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.��3��6UHHML��DQG�6LVLODPPD�*HRUJH�
'HSDUWPHQW�RI�9HWHULQDU\�%LRFKHPLVWU\
&ROOHJH�RI�9HWHULQDU\�DQG�$QLPDO�6FLHQFHV
0DQQXWK\�����������7KULVVXU��.HUDOD

$EVWUDFW
(IIHFW�RI�ILVK�RLO��)2��DQG�YDULRXV�SUHSDUDWLRQV
RI�FRFRQXW�RLO�YL]���FRSUD�RLO�5%'�FRFRQXW�RLO
�&2���VHDVRQHG�FRFRQXW�RLO��6&2��DQG�YLUJLQ
FRFRQXW� RLO� �9&2�� ZDV� HYDOXDWHG� RQ� ERG\
ZHLJKW�DQG�VHUXP�OLSLG�SURILOH�LQ�UDWV��6LJQLILFDQW
GHFUHDVH� DQG� LQFUHDVH� LQ� ERG\�ZHLJKW� ZDV
REVHUYHG�LQ�9&2�DQG�)2�IHG�UDWV�UHVSHFWLYHO\
ZKHUHDV�� &2� DQG� 6&2� GLG� QRW� VKRZ� DQ\
VLJQLILFDQW�YDULDWLRQ��ZKHQ�DGPLQLVWHUHG�IRU�D
SHULRG� RI� WKUHH� PRQWKV�� &RFRQXW� RLO
DGPLQLVWHUHG�UDWV�VKRZHG�VLJQLILFDQW�LQFUHDVH
LQ� VHUXP� WULDF\OJO\FHURO� �7$*�� DQG� 9/'/�
VLJQLILFDQW�GHFUHDVH�LQ�/'/�DQG�QR�FKDQJH�LQ
WRWDO�OLSLGV��7/���WRWDO�FKROHVWHURO��7&��DQG�+'/
OHYHOV��$OO�WKH�OLSLG�SDUDPHWHUV�XQGHU�VWXG\�ZHUH
VLJQLILFDQWO\� LQFUHDVHG� LQ� 6&2� IHG� UDWV
ZKHUHDV��9&2�VLJQLILFDQWO\�LQFUHDVHG�+'/�DQG
GHFUHDVHG�/'/��ZLWK�OLWWOH�FKDQJH�LQ�WKH�OHYHOV
RI� 7/�� 7&�� 7$*� DQG� 9/'/�� )LVK� RLO
DGPLQLVWUDWLRQ� VLJQLILFDQWO\� LQFUHDVHG� 7$*�
ZKLOH�7/�DQG�/'/�GHFUHDVHG�ZLWK�QR�VLJQLILFDQW
YDULDWLRQ�LQ�WKH�OHYHOV�RI�7&��+'/�DQG�9/'/�
([FHSW� 6&2�� DOO� RWKHU� RLOV� VLJQLILFDQWO\
LQFUHDVHG�+'/�/'/�UDWLR��EHLQJ�KLJKHVW�LQ�9&2
IHG�JURXS��&RPSDULVRQ�EHWZHHQ�YDULRXV�RLO�IHG
UDWV��UHYHDOHG�D�GHVLUDEOH�HIIHFW�ZLWK�9&2�DQG
WKH�HIIHFW�ZDV�FRPSDUDEOH�WR�RU�HYHQ�VXSHULRU
WR�WKDW�RI�)2�DGPLQLVWUDWLRQ��7KH�SUHVHQW�VWXG\
UHFRPPHQGV�WKH�FRQVXPSWLRQ�RI�9&2�GXH�WR
LWV�IDYRUDEOH�HIIHFWV�RQ�VHUXP�OLSLG�SURILOH�DQG
ERG\�ZHLJKW�
.H\ZRUGV��&RSUD�RLO��)LVK�RLO��5DWV��6HDVRQHG
FRFRQXW�RLO��9LUJLQ�FRFRQXW�RLO

&RQVXPSWLRQ� RI� VPDOO� DPRXQW� RI
VDWXUDWHG� IDWV� LV� HVVHQWLDO� DQG� D� KLJK
FRUUHODWLRQ� KDV� EHHQ� VXJJHVWHG� EHWZHHQ
FRQVXPSWLRQ� RI� H[FHVV� VDWXUDWHG� IDW� DQG
FRURQDU\�KHDUW�GLVHDVH��&+'� �&ODUNH�HW�DO��
�������$PRQJ�WKH�YHJHWDEOH�RLOV��FRFRQXW�RLO
KDV� D� YHU\� KLJK� FRQWHQW� ������ RI� VDWXUDWHG
IDWW\� DFLGV�� &RFRQXW� NHUQHO� DQG� RLO� DUH
FRQVXPHG�PDLQO\�E\�WKH�SHRSOH�RI�3KLOLSSLQHV�
,QGRQHVLD�� ,QGLD�� %UD]LO�� 7KDLODQG�� 9LHWQDP�
6UL/DQND�� 0DOD\VLD� DQG� RWKHU� WURSLFDO
FRXQWULHV�� IRU� WKRXVDQGV� RI� \HDUV�� ,Q� ,QGLD�
VRXWKHUQ�VWDWHV�VXFK�DV��.HUDOD��7DPLO�1DGX�
.DUQDWDND�DQG�$QGKUD�3UDGHVK�DUH�ZHOO�NQRZQ
IRU� FXOWLYDWLRQ� DQG� SURGXFWLRQ� RI� FRFRQXW�
8VXDOO\�SHRSOH� LQ� WKH�ZHVWHUQ�FRDVWDO� UHJLRQ
RI�,QGLD�XVH�FRFRQXW�RLO�IRU�FXUULHG�GLVKHV�DIWHU
VHDVRQLQJ�LW�ZLWK�PXVWDUG�VHHGV��RQLRQ��FXUU\
OHDYHV�DQG�WXUPHULF��&RFRQXW�IHDWXUHV�LQ�D�ORW
RI� 6RXWK� ,QGLDQ� GLVKHV�� QRW� MXVW� WKH� FRFRQXW
PLON��EXW�WKH�RLO�DQG�JUDWHG�FRFRQXW�DUH�XVHG
DV�ZHOO�

&RFRQXW�RLO�KDV�SURYLGHG�WKH�SULPDU\
VRXUFH�RI�IDW�LQ�WKH�GLHWV�RI�PLOOLRQV�RI�SHRSOH
IRU� JHQHUDWLRQV� WKURXJKRXW� WKH� WURSLFV�
7KRXJK�� WKHUH� DUH� VWXGLHV� WKDW� LQGLFDWH� D
SRVLWLYH� FRUUHODWLRQ� EHWZHHQ� FRQVXPSWLRQ� RI
FRFRQXW� RLO� DQG� GHYHORSPHQW� RI�&+'��PDQ\
RWKHU�LQYHVWLJDWLRQV�FRQGXFWHG�LQ�DQLPDOV�DQG
KXPDQ�EHLQJV�FRQWUDGLFWV�FODLPV�WKDW�FRFRQXW
RLO� LQFUHDVHV� WKH� ULVN� RI� DWKHURVFOHURVLV� DQG
KHDUW� GLVHDVH �$ZDG�� ������ 6DELWKD� HW� DO��
�������7KXV��WKHUH�H[LVWV�D�FRQWURYHUV\�DPRQJ
WKH� VFLHQWLI LF� FRPPXQLW\� UHJDUGLQJ� WKH
QHJDWLYH� HIIHFWV� RI� FRFRQXW� RLO�� 7KH� SUHVHQW


3DUW�RI�0�9�6F��WKHVLV�VXEPLWWHG�E\�WKH�ILUVW�DXWKRU�WR�WKH��.HUDOD�$JULFXOWXUDO�8QLYHUVLW\��7KULVVXU
��0�9�6F��VFKRODU
��3URIHVVRU�DQG�+HDG

5HFHLYHG�����������
$FFHSWHG�����������
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�� �)LVK�RLO�DQG�FRFRQXW�RLO�RQ�ERG\�ZHLJKW�DQG�VHUXP�OLSLGV���

VWXG\�ZDV�FDUULHG�RXW� WR�HYDOXDWH� WKH�UROH�RI
YDULRXV�SUHSDUDWLRQV�RI�FRFRQXW�RLO�YL]���FRSUD
RLO�5%'� FRFRQXW� RLO�� YLUJLQ� FRFRQXW� RLO� DQG
VHDVRQHG�FRFRQXW�RLO�RQ�ERG\�ZHLJKW�DQG�OLSLG
PHWDEROLVP�LQ�UDWV�LQ�FRPSDULVRQ�ZLWK�ILVK�RLO�
0DWHULDOV�DQG�0HWKRGV

&RPPHUFLDO� FRFRQXW� RLO� �&RSUD� RLO�
5%'� FRFRQXW� RLO��ZDV� SURFXUHG� IURP�.HUDOD
$JULFXOWXUDO� 8QLYHUVLW\�� &RPPHUFLDO� YLUJLQ
FRFRQXW�RLO��58%&2�1XWUL�NR��DQG�VKDUN�OLYHU
RLO�ZHUH�SURFXUHG�IURP�ORFDO�PDUNHW��6HDVRQHG
FRFRQXW�RLO�ZDV�SUHSDUHG�LQ�WKH�ODERUDWRU\�DV
IROORZV��$ERXW����PO�RI�FRSUD�RLO�ZDV�KHDWHG
LQ�D�SDQ�DQG�DGGHG�PXVWDUG�VHHGV������Z�Y��
$V�VRRQ�DV�WKH�VHHGV�VL]]OHG��DGGHG�FKRSSHG
VPDOO�RQLRQ��UHG�RQLRQ��$OOLXP�RVFKDQLQLL�����
Z�Y��DQG�IULHG�XQWLO�WKH�FRORXU�EHFDPH�JROGHQ
EURZQ�� IROORZHG� E\� WKH� DGGLWLRQ� RI� WKH
UHPDLQLQJ�RLO��WXUPHULF�SRZGHU�������Z�Y��DQG
FXUU\�OHDYHV������Z�Y���0L[HG�ZHOO�DQG�DOORZHG
WR�FRRO�WR�URRP�WHPSHUDWXUH��7KHQ�WKH�RLO�ZDV
VWUDLQHG�WKURXJK�D�PXVOLQ�FORWK��$ERXW�����PO
RI� VHDVRQHG� FRFRQXW� RLO�ZDV� SUHSDUHG� HDFK
ZHHN�DIUHVK�DQG�XVHG�IRU�WKH�VWXG\��$OO�RWKHU
FKHPLFDOV�ZHUH�SURFXUHG�IURP�0HUFN�,QGLD�/WG�
0XPEDL�

0DOH�:LVWDU�UDWV�ZHLJKLQJ�����WR����
J�ZHUH�KRXVHG�LQ�DSSURSULDWH�FDJHV�LQ�D�ZHOO
YHQWLODWHG�H[SHULPHQWDO�DQLPDO�URRP�XQGHU���
�����KU�/'�F\FOH�DW����WR����&�DQG����WR����SHU
FHQW� UHODWLYH� KXPLGLW\� ZLWK� IUHH� DFFHVV� WR
VWDQGDUG� UDW� SHOOHW� GLHW� DQG� GULQNLQJ�ZDWHU�
([SHULPHQWV�ZHUH�FRQGXFWHG�ZLWK�WKH�DSSURYDO
RI�,QVWLWXWLRQDO�$QLPDO�(WKLFV�&RPPLWWHH��5DWV
ZHUH�UDQGRPO\�GLYLGHG�LQWR�ILYH�JURXSV��*��WR
*��� HDFK� FRPSULVLQJ� �� DQLPDOV�� ([FHSW�*��
UDWV�XQGHU�DOO�RWKHU�JURXSV�ZHUH�DGPLQLVWHUHG
ZLWK� YDULRXV� RLOV� IRU� D� SHULRG� RI� ��� GD\V� DV
IROORZV�

*��±�1RUPDO�FRQWURO��1&�
*��±�&RSUD�RLO��5%'�FRFRQXW�RLO��&2�
*��±�6HDVRQHG�FRFRQXW�RLO��6&2�
*��±�9LUJLQ�FRFRQXW�RLO��9&2�
*��±�)LVK�RLO��)2�
'RVH�ZDV� IL[HG�EDVHG�RQ�SHU�FDSLWD

ZRUOG�DYHUDJH�RLO�FRQVXPSWLRQ�OHYHO�������NJ�
KHDG�\HDU��� FRQVXPSWLRQ� OHYHO� RI� GHYHORSHG
ZHVWHUQ�ZRUOG�����WR����NJ�KHDG�\HDU��DQG�WKH
WRWDO� FRFRQXW�RLO� FRQVXPSWLRQ� LQ�.HUDOD� �IUHH
RLO� �� RLO� GHULYHG� IURP� NHUQHO��� ZKLFK� FRPHV
DURXQG����NJ�KHDG�\HDU� �5DMDPRKDQ��������
$�GRVH�RI� ��� NJ�KHDG�\HDU�ZDV� IL[HG��ZKLFK

FRPHV�WR�D�UDW�GRVH�RI������J�NJ�ERG\�ZHLJKW�
7KH�GRVH� IL[HG�ZDV�DQ�DYHUDJH�YDOXH�RI�SHU
FDSLWD� ZRUOG� DYHUDJH� FRQVXPSWLRQ� DQG
FRQVXPSWLRQ� RI� GHYHORSHG� ZHVWHUQ� ZRUOG�
0RUHRYHU��LW�ZDV�QHDUO\�GRXEOH�WKH�SHU�FDSLWD
FRFRQXW�RLO�FRQVXPSWLRQ�LQ�.HUDOD���2LOV�ZHUH
DGPLQLVWHUHG� HYHU\� GD\� RUDOO\� XVLQJ� DQ
RURJDVWULF� WXEH� LQ� WZR� GLYLGHG� GRVHV�� DW
PRUQLQJ�DQG�HYHQLQJ�

%ORRG� VDPSOHV�ZHUH� FROOHFWHG
IURP�WKH�UHWUR�RUELWDO�SOH[XV�XQGHU�PLOG�HWKHU
DQHVWKHVLD��XVLQJ�KHSDULQLVHG�FDSLOODU\�WXEHV�
LQWR� VWHULOH�PLFURIXJH� WXEHV� RQ� GD\V�� �� �MXVW
EHIRUH�DGPLQLVWUDWLRQ�RI�RLOV��� ���DQG���� ���
DQG� ��� GD\V� DIWHU� RLO� DGPLQLVWUDWLRQ�� DQG
VHSDUDWHG�VHUXP�E\�FHQWULIXJLQJ�DW������[�J
IRU����PLQ��DW����&��:HLJKW�RI�WKH�DQLPDOV�ZDV
DOVR� UHFRUGHG� RQ� WKH� DERYH� GD\V�� 6HUXP
VDPSOHV�ZHUH� DQDO\VHG� IRU� WRWDO� OLSLGV� �7/��
WRWDO�FKROHVWHURO��7&��DQG�WULDF\OJO\FHURO��7$*�
XVLQJ�FRPPHUFLDOO\�DYDLODEOH�NLWV��(FROLQH�.LWV�
0�V� (�� 0HUFN� ,QGLD�� /WG�� 0XPEDL��� +'/
FKROHVWHURO� ZDV� HVWLPDWHG� E\� +HSDULQ±
0DQJDQHVH�SUHFLSLWDWLRQ�SURFHGXUH� �:DUQLFN
DQG�$OEHUV�������� /'/�DQG�9/'/�FKROHVWHUROV
ZHUH�HVWLPDWHG�E\�WKH�FRQYHQWLRQDO�)ULHGHZDOG
(TXDWLRQ��:DUQLFN�HW�DO����������'DWD�REWDLQHG
ZHUH� FRPSDUHG� E\� DQDO\VLV� RI� FR�YDULDQFH
�$1&29$��IROORZHG�E\�'XQFDQ�PXOWLSOH�UDQJH
WHVW�WR�GHWHUPLQH�WKH�OHYHO�RI�VLJQLILFDQFH���7KH
YDOXH�RI�3�������ZDV�FRQVLGHUHG�VWDWLVWLFDOO\
VLJQLILFDQW��6QHGHFRU�DQG�&RFKUDQ��������
5HVXOWV�DQG�'LVFXVVLRQ

$GPLQLVWUDWLRQ� RI� &2� DQG� 6&2
VKRZHG�D� WUDQVLHQW� LQFUHDVH� LQ�ERG\�ZHLJKW�
ZKLFK� GHFUHDVHG� WR� WKDW� RI� FRQWURO� UDWV
ZKHUHDV�� 9&2� VLJQLILFDQWO\� GHFUHDVHG� WKH
ERG\�ZHLJKW��ZKHQ�DGPLQLVWHUHG�IRU�D�SHULRG
RI� WKUHH� PRQWKV� �7DEOH� ���� 7KLV� FRXOG� EH
DWWULEXWHG�WR�WKH�KLJK�FRQWHQW�RI�PHGLXP�FKDLQ
WULDF\OJO\FHUROV� �0&7V�� LQ� FRFRQXW� RLO�� ZKLFK
DUH� UHDGLO\�K\GURO\]HG�E\� OLQJXDO�DQG�JDVWULF
OLSDVHV� WR� UHOHDVH�PHGLXP� FKDLQ� IDWW\� DFLGV
�0&)$V�� �%H]DUG� DQG� %XJDXW�� ������� )UHH
0&)$V�PDLQO\��ODXULF�DFLG��a������LQ�&2�DQG
������� LQ�9&2��� DUH� DEVRUEHG� UHDGLO\� IURP
JDVWUR� LQWHVWLQDO� WUDFW� DQG� WUDQVSRUWHG� WR
KHSDWRF\WHV�� ZKHUH� WKHVH� HQWHU� WKH
PLWRFKRQGULD� ZLWKRXW� WKH� DVVLVWDQFH� RI
FDUQLWLQH�DF\OWUDQVIHUDVH�DQG�DUH�R[LGL]HG�DV
D� UDSLG� VRXUFH� RI� HQHUJ\��7KXV��0&)$V� DUH
FRQVLGHUHG�WR�EH�OHVV�DYDLODEOH�IRU�GHSRVLWLRQ
LQ�ERG\�IDW��7VXML�HW�DO���������
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,Q�)2�IHG�UDWV��ERG\�ZHLJKW�LQFUHDVHG
VLJQLILFDQWO\� FRPSDUHG� WR� WKH� UDWV� IHG� ZLWK
FRFRQXW�RLO�RQ�GD\�����7DEOH�����7KH�LQFUHDVH
ZDV�DERXW�����FRPSDUHG�WR�GD\���DV�DJDLQVW
���LQ�9&2�IHG�UDWV��ZKLFK�FRXOG�EH�GXH�WR�WKH
KLJK� FRQWHQW� RI� ORQJ� FKDLQ� SRO\XQVDWXUDWHG
IDWW\�DFLGV��38)$V������������/RQJ�FKDLQ�IDWW\
DFLGV��/&)$V��UHTXLUH�WKH�GHWHUJHQW�DFWLRQ�RI
ELOH� WR�HQWHU� WKH� LQWHVWLQDO�FHOOV�� UH�HVWHULILHG�
SDFNDJHG�DQG�VHFUHWHG�LQWR�O\PSK��ZKLFK�DUH
WUDQVSRUWHG� WR� SHULSKHUDO� WLVVXHV� IRU� VWRUDJH
LQ�IDW�GHSRWV��7VXML�HW�DO���������

)HHGLQJ� &2� DQG� 6&2
VLJQLILFDQWO\�LQFUHDVHG�WKH�OHYHOV�RI�7/�DQG�7$*
E\�GD\�����2Q�GD\����WKH�OHYHO�RI�7/�GHFUHDVHG
WR�WKDW�RI�1&�ZKLOH�7$*�UHPDLQHG�VLJQLILFDQWO\
KLJK�LQ�&2�IHG�UDWV��+RZHYHU��ERWK�7/�DQG�7$*
UHPDLQHG�DW�D�VLJQLILFDQWO\�KLJKHU�OHYHO�LQ�6&2
IHG� UDWV� �7DEOH� ���� ,QFUHDVHG� KHSDWLF
H[SUHVVLRQ�RI�DSR�&�,,,�E\�0&7V�LQ�FRFRQXW�RLO
�ERWK�&2�DQG�6&2�� DQG� DSR�&�,,,�PHGLDWHG

LQKLELWLRQ� RI� FDWDEROLVP� RI� 7$*�ULFK
OLSRSURWHLQV�PLJKW� KDYH� FRQWULEXWHG� WR� D� ULVH
LQ�VHUXP�OLSLG�DQG�7$*�FRQFHQWUDWLRQV��:DQJ
HW�DO���������$GPLQLVWUDWLRQ�RI�9&2�WUDQVLHQWO\
LQFUHDVHG� WKH� OHYHOV� RI� 7/� DQG�7$*��ZKLFK
GHFUHDVHG� WR� WKDW� RI� FRQWURO� UDWV� E\� GD\� ��
�7DEOH� ���� 6LPLODU� REVHUYDWLRQV� ZHUH� DOVR
UHSRUWHG�E\�HDUOLHU�ZRUNHUV�DQG�VXJJHVWHG�WKDW
WKLV�FRXOG�EH�GXH� WR� WKH�TXDOLW\�GLIIHUHQFH� LQ
&2�DQG�9&2��+LJK�FRQWHQW�RI�SRO\SKHQROV�DQG
PLQRU� FRQVWLWXHQWV� VXFK� DV� YLWDPLQ�$� DQG�(
PLJKW� KDYH� FRQWULEXWHG� WR� WKH� OLSLG� ORZHULQJ
HIIHFW�RI�9&2��1HYLQ�DQG�5DMDPRKDQ��������

5DWV�IHG�ZLWK�)2�VKRZHG�D�VLJQLILFDQW
LQFUHDVH�LQ�WKH�OHYHOV�RI�VHUXP�7/�DQG�7$*�E\
GD\� ��� DQG� ODWHU� E\� GD\� ���� WKH� OHYHO� RI� 7/
GHFUHDVHG�VLJQLILFDQWO\�ZKHUHDV�� WKH� OHYHO�RI
7$*�ZDV� VLJQLILFDQWO\� KLJKHU� WKDQ�9&2�DQG
ORZHU� WKDQ�&2�DQG�6&2� IHG� UDWV� �7DEOH� ���
/LSLG� ORZHULQJ� HIIHFW� RI� )2� LV� LQ� DFFRUGDQFH
ZLWK� HDUOLHU� UHSRUWV� �)UHQRX[� HW� DO��� ������

7DEOH��� (IIHFW�RI�YDULRXV�SUHSDUDWLRQV�RI�FRFRQXW�RLO�DQG�ILVK�RLO�RQ�VHUXP�WRWDO�OLSLGV�DQG
WULDF\OJO\FHURO��PJ�GO��OHYHOV�LQ�UDWV��0HDQ���6(��Q� ���

7DEOH��� (IIHFW�RI�YDULRXV�SUHSDUDWLRQV�RI�FRFRQXW�RLO�DQG�ILVK�RLO�RQ�ERG\�ZHLJKW��J��LQ�UDWV
�0HDQ���6(��Q� ���
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5HGXFWLRQ�LQ�WKH�OHYHO�RI�7/�FRXOG�EH�DWWULEXWHG
WR� WKH� (3$� DQG�'+$� FRPSRQHQWV� RI� 38)$
SUHVHQW�LQ�)2��ZKLFK�DUH�NQRZQ�WR�UHGXFH�ERWK
SODVPD� OLSLG� OHYHOV� DQG� SODWHOHW� DJJUHJDWLRQ
�*RRGQLJKW�HW� DO��� ������� )HHGLQJ� UDWV� ZLWK
GLHWV� FRQWDLQLQJ�PDULQH� KLOVD� )2� GHFUHDVHG
WKH� OHYHOV� RI� VHUXP� FKROHVWHURO�� 7$*� DQG
SKRVSKROLSLGV�ZKLOH�� FKLWDO� RLO� �RLO� IURP� IUHVK
ZDWHU� ILVK��HOHYDWHG�SODVPD�FKROHVWHURO� OHYHO
ZKLOH�7$*�DQG�SKRVSKROLSLG� OHYHOV� UHPDLQHG
XQDOWHUHG� �%DQHUMHH� HW� DO��� ������� ZKLFK
VXJJHVWHG� WKDW� UDWKHU� WKDQ� WKH� WRWDO� TXDQWLW\
RI� 38)$�� WKH� FRPSRVLWLRQ� RI� 38)$� DQG� DQ
LQWHUDFWLRQ�EHWZHHQ�(3$�DQG�'+$�LV�LPSRUWDQW
LQ� OLSLG�PHWDEROLVP�

,Q�ERWK�&2�DQG�6&2�IHG�JURXSV��WKH
OHYHOV�RI�7&�DQG�+'/�DOVR�VKRZHG�D�VLJQLILFDQW
LQFUHDVH�E\�GD\����EXW�DIWHU����GD\V��WKH�OHYHOV
RI� ERWK�� GHFUHDVHG� WR� WKDW� RI�1&� LQ�&2� IHG
UDWV� ZKLOH� WKHVH� FRQWLQXHG� WR� EH� DW� D
VLJQLILFDQWO\� KLJKHU� OHYHO� LQ� 6&2� IHG� JURXS�
9LUJLQ�FRFRQXW�RLO�IHG�UDWV�VKRZHG�D�WUDQVLHQW
LQFUHDVH�LQ�WKH�OHYHO�RI�7&��ZKLFK�GHFUHDVHG
WR�WKDW�RI�FRQWURO�UDWV�E\�GD\����ZKHUHDV��+'/
UHPDLQHG� DW� D� VLJQLILFDQWO\� KLJK� OHYHO
WKURXJKRXW�WKH�SHULRG�RI�VWXG\��7DEOH����

$Q�RSSRVLWH�WUHQG�ZDV�REVHUYHG�LQ�WKH
OHYHOV�RI�/'/�DQG�9/'/�LQ�&2�IHG�UDWV�ZKHUH�
/'/� GHFUHDVHG� DQG� 9/'/� LQFUHDVHG
VLJQLILFDQWO\�WKURXJKRXW�WKH�SHULRG�RI�VWXG\��,Q
6&2� IHG� JURXS� WKH� OHYHOV� RI� ERWK� /'/� DQG
9/'/� VKRZHG� DQ� LQFUHDVLQJ� WUHQG� ZKLFK
EHFDPH�VLJQLILFDQW�E\�GD\����ZKHUHDV��9&2
IHG�JURXS� VKRZHG�D�GHFUHDVLQJ� WUHQG� LQ� WKH
OHYHO�RI�/'/�DQG�E\�GD\����WKH�OHYHO�GHFUHDVHG

WR�QHDUO\�KDOI�WKH�YDOXH�WKDQ�WKDW�REVHUYHG�RQ
GD\����+RZHYHU��WKHUH�ZDV�D�WUDQVLHQW�LQFUHDVH
LQ�WKH�OHYHO�RI�9/'/��ZKLFK�GHFUHDVHG�WR�WKDW
RI�1&�UDWV�E\�GD\�����7DEOH�����7KHUH�ZDV�QR
VLJQLILFDQW�YDULDWLRQ�LQ�+'/�/'/�UDWLR�RI�6&2
IHG�UDWV�ZKLOH� LW� LQFUHDVHG�VLJQLILFDQWO\� LQ�&2
DQG�9&2�IHG�JURXSV��7DEOH����

7UDQVLHQW� LQFUHDVH� DQG� WKHQ� D� GH�
FUHDVH�REVHUYHG�LQ�WKH�OHYHO�RI�7&�RQ�&2�DG�
PLQLVWUDWLRQ�PLJKW�EH�GXH�WR�WKH�LQFUHDVH�DQG
WKHQ�D�GHFUHDVH� LQ� WKH� OHYHO�RI�RWKHU�FKROHV�
WHURO�IUDFWLRQV�HVSHFLDOO\��+'/��&RFRQXW�RLO�DG�
PLQLVWHUHG�UDWV�VKRZHG�D�YHU\�KLJK�LQFUHDVH�
IURP����PJ�GO�WR����PJ�GO��LQ�WKH�OHYHO�RI�+'/
E\�GD\�����ZKLFK�UHWXUQHG�WR�WKDW�RI�EDVDO�OHYHO
����PJ�GO��E\�GD\�����PLJKW�KDYH�FRQWULEXWHG
WR� WKH� LQFUHDVH�DQG�VXEVHTXHQW�GHFUHDVH� LQ
WKH�OHYHO�RI�7&��6WXGLHV�LQ�KXPDQ�EHLQJV�DOVR
VKRZHG� WKDW�FRPSDUHG� WR�EXWWHU� IDW��FRFRQXW
RLO�KDG�D�OHVVHU�HIIHFW�LQ�LQFUHDVLQJ�VHUXP�FKR�
OHVWHURO� �&R[�HW� DO��� �������+RZHYHU�� VLJQLIL�
FDQWO\�KLJK�OHYHO�RI�7&�LQ�6&2�IHG�UDWV�LV�VXE�
VWDQWLDWHG�E\�WKH�LQFUHDVHG�OHYHOV�RI�DOO�RWKHU
FKROHVWHURO�IUDFWLRQV��VXFK�DV��+'/��/'/�DQG
9/'/�GXULQJ�WKH�FRXUVH�RI�H[SHULPHQW�

&RFRQXW� RLO� DQG�6&2�GLIIHUV� RQO\� LQ
WKH� IDW� VROXEOH� FRPSRQHQWV� RI� VHDVRQLQJ
LQJUHGLHQWV�DQG�WKH�UHDVRQ�IRU�WKLV�YDU\LQJ�HIIHFW
EHWZHHQ�WKH�WZR�LV�QRW�FOHDU���,W�PLJKW�EH�GXH�WR
WKH�SUHVHQFH�RI�SK\WRVWHUROV�DQG�VTXDOHQH� LQ
6&2� LQJUHGLHQWV�� ZKLFK� FRXOG� XSUHJXODWH
FKROHVWHURJHQHVLV�HLWKHU�E\�LQGLUHFW�VXSSUHVVLRQ
RI� FKROHVWHURO� DEVRUSWLRQ� IURP�VPDOO� LQWHVWLQH
RU� GLUHFWO\� E\� VHUYLQJ� DV� D� SUHFXUVRU� IRU
FKROHVWHURO�V\QWKHVLV��-RQHV�HW�DO���������

7DEOH�����(IIHFW�RI�YDULRXV�SUHSDUDWLRQV�RI�FRFRQXW�RLO�DQG�ILVK�RLO�RQ�VHUXP�WRWDO�FKROHVWHURO
DQG�+'/��PJ�GO��OHYHOV�LQ�UDWV��0HDQ���6(��Q� ���
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7DEOH��� �(IIHFW�RI�YDULRXV�SUHSDUDWLRQV�RI�FRFRQXW�RLO�DQG� ILVK�RLO�RQ�VHUXP�/'/�DQG�9/'/
�PJ�GO��OHYHOV�LQ�UDWV��0HDQ���6(��Q� ���

7DEOH�����(IIHFW�RI�YDULRXV�SUHSDUDWLRQV�RI�FRFRQXW�RLO�DQG�ILVK�RLO�RQ�+'/�/'/�UDWLR
�0HDQ���6(��Q� ���

/HYHO�RI�VLJQLILFDQFH�ZDV�GHWHUPLQHG�FROXPQ�ZLVH�EHWZHHQ�JURXSV��9DOXHV�QRW�EHDULQJ�D�FRPPRQ�VXSHUVFULSW�OHWWHU
�D��E��F�DQG�G��LQ�D�FROXPQ�GLIIHU�VLJQLILFDQWO\��3�������

,QFUHDVHG�KHSDWLF�DSR�$�,�H[SUHVVLRQ
LQ� DQLPDOV� IHG� ZLWK� LQWHUPHGLDWH� FKDLQ
WULJO\FHULGHV�� PD\� FRQWULEXWH� WR� WKH� KLJKHU
VHUXP�+'/��:DQJ�HW�DO����������/RZHU�OHYHO�RI
/'/�LQ�&2�IHG�UDWV�DJUHHV�ZLWK�HDUOLHU�ILQGLQJV
�'HQNH�DQG�*UXQG\���������&R[�HW�DO���������
(OHYDWLRQ� LQ�9/'/� LQ�&2�DGPLQLVWUDWLRQ� LV� LQ
DFFRUGDQFH�ZLWK�HDUOLHU�UHSRUWV�DQG�LW�FRXOG�EH
GXH�WR�DQ�LQFUHDVH�LQ�SDUWLFOH�QXPEHU��LQFUHDVHG
KHSDWLF�VHFUHWLRQ�RI�9/'/�RU�GXH�WR�D�PRGHVW
GHFUHDVH� LQ� 9/'/�7$*� FOHDUDQFH� FDSDFLW\
�+HHN�DQG�=LOYHUVPLW��������&R[�HW�DO���������

+LJK� OHYHOV� RI�+'/�� /'/� DQG�9/'/
REVHUYHG�LQ�6&2�IHG�UDWV�SDUWO\�DJUHH�ZLWK�WKH
ILQGLQJV�RI�%HHQD�HW�DO����������7KH\�UHSRUWHG
DQ�LQFUHDVH�LQ�+'/�ZKHUHDV��/'/�DQG�9/'/
ZHUH� GHFUHDVHG��ZKHQ� UDWV�ZHUH� IHG�ZLWK� D
FRFRQXW� RLO� GLHW� VXSSOHPHQWHG� ZLWK� FXUU\
OHDYHV�DQG�PXVWDUG�VHHGV�DQG�VXJJHVWHG�WKDW
SRO\SKHQROV� DQG� IODYRQRLGV� SUHVHQW� LQ� FXUU\
OHDYHV� DQG�38)$� FRQWHQW� RI�PXVWDUG� VHHGV
PLJKW� KDYH� FRQWULEXWHG� WR� WKLV� HIIHFW�
6HDVRQHG�FRFRQXW�RLO�XVHG�LQ�WKLV�VWXG\��PLJKW
FRQWDLQ� RQO\� YHU\� ORZ� DPRXQW� RI� WKH� DERYH
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DFWLYH�SULQFLSOHV�HLWKHU�PLJKW�QRW�KDYH�H[HUWHG
DQ\� HIIHFW� RU� KDYH� H[HUWHG� DQ� DQWDJRQLVWLF
HIIHFW�LQ�UHGXFLQJ�WKH�OHYHOV�RI�/'/�DQG�9/'/�

7UDQVLHQW� LQFUHDVH� DQG� WKHQ� D
GHFUHDVH� LQ� WKH� OHYHO�RI�7&� LQ�9&2�IHG�UDWV�
FRUUHODWH�ZLWK� WKH� OHYHOV� RI� RWKHU� FKROHVWHURO
IUDFWLRQV�VXFK�DV��+'/�DQG�/'/��ZKLFK� LV� LQ
DJUHHPHQW� ZLWK� HDUOLHU� ILQGLQJV� �1HYLQ� DQG
5DMDPRKDQ���������+LJK�FRQWHQW�RI�IODYRQRLGV
DQG�RWKHU�SRO\SKHQROV�PLJKW�KDYH�FRQWULEXWHG
WR�WKLV�HIIHFW��=KRX�HW�DO���������

,Q�)2�IHG�UDWV��WKH�OHYHOV�RI�7&�
+'/� DQG� 9/'/� GLG� QRW� YDU\� VLJQLILFDQWO\
ZKHUHDV��/'/�GHFUHDVHG�VLJQLILFDQWO\��VKRZLQJ
D�VLJQLILFDQWO\�KLJK�+'/�/'/�UDWLR�WKURXJKRXW
WKH�SHULRG�RI�VWXG\��7DEOH�����������6LJQLILFDQW
UHGXFWLRQ�LQ�WKH�OHYHO�RI�/'/�ZDV�DOVR�UHSRUWHG
LQ� UDWV� VXSSOHPHQWHG�ZLWK� D� GLHW� ULFK� LQ� )2�
ZKLFK�FRXOG�EH�HLWKHU�GXH�WR�DQ�LQFUHDVHG�UDWH
RI�UHFHSWRU�GHSHQGHQW�/'/�WUDQVSRUW�RU�D�ORZ
OHYHO�RI�/'/�FKROHVWHURO�SURGXFWLRQ��0DUHH�HW
DO����������,W�KDV�DOVR�EHHQ�UHSRUWHG�WKDW�38)$
DGPLQLVWUDWLRQ�GHFUHDVHG�WKH�DFWLYLWLHV�RIPDQ\
HQ]\PHV� DVVRFLDWHG� ZLWK� OLSLG� V\QWKHVLV
�7RXVVDQW HW�DO���������

7KH�DERYH�REVHUYDWLRQV�VXJJHVW�WKDW
DPRQJ�WKH�YDULRXV�SUHSDUDWLRQV�RI�FRFRQXW�RLO�
9&2�H[KLELWHG�GHVLUDEOH�HIIHFWV�RQ�ERG\�ZHLJKW
DQG�VHUXP�OLSLG�SURILOH��7KH�HIIHFW�ZDV�VLPLODU
WR�RU�HYHQ�VXSHULRU�WR�WKDW�RI�)2�DGPLQLVWHUHG
UDWV��&RPSDUHG�WR�9&2��&2�VKRZHG�DGYHUVH
HIIHFWV�RQ� WKH� OHYHOV�RI�7$*�DQG�9/'/�ZKLOH
6&2�UHYHDOHG�XQGHVLUDEOH�HIIHFW�RQ�DOO�VHUXP
OLSLG�IUDFWLRQV�XQGHU�VWXG\�H[FHSW�+'/��,Q�WKLV
FRQWH[W�� LW� LV�ZRUWK�PHQWLRQLQJ� WKDW� WKH�GRVH
RI�RLO�DGPLQLVWHUHG�ZDV�YHU\�KLJK��ZKLFK�LV�DQ
DYHUDJH� YDOXH� RI� SHU� FDSLWD� ZRUOG� DYHUDJH
FRQVXPSWLRQ� DQG� WKH� FRQVXPSWLRQ� RI
GHYHORSHG�ZHVWHUQ�ZRUOG��0RUHRYHU��WKH�GRVH
ZDV�DOPRVW�GRXEOH�WKH�SHU�FDSLWD�FRFRQXW�RLO
FRQVXPSWLRQ� LQ�.HUDOD��6LQFH�� FRFRQXW� RLO� LV
RQH�RI�WKH�PDMRU�FRPSRQHQWV�LQ�FRRNHG�GLVKHV�
WKH�HIIHFW�RI�KHDW�DQG�WKH�VHDVRQLQJ�LQJUHGLHQWV
RQ�YDU\LQJ�GRVHV�RI�&2�DQG�9&2�KDYH�WR�EH
IXUWKHU�H[SORUHG�
$FNQRZOHGJHPHQW

7KH� DXWKRUV� DFNQRZOHGJH� WKH
ILQDQFLDO� VXSSRUW� SURYLGHG� E\� WKH� .HUDOD
$JULFXOWXUDO�8QLYHUVLW\�
5HIHUHQFHV
$ZDG��$��%�� ������(IIHFW� RI� GLHWDU\� OLSLGV� RQ

FRPSRVLWLRQ�DQG�JOXFRVH�XWLOL]DWLRQ�E\�UDW
DGLSRVH�WLVVXH��-���1XWU������������

%DQHUMHH�� ,��� 6DKD�� 6� DQG�'XWWD�� -�� � �����
&RPSDULVRQ�RI�WKH�HIIHFWV�RI�GLHWDU\�ILVK
RLOV�ZLWK GLIIHUHQW� Q��
SRO\XQVDWXUDWHG�IDWW\�DFLG�FRPSRVLWLRQV
RQ�SODVPD�DQG�OLYHU�OLSLGV�LQ�UDWV�
/LSLGV� �����������

%HHQD��$��.���$EUDKDP��$�DQG�/HHODPPD��6�
������%LRFKHPLFDO�UHVSRQVH�LQ�UDWV�WR
WKH� DGGLWLRQ� RI� FXUU\� OHDI� �0XUUD\D
NRHQLJLL��DQG�PXVWDUG�VHHGV��%UDVVLFD
MXQFHD�� WR� WKH�GLHW��3ODQW� IRRG�+XP�
1XWU�������������

%H]DUG��-�DQG�%XJDXW��0��������$EVRUSWLRQ�RI
JO\FHULGHV�FRQWDLQLQJ�VKRUW��PHGLXP�
DQG�ORQJ FKDLQ� IDWW\� DFLGV�
SHUPHDWLRQ� RI� PHGLXP� FKDLQ� IDWW\
DFLGV��%RFD�5DWRQ��)/��&5&�3UHVV��

&ODUNH�� 5��� &ROOLQV�� )� DQG� 3HWR��$�� � �����
'LHWDU\� OLSLGV� DQG� EORRG� FKROHVWHURO�
TXDQWLWDWLYH� PHWD�DQDO\VLV� RI
PHWDEROLF�ZDUG�VWXGLHV��%ULW��0HG���-��
������������

&R[��&���0DQQ��-���6XWKHUODQG��:���&KLVKROP�
$� DQG� 6NHDII�� 0��� ������ (IIHFWV� RI
FRFRQXW� RLO�� EXWWHU�� DQG� VDIIORZHU� RLO
RQ� OLSLGV�DQG� OLSRSURWHLQV� LQ�SHUVRQV
ZLWK�PRGHUDWHO\�HOHYDWHG�FKROHVWHURO
OHYHOV��-��/LSLG�5HV���������������

'HQNH�� 0� DQG� *UXQG\�� 6�� 0��� �����
&RPSDULVRQ� RI� HIIHFWV� RI� ODXULF� DFLG
DQG�SDOPLWLF�DFLG�RQ�SODVPD�OLSLGV�DQG
OLSRSURWHLQV��$P�� -�� &OLQ�� 1XWU�����
��������

)UHQRX[��-��0��5���3URVW��(��'���%HOOHYLOOH��-��/
DQG�3URVW��-��/��������$�SRO\XQVDWXUDWHG
IDWW\�DFLG�GLHW�ORZHUV�EORRG�SUHVVXUH�DQG
LPSURYHV� DQWLR[LGDQW� VWDWXV� LQ
VSRQWDQHRXVO\� K\SHUWHQVLYH� UDWV��-�
1XWU������������

*RRGQLJKW��6��+���+DUULV��:��6���&RQQRU��:��(
DQG� ,OOLQJZRUWK� '�� 5�� ������ 3RO\
XQVDWXUDWHG� IDWW\� DFLGV�� K\SHU
OLSLGHPLD� DQG� WKURPERVLV��$UWHULR
VFOHURVLV�����������

+HHN�� 0�� 9� DQG� =LOYHUVPLW�� '�� %�� �����
0HFKDQLVPV� RI� K\SHUWULJO\FHULGHPLD
LQ� WKH� FRFRQXW� RLO�FKROHVWHURO�IHG
UDEELW�� -��$UWHULRVFOHU�� 7KURPE�����
��������

-RQHV��3��-���/LFKWHQVWHLQ��$��+���6FKDHIHU��(�
-�DQG�1DPFKXN��*��/���������(IIHFW�RI
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GLHWDU\� IDW� VHOHFWLRQ� RQ� SODVPD
FKROHVWHURO� V\QWKHVLV� LQ� ROGHU�
PRGHUDWHO\� K\SHUFKROHVWHUROHPLF
KXPDQV��$UWHULRVFOHU��7KURPE��9DVF�
%LRO�������������

0DUHH��1���%DORXQL�� ,��$���0RVHOK\��6��6�DQG
.XPRVDQL��7���������'LHWDU\�)LVK�DQG
6HVDPH 2LO� (IIHFWV� RQ� 6HUXP
/LSLG�3URILOH�RI�5DWV�)HG�RQ�&RFRQXW
2LO� %DVHG� +LJK� )DW� 'LHW�� 7XUN�� -�
%LRFKHP�������������

1HYLQ��.��*�DQG�5DMDPRKDQ��7��������%HQHILFLDO
HIIHFWV�RI�YLUJLQ�FRFRQXW�RLO�RQ�OLSLG
SDUDPHWHUV�DQG�LQ�YLWUR�/'/�R[LGDWLRQ�
&OLQ��%LRFKHP�������������

5DMDPRKDQ��7���������&RFRQXW�RLO�EULQJV�LQ�QR
HYLO��.HUDOD�FDOOLQJ� 0D\�������

6DELWKD��3���9DLG\DQDWKDQ��.���9DVXGHYDQ��'��0
DQG�.DPDWK��3�� �������&RPSDULVRQ�RI
OLSLG� SURILOH� DQG�DQWLR[LGDQW� HQ]\PHV
DPRQJ� VRXWK� ,QGLDQ�PHQ� FRQVXPLQJ
FRFRQXW� RLO� DQG� VXQIORZHU� RLO�� ,QGLDQ
-���&OLQ���%LRFKHP�����������

6QHGHFRU�� *��:� DQG�&RFKUDQ��:��*�� � �����
6WDWLVWLFDO�0HWKRGV�� �2[IRUG� DQG� ,%+
3XEOLVKLQJ�&RPSDQ\��&DOFXWWD�������S�

7RXVVDQW��0��-���:LOVRQ��0��'�DQG�&ODUNH��6��'�
������&RRUGLQDWH�VXSSUHVVLRQ�RI� OLYHU
DFHW\O�&R$�FDUER[\ODVH�DQG�IDWW\�DFLG
V\QWKHWDVH� E\� SRO\XQVDWXUDWHG� IDW�
-�� �1XWU��������������

7VXML��+���.DVDL��0���7DNHXFKL��+���1DNDPXUD�
0���2ND]DNL��0�DQG�.RQGR��.�������
'LHWDU\ PHGLXP�FKDLQ� WULDF\O
JO\FHUROV� VXSSUHVV� DFFXPXODWLRQ� RI
ERG\�IDW�LQ�D�GRXEOH�EOLQG�FRQWUROOHG
WULDO� LQ� KHDOWK\� PHQ� DQG� ZRPHQ�
-��1XWU����������������

�:DQJ��+���+XQWHU��)�DQG�%ODFN��'��'�������
(IIHFW�RI�IHHGLQJ�GLHWV�RI�YDU\LQJ�IDWW\
DFLG� FRPSRVLWLRQ� RQ� DSROLSRSURWHLQ
H[SUHVVLRQ� LQ� QHZERUQ� VZLQH��$P�
-��3K\VLRO���������������

:DUQLFN��*��5����.QRSS��5��+����)LW]SDWULFN��9
DQG� %UDQVRQ� /�� ������ (VWLPDWLQJ
/RZ�'HQVLW\� /LSRSURWHLQ�&KROHVWHURO
E\� WKH� )ULHGHZDOG� (TXDWLRQ� LV
DGHTXDWH� IRU� FODVVLI\LQJ� SDWLHQWV� RQ
WKH�EDVLV�RI�QDWLRQDOO\�UHFRPPHQGHG
FXWSRLQWV��&OLQ��&KHP�����������

:DUQLFN�� *�� 5�� DQG� $OEHUV� -�� -������� $
FRPSUHKHQVLYH� HYDOXDWLRQ� RI� WKH
KHSDULQ� ±�PDQJDQHVH� SUHFLSLWDWLRQ
SURFHGXUH�IRU�HVWLPDWLQJ�KLJK�GHQVLW\
OLSRSURWHLQ�FKROHVWHURO��-��/LSLG�5HV��
���������

=KRX��7��� /XR�� '��� /L�� ;� DQG� /XR�� <�� � �����
+\SRJO\FHPLF� DQG� K\SROLSLGHPLF
HIIHFWV�RI IODYRQRLGV� IURP� ORWXV
�1HOXPER� QXILFHUD�*DHUWQ�� OHDI� LQ
GLDEHWLF�PLFH�� -�� �0HG��3ODQWV�5HV��
����������


