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$%675$&7�:LOG� KHUE� OHJXPHV� SOD\� DQ� LPSRUWDQW� UROH� LQ� DJULFXOWXUH� EHFDXVH� RI� WKHLU� QLWURJHQ� IL[LQJ� DELOLW\�DQG� JHQHWLF� UHVRXUFHV��:LOG� DQQXDO� OHJXPHV� DW� %HQL�6XHI�*RYHUQRUDWH�� (J\SW�� ZHUH� VWXGLHG� IRU�WKHLU� QRGXODWLRQ� VWDWXV�� QLWURJHQ� IL[DWLRQ� DQG� WKHLU� FKHPLFDO� FRPSRVLWLRQ�� 7KH� QRGXODWLRQ�SHUFHQWDJH� RI� WKH� UHFRUGHG� ZLOG� OHJXPHV� ZDV� EHWZHHQ� ��� �� DQG� ���� ��� 7KH� KLJKHVW� QRGXOH�IRUPDWLRQ�UDWH��QRGXOH�QXPEHU��RFFXUUHG�LQ�7ULIROLXP�UHVXSLQDWXP�DQG�0HOLORWXV�LQGLFXV� DERXW����DQG� ��� QRGXOHV� SHU� SODQW�� UHVSHFWLYHO\��0HOLORWXV� LQGLFXV� 9LFLD� VDWLYD� DQG�0HGLFDJR� LQWHUWH[WD�SURGXFHG� URRW� QRGXOHV�ZLWK� KLJKHU�PDVV� �IUHVK�ZHLJKW���7KH�PRVW� HIIHFWLYH�1�±IL[LQJ� �DFHW\OHQH�UHGXFLQJ��VSHFLHV�ZHUH�0HGLFDJR� LQWHUWH[WD�DQG�0HOLORWXV�LQGLFXV� 7KH�VWUXFWXUH�RI�QRGXOHV�IURP�PRVW�RI� WKH�ZLOG�KHUE� OHJXPHV� VKRZHG� WKH�FKDUDFWHULVWLF� IHDWXUHV�RI� LQGHWHUPLQDWH�QRGXOHV� �ZLWK�DQ� DSLFDO� PHULVWHPDWLF� WLVVXH��� $OO� VWXGLHG� ZLOG� OHJXPH� VSHFLHV� VKRZHG� KLJKHU� FRQWHQW� RI� ERWK�YLWDPLQ�%� DQG�%� FRPSDUHG�WR�FXOWLYDWHG�VSHFLHV��)URP�RXU�UHVXOWV�ZH�UHFRPPHQG�WKH�FXOWLYDWLRQ�RI�WKHVH�ZLOG�OHJXPHV�LQ�UHFODLPHG�DUHDV�LQ�(J\SW�EHFDXVH�WKH\�ZLOO�LPSURYH�VRLO�IHUWLOLW\�DQG�FDQ�EH�XVHG�DV�DQLPDO�IRGGHU���

.H\ZRUGV��ZLOG�OHJXPHV��QLWURJHQ�IL[DWLRQ��FKHPLFDO�FRPSRVLWLRQ��(J\SW���
,1752'8&7,21��7KH�IDPLO\�/HJXPLQRVDH�LV�RQH�RI�WKH�ODUJHVW�IDPLOLHV�RI�IORZHULQJ�SODQWV��FRQVLVWLQJ�RI�DERXW���� JHQHUD� DQG������� VSHFLHV� �6SUHQW��������ZLWK�DOPRVW� FRVPRSROLWDQ�GLVWULEXWLRQ�� LW� KDV�SOD\HG�D�YHU\� LPSRUWDQW�UROH� LQ�KXPDQ�FLYLOL]DWLRQ��1LWURJHQ�DFTXLVLWLRQ�DQG�DVVLPLODWLRQ�LV�VHFRQG� WR� SKRWRV\QWKHVLV� LQ� WHUPV� RI� LPSRUWDQFH� IRU� SODQW� JURZWK� DQG� GHYHORSPHQW�� DQG�QLWURJHQ� LV� SHUKDSV� WKH� VLQJOH�PRVW� LPSRUWDQW� IDFWRU� FXUUHQWO\� OLPLWLQJ� FURS� \LHOGV� �9DQFH�������� :DJJRQHU� ������� UHSRUWHG� WKDW� LQGLYLGXDO� SURWHLQ� FRQVXPSWLRQ� RI� WKH� ���� ELOOLRQ�SHRSOH�RQ�HDUWK�DYHUDJHV�DERXW����J�RI�SURWHLQ�SHU�GD\��RU����PLOOLRQ�WRQHV�RI�QLWURJHQ�SHU�DQQXP��7R�PDLQWDLQ�WKLV�OHYHO�RI�LQWDNH�LQ�WKH�IDFH�RI�D�GRXEOLQJ�RI�WKH�HDUWK
V�SRSXODWLRQ�RYHU�WKH�QH[W����\HDUV��D�GRXEOLQJ�RU�WULSOLQJ�RI�FURS�SURGXFWLRQ�LV�QHFHVVDU\��9DQFH���������� 1LWURJHQ�IL[DWLRQ�E\�OHJXPHV�SOD\V�DQ�LPSRUWDQW�UROH�LQ�VXVWDLQLQJ�FURS�SURGXFWLYLW\�DQG�LQFUHDVLQJ�IHUWLOLW\�RI�PDUJLQDO�ODQGV�DQG�LQ�VPDOOKROGHU�V\VWHPV�RI�WKH�VHPLDULG�WURSLFV��6HUUDM�HW�DO� �������7KH�PHDVXUHPHQW�RI�1� IL[DWLRQ�E\�OHJXPHV�LV�QHFHVVDU\�IRU�JDLQLQJ�DQ�XQGHUVWDQGLQJ� RI� WKHLU� FRQWULEXWLRQ� WR� WKH� QLWURJHQ� HFRQRPLHV� RI� DJULFXOWXUDO� DQG� IRUHVWU\�V\VWHPV��DQG�IRU�WKHLU�PDQDJHPHQW�LQ�WKRVH�V\VWHPV��+HUULGJH�	�3HRSOHV��������%LRORJLFDO�QLWURJHQ�IL[DWLRQ�DFFRXQWV�IRU�����RI�WKH�QLWURJHQ�FXUUHQWO\�XWLOL]HG�LQ�DJULFXOWXUH��DQG�ZLOO�EH LQFUHDVLQJO\�LPSRUWDQW�LQ�IXWXUH�FURS�SURGXFWLYLW\��9DQFH���������� /HJXPH� URRW� QRGXOHV� DUH� ³RUJDQV´� LQ� ZKLFK� WKH� VRLO� EDFWHULXP� 5KL]RELXP� JURZV�HQGRV\PELRWLFDOO\� DQG� LV� FDSDEOH� RI� UHGXFLQJ� RU� IL[LQJ�PROHFXODU� RU� DWPRVSKHULF� QLWURJHQ��6SUHQW��������7KH�HFRQRPLF�LPSRUWDQFH�RI�ZLOG�OHJXPHV��DQG�WKH�VLJQLILFDQFH�RI�ZLOG�KHUE�DQG�WUHH�OHJXPHV�WR�VRLO�IHUWLOLW\�LV�ZHOO�NQRZQ��DQG�VRPH�OHJXPLQRXV�SODQWV�WKDW�DUH�ZLOG�LQ�VRPH� FRXQWULHV� DUH� FXOWLYDWHG� LQ� RWKHUV� �H�J��9LFLD� VDWLYD� 6DQFKH]�*ULRQ�HW� DO� �������7KH�DELOLW\� RI� ZLOG� KHUE� OHJXPHV� WR� IL[� QLWURJHQ�PDNHV� WKHP� DQ� LPSRUWDQW� QLWURJHQ� VRXUFH� LQ�
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DJURHFRV\VWHPV� �=DKUDQ� ������� 7KH� DPRXQW� RI� QLWURJHQ� IL[HG� E\� IRUDJH� OHJXPHV� YDULHV�JUHDWO\�ZLWK�VSHFLHV��PDQDJHPHQW��VRLO�QLWURJHQ�VXSSO\�DQG�WKH�SUHVHQFH�RI�JUDVVHV��EXW�LW�FDQ�UHDFK�����.J�1�KD���\U���LQ�WKH�1RUWKFHQWUDO�86$��0DOODULQR�HW�DO� ��������� 7KH�DLP�RI� WKH�SUHVHQW� VWXG\� LV� WR�HVWLPDWH� WKH�QLWURJHQ� IL[LQJ�DELOLW\�DQG�FKHPLFDO�FRPSRVLWLRQ�RI�DQQXDO�ZLOG�OHJXPHV�LQ�(J\SW��ZLWK�D�YLHZ�WR�FXOWLYDWLQJ�WKHP�DV�IRUDJH��
�0$7(5,$/6�$1'�0(7+2'6���7KH� FRQFHQWUDWLRQ� RI� WKH�PLQHUDOV�1D��&D��0J�� 3�� )H��&X��=Q��1L�� 3E� DQG�0R� LQ� SODQW�PDWHULDO� �VKRRW� V\VWHP�� DQG� VRLO� ZHUH� GHWHUPLQHG� E\� XVLQJ� DWRPLF� DEVRUSWLRQ�VSHFWURSKRWRPHWU\��XVLQJ�D�3HUNLQ������3HUNLQ�(OPHU��������7KH�FRQWHQW�RI�&��+�DQG�1�ZDV�GHWHUPLQHG�LQ�SODQW�GU\�PDWWHU�RI�WKH�VKRRW�V\VWHP�RI�OHJXPLQRXV�SODQWV�E\�XVLQJ�DQ�HOHPHQWDO�DQDO\]HU��3HUNLQ�(OPHU�,&3��������3URWHLQ�FRQWHQW�ZDV�GHWHUPLQHG�IROORZLQJ�WKH�PHWKRG�RI�/RZU\�HW�DO� ��������7KH�QLWURJHQ�IL[LQJ�DFWLYLW\��QLWURJHQDVH�DFWLYLW\��RI� WKH�OHJXPH±5KL]RELXP� V\PELRVLV� ZDV� GHWHUPLQHG� DFFRUGLQJ� WR� WKH� PHWKRGV� GHVFULEHG� E\�:LWW\�	�0LQFKLQ����������� 1RGXODWLRQ� VWDWXV� GHSHQGV� RQ� PDQ\� IDFWRUV�� LQFOXGLQJ� WKH� OHJXPH� VWDJH� DQG�HGDSKLF�IDFWRUV��HVSHFLDOO\�PRLVWXUH�FRQWHQW��,Q�WKH�SUHVHQW�VWXG\��OHJXPLQRXV�SODQWV�ZHUH�FROOHFWHG� DW� WKH� YHJHWDWLYH� VWDJH�� ��� SODQWV� ZHUH� VDPSOHG� IRU� GHWHUPLQLQJ� QRGXDWLRQ�SHUFHQWDJH��DQG���SODQWV�IRU�FRXQWLQJ�QRGXOH�QXPEHU�DQG�GHWHUPLQDWLRQ�RI�IUHVK�DQG�GU\�ZHLJKWV�RI�QRGXOHV���� 1RGXOHV�ZHUH� IL[HG� LQ�D�VROXWLRQ�FRQWDLQLQJ�����JOXWDUDOGHK\GH� �Z�Y��RYHUQLJKW�DQG�ULQVHG�LQ�EXIIHU�IRU����PLQXWHV��WKHQ�SDVVHG�WKURXJK�D�JUDGHG�HWKDQRO��ZDWHU�VHULHV�WR�SXUH�HWKDQRO��HPEHGGHG�LQ�/5�ZKLWH�UHVLQ��1DS�HW�DO� �������DQG�OHIW�RYHUQLJKW�DW����R& IRU�SRO\PHUL]DWLRQ��%ORFNV�ZHUH�VHFWLRQHG������ P WKLFN�� LQ�D�6RUYDO�,QF��1RUZDON���86$���6HFWLRQV�ZHUH�KHDW±IL[HG�RQ�FOHDQ�VOLGHV�DQG�VWDLQHG�ZLWK�������WROXLGLQH�EOXH�LQ��������Z�Y��VRGLXP�ERUDWH��7KH�VWDLQHG�VHFWLRQV�ZHUH�WKHQ�H[DPLQHG�DQG�SKRWRJUDSKHG����� 7KH� YLWDPLQ� %� FRQWHQW� ZDV� PHDVXUHG� DFFRUGLQJ� WR� WKH� PHWKRG� GHVFULEHG� E\�%HUJDHQW]OH�HW�DO� ��������$PLQR�DFLGV�ZHUH�PHDVXUHG�XVLQJ�WKH�PHWKRG�GHVFULEHG�E\�/HH�	 7DNDKDQVKL���������
�5(68/76��7KH� QRGXODWLRQ� SHUFHQWDJH� RI� WKH� UHFRUGHG� ZLOG� KHUE� OHJXPHV�ZDV� EHWZHHQ� ����� DQG����� �7DEOH� ���� ZLWK� JUHDW� YDULDWLRQ� DPRQJ� VSHFLHV� FROOHFWHG� IURP� GLIIHUHQW� KDELWDWV��0HOLORWXV�LQGLFXV� LQ�FXOWLYDWHG�ODQG�ZDV�KLJKHVW��DQG�7ULJRQHOOD�KDPRVD� WKH�ORZHVW��7KH�KLJKHVW�QXPEHU�RI�QRGXOHV�RFFXUUHG�LQ�7ULIROLXP�UHVXSLQDWXP�DQG�0HOLORWXV�LQGLFXV� 7KUHH�SODQWV� KDG� UHODWLYHO\� KHDY\� WRWDO� QRGXOH� ZHLJKWV� �0HOLORWXV� LQGLFXV� 9LFLD� VDWLYD� DQG�0HGLFDJR�LQWHUWH[WD���EXW�WKHLU�QRGXOHV�ZHUH�DOVR�YHU\�VPDOO�LQ�VL]H��$OWKRXJK�7ULIROLXP�UHVXSLQDWXP� IRUPHG� WKH� KLJKHVW� QRGXOH� QXPEHU�� WKH� IUHVK�ZHLJKW� RI� WKHVH� QRGXOHV�ZDV�UHODWLYHO\�ORZ��6RPH�RI�WKH�VSHFLHV�IRXQG�LQ�VDOW�DIIHFWHG�VRLOV��H�J��0HOLORWXV�LQGLFXV�DQG�0HGLFDJR�LQWHUWH[WD� ZHUH�FKDUDFWHUL]HG�E\�D�UHGXFHG�QRGXODWLRQ�SHUFHQWDJH�DQG�QRGXOH�QXPEHU�� EXW� QRGXOHV� IRXQG� LQ� WKLV� KDELWDW� ZHUH� ODUJHU� LQ� PDVV�� DQG� OHVV� SLJPHQWHG� RU�ODFNLQJ� SLJPHQW� DOWRJHWKHU�� ,W� LV� QRWLFHDEOH� �7DEOH� ��� WKDW� OHJXPHV� IURP� FDQDO�EDQN�KDELWDWV� KDG� KLJKHU� QRGXODWLRQ� SHUFHQWDJHV� DQG� QRGXOH� QXPEHUV�� SUREDEO\� GXH� WR� WKH�DYDLODELOLW\�RI�ZDWHU��� :LOG� KHUE� OHJXPHV� H[KLELWHG� KLJK� UDWHV� RI� QLWURJHQ�IL[LQJ� DFWLYLW\� FRPSDUHG� WR�FXOWLYDWHG�FURSV��7DEOH�����1LWURJHQDVH�DFWLYLW\��DFHW\OHQH�UHGXFWLRQ��UDQJHG�EHWZHHQ������DQG� ���� PROH� &�+� SO��� KU��� ZLWK� WKH� PRVW� HIIHFWLYH� SODQW� VSHFLHV� EHLQJ�0HGLFDJR�LQWHUWH[WD�DQG�0HOLORWXV�LQGLFXV� 7KHUH�ZDV�VRPH�YDULDWLRQ�ZLWKLQ�VSHFLHV�FROOHFWHG�IURP�
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GLIIHUHQW�ORFDOLWLHV��H�J��9LFLD�VDWLYD���7KH�ZLOG�IRUDJH�OHJXPH�/RWXV�FRUQLFXODWXV�DSSHDUV�WR�EH�PRUH�VDOW�WROHUDQW�WKDQ�LWV�FXOWLYDWHG�IRUDJH�HTXLYDOHQW�7ULIROLXP�DOH[DQGULQXP� DQG�DOVR�D�PRUH�HIIHFWLYH�QLWURJHQ�IL[LQJ�OHJXPH��7KH�OHDVW�HIIHFWLYH�OHJXPH�ZLWK�WKH�ORZHVW�QLWURJHQ�IL[LQJ�DELOLW\�ZDV�7ULJRQHOOD�KDPRVD�
7DEOH����1RGXODWLRQ�SHUFHQWDJH��QRGXOH�QXPEHU��QRGXOH�IUHVK�ZHLJKW��PJ��DQG�QRGXOH�GU\�ZHLJKW��PJ��RI�WKH�UHFRUGHG�ZLOG�KHUE�OHJXPHV��9DOXHV�DUH�FLWHG�DV�WKH�PHDQ�����VWDQGDUG�HUURU���

6SHFLHV� +DELWDW� 1RG��� 1RGXOH�QR��SHU�SODQW� 1RGXOH�I�ZW� 1RGXOH�GU\�ZW�
0HOLORWXV�LQGLFXV�$OO�� &XOWLYDWHG�� ���� ����� ���� ���� � ��� ��� � ����0HOLORWXV�LQGLFXV�$OO�� 6DOW�DIIHFWHG�� ��� ��� � ���� ���� � ��� ��� � ����0HOLORWXV�VLFXOXV�-DFNV�� 6DOW�DIIHFWHG�� ��� ��� � ���� ��� ����� ��� � ����7ULIROLXP�UHVXSLQDWXP�/�� &DQDO�EDQN� ���� ��� � ���� ��� � ���� ��� � ����7ULIROLXP�UHVXSLQDWXP�/�� &XOWLYDWHG�� ��� ��� � ���� ��� � ���� ��� � ����0HGLFDJR�LQWHUWH[WD�0LOO�� &XOWLYDWHG�� ��� ��� � ���� ���� � ��� ��� � ����0HGLFDJR�LQWHUWH[WD�0LOO�� 6DOW�DIIHFWHG�� ��� ��� � ���� ��� � ���� ��� � ����0HGLFDJR�SRO\PRUSKD�/�� &XOWLYDWHG�� ��� ��� � ���� ���� � ��� ��� � ����9LFLD�VDWLYD�/�� &DQDO�EDQN� ���� ��� � ���� ���� � ��� ��� � ����9LFLD�VDWLYD�/�� &XOWLYDWHG�� ��� ��� � ���� ��� � ���� ��� � ����9LFLD�PRQDQWKD�5HW]�� &XOWLYDWHG�� ��� ��� � ���� ���� � ��� ��� � ����7ULJRQHOOD�KDPRVD�/�� &XOWLYDWHG�� ��� ��� � ���� ��� � ���� ��� � ����/RWXV�FRUQLFXODWXV�/�� 6DOW�DIIHFWHG�� ��� ��� � ���� ���� � ��� ��� � ����/DWK\UXV�KLUVXWXV�/�� &DQDO�EDQN� ���� ��� � ���� ��� � ���� ��� � ����

7DEOH����1LWURJHQ�IL[DWLRQ��QLWURJHQDVH�DFWLYLW\��RI�VRPH�ZLOG�KHUE�OHJXPHV�FROOHFWHG�IURP�GLIIHUHQW�KDELWDWV�RI�%HQL�6XHI�*RYHUQRUDWH�FRPSDUHG�WR�WKDW�RI�VRPH�FXOWLYDWHG�OHJXPHV���
6SHFLHV�RI�
&XOWLYDWHG�OHJXPHV� /RFDWLRQ� +DELWDW� $FWLYLW\�� PROH�&�+� S��O�K���
9LFLD�IDED�� 6RPRVWD� &XOWLYDWHG�VRLO� �����7ULIROLXP�DOH[DQGULQXP� 6RPRVWD� 6DOW�DIIHFWHG�������VRLO� �����$UDFKLV�K\SRJDHD� 6RPRVWD� &XOWLYDWHG�VRLO� �����*O\FLQH�PD[� 6RPRVWD� &XOWLYDWHG�VRLO� �����

�
:LOG�KHUE�OHJXPHV�� �
0HGLFDJR�LQWHUWH[WD�0LOO�� %HED� &XOWLYDWHG�VRLO� �����0HGLFDJR�SRO\PRUSKD� %HED� &XOWLYDWHG�VRLO� �����0HGLFDJR�SRO\PRUSKD� 6RPRVWD� &XOWLYDWHG�VRLO� �����0HOLORWXV�LQGLFXV� %HED� &XOWLYDWHG�VRLO� �����0HOLORWXV�LQGLFXV� 6RPRVWD� &XOWLYDWHG�VRLO� �����7ULIROLXP�UHVXSLQDWXP� 6RPRVWD� &DQDO�EDQN�VRLO� �����7ULJRQHOOD�KDPRVD� 6RPRVWD� 5HFODLPHG��VRLO� �����9LFLD�VDWLYD� 6RPRVWD� &DQDO�EDQN�VRLO� �����9LFLD�VDWLYD� %HED� &DQDO�EDQN�VRLO� �����/RWXV�FRUQLFXODWXV� (KQDVLD�� 6DOW�DIIHFWHG�������VRLO� �����/RWXV�FRUQLFXODWXV� (KQDVLD��� 6OLJKWO\�VDOLQH��������VRLO� �����
����0RVW�RI�WKH�FROOHFWHG�OHJXPHV�ZHUH�LQ�YHJHWDWLYH�VWDJH�H[FHSW�$��K\SRJDHD�DQG�*��PD[�ZKLFK�ZHUH�LQ�
IORZHULQJ�DQG�IUXLWLQJ�VWDJHV��UHVSHFWLYHO\���$OO� QRGXOHV� ZHUH� HORQJDWH� DQG� PHULVWHPDWLF�� L�H�� LQGHWHUPLQDWH�� H[FHSW� WKRVH� RI� /RWXV�FRUQLFXODWXV� WKH� RQO\� SODQW�ZLWK� GHWHUPLQDWH�� VSKHULFDO� RU� JORERVH� QRGXOHV��0RVW�ZHUH�EUDQFKHG�� H[FHSW� WKRVH� RI� 7ULIROLXP� UHVXSLQDWXP� 7ULJRQHOOD� KDPRVD� DQG� /DWK\UXV�
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KLUVXWXV�� 1RGXOHV� RI� 0HGLFDJR� LQWHUWH[WD� ZHUH� FROOHFWHG� IURP� SODQWV� LQ� VDOW\� VRLO��HOHFWULFDO�FRQGXFWLYLW\������P6�FP���LQIHFWHG�FHOOV�DSSHDUHG�KHDOWK\��� :H�GHWHUPLQHG�WKH�FKHPLFDO�FRPSRVLWLRQ�RI� WZR� OHJXPHV��0HOLORWXV� LQGLFXV�DQG�0HGLFDJR� LQWHUWH[WD� IURP� VDOW�DIIHFWHG� DQG� FXOWLYDWHG� ODQG�� DQG� DOVR� 7ULIROLXP�UHVXSLQDWXP�IURP�FXOWLYDWHG�ODQG�DQG�FDQDO�EDQNV��7DEOH�����7KH�PLFURHOHPHQWV�)H��&G��$O�DQG�=Q�ZHUH�VOLJKWO\�KLJKHU�IURP�VDOW�DIIHFWHG�VRLO��DQG�1D�FRQFHQWUDWLRQ�ZDV�JUHDWO\�LQFUHDVHG�� ,Q� 7�� UHVXSLQDWXP� WKH� PLFURHOHPHQW� FRQFHQWUDWLRQV� GLG� QRW� VKRZ� PXFK�YDULDWLRQ��EXW�1D�FRQWHQW�ZDV�KLJKHU�LQ�SODQWV�IURP�FXOWLYDWHG�ODQGV��0HGLFDJR�LQWHUWH[WD�DQG�0HOLORWXV�LQGLFXV�IURP�FXOWLYDWHG�ODQG�DFFXPXODWHG�UHODWLYHO\�KLJK�DPRXQWV�RI�VKRRW�SURWHLQ�� EXW� SURWHLQ� FRQWHQW� RI� DOO� VSHFLHV� DSSHDUHG� WR� GHFUHDVH� ZLWK� LQFUHDVLQJ� VRLO�VDOLQLW\���7DEOH���VKRZV�WKH�PHDVXUHG�DPRXQWV�RI�VRPH�DPLQR�DFLGV��7KH�UHVXOWV�VKRZ�WKDW��IRU� H[DPSOH��0HOLORWXV� LQGLFXV� IURP�VDOW�DIIHFWHG� VRLO� FRQWDLQHG�KLJKHU�SUROLQH��JO\FLQH��WKUHRQLQH�DQG�PHWKLRQLQH�WKDQ�SODQWV�IURP�FXOWLYDWHG�ODQG��XVXDOO\�YHU\�PXFK�KLJKHU��,Q�7ULIROLXP�UHVXSLQDWXP� WKHUH�ZHUH� IHZ�GLIIHUHQFHV�EHWZHHQ�KDELWDWV��*UHDW�YDULDWLRQ�ZDV�IRXQG�DPRQJ�VSHFLHV�IURP�WKH�VDPH�KDELWDW��� 7KH�YLWDPLQ�FRQWHQW��%� DQG�%�� ZDV�FRPSDUHG�WR�WKRVH�RI�WKH�FXOWLYDWHG�OHJXPH�FORYHU��7ULIROLXP�DOH[DQGULQXP��7DEOH�����$OO�ZLOG�OHJXPH�VSHFLHV�VKRZHG�KLJKHU�FRQWHQW�RI�ERWK�YLWDPLQV�FRPSDUHG�WR�WKH�FXOWLYDWHG�VSHFLHV��VRPHWLPHV�VXEVWDQWLDOO\�KLJKHU��7KLV�XQGHUOLQHV�WKH�QXWULWLRQDO�YDOXH�RI�WKHVH�SODQWV�IRU�DQLPDO�IHHG��
7DEOH����&KHPLFDO�FRPSRVLWLRQ��PJ�NJ�GU\�PDWWHU��DQG�SURWHLQ�FRQWHQW�RI�VRPH�ZLOG�OHJXPHV�FROOHFWHG�IURP�GLIIHUHQW�KDELWDWV�RI�%HQL�6XHI��9DOXHV�DUH�PHDQV�����V�H���
6SHFLHV� 0��LQGLFXV�� 0��LQGLFXV� 0��LQWHUWH[WD��

�
0��LQWHUWH[WD� 7��UHVXSLQDWXP� 7��UHVXSLQDWXP�

+DELWDWV� &XOWLYDWHG� 6DOW�DIIHFWHG� 6DOW�DIIHFWHG�
�
&XOWLYDWHG� &DQDO�EDQN� &XOWLYDWHG�

/RFDWLRQ� 6RPRVWD� (O�:DVWD� (O�:DVWD�
�
6RPRVWD� %HED� 6RPRVWD�
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7RWDO�3URWHLQV�
P J � J �'� :� �

��� ��r�� � ��� �� �r��� � � ��r�� � � �
�
��� � � �r�� �� � � � �� � � � � � � r ��� ���

7DEOH����$PLQR�DFLG�FRQWHQW�����LQ�VRPH�ZLOG�KHUE�OHJXPHV�
/HJXPH�VSHFLHV� +DELWDW� 3URO� *O\F� 7KHU� 9DO� 0HWK�
0��LQGLFXV� 6DOW�DIIHFWHG� ������ ������ ������ � ������
0��LQGLFXV� &XOWLYDWHG�� ������ ������ ������ ����� ������0��LQWHUWH[WD� 6DOW�DIIHFWHG� ������ ������ � ������ �
0��LQWHUWH[WD� &XOWLYDWHG�� ������ ������ � ������ �
7��UHVXSLQDWXP� &DQDO�EDQNV� ������ ������ � ������ �
7��UHVXSLQDWXP� &DQDO�EDQNV� ������ ������ ������ ������ ������
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7DEOH����&RQWHQW��PJ�����J�GU\�PDWWHU��RI�%� DQG�%� YLWDPLQV�LQ�VKRRWV�RI�VRPH�ZLOG�KHUE�OHJXPH�� VSHFLHV��9DOXHV�DUH�PHDQV�����V�H���
6SHFLHV� +DELWDW� %��PJ�����J�� %��PJ�����J��
7ULIROLXP�DOH[DQGULQXP��FORYHU�FURS�� &XOWLYDWHG�� ������r ����� ������r �����
7ULIROLXP�UHVXSLQDWXP� &XOWLYDWHG�� ������r ����� ������r �����
0HOLORWXV�LQGLFXV� &XOWLYDWHG�� ������r ����� ������r �����
0HOLORWXV�LQGLFXV� 6DOW��DIIHFWHG�� ������r ����� ������r �����0HGLFDJR�SRO\PRUSKD� &XOWLYDWHG�� ������r ����� ������r �����0HGLFDJR�LQWHUWH[WD� 6DOW�DIIHFWHG�� ������r ����� ������r �����

',6&866,21��,Q�WKH�SUHVHQW�VWXG\��ZLOG�KHUE�OHJXPHV�ZHUH�FKDUDFWHUL]HG�E\�D�KLJKHU�UDWH�RI�QRGXODWLRQ�DQG� KLJKHU� QLWURJHQ�IL[LQJ� DELOLW\� WKDQ� WKHLU� FXOWLYDWHG� UHODWLYHV�� 6SUHQW� ������� UHSRUWHG�WKDW�QRGXODWLRQ�LV�D�UREXVW�WD[RQRPLF�FKDUDFWHU��ERWK�DW�WKH�SUHVHQFH�DEVHQFH�OHYHO�DQG�WKH�VWUXFWXUDO� �� SK\VLRORJLFDO� OHYHO�� +RZHYHU�� WKH� QRGXODWLRQ� SDWWHUQV� RI� LQGLYLGXDO� VSHFLHV�YDULHG�DPRQJ�GLIIHUHQW�KDELWDWV�LQ�WKLV�VWXG\��)RU�H[DPSOH��7ULIROLXP�UHVXSLQDWXP� 9LFLD�VDWLYD� DQG� /DWK\UXV� KLUVXWXV� SURGXFHG� SOHQW\� RI� QRGXOHV� DQG� VKRZHG� KLJKHU� UDWHV� RI�QRGXODWLRQ�LQ� WKH�FDQDO�EDQN�KDELWDW� WKDQ� LQ�RWKHU�KDELWDWV��LQGLFDWLQJ�SHUKDSV�WKDW� WKHVH�SODQWV�SUHIHU� WKLV�KDELWDW��1RGXODWLRQ�LV�JUHDWO\�DIIHFWHG�E\�WKH�SUHYDLOLQJ�HQYLURQPHQWDO�FRQGLWLRQV��EXW� LW�PD\�DOVR� UHJXODWHG�E\�SODQW�GHSHQGHQW� IDFWRUV��:DOVK� ������� UHSRUWHG�WKDW�VRPH�SODQWV�GHYHORS�JUHDWHU�QRGXOH�PDVV�ZKHQ�PLQHUDOL]HG�QLWURJHQ�LV�OLPLWLQJ��DQG�ZKHQ� WKH�VSHFLILF� UDWH�RI�1� IL[DWLRQ� LV�GHFUHDVHG��<RXVHI�	�6SUHQW� ������� UHSRUWHG�DQ�LQFUHDVH�LQ�QRGXOH�PDVV�RI�9LFD�IDED�WUHDWHG�ZLWK�����P0�1D&O���� 7KH�QLWURJHQ�IL[DWLRQ�DELOLW\�RI� WKH�VWXGLHG�KHUE� OHJXPHV�ZDV�KLJKHU� WKDQ�WKDW�RI�WKH� FXOWLYDWHG� OHJXPHV� �7DEOH� ���� =DKUDQ� ������� VXJJHVWHG� WKDW� IRXU�ZLOG� KHUE� OHJXPHV�FRXOG� EH� VLJQLILFDQW� QLWURJHQ�IL[HUV�� HVSHFLDOO\� ZKHQ� JURZQ� XQGHU� GURXJKW� FRQGLWLRQV��HVWLPDWHV�RI�IL[DWLRQ�UDWHV�RI�/RWXV�LQ�1RUWK�$PHULFD�UDQJH�IURP����WR�����NJ�1�KD� � �\U� � ��0DOODULQR�HW�DO� �������0DQ\�ZLOG�KHUE�OHJXPHV�H[LVW�LQ�WKH�VWXGLHG�DUHD�DV�ZHHGV��7KHUH�DUH�DERXW����DQQXDO�RU�SHUHQQLDO�VSHFLHV�RI�0HGLFDJR� RI�ZKLFK�DERXW�RQH�KDOI�KDYH�EHHQ�UHVHDUFKHG� IRU� DJULFXOWXUH� �/DQJHU� 	� +LOO� ������� PRVW� LPSRUWDQWO\� 0HGLFDJR� VDWLYD��DOIDOID� RU� OXFHUQH��� 7KHUH� DUH� WZR�0HGLFDJR� VSHFLHV� LQ� WKH� VWXGLHG� DUHD� LQ� (J\SW��0��LQWHUWH[WD� DQG�0�� SRO\PRUSKD� WKH� IRUPHU� VKRZHG� WKH� KLJKHU� UDWH� RI� QLWURJHQ� IL[DWLRQ��7DEOH� ��� DQG�JURZV� LQ� VDOW\�KDELWDWV�� 6XFK� VDOW�WROHUDQW� OHJXPHV� FRXOG�EH� FXOWLYDWHG� LQ�DUHDV�WKDW�DUH�QHJOHFWHG�EHFDXVH�RI�VDOLQL]DWLRQ���� 2QO\� DERXW� WHQ� VSHFLHV� RI�7ULIROLXP� DUH� RI� DJULFXOWXUDO� LPSRUWDQFH�� DOWKRXJK� WKH�JHQXV� FRQWDLQV� SUREDEO\� PRUH� WKDQ� ���� VSHFLHV�� ,Q� WKLV� VWXG\�� 7�� UHVXSLQDWXP� IDYRXUV�FDQDO� EDQNV�ZKHUH� VRLO� LV� VDWXUDWHG�� EXW� DOVR� RFFXUV� DV�ZHOO� DV� LQ� RWKHU� KDELWDWV��2WKHU�VSHFLHV�RI�7ULIROLXP��H�J��7��UHSHQV���ZKLWH�FORYHU��LV�RIWHQ�DEVHQW�IURP�VDWXUDWHG�VRLOV��DQG�LV�VDLG�QRW�WR�EH�DGDSWHG�WR�WKHP��%XUGRQ��������7��UHVXSLQDWXP�FDQ�EH�FXOWLYDWHG�LQ�VRLOV�VRPHWLPHV�IORRGHG�E\�ZDWHU��VXFK�DV�WKH�1LOH�LVODQGV�DQG�WKH�QRUWK�FRDVW���� 9LFLD� VDWLYD� DOVR� H[KLELWHG� KLJK� UDWHV� RI� QLWURJHQ� IL[DWLRQ� �7DEOH� ���� .QRZQ� DV�FRPPRQ� YHWFK�� WKLV� VSHFLHV� LV� XVHG� DV� D� SURWHLQ�ULFK� IRUDJH� IRU� FDWWOH� �/DQJHU� 	� +LOO��������,QGLYLGXDOV�RI�WKH�VDOW�WROHUDQW�0HOLORWXV�LQGLFXV�DQG�0HGLFDJR�LQWHUWH[WD�DFFXPXODWH�PRUH�1D� LRQV� LQ� WKHLU� WLVVXHV�ZKHQ�JURZQ� LQ�VDOW\�JURXQG�WKDQ� LQ�FXOWLYDWHG� ODQG��GXH� WR� WKH�KLJK�FRQFHQWUDWLRQ�RI�1D�LQ�WKH�URRW�]RQHV��7KH\�DOVR�DFFXPXODWH�PRUH�.� LRQV�XQGHU�VDOW�
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FRQGLWLRQV��DQ�HIIHFW�ZKLFK�HQDEOHV�WKHVH�SODQWV�WR�WROHUDWH�PRGHUDWH�VDOLQLW\��3ODQWV�WDNH�XS .� XQGHU� VDOLQLW\� WR� DGMXVW� WKH� RVPRWLF� SRWHQWLDO� RI� WKHLU� WLVVXHV� �=DKUDQ� �������3RWDVVLXP�LV�NQRZQ�WR�EH�DQ�HVVHQWLDO�IDFWRU�GHWHUPLQLQJ�WKH�UHVLVWDQFH�WR�ZDWHU�VWUHVV�DQG�ZDWHU�EDODQFH�RI�ZKLWH�FORYHU��5RELQ�HW�DO� ��������� $FFXPXODWLRQ� RI� FRPSDWLEOH� VROXWHV� XQGHU� VDOW� VWUHVV� LV� RQH� RI� WKH� EDVLF�PHFKDQLVPV�RI�DGDSWDWLRQ�RI�SODQWV�WR�VDOLQH�FRQGLWLRQV��3UROLQH�DFFXPXODWHV�FRQVLVWHQWO\�LQ� QXPHURXV� SODQW� VSHFLHV� XQGHU� D� ZLGH� UDQJH� RI� HQYLURQPHQWDO� FRQGLWLRQV�� LQFOXGLQJ�ZDWHU� VWUHVV�� EXW� OHYHOV� FDQQRW� EH� XVHG� DV� D� GLDJQRVWLF� IHDWXUH� RI� GLIIHUHQW� HFRORJLFDO�JURXSV� �%DWDQRXQ\� HW� DO� ������� LQFOXGLQJ� GURXJKW� UHVLVWDQFH� �$WWH\D� ������� EHFDXVH�DFFXPXODWLRQ� UDWHV� YDU\� ZLGHO\�� 7KXV� D� VLPSOH� SRVLWLYH� FRUUHODWLRQ� EHWZHHQ� SUROLQH�DFFXPXODWLRQ�SRWHQWLDO�DQG�GURXJKW�UHVLVWDQFH�LQ�SODQWV�PD\�EH�DQ�HUURU��+RZHYHU��SUROLQH�DFFXPXODWLRQ�LV�DQ� LQGLFDWRU�RI�VWUHVV� LQ�SODQWV�DQG�PD\�EH�FRQVLGHUHG�DV�D�ELRFKHPLFDO�UHVSRQVH� WR� GLIIHUHQW� HQYLURQPHQWDO� VWUHVVHV�� 6QHKDO� ������� IRXQG� WKDW� SUROLQH� FRQWHQW�LQFUHDVHG�LQ�SLJHRQSHD��&DMDQXV�FDMDQ� DW�ORZ�VDOW�OHYHOV������DQG�����PPKRV�FP � � �1D&O���EXW ZDV� UHGXFHG� DW� KLJKHU� OHYHOV� ���� PPKRV� FP � � ��� 1HJDWLYH� UHODWLRQV� EHWZHHQ� VDOW�WROHUDQFH�DQG�SUROLQH�DFFXPXODWLRQ�KDYH�EHHQ�DOVR�UHSRUWHG��0HQGHOVVRKQ���������� %HOHVN\�	�:LONLQVRQ��������UHSRUWHG�WKDW�SUROLQH�DV�D�SURSRUWLRQ�RI�WKH�WRWDO�DPLQR�DFLGV�GHFUHDVHG�ZLWK�1�IHUWLOL]DWLRQ�DW�DGHTXDWH�VRLO�ZDWHU�OHYHOV��EXW�LQFUHDVHG�ZLWK�1 IHUWLOL]DWLRQ�ZKHQ�VRLO�ZDWHU�ZDV�LQDGHTXDWH��WKH�RSSRVLWH�HIIHFW�ZDV�REVHUYHG�IRU�JO\FLQH��7KH�DFFXPXODWLRQ�RI�DPLQR�DFLGV�DVVRFLDWHG�ZLWK�ZDWHU�VWUHVV�PD\�EH�D�UHVXOW�RI�GLVUXSWHG�PHWDEROLVP��RU�PD\�DFWXDOO\�EH�SDUW�RI�DQ�DGDSWLYH�SURWHLQ�FRPSOHPHQW�V\QWKHVL]HG�LQ�UHVSRQVH�WR�VWUHVV��'XQJH\�	�'DYLHV��������,Q�DGGLWLRQ�WR�WKHLU�UROH�LQ�DGDSWDWLRQ�WR�VDOW�DQG�ZDWHU�VWUHVV��WKH�DFFXPXODWLRQ�RI�FHUWDLQ�DPLQR�DFLGV�LQ�WKH�WLVVXHV�RI�ZLOG�KHUE�OHJXPHV�LQGLFDWHV�WKH�QXWULWLYH�YDOXH�RI�WKHVH�SODQWV��DQG�VXSSRUWV�WKH�LGHD�RI�WKHLU�FXOWLYDWLRQ�DV�IRUDJH���,Q�FRQFOXVLRQ��ZH�VWURQJO\�UHFRPPHQG�WKH�FXOWLYDWLRQ�RI�WKHVH�ZLOG�KHUE�OHJXPH�VSHFLHV�IRU�IRUDJH�LQ�(J\SW��7KH�VSHFLHV�UHFRUGHG�LQ�WKLV�VWXG\�VKRZHG�KLJK�UDWH�RI�1� IL[DWLRQ�XQGHU�QRUPDO�DV�ZHOO�DV�XQIDYRXUDEOH�VRLO�FRQGLWLRQV��VDOW�DIIHFWHG�VRLO���7KHLU�SHUIRUPDQFH�ZDV�EHWWHU�WKDQ�WKDW�RI�FXOWLYDWHG�FURS�OHJXPHV��DQG�WKH\�DOVR�FRQWDLQ�D�VDWLVIDFWRU\�DPRXQW�RI�SURWHLQ�DQG�YLWDPLQV��XQGHUOLQLQJ�WKHLU�QXWULWLYH�YDOXH�IRU�DQLPDO�IHHGVWXII���
�5()(5(1&(6�$WWH\D� $0� ������� ,QWHUDFWLYH� HIIHFW� RI� VRLO� PLFURRUJDQLVPV� DQG� VRPH� HFRORJLFDO� IDFWRUV� RQ� VRPH� FURSV��3K�'��7KHVLV��&DLUR�8QLYHUVLW\��(J\SW��%DWDQRXQ\� .+�� +DVVDQ� $$� 	� =D\HG� .0� ������� 3UROLQH� DFFXPXODWLRQ� LQ� SODQWV� RI� GLIIHUHQW� HFRORJLFDO��JURXSV��DV��D�UHVSRQVH�WR�ZDWHU�GHILFLW��4DWDU�8QLYHUVLW\�)DFXOW\�RI�6FLHQFH�%XOOHWLQ��������������%HOHVN\�'3�	�:LONLQVRQ�65��������$PLQR�DFLG�FRPSRVLWLRQ�RI�IUDFWLRQV�RI�³�.HQWXFN\���´�WDOO�IHVFXH�DV�DIIHFWHG�E\�1�IHUWLOL]DWLRQ�DQG�PLOG�ZDWHU�VWUHVV��3ODQW�DQG�6RLO��������������%HUJDHQW]OH�0��$UHOOD�)��%RXUJXLJQRQ�-%�	�+DVVHOPDQQ�&��������'HWHUPLQDWLRQ�RI�YLWDPLQ�%� LQ�IRRGV�E\�+3/&��$�FROODERUDWLYH�VWXG\��)RRG�&KHPLVWU\������������%XUGRQ�--��������%LRORJLFDO�IORUD�RI�WKH�%ULWLVK�,VOHV��7ULIROLXP�UHSHQV� -RXUQDO�RI�(FRORJ\��������������'MRUGMHYLF� 0$�� 9DQ� /DPPHUHQ� $$0�� 9DQ� .DPPHQ� $� 	� %LVVHOLQJ� ������� 7KH� UHODWLRQVKLS� EHWZHHQ�QRGXOLQ�JHQH�H[SUHVVLRQ�DQG�WKH�5KL]RELXP�1RG�JHQH�LQ�9LFLD�IDED�URRW�QRGXOH�GHYHORSPHQW��0ROHFXODU�3ODQW�0LFUREH�,QWHUDFWLRQV�����������'XQJH\�12�	�'DYLHV�''��������3URWHLQ�WXUQRYHU�LQ�LVRODWHG�EDUOH\�OHDI�VHJPHQWV�DQG�WKH�HIIHFW�RI�VWUHVV��-RXUQDO�RI�([SHULPHQWDO�%RWDQ\������������+HUULGJH�')�	�3HRSOHV�0%��������7LPLQJ�RI�[\OHP�VDPSOLQJ�IRU�XUHLGH�DQDO\VLV�RI�QLWURJHQ�IL[DWLRQ��3ODQW�DQG�6RLO�������������/DQJHU�5+�	�+LOO�*'��������$JULFXOWXUDO�SODQWV� &DPEULGJH�8QLYHUVLW\�3UHVV��86$��/HH� <3� 	� 7DNDKDVKL� 7� ������� $Q� LPSURYHG� FRORULPHWULF� GHWHUPLQDWLRQ� RI� DPLQR� DFLGV� ZLWK� WKH� XVH� RI�QLQK\GULQ��$QDO\WLFDO�%LRFKHPLVWU\���������/RZU\� 2+�� 5RVHEURXJK� 1-�� )DUU� $/� 	� 5DQGDOO� 5-� ������� 3URWHLQ� PHDVXUHPHQW� ZLWK� WKH� )ROLQ� SKHQRO�UHDJHQW��-RXUQDO�RI�%LRORJLFDO�&KHPLVWU\���������������
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