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,Q�VHPLDULG�HFRV\VWHPV��PDQ\�SODQW�VSHFLHV�DUH�WROHUDQW�WR�GURXJKW��+RZHYHU��LQFUHDVHG�DULGLW\�DV�D�UHVXOW�RI�FOLPDWLF�FKDQJH
FRXOG�PRGLI\�WKH�FDSDFLW\�RI�JHUPLQDWLRQ�DQG�HVWDEOLVKPHQW�

8QGHU�GURXJKW�FRQGLWLRQV��VPDOO�VHHGHG�VSHFLHV�ZLOO�WHQG�WR�JHUPLQDWH�LQ�KLJKHU�SURSRUWLRQV�WKDQ�ODUJH�VHHGHG�VSHFLHV�EHFDXVH
WKH�IRUPHU�KDYH�ODUJHU�VXUIDFH�WR�YROXPH�UDWLR��DOORZLQJ�IRU�PRUH�UDSLG�ZDWHU�XSWDNH�

$JHUDWLQD� HVSLQRVDUXP�� )ORXUHQVLD� UHVLQRVD�� 0RQWDQRD� WRPHQWRVD� DQG� *\PQRVSHUPD� JOXWLQRVXP� �$VWHUDFHDH��� 'DOHD
ELFRORU��(\VHQKDUGWLD�SRO\VWDFK\D�DQG�0LPRVD�SULQJOHL��)DEDFHFDH��

+LGDOJR��0H[LFR��6HSWHPEHU������
:H�HYDOXDWHG�WKH�HIIHFW�RI�ILYH�ZDWHU�SRWHQWLDO�WUHDWPHQWV�RQ�VHHG�JHUPLQDWLRQ��)RXU�GLVKHV��UHSOLFDWHV���HDFK�ZLWK����VHHGV��ZHUH

XVHG�LQ�HDFK�WUHDWPHQW��6HHGV�RI�HDFK�VSHFLHV�ZHUH�ZHLJKHG�DQG�WKH�UHODWLRQVKLS�EHWZHHQ�VHHG�JHUPLQDWLRQ�XQGHU�ZDWHU�VWUHVV�DQG�VHHG�VL]H
ZDV�REWDLQHG�

*HUPLQDWLRQ�GHFUHDVHG� DV�ZDWHU� SRWHQWLDO�ZDV� UHGXFHG�� DOPRVW� QR� VHHGV� JHUPLQDWHG� DW� �����03D��7KH� OHDVW� VHQVLWLYH� VSHFLHV�ZDV
(\VHQKDUGWLD� SRO\VWDFK\D�� ZKRVH� JHUPLQDWLRQ� UHDFKHG� ��� �� DW� ����� 03D�� $� SRVLWLYH� UHODWLRQVKLS� ZDV� IRXQG� EHWZHHQ� VHHG� VL]H� DQG
JHUPLQDWLRQ�SURSRUWLRQ�XQGHU�ZDWHU�VWUHVV�

&RQWUDU\� WR� H[SHFWDWLRQ�� JHUPLQDWLRQ�ZDV� KLJKHU� LQ� WKH� ODUJH�VHHGHG� VSHFLHV� LQ� DOO� GURXJKW� WUHDWPHQWV�� VXJJHVWLQJ� WKDW� ODUJH
VHHGV�PD\�KDYH�D�JUHDWHU�FDSDFLW\�WR�UHWDLQ�ZDWHU�LQ�GU\�HQYLURQPHQWV�

3RO\HWK\OHQH�JO\FRO��VHHGV��VHPLDULG�]RQH��ZDWHU�VWUHVV�
��
5HVXPHQ
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(Q� FRQGLFLRQHV�GH� VHTXtD�� ODV� HVSHFLHV�GH� VHPLOODV�SHTXHxDV� WHQGHUiQ� D�JHUPLQDU� HQ�PD\RUHV�SURSRUFLRQHV�TXH� ODV� HVSHFLHV�GH
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ELFRORU��(\VHQKDUGWLD�SRO\VWDFK\D�\�0LPRVD�SULQJOHL��)DEDFHFDH��

+LGDOJR��0p[LFR��6HSWLHPEUH������
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$ULG� DQG� VHPL�DULG� HFRV\VWHPV� LQ� 0H[LFR� DUH� KLJKO\
GHJUDGHG� DQG� IUDJPHQWHG� EHFDXVH� RI� ODQG� XVH� FKDQJH
WRZDUG� FURS� DQG� OLYHVWRFN� SURGXFWLRQ� �0RQWDJQLQL� HW� DO�
�������&RQWLQXRXV�SHUWXUEDWLRQ�LQ�VHPLDULG�HFRV\VWHPV�KDV
JHQHUDWHG�ORVV�RI�IHUWLOLW\�DQG�VRLO�FRPSDFWLRQ��VLJQLILFDQWO\
UHGXFLQJ� WKH� FDSDFLW\� RI� HFRV\VWHPV� WR� UHFRYHU� IURP
SHUWXUEDWLRQ��0RUHRYHU�� WKH� VFDUFLW\� RI� UDLQIDOO�PHDQV� WKDW
UHFRYHU\� RI� WKH� VWUXFWXUH� DQG� IXQFWLRQLQJ� RI� DULG� DQG
VHPLDULG� HFRV\VWHPV�� L�H��� WKHLU� UHVLOLHQFH�� FRXOG� WDNH
GHFDGHV��0DHVWUH�������
:DWHU� LV� WKH�PRVW� OLPLWLQJ� UHVRXUFH� IRU� JHUPLQDWLRQ� DQG

HVWDEOLVKPHQW� LQ�DULG�HFRV\VWHPV� �1R\�0HLU�������� DQG� LWV
DYDLODELOLW\� PD\� EH� VWURQJO\� DIIHFWHG� E\� FOLPDWH� FKDQJH
�%URZQ�HW�DO���������%\�������DYHUDJH�DQQXDO� WHPSHUDWXUH
LQ�0H[LFR�KDYH�EHHQ�SUHGLFWHG�WR�KDYH�LQFUHDVHG�E\������&
DQG� DQQXDO� UDLQIDOO� WR� KDYH� GHFUHDVHG� E\� �� �� �6iHQ]�
5RPHUR�HW�DO���������,Q�WKLV�FRQWH[W��LW�LV�D�SULRULW\�WR�VHOHFW
VXLWDEOH�VSHFLHV�IRU�UHVWRUDWLRQ��FRQVLGHULQJ�QRW�RQO\�FXUUHQW
FRQGLWLRQV��EXW�DOVR�WKH�UHVSRQVH�DQG�DQWLFLSDWHG�DGDSWDWLRQ
WR� FKDQJHV� LQ� UDLQIDOO� SDWWHUQV� DQG� WKH� LQFLGHQFH� RI� PRUH
LQWHQVH�GURXJKWV��+DUULV�HW�DO��������
,Q�DULG�HFRV\VWHPV��PDQ\�SODQW�VSHFLHV�FDQ�EH�H[SHFWHG�WR

EH� GURXJKW�WROHUDQW� DQG� FDSDEOH� RI� JHUPLQDWLQJ� XQGHU� ORZ
ZDWHU� SRWHQWLDOV�� +RZHYHU�� ZLGH� LQWHUVSHFLILF� YDULDWLRQ� RI
WKHVH� IHDWXUHV� KDYH� EHHQ� UHSRUWHG� �0HW]� HW� DO�� �����
0HULQR�0DUWtQ� HW� DO�� ������� 6HQVLWLYLW\� WR� GURXJKW
FRQGLWLRQV� GHSHQGV� RQ�PXOWLSOH� IDFWRUV� DQG�PD\� EH� KLJKHU
GXULQJ� JHUPLQDWLRQ� DQG� HVWDEOLVKPHQW� �)LVFKHU� 	� 7XUQHU
������� 'XULQJ� JHUPLQDWLRQ�� PRUH� WROHUDQW� SODQWV� KDYH� DQ
DGYDQWDJH�EHFDXVH�WKH\�FDQ�HVWDEOLVK�LQ�]RQHV�ZKHUH�RWKHUV
FDQQRW� �/HLVKPDQ� 	� :HVWRE\� ������ 5DGKRXDQH� ������
,GHQWLI\LQJ� GURXJKW�WROHUDQW� SODQWV� LQ� WKH� HDUOLHVW� SKDVH� RI
GHYHORSPHQW� LV� DQ� LPSRUWDQW� FRQVLGHUDWLRQ� LQ� WKH� VHOHFWLRQ
RI� VSHFLHV� IRU� FRQVHUYDWLRQ�� PDQDJHPHQW� DQG� UHVWRUDWLRQ
HIIRUWV��&RFKUDQH�HW�DO��������
&RPSRQHQWV� RI� WKH� OLIH� KLVWRU\� RI� SODQWV�� VXFK� DV� VHHG

VL]H�� DUH� VLJQLILFDQWO\� DVVRFLDWHG�ZLWK� SODQW� KHLJKW�� JURZWK
IRUP�DQG�GLVSHUVDO�PRGH��DQG�FDQ�DOVR�LQIOXHQFH�UHFUXLWPHQW
SDWWHUQV��/HLVKPDQ�	�:HVWRE\��������6HHG�VL]H�KDV�D�KLJK
LPSDFW�RQ�FDSDFLW\�DQG� WLPH�RI�JHUPLQDWLRQ��HVWDEOLVKPHQW
DQG� VXUYLYDO� RI� VHHGOLQJV� GXULQJ� HDUO\� VWDJHV� RI� WKH� OLIH
F\FOH��ZKHQ�SODQWV� DUH�PRUH� VXVFHSWLEOH� �%DVNLQ�	�%DVNLQ
������� ,Q� JHQHUDO�� DYHUDJH� JHUPLQDWLRQ� WLPH� WHQGV� WR� EH
JUHDWHU� IRU� ODUJHU�VL]HG� VHHGV� �1RUGHQ� HW� DO�� ������� ZKLOH
VPDOO�VHHGV�DEVRUE�ZDWHU�IDVWHU�WKDQ�ODUJH�VHHGV�EHFDXVH�RI
WKHLU� ODUJHU� VXUIDFH�DUHD�WR�PDVV� UDWLR� �.LNX]DZD� 	
.R\RPD�������
6RPH� VWXGLHV� KDYH� HYDOXDWHG� VHHG� JHUPLQDWLRQ� XQGHU

GURXJKW� FRQGLWLRQV�� KRZHYHU�� WKH� LPSRUWDQFH� RI� VHHG� VL]H
KDV� UHFHLYHG� OLWWOH� DWWHQWLRQ� LQ� VHPLDULG� SODQWV� �'H
9LOODORERV� 	� 3HOiH]� ������ 'H� OD� %DUUHUD� 	� 1REHO� �����
)ORUHV� 	� %ULRQHV� ������ 9DQ� GHQ� %HUJ� 	� =HQJ� �����
0HULQR�0DUWtQ�HW�DO��������� ,Q�JHQHUDO��KLJKHU�JHUPLQDWLRQ

UDWHV�RFFXU�ZLWKLQ�D�UDQJH�RI�ZDWHU�SRWHQWLDOV�IURP���WR������
03D��7KH� HIIHFW� RI� VHHG� VL]H� KDV� EHHQ� DQDO\]HG�PDLQO\� LQ
FRPPHUFLDO� VSHFLHV� �$O�NDUDNL� ������ $OPDQVRXUL� HW� DO�
������ .D\GDQ� 	� <DJPXU� ������ *KRODPL� HW� DO�� ������
5HFHQW� VWXGLHV�ZLWK�ZLOG� VSHFLHV� UHSRUWHG� WKH� XQHTXLYRFDO
UROH�RI�VHHG�VL]H�LQ�JHUPLQDWLRQ�LQ�VHPL�DULG�HQYLURQPHQWV�
)RU�H[DPSOH��.LGVRQ�	�:HVWRE\� �������DUJXHG� WKDW� ODUJHU
VHHGV� DUH� DEOH� WR� JHUPLQDWH� EHWWHU� XQGHU� GURXJKW�� ZKLOH
0HULQR�0DUWtQ�HW� DO�� ������� UHSRUWHG� WKDW�PRVW� OLJKW� VHHGV
KDG�KLJKHU�JHUPLQDWLRQ�DQG�HPHUJHQFH�XQGHU�GU\�FRQGLWLRQV
WKDQ�KHDYLHU�VHHGV��7KH�DXWKRUV�UHFRJQL]H�WKDW�PRUH�VWXGLHV
DUH�UHTXLUHG�LQ�RUGHU�WR�XQGHUVWDQG�ZKHWKHU�WKH�UROH�RI�VHHG
VL]H� LQ� JHUPLQDWLRQ� UHVSRQVH� XQGHU� GURXJKW� LV� JHQHUDO� RU
VSHFLHV�VSHFLILF�
:H� HYDOXDWHG� VHHG� JHUPLQDWLRQ� LQ� VHYHQ� VKUXE� SODQWV

DEXQGDQW� LQ� D� VHPLDULG� VFUXE� LQ� FHQWUDO� 0H[LFR� �*HOYL]�
*HOYH]� 	� 3DYyQ� ������� 7KHVH� VSHFLHV� KDYH� HFRORJLFDO
DWWULEXWHV� WKDW� PDNH� WKHP� VXLWDEOH� IRU� SRWHQWLDO� XVH� LQ
HFRORJLFDO� UHVWRUDWLRQ�� KLJK� IUHTXHQF\�� FRQVLGHUDEOH� ODQG
FRYHU� DQG� D� KLJK� OHYHO� RI� VRFLDELOLW\� �*HOYL]�*HOYH]� HW� DO�
������� 7KH� ODWWHU� DWWULEXWH� GHQRWHV� WKH� GLVWULEXWLRQ� SDWWHUQ
DQG�DELOLW\�RI�D�VSHFLHV�WR�DVVRFLDWH�ZLWK�RWKHUV�UDWKHU�WKDQ
IRUPLQJ�SXUH� VWDQGV� �:LWWDNHU��������7KHVH� FKDUDFWHULVWLFV
FDQ� IDFLOLWDWH� WKH� HVWDEOLVKPHQW� RI� VSHFLHV� LQ� DGYDQFHG
VXFFHVVLRQDO�VWDJHV��*HOYL]�*HOYH]�HW�DO��������DQG�SRVLWLYH
LQWHUDFWLRQ�ZLWK�P\FRUUKL]DO� IXQJL� �&DPDUJR�5LFDOGH�HW�DO�
������ 0RQWDxR�$ULDV� HW� DO�� ������� 2Q� WKH� RWKHU� KDQG�
VHYHUDO� VKUXE� SODQWV� DSSHDU� QRW� WR� GHFUHDVH� WKHLU� SRWHQWLDO
GLVWULEXWLRQ� XQGHU� FRQGLWLRQV� RI� FOLPDWH� FKDQJH� ZKHQ
HYDOXDWHG�E\�SRWHQWLDO�GLVWULEXWLRQ�PRGHOLQJ��*HOYL]�*HOYH]
HW� DO�� ������� *LYHQ� WKH� SRWHQWLDO� UROH� RI� WKHVH� VSHFLHV� LQ
UHVWRUDWLRQ�� LW� LV� LPSRUWDQW� WR� WHVW� ZKHWKHU� WKHLU� VHHGV� DUH
WROHUDQW� WR�ZDWHU� VWUHVV� DQG�ZKHWKHU� WKHLU� VHHG� VL]H� DIIHFWV
JHUPLQDWLRQ��:H�K\SRWKHVL]H�WKDW�XQGHU�GURXJKW�FRQGLWLRQV�
VPDOO�VHHGHG� VSHFLHV� ZLOO� JHUPLQDWH� PRUH� TXLFNO\� DQG� LQ
KLJKHU� SURSRUWLRQV� WKDQ� ODUJH�VHHGHG� VSHFLHV�� EHFDXVH� WKH
KLJKHU� VXUIDFH�DUHD�WR�YROXPH� UDWLR� RI� WKHLU� VHHGV� HQDEOHV
PRUH�UDSLG�DQG�HIILFLHQW�ZDWHU�XSWDNH��7KLV�VWXG\�PD\�KHOS
IXUWKHU� RXU� XQGHUVWDQGLQJ� RI� WKH� UHFUXLWPHQW� RI� YDOXDEOH
VSHFLHV� IRU� UHVWRUDWLRQ� DQG� PD\� KHOS� VHOHFW� WKRVH� PRVW
VXLWDEOH�IRU�JHUPLQDWLRQ�XQGHU�GLIIHUHQW�GURXJKW�LQWHQVLWLHV�

0DWHULDOV�DQG�PHWKRGV

:H� VHOHFWHG� VHYHQ� VKUXE� SODQWV� W\SLFDO� RI� VHPL�DULG
HQYLURQPHQWV� RI� FHQWUDO� 0H[LFR�� DQG� RI� HFRORJLFDO
LPSRUWDQFH� LQ� WKHVH� FRPPXQLWLHV�� JLYHQ� WKHLU� KLJK
DEXQGDQFH� DQG� SRWHQWLDO� UROH� LQ� HFRORJLFDO� UHVWRUDWLRQ
�FRYHUDJH�� GHQVLW\�� IUHTXHQF\�� DQG� VRFLDELOLW\�� DQG� WKH
SUHVHQFH� RI�P\FRUUKL]DO� DVVRFLDWLRQ��� DQG� EHFDXVH� RI� WKHLU
SRWHQWLDO� UHVLOLHQFH� WR� FOLPDWH� FKDQJH� FRQGLWLRQV� �*HOYL]�
*HOYH]�HW�DO���������7KH�VSHFLHV�DUH�$JHUDWLQD�HVSLQRVDUXP
�$�� *UD\�� 5�� 0�� .LQJ� 	� +�� 5RE��� )ORXUHQVLD� UHVLQRVD

(IIHFW�RI�GURXJKW�DQG�VHHG�VL]H�RI�VKUXEV�LQ�FHQWUDO�0H[LFR
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�%UDQGHJHH��6��)��%ODNH���=XFF���0RQWDQRD�WRPHQWRVD�&HUY��
*\PQRVSHUPD� JOXWLQRVXP� �6SUHQJ��� /HVV� �$VWHUDFHDH��
'DOHD� ELFRORU� +XPE�� 	� %RQSO�� ([� :LOOG��� (\VHQKDUGWLD
SRO\VWDFK\D��2UWHJD��6DUJ���DQG�0LPRVD�SULQJOHL�6��:DWVRQ
�)DEDFHDH��
7KH�VLWHV�ZKHUH�ZH�FROOHFWHG�WKH�VHHGV�RI�WKH�DOO�VSHFLHV�

LV� LQ� WKH� VHPLDULG� VKUXEODQG� RI�&HQWUDO�0H[LFR� ����� ��¶� �
������¶�1�DQG�������¶���������¶�:���ZLWK�DQ�DQQXDO�PHDQ
WHPSHUDWXUH� EHWZHHQ� ��� DQG� ��� �&� DQG� DQ� DQQXDO
SUHFLSLWDWLRQ�RI� OHVV�RI����� ������PP�� IRU� D�PRUH�GHWDLOHG
GHVFULSWLRQ� RI� WKH� VWXG\� VLWHV� VHH� *HOYL]�*HOYH]� 	� 3DYyQ
��������7KH�VHPLDULG�VKUXEODQG� LV�FKDUDFWHUL]HG�E\�$FDFLD
IDUQHVLDQD��&HOWLV�SDOOLGD��&RUGLD�ERLVVLHUL��'DOHD�ELFRORU�
(\VHQKDUGWLD� SRO\VWDFK\D�� )RUHVWLHUD� DQJXVWLIROLD�
*\PQRVSHUPD� JOXWLQRVXP�� .DUZLQVNLD� KXPEROGWLDQD�
/DQWDQD� LQYROXFUDWD� DQG� 0RQWDQRD� WRPHQWRVD�� DPRQJ
RWKHUV� �*HOYL]�*HOYH]� 	� 3DYyQ� ������� 2XU� ILHOG
REVHUYDWLRQV� LQGLFDWH� WKDW� DOO� VHYHQ� VSHFLHV� SURGXFH� IUXLWV
EHWZHHQ� 0D\� DQG� 'HFHPEHU�� KRZHYHU�� SKHQRORJLFDO� GDWD
E\�VSHFLHV� LV�QRW�DYDLODEOH� LQ�RXU�VWXG\�RU� LQ� WKH� OLWHUDWXUH�
7KH� RQO\� H[FHSWLRQ� LV� (�� SRO\VWDFK\D�� ZKLFK� EHDUV� IUXLW
GXULQJ� 1RYHPEHU�'HFHPEHU� �&DOGHUyQ�GH� 5]HGRZVNL� 	
5]HGRZVNL�������
$W�HDFK�VLWH�DERXW�����ULSH�IUXLWV�ZHUH�FROOHFWHG�IURP�DW

OHDVW� ��� KHDOWK\� LQGLYLGXDOV� SHU� VSHFLHV� LQ� QDWXUDO
SRSXODWLRQV� LQ� ILYH� ORFDOLWLHV� RI� +LGDOJR� VWDWH�� 0H[LFR�
,[PLTXLOSDQ��=LPDSiQ��3DFKXFD��0H[WLWOiQ�DQG�7XOD��GXULQJ
-XO\� DQG� 6HSWHPEHU� ������ 6HHGV� ZHUH� UHPRYHG� IURP� WKH
IUXLWV�� VHOHFWLQJ� RQO\� WKRVH� WKDW� SUHVHQWHG� QR� DSSDUHQW
GDPDJH�� DQG� ZHUH� VWRUHG� LQ� SDSHU� EDJV� LQ� WKH� GDUN� XQWLO
SURFHVVHG�� 7KH� VHHGV� ZHUH� VWHULOL]HG� ZLWK� ���� �� VRGLXP
K\SRFKORULWH� IRU� ��PLQ���ZDVKHG�ZLWK� GHLRQL]HG�ZDWHU� DQG
H[SRVHG�WR�DLU�XQWLO�WKHLU�VXUIDFH�ZDV�GU\�
0HDQ� VHHG� VL]H� ZDV� REWDLQHG� E\� ZHLJKLQJ� ILYH

VXEVDPSOHV�RI����� VHHGV�SHU� VSHFLHV��(DFK� VXEVDPSOH�ZDV
ZHLJKHG� XVLQJ� DQ� DQDO\WLFDO� EDODQFH� �2+$86� $GYHQWXUH
PRGHO�� 86$�� ZLWK� �� ������� J� DFFXUDF\�� :H� FRQVLGHUHG
VPDOO�VHHGV� WKRVH�ZHLJKLQJ� OHVV� WKDQ�����PJ��)LYH�VSHFLHV
KDG� VPDOO� VHHGV� �VHHG� VL]H� UDQJLQJ� IURP� ��� WR� ���� PJ��
$�� HVSLQRVDUXP� ���� �� ����� PJ��� *�� JOXWLQRVXP� ������� �
����� PJ��� 0�� WRPHQWRVD� ����� �� ���� PJ�� DQG� '�� ELFRORU
������� �� ���� PJ�� DQG� WKUHH� VSHFLHV� KDG� ODUJH� VHHGV� �VHHG
VL]H� UDQJLQJ� IURP� ���� WR� ���� PJ��� )�� UHVLQRVD� ����� �
������ PJ��� DQG� (�� SRO\VWDFK\D� ����� �� ����� PJ��� DQG
0��SULQJOHL��������������PJ���6HHG�WUDLWV�VXFK�DV�WKH�VKDSH
RU� SUHVHQFH� RI� GLVSHUVDO� VWUXFWXUHV� FRXOG� EH� LPSRUWDQW� IRU
JHUPLQDWLRQ�� 7KH� VHHGV� RI�0�� WRPHQWRVD�� $�� HVSLQRVDUXP
DQG�*�� JOXWLQRVXP� KDYH� HORQJDWHG� DFKHQHV� �5]HGRZVNL�	
&DOGHUyQ�GH� 5]HGRZVNL� ������� 6HHGV� RI� *\PQRVSHUPD
JOXWLQRVXP� KDYH� ZLQG� GLVSHUVDO� V\QGURPH� �-XUDGR� 	
(VWUDGD� ������ DQG�$JHUDWLQD� VSS�� VHHGV� KDYH� DQHPRFKRU\
GLVSHUVDO� V\QGURPH� �&RUWpV�)ORUHV� HW� DO�� ������� 6HHGV� RI
(\VHQKDUGWLD� SRO\VWDFK\D� �-XUDGR� 	� (VWUDGD� ������

)ORXUHQVLD� �9DOHQFLD�'tD]�	�0RQWDxD��������0LPRVD� VSS�
�-XUDGR� 	� (VWUDGD� �������0RQWDQRD� VSS�� DQG�'DOHD� VSS�
�&RUWpV�)ORUHV�HW�DO��������KDYH�DXWRFKRURXV�VHHGV�
:H� DVVHVVHG� JHUPLQDWLRQ� RI� DOO� VSHFLHV� RQFH� WKH� VHHGV

