�PHDVXUHG���
�
�������� :D\V�WKDW�JUD]LQJ�FDQ�DIIHFW�VRLO�G��1��
6RLO�G��1�LQ�JUD]HG�V\VWHPV��DV�IRU�DQ\�HFRV\VWHP��LV�XOWLPDWHO\�GHWHUPLQHG�E\�WKH�
EDODQFH�EHWZHHQ�WKH�PDVV�DQG�LVRWRSLF�FRPSRVLWLRQ�RI�1�LQSXWV��DQG�1�ORVVHV��)LJ��
����VKRZV�DQ�DQQXDO�1�EDODQFH�IRU�D�µW\SLFDO¶�1HZ�=HDODQG�GDLU\�IDUP��DORQJ�ZLWK�
WKH� LVRWRSLF� VLJQDWXUH� RI� WKH� GLIIHUHQW� 1� IOX[HV� DQG� SRROV� HVWLPDWHG� IURP� WKH�
OLWHUDWXUH�� 7KH� PDLQ� 1� LQSXWV� WR� JUD]HG� V\VWHPV� DUH� 1� IL[DWLRQ� �XVXDOO\� LQ�
DVVRFLDWLRQ�ZLWK� OHJXPHV��� DWPRVSKHULF� GHSRVLWLRQ�� IHUWLOLVHU�� DQG� LQ� VRPH� FDVHV�
LPSRUWHG� IHHG� �)LJ�� ������ $WPRVSKHULF� GHSRVLWLRQ�� 1� IL[DWLRQ� DQG� V\QWKHWLF�
IHUWLOLVHU�1�JHQHUDOO\�KDYH�G��1�YDOXHV� VLPLODU� WR� WKH�DWPRVSKHUH� �a��Å���ZKLOH�
RUJDQLF� IHUWLOLVHUV� DQG� LPSRUWHG� IHHG� FDQ� KDYH� KLJKHU� YDOXHV�� 0DPPDOLDQ�
KHUELYRUH�WLVVXHV��H�J��PHDW��EORRG���ILEUHV��H�J��ZRRO��KDLU��DQG�PLON�DUH�JHQHUDOO\�
HQULFKHG� ZLWK� ��1� UHODWLYH� WR� GLHW� DQG� 1� LQSXWV� �6WHHOH� DQG� 'DQLHO�� ������
6SRQKHLPHU�HW�DO���������&KHQJ�HW�DO���������:LWWPHU�HW�DO����������DQG�WKHUHIRUH�
QHW� H[SRUW� RI� DQ\� RI� WKHVH� SURGXFWV� IURP� D� V\VWHP�ZLOO� FDXVH� ��1� GHSOHWLRQ� RI�
UHPDLQLQJ�HFRV\VWHP�FRPSRQHQWV��+RZHYHU��SURGXFW� H[SRUW� LV�RIWHQ�D� UHODWLYHO\�
VPDOO� FRPSRQHQW� RI� WRWDO� 1� ORVVHV� IURP� JUDVVODQG� V\VWHPV� �SDUWLFXODUO\� QDWXUDO�
V\VWHPV�RU�WKRVH�SURGXFLQJ�PHDW�DQG�ILEUH���DQG�WKHUHIRUH�RWKHU�1�ORVV�SDWKZD\V�
DUH�DOVR�LPSRUWDQW�IRU�WKH���1�DQG�WRWDO�1�EDODQFH��)LJ���������
�
,Q�JUD]HG�JUDVVODQGV��D�ODUJH�SRUWLRQ����±�����RI�LQJHVWHG�1�LV�F\FOHG�EDFN�WR�WKH�
HFRV\VWHP�YLD�GXQJ�DQG�XULQH��)LJ������� �&DVWLOOR� HW�DO���������'L�DQG�&DPHURQ��
������3RZHOO� HW�DO��� �������7KLV�KLJK� UDWH�RI� LQWHUQDO�1�F\FOLQJ� WKURXJK�JUD]LQJ�
UXPLQDQWV� SURYLGHV� QXPHURXV� RSSRUWXQLWLHV� IRU� LVRWRSLF� IUDFWLRQDWLRQ�� DQG�
SRWHQWLDOO\���1�HQULFKPHQW�RI�VRLO��EHFDXVH�D�ODUJH�SURSRUWLRQ�RI�WKH�1�ORVW�IURP�
JUD]HG� JUDVVODQGV� LV� ORVW� IURP� SDWFKHV� RI� DQLPDO� H[FUHWD� �SDUWLFXODUO\� XULQH��
�+D\QHV� DQG�:LOOLDPV�� ������/HGJDUG�� ������'L� DQG�&DPHURQ�� ������6DJJDU� HW�
DO��� ������ 'L� DQG� &DPHURQ�� ������� +LJK� 1� ORVVHV� IURP� DQLPDO� H[FUHWD� RFFXUV�
EHFDXVH�JUD]HUV�IRUDJH�RYHU�D�ODUJH�DUHD��EXW�GHSRVLWLRQ�RI�GXQJ�DQG�XULQH�RFFXUV�



&KDSWHU���

)LJ�������$YHUDJH�DQQXDO�QLWURJHQ�IOX[HV��NJ�KD
IURP� /HGJDUG
HVWLPDWHG�IURP�WKH�OLWHUDWXUH��VHH�IRRWQRWHV�EHORZ���7KH�VRLO��RU�HFRV\VWHP��
RI�D�JLYHQ�SHULRG�RI�WLPH�FDQ�EH�GHWHUPLQHG�XVLQJ�WKH�IROORZLQJ�HTXDWLRQ��
G��1VRLOBVWDUW���� �1
G��1JDV��������1
RU�IOX[HV�LV�FDXVHG�E\�LVRWRSLF�IUDFWLRQDWLRQ��DQG�WKH�UDQJH�RI�PHDVXUHG�IUDFWLRQDWLRQ�IDFWRUV�IRU�D�
QXPEHU�RI�1�F\FOH�SURFHVVHV�DUH�SUHVHQWHG�LQ�

D�$YHUDJH�YDOXH�IURP�IRXU�VWXGLHV�XVLQJ�ZKLWH�FORYHU�JURZQ�K\GURSRQLFDOO\�
E�8UHD�IHUWLOLVHU�
F�)UDQN�HW�DO�
G�%DVHG�RQ�6WHHOH
SDVWXUH��SURGXFW�H[SRUW�IURP�GDLU\�IDUPV�LV�PRVWO\�PLON��ZLWK�D�VPDOO�DPRXQW�RI�PHDW���
H�:HLJKWHG�DYHUDJH�
I�%DVHG�RQ�QLWUDWH�LQ�VWUHDP�ZDWHU�GUDLQLQJ�SUHGRPLQDQWO\�SDVWRUDO�DUHDV�LQ�1HZ�
�&ORXJK�
KLJKHU�G��
JURXQGZDWHU�YLD�GHQLWULILFDWLRQ��
J�6WHYHQVRQ
K�3DVWXUH�
L�8ULQH�G��
EDVHG�RQ�
-�%DVHG�RQ�

�
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$YHUDJH�DQQXDO�QLWURJHQ�IOX[HV��NJ�KD
IURP� /HGJDUG� HW� DO��� �����
HVWLPDWHG�IURP�WKH�OLWHUDWXUH��VHH�IRRWQRWHV�EHORZ���7KH�VRLO��RU�HFRV\VWHP��
RI�D�JLYHQ�SHULRG�RI�WLPH�FDQ�EH�GHWHUPLQHG�XVLQJ�WKH�IROORZLQJ�HTXDWLRQ��

���� �1IL[
�G��1
��������1VWDUW���1IL[���

RU�IOX[HV�LV�FDXVHG�E\�LVRWRSLF�IUDFWLRQDWLRQ��DQG�WKH�UDQJH�RI�PHDVXUHG�IUDFWLRQDWLRQ�IDFWRUV�IRU�D�
QXPEHU�RI�1�F\FOH�SURFHVVHV�DUH�SUHVHQWHG�LQ�

$YHUDJH�YDOXH�IURP�IRXU�VWXGLHV�XVLQJ�ZKLWH�FORYHU�JURZQ�K\GURSRQLFDOO\�
8UHD�IHUWLOLVHU��6WHYHQVRQ

HW�DO���������DQG�
%DVHG�RQ�6WHHOH�HW�DO�
SDVWXUH��SURGXFW�H[SRUW�IURP�GDLU\�IDUPV�LV�PRVWO\�PLON��ZLWK�D�VPDOO�DPRXQW�RI�PHDW���
:HLJKWHG�DYHUDJH�DVVXPLQJ�����RI�H[FUHWHG�1�LV�LQ�XULQH�DQG�����LQ�GXQJ�
%DVHG�RQ�QLWUDWH�LQ�VWUHDP�ZDWHU�GUDLQLQJ�SUHGRPLQDQWO\�SDVWRUDO�DUHDV�LQ�1HZ�

�HW�DO����������1�:HOOV�SHUV��FRPP��-XO\������
��1�WKDQ�ZKHQ�OHDYLQJ�WKH�VRLO�SURILOH�GXH�WR�

JURXQGZDWHU�YLD�GHQLWULILFDWLRQ��
6WHYHQVRQ�HW�DO��������
3DVWXUH�G��1�����Å�ORZHU�WKDQ�VRLO�

G��1�����Å�ORZHU�WKDQ�SDVWXUH�
EDVHG�RQ�6WHHOH�HW�DO��������
%DVHG�RQ�6WHHOH�HW�DO�

�

�

$YHUDJH�DQQXDO�QLWURJHQ�IOX[HV��NJ�KD
�� ������� $OVR� VKRZQ� DUH�

HVWLPDWHG�IURP�WKH�OLWHUDWXUH��VHH�IRRWQRWHV�EHORZ���7KH�VRLO��RU�HFRV\VWHP��
RI�D�JLYHQ�SHULRG�RI�WLPH�FDQ�EH�GHWHUPLQHG�XVLQJ�WKH�IROORZLQJ�HTXDWLRQ��

1IL[���� �1IHUW
�G
��1IHUW��±��1SURG

RU�IOX[HV�LV�FDXVHG�E\�LVRWRSLF�IUDFWLRQDWLRQ��DQG�WKH�UDQJH�RI�PHDVXUHG�IUDFWLRQDWLRQ�IDFWRUV�IRU�D�
QXPEHU�RI�1�F\FOH�SURFHVVHV�DUH�SUHVHQWHG�LQ�

$YHUDJH�YDOXH�IURP�IRXU�VWXGLHV�XVLQJ�ZKLWH�FORYHU�JURZQ�K\GURSRQLFDOO\�
�6WHYHQVRQ�HW�DO���������&ORXJK

DQG�+RXOWRQ�DQG�%DL
HW�DO���������DQG�&KHQJ�

SDVWXUH��SURGXFW�H[SRUW�IURP�GDLU\�IDUPV�LV�PRVWO\�PLON��ZLWK�D�VPDOO�DPRXQW�RI�PHDW���
DVVXPLQJ�����RI�H[FUHWHG�1�LV�LQ�XULQH�DQG�����LQ�GXQJ�

%DVHG�RQ�QLWUDWH�LQ�VWUHDP�ZDWHU�GUDLQLQJ�SUHGRPLQDQWO\�SDVWRUDO�DUHDV�LQ�1HZ�
���������1�:HOOV�SHUV��FRPP��-XO\������

1�WKDQ�ZKHQ�OHDYLQJ�WKH�VRLO�SURILOH�GXH�WR�
JURXQGZDWHU�YLD�GHQLWULILFDWLRQ���

��������
Å�ORZHU�WKDQ�VRLO�
ORZHU�WKDQ�SDVWXUH�
�������DQG�&KHQJ�

HW�DO���������ZKHUH�EORRG�ZDV
� �

� /LWHUDWXUH�

$YHUDJH�DQQXDO�QLWURJHQ�IOX[HV��NJ�KD±���LQ�D�1HZ�=HDODQG�GDLU\�IDUP�V\VWHP�
�� $OVR� VKRZQ� DUH� G��1� YDOXHV� IRU� WKH� GLIIHUHQW� 1� IOX[HV� DQG� SRROV�

HVWLPDWHG�IURP�WKH�OLWHUDWXUH��VHH�IRRWQRWHV�EHORZ���7KH�VRLO��RU�HFRV\VWHP��
RI�D�JLYHQ�SHULRG�RI�WLPH�FDQ�EH�GHWHUPLQHG�XVLQJ�WKH�IROORZLQJ�HTXDWLRQ��

G��1IHUW���±� ��1
SURG���1OHDFK���1

RU�IOX[HV�LV�FDXVHG�E\�LVRWRSLF�IUDFWLRQDWLRQ��DQG�WKH�UDQJH�RI�PHDVXUHG�IUDFWLRQDWLRQ�IDFWRUV�IRU�D�
QXPEHU�RI�1�F\FOH�SURFHVVHV�DUH�SUHVHQWHG�LQ�7DEOH����

$YHUDJH�YDOXH�IURP�IRXU�VWXGLHV�XVLQJ�ZKLWH�FORYHU�JURZQ�K\GURSRQLFDOO\�
��������&ORXJK�HW�DO�

+RXOWRQ�DQG�%DL��������
DQG�&KHQJ�HW�DO��������

SDVWXUH��SURGXFW�H[SRUW�IURP�GDLU\�IDUPV�LV�PRVWO\�PLON��ZLWK�D�VPDOO�DPRXQW�RI�PHDW���
DVVXPLQJ�����RI�H[FUHWHG�1�LV�LQ�XULQH�DQG�����LQ�GXQJ�

%DVHG�RQ�QLWUDWH�LQ�VWUHDP�ZDWHU�GUDLQLQJ�SUHGRPLQDQWO\�SDVWRUDO�DUHDV�LQ�1HZ�
���������1�:HOOV�SHUV��FRPP��-XO\������

1�WKDQ�ZKHQ�OHDYLQJ�WKH�VRLO�SURILOH�GXH�WR�

Å�ORZHU�WKDQ�VRLO�G��1��EDVHG�RQ�&KDSWHU���DQG�3��0XGJH�XQSXEOLVKHG�GDWD�
ORZHU�WKDQ�SDVWXUH�G��1�DQG�GXQJ�

DQG�&KHQJ�HW�DO��������
ZKHUH�EORRG�ZDV�a��

/LWHUDWXUH�UHYLHZ�

LQ�D�1HZ�=HDODQG�GDLU\�IDUP�V\VWHP�
1� YDOXHV� IRU� WKH� GLIIHUHQW� 1� IOX[HV� DQG� SRROV�

HVWLPDWHG�IURP�WKH�OLWHUDWXUH��VHH�IRRWQRWHV�EHORZ���7KH�VRLO��RU�HFRV\VWHP��
RI�D�JLYHQ�SHULRG�RI�WLPH�FDQ�EH�GHWHUPLQHG�XVLQJ�WKH�IROORZLQJ�HTXDWLRQ��

��1SURG�
�G��1SURG

��1JDV����7KH�GLIIHUHQFH�LQ�
RU�IOX[HV�LV�FDXVHG�E\�LVRWRSLF�IUDFWLRQDWLRQ��DQG�WKH�UDQJH�RI�PHDVXUHG�IUDFWLRQDWLRQ�IDFWRUV�IRU�D�

�����
$YHUDJH�YDOXH�IURP�IRXU�VWXGLHV�XVLQJ�ZKLWH�FORYHU�JURZQ�K\GURSRQLFDOO\�

HW�DO����������
��
��������PLON�LV�HQULFKHG�E\�

SDVWXUH��SURGXFW�H[SRUW�IURP�GDLU\�IDUPV�LV�PRVWO\�PLON��ZLWK�D�VPDOO�DPRXQW�RI�PHDW���
DVVXPLQJ�����RI�H[FUHWHG�1�LV�LQ�XULQH�DQG�����LQ�GXQJ�

%DVHG�RQ�QLWUDWH�LQ�VWUHDP�ZDWHU�GUDLQLQJ�SUHGRPLQDQWO\�SDVWRUDO�DUHDV�LQ�1HZ�
���������1�:HOOV�SHUV��FRPP��-XO\��������1LWUDWH�LQ�VWUHDP�ZDWHU�PD\�KDYH�KDG�

1�WKDQ�ZKHQ�OHDYLQJ�WKH�VRLO�SURILOH�GXH�WR���1�HQULFKPHQW�LQ�WKH�YDGR]H�]RQH�DQG�

1��EDVHG�RQ�&KDSWHU���DQG�3��0XGJH�XQSXEOLVKHG�GDWD�
1�DQG�GXQJ�G��1�����

��������
a��Å�KLJKHU�WKDQ�SDVWXUH�

�

LQ�D�1HZ�=HDODQG�GDLU\�IDUP�V\VWHP�
1� YDOXHV� IRU� WKH� GLIIHUHQW� 1� IOX[HV� DQG� SRROV�

HVWLPDWHG�IURP�WKH�OLWHUDWXUH��VHH�IRRWQRWHV�EHORZ���7KH�VRLO��RU�HFRV\VWHP��G��
RI�D�JLYHQ�SHULRG�RI�WLPH�FDQ�EH�GHWHUPLQHG�XVLQJ�WKH�IROORZLQJ�HTXDWLRQ��G��

SURG���� �1OHDFK�
�
7KH�GLIIHUHQFH�LQ�G��

RU�IOX[HV�LV�FDXVHG�E\�LVRWRSLF�IUDFWLRQDWLRQ��DQG�WKH�UDQJH�RI�PHDVXUHG�IUDFWLRQDWLRQ�IDFWRUV�IRU�D�

$YHUDJH�YDOXH�IURP�IRXU�VWXGLHV�XVLQJ�ZKLWH�FORYHU�JURZQ�K\GURSRQLFDOO\��/HGJDUG�������

��PLON�LV�HQULFKHG�E\���Å
SDVWXUH��SURGXFW�H[SRUW�IURP�GDLU\�IDUPV�LV�PRVWO\�PLON��ZLWK�D�VPDOO�DPRXQW�RI�PHDW���

DVVXPLQJ�����RI�H[FUHWHG�1�LV�LQ�XULQH�DQG�����LQ�GXQJ�
%DVHG�RQ�QLWUDWH�LQ�VWUHDP�ZDWHU�GUDLQLQJ�SUHGRPLQDQWO\�SDVWRUDO�DUHDV�LQ�1HZ�

��1LWUDWH�LQ�VWUHDP�ZDWHU�PD\�KDYH�KDG�
1�HQULFKPHQW�LQ�WKH�YDGR]H�]RQH�DQG�

1��EDVHG�RQ�&KDSWHU���DQG�3��0XGJH�XQSXEOLVKHG�GDWD�
1�����Å�KLJKHU�WKDQ�SDVWXUH�

KLJKHU�WKDQ�SDVWXUH��

�

LQ�D�1HZ�=HDODQG�GDLU\�IDUP�V\VWHP��VLPSOLILHG�
1� YDOXHV� IRU� WKH� GLIIHUHQW� 1� IOX[HV� DQG� SRROV�

��1�YDOXH�DW�WKH�HQG�
��1HQG� ����1VRLO


�G��1OHDFK���� �1
��1�EHWZHHQ�1�SRROV�

RU�IOX[HV�LV�FDXVHG�E\�LVRWRSLF�IUDFWLRQDWLRQ��DQG�WKH�UDQJH�RI�PHDVXUHG�IUDFWLRQDWLRQ�IDFWRUV�IRU�D�

�/HGJDUG�������

��Å�UHODWLYH�WR�
SDVWXUH��SURGXFW�H[SRUW�IURP�GDLU\�IDUPV�LV�PRVWO\�PLON��ZLWK�D�VPDOO�DPRXQW�RI�PHDW����

DVVXPLQJ�����RI�H[FUHWHG�1�LV�LQ�XULQH�DQG�����LQ�GXQJ��
%DVHG�RQ�QLWUDWH�LQ�VWUHDP�ZDWHU�GUDLQLQJ�SUHGRPLQDQWO\�SDVWRUDO�DUHDV�LQ�1HZ�=HDODQG�

��1LWUDWH�LQ�VWUHDP�ZDWHU�PD\�KDYH�KDG�
1�HQULFKPHQW�LQ�WKH�YDGR]H�]RQH�DQG�

1��EDVHG�RQ�&KDSWHU���DQG�3��0XGJH�XQSXEOLVKHG�GDWD�
KLJKHU�WKDQ�SDVWXUH�G��1��

� ���

�
�VLPSOLILHG�

1� YDOXHV� IRU� WKH� GLIIHUHQW� 1� IOX[HV� DQG� SRROV�
1�YDOXH�DW�WKH�HQG�

VRLOBVWDUW�
�
���� �1JDV�
�

EHWZHHQ�1�SRROV�
RU�IOX[HV�LV�FDXVHG�E\�LVRWRSLF�IUDFWLRQDWLRQ��DQG�WKH�UDQJH�RI�PHDVXUHG�IUDFWLRQDWLRQ�IDFWRUV�IRU�D�

�/HGJDUG���������

UHODWLYH�WR�

��1LWUDWH�LQ�VWUHDP�ZDWHU�PD\�KDYH�KDG�
1�HQULFKPHQW�LQ�WKH�YDGR]H�]RQH�DQG�

1��EDVHG�RQ�&KDSWHU���DQG�3��0XGJH�XQSXEOLVKHG�GDWD��
1��



� /LWHUDWXUH�UHYLHZ�� &KDSWHU���
�
��

�LQ�VPDOO�SDWFKHV�ZKHUH�1�ORDGLQJ�UDWHV�DUH�YHU\�KLJK��H�J��XS�WR������NJ�KD±��IRU�
FDWWOH�XULQH�SDWFKHV�� �+D\QHV�DQG�:LOOLDPV���������)XUWKHUPRUH��GXQJ�DQG�XULQH�
SDWFKHV�DUH�QRW�VSUHDG�XQLIRUPO\�DFURVV�DQ�HFRV\VWHP��ZLWK�ODUJHU�FRQFHQWUDWLRQV�
LQ� FDPSVLWHV� ZKHUH� DQLPDOV� UHVW�� DQG� LQ� PDQDJHG� V\VWHPV� H[FUHWD� FDQ� DOVR� EH�
WUDQVIHUUHG� IURP� JUD]HG� DUHDV� WR� UDFHZD\V�� PLONLQJ� VKHGV� RU� KRXVLQJ� IDFLOLWLHV�
�+D\QHV�DQG�:LOOLDPV���������%HFDXVH�SODQWV�DUH�W\SLFDOO\�GHSOHWHG�LQ���1�UHODWLYH�
WR� VRLOV� �VHH� VHFWLRQ� ������ KDUYHVW� IURP� ZLWKLQ� WKH� JUD]HG� DUHD� DQG� GHSRVLWLRQ�
HOVHZKHUH�FRXOG�JUDGXDOO\�OHDG�WR���1�HQULFKPHQW�RI�VRLO�1�LQ�WKH�JUD]HG�DUHD��,W�
PLJKW� WKHUHIRUH� EH� H[SHFWHG� WKDW� FDPSVLWH� VRLOV� ZRXOG� KDYH� ORZHU� G��1� GXH� WR�
ODUJH� LQSXWV� RI� H[FUHWD� GHSOHWHG� LQ� ��1� UHODWLYH� WR� WKH� VRLO�� +RZHYHU�� +DZNH�
�������IRXQG�KLJKHU�VRLO�G��1��LQ�VKHHS�FDPSVLWHV��ZKLFK�ZDV�DWWULEXWHG�WR�KLJK�1�
ORDGLQJ� UDWHV� DW� FDPSVLWHV� OHDGLQJ� WR� KLJK� LVRWRSH� IUDFWLRQDWLQJ�1� ORVVHV��ZKLFK�
PXVW�KDYH�RIIVHW�DQ\�GLOXWLRQ�HIIHFW�IURP�GHSRVLWLRQ�RI�H[FUHWD�ZLWK�ORZ�G��1��
�
,VRWRSLF�IUDFWLRQDWLRQ�GXULQJ�GLJHVWLRQ�DQG�H[FUHWLRQ�SURFHVVHV�PHDQV�WKDW�GXQJ�LV�
HQULFKHG�LQ���1�UHODWLYH�WR�GLHW��ZKLOH�XULQH�LV�GHSOHWHG�LQ���1��6WHHOH�DQG�'DQLHO��
������&KHQJ�HW�DO����������)LJ��������*HQHUDOO\�PRUH�1�LV�SDUWLWLRQHG�WR�XULQH�WKDQ�
GXQJ��DQG�XULQDU\�1�LV�PRUH�UHDGLO\�ORVW�YLD�OHDFKLQJ�DQG�JDVHRXV�SDWKZD\V�WKDQ�
GXQJ� 1� �+D\QHV� DQG� :LOOLDPV�� ������ &DVWLOOR� HW� DO��� ������ /HGJDUG�� ������
0RQDJKDQ�HW�DO����������7KHUHIRUH�SUHIHUHQWLDO�ORVV�RI�ODUJH�DPRXQWV�RI�XULQDU\�1�
UHODWLYH�WR�GXQJ�1�FRXOG�IDFLOLWDWH�HQULFKPHQW�RI�VRLO�1��DQG�WKLV�HIIHFW�FRXOG�EH�
IXUWKHU�DFFHQWXDWHG�EHFDXVH�QRW�DOO�XULQDU\�1�ZRXOG�EH�ORVW��DQG�WKH�1�UHWDLQHG�LQ�
WKH�VRLO�ZRXOG�EH�HQULFKHG�UHODWLYH�WR�WKH�1�ORVW��)UDQN�HW�DO����������,Q�JHQHUDO�LW�
DSSHDUV�WKDW�OHDFKHG�1�LV�VOLJKWO\�GHSOHWHG�LQ���1�UHODWLYH�WR�WKH�VRLO��+RXOWRQ�DQG�
%DL�� ������%LOO\� HW� DO��� ������&ORXJK� HW� DO��� ������.RED� HW� DO��� ������� EXW� WKHUH�
KDYH�EHHQ�IHZ�PHDVXUHPHQWV��SDUWLFXODUO\�LQ�JUD]HG�SDVWRUDO�V\VWHPV��0HDVXULQJ�
G��1�LQ�OHDFKDWH�IURP�SDVWRUDO�V\VWHPV��DQG�SDUWLFXODUO\�OHDFKHG�1�DVVRFLDWHG�ZLWK�
XULQH�SDWFKHV�LV�DQ�DUHD�ZKLFK�ZDUUDQWV�IXUWKHU�UHVHDUFK��
�
([FUHWD�UHWXUQV�FRPELQHG�ZLWK�WKH�SK\VLFDO�DFWLRQ�RI�JUD]LQJ�DQG�DQLPDO�WUHDGLQJ�
FDQ� DOVR� DIIHFW� SDVWXUH� VSHFLHV� FRPSRVLWLRQ� DQG� VRLO� SURSHUWLHV� �0HQQHHU� HW� DO���
����D���ZKLFK�FRXOG�LQ�WXUQ�LQIOXHQFH�VRLO�G��1��)RU�H[DPSOH��JUD]LQJ�GXULQJ�ZHW�
SHULRGV� FDQ� OHDG� WR� VRLO� SXJJLQJ� �GHIRUPDWLRQ�RI� VRLO� E\� DQLPDO� KRRYHV���ZKLFK�
KDV�EHHQ�VKRZQ�WR�LQFUHDVH�GHQLWULILFDWLRQ��0HQQHHU�HW�DO����������'HQLWULILFDWLRQ�



&KDSWHU��� /LWHUDWXUH�UHYLHZ� ���

FDQ�OHDG�WR�VWURQJ�LVRWRSLF�IUDFWLRQDWLRQ��5RELQVRQ���������DQG�WKHUHIRUH�SXJJLQJ�
FRXOG� OHDG� WR� DQ� LQFUHDVH� LQ� VRLO� G��1�� *UD]LQJ� FDQ� DOVR� LQIOXHQFH� OHJXPH�
DEXQGDQFH�DQG�1� IL[DWLRQ�� DQG� WKHUHIRUH� WKH�PDJQLWXGH�RI�1� LQSXWV� WR�D� V\VWHP�
�0HQQHHU�HW�DO�������D����
�
�������� 6XPPDU\�DQG�GLVFXVVLRQ�RI�SDVW�JUD]LQJ�VWXGLHV�
7KH� SUHYLRXV� VHFWLRQ� H[SORUHG� WKH� GLIIHUHQW�ZD\V� LQ�ZKLFK� JUD]LQJ� FRXOG� DIIHFW�
VRLO�G��1��7KLV�VHFWLRQ�ZLOO�VHHN�WR�GHWHUPLQH�WKH�µQHW�HIIHFW¶�RI�DOO�WKHVH�GLIIHUHQW�
SURFHVVHV��E\�UHYLHZLQJ�D�QXPEHU�RI�VWXGLHV�ZKHUH�VRLO�G��1�KDV�EHHQ�PHDVXUHG�
IURP�XQGHU�YDULRXV�JUD]LQJ�UHJLPHV���
�
5HSRUWHG�VRLO�G��1�YDOXHV�XQGHU�GLIIHUHQW�JUD]LQJ�UHJLPHV�YDU\�EHWZHHQ�VWXGLHV��
DQG�DUH�VXPPDULVHG�LQ�7DEOH������)UDQN�DQG�(YDQV��������PHDVXUHG�VRLO�DQG�SODQW�
G��1� IURP� JUD]LQJ� H[FORVXUHV� �JUD]HUV� H[FOXGHG� IRU� ��±��� \HDUV�� DQG� DGMDFHQW�
JUD]HG� DUHDV� �PDLQO\� JUD]HG� E\� (ON� DQG� %LVRQ��� DW� VL[� ORFDWLRQV� ZLWKLQ�
<HOORZVWRQH�1DWLRQDO�3DUN��$YHUDJHG�DFURVV�DOO�VLWHV��VXUIDFH�VRLO���±���FP��G��1�
ZDV�VLJQLILFDQWO\�KLJKHU�LQ�WKH�JUD]HG��FRPSDUHG�WR�WKH�XQJUD]HG�VLWHV��,Q�JUD]HG�
DUHDV����1�HQULFKPHQW�ZDV�SRVLWLYHO\�FRUUHODWHG�ZLWK�JUD]LQJ�LQWHQVLW\��HVWLPDWHG�
IURP� GXQJ� DEXQGDQFH��� DQG� VRLO� G��1� XQGHU� GXQJ� DQG� XULQH� SDWFKHV� ZDV�
VLJQLILFDQWO\�KLJKHU�WKDQ�DGMDFHQW�DUHDV�ZLWKRXW�GXQJ�RU�XULQH��)UDQN�DQG�(YDQV��
�������*UD]LQJ� KDG� WKH� RSSRVLWH� HIIHFW� RQ� SODQW�G��1��ZLWK� JUD]HG� SORWV� KDYLQJ�
ORZHU�SODQW�G��1�YDOXHV� WKDQ�XQJUD]HG�SORWV� �)UDQN�DQG�(YDQV��������� ,Q�D� ODWHU�
VWXG\� DW� <HOORZVWRQH�� )UDQN� HW� DO�� ������� GHPRQVWUDWHG� WKDW� YRODWLOLVDWLRQ� RI�
LVRWRSLFDOO\� OLJKW� 1� IURP� XULQH� SDWFKHV� ZDV� OLNHO\� RQH� RI� WKH� NH\� PHFKDQLVPV�
GULYLQJ�HQULFKPHQW�RI�VRLO�G��1�LQ�JUD]HG�SORWV��DQG�WKDW�DGVRUSWLRQ�RI�YRODWLOLVHG�
1+�� �IURP� XULQH� SDWFKHV�� WKURXJK� WKH� VWRPDWD� DQG� WKH� FXWLFOH� FDXVHG� WKH� ORZHU�
G��1� RI� SODQWV�� *UD]LQJ� LQWHQVLW\� KDV� DOVR� EHHQ� VKRZQ� WR� LQFUHDVH� VRLO� G��1� LQ�
RWKHU�VWXGLHV��&RHWVHH�HW�DO���������IRXQG�PDUJLQDOO\��S ������KLJKHU�VRLO�G��1�LQ�
LQWHQVLYHO\� JUD]HG� ODZQV�� FRPSDUHG� WR� DGMDFHQW� WDOO� JUDVV� DUHDV� LQ� DQ� $IULFDQ�
6DYDQQDK�� DQG� +DZNH� ������� IRXQG� WKDW� G��1� LQ� VRLOV� DW� VKHHS� FDPSV� ZDV�
VLJQLILFDQWO\� KLJKHU� WKDQ� QRQ� FDPSV� DQG� DWWULEXWHG� WKLV� WR� JUHDWHU� YRODWLOLVDWLRQ��
1�2�HPLVVLRQV�DQG�1�OHDFKLQJ�IURP�WKH�FDPSVLWH�DUHDV�GXH�WR�KLJK�GHSRVLWLRQ�RI�
GXQJ� DQG� XULQH�� ,Q� D� EURDG� VXUYH\� RI� VXUIDFH� VRLOV� WKURXJKRXW� 1HZ� =HDODQG��



� /LWHUDWXUH�UHYLHZ�� &KDSWHU���
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6WHYHQVRQ�HW�DO���������IRXQG�VLJQLILFDQWO\�KLJKHU�G��1�XQGHU�GDLU\�SDVWXUHV�WKDQ�
GU\VWRFN� �VKHHS� DQG� EHHI�� SDVWXUHV�� 'DLU\� SDVWXUHV� ZHUH� W\SLFDOO\� JUD]HG� PRUH�
LQWHQVLYHO\�WKDQ�GU\VWRFN�SDVWXUHV�DQG�KDG�KLJKHU�1�LQSXWV�DQG�ORVVHV��6WHYHQVRQ�
HW�DO����������
�
,Q�FRQWUDVW�WR�WKH�SUHYLRXV�VWXGLHV��D�QXPEHU�RI�VWXGLHV�KDYH�IRXQG�QR�GLIIHUHQFH�
LQ�VXUIDFH�VRLO�G��1�XQGHU�GLIIHUHQW�JUD]LQJ�UHJLPHV��/HGJDUG�HW�DO���������1HLOVRQ�
HW�DO���������&RRN��������+DQ�HW�DO���������;X�HW�DO����������7KH�ODFN�RI�GLIIHUHQFH�
LQ� VRLO�G��1�PD\�KDYH�EHHQ�GXH� WR� WKH� UHODWLYHO\� VKRUW�GXUDWLRQ�RI� VRPH� VWXGLHV�
�VHH� 7DEOH� ������ DQG� WKDW� DQ\� VPDOO� FKDQJHV� FRXOG� HDVLO\� EH�PDVNHG� E\� D� ODUJH�
EDFNJURXQG� SRRO� RI� VRLO� 1� �-RKDQQLVVRQ� DQG� +|JEHUJ�� ������ ;X� HW� DO��� ������
*XEVFK�HW�DO����������,Q�WKH�VWXG\�RI�/HGJDUG�HW�DO����������WKH�ODFN�RI�GLIIHUHQFH�
LQ�G��1�ZDV�DWWULEXWHG�WR�DQ�DFFXPXODWLRQ�RI�IL[HG�1��ZLWK�D�G�YDOXH�RI�a��Å��LQ�
WKH�LPSURYHG�SDVWXUH�VRLOV��ZKLFK�PXVW�KDYH�EHHQ�EDODQFHG�E\�HQULFKPHQW�GXH�WR�
IUDFWLRQDWLQJ�1�ORVVHV���
�
6RPH� VWXGLHV� KDYH� DOVR� UHSRUWHG� ORZHU� G��1� LQ� VXUIDFH� VRLOV� �*ROOXVFLR� HW� DO���
������;X� HW�DO��� ������DQG�SODQWV� �)UDQN�DQG�(YDQV��������+DQ� HW�DO��� ������RI�
PRUH� LQWHQVLYHO\� JUD]HG� WUHDWPHQWV�� UHODWLYH� WR� XQJUD]HG� RU� PRUH� H[WHQVLYHO\�
JUD]HG�WUHDWPHQWV��$VVLPLODWLRQ�RI�YRODWLOLVHG�1�GHSOHWHG�LQ���1�LV�WKH�PRVW�OLNHO\�
H[SODQDWLRQ�IRU�WKH�GHSOHWHG���1�LQ�SODQWV��)UDQN�HW�DO����������DQG�PD\�KDYH�DOVR�
FRQWULEXWHG� WR� WKH� ORZHU�G��1�RI� VXUIDFH� VRLOV� LQ� WKH� VWXGLHV� RI�*ROOXVFLR� HW� DO��
������� DQG� ;X� HW� DO�� �������� +RZHYHU�� *ROOXVFLR� HW� DO�� ������� VSHFXODWHG� WKDW�
ORZHU� G��1� LQ� JUD]HG� WUHDWPHQWV�PD\� KDYH� EHHQ� GXH� WR� ORZHU�1�PLQHUDOLVDWLRQ�
�WKRXJK�QR�PHDVXUHPHQWV�ZHUH�PDGH���RU� WKDW�JUD]LQJ�DOWHUHG�ELRWLF� LQWHUDFWLRQV�
EHWZHHQ�SODQWV�DQG�PLFUREHV�ZKLFK�DIIHFWHG�WKH�LVRWRSLF�VLJQDWXUH�RI�OLWWHU�LQSXWV��
*ROOXVFLR�HW�DO���������PHDVXUHG�D�QHW�GHFUHDVH�LQ�VRLO�1�LQ�WKH�PRVW�LQWHQVLYHO\�
JUD]HG� WUHDWPHQW�� DQG� WKHUHIRUH� DFFXPXODWLRQ� RI� IL[HG� 1� LV� XQOLNHO\� WR� KDYH�
FRQWULEXWHG�WR�WKH�ORZHU�G��1���
�
7KLV� UHYLHZ� KDV� VKRZQ� WKDW� GLIIHUHQFHV� LQ� JUD]LQJ� LQWHQVLW\� FDQ� KDYH� YDULHG�
LPSDFWV� RQ� VRLO�G��1��ZLWK� VRPH� VWXGLHV� VKRZLQJ� LQFUHDVHV�ZLWK� KLJKHU� JUD]LQJ�
LQWHQVLWLHV��VRPH�QR�FKDQJH��DQG�RWKHUV�D�GHFUHDVH�LQ�G��1��2EVHUYHG�LQFUHDVHV�LQ�
VRLO� G��1� DW� PRUH� LQWHQVLYHO\� JUD]HG� VLWHV� DSSHDUHG� WR� EH� GULYHQ� E\� JUHDWHU� 1�
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LQSXWV��F\FOLQJ�DQG�ORVVHV��ZLWK�GXQJ�DQG�XULQH�SDWFKHV�EHLQJ�DQ�LPSRUWDQW�SDUW�RI�
WKH� HQULFKPHQW� SURFHVV� �)UDQN� DQG� (YDQV�� ������ +DZNH�� ������ )UDQN� HW� DO���
�������1R�FKDQJH�LQ�VRLO�G��1�XQGHU�LQFUHDVLQJ�JUD]LQJ�LQWHQVLW\�FRXOG�VLPSO\�EH�
EHFDXVH�FKDQJHV�DUH�QRW�ODUJH�HQRXJK�WR�GHWHFW�DJDLQVW�D�ODUJH�EDFNJURXQG�SRRO�RI�
VRLO� 1� �-RKDQQLVVRQ� DQG� +|JEHUJ�� ������ ;X� HW� DO��� ������� RU� WKDW� LQFUHDVHV� LQ�
IUDFWLRQDWLQJ�1� ORVVHV� DUH� EDODQFHG� E\� DFFXPXODWLRQ� RI� IL[HG�1�ZLWK� ORZ� GHOWD�
YDOXHV� �/HGJDUG� HW� DO��� ������� 1R� FOHDU� PHFKDQLVP� KDV� EHHQ� LGHQWLILHG� IRU� WKH�
GHFUHDVH� LQ� VXUIDFH� VRLO� G��1� DW� KLJKHU� JUD]LQJ� LQWHQVLWLHV� LQ� VRPH� VWXGLHV�
�*ROOXVFLR� HW� DO��� ������ ;X� HW� DO��� ������� EXW� DFFXPXODWLRQ� RI� IL[HG� 1� DQG�RU�
JUHDWHU� GHSRVLWLRQ� RI� ��1� GHSOHWHG� 1+�� IURP� XULQH� SDWFKHV� DUH� SRVVLEOH�
H[SODQDWLRQV�� 7KHUH� DUH� DOVR� ERXQG� WR� EH� PDQ\� PRUH� FRPSOH[� SURFHVVHV�
RFFXUULQJ�� VXFK� DV� LQWHUDFWLRQV� EHWZHHQ� JUD]HUV�� SODQWV� DQG� WKH� PLFURELDO�
FRPPXQLW\�ZKLFK�ZH�GR�QRW�\HW�IXOO\�XQGHUVWDQG���
�
7KH� PDMRULW\� RI� VWXGLHV� FLWHG� DERYH� ZHUH� LQ� QDWXUDO� HFRV\VWHPV� RU� H[WHQVLYHO\�
PDQDJHG� SDVWXUHV�� LQ� FROG� GU\� HQYLURQPHQWV� �L�H��0$3� �����PP�� �7DEOH� ������
)XUWKHU� UHVHDUFK� RQ� PRUH� LQWHQVLYHO\� PDQDJHG� JUDVVODQGV� LQ� ZDUPHU�� ZHWWHU�
UHJLRQV�LV�UHTXLUHG��,W�LV�OLNHO\�WKDW�FKDQJHV�LQ�VRLO�G��1�ZLOO�EH�PRUH�UDSLG�LQ�PRUH�
LQWHQVLYHO\� PDQDJHG� V\VWHPV�� GXH� WR� KLJKHU� 1� LQSXWV�� F\FOLQJ� DQG� ORVVHV�� DQG�
WKHUHIRUH�PRUH�RSSRUWXQLW\�IRU� LVRWRSLF� IUDFWLRQDWLRQ��$QRWKHU�JDS� LQ�NQRZOHGJH�
LV� WKDW�QR� VWXGLHV�KDYH� WUDFNHG�KRZ�VRLO�G��1�FKDQJHV�ZLWK� WLPH�XQGHU�GLIIHUHQW�
JUD]LQJ�UHJLPHV��
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������ )HUWLOLVHU�DSSOLFDWLRQ�
7KH�HIIHFW� DSSOLFDWLRQ�RI�QLWURJHQRXV� IHUWLOLVHU�KDV�RQ� VRLO�G��1��GHSHQGV�RQ� WKH�
G��1� YDOXH� RI� WKH� IHUWLOLVHU�� VXEVHTXHQW� LVRWRSH� IUDFWLRQDWLQJ� SURFHVVHV� DQG� WKH�
LVRWRSLF� VLJQDWXUH�RI�1� ORVW� IURP� WKH� V\VWHP��3ODQW�G��1� LV� DIIHFWHG� LQ� WKH� VDPH�
ZD\�� EXW� FDQ� DOVR� EH� DIIHFWHG� E\� LVRWRSLF� IUDFWLRQDWLRQ� GXULQJ� SODQW� XSWDNH�
�6KHDUHU�DQG�.RKO��������+|JEHUJ���������DQG�SODQWV�RQO\�DFFHVV�1�IURP�D�VPDOO�
WHPSRUDOO\�G\QDPLF�SRRO�RI�VRLO�1��+|JEHUJ�HW�DO����������ZKLFK�FDQ�EH�GHULYHG�
IURP�GLIIHUHQW�GHSWKV�LQ�WKH�VRLO�SURILOH��$SSOLFDWLRQ�RI�QRQ�QLWURJHQRXV�IHUWLOLVHUV�
FRXOG� DIIHFW� VRLO� DQG� SODQW� G��1� YDOXHV� E\� DIIHFWLQJ� SODQW� JURZWK�� PLFURELDO�
DFWLYLW\��SDUWLFXODUO\�1�IL[DWLRQ��DQG�WKXV�1�F\FOLQJ���
�
�������� 1LWURJHQRXV�IHUWLOLVHUV��LQFOXGLQJ�PDQXUH��
,VRWRSLF�VLJQDWXUH�RI�QLWURJHQRXV�IHUWLOLVHUV�
%DWHPDQ�DQG�.HOO\��������FDUULHG�RXW�DQ�DQDO\VLV�RI���1�DEXQGDQFH�RI�V\QWKHWLF�1�
IHUWLOLVHUV�DQG�IHUWLOLVHUV�WKDW�ZHUH�SHUPLWWHG�LQ�RUJDQLF�DJULFXOWXUH�LQ�WKH�8.��DQG�
FRPELQHG� WKLV�ZLWK� RWKHU� SXEOLVKHG� GDWD� WR� JLYH� D� WRWDO� RI� ���� G��1� YDOXHV� IRU�
V\QWKHWLF� IHUWLOLVHUV� DQG����G��1�YDOXHV� IRU�RUJDQLF� IHUWLOLVHUV��0HDQ�G��1�RI� WKH�
V\QWKHWLF�IHUWLOLVHUV�ZDV�����Å��ZLWK������RI�VDPSOHV�KDYLQJ�YDOXHV�EHWZHHQ�±��
DQG���Å��DQG��������KDYLQJ�YDOXHV� OHVV� WKDQ���Å��0HDQ�G��1�RI� WKH� IHUWLOLVHUV�
SHUPLWWHG�LQ�RUJDQLF�DJULFXOWXUH�ZDV�PXFK�KLJKHU�DW�����Å��DQG�WKHUH�ZDV�D�PXFK�
JUHDWHU� UDQJH� RI� G��1� YDOXHV� ����±����� Å��� 7KH� PDMRULW\� RI� RUJDQLF� IHUWLOLVHU�
VDPSOHV� ZHUH� DQLPDO� PDQXUHV�� ZLWK� VRPH� ILVK�� VHDZHHG� DQG� DQLPDO� EDVHG�
IHUWLOLVHUV� �H�J�� EORRG� DQG� ERQH�� DOVR� DQDO\VHG�� 'HOWD� YDOXHV� RI� a��Å� IRU� PRVW�
V\QWKHWLF�IHUWLOLVHUV��RFFXUV�EHFDXVH�WKH\�DUH�PDGH�IURP�DWPRVSKHULF�1���ZKLFK�E\�
GHILQLWLRQ�KDV�D�G�YDOXH�RI���Å��(OHYDWHG�G��1�LQ�PDQXUHV�DQG�VOXUULHV�LV�SULPDULO\�
FDXVHG�E\�ODUJH�IUDFWLRQDWLQJ�1�ORVVHV��YLD�DPPRQLD�YRODWLOLVDWLRQ�GXULQJ�VWRUDJH�
SULRU�WR�DSSOLFDWLRQ��%DWHPDQ�DQG�.HOO\���������+LJK�G��1�FRXOG�DOVR�RFFXU�LI�WKH�
PDQXUH�LV� ODUJHO\�FRPSULVHG�RI�GXQJ��EHFDXVH�IUDFWLRQDWLRQ�GXULQJ�GLJHVWLRQ�DQG�
H[FUHWLRQ�SURFHVVHV�PHDQV� WKDW�GXQJ� LV� HQULFKHG�ZLWK� ��1�UHODWLYH� WR�GLHW��ZKLOH�
XULQH�LV�GHSOHWHG�LQ���1��6WHHOH�DQG�'DQLHO��������&KHQJ�HW�DO�����������
�
,QIOXHQFH�RI�1�IHUWLOLVHUV�RQ�SODQW�DQG�VRLO�G��1�
7KHUH� KDV� EHHQ� D� ODUJH� DPRXQW� RI� UHVHDUFK� LQWR� WKH� HIIHFW� WKDW� QLWURJHQRXV�
IHUWLOLVHUV�KDYH�RQ�SODQW�LVRWRSLF�FRPSRVLWLRQ��EXW�IHZHU�VWXGLHV�KDYH�UHSRUWHG�WKH�
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HIIHFW� RQ� VRLO� G��1�� 7KH� PRVW� FRQVLVWHQW� 1� IHUWLOLVDWLRQ� HIIHFW� REVHUYHG� LQ� WKH�
OLWHUDWXUH��ZDV�WKDW�DSSOLFDWLRQ�RI�RUJDQLF�IHUWLOLVHUV��XVXDOO\�PDQXUHV�RU�VOXUULHV��
DOPRVW�DOZD\V�FDXVHG�DQ�LQFUHDVH�LQ�VRLO�DQG�SODQW�G��1�UHODWLYH�WR�SORWV�UHFHLYLQJ�
QR�IHUWLOLVHU�RU�V\QWKHWLF�1�IHUWLOLVHU��&KRL�HW�DO���������%RO�HW�DO���������&KRL�HW�
DO���������:DW]ND�HW�DO���������6HQED\UDP�HW�DO���������.ULV]DQ�HW�DO����������7KLV�
KDV� ODUJHO\� EHHQ� DWWULEXWHG� WR� WKH� G��1� YDOXHV� RI� SODQWV� DQG� VRLOV� UHIOHFWLQJ� WKH�
HOHYDWHG� G��1� YDOXHV� RI� WKH� RUJDQLF� IHUWLOLVHUV� DSSOLHG�� EXW� DOVR� WKURXJK� IXUWKHU�
HQULFKPHQW�IURP�IUDFWLRQDWLQJ�1�ORVVHV��:DW]ND�HW�DO���������.ULV]DQ�HW�DO�����������
�
:KLOH� DSSOLFDWLRQ� RI� RUJDQLF� QLWURJHQRXV� IHUWLOLVHUV� WHQGV� WR� KDYH� D� UHDVRQDEO\�
FRQVLVWHQW� HIIHFW� RQ� VRLO� DQG� SODQW� G��1� �FDXVLQJ� DQ� LQFUHDVH��� WKH� HIIHFW� RI�
V\QWKHWLF� 1� IHUWLOLVHUV� LV� PXFK� PRUH� YDULHG�� .RKO� HW� DO�� ������� IRXQG� WKDW� DV�
DSSOLFDWLRQ� UDWHV�RI� V\QWKHWLF�1� IHUWLOLVHU� LQFUHDVHG� IURP��� WR�����NJ�1�KD±��\±���
G��1�RI�FRUQ�OHDYHV�DQG�JUDLQ�GHFUHDVHG�IURP��±��Å�WR�QHDU���Å��7KH�VDPH�WUHQG�
ZDV� REVHUYHG� LQ�ZKHDW� VDPSOHV� IURP� ILYH� GLIIHUHQW� WULDO� VLWHV�ZKHUH�1� IHUWLOLVHU�
ZDV�DSSOLHG�DW�UDWHV�RI��±����NJ�1�KD±��\±���6KHDUHU�DQG�/HJJ���������DQG�PRUH�
UHFHQW� VWXGLHV�KDYH� IRXQG�VLPLODU� UHVXOWV� �&KRL� HW�DO��� ������6HUUHW� HW�DO��� �������
7KHVH� WUHQGV�ZHUH�DWWULEXWHG� WR�DQ� LQFUHDVLQJ�SURSRUWLRQ�RI� IHUWLOLVHU�1��G��1�a��
Å��WDNHQ�XS�E\�SODQWV��DV�1�IHUWLOLVDWLRQ�UDWHV�LQFUHDVHG��.RKO�HW�DO�����������
�
+RZHYHU�� D� GHFUHDVH� LQ� SODQW� G��1� ZLWK� LQFUHDVLQJ� V\QWKHWLF� 1� IHUWLOLVHU�
DSSOLFDWLRQ�UDWH�GRHV�QRW�RFFXU�LQ�DOO�VLWXDWLRQV��0HLQWV�HW�DO���������VDPSOHG�FRUQ�
OHDYHV�IURP�SORWV�IHUWLOLVHG�ZLWK�DPPRQLXP�QLWUDWH�IRU���DQG����\HDUV��DQG�IRXQG�
WKDW�WKHUH�ZDV�D�VLJQLILFDQW�GHFUHDVH�LQ�G��1�LQ�FRUQ�OHDYHV�DV�1�DSSOLFDWLRQ�UDWHV�
LQFUHDVHG�EHWZHHQ��±����NJ�1�KD±��\±��� EXW� D� VLJQLILFDQW� LQFUHDVH� LQ�G��1�ZKHQ�
DSSOLFDWLRQ�LQFUHDVHG�IURP����±����NJ�1�KD±��\±���6LPLODU�UHVXOWV�ZHUH�IRXQG�LQ�
WZR� a��� \HDU� IRUHVW� IHUWLOLVDWLRQ� H[SHULPHQWV� LQ� 6ZHGHQ� �+|JEHUJ�� ������ ������
+|JEHUJ� HW� DO��� �������$W� ORZ� UDWHV� RI�1� IHUWLOLVDWLRQ� �a���NJ�1�KD±��\±���� WKHUH�
ZDV� D� GHFUHDVH� LQ� SODQW� �JUDVV� RU� SLQH� QHHGOH�� G��1� YDOXHV�� ZKLOH� DW� KLJK� 1�
DSSOLFDWLRQV� �a��� DQG� a���� NJ� 1� KD±��\±��� WKHUH� ZDV� DQ� LQFUHDVH� LQ� G��1�� 7KH�
GHFUHDVH� LQ� SODQW� G��1� DW� ORZ� 1� UDWHV� DQG� LQFUHDVH� DW� KLJK� UDWHV� REVHUYHG� E\�
0HLQWV�HW�DO��DQG�+|JEHUJ�HW�DO���ZDV�SUREDEO\�EHFDXVH�DW�ORZ�1�UDWHV��PRVW�RI�WKH�
1� ZDV� UHWDLQHG� LQ� WKH� V\VWHP� �+|JEHUJ� DQG� -RKDQQLVVRQ�� ������� DQG� WKHUHIRUH�
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SODQW� G��1� GHFUHDVHG� WR� YDOXHV�PRUH� VLPLODU� WR� WKH�1� IHUWLOLVHU��ZKLOH� DW� KLJKHU�
DSSOLFDWLRQ� UDWHV��1� F\FOLQJ�ZRXOG� KDYH� EHHQ� KLJKHU� DQG� IUDFWLRQDWLQJ�1� ORVVHV�
JUHDWHU�� UHVXOWLQJ� LQ� ��1� HQULFKPHQW� �+|JEHUJ� DQG� -RKDQQLVVRQ�� ������� 7KLV�
K\SRWKHVLV�ZDV�VXSSRUWHG�E\�WKH�JUHDWHU�G��1�YDOXHV�LQ�SORWV�IHUWLOLVHG�ZLWK�XUHD�
FRPSDUHG� ZLWK� DPPRQLXP� QLWUDWH� �XUHD� SORW� G��1� ZDV� a�� WLPHV� KLJKHU� WKDQ�
DPPRQLXP� QLWUDWH� SORWV�� LQ� WKH� VWXG\� RI� +|JEHUJ� ������� ������� 6RLO� QLWUDWH�
FRQFHQWUDWLRQV� LQ� WKH� XUHD� DQG� DPPRQLXP� QLWUDWH� WUHDWPHQWV� ZHUH� VLPLODU�� DQG�
EHFDXVH�KDOI�RI�WKH�DPPRQLXP�QLWUDWH�IHUWLOLVHU�ZDV�LQ�QLWUDWH�IRUP��LW�ZDV�DUJXHG�
WKDW� WKHUH� PXVW� KDYH� EHHQ� PRUH� QLWULILFDWLRQ� �DQG� WKXV� SRWHQWLDO� IRU� LVRWRSLF�
IUDFWLRQDWLRQ��LQ�WKH�XUHD�SORWV��+|JEHUJ���������7KHUH�ZDV�DOVR�WKH�SRVVLELOLW\�RI�
YRODWLOLVDWLRQ�IURP�WKH�XUHD�IHUWLOLVHU�ZKLFK�FDQ�FDXVH�VWURQJ�LVRWRSLF�IUDFWLRQDWLRQ�
�VHH�7DEOH��������
�
6RLO�G��1�ZDV�DOVR�PHDVXUHG�LQ�VRPH�RI�WKH�VWXGLHV�UHSRUWHG�LQ�WKH�SUHYLRXV�WZR�
SDUDJUDSKV��.RKO�HW�DO���������0HLQWV�HW�DO���������&KRL�HW�DO����������DQG�LQ�WKHVH�
VWXGLHV�WKHUH�ZDV�QR�VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�WUHDWPHQWV��2WKHU�VWXGLHV�KDYH�
DOVR�UHSRUWHG�QR�GLIIHUHQFH�LQ�VRLO�G��1�EHWZHHQ�FRQWURO�SORWV�DQG�SORWV�IHUWLOLVHG�
ZLWK� V\QWKHWLF�1� IHUWLOLVHU� �6KHDUHU� HW�DO��� ������%RO� HW�DO���������.ULV]DQ� HW�DO���
�������7KLV�DSSHDUV�VRPHZKDW�VXUSULVLQJ��JLYHQ�WKDW� LPPRELOLVDWLRQ�RI�V\QWKHWLF�
IHUWLOLVHU�1� �G��1�a��Å�� VKRXOG� OHDG� WR� D� GHFUHDVH� LQ� VRLO�G��1��EXW� RQO\� D� IHZ�
VWXGLHV�KDYH�UHSRUWHG�GHFUHDVHV�LQ�VRLO�G��1�IROORZLQJ�DSSOLFDWLRQ�RI�V\QWKHWLF�1�
IHUWLOLVHU��*HU]DEHN�HW�DO���������)DQJ�HW�DO����������2QH�UHDVRQ�ZK\�QR�VLJQLILFDQW�
FKDQJH�LQ�VRLO�G��1�KDV�EHHQ�UHSRUWHG�IRU�PDQ\�VWXGLHV��FRXOG�VLPSO\�EH�EHFDXVH�
DQ\�GLIIHUHQFHV�ZHUH�QRW�ODUJH�HQRXJK�WR�GHWHFW�DJDLQVW�D�ODUJH�EDFNJURXQG�SRRO�RI�
VWDEOH�VRLO�1��ZKLFK�ZRXOG�EH�SDUWLFXODUO\�OLNHO\�IRU�VKRUW�WHUP�WULDOV���0HLQWV�HW�
DO��� ������ -RKDQQLVVRQ� DQG� +|JEHUJ�� ������� +RZHYHU�� DQRWKHU� HTXDOO\� OLNHO\�
VFHQDULR� LV� WKDW� LVRWRSLF� IUDFWLRQDWLRQ� DQG� SUHIHUHQWLDO� ORVV� RI� ��1�� EDODQFHG� DQ\�
HIIHFW�FDXVHG�E\�LPPRELOLVDWLRQ�RI�IHUWLOLVHU�1�ZLWK�ORZ�G��1��:DW]ND�HW�DO���������
6HQED\UDP� HW� DO��� ������.ULV]DQ� HW� DO��� ������� (OHYDWHG� LVRWRSH� IUDFWLRQDWLQJ�1�
ORVVHV�ZDV�VXJJHVWHG�DV�WKH�PRVW�OLNHO\�FDXVH�IRU�LQFUHDVHV�LQ�G��1�LQ�VRPH�VRLOV�
IHUWLOLVHG�ZLWK�V\QWKHWLF�1��-RKDQQLVVRQ�DQG�+|JEHUJ��������:DW]ND�HW�DO���������
6HQED\UDP�HW�DO����������,QGHHG��:DW]ND�HW�DO���������IRXQG�D�VLJQLILFDQW�SRVLWLYH�
FRUUHODWLRQ�EHWZHHQ�VRLO�G��1�DQG�1�IHUWLOLVHU� LQSXWV�DQG�DOVR� µH[FHVV�1¶��ZKLFK�
ZDV�GHILQHG�DV�1�LQSXWV�PLQXV�1�H[SRUWHG�LQ�KDUYHVWHG�ELRPDVV�LQ�FXW�JUDVVODQG���
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+|JEHUJ�DQG�-RKDQQLVVRQ��������IRXQG�D�SRVLWLYH�FRUUHODWLRQ�EHWZHHQ�LQFUHDVHV�LQ�
SLQH�QHHGOH�G��1�RYHU����\HDUV�DQG�WKH�SHUFHQWDJH�RI�DGGHG�IHUWLOLVHU�1�ORVW�IURP�D�
ZKROH� IRUHVW� HFRV\VWHP� �SODQWV� DQG� VRLOV�� GXULQJ� WKH� VDPH� WLPH�SHULRG�� )XUWKHU��
-RKDQQLVVRQ�DQG�+|JEHUJ��������IRXQG�D�SRVLWLYH�FRUUHODWLRQ�EHWZHHQ�KLVWRULF�1�
IHUWLOLVHU�LQSXWV�DQG�VRLO��PRU�OD\HU��DQG�SODQW�G��1�����\HDUV�DIWHU�1�IHUWLOLVDWLRQ�
FHDVHG�LQ�DQRWKHU�IRUHVW�IHUWLOLVDWLRQ�H[SHULPHQW��
�
�������� 1RQ�QLWURJHQRXV�IHUWLOLVHUV�
7R�GDWH�LW�DSSHDUV�WKDW�QR�VWXGLHV�KDYH�LQYHVWLJDWHG�WKH�HIIHFW�RI�QRQ�QLWURJHQRXV�
IHUWLOLVHUV�RQ�VRLO�G��1�LQ�DJULFXOWXUDO�V\VWHPV��7KHUH�KDV�EHHQ�VRPH�UHVHDUFK�LQWR�
WKLV�LQ�RWKHU�HFRV\VWHPV��DOWKRXJK�WKH�IRFXV�KDV�EHHQ�PDLQO\�RQ�SODQW�IROLDJH���
�
,Q�ZHWODQG�DQG�PDQJURYH�HFRV\VWHPV�SODQW�IROLDJH��RI�VRPH�VSHFLHV��FDQ�EH�YHU\�
GHSOHWHG�LQ���1�ZKHQ�3�LV�OLPLWLQJ��FRPSDUHG�WR�ZKHQ�3�LV�QRW�OLPLWLQJ��XS�WR�a����
Å� GLIIHUHQFH�� �0F.HH� HW� DO��� ������ &ODUNVRQ� HW� DO��� ������ ,QJOHWW� DQG� 5HGG\��
������,QJOHWW�HW�DO����������7KLV�LV�WKRXJKW�WR�RFFXU�EHFDXVH�ZKHQ�3�LV�OLPLWLQJ��1�
LV�LQ�UHODWLYH�DEXQGDQFH�DQG�WKHUHIRUH�SODQWV�WHQG�WR�IUDFWLRQDWH�DJDLQVW�WKH�KHDY\�
LVRWRSH� GXULQJ� XSWDNH�� ZKLOH� ZKHQ� 1� LV� OHVV� DEXQGDQW� DOO� DYDLODEOH� 1� LV�
DVVLPLODWHG�DQG�WKHUHIRUH�WKHUH�LV�QR�QHW�IUDFWLRQDWLRQ��(YDQV��������,QJOHWW�HW�DO���
������� ,VRWRSLF� IUDFWLRQDWLRQ�GXULQJ�SODQW�XSWDNH�ZLOO�QRW�QHFHVVDULO\�FRUUHVSRQG�
WR�FKDQJHV�LQ�VRLO�G��1��EHFDXVH�PRVW�RI�WKH�SODQW�1�ZLOO�EH�UHWXUQHG�WR�WKH�VRLO�DW�
D� ODWHU� GDWH� �SDUWLFXODUO\� LQ� QDWXUDO� HFRV\VWHPV��� +RZHYHU�� ,QJOHWW� HW� DO�� �������
IRXQG� D� VWURQJ�SRVLWLYH� FRUUHODWLRQ�EHWZHHQ�G��1�DQG� WRWDO�3� LQ� VRLOV� �SHDW�� DQG�
OLWWHU�DORQJ�D�3�HQULFKPHQW�JUDGLHQW�LQ�WKH�HYHUJODGHV�ZHWODQG��,QJOHWW�HW�DO���������
VXJJHVWHG� WKDW� 3� PD\� KDYH� HQKDQFHG� PLFURELDO� DFWLYLW\� �SDUWLFXODUO\�
PLQHUDOLVDWLRQ�DQG�GHQLWULILFDWLRQ���ZKLFK�FRXOG�KDYH�OHG�WR�ORVV�LVRWRSLFDOO\�OLJKW�
1�IURP�WKH�V\VWHP��+RZHYHU��LQ�D�FRQWUROOHG�UHSOLFDWHG�IHUWLOLVDWLRQ�H[SHULPHQW�DW�
WKH� VDPH� VLWH�� GLIIHUHQW�3� DSSOLFDWLRQ� UDWHV� GLG�QRW� KDYH� DQ\� HIIHFW� RQ� VRLO�G��1�
DIWHU�ILYH�\HDUV��,QJOHWW�HW�DO�����������
,Q� D� ORQJ�WHUP� IRUHVW� IHUWLOLVDWLRQ� H[SHULPHQW� LQ� 6ZHGHQ�� 3�� DQG� .� SOXV� RWKHU�
PLFURQXWULHQWV��KDG�QR�VLJQLILFDQW� LQIOXHQFH�RQ�G��1�RI�VSUXFH�QHHGOHV��+|JEHUJ�
HW�DO����������7KHUH�ZDV�D�JHQHUDO�WHQGHQF\��QRQ�VLJQLILFDQW��IRU�SORWV�UHFHLYLQJ�3�
DQG� KLJK� UDWHV� RI� 1� WR� EH� HQULFKHG� ZLWK� ��1� UHODWLYH� WR� SORWV� QRW� UHFHLYLQJ� 3�
�+|JEHUJ� HW� DO��� ������� ,Q� D� K\GURSRQLF�JODVVKRXVH� H[SHULPHQW��/HGJDUG� �������
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IRXQG�WKDW�UDWH�RI�3�DGGLWLRQ�KDG�QR�HIIHFW�RQ�G��1�LQ�URRWV��VKRRWV�RU�ZKROH�ZKLWH�
FORYHU�SODQWV��:KHQ�0R�ZDV�OLPLWLQJ��SODQWV�KDG�PRUH�QHJDWLYH�G��1��±�����YV�±
�����Å��DQG�WKLV�HIIHFW�ZDV�VWURQJHU�DW�ORZ�3�VWDWXV��7KH�UHDVRQ�IRU�WKLV�HIIHFW�ZDV�
QRW�NQRZQ��EXW�ZDV�SUHVXPDEO\�UHODWHG�WR�WKH�LPSRUWDQFH�RI�0R�LQ�WKH�1�IL[DWLRQ�
SURFHVV�� 7KHVH� UHVXOWV� VXJJHVW� WKDW� PLFURQXWULHQWV� KDYH� WKH� SRWHQWLDO� WR� H[HUW� D�
VPDOO�HIIHFW�RQ�WKH�G��1�VLJQDWXUH�RI�IL[HG�1��ZKLFK�FRXOG�KDYH�IORZ�RQ�HIIHFWV�WR�
RWKHU�HFRV\VWHP�FRPSRQHQWV����
�
%DVHG� RQ� WKLV� UHYLHZ� RI� WKH� OLWHUDWXUH�� LW� DSSHDUV� WKDW� WKH� ODUJHVW� HIIHFW� RI� QRQ�
QLWURJHQRXV�IHUWLOLVHUV�RQ�VRLO�G��1�LQ�SDVWXUH�V\VWHPV�ZLOO�EH�GXH�WR�WKH�LQIOXHQFH�
RI�IHUWLOLVHU�RQ�1��IL[DWLRQ��SDVWXUH�SURGXFWLRQ��DQLPDO�VWRFNLQJ�UDWHV�DQG�WKH�IORZ�
RQ�HIIHFW�WR�1�F\FOLQJ�DQG�ORVV�SURFHVVHV��+RZHYHU��WKHUH�LV�YHU\�OLWWOH�GDWD�RQ�WKLV�
WRSLF��DQG�LW�ZRXOG�EH�DQ�LQWHUHVWLQJ�DYHQXH�IRU�IXUWKHU�UHVHDUFK���
�

������ &KDQJH� LQ� VRLO� ��1� ZLWK� WLPH�� DQG� LQIOXHQFH� RI� ODQG� XVH� DQG�
PDQDJHPHQW�RQ�UDWHV�RI�FKDQJH�

&KURQRVHTXHQFH� VWXGLHV� VSDQQLQJ� KXQGUHGV� WR� PLOOLRQV� RI� \HDUV� �GLVFXVVHG� LQ�
VHFWLRQ��������KDYH�GHPRQVWUDWHG�WKDW�LQ�JHQHUDO�G��1�LQFUHDVHV�VORZO\�DV�VRLOV�JHW�
ROGHU��9LWRXVHN�HW�DO���������0DUWLQHOOL�HW�DO���������%UHQQHU�HW�DO����������6WXGLHV�
KDYH�DOVR�VKRZQ� WKDW� ODQG�XVH�DQG�PDQDJHPHQW� LQIOXHQFHV�VRLO�G��1��:DW]ND� HW�
DO���������6WHYHQVRQ�HW�DO����������7KLV�VXJJHVWV�WKDW�VXSHULPSRVHG�RQ�WRS�RI�DQ\�
EDFNJURXQG�UDWH�RI�FKDQJH�LQ�VRLO�G��1��LV�WKH�VKRUWHU�WHUP�LQIOXHQFH�RI�ODQG�XVH��
3UREDEO\� WKH� EHVW� ZD\� WR� GHWHUPLQH� KRZ� VRLO� G��1� FKDQJHV� WKURXJK� WLPH� LQ�
UHVSRQVH� WR� FKDQJHV� LQ� ODQGXVH� LV� WR� DQDO\VH� DUFKLYHG� VRLOV� �H�J�� %LOOLQJV� DQG�
5LFKWHU���������7KHVH�VWXGLHV�DUH�YHU\�YDOXDEOH��EXW�DUH�OLPLWHG�E\�WKH�QXPEHU�RI�
VLWHV� ZKHUH� DUFKLYHG� VRLO� VDPSOHV� KDYH� EHHQ� NHSW�� DQG� ODQGXVH� RU� PDQDJHPHQW�
FKDQJHV� DUH� ZHOO� GRFXPHQWHG�� $QRWKHU� DSSURDFK� LV� WR� VDPSOH� IURP�
FKURQRVHTXHQFHV��ZKHUH�VSDFH�LV�VXEVWLWXWHG�IRU� WLPH��:DONHU�HW�DO����������7KLV�
VHFWLRQ�ZLOO� IRFXV� RQ� KRZ� VRLO� G��1� FKDQJHV� GXULQJ� WLPH� SHULRGV� UDQJLQJ� IURP�
\HDUV� WR� GHFDGHV�� DQG� KRZ� ODQGXVH� DQG� PDQDJHPHQW� FDQ� LQIOXHQFH� WKH� UDWH� RI�
FKDQJH���
�
7DEOH� ���� SURYLGHV� D� VXPPDU\� RI� UDWHV� RI� FKDQJH� LQ� VRLO�G��1� LQ� VWXGLHV�ZKHUH�
DUFKLYHG� VRLOV� ZHUH� DQDO\VHG�� 7KH� ORQJHVW� VWXG\� ZDV� FDUULHG� RXW� E\� %RO� HW� DO��
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������� ZKR� DQDO\VHG� DUFKLYHG� VRLOV� �HLJKW� VDPSOLQJV�� VSDQQLQJ� D� SHULRG� RI� ���
\HDUV��IURP�WKH�$VNRY�ORQJ�WHUP�H[SHULPHQWV�LQ�'HQPDUN��7DEOH�������7KHUH�ZHUH�
WKUHH� WUHDWPHQWV�� XQIHUWLOLVHG�� PLQHUDO� 1� IHUWLOLVHU� DQG� DQLPDO� PDQXUH�� ,Q� WKH�
XQIHUWLOLVHG� DQG�PLQHUDO�1� WUHDWPHQWV� WKHUH�ZDV� D� WUHQG� RI� GHFUHDVLQJ� VRLO�G��1�
ZLWK� WLPH�� ZKLOH� G��1� LQ� WKH� DQLPDO� PDQXUH� WUHDWPHQW� ILUVW� LQFUHDVHG�� WKHQ�
GHFUHDVHG� DQG� WKHQ� LQFUHDVHG� DJDLQ�� 7KH� LQFRQVLVWHQW� WUHQG� LQ� WKH� PDQXUH�
WUHDWPHQW�ZDV�VXJJHVWHG�WR�EH�GXH�WR�FKDQJHV� LQ� WKH�LVRWRSLF�FRPSRVLWLRQ�RI� WKH�
PDQXUH��DV�D�UHVXOW�RI�GLIIHUHQW�SURSRUWLRQV�RI�GXQJ�DQG�XULQH��7KH�UDWH�RI�FKDQJH�
LQ�VRLO�G��1���FDOFXODWHG�IURP�WKH�ILUVW�DQG�ODVW�VDPSOH�LQ�HDFK�WUHDWPHQW��UDQJHG�
EHWZHHQ�±������Å�\±��LQ�WKH�XQIHUWLOLVHG�WUHDWPHQW�WR�������Å�\±��LQ�WKH�PDQXUH�
WUHDWPHQW��7DEOH�������,W�ZDV�QRW�UHSRUWHG�ZKHWKHU�DQ\�RI�WKH�FKDQJHV�LQ�G��1�ZHUH�
VLJQLILFDQW� �SUREDEO\� EHFDXVH� WKH� VRLOV� ZHUH� EXONHG� E\� WUHDWPHQW�� ZKLFK�ZRXOG�
KDYH�OLPLWHG�VWDWLVWLFDO�DQDO\VHV�����
�
*HU]DEHN�HW�DO���������DQG�*HU]DEHN�HW�DO���������DQDO\VHG�VRLOV�IURP�D�ORQJ�WHUP�
���� \HDU�� VPDOO� SORW� H[SHULPHQW� GHVLJQHG� WR� LQYHVWLJDWH� WKH� HIIHFW� RI� RUJDQLF�
PDQXUHV�DQG�1�IHUWLOLVHU�RQ�&�DQG�1�G\QDPLFV�LQ�DQ�DUDEOH�FURSSLQJ�V\VWHP��6RLO�
G��1�YDOXHV�GHFUHDVHG�DW�UDWHV�UDQJLQJ�IURP�DERXW�±������WR�±������Å�\±��LQ�SORWV�
UHFHLYLQJ�SHDW��VHZDJH�VOXGJH��JUHHQ�PDQXUH��DQG�FDOFLXP�QLWUDWH�DGGLWLRQV��7DEOH�
������7KHVH�GHFUHDVHV�ZHUH�DWWULEXWHG�WR�WKH�DGGHG�1�LQ�WKHVH�DPHQGPHQWV�KDYLQJ�
ORZHU�G��1�YDOXHV�WKDQ�WKH�VRLO��,Q�FRQWUDVW�WKHUH�ZDV�QR�VLJQLILFDQW�FKDQJH�ZLWK�
WLPH�LQ�D�EDUH�IDOORZ�SORW��DQG�SORWV�UHFHLYLQJ�QR�1��RU�DQLPDO�PDQXUH��,Q�DQRWKHU�
VWXG\��6HQED\UDP�HW�DO���������DQDO\VHG�DUFKLYHG�VRLO�VDPSOHV�WDNHQ�LQ������DQG�
����� IURP� WKH� %URDGEDON� :KHDW� ([SHULPHQW� DW� 5RWKDPVWHG�� 8.�� 6RLO� G��1�
LQFUHDVHG�LQ�DOO�WUHDWPHQWV�RYHU�WKLV�WLPH�SHULRG��ZLWK�LQFUHDVHV�UDQJLQJ�IURP������
WR�������Å�\±���+RZHYHU��1�IHUWLOLVHU�UDWH�DSSHDUHG�WR�KDYH�QR�HIIHFW�RQ�WKH�UDWH�RI�
FKDQJH�� ,Q� D� PXFK� VKRUWHU� �� \HDU� H[SHULPHQW�� *XEVFK� HW� DO�� ������� PHDVXUHG�
VLJQLILFDQW�GHFUHDVHV�LQ�VXUIDFH�VRLO���±���PP��G��1�LQ�JUDVVODQG�SORWV�ERWK�ZLWK�
DQG�ZLWKRXW� OHJXPHV��+RZHYHU�� WKH�GHFUHDVH� LQ�G��1�ZDV�PXFK�JUHDWHU� LQ� SORWV�
FRQWDLQLQJ�OHJXPHV��±������Å�\±���� WKDQ�SORWV�ZLWKRXW� OHJXPHV��±������Å�\±����
ZKLFK�ZDV�DWWULEXWHG�WR�DFFXPXODWLRQ�RI���1�GHSOHWHG�1�GHULYHG�IURP�1�IL[DWLRQ�
E\� OHJXPHV�� ,QWHUHVWLQJO\�� IRU� WKH� ��±����PP�GHSWK�� VRLO�G��1� LQ� SORWV�ZLWKRXW�
OHJXPHV�LQFUHDVHG�E\�DERXW�������Å�\±���ZKLOH�WKHUH�ZDV�QR�FKDQJH�LQ�WKLV�GHSWK�
LQFUHPHQW� LQ� SORWV� ZLWK� OHJXPHV�� 7KH� LQFUHDVH� LQ� G��1� LQ� WKH� SORWV� ZLWKRXW�
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OHJXPHV�ZDV�DWWULEXWHG�WR� ORVV�RI���1�GHSOHWHG�1��ZKLOH� LQ� WKH� OHJXPH�SORWV�DQ\�
ORVV�RI���1�GHSOHWHG�1�PXVW�KDYH�EHHQ�RIIVHW�E\�DFFXPXODWLRQ�RI���1�GHSOHWHG�1�
GHULYHG�IURP�1�IL[DWLRQ���
�
&KDQJHV� LQ� VRLO� G��1� ZLWK� WLPH� KDYH� DOVR� EHHQ� DVVHVVHG� LQ� IRUHVW� HFRV\VWHPV��
%LOOLQJV� DQG� 5LFKWHU� �������PHDVXUHG� DUFKLYHG� VRLOV� WDNHQ� RYHU� D� SHULRG� RI� ���
\HDUV��IURP�D�VLWH�ZKHUH�D�SLQH�IRUHVW�KDG�EHHQ�SODQWHG�RQ�D�IRUPHU�FRWWRQ�ILHOG��
6L[�\HDUV�DIWHU�WKH�IRUHVW�KDG�EHHQ�SODQWHG�G��1�YDOXHV�RI�WKH�PLQHUDO�VRLO�DW�IRXU�
GHSWKV���±����PP��ZHUH�UHODWLYHO\�VLPLODU��UDQJLQJ�IURP�����WR�����Å��7DEOH�������
7KH�VLPLODULW\�RI�YDOXHV�ZDV�DWWULEXWHG� WR�FRQVWDQW�PL[LQJ� �YLD�FXOWLYDWLRQ��RI�DW�
OHDVW�WKH�VXUIDFH�����PP�ZKHQ�FRWWRQ�ZDV�EHLQJ�JURZQ��'XULQJ�WKH�QH[W����\HDUV��
WKH� FKDUDFWHULVWLF� LQFUHDVH� LQ� G��1� ZLWK� GHSWK� REVHUYHG� LQ� PRVW� IRUHVW� VRLOV�
GHYHORSHG��7KHUH�ZDV�QR�VLJQLILFDQW�FKDQJH�LQ�WKH�G��1�YDOXH�RI�WKH�VXUIDFH�VRLO��
EXW�G��1�YDOXHV�IRU�WKH�RWKHU�WKUHH�GHSWKV�LQFUHDVHG�VLJQLILFDQWO\��ZLWK�WKH�JUHDWHVW�
LQFUHDVH�RI�a�����Å�\±��RFFXUULQJ�IRU�WKH����±����PP�GHSWK�LQFUHPHQW��%LOOLQJV�
DQG� 5LFKWHU�� ������� 7KH� UDSLG� LQFUHDVH� LQ� G��1� YDOXHV� DW� GHSWK� ZDV� PDLQO\�
DWWULEXWHG� WR� KHWHURWURSKLF� RUJDQLVPV� �SDUWLFXODUO\� HFWRP\FRUUKL]DO� IXQJL��
SUHIHUHQWLDOO\�H[FUHWLQJ���1�GHSOHWHG�1��ZKLFK�ZDV�WDNHQ�XS�E\�WUHH�URRWV��%LOOLQJV�
DQG� 5LFKWHU�� ������� 7KH� ��1� HQULFKPHQW� DW� GHSWK� LQ� WKLV� VRLO� ZDV� SUREDEO\�
DFFHQWXDWHG�E\�WKH�WUDQVIHU�RI�D�ODUJH�DPRXQW�RI�1������NJ�KD±���IURP�WKH�PLQHUDO�
VRLO�WR�DERYH�JURXQG�ELRPDVV��OLYLQJ�WUHHV�DQG�OLWWHU���%LOOLQJV�DQG�5LFKWHU���������
7KH�ODFN�RI�FKDQJH�LQ�G��1�RI�WKH�VXUIDFH�VRLO�ZDV�DWWULEXWHG�WR���1�GHSOHWHG�OLWWHU�
IDOOLQJ� RQ� WKH� VRLO� VXUIDFH�� DQG� WKHUH� ZDV� OLWWOH� LQFRUSRUDWLRQ� RI� WKLV� OLWWHU� LQWR�
GHHSHU�VRLO�KRUL]RQV��GHWHUPLQHG�IURP�&�LVRWRSH�DQDO\VLV���%LOOLQJV�DQG�5LFKWHU��
������� ,Q� DQRWKHU� IRUHVW� VWXG\�� 3DUGR� HW� DO�� �������PHDVXUHG� UDSLG� LQFUHDVHV� LQ�
G��1�LQ�RUJDQLF�VRLO�KRUL]RQV�IRU�WKH�ILUVW�WKUHH�\HDUV�IROORZLQJ�IRUHVW�FOHDU�FXWWLQJ��
DQG�WKHQ�EHWZHHQ���DQG����\HDUV�DIWHU�FOHDU�FXWWLQJ�G��1�YDOXHV�GHFUHDVHG�EDFN�WR�
YDOXHV� VLPLODU� WR� ZKDW� WKH\� ZHUH� SULRU� WR� FOHDU� FXWWLQJ� �7DEOH� ������ 7KH� UDSLG�
LQFUHDVH� LQ� G��1� LPPHGLDWHO\� IROORZLQJ� FOHDU� FXWWLQJ� FRLQFLGHG� ZLWK� D� UDSLG�
LQFUHDVH�LQ�VWUHDP�ZDWHU�QLWUDWH�FRQFHQWUDWLRQV��DQG�3DUGR�HW�DO���������FRQFOXGHG�
WKDW� LQFUHDVHG� QLWULILFDWLRQ� DQG� ORVV� RI� ��1� GHSOHWHG� QLWUDWH� SUREDEO\� FDXVHG� WKH�
LQFUHDVH�LQ�RUJDQLF�VRLO�G��1��7KHUH�ZDV�QR�WHPSRUDO�FKDQJH�LQ�PLQHUDO�VRLO�G��1���
�
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3ODQW� IROLDJH� KDV� DOVR� EHHQ� DQDO\VHG� WKURXJK� WLPH� LQ� D� QXPEHU� RI� IRUHVW�
IHUWLOLVDWLRQ� H[SHULPHQWV� �+|JEHUJ�� ������ +|JEHUJ� DQG� -RKDQQLVVRQ�� ������
+|JEHUJ�HW�DO���������-RKDQQLVVRQ��������+|JEHUJ�HW�DO����������5DWHV�RI�FKDQJH�
ZHUH�JHQHUDOO\�JUHDWHU�WKDQ�WKRVH�UHSRUWHG�IRU�PLQHUDO�VRLOV��ZLWK�LQFUHDVHV�RI�XS�
WR� a����� Å� \±�� LQ� WUHDWPHQWV� UHFHLYLQJ� KLJK� UDWHV� RI� XUHD� �+|JEHUJ�� ������
+|JEHUJ� DQG� -RKDQQLVVRQ�� ������� DQG� GHFUHDVHV� RI� XS� WR� a����� Å� \±�� ZKHQ�
IHUWLOLVDWLRQ�FHDVHG��+|JEHUJ�HW�DO����������0RUH�UDSLG�FKDQJHV�LQ�IROLDJH�VDPSOHV�
WKDQ�VRLO�VDPSOHV�ZDV�SUREDEO\�EHFDXVH�SODQWV�RQO\�DVVLPLODWH�1�IURP�WKH�DFWLYHO\�
F\FOLQJ� 1� SRRO� �ZKLFK� ZRXOG� EH� UHDGLO\� DIIHFWHG� E\� ODQG� PDQDJHPHQW��� ZKLOH�
EXON�VRLO�VDPSOHV�KDYH�D�ODUJH�EDFNJURXQG�SRRO�RI�VRLO�1�ZKLFK�ZRXOG�KDYH�EHHQ�
SUHVHQW� EHIRUH� WUHDWPHQWV� FRPPHQFHG� �-RKDQQLVVRQ� DQG� +|JEHUJ�� �������
$SSUR[LPDWH� UDWHV� RI� FKDQJH� LQ� VRLO� G��1� FDQ� DOVR� EH� FDOFXODWHG� IRU� WKH�
FKURQRVHTXHQFH� VWXGLHV� LQ�7DEOH������5DWHV� RI� FKDQJH�EHWZHHQ� WKH� HQGSRLQWV� RI�
WKH�FKURQRVHTXHQFHV�ZHUH� UHODWLYHO\�VORZ�UDQJLQJ�EHWZHHQ�DERXW�±������Å�DQG�
�����Å��6HOOHV�HW�DO���������3LFFROR�HW�DO�������D��/HPHQLK�HW�DO���������%RXWWRQ�
DQG�/LDR���������
�
$V�IRU�PRVW�RWKHU�WRSLFV�LQ�WKLV�OLWHUDWXUH�UHYLHZ��FKDQJHV�LQ�VRLO�G��1�ZLWK�WLPH�
YDULHG� FRQVLGHUDEO\� EHWZHHQ� �DQG� ZLWKLQ�� VWXGLHV�� ZLWK� VRPH� VWXGLHV� UHSRUWLQJ�
LQFUHDVHV�LQ�VRLO�G��1�ZLWK�WLPH��VRPH�QR�FKDQJH�DQG�RWKHUV�GHFUHDVHV��7DEOH�������
,Q� WKH� VWXGLHV� ZKHUH�PLQHUDO� VRLOV� ZHUH� DQDO\VHG�� ORQJ�WHUP� UDWHV� RI� FKDQJH� LQ�
G��1�ZHUH�UHODWLYHO\�VORZ��UDQJLQJ�IURP�±�����Å�\±��WR������Å�\±���7KHUHIRUH�LQ�
PRVW�ILHOG�VLWXDWLRQV�FKDQJHV�LQ�VRLO�G��1�ZLOO�SUREDEO\�RQO\�EH�GHWHFWDEOH�DIWHU�D�
IHZ�\HDUV��DOWKRXJK�VHH�GLVFXVVLRQ�LQ�SDUDJUDSK�EHORZ���
�
&KDQJHV�LQ�VRLO�G��1�RQ�PRQWKO\�WLPH�VFDOHV�
7KUHH�VWXGLHV�FDUULHG�RXW�LQ�6FRWODQG�KDYH�UHSRUWHG�ODUJH�FKDQJHV�LQ�VRLO�G��1�DW�
PRQWKO\� WLPH� VFDOHV�� ,Q� WZR� XSODQG� SDVWXUHV�� 1HLOVRQ� HW� DO�� ������� IRXQG� WKDW�
ZKROH�VRLO�G��1�LQFUHDVHG�E\�DQ�DYHUDJH�RI�����Å�EHWZHHQ�$SULO�DQG�$XJXVW�DQG�
WKHQ� GHFUHDVHG� E\� a�� Å� E\� 2FWREHU�� ,Q� DQ� ROG� DEDQGRQHG� DJULFXOWXUDO� ILHOG��
�+DQGOH\�DQG�6FULPJHRXU�������� IRXQG� WKDW� VRLO�G��1� LQFUHDVHG� VLJQLILFDQWO\�E\�
DERXW���Å�EHWZHHQ�-XQH�DQG�2FWREHU��+DQGOH\�HW�DO��� �������FLWHG� WKH�SUHYLRXV�
WZR� VWXGLHV� DQG� DOVR� UHSRUWHG� RQ� XQSXEOLVKHG� GDWD� �IURP� WKH� VDPH� VLWHV���
H[SODLQLQJ� WKDW� WKH� LQFUHDVH� LQ� G��1� GXULQJ� WKH� JURZLQJ� VHDVRQ� ZDV� DVVRFLDWHG�



� /LWHUDWXUH�UHYLHZ�� &KDSWHU���
�

�

��

ZLWK�D�GHFUHDVH�LQ�VRLO�PRLVWXUH�FRQWHQW��DQG�WKDW�WKLV�WUHQG�ZDV�WKH�VDPH�DV�WKDW�
REVHUYHG� DW� WKH� JOREDO� VFDOH�� ZKHUH� G��1� LQFUHDVHG� ZLWK� GHFUHDVLQJ� 0$3��
'HQLWULILFDWLRQ�ZDV�DUJXHG� WR�EH� WKH�PRVW� OLNHO\�FDXVH�RI� WKHVH�UDSLG�FKDQJHV� LQ�
VRLO�G��1��ZLWK�1HLOVRQ�HW�DO���������FDOFXODWLQJ�WKDW�GHQLWULILFDWLRQ�UDWHV�RI�����NJ�
KD±�� GD\±��� DQG� D�G��1�YDOXH� IRU� GHQLWULILHG�1� RI� ±���Å� FRXOG� DFFRXQW� IRU� WKLV�
FKDQJH��+RZHYHU��GHQLWULILFDWLRQ�UDWHV�RI�����NJ�KD±��GD\±��IRU���PRQWKV�UHSUHVHQWV�
D� WRWDO� ORVV� RI� DERXW� ���� NJ� 1� KD±��� ZKLFK� LV� YHU\� KLJK�� FRQVLGHULQJ� WKDW� LQ� D�
UHYLHZ��%DUWRQ�HW�DO���������IRXQG�WKDW�DQQXDO�GHQLWULILFDWLRQ�UDWHV�UDQJHG�IURP��±
���� NJ� 1� KD±�� �LQ� ERWK� QDWXUDO� DQG� DJULFXOWXUDO� V\VWHPV��� ,Q� WKH� WKLUG� VWXG\��
0DUULRWW�HW�DO���������PHDVXUHG�GHFUHDVHV�RI���Å�GXULQJ�IRXU�ZHHNV�LQ�D�JUDVVODQG�
VRLO�� DQG� VXJJHVWHG� WKDW� WKLV�PD\� KDYH� EHHQ� GXH� WR� DFFXPXODWLRQ� RI�1� IL[HG� LQ�
DVVRFLDWLRQ�ZLWK� OHJXPHV� �ZLWK�G��1�RI�a��Å���+RZHYHU��0DUULRWW�HW�DO�� �������
FDOFXODWHG�WKDW�1�IL[DWLRQ�DQG�DFFXPXODWLRQ�LQ�WKH�VRLO�ZRXOG�KDYH�KDG�WR�EH����NJ�
KD±��G±���a�����NJ�RYHU���ZHHNV��WR�KDYH�WKLV�HIIHFW��6XFK�KLJK�UDWHV�RI�1�IL[DWLRQ�
DUH�YHU\�XQOLNHO\��FRQVLGHULQJ�WKDW�DQQXDO�IL[DWLRQ�UDWHV�LQ�SDVWXUHV�UDUHO\�H[FHHG�
����NJ�KD±���ZLWK� WKH� UHSRUWHG�XSSHU� UDQJH�EHLQJ�a����NJ�KD±�� �/HGJDUG���������
)XUWKHU� ZRUN� LV� UHTXLUHG� WR� GHWHUPLQH� LI� WHPSRUDO� YDULDWLRQ� LQ� VRLO� G��1� �RQ� D�
PRQWKO\�WLPH�VFDOH��LV�D�FRPPRQ�RFFXUUHQFH��DQG�ZKDW�FRXOG�FDXVH�VXFK�ODUJH�DQG�
UDSLG�FKDQJHV�LI�WKH\�GR�LQGHHG�RFFXU��
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���� 6XPPDU\�DQG�FRQFOXVLRQV��
7KLV� UHYLHZ� KDV� GLVFXVVHG� KRZ� QDWXUDO� DEXQGDQFH� QLWURJHQ� LVRWRSHV� �G��1�� DUH�
XVHG�LQ�HFRORJLFDO�VWXGLHV��KRZ�QDWXUDO�IDFWRUV�VXFK�DV�FOLPDWH�DQG�WRSRJUDSK\�FDQ�
DIIHFW� VRLO� G��1�� DQG� DOVR� KRZ� GLIIHUHQFHV� LQ� ODQG� XVH� DQG� PDQDJHPHQW� FDQ�
LQIOXHQFH� VRLO� G��1�� 7KH� NH\� ILQGLQJV� DQG� FRQFOXVLRQV� RI� WKH� UHYLHZ� DUH�
VXPPDULVHG�EHORZ��
�
������ 7KH�HIIHFW�RI�QDWXUDO�IDFWRUV�RQ�VRLO�G��1�
1DWXUDO� IDFWRUV� VXFK� DV� FOLPDWH�� VRLO� DJH�� WRSRJUDSK\�� DQG� VRLO� W\SH� RU� SDUHQW�
PDWHULDO�FDQ�KDYH�D� ODUJH� LQIOXHQFH�RQ�VRLO�G��1��)RU�H[DPSOH��FOLPDWH�KDV�EHHQ�
VKRZQ� WR� DIIHFW� VRLO�G��1�E\� XS� WR� a���Å� �$PXQGVRQ� HW� DO��� ������� ODQGVFDSH�
SRVLWLRQ�E\�a�����Å��.DUDPDQRV�HW�DO����������DQG�VRLO�DJH�E\��±��Å��0DUWLQHOOL�
HW�DO����������&DUH�PXVW�WKHUHIRUH�EH�WDNHQ�ZKHQ�GHVLJQLQJ�VDPSOLQJ�VWUDWHJLHV�RU�
LQWHUSUHWLQJ�GDWD��WR�HQVXUH�WKDW�DQ\�REVHUYHG�GLIIHUHQFHV�DUH�LQ�IDFW�GXH�WR�ODQGXVH�
RU�PDQDJHPHQW�DQG�QRW�QDWXUDO�IDFWRUV��LI�WKH�HIIHFW�RI�ODQG�XVH�RU�PDQDJHPHQW�RQ�
VRLO�G��1�LV�LQGHHG�WKH�UHVHDUFK�TXHVWLRQ���
�
������ 7KH�HIIHFW�RI�ODQG�XVH�DQG�PDQDJHPHQW�RQ�VRLO�G��1�
7KH�HIIHFW�RI�ODQGXVH�DQG�PDQDJHPHQW�RQ�VRLO�G��1�YDULHG�FRQVLGHUDEO\��DV�VKRZQ�
LQ� 7DEOH� ����� 7KHUH� ZHUH� KRZHYHU� VRPH� UHODWLYHO\� FRQVLVWHQW� WUHQGV� LQ� WKH�
OLWHUDWXUH�� ,Q� JHQHUDO� IRUHVWV� DQG� QDWXUDO� JUDVVODQGV� KDG� ORZHU� VRLO� G��1� WKDQ�
DJULFXOWXUDO�V\VWHPV��SDUWLFXODUO\�FURSSLQJ�VLWHV���7KH�KLJKHU�VRLO�G��1�LQ�FURSSLQJ�
V\VWHPV� ZDV� PRVW� OLNHO\� GXH� WR� SUHIHUHQWLDO� ORVV� RI� ��1� DV� VRLO� RUJDQLF� PDWWHU�
OHYHOV� GHFOLQHG�� DQG�RU� EHFDXVH� RI� LQFUHDVHG� LVRWRSH� IUDFWLRQDWLQJ�1� ORVVHV� DV� D�
UHVXOW�RI�LQFUHDVHG�1�LQSXWV�YLD�IHUWLOLVHU�RU�FXOWLYDWLRQ�RI�OHJXPHV��$SSOLFDWLRQ�RI�
RUJDQLF� IHUWLOLVHUV� VXFK� DV� PDQXUH� FRXOG� KDYH� DOVR� GLUHFWO\� FRQWULEXWHG� WR� ��1�
HQULFKPHQW� RI� WKH� VRLO�� +LJKHU� VRLO� G��1� LQ� VRPH� SDVWXUHV� WKDQ� IRUHVWV� ZDV�
DWWULEXWHG�WR�JUHDWHU�1�LQSXWV�DQG�LVRWRSH�IUDFWLRQDWLQJ�1�ORVVHV��ZKLOH�WKH�ORZHU�
VRLO�G��1� LQ� VRPH� SDVWXUHV�ZDV� DWWULEXWHG� WR� DFFXPXODWLRQ� RI� IL[HG�1�ZLWK� ORZ�
G��1�YDOXHV��
�
�
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7DEOH� ���� 6XPPDU\� RI� WKH� HIIHFW� RI� FKDQJHV� LQ� ODQG�XVH� DQG�PDQDJHPHQW� RQ� VRLO�G��1��$FWXDO�
G��1�YDOXHV�IURP�LQGLYLGXDO�VWXGLHV�DUH�SUHVHQWHG�LQ�7DEOHV����±�����DQG�DUH�GLVFXVVHG�LQ�VHFWLRQ�
����� 7KH� V\PEROV� µ±¶�� µ ¶� DQG� µ�¶� UHSUHVHQW� D� GHFUHDVH�� QR� FKDQJH� DQG� LQFUHDVH� LQ� VRLO� G��1�
UHVSHFWLYHO\��8QGHUOLQHG�V\PEROV�ZLWKLQ�D�URZ�ZLWK�PRUH�WKDQ�RQH�V\PERO�LQGLFDWH�WKDW�WKDW�HIIHFW�
ZDV�PRUH�FRPPRQ���
/DQG�XVH�FKDQJH��RU�PDQDJHPHQW�SUDFWLFH� (IIHFW�RQ�VRLO�G��1�
&RQYHUVLRQ�RI�IRUHVW�RU�QDWXUDO�JUDVVODQG�WR�FURSSLQJ�  ���
&RQYHUVLRQ�RI�IRUHVW�WR�SDVWXUH� ±� ���
&RQYHUVLRQ��RU�UHYHUVLRQ��RI�DJULFXOWXUDO�ODQG�WR�IRUHVW��� ±���
0DQXUH�DSSOLFDWLRQ�  ���
0LQHUDO�1�IHUWLOLVHU�DSSOLFDWLRQ� ±� ���
1RQ�QLWURJHQRXV�IHUWLOLVHU�DSSOLFDWLRQ��H�J��3��.��6��  �
,QFUHDVHG�JUD]LQJ�LQWHQVLW\� ±� ���
6RZLQJ�OHJXPHV�LQ�SDVWXUHV��H[FO�IRUHVW�WR�SDVWXUH�FRQYHUVLRQV�� ±� �
,UULJDWLRQ�  �
,QFUHDVHG�FXWWLQJ�IUHTXHQF\�LQ�JUDVVODQG�D�  �

D�)URP�:DW]ND�HW�DO����������FXWWLQJ�IUHTXHQF\�ZDV�QRW�GLVFXVVHG�LQ�DERYH�UHYLHZ��
�
�
*UD]LQJ�
7KHUH�DUH�QXPHURXV�ZD\V�LQ�ZKLFK�JUD]LQJ�FDQ�DIIHFW�VRLO�G��1��EXW�WKH�GHSRVLWLRQ�
RI� DQLPDO� H[FUHWD� �SDUWLFXODUO\� XULQH�� LQ� FRQFHQWUDWHG� SDWFKHV� SUREDEO\� KDV� WKH�
ODUJHVW�LQIOXHQFH��7KH�YHU\�KLJK�1�ORDGLQJ�UDWHV�LQ�XULQH�SDWFKHV�PHDQV�WKDW�WKHVH�
DUHDV�DUH�KRWVSRWV�IRU�1�ORVVHV�YLD�OHDFKLQJ�RU�JDVHRXV�SDWKZD\V��ZLWK�JDVHRXV�1�
ORVVHV�LQ�SDUWLFXODU�VWURQJO\�IUDFWLRQDWLQJ�DJDLQVW���1��7KH�µQHW�HIIHFW¶�RI�JUD]LQJ�
YDULHG�FRQVLGHUDEO\�EHWZHHQ�VWXGLHV��ZLWK�VRPH�VWXGLHV�VKRZLQJ�LQFUHDVHV�LQ�VRLO�
G��1�ZLWK� KLJKHU� JUD]LQJ� LQWHQVLWLHV�� VRPH� QR� FKDQJH�� DQG� RWKHUV� D� GHFUHDVH� LQ�
G��1�� 0RVW� RI� WKH� JUD]LQJ� VWXGLHV� UHYLHZHG� ZHUH� LQ� QDWXUDO� HFRV\VWHPV� RU�
H[WHQVLYHO\� PDQDJHG� SDVWXUHV�� LQ� FROG� GU\� HQYLURQPHQWV� �7DEOH� ������ )XUWKHU�
UHVHDUFK� RQ� PRUH� LQWHQVLYHO\� PDQDJHG� JUDVVODQGV� LQ� ZDUPHU�� ZHWWHU� UHJLRQV� LV�
UHTXLUHG�� ,Q� PRUH� LQWHQVLYHO\� PDQDJHG� SDVWRUDO� V\VWHPV� LQFUHDVHG� JUD]LQJ�
LQWHQVLW\�ZLOO�JHQHUDOO\�EH�DVVRFLDWHG�ZLWK�D�VXLWH�RI�RWKHU�PDQDJHPHQW�FKDQJHV��
VXFK� DV� LQFUHDVHG� SDVWXUH� SURGXFWLRQ� DV� D� UHVXOW� RI� IHUWLOLVDWLRQ�� LUULJDWLRQ�� DQG�
VRZLQJ�RI�PRUH�SURGXFWLYH�SDVWXUH�VSHFLHV��DQG�LQ�VRPH�FDVHV�VXSSOHPHQWDU\�IHHG�
ZLOO�EH�LPSRUWHG��&KDQJHV�LQ�VRLO�G��1�ZLOO�SUREDEO\�EH�PRUH�UDSLG�LQ�WKHVH�PRUH�
LQWHQVLYHO\�PDQDJHG�SDVWRUDO�V\VWHPV��GXH�WR�KLJKHU�1�LQSXWV��F\FOLQJ�DQG�ORVVHV��
SURYLGLQJ�PRUH�RSSRUWXQLW\�IRU�LVRWRSLF�IUDFWLRQDWLRQ��7KLV�K\SRWKHVLV�QHHGV�WR�EH�
WHVWHG�IXUWKHU��
�
� �
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)HUWLOLVHUV��
3UREDEO\� WKH�PRVW� FRQVLVWHQW� RI� DOO� WKH�PDQDJHPHQW� HIIHFWV� REVHUYHG�� ZDV� WKDW�
G��1� YDOXHV� RI� VRLOV� DQG� SODQWV� IURP� SORWV� UHFHLYLQJ� RUJDQLF� IHUWLOLVHUV� �H�J��
PDQXUH�� ZHUH� DOPRVW� DOZD\V� VLJQLILFDQWO\� KLJKHU� WKDQ� FRQWURO� SORWV�� RU� SORWV�
UHFHLYLQJ�V\QWKHWLF�1�IHUWLOLVHU��7KLV�HIIHFW�ZDV� ODUJHO\�DWWULEXWHG� WR� WKH�HOHYDWHG�
G��1�YDOXHV�RI�PRVW�RUJDQLF�IHUWLOLVHUV�� ,Q�VRPH�FDVHV�DSSOLFDWLRQ�RI�V\QWKHWLF�1�
IHUWLOLVHU��ZLWK�G��1�RI�a��Å��UHVXOWHG�LQ�HQULFKPHQW�RI�VRLOV�ZLWK���1��ZKLOH�RIWHQ�
WKHUH�ZDV�QR�HIIHFW��DQG�LQ�D�IHZ�FDVHV�WKHUH�ZDV�D�GHFUHDVH�LQ�G��1��1R�FKDQJH��
RU�LQFUHDVHV�LQ�VRLO��RU�SODQW��G��1�DW�VLWHV�ZKHUH�V\QWKHWLF�1�IHUWLOLVHU�ZDV�DSSOLHG��
LQGLFDWHV� WKDW� LVRWRSLF� IUDFWLRQDWLRQ�PXVW� KDYH� RFFXUUHG� DQG� WKDW� ��1�PXVW� KDYH�
EHHQ�SUHIHUHQWLDOO\�ORVW��H�J��YLD�YRODWLOLVDWLRQ���7KLV�DVVHUWLRQ�LV�VXSSRUWHG�E\�WKH�
VWURQJ� SRVLWLYH� FRUUHODWLRQ� EHWZHHQ� VRLO� �RU� SODQW��G��1� DQG�1� IHUWLOLVHU� ORDGLQJ�
UDWH�RU�1�ORVVHV�REVHUYHG�LQ�VRPH�VWXGLHV��7KHUH�LV�YHU\�OLWWOH�GDWD�RQ�WKH�HIIHFW�RI�
QRQ�QLWURJHQRXV�IHUWLOLVHUV��H�J��SKRVSKRUXV��VXOSKXU��RQ�VRLO�G��1��EXW�LW�DSSHDUV�
WKDW�DQ\�HIIHFW�LQ�SDVWRUDO�V\VWHPV�ZLOO�EH�GXH�WR�WKH�LQIOXHQFH�RI�IHUWLOLVHU�RQ�1��

IL[DWLRQ�� SDVWXUH� SURGXFWLRQ�� DQLPDO� VWRFNLQJ� UDWHV� DQG� WKH� IORZ� RQ� HIIHFW� WR� 1�
F\FOH�SURFHVVHV��7KLV�K\SRWKHVLV�UHPDLQV�WR�EH�WHVWHG��
�
5DWHV�RI�FKDQJH�LQ�VRLO�G��1�
$� OLPLWHG� QXPEHU� RI� VWXGLHV� KDYH� WUDFNHG� KRZ� VRLO� G��1� FKDQJHG�ZLWK� WLPH� LQ�
FURSSLQJ�RU�IRUHVW�HFRV\VWHPV��E\�DQDO\VLQJ�DUFKLYHG�VRLOV���,Q�WKHVH�VWXGLHV�WKHUH�
ZHUH�IHZ�FRQVLVWHQW�WUHQGV��ZLWK�VRPH�VWXGLHV�RU�WUHDWPHQWV�VKRZLQJ�LQFUHDVHV�LQ�
VRLO�G��1�ZLWK�WLPH��VRPH�QR�FKDQJH��DQG�RWKHUV�GHFUHDVHV��7DEOH�������/RQJ�WHUP�
UDWHV�RI�FKDQJH�LQ�PLQHUDO�VRLO�G��1�ZHUH�UHODWLYHO\�VORZ��UDQJLQJ�IURP�±�����Å�
\±�� WR� ����� Å� \±��� DQG� WKHUHIRUH� FKDQJHV� ZLOO� JHQHUDOO\� RQO\� EH� GHWHFWDEOH� DW�
DQQXDO�WR�GHFDGDO�WLPH�VFDOHV��1R�VWXGLHV�KDYH�PHDVXUHG�ORQJ�WHUP�FKDQJHV�LQ�VRLO�
G��1� LQ� JUD]HG� SDVWRUDO� V\VWHPV�� DQG� WKLV� LV� DQ� DYHQXH� IRU� IXUWKHU� UHVHDUFK��
7UDFNLQJ� FKDQJHV� LQ� VRLO�G��1�ZLWK� WLPH�ZLOO� LPSURYH� RXU� XQGHUVWDQGLQJ� RI� WKH�
VHQVLWLYLW\� RI� VRLO� G��1� WR� GLIIHUHQFHV� LQ� SDVWRUDO� PDQDJHPHQW� UHJLPHV�� 7KLV� LV�
LPSRUWDQW�EHFDXVH�LW�ZLOO�FRQVWUDLQ�ZKDW�WLPH�VFDOH�FKDQJHV�LQ�VRLO�G��1�PLJKW�EH�
H[SHFWHG�WR�EH�GHWHFWHG��DQG�WKHUHIRUH�WKH�VXLWDELOLW\�RI�VRLO�G��1�DV�DQ�LQGLFDWRU�RI�
SDVW�ODQG�XVH�DQG�PDQDJHPHQW��
� �
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��&KDQJHV�LQ�VRLO�&��1�DQG�G��1�DORQJ�
IRXU�IRUHVW�WR�SDVWXUH�FKURQRVHTXHQFHV�
LQ�1HZ�=HDODQG�

�
�
3�/��0XGJHD��E��/�$��6FKLSSHUD��:��7��%DLVGHQF��$��*KDQLE��5�:��/HZLVD�
�

D'HSDUWPHQW� RI� (DUWK� DQG� 2FHDQ� 6FLHQFHV�� 8QLYHUVLW\� RI�:DLNDWR�� 3ULYDWH� %DJ�
������+DPLOWRQ�������1HZ�=HDODQG��
�
E$J5HVHDUFK��5XDNXUD�5HVHDUFK�&HQWUH��3ULYDWH�%DJ�������+DPLOWRQ�������1HZ�
=HDODQG�
�
F1DWLRQDO�,VRWRSH�&HQWUH��*16�6FLHQFH��/RZHU�+XWW��1HZ�=HDODQG�
�
�
�
7KH�FRQWULEXWLRQ�RI�DXWKRUV�ZDV�DV�IROORZV���

3DXO�0XGJH��/RXLV�6FKLSSHU��5LNL�/HZLV��DQG�0HJDQ�%DONV��QRW�RQ�DXWKRU�
OLVW��GHFLGHG�RQ�WKH�H[SHULPHQWDO�GHVLJQ�IRU�WKH�WKUHH�FKURQRVHTXHQFHV�RQ�
WKH� SXPLFH� VRLO�� 3DXO�0XGJH�� 5LNL� /HZLV�� DQG� 'MXUR� 3DULSRYLF� �QRW� RQ�
DXWKRU�OLVW��ORFDWHG�VXLWDEOH�ILHOG�VLWHV��JDWKHUHG�KLVWRULFDO�LQIRUPDWLRQ�IURP�
IDUPHUV�DQG� VDPSOHG� WKH� VLWHV��3DXO�0XGJH�FDUULHG�RXW�GDWD�DQDO\VLV�DQG�
ZURWH� WKH�PDQXVFULSW� ZKLFK�ZDV� SULPDULO\� UHYLHZHG� E\� /RXLV� 6FKLSSHU��
7UR\�%DLVGHQ�SURYLGHG�DGGLWLRQDO�FRPPHQWV�RQ�WKH�PDQXVFULSW�DQG�VRPH�
WHFKQLFDO�H[SHUWLVH�DURXQG�PHDVXUHPHQW�RI�WKH�IXOO�SURILOH�VDPSOHV��$QZDU�
*KDQL� DFWHG� DV� DQ� DGYLVRU�� $UFKLYHG� VRLOV� IURP� WKH� 1RUWKODQG�
FKURQRVHTXHQFH�RQ�WKH�SRG]RO�VRLO�ZHUH�VDPSOHG�E\�-HQQL�(GZDUGV�DV�SDUW�
RI�D�3K'�ZKLFK�ZDV�FRPSOHWHG�LQ������� �
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$EVWUDFW�
&KDQJHV� LQ� WRWDO� VRLO� FDUERQ� �&��� QLWURJHQ� �1�� DQG� QDWXUDO� DEXQGDQFH� QLWURJHQ�
LVRWRSHV� �G��1�� ZHUH� PHDVXUHG� DORQJ� IRXU� IRUHVW�WR�SDVWXUH� FKURQRVHTXHQFHV� LQ�
1HZ�=HDODQG��7KH�SULPDU\�REMHFWLYH�RI�WKH�VWXG\�ZDV�WR�WHVW�WKH�K\SRWKHVLV�WKDW�
VXUIDFH� VRLO� G��1� ZRXOG� LQFUHDVH� ZLWK� WLPH� IROORZLQJ� FRQYHUVLRQ� RI� IRUHVW� WR�
SDVWXUH�� GXH� WR� LQFUHDVHG� 1� LQSXWV� DQG� LVRWRSH� IUDFWLRQDWLQJ� 1� ORVVHV�� 7KUHH�
FKURQRVHTXHQFHV�ZHUH�RQ�SXPLFH�VRLOV�LQ�WKH�&HQWUDO�1RUWK�,VODQG��ZKHUH�H[RWLF�
SLQH� IRUHVWV� KDG� EHHQ� FRQYHUWHG� WR� LQWHQVLYH� GDLU\� SDVWXUHV� �±��� \HDUV� SULRU� WR�
VDPSOLQJ��DQG�VDPSOHV�ZHUH�DOVR�WDNHQ�IURP�UHPDLQLQJ�SLQH�IRUHVWV�DQG�ORQJ�WHUP�
SDVWXUHV� ���±��� \HDUV� ROG��� 7KH� IRXUWK� FKURQRVHTXHQFH�ZDV� RQ� D� SRG]RO� VRLO� LQ�
1RUWKODQG��ZKHUH�QDWLYH�VFUXE�KDG�EHHQ�FRQYHUWHG�WR�VKHHS�JUD]HG�SDVWXUHV�RYHU�D�
��� \HDU� SHULRG�� 5HVXOWV� IURP� WKH� WKUHH� FKURQRVHTXHQFHV� RQ� WKH� SXPLFH� VRLO�
VXSSRUWHG� RXU� K\SRWKHVLV��ZLWK� OLQHDU� UHJUHVVLRQ� UHYHDOLQJ� VLJQLILFDQW� �S��������
SRVLWLYH�FRUUHODWLRQV�EHWZHHQ�ORJ�WUDQVIRUPHG�SDVWXUH�DJH��ORJ��>SDVWXUH�DJH���@��
DQG�VRLO�G��1��WRWDO�1��WRWDO�&�DQG�D�QHJDWLYH�FRUUHODWLRQ�ZLWK�&�1�UDWLR��7KHUH�ZDV�
DOVR�D�VLJQLILFDQW�SRVLWLYH�FRUUHODWLRQ��S��������EHWZHHQ�G��1�DQG�WRWDO�1��DQG�D�
QHJDWLYH�FRUUHODWLRQ�ZLWK�&�1�UDWLR�ZKHQ�&�1��������7KLV�VXJJHVWHG�WKDW�DV�VRLOV�
EHFDPH� PRUH� 1� µVDWXUDWHG¶�� LVRWRSH� IUDFWLRQDWLQJ� 1� ORVV� SURFHVVHV� LQFUHDVHG��
6XUIDFH�VRLO�G��1�LQ�WKH�SLQH�IRUHVWV�ZDV�VLJQLILFDQWO\�ORZHU�WKDQ�VXEVRLO�G��1��EXW�
WKHUH�ZDV� QR� VLJQLILFDQW� GLIIHUHQFH� EHWZHHQ� KRUL]RQV� LQ� WKH� ORQJ�WHUP� SDVWXUHV��
GXH� WR� ��1� HQULFKPHQW� RI� WKH� VXUIDFH� VRLO�� ,Q� FRQWUDVW� WR� WKH� UHVXOWV� IURP� WKH�
FKURQRVHTXHQFHV�RQ�WKH�SXPLFH�VRLO�� UHVXOWV�IURP�WKH�1RUWKODQG�FKURQRVHTXHQFH�
RQ�WKH�SRG]RO�VRLO�GLG�QRW�VXSSRUW�RXU�K\SRWKHVLV��ZLWK�QR�GHWHFWDEOH�UHODWLRQVKLS�
EHWZHHQ�SDVWXUH�DJH�DQG�VRLO�G��1��GHVSLWH�D�VLJQLILFDQW�LQFUHDVH�LQ�WRWDO�VRLO�1�DQG�
D� VLJQLILFDQW� GHFUHDVH� LQ� &�1� UDWLR�� 7KH� 1RUWKODQG� VRLO� GLVSOD\HG� H[WUHPH�
SRG]ROL]DWLRQ�DQG�ZHDWKHULQJ��DQG�KDG�EHHQ�SUHYLRXVO\�GLVWXUEHG�E\�JXP�GLJJHUV��
LPSO\LQJ� UHVXOWV� FRXOG� EH� UHODWLYHO\� XQLTXH� WR� WKLV� VRLO�� 2YHU� DOO� IRXU�
FKURQRVHTXHQFHV�� WRWDO�1� DQG�&�1� UDWLR� VKRZHG� WKH� VWURQJHVW� DQG�PRVW� UHOLDEOH�
UHODWLRQVKLS� ZLWK� SDVWXUH� DJH�� +RZHYHU�� G��1� VWLOO� SURYLGHG� XVHIXO� LQIRUPDWLRQ��
)RU�H[DPSOH��WKH�LQFUHDVH�LQ�G��1�LQ�WKH�WKUHH�FKURQRVHTXHQFHV�RQ�WKH�SXPLFH�VRLO�
LQGLFDWHG�WKDW�D�ODUJH�DPRXQW�RI�1�PXVW�KDYH�EHHQ�ORVW�IURP�WKH�VRLOV��LQ�DGGLWLRQ�
WR�WKH�1�LPPRELOLVHG��7KH�FRPELQDWLRQ�RI�WRWDO�VRLO�1��&�1�DQG�G��1�ZLOO�SURYLGH�
WKH�PRVW�LQIRUPDWLRQ�RQ�ORQJ�WHUP�1�G\QDPLFV�DW�D�SDUWLFXODU�VLWH��
.H\ZRUGV��QDWXUDO�DEXQGDQFH��QLWURJHQ�LVRWRSHV��GHIRUHVWDWLRQ��ODQG�XVH�FKDQJH�
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7KH� XQGHUVWDQGLQJ� RI� VRLO� SURSHUWLHV� DQG� HFRV\VWHP� GHYHORSPHQW� KDV� EHHQ�
DGYDQFHG� E\� VWXG\LQJ� FKURQRVHTXHQFHV�� ZKLFK� DUH� GHILQHG� DV� ³D� VHW� RI� VLWHV�
IRUPHG� IURP� WKH� VDPH� SDUHQW�PDWHULDO� RU� VXEVWUDWH� WKDW� GLIIHU� LQ� WKH� WLPH� VLQFH�
WKH\�ZHUH�IRUPHG´��:DONHU�HW�DO����������&KURQRVHTXHQFH�VWXGLHV�DUH�DOVR�UHIHUUHG�
WR� DV� VSDFH�IRU�WLPH� VXEVWLWXWLRQV�� DQG� DOORZ� LQVLJKW� LQWR� KRZ� HFRV\VWHP�
SURSHUWLHV�FKDQJH�RYHU�WLPH�SHULRGV�ZKLFK�DUH�ORQJHU�WKDQ�ZRXOG�EH�SRVVLEOH�YLD�
GLUHFW�PHDVXUHPHQW��L�H��PLOOHQQLD��9LWRXVHN�HW�DO���������RU�VWXGLHV�RYHU�VKRUWHU�
WLPH� SHULRGV� �L�H�� GHFDGHV�� ZKHUH� VDPSOHV� KDYH� QRW� EHHQ� WDNHQ� WKURXJK� WLPH�
�/HPHQLK� HW� DO��� ������� 0DQ\� GHFDGDO� VFDOH� FKURQRVHTXHQFH� VWXGLHV� KDYH�
LQYHVWLJDWHG� WKH� HIIHFW� WKDW� FKDQJHV� LQ� ODQG� XVH�� VXFK� DV� FRQYHUVLRQ� RI� IRUHVW� WR�
DJULFXOWXUDO� ODQG� �3LFFROR� HW� DO��� ������ $ZLWL� HW� DO��� ������ RU� UHYHUVLRQ� RI�
DJULFXOWXUDO�ODQG�WR�QDWXUDO�HFRV\VWHPV��&RPSWRQ�HW�DO���������:DQJ�HW�DO����������
KDYH�RQ�VRLO�SURSHUWLHV��6RLO�FDUERQ��&��DQG�QLWURJHQ��1��DUH�FRPPRQO\�PHDVXUHG�
LQ� FKURQRVHTXHQFH� VWXGLHV�� GXH� WR� WKH� IXQGDPHQWDO� LPSRUWDQFH� RI� VRLO� RUJDQLF�
PDWWHU�LQ�HFRV\VWHP�SURFHVVHV�VXFK�DV�QXWULHQW�F\FOLQJ��7KH�QDWXUDO�DEXQGDQFH�RI�
&�DQG�1�LVRWRSHV�LQ�VRLO�DQG�YHJHWDWLRQ�KDYH�DOVR�EHHQ�VKRZQ�WR�EH�D�XVHIXO�WRRO�
LQ� FKURQRVHTXHQFH� VWXGLHV��ZLWK�QLWURJHQ� LVRWRSHV� �G��1�� LQ�SDUWLFXODU� SURYLGLQJ�
XVHIXO� LQIRUPDWLRQ� RQ� 1� F\FOLQJ� DQG� ORVV� SURFHVVHV� �3LFFROR� HW� DO��� ������
0DUWLQHOOL�HW�DO���������%UHQQHU�HW�DO���������/HPHQLK�HW�DO���������&RPSWRQ�HW�DO���
��������
�
3ULRU�WR�(XURSHDQ�VHWWOHPHQW��1HZ�=HDODQG�ZDV�SUHGRPLQDQWO\�FRYHUHG�E\�QDWLYH�
IRUHVW� RU� VFUXE�� ZLWK� IRUHVW� FOHDUDQFH� IRU� SDVWRUDO� DJULFXOWXUH� FRPPHQFLQJ� LQ�
HDUQHVW� DURXQG� ����� DQG� FRQWLQXLQJ� XQWLO� DURXQG� ������ DOWKRXJK� PXFK� RI� WKH�
FXUUHQWO\� SURGXFWLYH� ODQG� ZDV� FOHDUHG� E\� ����� �0DF/HRG� DQG� 0ROOHU�� �������
&XUUHQWO\�� ����� RI� 1HZ� =HDODQG¶V� ODQG� DUHD� LV� LQ� SDVWRUDO� DJULFXOWXUH�� ���� LQ�
H[RWLF�IRUHVW�VFUXE�DQG������XQGHU�QDWLYH�ODQG�FRYHU��ZKLFK�LV�SULPDULO\�IRUHVW�LQ�
XSODQG�DUHDV���0)(���������'HVSLWH�WKH�ODUJH�VFDOH��DQG�UDSLG�FRQYHUVLRQ�RI�IRUHVW�
WR� SDVWXUH� LQ� 1HZ� =HDODQG�� IHZ� VWXGLHV� KDYH� PHDVXUHG� KRZ� VRLO� SURSHUWLHV�
FKDQJHG�GXULQJ�WKH�FRQYHUVLRQ�SURFHVV��H[FHSW�VHH��:DONHU�HW�DO���������-DFNPDQ��
����D�� E�� (GZDUGV�� ������� -DFNPDQ� �����D�� E�� DQG� :DONHU� HW� DO�� ��������
FRQGXFWHG� FKURQRVHTXHQFH� VWXGLHV� VSDQQLQJ� ��±��� \HDUV�� DQG� IRXQG� WKDW� VRLO�&�
DQG� 1� JHQHUDOO\� LQFUHDVHG� ZKHQ� QDWLYH� VFUXE� RU� SRRU� SURGXFLQJ� SDVWXUH� ZDV�
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FRQYHUWHG�WR�KLJK�SURGXFLQJ�SDVWXUH��,QFUHDVHV�LQ�&�DQG�1�ZHUH�UDSLG�GXULQJ�WKH�
ILUVW� IHZ�\HDUV�IROORZLQJ�FRQYHUVLRQ��DQG�WKHQ�VORZHG�DV�D�QHZ�HTXLOLEULXP�ZDV�
DSSURDFKHG��7KH�&�1�UDWLR�WHQGHG�WR�GHFUHDVH�ZLWK�WLPH�XQGHU�SDVWXUH��LQGLFDWLQJ�
WKDW� WKH� VRLOV� ZHUH� EHFRPLQJ� VDWXUDWHG� ZLWK� QLWURJHQ�� WKHUHIRUH� LQFUHDVLQJ� WKH�
OLNHOLKRRG�RI�1� ORVVHV�YLD� OHDFKLQJ� DQG�JDVHRXV�SDWKZD\V� �:DONHU� HW� DO��� ������
6FKLSSHU�HW�DO���������6FKLSSHU�DQG�6SDUOLQJ����������
�
1HZ� =HDODQG¶V� KLVWRU\� RI� ODQG�XVH� FKDQJH� KDV� EHHQ� DVVRFLDWHG� ZLWK� YDULRXV�
WUDQVLWLRQV� EHWZHHQ� QDWLYH� DQG� H[RWLF� IRUHVW� DQG� SDVWXUH�� 7KH� FOHDULQJ� RI� QDWLYH�
YHJHWDWLRQ� IRU� SDVWXUH� VORZHG� RU� VWRSSHG� E\� a������ EXW� HFRQRPLF� UHIRUPV� DQG�
VSLNHV� LQ� ORJ�SULFHV� OHG� WR� FRQYHUVLRQV�RI� ODUJH� DUHDV�RI� SDVWXUH� WR� H[RWLF� IRUHVW�
�PDLQO\� 3LQXV� UDGLDWD�� GXULQJ� WKH� ����V�� $� UHFHQW� GRZQWXUQ� LQ� UHWXUQV� IURP�
SODQWDWLRQ�IRUHVWU\��DQG�JRRG�UHWXUQV�IURP�GDLU\�IDUPLQJ��KDV�OHG�WR�FRQYHUVLRQ�RI�
ODUJH� DUHDV� RI� H[RWLF� IRUHVW� �PDLQO\�3LQXV� UDGLDWD�� WR� GDLU\� SDVWXUHV�� GXULQJ� WKH�
GHFDGH�OHDGLQJ�XS�WR������ZKHQ�DUWLFOH�����RI�WKH�.\RWR�3URWRFRO�WRRN�HIIHFW��7KLV�
SURYLGHG�DQ�RSSRUWXQLW\�WR�IXUWKHU�LPSURYH�RXU�XQGHUVWDQGLQJ�RI�KRZ�VRLO�&�DQG�
1� FKDQJHG� GXULQJ� WKH� ILUVW� IHZ� \HDUV� IROORZLQJ� IRUHVW� FOHDUDQFH�� 7KHUH� ZDV�
SDUWLFXODU� LQWHUHVW� LQ� VRLO� &� G\QDPLFV� EHFDXVH� RI� WKH� LPSOLFDWLRQV� RI� IRUHVW�
FRQYHUVLRQ� RQ� 1HZ� =HDODQG¶V� JUHHQKRXVH� JDV� REOLJDWLRQV� XQGHU� WKH� .\RWR�
SURWRFRO�� DQG� UHSODFHPHQW� RI� IRUHVWV� ZLWK� SDVWXUH� ZDV� H[SHFWHG� WR� VLJQLILFDQWO\�
LQFUHDVH�1�OHDFKLQJ�ORVVHV��ZLWK�LPSOLFDWLRQV�RQ�ZDWHU�TXDOLW\��+DPLOWRQ���������
:LWK�D�IRFXV�PDLQO\�RQ�HVWLPDWLQJ�VRLO�&�FKDQJHV�DVVRFLDWHG�ZLWK�DIIRUHVWDWLRQ�RI�
SDVWXUH�� D� QXPEHU� RI� QXPEHU� RI� VWXGLHV� KDYH� FRPSDUHG� VRLO� SURSHUWLHV� XQGHU�
SDVWXUH� DQG�SODQWDWLRQ� IRUHVW� VLWHV� LQ�1HZ�=HDODQG� �*LGGHQV� HW� DO��� ������'DYLV�
DQG�&RQGURQ��������6SDUOLQJ�DQG�6FKLSSHU��������7DWH�HW�DO���������%DLVGHQ�HW�DO���
������� EXW� RQO\�RQH�FKURQRVHTXHQFH� VWXG\�KDV�EHHQ�SXEOLVKHG�ZKHUH� IRUHVW� KDG�
EHHQ�FRQYHUWHG�WR�SDVWXUH��+HGOH\�HW�DO�����������
�
*OREDOO\�� IHZ� VWXGLHV� KDYH� ORRNHG� DW� 1� LVRWRSHV� DORQJ� IRUHVW� WR� SDVWXUH�
FKURQRVHTXHQFHV�� DQG� QR� VXFK� VWXGLHV� KDYH� EHHQ� FDUULHG� RXW� LQ� 1HZ� =HDODQG��
+RZHYHU��6WHYHQVRQ�HW�DO���������PHDVXUHG�QDWXUDO�DEXQGDQFH�QLWURJHQ� LVRWRSHV�
LQ� VXUIDFH� VRLOV� IURP� WKURXJKRXW� 1HZ� =HDODQG�� DQG� IRXQG� D� FOHDU� VHSDUDWLRQ�
EHWZHHQ�ODQG�XVHV��ZLWK� ORZHU�G��1�XQGHU�IRUHVWV��QDWLYH�DQG�H[RWLF�� WKDQ�XQGHU�
SDVWRUDO� DJULFXOWXUH� RU� FURSSLQJ� ODQG�� /RZHU� G��1� LQ� VRLOV� XQGHU� IRUHVWV� WKDQ�
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SDVWXUH�ZDV�DWWULEXWHG� WR�GLIIHUHQFHV� LQ� ODQG�XVH� LQWHQVLW\��ZLWK�KLJKHU�1� LQSXWV��
F\FOLQJ� DQG� LVRWRSH� IUDFWLRQDWLQJ� 1� ORVVHV� �H�J�� YRODWLOLVDWLRQ�� IURP� WKH� SDVWXUH�
VLWHV��+RZHYHU��WKH�VLWHV�ZHUH�QRW�SDLUHG��DQG�WKHUHIRUH�LW�ZDV�QRW�SRVVLEOH�WR�EH�
FHUWDLQ�ZKHWKHU�GLIIHUHQFHV�LQ�G��1�ZHUH�VSHFLILFDOO\�GULYHQ�E\�ODQG�XVH��RU�LI�WKH�
ORFDWLRQ� RI� WKH� GLIIHUHQW� ODQG� XVHV� KDG� DQ� LQIOXHQFH�� )RU� H[DPSOH�� GDLU\� IDUPV�
ZRXOG�KDYH�SUREDEO\� WHQGHG� WR�EH�RQ�EHWWHU�TXDOLW\� ODQG� �L�H�� IODWWHU�� WKDQ� IRUHVW�
VLWHV��
�
%DVHG�RQ�WKH�ZRUN�RI�6WHYHQVRQ�HW�DO����������ZH�K\SRWKHVLVHG�WKDW�VXUIDFH�VRLO�
G��1�YDOXHV�ZRXOG� LQFUHDVH�ZLWK� WLPH� IROORZLQJ�FRQYHUVLRQ�RI� IRUHVW� WR�SDVWXUH��
GXH� WR� LQFUHDVHG� 1� LQSXWV� DQG� LVRWRSH� IUDFWLRQDWLQJ� 1� ORVVHV�� 7KH� SULPDU\�
REMHFWLYH�RI� WKLV� VWXG\�ZDV� WR� WHVW� WKLV�K\SRWKHVLV�E\�DQDO\VLQJ� VRLOV� WDNHQ� IURP�
IRXU�FKURQRVHTXHQFHV�ZKHUH�IRUHVW�RU�VFUXE�KDG�EHHQ�FRQYHUWHG�WR�SDVWXUH��7KUHH�
RI� WKH�FKURQRVHTXHQFHV�ZHUH�RQ�SXPLFH�VRLOV�LQ�WKH�&HQWUDO�1RUWK�,VODQG��ZKHUH�
H[RWLF�SLQH�IRUHVWV�KDG�EHHQ�FRQYHUWHG�WR�LQWHQVLYH�GDLU\�SDVWXUHV��7KDQNV�WR�WKH�
IRUHVLJKW� RI� (GZDUGV� ������� WR� DUFKLYH� VRLOV�� ZH� ZHUH� DOVR� DEOH� DQDO\VH� VRLOV�
FROOHFWHG� IURP� D� FKURQRVHTXHQFH� RQ� D� SRG]RO� VRLO� LQ� 1RUWKODQG�� ZKHUH� QDWLYH�
VFUXE�KDG�EHHQ�FRQYHUWHG� WR�SDVWXUHV�JUD]HG�E\�VKHHS��:H�WHVWHG� WKH�K\SRWKHVLV�
WKDW�VXUIDFH�VRLO�G��1�YDOXHV�ZRXOG�LQFUHDVH�ZLWK�WLPH�XQGHU�SDVWXUH��LQ�WZR�ZD\V��
���DQ� LQFUHDVH� LQ�DEVROXWH�G��1�YDOXHV��DQG�����D� UHODWLYH� LQFUHDVH� LQ�VXUIDFH�VRLO�
G��1�YDOXHV�FRPSDUHG�WR�D�EDVHOLQH�HVWLPDWHG�XVLQJ�VXEVRLO�G��1�YDOXHV��
�
�
���� 0HWKRGV�
������ 6LWH�GHVFULSWLRQV�DQG�VRLO�VDPSOLQJ�
�������� 3XPLFH�VRLO�FKURQRVHTXHQFHV�
7KH�WKUHH�SXPLFH�VRLO�FKURQRVHTXHQFHV�ZHUH�ORFDWHG�LQ�WKH�FHQWUDO�1RUWK�,VODQG��
QHDU�WKH�VHWWOHPHQWV�RI�HLWKHU�7RNRURD��$WLDPXUL�RU�:DLUDNHL��)LJ��������$OO�WKUHH�
FKURQRVHTXHQFHV�ZHUH�RQ�WKH�7DXSR�3XPLFH�VRLO� �,PPDWXUH�2UWKLF�3XPLFH�6RLO��
+HZLWW�� ������� IRUPHG� RQ� WKH� QRQ�ZHOGHG� 7DXSR� LJQLPEULWH� �RI� UK\ROLWLF�
FRPSRVLWLRQ��GHSRVLWHG�DV�D�S\URFODVWLF�IORZ�DURXQG�����$'��+RJJ�HW�DO����������
7KLV�VRLO� LV�FODVVLILHG�DV�D�7\SLF�8GLYLWUDQG�DFFRUGLQJ�WR�86'$�6RLO�7D[RQRP\�
�6RLO� 6XUYH\� 6WDII�� �������7KH� VRLO� SURILOHV� DW� WKH� VDPSOLQJ� VLWHV� W\SLFDOO\� KDG�
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WKUHH�KRUL]RQV�ZLWKLQ�����PP�RI�WKH�VRLO�VXUIDFH��DQ�$S�KRUL]RQ��a�±����PP���D�
%Z�KRUL]RQ��a���±����PP���DQG�D�&X�KRUL]RQ��a���±�����PP����
�
7KH�$WLDPXUL�DQG�:DLUDNHL�VWXG\�DUHDV�ZHUH�IODW�RU�YHU\�JHQWO\�VORSLQJ��ZKLOH�DW�
7RNRURD� WKH� WRSRJUDSK\� ZDV� PRUH� YDULHG�� EXW� DOO� VDPSOHV� ZHUH� WDNHQ� IURP� D�
UHPQDQW� WHUUDFH� ODQGIRUP� ZKLFK� ZDV� YLUWXDOO\� IODW�� 7KH� 7RNRURD� DQG�:DLUDNHL�
FKURQRVHTXHQFHV� ZHUH� ��� NP� DSDUW�� DQG� WKH� $WLDPXUL� FKURQRVHTXHQFH� ZDV� LQ�
EHWZHHQ��)LJ��������$W�$WLDPXUL�DOO�VDPSOLQJ�VLWHV�ZHUH�ZLWKLQ���NP�RI�HDFK�RWKHU��
ZKLOH� DW�7RNRURD�� VLWHV�ZHUH�ZLWKLQ� ���� NP�RI� HDFK� RWKHU� DQG� DW�:DLUDNHL� VLWHV�
ZHUH�ZLWKLQ�a���NP�RI�HDFK�RWKHU��DOWKRXJK�PRVW�VLWHV�ZHUH�ZLWKLQ���NP���$QQXDO�
UDLQIDOO�DQG�WHPSHUDWXUH�ZDV�VLPLODU�EHWZHHQ�WKH�WKUHH�VLWHV��7DEOH�������
�
$W�DOO�WKUHH�FKURQRVHTXHQFHV��VHFRQG�RU�WKLUG�URWDWLRQ�SLQH�IRUHVW��3LQXV�UDGLDWD��
KDG�EHHQ�FRQYHUWHG�WR�LQWHQVLYH�SDVWRUDO�GDLU\�IDUPV��±���\HDUV�SULRU�WR�VDPSOLQJ�
ZKLFK�RFFXUUHG�LQ�0DUFK±-XO\�������3ULRU�WR�ODQG�SUHSDUDWLRQ�IRU�SDVWXUH��PDWXUH�
IRUHVWV�ZHUH� KDUYHVWHG��ZKLOH� LPPDWXUH� WUHHV�ZHUH� VLPSO\� SXOOHG� RU� SXVKHG� RXW�
ZLWK�GLJJHUV�RU�EXOOGR]HUV��3LQH�WUHH�GHEULV�ZHUH�GHSRVLWHG�LQ�ZLQGURZV�RU�VODVK�
KHDSV�� PRVW� RI� ZKLFK� ZHUH� VWLOO� SUHVHQW� DW� WKH� WLPH� RI� VDPSOLQJ�� DOWKRXJK� DW�
$WLDPXUL� DQG� :DLUDNHL� VRPH� KDG� EHHQ� UHPRYHG� �IRU� IXHO��� EXUQHG� RU� EXULHG��
:KHUH� ZLQGURZV� DQG� VODVK� KHDSV� ZHUH� QR� ORQJHU� SUHVHQW�� WKHLU� ORFDWLRQ� ZDV�
GHWHUPLQHG� IURP�ROGHU� DHULDO� SKRWRJUDSKV� DQG� WDONLQJ� WR� WKH� UHVSHFWLYH� IDUPHUV��
7KHVH� GLVWXUEHG� ORFDWLRQV� ZHUH� DOVR� LGHQWLILDEOH� RQ� WKH� JURXQG� GXH� WR� WKH�
DEXQGDQFH�RI�ZRRG\�GHEULV� DQG�RU� FKDUFRDO� DQG�ZHUH� DYRLGHG�GXULQJ� VDPSOLQJ��
)ROORZLQJ�UHPRYDO�RI� WKH�SLQH�WUHHV�DW�7RNRURD�DQG�$WLDPXUL�� WKH�VRLO�ZDV�GLVF�
FXOWLYDWHG��KDUURZHG�� UROOHG�DQG� WKHQ� VHHGHG��$W�:DLUDNHL��KHDY\�GXW\�PXOFKHUV�
ZHUH� ILUVW�XVHG� WR�EUHDN�XS� UHPDLQLQJ�ZRRG�RQ�RU� LQ� WKH�VXUIDFH�VRLO� �H[FOXGLQJ�
WKDW� GHSRVLWHG� LQ� ZLQGURZV� DQG� VODVK� KHDSV��� DQG� WKHQ� WKH� ODQG� ZDV� KDUURZHG��
UROOHG�DQG�VHHGHG��
�
$W� HDFK� RI� WKH� WKUHH� FKURQRVHTXHQFHV�� VDPSOHV�ZHUH� DOVR� WDNHQ� IURP� UHPDLQLQJ�
PDWXUH� SLQH� IRUHVWV� DQG� ORQJ�WHUP� GDLU\� SDVWXUHV� �!��� \HDUV� XQGHU� SDVWXUH��� $�
ORQJ�WHUP�VKHHS�DQG�EHHI�SDVWXUH�ZDV�DOVR�VDPSOHG�DW�7RNRURD��DQG�DW�:DLUDNHL�D�
GDLU\� UXQRII� �XVHG� WR� PDNH� VLODJH�� DQG� JUD]H� GDLU\� FRZV� GXULQJ� ZLQWHU�� ZDV�
VDPSOHG��7DEOH�������7KH�ORQJ�WHUP�SDVWXUH�VLWHV�KDG�QRW�SUHYLRXVO\�EHHQ�LQ�SLQH�
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IRUHVW�� EXW� LW� ZDV� DVVXPHG� WKDW� VRLO� SURSHUWLHV� XQGHU� SLQH� DQG� WKH� QDWLYH� IRUHVW�
�IURP�ZKLFK� WKH� ORQJ�WHUP�SDVWXUH�VLWHV�ZHUH�RULJLQDOO\�HVWDEOLVKHG��ZRXOG�KDYH�
EHHQ�VLPLODU��6SDUOLQJ�DQG�6FKLSSHU��������6WHYHQVRQ�HW�DO�����������
�
0DQDJHPHQW�RQ�DOO�GDLU\�IDUPV�ZDV�VLPLODU��ZLWK�VWRFNLQJ�UDWHV�RI����±����FRZV�
KD±��DQG�PLONVROLGV��PLON�IDW���PLON�SURWHLQ��SURGXFWLRQ�RI����±�����NJ�KD±��\±���
2Q�WKH�UHFHQWO\�FRQYHUWHG�IDUPV��1�IHUWLOLVHU�LQSXWV�ZHUH�DERXW����±����NJ�KD±��\±
�� IRU� WKH� ILUVW� WZR�\HDUV��DIWHU�ZKLFK� UDWHV�ZHUH����±����NJ�KD±��\±���ZKLFK�ZDV�
VLPLODU� WR� UDWHV� RQ� WKH� ORQJ�WHUP� GDLU\� SDVWXUHV�� 7KH� ORQJ�WHUP� VKHHS� DQG� EHHI�
SDVWXUH� DW� 7RNRURD� UHFHLYHG� DERXW� ��� NJ� 1� KD±�� \±��� DQG� WKH� GDLU\� UXQRII� DW�
:DLUDNHL�����NJ�1�KD±��\±���7KH�UHFHQWO\�FRQYHUWHG�VLWHV�UHFHLYHG�ODUJH�LQSXWV�RI�
OLPH� ��±���� W� KD±���� DQG� VXSHUSKRVSKDWH� �a�� W� KD±��� RU� GLDPPRQLXP� SKRVSKDWH�
�����NJ�KD±���GXULQJ�WKH�ILUVW� WZR�\HDUV�IROORZLQJ�SDVWXUH�HVWDEOLVKPHQW�� WR�UDLVH�
VRLO� S+� DQG� 2OVHQ� 3�� 6XEVHTXHQWO\� DOO� SDVWXUHV� UHFHLYHG� DERXW� ���� NJ�
VXSHUSKRVSKDWH��RU�RWKHU�IHUWLOLVHU�ZLWK�HTXLYDOHQW�3�DQG�6��WR�PDLQWDLQ�VRLO�3�DQG�
6�� DQG� RWKHU� QXWULHQWV� DQG� WUDFH� HOHPHQWV� �H�J��.��&R�� 6H��ZHUH� DOVR� DSSOLHG� DV�
UHTXLUHG�� 3DVWXUHV� DW� DOO� VDPSOLQJ� VLWHV� ZHUH� SUHGRPLQDQWO\� U\HJUDVV� �/ROLXP�
SHUHQQH�� DQG� ZKLWH� FORYHU� �7ULIROLXP� UHSHQV��� &ORYHU� FRQWHQW� LQ� WKH� UHFHQWO\�
FRQYHUWHG�SDVWXUHV�DSSHDUHG�WR�EH�KLJKHU�WKDQ�LQ�WKH�ORQJ�WHUP�SDVWXUHV��DOWKRXJK�
WKLV�ZDV�QRW�VSHFLILFDOO\�TXDQWLILHG����
�
$W�HDFK�RI�WKH�VLWHV�LGHQWLILHG�LQ�7DEOH������WKUHH����P�WUDQVHFWV�ZHUH�ODLG�RXW��)RU�
WKH�:DLUDNHL�DQG�$WLDPXUL�SDVWXUH�VLWHV��WKH�WKUHH�WUDQVHFWV�ZHUH�JHQHUDOO\�ORFDWHG�
LQ� VHSDUDWH� SDGGRFNV��ZKLOH� DW� 7RNRURD� WKHUH�ZDV� D� OLPLWHG� QXPEHU� RI� VXLWDEOH�
SDGGRFNV� DQG� WKHUHIRUH� DOO� WKUHH� WUDQVHFWV�ZHUH� XVXDOO\� ORFDWHG�ZLWKLQ� WKH� VDPH�
SDGGRFN��7KH�WKUHH�WUDQVHFWV�LQ�WKH�SLQH�IRUHVW�ZHUH�GLVWULEXWHG�RYHU�D�VLPLODU�DUHD�
WR�WUDQVHFWV�DW�WKH�SDVWXUH�VLWHV��L�H��DW�DOO�VLWHV�WKH�WKUHH�WUDQVHFWV�ZHUH�ZLWKLQ����±
����P�RI�HDFK�RWKHU���)RU�HDFK�WUDQVHFW�����VXUIDFH�VRLO�FRUHV���±���PP�GHSWK�[�
���PP�GLDPHWHU��ZHUH�WDNHQ�DW�SUH�GHWHUPLQHG�UDQGRP�LQWHUYDOV�DQG�EXONHG�LQWR�
RQH� VDPSOH�� ,Q� DGGLWLRQ�� DW� VHYHQ� RI� WKH� SRLQWV� DORQJ� HDFK� WUDQVHFW�� ��� PP�
GLDPHWHU�FRUHV�ZHUH�WDNHQ�WR�����PP�GHSWK�ZLWK�WKH�DLG�RI�D�ZRRGHQ�PDXO��(DFK�
LQGLYLGXDO�����PP�FRUH�ZDV�VSOLW�E\�KRUL]RQ��ZLWK�KRUL]RQ�GHSWK�UHFRUGHG��DQG�
WKH� VHYHQ� FRUHV� EXONHG�E\�KRUL]RQ� WR� JLYH� RQH� VDPSOH� SHU� KRUL]RQ�SHU� WUDQVHFW��
5DQGRP�VDPSOLQJ� LQWHUYDOV�DORQJ� WKH� WUDQVHFWV�ZHUH�XVHG� WR�DYRLG�DQ\�SRWHQWLDO�
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IRU� VHW� VDPSOH� VSDFLQJ� WR� FRLQFLGH�ZLWK� SLQH� WUHH� URZV�� 3LWV� ZHUH� GXJ� DW� ���P�
DORQJ�HDFK�WUDQVHFW�DQG�WKUHH�
�LQ�HDFK�SLW���%XON�GHQVLW\�FRUHV�ZHUH����PP�LQ�GLDPHWHU�DQG����PP�GHHS�

)LJ�� �
,VODQG�1HZ�=HDODQG��7KH�WKUHH�FKURQ
�E��$WLDPXUL�DQG��F��:DLUDNHL�LQ�WKH�&HQWUDO�1RUWK�,VODQG��ZKLOH�WKH�FKURQRVHTXHQFH�RQ�WKH�SRG]RO�
VRLO��G��ZDV�ORFDWHG�LQ�1RUWKODQG�QHDU�.DLNRKH�
�

�

�������
7KH� IRXUWK�
1RUWKODQG��
FRPPHQFLQJ� LQ� WKH� ODWH�����V�
ZLWK�NDXUL�IRUHVW��
�����DQG�������DQG�ZDV� UHSODFHG�ZLWK� UHJHQHUDWLQJ�VFUXE�GRPLQDWHG�E\�VWXQWHG�
PDQXND� �
5HODWLYHO\� IUHTXHQW� ILUHV�PHDQW� WKDW� WKLV� VFUXE�YH
WKDQ�NDXUL� IRUHVW� UH
VWDWLRQ�KDG�EHHQ�GXJ�RYHU�E\�JXP�GLJJHUV�EHWZHHQ�a�����DQG�������DQG�WKHUHIRUH�
VRLO� SURILOHV� DW� DOO� VLWHV�PD\� KDYH� EHHQ� GLVWXUEHG� WR� VRPH� GHJUHH�
ZHUH�VHDUFKLQJ� IRU� IRVVLOL]HG�NDXUL�JXP��D� UHVLQ�H[XGHG�E\� WUHHV� �LQ� WKH�RULJLQDO�

�

IRU� VHW� VDPSOH� VSDFLQJ� WR� FRLQFLGH�ZLWK� SLQH� WUHH� URZV�� 3LWV� ZHUH� GXJ� DW� ���P�
DORQJ�HDFK�WUDQVHFW�DQG�WKUHH�
�LQ�HDFK�SLW���%XON�GHQVLW\�FRUHV�ZHUH����PP�LQ�GLDPHWHU�DQG����PP�GHHS�

�����/RFDWLRQ� RI� WKH� IRXU� FKURQRVHTXHQFHV� LQYHVWLJDWHG� LQ� WKLV� VWXG\�� LQ� UHODWLRQ� WR� 1RUWK�
,VODQG�1HZ�=HDODQG��7KH�WKUHH�FKURQ
�E��$WLDPXUL�DQG��F��:DLUDNHL�LQ�WKH�&HQWUDO�1RUWK�,VODQG��ZKLOH�WKH�FKURQRVHTXHQFH�RQ�WKH�SRG]RO�
VRLO��G��ZDV�ORFDWHG�LQ�1RUWKODQG�QHDU�.DLNRKH�

�������� 3RG]RO�VRLO�FKURQRVHTXHQFH
7KH� IRXUWK� FKURQRVHTXHQFH�ZDV� ORFDWHG� DW� WKH� ROG�.DLNRKH�5HVHDUFK� 6WDWLRQ� LQ�
1RUWKODQG��)LJ��
FRPPHQFLQJ� LQ� WKH� ODWH�����V�
ZLWK�NDXUL�IRUHVW��
�����DQG�������DQG�ZDV� UHSODFHG�ZLWK� UHJHQHUDWLQJ�VFUXE�GRPLQDWHG�E\�VWXQWHG�
PDQXND� �/HSWRVSHUPXP�VFRSDULXP
5HODWLYHO\� IUHTXHQW� ILUHV�PHDQW� WKDW� WKLV� VFUXE�YH
WKDQ�NDXUL� IRUHVW� UH
VWDWLRQ�KDG�EHHQ�GXJ�RYHU�E\�JXP�GLJJHUV�EHWZHHQ�a�����DQG�������DQG�WKHUHIRUH�
VRLO� SURILOHV� DW� DOO� VLWHV�PD\� KDYH� EHHQ� GLVWXUEHG� WR� VRPH� GHJUHH�
ZHUH�VHDUFKLQJ� IRU� IRVVLOL]HG�NDXUL�JXP��D� UHVLQ�H[XGHG�E\� WUHHV� �LQ� WKH�RULJLQDO�

� )RUHVW

IRU� VHW� VDPSOH� VSDFLQJ� WR� FRLQFLGH�ZLWK� SLQH� WUHH� URZV�� 3LWV� ZHUH� GXJ� DW� ���P�
DORQJ�HDFK�WUDQVHFW�DQG�WKUHH�
�LQ�HDFK�SLW���%XON�GHQVLW\�FRUHV�ZHUH����PP�LQ�GLDPHWHU�DQG����PP�GHHS�

/RFDWLRQ� RI� WKH� IRXU� FKURQRVHTXHQFHV� LQYHVWLJDWHG� LQ� WKLV� VWXG\�� LQ� UHODWLRQ� WR� 1RUWK�
,VODQG�1HZ�=HDODQG��7KH�WKUHH�FKURQ
�E��$WLDPXUL�DQG��F��:DLUDNHL�LQ�WKH�&HQWUDO�1RUWK�,VODQG��ZKLOH�WKH�FKURQRVHTXHQFH�RQ�WKH�SRG]RO�
VRLO��G��ZDV�ORFDWHG�LQ�1RUWKODQG�QHDU�.DLNRKH�

3RG]RO�VRLO�FKURQRVHTXHQFH
FKURQRVHTXHQFH�ZDV� ORFDWHG� DW� WKH� ROG�.DLNRKH�5HVHDUFK� 6WDWLRQ� LQ�
)LJ��������ZKHUH�QDWLYH�VFUXE�KDG�EHHQ�VXFFHVVLYHO\�FOHDUHG�IRU�SDVWXUH�

FRPPHQFLQJ� LQ� WKH� ODWH�����V�
ZLWK�NDXUL�IRUHVW��$JDWKLV�DX
�����DQG�������DQG�ZDV� UHSODFHG�ZLWK� UHJHQHUDWLQJ�VFUXE�GRPLQDWHG�E\�VWXQWHG�

/HSWRVSHUPXP�VFRSDULXP
5HODWLYHO\� IUHTXHQW� ILUHV�PHDQW� WKDW� WKLV� VFUXE�YH
WKDQ�NDXUL� IRUHVW� UH�JHQHUDWLQJ�
VWDWLRQ�KDG�EHHQ�GXJ�RYHU�E\�JXP�GLJJHUV�EHWZHHQ�a�����DQG�������DQG�WKHUHIRUH�
VRLO� SURILOHV� DW� DOO� VLWHV�PD\� KDYH� EHHQ� GLVWXUEHG� WR� VRPH� GHJUHH�
ZHUH�VHDUFKLQJ� IRU� IRVVLOL]HG�NDXUL�JXP��D� UHVLQ�H[XGHG�E\� WUHHV� �LQ� WKH�RULJLQDO�

)RUHVW�WR�SDVWXUH�FKURQRVHTXHQFHV

IRU� VHW� VDPSOH� VSDFLQJ� WR� FRLQFLGH�ZLWK� SLQH� WUHH� URZV�� 3LWV� ZHUH� GXJ� DW� ���P�
DORQJ�HDFK�WUDQVHFW�DQG�WKUHH�EXON�GHQVLW\�VDPSOHV�ZHUH�WDNHQ�IURP�HDFK�KRUL]RQ�
�LQ�HDFK�SLW���%XON�GHQVLW\�FRUHV�ZHUH����PP�LQ�GLDPHWHU�DQG����PP�GHHS�

/RFDWLRQ� RI� WKH� IRXU� FKURQRVHTXHQFHV� LQYHVWLJDWHG� LQ� WKLV� VWXG\�� LQ� UHODWLRQ� WR� 1RUWK�
,VODQG�1HZ�=HDODQG��7KH�WKUHH�FKURQRVHTXHQFHV�RQ�WKH�SXPLFH�VRLO�ZHUH�ORFDWHG�QHDU��D��7RNRURD��
�E��$WLDPXUL�DQG��F��:DLUDNHL�LQ�WKH�&HQWUDO�1RUWK�,VODQG��ZKLOH�WKH�FKURQRVHTXHQFH�RQ�WKH�SRG]RO�
VRLO��G��ZDV�ORFDWHG�LQ�1RUWKODQG�QHDU�.DLNRKH�

3RG]RO�VRLO�FKURQRVHTXHQFH�
FKURQRVHTXHQFH�ZDV� ORFDWHG� DW� WKH� ROG�.DLNRKH�5HVHDUFK� 6WDWLRQ� LQ�

��ZKHUH�QDWLYH�VFUXE�KDG�EHHQ�VXFFHVVLYHO\�FOHDUHG�IRU�SDVWXUH�
FRPPHQFLQJ� LQ� WKH� ODWH�����V��(GZDUGV�������

$JDWKLV�DXVWUDOLV���EXW�WKLV�ZDV�IHOOHG�IRU�WLPEHU�EHWZHHQ�DERXW�
�����DQG�������DQG�ZDV� UHSODFHG�ZLWK� UHJHQHUDWLQJ�VFUXE�GRPLQDWHG�E\�VWXQWHG�

/HSWRVSHUPXP�VFRSDULXP�� �(VOHU� DQG�5XPEDOO��������(GZDUGV�������
5HODWLYHO\� IUHTXHQW� ILUHV�PHDQW� WKDW� WKLV� VFUXE�YH

JHQHUDWLQJ� �(VOHU� DQG�5XPEDOO�� �����
VWDWLRQ�KDG�EHHQ�GXJ�RYHU�E\�JXP�GLJJHUV�EHWZHHQ�a�����DQG�������DQG�WKHUHIRUH�
VRLO� SURILOHV� DW� DOO� VLWHV�PD\� KDYH� EHHQ� GLVWXUEHG� WR� VRPH� GHJUHH�
ZHUH�VHDUFKLQJ� IRU� IRVVLOL]HG�NDXUL�JXP��D� UHVLQ�H[XGHG�E\� WUHHV� �LQ� WKH�RULJLQDO�

SDVWXUH�FKURQRVHTXHQFHV

IRU� VHW� VDPSOH� VSDFLQJ� WR� FRLQFLGH�ZLWK� SLQH� WUHH� URZV�� 3LWV� ZHUH� GXJ� DW� ���P�
EXON�GHQVLW\�VDPSOHV�ZHUH�WDNHQ�IURP�HDFK�KRUL]RQ�

�LQ�HDFK�SLW���%XON�GHQVLW\�FRUHV�ZHUH����PP�LQ�GLDPHWHU�DQG����PP�GHHS�

/RFDWLRQ� RI� WKH� IRXU� FKURQRVHTXHQFHV� LQYHVWLJDWHG� LQ� WKLV� VWXG\�� LQ� UHODWLRQ� WR� 1RUWK�
RVHTXHQFHV�RQ�WKH�SXPLFH�VRLO�ZHUH�ORFDWHG�QHDU��D��7RNRURD��

�E��$WLDPXUL�DQG��F��:DLUDNHL�LQ�WKH�&HQWUDO�1RUWK�,VODQG��ZKLOH�WKH�FKURQRVHTXHQFH�RQ�WKH�SRG]RO�
VRLO��G��ZDV�ORFDWHG�LQ�1RUWKODQG�QHDU�.DLNRKH��

�
FKURQRVHTXHQFH�ZDV� ORFDWHG� DW� WKH� ROG�.DLNRKH�5HVHDUFK� 6WDWLRQ� LQ�

��ZKHUH�QDWLYH�VFUXE�KDG�EHHQ�VXFFHVVLYHO\�FOHDUHG�IRU�SDVWXUH�
�(GZDUGV���������7KH�VLWH�ZDV�RULJLQDOO\�FRYHUHG�

��EXW�WKLV�ZDV�IHOOHG�IRU�WLPEHU�EHWZHHQ�DERXW�
�����DQG�������DQG�ZDV� UHSODFHG�ZLWK� UHJHQHUDWLQJ�VFUXE�GRPLQDWHG�E\�VWXQWHG�

�(VOHU� DQG�5XPEDOO��������(GZDUGV�������
5HODWLYHO\� IUHTXHQW� ILUHV�PHDQW� WKDW� WKLV� VFUXE�YH

�(VOHU� DQG�5XPEDOO�� �����
VWDWLRQ�KDG�EHHQ�GXJ�RYHU�E\�JXP�GLJJHUV�EHWZHHQ�a�����DQG�������DQG�WKHUHIRUH�
VRLO� SURILOHV� DW� DOO� VLWHV�PD\� KDYH� EHHQ� GLVWXUEHG� WR� VRPH� GHJUHH�
ZHUH�VHDUFKLQJ� IRU� IRVVLOL]HG�NDXUL�JXP��D� UHVLQ�H[XGHG�E\� WUHHV� �LQ� WKH�RULJLQDO�

SDVWXUH�FKURQRVHTXHQFHV�

IRU� VHW� VDPSOH� VSDFLQJ� WR� FRLQFLGH�ZLWK� SLQH� WUHH� URZV�� 3LWV� ZHUH� GXJ� DW� ���P�
EXON�GHQVLW\�VDPSOHV�ZHUH�WDNHQ�IURP�HDFK�KRUL]RQ�

�LQ�HDFK�SLW���%XON�GHQVLW\�FRUHV�ZHUH����PP�LQ�GLDPHWHU�DQG����PP�GHHS�

/RFDWLRQ� RI� WKH� IRXU� FKURQRVHTXHQFHV� LQYHVWLJDWHG� LQ� WKLV� VWXG\�� LQ� UHODWLRQ� WR� 1RUWK�
RVHTXHQFHV�RQ�WKH�SXPLFH�VRLO�ZHUH�ORFDWHG�QHDU��D��7RNRURD��

�E��$WLDPXUL�DQG��F��:DLUDNHL�LQ�WKH�&HQWUDO�1RUWK�,VODQG��ZKLOH�WKH�FKURQRVHTXHQFH�RQ�WKH�SRG]RO�

FKURQRVHTXHQFH�ZDV� ORFDWHG� DW� WKH� ROG�.DLNRKH�5HVHDUFK� 6WDWLRQ� LQ�
��ZKHUH�QDWLYH�VFUXE�KDG�EHHQ�VXFFHVVLYHO\�FOHDUHG�IRU�SDVWXUH�

��7KH�VLWH�ZDV�RULJLQDOO\�FRYHUHG�
��EXW�WKLV�ZDV�IHOOHG�IRU�WLPEHU�EHWZHHQ�DERXW�

�����DQG�������DQG�ZDV� UHSODFHG�ZLWK� UHJHQHUDWLQJ�VFUXE�GRPLQDWHG�E\�VWXQWHG�
�(VOHU� DQG�5XPEDOO��������(GZDUGV�������

5HODWLYHO\� IUHTXHQW� ILUHV�PHDQW� WKDW� WKLV� VFUXE�YHJHWDWLRQ�ZDV�PDLQWDLQHG� UDWKHU�
�(VOHU� DQG�5XPEDOO�� �������0RVW� RI� WKH� UHVHDUFK�

VWDWLRQ�KDG�EHHQ�GXJ�RYHU�E\�JXP�GLJJHUV�EHWZHHQ�a�����DQG�������DQG�WKHUHIRUH�
VRLO� SURILOHV� DW� DOO� VLWHV�PD\� KDYH� EHHQ� GLVWXUEHG� WR� VRPH� GHJUHH�
ZHUH�VHDUFKLQJ� IRU� IRVVLOL]HG�NDXUL�JXP��D� UHVLQ�H[XGHG�E\� WUHHV� �LQ� WKH�RULJLQDO�

�

IRU� VHW� VDPSOH� VSDFLQJ� WR� FRLQFLGH�ZLWK� SLQH� WUHH� URZV�� 3LWV� ZHUH� GXJ� DW� ���P�
EXON�GHQVLW\�VDPSOHV�ZHUH�WDNHQ�IURP�HDFK�KRUL]RQ�

�LQ�HDFK�SLW���%XON�GHQVLW\�FRUHV�ZHUH����PP�LQ�GLDPHWHU�DQG����PP�GHHS�

�
/RFDWLRQ� RI� WKH� IRXU� FKURQRVHTXHQFHV� LQYHVWLJDWHG� LQ� WKLV� VWXG\�� LQ� UHODWLRQ� WR� 1RUWK�

RVHTXHQFHV�RQ�WKH�SXPLFH�VRLO�ZHUH�ORFDWHG�QHDU��D��7RNRURD��
�E��$WLDPXUL�DQG��F��:DLUDNHL�LQ�WKH�&HQWUDO�1RUWK�,VODQG��ZKLOH�WKH�FKURQRVHTXHQFH�RQ�WKH�SRG]RO�

FKURQRVHTXHQFH�ZDV� ORFDWHG� DW� WKH� ROG�.DLNRKH�5HVHDUFK� 6WDWLRQ� LQ�
��ZKHUH�QDWLYH�VFUXE�KDG�EHHQ�VXFFHVVLYHO\�FOHDUHG�IRU�SDVWXUH�

��7KH�VLWH�ZDV�RULJLQDOO\�FRYHUHG�
��EXW�WKLV�ZDV�IHOOHG�IRU�WLPEHU�EHWZHHQ�DERXW�

�����DQG�������DQG�ZDV� UHSODFHG�ZLWK� UHJHQHUDWLQJ�VFUXE�GRPLQDWHG�E\�VWXQWHG�
�(VOHU� DQG�5XPEDOO��������(GZDUGV�������

JHWDWLRQ�ZDV�PDLQWDLQHG� UDWKHU�
��0RVW�RI� WKH� UHVHDUFK�

VWDWLRQ�KDG�EHHQ�GXJ�RYHU�E\�JXP�GLJJHUV�EHWZHHQ�a�����DQG�������DQG�WKHUHIRUH�
VRLO� SURILOHV� DW� DOO� VLWHV�PD\� KDYH� EHHQ� GLVWXUEHG� WR� VRPH� GHJUHH��*XP� GLJJHUV�
ZHUH�VHDUFKLQJ� IRU� IRVVLOL]HG�NDXUL�JXP��D� UHVLQ�H[XGHG�E\� WUHHV� �LQ� WKH�RULJLQDO�

� &KDSWHU���

IRU� VHW� VDPSOH� VSDFLQJ� WR� FRLQFLGH�ZLWK� SLQH� WUHH� URZV�� 3LWV� ZHUH� GXJ� DW� ���P�
EXON�GHQVLW\�VDPSOHV�ZHUH�WDNHQ�IURP�HDFK�KRUL]RQ�

�LQ�HDFK�SLW���%XON�GHQVLW\�FRUHV�ZHUH����PP�LQ�GLDPHWHU�DQG����PP�GHHS��

/RFDWLRQ� RI� WKH� IRXU� FKURQRVHTXHQFHV� LQYHVWLJDWHG� LQ� WKLV� VWXG\�� LQ� UHODWLRQ� WR� 1RUWK�
RVHTXHQFHV�RQ�WKH�SXPLFH�VRLO�ZHUH�ORFDWHG�QHDU��D��7RNRURD��

�E��$WLDPXUL�DQG��F��:DLUDNHL�LQ�WKH�&HQWUDO�1RUWK�,VODQG��ZKLOH�WKH�FKURQRVHTXHQFH�RQ�WKH�SRG]RO�

FKURQRVHTXHQFH�ZDV� ORFDWHG� DW� WKH� ROG�.DLNRKH�5HVHDUFK� 6WDWLRQ� LQ�
��ZKHUH�QDWLYH�VFUXE�KDG�EHHQ�VXFFHVVLYHO\�FOHDUHG�IRU�SDVWXUH�

��7KH�VLWH�ZDV�RULJLQDOO\�FRYHUHG�
��EXW�WKLV�ZDV�IHOOHG�IRU�WLPEHU�EHWZHHQ�DERXW�

�����DQG�������DQG�ZDV� UHSODFHG�ZLWK� UHJHQHUDWLQJ�VFUXE�GRPLQDWHG�E\�VWXQWHG�
�(VOHU� DQG�5XPEDOO��������(GZDUGV���������

JHWDWLRQ�ZDV�PDLQWDLQHG� UDWKHU�
��0RVW� RI� WKH� UHVHDUFK�

VWDWLRQ�KDG�EHHQ�GXJ�RYHU�E\�JXP�GLJJHUV�EHWZHHQ�a�����DQG�������DQG�WKHUHIRUH�
*XP� GLJJHUV�

ZHUH�VHDUFKLQJ� IRU� IRVVLOL]HG�NDXUL�JXP��D� UHVLQ�H[XGHG�E\� WUHHV� �LQ� WKH�RULJLQDO�

�



&KDSWHU��� )RUHVW�WR�SDVWXUH�FKURQRVHTXHQFHV� �
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NDXUL�IRUHVW��DV�SURWHFWLRQ�DJDLQVW�LQVHFW�DWWDFN��DQG�XVHG�IRU�PDNLQJ�YDUQLVK�DQG�
OLQROHXP��7RSRJUDSK\�ZDV�UROOLQJ�DQG�VDPSOHV�ZHUH�WDNHQ�IURP�VLWHV�ZLWK�VORSHV�
UDQJLQJ� IURP� �q� WR� ��q�� 3DVWXUHV� ZHUH� JUD]HG� E\� VKHHS�� DQG� PDQDJHPHQW� ZDV�
UHODWLYHO\� LQWHQVLYH�ZLWK� VWRFNLQJ� UDWHV� RI� DERXW� ��� VWRFN� XQLWV� SHU� KD±�� �ZLWK� D�
VWRFN� XQLW� GHILQHG� KHUH� DV� RQH� ��� NJ� HZH� UHDULQJ� D� VLQJOH� ODPE� DQG� FRQVXPLQJ�
DERXW�����NJ�'0�SHU�\HDU���
�
7KH� VRLO� VDPSOHG� DW� WKH� VLWH� ZDV� WKH�:KDUHNRKH� SRG]RO� �ZLWK� SDQ��� D� VWURQJO\�
ZHDWKHUHG�VRLO��FODVVLILHG��E\�(GZDUGV��������DV�D�GHQVLSDQ�SRG]RO�XVLQJ�WKH�1HZ�
=HDODQG� 6RLO� &ODVVLILFDWLRQ�� RU� D� 8OWLVRO� �7\SLF� DOEDTXXOW�� XVLQJ� 86'$� VRLO�
7D[RQRP\� �6RLO� 6XUYH\� 6WDII�� ������� 7KH� SDOH� JUH\�$� KRUL]RQ�ZDV� RQ� DYHUDJH�
DERXW�����PP�GHHS��WKH�GHQVH�EOHDFKHG�TXDUW]�DQG�VLOLFD�ULFK�(�KRUL]RQ�����PP�
WKLFN��DQG�WKH�FOD\�ULFK�%�KRUL]RQ�FRQWLQXHG�WR�DW�OHDVW����FP�EHORZ�WKH�(�KRUL]RQ�
�(GZDUGV�� ������� 7KH� SUHVHQFH� RI� WKH� SDQ� LQ� WKH� (� KRUL]RQ� FRPELQHG�ZLWK� WKH�
GHQVH� FOD\� ULFK�%�KRUL]RQ�PHDQW�GUDLQDJH�ZDV�SRRU�� DQG� WKH�$�KRUL]RQ�EHFDPH�
ZDWHUORJJHG�GXULQJ�WKH�ZLQWHU�PRQWKV��(GZDUGV���������
�
6RLOV� ZHUH� VDPSOHG� LQ� ����� E\� (GZDUGV� ������� DV� SDUW� RI� D� 3K'� SURMHFW�
LQYHVWLJDWLQJ�3�G\QDPLFV��DQG�KDG�EHHQ�DUFKLYHG�DLU�GU\�DW�$J5HVHDUFK��6DPSOHV�
ZHUH�DYDLODEOH�IURP�ILYH�SDVWXUH�DJHV�UDQJLQJ�IURP��±���\HDUV��7DEOH�������ZLWK�
HDFK�SDVWXUH� DJH� �H[FHSW�RQH�� UHSOLFDWHG� WZLFH� �L�H�� WZR� VHSDUDWH�SDGGRFNV�ZHUH�
VDPSOHG��� ,Q� HDFK� SDGGRFN�� VDPSOHV� ZHUH� DQDO\VHG� IURP� WKUHH� SLWV� GXJ� RQ� WKH�
VLGHV�RI�D����[����P�VTXDUH��ORFDWHG�LQ�DQ�DUHD�ZKHUH�DQLPDOV�GLG�QRW�FDPS���3LWV�
ZHUH� GXJ� WR� D� GHSWK� RI� DERXW� ���� PP� DQG� VDPSOHV� WDNHQ� IURP� VL[� GHSWK�
LQFUHPHQWV� ��±���PP����±���PP�����PP� WR� WKH�(�KRUL]RQ�� WKH�(�KRUL]RQ������
PP�EHORZ� WKH�(�KRUL]RQ� DQG����±����PP�EHORZ� WKH�(�KRUL]RQ���%XON� GHQVLW\�
ZDV� GHWHUPLQHG� IURP� WKUHH� LQWDFW� VRLO� FRUHV� ����PP� GLDPHWHU� E\� ���PP� GHHS��
WDNHQ�IURP�HDFK�GHSWK�LQFUHPHQW�LQ�HDFK�SLW��7R�UHPDLQ�FRQVLVWHQW�ZLWK�WKH�SLQH�
SDVWXUH�FKURQRVHTXHQFHV��DQG�RWKHU�DUFKLYHG�VDPSOHV�DQDO\VHG�LQ�WKLV�WKHVLV��DQG�
WR� UHGXFH� DQDO\VLV� FRVWV�� WKH� �±���PP� DQG� ��±���PP� VDPSOHV�ZHUH� FRPELQHG�
�XVLQJ�D�ZHLJKWHG�DYHUDJH�EDVHG�RQ�EXON�GHQVLW\��SULRU�WR�JULQGLQJ�DQG�DQDO\VLV���
�
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������ 6DPSOH�SUHSDUDWLRQ�DQG�DQDO\VLV��
6RLO� VDPSOHV� ZHUH� DLU� GULHG�� VLHYHG� WKURXJK� D� �� PP� VLHYH�� DQG� DQ\� ZRRG� RU�
SXPLFH� WKDW�ZRXOG�QRW�SDVV� WKURXJK� WKH� VLHYH�ZDV�GLVFDUGHG��6XE�VDPSOHV�ZHUH�
REWDLQHG�E\�SDVVLQJ�HDFK�VDPSOH� WKURXJK�D� ULIIOH��ZKLFK�VSOLW� WKH�VDPSOH� LQ�KDOI�
XQWLO�DERXW����J�ZDV�REWDLQHG��(DFK�VXEVDPSOH�ZDV�WKHQ�ILQH�JURXQG�ZLWK�DQ�DJDWH�
PRUWDU�DQG�SHVWOH��DQG�DQDO\VHG�IRU�WRWDO�FDUERQ�DQG�QLWURJHQ�XVLQJ�D�/HFR�)3�����
DQDO\VHU��7UX6SHF��6W�-RVHSK��0LVVLVVLSSL���$OO��±���PP�VDPSOHV�ZHUH�DQDO\VHG�
IRU� ��1�XVLQJ�D�(XURSD�6FLHQWLILF�������6WDEOH�,VRWRSH�$QDO\VHU�DW�WKH�8QLYHUVLW\�
RI�:DLNDWR� 6WDEOH� ,VRWRSH�8QLW�� 3URILOH� VDPSOHV� IURP� RQH� IRUHVW� DQG� RQH� ORQJ�
WHUP� SDVWXUH� VLWH� DW� HDFK� RI� WKH� IRXU� FKURQRVHTXHQFHV� ZHUH� DQDO\VHG� IRU� ��1�
XVLQJ� DQ� ,VRSULPH�PDVV� VSHFWURPHWHU� �(OHPHQWDU��� FRXSOHG� WR� D� (XURYHFWRU� ($�
PRGLILHG�ZLWK� ODUJH� FDSDFLW\� FDURXVHO� DQG� FRPEXVWLRQ� IXUQDFH� DW�*16�6FLHQFH��
3URILOH� VDPSOHV� ZHUH� UXQ� RQ� WKH� ,VRSULPH� DW� *16� EHFDXVH� WKLV� LQVWUXPHQW�
SURYLGHG� HQKDQFHG� VHQVLWLYLW\� RQ� VDPSOHV�ZLWK� ORZHU�1� FRQWHQWV� LQ� WKH� VXEVRLO�
KRUL]RQV��7KH�HVWLPDWHG�UHSHDWDELOLW\�RI�G��1�PHDVXUHPHQW�ZDV�����Å�IRU�VXUIDFH�
VRLO�VDPSOHV��DQG�ZDV�LQYHUVHO\�UHODWHG�WR��1�IRU�VXEVRLO�VDPSOHV��UHDFKLQJ�a����
Å�DW�������1�DQG�a����Å�IRU�VDPSOHV�PHDVXUHG�ZLWK�WKH�ORZHVW�1�FRQWHQW��7HQ�
VDPSOHV�ZHUH�UXQ�LQ�ERWK�ODERUDWRULHV��DQG�FRQILUPHG�WKDW�UHVXOWV�ZHUH�FRPSDUDEOH�
ZLWKLQ�����Å��
�
5HPRYDO� RI� SXPLFH� DQG� ZRRG� IUDJPHQWV� IURP� VRLOV� �GXULQJ� VLHYLQJ�� IRU� WKH�
FKURQRVHTXHQFHV�RQ�WKH�SXPLFH�VRLO�PHDQW�WKDW�RQO\�WKH�ILQH�HDUWK�IUDFWLRQ��)()��
RI� VRLO�ZDV� DQDO\VHG� IRU�&� DQG�1� �DQG� ��1���7KHUHIRUH� WKH�EXON�GHQVLW\�RI� WKH�
)()�ZDV�UHTXLUHG�WR�H[SUHVV�&�DQG�1�RQ�DQ�DUHD�EDVLV��%XON�GHQVLW\�RI�WKH�)()�
ZDV� GHWHUPLQHG� E\� VLHYLQJ� WKH� ZKROH� EXON� GHQVLW\� FRUHV� �DIWHU� GU\LQJ� DQG�
ZHLJKLQJ��WKURXJK�D���PP�VLHYH��WKHQ�UH�GU\LQJ�WKH�)()�DQG�GLYLGLQJ�WKH�ZHLJKW�
RI� VRLO� LQ� WKH� )()� E\� WKH� WRWDO� YROXPH� RI� WKH� EXON� GHQVLW\� FRUH�� %XON� GHQVLW\�
PHDVXUHPHQWV�ZHUH�QRW� VSHFLILFDOO\�PDGH� IRU� WKH��±���PP�GHSWK� DQG� WKHUHIRUH�
VRLO��&� DQG��1�GDWD� IRU� WKLV� GHSWK� LQFUHPHQW�ZHUH� FRQYHUWHG� WR� DQ� DUHD� EDVLV�
XVLQJ�EXON�GHQVLW\�PHDVXUHPHQWV�IURP�WKH�$�KRUL]RQ��
�
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������ 6WDWLVWLFDO�DQDO\VLV��
�������� 3XPLFH�VRLO�FKURQRVHTXHQFHV�
)RU� WKH� WKUHH� FKURQRVHTXHQFHV�RQ� WKH�SXPLFH� VRLO�� GDWD� IURP� WKH� WKUHH� UHSOLFDWH�
WUDQVHFWV� DW� HDFK� VLWH� �SDVWXUH� DJH�� ZHUH� DYHUDJHG� SULRU� WR� DQDO\VLV�� 7KLV�
FRQVHUYDWLYH�DSSURDFK�ZDV�WDNHQ�EHFDXVH�VDPSOHV�IURP�WKH�WKUHH�WUDQVHFWV�DW�WKH�
VDPH� VLWH� ZHUH� HVVHQWLDOO\� SVHXGRUHSOLFDWHV� �SDUWLFXODUO\� ZKHUH� WUDQVHFWV� ZHUH�
ORFDWHG� LQ� WKH� VDPH� SDGGRFN��� 7UDQVHFWV� LQ� VHSDUDWH� SDGGRFNV� FRXOG� KDYH�
SRWHQWLDOO\�EHHQ�WUHDWHG�DV�VHSDUDWH�UHSOLFDWH�VDPSOHV�EHFDXVH�PDQDJHPHQW�ZRXOG�
KDYH�GLIIHUHG�VOLJKWO\�EHWZHHQ�SDGGRFNV��+RZHYHU�LW�ZDV�GHFLGHG�QRW�WR�WDNH�WKLV�
DSSURDFK� DQG� LQVWHDG� VWDQGDUG� HUURUV� DUH� SUHVHQWHG� IRU� HDFK� SRLQW� LQ�)LJ�� ���� WR�
VKRZ�WKH�YDULDELOLW\�EHWZHHQ�WUDQVHFWV�DW�HDFK�VLWH��'DWD�ZHUH�SORWWHG�DJDLQVW�WKH�
QXPEHU� RI� \HDUV� WKH� VLWHV� KDG� EHHQ� LQ� SDVWXUH�� EXW� GXH� WR� WKH� ODUJH� VSUHDG� DQG�
XQHYHQ�GLVWULEXWLRQ�RI�SDVWXUH�DJHV��L�H���±���\HDUV�IRU�UHFHQW�FRQYHUVLRQV�DQG���±
��� \HDUV� IRU� ORQJ�WHUP� SDVWXUHV�� WKH� WLPH� GDWD� ZDV� ORJ�WUDQVIRUPHG�� 7KH�
WUDQVIRUPDWLRQ� ORJ��� ���ZDV� XVHG� WR� DFFRXQW� IRU� WKH� SLQH� IRUHVW� VLWHV�ZKHUH� WKH�
SDVWXUH� DJH� ZDV� ��� 'DWD� ZHUH� DOVR� DQDO\VHG� ZLWK� WKH� ORQJ�WHUP� SDVWXUH� VLWHV�
H[FOXGHG� WR�EHWWHU�XQGHUVWDQG�FKDQJHV�VRRQ�DIWHU� WKH�FRQYHUVLRQ�SURFHVV�� ,Q� WKLV�
FDVH� GDWD� GLG� QRW� UHTXLUH� ORJ�WUDQVIRUPDWLRQ�� )RU� IXOO� SURILOH� VDPSOHV�� WKH�
VLJQLILFDQFH� RI� GLIIHUHQFHV� EHWZHHQ� GHSWKV� ZLWKLQ� WKH� IRUHVWV� RU� SDVWXUHV�� DQG�
EHWZHHQ� WKH�IRUHVWV�DQG�SDVWXUHV� IRU�HDFK�GHSWK��ZHUH�GHWHUPLQHG�XVLQJ�DQDO\VLV�
RI�YDULDQFH��LQ�*HQVWDW�Y�������
�
�������� 3RG]RO�VRLO�FKURQRVHTXHQFH�
)RU� WKH� FKURQRVHTXHQFH� RQ� WKH� SRG]RO� VRLO�� VRPH� RI� WKH� GDWD� IURP� WKH� WZR�
SDGGRFNV�RI�WKH�VDPH�DJH�ZHUH�TXLWH�GLIIHUHQW��VXJJHVWLQJ�WKDW�VLWH�VSHFLILF�IDFWRUV�
ZHUH�LPSRUWDQW��7KHUHIRUH��IRU�DQDO\VLV��WKH�WKUHH�UHSOLFDWH�VDPSOHV�IURP�ZLWKLQ�D�
SDGGRFN�ZHUH� DYHUDJHG�� DQG� WKH� WZR�GLIIHUHQW� SDGGRFNV� IRU� HDFK� DJH� WUHDWHG� DV�
VHSDUDWH�UHSOLFDWHV��7KLV�GDWD�ZDV�SORWWHG�DJDLQVW�\HDUV�VLQFH�FRQYHUVLRQ��DQG�GXH�
WR� WKH� GLIIHUHQW� SDVWXUH� DJHV� EHLQJ�PRUH� HYHQO\� VSUHDG� WKDQ� LQ� WKH� SXPLFH� VRLO�
FKURQRVHTXHQFHV�� SDVWXUH� DJH� ZDV� QRW� ORJ�WUDQVIRUPHG�� 3URILOHV� IURP� WKH� VFUXE�
DQG� ORQJ�WHUP� SDVWXUH� VLWHV� ZHUH� DQDO\VHG� LQ� WKH� VDPH� ZD\� DV� WKH� SXPLH� VRLO�
FKURQRVHTXHQFHV��8QIRUWXQDWHO\�LW�ZDV�QRW�SRVVLEOH�WR�ILQG�EXON�GHQVLW\�RU�KRUL]RQ�
GHSWK�GDWD�IRU�IRXU�RI�WKH�VLWHV�UHSRUWHG�E\�(GZDUGV���������7KHUHIRUH�ZKHQ�GDWD�
IRU� WKHVH� VLWHV� ZDV� H[SUHVVHG� RQ� DQ� DUHD� EDVLV�� WKH� EXON� GHQVLW\�� DQG� KRUL]RQ�
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GHSWKV��IRU�WKH����PP�WR�(�KRUL]RQ�DQG�(�KRUL]RQV��ZHUH�HVWLPDWHG�DV�WKH�DYHUDJH�
RI�WKH�RWKHU�VLWH�RI�WKH�VDPH�DJH��
�
7DEOH�����/DQG�XVH�DQG�\HDUV�VLQFH�FRQYHUVLRQ�IURP�IRUHVW�WR�SDVWXUH�IRU�WKH�IRXU�FKURQRVHTXHQFHV�
XVHG� LQ� WKLV� VWXG\�� $OVR� VKRZQ� LV� PHDQ� DQQXDO� SUHFLSLWDWLRQ� �0$3�� DQG� PHDQ� DQQXDO� DLU�
WHPSHUDWXUH� �0$7�� IRU� HDFK�FKURQRVHTXHQFH��$W� WKH� WKUHH�FKURQRVHTXHQFHV�RQ� WKH�SXPLFH� VRLO��
VRLOV�ZHUH�VDPSOHG�IURP�WKUHH����P�WUDQVHFWV�IRU�HDFK�SDVWXUH�DJH��ZLWK�WUDQVHFWV�JHQHUDOO\�ORFDWHG�
LQ� WKUHH�VHSDUDWH�SDGGRFNV��)RU� WKH�1RUWKODQG�FKURQRVHTXHQFH�RQ� WKH�SRG]RO� VRLO�� VDPSOHV�ZHUH�
WDNHQ�IURP�VL[�SLWV�IRU�HDFK�SDVWXUH�DJH��WKUHH�SLWV�LQ�HDFK�RI�WZR�SDGGRFNV��H[FHSW�IRU�WKH����\HDU�
ROG�SDVWXUH�ZKHUH�WKHUH�ZDV�RQO\�RQH�SDGGRFN��
&KURQRVHT
XHQFH�

0$3D�
�PP��

0$7D�
�q&�� /DQG�XVH� 3DVWXUH�

DJH��\U��

$WLDPXUL� ����� �����

3LQH�IRUHVW� ��
'DLU\�SDVWXUH� ��
'DLU\�SDVWXUH� ��
'DLU\�SDVWXUH� ���

/RQJ�WHUP�GDLU\�SDVWXUH� ���

:DLUDNHL� ����� ���

3LQH�IRUHVW� ��
'DLU\�SDVWXUH� ����
'DLU\�SDVWXUH� ��
'DLU\�SDVWXUH� ����
'DLU\�SDVWXUH� ��
'DLU\�3DVWXUH� ����

/RQJ�WHUP�GDLU\�UXQRII� ���
/RQJ�WHUP�GDLU\�SDVWXUH� ���
/RQJ�WHUP�GDLU\�SDVWXUH� ���

7RNRURD� ����� �����

3LQH�IRUHVW� ��
'DLU\�SDVWXUH� ���E�
'DLU\�SDVWXUH� ��
'DLU\�SDVWXUH� ��
'DLU\�SDVWXUH� ��

/RQJ�WHUP�GDLU\�SDVWXUH� ���
/RQJ�WHUP�VKHHS�DQG�EHHI�SDVWXUH� ���

1RUWKODQG� ����� �����

1DWLYH�VFUXE� ��
6KHHS�SDVWXUH� ��
6KHHS�SDVWXUH� ���
6KHHS�SDVWXUH� ���
6KHHS�SDVWXUH� ���
6KHHS�SDVWXUH� ���

D�)RU�WKH�WKUHH�SXPLFH�VRLO�FKURQRVHTXHQFHV�0$3�DQG�0$7�GDWD������±������ZHUH�REWDLQHG�IURP�
WKH� 1,:$�9LUWXDO� &OLPDWH� 6WDWLRQ� GDWDEDVH� �7DLW� HW� DO��� ������� ZKLOH� GDWD� IURP� WKH� 1RUWKODQG�
FKURQRVHTXHQFH�ZHUH�PHDVXUHG� GDWD� �����±������ IURP� D�PHWHRURORJLFDO� VWDWLRQ� ORFDWHG� RQ� WKH�
IDUP��
E�7KLV�VLWH�ZDV�LQ�D�FURS�RI�VZHGHV�IRU�VL[�PRQWKV�SULRU�WR�HVWDEOLVKPHQW�RI�SDVWXUH���
�
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���� 5HVXOWV��
������ 3XPLFH�VRLO�FKURQRVHTXHQFHV�
7KH� FOHDUHVW� WUHQG� IRU� WKH�SXPLFH� VRLO� FKURQRVHTXHQFHV��ZDV�KLJKHU� WRWDO�1� DQG�
G��1�� DQG� ORZHU� &�1� UDWLR� LQ� WKH� ORQJ�WHUP� SDVWXUH� VRLOV� FRPSDUHG� WR� WKH� SLQH�
IRUHVWV�RU�UHFHQWO\�FRQYHUWHG�VRLOV��)LJ��������)RU�H[DPSOH��DYHUDJH�G��1���1�DQG�
&�1� UDWLR� LQ� WKH� IRUHVW� VLWHV�ZHUH� ��� ����� DQG���� UHVSHFWLYHO\�� FRPSDUHG� WR� �����
����� DQG� ����� LQ� WKH� ORQJ�WHUP� SDVWXUH� VLWHV�� )RU� WKH� WKUHH� LQGLYLGXDO�
FKURQRVHTXHQFHV� WKHUH� ZDV� D� VLJQLILFDQW� SRVLWLYH� FRUUHODWLRQ� EHWZHHQ� ORJ�
WUDQVIRUPHG�SDVWXUH�DJH��ORJ��>SDVWXUH�DJH���@��DQG�VRLO�G��1��WRWDO�1��WRWDO�&�DQG�
D�QHJDWLYH�FRUUHODWLRQ�ZLWK�&�1�UDWLR��7DEOH�������2QH�H[FHSWLRQ�ZDV�WKH�:DLUDNHL�
FKURQRVHTXHQFH�ZKHUH� WKHUH�ZDV� QR� VLJQLILFDQW� FRUUHODWLRQ� EHWZHHQ� SDVWXUH� DJH�
DQG�VRLO�&��7DEOH�������
�
9DOXHV� IRU� VRLO� &�� 1� DQG� G��1� ZHUH� YHU\� VLPLODU� EHWZHHQ� WKH� WKUHH�
FKURQRVHTXHQFHV��ZLWK�RYHUODS�EHWZHHQ�YDOXHV� IURP� VLWHV� LQ�SLQH� IRUHVWV�� UHFHQW�
FRQYHUVLRQV� DQG� ORQJ�WHUP� SDVWXUHV��'XH� WR� WKLV� VLPLODULW\�� DQG� WKH� IDFW� WKDW� DOO�
FKURQRVHTXHQFHV�ZHUH�RQ�WKH�VDPH�VRLO�W\SH��ZH�GHFLGHG�WR�FRPELQH�WKH�GDWD�DQG�
DQDO\VH�WRJHWKHU�DV�D�VLQJOH�VHW��5HJUHVVLRQV�IURP�WKLV�FRPELQHG�DQDO\VLV�ZHUH�DOO�
KLJKO\� VLJQLILFDQW� �S�������� �)LJ�������7DEOH�������7KH�FRPELQHG�GDWD�ZHUH� DOVR�
DQDO\VHG�ZLWK�WKH�ORQJ�WHUP�SDVWXUH�VLWHV�H[FOXGHG��ZKLFK�UHYHDOHG�WKDW�WKHUH�ZDV�
VWLOO� D� VLJQLILFDQW� SRVLWLYH� FRUUHODWLRQ� �S������� EHWZHHQ� SDVWXUH� DJH� �QRW� ORJ�
WUDQVIRUPHG�LQ�WKLV�FDVH��DQG�&��1�DQG�G��1��%DVHG�RQ�WKH�PRGHO�ILWWHG�WR�DOO�WKH�
GDWD� IURP� WKH� WKUHH� FKURQRVHTXHQFHV� FRPELQHG� �7DEOH������� WRWDO�1� LQ� WKH��±���
PP�GHSWK�LQFUHDVHG�E\�����NJ�KD±��\±��GXULQJ�WKH�ILUVW����\HDUV�IROORZLQJ�SDVWXUH�
HVWDEOLVKPHQW��ZLWK�WKH�UDWH�VORZLQJ�WR����KD±��\±��EHWZHHQ����DQG����\HDUV��6RLO�
&�VKRZHG�D�VLPLODU�WUHQG��LQFUHDVLQJ�E\�����NJ�KD±��\±��GXULQJ�WKH�ILUVW����\HDUV��
ZLWK�WKH�UDWH�VORZLQJ�WR�����NJ�KD±��\±��EHWZHHQ����DQG����\HDUV���
�
3ORWWLQJ� GDWD� IURP� DOO� LQGLYLGXDO� WUDQVHFWV�� UHYHDOHG� D� VLJQLILFDQW� �S��������
SRVLWLYH�FRUUHODWLRQ�EHWZHHQ�VRLO�G��1�YDOXHV�DQG�VRLO��1��)LJ�����D���6RLO�G��1�
DQG�&�1�UDWLR�GDWD�FRXOG�EH�ILWWHG�ZLWK�WKH�µEURNHQ�VWLFN¶�PRGHO��ZLWK�D�VLJQLILFDQW�
QHJDWLYH� FRUUHODWLRQ� EHWZHHQ� G��1� DQG� &�1� ZKHQ� &�1� ZDV� ������� EXW� QR�
VLJQLILFDQW�UHODWLRQVKLS�ZKHQ�&�1�ZDV�!������)LJ�����E����
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)RU� WKH� IXOO� SURILOHV� LQ� WKH� SLQH� IRUHVWV�� �1� GHFUHDVHG� DQG� G��1� LQFUHDVHG�
VLJQLILFDQWO\�IURP�WKH�$�WR� WKH�%�KRUL]RQ��EXW� WKHUH�ZHUH�QR�VLJQLILFDQW�FKDQJHV�
EHWZHHQ�WKH�%�DQG�&�KRUL]RQV��)LJ�����D��E���,Q�WKH�ORQJ�WHUP�SDVWXUH�VLWHV��ERWK�
�1�DQG�G��1�ZHUH�VLJQLILFDQWO\�KLJKHU� LQ� WKH�$�KRUL]RQ�WKDQ� LQ� WKH�IRUHVW�VLWHV��
DQG� �1� GHFUHDVHG� ZLWK� GHSWK� OLNH� LQ� WKH� IRUHVW� VLWHV�� +RZHYHU�� WKHUH� ZDV� QR�
VLJQLILFDQW�FKDQJH�LQ�G��1�ZLWK�GHSWK�LQ�WKH�ORQJ�WHUP�SDVWXUHV��)LJ�����D���$W�DOO�
WKUHH�FKURQRVHTXHQFHV��WRWDO�PDVV�RI�1�WR�����PP�GHSWK��ZDV�VLJQLILFDQWO\�KLJKHU�
LQ� WKH� ORQJ�WHUP� SDVWXUHV�� DQG� DYHUDJH� G��1� �ZHLJKWHG� E\� PDVV� RI� 1� LQ� HDFK�
KRUL]RQ��ZDV� VLJQLILFDQWO\� KLJKHU� LQ� WKH� SDVWXUH� SURILOHV� FRPSDUHG� WR� WKH� IRUHVW�
SURILOHV�DW�WZR�RXW�RI�WKUHH�FKURQRVHTXHQFHV��7KLV�VXJJHVWV�WKDW�WKH�KLJKHU�WRWDO�1�
DQG�G��1� LQ� WKH� VXUIDFH� VRLOV�RI� WKH� ORQJ�WHUP�SDVWXUHV�ZDV�QRW� VLPSO\�GXH� WR� D�
GLIIHUHQFH� LQ�1� RU� ��1� GLVWULEXWLRQ�ZLWKLQ� WKH� SURILOH� �L�H�� %LOOLQJV� DQG� 5LFKWHU��
������+|JEHUJ�HW�DO����������&�DQG�1�GDWD�IRU�WKH�IXOO�SURILOH��IRU�DOO�VLWHV��ZLOO�EH�
UHSRUWHG�LQ��/HZLV�HW�DO���LQ�SUHS���

�
)LJ�������6HPL�ORJ�SORW�VKRZLQJ�WKH�UHODWLRQVKLS�EHWZHHQ�WLPH�XQGHU�SDVWXUH�DQG�VXUIDFH�VRLO���±���
PP��G��1��D���WRWDO�1��E���WRWDO�&��F���DQG�&�1�UDWLR��G��IRU�WKUHH�IRUHVW�WR�SDVWXUH�FKURQRVHTXHQFHV�
RQ�SXPLFH�VRLOV�LQ�WKH�&HQWUDO�1RUWK�,VODQG��(DFK�SRLQW�LV�WKH�DYHUDJH�RI�WKUHH�UHSOLFDWH�WUDQVHFWV�
����EXONHG�FRUHV�SHU�WUDQVHFW��DW�HDFK�SDVWXUH�DJH��(UURU�EDUV�DUH�����6(��7DEOH�����VKRZV�IXUWKHU�
GHWDLOV� IRU� WKH� UHJUHVVLRQ� OLQHV� DQG� DOVR� IRU� UHJUHVVLRQ� OLQHV� ILWWHG� IRU� HDFK� RI� WKH� WKUHH�
FKURQRVHTXHQFHV�LQGLYLGXDOO\�� �
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7DEOH�����5HJUHVVLRQ�VWDWLVWLFV�IRU�WKH�UHODWLRQVKLS�EHWZHHQ�WLPH�XQGHU�SDVWXUH��ORJ��>SDVWXUH�DJH�
��@��DQG�VXUIDFH�VRLO���±���PP��G��1��WRWDO�&�� WRWDO�1��DQG�&�1�UDWLR�IRU� WKH�$WLDPXUL��7RNRURD�
DQG�:DLUDNHL�FKURQRVHTXHQFHV��DQG�DOO� WKUHH�FKURQRVHTXHQFHV�FRPELQHG��9DOXHV� LQ�EUDFNHWV�DUH�
VWDQGDUG�HUURUV��

9DULDEOH� &KURQRVHTXHQFH� 6ORSH� 6ORSH�S� ,QWHUFHSW� ,QWHUFHSW�
S�

$GMXVWHG�
U��

G��1�
�

$WLDPXUL� ������������� ������ ������������� ������ �����
7RNRURD� ������������� ������ ������������� ����� �����
:DLUDNHL� ������������� ������� ������������� ������� �����
&RPELQHG� ������������� ������� ������������� ������� �����

1��NJ�P±���
�

$WLDPXUL� ������������� ������ ������������� ������ �����
7RNRURD� ������������� ������ ������������� ������ �����
:DLUDNHL� ������������� ������� ������������� ������ �����
&RPELQHG� ������������� ������� ������������� ������� �����

&��NJ�P±���
�

$WLDPXUL� ������������� ������ ������������� ������ �����
7RNRURD� ������������� ������ ������������� ������� �����
:DLUDNHL� ������������� ������ ������������ ������� �����
&RPELQHG� ������������� ������� ������������� ������� �����

&�1�
�

$WLDPXUL� �������������� ������ �������������� ������� �����
7RNRURD� �������������� ������ �������������� ������� �����
:DLUDNHL� �������������� ������ �������������� ������� �����
&RPELQHG� �������������� ������� �������������� ������� �����

�
�
�

�
)LJ�������5HODWLRQVKLS�EHWZHHQ� �D�� VRLO�G��1�DQG� WRWDO�1�DQG� �E��G��1�DQG�&�1� UDWLR�� XVLQJ�GDWD�
IURP� WKH� WKUHH� FKURQRVHTXHQFHV� RQ� WKH� SXPLFH� VRLO�� 7KH� OLQH� LQ� SDQHO� �D�� LV� D� VLPSOH� OLQHDU�
UHJUHVVLRQ� OLQH��ZKLOH� GDWD� LQ� SDQHO� �E�� LV� ILWWHG�ZLWK� WKH� µEURNHQ� VWLFN¶�PRGHO� LQ�*HQVWDW��(DFK�
SRLQW�LV�D�YDOXH�IURP�DQ�LQGLYLGXDO�WUDQVHFW�����EXONHG�FRUHV�SHU�WUDQVHFW����
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�
)LJ�������$YHUDJH��D��G��1�DQG��E�� WRWDO�1�LQ�VRLO�SURILOHV�XQGHU�SLQH�IRUHVWV�DQG�ORQJ�WHUP��!���
\HDU�� SDVWXUHV� DW� WKUHH� IRUHVW�WR�SDVWXUH� FKURQRVHTXHQFHV� RQ� SXPLFH� VRLOV� LQ� WKH� &HQWUDO� 1RUWK�
,VODQG��$OVR�VKRZQ�LV�DYHUDJH�VRLO��F��G��1�DQG��G��WRWDO�1�IRU�WKH�VRLO�SURILOH�RI�RQH�VFUXE�VLWH�DQG�
RQH� ��� \HDU� SDVWXUH� VLWH� DW� D� VFUXE�WR�SDVWXUH� FKURQRVHTXHQFH� RQ� D� SRG]RO� VRLO� LQ� 1RUWKODQG��
6\PEROV�DUH�ORFDWHG�DW�WKH�PLGSRLQW�RI�HDFK�VDPSOLQJ�GHSWK��(UURU�EDUV�DUH�����6(��DQG�VLJQLILFDQW�
GLIIHUHQFHV�ZLWKLQ�WKH�VDPH�KRUL]RQ�DUH�GHQRWHG�ZLWK�DVWHULVNV��
3�������

�3�������


3���������
�
�
������ 3RG]RO�VRLO�FKURQRVHTXHQFH�
8QOLNH� WKH� WKUHH� FKURQRVHTXHQFHV� RQ� WKH� SXPLFH� VRLO� ZKHUH� WKHUH� ZDV� D� FOHDU�
GLIIHUHQFH�LQ�VRLO�G��1�EHWZHHQ�IRUHVWV�DQG�ORQJ�WHUP�SDVWXUH�VLWHV�� WKHUH�ZDV�QR�
FOHDU� UHODWLRQVKLS� EHWZHHQ� VXUIDFH� VRLO� G��1� DQG� SDVWXUH� DJH� LQ� WKH� 1RUWKODQG�
FKURQRVHTXHQFH��)LJ�����D���,Q�JHQHUDO��WKH�WKUHH�UHSOLFDWH�VDPSOHV�IURP�ZLWKLQ�WKH�
VDPH�SDGGRFN�KDG�VLPLODU�YDOXHV��EXW�VDPSOHV�IURP�RWKHU�SDGGRFNV�ZLWK�WKH�VDPH�
�RU� VLPLODU� DJHV��ZHUH� XS� WR� a��Å�GLIIHUHQW��$Q� H[FHSWLRQ�ZDV� WKH� IRUHVW� VLWHV��
ZKHUH�G��1�RI�WKH�WKUHH�VDPSOHV�WDNHQ�IURP�WKH�HGJHV�RI�WKH�VDPH����[����P�DUHD�
ZHUH� XS� WR�����Å�GLIIHUHQW� �)LJ�� ���D���7KHUH�ZDV� DOVR� QR� UHODWLRQVKLS� EHWZHHQ�
SDVWXUH�DJH�DQG� VRLO�&��ZLWK�YDOXHV�DSSHDULQJ� WR�EH� UDQGRPO\�GLVWULEXWHG�DFURVV�
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WKH� GLIIHUHQW� SDVWXUH� DJHV� LQ� D� VLPLODU�PDQQHU� WR�G��1� �)LJ�� ���E���$V� IRU�G��1��
VLWHV�IURP�WKH�VDPH�SDGGRFN�WHQGHG�WR�KDYH�VLPLODU�&�YDOXHV��DQG�VDPSOHV�IURP�
WKH� IRUHVW� VLWHV� ZHUH� WKH� PRVW� YDULDEOH�� ,Q� FRQWUDVW� WR� VRLO� &� DQG� G��1�� VRLO� 1�
LQFUHDVHG�VLJQLILFDQWO\��S��������ZLWK�SDVWXUH�DJH��ZLWK�PRVW�RI�WKH�LQFUHDVH�LQ�1�
RFFXUULQJ�LQ�WKH�ILUVW�IHZ�\HDUV�IROORZLQJ�SDVWXUH�HVWDEOLVKPHQW��)LJ�����F���%DVHG�
RQ�WKH�UHJUHVVLRQ�OLQH�LQ��)LJ�����F���1�LQFUHDVHG�E\�����NJ�KD±��\±��GXULQJ�WKH�ILUVW�
���\HDUV�����NJ�KD±��\±��EHWZHHQ����DQG����\HDUV�DQG�WKHQ�WKHUH�ZDV�QR�FKDQJH�
EHWZHHQ� ��� DQG� ��� \HDUV�� 7KH� &�1� UDWLR� GHFUHDVHG� VLJQLILFDQWO\� �S�������� DV�
SDVWXUH� DJH� LQFUHDVHG�� IURP� DERXW� ��� LQ� WKH� IRUHVW� VLWHV� WR� DERXW� ��� LQ� SDVWXUHV�
ROGHU�WKDQ����\HDUV��)LJ�����G���7KH�&�1�UDWLR�VKRZHG�WKH�LQYHUVH�WUHQG�WR�VRLO�1��
GHFUHDVLQJ� UDSLGO\� DW� ILUVW�� DIWHU� ZKLFK� WKH� UDWH� RI� FKDQJH� VORZHG� �)LJ�� ���E���
&DUERQ�DQG�QLWURJHQ�ZHUH�DOVR�PHDVXUHG�LQ�DOO�VDPSOHV�WDNHQ�IURP����PP�WR�WKH�
(� KRUL]RQ� �a����PP��� 3DVWXUH� DJH� GLG� QRW� LQIOXHQFH� VRLO�&� RU�1� IRU� WKLV� GHSWK�
LQFUHPHQW��EXW�WKHUH�ZDV�D�VLJQLILFDQW�GHFUHDVH��S�������LQ�WKH�&�1�UDWLR�DV�WLPH�
XQGHU�SDVWXUH�LQFUHDVHG��GDWD�QRW�VKRZQ���
�
)RU�WKH��±���PP�GHSWK�GDWD��WKHUH�ZDV�D�WHQGHQF\�IRU�VLWHV�ZKLFK�KDG�KLJK�VRLO�&�
WR�KDYH�ORZ�G��1��DQG�WKHUH�ZDV�D�VLJQLILFDQW�QHJDWLYH�FRUUHODWLRQ��S��������$GM�
U� ������ EHWZHHQ� G��1� DQG� �&� �GDWD� QRW� VKRZQ��� 7KHUH� ZDV� QR� VLJQLILFDQW�
FRUUHODWLRQ�EHWZHHQ�G��1�DQG�WRWDO�1�RU�WKH�&�1�UDWLR��EXW�WKHUH�ZDV�D�VLJQLILFDQW�
SRVLWLYH�FRUUHODWLRQ�EHWZHHQ�VRLO�&�DQG�1��S��������$GM�U� �������7KH�FRUUHODWLRQ�
EHWZHHQ�VRLO�&�DQG�1�KHOSV�H[SODLQ�ZK\�WKH�UHODWLRQVKLS�EHWZHHQ�&�1�UDWLR�DQG�
SDVWXUH�DJH��)LJ�����G��ZDV�VWURQJHU�WKDQ�IRU�&�RU�1�DORQH��
�
$QDO\VLV�RI� WKH� IXOO�SURILOH�DW�RQH�VFUXE�DQG�RQH� ORQJ�WHUP�SDVWXUH�VLWH� UHYHDOHG�
WKDW��1�GHFUHDVHG� VLJQLILFDQWO\� WR� WKH�(�KRUL]RQ�DQG� WKHQ� VWD\HG�FRQVWDQW� �)LJ��
���G��� $W� WKH� VFUXE� VLWH�� G��1� LQFUHDVHG� ZLWK� GHSWK� WR� WKH� (� KRUL]RQ� DQG� WKHQ�
GHFUHDVHG��ZKLOH� LQ� WKH�SDVWXUH�VLWH�G��1�LQFUHDVHG�UDSLGO\� WR� WKH�(�KRUL]RQ��DQG�
WKHQ� LQFUHDVHG� VOLJKWO\� LQ� WKH� ORZHU� WZR�KRUL]RQV� �)LJ�� ���F���6RLO��1� LQ� WKH�$�
KRUL]RQ�ZDV�KLJKHU�LQ�WKH�SDVWXUH�VLWH��EXW�G��1�LQ�WKH����PP�WR�(�KRUL]RQ��DQG�(�
KRUL]RQ�ZDV�KLJKHVW�LQ�WKH�VFUXE�VLWH��
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)LJ�������3ORWV�VKRZLQJ� WKH�UHODWLRQVKLS�EHWZHHQ� WLPH�XQGHU�SDVWXUH�DQG�VXUIDFH�VRLO� ��±���PP��
G��1��D���WRWDO�1��E���WRWDO�&��F���DQG�&�1�UDWLR��G��IRU�D�QDWLYH�VFUXE�WR�SDVWXUH�FKURQRVHTXHQFH�RQ�
D� SRG]RO� VRLO� LQ�1RUWKODQG�� (DFK� SRLQW� LV� WKH� DYHUDJH� RI� VDPSOHV� IURP� WKUHH� UHSOLFDWH� SLWV� LQ� D�
VLQJOH� SDGGRFN�� (UURU� EDUV� DUH� �� �� 6(�� 5HJUHVVLRQ� OLQHV� LQ� SDQHOV� E� DQG� G� DUH� VHFRQG� RUGHU�
SRO\QRPLDOV��
�
�
���� 'LVFXVVLRQ�
%DVHG�RQ�6WHYHQVRQ�HW�DO�� ��������ZH�K\SRWKHVLVHG� WKDW� VXUIDFH�VRLO�G��1�ZRXOG�
LQFUHDVH�ZLWK�WLPH�IROORZLQJ�FRQYHUVLRQ�RI�H[RWLF�SODQWDWLRQ�SLQH�IRUHVW�RU�QDWLYH�
IRUHVW�VFUXE� WR� SDVWXUH�� 'DWD� IURP� WKH� WKUHH� FKURQRVHTXHQFHV� RQ� SXPLFH� VRLOV�
VXSSRUWHG� WKLV� K\SRWKHVLV�� ZLWK� D� FOHDU� LQFUHDVH� LQ� VRLO� G��1� EHWZHHQ� WKH� SLQH�
IRUHVWV� DQG� WKH� ORQJ�WHUP� SDVWXUHV� �)LJ�� ���D��� 7KHVH� UHVXOWV� VXJJHVWHG� WKDW� WKH�
GLIIHUHQFHV� REVHUYHG� E\� 6WHYHQVRQ� HW� DO�� �������� ZHUH� LQGHHG� GULYHQ� E\�
GLIIHUHQFHV�LQ�ODQG�XVH��VLQFH�VRLO�DQG�FOLPDWLF�FRQGLWLRQV�ZHUH�WKH�VDPH��RU�YHU\�
VLPLODU��EHWZHHQ�SLQH�DQG�SDVWXUH�VLWHV�LQ�WKH�FXUUHQW�VWXG\��+RZHYHU��UHVXOWV�IURP�
WKH�1RUWKODQG�FKURQRVHTXHQFH�RQ�WKH�SRG]RO�VRLO�GLG�QRW�VXSSRUW�RXU�K\SRWKHVLV��
ZLWK�QR�UHODWLRQVKLS�EHWZHHQ�SDVWXUH�DJH�DQG�VRLO�G��1��)LJ�����D���&DXVHV�IRU�WKH�

� �� �� ��

6R
LO�G

�
� 1�

�Å
�

�

�

�

�

�

� �� �� ��

6R
LO�1

��N
J�P

�� �

����
����
����
����
����
����

3DVWXUH�DJH��\�
� �� �� ��

6R
LO�&

��N
J�P

�� �

���
���
���
���
���
���
���

3DVWXUH�DJH��\�
� �� �� ��

&�
1�
UDW
LR

��

��

��

��

��

\� ���������[����������[��������
$GM�U�� �����

\� �������[��������[�������
�����������������������$GM�U�� �����

�D�� �E��

�F�� �G��



&KDSWHU��� )RUHVW�WR�SDVWXUH�FKURQRVHTXHQFHV� �
�

�

��

SDWWHUQV�REVHUYHG� LQ� WKH�FKURQRVHTXHQFHV�RQ�WKH� WZR�VRLO� W\SHV�ZLOO�EH�H[SORUHG�
EHORZ���
�
9DULHG� UHVXOWV� KDYH� EHHQ� UHSRUWHG� IRU� VRLO� G��1� LQ� RWKHU� ODQG� XVH� FKDQJH�
FKURQRVHTXHQFH� VWXGLHV�� ,Q� WZR� �RI� WKH� IHZ�� IRUHVW�WR�SDVWXUH� FKURQRVHTXHQFH�
VWXGLHV�ZKHUH�QLWURJHQ�LVRWRSHV�ZHUH�PHDVXUHG��3LFFROR�HW�DO�������D��DQG�3LFFROR�
HW�DO���������IRXQG�HLWKHU�QR�GLIIHUHQFH��RU�ORZHU�VXUIDFH�VRLO�G��1�LQ�SDVWXUH�VLWHV�
FRPSDUHG�WR�IRUHVW�VLWHV��LQ�WKH�%UD]LOLDQ�$PD]RQ��$W�WKH�VLWHV�ZKHUH�SDVWXUH�VRLOV�
KDG�ORZHU�G��1�WKDQ�IRUHVW�VRLOV��G��1�WHQGHG�WR�EH�ORZHVW�LQ�ROGHU�SDVWXUHV��ZKLFK�
ZDV�RSSRVLWH� WR�ZKDW�ZDV�REVHUYHG� LQ� WKH� WKUHH�FKURQRVHTXHQFHV�RQ� WKH�SXPLFH�
VRLO� �)LJ�����D���7KH� ORZHU�G��1�LQ� VRPH�SDVWXUH� VLWHV� UHSRUWHG�E\�3LFFROR� HW�DO��
�����D��������ZDV�VXJJHVWHG�WR�EH�GXH�WR�LQFUHDVHG�1�LQSXWV�IURP�1��IL[DWLRQ��E\�
IUHH� OLYLQJ� EDFWHULD�� VLQFH� OHJXPHV� ZHUH� QRW� VRZQ��� DQG� 1� GHULYHG� YLD� IL[DWLRQ�
W\SLFDOO\�KDV�G��1�YDOXHV�RI�a��Å��ZKLFK�ZDV�PXFK�ORZHU�WKDQ�WKH�VXUIDFH�VRLOV�
�a�±���Å��� ,Q� DGGLWLRQ�� QR� IHUWLOLVHU� ZDV� DSSOLHG� WR� WKH� SDVWXUHV�� DQG� ERWK� 1�
PLQHUDOLVDWLRQ�DQG�QLWULILFDWLRQ�UDWHV�ZHUH�KLJKHU�LQ�WKH�IRUHVW�VRLOV��3LFFROR�HW�DO���
����D��E��3LFFROR�HW�DO����������ZKLFK�VXJJHVWV� WKDW�1�F\FOLQJ�ZDV� WLJKWHU� LQ� WKH�
SDVWXUHV�� DQG� LVRWRSH� IUDFWLRQDWLQJ�1� ORVVHV� �H�J�� GHQLWULILFDWLRQ��PD\� KDYH� DOVR�
EHHQ�ORZHU��:H�GLG�QRW�PHDVXUH�1�PLQHUDOLVDWLRQ�WKH�FXUUHQW�VWXG\��EXW�6WHYHQVRQ�
HW� DO�� ������� IRXQG� WKDW�1�PLQHUDOLVDWLRQ� UDWHV�ZHUH� WZLFH� DV� KLJK� LQ� ORQJ�WHUP�
SDVWXUHV�FRPSDUHG�WR�QDWLYH�RU�H[RWLF�IRUHVWV�LQ�1HZ�=HDODQG��
�
,QFUHDVHV� LQ� VRLO� G��1� VLPLODU� WR� WKH� FKURQRVHTXHQFHV� RQ� WKH� SXPLFH� VRLO�� KDYH�
EHHQ� UHSRUWHG� ZKHQ� IRUHVWV� KDYH� EHHQ� FRQYHUWHG� WR� FURSODQG� �/HPHQLK� HW� DO���
������/HPPD�DQG�2OVVRQ��������$ZLWL�HW�DO���������/ORUHQWH�HW�DO����������,Q�WKHVH�
VWXGLHV�WKH�LQFUHDVH�LQ�G��1�ZDV�PLUURUHG�E\�D�GHFUHDVH�LQ�WRWDO�1��DQG�&���ZKLFK�
VXJJHVWV�WKDW�FRQYHUVLRQ�OHG�WR�LQFUHDVHG�1�ORVVHV��DQG�WKH�1�ORVW�ZDV�GHSOHWHG�LQ�
��1��'XULQJ� WKH�FRQYHUVLRQ�RI� DJULFXOWXUDO� ODQG� WR� IRUHVW��&RPSWRQ� HW�DO�� �������
DQG� %LOOLQJV� DQG� 5LFKWHU� ������� DOVR� IRXQG� WKDW� VRLO� G��1� LQFUHDVHG� ZLWK� WLPH��
DOWKRXJK�WKLV�ZDV�ODUJHO\�DWWULEXWHG�WR�UH�GLVWULEXWLRQ�RI�1��GHSOHWHG�LQ���1���IURP�
WKH�PLQHUDO�VRLO� WR�DERYH�JURXQG�SODQW�ELRPDVV�� IDFLOLWDWHG�E\�P\FRUUKL]DO� IXQJL�
ZKLFK� FDQ� FDXVH� VWURQJ� LVRWRSLF� IUDFWLRQDWLRQ� �+REELH� DQG� 2XLPHWWH�� ������� ,Q�
FRQWUDVW��%RXWWRQ� DQG�/LDR� ������� DQG�:DQJ� HW� DO�� ������� IRXQG� WKDW� VRLO�G��1�
GHFUHDVHG�LQ�FKURQRVHTXHQFHV�ZKHUH�DJULFXOWXUDO�ODQG�KDG�EHHQ�DOORZHG�WR�UHYHUW�
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WR�IRUHVW�RU�VFUXE��%RXWWRQ�DQG�/LDR��������DWWULEXWHG�WKH�GHFUHDVH�LQ�VRLO�G��1�WR�
DQ�LQFUHDVH�LQ�VRLO�1�ZKLFK�ZDV�ODUJHO\�GHULYHG�YLD�1��IL[DWLRQ��DQG�KHQFH�KDG�D�
GHOWD�YDOXH�RI�a��Å���
�
������ 3XPLFH�VRLO�FKURQRVHTXHQFHV�
7KH� LQFUHDVH� LQ� ERWK� G��1� DQG� WRWDO� 1� ZLWK� SDVWXUH� DJH� LQ� WKH� WKUHH�
FKURQRVHTXHQFHV� RQ� WKH� SXPLFH� VRLO� GLIIHUHG� FRPSDUHG� WR� PRVW� RWKHU� ODQG� XVH�
FKDQJH�FKURQRVHTXHQFH�VWXGLHV��ZKHUH�VRLO�1�DQG�G��1�RIWHQ�KDG�RSSRVLWH�WUHQGV�
�VHH�DERYH���7KH�PDLQ�GLIIHUHQFH�EHWZHHQ�WKH�SXPLFH�VRLO�FKURQRVHTXHQFHV��DQG�
WKH� SUHYLRXVO\� PHQWLRQHG� VWXGLHV�� ZDV� WKH� KLJK� 1� ORDGLQJ� UDWH� WR� WKH� SDVWXUHV��
7RWDO�1� LQSXW� WR� WKH� IRUHVW� VLWHV�ZRXOG� KDYH� EHHQ����� NJ� KD±�� \±��PDLQO\� IURP�
DWPRVSKHULF�GHSRVLWLRQ��3DUILWW�HW�DO���������6WHYHQVRQ�HW�DO����������ZKLOH�LQSXWV�
WR� WKH�SDVWXUH� VRLOV�ZRXOG�KDYH�SUREDEO\�EHHQ� LQ� H[FHVV�RI� ����NJ�KD±�� \±���YLD�
LQSXWV�IURP�1�IHUWLOLVHU�DQG�1��IL[DWLRQ�DVVRFLDWHG�ZLWK�FORYHU��7RWDO�1�LQ�WKH��±
���PP�GHSWK� LQFUHDVHG� VLJQLILFDQWO\�ZLWK� WLPH� XQGHU� SDVWXUH� ���� NJ�1�KD±�� \±��
GXULQJ� WKH� ILUVW� ��� \HDUV��� LQGLFDWLQJ� WKDW� D� SRUWLRQ� RI� WKH� DGGHG�IL[HG� 1� ZDV�
LPPRELOLVHG�LQ� WKH�VRLO��DOWKRXJK�D� ODUJH�DPRXQW�RI�1�PXVW�KDYH�DOVR�EHHQ�ORVW��
)L[HG�1� DQG� IHUWLOLVHU�1� JHQHUDOO\� KDYH� G��1� YDOXHV� RI� a��Å� �+|JEHUJ�� ������
%DWHPDQ�DQG�.HOO\���������DQG� WKHUHIRUH�1�LPPRELOLVDWLRQ�VKRXOG�KDYH� OHG� WR�D�
GHFUHDVH�LQ�VRLO�G��1��3LFFROR�HW�DO���������%RXWWRQ�DQG�/LDR��������*XEVFK�HW�DO���
�������7KH� LQFUHDVH� LQ� VRLO�G��1�GHVSLWH�1� LPPRELOLVDWLRQ� LQ� WKH� VRLO�� WKHUHIRUH�
LQGLFDWHV� WKDW� LVRWRSH� IUDFWLRQDWLQJ� 1� ORVV� SURFHVVHV� �H�J�� YRODWLOLVDWLRQ� DQG�
QLWULILFDWLRQ� IROORZHG� E\� QLWUDWH� OHDFKLQJ� RU� GHQLWULILFDWLRQ��PXVW� KDYH� RFFXUUHG��
OHDGLQJ�WR�D�ORVV�RI���1�GHSOHWHG�1��,W�LV�ZHOO�HVWDEOLVKHG�LQ�1HZ�=HDODQG�SDVWRUDO�
V\VWHPV�WKDW�LVRWRSH�IUDFWLRQDWLQJ�1�ORVVHV�VXFK�DV�YRODWLOLVDWLRQ�DQG�QLWULILFDWLRQ�
IROORZHG� E\� QLWUDWH� OHDFKLQJ� RU� GHQLWULILFDWLRQ�� LQFUHDVH� DV� 1� LQSXWV� LQFUHDVH��
�/HGJDUG�HW�DO���������0RQDJKDQ�HW�DO����������DQG�WKDW�1�ORVVHV�DUH�PXFK�KLJKHU�
XQGHU� SDVWXUH� WKDQ� IRUHVW� �'L� DQG� &DPHURQ�� ������ 0HQQHHU� HW� DO��� ����E��
6WHYHQVRQ�HW�DO�����������
�
$�VLPSOH�PDVV�EDODQFH�FDOFXODWLRQ��EDVHG�RQ�D�WRWDO�1�LQSXW�RI�����NJ�KD±��\±��
�ZLWK�D�G��1�YDOXH�RI���Å��DQG�D�QHW�1�LPPRELOLVDWLRQ�UDWH�RI����NJ�KD±��\±��
GXULQJ����\HDUV�RI�SDVWXUH�GHYHORSPHQW��FDOFXODWHG�IURP�WKH�UHJUHVVLRQ�HTXDWLRQ�
IURP�)LJ�����E��7DEOH�������UHYHDOHG�WKDW�WKH�QHW�G��1�RI�1�LPPRELOLVHG�LQ�WKH�



&KDSWHU��� )RUHVW�WR�SDVWXUH�FKURQRVHTXHQFHV� �
�

�

��

VXUIDFH�VRLO�PXVW�KDYH�EHHQ�DERXW�����Å��DQG�QHW�G��1�RI�1�ORVW�±����Å��7KHVH�
YDOXHV�ZHUH�VLPLODU�WR�WKRVH�FDOFXODWHG�IRU�LPPRELOLVHG�DQG�ORVW�1�LQ�WZR�ORQJ�
WHUP��a���\HDU��VXSHUSKRVSKDWH�DQG�LUULJDWLRQ�WULDOV�DW�:LQFKPRUH�LQ�&DQWHUEXU\��
ZKHUH�DUFKLYHG�VRLOV�WDNHQ�WKURXJK�WLPH�ZHUH�DQDO\VHG�IRU�G��1��VHH�&KDSWHU�����
7KH�DYHUDJH�UDWH�RI�FKDQJH�LQ�VXUIDFH�VRLO�G��1�EHWZHHQ�WKH�SLQH�IRUHVWV�DQG����
\HDU�ROG�SDVWXUHV�ZDV������Å��FDOFXODWHG�IURP�WKH�UHJUHVVLRQ�HTXDWLRQ�IURP�)LJ��
���D��7DEOH�������ZKLFK�ZDV�DOVR�RI�D�VLPLODU�PDJQLWXGH�WR�WKH�DYHUDJH�UDWH�RI�
FKDQJH��a�����Å��UHSRUWHG�LQ�WKH�PRUH�LQWHQVLYH�WUHDWPHQWV�RI�WKH�WZR�
:LQFKPRUH�WULDOV��VHH�&KDSWHU����)LJ��������
�
$YHUDJH� VRLO�G��1� ��±���PP�GHSWK�� XQGHU� WKH� SLQH� IRUHVWV� DQG� ORQJ�WHUP�GDLU\�
SDVWXUHV� ZDV� ��Å� DQG� ����Å� UHVSHFWLYHO\�� 7KHVH� YDOXHV� ZHUH� ORZHU� WKDQ� WKH�
DYHUDJH�UHSRUWHG�E\�6WHYHQVRQ�HW�DO���������IRU����SODQWDWLRQ�IRUHVW�VLWHV������Å��
DQG� ��� GDLU\� IDUP� VLWHV� �����Å�� ORFDWHG� WKURXJKRXW�1HZ�=HDODQG�� /RZHU� G��1�
YDOXHV�LQ�WKH�FXUUHQW�VWXG\�XQGHU�ERWK�SLQH�IRUHVW�DQG�ORQJ�WHUP�GDLU\�SDVWXUH�PD\�
KDYH� EHHQ� GXH� WR� WKH� SXPLFH� VRLO� EHLQJ� \RXQJ� �a����� \HDUV�� UHODWLYH� WR� PDQ\�
RWKHU�VRLOV�LQ�1HZ�=HDODQG��6RLO�G��1�WHQGV�WR�LQFUHDVH�ZLWK�VRLO�DJH��9LWRXVHN�HW�
DO���������0DUWLQHOOL�HW�DO���������%UHQQHU�HW�DO���������DQG�WKHUHIRUH�WKHUH�ZRXOG�
KDYH�EHHQ� OHVV� WLPH�IRU� ��1�HQULFKPHQW� WR�KDYH�RFFXUUHG� LQ� WKH�SXPLFH�VRLOV�� ,Q�
DGGLWLRQ�� WKH� ORQJ�WHUP� SDVWXUH� VLWHV� LQ� WKH� FXUUHQW� VWXG\� KDG� SUREDEO\� EHHQ� LQ�
SDVWXUH� IRU� D� VKRUWHU� WLPH� WKDQ� PDQ\� RI� WKH� VLWHV� UHSRUWHG� E\� 6WHYHQVRQ� HW� DO��
��������EHFDXVH�ODQG�FOHDUDQFH�LQ�WKH�&HQWUDO�1RUWK�,VODQG��ZRXOG�KDYH�RQ�DYHUDJH�
RFFXUUHG�ODWHU�WKDQ�LQ�PDQ\�RWKHU�SDUWV�RI�1HZ�=HDODQG��6RPH�RI�WKH�SLQH�IRUHVWV�
UHSRUWHG� E\� 6WHYHQVRQ� HW� DO�� ������� ZHUH� DOVR� SODQWHG� RQ� VLWHV� ZKLFK� KDG�
SUHYLRXVO\�EHHQ�LQ�SDVWXUH��DQG�WKHUHIRUH�G��1�PD\�KDYH�EHFRPH�HOHYDWHG�SULRU�WR�
HVWDEOLVKPHQW� RI� WKH� WUHHV��$V� IDU� DV�ZH� FDQ� GHWHUPLQH�� QRQH� RI� WKH� SLQH� IRUHVW�
VLWHV�LQ�WKH�FXUUHQW�VWXG\�ZHUH�SUHYLRXVO\�LQ�SDVWXUH��7KH�VLPLODULW\�RI�G��1�IURP�
WKH�ORQJ�WHUP�GDLU\�SDVWXUHV�DQG�WKH�ORQJ�WHUP�VKHHS�DQG�EHHI�SDVWXUH�DW�7RNRURD�
DQG�WKH�GDLU\�UXQRII�DW�:DLUDNHL��ZDV�QRW�FRQVLVWHQW�ZLWK�6WHYHQVRQ�HW�DO����������
ZKHUH� DYHUDJH� G��1� ZDV� KLJKHU� LQ� GDLU\� VRLOV�� +RZHYHU�� WKLV� ZDV� SUREDEO\�
EHFDXVH� ERWK� RI� WKH� GU\VWRFN� SDVWXUHV� ZHUH� LQWHQVLYHO\�PDQDJHG� OLNH� WKH� GDLU\�
SDVWXUHV���
��
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�������� &KDQJHV�LQ�VRLO�&�DQG�1��DQG�FRUUHODWLRQV�ZLWK�G��1�
7KH�LQFUHDVH�LQ�WRWDO�&�DQG�1�IURP�WKH�SLQH�IRUHVWV�WR�WKH�ORQJ�WHUP�SDVWXUHV�IRU�
WKH� �±��� PP� VDPSOHV� �)LJ�� ���E�� F��� ZDV� FRQVLVWHQW� ZLWK� UHVXOWV� IURP� WKH� IXOO�
SURILOHV� � �/HZLV�HW�DO��� LQ�SUHS���$YHUDJH�DFFXPXODWLRQ�UDWHV�IRU�&�DQG�1�GXULQJ�
WKH�ILUVW����\HDUV�IROORZLQJ�FRQYHUVLRQ�ZHUH�����NJ�&�KD±��\±��DQG�����NJ�1�KD±��
\±���ZKLFK�ZHUH�ZLWKLQ�WKH�UDQJH�RI�YDOXHV�UHSRUWHG�IURP�RWKHU�VLPLODU�VWXGLHV�LQ�
1HZ� =HDODQG� �:DONHU� HW� DO��� ������ -DFNPDQ�� ����D�� E�� +HGOH\� HW� DO��� ������
6FKLSSHU� DQG�6SDUOLQJ���������7KH�GHFOLQH� LQ�&�1� UDWLR� IURP� IRUHVWV�RU� UHFHQWO\�
FRQYHUWHG� VLWHV�� WR� ORQJ�WHUP� SDVWXUHV�ZDV� DOVR� FRQVLVWHQW�ZLWK� SUHYLRXV� VWXGLHV�
�6SDUOLQJ� DQG� 6FKLSSHU�� ������ +HGOH\� HW� DO��� ������� 5HODWLYHO\� KLJK� UDWHV� RI� 1�
DFFXPXODWLRQ�ZHUH�SUREDEO\�GXH�WR�KLJK�1�LQSXWV�WR�WKH�SDVWXUH�V\VWHPV�IURP�1�
IL[DWLRQ�DQG�1� IHUWLOLVHU��ZKLFK�FRXSOHG�ZLWK� WKH� LQLWLDOO\�KLJK�&�1� UDWLRV�RI� WKH�
IRUHVW�VRLOV��ZRXOG�KDYH�SURYLGHG�WKH�LGHDO�HQYLURQPHQW�IRU�QHW�1�LPPRELOLVDWLRQ��
+RZHYHU��FDXWLRQ�LV�UHTXLUHG�ZKHQ�GUDZLQJ�FRQFOXVLRQV�DERXW�FKDQJHV�LQ�WRWDO�&�
DQG�1�VWRFNV�ZKHQ�RQO\�VXUIDFH�VRLOV�DUH�VDPSOHG��EHFDXVH�FKDQJHV�RIWHQ�RFFXU�
WKURXJKRXW�WKH�SURILOH��6FKLSSHU�DQG�6SDUOLQJ���������
�
7KH� SRVLWLYH� FRUUHODWLRQ� EHWZHHQ� G��1� DQG� WRWDO� 1� DQG� WKH� QHJDWLYH� FRUUHODWLRQ�
ZLWK�&�1��)LJ�����D��E��VXJJHVWHG� WKDW�DV� VRLOV�EHFDPH�PRUH� µVDWXUDWHG¶�ZLWK�1��
LVRWRSH�IUDFWLRQDWLQJ�1�ORVV�SURFHVVHV�LQFUHDVHG��7KH�ODFN�RI�DQ\�FOHDU�UHODWLRQVKLS�
EHWZHHQ�G��1�DQG� WKH�&�1�UDWLR�ZKHQ�&�1�ZDV�!����� �)LJ�����E���ZDV�SUREDEO\�
EHFDXVH� DW� KLJKHU�&�1� UDWLRV� LVRWRSH� IUDFWLRQDWLQJ�1� ORVV� SURFHVVHV�ZRXOG� KDYH�
EHHQ� ORZHU�� GXH� WR�1� LPPRELOLVDWLRQ� LQ� WKH� VRLO��$OWHUQDWLYHO\�1� ORVVHV� LQ� VRLOV�
ZLWK�KLJK�&�1�UDWLRV�FRXOG�KDYH�EHHQ�TXLWH�KLJK��EXW�WKH�KLJKHU�&�1�UDWLRV�ZRXOG�
KDYH�VWLOO�OHG�WR�D�ODUJH�DPRXQW�RI�1�LPPRELOLVDWLRQ��DQG�VLQFH�IHUWLOLVHU�DQG�IL[HG�
1�JHQHUDOO\�KDYH�G��1�YDOXHV�RI�a��Å��LPPRELOLVDWLRQ�ZRXOG�WHQG�WR�EDODQFH�RXW�
��1�HQULFKPHQW�GXH�WR�LVRWRSH�IUDFWLRQDWLQJ�1�ORVVHV��,Q�D�EURDGHU�VXUYH\�RI�1HZ�
=HDODQG�VRLOV��6WHYHQVRQ�HW�DO���������DOVR�IRXQG�D�VLJQLILFDQW�QHJDWLYH�FRUUHODWLRQ�
EHWZHHQ�G��1�DQG�&�1��ZKLFK�VXJJHVWV�WKDW�WKH�FRPELQDWLRQ�RI�WRWDO�1��&�1�UDWLR�
DQG�G��1��FRXOG�SURYLGH�PRUH�LQIRUPDWLRQ�RQ�WKH�µ1�VWDWXV¶�RU�KLVWRU\�RI�D�V\VWHP��
WKDQ�LI�RQO\�RQH�RI�WKHVH�YDULDEOHV�ZHUH�PHDVXUHG��)RU�H[DPSOH��LI�D�VRLO�KDG�KLJK�
WRWDO�1��UHODWLYH�WR�WKH�VRLOV�FDSDFLW\�WR�VWRUH�1���KLJK�G��1��DQG�ORZ�&�1�UDWLR��LW�
ZRXOG� KDYH� SUREDEO\� EHHQ� VXEMHFW� WR� KLJK� 1� LQSXWV� DQG� ORVVHV� �L�H�� ORQJ�WHUP�
SDVWXUHV�LQ�WKH�FXUUHQW�VWXG\���$�VRLO�ZLWK�ORZ�WRWDO�1�DQG�ORZ�&�1�UDWLR��EXW�ZLWK�
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KLJK� G��1�� KDV� OLNHO\� ORVW� RUJDQLF� 1� �L�H�� VRLO� IURP� D� ORQJ�WHUP� FXOWLYDWHG� VLWH��
6WHYHQVRQ�HW�DO����������,Q�FRQWUDVW�� LI�D�VRLO�KDG�ORZ�1��ORZ�G��1�DQG�KLJK�&�1�
UDWLR��LW�LV�OLNHO\�IURP�D�QDWXUDO�HFRV\VWHP�RU�DQ�H[WHQVLYHO\�PDQDJHG�SDVWXUH��ZLWK�
ORZ�1�LQSXWV�DQG�ORVVHV��7KHVH�K\SRWKHVHV�QHHG�WR�EH�IXUWKHU�H[SORUHG��
�
�������� )XOO�VRLO�SURILOHV�
7KH�VLJQLILFDQW�GLIIHUHQFH�LQ�$�KRUL]RQ�G��1�EHWZHHQ�WKH�IRUHVW�DQG�SDVWXUH�VLWHV��
EXW� QR� GLIIHUHQFH� IRU� WKH� WZR� VXEVRLO� KRUL]RQV� �)LJ�� ���D��� ZDV� FRQVLVWHQW� ZLWK�
RWKHU� VWXGLHV� �3LFFROR� HW� DO��� ����D�� /HPPD� DQG� 2OVVRQ�� ������ /ORUHQWH� HW� DO���
������� DQG�ZDV�SUHVXPDEO\�EHFDXVH�SURFHVVHV� DIIHFWLQJ�G��1� �H�J�� YRODWLOLVDWLRQ�
DQG�QLWULILFDWLRQ��ZHUH�KLJKHU�LQ�WKH�VXUIDFH�KRUL]RQ��3LFFROR�HW�DO�������D����
�
3UHYLRXV� VWXGLHV� KDYH� VKRZQ�� WKDW� LQ� JHQHUDO���1�GHFUHDVHV� DQG�G��1� LQFUHDVHV�
ZLWK�VRLO�GHSWK� LQ�ERWK�IRUHVW�DQG�SDVWXUH�HFRV\VWHPV��6WHHOH�DQG�:LOVRQ��������
/HGJDUG� HW� DO��� ������ 3LFFROR� HW� DO��� ������ +REELH� DQG� 2XLPHWWH�� ������� 7KH�
LQFUHDVH�LQ�G��1�ZLWK�GHSWK�LV�WKRXJKW�WR�RFFXU�EHFDXVH�RUJDQLF�1�DW�GHSWK�LV�ROGHU�
DQG� PRUH� SURFHVVHG� DQG� WKHUHIRUH� KDV� KDG� PRUH� RSSRUWXQLWLHV� IRU� LVRWRSH�
IUDFWLRQDWLQJ�1�ORVVHV��DQG�DOVR�EHFDXVH�SODQWV��SDUWLFXODUO\�WKRVH�DVVRFLDWHG�ZLWK�
HFWRP\FRUUKL]DO�IXQJL��WHQG�WR�WDNH�XS�1�ZKLFK�LV�GHSOHWHG�LQ���1�UHODWLYH�WR�EXON�
VRLO�1��DQG�WKXV�OLWWHU�LQFRUSRUDWHG�LQWR�WKH�VXUIDFH�VRLO�KDV�ORZ�G��1��+REELH�DQG�
2XLPHWWH���������7KH�WUHQG�RI�GHFUHDVLQJ��1�DQG�LQFUHDVLQJ�G��1�ZLWK�GHSWK�LQ�
WKH�VRLO�SURILOHV�XQGHU�WKH�SLQH�IRUHVWV��)LJ�����D��E���ZDV�WKHUHIRUH�FRQVLVWHQW�ZLWK�
PRVW� RWKHU� VWXGLHV�� EXW� WKH� ODFN� RI� FKDQJH� LQ� G��1�ZLWK� GHSWK� LQ� WKH� ORQJ�WHUP�
SDVWXUHV�ZDV�QRW��+RZHYHU��D� IHZ�RWKHU�VWXGLHV�KDYH�DOVR� IRXQG� OLWWOH�GLIIHUHQFH�
EHWZHHQ� WRSVRLO� DQG� VXEVRLO� G��1� LQ� PRGLILHG� HFRV\VWHPV�� FRPSDUHG� WR� PRUH�
µQDWXUDO¶� V\VWHPV�ZKHUH� WKHUH� ZDV� WKH� W\SLFDO� LQFUHDVH� LQ� G��1�ZLWK� GHSWK�� )RU�
H[DPSOH�� (VKHWX� DQG� +|JEHUJ� �������� DQG� /HPPD� DQG� 2OVVRQ� ������� IRXQG� D�
JUHDWHU� LQFUHDVH� LQ� VRLO� G��1� ZLWK� GHSWK� XQGHU� IRUHVWV� WKDQ� XQGHU� SDVWXUHV� RU�
FURSSHG�ODQG��DQG�LQ�D�IRUHVW�HFRV\VWHP�+|JEHUJ�HW�DO���������IRXQG�WKDW�G��1�LQ�
SORWV�IHUWLOL]HG�ZLWK�KLJK�UDWHV�RI�1�GHFUHDVHG�ZLWK�GHSWK��IURP�WKH�WRS�RI�WKH�OLWWHU�
OD\HU� WR� ���PP�GHSWK� LQ� WKH�PLQHUDO� VRLO���ZKLOH� LQ� FRQWURO� SORWV�ZKLFK�GLG�QRW�
UHFHLYH� 1� WKHUH� ZDV� WKH� W\SLFDO� LQFUHDVH� LQ� G��1� ZLWK� GHSWK� �7DEOH� ������ ,Q�
FRQWUDVW��3LFFROR�HW�DO�������D��IRXQG�WKH�RSSRVLWH�WUHQG��ZLWK�WKH�VXUIDFH�VRLO�RI�
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SDVWXUHV�EHLQJ�PRUH�GHSOHWHG�LQ���1�UHODWLYH�WR�VXEVRLOV�WKDQ�LQ�IRUHVWV��7DEOH�������
7KLV�ZDV�SUREDEO\�EHFDXVH�RI� LPPRELOLVDWLRQ�RI� IL[HG�1��ZLWK� ORZ�G��1�� LQ� WKH�
VXUIDFH�VRLOV�RI�SDVWXUHV��
�
7KHVH�UHVXOWV�VXJJHVW�WKDW�GLIIHUHQFHV�EHWZHHQ�WRSVRLO�DQG�VXEVRLO�G��1�PD\�EH�D�
XVHIXO� LQGLFDWRU� RI� SDVW� ODQG�PDQDJHPHQW��8QGLVWXUEHG� RU� H[WHQVLYHO\�PDQDJHG�
VLWHV�ZLWK� ORZ�1� LQSXWV� DQG� ORVVHV�ZLOO� OLNHO\� VKRZ� WKH� W\SLFDO� LQFUHDVH� LQ�G��1�
ZLWK�GHSWK��ZKLOH�DW�PRUH�LQWHQVLYHO\�PDQDJHG�VLWHV�WKHUH�PD\�EH�QR�FKDQJH�ZLWK�
GHSWK��RU�HYHQ�GHFUHDVHV�LQ�G��1��2QH�DGYDQWDJH�RI�XVLQJ�WKH�GLIIHUHQFH�EHWZHHQ�
WRSVRLO�DQG�VXEVRLO�G��1��LV� WKDW� LW�PD\�EH�PRUH�DSSOLFDEOH�IRU�FRPSDULQJ�DFURVV�
VRLOV�ZKLFK�KDYH�GLIIHUHQW�µEDVHOLQH¶�G��1�YDOXHV��6XEVRLO�G��1�LQ�JHQHUDO�DSSHDUV�
WR� EH� OHVV� DIIHFWHG� E\� ODQGXVH� WKDQ� VXUIDFH� VRLO� G��1� �H[FHSW� VHH� %LOOLQJV� DQG�
5LFKWHU���������DQG�WKHUHIRUH�WKH�GLIIHUHQFH�EHWZHHQ�WKH�WRSVRLO�DQG�VXEVRLO�FRXOG�
UHIOHFW� WKH� LPSDFW�RI�PDQDJHPHQW� LUUHVSHFWLYH�RI� WKH�VRLOV� LQLWLDO�G��1�YDOXH��$Q�
H[DPSOH�RI� WKLV�FDQ�EH�VHHQ�LQ�7DEOH������ZKHUH�GLIIHUHQFHV�LQ�PLQHUDO�VRLO�G��1�
EHWZHHQ� VWXGLHV� YDULHG� E\� XS� WR� ��Å�� EXW� GLIIHUHQFHV� EHWZHHQ� VXUIDFH� VRLO� DQG�
VXEVRLO�ZDV�UHODWLYHO\�FRQVLVWHQW��UDQJLQJ�IURP��±����Å��GHSHQGLQJ�RQ�ODQG�XVH��
)XUWKHU�UHVHDUFK�RQ�PXOWLSOH�VRLO�W\SHV�XQGHU�VLPLODU�PDQDJHPHQW�ZLOO�EH�UHTXLUHG�
WR�WHVW�WKLV�K\SRWKHVLV��
�
7KH�PXFK�KLJKHU�G��1�YDOXHV��a�±���Å��UHSRUWHG�E\�(VKHWX�DQG�+|JEHUJ���������
/HPPD�DQG�2OVVRQ� ������� DQG�3LFFROR� HW� DO�� �����D��� WKDQ� LQ� WKH� FXUUHQW� VWXG\�
�a�±��Å�� �7DEOH� ������ZHUH� SUHVXPDEO\� EHFDXVH� WKH� VRLOV�ZHUH� ROGHU� �WKXV� KDG�
PRUH� WLPH� WR�EHFRPH�HQULFKHG��DQG�ZHUH�DOVR�IURP�WKH� WURSLFV�ZKHUH�1�F\FOLQJ�
WHQGV�WR�EH�PRUH�RSHQ��WKXV�SURYLGLQJ�PRUH�RSSRUWXQLW\�IRU�LVRWRSH�IUDFWLRQDWLQJ�
1�ORVVHV��0DUWLQHOOL�HW�DO����������
� �
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7DEOH�����6XUIDFH�VRLO�DQG�VXEVRLO�G��1��DQG�WKH�GLIIHUHQFH�EHWZHHQ�WKH�WZR�GHSWKV�XQGHU�GLIIHUHQW�
ODQG�XVHV�RU�WUHDWPHQWV��)RU�WKH�ILUVW�IRXU�VWXGLHV��VXUIDFH�VRLO�ZDV�IURP�a�±����PP�GHSWK�DQG�
VXEVRLO�IURP�a���±����PP�GHSWK��,Q�WKH�ODVW�VWXG\��+|JEHUJ�HW�DO�����������WKH�µVXUIDFH�VRLO¶�ZDV�
WKH�WRS�OD\HU�RI�OLWWHU�DQG�WKH�µVXEVXUIDFH�VRLO¶�WKH�WRS����PP�RI�WKH�PLQHUDO�VRLO��1RWH��G��1�YDOXHV�
RWKHU�WKDQ�LQ�WKH�FXUUHQW�VWXG\�DUH�DSSUR[LPDWH�EHFDXVH�WKH\�ZHUH�UHDG�RII�JUDSKV��

/DQG�XVH�RU�WUHDWPHQW�
6XUIDFH�
VRLO�G��1�
�Å��

6XEVRLO�
G��1�
�Å��

6XUIDFH�VRLO�
��VXEVRLO�
G��1��Å��

5HIHUHQFH�

3ODQWDWLRQ�SLQH�IRUHVW� ����� ����� ������ &XUUHQW�VWXG\�3DVWXUH� ����� ����� ����
1DWLYH�IRUHVW� �� �� ���

(VKHWX�DQG�+|JEHUJ��������3DVWXUH� ���� ���� ����
&XOWLYDWHG�ODQG� ���� ���� �����
1DWLYH�IRUHVW� �� ���� ����� /HPPD�DQG�2OVVRQ��������&XOWLYDWHG�ODQG� ���� ���� �����
1DWLYH�IRUHVW� ����D� ����� ����� 3LFFROR�HW�DO���������3DVWXUH� ����� ����� �����
8Q�IHUWLOLVHG�IRUHVW�SORWV� ���� ���� ����� +|JEHUJ�HW�DO���������)HUWLOLVHG�IRUHVW�SORWV��XUHD�� ���� ���� �����

D�2H�DQG�2D�OD\HUV�ZHUH�LQFOXGHG�LQ�WKH�VXUIDFH�PLQHUDO�VRLO�VDPSOHV�IURP�WKH�IRUHVWV�LQ�WKLV�VWXG\��
�
�
������ 3RG]RO�VRLO�FKURQRVHTXHQFH�
:KLOH� UHVXOWV� IURP� WKH� FKURQRVHTXHQFHV� RQ� WKH� SXPLFH� VRLO� VXSSRUWHG� WKH�
K\SRWKHVLV�WKDW�VRLO�G��1�ZRXOG�LQFUHDVH�ZLWK�WLPH�XQGHU�SDVWXUH��)LJ�����D���WKHUH�
ZDV�QR�VLJQLILFDQW�UHODWLRQVKLS�EHWZHHQ�SDVWXUH�DJH�DQG�VXUIDFH�VRLO�G��1�IRU�WKH�
FKURQRVHTXHQFH�RQ�WKH�SRG]RO�VRLO� LQ�1RUWKODQG��)LJ�����D���7KLV�ZDV�VRPHZKDW�
VXUSULVLQJ��SDUWLFXODUO\�ZKHQ�WKHUH�ZDV�D�FOHDU�LQFUHDVH�LQ�WRWDO�1��)LJ�����E��DQG�D�
GHFUHDVH�LQ�&�1�UDWLR��)LJ�����G���VLPLODU�WR�ZKDW�ZDV�REVHUYHG�IRU�WKH�SXPLFH�VRLO��
FKURQRVHTXHQFHV� �)LJ�� ���E�� G���7KHUH�ZDV� DOVR�QR� UHODWLRQVKLS� EHWZHHQ�SDVWXUH�
DJH�DQG�WRWDO�&��)LJ�����F���7KH�VLPLODULW\�RI�VRLO�G��1�DQG�&�GDWD�IURP�ZLWKLQ�WKH�
VDPH�SDGGRFN� �)LJ�����D�� F��� VXJJHVWHG� WKDW� VLWH� VSHFLILF� IDFWRUV�ZHUH� LPSRUWDQW��
DQG� WKH� VLJQLILFDQW� QHJDWLYH� FRUUHODWLRQ� EHWZHHQ� VRLO� G��1� DQG� VRLO� &�� LQGLFDWHV�
WKDW� WKH� VDPH� IDFWRUV� OLNHO\� LQIOXHQFHG�ERWK� YDULDEOHV�� 6ORSH� KDV� EHHQ� VKRZQ� WR�
LQIOXHQFH� VRLO� G��1� �$PXQGVRQ� HW� DO��� ������ &KDSWHU� ���� DQG� WRSRJUDSK\� DW� WKH�
1RUWKODQG� FKURQRVHTXHQFH�ZDV� UROOLQJ��ZLWK� VDPSOHV� WDNHQ� IURP� VORSHV� UDQJLQJ�
IURP��q� WR���q��+RZHYHU�� WKHUH�ZDV�QR� UHODWLRQVKLS�EHWZHHQ�VORSH�DQG�G��1��RU�
DQ\�RI�WKH�RWKHU�YDULDEOHV���ZKLFK�VXJJHVWV�WKDW�VORSH�ZDV�QRW�UHVSRQVLEOH�IRU�WKH�
YDULDELOLW\�LQ�G��1��DQG�&����
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,W�LV�XQFOHDU�H[DFWO\�ZK\�VXUIDFH�VRLO�G��1�GLG�QRW�DSSHDU�WR�EH�DIIHFWHG�E\�SDVWXUH�
DJH��RU�ZK\�WKHUH�ZDV�VR�PXFK�YDULDELOLW\�EHWZHHQ�VLWHV��+RZHYHU��WKH�YDULDELOLW\�
ZLWKLQ� WKH� XQGHYHORSHG� VFUXE� VLWHV� �)LJ�� ���D��� VXJJHVWV� WKDW� WKH� GLIIHUHQFHV�
EHWZHHQ� SDVWXUH� VLWHV� ZHUH� OLNHO\� SUHVHQW� SULRU� WR� SDVWXUH� HVWDEOLVKPHQW�� 2QH�
VLPSOH� H[SODQDWLRQ� IRU� WKLV� YDULDELOLW\�� LV� WKDW� GLVWXUEDQFH� RI� WKH� VRLO� SURILOH� E\�
JXP�GLJJHUV�GLIIHUHG�EHWZHHQ�VLWHV��DQG�VLWHV�ZLWK�KLJKHU�VXUIDFH�VRLO�G��1�ZHUH�LQ�
DUHDV� ZKHUH� PRUH� VXEVRLO� �ZLWK� KLJK� G��1�� )LJ�� ���F�� KDG� EHHQ�PL[HG� LQWR� WKH�
VXUIDFH� KRUL]RQ�� 'LIIHUHQFHV� LQ� SURILOH�PL[LQJ� FRXOG� KDYH� DOVR� RFFXUUHG� GXULQJ�
FXOWLYDWLRQ�ZKHQ�ODQG�ZDV�SUHSDUHG�IRU�SDVWXUH��(GZDUGV���������+LJK�YDULDELOLW\�
LQ�VXUIDFH�VRLO�G��1��PD\�KDYH�DOVR�RFFXUUHG�EHFDXVH�WKH�SRG]RO�VRLO�ZDV�ROG�DQG�
ZHDWKHUHG��DQG�WKHUHIRUH�HYHQ�VPDOO�GLIIHUHQFHV�LQ�1�F\FOLQJ��GXH�WR�GLIIHUHQFHV�
LQ� YHJHWDWLRQ� RU� VRLO� SURSHUWLHV�� RYHU� ORQJ� WLPH� SHULRGV� FRXOG� KDYH� OHG� WR� ODUJH�
GLIIHUHQFHV� LQ� G��1�� )RU� H[DPSOH�� WKH� VRLO� ZDV� SRRUO\� GUDLQHG�� DQG� WKHUHIRUH�1�
ORVVHV�YLD�GHQLWULILFDWLRQ�ZHUH�SUREDEO\�KLJK��6LWHV�ZLWK�ORZ�G��1�PD\�KDYH�EHHQ�
LQ� DUHDV� ZKHUH� GHQLWULILFDWLRQ� FRQVXPHG� DOO� DYDLODEOH� QLWUDWH�� DQG� WKHUHIRUH� WKH�
VWURQJ�LVRWRSH�HIIHFW�RI�GHQLWULILFDWLRQ�ZDV�QRW�H[SUHVVHG��ZKLOH�DW�VLWHV�ZLWK�KLJK�
G��1�� FRPSOHWH� GHQLWULILFDWLRQ�PD\� QRW� KDYH� RFFXUUHG�� OHDGLQJ� WR� HQULFKPHQW� RI�
VRLO�ZLWK���1��+RXOWRQ�HW�DO����������)XUWKHUPRUH��WKH�ORFDWLRQ�RI�ODUJH�NDXUL�WUHHV�
LQ�WKH�SUHYLRXV�IRUHVW�ZRXOG�KDYH�DOVR�LQIOXHQFHG�ORQJ�WHUP�1�F\FOLQJ��6LOYHVWHU��
������� DQG� :HEHU� HW� DO�� ������� IRXQG� WKDW� G��1� LQ� VXUIDFH� VRLO� LQFUHDVHG�
VLJQLILFDQWO\�ZLWK�GLVWDQFH�IURP�ODUJH�WUHHV�LQ�D�PDWXUH�SLQH�IRUHVW��PHGLDQ�G��1�
LQFUHDVHG�IURP�����Å�QHDU� WKH� WUXQN�WR�����Å�EH\RQG�WKH�FDQRS\���7KLV�SDWWHUQ�
ZDV� DWWULEXWHG� WR� JUHDWHU� GHSRVLWLRQ� RI� QHHGOHV� QHDU� WKH� ODUJH� WUHHV�� DQG� QHHGOHV�
ZHUH�GHSOHWHG�LQ���1�UHODWLYH�WR�WKH�VRLO��7KLV�VDPH�SDWWHUQ�PD\�KDYH�EHHQ�SUHVHQW�
XQGHU� WKH�RULJLQDO�NDXUL� IRUHVW�DW� WKH�1RUWKODQG�FKURQRVHTXHQFH��DQG�FRXOG�KDYH�
FRQWULEXWHG� WR� WKH� YDULDELOLW\� LQ� G��1� EHWZHHQ� VDPSOLQJ� VLWHV�� ,W� LV� LPSRUWDQW� WR�
HPSKDVLVH� WKDW� WKH�:KDUHNRKH� SRG]RO� LV� DQ� H[WUHPH� VRLO� �VWURQJO\� ZHDWKHUHG���
ODUJHO\� GXH� WR� LWV� IRUPDWLRQ� XQGHU� NDXUL� IRUHVW�� DQG� WKHUHIRUH� UHVXOWV� FRXOG� EH�
UHODWLYHO\�XQLTXH�WR�WKLV�VRLO���
�
�������� &KDQJHV�LQ�VRLO�&�DQG�1�
7KHUH� ZDV� QR� FKDQJH� LQ� VRLO� &� DV� SDVWXUH� DJH� LQFUHDVHG� LQ� WKH� 1RUWKODQG�
FKURQRVHTXHQFH��EXW�1�DFFXPXODWHG�DW�DERXW�����NJ�KD±��\±��GXULQJ� WKH� ILUVW����
\HDUV� IROORZLQJ� SDVWXUH� HVWDEOLVKPHQW�� 7KLV� UDWH� RI� 1� DFFXPXODWLRQ� ZDV� ORZHU�
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WKDQ� LQ� WKH�FKURQRVHTXHQFHV�RQ� WKH�SXPLFH�VRLO��SRVVLEO\�GXH� WR� ORZHU�1� LQSXWV�
YLD�IHUWLOLVHU��+RZHYHU��5XPEDOO��������PHDVXUHG�1�IL[DWLRQ�E\�FORYHU�RI�����NJ�
KD±��\±�� LQ� SDVWXUHV� DW� WKH� .DLNRKH� 5HVHDUFK� 6WDWLRQ�� ZKLFK� VXJJHVWV� WKDW� WKHUH�
ZRXOG�KDYH�EHHQ�DPSOH�1�DYDLODEOH�IRU� WKH�REVHUYHG�UDWHV�RI�DFFXPXODWLRQ��7KH�
LQFUHDVH� LQ�1�ZDV� FRQILQHG� WR� WKH� WRS� ���PP� RI� VRLO�� DV� REVHUYHG� E\� -DFNPDQ�
�����E��DQG�:DONHU� HW�DO�� ��������EXW� WKH�&�1� UDWLR� LQ� WKH����PP� WR�(�KRUL]RQ�
VDPSOHV� GHFOLQHG� ZLWK� SDVWXUH� DJH� LQ� D� VLPLODU� PDQQHU� WR� WKH� VXUIDFH� VRLO��
7KHUHIRUH��IRU�WKH�1RUWKODQG�FKURQRVHTXHQFH��WRWDO�1�DQG�&�1�UDWLR�ZHUH�D�EHWWHU�
LQGLFDWRU�RI�WLPH�VLQFH�FRQYHUVLRQ�WR�SDVWXUH�WKDQ�VRLO�&�DQG�G��1���
�
�������� )XOO�VRLO�SURILOHV�
7KH� JHQHUDO� GHFUHDVH� LQ� �1� DQG� LQFUHDVH� LQ� G��1� ZLWK� GHSWK� IRU� ERWK� WKH�
XQGHYHORSHG�VFUXE�VLWH�DQG�WKH����\HDU�SDVWXUH�VLWH��)LJ�����F��G���ZDV�VLPLODU�WR�
SURILOHV� LQ� FKURQRVHTXHQFHV� RQ� WKH� SXPLFH� VRLO� �)LJ�� ���D�� E��� +RZHYHU�� G��1�
YDOXHV� LQ� WKH� VXEVRLO� KRUL]RQV� ZHUH� DERXW� �±��Å� KLJKHU� WKDQ� IRU� VLPLODU� VRLO�
GHSWKV�LQ�WKH�FKURQRVHTXHQFHV�RQ�SXPLFH�VRLOV��)LJ�����D���+LJKHU�G��1�LQ�ORZHU�
KRUL]RQV�RI�WKH�1RUWKODQG�FKURQRVHTXHQFH�PD\�KDYH�EHHQ�EHFDXVH�WKH�VRLOV�ZHUH�
ROGHU� �DQG�KHQFH�KDG�PRUH� WLPH� WR�EHFRPH�HQULFKHG��3LFFROR�HW�DO�������D���DQG�
GUDLQDJH�ZDV�DOVR�PXFK�SRRUHU�WKDQ�WKH�SXPLFH�VRLOV�DQG�WKHUHIRUH�GHQLWULILFDWLRQ�
�ZKLFK�FDQ�FDXVH�VWURQJ�LVRWRSLF�IUDFWLRQDWLRQ��PD\�KDYH�EHHQ�KLJKHU��7KH�KLJKHU�
1�FRQWHQW� LQ�WKH�$�KRUL]RQ�RI�WKH�SDVWXUH�VLWH�ZDV�YHU\�OLNHO\�GXH�WR�WLPH�XQGHU�
SDVWXUH��VLQFH�WKLV�PDWFKHV�ZLWK�WKH�VWURQJ�WUHQG�IRU�WKH��±���PP�VDPSOHV��ZKLFK�
ZHUH�DQDO\VHG�IRU�DOO����VLWHV��)LJ�����E���+RZHYHU��WKH�KLJKHU�G��1�LQ�WKH�$�DQG�(�
KRUL]RQV�RI� WKH� VFUXE� VLWH�PD\�KDYH� MXVW� EHHQ� D� µVLWH� HIIHFW¶�� SRVVLEO\� UHODWHG� WR�
GLIIHUHQW� GLVWXUEDQFH� KLVWRULHV� �VHH� DERYH��� 7KLV� VXJJHVWLRQ� LV� PDGH� EHFDXVH�
SDVWXUH�DJH�DSSHDUHG�WR�KDYH�QR�HIIHFW�RQ�VRLO�G��1�LQ�WKH��±���PP�VDPSOHV��)LJ��
���D����
�
�
���� &RQFOXVLRQ�
7KH� NH\� K\SRWKHVLV� WHVWHG� LQ� WKLV� VWXG\�ZDV� WKDW� VRLO�G��1�ZRXOG� LQFUHDVH�ZLWK�
WLPH� IROORZLQJ� FOHDUDQFH� RI� IRUHVW� RU� VFUXE� DQG� FRQYHUVLRQ� WR� SDVWXUH�� 5HVXOWV�
IURP� WKH� WKUHH� FKURQRVHTXHQFHV� RQ� SXPLFH� VRLOV� LQ� WKH� &HQWUDO� 1RUWK� ,VODQG�
SURYLGHG� VWURQJ� VXSSRUW� IRU� WKLV� K\SRWKHVLV�� ZLWK� D� FOHDU� LQFUHDVH� LQ� G��1� LQ�



� )RUHVW�WR�SDVWXUH�FKURQRVHTXHQFHV� &KDSWHU���
�

�

��

VXUIDFH���±���PP��VRLOV�EHWZHHQ�SLQH�IRUHVWV����Å��DQG�ORQJ�WHUP�SDVWXUHV������
Å���7KHUH�ZDV�DOVR�D�VLJQLILFDQW�LQFUHDVH�LQ�WRWDO�1�DQG�&��DQG�D�GHFUHDVH�LQ�WKH�
&�1� UDWLR� LQ� WKH� VXUIDFH� VRLOV�� $QDO\VLV� RI� IXOO� VRLO� SURILOHV� XQGHU� ORQJ�WHUP�
SDVWXUH�� DQG� UHPDLQLQJ� IRUHVW� DW� HDFK� RI� WKH� WKUHH� FKURQRVHTXHQFHV�� UHYHDOHG� D�
VLJQLILFDQW� LQFUHDVH� LQ� G��1� EHWZHHQ� WKH� $� KRUL]RQ� DQG� VXEVRLOV� RI� WKH� SLQH�
IRUHVWV��EXW�QR�VLJQLILFDQW�GLIIHUHQFHV�EHWZHHQ�GHSWK�LQFUHPHQWV�LQ�WKH�ORQJ�WHUP�
SDVWXUHV��GXH�WR���1�HQULFKPHQW�RI�WKH�$�KRUL]RQ���7KHVH�SURILOH�UHVXOWV�VXJJHVWHG�
GLIIHUHQFHV�LQ�G��1�EHWZHHQ�WKH�VXUIDFH�VRLO�DQG�VXEVRLO�PD\�EH�D�XVHIXO�LQGLFDWRU�
RI� SDVW� ODQG� PDQDJHPHQW�� ZLWK� WKH� DGGHG� DGYDQWDJH� RI� SRWHQWLDOO\� EHLQJ� PRUH�
DSSOLFDEOH� IRU�FRPSDULQJ�DFURVV� VRLO� W\SHV�ZLWK�GLIIHUHQW� µEDVHOLQH¶�G��1�YDOXHV��
7KLV�K\SRWKHVLV�QHHGV�WR�EH�WHVWHG�IXUWKHU��
�
,Q�FRQWUDVW�WR�UHVXOWV�IURP�WKH�FKURQRVHTXHQFHV�RQ�WKH�SXPLFH�VRLO��WKHUH�ZDV�QR�
FOHDU� UHODWLRQVKLS� EHWZHHQ� SDVWXUH� DJH� DQG� VRLO� G��1� IRU� WKH� QDWLYH� VFUXE�WR�
SDVWXUH�FKURQRVHTXHQFH�RQ�WKH�PRUH�H[WUHPH�SRG]RO�VRLO�LQ�1RUWKODQG��ZKHUH�VLWH�
VSHFLILF� IDFWRUV� �VXFK�DV�SUHYLRXV�GLVWXUEDQFH�E\�JXP�GLJJHUV��DSSHDUHG� WR�KDYH�
KDG� PRUH� RI� DQ� LPSDFW� RQ� VRLO� G��1� WKDQ� SDVWXUH� DJH�� ,QWHUHVWLQJO\�� WRWDO� 1�
LQFUHDVHG� VLJQLILFDQWO\� DQG� &�1� UDWLR� GHFUHDVHG� VLJQLILFDQWO\� ZLWK� LQFUHDVLQJ�
SDVWXUH� DJH�� ZKLFK� ZDV� VLPLODU� WR� ZKDW� ZDV� REVHUYHG� IRU� SXPLFH� VRLO�
FKURQRVHTXHQFHV��7KHUHIRUH��RYHU�DOO�IRXU�FKURQRVHTXHQFHV��WRWDO�1�DQG�&�1�UDWLR�
ZHUH� WKH� PRVW� UHOLDEOH� LQGLFDWRUV� RI� SDVWXUH� DJH�� +RZHYHU�� G��1� VWLOO� SURYLGHG�
XVHIXO� DGGLWLRQDO� LQIRUPDWLRQ�� ZLWK� WKH� LQFUHDVH� G��1� LQ� WKH� SXPLFH� VRLO�
FKURQRVHTXHQFHV�LQ�SDUWLFXODU�LQGLFDWLQJ�WKDW�D�ODUJH�DPRXQW�RI�1�PXVW�KDYH�EHHQ�
ORVW� YLD� LVRWRSH� IUDFWLRQDWLQJ� SDWKZD\V� �H�J�� DPPRQLD� YRODWLOLVDWLRQ��� RWKHUZLVH�
WKH�QHW�LPPRELOLVDWLRQ�RI�IL[HG�RU�IHUWLOLVHU�1��ZLWK�G��1�YDOXHV�RI�a��Å���LQ�WKH�
VRLO�ZRXOG�KDYH�UHVXOWHG�LQ�D�GHFUHDVH�LQ�VRLO�G��1��7KH�FRPELQDWLRQ�RI�WRWDO�VRLO�
1��&�1�DQG�G��1�ZLOO�SURYLGH�WKH�PRVW�LQIRUPDWLRQ�RQ�ORQJ�WHUP�1�G\QDPLFV�DW�D�
SDUWLFXODU�VLWH��
�
�
� �
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$FNQRZOHGJHPHQWV�
:H�ZRXOG�OLNH�WR�WKDQN�WKH�PDQ\�IDUP�RZQHUV�DQG�PDQDJHUV�IRU�DOORZLQJ�DFFHVV�
IRU�VDPSOLQJ��DQG�SURYLGLQJ�LQIRUPDWLRQ�RQ�IDUP�KLVWRU\�DQG�PDQDJHPHQW��-HQQL�
(GZDUGV�DQG�$OHF�0DFND\�DUH�WKDQNHG�IRU�VDPSOLQJ��DQG�DUFKLYLQJ�VRLOV�IURP�WKH�
.DLNRKH� 5HVHDUFK� 6WDWLRQ�� 'U� 0HJDQ� %DONV� KDG� LQSXW� WR� VWXG\� GHVLJQ�� DQG�
DVVLVWHG�ZLWK�VRLO�FODVVLILFDWLRQ�DQG�VDPSOLQJ��'MXUR�3DULSRYLF�DOVR�DVVLVWHG�ZLWK�
VDPSOLQJ��2SHUDWLRQDO� IXQGLQJ�� DQG� VWLSHQG� IXQGLQJ� IRU�3��0XGJH�ZDV� IURP� WKH�
)RXQGDWLRQ� IRU� 5HVHDUFK� 6FLHQFH� DQG� 7HFKQRORJ\� YLD� D� VXEFRQWUDFW� ZLWK� *16�
6FLHQFH� �&��;������� 3�� 0XGJH� ZDV� DOVR� JUDWHIXO� WR� UHFHLYH� IXQGLQJ� IURP� WKH�
:LOI�DQG�5XWK�0DOFROP�3RVWJUDGXDWH�6FKRODUVKLS��DGPLQLVWHUHG�E\�WKH�8QLYHUVLW\�
RI�:DLNDWR��
� �
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��&KDQJHV�LQ�VRLO�G��1�GXULQJ�PXOWLSOH�
GHFDGHV�XQGHU�SDVWXUHV�UHFHLYLQJ�
GLIIHULQJ�DPRXQWV�RI�VXSHUSKRVSKDWH�
IHUWLOLVHU�DQG�LUULJDWLRQ�

�
�
3�/��0XGJHD��E��/�$�6FKLSSHUD��$��*KDQLE��0��8SVGHOO�E��:��7��%DLVGHQF�
�
D'HSDUWPHQW� RI� (DUWK� DQG� 2FHDQ� 6FLHQFHV�� 8QLYHUVLW\� RI�:DLNDWR�� 3ULYDWH� %DJ�
������+DPLOWRQ�������1HZ�=HDODQG��
�
E$J5HVHDUFK��5XDNXUD�5HVHDUFK�&HQWUH��3ULYDWH�%DJ�������+DPLOWRQ�������1HZ�
=HDODQG�
�
F1DWLRQDO�,VRWRSH�&HQWUH��*16�6FLHQFH��/RZHU�+XWW��1HZ�=HDODQG�
�
�
�
7KH�FRQWULEXWLRQ�RI�DXWKRUV�ZDV�DV�IROORZV���

7KH�WZR�ILHOG�WULDOV�ZHUH�LQLWLDWHG�DQG�PDLQWDLQHG�E\�VWDII�DW�$J5HVHDUFK�
LQ�&KULVWFKXUFK�� 3DXO�0XGJH� REWDLQHG� DUFKLYHG� VRLOV� IURP� WKH� WULDOV� DQG�
DQDO\VHG� WKHP� IRU� QDWXUDO� DEXQGDQFH� QLWURJHQ� LVRWRSHV�� 3DXO� 0XGJH�
FROODWHG� ILHOG� LQIRUPDWLRQ�RQ� WKH� WZR� WULDOV�� DQG�FDUULHG�RXW�GDWD�DQDO\VLV�
ZLWK� VWDWLVWLFDO� VXSSRUW� IURP� 0DUWLQ� 8SVGHOO�� 3DXO� 0XGJH� ZURWH� WKH�
PDQXVFULSW� ZKLFK� ZDV� SULPDULO\� UHYLHZHG� E\� /RXLV� 6FKLSSHU�� $QZDU�
*KDQL� DQG� 7UR\� %DLVGHQ� DOVR� UHDG� WKH� PDQXVFULSW� DQG� SURYLGHG�
VXJJHVWLRQV�IRU�LPSURYHPHQW�� �
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$EVWUDFW��
,QWHQVLILFDWLRQ�RI�SDVWRUDO�DJULFXOWXUH�KDV� OHG� WR� LQFUHDVHG�QLWURJHQ� �1�� ORVVHV� WR�
WKH� ZLGHU� HQYLURQPHQW�� 7KLV� LQ� WXUQ� KDV� OHG� WR� DQ� HPSKDVLV� RQ� LPSURYLQJ� RXU�
XQGHUVWDQGLQJ� RI� VRLO� 1� G\QDPLFV�� DQG� GHYHORSPHQW� RI� PDQDJHPHQW� SUDFWLFHV�
ZKLFK�PLWLJDWH�1�ORVVHV��7KH�QDWXUDO�DEXQGDQFH�RI�WKH�VWDEOH�LVRWRSH���1�UHODWLYH�
WR���1��G��1��LQ�VRLOV�FDQ�SURYLGH�DQ�LQWHJUDWHG�PHDVXUH�RI�SDVW�1�F\FOH�SURFHVVHV��
DQG� LQ� SDUWLFXODU� VRLO� G��1� FDQ� UHIOHFW� SDVW� 1� ORVVHV�� EHFDXVH� GXULQJ� PRVW� 1�
WUDQVIRUPDWLRQ�SURFHVVHV���1�LV�SUHIHUHQWLDOO\�ORVW��:H�WKHUHIRUH�K\SRWKHVLVHG�WKDW�
SDVWRUDO� VRLOV�XQGHU� LQWHQVLYH�PDQDJHPHQW� UHJLPHV� �ZLWK�KLJK�1� LQSXWV�� F\FOLQJ�
DQG� ORVV��ZRXOG� EHFRPH� SURJUHVVLYHO\� HQULFKHG�ZLWK� ��1� UHODWLYH� WR� VRLOV� XQGHU�
OHVV�LQWHQVLYH�PDQDJHPHQW��7R�WHVW�WKLV�K\SRWKHVLV�ZH�DQDO\VHG�DUFKLYHG�VXUIDFH�
VRLO� ��±���PP��VDPSOHV�IURP�WZR�ORQJ�WHUP�JUD]HG�ILHOG� WULDOV� LQ�1HZ�=HDODQG��
7KH�WULDOV�ZHUH�ORFDWHG�DW�:LQFKPRUH�RQ�WKH�&DQWHUEXU\�SODLQV�DQG�GLIIHUHQW�UDWHV�
RI� LUULJDWLRQ�DQG�VXSHUSKRVSKDWH� IHUWLOLVHU�KDG�EHHQ�DSSOLHG� IRU�a���\HDUV�� ,Q�DOO�
WUHDWPHQWV� H[FHSW� RQH� �D� WUHDWPHQW� UHFHLYLQJ� QR� IHUWLOLVHU��� ��1� LQFUHDVHG� ZLWK�
WLPH�DQG�WKH�LQFUHDVH�ZDV�JUHDWHU�LQ�WUHDWPHQWV�UHFHLYLQJ�PRUH�VXSHUSKRVSKDWH�RU�
LUULJDWLRQ� �DYHUDJH� LQFUHDVHV� UDQJHG� IURP�a������ WR� ������Å�SHU� \HDU��� 3DVWXUH�
SURGXFWLRQ�DQG�JUD]LQJ�LQWHQVLW\�DOVR�LQFUHDVHG�ZLWK�LQFUHDVLQJ�IHUWLOLVHU�UDWH�DQG�
LUULJDWLRQ�IUHTXHQF\��DQG�ZH�IRXQG�SRVLWLYH�FRUUHODWLRQV�EHWZHHQ�WKH�DYHUDJH�UDWH�
RI� FKDQJH� LQ� VRLO� ��1�� DQG� DYHUDJH� WRWDO� SDVWXUH� SURGXFWLRQ� �U� ������ S �������
FORYHU�SURGXFWLRQ� �U� ������S��������DQG�FDOFXODWHG�1� ORVVHV� �U� ������S��������
RYHU�a���\HDUV��7KHVH�UHVXOWV�SURYLGH�VWURQJ�VXSSRUW�IRU�RXU�K\SRWKHVLV� WKDW�VRLO�
��1�LV�UHODWHG�WR�SDVW�PDQDJHPHQW�LQWHQVLW\�DQG�1�F\FOLQJ�DQG�ORVV�SURFHVVHV��:H�
VXJJHVW�WKDW�PRVW�RI�WKH�GLIIHUHQFH�LQ� ��1�REVHUYHG�EHWZHHQ�WUHDWPHQWV�GXH�WR�WKH�
LQIOXHQFH�WKDW�IHUWLOLVHU�DQG�LUULJDWLRQ�KDG�RQ�SDVWXUH�SURGXFWLRQ��DQG�WKH�IORZ�RQ�
HIIHFWV� WKLV� KDG� RQ� LVRWRSH� IUDFWLRQDWLQJ� 1� ORVV� SURFHVVHV�� 6RLO� ��1� FRXOG�
WKHUHIRUH�EH� D� XVHIXO� LQGLFDWRU� RI� SDVW�PDQDJHPHQW� LQWHQVLW\� DQG�1�F\FOLQJ� DQG�
ORVV�IURP�SDVWRUDO�V\VWHPV���
�
.H\ZRUGV���,VRWRSH��QDWXUDO�DEXQGDQFH��JUDVVODQG��JUD]HG�
� �
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���� ,QWURGXFWLRQ�
*OREDOO\��OLYHVWRFN�SURGXFWLRQ�V\VWHPV�KDYH�LQWHQVLILHG�WR�PHHW�WKH�IRRG�GHPDQGV�
RI� D� JURZLQJ� SRSXODWLRQ�� FRQVXPLQJ� DQ� LQFUHDVLQJ� SURSRUWLRQ� RI� DQLPDO� EDVHG�
SURGXFWV��6WHLQIHOG�HW�DO����������1HZ�=HDODQG�KDV�IROORZHG�WKLV�JOREDO�WUHQG��ZLWK�
SDVWRUDO�DJULFXOWXUH��WKH�GRPLQDQW�IRUP�RI�DJULFXOWXUH�LQ�1HZ�=HDODQG��FRQWLQXLQJ�
WR�LQWHQVLI\�VLQFH�IRUHVW�FOHDUDQFH���±����\HDUV�DJR��0DF/HRG�DQG�0ROOHU���������
,QWHQVLILFDWLRQ�RI�1HZ�=HDODQG¶V�SDVWRUDO�V\VWHPV�KDV�ODUJHO\�EHHQ�PDGH�SRVVLEOH�
YLD�WKH�XVH�RI�ODUJH�DPRXQWV�RI�VXSHUSKRVSKDWH�IHUWLOLVHU�ZKLFK�OLIWHG�WKH�QDWXUDOO\�
ORZ� VRLO� SKRVSKRUXV� �3�� DQG� VXOSKXU� �6�� OHYHOV�� DQG� LQGLUHFWO\� LQFUHDVHG� VRLO�
QLWURJHQ��1��E\�SURPRWLQJ�FORYHU�JURZWK�DQG�WKXV�HQKDQFLQJ�1��IL[DWLRQ��,Q�GULHU�
HDVWHUQ�UHJLRQV��OLNH�WKH�&DQWHUEXU\�SODLQV�LUULJDWLRQ�KDV�EHFRPH�FRPPRQ��DQG�LQ�
UHFHQW� GHFDGHV�1� IHUWLOLVHU� XVH� KDV� LQFUHDVHG� FRQVLGHUDEO\� �3DUILWW� HW� DO��� �������
,QWHQVLILFDWLRQ� KDV� OHG� WR� LQFUHDVHG�1� ORVVHV� WR� WKH� ZLGHU� HQYLURQPHQW� �DLU� DQG�
ZDWHU�� DQG� WKHUH� LV� SDUWLFXODU� FRQFHUQ� DERXW� LQFUHDVHG�1� ORVVHV� WR�ZDWHUZD\V� LQ�
VHQVLWLYH�DQG�LFRQLF�FDWFKPHQWV��H�J��/DNH�7DXSR����
�
&RQFHUQ�RYHU�LQFUHDVLQJ�1�ORVVHV�IURP�SDVWRUDO�DJULFXOWXUH�LQ�1HZ�=HDODQG��DQG�
LQWHUQDWLRQDOO\�� KDV� UHVXOWHG� LQ� FRQVLGHUDEOH� UHVHDUFK� LQWR� QHZ� WHFKQRORJLHV� DQG�
IDUPLQJ�SUDFWLFHV�WKDW�FDQ�UHGXFH�1�ORVVHV��H�J��QLWULILFDWLRQ�LQKLELWRUV�DQG�VWDQG�
RII�SDGV���GH�.OHLQ�DQG�(FNDUG���������5HVHDUFK�KDV�ODUJHO\�IRFXVVHG�RQ�UHGXFLQJ�
QLWUDWH� OHDFKLQJ�DQG�QLWURXV�R[LGH�HPLVVLRQV��ZLWK�PRVW� VWXGLHV�EHLQJ�VKRUW� WHUP�
����\HDUV���H�J��'L�HW�DO���������GH�.OHLQ�HW�DO����������)XUWKHU�UHVHDUFK�RQ�VRLO�1�
G\QDPLFV� RYHU� ORQJHU� WLPH� SHULRGV� �L�H�� GHFDGHV�� ZRXOG� KHOS� LPSURYH� RXU�
IXQGDPHQWDO� XQGHUVWDQGLQJ� RI� 1� F\FOLQJ� LQ� SDVWRUDO� V\VWHPV�� ZKLFK� FRXOG� EH�
XVHIXO� IRU� WKH� GHYHORSPHQW� RI� PDQDJHPHQW� SUDFWLFHV� DQG� UHJXODWLRQV� DLPHG� DW�
UHGXFLQJ�XQZDQWHG�1�ORVVHV��5LFKWHU�HW�DO����������7KH�QDWXUDO�DEXQGDQFH�RI� WKH�
VWDEOH� LVRWRSH� ��1� UHODWLYH� WR� ��1� � ��1�� LQ� VRLOV� LV� FRQVLGHUHG� WR� SURYLGH� DQ�
LQWHJUDWHG� PHDVXUH� RI� SDVW� 1� F\FOH� SURFHVVHV�� DQG� LQ� SDUWLFXODU� VRLO� ��1� FDQ�
UHIOHFW� SDVW� 1� ORVVHV�� EHFDXVH� GXULQJ� PRVW� 1� ORVV� SURFHVVHV� �H�J�� DPPRQLD�
YRODWLOLVDWLRQ� DQG� QLWULILFDWLRQ� IROORZHG� E\� GHQLWULILFDWLRQ� RU� 1� OHDFKLQJ�� ��1� LV�
SUHIHUHQWLDOO\� ORVW� �+|JEHUJ�� ������ 5RELQVRQ�� ������� 3UHIHUHQWLDO� ORVV� RI� ��1�
RFFXUV�EHFDXVH�LW�LV�OLJKWHU�WKDQ���1�DQG�UHDFWV�IDVWHU��DQG�WKHUHIRUH�LQ�LQFRPSOHWH�
UHDFWLRQV�� SURGXFWV� �H�J�� 12�±�� 1+��� 1�� DQG� 1�2�� W\SLFDOO\� ORVW� IURP� VRLOV� DUH�
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GHSOHWHG� LQ� ��1��ZKLOH� UHPDLQLQJ� VXEVWUDWH� �H�J�� 1+��� DQG� RUJDQLF� 1�� EHFRPHV�
HQULFKHG��
�
([WHQVLYH�UHVHDUFK�LQ�IRUHVW�HFRV\VWHPV��KDV�UHYHDOHG�WKDW�VRLOV��RU�YHJHWDWLRQ��DW�
VLWHV� ZLWK� KLJK� 1� LQSXWV�� F\FOLQJ� DQG� ORVVHV� DUH� JHQHUDOO\� HQULFKHG� ZLWK� ��1�
UHODWLYH� WR� VLWHV� ZLWK� ORZHU� 1� LQSXWV�� F\FOLQJ� DQG� ORVVHV� �+|JEHUJ� DQG�
-RKDQQLVVRQ�� ������ -RKDQQLVVRQ� DQG� +|JEHUJ�� ������ +|JEHUJ� HW� DO��� ������
0DUWLQHOOL�HW�DO���������3DUGR�HW�DO���������)DQJ�HW�DO����������7KLV�KDV�OHG�WR� ��1�
EHLQJ� FRQVLGHUHG� D� XVHIXO� LQGLFDWRU� RI� 1� VDWXUDWLRQ� RU� 1� OHDNLQHVV� LQ� IRUHVW�
HFRV\VWHPV��+|JEHUJ��������+|JEHUJ�HW�DO���������3DUGR�HW�DO���������)DQJ�HW�DO���
������� /HVV� UHVHDUFK� KDV� EHHQ� FRQGXFWHG� LQ� JUDVVODQG� HFRV\VWHPV�� EXW� VLPLODU�
UHVXOWV�KDYH�EHHQ�REWDLQHG��ZLWK�VRLO� ��1�VKRZQ�WR�EH�HOHYDWHG�DW�VLWHV�ZLWK�KLJK�
1� LQSXWV�� F\FOLQJ� DQG� ORVVHV� �)UDQN� DQG� (YDQV�� ������ :DW]ND� HW� DO��� ������
.DKPHQ�HW�DO�����������
�
3UHYLRXV� ZRUN� LQ� 1HZ� =HDODQG� �6WHYHQVRQ� HW� DO��� ������ UHYHDOHG� VLJQLILFDQW�
GLIIHUHQFHV�LQ�VXUIDFH�VRLO� ��1�EHWZHHQ�ODQG�XVHV��ZLWK�LQGLJHQRXV�IRUHVWV�KDYLQJ�
WKH� ORZHVW� YDOXHV� �����Å��� IROORZHG� E\� H[RWLF� SODQWDWLRQ� IRUHVWV� �����Å��� WKHQ�
SDVWXUHV�JUD]HG�E\�VKHHS�DQG�RU�EHHI�FDWWOH� �����Å���GDLU\�SDVWXUHV� �����Å��DQG�
ILQDOO\� FURSSLQJ� VRLOV� �����Å��� 6WHYHQVRQ� HW� DO�� ������� DWWULEXWHG� GLIIHUHQFHV� LQ�
��1� EHWZHHQ� ODQG� XVHV� WR� GLIIHUHQFHV� LQ� PDQDJHPHQW� LQWHQVLW\� DQG� LVRWRSH�
IUDFWLRQDWLQJ� 1� ORVV� SURFHVVHV� �H�J�� DPPRQLD� YRODWLOLVDWLRQ� DQG� QLWULILFDWLRQ�
IROORZHG� E\� GHQLWULILFDWLRQ� RU� QLWUDWH� OHDFKLQJ��� ZKLFK� W\SLFDOO\� LQFUHDVH� IURP�
LQGLJHQRXV� IRUHVWV� WKURXJK� WR� FURSSHG� ODQG�� (OHYDWHG� G��1� LQ� VRLOV� XQGHU� GDLU\�
SDVWXUHV�FRPSDUHG�WR�SDVWXUHV�JUD]HG�E\�VKHHS�DQG�EHHI�FDWWOH�ZDV�OLNHO\�UHODWHG�
WR� KLJKHU� JUD]LQJ� LQWHQVLW\� �DV� D� UHVXOW� RI� KLJKHU� SDVWXUH� SURGXFWLRQ���
,QWHUQDWLRQDOO\� WKHUH� LV� OLWWOH� FRQVHQVXV� RQ� WKH� LQIOXHQFH� RI� JUD]LQJ� LQWHQVLW\� RQ�
VRLO�G��1��ZLWK�VRPH�VWXGLHV� UHSRUWLQJ� LQFUHDVHV� LQ� ��1�ZLWK� LQFUHDVLQJ�JUD]LQJ�
LQWHQVLW\� �)UDQN�DQG�(YDQV��������+DZNH��������&RHWVHH� HW�DO���������� VRPH�QR�
FKDQJH� �1HLOVRQ� HW�DO���������+DQ� HW�DO��� ������:LWWPHU� HW�DO��� ������� DQG� VRPH�
GHFUHDVHV� �*ROOXVFLR� HW� DO��� ������;X� HW� DO��� ������� (OHYDWHG� VRLO� G��1� DW�PRUH�
LQWHQVLYHO\� JUD]HG� VLWHV� DSSHDUV� WR� EH� GULYHQ� E\� JUHDWHU� 1� LQSXWV�� F\FOLQJ� DQG�
ORVVHV�� ZLWK� IUDFWLRQDWLQJ� 1� ORVVHV� IURP� GXQJ� DQG� XULQH� SDWFKHV� EHLQJ� DQ�
LPSRUWDQW�SDUW�RI�WKH�HQULFKPHQW�SURFHVV��)UDQN�DQG�(YDQV��������+DZNH��������
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)UDQN� HW� DO��� ������ 6WHYHQVRQ� HW� DO��� ������� 1R� FKDQJH� LQ� VRLO� G��1� XQGHU�
LQFUHDVLQJ� JUD]LQJ� LQWHQVLW\� FRXOG� VLPSO\� EH� EHFDXVH� DQ\� FKDQJHV� DUH� QRW� ODUJH�
HQRXJK� WR� GHWHFW� DJDLQVW� D� ODUJH� EDFNJURXQG� SRRO� RI� VRLO� 1� �-RKDQQLVVRQ� DQG�
+|JEHUJ�� ������;X� HW� DO��� ������� RU� WKDW� LQFUHDVHV� LQ� IUDFWLRQDWLQJ�1� ORVVHV� DUH�
EDODQFHG�E\�DFFXPXODWLRQ�RI�IL[HG�1�ZLWK�ORZ�GHOWD�YDOXHV��/HGJDUG�HW�DO����������
1R�FOHDU�PHFKDQLVP�KDV�EHHQ� LGHQWLILHG� IRU� WKH�GHFUHDVH� LQ� VXUIDFH� VRLO�G��1�DW�
KLJKHU�JUD]LQJ�LQWHQVLWLHV�REVHUYHG�LQ�VRPH�VWXGLHV��*ROOXVFLR�HW�DO���������;X�HW�
DO�����������
�
0RVW� VWXGLHV� LQYHVWLJDWLQJ� VRLO�G��1� LQ�JUD]HG�JUDVVODQGV�KDYH� WDNHQ� VDPSOHV� DW�
RQH� SRLQW� LQ� WLPH�� ZLWK� QR� VWXGLHV� WUDFNLQJ� KRZ� G��1� FKDQJHV� RYHU� PXOWLSOH�
GHFDGHV��)ROORZLQJ�HYLGHQFH�IRU�V\VWHPDWLF�SDWWHUQV�RI�VRLO�G��1�DFURVV�ODQG�XVHV�
LQ�1HZ�=HDODQG��6WHYHQVRQ�HW�DO����������ZH�LGHQWLILHG�WKH�SRWHQWLDO�IRU�VRLO�G��1�
WR�VHUYH�DV�DQ�LQWHJUDWRU�RI�SDVW�1�F\FOLQJ�LQ�1HZ�=HDODQG�VW\OH�SDVWRUDO�V\VWHPV�
ZKHUH�1�LQSXWV�IURP�LQGXVWULDO�DQG�XUEDQ�VRXUFHV�YLD�DWPRVSKHULF�GHSRVLWLRQ�DUH�
QHJOLJLEOH�� DQG�1� IHUWLOLVHU� DSSOLFDWLRQ� LV� JHQHUDOO\� ORZ� DQG� LQ� WKH� IRUP�RI� XUHD�
ZLWK� DQ� LVRWRSLF� FRPSRVLWLRQ� FORVH� WR� 1� IL[DWLRQ� �a��Å��� 7KH� REMHFWLYH� RI� WKH�
FXUUHQW� VWXG\�ZDV� WR� LPSURYH�RXU�XQGHUVWDQGLQJ�RI� KRZ� VRLO�G��1�FKDQJHV�ZLWK�
WLPH� LQ� SDVWRUDO� V\VWHPV�� DQG� GHWHUPLQH� LI� VRLO� G��1� FRXOG� EH� UHODWHG� WR� SDVW�
PDQDJHPHQW�LQWHQVLW\�DQG�1�LQSXWV��F\FOLQJ�DQG�ORVV��KHUH�ZH�GHILQH�DQ�LQFUHDVH�
LQ� µLQWHQVLW\¶� DV� LQFUHDVHG� DERYH�JURXQG� ELRPDVV� SURGXFWLRQ� DQG� DVVRFLDWHG�
LQFUHDVHV�LQ�JUD]LQJ�LQWHQVLW\��GULYHQ�E\�JUHDWHU�H[WHUQDO�LQSXWV�VXFK�DV�IHUWLOLVHU�RU�
LUULJDWLRQ��� 7R� DFKLHYH� WKLV� REMHFWLYH�� ZH� DQDO\VHG� DUFKLYHG� VXUIDFH� VRLO� ��±���
PP�� VDPSOHV� FROOHFWHG� aDQQXDOO\� IURP� WZR� ORQJ�WHUP� JUD]HG� �E\� VKHHS�� ILHOG�
WULDOV� LQ� 1HZ� =HDODQG�� ZKLFK� KDG� UHFHLYHG� GLIIHUHQW� UDWHV� RI� VXSHUSKRVSKDWH�
IHUWLOLVHU�RU�LUULJDWLRQ�IRU�a���\HDUV��'LIIHUHQW�UDWHV�RI�IHUWLOLVHU�RU�LUULJDWLRQ�OHG�WR�
GLIIHUHQFHV� LQ� WRWDO� SDVWXUH� SURGXFWLRQ�� FORYHU� SURGXFWLRQ� �WKXV�1� LQSXWV� YLD�1��
IL[DWLRQ���JUD]LQJ�LQWHQVLW\�DQG�FDOFXODWHG�1�ORVVHV��ZKLFK�DOORZHG�XV�WR�HYDOXDWH�
WKH�K\SRWKHVLV�WKDW�SDVWRUDO�VRLOV�XQGHU�LQWHQVLYH�PDQDJHPHQW�UHJLPHV��ZLWK�KLJK�
1�LQSXWV��F\FOLQJ�DQG�ORVV��ZRXOG�EHFRPH�SURJUHVVLYHO\�HQULFKHG�ZLWK���1�UHODWLYH�
WR�VRLOV�XQGHU�OHVV�LQWHQVLYH�PDQDJHPHQW���
�
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���� 0HWKRGV�
������ *HQHUDO�VLWH�LQIRUPDWLRQ�
�������� /RFDWLRQ��VRLOV�DQG�FOLPDWH�
7KH�:LQFKPRUH� ,UULJDWLRQ�5HVHDUFK�6WDWLRQ� LV� ORFDWHG�RQ� WKH�&DQWHUEXU\�3ODLQV��
6RXWK� ,VODQG�� 1HZ� =HDODQG� ���q��¶6�� ���q��¶(��� 7KH� VRLO� DW� WKH� VLWH� LV� WKH�
/LVPRUH� VWRQ\� VLOW� ORDP�� FODVVLILHG� DV� DQ�2UWKLF�%URZQ�6RLO� �1HZ�=HDODQG�6RLO�
&ODVVLILFDWLRQ�� RU� 8GLF� XVWRFKUHSW� �6RLO� 7D[RQRP\�� �0F'RZHOO� DQG� 5RZOH\��
�������7KH�VRLO� LV�ZHOO�GUDLQHG�DQG�IRUPHG�RQ�PRGHUDWHO\�ZHDWKHUHG�JUH\ZDFNH�
ORHVV�RYHU�JUDYHOV� �1JX\HQ� HW�DO����������%HWZHHQ������DQG�������PHDQ�DQQXDO�
UDLQIDOO�DQG�WHPSHUDWXUH�ZHUH�����PP�DQG���q&�UHVSHFWLYHO\��5DLQIDOO�ZDV�HYHQO\�
GLVWULEXWHG�WKURXJKRXW�WKH�\HDU��EXW�ZDWHU�GHILFLWV�RIWHQ�RFFXUUHG�GXULQJ�VXPPHU�
DQG� DXWXPQ� GXH� WR� KLJK� HYDSR�WUDQVSLUDWLRQ� ORVVHV� �:KLWH� HW� DO��� ������� 7KH�
LUULJDWLRQ�DQG�IHUWLOLVHU�WULDOV�ZHUH�ORFDWHG�DERXW�����P�DSDUW�DQG�ZHUH�FRPSOHWHO\�
LQGHSHQGHQW�RI�HDFK�RWKHU��DOWKRXJK�GHVLJQ�DQG�PDQDJHPHQW�ZDV�VLPLODU�IRU�HDFK�
WULDO���
�
�������� ,UULJDWLRQ�V\VWHP�FRQVWUXFWLRQ�
%RWK�WULDOV�ZHUH�IORRG�LUULJDWHG�XVLQJ�WKH�ERUGHU�G\NH�PHWKRG��ZLWK�ZDWHU�GHULYHG�
IURP�WKH�5DQJLWDWD�5LYHU��)LW]JHUDOG���������%RUGHU�VWULSV�ZHUH�DERXW���P�ZLGH�E\�
����P�ORQJ�DQG�ZHUH�LQGLYLGXDOO\�IHQFHG��7KH�LUULJDWLRQ�V\VWHP�ZDV�FRQVWUXFWHG�
LQ�������LUULJDWLRQ�WULDO��DQG�������IHUWLOLVHU� WULDO���ZKLFK�LQYROYHG�SORXJKLQJ�WKH�
DUHD�WR�D�GHSWK�RI����±����PP��GLVFLQJ�DQG�WKHQ�XVLQJ�D�JUDGHU�WR�PRYH�VRLO�IURP�
QHDU� WKH� HGJHV� RI� WKH� ERUGHU� VWULSV� WR� FUHDWH� HDUWK� G\NHV� ���±���� PP� KLJK�
EHWZHHQ�VWULSV��6DYLOOH�HW�DO����������6RLO�ZDV�WKHQ�PRYHG�IURP�WKH�FHQWUH�RI�WKH�
VWULS�WR�WKH�HGJHV�WR�UHSODFH�VRLO�XVHG�WR�FUHDWH�WKH�ERUGHU��2YHUDOO��WRSVRLO�GHSWK�LQ�
WKH�VWULSV�ZDV�UHGXFHG�E\���±���PP�GXH�WR�FRQVWUXFWLRQ�RI�WKH�ERUGHUV��6DYLOOH�HW�
DO��� ������� )ROORZLQJ� ERUGHU� FRQVWUXFWLRQ�� ERWK� WULDOV� ZHUH� VRZQ� ZLWK� D� ZLQWHU�
FHUHDO�JUHHQIHHG�FURS��WKHQ�SORXJKHG�DJDLQ�LQ�VSULQJ��OHIW�IDOORZ�RYHU�VXPPHU�DQG�
VRZQ�WR�SHUPDQHQW�SDVWXUH�LQ�DXWXPQ��LQ������IRU�WKH�LUULJDWLRQ�WULDO�DQG�LQ������
IRU�WKH�IHUWLOLVHU�WULDO����
�
�������� ,UULJDWLRQ�
,UULJDWLRQ�ZDV�VFKHGXOHG�EDVHG�RQ�JUDYLPHWULF�VRLO�PRLVWXUH�FRQWHQW� ��±����PP�
GHSWK���ZKLFK�ZDV�GHWHUPLQHG�RQ�VRLO�FRUHV�SULRU� WR������DQG�WKHQ�VXEVHTXHQWO\�
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E\� WLPH� GRPDLQ� UHIOHFWRPHWU\� �6ULQLYDVDQ� DQG� 0F'RZHOO�� ������� ,UULJDWLRQ�
RFFXUUHG�ZKHQ�VRLO�PRLVWXUH�FRQWHQW�IHOO�EHORZ�WKH�WULJJHU�SRLQW�IRU�WKH�UHVSHFWLYH�
WUHDWPHQWV��7DEOH�������DQG�DERXW�����PP�RI�ZDWHU�ZDV�DSSOLHG�RYHU�D����PLQXWH�
SHULRG��6ULQLYDVDQ�DQG�0F'RZHOO���������
�
�������� 3DVWXUHV�DQG�JUD]LQJ��
3DVWXUH�VSHFLHV�VRZQ�DW� WKH�FRPPHQFHPHQW�RI� WKH� WULDOV�ZHUH�SHUHQQLDO�U\HJUDVV�
�/ROLXP� SHUHQQH��� VKRUW� URWDWLRQ� U\HJUDVV� �/ROLXP� PXOWLIORUXP��� FRFNVIRRW�
�'DFW\OLV�JORPHUDWD���WLPRWK\��3KOHXP�SUHWHQVH���ZKLWH�FORYHU��7ULIROLXP�UHSHQV���
UHG�FORYHU��7ULIROLXP��SUHWHQVH��DQG�VXEWHUUDQHDQ�FORYHU��7ULIROLXP�VXEWHUUDQHXP��
�5LFNDUG�� ������ 5LFNDUG� DQG� 0F%ULGH�� ������� 6SHFLHV� FRPSRVLWLRQ� FKDQJHG�
WKURXJK�WLPH�DQG�ZDV�LQIOXHQFHG�E\�WUHDWPHQW��)RU�H[DPSOH��ZHHGV��GHILQHG�KHUH�
VLPSO\�DV�DQ\WKLQJ�WKDW�LV�QRW�D�JUDVV�RU�OHJXPH��DQG�QRQ�VRZQ�JUDVV�VSHFLHV��H�J��
$JURVWLV� FDSLOODULHV�� EHFDPH� PRUH� FRPPRQ� LQ� WKH� XQIHUWLOLVHG� DQG� XQLUULJDWHG�
WUHDWPHQWV�� DQG� VXEWHUUDQHDQ� FORYHU� ZDV� WKH� GRPLQDQW� FORYHU� LQ� WKH� XQLUULJDWHG�
WUHDWPHQW�� FRPSDUHG� WR� ZKLWH� FORYHU� LQ� DOO� LUULJDWHG� WUHDWPHQWV� �5LFNDUG� DQG�
0F%ULGH��������1JX\HQ�HW�DO�����������
�
%RWK� WULDOV�ZHUH� URWDWLRQDOO\�JUD]HG�E\� VKHHS��ZLWK� D� VHSDUDWH� IORFN�DOORFDWHG� WR�
HDFK� WUHDWPHQW� WR� DYRLG� QXWULHQW� WUDQVIHU� YLD� GXQJ� DQG� XULQH�� *UD]LQJ� LQWHQVLW\�
YDULHG� GHSHQGLQJ� RQ� SDVWXUH� SURGXFWLRQ� DQG� ZDV� DGMXVWHG� WR� DFKLHYH� HYHQ� DQG�
DGHTXDWH�FRQWURO�RI�JURZWK�LQ�HDFK�WUHDWPHQW��5LFNDUG�DQG�0F%ULGH���������7KH�
WULDOV�ZHUH�W\SLFDOO\�JUD]HG�E\�KRJJHWV�EHWZHHQ����6HSWHPEHU�DQG���)HEUXDU\�DQG�
WKHQ� ODPEV� XQWLO� ���0D\��+RZHYHU�� WKH� GU\ODQG� WUHDWPHQW� RI� WKH� LUULJDWLRQ� WULDO�
ZDV� XVXDOO\� XQJUD]HG� IURP� �� )HEUXDU\� XQWLO� ��� $SULO� EHFDXVH� RI� ORZ� SDVWXUH�
JURZWK� UDWHV�GXULQJ� WKLV�SHULRG� �5��0RVV�3HUV��&RP���������7KH� WULDOV�ZHUH�QRW�
JUD]HG�GXULQJ�ZLQWHU��5LFNDUG�DQG�0F%ULGH��������0F'RZHOO�DQG�5RZOH\����������
�
7DEOH�����SURYLGHV�D�VXPPDU\�RI�WULDO�GDWHV��IHUWLOLVHU�DQG�LUULJDWLRQ�UHJLPHV�DQG�
JUD]LQJ� LQWHQVLW\� IRU� WKH� WZR� WULDOV�� )XUWKHU� PDQDJHPHQW� GHWDLOV� VSHFLILF� WR� WKH�
UHVSHFWLYH�WULDOV�DUH�GHVFULEHG�LQ�WKH�VHFWLRQ���������
�
� �
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7DEOH� ����6XPPDU\�RI� WKH� WZR�GLIIHUHQW� WULDOV� XVHG� LQ� WKLV� VWXG\��6HH� VHFWLRQ������� IRU� IXOO� VLWH�
GHVFULSWLRQV�DQG�H[SODQDWLRQ�RI�PDQDJHPHQW�IRU�HDFK�WULDO��

7ULDO� 7ULDO�GDWHV� 7UHDWPHQW�
DEEUHYLDWLRQ�

)HUWLOLVHU�UHJLPH� ,UULJDWLRQ�
UHJLPHD�

*UD]LQJ�
LQWHQVLW\�

NJ�KD±��\±��VLQJOH�
VXSHUSKRVSKDWH�

6WRFN�XQLWV�
KD±��E�

,UULJDWLRQ� ����±�����
'U\ODQG� ���� 1RW�LUULJDWHG� ��
,UU���� ���� ����� ���
,UU���� ���� ����� ���

)HUWLOLVHU� ����±�����
)HUWFRQ� �� ����� ��
)HUWUHV� ���±�±���F� ����� ���
)HUW���� ���� ����� ���

D��,UULJDWHG�ZKHQ�JUDYLPHWULF�PRLVWXUH�FRQWHQW�RI�VXUIDFH�VRLO���±���PP��IHOO�EHORZ�UHSRUWHG�OHYHO��
E�2QH�VWRFN�XQLW�LV�HTXLYDOHQW�WR�RQH����NJ�HZH�UHDULQJ�D�VLQJOH�ODPE�DQG�FRQVXPLQJ�DERXW�����NJ�
RI� JRRG� TXDOLW\� SDVWXUH� GU\�PDWWHU� SHU� \HDU� �6WDWLVWLFV�1HZ�=HDODQG�� Q�G��E��� 6WRFNLQJ� UDWH�ZDV�
FDOFXODWHG�XVLQJ� WKH� VWRFN�XQLW� GHILQLWLRQ� DERYH� DQG�PHDQ� DQQXDO� SDVWXUH� SURGXFWLRQ� �VHH�7DEOH�
�����DQG�DVVXPLQJ�WKDW������RI�SDVWXUH�JURZQ�ZDV�FRQVXPHG�E\�VKHHS���
F�����NJ�KD±��\±��VXSHUSKRVSKDWH�IURP�����±������QR�IHUWLOLVHU�IURP������������WKHQ�����NJ�KD±��
\±�� VXSHUSKRVSKDWH� RU� URFN� SKRVSKDWH� DQG� HOHPHQWDO� VXOSKXU� WR� DFKLHYH� WKH� VDPH� 3� DQG� 6�
DSSOLFDWLRQ�UDWHV�DV�����NJ�VXSHUSKRVSKDWH�IURP�����±������
�
�
������ 'HWDLOV�VSHFLILF�WR�HDFK�RI�WKH�WZR�WULDOV��
�������� 6XSHUSKRVSKDWH�IHUWLOLVHU�WULDO��
'XULQJ�WKH�HVWDEOLVKPHQW�SKDVH�RI�WKH�IHUWLOLVHU�WULDO������±������������NJ�KD±��RI�
OLPH�DQG�����NJ�KD±��RI�VXSHUSKRVSKDWH�ZDV�DSSOLHG�WR�DOO�ERUGHU�VWULSV��1JX\HQ�
HW�DO��� �������7KH� IHUWLOLVHU� WULDO�ZDV� LQLWLDWHG� LQ������RQ�D� WZR�\HDU�ROG�SDVWXUH�
ZKLFK� ZDV� U\HJUDVV� �/ROLXP� SHUHQQH�� DQG� ZKLWH� FORYHU� �7ULIROLXP� UHSHQV��
GRPLQDQW� �5LFNDUG� DQG� 0F%ULGH�� ������� 7KHUH� ZHUH� IRXU� UHSOLFDWHV� RI� ILYH�
WUHDWPHQWV� DUUDQJHG� LQ� D� UDQGRPLVHG� EORFN� GHVLJQ� RQ� ��� ERUGHU� VWULSV�� 6DPSOHV�
IURP� WKUHH� WUHDWPHQWV� ZHUH� DQDO\VHG� IRU� WKLV� VWXG\�� )HUWFRQ� �QR� IHUWLOLVHU� VLQFH�
�������)HUW���������NJ�VXSHUSKRVSKDWH�KD±��\±���DQG�D�PRUH�FRPSOLFDWHG�UHVLGXDO�
WUHDWPHQW� �)HUWUHV���ZKHUH� ���� NJ� VXSHUSKRVSKDWH� KD±�� \±��ZDV� DSSOLHG� EHWZHHQ�
����� DQG� ������ QR� IHUWLOLVHU� IURP� ����� WR� ����� DQG� LQ� ����� WZR� ERUGHU� VWULSV�
UHFHLYHG�����NJ�KD±��RI�VXSHUSKRVSKDWH�DQG�WKH�RWKHU�WZR�VWULSV�UHFHLYHG�����NJ�
KD±��RI�D�URFN�SKRVSKDWH��6HFKXUD��DQG�J\SVXP��&D62���PL[��)URP������WR������
WZR� VWULSV� LQ� WKH� )HUWUHV� WUHDWPHQW� UHFHLYHG� ���� NJ� KD±�� \±�� RI� VXSHUSKRVSKDWH�
ZKLOH�WKH�RWKHU�WZR�VWULSV�UHFHLYHG�����NJ�KD±��\±��RI�URFN�SKRVSKDWH�DQG����NJ�RI�
HOHPHQWDO� VXOSKXU�� 'HVSLWH� WKH� GLIIHUHQFHV� LQ� IHUWLOLVHU� IRUP� DIWHU� ����� RQ� WKH�
)HUWUHV�WUHDWPHQW��WRWDO�3�DQG�6�LQSXWV�ZHUH�WKH�VDPH�RQ�DOO�IRXU�UHSOLFDWHV����
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,Q������D�IXUWKHU������NJ�KD±��RI�OLPH�ZDV�DSSOLHG�WR�DOO�WUHDWPHQWV��5LFNDUG�DQG�
0F%ULGH�� ������� ,Q� $XJXVW� ������ ERUGHU� VWULSV� LQ� WKH� )HUWUHV� WUHDWPHQW� ZHUH�
GHOLEHUDWHO\�KHDYLO\�WUDPSOHG�E\�D�IORFN�RI�VKHHS�WR�EUHDN�XS�WKH�SDVWXUH��ZKLFK�
FRQWDLQHG�ODUJH�SURSRUWLRQV�RI�PRVV��ZHHGV�DQG�ZHHG�JUDVVHV��DQG�WKHQ�DOO�VWULSV�
ZHUH� GLUHFW� GULOOHG�ZLWK� U\HJUDVV� DQG�ZKLWH� FORYHU� VHHG� �5LFNDUG� DQG�0F%ULGH��
�������$OO�WUHDWPHQWV�ZHUH�LUULJDWHG�ZKHQ�JUDYLPHWULF�VRLO�PRLVWXUH�FRQWHQW�LQ�WKH�
WRS�����PP�ZDV�������DQG�RQ�DYHUDJH�WKH�WULDO�ZDV�LUULJDWHG�����WLPHV�SHU�\HDU�
�0F'RZHOO�DQG�5RZOH\����������
�
'XH�WR�UHVWULFWHG�DUHD�GXULQJ�FRQVWUXFWLRQ�RI�WKH�ERUGHU�G\NH�V\VWHP��RQH�UHSOLFDWH�
ERUGHU�VWULS�RI�WKH�)HUWFRQ�WUHDWPHQW��VWULS�����ZDV�PXFK�VPDOOHU�WKDQ�WKH�RWKHUV�
�MXVW� RYHU� KDOI� WKH� VL]H��� 7KH� VPDOOHU� VL]H� PHDQW� WKDW� WKLV� VWULS� UHFHLYHG� OHVV�
LUULJDWLRQ��WHQGHG�WR�EH�JUD]HG�KDUGHU�DQG�JUHZ�PRUH�GU\PDWWHU�WKDQ�RWKHU�VWULSV�LQ�
WKH�)HUWFRQ�WUHDWPHQW��5��0RVV�SHUV��FRPP���������7KH�G��1�YDOXHV�IURP�VWULS����
ZHUH� DOZD\V� KLJKHU� �a�����Å�KLJKHU�� WKDQ� WKH� RWKHU� WKUHH� VWULSV� LQ� WKH� )HUWFRQ�
WUHDWPHQW�ZKLFK�DOO�KDG�VLPLODU�YDOXHV�� ,QGHHG��YDOXHV�IRU�VWULSV�ZLWKLQ� WKH�VDPH�
WUHDWPHQW� IRU� ERWK� WKH� IHUWLOLVHU� DQG� LUULJDWLRQ� WULDOV� ZHUH� YHU\� VLPLODU�� 7KLV�
VXJJHVWV� WKDW� VRPHWKLQJ� GXULQJ� WKH� FRQVWUXFWLRQ� RI� ERUGHU� VWULS� ��� DQG�RU�
VXEVHTXHQW� PDQDJHPHQW� GLIIHUHQFHV� GXH� WR� LWV� VPDOOHU� VL]H� DIIHFWHG� VRLO� G��1��
7KHUHIRUH�VWULS����ZDV�H[FOXGHG�IURP�LVRWRSLF�DQDO\VLV��
�
�������� ,UULJDWLRQ�WULDO��
$Q�LQLWLDO�LUULJDWLRQ�WULDO�ZDV�HVWDEOLVKHG�LQ�������ZLWK�VL[�WUHDWPHQWV�DOORFDWHG�WR�
��� ERUGHU� VWULSV� LQ� D� UDQGRPL]HG� EORFN� GHVLJQ� �5LFNDUG�� ������� 7KH� WUHDWPHQWV�
ZHUH� ���� QR� LUULJDWLRQ�� ����ZHHNO\� LUULJDWLRQ�� ���� IRUWQLJKWO\� LUULJDWLRQ�� ���� WKUHH�
ZHHNO\� LUULJDWLRQ�� ���� VL[� ZHHNO\� LUULJDWLRQ� DQG� ���� WKUHH� ZHHNO\� LUULJDWLRQ� EXW�
RQO\�LQ�DOWHUQDWH�\HDUV��,Q������LW�ZDV�UHFRJQLVHG�WKDW�LUULJDWLQJ�ZHHNO\�RU�HYHU\�
WZR�ZHHNV�ZDV� WRR� IUHTXHQW�� DQG� WKHUHIRUH� IURP� ����� WR� ����� WKH�ZHHNO\� DQG�
IRUWQLJKWO\� WUHDWPHQWV� ZHUH� FKDQJHG� DQG� ZHUH� LUULJDWHG� ZKHQ� JUDYLPHWULF� VRLO�
PRLVWXUH� ��±���� PP�� GHFOLQHG� EHORZ� ��� �� DQG� ��� �� UHVSHFWLYHO\� �5LFNDUG��
�������7KH�LQLWLDO�WULDO�ZLWK�VL[�WUHDWPHQWV�FHDVHG�LQ�������DQG�WKH�HQWLUH�DUHD�ZDV�
FXOWLYDWHG�XVLQJ�D�URWDU\�KRH�DQG�JUXEEHU�LQ�PLG�1RYHPEHU��DQG�SDVWXUH�ZDV�UH�
VRZQ�LQ�0DUFK��������
�



� :LQFKPRUH�VXSHUSKRVSKDWH�DQG�LUULJDWLRQ�WULDOV� &KDSWHU���
�

�

��

7KH�ORQJ�WHUP�LUULJDWLRQ�WULDO�UHSRUWHG�RQ�LQ� WKLV�VWXG\�FRPPHQFHG�LQ������ZLWK�
ILYH� WUHDWPHQWV� �IRXU� LUULJDWLRQ� WUHDWPHQWV� DQG�RQH�GU\ODQG� WUHDWPHQW�� DSSOLHG� WR�
WKH� ��� ERUGHU� VWULSV�� 7KHUH�ZHUH� ILYH� UHSOLFDWHV� RI� WKH� LUULJDWLRQ� WUHDWPHQWV� DQG�
IRXU�RI�WKH�GU\ODQG�WUHDWPHQW��'U\ODQG�UHSOLFDWHV�ZHUH�DSSOLHG�WR�ERUGHU�VWULSV�WKDW�
KDG�SUHYLRXVO\�EHHQ�LQ�WKH�GU\ODQG�WUHDWPHQW��ZKLOH�WKH�LUULJDWHG�WUHDWPHQWV�ZHUH�
UDQGRPO\�DOORFDWHG�WR�WKH�SUHYLRXVO\�LUULJDWHG�VWULSV��6DPSOHV�ZHUH�DQDO\VHG�IURP�
WKH� GU\ODQG� WUHDWPHQW� �'U\ODQG�� DQG� WUHDWPHQWV� LUULJDWHG� ZKHQ� JUDYLPHWULF� VRLO�
PRLVWXUH���±����PP��ZDV������,UU�����DQG�������,UU�����UHVSHFWLYHO\��)RU�WKH�
/LVPRUH�VRLO�������DQG������JUDYLPHWULF�VRLO�PRLVWXUH�DUH�DERXW�ZLOWLQJ�SRLQW�DQG�
��� �� RI� SODQW� DYDLODEOH� ZDWHU� UHVSHFWLYHO\� �5LFNDUG� DQG� 0F%ULGH�� ������� 2Q�
DYHUDJH� WKH� ,UU���� WUHDWPHQW� ZDV� LUULJDWHG� DERXW� ���� WLPHV� SHU� \HDU� ZKLOH� WKH�
,UU���� WUHDWPHQW�ZDV� LUULJDWHG� DERXW� ���� WLPHV� SHU� \HDU� �5LFNDUG� DQG�0F%ULGH��
������ 6ULQLYDVDQ� DQG�0F'RZHOO�� �������$OO� WUHDWPHQWV� UHFHLYHG� ���� NJ� KD±�� RI�
VXSHUSKRVSKDWH� DQQXDOO\�� DQG� OLPH� ZDV� DSSOLHG� LQ� ����� ������ NJ� KD±���� �����
������ NJ� KD±��� DQG� ����� ������ NJ� KD±��� �5LFNDUG�� ������5LFNDUG� DQG�0F%ULGH��
�������7KH�ODVW�DYDLODEOH�VRLO�VDPSOH�IURP�WKH�LUULJDWLRQ�WULDO�ZDV�WDNHQ�LQ�������
)RU�WKH�LUULJDWLRQ�WULDO��VDPSOHV�IURP�RQO\�IRXU�RI�WKH�ILYH�UHSOLFDWHV�RI�WKH�,UU����
DQG� ,UU���� WUHDWPHQWV� ZHUH� DQDO\VHG�� WR� PDWFK� ZLWK� WKH� IRXU� UHSOLFDWHV� RI� WKH�
'U\ODQG�WUHDWPHQW���
�
������ 6RLO�DQG�SDVWXUH�VDPSOLQJ�
5HSOLFDWH�VRLO�VDPSOHV� IURP�LQGLYLGXDO�ERUGHU�VWULSV�ZHUH�DYDLODEOH� IURP������±�
����� IRU� WKH� IHUWLOLVHU� WULDO� DQG� ����±����� IRU� WKH� LUULJDWLRQ� WULDO�� 6RLO� VDPSOHV�
ZHUH� JHQHUDOO\� FROOHFWHG� VHDVRQDOO\�� ZLWK� ��� FRUHV� ���� PP� GLDPHWHU� [� ��� PP�
GHHS�� WDNHQ� LQ� D� ]LJ�]DJ� SDWWHUQ� GRZQ� WKH� OHQJWK� RI� WKH� ERUGHU� VWULSV�� 6DPSOHV�
ZHUH� WDNHQ�QR� FORVHU� WKDQ� ����P� IURP� WKH� FHQWUH� RI� WKH� ERUGHUV� �5��0RVV�3HUV��
&RP�� ������� 7KH� ��� FRUHV� IURP� WKH� VDPH� VWULS� ZHUH� EXONHG�� DLU� GULHG�� SDVVHG�
WKURXJK� D� �� PP� VLHYH� DQG� WKHQ� DUFKLYHG� DW� URRP� WHPSHUDWXUH�� 6DPSOHV� WDNHQ�
GXULQJ�ZLQWHU��XVXDOO\�-XO\���DW�DSSUR[LPDWHO\�IRXU�\HDU�LQWHUYDOV�ZHUH�VHOHFWHG�IRU�
DQDO\VLV�LQ�WKLV�VWXG\����
�
$ERYH� JURXQG� SDVWXUH� SURGXFWLRQ� KDV� EHHQ� PHDVXUHG� IRU� WKH� GXUDWLRQ� RI� ERWK�
WULDOV�XVLQJ�WKH�GRXEOH� WULP�H[FOXVLRQ�FDJH�WHFKQLTXH��DQG�ERWDQLFDO�FRPSRVLWLRQ�
RI�WKH�SDVWXUHV�KDV�DOVR�EHHQ�GHWHUPLQHG��IRU�PRUH�GHWDLOV�VHH�6FKLSSHU�HW�DO���LQ�
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SUHVV���$UFKLYHG�SDVWXUH�VDPSOHV�ZHUH�QRW�DYDLODEOH��EXW�D�RQH�RII�VDPSOLQJ�IURP�
WKH�IHUWLOLVHU�WULDO�ZDV�XQGHUWDNHQ�LQ�0D\������WR�JHW�DQ�LQGLFDWLRQ�RI�WKH�G��1�RI�
DERYH�JURXQG�SODQW�PDWHULDO��WKH�LUULJDWLRQ�WULDO�KDG�ILQLVKHG�VR�QR�SDVWXUH�VDPSOHV�
FRXOG�EH� WDNHQ��� �6XEVDPSOHV�ZHUH� WDNHQ� IURP�WZR� WHPSRUDU\�JUD]LQJ�H[FOXVLRQ�
FDJHV� LQ� HDFK� ERUGHU� VWULS� �WKH� VDPH� FDJHV� XVHG� WR� PHDVXUH� DQQXDO� SDVWXUH�
SURGXFWLRQ���DQG�GLVVHFWHG�LQWR�OHJXPHV��JUDVVHV�DQG�ZHHGV��7KHVH�VDPSOHV�ZHUH�
GULHG�DW����q&��ZHLJKHG�WR�GHWHUPLQH�WKH�SURSRUWLRQ�HDFK�FRPSRQHQW�PDGH�XS�RI�
WRWDO�SDVWXUH�RQ�D�GU\�PDWWHU�EDVLV��DQG�WKHQ�ILQH�JURXQG�DQG�DQDO\VHG�IRU�G��1���
�
������ 6DPSOH�SUHSDUDWLRQ�DQG�DQDO\VLV�
$�UHSUHVHQWDWLYH�VXEVDPSOH�RI�WKH�DUFKLYHG�VRLO�VDPSOHV�ZDV�REWDLQHG�E\�SDVVLQJ�
WKH�ZKROH�VDPSOH�WKURXJK�D�VWDLQOHVV�VWHHO�ULIIOH��ZKLFK�VSOLW�WKH�VDPSOH��XQWLO�WKH�
GHVLUHG�VXEVDPSOH�VL]H�ZDV�UHDFKHG��DERXW���J���$Q\�REYLRXV�SODQW�PDWHULDO�ZDV�
WKHQ�UHPRYHG�ZLWK�WZHH]HUV�EHIRUH�ILQH�JULQGLQJ�XVLQJ�DQ�DJDWH�PRUWDU�DQG�SHVWOH��
6DPSOHV� ZHUH� DQDO\VHG� IRU� 1� LVRWRSHV� XVLQJ� D� (XURSD� 6FLHQWLILF� ������ 6WDEOH�
,VRWRSH�$QDO\VHU�DW� WKH�8QLYHUVLW\�RI�:DLNDWR�6WDEOH�,VRWRSH�8QLW��7KH�VWDQGDUG�
GHYLDWLRQ�RI�QLQH�UHSHDW�PHDVXUHPHQWV�RI�D�VRLO�VDPSOH�IURP�WKH�IHUWLOLVHU�WULDO�ZDV�
�����Å��DQG�RYHUDOO� UHSURGXFLELOLW\�RI� ODERUDWRU\�PHDVXUHPHQWV� LV�a����Å��7KH�
QDWXUDO�DEXQGDQFH�RI���1�LV�H[SUHVVHG�LQ�GHOWD�QRWDWLRQ�� ��DV�SDUWV�SHU� WKRXVDQG�
�Å��XVLQJ�WKH�IROORZLQJ�HTXDWLRQ��DIWHU�&RSOHQ���������
�
��1� �5���1���1�VDPSOH�±�5���1���1�DLU�±���
�
ZKHUH�5����1���1�VDPSOH�LV�WKH�UDWLR�RI���1���1�LQ�WKH�VDPSOH�DQG�5���1���1�DLU�LV�WKH�
UDWLR�RI���1���1�LQ�DWPRVSKHULF�1���WKH�LQWHUQDWLRQDO�VWDQGDUG����
�
������ 6WDWLVWLFDO�DQDO\VLV��
7LPH� VHULHV� G��1� GDWD� IURP� WKH� WZR� WULDOV� ZDV� DQDO\VHG� XVLQJ� D� %D\HVLDQ�
VPRRWKLQJ�SURJUDP��8SVGHOO��������WR�GHWHUPLQH�LI�WKHUH�ZHUH�WHPSRUDO�FKDQJHV�
LQ� G��1�� DQG� ZKHWKHU� G��1� GLIIHUHG� EHWZHHQ� WUHDWPHQWV�� 7KH� WLPH� VHULHV� ZHUH�
PRGHOOHG� DV� GRXEO\� LQWHJUDWHG� ZLHQHU� SURFHVVHV�� ZKLFK� FRUUHVSRQGV� WR� ILWWLQJ�
FXELF� VSOLQHV�� 7HUPV� IRU� 'DWH
7UHDWPHQW� ZHUH� XVHG� WR� HVWLPDWH� GLIIHUHQW�
7UHDWPHQW� WLPH� VHULHV�� 7KH� LQGLYLGXDO� SDGGRFN� WLPH� VHULHV� ZHUH� PRGHOOHG� ZLWK�
WHUPV� 3ORW�'DWH�� ZKLFK� DFFRXQWV� IRU� WKH� FRUUHODWLRQV� LQGXFHG� E\� PHDVXULQJ� WKH�
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VDPH�SORW�UHSHDWHGO\��$�UDQGRP�HIIHFW�IRU� WKH�HIIHFW�RI� WKH�GD\�RI�VDPSOLQJ�ZDV�
DOVR� DGGHG� �'D\(IIHFW��� 7KH� EORFN� WHUP� ZDV� IRXQG� WR� EH� QHJOLJLEOH� LQ� D�
SUHOLPLQDU\�PRGHO�ZKLFK� LQFOXGHG� LW� DQG� VR�ZDV� OHIW� RXW� RI� WKH�PRGHO��7KH� IXOO�
PRGHO�ILWWHG�IRU�WKH�WZR�WULDOV�ZDV�<� �'DWH
7UHDWPHQW���3ORW�'DWH���'D\(IIHFW��
ZKHUH�WKH�RSHUDWRUV�KDYH�WKH�VDPH�PHDQLQJ�DV�LQ�*HQVWDW�PRGHO�VWDWHPHQWV��8VLQJ�
D�PL[HG�PRGHO� VPRRWKHU� DOORZV� XV� WR� H[WUDFW� HVWLPDWHV� IRU� WKH�'DWH� FXUYHV� IRU�
HDFK�RI�WKH�WUHDWPHQWV�DIWHU�DOORZLQJ�IRU�WKH�HIIHFWV�RI�WKH�QXLVDQFH�YDULDEOHV�3ORW�
DQG� 'D\(IIHFW�� 6WDQGDUG� $QDO\VLV� RI� 9DULDQFH� LQ� *HQ6WDW� Y� ��� ZDV� XVHG� WR�
DQDO\VH�WKH������SDVWXUH�GDWD�IURP�WKH�IHUWLOLVHU�WULDO��DQG�VLPSOH�OLQHDU�UHJUHVVLRQ�
LQ�*HQ6WDW�Y����ZDV�XVHG�WR�H[SORUH�WKH�UHODWLRQVKLS�EHWZHHQ�WKH�DYHUDJH�UDWH�RI�
FKDQJH� LQ� VRLO�G��1�ZLWK� WLPH� DQG� SDVWXUH� SURGXFWLRQ�� FORYHU� SURGXFWLRQ� DQG�1�
ORVVHV��
�
�
���� 5HVXOWV��
������ 3DVWXUH�SURGXFWLRQ�DQG�1�EDODQFHV�
7R� XQGHUVWDQG� SODQW� DQG� VRLO� 1� LVRWRSH� V\VWHPDWLFV�� ZH� FRPSLOHG� WKH� EHVW�
DYDLODEOH� LQIRUPDWLRQ� RQ� 1� G\QDPLFV� IRU� WKH� :LQFKPRUH� WULDOV�� )HUWLOLVHU�
DSSOLFDWLRQ� DQG� LUULJDWLRQ� VLJQLILFDQWO\� LQFUHDVHG� DYHUDJH� DQQXDO� SDVWXUH�
SURGXFWLRQ��ZLWK�SURGXFWLRQ� LQ� WKH�)HUWFRQ� WUHDWPHQW�EHLQJ�RQO\������RI� WKDW� LQ�
WKH� )HUW���� WUHDWPHQW� DQG� WKH� 'U\ODQG� WUHDWPHQW� SURGXFHG� RQO\� ��� �� RI� WKH�
SDVWXUH� LQ� WKH� ,UU���� WUHDWPHQW� �7DEOH� ������ 7KH� LQFUHDVH� LQ� WRWDO� SDVWXUH�
SURGXFWLRQ�ZLWK�LQFUHDVLQJ�3�DSSOLFDWLRQ�RU�LUULJDWLRQ�IUHTXHQF\�ZRXOG�KDYH�EHHQ�
GLUHFWO\� LQIOXHQFHG� E\� UHGXFHG� 3� GHILFLHQF\� RU� PRLVWXUH� OLPLWDWLRQ�� EXW� DOVR�
LQGLUHFWO\�YLD� UHGXFHG�1�OLPLWDWLRQ��EHFDXVH�FORYHU�SURGXFWLRQ��WKXV�1�� IL[DWLRQ��
ZDV� HQKDQFHG� E\� 3� DSSOLFDWLRQ� DQG� LUULJDWLRQ�� 1LWURJHQ� IL[DWLRQ�ZDV� FDOFXODWHG�
IURP� FORYHU� SURGXFWLRQ� �VHH� IRRWQRWH� 7DEOH� ����� DQG� ZDV� PXFK� ORZHU� LQ� WKH�
)HUWFRQ�WUHDWPHQW�����NJ�1�KD±��\±���WKDQ�LQ�WKH�RWKHU�WUHDWPHQWV�����±����NJ�1�
KD±�� \±���ZKLFK� DOO� UHFHLYHG�3� IHUWLOLVHU� �6FKLSSHU� HW� DO��� LQ� SUHVV��7DEOH� ������1�
LPPRELOLVDWLRQ�UDWH�LQ�WKH�VXUIDFH�VRLO�UDQJHG�IURP����WR����NJ�1�KD±��\±��DQG�ZDV�
ORZHVW� LQ� WKH� ,UU���� WUHDWPHQW�DQG�KLJKHVW� LQ� WKH�)HUWUHV� WUHDWPHQW� �6FKLSSHU� HW�
DO��� LQ� SUHVV�� 7DEOH� ������ &DOFXODWLRQ� RI� D� VLPSOH� 1� EXGJHW� �1� IL[DWLRQ� ±�
LPPRELOLVDWLRQ�� LQGLFDWHG� WKDW� WRWDO� 1� ORVVHV� IURP� WKH� WRS� ���PP� RI� VRLO� ZHUH�
FRQVLGHUDEO\�KLJKHU�LQ�WUHDWPHQWV�UHFHLYLQJ�KLJKHU�UDWHV�RI�IHUWLOLVHU�RU�LUULJDWLRQ��
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UDQJLQJ�IURP���NJ�1�KD±��\±��LQ�WKH�)HUWFRQ�WUHDWPHQW�WR�����NJ�1�KD±��\±��LQ�WKH�
,UU���� WUHDWPHQW� �7DEOH� ������ /RVV� SDWKZD\V� ZRXOG� KDYH� LQFOXGHG� JDVHRXV�
HPLVVLRQV� �L�H�� DPPRQLD� YRODWLOLVDWLRQ� DQG� GHQWULILFDWLRQ���1� OHDFKLQJ�� H[SRUW� LQ�
SURGXFW��PHDW�DQG�ZRRO��DQG� WUDQVIHU�RI�1�LQ�GXQJ�DQG�XULQH� WR�SORW�PDUJLQV�RU�
UDFHV�RXWVLGH�WKH�SORW�DUHD���
�
7DEOH�����$YHUDJH�DQQXDO�DERYH�JURXQG�WRWDO�DQG�FORYHU�GU\�PDWWHU��'0��SURGXFWLRQ��DORQJ�ZLWK�
FDOFXODWHG�1� IL[DWLRQ��1� LPPRELOLVDWLRQ� DQG�1� ORVV� IRU� WUHDWPHQWV� LQ� WKH� LUULJDWLRQ� DQG� IHUWLOLVHU�
WULDOV�� 3DVWXUH� SURGXFWLRQ��1� IL[DWLRQ� DQG�1� LPPRELOLVDWLRQ� YDOXHV� DUH� IURP� 6FKLSSHU� HW� DO�� �LQ�
SUHVV���

7UHDWPHQW�
7RWDO�
SDVWXUH�

SURGXFWLRQ�
�

&ORYHU�
SURGXFWLRQ�

�
1�IL[DWLRQ�

D�

1�
LPPRELOLVD

WLRQ�
�

1�ORVV�IURP�
WRS��±���
PP�RI�VRLO�

E�

3HUFHQWDJH�RI�
IL[HG�1�

LPPRELOLVHG�LQ�
WKH�WRS����PP�

� W�'0�KD±�� W�'0�KD±�� NJ�KD±�� NJ�KD±�� NJ�KD±�� ��
)HUWFRQ� ����� ����� ��� ��� �� ���
)HUWUHV� ������ ����� ���� ��� ��� ���
)HUW���� ������ ����� ���� ��� ���� ���
'U\ODQG� ����� ����� ���� ��� ��� ���
,UU���� ������ ����� ���� ��� ���� ���
,UU���� ������ ����� ���� ��� ���� ��

D�&DOFXODWHG�IURP�FORYHU�'0�SURGXFWLRQ�XVLQJ�WKH�IROORZLQJ�HTXDWLRQ��
1IL[DWLRQ� �FORYHU�'0�\LHOG�[�FORYHU��1�[��1�IL[HG�[�ZKROH�SODQW�FRQYHUVLRQ�IDFWRU���������
&ORYHU��1�ZDV�DVVXPHG�WR�EH������/HGJDUG�HW�DO����������WKH��1�IL[HG�������/HGJDUG��
�������DQG� WKH�ZKROH�SODQW�FRQYHUVLRQ�IDFWRU�RI�����ZDV�XVHG� WR�DFFRXQW�IRU�1�IL[HG�LQ�
VWRORQV�DQG�URRWV��-¡UJHQVHQ�DQG�/HGJDUG���������

E�&DOFXODWHG�DV�IL[DWLRQ�±�LPPRELOLVDWLRQ�
�
�
������ &KDQJHV�LQ�VRLO�G��1�
6RLO�G��1�ZDV�VLPLODU��a����Å��LQ�DOO�WKUHH�WUHDWPHQWV�RI�WKH�:LQFKPRUH�IHUWLOLVHU�
WULDO�LQ�������VL[�\HDUV�DIWHU�WKH�WULDO�FRPPHQFHG���DQG�EHJDQ�WR�GLYHUJH�VRRQ�DIWHU�
�)LJ�� ���D��� 7KH� G��1� YDOXHV� LQ� WKH� )HUW���� WUHDWPHQW� LQFUHDVHG� JUDGXDOO\� ZLWK�
WLPH�DQG�E\������ZDV������Å��,Q�WKH�)HUWFRQ�WUHDWPHQW�G��1�GHFOLQHG�WR�a����Å�
E\�������DQG�WKHQ�LQFUHDVHG�VOLJKWO\��WKRXJK�QRW�VLJQLILFDQWO\���7KH�G��1�YDOXHV�LQ�
WKH�)HUWUHV�WUHDWPHQW�ZDV�LQWHUPHGLDWH�EHWZHHQ�WKH�RWKHU�WZR�WUHDWPHQWV��VWD\LQJ�
FRQVWDQW�XQWLO�DURXQG������DQG�WKHQ�LQFUHDVLQJ�UDSLGO\�WR�EH�VLPLODU�WR�)HUW����E\�
����� �)LJ�� ���D��� 7KH� LQFUHDVH� FRLQFLGHG� ZLWK� UH�FRPPHQFHPHQW� RI� IHUWLOLVHU�
DSSOLFDWLRQ�ZKLFK�LQFUHDVHG�SDVWXUH�SURGXFWLRQ��3DVWXUH�SURGXFWLRQ�LQ�WKH�)HUWUHV�
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WUHDWPHQW� KDG� GHFOLQHG� JUDGXDOO\� DIWHU� �����ZKHQ� IHUWLOLVHU� DSSOLFDWLRQ� VWRSSHG��
EXW�DIWHU�IHUWLOLVDWLRQ�UHFRPPHQFHG�LQ������SDVWXUH�SURGXFWLRQ�LQ�WKH�)HUWUHV�DQG�
)HUW���� WUHDWPHQWV� ZDV� YHU\� VLPLODU� �GDWD� QRW� VKRZQ��� $W� WKH� VWDUW� RI� WKH�
:LQFKPRUH� LUULJDWLRQ� WULDO��G��1�ZDV�a����Å�LQ�DOO� WUHDWPHQWV�DQG� WKHUH�ZDV�QR�
VLJQLILFDQW�FKDQJH�LQ�G��1�ZLWK�WLPH�IRU�WKH�DERXW�ILUVW���±���\HDUV�LQ�DQ\�RI�WKH�
WUHDWPHQWV�� 7KH� G��1� YDOXHV� WKHQ� GLYHUJHG� RYHU� WLPH�� LQFUHDVLQJ� PRUH� LQ� WKH�
,UU����WUHDWPHQW�WKDQ�WKH�,UU����WUHDWPHQW�ZKLFK�LQ�WXUQ�LQFUHDVHG�PRUH�WKDQ�WKH�
'U\ODQG�WUHDWPHQW��)LJ�����E���%\�������G��1�KDG�LQFUHDVHG�WR������������DQG������
Å�LQ�WKH�'U\ODQG��,UU����DQG�,UU����WUHDWPHQWV�UHVSHFWLYHO\��)LJ�����E���

�
)LJ�� ����&KDQJH� LQ� VRLO�G��1�ZLWK� WLPH� LQ� WKH�:LQFKPRUH� �D�� IHUWLOLVHU� DQG� �E�� LUULJDWLRQ� WULDOV��
6\PEROV� UHSUHVHQW� WUHDWPHQW� PHDQV�� DQG� GRWWHG� OLQHV� DUH� SUHGLFWHG� WUHDWPHQW� PHDQV� XVLQJ� D�
%D\HVLDQ� VPRRWKHU� �8SVGHOO�� ������� +DWFKHG� EDQGV� DUH� ��� �� OHDVW� VLJQLILFDQW� LQWHUYDOV� DQG�
WUHDWPHQWV�DUH�VLJQLILFDQWO\�GLIIHUHQW��S�������LI�EDQGV�GR�QRW�RYHUODS��
�

���

���

���

���

���

���� ���� ���� ���� ����

���

���

���

���

���
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)HUW�FRQ
)HUW�UHV
)HUW����
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������ G��1�RI�SDVWXUH�VDPSOHV�WDNHQ�LQ������
3DVWXUH�VDPSOHV�WDNHQ�LQ�������IURP�WKH�IHUWLOLVHU�WULDO��DOO�KDG�ORZHU�G��1�YDOXHV�
WKDQ�WKH�VRLOV�WKH\�ZHUH�JURZLQJ�RQ��)LJ��������WKH�LUULJDWLRQ�WULDO�KDG�ILQLVKHG�E\�
������ VR� QR� VDPSOHV�ZHUH� DYDLODEOH��� &ORYHU� G��1�ZDV� VLJQLILFDQWO\� ORZHU� WKDQ�
JUDVVHV�DQG�ZHHGV��DQG�WKHUH�ZDV�QR�GLIIHUHQFH�LQ�FORYHU�G��1�EHWZHHQ�WUHDWPHQWV�
�DYHUDJH�±�����Å���7KLV�VXJJHVWV�WKDW�WKH�PDMRULW\�RI�FORYHU�1�ZDV�GHULYHG�IURP�
IL[DWLRQ�EHFDXVH�VRLO�G��1�GLIIHUHG�EHWZHHQ�WUHDWPHQWV��)LJ�����D���$YHUDJH�G��1�
RI� JUDVVHV� DQG� ZHHGV� �QRQ� 1�� IL[LQJ�� ZDV� VLJQLILFDQWO\� ORZHU� LQ� WKH� )HUWFRQ�
WUHDWPHQW� �±�����Å�� WKDQ� LQ� WKH� )HUWUHV� DQG� )HUW���� WUHDWPHQWV� ������Å�� �)LJ��
������ FRQVLVWHQW� ZLWK� ORZHU� VRLO� G��1� LQ� WKH� )HUWFRQ� WUHDWPHQW� �)LJ�� ���D��� 7KH�
ZHLJKWHG�DYHUDJH�G��1�RI�DOO�SDVWXUH�FRPSRQHQWV�ZDV�DOVR�VLJQLILFDQWO\�ORZHU�LQ�
WKH� )HUWFRQ� WUHDWPHQW� WKDQ� WKH� RWKHU� WZR� WUHDWPHQWV� �)LJ�� ������ 7KH� GLIIHUHQFH�
EHWZHHQ�JUDVV�DQG������VRLO�G��1�ZDV�DERXW�±����Å��DQG�GLG�QRW�GLIIHU�EHWZHHQ�
WUHDWPHQWV��

�
)LJ������G��1�RI�FORYHU��JUDVVHV��ZHHGV�DQG�D�ZHLJKWHG�DYHUDJH��ZWG��RI�DOO�SDVWXUH�FRPSRQHQWV�LQ�
WKH�WKUHH�WUHDWPHQWV�RI�WKH�IHUWLOLVHU�WULDO��6DPSOHV�ZHUH�WDNHQ�LQ�0D\�������1RWH��D�µZHHG¶�KHUH�LV�
FODVVLILHG� DV� DQ\WKLQJ� WKDW� LV� QRW� D� JUDVV� RU� OHJXPH�� %DUV� ZLWK� WKH� VDPH� OHWWHU� DERYH� DUH� QRW�
VLJQLILFDQWO\�GLIIHUHQW��S!�������(UURU�EDUV�DUH�����VWDQGDUG�HUURU��
�
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������ 5HODWLRQVKLS�EHWZHHQ�VRLO�G��1��SDVWXUH�SURGXFWLRQ�DQG�1�ORVVHV�
8VLQJ� GDWD� IURP� ERWK� WKH� LUULJDWLRQ� DQG� IHUWLOLVHU� WULDOV�� WKHUH� ZDV� D� VLJQLILFDQW�
SRVLWLYH�FRUUHODWLRQ�EHWZHHQ�WKH�DYHUDJH�UDWH�RI�FKDQJH�LQ�G��1�SHU�\HDU��RU�ILQDO�
G��1�� QRW� VKRZQ�� DQG� PHDQ� DQQXDO� SDVWXUH� SURGXFWLRQ�� FORYHU� SURGXFWLRQ�� DQG�
FDOFXODWHG� 1� ORVVHV� �)LJ�� ������ 6LQFH� VWRFNLQJ� UDWH� ZDV� PDWFKHG� WR� SDVWXUH�
SURGXFWLRQ�� WKH� UHODWLRQVKLS� EHWZHHQ� FKDQJH� LQ� G��1� DQG� VWRFNLQJ� UDWH�� ZRXOG�
SUREDEO\�EH�YHU\�VLPLODU� WR� WKH�UHODWLRQVKLS�EHWZHHQ�FKDQJH�LQ�G��1�DQG�SDVWXUH�
SURGXFWLRQ��L�H��)LJ�����D���6LPLODUO\��WKH�UHODWLRQVKLS�EHWZHHQ�FKDQJH�LQ�G��1�DQG�
FORYHU�SURGXFWLRQ��)LJ�����E���ZRXOG�SUREDEO\�EH�VLPLODU� WR�WKH�UHODWLRQVKLS�ZLWK�
1�� IL[DWLRQ� �WKH� PDLQ� 1� LQSXW� WR� WKHVH� SDVWXUH� V\VWHPV��� VLQFH� 1� IL[DWLRQ� LV�
SRVLWLYHO\�FRUUHODWHG�ZLWK�FORYHU�SURGXFWLRQ��/HGJDUG�HW�DO����������
�
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�
)LJ�� ���� 5HODWLRQVKLS� EHWZHHQ� WKH� DYHUDJH� UDWH� RI� FKDQJH� LQ� G��1� SHU� \HDU� LQ� WKH�:LQFKPRUH�
IHUWLOLVHU�DQG�LUULJDWLRQ�WULDOV�DQG��D��PHDQ�DQQXDO�SDVWXUH�SURGXFWLRQ���E��FORYHU�SURGXFWLRQ�DQG��F��
FDOFXODWHG�1�ORVVHV�IURP�WKH�WRS������PP�RI�VRLO��1�IL[DWLRQ�±�1�LPPRELOLVDWLRQ���7KH�UHJUHVVLRQV�
ZHUH�VLPLODU�LI�G��1�YDOXHV�IURP�WKH�HQG�RI�WKH�WZR�WULDOV�ZHUH�XVHG��3ORWWLQJ�DV�D�µUDWH�RI�FKDQJH¶�
QRUPDOL]HV�IRU�WKH�GLIIHUHQW�OHQJWKV�RI�WKH�WZR�WULDOV��
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���� 'LVFXVVLRQ��
5HVXOWV� IURP� WKH� :LQFKPRUH� LUULJDWLRQ� DQG� IHUWLOLVHU� WULDOV� VXSSRUWHG� RXU�
K\SRWKHVLV� WKDW� SDVWRUDO� VRLOV� XQGHU� PRUH� LQWHQVLYH� PDQDJHPHQW� UHJLPHV� �L�H��
WKRVH� UHFHLYLQJ� KLJK� H[WHUQDO� LQSXWV� RI� IHUWLOLVHU� RU� LUULJDWLRQ�� ZRXOG� EHFRPH�
SURJUHVVLYHO\�HQULFKHG�ZLWK���1�UHODWLYH�WR�VRLOV�XQGHU�OHVV�LQWHQVLYH�PDQDJHPHQW�
�)LJ�� ���D�� E��� 7KHVH� UHVXOWV� DUH� DOVR� LQ� DJUHHPHQW�ZLWK� 6WHYHQVRQ� HW� DO�� �������
ZKR�IRXQG�KLJKHU�VRLO�G��1�XQGHU�LQWHQVLYHO\�JUD]HG�GDLU\�SDVWXUHV�WKDQ�LQ�PRUH�
H[WHQVLYHO\� JUD]HG� VKHHS� DQG� EHHI� SDVWXUHV� LQ� 1HZ� =HDODQG�� (OHYDWHG� G��1� LQ�
WUHDWPHQWV�UHFHLYLQJ�KLJKHU�UDWHV�RI�IHUWLOLVHU�RU�LUULJDWLRQ�ZDV�PRVW�OLNHO\�UHODWHG�
WR� LQFUHDVHG� FORYHU� DQG� WRWDO� SDVWXUH�SURGXFWLRQ��ZKLFK� OHG� WR� LQFUHDVHG�JUD]LQJ�
LQWHQVLW\�DQG�JUHDWHU�1�LQSXWV��F\FOLQJ�DQG�ORVVHV��7DEOH��������
�
������ &RPSDULVRQ�EHWZHHQ�DFWXDO�DQG�WKHRUHWLFDO�G��1�YDOXHV�
.QRZLQJ� WKH� DSSUR[LPDWH� DPRXQW� DQG� LVRWRSLF� YDOXH� RI� 1� LQSXWV� WR� WKH�
WUHDWPHQWV�� FRPELQHG�ZLWK� WKH� DPRXQW� RI�1� LPPRELOLVHG� LQ� WKH� VRLO� �DQG� LQLWLDO�
DQG� ILQDO� VRLO� G��1��� DOORZHG� XV� WR� FDOFXODWH� WKHRUHWLFDO� VRLO� G��1� YDOXHV� DQG�
FRPSDUH� WKHVH� WR� DFWXDO� YDOXHV�� IURP� ZKLFK� ZH� FRXOG� LQIHU� GLIIHUHQFHV� LQ� 1�
F\FOLQJ� DQG� ORVV� EHWZHHQ� WUHDWPHQWV�� %LRORJLFDO� 1�� IL[DWLRQ� �FDOFXODWHG� IURP�
FORYHU�DEXQGDQFH��UDQJHG�IURP����NJ�KD±��\±��LQ�WKH�)HUWFRQ�WUHDWPHQW�WR�����NJ�
KD±�� \±�� LQ� WKH� ,UU���� WUHDWPHQW��1�GHSRVLWLRQ� LQ�1HZ�=HDODQG� LV� JHQHUDOO\� ORZ�
����NJ�KD±��\±���3DUILWW�HW�DO����������DQG�WKHUHIRUH�IL[HG�1��ZLWK�D�G�YDOXH�RI�DERXW�
±����� Å� �VHH� )LJ�� ������ ZRXOG� KDYH� EHHQ� WKH� PDMRU� 1� LQSXW� WR� WKHVH� SDVWXUH�
V\VWHPV��$OO�WUHDWPHQWV�DFFXPXODWHG�1�LQ�WKH�WRS����PP�RI�VRLO��7DEOH�������DQG�
WKHUHIRUH� LW�PLJKW�KDYH�EHHQ�H[SHFWHG� WKDW�G��1�ZRXOG�KDYH�GHFOLQHG� WR�D�YDOXH�
PRUH�VLPLODU�WR�IL[HG�1��,Q�WKHRU\��LI�QR�LVRWRSH�IUDFWLRQDWLRQ�KDG�RFFXUUHG�GXULQJ�
1�ORVV��L�H��LPPRELOLVHG�1�KDG�D�G�YDOXH�RI�±�����Å���DOO�WUHDWPHQWV�ZRXOG�KDYH�
KDG�YDOXHV�RI�EHWZHHQ�����DQG�����Å�DW�WKH�ODVW�VDPSOLQJ��7DEOH�������+RZHYHU��
G��1� LQFUHDVHG� LQ� DOO� WUHDWPHQWV� H[FHSW� WKH� )HUWFRQ� WUHDWPHQW�� )RU� G��1� WR�
LQFUHDVH����1�PXVW�KDYH�EHHQ�SUHIHUHQWLDOO\� ORVW� IURP�WKH� WRS����PP�RI�VRLO�DQG�
KHDYLHU���1�UHWDLQHG��DQG�WKLV�HIIHFW�PXVW�KDYH�EHHQ�JUHDWHU�LQ�WKH�PRUH�LQWHQVLYH�
WUHDWPHQWV��7KLV�DVVHUWLRQ�LV�VXSSRUWHG�E\�FDOFXODWHG�G��1�YDOXHV�IRU�LPPRELOLVHG�
1�� ZKLFK� LQFUHDVHG� ZLWK� LQFUHDVLQJ� IHUWLOLVHU� DSSOLFDWLRQ� UDWHV� DQG� LUULJDWLRQ�
IUHTXHQF\��VHH�7DEOH�������7KH�VPDOO�GHFOLQH�LQ�VRLO�G��1�LQ�WKH�)HUWFRQ�WUHDWPHQW�
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ZDV�SUREDEO\�EHFDXVH�D�ODUJH�SURSRUWLRQ�RI�IL[HG�1��ZLWK�D�G��1�YDOXH�RI�DERXW�±
�����Å��ZDV�LPPRELOLVHG�LQ�WKH�VRLO��DQG�WKLV�FDXVHG�D�JUHDWHU�GLOXWLRQ�HIIHFW�WKDQ�
HQULFKPHQW� FDXVHG� E\� LVRWRSH� IUDFWLRQDWLQJ� 1� ORVVHV� �/HGJDUG� HW� DO��� ������
*XEVFK� HW� DO��� ������� ,Q� WKH� RWKHU� WUHDWPHQWV�� HQULFKPHQW� GXH� WR� LVRWRSH�
IUDFWLRQDWLQJ�1�ORVVHV�PXVW�KDYH�EHHQ�JUHDWHU�WKDQ�DQ\�GLOXWLRQ�HIIHFW���
�
&DOFXODWHG�G��1��YDOXHV�IRU�1�ORVW�IURP�WKH�VXUIDFH�VRLO�ZHUH�DOO�QHJDWLYH��ZLWK�WKH�
PRVW� QHJDWLYH� YDOXH� LQ� WKH� )HUWFRQ� WUHDWPHQW�� ZKLFK� DOVR� KDG� WKH� ORZHVW� G��1��
YDOXH� IRU� LPPRELOLVHG� 1� �7DEOH� ������ ,W� PLJKW� VHHP� ORJLFDO� WKDW� WKH� WUHDWPHQW�
ORVLQJ� WKH�1�PRVW� GHSOHWHG� LQ� ��1��ZRXOG� FRQYHUVHO\� KDYH� LPPRELOLVHG�1�PRVW�
HQULFKHG�ZLWK���1��+RZHYHU��WKLV�ZDV�QRW�WKH�FDVH��SUREDEO\�EHFDXVH�DV�LOOXVWUDWHG�
LQ�)LJ������� WKH�SURSRUWLRQ�RI� VXEVWUDWH�FRQVXPHG� �LQ� WKLV� FDVH� WKH�SURSRUWLRQ�RI�
IL[HG�1�ORVW��DOVR�KDV�D�ODUJH�LQIOXHQFH�RQ�WKH�G��1�RI�UHPDLQLQJ�VXEVWUDWH��LQ�WKLV�
FDVH�LPPRELOLVHG�1���,W�LV�LQWHUHVWLQJ�WKDW�WKH�UHODWLRQVKLS�EHWZHHQ�WKH�SURSRUWLRQ�
RI�IL[HG�1�ORVW�DQG�WKH�G��1�YDOXHV�RI�LPPRELOLVHG�1�DQG�ORVW�1��VKRZ�WKH�VDPH�
JHQHUDO� SDWWHUQ� DV� WKH� WKHRUHWLFDO� UHODWLRQVKLS� IRU� D� VLQJOH� LVRWRSH� IUDFWLRQDWLQJ�
SURFHVV� LQ� D� FORVHG� V\VWHP� �)LJ�� ������ 7KLV� VLPLODULW\� LV� VRPHZKDW� VXUSULVLQJ��
JLYHQ� WKDW� WKH� GDWD� IURP� WKH� FXUUHQW� VWXG\� ZDV� FDOFXODWHG� IURP� ILHOG� VFDOH�
PHDVXUHPHQWV��PDGH�DFURVV�PXOWLSOH�LQGHSHQGHQW�WUHDWPHQWV��7KLV�VXJJHVWV�WKDW�DW�
OHDVW� LQ� VRPH� LQVWDQFHV�� LVRWRSH� IUDFWLRQDWLRQ� NLQHWLFV� WKDW� DSSO\� WR� VLQJOH�
SURFHVVHV��LQ�FORVHG�V\VWHPV��PD\�DOVR�EH�DSSOLFDEOH�DW�HFRV\VWHP�VFDOHV��ZKHUH�
YDULRXV�1�IUDFWLRQDWLRQ�DQG�PL[LQJ�SURFHVVHV�DUH�RSHUDWLQJ��+RZHYHU��WKH�PRGHO�
DQG� FDOFXODWLRQV� XQGHUO\LQJ� )LJ�� ���� DUH� SUREDEO\� DQ� RYHUVLPSOLILFDWLRQ� RI� WKH�
V\VWHP��DQG�IXWXUH�VWXGLHV�QHHG�WR�GLUHFWO\�PHDVXUH�G��1�RI�1�LQSXWV�DQG�RXWSXWV�
WR� SURYLGH� FRQILGHQFH� WKDW� WKH� WHQGV� REVHUYHG� LQ� WKH� FXUUHQW� VWXG\� DUH� LQGHHG�
FRUUHFW��
� �
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7DEOH� ���� $FWXDO� DQG� WKHRUHWLFDO� G��1� YDOXHV� DW� WKH� HQG� RI� WKH� IHUWLOLVHU� DQG� LUULJDWLRQ� WULDOV��
G��1HQGBDFWXDO� LV� WKH� HQG� SRLQW� RI� WKH� FXUYHV� RI� WKH� UHVSHFWLYH� WUHDWPHQWV� LQ� )LJ�� ���D� DQG� E��
G��1HQGBWKHRU\� LV� WKHRUHWLFDO�G��1�LI� DOO� LPPRELOLVHG�1�KDG�D�G� YDOXH�RI�±�����Å��L�H�� WKH� VDPH�DV�
IL[HG�1���G��1LPPREB1�LV�WKH�QHW�G�YDOXH�RI�LPPRELOLVHG�1�UHTXLUHG�WR�JLYH�WKH�REVHUYHG�YDOXHV�DW�
WKH�HQG�RI�WKH�WULDOV��G��1HQGBDFWXDO���DQG�G��1ORVW�LV�WKH�FDOFXODWHG�G�YDOXH�RI�1�ORVW�IURP�WKH�V\VWHP��
(TXDWLRQV�IRU�WKH�FDOFXODWLRQV�DUH�JLYHQ�EHORZ�WKH�WDEOH��
7UHDWPHQW� G��1HQGBDFWXDO� G��1HQGBWKHRU\� G��1DFWXDO±WKHRU\� G��1LPPREB1� G��1ORVW�
)HUWFRQ� ����� ����� ����� ����� ������
)HUWUHV� ����� ����� ����� ����� ������
)HUW���� ����� ����� ����� ����� ������
'U\ODQG� ����� ����� ����� ����� ������
,UU���� ����� ����� ����� ����� ������
,UU���� ����� ����� ����� ������ ������

G��1HQGBWKHRU\�  �� ��1VWDUW�
�G��1VWDUW�����1LPPRE
�G��1LPPREB1�����1HQG�

G��1LPPREB1��  � ��1HQG�
�G��1HQGBDFWXDO��±��1VWDUW�
�G��1VWDUW�����1LPPRE�

G��1ORVW�� �  ��� ��1IL[
�G��1IL[��±��1LPPRE�
�G��1LPPRE�����1ORVW�
ZKHUH�1VWDUW�DQG�G��1VWDUW�UHIHU�WR�WKH�PDVV�RI�VRLO�1�DQG�G��1�YDOXHV�DW�WKH�VWDUW�RI�WKH�WULDOV��1HQG�DQG�
G��1HQG�WKH�PDVV�RI�VRLO�1�DQG�G��1�YDOXHV�DW�WKH�HQG�RI�WKH�WULDOV��1LPPRE�DQG�G��1LPPREB1�WKH�PDVV�
RI�1�DQG�G�YDOXH�RI�1�LPPRELOLVHG�GXULQJ�WKH�WULDOV��1IL[�DQG�G��1IL[�WKH�PDVV�RI�1�DQG�G�YDOXH�RI�
1�IL[HG�GXULQJ�WKH�WULDOV��DQG�1ORVW�DQG�G��1ORVW�WKH�PDVV�RI�1�DQG�G�YDOXH�RI�1�ORVW�GXULQJ�WKH�WULDOV��

�
)LJ������7KHRUHWLFDO�G��1�YDOXHV�IRU�FXPXODWLYH�SURGXFW�DQG�UHPDLQLQJ�VXEVWUDWH�LQ�D�FORVHG�V\VWHP�
IRU�D�SURFHVV�ZLWK�DQ�LVRWRSH�IUDFWLRQDWLRQ�IDFWRU�RI����UHGUDZQ�IURP�5RELQVRQ���������$OVR�VKRZQ�
DUH� WKH� FDOFXODWHG� YDOXHV� IRU� LPPRELOLVHG�1� �VXEVWUDWH�� DQG�1� ORVW� �FXPXODWLYH� SURGXFW�� IRU� WKH�
:LQFKPRUH� LUULJDWLRQ� DQG� IHUWLOLVHU� WULDOV�� µ/RVW� 1¶� LV� VLPSO\� GHILQHG� KHUH� DV� IL[HG� 1� ±� 1�
LPPRELOLVHG�LQ�WKH�WRS����PP�RI�VRLO��7KH�KRUL]RQWDO�GRWWHG�OLQH�UHSUHVHQWV�WKH�LVRWRSLF�VLJQDWXUH�
RI�1�LQSXW��IL[HG�1��ZKLFK�ZDV�±�����Å��L�H��WKH�GHOWD�YDOXH�RI�FORYHU��VHH�)LJ���������
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������ .H\�SURFHVVHV�LQIOXHQFLQJ�VRLO�G��1�
7KHUH� DUH� D� QXPEHU� RI� SURFHVVHV�ZKLFK� FRXOG� KDYH� LQIOXHQFHG� VRLO� G��1� LQ� WKH�
GLIIHUHQW�WUHDWPHQWV��EXW�ZH�VXJJHVW�WKDW�SURFHVVHV�UHODWHG�WR�GLIIHUHQFHV�LQ�FORYHU�
DQG� WRWDO� SDVWXUH� SURGXFWLRQ� DQG� WKH� IORZ� RQ� HIIHFWV� WR� VWRFNLQJ� UDWHV� DQG� 1�
F\FOLQJ� DQG� ORVV� SURFHVVHV� ZLOO� KDYH� KDG� WKH� ELJJHVW� HIIHFW�� 7KLV� DVVHUWLRQ� LV�
VXSSRUWHG� E\� WKH� VLJQLILFDQW� SRVLWLYH� FRUUHODWLRQV� EHWZHHQ� WKH� UDWH� RI� FKDQJH� LQ�
G��1�SHU�\HDU�DQG�WRWDO�SDVWXUH�SURGXFWLRQ��FORYHU�SURGXFWLRQ��WKXV�1�LQSXWV��DQG�
FDOFXODWHG�1�ORVVHV��)LJ��������7KH�UHODWLRQVKLSV�EHWZHHQ�FORYHU�SURGXFWLRQ��WKXV�
1� LQSXWV�� DQG� FDOFXODWHG� 1� ORVVHV�� ZHUH� TXDOLWDWLYHO\� VLPLODU� WR� UHODWLRQVKLSV�
REVHUYHG�LQ�RWKHU�JUDVVODQGV��:DW]ND�HW�DO���������6WHYHQVRQ�HW�DO���������DQG�DOVR�
IRUHVW� HFRV\VWHPV� �+|JEHUJ� DQG� -RKDQQLVVRQ�� ������ -RKDQQLVVRQ� DQG� +|JEHUJ��
������� EXW� FRUUHODWLRQV� ZLWK� WRWDO� SDVWXUH� SURGXFWLRQ� KDYH� QRW� EHHQ� UHSRUWHG� LQ�
RWKHU� VWXGLHV�� DOWKRXJK�HOHYDWHG�G��1�DW� VLWHV�ZLWK�KLJKHU�JUD]LQJ� LQWHQVLWLHV�KDV�
EHHQ� REVHUYHG� �)UDQN� DQG� (YDQV�� ������ +DZNH�� ������ 6WHYHQVRQ� HW� DO��� ������
&RHWVHH� HW� DO��� ������� 7KH� LQFUHDVH� LQ� FDOFXODWHG� 1� ORVVHV� �LQ� ERWK� WULDOV�� ZLWK�
LQFUHDVLQJ� SDVWXUH� SURGXFWLRQ� DQG� VWRFNLQJ� UDWHV� �7DEOH� ������ LV� FRQVLVWHQW� ZLWK�
RWKHU� VWXGLHV� ZKHUH� 1� ORVVHV� KDYH� EHHQ� GLUHFWO\�PHDVXUHG� �H�J�� /HGJDUG� HW� DO���
������0RQDJKDQ�HW�DO����������,Q�JUD]HG�V\VWHPV��RQH�RI�WKH�NH\�DUHDV�RI�1�ORVV�LV�
IURP� SDWFKHV� RI� DQLPDO� H[FUHWD� �GXQJ� DQG� XULQH��ZKHUH� LVRWRSH� IUDFWLRQDWLQJ�1�
ORVV� SURFHVVHV� �H�J�� DPPRQLD� YRODWLOLVDWLRQ�� DQG� QLWULILFDWLRQ� IROORZHG� E\�
GHQLWULILFDWLRQ�RU�1�OHDFKLQJ��FDQ�EH�KLJK��/HGJDUG��������'L�DQG�&DPHURQ��������
)UDQN�HW�DO���������6DJJDU�HW�DO���������� ,Q�D�QDWXUDO�JUDVVODQG��)UDQN�DQG�(YDQV�
������� IRXQG� WKDW� VRLO�G��1�ZDV�KLJKHU�DW�JUD]HG� WKDQ�XQJUD]HG�VLWHV��DQG�DW� WKH�
JUD]HG� VLWHV� ��1� HQULFKPHQW� ZDV� SRVLWLYHO\� FRUUHODWHG� ZLWK� JUD]LQJ� LQWHQVLW\�
�GHWHUPLQHG�IURP�GXQJ�DEXQGDQFH���6RLO�G��1�XQGHU�GXQJ�DQG�XULQH�SDWFKHV�ZDV�
VLJQLILFDQWO\� KLJKHU� WKDQ� DGMDFHQW� DUHDV� ZLWKRXW� GXQJ� RU� XULQH�� 6XEVHTXHQW�
UHVHDUFK��)UDQN�HW�DO���������UHYHDOHG�WKDW�SUHIHUHQWLDO�ORVV�RI���1�YLD�YRODWLOLVDWLRQ�
IURP�XULQH�SDWFKHV�ZDV�RQH�RI�WKH�NH\�PHFKDQLVPV�GULYLQJ�WKH���1�HQULFKPHQW�RI�
VRLOV� LQ� WKLV� QDWXUDO� V\VWHP�� 6LPLODUO\�� +DZNH� ������� IRXQG� WKDW� VRLO� G��1�ZDV�
HOHYDWHG� DW� VWRFN� FDPSVLWHV� �ZKHUH� 1� LQSXWV� YLD� GXQJ� DQG� XULQH� DUH� KLJK��
FRPSDUHG� WR� QRQ�FDPSVLWH� DUHDV�� DQG� &RHWVHH� HW� DO�� ������� IRXQG� PDUJLQDOO\�
KLJKHU�VRLO�G��1�LQ�LQWHQVLYHO\�JUD]HG�ODZQV��FRPSDUHG�WR�DGMDFHQW�WDOO�JUDVV�DUHDV�
LQ� DQ� $IULFDQ� 6DYDQQDK�� $W� :LQFKPRUH�� KLJKHU� FORYHU� DQG� WRWDO� SDVWXUH�
SURGXFWLRQ�LQ�WUHDWPHQWV�UHFHLYLQJ�PRUH�IHUWLOLVHU�RU�PRUH�IUHTXHQW�LUULJDWLRQ��OHG�
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WR� KLJKHU� JUD]LQJ� LQWHQVLWLHV��ZKLFK� LQ� WXUQ�ZRXOG� KDYH� OHG� WR� LQFUHDVHG� H[FUHWD�
GHSRVLWLRQ��7KHUHIRUH�WKH�GLIIHUHQFHV�LQ�H[FUHWD�GHSRVLWLRQ�DQG�DVVRFLDWHG�LVRWRSH�
IUDFWLRQDWLQJ�1�ORVVHV��ZDV�OLNHO\�D�NH\�GULYHU�RI�WKH�GLYHUJHQFH�LQ�G��1�EHWZHHQ�
WUHDWPHQWV�ZLWK�WLPH�DW�:LQFKPRUH��
�
������ 2WKHU�IDFWRUV�SRVVLEO\�LQIOXHQFLQJ�VRLO�G��1�
'LIIHUHQFHV� LQ�SDVWXUH�SURGXFWLRQ�DQG�VWRFNLQJ�UDWHV�ZRXOG�KDYH�DOVR� LQIOXHQFHG�
1�F\FOLQJ�DQG�ORVV�SDWKZD\V�RWKHU�WKDQ�WKRVH�DVVRFLDWHG�ZLWK�H[FUHWD�GHSRVLWLRQ��
+LJKHU�VWRFNLQJ�UDWHV�LQ�WKH�IHUWLOLVHG�DQG�LUULJDWHG�WUHDWPHQWV�ZRXOG�KDYH�OHG�WR�
JUHDWHU�1� H[SRUW� LQ� SURGXFWV� �PHDW� DQG�ZRRO��� )RU� H[DPSOH�� WKH�29(56((5��
QXWULHQW� EXGJHWLQJ� PRGHO� �:KHHOHU� HW� DO��� ������� GHYHORSHG� IRU� 1HZ� =HDODQG�
SDVWXUHV��SUHGLFWHG�WKDW�DQQXDO�1�UHPRYDO�LQ�SURGXFW�ZRXOG�KDYH�EHHQ�DERXW���NJ�
KD±�� LQ� WKH�)HUWFRQ� WUHDWPHQW� FRPSDUHG� WR���NJ�KD±�� LQ� WKH�)HUW���� DQG� ,UU����
WUHDWPHQWV��WKH�RWKHU�WUHDWPHQWV�KDG�LQWHUPHGLDWH�YDOXHV���$QLPDO�WLVVXH�LV�XVXDOO\�
HQULFKHG�ZLWK���1�UHODWLYH�WR�GLHW��6WHHOH�DQG�'DQLHO��������:LWWPHU�HW�DO����������
DQG�WKHUHIRUH�1�H[SRUW�LQ�SURGXFW�ZRXOG�KDYH�EHHQ�H[SHFWHG�WR�FDXVH�GHSOHWLRQ�RI�
UHPDLQLQJ� HFRV\VWHP� FRPSRQHQWV�� DQG� GHSOHWLRQ� VKRXOG� KDYH� EHHQ� JUHDWHU� LQ�
WUHDWPHQWV� ZLWK� KLJKHU� SDVWXUH� SURGXFWLRQ� DQG� VWRFNLQJ� UDWHV�� +RZHYHU�� WKH�
UHYHUVH� RFFXUUHG� DQG� WKHUHIRUH� RWKHU� LVRWRSH� IUDFWLRQDWLQJ� ORVV� SURFHVVHV� �H�J��
YRODWLOLVDWLRQ�� DQG� QLWULILFDWLRQ� IROORZHG� E\� 1� OHDFKLQJ� RU� GHQLWULILFDWLRQ�� PXVW�
KDYH�EHHQ�JUHDWHU�WKDQ�DQ\�GHSOHWLRQ�FDXVHG�E\�SURGXFW�H[SRUW��SUREDEO\�EHFDXVH�
RQO\�D�UHODWLYHO\�VPDOO�DPRXQW�RI�1�ZDV�H[SRUWHG�LQ�SURGXFW��DQG�WKH�IUDFWLRQDWLRQ�
IDFWRU�EHWZHHQ�IRUDJH�DQG�JUD]HU�WLVVXH�LV�UHODWLYHO\�VPDOO��a�±�Å��6SRQKHLPHU�HW�
DO���������0XUSK\�DQG�%RZPDQ��������:LWWPHU�HW�DO�����������
�
'LIIHUHQW� UDWHV� RI� IHUWLOLVHU� RU� LUULJDWLRQ� FRXOG� KDYH� DOVR� LQIOXHQFHG� VRLO�G��1� LQ�
RWKHU�ZD\V�� ,Q� WKH� IHUWLOLVHU� WULDO�� DGGLWLRQ� RI� SKRVSKRUXV� �3�� DQG� VXOSKXU� �6�� LQ�
VXSHUSKRVSKDWH� PD\� KDYH� GLUHFWO\� LQFUHDVHG� PLFURELDO� DFWLYLW\� DQG� UDWHV� RI� 1�
F\FOLQJ� �DQG� WKXV� RSSRUWXQLWLHV� IRU� LVRWRSLF� IUDFWLRQDWLRQ�� LQ� WKH� )HUW���� DQG�
)HUWUHV�WUHDWPHQWV�UHODWLYH�WR�WKH�)HUWFRQ�WUHDWPHQW��+|JEHUJ�HW�DO���������,QJOHWW�
HW�DO����������5HVHDUFK�LQ�ZHWODQG�DQG�PDQJURYH�HFRV\VWHPV�KDV�VKRZQ�WKDW�SODQW�
IROLDJH�FDQ�EH�YHU\�GHSOHWHG�LQ���1�ZKHQ�3�LV�OLPLWLQJ��FRPSDUHG�WR�ZKHQ�3�LV�QRW�
OLPLWLQJ� �0F.HH� HW� DO��� ������&ODUNVRQ� HW� DO��� ������ ,QJOHWW� HW� DO��� �������ZKLFK�
PDWFKHV�ZLWK�WKH�ORZHU�G��1�RI�SODQWV�DQG�VRLOV�RI�WKH�)HUWFRQ�WUHDWPHQW�UHODWLYH�
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WR� WKH�IHUWLOLVHG� WUHDWPHQWV� �)LJ�����D�	�)LJ��������/RZHU�IROLDJH�G��1�ZKHQ�3� LV�
OLPLWLQJ�LV�WKRXJKW�WR�RFFXU�EHFDXVH�ZKHQ�3�LV�OLPLWLQJ��1�LV�LQ�UHODWLYH�DEXQGDQFH�
DQG� WKHUHIRUH�SODQWV� WHQG� WR� IUDFWLRQDWH�DJDLQVW� WKH�KHDY\� LVRWRSH�GXULQJ�XSWDNH��
ZKLOH�ZKHQ�1�LV�OHVV�DEXQGDQW�DOO�DYDLODEOH�1�LV�DVVLPLODWHG�DQG�WKHUHIRUH�WKHUH�LV�
QR�QHW�IUDFWLRQDWLRQ��(YDQV��������,QJOHWW�HW�DO����������+RZHYHU��LW�LV�XQOLNHO\�WKDW�
WKLV�SURFHVV�ZRXOG�KDYH�FDXVHG�WKH�ORZHU�VRLO�G��1�LQ�WKH�)HUWFRQ�WUHDWPHQW��)LUVW��
3� RU� 1� OLPLWDWLRQ� LV� VHOGRP� DV� H[WUHPH� LQ� DJULFXOWXUDO� V\VWHPV� DV� LQ� QDWXUDO�
HFRV\VWHPV�DQG� WKHUHIRUH�DQ\�HIIHFW� LV� OLNHO\� WR�EH�VPDOOHU��$QG�VHFRQG��HYHQ� LI�
WKHUH� ZDV� LVRWRSLF� IUDFWLRQDWLRQ� GXULQJ� SODQW� XSWDNH�� WKLV� ZLOO� QRW� QHFHVVDULO\�
FRUUHVSRQG� WR� QHW� FKDQJHV� LQ� VRLO� G��1� EHFDXVH� PRVW� RI� WKH� SODQW� 1� ZLOO� EH�
UHWXUQHG�WR�WKH�VRLO�DW�D�ODWHU�GDWH��7KHUHIRUH�DV�PHQWLRQHG�HDUOLHU��WKH�PRVW�OLNHO\�
FDXVH�IRU�WKH�VOLJKW�GHFUHDVH�LQ�G��1�LQ�WKH�)HUWFRQ�WUHDWPHQW��ZDV�LPPRELOLVDWLRQ�
RI�IL[HG�1�ZLWK�ORZ�GHOWD�YDOXHV��/HGJDUG��������IRXQG�WKDW�UDWH�RI�3�DGGLWLRQ�KDG�
QR� HIIHFW� RQ� G��1� RI� ZKLWH� FORYHU� �7ULIROLXP� UHSHQV�� VKRRWV� RU� URRWV�� ZKLFK� LV�
FRQVLVWHQW� ZLWK� ZKDW� ZH� REVHUYHG� �VHH� )LJ�� ������ DQG� VXJJHVWV� WKDW� GLIIHUHQWLDO�
DSSOLFDWLRQV�RI�3�LQ�WKH�IHUWLOLVHU�WULDO�LV�XQOLNHO\�WR�KDYH�DIIHFWHG�WKH�G��1�YDOXH�RI�
IL[HG�1��WKH�PDLQ�1�LQSXW�WR�WKHVH�SDVWXUHV����
�
,Q�WKH�LUULJDWLRQ�WULDO��PRUH�IUHTXHQW�LUULJDWLRQ�SUREDEO\�LQFUHDVHG�1�PLQHUDOLVDWLRQ�
UDWHV� �SDUWLFXODUO\� GXULQJ� WKH� GU\� VXPPHU� PRQWKV��� ZKLFK� ZRXOG� KDYH� OLNHO\�
FRQWULEXWHG�WR�WKH�LQFUHDVHG�1�ORVVHV�IURP�WKH�V\VWHP��7DEOH�������7KLV�VXJJHVWLRQ�
LV�VXSSRUWHG�E\�WKH�ORZHU�WRWDO�1�REVHUYHG�LQ�WKH�,UU����WUHDWPHQW��VHH�6FKLSSHU�
HW� DO��� LQ� SUHVV��� 0LQHUDOLVDWLRQ� LWVHOI� FDXVHV� YLUWXDOO\� QR� LVRWRSLF� IUDFWLRQDWLRQ�
�+|JEHUJ���������EXW�KLJKHU�PLQHUDOLVDWLRQ� UDWHV�ZRXOG�SURYLGH�D� ODUJHU�SRRO�RI�
1+��� IRU� IXUWKHU� WUDQVIRUPDWLRQ� DQG� ORVV� SURFHVVHV� �H�J�� QLWULILFDWLRQ�� WKHQ�
GHQLWULILFDWLRQ� RU� OHDFKLQJ��� ZKLFK� FRXOG� FDXVH� IXUWKHU� IUDFWLRQDWLRQ�� ,UULJDWLRQ�
FRXOG�KDYH�DOVR�GLUHFWO\� LQIOXHQFHG�GHQLWULILFDWLRQ��ZLWK� WKH�DQDHURELF�FRQGLWLRQV�
UHTXLUHG�IRU�GHQLWULILFDWLRQ�SRWHQWLDOO\�RFFXUULQJ�PRUH�RIWHQ�LQ�WKH�PRUH�IUHTXHQWO\�
LUULJDWHG� WUHDWPHQWV� �3KLOOLSV� HW� DO��� ������� +RZHYHU�� WKH� VRLO� ZDV�ZHOO� GUDLQHG��
DQG�WKHUHIRUH�SURORQJHG�SHULRGV�RI�VDWXUDWLRQ�DUH�XQOLNHO\�WR�KDYH�RFFXUUHG�DQG�VR�
DQ\� HIIHFW�ZRXOG� KDYH� SUREDEO\� EHHQ� VPDOO��'LIIHUHQFHV� LQ� LUULJDWLRQ� IUHTXHQF\�
FRXOG� KDYH� DOVR� VOLJKWO\� LQIOXHQFHG� WKH� G��1� RI� IL[HG� 1�� ,Q� D� K\GURSRQLF�
JODVVKRXVH�H[SHULPHQW�/HGJDUG��������IRXQG�WKDW�ZKLWH�FORYHU�SODQWV�XQGHU�ZDWHU�
VWUHVV� KDG� VOLJKWO\� ORZHU� G��1� WKDQ� WKRVH� QRW� XQGHU� VWUHVV� �±����� YV� ±����� Å�
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UHVSHFWLYHO\��� 7KHUHIRUH� WKH� IL[HG� 1� LQ� WKH� 'U\ODQG� WUHDWPHQW� PD\� KDYH� EHHQ�
VOLJKWO\� GHSOHWHG� LQ� ��1� UHODWLYH� WR� WKH� LUULJDWHG� WUHDWPHQWV�� ZKLFK� LV� FRQVLVWHQW�
ZLWK�WKH�ORZHU�VRLO�G��1�REVHUYHG�LQ�WKH�'U\ODQG�WUHDWPHQW��)LJ�����E����
�
������ ,PSOLFDWLRQV�
7KH� GLIIHUHQFHV� LQ� G��1� EHWZHHQ� WUHDWPHQWV� LQ� WKLV� VWXG\� DSSHDU� WR� PLUURU�
GLIIHUHQFHV� LQ� WKH� LQWHQVLW\� RI� SDVWRUDO� DJULFXOWXUH�� ZLWK� GLIIHUHQFHV� PRVW� OLNHO\�
FDXVHG� E\� GLIIHUHQFHV� LQ� WKH� DPRXQW� RI� 1� EHLQJ� ORVW� YLD� LVRWRSH� IUDFWLRQDWLQJ�
SDWKZD\V��H�J��DPPRQLD�YRODWLOLVDWLRQ���:H�KDYH�VWXGLHG�WZR�VSHFLILF�DQG�XQLTXH�
ORQJ�WHUP�H[SHULPHQWV��EXW�WKH�UHVXOWV�VKRXOG�EH�JHQHUDOL]DEOH�WR�D�ZLGH�UDQJH�RI�
SDVWRUDO� HFRV\VWHPV�� ZLWK� VRLO� G��1� SRWHQWLDOO\� SURYLGLQJ� D� VLPSOH� LQWHJUDWHG�
PHDVXUH�RI�SDVW� ODQG�XVH� LQWHQVLW\�DQG�1�F\FOLQJ�DQG� ORVV�SURFHVVHV�� ,W� LV�ZRUWK�
QRWLQJ�WKDW� WKH�DEVROXWH�GLIIHUHQFH� LQ�G��1�EHWZHHQ�WUHDWPHQWV� LQ�ERWK�WULDOV�ZDV�
UHODWLYHO\� VPDOO� �EHWZHHQ� a���� DQG� ���� Å��� DQG� XQGHU� WKH� PDQDJHPHQW� �DQG�
FOLPDWLF��UHJLPHV�RI�WKH�WZR�WULDOV��GLIIHUHQFHV�ZRXOG�RQO\�EH�GHWHFWDEOH�DW�GHFDGDO�
WLPH� VFDOHV��7KH� WULDOV� LQ� WKLV� VWXG\�ZHUH�H[FOXVLYHO\�JUD]HG�E\� VKHHS�DQG�QR�1�
IHUWLOLVHU� ZDV� DSSOLHG�� 0DQ\� SDVWRUDO� V\VWHPV� LQ� 1HZ� =HDODQG� �DQG�
LQWHUQDWLRQDOO\�� DUH� QRZ� PXFK� PRUH� LQWHQVLYH� WKDQ� WKHVH� WZR� WULDOV�� ZLWK� 1�
IHUWLOLVHU� DSSOLFDWLRQ� UDWHV� RI� ���±���� NJ� KD±�� \±�� EHLQJ� UHODWLYHO\� FRPPRQ�
�SDUWLFXODUO\� RQ� GDLU\� IDUPV��� 7RWDO� 1� LQSXW�� F\FOLQJ� DQG� ORVV� ZRXOG� DOPRVW�
FHUWDLQO\�EH�KLJKHU�LQ�PRUH�LQWHQVLYH�V\VWHPV�DQG�ZH�VXJJHVW�WKDW�FKDQJHV�LQ�VRLO�
G��1� ZLOO� RFFXU� IDVWHU� WKDQ� ZKDW� ZH� REVHUYHG� LQ� WKH� FXUUHQW� VWXG\�� )XUWKHU�
UHVHDUFK� LV� UHTXLUHG� DW� VLWHV� ZKHUH� 1� IHUWLOLVHU� LV� DSSOLHG� DQG� ZKHUH� FDWWOH� DUH�
JUD]HG���
�
�
���� &RQFOXVLRQ�
5HVXOWV� IURP� WKH� WZR� WULDOV� VXSSRUWHG� RXU� K\SRWKHVLV�� ZLWK� VRLOV� LQ� WKH� PRUH�
LQWHQVLYHO\� PDQDJHG� WUHDWPHQWV� �L�H�� WKRVH� UHFHLYLQJ� KLJKHU� VXSHUSKRVSKDWH�
IHUWLOLVHU� DSSOLFDWLRQV� RU� PRUH� IUHTXHQW� LUULJDWLRQ�� EHFRPLQJ� SURJUHVVLYHO\�
HQULFKHG�ZLWK���1�UHODWLYH�WR�VRLOV�LQ�OHVV�LQWHQVLYHO\�PDQDJHG�WUHDWPHQWV��3DVWXUH�
SURGXFWLRQ�DQG�JUD]LQJ�LQWHQVLW\�DOVR�LQFUHDVHG�ZLWK�LQFUHDVLQJ�IHUWLOLVHU�UDWH�DQG�
LUULJDWLRQ�IUHTXHQF\��DQG�ZH�IRXQG�SRVLWLYH�FRUUHODWLRQV�EHWZHHQ�WKH�DYHUDJH�UDWH�
RI�FKDQJH�LQ�VRLO� ��1��RU�ILQDO� ��1���DQG�SDVWXUH�SURGXFWLRQ��FORYHU�SURGXFWLRQ�
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�WKXV�1�LQSXWV�YLD�1��IL[DWLRQ��DQG�FDOFXODWHG�1�ORVVHV��)LJ��������:H�VXJJHVW�WKDW�
PRVW� RI� WKH� GLIIHUHQFH� LQ� ��1� REVHUYHG� EHWZHHQ� WUHDWPHQWV� ZDV� GXH� WR� WKH�
LQIOXHQFH� WKDW� VXSHUSKRVSKDWH� DQG� LUULJDWLRQ� KDG� RQ� FORYHU� DQG� WRWDO� SDVWXUH�
SURGXFWLRQ��DQG�WKH�IORZ�RQ�HIIHFWV�WKLV�KDG�RQ�1�F\FOLQJ�DQG�LVRWRSH�IUDFWLRQDWLQJ�
ORVV� SURFHVVHV�� DQG� SDUWLFXODUO\� WKRVH� DVVRFLDWHG�ZLWK� DQLPDO� H[FUHWD� GHSRVLWLRQ�
�H�J��DPPRQLD�YRODWLOLVDWLRQ����
�
:H�VHH�QR�UHDVRQ�ZK\�WKH�JHQHUDO�WUHQGV�REVHUYHG�LQ�WKH�FXUUHQW�VWXG\�ZLOO�QRW�EH�
DSSOLFDEOH�WR�RWKHU�JUD]HG�JUDVVODQGV��DQG�LQGHHG�RXU�UHVXOWV�DUH�LQ�DJUHHPHQW�ZLWK�
RWKHU�VWXGLHV��H�J��)UDQN�DQG�(YDQV��������6WHYHQVRQ�HW�DO����������:H�WKHUHIRUH�
FRQFOXGH� WKDW� VRLO� ��1� VKRZV� SRWHQWLDO� WR� EH� D� VLPSOH� LQGLFDWRU� RI� SDVW�
PDQDJHPHQW� LQWHQVLW\�� DQG� 1� F\FOLQJ� DQG� ORVV� IURP� SDVWRUDO� V\VWHPV�� 6LPLODU�
VWXGLHV�FRXOG�EH�HDVLO\�FDUULHG�RXW�DW�RWKHU�ORQJ�WHUP�UHVHDUFK�VLWHV��LGHDOO\�ZKHUH�
DUFKLYHG� VRLOV� DUH� VWRUHG� DQG� 1� IOX[HV� KDYH� EHHQ� PHDVXUHG��� DQG� ZRXOG� EH� D�
VLPSOH�ZD\� WR� IXUWKHU� RXU� XQGHUVWDQGLQJ� RI� VRLO� ��1� DQG�1� F\FOH� SURFHVVHV� LQ�
UHODWLRQ� WR� GLIIHUHQW� PDQDJHPHQW� UHJLPHV� DQG� VLWH� FRQGLWLRQV� �H�J�� FOLPDWH� DQG�
WRSRJUDSK\���)XWXUH�VWXGLHV�VKRXOG�HQGHDYRU�WR�VDPSOH�VRLOV�WR�JUHDWHU�GHSWK�WKDQ�
WKH� FXUUHQW� VWXG\�� DQG� GLUHFWO\� PHDVXUH� WKH� LVRWRSLF� VLJQDWXUH� RI� 1� LQSXWV� DQG�
ORVVHV� IURP� SDVWXUH� V\VWHPV�� WR� KHOS� LPSURYH� XQGHUVWDQGLQJ� RI� PHFKDQLVPV�
GULYLQJ�FKDQJHV�LQ�VRLO� ��1��
�
�
�
$FNQRZOHGJHPHQWV��
:H�WKDQN�WKH�PDQ\�SHRSOH�IURP�$JUHVHDUFK��DQG�SUHGHFHVVRU�RUJDQLVDWLRQV��ZKR�
KDG� WKH� YLVLRQ� WR� VHW� XS��PDLQWDLQ�� VDPSOH� DQG� DUFKLYH� VRLOV� IURP� WKH� WZR� WULDOV�
RYHU� WKH� \HDUV�� %ULGJHW�:LVH� LV� WKDQNHG� IRU� DVVLVWLQJ� XV� WR� ORFDWH� WKH� UHTXLUHG�
DUFKLYHG�VDPSOHV��DQG�(ULQ�7HOIHU�DQG�-DFN�3URQJHU�DVVLVWHG�ZLWK�VRLO�SURFHVVLQJ��
5D\�0RVV�LV�WKDQNHG�IRU�XVHIXO�GLVFXVVLRQV�RQ�WULDO�KLVWRU\�DQG�PDQDJHPHQW��DQG�
FROOHFWLQJ�WKH������SDVWXUH�VDPSOHV��2SHUDWLRQDO�IXQGLQJ��DQG�VWLSHQG�IXQGLQJ�IRU�
3��0XGJH�ZDV� IURP� WKH�)RXQGDWLRQ� IRU�5HVHDUFK�6FLHQFH�DQG�7HFKQRORJ\�YLD�D�
VXEFRQWUDFW� ZLWK� *16� 6FLHQFH� �&��;������� 3�� 0XGJH� ZDV� DOVR� JUDWHIXO� WR�
UHFHLYH� IXQGLQJ� IURP� WKH� :LOI� DQG� 5XWK� 0DOFROP� 3RVWJUDGXDWH� 6FKRODUVKLS��
DGPLQLVWHUHG�E\�WKH�8QLYHUVLW\�RI�:DLNDWR��
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��&KDQJHV�LQ�VRLO�G��1�LQ�WKUHH�KLOO�
FRXQWU\�SDVWXUHV�UHFHLYLQJ�GLIIHULQJ�
DPRXQWV�RI�VXSHUSKRVSKDWH�IHUWLOLVHU�
IRU���±���\HDUV�

�
�
�
3�/��0XGJHD��E��/�$��6FKLSSHUD��$��*KDQLE��:��7��%DLVGHQF��0��8SVGHOOE�
�

D'HSDUWPHQW� RI� (DUWK� DQG� 2FHDQ� 6FLHQFHV�� 8QLYHUVLW\� RI�:DLNDWR�� 3ULYDWH� %DJ�
������+DPLOWRQ�������1HZ�=HDODQG��
�
E$J5HVHDUFK��5XDNXUD�5HVHDUFK�&HQWUH��3ULYDWH�%DJ�������+DPLOWRQ�������1HZ�
=HDODQG�
�
F1DWLRQDO�,VRWRSH�&HQWUH��*16�6FLHQFH��/RZHU�+XWW��1HZ�=HDODQG�
�
�
�
�
7KH�FRQWULEXWLRQ�RI�DXWKRUV�ZDV�DV�IROORZV���

7KH� WKUHH� ILHOG� WULDOV� LQYHVWLJDWHG� LQ� WKLV� VWXG\� ZHUH� LQLWLDWHG� DQG�
PDLQWDLQHG� E\� VWDII� DW� $J5HVHDUFK�� 3DXO� 0XGJH� DQG� /RXLV� 6FKLSSHU�
REWDLQHG� DUFKLYHG� VRLOV� IURP� WKH� WULDOV� DQG� DQDO\VHG� WKHP� IRU� FDUERQ��
QLWURJHQ� DQG� QDWXUDO� DEXQGDQFH� QLWURJHQ� LVRWRSHV�� 3DXO� 0XGJH� FROODWHG�
ILHOG� LQIRUPDWLRQ� RQ� WKH� WKUHH� WULDOV�� DQG� FDUULHG� RXW� GDWD� DQDO\VLV� ZLWK�
VWDWLVWLFDO�VXSSRUW�IURP�0DUWLQ�8SVGHOO��3DXO�0XGJH�ZURWH�WKH�PDQXVFULSW�
ZKLFK�ZDV�SULPDULO\�UHYLHZHG�E\�/RXLV�6FKLSSHU��$QZDU�*KDQL�DQG�7UR\�
%DLVGHQ� DOVR� UHDG� WKH� PDQXVFULSW� DQG� SURYLGHG� VXJJHVWLRQV� IRU�
LPSURYHPHQW���

� �
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$EVWUDFW�
7KH�QDWXUDO�DEXQGDQFH�RI�WKH�VWDEOH�QLWURJHQ�LVRWRSH���1�UHODWLYH�WR���1��G��1��LQ�
VRLO� FDQ� SURYLGH� DQ� LQWHJUDWHG� PHDVXUH� RI� SDVW� QLWURJHQ� �1�� F\FOH� SURFHVVHV��
5HFHQW� UHVHDUFK�RQ� LUULJDWHG� IODWODQG�SDVWXUHV� LQ�1HZ�=HDODQG� UHYHDOHG� WKDW� VRLO�
G��1� LQFUHDVHG� IDVWHU� LQ� WUHDWPHQWV� UHFHLYLQJ� KLJKHU� UDWHV� RI� VXSHUSKRVSKDWH�
IHUWLOLVHU�� ZKLFK� ZDV� DWWULEXWHG� WR� WKH� LQIOXHQFH� WKDW� IHUWLOLVHU� KDG� RQ� SDVWXUH�
SURGXFWLRQ�DQG�1�IL[DWLRQ�E\�FORYHU��DQG�WKH�IORZ�RQ�HIIHFWV�WKLV�KDG�RQ�1�F\FOLQJ�
DQG� LVRWRSH� IUDFWLRQDWLQJ� ORVV� SURFHVVHV�� ,Q� WKLV� VWXG\�� ZH� ZHUH� LQWHUHVWHG� WR�
GHWHUPLQH�ZKHWKHU�VRLO�G��1�VKRZHG�VLPLODU�UHVSRQVHV�WR�VXSHUSKRVSKDWH�LQ�PRUH�
WRSRJUDSKLFDOO\� FRPSOH[� KLOO� FRXQWU\� SDVWXUHV�� 6RLO� G��1� ZDV� PHDVXUHG� LQ�
DUFKLYHG�VRLOV�IURP�WKUHH�ORQJ�WHUP����±���\HDU��VXSHUSKRVSKDWH�WULDOV�ORFDWHG�LQ�
1RUWK�,VODQG�KLOO�FRXQWU\��5HVXOWV�UHYHDOHG�QR�FRQVLVWHQW�HIIHFW�RI�VXSHUSKRVSKDWH�
RQ�VRLO�G��1�LQ�DQ\�RI�WKH�WKUHH�WULDOV��7KH�ODFN�RI�HIIHFW�PD\�KDYH�EHHQ�GXH�WR�WKH�
VKRUWHU� GXUDWLRQ� RI� WKH� WULDOV�� VPDOOHU� GLIIHUHQFHV� LQ� SDVWXUH� SURGXFWLRQ� EHWZHHQ�
WUHDWPHQWV��RU�WKH�KLJKHU�YDULDELOLW\�RI�WKH�FRPSOH[�WRSRJUDSK\��,QGHHG��VRLO�G��1�
ZDV�KLJKHU������Å�KLJKHU��RQ�VKHOWHUHG�HDVW�IDFLQJ�VORSHV�WKDQ�QRUWKZHVW�VORSHV��
DQG�HDV\�VORSHV�KDG�KLJKHU�G��1��a�����Å�KLJKHU��WKDQ�VWHHS�VORSHV��7KH�ODFN�RI�
GLIIHUHQFHV�REVHUYHG�EHWZHHQ�WUHDWPHQWV��FRPELQHG�ZLWK�WKH�VLJQLILFDQW�LQIOXHQFH�
RI� VORSH� DQG� DVSHFW� ZLOO� FRPSOLFDWH� WKH� XVH� RI� G��1� DV� DQ� LQGLFDWRU� RI� SDVW�
PDQDJHPHQW�LQWHQVLW\�DQG�PDQDJHPHQW�LQGXFHG�1�ORVVHV�LQ�KLOO�FRXQWU\�SDVWXUHV��
6RLO�G��1�PD\� KRZHYHU� EH� D� XVHIXO� WRRO� IRU� LPSURYLQJ� RXU� XQGHUVWDQGLQJ� RI�1�
F\FOLQJ�DQG�ORVV�SURFHVVHV�RFFXUULQJ�RQ�GLIIHUHQW�VORSHV�DQG�DVSHFWV�LQ�KLOO�FRXQWU\�
SDVWXUHV��DQG�WKLV�ZDUUDQWV�IXUWKHU�UHVHDUFK��
�
.H\ZRUGV���,VRWRSH��1DWXUDO�DEXQGDQFH��JUDVVODQG��WRSRJUDSK\��VORSH��DVSHFW�
�
��
� �
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���� ,QWURGXFWLRQ�
7KH�QDWXUDO�DEXQGDQFH�RI�VWDEOH�QLWURJHQ�LVRWRSHV����1���1��G��1��� LQ�SODQWV�DQG�
VRLOV� KDYH� EHHQ� VKRZQ� WR� SURYLGH� XVHIXO� LQIRUPDWLRQ� RQ� 1� F\FOLQJ� DQG� ORVV�
SURFHVVHV� �+|JEHUJ���������2QH�FRPPRQ� ILQGLQJ� LQ�ERWK� IRUHVW� DQG�DJULFXOWXUDO�
HFRV\VWHPV�LV�WKDW�SODQWV�DQG�VRLOV�DW�VLWHV�ZLWK�KLJK�1�LQSXWV�DQG�ORVVHV�DUH�RIWHQ�
HQULFKHG�ZLWK� ��1� �&KDSWHU� ���&KDSWHU� ���&KDSWHU� ��� -RKDQQLVVRQ� DQG�+|JEHUJ��
������ +|JEHUJ� HW� DO��� ������ :DW]ND� HW� DO��� ������ 6WHYHQVRQ� HW� DO��� �������
(QULFKPHQW�RI�VRLOV�ZLWK���1�RFFXUV�GXH�WR�SUHIHUHQWLDO�SURFHVVLQJ�DQG�VXEVHTXHQW�
ORVV� RI� ��1� GXULQJ� PRVW� 1� WUDQVIRUPDWLRQ� SURFHVVHV� LQ� VRLO� �H�J�� DPPRQLD�
YRODWLOLVDWLRQ�� QLWULILFDWLRQ�� GHQLWULILFDWLRQ� DQG� PLQHUDOLVDWLRQ��� 7KLV� LVRWRSLF�
IUDFWLRQDWLRQ� RFFXUV� EHFDXVH� ��1� LV� OLJKWHU� DQG� WHQGV� WR� UHDFW� IDVWHU� WKDQ� WKH�
KHDYLHU���1�LVRWRSH����
�
5HVXOWV� IURP� WZR� ORQJ�WHUP� �a��� \HDU�� ILHOG� WULDOV� RQ� IODWODQG� SDVWXUHV� LQ� 1HZ�
=HDODQG� �&KDSWHU� ��� UHYHDOHG� WKDW� VRLO� G��1�ZDV� LQIOXHQFHG� E\� VXSHUSKRVSKDWH�
IHUWLOLVHU� DQG� LUULJDWLRQ�� ZLWK� G��1� LQFUHDVLQJ� PRUH� ZLWK� LQFUHDVLQJ� UDWHV� RI�
VXSHUSKRVSKDWH� RU� LUULJDWLRQ� IUHTXHQF\�� ,W� ZDV� FRQFOXGHG� WKDW� PRVW� RI� WKH�
GLIIHUHQFH�LQ�VRLO�G��1�EHWZHHQ�WUHDWPHQWV�ZDV�GXH�WR�WKH�LQIOXHQFH�WKDW�3�IHUWLOLVHU�
DQG�LUULJDWLRQ�KDG�RQ�SDVWXUH�SURGXFWLRQ�DQG�1�IL[DWLRQ�E\�FORYHU��DQG�WKH�IORZ�RQ�
HIIHFWV� WKLV� KDG� RQ� 1� F\FOLQJ� DQG� LVRWRSH� IUDFWLRQDWLQJ� ORVV� SURFHVVHV� �H�J��
DPPRQLD� YRODWLOLVDWLRQ��� 5HVXOWV� IURP� &KDSWHU� �� ZHUH� DOVR� LQ� DJUHHPHQW� ZLWK�
6WHYHQVRQ�HW�DO���������ZKR�FRQFOXGHG�WKDW�G��1�LQ�1HZ�=HDODQG�VRLOV�LQFUHDVHG�
ZLWK� LQFUHDVLQJ� PDQDJHPHQW� LQWHQVLW\� �L�H�� G��1� LQ� QDWLYH� IRUHVWV� �� H[RWLF�
SODQWDWLRQ�IRUHVWV���VKHHS�EHHI�SDVWXUHV���GDLU\�SDVWXUHV���FURSSLQJ�V\VWHPV��DV�D�
UHVXOW� RI� JUHDWHU� 1� LQSXWV� DQG� LVRWRSH� IUDFWLRQDWLQJ� 1� ORVVHV�� 7KHVH� UHVXOWV�
VXJJHVWHG�WKDW�VRLO�G��1�PLJKW�EH�D�XVHIXO�LQGLFDWRU�RI�SDVW�PDQDJHPHQW�LQWHQVLW\�
DQG�1�LQSXWV�DQG�ORVVHV�IURP�1HZ�=HDODQG�SDVWXUH�V\VWHPV��
�
7KH�:LQFKPRUH�VXSHUSKRVSKDWH�DQG�LUULJDWLRQ�WULDOV�ZHUH�ORFDWHG�RQ�IODW�ODQG��DQG�
PRVW�RI�WKH�VLWHV�UHSRUWHG�E\�6WHYHQVRQ�HW�DO���������ZHUH�DOVR�RQ�IODW�RU�UROOLQJ�
ODQG��+RZHYHU��PXFK�RI�1HZ�=HDODQG¶V�SDVWRUDO� ODQG� LV� ORFDWHG� LQ�KLOO� FRXQWU\��
+LOO�FRXQWU\�SDVWXUHV�DUH�W\SLFDOO\�PRUH�H[WHQVLYHO\�JUD]HG�WKDQ�IODWODQG�SDVWXUHV��
DQG� WRSRJUDSK\� LV�PRUH� FRPSOH[��ZLWK� ODUJH�YDULDWLRQ�RI�ERWK� VORSH� DQG�DVSHFW��
)XUWKHUPRUH�� VWRFN� FDPSLQJ� EHKDYLRXU� DQG� UHDOORFDWLRQ� RI� QXWULHQWV� LV� PRUH�



�
�

�

���

H[WUHPH�LQ�KLOO�FRXQWU\�WKDQ�IODW�ODQG�
�����
WRSRJUDSKLFDOO\� FRPSOH[� KLOO� FRXQWU\� SDVWXUHV�� LQFUHDVHG� LQ� UHVSRQVH� WR�
VXSHUSKRVSKDWH� DSSOLFDWLRQ� DV� ZDV� REVHUYHG� RQ� IODWODQG� LUULJDWHG� SDVWXUHV� DW�
:LQFKPRUH�� :H� DQDO\VHG� DUFKLYHG� VRLOV� IURP� WKUHH� ORQJ
VXSHUSKRVSKDWH� WULDOV� ORFDWHG� RQ� 1RUWK� ,VODQG� KLOO� &RXQW\�� DW� WKH� %DOODQWUDH��
:KDWDZKDWD�DQG�7H�.XLWL�UHVHDUFK�VWDWLRQV��
�
�
����
�����
)LJ���
ZHUH�WDNHQ�IURP��$�VXPPDU\�RI�WULDO�GDWHV��IHUWLOLVHU�UHJLPHV�DQG�JUD]LQJ�LQWHQVLW\�
IRU�HDFK�WULDO�LV�VKRZQ�LQ
VHFWLRQV�

)LJ���
%DOODQWUDH���LQ�UHODWLRQ�WR�1RUWK�,VODQG�1HZ�=HDODQG�
�
�
�
�

�

H[WUHPH�LQ�KLOO�FRXQWU\�WKDQ�IODW�ODQG�
������� ,Q� WKLV� VWXG\�� ZH� Z
WRSRJUDSKLFDOO\� FRPSOH[� KLOO� FRXQWU\� SDVWXUHV�� LQFUHDVHG� LQ� UHVSRQVH� WR�
VXSHUSKRVSKDWH� DSSOLFDWLRQ� DV� ZDV� REVHUYHG� RQ� IODWODQG� LUULJDWHG� SDVWXUHV� DW�
:LQFKPRUH�� :H� DQDO\VHG� DUFKLYHG� VRLOV� IURP� WKUHH� ORQJ
VXSHUSKRVSKDWH� WULDOV� ORFDWHG� RQ� 1RUWK� ,VODQG� KLOO� &RXQW\�� DW� WKH� %DOODQWUDH��
:KDWDZKDWD�DQG�7H�.XLWL�UHVHDUFK�VWDWLRQV��

� 0HWKRGV
������ 6LWH�GHVFULSWLRQV�DQG�VRLO�VDPSOLQJ

����VKRZV�WKH�ORFDWLRQ�RI�WKH�WKUHH�WULDOV�IURP�ZKLFK�WKH�
ZHUH�WDNHQ�IURP��$�VXPPDU\�RI�WULDO�GDWHV��IHUWLOLVHU�UHJLPHV�DQG�JUD]LQJ�LQWHQVLW\�
IRU�HDFK�WULDO�LV�VKRZQ�LQ
VHFWLRQV��

�����/RFDWLRQ�RI� WKH� WKUHH� ORQJ
%DOODQWUDH���LQ�UHODWLRQ�WR�1RUWK�,VODQG�1HZ�=HDODQG�

� +LOO�FRXQWU\�VXSHUSKRVSKDWH�WULDOV

H[WUHPH�LQ�KLOO�FRXQWU\�WKDQ�IODW�ODQG�
�� ,Q� WKLV� VWXG\�� ZH� Z

WRSRJUDSKLFDOO\� FRPSOH[� KLOO� FRXQWU\� SDVWXUHV�� LQFUHDVHG� LQ� UHVSRQVH� WR�
VXSHUSKRVSKDWH� DSSOLFDWLRQ� DV� ZDV� REVHUYHG� RQ� IODWODQG� LUULJDWHG� SDVWXUHV� DW�
:LQFKPRUH�� :H� DQDO\VHG� DUFKLYHG� VRLOV� IURP� WKUHH� ORQJ
VXSHUSKRVSKDWH� WULDOV� ORFDWHG� RQ� 1RUWK� ,VODQG� KLOO� &RXQW\�� DW� WKH� %DOODQWUDH��
:KDWDZKDWD�DQG�7H�.XLWL�UHVHDUFK�VWDWLRQV��

0HWKRGV�
6LWH�GHVFULSWLRQV�DQG�VRLO�VDPSOLQJ
VKRZV�WKH�ORFDWLRQ�RI�WKH�WKUHH�WULDOV�IURP�ZKLFK�WKH�

ZHUH�WDNHQ�IURP��$�VXPPDU\�RI�WULDO�GDWHV��IHUWLOLVHU�UHJLPHV�DQG�JUD]LQJ�LQWHQVLW\�
IRU�HDFK�WULDO�LV�VKRZQ�LQ�7DEOH�

/RFDWLRQ�RI� WKH� WKUHH� ORQJ
%DOODQWUDH���LQ�UHODWLRQ�WR�1RUWK�,VODQG�1HZ�=HDODQG�

+LOO�FRXQWU\�VXSHUSKRVSKDWH�WULDOV

H[WUHPH�LQ�KLOO�FRXQWU\�WKDQ�IODW�ODQG��6DJJDU
�� ,Q� WKLV� VWXG\�� ZH� ZHUH� LQWHUHVWHG� WR� GHWHUPLQH� ZKHWKHU� VRLO�

WRSRJUDSKLFDOO\� FRPSOH[� KLOO� FRXQWU\� SDVWXUHV�� LQFUHDVHG� LQ� UHVSRQVH� WR�
VXSHUSKRVSKDWH� DSSOLFDWLRQ� DV� ZDV� REVHUYHG� RQ� IODWODQG� LUULJDWHG� SDVWXUHV� DW�
:LQFKPRUH�� :H� DQDO\VHG� DUFKLYHG� VRLOV� IURP� WKUHH� ORQJ
VXSHUSKRVSKDWH� WULDOV� ORFDWHG� RQ� 1RUWK� ,VODQG� KLOO� &RXQW\�� DW� WKH� %DOODQWUDH��
:KDWDZKDWD�DQG�7H�.XLWL�UHVHDUFK�VWDWLRQV��

6LWH�GHVFULSWLRQV�DQG�VRLO�VDPSOLQJ
VKRZV�WKH�ORFDWLRQ�RI�WKH�WKUHH�WULDOV�IURP�ZKLFK�WKH�

ZHUH�WDNHQ�IURP��$�VXPPDU\�RI�WULDO�GDWHV��IHUWLOLVHU�UHJLPHV�DQG�JUD]LQJ�LQWHQVLW\�
7DEOH������ZLWK�IXUWKHU�GHWDLOV�SURYLGHG�LQ�WKH�IROORZLQJ�

/RFDWLRQ�RI� WKH� WKUHH� ORQJ�WHUP� VXSHUSKRVSKDWH� ILHOG� WULDOV� �:KDWDZKDWD��7H�.XLWL� DQG�
%DOODQWUDH���LQ�UHODWLRQ�WR�1RUWK�,VODQG�1HZ�=HDODQG�

+LOO�FRXQWU\�VXSHUSKRVSKDWH�WULDOV

�6DJJDU�HW�DO�
HUH� LQWHUHVWHG� WR� GHWHUPLQH� ZKHWKHU� VRLO�

WRSRJUDSKLFDOO\� FRPSOH[� KLOO� FRXQWU\� SDVWXUHV�� LQFUHDVHG� LQ� UHVSRQVH� WR�
VXSHUSKRVSKDWH� DSSOLFDWLRQ� DV� ZDV� REVHUYHG� RQ� IODWODQG� LUULJDWHG� SDVWXUHV� DW�
:LQFKPRUH�� :H� DQDO\VHG� DUFKLYHG� VRLOV� IURP� WKUHH� ORQJ
VXSHUSKRVSKDWH� WULDOV� ORFDWHG� RQ� 1RUWK� ,VODQG� KLOO� &RXQW\�� DW� WKH� %DOODQWUDH��
:KDWDZKDWD�DQG�7H�.XLWL�UHVHDUFK�VWDWLRQV��)LJ���

6LWH�GHVFULSWLRQV�DQG�VRLO�VDPSOLQJ�
VKRZV�WKH�ORFDWLRQ�RI�WKH�WKUHH�WULDOV�IURP�ZKLFK�WKH�

ZHUH�WDNHQ�IURP��$�VXPPDU\�RI�WULDO�GDWHV��IHUWLOLVHU�UHJLPHV�DQG�JUD]LQJ�LQWHQVLW\�
��ZLWK�IXUWKHU�GHWDLOV�SURYLGHG�LQ�WKH�IROORZLQJ�

VXSHUSKRVSKDWH� ILHOG� WULDOV� �:KDWDZKDWD��7H�.XLWL� DQG�
%DOODQWUDH���LQ�UHODWLRQ�WR�1RUWK�,VODQG�1HZ�=HDODQG��

+LOO�FRXQWU\�VXSHUSKRVSKDWH�WULDOV�

HW�DO���������+D\QHV�DQG�:LOOLDPV��
HUH� LQWHUHVWHG� WR� GHWHUPLQH� ZKHWKHU� VRLO�

WRSRJUDSKLFDOO\� FRPSOH[� KLOO� FRXQWU\� SDVWXUHV�� LQFUHDVHG� LQ� UHVSRQVH� WR�
VXSHUSKRVSKDWH� DSSOLFDWLRQ� DV� ZDV� REVHUYHG� RQ� IODWODQG� LUULJDWHG� SDVWXUHV� DW�
:LQFKPRUH�� :H� DQDO\VHG� DUFKLYHG� VRLOV� IURP� WKUHH� ORQJ
VXSHUSKRVSKDWH� WULDOV� ORFDWHG� RQ� 1RUWK� ,VODQG� KLOO� &RXQW\�� DW� WKH� %DOODQWUDH��

������

VKRZV�WKH�ORFDWLRQ�RI�WKH�WKUHH�WULDOV�IURP�ZKLFK�WKH�
ZHUH�WDNHQ�IURP��$�VXPPDU\�RI�WULDO�GDWHV��IHUWLOLVHU�UHJLPHV�DQG�JUD]LQJ�LQWHQVLW\�

��ZLWK�IXUWKHU�GHWDLOV�SURYLGHG�LQ�WKH�IROORZLQJ�

VXSHUSKRVSKDWH� ILHOG� WULDOV� �:KDWDZKDWD��7H�.XLWL� DQG�

�

��������+D\QHV�DQG�:LOOLDPV��
HUH� LQWHUHVWHG� WR� GHWHUPLQH� ZKHWKHU� VRLO�

WRSRJUDSKLFDOO\� FRPSOH[� KLOO� FRXQWU\� SDVWXUHV�� LQFUHDVHG� LQ� UHVSRQVH� WR�
VXSHUSKRVSKDWH� DSSOLFDWLRQ� DV� ZDV� REVHUYHG� RQ� IODWODQG� LUULJDWHG� SDVWXUHV� DW�
:LQFKPRUH�� :H� DQDO\VHG� DUFKLYHG� VRLOV� IURP� WKUHH� ORQJ�WHUP� ���
VXSHUSKRVSKDWH� WULDOV� ORFDWHG� RQ� 1RUWK� ,VODQG� KLOO� &RXQW\�� DW� WKH� %DOODQWUDH��

VKRZV�WKH�ORFDWLRQ�RI�WKH�WKUHH�WULDOV�IURP�ZKLFK�WKH�DUFKLYHG�VRLO�VDPSOHV�
ZHUH�WDNHQ�IURP��$�VXPPDU\�RI�WULDO�GDWHV��IHUWLOLVHU�UHJLPHV�DQG�JUD]LQJ�LQWHQVLW\�

��ZLWK�IXUWKHU�GHWDLOV�SURYLGHG�LQ�WKH�IROORZLQJ�

�
VXSHUSKRVSKDWH� ILHOG� WULDOV� �:KDWDZKDWD��7H�.XLWL� DQG�

� &KDSWHU���

��������+D\QHV�DQG�:LOOLDPV��
HUH� LQWHUHVWHG� WR� GHWHUPLQH� ZKHWKHU� VRLO� G��1� LQ�

WRSRJUDSKLFDOO\� FRPSOH[� KLOO� FRXQWU\� SDVWXUHV�� LQFUHDVHG� LQ� UHVSRQVH� WR�
VXSHUSKRVSKDWH� DSSOLFDWLRQ� DV� ZDV� REVHUYHG� RQ� IODWODQG� LUULJDWHG� SDVWXUHV� DW�

���±��� \HDU��
VXSHUSKRVSKDWH� WULDOV� ORFDWHG� RQ� 1RUWK� ,VODQG� KLOO� &RXQW\�� DW� WKH� %DOODQWUDH��

DUFKLYHG�VRLO�VDPSOHV�
ZHUH�WDNHQ�IURP��$�VXPPDU\�RI�WULDO�GDWHV��IHUWLOLVHU�UHJLPHV�DQG�JUD]LQJ�LQWHQVLW\�

��ZLWK�IXUWKHU�GHWDLOV�SURYLGHG�LQ�WKH�IROORZLQJ�

VXSHUSKRVSKDWH� ILHOG� WULDOV� �:KDWDZKDWD��7H�.XLWL� DQG�

�



&KDSWHU��� +LOO�FRXQWU\�VXSHUSKRVSKDWH�WULDOV� �
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���
7DEOH�����6XPPDU\�RI� WULDO� GDWHV� IHUWLOLVHU� UHJLPHV� DQG�JUD]LQJ� LQWHQVLW\�RI� WKH� WKUHH� ORQJ�WHUP�
ILHOG�WULDOV�XVHG�LQ�WKLV�VWXG\��6HH�WH[W�IRU�IXOO�VLWH�GHVFULSWLRQV�DQG�H[SODQDWLRQ�RI�PDQDJHPHQW�IRU�
HDFK�WULDO��

7ULDO� 7ULDO�GDWHV� 7UHDWPHQW�
DEEUHYLDWLRQ�

)HUWLOLVHU�UHJLPH� *UD]LQJ�LQWHQVLW\�
NJ�KD±��\±��VLQJOH�
VXSHUSKRVSKDWH� 6WRFN�XQLWV�KD±��D�

%DOODQWUDH� ����±�����
%OR3� ���� ����E�

%OR3QR3� ���±�F� ���E�
%KL3� ���±���G� ����E�

%KL3QR3� ���±�H� ����E�
:KDWDZKDWD� ����±����� :KL3� ����I� ��K�

:QR3� ���±�J� ��K�
7H�.XLWL� ����±����� 7QR3� �� ��L�

7KL3� ���� ��L�
D�2QH�VWRFN�XQLW�LV�HTXLYDOHQW�WR�RQH����NJ�HZH�UHDULQJ�D�VLQJOH�ODPE�DQG�FRQVXPLQJ�DERXW�����NJ�
RI�JRRG�TXDOLW\�SDVWXUH�GU\�PDWWHU�SHU�\HDU��6WDWLVWLFV�1HZ�=HDODQG��Q�G��E���
E�6WRFNLQJ�UDWHV�IURP�/DPEHUW�HW�DO�����������
F�����NJ�KD±��\±��VXSHUSKRVSKDWH�IURP�����±�����DQG�WKHQ�QR�IHUWLOLVHU�WKHUHDIWHU��
G�����NJ�KD±��\±��VXSHUSKRVSKDWH�IURP�����±�����DQG�WKHQ�����NJ�KD±��\±��WKHUHDIWHU��
H�����NJ�KD±��\±��VXSHUSKRVSKDWH�IURP�����±�����DQG�WKHQ�QR�IHUWLOLVHU�WKHUHDIWHU��
I�$IWHU������WULSOH�VXSHUSKRVSKDWH�ZDV�DSSOLHG�DW�D�UDWH�WR�DFKLHYH�WKH�VDPH�3�ORDGLQJ�DV������NJ�
KD±��RI�VLQJOH�VXSHUSKRVSKDWH��
J�����NJ�KD±��\±��VXSHUSKRVSKDWH�IURP�����������DQG�WKHQ�QR�IHUWLOLVHU�WKHUHDIWHU��
K�6WRFNLQJ�UDWHV�IURP�6FKLSSHU�HW�DO����������
L�6WRFNLQJ�UDWHV�IURP�2
&RQQRU�DQG�6PDUW����������
�
�
������ %DOODQWUDH�ORQJ�WHUP�VXSHUSKRVSKDWH�IHUWLOLVHU�WULDO�
�������� /RFDWLRQ��VRLOV�DQG�FOLPDWH�
%DOODQWUDH� 5HVHDUFK� 6WDWLRQ� LV� D� KLOO� FRXQWU\� VKHHS� DQG� EHHI� IDUP� ORFDWHG�� LQ�
VRXWKHUQ�+DZNH¶V�%D\��1RUWK�,VODQG�1HZ�=HDODQG�������¶6��������¶(���6RLOV�DW�
WKH�VLWH�DUH�PDLQO\�IRUPHG�RQ�WHUWLDU\�VDQGVWRQH��VLOWVWRQH�DQG�PXGVWRQH�DQG�DUH�
FODVVLILHG�DV�%URZQ�DQG�3DOOLF� VRLOV� �1HZ�=HDODQG�6RLO�&ODVVLILFDWLRQ��RU�$QGLF�
'LVWURFKUHSWV�� 7\SLF� 'LVWURFKUHSWV� DQG� 7\SLF� (XWURFKUHSWV� �6RLO� 7D[RQRP\��
�/DPEHUW�HW�DO����������$OWLWXGH� LQ� WKH�VWXG\�DUHD�UDQJHG�IURP�DERXW����±����P�
DERYH� VHD� OHYHO�� DQG� PHDQ� DQQXDO� UDLQIDOO� DQG� WHPSHUDWXUH� DUH� ����� PP� DQG�
�����&�UHVSHFWLYHO\��/DPEHUW�HW�DO����������7KH�VLWH�LV�FKDUDFWHULVHG�E\�KLJK�ZLQG�
VSHHGV� �SDUWLFXODUO\� WKH� SUHYDLOLQJ� ZLQG� IURP� WKH� QRUWKZHVW�� ZLWK� WKH� DYHUDJH�
EHWZHHQ������DQG������EHLQJ����NP�KU±���/DPEHUW�HW�DO����������
�



� +LOO�FRXQWU\�VXSHUSKRVSKDWH�WULDOV� &KDSWHU���
�

�

���

�������� 6LWH�KLVWRU\�DQG�WULDO�GHVLJQ�
7KH�%DOODQWUDH�5HVHDUFK�6WDWLRQ�ZDV�FOHDUHG�IURP�QDWLYH�IRUHVW�DQG�SDVWXUHV�VRZQ�
LQ�WKH�HDUO\�����V��0DQDJHPHQW�ZDV�UHODWLYHO\�H[WHQVLYH�SULRU�WR�WKH�����V�ZLWK�
VWRFNLQJ�UDWHV�RI�a��VWRFN�XQLWV�KD±���DQG�DV�IDU�DV�LV�NQRZQ�QR�IHUWLOLVHU�KDG�EHHQ�
DSSOLHG�WR�WKH�WULDO�DUHD��,Q�������D�ORQJ�WHUP�VXSHUSKRVSKDWH�IHUWLOLVHU�DQG�JUD]LQJ�
WULDO�ZDV�HVWDEOLVKHG�RQ�IRXU�IDUPOHWV�DW�%DOODQWUDH��7KH�IRXU�IDUPOHWV�ZHUH�ORFDWHG�
DGMDFHQW�WR�HDFK�RWKHU��ZHUH��±���KD�LQ�VL]H��DQG�KDG��±��SDGGRFNV�ZLWK�D�VLPLODU�
EDODQFH�RI�VORSH�DQG�DVSHFW��/DPEHUW�HW�DO����������,Q�������VRLO�SKRVSKRUXV�OHYHOV�
ZHUH�YHU\�ORZ��2OVHQ�3����J�J±����DQG�LQ������DQG�������VLQJOH�VXSHUSKRVSKDWH�
ZDV�DSSOLHG�WR�WKH�ZKROH�WULDO�DUHD�DW�D�UDWH�RI�����NJ�KD±��DQG�2OVHQ�3�OHYHOV�URVH�
WR����J�J±��LQ�������/DPEHUW�HW�DO����������������,Q�-XQH������WKH�DUHD�ZDV�FORVH�
JUD]HG��WKHQ�RYHUVRZQ�ZLWK�D�PL[WXUH�RI�FORYHU��7ULIROLXP�UHSHQV��7��3UDWHQVH�DQG�
7��6XEWHUUDQHXP��DQG�ORWXV��/RWXV�SHGXQFXODWXV��VHHG��$W�WKH�FRPPHQFHPHQW�RI�
WKH�WULDO�LQ�������SDVWXUHV�ZHUH�GRPLQDWHG�ORZ�IHUWLOLW\�JUDVVHV��VXFK�DV�EURZQWRS�
�$JURVWLV�FDSLOODULHV��DQG�VZHHW�YHUQDO��$QWKUR[DQWKXP�RGRUDWXP��DQG�IODWZHHGV�
VXFK�DV�FDWVHDU��+\SRFKDHULV�UDGLFDWD���/HJXPHV�FRQWULEXWHG�RQO\����WR�DQQXDO�
SDVWXUH�SURGXFWLRQ��/DPEHUW�HW�DO�����������
�
%HWZHHQ������DQG������WZR�RI�WKH�IRXU�IDUPOHWV�UHFHLYHG�RQ�DYHUDJH�����NJ�KD±��
\±��RI�VXSHUSKRVSKDWH�DQG�WKHQ�IURP������WR�������RQH�RI�WKHVH�IDUPOHWV�UHFHLYHG�
����NJ�KD±�� \±�� RI� VXSHUSKRVSKDWH� �%KL3���ZKLOH�QR� IHUWLOLVHU�ZDV�DSSOLHG� WR� WKH�
RWKHU�IDUPOHW��%KL3QR3���7KH�RWKHU�WZR�IDUPOHWV�ERWK�UHFHLYHG�RQ�DYHUDJH�����NJ�
KD±��RI�VXSHUSKRVSKDWH�DQQXDOO\�IURP������WR������DQG�WKHQ�IURP������WR������
RQH�IDUPOHW�FRQWLQXHG�WR�UHFHLYH�����NJ�KD±��\±��RI�VXSHUSKRVSKDWH��%OR3��DQG�WKH�
RWKHU�QR�IHUWLOLVHU��%OR3QR3���,Q������������NJ�KD±��RI� OLPH�ZDV�DSSOLHG� WR�ERWK�
WKH� %KL3� DQG� %KL3QR3� IDUPOHWV�� ZLWK� D� IXUWKHU� ����� NJ� KD±�� DSSOLHG� LQ� �����
�/DPEHUW�HW�DO����������7KH�WULDO�DUHD�ZDV�JUD]HG�DOPRVW�H[FOXVLYHO\�E\�VKHHS�IRU�
WKH�GXUDWLRQ�RI�WKH�WULDO��$YHUDJH�VWRFNLQJ�UDWHV�EHWZHHQ������DQG������ZHUH�����
�����������DQG������68�KD±��IRU�WKH�%OR3QR3��%OR3��%KL3QR3�DQG�%KL3�WUHDWPHQWV�
UHVSHFWLYHO\��/DPEHUW�HW�DO�����������
�
�������� 6RLO�VDPSOLQJ��
6DPSOHV� DQDO\VHG� IRU� WKLV� VWXG\� ZHUH� WDNHQ� IURP� PHGLXP� VORSHV� ���±����� RQ�
QRUWKZHVW� DQG� HDVWHUO\� DVSHFWV��(DFK� IDUPOHW� KDG� WZR� VDPSOLQJ� VLWHV� SHU� DVSHFW��
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H[FHSW�IRU�WKH�%OR3OR3�WUHDWPHQW�ZKHUH�WKHUH�ZDV�RQO\�RQH�VDPSOLQJ�VLWH�IRU�WKH�
HDVW�DVSHFW��(DFK�VLWH�ZDV�VDPSOHG�DQQXDOO\�GXULQJ�ZLQWHU�E\�WDNLQJ�VL[�VRLO�FRUHV�
��±���PP�GHSWK�DQG����PP�GLDPHWHU���EXONLQJ�WKHVH�VDPSOHV�DQG�WKHQ�DLU�GU\LQJ�
DQG�DUFKLYLQJ���
�
������ :KDWDZKDWD�+LOO�&RXQWU\�5HVHDUFK�6WDWLRQ�
�������� /RFDWLRQ��VRLOV�DQG�FOLPDWH�
7KH�:KDWDZKDWD�5HVHDUFK�6WDWLRQ�LV�D�KLOO�FRXQWU\�VKHHS�DQG�EHHI�IDUP�ORFDWHG����
NP�ZHVW�RI�+DPLOWRQ��1RUWK�,VODQG��1HZ�=HDODQG����q���¶�6�����q���¶�(���(DV\�
VORSHV�RI� WKH� VWXG\�DUHD�KDYH�$OORSKDQLF� DQG�*UDQXODU� VRLOV� �1HZ�=HDODQG�6RLO�
&ODVVLILFDWLRQ�� RU� 8OWLF� +DSOXGDQGV� DQG� 7\SLF� +DSORKXPXOWV� �6RLO� 7D[RQRP\���
ZKLOH� VWHHS� VORSHV� KDYH�8OWLF� VRLOV� �1HZ� =HDODQG� 6RLO� &ODVVLILFDWLRQ�� RU� 7\SLF�
+DSORKXPXOWV� �6RLO� 7D[RQRP\�� �6FKLSSHU� HW� DO��� ������� (OHYDWLRQ� LQ� WKH� VWXG\�
DUHD� UDQJHG�IURP���±����P�DERYH� VHD� OHYHO�� DQG�PHDQ�DQQXDO�SUHFLSLWDWLRQ�DQG�
WHPSHUDWXUH�ZHUH�DERXW������PP�DQG���q&�UHVSHFWLYHO\��6FKLSSHU�HW�DO����������
�
�������� 6LWH�KLVWRU\�DQG�WULDO�GHVLJQ�
7KH� IDUP� ZDV� FRQYHUWHG� IURP� QDWLYH� IRUHVW� WR� SDVWXUH� DURXQG� ����� DQG� WKH�
IHUWLOLVHU�WULDO�FRPPHQFHG�LQ�������)RU�DW�OHDVW�WZHOYH�\HDUV�SULRU�WR�WKH�VWDUW�RI�WKH�
WULDO��DERXW�����NJ�KD±��RI�VLQJOH�VXSHUSKRVSKDWH�ZDV�DSSOLHG�DQQXDOO\��6FKLSSHU�
HW�DO����������7KH�WULDO�ZDV�RQ�D������KD�DUHD�RI�WKH�IDUP��ZKLFK�ZDV�VXEGLYLGHG�
LQWR����SDGGRFNV��(DFK�SDGGRFN�KDG�D�QRUWK�ZHVWHUO\�DVSHFW�DQG�WZR�VORSH�FODVVHV�
�HDV\����±��q�DQG�VWHHS����±��q���,Q�������ILYH�VLQJOH�VXSHUSKRVSKDWH�DSSOLFDWLRQ�
UDWHV�UDQJLQJ�IURP�����WR������NJ�KD±��\±��ZHUH�DSSOLHG�WR�IRXU�UHSOLFDWH�SDGGRFNV�
IRU� HDFK� WUHDWPHQW�� )URP� ������ IHUWLOLVHU� ZDV� ZLWKKHOG� IURP� WZR� UHSOLFDWH�
SDGGRFNV�RI�HDFK�WUHDWPHQW�WR�DVVHVV�WKH�UHVLGXDO�HIIHFWV�RI�VXSHUSKRVSKDWH��7KHVH�
WUHDWPHQWV� FRQWLQXHG� WR� ������ DOWKRXJK� DIWHU� ����� VLQJOH� VXSHUSKRVSKDWH� ZDV�
UHSODFHG�ZLWK�WULSOH�VXSHUSKRVSKDWH��EXW�ZLWK�WKH�VDPH�3�ORDGLQJ��6RLOV�DQDO\VHG�
IRU� WKLV� VWXG\� ZHUH� IURP� WKH� WZR� SDGGRFNV� ZKLFK� UHFHLYHG� ���� NJ� KD±�� \±�� RI�
VLQJOH�VXSHUSKRVSKDWH�IURP������WR������DQG�WKHQ�QR�IHUWLOLVHU�WKHUHDIWHU��:QR3���
DQG�WKH�WZR�SDGGRFNV�WKDW�UHFHLYHG�FRQWLQXRXV�3�LQSXWV�HTXLYDOHQW�WR������NJ�KD±��
\±��RI�VLQJOH�VXSHUSKRVSKDWH�IURP������WR�������:KL3���6RLOV�IURP�ERWK�HDV\�DQG�
VWHHS� VORSHV� ZHUH� DQDO\VHG� �VHSDUDWHO\��� 7KH� WULDO� ZDV� JUD]HG� E\� VKHHS� ZLWK� D�
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VWRFNLQJ�UDWH�RI�a���VWRFN�XQLWV�KD±��RQ�WKH�:QR3�VLWHV�DQG�a���RQ�WKH�:KL3�VLWHV�
�6FKLSSHU�HW�DO�����������
�
�������� 6RLO�VDPSOLQJ��
%HWZHHQ������DQG������VHSDUDWH�VRLO�VDPSOHV�IURP�VWHHS�DQG�HDV\�VORSHV�LQ�HDFK�
SDGGRFN�ZHUH� FROOHFWHG� aDQQXDOO\�� DLU� GULHG�� SDVVHG� WKURXJK� D� ��PP� VLHYH� DQG�
WKHQ�DUFKLYHG���3ULRU�WR������FRUHV�ZHUH�WDNHQ�WR����PP�GHSWK�DQG�VHFWLRQHG�LQWR�
�±���PP�DQG���±���PP�GHSWK�LQFUHPHQWV�LQ�WKH�ILHOG��6FKLSSHU�HW�DO����������7KH�
WZR�GHSWK�LQFUHPHQWV�ZHUH�DQDO\VHG�VHSDUDWHO\�DQG�WKHQ�D�ZHLJKWHG�DYHUDJH�ZDV�
XVHG� WR� FDOFXODWH� WKH� ILQDO�&��1� DQG�G��1�YDOXHV� IRU� WKH� �±���PP�GHSWK�� )URP�
�����RQZDUGV�FRUHV�ZHUH�WDNHQ�WR����PP�GHSWK�DQG�ZHUH�QRW�GLYLGHG��:H�EHOLHYH�
WKH� VPDOO� GLIIHUHQFH� LQ� VDPSOLQJ� GHSWK� ����PP�FI� ���PP��ZLOO� KDYH� QHJOLJLEOH�
LPSDFW�RQ�UHVXOWV�GXH�WR�WKH�ZHOO�PL[HG�QDWXUH�RI�WKH�WRSVRLO����
�
������ 7H�.XLWL�+LOO�&RXQWU\�5HVHDUFK�6WDWLRQ�
7KH�7H�.XLWL�VXSHUSKRVSKDWH�WULDO�ZDV�HVWDEOLVKHG�LQ�������)RU����\HDUV�SULRU�WR�
FRPPHQFHPHQW�RI�WKH�WULDO��WKH�DUHD�KDG�UHFHLYHG�����NJ�KD±��RI�VXSHUSKRVSKDWH�
DQQXDOO\��5RDFK�HW�DO����������7KH�WULDO�FRPSULVHG�WZR�IDUPOHWV�ZLWK�VL[�UHSOLFDWH�
SDGGRFNV� HDFK��$IWHU� ������ RQH� IDUPOHW� FRQWLQXHG� WR� UHFHLYH� VXSHUSKRVSKDWH� DW�
����NJ�KD±��\±���7KL3��ZKLOH�DQRWKHU�IDUPOHW�UHFHLYHG�QR�IHUWLOLVHU��7QR3����
�
3DVWXUHV� ZHUH� SUHGRPLQDQWO\� U\HJUDVV� �/ROLXP� SHUHQQH�� DQG� ZKLWH� FORYHU�
�7ULIROLXP�UHSHQV��DQG�WKH�WULDO�ZDV�URWDWLRQDOO\�JUD]HG�E\�EUHHGLQJ�HZHV��5RDFK�
HW�DO����������%HWZHHQ������DQG������VWRFNLQJ�UDWH�ZDV�WKH�VDPH�RQ�ERWK�IDUPOHWV�
����68�KD±���ZLWK�GLIIHUHQFHV�LQ�SDVWXUH�SURGXFWLRQ��DV�D�UHVXOW�RI�GLIIHUHQFHV�LQ�
IHUWLOLVHU� DSSOLFDWLRQ�� EHLQJ� PDQLIHVW� LQ� GLIIHUHQFHV� LQ� SHU� DQLPDO� SHUIRUPDQFH�
�*LOOLQJKDP�DQG�5LFKDUGVRQ���������)URP������XQWLO�WKH�HQG�RI�WKH�WULDO�LQ������
WKH�7QR3�IDUPOHW�ZDV�VWRFNHG�DW����68�KD±��DQG�WKH�7KL3�IDUPOHW�DW����68�KD±���
$UFKLYHG�VRLO�VDPSOHV���±���PP�GHSWK��ZHUH�RQO\�DYDLODEOH�IURP�D�ILQDO�VDPSOLQJ�
RI�WKH�WULDO�LQ�������*KDQL�HW�DO����������6DPSOHV�ZHUH�WDNHQ�IURP�DOO�VL[�SDGGRFNV�
RI� WKH�7QR3�DQG�7KL3� IDUPOHWV�DQG�IURP�ERWK�HDV\� ���±��q��DQG�VWHHS����±��q��
VORSHV���
�
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������ 6DPSOH�SUHSDUDWLRQ�DQG�DQDO\VLV�
$�UHSUHVHQWDWLYH�VXEVDPSOH�RI�WKH�DUFKLYHG�VDPSOHV�ZDV�REWDLQHG�E\�SDVVLQJ�WKH�
ZKROH� VDPSOH� WKURXJK� D� VWDLQOHVV� VWHHO� ULIIOH� �ZKLFK� VSOLW� WKH� VDPSOH�� XQWLO� WKH�
GHVLUHG�VXEVDPSOH�VL]H�ZDV�UHDFKHG��DERXW���J���$Q\�REYLRXV�SODQW�PDWHULDO�ZDV�
WKHQ�UHPRYHG�ZLWK�WZHH]HUV�EHIRUH�ILQH�JULQGLQJ�XVLQJ�DQ�DJDWH�PRUWDU�DQG�SHVWOH��
6DPSOHV� ZHUH� DQDO\VHG� IRU� 1� LVRWRSHV� XVLQJ� D� (XURSD� 6FLHQWLILF� ������ 6WDEOH�
,VRWRSH�$QDO\VHU� DW� WKH�8QLYHUVLW\� RI�:DLNDWR� 6WDEOH� ,VRWRSH�8QLW�� 7KH� RYHUDOO�
UHSURGXFLELOLW\�RI� ODERUDWRU\�PHDVXUHPHQWV�ZDV�a����Å��7KH�QDWXUDO�DEXQGDQFH�
RI� ��1� LV� H[SUHVVHG� LQ� GHOWD� QRWDWLRQ� �G�� XVLQJ� WKH� IROORZLQJ� HTXDWLRQ� �DIWHU�
&RSOHQ����������
�
��1� �5���1���1�VDPSOH�±�5���1���1�DLU�±���
�
ZKHUH�5����1���1�VDPSOH� LV� WKH� UDWLR�RI� ��1���1�LQ� WKH�VDPSOH��DQG�5���1���1�DLU� LV�
WKH�UDWLR�RI���1���1�LQ�DWPRVSKHULF�1���WKH�LQWHUQDWLRQDO�VWDQGDUG���
�
������ 6WDWLVWLFDO�DQDO\VLV��
7LPH� VHULHV�G��1�GDWD� IURP� WKH�:KDWDZKDWD� DQG�%DOODQWUDH� WULDOV�ZDV� DQDO\VHG�
XVLQJ�D�%D\HVLDQ�VPRRWKLQJ�SURJUDP��8SVGHOO�������� WR�GHWHUPLQH� LI� WKHUH�ZHUH�
WHPSRUDO�FKDQJHV�LQ�G��1��DQG�ZKHWKHU�G��1�GLIIHUHG�EHWZHHQ�WUHDWPHQWV��DVSHFWV�
DQG�VORSHV��7KH�WLPH�VHULHV�IURP�WKH�WZR�WULDOV�ZHUH�PRGHOOHG�DV�GRXEO\�LQWHJUDWHG�
ZLHQHU� SURFHVVHV�� ZKLFK� FRUUHVSRQGV� WR� ILWWLQJ� FXELF� VSOLQHV�� 7HUPV� IRU�
'DWH
7UHDWPHQW� ZHUH� XVHG� WR� HVWLPDWH� GLIIHUHQW� 7UHDWPHQW� WLPH� VHULHV�� 7KH�
LQGLYLGXDO� SDGGRFN� WLPH� VHULHV� ZHUH� PRGHOOHG� ZLWK� WHUPV� 3ORW�'DWH�� ZKLFK�
DFFRXQWV� IRU� WKH� FRUUHODWLRQV� LQGXFHG�E\�PHDVXULQJ� WKH� VDPH�SORW� UHSHDWHGO\��$�
UDQGRP�HIIHFW�IRU� WKH�HIIHFW�RI� WKH�GD\�RI�VDPSOLQJ�ZDV�DOVR�DGGHG��'D\(IIHFW���
7KH� IXOO�PRGHO� ILWWHG� IRU� WKH�:KDWDZKDWD�DQG�%DOODQWUDH� WULDOV�ZDV��<� �'DWH�
�
7UHDWPHQW����$VSHFW�RU�6ORSH�
'DWH���3ORW���'DWH���'D\(IIHFW��$Q�LQLWLDO�PRGHO�
VKRZHG�WKDW�WKHUH�ZDV�QR�LQWHUDFWLRQ�EHWZHHQ�WUHDWPHQW�DQG�DVSHFW�RU�VORSH��DQG�
WKHUHIRUH� QR� LQWHUDFWLRQ� WHUP�ZDV� LQFOXGHG� LQ� WKH�PRGHO��8VLQJ� D�PL[HG�PRGHO�
VPRRWKHU� DOORZV� XV� WR� H[WUDFW� HVWLPDWHV� IRU� WKH� 'DWH� FXUYHV� IRU� HDFK� RI� WKH�
WUHDWPHQWV� DIWHU� DOORZLQJ� IRU� WKH� HIIHFWV� RI� WKH� QXLVDQFH� YDULDEOHV� 3ORW� DQG�
'D\(IIHFW��%HFDXVH� WKHUH�ZDV� RQO\� RQH� VDPSOLQJ� VLWH� IRU� WKH� HDVW� DVSHFW� RI� WKH�
%OR3OR3� WUHDWPHQW� LQ� WKH� %DOODQWUDH� WULDO�� WKH� GHVLJQ� ZDV� QRW� EDODQFHG� DQG�
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WKHUHIRUH�ZH� DGMXVWHG� IRU� WKLV� XVLQJ� SDUWLDO� UHVLGXDO� SORWV�� 6WDQGDUG�$QDO\VLV� RI�
9DULDQFH�LQ�*HQ6WDW�Y����ZDV�XVHG�WR�DQDO\VH�WKH�RQH�RII�VRLO�VDPSOLQJ�IURP�WKH�
7H�.XLWL�WULDO���
�
�
���� 5HVXOWV��
������ 3DVWXUH�SURGXFWLRQ��
$�VXPPDU\�RI�SDVWXUH�SURGXFWLRQ�GDWD�IURP�WKH�WKUHH�KLOO�FRXQWU\�VXSHUSKRVSKDWH�
WULDOV�KDV�EHHQ�FRPSLOHG�DQG�LV�SUHVHQWHG�LQ�7DEOH������3DVWXUH�GDWD�ZDV�QRW�QHDUO\�
DV�FRPSOHWH�RU�FRPSUHKHQVLYH�DV�GDWD�IURP�WKH�:LQFKPRUH�VXSHUSKRVSKDWH� WULDO�
LQ� &KDSWHU� ��� ZLWK� D� QXPEHU� RI� \HDUV�ZKHQ� GDWD�ZDV� QRW� FROOHFWHG��$FURVV� WKH�
WKUHH�WULDOV��WRWDO�SDVWXUH�SURGXFWLRQ�ZDV���±�����ORZHU�LQ�XQIHUWLOLVHG�WUHDWPHQWV�
FRPSDUHG� WR� WUHDWPHQWV� UHFHLYLQJ� VXSHUSKRVSKDWH� �7DEOH� ������ $W� :KDWDZKDWD�
OHJXPH�SURGXFWLRQ�ZDV���±�����ORZHU�LQ�WKH�XQIHUWLOLVHG�WUHDWPHQWV�FRPSDUHG�WR�
IHUWLOLVHG� WUHDWPHQWV��ZKLOH� DW�7H�.XLWL� DQG�%DOODQWUDH� OHJXPH� SURGXFWLRQ� LQ� WKH�
XQIHUWLOLVHG�WUHDWPHQWV�ZDV���±�����ORZHU�WKDQ�IHUWLOLVHG�WUHDWPHQWV��DOWKRXJK�DW�
ERWK�7H�.XLWL�DQG�%DOODQWUDH�OHJXPH�GDWD�ZDV�RQO\�IRU�WZR�\HDUV���7DEOH�������7KH�
OHJXPH� SURGXFWLRQ� GDWD� UHSRUWHG� E\� /DPEHUW� HW� DO�� ������� IRU� %DOODQWUDH�� ZDV�
PXFK� ORZHU� WKDQ� YDOXHV� IRU� :KDWDZKDWD� DQG� 7H� .XLWL� �7DEOH� ������ +RZHYHU��
/DPEHUW� HW� DO�� ������� UHSRUWHG� OHJXPH� GDWD� DW� %DOODQWUDH� IRU� WKH� SHULRG� ����±
������ZKHUH�DYHUDJH�OHJXPH�'0�SURGXFWLRQ�ZDV������NJ�KD±��\±��DQG������NJ�KD±
��\±��IRU�%OR3�DQG�%KL3�UHVSHFWLYHO\��ZKLFK�ZDV�VLPLODU�WR�YDOXHV�IRU�:KDWDZKDWD�
DQG�7H�.XLWL� �7DEOH� ������ 7KLV� GLIIHUHQFH� LQ� OHJXPH� SURGXFWLRQ�PD\� KDYH� EHHQ�
EHFDXVH� RQH� VWXG\� �/DPEHUW� HW� DO��� ������ZDV� GXULQJ� WKH� ILUVW� IHZ� \HDUV� RI� WKH�
WULDOV� �DQG� PHDVXUHPHQWV� ZHUH� PDGH� DFURVV� DOO� VORSHV��� ZKLOH� WKH� RWKHU� VWXG\�
�/DPEHUW� HW� DO��� ������ZDV� a��� \HDUV� ODWHU�� DQG� VDPSOHV�ZHUH� RQO\� WDNHQ� IURP�
PRGHUDWH�VORSHV��VHH�IRRWQRWH�7DEOH��������
� �
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7DEOH�����6XPPDU\�RI�WRWDO�GU\�PDWWHU��'0��DQG�OHJXPH�'0�SURGXFWLRQ�IRU�WKH�:KDWDZKDWD��7H�
.XLWL�DQG�%DOODQWUDH�VXSHUSKRVSKDWH�WULDOV��$FWXDO�UDWHV�RI�VXSHUSKRVSKDWH�DSSOLHG�WR�HDFK�
WUHDWPHQW�DUH�VKRZQ�LQ�7DEOH�������

7ULDO�

3HULRG�
RYHU�
ZKLFK�
SDVWXUH�
GDWD�

FROOHFWHG�

6ORSH�
FDWHJRU\�
DQG�
UDQJH�
VORSHV�

7UHDWPHQW�
DEEUHYLDWL

RQ�

7RWDO�'0�
SURGXFWLRQ�
�NJ�KD±����
\±���

/HJXPH�
'0�

SURGXFWLRQ�
�NJ��KD±��
\±���

5HIHUHQFHV�

:KDWDZK
DWD�

����±
�����

(DV\�
��±����

:QR3� ������� ���� *LOOLQJKDP�	�
5LFKDUGVRQ���������
DQG�$J5HVHDUFK��
XQSXEOLVKHG�GDWD�

:KL3� ������� �����
6WHHS�
��±����

:QR3� ����� ����
:KL3� ����� �����

7H�.XLWL� �����	�
�����

(DV\�
��±����

7QR3� ����� ����
5RDFK�HW�DO���������7KL3� ������� �����

6WHHS�
��±����

7QR3� ����� ����
7KL3� ����� ����

%DOODQWUDH�
�

����±
�����D� �±!����E�

%OR3QR3� ����� ���� 7RWDO�'0�IURP�
/DPEHUW�HW�DO�����������
/HJXPH�'0�IURP�

/DPEHUW�HW�DO���������

%OR3� ����� ����
%KL3QR3� ����� ����
%KL3� ������� ����

D�/HJXPH�SURGXFWLRQ�GDWD�RQO\�IRU������DQG�������DQG�RQO\�IURP�PRGHUDWH�VORSHV��a������
E�7RWDO�SDVWXUH�SURGXFWLRQ�GDWD�IRU�%DOODQWUDH�LV�WKH�DYHUDJH�IURP�WKUHH�VORSH�FDWHJRULHV�VSDQQLQJ�
VORSHV�IURP���WR�!�����7KH�VRLO�VDPSOHV�DQDO\VHG�IRU�G��1�DW�%DOODQWUDH�ZHUH�IURP�VLWHV�RQ�
PRGHUDWH�VORSHV����±�������
�
�
������ 6RLO�G��1�
�������� %DOODQWUDH�
$W�%DOODQWUDH� DYHUDJH� VRLO�G��1�ZDV� VLPLODU� LQ� DOO� WUHDWPHQWV� DW� WKH� VWDUW� RI� WKH�
WULDO�� UDQJLQJ� IURP� DERXW� ���±���� Å� �)LJ�� ���D��� 2QO\� G��1� LQ� WKH� %KL3QR3�
WUHDWPHQW�LQFUHDVHG�VLJQLILFDQWO\�ZLWK�WLPH��DQG�DW�WKH�HQG�RI�WKH�WULDO�G��1�LQ�WKLV�
WUHDWPHQW� ZDV� KLJKHU� WKDQ� WKH� %KL3� DQG� %OR3� WUHDWPHQWV�� EXW� QRW� WKH� %OR3QR3�
WUHDWPHQW��)LJ�����D���,I�VRLO�G��1�ZDV�GULYHQ�E\�IHUWLOLVHU�DSSOLFDWLRQ�UDWHV��DQG�WKH�
IORZ�RQ� HIIHFWV� WR� SDVWXUH� SURGXFWLRQ� HWF��� WKH�%KL3� WUHDWPHQW�ZRXOG� KDYH� EHHQ�
H[SHFWHG� WR� KDYH� WKH� KLJKHVW� G��1� DQG� WKH� %OR3QR3� WUHDWPHQW� WKH� ORZHVW� G��1��
ZKLFK�ZDV�QRW� WKH�FDVH��$VSHFW�KDG�D�VLJQLILFDQW� LQIOXHQFH�RQ�G��1��ZLWK�YDOXHV�
IURP�HDVWHUO\�IDFLQJ�VORSHV�EHLQJ�RQ�DYHUDJH�����Å�KLJKHU�WKDQ�QRUWKZHVW�VORSHV�
�)LJ�����E��7DEOH�������7KH�DVSHFW�HIIHFW�ZDV�SUHVHQW�IURP�WKH�VWDUW�RI�WKH�WULDO�DQG�
WKH�PDJQLWXGH�GLG�QRW�FKDQJH�ZLWK�WLPH��)LJ�����E���
�
� �
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�
)LJ�� ����� $YHUDJH� VRLO� G��1� LQ� �D�� WKH� IRXU� WUHDWPHQWV� RI� WKH� %DOODQWUDH� VXSHUSKRVSKDWH� WULDO�
�DYHUDJHG�DFURVV�DVSHFWV���DQG��E��WKH�WZR�GLIIHUHQW�DVSHFWV��DYHUDJHG�DFURVV�WUHDWPHQWV���+DWFKHG�
EDQGV� DUH� ���� OHDVW� VLJQLILFDQW� LQWHUYDOV�� ZLWK� WUHDWPHQWV� RU� DVSHFWV� VLJQLILFDQWO\� GLIIHUHQW�
�S�������LI�EDQGV�GR�QRW�RYHUODS���
�
7DEOH� ���� 6RLO� G��1� YDOXHV� IRU� WKH� GLIIHUHQW� WUHDWPHQW�DVSHFW� FRPELQDWLRQV� LQ� WKH� %DOODQWUDH�
VXSHUSKRVSKDWH�WULDO��9DOXHV�DUH�WKH�DYHUDJH�IURP�WZR�UHSOLFDWH�SDGGRFNV�IRU�HDFK�DVSHFW��$FWXDO�
VXSHUSKRVSKDWH�ORDGLQJ�UDWHV�IRU�WKH�GLIIHUHQW�WUHDWPHQWV�DUH�VKRZQ�LQ�7DEOH������

<HDU� %KL3� %KL3QR3� %OR3� %OR3QR3�
(� 1:� (� 1:� (� 1:� (� 1:�

����� ����� ����� ����� ����� ����� ����� ����� �����
����� ����� ����� ����� ����� ����� ����� ����� �����
����� ����� ����� ����� ����� ����� ����� ����� �����
����� ����� ����� ����� ����� ����� ����� ����� �����
����� ����� ����� ����� ����� ����� ����� ����� �����
����� ����� ����� ����� ����� ����� ����� ����� �����
����� ����� ����� ����� ����� ����� ����� ����� �����
����� ����� ����� ����� ����� ����� ����� ����� �����
����� ����� ����� ����� ����� ����� ����� ����� �����
����� ����� ����� ����� ����� 1'� ����� ����� �����
����� ����� ����� ����� ����� 1'� ����� ����� �����
����� ����� ����� ����� ����� ����� ����� ����� �����
����� ����� ����� ����� ����� 1'� ����� ����� �����
����� ����� ����� ����� ����� ����� ����� ����� �����

$YHUDJH� ����� ����� ����� ����� ����� ����� ����� �����
1'�QRW�GHWHUPLQHG��
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�������� :KDWDZKDWD�DQG�7H�.XLWL�
$W�WKH�:KDWDZKDWD� WULDO� WKHUH�ZDV�QR�GLIIHUHQFH� LQ�G��1�EHWZHHQ�WUHDWPHQWV��RQ�
ERWK� VWHHS� DQG� HDV\� VORSHV�� GHVSLWH� WKH� YHU\� ODUJH� GLIIHUHQFH� LQ� VXSHUSKRVSKDWH�
DSSOLFDWLRQ� UDWHV� �)LJ�����D���$YHUDJHG�DFURVV� WUHDWPHQWV��G��1�RI� VRLOV� IURP� WKH�
VWHHS�VORSHV�ZDV�VLJQLILFDQWO\�ORZHU��DYHUDJH�����Å�ORZHU��WKDQ�HDV\�VORSHV��)LJ��
���E��7DEOH�������7KH�VORSH�HIIHFW�ZDV�SUHVHQW�DW�WKH�VWDUW�RI�WKH�WULDO�DQG�GLG�QRW�
FKDQJH�VLJQLILFDQWO\�GXULQJ�WKH�WULDO��7KHUH�ZDV�D�VLJQLILFDQW��S�������LQFUHDVH�LQ�
VRLO�G��1�EHWZHHQ�WKH�VWDUW�DQG�HQG�RI�WKH�WULDO��RQ�ERWK�VWHHS�DQG�HDV\�VORSHV��)LJ��
���E���$W�7H�.XLWL��WKHUH�ZDV�QR�GLIIHUHQFH�LQ�VRLO�G��1�EHWZHHQ�WKH�WZR�IHUWLOLVHU�
WUHDWPHQWV�� +RZHYHU�� OLNH� DW� :KDWDZKDWD� G��1� ZDV� VLJQLILFDQWO\� ORZHU� RQ� WKH�
VWHHS�VORSHV�������Å��WKDQ�HDV\�VORSHV�������Å���)LJ�����E��7DEOH��������

�
)LJ�� �����$YHUDJH� VRLO� G��1� LQ� �D�� WKH� WZR� WUHDWPHQWV� RI� WKH�:KDWDZKDWD� VXSHUSKRVSKDWH� WULDO�
�DYHUDJHG� DFURVV� VORSHV��� DQG� �E�� WKH� WZR� GLIIHUHQW� VORSHV� �DYHUDJHG� DFURVV� WUHDWPHQWV��� $OVR�
VKRZQ�LQ��E��DUH�WKH�DYHUDJH�YDOXHV�IRU�HDFK�VORSH�LQ�WKH�7H�.XLWL�VXSHUSKRVSKDWH�WULDO�IURP�WKH�
VDPSOLQJ� LQ� ����� �ODUJHU� V\PEROV� ZLWK� FRQYHQWLRQDO� HUURU� EDUV��� +DWFKHG� EDQGV� IRU� WKH�
:KDWDZKDWD� GDWD� DUH� ���� OHDVW� VLJQLILFDQW� LQWHUYDOV�� ZLWK� WUHDWPHQWV� RU� VORSHV� VLJQLILFDQWO\�
GLIIHUHQW� �S������� LI� EDQGV� GR� QRW� RYHUODS�� (UURU� EDUV� IRU� WKH� 7H� .XLWL� GDWD� DUH� ���� OHDVW�
VLJQLILFDQW�GLIIHUHQFHV��ZKLFK�GR�QRW�RYHUODS�DQG�VR�WKH�WZR�VORSHV�DUH�VLJQLILFDQWO\�GLIIHUHQW����
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7DEOH�����6RLO�G��1�YDOXHV�IRU�WKH�GLIIHUHQW�WUHDWPHQW�VORSH�FRPELQDWLRQV�LQ�WKH�:KDWDZKDWD�DQG�
7H�.XLWL�VXSHUSKRVSKDWH�WULDOV��$W�:KDWDZKDWD�YDOXHV�DUH�WKH�DYHUDJH�IURP�WZR�UHSOLFDWH�SDGGRFNV�
IRU�HDFK�VORSH��ZKLOH�DW�7H�.XLWL�YDOXHV�DUH�WKH�DYHUDJH�RI�VL[�UHSOLFDWH�SDGGRFNV�IRU�HDFK�VORSH��
6WHHS�DQG�HDV\�VORSH�VLWHV�ZHUH�ORFDWHG�LQ�WKH�VDPH�SDGGRFNV��$FWXDO�VXSHUSKRVSKDWH�ORDGLQJ�UDWHV�
IRU�WKH�GLIIHUHQW�WUHDWPHQWV�DUH�VKRZQ�LQ�7DEOH������
:KDWDZKDWD�

<HDU�
:QR3� :KL3�

(DV\� 6WHHS� (DV\� 6WHHS�
����� ����� ����� ����� �����
����� ����� ����� ����� �����
����� ����� ����� ����� �����
����� ����� ����� ����� �����
����� ����� ����� ����� �����
����� ����� ����� ����� �����
����� ����� ����� ����� �����
����� ����� ����� ����� �����
����� ����� ����� ����� �����
����� ����� ����� ����� �����

$YHUDJH� ����� ����� ����� �����
� � � � �7H�.XLWL� 7QR3� 7KL3�

����� ����� ����� ����� �����
�
�
�
���� 'LVFXVVLRQ�
������ 7UHDWPHQW�HIIHFWV�RQ�VRLO�G��1�
%DVHG�RQ�UHVXOWV�IURP�WKH�:LQFKPRUH�VXSHUSKRVSKDWH�WULDO��DQG�LUULJDWLRQ�WULDO��LQ�
&KDSWHU���� LW�ZDV�H[SHFWHG� WKDW� LQ� WKH�FXUUHQW� VWXG\�� VRLO�G��1�ZRXOG�KDYH�EHHQ�
KLJKHU�LQ�WKH�WUHDWPHQWV�UHFHLYLQJ�KLJKHU�UDWHV�RI�VXSHUSKRVSKDWH��6XSHUSKRVSKDWH�
ZDV�H[SHFWHG�WR�DIIHFW�VRLO�G��1�E\� LQFUHDVLQJ�SDVWXUH�SURGXFWLRQ��1�IL[DWLRQ�E\�
FORYHU�� JUD]LQJ� LQWHQVLW\� DQG� LVRWRSH� IUDFWLRQDWLQJ� ORVV� SURFHVVHV� �H�J�� DPPRQLD�
YRODWLOLVDWLRQ���+RZHYHU��QR�FRQVLVWHQW�GLIIHUHQFHV�LQ�VRLO�G��1�GHYHORSHG�EHWZHHQ�
WUHDWPHQWV�LQ�DQ\�RI�WKH�WKUHH�KLOO�FRXQWU\�WULDOV��GHVSLWH�WKH�H[SHFWHG�GLIIHUHQFHV�
LQ�SDVWXUH�SURGXFWLRQ�DQG�JUD]LQJ�LQWHQVLW\��7DEOH�����DQG�7DEOH�������$�QXPEHU�
RI�VWXGLHV� LQ� WKH� OLWHUDWXUH�KDYH�DOVR�UHSRUWHG�QR�GLIIHUHQFH� LQ�VRLO�G��1�EHWZHHQ�
GLIIHUHQW�JUD]LQJ�UHJLPHV��/HGJDUG�HW�DO���������1HLOVRQ�HW�DO���������&RRN��������
+DQ� HW� DO��� ������;X� HW� DO��� �������2QH� OLNHO\� FDXVH� IRU� WKH� ODFN� RI� GLIIHUHQFHV�
REVHUYHG�EHWZHHQ�WUHDWPHQWV�LQ�WKH�FXUUHQW�WULDOV��DQG�RWKHU�SXEOLVKHG�VWXGLHV��LV�
WKDW� DQ\�GLIIHUHQFHV�ZHUH� VLPSO\� WRR� VPDOO� WR�GHWHFW� DJDLQVW� D� ODUJH�EDFNJURXQG�
SRRO�RI�VWDEOH�VRLO�1��-RKDQQLVVRQ�DQG�+|JEHUJ��������;X�HW�DO�����������
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7KH� OHDVW� VLJQLILFDQW� LQWHUYDOV� LQ� )LJ�� ���D� DQG� )LJ�� ���D�� LQGLFDWH� WKH� VL]H� RI�
GHWHFWDEOH�GLIIHUHQFHV�LQ�G��1�EHWZHHQ�WUHDWPHQWV��JLYHQ�WKH�GHVLJQV�DQG�VDPSOLQJ�
UHJLPHV� XVHG�� $W� WKH� HQG� RI� WKH� WULDOV�� D� GLIIHUHQFH� RI� DERXW� ���� Å� EHWZHHQ�
WUHDWPHQWV�ZRXOG�KDYH�EHHQ�GHWHFWDEOH�DW�:KDWDZKDWD��DQG�D�GLIIHUHQFH�RI�����Å�
7H�.XLWL��7KHUHIRUH�WKH�REVHUYHG�GLIIHUHQFHV�RI�a�����Å�DQG������Å�EHWZHHQ�WKH�
QR� 3� IHUWLOLVHU� DQG� KLJK� 3� IHUWLOLVHU� WUHDWPHQWV� LQ� WKH�:KDWDZKDWD� DQG� 7H�.XLWL�
WULDOV� UHVSHFWLYHO\� ZHUH� IDU� IURP� VLJQLILFDQW�� 9DULDWLRQ� ZDV� PXFK� JUHDWHU� DW�
%DOODQWUDH�DQG�GLIIHUHQFHV�EHWZHHQ�WUHDWPHQWV�ZRXOG�KDYH�QHHGHG�WR�EH�!�����Å�
WR� EH� GHWHFWDEOH� DW� WKH� HQG� RI� WKH� WULDO�� 7KHUHIRUH� WKH� GLIIHUHQFHV� EHWZHHQ� WKUHH�
WUHDWPHQWV�DW�%DOODQWUDH�ZHUH�IDU�IURP�VLJQLILFDQW��EXW�WKH�%KL3QR3�WUHDWPHQW�KDG�
VLJQLILFDQWO\�KLJKHU�G��1�WKDQ�WZR�RI�WKH�RWKHU�WUHDWPHQWV��)LJ�����D���,W�LV�XQFOHDU�
ZK\� G��1� LQFUHDVHG� VLJQLILFDQWO\� LQ� WKH� %KL3QR3� WUHDWPHQW� EXW� QRW� WKH� RWKHU�
WUHDWPHQWV�� DQG�ZK\� WKH�%KL3KL3� WUHDWPHQW�KDG� WKH� ORZHVW�G��1��)LJ�����D���:H�
ZRXOG� KDYH� H[SHFWHG� WKH� WZR� µKLJK� 3¶� WUHDWPHQWV� WR� EH� WKH� PRVW� VLPLODU�� DQG�
KLJKHU� WKDQ� WKH� WZR� µORZ� 3¶� WUHDWPHQWV�� � 2QH� SRVVLEOH� H[SODQDWLRQ� IRU� WKLV�
XQH[SHFWHG�RUGHULQJ� RI� WKH�%DOODQWUDH� WUHDWPHQWV�ZDV� WKDW� WKH� GLIIHUHQW� IDUPOHWV�
ZHUH�QRW�UHSOLFDWHG��DQG�SDGGRFNV�ZHUH�QRW�UDQGRPO\�DOORFDWHG�WR�WKH�UHVSHFWLYH�
IDUPOHWV�� 7KHUHIRUH� VLWH� VSHFLILF� IDFWRUV� UHODWHG� HDFK� IDUPOHW� PD\� KDYH� EHHQ�
JUHDWHU�WKDQ�DQ\�WUHDWPHQW�HIIHFW��
�
$QRWKHU� FRQWULEXWLQJ� IDFWRU� IRU� WKH� ODFN� RI� GLIIHUHQFHV� REVHUYHG� EHWZHHQ�
WUHDWPHQWV�LQ�WKH�KLOO�FRXQWU\�WULDOV��PD\�KDYH�EHHQ�WKDW�WULDO�GXUDWLRQ�WRR�VKRUW�IRU�
GLIIHUHQFHV�WR�EHFRPH�DSSDUHQW��L�H��PXFK�VKRUWHU�WKDQ�WKH�:LQFKPRUH�WULDOV����±
��� FI� a��� \HDUV���'LIIHUHQFHV� LQ� SDVWXUH� SURGXFWLRQ� DQG� VWRFNLQJ� UDWHV� EHWZHHQ�
WUHDWPHQWV� ZHUH� DOVR� QRW� TXLWH� DV� H[WUHPH� LQ� WKH� KLOO� FRXQWU\� WULDOV�� DV� DW�
:LQFKPRUH� �VHH�7DEOH�����DQG�7DEOH�������PHDQLQJ�GLIIHUHQFHV� LQ�1� LQSXWV� DQG�
WRWDO�1�F\FOLQJ�ZRXOG�KDYH�EHHQ� ORZHU�� WKHUHIRUH�SURYLGLQJ� OHVV�RSSRUWXQLW\� IRU�
GLIIHUHQFHV� LQ� LVRWRSH� IUDFWLRQDWLQJ�1� ORVVHV�� ,Q� DGGLWLRQ�� WKH� FRPSOH[� WHUUDLQ� LQ�
WKH�KLOO� FRXQWU\� WULDOV� OLNHO\� LQWURGXFHG�PRUH�YDULDELOLW\�EHWZHHQ� VDPSOLQJ� VLWHV��
EHFDXVH� VXEWOH� GLIIHUHQFHV� LQ� WRSRJUDSK\� DQG� DVSHFW� FRXOG� KDYH� LQIOXHQFHG��
SDVWXUH� SURGXFWLRQ�� VRLO� SURSHUWLHV�� VWRFN� EHKDYLRXU� DQG� WKHUHIRUH� VRLO�G��1� �VHH�
GLVFXVVLRQ�LQ�VHFWLRQ�����������
�



� +LOO�FRXQWU\�VXSHUSKRVSKDWH�WULDOV� &KDSWHU���
�

�

���

'LIIHUHQFHV� LQ� HURVLRQ� EHWZHHQ� WUHDWPHQWV� FRXOG� KDYH� DOVR� FRQWULEXWHG� WR� WKH�
DEVHQFH�RI�GLIIHUHQFHV�LQ�G��1��,Q�WKH�ORZ�RU�QLO�VXSHUSKRVSKDWH�WUHDWPHQWV��WKHUH�
ZDV�XVXDOO\�D�WKLFN�OD\HU�RI� WKDWFK�RQ�WKH�VRLO�VXUIDFH��ZKLOH�LQ�WKH�KLJK�IHUWLOLW\�
WUHDWPHQWV�WKLV�WKDWFK�OD\HU�ZDV�ODUJHO\�DEVHQW��7KHUHIRUH�HURVLRQ�RI�FOD\�DQG�VLOW�
VL]H� SDUWLFOHV� HQULFKHG� ZLWK� ��1� �/HGJDUG� HW� DO��� ������ )R[� DQG� 3DSDQLFRODRX��
������� PD\� KDYH� EHHQ� KLJKHU� IURP� WKH� KLJK� IHUWLOLW\� WUHDWPHQWV�� DQG� WKLV� FRXOG�
KDYH� RIIVHW� DQ\� ��1� HQULFKPHQW� GXH� WR� JUHDWHU� PDQDJHPHQW� LQWHQVLW\��
0HDVXUHPHQWV�RI�HURVLRQ� UDWHV�DQG� WKH�G��1�YDOXH�RI�HURGHG�VHGLPHQW�ZRXOG�EH�
UHTXLUHG�WR�WHVW�WKLV�K\SRWKHVLV��
�
+LJKHU� OHJXPH� SURGXFWLRQ� LQ� WKH� WUHDWPHQWV� UHFHLYLQJ� PRUH� VXSHUSKRVSKDWH�
�7DEOH� ����� ZRXOG� KDYH� LQFUHDVHG�1� IL[DWLRQ�� 7KHUHIRUH� WKHVH� WUHDWPHQWV� PLJKW�
KDYH� EHHQ� H[SHFWHG� WR� KDYH� JUHDWHU� DFFXPXODWLRQ� RI� VRLO� 1� �GHSOHWHG� LQ� ��1��
EHFDXVH�IL[HG�1�JHQHUDOO\�KDV�GHOWD�YDOXHV�RI�a��Å���DQG�WKLV�FRXOG�KDYH�RIIVHW�
DQ\� LQFUHDVH� LQ� LVRWRSH� IUDFWLRQDWLQJ� 1� ORVVHV� GXH� WR� LQFUHDVHG� 1� LQSXWV� DQG�
JUD]LQJ� LQWHQVLW\� �/HGJDUG� HW� DO��� ������� +RZHYHU�� IRU� WKH� VRLOV� DQDO\VHG� DW�
%DOODQWUDH��:KDWDZKDWD�DQG�7H�.XLWL��WKHUH�ZHUH�QR�GLIIHUHQFHV�LQ�WRWDO�QLWURJHQ�
EHWZHHQ� WUHDWPHQWV�� DQG� WRWDO� QLWURJHQ� GLG� QRW� FKDQJH� VLJQLILFDQWO\� ZLWK� WLPH��
7KHUHIRUH� LW� VHHPV�XQOLNHO\� WKDW�JUHDWHU� DFFXPXODWLRQ�RI� IL[HG�1�ZLWK� ORZ�GHOWD�
YDOXHV� LQ� WKH� KLJK�3� WUHDWPHQWV�ZRXOG� KDYH� FRQWULEXWHG� WR� WKH� ODFN� RI� REVHUYHG�
GLIIHUHQFHV� EHWZHHQ� WUHDWPHQWV�� +RZHYHU�� LW� LV� SRVVLEOH� WKDW� ROGHU� VRLO� 1� ZDV�
SUHIHUHQWLDOO\� ORVW� DQG�ZDV� UHSODFHG� E\�PRUH� UHFHQWO\� IL[HG�1�ZLWK� ORZHU� GHOWD�
YDOXHV� �.ULV]DQ� HW� DO��� ������� DQG� WKDW� WKLV� HIIHFW� ZDV� JUHDWHU� LQ� WKH� KLJK� 3�
WUHDWPHQWV��VHH�/DPEHUW�HW�DO�����������
�
������ (IIHFW�RI�VORSH�DQG�DVSHFW�RQ�VRLO�G��1�
:KLOH� QR� FRQVLVWHQW� GLIIHUHQFHV� ZHUH� REVHUYHG� EHWZHHQ� WUHDWPHQWV�� VORSH� DQG�
DVSHFW�GLG�KDYH�D�FRQVLVWHQW�HIIHFW��$W�%DOODQWUDH�G��1�ZDV�KLJKHU��E\�����Å��DW�
VLWHV�ZLWK�HDVW�DVSHFWV� WKDQ�QRUWK�ZHVW�DVSHFWV��DQG�DW�:KDWDZKDWD�DQG�7H�.XLWL�
HDV\� VORSHV� KDG� KLJKHU� G��1� WKDQ� VWHHS� VORSHV� �����Å� DQG� �����Å� KLJKHU� IRU�
:KDWDZKDWD�DQG�7H�.XLWL�UHVSHFWLYHO\����
�
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�������� $VSHFW�
7KH� DVSHFW� HIIHFW� DW� %DOODQWUDH� ZDV� SUHVHQW� IURP� WKH� VWDUW� RI� WKH� WULDO� DQG� WKH�
PDJQLWXGH�GLG�QRW�FKDQJH�ZLWK�WLPH��)LJ�����E��7KLV�VXJJHVWV�WKDW�LW�ZDV�SUREDEO\�
D� UHOLF� IHDWXUH�ZKLFK�GHYHORSHG�XQGHU� WKH�SUHYLRXV� IDUP�PDQDJHPHQW� UHJLPH�RU�
SRWHQWLDOO\�XQGHU� QDWLYH� IRUHVW� SULRU� WR� ODQG� FOHDUDQFH� IRU� SDVWXUH��$W�%DOODQWUDH�
WKHUH� ZDV� D� VWURQJ� SUHYDLOLQJ� ZLQG� IURP� WKH� 1:�� ZKLOH� (� VORSHV� ZHUH� PRUH�
VKHOWHUHG�� 7KH� GLIIHUHQFHV� LQ� ZLQG� YHORFLW\� EHWZHHQ� WKH� WZR� DVSHFWV� PD\� KDYH�
LQIOXHQFHG� ERWK� WKH� SURGXFWLYLW\� DQG� VSHFLHV� FRPSRVLWLRQ� RI� QDWLYH� YHJHWDWLRQ�
SULRU� WR� FOHDUDQFH��ZKLFK� FRXOG� KDYH� KDG� IORZ�RQ� HIIHFWV� WR�1� F\FOLQJ� DQG� ORVV�
SURFHVVHV�� ,I� WKLV� ZDV� WKH� FDVH� LW� ZRXOG� KDYH� RFFXUUHG� IRU� KXQGUHGV� RI� \HDUV��
ZKLFK�LV�DPSOH�WLPH�RI�WKH�UHODWLYHO\�VPDOO�GLIIHUHQFHV�LQ�G��1�WR�KDYH�GHYHORSHG��
$QRWKHU�SRVVLEOH�FDXVH�IRU� WKH�DVSHFW�HIIHFW��ZDV�WKDW�WKH�VWURQJ�SUHYDLOLQJ�ZLQG�
IURP� WKH� 1:� FDXVHG� VKHHS� WR� VSHQG� PRUH� WLPH� RQ� VKHOWHUHG� (� IDFLQJ� VORSHV��
ZKLFK�UHVXOWHG�LQ�JUHDWHU�GXQJ�DQG�XULQH�GHSRVLWLRQ�DQG�D�WUHQG�IRU�KLJKHU�IHUWLOLW\�
RQ� (� VORSHV� �/DPEHUW� DQG� 5REHUWV�� ������ /DPEHUW� HW� DO��� ������ 6DJJDU� HW� DO���
�������+LJKHU� UDWHV� RI� H[FUHWD� GHSRVLWLRQ�RQ� WKH�(� VORSHV� FRXOG�KDYH� IDFLOLWDWHG�
JUHDWHU� LVRWRSH� IUDFWLRQDWLQJ�1� ORVVHV� DQG� WKXV� WKH� ��1�HQULFKPHQW�ZH�REVHUYHG�
�)UDQN�DQG�(YDQV��������+DZNH��������)UDQN�HW�DO����������3DVWXUH�SURGXFWLRQ�RQ�
(�DQG�1:�VORSHV�DW�%DOODQWUDH�ZDV�YLUWXDOO\�WKH�VDPH��/DPEHUW�HW�DO����������
�
�������� 6ORSH�
7KHUH�DUH�D�QXPEHU�RI�SRVVLEOH�H[SODQDWLRQV�IRU�WKH�ORZHU�G��1�RQ�WKH�VWHHS�VORSHV�
FRPSDUHG�WR�HDV\�VORSHV�DW�:KDWDZKDWD�DQG�7H�.XLWL��$V�IRU�DVSHFW�DW�%DOODQWUDH��
WKH� VORSH� HIIHFW� ZDV� SUHVHQW� DW� :KDWDZKDWD� DW� WKH� VWDUW� RI� WKH� WULDO�� ZKLFK�
VXJJHVWHG� WKDW� WKH�GLIIHUHQFH�EHWZHHQ�VORSHV�GHYHORSHG�XQGHU� WKH�SUHYLRXV� IDUP�
PDQDJHPHQW�RU�XQGHU�WKH�QDWLYH�IRUHVW�SULRU�WR�ODQG�FOHDUDQFH��7RWDO�SDVWXUH��DQG�
FORYHU� SURGXFWLRQ� RQ� WKH� VWHHS� VORSHV� ZHUH� DERXW� ��±���� ORZHU� WKDQ� RQ� HDV\�
VORSHV� DW�:KDWDZKDWD� DQG�7H�.XLWL� �7DEOH� ������ /RZHU� WRWDO� SDVWXUH� DQG� FORYHU�
SURGXFWLRQ�RQ�VWHHS�VORSHV�ZRXOG�KDYH�OHG�WR�D�UHGXFWLRQ�LQ�WRWDO�1�LQSXWV��F\FOLQJ�
DQG� ORVVHV�� SURYLGLQJ� OHVV� RSSRUWXQLW\� IRU� LVRWRSLF� IUDFWLRQDWLRQ�� /RZHU� SDVWXUH�
SURGXFWLRQ�ZRXOG�KDYH�DOVR�OHG�WR�ORZHU�LQSXWV�RI�GXQJ�DQG�XULQH�RQ�VWHHS�VORSHV��
DQG�WKLV�ZRXOG�KDYH�EHHQ�DFFHQWXDWHG�IXUWKHU�EHFDXVH�LQ�KLOO�FRXQWU\�WKHUH�LV�D�QHW�
WUDQVIHU�RI�H[FUHWD�IURP�VWHHS�VORSHV�WR�IODWWHU�DUHDV�ZKHUH�DQLPDOV�WHQG�WR�FDPS�
�6DJJDU�HW�DO���������:LOOLDPV�DQG�+D\QHV���������%HFDXVH�SODQWV�DUH�GHSOHWHG�LQ�
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��1�UHODWLYH�WR�VRLO��QHW�WUDQVSRUW�LQ�H[FUHWD�IURP�VWHHS�WR�HDV\�VORSHV��VKRXOG�OHDG�
WR�D�GHFUHDVH� LQ�VRLO�G��1�RQ�WKH�VWHHS�VORSHV��)XUWKHU��KLJKHU�H[FUHWD�GHSRVLWLRQ�
DQG� UHVXOWLQJ� LQFUHDVHV� LQ� 1� ORVVHV�� RQ� WKH� HDV\� VORSHV� ZRXOG� KDYH� OLNHO\�
FRQWULEXWHG� WR� WKH� KLJKHU� VRLO� G��1� RQ� HDV\� VORSHV� �)UDQN� DQG� (YDQV�� ������
+DZNH��������)UDQN�HW�DO����������5HFHQWO\��+RRJHQGRRUQ�DQG�'HYDQWLHU��������
GHPRQVWUDWHG� WKDW� 1� OHDFKLQJ� ORVVHV� ZHUH� VLJQLILFDQWO\� KLJKHU� RQ� HDV\� VORSHV�
UHODWLYH� WR� VWHHS�VORSHV� LQ�KLOO� FRXQWU\�SDVWXUHV��3URGXFWLYLW\�RI� WKH�QDWLYH� IRUHVW�
SULRU� WR�FOHDUDQFH�IRU�SDVWXUH�ZRXOG�KDYH�DOVR� OLNHO\�EHHQ�KLJKHU�RQ�HDV\�VORSHV�
DQG� WKHUHIRUH�1�F\FOLQJ�DQG� LVRWRSH� IUDFWLRQDWLQJ� ORVV�SURFHVVHV�PD\�KDYH�EHHQ�
JUHDWHU�WKDQ�RQ�WKH�VWHHS�VORSHV���
�
$QRWKHU� SRVVLEOH� FDXVH� IRU� WKH� ORZHU�G��1�RQ� WKH� VWHHS� VORSHV�ZDV� WKDW� HURVLRQ�
ZRXOG�KDYH�EHHQ�KLJKHU��$PXQGVRQ�HW�DO�� ������� IRXQG� WKDW� DV� VORSH� LQFUHDVHG��
VRLO� G��1� YDOXHV� GHFUHDVHG�� 7KH\� DUJXHG� WKDW� JUHDWHU� HURVLRQ� RQ� VWHHSHU� VORSHV�
ZRXOG�GHFUHDVH�VRLO�UHVLGHQFH�WLPH��DQG�WKXV�WLPH�IRU�LVRWRSLF�IUDFWLRQDWLRQ�DQG�1�
ORVVHV� WR� RFFXU��� DQG� WKHUHIRUH� VRLO� G��1� YDOXHV� ZRXOG� EH� PRUH� VLPLODU� WR�
DWPRVSKHULF�1� LQSXWV� �G��1�RI�a��Å��FRPSDUHG� WR� VRLOV�RQ�HDVLHU� VORSHV�ZKHUH�
UHVLGHQFH�WLPH�ZDV� ORQJHU��(URVLRQ�DOVR� WHQGV� WR�SUHIHUHQWLDOO\�UHPRYH�ILQHU�VRLO�
SDUWLFOHV�ZKLFK� DUH�XVXDOO\� HQULFKHG� LQ� ��1� UHODWLYH� WR�EXON� VRLO� �/HGJDUG� HW� DO���
������7LHVVHQ�HW�DO���������*HU]DEHN�HW�DO���������)R[�DQG�3DSDQLFRODRX���������
ZKLFK�FRXOG�KDYH�FRQWULEXWHG� WR� ORZHU�G��1�RQ�VWHHS�VORSHV��)XUWKHU� UHVHDUFK� LV�
UHTXLUHG�WR�PRUH�IXOO\�XQGHUVWDQG�WKH�LQIOXHQFH�RI�VORSH�DQG�DVSHFW�RQ�VRLO�G��1��
�
�
���� &RQFOXVLRQ�
,Q� FRQWUDVW� WR� WKH� UHVXOWV� IURP� WKH� WZR� ORQJ�WHUP� ILHOG� WULDOV� DW�:LQFKPRUH� �VHH�
&KDSWHU� ���� WKHUH� ZHUH� QR� FRQVLVWHQW� GLIIHUHQFHV� LQ� VRLO� G��1� EHWZHHQ�
VXSHUSKRVSKDWH�IHUWLOLVHU�WUHDWPHQWV�LQ�WKH�WKUHH�1RUWK�,VODQG�KLOO�FRXQWU\�WULDOV��,W�
LV�XQFOHDU�H[DFWO\�ZK\�GLIIHUHQFHV�ZHUH�QRW�REVHUYHG�LQ�WKH�KLOO�FRXQWU\�WULDOV��EXW�
LW�PD\�KDYH�EHHQ�UHODWHG�WR�WKH�VKRUWHU�GXUDWLRQ�RI�WKH�WULDOV��VPDOOHU�GLIIHUHQFHV�LQ�
SDVWXUH�SURGXFWLRQ�EHWZHHQ�WUHDWPHQWV��GLIIHUHQFHV�LQ�HURVLRQ�EHWZHHQ�WUHDWPHQWV�
�GXH� WR� GLIIHUHQFHV� LQ� WKDWFK� EXLOG�XS��� RU� KLJKHU� YDULDELOLW\� GXH� WR� FRPSOH[�
WRSRJUDSK\��,QGHHG��VORSH�DQG�DVSHFW�GLG�KDYH�D�VLJQLILFDQW�LQIOXHQFH�RQ�VRLO�G��1�
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ZLWK�KLJKHU�YDOXHV�RQ�VKHOWHUHG�HDVW�IDFLQJ�VORSHV�DW�%DOODQWUDH�DQG�RQ�HDV\�VORSHV�
WKDQ�VWHHS�VORSHV�DW�:KDWDZKDWD�DQG�7H�.XLWL���
�
6RLO�G��1�FRXOG�WKHUHIRUH�EH�D�XVHIXO�LQGLFDWRU�RI�SDVW�PDQDJHPHQW�LQWHQVLW\�DQG�
1� ORVVHV� IURP� IODW� SDVWRUDO� VLWHV� �VHH� &KDSWHU� ���� EXW� WKH� ODFN� RI� GLIIHUHQFHV�
REVHUYHG� EHWZHHQ� WUHDWPHQWV�� FRPELQHG� ZLWK� WKH� VLJQLILFDQW� LQIOXHQFH� RI� VORSH�
DQG�DVSHFW�LQ�WKH�KLOO�FRXQWU\�WULDOV�ZLOO�FRPSOLFDWH�WKH�XVH�RI�G��1�DV�DQ�LQGLFDWRU�
RI�SDVW�PDQDJHPHQW� LQWHQVLW\� DQG�PDQDJHPHQW� LQGXFHG�1� ORVVHV� LQ�KLOO� FRXQWU\�
DUHDV��6RLO�G��1�PD\�KRZHYHU�EH�D�XVHIXO�WRRO�IRU�LPSURYLQJ�RXU�XQGHUVWDQGLQJ�RI�
1� F\FOLQJ� DQG� ORVV� SURFHVVHV� RFFXUULQJ� RQ� GLIIHUHQW� VORSHV� DQG� DVSHFWV� LQ� KLOO�
FRXQWU\�SDVWXUHV��DQG�WKLV�ZDUUDQWV�IXUWKHU�UHVHDUFK���
�
�
�
$FNQRZOHGJHPHQWV��
:H�ZRXOG�OLNH�WR�DFNQRZOHGJH�WKH�PDQ\�VFLHQWLVWV��WHFKQLFLDQV�DQG�IDUP�
PDQDJHUV�ZRUNHUV�IURP�$J5HVHDUFK��ZKR�VHW�XS�DQG�PDLQWDLQHG�WKH�WKUHH�WULDOV��
DQG�DOVR�VDPSOHG�DQG�DUFKLYHG�VRLOV��%ULGJHW�:LVH�LV�WKDQNHG�IRU�IDFLOLWDWLQJ�
DFFHVV�WR�WKH�DUFKLYHG�VRLOV��DQG�/RXLV�)LVN�IRU�VDPSOH�SUHSDUDWLRQ��2SHUDWLRQDO�
IXQGLQJ��DQG�VWLSHQG�IXQGLQJ�IRU�3��0XGJH�ZDV�IURP�WKH�)RXQGDWLRQ�IRU�5HVHDUFK�
6FLHQFH�DQG�7HFKQRORJ\�YLD�D�VXEFRQWUDFW�ZLWK�*16�6FLHQFH��&��;�������3��
0XGJH�ZDV�DOVR�JUDWHIXO�WR�UHFHLYH�IXQGLQJ�IURP�WKH�:LOI�DQG�5XWK�0DOFROP�
3RVWJUDGXDWH�6FKRODUVKLS�DGPLQLVWHUHG�E\�WKH�8QLYHUVLW\�RI�:DLNDWR�
� �
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�� ,QIOXHQFH�RI�QLWURJHQ�IHUWLOLVHU�ORDGLQJ�
UDWH�RQ�VRLO�&��1�DQG�G��1�LQ�D�VKHHS�
JUD]HG�KLOO�FRXQWU\�SDVWXUH�

�
�
3�/��0XGJHD�� E��/�$��6FKLSSHUD��$��*KDQLE��&��-��+RRJHQGRRUQF��0��8SVGHOOE��:��
7��%DLVGHQG��%��3��'HYDQWLHUF���
�
�
D'HSDUWPHQW� RI� (DUWK� DQG� 2FHDQ� 6FLHQFHV�� 8QLYHUVLW\� RI�:DLNDWR�� 3ULYDWH� %DJ�
������+DPLOWRQ�������1HZ�=HDODQG��
�
E$J5HVHDUFK��5XDNXUD�5HVHDUFK�&HQWUH��3ULYDWH�%DJ�������+DPLOWRQ�������1HZ�
=HDODQG�
�
F$J5HVHDUFK��*UDVVODQGV�5HVHDUFK�&HQWUH��3ULYDWH�%DJ��������3DOPHUVWRQ�1RUWK�
������1HZ�=HDODQG�
�
G1DWLRQDO�,VRWRSH�&HQWUH��*16�6FLHQFH��/RZHU�+XWW��1HZ�=HDODQG�
�
�
7KH�FRQWULEXWLRQ�RI�DXWKRUV�ZDV�DV�IROORZV���

7KH� ILHOG� WULDO� LQYHVWLJDWHG� LQ� WKLV� VWXG\�ZDV� LQLWLDWHG� DQG�PDLQWDLQHG�E\�
VWDII� DW� $J5HVHDUFK� LQ� 3DOPHUVWRQ� 1RUWK� �H�J�� %� 'HYDQWLHU� DQG� &�
+RRJHQGRRUQ��� 3DXO�0XGJH� DQG� /RXLV� 6FKLSSHU� REWDLQHG� DUFKLYHG� VRLOV�
IURP�WKH�WULDO�DQG�DQDO\VHG�WKHP�IRU�QDWXUDO�DEXQGDQFH�QLWURJHQ�LVRWRSHV��
&RE\�+RRJHQGRRUQ�SURYLGHG�GDWD�RQ�SDVWXUH�SURGXFWLRQ��1�OHDFKLQJ��DQG�
WRWDO� FDUERQ� DQG� QLWURJHQ�� 3DXO� 0XGJH� FDUULHG� RXW� GDWD� DQDO\VLV� ZLWK�
VWDWLVWLFDO�VXSSRUW�IURP�0DUWLQ�8SVGHOO��3DXO�0XGJH�ZURWH�WKH�PDQXVFULSW�
ZKLFK� ZDV� SULPDULO\� UHYLHZHG� E\� /RXLV� 6FKLSSHU�� $QZDU� *KDQL�� 7UR\�
%DLVGHQ� DQG� &RE\�+RRJHQGRRUQ� DOVR� UHDG� WKH�PDQXVFULSW� DQG� SURYLGHG�
VXJJHVWLRQV�IRU�LPSURYHPHQW��� �
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$EVWUDFW�
1LWURJHQ��1��IHUWLOLVHU�KDV�EHHQ�VKRZQ�WR�LQFUHDVH�SDVWXUH�DQG�DQLPDO�SURGXFWLRQ��
EXW� OHVV� LV�NQRZQ�DERXW� WKH� LPSDFWV�RI�1�IHUWLOLVDWLRQ�RQ�VRLO�FDUERQ��&��DQG�1��
DQG�WKHUH�LV�JURZLQJ�FRQFHUQ�DERXW�LQFUHDVHG�1�ORVVHV�WR�WKH�ZLGHU�HQYLURQPHQW��
7KH�REMHFWLYH�RI�WKLV�VWXG\�ZDV�WR�GHWHUPLQH�ZKHWKHU�GLIIHUHQW�UDWHV�RI�PLQHUDO�1�
IHUWLOLVHU��XUHD��DIIHFWHG�VRLO�&��1�DQG�QDWXUDO�DEXQGDQFH�QLWURJHQ�LVRWRSHV��G��1���
7R� DFKLHYH� WKLV� ZH� DQDO\VHG� DUFKLYHG� VRLOV� ��±��� PP� DQG� ��±���� PP� GHSWK��
FROOHFWHG� DQQXDOO\� IURP� D� VKHHS� JUD]HG� KLOO� FRXQWU\� ILHOG� WULDO� LQ� 1HZ� =HDODQG�
ZKLFK�KDG�UHFHLYHG�1�IHUWLOLVHU�DSSOLFDWLRQV�UDQJLQJ�IURP���WR�����NJ�1�KD±��\±��
IRU���\HDUV��7KH�FOHDUHVW�WUHQG�LQ�WKH�GDWD�ZDV�D�VLJQLILFDQW�LQFUHDVH�LQ� ��1�ZLWK�
WLPH� LQ� WUHDWPHQWV� UHFHLYLQJ� !���� NJ�1� KD±�� \±��� ZLWK� WKH� LQFUHDVH� EHLQJ�PRUH�
UDSLG��XS�WR������Å�\±���DV�1�DSSOLFDWLRQ�UDWH�LQFUHDVHG��*LYHQ�WKDW�1�LQSXWV�IURP�
IHUWLOLVHU� ZHUH� a�� Å�� ZH� FRQFOXGHG� WKDW� WKH� REVHUYHG� LQFUHDVHV� LQ� G��1� ZHUH�
GULYHQ� E\� LQFUHDVLQJ� LVRWRSH� IUDFWLRQDWLQJ� 1� ORVVHV� DV� 1� UDWH� LQFUHDVHG�� 7KLV�
FRQFOXVLRQ� ZDV� VXSSRUWHG� E\� D� VWURQJ� SRVLWLYH� FRUUHODWLRQ� EHWZHHQ� WKH� UDWH� RI�
FKDQJH� LQ� VRLO� ��1� DQG� DYHUDJH� QLWUDWH� OHDFKLQJ� �S�������� U� ������ ,Q� FRQWUDVW��
WKHUH�ZDV�QR� VLJQLILFDQW� UHODWLRQVKLS�EHWZHHQ� VDPSOLQJ�GDWH�RU�1� UDWH��DQG� WRWDO�
.MHOGDKO� QLWURJHQ�� 7KLV� ODFN� RI� 1� UHWHQWLRQ� ZDV� FRQVLVWHQW� ZLWK� KLJK� OHDFKLQJ�
ORVVHV� PHDVXUHG� DW� WKH� VDPH� VLWH�� %RWK� &� DQG� WKH� &�1� UDWLR� VKRZHG� GLIIHUHQW�
WUHQGV�LQ�WKH�WZR�GHSWKV��,Q�WKH��±���PP�GHSWK��&�GHFUHDVHG�E\��������\±���a����
NJ�KD±��\±���LQ�WKH��1�WUHDWPHQW�DQG���������\±���a����NJ�KD±��\±���LQ�WKH����1�
WUHDWPHQW��EXW�WKHUH�ZDV�QR�VLJQLILFDQW�FKDQJH�LQ�&�DW�KLJKHU�1�UDWHV��)RU�WKH���±
����PP�GHSWK� WKHUH�ZDV� D� WUHQG� RI� LQFUHDVLQJ�&� LQ� DOO� WUHDWPHQWV� �LQFUHDVHV� RI�
�����±��������\±��RU����±����NJ�KD±��\±����EXW�WKH�LQFUHDVHV�LQ�WKH��1�DQG����1�
WUHDWPHQWV�ZHUH�QRW�VLJQLILFDQW��7KHUH�ZDV�QR�FKDQJH�LQ�&�1�ZLWK�WLPH�LQ�WKH��±
��� PP� GHSWK�� EXW� LQ� WKH� ��±���� PP� GHSWK� &�1� LQFUHDVHG� ZLWK� WLPH� LQ� DOO�
WUHDWPHQWV�� 7KHVH� UHVXOWV� LQGLFDWH� WKDW� G��1� LV� PRUH� VHQVLWLYH� WR� 1� LQSXWV� DQG�
ORVVHV�WKDQ�FKDQJHV�LQ�WRWDO�VRLO�1�RU�WKH�&�1�UDWLR��DQG�WKHUHIRUH�VRLO�G��1�FRXOG�
EH�D�XVHIXO�LQGLFDWRU�RI�SDVW�1�F\FOLQJ�DQG�ORVV�LQ�SDVWRUDO�V\VWHPV��
�
.H\ZRUGV���,VRWRSH��QDWXUDO�DEXQGDQFH��JUDVVODQG�
� �
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���� ,QWURGXFWLRQ�
7KH� UDSLGO\� LQFUHDVLQJ� JOREDO� SRSXODWLRQ� KDV� OHG� WR� LQFUHDVHG� GHPDQG� IRU� IRRG��
ZKLFK�KDV� ODUJHO\�EHHQ�PHW�E\� LQFUHDVHG�XVH�RI�V\QWKHWLF�QLWURJHQ��1��IHUWLOLVHU��
)RU�H[DPSOH��6PLO��������HVWLPDWHG�WKDW�DURXQG�����RI�WKH�SURWHLQ�FRQVXPHG�E\�
KXPDQV�ZDV� SURGXFHG�ZLWK� 1� IHUWLOLVHU� GHULYHG� IURP� WKH� +DEHU�%RVFK� SURFHVV��
:KLOH�1�IHUWLOLVHU�KDV�EHHQ�VKRZQ�WR�LQFUHDVH�FURS��7LOPDQ�HW�DO����������SDVWXUH�
DQG� DQLPDO� SURGXFWLRQ� �/DPEHUW� DQG� &ODUN�� ������ &ODUN� HW� DO��� ������� OHVV� LV�
NQRZQ�DERXW� WKH� LPSDFWV�RI�1� IHUWLOLVDWLRQ�RQ� VRLO�FDUERQ� �&��DQG�QLWURJHQ� �1���
DQG�WKHUH�LV�JURZLQJ�FRQFHUQ�DERXW�LQFUHDVHG�1�ORVVHV�WR�WKH�ZLGHU�HQYLURQPHQW�
DV� D� UHVXOW� RI� LQFUHDVHG�1� IHUWLOLVHU� XVH� �/HGJDUG� HW� DO��� ������*DOORZD\� HW� DO���
������0RQDJKDQ�HW�DO����������
�
7KH� LQIOXHQFH�RI�1� IHUWLOLVHU�RQ� VRLO�&�DQG�1�KDV�EHHQ� VRPHZKDW� FRQWURYHUVLDO��
ZLWK� .KDQ� HW� DO�� ������� DQG� 0XOYDQH\� HW� DO�� ������� DUJXLQJ� WKDW� PLQHUDO� 1�
IHUWLOLVDWLRQ� LQ� FURSSLQJ� V\VWHPV� OHG� WR� D� GHFUHDVH� LQ� VRLO�&� DQG�1��+RZHYHU�� D�
QXPEHU� RI� RWKHU� UHVHDUFKHUV� �5HLG�� ������ 'DYLG� HW� DO��� ������ 3RZOVRQ� HW� DO���
�������GLVDJUHHG�ZLWK�KRZ�.KDQ�HW�DO��DQG�0XOYDQH\�HW�DO��LQWHUSUHWHG�WKH�UHVXOWV�
RI� WKHLU� VWXGLHV�� 6XEVHTXHQWO\�� /DGKD� HW� DO�� ������� FRQGXFWHG� D� FRPSUHKHQVLYH�
PHWD�DQDO\VLV�RQ�����ORQJ�WHUP�FHUHDO�EDVHG�FURSSLQJ�WULDOV�DQG�IRXQG�WKDW�VRLO�&�
DQG�1�JHQHUDOO\�GHFUHDVHG�ZLWK�WLPH�LQ�ERWK�WUHDWPHQWV�IHUWLOLVHG�ZLWK�PLQHUDO�1�
DQG�WKRVH�QRW�IHUWLOLVHG��EXW� WKH�GHFUHDVH�LQ�&�DQG�1�ZDV�VLJQLILFDQWO\�JUHDWHU� LQ�
WKH�XQIHUWLOLVHG�WUHDWPHQWV��L�H��&�DQG�1�GHFOLQHG�IDVWHU�ZKHQ�1�ZDV�QRW�DSSOLHG���
/HVV�ZRUN�KDV�EHHQ�FRQGXFWHG�RQ�WKH�LQIOXHQFH�RI�PLQHUDO�1�IHUWLOLVHU�RQ�WRWDO�&�
DQG�1�LQ�JUDVVODQG�VRLOV��SDUWLFXODUO\�XQGHU�JUD]HG�SDVWXUHV��:DWVRQ�HW�DO�����������
�
,Q�1HZ�=HDODQG��SDVWRUDO�DJULFXOWXUH�LV�WKH�GRPLQDQW�ODQG�XVH��DQG�LV�FRPSULVHG�RI�
LQWHQVLYHO\�PDQDJHG�IODWODQG�SDVWXUHV��OHVV�LQWHQVLYHO\�PDQDJHG�KLOO�SDVWXUHV�DQG�
D� VPDOOHU� DUHD� RI� H[WHQVLYHO\� PDQDJHG� WXVVRFN� JUDVVODQG�� 6KHHS� DQG� EHHI�
SURGXFWLRQ�V\VWHPV�RFFXS\� WKH� ODUJHVW�DUHD�RI�SDVWRUDO� ODQG������RU�����PLOOLRQ�
KD��6WDWLVWLFV�1HZ�=HDODQG��Q�G��D���DQG�DUH�SUHGRPLQDQWO\�ORFDWHG�RQ�KLOO�FRXQWU\�
�L�H�� VORSHV!��� GHJUHHV��� 3ULRU� WR� ����� SURGXFWLRQ� RQ� KLOO� FRXQWU\� ODQG� ZDV�
FRQVWUDLQHG�E\� ORZ�VRLO� IHUWLOLW\��EXW� WKH�DGYHQW�RI�DHULDO� WRS�GUHVVLQJ� LQ� WKH� ODWH�
����V� DOOHYLDWHG� WKLV� FRQVWUDLQW� WR� VRPH� GHJUHH� �0DF/HRG� DQG� 0ROOHU�� �������
,QLWLDOO\� VXSHUSKRVSKDWH�ZDV� WKH�PDLQ� IHUWLOLVHU�DSSOLHG��ZKLFK� LQFUHDVHG�SDVWXUH�
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SURGXFWLRQ�GXH�WR�WKH�GLUHFW�DGGLWLRQ�RI�SKRVSKRUXV��3��DQG�VXOSKXU��6���DQG�DOVR�
LQGLUHFWO\� E\� LQFUHDVLQJ� QLWURJHQ� �1�� IL[DWLRQ� E\� OHJXPHV�� 'HVSLWH� LQFUHDVHG�1�
IL[DWLRQ�DV�D�UHVXOW�RI�VXSHUSKRVSKDWH�DSSOLFDWLRQ��SDVWXUH�JURZWK�RQ�KLOO�FRXQWU\�
IDUPV�LV�RIWHQ�VHYHUHO\�1�OLPLWHG��SDUWLFXODUO\� LQ�HDUO\�VSULQJ��%DOO�HW�DO����������
5HFRJQLWLRQ�RI�WKLV�1�OLPLWDWLRQ��FRPELQHG�ZLWK�IDYRXUDEOH�SURGXFW�SULFHV�OHG�WR�D�
ODUJH�LQFUHDVH�LQ�1�IHUWLOLVHU�XVH�RQ�KLOO�FRXQWU\�IDUPV�IURP�DURXQG�WKH�PLG�����V��
)RU�H[DPSOH��EHWZHHQ������DQG������XUHD�IHUWLOLVHU�XVH�RQ�VKHHS�DQG�EHHI�IDUPV�
LQFUHDVHG����IROG��IURP�������WR��������WRQQHV�SHU�\HDU��6WDWLVWLFV�1HZ�=HDODQG��
Q�G��D�����
�
,Q�1HZ�=HDODQG��WRWDO�VRLO�&�DQG�1�ZDV�VKRZQ�WR�LQFUHDVH�UDSLGO\�IROORZLQJ�LQLWLDO�
FRQYHUVLRQ�RI� LQGLJHQRXV�YHJHWDWLRQ� WR�SDVWXUH��ZLWK�DFFXPXODWLRQ�UDWHV�VORZLQJ�
DIWHU� D� IHZ� GHFDGHV� ZKHQ� LW� DSSHDUV� D� QHZ� VWHDG\� VWDWH� ZDV� EHLQJ� DSSURDFKHG�
�-DFNPDQ�� ����D�� E�� 6FKLSSHU� DQG� 6SDUOLQJ�� ������� +RZHYHU�� 6FKLSSHU� HW� DO��
�������IRXQG�ODUJH�ORVVHV�RI�&�DQG�1�LQ�VRLOV�XQGHU�HVWDEOLVKHG�GDLU\�SDVWXUHV�RQ�
IODW�ODQG��QR�FKDQJH�LQ�VRLOV�XQGHU�GU\VWRFN��L�H��VKHHS��EHHI�DQG�GHHU��SDVWXUHV�RQ�
IODW�ODQG��DQG�LQFUHDVHV�LQ�&�DQG�1�LQ�KLOO�FRXQWU\�SDVWXUHV��JUD]HG�E\�VKHHS�DQG�
EHHI�FDWWOH���7KH�FDXVHV�RI�WKH�GLIIHUHQFHV�EHWZHHQ�ODQG�XVHV�REVHUYHG�E\�6FKLSSHU�
HW�DO�� �������DUH�QRW� FOHDU��EXW� ORVVHV�RI� VRLO�&�DQG�1�XQGHU�GDLU\�SDVWXUHV�PD\�
KDYH� EHHQ� UHODWHG� WR� JUHDWHU� 1� IHUWLOLVHU� LQSXWV� DQG� VXEVHTXHQW� F\FOLQJ� WKURXJK�
XULQH� SDWFKHV� �/DPELH� HW� DO��� �������ZKLOH� LQFUHDVHV� LQ�&� DQG�1� LQ� KLOO� FRXQWU\�
VRLOV�PD\�KDYH�EHHQ�GXH� WR�UHFRYHU\�RI�RUJDQLF�PDWWHU� IROORZLQJ�HURVLRQ�GXULQJ�
IRUHVW� FOHDUDQFH�� $V� SDVWXUHV� GHYHORS�� VRLO� 1� JHQHUDOO\� LQFUHDVHV� SURSRUWLRQDOO\�
PRUH�WKDQ�&�DQG�WKHUHIRUH�WKH�&�1�UDWLR�GHFOLQHV��/DPEHUW�HW�DO���������6SDUOLQJ�
DQG�6FKLSSHU��������6FKLSSHU�HW�DO����������$V�&�1�GHFUHDVHV��WKH�VRLOV�DELOLW\�WR�
VWRUH�QLWURJHQ�LV�UHGXFHG��SURYLGHG�&�LV�QRW�LQFUHDVLQJ���DQG�WKHUHIRUH�1�ORVVHV�WR�
WKH�ZLGHU�HQYLURQPHQW�DUH�OLNHO\�WR�LQFUHDVH��6FKLSSHU�HW�DO����������&�1�UDWLRV�LQ�
VRLOV� XQGHU� KLOO� FRXQWU\� SDVWXUHV� DUH� JHQHUDOO\� KLJKHU� WKDQ� LQ� PRUH� LQWHQVLYHO\�
PDQDJHG�IODWODQG�VRLOV��DQG�WKHUHIRUH�1�VWRUDJH�FDSDFLW\�PD\�EH�KLJKHU��/DPEHUW�
HW� DO��� ������� $SSOLFDWLRQ� RI� 1� IHUWLOLVHU� ZRXOG� EH� H[SHFWHG� WR� DFFHOHUDWH� WKH�
GHFOLQH� LQ�&�1� UDWLR� DQG� LQFUHDVH�1� ORVVHV��1HZ�=HDODQG� KDV� KDG� D� QXPEHU� RI�
ORQJ�WHUP� JUD]HG� ILHOG� WULDOV� LQYHVWLJDWLQJ� WKH� HIIHFW� RI� SKRVSKRUXV� IHUWLOLVHU� RQ�
SDVWXUH�SURGXFWLRQ�DQG�VRLO�SURSHUWLHV��'RGG�DQG�/HGJDUG��������/DPEHUW�HW�DO���
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������6FKLSSHU�HW�DO���������6FKLSSHU�HW�DO���LQ�SUHVV���EXW�WKHUH�KDYH�EHHQ�QR�VXFK�
ORQJ�WHUP�WULDOV�LQYHVWLJDWLQJ�WKH�HIIHFW�RI�1�IHUWLOLVHU��
�
:KLOH� FKDQJHV� LQ� WRWDO�1� FDQ�JLYH� DQ� LQGLFDWLRQ�RI�ZKHWKHU� D� VRLO� LV� JDLQLQJ�RU�
ORVLQJ�1��WRWDO�1�SURYLGHV�OLWWOH�LQIRUPDWLRQ�RQ�1�F\FOLQJ�DQG�ORVV�SURFHVVHV�DQG�LW�
FDQ� EH� GLIILFXOW� WR� GHWHFW� FKDQJHV� GXH� WR� KLJK� VSDWLDO� YDULDELOLW\� DQG� D� ODUJH�
EDFNJURXQG�SRRO�RI�VWDEOH�1��:DWVRQ�HW�DO����������7KH�QDWXUDO�DEXQGDQFH�RI�WKH�
VWDEOH�QLWURJHQ�LVRWRSH���1�UHODWLYH�WR���1��G��1��LQ�VRLO�FDQ�SURYLGH�DQ�LQWHJUDWHG�
PHDVXUH�RI�SDVW�1�F\FOH�SURFHVVHV�RFFXUULQJ�DW�D�SDUWLFXODU�VLWH��5RELQVRQ���������
7KLV� RFFXUV� EHFDXVH� GXULQJ� PRVW� 1� WUDQVIRUPDWLRQ� SURFHVVHV� WKH� OLJKWHU� ��1�
LVRWRSH� DFFXPXODWHV� LQ� SURGXFWV� �H�J�� 12�±�� 1+��� 1��� 1�2��� ZKLFK� WHQG� WR� EH�
SUHIHUHQWLDOO\�ORVW�IURP�WKH�HFRV\VWHP��DQG�WKHUHIRUH�VXEVWUDWH��H�J��1+����RUJDQLF�
1�� UHWDLQHG� LQ� WKH� VRLO� EHFRPHV� HQULFKHG� ZLWK� ��1�� 6WXGLHV� LQ� ERWK� IRUHVW� DQG�
JUDVVODQG�HFRV\VWHPV�KDYH�IRXQG�WKDW�VRLO�G��1�FDQ�EH�SRVLWLYHO\�FRUUHODWHG�ZLWK�
1�LQSXWV��+|JEHUJ��������:DW]ND�HW�DO����������FDOFXODWHG�1�ORVVHV��-RKDQQLVVRQ�
DQG� +|JEHUJ�� ������ &KDSWHU� ��� DQG� UDWHV� RI� PLQHUDOLVDWLRQ� DQG� QLWULILFDWLRQ�
�7HPSOHU� HW� DO��� ������.DKPHQ� HW� DO��� �������+RZHYHU�� QR� VWXGLHV�KDYH�GLUHFWO\�
UHODWHG�VRLO�G��1�WR�PHDVXUHG�1�ORVVHV�LQ�JUD]HG�SDVWXUH�V\VWHPV��
�
7KH�REMHFWLYH�RI�WKH�FXUUHQW�VWXG\�ZDV�WR�GHWHUPLQH�LI�GLIIHUHQW�UDWHV�RI�PLQHUDO�1�
IHUWLOLVHU��XUHD��DIIHFWHG�VRLO�&��1�DQG�G��1��DQG�ZKHWKHU�WKHVH�YDULDEOHV�FRXOG�EH�
UHODWHG� WR�1� LQSXWV�� SDVWXUH�SURGXFWLRQ��JUD]LQJ� LQWHQVLW\� DQG�1� OHDFKLQJ� ORVVHV��
7R�DFKLHYH�WKLV�ZH�DQDO\VHG�DUFKLYHG�VRLOV�FROOHFWHG�DQQXDOO\�IURP�D�VKHHS�JUD]HG�
KLOO� FRXQWU\� SDVWXUH� LQ� 1HZ� =HDODQG� ZKLFK� KDG� UHFHLYHG� DQQXDO� 1� IHUWLOLVHU�
DSSOLFDWLRQV�RI����������������������������DQG�����NJ�1�KD±��\±��IRU���\HDUV��:H�
ZHUH� DEOH� WR� H[SORUH� WKH� UHODWLRQVKLS� EHWZHHQ� VRLO�G��1�DQG�SDVWXUH� SURGXFWLRQ��
JUD]LQJ� LQWHQVLW\� DQG�1� OHDFKLQJ�EHFDXVH� WKHVH�YDULDEOHV�ZHUH� DOVR�PHDVXUHG�DW�
WKH�VDPH�VLWH��+RRJHQGRRUQ�HW�DO���LQ�SUHS���,W�LV�LPSRUWDQW�WR�QRWH�WKDW�1�IHUWLOLVHU�
UDWHV�!����NJ�KD±��\±��DUH�XQFRPPRQ�LQ�1HZ�=HDODQG�SDVWXUHV��SDUWLFXODUO\�LQ�KLOO�
FRXQWU\��� 7KHUHIRUH� WKH� KLJKHU� 1� UDWHV� XVHG� LQ� WKLV� H[SHULPHQW� SURYLGHG� DQ�
RSSRUWXQLW\�WR�H[DPLQH�WKH�HIIHFWV�RI�DQ�µH[WUHPH¶�LQWHQVLILFDWLRQ�VFHQDULR��RQ�&�
DQG�1�PDVV�EDODQFH�DV�ZHOO�DV�1�LVRWRSHV��
�
� �
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���� 0HWKRGV�
������ 6LWH�GHVFULSWLRQ��
7KH� VWXG\� ZDV� FRQGXFWHG� DW� WKH� $J5HVHDUFK� %DOODQWUDH� KLOO� FRXQWU\� VKHHS� DQG�
EHHI� UHVHDUFK� VWDWLRQ�� ORFDWHG� LQ� VRXWKHUQ� +DZNH¶V� %D\�� 1RUWK� ,VODQG� 1HZ�
=HDODQG�������¶6��������¶(���7KH� WULDO�DUHD�ZDV�DW�DQ�HOHYDWLRQ�RI�EHWZHHQ�����
DQG�����P�DQG�VORSHV� UDQJHG�IURP���� WR���q��ZLWK�D�SUHGRPLQDQWO\�VRXWK�VRXWK�
ZHVW� DVSHFW�� 7KH� VRLO� DW� WKH� VLWH� ZDV� IRUPHG� RQ� VHGLPHQWDU\� PXGVWRQH� SDUHQW�
PDWHULDO��DQG�ZDV�FODVVLILHG�DV�D�PRWWOHG�DUJLOOLF�SDOOLF�VRLO��+HZLWW���������0HDQ�
DQQXDO�UDLQIDOO�ZDV�DERXW������PP��/DPEHUW�HW�DO�����������
�
3DVWXUHV� DW� WKH� VLWH� ZHUH� VRZQ� LQ� WKH� HDUO\� ����V� IROORZLQJ� FOHDUDQFH� RI�
LQGLJHQRXV� IRUHVW��3ULRU� WR������PDQDJHPHQW�ZDV� UHODWLYHO\� H[WHQVLYH� �a�� VWRFN�
XQLWV� �68�� KD±���� EXW� DIWHU� ����� VXSHUSKRVSKDWH� IHUWLOLVHU� DSSOLFDWLRQ� OHG� WR� DQ�
LQFUHDVH� LQ�PDQDJHPHQW� LQWHQVLW\�ZLWK� WKH�VWRFNLQJ�UDWH�EHWZHHQ������DQG������
EHLQJ�DERXW����68�KD±���ZLWK�D�68�GHILQHG�KHUH�DV�EHLQJ�HTXLYDOHQW�WR�RQH����NJ�
HZH�UHDULQJ�D�VLQJOH�ODPE�DQG�FRQVXPLQJ�DERXW�����NJ�SDVWXUH�GU\�PDWWHU��'0��
SHU�\HDU���7KH� WULDO� DUHD�ZDV�KLVWRULFDOO\�JUD]HG�E\�D�PL[WXUH�RI� VKHHS�DQG�EHHI�
FDWWOH��DOWKRXJK�EHWZHHQ������DQG�WKH�VWDUW�RI�WKH�WULDO�LQ�������RQO\�\RXQJ�FDWWOH�
ZHUH� JUD]HG�� $W� WKH� VWDUW� RI� WKH� WULDO� SDVWXUHV� ZHUH� FRPSULVHG� RI� DERXW� ����
JUDVVHV� UHVSRQVLYH� WR� KLJK� IHUWLOLW\� �H�J�� /ROLXP� SHUHQQH��� ���� ORZ� IHUWLOLW\�
WROHUDQW�JUDVVHV��H�J��$JURVWLV�WHQXLV������OHJXPHV��PDLQO\�7ULIROLXP�UHSHQV��DQG�
���ZHHGV��+RRJHQGRRUQ�HW�DO���LQ�SUHS���$V�WKH�WULDO�SURJUHVVHG��WKH�SURSRUWLRQ�RI�
KLJK�IHUWLOLW\�JUDVVHV�LQFUHDVHG�LQ�DOO� WUHDWPHQWV��DQG�OHJXPH�DEXQGDQFH�GHFOLQHG�
WR� EHORZ� ��� LQ� DOO� WUHDWPHQWV� DIWHU� WKH� ILUVW� �� PRQWKV� �+RRJHQGRRUQ� HW� DO��� LQ�
SUHS���7KH�GHFOLQH� LQ� OHJXPH�DEXQGDQFH�PD\�KDYH�EHHQ�GXH� WR�DQ� LQIHVWDWLRQ�RI�
FORYHU�URRW�ZHHYLO��6LWRQD�/HSLGXV���
�
������ 7ULDO�GHVLJQ�DQG�JUD]LQJ�PDQDJHPHQW�
,Q�$XJXVW������ WKH� WULDO�DUHD�ZDV� IHQFHG� LQWR����SDGGRFNV������ WR�����KD�HDFK���
ZKLFK� ZHUH� JURXSHG� LQWR� WKUHH� GLIIHUHQW� EORFNV�� 7KH� WULDO� KDG� D� UDQGRPL]HG�
LQFRPSOHWH�EORFN�GHVLJQ��ZLWK�VHYHQ�1�IHUWLOLVHU�UDWHV�����������������������������
DQG� ���� NJ� 1� KD±�� \±��� DOORFDWHG� UDQGRPO\� ZLWKLQ� WKH� WKUHH� EORFNV�� 3DGGRFNV�
UHFHLYLQJ� ��� ���� DQG� ���� NJ� 1� KD±�� \±�� ZHUH� UHSOLFDWHG� WKUHH� WLPHV� �L�H�� RQH�
SDGGRFN�LQ�HDFK�EORFN���ZKLOH�WKH�RWKHU�WUHDWPHQWV�ZHUH�UHSOLFDWHG�WZLFH��1�ZDV�
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DSSOLHG�DV�XUHD��LQ�VSOLW�GUHVVLQJV�WKURXJKRXW�WKH�\HDU��7DEOH�������1�IHUWLOLVDWLRQ�
FRPPHQFHG� LQ� 6HSWHPEHU� ����� DQG� ILQLVKHG� LQ� 0D\� ������ 'XULQJ� WKH� WULDO��
SDGGRFNV� ZHUH� URWDWLRQDOO\� JUD]HG� \HDU� URXQG� E\� IHPDOH� VKHHS� �QRQ� ODFWDWLQJ���
7KH� GLIIHUHQW� 1� DSSOLFDWLRQ� UDWHV� OHG� WR� GLIIHUHQFHV� LQ� SDVWXUH� SURGXFWLRQ�� DQG�
WKHUHIRUH� DQLPDO� QXPEHUV�ZHUH� DGMXVWHG� IRU� HDFK� SDGGRFN� DQG� IRU� HDFK� JUD]LQJ�
HYHQW� VR� WKDW� JUD]LQJ� UHVLGXDOV� DQG� SDVWXUH� XWLOLVDWLRQ� ZDV� WKH� VDPH� IRU� DOO�
WUHDWPHQWV���
�
7DEOH�����6FKHGXOH�RI�DQQXDO�QLWURJHQ�IHUWLOLVHU�WLPLQJ�DQG�UDWHV��NJ�1�KD±����7DEOH�PRGLILHG�IURP�
+RRJHQGRRUQ�HW�DO���LQ�SUHS���
7UHDWPHQW� 6HSWHPEHU� 1RYHPEHU� -DQXDU\� 0DUFK� 0D\� -XO\�

�1� � � � � � �
���1� � � � ��� � ���
���1� ��� � � ��� ��� ���
���1� ��� ��� ��� ��� ��� ���
���1� ��� ��� ��� ��� ��� ���
���1� ��� ��� ��� ��� ��� ���
���1� ���� ���� ���� ���� ���� ����

�
�
������ 6RLO�VDPSOLQJ�DQG�DQDO\VLV�
6RLO� VDPSOHV� ��±��� PP� DQG� ��±���� PP� GHSWK�� ZHUH� WDNHQ� DQQXDOO\� GXULQJ�
ZLQWHU�� ZLWK� WKH� ILUVW� VDPSOLQJ� RFFXUULQJ� LQ� HDUO\� 6HSWHPEHU� ����� �ZKLFK� ZDV�
SULRU� WR� WKH� ILUVW�1� DSSOLFDWLRQ��� DQG� WKH� ODVW� VDPSOLQJ� LQ� -XO\� ������7ZR� FRUHV�
ZHUH� WDNHQ� DGMDFHQW� WR� QLQH� O\VLPHWHUV� ZKLFK� ZHUH� LQVWDOOHG� LQ� HDFK� RI� WKH�
SDGGRFNV� WR�PHDVXUH�1� OHDFKLQJ� �+RRJHQGRRUQ� HW� DO��� LQ� SUHS��� 7KH� O\VLPHWHUV�
ZHUH� VSUHDG� HYHQO\� DFURVV� ��±��q� VORSHV� LQ� HDFK� SDGGRFN��$� WRWDO� RI� ��� FRUHV�
ZHUH� WDNHQ� LQ� HDFK� SDGGRFN� DQG� EXONHG� E\� GHSWK�� 6DPSOHV� ZHUH� DLU� GULHG� DQG�
SDVVHG�WKURXJK�D���PP�VLHYH�EHIRUH�EHLQJ�DUFKLYHG��:KHQ�WKH�VWXG\�ZDV�FRPSOHWH�
VXEVDPSOHV� IURP� WKH� DUFKLYHG� VDPSOHV� ZHUH� WDNHQ� DQG� JURXQG� ZLWK� DQ� DJDWH�
PRUWDU� DQG� SHVWOH�� DQG� WKHQ� DQDO\VHG� IRU� WRWDO� .MHOGDKO� QLWURJHQ� �7.1��� WRWDO�
FDUERQ� �&�� YLD� GU\� FRPEXVWLRQ� LQ� D� /(&2� IXUQDFH�� DQG� QDWXUDO� DEXQGDQFH�
QLWURJHQ�LVRWRSHV��G��1��ZLWK�D�(XURSD�6FLHQWLILF�������6WDEOH�,VRWRSH�$QDO\VHU��
G��1� LV� H[SUHVVHG� DV� SDUWV� SHU� WKRXVDQG� UHODWLYH� WR� DWPRVSKHULF� 1�� �WKH�
LQWHUQDWLRQDO�VWDQGDUG��XVLQJ�WKH�IROORZLQJ�HTXDWLRQ��DIWHU�&RSOHQ����������
�
� �
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��1� �5���1���1�VDPSOH�±�5���1���1�DLU�±���
�
ZKHUH�5����1���1�VDPSOH� LV� WKH� UDWLR�RI� ��1���1�LQ� WKH�VDPSOH��DQG�5���1���1�DLU� LV�
WKH�UDWLR�RI���1���1�LQ�DWPRVSKHULF�1���
�
������ 3DVWXUH�SURGXFWLRQ�DQG�1�OHDFKLQJ�PHDVXUHPHQWV�
$ERYH�JURXQG�SDVWXUH�PDVV�LQ�HDFK�SDGGRFN�ZDV�FDOFXODWHG�SULRU�WR�DQG�DIWHU�HDFK�
JUD]LQJ� HYHQW� XVLQJ� D� ULVLQJ� SODWH�PHWHU��1HW� DQQXDO� KHUEDJH� DFFXPXODWLRQ�ZDV�
FDOFXODWHG� DV� WKH� GLIIHUHQFH� EHWZHHQ� WKH� SRVW�JUD]LQJ� SDVWXUH�PDVV� DQG� WKH� SUH�
JUD]LQJ�SDVWXUH�PDVV� VXPPHG�RYHU� DOO� WKH�JUD]LQJ� HYHQWV� IRU� D� JLYHQ�\HDU��7KH�
ULVLQJ�SODWH�PHWHU�ZDV�FDOLEUDWHG��YLD�PDQXDO�KHUEDJH�FXWV��HYHU\�WZR�PRQWKV�RQ�
ERWK�SUH�DQG�SRVW�JUD]LQJ�SDVWXUHV���
�
0LQHUDO�1� OHDFKLQJ�ZDV�PHDVXUHG�XVLQJ� LQ�VLWX�39&�EDUUHO� O\VLPHWHUV� �����PP�
GLDPHWHU�[�����PP�GHHS��FRQWDLQLQJ�LQWDFW�VRLO�FRUHV�WDNHQ�IURP�WKH�ILHOG�VLWH�LQ�D�
VHSDUDWH� VWXG\� �+RRJHQGRRUQ� HW� DO��� LQ� SUHS��� 7KHUH� ZHUH� �� O\VLPHWHUV� LQ� HDFK�
SDGGRFN�� VSUHDG� HYHQO\� LQ� ��� VORSH� LQFUHPHQWV� EHWZHHQ� ��� DQG� ����� 'UDLQDJH�
IURP�HDFK�O\VLPHWHU�ZDV�FROOHFWHG�LQ�D�����/�SODVWLF�FRQWDLQHU�SODFHG�LQ�WKH�JURXQG�
�±�� P� GLVWDQW� IURP� WKH� O\VLPHWHU�� RQ� WKH� GRZQKLOO� VLGH�� 7KH� O\VLPHWHUV� ZHUH�
LQVWDOOHG� LQ�1RYHPEHU������DQG� WKH�DUHD�ZDV� OHIW� WR�VHWWOH�XQWLO�0DUFK�������$W�
WKH� HQG� RI� 0DUFK�� FOHDQ� OHDFKDWH� FROOHFWLRQ� YHVVHOV� ZHUH� LQVWDOOHG� XQGHU� HDFK�
O\VLPHWHU��'UDLQDJH�YROXPH�DQG�D�VXEVDPSOH�RI�OHDFKDWH�IURP�HDFK�O\VLPHWHU�ZHUH�
PHDVXUHG� HDFK�PRQWK�RU� DIWHU� ����PP�RI� UDLQIDOO��ZKLFKHYHU� RFFXUUHG� ILUVW�� IRU�
WKUHH�\HDUV�XQWLO�WKH�HQG�0DUFK�������)RU�IXUWKHU�GHWDLOV�RI�O\VLPHWHU�LQVWDOODWLRQ�
DQG�VDPSOLQJ�UHJLPH�VHH�+RRJHQGRRUQ�HW�DO���LQ�SUHS���
�
������ 6WDWLVWLFDO�DQDO\VLV�
7KH� GDWD�ZHUH� SULPDULO\� DQDO\VHG� DV� D� WLPH� VHULHV� XVLQJ� D� %D\HVLDQ� VPRRWKLQJ�
SURJUDP��8SVGHOO���������7KH�VDPSOLQJ�GDWH�DQG�QLWURJHQ�UDWH�GDWD�ZHUH�PRGHOOHG�
DV�GRXEO\�LQWHJUDWHG�ZLHQHU�SURFHVVHV��ZKLFK�FRUUHVSRQGV�WR�ILWWLQJ�FXELF�VSOLQHV��
7HUPV�SDGGRFN���VDPSOLQJ�GDWH�ZHUH�DGGHG�WR�DFFRXQW�IRU�WKH�FRUUHODWLRQV�LQGXFHG�
E\� PHDVXULQJ� WKH� VDPH� SDGGRFN� UHSHDWHGO\�� 7KH� EORFN� WHUP� ZDV� IRXQG� WR� EH�
QHJOLJLEOH� LQ� D� SUHOLPLQDU\�PRGHO� ZKLFK� LQFOXGHG� LW� DQG� VR�ZDV� OHIW� RXW� RI� WKH�
PRGHO�� 7KH� ILUVW� VRLO� VDPSOLQJ� LQ� 6HSWHPEHU� ����� ZDV� SULRU� WR� WKH� ILUVW� 1�
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DSSOLFDWLRQ�� VR� WKHUH� FRXOG� KDYH� EHHQ� QR� HIIHFW� RI� WUHDWPHQW� IRU� WKHVH� VDPSOHV��
7KHUHIRUH� LQ� WKH� PRGHO�� WUHDWPHQWV� ZHUH� IRUFHG� WR� EH� WKH� VDPH� DW� WKH� ILUVW�
VDPSOLQJ�� VR� WKDW� DQ\� GLIIHUHQFHV� SUHVHQW�ZHUH� DWWULEXWHG� WR� LQGLYLGXDO� SDGGRFN�
HIIHFWV� UDWKHU� WKDQ� WUHDWPHQW� HIIHFWV�� 7KH� ILQDO� ILWWHG�PRGHO�ZDV�<�  � �VDPSOLQJ�
GDWH�
�GHSWK�� ��1� UDWH���SDGGRFN� �� VDPSOLQJ�GDWH��ZKHUH� WKH�RSHUDWRUV�KDYH� WKH�
VDPH� PHDQLQJ� DV� LQ� *HQVWDW� PRGHO� VWDWHPHQWV�� 'DWD� ZDV� DOVR� DQDO\VHG� ZKHQ�
YDOXHV� IURP� ERWK� GHSWKV� KDG� EHHQ� DYHUDJHG� �ZLWK� WKH� GHSWK� WHUP� UHPRYHG�� WR�
GHWHUPLQH�ZKDW� UHVXOWV�ZRXOG�KDYH� ORRNHG� OLNH� LI� RQO\�RQH��±����PP�FRUH�KDG�
EHHQ� WDNHQ�� 7KH� $NDLNH� LQIRUPDWLRQ� FULWHULRQ� DQG� WKH� %D\HVLDQ� LQIRUPDWLRQ�
FULWHULRQ� ZHUH� XVHG� WR� GHWHUPLQH� ZKLFK� W\SH� RI� PRGHO� ILWWHG� WKH� GDWD� EHVW�� ,Q�
DOPRVW�DOO�FDVHV�D�OLQHDU�ILW��LQ�WKH�VDPSOLQJ�GDWH�GLUHFWLRQ��ZDV�EHWWHU�WKDQ�RWKHU�
PRGHO� RSWLRQV�� DQG� LQ� QR� FDVH� ZDV� D� OLQHDU� ILW� VLJQLILFDQWO\� ZRUVH� WKDQ� RWKHU�
PRGHOV��7KHUHIRUH�D�OLQHDU�PRGHO�ZDV�XVHG�IRU�DOO�DQDO\VHV��,Q�DGGLWLRQ��WKH�UDWH�RI�
FKDQJH�LQ�VRLO�SURSHUWLHV�IRU�HDFK�LQGLYLGXDO�SDGGRFN�ZDV�GHWHUPLQHG�XVLQJ�OLQHDU�
UHJUHVVLRQ�� DQG� WKHVH� UDWHV� RI� FKDQJH�ZHUH� WKHQ� SORWWHG� DJDLQVW� DYHUDJH� SDVWXUH�
SURGXFWLRQ�� VWRFNLQJ� UDWHV� DQG� QLWUDWH� OHDFKLQJ� WR� GHWHUPLQH� LI� WKHUH� ZDV� D�
UHODWLRQVKLS� EHWZHHQ� WKH� UDWH� RI� FKDQJH� LQ� VRLO� SURSHUWLHV� DQG� WKHVH� YDULDEOHV��
6LPSOH� OLQHDU� UHJUHVVLRQ� LQ� *HQVWDW� Y� ��� ZDV� DOVR� XVHG� WR� LQYHVWLJDWH� WKH�
UHODWLRQVKLS�EHWZHHQ� DFWXDO� VRLO� SURSHUWLHV� �UDWKHU� WKDQ� WKH� UDWH� RI� FKDQJH�� IURP�
LQGLYLGXDO� VDPSOLQJ� GDWHV�� DQG� SDVWXUH� SURGXFWLRQ�� VWRFNLQJ� UDWHV� DQG� QLWUDWH�
OHDFKLQJ�� 'DWD� RQ� SDVWXUH� SURGXFWLRQ�� VWRFNLQJ� UDWHV� DQG� QLWUDWH� OHDFKLQJ� ZHUH�
GUDZQ�IURP�+RRJHQGRUQ�HW�DO���LQ�SUHS���
��
6RLO�EXON�GHQVLW\�ZDV�QRW�PHDVXUHG� WKURXJK� WLPH��EXW�D�RQH�RII� VDPSOLQJ� LQ� WKH�
�1�����1�DQG����1�WUHDWPHQWV�ZDV�FDUULHG�RXW�LQ�������ZKLFK�VKRZHG�WKDW�WKHUH�
ZHUH� QR� GLIIHUHQFHV� EHWZHHQ� WUHDWPHQWV� �/HWLFD�� ������� � 6FKLSSHU� HW� DO�� �������
DOVR� IRXQG� QR� GLIIHUHQFH� LQ� EXON� GHQVLW\� XQGHU� SDVWXUHV� JUD]HG� E\� VKHHS� DW�
GLIIHUHQW� LQWHQVLWLHV� IRU�PRUH� WKDQ� ��� \HDUV� �DOVR� LQ� KLOO� FRXQWU\��� 7KLV� VXJJHVWV�
WKDW�LI�FRQYHUWHG�WR�DQ�DUHD�EDVLV��WUHQGV�LQ�WKH�FXUUHQW�VWXG\�ZRXOG�EH�WKH�VDPH�DV�
IRU� WKH��&�DQG��1�GDWD��,Q�WKH�UHVXOWV�VHFWLRQ�VRPH�RI�WKH��&�DQG��1�GDWD�LV�
DOVR� H[SUHVVHG� RQ� DQ� DUHD� EDVLV� �XVLQJ� D� EXON� GHQVLW\� RI� ������ /HWLFD�� ������ WR�
DOORZ�HDVLHU�FRPSDULVRQ�ZLWK�RWKHU�VWXGLHV��
�
� �
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���� 5HVXOWV��
������ 3DVWXUH�SURGXFWLRQ��JUD]LQJ�LQWHQVLW\�DQG�1�OHDFKLQJ�
'DWD� RQ� SDVWXUH� SURGXFWLRQ�� JUD]LQJ� LQWHQVLW\� DQG�1� OHDFKLQJ�ZLOO� EH� SUHVHQWHG�
DQG� GLVFXVVHG� LQ� GHWDLO� LQ� +RRJHQGRRUQ� HW� DO�� �LQ� SUHS��� +RZHYHU�� WR� SURYLGH�
FRQWH[W� IRU� WKH� VRLOV� GDWD� SUHVHQWHG�KHUH�� GDWD� DUH� EULHIO\� VXPPDULVHG�EHORZ�� ,Q�
JHQHUDO�� DV�1� UDWH� LQFUHDVHG�VR� WRR�GLG�SDVWXUH�SURGXFWLRQ�� VWRFNLQJ� UDWHV�DQG�1�
OHDFKLQJ��7DEOH�������/HDFKLQJ�ORVVHV�ZHUH�KLJKHU�WKDQ�VRPH�RWKHU�VWXGLHV�LQ�KLOO�
FRXQWU\��6DNDGHYDQ�HW�DO���������%RZDWWH�HW�DO���������EXW�ZHUH�VLPLODU�WR�ORVVHV�
UHSRUWHG� E\� 3DUILWW� HW� DO�� �������� &DXVHV� IRU� WKH� KLJK�1� OHDFKLQJ� ORVVHV�ZLOO� EH�
IXUWKHU�GLVFXVVHG�LQ�+RRJHQGRRUQ�HW�DO���LQ�SUHS���EXW�PD\�KDYH�EHHQ�UHODWHG�WR�WKH�
VKDOORZ�QDWXUH�RI�WKH�O\VLPHWHUV������PP���DV�ZHOO�DV�WKH�PRUH�LQWHQVLYH�JUD]LQJ�
PDQDJHPHQW� DQG� WKH� KLJKHU� VWRFNLQJ� UDWHV� WKDQ� WKDW� SUHVHQW� LQ� WKH� VWXGLHV� RI��
6DNDGHYDQ� HW� DO�� ������� DQG� %RZDWWH� HW� DO�� �������� ,Q� DQ\� FDVH�� WKH� UHODWLYH�
GLIIHUHQFH� LQ� 1� OHDFKLQJ� EHWZHHQ� WUHDWPHQWV� SURYLGHV� D� JRRG� LQGLFDWLRQ� RI� WKH�
UHODWLYH�HIIHFW�RI�1�IHUWLOLVHU��2Q�DYHUDJH�DERXW���±����RI�WKH�OHDFKHG�PLQHUDO�1�
ZDV� LQ� WKH� IRUP� RI� QLWUDWH�� ZLWK� WKH� UHPDLQGHU� EHLQJ� DPPRQLXP� �7DEOH� �����
+RRJHQGRRUQ�HW�DO���LQ�SUHS���
�
7DEOH� ����$YHUDJH� DQQXDO� SDVWXUH� GU\� PDWWHU� �'0�� SURGXFWLRQ�� VWRFNLQJ� UDWHV� DQG� 1� OHDFKLQJ�
GXULQJ�WKH�WKUHH�\HDUV�IURP�0DUFK������WR�0DUFK�������'DWD�IURP�+RRJHQGRRUQ�HW�DO���LQ�SUHS���

7UHDWPHQW�
3DVWXUH�

SURGXFWLRQ��W�
'0�KD±��\±���

6WRFNLQJ�UDWH�
�68�KD±���D�

1LWUDWH�
OHDFKLQJ��NJ�1�

KD±��\±���
$PPRQLXP�
OHDFKLQJ��NJ�1�

KD±��\±���
7RWDO�PLQHUDO�
1�OHDFKLQJ��NJ�
1�KD±��\±���

�1� ������ ��� ��� ��� ���
���1� ������ ��� ��� ��� ����
���1� ������ ��� ��� ��� ����
���1� ������ ��� ���� ��� ����
���1� ������ ��� ���� ��� ����
���1� ������ ��� ���� ��� ����
���1� ������ ��� ���� ���� ����

D�+HUH�D�VWRFN�XQLW��68��LV�GHILQHG�DV�RQH����NJ�HZH�UHDULQJ�D�VLQJOH�ODPE�DQG�FRQVXPLQJ�DERXW�
����NJ�'0�SHU�\HDU��
�
�
������ ,QIOXHQFH�RI�VDPSOLQJ�GHSWK�RQ�VRLO�SURSHUWLHV�
7KH�FOHDUHVW�WUHQG�REVHUYHG�LQ�WKH�VRLOV�GDWD�ZDV�D�VLJQLILFDQW�GLIIHUHQFH�LQ�&�DQG�
1�FRQFHQWUDWLRQV�EHWZHHQ�WKH�WZR�GHSWK�LQFUHPHQWV��LUUHVSHFWLYH�RI�WUHDWPHQW��VHH�
VXSSOHPHQWDU\�GDWD��)LJV��6����	�6������$YHUDJHG�DFURVV� WUHDWPHQWV��PHDQ�&� LQ�
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WKH��±���PP�GHSWK�ZDV������FRPSDUHG� WR������ LQ� WKH���±����PP�GHSWK�� DQG�
PHDQ�7.1�ZDV�������DQG�������LQ�WKH�WZR�GHSWKV�UHVSHFWLYHO\��,Q�����±������
WKH�&�1� UDWLR�ZDV� ORZHU� LQ� WKH���±����PP�GHSWK� WKDQ� WKH��±���PP�GHSWK��EXW�
WKHUH�ZDV�QR�VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�WKH�WZR�GHSWKV�LQ������DQG�������VHH�
)LJ��6������:KHQ� VRLO� VDPSOHV� IRU�G��1�DQDO\VLV�ZHUH�REWDLQHG�� VDPSOHV� IRU� WKH�
��±����PP�GHSWK� IRU� ����±�����KDG�EHHQ�GLVFDUGHG��7KHUH�ZDV�QR� VLJQLILFDQW�
GLIIHUHQFH� LQ� G��1� EHWZHHQ� WKH� WZR� GHSWK� LQFUHPHQWV� LQ� ����� DQG� ������ DQG�
VXEVHTXHQW� GDWD� DQDO\VLV� IRU� G��1�ZDV� RQO\� FRQGXFWHG� IRU� WKH� �±���PP� GHSWK�
VDPSOHV��
�
������ ,QIOXHQFH�RI�1�UDWH�RQ�VRLO�SURSHUWLHV�
2I�WKH�VRLO�SURSHUWLHV�DQDO\VHG�� ��1�ZDV�LQIOXHQFHG�PRVW�E\�1�UDWH��7KHUH�ZDV�QR�
FKDQJH� LQ� ��1�ZLWK� WLPH� LQ� WKH� �1� WUHDWPHQW�� EXW� ��1� LQFUHDVHG� VLJQLILFDQWO\�
ZLWK� WLPH� LQ� WUHDWPHQWV� UHFHLYLQJ� !���� NJ� 1� KD±�� \±��� ZLWK� WKH� LQFUHDVH� EHLQJ�
PRUH�UDSLG�DV�1�UDWH�LQFUHDVHG��)LJ��������,QFUHDVHV�LQ� ��1�UDQJHG�EHWZHHQ�D�QRQ�
VLJQLILFDQW�LQFUHDVH�RI������Å�\±��LQ�WKH��1�WUHDWPHQW�WR�D�VLJQLILFDQW�LQFUHDVH�RI�
�����Å�\±��LQ�WKH����1�WUHDWPHQW��,Q�FRQWUDVW��WKHUH�ZDV�QR�FKDQJH�LQ�7.1�ZLWK�
WLPH�LQ�DQ\�RI�WKH�WUHDWPHQWV�IRU�HLWKHU�RI�WKH�WZR�GHSWKV��)LJ�����D���%RWK�&�DQG�
WKH�&�1�UDWLR�VKRZHG�GLIIHUHQW�WUHQGV�LQ�WKH�WZR�GHSWKV��,Q�WKH��±���PP�GHSWK��&�
GHFUHDVHG�E\��������SHU�\HDU��a����NJ�KD±��\±���LQ�WKH��1�WUHDWPHQW�DQG���������
SHU� \HDU� �a����NJ�KD±�� \±��� LQ� WKH����1� WUHDWPHQW�� EXW� WKHUH�ZDV� QR� VLJQLILFDQW�
FKDQJH�LQ�&�DW�KLJKHU�1�UDWHV��)LJ�����E���)RU�WKH���±����PP�VDPSOHV�WKHUH�ZDV�
DQ�LQFUHDVH�LQ�&�ZLWK�WLPH�LQ�DOO�WUHDWPHQWV��LQFUHDVHV�RI������±��������SHU�\HDU�
RU����±����NJ�KD±��\±����EXW�WKH�LQFUHDVHV�LQ�WKH��1�DQG����1�WUHDWPHQWV�ZHUH�QRW�
VLJQLILFDQWO\�GLIIHUHQW�IURP�]HUR��)LJ�����E���,I�ERWK�GHSWKV�ZHUH�DYHUDJHG��ZKLFK�
ZRXOG�KDYH�EHHQ�WKH�FDVH�LI�RQO\�RQH��±����PP�FRUH�KDG�EHHQ�WDNHQ��WKHUH�ZDV�
QR�VLJQLILFDQW�FKDQJH�LQ�&�IRU�DQ\�RI�WKH�WUHDWPHQWV��GDWD�QRW�VKRZQ���7KHUH�ZDV�
QR�FKDQJH�LQ�&�1�ZLWK�WLPH�LQ�WKH��±���PP�GHSWK��EXW�LQ�WKH���±����PP�GHSWK�
&�1�UDWLR� LQFUHDVHG�ZLWK� WLPH� LQ�DOO� WUHDWPHQWV�E\�DERXW�����XQLWV�SHU�\HDU� �)LJ��
���F���:KHQ�ERWK�GHSWKV�ZHUH�DYHUDJHG�� WKHUH�ZDV�D�VLJQLILFDQW� LQFUHDVH� LQ�&�1�
ZLWK�WLPH�LQ�DOO�WUHDWPHQWV��GDWD�QRW�VKRZQ����
�



� 1LWURJHQ�IHUWLOLVHU�WULDO� &KDSWHU����
�

�

���

�
)LJ������&KDQJH� LQ�VRLO�G��1�ZLWK� WLPH� LQ� WKH�GLIIHUHQW�1�IHUWLOLVHU� WUHDWPHQWV� ��±���PP�GHSWK���
3DQHOV�D±J�VKRZ�GDWD�IRU�LQGLYLGXDO�SORWV��GHQRWHG�E\�GLIIHUHQW�OHWWHUV��DQG�D�OLQHDU�UHJUHVVLRQ�OLQH�
ILWWHG�WR�WKH�GDWD�XVLQJ�D�%D\HVLDQ�VPRRWKHU��8SVGHOO���������ZKLFK�ILWV�WKH�OLQH�WDNLQJ�LQWR�DFFRXQW�
DOO�WKH�GDWD��QRW�MXVW�WKH�GDWD�IURP�DQ�LQGLYLGXDO�WUHDWPHQW��1RWH��DOO�WUHDWPHQWV�ZHUH�IRUFHG�WR�EH�
WKH�VDPH�LQ�������EHFDXVH�1�DSSOLFDWLRQV�GLG�QRW�FRPPHQFH�XQWLO�DIWHU�WKH�ILUVW�VRLO�VDPSOLQJ��VHH�
VHFWLRQ�������IRU�PRUH�GHWDLOV���3DQHO�K�VKRZV�WKH�DYHUDJH�UDWH�RI�FKDQJH�LQ�G��1�IRU�GLIIHUHQW�1�
UDWHV�ZLWK�����FRQILGHQFH�LQWHUYDOV��EDVHG�RQ�DOO� WKH�GDWD�LQ�SDQHOV�D±J���7KLV�VKRZV�WKDW�IRU�1�
UDWHV�JUHDWHU�WKDQ�DERXW�����NJ�KD±��\±��WKHUH�ZDV�D�VLJQLILFDQW�LQFUHDVH�LQ�G��1�ZLWK�WLPH��
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)LJ������$YHUDJH�UDWHV�RI�FKDQJH�SHU�\HDU�IRU��D���&���E��WRWDO�.MHKOGDKO�1LWURJHQ���7.1��DQG��F��
&�1�UDWLR��IRU�WKH�GLIIHUHQW�1�IHUWLOLVHU�UDWHV�DQG�VDPSOLQJ�GHSWKV��7KH�OLQHV�IRU�HDFK�GHSWK�DUH�WKH�
EHVW�ILW�DFURVV�DOO�WKH�GDWD��ZLWK�����FRQILGHQFH�LQWHUYDOV�DQG�DUH�ILWWHG�ZLWK�D�%D\HVLDQ�VPRRWKHU�
�8SVGHOO���������,I�WKH�FRQILGHQFH�LQWHUYDOV�GR�QRW�LQFOXGH�]HUR�WKH�UDWH�RI�FKDQJH�IRU�WKDW�1�UDWH�LV�
VLJQLILFDQWO\�GLIIHUHQW�IURP�]HUR��*UDSKV�VKRZLQJ�WKH�UDZ�GDWD�DQG�UHJUHVVLRQV�IRU�HDFK�WUHDWPHQW�
FDQ�EH�VHHQ�LQ�VXSSOHPHQWDU\�PDWHULDO��)LJV�6���±6������
�
�
������ 5HODWLRQVKLS�EHWZHHQ�VRLO�SURSHUWLHV�DQG�1�OHDFKLQJ�HWF��
7KH�FKDQJH�LQ�VRLO� ��1�LQ�HDFK�SDGGRFN��GHWHUPLQHG�XVLQJ�OLQHDU�UHJUHVVLRQ��ZDV�
VWURQJO\� FRUUHODWHG� ZLWK� DYHUDJH� QLWUDWH� OHDFKLQJ� �S�������� U� ����� IRU� HDFK�
SDGGRFN�� DQG�ZDV�ZHDNO\� FRUUHODWHG�ZLWK� DYHUDJH� SDVWXUH� SURGXFWLRQ� �S �������
U� ������ �)LJ�� ������ 6LPLODU� VLJQLILFDQW� SRVLWLYH� FRUUHODWLRQV� EHWZHHQ� ��1� DQG�
SDVWXUH�SURGXFWLRQ��S �������U� ������DQG�QLWUDWH�OHDFKLQJ��S �������U� �����ZHUH�
DOVR�REVHUYHG�LI� ��1�YDOXHV�IURP������ZHUH�XVHG�UDWKHU�WKDQ�WKH�UDWH�RI�FKDQJH�LQ�
��1� �GDWD� QRW� VKRZQ���7KH� UHODWLRQVKLS� EHWZHHQ� ��1�DQG�1� OHDFKLQJ�ZDV� DOVR�
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YHU\�VLPLODU�LI�WRWDO�PLQHUDO�1�OHDFKLQJ��12�±���1+����ZDV�XVHG�LQ�WKH�UHJUHVVLRQ�
UDWKHU� WKDQ� MXVW� 12�±� �GDWD� QRW� VKRZQ��� 7KHUH� ZDV� QR� VLJQLILFDQW� FRUUHODWLRQ�
EHWZHHQ�G��1�DQG�VWRFNLQJ�UDWH��GHVSLWH�VWRFNLQJ�UDWHV�EHLQJ�FRUUHODWHG�ZLWK�'0�
SURGXFWLRQ��U� �������7KHUH�ZHUH�QR�VLJQLILFDQW�FRUUHODWLRQV�EHWZHHQ�&��7.1�RU�
&�1�DQG�SDVWXUH�SURGXFWLRQ�� VWRFNLQJ� UDWH�RU�QLWUDWH� OHDFKLQJ��H[FHSW� IRU�D�ZHDN�
SRVLWLYH�FRUUHODWLRQ�EHWZHHQ�WKH�DYHUDJH�UDWH�RI�FKDQJH�LQ�&�DQG�QLWUDWH�OHDFKLQJ�
LQ�WKH���±����PP�GHSWK��S �������U� �������GDWD�QRW�VKRZQ���

�
)LJ������5HODWLRQVKLS�EHWZHHQ�WKH�DYHUDJH�UDWH�RI�FKDQJH�LQ�G��1��GHWHUPLQHG�YLD�OLQHDU�
UHJUHVVLRQ���DQG�DYHUDJH��D��SDVWXUH�SURGXFWLRQ��DQG��E��QLWUDWH�OHDFKLQJ�IRU�HDFK�SDGGRFN��7KH�OLQH�
LQ�HDFK�JUDSK�LV�D�OLQHDU�UHJUHVVLRQ�OLQH�ZLWK�����FRQILGHQFH�LQWHUYDOV��
�
�
���� 'LVFXVVLRQ�
������ 1LWURJHQ�LVRWRSHV�
$OWKRXJK�1�IHUWLOLVDWLRQ� �DQG�DVVRFLDWHG�FKDQJHV� LQ�SDVWXUH�SURGXFWLRQ�� VWRFNLQJ�
UDWHV�DQG�1�OHDFKLQJ��KDG�QR�HIIHFW�RQ�WRWDO�VRLO�.MHOGDKO�QLWURJHQ��7.1��� LW�GLG�
LQIOXHQFH� WKH� LVRWRSLF� FRPSRVLWLRQ� RI� VRLO�1��ZLWK� G��1� LQFUHDVLQJ� VLJQLILFDQWO\�
ZLWK�WLPH�LQ�WUHDWPHQWV�UHFHLYLQJ�!����NJ�1�KD±��\±���DQG�LQFUHDVHV�ZHUH�JUHDWHU�DW�
KLJKHU� 1� UDWHV� �)LJ�� ������ 7KH� LQFUHDVH� LQ� VRLO� G��1� ZLWK� LQFUHDVLQJ� PLQHUDO�
IHUWLOLVHU�1� LQSXWV� LV� FRQVLVWHQW�ZLWK�:DW]ND� HW� DO�� ������� DQG� -RKDQQLVVRQ� DQG�
+|JEHUJ� �������� EXW� RWKHU� VWXGLHV� KDYH� IRXQG� QR� FKDQJH� �6KHDUHU� HW� DO��� ������
.ULV]DQ�HW�DO���������RU�GHFUHDVHV�LQ�VRLO�G��1�ZLWK�LQFUHDVLQJ�UDWHV�RI�PLQHUDO�1�
IHUWLOLVHU� �*HU]DEHN� HW� DO��� ������ )DQJ� HW� DO��� ������� 'HFUHDVHV� LQ� VRLO� G��1�
IROORZLQJ�DSSOLFDWLRQ�RI��PLQHUDO�1�IHUWLOLVHU�KDV�EHHQ�DWWULEXWHG�WR�LPPRELOLVDWLRQ�
RI�IHUWLOLVHU�1��JHQHUDOO\�ZLWK�D�GHOWD�YDOXH�RI�a��Å��%DWHPDQ�DQG�.HOO\��������LQ�

3DVWXUH�SURGXFWLRQ��NJ�'0�KD�\U�
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WKH�VRLO�FDXVLQJ�GLOXWLRQ�RI�WKH�SRRO�RI�WRWDO�VRLO�1��ZKLFK�XVXDOO\�KDV�GHOWD�YDOXHV�
RI��±���Å��� ,W�ZDV�QRW�SRVVLEOH� WR�GLUHFWO\�PHDVXUH� WKH�G��1�RI�DGGHG�1� LQ� WKH�
FXUUHQW�WULDO��EHFDXVH�QR�IHUWLOLVHU�ZDV�UHWDLQHG���EXW�WKH�VDPH�W\SH�RI�1�IHUWLOLVHU�
�XUHD��IURP�WKH�VDPH�VRXUFH��ZDV�DSSOLHG�WR�DQRWKHU�WULDO�DW�%DOODQWUDH�DQG�KDG�D�
G��1�YDOXH� RI� ±����Å� �6WHYHQVRQ� HW� DO��� ������� 7KHUHIRUH� GLUHFW� VXEVWLWXWLRQ� RI�
IHUWLOLVHU� 1� ZLWK� VRLO� 1� �UHPHPEHULQJ� WKDW� WKHUH� ZDV� QR� QHW� FKDQJH� LQ� VRLO� 1��
ZRXOG�KDYH�FDXVHG�D�GHFUHDVH�LQ�VRLO�G��1��QRW�DQ�LQFUHDVH�DV�ZDV�REVHUYHG��)RU�
H[DPSOH�� WKH� WRS� ���PP� RI� VRLO� DW� %DOODQWUDH� FRQWDLQHG� DERXW� ����� NJ�1� KD±���
ZKLFK�LV�WKH�VDPH�DV�FXPXODWLYH�1�IHUWLOLVHU�LQSXWV�WR�WKH����1�WUHDWPHQW�RYHU�WKH�
IRXU� \HDU� VWXG\�� 7KHUHIRUH� LI� WKH� DGGHG� IHUWLOLVHU� 1� LQ� WKH� ���1� WUHDWPHQW� KDG�
PL[HG�IXOO\�ZLWK�1�LQ�WKH��±���PP�GHSWK��DQG�WKHUH�ZDV�QR�LVRWRSH�IUDFWLRQDWLRQ�
GXULQJ�1�ORVV��G��1�DW�WKH�HQG�RI�WKH�VWXG\�ZRXOG�KDYH�EHHQ�����Å��&OHDUO\�WKLV�LV�
PXFK�ORZHU�WKDQ�WKH�G��1�YDOXHV�RI�a����Å�PHDVXUHG�LQ�WKH����1�WUHDWPHQW�DW�WKH�
HQG�RI�WKH�VWXG\��)LJ�����J���DQG�LQGLFDWHV�WKDW�DOWKRXJK�WKHUH�ZDV�QR�QHW�FKDQJH�LQ�
WRWDO�VRLO�1����1�PXVW�KDYH�EHHQ�SUHIHUHQWLDOO\�ORVW�DQG���1�UHWDLQHG��
�
7KHUH�DUH�D�QXPEHU�RI�ZD\V�LQ�ZKLFK�DSSOLFDWLRQ�RI�PLQHUDO�1�IHUWLOLVHU�FRXOG�OHDG�
WR�DQ�LQFUHDVH�LQ�VRLO�G��1��2QH�RI�WKH�PDLQ�1�ORVV�SDWKZD\V�LQ�JUD]HG�JUDVVODQGV�
LV�YLD�QLWUDWH�OHDFKLQJ��/HGJDUG�HW�DO���������'L�DQG�&DPHURQ��������0RQDJKDQ�HW�
DO��� ������� $W� WKH� VLWH� RI� WKLV� VWXG\�� PHDVXUHG� QLWUDWH� OHDFKLQJ� LQFUHDVHG�
VLJQLILFDQWO\�ZLWK�LQFUHDVLQJ�1�DSSOLFDWLRQ�UDWHV��+RRJHQGRRUQ�HW�DO���LQ�SUHS��DQG�
WKLV�OLNHO\�FRQWULEXWHG�WR�WKH�LQFUHDVH�LQ�VRLO�G��1��7KH�DFWXDO�PDVV�IORZ�SURFHVV�RI�
QLWUDWH�OHDFKLQJ�GRHV�QRW�GLUHFWO\�FDXVH�LVRWRSLF�IUDFWLRQDWLRQ��+|JEHUJ���������EXW�
GXULQJ�PLQHUDOLVDWLRQ�DQG�QLWULILFDWLRQ��ZKLFK�RFFXU�SULRU�WR�QLWUDWH�OHDFKLQJ����1�
LV�SUHIHUHQWLDOO\�SURFHVVHG��5RELQVRQ���������7KHUHIRUH�WKH�SRRO�RI�VRLO�QLWUDWH�LV�
RIWHQ� GHSOHWHG� LQ� ��1�� DQG� VLQFH� QLWUDWH� LV� YHU\� PRELOH� LW� WHQGV� WR� EH� ORVW� YLD�
OHDFKLQJ�� ZKLOH� ��1� HQULFKHG� DPPRQLXP� �RU� RUJDQLF� 1�� LV� PRUH� OLNHO\� WR� EH�
UHWDLQHG� LQ� WKH� VRLO� �+DQGOH\� DQG� 5DYHQ�� ������� 7KH� VLJQLILFDQW� SRVLWLYH�
FRUUHODWLRQ� EHWZHHQ� QLWUDWH� OHDFKLQJ� DQG� WKH� UDWH� RI� FKDQJH� LQ� G��1� �)LJ�� �����
SURYLGHV� VXSSRUW� IRU� WKH� VXJJHVWLRQ� WKDW� QLWUDWH� OHDFKLQJ� FRQWULEXWHG� WR� WKH� ��1�
HQULFKPHQW� LQ� WUHDWPHQWV� UHFHLYLQJ�KLJKHU� UDWHV� RI�1��+RZHYHU�� QLWUDWH� OHDFKLQJ�
ZDV� OLNHO\� FRUUHODWHG� ZLWK� JDVHRXV� 1� ORVVHV� DQG� LQGHHG� DW� WKH� VDPH� VLWH�
+RRJHQGRRUQ�HW�DO���������IRXQG�WKDW�1�2�HPLVVLRQV�DOVR�LQFUHDVHG�ZLWK�1�UDWH��
DQG�WKHUHIRUH�JDVHRXV�1�ORVVHV�PD\�KDYH�DOVR�FRQWULEXWHG�WR���1�HQULFKPHQW��VHH�
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EHORZ� IRU� PRUH� GHWDLOV��� %HFDXVH� WKLV� ZDV� D� UHWURVSHFWLYH� VWXG\�� LW� ZDV� QRW�
SRVVLEOH�WR�PHDVXUH�WKH�LVRWRSLF�FRPSRVLWLRQ�RI�OHDFKHG�1��)XWXUH�VWXGLHV�VKRXOG�
HQGHDYRXU� WR� PHDVXUH� G��1� RI� OHDFKHG� 1�� SDUWLFXODUO\� VLQFH� +RXOWRQ� DQG� %DL�
������� GHPRQVWUDWHG� WKDW� WKH� RYHUDOO� SURFHVV� RI� 1� OHDFKLQJ� FDXVHG� YHU\� OLWWOH�
LVRWRSLF�IUDFWLRQDWLRQ�LQ�XQPDQDJHG�WHUUHVWULDO�HFRV\VWHPV���
�
0LQHUDO�1�OHDFKLQJ�ORVVHV�ZHUH�RQ�DYHUDJH�����RI�DGGHG�1��+RRJHQGRRUQ�HW�DO���
LQ�SUHS���DQG�VLQFH�WKHUH�ZDV�QR�QHW�FKDQJH�LQ�VRLO�1��WKH�RWKHU�DGGHG�1�PXVW�KDYH�
EHHQ� ORVW� YLD� RWKHU� SDWKZD\V� �L�H�� YRODWLOLVDWLRQ�� GHQLWULILFDWLRQ�� SURGXFW� H[SRUW���
)HUWLOLVHU� ZDV� DSSOLHG� LQ� WKH� IRUP� RI� XUHD� DQG� WKHUHIRUH� ZRXOG� KDYH� EHHQ�
VXVFHSWLEOH� WR� DPPRQLD� YRODWLOLVDWLRQ�� ZKLFK� FDQ� FDXVH� VWURQJ� LVRWRSLF�
IUDFWLRQDWLRQ��5RELQVRQ��������)UDQN�HW�DO����������8S�WR�a�����RI�XUHD�IHUWLOLVHU�
1�FDQ�EH�ORVW�YLD�DPPRQLD�YRODWLOLVDWLRQ��ZLWK�ORVVHV�EHLQJ�JUHDWHVW�XQGHU�ZDUP��
GU\�DQG�ZLQG\�FRQGLWLRQV��%RODQ�HW�DO����������$W�1�UDWHV�!����NJ�KD±��\±���1�ZDV�
DSSOLHG� HYHU\� WZR�PRQWKV� �7DEOH� ����� DQG� WKHUHIRUH� YRODWLOLVDWLRQ�ZDV� SUREDEO\�
SURSRUWLRQDOO\�KLJKHU� IURP� WKHVH� WUHDWPHQWV�EHFDXVH�PRUH�1�ZDV�DSSOLHG�GXULQJ�
ZDUPHU�GULHU�FRQGLWLRQV�� ,QFUHDVHG�SDVWXUH�SURGXFWLRQ�DV�D� UHVXOW�RI�1� IHUWLOLVHU��
ZRXOG�KDYH�DOVR�PHDQW� WKDW�PRUH�1�ZDV� LQJHVWHG�E\�VKHHS�DQG�WKHQ�H[FUHWHG�LQ�
GXQJ� DQG� XULQH�� ZLWK� XULQH� SDWFKHV� LQ� SDUWLFXODU� EHLQJ� KRW� VSRWV� IRU� DPPRQLD�
YRODWLOLVDWLRQ� �%RODQ� HW� DO��� ������ 6DJJDU� HW� DO��� ������� 7KH� WULDO� VLWH� LV�
FKDUDFWHULVHG� E\� FRQVLVWHQWO\� KLJK� ZLQGVSHHGV� �/DPEHUW� HW� DO��� ������� ZKLFK�
ZRXOG� KDYH� DOVR� IDFLOLWDWHG� KLJK� UDWHV� RI� YRODWLOLVDWLRQ� IURP� IHUWLOLVHU� DQG� VKHHS�
H[FUHWD��2WKHU� JDVHRXV�1� ORVVHV� VXFK� DV� GHQLWULILFDWLRQ� DQG�1�2�HPLVVLRQV� DOVR�
FDXVH� VWURQJ� LVRWRSLF� IUDFWLRQDWLRQ� �+|JEHUJ�� ������ 5RELQVRQ�� ������� DQG�
PHDVXUHG� 1�2� HPLVVLRQV� DW� %DOODQWUDH� �ERWK� ZLWKLQ� DQG� RXWVLGH� XULQH� SDWFKHV��
LQFUHDVHG�ZLWK�1�DSSOLFDWLRQ�UDWH��+RRJHQGRRUQ�HW�DO����������'HQLWULILFDWLRQ�DOVR�
WHQGV�WR�LQFUHDVH�ZLWK�1�UDWH��:DWVRQ�DQG�0LOOV��������%DUWRQ�HW�DO���������%RODQ�
HW�DO����������EXW�ZDV�QRW�PHDVXUHG�DW�WKLV�VLWH��7KH�FRPSDUDWLYHO\�VPDOO�DPRXQW�
RI�1�H[SRUWHG�LQ�DQLPDO�SURGXFW��PHDW�DQG�ZRRO��ZRXOG�KDYH�KDG�PLQLPDO�LPSDFW�
RQ�VRLO�G��1��
�
7KH� SRVLWLYH� FRUUHODWLRQV� REVHUYHG� EHWZHHQ� VRLO� G��1� DQG�1� LQSXWV� �)LJ�� ���K���
SDVWXUH�SURGXFWLRQ�DQG�1�OHDFKLQJ�ORVVHV��)LJ��������ZHUH�VLPLODU�WR�VRPH�SUHYLRXV�
JUDVVODQG� VWXGLHV�� )RU� H[DPSOH��:DW]ND� HW� DO�� ������� IRXQG� WKDW� VRLO� G��1�ZDV�
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SRVLWLYHO\� FRUUHODWHG� ZLWK� 1� IHUWLOLVHU� LQSXWV� DQG� DOVR� µH[FHVV� 1¶�� ZKLFK� ZDV�
GHILQHG�DV�1�LQSXWV�PLQXV�1�H[SRUWHG�LQ�KDUYHVWHG�ELRPDVV��5HVXOWV�IURP�&KDSWHU�
��VKRZHG�WKDW�VRLO�G��1�ZDV�FRUUHODWHG�ZLWK�ORQJ�WHUP�DYHUDJH�SDVWXUH�SURGXFWLRQ��
FDOFXODWHG� QLWURJHQ� IL[DWLRQ� DQG�1� ORVVHV�� DQG�)UDQN� DQG�(YDQV� ������� IRXQG� D�
SRVLWLYH�FRUUHODWLRQ�EHWZHHQ���1�HQULFKPHQW�LQ�WKH�VRLO�DQG�GXQJ�DEXQGDQFH��XVHG�
DV�DQ�LQGLFDWRU�JUD]LQJ�LQWHQVLW\���6WHYHQVRQ�HW�DO���������TXDOLWDWLYHO\�UHODWHG�VRLO�
G��1� WR� PDQDJHPHQW� LQWHQVLW\� DQG� 1� LQSXWV� DQG� ORVVHV� LQ� JUD]HG� SDVWXUHV��
+RZHYHU��WKH�FXUUHQW�VWXG\�LV�WKH�ILUVW�WKDW�ZH�DUH�DZDUH�RI�WKDW�KDV�IRXQG�D�GLUHFW�
FRUUHODWLRQ�EHWZHHQ�PHDVXUHG�1�ORVVHV�DQG�G��1�LQ�JUDVVODQG�VRLOV��)XWXUH�VWXGLHV�
VKRXOG�VHHN�WR�UHODWH�VRLO�G��1�WR�PRUH�FRPSOHWH�1�EXGJHWV��L�H��TXDQWLI\�1�ORVV�
SDWKZD\V� LQ� DGGLWLRQ� WR� 1� OHDFKLQJ�� DQG� DOVR� GLUHFWO\� PHDVXUH� WKH� LVRWRSLF�
FRPSRVLWLRQ�RI�1�LQSXWV�DQG�RXWSXWV� � �H�J��)UDQN�HW�DO����������7KLV�ZLOO�KHOS� WR�
LGHQWLI\� PRUH� FOHDUO\� WKH� SURFHVVHV� GULYLQJ� FKDQJHV� LQ� VRLO� G��1� LQ� JUD]HG�
JUDVVODQG�V\VWHPV��
�
7KH�UDWH�RI�FKDQJH�LQ�G��1�LQ�WKH�FXUUHQW�VWXG\�UDQJHG�EHWZHHQ������DQG������Å�
\±���)LJ�����K���ZKLFK�LV�DQ�RUGHU�RI�PDJQLWXGH�KLJKHU�WKDQ�UDWHV�REVHUYHG�LQ�ORQJ�
WHUP� �a��� \HDU�� VXSHUSKRVSKDWH� DQG� LUULJDWLRQ� WULDOV� LQ� 1HZ� =HDODQG�� ZKHUH�
DYHUDJH�UDWHV�RI�FKDQJH�UDQJHG�IURP�±������WR������Å�\±���DQG�ZKHUH�GLIIHUHQFHV�
EHWZHHQ� WUHDWPHQWV� ZHUH� RQO\� GHWHFWDEOH� RQ� GHFDGDO� WLPH� VFDOHV� �&KDSWHU� ����
&KDQJHV�LQ�G��1�ZLWK�WLPH�LQ�RWKHU�PXOWL\HDU�ILHOG�WULDOV�UDQJHG�IURP�GHFUHDVHV�RI�
�����Å�\±�� WR� LQFUHDVHV�RI������Å�\±�� �*HU]DEHN� HW�DO���������%RO� HW�DO���������
%LOOLQJV� DQG� 5LFKWHU�� ������ *XEVFK� HW� DO��� ������� ZKLFK� DUH� DOO� ORZHU� WKDQ� WKH�
LQFUHDVHV�RI������������DQG������Å�\±�� LQ� WKH����1�����1�DQG����1�WUHDWPHQWV�
UHVSHFWLYHO\��)LJ�����K���7KH�KLJK�UDWHV�RI�FKDQJH�LQ�G��1�LQ�WKH�FXUUHQW�VWXG\�ZHUH�
SUREDEO\�UHODWHG�WR�WKH�KLJK�1�LQSXWV��ZKLFK�ZRXOG�KDYH�IDFLOLWDWHG�KLJK�UDWHV�RI�1�
F\FOLQJ� DQG� LVRWRSH� IUDFWLRQDWLQJ�1� ORVVHV�� ,W� LV� LPSRUWDQW� WR� QRWH� WKDW� DOO� WKH�1�
UDWHV� XVHG� LQ� WKLV� VWXG\� �H[FHSW� SHUKDSV� WKH� ���1� WUHDWPHQW��ZHUH� FRQVLGHUDEO\�
KLJKHU�WKDQ�UDWHV�FXUUHQWO\�XVHG�RQ�FRPPHUFLDO�KLOO�FRXQWU\�IDUPV��DQG�VR�UHVXOWV�
PXVW�EH�LQWHUSUHWHG�ZLWK�FDXWLRQ��'HVSLWH�WKLV��VXFK�KLJK�UDWHV�RI�1�FRXOG�JLYH�DQ�
LQGLFDWLRQ�RI� WKH�FXPXODWLYH�HIIHFWV�RI� ORZHU�1� UDWHV�DSSOLHG�RYHU�D� ORQJHU� WLPH�
SHULRG��L�H������NJ�KD±��\±��IRU���\HDUV�LV�WKH�VDPH�WRWDO�1�ORDGLQJ�DV�����NJ�KD±��\±
��IRU����\HDUV��DOWKRXJK�1�ORVVHV�ZLOO�OLNHO\�EH�OHVV�ZLWK�ORZHU�DQQXDO�1�UDWHV�GXH�
WR�EHWWHU�1�XVH�HIILFLHQF\��+RRJHQGRRUQ�HW�DO�� LQ�SUHS���7KHUHIRUH�XQGHU� W\SLFDO�
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IDUP�PDQDJHPHQW�SUDFWLFHV�FKDQJHV�LQ�VRLO�G��1�ZLOO�SUREDEO\�RQO\�EH�GHWHFWDEOH�
RQ�GHFDGDO�WLPH�VFDOHV��DV�FRQFOXGHG�LQ�&KDSWHU�����
�
������ &DUERQ�DQG�QLWURJHQ�
'HVSLWH� WKH� UHODWLYHO\� VKRUW� GXUDWLRQ� RI� WKLV� VWXG\�� WKH� YHU\� KLJK� UDWHV� RI� 1�
DSSOLFDWLRQ�DQG�DVVRFLDWHG�FKDQJHV�LQ�SDVWXUH�SURGXFWLRQ�DQG�VWRFNLQJ�UDWHV�ZRXOG�
KDYH�SURYLGHG�WKH�LGHDO�VLWXDWLRQ�IRU�GLIIHUHQFHV�LQ�&�DQG�1�EHWZHHQ�WUHDWPHQWV�WR�
KDYH� GHYHORSHG�� ,QFUHDVLQJ� UDWHV� RI� IHUWLOLVHU� ZRXOG� QRW� RQO\� KDYH� LQFUHDVHG� 1�
LQSXWV� WR� WKH� VRLO�� EXW� DOVR� &� LQSXWV� GXH� WR� DQ� LQFUHDVH� LQ� SDVWXUH� SURGXFWLRQ�
�6DJJDU�HW�DO���������+RRJHQGRRUQ�HW�DO���LQ�SUHS���+RZHYHU��ZKHQ�WKH�IXOO��±����
PP�GHSWK�RI�VRLO�ZDV�FRQVLGHUHG�WKHUH�ZHUH�QR�VLJQLILFDQW�GLIIHUHQFHV�LQ�&��1�RU�
&�1�UDWLR�EHWZHHQ�WUHDWPHQWV��7KLV�LQGLFDWHV�WKDW�RYHUDOO��RXWSXWV�RI�&�DQG�1�PXVW�
KDYH� PDWFKHG� LQSXWV�� ,QGHHG�� PHDVXUHG� PLQHUDO� 1� OHDFKLQJ� ORVVHV� LQFUHDVHG�
VLJQLILFDQWO\�ZLWK�LQFUHDVLQJ�1�UDWH��VHH�7DEOH�������1LWURXV�R[LGH�HPLVVLRQV�DOVR�
LQFUHDVHG�ZLWK�1�DSSOLFDWLRQ�UDWH��+RRJHQGRRUQ�HW�DO����������DQG�LW�LV�OLNHO\�UDWHV�
RI�GHQLWULILFDWLRQ�DQG�DPPRQLD�YRODWLOLVDWLRQ�DOVR�LQFUHDVHG��%DUWRQ�HW�DO����������
7KH�LQFUHDVH�LQ�SDVWXUH�SURGXFWLRQ��ZLWK�LQFUHDVLQJ�1�UDWH��ZRXOG�KDYH�LQFUHDVHG�
RXWSXWV�RI�1�LQ�SURGXFW��PHDW�DQG�ZRRO���DOWKRXJK�WKH�LQFUHDVH�ZRXOG�KDYH�EHHQ�
UHODWLYHO\� VPDOO� FRPSDUHG� WR� RWKHU� 1� ORVV� SDWKZD\V�� )RU� H[DPSOH�� WKH�
29(56((5�� QXWULHQW� EXGJHWLQJ� PRGHO� �GHYHORSHG� IRU� 1HZ� =HDODQG� SDVWXUH�
V\VWHPV��SUHGLFWV� WKDW� DERXW����NJ�1�KD±��ZRXOG�KDYH�EHHQ�H[SRUWHG� LQ�SURGXFW�
IURP�WKH��1�WUHDWPHQW�DQG����NJ�1�KD±��IURP�WKH����1�WUHDWPHQW��6RPH�1��DQG�
&��PD\�KDYH�DOVR�EHHQ�LPPRELOLVHG� LQ� WKH�VRLO�EHORZ�����PP�� LQ�ZKLFK�FDVH� LW�
ZRXOG� KDYH� QRW� EHHQ�PHDVXUHG� LQ� WKH� VRLO� RU� OHDFKDWH�� 7KH� PDMRU� SDWKZD\� IRU�
LQFUHDVHG�&�ORVV�ZDV�PRVW�OLNHO\�YLD�UHVSLUDWLRQ��ZKLFK�WHQGV�WR�VFDOH�FORVHO\�ZLWK�
JURVV�SULPDU\�SURGXFWLRQ�RQ�DQ�DQQXDO�EDVLV��%DOGRFFKL����������
�
7KH� ODFN� RI� GLIIHUHQFH� LQ� VRLO� &� DQG�1� EHWZHHQ� WUHDWPHQWV� LV� FRQVLVWHQW�ZLWK� D�
QXPEHU�RI�RWKHU�VWXGLHV��,Q�D�VPDOO�SORW�VWXG\�RQ�WKH�VDPH�IDUP�DV�WKH�FXUUHQW�WULDO��
3DUILWW�HW�DO�� �LQ�SUHVV�D��IRXQG�QR�GLIIHUHQFH� LQ�VRLO�&�DQG�1���±����PP�GHSWK��
EHWZHHQ�D�WUHDWPHQW�ZKLFK�KDG�UHFHLYHG�QR�1�IHUWLOLVHU�DQG�D�WUHDWPHQW�ZKLFK�KDG�
UHFHLYHG�����NJ�1�KD±��\±��IRU���\HDUV��7KH�&�1�UDWLR�KRZHYHU��ZDV�VLJQLILFDQWO\�
ORZHU� LQ� WKH�1� IHUWLOLVHG�SORWV�� ,Q� D� VLPLODU� VPDOO� SORW� VWXG\��'RGG� DQG�0DFND\�
�������DOVR�IRXQG�QR�GLIIHUHQFH�LQ�VRLO�&�RU�1���±���PP�GHSWK��DIWHU���\HDUV�RI�
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HLWKHU�QR�1�DSSOLFDWLRQ�RU�1�DSSOLFDWLRQ�RI�����NJ�1�KD±��\±���6WXGLHV�RI�ORQJ�WHUP�
VXSHUSKRVSKDWH�WULDOV�LQ�1HZ�=HDODQG�KDYH�DOVR�UHYHDOHG�QR�GLIIHUHQFHV�LQ�VRLO�&�
��±��� PP� GHSWK�� EHWZHHQ� WUHDWPHQWV�� GHVSLWH� ODUJH� GLIIHUHQFHV� EHWZHHQ� DERYH�
JURXQG�SDVWXUH�SURGXFWLRQ�DQG�VWRFNLQJ�UDWHV��/DPEHUW�HW�DO���������*KDQL�HW�DO���
������ 6FKLSSHU� HW� DO��� ������ 6FKLSSHU� HW� DO��� LQ� SUHVV��� ,Q� WZR� RI� WKHVH�
VXSHUSKRVSKDWH� WULDOV� �/DPEHUW� HW� DO��� ������ 6FKLSSHU� HW� DO��� LQ� SUHVV�� VRLO� 1�
LQFUHDVHG�PRUH� LQ� WUHDWPHQWV� UHFHLYLQJ� KLJKHU� UDWHV� RI� VXSHUSKRVSKDWH�� DQG� WKLV�
ZDV� DWWULEXWHG� WR� JUHDWHU� FORYHU� SURGXFWLRQ� OHDGLQJ� WR� KLJKHU� 1� LQSXWV� YLD� 1��
IL[DWLRQ��$�QXPEHU�RI�LQWHUQDWLRQDO�VWXGLHV�KDYH�DOVR�IRXQG�WKDW�WKH�UDWH�RI�&�DQG�
1�DFFXPXODWLRQ� LQ�JUDVVODQG� VRLOV�ZDV�QRW� UHODWHG� WR� IHUWLOLVHU�1� LQSXW� �&OHPHQW�
DQG�:LOOLDPV��������+DVVLQN�DQG�1HHWHVRQ��������+DVVLQN��������:DW]ND�HW�DO���
������.ULV]DQ�HW�DO����������$OWKRXJK�OLNH�3DUILWW�HW�DO���LQ�SUHVV�D���+DVVLQN�DQG�
1HHWHVRQ��������IRXQG�VLJQLILFDQWO\�ORZHU�&�1�UDWLRV�LQ�SORWV�IHUWLOLVHG�ZLWK�KLJK�
UDWHV� RI�1� ����±���� NJ�1�KD±��\±��� WKDQ� LQ� XQIHUWLOLVHG� SORWV�� ,Q� FRQWUDVW� WR� WKH�
SUHYLRXV� VWXGLHV��:DWVRQ� HW� DO�� ������� IRXQG� D� SRVLWLYH� FRUUHODWLRQ� EHWZHHQ� 1�
LQSXWV�DQG�VRLO�&�DQG�1�DFFXPXODWLRQ�GXULQJ�DQ����\HDU�VWXG\�LQ�,UHODQG��7KH�&�1�
UDWLR�DOVR�GHFUHDVHG�ZLWK�LQFUHDVLQJ�1�UDWH��,Q�WKH�VWXG\�RI�:DWVRQ�HW�DO����������&�
DQG�1�DFFXPXODWHG�UDSLGO\�LQ�DOO�WUHDWPHQWV��a���±����NJ�1�KD±��\±��DQG�a����±
�����NJ�&�KD±��\±����SUHVXPDEO\�GXH�WR�FXOWLYDWLRQ�DQG�UHVHHGLQJ�DW�WKH�VWDUW�RI�WKH�
WULDO� DQG� D� FKDQJH� LQ� PDQDJHPHQW� IURP� D� FXW� JUDVVODQG� WR� D� JUD]HG� JUDVVODQG��
FDXVLQJ�VRLO�&�DQG�1�WR�LQFUHDVH�WRZDUGV�D�QHZ�KLJKHU�HTXLOLEULXP��,Q�WKH�FXUUHQW�
WULDO�� WKH� VRLO�KDG�EHHQ�XQGHU�JUD]HG�SDVWXUH� IRU�a����\HDUV�DQG�PD\�KDYH�EHHQ�
DSSURDFKLQJ� DQ� HTXLOLEULXP� &� DQG� 1� FRQWHQW� �-DFNPDQ�� ����D�� +DVVLQN� DQG�
1HHWHVRQ�� ������ 6FKLSSHU� DQG� 6SDUOLQJ�� ������� DQG� WKHUHIRUH� WKH� VRLO� PD\� QRW�
KDYH� KDG� PXFK� FDSDFLW\� WR� VWRUH� DGGLWLRQDO� &� DQG� 1�� GHVSLWH� 1� IHUWLOLVDWLRQ�
LQFUHDVLQJ� LQSXWV�� 7KH� PDMRULW\� RI� VWXGLHV� WKHUHIRUH� LQGLFDWH� WKDW� WKH� UDWH� RI�
PLQHUDO� 1� IHUWLOLVDWLRQ� KDV� OLPLWHG� LPSDFW� RQ� &� DQG� 1� LPPRELOLVDWLRQ� UDWHV� LQ�
SDVWXUH� VRLOV�� DQG� WKHUHIRUH� LQFUHDVLQJ�1� UDWHV� PXVW� OHDG� WR� LQFUHDVHG� &� DQG�1�
ORVVHV�� LQ�VWHS�ZLWK�LQSXWV��&OHDUO\��PRUH�ZRUN�LV�UHTXLUHG�RQ�WKH�IDWH�RI�DSSOLHG�
IHUWLOLVHU� 1�� DQG� ORQJ�WHUP� QHW� &� DQG� 1� LPPRELOLVDWLRQ� UDWHV� XQGHU� SHUPDQHQW�
SDVWXUHV��
�
:KLOH� WKHUH�ZHUH�QR�GLIIHUHQFHV� LQ�&�EHWZHHQ� WUHDWPHQWV��RU� FKDQJHV� LQ�&�ZLWK�
WLPH�ZKHQ�WKH�IXOO�VDPSOLQJ�GHSWK�ZDV�FRQVLGHUHG��WKHUH�ZHUH�VLJQLILFDQW�FKDQJHV�
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ZLWKLQ�WKH�WZR�GHSWK�LQFUHPHQWV��)LJ��������2WKHU�VWXGLHV�KDYH�DOVR�IRXQG�GLIIHUHQW�
WUHQGV� LQ� &� �DQG� 1�� LQ� GLIIHUHQW� GHSWK� LQFUHPHQWV�� ZLWK� D� FRPPRQ� RFFXUUHQFH�
EHLQJ� WKDW� D� VLJQLILFDQW� GLIIHUHQFH� LV� REVHUYHG� EHWZHHQ� WUHDWPHQWV� �RU� VDPSOLQJ�
WLPHV�� IRU� WKH� VXUIDFH� VRLO� EXW� QR� VLJQLILFDQW� GLIIHUHQFH�ZKHQ� WKH� IXOO� SURILOH� LV�
FRQVLGHUHG��GXH� WR�RSSRVLWH� WUHQGV� DQG�RU�JUHDWHU�YDULDELOLW\� ORZHU� LQ� WKH�SURILOH�
�:DWVRQ� HW� DO��� ������.UDYFKHQNR� DQG�5REHUWVRQ�� ������6FKLSSHU� DQG�6SDUOLQJ��
�������7KHUHIRUH�DQDO\VLV�RI�GLIIHUHQW�GHSWKV�KRUL]RQV�LV� LPSRUWDQW� WR�PRUH�IXOO\�
XQGHUVWDQG�&�DQG�1�G\QDPLFV�DW� D�SDUWLFXODU� VLWH��7KH� VLJQLILFDQW�GHFUHDVH� LQ�&�
ZLWK� WLPH� LQ� WKH� �±���PP� VDPSOHV� RI� WUHDWPHQWV� UHFHLYLQJ� ����� NJ�1� KD±�� \±��
�)LJ�����E���ZDV�VLPLODU�WR�/DPEHUW�HW�DO���������ZKR�PHDVXUHG�GHFUHDVHV�RI�DERXW�
����NJ�&�KD±��\±��LQ�DUFKLYHG�VXUIDFH�VRLO�VDPSOHV���±���PP��WDNHQ�RQ�WKH�VDPH�
IDUP� �IURP� IDUPOHWV� UHFHLYLQJ� QR� RU� YHU\� OLWWOH� 1� IHUWLOLVHU�� EHWZHHQ� ����� DQG�
������ ,Q� D� VPDOO� SORW�1� WULDO� RQ� WKH� VDPH� IDUP�� 3DUILWW� HW� DO�� ������� UHSRUWHG� D�
VLJQLILFDQW�GHFOLQH� LQ�&�DQG�1��LQ�DOO� WUHDWPHQWV��ZLWKLQ� MXVW�RQH�\HDU��7KLV�ZDV�
DWWULEXWHG� WR� DQ� LQIHVWDWLRQ� RI� SRULQD� PRWK� FDWHUSLOODUV� �:LVHDQD� VSS��� ZKLFK�
VHYHUHO\� UHGXFHG� SDVWXUH� SURGXFWLRQ� DQG� SUHVXPDEO\� &� LQSXWV�� DQG� DW� WKH� VDPH�
WLPH� SUREDEO\� LQFUHDVHG� UHVSLUDWRU\� ORVVHV�� &� KDG� UHFRYHUHG� WR� SUH�FDWHUSLOODU�
LQIHVWDWLRQ� OHYHOV�DIWHU���\HDUV� �3DUILWW�HW�DO���������� ,Q�DQRWKHU�KLOO�FRXQWU\� WULDO��
6FKLSSHU�HW�DO���������IRXQG�WKDW�&�DQG�1�LQ�WKH�VXUIDFH�VRLO���±���PP��LQFUHDVHG�
GXULQJ� WKH� ILUVW� �� \HDUV� DQG� WKHQ� VXEVHTXHQWO\� GHFUHDVHG�� ZLWK� WKH� GHFUHDVH�
SULPDULO\�DWWULEXWHG�WR�D�VHULHV�RI�GU\�VXPPHUV��7KH�FXUUHQW�VWXG\�DQG�WKH�VWXGLHV�
RI�3DUILWW�HW�DO����������6FKLSSHU�HW�DO���������DQG�/DPEHUW�HW�DO���������WKHUHIRUH�
LQGLFDWH� WKDW� VXUIDFH� VRLO�&� �DQG�1��XQGHU�KLOO� FRXQWU\�SDVWXUHV� LQ�1HZ�=HDODQG�
FDQ� EH� WHPSRUDOO\� G\QDPLF�� LQFUHDVLQJ� RU� GHFUHDVLQJ� TXLWH� PDUNHGO\� GXULQJ�
UHODWLYHO\�VKRUW�WLPH�SHULRGV��
�
0RVW�VWXGLHV�RI�SDVWRUDO�VRLOV�KDYH�IRXQG�WKDW�WKH�&�1�UDWLR�GHFOLQHV�ZLWK�WLPH�DV�
SDVWXUHV� GHYHORS� �+DVVLQN�� ������ /DPEHUW� HW� DO��� ������ 6SDUOLQJ� DQG� 6FKLSSHU��
������6FKLSSHU�DQG�6SDUOLQJ���������DQG�WKDW�WKH�&�1�UDWLR�LV�RIWHQ�ORZHU�LQ�VRLOV�
UHFHLYLQJ�KLJKHU�UDWHV�RI�1�IHUWLOLVHU��+DVVLQN�DQG�1HHWHVRQ��������:DWVRQ�HW�DO���
������3DUILWW�HW�DO���LQ�SUHVV�D���7KHUHIRUH�WKH�ODFN�RI�D�UHODWLRQVKLS�EHWZHHQ�&�1�
DQG�1� IHUWLOLVHU� LQSXW�� DQG� WKH� VLJQLILFDQW� LQFUHDVH� LQ�&�1� UDWLR�ZLWK� WLPH� LQ� WKH�
��±����PP�GHSWK�RI�DOO�WUHDWPHQWV�LQ�WKH�FXUUHQW�VWXG\�ZDV�WKH�RSSRVLWH�WR�ZKDW�
ZH�H[SHFWHG��7KLV�LQFUHDVH�LQ�&�1�UDWLR�ZDV�ODUJHO\�GULYHQ�E\�DQ�LQFUHDVH�LQ�VRLO�&�
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�)LJ�����E��FRPELQHG�ZLWK�D�VOLJKW�GHFUHDVH�LQ�7.1��)LJ�����D��LQ�WKH�ORZHU�GHSWK��
,W� LV� XQFOHDU� ZK\� &� WHQGHG� WR� LQFUHDVH� ZLWK� WLPH� LQ� WKH� ORZHU� GHSWK� �LQ� DOO�
WUHDWPHQWV����
�
�
���� &RQFOXVLRQV�
7KH�PDLQ�REMHFWLYH�RI�WKLV�VWXG\�ZDV�WR�GHWHUPLQH�LI�GLIIHUHQW�UDWHV�RI�PLQHUDO�1�
IHUWLOLVHU� �XUHD�� LQIOXHQFHG� VRLO� &�� 1� DQG� G��1� LQ� D� VKHHS� JUD]HG� KLOO� FRXQWU\�
SDVWXUH��'HVSLWH� WKH�KLJK� UDWHV�RI�1� IHUWLOLVHU� LQSXW� ��±����NJ�1�KD±�� \±���� WKHUH�
ZHUH� QR� VLJQLILFDQW� GLIIHUHQFHV� LQ� VRLO� &� DQG�1� EHWZHHQ� WUHDWPHQWV� RU� FKDQJHV�
ZLWK� WLPH�LQ� WKH�WRS��±����PP�RI�VRLO��7KH�&�1�UDWLR�ZDV�DOVR�XQDIIHFWHG�E\�1�
UDWH��EXW�LQFUHDVHG�ZLWK�WLPH�LQ�DOO�WUHDWPHQWV��ZKLFK�LV�RSSRVLWH�WR�ZKDW�W\SLFDOO\�
RFFXUV�LQ�SDVWRUDO�VRLOV��7KH�ODFN�RI�1�UHWHQWLRQ�LQ�WKH�VRLO�LV�FRQVLVWHQW�ZLWK�WKH�
KLJK�PLQHUDO�1� OHDFKLQJ� ORVVHV� UHSRUWHG� E\�+RRJHQGRRUQ� HW� DO�� �LQ� SUHS�� DW� WKH�
VDPH�VLWH��:KLOH�1�IHUWLOLVDWLRQ�KDG�QR�HIIHFW�RQ�WKH�DPRXQW�RI�VRLO�1��LW�GLG�DOWHU�
WKH�LVRWRSLF�FRPSRVLWLRQ�RI�VRLO�1��ZLWK�G��1�LQFUHDVLQJ�VLJQLILFDQWO\�ZLWK�WLPH�LQ�
WUHDWPHQWV�UHFHLYLQJ�!����NJ�1�KD±��\±���7KH�LQFUHDVH�LQ�G��1�FDQQRW�EH�GLUHFWO\�
GXH� WR� WKH� DSSOLFDWLRQ� RI� IHUWLOLVHU� 1� EHFDXVH� DSSOLHG�1�ZRXOG� KDYH� KDG� ORZHU�
G��1� YDOXHV� WKDQ� WKH� VRLO�� 7KHUHIRUH� JUHDWHU� LVRWRSH� IUDFWLRQDWLQJ�1� ORVVHV� �H�J��
QLWURXV�R[LGH�HPLVVLRQV��DPPRQLD�YRODWLOLVDWLRQ�DQG�QLWUDWH�OHDFKLQJ��DW�KLJKHU�1�
UDWHV�PXVW�KDYH�FDXVHG�WKH�LQFUHDVH�LQ�G��1��7KLV�DVVHUWLRQ�ZDV�VXSSRUWHG�E\�WKH�
VLJQLILFDQW� SRVLWLYH� FRUUHODWLRQ� EHWZHHQ� WKH� UDWH� RI� FKDQJH� LQ� G��1� DQG� QLWUDWH�
OHDFKLQJ��7KHVH�UHVXOWV�VXJJHVW�WKDW�G��1�LV�PRUH�VHQVLWLYH�WR�1�LQSXWV�DQG�ORVVHV�
WKDQ�FKDQJHV� LQ� WRWDO�VRLO�1�RU� WKH�&�1�UDWLR��DQG� WKHUHIRUH�VRLO�G��1�FRXOG�EH�D�
XVHIXO�LQGLFDWRU�RI�SDVW�1�F\FOLQJ�DQG�ORVV�LQ�SDVWRUDO�V\VWHPV��
�
�
�
� �
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$FNQRZOHGJHPHQWV�
7KH� LQLWLDWLRQ�DQG�PDLQWHQDQFH�RI� WKH� WULDO�XVHG� LQ� WKLV�VWXG\�ZDV� IXQGHG�E\� WKH�
)HUWLOLVHU�0DQXIDFWXUHUV�5HVHDUFK�$VVRFLDWLRQ��0HDW�DQG�:RRO�1HZ�=HDODQG�DQG�
WKH� 1HZ� =HDODQG� )RXQGDWLRQ� IRU� 6FLHQFH� 5HVHDUFK� DQG� 7HFKQRORJ\� �FRQWUDFW�
&��;�������6RLO�DQDO\VLV�ZDV�IXQGHG�YLD�WKH�6RLO�6HUYLFHV�SURJUDP�DW�/DQGFDUH�
5HVHDUFK��FRQWUDFW�&��;�������6WLSHQG�IXQGLQJ�IRU�3�/��0XGJH�ZDV�SURYLGHG�E\�
WKH�)RXQGDWLRQ�IRU�5HVHDUFK�6FLHQFH�DQG�7HFKQRORJ\�YLD�D�VXEFRQWUDFW�ZLWK�*16�
6FLHQFH� �&��;������� DQG� DOVR� IURP� WKH� :LOI� DQG� 5XWK� 0DOFROP� 3RVWJUDGXDWH�
6FKRODUVKLS�� DGPLQLVWHUHG� E\� WKH�8QLYHUVLW\� RI�:DLNDWR��:H�ZRXOG� DOVR� OLNH� WR�
DFNQRZOHGJH� WKH� LQSXW� RI� 'U� *UHJ� /DPEHUW� ZKR� ZDV� WKH� SURMHFW� OHDGHU�
UHVSRQVLEOH�IRU�WKH�1�WULDO��/RXLVH�)LVN�LV�WKDQNHG�IRU�VDPSOH�SUHSDUDWLRQ��
�
� �
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���� 6XSSOHPHQWDU\�ILJXUHV�

�
)LJ��6�����3DQHOV�D±J�VKRZ�WRWDO�.MHOGDKO�QLWURJHQ��7.1��GDWD�IRU�VRLOV�IURP�LQGLYLGXDO�SDGGRFNV�
LQ�WKH�GLIIHUHQW�WUHDWPHQWV��8SSHU�FDVH�OHWWHUV�DUH�IRU�WKH��±���PP�GHSWK�DQG�ORZHU�FDVH�OHWWHUV�IRU�
WKH���±����PP�GHSWK��/LQHV�DUH�OLQHDU�UHJUHVVLRQ�OLQHV�ILWWHG�WR�WKH�GDWD�XVLQJ�D�ED\HVLDQ�VPRRWKHU�
�8SVGHOO�� ������ ZKLFK� ILWV� WKH� OLQH� WDNLQJ� LQWR� DFFRXQW� DOO� WKH� GDWD�� QRW� MXVW� WKH� GDWD� IURP� DQ�
LQGLYLGXDO�WUHDWPHQW��VROLG�OLQH�LV��±���PP�GHSWK�DQG�GRWWHG�OLQH���±����PP�GHSWK���&RQILGHQFH�
EDQGV�DUH������LQWHUYDOV�IRU�WKH�SRVLWLRQ�RI�WKH�FXUYH��3DQHO�K�VKRZV�WKH�DYHUDJH�UDWH�RI�FKDQJH�LQ�
7.1�IRU�GLIIHUHQW�1�UDWHV�ZLWK������FRQILGHQFH�LQWHUYDOV��EDVHG�RQ�DOO�WKH�GDWD�LQ�SDQHOV�D±J���
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�� 6XPPDU\�DQG�FRQFOXVLRQV�
�
�
���� ,QWURGXFWLRQ�DQG�UHYLHZ�RI�WKHVLV�DLP�DQG�K\SRWKHVHV��
7KH�UDWLR�RI�QDWXUDOO\�RFFXUULQJ�QLWURJHQ�LVRWRSHV���1�DQG���1��G��1��LQ�VRLOV�FDQ�
SURYLGH� XVHIXO� LQIRUPDWLRQ� RQ� 1� F\FOH� SURFHVVHV� �+|JEHUJ�� ������ 5RELQVRQ��
�������7KLV�RFFXUV�EHFDXVH�WKH�VOLJKW�GLIIHUHQFH�LQ�PDVV�EHWZHHQ�WKH�WZR�LVRWRSHV�
PHDQV� WKDW� WKH\� EHKDYH� GLIIHUHQWO\� LQ� PDQ\� SK\VLFDO�� FKHPLFDO� DQG� ELRORJLFDO�
SURFHVVHV�� ,Q� JHQHUDO�� ��1� UHDFWV� IDVWHU� WKDQ� ��1�� DQG� WKHUHIRUH� WHQGV� WR� EH�
SUHIHUHQWLDOO\� ORVW� GXULQJ� WKH� PDLQ� 1� WUDQVIRUPDWLRQ� SURFHVVHV� LQ� VRLO� �H�J��
DPPRQLD� YRODWLOLVDWLRQ�� QLWULILFDWLRQ�� GHQLWULILFDWLRQ� RU� 1� OHDFKLQJ��� 7KHUHIRUH�
VRLOV�ZLWK�KLJKHU�1�LQSXWV��F\FOLQJ�DQG�ORVVHV�DUH�RIWHQ�HQULFKHG�ZLWK���1�UHODWLYH�
WR�VRLOV�ZLWK�ORZHU�1�LQSXWV�DQG�ORVVHV��-RKDQQLVVRQ�DQG�+|JEHUJ��������:DW]ND�
HW� DO��� ������ 6WHYHQVRQ� HW� DO��� ������� 5HFHQW� UHVHDUFK� LQ� 1HZ� =HDODQG� E\�
6WHYHQVRQ� HW� DO�� ������� UHYHDOHG� D� FOHDU� VHSDUDWLRQ� LQ� G��1� EHWZHHQ� ODQG� XVHV��
IRUHVWV��ERWK�QDWLYH�DQG�H[RWLF��KDG�WKH�ORZHVW�G��1��ZKLOH�LQWHQVLYH�GDLU\�SDVWXUHV�
DQG� FURSSLQJ� VRLOV� KDG� WKH� KLJKHVW� G��1�� ZLWK� VRLOV� XQGHU� PRUH� H[WHQVLYHO\�
PDQDJHG� VKHHS�EHHI� SDVWXUHV� KDYLQJ� LQWHUPHGLDWH� G��1�� 7KH� GLIIHUHQFH� LQ� G��1�
EHWZHHQ� ODQG�XVHV�ZDV� ODUJHO\�DWWULEXWHG� WR�GLIIHUHQFHV� LQ�PDQDJHPHQW� LQWHQVLW\�
DQG�PRUH�VSHFLILFDOO\�1�LQSXWV��DQG�LVRWRSH�IUDFWLRQDWLQJ�1�ORVVHV��ZKLFK�W\SLFDOO\�
LQFUHDVH�IURP�IRUHVWV� WKURXJK�WR�FURSSHG�ODQG��7KHVH�UHVXOWV�VXJJHVWHG�WKDW�G��1�
KDG�SRWHQWLDO�WR�EH�D�XVHIXO�LQGLFDWRU�RI�SDVW�PDQDJHPHQW�LQWHQVLW\�DQG�ORQJ�WHUP�
1�F\FOLQJ�DQG�ORVV�SURFHVVHV�WKDW�KDYH�RFFXUUHG�LQ�VRLOV���
�
7KH�RYHUDUFKLQJ�K\SRWKHVLV�IRU�WKLV�WKHVLV�ZDV�WKDW�SDVWRUDO�VRLOV�XQGHU�LQWHQVLYH�
PDQDJHPHQW� UHJLPHV� �ZLWK� KLJK� 1� LQSXWV�� F\FOLQJ� DQG� ORVVHV�� ZRXOG� EHFRPH�
SURJUHVVLYHO\�HQULFKHG�ZLWK���1�UHODWLYH�WR�VRLOV�XQGHU�OHVV�LQWHQVLYH�PDQDJHPHQW��
7KLV� K\SRWKHVLV� ZDV� WHVWHG� E\� PHDVXULQJ� G��1� LQ� VRLOV� IURP� IRUHVW�WR�SDVWXUH�
FKURQRVHTXHQFHV�� DQG� DOVR� DUFKLYHG� VDPSOHV� IURP� ORQJ�WHUP� JUD]HG� ILHOG� WULDOV�
ZLWK�GLIIHUHQW�IHUWLOLVHU�RU�LUULJDWLRQ�UHJLPHV�LQ�1HZ�=HDODQG��
�
0RUH� VSHFLILF� K\SRWKHVHV� WHVWHG� LQ� WKLV� WKHVLV� DUH� OLVWHG� EHORZ� �VHH� &KDSWHU� ��
VHFWLRQ�����IRU�DGGLWLRQDO�GHWDLO�DURXQG�K\SRWKHVHV���



� 6XPPDU\�DQG�FRQFOXVLRQV� &KDSWHU����
�

�

����

������ +\SRWKHVHV�
�
��� 6RLO�G��1�ZLOO� LQFUHDVH�ZLWK� WLPH� IROORZLQJ� FRQYHUVLRQ�RI� IRUHVW� RU� VFUXE� WR�

SDVWXUH��GXH�WR�LQFUHDVHG�1�LQSXWV�DQG�LVRWRSH�IUDFWLRQDWLQJ�1�ORVVHV���
�
��� 6RLO� G��1�ZLOO� LQFUHDVH� PRUH� UDSLGO\� LQ� PRUH� LQWHQVLYHO\� PDQDJHG� SDVWXUHV�

UHFHLYLQJ�KLJKHU�UDWHV�RI�VXSHUSKRVSKDWH�IHUWLOLVHU��QLWURJHQ�IHUWLOLVHU�RU�PRUH�
IUHTXHQW�LUULJDWLRQ���

�
��� 6RLO�G��1�ZLOO� EH� D� XVHIXO� LQGLFDWRU� RI� SDVW�PDQDJHPHQW� LQWHQVLW\� DQG� ORQJ�

WHUP�1�LQSXWV��F\FOLQJ�DQG�ORVVHV�IURP�SDVWRUDO�V\VWHPV���
�
7KH� IROORZLQJ� VHFWLRQ� ������ZLOO� HYDOXDWH� KRZ� WKHVH� K\SRWKHVHV�ZHUH� VXSSRUWHG�
�RU�QRW�VXSSRUWHG��E\�WKH�UHVXOWV�LQ�WKLV�WKHVLV��DQG�WKHQ�WKH�ILQDO�VHFWLRQ�������ZLOO�
SUHVHQW�UHFRPPHQGDWLRQV�IRU�IXWXUH�UHVHDUFK���
�
�
���� (YDOXDWLRQ�RI�K\SRWKHVHV��
�
������ +\SRWKHVLV���
6RLO� G��1� ZLOO� LQFUHDVH� ZLWK� WLPH� IROORZLQJ� FRQYHUVLRQ� RI� IRUHVW� RU� VFUXE� WR�
SDVWXUH��GXH�WR�LQFUHDVHG�1�LQSXWV�DQG�LVRWRSH�IUDFWLRQDWLQJ�1�ORVVHV���
�
7KLV� K\SRWKHVLV� ZDV� WHVWHG� E\� DQDO\VLQJ� VRLOV� IURP� IRXU� IRUHVW�WR�SDVWXUH�
FKURQRVHTXHQFHV�� 7KUHH� RI� WKH� FKURQRVHTXHQFHV� ZHUH� RQ� SXPLFH� VRLOV� LQ� WKH�
&HQWUDO�1RUWK�,VODQG��ZKHUH�H[RWLF�SLQH�IRUHVW�SODQWDWLRQV�KDG�EHHQ�FRQYHUWHG� WR�
SDVWXUH��DQG�WKH�IRXUWK�FKURQRVHTXHQFH�ZDV�RQ�D�SRG]RO�VRLO�LQ�1RUWKODQG��ZKHUH�
QDWLYH�VFUXE�KDG�EHHQ�FRQYHUWHG�WR�SDVWXUH��
�
5HVXOWV� IURP� WKH� WKUHH� IRUHVW�WR�SDVWXUH� FKURQRVHTXHQFHV� RQ� SXPLFH� VRLOV��
VXSSRUWHG� K\SRWKHVLV� ���ZLWK� D� FOHDU� LQFUHDVH� LQ� VXUIDFH� VRLO�G��1�EHWZHHQ� SLQH�
IRUHVWV� ��� Å��� DQG� ORQJ�WHUP� SDVWXUHV� ����� Å��� +RZHYHU�� UHVXOWV� IURP� WKH�
1RUWKODQG� FKURQRVHTXHQFH� GLG� QRW� VXSSRUW� WKH� K\SRWKHVLV� ZLWK� QR� V\VWHPDWLF�
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FKDQJH� LQ� G��1� EHWZHHQ� WKH� VFUXE� DQG� SDVWXUH� VLWHV�� 7KH� IDFWRUV� SRWHQWLDOO\�
LQIOXHQFLQJ�G��1�IRU�WKH�GLIIHUHQW�FKURQRVHTXHQFHV�DUH�VXPPDULVHG�EHORZ���
�
7KH� LQFUHDVH� LQ� G��1� EHWZHHQ� WKH� SLQH� IRUHVWV� DQG� ORQJ�WHUP� SDVWXUHV� LQ� WKH�
FKURQRVHTXHQFHV�RQ�WKH�SXPLFH�VRLO�ZDV�YHU\�OLNHO\�GXH�WR�LQFUHDVHG�1�LQSXWV�DQG�
LVRWRSH�IUDFWLRQDWLQJ�1�ORVVHV��H�J��DPPRQLD�YRODWLOLVDWLRQ��IURP�WKH�SDVWXUH�VLWHV��
7RWDO�1�LQSXWV�ZRXOG�KDYH�SUREDEO\�EHHQ�!����NJ�KD±��\±�� IRU� WKH�SDVWXUH�VLWHV��
EXW�����NJ�KD±��\±��IRU�WKH�IRUHVW�VLWHV��DQG�UHVHDUFK�KDV�VKRZQ�WKDW�1�ORVVHV�DUH�
JHQHUDOO\� PXFK� KLJKHU� IURP� SDVWXUHV� WKDQ� IRUHVWV� �'L� DQG� &DPHURQ�� ������
0HQQHHU�HW�DO�������E���7KLV�LV�IXUWKHU�VXSSRUWHG�E\�WKH�LQFUHDVH�LQ�ERWK�WRWDO�VRLO�
1�DQG�G��1�XQGHU�WKH�SDVWXUHV��EHFDXVH�LI� LVRWRSH�IUDFWLRQDWLQJ�1�ORVVHV�KDG�QRW�
RFFXUUHG�� LPPRELOLVDWLRQ� RI�1� LQ� WKH� VRLO� VKRXOG� KDYH� FDXVHG�G��1� WR� GHFUHDVH��
VLQFH�1� IL[HG� LQ� DVVRFLDWLRQ�ZLWK� OHJXPHV� DQG� IHUWLOLVHU� 1� JHQHUDOO\� KDYH� G��1�
YDOXHV�RI�a��Å���
�
$QDO\VLV�RI�IXOO�VRLO�SURILOHV�UHYHDOHG�D�VLJQLILFDQW�LQFUHDVH�LQ�G��1�EHWZHHQ�WKH�$�
KRUL]RQ�DQG�VXEVRLOV�LQ�WKH�SLQH�IRUHVW�VLWHV��EXW�QR�VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�
WKH� $� KRUL]RQ� DQG� VXEVRLO� KRUL]RQV� LQ� WKH� ORQJ�WHUP� SDVWXUH� VLWHV�� 7KLV� ZDV�
DWWULEXWHG�WR���1�HQULFKPHQW�RI�WKH�$�KRUL]RQV�LQ�WKH�SDVWXUH�VLWHV��DQG�VXJJHVWHG�
WKDW�WKH�GLIIHUHQFH�LQ�G��1�EHWZHHQ�VXUIDFH�VRLO�DQG�VXEVRLO�FRXOG�DOVR�EH�D�XVHIXO�
LQGLFDWRU� RI� SDVW� PDQDJHPHQW� LQWHQVLW\� DQG� 1� LQSXWV� DQG� ORVVHV�� 7KLV� SURILOH�
LQGLFDWRU� PD\� EH� PRUH� VXLWDEOH� �WKDQ� DEVROXWH� YDOXHV� RI� VXUIDFH� VRLO� G��1�� IRU�
FRPSDULQJ� DFURVV� VRLO� W\SHV�ORFDWLRQV�� ZKHUH� EDVHOLQH� G��1� YDOXHV� GLIIHU�� 7KLV�
K\SRWKHVLV�QHHGV�WR�EH�LQYHVWLJDWHG�IXUWKHU��
�
,W�ZDV�XQFOHDU�ZK\�VXUIDFH�VRLO�G��1�GLG�QRW�LQFUHDVH�DV�SDVWXUH�DJH�LQFUHDVHG�LQ�
WKH�1RUWKODQG�FKURQRVHTXHQFH��SDUWLFXODUO\�ZKHQ�WRWDO�1�LQFUHDVHG��DQG�&�1�UDWLR�
GHFUHDVHG�DV�ZRXOG�EH�H[SHFWHG��DQG�DV�ZDV�REVHUYHG�IRU�WKH�FKURQRVHTXHQFHV�RQ�
WKH�SXPLFH�VRLO���7KHUH�ZDV�FRQVLGHUDEOH�YDULDWLRQ�LQ�G��1�EHWZHHQ�VDPSOLQJ�VLWHV�
�LQFOXGLQJ� WKH� VFUXE� VLWHV��� ZKLFK� VXJJHVWHG� WKDW� VLWH� VSHFLILF� IDFWRUV� ZHUH�
LPSRUWDQW�� DQG� WKDW� GLIIHUHQFHV� LQ� G��1�PD\� KDYH� EHHQ� SUHVHQW� SULRU� WR� SDVWXUH�
HVWDEOLVKPHQW�� 7KH� VRLO� DW� WKH� 1RUWKODQG� VLWH� ZDV� TXLWH� H[WUHPH�� EHLQJ� ROG��
ZHDWKHUHG��DQG�VWURQJO\�SRG]ROLF�GXH�WR�IRUPDWLRQ�XQGHU�NDXUL�IRUHVW�ZLWK�DFLGLF�
OLWWHU�� 7KH� DJH� RI� WKH� VRLO� ZRXOG� KDYH� PHDQW� WKDW� HYHQ� VPDOO� GLIIHUHQFHV� LQ� 1�
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F\FOLQJ��RYHU�ORQJ�WLPH�SHULRGV��FRXOG�KDYH�OHG�WR�ODUJH�SUH�H[LVWLQJ�GLIIHUHQFHV�LQ�
G��1� EHWZHHQ� VLWHV�� ZKLFK� PD\� KDYH� PDVNHG� PDQDJHPHQW� LPSDFWV�� $QRWKHU�
SRVVLEOH� H[SODQDWLRQ� LV� WKDW� NDXUL� JXP� GLJJHUV� KDG� GLVWXUEHG� WKH� VRLO� SURILOHV��
WXUQLQJ�VXEVRLO�HQULFKHG�ZLWK���1�XS�LQWR�WKH�VXUIDFH�VRLO�LQ�SODFHV��
�
6XPPDU\��
5HVXOWV� IURP� WKH� WKUHH� FKURQRVHTXHQFHV� RQ� WKH� SXPLFH� VRLO� SURYLGHG� VWURQJ�
VXSSRUW�IRU�K\SRWKHVLV����DQG�WKH�FRQFOXVLRQ�RI�6WHYHQVRQ�HW�DO����������ZKLFK�ZDV�
WKDW� WKH� HIIHFW� RI� ODQG� XVH�� DQG� PRUH� VSHFLILFDOO\� 1� LQSXWV� DQG� LVRWRSH�
IUDFWLRQDWLQJ� ORVVHV� ZHUH� WKH� NH\� GULYHUV� RI� ODUJH� GLIIHUHQFHV� LQ� G��1� EHWZHHQ�
IRUHVWV� DQG� SDVWXUHV� �UDWKHU� WKDQ� DQ\� SRWHQWLDO� GLIIHUHQFHV� FDXVHG� E\� WKH� VSDWLDO�
GLVWULEXWLRQ�RI�SDVWXUH�DQG�IRUHVW�VLWHV���7KH�UHVXOWV�IURP�WKH�FKURQRVHTXHQFHV�RQ�
SXPLFH�VRLOV�DUH�H[SHFWHG�WR�EH�PRUH�W\SLFDO�RI�UHVXOWV�IRU�PRVW�RWKHU�VRLOV�LQ�1HZ�
=HDODQG� �WKDQ� UHVXOWV� IURP� WKH� 1RUWKODQG� FKURQRVHTXHQFH��� EXW� FOHDUO\� IXUWKHU�
UHVHDUFK�RQ�RWKHU�VRLO�W\SHV�ZRXOG�EH�UHTXLUHG�WR�VXEVWDQWLDWH�WKLV�VXJJHVWLRQ���
�
������ +\SRWKHVLV���
6RLO� G��1� ZLOO� LQFUHDVH� PRUH� UDSLGO\� LQ� PRUH� LQWHQVLYHO\� PDQDJHG� SDVWXUHV�
UHFHLYLQJ� KLJKHU� UDWHV� RI� VXSHUSKRVSKDWH� IHUWLOLVHU�� QLWURJHQ� IHUWLOLVHU� RU� PRUH�
IUHTXHQW�LUULJDWLRQ��
�
+\SRWKHVLV� ��ZDV� WHVWHG� E\� DQDO\VLQJ� DUFKLYHG� VRLOV� WDNHQ� IURP� ORQJ�WHUP� ILHOG�
WULDOV� UHFHLYLQJ� GLIIHUHQW� UDWHV� RI� VXSHUSKRVSKDWH� IHUWLOLVHU�� LUULJDWLRQ� RU� QLWURJHQ�
IHUWLOLVHU���
�
&KDSWHU���±�:LQFKPRUH�VXSHUSKRVSKDWH�DQG�LUULJDWLRQ�WULDOV�
7KH� WZR� ORQJHVW� WULDOV� LQYHVWLJDWHG� LQ� WKLV� WKHVLV� ZHUH� DW� :LQFKPRUH� RQ� WKH�
&DQWHUEXU\�SODLQV��ZKHUH�GLIIHUHQW�UDWHV�RI�VXSHUSKRVSKDWH�DQG�LUULJDWLRQ�KDG�EHHQ�
DSSOLHG�IRU�a���\HDUV��$UFKLYHG�VRLOV�IURP�WKHVH�WZR�WULDOV�SURYLGHG�DQ�H[WUHPHO\�
YDOXDEOH�GDWDVHW��ZLWK�QR�RWKHU� VWXGLHV� UHSRUWLQJ�FKDQJHV� LQ� VRLO�G��1�RYHU� VXFK�
ORQJ�WLPH�SHULRGV�LQ�JUD]HG�SDVWXUH�V\VWHPV��DQG�WKHUH�DUH�IHZ�VLPLODU�VWXGLHV�LQ�
RWKHU�HFRV\VWHPV���5HVXOWV�IURP�WKHVH� WZR�WULDOV�SURYLGHG�VXSSRUW�IRU�K\SRWKHVLV�
��� ZLWK� G��1� LQFUHDVLQJ� PRUH� LQ� WUHDWPHQWV� UHFHLYLQJ� KLJKHU� UDWHV� RI�
VXSHUSKRVSKDWH�RU�PRUH�IUHTXHQW�LUULJDWLRQ��7KHUH�ZHUH�DOVR�SRVLWLYH�FRUUHODWLRQV�
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EHWZHHQ� WKH� DYHUDJH� UDWH� RI� FKDQJH� LQ� VRLO� G��1�� DQG� WRWDO� SDVWXUH� SURGXFWLRQ��
FORYHU�SURGXFWLRQ��WKXV�1�IL[DWLRQ��DQG�FDOFXODWHG�1�ORVVHV��7KHVH�UHVXOWV� OHG� WR�
WKH�FRQFOXVLRQ�WKDW�PRVW�RI�WKH�GLIIHUHQFH�LQ�VRLO�G��1�EHWZHHQ�WUHDWPHQWV�ZDV�GXH�
WR�WKH�LQIOXHQFH�WKDW�IHUWLOLVHU�DQG�LUULJDWLRQ�KDG�RQ�SDVWXUH�SURGXFWLRQ��1�IL[DWLRQ�
E\�FORYHU��DQG�WKH�IORZ�RQ�HIIHFWV�WKLV�KDG�RQ�1�F\FOLQJ�DQG�LVRWRSH�IUDFWLRQDWLQJ�
ORVV�SURFHVVHV��H�J��DPPRQLD�YRODWLOLVDWLRQ����
�
&KDSWHU���±�1RUWK�,VODQG�KLOO�FRXQWU\�VXSHUSKRVSKDWH�WULDOV�
6RLO�G��1�ZDV�DOVR�PHDVXUHG�LQ�DUFKLYHG�VRLOV�IURP�WKUHH�ORQJ�WHUP����±���\HDU��
VXSHUSKRVSKDWH�WULDOV�RQ�1RUWK�,VODQG�KLOO�FRXQWU\��5HVXOWV�IURP�WKHVH�WKUHH�WULDOV�
GLG�QRW�VXSSRUW�K\SRWKHVLV����ZLWK�QR�FRQVLVWHQW�GLIIHUHQFHV�LQ�VRLO�G��1�EHWZHHQ�
WUHDWPHQWV�� ,W�ZDV� QRW� HQWLUHO\� FOHDU�ZK\� WKHUH�ZHUH� QR� GLIIHUHQFHV� LQ� WKHVH� KLOO�
FRXQWU\�WULDOV��SDUWLFXODUO\�VLQFH�WUHDWPHQWV�ZHUH�YHU\�VLPLODU�WR�WKH�WUHDWPHQWV�LQ�
WKH�:LQFKPRUH� VXSHUSKRVSKDWH� WULDO� �ZKHUH� WKHUH�ZDV� D� FOHDU� WUHDWPHQW� HIIHFW���
7KH�VKRUWHU�GXUDWLRQ�RI�WKH�KLOO�FRXQWU\�WULDOV��FRPELQHG�ZLWK�VPDOOHU�GLIIHUHQFHV�
LQ� SDVWXUH� SURGXFWLRQ� EHWZHHQ� WUHDWPHQWV� DQG�KLJKHU� YDULDELOLW\� GXH� WR� FRPSOH[�
WRSRJUDSK\�� PD\� KDYH� FRQWULEXWHG� WR� WKH� ODFN� RI� REVHUYHG� GLIIHUHQFHV� EHWZHHQ�
WUHDWPHQWV��'LIIHUHQFHV�LQ�HURVLRQ�EHWZHHQ�WUHDWPHQWV��GXH�WR�GLIIHUHQFHV�LQ�WKDWFK�
EXLOG�XS��� LV� DQRWKHU� SRVVLEOH� H[SODQDWLRQ�� ,QWHUHVWLQJO\�� VORSH� DQG� DVSHFW� KDG� D�
VLJQLILFDQW�HIIHFW�RQ�VRLO�G��1��ZLWK�KLJKHU�YDOXHV�RQ�VKHOWHUHG�HDVW�IDFLQJ�VORSHV�
DW�%DOODQWUDH�DQG�RQ�HDV\� VORSHV� WKDQ� VWHHS� VORSHV�DW�:KDWDZKDWD�DQG�7H�.XLWL��
7KHVH�GLIIHUHQFHV�LQ�VRLO�G��1�EHWZHHQ�VORSHV�DQG�DVSHFWV�ZHUH�SUREDEO\�UHODWHG�
WR�GLIIHUHQFHV�LQ�SDVWXUH�SURGXFWLRQ��VWRFN�JUD]LQJ�EHKDYLRXU��SDUWLFXODUO\�H[FUHWD�
GHSRVLWLRQ��DQG�HURVLRQ��VHH�&KDSWHU����VHFWLRQ�������IRU�VSHFLILF�GHWDLOV���%HFDXVH�
VORSH�DQG�DVSHFW�DUH�SHUPDQHQW�IHDWXUHV�RI�WKH�ODQGVFDSH��GLIIHUHQFHV�LQ�VRLO�G��1�
FRXOG� KDYH� EHJXQ� WR� GHYHORS� ZKHQ� SDVWXUHV� ZHUH� ILUVW� HVWDEOLVKHG� LQ� WKH� HDUO\�
����V��RU�HYHQ�SULRU�WR�WKDW�XQGHU�QDWLYH�YHJHWDWLRQ��7KHUHIRUH�GLIIHUHQFHV�LQ�VRLO�
G��1�EHWZHHQ�VORSH�DQG�DVSHFW�KDG�PXFK�ORQJHU�WR�GHYHORS�WKDQ�DQ\�GLIIHUHQFHV�
FDXVHG� E\� GLIIHUHQW� UDWHV� RI� VXSHUSKRVSKDWH��0RUH� UHVHDUFK� LV� UHTXLUHG� WR� EHWWHU�
XQGHUVWDQG�WKH�LQIOXHQFH�RI�VORSH�DQG�DVSHFW�RQ�VRLO�G��1��VHH�VHFWLRQ���������IRU�
VXJJHVWLRQV����
�
� �
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&KDSWHU���±�1LWURJHQ�IHUWLOLVHU�WULDO�
7KH� ILQDO� WULDO� XVHG� WR� WHVW� K\SRWKHVLV� �� ZDV� D� 1� IHUWLOLVHU� WULDO�� ZKHUH� 1� UDWHV�
UDQJLQJ�IURP���WR�����NJ�KD±��\±��ZHUH�DSSOLHG�WR�KLOO�FRXQWU\�SDVWXUHV�RYHU�D���
\HDU� SHULRG�� $V� IRU� UHVXOWV� IURP� WKH� WZR�:LQFKPRUH� WULDOV�� UHVXOWV� IURP� WKH� 1�
IHUWLOLVHU� WULDO�� SURYLGHG� VXSSRUW� IRU� K\SRWKHVLV� ��� ZLWK� G��1� LQFUHDVLQJ�
VLJQLILFDQWO\�ZLWK�WLPH�LQ�WUHDWPHQWV�UHFHLYLQJ�!����NJ�1�KD±��\±���DQG�WKHUH�ZDV�D�
SRVLWLYH� �FRUUHODWLRQ��S��������EHWZHHQ�G��1�DQG�QLWUDWH� OHDFKLQJ��7KLV�RFFXUUHG�
HYHQ�WKRXJK�WKH�GXUDWLRQ�RI�WKH�WULDO�ZDV�PXFK�VKRUWHU�WKDQ�WKH�KLOO�FRXQWU\�WULDOV�
LQ� &KDSWHU� ��� 7KH� VLJQLILFDQW� HIIHFW� RI� WUHDWPHQW� ZDV� DOPRVW� FHUWDLQO\� D�
FRQVHTXHQFH�RI�DSSO\LQJ�YHU\�KLJK�UDWHV�RI�1��DQG�VKRZHG�WKDW�G��1�FDQ�UHVSRQG�
WR� WUHDWPHQWV� LQ� KLOO� FRXQWU\� �LQ� FRQWUDVW� WR�&KDSWHU� ���� 5DWHV� RI� FKDQJH� LQ� VRLO�
G��1�ZHUH�DERXW�DQ�RUGHU�RI�PDJQLWXGH�KLJKHU�WKDQ�LQ�WKH�WZR�:LQFKPRUH�WULDOV�
�&KDSWHU�����ZKLFK�ZDV�SUREDEO\�GXH�WR�WKH�YHU\�KLJK�1�IHUWLOLVHU�LQSXWV��7RWDO�VRLO�
1�DQG�WKH�&�1�UDWLR�ZHUH�QRW�DIIHFWHG�E\�WUHDWPHQW��ZKLFK�VXJJHVWV�WKDW�G��1�PD\�
EH�D�PRUH�VHQVLWLYH�LQGLFDWRU�RI�SDVW�1�LQSXWV�DQG�ORVVHV�WKDQ�VRLO�1�RU�&�1�UDWLR��
�
6XPPDU\��
5HVXOWV�IURP�WKH�WZR�a���\HDU�LUULJDWLRQ�DQG�VXSHUSKRVSKDWH�WULDOV�DW�:LQFKPRUH��
DQG�WKH�VKRUWHU���\HDU�1�UDWH�WULDO�DW�%DOODQWUDH�SURYLGHG�VXSSRUW�IRU�K\SRWKHVLV����
ZLWK� VRLO� G��1� LQFUHDVLQJ� VLJQLILFDQWO\� PRUH� LQ� LQWHQVLYHO\� PDQDJHG� WUHDWPHQWV�
UHFHLYLQJ�KLJKHU�UDWHV�RI�IHUWLOLVHU�RU�LUULJDWLRQ��7KLV�ZDV�DWWULEXWHG�WR�LQFUHDVHG�1�
LQSXWV��IURP�IHUWLOLVHU�DQG�FORYHU�IL[DWLRQ��DQG�LVRWRSH�IUDFWLRQDWLQJ�1�ORVVHV�LQ�WKH�
PRUH� LQWHQVLYHO\� PDQDJHG� WUHDWPHQWV�� ,Q� FRQWUDVW�� UHVXOWV� IURP� WKH� WKUHH� KLOO�
FRXQWU\� VXSHUSKRVSKDWH� WULDOV� GLG� QRW� VXSSRUW� K\SRWKHVLV� ��� ZLWK� QR� FRQVLVWHQW�
GLIIHUHQFHV� LQ�VRLO�G��1�EHWZHHQ� WUHDWPHQWV��7KH� ODFN�RI�REVHUYHG�GLIIHUHQFHV� LQ�
WKH�KLOO�FRXQWU\�VXSHUSKRVSKDWH�WULDOV�PD\�KDYH�EHHQ�GXH�WR��WKH�VKRUWHU�GXUDWLRQ�
RI� WKH� WULDOV�� VPDOOHU� GLIIHUHQFHV� LQ� SDVWXUH� SURGXFWLRQ� EHWZHHQ� WUHDWPHQWV��
GLIIHUHQFHV�LQ�HURVLRQ�EHWZHHQ�WUHDWPHQWV��GXH�WR�GLIIHUHQFHV�LQ�WKDWFK�EXLOG�XS���
RU�KLJKHU�YDULDELOLW\�GXH� WR�FRPSOH[� WRSRJUDSK\��7KH�HIIHFW� WKDW� WRSRJUDSK\�KDV�
RQ�VRLO�G��1�YLD�WKH�LQIOXHQFH�RI�IDFWRUV�VXFK�DV�HURVLRQ��SDVWXUH�SURGXFWLRQ��DQG�
JUD]LQJ� DQLPDO� EHKDYLRXU� �SDUWLFXODUO\� H[FUHWD� GHSRVLWLRQ��� LV� DQ� LQWHUHVWLQJ�
DYHQXH�IRU�IXUWKHU�UHVHDUFK��
�
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������ +\SRWKHVLV���
6RLO�G��1�ZLOO�EH�D�XVHIXO�LQGLFDWRU�RI�SDVW�PDQDJHPHQW�LQWHQVLW\�DQG�ORQJ�WHUP�1�
LQSXWV��F\FOLQJ�DQG�ORVVHV�IURP�SDVWRUDO�V\VWHPV��
�
6RLO�G��1�FRXOG�SRWHQWLDOO\�EH�D�XVHIXO� LQGLFDWRU� WR�DGG� WR�D�VXLWH�RI�VRLO�TXDOLW\�
PHDVXUHPHQWV��6XUIDFH�VRLO�G��1�LQ�SDUWLFXODU�PHHWV�FULWHULD�RXWOLQHG�E\�6SDUOLQJ�
DQG�6FKLSSHU���������RI�VDPSOHV�EHLQJ�HDV\�WR�FROOHFW��UHODWLYHO\�FKHDS�DQG�HDV\�WR�
DQDO\VH�� DQG� WKHUH� LV� DQ� LQWHUSUHWLYH� IUDPHZRUN� �H�J��KLJK�G��1�YDOXHV� �KLJK�1�
ORVVHV���%HFDXVH� VRLO�G��1�SURYLGHV� DQ� LQWHJUDWHG�PHDVXUH� RI�1� F\FOH� SURFHVVHV�
RYHU� ORQJ� WLPH� SHULRGV�� LW� FRXOG� EH� D� YHU\� VLPSOH� DQG� FRVW� HIIHFWLYH� ZD\� RI�
µUDQNLQJ¶�GLIIHUHQW�SDUFHOV�RI�ODQG�EDVHG�RQ�SDVW�1�LQSXWV�DQG�ORVVHV��SDUWLFXODUO\�
ZKHQ� PDQDJHPHQW� KLVWRU\� LV� SRRUO\� NQRZQ��� ,I� VXFK� DQ� LQGLFDWRU� FRXOG� EH�
GHYHORSHG� LW� ZRXOG� EH� DEOH� WR� DVVLVW� ZLWK� WDUJHWLQJ� PLWLJDWLRQ� VWUDWHJLHV� DQG�
UHJXODWLRQV��DLPHG�DW�UHGXFLQJ�1�ORVVHV���WR�DUHDV�PRVW�DW�ULVN�RI�1�ORVV��
�
5HVHDUFK�IRU�WKLV�WKHVLV�KDV�VKRZQ�WKDW�G��1�LQ�SDVWRUDO�VRLOV�FDQ�EH�LQIOXHQFHG�E\�
SDVW�PDQDJHPHQW� LQWHQVLW\�DQG�PDQDJHPHQW� LQGXFHG�FKDQJHV� LQ�1�F\FOLQJ��ZLWK�
VRLOV�DW�LQWHQVLYHO\�PDQDJHG�VLWHV��ZLWK�KLJK�1�LQSXWV�DQG�ORVVHV��JHQHUDOO\�KDYLQJ�
KLJKHU�G��1�YDOXHV�WKDQ�OHVV�LQWHQVLYHO\�PDQDJHG�VRLOV��&KDSWHUV�����������DQG�DOVR�
VHH� 6WHYHQVRQ� HW� DO��� ������� 7KHVH� SRVLWLYH� UHVXOWV� VXSSRUWHG� K\SRWKHVLV� ��� DQG�
SURYLGHG�HQRXJK�GDWD�IRU�WKH�GHYHORSPHQW�RI�WZR�SUHOLPLQDU\�LQGLFDWRUV�RI�³SDVW�
PDQDJHPHQW� LQWHQVLW\� DQG� ORQJ�WHUP�1� LQSXWV�� F\FOLQJ�DQG� ORVVHV� IURP�SDVWRUDO�
V\VWHPV´� �VHH� VHFWLRQ� �������� IRU� GHWDLOV��� +RZHYHU�� UHVXOWV� IURP� WKH� 1RUWKODQG�
FKURQRVHTXHQFH�DQG�KLOO�FRXQWU\�VXSHUSKRVSKDWH�WULDOV��&KDSWHUV���DQG�����GLG�QRW�
SURYLGH�VXSSRUW�IRU�K\SRWKHVLV����DQG�DORQJ�ZLWK�WKH�OLWHUDWXUH�UHYLHZ���&KDSWHU����
VHFWLRQ�������GHPRQVWUDWHG�WKDW�QDWXUDO�IDFWRUV��VXFK�DV�FOLPDWH��VORSH�DQG�DVSHFW��
FDQ�KDYH�D�ODUJH�LQIOXHQFH�RQ�VRLO�G��1��DQG�LQ�VRPH�FDVHV�QDWXUDO�HIIHFWV�FDQ�EH�
JUHDWHU� WKDQ�PDQDJHPHQW� LQGXFHG�FKDQJHV� LQ�VRLO�G��1��7KHUHIRUH�VRLO�G��1�ZLOO�
SUREDEO\� EH� PRVW� DFFXUDWH� DV� DQ� LQGLFDWRU� RI� SDVW� PDQDJHPHQW� LQWHQVLW\� DQG�
PDQDJHPHQW� LQGXFHG� 1� ORVVHV�� DW� VLWHV� ZLWK� WKH� VDPH� �RU� VLPLODU�� WRSRJUDSK\��
VRLOV� DQG� FOLPDWLF� FRQGLWLRQV�� 7KH� GLIIHUHQFH� EHWZHHQ� VXUIDFH� VRLO� DQG� VXEVRLO�
G��1��VHH�VHFWLRQ�����������PD\�EH�D�EHWWHU�LQGLFDWRU�RI�SDVW�PDQDJHPHQW�LQWHQVLW\�
DQG�PDQDJHPHQW�UHODWHG�1�ORVVHV�ZKHQ�FRPSDULQJ�DFURVV�YHU\�GLIIHUHQW�VRLO�W\SHV�
RU� UHJLRQV� HWF�� EXW� WKLV� QHHGV� WR� EH� LQYHVWLJDWHG� IXUWKHU��:KLOH� WKH� LQIOXHQFH� RI�
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QDWXUDO�IDFWRUV�VXFK�DV��WRSRJUDSK\��VRLO�W\SH�DQG�FOLPDWH�PLJKW�FRPSOLFDWH�WKH�XVH�
RI�VRLO�G��1�DV�DQ�LQGLFDWRU�RI�SDVW�PDQDJHPHQW�LQWHQVLW\�DQG�PDQDJHPHQW�UHODWHG�
1�ORVVHV��VRLO�G��1�KDV�SRWHQWLDO�WR�IXUWKHU�RXU�XQGHUVWDQGLQJ�RI�KRZ�WKHVH�µQDWXUDO�
IDFWRUV¶�DIIHFW�1�G\QDPLFV���
�
$YHUDJH�UDWHV�RI�FKDQJH�LQ�VRLO�G��1�RYHU�WKH�GXUDWLRQ�RI�WKH�WULDOV�LQYHVWLJDWHG�LQ�
WKLV� WKHVLV�� UDQJHG� IURP� ±������ Å� \±�� LQ� WKH� QRQ�IHUWLOLVHG� WUHDWPHQW� RI� WKH�
:LQFKPRUH�VXSHUSKRVSKDWH�WULDO��WR������Å�\±���LQ�WKH�WUHDWPHQW�UHFHLYLQJ�����NJ�
1�KD±��\±��LQ�WKH�1�IHUWLOLVHU�WULDO�DW�%DOODQWUDH��7DEOH�������,Q�DOO�WULDOV�H[FHSW�WKH�
1� IHUWLOLVHU� WULDO� �&KDSWHU����� FKDQJHV� LQ�G��1�ZHUH������Å�\±��7DEOH�������7KLV�
VXJJHVWV� WKDW�XQGHU� µW\SLFDO¶�SDVWRUDO�PDQDJHPHQW� UHJLPHV��DQ\�FKDQJHV� LQ�EXON�
VRLO�G��1�ZLOO� SUREDEO\� RQO\� EH� GHWHFWDEOH� DW� GHFDGDO� WLPH� VFDOHV��7KHUHIRUH�� DV�
VWDWHG�LQ�K\SRWKHVLV����VRLO�G��1�ZLOO�EH�DQ�LQGLFDWRU�RI�ORQJ�WHUP�PDQDJHPHQW�DQG�
1�G\QDPLFV��7KLV�ZLOO� EH� HVSHFLDOO\� WUXH� LI� WU\LQJ� WR�GHWHFW� GLIIHUHQFHV�EHWZHHQ�
WUHDWPHQWV�� ZKHQ� DOO� WUHDWPHQWV� ZHUH� LQFUHDVLQJ� �RU� GHFUHDVLQJ�� EXW� DW� VOLJKWO\�
GLIIHUHQW� UDWHV�� +RZHYHU�� LI� 1� LQSXWV� DQG� ORVVHV� DUH� KLJK�� FKDQJHV� PD\� EH�
GHWHFWDEOH�RYHU�VKRUWHU�WLPH�LQWHUYDOV��H�J��WKH�1�IHUWLOLVHU�WULDO�LQ�&KDSWHU������
�
7DEOH�����$YHUDJH�UDWHV�RI�FKDQJH�LQ�VRLO�G��1�IURP�YDULRXV�WULDOV�LQYHVWLJDWHG�LQ�WKLV�WKHVLV��

7ULDO�
7ULDO�

GXUDWLRQ�
�\HDUV��

$YHUDJH�UDWH�
RI�FKDQJH�LQ�
G��1�DFURVV�
DOO�WUHDWPHQWV�

�Å�\±���

5DQJH�RI�UDWHV�RI�
FKDQJH�LQ�G��1�

�Å�\±���

)RUHVW�WR�SDVWXUH�FKURQRVHTXHQFHV��SXPLFH�VRLO�� a��� ������ ������
:LQFKPRUH�VXSHUSKRVSKDWH�WULDO� ��� ������ ������±������
:LQFKPRUH�LUULJDWLRQ�WULDO� ��� ������ �����±������
%DOODQWUDH�KLOO�FRXQWU\�VXSHUSKRVSKDWH�WULDO� ��� ������ �����±������
:KDWDZKDWD�KLOO�FRXQWU\�VXSHUSKRVSKDWH�WULDO� ��� ������ �����±������
%DOODQWUDH�UDWH�RI�1�WULDO� �� ������ �����±������
�
�
�������� 3UHOLPLQDU\�LQGLFDWRU�RI�SDVW�PDQDJHPHQW�LQWHQVLW\�DQG�1�ORVVHV�
7DEOH� ���� SURSRVHV� D� SUHOLPLQDU\� LQGLFDWRU� RI� SDVW�PDQDJHPHQW� LQWHQVLW\� DQG�1�
LQSXWV�DQG�ORVVHV�IRU�1HZ�=HDODQG�VRLOV��EDVHG�RQ�VRLO�G��1�YDOXHV��7ZR�VHSDUDWH�
EXW�UHODWHG�LQGLFDWRUV�DUH�SURSRVHG������DEVROXWH�YDOXHV�IRU�VXUIDFH�VRLO�G��1�EDVHG�
RQ� UHVXOWV� IURP� WKLV� WKHVLV� DQG� 6WHYHQVRQ� HW� DO�� �������� DQG� ���� WKH� GLIIHUHQFH�
EHWZHHQ� VXUIDFH� VRLO� DQG� VXEVRLO�G��1�YDOXHV�� 7KLV� VHFRQG� µSURILOH¶� LQGLFDWRU� LV�
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YHU\� SUHOLPLQDU\� DQG� LV� RQO\� EDVHG� RQ� UHVXOWV� IURP� WKH� WKUHH� IRUHVW�WR�SDVWXUH�
FKURQRVHTXHQFHV� RQ� WKH� SXPLFH� VRLO� LQ�&KDSWHU� ��� DQG� VRPH� RWKHU� LQWHUQDWLRQDO�
VWXGLHV� LQ� WKH� OLWHUDWXUH� �VHH�&KDSWHU� ���7DEOH� ������ 7KH� SURILOH� LQGLFDWRU� LV� DOVR�
LOOXVWUDWHG�LQ�)LJ������IRU�HDVH�RI�XQGHUVWDQGLQJ���
�
�
7DEOH�����6XJJHVWHG�SUHOLPLQDU\�LQGLFDWRUV�RI�SDVW�PDQDJHPHQW�LQWHQVLW\�DQG�1�LQSXWV�DQG�ORVVHV�
IRU�1HZ�=HDODQG�VRLOV��EDVHG�RQ�����VXUIDFH�VRLO�G��1�YDOXHV��a�±����PP��DQG�����WKH�GLIIHUHQFH�
EHWZHHQ�VXUIDFH�DQG�VXEVRLO��a����PP�GHSWK��G��1�YDOXHV��
����6XUIDFH�
VRLO�G��1�
�Å��

����6XUIDFH�PLQXV�
VXEVRLO�G��1�

�Å��
3DVW�1�LQSXWV�
DQG�ORVVHV�

3UREDEOH�SDVW�ODQG�XVH�DQG�
PDQDJHPHQW�LQWHQVLW\�

�

��� �±���� /RZ� ([WHQVLYH�SDVWXUH��IRUHVWV��QDWXUDO�
HFRV\VWHPV�

�

�±�� ±���±�� 0RGHUDWH� 0RGHUDWH�LQWHQVLW\�SDVWRUDO�V\VWHPV� �
�

!�� !�� +LJK� ,QWHQVLYH�SDVWXUH��FURSSLQJ�ODQG� �
�

�
�
�
�
�
�
�
�
�
�
�
�
�
�
)LJ�� ���� &RQFHSWXDO� GLDJUDP� VKRZLQJ� WKH� H[SHFWHG� G��1� SURILOHV� LQ� 1HZ� =HDODQG� VRLOV� XQGHU�
SDVWXUHV�ZLWK�GLIIHUHQW� UDWHV�RI�1� ORVV� �EDVHG�RQ�UHVXOWV� IURP�&KDSWHU����� ,W� LV�H[SHFWHG� WKDW� LI�D�
IRUHVW�RU�ORZ�LQWHQVLW\�SDVWRUDO�VRLO�LV�FRQYHUWHG�WR�LQWHQVLYH�SDVWXUH��WKH�VKDSH�RI�WKH�SURILOH�ZLOO�
SURJUHVV�IURP�WKDW�XQGHU�µORZ�1�ORVV¶�WR�WKDW�XQGHU�µKLJK�1�ORVV¶��$EVROXWH�G��1�YDOXHV�PD\�GLIIHU�
IRU�GLIIHUHQW�VRLO�W\SHV��EXW�LW�LV�K\SRWKHVL]HG�WKDW�WKH�GLIIHUHQFH�EHWZHHQ�VXUIDFH�DQG�VXEVRLO�G��1�
YDOXHV�ZLOO�EH�VLPLODU��7KLV�K\SRWKHVLV�VWLOO�QHHGV�WR�EH�WHVWHG�IXUWKHU��
�
�

6RLO�G��1��Å���

0RG�1�ORVV� +LJK�1�ORVV�
�� ��

����

����

��

��

6RLO�
GHSWK�
�PP��

/RZ�1�ORVV�
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,W�LV�FOHDU�WKDW�WKHUH�ZLOO�EH��DQG�DUH��H[FHSWLRQV�WR�WKH�EURDG�FDWHJRULHV�SURSRVHG�
LQ�7DEOH�����SDUWLFXODUO\�GXH�WR�WKH�LQIOXHQFH�RI�QDWXUDO�IDFWRUV�VXFK�DV�VRLO�W\SH��
WRSRJUDSK\� DQG� FOLPDWH��0RUH� UHVHDUFK� LV� UHTXLUHG� WR� GHWHUPLQH� LI� VXFK� JHQHUDO�
LQGLFDWRUV�ZLOO�EH�XVHIXO��RU�LI�DQ\�LQGLFDWRU�ZRXOG�QHHG�WR�EH�IXUWKHU�VWUDWLILHG�E\�
µQDWXUDO�IDFWRUV¶�VXFK�DV�VRLO�W\SH�RU�FOLPDWH���
�
6RLO�G��1�FRXOG�DOVR�EH�WKRXJKW�RI�DV�DQ�LQGLFDWRU�RI�WKH�µGXUDWLRQ�DQG�LQWHQVLW\�RI�
SDVWRUDO� DJULFXOWXUH¶�� 7KLV� LV� EHFDXVH� VRLO� G��1� YDOXHV� JHQHUDOO\� LQFUHDVH� ZLWK�
WLPH�XQGHU�SDVWXUH��DQG�WKH�UDWH�RI�LQFUHDVH�LV�JHQHUDOO\�KLJKHU�LQ�PRUH�LQWHQVLYHO\�
PDQDJHG�SDVWXUHV�ZLWK�KLJKHU�1�LQSXWV�F\FOLQJ�DQG� ORVVHV��:DW]ND� HW�DO���������
6WHYHQVRQ�HW�DO���������&KDSWHU����&KDSWHU����&KDSWHU�����6RLO�G��1�PD\�DOVR�EH�D�
XVHIXO� LQGLFDWRU� RI� WKH� YXOQHUDELOLW\� WR� IXWXUH� 1� ORVVHV�� DQG� WKLV� VXJJHVWLRQ� LV�
GLVFXVVHG�IXUWKHU�LQ�VHFWLRQ�����������
�
,W� LV�XQOLNHO\�WKDW�VRLO�G��1�YDOXHV�ZLOO�EH�DEOH�WR�SURYLGH�DFFXUDWH�µTXDQWLWDWLYH¶�
HVWLPDWHV�RI�SDVW�PDQDJHPHQW�LQWHQVLW\�DQG�1�ORVVHV��DQG�UDWKHU�ZLOO�SUREDEO\�EH�
PRVW� XVHIXO� DV� DQ� LQGLFDWRU� RI� µUHODWLYH¶� GLIIHUHQFHV� EHWZHHQ� VLWHV�� +RZHYHU�� LI�
PRUH�PHDVXUHPHQWV�DUH�PDGH�RI� WKH� LVRWRSLF� VLJQDWXUH�RI�1� LQSXWV� DQG�RXWSXWV��
DQG� WKHVH�GDWD�DUH�FRPELQHG�ZLWK�GDWD�RQ� WRWDO�1�IOX[HV�� WKHUH� LV�SRWHQWLDO� WR�EH�
DEOH�WR�XVH�PRGHOOLQJ�WR�FRQVWUDLQ�SUHGLFW�1�ORVVHV�YLD�GLIIHUHQW�SDWKZD\V����
�
�
���� 5HFRPPHQGDWLRQV�IRU�IXUWKHU�UHVHDUFK�
5HVXOWV� IURP� WKLV� WKHVLV� KDYH� VKRZQ� WKDW� G��1� FKDQJHV� ZLWK� WLPH� LQ� �VRPH��
SDVWRUDO� VRLOV�� FDQ�EH� LQIOXHQFHG�E\�PDQDJHPHQW�DQG�FDQ�EH� UHODWHG� WR�1� LQSXWV�
DQG� ORVVHV�� 7KHUHIRUH� VRLO� G��1�PD\� EH� D� XVHIXO� LQGLFDWRU� RI� SDVW� PDQDJHPHQW�
LQWHQVLW\�� DQG� 1� LQSXWV� DQG� ORVVHV� LQ� SDVWRUDO� V\VWHPV� �RU� WKH� µGXUDWLRQ� DQG�
LQWHQVLW\� RI� SDVWRUDO� DJULFXOWXUH¶� DW� D� SDUWLFXODU� VLWH��� 7KH� IROORZLQJ� VHFWLRQ�
RXWOLQHV� VRPH� DYHQXHV� IRU� IXWXUH� UHVHDUFK�� ZKLFK� FRXOG� IXUWKHU� LPSURYH� RXU�
XQGHUVWDQGLQJ� RI� VRLO� G��1� �DQG� WRWDO� 1� F\FOH� SURFHVVHV�� LQ� SDVWRUDO� V\VWHPV��
5HFRPPHQGDWLRQV� IRU� IXWXUH� UHVHDUFK� DUH� GLYLGHG� LQWR� WZR� VHFWLRQV�� µEDVLF¶�
UHVHDUFK� DQG� µDSSOLHG¶� UHVHDUFK�� 7KH� µEDVLF¶� UHVHDUFK� ZLOO� KHOS� DQVZHU� VRPH�
LPSRUWDQW�IXQGDPHQWDO�TXHVWLRQV��ZKLFK�ZLOO�DVVLVW�ZLWK�GHYHORSPHQW�RI�WKH�PRUH�
µDSSOLHG¶�UHVHDUFK���
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������ %DVLF�UHVHDUFK�
�������� ,PSURYH�XQGHUVWDQGLQJ�RI�HIIHFW�WKDW�VRLO�W\SH�KDV�RQ�VRLO�G��1�
6RLO�G��1�UHVXOWV�IURP�WKH�WKUHH�IRUHVW�WR�SDVWXUH�FKURQRVHTXHQFHV�RQ�WKH�SXPLFH�
VRLO��ZHUH� TXLWH� GLIIHUHQW� WR� UHVXOWV� IURP� WKH� FKURQRVHTXHQFH� RQ� WKH� SRG]RO� VRLO�
�&KDSWHU� ���� 7KH� FKURQRVHTXHQFHV� RQ� WKH� SXPLFH� VRLO� VKRZHG� WKH� H[SHFWHG�
LQFUHDVH� LQ� G��1� YDOXHV�ZLWK� SDVWXUH� DJH�� ZKLOH� WKHUH�ZDV� QR� FOHDU� UHODWLRQVKLS�
EHWZHHQ�SDVWXUH�DJH�DQG�VRLO�G��1�IRU�WKH�FKURQRVHTXHQFH�RQ�WKH�SRG]RO�VRLO��ZLWK�
D�ODUJH�YDULDWLRQ�LQ�G��1�YDOXHV�EHWZHHQ�VLWHV��,W�ZRXOG�EH�GHVLUDEOH�WR�FDUU\�RXW�
VLPLODU�VWXGLHV�RQ�RWKHU�VRLO�W\SHV��WR�GHWHUPLQH�LI�WKH�µH[SHFWHG¶�WUHQGV�REVHUYHG�
IRU�WKH�WKUHH�FKURQRVHTXHQFHV�RQ�WKH�SXPLFH�VRLOV�DUH�PRUH�ZLGHO\�DSSOLFDEOH��RU�
LI�KLJK�YDULDELOLW\�RQ�WKH�SRG]RO�VRLO�LV�W\SLFDO�IRU�RWKHU�VRLO�W\SHV�LQ�1HZ�=HDODQG��
$� FRQVWUDLQW� WR� VXFK� D� VWXG\� LV� WKDW�PXFK� RI� WKH� UHFHQW� FRQYHUVLRQ� RI� IRUHVW� WR�
SDVWXUH�KDV�EHHQ�RQ�SXPLFH�VRLOV� LQ� WKH�&HQWUDO�1RUWK�,VODQG��DOWKRXJK�WKHUH�DUH�
GHILQLWHO\�VRPH�SRWHQWLDO�VLWHV�RQ�WKH�&DQWHUEXU\�3ODLQV��$OWHUQDWLYHO\��D�QXPEHU�
RI� SDLUHG� VLWH� VWXGLHV� RI� IRUHVW� DQG� SDVWXUH� VRLOV� KDYH� EHHQ� FDUULHG� RXW� LQ� 1HZ�
=HDODQG�LQ�WKH�SDVW��PRVWO\�IRFXVLQJ�RQ�VRLO�&���DQG�WKHVH�VLWHV�FRXOG�EH�VDPSOHG�
DQG� VRLOV� DQDO\VHG� IRU� G��1� �RU� DQ\� DUFKLYHG� VRLOV� IURP� WKHVH� VLWHV� FRXOG� EH�
DQDO\VHG�IRU�G��1���
�
7KHUH� LV� DOVR�D�QHHG� WR� LPSURYH�XQGHUVWDQGLQJ�RI� WKH� LQIOXHQFH� VRLO� W\SH�KDV�RQ�
VRLO�G��1�� WR� GHWHUPLQH� LI� LW� LV� YDOLG� WR� FRPSDUH�G��1�YDOXHV� EHWZHHQ� VRLO� W\SHV�
�ZKHQ� WKH� LQIOXHQFH� RI�PDQDJHPHQW� RQ� VRLO�G��1� LV� WKH� UHVHDUFK� TXHVWLRQ���7KH�
EHVW�ZD\�WR�DQVZHU�WKLV�TXHVWLRQ�ZRXOG�EH�WR�VDPSOH�IURP�GLIIHUHQW�VRLO�W\SHV��EXW�
XQGHU� WKH� VDPH� FOLPDWLF� DQG� PDQDJHPHQW� UHJLPHV� �LGHDOO\� ZLWKLQ� WKH� VDPH�
SDGGRFN���
�
�������� ,PSURYH�XQGHUVWDQGLQJ�RI�HIIHFW�WKDW�WRSRJUDSK\�KDV�RQ�VRLO�G��1�
5HVXOWV�IURP�WKH�KLOO�FRXQWU\�VXSHUSKRVSKDWH�WULDOV��&KDSWHU����UHYHDOHG�WKDW�ERWK�
VORSH�DQG�DVSHFW�FDQ�KDYH�D�JUHDWHU�LQIOXHQFH�RQ�VRLO�G��1�WKDQ�GLIIHUHQW�UDWHV�RI�
VXSHUSKRVSKDWH� IHUWLOLVHU�� DQG� DVVRFLDWHG� FKDQJHV� LQ� SDVWXUH� SURGXFWLRQ� DQG�
JUD]LQJ�LQWHQVLW\��7KLV�HIIHFW�RI�VORSH�DQG�DVSHFW�ZLOO�FRPSOLFDWH�WKH�XVH�RI�G��1�
DV�DQ�LQGLFDWRU�RI�SDVW�PDQDJHPHQW��DQG�PDQDJHPHQW�UHODWHG�1�ORVVHV��EXW�FRXOG�
SURYLGH� XVHIXO� LQIRUPDWLRQ� RQ� 1� F\FOLQJ� LQ� KLOO� FRXQWU\� SDVWXUH� V\VWHPV��0RUH�
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GHWDLOHG�VWXGLHV�RQ�WKH�LQIOXHQFH�RI�VORSH�DQG�DVSHFW�RQ�VRLO�G��1�DUH�ZDUUDQWHG��WR�
LGHQWLI\� PHFKDQLVPV� GULYLQJ� WKH� REVHUYHG� GLIIHUHQFHV� LQ� G��1� �H�J�� HURVLRQ��
SDVWXUH� SURGXFWLRQ�� VWRFN� JUD]LQJ� EHKDYLRXU� DQG� H[FUHWD� GHSRVLWLRQ��� 2QH�
SHUWLQHQW�TXHVWLRQ�WR�DQVZHU�LV�ZKHWKHU�WKH�GLIIHUHQFHV�EHWZHHQ�VORSHV�DQG�DVSHFWV�
ZHUH� SUHVHQW� SULRU� WR� SDVWXUH� HVWDEOLVKPHQW�� RU� GHYHORSHG� VXEVHTXHQWO\�� 7KLV�
TXHVWLRQ�FRXOG�EH�DQVZHUHG�E\�VDPSOLQJ�IURP�GLIIHUHQW� WRSRJUDSKLF�SRVLWLRQV� LQ�
XQGLVWXUEHG�QDWLYH�IRUHVWV���
�
�������� 0HDVXUH�G��1�RI�1�LQSXWV�DQG�ORVVHV�IRU�SDVWXUH�V\VWHPV�
5HVHDUFK� IURP� WKLV� WKHVLV� KDV� LPSURYHG� RXU� XQGHUVWDQGLQJ� RI� KRZ� VRLO� G��1�
FKDQJHV�ZLWK� WLPH� LQ� SDVWRUDO� VRLOV� �L�H�� FKDQJHV� FDQ� EH� GHWHFWDEOH� RQ� aGHFDGDO�
WLPH� VFDOHV��� DQG� DOVR� LGHQWLILHG� EURDG� GULYHUV� RI� FKDQJHV� �H�J�� PDQDJHPHQW�
LQWHQVLW\��SDVWXUH�SURGXFWLRQ�DQG�1�LQSXWV�DQG�ORVVHV���7KHUH�LV��KRZHYHU��D�QHHG�
WR� LPSURYH� RXU� XQGHUVWDQGLQJ� RI� WKH� DFWXDO�PHFKDQLVPV� GULYLQJ� FKDQJHV� LQ� VRLO�
G��1� LQ� SDVWRUDO� V\VWHPV�� 7KLV� FRXOG� EH� DFKLHYHG� E\� PHDVXULQJ� WKH� LVRWRSLF�
FRPSRVLWLRQ�RI� WKH�YDULRXV�1�LQSXWV��RXWSXWV�DQG�1�SRROV� LQ�SDVWRUDO�V\VWHPV�DV�
VKRZQ� LQ� )LJ�� ����� &KDSWHU� ��� 'HWHUPLQLQJ� WKH� LVRWRSLF� VLJQDWXUH� RI� OHDFKHG� 1�
IURP�JUD]HG�V\VWHPV�LV�D�SDUWLFXODU�SULRULW\��IRU�WZR�UHDVRQV������/HDFKLQJ�LV�RIWHQ�
D�PDMRU�1�ORVV�SDWKZD\�IURP�SDVWRUDO�V\VWHPV��'L�DQG�&DPHURQ���������EXW� WKH�
PDMRULW\�RI�VWXGLHV�ZKHUH�OHDFKDWH�RU�VWUHDP�ZDWHU�G��1�KDV�EHHQ�GHWHUPLQHG�KDYH�
EHHQ�LQ�QDWXUDO��RU�XQJUD]HG�HFRV\VWHPV��H�J��+RXOWRQ�DQG�%DL��������� ����8ULQH�
SDWFKHV� DUH� D� NH\�PHFKDQLVP� E\�ZKLFK�1� LV� ORVW� �0RQDJKDQ� HW� DO��� ������� DQG�
XULQH�1�LV�GHSOHWHG� LQ���1�UHODWLYH� WR�VRLO�DQG�SDVWXUH��6WHHOH�DQG�'DQLHO���������
7KHUHIRUH� GLUHFW� OHDFKLQJ� RI� XULQH�1� VKRXOG� WKHRUHWLFDOO\� OHDG� WR� HQULFKPHQW� RI�
VRLO�ZLWK� ��1��7KLV�K\SRWKHVLV� LV�QRW� LQ�DJUHHPHQW�ZLWK� UHFHQW� VWXGLHV� LQ�QDWXUDO�
HFRV\VWHPV�� ZKHUH� LW� ZDV� FRQFOXGHG� WKDW� 1� OHDFKLQJ� FDXVHG� QR�� RU� RQO\� YHU\�
PLQRU� ��1� HQULFKPHQW� RI� VRLO� �+RXOWRQ� DQG� %DL�� ������ .RED� HW� DO��� �������
6LPLODUO\��WKH�G��1�RI�QLWUDWH�REVHUYHG�LQ�VRPH�1HZ�=HDODQG�VWUHDPV��&ORXJK�HW�
DO���������%DLVGHQ�DQG�'RXHQFH���������ZDV�VLPLODU� WR� WKH� VRLO�G��1�UHSRUWHG� LQ�
WKLV�WKHVLV�DQG�6WHYHQVRQ�HW�DO����������0HDVXULQJ�WKH�IXOO�WRWDO�1�DQG�G��1�EXGJHW�
IRU�D�VLWH��RU�QXPEHU�RI�VLWHV���ZRXOG�EH�WKH�EHVW�ZD\�WR�LPSURYH�XQGHUVWDQGLQJ�RI�
WKH� PHFKDQLVPV� GULYLQJ� FKDQJHV� LQ� G��1� LQ� SDVWRUDO� VRLOV�� &RQGXFWLQJ� VXFK� D�
VWXG\�DW�RQH�RI�WKH�ORQJ�WHUP�ILHOG�VLWHV��LGHDOO\�:LQFKPRUH��VWXGLHG�LQ�WKLV�WKHVLV�
ZRXOG�SURYLGH�DGGLWLRQDO�GDWD�IRU�LQWHUSUHWDWLRQ��
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�������� 0RGHOOLQJ�VRLO�G��1�DQG�WRWDO�1�ORVVHV��
,I�PRUH�FHUWDLQW\�FDQ�EH�JDLQHG�DURXQG�WKH�LVRWRSLF�FRPSRVLWLRQ�RI�1�LQSXWV�DQG�
ORVVHV�LQ�SDVWRUDO�V\VWHPV��DV�GLVFXVVHG�DERYH���WKHUH�LV�SRWHQWLDO�WR�FRPELQH�WKLV�
GDWD� ZLWK� VRLO� G��1� YDOXHV� DQG� WRWDO� 1� IOX[HV�� DQG� WKHQ� XVH� PRGHOOLQJ� WR� KHOS�
FRQVWUDLQ�WKH�PDJQLWXGH�DQG�RU�LVRWRSLF�FRPSRVLWLRQ�RI�DQ\�XQPHDVXUHG�1�IOX[HV�
�H�J�� %DL� DQG� +RXOWRQ�� ������ +RXOWRQ� DQG� %DL�� ������ .RED� HW� DO��� ������� )RU�
H[DPSOH��EDVLF�PRGHOOLQJ�FRXOG�EH�XVHG�WR�HVWLPDWH�WKH�SURSRUWLRQDO�FRQWULEXWLRQ�
RI�OHDFKLQJ�DQG�JDVHRXV�1�ORVVHV�UHTXLUHG�WR�JLYH�PHDVXUHG�VRLO�G��1�YDOXHV��LI�WKH�
LVRWRSLF� FRPSRVLWLRQ� RI� 1� LQSXWV� DQG� ORVVHV� ZDV� NQRZQ�� ,PSDFWV� RI� HURVLRQ�
SURFHVVHV�FRXOG�DOVR�EH�VWXGLHG�LQ�WKLV�ZD\�IRU�WKH�KLOO�FRXQWU\�VLWHV��
�
�������� 'R�P\FRUUKL]DO�IXQJL�DIIHFW�VRLO�G��1�LQ�JUD]HG�SDVWXUHV"��
7KHUH� KDV� EHHQ� ODUJH� DPRXQW� RI� UHVHDUFK� LQWR� WKH� HIIHFW� WKDW�P\FRUUKL]DO� IXQJL�
KDYH� RQ� VRLO� G��1�� EHFDXVH� IXQJL� FDQ� FDXVH� YHU\� VWURQJ� IUDFWLRQDWLRQ� ZKHQ�
WUDQVIHUULQJ� 1� WR� SODQWV� �1� WUDQVIHUUHG� LV� YHU\� GHSOHWHG� LQ� ��1�� �+REELH� DQG�
2XLPHWWH�� ������:DOODQGHU� HW� DO��� �������0RVW�RI� WKLV� UHVHDUFK�KDV�EHHQ�FDUULHG�
RXW� LQ� QDWXUDO� HFRV\VWHPV�� 'LIIHUHQFHV� LQ� IHUWLOLVDWLRQ� DQG� JUD]LQJ� KDYH� EHHQ�
VKRZQ�WR�LQIOXHQFH�IXQJDO�DEXQGDQFH�DQG�VSHFLHV�FRPSRVLWLRQ�LQ�SDVWRUDO�V\VWHPV�
�%DUGJHWW� HW� DO��� ������:DUGOH� HW� DO��� ������ 3DUILWW� HW� DO��� ������ 3DUILWW� HW� DO��� LQ�
SUHVV�D���EXW�LW�DSSHDUV�WKDW�WKHUH�KDV�EHHQ�QR�UHVHDUFK�RQ�WKH�HIIHFW�RI�P\FRUUKL]DO�
IXQJL�RQ�VRLO�G��1�LQ�JUD]HG�SDVWXUHV��,W�ZRXOG�LQWHUHVWLQJ�WR�LQYHVWLJDWH�ZKHWKHU�
WKH�REVHUYHG�HIIHFW�RI�IHUWLOLVHU�RU�LUULJDWLRQ�RQ�VRLO�G��1�LQ�WKLV�WKHVLV�FRXOG�KDYH�
EHHQ� UHODWHG� WR� IXQJDO� DEXQGDQFH� DQG� G\QDPLFV�� 0\FRUUKL]DO� IXQJL� KDYH� EHHQ�
VKRZQ� WR� LQIOXHQFH� WKH� GLVWULEXWLRQ� RI� ��1�ZLWKLQ� WKH� VRLO� SURILOH� �%LOOLQJV� DQG�
5LFKWHU��������+|JEHUJ�HW�DO����������DQG�WKHUHIRUH�LQ�DQ\�IXWXUH�VWXGLHV�LW�ZRXOG�
EH�DGYLVDEOH�WR�VDPSOH�IURP�JUHDWHU�GHSWKV�LQ�WKH�SURILOH�WKDQ�PRVW�RI�WKH�VWXGLHV�
LQ�WKLV�WKHVLV��
�
������ $SSOLHG�UHVHDUFK�
�������� &DQ�VRLO�G��1�EH�XVHG�WR�LGHQWLI\�µFULWLFDO�VRXUFH�DUHDV¶�RI�1�ORVV"�
7KH�IRFXV�RI�WKLV�WKHVLV�ZDV�RQ�KRZ�VRLO�G��1�FKDQJHG�ZLWK�WLPH�XQGHU�GLIIHUHQW�
SDVWRUDO�PDQDJHPHQW�UHJLPHV��DQG�ZKHWKHU�VRLO�G��1�FRXOG�EH�D�XVHIXO� LQGLFDWRU�
RI�SDVW�PDQDJHPHQW�LQWHQVLW\�DQG�1�LQSXWV�DQG�ORVVHV�DW�IDUP�RU�SDGGRFN�VFDOHV��
5HFHQWO\� WKHUH� KDV� EHHQ� DQ� HPSKDVLV� RQ� LPSURYLQJ� XQGHUVWDQGLQJ� RI� QXWULHQW�



� 6XPPDU\�DQG�FRQFOXVLRQV� &KDSWHU����
�

�

����

ORVVHV� IURP� FULWLFDO� VRXUFH� DUHDV� �&6$¶V�� ZLWKLQ� SDGGRFNV�� SDUWLFXODUO\� LQ� KLOO�
FRXQWU\��%HWWHULGJH�HW�DO����������&ULWLFDO�VRXUFH�DUHDV�DUH�DUHDV�ZKLFK�FRQWULEXWH�
GLVSURSRUWLRQDWHO\� WR� QXWULHQW� ORVVHV� UHODWLYH� WR� WKHLU� VL]H� �H�J�� VWRFN� FDPSVLWHV�
ZKHUH�D�ODUJH�DPRXQW�RI�H[FUHWD�LV�GHSRVLWHG���$�QXPEHU�RI�DSSURDFKHV�KDYH�EHHQ�
XVHG� WR� LGHQWLI\�&6$¶V� IRU�1� ORVV�� VXFK�DV��GLUHFWO\�PHDVXULQJ�QLWULILFDWLRQ� UDWHV�
�'HYDQWLHU�HW�DO����������PLQHUDO�1�FRQFHQWUDWLRQV��%HWWHULGJH�HW�DO����������DFWXDO�
1� OHDFKLQJ� ORVVHV� �+RRJHQGRRUQ� DQG�'HYDQWLHU�� ������� ZKLOH� DQRWKHU� DSSURDFK�
KDV� EHHQ� WR� LGHQWLI\� ZKHUH� H[FUHWD� LV� W\SLFDOO\� GHSRVLWHG� XVLQJ� *36� WUDFNLQJ�
GHYLFHV� DWWDFKHG� WR� JUD]LQJ� DQLPDOV� �%HWWHULGJH� HW� DO��� ������ %HWWHULGJH� HW� DO���
�������2QH�DLP�RI�WKLV�UHVHDUFK�LV�WR�EH�DEOH�WR�SUHGLFW�ZKHUH�WKHVH�&6$¶V�DUH�VR�
WKDW� WKH\� FRXOG� EH� WDUJHWHG� E\�PLWLJDWLRQ� VWUDWHJLHV� �H�J�� QLWULILFDWLRQ� LQKLELWRUV��
�%HWWHULGJH�HW�DO����������'LUHFWO\�PHDVXULQJ�1�ORVVHV�RU�ZKHUH�DQLPDO�H[FUHWD�LV�
GHSRVLWHG�� LV� WLPH�FRQVXPLQJ�DQG�H[SHQVLYH�DQG�FDQ�RQO\�UHDOLVWLFDOO\�EH�FDUULHG�
RXW�RYHU�UHODWLYHO\�VKRUW�WLPH�SHULRGV��L�H��GDLO\�WR�DQQXDO�WLPH�VFDOHV���6RLO�G��1�
FRXOG�DOVR�EH�XVHG� WR� LGHQWLI\�&6$¶V��ZLWK� UHVXOWV� IURP�&KDSWHU��� VKRZLQJ� WKDW�
VRLO� G��1� ZDV� KLJKHU� RQ� HDV\� VORSHV� ZKHUH� 1� ORVVHV� ZRXOG� EH� H[SHFWHG� WR� EH�
KLJKHU��DQG�+DZNH��������IRXQG�WKDW�VRLO�G��1�FRXOG�LGHQWLI\�VKHHS�FDPSVLWHV��$�
PDMRU� DGYDQWDJH� RI� XVLQJ� VRLO� G��1� WR� LGHQWLI\� &6$¶V� LV� WKDW� RQH� VRLO� VDPSOH�
SURYLGHV� DQ� LQWHJUDWHG� PHDVXUH� RI� 1� ORVVHV� RYHU� ORQJ�WLPH� SHULRGV�� 6RLO� G��1�
FRXOG�SRWHQWLDOO\�EH�XVHG�LQ�FRQMXQFWLRQ�ZLWK�GLUHFW�PHDVXUHPHQWV�RI�1�GHSRVLWLRQ�
LQ� H[FUHWD� DQG�1� ORVVHV� WR� DVVLVW� LQ� FDOLEUDWLQJ�YDOLGDWLQJ�PRGHOV� WR� SUHGLFW� WKH�
ORFDWLRQ�RI�&6$¶V��7KLV�LV�DQ�DUHD�WKDW�ZDUUDQWV�IXUWKHU�UHVHDUFK��
�
�������� 'HWHUPLQH�LI�VRLO�G��1�FRXOG�SUHGLFW�ULVN�RI�IXWXUH�1�ORVVHV�
7KH�DELOLW\�RI� VRLO�G��1�WR�EH�DEOH� WR�SURYLGH�DQ� LQGLFDWLRQ�RI�SDVW�PDQDJHPHQW�
LQWHQVLW\� DQG�1�G\QDPLFV� LV� XVHIXO� IRU� LPSURYLQJ�RXU�XQGHUVWDQGLQJ�RI�1�F\FOH�
SURFHVVHV� LQ� SDVWRUDO� V\VWHPV�� DQG� FRXOG� EH� XVHIXO� IRU�PRGHOOLQJ� HWF��+RZHYHU��
KDYLQJ�DQ�LQGLFDWRU�ZKLFK�FRXOG�SUHGLFW�WKH�YXOQHUDELOLW\�VRLOV�WR�IXWXUH�1�ORVVHV�
ZRXOG� EH�PRUH� XVHIXO� LQ� D� SUDFWLFDO� VHQVH��)RU� D� VHW�PDQDJHPHQW� UHJLPH�� VRLOV�
ZLWK�KLJK�G��1�PD\�EH�PRUH�YXOQHUDEOH�WR�1�ORVVHV�WKDQ�VLPLODU�VRLOV�ZLWK�ORZHU�
G��1�� 7KH� EDVLV� IRU� WKLV� K\SRWKHVLV� LV� WZRIROG�� )LUVW�� VRLOV�ZLWK� KLJK� G��1� KDYH�
OLNHO\�EHHQ�VXEMHFW�WR�KLJK�1�ORVVHV�LQ�WKH�SDVW��DQG�WKHUHIRUH�LW�FRXOG�EH�VLPSO\�
DUJXHG� WKDW� WKH\� ZLOO� EH� YXOQHUDEOH� WR� RQ�JRLQJ� 1� ORVVHV�� $QRWKHU� VLPLODU�
DUJXPHQW��EXW�ZLWK�VRPH�WKHRUHWLFDO�EDVLV���LV�WKDW�VRLOV�ZLWK�KLJK�G��1�DUH�OLNHO\�
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WR� EH�PRUH� µVDWXUDWHG¶� ZLWK� QLWURJHQ� WKDQ� VRLOV� ZLWK� ORZ� G��1� �+|JEHUJ� HW� DO���
�������DQG�ZLOO�WKHUHIRUH�EH�OHVV�DEOH�WR�UHWDLQ�DGGHG�1��*XQGHUVHQ�HW�DO���������
6FKLSSHU� HW� DO��� ������� 7KLV� K\SRWKHVLV� FRXOG� EH� WHVWHG� UHODWLYHO\� HDVLO\� E\�
PHDVXULQJ�1�ORVVHV�IURP�VRLOV�RI�WKH�VDPH�W\SH�EXW�ZLWK�GLIIHUHQW�G��1�YDOXHV��LI�
DOO�VRLOV�ZHUH�VXEMHFWHG�WR�WKH�VDPH�PDQDJHPHQW�UHJLPH��6XFK�D�VWXG\�PLJKW�EH�
PRVW�VXLWHG�WR�D�EDUUHO�O\VLPHWHU�DSSURDFK��
�
�
8OWLPDWHO\�� WKH�GHYHORSPHQW�RI� VRLO�G��1�LQWR�D�XVHIXO� LQGLFDWRU� IRU�GHWHUPLQLQJ�
SDVW�1�ORVVHV��RU�IXWXUH�YXOQHUDELOLW\�RI�SDVWRUDO�V\VWHPV�WR�1�ORVVHV��ZLOO�GHSHQG�
RQ� RXU� DELOLW\� WR� LGHQWLI\� VLWXDWLRQV� ZKHUH� WKH� K\SRWKHVLVHG� UHODWLRQVKLS� RI�
SURJUHVVLYH� ��1�HQULFKPHQW�GULYHQ�E\� WKH� OHYHO�RI�PDQDJHPHQW� LQWHQVLW\�RFFXUV��
DQG�ZKHUH�LW�GRHV�QRW��7KLV�ZRUN�KDV�LGHQWLILHG�D�QXPEHU�RI�VLWXDWLRQV�ZKHUH�WKH�
RYHUDUFKLQJ�K\SRWKHVLV�RI�WKLV�WKHVLV�ZDV�JHQHUDOO\�VXSSRUWHG��DQG�VRPH�VLWXDWLRQV�
ZKHUH�RWKHU�IDFWRUV�DSSHDU�WR�EH�LQYROYHG��,Q�WKH�VLWXDWLRQV�ZKHUH�WKH�K\SRWKHVLV�
ZDV�QRW�VXSSRUWHG��LW�LV�OLNHO\�WKDW�1�ORVV�SURFHVVHV�IDYRXULQJ�G��1�YDOXHV�HTXDO�WR�
RU� KLJKHU� WKDQ� DYHUDJH� VRLO� YDOXHV� PD\� KDYH� EHHQ� RFFXUULQJ�� 7KLV� SRVVLELOLW\�
GHVHUYHV�IXUWKHU�LQYHVWLJDWLRQ��DQG�VKRXOG�EH�HYDOXDWHG�DJDLQVW�WKH�SRVVLELOLW\�WKDW�
H[SHFWHG� LQFUHDVHV� LQ�G��1�DUH� VLPSO\�PDVNHG�E\�RWKHU� IDFWRUV� �H�J��YDULDELOLW\���
7KHUHIRUH�GHWHUPLQLQJ� WKH� LVRWRSLF�VLJQDWXUH�RI�1� LQSXWV�DQG� ORVVHV� �VHH� VHFWLRQ�
��������� LV�SUREDEO\�RQH�RI� WKH�NH\� VWHSV� WR� IXUWKHULQJ�RXU�XQGHUVWDQGLQJ�RI� VRLO�
G��1�LQ�SDVWRUDO�V\VWHPV��DQG�WKH�GHYHORSPHQW�RI�D�PRUH�UREXVW�LQGLFDWRU�RI�SDVW��
RU�IXWXUH�YXOQHUDELOLW\�WR�1�ORVVHV�IURP�SDVWRUDO�V\VWHPV��
�
�
� �
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5HIHUHQFHV�
�
$PXQGVRQ��5���$XVWLQ��$�7���6FKXXU��(�$�*���<RR��.���0DW]HN��9���.HQGDOO��&���

8HEHUVD[�� $��� %UHQQHU�� '��� %DLVGHQ�� :�7��� ������ *OREDO� SDWWHUQV� RI� WKH�
LVRWRSLF�FRPSRVLWLRQ�RI�VRLO�DQG�SODQW�QLWURJHQ��*OREDO�%LRJHRFKHP��&\������

$XVWLQ��$�7���6DOD��2�(���6FKXO]H��(�'���)DUTXKDU��*�'���0LOOHU��-�0���6FKXO]H��:���
:DONHU��%�+���:LOOLDPV��5�-���������)ROLDU� ��1�LV�QHJDWLYHO\�FRUUHODWHG�ZLWK�
UDLQIDOO�DORQJ�WKH�,*%3�WUDQVHFW�LQ�$XVWUDOLD��$XVW��-��3ODQW�3K\VLRO����������
�����

$XVWLQ��$�7���9LWRXVHN��3�0���������1XWULHQW�G\QDPLFV�RQ�D�SUHFLSLWDWLRQ�JUDGLHQW�
LQ�+DZDL
L��2HFRORJLD���������������

$ZLWL��$�2���:DOVK��0�*���.LQ\DPDULR��-���������'\QDPLFV�RI�WRSVRLO�FDUERQ�DQG�
QLWURJHQ� DORQJ� D� WURSLFDO� IRUHVW�FURSODQG� FKURQRVHTXHQFH�� (YLGHQFH� IURP�
VWDEOH�LVRWRSH�DQDO\VLV�DQG�VSHFWURVFRS\��$JULF��(FRV\VW��(QYLURQ�����������
�����

%DL�� (��� +RXOWRQ�� %�=��� ������ &RXSOHG� LVRWRSLF� DQG� SURFHVV�EDVHG� PRGHOLQJ� RI�
JDVHRXV�QLWURJHQ�ORVVHV�IURP�WURSLFDO�UDLQ�IRUHVWV��*OREDO�%LRJHRFKHP��&\��
����

%DLVGHQ��:�7��� %HHWV�� 3��� 'DYLV��0���:LOGH�� +��� $UQROG�� *��� 7URWWHU�� &��� ������
&KDQJHV� LQ� 1HZ� =HDODQG
V� VRLO� FDUERQ� VWRFNV� IROORZLQJ� DIIRUHVWDWLRQ� RI�
SDVWXUHV��0LQLVWU\�IRU�WKH�(QYLURQPHQW��:HOOLQJWRQ��1HZ�=HDODQG��S������

%DLVGHQ��:�7���'RXHQFH��&��� ������ )XUWKHU� SURJUHVV� XVLQJ� LVRWRSHV� WR� WUDFN� WKH�
VRXUFHV� RI� QLWUDWH� LQ� VXUIDFH� ZDWHUV�� ,Q�� &XUULH�� /�'��� &KULVWHQVHQ�� &�/��
�(GV����$GYDQFHG�1XWULHQW�0DQDJHPHQW��*DLQV�IURP�WKH�3DVW���*RDOV�IRU�WKH�
)XWXUH��KWWS���IOUF�PDVVH\�DF�Q]�SXEOLFDWLRQV�KWPO��

%DOGRFFKL��'���������%UHDWKLQJ�RI�WKH�WHUUHVWULDO�ELRVSKHUH��OHVVRQV�OHDUQHG�IURP�D�
JOREDO�QHWZRUN�RI�FDUERQ�GLR[LGH� IOX[�PHDVXUHPHQW�V\VWHPV��$XVW�� -��%RW��
����������

%DOO�� 3�5��� /XVFRPEH�� 3�&��� *UDQW�� '�$��� ������ 1LWURJHQ� RQ� +LOO� &RXQWU\�� ,Q��
/\QFK�� 3�%�� �(G���� 1LWURJHQ� IHUWLOLVHUV� LQ� 1HZ� =HDODQG� DJULFXOWXUH�� 1HZ�
=HDODQG�,QVWLWXWH�RI�DJULFXOWXUDO�VFLHQFH��:HOOLQJWRQ��1HZ�=HDODQG��SS������
�����

%DUGJHWW�� 5�'��� -RQHV��$�&��� -RQHV�� '�/��� .HPPLWW�� 6�-��� &RRN�� 5��� +REEV�� 3�-���
������6RLO�PLFURELDO�FRPPXQLW\�SDWWHUQV�UHODWHG�WR�WKH�KLVWRU\�DQG�LQWHQVLW\�
RI�JUD]LQJ�LQ�VXE�PRQWDQH�HFRV\VWHPV��6RLO�%LRO��%LRFKHP�����������������

%DUWRQ�� /��� 0F/D\�� &�'�$��� 6FKLSSHU�� /�$��� 6PLWK�� &�7��� ������ $QQXDO�
GHQLWULILFDWLRQ� UDWHV� LQ� DJULFXOWXUDO� DQG� IRUHVW� VRLOV�� D� UHYLHZ��$XVW�� -��6RLO�
5HV�����������������

%DWHPDQ��$�6���.HOO\��6�'���������)HUWLOL]HU�QLWURJHQ�LVRWRSH�VLJQDWXUHV��,VRWRSHV�
LQ�(QYLURQPHQWDO�DQG�+HDOWK�6WXGLHV��������������
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%HGDUG�+DXJKQ�� $��� YDQ� *URHQLJHQ�� -�:��� YDQ� .HVVHO�� &��� ������ 7UDFLQJ� ��1�
WKURXJK�ODQGVFDSHV��SRWHQWLDO�XVHV�DQG�SUHFDXWLRQV��-��+\GURO����������������

%HWWHULGJH��.���&RVWDOO��'���%DOODGXU��6���8SVGHOO��0���8PHPXUD��.���������8ULQH�
GLVWULEXWLRQ� DQG� JUD]LQJ� EHKDYLRXU� RI� IHPDOH� VKHHS� DQG� FDWWOH� JUD]LQJ� D�
VWHHS�1HZ�=HDODQG�KLOO�SDVWXUH��$QLPDO�3URGXFWLRQ�6FLHQFH��������������

%HWWHULGJH�� .��� &RVWDOO�� '��� 5REHUWV�� $��� &DWWR�� :��� 5LFKDUGVRQ�� $��� *DWHV�� -���
������7DUJHWLQJ�'&'�DW� FULWLFDO� VRXUFH�DUHDV�DV�D�QLWURJHQ� ORVV�PLWLJDWLRQ�
VWUDWHJ\�,Q��&XUULH��/�'���&KULVWHQVHQ��&�/���(GV����$GGLQJ�WR�WKH�NQRZOHGJH�
EDVH�IRU�WKH�QXWULHQW�PDQDJHU��KWWS���IOUF�PDVVH\�DF�Q]�SXEOLFDWLRQV�KWPO��

%HWWHULGJH��.���*DQHVK��6���/XR��'���.DZDPXUD��.���&RVWDOO��'���<RVKLWRVKL��5���
������ $�PHWKRGRORJ\� IRU� GHWHUPLQLQJ� FULWLFDO� VRXUFH� DUHDV� RI� QLWURJHQ� LQ�
JUD]HG� KLOO� SDVWXUHV�� ,Q�� &XUULH�� /�'��� &KULVWHQVHQ�� &�/�� �(GV���� $GYDQFHG�
1XWULHQW� 0DQDJHPHQW�� *DLQV� IURP� WKH� 3DVW� �� *RDOV� IRU� WKH� )XWXUH��
KWWS���IOUF�PDVVH\�DF�Q]�SXEOLFDWLRQV�KWPO��

%LOOLQJV��6�$���5LFKWHU��'�'���������&KDQJHV� LQ� VWDEOH� LVRWRSLF� VLJQDWXUHV�RI� VRLO�
QLWURJHQ�DQG�FDUERQ�GXULQJ����\HDUV�RI�IRUHVW�GHYHORSPHQW��2HFRORJLD������
���������

%LOO\�� &��� %LOOHQ�� *��� 6HELOR�� 0��� %LUJDQG�� )��� 7RXUQHEL]H�� -��� ������ 1LWURJHQ�
LVRWRSLF� FRPSRVLWLRQ� RI� OHDFKHG� QLWUDWH� DQG� VRLO� RUJDQLF� PDWWHU� DV� DQ�
LQGLFDWRU�RI�GHQLWULILFDWLRQ�LQ�D�VORSLQJ�GUDLQHG�DJULFXOWXUDO�SORW�DQG�DGMDFHQW�
XQFXOWLYDWHG�ULSDULDQ�EXIIHU�VWULSV��6RLO�%LRO��%LRFKHP���������������

%LVZDV��$���6L��%�&���:DOOH\��)�/���������6SDWLDO� UHODWLRQVKLS�EHWZHHQ�GHOWD� ��1�
DQG�HOHYDWLRQ�LQ�DJULFXOWXUDO�ODQGVFDSHV��1RQOLQHDU�3URFHVVHV�LQ�*HRSK\VLFV�
�������������

%RO�� 5��� (ULNVHQ�� -��� 6PLWK�� 3��� *DUQHWW��0�+��� &ROHPDQ�� .��� &KULVWHQVHQ�� %�7���
������ 7KH� QDWXUDO� DEXQGDQFH� RI� ��&�� ��1�� ��6� DQG� ��&� LQ� DUFKLYHG� ������
������ SODQW� DQG� VRLO� VDPSOHV� IURP� WKH� $VNRY� ORQJ�WHUP� H[SHULPHQWV� RQ�
DQLPDO�PDQXUH�DQG�PLQHUDO�IHUWLOL]HU��5DSLG�&RPPXQ��0DVV�6SHFWURP������
�����������

%RODQ�� 1�6��� 6DJJDU�� 6��� /XR�� -�)��� %KDQGUDO�� 5��� 6LQJK�� -��� ������ *DVHRXV�
HPLVVLRQV� RI� QLWURJHQ� IURP� JUD]HG� SDVWXUHV�� 3URFHVVHV��PHDVXUHPHQWV� DQG�
PRGHOOLQJ�� HQYLURQPHQWDO� LPSOLFDWLRQV�� DQG� PLWLJDWLRQ�� ,Q�� 6SDUNV�� '�/��
�(G����$GYDQFHV�LQ�$JURQRP\��9RO�����SS����������

%RXWWRQ��7�:���/LDR��-�'���������&KDQJHV� LQ�VRLO�QLWURJHQ�VWRUDJH�DQG� ��1�ZLWK�
ZRRG\� SODQW� HQFURDFKPHQW� LQ� D� VXEWURSLFDO� VDYDQQD� SDUNODQG� ODQGVFDSH��
-RXUQDO�RI�*HRSK\VLFDO�5HVHDUFK�%LRJHRVFLHQFHV������*�������

%RZDWWH�� 6��� 7LOOPDQ�� 5��� &DUUDQ�� $��� *LOOLQJKDP�� $��� ������ &DQ� SKRVSKRUXV�
IHUWLOLVHUV�DORQH�LQFUHDVH�OHYHOV�RI�VRLO�QLWURJHQ�LQ�1HZ�=HDODQG�KLOO�FRXQWU\�
SDVWXUHV"�1XWU��&\FO��$JURHFRV\VW�������������

%UHQQHU��'�/���$PXQGVRQ��5���%DLVGHQ��:�7���.HQGDOO��&���+DUGHQ��-���������6RLO�
1�DQG� ��1�YDULDWLRQ�ZLWK� WLPH� LQ�D�&DOLIRUQLD�DQQXDO�JUDVVODQG�HFRV\VWHP��
*HRFKLP��&RVPRFKLP��$F�����������������
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&DVWLOOR��$�5���.HEUHDE��(���%HHYHU��'�(���)UDQFH��-���������$�UHYLHZ�RI�HIILFLHQF\�
RI� QLWURJHQ� XWLOLVDWLRQ� LQ� ODFWDWLQJ� GDLU\� FRZV� DQG� LWV� UHODWLRQVKLS� ZLWK�
HQYLURQPHQWDO�SROOXWLRQ��-��$QLP��)HHG�6FL�����������

&KHQJ��/���.LP��(�-���0HUU\��5�-���'HZKXUVW��5�-���������1LWURJHQ�SDUWLWLRQLQJ�DQG�
LVRWRSLF� IUDFWLRQDWLRQ� LQ� GDLU\� FRZV� FRQVXPLQJ� GLHWV� EDVHG� RQ� D� UDQJH� RI�
FRQWUDVWLQJ�IRUDJHV��-��'DLU\�6FL�����������������

&KHQJ��6�/���)DQJ��+�-���<X��*�5���=KX��7�+���=KHQJ�� -�-���������)ROLDU� DQG� VRLO�
��1� QDWXUDO� DEXQGDQFHV� SURYLGH� ILHOG� HYLGHQFH� RQ� QLWURJHQ� G\QDPLFV� LQ�
WHPSHUDWH�DQG�ERUHDO�IRUHVW�HFRV\VWHPV��3ODQW�6RLO���������������

&KRL��:�-���$UVKDG��$���&KDQJ��6�;���.LP��7�+���������*UDLQ���1�RI�FURSV�DSSOLHG�
ZLWK�RUJDQLF�DQG�FKHPLFDO�IHUWLOL]HUV�LQ�D�IRXU�\HDU�URWDWLRQ��3ODQW�6RLO������
���������

&KRL��:�-���&KDQJ�� 6�;���$OOHQ��+�/���.HOWLQJ��'�/���5R��+�0��� ������ ,UULJDWLRQ�
DQG�IHUWLOL]DWLRQ�HIIHFWV�RQ�IROLDU�DQG�VRLO�FDUERQ�DQG�QLWURJHQ�LVRWRSH�UDWLRV�
LQ�D�OREOROO\�SLQH�VWDQG��)RU��(FRO��0DQDJ���������������

&KRL��:�-��� 5R��+�0��� +REELH�� (�$��� ������ 3DWWHUQV� RI� QDWXUDO� ��1� LQ� VRLOV� DQG�
SODQWV� IURP� FKHPLFDOO\� DQG� RUJDQLFDOO\� IHUWLOL]HG� XSODQGV�� 6RLO� %LRO��
%LRFKHP�����������������

&ODUN�� '�$��� &DUDGXV�� -�5��� 0RQDJKDQ�� 5�0��� 6KDUS�� 3��� 7KRUUROG�� %�6��� ������
,VVXHV� DQG�RSWLRQV� IRU� IXWXUH�GDLU\� IDUPLQJ� LQ�1HZ�=HDODQG��1HZ�=HDO�� -��
$JU��5HV���������������

&ODUNVRQ��%�5���6FKLSSHU��/�$���0R\HUVRHQ��%���6LOYHVWHU��:�%���������)ROLDU���1�
QDWXUDO�DEXQGDQFH�LQGLFDWHV�SKRVSKRUXV�OLPLWDWLRQ�RI�ERJ�VSHFLHV��2HFRORJLD�
��������������

&OHPHQW�� &�5��� :LOOLDPV�� 7�(��� ������ /H\V� DQG� VRLO� RUJDQLF� PDWWHU�� ,,�� 7KH�
DFFXPXODWLRQ� RI� QLWURJHQ� LQ� VRLOV� XQGHU� GLIIHUHQW� OH\V�� 7KH� -RXUQDO� RI�
$JULFXOWXUDO�6FLHQFH��������������

&ORXJK�� 7�-��� %XFNWKRXJKW�� /�(��� &DVFLRWWL�� .�/��� .HOOLKHU�� )�0��� -RQHV�� 3�.���
������1LWURXV� R[LGH� G\QDPLFV� LQ� D� EUDLGHG� ULYHU� V\VWHP��1HZ�=HDODQG�� -��
(QYLURQ��4XDO�����������������

&RHWVHH��&���6WRFN��:�'���&UDLQH��-�0���������'R�JUD]HUV�DOWHU�QLWURJHQ�G\QDPLFV�
RQ�JUD]LQJ�ODZQV�LQ�D�6RXWK�$IULFDQ�VDYDQQDK"�$IU��-��(FRO�������������

&RPSWRQ�� -�(���+RRNHU��7�'���3HUDNLV��6�6���������(FRV\VWHP�1�GLVWULEXWLRQ�DQG��
��1� GXULQJ� D� FHQWXU\� RI� IRUHVW� UHJURZWK� DIWHU� DJULFXOWXUDO� DEDQGRQPHQW��
(FRV\VWHPV����������������

&RRN��*�'���������(IIHFWV�RI�IUHTXHQW�ILUHV�DQG�JUD]LQJ�RQ�VWDEOH�QLWURJHQ�LVRWRSH�
UDWLRV�RI�YHJHWDWLRQ�LQ�QRUWKHUQ�$XVWUDOLD��$XVWUDO��(FRO���������������

&RSOHQ��7�%���������*XLGHOLQHV�DQG�UHFRPPHQGHG�WHUPV�IRU�H[SUHVVLRQ�RI�VWDEOH�
LVRWRSH�UDWLR� DQG� JDV�UDWLR� PHDVXUHPHQW� UHVXOWV�� 5DSLG� &RPPXQ�� 0DVV�
6SHFWURP�����������������
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&UDLQH�� -�0��� (OPRUH�� $�-��� $LGDU�� 0�3�0��� %XVWDPDQWH�� 0��� 'DZVRQ�� 7�(���
+REELH��(�$���.DKPHQ��$���0DF.��0�&���0F/DXFKODQ��.�.���0LFKHOVHQ��$���
1DUGRWR�� *�%��� 3DUGR�� /�+��� 3HxXHODV�� -��� 5HLFK�� 3�%��� 6FKXXU�� (�$�*���
6WRFN�� :�'��� 7HPSOHU�� 3�+��� 9LUJLQLD�� 5�$��� :HONHU�� -�0��� :ULJKW�� ,�-���
������*OREDO�SDWWHUQV�RI�IROLDU�QLWURJHQ�LVRWRSHV�DQG�WKHLU�UHODWLRQVKLSV�ZLWK�
FOLPDWH�� P\FRUUKL]DO� IXQJL�� IROLDU� QXWULHQW� FRQFHQWUDWLRQV�� DQG� QLWURJHQ�
DYDLODELOLW\��1HZ�3K\WRO����������������

'DYLG�� 0�%��� 0F,VDDF�� *�)��� 'DUPRG\�� 5�*��� ������ $GGLWLRQDO� &RPPHQWV� RQ�
�6\QWKHWLF�1LWURJHQ� )HUWLOL]HUV�'HSOHWH� 6RLO�1LWURJHQ��$�*OREDO�'LOHPPD�
IRU� 6XVWDLQDEOH� &HUHDO� 3URGXFWLRQ��� E\� 5/�0XOYDQH\�� 6$� .KDQ�� DQG� 75�
(OOVZRUWK� LQ� WKH� -RXUQDO� RI� (QYLURQPHQWDO�4XDOLW\� ����� �������������� -��
(QYLURQ��4XDO�����������������

'DYLV�� 0�5��� &RQGURQ�� /�0��� ������ ,PSDFW� RI� JUDVVODQG� DIIRUHVWDWLRQ� RQ� VRLO�
FDUERQ� LQ�1HZ�=HDODQG�� D� UHYLHZ�RI�SDLUHG�VLWH� VWXGLHV��$XVW�� -��6RLO�5HV��
�������������

GH�.OHLQ��&�$�0���&DPHURQ��.�&���'L��+�-���5\V��*���0RQDJKDQ��5�0���6KHUORFN��
5�5���������5HSHDWHG�DQQXDO�XVH�RI�WKH�QLWULILFDWLRQ�LQKLELWRU�GLF\DQGLDPLGH�
�'&'�� GRHV� QRW� DOWHU� LWV� HIIHFWLYHQHVV� LQ� UHGXFLQJ�1���2� HPLVVLRQV� IURP�
FRZ�XULQH��$QLP��)HHG�6FL��7HFKQRO�������������������

GH� .OHLQ�� &�$�0��� (FNDUG�� 5�-��� ������ 7DUJHWHG� WHFKQRORJLHV� IRU� QLWURXV� R[LGH�
DEDWHPHQW�IURP�DQLPDO�DJULFXOWXUH��$XVW��-��([S��$JULF�������������

'HYDQWLHU�� %��� +RRJHQGRRUQ�� &��� 7KHREDOG�� 3��� %RZDWWH�� 6��� ������ ,PSDFW� RI�
WRSRJUDSK\� RQ� VRLO� QLWULILFDWLRQ� UDWH� LQ� VKHHS� JUD]HG� VXPPHU� PRLVW� KLOO�
FRXQWU\�� ,Q�� &XUULH�� /�'��� &KULVWHQVHQ�� &�/�� �(GV���� $GYDQFHG� 1XWULHQW�
0DQDJHPHQW�� *DLQV� IURP� WKH� 3DVW� �� *RDOV� IRU� WKH� )XWXUH��
KWWS���IOUF�PDVVH\�DF�Q]�SXEOLFDWLRQV�KWPO��

'L�� +�-��� &DPHURQ�� .�&��� ������ 1LWUDWH� OHDFKLQJ� LQ� WHPSHUDWH� DJURHFRV\VWHPV��
VRXUFHV��IDFWRUV�DQG�PLWLJDWLQJ�VWUDWHJLHV��1XWU��&\FO��$JURHFRV\VW����������
�����

'L�� +�-��� &DPHURQ�� .�&��� ������ 1LWUDWH� OHDFKLQJ� ORVVHV� DQG� SDVWXUH� \LHOGV� DV�
DIIHFWHG�E\�GLIIHUHQW� UDWHV�RI�DQLPDO�XULQH�QLWURJHQ�UHWXUQV�DQG�DSSOLFDWLRQ�
RI�D�QLWULILFDWLRQ�LQKLELWRU���D�O\VLPHWHU�VWXG\��1XWU��&\FO��$JURHFRV\VW������
���������

'L��+�-���&DPHURQ��.�&���6KHQ��-�3���+H��-�=���:LQHILHOG��&�6���������$�O\VLPHWHU�
VWXG\�RI�QLWUDWH�OHDFKLQJ�IURP�JUD]HG�JUDVVODQG�DV�DIIHFWHG�E\�D�QLWULILFDWLRQ�
LQKLELWRU��GLF\DQGLDPLGH��DQG�UHODWLRQVKLSV�ZLWK�DPPRQLD�R[LGL]LQJ�EDFWHULD�
DQG�DUFKDHD��6RLO�8VH�0DQDJ���������������

'RGG�� 0�%��� /HGJDUG�� 6�)��� ������ /RQJ� WHUP� �"�� HIIHFWV� RI� ZLWKKROGLQJ�
VXSHUSKRVSKDWH�DSSOLFDWLRQ�RQ�1RUWK� ,VODQG�KLOO�FRXQWU\��D����\HDU�XSGDWH��
3URFHHGLQJV�RI�WKH�1HZ�=HDODQG�*UDVVODQG�$VVRFLDWLRQ������������

'RGG�� 0�%��� 0DFND\�� $�'��� ������ (IIHFWV� RI� FRQWUDVWLQJ� VRLO� IHUWLOLW\� RQ� URRW�
PDVV��URRW�JURZWK��URRW�GHFRPSRVLWLRQ�DQG�VRLO�FDUERQ�XQGHU�D�1HZ�=HDODQG�
SHUHQQLDO�U\HJUDVV�ZKLWH�FORYHU�SDVWXUH��3ODQW�6RLO���������������
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(GZDUGV��-�.���������7KH�IDWH�RI�IHUWLOLVHU�SKRVSKRUXV�LQ�:KDUHNRKH�SRG]ROV��6RLO�
DQG�(DUWK�6FLHQFHV��0DVVH\�8QLYHUVLW\��3DOPHUVWRQ�1RUWK��S�������

(VKHWX��=���+|JEHUJ�� 3��� ������(IIHFWV� RI� ODQG�XVH� RQ� ��1�QDWXUDO� DEXQGDQFH� RI�
VRLOV�LQ�(WKLRSLDQ�KLJKODQGV��3ODQW�6RLO���������������

(VOHU�� $�(��� 5XPEDOO�� 3�-��� ������ *XPODQG� 9HJHWDWLRQ� DW� .DLNRKH�� 1RUWKODQG��
1HZ�=HDODQG��1HZ�=HDO��-��%RW���������������

(YDQV��5�'���������3K\VLRORJLFDO�PHFKDQLVPV� LQIOXHQFLQJ�SODQW�QLWURJHQ� LVRWRSH�
FRPSRVLWLRQ��7UHQGV�3ODQW�6FL��������������

(YDQV��5�'���������6RLO�QLWURJHQ�LVRWRSH�FRPSRVLWLRQ��,Q��0LFKHQHU��5���/DMWKD��.��
�(GV���� 6WDEOH� ,VRWRSHV� LQ� (FRORJ\� DQG� (QYLURQPHQWDO� 6FLHQFH�� %ODFNZHOO�
3XEOLVKLQJ�/WG��2[IRUG��SS���������

(YDQV�� 5�'��� %HOQDS�� -��� ������ /RQJ�WHUP� FRQVHTXHQFHV� RI� GLVWXUEDQFH� RQ�
QLWURJHQ�G\QDPLFV�LQ�DQ�DULG�HFRV\VWHP��(FRORJ\��������������

)DQJ��+���<X��*���&KHQJ��6���=KX��7���=KHQJ��-���0R��-���<DQ��-���/XR��<���������
1LWURJHQ���� VLJQDOV� RI� OHDI�OLWWHU�VRLO� FRQWLQXXP� DV� D� SRVVLEOH� LQGLFDWRU� RI�
HFRV\VWHP� QLWURJHQ� VDWXUDWLRQ� E\� IRUHVW� VXFFHVVLRQ� DQG� 1� ORDGV��
%LRJHRFKHPLVWU\���������������

)LW]JHUDOG��3�'���������,UULJDWLRQ�RQ�WKH�&DQWHUEXU\�3ODLQV��:LQFKPRUH�,UULJDWLRQ�
5HVHDUFK�6WDWLRQ��0LVFHOODQHRXV�3XEOLFDWLRQ�1R�����0LQLVWU\�RI�$JULFXOWXUH�
DQG�)LVKHULHV��$VKEXUWRQ��1HZ�=HDODQG��S������

)R[��-�)���3DSDQLFRODRX��$�1���������7KH�XVH�RI�FDUERQ�DQG�QLWURJHQ� LVRWRSHV� WR�
VWXG\� ZDWHUVKHG� HURVLRQ� SURFHVVHV�� -�� $P�� :DWHU� 5HVRXU�� $V�� ���� �����
������

)UDQN��'�$���(YDQV��5�'���������(IIHFWV�RI�QDWLYH�JUD]HUV�RQ�JUDVVODQG�1�F\FOLQJ�
LQ�<HOORZVWRQH�1DWLRQDO�3DUN��(FRORJ\����������������

)UDQN��'�$���(YDQV��5�'���7UDF\��%�)���������7KH�UROH�RI�DPPRQLD�YRODWLOL]DWLRQ�
LQ� FRQWUROOLQJ� WKH� QDWXUDO� ��1� DEXQGDQFH� RI� D� JUD]HG� JUDVVODQG��
%LRJHRFKHPLVWU\��������������

)U\��%���������6WDEOH�LVRWRSH�HFRORJ\��6SULQJHU��1HZ�<RUN��
*DOORZD\�� -�1��� $EHU�� -�'��� (ULVPDQ�� -�:��� 6HLW]LQJHU�� 6�3��� +RZDUWK�� 5�:���

&RZOLQJ�� (�%��� &RVE\�� %�-��� ������ 7KH� QLWURJHQ� FDVFDGH�� %LRVFLHQFH� ����
���������

*HU]DEHN��0�+���+DEHUKDXHU��*���.LUFKPDQQ��+���������1LWURJHQ�GLVWULEXWLRQ�DQG�
��1�QDWXUDO�DEXQGDQFHV�LQ�SDUWLFOH�VL]H�IUDFWLRQV�RI�D�ORQJ�WHUP�DJULFXOWXUDO�
ILHOG�H[SHULPHQW��-��3ODQW�1XWU��6RLO�6FL����������������

*HU]DEHN�� 0�+��� .LUFKPDQQ�� +��� +DEHUKDXHU�� *��� 3LFKOPD\HU�� )��� ������ 7KH�
UHVSRQVH� RI� VRLO� QLWURJHQ� DQG� ��1� QDWXUDO� DEXQGDQFH� WR� GLIIHUHQW�
DPHQGPHQWV�LQ�D�ORQJ�WHUP�H[SHULPHQW�DW�8OWXQD��6ZHGHQ��$JURQRPLH�����
���������
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*KDQL��$���'H[WHU��0���3HUURWW��.�:���������+RW�ZDWHU�H[WUDFWDEOH�FDUERQ�LQ�VRLOV��
D� VHQVLWLYH� PHDVXUHPHQW� IRU� GHWHUPLQLQJ� LPSDFWV� RI� IHUWLOLVDWLRQ�� JUD]LQJ�
DQG�FXOWLYDWLRQ��6RLO�%LRO��%LRFKHP�����������������

*LGGHQV�� .�0��� 3DUILWW�� 5�/��� 3HUFLYDO�� +�-��� ������ &RPSDULVRQ� RI� VRPH� VRLO�
SURSHUWLHV�XQGHU�3LQXV�UDGLDWD�DQG�LPSURYHG�SDVWXUH��1HZ�=HDO��-��$JU��5HV��
�������������

*LOOLQJKDP�� $�*��� 5LFKDUGVRQ�� 6��� ������ /RQJ� WHUP� HIIHFWV� RI� ZLWKKROGLQJ�
SKRVSKDWH� DSSOLFDWLRQ� RQ�1RUWK� ,VODQG� KLOO� FRXQWU\��:KDWDZKDWD�5HVHDUFK�
&HQWUH��3URFHHGLQJV�RI�WKH�1HZ�=HDODQG�*UDVVODQG�$VVRFLDWLRQ������������

*ROOXVFLR�� 5�$��� $XVWLQ�� $�7��� 0DUWLQH]�� *�&��� *RQ]DOH]�3ROR�� 0��� 6DOD�� 2�(���
-DFNVRQ�� 5�%��� ������ 6KHHS� *UD]LQJ� 'HFUHDVHV� 2UJDQLF� &DUERQ� DQG�
1LWURJHQ� 3RROV� LQ� WKH� 3DWDJRQLDQ� 6WHSSH�� &RPELQDWLRQ� RI� 'LUHFW� DQG�
,QGLUHFW�(IIHFWV��(FRV\VWHPV��������������

*UXEHU�� 1��� *DOORZD\�� -�1��� ������ $Q� (DUWK�V\VWHP� SHUVSHFWLYH� RI� WKH� JOREDO�
QLWURJHQ�F\FOH��1DWXUH���������������

*XEVFK��0���5RVFKHU��&���*OHL[QHU��*���+DEHNRVW��0���/LSRZVN\��$���6FKPLG��%���
6FKXO]H�� (�'��� 6WHLQEHLVV�� 6��� %XFKPDQQ�� 1��� ������ )ROLDU� DQG� VRLO� ��1�
YDOXHV� UHYHDO� LQFUHDVHG� QLWURJHQ� SDUWLWLRQLQJ� DPRQJ� VSHFLHV� LQ� GLYHUVH�
JUDVVODQG�FRPPXQLWLHV��3ODQW�&HOO�(QYLURQ���������������

*XQGHUVHQ��3���(PPHWW��%�$���.M¡QDDV��2�-���.RRSPDQV��&�-���7LHWHPD��$���������
,PSDFW�RI�QLWURJHQ�GHSRVLWLRQ�RQ�QLWURJHQ�F\FOLQJ�LQ�IRUHVWV��D�V\QWKHVLV�RI�
1,75(;�GDWD��)RU��(FRO��0DQDJ��������������

+DPLOWRQ��'���������/DQG�XVH�LPSDFWV�RQ�QXWULHQW�H[SRUW�LQ�WKH�&HQWUDO�9ROFDQLF�
3ODWHDX��1RUWK�,VODQG��1HZ�=HDO��-��)RU��������±����

+DQ��*���+DR��;���=KDR��0���:DQJ��0���(OOHUW��%�+���:LOOPV��:���������(IIHFW�RI�
JUD]LQJ�LQWHQVLW\�RQ�FDUERQ�DQG�QLWURJHQ�LQ�VRLO�DQG�YHJHWDWLRQ�LQ�D�PHDGRZ�
VWHSSH�LQ�,QQHU�0RQJROLD��$JULF��(FRV\VW��(QYLURQ��������������

+DQGOH\�� /�/��� $XVWLQ�� $�7��� 5RELQVRQ�� '��� 6FULPJHRXU�� &�0��� 5DYHQ�� -�$���
+HDWRQ�� 7�+�(��� 6FKPLGW�� 6��� 6WHZDUW�� *�5��� ������ 7KH� ��1� QDWXUDO�
DEXQGDQFH� � ��1�� RI� HFRV\VWHP� VDPSOHV� UHIOHFWV� PHDVXUHV� RI� ZDWHU�
DYDLODELOLW\��$XVW��-��3ODQW�3K\VLRO���������������

+DQGOH\�� /�/��� 5DYHQ�� -�$��� ������ 7KH� XVH� RI� QDWXUDO� DEXQGDQFH� RI� QLWURJHQ�
LVRWRSHV�LQ�SODQW�SK\VLRORJ\�DQG�HFRORJ\��3ODQW�&HOO�(QYLURQ���������������

+DQGOH\��/�/���6FULPJHRXU��&�0���������7HUUHVWULDO�SODQW�HFRORJ\�DQG���1�QDWXUDO�
DEXQGDQFH�� 7KH� SUHVHQW� OLPLWV� WR� LQWHUSUHWDWLRQ� IRU� XQFXOWLYDWHG� V\VWHPV�
ZLWK�RULJLQDO�GDWD�IURP�D�6FRWWLVK�ROG�ILHOG��$GY��(FRO��5HV���������������

+DVVLQN�� -��� ������ (IIHFWV� RI� VRLO� WH[WXUH� DQG� JUDVVODQG� PDQDJHPHQW� RQ� VRLO�
RUJDQLF�&�DQG�1�DQG�UDWHV�RI�&�DQG�1�PLQHUDOL]DWLRQ��6RLO�%LRO��%LRFKHP��
���������������
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+DVVLQN��-���1HHWHVRQ��-�-���������(IIHFW�RI�JUDVVODQG�PDQDJHPHQW�RQ�WKH�DPRXQWV�
RI�VRLO�RUJDQLF�1�DQG�&��1HWK��-��$JULF��6FL���������������

+DZNH��'�-��� ������9DULDELOLW\�RI� ��1� LQ� VRLO� DQG�SODQWV� DW� D�1HZ�=HDODQG�KLOO�
FRXQWU\� VLWH�� FRUUHODWLRQV�ZLWK� VRLO� FKHPLVWU\� DQG� QXWULHQW� LQSXWV�� $XVW�� -��
6RLO�5HV���������������

+D\QHV�� 5�-��� :LOOLDPV�� 3�+��� ������ 1XWULHQW� F\FOLQJ� DQG� VRLO� IHUWLOLW\� LQ� WKH�
JUD]HG�SDVWXUH�HFRV\VWHP��$GY��$JURQ���������������

+HGOH\��&�%���.XVXPR��%�+���+HGOH\��0�-���7XRK\��0�3���+DZNH��0���������6RLO�
&� DQG� 1� VHTXHVWUDWLRQ� DQG� IHUWLOLW\� GHYHORSPHQW� XQGHU� ODQG� UHFHQWO\�
FRQYHUWHG�IURP�SODQWDWLRQ�IRUHVW�WR�SDVWRUDO�IDUPLQJ��1HZ�=HDO��-��$JU��5HV��
�������������

+HZLWW�� $�(��� ������ 1HZ� =HDODQG� 6RLO� &ODVVLILFDWLRQ�� 0DQDDNL� :KHQXD� 3UHVV��
/LQFROQ��1HZ�=HDODQG��

+REELH��(�$���2XLPHWWH��$�3���������&RQWUROV�RI�QLWURJHQ�LVRWRSH�SDWWHUQV�LQ�VRLO�
SURILOHV��%LRJHRFKHPLVWU\��������������

+|JEHUJ�� 3��� ������ )RUHVWV� ORVLQJ� ODUJH� TXDQWLWLHV� RI� QLWURJHQ� KDYH� HOHYDWHG�
��1���1�UDWLRV��2HFRORJLD��������������

+|JEHUJ��3���������'HYHORSPHQW�RI���1�HQULFKPHQW�LQ�D�QLWURJHQ�IHUWLOL]HG�IRUHVW�
VRLO�SODQW�V\VWHP��6RLO�%LRO��%LRFKHP���������������

+|JEHUJ�� 3��� ������7DQVOH\� UHYLHZ�1R���� �� ��1�QDWXUDO� DEXQGDQFH� LQ� VRLO�SODQW�
V\VWHPV��1HZ�3K\WRO����������������

+|JEHUJ��3���+|JERP��/���6FKLQNHO��+���+|JEHUJ��0���-RKDQQLVVRQ��&���:DOOPDUN��
+�����������1�DEXQGDQFH�RI�VXUIDFH�VRLOV��URRWV�DQG�P\FRUUKL]DV�LQ�SURILOHV�
RI�(XURSHDQ�IRUHVW�VRLOV��2HFRORJLD���������������

+|JEHUJ��3��� -RKDQQLVVRQ��&��� ������ ��1�DEXQGDQFH�RI� IRUHVWV� LV� FRUUHODWHG�ZLWK�
ORVVHV�RI�QLWURJHQ��3ODQW�6RLO���������������

+|JEHUJ��3���-RKDQQLVVRQ��&���+|JEHUJ��0���+|JERP��/���1lVKROP��7���+lOOJUHQ��
-�(��� ������ 0HDVXUHPHQWV� RI� DEXQGDQFHV� RI� ��1� DQG� ��&� DV� WRROV� LQ�
UHWURVSHFWLYH�VWXGLHV�RI�1�EDODQFHV�DQG�ZDWHU�VWUHVV�LQ�IRUHVWV��D�GLVFXVVLRQ�
RI�SUHOLPLQDU\�UHVXOWV��3ODQW�6RLO���������������

+|JEHUJ�� 3��� -RKDQQLVVRQ�� &��� <DUZRRG�� 6��� &DOOHVHQ�� ,��� 1DVKROP�� 7���0\UROG��
'�'��� +|JEHUJ�� 0�1��� ������ 5HFRYHU\� RI� HFWRP\FRUUKL]D� DIWHU� 
QLWURJHQ�
VDWXUDWLRQ
�RI�D�FRQLIHU�IRUHVW��1HZ�3K\WRO����������������

+|JEHUJ��3���7DPP��&�2���+|JEHUJ��0���������9DULDWLRQV�LQ���1�DEXQGDQFH�LQ�D�
IRUHVW�IHUWLOL]DWLRQ�WULDO��FULWLFDO�ORDGV�RI�1��1�VDWXUDWLRQ��FRQWDPLQDWLRQ�DQG�
HIIHFWV�RI�UHYLWDOL]DWLRQ�IHUWLOL]DWLRQ��3ODQW�6RLO���������������

+RJJ�� $��� /RZH�� '�-��� 3DOPHU�� -��� %RVZLMN�� *��� 5DPVH\�� &�%��� ������ 5HYLVHG�
FDOHQGDU�GDWH�IRU�WKH�7DXSR�HUXSWLRQ�GHULYHG�E\���&�ZLJJOH�PDWFKLQJ�XVLQJ�
D�1HZ�=HDODQG�NDXUL���&�FDOLEUDWLRQ�GDWD�VHW��+RORFHQH��������������
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+RRJHQGRRUQ�� &��� 'HYDQWLHU�� %��� ������ /HDFKLQJ� ORVVHV� RI� QLWURJHQ� DQG� FDUERQ�
IURP� ORZ� DQG� PHGLXP� VORSHG� DUHDV� LQ� VKHHS� JUD]HG� 1RUWK� ,VODQG� KLOO�
FRXQWU\��,Q��&XUULH��/�'���&KULVWHQVHQ��&�/���(GV����$GGLQJ�WR�WKH�NQRZOHGJH�
EDVH�IRU�WKH�QXWULHQW�PDQDJHU��KWWS���IOUF�PDVVH\�DF�Q]�SXEOLFDWLRQV�KWPO��

+RRJHQGRRUQ�� &�-��� GH� .OHLQ�� &�$�0��� 5XWKHUIRUG�� $�-��� /HWLFD�� 6��� 'HYDQWLHU��
%�3��� ������ 7KH� HIIHFW� RI� LQFUHDVLQJ� UDWHV� RI� QLWURJHQ� IHUWLOLVHU� DQG� D�
QLWULILFDWLRQ� LQKLELWRU� RQ� QLWURXV� R[LGH� HPLVVLRQV� IURP� XULQH� SDWFKHV� RQ�
VKHHS�JUD]HG�KLOO�FRXQWU\�SDVWXUH��$XVW��-��([S��$JULF���������������

+RRJHQGRRUQ��&�-���/DPEHUW��0�*���'HYDQWLHU��%�3���7KHREDOG��3�:���3DUN��=�$���
LQ� SUHS�� 1LWURJHQ� IHUWLOLVHU� DSSOLFDWLRQ� UDWHV� DQG� QLWURJHQ� OHDFKLQJ� IURP�
EHORZ� WKH� URRW� ]RQH� RI� LQWHQVLYHO\� PDQDJHG� VKHHS� JUD]HG� KLOO� FRXQWU\�
SDVWXUHV�LQ�1HZ�=HDODQG��$JULF��(FRV\VW��(QYLURQ��LQ�SUHS��

+RXOWRQ�� %�=��� %DL�� (��� ������ ,PSULQW� RI� GHQLWULI\LQJ� EDFWHULD� RQ� WKH� JOREDO�
WHUUHVWULDO�ELRVSKHUH��3URF��1DWO��$FDG��6FL��8��6��$��������������������

+RXOWRQ�� %�=��� 6LJPDQ�� '�0��� +HGLQ�� /�2��� ������ ,VRWRSLF� HYLGHQFH� IRU� ODUJH�
JDVHRXV�QLWURJHQ�ORVVHV�IURP�WURSLFDO�UDLQIRUHVWV��3URF��1DWO��$FDG��6FL��8��
6��$������������������

,QJOHWW�� 3�:��� 5HGG\��.�5��� ������ ,QYHVWLJDWLQJ� WKH� XVH� RI�PDFURSK\WH� VWDEOH� &�
DQG�1�LVRWRSLF�UDWLRV�DV�LQGLFDWRUV�RI�ZHWODQG�HXWURSKLFDWLRQ��3DWWHUQV�LQ�WKH�
3�DIIHFWHG�(YHUJODGHV��/LPQRO��2FHDQRJU�����������������

,QJOHWW��3�:���5HGG\��.�5���1HZPDQ��6���/RUHQ]HQ��%���������,QFUHDVHG�VRLO�VWDEOH�
QLWURJHQ�LVRWRSLF�UDWLR�IROORZLQJ�SKRVSKRUXV�HQULFKPHQW��KLVWRULFDO�SDWWHUQV�
DQG� WHVWV� RI� WZR� K\SRWKHVHV� LQ� D� SKRVSKRUXV�OLPLWHG� ZHWODQG�� 2HFRORJLD�
�������������

-DFNPDQ�� 5�+��� ����D�� $FFXPXODWLRQ� RI� RUJDQLF� PDWWHU� LQ� VRPH� 1HZ� =HDODQG�
VRLOV� XQGHU� SHUPDQHQW� SDVWXUH�� ,�� 3DWWHUQV� RI� FKDQJH� RI� RUJDQLF� FDUERQ��
QLWURJHQ��VXOSKXU�DQG�SKRVSKRUXV��1HZ�=HDO��-��$JU��5HV��������������

-DFNPDQ�� 5�+��� ����E�� $FFXPXODWLRQ� RI� RUJDQLF� PDWWHU� LQ� VRPH� 1HZ� =HDODQG�
VRLOV�XQGHU�SHUPDQHQW�SDVWXUH��,,��5DWHV�RI�PLQHUDOLVDWLRQ�RI�RUJDQLF�PDWWHU�
DQG�WKH�VXSSO\�RI�DYDLODEOH�QXWULHQWV��1HZ�=HDO��-��$JU��5HV��������������

-RKDQQLVVRQ�� &��� ������ ��1� DEXQGDQFH� DV� DQ� LQGLFDWRU� RI� 1�VDWXUDWLRQ� RI�
FRQLIHURXV� IRUHVW�� 'HSDUWPHQW� RI� IRUHVW� HFRORJ\�� 6ZHGLVK� 8QLYHUVLW\� RI�
$JULFXOWXUDO�6FLHQFHV��8PHn��

-RKDQQLVVRQ��&���+|JEHUJ��3��������� ��1�DEXQGDQFH�RI� VRLOV� DQG�SODQWV� DORQJ�DQ�
H[SHULPHQWDOO\�LQGXFHG�IRUHVW�QLWURJHQ�VXSSO\�JUDGLHQW��2HFRORJLD���������
�����

-¡UJHQVHQ�� )�9��� /HGJDUG�� 6�)��� ������ &RQWULEXWLRQ� IURP� VWRORQV� DQG� URRWV� WR�
HVWLPDWHV�RI�WKH�WRWDO�DPRXQW�RI�1��IL[HG�E\�ZKLWH�FORYHU��7ULIROLXP�UHSHQV�
/����$QQDOV�RI�%RWDQ\��������������
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.DKPHQ�� $��� :DQHN�� :��� %XFKPDQQ�� 1��� ������ )ROLDU� GHOWD� ��1� YDOXHV�
FKDUDFWHUL]H� VRLO�1� F\FOLQJ� DQG� UHIOHFW� QLWUDWH� RU� DPPRQLXP�SUHIHUHQFH� RI�
SODQWV�DORQJ�D�WHPSHUDWH�JUDVVODQG�JUDGLHQW��2HFRORJLD���������������

.DUDPDQRV��5�(���9RURQH\��5�3���5HQQLH��'�$���������9DULDWLRQ� LQ�QDWXUDO�1����
DEXQGDQFH�RI�FHQWUDO�6DVNDWFKHZDQ�VRLOV��6RLO�6FL��6RF��$P��-���������������

.KDQ�� 6�$���0XOYDQH\�� 5�/��� (OOVZRUWK�� 7�5��� %RDVW�� &�:��� ������ 7KH�P\WK� RI�
QLWURJHQ� IHUWLOL]DWLRQ� IRU� VRLO� FDUERQ� VHTXHVWUDWLRQ�� -�� (QYLURQ�� 4XDO�� ����
�����������

.RED��.���)DQJ��<���0R��-���=KDQJ��:���/X��;���/LX��/���=KDQJ��7���7DNHED\DVKL��
<��� 7R\RGD�� 6��� <RVKLGD�� 1��� 6X]XNL�� .��� <RK��0��� 6HQRR�� .��� ������ ��1�
QDWXUDO� DEXQGDQFH� RI� WKH�1� ORVW� IURP� DQ�1�VDWXUDWHG� VXEWURSLFDO� IRUHVW� LQ�
VRXWKHUQ� &KLQD� -RXUQDO� RI� *HRSK\VLFDO� 5HVHDUFK�%LRJHRVFLHQFHV� �����
*�������

.RKO��'�+���6KHDUHU��*�%���&RPPRQHU��%���������9DULDWLRQ�RI���1�LQ�FRUQ�DQG�VRLO�
IROORZLQJ�DSSOLFDWLRQ�RI�IHUWLOL]HU�QLWURJHQ��6RLO�6FLHQFH�6RFLHW\�RI�$PHULFD�
3URFHHGLQJV��������������

.UDYFKHQNR��$�1���5REHUWVRQ��*�3���������:KROH�SURILOH� VRLO� FDUERQ�VWRFNV�� WKH�
GDQJHU�RI�DVVXPLQJ�WRR�PXFK�IURP�DQDO\VHV�RI�WRR�OLWWOH��6RLO�6FL��6RF��$P��
-���������������

.ULV]DQ�� 0��� $PHOXQJ�� :��� 6FKHOOEHUJ�� -��� *HEELQJ�� 7��� .XKEDXFK�� :��� ������
/RQJ�WHUP� FKDQJHV� RI� WKH� ��1� QDWXUDO� DEXQGDQFH� RI� SODQWV� DQG� VRLO� LQ� D�
WHPSHUDWH�JUDVVODQG��3ODQW�6RLO���������������

/DGKD�� -�.��� 5HGG\�� &�.��� 3DGUH�� $�7��� YDQ� .HVVHO�� &��� ������ 5ROH� RI� QLWURJHQ�
IHUWLOL]DWLRQ�LQ�VXVWDLQLQJ�RUJDQLF�PDWWHU�LQ�FXOWLYDWHG�VRLOV��-��(QYLURQ��4XDO��
���������������

/DPEHUW��0�*��� %DUNHU��'�-���0DF.D\��$�'��� 6SULQJHWW�� -�$��� ������%LRSK\VLFDO�
LQGLFDWRUV�RI�VXVWDLQDELOLW\�RI�1RUWK�,VODQG�KLOO�SDVWXUH�V\VWHPV��3URFHHGLQJV�
RI�WKH�1HZ�=HDODQG�*UDVVODQG�$VVRFLDWLRQ������������

/DPEHUW��0�*���&ODUN��'�$���������(IIHFWV�RI�ODWH�DXWXPQ�QLWURJHQ�DSSOLFDWLRQ�RQ�
KLOO�FRXQWU\�SDVWXUHV�DQG�VKHHS�SURGXFWLRQ��3URFHHGLQJV�RI�WKH�1HZ�=HDODQG�
*UDVVODQG�$VVRFLDWLRQ��������������

/DPEHUW�� 0�*��� &ODUN�� '�$��� *UDQW�� '�$��� &RVWDOO�� '�$��� ������ ,QIOXHQFH� RI�
IHUWLOLVHU� DQG� JUD]LQJ� PDQDJHPHQW� RQ� 1RUWK� ,VODQG� PRLVW� KLOO� FRXQWU\�� ���
+HUEDJH�DFFXPXODWLRQ��1HZ�=HDO��-��$JU��5HV��������������

/DPEHUW�� 0�*��� &ODUN�� '�$��� *UDQW�� '�$��� &RVWDOO�� '�$��� ������ ,QIOXHQFH� RI�
IHUWLOLVHU� DQG� JUD]LQJ� PDQDJHPHQW� RQ� 1RUWK� ,VODQG� PRLVW� KLOO� FRXQWU\�� ���
3DVWXUH�ERWDQLFDO�FRPSRVWLWLRQ��1HZ�=HDO��-��$JU��5HV������������

/DPEHUW�� 0�*��� &ODUN�� '�$��� 0DF.D\�� $�'��� ������ /RQJ� WHUP� HIIHFWV� RI�
ZLWKKROGLQJ�SKRVSKDWH�DSSOLFDWLRQ�RQ�1RUWK�,VODQG�KLOO�FRXQWU\��%DOODQWUDH��
3URFHHGLQJV�RI�WKH�1HZ�=HDODQG�*UDVVODQG�$VVRFLDWLRQ������������
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/DPEHUW�� 0�*��� &ODUN�� '�$��� 0DFND\�� $�'��� &RVWDOO�� '�$��� ������ (IIHFWV� RI�
IHUWLOLVHU� DSSOLFDWLRQ� RQ� QXWULHQW� VWDWXV� DQG� RUJDQLF� PDWWHU� FRQWHQW� RI� KLOO�
VRLOV��1HZ�=HDO��-��$JU��5HV���������������

/DPEHUW��0�*���0DF.D\��$�'���'HYDQWLHU��%�3���0F'RXJDOO��'�%���%DUNHU��'�-���
3DUN�1J�� =�$��� ������ 5HGHILQLQJ� WKH� SURGXFWLRQ� SRWHQWLDO� RI� KLOO� SDVWXUHV�
XVLQJ� IHUWLOLVHU� QLWURJHQ�� 3URFHHGLQJV� RI� WKH� 1HZ� =HDODQG� *UDVVODQG�
$VVRFLDWLRQ������������

/DPEHUW�� 0�*��� 5REHUWV�� (��� ������ $VSHFW� GLIIHUHQFHV� LQ� DQ� XQLPSURYHG� KLOO�
FRXQWU\�SDVWXUH�� ,,��(GDSKLF�DQG�ELRWLF�GLIIHUHQFHV��1HZ�=HDO��-��$JU��5HV��
�������������

/DPELH��6�0���6FKLSSHU��/�$���%DONV��0�5���%DLVGHQ��:�7���������6ROXELOLVDWLRQ�
RI� VRLO� FDUERQ� IROORZLQJ� WUHDWPHQW� ZLWK� FRZ� XULQH� XQGHU� ODERUDWRU\�
FRQGLWLRQV��6RLO�5HVHDUFK�������±����

/HGJDUG�� 6�)��� ������ 1XWULWLRQ�� PRLVWXUH� DQG� UKL]RELDO� VWUDLQ� LQIOXHQFH� LVRWRSLF�
IUDFWLRQDWLRQ�GXULQJ�1��IL[DWLRQ�LQ�SDVWXUH�OHJXPHV��6RLO�%LRO��%LRFKHP������
�������

/HGJDUG��6�)���������1LWURJHQ�F\FOLQJ�LQ�ORZ�LQSXW�OHJXPH�EDVHG�DJULFXOWXUH��ZLWK�
HPSKDVLV�RQ�OHJXPH�JUDVV�SDVWXUHV��3ODQW�6RLO�������������

/HGJDUG��6�)���)UHQH\��-�5���6LPSVRQ��-�5���������9DULDWLRQV�LQ�QDWXUDO�HQULFKPHQW�
RI���1�LQ�WKH�SURILOHV�RI�VRPH�$XVWUDOLDQ�SDVWXUH�VRLOV��$XVW��-��6RLO�5HV������
���������

/HGJDUG��6�)���3HQQR��-�:���6SURVHQ��0�6���������1LWURJHQ�LQSXWV�DQG�ORVVHV�IURP�
FORYHU�JUDVV�SDVWXUHV�JUD]HG�E\�GDLU\�FRZV��DV�DIIHFWHG�E\�QLWURJHQ�IHUWLOL]HU�
DSSOLFDWLRQ��-��$JULF��6FL����������������

/HGJDUG�� 6�)��� 6SURVHQ�� 0�6��� 3HQQR�� -�:��� 5DMHQGUDP�� *�6��� ������ 1LWURJHQ�
IL[DWLRQ� E\� ZKLWH� FORYHU� LQ� SDVWXUHV� JUD]HG� E\� GDLU\� FRZV�� 7HPSRUDO�
YDULDWLRQ�DQG�HIIHFWV�RI�QLWURJHQ�IHUWLOL]DWLRQ��3ODQW�6RLO���������������

/HGJDUG��6�)���6SURVHQ��0�6���6WHHOH��.�:���������1LWURJHQ�IL[DWLRQ�E\�QLQH�ZKLWH�
FORYHU�FXOWLYDUV�LQ�JUD]HG�SDVWXUH��DV�DIIHFWHG�E\�QLWURJHQ�IHUWLOL]DWLRQ��3ODQW�
6RLO���������������

/HPHQLK��0���.DUOWXQ��(���2OVVRQ��0���������6RLO�RUJDQLF�PDWWHU�G\QDPLFV�DIWHU�
GHIRUHVWDWLRQ� DORQJ� D� IDUP� ILHOG� FKURQRVHTXHQFH� LQ� VRXWKHUQ� KLJKODQGV� RI�
(WKLRSLD��$JULF��(FRV\VW��(QYLURQ�������������

/HPPD�� %��� 2OVVRQ�� 0��� ������ 6RLO� ��1� DQG� QXWULHQWV� XQGHU� H[RWLF� WUHH�
SODQWDWLRQV�LQ�WKH�VRXWKZHVWHUQ�(WKLRSLDQ�KLJKODQGV��)RU��(FRO��0DQDJ�������
���������

/HWLFD��6�$���������$Q� LQYHVWLJDWLRQ�RI� WKH�VSDWLDO�GLVWULEXWLRQ�RI�1�2�HPLVVLRQV�
IURP�VKHHS�JUD]HG�KLOO�FRXQWU\�SDVWXUHV�LQ�1HZ�=HDODQG��8QSXEOLVKHG�3K'�
WKHVLV��,QVWLWXWH�RI�1DWXUDO�5HVRXUFHV��0DVVH\�8QLYHUVLW\��3DOPHUVWRQ�1RUWK��
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/HZLV�� 5�:��� 0XGJH�� 3�/��� 6FKLSSHU�� /�$��� 6SDUOLQJ�� *�3��� %DONV�� 0��� LQ� SUHS��
&KDQJHV� LQ� VRLO� RUJDQLF� &� DQG� 1� FRQWHQWV� DW� WKUHH� VWXG\� DUHDV� DIWHU�
FRQYHUVLRQ� IURP�SODQWDWLRQ�SLQH� IRUHVW� WR� GDLU\�SDVWXUH�RQ� D�1HZ�=HDODQG�
3XPLFH�VRLO��6RLO�5HVHDUFK��

/ORUHQWH�� 0��� *ODVHU�� %��� 7XUULRQ�� 0�%��� ������ $QWKURSRJHQLF� GLVWXUEDQFH� RI�
QDWXUDO� IRUHVW� YHJHWDWLRQ� RQ� FDOFDUHRXV� VRLOV� DOWHUV� VRLO� RUJDQLF� PDWWHU�
FRPSRVLWLRQ� DQG� QDWXUDO� DEXQGDQFH� RI� ��&� DQG� ��1� LQ� GHQVLW\� IUDFWLRQV��
(XURSHDQ�-RXUQDO�RI�)RUHVW�5HVHDUFK�����������������

/REH�� ,��� %RO�� 5��� /XGZLJ�� %��� 'X� 3UHH]�� &�&��� $PHOXQJ�� :��� ������ 6DYDQQD�
GHULYHG� RUJDQLF� PDWWHU� UHPDLQLQJ� LQ� DUDEOH� VRLOV� RI� WKH� 6RXWK� $IULFDQ�
+LJKYHOG� ORQJ�WHUP� PL[HG� FURSSLQJ�� (YLGHQFH� IURP� ��&� DQG� ��1� QDWXUDO�
DEXQGDQFH��6RLO�%LRO��%LRFKHP�����������������

0DF/HRG�� &�-��� 0ROOHU�� +��� ������ ,QWHQVLILFDWLRQ� DQG� GLYHUVLILFDWLRQ� RI� 1HZ�
=HDODQG�DJULFXOWXUH�VLQFH�������$Q�HYDOXDWLRQ�RI�FXUUHQW�LQGLFDWRUV�RI�ODQG�
XVH�FKDQJH��$JULF��(FRV\VW��(QYLURQ����������������

0DULRWWL�� $��� ������ $WPRVSKHULF� QLWURJHQ� LV� D� UHOLDEOH� VWDQGDUG� IRU� QDWXUDO� ��1�
DEXQGDQFH�PHDVXUHPHQWV��1DWXUH���������������

0DUULRWW��&�$���+XGVRQ��*���+DPLOWRQ��'���1HLOVRQ��5���%RDJ��%���+DQGOH\��/�/���
:LVKDUW�� -��� 6FULPJHRXU�� &�0��� 5RELQVRQ�� '��� ������ 6SDWLDO� YDULDELOLW\� RI�
VRLO�WRWDO�&�DQG�1�DQG�WKHLU�VWDEOH�LVRWRSHV�LQ�DQ�XSODQG�6FRWWLVK�JUDVVODQG��
3ODQW�6RLO���������������

0DUWLQHOOL�� /�$��� 3LFFROR�� 0�&��� 7RZQVHQG�� $�5��� 9LWRXVHN�� 3�0��� &XHYDV�� (���
0F'RZHOO��:���5REHUWVRQ��*�3���6DQWRV��2�&���7UHVHGHU��.���������1LWURJHQ�
VWDEOH� LVRWRSLF� FRPSRVLWLRQ� RI� OHDYHV� DQG� VRLO�� 7URSLFDO� YHUVXV� WHPSHUDWH�
IRUHVWV��%LRJHRFKHPLVWU\������������

0F'RZHOO�� 5�:��� 5RZOH\�� '��� ������ 7KH� IDWH� RI� SKRVSKRUXV� XQGHU� FRQWUDVWLQJ�
ERUGHU�FKHFN�LUULJDWLRQ�UHJLPHV��$XVW��-��6RLO�5HV���������������

0F.HH��.�/���)HOOHU��,�&���3RSS��0���:DQHN��:���������0DQJURYH�LVRWRSLF�� ��1�
DQG� ��&��IUDFWLRQDWLRQ�DFURVV�D�QLWURJHQ�YV��SKRVSKRUXV�OLPLWDWLRQ�JUDGLHQW��
(FRORJ\����������������

0HLQWV�� 9�:��� %RRQH�� /�9��� .XUW]�� /�7��� ������ 1DWXUDO� ��1� DEXQGDQFH� LQ� VRLO��
OHDYHV� DQG� JUDLQ� DV� LQIOXHQFHG� E\� ORQJ� WHUP� DGGLWLRQV� RI� IHUWLOL]HU�� -��
(QYLURQ��4XDO��������������

0HQQHHU�� -�&��� /HGJDUG�� 6��� 0F/D\�� &��� 6LOYHVWHU�� :��� ������ $QLPDO� WUHDGLQJ�
VWLPXODWHV� GHQLWULILFDWLRQ� LQ� VRLO� XQGHU� SDVWXUH�� 6RLO� %LRO�� %LRFKHP�� ����
�����������

0HQQHHU�� -�&��� /HGJDUG�� 6���0F/D\��&��� 6LOYHVWHU��:�:��� ����D�� 7KH� LPSDFW� RI�
JUD]LQJ�DQLPDOV�RQ�1�� IL[DWLRQ� LQ� OHJXPH�EDVHG�SDVWXUHV�DQG�PDQDJHPHQW�
RSWLRQV�IRU�LPSURYHPHQW��$GY��$JURQ���������������
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0HQQHHU�� -�&��� /HGJDUG�� 6�)��� *LOOLQJKDP�� $�*��� ����E�� /DQG� XVH� LPSDFWV� RQ�
QLWURJHQ� DQG� SKRVSKRUXV� ORVV� DQG� PDQDJHPHQW� RSWLRQV� IRU� LQWHUYHQWLRQ��
&OLHQW�5HSRUW��3UHSDUHG�IRU�(QYLURQPHQW�%D\�RI�3OHQW\��S������

0)(�� ������ 7KH� 1HZ� =HDODQG� /DQG� &RYHU� 'DWDEDVH�� 0LQLVWU\� IRU� WKH�
(QYLURQPHQW�� 5HWULHYHG� �� -XQH� ������ )URP��
KWWS���ZZZ�PIH�JRYW�Q]�LVVXHV�ODQG�ODQG�FRYHU�GEDVH���

0RQDJKDQ�� 5�0��� +HGOH\�� 0�-��� 'L�� +�-��� 0F'RZHOOL�� 5�:��� &DPHURQ�� .�&���
/HGJDUG�� 6�)��� ������ 1XWULHQW� PDQDJHPHQW� LQ� 1HZ� =HDODQG� SDVWXUHV²
UHFHQW�GHYHORSPHQWV�DQG�IXWXUH�LVVXHV��1HZ�=HDO��-��$JU��5HV���������������

0RQDJKDQ��5�0��� 3DWRQ�� 5�-��� 6PLWK�� /�&���'UHZU\�� -�-��� /LWWOHMRKQ�� 5�3��� ������
7KH�LPSDFWV�RI�QLWURJHQ�IHUWLOLVDWLRQ�DQG�LQFUHDVHG�VWRFNLQJ�UDWH�RQ�SDVWXUH�
\LHOG��VRLO�SK\VLFDO�FRQGLWLRQ�DQG�QXWULHQW� ORVVHV� LQ�GUDLQDJH�IURP�D�FDWWOH�
JUD]HG�SDVWXUH��1HZ�=HDO��-��$JU��5HV���������������

0XOYDQH\��5�/���.KDQ��6�$���(OOVZRUWK��7�5���������6\QWKHWLF�1LWURJHQ�)HUWLOL]HUV�
'HSOHWH� 6RLO� 1LWURJHQ�� $� *OREDO� 'LOHPPD� IRU� 6XVWDLQDEOH� &HUHDO�
3URGXFWLRQ��-��(QYLURQ��4XDO�����������������

0XUSK\�� %�3��� %RZPDQ�� '��� ������ .DQJDURR� PHWDEROLVP� GRHV� QRW� FDXVH� WKH�
UHODWLRQVKLS�EHWZHHQ�ERQH�FROODJHQ� ��1�DQG�ZDWHU�DYDLODELOLW\��)XQFW��(FRO��
���������������

1HLOVRQ�� 5��� +DPLOWRQ�� '��� :LVKDUW�� -��� 0DUULRWW�� &�$��� %RDJ�� %��� +DQGOH\�� /���
6FULPJHRXU�� &�0��� 0F1LFRO�� -�:��� 5RELQVRQ�� '��� ������ 6WDEOH� LVRWRSH�
QDWXUDO� DEXQGDQFHV� RI� VRLO�� SODQWV� DQG� VRLO� LQYHUWHEUDWHV� LQ� DQ� XSODQG�
SDVWXUH��6RLO�%LRO��%LRFKHP�����������������

1JX\HQ�� 0�/��� 5LFNDUG�� '�6��� 0F%ULGH�� 6�'��� ������ 3DVWXUH� SURGXFWLRQ� DQG�
FKDQJHV� LQ� SKRVSKRUXV� DQG� VXOSKXU� VWDWXV� LQ� LUULJDWHG� SDVWXUHV� UHFHLYLQJ�
ORQJ�WHUP�DSSOLFDWLRQV�RI�VXSHUSKRVSKDWH� IHUWLOLVHU��1HZ�=HDO��-��$JU��5HV��
�������������

1LHGHU�� 5��� %HQEL�� '�.��� ������ &DUERQ� DQG� 1LWURJHQ� LQ� WKH� 7HUUHVWULDO�
(QYLURQPHQW��6SULQJHU��

1RUUD�� 6��� +DQGOH\�� /�/��� %HUQHU�� =��� 6WXEHQ�� '��� ������ ��&� DQG� ��1� QDWXUDO�
DEXQGDQFHV� RI� XUEDQ� VRLOV� DQG� KHUEDFHRXV� YHJHWDWLRQ� LQ� .DUOVUXKH��
*HUPDQ\��(XU��-��6RLO�6FL���������������

3DUGR�� /�+��� +HPRQG�� +�)��� 0RQWR\D�� -�3��� )DKH\�� 7�-��� 6LFFDPD�� 7�*��� ������
5HVSRQVH�RI�WKH�QDWXUDO�DEXQGDQFH�RI���1�LQ�IRUHVW�VRLOV�DQG�IROLDJH�WR�KLJK�
QLWUDWH� ORVV� IROORZLQJ� FOHDU�FXWWLQJ��&DQDGLDQ� -RXUQDO�2I� )RUHVW�5HVHDUFK�
5HYXH�&DQDGLHQQH�'H�5HFKHUFKH�)RUHVWLHUH����������������

3DUGR�� /�+��� 7HPSOHU�� 3�+��� *RRGDOH�� &�/��� 'XNH�� 6��� *URIIPDQ�� 3�0��� $GDPV��
0�%��� %RHFN[�� 3��� %RJJV�� -��� &DPSEHOO�� -��� &ROPDQ�� %��� &RPSWRQ�� -���
(PPHWW��%���*XQGHUVHQ��3���.MRQDDV�� -���/RYHWW��*���0DFN��0���0DJLOO��$���
0ELOD�� 0��� 0LWFKHOO�� 0�-��� 0F*HH�� *��� 0F1XOW\�� 6��� 1DGHOKRIIHU�� .���
2OOLQJHU�� 6��� 5RVV�� '��� 5XHWK�� +��� 5XVWDG�� /��� 6FKDEHUJ�� 3��� 6FKLII�� 6���
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6FKOHSSL�� 3��� 6SRHOVWUD�� -��� :HVVHO�� :��� ������ 5HJLRQDO� DVVHVVPHQW� RI� 1�
VDWXUDWLRQ�XVLQJ�IROLDU�DQG�URRW� ��1��%LRJHRFKHPLVWU\��������������

3DUILWW��5�/���%DLVGHQ��:�7���6FKLSSHU��/�$���0DFND\��$�'���������1LWURJHQ�LQSXWV�
DQG�RXWSXWV� IRU�1HZ�=HDODQG�DW�QDWLRQDO�DQG� UHJLRQDO� VFDOHV��SDVW��SUHVHQW�
DQG�IXWXUH�VFHQDULRV��-��5R\��6RF��1HZ�=HDO�������������

3DUILWW��5�/���&RXSHU��-���3DUNLQVRQ��5���6FKRQ��1�/���6WHYHQVRQ��%�$���LQ�SUHVV�D��
(IIHFW�RI�QLWURJHQ�IHUWLOLVHU�RQ�VRLO�FRPPXQLWLHV�XQGHU�JUD]HG�SDVWXUHV��1HZ�
=HDO��-��$JU��5HV��

3DUILWW�� 5�/��� 0DF.D\�� $�'��� 5RVV�� '�-��� %XGGLQJ�� 3�-��� ������ (IIHFWV� RI� VRLO�
IHUWLOLW\�RQ�OHDFKLQJ�ORVVHV�RI�1��3�DQG�&�LQ�KLOO�FRXQWU\��1HZ�=HDO��-��$JU��
5HV�������������

3DUILWW��5�/���6FKLSSHU��/�$���%DLVGHQ��:�7���(OOLRWW��$�+���������1LWURJHQ�LQSXWV�
DQG� RXWSXWV� IRU� 1HZ� =HDODQG� LQ� ����� DW� QDWLRQDO� DQG� UHJLRQDO� VFDOHV��
%LRJHRFKHPLVWU\������������

3DUILWW�� 5�/��� 6FKLSSHU�� /�$��� %DLVGHQ��:�7��� (OOLRWW�� $�+��� LQ� SUHVV�E�� 1LWURJHQ�
LQSXWV� DQG� RXWSXWV� IRU� 1HZ� =HDODQG� IURP� ����� WR� ����� DW� QDWLRQDO� DQG�
UHJLRQDO�VFDOHV��1HZ�=HDO��-��$JU��5HV��

3DUILWW��5�/���<HDWHV��*�:���5RVV��'�-���6FKRQ��1�/���0DFND\��$�'���:DUGOH��'�$���
������(IIHFW�RI�IHUWLOL]HU��KHUELFLGH�DQG�JUD]LQJ�PDQDJHPHQW�RI�SDVWXUHV�RQ�
SODQW�DQG�VRLO�FRPPXQLWLHV��$SSO��6RLO�(FRO���������������

3DUOLDPHQWDU\� &RPPLVVLRQHU� IRU� WKH� (QYLURQPHQW�� ������ *URZLQJ� IRU� JRRG��
,QWHQVLYH� IDUPLQJ�� VXVWDLQDELOLW\� DQG� 1HZ� =HDODQG¶V� (QYLURQPHQW��
3DUOLDPHQWDU\� &RPPLVVLRQHU� IRU� WKH� (QYLURQPHQW�� :HOOLQJWRQ�� 1HZ�
=HDODQG��

3KLOOLSV�� )�$��� /HXQLQJ�� 5��� %DLJHQW�� 5��� .HOO\�� .�%��� 'HQPHDG�� 2�7��� ������
1LWURXV� R[LGH� IOX[� PHDVXUHPHQWV� IURP� DQ� LQWHQVLYHO\� PDQDJHG� LUULJDWHG�
SDVWXUH� XVLQJ� PLFURPHWHRURORJLFDO� WHFKQLTXHV�� $JULF�� )RU��0HWHRURO�� �����
��������

3LFFROR��0�&��� 1HLOO�� &��� &HUUL�� &�&��� ����D�� 1DWXUDO�DEXQGDQFH� RI� ��1� LQ� VRLOV�
DORQJ� IRUHVW�WR�SDVWXUH� FKURQRVHTXHQFHV� LQ� WKH�:HVWHUQ�%UD]LOLDQ�$PD]RQ�
%DVLQ��2HFRORJLD��������������

3LFFROR��0�&���1HLOO��&���&HUUL��&�&�������E��1HW�QLWURJHQ�PLQHUDOL]DWLRQ�DQG�QHW�
QLWULILFDWLRQ� DORQJ� D� WURSLFDO� IRUHVW�WR�SDVWXUH� FKURQRVHTXHQFH�� 3ODQW� 6RLO�
������������

3LFFROR�� 0�&��� 1HLOO�� &��� 0HOLOOR�� -�0��� &HUUL�� &�&��� 6WHXGOHU�� 3�$��� ������ ��1�
QDWXUDO�DEXQGDQFH�LQ�IRUHVW�DQG�SDVWXUH�VRLOV�RI�WKH�%UD]LOLDQ�$PD]RQ�%DVLQ��
3ODQW�6RLO���������������

3RFHZLF]��$���0RUJDQ��3���.DYDQDJK��.���������7KH�HIIHFWV�RI�DGMDFHQW� ODQG�XVH�
RQ�QLWURJHQ�G\QDPLFV�DW�IRUHVW�HGJHV�LQ�QRUWKHUQ�LGDKR��(FRV\VWHPV���������
�����
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3RZHOO�� -�0��� *RXUOH\�� &�-�3��� 5RW]�� &�$��� :HDYHU�� '�0��� ������ 1LWURJHQ� XVH�
HIILFLHQF\�� $� SRWHQWLDO� SHUIRUPDQFH� LQGLFDWRU� DQG� SROLF\� WRRO� IRU� GDLU\�
IDUPV��(QYLURQPHQWDO�6FLHQFH�	�3ROLF\��������������

3RZOVRQ��'�6���-HQNLQVRQ��'�6���-RKQVWRQ��$�(���3RXOWRQ��3�5���*OHQGLQLQJ��0�-���
*RXOGLQJ�� .�:�7��� ������ &RPPHQWV� RQ� �6\QWKHWLF� 1LWURJHQ� )HUWLOL]HUV�
'HSOHWH� 6RLO� 1LWURJHQ�� $� *OREDO� 'LOHPPD� IRU� 6XVWDLQDEOH� &HUHDO�
3URGXFWLRQ���E\�5/�0XOYDQH\��6$�.KDQ��DQG�75�(OOVZRUWK� LQ� WKH�-RXUQDO�
RI� (QYLURQPHQWDO� 4XDOLW\� ����� �������������� -�� (QYLURQ�� 4XDO�� ���� ����
�����

4XLGHDX��6�$���*UDKDP��5�&���)HQJ��;���&KDGZLFN��2�$���������1DWXUDO� LVRWRSLF�
GLVWULEXWLRQ� LQ� VRLO� VXUIDFH� KRUL]RQV� GLIIHUHQWLDWHG� E\� YHJHWDWLRQ�� 6RLO� 6FL��
6RF��$P��-�����������������

5HLG��'�.���������&RPPHQW�RQ��WKH�P\WK�RI�QLWURJHQ�IHUWLOL]DWLRQ�IRU�VRLO�FDUERQ�
VHTXHVWUDWLRQ���E\�6�$��.KDQ�HW�DO��LQ�WKH�-RXUQDO�RI�(QYLURQPHQWDO�4XDOLW\�
��������������-��(QYLURQ��4XDO�����������

5LFKWHU��'�'���+RIPRFNHO��0���&DOODKDP��0�$���3RZOVRQ��'�6���6PLWK��3���������
/RQJ�WHUP� VRLO� H[SHULPHQWV�� .H\V� WR� PDQDJLQJ� (DUWK
V� UDSLGO\� FKDQJLQJ�
HFRV\VWHPV��6RLO�6FL��6RF��$P��-���������������

5LFNDUG�� '�6��� ������ 6XSHUSKRVSKDWH� UHTXLUHPHQWV� RI� LUULJDWHG� SDVWXUH��
:LQFKPRUH� ,UULJDWLRQ�5HVHDUFK�6WDWLRQ� WHFKQLFDO� UHSRUW� QR�� ���0LQLVWU\� RI�
$JULFXOWXUH�DQG�)LVKHULHV��$VKEXUWRQ��1HZ�=HDODQG��S������

5LFNDUG�� '�6��� ������ ,QYHVWLJDWLRQV� LQWR� WKH� UHVSRQVH� RI� SDVWXUH� WR� LUULJDWLRQ��
�����������:LQFKPRUH� ,UULJDWLRQ�5HVHDUFK� 6WDWLRQ� WHFKQLFDO� UHSRUW� QR�� ���
0LQLVWU\�RI�$JULFXOWXUH�DQG�)LVKHULHV��$VKEXUWRQ��1HZ�=HDODQG��S������

5LFNDUG�� '�6��� 0F%ULGH�� 6�'��� ������ ,UULJDWHG� DQG� QRQ�LUULJDWHG� SDVWXUH�
SURGXFWLRQ� DW�:LQFKPRUH�� ����� WR� ������:LQFKPRUH� ,UULJDWLRQ� 5HVHDUFK�
6WDWLRQ� WHFKQLFDO� UHSRUW� QR�� ���� 0LQLVWU\� RI� $JULFXOWXUH� DQG� )LVKHULHV��
$VKEXUWRQ��1HZ�=HDODQG��S������

5LFNDUG��'�6���0F%ULGH��6�'���������/RQJ�WHUP�DSSSOLFDWLRQ�DQG�UHVLGXDO�HIIHFWV�
RI� VXSHUSKRVSKDWH� DQG� HIIHFWV� RI� UHDFWLYH� SKRVSKDWH� URFN� RQ� LUULJDWHG�
SDVWXUH�� :LQFKPRUH� ,UULJDWLRQ� 5HVHDUFK� 6WDWLRQ� WHFKQLFDO� UHSRUW� QR�� ����
0LQLVWU\�RI�$JULFXOWXUH�DQG�)LVKHULHV��$VKEXUWRQ��1HZ�=HDODQG��S������

5RDFK�� &�*��� 1HPDLD�� (�.�.��� /HGJDUG�� 6�)��� *�-��� %��� 0F/D\�� &�'�$��� ������
(IIHFWV�RI�ORQJ�WHUP�GLIIHUHQFHV�LQ�IHUWLOLVHU�KLVWRU\�RQ�KLOO�FRXQWU\��VHDVRQDO�
SDVWXUH�SURGXFWLRQ��OHJXPH�JURZWK�DQG�VRLO�SKRVSKRUXV�VWDWXV��3URFHHGLQJV�
RI�WKH�1HZ�=HDODQG�*UDVVODQG�$VVRFLDWLRQ��������������

5REHUWVRQ��*�3���9LWRXVHN��3�0���������1LWURJHQ�LQ�DJULFXOWXUH��%DODQFLQJ�WKH�FRVW�
RI�DQ�HVVHQWLDO�UHVRXUFH��$QQXDO�5HYLHZ�RI�(QYLURQPHQW�DQG�5HVRXUFHV��SS��
��������

5RELQVRQ�� '��� ������ ��1� DV� DQ� LQWHJUDWRU� RI� WKH� QLWURJHQ� F\FOH�� 7UHQGV� (FRO��
(YRO���������������
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5XPEDOO��3�-��� ������1LWURJHQ�IL[DWLRQ� LQ�SDVWXUH� ,,��1RUWKODQG�ZDUP� WHPSHUDWH��
.DLNRKH��1HZ�=HDO��-��([S��$JU����������

6DJJDU��6���%RODQ��1�6���%KDQGUDO��5���+HGOH\��&�%���/XR�� -���������$� UHYLHZ�RI�
HPLVVLRQV� RI� PHWKDQH�� DPPRQLD�� DQG� QLWURXV� R[LGH� IURP� DQLPDO� H[FUHWD�
GHSRVLWLRQ� DQG� IDUP� HIIOXHQW� DSSOLFDWLRQ� LQ� JUD]HG� SDVWXUHV�� 1HZ� =HDO�� -��
$JU��5HV���������������

6DJJDU�� 6��� +HGOH\�� &��� 0DFND\�� $�'��� ������ 3DUWLWLRQLQJ� DQG� WUDQVORFDWLRQ� RI�
SKRWRV\QWKHWLFDOO\� IL[HG� ��&� LQ� JUD]HG� KLOO� SDVWXUHV�� %LRO�� )HUWLO�� 6RLOV� ����
���������

6DJJDU�� 6���0DFND\�� $�'��� +HGOH\��0�-��� /DPEHUW��0�*��� &ODUN�� '�$��� ������ $�
QXWULHQW�WUDQVIHU� PRGHO� WR� H[SODLQ� WKH� IDWH� RI� SKRVSKRUXV� DQG� VXOIXU� LQ� D�
JUD]HG�KLOO�FRXQWU\�SDVWXUH��$JULF��(FRV\VW��(QYLURQ���������������

6DNDGHYDQ��.���+HGOH\��0�-���0DFND\��$�'���������0LQHUDOLVDWLRQ�DQG�IDWH�RI�VRLO�
VXOSKXU�DQG�QLWURJHQ�LQ�KLOO�SDVWXUHV��1HZ�=HDO��-��$JU��5HV���������������

6DYLOOH�� '�-��� 0RVV�� 5�$��� %UD\�� $�5��� +DQQDJDQ�� 5�%��� ������ 6RLO� QXWULHQW�
GLVWULEXWLRQ� LQ� SDVWXUHV� IORRG�LUULJDWHG� E\� WKH� ERUGHU� VWULS� PHWKRG�� 1HZ�
=HDO��-��$JU��5HV��������������

6FKLSSHU�� /�$��� 'RGG��0�%��� )LVN�� /�0��� 3RZHU�� ,�/��� 3DUHQ]HH�� -��� $UQROG�� *���
������7UHQGV�LQ�VRLO�FDUERQ�DQG�QXWULHQWV�RI�KLOO�FRXQWU\�SDVWXUHV�UHFHLYLQJ�
GLIIHUHQW�SKRVSKRUXV�IHUWLOL]HU� ORDGLQJV�IRU����\HDUV��%LRJHRFKHPLVWU\������
�������

6FKLSSHU��/�$���'RGG��0�%���3URQJHU��-���0XGJH��3�/���8SVGHOO��0�3���0RVV��5�$���
LQ� SUHVV��'HFDGDO� FKDQJHV� LQ� WRWDO� VXUIDFH� VRLO�&� DQG�1� LQ� SDVWXUHV� XQGHU�
GLIIHULQJ� LUULJDWLRQ� IUHTXHQFLHV� DQG� VXSHUSKRVSKDWH� IHUWLOL]HU� DSSOLFDWLRQ�
UDWHV��6RLO�6FL��6RF��$P��-��GRL���������VVVDM�����������

6FKLSSHU�� /�$��� 3DUILWW��5�/���5RVV�� &���%DLVGHQ��:�7���&OD\GRQ�� -�-��� )UDVHU�� 6���
������ *DLQV� DQG� ORVVHV� LQ� &� DQG� 1� VWRFNV� RI� 1HZ� =HDODQG� SDVWXUH� VRLOV�
GHSHQG�RQ�ODQG�XVH��$JULF��(FRV\VW��(QYLURQ����������������

6FKLSSHU��/�$���3HUFLYDO��+�-���6SDUOLQJ��*�3���������$Q�DSSURDFK� IRU� HVWLPDWLQJ�
ZKHQ�VRLOV�ZLOO�UHDFK�PD[LPXP�QLWURJHQ�VWRUDJH��6RLO�8VH�0DQDJ����������
�����

6FKLSSHU��/�$���6SDUOLQJ��*�3���������$FFXPXODWLRQ�RI�VRLO�RUJDQLF�&�DQG�FKDQJH�
LQ�&�1� UDWLR� DIWHU� HVWDEOLVKPHQW� RI� SDVWXUHV� RQ� UHYHUWHG� VFUXEODQG� LQ�1HZ�
=HDODQG��%LRJHRFKHPLVWU\�������������

6FKXXU�� (�$�*��� 0DWVRQ�� 3�$��� ������ 1HW� SULPDU\� SURGXFWLYLW\� DQG� QXWULHQW�
F\FOLQJ� DFURVV� D�PHVLF� WR�ZHW� SUHFLSLWDWLRQ� JUDGLHQW� LQ�+DZDLLDQ�PRQWDQH�
IRUHVW��2HFRORJLD���������������

6HOOHV�� )��� .DUDPDQRV�� 5�(��� .DFKDQRVNL�� 5�*��� ������ 7KH� VSDWLDO� YDULDELOLW\� RI�
QLWURJHQ���� DQG� LWV� UHODWLRQ� WR� WKH� YDULDELOLW\� RI� RWKHU� VRLO� SURSHUWLHV�� 6RLO�
6FL��6RF��$P��-���������������
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6HQED\UDP��0���'L[RQ��/���*RXOGLQJ��.�:�7���%RO��5���������/RQJ�WHUP�LQIOXHQFH�
RI�PDQXUH�DQG�PLQHUDO�QLWURJHQ�DSSOLFDWLRQV�RQ�SODQW�DQG�VRLO���1�DQG���&�
YDOXHV� IURP� WKH� %URDGEDON� :KHDW� ([SHULPHQW� 5DSLG� &RPPXQ�� 0DVV�
6SHFWURP�����������������

6HUUHW��0�'��� 2UWL]�0RQDVWHULR�� ,��� 3DUGR�� $��� $UDXV�� -�/��� ������ 7KH� HIIHFWV� RI�
XUHD� IHUWLOLVDWLRQ� DQG�JHQRW\SH� RQ�\LHOG�� QLWURJHQ�XVH� HIILFLHQF\�� ��1�DQG�
��&�LQ�ZKHDW��$QQ��$SSO��%LRO����������������

6KHDUHU��*���.RKO��'�+��� ������1��)L[DWLRQ� LQ� ILHOG� VHWWLQJV��(VWLPDWHV� EDVHG�RQ�
QDWXUDO���1�DEXQGDQFH��$XVW��-��3ODQW�3K\VLRO���������������

6KHDUHU��*���.RKO��'�+���&KLHQ��6�+���������7KH�QLWURJHQ����DEXQGDQFH�LQ�D�ZLGH�
YDULHW\�RI�VRLOV��6RLO�6FL��6RF��$P��-���������������

6KHDUHU��*���/HJJ��-�2���������9DULDWLRQV�LQ�WKH�QDWXUDO�DEXQGDQFH�RI���1�RI�ZKHDW�
SODQWV�LQ�UHODWLRQ�WR�IHUWLOL]HU�QLWURJHQ�DSSOLFDWLRQV��6RLO�6FLHQFH�6RFLHW\�RI�
$PHULFD�3URFHHGLQJV��������������

6LOYHU��:�/���1HII��-���0F*URGG\��0���9HOGNDPS��(���.HOOHU��0���&RVPH��5���������
(IIHFWV� RI� VRLO� WH[WXUH� RQ� EHORZJURXQG� FDUERQ� DQG� QXWULHQW� VWRUDJH� LQ� D�
ORZODQG�$PD]RQLDQ�IRUHVW�HFRV\VWHP��(FRV\VWHPV�������������

6LOYHVWHU��:�%���������7KH�ELRORJ\�RI�NDXUL��$JDWKLV�DXVWUDOLV��LQ�1HZ�=HDODQG���
,,��1LWURJHQ�F\FOLQJ�LQ�IRXU�NDXUL�IRUHVW�UHPQDQWV��1HZ�=HDO��-��%RW����������
�����

6PLO��9���������1LWURJHQ�DQG� IRRG�SURGXFWLRQ��3URWHLQV� IRU�KXPDQ�GLHWV��$PELR�
�������������

6RLO� 6XUYH\� 6WDII�� ������ .H\V� WR� 6RLO� 7D[RQRP\�� ��WK� HG�� 86'$�1DWXUDO�
5HVRXUFHV�&RQVHUYDWLRQ�6HUYLFH��:DVKLQJWRQ��'&��

6SDUOLQJ��*���6FKLSSHU��/���������6RLO�TXDOLW\�PRQLWRULQJ�LQ�1HZ�=HDODQG��WUHQGV�
DQG�LVVXHV�DULVLQJ�IURP�D�EURDG�VFDOH�VXUYH\��$JULF��(FRV\VW��(QYLURQ�������
���������

6SDUOLQJ�� *�3��� 6FKLSSHU�� /�$��� ������ 6RLO� TXDOLW\� DW� D� QDWLRQDO� VFDOH� LQ� 1HZ�
=HDODQG��-��(QYLURQ��4XDO�����������������

6SRQKHLPHU��0���5RELQVRQ��7���$\OLIIH��/���5RHGHU��%���+DPPHU�� -���3DVVH\��%���
:HVW��$���&HUOLQJ��7���'HDULQJ��'���(KOHULQJHU��-���������1LWURJHQ�LVRWRSHV�LQ�
PDPPDOLDQ� KHUELYRUHV��+DLU� ��1�YDOXHV� IURP� D� FRQWUROOHG� IHHGLQJ� VWXG\��
,QWHUQDWLRQDO�-RXUQDO�RI�2VWHRDUFKDHRORJ\������������

6ULQLYDVDQ��0�6���0F'RZHOO��5�:��������� ,UULJDWLRQ�DQG�VRLO�SK\VLFDO�TXDOLW\�DQ�
LQYHVWLJDWLRQ�DW�D�ORQJ�WHUP�LUULJDWLRQ�VLWH��1HZ�=HDO��-��$JU��5HV����������
�����

6WDWLVWLFV� 1HZ� =HDODQG�� Q�G��D�� $JULFXOWXUH�� KRUWLFXOWXUH�� DQG� IRUHVWU\�� 6WDWLVWLFV�
1HZ� =HDODQG�� 5HWULHYHG� �� 6HSWHPEHU� ����� IURP��
KWWS���ZZZ�VWDWV�JRYW�Q]�EURZVHBIRUBVWDWV�LQGXVWU\BVHFWRUV�DJULFXOWXUH�
KRUWLFXOWXUH�IRUHVWU\�DVS[��
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6WDWLVWLFV� 1HZ� =HDODQG�� Q�G��E�� *ORVVDU\� RI� &RPPRQ� 7HUPV�� 6WDWLVWLFV� 1HZ�
=HDODQG�� 5HWULHYHG� �� )HEUXDU\� ����� IURP��
KWWS���ZZZ��VWDWV�JRYW�Q]�GRPLQR�H[WHUQDO�RPQL�RPQL�QVI�ZZZJOVU\"RSHQY
LHZ	FRXQW �����

6WHHOH��.�:���'DQLHO��5�0���������)UDFWLRQDWLRQ�RI�QLWURJHQ�LVRWRSHV�E\�DQLPDOV��D�
IXUWKHU�FRPSOLFDWLRQ�WR�WKH�XVH�RI�YDULDWLRQV�LQ�WKH�QDWXUDO�DEXQGDQFH�RI���1�
IRU�WUDFHU�VWXGLHV��-��$JULF��6FL�����������

6WHHOH�� .�:��� :LOVRQ�� $�7��� ������ 1LWURJHQ� LVRWRSH� UDWLRV� LQ� VXUIDFH� DQG� VXE�
VXUIDFH� KRUL]RQV� RI� 1HZ� =HDODQG� LPSURYHG� JUDVVODQG� VRLOV�� 1HZ� =HDO�� -��
$JU��5HV���������������

6WHLQIHOG�� +��� *HUEHU�� 3���:DVVHQDDU�� 7��� &DVWHO�� 9��� 5RVDOHV��0��� GH� +DDQ�� &���
������/LYHVWRFN
V�ORQJ�VKDGRZ��HQYLURQPHQWDO�LVVXHV�DQG�RSWLRQV��)RRG�DQG�
$JULFXOWXUH�2UJDQL]DWLRQ�RI�WKH�8QLWHG�1DWLRQV��5RPH��S�������

6WHYHQVRQ��%�$���3DUILWW��5�/���6FKLSSHU��/�$���%DLVGHQ��:�7���0XGJH��3��� ������
5HODWLRQVKLS�EHWZHHQ�VRLO� ��1��&�1�DQG�1�ORVVHV�DFURVV�ODQG�XVHV�LQ�1HZ�
=HDODQG��$JULF��(FRV\VW��(QYLURQ����������������

6XO]PDQ��(�:���(G���������6WDEOH�LVRWRSH�FKHPLVWU\�DQG�PHDVXUHPHQW��D�SULPHU��
%ODFNZHOO�3XEOLVKLQJ�/WG��2[IRUG��

6XWKHUODQG��5�$���9DQNHVVHO��&��� )DUUHOO��5�(��� 3HQQRFN��'�-��� ������/DQGVFDSH�
VFDOH�YDULDWLRQV�LQ�SODQW�DQG�VRLO���1�QDWXUDO�DEXQGDQFH��6RLO�6FL��6RF��$P��
-���������������

6XWKHUODQG��5�$���9DQNHVVHO��&��� 3HQQRFN��'�-��� ������ 6SDWLDO� YDULDELOLW\� RI� ��1�
QDWXUDO�DEXQGDQFH��6RLO�6FL��6RF��$P��-�����������������

6ZDS�� 5�-��� $UDQLEDU�� -�1��� 'RZW\�� 3�5��� *LOKRRO\�� :�3��� 0DFNR�� 6�$��� ������
1DWXUDO� DEXQGDQFH� RI� ��&� DQG� ��1� LQ� &�� DQG� &�� YHJHWDWLRQ� RI� VRXWKHUQ�
$IULFD��SDWWHUQV�DQG�LPSOLFDWLRQV��*ORE��&KDQJH�%LRO���������������

7DLW�� $��� +HQGHUVRQ�� 5��� 7XUQHU�� 5��� =KHQJ�� ;�*��� ������ 7KLQ� SODWH� VPRRWKLQJ�
VSOLQH�LQWHUSRODWLRQ�RI�GDLO\�UDLQIDOO�IRU�1HZ�=HDODQG�XVLQJ�D�FOLPDWRORJLFDO�
UDLQIDOO�VXUIDFH��,QWHUQDWLRQDO�-RXUQDO�RI�&OLPDWRORJ\����������������

7DWH��.���:LOGH��5�+���*LOWUDS��'�-���%DLVGHQ��:�7���6DJJDU��6���7UXVWUXP��1�$���
6FRWW��1�$���%DUWRQ��-�3���������6RLO�RUJDQLF�FDUERQ�VWRFNV�DQG�IORZV�LQ�1HZ�
=HDODQG�� 6\VWHP� GHYHORSPHQW�� PHDVXUHPHQW� DQG� PRGHOOLQJ�� &DQ�� -�� 6RLO�
6FL���������������

7HPSOHU��3�+���$UWKXU��0�$���/RYHWW��*�0���:HDWKHUV��.�&���������3ODQW�DQG�VRLO�
QDWXUDO� DEXQGDQFH� ��1�� LQGLFDWRUV� RI� UHODWLYH� UDWHV� RI� QLWURJHQ� F\FOLQJ� LQ�
WHPSHUDWH�IRUHVW�HFRV\VWHPV��2HFRORJLD���������������

7LHVVHQ��+���.DUDPDQRV��5�(���6WHZDUW��-�:�%���6HOOHV��)���������1DWXUDO�QLWURJHQ�
���DEXQGDQFH�DV�DQ�LQGLFDWRU�RI�VRLO�RUJDQLF�PDWWHU�WUDQVIRUPDWLRQV�LQ�QDWLYH�
DQG�FXOWLYDWHG�VRLOV��6RLO�6FL��6RF��$P��-���������������
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7LOPDQ�� '��� &DVVPDQ�� .�*��� 0DWVRQ�� 3�$��� 1D\ORU�� 5��� 3RODVN\�� 6��� ������
$JULFXOWXUDO� VXVWDLQDELOLW\� DQG� LQWHQVLYH� SURGXFWLRQ� SUDFWLFHV�� 1DWXUH� �����
���������

8SVGHOO��0�3���������%D\HVLDQ�VPRRWKHUV�DV�DQ�H[WHQVLRQ�RI�QRQOLQHDU�UHJUHVVLRQ��
7KH�1HZ�=HDODQG�6WDWLVWLFLDQ������������

9LWRXVHN�� 3�0��� $EHU�� -�'��� +RZDUWK�� 5�:��� /LNHQV�� *�(��� 0DWVRQ�� 3�$���
6FKLQGOHU��'�:���6FKOHVLQJHU��:�+���7LOPDQ��*�'���������+XPDQ�DOWHUDWLRQ�
RI�WKH�JOREDO�QLWURJHQ�F\FOH��6RXUFHV�DQG�FRQVHTXHQFHV��(FRO��$SSO���������
�����

9LWRXVHN��3�0��� 6KHDUHU��*���.RKO��'�+��� ������)ROLDU� ��1�QDWXUDO� DEXQGDQFH� LQ�
+DZDLLDQ�UDLQIRUHVW��SDWWHUQV�DQG�SRVVLEOH�PHFKDQLVPV��2HFRORJLD���������
�����

:DONHU�� /�5���:DUGOH�� '�$��� %DUGJHWW�� 5�'��� &ODUNVRQ�� %�'��� ������ 7KH� XVH� RI�
FKURQRVHTXHQFHV� LQ�VWXGLHV�RI�HFRORJLFDO�VXFFHVVLRQ�DQG�VRLO�GHYHORSPHQW��
-��(FRO���������������

:DONHU��7�:���7KDSD��%�.���$GDPV��$�)�5���������6WXGLHV�RQ�VRLO�RUJDQLF�PDWWHU��
���$FFXPXODWLRQ�RI�FDUERQ��QLWURJHQ��VXOSKXU��RUJDQLF�DQG�WRWDO�SKRVSKRUXV�
LQ�LPSURYHG�JUDVVODQG�VRLOV��6RLO�6FL���������������

:DOODQGHU��+���0RUWK��&�0���*LHVOHU��5���������,QFUHDVLQJ�DEXQGDQFH�RI�VRLO�IXQJL�
LV� D� GULYHU� IRU� ��1� HQULFKPHQW� LQ� VRLO� SURILOHV� DORQJ� D� FKURQRVHTXHQFH�
XQGHUJRLQJ�LVRVWDWLF�UHERXQG�LQ�QRUWKHUQ�6ZHGHQ��2HFRORJLD�������������

:DQJ�� /�;��� 6KDQHU�� 3�-�/��� 0DFNR�� 6��� ������ )ROLDU� ��1� SDWWHUQV� DORQJ�
VXFFHVVLRQDO�JUDGLHQWV�DW�SODQW�FRPPXQLW\�DQG�VSHFLHV�OHYHOV��*HRSK\V��5HV��
/HWW������

:DUGOH��'�$���%DUGJHWW��5�'���.OLURQRPRV��-�1���6HWDOD��+���YDQ�GHU�3XWWHQ��:�+���
:DOO�� '�+��� ������ (FRORJLFDO� OLQNDJHV� EHWZHHQ� DERYHJURXQG� DQG�
EHORZJURXQG�ELRWD��6FLHQFH�����������������

:DWVRQ��&�-���-RUGDQ��&���.LOSDWULFN��'���0F&DUQH\��%���6WHZDUW��5���������,PSDFW�
RI�JUD]HG�JUDVVODQG�PDQDJHPHQW�RQ� WRWDO�1�DFFXPXODWLRQ�LQ�VRLO� UHFHLYLQJ�
GLIIHUHQW�OHYHOV�RI�1�LQSXWV��6RLO�8VH�0DQDJ���������������

:DWVRQ��&�-���0LOOV��&�/���������*URVV�QLWURJHQ�WUDQVIRUPDWLRQV�LQ�JUDVVODQG�VRLOV�
DV�DIIHFWHG�E\�SUHYLRXV�PDQDJHPHQW�LQWHQVLW\��6RLO�%LRO��%LRFKHP����������
�����

:DW]ND��0���%XFKJUDEHU��.���:DQHN��:���������1DWXUDO���1�DEXQGDQFH�RI�SODQWV�
DQG�VRLOV�XQGHU�GLIIHUHQW�PDQDJHPHQW�SUDFWLFHV�LQ�D�PRQWDQH�JUDVVODQG��6RLO�
%LRO��%LRFKHP�����������������

:HEHU�� 3��� %RO�� 5��� 'L[RQ�� /��� %DUGJHWW�� 5�'��� ������ /DUJH� ROG� WUHHV� LQIOXHQFH�
SDWWHUQV�RI� ��&�DQG� ��1� LQ� IRUHVWV��5DSLG�&RPPXQ��0DVV�6SHFWURP������
�����������
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:KHHOHU�� '�0��� /HGJDUG�� 6�)��� 0RQDJKDQ�� 5�0��� 0F'RZHOO�� 5�:��� GH� .OHLQ��
&�$�0���������29(56((5��QXWULHQW�EXGJHW�PRGHO���:KDW�LW�LV��DQG�ZKDW�LW�
GRHV�� ,Q�� ,PSOHPHQWLQJ� VXVWDLQDEOH� QXWULHQW� PDQDJHPHQW� VWUDWHJLHV� LQ�
DJULFXOWXUH�� �(GV� /�'��&XUULH� DQG� -�$��+DQO\���2FFDVLRQDO�5HSRUW�1R�� ����
)HUWLOL]HU�DQG�/LPH�5HVHDUFK�&HQWUH��0DVVH\�8QLYHUVLW\��3DOPHUVWRQ�1RUWK��
1HZ�=HDODQG��

:KLWH�� 7�$��� -RKQVRQ�� ,�5��� 6QRZ�� 9�2��� ������ &RPSDULVRQ� RI� RXWSXWV� RI� D�
ELRSK\VLFDO� VLPXODWLRQ� PRGHO� IRU� SDVWXUH� JURZWK� DQG� FRPSRVLWLRQ� ZLWK�
PHDVXUHG� GDWD� XQGHU� GU\ODQG� DQG� LUULJDWHG� FRQGLWLRQV� LQ� 1HZ� =HDODQG��
*UDVV�)RUDJH�6FL���������������

:KLWHKHDG��'�&���������*UDVVODQG�QLWURJHQ��&$%�,QWHUQDWLRQDO��:DOOLQJIRUG��8.��
:LOOLDPV��3�+���+D\QHV��5�-��������� ,QIOXHQFH�RI� LPSURYHG�SDVWXUHV�DQG�JUD]LQJ�

DQLPDOV� RQ�QXWULHQW� F\FOLQJ�ZLWKLQ�1HZ�=HDODQG� VRLOV��1HZ�=HDO�� -��(FRO��
�����������

:LWWPHU��0���$XHUVZDOG��.���6FKRQEDFK��3���%DL��<�)���6FKQ\GHU��+��� ������ ��1�
IUDFWLRQDWLRQ�EHWZHHQ�YHJHWDWLRQ��VRLO��IDHFHV�DQG�ZRRO�LV�QRW�LQIOXHQFHG�E\�
VWRFNLQJ�UDWH��3ODQW�6RLO�������������

;X�� <�4��� +H�� -�&��� &KHQJ�� :�;��� ;LQJ�� ;�5��� /L�� /�+��� ������ 1DWXUDO� ��1�
DEXQGDQFH�LQ�VRLOV�DQG�SODQWV�LQ�UHODWLRQ�WR�1�F\FOLQJ�LQ�D�UDQJHODQG�LQ�,QQHU�
0RQJROLD��-RXUQDO�RI�3ODQW�(FRORJ\�8N�������������

�
�
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$SSHQGL[�$��5HODWLRQVKLS�EHWZHHQ�VRLO�G��1��&�1�DQG�1�
ORVVHV�DFURVV�ODQG�XVHV�LQ�1HZ�=HDODQG�

�
7KLV�DSSHQGL[�FRQWDLQV�D�SXEOLVKHG�MRXUQDO�SDSHU��6WHYHQVRQ�HW�DO����������RQ�ZKLFK�
3DXO�0XGJH�ZDV�D�FR�DXWKRU��7KLV�SDSHU�ZDV�SURGXFHG�GXULQJ�WKH�PLG�VWDJHV�RI�WKLV�
3K'��DQG�UHSRUWV�G��1�YDOXHV�IURP�VRLOV�XQGHU�D�UDQJH�RI�ODQG�XVHV�LQ�1HZ�=HDODQG��
7KH� SDSHU� LV� QRW� GLUHFWO\� SDUW� RI� ZRUN� FRQGXFWHG� IRU� WKLV� 3K'�� EXW� ZDV� GLUHFWO\�
DOLJQHG� DQG� LV� WKHUHIRUH�SURYLGHG� IRU� FRQWH[W��3DXO�0XGJH� VXSSOLHG� WKH� OHDG� DXWKRU�
�6WHYHQVRQ�� ZLWK� D� OLWHUDWXUH� UHYLHZ� RQ� VRLO� G��1� XQGHU� GLIIHUHQW� ODQG� XVHV�� DQG�
FRQWULEXWHG�WR�LQWHUSUHWDWLRQ�RI�UHVXOWV�DQG�ZULWLQJ�RI�WKH�PDQXVFULSW��
�
�

�
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