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,QWURGXFWLRQ�7KH� HQGRFDQQDELQRLG� V\VWHP� LV� SUHVHQW� LQ� VRPH�PDPPDOLDQ�RUJDQV�DQG� WLVVXHV�� WKH�HQGRFDQQDELQRLGV�DQDQGDPLGH� DQG� ��DUDFKLGRQR\OJO\FHURO� ���$*�� KDYH�EHHQ�GHPRQVWUDWHG�LQ�D�YDULHW\�RI�WLVVXHV��0HFKRXODP�HW� DO��� ������ +RZOHWW�� ������� 7KH� HQGRFDQQDELQRLGV�ELQG� WR� DQG� DFWLYDWH� WZR� *� SURWHLQ� FRXSOHG� VHYHQ�WUDQVPHPEUDQH� GRPDLQ� UHFHSWRUV�� WKH� FDQQDELQRLG�UHFHSWRUV� &%�� DQG� &%�� �'HYDQH� HW� DO��� ������� &%��DQG� &%�� UHFHSWRUV� FRXSOH� SULPDULO\� WR� WKH� *L�R�VXEW\SHV�RI�*�SURWHLQ��DOWKRXJK�FRXSOLQJ�WR�DGHQ\ODWH�F\FODVH� WKURXJK� *L�R� XVXDOO\� UHVXOWV� LQ� LQKLELWLRQ� RI�F\FODVH� DFWLYLW\�� FDQQDELQRLGV� FDQ� DOVR� VWLPXODWH�LVRIRUPV� RI� DGHQ\ODWH� F\FODVH� �5KHH� HW� DO��� ������&%�� LV� SUHVHQW� LQ� WKH� EUDLQ� DQG� LQ� WKH� SHULSKHUDO�QHXURQV� �+HUNHQKDP� HW� DO��� ������ =LPPHU� HW� DO��������� &%��KDV�EHHQ�UHSRUWHG�LQ�WKH�LPPXQH�V\VWHP��OLYHU� FLUUKRVLV� DQG� DWKHURVFOHURWLF� SODTXHV� �0XQUR�HW�DO���������6WHIIHQV�HW�DO���������

(QGRFDQQDELQRLGV� DQG� WKHLU� UHFHSWRUV� KDYH� EHHQ�GLVFRYHUHG� LQ� ERQH� �7DP� HW� DO��� ������ 7KH� PDLQ�HQGRFDQQDELQRLGV��DQDQGDPLGH�DQG���$*��DUH�SUHVHQW�LQ� ERQH� DW� OHYHOV� VLPLODU� WR� WKRVH� IRXQG� LQ� WKH� EUDLQ��%HFDXVH�WKH�EORRG�HQGRFDQQDELQRLG�OHYHOV�DUH�VHYHUDO�RUGHUV� RI� PDJQLWXGH� ORZHU�� LW� LV� YHU\� OLNHO\� WKDW�DQDQGDPLGH�DQG���$*�DUH�V\QWKHVL]HG�ORFDOO\�LQ�ERQH��%DE�HW�DO����������,QGHHG��ERWK�OLJDQGV�DUH�SURGXFHG�E\�RVWHREODVWV� DQG�RVWHRFODVWV� LQ� FXOWXUH� �7DP�HW�DO���������� ,Q� OLQH� ZLWK� WKH� RFFXUUHQFH� RI� WKH�HQGRFDQQDELQRLG�OLJDQGV�LQ�ERQH��ERWK�&%��DQG�&%��FDQQDELQRLG�UHFHSWRUV�DUH�DOVR�SUHVHQW�LQ�ERQH��%DE�HW�DO��� ������� 7KH� HQGRFDQQDELQRLG� V\VWHP� KDV� DURXVHG�HQRUPRXV� LQWHUHVW� QRW� RQO\� IRU� WKH� SK\VLRORJLFDO�IXQFWLRQV�� EXW� DOVR� IRU� WKH� SURPLVLQJ� WKHUDSHXWLF�SRWHQWLDOV� DJDLQVW� QXPHURXV� GLVHDVHV� �%HUU\� DQG�0HFKRXODP�� ������ RU� WKH� XVH� RI� GUXJV� LQWHUIHULQJ�ZLWK�WKH�DFWLYLW\�RI�FDQQDELQRLG�UHFHSWRUV��3DJRWWR�HW�DO���������
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7KH�PDPPDOLDQ� VNHOHWRQ� XQGHUJRHV� D� FRQWLQXRXV�UHPRGHOLQJ�SURFHVV�ZKHUHE\�WKH�PLQHUDOL]HG�PDWUL[�LV�EHLQJ� FRQWLQXRXVO\� UHPRYHG� DQG� VXEVHTXHQWO\�UHSODFHG�ZLWK�QHZO\�IRUPHG�ERQH�WLVVXH��7KLV�UHQHZDO�SURFHVV�KDV�D�NH\�UROH�LQ�PDLQWHQDQFH�RI�WKH�VNHOHWRQ�DQG� LQ� LWV� SK\VLRORJLF� IXQFWLRQ� �%DE� HW� DO��� �������$OVR�� REHVLW\� DIIHFWV� PRUH� WKDQ� ���� PLOOLRQ� DGXOWV�ZRUOGZLGH��DQG�LWV�SUHYDOHQFH�LV�SUHGLFWHG�WR�ULVH�RYHU�WKH� QH[W� GHFDGHV� �+DVODP� DQG� -DPHV�� �������$OWKRXJK�REHVLW\� LV� DVVRFLDWHG�ZLWK� LQFUHDVHG� ULVN� RI�PDQ\� FKURQLF� GLVHDVHV�� LQFOXGLQJ� FDUGLRYDVFXODU�GLVHDVH�� GLDEHWHV�� K\SHUWHQVLRQ� DQG� FDQFHU�� VRPH�UHSRUWV�VXJJHVW�WKDW�LW�PD\�SURWHFW�DJDLQVW�RVWHRSRURVLV��:DQJ�HW�DO�������� DQG�LW�PD\�LQFUHDVH�ERQH�PLQHUDO�GHQVLW\� �9LOODUHDO� HW� DO��� ������� RWKHUV� VXJJHVW� WKDW�PDUURZ� DGLSRJHQHVLV� LV� QHJDWLYHO\� FRUUHODWHG� ZLWK�RVWHREODVWRJHQHVLV� �'DYLG� HW� DO��� ������ 6HQ� HW� DO�������� DQG� REHVLW\� � LV� GHWULPHQWDO� WR� ERQH� LQ� DQLPDOV��&DR�HW�DO��� ����������� DQG�KXPDQV� �3ROORFN� HW�DO���������,Q� YLHZ� RI� DOO� SUHYLRXV� UHSRUWV� WKLV� VWXG\� ZDV�GHVLJQHG�WR�H[SORUH�WKH��HIIHFW�RI�DQDQGDPLGH�DQG�KLJK�IDW�GLHW�RQ�OLSLG�SURILOH�DQG�VRPH�ERQH�SDUDPHWHUV���
0DWHULDOV�DQG�PHWKRGV�7KLV� VWXG\� ZDV� FRQGXFWHG� RQ� ��� KHDOWK\�� DGXOW��PDOH�DOELQR�UDWV�ZHLJKLQJ����±����JP��DQLPDOV�ZHUH�REWDLQHG�IURP�DQLPDO�KRXVH�LQ�IDFXOW\�RI�PHGLFLQH�DQG�WKH� DQLPDO� H[SHULPHQWV� ZHUH� DSSURYHG� E\� WKH� ORFDO�HWKLFV� FRPPLWWHH�� GLYLGHG� LQWR� IRXU� HTXDO� JURXSV��Q ����� 7KH� UDWV� KDG� IUHH� DFFHVV� WR� ZDWHU� DQG� FKRZ�DQG� DUH� NHSW� DW� URRP� WHPSHUDWXUH�� ��� KRXUV� GD\� DQG�QLJKW�F\FOHV�IRU���ZHHNV��WKHQ�WKH�IROORZLQJ�SURWRFROV�ZHUH� SHUIRUPHG�� *URXS� ,�� OHDQ� FRQWURO� JURXS�� UDWV�UHFHLYHG� VWDQGDUG� FKRZ� >����� �� SURWHLQ�� ����� ��FDUERK\GUDWH�DQG��������IDW��$KUHQ�DQG�6FKHXULQN�������@�� 7KH� DQLPDOV� ZHUH� IHG� VWDQGDUG� FKRZ� IRU� ���ZHHNV�DQG�LQMHFWHG��L�S��ZLWK�D�VLQJOH�GDLO\�GRVH�RI�����P/�UDW�RI�WKH�YHKLFOH�>HWK\O�DOFRKRO��SURS\OHQH�JO\FRO��$':,&� /DERUDWRU\� &KHPLFDOV�� (J\SW�� DQG� QRUPDO�VDOLQH�LQ�D�UDWLR�RI�������UHVSHFWLYHO\@��GD�9HLJD�HW�DO��������� IRU� DQRWKHU� �� ZHHNV�� *URXS� ,,�� OHDQ� LQMHFWHG�JURXS�� UDWV� UHFHLYHG�VWDQGDUG�FKRZ�IRU����ZHHNV�DQG�WKHQ� LQMHFWHG� ZLWK� DQDQGDPLGH� �DUDFKLGRQHDO�HWKDQRODPLGH��DSSUR[�����7/&��6LJPD�&KHPLFDO��6W��/RXLV��02��LQ�D�GRVH�RI������PJ�NJ�L�S���GLVVROYHG�LQ�WKH� VDPH� YHKLFOH� DQG� HTXDOL]HG� LQ� ���P/�UDW�� �GD�9HLJD�HW�DO�������� GDLO\�IRU�DQRWKHU���ZHHNV��*URXS�,,,�� KLJK� IDW�IHG� JURXS�� UDWV� UHFHLYHG� KLJK�IDW� FKRZ�������� SURWHLQ�� ������ FDUERK\GUDWH�� DQG� ������ IDW��$KUHQ� DQG� 6FKHXULQN�� ����� LQ� WKH� IRUP�RI� FRWWRQ�VHHG� RLO� DGGHG� WR� WKH� ODERUDWRU\� FKRZ� GLHW�� 7KH�DQLPDOV� ZHUH� IHG� KLJK� IDW� GLHW� IRU� ��� ZHHNV� DQG�LQMHFWHG��L�S��ZLWK�D�VLQJOH�GDLO\�GRVH�RI�����P/�UDW�RI�WKH�VDPH�YHKLFOH�IRU�DQRWKHU���ZHHNV��*URXS�,9��KLJK�IDW�IHG� LQMHFWHG� JURXS� IHG� ZLWK� KLJK�IDW� FKRZ� IRU� ���ZHHNV�DQG�LQMHFWHG�ZLWK�DQDQGDPLGH�LQ�D�GRVH�RI������

PJ�NJ� L�S�� �GLVVROYHG� LQ� WKH�YHKLFOH� DQG� HTXDOL]HG� LQ����P/�UDW�� GDLO\� IRU� DQRWKHU� �� ZHHNV�� 'LHWV� ZHUH�REWDLQHG� IURP� IDFXOW\� RI� DJULFXOWXUH�� =DJD]LJ�8QLYHUVLW\����$W� WKH� HQG� RI� WKH� H[SHULPHQWDO� SHULRG�� DQLPDOV�ZHUH�VDFULILFHG��WKH�EORRG�ZDV�FROOHFWHG�LQ�FOHDQ�FHQWULIXJH�WXEHV��6HUXP�ZDV�VHSDUDWHG�E\�FHQWULIXJDWLRQ�RI�EORRG�IRU� ��� PLQXWHV� DW� ����� USP�� 7KH� VXSHUQDWDQW� VHUXP�ZDV� SLSHWWHG� RII� XVLQJ� ILQH� WLSSHG� SLSHWWH� DQG� WKHQ�NHSW�IUR]HQ�DW�����&��IRU�VXEVHTXHQW�GHWHUPLQDWLRQ�RI��x 6HUXP� FKROHVWHURO� OHYHOV�� &KROHVWHURO� ZDV�HVWLPDWHG�DFFRUGLQJ�WR�WKH�PHWKRG�GHVFULEHG�E\�7LHW]�
��������x 6HUXP�7ULJO\FHULGHV�� WULJO\FHULGHV�ZHUH� HVWLPDWHG�DFFRUGLQJ� WR� WKH�PHWKRG�GHVFULEHG� E\� �)RVVDWL�� �����
DQG�1DXFN�HW�DO����������x 6HUXP� +LJK� GHQVLW\� OLSRSURWHLQV� �+'/��� +'/�ZDV� HVWLPDWHG� DFFRUGLQJ� WR� WKH� PHWKRG� GHVFULEHG� E\�
�1DXFN�HW�DO����������x 6HUXP� FDOFLXP� OHYHO��ZDV� HVWLPDWHG� DFFRUGLQJ� WR�WKH�PHWKRG�GHVFULEHG�E\��*LQGOHU�HW�DO���������x 6HUXP� SKRVSKDWH� OHYHO��ZDV� HVWLPDWHG� DFFRUGLQJ�WR� WKH� PHWKRG� GHVFULEHG� E\� �*ROGHQEHUJ� DQG�
)HUQILQGH]��������x 6HUXP� DONDOLQH� SKRVSKDWDVH� DFWLYLW\� �6$3��� ZDV�GHWHUPLQHG� E\� DONDOLQH� SKRVSKDWDVH� DVVD\� NLWV��%LRFKDLQ��86$��DFFRUGLQJ�WR��(DWRQ��������%RQH� WLVVXH� VDPSOHV� �ULJKW� DQG� OHIW� IHPXU��� ULJKW�IHPRUD� ZHUH� UHPRYHG� DQG� FOHDQHG� RI� IURP� DGKHULQJ�WLVVXH��7KH�ZKROH�ERQH�ZDV�H[WUDFWHG�WZR�WLPHV�ZLWK�D�����PL[WXUH� RI� DEVROXWH� HWKDQRO� DQG� GLHWK\O� HWKHU� IRU���� K� DQG� RQH� WLPH� ZLWK� GLHWK\O� HWKHU� IRU� ��� K�� 7KH�GHK\GUDWHG� DQG� GHIDWWHG� ERQHV� ZHUH� GULHG� LQ� ��� &��RYHQ� IRU� ��� K� WR�PHDVXUH� WKH� GU\�ZHLJKW�� 7KH� ERQHV�ZHUH�DVKHG�LQ�D�PXIIOH�IXUQDFH�DW�����&�IRU����KRXUV�DIWHU�SXWWLQJ�HDFK�ERQH�LQ�D�FOHDQ�SRUFHODLQ�GLVK��DIWHU�WKDW�ERQH�DVK�ZHLJKWV�ZHUH�PHDVXUHG�WKHQ�ERQHV�ZHUH�K\GURO\]HG� LQ� �� 1� K\GURFKORULGH� VROXWLRQ� IRU�GHWHUPLQDWLRQ� RI� FDOFLXP� DQG� SKRVSKRUXV�FRQFHQWUDWLRQV�LQ�ERQH��x 'U\� ZHLJKW� DQG� DVK� ZHLJKW� RI� IHPXU�� ZHUH�PHDVXUHG�DFFRUGLQJ�WR��'RVWHU�HW�DO���������x &DOFLXP�DQG�LQRUJDQLF�SKRVSKRUXV�OHYHO�LQ�ERQH���ERWK�&DOFLXP�DQG�3KRVSKRUXV�FRQWHQW�ZDV�GHWHUPLQHG�E\� DWRPLF� DEVRUSWLRPHWU\� �<DPD]DNL� DQG�
<DPDJXFKL�������x +LVWRSDWKRORJLFDO� VWXG\�� 7KH� OHIW� IHPXU� ZDV�UHPRYHG� IURP� HDFK� DQLPDO�� FOHDQHG� RI� DGKHULQJ� VRIW�WLVVXH�� DIWHU� SURSHU� IL[DWLRQ� DQG� VWDLQLQJ� ZLWK�+HDPDWR[\OLQ� DQG� (RVLQ� VWDLQ� �+	(�� WKH� VSHFLPHQ�ZHUH� SUHSDUHG� IRU� OLJKW� PLFURVFRS\� H[DPLQDWLRQ�DFFRUGLQJ� WR��%DQFURIW�DQG�&RRN�������5DDE�HW�DO���������
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6WDWLVWLFDO� DQDO\VLV�� 'DWD�ZHUH� H[SUHVVHG� DV�PHDQ� ��6'��DQG�VWDWLVWLFDOO\�DQDO\]HG�E\�2QH�ZD\�DQDO\VLV�RI�YDULDQFH��$129$��IROORZHG�E\�/6'�WHVW�XVLQJ�6366�IRU�ZLGRZV�YHUVLRQ�������'LIIHUHQFHV�ZHUH�FRQVLGHUHG�WR�EH�VLJQLILFDQW�DW�3�������
5HVXOWV�7DEOH� ���� 7KHUH� ZDV� VLJQLILFDQW�3������� LQFUHDVH� LQ�ILQDO� ERG\� ZHLJKW�� VHUXP� WRWDO� FKROHVWHURO� �7&���3�������� WULJO\FHULGHV� �7*�� �3�������� VLJQLILFDQW��3�������GHFUHDVH�LQ�KLJK�GHQVLW\� OLSRSURWHLQV��+'/��LQ�JURXS�,,��,,,�DQG�,9�LQ�FRPSDULVRQ�WR�JURXS�,��DOVR�JURXS�,9�VKRZHG�WKH�VDPH�HIIHFWV�ZKHQ�FRPSDUHG�WR�JURXS�,,,��7DEOH����� VHUXP�DONDOLQH�SKRVSKDWDVH�OHYHO�

ZDV� VLJQLILFDQWO\� �3�������KLJKHU� LQ�JURXS� ,,�� ,,,� DQG�,9� LQ� FRPSDULVRQ� WR� JURXS� ,�� EXW� LW�ZDV� VLJQLILFDQWO\�ORZHU� �3������� LQ� JURXS� ,9� FRPSDUHG� WR� JURXS� ,,,��7DEOH����� WKHUH�LV�VLJQLILFDQW��3�������LQFUHDVH�LQ�GU\�DQG� DVK� IHPXU� ZHLJKW�� ZLWK� VLJQLILFDQW� �3�������GHFUHDVH�LQ�FRUUHFWHG�GU\�DQG�DVK�ZHLJKW�DQG�LQ�ERQH�FDOFLXP� DQG� SKRVSKRUXV� FRQWHQW� LQ� JURXS� ,,,� DQG� ,9�FRPSDUHG� WR� JURXS� ,�� � *URXS� ,,� VKRZHG� VLJQLILFDQW��3������� LQFUHDVH� LQ� GU\� DQG� DVK� IHPXU� ZHLJKW�FRPSDUHG�WR�JURXS�,�DQG�VR�ZDV�JURXS�,9�FRPSDUHG�WR�JURXS�,,,��)LJXUH� ����������� PLFURVFRSLF� DSSHDUDQFH� RI�PHWDSK\VLF� RI� ORQJ� ERQH� LQ� JURXS� ,�� ,,�� ,,,�� ,9�UHVSHFWLYHO\��
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'LVFXVVLRQ�7KH�VNHOHWRQ�LV�D�G\QDPLF�WLVVXH��FRQVWDQWO\�UHPRGHOLQJ�LWVHOI� E\� WKH� FRRUGLQDWHG� UHPRYDO� DQG� UHSODFHPHQW�� $�GHOLFDWH� EDODQFH�EHWZHHQ� WKHVH� SURFHVVHV� LV� HVVHQWLDO� IRU�PDLQWDLQLQJ�ERWK�WKH�PHFKDQLFDO�DQG�PLQHUDO�KRPHRVWDWLF�IXQFWLRQV�RI�WKH�VNHOHWRQ��:RQJ�HW�DO�����������2XU� UHVXOWV� VKRZHG� WKDW�� KLJK� IDW� GLHW� UHVXOWHG� LQ� D�VLJQLILFDQW�LQFUHDVH�LQ�ILQDO�ERG\�ZHLJKW��VHUXP�OHYHOV�RI�WRWDO� FKROHVWHURO�� WULJO\FHULGHV� DQG� D� VLJQLILFDQW� GHFUHDVH�LQ� VHUXP� OHYHO� RI� KLJK� GHQVLW\� OLSRSURWHLQ� +'/�� WKHVH�UHVXOWV� DUH� LQ� DJUHHPHQW� ZLWK� WKH� UHVXOWV� RI�.DODLYDQLVDLODMD�HW�DO�� ������� LQ�PLFH�DQG�WKH�UHVXOWV�RI�:RR� HW� DO�� ������� LQ� UDWV�� 7KHVH� G\VOLSLGHPLF�GLVWXUEDQFHV� PD\� EH� DWWULEXWHG� WR� LQFUHDVHG� *,7�DEVRUSWLRQ� RI� FKROHVWHURO� DQG� WULJO\FHULGHV� RU� DOWHUHG�FKROHVWHURO� DQG� +'/� PHWDEROLVP� �6FKDDODQ� HW� DO���������7KHVH� FKDQJHV� LQ� ILQDO� ERG\� ZHLJKW� DQG� OLSLG�SURILOH� ZHUH� VLJQLILFDQWO\� H[DJJHUDWHG� LQ� DQDQGDPLGH�LQMHFWHG� UDWV� �OHDQ� DQG� KLJK� IDW�� WKDQ� FRUUHVSRQGLQJ�FRQWURO� JURXSV�� 7KLV� PD\� EH� DWWULEXWHG� WR� WKH� HIIHFW� RI�DQDQGDPLGH� RQ� ERG\� ZHLJKW� DQG� OLSLG� SURILOH� GXH� WR�LQFUHDVH� LQ� IRRG� LQWDNH� DV� VKRZQ�E\�&RVWD� HW� DO�� �������ZKR� UHSRUWHG� WKDW� DQDQGDPLGH� LV� FDSDEOH� RI� LQFUHDVLQJ�IRRG�LQWDNH�LQ�UDW�WKURXJK�FHQWUDO�DFWLRQ�RI�&%��UHFHSWRUV�LQ� WKH� K\SRWKDODPXV� �%HUU\� DQG�0HFKRXODP�� ������ RU�GLUHFW� HIIHFW� RI� DQDQGDPLGH� RQ� FOHDUDQFH�� KHSDWLF�SURGXFWLRQ� RU� FDWDEROLVP� RI� SODVPD� OLSRSURWHLQV� DV�UHSRUWHG� E\� -HRQJ� HW� DO�� ������� WKURXJK� &%�� UHFHSWRUV��5XE\� HW� DO�� ������ ,Q� FRQWUDVW�� .DULPL� DQG�+D\DWJKDLEL� ������� UHSRUWHG� D� VLJQLILFDQW� LQFUHDVH� LQ�OHYHOV�RI�+'/�LQ�UDWV�XSRQ�WUHDWPHQW�ZLWK�FDQQDELQRLGV��2XU�UHVXOW�VKRZHG�VLJQLILFDQW�LQFUHDVH�LQ�GU\�DQG�DVK�ZHLJKW�RI�IHPXU�DQG�DONDOLQH�SKRVSKDWDVH�DFWLYLW\�RI�KLJK�IDW�GLHW�IHG�JURXSV�LQ�FRPSDULVRQ�WR�OHDQ�FRQWURO�JURXS��7KH� LQFUHDVHG� ERQH� PDVV� LQ� KLJK� IDW� IHG� UDWV� LV� LQ�DJUHHPHQW�ZLWK� ,ZDQLHF� HW� DO�� �������ZKR� UHSRUWHG� WKDW�LQFUHDVHG�ERG\�PDVV�KDV�D�SRVLWLYH�HIIHFW�RQ�ERQH�PDVV�LQ�KLJK�IDW�GLHW�IHG�PLFH�DQG�ZLWK�WKH�UHVXOWV�RI�5LFFL�HW�DO��������� LQ� SRVWPHQRSDXVDO� ZRPHQ� DQG� WKH� UHVXOWV� RI�5DGDN��������ZKR�VKRZHG�WKDW�REHVLW\�LV�FRUUHODWHG�ZLWK�LQFUHDVHG� ERQH� PDVV� LQ� SUHPHQRSDXVDO� ZRPHQ�� 7KH�LQFUHDVHG� ERQH� PDVV� LQ� REHVLW\� PD\� EH� DWWULEXWHG� WR�V\VWHPLF� IDFWRUV� �H�J��� HOHYDWHG� VH[� VWHURLG� DQG� OHSWLQ�OHYHOV�� DQG� LQFUHDVHG� VNHOHWDO� ORDGLQJ� GXH� WR� LQFUHDVHG�ERG\�PDVV� �)HOVRQ� HW� DO����������7KLV� GHQRWHV� LQFUHDVHG�ERQH� IRUPDWLRQ� VXSSRUWHG� E\� LQFUHDVHG� DONDOLQH�SKRVSKDWDVH�DFWLYLW\�ZKLFK�LV�D�PDUNHU�RI�ERQH�IRUPDWLRQ��<DPDJXFKL�DQG�8FKL\DPD�������2Q� WKH� RWKHU� KDQG�� RXU� UHVXOW� VKRZHG� D� VLJQLILFDQW�GHFUHDVH� LQ� FRUUHFWHG� GU\� DQG� DVK� IHPXU� ZHLJKW�� IHPXU�FDOFLXP� DQG� SKRVSKRUXV� FRQWHQW� LQ� KLJK� IDW� GLHW� IHG�JURXSV� LQ� FRPSDULVRQ� WR� OHDQ� FRQWURO� JURXS� LQGLFDWLQJ�ERQH� UHVRUSWLRQ�� 