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&RQWHQWV�

�
6XPPDU\� � � � � � � � � � � ��
�
,QIOXHQFH�RI�GLF\DQGLDPLGH�RQ�QLWURJHQ�WUDQVIRUPDWLRQ�DQG�ORVVHV�LQ�SDVWXUH�VRLO�FRUHV� ��
�
,PSDFW�RI�XUHDVH�LQKLELWRU�RQ�QLWURJHQ�G\QDPLFV�LQ�SDVWXUH�VRLO�FRUHV�UHFHLYLQJ� � ���
XUHD�IHUWLOLVHU�DQG�FDWWOH�XULQH�� � � � � � � � �
�
$FNQRZOHGJHPHQWV� � � � � � � � � � ���
�
)XUWKHU�5HIHUHQFH� � � � � � � � � � ���
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6XPPDU\�)LQDO�5HSRUW� &OLPDWH�&KDQJH�3ODQ�RI�$FWLRQ��� � �
� �� � � $JULFXOWXUDO�,QYHQWRU\�

�
3URMHFW�&RGH��� � 0$)�32/�&3���$*�,19(17����
�
%XVLQHVV�,QVWLWXWLRQ��� /DQGFDUH�5HVHDUFK�
�
3URJUDPPH�/HDGHU��� 'U�-DJUDWL�6LQJK� �
�
3URJUDPPH�7LWOH�� �5ROH�RI�LQKLELWRUV�LQ�PLWLJDWLQJ�QLWURJHQ�ORVVHV�IURP�XULQH�DQG�

IHUWLOLVHU�LQSXWV�LQ�SDVWXUHV�
�
�
*RDO�� 7R�PDNH�DYDLODEOH��WKURXJK�SXEOLFDWLRQ��UHVXOWV�RI�UHVHDUFK�RQ�WKH�PLWLJDWLRQ�SRWHQWLDO�
RI�QLWULILFDWLRQ��'&'�±�'LF\DQGLDPLGH��DQG�XUHDVH��$JURWDLQ�� LQKLELWRUV� WR�UHGXFH�1�ORVVHV�
IURP�FDWWOH�XULQH�DQG�XUHD�DSSOLFDWLRQ�WR�SDVWXUH�VRLO��
�
&RQWH[W�RI�WKH�SURMHFW��
1LWULILFDWLRQ�LQKLELWRUV�DUH�RQH�RI�WKH�SURPLVLQJ�PLWLJDWLRQ�RSWLRQV�WR�UHGXFH�1�ORVVHV�WKURXJK�
JDVHRXV�HPLVVLRQV�DQG�OHDFKLQJ�IURP�JUD]HG�SDVWXUHV���,Q�1=��D�QXPEHU�RI�VWXGLHV�KDYH�EHHQ�
FRQGXFWHG� XVLQJ� '&'�� +RZHYHU�� OLWWOH� ZRUN� KDV� EHHQ� GRQH� RQ� WKH� DSSOLFDWLRQ� RI� XUHDVH�
LQKLELWRUV�WR�FDWWOH�XULQH��DQG�UHVHDUFK�WULDOV�XVLQJ�'&'�ZHUH�FRQGXFWHG�XQGHU�O\VLPHWHUV�LQ�
FRRO� 6RXWK� ,VODQG� FRQGLWLRQV�� 2QO\� UHFHQWO\� KDYH� D� IHZ� WULDOV� EHHQ� FRQGXFWHG� XQGHU� ILHOG�
FRQGLWLRQV�WR�DVVHVV�QLWURXV�R[LGH��1�2��HPLVVLRQV�DQG�QLWUDWH��12����OHDFKLQJ���
�
$�UHVHDUFK�SURMHFW�RYHU�WKH�SDVW�IRXU�\HDUV�LQYHVWLJDWHG�WKH�HIIHFW�RI�WKH�LQKLELWRUV�'&'�DQG�
$JURWDLQ�RQ�QLWURJHQ�G\QDPLFV�LQ�VRLO���'&'�LPSDFWV�RQ�1�2�HPLVVLRQV��1+��YRODWLOLVDWLRQ�
DQG�QLWUDWH��12����OHDFKLQJ�ZHUH�H[DPLQHG�LQ�D�VWXG\�WKDW�XVHG�D�QRYHO�WHFKQLTXH�WR�PHDVXUH�
1+��YRODWLOLVDWLRQ�DQG�1�2�HPLVVLRQV�VLPXOWDQHRXVO\�WR�GHWHUPLQH�WKH�LQIOXHQFH�RI�LQKLELWRUV�
RQ�WKH�HPLVVLRQV�RI�WKHVH�JDVHV��$�JODVVKRXVH�VWXG\�ZDV�XQGHUWDNHQ�WR�HODERUDWH�WKH�FKDQJHV�
LQ�1�G\QDPLFV�ZLWK�WKH�XUHDVH�LQKLELWRU�$JURWDLQ�DSSOLHG�WR�XULQH�DQG�XUHD�IHUWLOLVHU��
�
7KHVH� VWXGLHV� KDYH� SURYLGHG� GDWD� WKDW�ZLOO� KHOS� XQGHUVWDQG� DQG� VWUHQJWKHQ� UHVHDUFK� RQ� WKH�
HIIHFWLYHQHVV� RI� LQKLELWRUV� LQ� 1HZ� =HDODQG� SDVWXUHV�� 3XEOLFDWLRQ� RI� UHVXOWV� ZLOO� PDNH� WKLV�
LQIRUPDWLRQ�DYDLODEOH�WR�D�ZLGH�DXGLHQFH�DQG�ZLOO�DGG�WR�VFLHQWLILF�OLWHUDWXUH��YDOXDEOH�GDWD�RQ�
ZKLFK�1=�FDQ�EXLOG�VWUDWHJLHV�IRU�UHGXFLQJ�JUHHQKRXVH�JDV�HPLVVLRQV���
�
$SSURDFK��
&RPSOHWH�DQDO\VLV��DQG�SUHSDUH�IRU�SXEOLFDWLRQ��GDWD�FROOHFWHG�IURP�UHFHQW�UHVHDUFK�LQ��
���$�JODVVKRXVH�VWXG\�RI�WKH�LPSDFW�RI�'&'�RQ�1�ORVVHV��ERWK�JDVHRXV�DQG�OHDFKLQJ���DQG��
���$Q�H[SHULPHQW�WR�HODERUDWH�WKH�FKDQJHV�LQ�1�G\QDPLFV�ZLWK�$JURWDLQ�DSSOLHG�WR�XULQH�DQG�
XUHD� IHUWLOLVHU�� ZKLFK� LQFOXGHG� PHDVXUHPHQWV� RI� PLQHUDO� 1� DQG� FKDQJHV� LQ� 1� JDVHV�� DOVR�
FRQGXFWHG�XQGHU�JODVVKRXVH�FRQGLWLRQV��
�
�
�
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2XWFRPHV��
6XEPLVVLRQ��IRU�SXEOLFDWLRQ�LQ�LQWHUQDWLRQDO�SHHU�UHYLHZHG�MRXUQDOV��WZR�SDSHUV�WKDW�LQFUHDVH�
XQGHUVWDQGLQJ�RI�WKH�LQKLELWRUV��'&'�DQG�$JURWDLQ�RQ�QLWURJHQ�G\QDPLFV�LQ�SDVWXUH�VRLO��DQG�
WKXV�WKHLU�SRWHQWLDO�UROH�LQ�PLWLJDWLQJ�JUHHQKRXVH�JDV��QLWURXV�R[LGH��HPLVVLRQV��
�
5HFRPPHQGDWLRQV�
1RW�DSSOLFDEOH�
�
6XPPDU\�3XEOLFDWLRQV��
7ZR�PDQXVFULSWV�KDYH�EHHQ�VXEPLWWHG�IRU�SXEOLFDWLRQ���
�
��� �
6XEPLWWHG�WR��� � 1XWULHQW�&\FOLQJ�LQ�$JURHFRV\VWHPV�
7LWOH��� ,QIOXHQFH� RI� GLF\DQGLDPLGH� RQ� QLWURJHQ� WUDQVIRUPDWLRQ� DQG� ORVVHV� LQ�

SDVWXUH�VRLO�FRUHV��
$XWKRUV�� � -DJUDWL�6LQJK��6XULQGHU�6DJJDU�DQG�1DQWKL�%RODQ�
�
���
�
6XEPLWWHG�WR��� � $XVWUDOLDQ�-RXUQDO�RI�6RLO�5HVHDUFK�
7LWOH��� ,PSDFW�RI�XUHDVH� LQKLELWRU�RQ�QLWURJHQ�G\QDPLFV� LQ�SDVWXUH�VRLO� FRUHV�

UHFHLYLQJ�XUHD�IHUWLOLVHU�DQG�FDWWOH�XULQH��
$XWKRUV�� � -DJUDWL�6LQJK��1DQWKL�%RODQ�DQG�6XULQGHU�6DJJDU���
�
�
�
7KHVH�PDQXVFULSWV�IRUP�WKH�ERG\�RI�WKLV�UHSRUW��
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��� ,QIOXHQFH�RI�GLF\DQGLDPLGH�RQ�QLWURJHQ�WUDQVIRUPDWLRQ�DQG�ORVVHV�LQ�
SDVWXUH�VRLO�FRUHV�

$EVWUDFW��
�
,Q�1HZ�=HDODQG��XULQH�GHSRVLWHG�E\�JUD]LQJ�DQLPDOV�UHSUHVHQWV�WKH�ODUJHVW�VRXUFH�RI�QLWURJHQ�
�1��ORVVHV��DV�JDVHRXV�HPLVVLRQV�RI�DPPRQLD��1+���DQG�QLWURXV�R[LGH��1�2���DQG�OHDFKLQJ�RI�
QLWUDWH��12����:H�GHWHUPLQHG�WKH�HIIHFW�RI�GLF\DQGLDPLGH��'&'��RQ�JDVHRXV�HPLVVLRQV�IURP�
SDVWXUH�ZLWK�LQFUHDVLQJ�UDWHV�RI�XULQH�1�DSSOLFDWLRQ��PLQHUDO�1�WUDQVIRUPDWLRQV�DQG�SRWHQWLDO�
OHDFKLQJ�RI�1�XVLQJ�XQGLVWXUEHG� VRLO� FRUHV�RI�0DQDZDWX� VDQG\� ORDP�DW� ILHOG� FDSDFLW\��7KH�
WUHDWPHQWV�LQFOXGHG�IRXU�OHYHOV�RI�XULQH�1�DSSOLHG�DW����FRQWURO��������������DQG������J�1�P���
ZLWK�DQG�ZLWKRXW�'&'�DW�����J�P����5HVXOWV�VKRZHG�D�VLJQLILFDQW� LQFUHDVH��3�������LQ�1+��
DQG� 1�2�1� HPLVVLRQV� DV� XULQH� DSSOLFDWLRQ� ZDV� LQFUHDVHG�� 7KH� DGGLWLRQ� RI� '&'� WR�
FRUUHVSRQGLQJ�XULQH�WUHDWPHQWV�UHGXFHG�1�2�HPLVVLRQV�E\�����������DQG������UHVSHFWLYHO\��
7KH� DGGLWLRQ� RI�'&'�ZLWK� XULQH� WR� WKH� LQWDFW� VRLO� FRUHV� DW� ILHOG� FDSDFLW\�PRLVWXUH� FRQWHQW�
UHVXOWHG� LQ� D� VLJQLILFDQW� LQFUHDVH� LQ� WKH� VRLO�1+���1�FRQFHQWUDWLRQ�EXW� OLWWOH� FKDQJH� LQ�1+��
HPLVVLRQV�� $GGLWLRQ� RI� '&'� WR� XULQH� UHGXFHG� SRWHQWLDO� 12���1� OHDFKLQJ� E\� ��±���� EXW�
SRWHQWLDO�1+���1�OHDFKLQJ�LQFUHDVHG�E\��±����WLPHV��7KHUH�ZDV�QR�GLIIHUHQFH�LQ�SDVWXUH�GU\�
PDWWHU�SURGXFWLRQ�ZLWK�DQG�ZLWKRXW�'&'�WUHDWPHQWV��
�
.H\ZRUGV� $PPRQLD��1LWURXV�R[LGH�HPLVVLRQV��QLWULILFDWLRQ�LQKLELWRU��QLWUDWH�OHDFKLQJ�
�
,QWURGXFWLRQ�
�
,QWHUHVW� LQ� ORVVHV�RI�1�DV�QLWURXV�R[LGH��1�2��DQG�DPPRQLD��1+���HPLVVLRQV�DQG�DV�QLWUDWH�
�12���� OHDFKHG� IURP� WKH� VRLO� KDV� LQFUHDVHG� GXULQJ� WKH� ODVW� GHFDGH� PDLQO\� EHFDXVH� RI� WKH�
HQYLURQPHQWDO�LPSDFWV�RI�WKHVH�ORVVHV��1LWURXV�R[LGH��D�SRWHQW�JUHHQKRXVH�JDV��PDNHV�XS�����
�RQ�D�&2��HTXLYDOHQW�EDVLV��RI�1HZ�=HDODQG¶V�HPLVVLRQV�LQYHQWRU\��0I(��������ZLWK�PRVW�RI�
WKHVH�HPLVVLRQV��DERXW������EHLQJ�GHULYHG�IURP�DJULFXOWXUDO�SUDFWLFHV��$PPRQLD��1+���FDQ�
FDXVH� WR[LFLW\� LQ� YHJHWDWLRQ�� LQGXFH� DFLGLILFDWLRQ�� DQG� FRQWULEXWH� WR� HXWURSKLFDWLRQ� LQ� 1�
VHQVLWLYH�HQYLURQPHQWV��6KHSSDUG�HW�DO���������DQG�FDQ�DFW�DV�D�VHFRQGDU\�VRXUFH�RI�12�DQG�
1�2� �%RXZPDQ� �������*OREDOO\�� QLWUDWH� OHDFKLQJ� LV� D�PDMRU� HQYLURQPHQWDO� LVVXH� DV� LW� FDQ�
UHGXFH� VXUIDFH� DQG� JURXQG� ZDWHU� TXDOLW\�� LQFUHDVH� VXUIDFH� ZDWHU� HXWURSKLFDWLRQ�� DQG� PD\�
KDUP� KXPDQ� KHDOWK� ZKHQ� SUHVHQW� LQ� KLJK� FRQFHQWUDWLRQV�� 7R� VDIHJXDUG� KXPDQ� KHDOWK�� WKH�
1HZ�=HDODQG�0LQLVWU\�RI�+HDOWK�KDV� LQWURGXFHG�GULQNLQJ�ZDWHU�JXLGHOLQHV� OLPLWLQJ�12���1�
FRQFHQWUDWLRQ� WR� ����� PJ�1� O���� DQG� UHJLRQDO� DXWKRULWLHV� KDYH� GHYHORSHG� UHJLRQDO� UHVRXUFH�
SODQV�WKDW�PD\�UHVWULFW�ODQG�XVHV�WR�SURWHFW�ZDWHU�UHVRXUFHV���
�
7KH� ODUJHVW�VRXUFH�RI� WKHVH� ORVVHV� LQ�DQLPDO�DJULFXOWXUH� LV�IURP�DQLPDO�H[FUHWD��UHF\FOLQJ�1�
LQSXWV�IURP�IHUWLOLVHU�DQG�ELRORJLFDO�1�IL[DWLRQ�ZLWKLQ�WKH�VRLO�SODQW�V\VWHP��%RODQ�HW�DO��������
6DJJDU�HW�DO������E��&ODUN�HW�DO���������*UD]LQJ�UXPLQDQWV�XWLOL]H�OLWWOH�RI�WKH�1�LQ�IHHG�DQG�
FDQ� H[FUHWH� ��±���� RI� LQJHVWHG� 1� �:KLWHKHDG� ������ DV� XULQH� DQG� GXQJ�� 7KLV� DGGHG� 1��
HVSHFLDOO\� DQLPDO� XULQH�� DFWV� DV� WKH� GRPLQDQW� VXEVWUDWH� IRU� 1� ORVVHV� GXH� WR� KLJK� ORFDOL]HG�
FRQFHQWUDWLRQV�RI�UHDGLO\�DYDLODEOH�1�LQ�HDFK�SDWFK��1LWUDWH�OHDFKLQJ�IURP�DJULFXOWXUDO�ODQG�LV�
WKH� PDLQ� VRXUFH� RI� 12��� LQ� VXUIDFH� DQG� JURXQG� ZDWHU� �'L� DQG� &DPHURQ� ����D��� 7KH�
H[SDQVLRQ�RI�WKH�GDLU\�LQGXVWU\��0$)�������KDV�FRQWULEXWHG�PRVW�WR�WKH�LQFUHDVH�LQ�1�XVH�LQ�
1HZ�=HDODQG��DQG�FXUUHQW�PDQDJHPHQW�RI� LQWHQVLYHO\�PDQDJHG�SDVWXUHV�KDV�EHHQ�XQDEOH� WR�
UHGXFH� JDVHRXV� 1� HPLVVLRQV� DQG� 12��� OHDFKLQJ� VLJQLILFDQWO\�� 7KXV�� QLWULILFDWLRQ� LQKLELWRUV�
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�1,V��DUH�EHLQJ�SURPRWHG�LQ�1HZ�=HDODQG�WR�UHGXFH�WKHVH�ORVVHV��1,V�FDQ�UHGXFH�OHDFKLQJ�RI�
12��� DQG� HPLVVLRQV�RI�1�2�GLUHFWO\�� E\� UHGXFLQJ� WKH� IUDFWLRQ�RI�1+���1�R[LGLVHG� WR�12���
�$XODNK�HW�DO��������%URQVRQ�HW�DO���������$�FRPPRQO\�UHFRPPHQGHG�1,�LQ�1HZ�=HDODQG�LV�
GLF\DQGLDPLGH� �'&'��� ,W� LV� QRW� D� EURDG�VSHFWUXP� EDFWHULFLGH� DQG� GRHV� QRW� DIIHFW� RWKHU�
KHWHURWURSKV�WKDW�DUH�UHVSRQVLEOH�IRU�PXFK�RI�WKH�VRLO¶V�ELRORJLFDO�DFWLYLW\��$PEHUJHU��������
�
'&'�KDV�EHHQ�XVHG� WR� LQFUHDVH� WKH� HIILFLHQF\�RI�1� LQ� IHUWLOLVHUV� RU�PDQXUHV��ZLWK�YDULDEOH�
UHVXOWV��$PEHUJHU�������:DGPDQ�HW�DO��������'DYLHV�DQG�:LOOLDPV�������:LOOLDPVRQ�HW�DO��
�������1HZ�=HDODQG�O\VLPHWHU��'L�DQG�&DPHURQ�����E������������F��������������DQG�ILHOG�
VWXGLHV��+RRJHQGRRUQ�HW�DO��������6PLWK�HW�DO���������LQFOXGLQJ�DQ�$XVWUDOLDQ�VWXG\��.HOO\�HW�
DO�� ������ RI�'&'�RQ� XULQH� SDWFKHV�� VKRZHG�1�2�HPLVVLRQV�ZHUH� UHGXFHG� E\� ��±����DQG�
12��� OHDFKLQJ�ZDV� UHGXFHG�E\���±�����+RZHYHU�� OLPLWHG� VWXGLHV�KDYH�EHHQ�XQGHUWDNHQ� WR�
VWXG\�WKH�RYHUDOO�HIIHFW�RI�'&'�RQ�1�WUDQVIRUPDWLRQV�� LQFOXGLQJ�JDVHRXV�HPLVVLRQV�RI�ERWK�
1+��DQG�1�2�DQG�OHDFKLQJ�RI�1+���DQG�12����7KH�REMHFWLYH�RI�RXU�JODVVKRXVH�VWXG\�ZDV�WR�
XQGHUVWDQG� WKH� HIIHFW� RI�'&'�RQ� XULQH�1�G\QDPLFV� E\� TXDQWLI\LQJ� WKH� HIIHFWV� RI�'&'�RQ�
1+��DQG�1�2�HPLVVLRQV��PLQHUDO�1��OHDFKLQJ�RI�1��1+���1�DQG�12����1���DQG�KHUEDJH�\LHOG��
2XU�DLP�ZDV�WR�KHOS�LPSURYH�VWUDWHJLHV�IRU�PLWLJDWLQJ�1�ORVVHV�IURP�JUD]HG�SDVWXUHV��
�
0DWHULDOV�DQG�PHWKRGV�
�
([SHULPHQWDO�GHWDLOV�
�
&ROOHFWLRQ�DQG�SUHSDUDWLRQ�RI�VRLO�FRUHV�
,QWDFW� VRLO� FRUHV� ����� PP� GLDPHWHU�� ���� PP� GHSWK�� ZHUH� FROOHFWHG� IURP� D� VKHHS�JUD]HG�
SHUPDQHQW� SDVWXUH� VLWH� ZLWK� D� PL[WXUH� RI� SHUHQQLDO� U\HJUDVV� �/ROLXP� SHUHQQH�� DQG� ZKLWH�
FORYHU� �7ULIROLXP� UHSHQV�� DW� )UHZHQV� 5HVHDUFK� EORFN�� 0DVVH\� 8QLYHUVLW\� 7XULWHD� FDPSXV��
3DOPHUVWRQ� 1RUWK�� 7KH� VRLO� DW� WKLV� VLWH� LV� D� 0DQDZDWX� ILQH� VDQG\� ORDP�� FODVVLILHG� DV� D�
ZHDWKHUHG� IOXYLDO� UHFHQW� VRLO� �+HZLWW��������3HUWLQHQW� VRLO� FKHPLFDO�DQG�SK\VLFDO�SURSHUWLHV�
DUH�JLYHQ�LQ�7DEOH����7KH�VRLO�FRUHV�ZHUH�ILUVW�VDWXUDWHG�RYHUQLJKW�ZLWK�GHLRQLVHG�ZDWHU�DQG�
WKHQ�NHSW�RQ�SUHVVXUH�SODWHV�DW� ����N3D�SUHVVXUH� IRU���GD\V� WR�EULQJ� WKHP� WR� ILHOG�FDSDFLW\��
7KH�VZDUG�RQ�WKH�FRUHV�ZDV�WKHQ�FXW�DQG�WKH�FRUHV�ZHLJKHG�DQG�PDLQWDLQHG�DW�ILHOG�FDSDFLW\�
WKURXJKRXW� WKH� H[SHULPHQW�� 7KUHH� FRUHV� ZHUH� SODFHG� LQ� HDFK� FKDPEHU� �GLVFXVVHG� XQGHU�
JDVHRXV�HPLVVLRQV��RI�D�JODVVKRXVH�PDLQWDLQHG�DW���±��R&�GXULQJ�$XJXVW���������
� � � � � �
7UHDWPHQWV�
7KH� HLJKW� WUHDWPHQWV� LQ� WULSOLFDWH� LQFOXGHG�� WZR�FRQWUROV� �7�±�ZLWKRXW�'&'�DQG�7��±�ZLWK�
'&'�DW�����J�P�������NJ�KD�����SOXV�VL[�XULQH�DQG�XULQH�SOXV�'&'�WUHDWPHQWV���7��±�XULQH�DW�
�����J�1�P��������NJ�1�KD�����7��±�XULQH�DW������J�1�P�����'&'��7��±�XULQH�DW����J�1�P���
�����NJ�1�KD�����7��±�XULQH�DW����J�1�P�����'&'��7��±�XULQH�DW����J�1�P��������NJ�1�KD�����
7��±�XULQH�DW����J�1�P�����'&'���7KHVH�WUHDWPHQWV�DUH�KHUHDIWHU�UHIHUUHG�WR�DV�7���7���7���
7���7���7���7���DQG�7���'&'�ZDV�PL[HG�ZLWK�XULQH�EHIRUH�DSSOLFDWLRQ��7KH�YROXPHV�RI�XULQH�
DGGHG�ZHUH���������DQG����PO�DQG�WKH\�LQFUHDVHG�ZDWHU�ILOOHG�SRUH�VSDFH��:)36��RI�WKH�VRLO�
FRUHV� IURP������DW� ILHOG�FDSDFLW\�PRLVWXUH� FRQWHQW�� WR�����������DQG����� IRU� WKH������J�
1P��� �7�� DQG� 7���� ��� J� 1P��� �7�� DQG� 7���� DQG� ��� J� 1P��� �7�� DQG� 7��� WUHDWPHQWV�
UHVSHFWLYHO\��%HFDXVH�WKH�PRLVWXUH�FRQWHQW�RI�VRLO�FRUHV�LQFUHDVHG�ZLWK�DGGLWLRQ�RI�XULQH��QR�
ZDWHU�ZDV�DGGHG�WR�WKH�VRLO�FRUHV�XQWLO�WKH\�GULHG�EHORZ�WKH�ILHOG�FDSDFLW\�PRLVWXUH�FRQWHQW��
�
/HDFKDWH�FROOHFWLRQ�IURP�FRUHV�
$W�WKH�HQG�RI�WKH�JODVVKRXVH�H[SHULPHQW��RQH�FRUH�IURP�HDFK�UHSOLFDWHG�FKDPEHUV�RI�7���7���
7��� DQG� 7�� WUHDWPHQWV� ZDV� OHDFKHG� ZLWK� ���� SRUH� YROXPHV� RI� GHLRQL]HG� ZDWHU�� 7KHVH�
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WUHDWPHQWV�ZHUH� VHOHFWHG�EHFDXVH� WKH� UDWH�RI� XULQH� DSSOLHG�ZDV� FORVHVW� WR� WKH� DFWXDO� UDWH� LQ�
VKHHS�JUD]HG�SDVWXUH�����±����NJ�1�KD����DQG�LQ�FRZ�XULQH�SDWFKHV������NJ�1�KD�����+HUEDJH�
RQ�WKH�FRUHV�ZDV�WULPPHG�FORVH�WR�WKH�VRLO�VXUIDFH�DQG�ZDWHU�DGGHG�XVLQJ�D�SHULVWDOWLF�SXPS�DW�
��PO�PLQ����$�OD\HU�RI�VLOLFD�VDQG�ZDV�VSUHDG�RQ�WKH�VXUIDFH�RI�HDFK�FRUH�DQG�D�ILOWHU�SDSHU�
SODFHG� RQ� WRS� WR� HQVXUH� XQLIRUP� GLVWULEXWLRQ� RI� ZDWHU� RQ� WKH� FRUH� VXUIDFH�� /HDFKDWH� ZDV�
FROOHFWHG�LQLWLDOO\�LQ�VPDOO�YROXPHV�RI������������DQG�����[����PO��WKHQ�LQ�YROXPHV�RI�����[����
DQG������[����PO��WKH�OHDFKDWHV�ZHUH�WKHQ�DQDO\VHG�VHSDUDWHO\�IRU�PLQHUDO�1��1+���DQG�12���
LRQV���
�
*DVHRXV�HPLVVLRQV�
7KH�FKDPEHUV�XVHG�IRU�1+��DQG�1�2�HPLVVLRQ�ZHUH�PRGLILHG�39&�µVHZHU�KDWFKHV¶�DWWDFKHG�
WR�����PP�GLDPHWHU�[�����PP�GHHS�VHFWLRQV�RI�39&�SLSH�ZLWK�D�VHDOHG�EDVH��6DJJDU�HW�DO��
����E���(DFK�FKDPEHU�KDG� WZR� UHPRYDEOH� OLGV�ZLWK�RQH�RU� WZR�SRUWV� IRU� VDPSOLQJ�1�2�RU�
1+��IOX[HV��UHVSHFWLYHO\��7KH�OLG�ZLWK�RQH�SRUW�ZDV�ILWWHG�ZLWK�D����FP�OHQJWK�RI�WXELQJ������
PP�GLDPHWHU��ZLWK�D�WKUHH�ZD\�VWRSFRFN�IRU�VDPSOLQJ�1�2�JDV��7KH�OLG�ZLWK�WZR�SRUWV�KDG�
RQH�LQSXW�SRUW�FRQQHFWHG�WR�D�FRPSUHVVHG�DLU�VXSSO\�DQG�WKH�RWKHU��H[KDXVW��SRUW�FRQQHFWHG�WR�
D� FKHPLFDO� WUDS� WR� DEVRUE�1+���$PPRQLD� HPLVVLRQV�ZHUH�PHDVXUHG� IRU� ��±���KRXUV� GDLO\�
RYHUQLJKW�IRU����GD\V�DIWHU�DSSOLFDWLRQ�RI�WKH�WUHDWPHQWV�XVLQJ�WKH�DFWLYH�IOX[�PHWKRG�ZLWK�D�
FRQVWDQW�DLU�VXSSO\�DW���GP��PLQ���DQG����PO������0�+�62��DFLG�WUDSV�WR�FDSWXUH�1+���:XOI�
HW�DO��������6LQJK�HW�DO���������$IWHU�PHDVXULQJ�1+���WKH�OLGV�ZHUH�UHPRYHG�DQG�WKH�FKDPEHUV�
OHIW�RSHQ�WR�HTXLOLEUDWH�XQGHU�DPELHQW�FRQGLWLRQV��$PPRQLD�FROOHFWHG�LQ������0�+�62��ZDV�
DQDO\VHG� FRORULPHWULFDOO\� IRU� WRWDO� 1+���1� XVLQJ� D� 7HFKQLFRQ� DXWRDQDO\VHU�� 7KH�1+�� IOX[�
�PJ�1�P���KU����ZDV�WKHQ�FDOFXODWHG�XVLQJ�WKH�HTXDWLRQ��

'D
9&1 IOX[1+ ×

×=�� � � � � � � � � ����
ZKHUH��&� �1+��FRQFHQWUDWLRQ�LQ�WKH�DFLG�WUDS��PJ�GP�����9� �WKH�YROXPH�RI�DFLG��GP����D� �
WRWDO� FURVV� VHFWLRQ� DUHD� �P��� RI� VRLO� FRUHV� LQ� WKH� FKDPEHU��'�  � GXUDWLRQ� �KRXUV�� RI� HDFK�
VDPSOLQJ���
�
)RU�1�2�PHDVXUHPHQWV��FKDPEHUV�ZHUH�FORVHG�ZLWK�WKH�VLQJOH�SRUW�OLG��6DJJDU�HW�DO������E��
DQG���JDV� VDPSOHV�ZHUH� WDNHQ� IURP�HDFK�FKDPEHU� DW���PLQ� �W�������PLQ� �W����� DQG����PLQ�
�W���� XVLQJ� ���PO� SRO\SURS\OHQH� V\ULQJHV� ILWWHG�ZLWK� ��ZD\� VWRSFRFNV�� 7KHVH� JDV� VDPSOHV�
ZHUH� WUDQVIHUUHG� WR� HYDFXDWHG� YLDOV� DQG� DQDO\]HG� XVLQJ� D� 6KLPDG]X� *&� ±� ��$� JDV�
FKURPDWRJUDSK�ZLWK�D���1L�(OHFWURQ�FDSWXUH�GHWHFWRU��+HGOH\�HW�DO���������1�2��PJ�P���KU����
IOX[�ZDV� HVWLPDWHG� IURP� WKH�PHDVXUHPHQWV�PDGH� DW� WKH� WKUHH� WLPHV� �W��� W���� DQG� W�����7KH�
VDPSOH�RI�DPELHQW�DLU� WDNHQ� MXVW� DIWHU�FORVLQJ� WKH�FKDPEHU� �W���ZDV�XVHG�DV�D� UHIHUHQFH� IRU�
FDOFXODWLQJ� 1�2� JDV� IOX[HV�� 3UHFLVLRQ� RI� WKH� JDV� FKURPDWRJUDSKLF� GDWD� DW� DPELHQW� 1�2�
FRQFHQWUDWLRQV� ZDV� �� ��� RU� EHWWHU�� ,QFUHDVHV� LQ� 1�2� FRQFHQWUDWLRQV� ZLWKLQ� WKH� FKDPEHU�
KHDGVSDFH�ZHUH�JHQHUDOO\�OLQHDU��5��!�������RYHU�WLPH��7KHUHIRUH��1�2�IOX[���J�P���KU����ZDV�
FDOFXODWHG�IURP�HTXDWLRQ���XVLQJ�WKH�LGHDO�JDV�ODZ��

�����
���
+

×
∆
∆××= 7W
F

$
9) ρ � � � � � � ����

ZKHUH�)� �JDV�IOX[���J�P���K����� � �GHQVLW\�RI�JDV��J�P�����9� �YROXPH�RI�WKH�FKDPEHU��P����
$� �EDVH�DUHD�RI�WKH�FKDPEHU��P���� F� W� �DYHUDJH�UDWH�RI�FKDQJH�RI�FRQFHQWUDWLRQ�ZLWK�WLPH�
�SSPY�K�����DQG�7� �WHPSHUDWXUH��°&��LQ�WKH�FKDPEHU��
�
(PLVVLRQV� RI�1+�� DQG�1�2�ZHUH�PRQLWRUHG� IRU� ��� DQG���� GD\V�� UHVSHFWLYHO\��%DFNJURXQG�
FRQFHQWUDWLRQV� RI�1+�� DQG�1�2�ZHUH�PHDVXUHG� IURP� DOO� ��� FKDPEHUV� EHIRUH� DSSO\LQJ� WKH�
WUHDWPHQWV��1LWURXV�R[LGH�ZDV�PHDVXUHG�GDLO\�IRU�WKH�ILUVW�ZHHN�WR�FDSWXUH�LPPHGLDWH�FKDQJHV�
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LQ�JDV� IOX[HV�� WKHQ�PHDVXUHG�RQ�DOWHUQDWH�GD\V� IRU� WZR�ZHHNV�� WKHQ� WZLFH� LQ� WKH�QH[W�ZHHN��
)RU� WKH� UHPDLQLQJ� SHULRG�� PHDVXUHPHQWV� ZHUH� WDNHQ� RQO\� RQFH� D� ZHHN� DV� WKH� IOX[HV�
DSSURDFKHG�WKH�EDFNJURXQG�OHYHOV�
�
$QDO\VHV�
�
8ULQH�DQDO\VLV�
8ULQH�ZDV�FROOHFWHG�IURP�)ULHVLDQ�FRZV�GXULQJ�PLONLQJ�DW�WKH�0DVVH\�8QLYHUVLW\�1R���'DLU\�
IDUP��)UHVK�XULQH�VDPSOHV�IURP�LQGLYLGXDO�FRZV�ZHUH�SRROHG�DQG�IUR]HQ�������&��ZLWKLQ�DQ�
KRXU�RI�FROOHFWLRQ��8ULQH�ZDV�DQDO\]HG�IRU�WRWDO�1��(ELQD�HW�DO��������DQG�WRWDO�&��%UHPQHU�
DQG�7DEDWDEDL��������7KH�XULQH�KDG�D�S+�RI������DQG�WRWDO�1�DQG�&�FRQFHQWUDWLRQV�RI�����J�O���
DQG�����J�O����UHVSHFWLYHO\��
�
6RLO�DQDO\VLV�
$W� WKH� HQG� RI� WKH� JODVVKRXVH� H[SHULPHQW�� XQOHDFKHG� VRLO� FRUHV�ZHUH� VSOLW� LQWR� XSSHU� ��±���
PP��DQG�ORZHU����±����PP��VHFWLRQV��$�VXEVDPSOH�RI���J��RYHQ�GU\�HTXLYDOHQW��ZDV�WDNHQ�
IURP�ERWK�WKH�VHFWLRQV�RI�HDFK�VRLO�FRUH�WR�GHWHUPLQH�WKH�FRQFHQWUDWLRQV�RI�1+���DQG�12����1��
E\� H[WUDFWLQJ� ZLWK� ��� PO� �0� .&O� ����� VRLO�H[WUDFWDQW� UDWLR��� 7KH� H[WUDFWV� ZHUH� DQDO\VHG�
FRORULPHWULFDOO\� IRU�1+��� DQG�QLWUDWH� �12����XVLQJ�D�7HFKQLFRQ�DXWRDQDO\VHU� �%ODNHPRUH�HW�
DO����������
�
+HUEDJH�DQDO\VLV��
+HUEDJH�ZDV� FXW� DW� �� FP�KHLJKW� WZLFH� GXULQJ� WKH����GD\�SHULRG�� GULHG� DW� ���&� WR� FRQVWDQW�
ZHLJKW��DQG�ZHLJKHG��&XPXODWLYH�GU\�PDWWHU��'0��\LHOG�ZDV�UHFRUGHG�IRU�HDFK�FKDPEHU��7KH�
GULHG�KHUEDJH�ZDV� ILQHO\�JURXQG� LQ�D�FXWWLQJ�PLOO� DQG�DQDO\VHG� IRU� WRWDO�1�E\� WKH�.MHOGDKO�
GLJHVWLRQ�PHWKRG��0F.HQ]LH�DQG�:DOODFH��������5HFRYHU\�RI�DGGHG�1�WKURXJK�SODQW�XSWDNH�
ZDV�FDOFXODWHG�XVLQJ�WKH�HTXDWLRQ��

���
�@�>�@��>FRY XUHDXULQHDGGHG1

'&'FRQWURO+HUEDJH1'&'XUHDXULQH1+HUEDJHHU\UH1 ±−±= ���������
�
/HDFKDWH�DQDO\VLV�
/HDFKDWHV� FROOHFWHG� IURP� WKH� VRLO� FRUHV� ZHUH� DQDO\VHG� IRU� 1+��� DQG� 12��� FRQFHQWUDWLRQV�
XVLQJ�D�7HFKQLFRQ�DXWRDQDO\VHU��%ODNHPRUH�HW�DO����������
�
6WDWLVWLFDO�0HWKRGV�
�
$Q�DQDO\VLV�RI�YDULDQFH�XVLQJ�6$6�VRIWZDUH��YHUVLRQ����ZDV�SHUIRUPHG�RQ�WRWDO�1+��DQG�1�2�
HPLWWHG��PLQHUDO�1��WRWDO�DPRXQW�RI�LRQV��1+���DQG�12����OHDFKHG��DQG�KHUEDJH�'0�\LHOG�DQG�
1� XSWDNH� XVLQJ� WKH�*HQHUDO� /LQHDU�0RGHO� �*/0��SURFHGXUH��0HDQV�ZHUH� FRPSDUHG� XVLQJ�
)LVKHUV�/HDVW�6LJQLILFDQW�'LIIHUHQFH��/6'��DW����VLJQLILFDQFH��
�
5HVXOWV�
�
$PPRQLD�HPLVVLRQV�
�
1+�� HPLVVLRQV� LQ� DOO� XULQH� WUHDWPHQWV�ZLWK� RU�ZLWKRXW�'&'� SHDNHG�ZLWKLQ� ��� KRXUV�� WKHQ�
GHFOLQHG� VKDUSO\�� (PLVVLRQV� UHDFKHG� WKH� EDFNJURXQG� OHYHO� ��� GD\V� DIWHU� FRPPHQFLQJ�
PHDVXUHPHQWV� �)LJ�� ����7KHVH� HPLVVLRQV� LQFUHDVHG�ZLWK� LQFUHDVLQJ� UDWHV� RI� XULQH� ERWK�ZLWK�
DQG�ZLWKRXW�'&'�DQG�ZHUH� VLJQLILFDQWO\�JUHDWHU� WKDQ� HPLVVLRQV� IURP� WKH�FRQWURO� WUHDWPHQW�
�7����ZKLFK�UDQJHG�IURP������WR������PJ�1+��1�P���G����DQG�GLG�QRW�FKDQJH�ZLWK�WKH�DGGLWLRQ�
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RI�'&'�������WR������PJ�1+��1�P���G�����7KH�KLJKHVW�HPLVVLRQ�SHDN������PJ�1+��1�P���G����
ZDV� IURP� WKH� WUHDWPHQW� UHFHLYLQJ� WKH� KLJKHVW� OHYHO� RI� XULQH� DSSOLFDWLRQ� �7���� $GGLWLRQ� RI�
'&'� WR� WKLV� XULQH� WUHDWPHQW� �7��� FDXVHG� D� VPDOO� UHGXFWLRQ� �����PJ�1+��1�P��� G���� LQ� WKH�
SHDN��6LPLODU� WUHQGV� LQ�1+��HPLVVLRQV�ZHUH�REVHUYHG�EHWZHHQ�7�������PJ�1+��1�P���G����
DQG�7������PJ�1+��1�P���G�����EXW�QRW�EHWZHHQ�7��������PJ�1+��1�P���G����DQG�7�������PJ�
1+��1�P���G����WUHDWPHQWV��+RZHYHU��LQ�DOO�'&'�WUHDWPHQWV��7���7���DQG�7���1+��HPLVVLRQV�
DIWHU���GD\V�LQFUHDVHG�VOLJKWO\�FRPSDUHG�WR�XULQH�DORQH��7KHVH�GLIIHUHQFHV�LQ�1+��HPLVVLRQV�
UHPDLQHG�XQWLO�GD\����ZKHQ�HPLVVLRQV�LQ�DOO�WKH�WUHDWPHQWV�UHDFKHG�WKH�EDFNJURXQG�OHYHO��1R�
VLJQLILFDQW�GLIIHUHQFH��3�!�������ZDV�IRXQG�LQ�WRWDO�DPRXQW�RI�1+��HPLWWHG�IURP�WUHDWPHQWV�
ZLWK�'&'��7���7���DQG�7���DV�FRPSDUHG�WR�WKH�XULQH�RQO\�WUHDWPHQWV��7���7���DQG�7����7DEOH�
����
�
1LWURXV�R[LGH�HPLVVLRQV�
�
$SSOLFDWLRQ� RI�XULQH� WR� SDVWXUH� VRLO� FRUHV�ZLWK� DQG�ZLWKRXW�'&'� LQFUHDVHG�1�2�HPLVVLRQV�
VLJQLILFDQWO\�FRPSDUHG� WR�WKH�FRQWURO��)LJ������1�2�HPLVVLRQV�IURP�WKH�FRQWURO�UDQJHG�IURP�
����±�����PJ�1�2�1�P��� G��� ZLWK�'&'�� DQG� ����±�����PJ�1�2�1�P��� G��� ZLWKRXW�'&'��
7RWDO�1�2�1�HPLWWHG�LQ�WKH�FRQWURO�ZLWK�'&'�������J�1�P����GLG�QRW�GLIIHU�VLJQLILFDQWO\�IURP�
WKDW�ZLWKRXW�'&'�������J�1�P�����7KH�XULQH�WUHDWPHQWV�7���7���7���ZLWKRXW�'&'�JDYH�SHDNV�
RI�����������DQG�����PJ�1�2�1�P���G����UHVSHFWLYHO\�ZLWKLQ����KRXUV�RI�DSSOLFDWLRQ��)LJ������
$GGLWLRQ�RI�'&'�ZLWK�XULQH��7���7���DQG�7���VLJQLILFDQWO\�UHGXFHG�1�2�HPLVVLRQ�SHDNV������
���� DQG� ���� PJ� 1�2�1� P��� G���� UHVSHFWLYHO\��� DQG� WKURXJKRXW� WKH� PHDVXUHPHQW� SHULRG�
HPLVVLRQV� UHPDLQHG� ORZHU� WKDQ� LQ� WKH� FRUUHVSRQGLQJ� XULQH� WUHDWPHQWV� ZLWKRXW� '&'��
(PLVVLRQV�UHDFKHG�EDFNJURXQG�OHYHOV�E\�GD\�����UHVXOWV�VKRZQ�RQO\�WR�GD\������H[FHSW�LQ�WKH�
7�� WUHDWPHQW� ZKLFK� PDLQWDLQHG� KLJKHU� HPLVVLRQV� WKDQ� WKH� EDFNJURXQG�� $GGLWLRQ� RI� '&'�
UHGXFHG� WRWDO�1�2� HPLVVLRQV� RYHU� ��� GD\V� E\� ����� ����� DQG� ���� LQ� WKH�7��� 7��� DQG�7��
WUHDWPHQWV��UHVSHFWLYHO\��7DEOH������

�
0LQHUDO�QLWURJHQ�
�
$W� WKH� HQG�RI� WKH� H[SHULPHQW��PLQHUDO�1�SUHVHQW� LQ� WKH� VRLO� FRUHV� UHFHLYLQJ�XULQH�ZLWK� DQG�
ZLWKRXW�'&'�ZDV�VWLOO�VLJQLILFDQWO\�KLJKHU�WKDQ�LQ�FRQWURO�WUHDWPHQWV��,Q�DOO�XULQH�WUHDWPHQWV�
ZLWKRXW�'&'��1�ZDV�PDLQO\�LQ�WKH�12���1�IRUP��ZKHUHDV�LQ�XULQH�WUHDWPHQWV�ZLWK�'&'��1�
ZDV�SUHGRPLQDQWO\�LQ�1+���1�IRUP��)LJ������1+���1�FRQWHQW�LQFUHDVHG�E\����±�����WLPHV�DW�
ERWK��±���DQG���±����PP�GHSWKV�LQ�'&'�WUHDWPHQWV�ZLWK�LQFUHDVHG�XULQH�UDWHV��)LJ����D���WKH�
SHUFHQW� LQFUHDVH�EHLQJ�JUHDWHU�DW���±����PP�GHSWK��$SSDUHQWO\�� HLWKHU� WKH�DSSOLHG�XULQH�1�
PRYHG�LQWR�WKH�VRLO�DQG�ZDV�VXEVHTXHQWO\�K\GURO\VHG�WR�1+���LRQV��DQG�RU�K\GURO\VHG�1+���

LRQV� PRYHG� LQWR� WKH� VRLO�� OHDGLQJ� WR� LQFUHDVHG� 1+���1� OHDFKLQJ� ZLWK� '&'�� +RZHYHU�� WKH�
12���1�FRQWHQWV�RI� WKH� WUHDWPHQWV� UHFHLYLQJ�'&'�GHFUHDVHG�E\���±�����DW�ERWK��±���DQG�
��±����PP�GHSWKV���
�
'U\�PDWWHU�\LHOG�DQG�1�UHFRYHU\�
�
'U\�PDWWHU�\LHOG�LQFUHDVHG�ZLWK�LQFUHDVLQJ�UDWHV�RI�XULQH�DSSOLFDWLRQ�H[FHSW�LQ�WUHDWPHQWV�7��
DQG� 7��� DQG� FRPSDUHG� WR� WKH� FRQWURO� WUHDWPHQWV� ZDV� VLJQLILFDQWO\� KLJKHU� ERWK� ZLWK� DQG�
ZLWKRXW�'&'��7DEOH�����'&'�DSSOLHG� WR�XULQH� WUHDWPHQWV�KDG�QR�FRQVLVWHQW�DQG�VLJQLILFDQW�
HIIHFW�RQ�WKH�'0�\LHOG���
�
7KH�UDWH�RI�XULQH�DSSOLFDWLRQ�KDG�D�VLJQLILFDQW�QHJDWLYH�HIIHFW�RQ�1�UHFRYHUHG�IURP�KHUEDJH�
�7DEOH� ���� 1� UHFRYHU\�ZDV� KLJKHVW� �������� LQ� 7��� IROORZHG� E\� 7�� �������� DQG� 7�� ������
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1LWURJHQ�UHFRYHU\�ZDV�ORZHU�ZLWK�WKH�DGGLWLRQ�RI�'&'�LQ�7��DQG�7��FRPSDUHG�WR�WKH�QRQ�
'&'�WUHDWPHQWV�7��DQG�7���UHVSHFWLYHO\��
�
1LWURJHQ�OHDFKLQJ�
�
$PPRQLXP�OHDFKLQJ�
&KDQJHV� LQ�PHDQ�1+���1� FRQFHQWUDWLRQ� LQ� WKH� OHDFKDWH� VDPSOHV�ZLWK� FXPXODWLYH� GUDLQDJH�
YROXPH� IURP� HDFK� FRUH� DUH� VKRZQ� LQ� )LJ�� �D�� &RQFHQWUDWLRQV� LQ� HDFK� EUHDNWKURXJK� FXUYH�
SHDNHG�DOPRVW�LPPHGLDWHO\�DV�WKH�OHDFKLQJ�VWDUWHG��SHDNV�EHLQJ������DQG������PJ�1�O���IRU�7��
DQG�7���ZLWKRXW�'&'���UHVSHFWLYHO\��$GGLWLRQ�RI�'&'�LQ�WKH�7��DQG�7��WUHDWPHQWV�SURGXFHG�
VLJQLILFDQWO\� KLJKHU� SHDNV� ������ DQG� ����� PJ� 1� O����� 7RWDO� 1+���1� OHDFKHG� LQ� WKH� FRUHV�
LQFUHDVHG�VLJQLILFDQWO\�ZLWK�WKH�DGGLWLRQ�RI�'&'��UHVXOWLQJ�LQ�LQFUHDVHV�LQ�1+���1�OHDFKHG�RI�
�±����WLPHV��)LJ������
�
1LWUDWH�OHDFKLQJ��
/HDFKLQJ� EUHDNWKURXJK� FXUYHV� IRU� 12���1� DUH� SUHVHQWHG� LQ� )LJ�� �E�� 3HDN� 12���1�
FRQFHQWUDWLRQ� LQ� WKH� OHDFKDWH� IURP�XULQH� WUHDWPHQWV�ZLWKRXW�'&'��7��DQG�7��� UHDFKHG�����
DQG�����PJ�1�O���UHVSHFWLYHO\��)LJ���E���+RZHYHU��SHDN�12���1�FRQFHQWUDWLRQ�LQ�WKH�OHDFKDWH�
IURP�WKH�'&'�WUHDWPHQWV��7��DQG�7���ZDV�VLJQLILFDQWO\�UHGXFHG��3��������WR����DQG�����PJ�
1�O���UHVSHFWLYHO\��7KH�WRWDO�DPRXQW�RI�12���1�OHDFKHG�IURP�WKH�XULQH�RQO\�WUHDWPHQWV�7��DQG�
7��������DQG������J�1�P����UHVSHFWLYHO\��ZDV�VLJQLILFDQWO\�KLJKHU�WKDQ�WKH�'&'�WUHDWPHQWV�7��
DQG�7��������DQG������J�1�P�����$GGLWLRQ�RI�'&'�UHVXOWHG�LQ�D���±����UHGXFWLRQ�LQ�DSSDUHQW�
12���1�OHDFKLQJ�IURP�WKH�VRLO�FRUHV��
�
&XPXODWLYH� DPRXQWV� RI�1+��� DQG�12���1� LQ� WKH� OHDFKDWH� VDPSOHV� RI� DOO� WKH� FRUHV� �)LJ�� ���
VKRZ� FOHDUO\� WKDW� PRVW�1� ���±����� OHDFKHG� DV�12���1��ZLWK�1+���1� UHSUHVHQWLQJ� RQO\� D�
VPDOO�SURSRUWLRQ�RI�WKH�WRWDO��7KXV��DOWKRXJK�DGGLQJ�'&'�WR�WKH�XULQH�LQFUHDVHG�WKH�DPRXQW�
RI�1+���1� OHDFKHG�� WKHUH�ZDV�VWLOO�D�VLJQLILFDQW� UHGXFWLRQ� LQ� WKH� WRWDO�1� OHDFKHG�� IURP������
�7���WR������J�1�P����7���DQG�������7���WR������J�1�P����7����)LJ������UHVXOWLQJ�LQ�D�UHGXFWLRQ��
RI�DERXW������LQ�WRWDO�1�OHDFKHG��
�
'LVFXVVLRQ�
�
$GGLWLRQ� RI�'&'� WR� LQFUHDVLQJ� UDWHV� RI� XULQH� UHVXOWHG� LQ�� ���� D� VLJQLILFDQW� LQFUHDVH� LQ� VRLO�
1+���1� FRQFHQWUDWLRQ�� FDXVLQJ� D�PDUJLQDO� LQFUHDVH� LQ� WRWDO�1+�� HPLVVLRQV� IURP�XULQH� DQG�
HQKDQFLQJ�WKH�SRWHQWLDO�IRU�1+���1�OHDFKLQJ�E\�D�IDFWRU�RI��±���������D�VLJQLILFDQW�GHFUHDVH�LQ�
1�2� HPLVVLRQV� DQG�12���1� DFFXPXODWLRQ� DV�ZHOO� DV� D� ��±����GHFUHDVH� LQ� SRWHQWLDO�12���
OHDFKLQJ��DQG�����QR�VLJQLILFDQW�HIIHFW�RQ�SDVWXUH�\LHOG���
�
1LWURJHQ�HPLWWHG�DV�1+��IURP�DOO�XULQH�WUHDWPHQWV�ZLWK�DQG�ZLWKRXW�'&'�UDQJHG�IURP�����±
������RI�XULQH�1��7KLV�LV�DW�WKH�ORZHU�HQG�RI�WKH�UDQJH�RI�UHSRUWHG�ORVVHV�DQG�PD\�UHVXOW�IURP�
WKH� ODFN� RI� ZLQG� DQG� UHODWLYHO\� KLJK� VRLO� PRLVWXUH� UDWHV� LQ� RXU� H[SHULPHQW�� )RU� H[DPSOH��
%URQVRQ� HW� DO� ������� FRQFOXGHG� WKDW� ���� RI� XULQH�1� ZDV� ORVW� IURP� D� VDQG\� VRLO�� ZKLOH�
:KLWHKHDG� DQG� %ULVWRZ� ������� PHDVXUHG� ���� ORVV� RI� XULQH�1� DV� 1+�� IURP� PLFURSORWV�
UHFHLYLQJ�FDWWOH�XULQH��+RZHYHU��FDWWOH�XULQH�DSSOLHG�WR�O\VLPHWHUV�ORVW�XS�WR�������&ORXJK�HW�
DO��������DQG�����&ORXJK�HW�DO��������RI�LWV�1��2XU�YDOXH�IRU�1+�� ORVV�IURP�XULQH�DOVR�OLHV�
ZLWKLQ� WKH����±������UDQJH�RI�1+�� UHSRUWHG�E\�/RFN\HU�DQG�:KLWHKHDG�������� IURP�XULQH�
DSSOLHG�DW�GLIIHUHQW�WLPHV�RI�WKH�\HDU��'LF\DQGLDPLGH�LQKLELWV�RU�GHOD\V�QLWULILFDWLRQ�RI�1+���
WR�12���1��WKXV�LQFUHDVLQJ�WKH�FRQFHQWUDWLRQ�RI�1+���1�LQ�WKH�VRLO��,Q�RXU�VWXG\��GHVSLWH�WKH�
LQFUHDVH�RI�1+���FRQFHQWUDWLRQV�LQ� WKH�VRLO�ZKHQ�'&'�ZDV�DSSOLHG�ZLWK�XULQH�FRPSDUHG�WR�
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XULQH�DORQH� �)LJ������1+��HPLVVLRQ�GLG�QRW� LQFUHDVH�VLJQLILFDQWO\��7KLV�PD\�EH�DWWULEXWHG� WR�
UDSLG�PRYHPHQW� RI� XUHD�1� LQWR� WKH� VRLO�� UHVXOWLQJ� LQ� UHWHQWLRQ� RI� WKH�1+���1� SURGXFHG� E\�
K\GURO\VLV� RI� WKLV� XUHD��+RZHYHU�� WKLV�PLJKW� QRW� EH� WUXH� IRU� VXUIDFH� DSSOLFDWLRQ� RI� XUHD� RU�
ZKHUH�XULQH�LV�YRLGHG�RQWR�GU\�VRLO��SDVWXUH��DV�IRXQG�LQ�H[WHQVLYH�O\VLPHWHU�DQG�ILHOG�VWXGLHV�
E\� 5RJHUV� �������� 5DR� DQG� 3XWWDQQD� �������� 'DYLHV� DQG�:LOOLDPV� �������� 3XWWDQQD� HW� DO��
��������DQG�6LQJK�HW�DO�� �JODVV�KRXVH�VWXG\��QRW�SXEOLVKHG��� ,Q� WKHVH�VWXGLHV��1+��HPLVVLRQV�
LQFUHDVHG�VLJQLILFDQWO\�ZKHQ�'&'�ZDV�DGGHG�WR�XUHD�DSSOLFDWLRQV��6XUIDFH�DSSOLHG�XUHD�DQG�
XULQH� DSSOLHG� WR� GU\� VRLO� SURYLGHV� D� JUHDWHU� RSSRUWXQLW\� IRU� K\GURO\VHG�1+��� WR� HVFDSH� DV�
1+���FRPSDUHG�WR�WKH�DSSOLFDWLRQ�RI�XULQH�WR�WKH�VRLO�FRUHV�DW�ILHOG�FDSDFLW\�PRLVWXUH�FRQWHQW��
7KLV� DUJXPHQW� LV� FRQVLVWHQW�ZLWK� WKH� ILQGLQJV� RI� 5DR� DQG� 3XWWDQQD� �������� 3XWWDQQD� HW� DO��
�������� DQG� 5RGJHUV� �������ZKR� VKRZHG� WKDW� 1+�� YRODWLOLVDWLRQ� ORVVHV� IURP�'&'�WUHDWHG�
XUHD�FRXOG�EH�VXEVWDQWLDOO\� UHGXFHG�E\�GHHS�SODFHPHQW��7KH�YROXPHV�RI�XULQH�DGGHG� LQ�RXU�
VWXG\�ZHUH���������DQG����PO�IRU�WKH������J�1�P����7��DQG�7�������J�1�P����7��DQG�7����DQG�
���J�1�P����7��DQG�7���WUHDWPHQWV��UHVSHFWLYHO\��7KH�ODUJHU�YROXPH�RI�XULQH�LQ�WKH�7��DQG�7��
WUHDWPHQWV�ZRXOG�KDYH� DOORZHG�XULQH�1� WR�EH� GLVWULEXWHG�PRUH� HYHQO\� DQG� WR� D�JUHDWHU� VRLO�
GHSWK�WKDQ�LQ�WKH�RWKHU�WUHDWPHQWV��7KXV��WKH�DGGLWLRQ�RI�'&'�FDXVHG�D�ORZHU�LQFUHDVH�LQ�1+��
YRODWLOLVDWLRQ� LQ� WKH� 7�� ����� WKDQ� LQ� WKH� 7�� ����� DQG� 7�� ������ WUHDWPHQWV�� DV� WKH� 1+���
SURGXFHG�ZRXOG�EH�GHHSHU�LQ�WKH�VRLO�LQ�WKH�7��WUHDWPHQW��+RZHYHU��LQ�D�O\VLPHWHU�VWXG\�'L�
DQG� &DPHURQ� �����F�� IRXQG� QR� VLJQLILFDQW� GLIIHUHQFH� LQ� WKH� WRWDO� DPRXQW� RI� 1+�� HPLWWHG�
IURP�FRZ�XULQH�ZLWK�DQG�ZLWKRXW�WKH�DSSOLFDWLRQ�RI�'&'���
�
,Q� RXU� H[SHULPHQW� ����±������ RI� XULQH�1� ZDV� HPLWWHG� DV� 1�2� �7DEOH� ���� ZLWK� SHDN� 1�2�
HPLVVLRQV�LQ�DOO�XULQH�WUHDWPHQWV��L�H��ZLWK�DQG�ZLWKRXW�'&'��ZLWKLQ����KRXUV�RI�DSSOLFDWLRQ�
RI� WUHDWPHQWV��2HQHPD�HW�DO���������HVWLPDWHG�WKDW����±�����RI�XULQH�1�IURP�XULQH�VSRWV� LQ�
JUD]HG�SDVWXUHV�ZDV�HPLWWHG�WR�WKH�DWPRVSKHUH�DV�1�2�DQG�GH�.OHLQ�HW�DO��������DOVR�UHSRUWHG�
1�2�HPLVVLRQ�IDFWRUV�RI����±�����IRU�FRZ�XULQH�LQ�1HZ�=HDODQG�VRLOV��GHSHQGLQJ�RQ�UDLQIDOO�
DQG�VRLO�GUDLQDJH�FODVVHV��7KH�VWLPXODWRU\�HIIHFW�RI�XULQH�FDQ�EH�DWWULEXWHG�WR�WKH�LQFUHDVHG�1�
DYDLODELOLW\��LQFUHDVHG�VRLO�:)36�DQG�VXSSO\�RI�HDVLO\�DYDLODEOH�&��L�H��VROXELOLVDWLRQ�RI�VRLO�&�
FDXVHG�E\�DQ�LQFUHDVH�LQ�S+�DIWHU�XULQH�RU�XUHD�DSSOLFDWLRQ���:LOOLDPV�HW�DO��������$PEXV�HW�
DO�� ������ .HOOLKHU� HW� DO�� ������� 7KH�:)36� RI� WKH� VRLO� FRUHV� LQFUHDVHG� IURP� ���� �DW� ILHOG�
FDSDFLW\��WR�����������DQG�����ZLWK�WKH�DGGLWLRQ�RI����PO�����J�1�P��������PO�����J�1�P�����
DQG� ��� PO� ���� J� 1�P���� XULQH�� UHVSHFWLYHO\�� (PLVVLRQV� RI� 1�2� KDYH� RIWHQ� EHHQ� VKRZQ� WR�
LQFUHDVH�ZLWK�LQFUHDVLQJ�:)36��ZLWK�DQ�H[SRQHQWLDO�LQFUHDVH�DERYH�����:)36��$QJHU�HW�DO��
�������7KHVH�:)36�YDOXHV�DUH�ZLWKLQ�WKH�UDQJH�RI�YDOXHV�SUHYLRXVO\�UHSRUWHG�WR�IDYRXU�1�2�
SURGXFWLRQ�E\�ERWK�QLWULILHUV�DQG�GHQLWULILHUV��/LQQ�DQG�'RUDQ��������7KH�SHUFHQWDJH�RI�DGGHG�
1�HPLWWHG�DV�1�2�LQ� WKH�H[SHULPHQW� LQFUHDVHG�H[SRQHQWLDOO\�ZLWK� WKH� LQFUHDVLQJ�YROXPH�RI�
XULQH�1�DSSOLHG�� ,Q�DQ� LQFXEDWLRQ�VWXG\�� LQFUHDVLQJ�YROXPHV�RI�DGGHG�XULQH�ZLWK�D�FRQVWDQW�
FRQFHQWUDWLRQ�RI�XULQH�1�UHVXOWHG�LQ�D�VLJQLILFDQW�LQFUHDVH�LQ�1�2�HPLVVLRQV��9DQ�*URHQLJHQ�
HW�DO����������
�
1LWURXV� R[LGH� FDQ� EH� SURGXFHG� HLWKHU� E\� QLWULILFDWLRQ� �%UHPQHU� HW� DO�� ������ RU� E\�
GHQLWULILFDWLRQ� �)LUHVWRQH� DQG� 'DYLGVRQ� ������� ZLWK� ERWK� SURFHVVHV� SRVVLEO\� RFFXUULQJ�
VLPXOWDQHRXVO\�LQ�DGMDFHQW�VRLO�SRUHV�RI�GLIIHUHQW�DHURELFLW\�DQG�KDYLQJ�D�FRPELQHG�LPSDFW�RQ�
WKH�UHOHDVH�RI�1�2��-DUYLV�HW�DO���������'LF\DQGLDPLGH�UHVWULFWV�FRQYHUVLRQ�RI�1+���WR�12����
WKXV� LQKLELWLQJ�SURGXFWLRQ�RI�1�2�YLD�QLWULILFDWLRQ� DQG� OLPLWLQJ� WKH� VXEVWUDWH�12��� IRU�1�2�
HPLVVLRQ�WKURXJK�GHQLWULILFDWLRQ��+LJK�FRQFHQWUDWLRQV�RI�12���LRQV�LQ�VRLO�DUH�D�PDMRU�VRXUFH�
IRU�1�2�HPLVVLRQV��6WHYHQV�DQG�/DXJKOLQ��������,Q�RXU�VWXG\��XVLQJ�'&'�ZLWK�XULQH�SURYHG�
HIIHFWLYH� IRU� UHGXFLQJ� 1�2� HPLVVLRQV�� ORZHULQJ� WKHP� E\� ��±���� FRPSDUHG� WR� XULQH�
WUHDWPHQWV�ZLWKRXW�'&'��7DEOH�����6LPLODUO\��'L�DQG�&DPHURQ��������������VKRZHG�WKDW�1�2�
IOX[�GHFUHDVHG�E\�����IRU�DXWXPQ�XULQH�DQG�����IRU�VSULQJ�XULQH�DSSOLFDWLRQ���
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�
$W�WKH�HQG�RI�WKH�H[SHULPHQW��WKH�FRQFHQWUDWLRQ�RI�12���1�ZDV�KLJKHU�DW�ERWK��±���DQG���±
����PP�GHSWKV�LQ�VRLO�FRUHV�UHFHLYLQJ�XULQH�ZLWKRXW�'&'�FRPSDUHG�WR�FRUHV�ZLWK�'&'��)LJ��
�E��� 7KH� PHDQ� YDOXHV� RI� 12���1� IRU� DOO� XULQH� WUHDWPHQWV� LQGLFDWHG� WKDW� E\� WKH� HQG� RI� WKH�
H[SHULPHQWDO�SHULRG�WKH�12���1�FRQFHQWUDWLRQ�LQ�WKH�VRLO�ZLWK�'&'�ZDV�UHGXFHG�E\���±����
FRPSDUHG�WR�WKDW�LQ�VRLO�ZLWKRXW�'&'��7KLV�GHFUHDVH�LQ�12���1�FDQ�EH�PDLQO\�DWWULEXWHG�WR�
WKH�GLUHFW�HIIHFW�RI�'&'�RQ�QLWULILFDWLRQ��PRUHRYHU��WKH�LQFUHDVH�LQ�1+���1�FRQFHQWUDWLRQ�LQ�
'&'�WUHDWHG� VRLO� PD\� KDYH� FRQWULEXWHG� WR� WKH� ORZHU� 12���1� FRQFHQWUDWLRQV�� EHFDXVH� DQ�
LQFUHDVH� LQ� DPPRQLXP�VDOWV� LQKLELWV�QLWULILFDWLRQ� �0RQDJKDQ�DQG�%DUUDFORXJK��������7KHUH�
ZDV� D� VXEVWDQWLDO� ��±�� WLPHV�� LQFUHDVH� LQ� 1+���1� FRQFHQWUDWLRQ� LQ� FRUHV� UHFHLYLQJ� XULQH�
WUHDWPHQWV�ZLWK�'&'�FRPSDUHG� WR�FRUHV�ZLWKRXW�'&'��+LJKHU�DFFXPXODWLRQ�RI�1+���1� LQ�
VRLO� ZLWK� WKH� DGGLWLRQ� RI� '&'� WR� 1� VRXUFHV� VXFK� DV� IHUWLOLVHU�� VOXUU\� DQG� XULQH�� KDV� EHHQ�
UHSRUWHG� �$EEDVL� DQG� $GDPV�� ������ &RRNVRQ� DQG� &RUQIRUWK�� ������ 0HULQR� HW� DO�� ������
3XWWDQQD�HW�DO���������,Q�WKH�DEVHQFH�RI�DGGHG�1��L�H��WKH�FRQWURO�VRLO���DSSOLFDWLRQ�RI�'&'�GLG�
QRW�DIIHFW�VRLO�1+���1�DQG�12���1�FRQFHQWUDWLRQV��SUREDEO\�EHFDXVH�SDVWXUH�XSWDNH�RI�1+���
1�OLPLWHG�QHW�QLWULILFDWLRQ��&RPSHWLWLRQ�IRU�1+���1�IURP�RWKHU�PLFURRUJDQLVPV��7LHWHPD�DQG�
:HVVHO�������PD\�DOVR�KDYH�FRQWULEXWHG��WR�WKH�QHJOLJLEOH�LQFUHDVHV�LQ�1+���1�LQ�WKH�FRQWURO�
WUHDWPHQW�ZLWK�DGGHG�'&'���
�
2XU�UHVXOWV�VKRZHG�YDOXHV�IRU�DOO�WKH�PHDVXUHG�1+���DQG�12���LQ�WKH�OHDFKDWHV�SHDNHG�ZLWKLQ�
WKH�ILUVW�SRUH�YROXPH��8ULQH�DSSOLHG�WR�WKH�VRLO�FRUHV�DW�ILHOG�FDSDFLW\�PRLVWXUH�FRQWHQW�ZDV�
GLVWULEXWHG�XQLIRUPO\��)XUWKHU��VRLO�FRUHV�ZHUH�PDLQWDLQHG�DW�ILHOG�FDSDFLW\�WKURXJKRXW�WKH����
GD\� H[SHULPHQWDO� SHULRG� E\� DGGLQJ� ZDWHU� ZKLFK� FRXOG� KDYH� PDLQWDLQHG� D� XQLIRUP� VROXWH�
GLVWULEXWLRQ�� 7KXV�� ZKHQ� VRLO� FRUHV� ZHUH� OHDFKHG�� WKH� FRQFHQWUDWLRQ� RI� WKH� VROXWHV� LQ� WKH�
OHDFKDWH� IURP� WKH� ILUVW� SRUH� YROXPH� ZDV� KLJK� DQG� WKHQ� GHFUHDVHG� ZLWK� LQFUHDVLQJ� SRUH�
YROXPHV��$V�GLVFXVVHG�HDUOLHU��WKH�VRLO�PLQHUDO�1�EHIRUH�OHDFKLQJ�ZDV�SUHVHQW�PDLQO\�DV�12��

�1�LQ�WKH�VRLO�FRUHV�LQ�WKH�7��DQG�7��WUHDWPHQWV�UHFHLYLQJ�XULQH�RQO\��VR�WKDW�12���IRUPHG�WKH�
PDMRU� FRPSRQHQW� RI�1� RXWSXW� LQ� WKH� OHDFKDWH� IURP�XULQH� WUHDWPHQWV� �)LJ�� ���� 7KLV�12���1�
FRQFHQWUDWLRQ�ZDV�VLJQLILFDQWO\�UHGXFHG�DW�ERWK�VRLO�GHSWKV�ZLWK�WKH�DGGLWLRQ�RI�'&'�WR�WKH�
VRLO�FRUHV��7KH�12���EUHDNWKURXJK�FXUYHV�VKRZ�WKH�FOHDU�GLIIHUHQFH�EHWZHHQ�XULQH�RQO\��7��
DQG�7���DQG�XULQH�SOXV�'&'��7��DQG�7��� WUHDWPHQWV��7KH���±����UHGXFWLRQ� LQ� WRWDO�12���
OHDFKLQJ�ORVV�DWWULEXWHG�WR�'&'�LQ�WKH�XULQH�WUHDWPHQWV�DW����DQG����J�1�P���LV�VLPLODU�WR�WKH�
��±����UHGXFWLRQ�ZKHQ�'&'�ZDV�DGGHG�WR�DXWXPQ�DSSOLHG�XULQH�1�������NJ�1�KD����E\�'L�
DQG�&DPHURQ������F���������������
�
,Q�FRQWUDVW��WKH�DGGLWLRQ�RI�'&'�LQFUHDVHG�WKH�1+���FRQFHQWUDWLRQ�LQ�VRLO�FRUHV��±��IROG��7KLV�
LQFUHDVH�ZDV�DSSDUHQW�LQ�WKH�DPRXQW�RI�1+���IRXQG�LQ�WKH�OHDFKDWH�RI�WKHVH�FRUHV�ZKLFK�ZDV�
�±���� WLPHV� KLJKHU� WKDQ� WKDW� IRXQG� LQ� WKH� OHDFKDWH� RI� VRLO� FRUHV� ZLWKRXW� '&'� �)LJ�� ����
&RRNVRQ� DQG� &RUQIRUWK� ������� IRXQG� VLPLODU� UHVXOWV�� $OWKRXJK� 1+��� LRQV� DUH� VWURQJO\�
DGVRUEHG� RQ� WKH� VRLO� FROORLGV�� WKH� DFFXPXODWLRQ� RI� 1+��� LRQV� ZRXOG� KDYH� SURJUHVVLYHO\�
VDWXUDWHG� WKH� FDWLRQ�H[FKDQJH� FDSDFLW\� ���� FPROF� NJ���� PDNLQJ� OHDFKLQJ� PRUH� OLNHO\��
+RZHYHU��EHFDXVH�WKH�FROXPQ�GHSWK�LQ�RXU�VWXG\�ZDV�RQO\�����PP��OHVV�1+���OHDFKLQJ�PLJKW�
EH�H[SHFWHG�XQGHU�ILHOG�FRQGLWLRQV�ZLWK�D�GHHSHU�VRLO�SURILOH���$OWKRXJK�WKHUH�ZDV�DQ�LQFUHDVH�
LQ� WKH�1+��� FRQFHQWUDWLRQ� RI� WKH� OHDFKDWH� IURP� WKH� 7�� DQG� 7�� WUHDWPHQWV�� WKH� DGGLWLRQ� RI�
'&'� UHGXFHG� WRWDO� 1� OHDFKLQJ� E\� ���� IRU� WKHVH� WUHDWPHQWV�� PDLQO\� E\� UHGXFLQJ� 12���
OHDFKLQJ��)LJ�������
�
$GGLWLRQ� RI� '&'� GLG� QRW� DIIHFW� SDVWXUH� \LHOG� VLJQLILFDQWO\� LQ� WKH� XULQH� WUHDWPHQWV� LQ� RXU�
VWXG\��KRZHYHU��WKH�HIIHFW�RI�'&'�RQ�KHUEDJH�\LHOG�YDULHV��&RRNVRQ�DQG�&RUQIRUWK��������'L�
DQG�&DPHURQ������E��*LRDFFKLQL�HW�DO��������6PLWK�HW�DO���������7KH�WUHQG�RI�VOLJKW�GHFUHDVH�
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LQ�'0�\LHOG�ZLWK�WKH�DGGLWLRQ�RI�'&'�LQ�WKH�XULQH�WUHDWPHQWV�DW�WKH�ORZHU�UDWHV�RI������DQG�
���J�1�P���PD\�EH�DWWULEXWHG�WR�DQ�LQFUHDVH�LQ�1+���FRQFHQWUDWLRQ�UHVXOWLQJ�LQ�VDOW�LQMXU\�DQG�
1+��� WR[LFLW\��+HUEDJH� \LHOGV� LQ� WKH�7�� DQG�7�� WUHDWPHQWV� ����J� XULQH�1�P����ZHUH� ORZHU�
WKDQ�WKRVH�LQ�WUHDWPHQWV�UHFHLYLQJ�XULQH�DW�WKH�ORZHU�UDWHV��$�IHZ�GD\V�DIWHU�WKH�DSSOLFDWLRQ�RI�
XULQH� LQ� WKH�7�� DQG�7�� WUHDWPHQWV�� WKH� KHUEDJH� WXUQHG� EURZQ� DURXQG� WKH� OHDI�PDUJLQV� DQG�
VRPH�RI�WKH�SODQWV�GLHG���7KLV�HIIHFW�KDV�EHHQ�UHIHUUHG�WR�DV�XULQH�VFRUFK�RU�XULQH�EXUQ�DQG�KDV�
EHHQ� REVHUYHG� LQ� WKH� ILHOG� �'RDN� ������ +ROPHV� ������ 5LFKDUGV� DQG� :ROWRQ� �������
SDUWLFXODUO\�ZKHUH�DSSOLFDWLRQV�RI�KLJKO\�FRQFHQWUDWHG�XULQH�RFFXU��H�J���DW�FRQFHQWUDWLRQV�RI�
XULQH�1�!�����4XLQ���������7KH�PDLQ�HIIHFW�RI�XULQH�EXUQ�LV�WKRXJKW�WR�EH�RQ�WKH�URRW�V\VWHP�
RI�WKH�SODQWV�UDWKHU�WKDQ�RQ�WKH�OHDYHV��5LFKDUGV�DQG�:ROWRQ���������DQG�LV�SUREDEO\�FDXVHG�
E\�D�FRPELQDWLRQ�RI�KLJK�VDOW�FRQFHQWUDWLRQV�DQG�1+���WR[LFLW\��
�
&RQFOXVLRQV�
�
2XU�JODVVKRXVH�VWXG\�VKRZHG�'&'�DSSOLFDWLRQ�WR�LQ�VLWX�VRLO�FRUHV�DW�ILHOG�FDSDFLW\�PRLVWXUH�
FRQWHQW� FDQ� UHGXFH� 1� ORVVHV� YLD� 1�2� HPLVVLRQV� ���±���� UHGXFWLRQ�� DQG� SRWHQWLDO� 12���
OHDFKLQJ� IURP� XULQH� VSRWV� ZLWK� LQFUHDVLQJ� 1� FRQFHQWUDWLRQV�� '&'� GHFUHDVHG� 12���1�
DFFXPXODWLRQ��UHVXOWLQJ�LQ�D���±����UHGXFWLRQ�LQ�SRWHQWLDO�12���1�OHDFKLQJ��+RZHYHU��'&'�
LQFUHDVHG�1+���1�FRQFHQWUDWLRQV�LQ�WKH�VRLO��FDXVLQJ�D��±����IROG�LQFUHDVH�LQ�SRWHQWLDO�1+���
1�OHDFKLQJ��DQG�VOLJKWO\�HOHYDWHG�1+��HPLVVLRQV��2XU�UHVXOWV�DOVR�VKRZHG�'&'�DGGLWLRQ�GLG�
QRW�DIIHFW�KHUEDJH�\LHOGV�IURP�XULQH�WUHDWPHQWV��
�
2XU�VWXG\�ZDV�FRQGXFWHG�XQGHU�FRQWUROOHG�FRQGLWLRQV��VR�RXU�FRQFOXVLRQV�VKRXOG�EH�DSSOLHG�
WR�ILHOG�FRQGLWLRQV�ZLWK�FDXWLRQ��
�
$FNQRZOHGJHPHQWV�
�
:H�ZRXOG� OLNH� WR� WKDQN�'U��.HYLQ�7DWH� IRU�KLV�YDOXDEOH�FRPPHQWV�DQG�3HWH�0F*UHJRU� IRU�
HGLWRULDO�VXJJHVWLRQV��
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5HIHUHQFHV�
�
$EEDVL�0.��6KDK�=��$GDPV�:$��������(IIHFW�RI�WKH�QLWULILFDWLRQ�LQKLELWRU�QLWUDS\ULQ�RQ�WKH�

IDWH� RI� QLWURJHQ� DSSOLHG� WR� D� VRLO� LQFXEDWHG�XQGHU� ODERUDWRU\� FRQGLWLRQV�� -�3ODQW�
1XWU�6RLO�6FL���������±����

$PEHUJHU�$��������5HVHDUFK�RQ�GLF\DQGLDPLGH�DV�D�QLWULILFDWLRQ�LQKLELWRU�DQG�IXWXUH�RXWORRN��
&RPPXQ�6RLO�6FL�3ODQW�$QDO���������±�����

$PEXV�3��3HWHUVHQ�62��6RXVVDQD�-)��������6KRUW�WHUP�FDUERQ�DQG�QLWURJHQ�F\FOLQJ�LQ�XULQH�
SDWFKHV�DVVHVVHG�E\�FRPELQHG�FDUERQ����DQG�QLWURJHQ����ODEHOOLQJ��$JU�(FRV\VW�
(QYLURQ��������±���

$XODNK�06��5HQQLH�'$��3DXO�($��������$FHW\OHQH�DQG�1�6HUYH�HIIHFWV�XSRQ�1�2�HPLVVLRQV�
IURP�1+��� DQG�12��� WUHDWHG� VRLOV� XQGHU� DHURELF� DQG� DQDHURELF� FRQGLWLRQV�� 6RLO�
%LRO�%LRFKHP��������±����

%RODQ�16��6DJJDU�6��/XR�-)��%KDQGUDO�5��6LQJK�-��������*DVHRXV�HPLVVLRQV�RI�QLWURJHQ�IURP�
JUD]HG� SDVWXUHV�� 3URFHVVHV�� PHDVXUHPHQWV� DQG� PRGHOOLQJ�� HQYLURQPHQWDO�
LPSOLFDWLRQV�DQG�PLWLJDWLRQ��$GY�$JURQ�������±����

%ODNHPRUH�/&��6HDUOH�3/��'DO\�%.��������0HWKRGV�IRU�FKHPLFDO�DQDO\VLV�RI�VRLOV��,Q��1HZ�
=HDODQG�6RLO�%XUHDX�6FLHQFH�5HSRUW�1R������/RZHU�+XWW�

%RXZPDQ�$)��������([FKDQJH�RI�JUHHQKRXVH�JDVHV�EHWZHHQ�WHUUHVWULDO�HFRV\VWHPV�DQG�WKH�
DWPRVSKHUH�� ,Q��%RXZPDQ�$)��HG��6RLOV�DQG� WKH�JUHHQKRXVH�HIIHFW�� -RKQ�:LOH\�
DQG�6RQV�/WG��&KLFKHVWHU��SS���±����

%UHPQHU� -0�� 7DEDWDEDL� 0$� ������� 8VH� RI� DXWRPDWHG� FRPEXVWLRQ� WHFKQLTXHV� IRU� WRWDO�
FDUERQ�� WRWDO� QLWURJHQ�� DQG� WRWDO� VXOSKXU� DQDO\VLV� RI� VRLOV�� ,Q�� :DOVK� /0� �HG��
,QVWUXPHQWDO�PHWKRGV�IRU�DQDO\VLV�RI�VRLOV�DQG�SODQW� WLVVXH��6RLO�6FLHQFH�6RFLHW\�
RI�$PHULFD��0DGLVRQ�

%UHPQHU�-0��%ODFNPHU�$0��:DULQJ�6$��������)RUPDWLRQ�RI�QLWURXV�R[LGH�DQG�GLQLWURJHQ�E\�
FKHPLFDO�GHFRPSRVLWLRQ�RI�K\GUR[\ODPLQH�LQ�VRLOV��6RLO�%LRO�%LRFKHP��������±
����

%URQVRQ�.)��6SDUOLQJ��*3��)LOOHU\��,53��������6KRUW�WHUP�1�G\QDPLFV�IROORZLQJ�DSSOLFDWLRQ�
RI���1�ODEHOHG�XULQH�WR�D�VDQG\�VRLO�LQ�VXPPHU��6RLO�%LRO�%LRFKHP���������±�����

%URQVRQ�.)��0RVLHU� $5�� %LVKQRL� 65� ������� 1LWURXV�R[LGH� HPLVVLRQV� LQ� LUULJDWHG� FRUQ� DV�
DIIHFWHG�E\�QLWULILFDWLRQ�LQKLELWRUV��6RLO�6FL�6RF�$P�-��������±����

&ODUN�+��3LQDUHV�&��GH�.OLHQ�&$0��������0HWKDQH�DQG�QLWURXV�R[LGH�HPLVVLRQV�IURP�JUD]HG�
JUDVVODQGV�� ,Q��0F*LOORZD\�'$��HG���*UDVVODQG��D�JOREDO�UHVRXUFH��:DJHQLQJHQ�
$FDGHPLF�3XEOLVKHUV��7KH�1HWKHUODQGV��SS����±����

&ORXJK�7-��6KHUORFN�55��0DXWQHU�01��0LOOLJDQ�'%��:LOVRQ�3)��)UHHPDQ�&*��0F(ZDQ�0-�
�������(PLVVLRQ�RI�QLWURJHQ�R[LGHV�DQG�DPPRQLD� IURP�YDU\LQJ�UDWHV�RI�DSSOLHG�
V\QWKHWLF�XULQH�DQG�FRUUHODWLRQV�ZLWK�VRLO�FKHPLVWU\��$XVW�-�6RLO�5HV��������±����

&ORXJK�7-��/HGJDUG�6)��6SURVHQ�06��.HDU�0-��������)DWH�RI���1�ODEHOOHG�XULQH�RQ�IRXU�VRLO�
W\SHV��3ODQW�6RLO���������±����

&RRNVRQ�:5�� &RUQIRUWK� ,6� ������� 'LF\DQGLDPLGH� VORZV� QLWULILFDWLRQ� LQ� GDLU\� FDWWOH� XULQH�
SDWFKHV��HIIHFWV�RQ�VRLO�VROXWLRQ�FRPSRVLWLRQ��VRLO�S+�DQG�SDVWXUH�\LHOG��6RLO�%LRO�
%LRFKHP���������±�����

'DYLHV�'0��:LOOLDPV� 3-� ������� 7KH� HIIHFW� RI� WKH� QLWULILFDWLRQ� LQKLELWRU� GLF\DQGLDPLGH� RQ�
QLWUDWH� OHDFKLQJ� DQG� DPPRQLD� YRODWLOL]DWLRQ� ±� D� 8.� QLWUDWH� VHQVLWLYH� DUHDV�
SHUVSHFWLYH��-�(QYLURQ�0DQDJH��������±����

'L� +-�� &DPHURQ� .&� ������� &DOFXODWLQJ� QLWURJHQ� OHDFKLQJ� ORVVHV� DQG� FULWLFDO� QLWURJHQ�
DSSOLFDWLRQ�UDWHV�LQ�GDLU\�SDVWXUH�V\VWHPV�XVLQJ�D�VHPL�HPSLULFDO�PRGHO��1=�-�$JU�
5HV��������±����

'L�+-��&DPHURQ�.&������D��1LWUDWH�OHDFKLQJ�LQ�WHPSHUDWH�DJURHFRV\VWHPV��VRXUFHV��IDFWRUV�
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DQG�PLWLJDWLQJ�VWUDWHJLHV��1XWU�&\FO�$JURHFRV\V��������±����
'L�+-��&DPHURQ�.&� �����E��7KH�XVH�RI� D�QLWULILFDWLRQ� LQKLELWRU��GLF\DQGLDPLGH� �'&'��� WR�

GHFUHDVH�QLWUDWH� OHDFKLQJ�DQG�QLWURXV�R[LGH�HPLVVLRQV� LQ�D� VLPXODWHG�JUD]HG�DQG�
LUULJDWHG�JUDVVODQG��6RLO�8VH�0DQDJH��������±����

'L�+-��&DPHURQ�.&��������0LWLJDWLRQ�RI�QLWURXV�R[LGH�HPLVVLRQV� LQ�VSUD\�LUULJDWHG�JUD]HG�
JUDVVODQG� E\� WUHDWLQJ� WKH� VRLO�ZLWK� GLF\DQGLDPLGH�� D� QLWULILFDWLRQ� LQKLELWRU�� 6RLO�
8VH�0DQDJH��������±����

'L� +-�� &DPHURQ� .&� �����E�� (IIHFWV� RI� WKH� QLWULILFDWLRQ� LQKLELWRU� GLF\DQGLDPLGH� RQ�
SRWDVVLXP�� PDJQHVLXP� DQG� FDOFLXP� OHDFKLQJ� LQ� JUD]HG� JUDVVODQG�� 6RLO� 8VH�
0DQDJH������±��

'L�+-��&DPHURQ�.&������F��7UHDWLQJ�JUD]HG�SDVWXUH�VRLO�ZLWK�D�QLWULILFDWLRQ�LQKLELWRU��HFR�Q�
�70���WR�GHFUHDVH�QLWUDWH�OHDFKLQJ�LQ�D�GHHS�VDQG\�VRLO�XQGHU�VSUD\�LUULJDWLRQ�±�D�
O\VLPHWHU�VWXG\��1=�-�$JU�5HV��������±����

'L�+-��&DPHURQ�.&��������5HGXFLQJ�HQYLURQPHQWDO� LPSDFWV�RI�DJULFXOWXUH�E\�XVLQJ�D�ILQH�
SDUWLFOH�VXVSHQVLRQ�QLWULILFDWLRQ�LQKLELWRU�WR�GHFUHDVH�QLWUDWH�OHDFKLQJ�IURP�JUD]HG�
SDVWXUHV��$JU�(FRV\VW�(QYLURQ���������±����

'L� +-�� &DPHURQ� .&� ������� &RPSDULVRQ� RI� WKH� HIIHFWLYHQHVV� RI� D� QLWULILFDWLRQ� LQKLELWRU��
GLF\DQGLDPLGH�� LQ� UHGXFLQJ�QLWURXV�R[LGH�HPLVVLRQV� LQ� IRXU�GLIIHUHQW� VRLOV�XQGHU�
GLIIHUHQW�FOLPDWLF�DQG�PDQDJHPHQW�FRQGLWLRQV��6RLO�8VH�0DQDJH������±��

'RDN� %:� ������� 6RPH� FKHPLFDO� FKDQJHV� LQ� WKH� QLWURJHQRXV� FRQVWLWXHQWV� RI� XULQH� ZKHQ�
YRLGHG�RQ�SDVWXUH��-�$JULF�6FL�&DPE��������±����

(ELQD� -�� 7VXWVXL�7�� 6KLUDL� 7� ������� 6LPXOWDQHRXV� GHWHUPLQDWLRQ� RI� WRWDO� QLWURJHQ� DQG� WRWDO�
SKRVSKRUXV�LQ�ZDWHU�XVLQJ�SHUR[RGLVXOIDWH�R[LGDWLRQ��:DWHU�5HV���������±��

)LUHVWRQH�0.��'DYLGVRQ�($� �������0LFURELRORJLFDO� EDVLV� RI�12�DQG�1�2�SURGXFWLRQ� DQG�
FRQVXPSWLRQ�LQ�VRLO��,Q��$QGUHDH�02��6FKLPHO�'6��HGV��([FKDQJH�RI�WUDFH�JDVVHV�
EHWZHHQ�WHUUHVWULDO�HFRV\VWHPV�DQG�WKH�DWPRVSKHUH��-RKQ�:LOH\��1HZ�<RUN��SS��±
���

*LRDFFKLQL�3��1DVWUL�$��0DU]DGRUL�&��*LRYDQQLQL�&��$QWLVDUL�/9��*HVVD�&��������,QIOXHQFH�
RI�XUHDVH�DQG�QLWULILFDWLRQ� LQKLELWRUV�RQ�1� ORVVHV� IURP�VRLOV� IHUWLOL]HG�ZLWK�XUHD��
%LRO�)HUW�6RLOV��������±����

+HGOH\� &%�� 6DJJDU� 6�� 7DWH� .5� ������� 3URFHGXUH� IRU� IDVW� VLPXOWDQHRXV� DQDO\VLV� RI� WKH�
JUHHQKRXVH� JDVHV�� 0HWKDQH�� FDUERQ� GLR[LGH�� DQG� QLWURXV� R[LGH� LQ� DLU� VDPSOHV��
&RPP�6RLO�6FL�3ODQW�$QDO���������±�����

+HZLWW�$(��������1HZ�=HDODQG�VRLO�FODVVLILFDWLRQ���QG�HGQ��/LQFROQ��1HZ�=HDODQG��0DQDDNL�
:KHQXD�3UHVV�

+ROPHV�:� ������� 7KH� XVH� RI� QLWURJHQ� LQ� WKH� PDQDJHPHQW� RI� SDVWXUH� IRU� FDWWOH�� +HUEDJH�
$EVWUDFWV��������±����

+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��$XV�-�
([S�$JU��������±����

,3&&��������µ&OLPDWH�&KDQJH�������PLWLJDWLRQ�RI�FOLPDWH�FKDQJH��&RQWULEXWLRQ�RI�:RUNLQJ�
*URXS� ,,,� WR� WKH� ,QWHUJRYHUQPHQWDO�SDQHO�RQ�&OLPDWH�&KDQJH� IRXUWK� DVVHVVPHQW�
UHSRUW¶� �&DPEULGJH� 8QLYHUVLW\� 3UHVV�� &DPEULGJH��� $OVR� RQOLQH�
KWWS���ZZZ�LSFF�FK�LSFFUHSRUWV�DU��ZJ��KWP�>9HULILHG����1RYHPEHU�����@��

-DUYLV� 6&��+DWFK�'-�� 3DLQ� %)��.ODUHQEHHN� -9� �������'HQLWULILFDWLRQ� DQG� WKH� HYROXWLRQ� RI�
QLWURXV�R[LGH�DIWHU� WKH� DSSOLFDWLRQ�RI�FDWWOH� VOXUU\� WR�D�SHDW� VRLO��3ODQW�6RLO������
���±����

.HOOLKHU�)0��6HGFROH�-5��0LQFKLQ�5)��:DQ�<��&RQGURQ�/0��&ORXJK�7-��%RO�5��������6RLO�
PLFURELDO�UHVSLUDWLRQ�UHVSRQVHV�WR�UHSHDWHG�XUHD�DSSOLFDWLRQV�LQ�WKUHH�JUDVVODQGV��
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$XV�-�6RLO�5HV��������±����
.HOO\� .%�� 3KLOOLSV� )$�� %DLJHQW� 5� ������� ,PSDFW� RI� GLF\DQGLDPLGH� DSSOLFDWLRQ� RQ� QLWURXV�

R[LGH�HPLVVLRQV�IURP�XULQH�SDWFKHV�LQ�QRUWKHUQ�9LFWRULD��$XVW�-�([S�$JU��������±
���

/RFN\HU�'5��:KLWHKHDG�'&��������9RODWLOL]DWLRQ�RI�DPPRQLD� IURP�FDWWOH�XULQH�DSSOLHG� WR�
JUDVVODQG��6RLO�%LRO�%LRFKHP���������±�����

/LQQ�'0��'RUDQ�-:��������(IIHFW�RI�ZDWHU�ILOOHG�SRUH�VSDFH�RQ�FDUERQ�GLR[LGH�DQG�QLWURXV�
R[LGH�SURGXFWLRQ�LQ�WLOOHG�DQG�QRQWLOOHG�VRLOV��6RLO�6FL�6RF�$P�-���������±�����

0$)��������$�VKRUW�WHUP�ILQDQFLDO�DQG�SK\VLFDO�IRUHFDVW�UHIOHFWLQJ�IDUPHU��IDUP�FRQVXOWDQW�
DQG� LQGXVWU\�SHUFHSWLRQV�RI� IDUPLQJ� WUHQGV� DQG� LVVXHV�� SURGXFWLRQ� DQG� ILQDQFLDO�
ILJXUHV�� ,Q�� 'DLU\� PRQLWRULQJ� UHSRUW�� 0LQLVWU\� RI� $JULFXOWXUH� DQG� )RUHVWU\�
:HOOLQJWRQ��1HZ�=HDODQG��S����

0F.HQ]LH�+$��:DOODFH�+6��������7KH�.MHOGDKO�GHWHUPLQDWLRQ�RI�QLWURJHQ��$�FULWLFDO�VWXG\�
RI�GLJHVWLRQ�FRQGLWLRQV�WHPSHUDWXUH��FDWDO\VW�DQG�R[LGLVLQJ�DJHQW��$XVW�-�&KHP����
��±���

0HULQR� 3�� (VWDYLOOR� -0��*UDFLROOL� /$�� 3LQWR�0�� /DFXHVWD�0��0XQR]�5XHGD�$�� *RQ]DOH]�
0XUXD� &� ������� 0LWLJDWLRQ� RI� 1�2� HPLVVLRQV� IURP� JUDVVODQG� E\� QLWULILFDWLRQ�
LQKLELWRU�DQG�$FWLOLWK�)��DSSOLHG�ZLWK�IHUWLOL]HU�DQG�FDWWOH�VOXUU\��6RLO�8VH�0DQDJH�
�������±����

0RQDJKDQ�50��%DUUDFORXJK�'��������6RPH�FKHPLFDO�DQG�SK\VLFDO�IDFWRUV�DIIHFWLQJ�WKH�UDWH�
DQG�G\QDPLFV�RI�QLWULILFDWLRQ�LQ�XULQH�DIIHFWHG�VRLO��3ODQW�6RLO��������±���

0RVLHU�$5��0DFN�/��������*DV�FKURPDWRJUDSKLF�V\VWHP�IRU�SUHFLVH��UDSLG�DQDO\VLV�RI�QLWURXV�
R[LGH��6RLO�6FL�6RF�$P�-���������±�����

2HQHPD�2��9HOWKRI�*/��<DPXONL�6��-DUYLV�6&��������1LWURXV�R[LGH�HPLVVLRQV�IURP�JUD]HG�
JUDVVODQG��6RLO�8VH�0DQDJH��������±����

3XWWDQQD�.��*RZGD�101��5DR�(963��������5HJXODWLRQ�RI�QLWULILFDWLRQ�E\�EHQ]RWULD]ROH��R�
1LWURSKHQRO�� P�1LWURDQLOLQH� DQG� GLF\DQGLDPLGH� DQG� SDWWHUQ� RI� 1+�� HPLVVLRQV�
IURP�FLWURQHOOD�ILHOG�IHUWLOL]HG�ZLWK�XUHD��:DWHU�$LU�6RLO�3ROO��������±���

4XLQ�%)��������7KH�IDWH�RI�VKHHS�XULQH�QLWURJHQ�RQ�VXUIDFH�LUULJDWHG�SDVWXUH�LQ�&DQWHUEXU\��
1HZ�=HDODQG�6RLO�1HZV��S����

5DR�(963��3XWWDQQD�.��������1LWULILFDWLRQ�DQG�DPPRQLD�YRODWLOL]DWLRQ�ORVVHV�IURP�XUHD�DQG�
GLF\DQGLDPLGH�WUHDWHG�XUHD�LQ�D�VDQG\�ORDP�VRLO��3ODQW�6RLO��������±����

5LFKDUGV� ,5��:ROWRQ�.0� �������$�QRWH� RQ� XULQH� VFRUFK� FDXVHG� E\� JUD]LQJ� DQLPDOV�-�%ULW�
*UDVVODQG�6RF��������±����

5RGJHUV�*$��������(IIHFW�RI�GLF\DQGLDPLGH�RQ�DPPRQLD�YRODWLOLVDWLRQ�IURP�XUHD�LQ�VRLO��)HUW�
5HV�������±����

6DJJDU�6��$QGUHZ�50��7DWH�.5��+HGOH\��&%��5RGGD�1-��7RZQVHQG�-$������D��0RGHOOLQJ�
QLWURXV� R[LGH� HPLVVLRQV� IURP� GDLU\�JUD]HG� SDVWXUHV�� 1XWU� &\F� $JURHFRV\V� ����
���±����

6DJJDU� 6�� %RODQ� 16�� %KDQGUDO� 5�� +HGOH\� &%�� /XR� -� �����E�� $� UHYLHZ� RI� HPLVVLRQV� RI�
PHWKDQH�� DPPRQLD� DQG� QLWURXV� R[LGH� IURP� DQLPDO� H[FUHWD� GHSRVLWLRQ� DQG� IDUP�
HIIOXHQW�DSSOLFDWLRQ�LQ�JUD]HG�SDVWXUHV��1=�-�$JULF�5HV��������±����

6KHSSDUG�6&��%LWWPDQ�6��7DLW�-��������$LU�4XDOLW\�±�$PPRQLD��,Q��$��/HIHEYUH�HW�DO���HGV��
(QYLURQPHQWDO� 6XVWDLQDELOLW\� RI� &DQDGLDQ� $JULFXOWXUH�� $JUL�(QYLURQPHQWDO�
,QGLFDWRU�5HSRUW�6HULHV�±�5HSRUW�����$JULFXOWXUH�DQG�$JUL�)RRG�&DQDGD��2WWDZD��
2QWDULR��SS����±����

6LQJK� -�� %RODQ�1�� 6DJJDU� 6� �������$�PHWKRG� IRU� VLPXOWDQHRXV�PHDVXUHPHQW� RI� DPPRQLD�
YRODWLOL]DWLRQ�DQG�QLWURXV�R[LGH�HPLVVLRQV�IURP�LQWDFW�VRLO�FRUHV����,Q��&XUULH�/'��
+DQO\� -$� �HGV�� 7RROV� IRU� QXWULHQW� DQG� SROOXWDQW� PDQDJHPHQW�� $SSOLFDWLRQV� WR�
DJULFXOWXUH� DQG� HQYLURQPHQWDO� TXDOLW\�� )HUWLOL]HU� DQG� /LPH� 5HVHDUFK� &HQWUH��
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0DVVH\�8QLYHUVLW\��3DOPHUVWRQ�1RUWK��1HZ�=HDODQG��SS����±����
6PLWK� /&�� GH� .OHLQ� &$0�� 0RQDJKDQ� 50�� &DWWR� :'� ������� 7KH� HIIHFWLYHQHVV� RI�

GLF\DQGLDPLGH� LQ� UHGXFLQJ�QLWURXV� R[LGH� HPLVVLRQV� IURP� D� FDWWOH�JUD]HG��ZLQWHU�
IRUDJH�FURS�LQ�6RXWKODQG��1HZ�=HDODQG��$XVW�-�([S�$JU��������±����

6PLWK� /&��0RQDJKDQ� 50�� /HGJDUG� 6)�� &DWWR�:'� �������� 7KH� HIIHFWLYHQHVV� RI� GLIIHUHQW�
QLWULILFDWLRQ� LQKLELWRU� IRUPXODWLRQV� LQ� OLPLWLQJ� DFFXPXODWLRQ� LQ� D� 6RXWKODQG�
SDVWRUDO�VRLO��1=�-�$JULF�5HV��������±����

6WHYHQV� 5-�� /DXJKOLQ� 5-� �������0HDVXUHPHQW� RI� QLWURXV� R[LGH� DQG� GL�QLWURJHQ� HPLVVLRQV�
IURP�DJULFXOWXUDO�VRLOV��1XWU�&\FO�$JURHFRV\V��������±����

7LHWHPD�$��:HVVHO�::��������*URVV�QLWURJHQ�WUDQVIRUPDWLRQV� LQ� WKH�RUJDQLF�OD\HU�RI�DFLG�
IRUHVW� HFRV\VWHPV� VXEMHFWHG� WR� LQFUHDVHG� DWPRVSKHULF� QLWURJHQ� LQSXW�� 6RLO� %LRO�
%LRFKHP��������±����

YDQ�*URHQLJHQ�-:��.XLNPDQ�3-��'H�*URRW�:-0��9HOWKRI�*/��������1LWURXV�R[LGH�HPLVVLRQ�
IURP� XULQH�WUHDWHG� VRLO� DV� LQIOXHQFHG� E\� XULQH� FRPSRVLWLRQ� DQG� VRLO� SK\VLFDO�
FRQGLWLRQV��6RLO�%LRO�%LRFKHP��������±����

:DGPDQ� :3�� 1HHWHVRQ� --�� :LMQHQ� *-� ������� )LHOG� H[SHULPHQWV� ZLWK� VOXUU\� DQG�
GLF\DQGLDPLGH�±�UHVSRQVH�RI�SRWDWRHV�DQG�HIIHFWV�RQ�VRLO�PLQHUDO�QLWURJHQ��1HWKHU�
-�$JULF�6FL�������±����

:+2��������*XLGHOLQHV�IRU�GULQNLQJ�ZDWHU�TXDOLW\��9RO����5HFRPPHQGDWLRQV���
:+2��*HQHYD��

:KLWHKHDG�'&��%ULVWRZ�$:��������7UDQVIRUPDWLRQV�RI�QLWURJHQ�IROORZLQJ�WKH�DSSOLFDWLRQ�RI�
��1�ODEHOOHG�FDWWOH�XULQH�WR�DQ�HVWDEOLVKHG�JUDVV�VZDUG��-�$SS�(FRO��������±����

:LOOLDPV�'/��,QHVRQ�3��&RZDUG�3$��������7HPSRUDO�YDULDWLRQV�LQ�QLWURXV�R[LGH�IOX[HV�IURP�
XULQH�DIIHFWHG�JUDVVODQG��6RLO�%LRO�%LRFKHP��������±����

:LOOLDPVRQ� -&�� 7D\ORU�0'�� 7RUUHQV� 56�� 9RMYRGLF�9XNRYLF�0� ������� 5HGXFLQJ� QLWURJHQ�
OHDFKLQJ� IURP� GDLU\� IDUP� HIIOXHQW�LUULJDWHG� SDVWXUH� XVLQJ� GLF\DQGLDPLGH�� D�
O\VLPHWHU�VWXG\��$JU�(FRV\VW�(QYLU�������±���

:XOI�6��0DHWLQJ�0��%HUJPDQQ�6��&OHPHQV�-��������6LPXOWDQHRXV�PHDVXUHPHQW�RI�1+���1�2�
DQG� &+�� WR� DVVHVV� HIILFLHQF\� RI� WUDFH� JDV� HPLVVLRQ� DEDWHPHQW� DIWHU� VOXUU\�
DSSOLFDWLRQ��3K\WRQ��������±����
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�
)LJXUH�&DSWLRQV�
�
)LJXUH��� $PPRQLD� YRODWLOLVDWLRQ� ORVVHV� IURP� XULQH� DSSOLHG�ZLWK� DQG�ZLWKRXW�'&'� DW�

GLIIHUHQW�UDWHV�WR�0DQDZDWX�VDQG\�ORDP��(DFK�YDOXH�UHSUHVHQWV�D�PHDQ�RI�WKUHH�
UHSOLFDWHV�ZLWK�VWDQGDUG�GHYLDWLRQ�VKRZQ�E\�YHUWLFDO�EDUV��

)LJXUH��� 1LWURXV� R[LGH� ORVVHV� ZLWK� DQG� ZLWKRXW� '&'� IURP� XULQH� DSSOLHG� DW� GLIIHUHQW�
UDWHV�IURP�0DQDZDWX�VDQG\�ORDP�VRLO��(DFK�YDOXH�UHSUHVHQWV�D�PHDQ�RI�WKUHH�
UHSOLFDWHV�ZLWK�VWDQGDUG�GHYLDWLRQ�VKRZQ�E\�YHUWLFDO�EDUV��

)LJXUH��� 'LVWULEXWLRQ�RI��D��1+���DQG��E��12���FRQFHQWUDWLRQ�LQ�VRLO�FRUHV�DW��±���PP�
DQG� ��±���� PP� GHSWKV� UHFHLYLQJ� XULQH�� ZLWK� DQG� ZLWKRXW� '&'�� DW� YDU\LQJ�
UDWHV�� (DFK� EDU� YDOXH� UHSUHVHQWV� D� PHDQ� RI� VL[� UHSOLFDWHV� ZLWK� VWDQGDUG�
GHYLDWLRQ�VKRZQ�E\�YHUWLFDO�EDUV��

)LJXUH��� &RQFHQWUDWLRQV�RI��D���1+���1�DQG��E���12���1�LQ�WKH�GUDLQDJH�ZDWHU�IURP�VRLO�
FRUHV� UHFHLYLQJ�XULQH� DW� ���J�1�P��� DQG����J�1�P���ZLWK� DQG�ZLWKRXW�'&'��
(DFK� YDOXH� UHSUHVHQWV� D� PHDQ� RI� WKUHH� UHSOLFDWHV� ZLWK� VWDQGDUG� GHYLDWLRQ�
VKRZQ�E\�YHUWLFDO�EDUV��

)LJXUH��� 7RWDO�OHDFKLQJ�ORVVHV�RI�1�LQ�WKH�OHDFKDWH�IURP�VRLO�FRUHV�UHFHLYLQJ�XULQH�DW����
J�1�P���DQG����J�1�P����ZLWK�DQG�ZLWKRXW�'&'���
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�
7DEOH��� &KHPLFDO�DQG�SK\VLFDO�SURSHUWLHV�RI�0DQDZDWX�ILQH�VDQG\�ORDP�VRLO�IURP�

�±���DQG���±����PP�GHSWKV��
�
'HSWK�
�PP��

%XON�
'HQVLW\�
�0J�P����

&OD\�
FRQWHQW�
����

7RWDO� 1�
����

7RWDO� &�
����

S+�
�VRLO�ZDWHU�
�������

&�(�&�
�FPROFNJ����

�±��� ���� ��� ����� ���� ����� ���
��±���� ���� ��� ����� ���� ����� QG�
�
�
�
�
7DEOH��� 7RWDO�1�DSSOLHG�DQG�1�HPLWWHG�DV�1+��DQG�1�2��PJ�1�NJ���VRLO��RYHU�WKH�

H[SHULPHQWDO� SHULRG� ���� GD\V�� IURP� VRLO� FRUHV� UHFHLYLQJ� YDU\LQJ� XULQH�
UDWHV�ZLWK�DQG�ZLWKRXW�'&'��

�
7UHDWPHQWV� 1� DGGHG�

�J�1�P�����
1+��1��
�J�1�P����

�� RI� DGGHG�
1�HPLWWHG�

1�2�1��
�J�1�P����

�� RI� DGGHG�
1�HPLWWHG�

7��� �� �����F� � �����I� �
7�����'&'�� �� �����F� � �����I� �
7�� ����� �����F� ����� �����G� �����
7����'&'�� ����� �����F� ����� �����H� �����
7�� ����� �����E� ����� �����F� �����
7����'&'�� ����� �����E� ����� �����G� �����
7�� ����� �����D
� ����� �����D� �����
7����'&'�� ����� �����D� ����� �����E� �����
/�6�'��������� � ����� � ����� �

9DOXHV�IROORZHG�E\�WKH�VDPH�OHWWHU� LQ�D�JLYHQ�FROXPQ�GR�QRW�GLIIHU�VLJQLILFDQWO\�DW� WKH�3��
�����OHYHO��
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7DEOH��� 7RWDO� '0� \LHOG�� SHUFHQW� RI� DGGHG�1� LQ�'0� DQG�'0� UHVSRQVH� WR� WKH�1�
DGGHG�DV�XULQH�WR�WKH�VRLO�FRUHV��

�
7UHDWPHQW� 1� DGGHG�

�J�P����
7RWDO� '0�
�J�P����

1� LQ�'0�
����

$GGHG� 1�
UHFRYHUHG��
����

'0�UHVSRQVH��
�J�'0�J���1��

7��� �� ������F
� ����� �� ��
7����'&'�� �� ������F� ����� �� ��
7�� ����� ������E� ����� ����� �����
7����'&'�� ����� ������EF� ����� ����� �����
7�� ����� ������D� ����� ����� �����
7����'&'�� ����� ������E� ����� ����� �����
7�� ����� ������E� ����� ���� �����
7����'&'�� ����� ������DE� ����� ���� �����
/�6�'��������� � ������ � � �

9DOXHV�IROORZHG�E\�WKH�VDPH�OHWWHU�LQ�D�JLYHQ�FROXPQ�GR�QRW�GLIIHU�VLJQLILFDQWO\�DW�WKH�3���
�����OHYHO��
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�

��� ,PSDFW�RI�XUHDVH�LQKLELWRU�RQ�QLWURJHQ�G\QDPLFV�LQ�SDVWXUH�VRLO�FRUHV�
UHFHLYLQJ�XUHD�IHUWLOLVHU�DQG�FDWWOH�XULQH�

$EVWUDFW�
��
7KH�JUD]HG�SDVWXUHV�LQ�1HZ�=HDODQG�DUH�WKH�PDMRU�FRQWULEXWRU�WR�JDVHRXV�ORVVHV�RI�QLWURJHQ�
�1��WR� WKH�DWPRVSKHUH�� LQFOXGLQJ�DPPRQLD��1+���DQG�QLWURXV�R[LGH��1�2��HPLVVLRQV�ZKLFK�
FDXVH� HQYLURQPHQWDO� GHJUDGDWLRQ� WKURXJK� WKHLU� HIIHFWV� RQ� VRLO� DFLGLILFDWLRQ�� HXWURSKLFDWLRQ��
JOREDO�ZDUPLQJ�DQG�VWUDWRVSKHUH�R]RQH�GHSOHWLRQ��$PPRQLD�LV�WKH�PDMRU�IRUP�RI�JDVHRXV�1�
ORVV� DQG� LWV� ORVV� UHVXOWV� LQ� SRRU� HIILFLHQF\� RI� VXUIDFH� DSSOLHG� XUHD� DQG� YRLGHG�XULQH� ��1� WR�
WHPSHUDWH�JUDVVODQGV��*ODVVKRXVH�H[SHULPHQWV�ZHUH�FRQGXFWHG�WR�VWXG\�WKH�HIIHFW�RI�D�XUHDVH�
LQKLELWRU� �8,��� 1��Q�EXW\O�� WKLRSKRVSKRULF� WULDPLGH� �1%37��� FRPPHUFLDOO\� NQRZQ� DV�
$JURWDLQ�� DSSOLHG� WR� XULQH� DQG� XUHD� RQ� XUHD� K\GURO\VLV� DQG� 1+�� DQG� 1�2� HPLVVLRQV��
7UHDWPHQWV�LQFOXGHG�FRPPHUFLDOO\�DYDLODEOH�SURGXFWV�6XVWDLQ�<HOORZ��XUHD���DJURWDLQ������
VXOSKXU� FRDWLQJ���6XVWDLQ�*UHHQ� �XUHD���DJURWDLQ�� DQG�XUHD�� DQG�ERYLQH�XULQH� ����NJ�1�KD��
ZLWK�DQG�ZLWKRXW�$JURWDLQ�DSSOLHG�WR�LQWDFW�VRLO�FRUHV�RI�ILQH�VDQG\�ORDP�VRLO��7KH�DGGLWLRQ�RI�
$JURWDLQ� WR� XULQH� DQG� XUHD� UHGXFHG� 1+�� HPLVVLRQ� E\� ���� WR� ����� $JURWDLQ� ZDV� DOVR�
HIIHFWLYH�LQ�UHGXFLQJ�1�2�HPLVVLRQV������WR������IURP�ERWK�XULQH�DQG�XUHD��7KH�UHGXFWLRQ�
LQ�1�2�HPLVVLRQV�YDULHG�ZLWK�WKH�W\SH�DQG�DPRXQW�RI�1�DSSOLHG�DQG�SODQW�1�XSWDNH��3DVWXUH�
JURZWK�ZDV�VOLJKWO\�EXW�LQVLJQLILFDQWO\�KLJKHU�LQ�WKH�VRLO�FRUHV�UHFHLYLQJ�$JURWDLQ�ZLWK�XUHD�
WKDQ�XUHD�DORQH��
�
,QWURGXFWLRQ�
�
,Q� LQWHQVLYHO\� PDQDJHG� SDVWXUHV� QLWURJHQ� �1�� LV� WKH� QXWULHQW� HOHPHQW� WKDW� PRVW� VWURQJO\�
UHJXODWHV�SDVWXUH�SURGXFWLRQ��+RZHYHU��PDJQLWXGH�RI�1� LQSXW�GHWHUPLQHV�1� VXUSOXV� DQG� LWV�
SRWHQWLDO�ORVV��7KH�LQFUHDVHG�XVH�RI�IHUWLOLVHU�1�DQG�KLJK�FRQFHQWUDWLRQ�RI�H[FUHWHG�1�LQ�XULQH�
SDWFKHV��XS�WR�F�������NJ�1��KD��FRQWULEXWH�WR�WKH�VXUSOXV�RI�1��7KH�LQDELOLW\�RI�SDVWXUHV�WR�
XVH� VXUSOXV�1� UHVXOWV� LQ� WKH�1� ORVVHV� WKURXJK� DPPRQLD� �1+��� YRODWLOLVDWLRQ�� QLWURXV� R[LGH�
�1�2�� HPLVVLRQ� DQG� QLWUDWH� �12���� OHDFKLQJ�ZKLFK� KDV� ERWK� HFRQRPLFDO� DQG� HQYLURQPHQWDO�
LPSOLFDWLRQV��4XDQWLWDWLYHO\��1+��LV�WKH�PDMRU�IRUP�RI�JDVHRXV�1�ORVV�DQG�FDQ�FDXVH�WR[LFLW\�
LQ�YHJHWDWLRQ�� OHDG� WR� DFLGLILFDWLRQ�� FRQWULEXWH� WR� HXWURSKLFDWLRQ�RI�1�VHQVLWLYH� HQYLURQPHQW�
�6KHSSDUG�HW�DO��������DQG�DFW�DV�D�VHFRQGDU\�VRXUFH�RI�12�DQG�1�2��%RXZPDQ��������
�
$� ODUJH� SRUWLRQ� RI� WKH� DSSOLHG� 1� LV� ORVW� E\� 1+�� YRODWLOLVDWLRQ�� HVSHFLDOO\� XQGHU� WURSLFDO�
FRQGLWLRQV��9OHN�	�&UDVZHOO�������)UHQH\�HW�DO���������$PPRQLD�ORVVHV�IURP�����WR�����RI�
WKH�DSSOLHG�1�IHUWLOL]HU�KDYH�EHHQ�UHSRUWHG��ZKLFK�GHSHQG�RQ�VRLO�PRLVWXUH��WHPSHUDWXUH��VRLO�
S+��ZLQG� YHORFLW\�� VRLO� RUJDQLF�&� DQG�1�� DQG� IHUWOLOLVHU� W\SH� �%ODFN� HW� DO�� ������ )HQQ� DQG�
+RVVQHU�������)UHQH\�HW�DO��������GH�'DWD�HW�DO��������*LRDFFKLQL�HW�DO���������6LPLODU�ORVVHV�
���������RI�WKH�1�IURP�DSSOLHG�FDWWOH�XULQH�WKURXJK�1+��YRODWLOLVDWLRQ�KDYH�EHHQ�PHDVXUHG�
IURP� WHPSHUDWH� JUDVVODQGV� �/RFN\HU� DQG�:KLWHKHDG� ������:KLWHKHDG� DQG� 5DLVWULFN� ������
=DPDQ�DQG�%OHQQHUKDVVHWW���������
�
7KH�XVH�RI�XUHDVH�LQKLELWRUV��8,V��LV�RQH�RI�WKH�PLWLJDWLRQ�RSWLRQV�WR�UHGXFH�1+��HPLVVLRQV�DQG�
WR�FRQWURO�1�G\QDPLFV�LQ�VRLOV��7KH�8,V�UHJXODWH�WKH�WUDQVIRUPDWLRQ�RI�DPLGH�1��5�1+���LQ�
XUHD�EDVHG� IHUWLOLVHUV� DQG� XULQH� WR� DPPRQLXP� �1+���� LRQV� �L�H� DPPRQLILFDWLRQ� RU� XUHD�
K\GURO\VLV�UHDFWLRQ���1��Q�EXW\O��WKLRSKRVSKRULF�WULDPLGH��1%37��NQRZQ�E\�WKH�FRPPHUFLDO�
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QDPH�RI�$JURWDLQ�� LV�DQ�HIILFLHQW�8,��&DUPRQD�HW�DO���������:DWVRQ�������*LRDFFKLQL�HW�DO��
������=DPDQ�HW�DO��������$IWHU�DSSOLFDWLRQ��$JURWDLQ�LV�TXLFNO\�FRQYHUWHG�LQ�VRLO�WR�LWV�PRUH�
HIIHFWLYH� R[RQ� DQDORJXH� 1��Q�EXW\O�SKRVSKRULF� WULDPLGH� �%132��� ZKLFK� WKHQ� IRUPV� D�
WULGHQWDWH� OLJDQG� ZLWK� WKH� XUHDVH� HQ]\PH� �0DQXQ]D� HW� DO�� ������ VORZLQJ� XUHD� K\GURO\VLV��
7KHUH� LV� OLPLWHG� LQIRUPDWLRQ� RQ� WKH� HIIHFW� RI� $JURWDLQ� RQ� FKDQJHV� LQ� 1� G\QDPLFV� DQG�
VXEVHTXHQW� 1+�� ORVV� LQ� SDVWXUH� VRLOV� LQ� 1HZ� =HDODQG�� $W� WKH� WLPH� RI� ZULWLQJ� WKLV� SDSHU��
UHVXOWV�RI�DQRWKHU�1HZ�=HDODQG� ILHOG� VWXG\� LQYROYLQJ�XUHD�DQG�'$3�IHUWLOLVHUV�ZLWK�8,�DQG�
QLWULILFDWLRQ� LQKLELWRU� ZDV� SXEOLVKHG� �=DPDQ� HW� DO�� ������� +RZHYHU�� WKLV� VWXG\� GLG� QRW�
FRQVLGHU�WKH�HIIHFW�RI�8,�RQ�XULQH�1�WUDQVIRUPDWLRQ�DQG�1�JDVHRXV�ORVVHV��,Q�1HZ�=HDODQG��
1%37�DPHQGHG� XUHD� SURGXFWV� FDOOHG� 6XVWDLQ� *UHHQ� �XUHD� SOXV� $JURWDLQ��� 6XVWDLQ� <HOORZ�
�XUHD�SOXV�$JURWDLQ� DQG����VXOSKXU�FRDWLQJ��KDYH� UHFHQWO\�EHFRPH�FRPPHUFLDOO\�DYDLODEOH�
�KWWS���ZZZ�VXPPLWTXLQSKRV�FR�Q]��� 7KHVH� IRUPXODWLRQV� QHHG� WR� EH� HYDOXDWHG� XQGHU�
WHPSHUDWH�FRQGLWLRQV�RI�1HZ�=HDODQG�IRU�WKHLU�SRWHQWLDO�LQ�PLWLJDWLQJ�1�ORVVHV��7KH�REMHFWLYH�
RI� WKLV� VWXG\�ZDV� WR� DVVHVV� WKH� LQKLELWRU\� HIIHFW�RI�8,�$JURWDLQ�RQ�1� WUDQVIRUPDWLRQV� IURP�
XUHD� DQG� XULQH� DSSOLFDWLRQV� LQ� SDVWXUH� VRLO� DQG� WR� GHWHUPLQH� LWV� VXEVHTXHQW� HIIHFW� RQ� WKH�
FKDQJHV�LQ�JDVHRXV�HPLVVLRQV�RI�1+��DQG�1�2��7KH�UHODWLYH�HIIHFW�RI�$JURWDLQ�DQG�HOHPHQWDO�
VXOSKXU�FRDWLQJ�RQ�WKH�1�WUDQVIRUPDWLRQV�DQG�ORVVHV�IURP�DSSOLHG�XUHD�ZDV�DOVR�GHWHUPLQHG��
�
0DWHULDOV�DQG�0HWKRGV�
�
([SHULPHQWDO�GHWDLOV�
�
7ZR�H[SHULPHQWV�ZHUH�FRQGXFWHG�XVLQJ�LQ�VLWX�VRLO�FRUHV�FROOHFWHG�IURP�0DVVH\�8QLYHUVLW\�
VKHHS�IDUP��7KH�ILUVW�H[SHULPHQW��FRPSDUHG�1�WUDQVIRUPDWLRQ�DQG�HPLVVLRQV�RI�1+��DQG�1�2�
IURP�XUHD�DQG�6XVWDLQ�<HOORZ��XUHD�SOXV�$JURWDLQ�DQG�HOHPHQWDO�6�FRDWLQJ���DQG�XULQH�DQG�
XULQH�SOXV�$JURWDLQ��7KH�VHFRQG�H[SHULPHQW��FRPSDUHG�XUHD��6XVWDLQ�<HOORZ��6XVWDLQ�*UHHQ�
�XUHD�SOXV�$JURWDLQ��DQG�6�FRDWHG�XUHD��7KH�VHFRQG�H[SHULPHQW�ZDV�DLPHG�DW�VHSDUDWLQJ�WKH�
HIIHFWV�RI�8,�DQG�6�FRDWLQJ�RQ�1�WUDQVIRUPDWLRQV�DQG�JDVHRXV�HPLVVLRQV�RI�1+��DQG�1�2���
,QWDFW� VRLO� FRUHV� ����� PP� GLDPHWHU�� ���� PP� GHSWK�� IURP� WKUHH� UHSUHVHQWDWLYH� VLWHV� ZHUH�
FROOHFWHG�IURP�D�VKHHS�JUD]HG�SHUPDQHQW�OHJXPH�EDVHG�SDVWXUH�DW�)UHZHQV�5HVHDUFK�%ORFN��
0DVVH\� 8QLYHUVLW\�� 7XULWHD� FDPSXV�� 7KH� VRLO� DW� WKLV� VLWH� LV� 0DQDZDWX� ILQH� VDQG\� ORDP��
FODVVLILHG�DV�D�ZHDWKHUHG�IOXYLDO�UHFHQW�VRLO��+HZLWW��������6RPH�SHUWLQHQW�VRLO�FKHPLFDO�DQG�
SK\VLFDO�SURSHUWLHV� DUH� JLYHQ� LQ�7DEOH����7KH� VRLO�FRUHV�ZHUH� ILUVW� VDWXUDWHG�RYHUQLJKW�ZLWK�
GHLRQLVHG�ZDWHU�DQG�WKHQ�NHSW�RQ�SUHVVXUH�SODWHV�DW�����N3D�SUHVVXUH�IRU���GD\V�WR�EULQJ�WKHP�
WR�ILHOG�FDSDFLW\��7KH�VZDUG�RQ�WKH�FRUHV�ZDV�WKHQ�FXW�DQG�WKH�FRUHV�ZHLJKHG�DQG�PDLQWDLQHG�
DW�ILHOG�FDSDFLW\�PRLVWXUH�FRQWHQW�WKURXJKRXW�WKH�H[SHULPHQW��
�
7UHDWPHQWV�
�
7KH� ILUVW� H[SHULPHQW� FRPSULVHG� VL[� WUHDWPHQWV� ZLWK� WKUHH� UHSOLFDWLRQV�� FRQWURO� ZLWKRXW� 8,��
FRQWURO� ZLWK� 8,�� XULQH� ZLWKRXW� 8,�� XULQH� ZLWK� 8,�� XUHD� ZLWKRXW� 8,�� XUHD� ZLWK� 8,� �6XVWDLQ�
<HOORZ�� D� FRPPHUFLDO� IHUWLOLVHU�PDQXIDFWXUHG� E\�6XPPLW�4XLQSKRV�/WG�� E\�PL[LQJ� VXOIXU�
FRDWHG������XUHD�JUDQXOHV�ZLWK�$JURWDLQ�#��� O� W���XUHD���1LWURJHQ�LQ� WKH�IRUP�RI�XULQH�DQG�
XUHD�ZDV�DGGHG�DW�WKH�UDWH�RI������J�1��P�������NJ�1��KD��DQG������J�1��P�������NJ�1��KD���
UHVSHFWLYHO\��7KH�8,�ZDV�PL[HG�ZLWK�XULQH�DQG�WKHQ�DGGHG�WR�WKH�VRLO�FRUHV��7KH�DPRXQW�RI�
8,�$JURWDLQ��OLTXLG�IRUP��DGGHG�LQ�WKH�XULQH�WUHDWPHQW�ZDV�VLPLODU�RQ�D�WRWDO�1�EDVLV��WR�WKDW�
SUHVHQW� LQ� 6XVWDLQ� <HOORZ� �#�� O�W� XUHD��� 7KH� IHUWLOLVHU�JUDGH� XUHD� DQG� 6XVWDLQ� <HOORZ�
JUDQXOHV������PP��ZHUH�DSSOLHG�WR�WKH�VRLO�VXUIDFH��+LJK�UDWHV�RI�1�ZHUH�DSSOLHG�WR�VLPXODWH�
XULQH�SDWFKHV� LQ� D�SDVWXUH�ZKHUH�1� ORDGLQJ� UDWH� FDQ�EH�YHU\�KLJK� ����������NJ�1� �KD�� IRU�
GDLU\�FDWWOH��ZLWK��������EHLQJ�XUHD�1��+D\QHV�	�:LOOLDPV��������7KH�H[SHULPHQW�ZDV�VHW�
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XS�LQ�D�JODVVKRXVH�PDLQWDLQHG�DW�D�WHPSHUDWXUH�UDQJLQJ�IURP����WR���R&�0D\���������
�
7KH� VHFRQG� H[SHULPHQW� DOVR� FRPSULVHG� WKH� VL[� WUHDWPHQWV� ZLWK� WKUHH� UHSOLFDWLRQV�� FRQWURO�
ZLWKRXW�8,��FRQWURO�ZLWK�8,��XUHD�DORQH��XUHD�ZLWK�8,��6XVWDLQ�*UHHQ���DQRWKHU�FRPPHUFLDOO\�
DYDLODEOH�IHUWLOLVHU�ZLWK�MXVW�$JURWDLQ�FRDWLQJ�#���O�W�XUHD���XUHD�ZLWK�8,��6XVWDLQ�<HOORZ��DQG�
6�FRDWHG�XUHD������1������6���1LWURJHQ�LQ�WKH�IRUP�RI�XUHD�DQG�DPHQGHG�IRUPV�RI�XUHD�ZDV�
DSSOLHG�#����J�1��P�������NJ�1��KD���$PPRQLD�HPLVVLRQV�ZHUH�PRQLWRUHG�IRU����GD\V�DQG�
1�2�HPLVVLRQV�IRU�VL[�ZHHNV�����,Q�WKLV�H[SHULPHQW��D�ORZ�UDWH�RI�1�DSSOLFDWLRQ������NJ�1��KD��
ZDV�XVHG�WR�RYHUFRPH�WKH�XUHD�VFRUFK�REVHUYHG�DW�WKH�KLJK�UDWH�RI�1�DSSOLFDWLRQ������NJ�1�
�KD��LQ�([SHULPHQW����7KH�WHPSHUDWXUH�LQ�WKH�JODVV�KRXVH�ZDV�PDLQWDLQHG�DW��������&��ZKLFK�
ZDV�KLJKHU� WKDQ� WKDW�RI�([SHULPHQW����$OWKRXJK� VRPH�RI� WKH� WUHDWPHQWV� �&RQWURO�� XUHD� DQG�
6XVWDLQ�<HOORZ��ZHUH� FRPPRQ� LQ� ([SHULPHQWV� �� DQG� ��� LW�ZDV� QRW� SRVVLEOH� WR� FRPSDUH�1�
WUDQVIRUPDWLRQV�EHWZHHQ�WKHVH� WZR�H[SHULPHQWV�EHFDXVH�RI� WKH�GLIIHUHQFHV� LQ� WKH�UDWHV�RI�1�
XVHG� ����� DQG� ���� NJ� �KD� LQ� ([SHULPHQW� �� DQG� ��� UHVSHFWLYHO\�� DQG� JODVVKRXVH� FRQGLWLRQV�
�WHPSHUDWXUH���
�
*DVHRXV�HPLVVLRQV�
�
7KH�FKDPEHUV�XVHG�IRU�1+��DQG�1�2�HPLVVLRQ�ZHUH�PRGLILHG�39&�µVHZHU�KDWFKHV¶�DWWDFKHG�
WR�����PP�GLDPHWHU�[�����PP�GHHS�VHFWLRQV�RI�39&�SLSH�ZLWK�D�VHDOHG�EDVH��6DJJDU�HW�DO��
����E���(DFK�FKDPEHU�KDG� WZR� UHPRYDEOH� OLGV�ZLWK�RQH�RU� WZR�SRUWV� IRU� VDPSOLQJ�1�2�RU�
1+��IOX[HV��UHVSHFWLYHO\��7KH�OLG�ZLWK�RQH�SRUW�ZDV�ILWWHG�ZLWK�D����FP�OHQJWK�RI�WXELQJ������
PP�GLDPHWHU��ZLWK�D�WKUHH�ZD\�VWRSFRFN�IRU�VDPSOLQJ�1�2�JDV��7KH�OLG�ZLWK�WZR�SRUWV�KDG�
RQH�LQSXW�SRUW�FRQQHFWHG�WR�D�FRPSUHVVHG�DLU�VXSSO\�DQG�WKH�RWKHU��H[KDXVW��SRUW�FRQQHFWHG�WR�
D� FKHPLFDO� WUDS� WR� DEVRUE�1+���$PPRQLD� HPLVVLRQV�ZHUH�PHDVXUHG� IRU� ��±���KRXUV� GDLO\�
RYHUQLJKW�IRU����GD\V�DIWHU�DSSOLFDWLRQ�RI�WKH�WUHDWPHQWV�XVLQJ�WKH�DFWLYH�IOX[�PHWKRG�ZLWK�D�
FRQVWDQW�DLU�VXSSO\�DW���GP��PLQ�DQG����PO������0�+�62��DFLG�WUDSV�WR�FDSWXUH�1+���:XOI�HW�
DO��������6LQJK�HW�DO���������$IWHU�PHDVXULQJ�1+��� WKH�OLGV�ZHUH�UHPRYHG�DQG�WKH�FKDPEHUV�
OHIW�RSHQ�WR�HTXLOLEUDWH�XQGHU�DPELHQW�FRQGLWLRQV��$PPRQLD�FROOHFWHG�LQ������0�+�62��ZDV�
DQDO\VHG� FRORULPHWULFDOO\� IRU� WRWDO� 1+���1� XVLQJ� D� 7HFKQLFRQ� DXWRDQDO\VHU�� 7KH�1+�� IOX[�
�PJ�1�P��KU��ZDV�WKHQ�FDOFXODWHG�XVLQJ�WKH�HTXDWLRQ��
�

'D
9&1 IOX[1+ ×

×=�� � � � � � � � � ����
ZKHUH��&� �1+��FRQFHQWUDWLRQ�LQ�WKH�DFLG�WUDS��PJ�GP����9� �WKH�YROXPH�RI�DFLG��GP����D� �
WRWDO� FURVV� VHFWLRQ� DUHD� �P��� RI� VRLO� FRUHV� LQ� WKH� FKDPEHU��'�  � GXUDWLRQ� �KRXUV�� RI� HDFK�
VDPSOLQJ���
)RU�1�2�PHDVXUHPHQWV��FKDPEHUV�ZHUH�FORVHG�ZLWK�WKH�VLQJOH�SRUW�OLG��6DJJDU�HW�DO������E��
DQG���JDV� VDPSOHV�ZHUH� WDNHQ� IURP�HDFK�FKDPEHU� DW���PLQ� �W�������PLQ� �W����� DQG����PLQ�
�W���� XVLQJ� ���PO� SRO\SURS\OHQH� V\ULQJHV� ILWWHG�ZLWK� ��ZD\� VWRSFRFNV�� 7KHVH� JDV� VDPSOHV�
ZHUH� WUDQVIHUUHG� WR� HYDFXDWHG� YLDOV� DQG� DQDO\]HG� XVLQJ� D� 6KLPDG]X� *&� ±� ��$� JDV�
FKURPDWRJUDSK�ZLWK� D� ��1L�(OHFWURQ� FDSWXUH�GHWHFWRU� �+HGOH\�HW� DO���������1�2��PJ�P��KU��
IOX[�ZDV� HVWLPDWHG� IURP� WKH�PHDVXUHPHQWV�PDGH� DW� WKH� WKUHH� WLPHV� �W��� W���� DQG� W�����7KH�
VDPSOH�RI�DPELHQW�DLU� WDNHQ� MXVW� DIWHU�FORVLQJ� WKH�FKDPEHU� �W���ZDV�XVHG�DV�D� UHIHUHQFH� IRU�
FDOFXODWLQJ� 1�2� JDV� IOX[HV�� 3UHFLVLRQ� RI� WKH� JDV� FKURPDWRJUDSKLF� GDWD� DW� DPELHQW� 1�2�
FRQFHQWUDWLRQV� ZDV� �� ��� RU� EHWWHU�� ,QFUHDVHV� LQ� 1�2� FRQFHQWUDWLRQV� ZLWKLQ� WKH� FKDPEHU�
KHDGVSDFH�ZHUH�JHQHUDOO\�OLQHDU��5��!�������RYHU�WLPH��7KHUHIRUH��1�2�IOX[���J�P���KU��ZDV�
FDOFXODWHG�IURP�HTXDWLRQ���XVLQJ�WKH�LGHDO�JDV�ODZ��
�
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ZKHUH�)� �JDV�IOX[���J�P��K��� � �GHQVLW\�RI�JDV��J�P����9� �YROXPH�RI�WKH�FKDPEHU��P����$�
 �EDVH�DUHD�RI�WKH�FKDPEHU��P���� F� W� �DYHUDJH�UDWH�RI�FKDQJH�RI�FRQFHQWUDWLRQ�ZLWK�WLPH�
�SSPY�K���DQG�7� �WHPSHUDWXUH��°&��LQ�WKH�FKDPEHU��
� �
1LWURXV� R[LGH�ZDV�PHDVXUHG� GDLO\� IRU� WKH� ILUVW� ZHHN� WR� FDSWXUH� LPPHGLDWH� FKDQJHV� LQ� JDV�
IOX[HV�� IROORZHG� E\� DOWHUQDWH� GD\V� IRU� WZR� ZHHNV�� WKHQ� WZLFH� D� ZHHN� IRU� WKH� IROORZLQJ� ��
ZHHNV��)RU�WKH�UHPDLQLQJ���ZHHNV��PHDVXUHPHQWV�ZHUH�WDNHQ�RQFH�D�ZHHN�RQO\��DV�WKH�IOX[HV�
DSSURDFKHG�EDFNJURXQG� OHYHOV��7R�PLQLPLVH� WKH�YDULDWLRQ� LQ� WKH� IOX[�SDWWHUQ��VDPSOLQJ�ZDV�
DOZD\V� FDUULHG� RXW� EHWZHHQ� ��� D�P�� DQG� �� S�P��7KH� FXPXODWLYH�1�2�HPLVVLRQV� GXULQJ� WKH�
VDPSOLQJ�SHULRG�ZHUH� HVWLPDWHG�E\� DYHUDJLQJ� WKH� UDWH� RI� HPLVVLRQ�EHWZHHQ� WZR� VXFFHVVLYH�
GHWHUPLQDWLRQV�� PXOWLSO\LQJ� WKDW� DYHUDJH� UDWH� E\� WKH� OHQJWK� RI� WKH� SHULRG� EHWZHHQ� WKH�
PHDVXUHPHQWV�DQG�DGGLQJ�WKDW�DPRXQW�WR�WKH�SUHYLRXV�FXPXODWLYH�WRWDO��
,Q�ERWK�WKH�H[SHULPHQWV�WKH�EDFNJURXQG�HPLVVLRQV�RI�1+��DQG�1�2�ZHUH�WDNHQ�IURP�DOO�WKH�
FKDPEHUV�D�GD\�EHIRUH�DSSO\LQJ� WKH� WUHDWPHQWV��7KH�JDVHRXV�HPLVVLRQV�ZHUH�PRQLWRUHG� WLOO�
WKHVH�UHDFKHG�WKH�EDFNJURXQG�OHYHOV����WR���ZHHNV�IRU�1+��DQG���WR����ZHHNV�IRU�1�2���
� �
7KH�SHUFHQWDJH� UHGXFWLRQ� LQ� WRWDO�1�DV�1+��RU�1�2�HPLVVLRQ�ZLWK� WKH� DGGLWLRQ�RI�8,� WR�1�
LQSXW��XUHD�XULQH��ZDV�FDOFXODWHG�XVLQJ�WKH�IROORZLQJ�HTXDWLRQ��
�
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'%&$1211+LQUHGXFWLRQ
−

−+−=− �������� � ��������������
ZKHUH��$� �WRWDO�1+��1�2�1�HPLVVLRQ�IURP�1�RQO\�WUHDWPHQW�
%� �WRWDO�1�2�1�HPLVVLRQ�IURP�1�'&'�WUHDWPHQW�
&� �WRWDO�1�2�1�HPLVVLRQ�IURP�WKH�FRQWURO��QLO�1��ZLWKRXW�LQKLELWRU�WUHDWPHQW�
'� �WRWDO�1�2�1�HPLVVLRQ�IURP�WKH�FRQWURO�ZLWK�LQKLELWRU�WUHDWPHQW�
�
$QDO\VLV�
�
8ULQH�DQDO\VLV�
8ULQH�ZDV�FROOHFWHG� IURP�)ULHVLDQ�FRZV�GXULQJ�D�PLONLQJ�VHVVLRQ�DW� WKH�0DVVH\�8QLYHUVLW\�
1R���'DLU\�IDUP��)UHVK�XULQH�VDPSOHV�IURP�LQGLYLGXDO�FRZV�ZHUH�EXONHG�DQG�IUR]HQ�������&��
ZLWKLQ�DQ�KRXU�RI�FROOHFWLRQ��7KH\�ZHUH�WKHQ�DQDO\]HG�IRU�WRWDO�1��(ELQD�HW�DO��������DQG�WRWDO�
&��%UHPQHU�	�7DEDWDEDL��������7KH�XULQH�DSSOLHG�KDG�D�S+�RI������DQ�DYHUDJH� WRWDO�1�DQG�
WRWDO�&�FRQFHQWUDWLRQ�RI�����J�O�DQG�����J�O��UHVSHFWLYHO\���
�
6RLO�DQDO\VLV��0LQHUDO�1��DQG�7RWDO�&�DQG�1��
$W�WKH�HQG�RI�WKH�H[SHULPHQW��VRLO�FRUHV�ZHUH�VSOLW�LQWR�XSSHU�������PP��DQG�ORZHU���������
PP�� VHFWLRQV�� $� VXE�VDPSOH� RI� �J� �RYHQ� GU\� HTXLYDOHQW�� ZDV� WDNHQ� IURP� HDFK� FRUH� DQG�
H[WUDFWHG�ZLWK���0�.&O�VROXWLRQ�E\�VKDNLQJ�IRU���KU������VRLO��H[WUDFWDQW�UDWLR���7KH�H[WUDFWV�
ZHUH� DQDO\VHG� FRORULPHWULFDOO\� IRU� QLWUDWH� �12���� DQG� DPPRQLXP� �1+���� FRQWHQWV� E\� D�
7HFKQLFRQ�DXWR�DQDO\VHU��%ODNHPRUH�HW�DO����������7RWDO�&�DQG�1�LQ�WKH�VRLO�ZHUH�PHDVXUHG�
E\�FRPEXVWLRQ�LQ�D�/HFR�)3������&16��/(&2�&RUS���6W�-RVHSK��0,��86$���
�
6RLO�S+�DQDO\VLV��
,W� ZDV� QRW� SRVVLEOH� WR� PHDVXUH� VRLO� S+� RI� WKH� LQFXEDWLQJ� VRLO� FRUHV�� 7KHUHIRUH�� WKH� VDPH�
WUHDWPHQWV� ZHUH� DSSOLHG� VLPXOWDQHRXVO\� WR� WKH� VLHYHG� VRLOV� PDLQWDLQHG� DW� ILHOG� FDSDFLW\�
PRLVWXUH� FRQWHQW�� 6RLO� S+� ZDV� PHDVXUHG� SHULRGLFDOO\� IRU� ��� GD\V� IRU� WKH� ERWK� WKH�
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H[SHULPHQWV��6RLO�S+�ZDV�PHDVXUHG�DW�D��������VRLO��ZDWHU�UDWLR�XVLQJ�D�FRPELQHG�HOHFWURGH�
S+�PHWHU��%ODNHPRUH�HW�DO���������
�
+HUEDJH�\LHOG�DQG�DQDO\VLV�
1R�SDVWXUH�\LHOG�GDWD�ZDV�DYDLODEOH� IURP�([SHULPHQW���DV� WKH�SDVWXUH�GLHG� IURP� WKH� LQMXU\�
FDXVHG�E\� WKH�YHU\�KLJK� OHYHOV� RI� DSSOLHG�XULQH� DQG�XUHD�� ,Q�([SHULPHQW����KHUEDJH�RQ� WKH�
FRUHV�ZDV�FXW�DW���FP�KHLJKW�IURP�WKH�VRLO�VXUIDFH�WZLFH�GXULQJ�WKH�H[SHULPHQWDO�SHULRG��GULHG�
DW����&�IRU����KRXUV�DQG�ZHLJKHG�IRU�WRWDO�GU\�PDWWHU��'0��\LHOG���7KH�KHUEDJH�VDPSOHV�ZHUH�
DQDO\VHG�IRU�WRWDO�1�E\�WKH�.MHOGDKO�GLJHVWLRQ�PHWKRG��0F.HQ]LH�	�:DOODFH��������
�
6WDWLVWLFDO�0HWKRGV�
�
$Q�DQDO\VLV�RI�YDULDQFH�XVLQJ�6$6�VRIWZDUH��YHUVLRQ����ZDV�SHUIRUPHG�RQ�WKH�UHVXOWV�IRU�WRWDO�
1+�� DQG� 1�2� HPLWWHG�� PLQHUDO� 1�� KHUEDJH� '0� DQG� KHUEDJH� 1� XSWDNH� XVLQJ� WKH� *HQHUDO�
/LQHDU� 0RGHO� �*/0�� SURFHGXUH�� 0HDQ� FRPSDULVRQV� ZHUH� GRQH� XVLQJ� )LVKHU¶V� /HDVW�
6LJQLILFDQW�'LIIHUHQFH��/6'��DW����VLJQLILFDQFH��
�
5HVXOWV�
�
$PPRQLD�HPLVVLRQV��
�
7KH�1+�� IOX[� LQ� WKH� FRQWURO� WUHDWPHQWV� �ERWK�ZLWK� DQG�ZLWKRXW�8,��GLG� QRW� IOXFWXDWH�PXFK�
RYHU�WKH�H[SHULPHQWDO�SHULRG�RI����DQG����GD\V�LQ�([SHULPHQW���DQG����UHVSHFWLYHO\��)LJXUH�
����7KH�DSSOLFDWLRQ�RI�1�LQ�WKH�IRUP�RI�XULQH�#������J�1��P��DQG�XUHD�#�����([SHULPHQW����
DQG� ��� J� 1� �P�� �([SHULPHQW� ���� VLJQLILFDQWO\� LQFUHDVHG� 1+�� HPLVVLRQV� ZLWKLQ���� GD\V� RI�
DSSOLFDWLRQ� DV� FRPSDUHG� WR� FRQWURO� WUHDWPHQW� �)LJXUH� �� D� 	� E��� 7KH� 1+�� IOX[� IURP� XULQH�
LQFUHDVHG�ZLWKLQ����KRXUV�RI�DSSOLFDWLRQ�DQG�UHDFKHG�WKH�SHDN�YDOXH�RI�����PJ�1+��1��P���G�
ZKHUHDV� HPLVVLRQV� LQ� XUHD� WUHDWPHQWV� SHDNHG� DIWHU� WZR� GD\V� RI� DSSOLFDWLRQ� LQ� ERWK� WKH�
H[SHULPHQWV�� 7KHVH� 1+�� IOX[HV� GURSSHG� TXLFNO\� IRU� WKH� ILUVW� ILYH� GD\V� EHIRUH� JUDGXDOO\�
FRPLQJ� WR� EDFNJURXQG� OHYHOV�� $GGLWLRQ� RI� 8,� WR� XULQH� DQG� XUHD� UHVXOWHG� LQ� D� VLJQLILFDQW�
UHGXFWLRQ��3��������LQ�1+��HPLVVLRQV�DQG�DOVR�GHOD\HG�WKH�WLPH�WR�UHDFK�WKH�SHDN�HPLVVLRQV�
�7PD[��� 7KLV� GHOD\�ZDV� RQH� GD\� LQ� XULQH� WUHDWPHQW�ZLWK� UHGXFWLRQ� RI�1+�� SHDN� WR� ����PJ�
1+��1��P���G��DQG�����GD\V�LQ�XUHD�WUHDWPHQWV�UHFHLYLQJ�7KH�DGGLWLRQ�RI�8,�UHGXFHG�WKH�WRWDO�
DPRXQW�RI�1+��1�HPLVVLRQ� LQ�XULQH� WUHDWPHQW� IURP������ WR������J�1+��1� �P�� DQG������ WR�
����� J� 1+��1� �P�� LQ� XUHD� WUHDWPHQW� LQ� ([SHULPHQW� ��� UHVXOWLQJ� LQ� D� ������ DQG� ������
UHGXFWLRQ�LQ�1+��ORVVHV��UHVSHFWLYHO\��7DEOH�����
�
7KH� WRWDO� 1+�� HPLVVLRQ� LQ� ([SHULPHQW� �� LQ� XUHD� WUHDWPHQW� ZDV� ������ RI� WKH� 1� DSSOLHG��
FRPSDUHG� WR������������DQG�������LQ� WKH�6XVWDLQ�*UHHQ��6XVWDLQ�<HOORZ�DQG�6�FRDWHG�XUHD�
WUHDWPHQWV�� UHVSHFWLYHO\��7DEOH�����7KLV�DFFRXQWHG�IRU�D��������GHFUHDVH� LQ�1+��HPLVVLRQV�
IURP�XUHD�IHUWLOLVHU�DPHQGHG�ZLWK�8,�DQG�6�FRPSDUHG�WR�WKRVH�IURP�XUHD�DORQH��7DEOH�����
�
1LWURXV�R[LGH�HPLVVLRQV�
�
7KH�1�2�HPLVVLRQ� IOX[� LQ� WKH� FRQWURO� WUHDWPHQWV� LQ� ERWK� WKH� H[SHULPHQWV� UHPDLQHG� DOPRVW�
FRQVWDQW�GXULQJ�WKH�H[SHULPHQWDO�SHULRG��)LJXUH���D�	�E���7KHUH�ZDV�YDULDWLRQ�LQ�WKH�HIIHFW�RI�
8,�RQ�1�2�HPLVVLRQV�IURP�XULQH�DQG�GLIIHUHQW�UDWHV�RI�XUHD�����DQG����J�1��P���LQ�WKH�WZR�
H[SHULPHQWV��8ULQH�DSSOLFDWLRQ�UHVXOWHG�LQ�SHDN�1�2�HPLVVLRQ�ZLWKLQ����KRXUV��IROORZHG�E\�D�
SURJUHVVLYH� GHFOLQH� ZLWK� WLPH� �)LJXUH� �D��� $GGLWLRQ� RI� 8,� WR� XULQH� UHGXFHG� WKH� SHDN�1�2�
HPLVVLRQ�RQ�GD\���IURP������XULQH��WR������PJ�1�2�1��P���G��XULQH�8,���DQG�WKH�VXEVHTXHQW�
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1�2�HPLVVLRQV� UHPDLQHG� ORZHU� WKDQ� LQ� WKH�XULQH�RQO\� WUHDWPHQW� WKURXJKRXW� WKH� H[SHULPHQW�
UHVXOWLQJ�LQ�D�����UHGXFWLRQ�LQ�1�2�HPLVVLRQV��7DEOH�����
�
,Q� WKH�XUHD� WUHDWPHQW� LQ�([SHULPHQW���� WKH�KLJKHVW� HPLVVLRQ�RI������PJ�1�2�1��P�� �G�ZDV�
REWDLQHG�RQ�GD\���EXW� WKHQ�GHFUHDVHG�PDUNHGO\�ZLWKLQ�D�GD\��)LJXUH��D���7KLV�GHFOLQH�ZDV�
IROORZHG�E\�D�VPDOO�EXW�VWHDG\�LQFUHDVH�LQ�HPLVVLRQV��JLYLQJ�D�SHDN�YDOXH�RI������PJ�1�2�1�
�P�� �G� RQ�GD\���� �)LJXUH�D���$GGLWLRQ�RI� 6XVWDLQ�<HOORZ� UHVXOWHG� LQ� D� VPDOOHU� LQLWLDO� SHDN�
������ PJ� 1�2�1� �P�� �G�� EXW� VLJQLILFDQWO\� KLJKHU� VHFRQG� SHDN� WKDQ� IURP� WKH� XUHD�RQO\�
WUHDWPHQW��+RZHYHU��RYHUDOO�WKHUH�ZDV�QR�VLJQLILFDQW�GLIIHUHQFH�LQ�WRWDO�1�2�HPLVVLRQV�LQ�WKH�
XUHD�DQG�6XVWDLQ�<HOORZ�WUHDWPHQWV��7DEOH������
�
7KH�DSSOLFDWLRQ�RI�XUHD��6XVWDLQ�*UHHQ��6XVWDLQ�<HOORZ�DQG�6�FRDWHG�XUHD�� LQ�([SHULPHQW���
UHVXOWHG� LQ� DQ� LQFUHDVH� LQ� 1�2� HPLVVLRQ� ZLWKLQ� D� GD\� �)LJXUH� �E��� 7KHUH� ZHUH� WZR� SHDNV�
REVHUYHG�ODWHU�GXULQJ�WKH�H[SHULPHQWDO�SHULRG�LQ�DOO�WKH�WUHDWPHQWV��,Q�WKH�XUHD�WUHDWPHQW��WKH�
KLJKHVW�1�2�HPLVVLRQ� UDWH� ����PJ�1�2�1� �P�� �G��ZDV�REWDLQHG��� GD\V� DIWHU� DSSOLFDWLRQ�� D�
VXEVHTXHQW� VPDOOHU�SHDN�����PJ�1�2�1��P�� �G��ZDV�REVHUYHG�DIWHU����GD\V��6LPLODU� WUHQGV�
ZHUH� IRXQG� LQ� DOO� WKH� RWKHU� WUHDWPHQWV��7KH� SHDN� HPLVVLRQV� REWDLQHG� DW� WKHVH� WZR� GD\V� IRU�
6XVWDLQ�*UHHQ� DQG� 6XVWDLQ�<HOORZ�ZHUH� VLJQLILFDQWO\� ORZHU� FRPSDUHG� WR� WKRVH� LQ� WKH� XUHD�
WUHDWPHQW��+RZHYHU��LQ�WKH�6�FRDWHG�XUHD�WUHDWPHQW��WKH�VHFRQG�SHDN�ZDV�VLJQLILFDQWO\�KLJKHU�
����PJ�1�2�1��P���G���ZLWK�VXEVHTXHQW�HPLVVLRQV�DOVR�UHPDLQLQJ�KLJKHU�WKDQ�XUHD�WUHDWPHQW��
7KLV�DFFRXQWHG�IRU�����DQG�����HPLVVLRQV�UHGXFWLRQ�ZLWK�6XVWDLQ�*UHHQ�DQG�6XVWDLQ�<HOORZ�
UHVSHFWLYHO\��DQG�����HPLVVLRQ�LQFUHDVH�ZLWK�6�FRDWHG�XUHD��7DEOH�����
�
0LQHUDO�QLWURJHQ�
�
$W�WKH�HQG�RI�WKH�H[SHULPHQW��VRLO�PLQHUDO�1�FRQWHQW��1+���DQG�12����PHDVXUHG�LQ�ERWK�WKH�
H[SHULPHQWV�ZDV�VLJQLILFDQWO\��3���������KLJKHU�LQ�VRLO�FRUHV�UHFHLYLQJ�1�WKDQ�LQ�WKH�FRQWURO�DW�
ERWK�WKH�GHSWKV��)LJXUH���	�����$OO�VRLO�FRUHV�FRQWDLQHG�KLJKHU�FRQFHQWUDWLRQV�RI�12��� WKDQ�
1+���1�LQ�DOO�WKH�WUHDWPHQWV�DW�ERWK������DQG��������PP�GHSWKV��)LJXUH���DQG�����0LQHUDO�1�
�1+��� DQG�12����ZDV�PRUH� HYHQO\� GLVWULEXWHG� LQ� XULQH� WUHDWPHQW� DV� FRPSDUHG� WR� WKH� XUHD�
WUHDWPHQW��)LJXUH�����6LJQLILFDQWO\�KLJKHU�1+���1�DQG�12���1�FRQFHQWUDWLRQV�ZHUH�IRXQG�DW�
�����PP�GHSWK�WKDQ�DW��������PP�GHSWK�LQ�FDVH�RI�DOO�WKH�XUHD�WUHDWPHQWV��)LJXUH���DQG�����
7KLV�GLIIHUHQFH�ZDV�H[SHFWHG�DV�XUHD�ZDV�VXUIDFH�DSSOLHG�DQG�WKXV�1+���ZDV�FRQILQHG�WR�WKH�
WRS�VRLO� OD\HU��$GGLWLRQ�RI�8,� WR� WKH�XULQH�FDXVHG�QR�VLJQLILFDQW�HIIHFW�HLWKHU�RQ�1+���1�RU�
12���1�FRQFHQWUDWLRQV� DW� HLWKHU�GHSWK� �)LJXUH����� ,Q� WKH� VRLO� FRUHV� UHFHLYLQJ�XUHD� DPHQGHG�
HLWKHU�ZLWK�8,�RU�6��WKH�WUHQG�RI�1+���DQG�12���GLVWULEXWLRQV�ZDV�VDPH�DV�LQ�WKH�UHVSHFWLYH�
XUHD� WUHDWPHQWV�� KRZHYHU� LQ�([SHULPHQW��� WKH� FRQFHQWUDWLRQ�RI�1+���1�DW� ERWK� VRLO� GHSWKV�
LQFUHDVHG� VLJQLILFDQWO\� ZLWK� DGGLWLRQ� RI� 8,� ZKHUH� DV� QR� VXFK� FKDQJH� ZDV� REVHUYHG� LQ�
([SHULPHQW�����
�
6RLO�S+�
�
7KH�PHDQ�S+�RI�WKH�VRLO�UHFHLYLQJ�1�LQ�WKH�IRUP�RI�XULQH�RU�XUHD��ZLWK�DQG�ZLWKRXW�8,�LQ�ERWK�
WKH�H[SHULPHQWV��ZDV�VLJQLILFDQWO\�KLJKHU�WKDQ�WKDW�LQ�WKH�FRQWURO�VRLO��)LJXUH�����,Q�WKH�XULQH�
WUHDWPHQW�� S+� LQFUHDVHG� IURP� ���� WR� ���� ZLWKLQ� D� GD\� RI� DSSOLFDWLRQ� DQG� UHPDLQHG�
VLJQLILFDQWO\� KLJKHU� WKDQ� LQ� WKH� XULQH�8,� WUHDWPHQW� �)LJXUH� �D��� $GGLWLRQ� RI� 8,� WR� XULQH�
GHOD\HG�WKH�S+�LQFUHDVH�E\�D�GD\�DQG�WKH�PD[LPXP�S+�YDOXH�REWDLQHG�ZDV������)LJXUH��D���
,Q� WKH� XUHD� WUHDWPHQW�� S+� LQFUHDVHG� IURP� ���� WR� ���� LQ� ([SHULPHQW� �� DQG� ���� WR� ���� LQ�
([SHULPHQW���DIWHU����KRXUV�RI�DSSOLFDWLRQ�ZKLFK�WKHQ�GHFUHDVHG�UDSLGO\�DIWHU�GD\����)LJXUH���
D� 	� E��� $GGLWLRQ� RI� 8,� WR� XUHD� UHVXOWHG� LQ� JUDGXDO� LQFUHDVH� LQ� S+� DQG� WKH� S+� UHPDLQHG�
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VLJQLILFDQWO\�ORZHU�WKURXJKRXW�WKH�PHDVXUHPHQW�SHULRG�DV�FRPSDUHG�WR�XUHD�DORQH�WUHDWPHQWV�
LQ� ERWK� WKH� H[SHULPHQWV�� 7KLV� PD\� EH� DWWULEXWHG� WR� WKH� HIIHFW� RI� 8,� RQ� WKH� UDWH� RI� XUHD�
K\GURO\VLV�DQG�WKH�DVVRFLDWHG�UHOHDVH�RI�2+��LRQV��7KH�6�FRDWHG�XUHD�WUHDWPHQW�LQ�([SHULPHQW�
��UHVXOWHG�LQ�WKH�ORZHVW�ULVH�LQ�S+�������DIWHU�ILYH�GD\V��WKH�S+�WKHQ�GHFUHDVHG�UDSLGO\�DQG�ZDV�
ORZHU�WKDQ�WKDW�LQ�WKH�XUHD�WUHDWPHQW�E\�HQG�RI����GD\V��)LJXUH��E���
�
+HUEDJH�GU\�PDWWHU�\LHOGV�
�
1R�KHUEDJH�'0�\LHOG�GDWD�ZHUH� UHFRUGHG� IRU�([SHULPHQW����7KH�KHUEDJH�'0�\LHOG�DQG�1�
XSWDNH�LQ�WKH�FRQWURO�WUHDWPHQW�RI�([SHULPHQW����ZDV�VLJQLILFDQWO\�ORZHU�WKDQ�WKRVH�LQ�WKH�1�
WUHDWPHQWV� �7DEOH� ���� +RZHYHU�� WKH� '0� \LHOG� GLIIHUHQFHV� DPRQJ� 1� WUHDWPHQWV� ZHUH� QRW�
VLJQLILFDQW� DOWKRXJK� WKH� WUHQG� IRXQG�ZDV� WKDW� WKH� KLJKHVW� \LHOG� RI� ���� J� �P��ZDV�ZLWK� WKH�
6XVWDLQ�*UHHQ�� IROORZHG�E\� WKH�6XVWDLQ�<HOORZ������J� �P����XUHD� �����J� �P���DQG�6�FRDWHG�
XUHD������J��P���WUHDWPHQWV��7KH�1�XSWDNH�ZDV�VLJQLILFDQWO\��3�������KLJKHU�LQ�6XVWDLQ�*UHHQ�
DQG�6XVWDLQ�<HOORZ�VLJQLILFDQWO\�FRPSDUHG�WR�WKDW�LQ�WKH�XUHD�WUHDWPHQW�DQG�ZDV�WKH�OHDVW�LQ�
WKH�6�FRDWHG�XUHD��7DEOH�����
�
'LVFXVVLRQ�
�
7KH�UHVXOWV�RI�RXU�VWXG\�KDYH�LQGLFDWHG�WKDW���L��ZKLOH�1+��HPLVVLRQV�ZHUH�KLJKHU�IURP�XUHD�
IHUWLOLVHU� WKDQ�XULQH�� WKH�RSSRVLWH� WUHQG�ZDV�QRWLFHG�IRU�1�2�HPLVVLRQV�� �LL��XUHDVH� LQKLELWRU�
GHFUHDVHG�1+�� ORVVHV� IURP�ERWK�XULQH�DQG�XUHD��ZLWK� WKH� HIIHFW�PRUH�SURQRXQFHG� IRU�XUHD��
�LLL�� XUHDVH� LQKLELWRU� GHFUHDVHG� 1�2� ORVVHV� IURP� XULQH� DSSOLFDWLRQ�� WKRXJK� QR� UHGXFWLRQ� LQ�
ORVVHV� ZDV� REVHUYHG� IURP� XUHD� DSSOLHG� #� ��� J� 1� �P��� XQGHU� WKH� KLJKHU� WHPSHUDWXUH�
FRQGLWLRQV�LQ�([SHULPHQW����8,�VLJQLILFDQWO\�UHGXFHG�1�2�HPLVVLRQV�IURP�XUHD�DSSOLHG�#���J�
1��P����LY��FRDWLQJ�RI�XUHD�ZLWK�HOHPHQWDO�6�UHVXOWHG�LQ�D�GHFUHDVH�LQ�1+��HPLVVLRQV�EXW�DQ�
LQFUHDVH� LQ�1�2�HPLVVLRQV��KRZHYHU�� LW�GLG�QRW� LQIOXHQFH� WKH�HIIHFW�RI�$JURWDLQ�RQ�JDVHRXV�
HPLVVLRQV� IURP� XUHD� �6XVWDLQ� <HOORZ��� �LY�� SODQW� XSWDNH� RI� 1� ZDV� KLJKHU� IURP� XUHD�8,�
�6XVWDLQ� *UHHQ� DQG� <HOORZ�� WKDQ� IURP� XUHD�� 7KH� PDLQ� REMHFWLYH� RI� ([SHULPHQW� �� ZDV� WR�
GLIIHUHQWLDWH�WKH�HIIHFW�RI�WKH�6�FRDWLQJ�DQG�8,�RQ�JDVHRXV�1�HPLVVLRQV��6XOSKXU�FRDWHG�XUHD�
LV�D� W\SLFDO� VORZ�UHOHDVH� IHUWLOLVHU�DQG�ZDV� LQFOXGHG�DV�RQH�RI� WKH� WUHDWPHQWV� WR�FRPSDUH� LWV�
HIIHFW�RQ�JDVHRXV�1�HPLVVLRQV�ZLWK�WKDW�RI�XUHD�DPHQGHG�ZLWK�8,�DQG�6��6XVWDLQ�<HOORZ�����
�
:KHQ�XUHD�RU�XULQH�LV�DSSOLHG�WR�WKH�VRLO��XUHDVH�HQ]\PH�K\GURO\]HV�WKH�XUHD�1��&2�1+�����
WR�1+��� LRQV� �(T�� �� ��� 7KH� XUHD� K\GURO\VLV� DOVR� UHVXOWV� LQ� WKH� UHOHDVH� RI� DONDOL� LRQV� �2+����
WKHUHE\� LQFUHDVLQJ�VRLO�S+��7KH�1+��� LRQV�GLVVRFLDWH� LQWR�1+�� LQ� WKH�SUHVHQFH�RI�2+�� LRQV�
�(T�����UHVXOWLQJ�LQ�WKH�UHOHDVH�RI�1+��JDV���
�
&2�1+�������+�2� ��1+��������2+������&2�� � � � � ����
1+������2+��� �1+������+�2� � � � � � � ����
�
,Q� WKLV� VWXG\�� IROORZLQJ� WKH� K\GURO\VLV� RI� XUHD�1� LQ� XULQH� DQG� XUHD� WUHDWPHQWV�� WKH� VRLO� S+�
LQFUHDVHG�WR�����LQ�([SHULPHQW���DQG�����LQ�([SHULPHQW����$�VOLJKWO\�ORZHU�LQFUHDVH�LQ�S+�LQ�
([SHULPHQW���PD\�EH� DWWULEXWHG� WR� WKH� UHODWLYHO\� ORZ�DPRXQW�RI�XUHD� DSSOLHG� ����J�1� �P���
FRPSDUHG� WR� WKH� YHU\� KLJK� DPRXQW� LQ� XUHD� ���� J� 1� �P��� DQG� XULQH� ������ J� 1� �P��� LQ�
([SHULPHQW����7KH�S+�LQ�WKH�WUHDWPHQWV�UHFHLYLQJ�$JURWDLQ�UHPDLQHG�VLJQLILFDQWO\�ORZHU�WKDQ�
WKH� UHVSHFWLYH�XULQH�DQG�XUHD� WUHDWPHQWV� WKURXJKRXW� WKH�PHDVXUHPHQW�SHULRGV��7KLV�PD\�EH�
DWWULEXWHG� WR� WKH� HIIHFW� RI�8,� RQ� WKH� VORZLQJ� WKH� UDWH� RI� XUHD� K\GURO\VLV� DQG� WKH� DVVRFLDWHG�
UHOHDVH�RI�2+��LRQV��
�
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7KH�1+��HPLVVLRQV�IURP�XULQH�DQG�XUHD�DSSOLHG�LQ�WKLV�VWXG\�DUH�FRPSDUDEOH�LQ�PDJQLWXGH�WR�
UHVXOWV�UHSRUWHG�E\�RWKHU�ZRUNHUV��=DPDQ�	�%OHQQHUKDVVHWW�������=DPDQ�HW�DO��������:DWVRQ�
HW�DO���������7KH�KLJKHVW�1+��IOX[�RFFXUUHG�HDUOLHU��ZLWKLQ����KRXUV��LQ�WKH�XULQH�WKDQ�LQ�WKH�
XUHD�WUHDWPHQW��7KH�GLIIHUHQFH�LQ�WKH�1+��IOX[�SDWWHUQ�EHWZHHQ�WKHVH�1�VRXUFHV�ZDV�SUREDEO\�
GXH� WR� WKH� GLIIHUHQFH� LQ� WKH� UDWH� RI� XUHD� K\GURO\VLV�� 7KHVH� UHVXOWV� DUH� VXSSRUWHG� E\� WKH�
ILQGLQJV�RI�6KHUORFN�	�*RK��������ZKR�UHSRUWHG�PRUH�UDSLG�K\GURO\VLV�RI�XULQH�XUHD�WKDQ�RI�
XUHD� IHUWLOLVHU�� 7KH� SUHVHQFH� RI� KLSSXULF� DFLG� LQ� DQLPDO� XULQH� KDV� EHHQ� VKRZQ� WR� KDYH� D�
VWLPXODWRU\�HIIHFW�RQ�XUHD�K\GURO\VLV��:KLWHKHDG�HW�DO���������7KH�KLJK�XULQH�S+�������ZRXOG�
DOVR�GLUHFWO\�IDYRXU�WKH�K\GURO\VLV�RI�XUHD�EHFDXVH�WKLV�LV�WKH�RSWLPXP�S+�IRU�XUHDVH�DFWLYLW\�
�9OHN�HW�DO���������9DOOLV�HW�DO���������IRXQG�WKDW�PRUH�WKDQ�����RI�XUHD�LQ�XULQH�YRLGHG�RQWR�
D�VXEWURSLFDO�SDVWXUH�ZDV�K\GURO\VHG�ZLWKLQ���K��DV�D�UHVXOW�RI�XUHDVH�DFWLYLW\�LQ�VRLO�DQG�RU�
SODQW�UHVLGXHV�ZKLFK�FRXOG�H[SODLQ�KLJK�S+�DQG�KLJK�1+���DQG�1+��FRQFHQWUDWLRQV�ZLWKLQ����
KRXUV�RI�XULQH�DSSOLFDWLRQ��,Q�WKLV�VWXG\��WKH�DPRXQW�RI�1+��HPLWWHG�������J�1��P���DQG�WKH�
SHDN� IOX[�ZHUH�� KRZHYHU�� KLJKHU� LQ� WKH� XUHD� WKDQ� LQ� WKH� XULQH� WUHDWPHQW� ������ J�1� �P��� LQ�
([SHULPHQW� ���7KH� SODXVLEOH� H[SODQDWLRQ� IRU� WKLV� FDQ�EH� WKDW� WKH� XUHD�ZDV� VXUIDFH� DSSOLHG��
WKXV�JLYLQJ�PRUH�FKDQFHV�IRU�WKH�UHOHDVH�RI�1+��� LRQV�DV�1+���1+���LRQV�IURP�XULQH�ZRXOG�
KRZHYHU��KDYH�PRYHG�LQWR�WKH�VRLO�FRUH�UHGXFLQJ�WKH�1+���FRQFHQWUDWLRQ�DW� WKH�VRLO�VXUIDFH�
DQG�WKXV�GHFUHDVLQJ�1+��ORVVHV��9RODWLOLVDWLRQ�LV�HVVHQWLDOO\�D�SK\VLFRFKHPLFDO�SURFHVV�ZKLFK�
LV�JRYHUQHG�E\� WKH�HTXLOLEULXP�UHODWLRQVKLS�EHWZHHQ�JDVHRXV�SKDVH�1+��J��DQG�1+��DT�� LQ�
VROXWLRQ��(T�����1+��LQ�VROXWLRQ�LV�LQ�WXUQ�PDLQWDLQHG�E\�1+�����1+��HTXLOLEULXP��(T�����DV�
IROORZV��
�
� 1+���DT�� �1+���J�� � � � � � � � ����
1+����DT�� �1+���DT����+���DT�� � � � � � �����
�
$V�PLJKW�EH�H[SHFWHG�IURP�WKH�1+��DT��S+�UHODWLRQVKLS��PD[LPXP�VRLO�S+�FRLQFLGHG�ZLWK�
PD[LPXP�1+���J��IOX[�DQG�DV�VRLO�S+�GHFOLQHG�VR�GLG�WKH�REVHUYHG�1+���J��IOX[HV�LQ�ERWK�WKH�
H[SHULPHQWV�� 7KH� DPRXQW� RI�1� DGGHG� DV� XUHD� ���� J�1� �P���ZDV� VOLJKWO\�PRUH� WKDQ� WKDW� LQ�
XULQH�������J�1��P����ZKLFK�DOVR�PLJKW�KDYH�FRQWULEXWHG�WR�WKH�KLJKHU�1+��ORVVHV�LQ�WKH�XUHD�
WUHDWPHQW��
�
7KH�DGGLWLRQ�RI�8,�LQ�WKH�XULQH�DQG�XUHD��6XVWDLQ�<HOORZ�DQG�6XVWDLQ�*UHHQ��WUHDWPHQWV�ZDV�
KLJKO\� HIIHFWLYH� LQ� UHGXFLQJ� 1+�� HPLVVLRQV� DQG� GHOD\LQJ� WKH� WLPH� RI� SHDN� 1+�� HPLVVLRQ�
�7PD[��LQ�ERWK�WKH�H[SHULPHQWV��7KH�GHOD\�LQ�7PD[�ZDV�RQH�GD\�LQ�WKH�XULQH�DQG�����GD\V�LQ�WKH�
XUHD�WUHDWPHQWV��)LJXUH���D�	�E���7KH�VLJQLILFDQW�IDFWRUV�WKDW�FRQWULEXWH�WR�WKH�HIIHFWLYHQHVV�RI�
8,V� LQ� FRQWUROOLQJ� 1+�� HPLVVLRQV� LQFOXGH� WKH� FDSDFLW\� WR� LQKLELW� XUHD� K\GURO\VLV� DQG� WKH�
GLIIXVLRQ� RI� XUHD� DZD\� IURP� WKH� ]RQH� RI� KLJK� VRLO� S+� DVVRFLDWHG� ZLWK� XUHD� K\GURO\VLV��
&KULVWLDQVRQ�HW�DO���������REVHUYHG�WKDW��DOWKRXJK�8,V�KDG�GHFUHDVHG�XUHD�K\GURO\VLV�LQ�VRLOV�
E\�RQO\�����RYHU�VL[�GD\V��1+�� ORVVHV�IURP�WKH� LQKLELWRU�WUHDWHG�VDPSOHV�ZHUH�UHGXFHG�E\�
����GXULQJ� WKH�VDPH�SHULRG��7KLV� LQGLFDWHV� WKDW� WKH�PRGH�RI�DFWLRQ�RI� WKHVH� LQKLELWRUV�ZDV�
QRW�VLPSO\�RQH�RI�GHOD\LQJ�XUHD�K\GURO\VLV�SHU�VH��6RLO�FROXPQ�VWXGLHV�E\�&OD\�HW�DO���������
KDYH�VKRZQ�WKDW�XUHD�WUHDWHG�ZLWK�8,V�GLIIXVH�WR�JUHDWHU�GHSWK�WKDQ�XQWUHDWHG�XUHD��7KLV�FRXOG�
EH�DWWULEXWHG�WR�WKH�JUHDWHU�GLIIXVLRQ�RI�QRQ�LRQLF�XUHD�PROHFXOHV�LQ�WKH�SUHVHQFH�RI�8,V�DQG�
WKH�UHGXFHG�GLIIXVLRQ�RI�1+���LRQV�SURGXFHG�LQ�WKH�DEVHQFH�RI�8,V��7KLV�HQKDQFHG�GLIIXVLRQ�
RI�1� UHGXFHV� VXEVHTXHQW�1+�� YRODWLOLVDWLRQ�� 7KXV� WKH�PRGH� RI� DFWLRQ� RI�1%37� �$JURWDLQ��
DSSHDUV�WR�EH�RQH�RI�VORZLQJ�GRZQ�XUHD�K\GURO\VLV�ORQJ�HQRXJK�IRU�XUHD�WR�GLIIXVH�DZD\�IURP�
WKH�]RQH�RI�SODFHPHQW��7UHDWLQJ�XUHD�ZLWK�8,V�DOVR�UHGXFHG�WKH�ULVH�LQ�VRLO�S+��)LJXUH���D�	�
E��WKDW�QRUPDOO\�RFFXUV�FRQFXUUHQWO\�ZLWK�XUHD�K\GURO\VLV��7KH�LQFUHDVH�LQ�WKH�FRQFHQWUDWLRQ�
RI�XUHD�LQ�WKH�VRLO�DOORZV�HQKDQFHPHQW�RI�WKH�UDWH�RI�QLWULILFDWLRQ��WKHUHE\�ORZHULQJ�ERWK�WKH�
FRQFHQWUDWLRQ�RI�1+���DQG�S+�DW�WKH�VLWH�RI�SODFHPHQW�DQG�WKXV�UHGXFLQJ�1+��HPLVVLRQV��
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,Q�([SHULPHQW����VOLJKWO\�PRUH�1+���ZDV�IRXQG�LQ�WKH�VRLO�FRUHV�WUHDWHG�ZLWK�8,�WKDQ�LQ�WKH�
FRUHV� UHFHLYLQJ� XULQH� DQG� XUHD� DORQH�� KRZHYHU�� WKLV� GLG� QRW� RFFXU� LQ� ([SHULPHQW� ��� � 7KH�
DGGLWLRQ� RI� 1� VRXUFHV� VXFK� DV� XULQH� DQG� XUHD� WR� WKH� VRLO� UHVXOW� LQ� WKH� DFFXPXODWLRQ� RI�
H[FKDQJHDEOH�1+���LQ�WKH�ILUVW�����GD\V�ZLWK�D�VWURQJ�FRQFHQWUDWLRQ�JUDGLHQW�EHLQJ�GHYHORSHG�
IURP�WKH�SODFHPHQW�VLWH��WRS�VXUIDFH�OD\HU��GRZQ�WKH�VRLO�FRUH�GHSWK��&KULVWLDQVRQ�HW�DO��������
9LWWRUL�$QWLVDUL�HW�DO��������=DPDQ�HW�DO���������7KLV�KLJK�FRQFHQWUDWLRQ�RI�1+���QHDU�WKH�VRLO�
VXUIDFH� LV� VXEMHFW� WR� YRODWLOLVDWLRQ�� LPPRELOL]DWLRQ� DQG� QLWULILFDWLRQ� UHDFWLRQV�� $V� DOUHDG\�
GLVFXVVHG�� WKH�SUHVHQFH�RI�8,V�VORZV�GRZQ�WKH� IRUPDWLRQ�RI�1+��� LRQV�GXH� WR� LQKLELWLRQ�RI�
XUHD� K\GURO\VLV� DQG� UHVXOWV� LQ� WKHLU� GLIIXVLRQ� GRZQ� WKH� VRLO� GHSWK�� WKHUHE\� ORZHULQJ� WKH�
FRQFHQWUDWLRQ�JUDGLHQW�IURP�WKH�VXUIDFH�WR�GHHSHU�GHSWKV�RI�WKH�VRLO�FRUH��7KH�VORZO\�UHOHDVHG�
1+���LRQV�DUH�WKXV�OHVV�VXVFHSWLEOH�WR�1+��ORVV��WKHUHE\�SURYLGLQJ�D�JUHDWHU�FKDQFH�IRU�XSWDNH�
E\�SODQWV��7KLV�LV�TXLWH�FOHDU�LQ�([SHULPHQW����DV�PRUH�1�ZDV�WDNHQ�XS�LQ�VRLO�FRUHV�UHFHLYLQJ�
WKH�6XVWDLQ�*UHHQ� DQG�<HOORZ� WUHDWPHQWV� WKDQ� LQ� FRUHV�ZLWK�XUHD� DORQH�� �$V� WKHUH�ZHUH�QR�
SODQWV�WR�WDNH�XS�H[FKDQJHDEOH�1+���LQ�([SHULPHQW����WKH�EXLOG�XS�LQ�1+���ZDV�VHHQ�LQ�WKH�
FRUHV� UHFHLYLQJ�8,� DORQJ�ZLWK� WKH�1� LQSXW�� 7KHVH�1+��� LRQV�ZRXOG� KDYH� EHHQ� QLWULILHG� RU�
LPPRELOL]HG� ZLWK� LQFUHDVLQJ� WLPH� DIWHU� DSSOLFDWLRQ�� 8UHDVH� LQKLELWRUV� KDYH� EHHQ� VKRZQ� WR�
SUHYHQW� WKH� DSSDUHQW� LQWLDO� LPPRELOL]DWLRQ� RI� XUHD� EXW� K\GURO\VLV� WKHQ� SURFHHGV� DW� D� UDWH�
FRPSDUDEOH�WR�WKDW�ZLWKRXW�LQKLELWRU��+HQGULFNVRQ�HW�DO���������
�
,Q�WKH�XUHD�WUHDWPHQW��WKH�DPRXQW�RI�1�2�HPLWWHG�ZDV������DQG������RI�WKH�DSSOLHG�1�#����
DQG����J�1��P��LQ�([SHULPHQW���DQG����UHVSHFWLYHO\��7KH�GLIIHUHQFH�LQ�1�2�HPLVVLRQ�EHWZHHQ�
WKHVH�WZR�H[SHULPHQWV�PD\�EH�DWWULEXWHG�WR�WKH�KLJK�OHYHO�RI�1+��HPLVVLRQ�LQ�([SHULPHQW����
WKHUHE\� UHVXOWLQJ� LQ� D� GHFUHDVH� LQ� 12��� FRQFHQWUDWLRQ� LQ� VRLO�� 7KH�1�2� HPLVVLRQ� IURP� WKH�
XULQH�WUHDWPHQW�LQ�([SHULPHQW����������ZDV�IRXQG�WR�EH�FRQVLVWHQW�ZLWK�WKH�JHQHUDO�UDQJH�RI�
1�2�HPLVVLRQV�RI�������������RI�DSSOLHG�XULQH�1��2HQHPD�HW�DO��������YDQ�*URHQLJHQ�HW�DO��
�������,Q�([SHULPHQW����1�2�HPLVVLRQV�ZHUH�KLJKHU�LQ�WKH�XULQH�WKDQ�LQ�WKH�XUHD�WUHDWPHQW��
DQG� DOVR� WKH� SHDN� IOX[� ZDV� REWDLQHG� HDUOLHU� �ZLWKLQ� ��� KRXUV�� IRU� WKH� IRUPHU� WUHDWPHQW��
6KHUORFN�	�*RK��������PHDVXUHG�JUHDWHU� ORVVHV�RI�1�2�IURP�VLPXODWHG�XULQH�WKDQ�DTXHRXV�
XUHD�DQG�SHDN�HPLVVLRQV�ZHUH�REVHUYHG�ZLWKLQ�D�IHZ�KRXUV�DIWHU�XULQH�DSSOLFDWLRQ��FRPSDUHG�
WR� ������ KRXUV� DIWHU� XUHD� DSSOLFDWLRQ�� ,QFUHDVHV� LQ� 1�2� HPLVVLRQ� ZLWKLQ� ��� KRXU� RI� XULQH�
DSSOLFDWLRQ�ZHUH�DOVR�REVHUYHG�E\�GH�.OHLQ�	�YDQ�/RJWHVWLMQ��������DQG�.RRSV�HW�DO����������
,Q�([SHULPHQW����XULQH�ZDV�DGGHG�WR�WKH�VRLO�FRUHV�DW�ILHOG�FDSDFLW\�PRLVWXUH�FRQWHQW��FUHDWLQJ�
ZDWHU�VDWXUDWHG�FRQGLWLRQV��WKXV�VWLPXODWLQJ�GHQLWULILFDWLRQ��6DJJDU�HW�DO�������������������E��
KDYH� DOVR� VKRZQ� WKDW�� XQGHU� ILHOG� FRQGLWLRQV�� VLWHV� KDYLQJ�ZDWHU�ILOOHG� SRUH� VSDFH� �:)36��
DERYH�ILHOG�FDSDFLW\�KDG�KLJKHU�1�2�HPLVVLRQV�EHFDXVH�RI� WKH�IRUPDWLRQ�RI�DQDHURELF�VLWHV��
ZKLFK� LV� D� IXQGDPHQWDO� UHTXLVLWH� IRU�GHQLWULILFDWLRQ��6KHUORFN�	�*RK� ������� DOVR�DWWULEXWHG�
WKLV� LQLWLDO� VWLPXODWLRQ� RI�1�2� SURGXFWLRQ� WR� HLWKHU� FKHPRGHQLWULILFDWLRQ� RU� DQDHURELRVLV� LQ�
PLFURVLWHV�DV�D�UHVXOW�RI�&2��JHQHUDWHG�IURP�WKH�UDSLG�K\GURO\VLV�RI�XULQH�XUHD���
�
7KH� DGGLWLRQ� RI� 8,� GHFUHDVHG� WKH� 1�2� HPLVVLRQV� LQ� WKH� XULQH� �([SHULPHQW� ��� DQG� XUHD�
�([SHULPHQW���� WUHDWPHQWV�� ,Q�([SHULPHQW���� WKH�6XVWDLQ�<HOORZ�WUHDWPHQW�FDXVHG� ORZ�1�2�
HPLVVLRQV�FRPSDUHG� WR� WKRVH� LQ� WKH�XUHD� WUHDWPHQW�IRU�ILUVW����GD\V�EXW��DV� WKH�HIIHFW�RI�8,�
VWDUWHG�GLPLQLVKLQJ�� WKHUH�ZDV�D�JUDGXDO� LQFUHDVH� LQ�1�2�HPLVVLRQV�� WKH�GDWD�DOVR�VKRZHG�D�
SHDN�DIWHU����GD\V�DQG�UHPDLQHG�KLJKHU�WKDQ�LQ�WKH�XUHD�WUHDWPHQW�XQWLO�WKH�WHUPLQDWLRQ�RI�WKH�
H[SHULPHQW�� +RZHYHU� LQ� ([SHULPHQW� ��� WKH� 1�2� HPLVVLRQV� LQ� WKH� 8,� DQG� 6� DPHQGHG�XUHD�
WUHDWPHQWV�UHPDLQHG�ORZHU�WKURXJKRXW� WKH�H[SHULPHQWDO�SHULRG��7KLV�GLIIHUHQFH�LQ�WKH�HIIHFW�
RI� 8,� RQ� 1�2� HPLVVLRQ� EHWZHHQ� WKHVH� WZR� H[SHULPHQWV� FRXOG� EH� DWWULEXWHG� WR� FRQWLQXRXV�
UHPRYDO�RI�1�WKURXJK�SODQW�XSWDNH�LQ�([SHULPHQW����WKHUHE\�UHVXOWLQJ�LQ�D�ORZ�FRQFHQWUDWLRQ�
RI� 12��� IRU� GHQLWULILFDWLRQ�� 3ODQWV� DOVR� DIIHFW� 1+�� YRODWLOLVDWLRQ� E\� GHFUHDVLQJ� WKH�
FRQFHQWUDWLRQ�RI�1+��� LQ� WKH� VRLO� VROXWLRQ� WKURXJK�1�XSWDNH� DQG�E\� DOWHULQJ� WKH� S+�RI� WKH�
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UKL]RVSKHUH� VRLO� �6DJJDU� HW� DO�� ����E��� 0RUHRYHU�� LQ� ([SHULPHQW� ��� WKH� WHPSHUDWXUH� ZDV�
KLJKHU� LQ� WKH�JODVVKRXVH���������&���ZKLFK�PLJKW�KDYH�UHVXOWHG� LQ� IDVWHU�QLWULILFDWLRQ� LQ� WKH�
VRLOV��$V� WKH�FRQFHQWUDWLRQ�RI�1+��� LRQV� IRU�QLWULILFDWLRQ�ZRXOG� LQLWLDOO\�EH� ORZHU� LQ� WKH�8,�
DQG� 6� DPHQGHG�XUHD� WUHDWPHQWV� WKDQ� LQ� WKH� XUHD�DORQH� WUHDWPHQW�� WKHUHE\� UHVXOWLQJ� LQ� D�
GHFUHDVH� LQ� 1�2� HPLVVLRQV� SURGXFHG� GXULQJ� QLWULILFDWLRQ�� 'REELH� DQG� 6PLWK� ������� DOVR�
REVHUYHG� ORZHU�1�2� HPLVVLRQV� IURP� VRLO� WUHDWHG�ZLWK� XUHD� SOXV�$JURWDLQ�� 7KH� GHFUHDVH� LQ�
1�2�HPLVVLRQV�UHVXOWHG�LQ�D�VOLJKWO\�KLJKHU�12���1�FRQFHQWUDWLRQ�LQ�WKH�VRLO�FRUHV��)LJXUH���
E�� UHFHLYLQJ�8,�DQG�6�DPHQGHG�XUHD�FRPSDUHG� WR� WKH�XUHD�RQO\� WUHDWPHQW��7KLV� LQFUHDVH� LQ�
12���1� FRQFHQWUDWLRQ� ZDV� DOVR� IRXQG� LQ� XULQH� DQG� KLJKHU� UDWH� RI� XUHD� WUHDWPHQWV� LQ�
([SHULPHQW� ��� +RZHYHU�� WKHUH� ZDV� UHGXFWLRQ� LQ� 1�2� HPLVVLRQV� IURP� XULQH� WUHDWPHQW� ZLWK�
DGGLWLRQ�RI�$JURWDLQ�LQ�WKH�DEVHQFH�RI�SODQWV��7KH�UHDVRQV�DUH�XQNQRZQ��
�
7KH� GDWD� LQGLFDWHG� WKDW� 6�FRDWHG� XUHD� ZDV� HIIHFWLYH� LQ� GHFUHDVLQJ� 1+�� ORVVHV� �7DEOH� ����
+RZHYHU��WKLV�WUHDWPHQW�UHVXOWHG�LQ�GHFUHDVHG�1�XSWDNH�DQG�KLJKHU�1�2�ORVVHV�FRPSDUHG�WR�
WKH� XUHD�DORQH� WUHDWPHQW�� � 1LWURJHQ� UHOHDVH� LQ� WKH� 6�FRDWHG� XUHD� WUHDWPHQW� DSSHDUHG� WR� EH�
VORZHU� WKDQ� LQ� WKH� RWKHU� XUHD� WUHDWPHQWV�� WKHUHE\� DGYHUVHO\� DIIHFWLQJ� SODQW� JURZWK� DV� QRW�
HQRXJK�1�ZDV�DYDLODEOH�IRU�WKH�SODQWV��7KH�ODWHU�UHOHDVH�RI�1�IURP�6�FRDWHG�XUHD�ODWHU�LQ�WKH�
H[SHULPHQWDO� SHULRG� ZKHQ� SODQW� JURZWK� ZDV� DOUHDG\� HIIHFWLYH� FRXOG� H[SODLQ� WKH� UHODWLYHO\�
KLJK� 1�2� IOX[HV�� +RZHYHU�� WKHUH� ZDV� QR� GLIIHUHQFH� LQ� JDVHRXV� HPLVVLRQV� DQG� 1�
WUDQVIRUPDWLRQ� EHWZHHQ� 6XVWDLQ� <HOORZ� �XUHD�$JURWDLQ�HOHPHQWDO� 6�� DQG� 6XVWDLQ� *UHHQ�
�XUHD�$JURWDLQ��WUHDWPHQWV�LQGLFDWLQJ�WKDW�6�FRDWLQJ�GLG�QRW�LQIOXHQFH�WKH�HIIHFW�RI�$JURWDLQ�
RQ� 1� WUDQVIRUPDWLRQ� RI� XUHD�� ,W� KDV� WR� EH� SRLQWHG� RXW�� KRZHYHU�� WKDW� ZKLOH� 6�FRDWHG� XUHD�
FRQWDLQV�����6��6XVWDLQ�<HOORZ�KDV�RQO\����6��
�
&RQFOXVLRQV�
�
8UHDVH� LQKLELWRU�ZDV�HIIHFWLYH� LQ� UHGXFLQJ�1+��YRODWLOLVDWLRQ�DQG�1�2�HPLVVLRQV� IURP�ERWK�
XULQH�DQG�XUHD�EXW�WKH�UHGXFWLRQ�LQ�1�2�HPLVVLRQ�YDULHG�GHSHQGLQJ�RQ�WKH�SODQW�XSWDNH�DQG�
EXLOG�XS�LQ�QLWUDWH�FRQFHQWUDWLRQ��8UHDVH�LQKLELWRU�LQFUHDVHG�1�XSWDNH��WKHUHE\�UHVXOWLQJ�LQ�DQ�
LQFUHDVH�LQ�KHUEDJH�GU\�PDWWHU�\LHOGV�IURP�XUHD�IHUWLOLVHU��WKRXJK�WKH�ORQJ�WHUP�HIIHFW�RI�8,�RQ�
KHUEDJH� \LHOG� UHTXLUHV� IXUWKHU� H[DPLQDWLRQ�� (OHPHQWDO� 6� FRDWHG� XUHD� UHGXFHG� 1+��
VLJQLILFDQWO\�EXW�VOLJKWO\�LQFUHDVHG�1�2�HPLVVLRQV�GXULQJ�WKH�H[SHULPHQWDO�SHULRG�RI���ZHHNV��
7KH�6�FRDWLQJ�RI�XUHD�LQ�WKH�SUHVHQFH�RI�8,��L�H�6XVWDLQ�<HOORZ�GLG�QRW�VKRZ�DQ\�DGGLWLRQDO�
EHQHILW�LQ�UHODWLRQ�WR�UHGXFLQJ�1�JDVHRXV�HPLVVLRQV�FRPSDUHG�ZLWK�XUHD�LQ�WKH�SUHVHQFH�RI�8,�
DORQH��L�H��6XVWDLQ�*UHHQ���
�
$FNQRZOHGJHPHQWV�
:H�ZRXOG� OLNH� WR� WKDQN� 'U� 'HV� 5RVV� IRU� KLV� YDOXDEOH� FRPPHQWV� DQG� 3HWH�0F*UHJRU� IRU�
HGLWLQJ��
�
�
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5HIHUHQFHV�
�
%ODNHPRUH�/�&���6HDUOH�3�/��	�'DO\�%�.����������0HWKRGV�IRU�FKHPLFDO�DQDO\VLV�RI�VRLOV��,Q��

1HZ�=HDODQG�6RLO�%XUHDX�6FLHQFH�5HSRUW�1R�����/RZHU�+XWW��
%ODFN�$�6���6KHUORFN�5�5���6PLWK�1�3���&DPHURQ�.�&��DQG�*RK�.�0����������(IIHFWV�RI�IRUP�

RI� QLWURJHQ�� VHDVRQ� DQG� XUHD� DSSOLFDWLRQ� UDWH� RQ� DPPRQLD� YRODWLOLVDWLRQ� IURP�
SDVWXUH��1HZ�=HDODQG�-RXUQDO�RI�$JULFXOWXUDO�5HVHDUFK���������������

%RXZPDQ�$�)����������([FKDQJH�RI�JUHHQKRXVH�JDVHV�EHWZHHQ�WHUUHVWULDO�HFRV\VWHPV�DQG�WKH�
DWPRVSKHUH��,Q��6RLOV�DQG�WKH�JUHHQKRXVH�HIIHFW��HG��%RXZPDQ�$)���-RKQ�:LOH\�
	�6RQV�/WG�&KLFKHVWHU��SS����������

%XUHVK�5�-���'HGDWWD�6�.���3DGLOOD�-�/��	�6DPVRQ�0�,�� ��������)LHOG�HYDOXDWLRQ�RI���XUHDVH�
LQKLELWRUV�ZLWK�WUDQVSODQWHG�ORZODQG�ULFH��$JURQRP\�-RXUQDO���������������

&KULVWLDQVRQ�&�%���%DHWKJHQ�:�(���&DUPRQD�*��	�+RZDUG�5�*����������0LFURVLWH�UHDFWLRQV�
RI� XUHD�Q%737� IHUWLOL]HU� RQ� WKH� VRLO� VXUIDFH�� 6RLO� %LRORJ\� 	� %LRFKHPLVWU\�� ����
�����������

&OD\� '�(��� 0DO]HU� *�/�� 	� $QGHUVRQ� -�/�� �������� $PPRQLD� YRODWLOL]DWLRQ� IURP� XUHD� DV�
LQIOXHQFHG� E\� VRLO�WHPSHUDWXUH�� VRLO�ZDWHU� FRQWHQW�� DQG� QLWULILFDWLRQ� DQG�
K\GURO\VLV�LQKLELWRUV��6RLO�6FLHQFH�6RFLHW\�RI�$PHULFD�-RXUQDO���������������

'H� 'DWWD� 6�.��� 7UHYLWW� $�&�)��� )UHQH\� -�5��� 2EFHPHD�:�� 1��� 5HDO� -�*�� DQG� 6LPSVRQ� -�5��
��������0HDVXULQJ� QLWURJHQ� ORVVHV� IURP� ORZODQG� ULFH� XVLQJ� EXON� DHURG\QDPLFV�
DQG�1LWURJHQ�����EDODQFH�PHWKRGV��6RLO�6FLHQFH�6RFLHW\�RI�$PHULFD�-RXUQDO������
�����������

GH� .OHLQ� &�$�0�� 	� YDQ� /RJWHVWLMQ� 5�6�3�� �������� 'HQLWULILFDWLRQ� DQG� 1�2� HPLVVLRQ� IURP�
XULQH�DIIHFWHG�JUDVVODQG�VRLO��3ODQW�DQG�6RLO����������������

'REELH� .�(�� DQG� 6PLWK� .�$�� �������� ,PSDFW� RI� GLIIHUHQW� IRUPV� RI� 1� IHUWLOL]HU� RQ� 1�2�
HPLVVLRQV�IURP�LQWHQVLYH�JUDVVODQG��1XWULHQW�&\FOLQJ�LQ�$JURHFRV\VWHPV���������
����

)HQQ�/�%��	�+RVVHQHU�/�5�� ��������$PPRQLD�YRODWLOL]DWLRQ� IURP�DPPRQLXP�RU� DPPRQLD�
IRUPLQJ�QLWURJHQ�IHUWLOL]HUV��$GYDQFHV�LQ�6RLO�6FLHQFH��������������

)UHQH\� -�5���'HQPHDG�2�7���:DWDQDEH� ,��	�&UDVZHOO� (�7�� ��������$PPRQLD� DQG�1LWURXV�
2[LGH� ORVVHV� IROORZLQJ� DSSOLFDWLRQV� RI� DPPRQLXP�VXOIDWH� WR� IORRGHG� ULFH��
$XVWUDOLDQ�-RXUQDO�RI�$JULFXOWXUDO�5HVHDUFK�������������

)UHQH\�-�5���/HXQLQJ�5���6LPSVRQ�-�5���'HQPHDG�2�7��	�0XLUKHDG�:�$����������(VWLPDWLQJ�
DPPRQLD� YRODWLOL]DWLRQ� IURP� IORRGHG� ULFH� ILHOGV� E\� VLPSOLILHG� WHFKQLTXHV�� 6RLO�
6FLHQFH�6RFLHW\�RI�$PHULFD�-RXUQDO�����������������

*LRDFFKLQL�3���1DVWUL�$���0DU]DGRUL�&����������,QIOXHQFH�RI�XUHDVH�DQG�QLWULILFDWLRQ�LQKLELWRUV�
RQ�1�ORVVHV�IURP�VRLOVIHUWLOL]HG�ZLWK�XUHD��%LRORJ\�DQG�)HUWLOLW\�RI�6RLOV����������
�����

+DUJURYH� :�/��� .LVVHO� '�(�� 	� )HQQ� /�%�� �������� )LHOG� PHDVXUHPHQW� RI� DPPRQLD�
YRODWLOL]DWLRQ� IURP� VXUIDFH� DSSOLFDWLRQ� RI� DPPRQLD� VDOWV� WR� D� FDOFDUHRXV� VRLO��
$JURQRP\�-RXUQDO���������������

+HGOH\�&�%���6DJJDU�6��	�7DWH�.�5����������3URFHGXUH�IRU�IDVW�VLPXOWDQHRXV�DQDO\VLV�RI�WKH�
JUHHQKRXVH� JDVHV�� 0HWKDQH�� FDUERQ� GLR[LGH�� DQG� QLWURXV� R[LGH� LQ� DLU� VDPSOHV��
&RPPXQLFDWLRQV�LQ�6RLO�6FLHQFH�DQG�3ODQW�$QDO\VLV�����������������

+HQGULFNVRQ� /�/��� 2PKROW� 7�(�� 	� 2
&RQQRU� 0�-�� �������� (IIHFW� RI�
SKHQ\OSKRVSKRURGLDPLGDWH� RQ� LPPRELO]DWLRQ� DQG� DPPRQLD� YRODWLOL]DWLRQ�� 6RLO�
6FLHQFH�6RFLHW\�RI�$PHULFD�-RXUQDO�����������������

+HZLWW�$(��������1HZ�=HDODQG�VRLO�FODVVLILFDWLRQ���QG� HG��/LQFROQ��1HZ�=HDODQG��0DQDDNL�
:KHQXD�3UHVV��

-RR�<�.���&KULVWLDQV�1�(��	�%UHPQHU�-�0����������(IIHFW�RI�1��QRUPDO�EXW\O��WKLRSKRVSKRULF�
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WULDPLGH� �1ESW�� RQ� JURZWK�UHVSRQVH� DQG� DPPRQLD� YRODWLOL]DWLRQ� IROORZLQJ�
IHUWLOL]DWLRQ� RI� NHQWXFN\� EOXHJUDVV� �3RDSUDWHQVLV� /�� ZLWK� XUHD�� -RXUQDO� RI�
)HUWLOL]HU�,VVXHV�������������

.RRSV�-�*���YDQ%HXVLFKHP�0�/��	�2HQHPD�2����������1LWURXV�R[LGH�SURGXFWLRQ��LWV�VRXUFH�
DQG�GLVWULEXWLRQ� LQ�XULQH�SDWFKHV�RQ�JUDVVODQG�RQ�SHDW�VRLO��3ODQW�DQG�6RLO�������
�������

/LJKWQHU�-�:���0HQJHO�'�%��	�5K\NHUG�&�/����������$PPRQLD�YRODWLOL]DWLRQ�IURP�QLWURJHQ�
IHUWLOL]HG� VXUIDFH� WR� RUFKDUGJUDVV� VRG��6RLO� 6FLHQFH� 6RFLHW\� RI�$PHULFD� -RXUQDO��
���������������

/RFN\HU�'�5��	�:KLWHKHDG�'�&����������9RODWLOL]DWLRQ�RI�DPPRQLD�IURP�FDWWOH�XULQH�DSSOLHG�
WR�JUDVVODQG��6RLO�%LRORJ\�	�%LRFKHPLVWU\�����������������

0F.HQ]LH�+�$��	�:DOODFH�+�6�� ��������7KH� NMHOKDKO� GHWHUPLQDWLRQ� RI� QLWURJHQ��$� FULWLFDO�
VWXG\� RI� GLJHVWLRQ� FRQGLWLRQV�WHPSHUDWXUH�� FDWDO\VW� DQG� R[LGLVLQJ� DJHQW��
$XVWUDOLDQ�-RXUQDO�RI�&KHPLVWU\������������

0RQDJKDQ� 5�0��� +HGOH\� 0�-��� 'L� +�-��� 0F'RZHOO� 5�:��� &DPHURQ� .�&� 	� /HGJDUG� 6�)��
��������1XWULHQW�PDQDJHPHQW�LQ�1HZ�=HDODQG�SDVWXUHV��UHFHQW�GHYHORSPHQWV�DQG�
IXWXUH�LVVXHV��1HZ�=HDODQG�-RXUQDO�RI�$JULFXOWXUDO�5HVHDUFK���������������

2HQHPD�2���9HOWKRI�*�/���<DPXONL�6��	�-DUYLV�6�&�� ��������1LWURXV�R[LGH� HPLVVLRQV� IURP�
JUD]HG�JUDVVODQG��6RLO�8VH�DQG�0DQDJHPHQW���������������

3DUOLDPHQWDU\� &RPPLVVLRQHU� IRU� WKH� (QYLURQPHQW� �������� *URZLQJ� IRU� JRRG� ±� LQWHQVLYH� IDUPLQJ��
VXVWDLQDELOLW\� DQG� 1HZ� =HDODQG
V� HQYLURQPHQW�� 3DUOLDPHQWDU\� &RPPLVVLRQHU� IRU� WKH�
(QYLURQPHQW��:HOOLQJWRQ������S��KWWS���ZZZ�SFH�JRYW�Q]�

6DJJDU�6��$QGUHZ�50��7DWH�.5��+HGOH\��&%��5RGGD�1-��7RZQVHQG�-$������D��0RGHOOLQJ�
QLWURXV� R[LGH� HPLVVLRQV� IURP� GDLU\�JUD]HG� SDVWXUHV�� 1XWULHQW� &\FOLQJ� LQ�
$JURHFRV\VWHPV��������������

6DJJDU� 6���$QGUHZ�5�0���7DWH�.�5���+HGOH\�&�%��	�7RZQVHQG� -�$�� �������� 6LPXODWLRQ� RI�
QLWURXV� R[LGH� HPLVVLRQV� IURP� 1HZ� =HDODQG� GDLU\�JUD]HG� SDVWXUHV� DQG� LWV�
PLWLJDWLRQ� VWUDWHJLHV�� ,Q�� 3URFHHGLQJV� �UG� ,QWHUQDWLRQDO� 0HWKDQH� DQG� 1LWURXV�
2[LGH�0LWLJDWLRQ�&RQIHUHQFH�%HLMLQJ��&KLQD��

6DJJDU� 6��� $QGUHZ� 5�0��� 7DWH� .�5��� 5RGGD� 1�-��� +HGOH\� &�%�� 	� 7RZQVHQG� -�$�� ��������
0HDVXUHPHQWV�DQG�PRGHOOLQJ�RI�QLWURXV�R[LGH�HPLVVLRQV�IURP�GDLU\�SDVWXUHV��,Q��
3URFHHGLQJV�RI�WKH�:RUNVKRS�RQ�'DLU\�)DUP�6RLO�0DQDJHPHQW��HGV��&XUULH�/'�
	�/RJDQDWKDQ�3��0DVVH\�8QLYHUVLW\��3DOPHUVWRQ�1RUWK��SS�����������

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

6FKOHJHO�$�-���1HOVRQ�'�:��	�6RPPHUV�/�(����������)LHOG�HYDOXDWLRQ�RI�XUHDVH�LQKLELWRUV�IRU�
FRUQ��SURGXFWLRQ��$JURQRP\�-RXUQDO�����������������

6KHSSDUG��6��&���%LWWPDQ��6��DQG�7DLW�� -�� ��������$LU�4XDOLW\�±�$PPRQL��3����������� ,Q�$��
/HIHEYUH� HW� DO�� �HGV��� (QYLURQPHQWDO� 6XVWDLQDELOLW\� RI� &DQDGLDQ� $JULFXOWXUH��
$JUL�(QYLURQPHQWDO� ,QGLFDWRU� 5HSRUW� 6HULHV� ±� 5HSRUW� ���� 2WWDZD�� 2QWDULR��
$JULFXOWXUH�DQG�$JUL�)RRG�&DQDGD��

6KHUORFN� 5�5�� 	� *RK� .�0�� �������� ,QLWLDO� HPLVVLRQV� RI� QLWURXV� R[LGH� IURP� VKHHS� XULQH�
DSSOLHG�WR�SDVWXUH�VRLO��6RLO�%LRORJ\�	�%LRFKHPLVWU\���������������

6KHUORFN� 5�5�� 	� *RK� .�0�� �������� '\QDPLFV� RI� DPPRQLD� YRODWLOL]DWLRQ� IURP� VLPXODWHG�
XULQH� SDWFKHV� DQG� DTXHRXV� XUHD� DSSOLHG� WR� SDVWXUH��)HUWLOL]HU�5HVHDUFK�� ��� ����
�����

7HUPDQ� *�/�� �������� 9RODWLOL]DWLRQ� ORVV� RI� QLWURJHQ� DV� DPPRQLD� IURP� VXUIDFH�DSSOLHG�
IHUWLOL]HUV�� RUJDQLF� DPHQGPHQWV� DQG� FURS� UHVLGXHV��$GYDQFHV� LQ� $JURQRP\�� ����
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���������
9DOOLV� ,��� +DUSHU� /�$��� &DWFKSRROH� 9�5�� 	�:HLHU� .�/�� �������� 9RODWLOL]DWLRQ� RI� DPPRQLD�

IURP�XULQH�SDWFKHV� LQ� D� VXE�WURSLFDO� SDVWXUH��$XVWUDOLDQ� -RXUQDO�RI�$JULFXOWXUDO�
5HVHDUFK��������������

YDQ�*URHQLJHQ�-�:���.XLNPDQ�3�-���'H�*URRW�:�-�0��	�9HOWKRI�*�/����������1LWURXV�R[LGH�
HPLVVLRQ� IURP� XULQH�WUHDWHG� VRLO� DV� LQIOXHQFHG� E\� XULQH� FRPSRVLWLRQ� DQG� VRLO�
SK\VLFDO�FRQGLWLRQV��6RLO�%LRORJ\�	�%LRFKHPLVWU\��������������

9LWWRUL�$QWLVDUL�/���0DU]DGRUL�&���*LRDFFKLQL�3���5LFFL�6��	�*HVVD�&����������(IIHFWV�RI�WKH�
XUHDVH� LQKLELWRU� 1��Q�EXW\O�� WKLRSKRVSKRULF� WULDPLGH� LQ� ORZ� FRQFHQWUDWLRQV� RQ�
DPPRQLD�YRODWLOL]DWLRQ�DQG�HYROXWLRQ�RI�PLQHUDO�QLWURJHQ��%LRORJ\�DQG�)HUWLOLW\�RI�
6RLOV���������������

9OHN�3�/�*��	�&UDVZHOO�(�7����������(IIHFW�RI�QLWURJHQ�VRXUFH�DQG�PDQDJHPHQW�RQ�DPPRQLD�
YRODWLOL]DWLRQ� ORVVHV� IURP� IORRGHG� ULFH�VRLO� V\VWHPV�� 6RLO� 6FLHQFH� 6RFLHW\� RI�
$PHULFD�-RXUQDO���������������

9OHN� 3�/�*��� %\UQHV� %�+�� 	� &UDVZHOO� (�7�� �������� (IIHFW� RI� XUHD� SODFHPHQW� RQ� OHDFKLQJ�
ORVVHV�RI�QLWURJHQ�IURP�IORRGHG�ULFH�VRLOV��3ODQW�DQG�6RLO���������������

:DWVRQ�&�-���3RODQG�3��	�$OOHQ�0�%�'����������7KH�HIILFDF\�RI�UHSHDWHG�DSSOLFDWLRQV�RI�WKH�
XUHDVH�LQKLELWRU�1��Q�EXW\O��WKLRSKRVSKRULF�WULDPLGH�IRU�LPSURYLQJ�WKH�HIILFLHQF\�
RI� XUHD� IHUWLOL]HU� XWLOL]DWLRQ�RQ� WHPSHUDWH�JUDVVODQG��*UDVV�DQG�)RUDJH�6FLHQFH��
�������������

:DWVRQ�&�-���3RODQG�3���0LOOHU�+���$OOHQ�0�%�'���*DUUHWW�0�.��	�&KULVWLDQVRQ�&�%�������E���
$JURQRPLF� DVVHVVPHQW� DQG� 1���� UHFRYHU\� RI� XUHD� DPHQGHG� ZLWK� WKH� XUHDVH�
LQKLELWRU� 1EWSW� �1��Q�%XW\O�� WKLRSKRVSKRULF� WULDPLGH�� IRU� WHPSHUDWH� JUDVVODQG��
3ODQW�DQG�6RLO����������������

:KLWHKHDG� '�&�� 	� 5DLVWULFN� 1�� �������� 7KH� YRODWLOL]DWLRQ� RI� DPPRQLD� IURP� FDWWOH� XULQH�
DSSOLHG�WR�VRLOV�DV�LQIOXHQFHG�E\�VRLO�SURSHUWLHV��3ODQW�DQG�6RLO��������������

:KLWHKHDG�'�&���/RFN\HU�'�5��	�5DLVWULFN�1����������9RODWLOL]DWLRQ�RI�DPPRQLD�IURP�XUHD�
DSSOLHG� WR� VRLO�� ,QIOXHQFH� RI� KLSSXULF� DFLG� DQG� RWKHU� FRQVWLWXHQWV� RI� OLYHVWRFN�
XULQH��6RLO�%LRORJ\�	�%LRFKHPLVWU\���������������

=DPDQ�0���1JX\HQ�0��/���%OHQQHUKDVVHWW�-�'��	�4XLQ�%��)����������5HGXFLQJ�1+���1�2�DQG�
12���1� ORVVHV� IURP� D� SDVWXUH� VRLO� ZLWK� XUHDVH� RU� QLWULILFDWLRQ� LQKLELWRUV� DQG�
HOHPHQWDO�6�DPHQGHG�QLWURJHQRXV�IHUWLOL]HUV��%LRORJ\�DQG�)HUWLOLW\�RI�6RLOV��'2,�
��������V������������������

=DPDQ� 0�� 	� %OHQQHUKDVVHWW� -� '�� �������� &RPELQLQJ� XUHDVH� DQG� QLWULILFDWLRQ� LQKLELWRUV� WR�
GHFUHDVH�1� ORVVHV� LQ� DQ� LQWHQVLYH� JUD]HG� SDVWXUH� V\VWHP�� ,Q�&DUERQ� DQG�QXWULHQW�
PDQDJHPHQW�LQ�DJULFXOWXUH��HG�/'�&XUULH���2FFDVLRQDO�5HSRUW�1R������)HUWLOL]HU�DQG�
/LPH�5HVHDUFK�&HQWUH��0DVVH\�8QLYHUVLW\��3DOPHUVWRQ�1RUWK��1HZ�=HDODQG�� ��±
��WK�)HEUXDU\�������LQ�SUHVV���

�
�
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)LJXUH�&DSWLRQV�
�
)LJXUH��� $PPRQLD�HPLVVLRQV�IURP��D��XULQH�DQG�XUHD�DSSOLFDWLRQV��ZLWK�DQG�ZLWKRXW�8,�

LQ�([SHULPHQW��� �E��XUHD�DQG�DPHQGHG�XUHD� WUHDWPHQWV� LQ�([SHULPHQW����7KH�
LQVHW� JLYHV� WKH� HQODUJHG� JUDSK� IRU�1+�� HPLVVLRQV� LQ� WKH� XULQH� DQG� XULQH�8,�
WUHDWPHQWV� (DFK� YDOXH� UHSUHVHQWV� D� PHDQ� RI� WKUHH� UHSOLFDWHV� ZLWK� VWDQGDUG�
GHYLDWLRQ�VKRZQ�E\�YHUWLFDO�EDUV��

)LJXUH��� �1LWURXV� R[LGH� HPLVVLRQV� IURP� �D�� XULQH� DQG� XUHD� DSSOLFDWLRQV�� ZLWK� DQG�
ZLWKRXW� 8,� LQ� ([SHULPHQW� �� �E�� XUHD� DQG� DPHQGHG�XUHD� WUHDWPHQWV� LQ�
([SHULPHQW� ��� 7KH� LQVHW� JLYHV� WKH� HQODUJHG� JUDSK� IRU�1�2� HPLVVLRQV� LQ� WKH�
XUHD� DQG� 6XVWDLQ� <HOORZ� WUHDWPHQWV�� (DFK� YDOXH� UHSUHVHQWV� D� PHDQ� RI� WKUHH�
UHSOLFDWHV�ZLWK�VWDQGDUG�GHYLDWLRQ�VKRZQ�E\�YHUWLFDO�EDUV�

)LJXUH��� 'LVWULEXWLRQ�RI��D��1+���DQG��E��12���FRQFHQWUDWLRQV�LQ�VRLO�FRUHV�DW������PP�
DQG� ������� PP� GHSWKV� LQ� YDULRXV� WUHDWPHQWV� ZLWK� DQG� ZLWKRXW� 8,� LQ�
([SHULPHQW� ��� (DFK� EDU� YDOXH� UHSUHVHQWV� D� PHDQ� RI� QLQH� UHSOLFDWHV� ZLWK�
VWDQGDUG�GHYLDWLRQ�VKRZQ�E\�YHUWLFDO�EDUV� �D�������PP��/6'�������� ��������
�������PP��/6'�������� ��������E�������PP��/6'�������� ���������������PP�
�/6'�������� ������

)LJXUH��� 'LVWULEXWLRQ�RI��D��1+���DQG��E��12���FRQFHQWUDWLRQV�LQ�VRLO�FRUHV�DW������PP�
DQG� ������� PP� GHSWKV� UHFHLYLQJ� XUHD� DQG� DPHQGHG�XUHD� WUHDWPHQWV� LQ�
([SHULPHQW� ��� (DFK� EDU� YDOXH� UHSUHVHQWV� D� PHDQ� RI� QLQH� UHSOLFDWHV� ZLWK�
VWDQGDUG�GHYLDWLRQ�VKRZQ�E\�YHUWLFDO�EDUV� �D�������PP��/6'�������� ��������
�������PP��/6'�������� ��������E�������PP��/6'�������� ���������������PP�
�/6'�������� ������

)LJXUH��� S+�GLVWULEXWLRQ�LQ�0DQDZDWX�VDQG\�ORDP�VRLO�UHFHLYLQJ��D��XULQH�DQG�XUHD��ZLWK�
DQG� ZLWKRXW� 8,� LQ� ([SHULPHQW� �� �E�� XUHD� DQG� DPHQGHG�XUHD� WUHDWPHQWV� LQ�
([SHULPHQW����
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7DEOH��� &KHPLFDO� DQG� SK\VLFDO� SURSHUWLHV� RI� WKH� VRLO� IURP� ����� DQG� �������PP�
GHSWKV��

�
� 'HSWK� %XON� &OD\� 7RWDO�1� 7RWDO� &� S+� &�(�&�

����� ���� ��� ����� ���� ���� ���0DQDZDWX�
������� ���� ��� ����� ���� ���� QG�
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