KDG�EHHQ�FROOHFWHG�DQG�GULHG��*HUPLQDWLRQ�ZDV�FDUULHG�RXW
IURP� 6HSWHPEHU� WR� 1RYHPEHU� ������ :H� XVHG� D� SUH�
JHUPLQDWLRQ� WUHDWPHQW� IRU� VSHFLHV� ZLWK� ORZ� VHHG
JHUPLQDWLRQ� �0��SULQJOHL� DQG�'�� ELFRORU�� E\� UXEELQJ� WKHP
DJDLQVW� VDQGSDSHU� WR�H[SRVH� WKH�HPEU\R�ZLWKRXW�GDPDJLQJ
LW�� IROORZLQJ� WKH�PHWKRG� RI� )ORUHV�	�%ULRQHV� �������� 7KH
RWKHU�VSHFLHV�UHFHLYHG�QR�SUH�JHUPLQDWLRQ� WUHDWPHQW��6HHGV
RI� WKH� VHYHQ� VHOHFWHG� VSHFLHV� ZHUH� SODFHG� LQ� 3HWUL� GLVKHV
ZLWK� WKUHH� OD\HUV� RI� ILOWHU� SDSHU� �:KDWPDQ� 1R�� ��� DV� D
VXEVWUDWH� IRU� JHUPLQDWLRQ�� 7KH� H[SHULPHQW� FRQVLVWHG� RI
FRQWURO� WUHDWPHQWV� �7��  � �� 03D�� DQG� IRXU� ZDWHU� SRWHQWLDO
WUHDWPHQWV� �7�� � �����03D��7�� � �����03D��7�� � �����03D
DQG� 7��  � ����� 03D��� ZKLFK� ZHUH� REWDLQHG� XVLQJ
SRO\HWK\OHQH� JO\FRO� �3(*� ������ ZLWK� GLIIHUHQW� ZDWHU
SRWHQWLDOV�� 7KH� FRQFHQWUDWLRQV� XVHG� IRU� WKH� GLIIHUHQW�ZDWHU
SRWHQWLDO� OHYHOV� ZHUH� GHWHUPLQHG� EDVHG� RQ� 9LOOHOD� HW� DO�
������� �� )RU� HDFK� WUHDWPHQW�� WKH� 3(*������ZDV� GLOXWHG� LQ
�� /� RI� GLVWLOOHG� ZDWHU� LQ� WKH� DSSURSULDWH� SURSRUWLRQ� DQG
VWLUUHG�IRU����KRXUV��7KH�DPRXQW�RI�3(*������XVHG�IRU�WKH
WUHDWPHQWV�ZDV�������J�IRU�7���������J�IRU�7���������J�IRU�7��
DQG� ������ J� IRU� 7��� )LYH� UHSOLFDWHV� ZHUH� FRQGXFWHG�� ZLWK
��� VHHGV� HDFK�� IRU� D� WRWDO� RI� ���� VHHGV� SHU� VSHFLHV� SHU
WUHDWPHQW��'LVWLOOHG�ZDWHU�ZDV�XVHG�DV�WKH�FRQWURO��VLQFH�WKLV
KDV� WKH�PD[LPXP�ZDWHU�SUHVVXUH�YDOXH����03D���$OO�VHHGV
ZHUH� SODFHG�ZLWKLQ� D� SODQW� JURZWK� FKDPEHU� �9:5�PRGHO
������ DW� D� WHPSHUDWXUH� RI� ��� �� �� �&� DQG� ��� K� OLJKW���� K
GDUNQHVV�� *HUPLQDWLRQ� ZDV� UHFRUGHG� GDLO\� IRU� D� SHULRG� RI
RQH�PRQWK��ZKLFK�LV�WKH�UHFRPPHQGHG�WLPH�IRU�JHUPLQDWLRQ
WHVWV��%DVNLQ�	�%DVNLQ��������:H�FRQVLGHUHG�D�VHHG�WR�KDYH
JHUPLQDWHG�ZKHQ� WKH� HPHUJHG� UDGLFOH� UHDFKHG� �� ��PP� LQ
OHQJWK��,TEDO�HW�DO��������
$IWHU� WKH� PRQWK� RI� HYDOXDWLRQ�� ZH� FDOFXODWHG� WKH

JHUPLQDWLRQ� SURSRUWLRQ� LQ� HDFK� WUHDWPHQW�� 2QFH� WKH
H[SHULPHQW� ZDV� FRPSOHWHG�� VHHGV� WKDW� KDG� QRW� JHUPLQDWHG
ZHUH� RSHQHG� DQG� REVHUYHG� XQGHU� D� VWHUHRPLFURVFRSH� LQ
RUGHU� WR� HYDOXDWH� WKH� VWDWH� RI� WKH� HQGRVSHUP� DQG� HPEU\R
�2RL�HW�DO��������
'DWD� IRU� WKH� ����� 03D� WUHDWPHQW� ZHUH� QRW� PRGHOOHG

EHFDXVH� WKH�PDMRULW\� RI� VSHFLHV� GLG� QRW� JHUPLQDWH�� H[FHSW
(�� SRO\VWDFK\D� RI� ZKLFK� D� IHZ� VHHGV� JHUPLQDWHG�� 7KH
UHODWLRQVKLS�EHWZHHQ�VHHG�VL]H�DQG�VHHG�JHUPLQDWLRQ�XQGHU
GURXJKW� ZDV� HYDOXDWHG� XVLQJ� D� JHQHUDOL]HG� OLQHDU� PRGHO
�*/0��ZLWK�ELQRPLDO�HUURU��FRQVLGHULQJ�ZDWHU�SRWHQWLDO�DV�D
IDFWRU�ZLWK� IRXU� OHYHOV�� DQG�PHDQ� VHHG� VL]H� SHU� VSHFLHV� DV
WKH� UHJUHVVRU�YDULDEOH��7R�GHWHUPLQH� LQ�ZKDW� WUHDWPHQW�� WKH
JHUPLQDWLRQ�ZDV�VLJQLILFDQW�LQ�UHODWLRQ�WR�VHHG�VL]H��ZH�XVHG
WKH� ³JJVFDWWHU´� IXQFWLRQ� IRU� 3HDUVRQ
V� FRUUHODWLRQV�
FRQVLGHULQJ�VLJQLILFDQFH�DW�S� �������$OO�VWDWLVWLFDO�DQDO\VHV
ZHUH�FRQGXFWHG�XVLQJ�5�YHUVLRQ�������5�&RUH�7HDP�������

�
*HOYL]�*HOYH]�HW�DO����%RWDQLFDO�6FLHQFHV���������������������

���



5HVXOWV

:H� WHVWHG� YLDELOLW\� E\� GLVVHFWLRQ� DQG� IRXQG� WKDW
XQJHUPLQDWHG�VHHGV�RI�DOO�VSHFLHV�ZHUH�YLDEOH��*HUPLQDWLRQ
LQ� WKH� FRQWURO� WUHDWPHQW� �7��� ZDV� KLJKHVW� IRU� DOO� VHYHQ
VSHFLHV� DQG�GHFUHDVHG�ZDWHU� SRWHQWLDO� SURGXFHG� D�GHFUHDVH
LQ� JHUPLQDWLRQ� LQ� DOO� RI� WKHP�� 7KLV� JHQHUDO� HIIHFW� ZDV
GHWHFWHG�IRU�HDFK�SDUWLFXODU�VSHFLHV�DQG�ZDV�OHVV�JUDGXDO�IRU
WZR�WD[D��$��HVSLQRVDUXP�DQG�0��SULQJOHL��ZKLFK�SUHVHQWHG
D� ODUJH� YDULDWLRQ� LQ� JHUPLQDWLRQ� SURSRUWLRQ� EHWZHHQ� WKH
LQWHUPHGLDWH� WUHDWPHQWV� ������� ����� 03D�� �)LJXUH� ���
*HUPLQDWLRQ� SURSRUWLRQ� �EULQJLQJ� DOO� WKH� VSHFLHV� WRJHWKHU
IRU� HDFK� WUHDWPHQW��ZHUH�GLIIHUHQW�� LQGLFDWLQJ� WKH\�GLIIHUHG
LQ� WKHLU� VHQVLWLYLW\� WR� GURXJKW� �)LJXUH� ���� )RU� H[DPSOH�
(�� SRO\VWDFK\D� ZDV� WKH� OHDVW� VHQVLWLYH�� KDYLQJ� D� ��� �
UHGXFWLRQ�LQ�JHUPLQDWLRQ�DW������03D��ZKLOH�*��JOXWLQRVXP�
0�� WRPHQWRVD�� '�� ELFRORU� DQG� )�� UHVLQRVD� KDG� ���� �
UHGXFWLRQ� DW� WKH� VDPH�ZDWHU� SRWHQWLDO�� WKXV� EHLQJ� WKH�PRVW
VHQVLWLYH�VSHFLHV�WR�GURXJKW�
�

�
)LJXUH����0HDQ�JHUPLQDWLRQ�SURSRUWLRQ�DQG�VWDQGDUG�HUURU�YDOXHV
RI� WKH� VHYHQ� VKUXE� SODQWV� XQGHU� IRXU� ZDWHU� SRWHQWLDO� WUHDWPHQWV�
7���FRQWURO��7���VHHG�JHUPLQDWLRQ�DW������03D��7���VHHG�JHUPLQDWLRQ
DW������03D��DQG�7���VHHG�JHUPLQDWLRQ�DW������03D��/HWWHUV��D��E��F�
G��GHQRWH�VLJQLILFDQW�GLIIHUHQFHV�
�
6LJQLILFDQW�HIIHFWV�RI�ZDWHU�SRWHQWLDO��VHHG�VL]H�DQG� WKHLU

LQWHUDFWLRQ� ZHUH� GHWHFWHG� LQ� WKH� JHUPLQDWLRQ� SURSRUWLRQ
�7DEOH� ���� )RU� WKH� FRQWURO�� VHHG� VL]H� GLG� QRW� DIIHFW
JHUPLQDWLRQ�� KRZHYHU�� XQGHU� GURXJKW� FRQGLWLRQV�
JHUPLQDWLRQ� SURSRUWLRQ� LQFUHDVHG� ZLWK� VHHG� VL]H� DQG� WKLV
HIIHFW� EHFDPH� PRUH� SURQRXQFHG� ZLWK� LQFUHDVHG� GURXJKW
FRQGLWLRQ��DV�GHPRQVWUDWHG�E\�DQ�LQFUHDVH�LQ�ERWK�WKH�VORSH
DQG� VLJQLILFDQFH� RI� WKH� UHODWLRQVKLSV� �7DEOH� ��� )LJXUH� ���
2YHUDOO�� VHHG� JHUPLQDWLRQ�ZDV� GULYHQ�PXFK�PRUH� VWURQJO\
E\�ZDWHU� SRWHQWLDO� WUHDWPHQW� WKDQ� E\� VHHG� VL]H��ZLWK� WKHVH
WZR� IDFWRUV� H[SODLQLQJ� ��� DQG� �� �� RI� WKH� WRWDO� YDULDQFH
UHVSHFWLYHO\��7DEOH����

�
)LJXUH����0HDQ�JHUPLQDWLRQ�SURSRUWLRQ�DQG�VWDQGDUG�HUURU� IRU�DOO
LQGLYLGXDOV� WKDW� JHUPLQDWHG� E\� WUHDWPHQW�� 7��� FRQWURO�� 7��� VHHG
JHUPLQDWLRQ�DW������03D��7���VHHG�JHUPLQDWLRQ�DW������03D��DQG�7��
VHHG�JHUPLQDWLRQ�DW������03D�
�
'LVFXVVLRQ

$V� H[SHFWHG�� ORZ� ZDWHU� DYDLODELOLW\� OLPLWHG� VHHG
JHUPLQDWLRQ� LQ� VHPLDULG� SODQW� VSHFLHV�� +RZHYHU�� VRPH
VSHFLHV� ZHUH� DEOH� WR� JHUPLQDWH� DW� ORZ� ZDWHU� SRWHQWLDOV�
(�� SRO\VWDFK\D�� $�� HVSLQRVDUXP� DQG� 0�� SULQJOHL� KDG
UHODWLYHO\� KLJK� JHUPLQDWLRQ� DW� ����� WR� ����� 03D�� 7KHVH
VSHFLHV�FRXOG� WKHUHIRUH�EH�VXFFHVVIXO� LQ�HQYLURQPHQWV�ZLWK
ORZ�ZDWHU�DYDLODELOLW\��DV�%ULHGp�	�0FNHOO��������IRXQG�LQ
VHYHQ� SHUHQQLDO� DULG� ODQG� VSHFLHV� VXEMHFWHG� WR� PRLVWXUH
VWUHVV�
2XU� UHVXOWV� GR� QRW� VXSSRUW� WKH� K\SRWKHVLV� WKDW� VPDOO�

VHHGHG� VSHFLHV� JHUPLQDWH� PRUH� WKDQ� ODUJH�VHHGHG� VSHFLHV
XQGHU�GURXJKW�FRQGLWLRQV��DV�IRXQG�E\�0HULQR�0DUWtQ�HW�DO�
��������2XU�UHVXOWV�VKRZHG�XQGHU�GURXJKW�FRQGLWLRQV��ODUJH�
VHHGHG�VSHFLHV�H[KLELWHG�KLJKHU�JHUPLQDWLRQ��(��SRO\VWDFK\D
DQG�0��SULQJOHL���LQ�FRQWUDVWV�ZLWK�VPDOO�VHHGHG�VSHFLHV�
�

7DEOH����&RHIILFLHQWV�IRU�ZDWHU�SRWHQWLDO�WUHDWPHQWV�DQG�LQWHUDFWLRQ
ZLWK� VHHG� VL]H� GHULYHG� IURP� WKH� */0� ELQRPLDO� PRGHO�� :DWHU
SRWHQWLDO�WUHDWPHQWV��7�� ������03D��7�� ������03D��7�� ������03D�
7KH�VLJQLILFDQFH�YDOXH�ZDV���������

(VWLPDWH ]�YDOXH S

,QWHUFHSW ������ ����� �����

7� ����� ����� �����

7� ����� ����� �������

7� ���� ����� �������

6HHG�VL]H��7� í����� í����� �����

6HHG�VL]H��7� ����� í����� �����

6HHG�VL]H��7� ������ í����� �����

(IIHFW�RI�GURXJKW�DQG�VHHG�VL]H�RI�VKUXEV�LQ�FHQWUDO�0H[LFR
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7DEOH� ��� 3DLUHG� FRPSDULVRQV� RI� VHHG� VL]H� HIIHFWV� RQ� JHUPLQDWLRQ
DPRQJ� ZDWHU� SRWHQWLDO� WUHDWPHQWV� IRU� VHYHQ� VKUXE� SODQWV�� :DWHU
SRWHQWLDO� WUHDWPHQWV��7�� ���03D��7�� � �����03D��7�� � �����03D�
7�� ������03D��7KH�VLJQLILFDQFH�YDOXH�ZDV���������

&RQWUDVW (VWLPDWH ]�YDOXH S

7����7� ������ ������ �������

7����7� ������ ������ �������

7����7� ������ ������ �������

7����7� ������ ������ �����

7����7� ������ ������ �������

7����7� ������ ������ �������

�
7KH� UDWLRQDOH� EHKLQG� WKH� SURSRVHG� K\SRWKHVLV� ZDV� WKDW

XQGHU� QDWXUDO� FRQGLWLRQV�� VPDOO� VHHGV�ZLWK� D� KLJK� VXUIDFH�
DUHD�WR�YROXPH� UDWLR�PD\� LPELEH�ZDWHU�PRUH� TXLFNO\� WKDQ
ODUJH�VHHGV�ZLWK�D�ORZHU�UDWLR��SDUWLFXODUO\�ZKHQ�SHULRGV�RI
DYDLODEOH� VRLO� PRLVWXUH� DUH� VKRUW�� +RZHYHU�� ZKHQ� ZDWHU
SRWHQWLDO� LV� FRQVWDQWO\� ORZ�� KLJKHU� GHK\GUDWLRQ� RI� WKH� VHHG
WLVVXHV� LV� H[SHFWHG� LQ� VHHGV� ZLWK� D� KLJKHU� VXUIDFH�DUHD�WR�
YROXPH� UDWLR�� ZKLFK� FRXOG� H[SODLQ� RXU� UHVXOWV� XQGHU
FRQGLWLRQV�RI�FRQVWDQW�GU\QHVV�
2WKHU� IXQFWLRQDO� VHHG� WUDLWV� PD\� KDYH� DQ� HIIHFW� RQ

JHUPLQDWLRQ�� H�J��� FRDW� VWUXFWXUH�� VKDSH�� WKH� SUHVHQFH� RU
DEVHQFH� RI� VSLQHV�� SUHVHQFH� RI� HQGRVSHUP�� GLVSHUVDO
VWUXFWXUHV��WXEHUFOHV�RU�WKH�SUHVHQFH�RU�DEVHQFH�RI�PXFLODJH
�+DUSHU�HW�DO��������0RWW�������9DOHQFLD�'tD]�HW�DO��������
%X� HW� DO�� �������� H[DPLQLQJ� ���� $OSLQH� PHDGRZ� VSHFLHV�
IRXQG�D� FRPELQHG�HIIHFW�RI� VKDSH�DQG�YROXPH�RI� VHHGV�RQ
JHUPLQDWLRQ��ZKHUH�WKH�YROXPH�RI�WKH�VHHG�KDG�DQ�HIIHFW�RQ
WKH� JHUPLQDWLRQ� RI� HORQJDWHG� VHHGV�� ,Q� DGGLWLRQ�� WKH
K\SRWKHVLV�RI�0HULQR�0DUWtQ�HW�DO���������WKDW�VPDOO�VHHGHG
VSHFLHV� JHUPLQDWH� PRUH� WKDQ� ODUJH�VHHGHG� VSHFLHV� XQGHU
GURXJKW�FRXOG�EH�PRUH�UHOHYDQW�LQ�URXQG�VHHGV��:H�EHOLHYH
WKDW�PRUH�H[SHULPHQWV�FRQVLGHULQJ�WKH�SURFHVV�RI�ZDWHU�JDLQ
DQG�ORVV�LQ�VHHGV�XQGHU�KHWHURJHQHRXV�ZDWHU�FRQGLWLRQV�RYHU
WLPH�DUH�UHTXLUHG�LQ�RUGHU�WR�IXUWKHU�WHVW�WKH�UROH�RI�VHHG�VL]H
LQ�GU\�HQYLURQPHQWV�
7KH� VHHGV� RI� WZR� RI� WKH� VHYHQ� VSHFLHV� VWXGLHG� KDYH

SK\VLFDO� ODWHQF\�� DQG�PHFKDQLFDO� VFDULILFDWLRQ�ZDV� XVHG� WR
EUHDN� WKH� GRUPDQF\� RI� WKH� VHHGV�� ,W� ZDV� FRQVLGHUHG� WKDW
(��SRO\VWDFK\D�DQG�0��SULQJOHL�KDG�SK\VLFDO�ODWHQF\�EHFDXVH
WKH\� KDYH� DQ� LPSHUPHDEOH� OD\HU� WKDW� SUHYHQWV� VHHG
JHUPLQDWLRQ�ZKHQ�VFDULILFDWLRQ�WUHDWPHQW�LV�QRW�DSSOLHG��7KH
OD\HUV�RI�LPSHUYLRXV�VHHGV�LQ�WKH�IDEDFHDH�FDQ�EH�SURGXFHG
E\�WKH�SUHVHQFH�RI�D�SDOLVDGH�OD\HU��5ROVWRQ�������%LDQFR�	
.UDXV��������RU�E\�WKH�SUHVHQFH�RI�GLIIHUHQW�VXEVWDQFHV�VXFK
DV� FXWDQHRXV� OLJQLQ�� TXLQRQHV�� RU� LQVROXEOH� VXEHULQH
SHSWLGHV�WKDW�FDQ�UHGXFH�JHUPLQDWLRQ��5ROVWRQ�������:HUNHU
������ 9DOGRYLQRV�3RQFH� HW� DO�� ������ 6DKDL� 	� 3DO� �����
%DVNLQ�	�%DVNLQ��������7KXV��VHHGV�IURP�DOO�VSHFLHV�ZHUH

LQ�WKH�VDPH�FRQGLWLRQ�WR�JHUPLQDWH�XQGHU�WKH�ZDWHU�SRWHQWLDO
WUHDWPHQWV�� ,Q� DGGLWLRQ�� ZH� IRXQG� WKDW� WKH� XQJHUPLQDWHG
VHHGV�DW�WKH�HQG�RI�WKH�H[SHULPHQW�ZHUH�YLDEOH�
&RPSDULVRQ� RI� JHUPLQDWLRQ� SURSRUWLRQV� DPRQJ� VSHFLHV

FDQ�EH�YDOXDEOH�IRU�WKH�VHOHFWLRQ�RI�VSHFLHV�IRU�UHVWRUDWLRQ�LQ
WKH�VHPLDULG�]RQHV�RI�FHQWUDO�0H[LFR��$Q�LQWHUHVWLQJ�FDVH�LV
WKDW�RI�(��SRO\VWDFK\D��WKH�VSHFLHV�ZLWK�WKH�ODUJHVW�VHHG�VL]H�
DQG�WKH�OHDVW�DIIHFWHG�E\�GURXJKW��,W�KDV�D�ZLGH�GLVWULEXWLRQ
WKDW�UDQJHV�IURP�VRXWKHDVWHUQ�$UL]RQD� WR�VRXWKHUQ�0H[LFR�
,W� LV� DOVR� IRXQG� LQ�GLIIHUHQW�YHJHWDWLRQ� W\SHV�� UDQJLQJ� IURP
WURSLFDO� IRUHVWV� WR� VHPLDULG� VKUXEODQG�� ZLWK� PHDQ� DQQXDO
WHPSHUDWXUHV� EHWZHHQ� ��� DQG� ��� �&� DQG� PHDQ� DQQXDO
SUHFLSLWDWLRQ� EHWZHHQ� ���� DQG� ������ PP�� ,Q� DGGLWLRQ�
SURMHFWLRQV� IRU�(�� SRO\VWDFK\D� XQGHU� D� KLJKHU�ZDWHU� VWUHVV
VFHQDULR� WKDQ� FXUUHQW� FRQGLWLRQV� VKRZ� WKDW� WKLV� VSHFLHV
ZRXOG� PDLQWDLQ� LWV� GLVWULEXWLRQ� DUHD� XQWLO� ����� �*HOYL]�
*HOYH]� HW� DO�� ������� *LYHQ� WKLV� HYLGHQFH�� ZH� FRQVLGHU
(��SRO\VWDFK\D�WR�EH�DQ�LPSRUWDQW�VSHFLHV�WKDW�LV�VXLWDEOH�IRU
XVH� LQ� UHVWRUDWLRQ� LQ� DULG� DQG� VHPL�DULG� HFRV\VWHPV� RI
FHQWUDO�0H[LFR�
2Q�WKH�RWKHU�KDQG��HYHQ�ZLWK� LWV� ODUJH�VHHGV��)��UHVLQRVD

GLG� QRW� UHVSRQG� LQ� WKH� VDPH� ZD\�� SHUKDSV� EHFDXVH� VRPH
RWKHU� PRUSKRORJLFDO� �GHYHORSPHQW� RI� WKH� HPEU\R�� RU
SK\VLFDO� �SHUPHDELOLW\� RI� WKH� VHHG� FRDW�� VHHG� SURSHUWLHV� RU
SK\VLRORJLFDO�IHDWXUHV�WKDW�FDQ�SURGXFH�GRUPDQW�VHHG�VWDJHV
DQG�WKDW�ZHUH�QRW�PHDVXUHG�LQ�WKLV�VWXG\�PLJKW�KDYH�KDG�D
VLJQLILFDQW�HIIHFW�RQ�LWV�JHUPLQDWLRQ��&RPSRQHQWV�RI�WKH�OLIH
KLVWRU\� RI� SODQWV�� LQFOXGLQJ� W\SH� RI� IUXLW�� IRUP� RI� JURZWK�
FRORU�DQG�GLVSHUVLRQ�IRUP�RU�DJHQW��KDYH�EHHQ�FRQVLGHUHG�RI
JUHDW� LPSRUWDQFH� WR� ILQG� SDWWHUQV� RI� UHVSRQVHV� WR
HQYLURQPHQWDO�FRQGLWLRQV��&iUGHQDV�$UpYDOR�	�9DUJDV�5LRV
������� )�� UHVLQRVD� LV� GLVWULEXWHG� LQ� ]RQHV� ZLWK� DQQXDO
UDLQIDOO� KLJKHU� WKDQ�����PP� �9LOODVHxRU��������)RUG�HW�DO�
�����ILQGV�WKDW�GLIIHUHQFHV�LQ�WKH�UDQJH�RI�GLVWULEXWLRQ�RI�WKH
VSHFLHV� PD\� LQIOXHQFH� JHUPLQDWLRQ� SURSRUWLRQ�� IDYRULQJ
JHUPLQDWLRQ� LQ� VSHFLHV� WKDW� DUH� GLVWULEXWHG� RYHU� ZLGH
SUHFLSLWDWLRQ�UDQJHV��,Q�WKH�SUHVHQW�VWXG\��Ǽ��SRO\VWDFK\D�KDV
WKH� ZLGHVW� GLVWULEXWLRQ� LQ� WKLV� UHJDUG�� 7ZR� VSHFLHV�
$��HVSLQRVDUXP� DQG�=��DXJXVWD�� KDG� KLJKHU� JHUPLQDWLRQ� DW
��03D� WKDQ� LQ� WKH�RWKHU� WUHDWPHQWV��7RZQHQG�HW�DO�� ������
UHSRUWHG� WKDW� VRPH� VSHFLHV� SUHVHQW� D� UHGXFWLRQ� LQ
JHUPLQDWLRQ� XQGHU�ZDWHU� VWUHVV� DV� D� VWUDWHJ\� WR� UHGXFH� WKH
ULVN� RI� GHDWK� GXULQJ� WKH� HDUO\� VWDJHV� RI� WKH� VHHGOLQJ¶V� OLIH
F\FOH��0RUHRYHU�� WKHVH�VSHFLHV�FDQ�GHYHORS�³RSSRUWXQLVWLF´
RU� ³FDXWLRXV´� HYROXWLRQDU\� VWUDWHJLHV� LQ� VLWHV� ZLWK� KLJK
HQYLURQPHQWDO�YDULDELOLW\��*XWWHUPDQ�������
,Q�RXU�VWXG\�ZH�IRXQG�WKDW�VHHG�VL]H�DIIHFWV�JHUPLQDWLRQ

LQ� UHVSRQVH� WR� GURXJKW�� 'LIIHUHQW� DXWKRUV� KDYH� GLVFRYHUHG
WKDW�VHHG�VL]H�FDQ�EH�HDVLO\�FRUUHODWHG�ZLWK�RWKHU�IXQFWLRQDO
FKDUDFWHULVWLFV�RI�SODQWV� �9HQDEOH�	�%URZQ�������.KXUDQD
	�6LQJK� ������0ROHV�	�:HVWRE\� ������0HULQR�0DUWtQ� HW
DO��������DQG�HYHQ�VXUYLYDO�LQ�ODWHU�VWDJHV��ZLWK�DGYDQWDJHV
IRU� UHSURGXFWLRQ� �0HW]� HW� DO�� ������� )RU� H[DPSOH�� ODUJH
VHHGV� KDYH� WKH� DELOLW\� WR� VWRUH� JUHDWHU� DPRXQWV� RI

�
*HOYL]�*HOYH]�HW�DO����%RWDQLFDO�6FLHQFHV���������������������

���



FDUERK\GUDWH� LQ� WKHLU� HQGRVSHUP� RU� FRW\OHGRQV� WKDQ� GR
VPDOO� VHHGV� �0LOEHUJ� 	� /DPRQW� ������� 7KLV� PD\� HQDEOH
HDUO\� URRW�RU�SKRWRV\QWKHWLF� WLVVXH�GHYHORSPHQW��SURGXFLQJ
D� IDVWHU�JURZLQJ� SODQW� �+HZLWW� ������� .KXUDQD� 	� 6LQJK
������� IRXQG� WKDW� VHHGOLQJV� IURP� ODUJH� VHHGV� VXUYLYHG
H[WUHPH� ZDWHU� VWUHVV�� DQG� KDYH� PRUSKRORJLFDO� DQG
SK\VLRORJLFDO� PHFKDQLVPV� IRU� WROHUDWLQJ� YHU\� ORZ� VRLO
PRLVWXUH� FRQGLWLRQV� RYHU� ORQJ� SHULRGV� WKDW� PD\� EH
DVVRFLDWHG� ZLWK� WKH� ODUJHU� LQLWLDO� HQHUJ\� VWRFN� RI� WKH
VHHGOLQJ�
,Q� DGGLWLRQ� WR� WKH� HFRORJLFDO� FKDUDFWHULVWLFV� SUHYLRXVO\

HYDOXDWHG�� DQG� FRQVLGHULQJ� WKH� SRWHQWLDO� GLVWULEXWLRQ� XQGHU
WKH�PRVW�GUDPDWLF�FOLPDWH�FKDQJH�VFHQDULRV��*HOYL]�*HOYH]
HW�DO���������WKH�XVH�RI�VSHFLHV�WKDW�JHUPLQDWH�PRUH�UHDGLO\
XQGHU� VLPXODWHG�GURXJKW� IRU� HFRORJLFDO� UHVWRUDWLRQ�SURMHFWV
FRXOG� UHGXFH� FRVWV� DQG� LQFUHDVH� HVWDEOLVKPHQW� UDWHV�
+RZHYHU�� PRUH� GHWDLOHG� VWXGLHV� RI� WKH� JHUPLQDWHG
LQGLYLGXDOV� GXULQJ� WKHLU� HDUO\� VWDJHV� RI� GHYHORSPHQW� DUH
UHTXLUHG� LQ� RUGHU� WR� GHWHUPLQH� ZKHWKHU� WKHUH� LV� D
UHODWLRQVKLS� EHWZHHQ� VHHG� VL]H� DQG� RWKHU� DWWULEXWHV� XQGHU
GLIIHUHQW� PRLVWXUH� FRQGLWLRQV� LQ� ERWK� ODERUDWRU\� DQG� ILHOG
VWXGLHV�

$FNQRZOHGJPHQWV

:H�ZRXOG�OLNH�WR�WKDQN�'U��$UWXUR�6iQFKH]�*RQ]DOH]�IRU
KLV�YDOXDEOH�DGYLFH��'U��0DULW]D�/RSH]�+HUUHUD�IRU�DOORZLQJ
XV�WR�XVH�KHU�ODERUDWRU\�IDFLOLWLHV�DQG�SURYLGLQJ�DGYLFH�WKDW
HQULFKHG�WKLV�VWXG\�DQG�WKH�DQRQ\PRXV�UHYLHZHUV�ZKR�PDGH
REVHUYDWLRQV� WKDW� LPSURYHG�WKH�PDQXVFULSW��7KLV�VWXG\�ZDV
VXSSRUWHG�E\�)20,;�&21$&<7�������

/LWHUDWXUH�FLWHG

$O�NDUDNL�*1��������6HHG�VL]H�DQG�ZDWHU�SRWHQWLDO�HIIHFWV�RQ
ZDWHU�XSWDNH��JHUPLQDWLRQ�DQG�JURZWK�RQ�OHQWLO��-RXUQDO�RI
$JURQRP\�DQG�&URS�6FLHQFH������ ���������'2,�� KWWSV���
GRL�RUJ���������M���������;������WE������[

$OPDQVRXUL�0��.LQHW�-0��/XWWV�6��������(IIHFW�RI�VDOW�DQG
RVPRWLF� VWUHVVHV� RQ� JHUPLQDWLRQ� LQ� GXUXP� ZKHDW
�7ULWLFXP� GXUXP� 'HVI���� 3ODQW� DQG� 6RLO� ����� ��������
'2,��KWWSV���GRL�RUJ���������$��������������

%DVNLQ� &&�� %DVNLQ� -0�� ������ 6HHGV�� (FRORJ\�
%LRJHRJUDSK\� DQG� (YROXWLRQ� RI� 'RUPDQF\� DQG
*HUPLQDWLRQ�� 6DQ� 'LHJR�� &DOLIRUQLD�� $FDGHPLF� 3UHVV�
,6%1���������������

%DVNLQ� &&�� %DVNLQ� -0�� ������ 6HHGV�� (FRORJ\�
%LRJHRJUDSK\� DQG� (YROXWLRQ� RI� 'RUPDQF\� DQG
*HUPLQDWLRQ�� 6HFRQG� (GLWLRQ�� $FDGHPLF� 3UHVV�� 6DQ
'LHJR��&DOLIRUQLD��,6%1���������������

%LDQFR�&$��.UDXV�7$��������'HVDUUROOR�\�HVWUXFWXUD�GH� OD
VHPLOOD� \� HO� IUXWR� GH� $GHVPLD� ELFRORU� �3RLU���� '&�
�)DEDFHDH���3K\WRQ���������

%ULHGp� -:��0FNHOO�&0��������*HUPLQDWLRQ�RI���SHUHQQLDO
DULG� ODQG� VSHFLHV�� VXEMHFWHG� WR� VRLO� PRLVWXUH� VWUHVV�
-RXUQDO�RI�$ULG�(QYLURQPHQWV��������������'2,��KWWSV���
GRL�RUJ���������6��������������������

%URZQ�-+��9DORQH�7-��&XUWLQ��&*��������5HRUJDQL]DWLRQ�RI
DQ�DULG�HFRV\VWHP�LQ� UHVSRQVH� WR� UHFHQW�FOLPDWH�FKDQJH�
3URFHHGLQJV� RI� WKH�1DWLRQDO�$FDGHP\�RI� 6FLHQFH� RI� WKH
8QLWHG� 6WDWHV� RI� $PHULFD� ���� ����������� '2,�� KWWSV���
GRL�RUJ���������SQDV�����������
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%X�+<��:DQJ�;-��=KRX�;+��4L�:��/LX�.��*H�:-��;X�'+�
=KDQJ� 67�� ������ 7KH� HFRORJLFDO� DQG� HYROXWLRQDU\
VLJQLILFDQFH� RI� VHHG� VKDSH� DQG� YROXPH� IRU� WKH
JHUPLQDWLRQ�RI�����VSHFLHV�RQ�WKH�HDVWHUQ�4LQJKDL�7LEHW
SODWHDX�� )ROLD� *HRERWDQLFD� ���� ��������� '2,�� KWWSV���
GRL�RUJ���������V���������������\

&DOGHUyQ�GH� 5]HGRZVNL� *�� 5]HGRZVNL� -�� ������ )ORUD
IDQHURJiPLFD� GHO� 9DOOH� GH� 0p[LFR�� 0p[LFR�� ')�
&RPLVLyQ� 1DFLRQDO� SDUD� HO� &RQRFLPLHQWR� \� 8VR� GH� OD
%LRGLYHUVLGDG� H� ,QVWLWXWR� GH� (FRORJtD� $&�� ,6%1�
�����������������

&DPDUJR�5LFDOGH� 6/�� 'KLOOLRQ� 66�� *UHWKHU� 5�� �����
&RPPXQLW\� VWUXFWXUH� RI� HQGHPLF�0LPRVD� VSHFLHV� DQG
HQYLURQPHQWDO� KHWHURJHQHLW\� LQ� VHPL�DULG� 0H[LFDQ
YDOOH\��-RXUQDO�RI�9HJHWDWLRQ�6FLHQFH��������������'2,�
KWWSV���GRL�RUJ���������M����������������WE������[

&iUGHQDV�$UpYDOR� *�� 9DUJDV�5tRV� 2�� ������ 5DVJRV� GH
KLVWRULD� GH� YLGD� GH� HVSHFLHV� HQ� XQD� FRPXQLGDG� YHJHWDO
DOWHUDGD�HQ�XQ�SiUDPR�K~PHGR��3DUTXH�1DFLRQDO�1DWXUDO
&KLQJD]D���&DOGDVLD� ���� ��������� '2,�� KWWSV���GRL�RUJ�
���������FDOGDVLD

&RFKUDQH� -$�� +R\OH� */�� <DWHV� &-��:RRG� -�� 1LFRWUD� $%�
������ (YLGHQFH� RI� SRSXODWLRQ� YDULDWLRQ� LQ� GURXJKW
WROHUDQFH� GXULQJ� VHHG� JHUPLQDWLRQ� LQ� IRXU� %DQNVLD
�3URWHDFHDH�� VSHFLHV� IURP�:HVWHUQ�$XVWUDOLD��$XVWUDOLDQ
-RXUQDO� RI� %RWDQ\� ���� ��������� '2,�� KWWSV���GRL�RUJ�
��������%7�����

&RUWpV�)ORUHV� -�� $QGUHVHQ� (�� &RUQHMR�7HQRULR� *�� ,EDUUD�
0DQUtTXH]�*��������)UXLWLQJ�SKHQRORJ\�RI�VHHG�GLVSHUVDO
V\QGURPHV� LQ� D� 0H[LFDQ� 1HRWURSLFDO� WHPSHUDWH� IRUHVW�
)RUHVW� (FRORJ\� DQG� 0DQDJHPHQW� ����� ��������� '2,�
KWWSV���GRL�RUJ���������M�IRUHFR������������

'H�OD�%DUUHUD�(��1REHO�36��������3K\VLRORJLFDO�HFRORJ\�RI
VHHG� JHUPLQDWLRQ� IRU� WKH� FROXPQDU� FDFWXV� 6WHQRFHUHXV
TXHUHWDURHQVLV�� -RXUQDO� RI� $ULG� (QYLURQPHQWV� ���
���������'2,��KWWSV���GRL�RUJ���������MDUH����������

'H� 9LOODORERV� $(�� 3HOiH]� '9�� ������ ,QIOXHQFHV� RI
WHPSHUDWXUH� DQG� ZDWHU� VWUHVV� RQ� JHUPLQDWLRQ� DQG
HVWDEOLVKPHQW�RI�3URVRSLV�FDOGHQLD�%XUN��-RXUQDO�RI�$ULG
(QYLURQPHQWV��������������'2,��KWWSV���GRL�RUJ���������
MDUH����������

)LVFKHU�5$��7XUQHU�1&��������3ODQW�SURGXFWLYLW\�LQ�WKH�DULG
DQG�VHPLDULG�]RQHV��$QQXDO�5HYLHZV�RI�3ODQW�3K\VLRORJ\
�������������'2,��KWWSV���GRL�RUJ���������DQQXUHY�SS����
�������������

)ORUHV�-��%ULRQHV�2��������3ODQW� OLIH�IRUP�DQG�JHUPLQDWLRQ
LQ� D�0H[LFDQ� LQWHU�WURSLFDO� GHVHUW�� (IIHFWV� RI� VRLO�ZDWHU
SRWHQWLDO�DQG�WHPSHUDWXUH��-RXUQDO�RI�$ULG�(QYLURQPHQWV
���� ��������� '2,�� KWWSV���GRL�RUJ���������MDUH�������
���

)RUG�5+��6KDULN�7/��)HUHW�33��������6HHG�GLVSHUVDO�RI� WKH
HQGDQJHUHG� 9LUJLQLD� URXQG�OHDIHG� ELUFK� �%HWXOD� XEHU��

)RUHVW� (FRORJ\� DQG� 0DQDJHPHQW� ��� ��������� '2,�
KWWSV���GRL�RUJ�����������������������������

*HOYL]�*HOYH]�60��3DYyQ�1��������'LYHUVLGDG�GH�HVSHFLHV
DUEXVWLYDV�HQ�XQD�]RQD�VHPLiULGD�GHO�FHQWUR�GH�0p[LFR�
5HYLVD� &KDSLQJR� 6HULH� &LHQFLDV� )RUHVWDOHV� \� GHO
$PELHQWH� ���� ��������� '2,�� KWWS���G[�GRL�RUJ���������
U�UFKVFID������������

*HOYL]�*HOYH]�60��3DYyQ�1��,OOROGL�5DQJHO�3��%DOOHVWHURV�
%DUUHUD� &�� ������ (FRORJLFDO� QLFKH� PRGHOLQJ� XQGHU
FOLPDWH�FKDQJH�WR�VHOHFW�VKUXEV�IRU�HFRORJLFDO�UHVWRUDWLRQ
LQ�FHQWUDO�0H[LFR��(FRORJLFDO�(QJLQHHULQJ�������������
'2,��KWWSV���GRL�RUJ���������M�HFROHQJ������������

*KRODPL� $�� 6KDUDIL� 6�� 6KDUDIL� $�� *KDVHPL� 6�� �����
*HUPLQDWLRQ�RI�GLIIHUHQW�VHHG�VL]H�RI�SLQWR�EHDQ�FXOWLYDUV
DV� DIIHFWHG� E\� VDOLQLW\� DQG� GURXJKW� VWUHVV�� -RXUQDO� RI
)RRG�� $JULFXOWXUH� 	� (QYLURQPHQW� ���� ��������� '2,�
KWWSV���ZZZ�UHVHDUFKJDWH�QHW�SXEOLFDWLRQ����������

*XWWHUPDQ� <�� ������ (QYLURQPHQWDO� IDFWRUV� DQG� VXUYLYDO
VWUDWHJLHV� RI� DQQXDO� SODQW� VSHFLHV� LQ� WKH� 1HJHY� 'HVHUW�
,VUDHO��3ODQW� 6SHFLHV�%LRORJ\����� ���������'2,�� KWWSV���
GRL�RUJ���������M����������������������[

+DUSHU� -/�� /RYHOO� 3+��0RRUH�.*�� ������ 7KH� VKDSHV� DQG
VL]HV� RI� VHHGV�� $QQXDO� 5HYLHZ� RI� (FRORJ\� DQG
6\VWHPDWLFV������������

+DUULV�-$��+REEV�5-��+LJJV�(��$URQVRQ�-��������(FRORJLFDO
UHVWRUDWLRQ� DQG� JOREDO� FOLPDWH� FKDQJH�� 5HVWRUDWLRQ
(FRORJ\� ���� ��������� '2,�� KWWSV���GRL�RUJ���������
M���������;������������[

+HZLWW� 1�� ������ 6HHG� VL]H� DQG� VKDGH� WROHUDQFH�� D
FRPSDUDWLYH�DQDO\VLV�RI�1RUWK�$PHULFDQ�WHPSHUDWH�WUHHV�
2HFRORJLD� ����� ��������� '2,�� KWWSV���GRL�RUJ���������
V������������

,TEDO� 1�� 0DQDOLO� 6�� &KDXKDQ� %6�� $GNLQV� 6:�� �����
*HUPLQDWLRQ�%LRORJ\�RI�6HVEDQLD��6HVEDQLD�FDQQDELQD��
$Q� (PHUJLQJ� :HHG� LQ� WKH� $XVWUDOLDQ� &RWWRQ� DJUR�
HQYLURQPHQW�� :HHG� 6FLHQFH� ���� ������� '2,�� KWWSV���
GRL�RUJ���������ZVF��������

-XUDGR�(��(VWUDGD�(��0ROH�VҒ �$��������&KDUDFWHUL]LQJ�SODQW
DWWULEXWHV� ZLWK� SDUWLFXODU� HPSKDVLV� RQ� VHHGV� LQ
7DPDXOLSDQ� WKRUQVFUXE� LQ� VHPL�DULG�0H[LFR��-RXUQDO� RI
$ULG� (QYLURQPHQWV� ���� ��������� '2,�� KWWSV���GRL�RUJ�
��������MDUH����������

.D\GDQ�'��<DJPXU�0��������*HUPLQDWLRQ��VHHGOLQJ�JURZWK
DQG�UHODWLYH�ZDWHU�FRQWHQW�RI�VKRRW�LQ�GLIIHUHQW�VHHG�VL]HV
RI� WULWLFDOH� XQGHU� RVPRWLF� VWUHVV� RI� ZDWHU� DQG� 1D&O�
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.LGVRQ� 5�� :HVWRE\� 0�� ������ 6HHG� PDVV� DQG� VHHGOLQJ
GLPHQVLRQV� LQ� UHODWLRQ� WR� VHHGOLQJ� HVWDEOLVKPHQW�
2HFRORJLD� ����� ������� '2,�� KWWSV���GRL�RUJ���������3/
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$VVRFLDWHG�(GLWRU��$OHMDQGUR�=DYDOD�+XUWDGR
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H[SHULPHQW� DQG� ZURWH� WKH� SDSHU�� 133� FRQFHLYHG� WKH� LGHDV�
GHVLJQHG�WKH�PHWKRGRORJ\�DQG�UHYLHZHG�WKH�SDSHU��-)5�FRQFHLYHG
WKH� LGHDV��GHVLJQHG� WKH�PHWKRGRORJ\�DQG� UHYLHZHG� WKH�SDSHU��)%
DQDO\]HG�WKH�GDWD�DQG�UHYLHZHG�WKH�SDSHU��+3�FRQFHLYHG�WKH�LGHDV�
GHVLJQHG� WKH� PHWKRGRORJ\� DQG� UHYLHZHG� WKH� SDSHU�� $OO� DXWKRUV
FRQWULEXWHG� FULWLFDOO\� WR� WKH� GUDIWV� DQG� KDYH� JLYHQ� WKHLU� ILQDO
DSSURYDO�IRU�SXEOLFDWLRQ�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

�
*HOYL]�*HOYH]�HW�DO����%RWDQLFDO�6FLHQFHV���������������������

���

https://doi.org/10.1894/0038-4909(2003)048%3C0001:EOSAGS%3E2.0.CO;2
https://doi.org/10.1894/0038-4909(2003)048%3C0001:EOSAGS%3E2.0.CO;2
https://doi.org/10.1016/j.sajb.2005.07.006
https://doi.org/10.1016/j.sajb.2005.07.006
https://doi.org/10.1016/j.rmb.2016.06.017
https://doi.org/10.1080/0021213X.1980.10676874
https://doi.org/10.1080/0021213X.1980.10676874

	Materials and methods
	Results
	Discussion

