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WKHVH�HQYLURQPHQWV�RQ�WUHHV��WKH�DELOLW\�WR�DFKLHYH�DQ�XUEDQ�IRUHVW�GRPLQDWHG�E\�KHDOWK\�

IXOO�JURZQ�WUHHV�ZLOO�EH�LPSURYHG��6RLO�FRPSDFWLRQ�DQG�FRQVWUXFWLRQ�ILOO�DUH�ERWK�SDUWLFXODUO\

LPSRUWDQW�IDFWRUV�ZKLFK�PD\�VHYHUHO\�DIIHFW�XUEDQ�WUHH�KHDOWK��5HVHDUFK�LQ�WKHVH�DUHDV�FDQ�EH

DSSOLHG�LPPHGLDWHO\�WR�LPSURYH�WKH�PDQDJHPHQW�DQG�SURWHFWLRQ�RI�XUEDQ�DQG�FRPPXQLW\

WUHHV�
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7UHH�GHDWK�IROORZLQJ�FRQVWUXFWLRQ�DFWLYLW\�LV�IUHTXHQWO\�QRWHG�WKURXJK�DQHFGRWDO

REVHUYDWLRQ��)RUHVWHUV�DQG�DUERULVWV�DWWULEXWH�PDQ\�VXFK�GHDWKV�WR�FRQVWUXFWLRQ�ILOO�EHLQJ

VSUHDG�RYHU�WKH�URRW�]RQH��H�J��<HOHQRVN\��������������2IWHQ��KRZHYHU��WUHH�GHFOLQH�DIWHU�ILOO

LV�DSSOLHG�DSSHDUV�WR�EH�UDQGRP��ZLWK�VRPH�ODUJH�WUHHV�G\LQJ�RU�VKRZLQJ�GHFOLQH�ZLWKLQ�D

\HDU��ZKLOH�RWKHUV�DSSHDU�QHYHU�WR�EH�DIIHFWHG��7KLV�LV�SHUKDSV�GXH�WR�WKH�PDQ\�IDFWRUV

LQYROYHG�LQ�JUDGH�FKDQJHV��KRZ�WKH�VRLO�LV�JUDGHG��ZKHWKHU�URRWV�DUH�VHYHUHG��ZKHWKHU�WKH

VRLO�LV�FRPSDFWHG��RWKHU�VLWH�FRQGLWLRQV��WUHH�VSHFLHV��DJH��DQG�FRQGLWLRQ��GHSWK�DQG�W\SH�RI

ILOO��WKH�LQVWDOODWLRQ�RI�WUHH�ZHOOV��DQG�RWKHUV��DQG�WKH�SRRU�XQGHUVWDQGLQJ�RI�WKH�UHODWLYH

LPSRUWDQFH�RI�HDFK�IDFWRU�DQG�KRZ�LW�LQWHUDFWV�ZLWK�RWKHU�FRQGLWLRQV��9HU\�OLWWOH�GDWD�DUH

DYDLODEOH�DW�SUHVHQW�WR�XVH�DV�D�JXLGH��&RQVHTXHQWO\��LW�LV�LPSRVVLEOH�WR�GHWHUPLQH�WKH�EHVW

PDQDJHPHQW�SUDFWLFHV�ZKHQ�JUDGH�FKDQJHV�DUH�UHTXLUHG��7KH�WZR�ILHOG�H[SHULPHQWV

SUHVHQWHG�KHUH�ZHUH�GHVLJQHG�WR�XQWDQJOH�VRPH�RI�WKHVH�IDFWRUV�VR�LW�FDQ�EH�OHDUQHG�ZKLFK

VSHFLILF�DFWLYLWLHV�DQG�WHFKQLTXHV�WKUHDWHQ�WUHH�KHDOWK�DQG�YLJRU�DQG�ZKLFK�GR�QRW�

*UDGH�FKDQJHV�DQG�PDQ\�RWKHU�W\SHV�RI�GLVWXUEDQFH�FRPPRQ�WR�XUEDQ�DUHDV�DOWHU

FRPSDFWLRQ�OHYHOV�DQG�ZDWHU�PRYHPHQW�LQ�VRLOV��$OWKRXJK�WKH�HIIHFWV�RI�VRLO�FRPSDFWLRQ�RQ

SODQW�JURZWK�DUH�ZLGHO\�UHVHDUFKHG�DQG�ZHOO�XQGHUVWRRG��FRPSDFWLRQ�FRQWLQXHV�WR�SODJXH�RXU

XUEDQ�IRUHVWV��%\�WKHLU�YHU\�QDWXUH��FLWLHV�DQG�WRZQV�DUH�GHQVHO\�SRSXODWHG�DQG�ODQG�LV�UDUHO\

XQGLVWXUEHG��$V�D�UHVXOW��VRLO�FRPSDFWLRQ�LV�QHDUO\�LQHYLWDEOH��&RPSDFWLRQ�FDQ�EH�PLQLPL]HG

DQG�DOOHYLDWHG�WR�VRPH�H[WHQW��EXW��RQ�WKH�ZKROH��XUEDQ�IRUHVWHUV�PXVW�DWWHPSW�WR�PDLQWDLQ

KHDOWK\�WUHHV�LQ�DQ�HQYLURQPHQW�ZLWK�DW�OHDVW�VRPH�GHJUHH�RI�VRLO�FRPSDFWLRQ��&RQVHTXHQWO\�

RQH�DVSHFW�RI�LQWHUHVW�LV�VSHFLHV�WROHUDQFH�RI�FRPSDFWHG�VRLOV��0XFK�UHVHDUFK�LQ�VRLO

FRPSDFWLRQ�KDV�IRFXVHG�RQ�DJURQRPLF�FURS�VSHFLHV�ZKHUH�\LHOG��UDWKHU�WKDQ�ORQJ�WHUP�SODQW

KHDOWK��LV�RI�SULPDU\�LQWHUHVW��6SHFLHV·�WROHUDQFHV��HVSHFLDOO\�DV�WKH\�UHODWH�WR�LQWHUDFWLRQV�ZLWK

VRLO�PRLVWXUH��KDYH�UDUHO\�EHHQ�LQYHVWLJDWHG��7KH�ILQDO�H[SHULPHQW�SUHVHQWHG�KHUH�LV�GHVLJQHG

WR�LQYHVWLJDWH�VSHFLHV�WROHUDQFH�WR�FRPSDFWLRQ�DV�LW�UHODWHV�WR�VRLO�PRLVWXUH�

7UHH�3URWHFWLRQ�'XULQJ�&RQVWUXFWLRQ

,Q�UHFHQW�\HDUV��WUHH�SURWHFWLRQ�KDV�EHFRPH�D�WRSLF�RI�LQWHQVH�LQWHUHVW�WR�XUEDQ�IRUHVWHUV

DQG�DUERULVWV��7KH�YDOXH�RI�PDWXUH�WUHHV�LV�ZLGHO\�UHFRJQL]HG�DQG�PRUH�LQIRUPDWLRQ�LV

DYDLODEOH�WKDQ�HYHU�EHIRUH�RQ�WKH�GROODU�YDOXH�RI�XUEDQ�WUHHV��ERWK�LQ�WHUPV�RI�LQFUHDVHV�LQ
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UHDO�HVWDWH�YDOXHV�DQG�DWWUDFWLQJ�EXVLQHVV��DV�ZHOO�DV�LQ�HQYLURQPHQWDO�FRQWULEXWLRQV�VXFK�DV

UHGXFLQJ�HQHUJ\�XVH��UXQRII�DQG�FHUWDLQ�W\SHV�RI�DLU�SROOXWLRQ��H�J��'Z\HU�HW�DO���������7UHH

SURWHFWLRQ�ZRUNVKRSV�DQG�FRQIHUHQFHV�DUH�QRZ�KHOG�DURXQG�WKH�FRXQWU\��DQG�DUERULVWV

VSHFLDOL]LQJ�LQ�WKLV�DUHD�DUH�LQ�GHPDQG�DV�FRQVXOWDQWV��,Q�GHYHORSLQJ�WUHH�SURWHFWLRQ�SODQV�

IRUHVWHUV�PXVW�FRPPRQO\�DVVHVV�WKH�ORQJ�WHUP�ULVNV�DVVRFLDWHG�ZLWK�SODFLQJ�ILOO�VRLO�RYHU

DUHDV�ZKHUH�WUHHV�DUH�JURZLQJ��7KLV�LV�D�GLIILFXOW�WDVN��KRZHYHU��EHFDXVH�RI�WKH�PDQ\�IDFWRUV

WKDW�FRPH�LQWR�SOD\�DQG�WKH�ODFN�RI�UHVHDUFK�LQ�WKLV�DUHD�

)LOO

)LOO�LV�VRLO�WKDW�LV�SODFHG�RQ�WRS�RI�WKH�H[LVWLQJ�VRLO�LQ�RUGHU�WR�FKDQJH�WKH�ILQDO�JUDGH�RU

OHYHO�RI�WKH�JURXQG��6RPH�DPRXQW�RI�FXWWLQJ��ORZHULQJ�WKH�JUDGH��DQG�ILOOLQJ��UDLVLQJ�WKH�JUDGH�

LV�QHFHVVDU\�RQ�YLUWXDOO\�HYHU\�FRQVWUXFWLRQ�VLWH�LQ�RUGHU�IRU�WKH�ODQG�WR�GUDLQ�SURSHUO\��WR

FUHDWH�WKH�JHQWOH�LQFOLQHV�QHFHVVDU\�IRU�SHGHVWULDQV�DQG�FDUV��DQG�IRU�RWKHU�HQJLQHHULQJ�QHHGV�

+RZHYHU��ILOO�SUHVXPDEO\�DOWHUV�WKH�VRLO�HQYLURQPHQW�LQ�WKH�RULJLQDO�JURXQG�EHQHDWK�LW�

SHUKDSV�E\�PDNLQJ�LW�ZHWWHU��GU\HU��RU�E\�DOWHULQJ�WKH�JDV�H[FKDQJH�ZLWK�WKH�VXUIDFH�DLU��)LOO

PD\�DOVR�FDXVH�FKDQJHV�LQ�VRLO�PLFURIORUD��UHGXFH�QLWURJHQ�DYDLODELOLW\��UDLVH�S+�DQG�UHVXOW�LQ

LPSURSHU�GUDLQDJH��6FKRHQHZHLVV��������,W�LV�DOVR�JHQHUDOO\�UHFRJQL]HG�WKDW�WKH�JUDGLQJ

SURFHVV�LWVHOI��DV�ZHOO�DV�D�YDULHW\�RI�PRVWO\�XQUHODWHG�FRQVWUXFWLRQ�DFWLYLWLHV��VXFK�DV�VRLO

WUDIILFNLQJ��VWRFNSLOLQJ�KHDY\�PDWHULDOV��URRW�VHYHUDQFH��WUXQN�GDPDJH��DQG�FKHPLFDO�VSLOOV�

PD\�FRQWULEXWH�WR�WUHH�GHFOLQH�DVVRFLDWHG�ZLWK�ILOO��'XOLQJ�������&RGHU�����E��+DUULV�HW�DO�

������

)LOO�LV�UDUHO\�DSSOLHG�ZLWKRXW�RWKHU�VLWH�GLVWXUEDQFH�RFFXUULQJ��)XUWKHUPRUH��WKH�ILOO�VRLO

LWVHOI�LV�RIWHQ�GHJUDGHG�GXULQJ�DSSOLFDWLRQ��,Q�D�FXW�DUHD��WKH�VXUIDFH�VRLO�LV�RIWHQ�D�VXEVRLO

WKDW�ZDV�RQFH�GHHS�LQ�WKH�VRLO�VWUDWD�ZKLOH�LQ�WKH�ILOOHG�DUHD��VXUIDFH�VRLO�PD\�EH�D�PL[WXUH�RI

$��%�DQG�&�KRUL]RQV��$V�WKHVH�VRLOV�FDQ�EH�YHU\�XQSURGXFWLYH��VWRFNSLOLQJ�RI�WRSVRLO�LV�RIWHQ

UHFRPPHQGHG��,VKLZDWD�HW�DO���������+RZHYHU��KDQGOLQJ�VXUIDFH�VRLO�ZLWK�KHDY\�HTXLSPHQW

GXULQJ�VWRFNSLOLQJ�DQG�UHVSUHDGLQJ�UHVXOWV�LQ�FRQVLGHUDEOH�VWUXFWXUDO�GHJUDGDWLRQ��LQFUHDVHG

EXON�GHQVLW\��GHFUHDVHG�DYDLODEOH�ZDWHU�KROGLQJ�FDSDFLW\��DQG�GHFUHDVHG�PDFURSRUH�YROXPH��

HVSHFLDOO\�LQ�ILQH��RU�PHGLXP�WH[WXUHG�VRLOV��,VKLZDWD�HW�DO���������6XUIDFH�VFUDSLQJ�KDV�DOVR

EHHQ�VKRZQ�WR�UHVXOW�LQ�ORQJ�WHUP�UHGXFWLRQ�LQ�VRLO�QXWULHQW�DYDLODELOLW\��ZKLFK�PLJKW

DGGLWLRQDOO\�ZHDNHQ�VWUHVVHG�WUHHV��=DERZVNL�HW�DO���������)LQDOO\��DV�WUHH�URRWV�DUH�RIWHQ
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GHQVHO\�FRQFHQWUDWHG�LQ�WKH�WRS����FP�RI�VRLO��*LOPDQ��������UHPRYDO�RI�VXUIDFH�VRLO�DURXQG

HVWDEOLVKHG�WUHHV�ZLOO�VHYHU�ODUJH�QXPEHUV�RI�URRWV�DQG�FDQQRW�EH�UHFRPPHQGHG�LQ�ODQGVFDSH

VLWXDWLRQV�ZKHUH�WUHH�UHWHQWLRQ�LV�DQ�REMHFWLYH��&LYLO�HQJLQHHUV�DOVR�JHQHUDOO\�DWWHPSW�WR

EDODQFH�WKH�FXW�DQG�ILOO��LQ�RUGHU�WR�DYRLG�WKH�H[SHQVH�RI�WUDQVSRUWLQJ�VRLO�RQ�RU�RII�VLWH��,Q

OLJKW�RI�WKHVH�IDFWRUV��WKHUH�LV�OLWWOH�FKDQFH�RI�VSHFLI\LQJ�VRLO�W\SH�RU�FRPSOHWHO\�HOLPLQDWLQJ

RWKHU�GLVWXUEDQFHV�LQ�PRVW�FDVHV�ZKHUH�ILOO�LV�UHTXLUHG�

7KH�DPRXQW�RI�ILOO�WKDW�FDQ�EH�DSSOLHG�ZLWKRXW�GDPDJLQJ�WUHHV�LV�JHQHUDOO\�FRQVLGHUHG�WR

EH�QR�PRUH�WKDQ����FP��6FKRHQHZHLVV��������VXJJHVWV�WKDW�D�ILOO�RI����FP�LV�VDIH�LI�WKH�VRLO�LV

D�SRURXV�WRSVRLO��+DUULV�HW�DO���������LQGLFDWH�WKDW�D�ILOO�RI����FP�RU�OHVV�ZLWK�JRRG�GUDLQDJH�LV

SUREDEO\�QRW�KDUPIXO��EXW�FRQVLGHU�LW�IDU�ZLVHU�WR�DYRLG�ILOO�DOWRJHWKHU��&RGHU��������LQGLFDWHV

WKDW�DOO�W\SHV�DQG�DPRXQWV�RI�ILOO�FDQ�OHDG�WR�URRW�VXIIRFDWLRQ�DQG�RWKHU�SUREOHPV�WKDW�ZLOO

SHUPDQHQWO\�GDPDJH�WKH�WUHH��+H�RIIHUV�H[WUHPHO\�GHWDLOHG�UHFRPPHQGDWLRQV�EDVHG�RQ�VRLO

W\SH��EXW�QRWHV�WKDW�WKHVH�DUH�´KLJKO\�YDULDEOH�YDOXHV�µ�)RU�H[DPSOH�����FP�RI�D�VDQG\�ORDP

ILOO�ZLOO�LQLWLDWH�URRW�GDPDJH��ZKLOH����FP�ZLOO�UHVXOW�LQ�PDVVLYH�GDPDJH�WR�URRWV��)RU�D�FOD\

ILOO��WKHVH�GHSWKV�DUH�UHGXFHG�WR�����DQG�����FP��UHVSHFWLYHO\��2WKHUV�DOVR�VXJJHVW�WKDW�DV�OLWWOH

DV�����WR���FP�RI�FOD\�ILOO�ZLOO�GDPDJH�VHQVLWLYH�WUHHV��6FKURFN�������

5HFRPPHQGDWLRQV�IRU�SURWHFWLQJ�WUHHV�IURP�WKH�HIIHFWV�RI�ILOO�KDYH�FKDQJHG�OLWWOH�LQ�WKH

ODVW�WKLUW\�\HDUV��,Q�������-RKQ�=��'XOLQJ��DQ�LQIOXHQWLDO�DUERULVW��UHFRPPHQGHG�DQ�DHUDWLRQ

V\VWHP�RI�WLOH�DQG�VWRQH��'XOLQJ�������

$�V\VWHP�RI�ILHOG�WLOH�LV�ODLG�RQ�WKH�JUDGH�LQ�WKH�SDWWHUQ�RI�D�ZKHHO�ZLWK�WKH
VSRNHV�UXQQLQJ�LQWR�WKH�EDVH�RI�WKH�WUHH�ZKHUH�D�WDSHUHG�EDVH�RI�VWRQH�LV�ODLG
DURXQG�WKH�WUHH�WUXQN��:H�WKHQ�OD\�D�EHG�ZLWK�VWRQHV�DERXW�WKH�VL]H�RI�D�PDQ·V
ILVW�RU�ODUJHU��7KLV�VWRQH�LV�ODLG�RYHU�DOO�WKH�URRW�DUHD��RXW�WR�WKH�GULS�OLQH��6WRQH
LV�SODFHG�WR�PDNH�D�GHSWK�RI�VL[�WR�WZHOYH�LQFKHV�ZKLFK�ZLOO�FRYHU�VL[�LQFK�ILHOG
WLOH��7KH�WLOH�LV�ODLG�RSHQ�MRLQWHG��DQG�DW�WKH�LQWHUVHFWLRQ�RI�HDFK�VSRNH�DQG
RXWHU�ULQJ��D�JOD]HG�EHOO�MRLQWHG�WLOH�LV�SODFHG�VR�LW�ZLOO�H[WHQG�WR�WKH�WRS�RI�WKH
QHZ�JUDGH�ZKHQ�ILQLVKHG��7KH�VWRQH�DW�WKH�EDVH�RI�WKH�WUHH�LV�EXLOW�XS�WR�WKH
OHYHO�RI�WKH�QHZ�JUDGH��DQG�VKRXOG�EH�DERXW�HLJKWHHQ�WR�WZHQW\�IRXU�LQFKHV�LQ
ZLGWK�DURXQG�WKH�WUHH�WUXQN��:KHQ�VWRQH�DQG�WLOH�DUH�DOO�LQ�SODFH��ZH�FRYHU�WKH
VWRQH�EHG�ZLWK�EXUODS�RU�VWUDZ�WR�SUHYHQW�WKH�VRLO�IURP�ILOWHULQJ�LQWR�WKH�VWRQH
EHG��7KH�VRLO�ILOO�LV�WKHQ�SODFHG�RQ�WRS�RI�WKLV�V\VWHP�WR�WKH�GHVLUHG�JUDGH�
:KHQ�WKH�JUDGH�LV�ILQLVKHG��DQG�VHWWOHG��WKH�YHQW�WLOHV�FDQ�WKHQ�EH�SXOOHG��DQG
WKH�ORZHU�HQG�FXW�RII�VR�WKH�YHQWV�ZLOO�EH�IOXVK�ZLWK�WKH�QHZ�JUDGH�

:KHQ�IHUWLOL]DWLRQ�LV�QHHGHG�LQ�VHDVRQV�IROORZLQJ�WKH�LQVWDOODWLRQ��ZH�KDYH
XVHG�OLTXLG�IHUWLOL]HU�VROXWLRQV��DQG�IOXVKHG�LW�LQWR�WKH�WLOH�V\VWHP�WKURXJK�WKH
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YHQW�SLSHV«��«:H�KDYH�LQVWDOOHG�PDQ\�RI�WKHVH�DHUDWLRQ�V\VWHPV��DQG�WR�RXU
NQRZOHGJH�PRVW�RI�WKH�WUHHV�KDYH�OLYHG�

7KLV�UHFRPPHQGDWLRQ�KDV�DSSHDUHG��HVVHQWLDOO\�XQFKDQJHG��LQ�YDULRXV�SXEOLFDWLRQV�VLQFH

WKHQ��H�J��6FKRHQHZHLVV�������6FKURFN��������6RPH�DXWKRUV��KRZHYHU��QRZ�SULPDULO\�VWUHVV

WKH�LPSRUWDQFH�RI�DYRLGLQJ�ILOO�E\�FKDQJLQJ�JUDGLQJ�SODQV�RU�RWKHU�PHDQV��&RGHU�����D�

+DUULV�HW�DO��������

,Q�DGGLWLRQ�WR�SURWHFWLQJ�URRW�V\VWHPV��FRQVLGHUDWLRQ�PXVW�EH�JLYHQ�WR�SURWHFWLQJ�WKH

WUXQN�RI�WKH�WUHH��,I�ILOO�LV�SODFHG�GLUHFWO\�DJDLQVW�WKH�WUXQN�RI�D�WUHH��LW�LV�WKRXJKW�WKDW�WKLV

FRXOG�GDPDJH�WKH�EDUN�DQG�OHDG�WR�LQIHFWLRQ�IURP�VRLO�ERUQH�GLVHDVHV�VXFK�DV�3K\WRSWKRUD�DQG

$UPLOODULD�URRW�URWV��%ULWWRQ�������6PLOH\��������7KLV�EHOLHI�KDV�OHG��LQ�SDUW��WR�WKH

ZLGHVSUHDG�XVH�RI�´URRW�FROODU�H[FDYDWLRQVµ�E\�DUERULVWV��6PLOH\�DQG�)UDHGULFK��������7KHVH

DUH�SHUIRUPHG�RQ�WUHHV�ZKHUH�QR�URRW�IODUH�LV�YLVLEOH��SUHVXPDEO\�GXH�WR�RYHUO\�GHHS�SODQWLQJ

RU�PXOFKLQJ��ILOO�DSSOLFDWLRQ��RU�VHGLPHQWDWLRQ��7KH�SURFHGXUH�UHPRYHV�VRLO�IURP�DURXQG�WKH

WUXQN�RI�WUHHV�XQWLO�WKH�IODUH�LV�YLVLEOH��(DVWHUQ�ZKLWH�SLQH��3LQXV�VWUREXV��DQG�VXJDU�PDSOH��$FHU

VDFFKDUXP��DUH�DPRQJ�WKRVH�WKRXJKW�WR�HVSHFLDOO\�EHQHILW�IURP�WKHVH�H[FDYDWLRQV��6PLOH\

�������(PSOR\HHV�RI�%DUWOHWW�7UHH�5HVHDUFK�/DERUDWRULHV��&KDUORWWH��1&��H[FDYDWHG����

UHFHQWO\�SODQWHG�WUHHV�DQG�IRXQG�����KDG�EXULHG�URRW�FROODUV�DQG�����ZHUH�VKRZLQJ�VLJQV

RI�JLUGOLQJ�GXH�WR�´PDWHULDOVµ�DURXQG�WKH�WUXQN��6PLOH\��������:KHQ�ILOO�LV�DSSOLHG��WUHH�ZHOOV

KDYH�WUDGLWLRQDOO\�EHHQ�XVHG�WR�NHHS�WKH�VRLO�DZD\�IURP�WKH�WUXQN��<LQJOLQJ�HW�DO�������

0RUJDQ��������7UHH�ZHOOV�DUH�XVXDOO\�ORZ�UHWDLQLQJ�ZDOOV�VHW�DQ\ZKHUH�IURP�DERXW����FP�WR

VHYHUDO�PHWHUV�DZD\�IURP�WKH�WUXQN��:LWKLQ�WKH�WUHH�ZHOO��VRLO�LV�PDLQWDLQHG�DW�WKH�RULJLQDO

JUDGH��2FFDVLRQDOO\��D�WUHH�ZHOO�LV�FRQVWUXFWHG�VLPSO\�E\�SLOLQJ�ODUJH�VWRQHV�DJDLQVW�WKH�WUXQN

LQ�RUGHU�WR�SUHYHQW�FRQWDFW�ZLWK�WKH�VXUURXQGLQJ�ILOO�VRLO��0DQ\�DUERULVWV�FRQVLGHU�DQ\�WUHH

ZHOO�WR�EH�GHWULPHQWDO�EHFDXVH�WKH\�FDQ�DOORZ�ZDWHU�WR�FROOHFW�DURXQG�WKH�EDVH�RI�WKH�WUXQN�

$UERULVWV�WKHUHIRUH�VRPHWLPHV�UHFRPPHQG�SDUWLDO�WUHH�ZHOOV�RU�ZHOOV�HTXLSSHG�ZLWK�GUDLQDJH

V\VWHPV�

7UHH�ZHOOV�DOVR��SUHVXPDEO\��SUHYHQW�WKH�IRUPDWLRQ�RI�DGYHQWLWLRXV�URRWV�RQ�WKH�WUXQN�DW

WKH�QHZ�VRLO�OHYHO��$GYHQWLWLRXV�URRWV�KDYH�EHHQ�FRQVLGHUHG�GHVLUDEOH�E\�VRPH��DQG

WURXEOHVRPH�E\�RWKHUV��$GYHQWLWLRXV�URRW�V\VWHPV�DUH�FRQVLGHUHG�UHVSRQVLEOH�IRU�WKH�VXUYLYDO

RI�FRDVW�UHGZRRG��6HTXRLD�VHPSHUYLUHQV��LQ�DOOXYLDO�IODWV�ZKHUH�PDVVLYH�IORRGV�GHSRVLW

VRPHWLPHV�DV�PXFK�DV�����P�RI�QHZ�VRLO�DW�RQH�WLPH��6WRQH�DQG�9DVH\��������,Q�5RFKHVWHU�
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1HZ�<RUN��LW�LV�UHSRUWHG�WKDW�WUHHV�VFKHGXOHG�WR�EH�EXULHG�ZLWK�WZR�WR�IRXUWHHQ�IHHW�RI�ILOO

VRLO�LQ�WKH�����V�ZHUH�LQWHQWLRQDOO\�ZRXQGHG�ZLWK�DQ�D[H�LQ�VHYHUDO�SODFHV�DURXQG�WKH�WUXQN

ZLWK�WKH�LQWHQWLRQ�RI�VWLPXODWLQJ�DGYHQWLWLRXV�URRW�JURZWK��'XOLQJ��������7UHHV�LQFOXGHG

VXFK�GLYHUVH�VSHFLHV�DV�1RUZD\�VSUXFH��3LFHD�DELHV��EODFN�RDN��4XHUFXV�YHOXWLQD��DQG�D�QXPEHU

RI�XQQDPHG�PDSOHV�DQG�SRSODUV��$IWHU����\HDUV��QRW�D�VLQJOH�WUHH�KDG�GLHG��2Q�WKH�RWKHU

KDQG��DGYHQWLWLRXV�URRWV�DUH�EODPHG�IRU�SRRU�DQFKRUDJH�RI��&RDVW�OLYH�RDN��4XHUFXV�OREDWD��LQ

&DOLIRUQLD��%ULWWRQ��������%ULWWRQ�UHFRPPHQGV�WUHH�ZHOOV�LQ�RUGHU�WR�SUHYHQW�WKH�KLGGHQ

KD]DUG�FDXVHG�E\�DGYHQWLWLRXV�URRWV�WKDW�´NHHS�WKH�IROLDJH�JUHHQ��EXW�PD\�QRW�EH�ODUJH�RU

H[WHQVLYH�HQRXJK�WR�VXSSRUW�DQG�DQFKRU�WKH�WUHH�µ

7KHUH�LV�OLWWOH�FRQWUROOHG�UHVHDUFK�DYDLODEOH�RQ�WKH�HIIHFWV�RI�ILOO�RQ�WUHHV��$�UHFHQW�VWXG\

ZLWK����\HDU�ROG�(DVWHUQ�ZKLWH�SLQH��3LQXV�VWUREXV��VKRZHG�WKDW�SKRWRV\QWKHVLV�UDWHV��SUH�

GDZQ�ZDWHU�SRWHQWLDOV��DQG�VKRRW�JURZWK�ZHUH�XQDIIHFWHG�RYHU�WZR�\HDUV�IROORZLQJ�WKH

DSSOLFDWLRQ�RI����FP�RI�FOD\H\�ILOO�VRLO�RYHU�WKH�URRW�]RQH��6PLWK�HW�DO���������7KLV�UHVHDUFK�

KRZHYHU��ORRNHG�DW�ZKDW�PLJKW�EH�D�EHVW�FDVH�VFHQDULR��7KH�ILOO�VRLO�ZDV�QRW�FRPSDFWHG��WKH

URRW�]RQH�ZDV�QRW�WUDIILFNHG�GXULQJ�DSSOLFDWLRQ��VRLO�ZDV�NHSW�FOHDU�RI�WUHH�WUXQNV��DQG�URRWV

PD\�KDYH�KDG�DFFHVV�WR�VRLO�EH\RQG�WKH�ILOOHG�DUHD�

0RUH�VR�WKDQ�WKH�GHWULPHQWDO�HIIHFWV�RI�ILOO��WKH�EHQHILWV�RI�DHUDWLRQ�V\VWHPV�KDYH�EHHQ

TXHVWLRQHG�LQ�UHFHQW�\HDUV��$HUDWLRQ�V\VWHPV�VRPHWLPHV�UHFRPPHQGHG�WR�DUERULVWV�IRU

FRPSDFWHG�VRLO�GLG�QRW�LPSURYH�WUHH�JURZWK�DQG�ZHUH�IRXQG�WR�GHFUHDVH��UDWKHU�WKDQ

LQFUHDVH��VRLO�DLU�R[\JHQ�FRQWHQW��SUHVXPDEO\�EHFDXVH�WKH\�DFWHG�DV�VXPSV��FROOHFWLQJ�VXUIDFH

ZDWHU��'D\�HW�DO���������7ZR�UHFHQW�H[SHULPHQWV�KDYH�LQGLFDWHG�QR�EHQHILW�IURP�DHUDWLRQ

V\VWHPV�XQGHU�ILOO��6PLWK�HW�DO���������IRXQG�QR�EHQHILW�IURP�XVLQJ�FUXVKHG�URFN�ILOO�ZLWK

DHUDWLRQ�SLSHV�VLPLODU�WR�WKH�VHWXS�GHVFULEHG�E\�'XOLQJ���������,Q�D�QRQ�UHSOLFDWHG�VWXG\�ZLWK

VL[�\HDU�ROG�FKHUU\�WUHHV��3UXQXV�PDKDOHE������FP�RI�FOD\�ORDP�ILOO�VRLO�ZDV�DSSOLHG�ERWK�ZLWK

DQG�ZLWKRXW�DQ�H[WHQVLYH�SLSH�DHUDWLRQ�V\VWHP��7XVOHU�HW�DO���������2[\JHQ�GLIIXVLRQ�UDWHV

ZHUH�PRQLWRUHG�RYHU�D�WZR�\HDU�SHULRG�DW����������DQG����FP�GHSWKV��EXW�QR�FRQVLVWHQW

GLIIHUHQFHV�ZHUH�IRXQG��7KH�UHVHDUFKHUV�DOVR�QRWHG�WKDW�WKH�FKHUU\�WUHHV�DSSHDUHG�XQDIIHFWHG

E\�WKH�WUHDWPHQWV��DOWKRXJK�WKH\�GLG�QRW�PDNH�DQ\�SK\VLRORJLFDO�RU�JURZWK�PHDVXUHPHQWV�

5HFRPPHQGDWLRQV�IRU�DHUDWLRQ�V\VWHPV�PD\�EH�RQ�WKH�GHFOLQH��,Q�IDFW��WKH�PRVW�UHFHQW

HGLWLRQ�RI�$UERULFXOWXUH��,QWHJUDWHG�0DQDJHPHQW�RI�/DQGVFDSH�7UHHV��6KUXEV��DQG�9LQHV��DQ

DXWKRULWDWLYH�DUERULFXOWXUH�WH[WERRN��QRWHV�LQ�EROG�W\SH�WKDW�´7KH�DHUDWLRQ�V\VWHPV�>XQGHU�ILOO
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VRLO@�DUH�H[SHQVLYH�WR�FRQVWUXFW��DQG�WR�GDWH�WKHUH�LV�QR�VFLHQWLILF�HYLGHQFH�WKDW�WKH\�KDYH�D

SRVLWLYH�HIIHFW�RQ�WUHHVµ�+DUULV�HW�DO��������

%HFDXVH�WKH�UHVHDUFK�LV�VR�OLPLWHG��DQG�WKH�SRVVLEOH�YDULDEOHV�LQ�D�ILHOG�VLWXDWLRQ�VR

QXPHURXV��LW�LV�GLIILFXOW�WR�GUDZ�PDQ\�FRQFOXVLRQV�FRQFHUQLQJ�ILOO�DW�WKLV�SRLQW��,W�GRHV

DSSHDU��KRZHYHU��WKDW����FP�RU�OHVV�RI�XQFRPSDFWHG�ILOO�DSSOLHG�WR�URRW�]RQHV�RI�\RXQJ�WUHHV�

LQ�WKH�FRPSOHWH�DEVHQFH�RI�RWKHU�FRQVWUXFWLRQ�GDPDJH��SUREDEO\�GRHV�QR�KDUP³DW�OHDVW�LQ

WKH�VKRUW�WHUP�

&XUUHQW�UHVHDUFK�FRQVLGHUDWLRQV

3ULPDU\�IDFWRUV�FRQVLGHUHG�LQ�WKH�WZR�ILHOG�H[SHULPHQWV�SUHVHQWHG�KHUH�LQFOXGH�WKH

HIIHFW�RI�VRLO�FRPSDFWLRQ�DIWHU�ILOO�LV�DSSOLHG��ZKLFK�ZRXOG�W\SLFDOO\�RFFXU�GXULQJ�PDFKLQH

JUDGLQJ���DQG�WKH�HIIHFW�RI�WUHH�ZHOOV��$GGLWLRQDO�FRQFHUQV�ZHUH�WKH�UHVSRQVHV�UHODWHG�WR�WUHH

VSHFLHV�DQG�DJH��DOWKRXJK�DQ�H[SHULPHQW�WR�WHVW�VSHFLILFDOO\�IRU�WKHVH�WZR�IDFWRUV�FRXOG�QRW

EH�FRQGXFWHG��1RQHWKHOHVV��WZR�VHSDUDWH�H[SHULPHQWV�ZHUH�FDUULHG�RXW��RQH�ZLWK�ZKLWH�RDN

�4XHUFXV�DOED���DQ�XSODQG�VSHFLHV��DQG�WKH�RWKHU�ZLWK�VZHHWJXP��/LTXLGDPEDU�VW\UDFLIOXD���D

ERWWRPODQG�VSHFLHV��,W�ZDV�IRUWXQDWH�WKDW�VWDQGV�RI�WKHVH�WUHHV�WKDW�ZHUH����DQG����\HDUV�ROG�

UHVSHFWLYHO\��DW�WKH�EHJLQQLQJ�RI�WKH�H[SHULPHQW�ZHUH�DYDLODEOH��7KHVH�WUHHV�ZHUH

FRQVLGHUDEO\�ODUJHU�WKDQ�WKRVH�W\SLFDOO\�DYDLODEOH�IRU�WKLV�W\SH�RI�H[SHULPHQW��0DQ\

GHYHORSHUV�DQG�DUERULVWV�DUH�DWWHPSWLQJ�WR�SURWHFW�DQG�UHWDLQ�WUHHV�PXFK�ROGHU�WKDQ�WKLV�

KRZHYHU��DQG�WKHVH�H[SHULPHQWDO�UHVXOWV�PD\�QRW�EH�IXOO\�DSSOLFDEOH�LQ�WKHVH�FDVHV�

6SHFLHV�7ROHUDQFH�IRU�&RPSDFWHG�6RLOV

,W�LV�ZHOO�NQRZQ�WKDW�VRPH�WUHH�VSHFLHV�DUH�EHWWHU�DGDSWHG�WKDQ�RWKHUV�WR�XUEDQ�VRLO

FRQGLWLRQV��´8UEDQµ�FRQGLWLRQV�FDQ�LQFOXGH�SRRU�GUDLQDJH��FRPSDFWHG�VRLOV��KLJK�VRLO�S+�

OLPLWHG�URRWLQJ�VSDFH��DQG�RWKHU�PRVWO\�GLVDGYDQWDJHRXV�FKDUDFWHULVWLFV��%\�XQGHUVWDQGLQJ

KRZ�VRPH�VSHFLHV�DUH�PRUH�VXFFHVVIXO�WKDQ�RWKHUV�LQ�WKLV�HQYLURQPHQW��LW�PD\�EH�SRVVLEOH�WR

EHWWHU�PDQDJH�XUEDQ�VRLOV�DQG�FRQVWUXFWLRQ�DFWLYLW\�IRU�SDUWLFXODU�WUHHV�VSHFLHV�

,Q�PRVW�FLWLHV��FRPSDFWHG�VRLO�LV�YHU\�GLIILFXOW�WR�DYRLG��6RLO�FRPSDFWLRQ�DQG�PRLVWXUH

LQWHUDFW�WR�DIIHFW�VRLO�VWUHQJWK�DQG�VRLO�DHUDWLRQ��7DFNHWW�DQG�3HDUVRQ�������ZKLFK��LQ�WXUQ�

DIIHFW�URRW�JURZWK��,W�ZRXOG�EH�XVHIXO�WR�XQGHUVWDQG�KRZ�GLIIHUHQW�VSHFLHV�UHVSRQG�WR�WKHVH
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VRLO�FKDUDFWHULVWLFV��,Q�&KDSWHU����DQ�K\SRWKHVLV�LV�GHYHORSHG�DQG�HYDOXDWHG�WKDW�VXJJHVWV�WKDW

WUHHV�PRUH�WROHUDQW�RI�IORRGLQJ�PLJKW�DOVR�WHQG�WR�EH�WKRVH�PRUH�WROHUDQW�RI�VRLO�FRPSDFWLRQ

EHFDXVH�RI�WKHLU�WROHUDQFH�IRU�SRRU�VRLO�DHUDWLRQ��$FFRUGLQJ�WR�WKLV�K\SRWKHVLV��WKLV�ZRXOG

RFFXU�EHFDXVH�VRLO�VWUHQJWK�LV�XVXDOO\�ORZHVW�ZKHQ�WKH�VRLO�LV�YHU\�ZHW��7KXV��DQ�RSSRUWXQLW\

IRU�URRW�JURZWK�ZRXOG�RFFXU�LQ�FRPSDFWHG�VRLOV�ZKHQ�FRQGLWLRQV�ZHUH�H[FHVVLYHO\�ZHW�

%RWWRPODQG�WUHHV�ZLWK�VRPH�GHJUHH�RI�IORRG�WROHUDQFH�FRXOG�EH�EHWWHU�DGDSWHG�WR�WDNH

DGYDQWDJH�RI�WKLV�RSSRUWXQLW\�

$OWKRXJK�WKLV�UHVHDUFK�FDQ�RQO\�SDUWLDOO\�HYDOXDWH�WKLV�K\SRWKHVLV��LQIRUPDWLRQ�LQ�WKLV

DUHD�FRXOG�KHOS�LQ�PDQ\�XUEDQ�IRUHVWU\�PDQDJHPHQW�GHFLVLRQV��)LUVW��DOWKRXJK�WKH�IORRG

WROHUDQFH�RI�PDQ\�VSHFLHV�KDV�EHHQ�WKRURXJKO\�UHVHDUFKHG��WROHUDQFH�WR�FRPSDFWLRQ�KDV�QRW�

,I�IORRG�WROHUDQFH�LV�UHOHYDQW�WR�VXFFHVV�DV�DQ�XUEDQ�WUHH��UHVHDUFK�IRU�HYDOXDWLQJ�QHZ�VWUHHW

WUHH�VSHFLHV�PLJKW�LQFOXGH�QXPHURXV�1RUWK�$PHULFDQ�ERWWRPODQG�VSHFLHV��H�J���&DUROLQD�DVK

�)UD[LQXV�FDUROLQLDQD���ZDWHU�HOP��3ODQHUD�DTXDWLFD���HWF���WKDW�DUH�QRW�FXUUHQWO\�DYDLODEOH�LQ�WKH

ODQGVFDSH�QXUVHU\�WUDGH��7KHUH�DUH�H[WHQVLYH�VZDPSODQGV�DQG�ERWWRPODQGV�LQ�WKH�(DVWHUQ

8QLWHG�6WDWHV�WKDW�DUH�ULFK�LQ�WUHH�VSHFLHV��1DWXUDOO\��WKHUH�DUH�QXPHURXV�RWKHU�UHTXLUHPHQWV

IRU�XUEDQ�WUHH�VXFFHVV�EHVLGHV�WROHUDQFH�RI�FRPSDFWHG�VRLO��GHSHQGLQJ�RQ�WKH�VLWH�FRQGLWLRQV

ZKHUH�WUHHV�ZLOO�EH�SODQWHG��)RU�H[DPSOH��GHVLUDEOH�FKDUDFWHULVWLFV�FDQ�LQFOXGH�WROHUDQFH�RI

GH�LFLQJ�VDOW��KLJK�VRLO�S+��DQG�KHDW��GLVHDVH�UHVLVWDQFH��DQG�ODFN�RI�PHVV\�RU�VOLSSHU\�IUXLW�

)XUWKHUPRUH��D�VXFFHVVIXO�WUHH�PXVW�EH�VXIILFLHQWO\�FROG�KDUG\�DV�ZHOO�DV�HDV\�WR�SURSDJDWH

DQG�WUDQVSODQW�DW�D�ODQGVFDSH�VL]H��6WLOO��DOPRVW�DOO�VXFFHVVIXO�XUEDQ�WUHHV�PXVW�JURZ�LQ

FRPSDFWHG�VRLOV��DQG�PDQ\�XUEDQ�IRUHVWHUV�ZRXOG�ZHOFRPH�WKH�HYDOXDWLRQ�RI�DGGLWLRQDO

QDWLYH�WUHHV�IRU�VXFK�XVH�

0DQ\�WUHHV�HYDOXDWHG�DQG�SURPRWHG�IRU�XUEDQ�DUHDV�KDYH�EHHQ�FKRVHQ�EHFDXVH�RI�WKHLU

WROHUDQFH�WR�GURXJKW��H�J���$PXU�FRUNWUHH��3KHOORGHQGURQ�DPXUHQVH���KDUG\�UXEEHU�WUHH

�(XFRPPLD�XOPRLGHV���DQG�7XUNLVK�KD]HOQXW��&RU\OXV�FROXUQD����7KHVH�WUHHV�KDYH�QRW�DOZD\V�EHHQ

DV�VXFFHVVIXO�DV�H[SHFWHG�DQG��FRQVHTXHQWO\��PDQ\�DUH�QRW�ZLGHO\�SODQWHG�LQ�XUEDQ�VHWWLQJV��$

QHZ�DYHQXH�RI�DSSURDFK�YLD�QDWLYH�ERWWRPODQG�WUHHV�FRXOG�DGG�PDQ\�VSHFLHV�WR�WKH�SDOHWWH

RI�WUHHV�FXUUHQWO\�DYDLODEOH�IRU�XUEDQ�SODQWLQJV��1DWLYH�WUHHV�KDYH�VHYHUDO�GLVWLQFW�DGYDQWDJHV

RYHU�H[RWLFV��,QYDVLYHQHVV�LV�RI�OLWWOH�FRQFHUQ��WKH\�DUH�KHOSIXO�LQ�PHHWLQJ�WKH�TXRWDV

VRPHWLPHV�VHW�E\�FHUWDLQ�SODQWLQJ�RUGLQDQFHV��DQG�WKH\�FDQ�OHQG�D�´VHQVH�RI�SODFHµ�WR�D�WRZQ

RU�FLW\�
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,Q�DGGLWLRQ�WR�WUHH�LQWURGXFWLRQ��UHVHDUFK�FRQFHUQLQJ�WKH�LQWHUDFWLRQ�RI�VRLO�FRPSDFWLRQ

DQG�PRLVWXUH�DQG�WUHH�URRW�JURZWK�FRXOG�DGG�WR�WKH�DYDLODEOH�PDQDJHPHQW�WRROV�IRU�SODQWLQJV

LQ�FRPSDFWHG�VRLO��)RU�H[DPSOH��LQ�DGGLWLRQ�WR�DOOHYLDWLQJ�DQG�SUHYHQWLQJ�FRPSDFWLRQ��LW

PLJKW�SURYH�HVSHFLDOO\�XVHIXO�WR�LUULJDWH�SODQWLQJV�LI�GU\�SHULRGV�RFFXUUHG�DW�WLPHV�ZKHQ

VLJQLILFDQW�URRW�JURZWK�ZRXOG�EH�H[SHFWHG�WR�RFFXU�

2EMHFWLYHV

7KH�VWXGLHV�SUHVHQWHG�KHUH�FRYHU�WRSLFV�WKDW�DUH�UHODWLYHO\�QHZ�WR�XUEDQ�IRUHVWU\

UHVHDUFK��&RQVHTXHQWO\��RQH�REMHFWLYH�RI�WKLV�ZRUN�LV�WR�JDWKHU�LQIRUPDWLRQ�WKDW�ZLOO�JXLGH

IXWXUH�UHVHDUFK�SURMHFWV�LQ�WKH�DUHDV�RI�FRQVWUXFWLRQ�ILOO�DQG�VSHFLHV�WROHUDQFH�WR�VRLO

FRPSDFWLRQ��7KH�SULPDU\�UHVHDUFK�REMHFWLYHV�RI�WKLV�ZRUN��KRZHYHU��ZHUH�FHQWHUHG�DURXQG

WKUHH�H[SHULPHQWV�DV�IROORZV�

6ZHHWJXP�DQG�ZKLWH�RDN�ILHOG�H[SHULPHQWV�ZLWK�FRQVWUXFWLRQ�ILOO��&KDSWHU���

�� 'HWHUPLQH�JURZWK�DQG�SK\VLRORJLFDO�UHVSRQVHV�RI�4XHUFXV�DOED�DQG�/LTXLGDPEDU�VW\UDFLIOXD

WR�WKH�DSSOLFDWLRQ�RI�ILOO�

�� 'HWHUPLQH�LI�FRPSDFWLQJ�RU�QRW�FRPSDFWLQJ�WKH�ILOO�DIIHFWV�WKHVH�UHVSRQVHV�

�� 'HWHUPLQH�LI�NHHSLQJ�ILOO�VRLO�RII�WKH�WUXQNV�RI�WUHHV�DIIHFWV�WKHLU�UHVSRQVHV�XQGHU�WKHVH

FRQGLWLRQV�

�� *DLQ�VRPH�XQGHUVWDQGLQJ�RI�KRZ�WKH�FRQVWUXFWLRQ�SURFHVVHV�UHSOLFDWHG�LQ�WKLV�ILHOG�VWXG\

FDQ�DIIHFW�WKH�VRLO�HQYLURQPHQW�

6LOYHU�PDSOH�DQG�IORZHULQJ�GRJZRRG�H[SHULPHQW�ZLWK�FRPSDFWHG�VRLOV�DW�YDU\LQJ�VRLO
ZDWHU�FRQWHQWV��&KDSWHU���

�� ,QYHVWLJDWH�GLIIHUHQFHV�EHWZHHQ�$FHU�VDFFKDULQXP�DQG�&RUQXV�IORULGD�LQ�URRW�DQG�VKRRW

UHVSRQVH�WR�VRLO�FRPSDFWLRQ�DV�LW�UHODWHV�WR�UHSRUWHG�IORRG�WROHUDQFH�

�� 0DNH�DQ�LQLWLDO�HYDOXDWLRQ��ZLWKLQ�WKH�FRQILQHV�RI�WKH�WZR�VSHFLHV�VWXGLHG�KHUH��RI�WKH

K\SRWKHVLV�SUHVHQWHG�LQ�&KDSWHU���WKDW�IORRG�WROHUDQW�VSHFLHV�PLJKW�WDNH�DGYDQWDJH�RI

ZHW�SHULRGV�ZKHQ�WKH�VRLO�LV�VRIW�WR�JURZ�URRWV��ZKLOH�IORRG�LQWROHUDQW�VSHFLHV�ZRXOG�QRW�



��

&+$37(5��

(IIHFWV�RI�&RQVWUXFWLRQ�)LOO�DQG�6RLO�&RPSDFWLRQ�RQ

:KLWH�2DN��4XHUFXV�DOED��DQG�6ZHHWJXP��/LTXLGDPEDU

VW\UDFLIOXD��*URZWK�DQG�3K\VLRORJ\

,QWURGXFWLRQ

+HDOWK\�PDWXUH�WUHHV�DUH�D�YDOXDEOH�DVVHW�WR�WKH�XUEDQ�IRUHVW��RIWHQ�UHSUHVHQWLQJ�GHFDGHV

RI�FRPPXQLW\�LQYHVWPHQW��7RZQV�DQG�FLWLHV��KRZHYHU��DUH�QRW�VWDWLF��,QIUDVWUXFWXUH�LV

FRQWLQXDOO\�UHSODFHG��EXLOGLQJV�DUH�FRQVWUXFWHG�RU�UHPRGHOHG��DQG�QHZ�ODQG�LV�GHYHORSHG�

7KHVH�FRQVWUXFWLRQ�DFWLYLWLHV�FDQ�UHVXOW�LQ�H[WHQVLYH�GDPDJH�WR�H[LVWLQJ�WUHHV��6RPH�RI�WKH

SRWHQWLDOO\�PRVW�YDOXDEOH�XUEDQ�WUHHV�DUH�ODUJH�IRUHVW�WUHHV�WKDW�GHYHORSHUV�LQWHQG�WR�SURWHFW

DQG�UHWDLQ�ZKHQ�IRUHVWHG�ODQG�LV�FRQYHUWHG�WR�UHVLGHQWLDO�RU�FRPPHUFLDO�EXLOGLQJV��3URWHFWLQJ

H[LVWLQJ�WUHHV��ZKHWKHU�WKH\�DUH�DOUHDG\�SDUW�RI�WKH�XUEDQ�IRUHVW�RU�DUH�VHOHFWHG�VSHFLPHQV

IURP�ODQG�XQGHUJRLQJ�GHYHORSPHQW��LV�GLIILFXOW�DQG�H[SHQVLYH��3URWHFWLRQ�FRXOG�EH�PRUH

HIIHFWLYH�LI�LW�ZHUH�IXOO\�XQGHUVWRRG�KRZ�FRQVWUXFWLRQ�DIIHFWV�WUHHV��8QIRUWXQDWHO\��WKHUH�LV

OLWWOH�UHVHDUFK�LQGLFDWLQJ�WKH�EHVW�VWUDWHJLHV�IRU�WUHH�SURWHFWLRQ�DQG�HGXFDWHG�JXHVVHV�DUH�UHOLHG

XSRQ�ZKHQ�DVVHVVLQJ�WKH�ORQJ�WHUP�ULVN�SRVHG�WR�D�WUHH�E\�D�JLYHQ�FRQVWUXFWLRQ�SURFHVV�

$Q�LQWHJUDO�SDUW�RI�ODQG�GHYHORSPHQW�DQG�UHQHZDO�LV�VRLO�JUDGLQJ��$FWLYLWLHV�UDQJLQJ

IURP�SDYLQJ�WR�QHZ�EXLOGLQJ�FRQVWUXFWLRQ�XVXDOO\�UHTXLUH�JUDGLQJ�WR�PHHW�GHVLJQ�QHHGV�DQG

GUDLQDJH�FRGHV��'HVLUHG�JUDGH�FKDQJHV�DUH�RIWHQ�DFKLHYHG�E\�DSSO\LQJ�ILOO�VRLO�RYHU�WKH�URRW

]RQHV�RI�H[LVWLQJ�WUHHV��7KLV�LV�FRQVLGHUHG�H[WUHPHO\�GHWULPHQWDO�WR�WUHH�KHDOWK�DQG

UHFRPPHQGDWLRQV�IRU�DYRLGLQJ�VXFK�GDPDJH�DERXQG��<LQJOLQJ�HW�DO��������6FKRHQHZHLVV

������&RGHU��������,W�LV�QRW�FOHDU��KRZHYHU��ZKLFK�DVSHFW�RI�JUDGLQJ��LI�DQ\��FDXVHV�WUHH

GHFOLQH��5HVHDUFK�LQ�WKLV�DUHD�LV�H[WUHPHO\�OLPLWHG��+RZHYHU��LW�DSSHDUV�WKDW�ILOO�DORQH�PD\�QRW

DOZD\V�EH�GHWULPHQWDO�WR�WUHH�KHDOWK��:KHQ�WKH�URRW�V\VWHPV�RI����\HDU�ROG�(DVWHUQ�ZKLWH

SLQHV��3LQXV�VWUREXV��ZHUH�FRYHUHG�ZLWK����FP�RI�ILOO�VRLO�DQG�VRLO�KHOG�DZD\�IURP�WUXQNV��QR

UHGXFWLRQ�LQ�VKRRW�JURZWK�RU�SKRWRV\QWKHVLV�ZDV�REVHUYHG�DIWHU�WZR�\HDUV�ZKHQ�FRPSDUHG
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WR�FRQWURO�WUHHV�ZLWK�QR�ILOO��6PLWK�HW�DO���������0DQ\�DXWKRUV�VXJJHVW��KRZHYHU��WKDW�WKH

DGGLWLRQ�RI�VRLO�RYHU�WKH�URRW�]RQH��FRQVWUXFWLRQ�ILOO��FDQ�DOWHU�GUDLQDJH�SURSHUWLHV�DQG�EH�DQ

LPSHGLPHQW�WR�JDV�H[FKDQJH��6XFK�DQ�HIIHFW�ZDV�QRWHG�LQ�DQ�REVHUYDWLRQDO�VWXG\�ZKHUH�VRLO

R[\JHQ�OHYHOV�ZHUH�PRQLWRUHG�XQGHU�������FP�RI�FOD\�ILOO��XQGHU�DQ�XQSDYHG�URDG�DQG�LQ�D

QHDUE\�IRUHVW��6RLO�DLU�R[\JHQ�FRQWHQW�UDQJHG�IURP�������XQGHU�WKH�ILOO��������XQGHU�WKH

URDG�DQG�VWD\HG�DW�����RU�KLJKHU�LQ�WKH�XQGLVWXUEHG�IRUHVW��ZLWK�R[\JHQ�FRQWHQWV�JHQHUDOO\

EHLQJ�LQ�WKH�ORZHU�UDQJHV�GXULQJ�WKH�JURZLQJ�VHDVRQ��<HOHQRVN\������DQG��������<HOHQRVN\

DOVR�QRWHG�WKDW�WZR�GRJZRRG�WUHHV�SDUWO\�EXULHG�E\�WKH�ILOO��DQG�VHYHUDO�WUHHV�RI�RWKHU�VSHFLHV

VXEMHFWHG�WR�VLPLODU�HQYLURQPHQWV�LQ�RWKHU�VLWHV�DSSHDUHG�WR�EH�LQ�GHFOLQH��,W�LV�LPSRVVLEOH�

KRZHYHU��WR�MXGJH�LI�WKHLU�GHFOLQH�ZDV�GXH�WR�ILOO�RU�WR�RWKHU�IDFWRUV��)RU�H[DPSOH��JUDGLQJ

DOVR�IUHTXHQWO\�UHVXOWV�LQ�VRLO�FRPSDFWLRQ��,VKLZDWD�HW�DO��������DQG�URRW�VHYHUDQFH�

$GGLWLRQDOO\��SODFLQJ�VRLO�GLUHFWO\�DJDLQVW�WUHH�WUXQNV�LV�WKRXJKW�WR�LQFUHDVH�LQFLGHQFH�RI

GLVHDVH�DQG�WUHH�GHFOLQH��DOWKRXJK�WKHUH�LV�OLWWOH�UHVHDUFK�WR�VXSSRUW�RU�UHIXWH�WKLV�EHOLHI�

,Q�FHUWDLQ�QDWXUDO�IRUHVWV��WUHH�URRW�V\VWHPV�DQG�WUXQNV�DUH�RFFDVLRQDOO\�FRYHUHG�E\�WKH

SHULRGLF�GHSRVLWLRQ�RI�VRLO��&RDVW�UHGZRRG�WUHHV��6HTXRLD�VHPSHUYLUHQV��RQ�DOOXYLDO�IODWV�DORQJ

WKH�(HO�ULYHU�LQ�&DOLIRUQLD�KDYH�EHHQ�VXEMHFWHG�WR�SHULRGLF�IORRGLQJ�IRU�WKRXVDQGV�RI�\HDUV�

$V�D�UHVXOW��DV�PXFK�DV�����P�RI�VLOW�KDV�EHHQ�GHSRVLWHG�RQ�WKH�IRUHVW�IORRU�DW�RQH�WLPH�

,QLWLDOO\��WUHHV�UHVSRQG�E\�JURZLQJ�URRWV�YHUWLFDOO\�XSZDUG�LQWR�WKH�QHZ�VRLO��7KHVH�DUH�ODWHU

UHSODFHG�E\�D�QHZ��DGYHQWLWLRXV�URRW�V\VWHP�RULJLQDWLQJ�IURP�WKH�WUXQN�QHDU�WKH�QHZ�VRLO

VXUIDFH��6WRQH�DQG�9DVH\��������7KHVH�UHVSRQVHV�DUH�SUHVXPDEO\�VSHFLHV�VSHFLILF�DV�WKH\�DUH

FRQVLGHUHG�SDUWO\�UHVSRQVLEOH�IRU�WKH�GRPLQDQFH�RI�FRDVW�UHGZRRG�LQ�WKHVH�DUHDV��+RZHYHU�

WKH�GHDWK�DQG�GHFOLQH�RI�FRPSHWLWRU�VSHFLHV�LV�DOVR�SDUWO\�GXH�WR�IORRGLQJ�DQG�ILUH��UDWKHU

WKDQ�WR�VHGLPHQWDWLRQ�DORQH��1HZ�DGYHQWLWLRXV�URRW�V\VWHPV�ZHUH�DOVR�IRUPHG�LQ�ZKLWH

VSUXFH��3LFHD�JODXFD��DIWHU�VDQG�GHSRVLWLRQ�RYHU�WKH�URRW�]RQH�GXH�WR�GXQH�PRYHPHQW�LQ

VXEDUFWLF�&DQDGD��)LOLRQ�DQG�0DULQ��������7UHH�GLHEDFN�RFFXUUHG�ZKHQ�VHGLPHQWDWLRQ

VXUSDVVHG���FP�SHU�\HDU�RU�ZKHQ�LW�H[FHHGHG������P�LQ�WRWDO��EXW�WKHVH�HIIHFWV�DSSHDUHG�WR�EH

DW�OHDVW�SDUWO\�UHODWHG�WR�WKH�H[WUHPHO\�FROG�WHPSHUDWXUHV�EHQHDWK�WKH�VRLO�VXUIDFH��UDWKHU�WKDQ

WR�FKDQJHV�LQ�ZDWHU�RU�QXWULHQW�VWDWXV�RI�WKH�VRLO��$GYHQWLWLRXV�URRWV�XQGHU�VRLO�EXLOGXS�KDYH

DOVR�EHHQ�GRFXPHQWHG�LQ�EODFN�VSUXFH��3LFHD�PDULDQD���'HV5RFKHU�DQG�*DJQRQ�������DQG

SRSODU��3RSXOXV�VSS����7HOHZVNL�DQG�/\QFK��������,Q�ODQGVFDSH�VLWXDWLRQV��WKH�XVH�RI�WUHH�ZHOOV

ZRXOG�SUHVXPDEO\�PDNH�WKH�IRUPDWLRQ�RI�DGYHQWLWLRXV�URRW�V\VWHPV�H[WUHPHO\�XQOLNHO\�



��

7KH�DLP�RI�WKLV�UHVHDUFK�ZDV�WR�JDLQ�LQVLJKW�LQWR�ZKLFK�DVSHFWV�RI�DSSO\LQJ�FRQVWUXFWLRQ

ILOO�LQMXUH�WUHHV�DQG�KRZ��7KLV�SDLU�RI�H[SHULPHQWV�VRXJKW�WR�DQVZHU�WKH�IROORZLQJ�TXHVWLRQV�

,V�UDLVLQJ�WKH�JUDGH�DURXQG�HVWDEOLVKHG�ZKLWH�RDN�DQG�VZHHWJXP�WUHHV�GHWULPHQWDO�WR�WKHLU

KHDOWK�DQG�VXUYLYDO�LQ�WKH�DEVHQFH�RI�RWKHU�VLWH�GLVWXUEDQFH"�:KHQ�WKH�JUDGH�LV�UDLVHG��GRHV

NHHSLQJ�FRQVWUXFWLRQ�ILOO�DZD\�IURP�WUXQNV��L�H��XVLQJ�WUHH�ZHOOV��EHQHILW�WKHVH�WUHHV"�'RHV�WKH

VRLO�FRPSDFWLRQ�WKDW�W\SLFDOO\�RFFXUV�GXULQJ�JUDGH�FKDQJHV�SOD\�D�VLJQLILFDQW�UROH�LQ�WKH�HIIHFW

RI�WKH�JUDGH�FKDQJH�RQ�WUHH�SK\VLRORJ\�DQG�JURZWK"

0DWHULDOV�DQG�0HWKRGV³2DN�([SHULPHQW

6LWH�GHVFULSWLRQ�DQG�PDLQWHQDQFH

7KLV�H[SHULPHQW�ZDV�FRQGXFWHG�LQ�D�VWDQG�RI�ZKLWH�RDNV��4XHUFXV�DOED�/���RQ�WKH

5H\QROGV�+RPHVWHDG�)RUHVW�5HVRXUFHV�5HVHDUFK�&HQWHU��&ULW]�9LUJLQLD��7KH�RDNV�ZHUH

SODQWHG�DV�����VHHGOLQJV�LQ������LQWR�D������KD�SORW��,Q�ODWH�VSULQJ�RI�����������RDNV

UHPDLQHG�DQG�DOO�RWKHU�WUHH�VSHFLHV�ZHUH�UHPRYHG��$OWKRXJK�WKH�VSDFLQJ�RI�WKH�RDNV�ZDV

KLJKO\�YDULDEOH��YLUWXDOO\�DOO�WUHHV�ZHUH�RSHQ�RQ�RQH�RU�PRUH�VLGHV�DQG�KDG�D�JURZWK�KDELW

W\SLFDO�RI�RSHQ�JURZQ�WUHHV��7KH�QDWLYH�VRLO�LV�D�/OR\G�VDQG\�FOD\�ORDP��������VDQG�������

VLOW��DQG�������FOD\��ILQH��NDROLQLWLF��WKHUPLF�5KRGLF�.DQKDSOXGXOWV���+HUEDFHRXV�SODQWV�DQG

UHPDLQLQJ�ZRRG\�YHJHWDWLRQ�ZHUH�UHPRYHG�YLD�UHSHDWHG�PRZLQJ�DQG�DSSOLFDWLRQV�RI

JO\SKRVDWH��$IWHU�WUHDWPHQWV�ZHUH�LQVWDOOHG��SORWV�ZHUH�PDLQWDLQHG�ZHHG�IUHH�YLD�WZR�RU�WKUHH

KHUELFLGH�WUHDWPHQWV�SHU�\HDU��JO\SKRVDWH�DQG�D�FRPELQDWLRQ�RI�JO\SKRVDWH�DQG�VXOIRPHWXURQ

PHWK\O��

([SHULPHQWDO�OD\RXW�DQG�WUHDWPHQWV

7KH�VWDQG�ZDV�GLYLGHG�LQWR����URXJKO\�UHFWDQJXODU�SORWV��ZKLFK�VHUYHG�DV�H[SHULPHQWDO

XQLWV��3ORWV�UDQJHG�LQ�VL]H�IURP��P�;��P�WR���P�;���P�DQG�LQFOXGHG�IURP���WR����WUHHV

�VHH�$SSHQGL[�����%HFDXVH�RI�WKH�XQHYHQ�DUUDQJHPHQW�RI�WKH�WUHHV�ZLWKLQ�WKH�VWDQG��VRPH

SORWV�ZHUH�FRQWLJXRXV�ZLWK�RWKHUV��ZKLOH�VRPH�DEXWWHG�RQ�ZLGH�EXIIHU�]RQHV�PDLQWDLQHG�LQ

WKH�VDPH�PDQQHU�DV�FRQWUROV�EXW�W\SLFDOO\�GHYRLG�RI�WUHHV�

7KUHH�VRLO�WUHDWPHQWV�ZHUH�DVVLJQHG�LQ�D�FRPSOHWHO\�UDQGRP�GHVLJQ�DQG�DSSOLHG�LQ�-XQH

��������WUHDWPHQWV�;���UHSOLFDWLRQV� ����SORWV��6RLO�WUHDWPHQWV�LQFOXGHG�����&RQWURO��&���QR



��

ILOO�WUHDWPHQW�����)LOO��)���D�VDQG\�ORDP�&�KRUL]RQ�VRLO��������VDQG���������VLOW��DQG������

FOD\��&OLIIRUG�VHULHV��FOD\H\��NDROLQLWLF��PHVLF�7\SLF�+DSOXGXOWV��EURXJKW�IURP�D�QHDUE\�VLWH

ZDV�VSUHDG����FP�GHHS�RYHU�WKH�HQWLUH�SORW��DQG����&RPSDFWHG�)LOO��&)���VDPH�DV�)LOO��EXW

WZR�SDVVHV�IURP�D�VKHHS·V�IRRW�FRPSDFWRU�ZLWK�WKH�YLEUDWRU�HQJDJHG��0RGHO�57�����

:DFNHU�&RUS���0HQRPRQHH�)DOOV��:,��ZHUH�PDGH�RYHU�WKH�ILOO�VRLO�ZKHQ�JUDYLPHWULF�VRLO

PRLVWXUH�ZDV������7KH�FRPSDFWRU�ZHLJKHG�����NJ�DQG�KDG�DQ����FP�ZLGH�GUXP��7UDIILF

IURP�KHDY\�HTXLSPHQW��ORDGHUV��HWF���ZDV�H[FOXGHG�IURP�&�DQG�)�WUHDWPHQW�SORWV�DQG�NHSW�WR

D�PLQLPXP�LQ�&)�SORWV��6RLO�ZDV�JUDGHG�PDQXDOO\��XVLQJ�VKRYHOV�DQG�UDNHV��LQ�)�SORWV��,Q�&)

SORWV��VRLO�ZDV�DOVR�VSUHDG�SULPDULO\�E\�KDQG��EXW�ORDGHUV�ZHUH�XVHG�ZKHUH�WKHUH�ZDV�QR

SRVVLELOLW\�RI�KLWWLQJ�WUHHV�RU�JUHDWO\�WUDIILFNLQJ�WKH�VRLO�

,Q�DGGLWLRQ��WZR�WUXQN�WUHDWPHQWV�ZHUH�UDQGRPO\�DVVLJQHG�ZLWKLQ�SORWV�WR�HTXDO

QXPEHUV�RI�LQGLYLGXDO�WUHHV�LQ�WKH�)�DQG�&)�WUHDWPHQWV��7KHVH�WUHDWPHQWV�ZHUH�����7UHH

:HOOV��7:���WUHH�ZHOOV��FRQVWUXFWHG�RI����O�SODVWLF�QXUVHU\�SRWV�����FP�GLDPHWHU�DW�WKH�WRS�

ZLWK�WKH�ERWWRPV�FXW�RXW�DQG�WXUQHG�XSVLGH�GRZQ��ZHUH�SODFHG�DURXQG�WKH�WUXQNV�RI�WKH

WUHHV�EHIRUH�WKH�ILOO�ZDV�DSSOLHG�WR�KROG�WKH�VRLO�RII�WKH�WUXQNV��DQG����1R�7UHH�:HOOV��17:��

VRLO�ZDV�VSUHDG����FP�GHHS�DJDLQVW�WUXQNV��)LYH�SHUPDQHQW�VWDNHV��SRO\YLQ\O�FKORULGH

VFKHGXOH����SLSH������FP�GLDPHWHU���PDUNHG�DW�WKH�ILQDO�VRLO�GHSWK��ZHUH�SODFHG�LQ�HDFK�SORW

WR�PRQLWRU�VRLO�VHWWOLQJ�WKURXJKRXW�WKH�H[SHULPHQW�

7UHH�JURZWK

7UXQN�GLDPHWHU��'%+��ZDV�PHDVXUHG������P�DERYH�WKH�RULJLQDO�VRLO�OHYHO�RQ�-XO\���

������DIWHU�UHPRYDO�RI�FRPSHWLQJ�YHJHWDWLRQ��EXW�EHIRUH�WUHDWPHQWV�ZHUH�DSSOLHG��DQG�RQ

-XQH����������+HLJKW�ZDV�PHDVXUHG�ZLWK�D�GLJLWDO�K\SVRPHWHU��)RUHVWRU�9HUWH[��)RUHVWRU

,QVWUXPHQW�$%��6ZHGHQ��RQ�-XO\����������VKRUWO\�DIWHU�WUHDWPHQWV�ZHUH�DSSOLHG��DQG�DJDLQ�RQ

$SULO��������

&KORURSK\OO�IOXRUHVFHQFH

$�SRUWDEOH�FKORURSK\OO�IOXRUHVFHQFH�PHWHU��&)�������3��.��0RUJDQ��,QF���$QGRYHU��0$�

ZDV�XVHG�WR�PHDVXUH�LQLWLDO��)���DQG�PD[LPXP��)P��OHDI�IOXRUHVFHQFH�LQ���WUHHV�VHOHFWHG

UDQGRPO\�IURP�HDFK�SORW��$�V\QWKHVLV�RI�WKHVH�WZR�PHDVXUHPHQWV��)Y�)P� ��)P�²�)���)P�

HVWLPDWHV�WKH�PD[LPXP�TXDQWXP�\LHOG�RI�SKRWRV\VWHP�,,��36,,��HOHFWURQ�WUDQVSRUW�DQG�D�ORZ
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YDOXH�FDQ�WKXV�LQGLFDWH�WUHH�VWUHVV��2QH��IXOO\�PDWXUH�VXQ�OHDI�ZDV�VHOHFWHG�IURP�HDFK

VXEVDPSOH�WUHH�IRU�PHDVXUHPHQW��5HDGLQJV�ZHUH�WDNHQ�ZKLOH�WKH�OHDI�ZDV�VKDGHG�WR�DYRLG

PHDVXUHPHQW�HUURU�GXH�WR�H[FHVVLYH�KHDWLQJ�RI�WKH�FXYHWWHV��0DUOHU�DQG�/DZWRQ��������$IWHU

D����WR����PLQXWH�GDUN�DGDSWDWLRQ�SHULRG��OHDYHV�ZHUH�VXEMHFWHG�WR����µPRO�P���V���RI�OLJKW�

DQG�IOXRUHVFHQFH�NLQHWLFV�UHFRUGHG�IRU����V��0HDVXUHPHQWV�ZHUH�WDNHQ�HYHU\���WR���ZHHNV�DW

WKH�HQG�RI�WKH�JURZLQJ�VHDVRQ�LQ������LQ�RUGHU�WR�GHWHFW�DQ\�SUHPDWXUH�OHDI�VHQHVFHQFH�DQG

RFFDVLRQDOO\�WKURXJKRXW�WKH�H[SHULPHQW��0HDVXUHPHQWV�ZHUH�PDGH�RQ�$XJXVW����6HSWHPEHU

���6HSWHPEHU�����DQG�2FWREHU����������-XO\����������DQG�-XO\��������

/HDI�FKORURSK\OO�FRQWHQW

$�UHODWLYH�PHDVXUH�RI�OHDI�FKORURSK\OO�FRQWHQW�ZDV�PDGH�RQ�6HSWHPEHU���������ZLWK�D

FKORURSK\OO�PHWHU��63$'������0LQROWD��-DSDQ���7KLV�PHDVXUHPHQW�ZDV�LQWHQGHG�WR�GHWHFW

HDUO\�IDOO�OHDI�FRORU�FKDQJH��L�H��FKORURSK\OO�ORVV��WKDW�FDQ�RFFXU�LQ�WUHHV�XQGHU�VWUHVV�

6RLO�UHVSLUDWLRQ��PRLVWXUH��DQG�WHPSHUDWXUH

6RLO�UHVSLUDWLRQ�ZDV�PHDVXUHG�LQ�WZR�VSRWV�����FP�DSDUW��DW�HDFK�RI�WZR�VWDWLRQV�LQ�HDFK

SORW��UHVXOWLQJ�LQ�IRXU�PHDVXUHPHQWV�SHU�SORW��(DFK�VWDWLRQ�ZDV�SRVLWLRQHG���P�WRZDUGV�WKH

LQWHULRU�RI�WKH�SORW�IURP�D�UDQGRPO\�VHOHFWHG�WUHH��)RU�HDFK�PHDVXUHPHQW��FXYHWWHV

FRQVWUXFWHG�RI�SRO\�YLQ\OFKORULGH�SLSH�FDSV�ILWWHG�ZLWK�FORVHG�FHOO�IRDP�JDVNHWV�ZHUH�SODFHG

RYHU�VWDWLRQDU\�ULQJV�SODFHG���FP�GHHS�LQ�WKH�VRLO�DQG�HQFORVLQJ����FP��RI�VRLO�VXUIDFH��$LU

ZDV�FLUFXODWHG�YLD�W\JRQ�WXELQJ�XVLQJ�D�SRUWDEOH�SKRWRV\QWKHVLV�V\VWHP��/,�������/,�&25�

/LQFROQ��1(��SURJUDPPHG�WR�PHDVXUH�VRLO�UHVSLUDWLRQ��7KH�UDWH�RI�&2��HYROXWLRQ�DW�QHDU

DPELHQW�&2��FRQFHQWUDWLRQ�ZDV�PHDVXUHG��,Q�FRQMXQFWLRQ�ZLWK�HDFK�SDLU�RI�VRLO�UHVSLUDWLRQ

PHDVXUHPHQWV��VRLO�WHPSHUDWXUH�DW����FP�DQG����FP�GHSWKV�ZHUH�PHDVXUHG�ZLWK

WKHUPRFRXSOHV��6RLO�UHVSLUDWLRQ�FDQ�UHVSRQG�VKDUSO\�WR�VKRUW�WHUP�FKDQJHV�LQ�WHPSHUDWXUH�

HVSHFLDOO\�LQ�PRLVW�VRLO��%U\OD�HW�DO���������&RQVHTXHQWO\��VRLO�UHVSLUDWLRQ�UHDGLQJV�ZHUH

VWDQGDUGL]HG�WR�D�VRLO�WHPSHUDWXUH�RI�����&��ZKLFK�ZDV�FORVH�WR�WKH�DYHUDJH�WHPSHUDWXUH�RQ

DOO�PHDVXUHPHQW�GDWHV��XVLQJ�D�4���RI����%RXPD�HW�DO��������DQG�WHPSHUDWXUH�UHDGLQJV�IURP

WKH����FP�GHSWK��8VLQJ�WLPH�GRPDLQ�UHIOHFWRPHWU\��7UDVH�����;,��6RLOPRLVWXUH�(TXLSPHQW

&RUS���6DQWD�%DUEDUD��&$���YROXPHWULF�ZDWHU�FRQWHQW�LQ�WKH�WRS����FP�RI�VRLO�DQG�DW������

FP�GHHS�ZDV�PHDVXUHG�LQ�FRQMXQFWLRQ�ZLWK�HDFK�SDLU�RI�VRLO�UHVSLUDWLRQ�PHDVXUHPHQWV�DQG�DW



��

RWKHU�WLPHV�GXULQJ�WKH������JURZLQJ�VHDVRQ��6RLO�UHVSLUDWLRQ�ZDV�PHDVXUHG�RQ�-XQH�����-XO\

����DQG�6HSWHPEHU����������DQG�RQ�-XQH����������0HDVXUHPHQWV�PDGH�LQ������IROORZHG�WKH

VDPH�WHFKQLTXH�EXW�XVHG�D�ODUJHU�FKDPEHU��FRYHULQJ�����FP��RI�VRLO�VXUIDFH��ZLWKRXW

VWDWLRQDU\�ULQJV��DQG�ZHUH�WDNHQ�DW�RQO\�WZR�VXEVDPSOHV�SHU�SORW��$GGLWLRQDO�VRLO�PRLVWXUH

PHDVXUHPHQWV�ZHUH�PDGH�RQ�$SULO����-XQH����DQG�$XJXVW���������

6RLO�EXON�GHQVLW\

6RLO�EXON�GHQVLW\�ZDV�PHDVXUHG�RQ�0D\���������XVLQJ�D�VOLGH�KDPPHU�XQGLVWXUEHG�FRUH

VDPSOHU�ZLWK�D�GRXEOH�F\OLQGHU��,QOLQH�$06�6OLGH�+DPPHU��$06��,QF���$PHULFDQ�)DOOV��,'��

7ZR�FRUHV�����FP���ZHUH�WDNHQ�IURP�HDFK�SORW�FHQWHUHG�DW����FP�GHHS��7ZR�DGGLWLRQDO�FRUHV

ZHUH�WDNHQ�LQ�&)�SORWV�DW����FP�EHORZ�WKH�RULJLQDO�VRLO�OHYHO��6DPSOHV�ZHUH�GULHG�WR�D

FRQVWDQW�PDVV�DW������&�DQG�EXON�GHQVLW\�FDOFXODWHG�

5RRW�GLVWULEXWLRQ

2Q�-XQH����������D�SLW�ZDV�GXJ�LQ�HDFK�SORW�WR�H[SRVH�D�YHUWLFDO�IDFH�RI�VRLO����FP�ZLGH

DQG����FP�GHHS���$�ZLUH�JULG�ZDV�SODFHG�DJDLQVW�HDFK�IDFH�DQG�WKH�VHYHUHG�URRWV�YLVLEOH

WKURXJK�HDFK����;���FP�VTXDUH�RI�WKH�JULG�ZHUH�FRXQWHG��5RRWV�ZHUH�YLVXDOO\�FODVVHG�DV

HLWKHU�FRDUVH������PP�GLDPHWHU��RU�ILQH������PP�GLDPHWHU���7KH�SRVLWLRQ�RI�WKH�LQWHUIDFH

EHWZHHQ�ILOO�DQG�RULJLQDO�VRLO�ZDV�DOVR�QRWHG��LI�DSSOLFDEOH��7KHVH�H[FDYDWLRQV�ZHUH�PDGH

LPPHGLDWHO\�QH[W�WR�RQH�RI�WKH�VLWHV�ZKHUH�VRLO�UHVSLUDWLRQ�ZDV�PHDVXUHG�

6WDWLVWLFDO�DQDO\VLV

6RLO�WUHDWPHQW�DQG�WUXQN�WUHDWPHQW�HIIHFWV�RQ�WUHHV�ZHUH�DQDO\]HG�XVLQJ�WKH�*/0

SURFHGXUH�LQ�6$6�Y��������6$6�,QVWLWXWH��,QF���&DU\��1&��DQG�)LVKHU·V�3URWHFWHG�/6'��ZKHQ

DSSURSULDWH��7UHHV�ZLWKLQ�D�SORW�ZLWK�D�JLYHQ�WUXQN�WUHDWPHQW�ZHUH�WUHDWHG�DV�VXEVDPSOHV�

7KH�HIIHFWV�RI�VRLO�WUHDWPHQWV�RQ�VRLO�FRQGLWLRQV�DQG�URRW�GLVWULEXWLRQ�ZHUH�DQDO\]HG�XVLQJ

*/0�SURFHGXUHV�DQG�W�WHVWV�LQ�6$6�DQG�0LQLWDE�Y������0LQLWDE��,QF���6WDWH�&ROOHJH��3$��

2QH�VLGHG��SDLUHG�W�WHVWV�ZHUH�XVHG�WR�HYDOXDWH�GLIIHUHQFHV�LQ�URRWLQJ�LQ�ILOO�OD\HUV�DQG�LQ�WKH

XQGHUO\LQJ�VRLO��7KH�IRXU�VRLO�UHVSLUDWLRQ�PHDVXUHPHQWV�LQ�HDFK�SORW�ZHUH�WUHDWHG�DV

VXEVDPSOHV�



��

0DWHULDOV�DQG�0HWKRGV³6ZHHWJXP�([SHULPHQW

6LWH�GHVFULSWLRQ�DQG�PDLQWHQDQFH

7KLV�H[SHULPHQW�ZDV�FRQGXFWHG�LQ�D�VWDQG�RI�VZHHWJXPV��/LTXLGDPEDU�VW\UDFLIOXD�/���RQ�D

ERWWRPODQG�VLWH�DW�WKH�5H\QROGV�+RPHVWHDG�)RUHVW�5HVRXUFHV�5HVHDUFK�&HQWHU��&ULW]�

9LUJLQLD��7UHHV�ZHUH�SODQWHG�DV�����VHHGOLQJV�LQ������ZLWK�D�����P�VSDFLQJ�LQ���URZV�����P

DSDUW�LQ�D�&KHZDFOD�VDQG\�ORDP��������VDQG��������VLOW��DQG�������FOD\��ILQH�ORDP\��PL[HG�

DFWLYH��WKHUPLF�)OXYDTXHQWLF�'\VWUXGHSWV���,Q�������WUHHV�KDG�ORQJ�DJR�DFKLHYHG�IXOO�FDQRS\

FORVXUH�DQG�OLWWOH�RWKHU�YHJHWDWLRQ�ZDV�SUHVHQW��7KH�VWDQG�ZDV�VXUURXQGHG�E\�D�PHDGRZ�RI

ZKLFK�D�����P�EDQG�ZDV�FOHDUHG�RQ�DOO�VLGHV�XVLQJ�JO\SKRVDWH��3ORWV�ZHUH�PDLQWDLQHG�ZHHG�

IUHH�DV�LQ�WKH�RDN�H[SHULPHQW�

([SHULPHQWDO�OD\RXW�DQG�WUHDWPHQWV

7KH�VWDQG�ZDV�GLYLGHG�LQWR���UHFWDQJXODU�SORWV��HDFK�ZLWK�VRPH�WUHHV�IRUPLQJ�WKH�HGJH

RI�WKH�VWDQG��VHH�$SSHQGL[�����7KUHH�VRLO�WUHDWPHQWV�DQG�WZR�WUXQN�WUHDWPHQWV�ZHUH�DSSOLHG

LQ�6HSWHPEHU�������7ZR�URZV�RI�WUHHV�H[WHQGHG�EH\RQG�WKH�PDLQ�EORFN�DQG�ZHUH�GHVLJQDWHG

D�FRQWURO�SORW�EHFDXVH�RI�WKH�GLIILFXOW\�RI�DSSO\LQJ�VRLO�WUHDWPHQWV�WKHUH��*URZWK�DQG�LQLWLDO

VL]H�RI�WUHHV�LQ�WKLV�SORW�ZHUH�ODWHU�FRPSDUHG�ZLWK�WKRVH�RI�RWKHU�FRQWURO�SORWV�ZLWK�DQDO\VLV

RI�YDULDQFH�DQG�QR�GLIIHUHQFHV�ZHUH�IRXQG��7KH�UHPDLQLQJ�VRLO�WUHDWPHQWV�ZHUH�DVVLJQHG

UDQGRPO\��UHVXOWLQJ�LQ���VRLO�WUHDWPHQWV�;���UHSOLFDWLRQV� ���SORWV��7UHDWPHQWV�ZHUH�DV

GHVFULEHG�IRU�WKH�RDN�H[SHULPHQW��+RZHYHU��EHFDXVH�RI�WKH�FORVH�VSDFLQJ�RI�WKH�WUHHV�

VRPHZKDW�PRUH�WUDIILFNLQJ�IURP�D�VPDOO�ORDGHU��%REFDW��RFFXUUHG�RQ�&)�SORWV�GXULQJ�ILOO

DSSOLFDWLRQ�WKDQ�GLG�RQ�RDN�SORWV��$OVR��WKH�WUXQN�WUHDWPHQW�7:�ZDV�DFKLHYHG�E\�SXOOLQJ�ILOO

VRLO�DSSUR[LPDWHO\����FP�DZD\�IURP�WKH�WUXQNV�E\�KDQG�UDWKHU�WKDQ�E\�XVLQJ�QXUVHU\�SRWV�

7UHH�JURZWK

7KH�'%+�RI�DOO�WUHHV�ZDV�PHDVXUHG�RQ�-XQH���������DQG�-XQH����������+HLJKW�ZDV

PHDVXUHG�RQ�-XO\���������DQG�RQ�$SULO��������

&KORURSK\OO�IOXRUHVFHQFH

&KORURSK\OO�IOXRUHVFHQFH�PHDVXUHPHQWV�ZHUH�PDGH�RQ���WUHHV�VHOHFWHG�UDQGRPO\�IURP

WKH�HGJH�WUHHV�LQ�HDFK�SORW��2QO\�HGJH�WUHHV�ZHUH�XVHG�EHFDXVH�WKH�OHDYHV�RI�LQWHULRU�WUHHV



��

ZHUH�LQDFFHVVLEOH��0HDVXUHPHQWV�ZHUH�PDGH�RQ�$XJXVW����DQG�6HSWHPEHU���������-XO\���

������DQG�-XO\��������

6RLO�DQG�URRW�PHDVXUHPHQWV

6RLO�UHVSLUDWLRQ��PRLVWXUH�DQG�WHPSHUDWXUH�ZHUH�PHDVXUHG�DV�LQ������GDWD�IRU�WKH�RDN

H[SHULPHQW��6RLO�UHVSLUDWLRQ�VWDWLRQV��KRZHYHU��ZHUH�ORFDWHG�LQ�WKH�FHQWHU�RI�WKH�SORWV

EHWZHHQ�WKH�ILUVW�DQG�VHFRQG�URZV�DQG�EHWZHHQ�WKH�WKLUG�DQG�IRXUWK�URZV�RI�WUHHV��6RLO

UHVSLUDWLRQ�ZDV�PHDVXUHG�RQ�-XO\����DQG�$XJXVW����������$GGLWLRQDO�VRLO�PRLVWXUH

PHDVXUHPHQWV�ZHUH�PDGH�RQ�$SULO����-XQH����DQG�6HSWHPEHU����������6RLO�EXON�GHQVLW\�DQG

URRW�GLVWULEXWLRQ�ZHUH�PHDVXUHG�RQ�WKH�VDPH�GDWHV�DQG�XVLQJ�WKH�VDPH�SURFHGXUHV�DV�LQ�WKH

RDN�H[SHULPHQW�

6WDWLVWLFDO�DQDO\VLV

7KH�VDPH�PHWKRGV�RI�VWDWLVWLFDO�DQDO\VLV�ZHUH�XVHG�DV�LQ�WKH�RDN�H[SHULPHQW�

5HVXOWV�DQG�'LVFXVVLRQ

:KLWH�RDN�JURZWK

'XULQJ�WKH�FRXUVH�RI�WKH�H[SHULPHQW��'%+�DQG�KHLJKW�LQFUHDVH�GLG�QRW�YDU\�DPRQJ�RDN

WUHHV�E\�VRLO�RU�WUXQN�WUHDWPHQW��7DEOH�������3HUFHQWDJH�LQFUHDVHV�DUH�H[SUHVVHG�EHFDXVH�WUHHV

YDULHG�FRQVLGHUDEO\�LQ�VL]H�DQG�VSDFLQJ��+RZHYHU��DQ�DQDO\VLV�RI�DFWXDO�LQFUHDVHV�LQ�KHLJKW

DQG�'%+�JDYH�VLPLODU�UHVXOWV��0RVW�WUHHV�DSSHDUHG�WR�EH�KHDOWK\�DQG�JURZLQJ�ZHOO�ZLWK�WKH

H[FHSWLRQ�RI�WZR�WUHHV�LQ�D�&)�SORW�WKDW�VKRZHG�WRS�GLHEDFN�DQG�RQH�WUHH�LQ�D�&�SORW�WKDW

ZDV�YHU\�FKORURWLF�

6ZHHWJXP�JURZWK

:KHQ�DOO�WUHHV�ZHUH�FRQVLGHUHG��'%+�DQG�KHLJKW�JURZWK�SHUFHQWDJHV�GLG�QRW�YDU\�E\

VRLO�WUHDWPHQW�RU�WUXQN�WUHDWPHQW��7DEOH�������)LQDO�'%+V��KRZHYHU��ZHUH�JUHDWHU�LQ�FRQWURO

WUHHV�WKDQ�IRU�RWKHU�VRLO�WUHDWPHQWV�DQG�ILQDO�KHLJKWV�ZHUH�JUHDWHU�LQ�FRQWURO�WUHHV�WKDQ�LQ

WUHHV�ZLWK�XQFRPSDFWHG�ILOO���%HFDXVH�VZHHWJXPV�ZHUH�WLJKWO\�VSDFHG��WKHLU�WUXQNV�KDG�YHU\

OLWWOH�WDSHU��&RQVHTXHQWO\��'%+��;�KHLJKW�ZDV�FDOFXODWHG�DV�DQ�LQGH[�RI�YROXPH��7KLV�LQGH[



��

7DEOH������$QDO\VHV�RI�YDULDQFH�IRU�KHLJKW�DQG�'%+�LQFUHDVHV�RI�DOO�WUHHV�LQ�WKH�ZKLWH�RDN
VWDQG��7KH�VWDQG�ZDV�ORFDWHG�LQ�9LUJLQLD·V�8SSHU�3LHGPRQW��/HDVW�VTXDUHV�PHDQV�DUH�JLYHQ
ZLWK�VWDQGDUG�HUURUV�LQ�SDUHQWKHVHV�

6RXUFH 7UHDWPHQW]

+HLJKW
�������
�P�

+HLJKW
������
�P�

+HLJKW
,QFUHDVH
���\

'%+
�������
�FP�

'%+
�������
�FP�

'%+
,QFUHDVH
���\

6RLO
7UHDWPHQWV & ���

������
���
������

���
�����

���
������

���
������

����
������

) ���
������

���
������

���
�����

���
������

���
������

����
������

&) ���
������

���
������

���
�����

���
������

���
������

����
������

S!) ���� ���� ���� ���� ���� ����

7: ���
������

���
������

���
������

���
������

���
������

����
�����7UXQN

7UHDWPHQWV
17: ���

������
���
������

���
������

���
������

���
������

����
�����

S!) ���� ���� ���� ���� ���� ����

)7: ���
������

���
������

���
������

���
������

���
������

����
�����

)LOO
7UHDWPHQWV
;�7UXQN
7UHDWPHQWV )17: ���

������
���
������

���
������

���
������

���
������

����
�����

&)7: ���
������

���
������

���
������

���
������

���
������

����
�����

&)17: ���
������

���
������

���
������

���
������

���
������

����
�����

S!) ���� ���� ���� ���� ���� ����

]�& FRQWURO��) ILOO��&) FRPSDFWHG�ILOO��7: WUHH�ZHOOV��17: QR�WUHH�ZHOOV��)7: ILOO�ZLWK
WUHH�ZHOOV��)17: ILOO�ZLWKRXW�WUHH�ZHOOV��&)7: FRPSDFWHG�ILOO�ZLWK�WUHH�ZHOOV�
&)17: FRPSDFWHG�ILOO�ZLWKRXW�WUHH�ZHOOV�

\�3HUFHQW�LQFUHDVH�RI�WKH�LQLWLDO�KHLJKW�RU�'%+�



��

7DEOH������$QDO\VHV�RI�YDULDQFH�IRU�KHLJKW��'%+��DQG�HVWLPDWHG�YROXPH�LQFUHDVHV�RI�DOO
VZHHWJXP�WUHHV�IURP������WR�������7KLV�VWDQG�ZDV�ORFDWHG�LQ�9LUJLQLD·V�8SSHU�3LHGPRQW�
/HDVW�VTXDUHV�PHDQV�DUH�JLYHQ�ZLWK�VWDQGDUG�HUURUV�LQ�SDUHQWKHVHV�

Source Treatmentz

Height
7/24/97

(m)

Height
4/1/99

(m)

Height
Increase

(%)y

DBH
6/17/97

(cm)

DBH
6/22/99

(cm)

DBH
Increase

(%)y

D2Hx

Increase
(%)y

Soil
Treatments

C 11.5
(0.37)

12.7aw

(0.41)
11.5
(1.6)

10.7
(0.48)

12.2a
(0.58)

10.9
(1.5)

36.7a
(3.7)

F 10.2
(0.37)

10.7b
(0.41)

6.7
(1.6)

8.8
(0.48)

9.5b
(0.58)

6.4
(1.5)

19.0b
(3.7)

CF 10.6
(0.33)

11.4ab
(0.37)

8.4
(1.4)

9.2
(0.43)

10.0b
(0.52)

6.9
(1.4)

23.0b
(3.3)

p>F 0.13 0.04 0.18 0.06 0.04 0.15 0.03

TW 10.7
(0.35)

11.2
(0.41)

7.1
(1.0)

9.2
(0.25)

10.0
(0.37)

7.0
(0.28)

21.1
(1.8)Trunk

Treatments NTW 10.2
(0.33)

10.9
(0.39)

7.8
(1.0)

8.8
(0.24)

9.4
(0.35)

6.2
(0.27)

20.0
(1.7)

p>F 0.36 0.67 0.68 0.30 0.31 0.10 0.80

FTW 10.6
(0.53)

10.9
(0.62)

5.8
(1.6)

9.0
(0.37)

9.9
(0.56)

6.7
(0.43)

18.4
(2.7)

Fill
Treatments
X Trunk
Treatments

FNTW 9.9
(0.49)

10.5
(0.58)

7.2
(1.5)

8.5
(0.36)

9.1
(0.53)

6.0
(0.40)

18.8
(2.5)

CFTW 10.8
(0.45)

11.5
(0.53)

8.5
(1.3)

9.4
(0.33)

10.2
(0.48)

7.4
(0.37)

23.9
(2.3)

CFNTW 10.5
(0.45)

11.4
(0.53)

8.3
(1.3)

9.1
(0.32)

9.8
(0.48)

6.4
(0.36)

22.1
(2.3)

p>F 0.65 0.80 0.49 0.85 0.77 0.87 0.72

]�& FRQWURO��) ILOO��&) FRPSDFWHG�ILOO��7: WUHH�ZHOOV��17: QR�WUHH�ZHOOV��)7: ILOO�ZLWK
WUHH�ZHOOV��)17: ILOO�ZLWKRXW�WUHH�ZHOOV��&)7: FRPSDFWHG�ILOO�ZLWK�WUHH�ZHOOV�
&)17: FRPSDFWHG�ILOO�ZLWKRXW�WUHH�ZHOOV�

\�3HUFHQW�LQFUHDVH�RI�WKH�LQLWLDO�KHLJKW��'%+�RU�YROXPH�
[ (VWLPDWHG�YROXPH�LQFUHDVH��(VWLPDWHG�YROXPH�ZDV�FDOFXODWHG�DV��GLDPHWHU���;�KHLJKW�
Z0HDQV�ZLWKLQ�D�JLYHQ�VRXUFH�DQG�FROXPQ�ZLWK�GLIIHUHQW�OHWWHUV�DUH�VLJQLILFDQWO\�GLIIHUHQW�DW
DOSKD� ������XVLQJ�)LVKHU·V�SURWHFWHG�/6'�
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LQGLFDWHG�D�JUHDWHU�SHUFHQWDJH�LQFUHDVH�LQ�YROXPH�IRU�FRQWURO�WUHHV�WKDQ�IRU�WUHHV�ZLWK�ILOO

WUHDWPHQWV��+RZHYHU��WKH�VWDQG�KDG�GHYHORSHG�PDQ\�VPDOOHU�WUHHV�WKDW�VKRZHG�OLWWOH�RU�QR

JURZWK�EHFDXVH�RI�FRPSHWLWLRQ�IURP�WKH�GRPLQDQW�DQG�FR�GRPLQDQW�WUHHV��)XUWKHUPRUH�

WUHHV�LQ�FRQWURO�SORWV�WHQGHG�WR�EH�ODUJHU�DW�WKH�EHJLQQLQJ�RI�WKH�H[SHULPHQW��7DEOH�������)RU

WKHVH�UHDVRQV��JURZWK�RI�GRPLQDQWV�DQG�FR�GRPLQDQWV��FRQVLGHUHG�WR�EH�WKH�WRS�����RI�WKH

WUHHV�E\�LQLWLDO�KHLJKW��ZDV�FRQVLGHUHG�VHSDUDWHO\��$OWKRXJK�ILQDO�'%+V�RI�GRPLQDQWV�DQG�FR�

GRPLQDQWV�LQ�FRQWURO�SORWV�ZHUH�JUHDWHU�WKDQ�WKRVH�LQ�XQFRPSDFWHG�ILOO�SORWV��SHUFHQWDJH

LQFUHDVHV�GLG�QRW�YDU\�DPRQJ�VRLO�RU�WUXQN�WUHDWPHQWV��7DEOH�������2YHUDOO��QR�FRQVLVWHQW

JURZWK�GLIIHUHQFHV�ZHUH�HYLGHQW�DPRQJ�WUHHV�LQ�WKH�YDULRXV�VRLO�DQG�WUXQN�WUHDWPHQWV�

:KLWH�RDN�FKORURSK\OO�IOXRUHVFHQFH�DQG�FKORURSK\OO�FRQWHQW

%HFDXVH�RI�WKH�VKRUW�GXUDWLRQ�RI�WKH�FXUUHQW�H[SHULPHQWV��WKUHH�\HDUV���FKORURSK\OO

IOXRUHVFHQFH�PHDVXUHPHQWV�ZHUH�PDGH�LQ�RUGHU�WR�GHWHFW�HDUO\�VLJQV�RI�VWUHVV��&KORURSK\OO

IOXRUHVFHQFH�KDV�EHHQ�XVHG�DV�D�UDSLG��QRQGHVWUXFWLYH�WHFKQLTXH�IRU�GHWHFWLQJ�VWUHVV�LQ�WUHHV

LQ�WKH�ILHOG�RU�JUHHQKRXVH��(SURQ�DQG�'UH\HU�������3HUFLYDO�DQG�'L[RQ�������3HWHUVRQ�HW�DO�

�������)OXRUHVFHQFH�UHDGLQJV�KDYH�EHHQ�FRUUHODWHG�ZLWK�D�QXPEHU�RI�VWUHVVHV��LQFOXGLQJ

QXWULHQW�GHILFLHQFLHV��3HWHUVRQ�HW�DO���������ZDWHUORJJLQJ�DQG�1D&O�VSUD\��3HUFLYDO�DQG�'L[RQ

�������DQG�GURXJKW��&RQUR\�HW�DO���������$OWKRXJK�IOXRUHVFHQFH�KDV�FRQVLVWHQWO\�GHWHFWHG

QXWULHQW�VWUHVV��LWV�DELOLW\�WR�GHWHFW�GURXJKW�VWUHVV�LV�YDULDEOH��DQG�OLNHO\�VSHFLHV�UHODWHG�

'URXJKW�GRHV�QRW�DIIHFW�36,,�IXQFWLRQ�LQ�VHYHUDO�KHUEDFHRXV�VSHFLHV��+DYDX[�������DQG

IOXRUHVFHQFH�WKHUHIRUH�PLJKW�QRW�EH�H[SHFWHG�WR�UHVSRQG�WR�GURXJKW��)OXRUHVFHQFH�RI

VZHHWJXP�WUHHV�LV�QRW�DIIHFWHG�E\�GURXJKW��3HWHUVRQ�HW�DO���������DQG�RQO\�YHU\�VHYHUH

GURXJKW�VWUHVV�DIIHFWV�IOXRUHVFHQFH�LQ�ZLOORZ��gJUHQ�������DQG�LQ�WKUHH�(XURSHDQ�RDN

VSHFLHV��(SURQ�DQG�'UH\HU��������2Q�WKH�RWKHU�KDQG��)Y�)P��LV�ORZHU�LQ�GURXJKWHG�0RQWHUH\

SLQH��3LQXV�UDGLDWD���&RQUR\�HW�DO��������DQG�OREOROO\�SLQH��3LQXV�WDHGD���3HWHUVRQ�HW�DO��������

6RLO�DQG�WUXQN�WUHDWPHQWV�KDG�QR�HIIHFW�RQ�FKORURSK\OO�IOXRUHVFHQFH�RI�ZKLWH�RDN�WUHHV

RQ�PRVW�PHDVXUHPHQW�GDWHV��2Q�6HSWHPEHU���������KRZHYHU��PHDQ�)Y�)P��ZDV�KLJKHU�IRU

WUHHV�LQ�XQFRPSDFWHG�ILOO�FRPSDUHG�WR�FRQWUROV�DQG�FRPSDFWHG�ILOO�XVLQJ�)LVKHU·V�SURWHFWHG

/6'�DW�DOSKD� �������&� �������6(��������)� �������6(��������&)� �������6(����������/DWH

�����������DQG�WKH�ILUVW�KDOI�RI������ZHUH�GU\HU�WKDQ�QRUPDO��7KH�KLJKHU�)Y�)P��UDWLR�LQ�WKH
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7DEOH������$QDO\VHV�RI�YDULDQFH�IRU�KHLJKW��'%+��DQG�HVWLPDWHG�YROXPH�LQFUHDVHV�RI
GRPLQDQW�DQG�FR�GRPLQDQW]�VZHHWJXP�WUHHV�EHWZHHQ������DQG������LQ�D�VWDQG�LQ�9LUJLQLD·V
8SSHU�3LHGPRQW��/HDVW�VTXDUHV�PHDQV�DUH�JLYHQ�ZLWK�VWDQGDUG�HUURUV�LQ�SDUHQWKHVHV�

Source Treatmenty

Height
7/24/97

(m)

Height
4/1/99

(m)

Height
Increase

(%)x

DBH
6/17/97

(cm)

DBH
6/22/99

(cm)

DBH
Increase

(%)x

D2Hw

Increase
(%)x

Soil
Treatments

C 14.5
(0.24)

15.6
(0.32)

8.1
(1.4)

14.2
(0.41)

16.5av

(0.36)
16.1
(1.3)

47.4
(4.6)

F 15.0
(0.28)

15.9
(0.37)

6.2
(1.6)

13.1
(0.48)

14.6b
(0.42)

11.5
(1.5)

30.9
(5.4)

CF 14.7
(0.24)

15.9
(0.31)

8.5
(1.4)

13.7
(0.41)

15.4ab
(0.36)

12.3
(1.3)

35.5
(4.6)

p>F 0.47 0.84 0.54 0.31 0.04 0.10 0.12

TW
15.0

(0.09)
15.7

(0.21)
6.0

(1.3)
13.7

(0.42)
15.3

(0.51)
11.6

(0.66)
30.5
(2.4)Trunk

Treatments
NTW

14.6
(0.11)

15.9
(0.24)

9.0
(1.5)

13.0
(0.50)

14.7
(0.61)

12.2
(0.78)

35.8
(2.9)

p>F 0.04 0.65 0.20 0.35 0.44 0.62 0.24

FTW 15.1
(0.14)

15.7
(0.33)

5.4
(2.0)

13.7
(0.66)

15.3
(0.81)

11.8
(1.0)

29.8
(3.9)

Fill
Treatments
X Trunk
Treatments

FNTW 14.8
(0.17)

15.7
(0.39)

6.5
(2.4)

12.3
(0.79)

13.7
(0.96)

10.6
(1.2)

29.3
(4.6)

CFTW 15.0
(0.11)

15.8
(0.25)

6.6
(1.6)

13.8
(0.51)

15.4
(0.63)

11.4
(0.81)

31.2
(3.0)

CFNTW 14.4
(0.13)

16.1
(0.30)

11.5
(1.9)

13.8
(0.61)

15.6
(0.74)

13.8
(0.96)

42.1
(3.5)

p>F 0.47 0.72 0.32 0.32 0.27 0.16 0.12

]�'RPLQDQW�DQG�FR�GRPLQDQW�WUHHV�DUH�GHILQHG�DV�WKH�����RI�WUHHV�LQ�HDFK�WUHDWPHQW�ZLWK
WKH�JUHDWHVW�LQLWLDO�KHLJKW�

\ & FRQWURO��) ILOO��&) FRPSDFWHG�ILOO��7: WUHH�ZHOOV��17: QR�WUHH�ZHOOV��)7: ILOO�ZLWK
WUHH�ZHOOV��)17: ILOO�ZLWKRXW�WUHH�ZHOOV��&)7: FRPSDFWHG�ILOO�ZLWK�WUHH�ZHOOV�
&)17: FRPSDFWHG�ILOO�ZLWKRXW�WUHH�ZHOOV�

[ 3HUFHQW�LQFUHDVH�RI�WKH�LQLWLDO�KHLJKW��'%+�RU�YROXPH�
Z (VWLPDWHG�YROXPH�LQFUHDVH��(VWLPDWHG�YROXPH�ZDV�FDOFXODWHG�DV��GLDPHWHU���;�KHLJKW�
Y 0HDQV�ZLWKLQ�D�JLYHQ�VRXUFH�DQG�FROXPQ�ZLWK�GLIIHUHQW�OHWWHUV�DUH�VLJQLILFDQWO\�GLIIHUHQW�DW
DOSKD� ������XVLQJ�)LVKHU·V�SURWHFWHG�/6'�
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RDN�WUHHV�LQ�XQFRPSDFWHG�ILOO�SORWV�DW�WKLV�WLPH�PD\�LQGLFDWH�WKDW�WKH�ILOO�ZDV�DFWLQJ�DV�D

PXOFK��FRQVHUYLQJ�PRLVWXUH�DQG�UHGXFLQJ�WHPSHUDWXUHV�DW�WKH�RULJLQDO�VRLO�VXUIDFH�DQG

WKHUHE\�UHGXFLQJ�VWUHVV��+RZHYHU��WKH�WRS����FP�RI�RULJLQDO�VRLO�LQ�FRQWURO�SORWV�FRQVLVWHQWO\

KDG�JUHDWHU�YROXPHWULF�VRLO�ZDWHU�FRQWHQW�GXULQJ������WKDQ�GLG�WKH�RULJLQDO�VRLO�XQGHUO\LQJ

WKH�XQFRPSDFWHG�ILOO�WUHDWPHQW��)LJ��������6WLOO��LW�LV�SRVVLEOH�WKDW�DQ�H[WUHPHO\�ZHW�\HDU�ZRXOG

\LHOG�GLIIHUHQW�UHVXOWV��$GGLWLRQDOO\��PHDVXUHPHQWV�PDGH�-XO\���������LQGLFDWHG�D�WUXQN

WUHDWPHQW�HIIHFW�RQ�WUHHV�LQ�WKH�FRPSDFWHG�ILOO�SORWV��0HDQ�)Y�)P�YDOXHV�ZHUH�KLJKHU�IRU�WUHHV

LQ�FRPSDFWHG�ILOO�ZLWKRXW�WUHH�ZHOOV�WKDQ�IRU�WKRVH�ZLWK�WUHH�ZHOOV�ZKHQ�WHVWHG�XVLQJ�)LVKHU·V

SURWHFWHG�/6'�DW�DOSKD� �������&)7:� �������6(�������&)17:� �������6(������

)7:� �������6(�������)17:� �������6(��������,W�LV�XQFOHDU�ZK\�QRW�KDYLQJ�WUHH�ZHOOV�PLJKW

UHVXOW�LQ�KLJKHU�)Y�)P��UDWLRV�

,QLWLDOO\��FKORURSK\OO�IOXRUHVFHQFH�ZDV�PHDVXUHG�LQ�RUGHU�WR�GHWHFW�HDUO\�OHDI�VHQHVFHQFH

DV�D�VLJQ�RI�RYHUDOO�WUHH�VWUHVV��0HDVXUHPHQWV�PDGH�VHYHUDO�WLPHV�GXULQJ�$XJXVW��6HSWHPEHU

DQG�2FWREHU�������KRZHYHU��GLG�QRW�LQGLFDWH�D�WUHQG�WRZDUGV�ORZHU�)Y�)P��UDWLRV�RU�DQ\

GLVFHUQDEOH�SDWWHUQV�LQ�)���)Y��RU�)P��5HVHDUFK�FRPSDULQJ�D�PXWDQW�RI��)HVWXFD�SUDWHQVLV��´VWD\�

JUHHQµ��LQ�ZKLFK�FKORUSK\OO�GRHV�QRW�GHJUDGH�GXULQJ�OHDI�VHQHVFHQFH��ZLWK�WKH�ZLOG�W\SH

IRXQG�WKDW�)Y�)P���GHFUHDVHG�RQO\�YHU\�VOLJKWO\�GXULQJ�VHQHVFHQFH�ZLWK�QR�VLJQLILFDQW

GLIIHUHQFHV�EHWZHHQ�JHQRW\SHV��.LQJVWRQ�6PLWK�HW�DO���������&KORURSK\OO�IOXRUHVFHQFH�PD\

QRW�QHFHVVDULO\�UHIOHFW�PDQ\�RI�WKH�FKDQJHV�QRUPDOO\�DVVRFLDWHG�ZLWK�OHDI�VHQHVFHQFH��VXFK�DV

FKORURSK\OO�GHJUDGDWLRQ��&RQVHTXHQWO\��UHODWLYH�FKORURSK\OO�FRQWHQW�RI�RDN�OHDYHV�ZDV

PHDVXUHG�LQ�6HSWHPEHU������DV�DQ�DOWHUQDWLYH�PHDQV�RI�TXDQWLI\LQJ�VWUHVV��1HLWKHU�VRLO�QRU

WUXQN�WUHDWPHQWV��KRZHYHU��DIIHFWHG�UHODWLYH�FKORURSK\OO�FRQWHQW�RI�RDN�OHDYHV�DW�WKLV�WLPH�

6ZHHWJXP�FKORURSK\OO�IOXRUHVFHQFH

1R�GLIIHUHQFHV�LQ�)Y�)P��RI�WUHHV�LQ�WKH�YDULRXV�VRLO�RU�WUXQN�WUHDWPHQWV�ZHUH�IRXQG�RQ

DQ\�PHDVXUHPHQW�GDWH��,Q�VZHHWJXPV��FKORURSK\OO�IOXRUHVFHQFH�PHDVXUHPHQWV�PD\�GHWHFW

QXWULHQW�VWUHVV��EXW�QRW�GURXJKW�VWUHVV��3HWHUVRQ�HW�DO���������&RQVHTXHQWO\��WKHVH�UHVXOWV

SUREDEO\�GR�QRW�UHIOHFW�DQ\�FKDQJHV�RU�ODFN�RI�FKDQJHV�LQ�WKH�ZDWHU�UHODWLRQV�RI�WKH�WUHHV��EXW

FRXOG�LQGLFDWH�WKDW�URRWV�ZHUH�QRW�GDPDJHG�E\�DQ\�WUHDWPHQW�WR�D�GHJUHH�WKDW�ZRXOG�UHVXOW�LQ

QXWULHQW�VWUHVV�
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:KLWH�RDN�VRLO�EXON�GHQVLW\

6RLO�EXON�GHQVLW\�PHDVXUHG�DSSUR[LPDWHO\�RQH�\HDU�DIWHU�VRLO�WUHDWPHQW�DSSOLFDWLRQ

FRQILUPHG�WKDW�FRPSDFWHG�ILOO�VRLO�KDG�D�KLJKHU�EXON�GHQVLW\�WKDQ�XQFRPSDFWHG�ILOO�VRLO

�&)� ������J�FP����6(�������)� ������J�FP����6(�������S� ����������7KH�GHQVLW\�RI�WKH�RULJLQDO

VRLO�XQGHU�&)�WUHDWPHQWV�ZDV�QRW�VLJQLILFDQWO\�GLIIHUHQW�IURP�WKDW�RI�WKH�RULJLQDO�VRLO�LQ�WKH

FRQWURO�SORWV��&)� ������J�FP����6(�������&� ������J�FP����6(��������LQGLFDWLQJ�WKDW�WKH

FRPSDFWLRQ�SURFHVV�GLG�QRW�DIIHFW�WKH�XQGHUO\LQJ�QDWLYH�VRLO�

6ZHHWJXP�VRLO�EXON�GHQVLW\

6LPLODU�UHVXOWV�ZHUH�IRXQG�LQ�WKH�VZHHWJXP�SORWV��&RPSDFWHG�ILOO�VRLO�KDG�D�VLJQLILFDQWO\

JUHDWHU�EXON�GHQVLW\�WKDQ�XQFRPSDFWHG�ILOO��&)� ������J�FP����6(�������)� ������J�FP����6(

������S� ��������$JDLQ��WKH�GHQVLW\�RI�WKH�RULJLQDO�VRLO�XQGHU�&)�WUHDWPHQWV�ZDV�QRW

VLJQLILFDQWO\�GLIIHUHQW�IURP�WKDW�RI�WKH�RULJLQDO�VRLO�LQ�WKH�FRQWURO�SORWV��&)� ������J�FP����6(

������&� ������J�FP����6(�������

:KLWH�RDN�VRLO�UHVSLUDWLRQ

)URP����WR�����RI�IRUHVW�VRLO�UHVSLUDWLRQ�KDV�EHHQ�DWWULEXWHG�WR�OLYH�URRW�UHVSLUDWLRQ

�7DWH�HW�DO��������7KLHUURQ�DQG�/DXGHORXW��������DOWKRXJK�WKH�KLJKHU�HVWLPDWHV�PD\�LQFOXGH

VRPH�&2��HIIOX[�IURP�GHFD\LQJ�URRWV�DQG�RWKHU�FRDUVH�RUJDQLF�PDWHULDO��,Q�WKLV�VWXG\��RQH

JRDO�LQ�PHDVXULQJ�VRLO�UHVSLUDWLRQ�ZDV�WR�GHWHFW�DQ\�ODUJH�VFDOH�URRW�PRUWDOLW\�DV�D�UHVXOW�RI

WKH�ILOO��7KLV�PLJKW�WKHQ�EH�FRQILUPHG�GXULQJ�WKH�URRW�H[FDYDWLRQV�FDUULHG�RXW�DW�WKH�HQG�RI

WKH�H[SHULPHQW��+RZHYHU��WKHUH�ZDV�QR�FRQVLVWHQW�SDWWHUQ�LQ�VRLO�UHVSLUDWLRQ�DPRQJ

WUHDWPHQW�SORWV��7DEOH�������'DWD�IURP������LQGLFDWHG�ORZHU�VRLO�UHVSLUDWLRQ�LQ�SORWV�ZLWK

FRPSDFWHG�ILOO��7KLV�FRXOG�EH�GXH�WR�UHVWULFWHG�JDV�GLIIXVLRQ�WKURXJK�WKH�FRPSDFWHG�VRLO

OD\HU��EXW�VXFK�DQ�HIIHFW�ZDV�QRW�REVHUYHG�RQ�RWKHU�PHDVXUHPHQW�GDWHV��7KHUH�DUH�PDQ\

RWKHU�IDFWRUV�WKDW�PLJKW�DIIHFW�VRLO�UHVSLUDWLRQ�LQ�WKH�ZKLWH�RDN�SORWV��3ORWV�ZHUH�FOHDUHG�RI

FRPSHWLQJ�YHJHWDWLRQ�EHIRUH�WUHDWPHQW�LQVWDOODWLRQ��OHDYLQJ�EHKLQG�PDQ\�URRWV�DQG�VKRRWV�RI

GHDG�SODQWV�WKDW�ZRXOG�SUHVXPDEO\�GHFD\�RYHU�WLPH�DQG�WKXV�FRQWULEXWH�WR�VRLO�UHVSLUDWLRQ�

6RLO�PRLVWXUH�DOVR�YDULHG�EHWZHHQ�WUHDWPHQW�SORWV�DQG�PD\�KDYH�LQFUHDVHG�YDULDWLRQ�DPRQJ

UHVSLUDWLRQ�PHDVXUHPHQWV��)LJ�������
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7DEOH������6RLO�UHVSLUDWLRQ�VWDQGDUGL]HG�WR�����&���4��� ����IURP�ZKLWH�RDN�SORWV�RQ�YDULRXV
GDWHV�LQ������DQG�������3ORWV�ZHUH�ORFDWHG�LQ�9LUJLQLD·V�8SSHU�3LHGPRQW��0HDQV]�DUH�JLYHQ
ZLWK�VWDQGDUG�HUURUV�LQ�SDUHQWKHVHV�

 Soil respiration ( PRO�P-2 s-1)
Soil
Treatmenty 6/23/98 7/28/98 9/19/98 6/24/99

C 3.98 (1.25) 1.32 (0.08) 1.01 (0.60) 2.71ax (0.32)

F 5.42 (0.85) 2.70 (0.45) 1.09 (0.52) 2.97a (0.37)

CF 3.07 (0.69) 4.13 (1.54) 1.11 (0.34) 1.37b (0.20)

p>F 0.26 0.14 0.99 0.006

]�)RU�PHDQV�IURP������GDWD��Q ��ZLWK�HDFK�UHSOLFDWH�LQFOXGLQJ���VXEVDPSOHV��)RU������GDWD�
Q ��ZLWK���VXEVDPSOHV�

\ & FRQWURO��) ILOO��&) FRPSDFWHG�ILOO
[ 0HDQV�ZLWKLQ�D�JLYHQ�FROXPQ�ZLWK�GLIIHUHQW�OHWWHUV�DUH�VLJQLILFDQWO\�GLIIHUHQW�DW
DOSKD� ������XVLQJ�)LVKHU·V�SURWHFWHG�/6'�

6ZHHWJXP�VRLO�UHVSLUDWLRQ

6RLO�WUHDWPHQWV�GLG�QRW�DIIHFW�VRLO�UHVSLUDWLRQ�UDWHV�LQ�VZHHWJXP�SORWV�RQ�DQ\

PHDVXUHPHQW�GDWH��7DEOH�������$OWKRXJK�DOPRVW�QR�RWKHU�YHJHWDWLRQ�ZDV�SUHVHQW�LQ�WKHVH

SORWV��D�GHQVH�OD\HU�RI�OHDI�OLWWHU�ZDV�SUHVHQW�ZKHQ�WUHDWPHQWV�ZHUH�DSSOLHG��7KLV�RUJDQLF

PDWHULDO�ZDV�VDQGZLFKHG�EHWZHHQ�WKH�RULJLQDO�VRLO�DQG�WKH�DSSOLHG�ILOO��,WV�GHFD\�SUHVXPDEO\

FRQWULEXWHG�WR�VRLO�UHVSLUDWLRQ�WR�VRPH�GHJUHH�

:KLWH�RDN�VRLO�PRLVWXUH

%HFDXVH�ZKLWH�RDN�SORWV�ZHUH�ORFDWHG�RQ�DQ�HURGHG��XSODQG�VLWH�LQ�9LUJLQLD·V�8SSHU

3LHGPRQW��ILOO�DQG�RULJLQDO�VRLOV�LQ�WKH�ZKLWH�RDN�SORWV�ZHUH�VRPHZKDW�VLPLODU��)RU�DOO�VRLO

WUHDWPHQWV��WKH�GHHSHU�VRLO�UHJLRQV�XVXDOO\�UHPDLQHG�ZHWWHU�WKDQ�WKH�VXUIDFH�VRLOV��)LJ�������

2Q�DOO�PHDVXUHPHQW�GDWHV�LQ������H[FHSW�6HSWHPEHU�����ERWK�WKH������FP�DQG�WKH�������FP

VRLO�GHSWKV�ZHUH�ZHWWHU�LQ�FRQWURO�SORWV�WKDQ�LQ�ILOO�DQG�FRPSDFWHG�ILOO�SORWV��)LVKHU·V

SURWHFWHG�/6'��DOSKD� ��������2Q�6HSWHPEHU�����VRLO�ZDWHU�FRQWHQWV�LQ�FRQWURO�SORWV�ZHUH

JUHDWHU�WKDQ�LQ�XQFRPSDFWHG�ILOO�RQO\��7KLV�FRXOG�SHUKDSV�EH�DWWULEXWHG�WR�JUHDWHU�UXQRII�DQG

UHGXFHG�SHUFRODWLRQ�WKURXJK�WKH�ILOO�VRLOV��&RPSDFWHG�ILOO�VRLO�ZDWHU�FRQWHQWV�ZHUH�DOVR

JUHDWHU�WKDQ�XQFRPSDFWHG�ILOO�RQ�$SULO����-XQH���DQG�-XO\����������)LVKHU·V�SURWHFWHG�/6'�
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)LJXUH������9ROXPHWULF�VRLO�ZDWHU�FRQWHQW�DW�ZKLWH�RDN�DQG�VZHHWJXP�SORWV�DQG�SUHFLSLWDWLRQ
GXULQJ�WKH������JURZLQJ�VHDVRQ�DW�WKH�5H\QROGV�+RPHVWHDG�)RUHVW�5HVRXUFHV�5HVHDUFK
&HQWHU�LQ�&ULW]��9LUJLQLD��'DWD�IRU�WKH�������FP�GHSWKV�LQ�ILOO�DQG�FRPSDFWHG�ILOO�WUHDWPHQWV
FRUUHVSRQG�FORVHO\�WR�WKH�ILUVW����FP�RI�WKH�XQGHUO\LQJ�QDWLYH�VRLO��)RU�VRLO�ZDWHU�FRQWHQW�
HDFK�GDWD�SRLQW�UHSUHVHQWV�WKH�PHDQ��Q ��IRU�RDNV��Q ��IRU�VZHHWJXPV��ZLWK�WZR
VXEVDPSOHV�LQ�HDFK�UHSOLFDWLRQ��DQG�WKH�EDUV�LQGLFDWH�VWDQGDUG�HUURUV��(DFK�FROXPQ�LQ�WKH
SUHFLSLWDWLRQ�EDU�JUDSK�UHSUHVHQWV�WRWDO�UDLQIDOO�IRU�WKH�ILUVW�RU�VHFRQG�KDOI�RI�HDFK�PRQWK�
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7DEOH������6RLO�UHVSLUDWLRQ�VWDQGDUGL]HG�WR�����&���4��� ����IURP�VZHHWJXP�SORWV�LQ�-XO\�DQG
$XJXVW�������0HDQV]�DUH�JLYHQ�ZLWK�VWDQGDUG�HUURUV�LQ�SDUHQWKHVHV�

 Soil respiration ( PRO�P-2 s-1)

Soil Treatmenty 7/14/98 8/11/99

C 2.39 (0.48) 1.94 (0.34)

F 3.65 (0.94) 1.19 (0.50)

CF 2.88 (0.63) 1.91 (0.80)

p>F 0.49 0.61

]�Q ��ZLWK�HDFK�UHSOLFDWH�LQFOXGLQJ���VXEVDPSOHV�
\ & FRQWURO��) ILOO��&) FRPSDFWHG�ILOO

DOSKD� ��������&RPSDFWHG�ILOO�PD\�KDYH�UHPDLQHG�ZHWWHU�WKDQ�XQFRPSDFWHG�ILOO�EHFDXVH�RI�LWV

SRUH�VL]H�GLVWULEXWLRQ��RU�SHUKDSV�SDUWO\�DV�DQ�DUWLIDFW�RI�WKH�PHDVXUHPHQW�SURFHVV��7KH�WRS

���FP�RI�VRLO�ZDV�PHDVXUHG��ZKLFK��LQ�WKH�FRPSDFWHG�ILOO��PD\�KDYH�LQFOXGHG�D�WLQ\�UHJLRQ�RI

RULJLQDO�VRLO��ZKHUHDV�LQ�WKH�XQFRPSDFWHG�ILOO�LW�ZRXOG�QRW�

2I�LQWHUHVW�LV�WKH�GLVUXSWLRQ�LQ�ZDWHU�UHFKDUJH�RI�WKH�RULJLQDO�XQGHUO\LQJ�VRLO�LQ�WKH�ILOO

DQG�FRPSDFWHG�ILOO�WUHDWPHQWV�ZKHQ�UDLQIDOO�IROORZHG�D�GU\�SHULRG�DV�VKRZQ�E\�WKH

PHDVXUHPHQWV�IURP�$XJXVW����������)LJ��������2Q�-XO\���������GLIIHUHQFHV�EHWZHHQ

YROXPHWULF�ZDWHU�FRQWHQW�LQ�WKH�������FP�DQG�WKH������FP�UDQJHV�ZHUH�VLPLODU�DPRQJ

WUHDWPHQWV��&� �������6(������)� �������6(������&)� �������6(������YDOXHV�UHSUHVHQW

SHUFHQW�YROXPHWULF�VRLO�ZDWHU�FRQWHQW�DW�������FP�²�SHUFHQW�YROXPHWULF�ZDWHU�FRQWHQW�DW

�����FP���:KHQ�PHDVXUHPHQWV�ZHUH�PDGH�RQ�$XJXVW����������KRZHYHU��RQO\�FRQWURO�SORWV

PDLQWDLQHG�D�VLPLODU�GLIIHUHQFH�EHWZHHQ�GHHS�DQG�VKDOORZ�UHJLRQV��ZKLOH�WKH�GLIIHUHQFHV�LQ

ILOO�DQG�XQFRPSDFWHG�ILOO�WUHDWPHQWV�ZHUH�VLJQLILFDQWO\�OHVV�XVLQJ�)LVKHU·V�SURWHFWHG�/6'�DW

DOSKD� �������&� �������6(������)� ��������6(������&)� ��������6(�������:DWHU�PRYHPHQW

LQWR�WKH�ORZHU�VRLO�UHJLRQV�PD\�KDYH�EHHQ�VORZHG�E\�WKH�LQWHUIDFH�RI�WZR�VRLOV�RI�GLIIHULQJ

VWUXFWXUHV��0LOOHU�DQG�*DUGQHU�������



��

6ZHHWJXP�VRLO�PRLVWXUH

0RLVWXUH�SDWWHUQV�VHHQ�GXULQJ�WKH������JURZLQJ�VHDVRQ�LQ�WKH�FRQWURO�SORWV��ZKHUH�WKH

JUHDWHU�VRLO�GHSWKV�ZHUH�W\SLFDOO\�ZHWWHU�WKDQ�VXUIDFH�KRUL]RQV��ZHUH�GLVUXSWHG�E\�WKH

DSSOLFDWLRQ�RI�ILOO��)LJ��������0HDQ�YROXPHWULF�VRLO�ZDWHU�FRQWHQW�ZDV�FRQVLVWHQWO\�WKH�VDPH�RU

JUHDWHU�DW�WKH�������FP�GHSWK�LQ�FRQWUROV�WKDQ�DW������FP��,Q�FRQWUDVW��LQ�ILOO�DQG�FRPSDFWHG

ILOO�SORWV��WKLV�SDWWHUQ�ZDV�UHYHUVHG��PRVW�GUDPDWLFDOO\�LQ�WKH�FRPSDFWHG�ILOO�SORWV��8QOLNH�WKH

VRLO�DW�WKH�RDN�VLWH��WKH�QDWLYH�VRLO�LQ�WKH�VZHHWJXP�VWDQG�ZDV�QRW�HURGHG��KDG�D�ORZHU�EXON

GHQVLW\��DQG�ZDV�FRQVLGHUDEO\�GDUNHU�LQ�FRORU�WKDQ�WKH�ILOO�VRLO��OLNHO\�LQGLFDWLQJ�D�KLJKHU

RUJDQLF�PDWWHU�FRQWHQW��&RQVHTXHQWO\��WKH�GLIIHUHQFH�LQ�VRLO�VWUXFWXUH�EHWZHHQ�WKH�ILOO�DQG

RULJLQDO�VRLOV�PD\�KDYH�EHHQ�JUHDWHU�WKDQ�LQ�WKH�RDN�H[SHULPHQW��7KH�LQWHUIDFH�PD\�WKXV�KDYH

FUHDWHG�D�JUHDWHU�LPSHGLPHQW�WR�ZDWHU�PRYHPHQW�DV�RFFXUV�ZKHQ�WKHUH�LV�DQ�DEUXSW�FKDQJH

LQ�VRLO�SRUH�VL]H��)XUWKHUPRUH��WKH�PHDQ�YROXPHWULF�ZDWHU�FRQWHQW�DW�������FP�GHHS�LQ�WKH

ILOO�DQG�FRPSDFWHG�ILOO�SORWV��ZKLFK�LV�DSSUR[LPDWHO\�WKH�ILUVW����FP�RI�WKH�RULJLQDO�

XQGHUO\LQJ�VRLO��DQG�ZKHUH�WKH�PDMRULW\�RI�URRWV�ZHUH�FRQFHQWUDWHG��7DEOH�������UHPDLQHG

FRQVLVWHQWO\�GULHU�WKDQ�WKH�ILUVW����FP�RI�WKH�RULJLQDO�VRLO�LQ�FRQWURO�SORWV�

:KLWH�RDN�URRW�GLVWULEXWLRQ

1XPEHUV�RI�URRWV�DQG�URRW�GLVWULEXWLRQ�LQ�WKH�RULJLQDO�VRLO�ZHUH�PRVWO\�XQDIIHFWHG�E\

VRLO�WUHDWPHQW��7DEOH�������7KHUH�ZDV�VRPH�URRW�JURZWK��KRZHYHU��LQWR�WKH�ILOO�DQG

FRPSDFWHG�ILOO�OD\HUV��%RWK�WKH�ILOO�DQG�FRPSDFWHG�ILOO�OD\HUV�DSSHDUHG�WR�KDYH�IHZHU

URRWV�FP��WKDQ�WKH�WRS����FP�RI�WKH�RULJLQDO�VRLO�LQ�WKH�VDPH�WUHDWPHQW��DOWKRXJK�WKH

VWDWLVWLFDO�HYLGHQFH�ZDV�QRW�VWURQJ��S� ������DQG�S� ������IRU�)�DQG�&)�UHVSHFWLYHO\����0RVW

RI�WKH�URRWV�LQ�WKH�ILOO�OD\HUV��KRZHYHU��ZHUH�ILQH�URRWV�WKDW�DSSHDUHG�WR�EH�EUDQFKLQJ�RII

ODUJHU�URRWV�WKDW�ZHUH�VWLOO�ORFDWHG�LQ�WKH�XQGHUO\LQJ�QDWLYH�VRLO�RU�DW�WKH�VRLO�LQWHUIDFH��2QO\

RQH�FRDUVH�URRW������PP��ZDV�XQFRYHUHG�LQ�WKH�H[FDYDWLRQV�RI�FRPSDFWHG�ILOO�OD\HUV�DQG�MXVW

ILYH�LQ�WKH�XQFRPSDFWHG�ILOO�VRLO��$OO�RI�WKHVH�ZHUH�ZLWKLQ�D�IHZ�FHQWLPHWHUV�RI�WKH�LQWHUIDFH

ZLWK�WKH�RULJLQDO�VRLO�

:KHQ�WKH�SHUFHQW�RI�URRWV�LQ�WKH�WRS���FP�RI�WKH�WRS����FP�RI�RULJLQDO�VRLO��DV�DQ

LQGLFDWLRQ�RI�GHJUHH�RI�VXUIDFH�URRWLQJ��ZDV�H[DPLQHG��LW�DSSHDUHG�WKDW�WKHUH�PD\�KDYH�EHHQ

D�FKDQJH�LQ�URRW�GLVWULEXWLRQ�UHVXOWLQJ�LQ�LQFUHDVHG�URRWLQJ�MXVW�EHORZ�WKH�RULJLQDO�VRLO�VXUIDFH
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7DEOH������5RRW�GLVWULEXWLRQ�EDVHG�RQ�QXPEHUV�RI�URRWV�LQWHUVHFWLQJ�D����;����FP�H[FDYDWHG
VRLO�IDFH�LQ�VZHHWJXP�SORWV�LQ�-XQH�������3ORWV�ZHUH�ORFDWHG�LQ�9LUJLQLD·V�8SSHU�3LHGPRQW�
0HDQV�DUH�JLYHQ�ZLWK�VWDQGDUG�HUURUV�LQ�SDUHQWKHVHV�

Soil
Treatmentz

All roots
(roots/cm2)

Roots in top
25 cm of

original soil
(roots/cm2)

Coarsey roots
in top 25 cm

of original soil
(roots/cm2)

Percent
surface roots
in original
soilx (%)

Roots in fill
soils

(roots/cm2)

C 0.138 (0.015) 0.167 (0.019) 0.015(0.002) 27.6bw (1.6) -

F 0.121 (0.012) 0.170 (0.016) 0.018 (0.002) 44.3a (4.1) 0.035 (0.010)

CF 0.112 (0.008) 0.170 (0.008) 0.013 (0.002) 40.0ab (4.4) 0.012 (0.006)

p>F 0.38 0.99 0.20 0.04 0.30

]�& FRQWURO��) ILOO��&) FRPSDFWHG�ILOO�
\ &RDUVH�URRWV�DUH�GHILQHG�DV�WKRVH�JUHDWHU�WKDQ�DSSUR[LPDWHO\���PP�LQ�GLDPHWHU�
[ 6XUIDFH�URRWV�DUH�WKRVH�LQ�WKH�WRS���FP�RI�WKH�RULJLQDO�VRLO��3HUFHQW�LV�EDVHG�RQ�WKH�WRS���
FP�RI�RULJLQDO�VRLO�LQ�DOO�WUHDWPHQWV�

Z0HDQV�ZLWKLQ�D�JLYHQ�FROXPQ�ZLWK�GLIIHUHQW�OHWWHUV�DUH�VLJQLILFDQWO\�GLIIHUHQW�DW
DOSKD� ������XVLQJ�)LVKHU·V�SURWHFWHG�/6'�

7DEOH������5RRW�GLVWULEXWLRQ�EDVHG�RQ�QXPEHUV�RI�URRWV�LQWHUVHFWLQJ�D����;����FP�H[FDYDWHG
VRLO�IDFH�LQ�ZKLWH�RDN�SORWV�LQ�-XQH�������3ORWV�ZHUH�ORFDWHG�LQ�9LUJLQLD·V�8SSHU�3LHGPRQW�
0HDQV�DUH�JLYHQ�ZLWK�VWDQGDUG�HUURUV�LQ�SDUHQWKHVHV�

Soil
Treatmentz

All roots
(roots/cm2)

Roots in top
25 cm of

original soil
(roots/cm2)

Coarsey roots
in top 25 cm
of original

soil
(roots/cm2)

Percent
surface roots
in original
soilx (%)

Roots in fill
soils

(roots/cm2)

C 0.064 (0.007) 0.076 (0.006) 0.006 (0.001) 20.5 (2.9) -

F 0.064 (0.006) 0.072 (0.009) 0.007 (0.001) 29.1 (4.5) 0.050 (0.007)

CF 0.072 (0.008) 0.081 (0.012) 0.003 (0.001) 30.5 (1.5) 0.055 (0.009)

p>F 0.64 0.64 0.09 0.10 0.67

]�& FRQWURO��) ILOO��&) FRPSDFWHG�ILOO�
] &RDUVH�URRWV�DUH�GHILQHG�DV�WKRVH�JUHDWHU�WKDQ�DSSUR[LPDWHO\���PP�LQ�GLDPHWHU�
\ 6XUIDFH�URRWV�DUH�WKRVH�LQ�WKH�WRS���FP�RI�WKH�RULJLQDO�VRLO��3HUFHQW�LV�EDVHG�RQ�WKH�WRS���
FP�RI�RULJLQDO�VRLO�LQ�DOO�WUHDWPHQWV�
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LQ�WKH�ILOO�WUHDWPHQWV�DV�FRPSDUHG�WR�WKH�FRQWURO��EXW��DJDLQ��WKH�VWDWLVWLFDO�VXSSRUW�IRU�WKLV�LV

QRW�YHU\�VWURQJ��7DEOH�������/LNHZLVH��WKHUH�LV�VRPH�LQGLFDWLRQ�RI�IHZHU�FRDUVH�URRWV�LQ�WKH

QDWLYH�VRLO�XQGHUO\LQJ�WKH�FRPSDFWHG�ILOO�WKDQ�LQ�RWKHU�WUHDWPHQWV��7DEOH�������2YHUDOO�

KRZHYHU��WKHUH�LV�OLWWOH�HYLGHQFH�RI�FKDQJHV�LQ�URRW�GLVWULEXWLRQ�RU�GHQVLW\�GXH�WR�ILOO�GXULQJ

WKLV�WKUHH�\HDU�SHULRG��ZLWK�WKH�H[FHSWLRQ�WKDW�URRWV�FOHDUO\�GLG�JURZ�XSZDUGV�LQWR�ERWK�WKH

ILOO�DQG�FRPSDFWHG�ILOO�OD\HUV�

6ZHHWJXP�URRW�GLVWULEXWLRQ

$OWKRXJK�QR�VRLO�WUHDWPHQW�DIIHFWHG�WRWDO�URRW�GHQVLW\��WKH�XQFRPSDFWHG�ILOO�UHVXOWHG�LQ�D

VKLIW�LQ�URRW�GLVWULEXWLRQ�LQ�WKH�RULJLQDO�VRLO�WRZDUGV�WKH�VXUIDFH���FP��7DEOH�������8QOLNH�WKH

RDN�URRWV��VZHHWJXP�URRWV�DSSHDUHG�KHDYLO\�FRQFHQWUDWHG�DW�DQG�EHORZ�WKH�VXUIDFH�RI�WKH

RULJLQDO�VRLO��DQG�FRPSDUDWLYHO\�IHZ�URRWV�ZHUH�JURZLQJ�LQ�WKH�ILOO�VRLOV��%RWK�WKH�ILOO�DQG

FRPSDFWHG�ILOO�OD\HUV�KDG�IHZHU�URRWV�FP��WKDQ�WKH�WRS����FP�RI�WKH�RULJLQDO�VRLO�LQ�WKH�VDPH

WUHDWPHQW��S� �������DQG�S� �������IRU�)�DQG�&)��UHVSHFWLYHO\���VHH�DOVR�7DEOH�������2QO\

WZR�FRDUVH�URRWV�����PP��ZHUH�IRXQG�LQ�DOO�RI�WKH�FRPSDFWHG�DQG�XQFRPSDFWHG�ILOO�VRLO

OD\HUV�FRPELQHG��1HZ�V\VWHPV�RI�DGYHQWLWLRXV�URRWV�KDYH�EHHQ�REVHUYHG�WR�IRUP�ZKHQ

QDWXUDO�VHGLPHQWDWLRQ�UDLVHV�WKH�VRLO�OHYHO�DURXQG�H[LVWLQJ�FRDVW�UHGZRRGV��6WRQH�DQG�9DVH\

������DQG�ZKLWH�VSUXFH��)LOLRQ�DQG�0DULQ��������+RZHYHU��LW�GRHV�QRW�DSSHDU�WKDW�WKH

FKDQJH�LQ�GLVWULEXWLRQ�RI�WKH�VZHHWJXP�URRWV�LV�DQ�LQGLFDWLRQ�WKDW�WKLV�LV�EHJLQQLQJ�WR�WDNH

SODFH�KHUH��)LUVW��LW�ZDV�QRW�REVHUYHG�WKDW�URRWV�LQ�WKH�ORZHU�UHJLRQV�PLJKW�EH�GHDG�RU�G\LQJ�

DQG�QHZ�URRW�JURZWK�LQWR�WKH�DSSOLHG�ILOO�VRLOV�ZDV�PLQLPDO�DQG�KDUGO\�LQGLFDWLYH�RI�D�QHZ

URRW�V\VWHP��5RRWV�RI�VZHHWJXP��PRUH�VR�WKDQ�VRPH�RWKHU�WUHH�VSHFLHV��KDYH�EHHQ�VKRZQ�WR

PDUNHGO\�SUROLIHUDWH�LQ�DUHDV�RI�KLJK�QXWULHQW�VXSSO\��0RX�HW�DO���������7KH�&KHZDFOD�VHULHV

VRLO�LQ�WKH�VZHHWJXP�SORWV�KDV�IRUPHG�LQ�UHFHQW�DOOXYLXP�DQG�KDV�$�DQG�%�KRUL]RQV�ZLWK

FRQVLGHUDEOH�RUJDQLF�PDWWHU��DQG�SUHVXPDEO\�KLJKHU�IHUWLOLW\�WKDQ�WKH�ILOO�VRLO��,I�JURZLQJ

FRQGLWLRQV�LQ�WKH�RULJLQDO�VRLO�UHPDLQHG�DGHTXDWH�IRU�VZHHWJXP�URRWV��LW�LV�SRVVLEOH�WKDW�WKH\

ZRXOG�EH�XQOLNHO\�WR�JURZ�LQWR�WKH�ILOO�OD\HUV�EHFDXVH�RI�LWV�UHODWLYHO\�SRRU�QXWULHQW

DYDLODELOLW\�
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&RQFOXVLRQV

,Q�WKH�DEVHQFH�RI�RWKHU�FRQVWUXFWLRQ�GDPDJH�����FP�RI�VDQG\�ORDP�VXEVRLO�ILOO�

FRPSDFWHG�RU�QRW��DSSOLHG�WR�WKH�URRW�V\VWHPV�RI�KHDOWK\��YLJRURXV�ZKLWH�RDNV�DQG

VZHHWJXPV�DSSHDUV�WR�KDYH�KDG�QR�GHWULPHQWDO�HIIHFWV�RQ�WUHH�JURZWK�DQG�SK\VLRORJ\�GXULQJ

WKH�WKUHH�\HDUV�RI�WKHVH�H[SHULPHQWV��7KLV�LV�LQ�DJUHHPHQW�ZLWK�WKH�UHVXOWV�RI�6PLWK�HW�DO�

�������IURP�WKHLU�H[SHULPHQW�ZLWK�(DVWHUQ�ZKLWH�SLQH��)XUWKHUPRUH��WKHUH�GLG�QRW�DSSHDU�WR

EH�DQ\�EHQHILW�WR�WKH�XVH�RI�WUHH�ZHOOV��,W�LV�SRVVLEOH�WKDW�GLIIHUHQW�UHVXOWV�ZRXOG�EH�VHHQ�LI�WKH

H[SHULPHQWV�ZHUH�FRQGXFWHG�IRU�D�ORQJHU�SHULRG��RU�LI�WKHUH�ZHUH�DQ\�H[WUHPH�FKDQJHV�LQ�WKH

ZHDWKHU�SDWWHUQV�GXULQJ�VXFK�D�WLPH��+RZHYHU��ERWK�D�ERWWRPODQG�VSHFLHV��VZHHWJXP��DQG�DQ

XSODQG�VSHFLHV��ZKLWH�RDN��ZHUH�HYDOXDWHG�LQ�WZR�VLWHV�ZLWK�GLIIHULQJ�VRLO�W\SHV�DQG�ZDWHU

UHODWLRQV��&RQVHTXHQWO\��WKH�UHVXOWV�RI�WKH�SUHVHQW�H[SHULPHQW�DUH�OLNHO\�DSSOLFDEOH�WR�D�IDLUO\

EURDG�UDQJH�RI�XUEDQ�IRUHVWU\�VLWXDWLRQV�LQ�WKH�(DVWHUQ�8QLWHG�6WDWHV�

)LOO�GLG�DSSHDU�WR�GLVUXSW�ZDWHU�PRYHPHQW�WKURXJK�WKH�VRLO�SURILOHV�WR�VRPH�GHJUHH��,Q

FRQVWUXFWLRQ�VLWXDWLRQV��WKLV�FRXOG�SRWHQWLDOO\�KDYH�VRPH�HIIHFW�RQ�ORQJ�WHUP�WUHH�JURZWK�

GHSHQGLQJ�RQ�WKH�VSHFLILF�VLWH�FRQGLWLRQV��DOWKRXJK�QR�HYLGHQFH�RI�WKDW�ZDV�UHYHDOHG�LQ�WKH

SUHVHQW�H[SHULPHQW��7UHH�GHFOLQH�DIWHU�FRQVWUXFWLRQ�DFWLYLW\�LV�SUREDEO\�ODUJHO\�GXH�WR�IDFWRUV

RWKHU�WKDQ�ILOO��3RVVLELOLWLHV�LQFOXGH�FRPSDFWLRQ�RI�WKH�RULJLQDO�VRLO�E\�YHKLFOH�WUDIILF��URRW

VHYHUDQFH�GXULQJ�FOHDULQJ�RI�XQGHUEUXVK�RU�JUDGLQJ��WUXQN�GDPDJH�IURP�PDFKLQHU\��DQG

VXUIDFH�WLOOLQJ�ODUJH�DUHDV�XQGHU�WUHHV�LQ�RUGHU�WR�HVWDEOLVK�D�JUDVV�ODZQ��DOO�FRPPRQ

RFFXUUHQFHV�GXULQJ�FRQVWUXFWLRQ��7KH�UDSLGLW\�RI�GHFOLQH�PD\�EH�UHODWHG�WR�WKH�VHYHULW\�RI�WKH

GDPDJH�DV�ZHOO�DV�WR�WKH�KHDOWK��VL]H��DQG�UHVHUYHV�RI�WKH�WUHHV�LQ�TXHVWLRQ�
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&+$37(5��

$�&RPSDULVRQ�RI�5RRW�*URZWK�'\QDPLFV�RI�6LOYHU

0DSOH�DQG�)ORZHULQJ�'RJZRRG�LQ�&RPSDFWHG�6RLO�DW

6HYHUDO�0RLVWXUH�/HYHOV

,QWURGXFWLRQ

0DQ\�RI�WKH�PRVW�VXFFHVVIXO�VWUHHW�WUHHV�KDYH�EHHQ�ERWWRPODQG�VSHFLHV�DQG�WKHLU

K\EULGV��H�J���$PHULFDQ�HOP��8OPXV�DPHULFDQD�/����/RQGRQ�SODQH�WUHH��3ODWDQXV�;�DFHULIROLD��$LW��

:LOOG����SLQ�RDN��4XHUFXV�SDOXVWULV�0XHQFKK����ZLOORZ�RDN��4XHUFXV�SKHOORV�/����ZDWHU�RDN��4XHUFXV

QLJUD�/����JUHHQ�DVK��)UD[LQXV�SHQQV\OYDQLFD�0DUVK����DQG�PDQ\�RWKHUV��8UEDQ�VRLOV�DUH�W\SLFDOO\

FRPSDFWHG��3DWWHUVRQ�������$OEHUW\�HW�DO��������DQG��WKHUHIRUH��LQ�PDQ\�UHJLRQV��WUHHV�PXVW

EH�WROHUDQW�RI�FRPSDFWHG�VRLOV�WR�IXQFWLRQ�VXFFHVVIXOO\�DV�VWUHHW�WUHHV��7KHVH�REVHUYDWLRQV

VXJJHVW�WKHUH�PD\�EH�DQ�DVVRFLDWLRQ�EHWZHHQ�WROHUDQFH�RI�H[FHVVLYH�VRLO�PRLVWXUH�DQG�WKH

DELOLW\�WR�JURZ�LQ�FRPSDFWHG�VRLOV�

%DVHG�RQ�WKH�OLPLWHG�OLWHUDWXUH�DYDLODEOH�RQ�ZRRG\�SODQWV������03D�KDV�EHHQ�VXJJHVWHG

DV�D�WKUHVKROG�VRLO�SHQHWUDWLRQ�UHVLVWDQFH��ZKHUH�WKH�UHGXFWLRQ�LQ�WUHH�URRW�JURZWK�GXH�WR

PHFKDQLFDO�LPSHGDQFH�EHFRPHV�VHYHUH��'D\�DQG�%DVVXN��������,Q�D�VHYHUHO\�FRPSDFWHG�VRLO�

WKH�VRLO�VWUHQJWK�ZRXOG�OLNHO\�RQO\�IDOO�EHORZ�WKLV�WKUHVKROG�ZKHQ�WKH�VRLO�LV�YHU\�ZHW��,W�LV

SRVVLEOH�WKDW�WKH�GHFUHDVH�LQ�VRLO�VWUHQJWK�WKDW�DFFRPSDQLHV�DQ�LQFUHDVH�LQ�ZDWHU�FRQWHQW�IRU

PRVW�VRLOV��7D\ORU�DQG�*DUGQHU�������FUHDWHV�DQ�RSSRUWXQLW\�IRU�URRW�JURZWK�WKDW�FRXOG

H[SODLQ�ERWWRPODQG�VSHFLHV·�WROHUDQFH�IRU�FRPSDFWHG�VRLO��$FFRUGLQJ�WR�WKLV�K\SRWKHVLV��D

ERWWRPODQG�VSHFLHV�FRXOG�H[SORLW�WKLV�SHULRG�RI�UHGXFHG�VRLO�VWUHQJWK�IRU�URRW�JURZWK��ZKLOH

WKH�JURZWK�RI�DQ�XSODQG�RU�PHVLF�VSHFLHV�ZRXOG�EH�LQKLELWHG�E\�H[FHVVLYH�PRLVWXUH�DQG�WKH

DVVRFLDWHG�LPSDLUHG�JDV�H[FKDQJH��:KHQ�WKH�VRLO�GULHV�DQG�JDV�H[FKDQJH�LPSURYHV��WKH�VRLO

ZRXOG�RQFH�DJDLQ�EH�WRR�KDUG�IRU�URRWV�WR�SHQHWUDWH��7KH�XSODQG�RU�PHVLF�VSHFLHV�ZRXOG�

WKHUHIRUH��KDYH�YHU\�OLPLWHG�RSSRUWXQLW\�IRU�URRW�JURZWK�
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$OWKRXJK�DQ�LQFUHDVHG�ZDWHU�VXSSO\�KDV�EHHQ�VKRZQ�WR�DOOHYLDWH�VRPH�RI�WKH�HIIHFWV�RI

FRPSDFWLRQ��%XWWHU\�HW�DO���������VSHFLHV�VSHFLILF�WROHUDQFHV�KDYH�QRW�EHHQ�GLUHFWO\

DGGUHVVHG��7D\ORU�DQG�5DWOLII��������IRXQG�SHDQXW�DQG�FRWWRQ�URRWV�WR�EH�DIIHFWHG�E\�VRLO

VWUHQJWK�UDWKHU�WKDQ�ZDWHU�FRQWHQW�SHU�VH��7KH\�GLG�QRW��KRZHYHU��HYDOXDWH�JURZWK�LQ�WKH

QHDUO\�VDWXUDWHG�VRLOV�UHTXLUHG�WR�DFKLHYH�ORZ�VRLO�VWUHQJWK�LQ�KLJKO\�FRPSDFWHG�VRLOV��:ROIH

HW�DO���������DWWULEXWHG�VSHFLHV�GLIIHUHQFHV�LQ�\LHOG�UHVSRQVH�RI�YHJHWDEOHV�WR�VRLO�FRPSDFWLRQ�

LQ�SDUW��WR�GLIIHULQJ�VHQVLWLYLW\�WR�VHFRQGDU\�HIIHFWV�VXFK�DV�SRRU�GUDLQDJH�DQG�JUHDWHU�SHVW

SRSXODWLRQV��+RZHYHU��WROHUDQFH�IRU�H[FHVVLYHO\�ZHW�VRLOV�KDV�QRW�EHHQ�VSHFLILFDOO\�WHVWHG�DV�D

PHDQV�E\�ZKLFK�FHUWDLQ�VSHFLHV�PLJKW�DFKLHYH�JUHDWHU�URRW�JURZWK�LQ�FRPSDFWHG�VRLOV�

7KLV�H[SHULPHQW�ZDV�GHVLJQHG�WR�LQYHVWLJDWH�WKLV�K\SRWKHVLV�E\�FRPSDULQJ�WKH�URRW

JURZWK�G\QDPLFV�RI�D�ERWWRPODQG�DQG�D�PHVLF�WUHH�VSHFLHV�XQGHU�D�UDQJH�RI�VRLO�VWUHQJWKV

DQG�ZDWHU�FRQWHQWV��8UEDQ�IRUHVWHUV�JHQHUDOO\�FRQVLGHU�IORZHULQJ�GRJZRRG��&RUQXV�IORULGD�/���

D�PHVLF�VSHFLHV�QDWLYH�WR�(DVWHUQ�1RUWK�$PHULFD�DQG�ZLGHO\�SODQWHG�DV�DQ�RUQDPHQWDO��WR�EH

LQWROHUDQW�RI�FRPSDFWHG�VRLOV��6LOYHU�PDSOH��$FHU�VDFFKDULQXP�/���KDV�D�VLPLODU�QDWLYH�UDQJH��EXW

LV�D�ERWWRPODQG�VSHFLHV�FRQVLGHUHG�KLJKO\�WROHUDQW�RI�FRPSDFWHG�VRLOV���$FFRUGLQJ�WR�WKH

K\SRWKHVLV��WKHVH�WZR�VSHFLHV�ZRXOG�EH�VLPLODUO\�DIIHFWHG�E\�LQFUHDVHV�LQ�VRLO�VWUHQJWK��EXW

ZRXOG�UHVSRQG�GLIIHUHQWO\�WR�FKDQJHV�LQ�VRLO�ZDWHU�FRQWHQW��HYHQ�ZKHQ�VRLO�VWUHQJWK�ZDV�ORZ�

)XUWKHUPRUH��WKLV�K\SRWKHVLV�VWDWHV�WKDW�DV�VRLO�PRLVWXUH�LQFUHDVHV�LQ�D�JLYHQ�FRPSDFWHG�VRLO�

VLOYHU�PDSOH�ZLOO�EH�DEOH�WR�WDNH�DGYDQWDJH�RI�WKH�UHVXOWLQJ�ORZ�UHVLVWDQFH��ZKLOH�GRJZRRG�ZLOO

QRW�

0DWHULDOV�DQG�0HWKRGV

3UHOLPLQDU\�VRLO�DQDO\VHV

6HYHUDO�SUHOLPLQDU\�SUHSDUDWLRQV�DQG�WHVWV�RI�WKH�H[SHULPHQWDO�VRLO�ZHUH�UHTXLUHG�EHIRUH

WKH�ILQDO�H[SHULPHQWDO�SRWV�FRXOG�EH�SUHSDUHG���$�8QLVRQ�ORDP�VRLO��ILQH��PL[HG��VHPLDFWLYH�

PHVLF�7\SLF�+DSOXGXOWV��������VDQG��������VLOW��������FOD\��S+������ZDV�VFUHHQHG�WKURXJK

����FP�PHVK�KDUGZDUH�FORWK�WR�UHPRYH�RUJDQLF�GHEULV�DQG�WKHQ�DLU�GULHG��(TXDO�QXPEHUV�RI

PHWDO�VOHHYHV��DSSUR[�����FP��HDFK��ZHUH�SDFNHG�ZLWK�VFUHHQHG�VRLO�WR�HDFK�RI�WKUHH�EXON

GHQVLWLHV�������XQFRPSDFWHG�������DQG�����J�FP�����$�VRLO�PRLVWXUH�UHOHDVH�FXUYH�ZDV

HVWDEOLVKHG�IRU�HDFK�EXON�GHQVLW\�XVLQJ�WKHVH�VDPSOHV��Q� �����D�WHQVLRQ�WDEOH�DQG�SUHVVXUH
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SODWH��7KHVH�FXUYHV�HVWDEOLVKHG�WKH�YROXPHWULF�ZDWHU�FRQWHQW�UHTXLUHG�WR�PDLQWDLQ�VSHFLILHG

PDWULF�SRWHQWLDOV�DW�HDFK�FRPSDFWLRQ�OHYHO��)XUWKHU�WHVWV�ZHUH�WKHQ�SHUIRUPHG�WR�HVWDEOLVK

VRLO�SHQHWUDWLRQ�UHVLVWDQFH�PDWULF�SRWHQWLDO�UHODWLRQVKLSV�IRU�HDFK�FRPSDFWLRQ�OHYHO��)RU�WKHVH

WHVWV��ODUJHU�VRLO�VDPSOHV������FP���ZHUH�SUHSDUHG�IRU�HDFK�FRPSDFWLRQ�OHYHO�DV�GHVFULEHG

EHORZ�IRU�WKH�H[SHULPHQWDO�SRWV��)RU�HDFK�FRPSDFWLRQ�OHYHO��WKUHH�VDPSOHV�ZHUH�EURXJKW�WR

HDFK�RI�IRXU��ILYH�IRU�WKH�XQFRPSDFWHG�VRLO��VRLO�PDWULF�SRWHQWLDOV��UDQJLQJ�IURP�������WR

�����03D����UHSOLFDWLRQV�;���EXON�GHQVLWLHV�;������IRU�XQFRPSDFWHG��PDWULF�SRWHQWLDOV� ���

FRUHV���6RLO�SHQHWUDWLRQ�UHVLVWDQFH�RI�HDFK�FRUH�ZDV�WKHQ�WHVWHG�ZLWK�D�3URFWRU�SHQHWURPHWHU

�0RGHO�&1������6RLOWHVW��,QF���FRPSO\LQJ�ZLWK�$670�VWDQGDUG�'������$670��������8VLQJ�D

����FP��IODW�WLS��PHDVXUHPHQWV�ZHUH�WDNHQ�DW�IRXU�ORFDWLRQV��VXEVDPSOHV��ZLWKLQ�HDFK�FRUH�

7KHVH�GDWD�ZHUH�ILWWHG�WR�HVWDEOLVK�VHSDUDWH�SHQHWUDWLRQ�UHVLVWDQFH�PDWULF�SRWHQWLDO�FXUYHV�IRU

HDFK�RI�WKH�WKUHH�FRPSDFWLRQ�OHYHOV��7KLV�LQIRUPDWLRQ�DOORZHG�IRU�WKH�SUHSDUDWLRQ�RI

H[SHULPHQWDO�SRWV�ZLWK�VRLO�RI�NQRZQ�SHQHWUDWLRQ�UHVLVWDQFH�E\�YDU\LQJ�WKH�FRPSDFWLRQ�OHYHO

DQG�ZDWHU�FRQWHQW�RI�WKH�VRLO�

3UHSDUDWLRQ�RI�H[SHULPHQWDO�SRWV

6LIWHG��DLU�GULHG�VRLO�ZDV�SUH�ZHLJKHG��PRLVWHQHG�WR�����JUDYLPHWULF�ZDWHU�FRQWHQW��DQG

SDFNHG�LQWR�SRWV�PDGH�RI�VFKHGXOH����SRO\YLQ\O�FKORULGH�SLSH�����FP�GLDPHWHU�����FP

OHQJWK���ZLWK�WKH�ERWWRP�HQG�VHDOHG�ZLWK�FHOORSKDQH�DQG�VHFXUHG�ZLWK�D�UXEEHU�EDQG��7KH

VRLO�ZDV�SDFNHG�LQ�WKUHH�OD\HUV�WR�RQH�RI�WKUHH�EXON�GHQVLWLHV�������XQFRPSDFWHG�������DQG

����J�FP����XVLQJ�D�VSHFLDOO\�GHVLJQHG�FRPSDFWLRQ�FKDPEHU�DQG�D�3URFWRU�KDPPHU��7KURXJK

VHYHUDO�WULDO�UXQV��D�UHSHDWDEOH�FRPSDFWLRQ�SURWRFRO�ZDV�GHWHUPLQHG��VSHFLI\LQJ�WKH�QXPEHU

RI�EORZV�DQG�WKH�IRUFH�RI�HDFK�EORZ�UHTXLUHG�WR�UHDFK�WKH�GHVLUHG�FRPSDFWLRQ�OHYHO�IRU�HDFK

OD\HU��$IWHU�FRPSDFWLRQ��DOO�SRWV�FRQWDLQHG�����FP��RI�VRLO��:DWHU�ZDV�WKHQ�DGGHG�WR�EULQJ

HDFK�SRW�WR�WKH�GHVLUHG�DYHUDJH�PDWULF�SRWHQWLDO�DQG�WKH�WRS�ZDV�WLJKWO\�VHDOHG�ZLWK

FHOORSKDQH�WR�SUHYHQW�ZDWHU�ORVV�EHIRUH�WKH�H[SHULPHQW�EHJDQ�WKH�QH[W�GD\��7UHDWPHQWV

FRQVLVWHG�RI�VRLO�SUHSDUHG�LQ���GLIIHUHQW�FRPELQDWLRQV�RI�VRLO�PDWULF�SRWHQWLDO�DQG�VRLO

SHQHWUDWLRQ�UHVLVWDQFH��7DEOH�������7RJHWKHU�WKHVH�FRPSULVH�DQ�LQFRPSOHWH�IDFWRULDO��VHYHQ

PLVVLQJ�FHOOV��ZLWK�WKUHH�OHYHOV�RI�PDWULF�SRWHQWLDO����������������DQG������03D��DQG���OHYHOV

RI�SHQHWUDWLRQ�UHVLVWDQFH�����������������������DQG�����03D���$�FRPSOHWH�IDFWRULDO�VWUXFWXUH�ZDV
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7DEOH������,QFRPSOHWH�IDFWRULDO�WUHDWPHQW�VWUXFWXUH�IRU�WKH�H[SHULPHQW��1XPEHUV�LQ
SDUHQWKHVHV�LQGLFDWH�EXON�GHQVLW\�LQ�J�FP���XVHG�WR�FUHDWH�WKDW�VRLO�PRLVWXUH�VRLO�VWUHQJWK
FRPELQDWLRQ��&HOOV�ZLWK�QD�LQGLFDWH�QR�WUHDWPHQW�IRU�WKDW�FRPELQDWLRQ�RI�IDFWRU�OHYHOV��(DFK
FRPELQDWLRQ�ZDV�UHSOLFDWHG���WLPHV�IRU�HDFK�VSHFLHV�

Soil penetration resistance (MPa)

Soil matric
potential (MPa) 0.6 1.75 2.0 2.3 3.1

0.006 (1.5) (1.7) na na na

0.026 (1.2) (1.5) na (1.7) na

0.06 (1.2) na (1.5) na (1.7)

QRW�SRVVLEOH�EHFDXVH�VSDFH�FRQVLGHUDWLRQV�OLPLWHG�WKH�QXPEHU�RI�WUHDWPHQWV�DQG�WKH�VRLO

SK\VLFDO�SURSHUWLHV�GLG�QRW�DOORZ�FHUWDLQ�VRLO�PRLVWXUH�DQG�VRLO�VWUHQJWK�FRPELQDWLRQV�

3ODQW�PDWHULDO

)ORZHULQJ�GRJZRRG��&RUQXV�IORULGD��VHHGV�FROOHFWHG�LQ�0LFKLJDQ�ZHUH�VRDNHG�LQ�ZDWHU�IRU

���K�DQG�VWUDWLILHG�LQ�PRLVW�SDSHU�IRU����GD\V�DW���Ü&���6HHGV�ZHUH�WKHQ�SODFHG�RQ�EORWWLQJ

SDSHU�RQ�D�GD\�QLJKW�UHJLPHQ�RI����Ü&�����K�����Ü&����K��IRU����GD\V��E\�ZKLFK�WLPH�WKH

PDMRULW\�KDG�JHUPLQDWHG��6LOYHU�PDSOH��$FHU�VDFFKDULQXP��VHHGV�FROOHFWHG�IURP�D�ODQGVFDSH�WUHH

LQ�%ODFNVEXUJ��9$�ZHUH�GHZLQJHG��VRDNHG�LQ�ZDWHU�IRU����K��DQG�VWUDWLILHG�DW���Ü&�IRU

DSSUR[LPDWHO\����GD\V��6HHGV�JHUPLQDWHG�ZKLOH�XQGHU�VWUDWLILFDWLRQ��$W�WKH�EHJLQQLQJ�RI�WKH

H[SHULPHQW��VHHGV�DW�WKH�VDPH�VWDJH�RI�JHUPLQDWLRQ�ZHUH�VHOHFWHG��UDGLFOH�HPHUJHG�IURP���WR

��PP�IURP�VHHG�FRDW�IRU�GRJZRRGV����WR���PP�IRU�PDSOHV��DQG�SODFHG�WKHP�LQ�WKH�SUHSDUHG

SRWV�LQ�VPDOO�GHSUHVVLRQV�RQ�WKH�VRLO�VXUIDFH��7KUHH�VHHGV�ZHUH�SODFHG�LQ�HDFK�SRW��6RLO�ZDV

SUHVVHG�FDUHIXOO\�DURXQG�HDFK�VHHG�WR�HQVXUH�JRRG�VHHG�VRLO�FRQWDFW�

�3ODFHPHQW�DQG�PDLQWHQDQFH�RI�H[SHULPHQWDO�SRWV

7KH�RSHQ�ERWWRPHG�SRWV�ZHUH�ZHLJKHG�DQG�SODFHG�LQ�D�FRPSOHWHO\�UDQGRP�GHVLJQ

���WUHDWPHQWV�;���VSHFLHV�;���UHSOLFDWLRQV� ����SRWV��RQ�ODUJH�JODVV�SODWHV�VHW�RQ�EODFN

FRUUXJDWHG�SODVWLF�LQ�D�JURZWK�FKDPEHU��&RQYLURQ�0RGHO�(����&RQWUROOHG�(QYLURQPHQWV

/WG���:LQQLSHJ��0DQLWRED��&DQDGD���7KH�FKDPEHU�ZDV�VHW�DW�D�GD\�QLJKW�UHJLPHQ�RI����Ü&

����K�����Ü&����K��ZLWK�D�UHODWLYH�KXPLGLW\�RI������3$5�OLJKW�OHYHOV�ZHUH�PDLQWDLQHG�DW�����
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���� PRO�P���V����7KLV�ZDV�PHDVXUHG�RFFDVLRQDOO\�GXULQJ�WKH�H[SHULPHQW�ZLWK�D�SRUWDEOH

SKRWRV\QWKHVLV�V\VWHP��/,�������/,�&25��/LQFROQ��1(��WR�HQVXUH�FRQVLVWHQF\�RYHU�WLPH��$W

WKH�VDPH�WLPH�HDFK�GD\��SRWV�ZHUH�ZHLJKHG�DQG�GLVWLOOHG�ZDWHU�DGGHG�WR�EULQJ�HDFK�SRW�EDFN

WR�LWV�RULJLQDO�ZHLJKW��0DSOHV�ZHUH�KDUYHVWHG�DIWHU����GD\V�DQG�WKH�VORZHU�JURZLQJ�GRJZRRGV

DIWHU����GD\V��$IWHU����GD\V��DOO�WKH�VHHGV�LQ���PDSOH�SRW�DQG���GRJZRRG�SRWV�KDG�GLHG�

7KHVH�ZHUH�UHSODFHG�DQG�DOORZHG�WR�JURZ�WKH�IXOO����DQG����GD\V��UHVSHFWLYHO\�

3ODQW�PHDVXUHPHQWV

$W�WKH�VDPH�WLPH�HDFK�GD\��WKH�JODVV�WUD\V�ZHUH�UHPRYHG�IURP�WKH�JURZWK�FKDPEHU�DQG

WKH�ERWWRPV�RI�WKH�SRWV�ZHUH�H[DPLQHG�IRU�URRWV�WKURXJK�WKH�JODVV��XVLQJ�D�KDQG�OHQV�ZKHQ

QHFHVVDU\��(DFK�QHZ�URRW�WKDW�DSSHDUHG�DW�WKH�ERWWRP�RI�D�SRW�ZDV�UHFRUGHG��7KH�QXPEHU�RI

GD\V�QHHGHG�IRU�WKH�ILUVW�URRW�WR�UHDFK�WKH�ERWWRP�RI�D�JLYHQ�SRW�GLYLGHG�E\�WKH�GHSWK�RI�WKH

VRLO�ZDV�WKH�GRZQZDUG�GDLO\�URRW�JURZWK�UDWH��$W�WKH�HQG�RI�WKH�H[SHULPHQW��SRWV�ZKHUH�QR

URRWV�KDG�\HW�DSSHDUHG�ZHUH�FDUHIXOO\�H[FDYDWHG�IURP�WKH�ERWWRP�DQG�WKH�GHSWK�RI�WKH

GHHSHVW�URRW�RI�WKH�WKUHH�SODQWV�ZDV�GHWHUPLQHG��7KLV�GHSWK�ZDV�WKHQ�XVHG�WR�FDOFXODWH�WKH

GRZQZDUG�URRW�JURZWK�UDWH�IRU�WKHVH�SRWV��$W�KDUYHVW��WKH�QXPEHU�RI�VXUYLYLQJ�SODQWV�LQ

HDFK�SRW�ZDV�QRWHG��DQG�WKH�VRLO�ZDV�JHQWO\�ZDVKHG�DZD\�IURP�HDFK�SODQW��7KH�URRW�V\VWHPV

ZHUH�VSUHDG�RXW�WR�D�VLQJOH�OD\HU��DQG�WKH�SODQWV�ZHUH�SKRWRFRSLHG�IRU�ODWHU�GHWHUPLQDWLRQ�RI

URRW�OHQJWK��6KRRWV�DQG�URRWV�ZHUH�GULHG�VHSDUDWHO\�WR�D�FRQVWDQW�PDVV�DW����Ü&��DQG�GU\

ZHLJKWV�UHFRUGHG���7RWDO�URRW�OHQJWK�IRU�HDFK�SRW�ZDV�GHWHUPLQHG�E\�VFDQQLQJ�WKH

SKRWRFRSLHG�LPDJHV�XVLQJ�FRPSXWHU�LPDJLQJ�VRIWZDUH��'HVN�6FDQ�,,��+HZOHWW�3DFNDUG�&R��

0RXQWDLQ�9LHZ��&$��DQG�D�FRPSXWHU�LPDJH�DQDO\]LQJ�V\VWHP��'HOWD�7�6&$1��'HOWD�7

'HYLFHV�/WG���&DPEULGJH��(QJODQG���5RRW�DQG�VKRRW�GU\�ZHLJKWV�DQG�URRW�OHQJWKV�DUH

H[SUHVVHG�RQ�D�SHU�VXUYLYLQJ�SODQW�EDVLV�IRU�HDFK�SRW�

2[\JHQ�GLIIXVLRQ�UDWH�PHDVXUHPHQWV

�$W�WKH�HQG�RI�WKH�H[SHULPHQW��WKH�VRLO�LQ�WKH�UHPDLQLQJ�GRJZRRG�SRWV�ZDV�VDPSOHG�IRU

R[\JHQ�GLIIXVLRQ�UDWH��'RJZRRG�SRWV�ZHUH�VHOHFWHG�EHFDXVH�WKH\�KDG�UHODWLYHO\�IHZ�URRWV

WKDW�PLJKW�DIIHFW�PHDVXUHPHQWV��(LJKW�SODWLQXP�HOHFWURGHV�ZHUH�LQVHUWHG�DSSUR[LPDWHO\

����FP�GHHS�LQWR�HDFK�SRW�DQG�WKH�R[\JHQ�GLIIXVLRQ�UDWH�WR�HDFK�HOHFWURGH�ZDV�FDOFXODWHG

�2[\JHQ�'LIIXVLRQ�5DWHPHWHU��0RGHO�(��-HQVHQ�,QVWUXPHQWV��7DFRPD��:$��
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'DWD�DQDO\VLV

'DWD�IRU�WUHDWPHQWV�ZLWK�VRLO�PDWULF�SRWHQWLDOV�RI�������DQG�������03D�DQG�VRLO

SHQHWUDWLRQ�UHVLVWDQFHV�RI�����DQG������03D�IRUPHG�D�FRPSOHWH���;���IDFWRULDO�DQG�ZHUH

DQDO\]HG�YLD�FRQWUDVW�VWDWHPHQWV�LQ�6$6��6$6�,QVWLWXWH��&DU\��1&���7KH�JHQHUDO�OLQHDU�PRGHOV

SURFHGXUH��*/0��LQ�6$6�ZDV�XVHG�WR�GHWHUPLQH�VLJQLILFDQW�WUHQGV�ZKHUH�WUHDWPHQWV

RFFXUUHG�DW�PRUH�WKDQ�WZR�OHYHOV�RI�VRLO�VWUHQJWK�RU�VRLO�PDWULF�SRWHQWLDO�ZLWK�WKH�RWKHU

IDFWRU�FRQVWDQW���5HJUHVVLRQ�DQDO\VLV�ZDV�XVHG�WR�PRGHO�WKH�UHODWLRQVKLS�EHWZHHQ�VRLO

VWUHQJWK�DQG�GRZQZDUG�URRW�JURZWK�UDWH��LQGHSHQGHQWO\�RI�RWKHU�IDFWRUV��,Q�WKH�WZR

FRPSDFWHG�VRLOV��WKH�HIIHFWV�RI�EXON�GHQVLW\�DQG�VRLO�PDWULF�SRWHQWLDO�ZHUH�DQDO\]HG�VHSDUDWHO\

YLD�DQDO\VLV�RI�YDULDQFH�XVLQJ�WKH�*/0�SURFHGXUH�LQ�6$6��0XOWLSOH�FRPSDULVRQV�ZHUH�PDGH

E\�)LVKHU·V�SURWHFWHG�OHDVW�VLJQLILFDQW�GLIIHUHQFH���/6'�� � �������ZKHUH�DSSURSULDWH��'DWD

IRU�WKH�WZR�VSHFLHV�ZHUH�DQDO\]HG�VHSDUDWHO\�VLQFH�DQ�LQLWLDO�DQDO\VLV�LQGLFDWHG�FRPSDFWLRQ

OHYHO�DQG�VRLO�PDWULF�SRWHQWLDO�DQG�VSHFLHV�LQWHUDFWHG��6XEVDPSOHV�RI�R[\JHQ�GLIIXVLRQ�UDWH

PHDVXUHPHQWV�ZHUH�DYHUDJHG�DQG�WHVWHG�IRU�FRUUHODWLRQ�ZLWK�VRLO�PDWULF�SRWHQWLDO�DQG�VRLO

VWUHQJWK�XVLQJ�3HDUVRQ·V�FRUUHODWLRQ�FRHIILFLHQW�

5HVXOWV

,QFUHDVLQJ�VRLO�VWUHQJWK�UHGXFHG�WKH�GRZQZDUG�URRW�JURZWK�UDWH�LQ�ERWK�VSHFLHV

�)LJ��������%HFDXVH�RI�WKH�LQFRPSOHWH�IDFWRULDO�WUHDWPHQW�VWUXFWXUH��LQWHUDFWLRQV�ZLWK�VRLO

PRLVWXUH�FRXOG�QRW�EH�FDOFXODWHG�DFURVV�WKH�HQWLUH�GDWD�VHW���,Q�WKH�ZHWWHU�VRLOV�DQG�ORZHU

SHQHWUDWLRQ�UHVLVWDQFH�OHYHOV��ZKLFK�PDGH�XS�D�FRPSOHWH���;���IDFWRULDO���KRZHYHU��WKHUH

ZHUH�QR�VLJQLILFDQW�LQWHUDFWLRQV�EHWZHHQ�VRLO�PRLVWXUH�DQG�VWUHQJWK�RQ�UDWH�RI�URRW�JURZWK

IRU�HLWKHU�VSHFLHV��8QGHU�WKHVH�FRQGLWLRQV��LQFUHDVHG�VRLO�VWUHQJWK�UHGXFHG�URRW�JURZWK�UDWH

IRU�ERWK�VSHFLHV��S� ��������DQG�S� ��������IRU�PDSOHV�DQG�GRJZRRGV��UHVSHFWLYHO\���EXW

LQFUHDVHG�VRLO�PRLVWXUH�DGYHUVHO\�DIIHFWHG�GRJZRRGV�RQO\��S� ��������7DEOH�������$W�ORZ�VRLO

VWUHQJWK������03D���GRJZRRG�URRW�JURZWK�UDWH�VORZHG�ZKHQ�VRLO�EHFDPH�H[FHVVLYHO\�ZHW�RU

GU\��ZKHUHDV�PDSOH�URRW�JURZWK�UDWH�LQFUHDVHG�OLQHDUO\�ZLWK�VRLO�PRLVWXUH��)LJ�������

0DQ\�GRJZRRGV�GLHG�GXULQJ�WKH�H[SHULPHQW���$OWKRXJK�QR�VWDWLVWLFDOO\�VLJQLILFDQW�FDXVH

FRXOG�EH�LGHQWLILHG��RQO\�����RI�WKH�SRWV�ZLWK�VRLOV�DW�PDWULF�SRWHQWLDO�������03D�KDG
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)LJXUH�������'RZQZDUG�URRW�JURZWK�UDWH�RI�GRJZRRGV�DQG�VLOYHU�PDSOHV�DV�D�IXQFWLRQ�RI
VRLO�VWUHQJWK�IRU�DOO�VRLO�PDWULF�SRWHQWLDOV��/LQHV�UHSUHVHQW�OHDVW�VTXDUHV�UHJUHVVLRQV�IRU�DOO�GDWD
SRLQWV��PDSOHV��\� ������²�����[��U�� �������GRJZRRGV��\� ������²������[��U�� �������

Soil penetration resistance (MPa)
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Flowering Dogwood

Silver Maple

0.006 MPa
0.026 MPa
0.06 MPa

soil matric potential



��

7DEOH������'RZQZDUG�URRW�JURZWK�UDWH��PP�GD\��IRU�GRJZRRGV�DQG�PDSOHV�LQ�WKH�ZHWWHU
VRLOV�DQG�ORZHVW�VRLO�VWUHQJWKV��6WDQGDUG�HUURUV�DUH�LQ�SDUHQWKHVHV�

6RLO�SHQHWUDWLRQ�UHVLVWDQFH��03D�

��� ����

6RLO�PDWULF�SRWHQWLDO��03D� 'RJZRRG 0DSOH 'RJZRRG 0DSOH

����� ����������� ����������� ������Q �� �����������

����� ����������� ����������� ����������� �����������

)LJXUH������'RZQZDUG�URRW�JURZWK�UDWH�IRU�PDSOHV�� � ��DQG�GRJZRRGV�� � � ��DW�ORZ
VRLO�VWUHQJWK�������03D��DFURVV�VRLO�PDWULF�SRWHQWLDOV��/LQHV�DUH�OHDVW�VTXDUHV�UHJUHVVLRQV
UHIOHFWLQJ�WKH�VLJQLILFDQW�WUHQGV�LGHQWLILHG��D�OLQHDU�WUHQG�IRU�PDSOHV��S� ��������DQG�D
TXDGUDWLF�WUHQG�IRU�GRJZRRG��S� ��������

VXUYLYLQJ�SODQWV�DW�WKH�HQG�RI�WKH�H[SHULPHQW��$W�������DQG������03D������RI�SRWV�KDG

VXUYLYRUV��,Q�FRQWUDVW��DOO�EXW�RQH�PDSOH�SRW�KDG�VXUYLYLQJ�SODQWV�

Soil matric potential (MPa)
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$QDO\VLV�RI�URRW�JURZWK�LQ�FRPSDFWHG�WUHDWPHQWV�VXJJHVWV�WKDW�VLOYHU�PDSOH�ZDV�DEOH�WR

WDNH�DGYDQWDJH�RI�WKH�ORZ�VRLO�VWUHQJWK�WKDW�UHVXOWHG�ZKHQ�WKH�PRGHUDWHO\�FRPSDFWHG�VRLO

�����J�FP����ZDV�YHU\�ZHW��)LJ��������'RJZRRGV�GLG�QRW�VKRZ�WKLV�UHVSRQVH��$QDO\VLV�RI

YDULDQFH�RI�WKH�HIIHFWV�RI�EXON�GHQVLW\�RI�WKH�FRPSDFWHG�VRLOV��EXON�GHQVLWLHV�����DQG

����J�FP�����VRLO�PDWULF�SRWHQWLDO��DQG�VSHFLHV�VKRZHG�D�WKUHH�ZD\�LQWHUDFWLRQ�IRU�VHYHUDO�RI

WKH�URRW�JURZWK�YDULDEOHV�PHDVXUHG��S� ������IRU�UDWH�RI�URRW�JURZWK��S� ������IRU�URRW

OHQJWK��DQG�S� ������IRU�UDWLR�RI�URRW�OHQJWK�WR�URRW�GU\�ZHLJKW���LQGLFDWLQJ�WKDW�VSHFLHV

UHVSRQGHG�GLIIHUHQWO\�DFURVV�WKHVH�OHYHOV�RI�VRLO�PRLVWXUH�DQG�FRPSDFWLRQ��1R�VXFK

LQWHUDFWLRQ�ZDV�HYLGHQW�IRU�URRW�DQG�VKRRW�GU\�ZHLJKWV��:KHQ�VSHFLHV�ZHUH�DQDO\]HG

VHSDUDWHO\��URRW�JURZWK�UDWH�RI�PDSOHV�VKRZHG�D�VWURQJ�LQWHUDFWLRQ�EHWZHHQ�EXON�GHQVLW\�DQG

VRLO�PRLVWXUH��S� ����������)LJ��������7KHVH�IDFWRUV�DOVR�LQWHUDFWHG�LQ�WKHLU�HIIHFW�RQ�URRW

OHQJWK��S� �����������$OWKRXJK�VRLO�PRLVWXUH�GLG�QRW�DIIHFW�PDSOH�URRW�JURZWK�UDWH�RU�OHQJWK

LQ�WKH�KLJKO\�FRPSDFWHG�VRLO������J�FP�����URRW�JURZWK�UDWH�DQG�OHQJWK�LQFUHDVHG�UDSLGO\�ZLWK

VRLO�PRLVWXUH�OHYHO�IRU�WKH�PRGHUDWHO\�FRPSDFWHG�VRLO������J�FP�����S� �������DQG�S� �������

UHVSHFWLYHO\���0XOWLSOH�FRPSDULVRQV�XVLQJ�/6'�DW� � ������LQGLFDWH�WKDW�URRW�JURZWK�UDWH�DQG

URRW�OHQJWK�LQ�WKH�ZHW�VRLO��������03D��ZHUH�VLJQLILFDQWO\�JUHDWHU�WKDQ�WKDW�LQ�WKH�PRLVW

�������03D��RU�GU\�������03D��VRLOV�

+LJK�EXON�GHQVLW\������J�FP����UHGXFHG�UDWH�RI�URRW�JURZWK�IRU�GRJZRRGV��S� �������

�)LJ��������,Q�FRQWUDVW�WR�PDSOHV��KRZHYHU��URRW�JURZWK�UDWH�ZDV�XQDIIHFWHG�E\�VRLO�PDWULF

SRWHQWLDO��S� �������DQG�QR�LQWHUDFWLRQ�ZDV�HYLGHQW��1R�VLJQLILFDQW�LQWHUDFWLRQV�RU�PDLQ

HIIHFWV�ZHUH�GHWHFWHG�LQ�GRJZRRGV�LQ�DQ\�RI�WKH�RWKHU�YDULDEOHV�PHDVXUHG��URRW�OHQJWK��URRW

DQG�VKRRW�GU\�ZHLJKWV��DQG�UDWLR�RI�URRW�OHQJWK�WR�URRW�GU\�ZHLJKW��ZKHQ�VXEMHFWHG�WR�WKLV

DQDO\VLV��GDWD�QRW�VKRZQ��

7KH�UDWLR�RI�URRW�OHQJWK�WR�URRW�GU\�ZHLJKW�SURYLGHV�DQ�LQGH[�RI�URRW�PRUSKRORJ\��$

ORZ�UDWLR�UHSUHVHQWV�D�KLJKHU�GHJUHH�RI�VWXEELQHVV��D�URRW�PRUSKRORJ\�VRPHWLPHV�DVVRFLDWHG

ZLWK�URRWV�JURZQ�LQ�FRPSDFWHG�VRLO�RU�ORZ�R[\JHQ�OHYHOV��+RRN�HW�DO��������(DYLV��������$V

GHVFULEHG�HDUOLHU��EXON�GHQVLW\�DQG�VRLO�PDWULF�SRWHQWLDO�LQWHUDFWHG�LQ�WKHLU�HIIHFWV�RQ�WKLV�UDWLR

�S� ��������LQ�PDSOHV��ZKLOH�LQ�GRJZRRGV�WKH\�GLG�QRW��)LJ��������,Q�PDSOHV��VRLO�PRLVWXUH

DIIHFWHG�URRW�VWXEELQHVV�DW�EXON�GHQVLW\�����J�FP����EXW�QRW�DW�WKH�KLJKHU�FRPSDFWLRQ�OHYHO�
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)LJXUH������'RZQZDUG�URRW�JURZWK�UDWH�IRU�GRJZRRGV�DQG�PDSOHV�DW�WZR�FRPSDFWLRQ�OHYHOV
�EXON�GHQVLWLHV�����DQG�����J�FP����DFURVV�VRLO�PDWULF�SRWHQWLDOV��%DUV�LQGLFDWH�VWDQGDUG�HUURU�

$JDLQ��PXOWLSOH�FRPSDULVRQ�E\�/6'�DW� � ������VKRZHG�WKDW�URRW�VWXEELQHVV�ZDV

UHGXFHG�LQ�WKH�ZHW�VRLO�FRPSDUHG�WR�WKH�PRLVW�DQG�GU\�VRLOV��7KLV�FRUUHVSRQGV�ZLWK�YLVXDO

REVHUYDWLRQV�WKDW�WKH�URRW�V\VWHPV�RI�WKDW�WUHDWPHQW��������03D�PDWULF�SRWHQWLDO������03D

SHQHWUDWLRQ�UHVLVWDQFH������J�FP���EXON�GHQVLW\��DSSHDUHG�PRUH�VSUHDGLQJ�DQG�ILEURXV�ZLWK

WKLQQHU�URRWV��)RU�GRJZRRGV��WKH�UDWLR�RI�URRW�OHQJWK�WR�URRW�GU\�ZHLJKW�ZDV�QRW�VLJQLILFDQWO\

DIIHFWHG�E\�DQ\�IDFWRU��DOWKRXJK�WKHUH�ZDV�VRPH�LQGLFDWLRQ�WKDW�WKH�KLJKHU�EXON�GHQVLW\

�����J�FP����PD\�KDYH�WHQGHG�WR�LQFUHDVH�URRW�WKLFNQHVV��S� ��������

Soil matric potential (MPa)
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)LJXUH������5DWLR�RI�URRW�OHQJWK��P��WR�URRW�GU\�ZHLJKW��J��IRU�PDSOHV�DQG�GRJZRRGV�DW�WZR
FRPSDFWLRQ�OHYHOV��EXON�GHQVLWLHV�����DQG�����J�FP����DFURVV�VRLO�PDWULF�SRWHQWLDOV��%DUV
LQGLFDWH�VWDQGDUG�HUURU�

$�GHFUHDVH�LQ�VRLO�PRLVWXUH�VKRZHG�D�ZHDN�SRVLWLYH�FRUUHODWLRQ��U� �������ZLWK�R[\JHQ

GLIIXVLRQ�UDWH��2'5���S� ��������9DULDWLRQ�DPRQJ�UHSOLFDWHV�ZDV�ODUJH��PDLQO\�EHFDXVH�ORZ

2'5��OHVV�WKDQ����� J�FP²��PLQ��RFFXUUHG�DW�DOO�VRLO�PRLVWXUH�OHYHOV���,Q�WKH�ZHW�VRLOV�

KRZHYHU��DYHUDJH�2'5�ZHUH�OHVV�WKDQ����� J�FP²��PLQ�IRU�DOO�UHSOLFDWLRQV��ZKHUHDV�OHYHOV

UHDFKHG�ZHOO�DERYH����� J�FP���PLQ�LQ�WKH�PRLVW�VRLOV�DQG����� J�FP²��PLQ�LQ�WKH�GU\�VRLOV�

2'5�ZDV�XQUHODWHG�WR�VRLO�VWUHQJWK�

Soil matric potential (MPa)
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'LVFXVVLRQ

6LOYHU�PDSOH�LV�NQRZQ�WR�EH�WROHUDQW�RI�HYHQ�SURORQJHG�VXEPHUJHQFH��+RVQHU������

/RXFNV�DQG�.HHQ��������ZKLOH�IORZHULQJ�GRJZRRG�VKRZV�SRRU�VXUYLYDO�RQ�SRRUO\�GUDLQHG

VRLOV��0F/HPRUH��������7KH�JUHDWHU�VHQVLWLYLW\�RI�GRJZRRG�WR�SRRU�GUDLQDJH�ZDV�DOVR

HYLGHQW�LQ�WKLV�H[SHULPHQW��7DEOH�����DQG�)LJ���������5RRW�JURZWK�LV�H[SHFWHG�WR�EH�VHYHUHO\

UHVWULFWHG�ZKHQ�WKH�2'5�LV�EHORZ����� J�FP²��PLQ��(ULFNVRQ��������\HW�VLOYHU�PDSOH

SURGXFHG�H[WHQVLYH�URRW�V\VWHPV�LQ�ZHW�VRLO�ZLWK�ORZ�UHVLVWDQFH�ZKHUH�DYHUDJH�2'5�ZDV

RQO\������ J�FP²����6(�������

%RWK�VSHFLHV�DSSHDUHG�WR�EH�VLPLODUO\�DIIHFWHG�E\�LQFUHDVLQJ�VRLO�UHVLVWDQFH��)LJ�������

LQGLFDWLQJ�WKDW�WKH�DELOLW\�WR�SHQHWUDWH�KDUGHU�VRLOV�LV�QRW�D�IDFWRU�LQ�WKH�VXFFHVV�RI�VLOYHU

PDSOH�LQ�FRPSDFWHG�VRLOV�ZKHQ�FRPSDUHG�WR�GRJZRRG��2WKHU�UHVHDUFKHUV�KDYH�QRWHG�IHZ

GLIIHUHQFHV�EHWZHHQ�VSHFLHV�LQ�WKHLU�DELOLW\�WR�SHQHWUDWH�KDUG�VRLO��)RU�H[DPSOH��ZKHQ�WKH

JURZWK�RI����FURS�VSHFLHV�ZDV�HYDOXDWHG�LQ�YHU\�VWURQJ�VRLO������03D���DOO�KDG�URRW�HORQJDWLRQ

UHGXFHG�EHWZHHQ������DQG���������0DWHUHFKHUD�HW�DO���������$W�ORZHU�VRLO�VWUHQJWKV��RQ�WKH

RWKHU�KDQG��SHDQXW�URRW�HORQJDWLRQ�ZDV�VRPHZKDW�OHVV�DIIHFWHG�WKDQ�ZDV�FRWWRQ�URRW

HORQJDWLRQ�E\�LQFUHDVHV�LQ�VRLO�VWUHQJWK�IURP���WR�����03D������UHGXFWLRQ�YV��������7D\ORU

DQG�5DWOLII��������7D\ORU�DQG�5DWOLII�DOVR�IRXQG�WKDW�VRLO�VWUHQJWK��UDWKHU�WKDQ�EXON�GHQVLW\�

ZDV�WKH�SULPDU\�IDFWRU�UHVWULFWLQJ�URRW�JURZWK��7KLV�HIIHFW�ZDV�LQGHSHQGHQW�RI�VRLO�PRLVWXUH

H[FHSW�LQ�GU\�VRLOV��2WKHUV�KDYH�QRWHG�DQ�LQWHUDFWLRQ�EHWZHHQ�DHUDWLRQ�DQG�VRLO�VWUHQJWK�RQ

URRW�JURZWK��7DFNHWW�DQG�3HDUVRQ��������%HFDXVH�RI�WKH�WUHDWPHQW�VWUXFWXUH��DQ�LQWHUDFWLRQ

HIIHFW�DFURVV�WKH�HQWLUH�UDQJH�RI�GDWD�FRXOG�QRW�EH�WHVWHG�IRU��&RQVLVWHQW�ZLWK�WKH�ILQGLQJV�RI

7D\ORU�DQG�5DWOLII��KRZHYHU��WKHUH�ZDV�QR�LQWHUDFWLRQ�DFURVV�WKH�PRLVW�DQG�ZHW�VRLOV�DW�WKH

WZR�ORZHVW�VRLO�VWUHQJWKV��,QWHUDFWLRQV�PD\�KDYH�RFFXUUHG�DW�KLJKHU�VRLO�VWUHQJWKV��EXW�DV�URRW

JURZWK�LV�DOUHDG\�VHYHUHO\�UHVWULFWHG�DW�WKLV�SRLQW��LW�LV�QRW�OLNHO\�WR�EH�D�IDFWRU�LQ�WKH�VXFFHVV

RI�SDUWLFXODU�VSHFLHV�LQ�FRPSDFWHG�VRLOV�

7KHUH�LV�VWURQJ�HYLGHQFH�WKDW�VLOYHU�PDSOH��EXW�QRW�IORZHULQJ�GRJZRRG��ZDV�DEOH�WR�WDNH

DGYDQWDJH�RI�UHGXFHG�VRLO�VWUHQJWK�FDXVHG�E\�D�KLJKHU�VRLO�PRLVWXUH�OHYHO�ZKHQ�WKH�VRLO�ZDV

FRPSDFWHG�WR�EXON�GHQVLW\�����J�FP����)LJ��������:KHQ�ZHW��WKLV�PRGHUDWHO\�FRPSDFWHG�VRLO

KDG�D�VRLO�VWUHQJWK�RI�����03D��D�YHU\�ORZ�UHVLVWDQFH��$W�WKLV�VDPH�PRLVWXUH�OHYHO��KRZHYHU�

WKH�KLJKO\�FRPSDFWHG�VRLO������J�FP����VWLOO�PDLQWDLQHG�D�VRLO�VWUHQJWK�RI������03D��DQG�QR
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LQFUHDVH�LQ�UDWH�RI�URRW�JURZWK�RU�URRW�OHQJWK�RFFXUUHG��7KLV�VRLO�VWUHQJWK�LV�DOUHDG\�IDLUO\

UHVWULFWLYH�WR�URRW�JURZWK��)LJ��������&RQVHTXHQWO\��LW�PD\�EH�WKDW�WKH�VRLO�ZDV�VLPSO\�QRW�VRIW

HQRXJK�WR�FUHDWH�DQ�RSSRUWXQLW\�IRU�URRW�JURZWK��(YHQ�ZKHQ�VDWXUDWHG��WKH�VRLO�XVHG�LQ�WKLV

H[SHULPHQW��FRPSDFWHG�WR�����J�FP����KDV�D�VRLO�VWUHQJWK�RI������03D��VXJJHVWLQJ�WKDW

RSSRUWXQLWLHV�IRU�URRW�JURZWK�ZRXOG�EH�IHZ�LQ�PRVW�KLJKO\�FRPSDFWHG�VRLOV�UHJDUGOHVV�RI

PRLVWXUH�OHYHO�

$OWKRXJK�PDQ\�ERWWRPODQG�VSHFLHV�WROHUDWH�LQXQGDWLRQ��WKH\�UDUHO\�PDNH�WKHLU�EHVW

JURZWK�XQGHU�WKHVH�FRQGLWLRQV��7KHLU�VXFFHVV�KDV�VRPHWLPHV�EHHQ�DWWULEXWHG�WR�WKHLU�DELOLW\

WR�PDLQWDLQ�D�FHUWDLQ�OHYHO�RI�QRUPDO�IXQFWLRQ�ZKHQ�R[\JHQ�LV�ORZ��6RPH�IORRG�WROHUDQW�WUHH

VSHFLHV�KDYH�EHHQ�VKRZQ�WR�PDLQWDLQ�KLJKHU�URRW�VWDUFK�FRQFHQWUDWLRQV�DIWHU�SURORQJHG

IORRGLQJ�WKDQ�OHVV�WROHUDQW�VSHFLHV��*UDYDWW�DQG�.LUE\��������,Q�WKH�JHQXV�0\RVRWLV��ZHWODQG

VSHFLHV�ZHUH�IRXQG�WR�PDLQWDLQ�D�IUXFWDQ�VWDUFK�UDWLR�WKDW�FRXOG�DOORZ�URRWV�WR�FRQWLQXH�WR

IXQFWLRQ�DV�D�VLQN�IRU�SKRWRV\QWKDWH�ZKLOH�WKHLU�QRQ�ZHWODQG�FRXQWHUSDUWV�GLG�QRW��$OEUHFKW

DQG�%LHPHOW��������0DQ\�ZHWODQG�VSHFLHV�GHYHORS�DHUHQFK\PDWRXV�WLVVXH��WKHUHE\�LQFUHDVLQJ

URRW�SRURVLW\�DV�D�PHDQV�WR�LPSURYH�R[\JHQDWLRQ�RI�WKH�URRW�WLVVXHV�ZKHQ�IORRGHG��-XVWLQ

DQG�$UPVWURQJ��������7KHVH�DXWKRUV�IRXQG�WKDW��XQOLNH�PRVW�ZHWODQG�VSHFLHV��PDQ\�QRQ�

ZHWODQG�VSHFLHV�FRXOG�QRW�EH�LQGXFHG�WR�IRUP�WKLV�W\SH�RI�WLVVXH�E\�DSSO\LQJ�H[RJHQRXV

HWK\OHQH��$OWKRXJK�IORRGLQJ�WHQGV�WR�UHGXFH�VHFRQGDU\�WKLFNHQLQJ�RI�URRWV��-XVWLQ�DQG

$UPVWURQJ��������WKH�DQDWRPLFDO�FKDQJHV�DVVRFLDWHG�ZLWK�IORRGLQJ�FDQ�UHVXOW�LQ�JUHDWHU�URRW

GLDPHWHUV��+RRN�HW�DO���������+LJK�OHYHOV�RI�PHFKDQLFDO�LPSHGDQFH�DOVR�UHVXOW�LQ�JUHDWHU�URRW

GLDPHWHUV��7DFNHWW�DQG�3HDUVRQ�������0DWHUHFKHUD�HW�DO���������,Q�WKLV�H[SHULPHQW��PDSOH

URRWV�JURZLQJ�LQ�VRLO�RI�EXON�GHQVLW\�����J�FP���ZHUH�VLJQLILFDQWO\�OHVV�WKLFNHQHG�DW�WKH�KLJK

VRLO�PRLVWXUH�OHYHO�ZKHUH�VRLO�VWUHQJWK�ZDV�ORZ��)LJ��������7KLV�DJUHHV�ZLWK�WKH�ILQGLQJV�RI

%HQJRXJK�DQG�<RXQJ��������ZKR�IRXQG�WKDW�URRW�GLDPHWHU�RI�SHDV�RQO\�LQFUHDVHG

VLJQLILFDQWO\�ZKHQ�VRLO�ZDV�FRPSDFWHG�WR�����J�FP���DQG�VRLO�VWUHQJWK�ZDV�DERYH�����03D��,Q

WKLV�VDPH�VLWXDWLRQ��KRZHYHU��GRJZRRG�URRW�WKLFNQHVV�ZDV�XQDIIHFWHG��,Q�IDFW��WKH�UDWLR�RI

URRW�OHQJWK�WR�URRW�GU\�ZHLJKW�ZDV�JUHDWHVW��L�H��URRWV�ZHUH�WKLQQHVW��IRU�GRJZRRGV�LQ�WKH

PRLVW�XQFRPSDFWHG�VRLO��������P�J����6(������P�J�����)RU�PDSOHV��KRZHYHU��WKH�ZHW�VRLO�RI

WKH�VDPH�VRLO�VWUHQJWK������03D��SURGXFHG�WKH�WKLQQHVW�URRWV��7KLV�PD\�LQGLFDWH�GLIIHULQJ

UHVSRQVHV�WR�VRLO�PRLVWXUH��*UHDWHU�URRW�WKLFNHQLQJ�KDV�EHHQ�DVVRFLDWHG�ZLWK�LQFUHDVHG�DELOLW\
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WR�H[HUW�SUHVVXUH��0DWHUHFKHUD�HW�DO���������EXW�WKHUH�LV�QR�HYLGHQFH�RI�WKDW�LQ�WKLV

H[SHULPHQW�

,Q�WKH�ILHOG��VRLO�PRLVWXUH�IOXFWXDWHV�RQ�D�GDLO\�DQG�D�VHDVRQDO�EDVLV��2Q�WKH�RQH�KDQG�

WKLV�SUHVHQWV�WKH�RSSRUWXQLW\�IRU�VLOYHU�PDSOH�URRWV�WR�JURZ�LQ�FRPSDFWHG�VRLOV��6RLOV�DUH

IUHTXHQWO\�QHDU�VDWXUDWLRQ�LQ�VSULQJ��ZKLFK�LV�DOVR�DQ�RSWLPXP�WLPH�IRU�URRW�JURZWK�IRU�PDQ\

VSHFLHV��+DUULV�HW�DO���������%HFDXVH�ZDWHU�PRYHV�PRUH�VORZO\�WKURXJK�FRPSDFWHG�VRLOV��WKH\

DUH�PRUH�OLNHO\�WR�UHPDLQ�ZHW��H[WHQGLQJ�WKH�RSSRUWXQLW\�IRU�URRW�JURZWK�IRU�VLOYHU�PDSOH�

2Q�WKH�RWKHU�KDQG��RWKHU�IDFWRUV�PD\�DOVR�FRQWULEXWH�WR�WKH�SRRU�VXFFHVV�RI�IORZHULQJ

GRJZRRGV�LQ�XUEDQ�DUHDV���'RJZRRGV�PD\�QRW�EH�DEOH�WR�VXUYLYH�ORQJ�SHULRGV�RI�ZHW�VRLO�

)XUWKHUPRUH��FRPSDFWHG�DQG�SRRUO\�GUDLQHG�VRLOV�W\SLFDOO\�UHVXOW�LQ�VKDOORZHU�URRW�V\VWHPV

�9RRUKHHV�HW�DO��������*LOPDQ�HW�DO��������-XVWLQ�DQG�$UPVWURQJ��������PDNLQJ�WKH�DOUHDG\

VKDOORZ�URRW�V\VWHP�RI�WKH�GRJZRRG��0F/HPRUH�������PRUH�VXVFHSWLEOH�WR�GURXJKW�

&RQFOXVLRQV

7KHUH�LV�VWURQJ�HYLGHQFH�WKDW�VXSSRUWV�WKH�K\SRWKHVLV�WKDW�VLOYHU�PDSOH�WUHHV�ZRXOG�EH

DEOH�WR�WDNH�DGYDQWDJH�RI�ORZ�VRLO�VWUHQJWK�UHVXOWLQJ�IURP�ZHW�VRLOV��ZKLOH�IORZHULQJ

GRJZRRGV�ZRXOG�QRW��7KLV�FRXOG�HQDEOH�VLOYHU�PDSOHV�WR�DFKLHYH�JUHDWHU�VXFFHVV�LQ

FRPSDFWHG�VRLOV�LQ�WKH�ILHOG��MXVW�DV�WKH\�GLG�XQGHU�WKH�FRQGLWLRQV�RI�WKLV�H[SHULPHQW�

$OWKRXJK�VLOYHU�PDSOH�DQG�GRJZRRG�DUH�ERWWRPODQG�DQG�PHVLF�WUHH�VSHFLHV��UHVSHFWLYHO\��LW�LV

SRVVLEOH�WKDW�WKHLU�UHVSRQVHV�WR�WKH�FRQGLWLRQV�RI�WKLV�H[SHULPHQW�PD\�EH�VSHFLILF�IRU�WKHVH

VSHFLHV�DQG�QRW�LQGLFDWLYH�RI�WKH�UHVSRQVHV�RI�RWKHU�WUHHV�RI�WKHVH�FODVVHV��1RQHWKHOHVV�

EHFDXVH�RI�WKH�FOHDU�UROH�RI�H[FHVVLYH�VRLO�PRLVWXUH�LQ�OLPLWLQJ�URRW�H[WHQVLRQ�RI�GRJZRRGV�

WKHVH�UHVXOWV�DUH�KLJKO\�VXJJHVWLYH�WKDW�WKLV�K\SRWKHVLV�FRXOG�EH�DSSOLFDEOH�WR�D�EURDGHU�UDQJH

RI�ERWWRPODQG�DQG�PHVLF�WUHH�VSHFLHV�
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&+$37(5��

&RQFOXVLRQV

7KH�(IIHFWV�RI�&RQVWUXFWLRQ�)LOO�RQ�([LVWLQJ�7UHHV

)LOO�DQG�WKH�DEVHQFH�RU�SUHVHQFH�RI�WUHH�ZHOOV�KDG�QR�GLVFHUQLEOH�HIIHFWV�RQ�WKH�JURZWK

DQG�SK\VLRORJ\�RI�ZKLWH�RDN�DQG�VZHHWJXP�WUHHV��7KHUH�ZDV��KRZHYHU��VRPH�GLVUXSWLRQ�RI

ZDWHU�PRYHPHQW�WKURXJK�WKH�VRLO��HYHQ�WKRXJK�WKH�ILOO�DQG�RULJLQDO�VRLOV�ZHUH�QRW�YDVWO\

GLIIHUHQW�LQ�WH[WXUH�RU�VWUXFWXUH��7KH�VSHFLHV�VHOHFWHG�IRU�WKHVH�H[SHULPHQWV�UHSUHVHQW�WKH�WZR

H[WUHPHV�RI�VHQVLWLYLW\�WR�ILOO�DFFRUGLQJ�WR�SXEOLVKHG�UHFRPPHQGDWLRQV��6FKRHQHZHLVV������

6FKURFN��������6FKURFN�OLVWV�RDNV�DV�´YHU\�VHQVLWLYHµ�WR�ILOO�ZKLOH�VZHHWJXP��DV�D�ERWWRPODQG

WUHH��ZRXOG�IDOO�LQ�WKH�FDWHJRU\�RI�´IDLUO\�WROHUDQW�µ�7KHVH�FDWHJRUL]DWLRQV�DUH�SUHVXPDEO\

EDVHG�RQ�WKH�DFFXPXODWHG�H[SHULHQFH�RI�DUERULVWV�DQG�JLYH�VRPH�FUHGHQFH�WR�WKH�EHOLHI�WKDW

WKH�UHVXOWV�RI�WKH�SUHVHQW�ZRUN�ZRXOG�EH�DSSOLFDEOH�WR�D�ZLGH�UDQJH�RI�GHFLGXRXV�WUHHV��,W�LV

UHDVRQDEOH�WR�DVVXPH�WKDW�DSSO\LQJ�WKH�DPRXQW�RI�ILOO�XVHG�LQ�WKHVH�H[SHULPHQWV�����FP��RU

OHVV�WR�WUHHV�RI�VLPLODU�DJHV�RU�\RXQJHU�ZRXOG�\LHOG�VLPLODU�UHVXOWV��7KH�HIIHFW�RI�GHHSHU�ILOOV

RQ�ROGHU�WUHHV��RU�SUHYLRXVO\�GDPDJHG�WUHHV��LV�VWLOO�D�PDWWHU�RI�VSHFXODWLRQ��7KHUH�LV�FHUWDLQO\

DQHFGRWDO�HYLGHQFH�RI�WUHHV�VXUYLYLQJ�ORQJ�SHULRGV�XQGHU�YHU\�GHHS�ILOO�ZLWK�QR�DSSDUHQW�LOO

HIIHFW��'XOLQJ��������EXW�RWKHUV�KDYH�UHSRUWHG�VZLIW�GHFOLQHV�LQ�WUHHV�ZLWK�GHHS�ILOO

�<HOHQRVN\�������6FKRHQHZHLVV��������:KHQ�GHHS�ILOOV�DUH�DSSOLHG��WKH�IRUPDWLRQ�RI�D�QHZ

URRW�V\VWHP�RULJLQDWLQJ�KLJKHU�RQ�WKH�WUXQN�PLJKW�EH�D�QHFHVVDU\�SDUW�RI�VXFFHVVIXOO\

DGDSWLQJ�WR�WKH�QHZ�FRQGLWLRQV��DV�VXJJHVWHG�E\�WKH�H[FDYDWLRQ�RI�FRDVW�UHGZRRGV�VXEMHFWHG

WR�DOOXYLDO�GHSRVLWLRQ��6WRQH�DQG�9DVH\��������7KLV�ZRXOG�VXJJHVW�WKDW�WUHH�ZHOOV�FRXOG�EH

GHWULPHQWDO�LQ�GHHS�ILOOV�EHFDXVH�WKH\�ZRXOG�SUHYHQW�WKH�IRUPDWLRQ�RI�WKLV�W\SH�RI�URRW

V\VWHP���2Q�WKH�RWKHU�KDQG��DQHFGRWDO�HYLGHQFH�KDV�OLQNHG�GLVHDVH�HQWU\�LQWR�WKH�WUXQN�WR�WKH

SUHVHQFH�RI�ILOO��+DUULV�HW�DO���������,Q�VXP��WKH�UHVXOWV�RI�WKH�H[SHULPHQWV�SUHVHQWHG�KHUH�ZLOO

DOORZ�EHWWHU�UHFRPPHQGDWLRQV�WR�EH�PDGH�IRU�SURWHFWLQJ�WUHHV�ZKHQ�ILOO�LV�QHHGHG��EXW�VWLOO

OHDYH�PDQ\�TXHVWLRQV�XQDQVZHUHG�
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5HFRPPHQGDWLRQV�WR�XUEDQ�IRUHVWHUV

7KH�UHVXOWV�RI�WKLV�ZRUN�DGG�FRQVLGHUDEO\�WR�H[LVWLQJ�NQRZOHGJH�RI�KRZ�ILOO�DIIHFWV�WUHHV�

(QRUPRXV�JDSV�VWLOO�UHPDLQ�LQ�RXU�XQGHUVWDQGLQJ�RI�WKLV�LVVXH�DQG�HGXFDWHG�JXHVVHV�ZLOO

FRQWLQXH�WR�EH�UHOLHG�XSRQ�LQ�RUGHU�WR�IRUPXODWH�EHVW�PDQDJHPHQW�SUDFWLFHV��%03V��IRU�WUHH

SURWHFWLRQ�WKDW�FDQ�EH�XVHG�E\�DUERULVWV�DQG�XUEDQ�IRUHVWHUV��$OVR��ZKHUH�WKH�SURWHFWLRQ�RI

YDOXDEOH�WUHHV�LV�FRQFHUQHG��LW�PD\�EH�EHVW�WR�HUU�RQ�WKH�VLGH�RI�FDXWLRQ�LQ�IRUPXODWLQJ�%03V�

7KH�IROORZLQJ�UHFRPPHQGDWLRQV�FDQ�EH�XVHIXO�WR�WUHH�FDUH�SURIHVVLRQDOV��EXW�LW�PXVW�EH�NHSW

LQ�PLQG�WKDW�VXFK�UHFRPPHQGDWLRQV�VKRXOG�EH�UHHYDOXDWHG�DV�PRUH�VFLHQWLILFDOO\�EDVHG

LQIRUPDWLRQ�EHFRPHV�DYDLODEOH�

7KHUH�DUH�HVVHQWLDOO\�WZR�VLWXDWLRQV�ZKHUH�DSSO\LQJ�ILOO�RYHU�WKH�URRW�]RQHV�LV�FRQVLGHUHG�

7KH�ILUVW�LV�ZKHQ�VRLO�KDV�HURGHG�DURXQG�H[LVWLQJ�WUHHV�H[SRVLQJ�URRWV�WR�WKH�GHJUHH�WKDW�WKH\

DUH�XQVLJKWO\�RU�KDYH�EHFRPH�D�WULSSLQJ�KD]DUG���7KH�VHFRQG�LV�ZKHQ�ILOO�LV�D�SURGXFW�RI

EXLOGLQJ�FRQVWUXFWLRQ�RU�VLPLODU�DFWLYLW\�

,Q�WKH�ILUVW�FDVH��DUERULVWV�FRXOG�EH�DGYLVHG�WR�IHHO�IUHH�WR�DSSO\�XS�WR����FP�RI�VRLO�RYHU

WKH�URRWV�RI�WKHVH�WUHHV��UHJDUGOHVV�RI�WKH�WUHHV�DJH�RU�VSHFLHV��7KLV�OHYHO�RI�ILOO�ZRXOG�EH

PRUH�WKDQ�DGHTXDWH�WR�FRYHU�DQ\�H[SRVHG�URRWV��7KH�VRLO�VKRXOG�SUHIHUDEO\�EH�VLPLODU�LQ

WH[WXUH�WR�WKH�RULJLQDO�VRLO�WR�DOORZ�QRUPDO�ZDWHU�PRYHPHQW�WKURXJK�WKH�SURILOH��%HFDXVH�WKH

VRLO�OHYHO�KDV�EHHQ�ORZHUHG�LQ�WKH�SDVW��OHDYLQJ�WKH�WUXQN�RQ�KLJKHU�JURXQG��WKH�TXHVWLRQ�RI

ZKHWKHU�WR�XVH�D�WUHH�ZHOO�GRHV�QRW�QHHG�WR�EH�FRQVLGHUHG��6RLO�FRXOG�EH�NHSW�DZD\�IURP�WKH

WUXQN�MXVW�E\�JUDGXDOO\�OHVVHQLQJ�WKH�GHSWK�RI�ILOO�QHDU�WKH�WUXQN��7KH�LVVXH�WKHQ�DULVHV�DV�WR

KRZ�WR�SUHYHQW�WKH�QHZ�VRLO�IURP�HURGLQJ��,I�WKH�FDXVH�RI�WKH�HURVLRQ�KDV�EHHQ�UHPRYHG��IRU

H[DPSOH��D�URRI�GUDLQSLSH�UHURXWHG���RU�WKH�HURVLRQ�SUHVVXUH�LV�YHU\�VOLJKW��ZHOO�PDLQWDLQHG

PXOFK�ZLOO�SUREDEO\�EH�DGHTXDWH��,I�PRUH�SURWHFWLRQ�LV�QHHGHG��ODQGVFDSH�FORWK�FRXOG�EH

XVHG�XQGHU�WKH�PXOFK��$QRWKHU�RSWLRQ�LV�WR�SODQW�D�GHQVH�JURXQGFRYHU�SURYLGHG�WKDW�QR

WLOOLQJ�RU�RWKHU�DFWLYLW\�WKDW�PLJKW�PHFKDQLFDOO\�GDPDJH�H[LVWLQJ�URRWV�ZDV�HPSOR\HG��7KH

JURXQGFRYHU�FRXOG�EH�WXUI�RU�DQ\�RI�WKH�PDQ\�RWKHUV�DYDLODEOH�DV�ORQJ�DV�LW�ZDV�VXLWHG�WR�WKH

VLWH�FRQGLWLRQV��7KHUH�DUH�GLVDGYDQWDJHV�WR�KDYLQJ�JURXQG�FRYHUV�XQGHU�WUHHV��EXW�WKLV�PD\

EH�WKH�EHVW�VROXWLRQ�LI�HURVLRQ�LV�D�SUREOHP�

,Q�WKH�VHFRQG�VLWXDWLRQ��WKHUH�DUH�PRUH�GLIILFXOW�FKRLFHV�WR�PDNH�DQG�GHFLVLRQV�ZRXOG

KDYH�WR�EH�EDVHG�RQ�D�QXPEHU�RI�XQWHVWHG�DVVXPSWLRQV��,Q�FRQVWUXFWLRQ�RI�DQ\�NLQG��WUHHV
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DUH�H[SRVHG�WR�PDQ\�KD]DUGV�QRW�GLUHFWO\�UHODWHG�WR�ILOO��VXFK�DV�VRLO�FRPSDFWLRQ��WUXQN

ZRXQGV��URRW�VHYHUDQFH�IURP�WUHQFKLQJ�RU�WUDIILFNLQJ��FKHPLFDO�VSLOOV��DQG�PRUH��7KH�ILUVW

UHFRPPHQGDWLRQ�ZRXOG�EH�WR�HOLPLQDWH�DOO�WKHVH�SRVVLEOH�VRXUFHV�RI�GDPDJH�WR�WKH�H[WHQW

SRVVLEOH��:KHQ�ILOO�LV�DSSOLHG�LQ�JUDGLQJ��VSHFLI\LQJ�VRLO�W\SH�LV�QRW�DOZD\V�DQ�RSWLRQ��$JDLQ�

KRZHYHU��D�ILOO�VRLO�VLPLODU�WR�WKH�H[LVWLQJ�VRLO�ZRXOG�EH�SUHIHUDEOH��7KH�ILOO�VKRXOG�EH�DSSOLHG

LQ�VXFK�D�ZD\�DV�WR�UHGXFH�FRPSDFWLRQ�DQG�WUHH�GDPDJH�DV�PXFK�DV�SRVVLEOH��)RU�H[DPSOH�

JUDGLQJ�QHDU�WKH�WUXQN�VKRXOG�EH�GRQH�E\�KDQG�DQG�RYHUDOO�JUDGLQJ�VKRXOG�EH�GRQH�ZKHQ�WKH

VRLO�LV�UHODWLYHO\�GU\��7KH�QXPEHU�RI�SDVVHV�RYHU�WKH�ILOO�VRLO�ZLWK�JUDGLQJ�HTXLSPHQW�VKRXOG

EH�PLQLPL]HG��HYHQ�LI�WKLV�UHTXLUHV�D�PRUH�IOH[LEOH�JUDGLQJ�SODQ�

,I�ILOO�RI�������FP�RU�OHVV�LV�DSSOLHG��WKH�TXHVWLRQ�RI�D�WUHH�ZHOO�FDQ�SUREDEO\�EH�DYRLGHG�

MXVW�DV�LQ�WKH�ILUVW�VFHQDULR��ZKHUH�H[SRVHG�URRWV�DUH�EHLQJ�FRYHUHG��,Q�WKH�UHVHDUFK�SUHVHQWHG

KHUH��WUHH�ZHOOV�ZHUH�QHLWKHU�EHQHILFLDO�QRU�GHWULPHQWDO��,Q�VLWXDWLRQV�ZLWK�GLIIHUHQW�VRLO

FRQGLWLRQV��WUHH�VSHFLHV��DJHV�DQG�WLPH�IUDPHV��WKH�HIIHFW�RI�WUHH�ZHOOV�LV�XQNQRZQ��,I�D

GHHSHU�ILOO�LV�QHHGHG��QR�WUHH�ZHOO�ZRXOG�EH�UHFRPPHQGHG�XQOHVV�WKHUH�ZDV�UHDVRQ�WR

VXSSRVH�WKDW�WKH�SDUWLFXODU�WUHH�ZRXOG�QHYHU�IRUP�DGYHQWLWLRXV�URRWV�DORQJ�WKH�VXEPHUJHG

WUXQN��,Q�WKH�FDVH�RI�YHU\�GHHS�ILOO�����FP�RU�PRUH��D�WUHH�ZHOO�LV�D�PDMRU�XQGHUWDNLQJ�

&RQVHTXHQWO\��WKH�EHVW�FRXUVH�RI�DFWLRQ�LV�SUREDEO\�WR�SURYLGH�QR�WUHH�ZHOO��,I�WKH�WUHH�LV

H[WUHPHO\�YDOXDEOH�DQG�ODUJH��D�PRUH�FRQVHUYDWLYH�DSSURDFK�PLJKW�EH�QHHGHG��)RU�H[DPSOH�

LW�ZRXOG�OLNHO\�EH�ZRUWKZKLOH�WR�UHGHVLJQ�JUDGLQJ�SODQV�WR�DYRLG�VWHHS�JUDGH�FKDQJHV��9HU\

YDOXDEOH�VPDOO�WUHHV�DUH�XQFRPPRQ��EXW�VXFK�WUHHV�FDQ�XVXDOO\�EH�PRYHG�ZLWK�D�WUHH�VSDGH

DQG�WKHQ�UHSODFHG�DIWHU�WKH�JUDGH�FKDQJH�LV�FRPSOHWH�

)XWXUH�UHVHDUFK

7KH�PDQ\�XQDQVZHUHG�TXHVWLRQV�FRQFHUQLQJ�WKH�HIIHFWV�RI�ILOO�VXJJHVW�WZR�SULPDU\�DUHDV

ZKHUH�FRQVLGHUDEOH�UHVHDUFK�LV�QHHGHG��)LUVW��LW�LV�QHFHVVDU\�WR�GHWHUPLQH�WKH�UHODWLRQ�RI�RWKHU

FRQVWUXFWLRQ�DFWLYLWLHV�WR�ILOO���6RPH�TXHVWLRQV�WKDW�DULVH�LQFOXGH�

• 'RHV�DSSO\LQJ�ILOO�XVLQJ�W\SLFDO�FRQVWUXFWLRQ�SUDFWLFHV��JUDGLQJ�ZLWK�KHDY\

PDFKLQHU\��UHVXOW�LQ�WUHH�GDPDJH"

• 'RHV�WUDIILFNLQJ�WKH�RULJLQDO�VRLO�EHIRUH�ILOO�LV�DSSOLHG�UHVXOW�LQ�WUHH�GDPDJH"�7KLV

PLJKW�RFFXU�LQ�RUGHU�WR�FOHDU�RXW�XQGHUEUXVK�RU�VLPSO\�EHFDXVH�LW�SURYLGHV
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FRQYHQLHQW�DFFHVV�WR�WKH�FRQVWUXFWLRQ�VLWH��,V�VXFK�GDPDJH�UHODWHG�WR�WKH�DJH��VSHFLHV

RU�FRQGLWLRQ�RI�WKH�WUHH"

• ,V�WKHUH�DQ�LQWHUDFWLRQ�HIIHFW�EHWZHHQ�VRLO�WUDIILFNLQJ�DQG�ILOO"

$�VHFRQG�DUHD�RI�LQWHUHVW�FRQFHUQV�WKH�GHSWK�RI�ILOO�DQG�WKH�SURV�DQG�FRQV�RI�SODFLQJ�VRLO

DJDLQVW�WKH�WUXQN��4XHVWLRQV�LQ�WKLV�DUHD�LQFOXGH�

• 'R�YHU\�GHHS�ILOOV�GDPDJH�WUHHV�DQG�LI�VR��LV�WKH�HIIHFW�UHODWHG�WR�WKH�DJH�RU�VSHFLHV

RI�WKH�WUHH"

• &DQ�ILOO�DJDLQVW�WKH�WUXQN�FDXVH�WKH�LQWURGXFWLRQ�RI�GLVHDVH�LQWR�WKH�WUXQN"

• +RZ�UHDGLO\�GR�WUHHV�IRUP�DGYHQWLWLRXV�URRWV�ZKHQ�ILOO�LV�DSSOLHG"�:KDW�IDFWRUV

�VSHFLHV��DJH��YLJRU��VRLO�PRLVWXUH��GHSWK��FOLPDWH��HWF���DIIHFW�VXFK�URRW�IRUPDWLRQ"

• ,I�DGYHQWLWLRXV�URRWV�GR�QRW�IRUP��IRU�H[DPSOH��LI�D�WUHH�ZHOO�LV�XVHG���LV�WKHUH�D�OLPLW

WR�WKH�GHSWK�RI�ILOO�WKDW�WKH�H[LVWLQJ�URRW�LQIUDVWUXFWXUH�FDQ�H[SORUH"

• &DQ�WKH�SURGXFWLRQ�RI�DGYHQWLWLRXV�URRWV�EH�VWLPXODWHG�E\�ZRXQGLQJ�RU�DQRWKHU

WUHDWPHQW"

&RQVLGHUDEOH�UHVHDUFK�LV�QHHGHG�WR�HYHQ�EHJLQ�WR�DQVZHU�WKHVH�TXHVWLRQV��([SHULPHQWV

WR�GHWHUPLQH�WKH�HIIHFWV�RI�YHU\�GHHS�ILOOV�DQG�WUHH�DJH��RU�VL]H�UHODWHG�TXHVWLRQV�DUH�YHU\

GLIILFXOW�WR�FDUU\�RXW��WKH�PDLQ�OLPLWDWLRQV�EHLQJ�WKH�H[WUHPH�H[SHQVH�DQG�VSDFH�UHTXLUHG�WR

PRYH�ODUJH�YROXPHV�RI�VRLO�DQG�WKH�ODFN�RI�ROGHU�WUHHV�DYDLODEOH�IRU�H[SHULPHQWDWLRQ��)RU�WKH

ILOO�H[SHULPHQWV�UHSRUWHG�KHUH������FXELF�\DUGV�RI�VRLO�ZHUH�KDXOHG�LQ�DQG�VSUHDG��)RU�D

VLPLODU�H[SHULPHQW�ZLWK�ILOO�����FP�GHHS�DQG�XVLQJ�ROGHU�WUHHV��WKDW�YROXPH�ZRXOG�HDVLO\

UHDFK�������FXELF�\DUGV��DQ�LPSRVVLEO\�ODUJH�TXDQWLW\�LQ�PRVW�FLUFXPVWDQFHV��+RZHYHU��PXFK

LQIRUPDWLRQ�FDQ�VWLOO�EH�JDLQHG�WKURXJK�VPDOOHU�VFDOH�SURMHFWV��$W�WKH�YHU\�OHDVW��WKLV�ZLOO

JUHDWO\�UHILQH�UHVHDUFK�TXHVWLRQV�DOORZLQJ�WKH�IRUPXODWLRQ�RI�PRUH�HIILFLHQW�H[SHULPHQWV�

7KH�(IIHFW�RI�6RLO�0RLVWXUH�RQ�6SHFLHV�5HVSRQVH�WR�&RPSDFWHG�6RLO

7KH�ZRUN�SUHVHQWHG�KHUH�RIIHUV�H[FHOOHQW�VXSSRUWLQJ�HYLGHQFH�IRU�WKH�K\SRWKHVLV�WKDW

WUHHV�WROHUDQW�RI�ZHW�VRLO�PLJKW�DOVR�EH�PRUH�WROHUDQW�RI�FRPSDFWHG�VRLO�EHFDXVH�WKH\�FDQ

H[SORLW�WKH�SHULRGV�RI�VRIW�VRLO�WKDW�UHVXOW�ZKHQ�VRLO�LV�YHU\�ZHW��+RZHYHU��WKLV�VWXG\�LQFOXGHG
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RQO\�RQH�ERWWRPODQG�WUHH�VSHFLHV��VLOYHU�PDSOH��DQG�RQH�VSHFLHV�LQWROHUDQW�RI�ZHW�VRLOV�

IORZHULQJ�GRJZRRG��5HVXOWV�FDQQRW�EH�H[WUDSRODWHG�WR�RWKHU�VSHFLHV�ZLWKRXW�IXUWKHU

LQIRUPDWLRQ��$OVR�RI�LQWHUHVW�LV�WKDW�WKH�UHVXOWV�DGG�VXSSRUW�WR�WKH�FRQFHSW�WKDW�URRW�JURZWK

RI�GLIIHUHQW�VSHFLHV�GRHV�QRW�YDU\�JUHDWO\�LQ�LWV�UHVSRQVH�WR�VRLO�VWUHQJWK��)XUWKHUPRUH��WKH

VWXG\�WUHHV�ZHUH�\RXQJ�VHHGOLQJV�PDLQWDLQHG�LQ�D�KLJKO\�FRQWUROOHG�HQYLURQPHQW��UDWKHU�WKDQ

JURZQ�WUHHV�VXEMHFW�WR�WKH�IOXFWXDWLQJ�FRQGLWLRQV�RI�DQ�XUEDQ�SDUNZD\��.HHSLQJ�WKHVH

OLPLWDWLRQV�LQ�PLQG��KRZHYHU��WKH�UHVXOWV�RI�WKLV�ZRUN�KDYH�VRPH�LPPHGLDWH�DSSOLFDWLRQV�IRU

XUEDQ�IRUHVWU\�SUDFWLFH�DQG�UHVHDUFK�

3UDFWLFDO�LPSOLFDWLRQV�IRU�XUEDQ�IRUHVWU\

8UEDQ�IRUHVWHUV�XVH�PDQ\�DSSURDFKHV�WR�DOOHYLDWH�WUHH�VWUHVV�FDXVHG�E\�VRLO�FRPSDFWLRQ�

7KLV�UHVHDUFK�VXJJHVWV�WKDW�LUULJDWLRQ�PD\�EH�DQRWKHU�SRVVLEOH�WRRO�LQ�DOOHYLDWLQJ�FRPSDFWLRQ

SUREOHPV�ZKHUH�WUHHV�WROHUDQW�RI�ZHW�VRLO�DUH�FRQFHUQHG��,UULJDWLRQ�LV�QRW�D�ORQJ�WHUP

VROXWLRQ�DQG�WKHUH�LV�QR�FRQFOXVLYH�SURRI�WKDW�LW�ZRXOG�EH�EHQHILFLDO��+RZHYHU��LUULJDWLQJ

LQXQGDWLRQ�WROHUDQW�WUHHV�ZKHQ�VRLO�LV�GU\�KROGV�IHZ�ULVNV�DQG�LV�QRW�QRUPDOO\�SDUWLFXODUO\

H[SHQVLYH��+HQFH��WKH�SRVVLEOH�EHQHILWV�PDNH�WKLV�D�ZRUWKZKLOH�UHFRPPHQGDWLRQ�

7KH�VLPLODU�UHVSRQVHV�RI�VLOYHU�PDSOH�DQG�GRJZRRG�WR�VRLO�VWUHQJWK�DQG�WKH�ODFN�RI

LQFUHDVHG�PDSOH�URRW�JURZWK�HYHQ�LQ�WKH�ZHWWHVW�VRLO�DW�WKH�KLJKHVW�EXON�GHQVLW\������J�FP��

VXJJHVW�WKDW�XUEDQ�IRUHVWHUV�PXVW�FRQWLQXH�WR�ZRUN�WR�SURWHFW�VRLO�IURP�FRPSDFWLRQ�

$OWKRXJK�RQH�FDQ�FKRRVH�WR�SODQW�VSHFLHV�WKDW�ZLOO�EHWWHU�WROHUDWH�FRPSDFWHG�VRLOV�LQ�WKH

ILHOG��WKHUH�LV�VXUHO\�QR�SHUIHFW�XUEDQ�WUHH�WKDW�FDQ�JURZ�IUHHO\�LQ�H[WUHPHO\�KDUG�VRLOV��(YHQ

WKH�QRZ�P\WKRORJL]HG�$PHULFDQ�HOP��8OPXV�DPHULFDQD��SUHVXPDEO\�VXIIHUV�IURP�H[WUHPH�VRLO

FRPSDFWLRQ�

$�ILQDO�SUDFWLFDO�LPSOLFDWLRQ�RI�WKLV�ZRUN�OLHV�LQ�VXJJHVWLQJ�D�IXWXUH�FRXUVH�LQ�VKDGH�WUHH

HYDOXDWLRQ�DQG�LQWURGXFWLRQ��,W�FRXOG�EH�UHFRPPHQGHG�WR�XUEDQ�IRUHVWHUV�WKDW�WKH\�PRUH

RIWHQ�FRQVLGHU�SODQWLQJ�ERWWRPODQG�VSHFLHV��0DQ\�XUEDQ�SODQWLQJ�VLWHV�DUH�KRW�DQG�GU\�PXFK

RI�WKH�WLPH�DQG�SODQWLQJ�ERWWRPODQG�VSHFLHV�VHHPV�FRXQWHULQWXLWLYH��)RU�D�JLYHQ

PXQLFLSDOLW\��WKH�PL[�RI�VRLO�FRQGLWLRQV��FOLPDWH��PLFURFOLPDWH��LQVHFW�DQG�GLVHDVH�SUREOHPV�

XVH�RI�GHLFLQJ�VDOW��HWF���\LHOG�DQ�HQYLURQPHQW�WKDW�LV�SUREDEO\�QRW�UHSOLFDWHG�LQ�QDWXUH��RU

HYHQ�LQ�WKH�QH[W�WRZQ��8UEDQ�IRUHVWHUV�W\SLFDOO\�OHDUQ�WKURXJK�H[SHULHQFH�ZKLFK�WUHHV�WKULYH

XQGHU�ZKDW�FRQGLWLRQV�LQ�WKHLU�SDUWLFXODU�FOLPDWH�DQG�FLUFXPVWDQFHV��7KH�UHVXOWV�RI�WKLV
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UHVHDUFK�LQGLFDWH�WKDW�ERWWRPODQG�VSHFLHV�FRXOG�EH�VXJJHVWHG�IRU�SODQWLQJ�LQ�DUHDV�ZKHUH�WKH\

KDYH�QRW�DOZD\V�EHHQ�FRQVLGHUHG�LQ�WKH�SDVW�

)XWXUH�UHVHDUFK

7KH�UHVHDUFK�SUHVHQWHG�LQ�&KDSWHU���VXJJHVWV�PDQ\�DYHQXHV�IRU�IXWXUH�VWXG\��7KH�PRVW

REYLRXV�ZRXOG�EH�WKH�HYDOXDWLRQ�RI�D�PXFK�JUHDWHU�VHOHFWLRQ�RI�VSHFLHV�LQ�D�VLPLODU�W\SH�RI

H[SHULPHQW���$QRWKHU�GLUHFWLRQ�ZRXOG�EH�WR�HYDOXDWH�D�QXPEHU�RI�ERWWRPODQG�WUHH�VSHFLHV

IRU�XVH�DV�XUEDQ�WUHHV��$V�VXJJHVWHG�LQ�WKH�ILUVW�FKDSWHU�RI�WKLV�GLVVHUWDWLRQ��WKHUH�DUH�D

QXPEHU�RI�QDWLYH�VSHFLHV��VXFK�DV�&DUROLQD�DVK�DQG�ZDWHU�HOP��ZKLFK�ZRXOG�EH�SRVVLEOH

FDQGLGDWHV�DQG�DUH�QRZ�HVVHQWLDOO\�XQNQRZQ�DV�ODQGVFDSH�WUHHV��7KHVH�FRXOG�EH�HYDOXDWHG�LQ

ILHOG�WULDOV�IRU�WROHUDQFH�RI�VRLO�FRPSDFWLRQ��2QH�DVSHFW�RI�LQWHUHVW�ZRXOG�EH�WR�FRPSDUH

WKHP�ZLWK�XSODQG�VSHFLHV�VXFK�DV�ZKLWH�RDN�DQG�VFDUOHW�RDN��4XHUFXV�FRFFLQHD���0RUH

LPPHGLDWHO\�XVHIXO�ZRXOG�EH�D�VHULHV�RI�WULDOV�WR�VHOHFW�VSHFLHV�IRU�LQWURGXFWLRQ�LQWR�WKH

QXUVHU\�WUDGH�IRU�XVH�DV�VKDGH�WUHHV��6XFK�HYDOXDWLRQV�VKRXOG�FRQVLGHU�D�KRVW�RI�RWKHU�IDFWRUV

EHVLGHV�WROHUDQFH�RI�VRLO�FRPSDFWLRQ��,Q�DGGLWLRQ��WKH�EHVW�PHDQV�RI�SURSDJDWLRQ�DQG

SURGXFWLRQ�RI�ODQGVFDSH�VL]H�WUHHV�DQG�DSSURSULDWH�WUDQVSODQWLQJ�WHFKQLTXHV�ZRXOG�QHHG�WR

EH�VWXGLHG�
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/LWHUDWXUH�&LWHG

$OEHUW\��&��$���+��0��3HOOHWW�DQG�'��+��7D\ORU��������&KDUDFWHUL]DWLRQ�RI�VRLO�FRPSDFWLRQ�DW
FRQVWUXFWLRQ�VLWHV�DQG�ZRRG\�SODQW�UHVSRQVH��-��(QYLURQ��+RUW����������

$OEUHFKW��*��DQG�6��%LHPHOW��������$�FRPSDUDWLYH�VWXG\�RQ�FDUERK\GUDWH�UHVHUYHV�DQG
HWKDQROLF�IHUPHQWDWLRQ�LQ�WKH�URRWV�RI�WZR�ZHWODQG�DQG�QRQ�ZHWODQG�VSHFLHV�DIWHU
FRPPHQFHPHQW�RI�K\SR[LD��3K\VLRO��3ODQW������������

$QGHUVRQ��/��0��DQG�+��.��&RUGHOO��������,QIOXHQFH�RI�WUHHV�RQ�UHVLGHQWLDO�SURSHUW\�YDOXHV�LQ
$WKHQV��*HRUJLD��8�6�$����$�VXUYH\�EDVHG�RQ�DFWXDO�VDOHV�SULFHV��/DQGVF��DQG�8UE��3ODQ�
�����������

$670��������6WDQGDUG�WHVW�PHWKRG�IRU�PRLVWXUH�FRQWHQW�SHQHWUDWLRQ�UHVLVWDQFH�UHODWLRQVKLSV
RI�ILQH�JUDLQHG�VRLOV��$QQXDO�%RRN�RI�$670�6WDQGDUGV��������1XP��'����������$PHULFDQ
6RFLHW\�IRU�7HVWLQJ�DQG�0DWHULDOV��:HVW�&RQVKRKRFNHQ��3HQQV\OYDQLD�

%HQJRXJK��$��*��DQG�,��0��<RXQJ��������5RRW�HORQJDWLRQ�RI�VHHGOLQJ�SHDV�WKURXJK�OD\HUHG
VRLO�RI�GLIIHUHQW�SHQHWUDWLRQ�UHVLVWDQFHV��3ODQW�DQG�6RLO�������������

%RXPD��7��-���.��/��1LHOVHQ��'��0��(LVVHQVWDW�DQG�-��3��/\QFK��������(VWLPDWLQJ�UHVSLUDWLRQ
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HIIHFWV�RI�VRLO�FRPSDFWLRQ��VRLO�PRLVWXUH�DQG�VRLO�W\SH�RQ�JURZWK�DQG�QRGXODWLRQ�RI�VR\EHDQ
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SHULRGLFLW\�RI�JUHHQ�DVK��7XUNLVK�KD]HOQXW�DQG�WUHH�OLODF��-��$PHU��6RF��+RUW��6FL��������������
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UHGXFLQJ�VXPPHU�FRROLQJ�ORDGV�LQ�UHVLGHQWLDO�EXLOGLQJV��-��&OLPDWH�DQG�$SSO��0HWHRURO�
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+XOO��5��%���,9��DQG�$��+DUYH\��������([SODLQLQJ�WKH�HPRWLRQ�SHRSOH�H[SHULHQFH�LQ�VXEXUEDQ
SDUNV��(QYLURQ��DQG�%HKDY�������������
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0RX��3���5��-��0LWFKHOO�DQG�5��+��-RQHV��������5RRW�GLVWULEXWLRQ�RI�WZR�WUHH�VSHFLHV�XQGHU�D
KHWHURJHQHRXV�QXWULHQW�HQYLURQPHQW��-��$SSO��(FRO�������������



��

1RZDN��'��-��������$WPRVSKHULF�FDUERQ�UHGXFWLRQ�E\�XUEDQ�WUHHV��-��(QYLURQ��0JPW���������
����

gJUHQ��(��������(YDOXDWLRQ�RI�FKORURSK\OO�IOXRUHVFHQFH�DV�D�SUREH�IRU�GURXJKW�VWUHVV�LQ
ZLOORZ�OHDYHV��3ODQW�3K\VLRO���������������
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$SSHQGL[��

0DSV�RI�6ZHHWJXP�DQG�:KLWH�2DN�6WDQGV

NORTH                10 m =

Map 1. White oak plots at Reynolds Homestead Forest Resources Research Center in the Upper Piedmont region of Virginia. The
map is only very roughly to scale, with 1 cm = approximately 6 m.
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NORTH = 10 m

Map 2. Sweetgum plots at Reynolds Homestead Forest Resources Research Center in the Upper Piedmont region of Virginia. The
map is only roughly to scale (1 cm = approximately 2 m) and all individual tree locations may not correspond to the map.
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6XVDQ�'RZQLQJ�'D\·V�LQWHUHVW�LQ�XUEDQ�IRUHVWU\�EHJDQ�ZKHQ�VKH�OLYHG�LQ�&KLFDJR�

,OOLQRLV�GXULQJ�WKH�ODWH�����V��&KLFDJR·V�V\VWHP�RI�FRQQHFWHG�SDUNV�DQG�WKH�VLPSOH�SDUNZD\V

IRU�WUHH�SODQWLQJ�WKDW�OLQH�WKH�VWUHHWV�RI�PRVW�UHVLGHQWLDO�QHLJKERUKRRGV�PDNH�WKH�FLW\�PRUH

FRPIRUWDEOH�DQG�UHOD[LQJ�WKDQ�PDQ\�RWKHUV�RI�LWV�VL]H��0V��'D\�FRPSOHWHG�D�0DVWHU�RI

6FLHQFH�GHJUHH�LQ�8UEDQ�+RUWLFXOWXUH�ZLWK�'U��1LQD�%DVVXN�DW�&RUQHOO�8QLYHUVLW\�LQ�,WKDFD�

1HZ�<RUN�LQ�������6KH�PRYHG�WR�%ODFNVEXUJ��9LUJLQLD�WKDW�VDPH�\HDU�ZKHQ�KHU�KXVEDQG��-�

5RJHU�+DUULV��WRRN�D�IDFXOW\�MRE�LQ�WKH�+RUWLFXOWXUH�'HSDUWPHQW�DW�9LUJLQLD�3RO\WHFKQLF

,QVWLWXWH�DQG�6WDWH�8QLYHUVLW\��$�IHZ�\HDUV�ODWHU��VKH�GHFLGHG�WR�SXUVXH�KHU�3K��'��DW�WKH

XQLYHUVLW\·V�&ROOHJH�RI�)RUHVWU\�DQG�:LOGOLIH�5HVRXUFHV��6KH�IHHOV�WKDW�EHLQJ�HGXFDWHG�LQ�ERWK

KRUWLFXOWXUH�DQG�IRUHVWU\�KDV�EURDGHQHG�KHU�RXWORRN�RQ�XUEDQ�IRUHVWU\�LVVXHV�DQG�SUDFWLFHV�

0V��'D\�ZDV�ERUQ�LQ�:LOPLQJWRQ��'HODZDUH�LQ�������DQG�OLYHG�LQ�3DFLILF�3DOLVDGHV��&DOLIRUQLD

DQG�+LQVGDOH��,OOLQRLV�GXULQJ�KHU�FKLOGKRRG��6KH�KROGV�D�%DFKHORU·V�GHJUHH�LQ�3KLORVRSK\

IURP�<DOH�8QLYHUVLW\�LQ�1HZ�+DYHQ��&RQQHFWLFXW���6KH�DQG�KHU�KXVEDQG�KDYH�RQH�GDXJKWHU

DQG�DUH�H[SHFWLQJ�DQRWKHU�FKLOG�VRRQ�


