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'HSDUWPHQW�RI �%LRORJ\��)DFXOW\�RI �0DWKHPDWLFV�DQG�1DWXUDO�6FLHQFHV��%RJRU�$JULFXOWXUDO�8QLYHUVLW\��

'DUPDJD�&DPSXV��%RJRU��������,QGRQHVLD
�
'HSDUWPHQW�RI �%LRORJ\��)DFXOW\�RI �0DWKHPDWLFV�DQG�1DWXUDO�6FLHQFHV��%HQJNXOX�8QLYHUVLW\��.DQGDQJ�

/LPXQ�&DPSXV��%HQJNXOX��,QGRQHVLD
�
,QGRQHVLDQ�%LRWHFKQRORJ\�5HVHDUFK�,QVWLWXWH�IRU�(VWDWH�&URSV�
-DODQ�7DPDQ�.HQFDQD�1R�����%RJRU��������,QGRQHVLD

5HFHLYHG����-DQXDUL������$FFHSWHG����0D\�����

$%675$&7

4XLQLQH�LV�RQH�RI �WKH�PDMRU�DONDORLGV�LQ�&LQFKRQD�VSS���DQG�LW�LV�XVHG�ERWK�DV�D�PHGLFDWLRQ�
DQG�DV�D�GULQN�DGGLWLYH��7KH�SODQW�SURGXFHV�PRVW�RI �LWV�DONDORLGV�LQ�WKH�EDUN�DIWHU�����\HDUV�RI �
DJH��5HSHDWHG�KDUYHVWV�FDQ�EH�SHUIRUPHG�XQWLO�WKH�SODQW�GLHV��EXW�RQO\�DIWHU�HYHU\�����\HDUV��:H�
WHVWHG� DQ� LPSURYHG� PHWKRG� IRU� FXOWXULQJ� FHOO� VXVSHQVLRQV� RI� &LQFKRQD� OHGJHULDQD�
LQYHVWLJDWH�WKH�SRVVLELOLW\�RI �LQFUHDVLQJ�SURGXFWLRQ�RI �TXLQLQH��7KH�FORQH�45&�����ZDV�WUHDWHG�
ZLWK� HLWKHU� D� JURZWK� UHWDUGDQW� �DEVFLVLF� DFLG�RU�SDFOREXWUD]RO�� RU�SUHFXUVRU� IHHGLQJ�RI �/�
WU\SWRSKDQ��7R�JHQHUDWH�VWUHVV��ZH�DSSOLHG�PDQQLWRO�DW�����J�/�FRPELQHG�ZLWK�VXFURVH�DW�D�
ORZHU�FRQFHQWUDWLRQ�����J�/���DQG�ZH�XVHG�VXFURVH�DW����J�/�DV�WKH�FRQWURO��3DFOREXWUD]RO����
PJ�/��VLJQLILFDQWO\�VXSSUHVVHG�FHOO�JURZWK�DQG�SURGXFHG�WKH�KLJKHVW�OHYHO�RI �TXLQLQH�������
DIWHU���ZHHNV�RI �FXOWXUH��/�WU\SWRSKDQ�DOVR�UHGXFHG�FHOO�JURZWK��EXW�ZLWKRXW�DQ\�SRVLWLYH�HIIHFW�
LQ�WKH�SURGXFWLRQ�RI �TXLQROLQH��7KH�KLJKHVW�DPRXQW�RI �TXLQLQH�SHU�FXOWXUH�IODVN��KRZHYHU��
UHVXOWHG�IURP��FHOOV�WUHDWHG�ZLWK���PJ�/�DEVFLVLF�DFLG��

.H\�ZRUGV���&LQFKRQD�OHGJHULDQD��VXVSHQVLRQ�FXOWXUH��TXLQLQH��SDFOREXWUD]RO

,1752'8&7,21

0RUH�WKDQ����DONDORLGV�KDYH�EHHQ�LVRODWHG�IURP�WKH�EDUN�RI �&LQFKRQD�VSS��EXW�WKH�
PRVW� HFRQRPLFDOO\� LPSRUWDQW� FLQFKRQD� DONDORLGV� DUH� WKH� TXLQROLQHV�� TXLQLQH��
TXLQLGLQH�� FLQFKRQLQH�� DQG� FLQFKRQLGLQH� �0F&DOOH\� �������4XLQLQH� LV� WKH� PDMRU�
DONDORLG� DQG� KDV� EHHQ� XVHG� IRU� KXQGUHGV� RI � \HDUV� DV� DQ� DQWL�IHYHU� DJHQW� DQG� IRU�
SUHYHQWLRQ�DQG�WUHDWPHQW�RI �PDODULD��0DODULD�VWLOO�H[LVWV�LQ�PDQ\�WURSLFDO�DUHDV�RI �WKH�
ZRUOG�� 7KH� :RUOG� +HDOWK� 2UJDQL]DWLRQ� ������� UHSRUWHG� �� ������� ���� GHDWKV�� �

�&RUUHVSRQGLQJ�DXWKRU���GLDKELRORJL�LSE#JPDLO�FRP

��
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EHWZHHQ������DQG������LQ�����PDODULD�HQGHPLF�FRXQWULHV��$SDUW�IURP�LWV�XVH�WR�WUHDW�
PDODULD��TXLQLQH�DOVR�KDV�DQDOJHVLF�DQG�DQWL�LQIODPPDWRU\�SURSHUWLHV��LWV�VXOIDWH�VDOW�LV�
XVHG�LQ�H\H�ORWLRQV�DV�DQ�DQWLEDFWHULDO�DQG�DQHVWKHWLF�DJHQW��7D\ORU�������.XULDQ�	�
6DQNDU��������6RXWK�$PHULFDQV�XVH�TXLQLQH�DV�D�QDWXUDO�UHPHG\�IRU�FDQFHU��DPRHELF�
LQIHFWLRQV�� KHDUW� SUREOHPV�� GLDUUKHD�� G\VHQWHU\�� YDULFRVH� YHLQV�� DQG� QRFWXUQDO� OHJ�
FUDPSV� �7D\ORU� ������� ,Q� DGGLWLRQ�� TXLQLQH� VDOWV� DUH� DGGHG� WR� WRQLF� GULQNV� DQG�
EHYHUDJHV�WR�DFKLHYH�D�ELWWHU�WDVWH�

7D\ORU� ������� UHSRUWHG�D�FRPPHUFLDO�PDUNHW�RI �DSSUR[LPDWHO\���������PHWULF�
WRQV�RI �TXLQLQH�DONDORLGV��ZKLFK�DUH�H[WUDFWHG�DQQXDOO\�IURP������������PHWULF�WRQV�
RI �KDUYHVWHG�EDUN��$W�WKH�WLPH�RI �WKDW�UHSRUW��KDOI �RI �WKH�KDUYHVW�ZDV�GLUHFWHG�WR�WKH�
IRRG�LQGXVWU\��7KH�EDUN�RI �ZLOG�&LQFKRQD�\LHOGV����TXLQLQH��ZKHUHDV�FXOWLYDWHG�FURSV�
\LHOG�XS�WR������QRQH�RI �ZKLFK�FDQ�EH�REWDLQHG�XQWLO�DIWHU�WKH�SODQW�LV������\HDUV�ROG�
�%DUUHWW��������4XLQLQH�SURGXFWLRQ�IURP�LWV�FXOWLYDWLRQ�LV��WKHUHIRUH�UHVWULFWHG�E\�WKHVH�
JURZWK�OLPLWDWLRQV�

&HOO�VXVSHQVLRQ�FXOWXUH�RI �&LQFKRQD�VSS��FRXOG�VROYH�WKH�DERYH�SUREOHP��6HYHUDO�
JURXSV�RI �UHVHDUFKHUV�KDYH�DWWHPSWHG�HQKDQFHPHQW�RI �FLQFKRQD�DONDORLG�SURGXFWLRQ�
LQ�FHOO�VXVSHQVLRQ�FXOWXUHV�E\�XVLQJ�VWUHVVLQJ�DJHQWV��SUHFXUVRUV��HOLFLWRUV��DX[LQV��DQG�
HQ]\PHV��+DUNHV�HW�DO��������:LMQVPD�HW�DO��������3D\QH�HW�DO��������5RELQV�HW�DO��������
7RUXDQ�0DWKLXV� HW� DO�� ������� 3UHYLRXV� UHVHDUFK� RQ� &�� OHGJHULDQD� FORQH� 45&� ����
LQFUHDVHG�TXLQLQH�FRQWHQW�WR��������ZKLFK�ZDV����IROG�PRUH�WKDQ�WKDW�LQ�FRQWURO�FHOOV�
�5DWQDGHZL�	� 6XPDU\RQR� �������$OWKRXJK� SURPLVLQJ�� WKLV� UHVXOW� LV� VWLOO� IDU� IURP�
VDWLVIDFWRU\�� ,Q� WKLV� VWXG\��ZH� VRXJKW� WR� LPSURYH� TXLQLQH� SURGXFWLRQ�PHWKRGV� E\�
WHVWLQJ�D�VHOHFWHG�SRWHQWLDO�FORQH�RI �&��OHGJHULDQD��LQ�WUHDWHG�FHOO�VXVSHQVLRQ�FXOWXUHV�

0$7(5,$/6�$1'�0(7+2'

3UHSDUDWLRQ�RI �FHOO�VXVSHQVLRQ�FXOWXUHV

� /DPLQD�RI �\RXQJ�OHDYHV��WKH�VHFRQG�RU�WKH�WKLUG�OHDI �IURP�WKH�VKRRW�WLS��IURP�WKH�
&��OHGJHULDQD� �FORQH�45&�����ZHUH�VXUIDFH�VWHULOL]HG�ZLWK������'LWKDQH�0����IRU����
PLQXWHV��IROORZHG�E\�WUHDWPHQW�ZLWK�����FRPPHUFLDO��1D2&O��IRU����PLQXWHV��7KHVH�
ODPLQD�ZHUH�XVHG�DV�H[SODQWV�IRU�FDOOXV�SURGXFWLRQ�RQ�VHPL�VROLG�:RRG\�3ODQW��:3��
PHGLD��/OR\G�	�0F&RZQ��������ZKLFK�FRQWDLQHG�����0�SLFORUDP�����0�EHQ]\ODGHQLQ�
�%$������0�SKORURJOXFLQRO��DQG�ZDV�VROLGLILHG�ZLWK�����J�/�*HOULWH��0%�&HOO����6XFURVH��
DW�D�VWDQGDUG�OHYHO�����J�/���ZDV�DGGHG�WR�WKH�PHGLD��$IWHU���ZHHNV�LQ�WKH�LQLWLDWLRQ�DQG�
SUROLIHUDWLRQ�PHGLD��IDVW�JURZLQJ�FDOOL�ZHUH�WUDQVIHUUHG�WR�EDIIOH�IODVNV�WKDW�FRQWDLQHG�
:3�OLTXLG�PHGLD��DQG�KRPRJHQL]HG�IRU���ZHHN�EHIRUH�EHLQJ�XVHG�IRU�FHOO�VXVSHQVLRQ�
FXOWXUH��/LTXLG�PHGLD�FRPSRVLWLRQ�ZDV�WKH�VDPH�DV�WKH�VHPL�VROLG��H[FHSW�WKDW�%$�ZDV�
UHGXFHG�WR������0��7KLV�SURFHGXUH�ZDV�WDNHQ�IURP�WKDW�GHVFULEHG�E\�6XPDU\RQR�DQG�
5L\DGL���������ZLWK�VOLJKW�PRGLILFDWLRQ�
�

2QH�VSDWXOD����������J��RI �FHOOV��ZKLFK�KDG�EHHQ�ILOWHUHG�WKURXJK������DQG�WKHQ�
�

���P�ILOWHU�PHVK��ZDV�WUDQVIHUUHG�LQWR�(UOHQPH\HU�IODVNV�FRQWDLQLQJ����P/�OLTXLG�:3�
PHGLD��RI �ZKLFK�WKH�FRPSRVLWLRQ�ZDV�WKH�VDPH�DV�IRU�FHOO�KRPRJHQL]DWLRQ��7KLV�ZDV�

�
GHVLJQDWHG�DV�WKH�EDVLF�PHGLD�IRU�WKLV�UHVHDUFK�:H�YDULHG�WKH�EDVLF�PHGLD�E\�DGGLWLRQ�
RI �FHUWDLQ�JURZWK�UHJXODWRUV��HLWKHU�����DEVFLVLF�DFLG��$%$��RU�SDFOREXWUD]RO��3%=���

��
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DQG� ���� D�SUHFXUVRU��/�WU\SWRSKDQ� �7US��� LQ� FRPELQDWLRQ�ZLWK� VXFURVH� �DW� HLWKHU� D�
VWDQGDUG�RU�ORZHU�FRQFHQWUDWLRQ��ZLWK�RU�ZLWKRXW�PDQQLWRO��:H�DSSOLHG�WKH�IROORZLQJ�
WUHDWPHQWV�WR�WKH�EDVLF�PHGLD��������PJ�/�$%$������J�/�VXFURVH�$%$������PJ�/�
$%$������J�/�VXFURVH��$%$��������PJ�/�WU\SWRSKDQ������J�/�VXFURVH�������J�/�
PDQQLWRO��7US����0���������PJ�/�WU\SWRSKDQ������J�/�VXFURVH�������J�/�PDQQLWRO�
�7US��0�����PJ�/�3%=������J�/�VXFURVH�������J�/�PDQQLWRO��3%=��0���DQG���PJ�/�
3%=������J�/�VXFURVH�������J�/�PDQQLWRO��3%=��0���7KH�PRODULW\�RI ����J�/�VXFURVH�
ZDV�HTXLYDOHQW�WR�WKDW�RI ����J�/�VXFURVH�������J�/�PDQQLWRO��7KH�FHOO�VXVSHQVLRQ�
FXOWXUHV�ZHUH�PDLQWDLQHG�IRU���ZHHNV�RQ�D�KRUL]RQWDO�VKDNHU��DW�����USP���������&��

�
XQGHU�OLJKW�LQWHQVLW\�RI �����PRO�SKRWRQ�P �VHFRQG�IRU����KRXUV�SHU�GD\�
� &HOO�JURZWK�ZDV�PHDVXUHG�RQFH�SHU�ZHHN�XQWLO�WKH�FHOOV�ZHUH�KDUYHVWHG��:H�XVHG�
FHOO� YROXPH� DIWHU� VHGLPHQWDWLRQ� �&96�� WR� UHSUHVHQW� FHOO� JURZWK�� DFFRUGLQJ� WR� WKH�
PHWKRGV�GHVFULEHG�E\�%ORP�HW�DO���������&HOO�YROXPH��D�P/��ZDV�WKHQ�FDOLEUDWHG�LQWR�
IUHVK�ZHLJKW��J��XVLQJ�WKH�IROORZLQJ�IRUPXOD��̂ �D�����������������`�

4XLQROLQH�H[WUDFWLRQ�DQG�DQDO\VLV

� $W�ZHHNV���DQG����ILYH�IODVNV�RI �VXVSHQVLRQ�FXOWXUH�ZHUH�VLPXOWDQHRXVO\�KDUYHVWHG�
IURP�HDFK�WUHDWPHQW�IRU�TXLQROLQH�DONDORLG�FRQWHQW�EHFDXVH�&LQKRQD� OHGJHULDQD�FHOOV�
DFKLHYH�WKHLU�PD[LPXP�JURZWK�DW�ZHHN����6XPDU\RQR�	�5L\DGL��������5HYHUVHG�SKDVH�
KLJK�SHUIRUPDQFH�OLTXLG�FKURPDWRJUDSK\��+3/&��9DULDQ�86$��W\SH������ZDV�XVHG�WR�
PHDVXUH�WKH�IRXU�PDMRU�TXLQROLQHV��TXLQLQH��TXLQLGLQH��FLQFKRQLQH��DQG�FLQFKRQLGLQH��
� 4XLQROLQH�H[WUDFWLRQ�DQG�DQDO\VLV�ZDV�SHUIRUPHG�DV�GHVFULEHG�SUHYLRXVO\�E\�.OLQN�
��������ZLWK�VRPH�PRGLILFDWLRQV��%ULHIO\��DV�PXFK�DV�����J�RYHQ�GULHG�FHOO�SRZGHU�ZDV�
WDNHQ�IRU�WKH�H[WUDFWLRQ�DQG�SXULILFDWLRQ��ERLOHG�LQ����P/�DTXDGHVW�IRU����PLQXWHV��DQG�
WKHQ�DOORZHG�WR�FRRO�DW�URRP�WHPSHUDWXUH��7KH�UHPDLQLQJ�OLTXLG�ZDV�WKHQ�DGMXVWHG�WR�
����J�E\�DGGLQJ�DTXDGHVW��$���P/�DOLTXRW�ZDV� WDNHQ�IURP�GHFDQWHG�VROXWLRQ�DQG�
ILOWHUHG�XVLQJ�D�������P�PLOOLSRUH�ILOWHU�WKHQ�LQMHFWHG�LQWR�DQ�+3/&�FROXPQ��3XUVXLW�
;5V����&�����FROXPQ�OHQJWK�����FP�[�����PP���7KH�FROXPQ�WHPSHUDWXUH�ZDV�DGMXVWHG�

R
WR��� &��$TXDGHVW��DFHWRQLWULO��DQG�JODFLDO�DFHWLF�DFLG��UDWLR����������UHVSHFWLYHO\��VHUYHG�
DV� DQ� HOXHQW� XVLQJ� D� ����P/� SHU�PLQXWH� IORZ� UDWH�ZLWK� VL[� DWWHQXDWLRQ�� 6WDQGDUG�
TXLQROLQH�DONDORLGV��6LJPD��*HUPDQ\��VHUYHG�DV�SRVLWLYH�FRQWUROV��7KH�FKURPDWRJUDP�
ZDV�GHWHFWHG�E\�89�9LV�DW�����QP��'DWD�IURP�HDFK�WUHDWPHQW�ZHUH�FROOHFWHG�IURP�
GXSOR�DQDO\VLV�

5(68/76�$1'�',6&866,21

&HOO�JURZWK

� 2QH�ZHHN�DIWHU�EHLQJ�WUDQVIHUUHG�LQWR�WUHDWHG�OLTXLG�PHGLD��WKH�FHOOV�JUHZ�ZHOO��
7UHDWPHQW�ZLWK�$%$�ZLWK� WKH�QRUPDO� UDWH�RI �VXFURVH� ����J�/��GHPRQVWUDWHG�WKH�
KLJKHVW�JURZWK��ZKHUHDV�7US����0��7US���0��3%=��0��DQG�3%=��0�UHVXOWHG�LQ�ORZHU�
SHUIRUPDQFH��HYHQ�FRPSDUHG�WR�WKH�FRQWURO��3%=��0�JUHDWO\�UHVWULFWHG�FHOO�JURZWK��
ZKHUHDV�3%=��0�VOLJKWO\�UHGXFHG�FHOO�JURZWK��,Q�JHQHUDO��WKH�KLJKHVW�IUHVK�ZHLJKW�ZDV�
UHDFKHG�DW�WKH�VL[WK�ZHHN�LQ�WKH�WUHDWHG�PHGLD��DQG�LW�GHFUHDVHG�DIWHUZDUGV��)LJ����$��

��
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�%���&���7KLV�ZDV�FRQVLVWHQW�ZLWK�WKH�UHVXOWV�RI �6XPDU\RQR�DQG�5L\DGL��������
� ,Q�SUHYLRXV�ZRUN��5DWQDGHZL�	�6XPDU\RQR��������WKH�LQFRUSRUDWLRQ�RI �$%$�DQG�
3%=�LQWR�WKH�PHGLD�DW�WKH�ILIWK�ZHHN�RI �FHOO�FXOWXUH�KDG�QR�QHJDWLYH�HIIHFW�RQ�FHOO�
JURZWK�� ,Q� WKLV� UHVHDUFK��$%$� WUHDWPHQW� IURP� WKH�EHJLQQLQJ�RI � WKH� FXOWXUH� HYHQ�
LQFUHDVHG�JURZWK��$%$�FDQ�ERWK�SURPRWH�DQG�LQKLELW�SODQW�JURZWK��)LQNHOVWHLQ�	�
5RFN� ������� ,W� KDV� D� FRPSOH[� UROH� LQ� YDULRXV� FHOOXODU� SURFHVVHV�� VXFK� DV� HPEU\R�
PDWXUDWLRQ� DQG�JHUPLQDWLRQ�� YHJHWDWLYH�JURZWK�� DQG� WROHUDQW� UHVSRQVH� WR�GURXJKW�
VWUHVV��;LRQJ�	�=KX������+LUD\DPD�	�6KLQR]DNL�������+XEEDUG�HW�DO��������

)LJXUH����&HOO�JURZWK�LQ�VXVSHQVLRQ�FXOWXUH�RI �&��OHGJHULDQD�WUHDWHG�ZLWK�$%$��$����7U\SWRSKDQ�
�%��DQG�3%=��&��

'DWD�DUH�H[SUHVVHG�DV�PHDQ���6'��Q� ������
&��FRQWURO�PHGLD�EDVLF�PHGLD��$%$���EDVLF�PHGLD�WUHDWHG�ZLWK��PJ�/�$%$��$%$���EDVLF�PHGLD�ZLWK���PJ�/�
$%$��7US����0��EDVLF�PHGLD�ZLWK�����PJ�/�WU\SWRSKDQ������J�/�VXFURVH�������J�/�PDQQLWRO��7US��0��EDVLF�
PHGLD�ZLWK���PJ�/�WU\SWRSKDQ������J�/�VXFURVH�������J�/�PDQQLWRO��3%=��0��EDVLF�PHGLD�ZLWK���PJ�/�3%=���
���J�/�VXFURVH�������J�/�PDQQLWRO��3%=��0��EDVLF�PHGLD�ZLWK���PJ�/�3%=������J�/�VXFURVH�������J�/�
PDQQLWRO�

(QKDQFHG�3URGXFWLRQ�/HYHO�RI �4XLQLQH�E\�3DFOREXWUD]RO�²�'LDK�5DWQDGHZL�HW�DO�
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� ,Q�FRQWUDVW��ZH�REVHUYHG�WKDW�JURZWK�LQKLELWLRQ�RI �3%=��DSSOLHG�IURP�WKH�VWDUWLQJ�
SRLQW�RI �FXOWXUH��UHGXFHG�FHOO�JURZWK��:H�K\SRWKHVL]HG�WKDW�WKH�LQKLELWLQJ�DFWLRQ�RI �
3%=�UHTXLUHG�PRUH�WLPH�WR�FDXVH�DQ�HIIHFW��%\�LQFUHDVLQJ�WKH�FRQFHQWUDWLRQ�RI �3%=�WR�
��PJ�/��FRPELQHG�ZLWK�����J�/�PDQQLWRO�DQG����J�/�VXFURVH��WKH�FHOO�JURZWK�UDWH�
GLPLQLVKHG�VLJQLILFDQWO\��)LJ����&���3%=�LV�NQRZQ�WR�EH�DQ�DQWDJRQLVW�RI �JLEEHUHOOLQV��,W�
LQKLELWV�JLEEHUHOOLQ�ELRV\QWKHVLV�DW�WKH�SRLQW�ZKHQ�NDXUHQH�LV�R[LGL]HG�LQWR�NDXUHQRLF�
DFLG��*UDHEH�������&KDQH\���������EHFDXVH�JLEEHUHOOLQ�DQG�$%$�ELRV\QWKHVLV�EHJLQ�DW�
WKH�VDPH�LQLWLDO�SDWKZD\��L�H���IURP�JHUDQ\O�S\URSKRVSKDWH��ERWK�JURZWK�UHJXODWRUV�
PD\� EH� DIIHFWHG� E\� 3%=� DORQJ� WKHLU� V\QWKHVLV� SDWKZD\V�� $OVR�� EORFNDJH� RI � WKH�
WHUSHQRLG�SDWKZD\�FDXVHV�DFFXPXODWLRQ�RI �$%$��&KDQH\�������DQG�FRXOG�WKHUHIRUH���
OHDG�WR�XQEDODQFHG�FHOOXODU�PHWDEROLVP��7KLV��LQ�WXUQ��ZRXOG�UHGXFH�WKH�UDWH�RI �FHOO�
GLYLVLRQ��*UDHEH��������&KDQH\��������VXJJHVWHG�WKDW�WKHVH�FHOOV�ZLOO�VWLOO�GLYLGH�DQG�
GLIIHUHQWLDWH�DW�WKH�VDPH�UDWH�EXW�VLPSO\�GR�QRW�HORQJDWH��7KLV�PD\�H[SODLQ�ZK\�FHOO�
JURZWK�ZDV�ORZHU�LQ�WKH�FXOWXUHV�WUHDWHG�ZLWK�3%=�
� 2QH�RI �WKH�SUHFXUVRUV�LQ�WKH�ELRV\QWKHVLV�RI �TXLQROLQH�DONDORLGV�LV�WU\SWRSKDQ�
�)DFFKLQL��������:H�XVHG�LW�LQ�FRPELQDWLRQ�ZLWK�PDQQLWRO�DV�D�SDUWLDO�VXEVWLWXWH�RI �
VXFURVH�LQ�WKH�FXOWXUH�PHGLD�ZLWK�WKH�H[SHFWDWLRQ�WKDW�LW�ZRXOG�LQFUHDVH�WKH�SURGXFWLRQ�
RI � TXLQROLQH� LQ� FHOOV�� 7U\SWRSKDQ� LV� DOVR� LQYROYHG� LQ� WKH� ILUVW� VWHS� RI � WKH� DX[LQ�
ELRV\QWKHVLV� SDWKZD\�� ,Q� WKLV� VWXG\�� FHOO� JURZWK� UDWH� LQ� WU\SWRSKDQ�WUHDWHG�PHGLD��
KRZHYHU��ZDV� OHVV� WKDQ� WKDW� RI � XQWUHDWHG� FHOOV��7KLV�PD\� EH� EHFDXVH� WU\SWRSKDQ�
GHULYHG� DX[LQ� HLWKHU� ZDV� QRW� DW� DQ� RSWLPDO� OHYHO� RU� VLPSO\� DX[LQ� V\QWKHVLV� IURP�
WU\SWRSKDQ�GLG�QRW�RFFXU�
� 6XFURVH�LV�WKH�PDLQ�VRXUFH�RI �HQHUJ\�DQG�FDUERQ�LQ�LQ�YLWUR�FXOWXUHV��6XEVWLWXWLRQ�RI �
VRPH�VXFURVH�LQ�PHGLD�ZLWK�PDQQLWRO�UHGXFHV�WKH�VXSSO\�RI �FDUERQ�DQG�HQHUJ\�WR�FHOOV�
EHFDXVH� PDQQLWRO� LV� DQ� DOFRKRO� VXJDU� WKDW� FDQQRW� UHSODFH� VXFURVH� �DOWKRXJK� LW�
GHWHUPLQHV� WKH�RVPRWLF� SRWHQWLDO� YDOXH�RI �PHGLD���0DQQLWRO� KDV� EHHQ�XVHG� DV� DQ�
RVPRWLF�VWUHVVLQJ�DJHQW�LQ�PDQ\�H[SHULPHQWV��+DVVDQHLQ�������������+XVVHLQ�	�$TODQ�
�������/H�&OHUH�HW�DO���������FRQILUPHG�WKDW�VXJDU�FRQFHQWUDWLRQ�LQ�LQ�YLWUR�FXOWXUHG�
PDL]H�NHUQHOV�UHJXODWHV�WKH�H[SUHVVLRQ�RI �WKH�JHQH��=P<8&��ZKLFK�LV�LQYROYHG�LQ�WKH�
ELRV\QWKHVLV�RI �DX[LQ�WKURXJK�K\GUR[\ODWLRQ�RI �WU\SWDPLQH��5HGXFHG�OHYHOV�RI �VXFURVH�
LQ�WKH�FXOWXUH�PHGLD��DORQJ�ZLWK�PDQQLWRO�VXEVWLWXWLRQ��FRPELQHG�ZLWK�WU\SWRSKDQ��
PLJKW�H[SODLQ�WKH�ORZHU�JURZWK�UDWH�RI �WKH�FRUUHVSRQGLQJ�WUHDWHG�FXOWXUHV��ZKLFK�PD\�
KDYH�XVHG�OHVV�WU\SWRSKDQ�IRU�WKH�V\QWKHVLV�RI �DX[LQ�

�
4XLQLQH�LQ�WKH�VXVSHQVLRQ�FXOWXUHV

� ,Q� QRUPDO� FXOWXUH� PHGLD�� &LQFKRQD� FHOOV� SURGXFHG� TXLQROLQH� DONDORLGV� DV�
GHPRQVWUDWHG�E\�5RELQV�HW�DO���������DQG�5DWQDGHZL�DQG�6XPDU\RQR���������4XLQLQH�
DSSHDUHG�WR�EH�WKH�PDLQ�DONDORLG�SURGXFHG�E\�WKH�FHOOV��RFFXUULQJ�DW�OHYHOV�RI ������LQ�
WKH�FRQWURO�PHGLD��&��
� :H�IRXQG�DOO�IRXU�DONDORLGV�DW�WKH�VL[WK�ZHHN�RI �FXOWXUH�LQ�DOO�WUHDWPHQWV��7DEOH�����
&LQFKRQLGLQH�ZDV�WKH�OHDVW�DEXQGDQW��IROORZHG�E\�FLQFKRQLQH��TXLQLGLQH��DQG�TXLQLQH��
ZKLFK�ZDV�WKH�PRVW�DEXQGDQW��7KLV�SHUFHQWDJH�RI �TXLQLQH�ZDV�IXUWKHU�DXJPHQWHG���
ZHHN�ODWHU��DW�WKH�VHYHQWK�ZHHN�RI �FXOWXUH��ZKLFK�ZDV�LQ�FRQWUDVW�WR�RXU�UHVXOWV�IRU�
TXLQLGLQH�� FLQFKRQLQH�� DQG� FLQFKRQLGLQH�� 7KH� IRXU� W\SHV� RI � DONDORLG� DUH� UHDGLO\�

��
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WUDQVIRUPHG� IURP� RQH� WR� DQRWKHU� W\SH� GXH� WR� WKHLU� VLPLODU� PROHFXODU� VWUXFWXUH�
�7DGHXV]��������$OO�WKH�WUHDWPHQWV�DSSOLHG�WR�WKH�VXVSHQVLRQ�FXOWXUHV�ZHUH�EHVW�DW�
SURGXFLQJ�TXLQLQH�UDWKHU�WKDQ�WKH�RWKHU�W\SHV�RI �TXLQROLQH��&HOO�VXVSHQVLRQ�WUHDWHG�
ZLWK�3%=��0�SUHVHQWHG�D�UHPDUNDEO\�KLJK�SHUFHQWDJH�RI �TXLQLQH�FRQWHQW��������7KLV�
YDOXH�ZDV�����IROG�KLJKHU�WKDQ�WKDW�RI �WKH�XQWUHDWHG�FXOWXUHV�DW�WKH�VHYHQWK�ZHHN��,Q�
FHOOV�WUHDWHG�ZLWK�$%$��7US�0�RU�3%=��0��WKH�TXLQLQH�OHYHO�ZDV�HLWKHU�DW�DQ�DYHUDJH�
OHYHO�RU�OHVV�WKDQ�WKDW�FRQWDLQHG�LQ�WKH�XQWUHDWHG�FHOOV��&��
� 3UHFXUVRU�IHHGLQJ�RI �WU\SWRSKDQ�GLG�QRW�LPSURYH�TXLQROLQH�DONDORLG�SURGXFWLRQ�LQ�
&LQFKRQD�FHOO�FXOWXUHV��7KLV�LV�FRQVLVWHQW�ZLWK�WKH�UHVXOWV�REWDLQHG�E\�5RELQV�HW�DO���������
LQ�&��SXEHVFHQV�DQG�E\�3D\QH�HW�DO���������LQ�D�WUDQVIRUPHG�OLQH�RI �&�OHGJHULDQD��+DUNHV�HW�
DO���������DQG�5RELQV�HW�DO���������IRXQG�DQ�DFFXPXODWLRQ�RI �¢�FDUEROLQH�DONDORLGV�DQG�
LQGROH���DOGHK\GH�LQ�WU\SWRSKDQ�IHG�JURZWK�PHGLD��ZLWK�DQG�ZLWKRXW�&LQFKRQD�FHOOV��
$FFRUGLQJ�WR�&DR�HW�DO����������¢�FDUEROLQH�DONDORLGV��D�ODUJH�JURXS�RI �LQGROH�DONDORLGV��
DUH�HDVLO\�WUDQVIRUPHG�IURP�WU\SWRSKDQ��WU\SWDPLQH��S\UXYDWH��RU�DFHWDWH�SUHFXUVRUV�
E\�3LFWHW�6SHQJOHU� UHDFWLRQV�� HYHQ� LQ� IRRGV� DQG�EHYHUDJHV��7KLV� LQGLFDWHV� WKDW� WKH�
WUDQVIRUPDWLRQ�RI �WU\SWRSKDQ�WR�TXLQROLQH�DONDORLGV�QHHGV�PRUH�SDUWLFXODU�FRQGLWLRQV�
LQ�OLYLQJ�FHOOV��0RUHRYHU��3D\QH�HW�DO���������VXJJHVWHG�WKDW�JURZLQJ�FXOWXUHV�LQ�GDUNQHVV�
LV�PRUH�IDYRUDEOH�WKDQ�XQGHU�OLJKW�ZKHQ�DWWHPSWLQJ�WR�HQKDQFH�DONDORLG�DFFXPXODWLRQ��
5DWQDGHZL�DQG�6XPDU\RQR��������IRXQG�WKDW�SURYLGLQJ�����PJ�/�WU\SWRSKDQ�WR�WKH�&�
OHGJHULDQD�FORQH�45&�����LQFUHDVHG�WRWDO�DONDORLGV��SUHGRPLQDQWO\�FLQFKRQLGLQH�����
IROG�PRUH�WKDQ�WKRVH�LQ�XQWUHDWHG�FXOWXUHV�DIWHU���ZHHNV�
� &LQFKRQD� SODQWV�QDWXUDOO\�KDYH�YDULDEOH� W\SHV�RI � DONDORLGV��$FFRUGLQJ� WR�7D\ORU�
�������� TXLQLQH� FRQWHQW� DYHUDJHV� ����� LQ�&�� SXEHVFHQV� DQG� ������ LQ�&� OHGJHULDQD��
ZKHUHDV�&��VXFFLUXEUD�FDQ�UHDFK�������EXW�RQO\�����\HDUV�DIWHU�SODQWLQJ�
� :KHQ�ZH�H[DPLQHG�WKH�GU\�ZHLJKW�FHOOV�FROOHFWHG�IURP�HDFK�FXOWXUH�IODVN�DQG�WKH�
TXLQLQH� FRQWHQW�SHUFHQWDJH��ZH� IRXQG� WKDW� FHOOV� WUHDWHG�ZLWK�$%$�ZKLFK�KDG� WKH�
KLJKHVW�UDWH�RI �FHOO�JURZWK�SURGXFHG�WKH�KLJKHVW�DPRXQW�RI �TXLQLQH�DW���DQG���ZHHNV�
RI �FXOWXUH�DW��WKH�HQG��FRPSDUHG�WR�DQ\�RWKHU�WUHDWPHQW��7DEOH���$�DQG��%��DQG�$%$��
KDG�WKH�JUHDWHVW�DEXQGDQFH�RI �TXLQLQH��DOPRVW���WLPHV�PRUH�WKDQ�WKDW�SURGXFHG�E\�
3%=��0�SHU�IODVN���,W�UHPDLQV�FKDOOHQJLQJ�WR� LPSURYH�TXLQLQH�SURGXFWLRQ� LQ�FHOOV�
WUHDWHG�ZLWK�3%=��0�

7DEOH����4XLQROLQH�FRQWHQW�LQ�FHOOV�RI�&��OHGJHULDQD�DW���DQG���ZHHNV�RI �FXOWXUH����GU\�ZHLJKW�

4XLQLQH 4XLQLGLQH &LQFKRQLQH &LQFKRQLGLQH
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1RWH��
7KHVH�GDWD�DUH�PHDQV�RI �GXSOR�DQDO\VLV��FROOHFWHG�HDFK�IURP���IODVNV�RI �FHOO�FXOWXUH

(QKDQFHG�3URGXFWLRQ�/HYHO�RI �4XLQLQH�E\�3DFOREXWUD]RO�²�'LDK�5DWQDGHZL�HW�DO�

��



&21&/86,216

� 7KH�JURZWK�UHWDUGDQW�SDFOREXWUD]RO�DW���PJ�/�FRPELQHG�ZLWK�����PJ�/�PDQQLWRO�
DQG� D� ORZHU� FRQFHQWUDWLRQ� RI � VXFURVH� ���� PJ�/�� VLJQLILFDQWO\� LQFUHDVHG� WKH�
DFFXPXODWLRQ� RI � TXLQLQH� LQ� WKH� FHOOV� RI � &�� OHGJHULDQD� FORQH� 45&� ����� 4XLQLQH�
DSSURDFKHG�WKH�OHYHO�H[WUDFWHG�IURP�SURGXFWLYH�&��OHGJHULDQD�EDUN�
� 3UHFXUVRU� IHHGLQJ�E\�/�WU\SWRSKDQ� WR� WKH� FHOO� FXOWXUH�PHGLD� LQFUHDVHG�QHLWKHU�
TXLQLQH�QRU�WKH�RWKHU�PDMRU�TXLQROLQH�DONDORLGV��7KH�ZD\�LQ�ZKLFK�LW�WUDQVIRUPV�WR�
TXLQROLQH�DONDORLGV�UHPDLQV�LQFRPSOHWHO\�XQGHUVWRRG�
� 7KH�KLJK�JURZWK�UDWH�RI �FHOOV�WUHDWHG�ZLWK���PJ�/�$%$�DQG�VXFURVH�DW�QRUPDO�
FRQFHQWUDWLRQ�����J�/��UHVXOWHG�LQ�WKH�PRVW�DEXQGDQFH�RI �TXLQLQH�SHU�FXOWXUH�IODVN�

$&.12:/('*0(176

� 7KH�DXWKRUV� WKDQN� WKH�,$$5'�RI � WKH�,QGRQHVLDQ�0LQLVWU\�RI �$JULFXOWXUH�IRU�
VSRQVRULQJ�WKLV�UHVHDUFK�WKURXJK�WKH�,QFHQWLYH�3URJUDP�

7DEOH����3URGXFWLRQ�RI �TXLQLQH�SHU� IODVN�RI � FHOO� FXOWXUH�RI�&�OHGJHULDQD� WUHDWHG�ZLWK�YDULRXV�
VXEVWDQFHV�DIWHU����$��DQG���ZHHNV��%�

7UHDWPHQW
� 0HDQV�RI �FHOO�GU\�

ZHLJKW�IODVN��J�
� 4XLQLQH�

���
� 4XLQLQH��PJ�IODVN�
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5()(5(1&(6

%DUUHWW��������7KH�7URSLFDO�&URSV��1HZ�<RUN��7KH�0F0LOODQ�

%ORP�7-0��.UHLV�:��9DQ�,UHQ�)��/LEEHQJD�.5��������$�QRQ�LQYDVLYH�PHWKRG�IRU�WKH�URXWLQH�HVWLPDWLRQ�RI �IUHVK�
ZHLJKW�RI �FHOOV�JURZQ�LQ�EDWFK�VXVSHQVLRQ�FXOWXUHV��3ODQW�&HOO�5HS����������

&DR�5��3HQJ�:��:DQJ�=��;X�$��������¢�FDUEROLQH�DONDORLGV��ELRFKHPLFDO�DQG�SKDUPDFRORJLFDO�IXQFWLRQV��&XUU�
0HG�&KHP������������

&KDQH\�:5�� ������3DFOREXWUD]RO��PRUH� WKDQ� MXVW� D� JURZWK� UHWDUGDQW��3UR�+RUW�&RQI��3HRULD� ,/��)HEU� �WK��
'HSDUWPHQW�RI �)RUHVWU\�DQG�1DW�5HV��3XUGXH�8QLYHUVLW\�ZZZ�LQD�RQOLQH�RUJ�SURKRUW�7UHH*URZWK��
SGI�

)DFFKLQL�3-��������$ONDORLG�ELRV\QWKHVLV�LQ�SODQWV��%LRFKHPLVWU\��FHOO�ELRORJ\��PROHFXODU�UHJXODWLRQ�DQG�PHWDEROLF�
HQJLQHHULQJ�DSSOLFDWLRQV��$QQ�5HY�3ODQW�3K\VLRO�3ODQW�0RO�%LRO����������

)LQNHOVWHLQ�55��5RFN�&'��������$EVFLVLF�ELRV\QWKHVLV�DQG�UHVSRQVH��,Q��7KH�$UDELGRSVLV�%RRN��1HZ�<RUN��$PHU�
6RF�3ODQW�%LRORJLVWV�����

*UDHEH�-(��������*LEEHUHOOLQ�ELRV\QWKHVLV�DQG�FRQWURO��$QQX�5HY�LQ�3ODQW�3K\VLRO������������

+DUNHV�3$$��'H�-RQJ�3-��:LMQVPD�5��9HUSRRUWH�5��9DQ�GHU�/HHU��������7KH�LQIOXHQFH�RI �SURGXFWLRQ�PHGLD�RQ�
FLQFKRQD�FHOO�FXOWXUHV��VSRQWDQHRXV�IRUPDWLRQ�RI �¢�FDUEROLQHV�IURP�/�WU\SWRSKDQ��3ODQW�6FL���������

+DVVDQHLQ�$0��������(IIHFW�RI �UHODWLYHO\�KLJK�FRQFHQWUDWLRQ�RI �PDQQLWRO�DQG�VRGLXP�FKORULGH�RQ�UHJHQHUDWLRQ�
DQG�JHQH�H[SUHVVLRQ�RI �VWUHVV�WROHUDQW��$OKDJL�JUDHFRUXP��DQG�VWUHVV�VHQVLWLYH��/\FRSHUVLFRQ�HVFXOHQWXP�/��
SODQW�VSHFLHV��%XOJ�-�3ODQW�3K\VLRO�����������

+DVVDQHLQ� $0�� ������ (VWDEOLVKPHQW� RI � HIILFLHQW� LQ� YLWUR� PHWKRG� IRU� GURXJKW� WROHUDQFH� HYDOXDWLRQ� LQ�
3HODUJRQLXP��-�+RUW�6FL�	�2UQDPHQW�3ODQW���������

+LUD\DPD�7��6KLQR]DNL�.��������3HUFHSWLRQ�DQG� WUDQVGXFWLRQ�RI � DEVFLVLF� DFLG� VLJQDOV�� NH\V� IXQFWLRQ�RI � WKH�
YHUVDWLOH�SODQW�KRUPRQH�$%$��7UHQGV�LQ�3ODQW�6FL������������

+XEEDUG�.(��1LVKLPXUD�1��+LWRPL�.��*HW]RII �('��6FKURHGHU�-,��������(DUO\�DEVFLVLF�DFLG�VLJQDO�WUDQVGXFWLRQ�
PHFKDQLVPV��QHZO\�GLVFRYHUHG�FRPSRQHQWV�DQG�QHZO\�HPHUJLQJ�TXHVWLRQV��*HQH�'HYHORS���������
����

+XVVHLQ�($��$TODQ�(0��������(IIHFW�RI �PDQQLWRO�DQG�VRGLXP�FKORULGH�RQ�VRPH�WRWDO�VHFRQGDU\�PHWDEROLWHV�RI �
IHQXJUHHN�FDOOL�FXOWXUHG�LQ�YLWUR��3ODQW�7LVV�&XOW�%LRWHFK����������

.OLQN�)��������'HWHUPLQDWLRQ�RI �FDIIHLQH�DQG�WKHREURPLQH�LQ�FKRFRODWH�SURGXFW��,Q��9DULDQ�,QVWUXPHQW�DW�:RUN��
:DOQXW�&UHHN������

.XULDQ�$��6DQNDU�0$��������0HGLFLQDO�SODQWV��,Q��+RUWLFXOWXUDO�6FLHQFH�6HULHV����(GLWHG�E\�3HWHU�.9��1HZ�'HOKL�
,QGLD��1HZ�,QGLD�3XEO�$JHQF\�

/H�&OHUH�6��6FKPHO]�($��&KRXUH\�36��������6XJDU�OHYHOV�UHJXODWH�WU\SWRSKDQ�GHSHQGHQW�DX[LQ�ELRV\QWKHVLV�LQ�
GHYHORSLQJ�PDL]H�NHUQHOV��3ODQW�3K\VLRO�������������

/OR\G�*��0F&RZQ�%��������&RPPHUFLDOO\�IHDVLEOH�PLFURSURSDJDWLRQ�RI �PRXQWDLQ�ODXUHO�.DOPLD�ODWLIROLD�E\�XVH�RI �
VKRRW�WLS�FXOWXUH��&RPE�3URF�,QWO�3ODQW�3URS�6RF������������

0F&DOOH\'9��������$QDO\VLV�RI �WKH�FLQFKRQD�DONDORLGV�E\�KLJK�SHUIRUPDQFH�OLTXLG�FKURPDWRJUDSK\�DQG�RWKHU�
VHSDUDWLRQ�WHFKQLTXHV���-�&KURPDWRJU�$����������

3D\QH� -�� 5KRGHV�0-�� 5RELQV� 5-�� ������4XLQROLQH� DONDORLG� SURGXFWLRQ� E\� WUDQVIRUPHG� FXOWXUHV� RI �&LQFKRQD�
OHGJHULDQD��3ODQWD�0HG������������

5DWQDGHZL�'��6XPDU\RQR��������4XLQROLQH�DONDORLGV�LQ�VXVSHQVLRQ�FXOWXUHV�RI �&LQFKRQD�OHGJHULDQD�WUHDWHG�ZLWK�
YDULRXV�VXEVWDQFHV��+D\DWL�-�%LRVFL������������

5RELQV� 5-�� +DQOH\� $%�� 5LFKDUGV� 65�� )HQZLFN� *5�� 5KRGHV� 0-&�� ������ 8QFKDUDFWHULVWLF� DONDORLG� �
V\QWKHVLV�E\�VXVSHQVLRQ�FXOWXUHV�RI �&LQFKRQD�SXEHVFHQV�IHG�ZLWK�/�WU\SWRSKDQ��3ODQW�&HOO��7LVV�2UJDQ�&XOW�
���������

6XPDU\RQR��5L\DGL�,��������*URZWK�RI �FDOOXV�DQG�FHOO�VXVSHQVLRQ�FXOWXUHV�RI �FLQFKRQD��&LQFKRQD�OHGJHULDQD�0RHQV���
0HQDUD�3HUNHEXQDQ��������

(QKDQFHG�3URGXFWLRQ�/HYHO�RI �4XLQLQH�E\�3DFOREXWUD]RO�²�'LDK�5DWQDGHZL�HW�DO�

��



7DGHXV]� $�� ������ $ONDORLG�VHFUHWV� RI � OLIH�,Q� $ONDORLG� &KHPLVWU\�� %LRORJLFDO� 6LJQLILFDQFH�� $SSOLFDWLRQV� DQG�
(FRORJLFDO�5ROH��(OVHYLHU�

7D\ORU�/��������7KH�KHDOLQJ�SRZHU�RI �UDLQIRUHVW�KHUEV��>7URSLFDO�3ODQW�'DWDEDVH��)LOH�IRU�4XLQLQH� �&LQFKRQD�
RIILFLQDOLV���5DLQIRUHVW�GDWDEDVH�FRP�SODQWV�TXLQLQH�KWP������@��&LWHG����$XJXVW������

7RUXDQ�0DWKLXV�1��+DULV�1��6DQWRVR�-��$GH�+HUL��������(IIHFW�RI �HOLFLWDWLRQ�RQ�JURZWK�DQG�DONDORLG�� TXLQROLQH�
SURGXFWLRQ�LQ�KDLU\�URRW�RI �FLQFKRQD�SODQW��&LQFKRQD�VXFFLUXEUD�3DYRQ�H[�.ORW]VFK���0HQDUD�3HUNHEXQDQ�
���������

:LMQVPD�5��9HUSRRUWH�5��+DUNHV�3$$��YDQ�9OLHW�7%��7HQ�+RRSHQ�+-*��6YHQGVHQ�$%��������7KH�LQIOXHQFH�RI �
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