7KLV� ZDV� REVHUYHG� DOVR� E\�;LDR� HW� DO��������� ZKR� UHSRUWHG� WKDW� KLJK� IDW� GLHW� LQKLELWHG� ERQH�IRUPDWLRQ� DQG� HQKDQFHG� ERQH� UHVRUSWLRQ� LQ� PLFH� �� DOVR�3DWVFK� HW� DO�� ������� UHSRUWHG� WKDW�� VKRUW�WHUP� DQG�

D
D

D

E

D
D

D

E

)LJXUH�������+	(�;������PHWDSK\VLV�RI�ORQJ�ERQH��
VKRZLQJ�QRUPDO�ERQH�WUDEHFXOHD��D��LQ�JURXS�,�

)LJXUH�������+	(�;������PHWDSK\VLV�RI�ORQJ�ERQH��
VKRZLQJ�QRUPDO�ERQH�WUDEHFXOHD��D��ZLWK�QHZ��
ERQH��E��LQ�JURXS�,,��

)LJXUH�������+	(�;������PHWDSK\VLV�RI�ORQJ�ERQH��
VKRZLQJ�WKLQ�ERQH�WUDEHFXOHD��D��LQ�JURXS�,,,�

)LJXUH�������+	(�;������PHWDSK\VLV�RI�ORQJ�ERQH��
VKRZLQJ�SDUWLDOO\�FRUUHFWHG�WKLQ�ERQH�WUDEHFXOHD��
�D��ZLWK�QHZ�ERQH�IRUPDWLRQ��E��LQ�JURXS�,9�
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H[WHQGHG�KLJK�IDW�GLHW±LQGXFHG�REHVLW\�FDXVHG�VLJQLILFDQW�ERQH� ORVV� LQ� PDOH� PLFH� PDLQO\� EHFDXVH� RI� UHVRUSWLYH�FKDQJHV�LQ�WUDEHFXODU�DUFKLWHFWXUH��+RZHYHU��7DUTXLQL�HW�DO�� ������� IRXQG� QR� VLJQLILFDQW� GLIIHUHQFH� EHWZHHQ� ERQH�PLQHUDO� GHQVLW\� LQ� REHVH� ZRPHQ� DQG� FRQWURO� JURXS� DQG�9LOODUHDO� HW� DO�� ������� UHSRUWHG� WKDW� REHVLW\� LQFUHDVHV�ERQH� PLQHUDO� GHQVLW\� LV� D� SURWHFWLYH� IDFWRU� IRU�RVWHRSRURVLV�LQ�KXPDQV���+LVWRSDWKRORJLFDO� UHVXOWV� VKRZHG� WKLQQLQJ� RI� ERQH�WUDEHFXOHD� LQ�KLJK� IDW� IHG� UDWV� LQGLFDWLQJ�ERQH� UHVRUSWLRQ�ZKLFK�PD\� EH� FDXVHG� E\� HLWKHU� ORZ� JUDGH� LQIODPPDWLRQ�RFFXUULQJ� LQ� REHVLW\� OHDGLQJ� WR� UHOHDVH� RI� PXOWLSOH�F\WRNLQHV� ZKLFK� FDXVH� LQFUHDVHG� RVWHRFODVWLF� DFWLYLW\��.KRVOD� ������ 6KRHOVRQ� HW� DO�� ������ RU� LQFUHDVH� ERQH�PDUURZ� DGLSRJHQHVLV� WKDW� LQKLELWV� RVWHREODVWRJHQHVLV��'DYLG�HW�DO���������6HQ�HW�DO���������RU�LQWHUIHUHQFH�ZLWK�LQWHVWLQDO� FDOFLXP� DEVRUSWLRQ� �1HOVRQ� HW� DO�� ����� RU�LQKLELWLRQ� RI� ERQH� IRUPDWLRQ� WKURXJK� FHQWUDO� DFWLRQ� RI�OHSWLQ� �6KRHOVRQ� HW� DO�� ������� 