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�
5RFNULGJH�SLQH�VDYDQQDV�RI�/RQJ�3LQH�.H\��(YHUJODGHV�1DWLRQDO�3DUN��DUH�DPRQJ�WKH�PRVW�
VSHFLHV�ULFK�FRPPXQLWLHV�LQ�WKH�ZRUOG��\HW�IDFH�QXPHURXV�DQWKURSRJHQLF�WKUHDWV���0DQ\�VSH�
FLHV�DUH�HQGHPLF�WR�WKH�SLQH�VDYDQQDV�DQG�WKH�DVVRFLDWHG�JODGHV���7KLV�HFRV\VWHP·V�LQWHJULW\�
LV� VHULRXVO\� WKUHDWHQHG�E\�KDELWDW� ORVV�� SDVW� FKDQJHV� LQ� ILUH�PDQDJHPHQW�� DQG� LQYDVLRQV� RI�
H[RWLF�VSHFLHV�� � ,QWURGXFWLRQV�RI� H[RWLF�JUDVV�� H�J���,PSHUDWD�EUDVLOLHQVLV�7ULQ��� DQG� VKUXEV����
H�J���6FKLQXV� WHUHELQWKLIROLXV�5DGGL��� WKUHDWHQ� WKH�QDWLYH�VSHFLHV�� �0RUHRYHU�� DOWHUHG� ILUH� UH�
JLPHV�� LQFOXGLQJ�ILUH�VXSSUHVVLRQ�DQG�SUHVFULEHG�ILUHV�FDUULHG�RXW�DW� WLPHV�RWKHU� WKDQ�ZKHQ�
WKH\�RFFXUUHG�QDWXUDOO\��KDYH�FDXVHG�VKLIWV�LQ�GRPLQDQFH�IURP�KHUEDFHRXV�WR�VKUXE�VSHFLHV���
7R�GHWHUPLQH�VSHFLHV�FRPSRVLWLRQ�RI�JURXQGFRYHU�FRPPXQLWLHV��ZH�HVWDEOLVKHG�HOHYDWLRQDO�
WUDQVHFWV��UXQQLQJ�IURP�KLJK�HOHYDWLRQ�SLQH�VDYDQQDV�WR�ORZ�HOHYDWLRQ�JODGHV��DW�YDULRXV�ORFD�
WLRQV�LQ�/RQJ�3LQH�.H\���,Q�WHQWK�KHFWDUH�SORWV��VSHFLHV�ULFKQHVV�DQG�IUHTXHQF\�RI�RFFXUUHQFH�
ZHUH�GHWHUPLQHG�DW�VSDWLDO�VFDOHV�UDQJLQJ�IURP�����FP��WR�����KD���6SHFLHV�ULFKQHVV�ZDV�KLJK�
RQ�DOO�VSDWLDO�VFDOHV��ZLWK�PD[LPD�RI����VSHFLHV�LQ�����FP������VSHFLHV�LQ���P���DQG�����VSHFLHV�
LQ�����KD���3ORWV�WKDW�KDYH�QRW�EHHQ�EXUQHG�LQ����\U�VKRZ�D�GHFUHDVH�LQ�VSHFLHV�ULFKQHVV�ZKHQ�
FRPSDUHG�WR�IUHTXHQWO\�EXUQHG�SORWV���:LWK�WKH�FRRSHUDWLRQ�RI�(YHUJODGHV�ILUH�PDQDJHPHQW�
VWDII��ZH�DUH�H[SORULQJ�KRZ�YDULDWLRQV�LQ�OLJKWQLQJ�VHDVRQ�ILUH�PDQDJHPHQW�UHJLPHV�LQIOXHQFH�
WKHVH�HQGDQJHUHG�SODQW�FRPPXQLWLHV��
�
�
�
,QWURGXFWLRQ���� �

�
7KH� SLQH� VDYDQQDV� RI� WKH�0LDPL� URFN� ULGJH� FRPSULVH� DQ� H[WUHPHO\� HQGDQJHUHG�
HFRV\VWHP��2QFH� FRYHULQJ�PXFK�RI� WKH�0LDPL� URFN� ULGJH�� OHVV� WKDQ� ����RI� WKH�
RULJLQDO�VDYDQQDV�H[LVW��ODUJHO\�GXH�WR�XUEDQ�JURZWK��6Q\GHU�HW�DO���������7KH�VPDOO�
IUDJPHQWV�WKDW�GR�H[LVW�IDFH�IXUWKHU�WKUHDWV��ILUH�VXSSUHVVLRQ�DQG�LQYDVLRQ�RI�H[RWLF�
SODQWV�DUH� WZR�IRUFHV� WKDW�DUH�FKDQJLQJ� WKH�FRPSRVLWLRQ�DQG�VWUXFWXUH�RI� WKH� VD�
YDQQDV���0RUHRYHU���+XUULFDQH�$QGUHZ·V�GDPDJH�WR�WKHVH�VDYDQQDV�LQ�$XJXVW������

��
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VKRZHG� KRZ� YXOQHUDEOH� WKHVH� V\VWHPV� DUH�� � 0DQ\� VWDQGV� DFURVV� 0LDPL�'DGH�
&RXQW\�ZHUH�GHYDVWDWHG�E\�WKH�KXUULFDQH�� OHDYLQJ�IHZ�LQWDFW�SLQH�VDYDQQDV� LQ� WKH�
UHJLRQ�����

�
/RQJ� 3LQH�.H\� �/3.�� LQ� (YHUJODGHV�1DWLRQDO� 3DUN�� FRPSULVLQJ� ����� KD�� LV� WKH�
ODUJHVW�DUHD�RI�WKLV�HFRV\VWHP�WKDW�UHPDLQV��'RUHQ�HW�DO����������,W�UHPDLQV�IDU�IURP�
EHLQJ�XQGLVWXUEHG��KRZHYHU���,QYDVLRQV�RI�H[RWLF�VSHFLHV�DUH�D�FRQWLQXDO�SUREOHP��
6FKLQXV�WHUHELQWKLIROLXV� 5DGGL� �%UD]LOLDQ� SHSSHU�� DQG� ,PSHUDWD�EUDVLOLHQVLV�7ULQ�� �FRJRQ�
JUDVV��DUH� UDSLGO\�EHFRPLQJ�HVWDEOLVKHG�� �1RW�RQO\�GR� VXFK� LQWURGXFWLRQV� UHSODFH�
WKH�QDWLYH�VSHFLHV��EXW�WKH\�FDQ�DOVR�DOWHU�HFRV\VWHP�SURSHUWLHV��VXFK�DV�FKDQJLQJ�
FKDUDFWHULVWLFV�RI�WKH�ILUH�UHJLPHV���/RJJLQJ�RFFXUUHG�LQ�WKH�����V�DQG�����V��SULRU�
WR�SDUN�HVWDEOLVKPHQW��OHDYLQJ�IHZ�ROG�JURZWK�WUHHV�ZLWKLQ�WKH�SDUN�� �7KH�QDWXUDO�
ILUH� UHJLPH�KDV� DOVR�EHHQ�JUHDWO\� DOWHUHG�� �:LWK� WKH� HVWDEOLVKPHQW� RI� WKH� SDUN� LQ�
������ � PDQDJHPHQW� ILUVW� SUDFWLFHG� ILUH� VXSSUHVVLRQ�� � 3UHVFULEHG� EXUQV� EHJDQ� LQ�
������DOWKRXJK�EXUQV�ZHUH�FRQGXFWHG� LQ� WKH�GU\� VHDVRQ��ZKHQ�QDWXUDO� ILUHV�ZHUH�
QRW�OLNHO\�WR�RFFXU���,W�ZDVQ·W�XQWLO������WKDW�D�SROLF\�RI�JURZLQJ�VHDVRQ�EXUQV�ZDV�
LQVWLWXWHG��LQ�DWWHPSWV�WR�PLPLF�WKH�QDWXUDO�ILUH�UHJLPHV�����

�
7KH�SLQH�VDYDQQDV�RI�VRXWKHUQ�)ORULGD�DUH�FKDUDFWHUL]HG�E\�D�GLVFRQWLQXRXV�FDQ�
RS\�RI�6RXWK�)ORULGD�VODVK�SLQH��3LQXV�HOOLRWWLL�(QJHOP��YDU��GHQVD�/LWWOH�	�'RUPDQ��
DQG�D�JURXQGFRYHU�RI�KDUGZRRG�VKUXEV��SDOPV��JUDPLQRLGV��DQG�IRUEV���+DUGZRRG�
VKUXEV� LQFOXGH� *XHWWDUGD�VFDEUD��/��� 9HQW�� �URXJK� YHOYHWVHHG���0\UVLQH�IORULGDQD�$��
'&�� �P\UVLQH��� DQG�0HWRSLXP�WR[LIHUXP��/���.UXJ�	�8UE�� �SRLVRQZRRG��� SDOPV� LQ�
FOXGH�6HUHQRD�UHSHQV��:��%DUWUDP�� 6PDOO�� �VDZ� SDOPHWWR�� DQG�6DEDO�SDOPHWWR��:DOWHU��
6FKXOW��	�6FKXOW��I���VDEDO�SDOP���JUDPLQRLGV�LQFOXGH�$QGURSRJRQ�FDEDQLVLL�+DFN���ILUH�
JUDVV��� 0XKOHQEHUJLD� ILOLSHV� 0�$�� &XUWLV� �PXKO\��� DQG� 6FKL]DFK\ULXP� UKL]RPDWXP�
�6ZDOOHQ�� *RXOG� �]LJ�]DJ� JUDVV��� IRUEV� LQFOXGH�'\VFKRULVWH�DQJXVWD��$�� *UD\�� 6PDOO�
�WZLQ�IORZHU���0HODQWKHUD�SDUYLIROLD�6PDOO��VPDOO�OHDYHG�FDW�WRQJXH���DQG�6ROLGDJR�RGRUD�
$LWRQ��VFHQWHG�JROGHQURG�� � �7KHVH�SLQH�VDYDQQDV�KDYH�D�QXPEHU�RI� UDUH�DQG�HQ�
GHPLF�VSHFLHV��6Q\GHU�HW�DO�� ������� OLVW����SODQWV�WKDW�DUH�HQGHPLF� WR� WKH�SLQH�VD�
YDQQDV�DQG�KDUGZRRG�KDPPRFNV�RI�WKH�0LDPL�URFN�ULGJH��6RPH�RI�WKHVH�DUH�TXLWH�
FRPPRQ� WKURXJKRXW� WKH� V\VWHP��H�J���6FKL]DFK\ULXP�UKL]RPDWXP��6SHUPDFRFH�WHUPLQDOLV�
�6PDOO�� .DUWHV]� 	� *DQGKL�� 0HODQWKHUD� SDUYLIROLD�� ZKLOH� RWKHUV� DUH� TXLWH� VFDUFH�
�3RO\JDOD�VPDOOLL�5�5��6P��	�'�%��:DUG��&KDPDHV\FH��SRUWHULDQD��6PDOO���

�
7KH�XQLTXH�IORUD�RI�WKH�/3.�SLQH�VDYDQQDV�LV�D�UHVXOW�RI�WKH�XQLTXH�HQYLURQPHQW���
6RXWKHUQ�)ORULGD� LV� WKH�RQO\� DUHD�RI� FRQWLQHQWDO�8QLWHG�6WDWHV�ZLWK�D� VXEWURSLFDO�
FOLPDWH���7KLV�DOORZV�IRU�WKH�FRH[LVWHQFH�RI�WURSLFDO�KDUGZRRG�VKUXEV�ZLWK�WHPSHU�
DWH�KHUEV�DQG�JUDVVHV���7KH�VXEVWUDWH�LV�FDOFDUHRXV�0LDPL�RROLWH�OLPHVWRQH���$OO�VRLO�
GHYHORSPHQW� UHVXOWV� IURP� WKH� DFFXPXODWLRQ� RI� RUJDQLF� PDWWHU�� � 7RSRJUDSKLF� LV�
YHU\�VXEWOH���1HYHUWKHOHVV��VPDOO�FKDQJHV�LQ�HOHYDWLRQ�UHVXOWV�LQ�VXEVWDQWLDO�FKDQJHV�
LQ�WKH�YHJHWDWLRQ���

�
)LUH�LV�DQ�LQWHJUDO�SURFHVV�RI�WKHVH�HFRV\VWHPV���$�ORQJ�KLVWRU\�RI�QDWXUDO�ZLOG�ILUHV�
KDV�UHVXOWHG�LQ�DQ�HFRV\VWHP�ZKHUHLQ�WKH�VSHFLHV�KDYH�EHFRPH�DGDSWHG�WR�ILUH��7KH�
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WKLFN� EDUN� RI� WKH� SLQH� WUHHV� DOORZV� WKHP� WR� UHVLVW� ILUHV�� � ,Q� FRQWUDVW�� WKH� DERYH�
JURXQG� SRUWLRQV� RI� KDUGZRRG� VKUXEV� DQG� KHUEDFHRXV� VSHFLHV� GLH� EDFN� DQG� UH�
VSURXW� IURP�EHORZ�JURXQG�VWUXFWXUHV��)LUH� VXSSUHVVLRQ� � UHVXOWV� LQ� WKH�KDUGZRRG�
VSHFLHV�IRUPLQJ�D�GHQVH�XQGHUVWRU\�DQG�FKDQJLQJ�WKH�FRPSRVLWLRQ�DQG�VWUXFWXUH�RI�
WKH�FRPPXQLW\����/3.�LV�FXUUHQWO\�EHLQJ�PDQDJHG�ZLWK�SUHVFULEHG�ILUHV���7KH�DUHD�
LV�GLYLGHG�LQWR�ILUH�PDQDJHPHQW�EORFNV�ZLWK�D�YDULHW\�RI��GLIIHUHQW�SUHVFULEHG�ILUH�
UHJLPHV�� �+DOI� RI� WKH� EORFNV� DUH� EXUQHG� LQ�ZHW� \HDUV� DQG� WKH� RWKHU� KDOI� � LQ� GU\�
\HDUV���:LWKLQ�HDFK�RI�WKHVH��KDOI�WKH�EORFNV�DUH�EXUQHG�LQ�WKH�WUDQVLWLRQ�IURP�GU\�
WR�ZHW�VHDVRQ��0D\�WKURXJK�-XQH��DQG�WKH�RWKHU�KDOI�DUH�EXUQHG�ODWH�LQ�WKH�ZHW�VHD�
VRQ��PLG�-XO\�WKURXJK�6HSWHPEHU����7KLV�V\VWHP�DOORZV�XV�WR�H[DPLQH�WKH�HIIHFWV�
RI� GLIIHUHQW� ILUH� UHJLPHV� RQ� WKH� FRPSRVLWLRQ� DQG� VWUXFWXUH� RI� WKH� SLQH� VDYDQQD�
FRPPXQLWLHV��
�
�
0HWKRGV�
�
7KH�JRDO�RI�WKLV�VWXG\�LV�WKUHHIROG��WR�XQGHUVWDQG�WKH�FRPSRVLWLRQ�RI�WKH�YHJHWD�
WLRQ��WR�XQGHUVWDQG�WKH�HQYLURQPHQWDO�YDULDEOHV�WKDW�FRQWURO�WKH�YHJHWDWLRQ��DQG�WR�
GHWHUPLQH�KRZ�ILUH�FRQWUROV�WKH�G\QDPLFV�RI�WKH�V\VWHP��7R�WKHVH�HQGV��ZH�KDYH�
HVWDEOLVKHG�SHUPDQHQW�����KD�SORWV�DORQJ�WUDQVHFWV�LQ�ILUH�EORFNV�ZLWK�GLIIHUHQW�ILUH�
UHJLPHV���7KH�WUDQVHFWV�VSDQ�HOHYDWLRQDO�JUDGLHQWV�WKDW�EHJLQ�LQ�VORXJKV�RU�ZLOORZ�
KHDGV��FURVV�VKRUW�K\GURSHULRG�SUDLULHV��DQG�HQG� LQ�KLJK�HOHYDWLRQ�SLQH� VDYDQQDV��
7KH� SORWV� DUH� SODFHG� DW� DSSUR[LPDWHO\� ��� FP� HOHYDWLRQDO� GLIIHUHQFHV� DORQJ� WKHVH�
JUDGLHQWV���7R�GDWH�����SORWV�ZLWKLQ���WUDQVHFWV�KDYH�EHHQ�VDPSOHG�
�
2XU�VDPSOH�GHVLJQ�LV�D�PRGLILFDWLRQ�RI�WKDW�XVHG�E\�WKH�1RUWK�&DUROLQD�9HJHWDWLRQ�
6XUYH\� �3HHW� HW� DO�������� �7KH�SORWV�PHDVXUH����[����P�DQG� DUH�GLYLGHG� LQWR����
PRGXOHV�WKDW�PHDVXUH����P�[����P���)RXU�RI�WKH�PRGXOHV�DUH�VDPSOHG�LQWHQVLYHO\��
ZLWK�WZR�FRUQHUV�FRQWDLQLQJ�QHVWHG�VXEPRGXOHV�ZKLFK�GHFUHDVH�E\�RUGHUV�RI�PDJ�
QLWXGH�GRZQ�WR�D�VFDOH�RI�����P����)LJ�������7KLV�VDPSOLQJ�GHVLJQ�DOORZV�XV�WR�H[DP�
LQH�VSHFLHV�ULFKQHVV��QXPEHUV��DW�D�YDULHW\�RI�GLIIHUHQW�VFDOHV���:H�DOVR�GHWHUPLQH�
WKH�UHODWLYH�DEXQGDQFH�RI�VSHFLHV�� �8VLQJ�D���P�VTXDUH�IUDPH�WKDW� LV�GLYLGHG�LQWR�
����VTXDUHV��ZH�FRXQW�WKH�QXPEHU�RI�����[����FP�VTXDUHV�WKDW�HDFK�VSHFLHV�FRYHU�
LQ�HDFK�RI�WKH�HLJKW���P�VXEPRGXOHV���$W�ODUJHU�VFDOHV�ZH�FRQVLGHU�RQO\�WKRVH�VSH�
FLHV�ZKLFK�GLG�QRW�RFFXU�DW�WKH�VPDOOHU�OHYHOV�DQG�FRXQW�WKH�QXPEHU�RI����[����FP�
VTXDUHV�WKDW�HDFK�VSHFLHV�RFFXSLHV����6SHFLHV�GRPLQDQFH�LV�FDOFXODWHG�E\�DYHUDJLQJ�
VSHFLHV�IUHTXHQFLHV�DW�HDFK�VFDOH�DQG�H[WUDSRODWLQJ�WKHVH�WR�WKH�����KD�VFDOH����7KH�
UHVXOW�LV�D�FDOFXODWLRQ�RI�WKH�DEVROXWH�DEXQGDQFH�RI�HDFK�VSHFLHV�LQ�WKH�SORW���:KLOH�
WKLV�LV�D�YHU\�LQWHQVLYH�VDPSOLQJ�PHWKRG��LW�LV�DOVR�YHU\�SRZHUIXO���)RU�H[DPSOH��WKLV�
H[DFW� IUHTXHQF\� GDWD� DOORZV� XV� WR� UHVDPSOH� WKH� SORWV� DIWHU� D� ILUH� DQG� GHWHUPLQH�
ZKLFK�VSHFLHV�LQFUHDVH�DQG�GHFUHDVH�XQGHU�WKH�YDULRXV�ILUH�UHJLPHV����
�
�
5HVXOWV�DQG�'LVFXVVLRQ�
�

'H&RVWHU��3ODWW��DQG�5LOH\�
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(OHYDWLRQ�LV�DQ�LPSRUWDQW�IDFWRU�LQ�VWUXFWXULQJ�YHJHWDWLRQ�LQ�/3.�EHFDXVH�LW�GHWHU�
PLQHV�WKH�OHQJWK�RI�K\GURORJLF�LQXQGDWLRQ��7KH����FP�HOHYDWLRQDO�GLIIHUHQFHV�EH�
WZHHQ�RXU�SORWV�SURGXFH�VXEVWDQWLDO�FKDQJHV�LQ�FRPSRVLWLRQ�RI�WKH�YHJHWDWLRQ��)LJ��
���� )RU� H[DPSOH�� H[DPLQLQJ� WKH� JUDPLQRLG� VSHFLHV�� &ODGLXP� MDPDLFHQVH� &UDQW]
�VDZJUDVV��DQG�3DVSDOXP�PRQRVWDFK\XP�&KDSP���UHDFK�WKHLU�KLJKHVW�DEXQGDQFH�LQ�WKH�
VORXJKV��0XKOHQEHUJLD�ILOLSHV� DQG�6FKL]DFK\ULXP�UKL]RPDWXP� � UHDFK� WKHLU�KLJKHVW� DEXQ�
GDQFH� LQ� WKH� VKRUW�K\GURSHULRG� SUDLULHV�� $QGURSRJRQ�FDEDQLVLL� UHDFKHV� LWV� KLJKHVW�
DEXQGDQFH�LQ�WKH�KLJK�HOHYDWLRQ��SLQH�VDYDQQDV���7KH�FKDQJHV�LQ�WKH�UHODWLYH�DEXQ�
GDQFH�DUH�JUDGXDO��KRZHYHU���6SHFLHV�RYHUODS�LV�D�UHVXOW�RI�WKH�ZHWWHU�VSHFLHV�RFFXU�
ULQJ� LQ� VROXWLRQ�KROHV�RI� WKH�KLJKHU�KDELWDWV�� �7KH� DEUXSW� WUDQVLWLRQ�EHWZHHQ� WKH�
SLQH� VDYDQQDV�DQG� WKH� VKRUW�K\GURSHULRG�SUDLULHV� LV�QRW� HYLGHQW�ZKHQ� H[DPLQLQJ�
WKH�UHODWLYH�DEXQGDQFHV�RI�JUDPLQRLGV��
�
2XU� GDWD� GHPRQVWUDWHV� WKDW� WKHVH� FRPPXQLWLHV� KDYH� YHU\� KLJK� OHYHOV� RI� VSHFLHV�
ULFKQHVV� DFURVV� WKH� UDQJH�RI� VSDWLDO� VFDOHV� WKDW�ZH�KDYH� VDPSOHG�� �3LQH� VDYDQQDV�
FDQ�KDYH�H[WUHPHO\�KLJK�GLYHUVLW\�RQ�FRDUVH�VSDWLDO�VFDOHV��:H�KDYH�LGHQWLILHG�XS�WR�
����VSHFLHV�LQ�D�����KD�SORW�DQG����VSHFLHV�LQ�D�����P��������KD��VXESORW��)LJ������

)LJXUH� ��� 3ORW� GHVLJQ�� � 7KH� YHJHWDWLRQ� SORWV� DUH� ���� KD�
PHDVXULQJ� ���P� [� ���P�� 7KH� DUH� GLYLGHG� LQWR� ��� [� ���P�
PRGXOHV�� � )RXU� RI� WKH� PRGXOHV� DUH� VDPSOHG� LQWHQVLYHO\��
FRQWDLQLQJ�QHVWHG� VXEPRGXOHV� LQ� WZR�RI� WKHLU� FRUQHUV� WKDW�
GHFUHDVH�E\�RUGHUV�RI�PDJQLWXGH���7KLV�GHVLJQ�DOORZV�IRU�WKH�
GHWHUPLQDWLRQ� RI� VSHFLHV� ULFKQHVV� DW� WKH� IROORZLQJ� VSDWLDO�
VFDOHV�������P�������P�����P������P�������P��������P������
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7KH�KLJK�OHYHOV�RI�VSHFLHV�ULFKQHVV�IRXQG�DW�WKH�FRDUVHU�VSDWLDO�VFDOHV�RI�WKH�SLQH�
ODQGV�DUH�OLNHO\�GXH�WR�KDELWDW�KHWHURJHQHLW\���$����P��DUHD�LQ�D�SLQH�VDYDQQD�PLJKW�
FRQWDLQ�QXPHURXV�PLFURKDELWDWV�VXFK�DV�VROLG�OLPHVWRQH�ZLWK�VFDWWHUHG�KHUEV��DUHDV�
RI�EURNHQ�OLPHVWRQH�ZLWK�KDUGZRRG�VKUXEV��VROXWLRQ�KROHV�ILOOHG�ZLWK�VDZJUDVV�DQG�
ZLOORZ��DQG�DUHDV�RI�DFFXPXODWHG�RUJDQLF�PDWWHU�GRPLQDWHG�E\�JUDVVHV���7KH�VKRUW�
K\GURSHULRG�SUDLULHV�DQG�VRPH�ORZ�HOHYDWLRQ�SLQH�VDYDQQDV�KDYH�YHU\�KLJK�VSHFLHV�
ULFKQHVV�DW�ILQH�VSDWLDO�VFDOHV��:H�KDYH�IRXQG�XS�WR����VSHFLHV�LQ�D�����P��DUHD�����
FP�[����FP��DQG����VSHFLHV�LQ�D���P��DUHD��)LJ�������7KHVH�OHYHOV�RI�VSHFLHV�GLYHUVLW\�
DUH� DPRQJ� WKH� KLJKHVW� IRXQG� LQ� JUDVVODQGV� ZRUOGZLGH� � �5RVHQ]ZHLJ� ������� 7KH�
IDFWRUV�WKDW�DOORZ�IRU�VXFK�D�GHJUHH�RI�VSHFLHV�FRH[LVWHQFH�DW�WKHVH�VFDOHV�DUH�QRW�
FOHDU�� �3URSRVHG�PHFKDQLVPV� LQFOXGH� ORZ� IHUWLOLW\� �7LOPDQ������� DQG�GLVWXUEDQFH�
�+XVWRQ��������
�
:H�KDYH�EHJXQ�WR�H[DPLQH�KRZ�ILUH�DFWV�WR�PDLQWDLQ�KLJK�VSHFLHV�ULFKQHVV�E\�H[�

)LJXUH����&KDQJHV�LQ�VSHFLHV�FRPSRVLWLRQ�RI�GRPLQDQW�JUDPLQRLGV�DORQJ�WRSR�
JUDSKLF�JUDGLHQW�� �7KH� UHODWLYH� DEXQGDQFH�RI� JUDVVHV� DQG� VHGJHV� LQ� ��SORWV� LQ�
7UDQVHFW�$�DUH�SORWWHG�DJDLQVW� UHODWLYH�HOHYDWLRQ�� �'RPLQDQFH� LV� TXDQWLILHG� LQ�
WHUPV�RI�WKH�QXPEHU�RI�����P��VTXDUHV�WKDW�D�VSHFLHV�FRYHUV����������EHLQJ�WKH�
PD[LPXP�� �7KH� WUDQVLWLRQ�EHWZHHQ�SUDLULH�DQG�VDYDQQD� LV�EHWZHHQ����DQG����
FP��(DFK� VSHFLHV� � LV� LQGLFDWHG� E\� D� FRGH�� 30 �3DVSDOXP�PRQRVWDFK\XP��50� �
5K\QFKRVSRUD�PLFURFDUSD�� 37 � 3DQLFXP�WHQHUXP�� &- �&ODGLXP�MDPDLFHQVH�� 65 � 6FKL�
]DFK\ULXP�UKL]RPDWXP�� 6&�  � 6FOHULD�FLOLDWD�� 5' �5K\QFKRVSRUD�GLYHUJHQV�� '& �'L�
FKURPHQD�FRORUDWD��0) �0XKOHQEHUJLD�ILOLSHV��66 �6RUJKDVWUXP�VHFXQGXP��$& �$QGUR�
SRJRQ�FDEDQLVLL��

'H&RVWHU��3ODWW��DQG�5LOH\�
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DPLQLQJ� ILUH� VXSSUHVVHG� VDYDQQDV��:KLOH�ZH� JHQHUDOO\� HVWDEOLVK� DQG� VDPSOH�SORWV�
IROORZLQJ� ILUHV��ZH� KDYH� HVWDEOLVKHG� WZR� WUDQVHFWV� LQ� ILUH� EORFNV�ZKLFK� KDYH� QRW�
EHHQ�EXUQHG�VLQFH��������%\�FRPSDULQJ�WKHVH�SORWV�ZLWK�RWKHU�SORWV�WKDW�KDYH�EHHQ�
EXUQHG�����WLPHV�GXULQJ�WKLV�LQWHUYDO��ZH�DUH�DEOH�WR�GHWHUPLQH�KRZ�HLJKW�\HDUV�RI�
ILUH� VXSSUHVVLRQ� DIIHFWV� VSHFLHV� ULFKQHVV�� :H� K\SRWKHVL]HG� WKDW� VSHFLHV� ULFKQHVV�
ZLOO�GHFUHDVH�DV�D�UHVXOW�RI�LQWHUVSHFLILF�FRPSHWLWLRQ�IRU�OLJKW��QXWULHQWV��DQG�VSDFH��
DQG� DOVR� SRVVLEO\� IURP� VKDGLQJ� IURP� OLWWHU�� $FURVV� DOO� VSDWLDO� VFDOHV�� WKH� VSHFLHV�
ULFKQHVV�LV�ORZHU�LQ�WKH�SORWV�ZKLFK�KDYH�QRW�EHHQ�EXUQHG��)LJ�������:H�WHVWHG�WKH�
VWDWLVWLFDO�VLJQLILFDQFH�RI�WKLV�ZLWK�D�WZR�ZD\�$QDO\VLV�RI�9DULDQFH��$129$��DQG�
IRXQG�WKDW�WKH�XQEXUQHG�SORWV�KDG�VLJQLILFDQWO\�ORZHU�GLYHUVLW\���
�
2QH�LQWHUHVWLQJ�TXHVWLRQ�LV�KRZ�WKH�GLIIHUHQW�ILUH�UHJLPHV�LQIOXHQFH�WKH�FRPSRVL�
WLRQ�RI�WKH�FRPPXQLWLHV���8QIRUWXQDWHO\��ZH�GR�QRW�KDYH�HQRXJK�GDWD�DW�WKLV�WLPH�
WR�DQVZHU�WKLV�TXHVWLRQ���2XU�VDPSOLQJ�GHVLJQ�DOORZV�XV��KRZHYHU��WR�UHVDPSOH�WKH�
SORWV�IROORZLQJ�SUHVFULEHG�ILUHV���,Q�\HDUV�WR�FRPH��ZH�VKRXOG�EH�DEOH�WR�GHWHUPLQH�
KRZ�WKHVH�GLIIHUHQW�ILUH�UHJLPHV�DIIHFW�WKH�UHODWLYH�DEXQGDQFHV�RI�WKH�YDULRXV�VSH�
FLHV���%DVHG�RQ�REVHUYDWLRQV�RYHU�WKH�SDVW����\HDUV��ZH�SUHGLFW�WKDW�WKH�WUDQVLWLRQ�
VHDVRQ�ILUHV��0D\�WKURXJK�-XQH���DQG�ILUHV�LQ�GU\�\HDUV��ZLOO�IDYRU�JUDVVHV�DQG�IRUEV�
E\�NLOOLQJ�WKH�KDUGZRRG�VKUXEV���
�
:H�EHOLHYH� WKDW�KLVWRULFDOO\��QDWXUDO�ZLOG� ILUHV�RFFXUULQJ�GXULQJ� WKH� WUDQVLWLRQ�SH�
ULRG�IURP�GU\�WR�ZHW�VHDVRQ�ZHUH�PRVW�FRPPRQ��7KLV�LV�EDVHG�RQ�IRXU�SLHFHV�RI�
HYLGHQFH���)LUVW��KLVWRULFDO�SKRWRJUDSKV�RI�/3.�WDNHQ�GXULQJ�ORJJLQJ�RSHUDWLRQV�LQ�
WKH�����V�VKRZ�DEXQGDQW�JUDVV�FRYHU�ZLWK�YHU\� OLWWOH�FRYHU�RI�VKUXEV�DQG�SDOPV���
6HFRQG�� PDQ\� JUDVVHV�� LQFOXGLQJ�0XKOHQEHUJLD�ILOLSHV�� 6RUJKDVWUXP�VHFXQGXP� �(OOLRWW��
1DVK��,QGLDQ�JUDVV���DQG�$QGURSRJQ�FDEDQLVLL��GHPRQVWUDWH�SUROLILF�IORZHULQJ�IROORZ�
LQJ� HDUO\�VHDVRQ�EXUQV�� � 6XFK� D� UHVSRQVH� VXJJHVWV� WKDW� WKH\� KDYH� HYROYHG� LQ� WKH�
SUHVHQFH�RI�VXFK�ILUH�UHJLPHV��7KLUG��OLJKWQLQJ�LV�WKRXJKW�WR�EH�WKH�VRXUFH�RI�LJQ�
WLRQ�IRU�ZLOG�ILUHV�DQG�RFFXUV�GXULQJ�WKH�ODWH�VSULQJ�DQG�VXPPHU���:KLOH�OLJKWQLQJ�
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)LJXUH����6SHFLHV�DUHD�FXUYHV��DYHUDJHG�DFURVV�VL[�VSDWLDO�VFDOHV��DUH�JUDSKHG�IRU�
WZR�SORWV��7KH�VTXDUHV�LQGLFDWH�3ORW�$������D�VDYDQQD�SORW��WKH�FLUFOHV�LQGLFDWH�
3ORW�$������D�SUDLULH�SORW���$��8QWUDQVIRUPHG��%��/RJ�WUDQVIRUPHG��
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VWULNHV�DUH�PRUH�IUHTXHQW�LQ�WKH�ODWH�JURZLQJ�VHDVRQ�WKDQ�LQ�WKH�HDUO\�JURZLQJ�VHD�
VRQ��ILUHV�LQ�WKH�HDUO\�JURZLQJ�VHDVRQ�EXUQ�PXFK�ODUJHU�DUHDV�GXH�WR�UDSLG�VSUHDG�
ZLWK�WKH�UHODWLYHO\�GU\�FRQGLWLRQV��'RUHQ�DQG�5RFKHIRUW���������)RXUWK��VDYDQQDV�
EXUQHG� GXULQJ� WKH� GU\� VHDVRQ� GHPRQVWUDWHG� YHU\� KLJK� PRUWDOLW\� UDWHV� IROORZLQJ�
+XUULFDQH�$QGUHZ���'RUHQ�HW�DO����������7KH�SLQHV�LQ�WKH�(YHUJODGHV�ZHUH�PXFK�
OHVV�LPSDFWHG��DV�WKH�SDUN·V�ILUH�PDQDJHUV�KDG�VZLWFKHG�WR�JURZLQJ�VHDVRQ�EXUQV�LQ�
������ �3UHVXPDEO\�� WKH�FRPELQHG�VWUHVVHV�RI�ZLQWHU�EXUQV�DQG�KXUULFDQH�GDPDJH�
SUHYHQWHG�WKH�WUHHV�IURP�EHLQJ�DEOH�WR�ILJKW�RII�DWWDFNV�E\�EDUN�EHHWOHV�� �:H�IHHO�
WKDW�WKH�EHVW�FKDQFH�IRU�UHVWRUDWLRQ�RI�WKH�SLQH�VDYDQQDV�OLHV�LQ�WU\LQJ�WR�PLPLF�WKH�
QDWXUDO�ZLOG�ILUH�UHJLPHV���
�
,Q�FRQFOXVLRQ��WKH�SLQH�VDYDQQDV�RI�WKH�0LDPL�URFN�ULGJH�DUH�YHU\�WKUHDWHQHG�DQG�
HQGDQJHUHG�HFRV\VWHPV���7KH\�FRQWDLQ�D�QXPEHU�RI�UDUH�HQGHPLF�SODQWV�DQG�YHU\�
KLJK�OHYHOV�RI�VSHFLHV�GLYHUVLW\���'HVSLWH�WKH�ODUJH�DPRXQW�RI�GDWD�WKDW�LV�EHLQJ�FRO�
OHFWHG� ZLWKLQ� WKHVH� SLQH� VDYDQQDV�� WKHUH� UHPDLQ�PDQ\� XQDQVZHUHG� TXHVWLRQV� RQ�
KRZ�WKHVH�V\VWHPV�IXQFWLRQ�DQG�KRZ�WKH\�PD\�EHVW�EH�UHVWRUHG���+RZ�ZLOO�GLIIHU�
HQW�ILUH�UHJLPHV�FKDQJH�WKH�UHODWLYH�DEXQGDQFH�RI�VSHFLHV"��:KDW�DUH�WKH��PHFKD�
QLVPV� WKDW� DOORZ� IRU� VXFK� KLJK� OHYHOV� RI� VSHFLHV� ULFKQHVV� DW� VPDOO� VSDWLDO� VFDOHV"��
+RZ�GR�WKH� LQWURGXFWLRQV�RI�H[RWLF�VSHFLHV� LQIOXHQFH�VSHFLHV�GLYHUVLW\"� �,Q�RUGHU�
WR�UHVFXH�DQG�UHVWRUH�WKLV�HFRV\VWHP��ZH�PXVW�EHJLQ�UHVWRUDWLRQ�ZLWK�WKH�UHFUHDWLRQ�
RI�QDWXUDO�ILUH�UHJLPHV�XVLQJ�SUHVFULEHG�ILUH��

)LJXUH� ��� 6SHFLHV� ULFKQHVV� LQ� EXUQHG� DQG� XQEXUQHG� SORWV���
6SHFLHV� ULFKQHVV� DW� ILYH� VSDWLDO� VFDOHV� LV� FRPSDUHG� EHWZHHQ�
ILYH� SORWV� WKDW� KDG� QRW� EHHQ� EXUQHG� IRU� �� \U� �´8QEXUQHGµ��
DQG�ILYH�SORWV� LQ� DGMDFHQW� ILUH�EORFNV� WKDW�KDYH�EHHQ�EXUQHG�
WKUHH�WLPHV�LQ�WKLV�LQWHUYDO��´%XUQHGµ���
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%XUQHG 8QEXUQHG

'H&RVWHU��3ODWW��DQG�5LOH\�
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$FNQRZOHGJPHQWV��
�

:H�ZRXOG� OLNH� WR� WKDQN�+LOODU\�&RROH\��+HDWKHU�'XFKDUPH��6WHYH�1HZODQG�� DQG�
(OLVDEHWK�'HUXQJV�IRU�DVVLVWLQJ�LQ�GDWD�FROOHFWLRQ��DQG�-RKQ�6HJDU�DQG�(YHUJODGHV�
1DWLRQDO�3DUN·V�ILUH�PDQDJHPHQW�VWDII��IRU�WKHLU�VXSSRUW�DQG�DVVLVWDQFH���7KLV�VWXG\�
KDV� EHHQ� IXQGHG� E\� WKH� +ROH�LQ�WKH�'RQXW� 5HVWRUDWLRQ� DQG�0LWLJDWLRQ� 3URMHFW��
(YHUJODGHV�1DWLRQDO�3DUN��
�
�
/LWHUDWXUH�&LWHG�
�
'RUHQ��5�)���:�-��3ODWW��DQG�/�'��:KLWHDNHU��������'HQVLW\�DQG�VL]H�VWUXFWXUH�RI�VODVK�SLQH�VWDQGV�LQ�

WKH�HYHUJODGHV�UHJLRQ�RI�)ORULGD���)RUHVW�(FRORJ\�DQG�0DQDJHPHQW�������������
'RUHQ��5�)���:�-��3ODWW��DQG�+�+��6ODWHU�������� �(IIHFWV�RI�+XUULFDQH�$QGUHZ�RQ�PRUWDOLW\�RI�VRXWK�

)ORULGD� VODVK�SLQH�� LPSOLFDWLRQV� IRU�PDQDJHPHQW�RI�QDWXUDO� UHVHUYHV��(FRORJLFDO�$SSOLFDWLRQV��
,Q�SUHVV��

'RUHQ�� 5�)��� DQG� 5�0�� 5RFKHIRUW�� ������ 6XPPDU\�RI�)LUHV�LQ�(YHUJODGHV�1DWLRQDO�3DUN�DQG�%LJ�&\SUHVV�1D�
WLRQDO�3UHVHUYH�������� 6RXWK�)ORULGD�5HVHDUFK�&HQWHU�5HSRUW� 6)5&��������+RPHVWHDG��)OD���
(YHUJODGHV�1DWLRQDO�3DUN����

+XVWRQ��0�$��������$�JHQHUDO�K\SRWKHVLV�RI�VSHFLHV�GLYHUVLW\��$PHULFDQ�1DWXUDOLVW�������������
3HHW�� 5�.��� 7�5��:HQWZRUWK�� DQG�3�6��:KLWH�� ������$� IOH[LEOH��PXOWLSXUSRVH�PHWKRG� IRU� UHFRUGLQJ�

YHJHWDWLRQ�FRPSRVLWLRQ�DQG�VWUXFWXUH���&DVWDQHD��,Q�UHYLHZ��
5RVHQ]ZHLJ��0�/��������6SHFLHV�'LYHUVLW\�LQ�6SDFH�DQG�7LPH��&DPEULGJH��&DPEULGJH�8QLYHUVLW\�3UHVV��
6Q\GHU��-�5���$��+HUQGRQ��DQG�:�%��5REHUWVRQ�-U��������6RXWK�)ORULGD�URFNODQG���,Q�5�/��0\HUV�DQG�-�

-��(ZHO��HGV�����(FRV\VWHPV�RI�)ORULGD��2UODQGR��8QLYHUVLW\�RI�&HQWUDO�)ORULGD�3UHVV��������
7LOPDQ�� '������� 5HVRXUFH�&RPSHWLWLRQ�DQG�&RPPXQLW\�6WUXFWXUH�� 3ULQFHWRQ�� 1�-��� 3ULQFHWRQ� 8QLYHUVLW\�

3UHVV��


