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ZZZ�MDHIV�FRP-$()6

,QWHUQDW൴RQDO�-RXUQDO�RI
$JU൴FXOWXUH��(QY൴URQPHQW�DQG�)RRG�6F൴HQFHV

$VVRF�3URI�'U��*XOWHNLQ�2='(0,5
'LFOH�8QLYHUVLW\��'L\DUEDNLU��7XUNH\��JR]GHPLU#GLFOH�HGX�WU��

(GLWRU�LQ�&KLHI

3URI�'U��=H\QHO�&(%(&,
dXNXURYD�8QLYHUVLW\��$GDQD��7XUNH\��]FHEHFL#FX�HGX�WU�

&R�(GLWRU�LQ�&KLHI

3URI�'U��+DNDQ�$.7$6
6XOH\PDQ�'HPLUHO�8QLYHUVLW\��,VSDUWD��7XUNH\��DNWDVKDNDQ#VGX�HGX�WU�
3URI�'U��2QHU�&(7,1�
'LFOH�8QLYHUVLW\��'L\DUEDNLU��7XUNH\��RQHUBFHWLQ#\DKRR�FRP��
3URI�'U��+��<LOGL]�'$6*$1�
dXNXURYD�8QLYHUVLW\��$GDQD��7XUNH\��GDVJDQ#FX�HGX�WU�
3URI�'U��7HW\DQD�.$/1$�'8%,1<8.�
1DWLRQDO�8QLYHUVLW\�RI�/LIH�DQG�(QYLURQPHQWDO�6FLHQFHV�RI�8NUDLQH�.\LY��8NUDLQH��WDWLDQNG#\DKRR�FRP��
3URI�'U��6H]DL���(5&,6/,�
$WDWXUN�8QLYHUVLW\��(U]XUXP��7XUNH\��VHUFLVOL#DWDXQL�HGX�WU�
3URI�'U��,VPDLO�.$5$&$�
6XOH\PDQ�'HPLUHO�8QLYHUVLW\��,VSDUWD��7XUNH\��LVPDLONDUDFD#VGX�HGX�WU�
3URI�'U��$\]Q�%��.8'(1�
dXNXURYD�8QLYHUVLW\���$GDQD��7XUNH\��DENXGHQ#FX�HGX�WU�
3URI�'U��0DUN�0$77+(:6�
&DOLIRUQLD�8QLYHUVLW\��'DYLV��8�6�$���PDPDWWKHZV#XFGDYLV�HGX�
3URI�'U��1��<HVLP�<DOFLQ�0(1',�
dXNXURYD�8QLYHUVLW\��$GDQD��7XUNH\��\HVLPFDQ#FX�HGX�WU��
3URI�'U��6HPLK�1(0/,2*/8�
,VWDQEXO�8QLYHUVLW\��,VWDQEXO��7XUNH\��VQHPOL#LVWDQEXO�HGX�WU��������
3URI�'U��,EUDKLP�257$6�
dXNXURYD�8QLYHUVLW\���$GDQD��7XUNH\��LRUWDV#FX�HGX�WU��
3URI�'U��2UKDQ�2=&$7$/%$6�
$NGHQL]�8QLYHUVLW\���$QWDO\D��7XUNH\��R]FDWDOEDV#DNGHQL]�HGX�WU�
3URI�'U��1HEDKDW�6$5,�
dXNXURYD�8QLYHUVLW\���$GDQD��7XUNH\��QHVDUL#FX�HGX�WU��
3URI�'U��1D]ÕP�6(.(52*/8�
.LOLV���$UDOLN��8QLYHUVLW\��.LOLV��7XUNH\��QVHNHURJOX#JPDLO�FRP���
3URI�'U��$EGXOODK�6(66,=�
'LFOH�8QLYHUVLW\��'L\DUEDNLU��7XUNH\��DVHVVL]#GLFOH�HGX�WU�
3URI�'U��6HPLK�7$1*2/$5�
dXNXURYD�8QLYHUVLW\��$GDQD��7XUNH\��WDQJRODU#FX�HGX�WU��
3URI�'U��6HUSLO�7$1*2/$5�
dXNXURYD�8QLYHUVLW\��$GDQD��7XUNH\��VWDQJRODU#FX�HGX�WU�
$VVRF�3URI�'U��(URO�$7$<�
0XVWDID�.HPDO�8QLYHUVLW\��$QWDN\D��7XUNH\��HDWD\#PNX�HGX�WU���
$VVRF�3URI�'U��.KXGD�%$.+6+
&206$76�,QVWLWXWH�RI�,QIRUPDWLRQ�7HFKQRORJ\��9HKDUL��3DNLVWDQ��NEDNKVK#FLLWYHKDUL�HGX�SN��
$VVRF�3URI�'U��6HPD�.DOH�&(/,.�
6�OH\PDQ�'HPLUHO�8QLYHUVLW\��,VSDUWD��7XUNH\��VHPDNDOH#VGX�HGX�WU��
$VVRF�3URI�'U��<XUL\�.5$9&+(1.2�
1DWLRQDO�8QLYHUVLW\�RI�/LIH�DQG�(QYLURQPHQWDO�6FLHQFHV�RI�8NUDLQH��8NUDLQH��NUDYFK#L�XD�
$VVRF�3URI�'U��5yEHUW��6=,/$*<,�
'HEUHFHQ�8QLYHUVLW\��'HEUHFHQ��+XQJDU\��V]LODJ\L�UREHUW#HFRQ�XQLGHE�KX�
$VVRF�3URI�'U��6HOPD�72=$1/,�
,QVWLWXW�$JURQRPLTXH�0pGLWHUUDQpHQ�GH���0RQWSHOOLHU��)UDQFH��WR]DQOL#LDPP�IU���
$VVW�3URI�'U��6LPRQH�&$67(//$5,1�
%ULWLVK�&ROXPELD�8QLYHUVLW\��&DQDGD���VLPRQH�FDVWHOODULQ#XEF�FD��
'U��-DYLHU�/23(=�
7HFQRORJLFR�GHO�9DOOH�GH�2D[DFD��0H[LFR��MDYLHUBORSH]E#KRWPDLO�FRP�
'U��;LQJ�-XQ�:$1*
6KDQGRQJ�$FDGHP\�RI�$JULFXOWXUDO�6FLHQFHV��-LQDQ��&KLQD��[LQJMXQZ#KRWPDLO�FRP�

(GLWRULDO�%RDUG

-LEDQ�6+5(67+$�
1HSDO�$JULFXOWXUDO�5HVHDUFK�&RXQFLO��1HSDO��MLEVKUHVWKD#QPUS�JRY�QS��

/DQJXDJH�(GLWRU

,QW�-�$JULF�(QYLURQ�)RRG�6FL�������6HSWHPEHU������
�H�,661������������� '2,�����������MDHIV��
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ZZZ�MDHIV�FRP-$()6

,QWHUQDW൴RQDO�-RXUQDO�RI
$JU൴FXOWXUH��(QY൴URQPHQW�DQG�)RRG�6F൴HQFHV

3URI�'U��,UIDQ�$KPDG�%$,*
0XKDPPDG�1DZD]�6KDUHHI�8QLYHUVLW\�RI�$JULFXOWXUH��0XOWDQ��3DNLVWDQ��LUIDQ�EDLJ#PQVXDP�HGX�SN��
3URI�'U��<ÕOPD]�%$<+$1
1DPÕN�.HPDO�8QLYHUVLW\��7HNLUGD÷��7XUNH\��\ED\KDQ#QNX�HGX�WU��
3URI�'U��$KPHW�%$<5$0
'LFOH�8QLYHUVLW\��'L\DUEDNLU��7XUNH\��DED\UDP#GLFOH�HGX�WU��
3URI�'U��0RKDPHG�%28$=,=
8QLYHUVLW\�RI�6ID[��7XQLVLD��PRKDPHG�ERXD]L]#LVEV�XVI�WQ��
3URI�'U��6DOLK�d(/,.
1DPLN�.HPDO�8QLYHUVLW\��7HNLUGDJ��7XUNH\��VDOLKFHOLN#QNX�HGX�WU��
3URI�'U��*LXOLDQR�),1(772
8QLYHUVLW\�RI�9HURQD��9HURQD��,WDO\��JLXOLDQR¿QHWWR#JPDLO�FRP��
3URI�'U��%�OHQW�*h/d8%8.
$QNDUD�8QLYHUVLW\��$QNDUD��7XUNH\��JXOFXEXN#DJUL�DQNDUD�HGX�WU��
3URI�'U��*HRUJH�-$326+9,/,
$JUDULFXOWXUDO�8QLYHUVLW\�RI�*HRUJLD��7ELOLVL��J�MDSRVKYLOL#DJUXQL�HGX�JH��
3URI�'U��+DúLP�.(/(%(.
$GDQD�6FLHQFH�DQG�7HFKQRORJ\�8QLYHUVLW\��$GDQD��7XUNH\��KNHOHEHN#DGDQDEWX�HGX�WU��
3URI�'U��.�UúDW�.25.0$=
2UGX�8QLYHUVLW\��2UGX��7XUNH\��NRUNPD]��#KRWPDLO�FRP��
3URI�'U��%LUKDQ�.817(5
$QNDUD�8QLYHUVLW\��$QNDUD��7XUNH\��PDUDVDOL#DJUL�DQNDUD�HGX�WU��
3URI�'U��9HDFHVODY�0$=Ă5(
%DQDW�8QLYHUVLW\�RI�$JULFXOWXUDO�6FLHQFHV�DQG�9HWHULQDU\�0HGLFLQH��5RPDQLD��YDOHQWLQ�PD]DUH#JPDLO�FRP���
3URI�'U��3DKODM�022/,2
3DxxƗVƗVWUD�8QLYHUVLW\�RI�&DPERGLD��38&���3KQRP�3HQK��&DPERGLD��SDKODM#SXF�HGX�NK��
3URI�'U��3HWHU�21'5,âË.
6ORYDN�8QLYHUVLW\�RI�$JULFXOWXUH��1LWUD��6ORYDN�5HSXEOLF��SHWHU�RQGULVLN#XQLDJ�VN�
3URI�'U��+DNDQ�g=.$1
&XNXURYD�8QLYHUVLW\��$GDQD��7XUNH\��KR]NDQ#FX�HGX�WU���
3URI�'U��$OL�6$%,5
6HOFXN�8QLYHUVLW\��.RQ\D��7XUNH\��DVDELU#VHOFXN�HGX�WU��
3URI�'U��6HNDQ�6(//,
&XNXURYD�8QLYHUVLW\��$GDQD��7XUNH\��VVHOOL#FX�HGX�WU��
3URI�'U��9HOLERU�63$/(9,&
8QLYHUVLW\�RI�0RQWHQHJUR��3RGJRULFD��0RQWHQHJUR��YHOLERU�VSDOHYLF#JPDLO�FRP��
3URI�'U��*HRUJH�-��67$7+$6
7HFKQRORJLFDO�(GXFDWLRQDO�,QVWLWXWH�RI�3HORSRQQHVH��.DODPDWD��*UHHFH��JVWDWKDV#WHLNDO�JU�
3URI�'U��0HWLQ�785$1
<HGLWHSH�8QLYHUVLW\��,VWDQEXO��7XUNH\��PHWLQ�WXUDQ#\HGLWHSH�HGX�WU��
3URI�'U��+DOLO�øEUDKLP�8=81
$NGHQL]�8QLYHUVLW\��$QWDO\D��7XUNH\��X]XQ#DNGHQL]�HGX�WU��
3URI�'U��+�VQ��h1h
6XOH\PDQ�'HPLUHO�8QLYHUVLW\��,VSDUWD��7XUNH\��KXVQXXQOX#VGX�HGX�WU��
3URI�'U��+DOLW�<(7,ù,5
(UFL\HV�8QLYHUVLW\��.D\VHUL��7XUNH\��\HWLVLU�#\DKRR�FRP��
$VVRF�3URI�'U��+DOLO�(5'(0
*D]LRVPDQSDVD�8QLYHUVLW\��7RNDW��7XUNH\��HUGHPK#KRWPDLO�FRP��
$VVRF�3URI�'U��gQGHU�.$0,/2ö/8
0XVWDID�.HPDO�8QLYHUVLW\��+DWD\��7XUNH\��RNDPLORJOX#PNX�HGX�WU��
$VRFF�3URI�'U��0LOHQD�027(9$
8QLYHUVLW\�RI�$UFKLWHFWXUH��&LYLO�(QJLQHHULQJ�DQG�*HRGHV\��8$&(*���6R¿D�������%XOJDULD�
�PLOHQD�PRWHYD#\DKRR�FRP��
$VVRF�3URI�'U��0HFLW�g=723
0LGGOH�(DVW�7HFKQLFDO�8QLYHUVLW\��$QNDUD��7XUNH\��PHFLW#PHWX�HGX�WU��
$VVRF�3URI�'U��1DWDOLLD�6,/2129$
1DWLRQDO�8QLYHUVLW\�RI�/LIH�DQG�(QYLURQPHQWDO�6FLHQFHV�RI�8NUDLQH��.\LY��VLORQRYD#XNU�QHW��
$VVRF��3URI��9MHNRVODY�7$1$6.29,.-
6V��&\ULO�DQG�0HWKRGLXV�8QLYHUVLW\��6NRSMH��0DFHGRQLD��YMHNRVODYWDQDVNRYLF#\DKRR�FRP���
$VVRF�3URI�'U��=HOMND�=*25(/(&
8QLYHUVLW\�RI�=DJUHE�)DFXOW\�RI�$JULFXOWXUH��&URDWLD��]]JRUHOHF#DJU�KU��
$VVW�3URI�'U��$EGXUUDKPDQ�.$5$
'LFOH�8QLYHUVLW\��'L\DUEDNLU��7XUNH\��DEGXUUDKPDQ�NDUD#GLFOH�HGX�WU��
$VVW�3URI�'U��1XUJ�O�.,7,5
.RQ\D�)RRG�DQG�$JULFXOWXUH�8QLYHUVLW\��.RQ\D��7XUNH\��QXUJXOBNLWLU#KRWPDLO�FRP��
'U��:LOVRQ�+8$1&$�0$0$1,
8QLYHUVLGDG�GH�7DUDSDFi��$ULFD��&KLOH��ZKXDQFD#XWD�FO�
'U��5D¿T�,6/$0�
7KH�2KLR�6WDWH�8QLYHUVLW\��3LNHWRQ��86$��LVODP���#RVX�HGX��
'U��9LQD\DN�6��6+('(.$5
7KH�2KLR�6WDWH�8QLYHUVLW\��3LNHWRQ��86$��VKHGHNDU��#RVX�HGX�
'U��(GPXQGR�0HUFDGR�6,/9$
8QLYHUVLGDG�$XWyQRPD�GH�4XHUpWDUR��4XHUHWDUR��0H[LFR��PHUFDGR������#JPDLO�FRP�
�

$GYLVRU\�%RDUG

,QW�-�$JULF�(QYLURQ�)RRG�6FL�������6HSWHPEHU������
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ZZZ�MDHIV�FRP-$()6

,QWHUQDW൴RQDO�-RXUQDO�RI
$JU൴FXOWXUH��(QY൴URQPHQW�DQG�)RRG�6F൴HQFHV

,QW�-�$JULF�(QYLURQ�)RRG�6FL�������6HSWHPEHU������

5HYLHZHU�%RDUG 3URI�'U��*h5$<�(5(1(5
2QGRNX]�0D\ÕV�8QLYHUVLW\��6DPVXQ��7XUNH\��JHUHQHU#RPX�HGX�WU�
3URI�'U��ùHUDIHGGLQ�.$<$
0XVWDID�.HPDO�8QLYHUVLW\��+DWD\��7XUNH\��VND\D#PNX�HGX�WU��
3URI�'U��<RXQHV�5H]DHH�'$1(6+
8UPLD�8QLYHUVLW\��8UPLD��,UDQ��\�UGDQHVK#\DKRR�FRP��
3URI�'U��=H\QHO�&(%(&ø
dXNXURYD�8QLYHUVLW\��$GDQD��7XUNH\��]FHEHFL#FX�HGX�WU�
3URI�'U��=HUULQ�(5*ø1.$<$
dXNXURYD�8QLYHUVLW\��$GDQD��7XUNH\��]HUULQHU#FX�HGX�WU��
3URI�'U��+�VH\LQ�(57(1
dXNXURYD�8QLYHUVLW\��$GDQD��7XUNH\��KHUWHQ#FX�HGX�WU��
3URI�'U��&DIHU�*(1d2ö/$1
.DKUDPDQPDUDú�6�Wo��øPDP�8QLYHUVLW\��.DKUDPDQPDUDú��7XUNH\��JHQFRJODQ#NVX�HGX�WU�
3URI�'U��%HOJLQ�d$.0$.
$QNDUD�8QLYHUVLW\��$QNDUD��7XUNH\��EFDNPDN#DQNDUD�HGX�WU��
3URI�'U��'DYXW�.$5$$6/$1�
'LFOH�8QLYHUVLW\��'L\DUEDNLU��7XUNH\��GDYXW�NDUDDVODQ#GLFOH�HGX�WU��
3URI�'U��5HFDL�(5&$1
$QNDUD�8QLYHUVLW\��$QNDUD��7XUNH\��UHUFDQ#DQNDUD�HGX�WU��
$VVRF�3URI�'U��$OL�.HPDO�%,5*8&8
6XOH\PDQ�'HPLUHO�8QLYHUVLW\��,VSDUWD��7XUNH\��DOLELUJXFX#VGX�HGX�WU��
$VVRF�3URI�'U��0LNDLO�%$</$1
dXNXURYD�8QLYHUVLW\��$GDQD��7XUNH\��PLNDLOED\ODQ#JPDLO�FRP�
$VVRF�3URI�'U��<DOoÕQ�&2ù.81(5
.DKUDPDQR÷OX�0HKPHWEH\�8QLYHUVLW\��.DUDPDQ��7XUNH\��\DOFLQFRVNXQHU#NPX�HGX�WU��
$VVW�3URI�'U��0XVWDID�ø/dø1
%LQJ|O�8QLYHUVLW\��%LQJ|O��7XUNH\��PLOFLQ#ELQJRO�HGX�WU��
$VVW�3URI�'U��)HUKDW�.,=,/*(dø
ùÕUQDN�8QLYHUVLW\��ùÕUQDN��7XUNH\��IHUKDWBNL]LOJHFL#KRWPDLO�FRP��
$VVW�3URI�'U��$OSDVODQ�.8ù985$1
dDQNLUL�.DUDWHNLQ�8QLYHUVLW\��dDQNÕUÕ��7XUNH\��DNXVYXUDQ#JPDLO�FRP��
$VVW�3URI�'U��+DVDQ�$.$<
2QGRNX]�0D\ÕV�8QLYHUVLW\��6DPVXQ��7XUNH\��KDVDQ�DND\#RPX�HGX�WU��
$VVW�3URI�'U��1XUKDQ�.(6.ø1
<�]�QF��<ÕO�8QLYHUVLW\��9DQ��7XUNH\��NHVNLQ�QXUKDQ#JPDLO�FRP�

�H�,661������������� '2,�����������MDHIV��

3HHU�5HYLHZ�3URFHVV 7KH�SULPDU\�DLPV�RI�SHHU�UHYLHZ�DUH�WR�GHFLGH�ZKHWKHU�RU�QRW�DQ�DUWLFOH�VKRXOG�EH�SXEOLVKHG��EDVHG�RQ�TXDOLW\�DQG�
UHOHYDQFH�WR�WKH�MRXUQDO���DQG�WR�LPSURYH�WKH�DUWLFOH�EHIRUH�SXEOLFDWLRQ��$OO�VXEPLVVLRQV�¿UVW�JR�WKURXJK�DQ�LQWHUQDO�
SHHU�UHYLHZ�SURFHVV��DQ�DVVLJQHG�HGLWRU�PDNHV�DQ�LQLWLDO�GHFLVLRQ�WR�DFFHSW�RU�WR�UHMHFW�WKH�PDQXVFULSW��H�J��WRSLF�LV�
RXWVLGH�WKH�VFRSH�RI�WKH�-RXUQDO��LPSRUWDQW�ÀDZV�LQ�VFLHQWL¿F�YDOLGLW\��HWF���,I�WKH�HGLWRU�EHOLHYHV�WKH�DUWLFOH�PD\�EH�RI�
LQWHUHVW��LW�LV�VHQW�RXW�IRU�H[WHUQDO�SHHU�UHYLHZ��7KH�UHYLHZHUV�DUH�VHOHFWHG�E\�DUHD�RI�H[SHUWLVH��UHYLHZHUV�ZKR�JUDQW�
KLJK�TXDOLW\�UHYLHZV�ZLWKLQ�WKH�UHTXHVWHG�WLPH�DUH�SUHIHUUHG���7KH�HGLWRULDO�ERDUG�LV�IUHTXHQWO\�FRQVXOWHG��2QFH�
UHYLHZV�DUH�REWDLQHG��WKH�HGLWRU�PDNHV�D�MXGJPHQW�FRQVLGHULQJ�WKH�FULWLTXHV�DQG�UHFRPPHQGDWLRQV�IURP�UHYLHZHUV��
DQG�RWKHU�IDFWRUV�VXFK�DV�UHOHYDQFH�WR�WKH�-RXUQDO¶V�DLPV�DQG�XVHIXOQHVV�WR�FOLQLFLDQV�RU�UHVHDUFKHUV�

3RWHQWLDO�UHYLHZHUV�DUH�FRQWDFWHG�E\�H�PDLO��ZKLFK�FRQWDLQV�WKH�PDQXVFULSW�WLWOH��DEVWUDFW��DQG�DVVLJQPHQW�GHDGOLQH��
7KH�VHOHFWHG�UHYLHZHU�DFFHSWV�RU�GHFOLQHV�WKH�DVVLJQPHQW�ZLWKLQ����GD\V��)DLOXUH�WR�UHSO\�ZLWKLQ�WKH�SUHVFULEHG�WLPH�
ZLOO�EH�WUHDWHG�DV�DQ�LPSOLFLW�UHMHFWLRQ��,W�LV�DFFHSWDEOH�WR�SURSRVH�DQ�H[WHQGHG�GHDGOLQH�ZKHQ�WKH�JLYHQ�GHDGOLQH�
�XVXDOO\���ZHHNV�IURP�WKH�WDVN�DFFHSWDQFH�GDWH��FDQQRW�EH�PHW��7KH�VHOHFWHG�UHYLHZHUV�XVXDOO\�KDYH�H[WHQVLYH�
H[SHULHQFH�DV�IDFXOW\�PHPEHUV��UHVHDUFKHUV��DQG�SXEOLVKHG�DXWKRUV��6RPHWLPHV�UHYLHZHUV�IURP�RWKHU�VSHFL¿F�DUHDV�
DUH�VHOHFWHG��7KLV�VHOHFWLRQ�LV�DOZD\V�ZHOO�WKRXJKW�RXW��DQG�ZH�HQFRXUDJH�VXFK�SRWHQWLDO�UHYLHZHUV�WR�FRQVLGHU�WKH�
DVVLJQPHQW�LI�WKH\�FDQ�PDNH�D�FRQWULEXWLRQ�WR�VRPH�DVSHFW�RI�WKH�ZRUN��7KH�IROORZLQJ�SRLQWV�PXVW�EH�SURYLGHG�E\�WKH�
UHYLHZHUV�LQ�WKH�ZULWWHQ�UHVSRQVH�
*HQHUDO�2YHUYLHZ
2UJDQL]HG�&ULWLTXH
$VVHVVPHQW�RI�6WUHQJWKV� DQG�:HDNQHVVHV�� WKH� IROORZLQJ� VKRXOG�EH� HYDOXDWHG��/LWHUDWXUH� UHYLHZ� LV�XS�WR�GDWH��
0HWKRGV�DOLJQ�ZLWK�VWXG\�SXUSRVH�RU�UHVHDUFK�TXHVWLRQV��0HWKRGV�GHVFULEHG�LQ�VXI¿FLHQW�DQG�DSSURSULDWH�GHWDLO��
5HVHDUFK�GHVLJQ�RU�VWXG\�DSSURDFK�LV�DGHTXDWH��$SSURDFK�WR�GDWD�DQDO\VLV�LV�DSSURSULDWH��7KRXJKWIXO�FRQVLGHUDWLRQ�
JLYHQ�WR�WKH�VWXG\�OLPLWDWLRQV��0DQXVFULSW�SURYLGHV�QHZ�LQIRUPDWLRQ�WKDW�LV�OLNHO\�WR�EH�RI�LQWHUHVW�WR�RXU�UHDGHUV�
3RVVLEOH�LPSURYHPHQWV
&RPPRQO\�2YHUORRNHG�$UHDV��5HYLHZHUV�VKRXOG�FDUHIXOO\�QRWH��WLWOH��DEVWUDFW��WDEOHV�DQG�¿JXUHV��UHIHUHQFHV�

$IWHU�WKH�SHHU�UHYLHZ�SURFHVV�KDV�HQGHG�DQG�DQ�DGHTXDWH�QXPEHU�RI�UHYLHZV�KDV�EHHQ�UHFHLYHG��WKH�DVVLJQHG�HGLWRU�
PDNHV�WKH�¿QDO�GHFLVLRQ�DERXW�WKH�PDQXVFULSW��DFFHSW��LQYLWH�D�UHYLVLRQ��RU�UHMHFW��EDVHG�RQ�D�FRQVLGHUDWLRQ�RI�DOO�WKH�
UHYLHZHU� FRPPHQWV�� JHQHUDO� FULWLTXH�� DQG�RWKHU� H[WHUQDO� IDFWRUV� �H�J�� WKH� DUWLFOH� LV� FRQVLVWHQW�ZLWK� WKH� -RXUQDO�
SXUSRVH��VLPLODU�DUWLFOHV�UHFHQWO\�SXEOLVKHG��QXPEHU�RI�DFFHSWHG�DUWLFOHV�DZDLWLQJ�SXEOLFDWLRQ��SRWHQWLDO�LPSDFW�RI�
WKH�DUWLFOH��HWF����(GLWRUV�PD\�FRQVXOW�ZLWK�HDFK�RWKHU�ZKHQ�PDNLQJ� WKH�GHFLVLRQ��$�GHFLVLRQ�VXPPDUL]LQJ� WKH�
RSLQLRQV�RI�HGLWRUV�DQG�UHYLHZHUV�ZLOO�EH�VHQW�WR�WKH�FRUUHVSRQGLQJ�DXWKRU�

5HYLHZHU�*XLGHOLQHV

(GLWRU¶V�)LQDO�'HFLVLRQ



ZZZ�MDHIV�FRP-$()6

,QWHUQDW൴RQDO�-RXUQDO�RI
$JU൴FXOWXUH��(QY൴URQPHQW�DQG�)RRG�6F൴HQFHV

3URGXFWLRQ�,QIRUPDWLRQ

-RXUQDO�1DPH ,QWHUQDWLRQDO�-RXUQDO�RI�$JULFXOWXUH��(QYLURQPHQW�DQG�)RRG�6FLHQFHV

$EEUHYLDWLRQ ,QW�-�$JULF�(QYLURQ�)RRG�6FL

6XEMHFWV $JULFXOWXUH��(QYLURQPHQW�DQG�)RRG�6FLHQFHV

,661� �����������2QOLQH�

3XEOLVKHU *XOWHNLQ�2]GHPLU��'LFOH�8QLYHUVLW\��)DFXOW\�RI�$JULFXOWXUH��'L\DUEDNLU��
7XUNH\�

2ZQHU *XOWHNLQ�2]GHPLU��'LFOH�8QLYHUVLW\��)DFXOW\�RI�$JULFXWXUH��'L\DUEDNLU��
7XUNH\�

/DQJXDJH (QJOLVK

'DWH�RI�3XEOLFDWLRQ ����������

)UHTXHQF\ 4XDUWHUO\��0DUFK��-XQH��6HSWHPEHU��'HFHPEHU�

7\SH�RI�3XEOLFDWLRQ ,QWHUQDWLRQDO��6FLHQWL¿F��2SHQ�$FFHVV
'RXEOH�EOLQG�SHHU�UHYLHZHG
:LGHO\�GLVWULEXWHG�SHULRGLFDO

3XEOLVKLQJ�6\VWHP -$()6�XVHV�WKH�VXEPLVVLRQ�V\VWHP�RI�78%,7$.�8/$.%,0�-RXUQDO3DUN�
2SHQ�-RXUQDO�6\VWHPV���KWWS���GHUJLSDUN�JRY�WU�MDHIV

3ULQWLQJ�+RXVH 'LFOH�8QLYHUVLW\�3ULQWLQJ�+RXVH��'L\DUEDNLU��7XUNH\

/HJDO�5HVSRQVLELOLW\ $XWKRUV�DUH�UHVSRQVLEOH�IRU�FRQWHQW�RI�DUWLFOHV�WKDW�ZHUH�SXEOLVKHG�LQ�-RXUQDO�

,QGH[HG�DQG�$EVWUDFWHG�LQ &URVUHI��'LUHFWRU\�RI�2SHQ�$FFHVV�-RXUQDO��'2$-���*RRJOH�6FKRODU��6FLOLW��
52$'��'LUHFWRU\�RI�2SHQ�$FFHVV�6FKRODUO\�5HVRXUFHV���1HOLWL��,QWHUQDWLRQDO�
&LWDWLRQ�,QGH[��5227�,QGH[LQJ��5HVHDUFK%LE��,QGH[�&RSHUQLFXV�
,QWHUQDWLRQDO��(6-,

$GGUHVV ,QWHUQDWLRQDO�-RXUQDO�RI�$JULFXOWXUH��(QYLURQPHQW�DQG�)RRG�6FLHQFHV�
*XOWHNLQ�2]GHPLU�
'LFOH�8QLYHUVLW\�)DFXOW\�RI�$JULFXOWXUH�'HSDUWPHQW�RI�+RUWLFXOWXUH��������
'L\DUEDNLU���785.(<

&RQWDFW 3KRQH�������������������
(�PDLO��HGLWRU#MDHIV�FRP
�������������MDHIVHGLWRU#JPDLO�FRP��
:HE�����ZZZ�MDHIV�FRP�
�������������GHUJLSDUN�JRY�WU�MDHIV

,QW�-�$JULF�(QYLURQ�)RRG�6FL�������6HSWHPEHU������

,9

�H�,661������������� '2,�����������MDHIV��
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,QW�-�$JULF�(QYLURQ�)RRG�6FL�������6HSWHPEHU������

ZZZ�MDHIV�FRP-$()6

,QWHUQDW൴RQDO�-RXUQDO�RI
$JU൴FXOWXUH��(QY൴URQPHQW�DQG�)RRG�6F൴HQFHV

$LP�DQG�6FRSH �,QWHUQDWLRQDO�-RXUQDO�RI�$JULFXOWXUH��(QYLURQPHQW�DQG�)RRG�6FLHQFHV���-$()6��LV�DQ�LQWHUQDWLRQDO�
MRXUQDO��ZKLFK�SXEOLVKHV�RULJLQDO�UHVHDUFK�DQG�UHYLHZ�DUWLFOHV�GHDOLQJ�ZLWK�$JULFXOWXUH��(QYLURQPHQW�
DQG�)RRG�6FLHQFHV���
-$()6�-RXUQDO� LV�DQ� LQWHUQDWLRQDO��VFLHQWL¿F��RSHQ�DFFHVV�SHULRGLFDO�SXEOLVKHG� LQ�DFFRUGDQFH�ZLWK�
LQGHSHQGHQW��XQELDVHG��DQG�GRXEOH�EOLQGHG�SHHU�UHYLHZ�SULQFLSOHV�
-RXUQDO�SXEOLVKHV�4XDUWHUO\��0DUFK��-XQH��6HSWHPEHU��'HFHPEHU���
7KH�SXEOLFDWLRQ�ODQJXDJH�RI�WKH�MRXUQDO�LV�(QJOLVK�DQG�FRQWLQXHV�SXEOLFDWLRQ�VLQFH�'HFHPEHU�������
$�'LJLWDO�2EMHFW�,GHQWL¿HU��'2,��QXPEHU�KDV�EHHQ�DVVLJQHG�IRU�HDFK�DUWLFOH�DFFHSWHG�WR�EH�SXEOLVKHG�LQ�
-$()6��VWDUWLQJ�IURP�'HFHPEHU�������
-RXUQDO� RI� -$()6� ZHOFRPHV� DUWLFOH� VXEPLVVLRQV� DQG� GRHV� QRW� FKDUJH� DQ\� DUWLFOH� VXEPLVVLRQ� RU�
SURFHVVLQJ�FKDUJHV��

,QWHUQDWLRQDO�-RXUQDO�RI��$JULFXOWXUH��(QYLURQPHQW�DQG�)RRG�6FLHQFHV�DUHDV�RI�LQWHUHVW�LQFOXGH��EXW�DUH�
QRW�OLPLWHG�WR��$JULFXOWXUDO�(QJLQHHULQJ�DQG�7HFKQRORJ\��(QYLURQPHQWDO�(QJLQHHULQJ�DQG�7HFKQRORJ\��
)RRG�(QJLQHHULQJ�DQG�7HFKQRORJ\��$JULFXOWXUH��(QYLURQPHQW��)RRG���$JULFXOWXUH�+LVWRU\��$JULFXOWXUDO�
(FRQRPLFV��$JURQRP\��$QLPDO�6FLHQFHV��$TXDFXOWXUH��%LRFKHPLVWU\��%LRWHFKQRORJ\��%LRLQIRUPDWLFV�
DQG�'DWD� 6FLHQFH�� &URS� 6FLHQFH�� 'DLU\� 6FLHQFH�� ([WHQVLRQ� 6FLHQFH� DQG� (GXFDWLRQ�� (QWRPRORJ\��
(QYLURQPHQWDO�6FLHQFH��)LVK�DQG�)LVKHULHV��)RRG�3URFHVVLQJ��)RRG�&KHPLVWU\��)RRG�&XOWXUH��)RRG�
+HDOWK�DQG�1XWULWLRQ��)RRG�+LVWRU\��)RRG�,QGXVWU\�'HYHORSPHQW��)RRG�0DUNHWLQJ��)RRG�3ROLF\�DQG�
3UDFWLFHV�� )RRG� 6DIHW\�� )RUHVWU\�� +RUWLFXOWXUH�� ,QIRUPDWLRQ� 7HFKQRORJLHV� DQG� 6\VWHPV�� ,UULJDWLRQ��
0ROHFXODU�%LRORJ\��2UJDQLF�$JULFXOWXUH��3ODQW�3K\VLRORJ\��3ODQW�%UHHGLQJ��3ODQW�3URWHFWLRQ��3ODQW�
6FLHQFHV��3UHFLVLRQ�$JULFXOWXUH��5XUDO�'HYHORSPHQW�DQG�3ROLF\��6XVWDLQDEOH�$JULFXOWXUH��6RLO�6FLHQFH��
3ODQW�1XWULWLRQ��(QHUJ\�&URSV��9HWHULQDU\��:DWHU�5HVRXUFHV�

,QWHUQDWLRQDO�-RXUQDO�RI�$JULFXOWXUH��(QYLURQPHQW�DQG�)RRG�6FLHQFHV��-$()6��SXEOLVKHV�IXOO\�RSHQ�
DFFHVV�MRXUQDO��ZKLFK�PHDQV�WKDW�DOO�DUWLFOHV�DUH�DYDLODEOH�RQ�WKH�LQWHUQHW�WR�DOO�XVHUV�LPPHGLDWHO\�XSRQ�
SXEOLFDWLRQ��
$OO�WKH�RULJLQDO�DUWLFOHV�DQG�UHYLHZ�SDSHUV�SXEOLVKHG�LQ�-$()6�MRXUQDO�DUH�IUHH�WR�DFFHVV�LPPHGLDWHO\�
IURP�WKH�GDWH�RI�SXEOLFDWLRQ��
,QWHUQDWLRQDO�-RXUQDO�RI�$JULFXOWXUH��(QYLURQPHQW�DQG�)RRG�6FLHQFHV��-$()6��GRQ¶W�FKDUJH�DQ\�IHHV�
IRU�DQ\�UHDGHU�WR�GRZQORDG�DUWLFOHV�DQG�UHYLHZV�IRU�WKHLU�RZQ�VFKRODUO\�XVH�
8VHUV�DUH�DOORZHG�WR�UHDG��GRZQORDG��FRS\��GLVWULEXWH��SULQW��VHDUFK��RU� OLQN�WR�WKH�IXOO� WH[WV�RI� WKH�
DUWLFOHV��RU�XVH�WKHP�IRU�DQ\�RWKHU�ODZIXO�SXUSRVH��ZLWKRXW�DVNLQJ�SULRU�SHUPLVVLRQ�IURP�WKH�SXEOLVKHU�RU�
WKH�DXWKRU��7KLV�LV�LQ�DFFRUGDQFH�ZLWK�WKH�%2$,�GH¿QLWLRQ�RI�RSHQ�DFFHVV���
&RS\ULJKW�RI�WKH�OD\RXW�DQG�GHVLJQ�RI�,QWHUQDWLRQDO�-RXUQDO�RI�$JULFXOWXUH��(QYLURQPHQW�DQG�)RRG�
6FLHQFHV�DUWLFOHV�UHPDLQV�ZLWK�WKH�MRXUQDO�DQG�FDQQRW�EH�XVHG�LQ�RWKHU�SXEOLFDWLRQV��
,QWHUQDWLRQDO�-RXUQDO�RI�$JULFXOWXUH��(QYLURQPHQW�DQG�)RRG�6FLHQFHV�DOVR�RSHUDWHV�XQGHU�WKH�&UHDWLYH�
&RPPRQV�/LFHQFH�&&�%<�1&�1'��
$OO�DXWKRUV�SXEOLVKLQJ�ZLWK�WKH�-$()6�DFFHSW�WKHVH�DV�WKH�WHUPV�RI�SXEOLFDWLRQ�
%HQH¿WV�RI�RSHQ�DFFHVV�IRU�$XWKRUV�LQFOXGH�
)UHH�DFFHVV�IRU�DOO�XVHUV�ZRUOGZLGH
$XWKRUV�UHWDLQ�FRS\ULJKW�WR�WKHLU�ZRUN
,QFUHDVHG�YLVLELOLW\�DQG�UHDGHUVKLS
5DSLG�SXEOLFDWLRQ
1R�VSDWLDO�FRQVWUDLQWV�

$XWKRUV� ZKR� SXEOLVK� ZLWK� ,QWHUQDWLRQDO� -RXUQDO� RI�$JULFXOWXUH�� (QYLURQPHQW� DQG� )RRG� 6FLHQFHV�
�-$()6��DJUHH�WR�WKH�IROORZLQJ�WHUPV�

$XWKRUV�WUDQVIHU�WKH�FRS\ULJKW�WR�,QWHUQDWLRQDO�-RXUQDO�RI�$JULFXOWXUH��(QYLURQPHQW�DQG�)RRG�6FLHQFHV�
�-$()6����$XWKRUV��KRZHYHU��XSRQ�WKH�SXEOLFDWLRQ�RI�WKHLU�ZRUN��FDQ�UHSXEOLVK�LW�LQ�DQ�DQRWKHU�MRXUQDO�RU�
ERRN�SURYLGHG�WKDW�WKH\�REWDLQ�WKH�SHUPLVVLRQ�RI�WKH�-RXUQDO��0RUHRYHU��WKH\�DUH�WR�LQFOXGH�WKH�QRWH�
LQGLFDWLQJ�WKDW�WKHLU�ZRUN�KDV�¿UVW�EHHQ�SXEOLVKHG�LQ�,QWHUQDWLRQDO�-RXUQDO�RI�$JULFXOWXUH��(QYLURQPHQW�
DQG�)RRG�6FLHQFHV��-$()6���DQG�WKH�OLQN�WR�WKHLU�ZRUN�LQ�WKH�MRXUQDO�
$XWKRUV�� XSRQ� WKH� SXEOLFDWLRQ� RI� WKHLU�ZRUN�� FDQ� SXEOLVK� LW� LQ� RQOLQH� HQYLURQPHQWV� DQG�RU� VRFLDO�
QHWZRUNV��SHUVRQDO�ZHESDJHV��FRXUVH�FRQWHQW�ZHEVLWHV��)DFHERRN��HWF����+RZHYHU��WKH\�DOVR�SURYLGH�
WKH�OLQN�WR�WKH�ZRUN�DV�SXEOLVKHG�LQ�WKH�MRXUQDO��
³,QWHUQDWLRQDO�-RXUQDO�RI�$JULFXOWXUH��(QYLURQPHQW�DQG�)RRG�6FLHQFHV´�MRXUQDO�LV�OLFHQVHG�XQGHU�D�

&UHDWLYH�&RPPRQV�$WWULEXWLRQ�����,QWHUQDWLRQDO�/LFHQVH�

2SHQ�$FFHVV�6WDWHPHQW

&RS\ULJKW�3ROLF\

�H�,661������������� '2,�����������MDHIV��
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ZZZ�MDHIV�FRP-$()6

,QWHUQDW൴RQDO�-RXUQDO�RI
$JU൴FXOWXUH��(QY൴URQPHQW�DQG�)RRG�6F൴HQFHV

,QW�-�$JULF�(QYLURQ�)RRG�6FL�������6HSWHPEHU������

5HVHDUFK�$UWLFOHV

$XWKRUV 7LWOH 3DJHV

+DVDQ�5�úW��.XWOX��/DGLQH�
%D\NDO�dHOLN��*|NKDQ�)LOLN��
$\IHU�%R]NXUW�.LUD]��+DUXQ�
&LQOL��g]FDQ�<�FHOW��<XVXI�
8]XQ

(IIHFW�RI�HFRQRPDVH�UHSODFLQJ�YLWDPLQ�(�DQG�VHOHQLXP�RQ�JURZWK�
SHUIRUPDQFH�DQG�PHDW�TXDOLW\�RI�EURLOHUV�

��������

0HULo�%DOFÕ��6�OH\PDQ�7DEDQ (IIHFW�RI�ERURQ�WUHDWPHQWV�RQ�ERURQ�GLVWULEXWLRQ�DQG�IUHVK�OHDI�\LHOG�RI�WHD�
SODQW

��������

9DO�,UYLQ�0DED\R��$OSKDQ\�
$UDJXD

$�FRVW�HIIHFWLYH�DSSURDFK�IRU�FKLFNHQ�HJJ�ZHLJKW�HVWLPDWLRQ�WKURXJK�
FRPSXWHU�YLVLRQ�

�������

$\QXU�*XO�.DUDKDQ��1H\ODQ�
&HWLQ��0HKPHW�/XWIX�&DNPDNFL

)DFLOLWDWLRQ�RI�ROLYH�KDUYHVW�E\�PLFURELDO�LQGROH�DFHWLF�DFLG�DQG�DQ�HQ]\PH�
PL[WXUH

�������

5RKDW�*�OWHNLQ��$KPHW�(UWHN (IIHFWV�RI�GH¿FLW�LUULJDWLRQ�RQ�WKH�SRWDWR�WXEHU�GHYHORSPHQW�DQG�TXDOLW\ �������

=XEDLU�1RRUL��0RKDPPDG�
:DVLI�0XMDGLGL��0RKDPPDG�
:DVLI�$PLQ

3K\VLFRFKHPLFDO�SURSHUWLHV�DQG�PRUSKRORJLFDO�REVHUYDWLRQV�RI�VHOHFWHG�
ORFDO�ULFH�YDULHWLHV�LQ�QRUWKHUQ�$IJKDQLVWDQ

��������

$KPHG�.DUDKDQ��0HKPHW�$OL�
.XWOX��øVPDLO�.DUDFD

'HWHUPLQDWLRQ�RI�WKH�HIIHFW�RI�VRPH�SHVWLFLGHV�RQ�KRQH\�EHHV ����������

.LUDQ�3DUL\DU��3UDGLS�6DSNRWD��
6DOLQD�3DQWD��3XVSD�%XGD��7LND�
%DKDGXU�.DUNL

3HUIRUPDQFH�DQG�YDULDWLRQ�LQ�SKHQRW\SLF�FKDUDFWHUV�RI�PDL]H�JHQRW\SHV�LQ�
0LG�:HVWHUQ�5HJLRQ�RI�1HSDO�

����������

5HYLHZ�$UWLFOH

$XWKRUV 7LWOH 3DJHV

%DVDN�6XQJXU 'LIIHUHQW�IRUPXODWLRQV�LQ�JOXWHQ�IUHH�EUHDG�SURGXFWLRQ��$�UHYLHZ� ���������

&RQWHQWV

�H�,661������������� '2,�����������MDHIV��



(IIHFW�RI�HFRQRPDVH�UHSODFLQJ�YLWDPLQ�(�DQG�VHOHQLXP�RQ�JURZWK�SHUIRUPDQFH�
DQG�PHDW�TXDOLW\�RI�EURLOHUV

��
 � � �+DVDQ�5�úW��.XWOX ������/DGLQH�%D\NDO�dHOLN ������*|NKDQ�)LOLN ������$\IHU�%R]NXUW�.LUD]
� � �+DUXQ�&LQOL ������g]FDQ�<�FHOW ������<XVXI�8]XQ

��dXNXURYD�8QLYHUVLW\��)DFXOW\�RI�$JULFXOWXUH��'HSDUWPHQW�RI�$QLPDO�6FLHQFH��������$GDQD��785.(<
��$KL�(YUDQ�8QLYHUVLW\��)DFXOW\�RI�$JULFXOWXUH��'HSDUWPHQW�RI�$JULFXOWXUDO�%LRWHFKQRORJ\��������.ÕUúHKLU��785.(<

��+DUUDQ�8QLYHUVLW\��)DFXOW\�RI�$JULFXOWXUH��'HSDUWPHQW�RI�$QLPDO�6FLHQFH���������ùDQOÕXUID��785.(<


&RUUHVSRQGLQJ�$XWKRU��KUN#FX�HGX�WU

,W� LV�ZHOO� NQRZQ� WKDW� DQ\�PROHFXOH�ZLWK� DQ� DWRP� WKDW�
FRQWDLQV�D�VLQJOH�XQSDLUHG�HOHFWURQ�LQ�LWV�RXWHU�RUELW�LV�WHUPHG�
DQ� R[LGDQW�� 7KHVH� DWRPV� DUH� XQVWDEOH� DQG� KDYH� D� VWURQJ�
DWWUDFWLRQ�IRU�WKH�HOHFWURQV�RI�RWKHU�DWRPV�RU�PROHFXOHV�LQ�
RUGHU�WR�UHJDLQ�WKHLU�UHVWLQJ�VWDWH��7KH�SURFHVV�RI�WUDQVIHUULQJ�
HOHFWURQV�WR�WKH�R[LGDQW�LV�WHUPHG�R[LGDWLRQ��DQG�D�QHZ�IUHH�
UDGLFDO� LV� IRUPHG� LQ� WKH� SURFHVV� �6XUDL�� ������� � ,Q� IDFW��
R[LGDWLRQ� LV� D� YHU\� JHQHUDO� SURFHVV�� ZKLFK� DIIHFWV� OLSLGV��
SLJPHQWV�� SURWHLQV�� '1$�� FDUERK\GUDWHV�� DQG� YLWDPLQV�
�.DQQHU���������,Q�PXVFOH�DQG�IDW�WLVVXH��R[LGDWLRQ�FRQWLQXHV�
SRVW�PRUWHP� DQG� DIIHFWV� WKH� VKHOI�OLIH� RI� PHDW� DQG� PHDW�
SURGXFWV��,W�LV�JHQHUDOO\�DFFHSWHG�WKDW�OLSLG�R[LGDWLRQ�LV�RQH�
RI�WKH�SULPDU\�PHFKDQLVPV�RI�TXDOLW\�GHWHULRUDWLRQ�LQ�IRRGV��
HVSHFLDOO\�LQ�PHDW�SURGXFWV��.DQQHU��������0RUULVVH\�HW�DO���
�������7KH�ODWWHU�EHFRPHV�PRUH�LPSRUWDQW�EHFDXVH�RI�D�WUHQG�
WRZDUG� LQFUHDVLQJ� WKH� SRO\XQVDWXUDWHG� IDWW\� DFLGV� �38)$�
ORQJ�FKDLQ�� FRQWHQW� �6PHW� HW� DO��� ������ GXH� WR� WKH�
QXWULWLRQLVWV
�UHFRPPHQGDWLRQV�WR�UHGXFH�LQWDNH�RI�VDWXUDWHG�
IDWW\�DFLGV��DV�D�KLJK�GHJUHH�RI�SRO\XQVDWXUDWLRQ�DFFHOHUDWHV�
R[LGDWLYH�SURFHVVHV�OHDGLQJ�WR�GHWHULRUDWLRQ�LQ�SK\VLFDO�DQG�
FKHPLFDO� FKDUDFWHULVWLFV�� VXFK� DV� PHDW� ÀDYRXU�� FRORXU��
WH[WXUH�� ZDWHU� KROGLQJ� FDSDFLW\� EHVLGHV� QXWULWLRQDO� YDOXH�
�2
1HLOO� HW� DO��� ������ &RHW]HH� DQG� +RIIPDQ�� ������� 7KH�
PDMRU�VWUDWHJLHV�IRU�SUHYHQWLQJ�OLSLG�R[LGDWLRQ�DUH��WKHUHIRUH��

WKH�XVH�RI�DQWLR[LGDQWV��,Q�IDFW��DQWLR[LGDQWV�FDQ�EH�RUJDQLF�RU�
LQRUJDQLF� DQG� QXWULHQW� RU� QRQ�QXWULHQW� LQ� QDWXUH�� 7KH\�
IXQFWLRQ� WR� SURWHFW� DQLPDO� WLVVXH� DJDLQVW� KLJKO\� UHDFWLYH�
R[\JHQ� FRQWDLQLQJ� SURGXFWV� SURGXFHG� FKHPLFDOO\� DQG� E\�
PHWDEROLVP��7KHVH�VR�FDOOHG�UHDFWLYH�R[\JHQ�VSHFLHV��526��
FDQ�EH�RUJDQLF�RU�LQRUJDQLF�FRPSRXQGV�LQ�ZKLFK�R[\JHQ�LV�D�
FULWLFDO�FRPSRQHQW��7KH൴U�SURGXFW൴RQ�൴V�O൴QNHG�WR�WKH�XVH�RI�
R[\JHQ� DV� WKH� SU൴PDU\� HOHFWURQ� DFFHSWRU� ൴Q� DHURE൴F�

�PHWDERO൴VP�� &RPSRXQGV� VXFK� DV� VXSHUR[൴GH� DQLRQ� �2 ����

K\GURJHQ�SHUR[൴GH��+ 2 ���K\GUR[\O�UDG൴FDO��2+���DONR[\O�� �

UDG൴FDO��52��DQG�SHUR[\O�UDG൴FDO��522��DWWDFN�FHOOXODU�O൴S൴G��
SURWH൴Q��'1$� DQG� FDUERK\GUDWH��&KHP൴FDO� DWWDFNV� RQ� WKH�
XQVDWXUDWHG� IDWW\� DF൴GV� RI� FHOOXODU� PHPEUDQHV� SURGXFH�
SURGXFWV�VXFK�DV�WKH�SHUR[\O�UDG൴FDO��522���ZK൴FK�൴Q൴W൴DWHV�D�
FKD൴Q�UHDFW൴RQ�WKDW�FDQ�OHDG�WR�FRPSURP൴VHG�FHOO�PHPEUDQHV�
DQG�HYHQWXDOO\�FHOO�GHDWK��XQOHVV�D�PRUH� UHDFWLYH�HOHFWURQ�
GRQRU�� DQ�DQWLR[LGDQW� VXFK�DV� DOSKD�WRFRSKHU\O� DFHWDWH�� LV�
LQWURGXFHG�� ZKHUHXSRQ� WKH� FKDLQ� UHDFWLRQ� LV� EORFNHG�
�/LHEOHU��������

,W� LV� ZHOO� NQRZQ� WKDW� ZKHQ� OLSLG� K\GURSHUR[LGHV� DUH�
R[LGL]HG�WR�SHUR[\O�UDGLFDOV��WKH�SHUR[\O�UDGLFDOV�UHDFW�ZLWK�
Į�WRFRSKHURO�PXFK� IDVWHU� WKDQ�ZLWK�RWKHU�SRO\XQVDWXUDWHG�
IDWW\� DFLGV�� 7KH� UHVXOW� LV� D� FRUUHVSRQGLQJ� RUJDQLF�
K\GURSHUR[LGH�DQG�Į�WRFRSKHUR[\O�UDGLFDO�

�

��

$EVWUDFW

.H\ZRUGV��9LWDPLQ�(��6HOHQLXP��%URLOHU��0HDW��3HUIRUPDQFH

5HFHLYHG����������������������������$FFHSWHG����������������������������3XEOLVKHG��RQO൴QH��������������

,QWURGXFWLRQ���

5HVHDUFK�$UWLFOH ,QW�-�$JULF�(QYLURQ�)RRG�6FL�������������������

ZZZ�MDHIV�FRP-$()6

�&LWH�WKLV�DUWLFOH�DV���.XWOX��+�5���&HOLN��/�%���)LOLN��*���.LUD]��$�%���&LQOL��+���<XFHOW��2���8]XQ��<����������(IIHFW�RI�HFRQRPDVH�UHSODFLQJ�
YLWDPLQ�(�DQG�VHOHQLXP�RQ�JURZWK�SHUIRUPDQFH�DQG�PHDW�TXDOLW\�RI�EURLOHUV��,QW��-��$JULF��(QYLURQ��)RRG�6FL����������������
'2,�����������MDHIV�������

$YD൴ODEOH�RQO൴QH�DW��� ��� ��KWWSV���MDHIV�FRP KWWS���GHUJ൴SDUN�JRY�WU�MDHIV
��&RS\U൴JKW����������,QWHUQDW൴RQDO�-RXUQDO�RI�$JU൴FXOWXUH��(QY൴URQPHQW�DQG�)RRG�6F൴HQFHV

�H�,661������������

,QWHUQDW൴RQDO�-RXUQDO�RI
$JU൴FXOWXUH��(QY൴URQPHQW�DQG�)RRG�6F൴HQFHV

'2,�����������MDHIV��������
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7KH� Į�WRFRSKHUR[\O� UDGLFDO� OHDYHV� WKH� FHOO� PHPEUDQH�
OLSLG�ELOD\HU� DQG� HQWHUV� WKH� VXUURXQGLQJ� DTXHRXV�PHGLXP�
ZKHUH� JOXWDWKLRQH� SHUR[LGDVH� FDQ� XVH� DQ� HOHFWURQ� IURP�
JOXWDWKLRQH�WR�UHVWRUH�Į�WRFRSKHURO�WR�LWV�DFWLYH�RU�UHGXFHG�
VWDWH�� 7KXV�� DOWKRXJK� 6H� DQG� YLWDPLQ� (� IXO¿O� GLVWLQFW�
IXQFWLRQV��DQ�LQDGHTXDWH�VXSSO\�RI�HLWKHU�FDQ�H[DFHUEDWH�WKH�
PHWDEROLF�GHPDQG�IRU�WKH�RWKHU��%XUN�DQG�/HYDQGHU���������
,W�LV�ZHOO�GRFXPHQWHG�WKDW�YLWDPLQ�(�DQG�VHOHQLXP�DUH�WKH�
YLWDO�QXWULHQW�VRXUFHV�WR�PDLQWDLQ�KHDOWK��JURZWK�DQG�SURGXFW�
TXDOLW\�LQ�IDUP�DQLPDO�SURGXFWLRQ��9LWDPLQ�(�LV�D�IDW�VROXEOH�
QXWULHQW�IRXQG�LQ�ERG\�IDW�GHSRWV��SODVPD�OLSRSURWHLQV��DQG�
FHOO� PHPEUDQH� SKRVSKROLSLGV�� ZKHUH� LW� VHUYHV� DV� DQ�
LPSRUWDQW�DQWLR[LGDQW�� �6HOHQLXP��6H��IXO¿OV�DQ�DQWLR[LGDQW�
UROH�DV�D�FRPSRQHQW�RI�JOXWDWKLRQH�SHUR[LGDVHV��*6+3[���6H�
LV�ZLGHO\�GLVWULEXWHG�LQ�WKH�ERG\��EXW�WKH�PRVW�ODELOH�UHVHUYRLU�
LV� LQ� WKH� OLYHU�� ,W� LV� IRXQG� LQ� ERG\� WLVVXH� SULQFLSDOO\� DV�
VHOHQRPHWKLRQLQH��6H0HW��RU�DV�VHOHQRF\VWHLQH��6H&\V���WKH�
ODWWHU� IRXQG� LQ� *6+3[�� %RWK� QXWULHQWV� DUH� VKRXOG� EH�
H[DPLQHG� WRJHWKHU� EHFDXVH� RI� WKHLU� UHODWHG� IXQFWLRQV� DQG�
VLPLODU�GH¿FLHQF\�VLJQV��+RZHYHU��6H�RU�YLWDPLQ�(�HDFK�KDV�
XQLTXH� PHWDEROLF� UROHV�� DQG� WKH� IDFWRUV� WKDW� DOWHU� WKH�
R[LGDWLYH�VWDWH�RI�DQ�DQLPDO�PD\�GLIIHUHQWLDOO\�DIIHFW�WKHLU�
GLHWDU\�QHHGV���

,Q� SRXOWU\� QXWULWLRQ�� YLWDPLQ� (� DQG� VHOHQLXP�
UHTXLUHPHQWV� PHHW� WKURXJK� YLWDPLQ� DQG� WUDFH� PLQHUDO�
SUHPL[HV� LQ� GLHWV��$V� WKH� SURGXFWLRQ� DQG� FRQVXPSWLRQ� RI�
SRXOWU\� PHDW� KDV� LQFUHDVHG� FRQWLQXRXVO\� GXULQJ� WKH� ODVW�
GHFDGHV�LQ�PDQ\�SDUWV�RI�WKH�ZRUOG��3HWWHUVHQ�HW�DO����������
WKH� LQFUHDVHG� SURGXFWLRQ� ZLWK� KLJK� 38)$� FRQWHQWV� KDV�
GHPDQGHG� FRQVLGHUDEOH� TXDQWLWLHV� RI� DQWLR[LGDQWV��PDLQO\�
DOSKD�WRFRSKHU\O�DFHWDWH�LQ�RUGHU�WR�PHHW�DQLPDOV
�QHHG�DOLYH�
DQG�DOVR�FRQVXPHU�VDWLVIDFWLRQ�IRU�PHDW�TXDOLW\���,W�KDV�EHHQ�
NQRZQ�WKDW�D�KLJKHU�OHYHO�RI�QDWXUDO�DQWLR[LGDQWV�LQ�EURLOHU�
GLHWV� SURYLGHV� D� VLPSOH� PHWKRG� IRU� LPSURYLQJ� R[LGDWLYH�
VWDELOLW\��VHQVRU\�TXDOLW\��VHOI�OLIH�DQG�DFFHSWDELOLW\�RI�SRXOWU\�
PHDW� DQG�PHDW� SURGXFWV� �6KHHK\� HW� DO��� ������� +RZHYHU��
FXUUHQW�PDUNHW�HYDOXDWLRQ�KDV�VKRZQ�WKDW�SULFH�RI�9LWDPLQ�(�
�GO�DOSKD�WRFRSKHU\O�DFHWDWH��VKDUSO\�LQFUHDVHG��DV�LWV�OHYHO�
LQ� EURLOHU� GLHWV� DQG� WRWDO� QHHGV� RI� SRXOWU\� LQGXVWU\� KDYH�
LQFUHDVHG��)HZ�DWWHPSWV�KDYH�EHHQ�PDGH�WR�UHSODFH�RU�VSDUH�
YLWDPLQ�(�ZLWK�QDWXUDO�H[WUDFWV�IRU�R[LGDWLYH�VWDELOLW\�LQ�PHDW�
ZLWK�YDU\LQJ�GHJUHHV�RI�VXFFHVV��3DSDJHRUJLRX�HW�DO���������
%DVPDFLRJOX� HW� DO��� ������+DDN� HW� DO��� ������� 6PHW� HW� DO��
�������IRXQG�GLHWDU\�QDWXUDO�DQWLR[LGDQW�H[WUDFWV�EHLQJ�OHVV�
HIIHFWLYH�WKDQ�WKH�FRPELQDWLRQ�RI�Į�WRFRSKHU\O�DFHWDWH�DQG�
V\QWKHWLF� DQWLR[LGDQWV�� 7KH\� DOVR� UHSRUWHG� PDUNHG�
GLIIHUHQFHV�EHWZHHQ�GLIIHUHQW�QDWXUDO�DQWLR[LGDQW�H[WUDFWV�IRU�
SURWHFWLQJ�EURLOHU�PHDW�DJDLQVW�R[LGDWLRQ�

5HFHQWO\�� D� SURGXFW� FDOOHG� ³(FRQRPDVH´� KDV� EHHQ�
LQWURGXFHG�WR�WKH�PDUNHW��7KH�SURGXFW�KDV�EHHQ�GHYHORSHG�
WKURXJK�QXWURJHQRPLF�VWXGLHV�DQG�FODLPHG�WR�UHSODFH�����RI�
9LWDPLQ�(�DQG�DOVR�VHOHQLXP�LQ�RUGHU�WR�UHGXFH�FRVW�RI�EURLOHU�
GLHWV��2Q� WKH� RWKHU� KDQG� HLWKHU� YLWDPLQ� (� GH¿FLHQFLHV� RU�
FRQVLGHUDEOH� H[FHVVHV� KDYH� EHHQ� VKRZQ� WR� KDYH� DGYHUVH�
HIIHFWV�RQ�LPPXQH�IXQFWLRQ�LQ�ELUGV��3DUDGR[LFDOO\��YLWDPLQ�
(�LQ�ORZ�GHQVLW\�OLSRSURWHLQV�R[LGL]HG�LQ�YLWUR�LQ�WKH�DEVHQFH�
RI�DTXHRXV�DQWLR[LGDQWV�PD\�DFW�DV�D�SURR[LGDQW��+RZHYHU��
SURR[LGDQW�DFWLYLW\�RI�KLJK�LQWDNHV�RI�YLWDPLQ�(�KDV�QRW�\HW�
EHHQ�FRQ¿UPHG�LQ�YLYR��7UDEHU���������,W�FRXOG�EH�VSHFXODWHG�
WKDW�QRW�RQO\�EHFDXVH�RI�WKH�FRVW�UHDVRQ��LQ�RUGHU�WR�HVWDEOLVK�
DQG�PDLQWDLQ� WKH�SK\VLRORJLFDO� HTXLOLEULXP�E\�SUHYHQWLQJ�
DQ\�SRVVLEOH�QHJDWLYH�HIIHFW�RI�KLJK� OHYHO�� UHSODFHPHQW�RI�
GLHWDU\�VXSSOHPHQWDO�YLWDPLQ�(�FRXOG�EH�RI�EHQH¿W�LQ�EURLOHU�
SURGXFWLRQ��

7KH� SURSRVHG� SURMHFW� LV� DLPHG� WR� GHWHUPLQH� ZKHWKHU�
YLWDPLQ� (� �GO�DOSKD�WRFRSKHU\O� DFHWDWH�� OHYHO� LQ� WKH� GLHW�
FRXOG�EH�UHGXFHG�WR����RU����PJ�NJ�E\�XVLQJ�(FRQRPDVH�DW�
����J�WRQ�IHHG�ZLWKRXW�DQ\�QHJDWLYH�HIIHFWV�RQ�SHUIRUPDQFH��
R[LGDWLYH� VWDELOLW\�� PHDW� TXDOLW\� DQG� VWRUDJH� VWDELOLW\� LQ�
FRXQWULHV�ZKHUH�YLWDPLQ�(�XVHG�LQ�EURLOHU�GLHWV�DW�DERXW�����
PJ�NJ�

0DWHULDOV�DQG�0HWKRGV

7KH� SUHVHQW� VWXG\� ZDV� FDUULHG� RXW� LQ� D� IXOO\� �OLJKW�
PRLVWXUH�WHPSHUDWXUH�� FRQWUROOHG� H[SHULPHQWDO� XQLW� IRU�
EURLOHUV� LQ� 'HSDUWPHQW� RI� $QLPDO� 6FLHQFH�� )DFXOW\� RI�
$JULFXOWXUH��8QLYHUVLW\�RI�dXNXURYD��$GDQD�785.(<��2QH�
KXQGUHG��RQH�GD\�ROG�PDOH�EURLOHU�FKLFNV��5RVV������ZHUH�
GLYLGHG� LQWR�¿YH� WUHDWPHQW� JURXSV� �JURXS���� FRQWURO� �����
PJ�NJ� 9LW� (�� GO�DOSKD�WRFRSKHU\O� DFHWDWH��� JURXS� ��� ���
PJ�NJ�9LW�(��JURXS�������PJ�NJ�9LW�(��(FRQRPDVH��JURXS����
���PJ�NJ�9LW�(��JURXS�������PJ�NJ�9LW�(�(FRQRPDVH��7DEOH�
���RI�VLPLODU�PHDQ�ERG\�ZHLJKW��FRPSULVLQJ����ELUGV�HDFK���
(FRQRPDVH��GHYHORSHG�E\�$OOWHFK
V�1XWULJHQRPLFV�&HQWHU��
.HQWXFN\�86$��LV�D�D�PL[�RI�YLWDPLQ�(��6HO�3OH[�DQG�VRPH�
RWKHU�DQWLR[LGDQWV��7KH�SURGXFW�LV�FODLPHG�WR�UHGXFH�WKH�FRVWV�
RI�YLWDPLQ�(�VXSSOHPHQWDWLRQ�ZLWK������DV�WKH�VSHFLDO�EOHQG�
PDNHV�PRUH�YLWDPLQ�(�DYDLODEOH�RQ�FHOO�OHYHU��ZKLFK�PHDQV�
WKDW�OHVV�YLWDPLQ�(�DQG�VHOHQLXP�KDYH�WR�EH�VXSSOHPHQWHG�YLD�
WKH�IHHG�

([SHULPHQWDO�GLHWV�EDVHG�RQ�PDL]H�DQG�VR\D�ZHUH�XVHG�LQ�
D�WKUHH�VWDJH�IHHGLQJ�UHJLPH��VWDUWHU�GLHW������GD\V��JURZHU�
GLHW� ������ GD\V�� ¿QLVKHU� GLHW� ������ GD\V�� 7DEOH� �����
([SHULPHQWDO� GLHWV� ZHUH� IRUPXODWHG� WR� KDYH� ���� SSP�
VHOHQLXP��H[FHSW�WKH�GLHWV�FRQWDLQLQJ�(FRQRPDVH��ZKLFK�LV�
NQRZQ� WR� KDYH� VHOHQLXP� WR� PHHW� EURLOHUV
� QHHG�� $OO� WKH�
DQLPDOV�ZHUH�KRXVHG�LQ�LQGLYLGXDO�FDJHV�RI�D�IXOO\�FRQWUROOHG�
H[SHULPHQWDO� URRP�� 7KH� ELUGV� ZHUH� IHG� DG� OLELWXP� IRU� D�
SHULRG� RI� ��� GD\V� XQGHU� FRQYHQWLRQDO� UDLVLQJ� FRQGLWLRQV��

� �7KHUPRQHXWUDO� �IURP����UHGXFLQJ� WR���� &�E\��� &�ZHHN��
WHPSHUDWXUH�UHJLPHV�ZHUH�DSSOLHG��/LJKW�ZDV�SURYLGHG�IRU�
���KRXUV�HDFK�GD\�DQG�ZDWHU�ZDV�FRQWLQXRXVO\�DYDLODEOH��

%URLOHU�JURZWK�SHUIRUPDQFH�ZDV�DVVHVVHG�E\�PHDVXULQJ�
ERG\�ZHLJKW�JDLQ��IHHG�LQWDNH��IHHG�HI¿FLHQF\��JDLQ�IHHG���
ZDWHU� FRQVXPSWLRQ�� FDUFDVV� ZHLJKW�� %RG\� ZHLJKW� ZDV�
UHFRUGHG�ZHHNO\�E\�ZHLJKLQJ�LQGLYLGXDO�ELUGV��:HLJKWV�RI�
IHHG�LVVXHG�ZHUH�UHFRUGHG�DQG�IHHG�UHVLGXHV�ZHUH�ZHLJKHG�
GDLO\� IRU� LQGLYLGXDO� ELUGV�� 7KH� IHHG� HI¿FLHQF\� ZDV�
GHWHUPLQHG�RQ�ZHHNO\�EDVLV�IRU�LQGLYLGXDO�ELUGV���

$W� WKH�HQG�RI� WKH�H[SHULPHQW�ZKHQ� WKH�FKLFNV�ZHUH���
ZHHNV� RI� DJH� DOO� WKH� ELUGV� ZHUH� VODXJKWHUHG� IRU� FDUFDVV�
HYDOXDWLRQ� �\LHOG�� GULS� ORVV��ZDWHU� KROGLQJ� FDSDFLW\���7KH�
FDUFDVVHV�ZHUH� LPPHGLDWHO\�SOXFNHG�� HYLVFHUDWHG�� VFDOGHG�
DQG�WKHQ�FKLOOHG�IRU���KRXUV���6L[�FDUFDVVHV�SHU�JURXS�FORVH�WR�
WKH� DYHUDJH� JURXS�ZHLJKW�ZHUH� VHOHFWHG� DQG� GLYLGHG� LQWR�
ULJKW� DQG� OHIW� SRUWLRQV� WR� DQDO\VH�PHDW� TXDOLW\�� 7KH� ULJKW�
SRUWLRQ�RI� WKH�EUHDVW�DQG� WKLJK�PHDWV� �ZLWKRXW�VNLQ��ZHUH�
VDPSOHG�IRU� WLVVXH�R[LGDWLRQ�VWDWXV�E\�WKLREDUELWXULF�DFLG�
UHDFWLYH�VXEVWDQFHV��7%$56��HYDOXDWLRQ�RQ���������GD\V�RI�

�VWRUDJH�DW���� &��7KH�OHIW�SRUWLRQV�ZHUH�VKRFN�IUHH]HG�DW�����
� �&� IRU� ��� KRXUV� WKHQ� VWRUHG� ��� GD\V� DW� ���� &�� 7%$56�
DQDO\VHV�RI�IULGJH�DQG�GHHS�IUHH]H�VDPSOHV�ZHUH�EDVHG�RQ�
7DUODGJLV�HW�DO�� �������DQG� LV�H[SUHVVHG�DV�PLFURJUDPV�RI�
PDORQGLDOGHK\GH��0'$��SHU�JUDP�RI�WLVVXH�

'XULQJ� VODXJKWHU� SURFHVV� EORRG� VDPSOHV� RI� WKH�
UHSUHVHQWDWLYH� DQLPDOV� RI� HDFK� JURXS� ZHUH� DOVR� WDNHQ� WR�
REWDLQ�VHUXP�LQ�RUGHU�WR�DQDO\]H�IRU�JOXFRVH��WULJO\FHULGH��

+�5��.XWOX��/�%��&HOLN��*��)LOLN��$�%��.LUD]��+��&LQOL��2��<XFHOW��<��8]XQ (IIHFW�RI�HFRQRPDVH�UHSODFLQJ�YLWDPLQ�(�DQG�VHOHQLXP�RQ�JURZWK�����



��

DQG� DOVR� WRWDO� DQWLR[LGDQW� FDSDFLW\�� WRWDO� R[LGDQW� VWDWXV��
6HUXP�JOXFRVH��FKROHVWHURO�DQG�WULJO\FHULGH�FRQFHQWUDWLRQV�
ZHUH�PHDVXUHG�ZLWK�FRPPHUFLDO�NLWV��JOXFRVH�*2'�3$3��
5RFKH� 'LDJQRVWLFV�� *PE+�� *HUPDQ\��� FKROHVWHURO�
�FKROHVWHURO� &+2'�3$'�� 5RFKH� 'LDJQRVWLFV�� *PE+��
*HUPDQ\���RU� WULJO\FHULGH��WULJO\FHULGHV�*32�3$3��5RFKH�
'LDJQRVWLFV��*PE+��*HUPDQ\��RQ�DQ�DXWRPDWHG�.(</$%�
/LTXL9HW�$QDO\]HU��7RWDO�DQWLR[LGDQW�FDSDFLW\��PPRO�7UROR[�
(TXDO��/��DQG�WRWDO�R[LGDQW�VWDWXV��ȝPRO�+ 2 �(TXLY�/��ZHUH�� �

DQDO\VHG� XVLQJ� FRPPHUFLDO� NLWV� �5HO�$VVD\�'LDJQRVWLFV��
0HJD�7ÕS�6DQ��7LF��/WG���*D]LDQWHS�7XUNH\��E\�DXWRPDWHG�
FRORULPHWULF�PHWKRGV��(UHO���������������

'HWHUPLQDWLRQ�RI�GULS�ORVV�ZDV�DVVD\HG�XVLQJ�IUHVK�EUHDVW�
¿OOHWV�ZKLFK�ZHUH�ZHLJKHG�WKHQ�SODFHG�RQ�SRO\VW\UHQH�WUD\V�
���WUD\���XQGHUSOD\HG�ZLWK�DQ�DEVRUEHQW�SDG�� �RYHUZUDSSHG�
ZLWK� DQ� R[\JHQ� SHUPHDEOH� 39&� ¿OP� �����±�����

� �PO�FP �P ����K���DQG�VWRUHG�DW���&�XQGHU�ÀXRUHVFHQW�OLJKW�IRU�
XS�WR���G��)LOOHWV�ZHUH�ZHLJKHG�DW����K�LQWHUYDOV�DQG�WKH�GULS�
ORVV�DW�HDFK�WLPH�������������GD\V��SRLQW�ZDV�FDOFXODWHG�DV�WKH�

SHUFHQWDJH�UHGXFWLRQ�LQ�ZHLJKW�UHODWLYH�����WR�WKH�LQLWLDO��GD\�
���ZHLJKW��2
1HLOO�HW�DO���������

:DWHU�KROGLQJ�FDSDFLW\�RI�EUHDVW�VDPSOHV�ZDV�PHDVXUHG�
E\�WKH�SUHVV�PHWKRG�RI�*UDX�DQG�+DPP���������$����JUDP�RI�
IUHVK�EUHDVW�¿OOHW�VDPSOH�IRU�HDFK�UHSOLFDWH�ZDV�ZHLJKHG�WKHQ�
PLQFHG��$� ��JUDP�PLQFHG� VDPSOH�ZDV� WDNHQ� WKHQ� SODFHG�
EHWZHHQ�GRXEOH�¿OWHU�SDSHU��6FKOHLFKHU�DQG�6FKXHOO���������
PP��UHI�QR����������WKHQ�SUHVVHG�RYHU�D�JODVV�YLWULRO�E\�����
NJ�ZHLJKW�DERXW���PLQXWHV��$W�WKH�HQG�RI�WKH�WLPH�WKH�VDPSOH�
ZDV�ZHLJKHG�WR�FDOFXODWH�ZDWHU�KROGLQJ�FDSDFLW\�XVLQJ�WKH�
IRUPXOD��:DWHU�+ROGLQJ�&DSDFLW\���� ����>�¿UVW�ZHLJKW�ODVW�
ZHLJKW��¿UVW�ZHLJKW
����@�RI�%DUWRQ�*DGH�HW�DO���������

7KH�GDWD�REWDLQHG�LQ�WKH�VWXG\�ZHUH�DQDO\VHG�XVLQJ�*/0�
�*HQHUDO�/LQHDU�0RGHO��SURFHGXUH�RI�WKH�6WDWLVWLFDO�$QDO\VLV�
6\VWHP� �6$6�� ������� DQG�'XQFDQ
V�1HZ�0XOWLSOH�5DQJH�
7HVW� LQ� 6$6� ZDV� XVHG� WR� LGHQWLI\� VLJQL¿FDQW� GLIIHUHQFHV�
DPRQJ�WUHDWPHQWV�PHDQV��5HVXOWV�REWDLQHG�LQ�WKLV�VWXG\�ZHUH�
SUHVHQWHG� DV� PHDQV� SHU� ELUG� ZLWK� VWDQGDUG� HUURUV� RI� WKH�
GLIIHUHQFH�EHWZHHQ�PHDQV��6('��

,QW�-�$JULF�(QYLURQ�)RRG�6FL���������������������

7DEOH����7UHDWPHQW�JURXSV�DQG�WKHLU�YLWDPLQ�(���VHOHQLXP�DQG�(FRQRPDVH�OHYHO�LQ�HDFK�NJ�RI�IHHG�

7DEOH����&RPSRVLWLRQ�DQG�QXWULHQW�FRQWHQWV�RI�WKH�H[SHULPHQWDO�GLHWV�

(IIHFW�RI�HFRQRPDVH�UHSODFLQJ�YLWDPLQ�(�DQG�VHOHQLXP�RQ�JURZWK�����



��

5HVXOWV

7KH� UHVXOWV� ZLWK� UHVSHFW� WR� JURZWK� SHUIRUPDQFH�� IHHG�
LQWDNH� DQG� IHHG� FRQYHUVLRQ� HI¿FLHQF\� DUH� VXPPDULVHG� LQ�
7DEOHV����$W� WKH�EHJLQQLQJ�RI� WKH� WULDO� DOO� WKH�JURXSV�KDG�
VLPLODU�ERG\�ZHLJKW��7KH�UHVXOWV�REWDLQHG�DW���ZHHNV�RI�DJH�
VKRZHG�WKDW�IHHGLQJ�GLHWV�FRQWDLQLQJ�YLWDPLQ�(�DW����RU����
PJ�NJ� ZLWK� RU� ZLWKRXW� (FRQRPDVH� GLG� QRW� DIIHFW� ERG\�
ZHLJKW� VLJQL¿FDQWO\�� KRZHYHU�� WKH� JURXSV� UHFHLYLQJ� ���
PJ�NJ�YLWDPLQ�(�KDG�QXPHULFDOO\�ORZHU�ERG\�ZHLJKW�JDLQ�
WKDQ� WKH� FRQWURO� DQG� ��� J�NJ� YLWDPLQ� (� JURXSV�� 7KH�
GLIIHUHQFH�ZDV�DERXW���������JUDPV�SHU�ELUG��7KH�JURXSV�
UHFHLYLQJ� ��� J�NJ� YLWDPLQ�ZLWK� (FRQRPDVH� H[KLELWHG� WKH�
KLJKHVW� ZHLJKW� JDLQ� DW� ��� GD\V� ROG�� +RZHYHU�� GLHWDU\�
WUHDWPHQWV�DIIHFWHG�IHHG�LQWDNH�VLJQL¿FDQWO\��3��������7KH�
FRQWURO�JURXS�FRQVXPHG�VLJQL¿FDQWO\�ORZHU�DPRXQW�RI�IHHG�
WKDQ�WKH�JURXSV�UHFHLYLQJ����RU����PJ�NJ�9LWDPLQ�(�DORQH�RU�
���PJ�NJ�YLWDPLQ�(�ZLWK�(FRQRPDVH�� �5HVXOWV�ZLWK�UHVSHFW�
WR� IHHG� FRQYHUVLRQ� HI¿FLHQF\� VKRZHG� D� VLJQL¿FDQW�
GHWHULRUDWLRQ�DV�WKH�YLWDPLQ�(�OHYHOV�LQ�WKH�GLHW�UHGXFH��7KH�
EHVW�FRQYHUVLRQ�HI¿FLHQF\�ZDV�REWDLQHG�LQ�WKH�FRQWURO�JURXS���
&DUFDVV�ZHLJKW�ZDV�QRW�DIIHFWHG�E\�WKH�WUHDWPHQW�JURXSV�EXW�
WKH�ELUGV� UHFHLYLQJ����PJ�NJ�YLWDPLQ�(�KDV�DOPRVW�������
JUDPV� OHVV� FDUFDVV�ZHLJKW� WKDQ� WKH� JURXSV� UHFHLYLQJ� ����
�FRQWURO��RU����PJ�NJ�YLWDPLQ�(�ZLWK�(FRQRPDVH�JURXSV��
7KH�UHVXOWV�VKRZHG�WKDW�GLHWDU\�WUHDWPHQWV�KDG�QR�VLJQL¿FDQW�
�3!������HIIHFWV�RQ�FDUFDVV�\LHOG�DQG�WKH�JURXSV�KDG�VLPLODU�
YDOXHV��

7KH� UHVXOWV� ZLWK� UHVSHFW� WR� PHDW� TXDOLW\� VKRZHG� WKDW�
GLHWDU\� WUHDWPHQW� GLG� QRW� DIIHFW� GULS� ORVV� VLJQL¿FDQWO\�
�3!������� �'ULS� ORVV� YDOXHV� REWDLQHG� RQ� GD\� ��� ��� �� RU� ��
LQFUHDVHG�DV�WKH�GD\�SDVVHG�ZLWKRXW�QR�VLJQL¿FDQW��3!������
GLIIHUHQFH� EHWZHHQ� WUHDWPHQW� JURXSV� IRU� WKH� VDPH� GD\���
+RZHYHU��ZDWHU�KROGLQJ�FDSDFLW\�ZDV�DIIHFWHG�VLJQL¿FDQWO\�
�3�������� E\� GLHWDU\� WUHDWPHQWV�� 7KH� JURXS� UHFHLYLQJ� ���

PJ�NJ�9LW�(�KDG�VLJQL¿FDQWO\�ORZHU�ZDWHU�KROGLQJ�FDSDFLW\�
WKDQ�WKH�JURXS�UHFHLYLQJ�����PJ�NJ�YLWDPLQ�(�RU�YLWDPLQ�(�
����RU����PJ�NJ��ZLWK�(FRQRPDVH��7DEOH����

7KH� UHVXOWV� ZLWK� UHVSHFW� WR� WLVVXH� R[LGDWLRQ� VWDWXV� E\�
WKLREDUELWXULF� DFLG�UHDFWLYH� VXEVWDQFHV� �7%$56�� PJ�NJ�
0'$��REWDLQHG�RQ���������GD\V�IRU�IULGJH����&��VDPSOHV�DQG�
RQ����GD\V�IRU�GHIUHH]H�����&��VDPSOHV�IRU�EUHDVW�DQG�WKLJK�
PHDWV�VKRZHG�VLJQL¿FDQW�FKDQJHV��7KH�ERWK�PHDW�VDPSOHV�
�EUHDVW�DQG�WKLJK��ZHUH�DIIHFWHG�LQ�D�VLPLODU�PDQQHU��LQ�ZKLFK�
WKH�7%$56�YDOXHV�LQFUHDVHG��3�������LQ�DOO�JURXSV�DV�WKH\�
ZDLW����&�LQ�WKH�IULGJH�� �7KH�JURXSV�UHFHLYLQJ�YLWDPLQ�(�DW�
����PJ�NJ�RU����PJ�NJ�ZLWK�(FRQRPDVH�KDG�VLJQL¿FDQWO\�
ORZHU� �3������� 7%$56� YDOXHV� WKDQ� WKH� JURXS� UHFHLYLQJ�
YLWDPLQ�(�DW����PJ�NJ�DORQH��7KH�IUR]HQ�VDPSOHV�DQDO\]HG�
RQ�GD\����KDG�VLPLODU�7%$56�YDOXHV�LQ�DOO�JURXSV��ZKLFK�
ZHUH�ORZHU�WKDQ�WKHLU�IULGJH�FRXQWHUSDUWV�RQ�GD\����

7KH�UHVXOWV�ZLWK�UHVSHFW� WR�EORRG�PHWDEROLWHV�UHYHDOHG�
WKDW�GLHWDU\�WUHDWPHQWV�KDG�D�VLJQL¿FDQW��3��������HIIHFW�RQ�
WRWDO�DQWLR[LGDQW�FDSDFLW\��7$&���7KH�JURXSV�UHFHLYLQJ�����
PJ�NJ� YLWDPLQ� (� KDG� VLJQL¿FDQWO\� KLJKHU� 7$&� WKDQ� WKH�
JURXSV�UHFHLYLQJ����RU����PJ�NJ�YLWDPLQ�(�ZLWK�RU�ZLWKRXW�
(FRQRPDVH��7DEOH����� �+RZHYHU��GLHWDU\�WUHDWPHQW�KDG�QR�
VLJQL¿FDQW�HIIHFW�RQ�WRWDO�R[LGDQW�VWDWXV��726���DOO�WUHDWPHQW�
JURXSV� KDG� VLPLODU� 726� YDOXHV�� 2[LGDWLYH� VWUHVV� ,QGH[��
ZKLFK�ZDV� FDOFXODWHG� E\�726�7$&�� ZDV� QRW� DIIHFWHG� E\�
GLHWDU\�WUHDWPHQWV�EXW�WKH�JURXSV�UHFHLYLQJ�����PJ�NJ�RU����
PJ�NJ� YLWDPLQ� (� ZLWK� RU� ZLWKRXW� (FRQRPDVH� H[KLELWHG�
QXPHULFDOO\� ORZHU� R[LGDWLYH� VWUHVV� LQGH[� WKDQ� WKH� JURXSV�
UHFHLYLQJ����PJ�NJ�YLWDPLQ�(�ZLWK�RU�ZLWKRXW�(FRQRPDVH��
7KH� UHVXOWV� DOVR� VKRZHG� WKDW� VHUXP� JOXFRVH�� WRWDO�
FKROHVWHURO � � 9/'/� FKROHVWHURO � DQG� WU LJO\FHULGH�
FRQFHQWUDWLRQV� ZHUH� QRW� DIIHFWHG� �3!������ E\� GLHWDU\�
WUHDWPHQWV�� $OO� WKH� JURXSV� KDG� VLPLODU� YDOXHV� IRU� HDFK�
SDUDPHWHU��7DEOH����

7DEOH����*URZWK�SHUIRUPDQFHV�RI�EURLOHUV�UHFHLYLQJ�YLWDPLQ�(�DQG�(FRQRPDVH

7DEOH����'ULS�ORVV�DQG�ZDWHU�KROGLQJ�FDSDFLW\�RI�EUHDVW�PHDW�RI�EURLOHUV�UHFHLYLQJ�YLWDPLQ�(�DQG�(FRQRPDVH�
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'LVFXVVLRQ

7KH�UHVXOWV�RI�WKH�H[SHULPHQW�UHSRUWHG�KHUH�GHPRQVWUDWH�
D�FRQVLGHUDEOH�DGYDQWDJH�RI�(FRQRPDVH�E\�VSDULQJ�YLWDPLQ�
(�LQ�EURLOHU�GLHWV�E\�DERXW����PJ�NJ�XQGHU�RXU�H[SHULPHQWDO�
FRQGLWLRQ��7KH� UHVXOWV�REWDLQHG� LQ� WKH�H[SHULPHQW� VKRZHG�
WKDW� WKH� JURXSV� UHFHLYLQJ� ��� PJ�NJ� YLWDPLQ� (� ZLWK�
(FRQRPDVH� DW� ���� PJ�NJ� KDV� VLPLODU� JURZWK� DQG� PHDW�
TXDOLW\� SHUIRUPDQFH� DW� �� ZHHNV� RI� DJH�� +RZHYHU� LW� ZDV�
FODLPHG�WKDW�(FRQRPDVH�FRXOG�VSDUH�����RI�YLWDPLQ�(�LQ�
EURLOHU�GLHWV��2XU�UHVXOWV�FRXOG�QRW�VXSSRUW�WKLV�YLHZ��DV�ORZHU�
SHUIRUPDQFH�ZLWK�UHVSHFW�WR�JURZWK�DQG�PHDW�TXDOLW\�ZHUH�
REVHUYHG�ZLWK�WKH�GLHW�FRQWDLQLQJ����PJ�NJ�YLWDPLQ�(�SOXV�
(FRQRPDVH�� 2XU� H[SHULPHQW�� KRZHYHU�� FRXOG� SURYLGH�
VXEVWDQWLDO�LQIRUPDWLRQ�DERXW�(FRQRPDVH�DQG�LWV�YLWDPLQ�(�
VSDULQJ� DFWLYLW\� DERXW� ����� � 2XU� UHVXOWV� ZLWK� UHVSHFW� WR�
SHUIRUPDQFH�RI�EURLOHUV�UHFHLYLQJ�YLWDPLQ�(�DORQH�DW��������
RU�����PJ�NJ�VKRZHG�WKDW�LQFUHDVLQJ�YLWDPLQ�(�OHYHO�UHVXOWV�
LQ�EHWWHU�SHUIRUPDQFH�LQ�WHUPV�RI�ERG\�JURZWK�DQG�DOVR�IHHG�
HI¿FLHQF\��7KLV�REVHUYDWLRQ�VXSSRUW�WKH�¿QGLQJV�RI�.HQQHG\�
HW�DO����������ZKR�UHSRUWHG�EURLOHUV�UHFHLYLQJ�VXSSOHPHQWDO�
YLWDPLQ�(�DWWDLQHG������KLJKHU�ZHLJK�DQG������EHWWHU�IHHG�
HI¿FLHQF\�

,Q� IDFW�� FRPSDUHG� ZLWK� RWKHU� PHDWV�� EURLOHU� PHDW� LV�
UHODWLYHO\�DEXQGDQW� LQ�38)$��DV�EURLOHUV�DUH� IDVW�JURZLQJ�
DQLPDOV�DQG� WKHLU�GLHWV�DUH�KLJKO\�QLWURJHQRXV�DQG�ULFK� LQ�
HQHUJ\��HVSHFLDOO\�ZLWK�38)$��H�J��5KHH�HW�DO����������$Q�
LQFUHDVH�LQ�38)$�FRQWHQW�LQÀXHQFH�OLSLG�R[LGDWLRQ�DQG�FDQ�
DIIHFW�FRORXU��ÀDYRXU��DQG��VXEVHTXHQWO\��R[LGDWLYH�VWDELOLW\�
GXULQJ� VWRUDJH�� HVSHFLDOO\� XQGHU� VXERSWLPDO� VWRUDJH�
FRQGLWLRQ��%DVPDFLRJOX�HW�DO����������+RZHYHU��LW�KDV�ORQJ�
EHHQ�NQRZQ�WKDW�OLSLG�R[LGDWLRQ�FDQ�EH�UHWDUGHG�E\�WKH�XVH�
GLHWDU\� DQWLR[LGDQW�� ,W� KDV� DOVR� EHHQ� VKRZHG� WKDW� GLHWDU\�
DQWLR[LGDQW� VXSSOHPHQWDWLRQ� UHVXOW� LQ� JRRG� R[LGDWLYH�
VWDELOLW\��H�J��&RUWLQDV�HW�DO����������HYHQ�ORQJHU�DQG�EHWWHU�
VWDELOLW\� GHSHQGHQW� XSRQ� DQWLR[LGDQW� OHYHO� DQG� DOVR�
DSSOLFDWLRQ� OHQJWK� LQ� WKH� GLHW� �<XFHOW�� ������&RHW]HH� DQG�
+RIIPDQ���������9LWDPLQ�(�KDV�EHHQ�UHFRJQLVHG�RQH�RI�WKH�
PRVW� SRZHUIXO� DQWLR[LGDQW� DQG� LWV� FRPPHUFLDO� VRXUFH� GO�
DOSKD�WRFRSKHU\O� DFHWDWH� KDV� EHHQ�PRVWO\� XVHG� LQ� DQLPDO�
GLHWV���7KH�EHQH¿FLDO�HIIHFW�RI�GLHWDU\�Į�WRFRSKHU\O�DFHWDWH�WR�
PHHW�YLWDPLQ�(�QHHGV�DQG�VXEVHTXHQW�HQKDQFHG�VWDELOLW\�RI�
OLSLGV� LQ� PXVFOH� IRRGV� KDV� EHHQ� H[WHQVLYHO\� UHSRUWHG� IRU�
SRXOWU\��EHHI��YHDO�DQG�SLJV��H�J��*UD\�HW�DO����������

��

7DEOH����7%$56�YDOXHV�RI�WKLJK�DQG�EUHDVW�PHDWV�RI�EURLOHUV�UHFHLYLQJ�YLWDPLQ�(�DQG�(FRQRPDVH�

7DEOH����%ORRG�PHWDEROLWHV�RI�EURLOHUV�UHFHLYLQJ�YLWDPLQ�(�DQG�(FRQRPDVH�
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+RZHYHU��DV�WKH�SURGXFWLRQ�DQG�FRQVXPSWLRQ�RI�SRXOWU\�
PHDW� KDV� EHHQ� LQFUHDVHG� FRQWLQXRXVO\� GXULQJ� WKH� ODVW�
GHFDGHV� LQ� PDQ\� SDUWV� RI� WKH� ZRUOG�� WKLV� LQFUHDVHG� KDV�
GHPDQGHG�FRQVLGHUDEOH�TXDQWLWLHV�RI�Į�WRFRSKHU\O�DFHWDWH��,W�
KDV�UHFHQWO\�EHHQ�QRWHG�WKDW�SULFH�RI�Į�WRFRSKHURO�LQFUHDVHG�
DQG�VFLHQWLVW�KDV�EHHQ�IRFXVHG�RQ�QDWXUDO�DOWHUQDWLYHV��H�J��
6PHW�HW�DO���������RU�VSDULQJ�DJHQWV�IRU�Į�WRFRSKHURO���

1XWURJHQRPLF� VWXGLHV� WKURXJK� QDQRWHFKQRORJ\� FRXOG�
DOVR�SURYLGH�VRPH�RWKHU�DOWHUQDWLYHV�WR�Į�WRFRSKHURO��6XFK�D�
SURGXFW� FDOOHG� ³(FRQRPDVH´� KDV� EHHQ� GHYHORSHG� DQG�
FODLPHG�����VSDULQJ�DFWLYLW\�RI�9LWDPLQ�(�LQ�EURLOHU�GLHWV�
ZLWKRXW�ORVV�RI�R[LGDWLYH�VWDELOLW\��7KH�UHVXOWV�REWDLQHG�LQ�WKH�
SUHVHQW�VWXG\�VKRZ�WKDW�(FRQRPDVH�FRXOG�KDYH�����VSDULQJ�
DFWLYLW\�RI�YLWDPLQ�(�LQ�WHUPV�RI�JURZWK�DQG�DOVR�PHDW�TXDOLW\�
ZLWK� UHVSHFW� WR� 7%$56� DQG� RWKHU� UHOHYDQW� YDOXHV�� 7KH�
JURXSV� UHFHLYLQJ� (FRQRPDVH� ZLWK� ��� PJ�NJ� YLWDPLQ� (�
SURGXFH�DFFHSWDEOH�7%$56�YDOXHV�LQ�WLJKW�DQG�EUHDVW�PHDWV�
RQ�GD\�VODXJKWHU�DQG���DQG���GD\V�VWRUDJH�DW���&�LQ�WKH�IULGJH��
)ULJJ��������UHSRUWHG�DSSUR[LPDWH�VFDOH�IRU�LQWHUSUHWDWLRQ�RI�
7%$56�YDOXHV�LQ�PHDW�DQG�PHDW�SURGXFWV��$FFRUGLQJ�WR�KLV�
VFDOH�� 7%$56� YDOXHV�� [� ����PHDQV� JRRG� TXDOLW\�� ��������
PHDQV�OLPLWHG��WROHUDEOH����������PHDQV�VRPHZKDW�R[LGLVHG��
��������PHDQV�R[LGLVHG��!��PHDQV�UDQFLG��QRQ�HGLEOH��2XU�
UHVXOWV�VKRZHG�WKDW�IHHGLQJ�D�GLHW�ZLWK����PJ�NJ�9LWDPLQ�(�
ZLWK�(FRQRPDVH�SURGXFH�OLPLWHG��WROHUDEOH�TXDOLW\�RI�PHDW�
XS�WR���GD\V�VWRUDJH�DW���&�LQ�IULGJH��VLPLODU�WR�WKH�FRQWURO�
UHFHLYLQJ�����PJ�NJ�YLWDPLQ�(��7KHLU�YDOXHV�DUH�ORZHU�WKDQ�
WKRVH�REWDLQHG�ZLWK����RU����PJ�NJ�YLWDPLQ�(�OHYHOV��7KHVH�
¿QGLQJV�PD\�VXJJHVW�WKDW�(FRQRPDVH�FRXOG�SURYLGH�D�JUHDW�
V\QHUJHWLF�SRWHQWLDO�IRU�VXSSRUWLQJ�GLHWDU\�Į�WRFRSKHURO�IRU�
R[LGDWLYH� VWDELOLW\�� � +RZHYHU�� SUHYLRXV� VWXGLHV�� WHVWLQJ�
VSDULQJ� HIIHFW� RU� V\QHUJLVWLF� HIIHFWV� RI� QDWXUDO� H[WUDFWV�
FRQWDLQLQJ�DQWLR[LGDQW�RQ�WKH�R[LGDWLYH�VWDELOLW\�RI�PHDW�KDG�
JDLQHG�OLPLWHG�VXFFHVV��H�J��6PHW�HW�DO���������� �2XU�UHVXOWV�
ZLWK� UHVSHFW� WR� PHDW� TXDOLW\� DOVR� UHYHDOHG� WKDW� XVH� RI�
(FRQRPDVH�ZLWK����PJ�NJ�YLWDPLQ�(�SURGXFH�EUHDVW�PHDW�
KDYLQJ�VLPLODU�GULS�ORVV�DQG�ZDWHU�KROGLQJ�FDSDFLW\�WR�WKH�
FRQWURO� JURXS� UHFHLYLQJ� ���� PJ�NJ� YLWDPLQ� (��$OO� WKHVH�
UHVXOWV� PD\� VXJJHVW� WKDW� (FRQRPDVH� KHOSV� YLWDPLQ� (� LQ�
PDLQWDLQ�R[LGDWLYH�VWDELOLW\�DQG�FHOO�LQWHJULW\�LQ�PXVFOH�IRRG��
2XU� UHVXOWV� DOVR� UHYHDOHG� WKDW� (FRQRPDVH� VXSSRUW� EURLOHU�
JURZWK� DW� ���PJ�NJ� YLWDPLQ� (� OHYHO� E\� VWLPXODWLQJ� IHHG�
LQWDNH�� EXW� QRW� HQRXJK� WR� PDLQWDLQ� IHHG� FRQYHUVLRQ�
HI¿FLHQF\�LQ�FRPSDULVRQ�WR�WKH�FRQWURO�UHFHLYLQJ�����PJ�NJ�
YLWDPLQ�(��7KLV�PLJKW�EH�DWWULEXWHG�WR�LQWHVWLQDO�HSLWKHOLXP�
DQG�LWV�LQWHJULW\��DV�(FRQRPDVH�PLJKW�QRW�VXSSRUW�LQWHVWLQDO�
HSLWKHOLXP� LQWHJULW\� IRU� QXWULHQW� DEVRUSWLRQ��7KLV� UHTXLUHV�
IXUWKHU�LQYHVWLJDWLRQV��

2XU�UHVXOWV�ZLWK�UHVSHFW�WR�EORRG�PHWDEROLWHV�VKRZHG�WKDW�
(FRQRPDVH� KDG� QR� VLJQL¿FDQW� HIIHFWV� RQ� VHUXP� JOXFRVH��
FKROHVWHURO��9/'/�FKROHVWHURO�DQG� WULJO\FHULGH� OHYHOV��EXW�
LQFUHDVHG� WRWDO� DQWLR[LGDQW� FDSDFLW\� ZLWKRXW� VLJQL¿FDQW�
FKDQJHV� LQ� WRWDO� R[LGDQW� VWDWXV��PHDQLQJ� WKDW� (FRQRPDVH�
VXSSRUW� EORRG� R[LGDQW� FRQVWLWXHQWV�� ,W� LV�ZHOO� NQRZQ� WKDW�
EORRG�FRQWDLQV�SULPDU\��VHFRQGDU\�DQG�WHUWLDU\�DQWLR[LGDQWV��
3ULPDU\� DQWLR[LGDQWV�� ZKLFK� SUHYHQW� IRUPDWLRQ� RI� IUHH�
UDGLFDOV�� DUH� 62'��*6+3[�� WUDQVIHULQ� VHUXORSOD]PLQ�� HWF��
7KH�VHFRQGDU\�DQWLR[LGDQWV��ZKLFK�UHPRYH�IUHH�UDGLFDOV�DQG�
SUHYHQW�WKHLU�UHDFWLRQV�LQ�WKH�ERG\��DUH�YLWDPLQ�&��YLWDPLQ�(��
EHWD�FDURWHQH�� XULF� DFLG�� ELOLUXELQ�� DOEXPLQ�� HWF�� 7HUWLDU\�
DQWLR[LGDQWV��ZKLFK�UHSDLUV�GDPDJHV�JLYHQ�E\�IUHH�UDGLFDOV��
DUH� PHWKLRQLQH� UHGXFWDVH� DQG� '1$� UHSDLULQJ� HQ]\PHV�
�0XWOX�HW�DO���������� �(FRQRPDVH�VHHP�WR�KDYH�SRYHUW\�WR�

VXSSRUW�WRWDO�ERG\�DQWLR[LGDQW�SRRO�E\�HQKDQFLQJ�SULPDU\��
VHFRQGDU\�RU�WHUWLDU\�DQWLR[LGDQW�DFWLYLW\�LQ�WKH�ERG\����������

7KH� SUHVHQW� VWXG\� ZDV� FRQGXFWHG� WR� HYDOXDWH� VSDULQJ�
HIIHFW� RI� (FRQRPDVH� IRU� YLWDPLQ� (�� 6XFK� DQ� HIIHFW� RI�
(FRQRPDVH� FRXOG� EH� RI� EHQH¿W� LQ� HFRQRPLFDO� DQG� DOVR�
LPPXQRORJLFDO�SRLQW�RI�YLHZV��,W�KDV�EHHQ�VSHFXODWHG�WKDW�
YLWDPLQ�(�GH¿FLHQFLHV�RU�FRQVLGHUDEOH�H[FHVVHV�FRXOG�KDYH�
DGYHUVH�HIIHFWV�RQ�LPPXQH�IXQFWLRQ�LQ�ELUGV��3DUDGR[LFDOO\��
YLWDPLQ�(�LQ�ORZ�GHQVLW\�OLSRSURWHLQV�R[LGL]HG�LQ�YLWUR�LQ�WKH�
DEVHQFH�RI�DTXHRXV�DQWLR[LGDQWV�PD\�DFW�DV�D�SURR[LGDQW��
+RZHYHU��SURR[LGDQW�DFWLYLW\�RI�KLJK�LQWDNHV�RI�YLWDPLQ�(�
KDV�QRW�\HW�EHHQ�FRQ¿UPHG�LQ�YLYR��7UDEHU���������7KH�UHVXOWV�
RI�WKH�SUHVHQW�VWXG\�FRXOG��WKHUHIRUH��EH�YDOXH�IRU�QRW�RQO\�
UHGXFWLRQ�LQ�IHHGLQJ�FRVW��LW�LV�DOVR�YDOXH�IRU�HVWDEOLVKLQJ�DQG�
PDLQWDLQLQJ�WKH�SK\VLRORJLFDO�HTXLOLEULXP�E\�SUHYHQWLQJ�DQ\�
SRVVLEOH�QHJDWLYH�HIIHFW�RI�KLJK�OHYHO�RI�YLWDPLQ�(��

,Q� FRQFOXVLRQ�� WKH� UHVXOWV� REWDLQHG� LQ� WKH� SUHVHQW�
H[SHULPHQW�VXJJHVW�WKDW�YLWDPLQ�(�OHYHO�LQ�WKH�FRPPHUFLDO�
EURLOHU� GLHWV� FRXOG� EH� UHGXFHG� WR� ��� PJ�NJ� ZLWK� XVLQJ�
(FRQRPDVH� DW� ���� PJ�NJ� ZLWKRXW� ORVV� LQ� JURZWK�
SHUIRUPDQFH�DQG�PHDW�TXDOLW\�

$FNQRZOHGJHPHQWV
7KH� DXWKRUV� DUH� JUDWHIXO� WR�$OOWHFK�7XUNH\��0U�� 8IXN�

7DOD\�IRU�SURYLGLQJ�IUHH�JLIW�RI�(FRQRPDVH�

5HIHUHQFHV

%DUWRQ�*DGH��3�$���'HPH\HU��'���+RQÕNHO��.�2���-RVHSK��5�/���3XRODQQH��(���
6HYHUÕQÕ��0���6PXOGHUV��)���7RQEHUJ��(����������5HIHUHQFH�PHWKRGV�IRU�
ZDWHU� KROG൴QJ� FDSDF൴W\� ൴Q� PHDW� DQG� PHDW� SURGXFWV�� SURFHGXUHV�
UHFRPPHQGHG� E\� DQ� 2(&'� ZRUN൴QJ� JURXS�� ��WK� ,QWHUQDW൴RQDO�
&RQJUHVV�RI�0HDW�6F൴HQFH�DQG�7HFKQRORJ\��&DOJDU\��)൴OH�6��3R��:3�

%DVPDFLRJOX��+���7RNXVRJOX��2���(UJXO��0����������7KH�HIIHFW�RI�RUHJDQR�
DQG�URVHPDU\�HVVHQWLDO�RLOV�RU�Į�WRFRSKHU\O�DFHWDWH�RQ�SHUIRUPDQFH�DQG�
OLSLG�R[LGDWLRQ�RI�PHDW� HQULFKHG�ZLWK�Q���38)$V� LQ�EURLOHUV��6RXWK�
$IULFDQ�-RXUQDO�RI�$QLPDO�6FLHQFH���������±����

%XUN�� 5�)��� /HYDQGHU�� 2�$�� �������� 6HOHQLXP�� ,Q� 0RGHUQ� 1XWULWLRQ� LQ�
+HDOWK�DQG�'LVHDVH���WK�(G���6KLOV��0�(���2OVRQ��-�$���6KLNH��0���5RVV��
$�&���(GV���/LSSLQFRWW�:LOOLDPV�	�:LONLQV��%DOWLPRUH��0'��SS������
����

&RHW]HH��*�-�0���+RIIPDQ��/�&����������(IIHFW�RI�GLHWDU\�YLWDPLQ�(�RQ�WKH�
SHUIRUPDQFH�RI�EURLOHUV�DQG�TXDOLW\�RI�EURLOHU�PHDW�GXULQJ�UHIULJHUDWHG�
DQG� IUR]HQ� VWRUDJH�� 6RXWK� $IULFDQ� -RXUQDO� RI� $QLPDO� 6FLHQFH�� ����
���±����

&RUWLQDV�� /��� %DUURHWD�� $��� 9LOODYHUGH�� &��� *DOREDUW�� -��� *XDUGLROD�� )���
%DXFHOOV��'���������,QÀXHQFH�RI�WKH�GLHWDU\�SRO\XQVDWXUDWLRQ�OHYHO�RQ�
FKLFNHQ�PHDW�TXDOLW\��/LSLG�R[LGDWLRQ��3RXOWU\�6FLHQFH��������±���

(UHO��2����������$�QRYHO�DXWRPDWHG�PHWKRG�WR�PHDVXUH�WRWDO�DQWLR[LGDQW�
UHVSRQVH�DJDLQVW�SRWHQW�IUHH�UDGLFDO�UHDFWLRQV��&OLQLFDO�%LRFKHPLVWU\��
�������������

(UHO��2����������$�QHZ�DXWRPDWHG�FRORULPHWULF�PHWKRG�IRU�PHDVXULQJ�WRWDO�
R[LGDQW�VWDWXV��&OLQLFDO�%LRFKHPLVWU\����������������

)ULJJ��0����������5HVHDUFK�H[SHULHQFHV�ZLWK�YLWDPLQ�(�IRU�SRXOWU\�PHDW�
TXDOLW\��+RIIPDQQ�/D�5RFKH�/WG���%DVHO��6ZLWVHUODQG��SS���

*UDX�� 5��� +DPP�� 5�� �������� 'LH� EHVWLPPXQJ� GHU� ZDVVHUELQGXQJ� GHV�
ÀHLVFKHV�PLWWHOV�GHU�SUH�PHWKRGH��)OHLVFKZLUWVFK�������������

*UD\��-�,���*RPDD��(�$���%XFNH\��'�-����������2[LGDWLYH�TXDOLW\�DQG�VKHOI�
OLIH�RI�PHDWV��0HDW�6FLHQFH���������±����

+DDN��/���5DHV��.���6PHW��.���&ODH\V��(���3DHOLQFN��+���'H�6PHW��6����������
(IIHFW� RI� GLHWDU\� DQWLR[LGDQW� DQG� IDWW\� DFLG� VXSSO\�RQ� WKH�R[LGDWLYH�
VWDELOLW\�RI�IUHVK�DQG�FRRNHG�SRUN��0HDW�6FLHQFH���������±����

.DQQHU��-����������2[LGDWLYH�SURFHVVHV�LQ�PHDW�DQG�PHDW�SURGXFWV��4XDOLW\�
LPSOLFDWLRQV��0HDW�6FLHQFH���������±����

.HQQHG\��'��*���*RRGDOO��(��$���0FLOUR\��6��*���%UXFH��'��:���5LFH��'��$��
�������� 7KH� HIIHFWV� RI� LQFUHDVHG� YLWDPLQ� (� VXSSOHPHQWDWLRQ� RQ�
SUR¿WDEOH�FRPPHUFLDO�EURLOHU�SURGXFWLRQ��3URFHHGLQJV�RI�WKH�1XWULWLRQ�
6RFLHW\���������$�

/LHEOHU��'�&����������7KH�UROH�RI�PHWDEROLVP�LQ�WKH�DQWLR[LGDQW�IXQFWLRQ�RI�
YLWDPLQ�(��&ULWLFDO�5HYLHZV�LQ�7R[LFRORJ\���������±����

0RUULVVH\��3�$���6KHHK\��3�� -��(���*DOYLQ��.���.HUU\�� -�3���%XFNOH\��'�� -��
��������/LSLG�VWDELOLW\�LQ�PHDW�DQG�PHDW�SURGXFWV��0HDW�6FLHQFH������
��±���

+�5��.XWOX��/�%��&HOLN��*��)LOLN��$�%��.LUD]��+��&LQOL��2��<XFHOW��<��8]XQ (IIHFW�RI�HFRQRPDVH�UHSODFLQJ�YLWDPLQ�(�DQG�VHOHQLXP�RQ�JURZWK�����



0XWOX��%���$NVR\��$���&DNLU��+���&HOLN��+���(UHO��2����������'R÷XP�úHNOLQLQ�
RNVLGDQ� YH� DQWLRNVLGDQ� VLVWHPOHU� �]HULQH� HWNLVL�� 5HWULHYHG� IURP�
KWWS���ZZZ�GDQRQHHQVWLWXVX�RUJ�WU�SGI�%LUJXOB0XWOXBHQBL\LBELOGLULB
��SGI��RQ���WK�'HFHPEHU�������

2
1HLOO�� /�0��� *DOYLQ�� .��� 0RUULVH\�� 3�$��� %XFNOH\�� '�-�� ��������
&RPSDULVRQ�RI�HIIHFWV�RI�GLHWDU\�ROLYH�RLO��WDOORZ�DQG�YLWDPLQ�(�RQ�WKH�
TXDOLW\�RI�EURLOHU�PHDW�DQG�PHDW�SURGXFWV��%ULWLVK�3RXOWU\�6FLHQFH������
��������

3DSDJHRUJLRX��*���%RWVRJORX��1���*RYDULV��$���*LDQQHQDV�� ,��� ,OLDGLV��6���
%RWVRJORX��(����������(IIHFW�RI�GLHWDU\�RUHJDQR�RLO�DQG�Į�WRFRSKHU\O�
DFHWDWH� VXSSOHPHQWDWLRQ� RQ� LURQ�LQGXFHG� OLSLG� R[LGDWLRQ� RI� WXUNH\�
EUHDVW��WKLJK��OLYHU�DQG�KHDUW�WLVVXHV��-RXUQDO�RI�$QLPDO�3K\VLRORJ\�DQG�
$QLPDO�1XWULWLRQ��%HUOLQ����������±����

3HWWHUVHQ��0�.��0LHOQLN��0�%���(OLH��7��6NUHGH��*���1LOVVRQ��$����������/LSLG�
R[LGDWLRQ�LQ�IUR]HQ��PHFKDQLFDOO\�GHERQHG�WXUNH\�PHDW�DV�DIIHFWHG�E\�
SDFNDJLQJ� SDUDPHWHUV� DQG� VWRUDJH� FRQGLWLRQV��3RXOWU\� 6FLHQFH�� ����
����������

5KHH��.��6���$QGHUVRQ��/�0���6DPV��$�5����������/LSLG�R[LGDWLRQ�SRWHQWLDO�
RI�EHHI��FKLFNHQ�DQG�SRUN��-RXUQDO�RI�)RRG�6FLHQFH�������±����

6$6�,QVWLWXH�� ��������6$6�8VHU
V�*XLGH��6WDWLVWLFV��9HUVLRQ��WK�(GLWLRQ��
6$6�,QVWLWXH�,QF���&DU\��1&�

6KHHK\��3�-�$���0RUULVVH\��3�$���)\QQ��$����������,QFUHDVHG�VWRUDJH�VWDELOLW\�
RI� FKLFNHQ� PXVFOH� E\� GLHWDU\� Į�WRFRSKHURO� VXSSOHPHQWDWLRQ�� ,ULVK�
-RXUQDO�RI�$JULFXOWXUDO�DQG�)RRG�5HVHDUFK��������±���

6PHW��.���5DHV��.���+X\JJKHEDHUW��*���+DDN�� /���$UQRXWV�� 6��� 6PHW��'��
��������/LSLG�DQG�SURWHLQ�R[LGDWLRQ�RI�EURLOHU�PHDW�DV�LQÀXHQFHG�E\�
GLHWDU\� QDWXUDO� DQWLR[LGDQW� VXSSOHPHQWDWLRQ�� 3RXOWU\� 6FLHQFH�� ����
�����������

6XUDL��3�)�� ��������$QWLR[LGDQW�6\VWHPV� LQ� WKH�$QLPDO�%RG\�� ,Q�1DWXUDO�
$QWLR[LGDQWV�LQ�$YLDQ�1XWULWLRQ�DQG�5HSURGXFWLRQ��1RWWLQJKDP�3UHVV��
1RWWLQJKDP��(QJODQG��SS�������

7DUODGJLV��%�*���:DWWV��%�0���<RQDWKDQ��0����������'LVWLOODWLRQ�PHWKRG�IRU�
WKH�GHWHUPLQDWLRQ�RI�PDORQDOGHK\GH�ÕQ�UDQFLG�IRRGV��-��RI�$PHULFDQ�2LO�
&KHPLVWU\�6RFLHW\�����������±��

7UDEHU��0�*����������9LWDPLQ�(��,Q�0RGHUQ�1XWULWLRQ�LQ�+HDOWK�DQG�'LVHDVH��
�WK� (G��� 6KLOV�� 0�(��� 2OVRQ�� -�$��� 6KLNH�� 0��� 5RVV�� $�&��� (GV���
/LSSLQFRWW�:LOOLDPV�	�:LONLQV��%DOWLPRUH��0'��SS����������

<XFHOW��2����������7KH�(IIHFWV�RI�9LWDPLQ�(�RQ�0HDW�4XDOLW\�RI�%URLOHUV��
3K�'�7KHVLV�� dXNXURYD�8QLYHUVLW\��'HSDUWPHQW� RI�$QLPDO� 6FLHQFH��
$GDQD�7XUNH\���

��

(IIHFW�RI�HFRQRPDVH�UHSODFLQJ�YLWDPLQ�(�DQG�VHOHQLXP�RQ�JURZWK����� ,QW�-�$JULF�(QYLURQ�)RRG�6FL���������������������



(IIHFW�RI�ERURQ�WUHDWPHQWV�RQ�ERURQ�GLVWULEXWLRQ�DQG�IUHVK�OHDI�\LHOG�RI�WHD�SODQW
��
 �0HULF�%DOFL �������������6XOH\PDQ�7DEDQ

��'HSDUWPHQW�RI�6RLO�DQG�3ODQW�1XWULWLRQ��)DFXOW\�RI�$JULFXOWXUH��$QNDUD�8QLYHUVLW\��������$QNDUD�7XUNH\

&RUUHVSRQGLQJ�$XWKRU���PHULFEDOFL#JPDLO�FRP

7HD�SODQW�KDV�D�VXEVWDQWLDO�LPSRUWDQFH�IRU�WKH�ZRUOG�DQG�
7XUNH\� LQ� WHUPV� RI� FRQVXPSWLRQ� DQG� HFRQRPLF� DVSHFWV��
*OREDO�WHD�FRQVXPSWLRQ�LQFUHDVLQJO\�UHDFKHG�DSSUR[LPDWHO\�
��PLOOLRQ�WRQQHV�ZLWK�&KLQD���������,QGLD��������DQG�7XUNH\�
������WDNLQJ�XS�WKH�WRS�SODFHV��7RWDO�WHD�SURGXFWLRQ�LQ�WKH�
ZRUOG�KDV�H[FHHGHG���PLOOLRQ�WRQQHV�D�\HDU�RI�ZKLFK�DERXW�
�����LV�SURGXFHG�RQO\�LQ�&KLQD�ZKLOH������LQ�,QGLD�DQG����
LQ�.HQ\D��)$2���������7HD�FRQVXPSWLRQ�LQ�7XUNH\�WULSOHG�
EHWZHHQ������DQG�������WKHUHIRUH��WKH�ODQG�FXOWLYDWHG�ZLWK�
WHD�SODQW�UHDFKHG�IURP�������KD�WR��������KD��.DFDU���������
$V� UHSRUWHG� LQ� &$<.85� ����� WHD� VHFWRU� UHSRUW�� 7XUNH\�

WKUDQNV�� �LQ�WKH�ZRUOG�LQ�WKH�H[WHQW�RI�ODQG�IRU�FXOWLYDWLQJ�WHD��
WK UG VW� �LQ�WHD�SURGXFWLRQ��� �LQ�WHD�FRQVXPSWLRQ�DQG�� �LQ�WHD�\LHOG�

REWDLQHG�IURP�SHU�XQLW�RI�KDUYHVWHG�DUHD��
$SDUW� IURP� EHLQJ� D� SRSXODU� EHYHUDJH� ZRUOGZLGH��

LQJUHGLHQWV� RI� WHD� ERRVWV� WKH� ERG\
V� YLWDOLW\�� VWUHQJWKHQV�
ERQHV�DQG�WHHWK��UHGXFHV�KHDUW�GLVHDVH�DQG�FDQFHU�ULVN��KDV�D�
SRVLWLYH�HIIHFW�RQ�ZHLJKW�SUREOHPV�DQG�GLDEHWHV��1DLWR�DQG�
<RVKLNDZD�� ������<DQJ� DQG�:DQJ�� ������ *RHQND� HW� DO���
������.LP�DQG�.LP���������5HVHDUFKHV�VKRZ�WKDW�ERURQ�LV�
HIIHFWLYH�LQ�\LHOG�DV�ZHOO�DV�WDVWH�DQG�VPHOO�RI�EODFN�WHD�DQG��
PRUHRYHU��LW�LV�HIIHFWLYH�RQ�TXDOLW\�RI�WHD�DV�LW�LQFUHDVHV�WKH�
WDQQLQ�FRQWHQW�RI�WHD�OHDYHV��3HWKL\DJRGD�DQG�.ULVKQDSLOODL��
������.DFDU���������%RURQ�GH¿FLHQF\�LQ�SODQWV�LV�IUHTXHQWO\�
REVHUYHG�LQ�DFLG�UHDFWLYH�VRLOV��ZKHUH�UDLQIDOO�LV�DEXQGDQW��,Q�
WKH� (DVWHUQ� %ODFN� 6HD� UHJLRQ� ZKHUH� WHD� FXOWLYDWLRQ� LV�
LQWHQVLYHO\�FDUULHG�RXW��WKH�UHVHDUFK�UHVXOWV��VKRZLQJ������
ERURQ� GH¿FLHQF\� GHWHFWHG� LQ� WKH� VRLO� FXOWLYDWHG� ZLWK� WHD�
SODQWV�DQG������ERURQ�GH¿FLHQF\�LQ�$UWYLQ�SURYLQFH��7DEDQ�
HW�DO����������KDYH�KHOSHG�WR�VKDSH�WKH�VXEMHFW�DQG�DUHD�RI�WKLV�
UHVHDUFK�� ,Q� RUGHU� WR� UDLVH� WKH� TXDOLW\� RI� WHD� OHDI� SUHYHQW�
VHYHUH�HQYLURQPHQWDO�DQG�KHDOWK�SUREOHPV��LW�LV�QHFHVVDU\�WR�

NQRZ�WKH�FRQFHQWUDWLRQ�RI�HVVHQWLDO�SODQW�QXWULHQWV�RI�WKH�WHD�
SODQW�DQG�LWV�VRLO�DV�ZHOO�DV�WKH�RSWLPDO�GRVHV�RI�WKH�QXWULHQWV�
WR� EH� DSSOLHG�� WKHLU� DSSOLFDWLRQ�PHWKRGV�� RSWLPXP� IRUPV��
DSSOLFDWLRQ�WLPHV�DQG�IUHTXHQF\��

:LWKLQ�WKH�IUDPH�RI�WKH�WRSLFV�PHQWLRQHG�DERYH��WKH�DLP�
RI�WKLV�UHVHDUFK�LV�WR�GHWHUPLQH�WKH�HIIHFW�RI�WKH�IROLDU�DQG�VRLO�
ERURQ� WUHDWPHQW� RQ� D�� \LHOG�� E�� VKRRW� KHLJKW�� F�� ERURQ�
FRQFHQWUDWLRQ� RI� VKRRW� OHDYHV�� G�� JHQHUDO� GLVWULEXWLRQ� RI�
ERURQ�LQ�VKRRWV�RI�WKH�WHD�SODQW�

0DWHULDOV�DQG�0HWKRGV

7KH� (VWDEO൴VKPHQW� DQG� ,PSOHPHQWDW൴RQ� RI� WKH�
([SHU൴PHQW
$�WZR�\HDU�¿[HG�¿HOG�H[SHULPHQW�ZDV�FDUULHG�RXW�LQ�D�WHD�

JDUGHQ� UXQ� E\� D� GRPHVWLF� SURGXFHU� LQ�<HPLúOL� YLOODJH� RI�
$UKDYL� GLVWULFW� LQ� $UWYLQ� SURYLQFH� �SULPDU\� FRRUGLQDWHV��
��7�������� (�� �������� 1�� VHFRQGDU\� FRRUGLQDWHV��
���������1�����������(��DOWLWXGH�����P���7KH�H[SHULPHQW�
ZDV�FRQGXFWHG�RQ���$SULO������LQ�WKH�¿UVW�\HDU�DQG�RQ����
0DUFK������LQ�WKH�VHFRQG�\HDU��7KH�¿HOG�H[SHULPHQW�ZDV�ODLG�
RXW�ZLWK�UDQGRPL]HG�EORFN�GHVLJQ�ZLWK���UHSOLFDWLRQV��7KH�
H[SHULPHQWDO�¿HOG�ZDV�GLYLGHG�LQWR�WZHQW\��[��P�SORWV�ZLWK�
����P�DQG���P�EXIIHU�DUHD�EHWZHHQ�WKH�SORWV�DQG�WKH�EORFNV��
UHVSHFWLYHO\��

$�VRLO�VDPSOH�ZDV�FROOHFWHG�IURP�D�IHZ�SRLQWV�������FP�LQ�
GHSWK��RI�WKH�H[SHULPHQWDO�¿HOG�DFFRUGLQJ�WR�WKH�SURGXFWLYLW\�
SULQFLSOH�DV�UHSRUWHG�E\�-DFNVRQ���������7KH�VRLO�VDPSOHV�
FROOHFWHG�IURP�WKH�H[SHULPHQWDO�¿HOG�ZHUH�DLU�GULHG�DW�URRP�
WHPSHUDWXUH��FUXVKHG�DQG�SDVVHG�WKURXJK���PP�VLHYH�WR�EH�
SUHSDUHG�IRU�WKH�DQDO\VLV��

�

�

��

$EVWUDFW

.H\ZRUGV��%RURQ�WUDQVSRUW��ERURQ�GLVWULEXWLRQ��WHD�SODQW��ERURQ�IHUWLOL]DWLRQ

5HFHLYHG����������������������������$FFHSWHG����������������������������3XEOLVKHG��RQO൴QH��������������

,QWURGXFWLRQ���

5HVHDUFK�$UWLFOH ,QW�-�$JULF�(QYLURQ�)RRG�6FL�������������������

ZZZ�MDHIV�FRP-$()6

�&LWH�WKLV�DUWLFOH�DV����%DOFL��0���7DEDQ��6����������(IIHFW�RI�ERURQ�WUHDWPHQWV�RQ�ERURQ�GLVWULEXWLRQ�DQG�IUHVK�OHDI�\LHOG�RI�WHD�SODQW��,QW��-��$JULF��
(QYLURQ��)RRG�6FL����������������'2,�����������MDHIV������

$YD൴ODEOH�RQO൴QH�DW��� ��� ��KWWSV���MDHIV�FRP KWWS���GHUJ൴SDUN�JRY�WU�MDHIV
��&RS\U൴JKW����������,QWHUQDW൴RQDO�-RXUQDO�RI�$JU൴FXOWXUH��(QY൴URQPHQW�DQG�)RRG�6F൴HQFHV

,QWHUQDW൴RQDO�-RXUQDO�RI
$JU൴FXOWXUH��(QY൴URQPHQW�DQG�)RRG�6F൴HQFHV

$�WZR�\HDU�¿[HG�¿HOG�H[SHULPHQW�ZDV�GHVLJQHG�LQ�$UWYLQ��7XUNH\��ZLWK�WKH�DLP�RI�GHWHUPLQLQJ�WKH�HIIHFW�RI�VRLO�DQG�IROLDU�
ERURQ�WUHDWPHQW�RQ�IUHVK�OHDI�\LHOG��VKRRW�OHQJWK��DQG�DOVR�WKH�WUDQVSRUW�DQG�GLVWULEXWLRQ�RI�ERURQ�LQ�WKH�VKRRWV�RI�WKH�WHD�
SODQW��7KH�H[SHULPHQW�ZDV�FRQGXFWHG�LQ�D�GRPHVWLF�SURGXFHU
V�WHD�JDUGHQ�LQGLFDWLQJ�ERURQ�GH¿FLHQF\�LQ�$UKDYL�GLVWULFW�RI�

�� ��$UWYLQ��,Q�WKH�H[SHULPHQW������J�%�GD �WR�WKH�VRLO�DQG�����PJ�%�/ �WR�WKH�OHDYHV�RI�WKH�WHD�SODQW�ZHUH�DSSOLHG�LQ�D�OLTXLG�
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WKH�H[SHULPHQW��LW�ZDV�GHWHUPLQHG�WKDW�VRLO�DQG�IROLDU�ERURQ�WUHDWPHQW�FDXVHG�D�VXEVWDQWLDO�LQFUHDVH�LQ�WKH�IUHVK�OHDI�\LHOG��
WKH�VKRRW�OHQJWK��DQG�DOVR�WKH�ERURQ�FRQFHQWUDWLRQ�RI�WKH�VKRRWV�RI�WKH�WHD�SODQW��+RZHYHU��WKH�ERURQ�FRQFHQWUDWLRQ�RI�WKH�
OHDYHV�DW�WKH�WLS�RI�WKH�VKRRWV�ZDV�VWLOO�XQGHU�WKH�FULWLFDO�OHYHO�

�H�,661������������ '2,�����������MDHIV��������
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7KH�DYDLODEOH�ERURQ�DQDO\VLV�ZDV�FDUULHG�RXW�ZLWK�KRW�
ZDWHU�PHWKRG�GHYHORSHG�E\�%LQJKDP���������6RLO�S+�DQG�
(&�ZDV�GHWHUPLQHG�LQ�D�������UDWLR�RI�VRLO�ZDWHU�VXVSHQVLRQ�
�66')��������*UHZHOOLQJ�DQG�3HHFK���������VRLO�WH[WXUH�E\�
XVLQJ�%RX\RXFRV�K\GURPHWHU��%RX\RXFRV���������RUJDQLF�&�
E\�XVLQJ�PRGL¿HG�:DONH\�%ODFN�PHWKRG��-DFNVRQ���������
WKH� WRWDO�1� E\� XVLQJ�.MKHOGDKO�PHWKRG� �%UHPQHU�� �������
DYDLODEOH� 3� E\� XVLQJ� %UD\� .XUW]� 1R�� �� PHWKRG� PDLQO\�
GHYHORSHG� IRU� DFLGLF� VRLOV� �%UD\� DQG� .XUW]�� �������

� �� ��H[FKDQJDEOH�. ��&D �DQG�0J �E\�H[WUDFWLQJ�LQ���1�1+ 2$F��

�S+�������3UDWW���������DYDLODEOH�=Q��)H��&X�YH�0Q�������0�
'73$������0�&D&O �����0�7($� �S+������ �/LQGVD\�DQG��

1RUYHOO��������$V�D�UHVXOW�RI�WKH�DQDO\VLV��WKH�DYDLODEOH�ERURQ�
�� �FRQFHQWUDWLRQ�ZDV�YHU\�ORZ�������PJ�NJ �DQG�WKH�UHDFWLRQ�RI�

WKH�VRLO�ZDV�YHU\�DFLGLF��S+��������6RPH�RWKHU�FKDUDFWHULVWLFV�
��RI�WKH�VRLO�ZHUH�DV�IROORZV��WH[WXUH�FOD\��(&�����ȝ6�FP� �

���ZLWKRXW�VDOW���RUJDQLF�PDWWHU������J�NJ ��H[FHVV���DYDLODEOH�3�
�� ������� PJ� NJ � �WRR� PXFK��� WRWDO� 1� ����� J� NJ � �H[FHVV���

� �� �� í�1+�2$F� H[WUDFWDEOH� . �� &D � DQG� 0J � �PJ� NJ �� ����
�PHGLXP��� ����� �VXI¿FLHQW�� DQG� ���� �VXI¿FLHQW���

í�UHVSHFWLYHO\��'73$�H[WUDFWDEOH�)H��&X��=Q���0Q��PJ�NJ ��
�����JRRG���������VXI¿FLHQW���������H[FHVV��DQG�������H[FHVV���
UHVSHFWLYHO\��7KH�FRQFHQWUDWLRQ�RI�WKH�HOHPHQWV�H[WUDFWHG�LQ�
VROXWLRQ� ZDV� UHDG� E\� ,&3�2(6� �,QGXFWLYHO\� &RXSOHG�
3ODVPD�2SWLFDO� (PLVVLRQ� 6SHFWURPHWU\�� 3HUNLQ� (POHU�
0RGHO�'9��������%RVV�DQG�)UHGHHQ�������

)HUW൴O൴]൴QJ
'XULQJ�WKH�H[SHULPHQWDO�SURFHVV��ERURQ�ZDV�DSSOLHG�WR�

WKH�VRLO�DQG�OHDYHV�LQ�WKH�IRUP�RI�'27��'LVRGLXP�2FWDERUDWH�
7HWUDK\GUDWH��1D % 2 ��+ 2��DFFRUGLQJ�WR�WKH�DSSOLFDWLRQ�� � �� �

SODQ��7DEOH������7UDGHPDUN�(WLGRW������������%��ZDV�XVHG�DV�
D�ERURQ�VRXUFH�GXULQJ�WKH�SUHSDUDWLRQ�RI�WKH�WUHDWPHQWV��

6RLO�ERURQ�IHUWLOL]DWLRQ�ZDV�FDUULHG�RXW�RQ���$SULO������LQ�
WKH�¿UVW�\HDU�DQG�RQ����0DUFK������LQ�WKH�VHFRQG�\HDU��%RURQ�
IHUWLOL]HUV�LQ�OLTXLG�IRUP�ZHUH�KRPRJHQHRXVO\�VSUD\HG�RQWR�
WKH�VRLO�VXUIDFH�DQG�DOVR�PL[HG�WKRURXJKO\�ZLWK�WKH�VRLO�XVLQJ�
D�KRH��)ROLDU�ERURQ�IHUWLOL]DWLRQ�ZDV�FDUULHG�RXW�LQ�HDFK�\HDU�
D��DW�WKH�VWDJH�RI�WKH�FRQGXFWLRQ�RI�WKH�H[SHULPHQW�DQG�E��
DIWHU� WKH� ¿UVW� WZR� KDUYHVW�� )ROLDU� ERURQ� IHUWLOL]HUV� ZHUH�
DSSOLHG� RQ� ��$SULO�� ���0D\�� ��� -XO\� LQ� ������ DQG� RQ� ���
0DUFK�����0D\�DQG����-XO\�LQ�������'XULQJ�WKH�DSSOLFDWLRQ�
SURFHVV��IHUWLOL]HUV�ZHUH�PHWLFXORXVO\�DSSOLHG�WR�WKH�VRLO�DQG�
SODQW� E\� WDNLQJ� DQ\� SUHFDXWLRQV� DJDLQVW� FRQWDPLQDWLRQ��
IXUWKHUPRUH�� VSUHDGHU�DGKHVLYH� ZDV� XVHG� LQ� WKH� VROXWLRQ�
DLPLQJ�WR�SUHYHQW�ÀRZ�DQG�ZDVKLQJ��%DVLF�IHUWLOL]DWLRQ�ZDV�
SODQQHG�FRQVLGHULQJ�WKH�VRLO�DQDO\VLV�UHVXOWV��WKHUHIRUH�������

�� �� ��NJ�1�GD ������NJ�RI�3 2 �GD ����NJ�. 2�GD �ZHUH�DSSOLHG�LQ�WKH�� � �

IRUP�RI�FRPSRXQG�13.�����������RQ����0DUFK������LQ�WKH�
¿UVW�\HDU�DQG�RQ���0DUFK������LQ�WKH�VHFRQG�\HDU�

6DPSO൴QJ�RI�WKH�/HDYHV
7HQ�EUDQFKHV�RI�WKH�WHD�SODQW�ZHUH�UDQGRPO\�FKRVHQ�IURP�

HDFK�SORW�DQG�PDUNHG��7KH�OHDYHV�RI�WKH����RI�WKH���EUDQFKHV�
PDUNHG� ZLWK� ZKLWH� WDJV� ZHUH� VDPSOHG� FRQVLGHULQJ� WKHLU�
ORFDWLRQ�LQ�WKH�VWHP�ZKLOH�WKH�RWKHU����PDUNHG�ZLWK�UHG�WDJV��
ZHUH�HYDOXDWHG�JHQHUDOO\��)LJXUH����

7KH�OHDYHV�DERYH�WKH�KDUYHVW�EDVH�ZHUH�FROOHFWHG�VWDUWLQJ�
IURP�WKH�WRS�RI�WKH�VKRRWV��IURP�WKH�OHDYHV�XQGHU�WKH�DSLFDO�
EXG��FRQVLGHULQJ�WKHLU�ORFDWLRQ�RQ�WKH�VWHP�LQ�WKH���RI�WKH����
PDUNHG� EUDQFKHV� DQG� FRGHG� DV� ³/�´�� ³/�´�� ³/�´�� ³/�´��
³/�´�� 7KH� VKRRW� OHDYHV� RI� WKH� RWKHU� �� EUDQFKHV� ZHUH�
UDQGRPO\�FROOHFWHG�ZLWKRXW�FRQVLGHULQJ�WKHLU�ORFDWLRQ�ZLWK�
WKH�DLP�RI�GHWHUPLQLQJ�WKH�JHQHUDO�ERURQ�FRQFHQWUDWLRQ�RI�
WKH�VKRRW�OHDYHV�DQG�FRGHG�DV�³*´��VKRUW�IRU�JHQHUDO��)LJXUH�
���

/HDI�VDPSOLQJ�ZDV�FDUULHG�RXW�EHIRUH�KDUYHVWLQJ�RQ����
0D\����-XO\����6HSWHPEHU�LQ����������0D\�����-XO\�DQG����
6HSWHPEHU�LQ������

+DUYHVW൴QJ�
+DUYHVWLQJ�ZDV�FDUULHG�RXW�ZLWKLQ�WKH�FDPSDLJQ�VHDVRQ�

GHFODUHG� E\� � *HQHUDO� 'LUHFWRUDWH� RI� 7HD� (QWHUSULVHV�
�&$<.85��RQ����0D\����-XO\�DQG���6HSWHPEHU�LQ����������
0D\�� ��� -XO\� DQG� ��� 6HSWHPEHU� LQ� ������ 7HD� SOXFNHU�
SUHIHUUHG� E\� WKH� IDUPHUV� LQ� WKH� UHJLRQ� ZDV� XVHG� IRU�
KDUYHVWLQJ�ZKLFK�ZDV�PHWLFXORXVO\�SHUIRUPHG�IROORZLQJ�WKH�
GLUHFWLRQV� RI� &$<.85��7KH� OHDYHV� KDUYHVWHG� IURP� HDFK�
SDUFHO�ZHUH�ZHLJKHG�ZKLOH�WKH�VKRRW�OHQJWK�RI�WKH�PDUNHG�
EUDQFKHV�ZDV�PHDVXUHG�EHIRUH�VDPSOLQJ��

7KH�$QDO\V൴V�RI�WKH�/HDI�6DPSOHV
7RWDO�ERURQ�FRQFHQWUDWLRQ�RI�WKH�VDPSOHV�ZDV�GHWHUPLQHG�

ZLWK� WKH�XVH�RI�PLFURZDYH�ZHW�GLJHVWLRQ�PHWKRG�DQG� WKH�
VROXWLRQ� H[WUDFWHG� IURP� WKH� OHDYHV�ZDV� UHDG� E\� ,&3�2(6�
�,QGXFW LYHO\� &RXSOHG� 3ODVPD�2SWLFDO � (PLVVLRQ�
6SHFWURPHWU\�� 3HUNLQ� (POHU�0RGHO� '9� ������ �%RVV� DQG�
)UHGHQQ��������

6WDW൴VW൴FDO�$QDO\V൴V
)LVKHU
V�OHDVW�VLJQL¿FDQW�GLIIHUHQFH��/6'��WHVW�ZDV�XVHG�

WR�GHWHUPLQH�WKH�VLJQL¿FDQW�GLIIHUHQFHV�DPRQJ�WKH�PHDQV��
-03� 6WDWLVWLFDO� 6RIWZDUH� �YHU�� ������� ZDV� XVHG� IRU� DOO�
VWDWLVWLFDO�FRPSXWDWLRQV��

0HWHRURORJ൴FDO�GDWD�RI�WKH�H[SHU൴PHQWDO�¿HOG
3UHYLRXV� UHVHDUFK� VXJJHVWV� WKDW� WKH� DQQXDO� DYHUDJH�

WHPSHUDWXUH�VKRXOG�QRW�EH�EHORZ�����&��UDLQIDOO�VKRXOG�EH�
RYHU������PP�DQG�UHODWLYH�KXPLGLW\�VKRXOG�EH�����LQ�RUGHU�
WR�EH�DEOH�WR�JURZ�WHD�SODQW�LQ�DQ�HFRQRPLF�VHQVH��7DQWRQ��
������.DFDU�� �������$FFRUGLQJ� WR� WKH�GDWD� JDWKHUHG� IURP�
7XUNLVK�6WDWH�0HWHRURORJLFDO�6HUYLFH��7606���WKH�DYHUDJH�

RDQQXDO�WHPSHUDWXUH�LV������� &��WKH�DYHUDJH�PRQWKO\�UDLQIDOO�
LV� �����PP� DQG� WKH� DYHUDJH� DQQXDO� UHODWLYH� KXPLGLW\� LV�
��������LQ� WKH�DUHD�ZKHUH� WKH�H[SHULPHQW�ZDV�FRQGXFWHG�
�7DEOH���������

�
5HVXOWV�
7KH�(IIHFW�RI�%RURQ�7UHDWPHQW�RQ�)UHVK�7HD�<൴HOG
%RURQ�WUHDWPHQWV�KDG�D�SRVLWLYH�HIIHFW�RQ�IUHVK�WHD�\LHOG�

LQ�DOO�WKUHH�KDUYHVW�VHDVRQ�LQ�ERWK�\HDUV��DQG�WKLV�HIIHFW�ZDV�
IRXQG� VWDWLVWLFDOO\� VLJQL¿FDQW� DW� S��������:KHQ�H[DPLQHG�
FRQVLGHULQJ�KDUYHVW�VHDVRQV��LW�ZDV�VHHQ�WKDW�IUHVK�WHD�\LHOG�

QG VWZDV� LQFUHDVHG� LQ� WKH� � � KDUYHVW� LQ� FRPSDULVRQ� WR� WKH� � �
UGKDUYHVW�DQG�GHFUHDVHG�LQ�WKH�� �KDUYHVW�LQ�ERWK�\HDUV��([FHSW�

IRU�WKH�FRQWURO�JURXS��HDFK�RI�WKH�ERURQ�WUHDWPHQWV�LQFUHDVHG�
WKH�IUHVK�WHD�\LHOG��7DEOH����

,Q� WKH� H[SHULPHQWDO� ¿HOG�� ERURQ� GH¿FLHQF\� V\PSWRPV�
ZHUH� REVHUYHG� LQ� WKH� FRQWURO� JURXS�� *URZWK� IDLOXUH� DQG�
GHIRUPHG� OHDYHV� ZHUH� WKH� ¿UVW� PDQLIHVWDWLRQV� RI� WKH�
V\PSWRPV� �3HWKL\DJRGD� DQG� .ULVKQDSLOODL�� ������ LQ� WKH�
VKRRWV�RI�WKH�FRQWURO�JURXS��)LJXUH�����1RW�VXUSULVLQJO\��WKH�
OHDVW�IUHVK�WHD�\LHOG�ZDV�REWDLQHG�IURP�FRQWURO�JURXSV��6�/���
LQ�DOO�WKUHH�KDUYHVW�VHDVRQ�LQ�ERWK�\HDUV��7DEOH����

&RQVLGHULQJ� VWDWLVWLFDO� DQDO\VLV�� LW� LV� QRW� SRVVLEOH� WR�
FRPPHQW�RQ�D�WUHDWPHQW�FRPLQJ�WR�WKH�IRUHIURQW��KRZHYHU��
ZKHQ�LW�LV�FRPSDUHG�WR�WKH�\LHOG�REWDLQHG�IURP�6�/���WKH�
WUHDWPHQWV�ZHUH�JHQHUDOO\�OLQHG�DV�6�/�!�6�/�!�6�/��LQ�DOO�
WKUHH�KDUYHVW�VHDVRQ�LQ�ERWK�\HDUV��%RURQ�WUHDWPHQWV�KDG�D�
SRVLWLYH�HIIHFW�RQ�WRWDO�IUHVK�WHD�\LHOG�LQ�ERWK�\HDUV��DQG�WKLV�
HIIHFW�ZDV�IRXQG�VWDWLVWLFDOO\�VLJQL¿FDQW��S���������,Q�WKH�¿UVW�
\HDU��WKH�HIIHFW�RI�6�/��RQ�WKH�WRWDO�WHD�\LHOG�ZDV�GLIIHUHQW�
IURP�RWKHU�WUHDWPHQWV�DQG�FRQWURO�JURXS��

0��%DOFL�DQG�6��7DEDQ (IIHFW�RI�ERURQ�WUHDWPHQWV�RQ�ERURQ�GLVWULEXWLRQ�DQG�IUHVK���



��

(YHQ�WKRXJK�WKHLU�HIIHFW�RQ�WKH�\LHOG�LV�GLIIHUHQW�IURP�FRQWURO�
JURXS�� QRQH� RI� WKH� WUHDWPHQWV� GLIIHUHG� IURP� HDFK� RWKHU�

FRQVLGHULQJ�WKHLU�HIIHFW�RQ�WKH�IUHVK�WHD�\LHOG�LQ�WKH�VHFRQG�
\HDU��7DEOH����

,QW�-�$JULF�(QYLURQ�)RRG�6FL���������������������

)LJXUH����/HDI�VDPSOLQJ�D��FRQVLGHULQJ�WKH�ORFDWLRQ�E��ZLWKRXW�FRQVLGHULQJ�WKH�ORFDWLRQ�

7DEOH����0HWHRURORJLFDO�GDWD�RI�$UKDYL�$UWYLQ�GXULQJ�WKH�KDUYHVW�VHDVRQ�

7DEOH����%RURQ�GRVHV�RI�WKH�VRLO�DQG�IROLDU�WUHDWPHQWV�

(IIHFW�RI�ERURQ�WUHDWPHQWV�RQ�ERURQ�GLVWULEXWLRQ�DQG�IUHVK���



��

��7DEOH����(IIHFW�RI�ERURQ�WUHDWPHQWV�RQ�IUHVK�WHD�\LHOG��NJ�GD ��LQ�WKH�¿UVW�DQG�VHFRQG�\HDU�RI�WKH�H[SHULPHQW�

)LJXUH����D��%RURQ�GH¿FLHQF\�LQ�WKH�FRQWURO�JURXS��6�/����OHDYHV��GDUNHU�DQG�WKLFNHU�WKDQ�QRUPDO��WHUPLQDO�EXG��LQ�
KLEHUQDWH���E��D�KHDOWK\�WHD�VKRRW�JURZQ�LQ�WKH�SORWV�RQ�ZKLFK�6�/��ZDV�DSSOLHG�

7DEOH����(IIHFW�RI�ERURQ�WUHDWPHQWV�RQ�VKRRW�OHQJWK��FP��RI�WKH�WHD�SODQW�LQ�WKH�¿UVW�DQG�VHFRQG�\HDU�RI�WKH�
H[SHULPHQW�

0��%DOFL�DQG�6��7DEDQ (IIHFW�RI�ERURQ�WUHDWPHQWV�RQ�ERURQ�GLVWULEXWLRQ�DQG�IUHVK���



7KH�(IIHFW�RI�%RURQ�7UHDWPHQW�RQ�6KRRW�/HQJWK
%RURQ�WUHDWPHQWV�KDG�D�SRVLWLYH�HIIHFW�RQ�WKH�VKRRW�OHQJWK�

RI�WKH�WHD�SODQW�LQ�DOO�WKUHH�KDUYHVW�VHDVRQV�LQ�ERWK�\HDUV�DQG�
WKLV�HIIHFW�ZDV�IRXQG�VWDWLVWLFDOO\�VLJQL¿FDQW�DW�S��������7KH�
VKRUWHVW�VKRRW�OHQJWKV�ZHUH�GHWHUPLQHG�LQ�WKH�FRQWURO�JURXSV�
LQ� DOO� WKUHH� KDUYHVW� VHDVRQV� LQ� ERWK� \HDUV�� ([FHSW� IRU� WKH�
FRQWURO�JURXS��HDFK�RI� WKH�ERURQ� WUHDWPHQWV� LQFUHDVHG� WKH�
VKRRW�OHQJWK�RI�WKH�WHD�SODQW��&RQVLGHULQJ�VWDWLVWLFDO�DQDO\VLV��
LW�LV�QRW�SRVVLEOH�WR�FRPPHQW�RQ�DQ�WUHDWPHQW�FRPLQJ�WR�WKH�
IRUHIURQW�LQ�ERWK�\HDUV��7DEOH����

7KH� (IIHFW � RI � %RURQ� 7UHDWPHQW � RQ� %RURQ�
&RQFHQWUDW൴RQ�RI�WKH�7HD�6KRRWV
,Q�ERWK�\HDU�DQG�HDFK�KDUYHVW�VHDVRQ��LQGLYLGXDO�DQG�FR�

HIIHFWV� �LQWHUDFWLRQV�ERWK�ERURQ� WUHDWPHQW�DQG� OHDI��RI� WKH�
ERURQ�WUHDWPHQWV�DQG�HDFK�OHDI�RI�WKH�WHD�VKRRWV�ZHUH�IRXQG�
WR�EH�LPSRUWDQW�RQ�ERURQ�FRQFHQWUDWLRQ�DQG�WKLV�HIIHFW�ZDV�
IRXQG�WR�EH�VWDWLVWLFDOO\�VLJQL¿FDQW�DW�S���������7KH�ERURQ�
FRQFHQWUDWLRQ� RI� WKH� VKRRW� OHDYHV� LQFUHDVHG� VLJQL¿FDQWO\�
DIWHU�WKH�VRLO�DQG�IROLDU�ERURQ�WUHDWPHQW�QR�PDWWHU�ZKHWKHU�
DSSOLHG� VHSDUDWHO\� RU� WRJHWKHU�� 7KH� KLJKHVW� ERURQ�

WKFRQFHQWUDWLRQ�ZDV�LGHQWL¿HG�LQ�WKH�� �OHDYHV��/���ZKLOH�WKH�
VWOHDVW�ERURQ�FRQFHQWUDWLRQ�ZDV�IRXQG�LQ�WKH�� �OHDYHV��/���

VLQFH�WKH�GDWD�VKRZ�D�VWHDG\�GHFUHDVH�VWDUWLQJ�IURP�WKH�/��WR�
WKH� /��� ([FHSW� IRU� FRQWURO� JURXSV�� HDFK� RI� WKH� WUHDWPHQW�
LQFUHDVHG� WKH� ERURQ� FRQFHQWUDWLRQ� RI� WKH� HDFK� OHDI� RI� WKH�
VKRRW��,Q�DOO�WKUHH�KDUYHVW�VHDVRQV�LQ�ERWK�\HDUV��WKH�KLJKHVW�
OHYHO�RI�ERURQ�FRQFHQWUDWLRQ�ZDV�JHQHUDOO\�GHWHUPLQHG�LQ�WKH�
VKRRWV� RQ� ZKLFK� 6�/�� ZDV� DSSOLHG�� DGGLWLRQDOO\�� 6�/��
WUHDWPHQW�ZDV�IROORZHG�E\�6�/��DQG�6�/���UHVSHFWLYHO\��2Q�
WKH�RWKHU�KDQG��ZKHQ�DVVHVVHG�VWDWLVWLFDOO\��LW�LV�QRW�SRVVLEOH�
WR�PHQWLRQ�DQ�WUHDWPHQW�FRPLQJ�WR�WKH�IRUHIURQW�LQ�WHUPV�RI�
LWV�HIIHFW�RQ�WKH�ERURQ�FRQFHQWUDWLRQ�RI�WKH�VKRRW�OHDYHV��7KH�
6�/��WUHDWPHQW�GLG�QRW�HOHYDWH�WKH�ERURQ�FRQFHQWUDWLRQ�RI�
WKH�VKRRWV�WR�WKH�GHVLUHG�OHYHO�LQ�DQ\�KDUYHVW�VHDVRQ�GXULQJ�

VWERWK�\HDUV�RI�WKH�H[SHULPHQW��([FHSW�IRU�WKH�� �KDUYHVW�RI�WKH�
¿UVW�\HDU��QRQH�RI�WKH�WUHDWPHQWV�FRXOG�PDQDJH�WR�UDLVH�WKH�
ERURQ�FRQFHQWUDWLRQ�DERYH�WKH�FULWLFDO�OLPLW�LQ�/��DQG�/��LQ�
DQ\�KDUYHVW�VHDVRQ�LQ�ERWK�\HDUV��7DEOH����)LJXUH�������

'൴VFXVV൴RQ�
$V� D� UHVXOW� RI� WKH� DQDO\VLV�� LW� LV� FRQFOXGHG� WKDW� ERURQ�

WUHDWPHQWV�KDG�D�SRVLWLYH�HIIHFW�RQ�WKH�\LHOG�LQ�HDFK�KDUYHVW�

VHDVRQ�LQ�ERWK�\HDUV��7KLV�VLWXDWLRQ�PLJKW�VXJJHVW�WKDW�WKH�
ODFN�RI�ERURQ�QXWULWLRQ�RI�WKH�H[SHULPHQWDO�¿HOG�DQG�WHD�SODQW�
FXOWLYDWHG�LQ�WKLV�ODQG�PLJKW�EH�WKH�UHDVRQ�RI�WKLV�SRVLWLYH�
RXWFRPH�� 7KH� GH¿FLHQF\� RI� ERURQ� FRQFHQWUDWLRQ� LQ� WHD�
FXOWLYDWHG�ODQGV�KDV�EHHQ�UHSRUWHG�E\�D�QXPEHU�RI�GLIIHUHQW�
UHVHDUFKHUV�ZKR�FRQGXFWHG�H[SHULPHQWDWLRQ�RQ�WKH�LVVXH�LQ�
(DVWHUQ�%ODFN�6HD�UHJLRQ��.DFDU�HW�DO���������2]\D]ÕFÕ�HW�DO��
������ 7DEDQ� HW� DO��� ������ 2]NXWOX� HW� DO��� ������� 7KH�
WUHDWPHQWV�FDXVHG�DQ�LQFUHDVH�LQ�WKH�ERURQ�FRQFHQWUDWLRQ�RI�
WKH�VKRRWV��7DEOH����DQG�LW�LV�FRQVLGHUHG�WKDW�WKLV�LQFUHDVH�KDG�
D�SRVLWLYH�HIIHFW�RQ�WKH�\LHOG�RI�WKH�WHD�SODQW��%\�PHDQV�RI�VRLO�
DQG�IROLDU�WUHDWPHQW��7DEDQ�HW�DO���������PDQDJHG�WR�LQFUHDVH�
WKH�IUHVK�WHD�\LHOG�RI���������LQ�D�WHD�FXOWLYDWHG�ODQG�GHWHFWHG�
ERURQ�GH¿FLHQF\�DW��������LQ�WKH�(DVWHUQ�%ODFN�6HD�UHJLRQ��

%RURQ� KHOSV� IHHG� WKH� SODQW� E\� WUDQVSRUWLQJ� WKH�
SKRWRV\QWKHVLV�SURGXFWV�WR�WKH�QHFHVVDU\�RUJDQV�ZKHQ�WKHUH�
LV�D�QHHG��%RURQ�IRUPV�ERURQ�VXJDU�FRPSOH[HV�LQ�SODQWV�DQG�
SOD\V� DQ� LPSRUWDQW� UROH� LQ� WKH� VKRUW� DQG� ORQJ�GLVWDQFH�
WUDQVSRUW�RI�VXJDUV��0DWRK�HW�DO���������.DQHNR�HW�DO��������
-DFNVRQ���������%ODVHU�HW�DO����������UHSRUWHG�WKDW�WKH�ODFN�RI�
ERURQ�LV�VHQVHG�E\�WKH�SODQW�PRUH�DFXWHO\�HVSHFLDOO\�LQ�WKH�
PHULVWHPDWLF�GHYHORSPHQW�VWDJHV��7KHUH�LV�QR�HYLGHQFH�WR�
LQGLFDWH�WKH�GLUHFW�HIIHFWV�RI�ERURQ�RQ�QLWURJHQ�PHWDEROLVP��
KRZHYHU��LQ�WKH�DEVHQFH�RI�LW��SURWHLQ�V\QWKHVLV�LV�UHGXFHG�LQ�
WKH�SODQW��$PEHUJHU���������/LNHZLVH��ERURQ�LV�DOVR�HIIHFWLYH�
LQ� SHFWLQ� V\QWKHVLV� DQG� IDW�PHWDEROLVP�� ,Q� FDVH� RI� ERURQ�
GH¿FLHQF\��WKH�WKLFNHQLQJ��EULWWOHQHVV��DQG�EUHDNDJH�RI�FHOO�
ZDOOV�DUH�H[SODLQHG�E\�WKH�LQDGHTXDF\�RI�SHFWLQ�V\QWKHVLV�
�6SXUV��������.DFDU���������2QH�RI�WKH�WKHRULHV�DERXW�WKH�
UROH�RI�ERURQ�LQ�SODQW�PHWDEROLVP�LV�LWV�HIIHFW�RQ�WKH�VWDELOLW\�
RI�SODQW�KRUPRQH�OHYHO��'\DU�DQG�:HEE��������IRXQG�WKDW�
ERURQ�SOD\V�DQ�LPSRUWDQW�UROH�LQ�DX[LQ�DQG�,$$�ELRV\QWKHVLV�
RI�WKH�SODQWV�DW�WKH�FDPELXP�WLSV��,Q�WKH�SUHVHQFH�RI�ERURQ��
WKH�LQFUHDVH�LQ�LQWDNH�RI�VRPH�SODQW�QXWULHQWV�DOVR�PLJKW�EH�
UHODWHG�WR�WKH�LQFUHDVH�LQ�\LHOG��3ROODUG�HW�DO���������IRXQG�
WKDW�WKH�3�XSWDNH�RI�SODQWV�IHG�ZLWK�ERURQ�ZDV�KLJKHU�WKDQ�WKH�
RQHV�JURZQ�LQ� WKH�ERURQ�GH¿FLHQW�HQYLURQPHQW��0DUVFKHU�
�������UHSRUWHG�WKDW�WKH�ORVV�RI��.�WKURXJK�ZDVKLQJ�ZDV�PRUH�
FRPPRQ� LQ� ERURQ� GH¿FLHQW� OHDYHV�� 6LPLODUO\�� WKH� ORVV� RI�
VXJDU��DPLQR�DFLGV��DQG�SKHQROV�WKURXJK�ZDVKLQJ�LV�PXFK�
PRUH� LQ�FDVH�RI�ERURQ�GH¿FLHQF\�DQG�FDQ�EH� UHPRYHG�E\�
DGGLWLRQ�RI�ERURQ�

��

��7DEOH����7KH�ERURQ�FRQFHQWUDWLRQ��PJ�NJ ��RI�HDFK�OHDI�RI�WKH�VKRRWV��/���/���/���/���DQG�/���DQG�JHQHUDO�ERURQ�
FRQFHQWUDWLRQ�RI�WKH�VKRRW�OHDYHV��*��LQ�DOO�WKUHH�KDUYHVW�VHDVRQ�RI�WKH�¿UVW�DQG�VHFRQG�\HDU�RI�WKH�H[SHULPHQW�
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)LJXUH����7KH�HIIHFW�RI�ERURQ�WUHDWPHQW�RQ�WKH�ERURQ�FRQFHQWUDWLRQ�RI�HDFK�OHDI�RI�WKH�VKRRWV��/���/���/���/��DQG�/���DQG�
JHQHUDO�ERURQ�FRQFHQWUDWLRQ�RI�WKH�VKRRW�OHDYHV��*��LQ�DOO�WKUHH�KDUYHVW�VHDVRQ�RI�WKH�¿UVW�\HDU�RI�WKH�H[SHULPHQW�

)LJXUH����7KH�HIIHFW�RI�ERURQ�WUHDWPHQW�RQ�WKH�ERURQ�FRQFHQWUDWLRQ�RI�HDFK�OHDI�RI�WKH�VKRRWV��/���/���/���/���DQG�/���DQG�
JHQHUDO�ERURQ�FRQFHQWUDWLRQ�RI�WKH�VKRRW�OHDYHV��*��LQ�DOO�WKUHH�KDUYHVW�VHDVRQ�RI�WKH�VHFRQG�\HDU�RI�WKH�H[SHULPHQW�

0��%DOFL�DQG�6��7DEDQ (IIHFW�RI�ERURQ�WUHDWPHQWV�RQ�ERURQ�GLVWULEXWLRQ�DQG�IUHVK���



��

:KHQ�H[DPLQHG�FRQVLGHULQJ�KDUYHVW�VHDVRQV��LW�ZDV�VHHQ�
�� QGWKDW�IUHVK�WHD�\LHOG��NJ�GD ��ZDV�LQFUHDVHG�LQ�WKH�� �KDUYHVW�LQ�

VW UGFRPSDULVRQ�WR�WKH�� �KDUYHVW�DQG�GHFUHDVHG�LQ�WKH�� �KDUYHVW��
LQ� ERWK� \HDUV� �7DEOH� ����$FFRUGLQJ� WR� WKH�PHWHRURORJLFDO�
FRQGLWLRQV�GXULQJ�WKH�H[SHULPHQW��WKH�DYHUDJH�WHPSHUDWXUH�

QGUHFRUGHG�LQ�WKH�� �KDUYHVW�LQ�-XO\�VKRZHG�D�VLJQL¿FDQW�ULVH�LQ�
VWFRPSDULVRQ�WR�WKH�UHFRUGV�LQ�WKH�� �KDUYHVW�LQ�0D\��7DEOH�����

'XH�WR�WKH�IDFW�WKDW�WKH�WHD�LV�D�WURSLFDO�SODQW��WKH�IUHVK�WHD�
\LHOG� LV�PRUH� OLNHO\� WR� EH� DIIHFWHG� E\� WKH� LQFUHDVH� LQ� WKH�
WHPSHUDWXUH� LQ� -XO\� DV� ZHOO� DV� WKH� DSSOLFDWLRQ� RI� ERURQ��
'HSHQGLQJ� RQ� WKH� LQFUHDVH� LQ� WHPSHUDWXUH�� WKH� VRLO�
WHPSHUDWXUH�DOVR�ULVHV��WKXV�LRQ�PRYHPHQW�LQ�WKH�VRLO�DOVR�

QGLQFUHDVHV�ZLWK�WKH�LQFUHDVLQJ�NLQHWLF�HQHUJ\��7KH�� �KDUYHVW�
SUHFLSLWDWLRQ�DYHUDJHV�LQ�-XQH��DUH�DOVR�UHODWLYHO\�KLJKHU�WKDQ�

VWWKH�� �KDUYHVW��3ODQW�QXWULHQWV�LQ�VRLO�LQFUHDVLQJ�LQ�DFWLYLW\�
ZLWK�WKH�ULVLQJ�WHPSHUDWXUH�FDQ�PRUH�HDVLO\�UHDFK�WKH�SODQW�
URRWV�ZLWK�WKH�KHOS�RI�LQFUHDVLQJ�SUHFLSLWDWLRQ��VR�WKDW�WKH\�
FDQ�EH�PRUH�DYDLODEOH�IRU�WKH�SODQW��*XQHV�HW�DO���������

$FFRUGLQJ� WR� 8UV� DQG� )LVFKHU� �������� QLWURJHQ�
PHWDEROLVP� FKDQJHV� IURP� DVVLPLODWLRQ� WR� UHPRELOL]DWLRQ��
QLWULWH� UHGXFLQJ� HQ]\PHV� GHFUHDVH�� FDWDEROLF� HQ]\PHV�
LQFUHDVH�DQG�FKORURSODVWV�EHJLQ�WR�GHJUDGH�GXH�WR�WKH�KDUYHVW�
VHDVRQV��5HVHDUFKHUV�QRWHG�WKDW�WKH�SODQW�JURZWK�ZDV�UDSLG�LQ�
WKH�HDUO\�VWDJHV�RI�WKH�KDUYHVW�VHDVRQ�GXH�WR�WKH�DYDLODELOLW\�
RI�QXWULWLRQV�UHVHUYHG�LQ�YHJHWDWLYH�VWRUDJH�RUJDQV��+RZHYHU��
WKH�PLQHUDO�FRQWHQW�RI�WKH�SODQW�GURSV�GXULQJ�WKH�ULSHQLQJ�DQG�
\RXQJ�SODQW� WLVVXHV�FRQWDLQV�PRUH�13.�VLQFH�WKH�QXWULHQW�
XSWDNH� RI� WKH� SODQW� GHFUHDVHV� LQ� WLPH� DQG� GU\� PDWWHU�
IRUPDWLRQ�FRQWLQXHV��7KH�FKDQJLQJ�LQFOLQHV�RI�WKH�SODQWV�LQ�
PLQHUDO� XSWDNH�GHSHQGLQJ�RQ� WKH� DJH� DUH� VHHQ� DV� DQRWKHU�
UHDVRQ� IRU� WKH� GLIIHUHQFH� EHWZHHQ� WKH� YHJHWDWLRQ� SHULRGV�
�.RUNPD]�HW�DO���������$NWDV���������,Q�WKH�H[SHULPHQW�����
�����ZDV�DSSOLHG�DV�D�EDVH�IHUWLOL]HU�DQG�GLG�QRW�UHSHDWHG�
GXULQJ�WKH�KDUYHVW�VHDVRQ�LQ�ERWK�\HDUV��7KH�SODQW�QXWULHQWV�
DSSOLHG� WR� WKH� VRLO� DUH� TXLFNO\� ORVW� GXH� WR� SUHFLSLWDWLRQ��
¿[DWLRQ��DQG�HYDSRUDWLRQ��

7KH�DYHUDJH�IUHVK�WHD�\LHOG�REWDLQHG�IURP�SHU�XQLW�RI�WKH�
��KDUYHVWHG� DUHD� YDULHV� EHWZHHQ� ����� DQG� ����� NJ� GD �

�&$<.85� ������� ,Q� WKH� H[SHULPHQW�� WKH� DYHUDJH� \LHOG�
REWDLQHG�IURP�WKH�FRQWURO�JURXS��6�/���UHPDLQHG�EHORZ�WKH�

��DYHUDJH�RI�7XUNH\� LQ� WKH�¿UVW� \HDU�ZLWK������NJ�GD � DQG�
��VOLJKWO\�DERYH�LQ�WKH�VHFRQG�\HDU�ZLWK������NJ�GD �ZKLOH�WKH�

\LHOG�REWDLQHG�IURP�WKH�SORWV�HVSHFLDOO\�IURP�WKH�RQHV�VRLO�
DQG�IROLDU�IHUWLOL]HUV�DSSOLHG�LQ�WRJHWKHU��6�/���ZDV�EHWZHHQ�
RU�DERYH�WKH�DYHUDJH�YDOXHV�RI�7XUNH\��

,W�LV�EHOLHYHG�WKDW�WKH�IDFWRUV�FDXVLQJ�WKH�LQFUHDVH�RI�IUHVK�
WHD�\LHOG�DUH�DOVR�YDOLG�IRU�WKH�LQFUHDVH�RI�WKH�VKRRW�OHQJWK�RI�
WKH�WHD�SODQW��$V�D�UHVXOW�RI�WKH�ERURQ�GH¿FLHQF\��WKH�GLVWDQFH�
RI� LQWHUQRGHV� VKRUWHQV� DQG� GZDU¿VP� LV� VHHQ� VLQFH� WKH�
GHYHORSPHQW�RI�WKH�SODQW�LV�UHJUHVVHG�DQG�DSLFDO�PHULVWHP�
KLEHUQDWHV��WKHUHIRUH�WKH�VKRRW�OHQJWK�RI�WKH�SODQW�EHFRPH�
VKRUWHU� WKDQ� XVXDO� �1HDOHV�� ������ 3HWKL\DJRGD� DQG�
.ULVKQDSLOODL��������/RYDWW�DQG�'XJJHU��������/XNDV]HZVNL�
DQG�%OHYLQV���������)LJXUH�����*RKDLQ�HW�DO���������IRXQG�
WKDW�WKH�GLVWDQFH�RI�LQWHUQRGHV�OLQHG�XS�DV������������������
DQG������FP�DV�D�UHVXOW�RI�WKH�ERURQ�WUHDWPHQW�LQ�WKH�ERULF�

��DFLG�IRUP�LQ�����������YH�����NJ�KD ��UHVSHFWLYHO\��
:KHQ�DOO�WKUHH�KDUYHVW�VHDVRQV�LQ�WZR�\HDUV�DUH�JHQHUDOO\�

HYDOXDWHG��QRQH�RI�WKH�VRLO�DQG�IROLDU�WUHDWPHQWV�XVHG�LQ�WKH�
H[SHULPHQW�FRXOG�EULQJ�WKH�ERURQ�FRQFHQWUDWLRQ�RI�WKH�¿UVW�
WZR�OHDYHV��/��DQG�/���RI�WKH�VKRRWV�DERYH�WKH�FULWLFDO�OHYHO�
QHHGHG�IRU�D�KHDOWK\�JURZWK�RI�WHD�SODQW��7KH�6�/��WUHDWPHQW�
FRXOG�QRW�EULQJ�WKH�ERURQ�FRQFHQWUDWLRQ�RI�WKH�VKRRWV�WR�WKH�

GHVLUHG�OHYHO�LQ�DQ\�KDUYHVW�VHDVRQ�RI�ERWK�\HDUV��,Q�RUGHU�IRU�
WKH�IROLDU�WUHDWPHQW�WR�EH�VXFFHVVIXO��WKH�IHUWLOL]HU�PXVW�EH�
DEOH� WR� EH� DEVRUEHG� E\� WKH� OHDI� DQG� WUDQVSRUWHG� WR� WKH�
QHFHVVDU\�RUJDQV��%XNRYDN�DQG�:LWWZHU��������+DVOHWW�HW�DO���
������� DQG� LQ� WKLV� FDVH�� SKORHP� WUDQVSRUW� FRPHV� LQWR�
TXHVWLRQ��7KHUH�LV�QR�HYLGHQFH�IRU�WKH�SUHVHQFH�RI�WKH�SRO\RO�
FRPSOH[HV�LQ�WHD�SODQW�ZKLFK�KHOS�WR�WUDQVSRUW�ERURQ�LQ�WKH�
SKORHP��7KH�SODQW�QHHGV�ZDWHU�XSWDNH�DQG�ERURQ�ZDV�FDUULHG�
WR�WKH�XSSHU�RUJDQV�ZLWK�WKH�KHOS�RI�LW�DV�D�UHVXOW�RI�WKH�ZDWHU�
ORVV� ZKLFK� RFFXUV� LQ� WKH� SODQW� RUJDQV� GXULQJ� WKH� GD\� ��
$FFRUGLQJ� WR�3DWH� �������� LQVLGH� WKH�GHDG� FHOOV� RI� [\OHP�
WUDQVSRUW�RFFXUV�IURP�WKH�URRWV�WR�WKH�JUHHQV�RI�WKH�SODQW��%HOO�
�������QRWHG�WKDW�WKH�KLJKHVW�DFFXPXODWLRQ�RI�ERURQ�LQ�WKH�
SODQW�RFFXUV�LQ�WKH�ROG�OHDYHV��PRUH�VSHFL¿FDOO\��RQ�WKHLU�WLSV�
DQG�HGJHV��

7KH�DJH�RI�WKH�SODQWV�LV�DOVR�RQH�RI�WKH�LPSRUWDQW�IDFWRUV�
DIIHFWLQJ�WKH�XSWDNH�DQG�WUDQVSRUW�RI�ERURQ�VLQFH�WKH�XSZDUG�
FRQFHQWUDWLRQ�JUDGLHQW�GHFUHDVHV�ZLWK�WKH�DJH��6KHOS�HW�DO���
������ ������� ,W� LV� H[SUHVVHG� LQ� PDQ\� ORFDO� DQG� IRUHLJQ�
DFDGHPLF�VRXUFHV�WKDW�WKH�ELRORJLFDO�OLIHVSDQ�RI�D�WHD�SODQW�
�&DPHOOLD� VLQHQVLV� YDU�� VLQHQVLV�� LV� ���� \HDUV� DQG� LWV�
HFRQRPLF�OLIHVSDQ�LV�������\HDUV��,I�WKH�����V�LV�EDVHG�RQ�IRU�
WKH�(DVWHUQ�%ODFN�6HD��WRGD\
V�WHD�SODQWDWLRQV�LQ�7XUNH\�LV�
DERXW����\HDUV�ROG��LQ�RWKHU�ZRUGV��WKH\�DUH�DERXW�WR�FRPSOHWH�
WKHLU�ELRORJLFDO� OLIHVSDQ�DV�ZHOO� DV� DSSHDULQJ� WR�EH� DW� WKH�
ERXQGDU\�RI�WKHLU�HFRQRPLF�OLIHVSDQ��.DFDU��������

$V�D�UHVXOW�RI�WKH�UHVHDUFK��LW�ZDV�IRXQG�WKDW�WKH�IROLDU�
ERURQ�WUHDWPHQW�DOVR�VLJQL¿FDQWO\�LQFUHDVHG�WKH�\LHOG��VKRRW�
OHQJWK�DQG�ERURQ�FRQFHQWUDWLRQ�RI�WKH�WHD�SODQW�LQ�DGGLWLRQ�WR�
WKH� VRLO� WUHDWPHQW� �7DEOH� ��� ��� ���� 7KLV� UHVXOW� VKRZV� WKDW�
GXULQJ� WKH� WLPHV� ZKHQ� WKH� VRLO� WUHDWPHQW� LV� GLI¿FXOW� WR�
FRQGXFW��ERURQ�GH¿FLHQF\�FDQ�EH�HOLPLQDWHG�ZLWK�D� IROLDU�
WUHDWPHQW�� %HVLGHV� EHLQJ� PRUH� HFRQRPLFDO�� WKH� IROLDU�
WUHDWPHQW�JLYHV�WKH�RSSRUWXQLW\�WR�DSSO\�WKH�IHUWLOL]HU�PRUH�
KRPRJHQHRXVO\�DQG�DOVR�UHPRYHV�WKH�GH¿FLHQF\�LQ�D�VKRUWHU�
WLPH�WKDQ�WKH�VRLO�WUHDWPHQW��2Q�WKH�RWKHU�KDQG��XVLQJ�VRLO�
WUHDWPHQW��WKH�QXWULHQW�FDQ�EH�NHSW�LQ�WKH�VRLO�IRU�D�ORQJHU�WLPH�
DQG�WKH�UHSHWLWLRQ�RI�IHUWLOL]DWLRQ�LV�OHVV�IUHTXHQWO\�QHHGHG�
�$PLUL�HW�DO���������

&RQFOXV൴RQ
$V�D�UHVXOW�RI�WKH�DQDO\VLV��WKH�ERURQ�FRQFHQWUDWLRQ�RI�WKH�

VRLO�RI�WKH�H[SHULPHQWDO�¿HOG�DQG�DOVR�WHD�SODQW�FXOWLYDWHG�LQ�
WKLV�DUHD�ZHUH�IRXQG�LQVXI¿FLHQW�IRU�D�KHDOWK\�JURZWK�RI�WKH�
WHD�SODQW��$IWHU�WKH�VRLO�DQG�IROLDU�ERURQ�WUHDWPHQW��IUHVK�WHD�
\LHOG��VKRRW�OHQJWK�DQG�ERURQ�FRQFHQWUDWLRQ�RI�WKH�WHD�SODQW�
LQFUHDVHG��LQ�RWKHU�ZRUGV��WHD�SODQW�GHSULYHG�RI�ERURQ�JDYH�D�
SRVLWLYH�UHDFWLRQ�WR�WKH�ERURQ�IHUWLOL]DWLRQ��:KHQ�HYDOXDWHG�
LQ�JHQHUDO��LW�LV�VHHQ�WKDW�WKH�ERURQ�FRQFHQWUDWLRQ�RI�WKH�HDFK�
OHDYHV�RI�WKH�VKRRWV�ZDV�UDLVHG�ZLWK�WKH�KHOS�RI�6�/��DQG�
6�/��WUHDWPHQW��$OWKRXJK�IROLDU�WUHDWPHQW�DORQH��6�/���GLG�
QRW�EULQJ�WKH�ERURQ�FRQFHQWUDWLRQ�RI�DQ\�RI�WKH�VKRRW�OHDYHV�
DERYH�WKH�GHVLUHG�YDOXH��LW�FRXOG�VLJQL¿FDQWO\�LQFUHDVH�WKH�
\LHOG�DQG�VKRRW�OHQJWK�FRPSDUHG�WR�WKH�FRQWURO�JURXS��6�/���
LQ�PRVW�KDUYHVW� VHDVRQ��7KLV� UHVXOW� VKRZV� WKDW� GXULQJ� WKH�
WLPHV�ZKHQ�WKH�VRLO�WUHDWPHQW�LV�GLI¿FXOW�WR�FRQGXFW��ERURQ�
GH¿FLHQF\�FDQ�EH�HOLPLQDWHG�ZLWK�D�IROLDU�WUHDWPHQW��

2QH�RI� WKH� LPSRUWDQW�¿QGLQJV�RI� WKH� UHVHDUFK� WKDW� WKH�
FKDQJLQJ� YDOXHV� RI� WKH� \LHOG�� VKRRW� OHQJWK� DQG� ERURQ�
FRQFHQWUDWLRQ�RI�WKH�VKRRWV�GHSHQG�RQ�WKH�YHJHWDWLRQ�SHULRG��
7KLV�UHVXOW�VKRZV�WKDW�WKH�SODQW�QXWULHQWV�DFFXPXODWHG�LQ�WKH�
VWRUDJH�RUJDQV�ZDV�XVHG�E\�WKH�SODQW�DQG�FRQVXPHG�XS�XQWLO�

UGWKH�� �KDUYHVW�
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DUH�TXLFNO\�ORVW�GXH�WR�SUHFLSLWDWLRQ��¿[DWLRQ��DQG�HYDSRUDWLRQ��,Q�RUGHU�WR�
SUHYHQW�VXFK�ORVVHV��LW�LV�QHHGHG�WR�NHHS�LW�UHDG\�LQ�WKH�VRLO�ZKHQ�LW�LV�PRVW�
QHHGHG��IXUWKHUPRUH��LW�LV�QHFHVVDU\�QRW�WR�JLYH�DOO�RI�WKH�EDVH�IHUWLOL]HU�DW�
RQFH�EXW�GLYLGHG�LQWR�SLHFHV�WR�EH�DEOH�WR�DSSO\�GXULQJ�WKH�GLIIHUHQW�VWDJHV�RI�
WKH�SODQW�GHYHORSPHQW��

$FNQRZOHGJHPHQW
��
7KLV� VWXG\� ZDV� VXSSRUWHG� E\� WKH� 6FLHQWL¿F� 5HVHDUFK� 3URMHFWV�

&RRUGLQDWLRQ�8QLW��3URMHFW�1R��,�/���������
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)LJXUH� �� EHORZ� VKRZV� WKH� SK\VLFDO� VHWXS� RI� WKH� HJJ�
ZHLJKW�HVWLPDWLRQ�V\VWHP��7KH�SURWRW\SH�KRXVLQJ�ZDV�PDGH�
RXW�RI�D�SO\�ERDUG�WR�VXSSRUW�WKH�ZHEFDP�RQ�LWV�WRS�ZKLFK�ZDV�
SRVLWLRQHG�SHUSHQGLFXODU�WR�WKH�LQVSHFWHG�HJJ��7KH�HJJ�ZDV�
SODFHG�LQ�D�KROH�RI�D�FDQGOLQJ�ERRWK�VR�WKDW�WKH�OLJKW�ZRXOG�
SHQHWUDWH�WR�WKH�HJJ�DQG�PDNLQJ�LW�SRVVLEOH�WR�REVHUYH�WKH�
HJJ
V�VKDSH�DQG�HGJHV�

7KH� LQGLFDWHG� GLPHQVLRQV� RI� WKH� V\VWHP
V� SURWRW\SH�
VKRZQ�LQ�)LJXUH���ZHUH�YHU\�ZHOO�REVHUYHG�EHFDXVH�RI�LWV�
HIIHFW� RQ� WKH� LPDJH� SURFHVVLQJ� UHVXOW� ZKHQ� QRW� GRQH�
FRUUHFWO\�� 7KH�ZRUNLQJ� GLVWDQFH� EHWZHHQ� WKH� IURQW� RI� WKH�
ZHEFDP� OHQV� DQG� WKH�REMHFW�ZDV� VHW� WR� ��� FP��:KHQ� WKH�
REMHFW
V� KHLJKW� SDUDPHWHU�ZDV� VHW� WR� ��� FP�RU� EHORZ�� WKH�
QRQOLQHDULW\� KDV� OHVV� LPSDFW� RQ� WKH� V\VWHP�DFFXUDF\��7KH�
HUURU�YDULDWLRQ�E\� WKLV� VHWWLQJ� LV� DFFHSWDEOH� �&KPHODĜ� DQG�
'REURYROQê���������7KRXJK�D�ZRUNLQJ�GLVWDQFH�RI����FP�WR���
FP�FRXOG�KDYH�D�IDLU�UHVXOW��WKH�UHVHDUFKHU�RSWHG�WR�FKRRVH����
FP�VR�WKDW�WKH�LPDJH�RI�D�ELJJHU�VL]H�HJJ�FRXOG�VWLOO�¿W�RQ�WKH�
IUDPH�� %LJJHU� HJJV� DSSHDU� ODUJHU� WKDQ� WKH� IUDPH� LI� WKH�
ZRUNLQJ�GLVWDQFH�LV����FP��$FFRUGLQJ�WR�(XFOLG
V�ODZ��WKH�
IDUWKHU� DZD\� DQ� REMHFW� LV�� WKH� VPDOOHU� LW� DSSHDUV��
FRQVHTXHQWO\�� WKH� FORVHU� WKH� REMHFW� IURP� WKH� YLHZHU�� WKH�
ELJJHU�LW�VHHPV�

7KH� LQWHULRU� SRUWLRQ� RI� WKH� ER[� ZDV� WKHPHG� EODFN� WR�
GDUNHQ�WKH�DUHD�IRU�FDQGOLQJ�SXUSRVHV��(JJ
V�GHIHFW�GHWHFWLRQ�
XVLQJ�FDQGOLQJ�PHWKRG�FRXOG�EH�HDVLO\�REVHUYHG�LQ�D�GDUN�
URRP� �%UR\GH�� ������� � 7KLV� FDQGOLQJ� ERRWK� FRQWDLQHG� D�
OLJKWLQJ� V\VWHP� ��:� VRIWRQH� VWDQGDUG� EXOE� ZLWK� LWV�
UHFHSWDFOH���2QFH�LW�ZDV�OLJKWHG�RQ��WKH�OLJKW�SHQHWUDWHV�LQWR�
WKH�HJJ
V�VKHOO�ZKLFK�WKHQ�HQDEOHG�WKH�FDPHUD�WR�GHWHFW�LWV�
VKDSH��

� 7KLV� UHVHDUFK� XVHG� HJJV� RI� D� ZKLWH� OHJKRUQ� FKLFNHQ�
OD\HUV�VLQFH�LW� LV�WKH�FRPPRQ�FKLFNHQ�OD\HU�EUHHG�XVHG�LQ�
PHGLXP�� WR� ODUJH�VFDOH� SRXOWU\� HJJ� SURGXFWLRQ� LQ� WKH�
3KLOLSSLQHV�� 7KH� HJJ
V� VKDSH� RI� WKLV� EUHHG� RI� FKLFNHQ� LV�
W\SLFDOO\�D[LDO�V\PPHWULF�FRQFHUQLQJ�LWV�PDMRU�D[LV��,W�ZDV�
DVVXPHG�WKDW�WKH�HJJV�WR�EH�LQVSHFWHG�XVLQJ�WKLV�V\VWHP�DUH�

��IUHVK� VR� WKDW� WKH� GHQVLW\� ZKLFK� LV� ������ J� FP � ZLOO� EH�
DSSOLFDEOH��3DJDQHOOL�HW�DO����������,W�ZDV�DOVR�DVVXPHG�WKDW�
EHIRUH�WKH�HJJV�DUH�SODFHG�RQWR�WKH�V\VWHP��WKH\�ZHUH�DOUHDG\�
ZDVKHG�DQG�FOHDQHG��VR�GLUW�OLNH�EORRG��IHDWKHU��IHFHV�RU�PXG�
DQG�HYHQ�WKRVH�FUDFNHG�HJJV�LI�DQ\�ZHUH�DOUHDG\�UHPRYHG��
)RU�GHPRQVWUDWLRQ��WKLV�V\VWHP�RQO\�GRHV�WKH�SLFN�DQG�GURS�
PHWKRG� LQ� SODFLQJ� WKH� HJJV� KRUL]RQWDOO\� EHQHDWK� WKH�
FDPHUD�௑

7KH�EORFN�GLDJUDP�RI�WKH�HJJ�ZHLJKW�HVWLPDWLRQ�V\VWHP�
DV�VKRZQ�LQ�)LJXUH���FRQVLVWHG�RI���VWHSV������,PDJH�
DFTXLVLWLRQ������,PDJH�SUH�SURFHVVLQJ�VWHS������,PDJH�
HQKDQFHPHQW�WHFKQLTXH������,PDJH�VHJPHQWDWLRQ�DQG�����
,PDJH�DQDO\VLV�

6\VWHP�'HVLJQ
7R� DFKLHYH� WKH� GHVLUHG� RXWSXW� E\� HVWLPDWLQJ� WKH� HJJ
V�

ZHLJKW�� WKLV� V\VWHP� KDG� JRQH� WKURXJK� WKH� IROORZLQJ�
SURFHVVHV�

D��,PDJH�DFTXLVLWLRQ
,PDJH�DFTXLVLWLRQ�LV�WKH�SURFHVV�RI�FDSWXULQJ�WKH�HJJ
V�

LPDJH�WR�EH�SURFHVVHG�WKURXJK�D�ORZ�FRVW�ZHEFDP��7R�JHW�WKH�
EHVW�LPDJH�WKH�ZHEFDP�FRXOG�FDSWXUH��LW�ZDV�VHW�WR�LWV�KLJKHVW�
FDSDEOH�UHVROXWLRQ�ZKLFK�LV�����[������DQG�WKH�UHWXUQHG�FRORU�
VSDFH� ZDV� VHW� WR� JUD\VFDOH�� ,W� FDUULHV� WKH� LQWHQVLW\�
LQIRUPDWLRQ�ZKHUH�EODFN�KDYH�WKH�ORZ�RU�ZHDNHVW�LQWHQVLW\��
DQG�ZKLWH�KDYH�WKH�KLJK�RU�VWURQJHVW�LQWHQVLW\��7KH�ERXQGDU\�
EHWZHHQ�WKHVH�WZR�UHJLRQV�IRUPV�WKH�HGJH��(GJH�GHWHFWLRQ�
RSHUDWRU�ZDV�WKHQ�DSSOLHG�WR�GHWHFW�WKH�REMHFW�ERXQGDULHV�DQG�

HGJHV��$O�DPUL�HW�DO���������
E��,PDJH�SUH�SURFHVVLQJ
7KH�JUD\VFDOH� LPDJH�ZDV�FRQYHUWHG� WR�D�ELQDU\� LPDJH�

XVLQJ�D�WKUHVKROG�YDOXH�GHWHUPLQHG�E\�WKH�SURJUDP��7KDW�LV�
ZKHQ�WKH�LPDJH�LQWHQVLW\�LV�OHVV�WKDQ�WKH�WKUHVKROG�YDOXH��LW�
ZRXOG�EH�UHSODFHG�ZLWK�EODFN��RWKHUZLVH��D�ZKLWH�SL[HO�LI�WKH�
LPDJH� LQWHQVLW\� LV� JUHDWHU� WKDQ� WKDW� YDOXH��7KLV� JUD\VFDOH�
WUDQVIRUPDWLRQ� KHOSV� WR� PDNH� WKH� LPDJH� FOHDUHU� IRU� HDV\�
LPDJH�ERXQGDU\�GHWHFWLRQ�

F��,PDJH�HQKDQFHPHQW�WHFKQLTXH
7KLV� VWHS� LQFUHDVHV� WKH� VLJQDO�WR�QRLVH� UDWLR� DQG�

DFFHQWXDWHV� LPDJH� IHDWXUHV� E\� PRGLI\LQJ� WKH� FRORUV� RU�
LQWHQVLWLHV�RI�DQ�LPDJH��,W�LQYROYHG�LPDJH�QRLVH�UHPRYDO�ZLWK�
OLQHDU��PHGLDQ��RU�DGDSWLYH�¿OWHULQJ�

G��,PDJH�DXJPHQWDWLRQ�DOJRULWKP
,Q� WKLV� VWHS�� WKH� SURJUDP� GHWHUPLQHG� WKH� UHJLRQ�

ERXQGDULHV� RI� WKH� LPDJH�� 7KLV� V\VWHP� XVHG� HGJH�EDVHG�
PHWKRGV�� 2QFH� WKH� ERXQGDU\� ZDV� DOUHDG\� LGHQWL¿HG�� WKH�
HQWLUH�DUHD�RI�WKH�LPDJH�ZDV�¿OOHG�ZLWK�ZKLWH�SL[HOV�WR�PDNH�
WKH�LPDJH�ORRN�VROLG�

H��,PDJH�DQDO\VLV
7KLV�LV� WKH�SKDVH�RI�H[WUDFWLQJ�WKH�LPDJH
V�PHDQLQJIXO�

LQIRUPDWLRQ� VXFK� DV� GHWHUPLQLQJ� WKH� UHJLRQ� RI� LQWHUHVW��
¿QGLQJ�WKH�FHQWHU�RI�JUDYLW\�DQG�PHDVXULQJ�REMHFW�SURSHUWLHV��
6LQFH�HJJ�LPDJH�IRUPHG�DQ�HOOLSWLFDO�VKDSH��WKHUH�ZHUH���D[LV�
OHQJWKV�SUHVHQW�LQ�WKH�LPDJH��WKH�PLQRU�D[LV�OHQJWK�DQG�WKH�
PDMRU�D[LV�OHQJWK�FRQFHUQLQJ�LWV�FHQWHU�RI�JUDYLW\�RU�FHQWURLG��
)LJXUH���VKRZV�WKH�HJJ�LPDJH
V�PLQRU�D[LV��EUHDGWK��DQG�WKH�
PDMRU�D[LV��OHQJWK���7KLV�LPDJH�SURSHUW\�ZDV�PHDVXUHG��LQ�
SL[HO��

7KH�FDOFXODWHG�GLVWDQFH�LQ�WKH�SL[HO�YDOXH�RI�WKH�PLQRU�
DQG�PDMRU�D[LV�OHQJWK��FRQYHUWLQJ�SL[HO�WR�WKH�UHDO�ZRUOG�XQLW�
�LQ�FP��IROORZHG��,W�ZDV�DFFRPSOLVKHG�E\�PXOWLSO\LQJ�WKH�
GLVWDQFH�YDOXH��LQ�SL[HO��RI�WKH�PLQRU�DQG�PDMRU�D[LV�OHQJWK�
ZLWK� WKH�VSDWLDO�FDOLEUDWLRQ� IDFWRU���������FP�SHU�SL[HO��$�
FRQVWDQW�YDOXH�RI��������FP�SHU�SL[HO�ZDV�EHLQJ�XVHG�GXULQJ�
WKH�FDOFXODWLRQ��7KLV�VSDWLDO�FDOLEUDWLRQ�IDFWRU�LV�RQO\�IRU�WKLV�
VHWWLQJ��6SDWLDO�FDOLEUDWLRQ�IDFWRU�DOORZV�RQH�WR�WUDQVODWH�D�
PHDVXUHPHQW� IURP� SL[HO� XQLWV� LQWR� UHDO�ZRUOG� XQLWV�
�1DWLRQDO�,QVWUXPHQWV�&RUSRUDWLRQ���,W�LV�GHSHQGHQW�RQ�VRPH�
SDUDPHWHUV�WKDW�ZHUH�DSSOLHG�WR�WKLV�VHWXS�OLNH�WKH�UHVROXWLRQ�
RI� WKH� ZHEFDP�� WKH� LPDJH� DFTXLVLWLRQ� VRIWZDUH�� DQG� WKH�
GLVWDQFH�DQG�HQYLURQPHQW�RI�WKH�ZRUNLQJ�DUHD�

7KH� IRUPXOD� LQ� (T�� ��ZDV� XVHG� WR� FDOFXODWH� WKH� HJJ
V�
YROXPH�� ZKHUH�� /� LV� WKH� HJJ
V� OHQJWK� �FRQYHUWHG� LQ� FP��
REWDLQHG�WKURXJK�PHDVXULQJ�WKH�LPDJH�PDMRU�D[LV�OHQJWK�DQG�
%� LV�WKH�HJJ
V�EUHDGWK��FRQYHUWHG�LQ�FP��REWDLQHG�WKURXJK�
PHDVXULQJ� WKH� LPDJH� PLQRU� D[LV� OHQJWK� �$OWXQWDV� DQG�
6HNHURJOX���������

:LWK� WKH�REWDLQHG�YDOXH�RI� WKH�HJJ
V�YROXPH��LQ�FXELF�
FP���FRPSXWDWLRQ�RI�WKH�HJJ
V�ZHLJKW�XVLQJ�WKH�PDVV�IRUPXOD�
IROORZV��7KH�IRUPXOD�WR�GHWHUPLQH�HJJ
V�PDVV�ZDV�VKRZQ�LQ�
(T�����ZKHUH�9 �YDOXH�ZDV�UHSODFHG�ZLWK�WKH�FDOFXODWHG�HJJ�HJJ

YROXPH�YDOXH��LQ�FXELF�FP��WDNHQ�IURP�WKH�SUHYLRXV�VWHS�DQG�
�������� J� FP � ZDV� WKH� GHQVLW\� RI� WKH� IUHVK� FKLFNHQ� HJJ�

�3DJDQHOOL�HW�DO����������
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,QW�-�$JULF�(QYLURQ�)RRG�6FL���������������������

)LJXUH����3K\VLFDO�6HWXS�RI�WKH�(JJ�:HLJKW�(VWLPDWLRQ�6\VWHP

)LJXUH����3DUWV�DQG�'LPHQVLRQV�RI�WKH�6\VWHP�3URWRW\SH

)LJXUH����%ORFN�'LDJUDP�RI�WKH�(JJ�:HLJKW�(VWLPDWLRQ�6\VWHP

)LJXUH�����D��0LQRU�$[LV��%UHDGWK��DQG��E��0DMRU�$[LV��/HQJWK��RI�DQ�(JJ

$�FRVW�HIIHFWLYH�DSSURDFK�IRU�FKLFNHQ�HJJ�ZHLJKW�HVWLPDWLRQ�WKURXJK������
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:LWK� WKH� FRPSXWHG� HJJ
V� ZHLJKW� �LQ� JUDP�� IURP� WKH�
SUHYLRXV�VWHS��HJJ�VL]H�FODVVL¿FDWLRQ�IROORZHG�E\�HYDOXDWLQJ�
WKH�HJJ
V�PDVV�YDOXH�EDVHG�RQ�WKH�FDWHJRULHV�JLYHQ�E\�WKH�
3KLOLSSLQH�1DWLRQDO�6WDQGDUG�IRU�7DEOH�HJJV��316�%$)36��
������

8VHU�,QWHUIDFH�'HVLJQ
7KH�SURJUDPPLQJ�ODQJXDJH�XVHG�LQ� WKLV�V\VWHP�LV�0DWODE�
5����E�� ,W� KDG� WKH� IROORZLQJ� LPDJH� SURFHVVLQJ� UHODWHG�
WRROER[��FRPSXWHU�YLVLRQ�V\VWHP��LPDJH�DFTXLVLWLRQ��LPDJH�
SURFHVVLQJ�DQG�*8,��8VLQJ�WKH�JXLGH�0DWODE�FRPPDQG��WKH�
DOJRULWKP�IRU�FKLFNHQ�HJJ�ZHLJKW
V�HVWLPDWLRQ�LV�VKRZQ�LQ�
)LJXUH���

(YDOXDWLRQ�RI�WKH�6\VWHP
7R� DVVHVV� WKH� HIIHFWLYHQHVV� RI� FKLFNHQ� HJJ� ZHLJKW�

HVWLPDWLRQ� V\VWHP�� LW� ZDV� WHVWHG� WR� ��� IUHVK� FKLFNHQ� HJJ�
VDPSOHV� WKDW�FRPH� LQ�GLIIHUHQW�VL]HV��7KH����HJJ�VDPSOHV�
ZHUH�¿UVW�ZHLJKHG�PDQXDOO\�XVLQJ�DQ�DQDO\WLFDO�EDODQFH��7KH�
PHDVXUHG�YDOXHV�ZHUH�WKHQ�FRPSDUHG�WR�WKH�UHVXOW�RI�WKH�HJJ�
ZHLJKW�HVWLPDWLRQ�V\VWHP�

$IWHU�WKH�PDQXDO�ZHLJKLQJ�RI�WKH����IUHVK�HJJ�VDPSOHV��WKH\�
ZHUH� ORDGHG� LQGLYLGXDOO\� WR� WKH� GHYHORSHG� V\VWHP� IRU�
LQVSHFWLRQ��(DFK�HJJ�ZDV�EHLQJ�LQVSHFWHG����WLPHV�RU�LQ����
WULDOV��7KHVH����WULDOV�ZHUH�GLYLGHG�LQWR�IRXU�SRVLWLRQV��7KHVH�
IRXU�����SRVLWLRQV�WKRXJKW�WR�EH�WKH�SRVVLEOH�SRVLWLRQV�RI�WKH�
HJJV�ZKHQ�ORDGHG�LQ�D�FRQYH\RU�RU�HJJ�KROGHU�GXULQJ�WKH�
LQVSHFWLRQ�� (DFK� SRVLWLRQ� KDG� �� WULDOV� WR� WHVW� WKH� V\VWHP�
DFFXUDF\�� ,Q� WKH� ¿UVW� SRVLWLRQ� �3RVLWLRQ� ���� WKH� HJJ� ZDV�
SRVLWLRQHG�KRUL]RQWDOO\��SDUDOOHO�WR�WKH�FDPHUD
V�RULHQWDWLRQ��
,Q�WKH�VHFRQG�SRVLWLRQ��3RVLWLRQ�����WKH�HJJ
V�SRVLWLRQ�ZDV�
FKDQJHG�� URWDWLQJ� LW� ������� IURP� LWV� RULJLQDO� SRVLWLRQ�
�3RVLWLRQ�����:KLOH�LQ�WKH�WKLUG�SRVLWLRQ��3RVLWLRQ�����WKH�HJJ�
ZDV�URWDWHG�XS�WR������IURP�LWV�RULJLQDO�SRVLWLRQ��3RVLWLRQ�����
$QG�¿QDOO\��IRU�WKH�IRXUWK�SRVLWLRQ��3RVLWLRQ�����WKH�HJJ�ZDV�
KHOG� YHUWLFDOO\� ������� LQFOLQDWLRQ� SRLQW� IURP� LWV� RULJLQDO�
SRVLWLRQ��3RVLWLRQ�����7KUHH�WULDOV��7ULDO����7ULDO���DQG�7ULDO����
ZHUH� FRQGXFWHG� IRU� HDFK� SRVLWLRQ�� )LJXUH� �� VKRZV� WKH�
FDSWXUHG�LPDJH�RI�GLIIHUHQW�HJJ�SRVLWLRQV�

7DEOH����7DEOH�RI�HJJ�FODVVL¿FDWLRQ�ZLWK�WKHLU�FRUUHVSRQGLQJ�ZHLJKW

)LJXUH����$OJRULWKP�IRU�&KLFNHQ�(JJ�:HLJKW
V�(VWLPDWLRQ

)LJXUH����&DSWXUHG�,PDJH�RI�'LIIHUHQW�(JJ�3RVLWLRQV

$OSKDQ\�'��$UDJXD��9DO�,UYLQ�)��0DED\R $�FRVW�HIIHFWLYH�DSSURDFK�IRU�FKLFNHQ�HJJ�ZHLJKW�HVWLPDWLRQ�WKURXJK������



7KH� UHDVRQ� IRU� KDYLQJ� WKHVH� GLIIHUHQW� SRVLWLRQV� LV� WR�
HYDOXDWH� WKH� HI¿FLHQF\� DQG� DFFXUDF\� RI� WKH� V\VWHP� LQ�
HVWLPDWLQJ�FKLFNHQ�HJJ�ZHLJKW�DQG�VL]H�FODVVL¿FDWLRQ�HYHQ�
ZKHQ�WKH�SRVLWLRQV�RI�WKH�HJJV�DUH�DW�GLIIHUHQW�SHUVSHFWLYHV��

8VLQJ�SHUFHQW�HUURU�IRUPXOD�RQ�(T�����WKH�UHVHDUFKHU�ZDV�
DEOH�WR�FKHFN�WKH�GHYHORSHG�V\VWHP
V�DFFXUDF\��,W�FRPSDUHV�
WKH� V\VWHP
V� REWDLQHG� YDOXH� WR� WKH� PHDVXUHG� YDOXH�� 7KH�
PDQXDO�PHDVXUHPHQW��ZHLJKW��LQ�(T����LV�WKH�PHDVXUHG�YDOXH�
RI� WKH� HJJ
V� ZHLJKW� XVLQJ� D� ZHLJKLQJ� VFDOH�� ZKLOH�
FRPSXWHUL]HG�PHDVXUHPHQW��ZHLJKW��LV�WKH�YDOXH�RI�WKH�HJJ
V�
ZHLJKW�JHQHUDWHG�IURP�WKH�GHYHORSHG�V\VWHP�

5HVXOWV�DQG�'LVFXVVLRQ�

)LJXUH� �� VKRZV� D� VDPSOH� RXWSXW� RI� WKH� HJJ� ZHLJKW�
HVWLPDWLRQ�V\VWHP��7KLV�XVHU�LQWHUIDFH�ZRXOG�EH�SURPSWHG�RQ�
WKH�VFUHHQ�IRU�YLVXDO�LQVSHFWLRQ�WR�VHH�WKH�HJJ
V�SURSHUWLHV�
GXULQJ�LQVSHFWLRQ�DQG�FODVVL¿FDWLRQ��,W�GLVSOD\HG�WKH�LPDJHV�
XVHG�LQ�WKH�LPDJH�SURFHVVLQJ�DQG�DQDO\VLV��OLNH�WKH�FDSWXUHG�
LPDJH�� ELQDU\� LPDJH�� DQG� WKH� PHDVXUHG� LPDJH�� ,W� DOVR�
GLVSOD\HG�WKH�FDOFXODWHG�HJJ�ZHLJKW�DQG�HJJ�FODVVL¿FDWLRQ��
)RU�GHPRQVWUDWLRQ�SXUSRVHV��WKH�HJJ�LQVSHFWRU�FOLFNHG�WKH�
,QVSHFW� (JJ� EXWWRQ� RQ� WKH� LQWHUIDFH� DIWHU� WKH� HJJ� ZDV�
SRVLWLRQHG�RQ�WKH�HJJ�KROGHU��,Q�QRW�OHVV�WKDQ���VHFRQGV��WKH�
UHVXOW�ZDV�WKHQ�GLVSOD\HG�RQ�WKH�VFUHHQ�

&RPSDULVRQ� EHWZHHQ� 0DQXDO� DQG� &RPSXWHUL]HG�
0HWKRG�RI�0HDVXUHPHQW�5HVXOW�
:LWK�WKH�REWDLQHG�HJJ�JUDGLQJ�DQG�LQVSHFWLRQ�GDWD�IURP�

ERWK�PDQXDO�DQG�FRPSXWHUL]HG�PHWKRG��SHUFHQW�HUURU�ZDV�
XVHG�WR�GHWHUPLQH�WKH�DFFXUDF\�RI�WKH�V\VWHP��7KH�HJJV�ZHUH�
SRVLWLRQHG�LQ�IRXU�GLIIHUHQW�ZD\V�DV�IROORZV�

D��(JJ�SRVLWLRQHG�SDUDOOHO�WR�WKH�ZHEFDP
,Q� WKLV� SRVLWLRQ� �3RVLWLRQ����� WKH� HJJ�ZDV� ODLG�RQ� WKH� HJJ�
KROGHU�SDUDOOHO�WR�WKH�FDPHUD
V�RULHQWDWLRQ��7DEOH���VKRZV�WKDW�
WKH�SHUFHQW�HUURU�RI�WKH�HJJ�VDPSOHV�UDQJHG�IURP���������
�������ZLWK�DQ�DYHUDJH�SHUFHQW�HUURU�RI��������$�SHUFHQWDJH�
HUURU� YHU\� FORVH� WR� ]HUR�PHDQV� YHU\� FORVH� WR� WKH� WDUJHWHG�
YDOXH��7KHUHIRUH��WKLV�SRVLWLRQ�RI�WKH�HJJ�VDPSOHV�ZKHUH�WKH�
HJJV�ZHUH�ODLG�SDUDOOHO�WR�WKH�FDPHUD�ZDV�D�JRRG�SRVLWLRQ�WR�

JHW�WKH�HJJ�ZHLJKW�XVLQJ�WKLV�V\VWHP�

E��(JJ�SRVLWLRQHG�KHOG�LQFOLQHG�IURP�LWV��VW�SRVLWLRQ
,Q�WKLV�VHFRQG�SRVLWLRQ��3RVLWLRQ�����WKH�HJJ�ZDV�KHOG�

LQFOLQHG�RU�URWDWHG��������IURP�LWV�RULJLQDO�SRVLWLRQ��3RVLWLRQ�
����$V�VKRZQ�LQ�7DEOH����WKH�SHUFHQW�HUURU�RI�WKH�HJJ�VDPSOHV�
UDQJHG�IURP����������������ZLWK�DQ�DYHUDJH�SHUFHQW�HUURU�RI�
�������,W�KDG�D�SHUFHQWDJH�HUURU�FORVHU�WR�]HUR�ZKLFK�PHDQV�
WKDW�WKLV�SRVLWLRQ�FRXOG�VWLOO�HVWLPDWH�WKH�HJJ
V�ZHLJKW�

F��(JJ�SRVLWLRQHG�SDUDOOHO� WR� WKH�ZHEFDP������� IURP�
3RVLWLRQ���

7KH�HJJ�VDPSOHV�LQ�WKLV�SRVLWLRQ��3RVLWLRQ����ZHUH�URWDWHG�
XS�WR������IURP�LWV�¿UVW�SRVLWLRQ��3RVLWLRQ�����$V�VKRZQ�LQ�
7DEOH����WKH�SHUFHQW�HUURU�RI�WKH�HJJ�VDPSOHV�UDQJHG�IURP�
���������������ZLWK�DQ�DYHUDJH�SHUFHQW�HUURU�RI��������,W�
DOVR�KDG�D�SHUFHQWDJH�HUURU�FORVHU�WR�]HUR�ZKLFK�PHDQV�WKDW�
WKLV�SRVLWLRQ�FRXOG�VWLOO�HVWLPDWH�WKH�HJJ
V�ZHLJKW�
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)LJXUH����6DPSOH�(JJ�:HLJKW�(VWLPDWLRQ�6\VWHP�5HVXOW����
2XWSXW

7DEOH����(JJ�:HLJKW�(VWLPDWLRQ�9DOXH�DQG�LWV�3HUFHQW�
(UURU��3RVLWLRQ���

7DEOH����(JJ�:HLJKW�(VWLPDWLRQ�9DOXH�DQG�LWV�3HUFHQW�
(UURU��3RVLWLRQ���

7DEOH����(JJ�:HLJKW�(VWLPDWLRQ�9DOXH�DQG�LWV�3HUFHQW�
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��

G�� (JJ� SRVLWLRQHG� KHOG� LQFOLQHG� IURP� LWV� SUHYLRXV�
SRVLWLRQ

)RU�WKLV�3RVLWLRQ����WKH�HJJ�ZDV�KHOG�DW��������LQFOLQDWLRQ�
SRLQW� IURP� LWV�RULJLQDO�SRVLWLRQ� �3RVLWLRQ�����$V� VKRZQ� LQ�
7DEOH���WKDW�WKH�SHUFHQW�HUURU�RI�WKH�HJJ�VDPSOHV�UDQJHG�IURP�
���������������ZLWK�DQ�DYHUDJH�SHUFHQW�HUURU�RI��������,W�
KDG�D�SHUFHQWDJH�HUURU�VWLOO�FORVHU�WR�]HUR�ZKLFK�PHDQV�WKDW�
WKLV�SRVLWLRQ�FRXOG�VWLOO�HVWLPDWH�WKH�HJJ
V�ZHLJKW�

7KH� HVWLPDWHG� HJJ� ZHLJKW� FRXOG� VWLOO� EH� GHWHUPLQHG�
PDWKHPDWLFDOO\�XVLQJ�WKH�REWDLQHG�PHDVXUHPHQW�YDOXH�RI�WKH�
HJJ
V� PLQRU� DQG� PDMRU� D[LV� OHQJWK� IURP� WKH� LPDJH�� 7KH�
UHVXOWV� RQ� WKH� SUHYLRXV� WDEOHV� �7DEOHV� ����� VKRZ� WKDW� WKH�
DYHUDJH�SHUFHQWDJH�HUURU�UDQJHG�RQO\�IURP�������WR��������
&RPSDULQJ�WKH�PDQXDO�PHDVXUHPHQW�DQG�WKH�FRPSXWHUL]HG�
HJJ� ZHLJKW� HVWLPDWLRQ� V\VWHP� SRLQWHG� WR� ������ HUURU� RU�
������� DFFXUDF\�� 7KHUHIRUH�� WKLV� V\VWHP� LV� FDSDEOH� RI�
HVWLPDWLQJ�WKH�HJJ
V�ZHLJKW�WKURXJK�JHWWLQJ�WKH�H[DFW�HJJ
V�
GLPHQVLRQV� IURP� WKH� FDSWXUHG� LPDJH� E\� DQ� LQH[SHQVLYH�
ZHEFDP�ZLWK�WKH�DLG�RI�D�SURJUDP�

(JJ� :HLJKW� (VWLPDWLRQ� 6\VWHP� RYHU� 0DQXDO�
3URFHVVLQJ�&RVW�(IIHFWLYHQHVV

6PDOO�WR�PHGLXP�VFDOH�RU�HYHQ�ODUJH�VFDOH�SRXOWU\�IDUPV�
GHWHUPLQH�DQ�HJJ
V�ZHLJKW�XVLQJ�HLWKHU�DQ�HJJ�ZHLJKLQJ�VFDOH�
RU� D� EDODQFH�ZHLJKLQJ� VFDOH��:LWK� WKLV� SUHVHQWHG� V\VWHP��
WKHUH� LV� QR� QHHG� WR� DFTXLUH� DQ� H[SHQVLYH� KLJK�UHVROXWLRQ�
FDPHUD�DQG�D�GHGLFDWHG�HJJ�ZHLJKLQJ�VFDOH�DW�WKH�VDPH�WLPH��
7KLV�V\VWHP�XVHV�DQ�LQH[SHQVLYH�ZHEFDP�LQ�HVWLPDWLQJ�HJJ
V�
ZHLJKW�� 7KLV� KHOSHG� PLQLPL]HG� H[SHQVHV� UHJDUGLQJ�
DFTXLULQJ�DGGLWLRQDO�GHYLFHV�DQG�PDWHULDOV�

7KH�PRUH�ODERUHUV�DQ�LQGXVWU\�KDV��WKH�ELJJHU�WKH�PRQH\�
WR�VSHQG�IRU�WKH�ODERUHUV
�ZDJHV�DQG�DGGLWLRQDO�EHQH¿WV��:LWK�
WKLV� V\VWHP� HPEHGGHG� LQ� DQ� HJJ�VRUWLQJ� PDFKLQH� RU�
FRQYH\RU��SRXOWU\�IDUP�RZQHUV�GR�QRW�QHHG�WR�KLUH�UHGXQGDQW�
ODERUHUV�MXVW�WR�LQVSHFW�DQG�ZHLJK�WKH�HJJV�LQGLYLGXDOO\��)RU�
H[DPSOH�� LQVWHDG� RI� KLULQJ� WZR� ODERUHUV� �DVVLJQHG� IRU�
LQVSHFWLRQ�DQG�ZHLJKLQJ���IDUP�RZQHUV�PD\�KLUH�RQO\�RQH�
ODERUHU�WR�GR�ERWK�WDVN
V� MXVW� WR�VXSHUYLVH�DQG�RYHUVHH�WKH�
V\VWHP��,W�LV�DOUHDG\�WKH�WDVN�RI�WKH�V\VWHP�WR�GHWHUPLQH�WKH�
HJJ
V�ZHLJKW�IRU�IXUWKHU�FODVVL¿FDWLRQ�

$V�UHJDUGV�WR�SURGXFWLYLW\��LW�LV�H[SHFWHG�WKDW�WKLV�GHYLFH�
FRXOG�EH�PRUH�SURGXFWLYH�WKDQ�PDQXDO�ODERUHUV�ZKR�RSHUDWH�
RQO\�GXULQJ�ZRUNLQJ�KRXUV��7KLV�V\VWHP�FRXOG�RSHUDWH������LI�
LW�LV�LQWHJUDWHG�ZLWK�D�FRQYH\RU�ZLWKLQ�D�JUDGLQJ�PDFKLQH�

&RQFOXVLRQ��

7KLV� DXWRPDWHG� FKLFNHQ� HJJ� HVWLPDWLRQ� V\VWHP� ZDV�
WHVWHG�XVLQJ����IUHVK�FKLFNHQ�HJJ�VDPSOHV�LQ�GLIIHUHQW�VL]HV��

7KH� UHVXOW� VKRZHG� WKDW� WKH�PDQXDO�PHDVXUHPHQW� DQG� WKH�
FRPSXWHUL]HG�HJJ�ZHLJKW�HVWLPDWLRQ�V\VWHP�KDG�XS�WR�������
HUURU�RU��������DFFXUDF\��

5HVXOWV� LQ�7DEOH��� WR���VKRZ�WKDW� LPDJH�PHDVXUHPHQW�
PXVW� EH� FDUHIXOO\� PHDVXUHG� WR� REWDLQ� WKH� SUHFLVH�
PHDVXUHPHQW� YDOXH�� 8VLQJ� FRPSXWHU� YLVLRQ�� WKH�
GHWHUPLQDWLRQ� RI� WKH� HJJ� PDVV� LV� GHSHQGHQW� RQ� D�
PHDVXUHPHQW� WDNHQ� IURP� WKH� LPDJH�� 2QFH� WKH� FRPSXWHG�
PHDVXUHPHQW�YDOXH�LV�IDU�IURP�WKH�H[DFW�YDOXH��LW�DIIHFWV�WKH�
GHWHUPLQDWLRQ�RI�WKH�HJJV
�PDVV��,QGHHG��D�ORZ�FRVW�ZHEFDP�
FRXOG� EH� XVHG� DV� D� UHSODFHPHQW� IRU� ZHLJKLQJ� UHJDUGLQJ�
GHWHUPLQLQJ�WKH�HJJ
V�PDVV�ZLWK�WKH�DLG�RI�WKH�ULJKW�LPDJH�
SURFHVVLQJ�DQG�DQDO\VLV�DOJRULWKP�

:LWK�WKH��������DFFXUDF\��WKLV�VWXG\�FRXOG�JUHDWO\�EH�DQ�
DOWHUQDWLYH�ZD\�LQ�WKH�FKLFNHQ�HJJ�ZHLJKW�HVWLPDWLRQ�PHWKRG�
HVSHFLDOO\�LQ�ODUJH�VFDOH�SRXOWU\�IDUPV�LQ�WKH�3KLOLSSLQHV�WR�
PLQLPL]H�KXPDQ�LQWHUDFWLRQ�GXULQJ�WKH�SURFHVV�DV�ZHOO�DV�WR�
VDYH�WLPH�DQG�HQHUJ\��
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7KH�DXWKRUV�ZRXOG�OLNH�WR�WKDQN�WKH�8QLYHUVLW\�RI�6FLHQFH�

DQG�7HFKQRORJ\�RI�6RXWKHUQ�3KLOLSSLQHV�±�&DJD\DQ�GH�2UR�
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5HIHUHQFHV�

$EGDQDQ�0HKGL]DGHK�� 6���0LQDHL�� 6��� +DQFRFN�� 1�+��� .DULPL�7RUVKL]L��
0�$����������$Q�LQWHOOLJHQW�V\VWHP�IRU�HJJ�TXDOLW\�FODVVL¿FDWLRQ�
EDVHG�RQ�YLVLEOH�LQIUDUHG�WUDQVPLWWDQFH�VSHFWURVFRS\��,QI��3URFHVV��
$JULF��������±�����'2,� ���������M�LQSD������������

$O�DPUL�� 6�6��� .DO\DQNDU�� 1�� 9��� .KDPLWNDU�� 6�'�� �������� ,PDJH�
VHJPHQWDWLRQ�E\�XVLQJ�HGJH�GHWHFWLRQ��,QW��-��&RPSXW��6FL��(QJ�����
���±����

$OWXQWDV�� (��� 6HNHURJOX��$�� ��������0HFKDQLFDO� EHKDYLRUV� DQG� SK\VLFDO�
SURSHUWLHV�RI�FKLFNHQ�HJJ�DV�DIIHFWHG�E\�GLIIHUHQW�HJJ�ZHLJKWV��-��
)RRG�3URFHVV�(QJ���±�����'2,�� ���������M�����

$VDGL�� 9��� 5DRXIDW�� 0�+��� �������� (JJ�:HLJKW� (VWLPDWLRQ� E\� 0DFKLQH�
9LVLRQ�DQG�1HXUDO�1HWZRUN�7HFKQLTXHV��$�FDVH�VWXG\�)UHVK�(JJ���
,QW��-��1DW��(QJ��6FL������±��

%UR\GH��5�0����������%ORRG�6SRWV�LQ�(JJV��-��+DODFKD�&RQWHPS��6RF�������
�������

&KPHODĜ��3���'REURYROQê��0����������7KH�2SWLFDO�0HDVXULQJ�'HYLFH�IRU�WKH�
$XWRQRPRXV� ([SORUDW LRQ� DQG� 0DSSLQJ� RI � 8QNQRZQ�
(QYLURQPHQWV������±���

&RXQWU\67$7�3KLOLSSLQHV����������3RXOWU\�DQG�(JJV��9ROXPH�RI�3URGXFWLRQ�
E \ � 5 H J L R Q � > : : : � ' R F X P H Q W @ � � 8 5 /�
KWWS���FRXQWU\VWDW�EDV�JRY�SK�"FRQW ��	SDJHLG �	PD %��31
9/3���DFFHVVHG����������

'DQJSKRQWKRQJ��'���3LQDWH��:����������$QDO\VLV�RI�ZHLJKW�HJJ�XVLQJ�LPDJH�
SURFHVVLQJ�� LQ�� 3URFHHGLQJV� RI� $FDGHPLFV� :RUOG� ��WK�
,QWHUQDWLRQDO�&RQIHUHQFH��7RN\R��-DSDQ��SS����±���

1DWLRQDO�,QVWUXPHQWV�&RUSRUDWLRQ��6SDWLDO�&DOLEUDWLRQ�>:::�'RFXPHQW@��
85/� KWWS���]RQH�QL�FRP�UHIHUHQFH�HQ�;;�KHOS�������-�
���QLYLVLRQFRQFHSWV�VSDWLDOBFDOLEUDWLRQ����DFFHVVHG����������

3DJDQHOOL��&�9���2OV]RZND��$���$U��$����������7KH�$YLDQ�(JJ��6XUIDFH�$UHD��
9ROXPH��DQG�'HQVLW\��&RQGRU��������±����

6ROWDQL��0���2PLG��0���$OLPDUGDQL��5����������(JJ�YROXPH�SUHGLFWLRQ�XVLQJ�
PDFKLQH�YLVLRQ�WHFKQLTXH�EDVHG�RQ�SDSSXV�WKHRUHP�DQG�DUWL¿FLDO�
QHXUDO� QHWZRUN�� -�� )RRG� 6FL�� 7HFKQRO�� ���� ����±�������
'2,� ����������V����������������

:DUDQXVDVW��5���,QWD\RG��3���0DNKRG��'����������(JJ�VL]H�FODVVL¿FDWLRQ�RQ�
$QGURLG� PRELOH� GHYLFHV� XVLQJ� LPDJH� SURFHVVLQJ� DQG� PDFKLQH�
OHDUQLQJ�������)LIWK�,&7�,QW��6WXGHQW�3URM��&RQI�����±����� �'2,��
��������,&7�,63&��������������

7DEOH����(JJ�:HLJKW�(VWLPDWLRQ�9DOXH�DQG�LWV�3HUFHQW�
(UURU��3RVLWLRQ���

$OSKDQ\�'��$UDJXD��9DO�,UYLQ�)��0DED\R $�FRVW�HIIHFWLYH�DSSURDFK�IRU�FKLFNHQ�HJJ�ZHLJKW�HVWLPDWLRQ�WKURXJK������

https://doi.org/10.1016/j.inpa.2014.10.002
https://doi.org/10.1111/j.1745
https://doi.org/10.1007/s13197-014-1350-6
https://doi.org/10.1109/ICT-ISPC.2016.7519263


)DFLOLWDWLRQ�RI�ROLYH�KDUYHVW�E\�PLFURELDO�LQGROH�DFHWLF�DFLG�DQG�DQ�HQ]\PH�PL[WXUH
� ��
� �1H\ODQ�&HWLQ ������$\QXU�*XO�.DUDKDQ ������0��/XWIX�&DNPDNFL

�6�OH\PDQ�'HPLUHO�8QLYHUVLW\��)DFXOW\�RI�(QJLQHHULQJ��'HSDUWPHQW�RI�)RRG�(QJLQHHULQJ��,VSDUWD��7XUNH\
�$QNDUD�8QLYHUVLW\��)DFXOW\�RI�(QJLQHHULQJ��'HSDUWPHQW�RI�)RRG�(QJLQHHULQJ��$QNDUD��7XUNH\


&RUUHVSRQGLQJ�$XWKRU��D\QXUNDUDKDQ#VGX�HGX�WU�

7KH�KDUYHVW�LV�RQH�RI�WKH�PRVW�VLJQL¿FDQW�SURFHVVHV�RI�WKH�
ROLYH�FXOWLYDWLRQ�EHFDXVH�WKH�FKRRVLQJ�RI�WKH�IRUP�DQG�WLPH�
RI� WKH� KDUYHVW� DIIHFWV� WKH� TXDQWLW\� DQG� TXDOLW\� DQG�
PDQXIDFWXULQJ�FRVW�RI�WKH�DQQXDO�\LHOG��DQG�WKH�\LHOG�RI�WKH�
QH[W�\HDUV���

7KH�ROLYH�KDUYHVW�ERWK�FRQVWLWXWHV�PRUH�WKDQ�����RI�WKH�
PDQXIDFWXULQJ�FRVW��&DVWLOOR�5XL]�HW�DO���������DQG�DIIHFWV�
SDUWLFXODUO\�WKH�SK\VLRORJ\�RI�ÀRZHULQJ�RI�D�WUHH�DORQJ�ZLWK�
WKH� \LHOG� DQG� TXDOLW\�� 7KH� KDUYHVW� FDQ� EH� GRQH� ZLWK�
PHFKDQLFDO� DQG� WUDGLWLRQDO�PHWKRGV��+RZHYHU�� LQ�7XUNH\��
WKH�XWLOL]DWLRQ�RI�WKH�KDUYHVW�PDFKLQHV�XVHG�LQ�WKH�FRXQWULHV�
VXFK� DV� ,WDO\� DQG� 6SDLQ��ZKHUH� WKH�PRGHUQ� FXOWLYDWLRQ� LV�
PDGH��LV�UDWKHU�GLI¿FXOW��7KLV�LV�EHFDXVH�RI�WKH�IDFW�WKDW�WKH�
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,Q� WKLV� VWXG\�� LQ� RUGHU� WR� FUHDWH� DQ� DOWHUQDWLYH� WR� WKH�
H[LVWLQJ� KDUYHVWLQJ� SUDFWLFHV�� WKH� ,$$�KRUPRQH� SURGXFHG�
QDWXUDOO\� E\� *LEEHUHOOD� IXMLNXURL� ZDV� H[WUDFWHG� DQG� LWV�
IDFLOLWDWLYH� HIIHFWV� RQ� WKH� ROLYH� KDUYHVW�ZHUH� REVHUYHG� E\�
XVLQJ�LW�ZLWK�D�FRPPHUFLDO�HQ]\PH�SUHSDUDWLRQ�

0DWHULDOV�DQG�0HWKRGV
0DWHULDOV

,Q�WKLV�VWXG\��*LEEHUHOOD�IXMLNXURL�ZDV�XVHG�LQ�WKH�SURGXFWLRQ�
RI� ,$$�� 7KLV� IXQJXV� ZDV� REWDLQHG� IURP� +DFHWWHSH�
8QLYHUVLW\��)DFXOW\�RI�6FLHQFH��'HSDUWPHQW�RI�%LRORJ\�3URI��

�
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$EVWUDFW

.H\ZRUGV��*LEEHUHOOD�IXMLNXURL��3HFWLQRO\WLF�(Q]\PHV��3URWHLQ��3HFWLQ�
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7KH� H[SHULPHQW� ZDV� FDUULHG� RXW� LQ� WKH� ROLYH� JDUGHQ�
EHORQJLQJ�WR�0XUDW�3DúD�)RXQGDWLRQ�LQ�$QWDO\D��)LYH�ROLYH�
WUHHV�RI�*HPOLN�FXOWLYDU�ZHUH�FKRVHQ�IRU�WKH�H[SHULPHQW��$�
FRPPHUFLDO� HQ]\PH� SUHSDUDWLRQ� WKDW� FRQWDLQV� D� VPDOO�
DPRXQW�RI�FHOOXODVH�DQG�KHPLFHOOXODVH�HQ]\PHV�DV�ZHOO�DV�
SHFWLQWUDQVHOLPLQDVH��SRO\JDODFWXURQDVH��DQG�SHFWLQHVWHUDVH�
HQ]\PHV��3HFWLQH[�8OWUD�63�/��1RYR�1RUGLVN�)HUPHQW�/WG���
6ZLW]HUODQG��ZDV�XVHG�IRU�IDFLOLWDWLRQ�RI�KDUYHVW�

0HWKRGV

,$$�3URGXFWLRQ
7KH�HQULFKHG�V\QWKHWLF�&]DSHN�'R[�EURWK�ZDV�XVHG�IRU�

WKH� ,$$� SURGXFWLRQ� �0DKDGHYDQ� 	� 6ULGKDU�� ������� 7KH�
PHGLXP�ZDV�LQRFXODWHG������ZLWK�WKH�VXVSHQVLRQ�SUHSDUHG�
IURP� *LEHUHOOD� IXMLNXURL� VSRUHV�� 7KHQ� WKH� FXOWXUH� ZDV�

�LQFXEDWHG� IRU� �� GD\V� DW� ��� &� DQG� ���� USP� �<DOFLQND\D��
������� 'XULQJ� WKH� LQFXEDWLRQ�� WKH� ,$$� OHYHOV� ZHUH�
GHWHUPLQHG�LQ�WKH�VDPSOHV�WDNHQ�RQ�WKH��QG���WK��DQG��WK�GD\V�
�&DNPDNFL���������&RQFHQWUDWHG�+&O�������P/��ZDV�DGGHG�
WR�WKH���P/�VDPSOH�IRU�WKH�,$$�H[WUDFWLRQ��$IWHU�WKH�VDPSOHV�
KDG�EHHQ�WKRURXJKO\�PL[HG��WKH\�ZHUH�H[WUDFWHG�WZR�WLPHV�
ZLWK� �� P/� HWKHU�� 7KHQ� HWKHU� ZDV� HYDSRUDWHG� XQGHU� WKH�
QLWURJHQ�JDV��7KH�UHVLGXH�ZDV�GLVVROYHG�LQ�ZDWHU�DQG�WKH�,$$�
OHYHO� ZDV� VSHFWURSKRWRPHWULFDOO\� GHWHUPLQHG�� � 7KH� ,$$�
H[WUDFW����P/��ZDV�DGGHG�LQWR�����P/������0�)H&O ��+ 2���� �

����SHUFKORULF�DFLG�PL[WXUH��,W�ZDV�ZDLWHG�IRU����PLQ�XQWLO�
WKH� FKDUDFWHULVWLF� UHG� FRORU� WR� IRUP�� $IWHUZDUGV�� WKH�
D E V R U E DQF H V � ZH U H � PHD VX U HG � D W � � �� � QP � RQ � D�
VSHFWURSKRWRPHWHU��89�9,6������6KLPDG]X��DJDLQVW�WR�WKH�
EOLQG�� ,$$� DPRXQW� ZDV� FDOFXODWHG� E\� FRPSDULVRQ� WR� WKH�
VWDQGDUG�FXUYH�������

7KH�,$$�DQG�RU�HQ]\PH�DSSOLFDWLRQ�WR�WKH�ROLYH�WUHHV
7KH�DSSOLFDWLRQV�SHUIRUPHG�ZLWK�WKH�,$$�SURGXFHG�E\�

*LEEHUHOOD�IXMLNXURL�DQG�RU�FRPPHUFLDO�HQ]\PH�SUHSDUDWLRQ�
DUH�VKRZQ�LQ�7DEOH���

,$$�DQG�HQ]\PH�PL[WXUH�ZHUH�DSSOLHG�WR�WKH�WUHHV�E\�D�
EDFN� SXOYHUL]HU�� 7KH� H[SHULPHQW� ZDV� SURSHUO\� FRQGXFWHG�
DFFRUGLQJ�WR�WKH�UDQGRPL]HG�SDUFHO�GHVLJQ��7KH�SLFNLQJ�RI�
WKH�ROLYH�VDPSOHV�EHJDQ�LQ�-XO\��DW�WKH�IUXLW�VHW�VWDJH��DQG�LW�
ZDV� VXVWDLQHG� DW� LQWHUYDOV� RI� RQH�PRQWK� XQWLO� WKH� KDUYHVW�
VWDJH��7KH�VDPSOH�SLFNLQJ�SURFHVV�HQGHG�RQ���WK�'HFHPEHU��
7KH�ROLYH�VDPSOHV�ZHUH�PDLQWDLQHG�DW� ����&� LQ�����JUDP�
SRUWLRQV�XQWLO�WKH\�ZHUH�DQDO\]HG��

7KH�DQDO\VHV�RI�SURWHLQ��SHFWLQ��DQG�FHOOXORVH�FRQWHQWV
2OLYH� VHHGV� ZHUH� UHPRYHG� DQG� WKH� ÀHVK� ZDV�

KRPRJHQL]HG�EHIRUH�WKH�DQDO\VLV��7KH�SURWHLQ��SHFWLQ��DQG�
UDZ�FHOOXORVH�DPRXQWV�ZHUH�GHWHUPLQHG�LQ�WKH�VDPSOHV��7KH�
SURWHLQ� FRQWHQW� ZDV� GHWHUPLQHG� E\� WKH� .MHOGDKO� PHWKRG�
�$2$&�� ������� 7KH� FUXGH� FHOOXORVH� DQDO\VLV� ZDV� PDGH�
DFFRUGLQJ�WR�$670��������ZLWK�VOLJKW�PRGL¿FDWLRQV�DQG�WKH�
SHFWLQ�UDWLR�DFFRUGLQJ�WR�&HPHURJOX��������

6WDWLVWLFDO�$QDO\VHV�
7KH�DQDO\VLV�UHVXOWV�RI�WKH�ROLYH�VDPSOHV�ZHUH�VXEMHFWHG�

WR�WKH�YDULDQFH�DQDO\VLV�LQ�DFFRUGDQFH�ZLWK�WKH�UDQGRPL]HG�

SDUFHO�GHVLJQ��7KH�6$6�SDFNDJH�SURJUDP�ZDV�XVHG�LQ�WKH�
VWDWLVWLFDO�HYDOXDWLRQV�DQG�WKH�UHVXOWV�ZHUH�DQDO\]HG�E\�XVLQJ�
WKH�XQLYDULDWH� DQDO\VLV� �$129$�� WHVW��6$6� ,QVWLWXWH� ,QF���
��������

5HVXOWV�DQG�'LVFXVVLRQ�

*LEEHUHOOD�IXMLNXURL�SURGXFHG�WKH�PD[LPXP�,$$�ZLWK���
GD\� LQFXEDWLRQ�� ,W� ZDV� REVHUYHG� WKDW� WKH� DPRXQW� RI� ,$$�
LQFUHDVHG�JUDGXDOO\�ZLWKLQ� WKH�SHULRG�RI���GD\� LQFXEDWLRQ�

WKDQG�RQ�WKH�� �GD\��WKH�PD[LPXP�SURGXFWLRQ�ZDV�UHDFKHG��
WK)ROORZLQJ�WKH�� �GD\��WKH�SURGXFWLRQ�RI�,$$�GHFOLQHG�UDSLGO\�

DQG�ZDV�GHWHUPLQHG� WR�EH� FORVH� WR� WKH� OHYHO�RI� WKH� LQLWLDO�
YDOXHV�� 7KH� SURGXFWLRQ� RI� ,$$� UHDFKHG� ������ SSP�
�XQSXEOLVKHG�GDWD��LQ�FRQVHTXHQFH�RI�WULSOLFDWH�SHUIRUPHG��
,Q�WKH�RWKHU�VWXGLHV��LW�ZDV�REVHUYHG�WKDW�WKH�SURGXFWLRQ�UDWHV�
RI� YDULRXV� IXQJL�ZHUH� ORZHU� DQG� WKHLU� LQFXEDWLRQ� SHULRGV�
ZHUH�ORQJHU��3DODYDQ�8QVDO��������<DOFLQND\D��������.KDQ�
HW�DO���������-DURV]XN�ĝFLVHá�HW�DO����������7KH�LQFUHDVLQJ�RI�
WKH� SURGXFWLRQ� OHYHO� DQG� WKH� VKRUWQHVV� RI� WKH� LQFXEDWLRQ�
SHULRG�DUH�VLJQL¿FDQW� LQ� WHUPV�RI� UHGXFLQJ� WKH�SURGXFWLRQ�
FRVW��

&HOOXORVH�� SURWHLQ�� DQG� SHFWLQ� FRQWHQWV� RI� WKH� ROLYH�
IUXLW�VDPSOHV�

7KH�FHOOXORVH��SHFWLQ��DQG�SURWHLQ�DPRXQW�RI� WKH�ROLYH�
ZLWKLQ� WKH� SHULRG� IURP� WKH� IUXLW� VHW� WR� WKH� KDUYHVW� �-XO\�
'HFHPEHU��LV�VKRZQ�LQ�7DEOH�����

,W� LV� SRVVLEOH� WR� DQDO\]H� WKH� FKDQJHV� ZKLFK� RFFXUUHG�
GXULQJ� WKH� ROLYH� ULSHQLQJ� LQ� WZR� SHULRGV��$� UDSLG� FKDQJH�
RFFXUUHG� LQ� WKH� FHOOXORVH� DPRXQW� LQ� WKH� -XO\�6HSWHPEHU�
SHULRG�� )HZHU� FKDQJHV� ZHUH� REVHUYHG� LQ� WKH� 2FWREHU�
'HFHPEHU�SHULRG��,Q�YDULRXV�VWXGLHV��LQ�ZKLFK�WKH�FKDQJHV�LQ�
WKH� SRO\VDFFKDULGH� FRPSRXQGV� RQ� WKH� FHOO� ZDOO� ZHUH�
DQDO\]HG��LW�ZDV�QRWL¿HG�WKDW�WKH�FHOOXORVH�DPRXQW�RI�WKH�FHOO�
ZDOO�RI�WKH�ROLYH�IUXLW�GHFUHDVHV�DW�WKH�XQULSH��JUHHQ��WXUQLQJ�
WR�JUHHQ�DQG�WXUQLQJ�WR�SXUSOH�VWDJHV��9LHUKXLV�HW�DO���������
0DIUD�HW�DO����������

7KH� GLIIHUHQFHV� LQ� WKH� SURWHLQ� DPRXQW� LQ� WKH� ULSHQLQJ�
SHULRG�FRPSDUHG�WR�WKH�EHJLQQLQJ�ZHUH�DOVR�FRQVLGHUHG�WR�EH�
VWDWLVWLFDOO\�VLJQL¿FDQW��S���������,W�ZDV�GHWHUPLQHG�WKDW�WKH�
FKDQJHV�LQ�WKH�SURWHLQ�FRQWHQWV��DV�WKH�RQHV�LQ�WKH�FHOOXORVH�
DPRXQW�� FRXOG� DOVR� EH� DQDO\]HG� LQ� �� SHULRGV��:KLOH� WKH�
GHFOLQH�LQ�WKH�SURWHLQ�DPRXQW�LQ�WKH�-XO\�6HSWHPEHU�SHULRG�
ZDV�FRQVLGHUHG�WR�EH�VWDWLVWLFDOO\�LQVLJQL¿FDQW��S���������WKH�
GLIIHUHQFHV�EHWZHHQ�WKLV�SHULRG�DQG�WKH�2FWREHU�'HFHPEHU�
SHULRG� ZHUH� FRQVLGHUHG� WR� EH� VLJQL¿FDQW� �S���������
(VSHFLDOO\��WKH�SURWHLQ�FRQWHQWV�RI�WKH�VDPSOHV�RI�2FWREHU�
VKRZHG� D� FHUWDLQ� GHFOLQH� FRPSDUHG� WR� WKH� VDPSOHV� RI�
6HSWHPEHU��6LPLODU�¿QGLQJV�ZHUH�HQFRXQWHUHG�LQ�WKH�VWXGLHV�
ZKHUH� WKH� GRPHVWLF� DQG� IRUHLJQ� ROLYH� FXOWLYDUV� ZHUH�
DQDO\]HG��/D]RYLF�	�0LUDQRYLF��������H[DPLQHG�WKH�SURWHLQ�
FRQWHQW�DQG�DPLQR�DFLG�FRPSRVLWLRQ�RI�WKH�ROLYH�IUXLW�DQG�
GHWHUPLQHG�WKDW�WKH�SURWHLQ�FRQWHQW�LQ�WKH�IUXLW�ZDV�������
�������7KH\�XVHG�3LFKROLQH��,WULDQD��DQG�=XWLFD�FXOWLYDUV�DQG�
QRWL¿HG�WKDW�WKH�DYHUDJH�SURWHLQ�FRQWHQW�LQ�WKH�6HSWHPEHU�
1RYHPEHU�SHULRG�GHFOLQHG�DW�WKH�UDWHV�RI�����LQ�3LFKROLQH�
W\SH������LQ�,WULDQD�DQG�����LQ�=XWLFD��7KH�KLJKHVW�SURWHLQ�
FRQWHQW�ZDV�GHWHFWHG�LQ�WKH�VKRRWV��WKHQ�LQ�WKH�OHDI�DQG�WKH�
ORZHVW� LQ� WKH� IUXLW�� ,Q� WKH� VWXG\� FRQGXFWHG� E\� 2]D\� 	�
%RUFDNOÕ� �������� LW�ZDV� IRXQG� WKDW� WKH� SURWHLQ� FRQWHQW� RI�
*HPOLN�ROLYH�FKDQJHG�EHWZHHQ�����������J�����J�DIWHU�LW�KDG�
EHHQ�SURFHVVHG�DV�WKH�WDEOH�ROLYH��7KH�SHFWLQ�DPRXQW�VKRZHG�
D� UHJXODU� LQFUHDVH�� 7KLV� UHVXOW� UHVHPEOHV� WKH� ¿QGLQJV� RI�
9LHUKXLV�HW�DO���������ZKLFK�QRWLI\�WKDW�WKH�SHFWLQ�DPRXQW�

1H\ODQ�&HWLQ��$\QXU�*XO�.DUDKDQ��0��/XWIX�&DNPDNFL )DFLOLWDWLRQ�RI�2OLYH�+DUYHVW�E\�0LFURELDO�,QGROH�$FHWLF�$FLG�DQG�������

7DEOH����7KH�DPRXQW�RI�,$$�DQG�RU�HQ]\PH
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,QW�-�$JULF�(QYLURQ�)RRG�6FL���������������������

7DEOH����&KDQJHV�LQ�WKH�FHOOXORVH��SHFWLQ��DQG�SURWHLQ�DPRXQW�LQ�WKH�ULSHQLQJ�SHULRG

$V� D� UHVXOW� RI� WKH� VWXGLHV� FRQGXFWHG� WR� GHWHUPLQH� WKH�
HIIHFWV�RI�WKH�,$$�DQG�HQ]\PH�DSSOLFDWLRQV�RQ�WKH�FHOOXORVH��
SURWHLQ�� DQG� SHFWLQ� FRQWHQWV�� LW� ZDV� FRQFOXGHG� WKDW� WKH�
DSSOLFDWLRQV� SHUIRUPHG� �� ZHHNV� DQG� �� ZHHN� EHIRUH� WKH�
KDUYHVW�GLG�QRW�FDXVH�DQ\�FKDQJHV�LQ�WKH�FHOOXORVH�DQG�SURWHLQ�
DPRXQW��S!��������+RZHYHU��WKH�SHFWLQ�DPRXQW�VKRZHG�WKH�
WHQGHQF\� WR� GHFOLQH� LQ� WKH� WUHHV� RQ� ZKLFK� WKH� HQ]\PH�
DSSOLFDWLRQV� DUH� SHUIRUPHG� �S��������� +RZHYHU� LW� ZDV�
GHWHUPLQHG� WKDW� WKH� ,$$� DSSOLFDWLRQ� GLG� QRW� VLJQL¿FDQWO\�
DIIHFW�WKH�SHFWLQ�FRQWHQW��S!���������

+DUYHVW�5HVXOWV
7KH� WUHHV�� RQ� ZKLFK� WKH� HQ]\PH� DQG�RU� KRUPRQH�

DSSOLFDWLRQ�ZHUH�PDGH���RU���ZHHNV�EHIRUH�WKH�KDUYHVW��ZHUH�
KDUYHVWHG�RQ�WKH�VDPH�GD\��+DUYHVWLQJ�ZDV�SHUIRUPHG�ZLWK�D�
URG��7KH�PDLQ�EUDQFKHV�RI�WKH�WUHHV��RQ�ZKLFK�WKH�DSSOLFDWLRQ�
ZDV�SHUIRUPHG��ZHUH�KLW�RQFH�LQ�D�ZD\�WKDW�WKHLU�H[WHUQDO�VNLQ�
ZDV�QRW�GDPDJHG�DQG�WKH�ROLYHV�WKDW�IHOO�RQWR�WKH�WDUS�WKDW�
ZDV�VWUHWFKHG�XQGHU�WKH�WUHH�ZHUH�SLFNHG��,Q�WKH�FRQWURO�WUHHV��
WKLV�SUDFWLFH��EHFDXVH�RI�QRW�EHLQJ�HIIHFWLYH�LQ�WKH�IUXLW�IDOO��
ZDV�UHDOL]HG�ZLWK�WKH�WUDGLWLRQDO�PHWKRG�E\�KLWWLQJ�WKH�DUHDV�
ZKHUH�WKH�IUXLW�ZDV�SUHVHQW�ZLWK�WKH�VWLFN��7KH�DPRXQW�RI�WKH�
OHDI�DQG�IUXLW�WKDW�IHOO�GXH�WR�QDWXUDO�FDXVHV�DQG�SUDFWLFHV�DUH�
VKRZQ�LQ�7DEOH����

$V�FDQ�EH�VHHQ�LQ�7DEOH����DV�D�UHVXOW�RI�KRUPRQH�DQG�RU�
HQ]\PH�� D� VLJQL¿FDQW� DPRXQW� RI� WKH� IUXLW� IHOO� EHIRUH� WKH�
KDUYHVW�SURFHGXUH��7KH�DPRXQWV�WKDW�IHOO�EHIRUH�WKH�KDUYHVW�
ZHUH�UDWKHU�FORVH�WR�HDFK�RWKHU�LQ�WKH�JURXSV�RQ�ZKLFK������
SSP�,$$�DQG�RU�HQ]\PH�ZDV�DSSOLHG���ZHHNV�EHIRUH� WKH�
KDUYHVW��:KLOH� WKH� IUXLW� DPRXQW� WKDW� IDOOV� GXH� WR� QDWXUDO�
FDXVHV�EHIRUH�WKH�DSSOLFDWLRQ�VKRZV�FORVH�YDOXHV�ZLWK�HDFK�
RWKHU��WKH�GLIIHUHQFHV�RFFXUULQJ�DIWHU�WKH�DSSOLFDWLRQ�FDQ�EH�
FOHDUO\�REVHUYHG��7KH�DPRXQW�RI�WKH�IUXLW�WKDW�IHOO�IURP�WKH�
WUHHV��RQ�ZKLFK������SSP�,$$�DQG�RU�HQ]\PH�ZDV�DSSOLHG��
GXULQJ� WKH� KDUYHVW� VKRZHG� UDWKHU� FORVH� YDOXHV� ZLWK� HDFK�
RWKHU�� ,Q� FRQVHTXHQFH� RI� WKH� FRPSDULVRQ� RI� WKH� VDPH�
H[SHULPHQWDO�JURXSV�LQ�WHUPV�RI�WKH�DSSOLFDWLRQ�SHULRGV��LW�
ZDV� GHWHUPLQHG� WKDW� WKH� DSSOLFDWLRQV� SHUIRUPHG� �� ZHHNV�
EHIRUH�WKH�KDUYHVW�ZHUH�PRUH�HI¿FLHQW�

,Q� WKH� JURXSV� LQ� ZKLFK� WKH� ,$$� FRQFHQWUDWLRQ� ZDV�
LQFUHDVHG� WR������SSP�� LW�ZDV�REVHUYHG� WKDW� D� VLJQL¿FDQW�
DPRXQW�RI�WKH�IUXLW�IHOO�EHIRUH�WKH�KDUYHVW��,W�ZDV�REVHUYHG�
WKDW� WKH�XVH�RI� WKH� HQ]\PH� LQ� DGGLWLRQ� WR� �����SSP� ,$$�
H[SHGLWHV�WKH�IUXLW�IDOO��6LQFH�D�VLJQL¿FDQW�DPRXQW�RI�WKH�IUXLW�
IHOO�EHIRUH�WKH�KDUYHVW��WKH�IUXLW�DPRXQW�REWDLQHG�DIWHU�WKH�
KDUYHVW� ZDV� OHVV� WKDW� WKH� RQH� EHIRUH� WKH� KDUYHVW�� 8SRQ�
FRQVLGHULQJ�WKH�WRWDO�DPRXQW�RI�WKH�IUXLW��LW�FDQ�EH�VDLG�WKDW�
�����SSP�,$$����HQ]\PH�ZLWK������J�\LHOG�SURYLGHG�WKH�

EHVW�UHVXOW��+RZHYHU��WKH�VLPLODU�HIIHFW�FRXOG�QRW�EH�SURYLGHG�
ZLWK�WKH�DSSOLFDWLRQV�SHUIRUPHG���ZHHN�EHIRUH�WKH�KDUYHVW��
7KHUHIRUH��LQ�RUGHU�IRU�WKH�KDUYHVW�WR�EH�H[SHGLWHG�������SSP�
,$$����HQ]\PH�DSSOLFDWLRQ����ZHHNV�EHIRUH� WKH�KDUYHVW�
FDQ�EH�UHFRPPHQGHG��:LWK�WKH�VWXGLHV�FRQGXFWHG�EHIRUH��LW�
ZDV� DLPHG� WR� H[SHGLWH� WKH� KDUYHVW� E\� XVLQJ� YDULRXV�
FKHPLFDOV��,Q�WKH�VWXG\�FRQGXFWHG�E\�&DYXVRJOX���������WKH�
(WKUHO�����FKORURHWK\OSKRVSKRQLF�DFLG��ZDV�XVHG�LQ�YDULRXV�
FRQFHQWUDWLRQV�LQ�RUGHU�WR�H[SHGLWH�WKH�KDUYHVW��7KH�(WKUHO��
FDXVHG�WKH�RIIVKRRW�EUHDN�DQG�WKH�KLJK�OHYHO�RI�OHDI�ORVV��,Q�
DQRWKHU�VWXG\��(WKUHO��ZDV�FRQVLGHUHG�WR�EH�LQHIIHFWLYH�LQ�
SUH�KDUYHVW�IDOO�DQG�LQVXI¿FLHQW�LQ�IUXLW�IDOO�GXULQJ�WKH�KDUYHVW�
�&DYXVRJOX�� ������� �7KH� FKHPLFDO� DSSOLFDWLRQV� FRXOG� QRW�
¿QG�D�FRPPRQ�XVDJH�DUHD�EHFDXVH� WKH\� OHDYH�UHVLGXHV�DV�
ZHOO�DV�FDXVH�OHDI�ORVV��

$FFRUGLQJ� WR� WKH� UHVXOWV�� LW� ZDV� GHWHUPLQHG� WKDW� DQ�
HIIHFWLYH�KDUYHVW�SHUIRUPHG�ZLWK�WKH�URG��D�WRWDO�RI������J�
IUXLW�ZDV�REWDLQHG�DQG������OHDYHV�IHOO�GXULQJ�WKH�KDUYHVW�DV�D�
UHVXOW�RI�KLWWLQJ�WKH�WUHH�PXOWLSOH�WLPHV�ZLWK�WKH�URG��$ORQJ�
ZLWK������OHDYHV�WKDW�IDOO�GXH�WR�QDWXUDO�FDXVHV�EHIRUH�WKH�
KDUYHVW�� WKH� WRWDO� ORVV� LV� ����� OHDYHV�� +RZHYHU�� ZLWK� WKH�
HIIHFW�RI������SSP�,$$����HQ]\PH�DSSOLFDWLRQ��D�WRWDO�RI�
����OHDYHV�IHOO������������

7DEOH����7KH�DPRXQW�RI�IUXLW�DQG�OHDI�WKDW�IHOO�ZLWK�WKH�HIIHFW�RI�WKH�DSSOLFDWLRQ

)DFLOLWDWLRQ�RI�2OLYH�+DUYHVW�E\�0LFURELDO�,QGROH�$FHWLF�$FLG�DQG�������
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7KH� PRVW� OHDI� IDOO� ZDV� FDXVHG� E\� ����� SSP� ,$$�
DSSOLFDWLRQ�SHUIRUPHG���ZHHNV�EHIRUH�WKH�KDUYHVW��$OWKRXJK�
WKH�GDWD�REWDLQHG�LQ������SSP�,$$�DSSOLFDWLRQ�GLG�QRW�VKRZ�
DQ\� VLJQL¿FDQW� GLIIHUHQFHV� FRPSDUHG� WR� WKH� FRQWURO�� XSRQ�
WDNLQJ�DOO�WKH�DSSOLFDWLRQV�LQWR�DFFRXQW��WKH�GHFOLQH�RI�WKH�OHDI�
IDOO�FRPSDUHG�WR�WKH�FRQWURO��DORQJ�ZLWK�H[SHGLWLQJ�WKH�IUXLW�
KDUYHVW��LV�VLJQL¿FDQW�IRU�WKH�HI¿FLHQF\�RI�WKH�DSSOLFDWLRQ��
)URP� WKH� GDWD� REWDLQHG�� LW� FDQ� EH� VDLG� WKDW� ZKLOH� WKH�
,$$�HQ]\PH�DSSOLFDWLRQ�FUHDWHV�D�V\QHUJLVWLF�DFWLRQ�LQ�IUXLW�
IDOO��LW�FDQ�RIIHU�DQ�DGYDQWDJH�LQ�WHUPV�RI�GHFOLQLQJ�WKH�OHDI�
IDOO�� 7KH� KDUYHVW� PHWKRG� SUDFWLFHG� LQ� WKH� FRQWURO� JURXS�
FDXVHV�ERWK�WKH�DJJUDYDWLRQ�RI�WKH�SHULRGLFLW\�DQG�GLVHDVHV��
DV�ZHOO�DV�WKH�KLJK�OHYHO�RI�OHDI�ORVV��EHFDXVH�RI�WKH�GDPDJHV�
LW� FUHDWHV� LQ� WKH� EUDQFKHV� DQG� WKH� FHOOV�� +RZHYHU�� XSRQ�
FRQVLGHULQJ�WKH�OHDI�ORVV�RFFXUULQJ�GXULQJ�WKH�KDUYHVW��LW�ZDV�
REVHUYHG�WKDW�WKH�PRVW�OHDI�IDOO�RFFXUV�LQ�WKH�WUHH�RQ�ZKLFK�
�����SSP�,$$����HQ]\PH�ZDV�DSSOLHG���ZHHN�EHIRUH�WKH�
KDUYHVW�DQG�RQ�WKH�RWKHU�KDQG��WKH�OHDI�ORVV�ZDV�PRUH�LQ�WKH�
FRQWURO�WUHH��3HUFHQWDJH�UDWLRV�RI�WKH�OHDI�ORVV�FDXVHG�E\�WKH�
DSSOLFDWLRQV�ZHUH�FDOFXODWHG�E\�DFFHSWLQJ�WKH�OHDI�QXPEHU�RI�
WKH�EUDQFKHV�RQ�ZKLFK�WKH�DSSOLFDWLRQ�ZDV�PDGH�WR�EH������
SLHFHV��7DEOH����

7KH�OHDI�ORVV�DW�WKH�UDWH�RI����������ZDV�GHWHUPLQHG�ZLWK�
WKH�HIIHFW�RI�WKH�DSSOLFDWLRQ�SHUIRUPHG���ZHHNV�EHIRUH�WKH�
KDUYHVW�� ,Q� WKH� FRQWURO� JURXS�� WKH� ORVV�ZDV� GHWHUPLQHG� DV�
�������7KH�ORVV�LQ�WKH�DSSOLFDWLRQV�SHUIRUPHG���ZHHN�EHIRUH�
WKH� KDUYHVW� ZDV� PXFK� OHVV� FRPSDUHG� WR� WKH� FRQWURO� WUHH�
���������� 7KH� WRWDO� ORVV� FDXVHG� E\� ����� SSP� ,$$����
HQ]\PH� DSSOLFDWLRQ� �� ZHHNV� EHIRUH� WKH� KDUYHVW��
UHFRPPHQGHG�LQ�WKLV�VWXG\��ZDV�OLPLWHG�WR����

7KH�GLIIHUHQW�FRQFHQWUDWLRQV�������������DQG������SSP��
�RI�WKH�(WKUHO �ZHUH�DSSOLHG�WR�WKH�0DQ]DQLDOOD�ROLYH���PRQWK�

EHIRUH� WKH� KDUYHVW�� 7KHVH� WUHHV� ZHUH� KDUYHVWHG� ZLWK� D�
PHFKDQLFDO�VKDNHU��2QH�RI�WKH���FRQWURO�WUHHV�ZDV�KDUYHVWHG�
E\� KDQG� DQG� WKH� RWKHU� ZDV� KDUYHVWHG� ZLWK� D� SQHXPDWLF�
VKDNHU��7KH�DPRXQW�RI� WKH�IUXLW� WKDW� IHOO�DV�D� UHVXOW�RI� WKH�
KDUYHVW�ZDV�IRXQG�WR�EH�������DW������SSP��������DW������
SSP�� ������ DW� ����� SSP�� DQG� ����� LQ� WKH� FRQWURO�� ,Q�
FRQVHTXHQFH�RI�WKLV�DSSOLFDWLRQ��LW�ZDV�GHWHUPLQHG�WKDW�WKH�

�(WKUHO �FDXVHV�D�ORW�RI�OHDI�IDOO��7KH�OHDI�IDOO�DW�WKH�UDWH�RI������
DW������SSP������DW������SSP������DW������SSP��DQG�����
LQ�WKH�FRQWURO�ZDV�QRWL¿HG��7KH�KLJKHVW�SUH�KDUYHVW�IDOO�ZDV�
GHWHUPLQHG�WR�EH��������DW������SSP��7KLV�UDWH�LV�������LQ�

WKH� FRQWURO� WUHH� �2]JXYHQ� HW� DO��� ������� 7KHUH� DUH� VRPH�
UHVHPEODQFHV�EHWZHHQ�WKH�WZR�VWXGLHV�LQ�WHUPV�RI�WKH�OHDI�IDOO�
LQ�WKH�FRQWURO�� �+RZHYHU�� WKH�ORVV�FDXVHG�E\�WKH�,$$�DQG�
HQ]\PH� DSSOLFDWLRQV� LV�PXFK� OHVV�� ,Q� DQRWKHU� VWXG\�� LW� LV�
QRWL¿HG�WKDW�XVDJH�RI�JO\FHURO�DQG�1D+ 32 �LQFUHDVHG�WKH�� �

OHDI�ORVV�IURP����WR�����LQ�DGGLWLRQ�WR�LQFUHDVLQJ�WKH�IUXLW�
IDOO�IURP�����WR������0DUWLQ���������

7KH�SHFWRO\WLF�HQ]\PH�SUHSDUDWLRQ�XVHG�LQ�WKLV�VWXG\�ZLOO�
DIIHFW� WKH�TXDOLW\�DQG�DPRXQW�RI� WKH�RLO� LQ�DGGLWLRQ� WR� WKH�
SRVLWLYH�HIIHFWV�RI�WKH�IUXLW�DQG�OHDI�IDOO�EHFDXVH�WKH�WHFKQLFDO�
HQ]\PH�SUHSDUDWLRQV�DUH�XVHG�IRU�WKLV�SXUSRVH�LQ�WKH�ROLYH�RLO�
SURGXFWLRQ�� 0RUH� SURGXFWV� RI� PXFK� KLJKHU� TXDOLW\� DUH�
REWDLQHG� E\� PHDQV� RI� FKDQJLQJ� WKH� VWUXFWXUH� RI� SHFWLF�
SRO\VDFFKDULGHV�RQ�WKH�FHOO�ZDOO�RI�WKH�ROLYH�IUXLW�ZLWK�WKH�
SHFWRO\WLF�HQ]\PH��,W�ZDV�GHWHUPLQHG�WKDW�ZLWK�WKH�HIIHFW�RI�
WKH� HQ]\PH�� WKH� PHWK\O� HVWHUL¿FDWLRQ� GHFUHDVHG�� WKH�
PROHFXODU�ZHLJKW�SUR¿OH�FKDQJHG��WKH�JDODFWDQ�FKDLQV�WKDW�
DUH�ERXQG�ZLWK�WKH�������ERQG�EURNH��9LHUKXLV�HW�DO����������
7KH� SHFWRO\WLF� DQG� FHOOXORO\WLF� HQ]\PHV� DUH� WKH� HQ]\PHV�
ERXQG�WR�WKH�FHOO�ZDOO�RI�WKH�ROLYH�IUXLW�DQG�RI�ZKLFK�DPRXQW�
LQFUHDVHV�ZLWK�WKH�HWK\OHQH�SURGXFWLRQ�GXULQJ�WKH�ULSHQLQJ��
7KLV�HQ]\PH�JURXS��IRUPHG�ZLWK�VHYHQ�JO\FRVLGDVHV�DQG�&[�
FHOOXORVH��WHDUV�GRZQ�WKH�FHOO�ZDOO�DQG�HQVXUHV�WKDW�WKH�IUXLW�
VRIWHQV� DQG� ULSHQV� �)HUQDQGH]�%RODQRV� HW� DO��� �������
'HSHQGLQJ�RQ�WKH�LQFUHDVH�RI�WKH�HWK\OHQH�SURGXFWLRQ��WKH�
HQ]\PH�V\QWKHVLV�RU�DFWLYDWLRQ�LQ�HVSHFLDOO\�WKH�EODFN�ROLYHV�
LV� SURPRWHG� �)HUQiQGH]�%RODxRV� HW� DO��� ������ 0RUDOHV�
6LOOHUR�DQG�*DUFtD���������7KHUHIRUH�� WKH�VWXGLHV�DLPHG�DW�
XVLQJ�WKH�FKHPLFDOV�SURPRWLQJ�WKH�HWK\OHQH�SURGXFWLRQ�ZHUH�
FRQGXFWHG�LQ�RUGHU�WR�H[SHGLWH�WKH�KDUYHVW��&DYXVRJOX��������
������%HQ�DQG�:RGQHU��������0DUWLQ��������2]JXYHQ�HW�DO���
�������,W�ZLOO�EH�SRVVLEOH�WR�EHQH¿W�PXWXDOO\�IURP�WKH�SUH�
KDUYHVW�DSSOLFDWLRQ�ZLWK�WKH�GHWHUPLQDWLRQ�RI�WKH�HIIHFWV�RI�
WKH�HQ]\PH�DSSOLFDWLRQV��SHUIRUPHG�LQ�RUGHU�WR�H[SHGLWH�WKH�
KDUYHVW��RQ�WKH�\LHOG�DQG�TXDOLW\�RI�WKH�ROLYH�RLO��7KHUHE\��DQ�
DGYDQWDJH�LQ�WHUPV�RI�WKH�FRVW�FDQ�DOVR�EH�FUHDWHG���

&RQFOXVLRQ�
7KH�ROLYH�KDUYHVW�LV�DQ�HI¿FLHQW�DQG�LPSRUWDQW�IDFWRU�RQ�

WKH�TXDOLW\�DQG�DPRXQW�RI�WKH�\LHOG��7KH�SURFHGXUHV�FDUULHG�
RXW� GXULQJ� WKH� KDUYHVW� DUH� VLJQL¿FDQW� LQ� GHYHORSLQJ� WKHVH�
IHDWXUHV�� �7KH�¿QGLQJV�RI�WKLV�VWXG\��FRQGXFWHG�LQ�RUGHU�WR�
GLPLQLVK�WKH�\LHOG�ORVV�LQ�7XUNH\��ZKLFK�LV�DQ�LPSRUWDQW�ROLYH�

7DEOH����$PRXQW�RI�WKH�OHDYHV�WKDW�IHOO�DV�D�UHVXOW�RI�WKH�DSSOLFDWLRQV

1H\ODQ�&HWLQ��$\QXU�*XO�.DUDKDQ��0��/XWIX�&DNPDNFL )DFLOLWDWLRQ�RI�2OLYH�+DUYHVW�E\�0LFURELDO�,QGROH�$FHWLF�$FLG�DQG�������
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SURGXFHU�� DQG� PHHW� WKH� SURGXFW� TXDOLW\� WKDW� WKH� ZRUOG�
PDUNHWV� GHPDQG�� KDYH� VKRZQ� WKDW� WKH� ,$$� DQG� HQ]\PH�
DSSOLFDWLRQV�FDQ�JLYH�WKH�VXFFHVVIXO�RXWFRPH��,W�LV�WKRXJKW�
WKDW�WKH�KRUPRQHV�DQG�HQ]\PHV�XVHG�LQ�WKH�H[SHULPHQW�GR�
QRW�SRVH�DQ\�GDQJHU�WR�WKH�KHDOWK�DV�WKH\�DUH�DOUHDG\�SUHVHQW�
QDWXUDOO\� LQ� WKH� SODQW� WLVVXHV�� :LWK� WKH� VWXGLHV� WR� EH�
FRQGXFWHG�IURP�QRZ�RQ��WKH�HIIHFW�RI�WKH�,$$�DQG�HQ]\PH�
DSSOLFDWLRQ�RQ� WKH�SHULRGLFLW\�� DPRXQW�� DQG�TXDOLW\�RI� WKH�
ROLYH�RLO�ZLOO�EH�GHWHUPLQHG�

$FNQRZOHGJPHQWV�
7KLV�ZRUN�ZDV�IXQGHG�E\�6�OH\PDQ�'HPLUHO�8QLYHVLW\�

&RRUGLQDWLRQ�8QLW�RI�6FLHQWL¿F�5HVHDUFK�3URMHFWV��7XUNH\�
�3URMHFW�QR��������

5HIHUHQFHV�

$2$&���������2I¿FLDO�0HWKRGV�RI�$QDO\VLV�RI�$2$&�,QWHUQDWLRQDO�� ,Q�
$VVRFLDWLRQ� RI� 2I¿FLDO� $QDO\VLV� &KHPLVWV� ,QWHUQDWLRQDO� SS��
����±�����

$670� �������� $PHULFDQ� 6RFLHW\� IRU� 7HVWLQJ� 0DWHULDOV�� 6WDQGDUG� 7HVW�
0HWKRG�IRU�+ROR�&HOOXORVH��D�&HOOXORVH�DQG�+HPL�&HOOXORVHV��$670�
'������'�����SS����±����

%DUXW��(����������7KH�XVH�RI�JURZWK�UHJXODWRUV�IRU�JDUGHQ�SODQWV�LQ�IXWXUH��
'HULP������������±�����

%HQ��7�<���:RGQHU��0����������&KHPLFDO� ORRVHQLQJ�RI�ROLYH�SHGLFHOV� IRU�
PHFKDQLFDO�KDUYHVWLQJ��$FWD�+RUWLFXOWXUDH����������±����

%XOEXO�� (�� �������� (YHU\� DVSHFW� RI� ROLYH�� ,QNLODS� %RRNVWRUH� DQG� 3UHVV�
)DFLOLWLHV��,VWDQEXO��7XUNH\��SS������

&DVWLOOR�5XL]�� )�-��� -LPpQH]�-LPpQH]�� )��� %ODQFR�5ROGiQ�� *�/��� 6ROD�
*XLUDGR��5�5���$J�HUD�9HJD��-���&DVWUR�*DUFLD��6����������$QDO\VLV�RI�
IUXLW�DQG�RLO�TXDQWLW\�DQG�TXDOLW\�GLVWULEXWLRQ�LQ�KLJK�GHQVLW\�ROLYH�WUHHV�
LQ�RUGHU�WR�LPSURYH�WKH�PHFKDQLFDO�KDUYHVWLQJ�SURFHVV��6SDQLVK�-RXUQDO�
RI�$JULFXOWXUDO�5HVHDUFK����������±��

&HPHURJOX��%����������-DP��PDUPDODGH��MHOO\�SURGXFWLRQ�WHFKQRORJ\�DQG�
DQDO\VLV�PHWKRGV��$\\ÕOGÕ]�3UHVV��$QNDUD��7XUNH\��SS�����

&DNPDNFL��0�/�� �������� 6WXGLHV� RQ� WKH� HIIHFWV� RI� VRPH� V\QWKHWLF� SODQW�
KRUPRQHV�RQ�WKH�GHYHORSPHQW�RI�5KL]RELXP�SKDVHROL�VWUDLQV�DQG�WKH�
HIIHFW� RI� LQGROH� DFHWLF� DFLG� RQ� WKH� FRPSHWLWLYHQHVV� RI� WKHVH� VWUDLQV��
3RVWGRFWRUDO� 7KHVLV� �$VVRF�� 3URI���� $QNDUD� 8QLYHUVLW\�� )DFXOW\� RI�
$JULFXOWXUH��&KDLU�RI�0LFURELRORJ\��$QNDUD��7XUNH\��SS�������

&DYXVRJOX��$����������$�VWXG\�RQ�WKH�XVH�RI�(WKUHO�IRU�UHGXFLQJ�DWWDFKPHQW�
SRZHU�RI�ROLYHV�DQG�IDFLOLWDWLQJ�KDUYHVWLQJ��$�SURMHFW�RI�2OLYH�5HVHDUFK�
,QVWLWXWH��ø]PLU��7XUNH\��

&DYXVRJOX��$����������7KH�XVH�RI�FHUWDLQ�FKHPLFDO�PDWHULDOV�LQ�WKH�KDUYHVW�RI�
0HPHFLN�ROLYH�YDULHW\��$�SURMHFW�RI�2OLYH�5HVHDUFK�,QVWLWXWH��ø]PLU��
7XUNH\��

'DYLHV�� 3�-�� �������� 7KH� 3ODQW� +RUPRQHV� %LRV\QWKHVLV�� 6LJQDO�
7UDQVGXFWLRQ��$FWLRQ��,Q�3��-��'DYLHV��HG��3ODQW�+RUPRQHV��6SULQJHU�
6FLHQFH�%XVLQHVV�0HGLD��1HZ�<RUN�

(UJXQ�� 1�� �������� 3URGXFWLRQ� RI� HQGRJHQRXV� JURZWK� KRUPRQHV� �R[LQH��
JLEEHUHOOLQ�� F\WRNLQLQ� DQG� DEVFLVLF� DFLG�� E\� VRPH� DOJDH� DQG� OLFKHQ�
VSHFLHV�� �06F�7KHVLV��0XVWDID�.HPDO�8QLYHUVLW\�,QVWLWXWH�RI�6FLHQFH��
+DWD\��7XUNH\��

)HUQDQGH]�%RODxRV��-���5RGULTXH]��5���*XLOOLHQ��5���-LPHQH]��$���+HUHGLD��$��
��������$FWLYLW\�RI�FHOO�ZDOO�DVVRFLDWHG�HQ]\PHV�LQ�ULSHQLQJ�ROLYH�IUXLW��
3K\VLRORJLD�3ODQWDUXP���������±����

)HUQiQGH]�%RODxRV��-���+HUHGLD��$���9LRTXH��%���&DVWHOODQR��-�0���*XLOOLHQ��
5����������&KDQJHV�LQ�FHOO�ZDOO�GHJUDGLQJ�HQ]\PH�DFWLYLWLHV�LQ�VWRUHG�
ROLYHV�LQ�UHODWLRQ�WR�UHVSLUDWLRQ�DQG�HWK\OHQH�SURGXFWLRQ���,QÀXHQFH�RI�
H[RJHQRXV�HWK\OHQH��=HLWVFKULIW�IXU�/HEHQVPLWWHO�8QWHUVXFKXQJ�8QG�
)RUVFKXQJ�$�)RRG�5HVHDUFK�DQG�7HFKQRORJ\����������±�����

-DURV]XN�ĝFLVHá��-���.XUHN��(���7U\WHN��0����������(I¿FLHQF\�RI�LQGROHDFHWLF�
DFLG��JLEEHUHOOLF�DFLG�DQG�HWK\OHQH�V\QWKHVL]HG�LQ�YLWUR�E\�)XVDULXP�
FXOPRUXP�VWUDLQV�ZLWK�GLIIHUHQW�HIIHFWV�RQ�FHUHDO�JURZWK��%LRORJLD����
��������������

.KDQ��$�/���+DPD\XQ��0���.DQJ��6�0���.LP��<�+���-XQJ��+�<���/HH��-�+���
/HH�� ,�-�� ��������(QGRSK\WLF� IXQJDO� DVVRFLDWLRQ�YLD�JLEEHUHOOLQV� DQG�
LQGROH�DFHWLF�DFLG�FDQ�LPSURYH�SODQW�JURZWK�XQGHU�DELRWLF�VWUHVV��DQ�
H[DPSOH�RI�3DHFLORP\FHV�IRUPRVXV�/+/����%0&�0LFURELRORJ\���������

/D]RYLF��%���0LUDQRYLF��.����������2OLYH�SURWHLQ�FRQWHQW�DQG�DPLQR�DFLG�
FRPSRVLWLRQ��$FWD�+RUWLFXOWXUDH����������±����

0DIUD�� ,���/DQ]D��%���5HLV��$���0DUVLOLR��9���&RPSHVWUH��&���$QJHOLV��0���
&RLPEUR��0�$����������(IIHFW�RI�ULSHQLQJ�RQ�WH[WXUH��PLFURVWUXFWXUH�
DQG� FHOO� ZDOO� SRO\VDFFKDULGH� FRPSRVLWLRQ� RI� ROLYH� IUXLW� �2OHD�

HXURSDHD���3K\VLRORJLD�3ODQWDUXP�������������±����
0DKDGHYDQ�� $��� 6ULGKDU�� 5�� �������� 0HWKRGV� LQ� 3K\VLRORJLFDO� 3ODQW�

3DWKRORJ\��,,��(GLWLR���,QGUD�1DJDU��6LYDNDPL�3XEOLFDWLRQV��0DQGUDV�
0DUWLQ��*�&����������0HFKDQLFDO�ROLYH�KDUYHVW��XVLQJ�IUXLW�ORRVHQLQJ�DJHQWV��

$FWD�+RUWLFXOWXUDH���������������
0DUWLQH]�7ROHGR��0�9���0RUHQR�� 5�-��� *RQ]DOH]�/RSH]�� -�� �������� 5RRW�

H[XGDWHV� RI� =HD� PD\V� DQG� SURGXFWLRQ� RI� DX[LQV�� JLEEHUHOOLQV� DQG�
F\WRNLQLQV� E\� $]RWREDFWHU� FKURRFRFFXP�� 3ODQW� DQG� 6RLO�� ��������
���±����

0RUDOHV�6LOOHUR��$���*DUFtD��-�0����������,PSDFW�DVVHVVPHQW�RI�PHFKDQLFDO�
KDUYHVW�RQ�IUXLW�SK\VLRORJ\�DQG�FRQVHTXHQFHV�RQ�RLO�SK\VLFRFKHPLFDO�
DQG� VHQVRU\� TXDOLW\� IURP� ³0DQ]DQLOOD� GH� 6HYLOOD´� DQG� ³0DQ]DQLOOD�
&DFHUHxD´�VXSHU�KLJK�GHQVLW\�KHGJHURZV��$�SUHOLPLQDU\�VWXG\��-RXUQDO�
RI�WKH�6FLHQFH�RI�)RRG�DQG�$JULFXOWXUH��������������±�����

2]D\�� *��� %RUFDNOÕ�� 0�� �������� (IIHFW� RI� EULQH� UHSODFHPHQW� DQG� VDOW�
FRQFHQWUDWLRQ� RQ� WKH� IHUPHQWDWLRQ� RI� QDWXUDOO\� EODFN� ROLYHV�� )RRG�
5HVHDUFK�,QWHUQDWLRQDO������������±����

2]JXYHQ��$�,���2]JXYHQ��)���7DWOL��)����������7KH�HIIHFWV�RI�(WKUHO�RQ�WKH�
ULSHQLQJ�DQG�KDUYHVWLQJ�RI�ROLYH��$FWD�+RUWLFXOWXUDH����������±����

3DODYDQ�8QVDO�� 1�� �������� 3ODQW� JURZWK� UHJXODWRUV�� øVWDQEXO� 8QLYHUVLW\�
3UHVV�DQG�)LOP�&HQWHU��øVWDQEXO��7XUNH\��

6$6�,QVWLWXWH���������7KH�6$6�V\VWHP�IRU�:LQGRZV��5HOHDVH������6$6�,QVW���
&DU\��1&�

8Q\D\DU� 6�� ������� 3URGXFWLRQ� RI� JLEEHUHOOLF� DFLG� DQG� F\WRNLQLQ� E\�
3KDQHURFKDHWH�FKU\VRVSRULXP�0(���� LPPRELOL]HG�RQ�SRO\XUHWKDQH�
IRDP��7XUNLVK�-RXUQDO�RI�%LRORJ\���������±���

9LHUKXLV��(���6FKROV��+�$���%HOGPDQ��*���9RUDJHQ��$�*�-����������,VRODWLRQ�
DQG� FKDUDFWHUL]DWLRQ� RI� FHOO� ZDOO� PDWHULDO� IURP� ROLYH� IUXLW� �2OHD�
HXURSDHD� FY� NRURQHLNL�� DW� GLIIHUHQW� ULSHQLQJ� VWDJHV�� &DUERK\GUDWH�
3RO\PHUV�����������±���

9LHUKXLV��(���.RUYHU��0���6FKROV��+�$���9RUDJHQ��*�-�� ��������6WUXFWXUDO�
FKDUDFWHULVWLFV� RI� SHFWLF� SRO\VDFFKDULGHV� IURP� ROLYH� IUXLW� �2OHD�
HXURSDHD� FY� PRUDLROR�� LQ� UHODWLRQ� WR� SURFHVVLQJ� IRU� RLO� H[WUDFWLRQ��
&DUERK\GUDWH�3RO\PHUV������������±����

<DOFLQND\D��<����������7KH�HIIHFW�RI�YDULRXV�SK\VLRORJLFDO�FRQGLWLRQV�RQ�WKH�
SURGXFWLRQ�RI�LQGROH���DFHWLF�DFLG��,$$��RI�*LEEHUHOOD�IXMLNXURL�*���
06F� 7KHVLV�� +DFHWWHSH� 8QLYHUVLW\�� ,QVWLWXWH� RI� 6FLHQFH�� $QNDUD��
7XUNH\�

)DFLOLWDWLRQ�RI�2OLYH�+DUYHVW�E\�0LFURELDO�,QGROH�$FHWLF�$FLG�DQG������� ,QW�-�$JULF�(QYLURQ�)RRG�6FL���������������������



(IIHFWV�RI�GH¿FLW�LUULJDWLRQ�RQ�WKH�SRWDWR�WXEHU�GHYHORSPHQW�DQG�TXDOLW\�
��
 ���5RKDW�*XOWHNLQ �����������������$KPHW�(UWHN �

�6RLO��)HUWLOL]HU�DQG�:DWHU�5HVRXUFHV�&HQWUDO�5HVHDUFK�,QVWLWXWH��$QNDUD��7XUNH\
�'HSDUWPHQW�RI�$JULFXOWXUDO�6WUXFWXUHV�DQG�,UULJDWLRQ��)DFXOW\�RI�$JULFXOWXUH��6�OH\PDQ�'HPLUHO�8QLYHUVLW\��,VSDUWD��7XUNH\�


&RUUHVSRQGLQJ�$XWKRU��URKDW�JXOWHNLQ#WDULP�JRY�WU�

3RWDWR�FXOWLYDWHG�LQ�PDQ\�FRXQWULHV�RI�WKH�ZRUOG�UDQNV�DV�
WKH�IRXUWK�PRVW�LPSRUWDQW�IRRG�FURS��DIWHU�ZKHDW��FRUQ�DQG�
ULFH�LQ�WHUPV�RI�WKH�DPRXQW�SURGXFHG��,W�LV�DQ�HVVHQWLDO�IRRG�LQ�
WKH� KXPDQ� GLHW� ZLWK� UHJDUG� WR� FDUERK\GUDWHV�� SURWHLQV��
PLQHUDOV� DQG� YLWDPLQV� ZLWKLQ� ZKLFK� LW� LQFOXGHV��$V� LW� LV�
XVXDOO\�FRQVXPHG�DV�IUHVK�E\�ERLOLQJ�RU�IU\LQJ��LW�LV�PDUNHWHG�
DIWHU�SURFHVVLQJ�LQ�YDULRXV�IRUPV�OLNH�FDQQHG�IRRG��IUR]HQ�
¿QJHU� SRWDWR�� FKLSV��PDVKHG�� JUDQXOHV� DQG� SRZGHU� LQ� WKH�
LQGXVWU\� LQ� GHYHORSHG� FRXQWULHV�� ,W� LV� DOVR� XWLOL]HG� LQ� WKH�
SURGXFWLRQ�RI�OLYHVWRFN�IHHG��VWDUFK��ÀRXU�DQG�DOFRKRO�DV�D�
E\SURGXFW��2QDUDQ�HW�DO����������3RWDWR�JURZQ�IRU�HDUO\�RU�
RII�VHDVRQ�SURGXFW൴RQ�SOD\V�D�FUXF൴DO�UROH�൴Q�WKH�HFRQRP\�RI�
VHYHUDO�DUHDV�൴Q�WKH�0HG൴WHUUDQHDQ�FRXQWU൴HV��&DQWRUH�HW�DO���
������

7KH�DYHUDJH�SRWDWR�SURGXFWLRQ�LQ�WKH�ZRUOG�D�\HDUO\�����
PLOOLRQ�WRQQHV�DQG�LWV�SURGXFWLRQ�DUHD�LV����PLOOLRQ�KHFWDUHV�
DQG�DYHUDJH�\LHOG�SHU�KHFWDUH�LV����WRQQHV��7KH�¿YH�ODUJHVW�
SRWDWR�SURGXFHUV�DUH�&KLQD��������������PLOOLRQ�WRQV���,QGLD�
�������������PLOOLRQ�WRQV���WKH�5XVVLDQ�)HGHUDWLRQ��������
�����PLOOLRQ�WRQV���8NUDLQH�������������PLOOLRQ�WRQV���DQG�
¿QDOO\� WKH� 8QLWHG� 6WDWHV� ������� ����� PLOOLRQ� WRQV��
�)$267$7���������7XUNH\�UDQNV���WK�ZLWK�����PLOOLRQ�WRQV�
LQ�SRWDWR�SURGXFWLRQ��$QRQ�������D���

3RWDWR�JURZV�PRUH�GHQVHO\�LQ�HVSHFLDOO\�$I\RQ��1L÷GH�

DQG�1HYúHKLU��7XUNH\��UHJLRQV�ZKHUH�WHPSHUDWH�FOLPDWH�LV�
GRPLQDQW��7KHVH�UHJLRQV�ZKHUH�SRWDWR�SURGXFWLRQ�JHQHUDOO\�
PDNHV�GXULQJ�WKH�VXPPHU�FRXOG�EH�DPRQJ�WKH�ZRUOG
V�PRVW�
IHUWLOH�SRWDWR�DUHDV�ZLWK�WKHLU�VXLWDELOLW\�RI�WKH�VRLO�VWUXFWXUH�
�9XUDO�HW�DO���������

7KH� HVVHQWLDO� REMHFWLYH� RI� LUULJDWLRQ� LV� QRW� RQO\� WR�
HQKDQFH�SURGXFWLYLW\�LQ�DJULFXOWXUDO�SURGXFWLRQ��EXW�DOVR�WR�
ERRVW� WKH� SURGXFWLRQ�� WKHUHE\�PD[LPL]LQJ� QHW� LQFRPH� E\�
H[SORLWLQJ�WKH�ZDWHU�LQ�DQ�HI¿FLHQW�PDQQHU�LQ�WKH�ORQJ�WHUP�
DQG�ZLWKRXW�KDYLQJ�QHJDWLYH�HIIHFWV�RQ�WKH�HQYLURQPHQW�DQG�
WKXV�ZDWHU�UHVRXUFHV��,W�LV�HVVHQWLDO�WR�FRQYH\�DQG�GLVWULEXWH�
WKH�ZDWHU�LQ�D�ZD\�WR�PLQLPL]H�ORVV�RI�ZDWHU�IURP�LWV�VRXUFH�
DQG�WR�FRQWURO�LWV�DPRXQW�LQ�WKH�VRLO�UHJXODUO\��.RUXNFX�HW�DO���
������� 8QFRQVFLRXV� DQG� LQHI¿FLHQW� XVH� RI� ZDWHU� LQ� WKH�
DJULFXOWXUH�ZLOO�OHDG�WR�ZDVWH�RI�VFDUFH�ZDWHU�UHVRXUFHV�DQG�
SROOXWHG�WKH�JURXQGZDWHU�RYHU�WLPH��WKHUHE\�EHFRPH�GURXJKW�
LQ�DJULFXOWXUDO�ODQGV�

3RWDWR�LV�D�FURS�KLJKO\�VHQVLWLYH�WR�VRLO�ZDWHU�GH¿FLWV��7R�
RSW൴P൴]H�\൴HOGV��WKH�WRWDO�DYD൴ODEOH�VR൴O�ZDWHU�VKRXOG�QRW�EH�
GHSOHWHG�E\�PRUH� WKDQ���� WR������DQG� WKH�VR൴O� VKRXOG�EH�
PD൴QWD൴QHG�DW�D�UHODW൴YHO\�K൴JK�PR൴VWXUH�FRQWHQW��,UU൴JDW൴RQ�DW�
����RI�¿HOG�FDSDF൴W\��)F��൴V�DGHTXDWH�IRU�VHHG�JUDGH�WXEHUV��
ZK൴OH� ³SURFHVV൴QJ�WDEOH´� FURSV� EHQH¿W� IURP� ൴UU൴JDW൴RQ� DW�
����)F��'RRUHQERV�DQG�.DVVDP��������9DQ�/RRQ��������

�

��

$EVWUDFW

.H\ZRUGV��3RWDWR��GULS�LUULJDWLRQ��GH¿FLW�LUULJDWLRQ

5HFHLYHG����������������������������$FFHSWHG����������������������������3XEOLVKHG��RQO൴QH��������������

,QWURGXFWLRQ���

5HVHDUFK�$UWLFOH ,QW�-�$JULF�(QYLURQ�)RRG�6FL�������������������

ZZZ�MDHIV�FRP-$()6

�&LWH�WKLV�DUWLFOH�DV����*XOWHNLQ��5���(UWHN��$����������(IIHFWV�RI�GH¿FLW�LUULJDWLRQ�RQ�WKH�SRWDWR�WXEHU�GHYHORSPHQW�DQG�TXDOLW\��,QW��-��
$JULF��(QYLURQ��)RRG�6FL����������������'2,�����������MDHIV������

$YD൴ODEOH�RQO൴QH�DW��� ��� ��KWWSV���MDHIV�FRP KWWS���GHUJ൴SDUN�JRY�WU�MDHIV
��&RS\U൴JKW����������,QWHUQDW൴RQDO�-RXUQDO�RI�$JU൴FXOWXUH��(QY൴URQPHQW�DQG�)RRG�6F൴HQFHV

,QWHUQDW൴RQDO�-RXUQDO�RI
$JU൴FXOWXUH��(QY൴URQPHQW�DQG�)RRG�6F൴HQFHV

7KLV�VWXG\�ZDV�FRQGXFWHG�WR�GHWHUPLQH�WKH�HIIHFWV�RI�GH¿FLW�LUULJDWLRQ�RQ�WXEHU�JURZWK�DQG�TXDOLW\�RI�SRWDWR��6RODQXP�
WXEHURVXP�/����&HUWL¿HG�VHHGV�RI�SRWDWR�YDULHW\�³$JULD´�ZHUH�XVHG�DV�VWXG\�PDWHULDO��,UULJDWLRQ�WUHDWPHQWV�ZDV�FRQVLVWHG�
RI�RQH�LUULJDWLRQ�LQWHUYDO����GD\V��DQG�¿YH�GLIIHUHQW� OHYHOV��, ��, ��, ��, ��, ��RI�VRLO�ZDWHU�GH¿FLW�PHDVXUHG�EHIRUH���� �� �� �� ��

LUULJDWLRQV��)LUVW�LUULJDWLRQ�ZDV�DSSOLHG�E\�GULS�LUULJDWLRQ�XS�WR�¿HOG�FDSDFLW\�WKH�VRLO�ZDWHU�FRQWHQW�LQ������FP�GHSWK�LQ�DOO�
WUHDWPHQWV��6XEVHTXHQW�LUULJDWLRQV�ZHUH�DSSOLHG�DFFRUGLQJ�WR�WKH�WUHDWPHQWV���
7KH�LUULJDWLRQ�ZDWHU�DQG�HYDSRWUDQVSLUDWLRQ��(7��YDOXHV�RI�WUHDWPHQWV�UDQJHG�IURP�������WR���������PP�DQG�IURP�������
WR�������PP�LQ�WKH�¿UVW�\HDU��UHVSHFWLYHO\��DQG�IURP�������WR�������PP�DQG�IURP�������WR�������PP�LQ�WKH�VHFRQG�\HDU��
UHVSHFWLYHO\��<LHOGV�YDULHG�IURP�������WR�������W�KD�LQ�WKH�¿UVW�\HDU�DQG�IURP�������WR�������W�KD�LQ�WKH�VHFRQG�\HDU��7KH�
\LHOGV�ZHUH�GHFUHDVHG�EDVHG�RQ�ZDWHU�GH¿FLW�OHYHOV��7KH�KLJKHVW�\LHOGV�ZHUH�REWDLQHG�IURP�, WUHDWPHQW������

7KH�UHVXOWV�KDYH�LQGLFDWHG�WKDW�ZDWHU�UHVWULFWLRQ�KDG�D�VLJQL¿FDQW�HIIHFW�RQ�\LHOG��VLQJOH�WXEHU�ZHLJKW��SHUFHQWDJH�RI�
PDUNHWDEOH�WXEHU��SODQW�OHQJWK��PHDQ�WXEHU�OHQJWK��PHDQ�WXEHU�GLDPHWHU�DQG�SHUFHQWDJH�RI�WXEHU�SHHOLQJ��7KH�UHVXOWV�ZHUH�
VKRZLQJ�WKDW�WKH�, �WUHDWPHQW�LQ�HVSHFLDOO\�ZDV�RI�WKH�PRVW�LPSRUWDQFH�IRU�WKH�KLJKHVW�SHUFHQWDJH�PDUNHWDEOH�WXEHU�DQG����

WXEHU�\LHOG�REWDLQHG�SHU�XQLW�ZDWHU�DSSOLHG��7KHUHIRUH��WKH�, �WUHDWPHQW�FDQ�EH�UHFRPPHQGHG�IRU�SRWDWR�FXOWLYDWLRQ�XQGHU����

VLPLODU�FOLPDWLF�DQG�VRLO�FRQGLWLRQV�

�H�,661������������ '2,�����������MDHIV��������
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3RWDWR� SODQWV� DUH� PRUH� SURGXFW൴YH� DQG� SURGXFH� K൴JKHU�
TXDO൴W\� WXEHUV� ZKHQ� ZDWHUHG� SUHF൴VHO\� XV൴QJ� VR൴O� ZDWHU�
WHQV൴RQ�WKDQ�൴I�WKH\�DUH�XQGHU��RU�RYHU�൴UU൴JDWHG��$W൴�HW�DO���
������

7KH� VWXG\� ZDV� FRQGXFWHG� WR� GHWHUPLQH� WKH� HIIHFWV� RI�
ZDWHU�GH¿FLWV�RQ�WKH�WXEHU�JURZWK�DQG�TXDOLW\�DQG�WKH�ZDWHU�
FRQVXPSWLRQ� RI� SRWDWR� JURZQ� XQGHU� ¿HOG� FRQGLWLRQV� LQ�
$I\RQ� ZKHUH� LW� LV� WKH� ODUJHVW� SRWDWR� FXOWLYDWLRQ� DUHD� RI�
7XUNH\�

0DWHULDOV�DQG�0HWKRGV�

5HVHDUFK�DUHD�DQG�FOLPDWH
�7KLV�VWXG\�ZDV�FDUULHG�RXW�LQ�D�IDUPHU
V�¿HOG�LQ�������P �

VLWXDWHG�LQ�WKH�,KVDQL\H�GLVWULFW�RI�$I\RQNDUDKLVDU�3URYLQFH�
LQ� WKH�$HJHDQ�UHJLRQ�RI�7XUNH\��7KH�H[SHULPHQWDO�DUHD� LV�
ORFDWHG� EHWZHHQ� ����� �
������� 1� ODWLWXGH� DQG� ����� ��
�
�������(�ORQJLWXGH��7KH�,KVDQL\H�KDV�D�FKDUDFWHULVWLF�RI�D�
SODWHDX�E\�DOO�DSSHDUDQFHV��$QRQ����������

$I\RQNDUDKLVDU� SUHYDLOV� D� VWHSSH� FOLPDWH� ZLWK� FROG�
VQRZ\�ZLQWHUV�DQG�ZLWK�KRW�DQG�GU\�VXPPHUV�DQG�ZLWK�UDLQ�LQ�
WKH�VSULQJV�DQG�DXWXPQV��7KH�KRWWHVW�DQG�WKH�FROGHVW�PRQWKO\�
DYHUDJH� WHPSHUDWXUH�ZDV� �����&� DQG� ����&�� UHVSHFWLYHO\��
7KH�WRWDO�DYHUDJH�UDLQIDOO�ZDV�����PP��$QRQ����������7KH�
DYHUDJH�UD൴QIDOO�DQG�ZDWHU�UHVRXUFHV�DUH�O൴P൴WHG�൴Q�WKH�SRWDWR�
JURZ൴QJ�VHDVRQ�EHWZHHQ�$SU൴O�DQG�$XJXVW�PRQWKV�

6RLO�VWUXFWXUH
6RLO�WH[WXUH�RI�H[SHULPHQW�DUHD�LV�VDQG\�ORDP\��6/���7KH�

VRLO�EXON�GHQVLW\�LQ�GHSWK�RI������FP�YDULHV�EHWZHHQ������DQG�
������ JU�FP �� ZDWHU� FRQWHQW� DW� ¿HOG� FDSDFLW\� UDQJHV� IURP�

������WR��������E\�ZHLJKW�DQG�ZLOWLQJ�SRLQW�YDULHV�EHWZHHQ�
������DQG��������7KH�DYDLODEOH�ZDWHU�KROGLQJ�FDSDFLW\�RI�

��VRLO�LV�������PP����FP �
6RZLQJ�DQG�IHUWLOL]LQJ�
7KH� H[SHULPHQW� ZDV� FDUULHG� RXW� DV� D� UDQGRPL]HG�

FRPSOHWH� EORFN� GHVLJQ� ZLWK� WKUHH� UHSOLFDWLRQV�� 7KH�
H[SHULPHQW�FRQVLVWHG�RI����SORWV��7KH�SRWDWRHV�ZHUH�SODQWHG�
DW�D�GHSWK�RI����FP�WKURXJK�VRZLQJ�PDFKLQH����SRWDWR�VHHGV�
����VHHGV�SHU�URZ��LQ���URZV�ZLWK���P�ORQJ�����FP�LQWUD�URZ�
DQG����FP�EHWZHHQ�URZV�LQ�HDFK�H[SHULPHQWDO�SORW��$JULD�
SRWDWR�YDULHW\�ZDV�XVHG�LQ�WKH�WUHDWPHQW��3HU�KHFWDUH�ZHUH�
DSSOLHG�����NJ�RI�'$3��'LDPPRQLXP�3KRVSKDWHͿ�IHUWLOL]HU�
DQG�����NJ�RI�$6��$PPRQLXP�6XOIDWH��IHUWLOL]HU��FRQVLGHULQJ�
VRLO�DQDO\VLV�ODERUDWRU\�UHSRUW��,Q�ERWK�\HDUV��'$3�IHUWLOL]HU�
ZDV�DSSOLHG�EHIRUH�SODQWLQJ��DQG�RQH�KDOI�RI�$6�IHUWLOL]HU�DQG�
LWV�RWKHU�KDOI�ZHUH�LPSOHPHQWHG�GXULQJ�¿UVW�KRHLQJ�DQG�¿UVW�
LUULJDWLRQ��UHVSHFWLYHO\��

,UULJDWLRQ�ZDWHU
,UULJDWLRQ�ZDWHU�ZDV�VXSSOLHG�IURP�WKH�PDLQ�SLSH�QHDU�WR�

H[SHULPHQWDO�¿HOG��7KH�DQDO\VLV�UHVXOWV�LQGLFDWHG�WKDW�ZDWHU�
XVHG�LQ�WKH�H[SHULPHQW�൴V�൴Q�& 6 �FODVV��VRG൴XP�U൴VN�൴V�ORZ��� �

(&� ൴V�PHG൴XP�� DQG� ൴W� FDQ� EH� XVHG� IRU� ൴UU൴JDW൴RQ� �866/��
�������

3ORWV�ZHUH�LUULJDWHG�E\�GULS�LUULJDWLRQ�V\VWHP��WKDW�LW�ZDV�
FRPSRVHG�RI�PDLQ�SLSHOLQH��VLGH�SLSHOLQHV��PDQLIROG��DQG�
ODWHUDOV��/DWHUDO�S൴SHV��ZK൴FK�KDG�൴QO൴QH�GU൴SSHUV�DW����FP�
൴QWHUYDOV��ZHUH����PP�൴Q�G൴DPHWHU���'൴VFKDUJH�RI�GU൴SSHU�ZDV�

����/�K �WR���N3D�SUHVVXUH��7KH�DPRXQW�RI�൴UU൴JDW൴RQ�ZDWHU�ZDV�
FKHFNHG�E\�D�YROXPHWU൴F�PHWHU�

7KH�WUHDWPHQWV�ZHUH�IRUPHG�ZLWK�¿YH�GLIIHUHQW�OHYHOV�RI�
VRLO�ZDWHU�GH¿FLW�EHIRUH�LUULJDWLRQ��DV�H[SODLQHG�EHORZ�

��� , �� ,UULJDWLRQ� XS� WR� ¿HOG� FDSDFLW\� RI� DYDLODEOH� VRLO����

ZDWHU�GH¿FLW�EHIRUH�LUULJDWLRQ��. �����������

���, ��,UULJDWLRQ�XS�WR�����RI�DYDLODEOH�VRLO�ZDWHU�GH¿FLW���

EHIRUH�LUULJDWLRQ��. �����������

���, ��,UULJDWLRQ�XS�WR�����RI�DYDLODEOH�VRLO�ZDWHU�GH¿FLW���

EHIRUH�LUULJDWLRQ��. ����������

���, ��,UULJDWLRQ�XS�WR�����RI�DYDLODEOH�VRLO�ZDWHU�GH¿FLW���

EHIRUH�LUULJDWLRQ��. ����������

���, ��,UULJDWLRQ�XS�WR�����RI�DYDLODEOH�VRLO�ZDWHU�GH¿FLW���

EHIRUH�LUULJDWLRQ��. ��������

%HIRUH� WKH� UHJXODU� LUULJDWLRQV�� DOO� WKH� WUHDWPHQWV�ZHUH�
LUULJDWHG�XQWLO�¿HOG�FDSDFLW\��7KHQ��WKH�VXEVHTXHQW�LUULJDWLRQV�
ZHUH�DSSOLHG�DFFRUGLQJ�WR�WKH�SUHVFULEHG�SURJUDP�ZLWK���GD\�
LQWHUYDOV�� 7KH� DPRXQW� RI� LUULJDWLRQ� ZDWHU� DSSOLHG� LQ� WKH�
WUHDWPHQWV�ZDV�GHWHUPLQHG�XVLQJ�(TXDWLRQ���DQG����(UWHN�
DQG�.DUD��������

:KHUH��,U±�WKH�൴UU൴JDW൴RQ�ZDWHU��O൴WHU���:VG±�VR൴O�ZDWHU�
GH¿F൴W�EHIRUH�൴UU൴JDW൴RQ��PP���.Q±�WKH�GH¿F൴W�UDWH�RI�ZDWHU�
DSSO൴HG� WR� WUHDWPHQWV�� )F±� ¿HOG� FDSDFLW\� �PP��� :$±�
DYDLODEOH�VRLO�ZDWHU�EHIRUH�LUULJDWLRQ��PP��DQG�$±�SORW�DUHD�

��P �
:DWHU� FRQVXPSWLRQ� E\� SODQWV� LQ� DOO� WUHDWPHQWV� ZDV�

FDOFXODWHG�XVLQJ�(TXDWLRQ���RQ�WKH�EDVLV�RI�WKH�ZDWHU�EXGJHW��
7KH�VRLO�ZDWHU�FRQWHQW�ZDV�PHDVXUHG�E\�JUDYLPHWULF�PHWKRG�
GXULQJ�VRZLQJ��EHIRUH�HDFK�LUULJDWLRQ�DQG�LQ�WKH�ODVW�KDUYHVW�
�$OOHQ�HW�DO���������

:KHUH�(7±�SODQW�ZDWHU�FRQVXPSW൴RQ��PP���,U±൴UU൴JDW൴RQ�
ZDWHU��PP���3±�WKH�SUHF൴S൴WDW൴RQ��PP���&U±�WKH�FDS൴OODU\�U൴VH�
�PP���'S±�WKH�GHHS�SHUFRODW൴RQ�ORVVHV��PP���52±�WKH�UXQRII�
ORVVHV��PP���DQG�'6:±�WKH�PR൴VWXUH�VWRUHG�൴Q�WKH�VR൴O�SUR¿OH�
�PP���

'3�DQG�52�YDOXHV�ZHUH�QHJOHFWHG�EHFDXVH�൴UU൴JDW൴RQ�ZDV�
DSSO൴HG�WR�¿HOG�FDSDF൴W\�E\�GU൴S�V\VWHP��7KH�JURXQGZDWHU�
SUREOHP� ൴Q� WKH� H[SHU൴PHQWDO� DUHD� ZDV� QRW� DYD൴ODEOH��
7KHUHIRUH��&U�ZDV�൴JQRUHG��.DQEHU�HW�DO���������(UWHN�HW�DO���
�������7KH�HIIHFWLYH�URRWLQJ�GHSWK�RI�WKH�SRWDWR�SODQW�LV�DERXW�
��� FP� DQG� DSSUR[൴PDWHO\� ���� RI� WKH� URRW� OHQJWK� ൴V�
FRQFHQWUDWHG�൴Q�WKH�XSSHU���������P�RI�WKH�VR൴O��(IHWKD��������
&DQWRUH� HW� DO��� ������� )RU� WKLV� UHDVRQ�� WKH� ZDWHU�
FRQVXPSWLRQV��(7��ZHUH�FDOFXODWHG�IRU�WKH�VRLO�OD\HUV�DW�WKH�
GHSWKV�RI������FP�DQG�������FP�

5HJUHVVLRQ� DQDO\VLV� ZDV� SHUIRUPHG� WR� GHWHUPLQH� WKH�
UHODWLRQVKLS�EHWZHHQ�WKH�\LHOG�REWDLQHG�IURP�WUHDWPHQWV�DQG�
LUULJDWLRQ�ZDWHU�DQG�SODQW�ZDWHU�FRQVXPSWLRQ��)XUWKHUPRUH��
WKH�ZDWHU�XVH�\LHOG�UHODWLRQVKLS�ZDV�GHWHUPLQHG�XVLQJ�WKH�
6WHZDUW�0RGHO��'RRUHQERV�DQG�.DVVDP���������(T�����

í�:KHUH�< ±� WKH� UHDO� \൴HOG� �NJ� KD ���< ±� WKH�PD[൴PXP�D P
í�\൴HOG��NJ�KD ���(7 ±�WKH�PD[൴PXP�SODQW�ZDWHU�FRQVXPSW൴RQ�P

�PP���.\±�WKH�\൴HOG�UHVSRQVH�IDFWRU�IRU�(7 ��D

:DWHU�XVH�HI¿FLHQF\��DOVR�H[SUHVVHG�DV�UDWH�RI�ZDWHU�XVH�
DQG� XVHG� LQ� FRPSDULQJ� WKH� LUULJDWLRQ� PHWKRGV� RU� LQ�
HYDOXDWLQJ�WKH�LUULJDWLRQ�SURJUDPV��ZDV�GHWHUPLQHG�XVLQJ�WKH�
IROORZLQJ�(T����DQG���WKDW�ZHUH�JLYHQ�E\�7DQQHU�DQG�6LQFODLU�
��������(UWHN�HW�DO��������

í��:KHUH�,:8(��WKH�൴UU൴JDW൴RQ�ZDWHU�XVH�HI¿F൴HQF\��W�KD
í� í� í�PP ���:8(��WKH�ZDWHU�XVH�HI¿F൴HQF\��W�KD PP ���DQG�(\��

í�WKH�HFRQRP൴FDO�URRW�\൴HOG��W�KD ���

��5RKDW�*XOWHNLQ�DQG�$KPHW�(UWHN � (IIHFWV�RI�GH¿FLW�LUULJDWLRQ�RQ�WKH�SRWDWR�WXEHU�GHYHORSPHQW�DQG�TXDOLW\



��

,QW�-�$JULF�(QYLURQ�)RRG�6FL���������������������

3ODQW�REVHUYDWLRQV�DQG�PHDVXUHPHQWV
7KH�HGJH�URZV�RI�SORWV�ZHUH�QRW�KDUYHVWHG�WR�DYRLG�WKH�

HGJH�HIIHFW��7KH�KDUYHVW�ZDV�GRQH�LQ�WKH�PLGGOH�URZ��3ODQW�
REVHUYDWLRQV�DQG�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�RQ�ODEHOOHG�
SODQWV�LQ�WKH�PLGGOH�URZ�

6WDWLVWLFDO�$QDO\VLV
7KH�GDWD�REWDLQHG�IURP�WKH�VWXG\�ZHUH�DQDO\]HG�XVLQJ�

�0LQLWDE �������SDFNDJHG�VRIWZDUH�

5HVXOWV�DQG�'LVFXVVLRQ�

,UULJDWLRQ�ZDWHU�DQG�SODQW�ZDWHU�FRQVXPSWLRQ�
)LUVW�LUULJDWLRQ�ZDV�DSSOLHG�XS�WR�¿HOG�FDSDFLW\�WKH�VRLO�

ZDWHU�FRQWHQW�LQ������FP�GHSWK�LQ�DOO�WUHDWPHQWV��7KHQ��WKH�
UHJXODU�LUULJDWLRQ�ZDV�VWDUWHG�WR�RQ�-XQH����������DQG�-XO\�����
������7KH�LUULJDWLRQV�ZHUH�HQGHG�RQ�$XJXVW����������DQG�
$XJXVW�����������$OO�WKH�SORWV�ZHUH�LUULJDWHG�IRU����WLPHV�DW�

LQWHUYDOV�RI���GD\V�WKURXJKRXW�WKH�LUULJDWLRQ�SHULRGV�LQ�ERWK�
\HDUV��

7KH�ORZHVW�DQG�WKH�KLJKHVW�YDOXHV�RI�LUULJDWLRQ�ZDWHU�LQ�
�����DQG������\HDUV�ZHUH�REVHUYHG�LQ�, ��������PP����������

PP��DQG�, �������PP��������PP��WUHDWPHQWV��UHVSHFWLYHO\������

,Q�ERWK�\HDUV��WKH�KLJKHVW�ZDWHU�FRQVXPSWLRQ�ZDV�FDOFXODWHG�
DV�������PP�DQG�������PP�LQ�WKH�, �WUHDWPHQW��UHVSHFWLYHO\�����

DQG� WKH� ORZHVW�YDOXHV�ZHUH�GHWHUPLQHG�DV�������PP�DQG�
������PP�LQ�WKH�, �WUHDWPHQW��UHVSHFWLYHO\��7KH�(7�YDOXHV���

LQFUHDVHG�ZLWK�LQFUHDVLQJ�LUULJDWLRQ�OHYHOV���
:KHQ�DQDO\]HG�WKH�¿JXUHV�DIWHU�DQG�EHIRUH�LUULJDWLRQ��LW�

FDQ� EH� VHHQ� WKDW� WKH� VRLO�ZDWHU� FRQWHQWV� EHIRUH� LUULJDWLRQ�
GLGQ
W�GURS�EHORZ�WKH�ZLOWLQJ�SRLQW��:3��LQ�DOO�WUHDWPHQWV�
GXULQJ� ERWK� \HDUV� RI� WKH� H[SHULPHQW� �)LJXUHV� �� DQG� ����
)XUWKHUPRUH��WKH�VRLO�ZDWHU�FRQWHQWV�DIWHU�LUULJDWLRQ�ZDV�¿HOG�
FDSDFLW\�LQ�, �WUHDWPHQW�����

)LJXUH����7KH�VRLO�ZDWHU�FRQWHQWV�EHIRUH��$��DQG�DIWHU��%��LUULJDWLRQV�GXULQJ�WKH�JURZWK�VHDVRQ�������

,Q�������WKH�KLJKHVW�DQG�WKH�ORZHVW�YDOXHV�RI�VRLO�ZDWHU�
WKFRQWHQW�EHIRUH�LUULJDWLRQ�UHDFKHG�DW�WKH�� �LUULJDWLRQ�RI�, ����

WKWUHDWPHQW�E\��������DQG�WKH�� �LUULJDWLRQ�RI�, �WUHDWPHQW�E\���

�������� UHVSHFWLYHO\�� ,Q������� WKH�KLJKHVW� DQG� WKH� ORZHVW�
YDOXHV�RI�VRLO�ZDWHU�FRQWHQW�EHIRUH�LUULJDWLRQ�UHDFKHG�DW�WKH�
WK WK� �LUULJDWLRQ�RI�, �WUHDWPHQW�E\��������DQG�WKH�� �LUULJDWLRQ����

RI�, �WUHDWPHQW�E\���������UHVSHFWLYHO\���

6RPH� GLIIHUHQFHV� EHWZHHQ� \HDUV� KDYH� EHHQ� REVHUYHG�
ZKHQ� DQDO\]HG� WKH� ¿JXUHV� UHODWHG� WR� VRLO� ZDWHU� FRQWHQWV�
EHIRUH�LUULJDWLRQV�LQ�WKH�\HDUV������DQG�������7KH�VRLO�ZDWHU�
FRQWHQW�LQ�WKH�VHFRQG�\HDU�RI�WKH�VWXG\�ZDV�KLJKHU�WKDQ�¿UVW�
\HDU��DV�D�UHVXOW�RI�ORFDO�UDLQIDOOV��HVSHFLDOO\�GXULQJ�$XJXVW��
0RUHRYHU��LQ�ERWK�\HDUV�RI�WKH�WULDO��WKH�VRLO�ZDWHU�FRQWHQW�

UG WKEHIRUH�LUULJDWLRQ�LQ�WKH�SHULRGV�EHWZHHQ�� �DQG�� �LUULJDWLRQV�
ZHUH�KLJKHU�WKDQ�WKH�RWKHU�LUULJDWLRQ�SHULRGV��7KH�UHDVRQ�LV�

WKDW� WKLV� LQWHUYDO� ZDV� FRUUHVSRQGHG� WR� D� SHULRG� DW� ZKLFK�
PD[LPXP�SODQW�JURZWK�DQG�GHYHORSPHQW�RFFXUUHG�

6LPLODUO\�� WKH� DPRXQW� RI� LUULJDWLRQ�ZDWHU� UHTXLUHG� IRU�
SRWDWR�൴Q�WKH�%DJKGDG±,UDT�ZDV�GHWHUPLQHG�DV����±����PP�
E\�$WL�HW�DO����������:KHQ�FRPSDUHG�ZLWK�WKH�UHVHDUFK�UHVXOWV�
RI�$\DV� DQG�.RUXNFX� �������� LW� LV� FOHDU� WKDW� WKHUH�ZDV� D�
VLPLODULW\�ZLWK�WKH�YDOXHV�REWDLQHG�LQ�WKH�¿UVW�\HDU�RI�RXU�
VWXG\�� DQG� WKH�YDOXHV� LQ� WKH� VHFRQG�\HDU�ZHUH� ORZHU��7KH�
GLIIHUHQFHV� FDQ� EH� DWWULEXWHG� WR� WKH� YDULDWLRQV� WKDW� KDYH�
RFFXUUHG�LQ�FOLPDWLF�FRQGLWLRQV�GXULQJ�WKH�LUULJDWLRQ�SHULRG��

<LHOG�FRPSRQHQWV
,Q�ERWK�\HDUV�RI�VWXG\��WKH�\LHOG��WXEHU�VWDUFK�UDWLR��WXEHU�
GU\�PDWWHU�FRQWHQW��PDUNHWDEOH�WXEHU�UDWLR��WXEHU�OHQJWK��
WXEHU�GLDPHWHU��WXEHU�ZHLJKW�DQG�QXPEHU�RI�WXEHUV�SHU�FURS�
ZHUH�IRXQG�WR�EH�WKH�KLJKHVW�DW�, �WUHDWPHQW�����

)LJXUH����7KH�VRLO�ZDWHU�FRQWHQWV�EHIRUH��$��DQG��%��DIWHU�LUULJDWLRQV�GXULQJ�WKH�JURZWK�VHDVRQ�������

$ %

(IIHFWV�RI�GH¿FLW�LUULJDWLRQ�RQ�WKH�SRWDWR�WXEHU�GHYHORSPHQW�DQG�TXDOLW\



��

7KH� \LHOG�� PDUNHWDEOH� WXEHU� UDWLR�� WXEHU� OHQJWK�� WXEHU�
GLDPHWHU��WXEHU�ZHLJKW�DQG�QXPEHU�RI�WXEHUV�SHU�FURS�ZHUH�
VHHQ�WR�EH�WKH�ORZHVW�DW�, �WUHDWPHQW��7DEOH�����7KH�TXDOLW\���

DQG�\LHOG�SDUDPHWHUV�LQ�ERWK�\HDUV�ZHUH�FRQVLGHUDEOH�VLPLODU�
WR�HDFK�RWKHU��

$FFRUGLQJ�WR�7XNH\�WHVW�UHVXOWV�E\�PHDQV�RI�WZR�\HDUV��
QXPEHU�RI�WXEHUV�SHU�SODQW�ZHUH�VWDWLVWLFDOO\�VLJQL¿FDQW�DW�WKH�
��� OHYHO� DQG� GLYLGHG� LQWR� WKUHH� GLIIHUHQW� JURXSV��5HVXOWV�
REWDLQHG� IURP� WKLV� VWXG\� ZHUH� VLJQL¿FDQWO\� VLPLODU� WR�
SUHYLRXV� VWXGLHV� �<LOPD]�HW� DO��� ������7XJD\�HW� DO��� ������
<LOPD]� DQG� 7XJD\�� ������ .L]LORJOX� HW� DO��� ������ $NVLF��
������

,W� KDV� EHHQ� IRXQG� WKDW� WKHUH�ZDV� D� VWDWLVWLFDOO\� DW� ���
VLJQL¿FDQFH�OHYHO�EHWZHHQ�WUHDWPHQWV�LQ�WHUPV�RI�WXEHU�\LHOG�
SHU� KHFWDUH�� WXEHU� ZHLJKW�� WXEHU� OHQJWK�� WXEHU� GLDPHWHU��
PDUNHWDEOH�WXEHU�UDWLR��WXEHU�SHHOLQJ�UDWLR��WXEHU�GU\�PDWWHU�
FRQWHQW�� WXEHU� VWDUFK� UDWLR�� ZKLOH� ZDV� QRW� VWDWLVWLFDOO\�
VLJQL¿FDQW� GLIIHUHQFH� EHWZHHQ� ����� DQG� ����� \HDUV��
0RUHRYHU��WKH�V൴JQ൴¿FDQW�HIIHFW�RI�൴UU൴JDW൴RQ�UHJ൴PH�RQ�WXEHU�
\൴HOG� ZDV�PD൴QO\� GXH� WR� WKH� DYHUDJH� WXEHU� ZHLJKW�� WXEHU�
GLDPHWHU� DQG� WXEHU� OHQJWK�� EHFDXVH� WKH� G൴IIHUHQFHV� ൴Q� WKH�
QXPEHU�RI�WXEHUV�SHU�SODQW�ZHUH�QRW�V൴JQ൴¿FDQW�

)XUWKHUPRUH�� JUDSKLFDO� DQDO\VLV� RI� WKH� UHODWLRQVKLS�
EHWZHHQ� WXEHU�\LHOG�DQG�ZDWHU�FRQVXPSWLRQ�RI� WUHDWPHQWV�
KDV�VKRZQ�WR�EH�D�VWDWLVWLFDOO\�VLJQL¿FDQW�FRUUHODWLRQ�LQ�ERWK�

�\HDUV��3��������5 �������������DQG��������������7KH�WXEHU�
\LHOGV�SHU�KHFWDUH�IURP�WKLV�VWXG\�ZHUH�KLJKHU�WKDQ�WKDW�IURP�
<LOPD]�HW�DO���������DQG�7XJD\�HW�DO����������,W�FDQ�EH�VDLG�
WKDW�WKLV�PLJKW�UHVXOW�IURP�SRWDWR�YDULHW\�XVHG�DQG�YDULDWLRQ�
LQ�WKH�DPRXQW�RI�SUHFLSLWDWLRQ�EHWZHHQ�\HDUV��,Q�DGGLWLRQ��LW�LV�
VHHQ�WKDW�WXEHU�ZHLJKWV�ZHUH�KLJKHU�WKDQ�WKRVH�IURP�<LOPD]�
��������<LOPD]�HW�DO���������DQG�<LOPD]���������DQG�VLPLODU�
WR�WKH�YDOXHV�IURP�<LOPD]�HW�DO���������DQG�'LGLQ���������

,Q�D�VWXG\�FRQGXFWHG�E\�.DVK\DS�DQG�3DQGD��������LQ�
RUGHU�WR�LQYHVWLJDWH�WKH�ZDWHU�\LHOG�UHODWLRQVKLSV�LQ�SRWDWR��LW�
LUULJDWHV�ZKHQ�ZDWHU�DYDLODEOH�LQ�WKH�VRLO�FRQVXPHV�DW�WKH�UDWH�
RI����������������DQG������7KH�VWXG\�UHVXOWV�VKRZHG�WKDW�
ZKHQ�IDOOLQJ�DW�����DQG�����OHYHOV�RI�DYDLODEOH�ZDWHU�LQ�
VRLO��LUULJDWLRQ�KDV�FDXVHG�D�VLJQL¿FDQW�GHFOLQH�LQ�WKH�WXEHU�
\LHOG��)XUWKHUPRUH��LQ�D�VWXG\�FRQGXFWHG�E\�)DNKDUL�HW�DO��
�������ZHUH�GHWHUPLQHG�WR�EH�WKH�KLJKHU�SRWDWR�WXEHU�\LHOGV�
DW�KLJKHU�LUULJDWLRQ�OHYHOV��0RNK�HW�DO���������VWDWHG�WKDW�IXOO�
൴UU൴JDW൴RQ�UHJ൴PH�UHVXOWHG�൴Q�WKH�K൴JKHVW�WXEHU�\൴HOG�XQGHU�DOO�
Q൴WURJHQ�OHYHOV�DQG�WKHUH�ZHUH�V൴JQ൴¿FDQW�UHGXFW൴RQV�൴Q�WRWDO�
\൴HOG�ZKHQ�DSSO\൴QJ�VPDOOHU�DPRXQWV�RI�൴UU൴JDW൴RQ�ZDWHU�

,W�KDV�EHHQ�VKRZQ�WKDW�WKH�ODUJHVW�DYHUDJH�WXEHU�GLDPHWHU�
IURP�WKLV�VWXG\�ZDV�JUHDWHU�WKDQ�WKRVH�IURP�8EH\LWR÷XOODUÕ�
�������DQG�VPDOOHU�WKDQ�WKRVH�'LGLQ��������DQG�$\DV���������
7KLV�FDQ�EH�GXH�WR�GLIIHUHQFHV�EHWZHHQ�SODQW�YDULHWLHV�XVHG�
DQG�DQQXDO�UDLQIDOO��7KH�WXEHU�OHQJWKV�IURP�WKLV�VWXG\�ZHUH�
VLPLODU� WR�WKRVH�IURP�'LGLQ���������8EH\LWR÷XOODUÕ��������
DQG�$\DV���������

7KH�SHUFHQWDJH�RI�PDUNHWDEOH�WXEHUV�ZHUH�LQGLFDWHG�WR�EH�
VLPLODU� WR� WKRVH� RI� D� VWXG\� FDUULHG� RXW� E\� $\DV� ��������
+RZHYHU��WKH�SHUFHQWDJH�RI�PDUNHWDEOH�WXEHUV�ZHUH�KLJKHU�
ZKHQ�FRPSDUHG�ZLWK�WKH�UHVHDUFKHV�E\�<LOPD]�HW�DO����������
7KLV�PLJKW� EH� DWWULEXWDEOH� WR� WKH� SRWDWR� YDULHW\� XVHG� DQG�
GLIIHUHQFHV�LQ�DPRXQW�RI�SUHFLSLWDWLRQ�

7KH� WXEHU� SHHOLQJ� UDWLRV� LQ� WKH� VWXG\� ZHUH� VLPLODU� WR�
UHVHDUFK�RI�8EH\LWR÷XOODUÕ��������DQG�'LGLQ���������DQG�WKH�
DYHUDJH� WXEHU� GU\�PDWWHU� FRQWHQW� ZDV� VLPLODU� WR�
8EH\LWR÷XOODUÕ� �������� 0RUDOHV� HW� DO�� ������� DQG� 'LGLQ�
�������DQG��KRZHYHU��KLJKHU�WKDQ�WKRVH�ZRUNHG�RXW�E\�(UWDQ�
��������+DUDGD�HW�DO����������.DUD���������<LOPD]�DQG�7XJD\�
��������7KLV�FDQ�EH�DWWULEXWHG�WR�WKH�SRWDWR�YDULHWLHV�DQG�WR�
HIIHFWLYH� UDLQIDOO�� HVSHFLDOO\� GXULQJ� WXEHU� GHYHORSPHQW�
SHULRG�

,W�LV�FOHDU�WKDW�WKH�DYHUDJH�WXEHU�VWDUFK�UDWLR�ZDV�VLPLODU�WR�
UHSRUWHG�E\�'LGLQ���������EXW�KLJKHU�WKDQ�WKRVH�UHSRUWHG�E\�
8EH\LWR÷XOODUÕ� ��������(UWDQ� ��������+DUDGD� HW� DO�� �������
DQG�.DUD���������,Q�D�VLPLODU�PDQQHU��WKLV�FRXOG�DOVR�DWWULEXWH�
WR� WKH� SRWDWR� YDULHW\� FXOWLYDWHG� DQG� WR� HIIHFWLYH� UDLQIDOO��
HVSHFLDOO\�GXULQJ�WXEHU�GHYHORSPHQW�SHULRG��7KH�SUHYLRXV�
VWXGLHV�SRLQWHG�RXW�WKDW�WKH�SRWDWR�YDULHWLHV�DQG�DPRXQW�RI�
UDLQIDOO� ZHUH� HIIHFWLYHO\� RQ� TXDOLW\� DQG� \LHOG� RI� SRWDWR��
)XUWKHUPRUH�� /\QFK� DQG� 7DL� ������� VWDWHG� WKDW� WKH�
GLIIHUHQWLDO� WROHUDQFH� WR� PRLVWXUH� VWUHVV� DPRQJ� SRWDWR�
JHQRW\SHV�PD\�EH�DVVRFLDWHG�ZLWK�GLIIHUHQFHV�LQ�VHQVLWLYLW\�
GXULQJ�WKH�RQWRJHQ\�RI�\LHOG�GHYHORSPHQW��

*HQHUDOO\�� WKH� N\� YDOXHV� LQ� WKH� KLJKHU� ZDWHU� DSSOLHG�
WUHDWPHQWV�DUH�KLJKHU�WKDQ�RWKHUV��7KLV�VLWXDWLRQ�VKRZV�WKDW�
WKH�XQLW�ZDWHU�GH¿FLW�LQ�WKH�KLJKHU�ZDWHU�DSSOLHG�WUHDWPHQWV�
ZLOO�EH�FDXVHG�KLJKHU�\LHOG�GHFUHDVH�WKDQ�RWKHU�WUHDWPHQWV��
<൴HOG�UHVSRQVH�IDFWRUV��N\��RI�WUHDWPHQWV�ZHUH������LQ�WKH�
¿UVW�\HDU�������LQ�WKH�VHFRQG�\HDU�DQG������ZKHQ�ERWK�\HDUV�
ZHUH� HYDOXDWHG� WRJHWKHU�� 7KLV� LQGLFDWHV� WKDW� \LHOG� PLJKW�
GHFUHDVH������SHU�RQH�XQ൴W�RI�ZDWHU�GH¿F൴HQF\� LQ� WKH�¿UVW�
\HDU�������LQ�WKH�VHFRQG�\HDU�DQG������ZKHQ�ERWK�\HDUV�ZHUH�
WDNLQJ�LQWR�FRQVLGHUDWLRQ�WRJHWKHU��)LJXUH����

7DEOH����9DULDQFH�DQDO\VLV�UHVXOWV�UHODWHG�WR�VRPH�\LHOG�DQG�TXDOLW\�FRPSRQHQWV�LQ�WKH�\HDUV������DQG�����

��5RKDW�*XOWHNLQ�DQG�$KPHW�(UWHN � (IIHFWV�RI�GH¿FLW�LUULJDWLRQ�RQ�WKH�SRWDWR�WXEHU�GHYHORSPHQW�DQG�TXDOLW\
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'RRUHQERV�DQG�.DVVDP��������UHSRUWHG�WKDW�HIIHFWV�RQ�
GLIIHUHQW� SODQW� VSHFLHV� RI� WKH� HTXDO�(7� GH¿FLW� GXULQJ� WKH�
HQWLUH�JURZLQJ�VHDVRQ�ZHUH�GLIIHUHQW��DQG�WKH�VHDVRQDO�(7�
GH¿FLW� �N\���� IRU�FURSV� VXFK�DV�SHDQXW��JUDSH��FRWWRQ�DQG�
VR\EHDQ�FDXVHG�OHVV�\LHOG�ORVV�WKDQ�WKH�VDPH�(7�UHVWULFWLRQ�
�N\!���LQ�FURSV�OLNH�SRWDWR�DQG�SHSSHU�

,Q�ERWK�\HDUV��WKH�KLJKHVW�YDOXHV�ZHUH�REWDLQHG�IRU�WKH�
KLJKHVW�ZDWHU�FRQVXPSWLRQ�WUHDWPHQW��7KLV�LV�VKRZLQJ�WKDW�
SRWDWR� LV� VHQVLWLYH� WR� ZDWHU� VWUHVV�� 7KH� IDFW� WKDW� \LHOG�
UHVSRQVH�IDFWRU��N\��YDOXHV�E\�\HDUV�DUH�YHU\�ODUJHU�WKDQ���
�RQH��DOVR�FRUURERUDWHV�WKHVH�UHVXOWV��

,Q�ERWK�\HDUV��WKH�K൴JKHVW�DQG�WKH�ORZHVW�,:8(�YDOXHV�
ZHUH�GHWHUP൴QHG�൴Q�, �DQG�, WUHDWPHQWV��DV�������DQG�������W���� ���

�� ��KD PP� ൴Q�¿UVW� \HDU� DQG������� DQG������� W� KD PP� ൴Q� WKH�
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VRPH� WUD൴WV� RI� SRWDWR� �6RODQXP� WXEHURVXP� /���� -RXUQDO� RI�
*D]൴RVPDQSDVD�8Q൴YHUV൴W\�$JU൴FXOWXUH�)DFXOW\��9RO�������������7RNDW�

<൴OPD]��*���7HOF൴��,���&RVNXQ��6���&DJDWD\��.����������5HVHDUFK�RQ�\൴HOG�DQG�
VRPH� RWKHU� SURSHUW൴HV� RI� VRPH� SRWDWR� YDU൴HW൴HV� XQGHU� WKH� 7RNDW�
&RQG൴W൴RQV�� *D]൴RVPDQSDVD� 8Q൴YHUV൴W\� $JU൴FXOWXUH� )DFXOW\��
3XEO൴FDW൴RQ�RI��'HSDUWPHQW�RI�)൴HOG�&URSV��7RNDW�

<൴OPD]��*���YH�7XJD\��0�(����������*HQRW\SH�[�(QY൴URQPHQW�,QWHUDFW൴RQV�൴Q�
3RWDWR� ,�� 7KH� ,QYHVW൴JDW൴RQ� %DVHG� RQ� 6WDE൴O൴W\� 3DUDPHWHUV�� 7XUN൴VK�
-RXUQDO�RI�$JU൴FXOWXUH�	�)RUHVWU\������������������

<൴OPD]��*���7HOF൴��,���6൴PVHN��+����������7KH�HIIHFWV�RQ�WKH�SRWDWR�\൴HOG�DQG�
TXDO൴W\� SDUDPHWHUV� RI� G൴IIHUHQW� ൴UU൴JDW൴RQ� ൴QWHUYDOV� ൴Q�7RNDW�.D]RYD�
FRQG൴W൴RQV��-RXUQDO�RI�*D]൴RVPDQSDVD�8Q൴YHUV൴W\�$JU൴FXOWXUH�)DFXOW\��
��������������

<XDQ��%�=���1LVKL\DPD��6���.DQJ��<����������(IIHFWV�RI�GLIIHUHQW�LUULJDWLRQ�
UHJLPHV�RQ�WKH�JURZWK�DQG�\LHOG�RI�GULS�LUULJDWHG�SRWDWR��$JULFXOWXUH�
DQG�:DWHU�0DQDJHPHQW��Y�����S�����������������

:DQJ��)�;���.DQJ��<���/൴X��6�3��DQG�+RX��;�<����������(IIHFWV�RI�VR൴O�PDWU൴F�
SRWHQW൴DO�RQ�SRWDWR�JURZWK�XQGHU�GU൴S� ൴UU൴JDW൴RQ� ൴Q� WKH�1RUWK�&K൴QD�
3OD൴Q��$JU൴FXOWXUDO�:DWHU�0DQDJHPHQW��������������

��5RKDW�*XOWHNLQ�DQG�$KPHW�(UWHN � (IIHFWV�RI�GH¿FLW�LUULJDWLRQ�RQ�WKH�SRWDWR�WXEHU�GHYHORSPHQW�DQG�TXDOLW\
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3K\VLFRFKHPLFDO�SURSHUWLHV�DQG�PRUSKRORJLFDO�REVHUYDWLRQV�RI�VHOHFWHG�
ORFDO�ULFH�YDULHWLHV�LQ�QRUWKHUQ�$IJKDQLVWDQ

����
 ��� �=XEDLU�1RRUL ������������0RKDPPDG�:DVLI�0XMDGLGL ������������0RKDPPDG�:DVLI�$PLQ �
�7KH�&ROOHJH�RI�$JULFXOWXUH��,EDUDNL�8QLYHUVLW\��$PL��,EDUDNL�����������-DSDQ

�.XQGX]�$JULFXOWXUH�'HSDUWPHQW��0LQLVWU\�RI�$JULFXOWXUH��,UULJDWLRQ��DQG�/LYHVWRFN�RI�$IJKDQLVWDQ
�)DFXOW\�RI�$JULFXOWXUH��.DQGDKDU�8QLYHUVLW\��.8���.DQGDKDU�&LW\��$IJKDQLVWDQ

�7RN\R�8QLYHUVLW\�RI�$JULFXOWXUH��6HWDJD\D�NX��7RN\R������������-DSDQ

&RUUHVSRQGLQJ�$XWKRU��]XEDLUQRRUL��#\DKRR�FRP

5LFH� �2U\]D� VDWLYD� /��� LV� WKH� ZRUOG
V� VLQJOH� PRVW�
VLJQL¿FDQW�IRRG�FURS�DQG�WKH�SULPDU\�VRXUFH�RI�FDORULHV�IRU�
DURXQG� ���� RI� WKH� KXPDQ� SRSXODWLRQ� �:HL� HW� DO��� �������
$URXQG�����RI�ULFH�LV�SURGXFHG�DQG�EHLQJ�FRQVXPHG�LQ�$VLD�
�*HDO\�HW�DO����������,W�LV�WKH�VHFRQG�YLWDO�VWDSOH�FURS�DIWHU�
ZKHDW�LQ�$IJKDQLVWDQ��+DVVDQ]R\�HW�DO���������6DUKDGL�HW�DO���
������)$2���������.XQGX]��%DJKODQ�DQG��7DNKDU�DUH�WKH�WRS�
WKUHH�ULFH�SURGXFLQJ�SURYLQFHV�LQ�WKH�FRXQWU\��ZKLFK�MRLQWO\�
FRQVLGHUHG� WR�EH� WKH�JUDLQ�EDVNHW�RI�$IJKDQLVWDQ��KROGLQJ�
VWUDWHJLF�VLJQL¿FDQW� IRU� IRRG�VHFXULW\�DW� WKH�QDWLRQDO� OHYHO�
�7KRPDV� DQG� 5DP]L�� ������� 7KH� ULFH� \LHOG� KDV� EHHQ�
LQFUHDVHG�LQ�$IJKDQLVWDQ�IURP������W�KD�LQ������WR������W�KD�
LQ� ����� UHSRUWHG� E\� ,&$5'$� �������� 8QOLNH� WKH� ULFH�
FXOWLYDWLRQ�DUHD�KDV�EHHQ�GHFUHDVLQJ�GXH�WR�FOLPDWH�FKDQJH�
�)$2�� ������� $OWKRXJK� JUDLQ� TXDOLW\� LV� D� FRPSRVLWH� RI�
SK\VLFDO�DQG�FKHPLFDO�VSHFL¿FDWLRQV�QHHGHG�IRU�D�SDUWLFXODU�
H[HUWLRQ�E\�D�VSHFL¿F�FXVWRPHU�FODVV��=KRX�HW�DO����������,Q�
SDUWLFXODU�� JUDLQ� TXDOLW\� LV� RQH� RI� WKH� JUHDWHVW� VLJQL¿FDQW�
WUDLWV��DV�LW�DSSOLHV�D�JUHDW�LQÀXHQFH�RQ�WKH�ULFH�SULFH�LQ�WKH�
PDUNHW��+RVR\D���������7KRXJK�SUHIHUHQFHV�IRU�VRPH�RI�WKH�
TXDOLW\� FKDUDFWHULVWLFV� GLIIHU� RYHU� FRXQWULHV� DQG� UHJLRQV�
�&DOLQJDFLRQ� HW� DO��� ������� WKH� SULRULW\� IRU� VRPH� RI� WKH�
VSHFL¿FDWLRQV�LV�ZLGHO\�VKDUHG��

7KH�FKDON\�ULFH�JUDLQ�DSSHDUV�ZKHQ�WKH�ULFH�JUDLQ�KDV�D�
ZKLWH�SDUW�ZLWKLQ� WKH� ULFH�JUDLQ�� DQG� LW� LV� D� FRQVHTXHQWLDO�

TXDOLW\�WUDLW�WKDW�GHFLGHV�ULFH�SULFH��+RVR\D��������;L�HW�DO���
�������7KH�PLFURJUDSKV�REVHUYDWLRQ�RI�FKDON\�HQGRVSHUP��
FRPSRXQG� VWDUFK�JUDQXOHV�ZHUH� LUUHJXODUO\� DUUDQJHG�ZLWK�
QXPHURXV�DLUVSDFHV��ZKLFK�FRXOG�KDYH�UHVXOWHG�LQ�SRRU�JUDLQ�
ZHLJKW� DQG� TXDOLW\��:KLOH� LQ� WKH� WUDQVOXFHQW� HQGRVSHUP��
VWDUFK�JUDQXOHV��SRO\KHGUDO�VKDSH��ZHUH�UHJXODUO\�¿OOHG��;L�
HW� DO�� ������ 6KL� HW� DO��� ������� 7KHUH� LV� QR� LQIRUPDWLRQ�
DYDLODEOH�RQ�WKH�SK\VLFRFKHPLFDO�DQG�PRUSKRORJLFDO�WUDLWV�
RI�VHOHFWHG�ORFDO�ULFH�YDULHWLHV�LQ�$IJKDQLVWDQ��7R�DWWDLQ�WKH�
HQKDQFHPHQW�HORQJDWH�LQ�ORFDO�ULFH�YDULHWLHV�LQ�$IJKDQLVWDQ��
LW� LV� GHFLVLYH� WR� GHOLYHU�PRUH� LQIRUPDWLRQ��7KHUHIRUH�� WKH�
VWXG\�ZDV� FRQGXFWHG� WR� GHWHUPLQH� VRPH�SK\VLFRFKHPLFDO�
SURSHUWLHV�DQG�DV�ZHOO�DV�PRUSKRORJLFDO�DQDO\VLV�RQ�VHOHFWHG�
ORFDO�ULFH�YDULHWLHV�E\�XVLQJ�VFDQQLQJ�HOHFWURQ�PLFURVFRSH�

0DWHULDOV�DQG�0HWKRGV
0LOOHG�ULFH�VDPSOHV�
7KH�ULFH�VDPSOHV�RI�ORFDO�YDULHWLHV��6DUGD�%DUDK��*DUPD�

%DUDK��6XUNKD�=XUDKWL�DQG�6KDK�/DZDQJL�� LQ� WKH� IRUP�RI�
PLOOHG�ULFH�ZHUH�SURFXUHG�IURP�.XQGX]�SURYLQFH�DQG�WKHVH�
YDULHWLHV�DUH�JURZQ�HQRUPRXVO\�LQ�WKH�QRUWK�RI�$IJKDQLVWDQ��
DGGLWLRQDOO\�� WR� WKH�XSZDUG�PHQWLRQHG� ORFDO� ULFH�YDULHWLHV��
6XSHU�%DVPDWL��LQGLFD��DQG�.RVKLKLNDUL��MDSRQLFD��YDULHWLHV�
ZHUH� SURFXUHG� IURP� WKH� /DERUDWRU\� RI�&URS� 6FLHQFH�� WKH�
&ROOHJH�RI�$JULFXOWXUH��,EDUDNL�8QLYHUVLW\��-DSDQ��

�

��

$EVWUDFW

.H\ZRUGV��5LFH��3K\VLFRFKHPLFDO�SURSHUWLHV��*UDLQ�PRUSKRORJ\��6FDQQLQJ�HOHFWURQ�PLFURVFRSH

5HFHLYHG����������������������������$FFHSWHG����������������������������3XEOLVKHG��RQO൴QH��������������

,QWURGXFWLRQ���

5HVHDUFK�$UWLFOH ,QW�-�$JULF�(QYLURQ�)RRG�6FL��������������������

ZZZ�MDHIV�FRP-$()6

�&LWH�WKLV�DUWLFOH�DV����1RRUL��=����0XMDGLGL��0�:����$PLQ��0�:����������3K\VLFRFKHPLFDO�SURSHUWLHV�DQG�PRUSKRORJLFDO�REVHUYDWLRQV�RI�VHOHFWHG�
ORFDO�ULFH�YDULHWLHV�LQ�QRUWKHUQ�$IJKDQLVWDQ��,QW��-��$JULF��(QYLURQ��)RRG�6FL�����������������'2,�����������MDHIV������

$YD൴ODEOH�RQO൴QH�DW����ZZZ�MDHIV�FRP�

,QWHUQDW൴RQDO�-RXUQDO�RI
$JU൴FXOWXUH��(QY൴URQPHQW�DQG�)RRG�6F൴HQFHV

,Q�WKLV�VWXG\��PLOOHG�ULFH��2U\]D�VDWLYD�/���VDPSOHV�RI�ORFDO�YDULHWLHV��6DUGD�%DUDK��*DUPD�%DUDK��6XUNKD�=XUDKWL�DQG�
6KDK�/DZDQJL��ZHUH�SURFXUHG�IURP�.XQGX]�SURYLQFH��$IJKDQLVWDQ�DQG�FKHFN�YDULHWLHV��.RVKLKLNDUL�DQG�6XSHU�%DVPDWL��
IURP�-DSDQ��:H�FRQGXFWHG�WKH�UHVHDUFK�LQ�WKH�/DERUDWRU\�RI�&URS�6FLHQFH�RI�,EDUDNL�8QLYHUVLW\��-DSDQ�GXULQJ�)HEUXDU\�LQ�
������WR�FODULI\�WKH�SK\VLFRFKHPLFDO�DQG�PRUSKRORJLFDO�WUDLWV�RQ�GLIIHUHQW�ORFDO�ULFH�YDULHWLHV��7KH�UHVXOWV�GHPRQVWUDWHG�
WKDW�ORFDO�ULFH�YDULHWLHV��6DUGD�%DUDK��*DUPD�%DUDK��6XUNKD�=XUDKWL�DQG�6KDK�/DZDQJL��IURP�$IJKDQLVWDQ�LQFOXGLQJ�
6XSHU�%DVPDWL��&KHFN��ZLWK�ORQJ�DQG�VOHQGHU�JUDLQV��DVVRFLDWHG�ZLWK�VLJQL¿FDQWO\�KLJKHU�JUDLQ�DP\ORVH�DQG�SURWHLQ�
FRQWHQWV�RI������DQG������� UHVSHFWLYHO\��ZKLFK�FUHDWHG� LQ�GHFOLQHG� WDVWH�SRLQWV��:KLOH��.RVKLKLNDUL�ZLWK�VKRUW�DQG�
PHGLXP�JUDLQ�W\SHV�GHPRQVWUDWHG�WKH�ORZHVW�JUDLQ�DP\ORVH�DQG�SURWHLQ�FRQWHQWV�RI������DQG�������UHVSHFWLYHO\��ZKLFK�
DPSOL¿HG� JUDLQ� WDVWH� SRLQW�� 7KH�PLFURJUDSKV� REVHUYDWLRQV� UHYHDOHG� WKDW� WKHUH� ZHUH� QR� REYLRXV� DOWHUDWLRQV� LQ� WKH�
HQGRVSHUP�RI�WUDQVOXFHQW�JUDLQV�DFURVV�YDULHWLHV��,Q�FRQWUDVW��WKH�HQGRVSHUP�RI�FKDON\�JUDLQV�LQ�ORFDO�ULFH�YDULHWLHV�ZHUH�
GLIIHUHG�FRPSDUHG�WR�FKHFN�YDULHWLHV��6XSHU�%DVPDWL�DQG�.RVKLKLNDUL���LUUHJXODUO\�GHYHORSHG�VWDUFK�JUDQXOHV�WRJHWKHU�
ZLWK� VLQJOH� VSKHULFDO� VKDSH� DQG� GHQW�SRUWLRQ� RQ� WKHLU� VXUIDFHV�ZLWK� QXPHURXV� DLUJDSV�ZHUH� REVHUYHG� GXH� WR� KLJK�
WHPSHUDWXUH��6XFK�LUUHJXODU�DUUDQJHPHQW�OHDGV�LQ�ORZHU�JUDLQ�ZHLJKW�DQG�TXDOLW\�

�H�,661������������ '2,�����������MDHIV��������
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3K\VLFRFKHPLFDO�SURSHUWLHV�RI�PLOOHG�ULFH
:H�PHDVXUHG�WKH�JUDLQ�OHQJWK�DQG�ZLGWK�RI����PLOOHG�ULFH�

JUDLQV� WR� WKH� QHDUHVW� PP� XVLQJ� D� PLQL� YHUQLHU� FDOLSHU�
�1LLJDWD��6.�0�����-DSDQ��DQG�IROORZHG�WKH�PHWKRG�RI�,55,�
��������7KH�PLOOHG�ULFH�IRU�JUDLQ�DP\ORVH��SURWHLQ��DQG�WKH�
WDVWH�SRLQW��DV�D�UHIHUHQFH��DVVD\V�ZHUH�PHDVXUHG�E\�XVLQJ�D�
WDVWH�DQDO\]HU��5&7$��$��6DWDNH�&R��/WG���-DSDQ��

3UHSDUDWLRQ� IRU� VFDQQLQJ� HOHFWURQ� PLFURVFRS\� RI�
FURVV�VHFWLRQV�RI�PLOOHG�ULFH
)RU� WKH� REVHUYDWLRQV� RI� HQGRVSHUP� RI� FKDON\� DQG�

WUDQVOXFHQW� JUDLQV� �)LJXUH� ���� IROORZHG� WKH� PHWKRG�
GHWHUPLQHG�E\�=DNDULD�HW�DO����������%ULHÀ\��WKH�PLOOHG�ULFH�
JUDLQV�IRU�HDFK�RI�WKH�VL[�YDULHWLHV�ZHUH�VHOHFWHG�DQG�UDSLGO\�
ZHUH�VXEPHUJHG�LQWR�VOXVK�QLWURJHQ��VROLG�DQG�OLTXLG�������
�&���$IWHU�YDFXXP�IUHH]H�GULHG�ZLWK�D�IUHH]H�YDFXXP�GU\HU���

����� �&�� �� �3D��/)'����1'36���1LKRQ�7HFKQR�6HUYLFH���
7KHQ�JUDLQV�FDUHIXOO\�GLYLGHG�LQWR�KDOYHV�E\�XVLQJ�D�UD]RU�
EODGH��7KH�VHSDUDWHG�KDOYHV�ZHUH�DWWDFKHG�RQ�VSHFLPHQV��DQG�
WKH� VSHFLPHQ
V� VXUIDFH� ZDV� FRDWHG� ZLWK� SODWLQXP� �-8&�
������ -(2/�� -DSDQ��� DQG� WKHQ� ZHUH� REVHUYHG� E\� XVLQJ�
VFDQQLQJ�HOHFWURQ�PLFURVFRSH��-60����$��-(2/��-DSDQ���
$OO� WKH� DERYH�PHQWLRQHG� GDWD� ZHUH� DQDO\]HG� LQ� WKH�
/DERUDWRU\� RI� &URS� 6FLHQFH�� WKH� &ROOHJH� RI�$JULFXOWXUH��
,EDUDNL�8QLYHUVLW\�$PL�PDFKL��-DSDQ�GXULQJ�)HEUXDU\�������

6WDWLVWLFDO�$QDO\VLV
'DWD�REWDLQHG�IRU�WKH�SK\VLFRFKHPLFDO�SURSHUWLHV�ZHUH�

DQDO\]HG�E\�YDULDQFH� DQDO\VLV� �$129$��XVLQJ�6WDWLVWLFDO�
3DFNDJH�IRU�WKH�6RFLDO�6FLHQFHV��6366��VRIWZDUH�������

5HVXOWV�DQG�'LVFXVVLRQ
3K\VLFRFKHPLFDO�SURSHUWLHV�RI�PLOOHG�ULFH
7KH� SK\VLFDO� SDUDPHWHUV� �JUDLQ�ZHLJKW�� OHQJWK��ZLGWK��

DQG� W\SH�� UHVXOWV�ZHUH� VXPPDUL]HG� LQ�7DEOH� ���7KH� JUDLQ�
ZHLJKW� UDQJHG� IURP������ WR� �����PJ� LQ� DOO� YDULHWLHV��7KH�
PD[LPXP�JUDLQ�ZHLJKW�ZDV�UHFRUGHG�IRU�6DUGD�%DUDK�������
PJ��IROORZHG�E\�.RVKLKLNDUL��*DUPD�%DUDK��6XUNKD�=XUDKWL�
DQG� 6KDK� /DZDQJL�� UHVSHFWLYHO\�� ZKLOH� WKH� VLJQL¿FDQW�
PLQLPXP� JUDLQ� ZHLJKW� ZDV� UHFRUGHG� IRU� 6XSHU� %DVPDWL�
������ PJ�� DFURVV� DOO� YDULHWLHV� �7DEOH� ���� 7KHUH� ZHUH�
YDULDWLRQV�LQ�WHUPV�RI�JUDLQ�OHQJWK�DFURVV�DOO�YDULHWLHV��7KXV��
VLJQL¿FDQW�ORZHU�JUDLQ�OHQJWK�ZDV�UHFRUGHG�LQ�.RVKLKLNDUL�
�����PP���:KLOH� WKH� ORQJHU� JUDLQ� OHQJWK�ZDV� UHFRUGHG� LQ�
6XSHU�%DVPDWL�IROORZHG�E\�6DUGD�%DUDK�DQG�6XUNKD�=XUDKWL�
UDQJHG� IURP� ����� ����� DQG� ���� PP�� UHVSHFWLYHO\�� ,Q� RXU�
SUHYLRXV� VWXG\�� WKHUH�ZHUH�GLIIHUHQFHV� LQ�JUDLQ�ZLGWK� DQG�
JUDLQ� OHQJWK� LQ� GLIIHUHQW� YDULHWLHV� �1RRUL� HW� DO��� ������� ,Q�
DGGLWLRQ��JUDLQ�ZLGWK�LQ�.RVKLKLNDUL������PP��VLJQL¿FDQWO\�
KLJKHU� DFURVV� DOO� YDULHWLHV�� ZKLOH� ORZHU� JUDLQ� ZLGWK� ZDV�
UHFRUGHG�IRU�6XSHU�%DVPDWL������PP��IROORZHG�E\�6XUNKD�
=XUDKWL�� 6DUGD� %DUDK�� *DUPD� %DUDK�� DQG� 6KDK� /DZDQJL�
UDQJHG� IURP������ ����� ����� ����� DQG� ����PP�� UHVSHFWLYHO\��
%HVLGHV��JUDLQ�VL]H�DQG�VKDSH�DUH�DPRQJ�WKH�¿UVW�ULFH�TXDOLW\�
LQGLFDWRU� WKDW� EUHHGHUV� FRQVLGHU� ZKHQ� SURJUHVVLQJ� QHZ�
YDULHWLHV�IRU�UHOHDVH�DQG�PDUNHWDEOH�SURGXFWLRQ��5DQL�HW�DO���
�������*UDLQV�ZHUH�PDLQO\� ORQJ�DQG�VOHQGHU�� IROORZHG�E\�
PHGLXP�VL]HG�DQG�VKDSHG�W\SHV��-XOLDQR�	�9LOODUHDO���������
)XUWKHUPRUH��LQ�WKH�FXUUHQW�VWXG\��DFFRUGLQJ�WR�WKH�JUDLQ�VL]H�
DQG�VKDSH�UHVXOWV��.RVKLKLNDUL�ZDV�FODVVL¿HG�DV�VKRUW�DQG�
PHGLXP�JUDLQ�W\SHV��:KHUHDV��WKH�UHPDLQ�ORFDO�ULFH�YDULHWLHV�
�6DUGD� %DUDK�� *DUPD� %DUDK�� 6XUNKD� =XUDKWL� DQG� 6KDK�
/DZDQJL���LQFOXGLQJ�6XSHU�%DVPDWL�ZHUH�DV�ORQJ�DQG�VOHQGHU�
JUDLQV�� UHVSHFWLYHO\� �7DEOH� ���� ,Q�$IJKDQLVWDQ�� JHQHUDOO\��
FRQVXPHUV� SUHIHU� ULFH� �LQGLFD�� ZLWK� ORQJ�� VOHQGHU�� DQG�
WUDQVOXFHQW�JUDLQV��ZKLFK�KDV�LQWHUPHGLDWH�RU�KLJK�DP\ORVH�

DQG�SURWHLQ�FRQWHQWV�WKDW�FRRN�LQWR�GHOLFLRXV�IRRG��4DEXOL�
SDODZ����

$OWKRXJK�DYHUDJH�DP\ORVH�FRQWHQW�GLIIHUHG�IURP����WR�
����EHWZHHQ�SODFHV�DQG�IURP����WR�����DPRQJ�YDULHWLHV�
�-LQJ�HW�DO����������YDULDWLRQV�LQ�DP\ORVH�FRQWHQW�LV�PRVWO\�
GHVFULEHG� E\� YDULHW\� ������ DQG� OHVV� E\� WKH� HQYLURQPHQW�
������� 7VXNDJXFKL� HW� DO�� ������� IRXQG� KLJK� VLJQL¿FDQW�
GLIIHUHQFHV� LQ� JUDLQ� SURWHLQ� FRQWHQW� DPRQJ� GLIIHUHQW�
JHQRW\SHV� DQG� WKH� SURWHLQ� FRQWHQW�ZDV� JUHZ� E\� DSSO\LQJ�
QLWURJHQ� DV� WRSGUHVVLQJ�� ,Q� WKH� FXUUHQW� VWXG\�� WKH� JUDLQ�
DP\ORVH�FRQWHQW��SURWHLQ�FRQWHQW��DQG�WKH�WDVWH�SRLQW�GLIIHUHG�
DPRQJ� ULFH� YDULHWLHV�� 6XSHU�%DVPDWL�ZDV� DVVRFLDWHG�ZLWK�
VLJQL¿FDQWO\� KLJKHU� JUDLQ� DP\ORVH� �������� DQG� SURWHLQ�
������� FRQWHQWV� DFURVV� DOO� YDULHWLHV�� ZKLFK� FUHDWHG� LQ�
GHFOLQHG�WDVWH�SRLQW������DQG�IROORZHG�E\�ORFDO�ULFH�YDULHWLHV�
�6DUGD� %DUDK�� *DUPD� %DUDK�� 6XUNKD� =XUDKWL� DQG� 6KDK�
/DZDQJL���IURP�$IJKDQLVWDQ��7DEOH�����:KLOH��.RVKLKLNDUL�
GHPRQVWUDWHG�WKH�ORZHVW�JUDLQ�DP\ORVH�DQG�SURWHLQ�FRQWHQWV�
RI������DQG�������UHVSHFWLYHO\��ZKLFK�DPSOL¿HG�JUDLQ�WDVWH�
SRLQW� �������� -XOLDQR� 	� 9LOODUHDO�� ������� IRXQG� WKDW��
.RVKLKLNDUL�KDG�ORZHU�DP\ORVH�FRQWHQW�DQG�JDYH�WKH�VRIWHVW�
FRRNHG�ULFH�DPRQJ�RWKHU�YDULHWLHV�

6FDQQLQJ� HOHFWURQ� PLFURVFRSH� RI� FURVV�VHFWLRQV� RI�
PLOOHG�ULFH
!7R� REVHUYH� WKH� FRQWUDVW� EHWZHHQ� WKH� HQGRVSHUP� RI�

WUDQVOXFHQW�DQG�FKDON\�JUDLQV��FURVV�VHFWLRQV�RI�WKH�FHQWUDO�
DUHD�RI�WKH�PLOOHG�ULFH�JUDLQV�ZHUH�REVHUYHG�XQGHU�D�VFDQQLQJ�
HOHFWURQ� PLFURVFRSH� �)LJXUH� ���� 7KH� PLFURJUDSKV�
REVHUYDWLRQ�VKRZHG�WKDW�WKHUH�ZHUH�QR�DSSDUHQW�YDULDWLRQV�LQ�
WKH� HQGRVSHUP� VWUXFWXUHV� RI� DOO� YDULHWLHV� LQ� WUDQVOXFHQW�
JUDLQV�� %HVLGHV�� UHJXODU� VWDUFK� JUDQXOHV� ZLWK� SRO\KHGUDO�
VKDSH� ZHUH� EXLOG�XS� ZLWKRXW� DLUJDSV� �)LJXUH� ��� 7��7���
)LJXUH� ��� 7��7���� ,Q� SDUWLFXODU�� LQ� WKH� WUDQVOXFHQW�
HQGRVSHUPV� RI� DOO� YDULHWLHV�� GHPRQVWUDWLQJ� WKDW� WKH� JUDLQ�
GHYHORSLQJ�SURFHVV�ZHUH�PRUH�DGYDQFHG�FRPSDUHG�WR�FKDON\�
JUDLQV��7KLV�UHVXOW�DJUHHV�ZLWK�WKH�SUHYLRXV�¿QGLQJV�RI�/LX�HW�
DO���������DQG�6KL�HW�DO����������

,Q� FRQWUDVW�� WKHUH� ZHUH� REYLRXV� YDULDWLRQV� LQ� WKH�
HQGRVSHUP� RI� FKDON\� JUDLQV� DFURVV� DOO� YDULHWLHV�� %ULHÀ\��
LUUHJXODU�VWDUFK�JUDQXOHV��URXQG�VKDSH�DQG�VPDOO�VL]H���ZHUH�
ORRVHO\� SDFNHG�� 1XPHURXV� GHQW�SRUWLRQV� RQ� WKH� VXUIDFH��
DLUJDSV�DQG�FHOO�ZDOOV�ZHUH�REVHUYHG�DPRQJ�VWDUFK�JUDQXOHV�
LQ� WKH� FKDON\� HQGRVSHUP� RI� 6DUGD� %DUDK� �)LJXUH� ��� &����
0XOWLSOHV�VLQJOH�VWDUFK�JUDQXOHV�ZLWK�URXQG�VKDSH�DQG�VPDOO�
VL]HV�KDG�SRRUO\�GHYHORSHG�ZLWK�QXPHURXV�GHQW�SRUWLRQV�DQG�
DLUJDSV�RQ� WKHLU�VXUIDFHV�DQG�DPRQJ�VWDUFK�JUDQXOHV�ZHUH�
DSSHDUHG�LQ�WKH�FKDON\�HQGRVSHUP�RI�*DUPD�%DUDK��)LJXUH����
&����7KH�HQGRVSHUP�RI�FKDON\�JUDLQ��ZKLFK�FDXVHG�E\�KLJK�
WHPSHUDWXUH� GXULQJ� ULSHQLQJ� SHULRG�� WKH� VPDOO� VWDUFK�
JUDQXOHV� ZLWK� URXQG� VKDSH� ZHUH� DEQRUPDOO\� ¿OOHG�� DQG�
QXPHURXV�DLUJDSV�ZHUH�DOVR�DSSHDUHG�DPRQJ�DP\ORSODVWV�
�,VKLPDUX�HW�DO���������&KHQ�HW�DO���������/LX�HW�DO���������6KL�
HW�DO����������,Q�WKH�FKDON\�HQGRVSHUP�VWUXFWXUH�RI�6XUNKD�
=XUDKWL��DEQRUPDO�VWDUFK�JUDQXOHV��URXQG�VKDSH�DQG�VPDOO�
VL]H�� ZHUH� LUUHJXODUO\� DUUDQJHG� ZLWK� QXPHURXV� DLUJDSV�
DPRQJ� WKHP� �)LJXUH� ��� &���� :KHUHDV�� WKH� HQGRVSHUP�
VWUXFWXUH�RI�FKDON\�JUDLQ�LQ�6KDK�/DZDQJL�YDULHW\�ZDV�TXLWH�
GLIIHUHG� FRPSDUHG� WR� RWKHU� YDULHWLHV� �)LJXUH� ��� &����
)XUWKHUPRUH��LUUHJXODUO\�GHYHORSHG�VWDUFK�JUDQXOHV�WRJHWKHU�
ZLWK�WKH�VLQJOH�URXQG�VKDSH�DQG�GHQW�SRUWLRQ�RQ�WKH�VXUIDFH�
DQG�PXOWLSOH�VL]HV�RI�VWDUFK�JUDQXOHV�ZLWK�QXPHURXV�DLUJDSV�
ZHUH�REVHUYHG��,W�PLJKW�EH�GXH�WR�KLJK�WHPSHUDWXUH�FRQGLWLRQ�
DW�ULSHQLQJ�SHULRG��,Q�$IJKDQLVWDQ��YDULDWLRQ�LQ�WHPSHUDWXUH�
GXULQJ�WKH�GD\�PD\�UDQJH�IURP�IUHH]LQJ�DW�GDZQ�WR�QHDUO\�
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,QW�-�$JULF�(QYLURQ�)RRG�6FL����������������������

����&�DW�QRRQ��6DLGDMDQ��������
+RVR\D���������IRXQG�WKDW��SRRU�VWDUFK�JUDQXOHV�EXLOG�XS�

LQ�WKH�HQGRVSHUP�RI�FKDON\�ULFH�LPSOLHV�WKDW�FKDON\�ULFH�JUDLQ�
LV�LQÀXHQFHG�E\�D�VKRUWDJH�LQ�DVVLPLODWLRQ�SURGXFWV�EHFDXVH�
RI�KLJK�WHPSHUDWXUH�FRQGLWLRQ��7KHVH�DXWKRUV�GHVFULEHG�WKDW�
JHQHUDOO\��DVVLPLODWLRQ�SURGXFWV�SURGXFHG�E\�SKRWRV\QWKHVLV�
LQ� WKH� OHDI� WUDQVIHU� WR� WKH� JUDLQ� YLD� WKH� WUDQVSRUW� V\VWHP��
$OWKRXJK� KLJK� WHPSHUDWXUH� ULVHV� UHVSLUDWLRQ� UDWH�� ZKLFK�
DIWHUZDUG�GHFOLQHV�WKH�DPRXQW�RI�DVVLPLODWLRQ�SURGXFWV�IRU�
LQGLYLGXDO�JUDLQ��9RQJ�DQG�0XUDWD���������

!,QWHUHVWLQJO\��WKH�PLFURJUDSKV�REVHUYDWLRQ�GLVSOD\HG�WKDW�
D�IHZ�DOWHUDWLRQV�RI�VWDUFK�DFFXPXODWLRQ�LQ�WKH�FKDON\�JUDLQV�
ZHUH� REVHUYHG� LQ� WKH� HQGRVSHUPV� RI� 6XSHU� %DVPDWL� DQG�
.RVKLKLNDUL��)LJXUH����&��&����$GGLWLRQDOO\��KLJK�GHQVLW\�RI�
ODUJH�DP\ORSODVWV�ZLWK�URXQG�VKDSH�DQG�DLUJDSV�DPRQJ�WKHP�
ZHUH� SDFNHG�� &RQVHTXHQWO\�� WKH� PLFURJUDSKV� UHVXOW�
GHPRQVWUDWHG�WKH�LPSHUIHFW�GHYHORSPHQW�RI�VWDUFK�JUDQXOHV�
LQ�WKH�HQGRVSHUP�RI�FKDON\�JUDLQV��ZKLFK�IDFLOLWDWHV�LQ�ORZHU�
JUDLQ� ZHLJKW� DQG� JUDLQ� TXDOLW\�� 2XU� UHVXOWV� FRLQFLGHG� E\�
¿QGLQJV� RI� 6KL� HW� DO�� ������� DQG�&KHQ� HW� DO�� �������ZKR�
GLVSOD\HG� WKDW� WKH� SRRU� DUUDQJHPHQW� RI� VWDUFK� JUDQXOHV��
ZKLFK�LQÀXHQFHG�E\�KLJK�WHPSHUDWXUH�FRQGLWLRQ��LPSOLHV�WKH�
UHGXFWLRQ�RI�ORZHU�JUDLQ�ZHLJKW�DQG�TXDOLW\�

!&RQFOXVLRQ
,Q�FRQFOXVLRQ��LW�LV�WKH�¿UVW�WLPH�WKDW�WKH�SK\VLFRFKHPLFDO�

SURSHUWLHV� DQG� PRUSKRORJLFDO� WUDLWV� ZHUH� H[SORUHG� LQ�
GLIIHUHQW�ORFDO�ULFH�YDULHWLHV�IURP�$IJKDQLVWDQ��2XU�UHVXOWV�
H[KLELW� WKDW� 6XSHU� %DVPDWL� LQFOXGLQJ� ORFDO� ULFH� YDULHWLHV�
�6DUGD� %DUDK�� *DUPD� %DUDK�� 6XUNKD� =XUDKWL� DQG� 6KDK�

/DZDQJL�� IURP�$IJKDQLVWDQ�ZLWK� ORQJ�DQG�VOHQGHU�JUDLQV��
FRPSDQLRQHG�ZLWK� VLJQL¿FDQWO\�KLJKHU�JUDLQ�DP\ORVH�DQG�
SURWHLQ�FRQWHQWV��ZKLFK�FRLQFLGHG�LQ�GHFUHDVHG�WDVWH�SRLQWV��
:KLOH�� .RVKLKLNDUL� ZLWK� VKRUW� DQG� PHGLXP� JUDLQ� W\SHV�
VKRZHG� WKH� ORZHVW�JUDLQ� DP\ORVH� DQG�SURWHLQ� FRQWHQWV�RI�
����� DQG� ������ UHVSHFWLYHO\�� ZKLFK� DPSOL¿HG� JUDLQ� WDVWH�
SRLQW�� 7KH� VFDQQLQJ� HOHFWURQ�PLFURJUDSKV� GLVSOD\HG� WKDW��
WKHUH� ZHUH� QR� REYLRXV� YDULDWLRQV� LQ� WKH� HQGRVSHUPV� RI�
WUDQVOXFHQW�JUDLQV�DFURVV�DOO�YDULHWLHV��)XUWKHUPRUH��VWDUFK�
JUDQXOHV� ZLWK� SRO\KHGUDO� VKDSH� ZHUH� UHJXODUO\� EXLOG�XS�
ZLWKRXW�DLUJDSV��3DUWLFXODUO\��LQ�WUDQVOXFHQW�HQGRVSHUPV�RI�
DOO�YDULHWLHV��GLVSOD\LQJ�WKDW� WKH�JUDLQ�¿OOLQJ�SURFHVV�ZHUH�
PRUH�DGYDQFHG�FRPSDUHG�WR�FKDON\�JUDLQV��,Q�FRQWUDVW��WKH�
HQGRVSHUP� RI� FKDON\� JUDLQV� LQ� ORFDO� ULFH� YDULHWLHV� ZHUH�
YDULHG��LUUHJXODUO\�GHYHORSHG�VWDUFK�JUDQXOHV�WRJHWKHU�ZLWK�
WKH� VLQJOH� URXQG� VKDSH� DQG�GHQW�SRUWLRQ�RQ� WKHLU� VXUIDFHV�
ZLWK� QXPHURXV� DLUJDSV� ZHUH� REVHUYHG� GXH� WR� KLJK�
WHPSHUDWXUH�� 6XFK� ORRVH� DUUDQJHPHQW� DPSOL¿HV� LQ� ORZHU�
JUDLQ� ZHLJKW� DQG� TXDOLW\�� %XW�� WKHUH� ZHUH� QR� DSSDUHQW�
DOWHUDWLRQV� LQ� WKH� FKDON\� HQGRVSHUPV� RI� .RVKLKLNDUL� DQG�
6XSHU�%DVPDWL�����

$FNQRZOHGJPHQWV
7KH� DXWKRUV�ZRXOG� OLNH� WR� WKDQN� WKH�PHPEHU� RI�&URS�

6FLHQFH� /DERUDWRU\� RI� ,EDUDNL� 8QLYHUVLW\� DQG� HVSHFLDOO\�
IURP�$VVRF��3URI��'U��1DRPL�$VDJL�IRU�XVLQJ�WKH�IDFLOLWLHV�IRU�
WKLV� UHVHDUFK��:H� DUH� JUDWHIXO� WR�'U��0RKDPHG�:��1HJP�
�$VVLXW� 8QLYHUVLW\�� (*<37�� IRU� VRPH� HGLWLQJ� LQ� WKH�
PDQXVFULSW��

3K\VLFRFKHPLFDO�SURSHUWLHV�DQG�PRUSKRORJLFDO�REVHUYDWLRQV�RI�VHOHFWHG����

7DEOH����3K\VLFDO�SDUDPHWHUV�RI�VHOHFWHG��PLOOHG�JUDLQ��ULFH�YDULHWLHV�

7DEOH����&RPSDULVRQ�RI�VHOHFWHG�ULFH�YDULHWLHV�RQ�PLOOHG�JUDLQ�DP\ORVH�FRQWHQW��SURWHLQ�FRQWHQW�DQG�WDVWH�SRLQW�
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)LJXUH����&RPSDULVRQ�RI�JUDLQ�VKDSH�DQG�DSSHDUDQFH�RI�WUDQVOXFHQW�ULFH�JUDLQV��7��DQG�FKDON\�ULFH�JUDLQV��&��RI�6XSHU�%DVPDWL��$���
.RVKLKLNDUL��%���6DUGD�%DUDK��&���*DUPD�%DUDK��'���6XUNKD�=XUDKWL��(���DQG�6KDK�/DZDQJL��)���3KRWRJUDSKV�RI�PLOOHG�ULFH�ZHUH�
WDNHQ�E\�D�PLFURVFRS\��.H\HQFH�9+�����-DSDQ���<HOORZ�DQG�UHG�UHFWDQJOHV�RQ�WKH�FHQWUDO�SRUWLRQV�RI�FURVV�VHFWLRQV�RI�PLOOHG�ULFH�
JUDLQV�UHYHDO�WKH�FKDON\�DQG�WUDQVOXFHQW�SRUWLRQV�IRU�VFDQQLQJ�HOHFWURQ�PLFURVFRSLF�REVHUYDWLRQV�

)LJXUH����6FDQQLQJ�HOHFWURQ�PLFURJUDSKV�RI�WKH�FURVV�VHFWLRQV�RI�WKH�FHQWUDO�SRUWLRQ�RI�PLOOHG�ULFH�JUDLQV�RI�6DUGD�%DUDK������*DUPD�
%DUDK������DQG�6XUNKD�=XUDKWL������7��WUDQVOXFHQW�JUDLQV��&��FKDON\�JUDLQV��$��DP\ORSODVWV��&:��FHOO�ZDOO��6��VWDUFK�JUDQXOHV��DUURZV��
GHQW�SRUWLRQ��DUURZKHDGV��DLUJDS�DQG�6FDOH�EDUV������P��<HOORZ�UHFWDQJOHV�UHYHDO�WKH�SRO\KHGUDO�VKDSH�RI�VWDUFK�JUDQXOHV�JURXSLQJ�
LQWR�DP\ORSODVWV�ZLWKRXW�DLUJDSV��5HG�FLUFOHV�UHYHDO�ORRVHO\�GHYHORSHG�VWDUFK�JUDQXOHV�WRJHWKHU�ZLWK�WKH�VLQJOH�URXQG�VKDSH�DQG�
PXOWLSOH�VL]H�DQG�VKDSH�RI�VWDUFK�JUDQXOHV�ZLWK�QXPHURXV�DLUJDSV�

=��1RRUL��0�:��0XMDGLGL�DQG�0��:��$PLQ 3K\VLFRFKHPLFDO�SURSHUWLHV�DQG�PRUSKRORJLFDO�REVHUYDWLRQV�RI�VHOHFWHG����



���

)LJXUH����6FDQQLQJ�HOHFWURQ�PLFURJUDSKV�RI�WKH�FURVV�VHFWLRQV�RI�WKH�FHQWUDO�SRUWLRQ�RI�PLOOHG�ULFH�JUDLQV�RI�6KDK�/DZDQJL������
6XSHU�%DVPDWL������DQG�.RVKLKLNDUL������7��WUDQVOXFHQW�JUDLQV��&��FKDON\�JUDLQV��$��DP\ORSODVWV��&:��FHOO�ZDOO��6��VWDUFK�JUDQXOHV��
DUURZV��GHQW�SRUWLRQ��DUURZKHDGV��DLUJDS�DQG�6FDOH�EDUV������P��<HOORZ�UHFWDQJOHV�UHYHDO�WKH�SRO\KHGUDO�VKDSH�RI�VWDUFK�JUDQXOHV�
JURXSLQJ�LQWR�DP\ORSODVWV�ZLWKRXW�DLUJDSV��5HG�FLUFOHV�UHYHDO�ORRVHO\�GHYHORSHG�VWDUFK�JUDQXOHV�WRJHWKHU�ZLWK�WKH�VLQJOH�URXQG�
VKDSH�DQG�PXOWLSOH�VL]H�DQG�VKDSH�RI�VWDUFK�JUDQXOHV�ZLWK�QXPHURXV�DLUJDSV�

5HIHUHQFHV�

&DOLQJDFLRQ��0���/DERUWH��$���1HOVRQ��$���5HVXUUHFFLRQ��$���&RQFHSFLRQ��-��
&���'D\JRQ��9��'���0DQIXO��-����������'LYHUVLW\�RI�JOREDO�ULFH�PDUNHWV�
DQG�WKH�VFLHQFH�UHTXLUHG�IRU�FRQVXPHU�WDUJHWHG�ULFH�EUHHGLQJ��3XEOLF�
/LEUDU\�RI�6FLHQFH�RQH��������H������

&KHQ��-���7DQJ��/���6KL��3���<DQJ��%���6XQ��7���&DR��:���=KX��<����������(IIHFWV�
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ULFH��2U\]D�VDWLYD�/���DW�SRVW�DQWKHVLV�VWDJH��3URWRSODVPD��������������
����

)$2����������)RRG�DQG�DJULFXOWXUH�RUJDQL]DWLRQ�RI�WKH�8QLWHG�1DWLRQV�5LFH�
0DUNHW�0RQLWRU��ZZZ�IDR�RUJ�HFRQRPLF�500�

*HDO\��'��5���0LWWHQ��'��+���5XWJHU��-��1����������*HQH�ÀRZ�EHWZHHQ�UHG�ULFH�
�2U\]D�VDWLYD��DQG�KHUELFLGH�UHVLVWDQW�ULFH��2��VDWLYD���LPSOLFDWLRQV�IRU�
ZHHG�PDQDJHPHQW��:HHG�7HFKQRORJ\�����������������

+DVVDQ]R\��1���$PHNDZD��<���,VRGD��+���,WR��6����������7KH�&KDUDFWHULVWLFV�
RI�5LFH�0DUNHWV� DQG�7UDGH� LQ�$IJKDQLVWDQ��$� 6XUYH\� RI� WKH�0DMRU�
&RPPHUFLDO� 5LFH� 0DUNHWV�� -RXUQDO� RI� WKH� )DFXOW\� RI� $JULFXOWXUH�
.\XVKX�8QLYHUVLW\�����������������

+LUDL�� <��� <DPDGD�� 7��� 7VXGD�� 0�� �������� (IIHFW� RI� 7HPSHUDWXUH� DW� WKH�
5LSHQLQJ�3HULRG�RQ�'DUN�5HVSLUDWLRQ�DQG�'U\�0DWWHU�3URGXFWLRQ� LQ�
5LFH��&RPSDULVRQ�RI�WKH�HIIHFWV�LQ�WKH�SODQWV�VRZQ�LQ�SRWV�DW�GLIIHUHQW�
WLPHV��-DSDQHVH�-RXUQDO�RI�&URS�6FLHQFH�����������������

+RVR\D�� .�� ��������$QDO\VLV� RQ� WKH� 2FFXUUHQFH� RI� &KDON\� 5LFH� *UDLQ�
7DNLQJ�LQWR�&RQVLGHUDWLRQ�$OO�RI�WKH�*UDLQV�ZLWKLQ�D�3DQLFOH��-RXUQDO�RI�
'HYHORSPHQWV�LQ�6XVWDLQDEOH�$JULFXOWXUH����������������

,&$5'$����������,QWHUQDWLRQDO�&HQWHU�IRU�$JULFXOWXUDO�5HVHDUFK�,Q�WKH�'U\�
$UHDV��KWWSV���DSSV�LFDUGD�RUJ�)2&86�$IJKDQLVWDQ�SGI

,UUL�� ,�� �������� 6WDQGDUG� HYDOXDWLRQ� V\VWHP� IRU� ULFH�� ,QWHUQDWLRQDO� 5LFH�
5HVHDUFK�,QVWLWXWH��3KLOLSSLQH�������

,VKLPDUX�� 7��� +RULJDQH�� $�� .��� ,GD�� 0��� ,ZDVDZD�� 1��� 6DQ�RK�� <�� $���
1DND]RQR��0���<RVKLGD��0����������)RUPDWLRQ�RI�JUDLQ�FKDONLQHVV�DQG�
FKDQJHV�LQ�ZDWHU�GLVWULEXWLRQ�LQ�GHYHORSLQJ�ULFH�FDU\RSVHV�JURZQ�XQGHU�
KLJK�WHPSHUDWXUH�VWUHVV��-RXUQDO�RI�&HUHDO�6FLHQFH�����������������

-LQJ��4���6SLHUW]��-��+��-���+HQJVGLMN��+���YDQ�.HXOHQ��+���&DR��:���'DL��7��
��������$GDSWDWLRQ�DQG�SHUIRUPDQFH�RI�ULFH�JHQRW\SHV�LQ�WURSLFDO�DQG�
VXEWURSLFDO� HQYLURQPHQWV�� 1-$6�:DJHQLQJHQ� -RXUQDO� RI� /LIH�
6FLHQFHV�����������������

-XOLDQR��%��2���9LOODUHDO��&��3����������*UDLQ�TXDOLW\�HYDOXDWLRQ�RI�ZRUOG�
ULFHV��,QWHUQDWLRQDO�5LFH�5HVHDUFK�,QVWLWXWH�������

/LX��-���=KDR��4���=KRX��/���&DR��=���6KL��&���&KHQJ��)����������,QÀXHQFH�RI�
HQYLURQPHQWDO�WHPSHUDWXUH�GXULQJ�JUDLQ�¿OOLQJ�SHULRG�RQ�JUDQXOH�VL]H�

GLVWULEXWLRQ�RI�ULFH�VWDUFK�DQG�LWV�UHODWLRQ�WR�JHODWLQL]DWLRQ�SURSHUWLHV��
-RXUQDO�RI�&HUHDO�6FLHQFH������������

0DVXQDJD��7���.DPLGRK]RQR��$���1H]DP��$��:���6DGDW��6��$����������3DGG\�
6RLO� 3URSHUWLHV� LQ� 1DQJDUKDU� 3URYLQFH�� (DVW� $IJKDQLVWDQ�� -DSDQ�
$JULFXOWXUDO�5HVHDUFK�4XDUWHUO\��-$54�����������������

1RRUL��=���.DNDU�.���)XMLL��7���-L��%����������*URZWK�DQG�\LHOG�FKDUDFWHULVWLFV�
RI�XSODQG�ULFH�FXOWLYDU�1(5,&$���JURZQ�XQGHU�SDGG\�¿HOG�FRQGLWLRQ��
,QWHUQDWLRQDO�-RXUQDO�RI�$JURQRP\�DQG�$JULFXOWXUH�5HVHDUFK���������
������

5DQL�� 1�� 6��� 3DQGH\�� 0�� .��� 3UDVDG�� *�� 6�� 9��� 6XGKDUVKDQ�� ,�� ��������
+LVWRULFDO�VLJQL¿FDQFH��JUDLQ�TXDOLW\�IHDWXUHV�DQG�SUHFLVLRQ�EUHHGLQJ�
IRU�LPSURYHPHQW�RI�H[SRUW�TXDOLW\�EDVPDWL�YDULHWLHV�LQ�,QGLD��,QGLDQ�
-RXUQDO�RI�&URS�6FLHQFH�����±�����������

6DLGDMDQ�� $�� �������� (IIHFWV� RI� ZDU� RQ� ELRGLYHUVLW\� DQG� VXVWDLQDEOH�
DJULFXOWXUDO�GHYHORSPHQW�LQ�$IJKDQLVWDQ��-RXUQDO�RI�'HYHORSPHQWV�LQ�
6XVWDLQDEOH�$JULFXOWXUH�������������

6DUKDGL��:��$���2RNDZD��7���<RVKLKDVKL��7���0DGDGL��$��.���<RVRI]DL��:���
2LNDZD�� <��� +LUDWD�� <�� �������� &KDUDFWHUL]DWLRQ� RI� DURPD� DQG�
DJURQRPLF�WUDLWV�LQ�$IJKDQ�QDWLYH�ULFH�>2U\]D�VDWLYD@�FXOWLYDUV��3ODQW�
3URGXFWLRQ�6FLHQFH��-DSDQ��

6KL��:���<LQ��;���6WUXLN��3��&���6ROLV��&���;LH��)���6FKPLGW��5��&���-DJDGLVK��6��
.����������+LJK�GD\�DQG�QLJKW�WLPH�WHPSHUDWXUHV�DIIHFW�JUDLQ�JURZWK�
G\QDPLFV� LQ� FRQWUDVWLQJ� ULFH� JHQRW\SHV�� -RXUQDO� RI� ([SHULPHQWDO�
%RWDQ\��������������������

7KRPDV��9���5DP]L��$��0�� �������� 65,� FRQWULEXWLRQV� WR� ULFH� SURGXFWLRQ�
GHDOLQJ� ZLWK� ZDWHU� PDQDJHPHQW� FRQVWUDLQWV� LQ� QRUWKHDVWHUQ�
$IJKDQLVWDQ��3DGG\�DQG�:DWHU�(QYLURQPHQW��������±����

7VXNDJXFKL��7���1LWWD��6���0DWVXQR��<����������&XOWLYDU�GLIIHUHQFHV�LQ�WKH�
JUDLQ�SURWHLQ�DFFXPXODWLRQ�DELOLW\�LQ�ULFH��2U\]D�VDWLYD�/����)LHOG�&URSV�
5HVHDUFK���������������

9RQJ��1��4���0XUDWD��<����������6WXGLHV�RQ�WKH�3K\VLRORJLFDO�&KDUDFWHULVWLFV�
RI�&��DQG�&��&URS�6SHFLHV�,,��7KH�(IIHFWV�RI�DLU�WHPSHUDWXUH�DQG�VRODU�
UDGLDWLRQ�RQ�WKH�GU\�PDWWHUV�SURGXFWLRQ�RI�VRPH�FURSV��-DSDQHVH�-RXUQDO�
RI�&URS�6FLHQFHV����������������

:HL��&���.ZRQ��2��<���/LX��;��:���.LP��+��&���<RRQ��:��.���.LP��+��0���.LP��
0�� 5�� �������� 3URWHLQ� SUR¿OHV� RI� PDMRU� .RUHDQ� ULFH� FXOWLYDUV��
3UHYHQWLYH�1XWULWLRQ�DQG�)RRG�6FLHQFH������������������

;L��0���=KDR��<���/LQ��=���=KDQJ��;���'LQJ��&���7DQJ��6���'LQJ��<����������
&RPSDULVRQ�RI�SK\VLFRFKHPLFDO�FKDUDFWHULVWLFV�EHWZHHQ�ZKLWH�EHOO\�
DQG�ZKLWH�FRUH�ULFH�JUDLQV��-RXUQDO�RI�&HUHDO�6FLHQFH��������������

=DNDULD�� 6��� 0DWVXGD�� 7��� 7DMLPD�� 6��� 1LWWD�� <��� �������� (IIHFW� RI� KLJK�
WHPSHUDWXUH�DW�ULSHQLQJ�VWDJH�RQ�WKH�UHVHUYH�DFFXPXODWLRQ�LQ�VHHG�LQ�VRPH�
ULFH�FXOWLYDUV��3ODQW�3URGXFWLRQ�6FLHQFH�������±����

3K\VLFRFKHPLFDO�SURSHUWLHV�DQG�PRUSKRORJLFDO�REVHUYDWLRQV�RI�VHOHFWHG���� ,QW�-�$JULF�(QYLURQ�)RRG�6FL����������������������



'HWHUPLQDWLRQ�RI�WKH�HIIHFW�RI�VRPH�SHVWLFLGHV�RQ�KRQH\�EHHV
��
 �� ��$KPHG�.DUDKDQ �����������0HKPHW�$OL�.XWOX �����������øVPDLO�.DUDFD

�dREDQODU�'LVWULFW�$JULFXOWXUH�DQG�)RUHVWU\�'LUHFWRUDWH��$I\RQNDUDKLVDU��7XUNH\
�%LQJ|O�8QLYHUVLW\��)DFXOW\�RI�9HWHULQDU\��'HSDUWPHQW�RI�3UH�FOLQLFDO�VFLHQFHV��%LQJ|O��7XUNH\

�,VSDUWD�$SSOLHG�6FLHQFHV�8QLYHUVLW\��$JULFXOWXUDO�6FLHQFHV�DQG�7HFKQRORJLHV�)DFXOW\��3ODQW�3URWHFWLRQ�'HSDUWPHQW��,VSDUWD��7XUNH\

&RUUHVSRQGLQJ�$XWKRU��DKPHG�NDUDKDQ#WDULP�JRY�WU

%HHV�FRQWLQXH�WR�H[LVW�XQGHU�SUHVVXUH�LQ�WRGD\
V�ZRUOG�
ZLWK�PDQ\�IDFWRUV��7KH�GHFUHDVH�LQ�WKH�DPRXQW�DQG�YDULHW\�RI�
ÀRUD�� WKH� HIIHFWV� RI� DJUR�FKHPLFDOV�� WKH� EHHNHHSHUV
�
XQQHFHVVDU\�DSSOLFDWLRQV��WKH�QHZ�SDUDVLWHV�SHFXOLDU�WR�EHHV��
FOLPDWH�FKDQJH�ZLOO�IXUWKHU�ZLGHQ�WKH�VL]H�RI�WKLV�SUREOHP�LQ�
WKH� IXWXUH� �*RXOVRQ� HW� DO��� ������ 0LWFKHOO� HW� DO��� ������
:LOOLDPVRQ�DQG�:ULJKW���������,Q�UHFHQW�\HDUV��WKH�GHFOLQH�LQ�
WKH�SRSXODWLRQ�RI�KRQH\�EHHV�DQG�RWKHU�SROOLQL]HUV�KDV�DOVR�
EHHQ�D�VRXUFH�RI�FRQFHUQ�IRU�IRRG�VDIHW\��$EER�HW�DO���������

&RORQ\�ORVVHV�DUH�IRXQG�LQ�7XUNH\��.DUDKDQ�DQG�.DUDFD��
������DQG�(XURSH�DQG�$PHULFD��YDQ(QJHOVGRUS�HW�DO����������
6HYHUH�FRORQ\�ORVV�LQ�KRQH\�EHHV��FDOOHG�&RORQ\�&ROODSVH�
'LVRUGHU� �&&'��� LV� ZLGHVSUHDG� DFURVV� (XURSH� DQG�1RUWK�
$PHULFD� �6WRNVWDG�� ������� 3HVWLFLGHV� XVHG� DJDLQVW�
DJULFXOWXUDO� SHVWV� DUH� DW� WKH� IRUHIURQW�� DV� DUH�PDQ\�RI� WKH�
ORVVHV�LQ�EHH�SRSXODWLRQV��*RXOVRQ�HW�DO���������.UXSNH�HW�DO���
������3DUDGLV�HW�DO����������,Q�DGGLWLRQ��EHH�GHDWKV�FRQVWLWXWH�
HQYLURQPHQWDO�ULVNV��7RVL�HW�DO���������

+RQH\�EHHV�DUH�LPSRUWDQW�QRW�RQO\�EHFDXVH�WKH\�SURGXFH�
KRQH\� DQG� KRQH\� SURGXFWV�� EXW� DOVR� EHFDXVH� WKH\� RIIHU�
SROOLQDWLQJ�VHUYLFHV��<DOoÕQ��DQG�7XUJXW���������,Q�DGGLWLRQ�
WR�SROOLQDWLQJ�VHUYLFHV��.ODWW�HW�DO����������LW�DOVR�PDNHV�D�
VLJQL¿FDQW� FRQWULEXWLRQ� WR� KXPDQ� QXWULWLRQ�ZLWK� SURGXFWV�
VXFK�DV�KRQH\��SROOHQ��ZD[��SURSROLV�DQG�EHH�PLON��(OOLV�HW�DO���
������*UD\�DQG�3HWHUVRQ���������

3HVWLFLGHV� DUH� DOVR� WKH�PRVW� LPSRUWDQW� ULVN� IDFWRUV� IRU�
KRQH\��&RQQROO\�������%DURQ�HW�DO���������DQG�RWKHU�LQVHFW�

SROOLQDWRUV� �*OHQQ\� HW� DO��� ������ 7LKHOND� HW� DO��� ������
*DULEDOGL�HW�DO����������DV�ZHOO�DV�EHQH¿FLDO�RUJDQLVPV�VXFK�
DV�SDUDVLWRLG�EHHV�LQ�WKH�ZLOG��$\GR÷GX�DQG�.DQHY���������
)RU�H[DPSOH��RQO\�DERXW����RI�WKH�QHRQ\FKRWLQRLG�DFWLYH�
LQJUHGLHQW�XVHG�LV�FRQVXPHG�E\�SODQWV��6XU�DQG�6WRUN�������
DQG�D�ODUJH�SDUW�LV�GLVSHUVHG�LQ�WKH�HQYLURQPHQW��*RXOVRQ��
������

,QIRUPDWLRQ� RQ� KRZ� KRQH\� EHHV� DUH� DIIHFWHG� E\�
SHVWLFLGHV�LV�EDVHG�RQ�YHU\�ROG�RQHV��,W�LV�VWDWHG�WKDW�WKH�3DULV�
*UHHQ� XVHG� DJDLQVW� WKH� DSSOH� LQ� WKH� 86$� FDXVHG� D�
FRQVLGHUDEOH� DPRXQW� RI� EHH� GHDWK� LQ� ����� DQG� &DUEDU\O�
DSSOLFDWLRQ�DV�SRZGHU�LQ�WKH�FRWWRQ�¿HOGV�LQ������GHVWUR\HG�
���� �������� EHH� FRORQLHV�� RI� WRWDO� FRORQ\� LQ� &DOLIRUQLD�
�<ÕOGÕUÕP��������

+RQH\� KDV� D� GLIIHUHQW� VWUXFWXUH� WKDQ� RWKHU� LQVHFWV� LQ�
IHHGLQJ�WKH�EDE\��DQG�WKH�FDUH�RI�WKH�EDE\�LV�PDGH�E\�ZRUNHU�
EHHV��:LQVWRQ��������+H�HW�DO����������,Q�DFFRUGDQFH�ZLWK�WKH�
WHFKQLTXH�� XQLQFRUSRUDWHG� FKHPLFDOV� WUDQVSRUW� QHFWDU� DQG�
SROOHQ�ZRUNHUV� WKURXJK�SODQWV�DQG�FDXVH�FROOHFWLYH� ODUYDH�
DQG�DGXOW�EHH�GHDWKV�WKURXJK�FRQWDFW�DQG�IHHGLQJ��%RQPDWLQ�
HW� DO��� ������ =KX� HW� DO��� ������ (IVD�� ������ g]EHN�� ������
<ÕOGÕUÕP�������

,W�KDV�EHHQ�GHWHUPLQHG�WKDW�WKH�EHHV�LQ�FRQWDFW�ZLWK�WKH�
SHVWLFLGH�EHFRPH�PRUH�VXVFHSWLEOH�WR�SDUDVLWHV��*RXOVRQ�HW�
DO���������DQG�WKH�OLIH�VSDQ�RI�WKH�LPPXQH�V\VWHP�ZHDNHQV�
�:R\FLHFKRZVNL� DQG�0RURĔ�� ������� 3HVWLFLGHV� DIIHFW� WKH�
TXHHQ
V�EHH�PDWLQJ�ÀLJKW�QHJDWLYHO\�DQG�VKRUWHQ�WKH�OLIH�VSDQ

�

���

$EVWUDFW

.H\ZRUGV��3HVWLFLGH��$SLV�PHOOLIHUD��+RQH\�EHH��%HH�PRUWDOLW\��&RORQ\�ORRVHV
5HFHLYHG����������������������������$FFHSWHG����������������������������3XEOLVKHG��RQO൴QH��������������

,QWURGXFWLRQ���

5HVHDUFK�$UWLFOH ,QW�-�$JULF�(QYLURQ�)RRG�6FL���������������������

ZZZ�MDHIV�FRP-$()6

�&LWH�WKLV�DUWLFOH�DV����.DUDKDQ���$���.XWOX���0�$���.DUDFD��,����������'HWHUPLQDWLRQ�RI�WKH�HIIHFW�RI�VRPH�SHVWLFLGHV�RQ�KRQH\�EHHV��,QW��-��$JULF��
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$YD൴ODEOH�RQO൴QH�DW����ZZZ�MDHIV�FRP�

,QWHUQDW൴RQDO�-RXUQDO�RI
$JU൴FXOWXUH��(QY൴URQPHQW�DQG�)RRG�6F൴HQFHV

$OWKRXJK�WKH�EHH�GHDWKV�WKDW�VWDUWHG�LQ������KDYH�SDVVHG�IRU�D�ORQJ�WLPH��QR�VROXWLRQ�KDV�EHHQ�IRXQG�DQG�HYHQ�EHH�GHDWKV�
KDYH�VWDUWHG�WR�LQFUHDVH�DJDLQ�LQ�UHFHQW�\HDUV��7KH�HQG�RI�ZLQWHU�DQG�VSULQJ�PRQWKV�DUH�SHULRGV�ZKHQ�EHH�GHDWKV�DUH�VHHQ�
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RI�VSHUP�DV�D�UHVXOW�RI� LQVXI¿FLHQW�VSHUP�LQWDNH�RI�VSHUP�
�:LOOLDPV�HW�DO����������,Q�WKH�FDVH�RI�ZRUNHUV��WKLV�FUHDWHV�D�
FKDQJH� LQ� WKH� SHUIRUPDQFH� RI� PRYHPHQW�� LQFRKHUHQFH��
RULHQWDWLRQ�DQG�JDWKHULQJ��'HVQHX[�HW�DO���������*LOO�HW�DO���
������6FKQHLGHU�HW�DO���������:LOOLDPVRQ�DQG�:ULJKW���������
7KH�EHHNHHSLQJ�SURGXFWV�LQ�WKH�FRORQLHV�ZKLFK�DUH�LQGLUHFWO\�
H[SRVHG� WR� EHHNHHSLQJ� SURGXFWV� DUH� WKUHDWHQLQJ� KXPDQ�
KHDOWK��%|KPH��HW�DO���������

�
0DWHULDOV�DQG�0HWKRGV�
7KH� PDLQ� PDWHULDO� RI� WKLV� ZRUN� LV� WKH�$QDWROLDQ� EHH�

VSHFLHV� �$SLV� PHOOLIHUD� DQDWROLDDFD�� � ZKLFK� LV� WKH� PRVW�
FRPPRQ� EHH� LQ� RXU� FRXQWU\� �6LUDOL�� ������ DQG� SHVWLFLGHV�
XVHG�LQ�UHJLRQV�ZKHUH�EHH�GHDWKV�ZHUH�LQWHQVLYHO\�REVHUYHG��
7KH�XVDJH�DQG�TXDQWLWLHV�RI�WKHVH�SHVWLFLGHV�ZLGHO\�XVHG�LQ�
DJULFXOWXUDO�SURGXFWLRQ�DUHDV�DUH�JLYHQ�LQ�7DEOH����.DUDKDQ�
DQG�.DUDFD���������

7DEOH���OLVWV�WKH�OLFHQVHG�SURGXFWV�DQG�GRVHV�XVHG�IRU�WKH�
SHVWLFLGHV�XVHG�LQWHQVLYHO\�LQ�WKH�DUHD�ZKHUH�WKH�EHHV�GLHG��
7KHVH� SHVWLFLGHV� DUH� XVHG� LQWHQVLYHO\�� UHJDUGOHVV� RI� WKH�
OLFHQVH�JURXS�LQ�UHJLRQV�ZKHUH�DJULFXOWXUDO�SURGXFWLRQ��,W�LV�
DOVR�WKRXJKW�WKDW�WKH�WDUJHW�LV�EHWWHU�VWUXJJOHG�E\�XVLQJ�RYHU�
WKH�ODEHO�GRVH�DJDLQVW�WKH�KDUPIXO�IDFWRUV��7KHVH�FKHPLFDOV�
DUH� XVHG� H[WHQVLYHO\� ZKHQ� WKH� EHHV� DUH� VSUHDG� �IRRG�
FROOHFWLRQ��RU�GXULQJ�WKH�ÀRZHULQJ�SHULRG�

,Q� WKH� VWXG\�� WKH� PRVW� FRPPRQO\� XVHG� SURGXFW� RI�
DJULFXOWXUDO� XVH� RI� SHVWLFLGHV� LV� IHG� WKH� ODEHO� GRVH�
�UHFRPPHQGHG�GRVH�� WZLFH� WKH� ODEHO�GRVH�DQG�KDOI�RI� WKH�
ODEHO�E\�RUDO��LQ��0�VXJDU�V\UXS��DQG�VRPH�RI�WKH�ERG\�SDUWV�
RI�WKH�EHHV��OHJV��DEGRPHQ�DQG�PRXWK�SDUWV��ZHUH�HYDOXDWHG�
E\�ORRNLQJ�DW�WKH�PRWRU�PRYHPHQWV��$IWHU������DQG����KRXUV�
DIWHU� IHHGLQJ�� WKH� EHHV� ZHUH� FKHFNHG� DQG� VFRUHG�� ,Q� WKLV�
SRLQW������IRU�HDFK�RUJDQ��LI�DOO�WKH�RUJDQV�DUH�KHDOWK\�DQG�WZR�
����SRLQWV�LI�DOO�DQWHQQDV��PRXWKSLHFHV��OHJV�DQG�DEGRPHQ�
DUH�PRYLQJ�VORZO\�DQG�LUUHJXODUO\��'XHOO���������,I�DOO�RI�WKH�

RUJDQV�RI�WKH�EHHV�IROORZHG�DFFRUGLQJ�WR�WKLV�VFRULQJ�V\VWHP�
ZHUH�ZRUNLQJ��

���

��LI�QRW��WKH\�JRW�

���

�

,Q�RUGHU�WR�REWDLQH�WKH�EHHV�XVHG�LQ�WKH�VWXG\���0�RI�VXJDU�
ZDWHU�ZDV� SODFHG� LQ� D� SHWUL� GLVK� LQ� IURQW� RI� WKH� KLYHV� ���
PHWHUV��:RUNHU�EHHV�WKDW�FDPH�WR�WKH�SHWUL�GLVK�ZHUH�FDXJKW�
UDQGRPO\� WKURXJK� VPDOO� SODVWLF� ER[HV� DQG� EURXJKW� WR� WKH�
ODERUDWRU\��$IWHUZDUGV��WKHVH�EHHV�ZHUH�NHSW�IUR]HQ�IRU�DERXW�
����PLQXWHV�LQ�WKH�IUHH]HU�RI�WKH�UHIULJHUDWRU��+UDQLW]�HW�DO���
�������7KH�LPPRELOL]HG�EHHV�ZHUH�UHPRYHG�IURP�WKH�ER[HV�
DQG�DWWDFKHG�WR�WKH�SUHYLRXVO\�SUHSDUHG�LQMHFWRU�UHVHUYRLUV�
EHWZHHQ� WKH� KHDG� DQG� WKRUD[�� $IWHU� WKH� EHHV� KDYH� EHHQ�
VRDNHG��WKH\�KDYH�EHHQ�FKRVHQ�WR�UHDFW�ZLWK�WKHLU�DQNOHV�E\�
WRXFKLQJ� WKHLU� DQWHQQDH� ZLWK� WKH� DLG� RI� DQ� HDU� JDUEDJH�
LPSUHJQDWHG�ZLWK�ZDWHU�DQG�V\UXS��VXJDU\�V\UXS���DQG�WKH�
UHVSRQGLQJ�KHDOWK\�EHHV�KDYH�EHHQ�VHOHFWHG�IRU�XVH�LQ�WKH�
VWXG\� �$EUDPVRQ� HW� DO��� �������$OO� RI� WKHVH� VHOHFWHG�EHHV�
ZHUH�IHG�ZLWK���PROHV�RI�SUHSDUHG�V\UXS�XQWLO�VDWXUDWHG�DQG�
NHSW�DW�QRUPDO�URRP�WHPSHUDWXUH�IRU����KRXUV��'XHOO���������
$W�WKH�HQG�RI�WKLV�WUDLQLQJ��D�VHFRQG�VHOHFWLRQ�ZDV�PDGH�WR�
FRPSHQVDWH� IRU� PLVWDNHV� FDXVHG� E\� SUDFWLFH�� OHDYLQJ� WKH�
KHDOWK\�RQHV�LQ�JURXSV�RI���

7KH�VROXWLRQ�FRQWDLQLQJ�SHVWLFLGH�LQ��0�VXJDU�V\UXS�ZDV�
IHG� WR� WKH� EHHV� ZLWK� ��� ȝO� RI� PLFURSLSHWWH� LQ� HDFK�
H[SHULPHQWDO� JURXS�� 7KH� FRQWURO� JURXS� ZDV� QRW� JLYHQ�
SHVWLFLGH��EXW�RQO\��0�VXJDU�V\UXS�ZDV�JLYHQ�

)LYH�WULDOV�ZHUH�HVWDEOLVKHG�IRU�HDFK�SHVWLFLGH��,Q�HDFK�
WULDO���EHHV�ZHUH�XVHG�SHU�GRVH��$�WRWDO�RI������EHHV�IRU����
GLIIHUHQW�SHVWLFLGHV�LQ�7DEOH���ZHUH�XVHG�LQ�WKLV�VWXG\�

,Q� WKLV� VWXG\�� LW� ZDV� GHWHUPLQHG� KRZ� ERG\� PRWRU�
PRYHPHQWV�RI�EHHV�H[SRVHG�WR�SHVWLFLGHV�FKDQJH�

$V�D�UHVXOW�RI�WKLV�SURFHVV�LW�ZDV�UHYHDOHG�WKDW�UHDFWLRQV�RI�
EHHV� JLYHQ�GLIIHUHQW� GRVH�� ,Q� VWDWLVWLFDO� DQDO\VLV�� RQH�ZD\�
YDULDQFH�DQDO\VLV�ZDV�XVHG�ZLWK�WKH�KHOS�RI�6366��YHU�����
SURJUDP�DQG�EHQH¿WWHG�IURP�7XNH\�WHVW��3�������

$KPHG�.DUDKDQ��0HKPHW�$OL�.XWOX��øVPDLO�.DUDFD 'HWHUPLQDWLRQ�RI�WKH�HIIHFW�RI�VRPH�SHVWLFLGHV�RQ�KRQH\�EHHV

7DEOH����7\SH�DQG�DPRXQW�RI�SHVWLFLGHV�XVHG�LQ�WKH�VWXG\
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,QW�-�$JULF�(QYLURQ�)RRG�6FL�����������������������

5HVXOWV�DQG�'LVFXVVLRQ�

7KH� GRVHV� ZHUH� FRQVXPHG� WR� EHHV� DV� VWDWHG� LQ� WKH�
PDWHULDO�PHWKRG�VHFWLRQ�DQG�WKH�VFRUHV�DQG�VWDWLVWLFDO�JURXSV�
ZHUH� JLYHQ� LQ� 7DEOH� ��� $FFRUGLQJ� WR� WKH� ERG\� PRWRU�
PRYHPHQWV��7DEOH���VKRZV�WKH�SHUFHQWDJH�RI�GHFUHDVH�LQ�WKH�
ERG\�PRWRU�PRYHPHQWV�RI�WKH�EHHV��ZKLFK�DUH�JLYHQ�WKH�ODEHO�
GRVH�GHSHQGLQJ�RQ�WKH�FRQWURO�JURXS��7KHVH�VFRUHV�REWDLQHG�
E\� EHHV� DFFRUGLQJ� WR� WKHLU� ERG\�PRYHPHQWV� LQGLFDWH� WKH�
KHDOWK�VWDWXV�RI�EHHV��:KHQ�EHHV�DUH�UHOHDVHG��WKH�EHHV�ZKRVH�
ERG\�PRWLRQ� VFRUH� EHORZ� �� FDQQRW� À\� EXW� WKH� EHHV�ZKR�
UHFHLYH�PRUH�WKDQ���SRLQWV�FDQ�À\��7KH�EHHV��ZKRVH�VFRUH�LV�
DERYH����À\�FRPIRUWDEO\��DQG�WKH�EHHV��ZKLFK�VFRUH�EHWZHHQ�
��DQG����KDYH�GLI¿FXOW\�À\LQJ�

7KH�DYHUDJH�ERG\�PRYHPHQW�VFRUHV�REWDLQHG�DIWHU������
DQG����KRXUV�DIWHU�FRQVXPSWLRQ�RI�WKH�SHVWLFLGHV�XVHG�LQ�WKH�
VWXG\� DUH� JLYHQ� LQ� 7DEOH� ��� $PRQJ� WKH� SHVWLFLGHV� XVHG��
&KORUS\ULIRV�(WK\O� LV� WKH� SHVWLFLGH� WKDW� DIIHFWV� WKH� ERG\�
PRYHPHQWV�RI�EHHV�WKH�PRVW��7KH�FRQWURO�EHHV�ZHUH�LQFOXGHG�
LQ���JURXSV�DQG�VWDWLVWLFDOO\�GLIIHUHQW�JURXS�LQ�WKH�IROORZ�XS�
SHULRG�� $PRQJ� WKH� SHVWLFLGHV� XVHG�� ,PLGDFORSULG��
'HOWDPHWKULQ��7KLDFORSULG�DOO�RI�WKH�EHHV�ZHUH�LQFOXGHG�LQ�
WKH�GLIIHUHQW�VWDWLVWLF�JURXS�DFFRUGLQJ�WR�WKH�FRQWURO�JURXS��

$FHWDPLSULG�DQG�$EDPHFWLQ�DFWLYH�SHVWLFLGHV�GLG�QRW�DIIHFW�
WKH�EHHV�DW�WKH�HQG�RI���DQG���KRXUV�EXW�DW�WKH�HQG�RI����KRXUV�
WKH\�ZHUH�VWDWLVWLFDOO\�LQ�GLIIHUHQW�JURXSV�ZLWK�FRQWURO�EHHV�
DIIHFWLQJ� WKH� ERG\� PRYHPHQW� VFRUHV� RI� WKH� EHHV��
6SLURGLFORIHQ�� *O\SKRVDWH� 3RWDVVLXP� 6DOW�� 3HQFRQD]ROH�
DFWLYH�VXEVWDQFH�SHVWLFLGHV�DQG�FRQWURO�JURXS�ZHUH�VLPLODU�WR�
HDFK�RWKHU�DQG�VWDWLVWLFDOO\��WKH\�ZHUH�LQ�WKH�VDPH�JURXS�DIWHU�
��� �� DQG� ��� KRXUV�� $IWHU� WKH� UHFRPPHQGHG� GRVH� RI�
&KORUS\ULIRV�(WK\O�ZDV�DGPLQLVWHUHG���������RI� WKH�EHHV�
GLHG�DW�WKH�HQG�RI�WKH�¿UVW�KRXU�DQG�DOO�DW�WKH�HQG�RI���KRXUV�
�7DEOH�����

$IWHU�DSSO\LQJ�WKH�ODEHO�GRVH�RI�SHVWLFLGH�XVHG�LQ�7DEOH����
WKH�DYHUDJH�VFRUH�RI�EHHV�ZDV�FDOFXODWHG�DQG�WKH�SHUFHQWDJH�
RI�GHFUHDVH�LQ�ERG\�PRYHPHQWV�ZDV�JLYHQ�GHSHQGLQJ�RQ�WKH�
FRQWURO�JURXS��7DEOH���VKRZV�WKDW�WKHUH�ZDV�QR�FKDQJH�LQ�WKH�
ERG\�PRYHPHQWV�RI�WKH�FRQWURO�JURXS�EHHV�LQ�WKH�H[SHULPHQW�
ZLWK�&KORUS\ULIRV�HWK\O�DW�WKH�HQG�RI���KRXU��ZKLOH��������
GHFUHDVH� LQ� WKH� ERG\� PRYHPHQWV� RI� WKH� EHHV� IHG� ZLWK�
&KORUS\ULIRV�HWK\O�ODEHO�GRVH�ZDV�REVHUYHG��$IWHU���DQG����
KRXUV�DIWHU�WKH�DSSOLFDWLRQ�RI�&KORUS\ULIRV�HWK\O��WKH�ERG\�
PRYHPHQWV�RI�EHHV�KDYH�VWRSSHG�FRPSOHWHO\��������WKDW�LV��
EHHV�KDYH�GLHG��7KH�GHFUHDVH�LQ�ERG\�PRWRU�PRYHPHQWV�DIWHU�
WKH�DSSOLFDWLRQ�RI�RWKHU�SHVWLFLGHV�ZDV�JLYHQ�LQ�7DEOH����

'HWHUPLQDWLRQ�RI�WKH�HIIHFW�RI�VRPH�SHVWLFLGHV�RQ�KRQH\�EHHV

7DEOH����$YHUDJH�SRLQWV�JLYHQ�WR�ERG\�PRWRU�PRYHPHQWV�RI�SHVWLFLGH�DSSOLHG�EHHV��$YHUDJH���6(�
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7DEOH����'HFUHDVH�UDWH�RI�ERG\�PRYHPHQWV�RI�ODEHO�DGPLQLVWHUHG�EHHV����

&RQFOXVLRQ�

$V�VHHQ�LQ�WKH�¿QGLQJV�RI�WKH�ZRUN��VRPH�SHVWLFLGHV�KDYH�
UHVWULFWHG�WKH�ERG\�PRWRU�PRYHPHQWV�RI�EHHV�RU�FDXVHG�WKH�
GHDWK�RI�EHHV��6RPH�RI�WKH�SHVWLFLGHV�XVHG�GLG�QRW�DIIHFW�WKH�
ERG\�PRYHPHQWV�RI�WKH�EHHV��7KHVH�SHVWLFLGHV�PD\�QRW�KDYH�
DIIHFWHG�WKH�ERG\�IXQFWLRQ�RI�WKH�EHHV��EXW�PD\�KDYH�DIIHFWHG�
VRPH�VHQVH�RUJDQV��VXFK�DV�GLUHFWLRQ��YLVLRQ��KHDULQJ��VPHOO��
WDVWH���7KLV�FDQ�HQG�WKHLU�OLYHV�EHFDXVH�WKH�EHHV�ORVH�WKHLU�
SURSHUWLHV�VXFK�DV�VPHOO��WDVWH��GLUHFWLRQ�RU�VLJKW��FDQQRW�¿QG�
WKHLU�KXVN��RU�PL[�WKHLU�KXVN��7KH�PRVW�LPSRUWDQW�UHVXOW�RI�
WKLV�VWXG\�LV�WKDW�VRPH�SHVWLFLGHV�GR�QRW�GLUHFWO\�NLOO�WKH�EHHV�
DQG�WKH\�DUH�WUDQVSRUWHG�WR�WKH�KLYHV�E\�ZRUNHU�EHHV�DQG�WKH\�
SDVV� RQ� SURGXFWV� OLNH� KRQH\�� SROOHQ�� 7KHVH� SHVWLFLGH�
GHSOHWHG�IRRGV�DUH�FRQVXPHG�E\�KXPDQ�EHLQJV�DV�ZHOO�DV�
FRQVXPHG� E\� RWKHU� EHHV� LQ� WKH� KLYH�� FUHDWLQJ� D� PDMRU�
SUREOHP�IRU�KXPDQ�KHDOWK�

7KH�EHHV�H[SRVHG�WR�GLIIHUHQW�SHVWLFLGH�PL[WXUHV�LQ�WKH�
¿HOG�FRQGLWLRQV�DUH�ORVW�RQ�WKH�¿HOG�DQG�EHWZHHQ�WKH�¿HOG�DQG�
WKH�FRORQ\��=KX�HW�DO����������7KHUHIRUH��DV�WKH�VWUHQJWK�RI�WKH�
FRORQ�ZHDNHQV��WKH�PRYHPHQWV�RI�WKH�EHHV�DUH�GLPLQLVKHG�
DQG�WKHLU�GXWLHV�DUH�GHOD\HG��WKH�DEGRPHQ�VZHOOV��WKH�ZLQJV�
DQG� OHJV�EHFRPH�SDUDO\]HG�DQG�GLH� �<ÕOGÕUÕP���������7KH�
VWXG\�VKRZHG�VLPLODULW\�ZLWK�WKH�VWXGLHV�RI�
�:LOOLDPVRQ�HW�DO��
������2OLYHU�HW�DO��������.DUDKDQ�HW�DO���������=KX�HW�DO���
������%RYL� HW� DO��� ����� 
�� DQG� LW�ZDV� REVHUYHG� WKDW� VRPH�
SHVWLFLGHV�XVHG�ZHUH�IRXQG�WR�EH�H[WUHPHO\�KDUPIXO�LQ�KRQH\�
EHHV�DQG�FDXVH�SDUDO\VLV�DQG�GHDWKV�DIWHUZDUGV�

,Q�RUGHU�WR�UHGXFH�SHVWLFLGH�GDPDJHV�DQG�SURWHFW�EHHV��WKH�
VSUD\LQJ�VKRXOG�QRW�EH�GRQH�GXULQJ�WKH�ÀRZHULQJ�SHULRGV��
DQG�LI�WKH�SHVWLFLGH�KDV�WR�EH�H[SHOOHG��LW�VKRXOG�EH�DSSOLHG�LQ�
WKH�HYHQLQJ�KRXUV�ZKHQ�WKHUH�DUH�QR�EHHV��,Q�DGGLWLRQ��WKH�
EHHNHHSLQJ�VLWH�VKRXOG�EH�ORFDWHG�IDU�DZD\�IURP�DUHDV�ZKHUH�
LQWHQVLYH�VSUD\LQJ�LV�PDGH��LI�LW�FDQQRW�EH�WUDQVSRUWHG�GXULQJ�
WKH�DSSOLFDWLRQ��LW�VKRXOG�EH�NHSW�FORVHG�DQG�FRYHUHG�LQ�RUGHU�
WR�SURWHFW�LW�IURP�SHVWLFLGHV��<ÕOGÕUÕP��������

$V�D�UHVXOW��WKH�DZDUHQHVV�RI�WKH�KDUP�WKDW�DOO�SHVWLFLGHV�
KDYH� RQ� WKH� EHHV� DQG� WKH� HQYLURQPHQW� KDV� QRW� \HW� EHHQ�
XQGHUVWRRG�� 7KH� VXEVWDQFHV� XVHG� WR� PDNH� EHQH¿WV� FDQ�
GDPDJH�WKH�HQYLURQPHQW�DQG�FDXVH�WKH�EHHV�WR�GLH�LQ�FOLPDWH�
FKDQJHV��1HZ�ZRUNV�VKRXOG�EH�GRQH�WR�SURWHFW�WKH�OLYHV�RI�
WKH�EHHV�DQG�WKH�VXUURXQGLQJ�DUHD��3URWHFWLRQ�RI�EHHV�DQG�WKH�
HQYLURQPHQW� LV�PRUH� LPSRUWDQW� DQG� QHFHVVDU\� IRU� SHRSOH�
WKDQ�DQ\WKLQJ�HOVH��

$FNQRZOHGJPHQW

:H�ZRXOG�OLNH�WR�WKDQN�3URI��'U��-RKQ�0�+5$1,7=�ZKR�
LV� WKH�SLRQHHU�LQ�ZRUNLQJ�RQ�EHHV��)DWLK�<,/',5,0��(URO�
720$6� DQG�0HKPHW�$OL�<(7ø0�ZKR� KHOSHG� XV� LQ� WKH�
FRQVWUXFWLRQ�RI�WKH�ZRUN��DQG�.DGLU�*h1*g5�ZKR�KHOSHG�
LQ�WKH�(QJOLVK�WUDQVODWLRQ�RI�WKH�DUWLFOH�

6RPH�RI�WKH�GDWD�LQ�WKLV�VWXG\�ZHUH�SUHVHQWHG�RUDOO\�DW�WKH�
��WK� $SLPRQGLD� ,QWHUQDWLRQDO� %HHNHHSLQJ� &RQJUHVV�
�øVWDQEXO�7XUNH\�RQ�6HSWHPEHU����2FWREHU����������
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MHOO\"�$SLGRORJLH�����������������
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6XU�� 5��� 6WRUN�� $�� �������� 8SWDNH�� WUDQVORFDWLRQ� DQG� PHWDEROLVP� RI�

LPLGDFORSULG�LQ�SODQWV��%XOOHWLQ�RI�,QVHFWRORJ\������������
7LKHOND�� (�� �������� $UWKURSRG�3ODQW� ,QWHUDFWLRQV�� 7KH� LPPXQRORJLFDO�

GHSHQGHQFH�RI�SODQW�IHHGLQJ�DQLPDOV�RQ�WKHLU�KRVW
V�PHGLFDO�SURSHUWLHV�
PD\� H[SODLQ� SDUW� RI� KRQH\� EHH� FRORQ\� ORVVHV�� $UWKURSRG�3ODQW�
,QWHUDFWLRQV���������������

7RVL��6���%XUJLR��*���1LHK��-��&����������$�FRPPRQ�QHRQLFRWLQRLG�SHVWLFLGH��
WKLDPHWKR[DP��LPSDLUV�KRQH\�EHH�ÀLJKW�DELOLW\��6FLHQWL¿F�UHSRUWV��������
�����

YDQ(QJHOVGRUS��'���+D\HV��-���-U���8QGHUZRRG��5���&DURQ��'��DQG�3HWWLV��-��
��������$�VXUYH\�RI�PDQDJHG�KRQH\�EHH�FRORQ\�ORVVHV�LQ�WKH�86$��)DOO�
�����WR�:LQWHU�������-RXUQDO�RI�$SLFXOWXUDO�5HVHDUFK��������������

:LOOLDPV�� *�� 5��� 7UR[OHU�� $��� 5HWVFKQLJ�� *��� <DxH]�� 2��� 6KXWOHU�� '���
1HXPDQQ��3���*DXWKLHU��/����������1HRQLFRWLQRLG�SHVWLFLGHV�VHYHUHO\�
DIIHFW�KRQH\�EHH�TXHHQV��6FLHQWL¿F�UHSRUWV�����������

:LOOLDPVRQ�� 6�� 0��� :LOOLV�� 6�� -��� :ULJKW�� *�� $�� �������� ([SRVXUH� WR�
QHRQLFRWLQRLGV� LQÀXHQFHV� WKH� PRWRU� IXQFWLRQ� RI� DGXOW� ZRUNHU�
KRQH\EHHV��(FRWR[LFRORJ\�������������������

:LOOLDPVRQ��6��0���:ULJKW��*��$����������([SRVXUH�WR�PXOWLSOH�FKROLQHUJLF�
SHVWLFLGHV� LPSDLUV� ROIDFWRU\� OHDUQLQJ� DQG� PHPRU\� LQ� KRQH\EHHV��
-RXUQDO�RI�([SHULPHQWDO�%LRORJ\�����������±�����

:LQVWRQ��0��/����������7KH�ELRORJ\�RI�WKH�KRQH\�EHH��+DUYDUG�8QLYHUVLW\�

3UHVV�����±����
:R\FLHFKRZVNL�� 0��� 0RURĔ�� '�� �������� /LIH� H[SHFWDQF\� DQG� RQVHW� RI�

IRUDJLQJ�LQ�WKH�KRQH\EHH��$SLV�PHOOLIHUD���,QVHFWHV�6RF���������±�����
<DOoÕQ��0���7XUJXW�� &�� �������� %DO�$ULODULQGD�.RORQL�.D\EL�� -RXUQDO� RI�

$GQDQ�0HQGHUHV�8QLYHUVLW\��$JULFXOWXUDO�)DFXOW\�������������±�����
<ÕOGÕUÕP��(����������7DUÕPVDO�=DUDUOÕODUOD�0�FDGHOH�<|QWHPOHUL�YH�øODoODU��

���%DVNÕ��$WDW�UN�hQLYHUVLWHVL�=LUDDW�)DN�OWHVL�<D\ÕQODUÕ�1R�������=LUDDW�
)DN�OWHVL�2IVHW�7HVLVL��(U]XUXP������V�

=KX��<��&���<DR��-���$GDPF]\N��-���	�/XWWUHOO��5����������6\QHUJLVWLF�WR[LFLW\�
DQG�SK\VLRORJLFDO�LPSDFW�RI�LPLGDFORSULG�DORQH�DQG�ELQDU\�PL[WXUHV�
ZLWK� VHYHQ� UHSUHVHQWDWLYH� SHVWLFLGHV� RQ� KRQH\� EHH� �$SLV�PHOOLIHUD���
3OR6�RQH���������H��������

,QW�-�$JULF�(QYLURQ�)RRG�6FL�����������������������'HWHUPLQDWLRQ�RI�WKH�HIIHFW�RI�VRPH�SHVWLFLGHV�RQ�KRQH\�EHHV



3HUIRUPDQFH�DQG�YDULDWLRQ�LQ�SKHQRW\SLF�FKDUDFWHUV�RI�PDL]H�JHQRW\SHV�LQ�
0LG�:HVWHUQ�5HJLRQ�RI�1HSDO

�
 � � � �.LUDQ�3DUL\DU ������3UDGLS�6DSNRWD �������6DOLQD�3DQWD �������3XVSD�%XGD �������7LND�%DKDGXU�.DUNL
�+RUWLFXOWXUH�5HVHDUFK�6WDWLRQ��'DLOHNK

�1HSDO�$JULFXOWXUH�5HVHDUFK�&RXQFLO��.KXPDOWDU

&RUUHVSRQGLQJ�$XWKRU��NH\UXQ����#JPDLO�FRP

0DL]H��=HD�PD\V�/���LV�WKH�ZRUOG
V�ZLGHO\�JURZQ�FHUHDO�
DQG� SULPDU\� VWDSOH� IRRG� LQ� PDQ\� GHYHORSLQJ� FRXQWULHV�
�6KUHVWKD���������,Q�1HSDO��LW�LV�WKH�VHFRQG�PRVW�LPSRUWDQW�
VWDSOH�IRRG�FURS�ERWK�LQ�WHUPV�RI�DUHD�DQG�SURGXFWLRQ�DIWHU�
ULFH�� ,W� LV� JURZQ� LQ� �������� KHFWDUH� RI� ODQG� ZLWK� WRWDO�

���SURGXFWLRQ�RI�����������PW�DQG�\LHOG�RI�����W�KD �$%36'��
�������,W�VKDUHV�DERXW����WR�$JULFXOWXUDO�*URVV�'RPHVWLF�
3URGXFW��02$'���������,W�KDV�KLJKHU�\LHOG�SRWHQWLDO�WKDQ�
DQ\�RWKHU�FHUHDOV�DQG�WKXV�LV�SRSXODUO\�NQRZQ�DV�WKH�
TXHHQ�
RI�FHUHDO
��,W�LV�D�WUDGLWLRQDO�FURS�FXOWLYDWHG�DV�IRRG��IHHG�DQG�
IRGGHU�RQ�VORSLQJ�XSODQGV�LQ�WKH�KLOOV��0DL]H�LV�JURZQ�XQGHU�
UDLQ�IHG�FRQGLWLRQ�GXULQJ�WKH�VXPPHU��$SULO�$XJXVW��DV�D�
VROH�FURS��UHOD\HG�ZLWK�PLOOHW�ODWHU�LQ�WKH�VHDVRQ��3DXG\DO�HW�
DO����������$ERXW�����RI�WKH�UDLQIDOO�RFFXUV�LQ�1HSDO�GXULQJ�
-XQH�WR�6HSWHPEHU��+RZHYHU��WKH�PLG�ZHVWHUQ�DQG�ZHVWHUQ�
UHJLRQV� DUH� UHODWLYHO\�GU\� LQ� FRPSDULVRQ� WR�RWKHU� UHJLRQV��
ZKLFK�DIIHFWV�RQ�WKH�\LHOG�RI�FURSV�LQ�WKRVH�GU\�DUHDV��7KXV��
GHYHORSPHQW�RI�QHZ�FURS�YDULHWLHV�WR�VXFK�DUHDV�LV�HVVHQWLDO��

0DL]H�LV�RQH�RI�WKH�¿YH�FHUHDO�FURSV�PHHWLQJ�WKH�IRRG�
UHTXLUHPHQW��ZKLFK�FRQWULEXWHV�DSSUR[LPDWHO\�������RI�WKH�
WRWDO�UHTXLUHPHQW��,W�FRQWULEXWHV�WR�IRRG�VHFXULW\�LQ�WKH�KLOOV��
ZKLOH� LQ� WKH� DFFHVVLEOH� DUHDV� LW� LV� JUDGXDOO\� EHFRPLQJ� D�
FRPPHUFLDO� FRPPRGLW\� GXH� WR� LQFUHDVLQJ� GHPDQG� RI�
QXWULHQWV�LQ�SRXOWU\�DQG�DQLPDO�IHHG��3DWKLN���������,Q�1HSDO��
LPSURYHG�VHHGV�DUH�SURGXFHG�LQ��������KD�ZKHUHDV�ORFDO�DUH�
SURGXFHG� LQ� ������ KD� �$%36'�� �������7KH� VHFRQG�PRVW�
LPSRUWDQW�DJULFXOWXUDO�ODQG�DUHD�LV�WKH�PLG�KLOOV�ZKHUH�����

RI�ODQG�LV�FXOWLYDWHG��3DXG\DO�HW�DO����������,Q�PLG�ZHVWHUQ�
UHJLRQ��PDL]H� LV� SURGXFHG� LQ� ����� KD�ZLWK� SURGXFWLRQ� RI�
������WRQ�DQG�\LHOG�RI�����W�KD���ZKHUHDV�LQ�'DLOHNK�LW�LV�
SURGXFHG�LQ�������KD�ZLWK�SURGXFWLRQ�RI�������WRQ�DQG�\LHOG�
RI� ���� W�KD���� 7KH� RYHUDOO� GHPDQG� IRU� PDL]H� KDV� EHHQ�
HVWLPDWHG�WR�JURZ�XS�E\������SHU�DQQXP�IRU�WKH�QH[W�WZR�
GHFDGHV�EHFDXVH�RI�WKH�LQFUHDVHG�GHPDQG�IRU�IRRG�LQ�WKH�KLOOV�
DV�SRSXODWLRQ�LQFUHDVHV�DQG�IRU�OLYHVWRFN�IHHG�LQ�DFFHVVLEOH�
DUHDV�LQ�WKH�7HUDL�DQG�LQQHU�7HUDL�DV�WKH�GHPDQG�IRU�PLON��
PHDW��DQG�PHDW�SURGXFWV�LV�LQFUHDVLQJ��3DWKLN��������

6HYHUDO�SURGXFWLRQ�IDFWRUV�DUH�UHVSRQVLEOH�IRU�WKH�\LHOG�
UHGXFWLRQ� RI� PDL]H� VXFK� DV�� GHFOLQLQJ� VRLO� IHUWLOLW\�� ORZ�
DGRSWLRQ�RI�KLJK�\LHOGLQJ�YDULHWLHV��PHDJHU�DYDLODELOLW\�RI�
WKH� HVVHQWLDO� LQSXWV� DQG� SDUWO\� GXH� WR� WKH� PDQDJHPHQW�
SUDFWLFHV�RI�WKH�FURS��.DLQL���������)XUWKHU��PDQ\�IDUPHUV�RI�
'DLOHNK�GLVWULFW�DUH�GHSHQGHQW�RQ�WKHLU�ORFDO�YDULHW\�RI�PDL]H�
ZKLFK�LV�OHVV�\LHOGLQJ���VXVFHSWLEOH�WR�GLVHDVH��SHVW�DQG�LQ�
WROHUDQFH�WR�FKDQJLQJ�FOLPDWLF�FRQGLWLRQ��7KH�SHUIRUPDQFH�
RI� PDL]H� FURS� LVQ
W� VDWLVIDFWRU\� LQ� PLG�KLOOV� GXH� WR�
XQDYDLODELOLW\�RI�LPSURYHG�YDULHWLHV��7KXV��WKH�VHOHFWLRQ�RI�
PDL]H� JHQRW\SHV� LV� DQ� LPSRUWDQFH� IRU� SURSDJDWLRQ� RI�
GHVLUDEOH�WUDLWV�DQG�GHYHORSPHQW�RI�QHZ�YDULHWLHV��7KH�QHHG�
RI� QHZ� YDULHW\� IRU� IDUPHUV� LV� UHDOL]HG� IRU� HQVXULQJ� IRRG�
VHFXULW\� E\� GHYHORSLQJ� QHZ� YDULHWLHV� DSSHDOLQJ�
FKDUDFWHULVWLFV� OLNH�KLJKHU�\LHOG��GLVHDVH�UHVLVWDQW��GURXJKW�
WROHUDQW�RU�UHJLRQDOO\�DGDSWHG�WR�GLIIHUHQW�HQYLURQPHQWV�DQG�
JURZLQJ�FRQGLWLRQV��+HQFH��WR�DGGUHVV�WKHVH�LVVXHV��UHSODFH

�
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$EVWUDFW

.H\ZRUGV��&RUUHODWLRQ��*HQRW\SHV��0DL]H��3KHQRW\SH��<LHOG

5HFHLYHG����������������������������$FFHSWHG����������������������������3XEOLVKHG��RQO൴QH��������������

,QWURGXFWLRQ���

5HVHDUFK�$UWLFOH ,QW�-�$JULF�(QYLURQ�)RRG�6FL���������������������

ZZZ�MDHIV�FRP-$()6
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WKH� ORFDO� YDULHW\� ZLWK� QHZ� YDULHWLHV�� DQG� VWUHQJWKHQ� WKH�
IDUPHUV�ZLWK� VXSHULRU�PDL]H� FXOWLYDUV� DQ� H[SHULPHQW�ZDV�
FRQGXFWHG�DW�+56��'DLOHNK�GXULQJ������DQG������DQG�WKH�
SHUIRUPDQFH� RI� SURPLVLQJ� PDL]H� JHQRW\SHV� ZDV� VWXGLHG�
XQGHU�0LG�:HVWHUQ�FRQGLWLRQ�RI�1HSDO�

0DWHULDOV�DQG�0HWKRGV
7R�VWXG\�WKH�SHUIRUPDQFH�RI�GLIIHUHQW�JHQRW\SHV�RI�PDL]H�

LQ�PLG�KLOOV�UHJLRQ�RI�1HSDO��DQ�H[SHULPHQW�ZDV�FRQGXFWHG�DW�
UHVHDUFK�EORFNV�RI�+RUWLFXOWXUDO�5HVHDUFK�6WDWLRQ��'DLOHNK�

R R��� ��
1���� ��
(�������P�DVO��GXULQJ�VXPPHU�VHDVRQ�LQ�WZR�
FRQVHFXWLYH�\HDUV�������DQG�������)LYH�JHQRW\SHV�RI�PDL]H�
�%*%<323��%/63562���$&5266������������$&5266�
�����5(�DQG�7/%562���SURFXUHG�IURP�10553��5DPSXU�
LQFOXGLQJ� RQH� UHOHDVHG� YDULHW\� 'HXWL�� DQG� D� ORFDO� YDULHW\�
�6WDQGDUG� &KHFN�� ZHUH� XVHG� LQ� WKH� H[SHULPHQW�� 7KH�
H[SHULPHQW�ZDV� ODLG� RXW� LQ�5DQGRPL]HG�&RPSOHWH�%ORFN�
'HVLJQ��5&%'��ZLWK�VHYHQ�JHQRW\SHV�DV�WUHDWPHQWV�DQG�ZDV�

�UHSOLFDWHG�WKULFH��(DFK�SORWFRQVLVWHG���URZV�RI���P�ORQJ�ZLWK�
VSDFLQJ�RI���FP�[���FP�DQG�WKH�SORW�VL]H�ZDV�PDLQWDLQHG�DW�
�P�[��P��7KH�UHFRPPHQGHG�GRVH�RI�IHUWLOL]HUV�DQG�PDQXUH�
ZHUH�DSSOLHG�DW�WKH�UDWH�RI�����������NJ�13.�KD�DQG���W�KD���
)<0� UHVSHFWLYHO\�� ���� ���� NJ� SHU� KD� XUHD�� RI� WKH�
UHFRPPHQGHG� GRVH� RI� 1LWURJHQ� DQG� IXOO� GRVH� RI�
3KRVSKRURXV�DQG�3RWDVVLXP�ZHUH�DSSOLHG�GXULQJ� WKH� ODQG�
SUHSDUDWLRQ�DQG�UHPDLQLQJ�����GRVH�RI�1LWURJHQ��LQ�WKH�IRUP�
RI�XUHD��ZDV�DSSOLHG�LQ�WZR�VSOLW�GRVHV������GXULQJ�WKH�NQHH�
KHLJKW�VWDJH�DQG�����GXULQJ�WKH�VLONLQJ�VWDJH����

7KH� SDUDPHWHUV� ZHUH� WDNHQ� ZLWK� IUHTXHQW� ¿HOG�
VXSHUYLVLRQ�� 'D\V� WR� WDVVHOLQJ� DQG� GD\V� WR� VLONLQJ� ZHUH�
UHFRUGHG� ZLWK� UHJXODU� ¿HOG� REVHUYDWLRQ� DIWHU� ��� GD\V� RI�
VRZLQJ��DW�ZKLFK�HPHUJHQFH�RI�����RI�WDVVHO�IROORZHG�E\�
VLONLQJ� VWDUWHG� WR� EH� REVHUYHG� LQ� WKH� HDUO\� JHQRW\SHV��
6LPLODUO\�� WKH� GD\V� WR� PDWXULW\� ZDV� QRWHG� ZLWK� WKH�
REVHUYDWLRQ� RI� PDWXUHG� FRE� FRORU� DQG� GU\QHVV�� $QG� WKH�
UHPDLQLQJ�SDUDPHWHUV�ZHUH�WDNHQ�GXULQJ�WKH�WLPH�RI�KDUYHVW�

)LYH�VDPSOH�SODQWV�RI�HDFK�SORWV�EDVHG�RQ�WKH�JHQRW\SHV�
ZHUH� WDNHQ� IRU� PHDVXUHPHQW� RI� SODQW� KHLJKW�� HDU� KHLJKW��
QXPEHU�RI�NHUQHOV�URZ�SHU�\HDU��DQG�QXPEHU�RI�NHUQHOV�SHU�
URZ� DQG� HYHQWXDOO\� DYHUDJHG�� 3ODQW� KHLJKW�ZDV�PHDVXUHG�
IURP�WKH�JURXQG�OHYHO��VRLO�VXUIDFH��WR�WKH�EDVH�RI�WDVVHO�DW�WKH�
WLPH�RI� KDUYHVW��6LPLODUO\�� WKH�PHDVXUH�RI� HDU� KHLJKW�ZDV�
WDNHQ� IURP� WKH� VRLO� VXUIDFH� WR� WKH� EDVH� RI� WKH� HDU� DW� WKH�
KDUYHVWLQJ�WLPH��)XUWKHU��WKH�PDL]H�DQG�HDU�SRSXODWLRQ�ZDV�
FRXQWHG� DW� WKH� VWDQGLQJ� FURSV� VWDJH� GXULQJ� WKH� WLPH� RI�
KDUYHVWLQJ� WKH� PDL]H�� &REV� ZHUH� KDUYHVWHG�� KXVNV� ZHUH�
UHPRYHG� DQG� ¿YH� VDPSOH� FREV� RI� HDFK� JHQRW\SH� ZHUH�
ZHLJKWHG� DQG� DYHUDJHG� DQG� WKH� ¿QDO� JUDLQ� \LHOG� ZDV�
FDOFXODWHG�

6LPLODUO\�� WKH� FRUUHODWLRQ� FRHI¿FLHQWV� DPRQJ� GLIIHUHQW�
WUDLWV�ZHUH�FDUULHG�RXW�XVLQJ�WKH�IRUPXOD�JLYHQ�E\�6WHHO�DQG�
7RUULH��������E\�XVLQJ�6366�SURJUDP�

5HVXOWV�DQG�'LVFXVVLRQ
7KH�DQDO\VLV�RI�YDULDQFH�UHYHDOHG�VLJQL¿FDQW�GLIIHUHQFHV�

IRU� GD\V� WR�PDWXULW\� �'0��� SODQW� KHLJKW� �3+��� HDU� KHLJKW�
�(+��� QXPEHU�RI� NHUQHO� SHU� URZ� �1.35�� DQG�JUDLQ�\LHOG�
DPRQJ�WKH�WHVWHG�JHQRW\SHV�ZKHUHDV��GD\V�WR�WDVVHOLQJ��'7���
GD\V�WR�VLONLQJ��'6���SODQW�SRSXODWLRQ��33���HDU�SRSXODWLRQ�

�(3���HDU�OHQJWK��(/���QXPEHU�RI�NHUQHO�URZ�SHU�HDU��1.5(��
DQG� ¿YH� KXQGUHG� NHUQHO� ZHLJKW� �).:�� VKRZHG� QRQ�
VLJQL¿FDQW�GLIIHUHQFHV��7DEOH������DQG�����

7KH�HIIHFW�RI�JHQRW\SHV�ZDV�QRQ�VLJQL¿FDQW�IRU�GD\V�WR�
WDVVHOLQJ�DQG�GD\V�WR�VLONLQJ�RYHU�WKH�\HDUV�RI�H[SHULPHQW��
+RZHYHU�� ERWK� WKH� SDUDPHWHUV� ZHUH� YDULHG� VLJQL¿FDQWO\�
EHWZHHQ�JHQRW\SHV�LQ�WKH�\HDU�RI�������'HVSLWH�RI�VLJQL¿FDQW�
HIIHFW� RI� JHQRW\SHV� LQ� GD\V� WR�PDWXULW\� GXULQJ� ������ WKH�
RYHUDOO� GDWD� UHYHDOHG� WKH� YDULDWLRQ� ZLWK� QRQ�VLJQL¿FDQW�
GLIIHUHQFHV�LQ�PDWXULQJ�GD\V��7KH�ORFDO�YDULHW\�ZDV�IRXQG�WR�
EH�HDUO\�PDWXULQJ������'$6���ZKLFK�ZDV�VWDWLVWLFDOO\�VLPLODU�
ZLWK�$FURVV������5(������'$6���%/63562�������'$6��
DQG�7/%562�������'$6���&RQWUDVWLQJO\��$FURVV�����������
ZDV� REVHUYHG� WR� EH� ODWH�PDWXULQJ� �����'$6�� DPRQJ� WKH�
WHVWHG�JHQRW\SHV�

6WDWLVWLFDO� DQDO\VLV� IRU� SODQW� KHLJKW� DQG� HDU� KHLJKW�
UHYHDOHG�VLJQL¿FDQW�GLIIHUHQFH�DPRQJ�WHVWHG�JHQRW\SHV�RYHU�
WKH�\HDUV��7DEOH�����/RFDO�YDULHW\�ZDV�VLJQL¿FDQWO\� WDOOHVW�
�������FP��ZLWK�PD[LPXP�HDU�KHLJKW������FP���+RZHYHU��
VKRUWHVW�SODQW�KHLJKW��������FP��DQG�HDU�KHLJKW��������FP��
ZDV� UHFRUGHG� LQ� 7/%562�� DQG� $FURVV� ����������
UHVSHFWLYHO\��*HQRW\SHV�'HXWL��������FP��DQG�%/63562��
������� FP�� ZHUH� VWDWLVWLFDOO\� DW� SDU� ZLWK� ORFDO� YDULHW\� RI�
PDL]H�LQ�WHUPV�RI�SODQW�KHLJKW��6LPLODUO\��WKH�PD[LPXP�HDU�
KHLJKW�LQ�ORFDO�YDULHW\�ZDV�FRQVLGHUDEO\�IROORZHG�E\�'HXWL�
������� FP�� DQG� 7/%562�� ������� FP��� ZKHUHDV�� WKH�
PLQLPXP� HDU� KHLJKW� ZDV�PHDVXUHG� LQ�$FURVV� ����������
�������FP��

3ODQW � SRSXOD W LRQ � DQG� HDU � SRSXOD W LRQ � YDU LHG�
LQVLJQL¿FDQWO\� DPRQJ� WKH� JHQRW\SHV�� +RZHYHU�� KLJKO\�
VLJQL¿FDQW� GLIIHUHQFH� ZDV� REVHUYHG� DPRQJ� WKH� WHVWHG�
JHQRW\SHV�IRU�HDU�SRSXODWLRQ�GXULQJ�������ZKHUH�WKH�SORWV�RI�
7/%562��ZHUH�FRXQWHG�ZLWK�PD[LPXP�QXPEHU�RI�HDUV�SHU�
SORW������DPRQJ�WKH�WHVWHG�JHQRW\SHV��

7KH� QXPEHU� RI� NHUQHO� URZ� SHU� HDU� UHYHDOHG� QRQ�
VLJQL¿FDQW� GLIIHUHQFHV� DPRQJ� WHVWHG� JHQRW\SHV� RYHU� WKH�
H[SHULPHQWDO�\HDUV��7DEOH����� �+RZHYHU��KLJKO\�VLJQL¿FDQW�
GLIIHUHQFH� ZDV� UHFRUGHG� GXULQJ� \HDU� RI� ����� DPRQJ� WKH�
WHVWHG�JHQRW\SHV�DQG�%*%<�323�ZDV�FROOHFWLYHO\�UHFRUGHG�
WR� KDYH� PD[LPXP� QXPEHU� RI� NHUQHO� URZ� SHU� HDU� ��������
)XUWKHU��WKH�QXPEHU�RI�NHUQHO�SHU�URZ�YDULHG�VLJQL¿FDQWO\��
0D[LPXP�QXPEHU�RI�NHUQHO�SHU�URZ��������ZDV�FRXQWHG�LQ�
$FURVV������������ZKLFK�ZDV� LQVLJQL¿FDQWO\�IROORZHG�E\�
RWKHU�WHVWHG�JHQRW\SHV�H[FHSW�%*%<�323�DQG�%/63562���
%/63562��ZDV�QRWHG�ZLWK�WKH�PLQLPXP�QXPEHU�RI�NHUQHO�
SHU�URZ���������

7KH� REVHUYDWLRQ� LQ� JUDLQ� \LHOG� YDULHG� VLJQL¿FDQWO\�
DPRQJ � WKH � W H V W HG � JHQR W\SHV � RYHU � WKH � \HD U � R I�
H[SHULPHQWDWLRQ��$FURVV� ���������� KDV� UHFRUGHG� WR� KDYH�

��PD[LPXP�JUDLQ�\LHOG�RI�����WKD ��ZKLFK�LV�VWDWLVWLFDOO\�DW�SDU�
ZLWK�%/63562�������W�KD�����/RFDO������W�KD�����'HXWL������
W�KD����DQG�%*%<323������W�KD�����'HVSLWH�RI�ORFDO�FKHFN�
KDYLQJ� WKH� KLJKHVW� SODQW� SRSXODWLRQ� SHU� SORW�� $FURVV�
����������ZDV�UHFRUGHG�WR�KDYH�WKH�PD[LPXP�JUDLQ�\LHOG�
GXH�WR�WKH�PD[LPXP�SODQW�SRSXODWLRQ�SHU�SORW�DQG�KLJKHVW�
QXPEHU�RI�NHUQHO�SHU�URZ��ZKLFK�LV�LQ�SDUWLDO�FRQIRUPLW\�ZLWK�
WKH�¿QGLQJ�RI�$EX]DU�HW�DO����������LQ�ZKLFK�WKH�KLJKHU�JUDLQ�
\LHOG�ZDV�IRXQG�IURP�WKH�SORW�ZLWK�KLJKHU�QXPEHU�RI�HDUV�SHU�
SODQW�DQG�QXPEHU�RI�JUDLQV�URZ�SHU�HDU��6LPLODUO\��(PDP�
�������YHUL¿HG�WKDW�NHUQHOV�SHU�HDU�DQG�NHUQHO�URZ�SHU�HDU�LV�
WKH�PRVW�LPSRUWDQW�\LHOG�DGMXVWLQJ�FRPSRQHQWV�LQ�UHVSRQVH�
WR�SODQW�SRSXODWLRQ�GHQVLW\�LQ�PDL]H��7KH�JHQRW\SH�$FURVV�
�����5(��KRZHYHU��SURGXFHG�PLQLPXP�JUDLQ�\LHOG������W�KD�
���

3DUL\DU��.���6DSNRWD��3���3DQWD��6���%XGD��3���.DUNL��7�%�� 3HUIRUPDQFH�DQG�YDULDWLRQ�LQ�SKHQRW\SLF�FKDUDFWHUV�RI�PDL]H�JHQRW\SHV����



���

,QW�-�$JULF�(QYLURQ�)RRG�6FL�����������������������

&RUUHODWLRQ�FRHI¿FLHQW�DPRQJ�WKH�SKHQRW\SLF�YDULDEOHV�
LV�JLYHQ�LQ�7DEOH����'D\V�WR�WDVVHOLQJ�ZDV�VWURQJO\��SRVLWLYHO\�
FRUUHODWHG� ZLWK� GD\V� WR� VLONLQJ� ZKLFK� LV� VLPLODU� WR� WKH�
REVHUYDWLRQV� RI� 1RRU� HW� DO�� �������� 3ODQW� KHLJKW� KDG�
VLJQL¿FDQWO\�SRVLWLYH�DVVRFLDWLRQ�ZLWK�HDU�KHLJKW������

���
DQG�SODQW�SRSXODWLRQ�SHU�SORW������

���7KH�VLPLODU�UHVXOW�LV�
LQ�FRQIRUPLW\�ZLWK�-KDNDU�HW�DO�� ��������)XUWKHU�� WKH�SODQW�
KHLJKW� LV� REVHUYHG� WR� EH� SRVLWLYHO\� DQG� VLJQL¿FDQWO\�
DVVRFLDWHG�ZLWK� WKH�JUDLQ�\LHOG� �����
���7KLV�SRVLWLYH� DQG�
VWDWLVWLFDOO\�VLJQL¿FDQW�UHODWLRQVKLS�EHWZHHQ�SODQW�KHLJKW�DQG�
JUDLQ�\LHOG�IRXQG�LQ�RXU�UHVHDUFK�LV�DOVR�VXSSRUWHG�E\�6DGHN�
HW�DO����������+DOLGX�HW�DO����������-KDNDU�HW�DO����������XQGHU�
GLIIHUHQW� H[SHULPHQWDO� FRQGLWLRQV�� )XUWKHU�� 6LOYD� HW� DO��
�������LV�LQ�SDUWLDO�DJUHHPHQW�ZLWK�RXU�¿QGLQJV�DV�WKH\�IRXQG�
QHJDWLYH� FRUUHODWLRQ� EHWZHHQ� WKH� SODQW� KHLJKW� DQG� JUDLQ�
\LHOG��+RZHYHU��WKH�QHJDWLYH�FRUUHODWLRQ�H[LVWHG�EHWZHHQ�HDU�
OHQJWK�DQG�JUDLQ�\LHOG�LQ�RXU�UHVHDUFK�LV�VXSSRUWHG�E\�WKHLU�
UHVXOWV�ZKLFK�UHFRUGHG�QHJDWLYH�SKHQRW\SLF�UHODWLRQ�EHWZHHQ�
WKRVH� WUDLWV��$OVR�� WKH� SRVLWLYH� DQG� VLJQL¿FDQW� FRUUHODWLRQ�
EHWZHHQ�SODQW�SRSXODWLRQ�DQG�JUDLQ�\LHOG�LV�FRUURERUDWHG�E\�
(PDP���������ZKR�GHVFULEHG�WKDW�WKH�JUDLQ�\LHOG�LQFUHDVHG�
DW�WKH�KLJKHU�SRSXODWLRQ�GHQVLWLHV�RI�PDL]H�SODQW���

0RUHRYHU�� KLJKO\� VLJQL¿FDQW� DQG� SRVLWLYH� FRUUHODWLRQ�


H[LVWHG�EHWZHHQ�HDU�SRSXODWLRQ�DQG�SODQW�SRSXODWLRQ������ ���

'D\V�WR�PDWXULW\�KDG�KLJKO\�QHJDWLYH�VLJQL¿FDQW�FRUUHODWLRQ�


ZLWK� SODQW� KHLJKW� ������ ��� 7KH� SODQW� SRSXODWLRQ�

GHPRQVWUDWHG� WKH� VLJQL¿FDQW�DQG�SRVLWLYH�FRUUHODWLRQ�ZLWK�
SODQW� KHLJKW� DQG� HDU� KHLJKW�� 0DQ\� UHVHDUFK� VKRZHG� WKDW�
LQFUHDVLQJ�FURS�GHQVLW\�LQFUHDVHV�3+�DQG�(+��6KDUL¿�HW�DO���
������6KD¿�HW�DO���������6LOYD�HW�DO���������0DQGLF�HW�DO���
������

(DU�OHQJWK�ZDV�IRXQG�WR�KDYH�WKH�QHJDWLYHO\�VLJQL¿FDQW�


FRUUHODWLRQ�ZLWK�SODQW�KHLJKW� ������ ���7KH�REVHUYDWLRQ�RI�

1RRU�HW�DO����������KRZHYHU�FRQWUDGLFWV�WKLV�¿QGLQJ�DV�WKH\�
QRWHG�SRVLWLYH�DQG�VLJQL¿FDQW�FRUUHODWLRQ�EHWZHHQ�HDU�OHQJWK�
DQG�SODQW�KHLJKW��(DU�OHQJWK�H[KLELWHG�SRVLWLYH�DQG�KLJKO\�
VLJQL¿FDQW�FRUUHODWLRQ�ZLWK�GD\V�WR�PDWXULW\������

���1.35�
VKRZHG�SRVLWLYH�DQG�KLJKO\�VLJQL¿FDQW�FRUUHODWLRQ�ZLWK�GD\V�



WR�PDWXULW\������ ��DQG�HDU�OHQJWK������
���7KLV�UHVXOW�LV�LQ�
SDUWLDO�FRQIRUPLW\�ZLWK�'DU�HW�DO���������DV�WKH\�REVHUYHG�WKH�
QHJDWLYH�FRUUHODWLRQ�RI�QR��RI�NHUQHOV�SHU�URZ��1.35��ZLWK�
GD\V� WR�PDWXULW\� DQG� KLJKO\� SRVLWLYH� FRUUHODWLRQ� EHWZHHQ�
1.35�DQG�HDU�OHQJWK��

&RQFOXVLRQ
7KH� YDULDWLRQ� LQ� SKHQRW\SLF� FKDUDFWHUV� LV� REVHUYHG�

DPRQJ� WKH� PDL]H� JHQRW\SHV�� 7KH� JHQRW\SH� $FURVV�
����������ZDV�IRXQG�WR�EH�VXSHULRU�LQ�WHUPV�RI�JUDLQ�\LHOG�
SURGXFLQJ�������PRUH�JUDLQ�\LHOG�WKDQ�WKH�VWDQGDUG�FKHFN�
DORQJ�ZLWK� WKH� KLJKHVW� HDU� SRSXODWLRQ��3ODQW� KHLJKW�� SODQW�
SRSXODWLRQ��DQG�HDU�3RSXODWLRQ�DUH�KLJKO\�DQG�VLJQL¿FDQWO\�
DVVRFLDWHG�ZLWK�\LHOG�DQG�DUH�QHHGHG�WR�EH�FRQVLGHUHG�IRU�
VHOHFWLRQ��7KXV��ZH�FRXOG�UHFRPPHQG�WR�WKH�IDUPHUV�RI�WKLV�
DUHD��PLG�KLOOV��WR�VHOHFW�WKH�JHQRW\SH�$FURVV�����������LQ�
RUGHU�WR�LPSURYH�RYHUDOO�SHUIRUPDQFH�DQG�\LHOG�RI�WKH�FURS�

$FNQRZOGJHPHQW
7R� $JULFXOWXUH� DQG� )RRG� 6HFXULW\� 3URMHFW� �$)63���

&RPSRQHQW����6LQJKD�'XUEDU�3OD]D�IRU�WKH�¿QDQFLDO�VXSSRUW�
WR�FDUU\�RXW�WKLV�UHVHDUFK��$OVR��WR�1DWLRQDO�0DL]H�5HVHDUFK�
3URJUDP��1053���5DPSXU�IRU�SURYLGLQJ�WKH�JHQRW\SHV�XVHG�
LQ�WKLV�VWXG\�DQG�WR�DOO�WKH�VWDIIV�RI�+RUWLFXOWXUDO�5HVHDUFK�
6WDWLRQ��.LPXJDXQ��'DLOHNK�IRU�WKHLU�FR�RSHUDWLRQ�

7DEOH����3HUIRUPDQFH�RI�GLIIHUHQW�JHQRW\SHV�RI�PDL]H�LQ�WHUPV�RI�JURZWK�SDUDPHWHUV�GXULQJ���������LQ�UHVHDUFK�EORFN�RI�+56��
'DLOHNK

7DEOH����3KHQRW\SLF�FKDUDFWHUV�RI�PDL]H�JHQRW\SHV�WHVWHG�DW�+56��'DLOHNK�GXULQJ������DQG�����

3HUIRUPDQFH�DQG�YDULDWLRQ�LQ�SKHQRW\SLF�FKDUDFWHUV�RI�PDL]H�JHQRW\SHV����



���

7DEOH����3HUIRUPDQFH�RI�GLIIHUHQW�JHQRW\SHV�RI�PDL]H�LQ�WHUPV�RI�\LHOG�DQG�\LHOG�DWWULEXWLQJ�GXULQJ���������LQ�UHVHDUFK�EORFN�
RI�+56��'DLOHNK�

7DEOH����&RUUHODWLRQ�FRHI¿FLHQW�DPRQJ�GLIIHUHQW�\LHOG�DQG�\LHOG�DWWULEXWLQJ�WUDLWV�RI�VHYHQ�JHQRW\SHV�RI�PDL]H�H[SHULPHQWHG�DW�
+56��'DLOHNK��1HSDO�GXULQJ���������

3DUL\DU��.���6DSNRWD��3���3DQWD��6���%XGD��3���.DUNL��7�%�� 3HUIRUPDQFH�DQG�YDULDWLRQ�LQ�SKHQRW\SLF�FKDUDFWHUV�RI�PDL]H�JHQRW\SHV����
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5HIHUHQFHV�

$%36'�� �������� 6WDWLVWLFDO� ,QIRUPDWLRQ� RQ� 1HSDOHVH� $JULFXOWXUH�
����������� $JULEXVLQHVV� 3URPRWLRQ� DQG� 6WDWLVWLFV� 'LYLVLRQ��
.DWKPDQGX�� �S�� $JUL�%XVLQHVV� 3URPRWLRQ� DQG� 6WDWLVWLFV� 'LYLVLRQ�
�$%36'���0LQLVWU\�RI�$JULFXOWXUH�DQG�&RRSHUDWLYHV��02$&���6LQJK�
'DUEDU��.DWKPDQGX��1HSDO��

$EX]DU��0�5��� 6DGR]DL��*�8���%DORFK��0�6��%DORFK��$��$��� 6KDK�� ,��+���
-DYDLG��7���DQG�+XVVDLQ��1����������(IIHFW�RI�SODQW�SRSXODWLRQ�GHQVLWLHV�
RQ�\LHOG�RI�PDL]H��7KH�-RXUQDO�RI�$QLPDO�	�3ODQW�6FLHQFH�������������
����

'DU�� =�$��� /RQH��$�$���$ODLH�� %�$���$OL�� *��� *D]DO��$��� *XO]DU�� 6��� DQG�
<RXVXI��1����������&RUUHODWLRQ�VWXGLHV�LQ�WHPSHUDWH�PDL]H��=HD�PD\V�
/���LQEUHG�OLQHV��3ODQW�$UFKLYHV�������������������

(PDP�<����������6HQVLWLYLW\�RI�JUDLQ�\LHOG�FRPSRQHQWV�WR�SODQW�SRSXODWLRQ�
GHQVLW\�LQ�QRQ�SUROL¿F�PDL]H��=HD�PD\V�/���K\EULGV��,QGLDQ�-RXUQDO�RI�
$JULFXOWXUDO�6FLHQFH�����������������

+DOLGX��-���$EXEDNDU��/���,]JH��8�$��$GR��6�*����<DNXEX�OG��+���DQG�+DOLUX��
%�6�� �������� &RUUHODWLRQ� DQDO\VLV� IRU� PDL]H� JUDLQ� \LHOG�� RWKHU�
DJURQRPLF� SDUDPHWHUV� DQG� 6WULJD� DIIHFWHG� WUDLWV� XQGHU� 6WULJD�
LQIHVWHG�IUHH�HQYLURQPHQW��-RXUQDO�RI�3ODQW�%UHHGLQJ�DQG�&URS�6FLHQFH��
�����������

-KDNDU�� '�6��� 6LQJK�� 5��� 2MKD��9�.��� DQG�.XPDU�� 6�� �������� &RUUHODWLRQ�
VWXGLHV� LQ�PDL]H� �=HD�PD\V�/��� IRU�\LHOG�DQG�RWKHU�\LHOG�DWWULEXWLQJ�
FKDUDFWHUV�� ,QWHUQDWLRQDO� -RXUQDO� RI�$GYDQFHG� %LRORJLFDO� 5HVHDUFK��
��������������

.DLQL��%�5����������,QFUHDVLQJ�FURS�SURGXFWLRQ�LQ�1HSDO��,Q��'�3��6KHUFKDQ��
WK.��$GKLNDUL��%�.��%LVWD�DQG�'��6KDUPD��HGV��3URFHHGLQJV�RI�WKH��� �

1DWLRQDO�6XPPHU�&URSV�5HVHDUFK�:RUNVKRS�LQ�0DL]H�5HVHDUFK�DQG�
3URGXFWLRQ�LQ�1HSDO�KHOG�LQ�-XQH�������������DW�1$5&��.KXPDOWDU��
/DOLWSXU��1HSDO��������

0DQGLF��9���%LMHOLF��=���.UQMDMD��9���7RPLFD��=���6HELF��6WDQRMNRYLF��$�6���
6WDQRMNRYLF��$���DQG�3HWURYLF��&����������7KH�HIIHFW�RI�FURS�GHQVLW\�RQ�
PDL]H�JUDLQ�\LHOG��%LRWHFKQRORJ\�LQ�$QLPDO�+XVEDQGU\����������������

02$'����������1HSDO�SRUWROLR�SHUIRUPDQFH�UHYLHZ��1335���0LQLVWU\�RI�
$JULFXOWXUDO�'HYHORSPHQWW��6LQJKDGXUEDU��.DWKPDQGX��1HSDO�

1RRU��0���5DKPDQ��+�85���'XUULVKDKZDU�� ,TEDO�0��� 6KDK�� 6�0�$��� DQG�
,KWHUDPXOODK�� �������� (YDOXDWLRQ� RI� PDL]H� +DOI�6LE� IDPLOLHV� IRU�
PDWXULW\� DQG� JUDLQ� \LHOG� DWWULEXWHV�� 6DUKDG� -RXUQDO� RI�$JULFXOWXUH��
���������������

3DWKLN�� '�6�� ������ 0DL]H� UHVHDUFK� DFKLHYHPHQWV� DQG� FRQVWUDLQWV�� ,Q��
5DMEKDQGDUL��1�3���-�.��5DQVRP��.��$GKLNDUL�DQG�$�)�(��3DOPHU��HGV����
������6XVWDLQDEOH�PDL]H�SURGXFWLRQ�V\VWHPV�IRU�1HSDO��SURFHHGLQJV�RI�
D�PDL]H�V\PSRGLXP�KHOG��'HFHPEHU������������.DWKPDQGX��1HSDO��
.DWKPDQGX��1$5&�DQG�&,00<7�������

3DXG\DO�� �.�5���5DQVRP��-�.���5DMEKDQGDUL��1�3���$GKLNDUL��.���*HUSDFLR��
5�9�� 	� 3LQJDOL�� 3�/�� �������0DL]H� LQ� 1HSDO�� 3URGXFWLRQ� V\VWHPV��
FRQVWUDLQWV�� DQG� SULRULWLHV� IRU� UHVHDUFK�� 1$5&� DQG� &,00<7��
.DWKPDQGX��1HSDO����S�

6DGHN��6�(���$KPHG��0�$���DQG�(OJKDQH\��+�0����������&RUUHODWLRQ�DQG�
3DWK�&RHI¿FLHQW�DQDO\VLV�LQ�¿YH�SDUHQW�LQEUHG�OLQHV�DQG�WKHLU�VL[�ZKLWH�
PDL]H��=HD�PD\V�/����-RXUQDO�RI�$SSOLHG�6FLHQFHV�5HVHDUFK���������
����

6KD¿��0���%DNKW��-���$OL��6���.KDQ��+���.KDQ��0�$���DQG�6KDULI��0����������
(IIHFW�RI�SODQWLQJ�GHQVLW\�RQ�SKHQROJ\��JURZWK�DQG�\LHOG�RI�PDL]H��=HD�
PD\V�/���3DNLVWDQ�-RXUQDO�RI�%RWDQ\��.DUDFKL������������������

6KD¿��5�6���6HGJKL�0��� DQG�*KROLSRXUL��$�� ��������(IIHFW�RI�SRSXODWLRQ�
GHQVLW\�RQ�\LHOG�DQG�\LHOG�DWWULEXWHV�RI�PDL]H�K\EULGV��5HVHDUFK�-RXUQDO�
RI�%LRORFLDO�6FLHQFHV����������������

6KUHVWKD��-����������*URZWK�DQG�3URGXFWLYLW\�RI�:LQWHU�0DL]H��=HD�PD\V�/���
8QGHU�'LIIHUHQW�/HYHOV�RI�1LWURJHQ�DQG�3ODQW�3RSXODWLRQV��8QLYHUVDO�
3XEOLVKHUV�������

6LOYD�� 3�6�/�� 6LOYD�� 3�,�%�� 6RDUHV�� (�%��� 6LOYD�� (�0��� DQG� 6DQWRV�� /�(�%��
�������*UHHQ�HDU�DQG�JUDLQ�\LHOG�RI�PDL]H�JURZQ�DW�VRZLQJ�GHQVLWLHV��
5HYLVWD�&DDWLQJD��0RVVRUy�����������������

6LOYD�� 7�1���0RUR�� *�9���0RUR�� )�9��� 6DQWRV�� '�0�0��� DQG� 5RGROIR�� %��
��������&RUUHODWLRQ�DQG�SDWK�DQDO\VLV�RI�DJURQRPLF�DQG�PRUSKRORJLFDO�
WUDLWV�LQ�PDL]H��5HYLVWD�&LHQFLD�$JURQRPLFD�����������������

6WHHO�� 5�*�'�� DQG� 7RUULH�� -�+�� �������� 3ULQFLSOHV� DQG� 3URFHGXUHV� RI�
QG6WDWLVWLFV��,Q��$�ELRPHWULFDO�DSSURDFK��� �HGLWLRQ��0F*UHZ�+LOO��1HZ�

<RUN��86$��������

,QW�-�$JULF�(QYLURQ�)RRG�6FL�����������������������3HUIRUPDQFH�DQG�YDULDWLRQ�LQ�SKHQRW\SLF�FKDUDFWHUV�RI�PDL]H�JHQRW\SHV����



'൴IIHUHQW�IRUPXODW൴RQV�൴Q�JOXWHQ�IUHH�EUHDG�SURGXFW൴RQ��$�UHY൴HZ
��
%DúDN�6XQJXU

�'HSDUWPHQW�RI�)RRG�(QJ൴QHHU൴QJ��)DFXOW\�RI�(QJ൴QHHU൴QJ��8Q൴YHUV൴W\�RI�1HDU�(DVW��1HDU�(DVW�%RXOHYDUG��������1൴FRV൴D��0HUV൴Q����±�7XUNH\

&RUUHVSRQGLQJ�$XWKRU��EDVDNVXQJXU#KRWPDLO�FRP

&HO൴DF�G൴VHDVH�൴V�D�O൴IHORQJ�൴QWROHUDQFH�WR�JOXWHQ�G൴VHDVH��
FDXVHG�E\� WKH� ൴QWDNH�RI�JOXWHQ�FRQWD൴Q൴QJ�FHUHDOV� VXFK� DV�
ZKHDW�� U\H�� EDUOH\�� RDW�� NDPXW�� VSHOW� DQG� WKH൴U� SURGXFWV��
�.RUXV�HW�DO��������3DGDO൴QR�HW�DO��������:DQJ�HW�DO���������
&HO൴DF�G൴VHDVH�FDQ�DSSHDU�൴Q�WKH�HDUO\�FK൴OGKRRG�DQG�SHRSOH�
Z൴WK�WKH�&HO൴DF�G൴VHDVH�KDYH�VRPH�V\PSWRPV�VXFK�DV�FKURQ൴F�
G൴DUUKHD�� ID൴OXUH� WR� WKU൴YH�� IDW൴JXH� DQG� ZH൴JKW� ORVV� ZKHQ�
FRQVXPHG� JOXWHQ�FRQWD൴Q൴QJ� IRRGV� �.RUXV� HW� DO�� ������
'HP൴UNHVHQ�HW�DO��������)RVFK൴D�HW�DO���������1RZDGD\V��WKH�
RQO\�DQG�HIIHFW൴YH�WUHDWPHQW�IRU�SHRSOH�Z൴WK�&HO൴DF�G൴VHDVH�൴V�
VWU൴FW� NHHS� WR� D� JOXWHQ�IUHH� �*)�� G൴HW�� ZK൴FK� PHDQV� D�
SHUPDQHQW� Z൴WKGUDZDO� RI� DOO� W\SHV� RI� EUHDG� DQG� IRRG�
SUHSDUHG�Z൴WK�ZKHDW�ÀRXUV�DQG�V൴P൴ODU�SURWH൴QV� ൴QFOXG൴QJ�
NDPXW�� VSHOW�� WU൴W൴FDOH�� EDUOH\� DQG� U\H� IURP� GD൴O\� IRRG�
�0DU൴RWW൴�HW�DO��������/DPDFFK൴D�HW�DO��������)RVFK൴D�HW�DO��
�������

*OXWHQ�� WKH� SURWH൴Q� SUHVHQW� ൴Q� ZKHDW� ZK൴FK� FRQWD൴QV�
JOXWHQ൴Q�DQG�JO൴DG൴Q�IUDFW൴RQV��൴V�D�PDMRU�SURWH൴Q�FRPSRQHQW�
ZK൴FK� ൴V� UHVSRQV൴EOH� IRU� ZDWHU� DEVRUSW൴RQ� FDSDF൴W\��
FRKHV൴Y൴W\�� Y൴VFRV൴W\� HODVW൴F൴W\� DQG� JDV� KROG൴QJ� DE൴O൴W\� RI�
EUHDG�GRXJK�DQG�SURGXF൴QJ�K൴JK�TXDO൴W\�EDNHG�JRRGV�Z൴WK�
GHV൴UHG� YROXPH� DQG� WH[WXUH� �*DOODJKHU� HW� DO�� ������
'HP൴UNHVHQ�HW�DO��������-DQDZDO൴�HW�DO��������7VDWVDUDJNRX�HW�
DO���������7KH�SURGXFW൴RQ�RI�EUHDG�XV൴QJ�JOXWHQ�IUHH�ÀRXUV�൴V�
D�PDMRU�SUREOHP�IRU�EDNHUV�DQG�UHVHDUFKHUV��%HFDXVH��൴W�FDQ
W�
EH� SURGXFHG� GHV൴UDEOH� EUHDG� ZK൴FK� KDV� VRPH� TXDO൴W\�
SURSHUW൴HV� VXFK�DV� WDVWH�� WH[WXUH�� VSHF൴¿F�YROXPH��ÀDYRXU��
FRORXU� DQG� QXWU൴W൴RQDO� YDOXH� Z൴WKRXW� JOXWHQ� �0DWRV� DQG�
5RVHOO�������7VDWVDUDJNRX�HW�DO���������

1RZDGD\V��QXPHURXV�VWXG൴HV�KDYH�EHHQ�൴QYHVW൴JDWHG�RQ�
*)�WR�HOHP൴QDWH�WKHVH�SUREOHPV�ZK൴FK�PHDQV�PDQXIDFWXU൴QJ�

*)�EUHDGV�Z൴WK�V൴P൴ODU�TXDO൴W\�SURSHUW൴HV�WR�ZKHDW�EUHDGV�
VXFK�DV�WKH�XVH�RI�U൴FH�ÀRXU��'HP൴UNHVHQ�HW�DO��������7RUE൴FD�
HW�DO��������+DJHU�DQG�$UHQGW�������0RKDPPDG൴�HW�DO��������
1൴FRODH� HW� DO�� ������� FRUQ� ÀRXU� �6DQFKH]� HW� DO�� �������
VR\EHDQ�ÀRXU��6F൴DU൴Q൴�HW�DO���������SDWDWR�ÀRXU��/൴X�HW�DO��
������� EXFNZKHDW� ÀRXU�� �7RUE൴FD� HW� DO�� ������ +DJHU� DQG�
$UHQGW�������0DU൴RWW൴� HW� DO�� ������%XUHVRYD�HW� DO�� �������
FKHVWQXW� ÀRXU� �'HP൴UNHVHQ� HW� DO�� ������ 0RUH൴UD� HW� DO��
����D�E�����FRUQ�VWDUFK��/D]DU൴GRX�HW�DO��������.RUXV�HW�DO��
������$JX൴ODU�HW�DO���������TX൴QRD�ZK൴WH�ÀRXU��(OJHW൴�HW�DO��
�������K\GURFROOR൴GV��/D]DU൴GRX�HW�DO��������'HP൴UNHVHQ�HW�
DO�� ������ +DJHU� DQG� $UHQGW� ������ 0DU൴RWW൴� HW� DO�� ������
0RKDPPDG൴�HW�DO��������1൴FRODH�HW�DO��������0൴U�6$�HW�DO��
������ )HUUHUR� ������ /൴X� HW� DO�� �������� HPXOV൴¿HUV�
�'HP൴UNHVHQ�HW�DO��������+RXEHQ�HW�DO��������6F൴DU൴Q൴�HW�DO��
������� HQ]\PHV� �*XMUDO�DQG�5RVHOO�����D�E��0RRUH�HW�DO��
������5HQ]HWW൴� HW� DO�� ������%XUHVRYD� HW� DO�� �������ZDWHU�
VROXEOH�G൴HWDU\�¿EUHV��7VDWVDUDJNRX�HW�DO��������&DSU൴OHV�HW�
DO�� ������� GD൴U\� ൴QJUHG൴HQWV� �%XUHVRYD� HW� DO�� ������ DV�
DOWHUQDW൴YHV�WR�JOXWHQ��WR�GHYHORSPHQW�RI�SURSHUW൴HV�RI�*)�
EDNHU\�SURGXFWV�

(IIHFW� RI� VRPH�G൴IIHUHQW� ÀRXUV� DQG� VWDUFKHV� RQ� WKH�
TXDO൴W\�RI�*)�EUHDGV�DQG�EDWWHUV

&HUHDO� ÀRXUV� VXFK� DV� U൴FH�� FRUQ��P൴OOHW� VSHF൴HV�� VRUJKXP��
¿QJHU�P൴OOHW�DQG�IR[WD൴O�P൴OOHW�DUH�Z൴GHO\�XVHG�IRU�*)�EDNHU\�
SURGXFWV�GXH�WR�WKH\�GRQ
W�FRQWD൴Q�JOXWHQ�IRUP൴QJ�SURWH൴QV�
�+RXEHQ� HW� DO�� ������ )RVFK൴D� HW� DO�� ������ 3DGDO൴QR� HW� DO��
�������7KHVH�ÀRXUV� DUH�XVHG� IRU� HQKDQF൴QJ� WKH� WH[WXUH�RI�
VHYHUDO� EDNHU\� SURGXFWV� VXFK� DV� WDUKDQD�� FRRN൴HV�� EUHDG��
SDVWD��WDJO൴DWHOOH��FDNH�DQG�VSDJKHWW൴��-QDZDO൴�HW�DO��������

�

���

$EVWUDFW

.H\ZRUGV��&HO൴DF��K\GURFROOR൴GV��JOXWHQ�IUHH�EUHDG��EUHDG�TXDO൴W\
5HFHLYHG����������������������������$FFHSWHG����������������������������3XEOLVKHG��RQO൴QH��������������

,QWURGXFWLRQ���

5HYLHZ�$UWLFOH ,QW�-�$JULF�(QYLURQ�)RRG�6FL���������������������

ZZZ�MDHIV�FRP-$()6

�&LWH�WKLV�DUWLFOH�DV��� � �� �6XQJXU��%����������'൴IIHUHQW�IRUPXODW൴RQV�൴Q�JOXWHQ�IUHH�EUHDG�SURGXFW൴RQ��$�UHY൴HZ��,QW��-��$JU൴F��(QY൴URQ��)RRG�6F൴���������� ��� ��
'2,�����������MDHIV������

$YD൴ODEOH�RQO൴QH�DW����ZZZ�MDHIV�FRP�

,QWHUQDW൴RQDO�-RXUQDO�RI
$JU൴FXOWXUH��(QY൴URQPHQW�DQG�)RRG�6F൴HQFHV

6WXG൴HV�൴Q�UHFHQW�\HDUV�KDYH�VKRZQ�WKDW�WKH�PDUNHW�GHPDQG�IRU�JOXWHQ�IUHH�SURGXFWV�൴V�FRQV൴GHUDEO\�൴QFUHDV൴QJ�WR�IXO¿OO�
FHO൴DF�SDW൴HQWV
�QHHGV��&HO൴DF�G൴VHDVH�൴V�D�IRRG�DOOHUJHQ൴F�G൴VHDVH�൴Q�KXPDQV�൴QGXFHG�E\�JOXWHQ�൴Q�ZKHDW��EDUOH\��U\H��
NDPXW��VSHOW�DQG�K\EU൴GV�O൴NH�WU൴W൴FDOH��)RU�൴QG൴Y൴GXDOV�Z൴WK�WK൴V�G൴VHDVH��WKH�RQH�DQG�RQO\�FXUH�൴V�WR�NHHS�DZD\�IURP�
JOXWHQ�FRQWD൴Q൴QJ� IRRGV� IRU� SHUSHWX൴W\��%HFDXVH� RI� WK൴V� UHDVRQ�� SURGXFW൴RQ� DQG� GHYHORSPHQW� RI� JOXWHQ�IUHH� EDNHU\�
SURGXFWV��SDUW൴FXODUO\�EUHDG�EHFDXVH�൴W�൴V�D�EDV൴F�IRRG�FRQVXPHG�GD൴O\�൴Q�WKH�ZRUOG��KDYH�EHFRPH�SRSXODU�DQG�KDYH�EHHQ�
൴PSURYHG�E\�WKH�DGG൴W൴RQ�RI�G൴IIHUHQW�FHUHDOV��ÀRXUV�DQG�VWDUFKHV��GRXJK�WUHDWPHQW�RU�FKDQJ൴QJ�SURFHVV൴QJ�FRQG൴W൴RQV�DQG�
WKH�PHWKRG�RI�EDN൴QJ��,W�QHHGV�WR�൴PSURYH�JOXWHQ�IUHH�EDNHU\�SURGXFWV
�TXDO൴W\�EHFDXVH�WKH�DEVHQFH�RI�JOXWHQ�൴V�D�E൴J�
SUREOHP�IRU�WKH�TXDO൴W\�RI�GRXJK�DQG�EUHDG��)RU�H[DPSOH��D�EUHDG�PDGH�IURP�JOXWHQ�IUHH�ÀRXU�KDV�ORZHU�YROXPH��ZHDNHU�
WH[WXUH�DQG�DURPD�WKDQ�WKH�WUDG൴W൴RQDOO\�RQHV���+RZHYHU�WKH�൴QFUHDVH�RI�JOXWHQ�IUHH�PDUNHW��WKHUH�DUH�VW൴OO�VRPH�SUREOHPV�
VXFK�DV�WKH൴U�K൴JK�SU൴FHV��O൴P൴WHG�YDU൴HW\��DQG�DYD൴ODE൴O൴W\�DQG�ORZ�QXWU൴W൴RQDO�TXDO൴W\��7K൴V�UHY൴HZ�IRFXVHV�RQ�WKH�¿QG൴QJ�
VX൴WDEOH�DOWHUQDW൴YHV�IRU�JOXWHQ�IUHH�EUHDG�WR�൴PSURYH�WKH൴U�EDN൴QJ�DQG�VHQVRU\�TXDO൴W\�DQG�QXWU൴W൴RQDO�SURSHUW൴HV�
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,Q� DGG൴W൴RQ� JHQHUDO� DSSO൴FDW൴RQV� XVHG� WR� ൴PSURYH� *)�
SDVWD� DQG� EUHDG� VXFK� DV� DGG൴QJ� G൴IIHUHQW� *)� ÀRXUV��
K\GURFROOR൴GV��SURWH൴QV��DQG�HQ]\PHV�ZDV� ൴QYHVW൴JDWHG�E\�
3DGDO൴QR�HW�DO����������7KHVH�UHVHDUFKHUV�DOVR�H[SOD൴QHG�WKDW�
GRXJK�KHDW൴QJ�DQG�FRRO൴QJ�SUDFW൴FHV�DUH�PRUH�൴PSRUWDQW�WKDQ�
VWDUFK� JHODW൴Q൴]DW൴RQ� DQG� VWDUFK� UHWURJUDGDW൴RQ� IRU� *)�
SURGXFWV�WHFKQRORJ\��)RVFK൴D�HW�DO���������UHSRUWHG�WKDW�U൴FH�
ÀRXU� �������PD൴]H� ÀRXU� ������� EXFNZKHDW� ÀRXU� �������
ZKROH�JUD൴Q�PD൴]H�ÀRXU��������WDS൴RFD�ÀRXU��������SRWDWR�
ÀRXU�������P൴OOHW�ÀRXU������DQG�TX൴QRD�ÀRXU������ZHUH�
XVHG� ൴Q�FRPPHUF൴DO�*)�EUHDG� IRUPXODW൴RQV��$PRQJ� WKHVH�
ÀRXUV�� U൴FH� ÀRXU� ൴V� HVSHF൴DOO\� ൴QWHUHVW൴QJ� EHFDXVH� RI� ൴WV�
K\SRDOOHUJHQ൴F� SURSHUW൴HV�� EODQG� WDVWH�� ZK൴WH� FRORU��
G൴JHVW൴E൴O൴W\� DQG� HDV\� DYD൴ODE൴O൴W\� �6DQFKH]� HW� DO�� ������
7RUE൴FD�HW�DO��������)RVFK൴D�HW�DO��������7KH�XVH�RI�U൴FH�ÀRXU��
FRUQ�� DQG� FDVVDYD� VWDUFK� WR� UHSODFH� ZKHDW� ÀRXU� ൴Q� WKH�
SURGXFW൴RQ� RI� IUHH�JOXWHQ�ZK൴WH� EUHDG� KDV� EHHQ� SURGXFHG�
�/RSH]� HW� DO�� ������� (YDOXDW൴QJ� WKH� SK\V൴FDO� SDUDPHWHUV�
�FUXPE�DSSHDUDQFH��VSHF൴¿F�YROXPH��DQG�PR൴VWXUH��DQG�WKH�
VHQVRU൴DO� SDUDPHWHUV� �ÀDYRU�� DSSHDUDQFH�� FUXPE� WH[WXUH��
FUXVW� FRORU� DQG� VDW൴VIDFW൴RQ�� WKH\� UHSRUWHG� WKDW� U൴FH� ÀRXU�
EUHDG�SUHVHQWHG�WKH�EHVW�SDUDPHWHUV��IROORZHG�E\�FRUQ�VWDUFK�
EUHDG� DQG� FDVVDYD� VWDUFK� EUHDG�� 7KH\� DOVR� RSW൴P൴]HG� D�
P൴[WXUH�RI�ÀRXUV�WKDW�FRPSRVHG�RI�����U൴FH�ÀRXU������FRUQ�
VWDUFK�DQG�����FDVVDYD�VWDUFK��

6൴P൴ODU�UHVXOWV�ZHUH�REWD൴QHG�IURP�*)�EUHDG�FRQWD൴Q൴QJ�
VRPH� G൴IIHUHQW� ÀRXUV� VXFK� DV� U൴FH�� KXVNHG� EXFNZKHDW� RU�
XQKXVNHG�EXFNZKHDW�ÀRXU�E\�7RUE൴FD� HW� DO�� ��������7KH\�
KDYH�H[SOD൴QHG�WKDW�WKH�UKHRORJ൴FDO�SURSHUW൴HV�RI�*)�EUHDG�
IRUPXODW൴RQV�FRQWD൴Q൴QJ�P൴[WXUHV�RI� WKHVH�ÀRXUV�E\�XV൴QJ�
0൴[RODE��7KH\�KDYH�DOVR�൴QYHVW൴JDWHG�WH[WXUDO�DQG�VHQVRU\�
SURSHUW൴HV�RI�*)�EUHDG� IRUPXODW൴RQV��7KH\�IRXQG� WKDW�*)�
SURGXFWV�Z൴WK�XQKXVNHG�EXFNZKHDW�ÀRXU�KDG�K൴JKHVW�ZDWHU�
DEVRUSW൴RQ� YDOXHV�� ORZHVW� VWDE൴O൴W\�� DQG� ZHDNHVW� SURWH൴Q�
QHWZRUN�VWUXFWXUH�൴Q�FRQV൴VWHG�RI�KXVNHG�EXFNZKHDW�ÀRXU��

$GG൴W൴RQ� RI� VWDUFK� ൴Q�*)� SURGXFWV� ൴V� RQH� RI� WKH� XVHG�
PHWKRGV�DV�D�UHSODFHPHQW�IRU�JOXWHQ��6WDUFK�DQG�൴WV�GHU൴YDWHV�
�FKHP൴FDOO\�PRG൴¿HG��UHV൴VWDQW�VWDUFKHV��PDOWRGH[WU൴QV�HWF���
DUH�YHU\�൴PSRUWDQW�IRU�EUHDG�PDN൴QJ�EHFDXVH�RI�WKH൴U�DE൴O൴W\�
WR�JHODW൴Q൴]H��SRV൴W൴YHO\�DIIHFWV�RQ�EUHDG�YROXPH�DQG�FUXPE�
VRIWQHVV��1DTDVK�HW�DO���������,Q�D�VWXG\�E\�6DQFKH]�HW�DO��
��������U൴FH�ÀRXU��FRUQ�VWDUFK��DQG�FDVVDYD�VWDUFK�ZHUH�XVHG�
൴Q�*)�EUHDGPDN൴QJ�WR�VWDW൴VW൴FDOO\�HVWDEO൴VK�RSW൴PDO�DPRXQWV�
RI� HDFK� ൴QJUHG൴HQW� E\� XV൴QJ� D� FHQWUDO� FRPSRV൴WH� GHV൴JQ��
$FFRUG൴QJ�WR�WKH�REWD൴QHG�UHVXOWV��WKH�RSW൴PDO�*)�EUHDG�FDQ�
EH�SUHSDUHG�IURP�������FRUQ�VWDUFK��������U൴FH�ÀRXU��DQG�
�����FDVVDYD�VWDUFK��,Q�WKH�VDPH�VWXG\��൴W�ZDV�DOVR�IRXQG�WKDW�
DGG൴W൴RQ�RI�VR\�ÀRXU� ൴PSURYHG�FUXPE�VWUXFWXUH�TXDO൴W\�RI�
EUHDG��,Q�DQRWKHU�VWXG\��.RUXV�HW�DO���������VKRZHG�WKDW�WKH�
DGG൴W൴RQ�RI�FRUQ�UHV൴VWDQW�VWDUFK�SUHSDUDW൴RQV�JDYH�*)�EUHDG�
Z൴WK� OHVV� KDUG� FUXPE� WKDQ� EUHDG� Z൴WKRXW� UHV൴VWDQW� VWDUFK�
DGG൴W൴RQ��

,PSDFW� RI� G൴HWDU\� ¿EUH� DQG� SVHXGRFHUHDOV� RQ� WKH�
TXDO൴W\�RI�*)�EUHDGV�DQG�EDWWHUV
'൴HWDU\�¿EUHV�KDYH�D�V൴JQ൴¿FDQW�UROH� ൴Q� ൴PSURY൴QJ�*)�

EUHDG�TXDO൴W\�EHFDXVH�RI�൴W�൴QFUHDVHV�WKH�QXWU൴W൴RQDO�YDOXH�RI�
EUHDG� DQG� DOVR� XVHV� IRU� ൴PSURY൴QJ� UKHRORJ൴FDO�� WH[WXUH�
FKDUDFWHU൴VW൴FV� RI� GRXJK� DQG� VHQVRU\� SURSHUW൴HV� RI� ¿QDO�
EDNHG� SURGXFWV� �*RPH]� HW� DO�� ������ 7VDWVDUDJNRX� HW� DO��
�������6DWXUQ൴�HW�DO���������UHSRUWHG�WKDW�WKH൴U�XVH�൴Q�*)�G൴HW�
FDQ�KHOS�WR�൴QFUHDVH�¿EUH�൴QWDNH�൴Q�FHO൴DF�G൴VHDVH�SDW൴HQWV��
0RUHRYHU��VRPH�UHVHDUFKHUV�KDYH�൴QYHVW൴JDWHG�WKH�DGG൴W൴RQ�
RI�G൴HWDU\�¿EUHV� ൴Q�*)�EDNHU\�SURGXFWV� IRUPXODW൴RQV��)RU�

H[DPSOH��7DOHQV�HW�DO���������DSSO൴HG�WZR�G൴IIHUHQW�RUDQJH�
¿EUHV�� RQH� REWD൴QHG� E\� KRW� D൴U� FRXSOHG� Z൴WK� P൴FURZDYH�
GU\൴QJ�RI�RUDQJH�SHHOV�DQG�WKH�RWKHU�FRPPHUF൴DOO\�DYD൴ODEOH�
WR�HIIHFW�RQ�WH[WXUH�DQG�VHQVRU\�SURSHUW൴HV�RI�*)�PXI¿QV��
:൴WK� WKH� DSSO൴FDW൴RQ� RI� KRW� D൴U� FRXSOHG� Z൴WK� P൴FURZDYH�
GU\൴QJ�RI�RUDQJH�SHHOV�� WRWDO�G൴HWDU\�¿EUH��ZDWHU� UHWHQW൴RQ�
FDSDF൴W\��Y൴VFRV൴W\�DQG�Y൴VFRHODVW൴F�SURSHUW൴HV�ZHUH�K൴JKHU�
DQG� UHVXOWHG� ൴Q� D� QHZ� DOWHUQDW൴YH� IRU� F൴WUXV� E\�SURGXFWV�
YDORU൴VDW൴RQ� DQG� WUDQVIRUPDW൴RQ� ൴QWR� D� ¿EUH� ൴QJUHG൴HQW�
VX൴WDEOH�IRU�*)�EDN൴QJ��,Q�D�SUHY൴RXV�VWXG\��VRPH�G൴IIHUHQW�
FHUHDO�¿EUHV�EDVHG�RQ�ZKHDW��PD൴]H��RDW�DQG�EDUOH\�ZHUH�XVHG�
WR�൴PSURYH�WKH�TXDO൴W\��VHQVRU\�DQG�QXWU൴W൴RQDO�SURSHUW൴HV�RI�
*)�GRXJK�DQG�EUHDG�E\�6DEDQ൴V�HW�DO����������5HVXOWV�VKRZHG�
WKDW� DPRQJ� WKH� G൴HWDU\� ¿EUHV� PD൴]H� DQG� RDW� ¿EUHV� KDG�
V൴JQ൴¿FDQWO\�DIIHFW�WKH�ORDI�YROXPH�DQG�FUXPE�VRIWQHVV�RI�*)�
EUHDG��,Q�WKH�VDPH�VWXG\��UHVHDUFKHUV�KDYH�DOVR�IRXQG�WKDW�WKH�
DGG൴W൴RQ�RI�ZKHDW�¿EUH�UHVXOWHG�൴Q�GHFUHDVHG�EUHDG�YROXPH�
DQG�D�PXFK�¿UPHU�FUXPE�WH[WXUH�WKDQ�WKH�FRQWURO�GXH�WR�WKH�
K൴JK�ZDWHU�E൴QG൴QJ�FDSDF൴W\�RI�WK൴V�¿EUH��6൴P൴ODU�UHVXOWV�ZHUH�
H[SOD൴QHG�൴Q�D�UHY൴HZ�E\�7VDWVDUDJNRX�HW�DO���������DQG�WKH\�
൴QG൴FDWHG� WKDW� WKH� HDFK� FDWHJRU\� RI� G൴HWDU\� ¿EUHV� VXFK� DV�
ÀRXUV�VHHGV�� ൴VRODWHG� ¿EUHV�FRPPHUF൴DO� IRUPXODW൴RQV�
�൴QVROXEOH� DQG� VROXEOH� ¿EUHV��� IUX൴W�YHJHWDEOH� ¿EUHV� DQG�
SURGXFWV�DOWHUQDW൴YH�ÀRXUV�HWF��FDQ�EH�SRV൴W൴YHO\�DIIHFWHG�WKH�
¿QDO�TXDO൴W\�RI�*)�SURGXFW�GXH�WR�WKH൴U�DE൴O൴W\�WR�൴QFUHDVH�
EUHDG�YROXPH��൴PSURYH�ZDWHU�DQG�JDV�KROG൴QJ�FDSDF൴W\�RI�
GRXJK��

,Q�DGG൴W൴RQ��WKH�SVHXGRFHUHDOV��ZK൴FK�DUH�FRQV൴GHUHG�DV�
SURWH൴Q�VXSSOHPHQWDW൴RQ�RQ�*)�SURGXFWV��VXFK�DV�DPDUDQWK��
\HOORZSHD��FK൴FNSHD�DQG�OHQW൴O�ÀRXU��SV\OO൴XP�ÀRXU��WHII�ÀRXU�
�IHUPHQWHG��� TX൴QRD� ÀRXU�� GHKXOOHG� EXFNZKHDW� ÀRXU�� DQG�
SXIIHG� EXFNZKHDW� ÀRXU� DUH� RIWHQ� XVHG� IRU� *)� EDNHU\�
SURGXFWV�EHFDXVH�RI�൴QFUHDV൴QJ�EDWWHU�YROXPH��HODVW൴F൴W\�DQG�
VKHOI� O൴IH�� ൴PSURY൴QJ� HVVHQW൴DO� DP൴QR� DF൴GV�� G൴HWDU\� ¿EHU��
IDWW\�DF൴GV��P൴QHUDO�DQG�DVK�FRQWHQW��DQG�EDN൴QJ�SURSHUW൴HV�RI�
*)�EDNHU\�SURGXFWV��$OYDUH]�-XEHWH�HW�DO��������+RXEHQ�HW�
DO��������(OJHW൴�HW�DO��������/DPDFFK൴D�HW�DO��������$OHQFDU�HW�
DO�� ������1DTDVK� HW� DO�� ������� %HFDXVH�PDQ\�*)� EDNHU\�
SURGXFWV�DUH�PDGH�XV൴QJ�*)�ÀRXUV�RU�VWDUFK�DQG�൴Q�WK൴V�ZD\��
WKH\�GR�QRW�FRQWD൴Q�WKH�VDPH�OHYHOV�RI�%�Y൴WDP൴QV��൴URQ�DQG�
¿EUH�DV�WKH൴U�JOXWHQ�FRQWD൴Q൴QJ�FRXQWHUSDUWV��$OYDUH]�-XEHWH�
HW�DO���������$PRQJ�WKHVH�SVHXGRFHUHDOV��EXFNZKHDW�ÀRXU�
ZDV� ൴QYHVW൴JDWHG� GXH� WR� ൴W� KDV� K൴JK� QXWU൴W൴RQDO� YDOXH� DQG�
KHDOWK�EHQH¿WV�IRU�KXPDQV�E\�0DU൴RWW൴�HW�DO����������7KH\�
KDYH� EHHQ� DOVR� XVHG� K\GUR[\SURS\OPHWK\OFHOOXORVH�
�+30&��RQ�WKH�EUHDGPDN൴QJ�SURSHUW൴HV�RI�FRPPHUF൴DO�*)�
EUHDG�P൴[WXUHV�DQG�IRXQG�WKDW�WKH�FRPE൴QDW൴RQ�RI�ERWK������
+30&� DQG� ���� GHKXOOHG� EXFNZKHDW� ÀRXU� ൴QFUHDVHG� ൴Q�
EUHDG� KH൴JKW� DQG� VSHF൴¿F� YROXPH� DQG� DOVR� GHFUHDVHG�
V൴JQ൴¿FDQWO\�FUXPE�KDUGQHVV�RI�*)�EUHDG��

(OJHW൴�HW�DO���������൴QG൴FDWHG�WKDW�WKH�DGG൴W൴RQ�RI�TX൴QRD�
ZK൴WH�ÀRXU�JDYH�*)�EUHDG�Z൴WK�V൴JQ൴¿FDQWO\�K൴JKHU�VSHF൴¿F�
YROXPH�DQG�KRPRJHQHRXV�DQG�¿QHO\�G൴VWU൴EXWHG�JDV�EXEEOHV�
FUXPE�FRPSDUHG�WR�WKH�W\S൴FDO�*)�FRQWURO�UHF൴SH�EDVHG�RQ�
U൴FH�DQG�FRUQ�ÀRXU��6൴P൴ODUO\��$OYHUH]�-XEHWH�HW�DO���������
SR൴QWHG�RXW�WKDW�WKH�TX൴QRD��DPDUDQWK�DQG�EXFNZKHDW�ÀRXUV�
KDYH�EHHQ�H[WHQV൴YHO\�XVHG�൴Q�IRUPXODW൴RQV�RI�*)�SURGXFWV�
GXH�WR�WKH൴U�K൴JK�QXWU൴W൴RQDO�SURSHUW൴HV�VXFK�DV�K൴JK�SURWH൴Q��
¿EHU�DQG�P൴QHUDO�FRQWHQW�DQG�KHDOWK�SURPRW൴QJ�HIIHFWV��,Q�D�
VWXG\�E\�$OHQFDU�HW�DO���������HYDOXDWHG�WKH�WHPSRUDO�SUR¿OH�
DQG� ൴QVWUXPHQWDO� DQDO\V൴V� RI� G൴IIHUHQW� *)� EUHDG
V�
IRUPXODW൴RQV� FRQWD൴Q൴QJ� DPDUDQWK� DQG� TX൴QRD� ÀRXUV� DQG�
VZHHWHQHUV�� 7KH� UHVHDUFKHUV� IRXQG� WKDW� WKH� DGG൴W൴RQ� RI�
SVHXGRFHUHDOV�DQG�VZHHWHQHUV�ZDV�VKRZQ�WR�EH�V൴P൴ODU�

%DVDN�6XQJXU '൴IIHUHQW�IRUPXODW൴RQV�൴Q�JOXWHQ�IUHH�EUHDG�SURGXFW൴RQ��$�UHY൴HZ



���

HIIHFWV�RQ�VHQVRU\�DQG�SK\V൴FRFKHP൴FDO�SURSHUW൴HV�RI�*)�
EUHDG�� FRPSDUHG� WR� VWDUFK�EDVHG� IRUPXODW൴RQV� ZK൴FK�
FRQV൴VW൴QJ�RI�SRWDWR��FDVVDYD�DQG�VRXU�WDS൴RFD�VWDUFKHV���

$SSO൴FDW൴RQ�RI�K\GURFROOR൴GV� DQG� HPXOV൴¿HUV� ൴Q�*)�
EUHDG
+\GURFROOR൴GV��DOVR�NQRZQ�DV�ZDWHU�VROXEOH�JXPV��DUH�

RQH�RI� WKH� IRRG�DGG൴W൴YHV�Z൴WK� WKH� ൴QWHQW൴RQ�RI� ൴PSURY൴QJ�
GRXJK�KDQGO൴QJ�SURSHUW൴HV�DQG�UHVXOW൴QJ�RQ�SRV൴W൴YH�HIIHFWV�
RI� FUXPE� VWUXFWXUH�� WDVWH�� DFFHSWDE൴O൴W\� DQG� VWDO൴QJ� RI�*)�
EUHDGV� GXH� WR� WKH൴U� DE൴O൴W\� WR� ൴QFUHDVH� ZDWHU� UHWHQW൴RQ�
FDSDF൴W\�� UKHRORJ\��Y൴VFRV൴W\�DQG� WH[WXUH�RI�GRXJK��$QWRQ�
DQG�$UW¿HOG�������3DGDO൴QR�HW�DO��������6$0൴U�HW�DO��������
:DQJ�HW�DO���������7KH�*)�EUHDG�TXDO൴W\�൴V�൴QÀXHQFHG�E\�WKH�
SUHVHQFH�RI�K\GURFROOR൴GV�ZK൴FK� ൴QFUHDVH�GRXJK�UKHRORJ\�
DQG�TXDO൴W\�RI�¿QDO�EUHDG��+RXEHQ�HW�DO��������1൴FDODH�HW�DO��
������/൴X�HW�DO���������

$PRQJ� K\GURFROOR൴GV�� FHOOXORVH� GHU൴YDWHV� VXFK� DV�
FDUER[\PHWK\OFHOOXORVH��&0&��DQG�+30&��JXDU�JXP�DQG�
[DQWKDQ�JXP�DUH�H[WHQV൴YHO\�XVHG�൴Q�UHF൴SHV�RI�*)�EDNHU\�
SURGXFWV� �:DQJ� HW� DO�� ������� )RU� H[DPSOH�� 6F൴DU൴Q൴� HW� DO��
������� VKRZHG� WKDW� K\GURFROOR൴GV� VXFK� DV� FDUUDJHHQDQ��
DOJ൴QDWH��[DQWKDQ�JXP��&0&�DQG�JHODW൴QH�൴QFUHDVHG�EDWWHU�
FRQV൴VWHQF൴HV� RI�*)� EUHDG�PDGH� IURP� U൴FH�� FRUQ� DQG� VR\�
ÀRXUV�DQG������ZDWHU��6൴P൴ODUO\��/൴X�HW�DO���������UHSRUWHG�
WKDW�K\GURFROOR൴GV�VXFK�DV�+30&��&0&��[DQWKDQ�JXP�DQG�
DSSOH�SHFW൴Q�൴PSURYHG�WKH�P൴[൴QJ�DQG�WKHUPDO�EHKDY൴RXU�RI�
*)�SRWDWR�GRXJK��,Q�SDUW൴FXODU��WKH\�DOVR�VXJJHVWHG�WKDW�WKH�
DGG൴W൴RQ�RI�K\GURFROOR൴GV� ൴Q� WKH�*)�SRWDWR�VWHDPHG�EUHDG�
ZDV�൴PSURYHG�WKH�VSHF൴¿F�YROXPH��KDUGQHVV�DQG�SRURV൴W\�RI�
WKH�FUXPE��

*)�GRXJK�VWUXFWXUH�൴V�K൴JKO\�DIIHFWHG�E\�WKH�DGG൴W൴RQ�RI�
K\GURFROOR൴GV��VXFK�DV�&0&��/D]DU൴GRX�HW�DO���������XVHG�
G൴IIHUHQW�K\GURFROOR൴GV�൴QWR�*)�EUHDG�PDGH�IURP�U൴FH�ÀRXU��
FRUQ�VWDUFK�DQG�VRG൴XP�FDVH൴QDWH�DQG�VWXG൴HG�WKH൴U�HIIHFW�RQ�
GRXJK�UKHRORJ\�DQG�EUHDG�TXDO൴W\��$PRQJ�WKH�K\GURFROOR൴GV��
WKH\� IRXQG� WKDW� &0&� DQG� SHFW൴Q� VHHPHG� WR� EH� WKH� EHVW�
K\GURFROOR൴G�൴PSURYHUV�RI�*)�EUHDG��DW����IRU�&0&�DQG����
IRU� SHFW൴Q�� UHVXOWHG� ൴Q� EUHDG� Z൴WK� V൴JQ൴¿FDQWO\� ൴QFUHDVHG�
YROXPHV�DQG�K൴JK�YDOXHV�RI�FUXPE�SRURV൴W\�DQG�HODVW൴F൴W\�DQG�
DOVR� WKH� DGG൴W൴RQ� RI� WKHVH� K\GURFROOR൴GV� G൴G� QRW� DOWHU� WKH�
¿UPQHVV�RI�WKH�FUXPE��DQG�WKH�VXSSOHPHQWHG�EUHDG�KDG�K൴JK�
DFFHSWDE൴O൴W\� UDW൴QJV� E\� FRQVXPHU� SDQHO�� /൴NHZ൴VH��
%XUHVRYD�HW�DO���������H[DP൴QHG�WKDW�WKH�HIIHFW�RI�FDOF൴XP�
DQG�VRG൴XP�FDVH൴QDWH�ZDV�FRPSDUHG�WR�WKH�HIIHFW�RI�[DQWKDQ�
JXP�DQG�&0&�RQ�WKH�EHKDY൴RXU�RI�U൴FH�EXFNZKHDW�GRXJK�
DQG�EUHDG�TXDO൴W\��$W�WKH�HQG�RI�WKH�VWXG\��WKH\�IRXQG�WKDW�WKH�
൴QFRUSRUDW൴RQ�RI�FDOF൴XP�DQG�VRG൴XP�FDVH൴QDWH�FRXOG�EH�XVHG�
DV�DQ�DOWHUQDW൴YH�VXSSOHPHQW�SRV൴W൴YHO\�HIIHFWHG�RI�WKH�ERWK�
UKHRORJ൴FDO�SURSHUW൴HV�RI�U൴FH�EXFNZKHDW�GRXJK�DQG�EUHDG�
TXDO൴W\��

+DJHU�DQG�$UHQGW��������VWXG൴HG�WKH�HIIHFWV�RI�G൴IIHUHQW�
JXPV� VXFK� DV� +30&� DQG� [DQWKDQ� JXP� DQG� WKH൴U�
FRPE൴QDW൴RQ�RQ�*)�PRGHO�V\VWHPV�FRQV൴VW൴QJ�RI�U൴FH��PD൴]H��
WHII� DQG� EXFNZKHDW� ÀRXUV� XV൴QJ� UHVSRQVH� VXUIDFH�
PHWKRGRORJ\��7KH\�VKRZHG�WKDW�Z൴WK�WKH�DGG൴W൴RQ�RI�+30&�
DQG�[DQWKDQ�JXP�DW�YHU\�ORZ�OHYHOV�FRQWU൴EXWHG�WR�൴PSURYH�
EUHDG� SURSHUW൴HV�� EXW� P൴JKW� DOVR� GHWHU൴RUDWH� ORDI� TXDO൴W\��
0RUHRYHU��6DEDQ൴V�DQG�7]൴D��������VXJJHVWHG�WKDW����DQG�
������DGG൴W൴RQ�RI�+30&�SURPRWHG�WR�൴QFUHDVH�ORDI�YROXPH�
DQG�FRORU�WKDQ�FRQWURO�*)�EUHDG�DQG�DOVR�EUHDG�FRQWD൴Q൴QJ�
�����+30&�ZDV�SUHIHUUHG�E\�D�WUD൴QHG�SDQHO�IRU�VHQVRU\�
HYDOXDW൴RQ��7KHVH�SRV൴W൴YH�൴PSDFWV�RI�+30&�RQ�*)�EUHDG�
TXDO൴W\� FDQ� EH� H[SOD൴QHG� E\� EHFDXVH� RI� ൴WV� PR൴VWXUH�

DEVRUSW൴RQ�DE൴O൴W\��JDV�E൴QG൴QJ�FDSDF൴W\��+RXEHQ�HW�DO���������
,Q� DQRWKHU� VWXG\�� 0F&DUWK\� HW� DO�� ������� RSW൴P൴]HG�
IRUPXODW൴RQ� IRU� *)� EUHDG� EDVHG� RQ� U൴FH� ÀRXU� FRQWD൴Q൴QJ�
G൴IIHUHQW�OHYHOV�RI�+30&�����������ÀRXU�VWDUFK�EDVH��DQG�
WKH�ZDWHU�OHYHOV���������ÀRXU�VWDUFK�EDVH��XV൴QJ�UHVSRQVH�
VXUIDFH� PHWKRGRORJ\�� 7KH\� IRXQG� WKDW� WKH� RSW൴P൴]HG�
IRUPXODW൴RQ�ZDV�DW�WKH�OHYHO�RI������+30&�DQG�����ZDWHU��
7KH\� DOVR� GHWHUP൴QHG� WKDW� WKH� ൴QFUHDV൴QJ� ZDWHU� DGG൴W൴RQ�
FRQV൴GHUDEO\�HIIHFWHG�RQ�EUHDG�TXDO൴W\�SURSHUW൴HV�DQG�+30&�
DQG�ZDWHU�VKRZHG�V൴JQ൴¿FDQW�൴QWHUDFW൴RQV�൴Q�WKH൴U�HIIHFW�RQ�
FUXPE�JUD൴Q�VWUXFWXUH��

0RKDPPDG൴� HW� DO�� ������� GHWHUP൴QHG� WKH� HIIHFWV� RI�
[DQWKDQ�JXP�DQG�&0&�RQ�WKH�GHYHORSPHQW�RI�*)�ÀDWEUHDG��
(YDOXDW൴QJ� WKH� PR൴VWXUH�� ¿UPQHVV�� HODVW൴F൴W\�� FUXPE� DQG�
FUXVW�FRORU��VHQVRU\�HYDOXDW൴RQ��SRURV൴W\�DSSHDUDQFH��GRXJK��
EUHDG�\൴HOG�DQG�ZH൴JKW�ORVV��WKH\�UHSRUWHG�WKDW�WKH�[DQWKDQ�
JXP�VKRZHG�WKH�EHVW�EUHDG�TXDO൴W\�SURSHUW൴HV�DV�FRPSDUHG�WR�
DOO�WKH�VDPSOHV��

7KH� HIIHFWV� RI� K\GURFROOR൴G� DGG൴W൴RQ� RQ� UKHRORJ൴FDO�
SURSHUW൴HV�DQG�EUHDGPDN൴QJ�SHUIRUPDQFH�RI�U൴FH�EXFNZKHDW�
EDWWHU�DW�G൴IIHUHQW�ZDWHU�OHYHOV�KDYH�EHHQ�UHSRUWHG��3HUHVV൴Q൴�
HW�DO���������,Q�WKH൴U�VWXG\��[DQWKDQ�JXP�DQG�SURS\OHQH�JO\FRO�
DOJ൴QDWH� ZHUH� DGGHG� WR� U൴FH�EXFNZKHDW� EOHQG� �������� DW�
OHYHOV�RI�����������7KH�UHVHDUFKHUV�VKRZHG�WKDW�SURS\OHQH�
JO\FRO� DOJ൴QDWH� SURY൴GHG� K൴JKHU� TXDO൴W\� EUHDG� UHJDUG൴QJ�
VSHF൴¿F� YROXPH�� FUXPE�PHFKDQ൴FDO� SURSHUW൴HV� DQG� FUXPE�
VWUXFWXUH�WKDQ�[DQWKDQ�JXP�DQG�DOVR�൴W�JDYH�SURP൴V൴QJ�UHVXOWV�
IRU�WKH�SURGXFW൴RQ�RI�K൴JK�TXDO൴W\�WR�U൴FH�EXFNZKHDW�EUHDG��

$ Q R W K H U � K \ G U R F R O O R ൴ G � O ൴ N H � 6 R G ൴ X P�
&DUER[\PHWK\OFHOOXORVH� �1D&0&�� KDV� EHHQ� WHVWHG� IRU�
UKHRORJ൴FDO�SURSHUW൴HV�RI�*)�GRXJK� �1൴FRODH�HW�DO���������
7KH\�IRXQG�WKDW�WKH�DGG൴W൴RQ�RI����1D&0&�ZDV�WKH�PRVW�
DSSURSU൴DWH�GRVH�IRU�D�JRRG�TXDO൴W\�*)�SURGXFW�FRPSDUDEOH�
DV� VWUXFWXUH� DQG� YROXPH� Z൴WK� D� VWDQGDUG� ZKHDW� EUHDG��
&RQWUDU\� WR� FRPPRQ� RS൴Q൴RQ�� 6F൴DU൴Q൴� HW� DO�� �������
H[SOD൴QHG�WKDW�DGG൴W൴YHV�XVHG�൴Q�*)�EUHDG�O൴NH�HPXOV൴¿HUV��
HQ]\PHV� DQG� K\GURFROOR൴GV� G൴G� QRW� ൴PSURYH� ¿QDO� EUHDG�
WHFKQRORJ൴FDO�TXDO൴W\�DQG�WKH\�DOVR�VKRZHG�WKDW�WKH�SUHVHQFH�
RI�DGG൴W൴YHV�൴V�QRW�HVVHQW൴DO�IRU�*)�EUHDG�SURGXFW൴RQ��

%RXUHNRXD�HW�DO���������൴QYHVW൴JDWHG�WKH�HIIHFW�RI�DJDU�
DJDU��JXP�DUDE൴F��ORFXVW�EHDQ�JXP��WDS൴RFD�VWDUFK�DQG�FRUQ�
VWDUFK�DQG�WKH൴U�FRPE൴QDW൴RQV�RQ�WKH�TXDO൴W\�RI�*)�EUHDG��*)�
EUHDG�ZDV�PDGH�IURP�U൴FH�VHPRO൴QD�VXSSOHPHQWHG�Z൴WK�¿HOG�
EHDQ�VHPRO൴QD�DQG�WKHUPDO�SURSHUW൴HV�RI�DGG൴W൴YHV�DQG�*)�
EUHDG�ZHUH�HYDOXDWHG�XV൴QJ�G൴IIHUHQW൴DO�VFDQQ൴QJ�FDORU൴PHWHU�
�'6&���$FFRUG൴QJ�WR�UHVXOWV��WKH\�UHSRUWHG�WKDW�JXP�DUDE൴F�
ZDV�IRXQG�WR�EH�WKH�EHVW�DGG൴W൴YH�IRU�SURGXF൴QJ�RSW൴PXP�*)�
U൴FH�EDVHG�EUHDG��Z൴WK������RI�JXP�DUDE൴F�DQG������J�����J�
RI�ZDWHU���

0RUUHDOH�HW�DO���������VWXG൴HG�Z൴WK�+30&�WR�XQGHUVWDQG�
WKH� UROH� RI� K\GURFROOR൴GV� Y൴VFRV൴W\� DQG� K\GUDW൴RQ� ൴Q�
GHYHORS൴QJ�*)�EUHDG��7KH\�FRQ¿UPHG�WKDW� WKH�UROH�RI� WKH�
+30&� ൴Q� HIIHFW൴QJ� WKH� Y൴VFRHODVW൴F� EHKDY൴RXU� RI� WKH� *)�
EDWWHU�DQG�൴QÀXHQF൴QJ�WKH�UKHRORJ\�FKDUDFWHU൴VW൴FV�RI�EUHDG�
E\�WKH�൴QFOXV൴RQ�RI�D������RI�+30&�������F3�Z൴WK�K\GUDW൴RQ�
OHYHO�WR�������$QG�¿QDOO\�WKH\�REWD൴QHG�GHV൴UDEOH�*)�EUHDG�
UHJDUG൴QJ�FUXPE�KDUGQHVV��FRKHV൴YHQHVV�DQG�UHV൴O൴HQFH��

$GG൴W൴YHV�VXFK�DV�HPXOV൴¿HUV�KDYH�DOVR�EHHQ�XVHG�൴Q�*)�
EUHDG�IRU�൴PSURY൴QJ�EUHDG�VWUXFWXUH�DQG�VWDO൴QJ��+RXEHQ�HW�
DO��������6HORPXO\R�DQG�=KRX��������'$7(0�൴V�DQ൴RQ൴F�R൴O�
൴Q�ZDWHU�HPXOV൴¿HUV�WKDW�DUH�XVHG�IRU�൴PSURY൴QJ�GRXJK�DQG�
EUHDG�TXDO൴W\�E\�൴PSURY൴QJ�P൴[൴QJ�WROHUDQFH��JDV�UHWHQW൴RQ�
DQG�UHV൴VWDQFH�RI�WKH�GRXJK�WR�FROODSVH��6HORPXO\R�DQG�=KRX�
������

'൴IIHUHQW�IRUPXODW൴RQV�൴Q�JOXWHQ�IUHH�EUHDG�SURGXFW൴RQ��$�UHY൴HZ ,QW�-�$JULF�(QYLURQ�)RRG�6FL�����������������������



���

'HP൴UNHVHQ�HW�DO���������FRQGXFWHG�VWXG൴HV�WR�VKRZ�WKH�
HIIHFW�RI�G൴IIHUHQW�JXPV�DQG�HPXOV൴¿HUV�RQ�*)�EUHDG�PDGH�
IURP�U൴FH�ÀRXU��,Q�WKH൴U�VWXG\��WKH\�IRXQG�WKDW�HPXOV൴¿HUV�൴Q�
DGG൴W൴RQ� WR� JXPV� ZHUH� QHFHVVDU\� WR� REWD൴Q� WKH� GHV൴UHG�
SK\V൴FDO�SURSHUW൴HV�൴Q�GRXJK�IRUPXODW൴RQV��,Q�DQRWKHU�VWXG\�
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