7DNHQ� WRJHWKHU�� KLJK� IDW�GLHW� FDXVHG� LQFUHDVH� ERQH� TXDQWLW\� �GU\� DQG� DVK�ZHLJKW��PHDQZKLOH�ERQH�ZDV�RI�ORZ�TXDOLW\��ORZ�PLQHUDO�FRQWHQW�DQG�WKLQ�WUDEHFXOHD���7KLV�VWXG\�UHYHDOHG�DOVR��VLJQLILFDQW�LQFUHDVH�LQ�IHPXU�GU\�� DVK� ZHLJKW�� FDOFLXP� DQG� SKRVSKRUXV� FRQWHQW� LQ�DQDQGDPLGH� LQMHFWHG� UDWV� WKDQ� WKH� FRUUHVSRQGLQJ� FRQWURO�JURXSV�� ZKLOH� DONDOLQH� SKRVSKDWDVH� DFWLYLW\� ZDV�VLJQLILFDQWO\� KLJKHU� LQ� OHDQ� LQMHFWHG� DQG� VLJQLILFDQWO\�ORZHU�LQ�KLJK�IDW�LQMHFWHG�FRPSDUHG�WR�WKH�FRUUHVSRQGLQJ�FRQWURO��DOVR�WKH�KLVWRSDWKRORJLFDO�VHFWLRQV�VKRZHG�IRFL�RI�QHZ� ERQH� IRUPDWLRQ� LQ� ERWK� LQMHFWHG� JURXSV� DQG� SDUWLDO�FRUUHFWLRQ� RI� WKLQ� ERQH� WUDEHFXOHD� LQ� KLJK� IDW� LQMHFWHG�JURXS� VKRZLQJ� SRVLWLYH� HIIHFW� RI� DQDQGDPLGH� RQ� ERQH�PLQHUDO� FRQWHQW� DQG� DUFKLWHFWXUH�� 7KLV� LV� LQ� DJUHHPHQW�ZLWK� WKH� UHVXOWV� RI�1DSLPRJD� HW� DO�� �������ZKR� IRXQG�WKDW� WKH� DGPLQLVWUDWLRQ� RI� FDQQDELGLRO� �FDQQDELQRLG�FRPSRQHQW� IURP�&DQQDELV� VDWLYD�� VLJQLILFDQWO\� LQKLELWHG�WKH�YROXPH�RI�ERQH�ORVV�LQ�UDW��DQG�%DE�HW�DO���������ZKR�GHPRQVWUDWHG� WKDW� ERWK� RVWHREODVWV� DQG� RVWHRFODVWV�SURGXFH� DQDQGDPLGH� DQG� H[SUHVV� &%�� UHFHSWRUV� ZKRVH�VWLPXODWLRQ� LQ� WKHVH� FHOOV� GHFUHDVHV� ERQH� UHVRUSWLRQ� DQG�HQKDQFHV�ERQH�IRUPDWLRQ��%\�FRQWUDVW��,GULV�HW�DO���������UHSRUWHG�WKH�VWLPXODWLRQ�RI�RVWHRFODVW�IRUPDWLRQ�DQG�ERQH�UHVRUSWLRQ� E\� DQDQGDPLGH� DQG� WKH� LQKLELWLRQ� RI� WKHVH�HIIHFWV� E\� FDQQDELQRLG� UHFHSWRUV� DQWDJRQLVWV� LQ� YLWUR��$QDQGDPLGH�LV�FRQVLGHUHG�DV�QRQ�VHOHFWLYH�&%��DQG�&%��DJRQLVW�� LW� ZDV� IRXQG� WR� DIIHFW� ERQH� FHOOV� GLUHFWO\� E\�ELQGLQJ�WR�&%��UHFHSWRUV��%DE�DQG�=LPPHU�������ZKLFK�DUH� H[SUHVVHG� LQ� RVWHREODVWV�� RVWHRFODVWV� DQG� WKHLU�SUHFXUVRUV� �VWURPDO� FHOOV� DQG� PRQRF\WHV� UHVSHFWLYHO\��OHDGLQJ�WR�GLUHFW�VWLPXODWLRQ�RI�RVWHREODVWV��VWURPDO�FHOOV��DQG� LQKLELWLRQ� RI� RVWHRFODVWV� �PRQRF\WHV� �2IHN� HW� DO�������� RU� LQGLUHFWO\� YLD� DFWLYDWLRQ� RI� &%�� UHFHSWRUV� WKDW�QHJDWLYHO\� UHJXODWH� QRUDGUHQDOLQH� � UHOHDVH� IURP�V\PSDWKHWLF�QHUYH�WHUPLQDOV�LQ�WKH�YLFLQLW\�RI�RVWHREODVWV��QRUDGUHQDOLQH� VXSSUHVVHV� ERQH� IRUPDWLRQ� E\� ELQGLQJ� WR�RVWHREODVWLF� DGUHQHUJLF� UHFHSWRUV� �7DNHGD� HW� DO��� �������

DQG�WKLV�VXSSUHVVLRQ�LV�DSSDUHQWO\�DOOHYLDWHG�E\�DFWLYDWLRQ�RI� &%�� RQ� V\PSDWKHWLF� QHUYH� WHUPLQDOV� �7DP� HW� DO��������� &ROOHFWLYHO\�DQDQGDPLGH�HIIHFW�RQ�ERQH�DSSHDUV�WR�EH�ELSKDVLF��VWLPXODWLRQ�RI�ERQH�IRUPDWLRQ�DQG�LQKLELWLRQ�RI�ERQH�UHVRUSWLRQ��&RQFOXVLRQ� +LJK� IDW� GLHW� DQG� DQDQGDPLGH� FDXVHG�LQFUHDVHG� ERG\� ZHLJKW� DQG� G\VOLSLGHPLD� ZKLFK� ZHUH�GHWULPHQWDO� WR� ERQH� KHDOWK� LQ� KLJK� IDW� GLHW�� EXW� QRW�DQDQGDPLGH�WUHDWHG�DQLPDOV�GHQRWLQJ�EHQHILFLDO�HIIHFWV�RI�DQDQGDPLGH�RQ�ERQH�LQ�ERWK�QRUPDO�DQG�KLJK�IDW�IHG�UDWV��)XUWKHU�VWXGLHV�DUH�QHHGHG�WR�HYDOXDWH�LWV�HIIHFW�LQ�KXPDQV�DQG� HYDOXDWH� WKH� PHGLFDO� XVH� RI� RWKHU� FDQQDELQRLGV�DJRQLVW� DV� WKHUDSHXWLF� DJHQWV� DV� UHJDUG� WKHLU� HIIHFW� RQ�ERQH��
$FNQRZOHGJPHQW�7KH�DXWKRUV�WKDQN�3URIHVVRU�'U��0DKPRXG�:��(PDUD��3URIHVVRU� RI� SDWKRORJ\�� IDFXOW\� RI� PHGLFLQH�� =DJD]LJ�8QLYHUVLW\�� IRU� LQWHUSUHWDWLRQ� RI� WKH� KLVWRSDWKRORJLFDO�
VHFWLRQV�DQG�SUHSDULQJ�WKH�ILJXUHV�
&RUUHVSRQGLQJ�DXWKRU�0DL�0��+DVDQ�
�'HSDUWPHQW�RI�SK\VLRORJ\� )DFXOW\�RI�0HGLFLQH�=DJD]LJ�
8QLYHUVLW\�PPMHZHIHO#]X�HGX�HJ
5HIHUHQFHV����$KUHQ� %�� DQG� 6FKHXULQN� $�� -��:�� �������� 0DUNHG�K\SHUOHSWLQHPLD� DIWHU� KLJK� IDW� GLHW� DVVRFLDWHG� ZLWK�VHYHUH�JOXFRVH�LQWROHUDQFH�LQ�PLFH��(XU��-��(QGRFULQRO��������������������%DE� ,� �DQG� =LPPHU� $�� �������� &DQQDELQRLGV�UHFHSWRUV� DQG� WKH� UHJXODWLRQ� RI� ERQH� PDVV�� %ULWLVK�-RXUQDO�RI�3KDUPDFRORJ\���������±��������%DE� ,��� 2IHN� 2��� 7DP� -��� 5HKQHOW� -��� =LPPHU� $����������(QGRFDQQDELQRLGV�DQG�WKH�5HJXODWLRQ�RI�%RQH�0HWDEROLVP�� -RXUQDO� RI� 1HXURHQGRFULQRORJ\� ����6XSSO�������±�������%DQFURIW� '�� DQG�&RRN� -�� ��������2UJDQLF� FKHODWLQJ�DJHQWV� IRU� GHFDOFLILFDWLRQ� RI� ERQH�� 6WDLQ� WHFKQRORJ\��������������%HUU\� (�� 0�� DQG� 0HFKRXODP� 5�� ��������7HWUDK\GURFDQQDELQRO� DQG� HQGRFDQQDELQRLGV� LQ�IHHGLQJ�DQG�DSSHWLWH��3KDUPDFRO��7KHU���������±�����
���%HUU\� (�� 0�� DQG� 0HFKRXODP� 5�� ��������7HWUDK\GURFDQQDELQRO� DQG� HQGRFDQQDELQRLGV� LQ�IHHGLQJ�DQG�DSSHWLWH��3KDUPDFRO���7KHU����������±��������&DR� -�� -��� 6XQ� /��� *DR� +�� �������� 'LHW�LQGXFHG�REHVLW\� DOWHUV� ERQH� UHPRGHOLQJ� OHDGLQJ� WR� GHFUHDVHG�IHPRUDO� WUDEHFXODU� ERQH� PDVV� LQ� PLFH�� $QQ�� 1�<��$FDG��6FL�����������±���������&DR�� -�-��� *UHJRLUH� %�5��� *DR� +�� �������� +LJK�IDW�GLHW�GHFUHDVHV�FDQFHOORXV�ERQH�PDVV�EXW�KDV�QR�HIIHFW�
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RQ� FRUWLFDO� ERQH�PDVV� LQ� WKH� WLELD� LQ�PLFH�� %RQH� ��������±���������&RVWD� %��� 9DLODWL� 6��� &ROOHRQL� 0�� �������� $FDQQDELQRLG� UHFHSWRU� DQWDJRQLVW� UHYHUVHV� WKH�EHKDYLRUDO� HIIHFWV� RI� DQDQGDPLGH�WUHDWHG� UDWV�� %HKDY��3KDUPDFRO����������±������
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