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&+$37(5���
*URZWK��ELRPDVV�DOORFDWLRQ�DQG�PRUSKRORJLFDO�UHVSRQVHV�RI�

���6FRWWLVK�ZRRG\�VSHFLHV�WR�LUUDGLDQFH�
�����,QWURGXFWLRQ�

7KH�DLP�RI�WKLV�VWXG\�ZDV�WR�TXDQWLI\�VKDGH�WROHUDQFH�LQ�RQH�\HDU�ROG�VHHGOLQJV�RI�
���6FRWWLVK�QDWLYH�WUHH�VSHFLHV��E\�DQDO\VLQJ�WKHLU�JURZWK��ELRPDVV�DOORFDWLRQ�DQG�
PRUSKRORJLFDO�UHVSRQVHV�WR�GLIIHUHQW�GHJUHHV�RI�LUUDGLDQFH���$�VLPSOH�GHILQLWLRQ�RI�
VKDGH�WROHUDQFH�LQYROYHV�WKH�DELOLW\�RI�WUHHV�WR�VXUYLYH�DQG�PD[LPLVH�FDUERQ�JDLQ�LQ�
WKH�XQGHUVWRUH\�HQYLURQPHQW��6SXUU�	�%DUQHV��������RU�SHUVLVW�LQ�GHHS�VKDGH�IRU�D�
SHULRG�RI�WLPH��*ULPH��������*UHHQH�HW�DO�����������9DULDWLRQ�LQ�VKDGH�WROHUDQFH�LV�
EHOLHYHG�WR�EH�D�NH\�IDFWRU�XQGHUO\LQJ�IRUHVW�VXFFHVVLRQDO�G\QDPLFV��ZKHUHE\�VORZ�
JURZLQJ�VKDGH�WROHUDQW�FOLPD[�WUHHV�UHSODFH�UHODWLYHO\�VKDGH�LQWROHUDQW�SLRQHHUV�LQ�WKH�
DEVHQFH�RI�PDMRU�GLVWXUEDQFH��6KXJDUW��������6SXUU�	�%DUQHV���������

7UDGLWLRQDO�QRWLRQV�RI�VKDGH�WROHUDQFH�LQ�%ULWLVK�WUHH�VSHFLHV�KDYH�EHHQ�GHVFULEHG�
EXW�PXFK�LV�EDVHG�RQ�VXEMHFWLYH�REVHUYDWLRQ�ZLWK�YHU\�OLWWOH�TXDQWLWDWLYH�VXSSRUW�
�6DYLOO��������+LOO�HW�DO�����������+HQFH�WKH�TXDQWLILFDWLRQ�RI�VKDGH�WROHUDQFH�LQ�
%ULWLVK�WUHH�VSHFLHV�KDV�UHFHLYHG�YHU\�OLWWOH�DWWHQWLRQ�LQ�WKH�OLWHUDWXUH�WR�GDWH���0RVW�
FXUUHQW�VWXGLHV�LQYROYLQJ�FROG�WHPSHUDWH�ZRRG\�VSHFLHV�KDYH�EHHQ�PDLQO\�EDVHG�LQ�
1RUWK�$PHULFD��%RXUGHDX�	�/DYHULFN��������*ULPH�	�-HIIUH\��������/RDFK��������
:DOWHUV�HW�DO�������D������E��3DFDOD�HW�DO���������.REH�HW�DO���������0HVVLHU�	�
3XWWRQHQ��������.REH�	�&RDWHV��������:DOWHUV�	�5HLFK������������������������D��
����E��'HOXFLD�HW�DO���������5HLFK�HW�DO�������D������E��.DHONH�HW�DO���������6DFN�	�
*UXEE��������RU�FRQWLQHQWDO�(XURSH��1\JUHQ�	�.HOORPDNL��������1LLQHPHWV�HW�DO���
������DOVR�VHH�UHYLHZ�LQ�9HUD��������ZLWK�IHZ�VWXGLHV�EDVHG�LQ�%ULWDLQ�LQYROYLQJ�
QDWLYH�WUHH�VSHFLHV��0F9HDQ������D��-DUYLV��������6KDZ��������.HOO\����������0RVW�
VWXGLHV�DUH�FRPSUHKHQVLYH�EXW�ODFN�WKH�EHQHILWV�RI�FRPSDUDELOLW\�EHWZHHQ�D�ODUJH�
QXPEHU�RI�GLIIHUHQW�WUHH�VSHFLHV���$�FRQVLGHUDEOH�HIIRUW�LQ�UHVHDUFK�LV�WKXV�UHTXLUHG�WR�
EULGJH�WKLV�JDS��

,QLWLDO�ZRUN�RQ�VKDGH�WROHUDQFH�TXDQWLILFDWLRQ�KDV�RIWHQ�EHJXQ�ZLWK�WKH�DQDO\VLV�RI�
JURZWK�DQG�VXUYLYDO�UHVSRQVHV�WR�GLIIHUHQW�OHYHOV�RI�LUUDGLDQFH���/LJKW�LV�QRW�RQO\�
IXQGDPHQWDO�WR�SODQW�JURZWK�EXW�DOVR�WKH�GLIIHUHQFH�LQ�WKH�OLJKW�UHTXLUHG�E\�GLIIHUHQW�
VSHFLHV�RI�WUHHV�LV�FRQVLGHUHG�E\�PDQ\�DXWKRUV�DV�WKH�PRVW�LPSRUWDQW�IDFWRU�IRU�
UHJHQHUDWLRQ��:RRGZDUG��������'HQVORZ�HW�DO���������3DFDOD�HW�DO���������9HUD��
��������7KH�VXE�GLYLVLRQ�RI�WUHH�VSHFLHV�LQWR�VKDGH�LQWROHUDQW�SLRQHHUV�DQG�VKDGH�
WROHUDQW�FOLPD[�VSHFLHV�ZLWK�GHVFULSWLRQV�RI�WKHLU�VSHFLILF�PRUSKRORJLFDO�DQG�
SK\VLRORJLFDO�DGDSWDWLRQV�ZKLFK�HQDEOH�WKHP�WR�VXUYLYH�H[WUHPHV�RI�OLJKW�DUH�ZHOO�
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GRFXPHQWHG��6ZDLQH�	�:KLWPRUH��������6SXUU�	�%DUQHV��������VHH�6HFWLRQ����������
5HVSRQVHV�WR�GLIIHUHQW�GHJUHHV�RI�LUUDGLDQFH�RI�UHSUHVHQWDWLYHV�RI�VSHFLHV�IURP�DFURVV�
WKH�WROHUDQFH�VSHFWUXP��KDYH�DOVR�EHHQ�UHSRUWHG���$OO�WKH�DERYH�VWXGLHV�SURYLGH�D�
IUDPHZRUN�IRU�VKDGH�WROHUDQFH�TXDQWLILFDWLRQ��

$V�FRQWLQXHG�JURZWK�DQG�VXUYLYDO�LQ�VKDGH�LPSOLHV�D�QHW�JDLQ�LQ�FDUERK\GUDWHV��WKH�
DELOLW\�RI�D�VSHFLHV�WR�WROHUDWH�VKDGLQJ�KDV�FRPPRQO\�EHHQ�OLQNHG�WR�SKRWRV\QWKHVLV��
YL]�LQ�WKH�HIILFLHQF\�RI�WKH�XWLOLVDWLRQ�RI�OLJKW�HQHUJ\��LQ�3DFDOD�HW�DO�����������
'LIIHUHQFHV�EHWZHHQ�VSHFLHV�LQ�WKHLU�UHODWLYH�DELOLW\�WR�WROHUDWH�VKDGH�PD\�WKHUHIRUH�
EH�H[SODLQHG�E\��L��DGDSWDWLRQV�LQYROYLQJ�WKH�HIILFLHQF\�RI�WKHLU�SKRWRV\QWKHWLF�
V\VWHP��L�H���KLJK�SKRWRV\QWKHWLF�UDWHV�DW�ORZ�OLJKW�LQWHQVLWLHV��RU��LL��PRUSKRORJLFDO�
DGDSWDWLRQV��LQYROYLQJ�FKDQJH�LQ�WKH�VL]H�RI�WKHLU�SKRWRV\QWKHWLF�V\VWHP��LQ�/RDFK��
���������

7KHUH�LV�DQ�DUJXPHQW�WKDW�WKH�VL]H�RU�HIILFLHQF\�RI�WKH�SKRWRV\QWKHWLF�V\VWHP�LQ�
VKDGH�JURZQ�SODQWV�FDQQRW�EH�XVHG�VXFFHVVIXOO\�DV�D�VKDGH�WROHUDQFH�SDUDPHWHU�DV�
QHLWKHU�FOHDUO\�GLIIHUHQWLDWHV�EHWZHHQ�WROHUDQW�DQG�LQWROHUDQW�VSHFLHV��/RDFK��������
&RUUH������D����+RZHYHU�WKH�ODFN�RI�GLIIHUHQFHV�LQ�JURZWK�EHWZHHQ�WKHVH�WZR�VSHFLHV�
W\SHV�LQ�ORZ�OLJKW�FDQ�EH�H[SODLQHG�E\�PRUSKRORJLFDO�DGDSWDWLRQV��ZKLFK�SODQWV�
JHQHUDOO\�H[SUHVV�WR�FRXQWHUDFW�WKH�SRWHQWLDOO\�GHOHWHULRXV�HIIHFWV�RI�UHGXFHG�
LUUDGLDQFH�RQ�JURZWK��/RDFK��������5HDG�	�+LOO��������/DWKDP��������*UXEE�HW�DO���
��������)RU�H[DPSOH��OLJKW�LQWHUFHSWLRQ�SHU�XQLW�SODQW�ELRPDVV�PD\�EH�LQFUHDVHG�E\�DQ�
DXJPHQWHG�ELRPDVV�DOORFDWLRQ�WR�OHDI�PDWHULDO��/HDI�PDVV�UDWLR��/05���DQG�WKH�
SURGXFWLRQ�RI�UHODWLYHO\�WKLQ�OHDYHV�ZLWK�D�KLJK�VSHFLILF�OHDI�DUHD��6/$��ZKLFK�OHDGV�
WR�D�KLJK�OHDI�DUHD�SHU�XQLW�SODQW�PDVV��/HDI�DUHD�UDWLR��/$5����9HQHNODDV�	�3RRUWHU��
��������$OWKRXJK�VSHFLHV�VKRZ�VLPLODU�UHVSRQVHV�WR�VKDGH��WKH�PDJQLWXGH�RI�UHVSRQVH�
LV�RIWHQ�YHU\�GLIIHUHQW�EHWZHHQ�VKDGH�LQWROHUDQW�DQG�VKDGH�WROHUDQW�VSHFLHV�ZKLFK�
HQDEOHV�D�GLVWLQFWLRQ�WR�EH�PDGH�EHWZHHQ�WKHP��

6KDGH�LQWROHUDQWV�KDYH�EHHQ�IRXQG�WR�EH�PRUH�SODVWLF�LQ�WKHLU�UHVSRQVH�WR�
LUUDGLDQFH�ZKHUHE\�JUHDWHU�PRUSKRORJLFDO�DGMXVWPHQWV��KLJKHU�6/$��/$5��LQ�VKDGH�
KDYH�OHG�WR�LQLWLDOO\�KLJKHU�UDWHV�RI�JURZWK�FRPSDUHG�WR�VKDGH�WROHUDQWV��*ULPH��������
&DQKDP��������5HLFK�HW�DO�������D����6KDGH�WROHUDQWV��ZLWK�WKHLU�OHVV�IOH[LEOH�JURZWK�
IRUP��WHQG�WR�PDLQWDLQ�ORZHU�6/$V�DQG�/$5V�DQG�ORZHU�5*5V�LQ�VKDGH���7KH�
VXPPDU\�RI�W\SLFDO�PRUSKRORJLFDO�DQG�SK\VLRORJLFDO�UHVSRQVHV�RI�VKDGH�WROHUDQW��
LQWHUPHGLDWH�DQG�VKDGH�LQWROHUDQW�WURSLFDO�WUHH�VSHFLHV�JURZLQJ�XQGHU�ORZ��PHGLXP�
DQG�KLJK�OLJKW�FRQGLWLRQV�E\�9HQHNODDV�DQG�3RRUWHU��������LOOXVWUDWHV�WKH�GLIIHUHQFHV�
LQ�SODVWLFLW\�DQG�LWV�LQIOXHQFH�RQ�5*5���6KDGH�WROHUDQWV�DUH�UHSRUWHG�WR�EH�
GLVWLQJXLVKHG�E\�ORZHU�/05V�ZLWK�WKH�KLJKHVW�UDWLRV�IRXQG�DPRQJVW�SLRQHHUV���7KH�
VDPH�SDWWHUQ�LV�IRXQG�IRU�6/$�OHDGLQJ�WR�D�FRQVLGHUDEO\�KLJKHU�/$5�IRU�WKH�SLRQHHU�
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VSHFLHV��HVSHFLDOO\�XQGHU�ORZ�OLJKW�FRQGLWLRQV���7KH�ODUJHVW�GLIIHUHQWLDWLRQ�IRU�/$5�
FDQ�EH�VHHQ�DW�WKH�ORZHVW�OLJKW�LQWHQVLWLHV��ZKHUHDV�WKH�ODUJHVW�GLIIHUHQWLDWLRQ�IRU�1$5�
RFFXUV�DW�WKH�KLJKHVW�OLJKW�LQWHQVLW\���7KH�SDWWHUQV�LQ�ERWK�1$5�DQG�/$5�OHDG�WR�
SUHGLFWDEOH�UDQNLQJ�LQ�JURZWK�UDWHV�RI�VSHFLHV�JURXSV��ZLWK�WKH�SLRQHHU�VSHFLHV�
UHDOLVLQJ�WKH�KLJKHVW�5*5V�DW�ORZ�DQG�KLJK�OLJKW���/DUJHVW�LQWHUVSHFLILF�GLIIHUHQWLDWLRQ�
LQ�SKRWRV\QWKHWLF�UDWHV��UHIOHFWHG�LQ�1$5��LQ�KLJK�OLJKW�RFFXU�EHFDXVH�VKDGH�WROHUDQW�
VSHFLHV�ZLOO�EH�FRQVWUDLQHG�E\�DQ�LQKHUHQWO\�ORZ�SKRWRV\QWKHWLF�FDSDFLW\��ZKHUHDV�
SLRQHHU�VSHFLHV�FDQ�UHDOLVH�KLJK�OLJKW�VDWXUDWHG�SKRWRV\QWKHWLF�UDWHV����

&KDQJHV�LQ�OHDI�PRUSKRORJ\�DQG�SK\VLRORJ\�DUH�QRW�WKH�VROH�GHWHUPLQDQWV�RI�
JURZWK���7KH�UHODWLYH�SURSRUWLRQ�RI�RWKHU�SODQW�FRPSRQHQWV�WR�WRWDO�SODQW�PDVV�FDQ�
DOVR�DOWHU�WKH�SKRWRV\QWKHVLV���UHVSLUDWLRQ�UDWLR�DQG�WKXV�JURZWK�UDWHV���7KLV�LV�ZK\�LW�
LV�LPSRUWDQW�WR�HYDOXDWH�SODQW�UHVSRQVHV�WR�VKDGH�ZLWK�D�ZKROH�SODQW�SHUVSHFWLYH�
�*LYQLVK����������*LYQLVK�GHILQHV�VKDGH�WROHUDQFH�DV�D�SURGXFW�RI�FRPSOH[�
FRPELQDWLRQV�RI�ZKROH�VHHGOLQJ�UHVSRQVHV�LQFOXGLQJ�ELRPDVV�DOORFDWLRQ��
PRUSKRORJLFDO�FKDQJHV��OHDI�RULHQWDWLRQ�DQG�OHDI�OHYHO�SKRWRV\QWKHWLF�FKDQJHV�
HPSKDVLVLQJ�WKLV�SRLQW���

7KH�ZKROH�SODQW�DSSURDFK�DOVR�KHOSV�GLVWLQJXLVK�GLIIHUHQW�VKDGH�WROHUDQW�JURZWK�
VWUDWHJLHV���7UDLWV�VXFK�DV�KLJK�6/$��/$5�DQG�ORZHU�URRW�WR�VKRRW�UDWLRV�WHQG�WR�
LQFUHDVH�WKH�UDWLR�RI�SKRWRV\QWKHVLV�WR�UHVSLUDWLRQ�DW�WKH�ZKROH�SODQW�OHYHO��WKXV�
FRQWULEXWLQJ�WR�WKH�PDLQWHQDQFH�RI�D�SRVLWLYH�FDUERQ�EXGJHW�DQG�PD[LPLVDWLRQ�RI�
JURZWK�LQ�VKDGH��*LYQLVK����������7KHUH�DUH�VRPH�VSHFLHV��WKRXJK��ZKLFK�GR�QRW�
PD[LPLVH�JURZWK�LQ�WKH�VKDGH�EXW�KDYH�D�VWUDWHJ\�WR�SHUVLVW�LQ�VKDGH�ZKLFK�LQYROYHV�
WUDLWV�WR�PLQLPLVH�PRUWDOLW\��'HOXFLD�HW�DO�����������:KHUH�WKH�UHODWLYH�FRVW�RI�FDUERQ�
ORVV�WR�KHUELYRUHV�DQG�SDWKRJHQV�LV�KLJK�DQG�UHFRYHU\�IURP�WLVVXH�ORVV�LV�GLIILFXOW�GXH�
WR�HQHUJ\�OLPLWDWLRQ��QDWXUDO�VHOHFWLRQ�WHQGV�WR�IDYRXU�WUDLWV�VXFK�DV�D�KLJK�GHIHQFH�
DQG�VWRUDJH�DOORFDWLRQ�LQ�WKH�VKDGHG�HQYLURQPHQW��&ROH\����������7UDLWV�LQFOXGH�
VPDOOHU��WKLFNHU�OHDYHV��ORZ�6/$��/$5��WR�FRQIHU�UHVLVWHQFH�WR�SHVWV��%XUQV�	�
+RQNDOD��������.LWDMLPD��������DQG�KLJK�URRW�VKRRW�UDWLRV�WR�SURYLGH�VXSSRUW�DQG�DLG�
VXUYLYDO�GXULQJ�SHULRGV�RI�WUDQVLHQW�ZDWHU�OLPLWDWLRQ��6SXUU�	�%DUQV����������/DUJH�
VWRUHV�RI�FDUERK\GUDWH�LQ�WKH�URRW�DOVR�VXJJHVW�IDFXOWDWLYH�EHKDYLRXU�ZKHUH�WKH�SODQW�
LV�SUHSDULQJ�LWVHOI�IRU�UDSLG�JURZWK�IROORZLQJ�JDS�IRUPDWLRQ��3HWHUNHQ��������'HOXFLD�
HW�DO����������

2WKHU�WUDLWV�WKDW�KHOS�WR�GLVWLQJXLVK�GHJUHHV�RI�WROHUDQFH�LQFOXGH�VKDGH�DYRLGDQFH�
UHVSRQVHV��*ULPH����������������6KDGH�LQWROHUDQW�VSHFLHV�WHQG�WR�KDYH�KLJKHU�UDWHV�RI�
HWLRODWLRQ�LQ�WKH�VKDGH���)XUWKHUPRUH��WKH\�ZLOO�HYHQWXDOO\�VWDUW�WR�GLVSOD\�KLJKHU�
PRUWDOLW\�UDWHV��HVSHFLDOO\�DW������3$5��*UXEE�HW�DO���������:DOWHUV�	�5HLFK��������
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ZKHUH�XQDGMXVWHG�VXQ�DGDSWHG�WUDLWV��VXFK�DV�KLJK�UDWHV�RI�GDUN�UHVSLUDWLRQ��FDQ�OHDG�
WR�FDUERQ�H[KDXVWLRQ�DQG�HYHQWXDO�GHDWK��*ULPH���������

,Q�WKLV�H[SHULPHQW��RQH�\HDU�ROG�VHHGOLQJV�RI����ZRRG\�VSHFLHV�QDWLYH�WR�WKH�
&DOHGRQLDQ�)RUHVW�RI�WKH�6FRWWLVK�+LJKODQGV�ZHUH�JURZQ�LQ�SRWV�LQ�DQ�RXWGRRU�
HQYLURQPHQW�XQGHU�WKUHH�VLPXODWHG�IRUHVW�VKDGH�UHJLPHV�DQG�D�WUHDWPHQW�RSHQ�WR�IXOO�
GD\OLJKW���7KH�REMHFWLYH�ZDV�WR�GHWHUPLQH�ZKHWKHU�RQH�\HDU�ROG�VHHGOLQJV�RI�WKHVH�
QDWLYH�VSHFLHV�GLIIHU�IURP�RQH�DQRWKHU�ZLWK�UHVSHFW�WR�VKDGH�WROHUDQFH��DQG�RU�
UHVSRQVHV�WR�GLIIHUHQW�LUUDGLDQFH�OHYHOV���6SHFLILFDOO\��WKH�VWXG\�GRFXPHQWV�WKH�HIIHFWV�
RI�GLIIHUHQW�IOX[HV�RI�3KRWRV\QWKHWLF�$FWLYH�5DGLDWLRQ��3$5��RQ�JURZWK��ELRPDVV�
SDUWLWLRQLQJ�DQG�PRUSKRORJ\��

7KH�IROORZLQJ�TXHVWLRQV�ZHUH�DVNHG���
L�� 'R�VSHFLHV�GLVSOD\�FODVVLFDO�UHVSRQVHV�WR�VKDGH�LQ�DFFRUGDQFH�ZLWK�WKH�

OLWHUDWXUH"�
LL�� $UH�PRUSKRORJLFDO��OHDI�DUHD�UDWLRV��RU�SK\VLRORJLFDO��QHW�DVVLPLODWLRQ�UDWHV��

YDULDEOHV�PRUH�LPSRUWDQW�LQ�GULYLQJ�5*5V�DW�ORZ�DQG�KLJK�LUUDGLDQFH�OHYHOV"�
LLL�� +RZ�FDQ�GLIIHUHQFHV�LQ�JURZWK��ELRPDVV�DOORFDWLRQ�DQG�PRUSKRORJ\�

GLVWLQJXLVK�GLIIHUHQW�GHJUHHV�RI�WROHUDQFH�RU�OLJKW�GHPDQG�EHWZHHQ�VSHFLHV"�
Y�� +RZ�GR�SK\VLRORJLFDO�UHVSRQVHV�PDWFK�WUDGLWLRQDO�QRWLRQV�RI�VKDGH�WROHUDQFH�

DQG�(OOHQEHUJ�OLJKW�LQGLFDWRU�YDOXHV"�
�
�����0HWKRGV�
�������6WXG\�VLWH�DQG�VSHFLHV�

7KH�H[SHULPHQW�ZDV�FRQGXFWHG�RYHU�RQH�JURZLQJ�VHDVRQ�IURP�PLG�$SULO�WR�PLG��
$XJXVW����������ZHHNV��LQ�DQ�RSHQ�QXUVHU\�VLWH�RQ�WKH�%XVK�(VWDWH��)RUHVWU\�
&RPPLVVLRQ�1RUWKHUQ�5HVHDUFK�6WDWLRQ��5RVOLQ��(GLQEXUJK��)LJXUH�$�������7KH�WUHH�
VSHFLHV�LQFOXGHG�LQ�WKLV�VWXG\�DUH�QDWLYH�WR�WKH�*OHQ�$IIULF�&DOHGRQLDQ�)RUHVW�
5HVHUYH��+LJKODQG�5HJLRQ��,QYHUQHVV�VKLUH���7KH����VSHFLHV�XVHG�DUH�OLVWHG�LQ�7DEOH�
�����WRJHWKHU�ZLWK�WKHLU�RULJLQDO�(OOHQEHUJ�OLJKW�LQGLFDWRU�YDOXHV��(OOHQEHUJ��������DV�
ZHOO�DV�UHYLVHG�YDOXHV�IRU�%ULWLVK�VDSOLQJV��+LOO�HW�DO����������VHH�6HFWLRQ����������
6SHFLHV�FRPH�IURP�D�UDQJH�RI�KDELWDWV�ZLWK�GLIIHUHQW�OLJKW�UHJLPHV�HQFRPSDVVLQJ�
VKDGH�WROHUDQW�LQWHUPHGLDWHV��VKDGH�WR�VHPL�VKDGH�SODQWV�IRXQG�LQ�PRUH�WKDQ����
UHODWLYH�LOOXPLQDWLRQ��WR�LQWROHUDQW�VSHFLHV��OLJKW�ORYLQJ�SODQWV�UDUHO\�IRXQG�ZKHUH�
UHODWLYH�LOOXPLQDWLRQ�LQ�VXPPHU�LV�OHVV�WKDQ�������(OOHQEHUJ����������,W�VKRXOG�EH�
QRWHG�WKDW�WKHVH�LQGLFDWRU�YDOXHV�DUH�EDVHG�PRUH�RQ�WKH�GLVWULEXWLRQ�RI�SODQWV�LQ�WKH�
ILHOG�UDWKHU�WKDQ�SK\VLRORJLFDO�UHVSRQVHV�WR�LUUDGLDQFH���+RZHYHU�DV�(OOHQEHUJ¶V�
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UDQNLQJ�VFKHPH�LV�WKH�RQO\�RQH�DYDLODEOH�ZKLFK�LV�EDVHG�VSHFLILFDOO\�RQ�VSHFLHV�
SUHIHUHQFH�IRU�OLJKW��LW�SURYLGHV�D�JRRG�EDVHOLQH�IRU�FRPSDULVRQ��

�
�������6HHGOLQJ�VWRFN��

2QH�\HDU�ROG�FHOO�JURZQ�WUHH�VHHGOLQJV�RI�DOO����VSHFLHV�ZHUH�RUGHUHG�IURP�D�
6FRWWLVK�QDWLYH�WUHH�QXUVHU\��&KULVWLH�(OLWH�1XUVHULHV�/WG��)RUUHV��0RUD\����
8QIRUWXQDWHO\��GXH�WR�XQIRUHVHHQ�FLUFXPVWDQFHV��WKUHH�VSHFLHV�KDG�WR�EH�REWDLQHG�
IURP�WZR�RWKHU�6FRWWLVK�QDWLYH�WUHH�QXUVHULHV���3RSXOXV�WUHPXOD�DQG�3UXQXV�SDGXV�
IURP�&KHYLRW�7UHHV�/WG���%HUZLFN�XSRQ�7ZHHG��DQG�4XHUFXV�SHWUDHD�IURP�$OED�
7UHHV�/WG��*ODGVPXLU��(DVW�/RWKLDQ����$OO�LQGLYLGXDOV�ZHUH�KDQG�VHOHFWHG�WR�HQVXUH�
XQLIRUPLW\�LQ�VWHP�KHLJKW�DQG�SURYHQDQFH���0RVW�VHHGOLQJV�ZHUH�JURZQ�IURP�VHHG�
ZKLFK�ZDV�FROOHFWHG�IURP�6WUDWKFRQRQ�)RUHVW�����NP�QRUWK�RI�*OHQ�$IIULF�LQ�WKH�8.�
6HHG�&ROOHFWLRQ�=RQH������+HUEHUW�HW�DO����������

�
7DEOH������6SHFLHV�XVHG�LQ�WKH�VKDGH�KRXVH�WULDO�ZLWK�WKHLU�W\SH��RULJLQDO�(OOHQEHUJ�OLJKW�
LQGLFDWRU�YDOXH��(OOHQEHUJ��������DQG�UHYLVHG�YDOXHV�IRU�%ULWLVK�VDSOLQJV��+LOO�HW�DO���������LQ�
EUDFNHWV���7KH�VFDOH�UDQJHV�IURP���SODQWV�LQ�IXOO�VKDGH��WR����SODQWV�LQ�IXOO�OLJKW���
6SHFLHV�
�
�
�

7\SH� (OOHQEHUJ¶V�/LJKW�
,QGLFDWRU�9DOXHV�
�%ULWLVK�VDSOLQJV��

6KDGH�7ROHUDQFH�
�&ODVVLILFDWLRQV�

-XQLSHUXV��FRPPXQLV� (YHUJUHHQ�FRQLIHU� ������ 9HU\�,QWROHUDQW�
%HWXOD�SXEHVFHQV� 'HFLGXRXV�KDUGZRRG� ������ ,QWROHUDQW��
%HWXOD�SHQGXOD� 'HFLGXRXV�KDUGZRRG� ������ ,QWROHUDQW��
3LQXV�V\OYHVWULV� (YHUJUHHQ�FRQLIHU� ������ ,QWROHUDQW��
6DOL[�FDSUHD� 'HFLGXRXV�KDUGZRRG� ������ ,QWROHUDQW��
6DOL[�FLQHUHD� 'HFLGXRXV�KDUGZRRG� ������ ,QWROHUDQW��
3RSXOXV�WUHPXOD� 'HFLGXRXV�KDUGZRRG� ������ ,QWHUPHGLDWH��
4XHUFXV�SHWUDHD� 'HFLGXRXV�KDUGZRRG� ������ ,QWHUPHGLDWH��
6RUEXV�DXFXSDULD� 'HFLGXRXV�KDUGZRRG� ������ ,QWHUPHGLDWH��
&RU\OXV�DYHOODQD� 'HFLGXRXV�KDUGZRRG� ������ ,QWHUPHGLDWH�
$OQXV�JOXWLQRVD� 'HFLGXRXV�KDUGZRRG� ������ ,QWHUPHGLDWH�
3UXQXV�SDGXV� 'HFLGXRXV�KDUGZRRG� ������ ,QWHUPHGLDWH�
,OH[�DTXLIROLXP� (YHUJUHHQ�KDUGZRRG� ������ 7ROHUDQW�,QWHUPHGLDWH�
8OPXV�JODEUD� 'HFLGXRXV�KDUGZRRG� ������ 7ROHUDQW�,QWHUPHGLDWH�
)UD[LQXV�H[FHOVLRU� 'HFLGXRXV�KDUGZRRG� ������ 7ROHUDQW�,QWHUPHGLDWH�
�

�������([SHULPHQWDO�VRLOV�
$OO�VHHGOLQJV�ZHUH�SRWWHG�XS�LQ�D�+DUGZRRG�%DVH�0L[�6WDQGDUG�S+�FRPSRVW�PL[�

�$OED�7UHHV�/WG���*ODVPXLU��(DVW�/RWKLDQ���S+�����±��������6HHGOLQJ�FHOOV�ZHUH�D�PL[�
RI�6SKDJQXP�PRVV�DQG�����EDUN�FRPSRVW�FRQWDLQLQJ�1�3�.��&KULVWLH�
(OLWH�����������$OED�7UHH�/WG������������EDVH�QXWULHQWV�DQG�VORZ�UHOHDVH�6LQFURFHOO�
�����$V�6LQFURFHOO�VWDUWV�WR�KDYH�DQ�HIIHFW�������PRQWKV�DIWHU�JHUPLQDWLRQ��LW�LV�
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IHDVLEOH�WKDW�LW�PD\�KDYH�DLGHG�LQLWLDO�HVWDEOLVKPHQW�RI�URRWV�LQ�WULDO�SRWV���1R�H[WUD�
IHUWLOLVHU�ZDV�DGGHG�WR�WKH�SRWWLQJ�FRPSRVW�WR�VLPXODWH�QDWXUDO�VRLO�FRQGLWLRQV�IRXQG�
XQGHU�&DOHGRQLDQ�3��V\OYHVWULV�IRUHVW��

�
�������([SHULPHQWDO�GHVLJQ�

7KH�WULDO�ZDV�VHW�XS�IROORZLQJ�D�KLHUDUFKLFDO�IDFWRULDO�GHVLJQ���7KH�WRS�VWUDWXP�
FRQVLVWHG�RI�IRXU�OLJKW�WUHDWPHQWV��RSHQ��ORZ��PHGLXP�DQG�GHHS�VKDGH��SODFHG�LQ�D�
UDQGRPLVHG�/DWLQ�6TXDUH��RQH�UHSOLFDWH�SHU�WUHDWPHQW�SODFHG�LQ�HDFK�RI�WKH�IRXU�URZV�
DQG�FROXPQV���VHH�$SSHQGL[������7UHDWPHQWV�ZHUH�VSDFHG�WZR�PHWUHV�DSDUW�IURP�HDFK�
RWKHU�RQ�DOO�VLGHV���(DFK�OLJKW�WUHDWPHQW�ZDV�GLYLGHG�XS�LQWR�WKUHH�JURXS�DUHDV��HDFK�
FRQWDLQLQJ�RQH�VHHGOLQJ�SHU�VSHFLHV�����VSHFLHV�[���UHSOLFDWHV�SHU�OLJKW�WUHDWPHQW����
(DFK�VHHGOLQJ�ZDV�UDQGRPO\�SODFHG�������P�DSDUW�IURP�HDFK�RWKHU���$�EXIIHU�]RQH�RI�
�����P�EHWZHHQ�SRWV�DQG�WKH�IUDPH�HGJH�ZDV�DOVR�PDLQWDLQHG���6HHGOLQJV�ZHUH�UH�
UDQGRPLVHG�HYHU\�WZR�ZHHNV�ZLWKLQ�JURXSV�WR�FRXQWHUDFW�DQ\�HGJH�HIIHFWV��

�
�������/LJKW��

7KH�IRXU�OLJKW�UHJLPHV�ZHUH�FUHDWHG�ZLWK�WKH�FRQVWUXFWLRQ�RI�VKDGH�KRXVHV�������P�
[������P�[�����P����:RRGHQ�IUDPHV�ZHUH�FRYHUHG�ZLWK�GLIIHUHQW�OD\HUV�RI�JUHHQ�
Q\ORQ�VKDGH�FORWK��7LWDQ�QHWWLQJ��/%6�JURXS��/DQFDVKLUH��RI�����GHQVLW\�VR�DV�WR�
FUHDWH�WKH�GLIIHUHQW�OLJKW�HQYLURQPHQWV�RI�DSSUR[LPDWHO\����3$5����OD\HUV�������
3$5����OD\HUV�������3$5��RQH�OD\HU���DQG������3$5��QR�OD\HUV����7KH�WKUHH�ODWWHU�
OLJKW�UHJLPHV�ZHUH�FRPSDUDEOH�ZLWK�JDS�DQG�VKDGH�PLFURVLWHV�LQ�3LQXV�V\OYHVWULV�
ZRRGODQG��VHH�&KDSWHU������7KH�GHHS�VKDGH�WUHDWPHQW������ZDV�FRPSDUDEOH�ZLWK�
OLJKW�FRQGLWLRQV�IRXQG�XQGHU�&DOOXQD�YXOJDULV�RU�3WHULGLXP�DTXLIROLXP�YHJHWDWLRQ�
�3HWHUNHQ��������+XPSKUH\�	�6ZDLQH����������:KHQ�WKH�VKDGH�KRXVHV�ZHUH�EHLQJ�
EXLOW��D�SRUWDEOH�PHWHU�ZLWK�D�3KRWRV\QWKHWLF�$FWLYH�5DGLDWLRQ��3$5��VHQVRU��6.3�
����������������6N\H�,QVWUXPHQWV�/WG��:DOHV��ZDV�XVHG�WR�TXLFNO\�HVWDEOLVK�WKH�
GLIIHUHQW�OLJKW�WUDQVPLWWDQFHV�ZLWKLQ�DQ�DSSURSULDWH�UDQJH���,Q�-XQH�DQG�$XJXVW��GDWD�
ORJJHUV�ZLWK�3$5�VHQVRUV��6'/��������������YHUVLRQ�'+���00�����6N\H�
,QVWUXPHQWV�/WG���ZHUH�XVHG�WR�REWDLQ�PRUH�DFFXUDWH�PHDVXUHV�RI�GDLO\�
WUDQVPLWWDQFH���7KLV�LQYROYHG�SODFLQJ�RQH�GDWD�ORJJHU�RQ�D���P�KLJK�SODWIRUP�DW�WKH�
FHQWUH�RI�HDFK�RI�WKH�IRXU�WUHDWPHQW�SORWV�ZLWKLQ�D�VLQJOH�FROXPQ���7KHUH�ZHUH�RQO\�
IRXU�ORJJHUV��VR�3$5�ZDV�UHFRUGHG�LQ�RQH�FROXPQ�RI�WKH�/DWLQ�6TXDUH�DW�D�WLPH���,Q�
-XQH��UHDGLQJV�IRU�HDFK�WUHDWPHQW�SORW�ZHUH�WDNHQ�RYHU�RQH�GD\���$�PRUH�WKRURXJK�
UHFRUG�RI�GD\�WR�GD\�3$5�YDULDWLRQ�ZDV�DFKLHYHG�LQ�$XJXVW�ZLWK�UHDGLQJV�IRU�HDFK�
WUHDWPHQW�SORW�WDNHQ�RYHU�D�SHULRG�RI�IRXU�FRQVHFXWLYH�GD\V���7KH�VHQVRU�ZDV�VHW�WR�
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UHFRUG�PHDVXUHV�RI�3$5�DW�HYHU\����V�LQWHUYDOV�DQG�UHFRUG�YDOXHV�DV�DQ�LQWHJUDWHG�
PHDQ�RYHU�HDFK����PLQXWH�SHULRG�LQ�µPRO�P���V�����7KH�SHUFHQWDJH�RI�OLJKW�
WUDQVPLWWDQFH��3$5��LQ�HDFK�RI�WKH�WKUHH�GLIIHUHQW�VKDGH�KRXVHV�ZDV�FDOFXODWHG�DV�D�
SHUFHQWDJH�RI�WRWDO�3$5�LQ�WKH�RSHQ�WUHDWPHQW����$Q�HVWLPDWH�RI�WRWDO�GDLO\�3$5�IRU�
HDFK�OLJKW�WUHDWPHQW�ZDV�FDOFXODWHG�E\�VXPPLQJ�WKH�3$5�UHDGLQJV�IRU�HDFK�OLJKW�
WUHDWPHQW�SRROHG�RYHU����GD\V���
$V�ZHOO�DV�PHDVXULQJ�3$5�ZLWKLQ�WKH�OLJKW�WUHDWPHQWV��DQ�HVWLPDWH�RI�VHDVRQDO�

OLJKW�TXDOLW\�ZDV�DOVR�REWDLQHG���$���������QP�VHQVRU��6.5�����������������6.���
6N\H�,QVWUXPHQWV�/WG��8.��PHDVXULQJ�LQVWDQWDQHRXV�UHG�IDU�UHG��5�)5��UDWLR�LQ�µPRO�
P���V���ZDV�SODFHG�RQ�WKH�SODWIRUP�LQ�WKH�FHQWUH�RI�HDFK�WUHDWPHQW�DW����QRRQ�RQ�D�
FRQWLQXRXV�FORXG�FRYHU�GD\�DSSUR[LPDWHO\�HYHU\�WZR�ZHHNV�GXULQJ�WKH�JURZLQJ�
VHDVRQ���7R�HQVXUH�FRQVWDQW�SRVLWLRQLQJ��WKH�VHQVRU�ZDV�DOVR�PRXQWHG�RQ�D�UHPRYDEOH�
PHWDO�SODWIRUP���$Q�DYHUDJH�RI�WKH�UHFRUGLQJV�IRU�HDFK�WUHDWPHQW�WKURXJKRXW�WKH�
H[SHULPHQWDO�SHULRG�ZDV�FDOFXODWHG����

�
�������7HPSHUDWXUH�DQG�KXPLGLW\�

$W�WKH�VDPH�WLPH�WKDW�3$5�ORJJHUV�ZHUH�SODFHG�LQ�WKH�WUHDWPHQWV��GDWD�ORJJHUV�
ZLWK�WHPSHUDWXUH�DQG�KXPLGLW\�VHQVRUV��+2%2�+��3UR�6HULHV�+�����������2QVHW�
&RPSXWHU�FRUSRUDWLRQ��%RXUQH��0$��ZHUH�DWWDFKHG�XQGHUQHDWK�WKH�3$5�SODWIRUPV���
7KHUH�ZHUH�RQO\�IRXU�ORJJHUV�VR�WHPSHUDWXUH�DQG�KXPLGLW\�ZHUH�UHFRUGHG�LQ�RQH�
FROXPQ�RI�WKH�/DWLQ�VTXDUH�DW�D�WLPH���7KH�VHQVRU�ZDV�VHW�WR�UHFRUG�PHDVXUHV�RI�
DPELHQW�DLU�WHPSHUDWXUH��°&��DQG�UHODWLYH�KXPLGLW\�����DW����V�LQWHUYDOV�DQG�UHFRUG�
YDOXHV�DV�DQ�LQWHJUDWHG�PHDQ�RYHU�HDFK����PLQXWH�SHULRG���)RU�-XQH��GDWD�ZHUH�
UHFRUGHG�RYHU�D�VLQJOH�GD\�SHULRG�IURP�����DP�WR��SP���)RU�$XJXVW��GDWD�ZHUH�
UHFRUGHG�RYHU����KRXUV���������������HDFK�GD\�IRU�IRXU�FRQVHFXWLYH�GD\V��

�
�������(VWDEOLVKPHQW�

$W�WKH�EHJLQQLQJ�RI�WKH�WULDO�SHULRG��D�FRQVLGHUDEOH�HIIRUW�ZDV�PDGH�WR�PLQLPLVH�
WKH�SRWHQWLDO�HIIHFW�RI�VHHGOLQJ�VL]H�RQ�JURZWK���1XUVHU\�VHOHFWLRQ�SURYLGHG�D�OHYHO�RI�
XQLIRUPLW\�LQ�KHLJKW���7KLV�ZDV�UHILQHG�IXUWKHU�E\�GLYLGLQJ�LQGLYLGXDO�VSHFLHV�LQWR�
IRXU�GLIIHUHQW�VL]H�UDQN�JURXSV�RI�YHU\�VPDOO��VPDOO��PHGLXP�DQG�ODUJH��EDVHG�RQ�
KHLJKW�PHDVXUHPHQW����(DFK�VL]H�UDQN�JURXS�DFURVV�VSHFLHV�ZDV�WKHQ�DOORFDWHG�D�

�������������������������������������������������
���1RUPDOO\�3$5��LV�FDOFXODWHG�DV�D�SHUFHQWDJH�RI�WRWDO�3$5�PHDVXUHG�LQ�D�VKDGH�IUHH�RSHQ�DUHD���

+RZHYHU�ZLWK�WKH�ODFN�RI�D�ILIWK�ORJJHU�DQG�VKDGH�IUHH�FRQGLWLRQV�LQ�WKH�QXUVHU\��WKH�RSHQ�WUHDWPHQWV�
KDG�WR�VXIILFH���'DLO\�3$5�ZDV�FDOFXODWHG�IURP�������±������KUV�WR�RPLW�UHDGLQJV�SRWHQWLDOO\�DIIHFWHG�
IURP�VKDGH�FDVW�IURP�DGMDFHQW�EXLOGLQJV�DQG�VKHOWHU�EHOWV��
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VSHFLILF�FROXPQ�LQ�WKH�/DWLQ�6TXDUH�GHVLJQ�WR�LQWHJUDWH�VL]H�YDULDWLRQ�HIIHFWV�ZLWK�
FROXPQ�HIIHFWV���6HHGOLQJV�ZHUH�SRWWHG�XS�LQWR���OLWUH�EODFN�URVH�SRWV�������FP�LQ�
GLDPHWHU�������FP�LQ�KHLJKW���$HURSODV�/WG��HDUO\�LQ�)HEUXDU\�WR�DOORZ�IRU�DQ�
DGMXVWPHQW�SHULRG�EHIRUH�WUDQVIHU�WR�WKH�GLIIHUHQW�OLJKW�WUHDWPHQWV�LQ�0DUFK�EHIRUH�
OHDI�IOXVKLQJ���,Q�-XQH��DOO�VHHGOLQJV�ZHUH�KDQG�VSUD\HG�ZLWK�3URYDGR��D�V\VWHPDWLF�
LQVHFWLFLGH��GXH�WR�WKH�SUHVHQFH�RI�DSKLGV��SDUWLFXODUO\�RQ�3��SDGXV����,Q�$XJXVW��
4��SHWUDHD�FRQWUDFWHG�SRZGHU\�PLOGHZ�VR�LW�ZDV�WUHDWHG�ZLWK�6\VWDQH��D�V\VWHPDWLF�
IXQJLFLGH���6HHGOLQJV�ZHUH�KDQG�ZDWHUHG�ZKHQ�WKH�VRLO�LQ�SRWV�VWDUWHG�WR�GU\�
IROORZLQJ�UDLQ�IUHH�SHULRGV���'XULQJ�KRW�GU\�VXPPHU�SHULRGV��SRWV�ZHUH�ZDWHUHG�
HYHU\GD\��

�
�������6XUYLYDO�	�JURZWK�PHDVXUHPHQWV�

6HHGOLQJ�VXUYLYDO�ZDV�UHFRUGHG�DIWHU�WKH�ILUVW�ZHHN�RI�WKH�WULDO�DQG�WKHQ�HYHU\�
PRQWK�RYHU�WKH�JURZLQJ�VHDVRQ���6WHP�KHLJKW��IURP�VWHP�EDVH�WR�DSLFDO�EXG���EDVDO�
GLDPHWHU�DQG�LQWHUQRGH�QXPEHU�ZHUH�PHDVXUHG�IRU�DOO�WULDO�VHHGOLQJV�DW�WKH�EHJLQQLQJ�
DQG�HQG�RI�WKH�JURZLQJ�VHDVRQ���6XFK�PHDVXUHPHQWV�ZHUH�REWDLQHG�ZLWK�D�PHWUH�UXOH�
DQG�GLJLPDWLF�FDOLSHU��$%6ROXWH��56���������0LWXWR\R��8.��/WG�����

�
�������+DUYHVWLQJ�

$IWHU����ZHHNV�RI�JURZWK��W����WKH�VHHGOLQJV�ZLWKLQ�WKH�WUHDWPHQWV�ZHUH�KDUYHVWHG�
WR�REWDLQ�WRWDO�GU\�PDVV�DQG�GU\�PDVV�YDOXHV�RI�WKH�OHDI�ODPLQDV��EURDGOHDYHV����
QHHGOHV��FRQLIHUV���VWHPV��LQFOXGLQJ�OHDI�SHWLROHV�DQG�UDFKLV��DQG�URRWV���3ODQWV�ZHUH�
GLYLGHG�XS�LQWR�WKHLU�VHSDUDWH�FRPSRQHQWV�DQG�RYHQ�GULHG�XQWLO�D�FRQVWDQW�GU\�PDVV�
ZDV�REWDLQHG�����KUV�#����°&����0HWKRGRORJ\�IURP�(YDQV��������ZDV�IROORZHG���7KH�
VDPSOHV�ZHUH�WKHQ�ZHLJKHG�XVLQJ�D�GLJLWDO�WRS�EDODQFH��±�������J����%HIRUH�WKH�IUHVK�
OHDYHV�ZHUH�SODFHG�LQ�WKH�RYHQ��WKH\�ZHUH�SKRWRFRSLHG�VR�WKDW�OHDI�DUHD�FDOFXODWLRQ��±�
��FP����FRXOG�EH�PHDVXUHG�DW�D�ODWHU�GDWH�ZLWK�D�OHDI�DUHD�PHWHU��'HOWD�7�'HYLFHV�
/WG�����7KH�SKRWRFRSLHU�ZDV�FKHFNHG�IRU�VFDOH�GLVWRUWLRQ�XVLQJ�JUDSK�SDSHU���$OO�URRWV�
ZHUH�ZDVKHG�IUHH�RI�VRLO�E\�KDQG�DQG�ZLWK�WKH�DLG�RI�VLHYHV�DQG�D�OLJKWO\�SRZHUHG�
ZDWHU�VSUD\���)URP�WKHVH�SULPDU\�GDWD��D�QXPEHU�RI�JURZWK�SDUDPHWHUV�ZHUH�
FDOFXODWHG��+XQW����������7KHVH�ZHUH��OHDI�DUHD�UDWLR��/$5��OHDI�DUHD��GU\�SODQW�PDVV�
�P�J������VSHFLILF�OHDI�DUHD��6/$��OHDI�DUHD�GU\�OHDI�PDVV��P�J������OHDI�PDVV�UDWLR�
�/05��GU\�OHDI�PDVV�GU\�SODQW�PDVV���VWHP�PDVV�UDWLR��605��GU\�VWHP�PDVV�GU\�
SODQW�PDVV���URRW�PDVV�UDWLR��505��GU\�URRW�PDVV�GU\�SODQW�PDVV��DQG�VSHFLILF�VWHP�
OHQJWK��66/��VWHP�OHQJWK�GU\�VWHP�PDVV����&DOFXODWLRQV�KDYH�EHHQ�PRGLILHG�VOLJKWO\�
IURP�GHVFULSWLRQV�LQ�+XQW��������DV�ODPLQD�ZDV�XVHG�LQVWHDG�RI�OHDI��DQG��VWHP��DOVR�
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LQFOXGHG�SHWLROHV�RU�UDFKLV���+HQFHIRUWK��WKH�WHUP��OHDI��LV�XVHG�WR�PHDQ�OHDI�ODPLQD�
DQG��VWHP�PDVV��LV�WDNHQ�WR�LQFOXGH�SHWLROH�DQG�UDFKLV���5HODWLYH�JURZWK�UDWH��5*5��
DQG�QHW�DVVLPLODWLRQ�UDWH��1$5��ZHUH�GHWHUPLQHG�XVLQJ�WKH�IROORZLQJ�HTXDWLRQV��

�
5*5� ��OQ�:��OQ:����7��7���� � � � � � (TXDWLRQ�����

�
1$5� ��:��:����OQ$��OQ$����7��7����$��$��� � � � (TXDWLRQ�����

�
LQ�ZKLFK�:�LV�WRWDO�GU\�PDVV��J���$�LV�OHDI�DUHD��P����7�LV�WKH�WLPH�LQWHUYDO�EHWZHHQ�
KDUYHVWV��ZHHNV��DQG�WKH�VXEVFULSWV�UHIHU�WR�LQLWLDO�����DQG�ILQDO�����KDUYHVW����

,Q�WKH�FDOFXODWLRQ�RI�5*5��SODQW�PDVV�ZDV�ORJ�WUDQVIRUPHG�EHIRUH�DYHUDJLQJ��
DGRSWLQJ�WKH�HVWLPDWRU���DSSURDFK�RXWOLQHG�E\�+RIIPDQQ�	�3RRUWHU����������7KLV�ZDV�
GRQH�WR�DYRLG�ELDV��ZKLFK�FDQ�RFFXU�LI�SODQW�PDVV�LV�DYHUDJHG�EHIRUH�ORJ�
WUDQVIRUPDWLRQ����7RWDO�GU\�PDVV��:���ZDV�REWDLQHG�E\�DQ�LQLWLDO�KDUYHVW�RI����H[WUD�
VHHGOLQJV�SHU�VSHFLHV�DW�WKH�EHJLQQLQJ�RI�WKH�H[SHULPHQW���7KUHH�VHHGOLQJV�SHU�VSHFLHV�
ZHUH�VHOHFWHG�IURP�HDFK�RI�WKH�IRXU�VL]H�KHLJKW�UDQNV�LQ�DQ�HQGHDYRXU�WR�UHSUHVHQW�WKH�
ZKROH�VL]H�UDQJH�RI�WKH�SODQWV���7KH\�ZHUH�WKHQ�SDLUHG��ZLWK�WULDO�VHHGOLQJV�IURP�WKH�
VDPH�VL]H�JURXS���0HDQ�:��ZDV�WKHQ�FDOFXODWHG�IURP�WKH�PHDQV�RI�HDFK�VL]H�JURXS�
�LH��IRXU�PHDQV��DIWHU�WUDQVIRUPDWLRQ���$V�WKH�LQLWLDO�KDUYHVW�ZDV�GRQH�EHIRUH�EXG�
EXUVW��LQLWLDO�OHDI�DUHD�IRU�1$5�FDOFXODWLRQ�FRXOG�QRW�EH�REWDLQHG�IRU�EURDGOHDYHV�VR�D�
QRPLQDO�YDOXH��������P���ZDV�DVVLJQHG��

7KH�HTXDWLRQ�XVHG�IRU�WKH�FDOFXODWLRQ�RI�1$5�LV�RQO\�YDOLG�ZKHQ�WRWDO�SODQW�GU\�
PDVV��:��DQG�OHDI�DUHD��$��DUH�OLQHDUO\�UHODWHG��5DGIRUG��������+XQW����������:KHQ�
OHDI�DUHD�ZDV�SORWWHG�DJDLQVW�WRWDO�SODQW�GU\�PDVV��WKH�VFDWWHU�RI�GDWD�SRLQWV�ZDV�
FRQVLVWHQW�ZLWK�D�OLQHDU�UHODWLRQVKLS��3����������IRU�DOO�VSHFLHV���+RZHYHU��GHFLGXRXV�
VSHFLHV�DW�WLPH���FRXOG�QRW�EH�LQFOXGHG�LQ�WKLV�JUDSK�EHFDXVH�WKH\�ZHUH�OHDIOHVV���
&RQVHTXHQWO\�1$5�IRU�WKHVH�VSHFLHV�VKRXOG�EH�YLHZHG�ZLWK�FDXWLRQ��

�

�������������������������������������������������
��D�ELDVHG�HVWLPDWH�RI�5*5�LV�SURGXFHG�ZKHQHYHU�WKH�YDULDQFH�RI�WKH�QDWXUDO�ORJDULWKP�

WUDQVIRUPHG�SODQW�PDVV�FKDQJHV�WKURXJK�WLPH���7KLV�ELDV�LQFUHDVHV�ZLWK�DQ�LQFUHDVH�LQ�WKH�YDULDQFH�LQ�
5*5��LQ�WKH�OHQJWK�RI�WKH�LQWHUYDO�EHWZHHQ�KDUYHVWV�RU�LQ�VDPSOH�VL]H��

��7KH�VLPSOHVW�PHWKRG�RI�SDLULQJ�LV�E\�XQUHVWULFWHG�UDQGRPLVDWLRQ�DQG�KDV�WKH�DGYDQWDJH�RI�
VWDWLVWLFDO�YDOLGLW\��EXW�D�UDQGRPLVHG�EORFN���ODWLQ�VTXDUH�GHVLJQ��LQ�ZKLFK�VLPLODU�VL]HG�SODQWV�DUH�
JURXSHG�WRJHWKHU�DW�WKH�EHJLQQLQJ�RI�WKH�H[SHULPHQW��DOVR�JLYHV�D�YDOLG�VWDWLVWLFDO�EDVLV�IRU�SDLULQJ�DQG�
ZRXOG�LQWXLWLYHO\�VHHP�WR�EH�EHWWHU�WKDQ�FRPSOHWHO\�UDQGRP�SDLULQJ��&DXVWRQ����������&DXVWRQ��������
DOVR�IRXQG�WKDW�WKHUH�ZDV�QR�GLIIHUHQFH�LQ�PHDQ�5*5�DQG�QR�FRQVLVWHQW�GLIIHUHQFH�LQ�WKH�VWDQGDUG�
GHYLDWLRQV�RI�5*5�IURP�WKUHH�GLIIHUHQW�ZD\V�RI�FDOFXODWLQJ�5*5��QRQ�SDLULQJ�PHWKRG��9HQXV�	�
&DXVWRQ���������SDLULQJ�E\�EORFN�DQG�UDQGRP�SDLULQJ���
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��������6WDWLVWLFV�
$129$��*HQVWDW�:LQGRZV�(G�����5HO�������ZDV�XVHG�WR�DQDO\VH�JURZWK�DQG�

PRUSKRORJLFDO�UHVSRQVHV�RI�VSHFLHV�WR�OLJKW�WUHDWPHQWV���:LWKLQ�*HQVWDW��WKH�
WUHDWPHQW�WHUPV�WKDW�ZHUH�DQDO\VHG�E\�$129$�LQFOXGHG�VSHFLHV��OLJKW�DQG�VSHFLHV�
OLJKW�LQWHUDFWLRQV���7KH�PDLQ�H[SHULPHQWDO�GHVLJQ�LQYROYHG�D�QHVWHG�DQG�FURVVHG�
VWUXFWXUH�ZKLFK�ZDV�LQFRUSRUDWHG�LQWR�WKH�%/2&.6758&785(�PRGHO��
�5RZ
&ROXPQ��5HS�3RWV���7KH�$129$�WDEOHV��$SSHQGL[����FOHDUO\�LOOXVWUDWH�KRZ�
WKH�GHVLJQ�VWUXFWXUH�ZDV�LQFRUSRUDWHG�LQWR�WKH�DQDO\VLV�ZLWK�VRXUFHV�RI�YDULDWLRQ�
H[SODLQHG�DW�HDFK�VWUDWXP�OHYHO���

%HIRUH�$129$V�ZHUH�LQWHUSUHWHG��UHVLGXDO�SORWV�ZHUH�GUDZQ�XS�IRU�HDFK�
SDUDPHWHU�WR�FKHFN�IRU�QRUPDOLW\�DQG�KRPRJHQHLW\�RI�YDULDQFH���'DWD�ZHUH�
WUDQVIRUPHG�ZKHUH�QHFHVVDU\�XVLQJ�QDWXUDO�ORJV�IRU�SODQW�PDVV�DQG�XQFRQVWUDLQHG�
UDWLRV�VXFK�DV�6/$�DQG�66/���6TXDUH�URRW�WUDQVIRUPDWLRQ�ZDV�XVHG�IRU�FRXQWV�VXFK�DV�
QXPEHU�RI�OHDYHV��0LVVLQJ�YDOXHV�LQ�WKH�RUWKRJRQDO�GHVLJQ�ZHUH�GHDOW�ZLWK�E\�
VXEVWLWXWLQJ�LQ�HVWLPDWHG�YDOXHV�JHQHUDWHG�E\�*HQVWDW¶V�PLVVLQJ�YDOXH�HVWLPDWLRQ�
IXQFWLRQ����/HDVW�VLJQLILFDQW�GLIIHUHQFH�HUURU�EDUV��/6'��ZHUH�DWWDFKHG�WR�$129$�
SORWV��PXOWLSOH�FRPSDULVRQ�WHVWV�ZHUH�IRXQG�WR�EH�LQDSSURSULDWH���VHH�$SSHQGL[�����

6SHDUPDQ
V�UDQN�FRUUHODWLRQV�ZHUH�XVHG�WR�DQDO\VH�UHODWLRQVKLSV�EHWZHHQ�JURZWK�
SDUDPHWHUV�GXH�WR�QRQ�QRUPDOLW\�LQ�WKH�GDWDVHW��0LQLWDE��:LQGRZV�9HUVLRQ�������
3DUDPHWHUV�ZHUH�DOVR�SORWWHG�DJDLQVW�LUUDGLDQFH�VR�FRPSDULVRQV�FRXOG�EH�PDGH�ZLWK�
WKH�5*5�OLJKW�UHVSRQVH���7KHVH�SORWV�DOVR�KHOSHG�YDOLGDWH�VLJQLILFDQW�FRUUHODWLRQV�
EHWZHHQ�SDUDPHWHUV�VKDULQJ�VLPLODU�FRPSRQHQWV�LQ�WKHLU�FDOFXODWLRQ��WKXV�DFFRXQWLQJ�
IRU�SRVVLEOH�DXWRFRUUHODWLRQ�HIIHFWV��HJ��5*5�	�1$5���

�
�����5HVXOWV�
�������0LFUR�FOLPDWLF�FRQGLWLRQV�LQ�WKH�VKDGH�KRXVHV�

'DLO\�3$5��IURP�ORJJHG�GDWD�IRU�WKUHH�VKDGH�FRPSDUWPHQWV�\LHOGHG������3$5�
�GHHS�VKDGH�������3$5��PHGLXP�VKDGH��DQG�����3$5��ORZ�VKDGH��IRU�$XJXVW�
�7DEOH��������3$5�UHDGLQJV�LQ�-XQH�ZHUH�VOLJKWO\�KLJKHU�EXW�QRW�GLVVLPLODU�LQ�XSSHU�
UDQJH���,Q�$XJXVW��YHU\�IHZ�GLIIHUHQFHV�LQ�PLQLPXP�DLU�WHPSHUDWXUH�RFFXUUHG�GXULQJ�
WKH�QLJKW�EHWZHHQ�VKDGH�IUDPHV�EXW�PD[LPXP�DLU�WHPSHUDWXUH�GXULQJ�WKH�GD\�ZDV�
KLJKHU�LQ�WKH�RSHQ�WKDQ�LQ�GHHS�VKDGH�E\����&���0D[LPXP�KXPLGLW\�UHPDLQHG�WKH�
VDPH�IRU�DOO�WUHDWPHQWV�EXW�WKH�PLQLPXP�KXPLGLW\�ZDV�VOLJKWO\�KLJKHU�LQ������3$5�

�������������������������������������������������
��6HH�$SSHQGL[���IRU�$129$�WDEOHV��LQFOXGLQJ�GHJUHHV�RI�IUHHGRP�DQG�)�UDWLR�FDOFXODWLRQV���

H[SODQDWLRQ�RI�GLUHFWLYH�WHUPV��VRXUFHV�RI�YDULDWLRQ�DW�HDFK�VWUDWXP�OHYHO�DQG�FDOFXODWLRQ�RI�PLVVLQJ�
YDOXHV��
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WKDQ�LQ�WKH�RSHQ�E\������0D[LPXP�DLU�WHPSHUDWXUH�GXULQJ�WKH�GD\�ZDV�VLPLODU�
EHWZHHQ�-XQH�DQG�-XO\��L�H��������&��DV�ZDV�PLQLPXP�KXPLGLW\����������DFURVV�
OLJKW�UHJLPHV���6HDVRQDO�5�)U�UDWLR�ZDV�VLJQLILFDQWO\�UHGXFHG�ZLWK�LQFUHDVLQJ�VKDGH�
UDQJLQJ�IURP������LQ�WKH�RSHQ�WR������LQ�GHHS�VKDGH��

�
7DEOH������0LFURFOLPDWLF�FRQGLWLRQV�LQ�WKH�VKDGH�KRXVHV�FRPSDUHG�ZLWK�WKH�RSHQ�WUHDWPHQW���
0HDQV�IRU�HDFK�WUHDWPHQW�KDYH�EHHQ�VXPPHG�DFURVV�FROXPQV�LQ�WKH�/DWLQ�6TXDUH�GHVLJQ���
/LJKW�YDOXHV�DUH�PHDQV�RI�WRWDO�GDLO\�3$5�RU�PD[LPXP�33)'�IRU�-XQH��Q� ������6WDQGDUG�
'HYLDWLRQ��67'(9���DQG�$XJXVW��Q� �������67'(9����3$5�KDYH�EHHQ�FDOFXODWHG�IURP�
UHDGLQJV�WDNHQ�IURP�EHWZHHQ�������DQG�������KUV���5�)U�UHDGLQJV�UHIOHFW�VHDVRQDO�PHDQV�
WDNHQ�EHWZHHQ�-XQH�DQG�$XJXVW��Q� �������7HPSHUDWXUH�DQG�KXPLGLW\�PHDQV�DUH�GDLO\�
UHDGLQJV���������������KUV��IRU�-XQH��Q� ������67'(9��DQG�GLXUQDO�UHDGLQJV�IRU�$XJXVW��Q� �
������67'(9���
� /LJKW�WUHDWPHQW�
3HULRG� 2SHQ� /RZ�VKDGH� 0HGLXP��

VKDGH�
'HHS��
6KDGH�

��-81(������������������� � � � �
'DLO\�3$5����A� ���� ������������ ������������ ������������
0D[��33)'�� �������������� ������������� ������������ ��������������
0D[��DLU�WHPSHUDWXUH���&�� �������������� �������������� �������������� ��������������
0LQ��UHODWLYH�KXPLGLW\����� �������������� �������������� �������������� ��������������
��$8*867������������������ � � � �
'DLO\�3$5����A� ���� ������������ ������������ �������������
0D[��33)'�� ������������ ������������ ������������ ���������������
0LQ��DLU�WHPSHUDWXUH���&�� ������������� ������������� ������������� �������������
0D[��DLU�WHPSHUDWXUH���&�� ������������� ������������� �������������� �������������
0LQ��UHODWLYH�KXPLGLW\����� �������������� �������������� 
� ���������������
0D[��UHODWLYH�KXPLGLW\����� �������������� ������������� 
� ��������������
��6800(5������������������� � � � �
5HG�)DU�UHG�UDWLR� �������������� ��������������� ��������������� ���������������

A'DLO\�SKRWRV\QWKHWLFDOO\�DFWLYH�UDGLDWLRQ�DV�SHUFHQWDJH�RI�RSHQ�FRQGLWLRQV�
�3KRWRV\QWKHWF�SKRWRQ�IOX[�GHQVLW\���PRO�P���V����

6HQVRU�PDOIXQFWLRQ�
�
�������3ODQW�VL]H��3ULPDU\�GDWD��

1XPEHU�RI�OHDYHV��VWHP�DQG�EDVDO�GLDPHWHU�LQFUHPHQW��OHDI�DUHD��OHDI�PDVV��VWHP�
PDVV��URRW�PDVV�DQG�WRWDO�SODQW�PDVV�ZHUH�DOO�VLJQLILFDQWO\�DIIHFWHG�E\�OLJKW��3���
��������$129$�WDEOHV��$SSHQGL[������9DOXHV�ZHUH�JHQHUDOO\�ORZHVW�LQ�GHHS�VKDGH�
������3$5��DQG�KLJKHVW�DW�����3$5�DQG�RU�LQ�IXOO�GD\OLJKW�������3$5���VHH�
$SSHQGL[������+RZHYHU��VLJQLILFDQW�VSHFLHV�OLJKW�LQWHUDFWLRQV�IRU�DOO�JURZWK�
SDUDPHWHUV�LQGLFDWHG�WKDW�VSHFLHV�UHVSRQVHV�DW�HDFK�OLJKW�OHYHO�YDULHG��3������������,Q�
WHUPV�RI�WRWDO�ELRPDVV��WKH�UHODWLYH�HIIHFWV�RI�VKDGH�ZHUH�PRVW�SURQRXQFHG�LQ�$OQXV�
JOXWLQRVD��%HWXOD�SXEHVFHQV��%HWXOD�SHQGXOD�DQG�6DOL[�FLQHUHD���)RU�WKHVH�VSHFLHV��
WKH�ILQDO�PDVV�RI�WKH�VHHGOLQJV�LQ�IXOO�GD\OLJKW�ZHUH�DSSUR[LPDWHO\�����WLPHV�WKRVH�DW�
�����3$5���7KH�HIIHFW�ZDV�PRGHUDWH��DSSUR[����WR���IROG�GLIIHUHQFH��LQ�3��WUHPXOD��
3��SDGXV��6RUEXV�DXFXSDULD��8OPXV�JODEUD��6DOL[�FDSUHD��3LQXV�V\OYHVWULV�DQG�
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-XQLSHUXV�FRPPXQLV���7KH�ORZHVW�HIIHFW��DSSUR[����IROG�GLIIHUHQFH��ZDV�IRXQG�LQ�
&RU\OXV�DYHOODQD��)UD[LQXV�H[FHOVLRU��4��SHWUDHD�DQG�,OH[�DTXLIROLXP��

0D[LPXP�UHODWLYH�KHLJKW�JURZWK��5+*��ZDV�JHQHUDOO\�DFKLHYHG�DW�����3$5�
ZLWK�VLPLODU��OHYHOV�IRXQG�DW�����3$5�IRU�QHDUO\�KDOI�RI�DOO�VSHFLHV��)LJXUH��������$W�
����3$5��%��SXEHVFHQV�KDG�WKH�KLJKHVW�5+*�ZKLFK�ZDV�VLPLODU�WR�WKDW�RI�
%��SHQGXOD��6��DXFXSDULD�DQG�3��SDGXV���,Q�GHHS�VKDGH�������3$5���6��FDSUHD�KDG�
WKH�KLJKHVW�5+*���0D[LPXP�UHODWLYH�GLDPHWHU�JURZWK��5'*��ZDV�DFKLHYHG�LQ�IXOO�
GD\OLJKW�EXW�IRU�WKH�PDMRULW\�RI�VSHFLHV�5'*�ZDV�DOVR�VLPLODU�WR�����3$5��)LJXUH�
�������([FHSWLRQV�LQFOXGHG�DOO�HYHUJUHHQV�DQG�3��WUHPXOD�ZKLFK�FRQWLQXHG�WR�LQFUHDVH�
5'*�LQ�IXOO�GD\OLJKW���4��SHWUDHD�VWRRG�RXW�DPRQJVW�DOO�VSHFLHV�ZLWK�WKH�KLJKHVW�
5'*�RI�DOO��DFKLHYHG�DW�����3$5���,Q�GHHS�VKDGH��WKHUH�ZHUH�IHZ�GLIIHUHQFHV�
EHWZHHQ�VSHFLHV���8��JODEUD�KDG�WKH�KLJKHVW�5'*�VKDULQJ�D�VLPLODU�YDOXH�ZLWK�6��
FDSUHD��
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

�������������������������������������������������
���7KH�WHUP��VLPLODU��LV�XVHG�WKURXJKRXW�WKH�WH[W�WR�LPSO\�GLIIHUHQFHV�OHVV�WKDQ�WKH�FDOFXODWHG�/6'��
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)LJXUH������$129$�SORWV�GLVSOD\LQJ�VSHFLHV�OLJKW�LQWHUDFWLRQV�IRU�UHODWLYH�KHLJKW�JURZWK��PP�
PP���ZHHN����DQG�UHODWLYH�GLDPHWHU�JURZWK��PP�PP���ZHHN������/HDVW�VLJQLILFDQW�GLIIHUHQW�
HUURU�EDUV�KDYH�EHHQ�DSSHQGHG�WR�HDFK�SORW��WKH�ILUVW�IRU�WKH�LQWHUDFWLRQ�EHWZHHQ�OLJKW�DQG�
VSHFLHV�DQG�WKH�VHFRQG�IRU�WKH�FRPSDULVRQ�RI�PHDQV�ZLWK�WKH�VDPH�OHYHO�RI�OLJKW�������3$5�
�ο�������3$5��•�������3$5��•���DQG������3$5��•����6SHFLHV�KDYH�EHHQ�SXW�DORQJ�WKH�[�D[LV�
LQ�RUGHU�RI�LQFUHDVLQJ�(OOHQEHUJ�OLJKW�LQGLFDWRU�YDOXH��GHFUHDVLQJ�VKDGH�WROHUDQFH��IRU�%ULWLVK�
VDSOLQJV��+LOO�HW�DO���������VHJUHJDWLQJ�WKH�HYHQJUHHQV�VR�WKH\�DSSHDU�DV�D�JURXS�WR�WKH�IDU�
ULJKW��
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�������5HODWLYH�JURZWK�UDWHV��PRUSKRORJ\�DQG�SK\VLRORJ\�
$129$�UHVXOWV�VKRZHG�KLJKO\�VLJQLILFDQW�OLJKW��VSHFLHV�DQG�OLJKW�VSHFLHV�

LQWHUDFWLRQV��3����������IRU�UHODWLYH�JURZWK�UDWH��5*5���QHW�DVVLPLODWLRQ�UDWH��1$5���
OHDI�DUHD�UDWLR��/$5��DQG�VSHFLILF�OHDI�DUHD��6/$���$129$�WDEOHV��$SSHQGL[������
5*5�LQFUHDVHG�ZLWK�LQFUHDVLQJ�OLJKW�DYDLODELOLW\�LQ�DOO�VSHFLHV�XS�WR�����3$5�ZKHUH�
IXUWKHU�VLJQLILFDQW�LQFUHDVHV�LQ�JURZWK�LQ�IXOO�GD\OLJKW�ZHUH�IRXQG�IRU�DSSUR[LPDWHO\�
KDOI�RI�WKH�WULDO�VSHFLHV��)LJXUH��������7KH\�LQFOXGHG�,��DTXLIROLXP��3��V\OYHVWULV��
-��FRPPXQLV�SOXV�$��JOXWLQRVD��4��SHWUDHD��3��WUHPXOD��DQG�6��FLQHUHD���7KH�VL]H�RI�
UHVSRQVH�WR�LUUDGLDQFH�ZDV�JUHDWHVW�EHWZHHQ������3$5�DQG�����3$5�IRU�PRVW�
VSHFLHV�H[FHSW�WKH�HYHUJUHHQV��)��H[FHOVLRU�DQG�4��SHWUDHD�ZKLFK�GLVSOD\HG�D�ORZHU�
PRUH�VWHDG\�SRVLWLYH�UHVSRQVH���,Q�IXOO�GD\OLJKW��WKH�IDVWHVW�JURZHUV�ZHUH�
%��SXEHVFHQV��6��FLQHUHD��%��SHQGXOD��$��JOXWLQRVD��DQG�8��JODEUD���7KH�VORZHVW�
JURZHUV�ZHUH�4��SHWUDHD��,��DTXLIROLXP��)��H[FHOVLRU�DQG�3��V\OYHVWULV���,Q�GHHS�VKDGH��
WKH�IDVWHVW�JURZHUV�ZHUH�8��JODEUD��6��FDSUHD�DQG�&��DYHOODQD���7KH�VORZHVW�JURZHUV�
ZHUH�WKH�WZR�FRQLIHUV�3��V\OYHVWULV��DQG�-��FRPPXQLV�IROORZHG�E\�4��SHWUDHD�DQG�
)��H[FHOVLRU��

1$5�VKRZHG�D�SRVLWLYH�UHVSRQVH�WR�LUUDGLDQFH�FRPSDUDEOH�ZLWK�5*5�EXW�
FRQWLQXHG�WR�LQFUHDVH�EH\RQG�����3$5�IRU�DOO�VSHFLHV�H[FHSW�IRU�6��DXFXSDULD�
�)LJXUH��������,Q�GHHS�VKDGH��WKHUH�DUH�QR�VLJQLILFDQW�GLIIHUHQFHV�LQ�1$5�EHWZHHQ�
VSHFLHV��KRZHYHU��DW�KLJKHU�OLJKW�OHYHOV��GLIIHUHQFHV�EHWZHHQ�VSHFLHV�EHFRPH�PRUH�
DSSDUHQW���,Q�IXOO�GD\OLJKW��6��FLQHUHD�KDG�WKH�KLJKHVW�1$5�RI�DOO�VSHFLHV���3��SDGXV�
KDG�WKH�VHFRQG�KLJKHVW�1$5�EXW�LW�ZDV�DOVR�VLPLODU�WR�6��FDSUHD��8��JODEUD��%��
SXEHVFHQV��)��H[FHOVLRU��%��SHQGXOD�DQG�3��WUHPXOD���7KH�HYHUJUHHQV�KDG�WKH�ORZHVW�
1$5�IROORZHG�E\�4��SHWUDHD����

*HQHUDOO\�/$5�DQG�6/$�GLVSOD\HG�DQ�RSSRVLWH�UHVSRQVH�WR�LUUDGLDQFH��ZLWK�KLJKHU�
YDOXHV�IRXQG�DW�ORZHU�OLJKW�OHYHOV��)LJXUH��������,Q�IXOO�GD\OLJKW��VSHFLHV�JHQHUDOO\�
PDLQWDLQHG�UHODWLYHO\�ORZ�/$5V�ZKLFK�ZHUH�VLPLODU�WR�HDFK�RWKHU���'LIIHUHQFHV�
KRZHYHU�EHFDPH�PRUH�DSSDUHQW�DW�ORZHU�OLJKW�OHYHOV���,Q�GHHS�VKDGH��8��JODEUD�KDG�
WKH�KLJKHVW�/$5�RI�DOO�VSHFLHV�IROORZHG�E\�&��DYHOODQD���)��H[FHOVLRU�KDG�WKH�ORZHVW�
/$5�VLPLODU�WR�3��V\OYHVWULV���7KH�HYHUJUHHQV�GLVSOD\HG�GLVWLQFWLYHO\�ORZHU�6/$V�
WKDQ�GHFLGXRXV�VSHFLHV�IRU�DOO�OLJKW�OHYHOV���,Q�GHHS�VKDGH��6��DXFXSDULD�KDG�WKH�
KLJKHVW�6/$��VLPLODU�WR�ERWK�%HWXOD�VSHFLHV��8��JODEUD�DQG�&��DYHOODQD���4��SHWUDHD�
KDG�WKH�ORZHVW�6/$�RI�DOO�GHFLGXRXV�VSHFLHV��

$OO�VSHFLHV�UHVSRQGHG�WR�VKDGLQJ�E\�SURGXFLQJ�HWLRODWHG�VWHPV��H[SUHVVHG�E\�
6SHFLILF�6WHP�/HQJWK��66/���PHDVXUHG�DV�VWHP�KHLJKW�GLYLGHG�E\�VWHP�PDVV��)LJXUH�
�������(WLRODWLRQ�LQ�GHHS�VKDGH�ZDV�PRVW�PDUNHG�LQ�WKH�WZR�FRQLIHUV��-��FRPPXQLV�DQG�
3��V\OYHVWULV�ZKLFK�ERWK�SURGXFHG�WKH�ORQJHVW�WKLQQHVW�VWHPV�RI�DOO�VSHFLHV���+LJKHU�
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OHYHOV�RI�HWLRODWLRQ�DPRQJVW�EURDGOHDYHV�ZDV�VKDUHG�E\�ERWK�%HWXOD�DQG�ERWK�6DOL[�
VSHFLHV�SOXV�3��WUHPXOD�DQG�$��JOXWLQRVD���,��DTXLIROLXP��)��H[FHOVLRU��3��SDGXV��
4��SHWUDHD�DQG�6��DXFXSDULD��DOO�VKDUHG�ORZHU�OHYHOV�RI�HWLRODWLRQ�OHDYLQJ�8��JODEUD�
DQG�&��DYHOODQD�ZLWK�D�PRUH�LQWHUPHGLDWH�UHVSRQVH���7KH�DERYH�JURXSLQJ�RI�VSHFLHV�
LQ�UHODWLRQ�WR�WKHLU�66/�UHVSRQVH�LQ�GHHS�VKDGH�FDQ�EH�FORVHO\�DVVRFLDWHG�ZLWK�
(OOHQEHUJ�OLJKW�LQGLFDWRU�YDOXHV�IRU�%ULWLVK�VDSOLQJV��+LOO�HW�DO����������

�
�������%LRPDVV�DOORFDWLRQ�DQG�SDUWLWLRQLQJ�SDWWHUQV�

$129$�UHVXOWV�VKRZHG�KLJKO\�VLJQLILFDQW�OLJKW��VSHFLHV�DQG�OLJKW�VSHFLHV�
LQWHUDFWLRQV��3����������IRU�OHDI�PDVV�UDWLR��/05���VKRRW�PDVV�UDWLR��605���URRW�
PDVV�UDWLR��505���DQG�URRW�VKRRW�UDWLR��565���$129$�WDEOHV��$SSHQGL[������7KH�
RQH�H[FHSWLRQ�LQYROYHG�/05�ZLWK�QR�VLJQLILFDQW�GLIIHUHQFH�IRXQG�EHWZHHQ�OLJKW�
WUHDWPHQWV��3� ���������)LJXUH��������7KH�HYHUJUHHQV�ZHUH�GLVWLQFWO\�GLIIHUHQW�IURP�
GHFLGXRXV�VSHFLHV�ZLWK�PXFK�KLJKHU�/05V�DW�DOO�OLJKW�OHYHOV��

7KH�605�UHVSRQVH�WR�LUUDGLDQFH�UHYHDOHG�VOLJKWO\�PRUH�GLIIHUHQFHV�WKDQ�/05�EXW�
PRVW�ZHUH�IRXQG�ZLWK�505��)LJXUH��������*HQHUDOO\�HYHUJUHHQV�KDG�D�KLJKHU�605�LQ�
KLJK�OLJKW������DQG������3$5��FRPSDUHG�WR�GHHS�VKDGH�DQG�GHFLGXRXV�VSHFLHV�
VKRZHG�DQ�RSSRVLWH�UHVSRQVH�ZLWK�D�ORZHU�605�LQ�IXOO�GD\OLJKW�FRPSDUHG�WR�DW�OHDVW�
RQH�RI�WKH�ORZHU�OLJKW�OHYHOV���4��SHWUDHD�DQG�3��WUHPXOD�ZHUH�H[FHSWLRQV�ZKHUH�605�
UHPDLQHG�VLPLODU�EHWZHHQ�LUUDGLDQFH�OHYHOV���$�JHQHUDO�WUHQG�UHYHDOHG�D�GHFUHDVH�LQ�
505�ZLWK�VKDGH�GRZQ�WR�����3$5�IRU�PRVW�EURDGOHDYHV�EXW�IXUWKHU�GHFUHDVHV�ZHUH�
QRW�DSSDUHQW�LQ�GHHS�VKDGH�H[FHSW�IRU�,��DTXLIROLXP���&RQLIHUV�GLVSOD\HG�DQ�RSSRVLWH�
UHVSRQVH�ZLWK�DQ�LQFUHDVH�LQ�505�ZLWK�VKDGH���,Q�GHHS�VKDGH��)��H[FHOVLRU�DQG�
4��SHWUDHD�KDG�WKH�KLJKHVW�505�FRPSDUHG�ZLWK�DOO�RWKHU�VSHFLHV���7KH\�DOVR�
PDLQWDLQHG�UHODWLYHO\�KLJK�505V�LQ�IXOO�GD\OLJKW�VLPLODU�WR�8��JODEUD�DQG�ERWK�6DOL[�
VSHFLHV���,��DTXLIROLXP�KDG�WKH�ORZHVW�505�LQ�GHHS�VKDGH�DV�ZHOO�DV�LQ�IXOO�GD\OLJKW����

$OO�VSHFLHV�FKDQJHG�WKHLU�ELRPDVV�SDUWLWLRQLQJ�SDWWHUQ�EHWZHHQ�OLJKW�UHJLPHV�
�)LJXUH��������'HFLGXRXV�VSHFLHV�WHQGHG�WR�DOORFDWH�PRUH�FDUERQ�WR�WKH�VWHP��IROORZHG�
E\�URRW�DQG�WKHQ�OHDYHV���0RVW�UHGXFHG�WKH�DPRXQW�RI�FDUERQ�DOORFDWHG�WR�URRWV�GRZQ�
WR�����3$5�ZLWK�D�VXEVHTXHQW�LQFUHDVH�LQ�VWHP�PDVV�UDWKHU�WKDQ�OHDI�PDVV���,Q�GHHS�
VKDGH��FDUERQ�DOORFDWLRQ�WR�WKH�URRWV�LQFUHDVHG�URRW�PDVV�DJDLQ�EXW�GLIIHUHG�LQ�GHJUHH�
EHWZHHQ�VSHFLHV��
�
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)LJXUH�����FRQWLQXHG�
&��DYHOODQD��$��JOXWLQRVD��3��SDGXV��6��DXFXSDULD��ERWK�%HWXOD�DQG�ERWK�6DOL[�VSHFLHV�
KDG�VLPLODU�URRW�ELRPDVV�WR�OHYHOV�IRXQG�LQ�WKH�IXOO�GD\OLJKW�ZKHUHDV�)��H[FHOVLRU��
4��SHWUDHD�DQG�3��WUHPXOD�LQFUHDVHG�URRW�PDVV�WR�LWV�KLJKHVW�OHYHO���&DUERQ�DOORFDWLRQ�
WR�OHDYHV�GLG�QRW�FKDQJH�PXFK�DFURVV�OLJKW�UHJLPHV�IRU�VRPH�GHFLGXRXV�VSHFLHV���
2WKHUV�ZHUH�VXEMHFWHG�WR�VXEVWDQWLDO�UHGXFWLRQV�LQ�GHHS�VKDGH���8��JODEUD�ZDV�WKH�
RQO\�GHFLGXRXV�VSHFLHV�ZKLFK�GLVSOD\HG�DQ�LQFUHDVH�LQ�FDUERQ�DOORFDWLRQ�WR�OHDYHV�
ZLWK�LQFUHDVLQJ�VKDGH��

(YHUJUHHQV�DOORFDWHG�PRUH�FDUERQ�WR�WKH�OHDYHV���QHHGOHV�UDWKHU�WKDQ�VWHP�RU�URRW���
%RWK�FRQLIHUV�DOORFDWHG�LQFUHDVLQJ�DPRXQWV�RI�FDUERQ�WR�URRWV�LQ�VKDGH�DW�WKH�H[SHQVH�
RI�WKH�OHDYHV�DQG�VWHP�IURP�����3$5���,��DTXLIROLXP�VKRZHG�WKH�VDPH�WUHQG�RI�VWHP�
PDVV�GHFOLQH�ZLWK�VKDGH�DV�WKH�FRQLIHUV�EXW�LQ�FRQWUDVW��LQFUHDVLQJ�DPRXQWV�RI�FDUERQ�
ZHUH�DOORFDWHG�WR�WKH�OHDYHV�ZLWK�D�VXEVHTXHQW�GHFOLQH�LQ�URRW�PDVV�GRZQ�WR������
3$5��

�
�������,QWHUUHODWLRQVKLSV�EHWZHHQ�JURZWK�YDULDEOHV�

7KH�5*5�RI�D�SODQW�LV�D�SURGXFW�RI�D�SK\VLRORJLFDO�FRPSRQHQW��1$5��WKH�QHW�
LQFUHPHQW�RI�SODQW�PDVV�H[SUHVVHG�SHU�XQLW�OHDI�DUHD��DQG�WKH�PRUSKRORJLFDO�
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FRPSRQHQW��/$5��WKH�OHDI�DUHD�UHODWLYH�WR�SODQW�GU\�PDVV���(YDQV����������%RWK�/$5�
DQG�1$5�ZHUH�VHQVLWLYH�WR�FKDQJHV�LQ�OLJKW�DYDLODELOLW\��)LJXUH������������:KHQ�
DQDO\VLV�ZDV�UHVWULFWHG�WR�LQGLYLGXDO�OLJKW�OHYHOV�IRU�DOO�VSHFLHV��VLJQLILFDQW�SRVLWLYH�
FRUUHODWLRQV�EHWZHHQ�5*5�DQG�1$5�ZHUH�IRXQG�DW�DOO�LQGLYLGXDO�OLJKW�OHYHOV��7DEOH�
�������6LJQLILFDQW�SRVLWLYH�FRUUHODWLRQV�EHWZHHQ�5*5�DQG�/$5�ZHUH�RQO\�IRXQG�DW�WKH�
WZR�ORZHU�OLJKW�OHYHOV������	������3$5����6LPLODU�SDWWHUQV�ZHUH�IRXQG�IRU�MXVW�
GHFLGXRXV�VSHFLHV��

5HVSRQVHV�DFURVV�OLJKW�UHJLPHV��SRROHG�GDWD��UHYHDOHG�GLVWLQFWLYH�SDWWHUQV��5*5�
ZDV�VLJQLILFDQWO\�SRVLWLYHO\�FRUUHODWHG�ZLWK�1$5�DQG�VLJQLILFDQWO\�QHJDWLYHO\�
FRUUHODWHG�ZLWK�/$5�IRU�ERWK�VSHFLHV�JURXSV��7DEOH��������*HQHUDOO\�IRU�DOO�VSHFLHV��
1$5�ZDV�ORZHVW�DW������3$5�DQG�KLJKHVW��EXW�ZLWK�PDUNHG�YDULDWLRQ��LQ�IXOO�
GD\OLJKW��)LJXUH��������,Q�FRQWUDVW��WKH�/$5�ZDV�JHQHUDOO\�ORZHVW�DW�WKH�WZR�KLJKHU�
OLJKW�OHYHOV�DQG�KLJKHVW��ZLWK�PDUNHG�YDULDWLRQ��DW������3$5��)LJXUH��������7KXV�LW�
FDQ�EH�VXUPLVHG��DOWKRXJK�WKH�SODQWV�JURZLQJ�LQ�KLJK�OLJKW�KDG�D�ORZHU�/$5��WKH�
GLVSURSRUWLRQDWHO\�KLJK�YDOXH�RI�1$5�PRUH�WKDQ�FRPSHQVDWHG�IRU�WKLV�DQG�UHVXOWHG�LQ�
KLJKHU�JURZWK�UDWHV��

7KH�/$5�RI�D�SODQW�LV�D�SURGXFW�RI�6/$�DQG�/05��(YDQV����������:KHQ�DQDO\VLV�
ZDV�UHVWULFWHG�WR�LQGLYLGXDO�OLJKW�OHYHOV�IRU�DOO�VSHFLHV��VLJQLILFDQW�VWURQJ�SRVLWLYH�
FRUUHODWLRQV�ZHUH�IRXQG�EHWZHHQ�/$5�DQG�6/$�UDWKHU�WKDQ�/05��7DEOH��������
+RZHYHU�IRU�MXVW�GHFLGXRXV�VSHFLHV��D�VWURQJHU�FRUUHODWLRQ�EHWZHHQ�/$5�DQG�6/$�
�UDWKHU�WKDQ�/05��ZDV�IRXQG�LQ�IXOO�GD\OLJKW���:LWK�LQFUHDVLQJ�VKDGH��/05�EHFDPH�
LQFUHDVLQJO\�PRUH�LPSRUWDQW�ZLWK�VWURQJHU�SRVLWLYH�FRUUHODWLRQV�IRXQG�EHWZHHQ�/$5�
DQG�/05�UDWKHU�WKDQ�6/$����0RUH�FRQVLVWHQW�SDWWHUQV�ZHUH�IRXQG�DFURVV�OLJKW�
UHJLPHV���,GHQWLFDO�KLJKO\�VLJQLILFDQW�FRUUHODWLRQV�ZHUH�IRXQG�EHWZHHQ�/$5�DQG�6/$�
IRU�ERWK�JURXSV�RI�VSHFLHV���+RZHYHU��WKH�SUHVHQFH�RI�D�ZHDNHU�EXW�VLJQLILFDQW�
FRUUHODWLRQ�EHWZHHQ�/$5�DQG�/05�IRU�MXVW�GHFLGXRXV�VSHFLHV�VXJJHVWV�WKDW�/05�
DOVR�SOD\HG�D�UROH�LQ�GULYLQJ�/$5��

)RU�DOO�VSHFLHV�DFURVV�OLJKW�UHJLPHV��QR�RWKHU�JURZWK�SDUDPHWHUV�ZHUH�VLJQLILFDQWO\�
FRUUHODWHG�ZLWK�5*5�DSDUW�IURP�1$5�DQG�/$5��7DEOH��������+RZHYHU�IRU�MXVW�
GHFLGXRXV�VSHFLHV��6/$�DQG�66/�ZHUH�VLJQLILFDQWO\�QHJDWLYHO\�FRUUHODWHG�ZLWK�5*5���
$W�LQGLYLGXDO�OLJKW�OHYHOV��IRU�DOO�VSHFLHV��6/$�ZDV�VLJQLILFDQWO\�SRVLWLYHO\�FRUUHODWHG�
ZLWK�5*5�DW�DOO�OHYHOV�H[FHSW�IRU�IXOO�GD\OLJKW�DQG�/05�ZDV�VLJQLILFDQWO\�QHJDWLYHO\�
FRUUHODWHG�ZLWK�5*5�LQ�MXVW�IXOO�GD\OLJKW���)RU�MXVW�GHFLGXRXV�VSHFLHV��6/$�ZDV�
VLJQLILFDQWO\�SRVLWLYHO\�FRUUHODWHG�ZLWK�5*5�DW�WKH�OLJKW�OHYHOV�RI�����3$5�DQG�
�����3$5��
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7DEOH������6SHDUPDQ
V�UDQN�FRUUHODWLRQV�EHWZHHQ�JURZWK�YDULDEOHV��PHDQV��DW�ILQDO�KDUYHVW�
IRU�DOO�VSHFLHV��H[FHSW�-��FRPPXQLV��DQG�MXVW�GHFLGXRXV�VSHFLHV���&RUUHODWLRQV�DUH�SUHVHQWHG�
IRU�LQGLYLGXDO�OLJKW�UHJLPHV��Q� �����DV�ZHOO�DV�RYHUDOO�WUHQGV��Q� �����
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�����'LVFXVVLRQ�
'R�VSHFLHV�GLVSOD\�FODVVLFDO�UHVSRQVHV�WR�VKDGH�LQ�DFFRUGDQFH�ZLWK�WKH�OLWHUDWXUH"�

6SHFLHV�GLVSOD\HG�W\SLFDO�JURZWK�UHVSRQVHV�WR�VKDGH��DOO�UHGXFHG�5*5�DQG�1$5�
EXW�LQFUHDVHG�6/$�DQG�/$5��)LJXUH��������0RUSKRORJLFDO�DGMXVWPHQWV�WR�VKDGH�VXFK�
DV�WKH�SURGXFWLRQ�RI�WKLQQHU�OHDYHV��KLJKHU�6/$��DQG�VXEVHTXHQW�LQFUHDVHV�LQ�/$5�
HQKDQFH�OLJKW�LQWHUFHSWLRQ�DQG�DUH�FRPPRQO\�UHSRUWHG�IRU�WHPSHUDWH�ZRRG\�VSHFLHV�
�-DUYLV��������/RDFK��������1\JUHQ�	�.HOORPDNL��������5HDG�	�+LOO��������/DWKDP��
������=LHJHQKDJHQ�	�.DXVFK��������*UXEE�HW�DO���������+XPSKUH\�	�6ZDLQH��������
5HLFK�HW�DO�������D����$�UHGXFWLRQ�LQ�JURZWK�UDWH��5*5��ZLWK�FRUUHVSRQGLQJ�
UHGXFWLRQV�LQ�SKRWRV\QWKHWLF�UDWH�H[SUHVVHG�LQ�1$5�GXH�WR�OLJKW�OLPLWDWLRQ�KDV�DOVR�
EHHQ�UHSRUWHG��-DUYLV��������/RDFK��������5HLFK�HW�DO�������D��9HQHNODDV�	�3RRUWHU��
���������

$QRWKHU�W\SLFDO�UHVSRQVH�WR�VKDGH�ZKHQ�OLJKW�LV�WKH�PRVW�OLPLWLQJ�IDFWRU�LQYROYHV�D�
UHGXFWLRQ�LQ�URRW�PDVV��2YLQJWRQ�	�0F5DH��������-DUYLV��������3KDUHV��������
+HOOLZHOO�	�+DUULVRQ��������DV�PRUH�FDUERQ�LV�DOORFDWHG�WR�VKRRWV�WR�LPSURYH�FDSWXUH�
RI�SKRWRQ�HQHUJ\��&KDSLQ�HW�DO���������/DPEHUV�	�3RRUWHU����������6SHFLHV�
�H[FOXGLQJ�WKH�FRQLIHUV��GLG�VKRZ�D�JHQHUDO�UHGXFWLRQ�LQ�URRW�PDVV�EXW�RQO\�GRZQ�WR�
����3$5�UDWKHU�WKDQ������3$5��)LJXUH��������6WXGLHV�ZKLFK�UHSRUW�UHGXFWLRQV�
VSHFLILFDOO\�GRZQ�WR�DW�OHDVW������3$5�LQFOXGH�.LWDMLPD���������:DOWHUV�	�5HLFK�
��������*UXEE�HW�DO���������DQG�:HODQGHU�	�2WWRVVRQ����������$Q�XQH[SHFWHG�
UHVSRQVH�DPRQJVW�GHFLGXRXV�VSHFLHV�LQYROYHG�DQ�LQFUHDVH�LQ�URRW�PDVV��DJDLQ�LQ�GHHS�
VKDGH���6LPLODU�ILQGLQJV�ZHUH�UHYHDOHG�E\�0F9HDQ������D���WKH�URRW�VKRRW�UDWLR�RI�
SRWWHG�$��JOXWLQRVD�VHHGOLQJV�LQ�D�VKDGH�KRXVH�WULDO�ZDV�ORZHVW�LQ�LQWHUPHGLDWH�OLJKW�
�����3$5��EXW�LQFUHDVHG�DJDLQ�LQ�GHHS�VKDGH�����3$5����7KH�UHVSRQVH�KDV�DOVR�
EHHQ�UHSRUWHG�LQ�WKH�ILHOG�IRU�%HWXOD�VSHFLHV��0HVVLHU�	�3XWWRQHQ��������+XPSKUH\�
	�6ZDLQH����������3RVVLEOH�H[SODQDWLRQV�IRU�WKLV�UHVSRQVH�LQFOXGH���L��LQFUHDVHG�
FRPSHWLWLRQ�IRU�QXWULHQWV�DQG�ZDWHU��.ROE�HW�DO���������*UXEE�HW�DO���������6SXUU�	�
%DUQHV����������LL��VWUDWHJ\�IRU�IDFXOWDWLYH�VSHFLHV�ZKLFK�DUH�UHOHDVHG�LQ�JDSV�
�3HWHUNHQ��������'HOXFLD�HW�DO�����������LLL��OHDI�VKHGGLQJ�OHDGLQJ�WR�VKLIWV�LQ�
SDUWLWLRQLQJ�WR�WKH�URRWV�DV�ZHOO�DV�VWHPV��.LWDMLPD���������DQG��LY��OLJKW�OLPLWLQJ�
VKLIWV�LQ�DOORFDWLRQ����

,W�ZRXOG�EH�VXUSULVLQJ�LI�VKRUWDJH�RI�QXWULHQWV�RU�ZDWHU�ZDV�WKH�UHDVRQ�IRU�DQ�
LQFUHDVH�LQ�URRW�PDVV�LQ������3$5�EHFDXVH�WKH�GHHS�VKDGH�WUHDWPHQW�WHQGHG�WR�NHHS�
SRWV�PRLVW���)XUWKHUPRUH��VHHGOLQJV�JUHZ�WKH�OHDVW�LQ�GHHS�VKDGH�VR�ZHUH�OHVV�OLNHO\�WR�
H[KDXVW�WKH�H[LVWLQJ�QXWULHQW�VXSSO\���7KH�RWKHU�VXJJHVWLRQV�DUH�SRVVLEO\�PRUH�
IHDVLEOH���,QLWLDO�KDUYHVW�URRW�PDVV�ZDV�IRXQG�WR�EH�VLPLODU�WR�ILQDO�KDUYHVW�URRW�PDVV�



� � &KDSWHU���

����

LQ�GHHS�VKDGH�IRU�PRVW�VSHFLHV���)XUWKHUPRUH�VSHFLHV�ZLWK�WKH�KLJKHVW�URRW�PDVV�LQ�
GHHS�VKDGH��)��H[FHOVLRU��4��SHWUDHD�DQG�3��WUHPXOD��DOVR�VKRZHG�GHILQLWH�VLJQV�RI�
OHDI�VKHGGLQJ���.LWDMLPD��������QRWHG�WKDW�SODQWV�ZKLFK�ORVW�WLVVXH�WHQGHG�WR�DOORFDWH�
PRUH�FDUERQ�WR�VWRUDJH�IRU�UHFRYHU\�DW�WKH�H[SHQVH�RI�JURZWK���7KH�WKUHH�VSHFLHV�
PHQWLRQHG�KDG�WKH�ORZHVW�JURZWK�UDWHV�RI�DOO�GHFLGXRXV�VSHFLHV�LQ�VKDGH��

7KHUH�DUH�WZR�RSSRVLQJ�YLHZV�DV�WR�ZKHUH�WKH�FDUERQ�SUHYLRXVO\�XVHG�LQ�URRWV�LV�
UHDOORFDWHG�LQ�VKDGH��/DPEHUV�	�3RRUWHU��������VWDWH�WKDW�SODQWV�JURZQ�LQ�VKDGH�
VKRZ�D�VKLIW�LQ�WKH�DOORFDWLRQ�RI�ELRPDVV�IURP�URRWV�DQG�VWHP�WR�OHDYHV���+RZHYHU�
&RUUH������D��EHOLHYHV�WKDW�WKH�GU\�PDWWHU�QRW�XVHG�LQ�URRW�JURZWK�ZLOO�EHQHILW�WKH�
VWHPV�DQG�SHWLROHV�DQG�QRW�WKH�OHDI�EODGHV��VR�WKLV�GRHV�QRW�FRQWULEXWH�WR�WKH�UHODWLYH�
VL]H�RI�WKH�SKRWRV\QWKHWLF�DSSDUDWXV���7KH�OHDI�PDVV�LV�WKXV�UHSRUWHG�WR�UHPDLQ�
FRQVWDQW�RYHU�D�ZLGH�UDQJH�RI�OLJKW�LQWHQVLWLHV���7KH�RQO\�VSHFLHV�ZKLFK�GLVSOD\HG�WKH�
IRUPHU�SDWWHUQ�ZLWK�ERWK�DQ�LQFUHDVH�LQ�OHDI�PDVV�DQG�GHFUHDVH�LQ�VWHP�PDVV�ZLWK�
VKDGH�ZDV�,��DTXLIROLXP��)LJXUH��������8��JODEUD�DOVR�VKRZHG�UH�DOORFDWLRQ�WR�OHDYHV�
EXW�WR�WKH�VWHP�DV�ZHOO���*HQHUDOO\��PRVW�VSHFLHV�UHYHDOHG�QR�FRQVLVWHQW�WUHQGV�LQ�
/05�DQG�605�LQ�UHVSRQVH�WR�OLJKW���$�ODFN�RI�FKDQJH�LQ�OHDI�PDVV�RU�/05�ZLWK�
VKDGH�LV�GLIIHUHQW�IURP�VRPH�VWXGLHV�ZLWK�WUHH�VHHGOLQJV��/RDFK��������.ZHVLJD�	�
*UDFH��������:DOWHUV�HW�DO�������E��.LWDMLPD��������*UXEE�HW�DO���������:DOWHUV�	�
5HLFK��������EXW�FRQIRUPV�ZLWK�RWKHUV��9HQHNODDV�	�3RRUWHU��������5HLFK�HW�DO���
����D���

�
$UH�PRUSKRORJLFDO��/$5��RU�SK\VLRORJLFDO��1$5��YDULDEOHV�PRUH�LPSRUWDQW�LQ�GULYLQJ�5*5V�DW�
ORZ�DQG�KLJK�LUUDGLDQFH�OHYHOV"�

9DULDWLRQ�LQ�5*5�LQ�ORZ�OLJKW�FRXOG�EH�H[SODLQHG�E\�/$5�DQG�YDULDWLRQ�LQ�KLJK�
OLJKW�H[SODLQHG�E\�1$5��5*5� �/$5�[�1$5��(YDQV����������$OWKRXJK�SODQWV�DW�
KLJK�OLJKW�KDG�VLJQLILFDQWO\�ORZHU�/$5�WKDQ�WKRVH�DW�WKH�WZR�ORZHU�OLJKW�OHYHOV��WKHLU�
5*5�WHQGHG�WR�EH�KLJKHU�GXH�WR�D�SURSRUWLRQDWHO\�JUHDWHU�LQFUHDVH�LQ�1$5���7KLV�
LQGLFDWHV�WKDW�DW�GLIIHUHQW�OLJKW�LQWHQVLWLHV��SODQWV�ZHUH�DEOH�WR�PDNH�ERWK�
SK\VLRORJLFDO��1$5��DQG�PRUSKRORJLFDO�DGMXVWPHQWV���/$5�LV�D�SURGXFW�RI�/05�DQG�
6/$��(YDQV����������*HQHUDOO\��6/$�VHHPHG�WR�SOD\�D�JUHDWHU�UROH�LV�GULYLQJ�/$5�
ZKHQ�DOO�VSHFLHV�ZHUH�LQFOXGHG�LQ�WKH�FRUUHODWLRQ�DQDO\VLV��7DEOH��������7KLV�UHVXOW�LV�
RIWHQ�UHSRUWHG�ZKHQ�WKH�/05�WHQGV�WR�UHPDLQ�UHODWLYHO\�FRQVWDQW�DFURVV�OLJKW�UHJLPHV�
�.ZHVLJD�DQG�*UDFH��������5HLFK�HW�DO�������D����+RZHYHU��ZKHQ�RQO\�GHFLGXRXV�
VSHFLHV�ZHUH�LQFOXGHG�LQ�WKH�DQDO\VLV��/05�ZDV�DOVR�IRXQG�WR�SOD\�D�UROH�LQ�GULYLQJ�
/$5�HYHQ�LI�WR�D�OHVVHU�H[WHQW��/RDFK����������*URZWK�YDULDEOHV�WKDW�ZHUH�PRUH�
LPSRUWDQW�LQ�GULYLQJ�5*5�DW�GLIIHUHQW�OLJKW�UHJLPHV�ZHUH�UHODWHG�PRUH�WR�VHHGOLQJ�
OHDI�PRUSKRORJ\�DQG�SK\VLRORJ\��1$5��/$5��6/$��WKDQ�WR�ELRPDVV�DOORFDWLRQ�
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�7DEOH��������7KLV�PD\�EH�D�UHIOHFWLRQ�RI�WKH�VHHGOLQJ¶V�DJH�ZKHUH�SDWWHUQV�RI�
DOORFDWLRQ�DV�ZHOO�DV�DUFKLWHFWXUH�EHFRPH�PRUH�LPSRUWDQW�DW�D�ODWHU�GHYHORSPHQW�
VWDJH��.XSSHUV���������

�
+RZ�FDQ�GLIIHUHQFHV�LQ�JURZWK��ELRPDVV�DOORFDWLRQ�DQG�PRUSKRORJ\�GLVWLQJXLVK�GLIIHUHQW�
GHJUHHV�RI�VKDGH�WROHUDQFH�EHWZHHQ�VSHFLHV"�

$OWKRXJK�VSHFLHV�GLVSOD\HG�VLPLODU�UHVSRQVHV�WR�VKDGH��VSHFLHV�VSHFLILF�
GLIIHUHQFHV�ZHUH�FOHDUO\�SUHVHQW�DV�UHIOHFWHG�LQ�WKH�KLJKO\�VLJQLILFDQW�VSHFLHV�OLJKW�
LQWHUDFWLRQV�IRU�DOO�JURZWK�YDULDEOHV���7KHVH�GLIIHUHQFHV�DLG�VKDGH�WROHUDQFH�
TXDQWLILFDWLRQ���5HVSRQVHV�RI�HYHUJUHHQV�WR�LUUDGLDQFH�ZHUH�IRXQG�WR�EH�YHU\�GLIIHUHQW�
IURP�GHFLGXRXV�VSHFLHV��FOHDUO\�GHPRQVWUDWLQJ�WKHLU�VHSDUDWH�LQKHUHQW�SK\VLRORJLHV�
�SK\ORJHQHWLF�HIIHFWV���&RUQHOLVVHQ����������7KHLU�UHVSRQVHV�LQ�UHODWLRQ�WR�VKDGH�
WROHUDQFH�ZLOO�WKXV�EH�GLVFXVVHG�VHSDUDWHO\��

%��SHQGXOD��%��SXEHVFHQV��6��FLQHUHD��6��FDSUHD��$��JOXWLQRVD�DQG�8��JODEUD�DOO�
GLVSOD\HG�D�FRPELQDWLRQ�RI�UHVSRQVHV�ZKLFK�DUH�LQGLFDWLYH�RI�OLJKW�GHPDQGLQJ��VKDGH�
LQWROHUDQW�EHKDYLRXU���7KHVH�UHVSRQVHV�LQFOXGHG�KLJK�OHYHOV�RI�SODVWLFLW\��KLJK�OHYHOV�
RI�HWLRODWLRQ�DQG�IDVW�JURZWK�UDWHV�SDUWLFXODUO\�LQ�KLJK�OLJKW����

+LJK�GHJUHHV�RI�PRUSKRORJLFDO�SODVWLFLW\�RIWHQ�GLVWLQJXLVK�VKDGH�LQWROHUDQWV�IURP�
VKDGH�WROHUDQWV��*ULPH��������&DQKDP��������5HLFK�HW�DO�������D����*HQHUDOO\��VKDGH�
LQWROHUDQWV�ZLWK�KLJK�GHJUHHV�RI�SODVWLFLW\�GLIIHU�IURP�VKDGH�WROHUDQWV�E\�WKHLU�PXFK�
KLJKHU�5*5V�LQ�ERWK�ORZ�DQG�KLJK�OLJKW�GULYHQ�E\�PXFK�KLJKHU�YDOXHV�RI�/$5�DQG�
1$5�UHVSHFWLYHO\��9HQHNODDV�	�3RRUWHU���������8��JODEUD�DQG�ERWK�%HWXOD�DQG�6DOL[�
VSHFLHV�GLVSOD\HG�KLJK�5*5V�LQ�ORZ�DQG�KLJK�OLJKW�H[SODLQHG�E\�LQWHUPHGLDWH�WR�KLJK�
/$5�DQG�1$5�UHVSHFWLYHO\���$��JOXWLQRVD�GLVSOD\HG�D�UHODWLYHO\�ORZ�/$5�LQ�GHHS�
VKDGH�OHDGLQJ�WR�D�ORZ�5*5���7KXV��LW�GLG�QRW�KDYH�WKH�VDPH�KLJK�GHJUHH�RI�
PRUSKRORJLFDO�SODVWLFLW\�DV�8��JODEUD��DQG�ERWK�%HWXOD�DQG�6DOL[�VSHFLHV�EXW�LW�GLG�
KDYH�D�VLPLODUO\�KLJK�5*5�LQ�IXOO�GD\OLJKW���)XUWKHUPRUH�$��JOXWLQRVD��ERWK�%HWXOD�
DQG�ERWK�6DOL[�VSHFLHV��DOO�KDG�VLPLODU�UHODWLYHO\�KLJK�UDWHV�RI�HWLRODWLRQ�LQ�GHHS�VKDGH�
SURGXFLQJ�ORQJ�WKLQ�VWHPV�VHFRQG�RQO\�WR�WKH�WZR�FRQLIHUV��)LJXUH��������0F9HDQ�
�����D��DOVR�UHSRUWHG�KLJK�UDWHV�RI�HWLRODWLRQ�LQ�$��JOXWLQRVD�XQGHU�GHHS�VKDGH�����
3$5��ZLWK�PRUH�UREXVW�DQG�KHDOWKLHU�VHHGOLQJV�IRXQG�LQ�KLJKHU�OLJKW��

%HWXOD�DQG�6DOL[�VSHFLHV�VKDUHG�YHU\�VLPLODU�ELRPDVV�SDUWLWLRQLQJ�SDWWHUQV��)LJXUH�
�����ZKLFK�VXJJHVWV�WKHVH�VSHFLHV�DUH�DOO�IURP�WKH�VDPH�IXQFWLRQDO�JURXS���5RRW�PDVV�
SDUWLWLRQLQJ�SDWWHUQV�DFURVV�OLJKW�UHJLPHV�ZHUH�DOVR�VLPLODU�WR�$��JOXWLQRVD���7KLV�
LQYROYHG�D�UHGXFWLRQ�LQ�URRW�PDVV�GRZQ�WR�LQWHUPHGLDWH�OLJKW�OHYHOV������3$5��ZLWK�
DQ�LQFUHDVH�DJDLQ�LQ�GHHS�VKDGH��UHWXUQLQJ�YDOXHV�WR�VLPLODU�OHYHOV�IRXQG�LQ�IXOO�
GD\OLJKW���$OORFDWLRQ�RI�FDUERQ�WR�WKH�OHDYHV�UHPDLQHG�IDLUO\�FRQVWDQW�DFURVV�
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LUUDGLDQFHV�IRU�WKHVH�VSHFLHV�H[FHSW�IRU�$��JOXWLQRVD���,W�VXIIHUHG�D�GUDPDWLF�UHGXFWLRQ�
LQ�FDUERQ�DOORFDWLRQ�WR�WKH�OHDYHV�LQ�GHHS�VKDGH�UHIOHFWLYH�RI�VXEVWDQWLDO�OHDI�VKHGGLQJ�
FRQWULEXWLQJ�WR�D�ORZ�5*5��

8��JODEUD�GLVSOD\HG�YHU\�GLIIHUHQW�ELRPDVV�SDUWLWLRQLQJ�UHVSRQVHV�WR�LWV�IDVW�
JURZLQJ�FRXQWHUSDUWV���,W�VKRZHG�DQ�DELOLW\�WR�FRQWLQXDOO\�LQFUHDVH�OHDI�PDVV�ZLWK�
VKDGH��)LJXUH������DQG�PDLQWDLQHG�D�VLJQLILFDQWO\�ORZHU�505�LQ�GHHS�VKDGH�
FRPSDUHG�WR�KLJK�OLJKW��)LJXUH��������8��JODEUD�DOVR�GLVSOD\HG�DQ�LQWHUPHGLDWH�
HWLRODWLRQ�UHVSRQVH�LQ�GHHS�VKDGH�LQ�UHODWLRQ�WR�RWKHU�VSHFLHV���7KHVH�UHVSRQVHV�
VXJJHVW�WKDW�8��JODEUD�KDV�VKDGH�DGDSWLYH�WUDLWV�DV�ZHOO�DV�OLJKW�GHPDQGLQJ�RQHV���
+LJK�/05V�LQ�WKH�VKDGH�FRXSOHG�ZLWK�KLJK�/$5V�DQG�6/$V�PD[LPLVH�FDUERQ�JDLQ�
LQ�GHHS�VKDGH�DQG�D�ORZ�505�DLGV�FDUERQ�FRQVHUYDWLRQ��

6KDGH�WROHUDQW�VSHFLHV�ZLWK�ORZ�GHJUHHV�RI�SODVWLFLW\�GLIIHU�IURP�LQWROHUDQWV�E\�
WKHLU�PXFK�ORZHU�5*5V�LQ�ERWK�ORZ�DQG�KLJK�OLJKW�GULYHQ�E\�ORZHU�YDOXHV�RI�/$5�
DQG�1$5�UHVSHFWLYHO\��9HQHNODDV�	�3RRUWHU���������'HFLGXRXV�VSHFLHV�ZKLFK�
GLVSOD\HG�WKH�VORZHVW�JURZWK�LQ�ERWK�KLJK�DQG�ORZ�OLJKW�ZHUH�4��SHWUDHD�DQG�
)��H[FHOVLRU���/RZ�5*5�LQ�GHHS�VKDGH�FRXOG�EH�H[SODLQHG�E\�D�UHODWLYHO\�ORZ�/$5���
,W�LV�SRVVLEOH�WKDW�WKLV�ORZ�/$5�LV�D�FRQVHTXHQFH�RI�VXEVWDQWLDO�OHDI�VKHGGLQJ�ZKLFK�
RFFXUUHG�LQ�ERWK�VSHFLHV�LQ�GHHS�VKDGH�DQG�QRW�MXVW�UHIOHFWLYH�RI�SRRU�PRUSKRORJLFDO�
DGMXVWPHQW��:DUGOH��������DOVR�IRXQG�WKDW�VHHGOLQJV�RI�)��H[FHOVLRU�VXIIHUHG�IURP�D�
ORVV�RI�OHDYHV�LQ�ZHDN�OLJKW�ZKLFK�RIIVHW�DQ�LQFUHDVH�LQ�/$5��

$W�KLJKHU�OLJKW��WKH�ORZ�5*5�RI�4��SHWUDHD�FRXOG�EH�H[SODLQHG�E\�D�UHODWLYHO\�ORZ�
1$5���+RZHYHU��ORZ�5*5�RI�)��H[FHOVLRU�ZDV�SX]]OLQJ�DV�LWV�1$5�ZDV�QRW�OLPLWLQJ�
LQ�IXOO�GD\�OLJKW�DFKLHYLQJ�UHODWLYH�KLJK�UDWHV�VLPLODU�WR�RWKHU�IDVWHU�JURZHUV�VXFK�DV�
WKH�6DOL[�DQG�%HWXOD�VSHFLHV���,W�LV�NQRZQ�WKDW�)��H[FHOVLRU�WHQGV�WR�JURZ�EHWWHU�RQ�D�
S+�EHWZHHQ���DQG����.HUU�	�(YDQV��������UDWKHU�WKDQ�S+�����DQG�LV�YHU\�VHQVLWLYH�WR�
RYHU�WRSSLQJ�YHJHWDWLRQ��*DUGQHU����������%RWK�RI�WKHVH�IDFWRUV�PD\�KDYH�FRQWULEXWHG�
WR�ORZ�JURZWK�UDWHV�LQ�KLJK�OLJKW��

%RWK�4��SHWUDHD�DQG�)��H[FHOVLRU�GLVSOD\HG�UHODWLYHO\�ORZ�HWLRODWLRQ�LQ�GHHS�VKDGH�
FRQIRUPLQJ�ZLWK�RWKHU�VWXGLHV��2YLQJWRQ�	�0F5DH��������-DUYLV���������)LJXUH������
ZKLFK�LQGLFDWHV�D�GHJUHH�RI�VKDGH�WROHUDQFH���%LRPDVV�SDUWLWLRQLQJ�SDWWHUQV�VXJJHVWHG�
D�VSHFLILF�W\SH�RI�VKDGH�WROHUDQW�VWUDWHJ\�IRU�ERWK�WKHVH�VSHFLHV���7KH\�GLVSOD\HG�WKH�
W\SLFDO�UHGXFWLRQ�LQ�URRW�PDVV�GRZQ�WR�����3$5�IROORZHG�E\�DQ�LQFUHDVH�DJDLQ�LQ�
GHHS�VKDGH�OLNH�PRVW�GHFLGXRXV�VSHFLHV��)LJXUH��������+RZHYHU�WKH�LQFUHDVH�LQ�URRW�
PDVV�LQ�GHHS�VKDGH�ZDV�VXEVWDQWLDO��ULVLQJ�DERYH�OHYHOV�IRXQG�LQ�IXOO�GD\OLJKW���$V�D�
FRQVHTXHQFH�RI�WKLV�ERWK�)��H[FHOVLRU�DQG�4��SHWUDHD�KDG�WKH�KLJKHVW�505V�LQ�GHHS�
VKDGH�FRPSDUHG�ZLWK�DOO�RWKHU�VSHFLHV��)LJXUH������DV�ZHOO�DV�WKH�ODUJHVW�URRW�V\VWHPV�
SRROHG�DFURVV�OLJKW���4XHUFXV�VSHFLHV�DUH�FRPPRQO\�UHSRUWHG�WR�KDYH�ODUJH�URRW�
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V\VWHPV�ZKLFK�DLG�QXWULHQW�DQG�ZDWHU�DFTXLVLWLRQ�HVSHFLDOO\�ZKHQ�EHORZ�JURXQG�
UHVRXUFHV�DUH�OLPLWLQJ��6SXUU�	�%DUQHV��������1HZEROG�	�*ROGVPLWK��������6DYLOO��
������9HUD����������7KH�ZHOO�HVWDEOLVKHG�URRW�V\VWHP�ZKHUH�VWDUFK�LV�RIWHQ�
DFFXPXODWHG�LQ�WKH�ILUVW�\HDUV�RI�HVWDEOLVKPHQW��=LHJHQKDJHQ�	�.DXVFK��������
UHIOHFWV�D�VWUDWHJ\�WR�VKRRW�XS�ZKHQ�OLJKW�FRQGLWLRQV�DUH�LPSURYHG����

7KH�ODUJH�URRW�V\VWHP�IRXQG�LQ�)��H[FHOVLRU�SUREDEO\�DOVR�VXSSRUWV�D�VWUDWHJ\�WR�
UHVSRQG�UDSLGO\�WR�HQKDQFHG�OLJKW�FRQGLWLRQV�ZKLFK�LV�FRPPRQO\�UHSRUWHG�LQ�WKH�
OLWHUDWXUH��:DUGOH��������*DUGQHU��������7DSSHU����������������%RWK�VSHFLHV�
GHILQLWHO\�VKRZHG�D�SRVLWLYH�JURZWK�UHVSRQVH�WR�DQ�LQFUHDVH�LQ�OLJKW�DYDLODELOLW\��
PD[LPLVLQJ�JURZWK�UDWHV��LQFOXGLQJ�5*5��5+*��5'*��DW�WKH�WZR�KLJKHU�OLJKW�OHYHOV�
�����3$5�	�IXOO�GD\OLJKW����2WKHU�VWXGLHV�FRPPRQO\�UHSRUW�RSWLPDO�JURZWK�DW�
LQWHUPHGLDWH�OLJKW�OHYHOV�IRU�)��H[FHOVLRU��:DUGOH��������+HOOLZHOO�	�+DUULVRQ��������
DQG�4XHUFXV�VSHFLHV��2YLQJWRQ�	�0F5DH��������-DUYLV��������6KDZ��������
,JERDQXJR��������=LHJHQKDJHQ�	�.DXVFK���������

&��DYHOODQD��6��DXFXSDULD��3��SDGXV��DQG�3��WUHPXOD�JHQHUDOO\�GLVSOD\HG�
LQWHUPHGLDWH�EHKDYLRXU���,QWHUPHGLDWH�5*5�LQ�ORZ�OLJKW�ZDV�H[SODLQHG�E\�
LQWHUPHGLDWH�WR�ORZ�/$5�IRU�6��DXFXSDULD��3��SDGXV��DQG�3��WUHPXOD���,QWHUPHGLDWH�
5*5�LQ�KLJK�OLJKW�ZDV�H[SODLQHG�E\�LQWHUPHGLDWH�1$5�IRU�6��DXFXSDULD�DQG�
&��DYHOODQD���&��DYHOODQD�KDG�D�KLJKHU�5*5�LQ�ORZ�OLJKW�H[SODLQHG�E\�D�YHU\�KLJK�
/$5��VHFRQG�RQO\�WR�8��JODEUD��)LJXUH������ZKLFK�PD\�VXJJHVW�D�KLJKHU�GHJUHH�RI�
VKDGH�WROHUDQFH���+RZHYHU�&��DYHOODQD�KDG�DQ�LQWHUPHGLDWH�HWLRODWLRQ�UHVSRQVH�LQ�
GHHS�VKDGH�ZKLOVW�6��DXFXSDULD�DQG�3��SDGXV�VKDUHG�ORZHU�UDWHV�RI�HWLRODWLRQ�VLPLODU�
WR�4��SHWUDHD�DQG�)��H[FHOVLRU���

3��WUHPXOD�VKRZHG�VRPH�VLJQV�RI�D�KLJKHU�GHJUHH�RI�LQWROHUDQFH�FRPSDUHG�WR�LWV�
LQWHUPHGLDWH�FRXQWHUSDUWV���,W�KDG�D�UHODWLYHO\�KLJK�HWLRODWLRQ�UDWH�LQ�GHHS�VKDGH�
VLPLODU�WR�WKH�%HWXOD�DQG�6DOL[�VSHFLHV�DQG�$��JOXWLQRVD�DQG�LW�PDLQWDLQHG�D�UHODWLYHO\�
KLJK�1$5�LQ�IXOO�GD\OLJKW���5HVSRQVHV�RI�3��WUHPXORLGHV�LQ�$PHULFD�VWURQJO\�VXSSRUW�
D�PRUH�VKDGH�LQWROHUDQW�FODVVLILFDWLRQ���5HLFK�HW�DO�������D��IRXQG�WKLV�VSHFLHV�WR�KDYH�
WKH�KLJKHVW�5*5�LQ�ORZ�DQG�KLJK�OLJKW�DV�ZHOO�DV�WKH�KLJKHVW�1$5��6/$�DQG�/$5�RI�
DOO�WULDO�VSHFLHV���)XUWKHUPRUH��/RDFK��������IRXQG�WKDW�WKH�3��WUHPXORLGHV�KDG�D�
QHJDWLYH�1$5�LQ�GHHS�VKDGH�����3$5��GXH�WR�YHU\�KLJK�UHVSLUDWLRQ�UDWHV��/RDFK��
�������

(YHUJUHHQV�JUHZ�PXFK�PRUH�VORZO\�WKDQ�GHFLGXRXV�VSHFLHV�GLVSOD\LQJ�D�VWHDG\�
ULVH�LQ�5*5�XS�WR�IXOO�GD\OLJKW��DV�LQ�5HLFK�HW�DO�������D�����$�VLJQLILFDQWO\�ORZHU�
1$5�DQG�WKH�FRPELQDWLRQ�RI�YHU\�KLJK�/05�DQG�YHU\�ORZ�6/$V�DFFRXQW�IRU�WKLV�
VORZ�JURZWK��)LJXUH��������2QH�H[SODQDWLRQ�IRU�WKH�ORZ�UDWHV�RI�JURZWK�DPRQJVW�
J\PQRVSHUPV�LQYROYHV�WKH�WUDFKHLGDO�V\VWHP�ZKLFK�KDV�D�ORZ�ZDWHU�FRQGXFWLYLW\�
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ZKLFK�FDQ�FRQVWUDLQ�ZDWHU�DQG�QXWULHQW�WUDQVSRUW�UHTXLUHG�IRU�IDVW�JURZWK�
�&RUQHOLVVHQ�HW�DO�����������

*HQHUDOO\�3��V\OYHVWULV�DQG�-��FRPPXQLV�GLVSOD\HG�OLJKW�GHPDQGLQJ�VKDGH�
LQWROHUDQW�UHVSRQVHV�WR�GLIIHUHQW�LUUDGLDQFHV���0D[LPXP�UDWHV�RI�JURZWK�ZHUH�IRXQG�
LQ�IXOO�GD\OLJKW�DFFRPSDQLHG�ZLWK�KLJK�UDWHV�RI�1$5��DV�IRXQG�E\�*UXEE�HW�DO��
�������IRU�-��FRPPXQLV����%RWK�FRQLIHUV�GLVSOD\HG�WKH�KLJKHVW�UDWHV�RI�HWLRODWLRQ�RI�DOO�
VSHFLHV�LQ�GHHS�VKDGH�FRQVLVWHQW�ZLWK�RWKHU�ILQGLQJV��0LOHV�	�.LQQDLUG����������7KH\�
DOORFDWHG�PRUH�FDUERQ�WR�WKH�URRWV�DQG�OHVV�WR�VWHPV�DQG�OHDYHV�UHVXOWLQJ�LQ�D�PXFK�
KLJKHU�505�LQ�GHHS�VKDGH��)LJXUH������ZKLFK�GRHV�QRW�DLG�FDUERQ�JDLQ�RU�
FRQVHUYDWLRQ����

,��DTXLIROLXP�GLVSOD\HG�ERWK�VKDGH�WROHUDQW�DQG�LQWROHUDQW�WUDLWV���,W�VKRZHG�
SRVLWLYH�JURZWK�UHVSRQVHV�WR�LUUDGLDQFH��PD[LPLVLQJ�5*5�DQG�1$5�LQ�IXOO�GD\OLJKW�
�)LJXUH�������3HWHUNHQ�	�/OR\G��������DOVR�IRXQG�WKDW�1$5�DQG�5*5�RI�VHFRQG�\HDU�
ROG�,��DTXLIROLXP�VHHGOLQJV�ZDV�UHGXFHG�E\�VKDGLQJ���6KDGH�WROHUDQW�WUDLWV�LQFOXGHG�
UHODWLYHO\�ORZ�HWLRODWLRQ�UDWHV�LQ�GHHS�VKDGH�DQG�D�JUDGXDO�GHFUHDVH�LQ�FDUERQ�
DOORFDWLRQ�WR�WKH�URRW��UHVXOWLQJ�LQ�WKH�ORZHVW�505�RI�DOO�VSHFLHV��DQG�VWHP�ZLWK�PRUH�
FDUERQ�DOORFDWHG�WR�WKH�OHDYHV�ZLWK�LQFUHDVLQJ�VKDGH��

�
+RZ�GR�SK\VLRORJLFDO�UHVSRQVHV�PDWFK�WUDGLWLRQDO�QRWLRQV�RI�VKDGH�WROHUDQFH�DQG�(OOHQEHUJ�
OLJKW�LQGLFDWRU�YDOXHV"�

%RWK�%HWXOD�DQG�ERWK�6DOL[�VSHFLHV�GLVSOD\HG�UHVSRQVHV�UHIOHFWLYH�RI�VKDGH�
LQWROHUDQW�EHKDYLRXU��ZKLFK�FRQIRUPV�ZLWK�WKH�OLWHUDWXUH���7KH\�DUH�FRPPRQO\�
FODVVLILHG�DV�VKDGH�LQWROHUDQW�SLRQHHUV��(YDQV��������$WNLQVRQ��������0HVVLHU�	�
3XWWRQHQ��������$DV�	�5LHGPLOOHU��������+DUW��������6DYLOO��������LQFOXGLQJ�DW�ERWK�
WKH�VHHGOLQJ��0LOHV�	�.LQQDLUG��������DQG�VDSOLQJ�VWDJHV��+LOO�HW�DO�����������%RWK�
%HWXOD�DQG�ERWK�6DOL[�VSHFLHV�KDYH�EHHQ�DVVLJQHG�DQ�(OOHQEHUJ�OLJKW�LQGLFDWRU�YDOXH�
RI���UHIOHFWLQJ�D�UHODWLYHO\�KLJK�OLJKW�GHPDQG�ZKLFK�FRUUHVSRQGV�ZHOO�ZLWK�
SK\VLRORJLFDO�UHVSRQVHV��7DEOH�������

8OPXV�KDV�EHHQ�GHVFULEHG�DV�D�VWURQJ�OLJKW�GHPDQGHU��6DYLOO��������ZKLFK�
H[SODLQV�LWV�IDVW�JURZWK�UDWHV�LQ�KLJK�OLJKW���,W�LV�DOVR�GHVFULEHG�DV�KDYLQJ�D�KLJK�
WROHUDQFH�RI�VKDGH�DV�D�VHHGOLQJ�VKRZLQJ�D�UDSLG�JURZWK�LQ�KHLJKW�ZKHQ�JLYHQ�PRUH�
OLJKW��9HUD����������2WKHUV�GHVFULEH�LW�DV�D�VKDGH�WR�VHPL�VKDGH�VSHFLHV��$DV�	�
5LHGPLOOHU��������+LOO�HW�DO�����������8��JODEUD�DV�D�RQH�\HDU�ROG�VHHGOLQJ�DFWHG�PRUH�
DV�D�JHQHUDOLVW�LQ�WKLV�WULDO���,Q�GHHS�VKDGH��LW�UHIOHFWHG�D�VKDGH�WROHUDQW�VWUDWHJ\�
PD[LPLVLQJ�FDUERQ�JDLQ�LQ�ORZ�OLJKW�EXW�DOVR�JUHZ�ZHOO�LQ�KLJKHU�OLJKW���$�UH�
DVVLJQPHQW�RI�LWV�(OOHQEHUJ�OLJKW�LQGLFDWRU�YDOXH�RI���WR�D�UDQJH�EHWZHHQ���WR���LV�
VXJJHVWHG��
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$��JOXWLQRVD�LV�GHVFULEHG�DV�D�OLJKW�GHPDQGLQJ�SLRQHHU��(YDQV��������$DV�	�
5LHGPLOOHU��������7DSSHU���������YHU\�VHQVLWLYH�WR�VKDGLQJ�VR�WKDW�UHJHQHUDWLRQ�
ZLWKLQ�ZRRGODQG�LV�SUDFWLFDOO\�XQNQRZQ��0F9HDQ��������7DSSHU��������6DYLOO��
��������5HVXOWV�VXSSRUW�WKLV�FODVVLILFDWLRQ�ZLWK�OLWWOH�HYLGHQFH�RI�DQ\�GHJUHH�RI�
WROHUDQFH�ZKHQ�\RXQJ��+DUW��������+LOO�HW�DO�����������$�UH�DVVLJQPHQW�RI�WKH�
(OOHQEHUJ�OLJKW�LQGLFDWRU�RI���WR�D�PRUH�OLJKW�GHPDQGLQJ�YDOXH�RI�DW�OHDVW���RU���LV�
UHFRPPHQGHG�IRU�$��JOXWLQRVD��

,W�LV�NQRZQ�WKDW�)��H[FHOVLRU�FDQ�SHUVLVW�ZLWK�SRRU�JURZWK�UDWHV�XQGHU�WKH�VKDGH�RI�
D�FDQRS\�IRU�PDQ\�\HDUV�HVSHFLDOO\�LQ�WKH�DEVHQFH�RI�XQGHUVWRUH\�FRPSHWLWLRQ�����
\HDUV��:DUGOH����������\HDUV��6DYLOO�����������\HDUV��9HUD���������7KLV�LV�FRQVLVWHQW�
ZLWK�UHVXOWV�RI�ORZ�5*5�DQG�ORZ�HWLRODWLRQ�LQ�GHHS�VKDGH���4��SHWUDHD�DOVR�GLVSOD\HG�
ORZ�JURZWK�UDWHV�ZKLFK�KDV�EHHQ�UHSRUWHG�DV�FKDUDFWHULVWLF�RI�WKLV�VSHFLHV��2YLQJWRQ�
	�0F5DH��������6KDZ��������6DYLOO����������/RQJ�WHUP�SHUVLVWHQFH�LQ�WKH�VKDGH�DIWHU�
FRW\OHGRQ�UHVHUYHV�DQG�URRW�DQG�VWHP�UHVHUYHV�KDYH�EHHQ�H[KDXVWHG��KRZHYHU�LV�
TXHVWLRQDEOH��-RQHV��������*ULPH�	�-HIIUH\��������9HUD����������6DYLOO��������
DFWXDOO\�GHVFULEHV�LW�DV�D�VWURQJ�OLJKW�GHPDQGHU��
�
7DEOH������2ULJLQDO�(OOHQEHUJ�YDOXHV��(OOHQEHUJ���������(OOHQEHUJ�OLJKW�LQGLFDWRU�
YDOXHV�IRU�%ULWLVK�VDSOLQJV��+LOO�HW�DO���������ZLWK�UHYLVHG�LQGLFDWRU�YDOXHV�EDVHG�RQ�
SK\VLRORJ\�IRU�WKH����WULDO�VSHFLHV�
6SHFLHV� 2ULJLQDO�(OOHQEHUJ�

/LJKW�LQGLFDWRU�
YDOXHV�

(OOHQEHUJ�OLJKW��
,QGLFDWRU�YDOXHV�IRU�
%ULWLVK�VDSOLQJV��

3K\VLRORJLFDO�OLJKW��
LQGLFDWRU�YDOXHV�

8��JODEUD� �� �� ����
&��DYHOODQD� �� �� ��
$��JOXWLQRVD� �� �� ����
)��H[FHOVLRU� �� �� ��
3��SDGXV� �� �� ��
,��DTXLIROLXP� �� �� ����
4��SHWUDHD� �� �� ��
6��DXFXSDULD� �� �� ��
3��WUHPXOD� �� �� ��
%��SXEHVFHQV� �� �� ��
%��SHQGXOD� �� �� ��
6��FLQHUHD� �� �� ��
6��FDSUHD� �� �� ��
3��V\OYHVWULV� �� �� ��
-��FRPPXQLV� �� �� ��
�
�
�
�
�
�
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$W�WKH�RQH�\HDU�ROG�VWDJH��ORZ�HWLRODWLRQ�UDWHV�DQG�VORZ�JURZWK�SURPRWH�D�
SHUVLVWHQW�VWDWHJ\�IRU�ERWK�4��SHWUDHD�DQG�)��H[FHOVLRU�VHHGOLQJV�LQ�GHHS�VKDGH���$Q�
(OOHQEHUJ�OLJKW�LQGLFDWRU�YDOXH�RI���WKXV�VHHPV�DSSURSULDWH�IRU�ERWK�VSHFLHV�DW�WKLV�
VWDJH�LQ�WKHLU�GHYHORSPHQW��7DEOH��������,Q�IXWXUH�\HDUV��D�KLJKHU�OLJKW�LQGLFDWRU�YDOXH�
�H�J������ZLWK�EHFRPH�PRUH�DSSURSULDWH�DV�OLJKW�LV�UHTXLUHG�IRU�UHOHDVH�DQG�ORQJ�WHUP�
VXUYLYDO��

&��DYHOODQD��6��DXFXSDULD��3��SDGXV�DQG�3��WUHPXOD�KDYH�RULJLQDO�(OOHQEHUJ�OLJKW�
LQGLFDWRU�YDOXHV�RI���RU����(OOHQEHUJ��������ZKLFK�FRQIRUP�ZLWK�LQWHUPHGLDWH�
UHVSRQVHV�WR�OLJKW���%RWK�&��DYHOODQD�DQG�3�SDGXV�KDYH�EHHQ�GHVFULEHG�LQ�WKH�
OLWHUDWXUH�DV�VHPL�VKDGH�VSHFLHV��$DV�	�5LHGPLOOHU���������6RPH�DXWKRUV�UHSRUW�
&��DYHOODQD�WR�EH�UHDVRQDEO\�VKDGH�WROHUDQW��6DYLOO��������+DUW��������VXUYLYLQJ�VRPH�
VKDGH�IRU�D�ORQJ�WLPH��5DFNKDP��������3HWHUNHQ����������+RZHYHU�9HUD��������
SRLQWV�RXW�WKDW�&��DYHOODQD�KDV�RQO\�EHHQ�FKDUDFWHULVHG�DV�VKDGH�WROHUDQW�DV�LW�LV�
QRUPDOO\�VHHQ�DV�FRSSLFH�LQ�ZRRGODQG�XQGHUVWRUH\V���,Q�WKH�ILUVW�\HDU��WKH�UHVHUYH�
QXWULHQWV�LQ�WKH�+D]HO�QXW�FDQ�FRQWULEXWH�WR�VWURQJ�JURZWK�EXW�DIWHU�WKH�ILUVW�VHDVRQ��
WKH�FRW\OHGRQV�EHFRPH�H[KDXVWHG�DQG�VHHGOLQJV�WHQG�WR�UHO\�RQ�DVVLPLODWLRQ�IRU�
IXUWKHU�JURZWK���%RWK�6��DXFXSDULD�DQG�3��WUHPXOD�KDG�EHHQ�GHVFULEHG�DV�VWURQJO\�
OLJKW�GHPDQGLQJ�SLRQHHUV��(YDQV��������$DV�	�5HLGPLOOHU��������)LQGOD\��������
6DYLOO����������,W�LV�SRVVLEOH�WKH\�EHFRPH�PRUH�OLJKW�GHPDQGLQJ�DW�ODWHU�VWDJHV�RI�
GHYHORSPHQW�EXW�DW�WKH�RQH�\HDU�VHHGOLQJ�VWDJH��DQ�LQWHUPHGLDWH�UHVSRQVH�LV�IRXQG�WR�
SUHGRPLQDWH���$V�WKHUH�ZDV�OLWWOH�GLIIHUHQWLDO�LQ�LQWHUPHGLDWH�UHVSRQVHV�EHWZHHQ�WKH�
DERYH�VSHFLHV��WKH\�KDYH�DOO�EHHQ�DVVLJQHG�WKH�VDPH�OLJKW�LQGLFDWRU�YDOXH�RI����7DEOH�
������

6DYLOO��������GHVFULEHV�,��DTXLIROLXP�DV�WKH�PRVW�VKDGH�WROHUDQW�RI�DOO�%ULWLVK�WUHH�
VSHFLHV�ZKLFK�LV�VXSSRUWHG�E\�D�ORZ�FRPSHQVDWLRQ�SRLQW�RI������3$5�IRXQG�E\�
3HWHUNHQ����������%LRPDVV�SDUWLWLRQLQJ�SDWWHUQV�VXSSRUW�D�VKDGH�WROHUDQFH�VWUDWHJ\�RI�
PD[LPLVLQJ�FDUERQ�JDLQ�LQ�ORZ�OLJKW�EXW�LW�DOVR�PD[LPLVHG�5*5�LQ�IXOO�GD\OLJKW���
5HVXOWV�WKXV�VXSSRUW�D�PRUH�JHQHUDOLVW�QDWXUH�DQG�D�UH�DVVLJQPHQW�RI�WKH�RULJLQDO�
(OOHQEHUJ�OLJKW�LQGLFDWRU�IURP�D���WR�D�UDQJH�EHWZHHQ���DQG���LV�VXJJHVWHG��

5HVSRQVHV�RI�3��V\OYHVWULV�DQG�-��FRPPXQLV�WR�LUUDGLDQFH�LQGLFDWHG�VKDGH�
LQWROHUDQW�EHKDYLRXU�ZKLFK�FRQIRUPV�ZLWK�WKH�OLWHUDWXUH��)RZHOOV��������0LOHV�	�
.LQQDLUG��������%DUERXU�	�%LOOLQJV��������5RGZHOO��������*UXEE�HW�DO���������+DUW��
������6DYLOO����������-��FRPPXQLV�KDV�D�OLJKW�LQGLFDWRU�YDOXH�RI����(OOHQEHUJ��������
+LOO�HW�DO���������ZKHUH�SODQWV�DUH�FODVVLILHG�DV�OLJKW�ORYLQJ��UDUHO\�IRXQG�ZKHUH�WKHUH�
LV�OHVV�WKDQ�����UHODWLYH�LOOXPLQDWLRQ���7KLV�UDQN�DOVR�VHHPV�DSSURSULDWH�IRU�
3��V\OYHVWULV��ZKLFK�VKDUHG�YHU\�VLPLODU�UHVSRQVHV��

�
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/LPLWDWLRQV��
7KHUH�ZHUH�D�QXPEHU�RI�OLPLWDWLRQV�WR�WKLV�VWXG\�ZLWK�UHJDUGV�WR�WKH�H[SHULPHQWDO�

GHVLJQ�DQG�PHWKRGRORJ\�ZKLFK�ZRXOG�KDYH�LQIOXHQFHG�UHVXOWV���7KH�PDLQ�FULWLFLVP�RI�
WKH�XVH�RI�VKDGH�KRXVHV�UHJDUGV�WKH�LQDELOLW\�RI�VKDGH�FORWKV�WR�UHGXFH�WKH�UDWLR�RI�
5�)U�WR�D�VLPLODUO\�ORZ�OHYHO�WR�WKDW�IRXQG�XQGHU�IRUHVW�FDQRSLHV���&RQVLGHUDWLRQ�RI�
WKH�5�)U�UDWLR�LV�LPSRUWDQW�EHFDXVH�VWXGLHV�KDYH�VKRZQ�WKDW�WKH�VSHFWUDO�TXDOLW\�RI�
OLJKW�KDV�D�SURIRXQG�LQIOXHQFH�RQ�WUHH�VHHGOLQJ�PRUSKRORJ\�DQG�SK\VLRORJ\��.ZHVLJD�
	�*UDFH��������:DUULQJWRQ�HW�DO���������.DPDOXGGLQ���������+RZHYHU��WKH�XVH�RI�
JUHHQ�Q\ORQ�QHWWLQJ�LQ�WKLV�WULDO��GLG�UHGXFH�WKH�5�)U�UDWLR�WR�OHYHOV�FRPSDUDEOH�ZLWK�
WKH�ILHOG��VHH�&KDSWHU�������

7KH�GHHS�VKDGH�5�)U�UDWLR�RI������SHUKDSV�LV�QRW�DV�ORZ�DV�IRXQG�XQGHU�GHQVH�
XQGHUVWRUH\�EXW�LW�GRHV�IDOOV�LQWR�WKH�UDQJH�IRXQG�XQGHU�RWKHU�FRQLIHU�HYHUJUHHQ�
ZRRGODQGV�LQ�RYHUFDVW�FRQGLWLRQV��������������)HGHUHU�	�7DQQHU����������7\SLFDO�
UHVSRQVHV�WR�D�UHGXFWLRQ�LQ�5�)U�UDWLR�LQFOXGH�KLJKHU�SKRWRV\QWKHWLF�UDWHV��.ZHVLJD�HW�
DO���������:DUULQJWRQ�HW�DO����������KLJKHU�6/$V��.ZHVLJD�	�*UDFH���������UHGXFHG�
WRWDO�OHDI�DUHD��0F/DUHQ�	�6PLWK��������DQG�LQFUHDVHG�DSLFDO�GRPLQDQFH��PDQLIHVWHG�
LQ�GHFUHDVHG�EUDQFKLQJ��VWHP�H[WHQVLRQ�DQG�LQWHUQRGH�HORQJDWLRQ��6PLWK����������$V�
WKHVH�UHVSRQVHV�DUH�JHQHUDOO\�DFFHQWXDWHG�LQ�PRUH�OLJKW�GHPDQGLQJ�VSHFLHV��WKH\�
SUREDEO\�DLGHG�WKH�GLVWLQFWLRQ�EHWZHHQ�VKDGH�WROHUDQWV�DQG�LQWROHUDQWV��

6HHGOLQJV�ZLWKLQ�WKH�VKDGH�KRXVHV�ZRXOG�KDYH�EHHQ�VXEMHFWHG�WR�RWKHU�DUWLILFLDO�
PLFURFOLPDWLF�FRQGLWLRQV�VXFK�DV�D�XQLIRUP�GLVWULEXWLRQ�RI�OLJKW�DQG�HQKDQFHG�
WHPSHUDWXUHV�DQG�KXPLGLW\�OHYHOV�GXH�WR�UHGXFHG�DLU�WXUEXOHQFH��7KHVH�IDFWRUV�FDQ�
LQIOXHQFH�WKH�JURZWK�UDWH�DQG�PRUSKRORJ\�RI�SODQWV�DQG�PDNH�ILHOG�VWXG\�
FRPSDULVRQV�GLIILFXOW��*ULPH�	�-HIIUH\��������%URZQ�	�-HQQLQJV���������

8QIRUWXQDWHO\��VHHGOLQJV�LQ�WKH�KLJKHU�OLJKW�WUHDWPHQWV�ZHUH�REVHUYHG�WR�ZLOW�DQG�
ORVW�D�IHZ�OHDYHV�GXULQJ�KRW�GU\�SHULRGV�LQ�WKH�VXPPHU�GHVSLWH�ZDWHULQJ�HYHU\GD\���
7KH�XVH�RI�EODFN�SRWV�PRVW�OLNHO\�H[DFHUEDWHG�WKH�SUREOHP���$�PRUH�IUHTXHQW�
ZDWHULQJ�UHJLPH�DQG�XVH�RI�PXOFK�LV�UHFRPPHQGHG�IRU�IXWXUH�WULDOV���7KH�IDVW�JURZHUV�
VXFK�DV�%HWXOD�DQG�6DOL[�VSHFLHV�ZHUH�PRVW�DIIHFWHG�DQG�LW�LV�SUHGLFWHG�WKDW�WKHVH�
VSHFLHV�ZRXOG�KDYH�FRQWLQXHG�WR�JURZ�ZHOO�LQ�IXOO�GD\OLJKW�LI�ZHOO�ZDWHUHG��'DYLHV�	�
3LJRWW����������

7RZDUGV�WKH�HQG�RI�WKH�VHDVRQ��VHHGOLQJV�ZHUH�RXWJURZLQJ�WKHLU�VSDFH�FDXVLQJ�
RYHU�VKDGRZLQJ�ZKLFK�FDQ�DIIHFW�PRUSKRORJLFDO�UHVSRQVHV��*ULPH�	�-HIIUH\����������
-DUYLV��������H[SODLQHG�KRZ�PXWXDO�VKDGLQJ�FDQ�ORZHU�WKH�DYHUDJH�OLJKW�LQWHQVLW\�
H[SHULHQFHG�E\�WKH�OHDYHV�VR�HYHQ�PRUH�OLJKW�LV�QHHGHG�WR�UHDFK�PD[LPXP�
SKRWRV\QWKHVLV���6HHGOLQJV�ZHUH�UH�UDQGRPLVHG�HYHU\�WZR�ZHHNV�EXW�ZLGHU�VSDFLQJ�
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VKRXOG�EH�FRQVLGHUHG�LQ�IXWXUH�WULDOV���7KH�DVWRQLVKLQJ�UDWH�RI�JURZWK�RI�WKH�VHHGOLQJV�
ZDV�XQH[SHFWHG��

7RWDO�ELRPDVV�LQ�SODQW�FRPSRQHQWV�WHQGV�WR�LQFUHDVH�ZLWK�RYHUDOO�JURZWK�DQG�WKH�
SURSRUWLRQDO�GLVWULEXWLRQ�RI�ELRPDVV�DPRQJ�WKHVH�SDUWV�LV�UDUHO\�FRQVWDQW�IRU�H[WHQGHG�
SHULRGV��&ROHPDQ�HW�DO�����������$V�ZRRG\�SODQWV�LQFUHDVH�LQ�KHLJKW��OHVV�FDUERQ�LV�
DOORFDWHG�WR�IROLDJH�DQG�PRUH�WR�WKH�VWHP�IRU�VXSSRUW��*LYQLVK����������6XEVHTXHQWO\�
WKHUH�LV�D�GHFOLQH�LQ�5*5�EHFDXVH�WKH�SURSRUWLRQ�RI�WKH�SODQW�LQYROYHG�LQ�HQHUJ\�
FDSWXUH��/05�RU�/$5��DQG�RU�ELRPDVV�SURGXFWLYLW\�SHU�XQLW�OHDI��1$5��GHFUHDVH�
�:DOWHUV�HW�DO������D����7KHVH�GHYHORSPHQW�FKDQJHV�DUH�FROOHFWLYHO\�NQRZQ�DV�
RQWRJHQHWLF�GULIW���:KHQ�SODQWV�DUH�JURZQ�LQ�GLIIHUHQW�HQYLURQPHQWV��VXFK�DV�LQ�
GLIIHUHQW�OLJKW�UHJLPHV��WKH\�RIWHQ�JURZ�DW�GLIIHUHQW�UDWHV�DQG�WKXV�ZLOO�EH�RI�GLIIHUHQW�
VL]HV�DQG�GHYHORSPHQWDO�VWDJHV�DW�D�JLYHQ�DJH��7KXV��SODQWV�RI�WKH�VDPH�DJH��FDQ�
IUHTXHQWO\�EH�RQWRJHQHWLFDOO\�GLVVLPLODU��7KLV�FDQ�FRQIXVH�WKH�LQWHUSUHWDWLRQ�RI�
VSHFLHV�VSHFLILF�JURZWK�UHVSRQVHV���)RU�H[DPSOH��LW�LV�GLIILFXOW�WR�NQRZ�LI�W\SLFDO�
LQFUHDVHV�LQ�/$5�VKRZQ�ZLWK�VKDGH�LV�QRW�MXVW�D�FRQVHTXHQFH�RI�VORZ�JURZWK���

,W�KDV�EHHQ�VXJJHVWHG�WKDW�PXOWLSOH�KDUYHVWV�DUH�PXFK�EHWWHU�WKDQ�VLQJOH�KDUYHVW�
VWXGLHV�IRU�VHSDUDWLQJ�RQWRJHQHWLF�IURP�VSHFLHV�DQG�WUHDWPHQW�HIIHFWV�RQ�PHDVXUHG�
SODQW�WUDLWV�WKDQ�VLQJOH�KDUYHVW�VWXGLHV��+XQW��������&ROHPDQ�HW�DO�����������+RZHYHU�
LW�ZDV�LQWHUHVWLQJ�WR�GLVFRYHU�WKDW�5HLFK�HW�DO�������D��IRXQG�WKDW�WKH�DSSOLFDWLRQ�RI�
HLWKHU�FODVVLFDO�RU�IXQFWLRQDO�DSSURDFKHV�KDG�OLWWOH�HIIHFW�RQ�WUHDWPHQW�DQG�VSHFLHV�
FRPSDULVRQV���:DOWHUV�HW�DO�������D��IRXQG�WKDW�ERWK�5*5�DQG�/05�GHFOLQHG�ZLWK�
SODQW�PDVV��WKHLU�SULQFLSDO�VFDODU�RI�RQWRJHQ\��DQG�605�LQFUHDVHG�ZLWK�KHLJKW�
UHIOHFWLQJ�FODVVLFDO�RQWRJHQ\���+RZHYHU��WKH�GLIIHUHQFHV�LQ�WKH�IRUP�RI�5*5�YHUVXV�
PDVV�UHODWLRQVKLSV�VXJJHVWHG�WKDW�5*5�UDQNLQJV�DPRQJ�VSHFLHV�FKDQJH�OLWWOH�ZLWK�
VL]H�RU�DJH���,PSURYHPHQWV�WR�WKLV�VWXG\�ZRXOG�LQYROYH�PXOWLSOH�KDUYHVWV�DQG���RU�
IXUWKHU�DQDO\VLV�WR�HVWDEOLVK�ZKHWKHU�RQWRJHQ\�DIIHFWV�5*5�UDQNLQJV�DFURVV�GLIIHUHQW�
LUUDGLDQFHV���7KLV�PD\�KDYH�LPSRUWDQW�UDPLILFDWLRQV�IRU�VKDGH�WROHUDQFH�
TXDQWLILFDWLRQ��

,W�LV�ZHOO�GRFXPHQWHG�WKDW�WKH�DELOLW\�RI�VSHFLHV�WR�WROHUDWH�VKDGH�LV�LQIOXHQFHG�E\�
DQ�DUUD\�RI�HQYLURQPHQWDO�IDFWRUV�VXFK�DV�QXWULHQWV��+HOOLZHOO�	�+DUULVRQ��������
/DWKDP��������&DQKDP�HW�DO���������*UXEE�HW�DO���������.REH�HW�DO���������
9HHQHQGDDO���������VRLO�PRLVWXUH��9HHQHQGDDO��������:DOWHUV�	�5HLFK��������6DFN�
	�*UXEE��������DQG�URRW�FRPSHWLWLRQ��:DWW�	�)UD]HU��������/XW]��������-DUYLV��
������3XW]�	�&DQKDP��������&RRPHV�	�*UXEE��������ZKLFK�LQWHUDFW�ZLWK�
LUUDGLDQFH���)XUWKHUPRUH��VKDGH�WROHUDQFH�FDQ�FKDQJH�ZLWK�VHHGOLQJ�DJH���7KH�VKDGH�
WROHUDQFH�UDQNV�DVVLJQHG�WR�WKH�VSHFLHV�LQ�WKLV�WULDO�DUH�WKXV�YHU\�VSHFLILF�WR�RQH�\HDU�
VHHGOLQJV�EDVHG�RQ�JURZWK��DOORFDWLRQ�DQG�PRUSKRORJLFDO�UHVSRQVHV�WR�LUUDGLDQFH�
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DORQH���7ULDOV�DUH�UHTXLUHG�WR�LQYHVWLJDWH�KRZ�VKDGH�WROHUDQFH�LQ�PRGLILHG�LQ�WKH�ILHOG�
�VHH�&KDSWHU���DQG�����

�
�����6XPPDU\�

'LIIHUHQFHV�LQ�JURZWK��DOORFDWLRQ�DQG�WKH�PRUSKRORJ\�RI�VSHFLHV�DW�GLIIHUHQW�
LUUDGLDQFHV�HQDEOHG�D�GLVWLQFWLRQ�EHWZHHQ�VKDGH�WROHUDQWV��LQWHUPHGLDWHV�DQG�VKDGH�
LQWROHUDQWV���$OO�VSHFLHV�UHVSRQGHG�SRVLWLYHO\�WR�DQ�LQFUHDVH�LQ�OLJKW��RSWLPLVLQJ�
JURZWK�DW�WKH�KLJKHU�OLJKW�OHYHOV�RI�����3$5�RU�LQ�IXOO�GD\OLJKW���7KXV��QRQH�RI�WKH�
VSHFLHV�LQ�WKH�WULDO�VHHPHG�WR�FRQIRUP�WR�WKH�VKDGH�WROHUDQW�W\SH�ZKHUH�VHHGOLQJV�
JURZ�VORZO\�RU�VWHDGLO\�LQ�VKDGH�ZLWK�QR�UHVSRQVH�WR�SHULRGV�RI�LQFUHDVHG�OLJKW���$�
IHZ�VSHFLHV�VKRZHG�VLJQV�RI�D�VKDGH�WROHUDQW�VWUDWHJ\�PD[LPLVLQJ�FDUERQ�JDLQ�DW�ORZ�
OLJKW�VXFK�DV�&��DYHOODQD��8��JODEUD�DQG�,��DTXLIROLXP���7KH�WZR�ODWWHU�VSHFLHV�DOVR�
VKRZHG�VLJQV�RI�JHQHUDOLVW�EHKDYLRXU��JURZLQJ�ZHOO�LQ�KLJK�OLJKW���)��H[FHOVLRU�DQG�
4��SHWUDHD�UHIOHFWHG�D�VWUDWHJ\�ZKLFK�SURPRWHV�WKH�PDLQWHQDQFH�RI�D�KLJK�SRWHQWLDO�
IRU�H[SORLWLQJ�FDQRS\�JDSV�ZLWK�OLWWOH�QHW�JURZWK�LQ�GHHS�VKDGH�FRXSOHG�ZLWK�WKH�
GHYHORSPHQW�RI�VXEVWDQWLDO�URRW�V\VWHPV���-��FRPPXQLV��3��V\OYHVWULV��%HWXOD�DQG�6DOL[�
VSHFLHV�GLVSOD\HG�LQWROHUDQW�EHKDYLRXU�ZLWK�WKH�JURZWK�RI�WKH�WZR�FRQLIHUV�OHDVW�
DIIHFWHG�E\�ZDWHU�VWUHVVHG�FRQGLWLRQV�LQ�IXOO�GD\OLJKW���(OOHQEHUJ�OLJKW�LQGLFDWRU�
YDOXHV�ZHUH�IRXQG�WR�EH�XQGHUHVWLPDWHG�DFFRUGLQJ�WR�SK\VLRORJLFDO�UHVSRQVHV�WR�
OLJKW���2QH�VKRXOG�QRW�H[SHFW�WR�WUDQVSRVH�GLUHFWO\�WKH�UHVXOWV�RI�WKLV�VWXG\�WR�WKH�ILHOG�
VLWXDWLRQ�ZKHUH�LUUDGLDQFH�LQWHUDFWV�ZLWK�PDQ\�RWKHU�IDFWRUV�VXFK�DV�QXWULHQWV��VRLO�
PRLVWXUH��SUHGDWRUV�DQG�GLVHDVH���
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