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ABSTRACT

        The effects of water and gluten on the water mobility in bread and retrogradation of starch gels were
studied using pulsed 1H NMR.
        Breads were made with three levels of water content and three levels of gluten content. Model system
was used on starch-gluten gels. Distributed exponential analysis of the transverse relaxation curves showed
no significant difference with different gluten content, indicating decrease of the mobility of water
associated with starch due to gelatinization, so that gluten addition did not affect the total water mobility of
the bread.
        Starch-gluten gels with different gluten content were measured to study the effect of gluten on starch
retrogradation. The T2 values of all the starch-gluten samples decreased much less than the starch gels, but
there was no significant difference among gels with different gluten contents. This suggested that gluten
retarded starch retrogradation, but further addition of gluten did not further decrease retrogradation rate.
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*OXWHQ�LV�D�PDMRU�FRPSRQHQW�LQ�ZKHDW�IORXU��FRPSULVLQJ��������RI�WKH�WRWDO�

ZHLJKW�RI�IORXU��DQG�LV�D�SURWHLQ�SUHSDUHG�E\�JHQWOH�ZDVKLQJ�RI�D�IORXU�ZDWHU�GRXJK�LQ�DQ�

H[FHVV�RI�ZDWHU�RU�GLOXWH�VDOW�VROXWLRQ�WR�UHPRYH�PRVW�RI�WKH�VWDUFK�DQG�VROXEOH�PDWHULDO�

�3RPHUDQ]���������:KHQ�PDNLQJ�D�EUHDG��JOXWHQ�IRUPV�DQ�LQFUHDVLQJO\�H[WHQVLEOH�DQG�

IUDJLOH�QHWZRUN�LQ�WKH�SUHVHQFH�RI�ZDWHU�GXULQJ�WKH�NQHDGLQJ�SURFHVV�DQG�WUDSV�WKH�JDVHV�

SURGXFHG�GXULQJ�IHUPHQWDWLRQ��&DOOHMR���������7KH�JOXWHQ�SURWHLQV�SOD\�DQ�LPSRUWDQW�UROH�

LQ�VXEVHTXHQW�VWDJHV�RI�WKH�EUHDGPDNLQJ�SURFHVV�DQG�LQ�WKH�VWUXFWXUH�RI�WKH�ILQLVKHG�

SURGXFW��

�����������7KH�JOXWHQ�FRPSRQHQW�LQ�EUHDG�KDV�DQ�LPSRUWDQW�HIIHFW�RQ�WKH�ZDWHU�EHKDYLRU�LQ�

EUHDG��WKXV�IXUWKHU�LQIOXHQFHV�VWDUFK�JHODWLQL]DWLRQ�DQG�UHWURJUDGDWLRQ��7KH�SUHVHQFH�RI�

JOXWHQ�GHFUHDVHG�WKH�VWDUFK�JHODWLQL]DWLRQ�HQWKDOS\�DQG�LQFUHDVHG�WKH�JHODWLQL]DWLRQ�

WHPSHUDWXUH��(OLDVVRQ���������7KH�SUHVHQFH�RI�JOXWHQ�PLJKW�DOVR�DIIHFW�VWDUFK�

UHWURJUDGDWLRQ��WKXV�LQIOXHQFLQJ�EUHDG�VWDOLQJ��+\SRWKHVHV�RQ�WKH�UROH�RI�JOXWHQ�LQ�EUHDG�

VWDOLQJ�UDQJH�IURP�JOXWHQ�KDYLQJ�DQ�DQWL�ILUPLQJ�HIIHFW��RU�QR�HIIHFW�RQ�ILUPLQJ��WR�JOXWHQ�

VWDUFK�LQWHUDFWLRQV�EHLQJ�HVVHQWLDO�IRU�EUHDG�ILUPLQJ��&DOOHMR��������.LP�DQG�

'¶$SSRORQLD��������0DUWLQ�HW�DO����������

7KH�LQWHUDFWLRQ�RI�ZDWHU�ZLWK�WKH�FRPSRQHQWV�LQ�EUHDG�VWURQJO\�LQIOXHQFHV�WKH�

SK\VLFDO�DQG�VWUXFWXUDO�SURSHUWLHV�RI�EUHDG��,W�KDV�EHHQ�UHFRJQL]HG�WKDW�ZDWHU�UHODWLRQVKLS�

DIIHFWV�VWDUFK�JHODWLQL]DWLRQ�DQG�UHWURJUDGDWLRQ��9DULRXV�IUDFWLRQV�RI�ZDWHU�LQ�EUHDG�GRXJK�
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KDYH�SURSHUWLHV�WKDW�GLIIHU�IURP�HDFK�RWKHU��RU�IURP�WKRVH�RI�EXON�ZDWHU��.XQW]�DQG�

.DX]PDQQ�����������

9DULRXV�PHWKRGV�KDYH�EHHQ�XVHG�WR�VWXG\�VWDUFK�JHODWLQL]DWLRQ�DQG�UHWURJUDGDWLRQ��

LQFOXGLQJ�;�UD\�GLIIUDFWLRQ��GLIIHUHQWLDO�VFDQQLQJ�FDORULPHWU\��'6&���G\QDPLF�

PHFKDQLFDO�WKHUPDO�DQDO\VLV��'07$���DQG�D�YDULHW\�RI�QXFOHDU�PDJQHWLF�UHVRQDQFH�

�105��VSHFWURVFRS\�WHFKQLTXHV���$PRQJ�WKHP��SXOVHG�
�
+�105�KDV�EHHQ�ZLGHO\�XVHG�WR�

VWXG\�WKH�G\QDPLF�EHKDYLRU�RI�ZDWHU�LQ�IRRGV�E\�REVHUYLQJ�SURWRQ�UHOD[DWLRQ�

SKHQRPHQRQ��$EOHWW���������

.QRZOHGJH�DERXW�FKDQJHV�LQ�WKH�PROHFXODU�G\QDPLFV�RI�ZDWHU�FDXVHG�E\�LWV�

LQWHUDFWLRQ�ZLWK�RWKHU�PDFURPROHFXOHV�LQ�IORXU�KHOSV�LQFUHDVH�XQGHUVWDQGLQJ�DQG�FRQWURO�

RI�WKH�EHKDYLRU�RI�IORXU�FRQWDLQLQJ�IRRGV��

������������7KLV�WKHVLV�LV�GLYLGHG�LQWR�IRXU�FKDSWHUV��&KDSWHU���LV�D�OLWHUDWXUH�UHYLHZ�ZKLFK�

GHVFULEHV�JOXWHQ��VWDUFK��VWDUFK�JHODWLQL]DWLRQ��VWDUFK�UHWURJUDGDWLRQ��EUHDG�VWDOLQJ��ERXQG�

ZDWHU�DQG�IUHH�ZDWHU��ZDWHU�PRELOLW\��SXOVHG�SURWRQ�105��DQG�SUHYLRXV�VWXGLHV�UHODWHG�WR�

WKLV�UHVHDUFK��

,Q�&KDSWHU����WKH�HIIHFW�RI�ZDWHU�DQG�JOXWHQ�OHYHOV�RQ�WKH�ZDWHU�PRELOLW\�LQ�ZKLWH�

EUHDG�DQG�VWDUFK�JHOV�LV�VWXGLHG�XVLQJ�SXOVHG�SURWRQ�105���

,Q�&KDSWHU����WKH�HIIHFWV�RI�JOXWHQ�RQ�UHWURJUDGDWLRQ�DQG�ZDWHU�PRELOLW\�LQ�ZKHDW�

VWDUFK�JHOV�LV�LQYHVWLJDWHG�E\�SXOVHG�
�
+�105��

&KDSWHU���VXPPDUL]HV�DQG�FRQFOXGHV�RI�WKH�VWXGLHV�UHSRUWHG�LQ�&KDSWHU���DQG����

5()(5(1&(6�

$EOHWW��6���������2YHUYLHZ�RI�105�DSSOLFDWLRQV�LQ�IRRG�VFLHQFH���7UHQGV�LQ�)RRG�6FLHQFH�

DQG�7HFKQRORJ\���������
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&DOOHMR��0�-��������(IIHFW�RI�JOXWHQ�DGGLWLRQ�DQG�VWRUDJH�WLPH�RQ�ZKLWH�SDQ�EUHDG�TXDOLW\���

LQVWUXPHQWDO�HYDOXDWLRQ��=�/HEHQVP�8QWHUV�)RUVFK�$����������

(OLDVVRQ��$�&��������'LIIHUHQWLDO�6FDQQLQJ�&DORULPHWU\�VWXGLHV�RQ�ZKHDW�VWDUFK�JOXWHQ�

PL[WXUHV��,��(IIHFW�RI�JOXWHQ�RQ�WKH�JHODWLQL]DWLRQ�RI�ZKHDW�VWDUFK��-RXUQDO�RI�

&HUHDO�6FLHQFH���������

.LP��6�.��DQG�'¶$SSRORQLD��%�/��������7KH�UROH�RI�ZKHDW�IORXU�FRQVWLWXHQWV�LQ�EUHDG�

VWDOLQJ��%DNHU¶V�'LJHVW����������

.XQW]��,�'��DQG�-U��.DX]PDQQ��:��������+\GUDWLRQ�RI�SURWHLQV�DQG�SRO\SHSWLGHV��,Q�

$GYDQFHV�LQ�3URWHLQ�&KHPLVWU\��YRO������SS�������HG��$QILQVHQ��&�%��1HZ�<RUN��

$FDGHPLF�3UHVV���

0DUWLQ��0�/���=HOH]QDN��.�-���+RVHQH\��5�&���������$�PHFKDQLVP�RI�EUHDG�ILUPLQJ��,��

5ROH�RI�VWDUFK�VZHOOLQJ��&HUHDO�&KHPLVWU\����������

3RPHUDQ]��<��������:KHDW��FKHPLVWU\�DQG�WHFKQRORJ\��YRO����SS������6W�3DXO��0LQQ��

$PHULFDQ�$VVRFLDWLRQ�RI�&HUHDO�&KHPLVWV��

�
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�����*OXWHQ�

*OXWHQ�LV�WKH�PDMRU�SURWHLQ�LQ�WKH�HQGRVSHUP�RI�ZKHDW��PDNLQJ�XS��������RI�WKH�

SURWHLQ�LQ�WKH�IORXU��7KH�WUDGLWLRQDO�PHWKRG�RI�JOXWHQ�SUHSDUDWLRQ�LQYROYHV�JHQWOH�ZDVKLQJ�

RI�D�IORXU�ZDWHU�GRXJK�LQ�DQ�H[FHVV�RI�ZDWHU�RU�D�GLOXWH�VDOW�VROXWLRQ�WR�UHPRYH�PRVW�RI�

WKH�VWDUFK�DQG�VROXEOH�PDWHULDO�XQWLO�WKH�ZDWHU�LQVROXEOH�SURWHLQ�RI�IORXU�LV�REWDLQHG�DV�D�

UXEEHU\�PDVV��7KH�GU\�VROLGV�FRQWDLQ��������SURWHLQ��GHSHQGLQJ�RQ�WKH�WKRURXJKQHVV�RI�

ZDVKLQJ��3RPHUDQ]���������

�*OXWHQ�FRQVLVWV�RI�WZR�PDMRU�IUDFWLRQV��JOLDGLQV��ZKLFK�DUH�VROXEOH�LQ�DOFRKRO��DQG�

JOXWHQLQV��ZKLFK�DUH�QRW�VROXEOH�LQ�HLWKHU�DOFRKRO�RU�VDOW�VROXWLRQV���*OLDGLQV�FRQVLVW�RI����

GLVWLQFW�SRO\SHSWLGHV��:ULJOH\����������([LVWLQJ�LQ�WKH�IRUP�RI�VLQJOH�FKDLQ�SRO\SHSWLGHV��

JOLDGLQV�KDYH�DQ�DYHUDJH�PROHFXODU�ZHLJKW�RI��������DQG�H[KLELW�OLWWOH�RU�QR�GLVXOILGH�

ERQGLQJ�EHWZHHQ�FKDLQV��+RVHQH\��������7KH�JOXWHQLQ�IUDFWLRQ�FRQVLVWV�RI�SURWHLQ�FKDLQV�

FURVV�OLQNHG�E\�LQWHUPROHFXODU�GLVXOILGH�ERQGV�WR�IRUP�OLQHDU��FRQFDWHQDWHG�PXOWL�

SRO\PHUV�ZLWK�PROHFXODU�ZHLJKWV�UDQJLQJ�IURP���������WR�WKH�PLOOLRQV��7KH�SK\VLFDO�

SURSHUWLHV�RI�WKH�WZR�IUDFWLRQV�GLIIHU�ZKHQ�K\GUDWHG��JOLDGLQV�EHKDYH�OLNH�D�YLVFRXV�OLTXLG��

ZKLOH�JOXWHQLQV�EHKDYH�OLNH�FRKHVLYH�HODVWLF�VROLG��:DOO���������

7KH�UKHRORJLFDO�SURSHUWLHV�RI�WKH�JOXWHQ��WKH�FRPELQDWLRQ�RI�LWV�YLVFRXV��HODVWLF�

DQG�FRKHVLYH�SURSHUWLHV��DUH�UHVSRQVLEOH�IRU�WKH�EUHDG�PDNLQJ�TXDOLW\�RI�ZKHDW�IORXU��DQG�

WKH�WZR�IUDFWLRQV��JOLDGLQV�DQG�JOXWHQLQV��FRQWULEXWH�WR�JOXWHQ¶V�YLVFRHODVWLF�

FKDUDFWHULVWLFV��7KH�SODVWLF�SURSHUWLHV�RI�GRXJK�DUH�DFTXLUHG�GXULQJ�WKH�NQHDGLQJ�SURFHVV��
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ZKHQ�WKH�JOXWHQ�IRUPV�DQ�LQFUHDVLQJO\�H[SDQVLEOH�\HW�IUDJLOH�QHWZRUN��7KH�GRXJK�

SURSHUWLHV�GHSHQG�RQ�WKH�IORXU�TXDOLW\�DQG�WKH�RYHUDOO�SURFHVV��7KH�JOXWHQ�SURWHLQV�SOD\�DQ�

LPSRUWDQW�UROH�LQ�VXEVHTXHQW�VWDJHV�RI�WKH�EUHDGPDNLQJ�SURFHVV�DQG�LQ�WKH�VWUXFWXUH�RI�WKH�

ILQLVKHG�SURGXFW��WKH\�DUH�VXIILFLHQWO\�H[SDQVLEOH��\HW�UHVLOLHQW�HQRXJK�WR�EH�DEOH�WR�

VWUHWFK�ZLWK�WKH�GRXJK�DQG�WUDS�WKH�JDVHV�SURGXFHG�GXULQJ�IHUPHQWDWLRQ��7KHVH�SURSHUWLHV�

QHHG�WR�EH�FRQVHUYHG�GXULQJ�EDNLQJ��&DOOHMR���������

�����6WDUFK�

6WDUFKHV�DUH�WKH�PDMRU�VWRUDJH�SRO\VDFFKDULGHV�LQ�IRRGV�RI�SODQW�RULJLQ��7KH�PDMRU�

ERWDQLFDO�DQG�FRPPHUFLDO�VRXUFHV�RI�VWDUFKHV�DUH�FHUHDOV��WXEHUV��URRWV��DQG�SXOVHV��1DWLYH�

DQG�PRGLILHG�VWDUFKHV�VHUYH�DV�LPSRUWDQW�LQJUHGLHQWV�RI�PDQ\�IDEULFDWHG�IRRGV��6WDUFKHV�

DUH�D�JOXFDQV�FRPSRVHG�RI�WZR�GLIIHUHQW�KRPRSRO\PHUV�RI�'�JOXFRVH���DP\ORVH�DQG�

DP\ORSHFWLQ��$P\ORVH�KDV�WUDGLWLRQDOO\�EHHQ�FRQVLGHUHG�WR�EH�D�OLQHDU�SRO\PHU�FRPSRVHG�

RI�JOXFRS\UDQRVH�XQLWV�OLQNHG�WKURXJK�D�'����o���JO\FRVLGLF�OLQNDJHV��$P\ORSHFWLQ�LV�D�

EUDQFKHG�SRO\PHU�ZLWK�RQH�RI�WKH�KLJKHVW�PROHFXODU�ZHLJKWV�NQRZQ�DPRQJ�QDWXUDOO\�

RFFXUULQJ�SRO\PHUV��,W�FRQWDLQV�VKRUW�FKDLQV�RI��������D�OLQNHG�'�JOXFDQ�FKDLQV�ZLWK����

���D�OLQNHG�EUDQFKHV��.DULP�HW�DO����������

6WDUFKHV�H[LVW�QDWXUDOO\�LQ�WKH�IRUP�RI�GLVFUHWH�JUDQXOHV�ZLWKLQ�SODQW�FHOOV��7KHVH�

JUDQXOHV�PD\�EH�YLHZHG�DV�SDUWLDOO\�FU\VWDOOLQH�DQG�SDUWLDOO\�DPRUSKRXV�SRO\PHULF�

V\VWHPV��%ODQVKDUG��������6ODGH�	�/HYLQH���������7KH�FU\VWDOOLQH�FKDUDFWHU�RI�WKH�

JUDQXOHV�RI�FRPPRQ�VWDUFKHV�DULVHV�IURP�WKH�RUJDQL]DWLRQ�RI�WKH�DP\ORSHFWLQ�PROHFXOHV�

ZLWKLQ�WKH�JUDQXOHV��ZKLOH�DP\ORVH�ODUJHO\�PDNHV�XS�WKH�DPRUSKRXV�UHJLRQV��ZKLFK�DUH�

UDQGRPO\�GLVWULEXWHG�EHWZHHQ�WKH�DP\ORSHFWLQ�FOXVWHUV��%ODQVKDUG��������=REHO���������

�*UDQXOHV�IURP�GLIIHUHQW�VWDUFK�VRXUFHV�YDU\�LQ�VL]H�DQG�VKDSH��&HUHDO�VWDUFK�

JUDQXOHV�DUH�VPDOOHU�DQG�FRQWDLQ�PRUH�UHVLGXDO�RI�SURWHLQ�DQG�OLSLG��LQ�VRPH�VSHFLHV��VXFK�
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DV�ZKHDW��WKHUH�LV�D�ELPRGDO�GLVWULEXWLRQ�RI�JUDQXOH�VL]H��ZLWK�ODUJHU�OHFWLFXODU�JUDQXOHV�DV�

ZHOO�DV�VPDOOHU�VSKHULFDO�JUDQXOHV��6ZLQNHOV���������9DULDWLRQV�LQ�WKH�UDWLR�RI�WKH�

SRO\VDFFKDULGHV��WKHLU�SURSHUWLHV�DQG�LQWHUDFWLRQ�ZLWK�RWKHU�FRPSRQHQWV�FDQ�H[SODLQ�DQ\�

GLIIHUHQFH�LQ�WKH�VZHOOLQJ�EHKDYLRU�RI�JUDQXOHV�DQG�IXQFWLRQDOLW\�RI�VWDUFKHV��

�����6WDUFK�JHODWLQL]DWLRQ��

:KHQ�WKH�VWDUFK�ZDWHU�VXVSHQVLRQ�LV�KHDWHG��LUUHYHUVLEOH�FKDQJHV�RFFXU�VWDUWLQJ�DW�

D�VSHFLILF�WHPSHUDWXUH��WKH�JHODWLQL]DWLRQ�WHPSHUDWXUH��ZKLFK�RFFXUV�EHWZHHQ����DQG�

��
�
&��DQG�LV�FKDUDFWHULVWLF�RI�HDFK�W\SH�RI�VWDUFK��7KH�VWDUFK�DEVRUEV�������J�RI�ZDWHU�J�

RI�VWDUFK��DQG�WKH�YLVFRVLW\�RI�WKH�VXVSHQVLRQ�ULVHV�VWHHSO\��$W�WKH�VDPH�WLPH��D�SDUW�RI�WKH�

DP\ORVH�GLIIXVHV�RXW�RI�WKH�JUDQXOH�DQG�JRHV�LQWR�VROXWLRQ��WKH�VZROOHQ�JUDQXOHV�DUH�

HQULFKHG�LQ�DP\ORSHFWLQ��$V�D�GLUHFW�UHVXOW�RI�JUDQXOH�VZHOOLQJ��WKHUH�LV�DQ�LQFUHDVH�LQ�

VWDUFK�VROXELOLW\��SDVWH�FRQVLVWHQF\�DQG�SDVWH�FODULW\��%HOLW]�DQG�*URVFK���������

*HODWLQL]DWLRQ�FDQ�EH�GHILQHG�DV�D�SKDVH�WUDQVLWLRQ�RI�WKH�VWDUFK�JUDQXOHV�IURP�DQ�RUGHUHG�

VWDWH�WR�D�GLVRUGHUHG�VWDWH��ZKLFK�LQYROYHV�ORVV�RI�FU\VWDOOLQLW\��ORVV�RI�DQLVRWURSLF�RUGHU�

DQG�ELUHIULQJHQFH��DQG�K\GUDWLRQ�RI�VWDUFK��'RQRYDQ��������=REHO�DQG�6WHSKHQ����������

7KH�JHODWLQL]DWLRQ�WHPSHUDWXUH�LV�DFWXDOO\�D�WHPSHUDWXUH�UDQJH�RYHU�ZKLFK�WKH�

JHODWLQL]DWLRQ�SURFHVV�RFFXUV��DQG�LV�GHSHQGHQW�RQ�VHYHUDO�IDFWRUV�LQFOXGLQJ�WKH�W\SH�RI�

VWDUFK�RU�WKH�SUHVHQFH�RI�VDOWV��VXJDUV��DQG�OLSLGV��DV�ZHOO�DV�DQ\�FKHPLFDO�PRGLILFDWLRQV�

�3RPHUDQ]���������

*HODWLQL]DWLRQ�RI�VWDUFK�LV�D�EDVLV�IRU�PDQ\�W\SHV�RI�IRRG�SURGXFWLRQ��3URFHVVHV�

VXFK�DV�WKH�EDNLQJ�RI�EUHDG��WKH�JHOOLQJ�RI�SLH�ILOOLQJV��WKH�SURGXFWLRQ�RI�SDVWD�SURGXFWV��

WKH�IDEULFDWLRQ�RI�VWDUFK�EDVHG�VQDFN�IRRGV�DQG�WKH�WKLFNHQLQJ�RI�VDXFHV�DUH�DOO�GHSHQGHQW�

RQ�SURSHU�JHODWLQL]DWLRQ�RI�VWDUFK�WR�SURGXFH�D�GHVLUDEOH�WH[WXUH�RU�FRQVLVWHQF\�RI�WKH�HQG�

SURGXFW��-XKDQL�DQG�&KRN\XQ����������$�VWDUFK�SDVWH�FDQ�EH�GHVFULEHG�DV�D�WZR�SKDVH�
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V\VWHP�FRPSRVHG�RI�D�GLVSHUVHG�SKDVH�RI�VZROOHQ�JUDQXOHV�DQG�D�FRQWLQXRXV�SKDVH�RI�

OHDFKHG�DP\ORVH��+HUPDQVVRQ�DQG�6YHJPDUN���������2Q�FRROLQJ�RI�FRQFHQWUDWHG�VWDUFK�

SDVWH��VWDUFK�JHOV�TXLFNO\�GHYHORS�DV�OHDFKHG�VWDUFK�OLQNV�VZROOHQ�VWDUFK�JUDQXOHV�

WRJHWKHU���7KH�DPRXQWV�RI�OHDFKHG�DP\ORVH�DQG�VWDUFK�FRQFHQWUDWLRQ�DUH�LPSRUWDQW�IDFWRUV�

IRU�JHODWLRQ��,W�ZDV�REVHUYHG�WKDW�DP\ORVH�JHODWLQL]HV�DW�FRQFHQWUDWLRQV�DERYH�a�����

�Z�Z���DQG�QRWHG�WKDW�VROXELOL]DWLRQ�RI�VXIILFLHQW�TXDQWLWLHV�RI�DP\ORVH�ZDV�QHFHVVDU\�IRU�

WKH�JHODWLRQ�RI�VWDUFK��7\SLFDOO\��WKLV�UHTXLUHV�D�PLQLPXP�RI�����Z�Z��WRWDO�VWDUFK�IRU�

JHODWLRQ��2WW�DQG�+HVWHU���������2Q�WKH�RWKHU�KDQG��DW�YHU\�KLJK�VWDUFK�FRQFHQWUDWLRQV��

WKHUH�LV�LQVXIILFLHQW�ZDWHU�WR�JHODWLQL]H�DOO�JUDQXOHV��OHDGLQJ�WR�OLPLWHG�OHDNDJH�RI�DP\ORVH�

RXW�RI�WKH�JUDQXOHV��,I�PRVW�RI�WKH�DP\ORVH�UHPDLQV�LQVLGH�WKH�VZROOHQ�JUDQXOHV��DP\ORVH�

FDQQRW�IRUP�D�FRQWLQXRXV�JHO�SKDVH�RXWVLGH�WKH�JUDQXOHV��+HUPDQVVRQ�DQG�6YHJPDUN��

���������

�����6WDUFK�UHWURJUDGDWLRQ�

&RRNLQJ�RU�SURFHVVLQJ�QRUPDOO\�FDXVHV�VWDUFK�JHODWLQL]DWLRQ��7KH�EHKDYLRU�RI�

JHODWLQL]HG�VWDUFKHV�RQ�FRROLQJ�DQG�VWRUDJH��JHQHUDOO\�WHUPHG�UHWURJUDGDWLRQ��LV�RI�JUHDW�

LQWHUHVW�WR�IRRG�VFLHQWLVWV�DQG�WHFKQRORJLVWV�VLQFH�LW�SURIRXQGO\�DIIHFWV�TXDOLW\��

DFFHSWDELOLW\�DQG�VKHOI�OLIH�RI�VWDUFK�FRQWDLQLQJ�IRRGV��%LOLDGHULV���������6WDUFK�PROHFXOHV�

LQ�SDVWHV�RU�JHOV�DUH�NQRZQ�WR�DVVRFLDWH�XSRQ�DJLQJ��OHDGLQJ�WR�FU\VWDOOLWH�IRUPDWLRQ�DQG�

DFFRPSDQLHG�E\�JUDGXDO�LQFUHDVHV�LQ�ULJLGLW\�DQG�SKDVH�VHSDUDWLRQ�EHWZHHQ�SRO\PHU�DQG�

VROYHQW��V\QHUHVLV���5HFU\VWDOOL]DWLRQ�RU�UHWURJUDGDWLRQ�RI�VWDUFK�JHOV�LV�FKDUDFWHUL]HG�E\�

FKDQJHV�LQ�PDQ\�SK\VLFDO�DQG�QXWULWLRQDO�SKHQRPHQD��VXFK�DV�KDUGQHVV��ZDWHU�DEVRUSWLYH�

FDSDFLW\��RSDFLW\��HQ]\PH�K\GURO\VLV��DQG�VROXEOH�VWDUFK�FRQWHQW�RI�VWDUFK�JHOV��DQG�

FRQWULEXWHV�WR�GHIHFWV�LQ�TXDOLW\�RI�VWDUFK�FRQWDLQLQJ�IRRGV��+HUPDQVVRQ�DQG�6YHJPDUN��

��������
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�6HYHUDO�UHVHDUFKHUV�SURSRVHG�D�PHFKDQLVP�IRU�UHWURJUDGDWLRQ�RI�VWDUFK�JHO��8VLQJ�

;�UD\�GLIIUDFWLRQ��0LOHV�HW�DO���������SURSRVHG�WKDW�DP\ORVH�ZDV�UHVSRQVLEOH�IRU�VKRUW�

WHUP�LUUHYHUVLEOH�GHYHORSPHQW�RI�JHO�VWUXFWXUH�DQG�FU\VWDOOLQLW\�LQ�D�VWDUFK�JHO��ZKLOH�

DP\ORSHFWLQ�ZDV�LQYROYHG�LQ�GHYHORSPHQW�RI�ORQJ�WHUP�UHYHUVLEOH�FU\VWDOOL]DWLRQ��2UIRUG�

HW�DO���������VKRZHG�WKDW�JHOV���������Z�Z��IURP�SHD��SRWDWR��ZKHDW��DQG�PDL]H�VWDUFKHV�

VKRZHG�LQFUHDVHV�LQ�VKHDU�PRGXOXV�RYHU���GD\V��7KH�LQLWLDO�UDWH�RI�GHYHORSPHQW�RI�

VWLIIQHVV�RI�WKH�JHOV�IROORZHG�WKH�RUGHU��SHD!PDL]H!ZKHDW!SRWDWR��DQG�ZDV�UHODWHG�WR�WKH�

DP\ORVH�VROXELOL]HG�GXULQJ�JHODWLQL]DWLRQ��7KH�LQLWLDO�JHODWLRQ�ZDV�QRW�UHYHUVHG�XSRQ�

KHDWLQJ�WR����
�
&��7KHUH�ZDV�DOVR�D�ORQJ�WHUP�LQFUHDVH�LQ�JHO�VWLIIQHVV�WKDW�ZDV�WKHUPDOO\�

UHYHUVLEOH��:LWK�LQFUHDVH�LQ�FRQFHQWUDWLRQ��WKH�ODWWHU�SURFHVV�EHFDPH�PRUH�LPSRUWDQW���

0DQ\�PHWKRGV�KDYH�EHHQ�XVHG�WR�VWXG\�VWDUFK�UHWURJUDGDWLRQ���5KHRORJLFDO�RU�

WH[WXUDO�PHDVXUHPHQWV�PRQLWRU�DOWHUDWLRQV�LQ�SK\VLFDO�SURSHUWLHV��HQ]\PH�DVVD\V�PHDVXUH�

WKH�UHVLVWDQFH�WR�K\GURO\VLV��'6&�DQDO\VLV�PHDVXUHV�WKH�HQWKDOS\�RI�IXVLRQ�RI�

UHFU\VWDOOL]HG�VWDUFK�PROHFXOHV��;�UD\�GLIIUDFWLRQ�GHWHUPLQHV�WKH�GHJUHH�DQG�W\SH�RI�

FU\VWDOOLQLW\�GHYHORSHG�LQ�UHWURJUDGHG�VWDUFK��.DOLFKHYVN\�HW�DO���������5XVVHO��������

:DUG�HW�DO���������&ROZHOO�HW�DO�������D��7VXJH�HW�DO���������7HR�DQG�6HRZ��������5RXOHW�

HW�DO����������

6HYHUDO�IDFWRUV�KDYH�EHHQ�NQRZQ�WR�DIIHFW�VWDUFK�UHWURJUDGDWLRQ��LQFOXGLQJ�VWDUFK�

VRXUFH��UDWLR�RI�DP\ORVH�WR�DP\ORSHFWLQ��KHDWLQJ�DQG�VWRUDJH�WHPSHUDWXUH��VDOWV�DQG�

VXJDUV��OLSLGV��DQG�FKHPLFDO�PRGLILFDWLRQV��+RRYHU���������:DWHU�LV�DOVR�DQ�LPSRUWDQW�

IDFWRU�WR�VWDUFK�UHWURJUDGDWLRQ�DQG�ZDWHU�UHODWLRQVKLSV�KDYH�EHHQ�DQ�LVVXH�LQ�WKH�VWXG\�RI�

VWDUFK�UHWURJUDGDWLRQ��,Q�JHQHUDO��UHWURJUDGDWLRQ�RI�VWDUFK�JHOV�SURFHHGV�IDVWHU�ZLWK�ZDWHU�

FRQWHQWV�LQ�WKH�UDQJH�RI���������/LX�HW�DO�����������+HOOPDQ�HW�DO���������VKRZHG�WKDW�WKH�

PRVW�LQWHQVH�³%´�[�UD\�SDWWHUQ�LV�REWDLQHG�IRU�ZKHDW�VWDUFK�JHOV�ZLWK�ZDWHU�FRQWHQW�RI�
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����WR������Z�Z���=HOH]QDN�DQG�+RVHQH\��������KDYH�VKRZQ�XVLQJ�GLIIHUHQWLDO�

VFDQQLQJ�FDORULPHWU\��'6&��PHDVXUHPHQWV�WKDW�WKH�PD[LPXP�H[WHQW�RI�FU\VWDOOL]DWLRQ�IRU�

ZKHDW�VWDUFK�RFFXUV��UHVSHFWLYHO\��DW�����DQG������2UIRUG�HW�DO���������DQG�%LOLDGHULV�

DQG�7RQRJDL��������REVHUYHG�D�OLQHDU�UHODWLRQVKLS�EHWZHHQ�VWDUFK�FRQFHQWUDWLRQ�DQG�

VWRUDJH�PRGXOXV��*¶��GXULQJ�VWRUDJH�RI�FHUHDO��WXEHU��DQG�OHJXPH�VWDUFK�JHOV��7KH�

LQFUHDVH�LQ�*¶�ZDV�QHJOLJLEOH�DW�D�FRQFHQWUDWLRQ�RI�����Z�Z��+RZHYHU������DQG�����

�Z�Z��JHOV�RI�WKHVH�VWDUFKHV�VKRZHG�D�PDUNHG�LQFUHDVH�LQ�*¶��

�����%UHDG�VWDOLQJ�

������������%UHDG�FRQVLVWV�SUHGRPLQDQWO\�RI�SURWHLQV��VWDUFK�DQG�ZDWHU�LQ�WKH�DSSUR[LPDWH�

UDWLR�RI����������

�������������)UHVKO\�EDNHG�EUHDG�FDQ�EH�HDVLO\�UHFRJQL]HG�E\�LWV�VHQVRU\�DWWULEXWHV��FULVS\�

FUXVW��VRIW�FUXPE��DQG�DSSHDOLQJ�DURPD��'XULQJ�DJLQJ��FUXPE�ILUPQHVV�VLJQLILFDQWO\�

LQFUHDVHV��FULVSQHVV�RI�WKH�EUHDG�FUXVW�GHFUHDVHV��DQG�WKH�EUHDG�ORDI�ORVHV�LWV�IUDJUDQFH��

DVVXPLQJ�D�VWDOH�IODYRU���

%UHDG�VWDOLQJ�KDV�EHHQ�WKH�VXEMHFW�RI�D�QXPEHU�RI�VWXGLHV�IRFXVHG�RQ�

XQGHUVWDQGLQJ�LWV�LQWULQVLF�PHFKDQLVP�DQG�ZLWK�WKH�SURPLVH�RI�PRGLI\LQJ�GRXJK�UHFLSHV�

WR�LQFUHDVH�VKHOI�OLIH���1XPHURXV�VWXGLHV�RQ�EUHDG�VWDOLQJ�KDYH�VKRZQ�WKDW�VWDUFK�

UHWURJUDGDWLRQ�XSRQ�DJLQJ�SOD\V�D�PDMRU�UROH�LQ�FDXVLQJ�EUHDG�ILUPQHVV��+HUW]��������

=REHO���������&RUQIRUG�HW�DO���������VWXGLHG�WKH�UHODWLRQVKLS�EHWZHHQ�HODVWLF�PRGXOXV��

WLPH�DQG�WHPSHUDWXUH�LQ�EUHDG�FUXPE��7KH�UHVXOWV�VKRZHG�WKDW�WKH�OLPLWLQJ�PRGXOXV�

LQFUHDVHG�IDVWHU�DV�WHPSHUDWXUHV�ZHUH�ORZHUHG�WRZDUGV�WKH�IUHH]LQJ�SRLQW��7KLV�HYLGHQFH�

HPSKDVL]HG�WKH�LPSRUWDQFH�RI�WKH�QHJDWLYH�WHPSHUDWXUH�FRHIILFLHQW�RI�WKH�VWDOLQJ�SURFHVV��

DQG�WKH�IDFW�WKDW�FU\VWDOOL]DWLRQ��D�SK\VLFDO�SURFHVV�LQYROYLQJ�D�PRUH�RUGHUHG�DUUDQJHPHQW�

RI�PROHFXOHV��ZDV�WKH�SULQFLSOH�IDFWRU�LQYROYHG�LQ�FUXPE�ILUPQHVV��6HYHUDO�VWXGLHV�
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�$[IRUG��������0F,YHU��������&ROZHOO������E��GHWHFWHG�VWDUFK�UHWURJUDGDWLRQ�LQ�EUHDG�

FUXPE�RU�LQ�VWDUFK�JHOV�XSRQ�DJLQJ�XVLQJ�'6&�DQDO\VLV��7KH�UHVXOWV�DOVR�LQGLFDWHG�WKDW�

EUHDG�VWDOLQJ�LV�EDVLFDOO\�FKDUDFWHUL]HG�E\�WKH�UHWURJUDGDWLRQ�RI�WKH�VWDUFK�FRPSRQHQW�RI�

WKH�FUXPE��$�GLUHFW�FRPSDULVRQ�RI�EUHDG�ILUPQHVV�ZLWK�FU\VWDOOLQLW\�RI�VWDUFK�E\�;�UD\�

GLIIUDFWLRQ�VKRZHG�WKDW��IRU�D�JLYHQ�ILUPQHVV�PHDVXUHG�DW�URRP�WHPSHUDWXUH��WKHUH�ZDV�D�

KLJKHU�OHYHO�RI�FU\VWDOOLQLW\�IRU�EUHDG�VWRUHG�DW��
�
&�WKDQ���

�
&��:ULJKW���������7KHVH�

UHVXOWV�DJDLQ�GHPRQVWUDWHG�WKDW�WKH�ILUPLQJ�RI�EUHDG�DW�FRQVWDQW�PRLVWXUH�OHYHOV�LV�

FRQWUROOHG�E\�WKH�GHJUHH�RI�FU\VWDOOLQLW\�RI�WKH�VWDUFK��

$OWKRXJK�VWDUFK�UHWURJUDGDWLRQ�SOD\V�D�PDMRU�UROH�LQ�EUHDG�VWDOLQJ��FKDQJHV�LQ�

RWKHU�FRPSRQHQWV�DQG�WKHLU�LQWHUDFWLRQV�ZLWK�VWDUFK�PD\�DOVR�SOD\�DQ�LPSRUWDQW�UROH�LQ�WKH�

VWDOLQJ�SURFHVV��1XPHURXV�VWXGLHV�KDYH�EHHQ�GRQH�RQ�WKH�HIIHFW�RI�DP\ORVH��DP\ORSHFWLQ��

SHQWRVDQV��PRLVWXUH�FRQWHQW��OLSLGV��VWRUDJH�WHPSHUDWXUH��DQWL�VWDOLQJ�DJHQWV��DQG�ORDI�

YROXPH�RQ�EUHDG�VWDOLQJ��.LP������D��*LO�HW�DO���������5RJHUV�HW�DO���������0DOHNL�HW�DO���

������$UPHUR�DQG�&ROODUW����������+RZHYHU��WKHUH�LV�FRQVLGHUDEOH�XQFHUWDLQW\�DERXW�WKH�

UROH�RI�SURWHLQ�LQ�EUHDG�VWDOLQJ��

)RU�PDQ\�\HDUV��WKH�WKHRU\�RI�6FKRFK�DQG�)UHQFK���������DVVRFLDWLQJ�EUHDG�VWDOLQJ�

�ILUPLQJ��VROHO\�ZLWK�VWDUFK�UHWURJUDGDWLRQ��ZDV�JHQHUDOO\�DFFHSWHG�DV�IDFW��+RZHYHU��

0DUWLQ�HW�DO���������SUHVHQWHG�HYLGHQFH�VXJJHVWLQJ�WKDW�VWDUFK�UHWURJUDGDWLRQ�DQG�EUHDG�

ILUPLQJ�DUH�QRW�UHODWHG��7KH\�SRVWXODWHG�WKDW�ILUPLQJ�LV�FDXVHG�E\�HQWDQJOHPHQWV�DQG�

UHODWLYHO\�ZHDN�FURVV�OLQNV��K\GURJHQ�ERQGV��EHWZHHQ�SURWHLQ�ILEULOV�DQG�VWDUFK�UHPQDQWV��

7KLV�LPSOLHV�WKDW�SURWHLQ�LV�HVVHQWLDO�WR�WKH�VWDOLQJ�SURFHVV�DQG�EUHDG�ZLWK�ORZ�RU�QR�

SURWHLQ�FRQWHQW�ZRXOG�WKHUHIRUH�KDYH�D�ORZ�RU�]HUR�ILUPLQJ�UDWH��7KLV�DVVXPSWLRQ�DSSHDUV�

WR�FRQWUDGLFW�SUHYLRXV�VWXGLHV�VKRZLQJ�WKDW�GHFUHDVLQJ�SURWHLQ�FRQWHQW�LQ�IORXU��RU�

UHFRQVWLWXWHG�IORXU��LQFUHDVHV�WKH�UDWH�RI�ILUPLQJ��6WHOOHU��������%HFKWHO��������3UHQWLFH�HW�
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DO����������.LP�DQG�'¶$SSRORQLD������E��VXJJHVWHG�WKDW�SURWHLQ�KDG�QR�GLUHFW�UROH�LQ�

ILUPLQJ��EXW�RQO\�GLOXWHG�WKH�VWDUFK�LQ�EUHDG�DQG�WKHUHE\�UHGXFHG�WKH�ILUPLQJ�UDWH��

$OWHUQDWLYHO\��WKH�ORZ�VSHFLILF�ORDI�YROXPH�RI�ORZ�SURWHLQ�EUHDG�FRXOG�H[SODLQ�WKH�KLJK�

ILUPLQJ�UDWH��DV�$[IRUG�HW�DO���������KDYH�VKRZQ�WKDW�GHFUHDVLQJ�WKH�VSHFLILF�ORDI�YROXPH�

LQFUHDVHV�WKH�UDWH�RI�ILUPLQJ��(UODQGHU�DQG�(UODQGHU��������SRVWXODWHG�WKDW�WKH�

UHWURJUDGDWLRQ�RI�VWDUFK�PD\�EH�LQKLELWHG�E\�SURWHLQ��DQG�WKDW�WKH�UDWLR�RI�VWDUFK�WR�SURWHLQ�

LQ�WKH�GRXJK�LV�FULWLFDO�LQ�GHWHUPLQLQJ�WKH�UDWH�RI�ILUPLQJ��

:DWHU�UHODWLRQVKLSV�KDYH�ORQJ�EHHQ�DQ�LVVXH�LQ�WKH�VWXG\�RI�EUHDG�VWDOLQJ��7KH�

K\SRWKHVLV�WKDW�VLPSOH�GU\LQJ�RXW�PLJKW�EH�VROHO\�UHVSRQVLEOH�IRU�VWDOLQJ�ZDV�UHIXWHG�

QHDUO\�����\HDUV�DJR�ZKHQ�%RXVVLQJDXOW��������GHPRQVWUDWHG�WKDW�EUHDG�PLJKW�VWDOH�

ZLWKRXW�DSSUHFLDEOH�ORVV�RI�PRLVWXUH��+RZHYHU��ORVV�RI�PRLVWXUH�IURP�WKH�ORDI�PD\�

DFFHOHUDWH�UHDFWLRQV�OHDGLQJ�WR�EUHDG�VWDOLQJ��0DF0DVWHUV���������7KH�HIIHFW�RI�PRLVWXUH�

PLJUDWLRQ�RU�UHGLVWULEXWLRQ�ZLWKLQ�EUHDG�GXULQJ�VWDOLQJ�DQG�VWDUFK�UHWURJUDGDWLRQ�KDV�EHHQ�

VWXGLHG�E\�QXPHURXV�UHVHDUFKHUV��/HXQJ�HW�DO���������SURSRVHG�WKDW��DV�VWDUFK�FKDQJHV�

IURP�WKH�DPRUSKRXV�VWDWH�WR�WKH�PRUH�VWDEOH�FU\VWDOOLQH�VWDWH��ZDWHU�PROHFXOHV�EHFRPH�

LPPRELOL]HG�DV�WKH\�DUH�LQFRUSRUDWHG�LQWR�WKH�FU\VWDOOLQH�VWUXFWXUH��UHVXOWLQJ�LQ�D�GHFUHDVH�

LQ�PRELOLW\�RI�ZDWHU�GXULQJ�WKH�ILUPLQJ�SURFHVV��:KLVWOHU�DQG�'DQLHO��������VXJJHVWHG�

WKDW�ZDWHU�ZDV�H[SHOOHG�IURP�WKH�VWDUFK�PDWUL[�GXH�WR�UHWURJUDGDWLRQ���7KLV�KDV�EHHQ�

VXSSRUWHG�E\�SRO\PHU�WKHRU\�DQG�'6&�UHVXOWV�LQGLFDWLQJ�WKDW�IUHH]DEOH�ZDWHU�LQ�WKH�

DPRUSKRXV�PDWUL[�PLJUDWHV�WR�FU\VWDOOLQH�K\GUDWHV�RI�%�W\SH�ZKHDW�VWDUFK��ZKHUH�WKH�

ZDWHU�EHFRPHV�XQIUHH]DEOH��6ODGH�DQG�/HYLQH����������:LOOKRIW��������DQG�%UHDGHQ�DQG�

:LOOKRIW��������UHSRUWHG�WKDW�JOXWHQ�XQGHUZHQW�D�WUDQVIRUPDWLRQ�UHVXOWLQJ�LQ�WKH�UHOHDVH�

RI�ZDWHU��ZKLFK�EHFDPH�DEVRUEHG�E\�UHWURJUDGLQJ�VWDUFK���

�
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�����%RXQG�ZDWHU�DQG�IUHH�ZDWHU�

������������:DWHU�LV�D�YHU\�LPSRUWDQW�FRPSRQHQW�LQ�IRRGV�LPSDFWLQJ�TXDOLW\�DWWULEXWHV��VKHOI�

VWDELOLW\��WH[WXUDO�SURSHUWLHV��DQG�SURFHVVLQJ��/HYLQH�DQG�6ODGH����������7KH�DELOLW\�WR�

IRUP�K\GURJHQ�ERQGV�ZLWK�RWKHU�ZDWHU�PROHFXOHV�DQG�PDFURPROHFXOHV�LV�WKH�PRVW�

LPSRUWDQW�QDWXUH�RI�ZDWHU��DQG�LV�UHVSRQVLEOH�IRU�WKH�XQXVXDO�SK\VLFDO�SURSHUWLHV�DQG�

IXQFWLRQDOLW\�RI�ZDWHU��/LNH�RWKHU�PROHFXOHV��ZDWHU�PROHFXOHV�DUH�FRQVWDQWO\�LQ�PRWLRQ���

+RZHYHU��EHFDXVH�RI�LWV�ERQGLQJ�ZLWK�RWKHU�PROHFXOHV��WKH�PRELOLW\�RI�ZDWHU�LQ�

KHWHURJHQHRXV�HQYLURQPHQWV�VXFK�DV�IRRGV�LV�IDU�PRUH�FRPSOH[���7KH�WKHRU\�SURSRVHG�E\�

/LQJ��������KDV�EHHQ�DFFHSWHG�E\�PDQ\�UHVHDUFKHUV�IRU�PDQ\�\HDUV��K\GURSKLOLF�JURXSV�

RQ�PDFURPROHFXOHV��H�J��±1+ � �DQG�±2+��PD\�IRUP�K\GURJHQ�ERQGV�ZLWK�QHDUE\�ZDWHU�

PROHFXOHV��ZKLFK��GXH�WR�SRODUL]DWLRQ�FDXVHG�E\�K\GURJHQ�ERQGLQJ��LQ�WXUQ�ZLOO�EH�PRUH�

LQFOLQHG�WR�IRUP�K\GURJHQ�ERQGV�ZLWK�ZDWHU�PROHFXOHV�LQ�WKH�QH[W�OD\HU��DQG�VR�RQ��7KHVH�

DVVRFLDWHG�ZDWHU�PROHFXOHV�KDYH�UHVWULFWHG�PRWLRQ�FRPSDUHG�ZLWK�SXUH�ZDWHU��DQG�DUH�

FDOOHG�ERXQG�ZDWHU���,Q�JHQHUDO��ERXQG�ZDWHU�LV�WKH�ZDWHU�LQ�D�IRRG�RU�ELRORJLFDO�V\VWHP�

ZKRVH�SURSHUWLHV�GLIIHU�GHWHFWDEO\�IURP�WKRVH�RI�SXUH�ZDWHU��.XQW]�DQG�.DX]PDQQ��

���������

�����������7KH�SK\VLFDO�VWDWH�RI�ZDWHU�LQ�IRRG�V\VWHP�LV�EHOLHYHG�WR�SOD\�DQ�LPSRUWDQW�UROH�LQ�

WKH�VWUXFWXUDO��SK\VLFDO��FKHPLFDO�DQG�VHQVRU\�SURSHUWLHV�RI�IRRGV���7KH�FRQFHSWV�RI�ERXQG�

DQG�IUHH�ZDWHU�KDYH�EHHQ�XVHG�WR�GHVFULEH�WKH�VWDWHV�RI�ZDWHU��EXW�WKH�SK\VLFDO�PHDQLQJ�RI�

WKHVH�GHVFULSWLRQV�LV�FRQWURYHUVLDO�DV�WKH�OHYHOV�PHDVXUHG�GHSHQG�RQ�WKH�WHFKQLTXH�XVHG���

%RXQG�ZDWHU�LV�XVXDOO\�GHILQHG�DV�WKH�PRLVWXUH�OHYHO�DW�ZKLFK�D�VLJQLILFDQW�GLVFRQWLQXLW\�

LQ�EHKDYLRU��VXFK�DV�LQ�IUHH]LQJ��GHK\GUDWLRQ��VROYHQW�SURSHUWLHV��VSHFWURVFRSLF�SURSHUWLHV��

RU�ELQGLQJ�HQHUJ\�LV�REVHUYHG���/HXQJ�DQG�6WHLQEHUJ��������GHWHUPLQHG�WKH�ZDWHU�ELQGLQJ�

SURSHUWLHV�RI�VRPH�FRPPRQ�IRRG�FRQVWLWXHQWV�XVLQJ�ZDWHU�VRUSWLRQ��GHK\GUDWLRQ��IUHH]LQJ�
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DQG�1XFOHDU�0DJQHWLF�5HVRQDQFH��105��PHWKRGV���6LQFH�105�LV�YHU\�VHQVLWLYH�WR�ZDWHU�

PRELOLW\��ERXQG�ZDWHU�LQ�IRRG�SRO\PHUV�ZDV�RIWHQ�FKDUDFWHUL]HG�E\�105�VSLQ�VSLQ�

UHOD[DWLRQ�WLPH��6WHLQEHUJ�DQG�/HXQJ��������1DJDVKLPD�DQG�6X]XNL��������5LFKDGVRQ�HW�

DO�����������$�WZR�SKDVH��IDVW�H[FKDQJH�PRGHO�RI�IUHH�ZDWHU�DQG�ERXQG�ZDWHU�XVXDOO\�ILWV�

ZHOO�IRU�V\VWHPV�LQ�WKH�KLJK�PRLVWXUH�UDQJH��6FKPLGW�DQG�/DL��������5LFKDUGVRQ�HW�DO���

����D�E��&DOODJKDQ�HW�DO����������%\�DQDO\VLV�RI�WKH�&DUU�3XUFHOO�0HLERRP�*LOO��&30*��

UHOD[DWLRQ�FXUYHV�IURP�ZKHDW�VWDUFK�ZDWHU�VXVSHQVLRQV��%RWODQ�HW�DO���������GHWHUPLQHG�

ERXQG�ZDWHU�FRQWHQW�LQ�ZKHDW�VWDUFK�VXVSHQVLRQV�ZLWK�PRLVWXUH�FRQWHQWV�LQ�WKH�UDQJH�RI�

�����WR������J�RI�ZDWHU�SHU�J�VWDUFK�XVLQJ�WLPH�GRPDLQ�105�VSHFWURVFRS\���,W�ZDV�

GHWHUPLQHG�WKDW�WKHUH�ZDV�D�FRQVWDQW�ERXQG�ZDWHU�FRQWHQW�RI�����J��:DWHU�FRQWHQW�LQ�WKH�

UDQJH�RI������WR�����J�ZDV�ZHDNO\�ERXQG��DQG�DFWHG�DV�SRWHQWLDOO\�IUHH�ZDWHU��%\�

DSSO\LQJ�VRUSWLRQ�LVRWKHUP�DQG�SXOVHG�105�WHFKQLTXHV��7DQWHHUDWDUP�HW�DO���������

VXFFHVVIXOO\�GLVWLQJXLVKHG�WKH�SRO\PHU�DQG�FDSLOODU\�ZDWHU�DVVRFLDWHG�ZLWK�WKH�SURWHLQV��

ZKLFK�ZHUH�GHILQHG�DV�WKH�ILUVW�OD\HU�RI�ZDWHU�DERYH�WKH�PRQROD\HU�UHJLRQ�DQG�WKH�QH[W��

UHVSHFWLYHO\���

�����:DWHU�PRELOLW\�

:DWHU�LQ�IRRGV�FDQ�EH�GHVFULEHG�E\�WKUHH�SURSHUWLHV�RU�SDUDPHWHUV��ZDWHU�FRQWHQW��

ZDWHU�DFWLYLW\��DQG�ZDWHU�G\QDPLF�PRELOLW\��/L�HW�DO����������%HFDXVH�RI�WKH�

VWUDLJKWIRUZDUG�PHDQLQJ�DQG�HDVH�RI�GHWHUPLQDWLRQ��ZDWHU�FRQWHQW�KDV�EHHQ�D�XQLYHUVDO�

SDUDPHWHU��DQG�KDV�EHHQ�UHODWHG�WR�ELRORJLFDO��FKHPLFDO��DQG�SK\VLFRFKHPLFDO�UHDFWLRQV���

+RZHYHU��ZDWHU�H[LVWV�LQ�GLIIHUHQW�VWDWHV�LQ�ELRSRO\PHUV�VXFK�DV�IRRGV���,W�LV�WKRXJKW�WKDW�

ZDWHU�PROHFXOHV�LQ�GLIIHUHQW�VWDWHV�IXQFWLRQ�GLIIHUHQWO\���

,Q�WKH�ODWH�����V��WKH�PLFURELRORJLVW�:DOWHU�6FRWW��6FRWW��������VXJJHVWHG�WKDW�

ZDWHU�DFWLYLW\�FRXOG�SURYLGH�D�EHWWHU�DQG�PRUH�UHOLDEOH�PHDVXUH�RI�DYDLODELOLW\�RI�ZDWHU��
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6LQFH�WKHQ��D � �KDV�EHHQ�ZLGHO\�DFFHSWHG�E\�PDQ\�IRRG�DQG�ELRORJLFDO�VFLHQWLVWV�DQG�KDV�

EHHQ�XVHG�DV�D�SULPDU\�JXLGHOLQH�IRU�WKH�VDIHW\�DQG�TXDOLW\�FRQWURO�RI�IRRG��ELRORJLFDO�DQG�

SKDUPDFHXWLFDO�SURGXFWV��6FKZLPPHU��������7UROOHU��������7UROOHU���������

,Q�UHFHQW�\HDUV��WKH�WKHRUHWLFDO�DQG�SUDFWLFDO�OLPLWDWLRQV�RI�D � �KDYH�EHHQ�YRLFHG�E\�

PDQ\�IRRG�VFLHQWLVWV��)UDQN������D�E��6ODGH�DQG�/HYLQH���������7KH�PHDVXUHPHQW�RI�D � �

RI�D�IRRG�V\VWHP�LV�EDVHG�RQ�WKH�DVVXPSWLRQ�WKDW�WKH�IRRG�V\VWHP�LV�LQ�LWV�HTXLOLEULXP�

VWDWH��ZKLFK�LV�WUXH�RQO\�IRU�LQILQLWHO\�GLOXWH�V\VWHPV��8QIRUWXQDWHO\��PRVW�IRRG�V\VWHPV�

XVXDOO\�DUH�QRQ�HTXLOLEULXP�V\VWHPV�DQG��GXULQJ�SURFHVVLQJ�DQG�VWRUDJH��DUH�PDLQWDLQHG�

RU�EURXJKW�LQWR�D�VWDWH�RI�WKHUPRG\QDPLF�LQVWDELOLW\���7KHUHIRUH�D�FRQFHSW�URRWHG�LQ�

HTXLOLEULXP�WKHUPRG\QDPLFV��VXFK�DV�D � ��FDQQRW�IXOO\�UHSUHVHQW�PRVW�IRRG�V\VWHPV���

$QRWKHU�GHIHFW�RI�D � �LV�WKDW��ZKHQ�GLIIHUHQW�VROXWHV�DUH�XVHG�WR�ORZHU�WKH�D � �RI�D�V\VWHP��

WKH�UHVSRQVH�RI�WKH�V\VWHP�LQ�WHUPV�RI�WKH�UHDFWLRQ�UDWHV�RU�VWDELOLW\�LV�GLIIHUHQW���7KLV�

VXJJHVWV�WKDW�PHDVXUHPHQW�RI�D � �LV�LQVHQVLWLYH�WR�WKH�VROXWH�VROXWH�DQG�VROXWH�ZDWHU�

LQWHUDFWLRQV��ZKLFK��LQ�IDFW��KDYH�D�SURIRXQG�LPSDFW�RQ�WKH�UHDFWLRQ�NLQHWLFV�RI�WKH�V\VWHP���

0DQ\�UHVHDUFKHUV�KDYH�IRXQG�WKDW�WKH�PRELOLW\�RI�ZDWHU��DV�PHDVXUHG�E\�105�

DQG�RWKHU�WHFKQLTXHV��LV�UHODWHG�WR�WKH�DYDLODELOLW\�RI�ZDWHU�LQ�FRPSOH[�V\VWHPV�

�5LFKDUGVRQ�HW�DO���������5LFKDUGVRQ�HW�DO�������D��0RUD�*XWLHUUH]�DQG�*DLDQX��������

.DNDOLV�HW�DO���������/DL�DQG�6FKPLGW��������+LOOV�HW�DO���������6FKPLGW�DQG�/DL��������

/DL�DQG�6FKPLGW���������7KH�KLJKHU�WKH�PRELOLW\�RI�ZDWHU��WKH�KLJKHU�WKH�DYDLODELOLW\�RI�

WKH�ZDWHU���

�����105�

�������������������1XFOHDU�PDJQHWLF�UHVRQDQFH��105��VSHFWURVFRS\�KDV�VHHQ�LQFUHDVHG�XVH�LQ�WKH�

ILHOG�RI�IRRG�VFLHQFH���105�VSHFWURVFRS\�LV�EDVHG�RQ�WKH�PDJQHWLF�SURSHUWLHV�RI�DWRPLF�

QXFOHL���0RVW�RI�WKH�QXFOHXV�KDV�SRVLWLYH�FKDUJH�DQG�FDQ�VSLQ�OLNH�D�VPDOO�PDJQHW���:KHQ�
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SODFHG�LQ�D�VWDWLF�PDJQHWLF�ILHOG��WKH�QXFOHXV�VSLQV�DOLJQ�WKHPVHOYHV�ZLWK�WKH�ILHOG�DQG�

SUHFHVV�DURXQG�LW���,I�ZH�DSSO\�D�VHFRQG�PDJQHWLF�ILHOG�LQ�WKH�IRUP�UDGLR�IUHTXHQF\��5)��

SXOVH�DW�WKH�VDPH�IUHTXHQF\�DV�WKH�SUHFHVVLRQ�RI�WKH�QXFOHL��WKH�VSLQV�FDQ�UHVRQDWH�DQG�

DEVRUE�HQHUJ\�IURP�WKLV�VHFRQG�ILHOG���%\�DEVRUELQJ�HQHUJ\��WKH\�LQFUHDVH�WKHLU�DQJOH�RI�

SUHFHVVLRQ���7KH�SXOVH��ZKLFK�LV�VZLWFKHG�RQ�ORQJ�HQRXJK�WR�FDXVH�D�SUHFHVVLRQ�DQJOH�WR�

LQFUHDVH�IURP�WKH�HTXLOLEULXP�VWDUWLQJ�SRLQW��DQJOH����WR���
�
��LV�FDOOHG�D���

�
�SXOVH���

6LPLODUO\��D�SXOVH�FDXVLQJ����
�
�URWDWLRQ�LV�FDOOHG�D����

�
�SXOVH���$IWHU�WKH�SXOVH�LV�WXUQHG�

RII��WKH�VSLQV�ZLOO�ORVH�WKHLU�HQHUJ\�DQG�UHWXUQ�WR�WKHLU�HTXLOLEULXP�SRVLWLRQ��D�SURFHVV�

GHILQHG�DV�UHOD[DWLRQ���'XULQJ�WKLV�SURFHVV��WKH�105�LQVWUXPHQW�GHWHFWV�WKH�VLJQDOV�DV�

G\LQJ�DZD\����

0DQ\�QXFOHL��VXFK�DV�
�
+��

�
+��

���
&��

���
1��DQG�

�	�
2��KDYH�UHVRQDQFH�EHKDYLRU�WKDW�FDQ�

EH�GHWHFWHG�WKURXJK�105�VSHFWURVFRS\���$PRQJ�WKHVH�QXFOHL��
�
+�LV�WKH�PRVW�FRPPRQO\�

XVHG��SULPDULO\�EHFDXVH�RI�LWV�KLJK�QDWXUDO�DEXQGDQFH�DQG�SUHVHQFH�LQ�WKH�PDMRULW\�RI�

IRRG�DQG�ELRORJLFDO�VDPSOHV����

7ZR�NLQGV�RI�UHOD[DWLRQ�SURFHVVHV�FDQ�EH�XVHG�WR�FKDUDFWHUL]H�WKH�VLJQDO�GHFD\��

VSLQ�ODWWLFH�RU�ORQJLWXGLQDO��7 � ��UHOD[DWLRQ�DQG�VSLQ�VSLQ�RU�WUDQVYHUVH��7 � ��UHOD[DWLRQ���

7KH�WLPH�FRQVWDQWV�GHVFULELQJ�WKHVH�H[SRQHQWLDO�UHOD[DWLRQ�SURFHVVHV�DUH�NQRZQ�DV�

UHOD[DWLRQ�WLPHV���6LQFH�WKH�UHOD[DWLRQ�WLPH�LV�GHSHQGHQW�RQ�WKH�FKHPLFDO�DQG�SK\VLFDO�

HQYLURQPHQWV�VXUURXQGLQJ�WKH�QXFOHXV��WKH�UHOD[DWLRQ�WLPH�FRQVWDQW�LV�D�IXQGDPHQWDO�

SURSHUW\�RI�WKH�VDPSOH��5XDQ�DQG�&KHQ��������$EOHWW����������7KHUHIRUH��E\�DQDO\]LQJ�7 � �
DQG�7 � �RI�D�VDPSOH��ZH�FDQ�VWXG\�WKH�FKHPLFDO�DQG�SK\VLFDO�SURSHUWLHV�RI�WKH�VDPSOH���$�

ORQJ�7 � �RU�7 � �LQGLFDWHV�D�VORZ�UHOD[DWLRQ�UDWH��D�VKRUW�7 � RU�7 � �LQGLFDWHV�D�IDVW�UHOD[DWLRQ�

UDWH���
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/RQJLWXGLQDO�UHOD[DWLRQ��7 � ��LV�WKH�SURFHVV�E\�ZKLFK�WKH�VSLQV�UHWXUQ�WR�

HTXLOLEULXP�DIWHU�D�SXOVH�GXH�WR�ORVV�RI�HQHUJ\�WR�WKH�VXUURXQGLQJ�QXFOHXV���,W�GHVFULEHV�

WKH�PDJQHWL]DWLRQ�DORQJ�WKH�]�D[LV��0 
 ����,W�LV�GLIILFXOW�WR�GHWHFW�E\�D�VLQJOH���
�
�5)�SXOVH��

WKHUHIRUH��7 � �FDQ�EH�GHWHUPLQHG�E\�D�PXOWLSOH����
�
�W����

�
VHTXHQFH�ZLWK�YDU\LQJ�GHOD\�

WLPH��W���7KLV�SURFHVV�LV�FDOOHG�LQYHUVLRQ�UHFRYHU\�� 7UDQVYHUVH�UHOD[DWLRQ��7 � ��GHVFULEHV�

WKH�GHFD\�RI�WKH�WUDQVYHUVH�FRPSRQHQW�RI�PDJQHWL]DWLRQ��0 �� ��DIWHU�D���
�
�5)�SXOVH���7KH�

GHFD\�FXUYH�LV�QRUPDOO\�WHUPHG�IUHH�LQGXFWLRQ�GHFD\��),'����%HFDXVH�WKH�PDJQHWLF�ILHOG�

LV�QRW�SHUIHFWO\�KRPRJHQHRXV��WKH�&DUU�3XUFHOO�0HLERRP�*LOO��&30*��SXOVH�VHTXHQFH��

ZKLFK�LV���[��W����\�W�HFKR� � ��LV�XVHG�WR�GHWHUPLQH�VSLQ�VSLQ��7 � ��UHOD[DWLRQ��5XDQ�DQG�

&KHQ����������7KH�UHOD[DWLRQ�GHFD\V�GHWHUPLQHG�E\�D�VLQJOH���
�
�SXOVH�VHTXHQFH�XVXDOO\�

JLYH�LQIRUPDWLRQ�DERXW�WKH�IDVW�GHFD\�FRPSRQHQWV��W\SLFDOO\�VROLG�FRPSRQHQW��ZKLOH�WKRVH�

GHWHUPLQHG�E\�WKH�&30*�VHTXHQFH�LV�XVHG�WR�REWDLQ�LQIRUPDWLRQ�DERXW�UHODWLYHO\�VORZ�

GHFD\�FRPSRQHQWV��OLTXLG�OLNH�FRPSRQHQWV���)XOOHUWRQ�DQG�&DPHURQ����������

7KH�UHOD[DWLRQ�EHKDYLRU�RI�WKH�SURWRQ�LV�QRUPDOO\�H[SRQHQWLDO���7KH�UHOD[DWLRQ�

WLPH�FRQVWDQW�FDQ�EH�REWDLQHG�IURP�WKH�UHOD[DWLRQ�GHFD\�FXUYH�XVLQJ�PRQR�H[SRQHQWLDO��

PXOWL�H[SRQHQWLDO��RU�GLVWULEXWHG�H[SRQHQWLDO�ILWWLQJ�PRGHOV��5XDQ�DQG�&KHQ���������7KH�

PRQR��RU�PXOWL�H[SRQHQWLDO�ILWWLQJ�PRGHO�FDQ�SURYLGH�XVHIXO�LQIRUPDWLRQ��KRZHYHU��VLQFH�

VROLG�DQG�ZDWHU�PROHFXOHV�PD\�H[LVW�LQ�DQ�LQILQLWH�QXPEHU�RI�VWDWHV�LQ�KHWHURJHQHRXV�IRRG�

V\VWHPV��WKH\�PD\EH�RYHUVLPSOLILHG���3URYHQFKHU��������VXJJHVWHG�WKDW�WKH�UHOD[DWLRQ�

EHKDYLRU�LQ�FRPSOH[�V\VWHPV�PD\�EH�GHVFULEHG�EHWWHU�E\�XVLQJ�WKH�GLVWULEXWHG�H[SRQHQWLDO�

ILWWLQJ�PRGHO�EDVHG�RQ�WKH�&RQWLQ�DOJRULWKP���

7KH�SURWRQ�LQ�ZDWHU�PROHFXOHV�LV�WKH�PRVW�RIWHQ�XVHG�QXFOHXV�LQ�105�

H[SHULPHQWV�RQ�ZDWHU��0DQ\�VWXGLHV�GLUHFWO\�OLQN�WKH�REVHUYHG�7 � �ZLWK�ZDWHU�PRELOLW\���



� ��

)RU�H[DPSOH��RQH�DSSURDFK�VKRZV�WKDW�WKH�UDWH�RI�WUDQVYHUVH�UHOD[DWLRQ��7 � � � ��GXH�WR�

KRPRQXFOHDU�GLSRODU�LQWHUDFWLRQV�YDULHV�DV��

�

����������� 7� � �  ���$>�-���W � � � ��-�Z � �W � � � �-��Z � �W � � � ��D��

�

ZKHUH�WKH�VSHFWUDO�GHQVLW\�IXQFWLRQ�LV�JLYHQ�E\�

�

���������������������������� -�QZ � �W � � W �
�� QZ

�
W � � � ��E��

�

DQG�W � �LV�WKH�DXWRFRUUHODWLRQ�WLPH�DVVRFLDWHG�ZLWK�PROHFXODU�PRWLRQV���,Q�JHQHUDO��IDVWHU�

PRYLQJ�PROHFXOHV�KDYH�VKRUWHU�WLPHV�RYHU�ZKLFK�WKH\�LQWHUDFW�WR�H[FKDQJH�VSLQ�HQHUJ\��

7KXV��KLJKHU�PRELOLW\�V\VWHPV�JHQHUDOO\�KDYH�ORQJHU�7 � �YDOXHV���/RZ�PRELOLW\�V\VWHPV��

DQG�SDUWLFXODUO\�VROLGV��KDYH�UHODWLYHO\�VKRUWHU�7 � �YDOXHV���5RWDWLRQDO�DQG�YLEUDWLRQDO�

PRWLRQV�DUH�XVXDOO\�IDVWHU�WKDQ�WUDQVODWLRQDO�PRWLRQV��DQG�WKXV�KDYH�D�JUHDWHU�HIIHFW�RQ�WKH�

REVHUYHG�7 � ��7KH�SXOVHG�105�WHFKQLTXH�LV�IDVW�DQG�VHQVLWLYH��DQG��EHFDXVH�WKH�GDWD�DUH�

HOHFWURQLF�VLJQDOV�FROOHFWHG�LQ�UHDO�WLPH��LW�LV�SRVVLEOH�WR�DXWRPDWH�PHDVXUHPHQWV��105�

UHTXLUHV�OLWWOH�VDPSOH�SUHSDUDWLRQ��DQG�LV�QRQ�GHVWUXFWLYH�DQG�QRQ�LQYDVLYH�WR�WKH�VDPSOH���

,W�FDQ�EH�XVHG�WR�GHWHUPLQH�WKH�DPRXQW�RI�GLIIHUHQW�IUDFWLRQV�RI�ZDWHU�KDYLQJ�GLIIHUHQW�

PRELOLW\��PRLVWXUH�DQG�IDW�FRQWHQW��5XDQ�DQG�&KHQ����������

$�QXPEHU�RI�UHVHDUFKHUV�KDYH�XWLOL]HG�105�WR�VWXG\�WKH�VWDWH�RI�ZDWHU�LQ�EUHDG���

/HXQJ�HW�DO���������XVHG�GHXWHULXP��
�
+��105�WR�VWXG\�EUHDG�VWDOLQJ�DQG�IRXQG�WKDW�7 � �

GHFUHDVHG�RYHU�WLPH���&KHQ�HW�DO���������PRQLWRUHG�WKH�FKDQJHV�LQ�FUXPE�ILUPQHVV��7 � ��
DQG�SURWRQ�LQWHQVLW\�RI�WKUHH�FDWHJRULHV�RI�ZDWHU�LQ�WKH�FUXPE�GXULQJ�VWRUDJH���,W�ZDV�

IRXQG�WKDW�VHYHUDO�105�SDUDPHWHUV�FRUUHODWHG�ZLWK�WKH�ILUPLQJ�SURFHVV�LQ�WKH�EUHDG�
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FUXPE��DQG�FRXOG�EH�UHODWHG�WR�PDFURVFRSLF�DQG�PLFURVFRSLF�PLJUDWLRQ�RI�ZDWHU�GXULQJ�

VWDOLQJ����

6HRZ�HW�DO���������PRQLWRUHG�WKH�FKDQJHV�LQ�),'�FXUYHV�RI�EUHDG��FRUQ�VWDUFK�JHO��

DQG�ULFH�FXSFDNH�GXULQJ�VWRUDJH���$�KLJK�FRUUHODWLRQ�EHWZHHQ�WKH�ILUPQHVV�DQG�QRUPDOL]HG�

105�VROLG�SKDVH�VLJQDO�ZDV�IRXQG���+H�FRQFOXGHG�WKDW�WKH�105�VROLG�SKDVH�VLJQDO�PD\�

EH�XVHG�DV�DQ�LQGH[�RI�VWDOLQJ�RI�DJLQJ�VWDUFK�JHOV�DQG�VWDUFK�EDVHG�SURGXFWV���5XDQ�

�������IRXQG�WKDW�WKH�7 � �YDOXH�ZDV�KLJKO\�FRUUHODWHG�ZLWK�WKH�ILUPLQJ�SURFHVV�LQ�WKH�

VWDUFK�EDVHG�V\VWHPV���'LIIHUHQW�IUDFWLRQV�RI�ZDWHU�ZLWK�GLVWLQJXLVKDEOH�PROHFXODU�

PRELOLW\�ZHUH�DOVR�LGHQWLILHG���

7KURXJK�DQDO\VLV�RI�),'��7 � ��DQG�7 � �FXUYH��105�KDV�DOVR�EHHQ�XVHG�WR�

FKDUDFWHUL]H�WRWDO�ZDWHU�FRQWHQW��ZDWHU�ELQGLQJ�FDSDFLW\��VWDUFK�FKDLQ�PRELOLW\��ZDWHU�

PRELOLW\��JHODWLQL]DWLRQ��UHWURJUDGDWLRQ�DQG�VWUXFWXUDO�SURSHUWLHV�RI�VWDUFK�LQ�WKH�JUDQXOH�

DQG�JHO�VWDWH��5XDQ�DQG�&KHQ��������%RWODQ�HW�DO���������:X�DQG�(DGV��������)DUKDW�HW�DO��

��������

5()(5(1&(6�

$EOHWW��6���������2YHUYLHZ�RI�105�DSSOLFDWLRQV�LQ�IRRG�VFLHQFH���7UHQGV�LQ�)RRG�6FLHQFH�

DQG�7HFKQRORJ\���������

$UPHUR��(��DQG�&ROODUW��&��������&UXPE�ILUPLQJ�NLQHWLFV�RI�ZKHDW�EUHDGV�ZLWK�DQWL�

VWDOLQJ�DGGLWLYHV��-RXUQDO�RI�&HUHDO�6FLHQFH����������

$[IRUG��'�:�(���&ROZHOO��.�+���&RUQIRUG��6��-���(OWRQ��*�$�+��������(IIHFW�RI�ORDI�

VSHFLILF�YROXPH�RQ�WKH�UDWH�DQG�H[WHQW�RI�VWDOLQJ�LQ�EUHDG��-RXUQDO�RI�WKH�6FLHQFH�

RI�)RRG�DQG�$JULFXOWXUH���������

%HFKWHO��:�*��DQG�0HLVQHU�'�)��������6WDOLQJ�VWXGLHV�RI�EUHDG�PDGH�ZLWK�IORXU�IUDFWLRQV��

,9��(IIHFW�RI�JOXWHQ�DQG�ZKHDW�VWDUFK��&HUHDO�&KHPLVWU\���������
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%HOLW]��+���'��DQG�*URVFK��:��������)RRG�&KHPLVWU\��SS�������%HUOLQ��1HZ�<RUN��

6SULQJHU���

%LOLDGHULV��&��*��DQG�7RQRJDL��-�5��������,QIOXHQFH�RI�OLSLGV�RQ�WKH�WKHUPDO�DQG�

PHFKDQLFDO�SURSHUWLHV�RI�FRQFHQWUDWHG�VWDUFK�JHOV��-RXUQDO�RI�$JULFXOWXUDO�DQG�

)RRG�&KHPLVWU\����������

%LOLDGHULV��&�*��������7KH�VWUXFWXUH�DQG�LQWHUDFWLRQV�RI�VWDUFK�ZLWK�IRRG�FRQVWLWXHQWV��

&DQDGLDQ�-RXUQDO�RI�3K\VLRORJ\�DQG�3KDUPDFRORJ\����������

%ODQVKDUG��-�0�9��������6WDUFK�JUDQXOH�VWUXFWXUH�DQG�IXQFWLRQ��D�SK\VLFRFKHPLFDO�

DSSURDFK��,Q�6WDUFK��3URSHUWLHV�DQG�SRWHQWLDO��SS�����HG��*DOOLDUG��7��&KLFKHVWHU��

-RKQ�:LOH\�	�6RQV��

%RWODQ��'�/���5XJUDII��<���0DUWLQ��&���&RORQQD��3��������4XDQWLWDWLYH�GHWHUPLQDWLRQ�RI�

ERXQG�ZDWHU�LQ�ZKHDW�VWDUFK�E\�WLPH�GRPDLQ�105�VSHFWURVFRS\��&DUERK\GUDWH�

5HVHDUFK����������

%RXVVLQJDXOW��-�%��������([SHULPHQWV�WR�GHWHUPLQH�WKH�WUDQVIRUPDWLRQ�RI�IUHVK�EUHDG�LQWR�

VWDOHG�EUHDG��$QQDOHV�GH�FKLPLH�HW�GH�SK\VLTXH����������

%UHDGHQ��3�:��DQG�:LOOKRIW��0�$��������%UHDG�VWDOLQJ��,,,��0HDVXUHPHQW�RI�WKH�

UHGLVWULEXWLRQ�RI�PRLVWXUH�LQ�EUHDG�E\�JUDYLPHWU\��-RXUQDO�RI�WKH�6FLHQFH�RI�)RRG�

DQG�$JULFXOWXUH����������

&DOODJKDQ��3�7���-ROOH\��.�:���/HOLHYUH��-���:DQJ��5�%�.��������1XFOHDU�PDJQHWLF�

UHVRQDQFH�VWXGLHV�RI�ZKHDW�VWDUFK�SDVWHV���-RXUQDO�RI�&ROORLG�DQG�,QWHUIDFH�

6FLHQFH����������

&DOOHMR��0�-��������(IIHFW�RI�JOXWHQ�DGGLWLRQ�DQG�VWRUDJH�WLPH�RQ�ZKLWH�SDQ�EUHDG�TXDOLW\���

LQVWUXPHQWDO�HYDOXDWLRQ��=�/HEHQVP�8QWHUV�)RUVFK�$����������
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&KHQ��3�/���/RQJ��=���5XDQ��5���/DEX]D��7�3��������1XFOHDU�PDJQHWLF�UHVRQDQFH�VWXGLHV�

RI�ZDWHU�PRELOLW\�LQ�EUHDG�GXULQJ�VWRUDJH��)RRG�6FLHQFH�DQG�7HFKQRORJ\����������

&ROZHOO��.�+���$[IRUG��'�:���&KDPEHUODLQ��1���(OWRQ��*�$�+������D��(IIHFW�RI�VWRUDJH�

WHPSHUDWXUH�RQ�WKH�DJLQJ�RI�FRQFHQWUDWHG�ZKHDW�JHOV��-RXUQDO�RI�)RRG�6FLHQFH������

�����

&ROZHOO��.�+���$[IRUG��'�:�(���&KDPEHUODLQ��1���(OWRQ��*�$�+������E��-RXUQDO�RI�WKH�

6FLHQFH�RI�)RRG�DQG�$JULFXOWXUH����������

&RUQIRUG��6�-���$[IRUG��'�:�(���(OWRQ��*�$�+��������7KH�HODVWLF�PRGXOXV�RI�EUHDG�FUXPE�

LQ�OLQHDU�FRPSUHVVLRQ�LQ�UHODWLRQ�WR�VWDOLQJ��&HUHDO�&KHPLVWU\����������

'RQRYDQ��-�:��������3KDVH�WUDQVLWLRQV�RI�WKH�VWDUFK�ZDWHU�V\VWHP��%LRSRO\PHUV����������

(UODQGHU��6�5��DQG�(UODQGHU��/�*��������([SODQDWLRQ�RI�LRQLF�VHTXHQFHV�LQ�YDULRXV�

SKHQRPHQD��;��3URWHLQ�FDUERK\GUDWH�LQWHUDFWLRQV�DQG�WKH�PHFKDQLVP�IRU�WKH�

VWDOLQJ�RI�EUHDG��6WDUFK�6WDUNH����������

)DUKDW��,�$���%ODQVKDUG��-�0�9���0LWFKHOO��-�5���������7KH�UHWURJUDGDWLRQ�RI�ZD[\�PDL]H�

VWDUFK�H[WUXGDWHV��HIIHFWV�RI�VWRUDJH�WHPSHUDWXUH�DQG�ZDWHU�FRQWHQW��%LRSRO\PHUV��

��������

)UDQN��)������D��+\GUDWLRQ�SKHQRPHQD��$Q�XSGDWH�DQG�LPSOLFDWLRQV�IRU�IRRG�SURFHVVLQJ�

LQGXVWU\��,Q�:DWHU�UHODWLRQV�LQ�IRRGV�±�DGYDQFHV�LQ�WKH�����V�DQG�WUHQGV�LQ�WKH�

����V��SS����HG��/HYLQH��+��DQG�6ODGH��/��1HZ�<RUN��3OHQXP�3UHVV���

)UDQN��)������E��:DWHU�DFWLYLW\��$�FUHGLEOH�PHDVXUH�RI�IRRG�VDIHW\�DQG�TXDOLW\"�7UHQGV�LQ�

)RRG�6FLHQFH�DQG�7HFKQRORJ\���������

)XOOHUWRQ��*��'��DQG�&DPHURQ��,��/��������5HOD[DWLRQ�RI�ELRORJLFDO�WLVVXHV��,Q�%LRPHGLFDO�

0DJQHWLF�5HVRQDQFH�,PDJLQJ��SS������HG��:HKUOL��)�:��1HZ�<RUN��9&+�

3XEOLVKHU�
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*LO��0��-���&DOOHMR��0��-���5RGULJXH]��*��������(IIHFW�RI�ZDWHU�FRQWHQW�DQG�VWRUDJH�WLPH�RQ�

ZKLWH�SDQ�EUHDG�TXDOLW\��LQVWUXPHQWDO�HYDOXDWLRQ��=�/HEHQVP�8QWHUV�)RUVFK�$��

���������

+HOOPDQ��1��1���)DLUFKLOG��%���6HQWL��)��5��������7KH�EUHDG�VWDOLQJ�SUREOHP��0ROHFXODU�

RUJDQL]DWLRQ�RI�VWDUFK�XSRQ�DJLQJ�RI�FRQFHQWUDWHG�VWDUFK�JHOV�DW�YDULRXV�PRLVWXUH�

OHYHOV��&HUHDO�&KHPLVWU\����������

+HUPDQVVRQ��$��DQG�6YHJPDUN��.��������'HYHORSPHQWV�LQ�WKH�XQGHUVWDQGLQJ�RI�VWDUFK�

IXQFWLRQDOLW\��7UHQGV�LQ�)RRG�6FLHQFH�DQG�7HFKQRORJ\���������

+HUW]��.�2��������6WDOLQJ�RI�EUHDG�5HYLHZ��)RRG�7HFKQRORJ\�������������

+LOOV��%�3���7DNDFV��6�)���%HOWRQ�3�6��������$�QHZ�LQWHUSUHWDWLRQ�RI�SURWRQ�105�

UHOD[DWLRQ�WLPH�PHDVXUHPHQWV�RI�ZDWHU�LQ�IRRG��)RRG�&KHPLVWU\���������

+RRYHU��5��������6WDUFK�UHWURJUDGDWLRQ��)RRG�5HYLHZV�,QWHUQDWLRQDO����������

+RVHQH\��5�&��������3ULQFLSOHV�RI�FHUHDO�VFLHQFH�DQG�WHFKQRORJ\��SS������6W�3DXO��0LQQ��

$PHULFDQ�DVVRFLDWLRQ�RI�&HUHDO�&KHPLVWV���

-XKDQL��2��DQG�&KRN\XQ��5��������*HODWLQL]DWLRQ�RI�VWDUFK�DQG�ZKHDW�IORXU�VWDUFK�D�

UHYLHZ��)RRG�&KHPLVWU\���������

.DNDOLV��/���%DLDQX��,�&���.XPRVLQVNL��7��)��������2[\JHQ����DQG�SURWRQ�QXFOHDU�

PDJQHWLF�UHOD[DWLRQ�PHDVXUHPHQWV�RI�VR\�SURWHLQ�K\GUDWLRQ�DQG�SURWHLQ�SURWHLQ�

LQWHUDFWLRQV�LQ�VROXWLRQ��-RXUQDO�RI�$JULFXOWXUDO�DQG�)RRG�&KHPLVWU\����������

.DOLFKHYVN\��0�7���2UIRUG��3�'���5LQJ��6�*��������7KH�UHWURJUDGDWLRQ�DQG�JHODWLRQ�RI�

DP\ORSHFWLQ�IURP�GLIIHUHQW�ERWDQLFDO�VRXUFHV��&DUERK\GUDWH�5HVHDUFK����������

.DULP��$�$���1RU]LDK��0�+���6HRZ��&�&��������0HWKRGV�IRU�WKH�VWXG\�RI�VWDUFK�

UHWURJUDGDWLRQ��)RRG�&KHPLVWU\��������
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.LP��6�.��DQG�'¶$SSRORQLD��%�/������D��%UHDG�VWDOLQJ�VWXGLHV��&HUHDO�&KHPLVWU\������

����

.LP��6�.��DQG�'¶$SSRORQLD��%�/������E��7KH�UROH�RI�ZKHDW�IORXU�FRQVWLWXHQWV�LQ�EUHDG�

VWDOLQJ���%DNHU¶V�'LJHVW����������

.XQW]��,�'��DQG�-U��.DX]PDQQ��:��������+\GUDWLRQ�RI�SURWHLQV�DQG�SRO\SHSWLGHV��,Q�

$GYDQFHV�LQ�3URWHLQ�&KHPLVWU\��YRO������SS�������HG��$QILQVHQ��&��%��1HZ�<RUN��

$FDGHPLF�3UHVV��

/DL��+�6��DQG�6FKPLGW��6�-��������:DWHU�PRELOLW\�DQG�FU\VWDOOL]DWLRQ�DFWLRQ�RI�ODFWRVH�

ZDWHU�V\VWHPV�E\�R[\JHQ����DQG�FDUERQ����105���-RXUQDO�RI�)RRG�6FLHQFH������

�����

/DL��+�6��DQG�6FKPLGW��6�-���������0RELOLW\�RI�ZDWHU�LQ�YDULRXV�VXJDU�ZDWHU�V\VWHPV�DV�

VWXGLHG�E\�R[\JHQ����105���)RRG�&KHPLVWU\��������

/HXQJ��+�.���0DJQXVRQ��-�$���%UXLQVPD��%�/��������:DWHU�ELQGLQJ�RI�ZKHDW�IORXU�

GRXJKV�DQG�EUHDGV�DV�VWXGLHG�E\�GHXWHURQ�UHOD[DWLRQ��-RXUQDO�RI�)RRG�6FLHQFH������

���

/HXQJ��+�.���0DJQXVRQ��-�$���%UXLQVPD��%�/��������:DWHU�ELQGLQJ�RI�ZKHDW�IORXU�

GRXJKV�DQG�EUHDGV�DV�VWXGLHG�E\�GHXWHURQ�UHOD[DWLRQ��-RXUQDO�RI�)RRG�6FLHQFH������

���

/HXQJ��+�.��DQG�6WHLQEHUJ��0�3��������:DWHU�ELQGLQJ�RI�IRRG�FRQVWLWXHQWV�DV�GHWHUPLQHG�

E\�105��IUHH]LQJ��VRUSWLRQ�DQG�GHK\GUDWLRQ��-RXUQDO�RI�)RRG�6FLHQFH������������

/HYLQH��+��DQG�6ODGH��/��������$�IRRG�SRO\PHU�VFLHQFH�DSSURDFK�WR�VWUXFWXUH�SURSHUW\�

UHODWLRQVKLSV�LQ�DTXHRXV�IRRG�V\VWHPV��QRQ�HTXLOLEULXP�EHKDYLRU�RI�FDUERK\GUDWH�

ZDWHU�V\VWHPV��,Q�:DWHU�UHODWLRQVKLSV�LQ�IRRGV��DGYDQFHV�LQ�WKH�����V�DQG�WUHQGV�

LQ�WKH�����V��SS�����HG��/HYLQH��+��DQG�6ODGH��/��1HZ�<RUN��3OHQXP�3UHVV���
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/L��6���'LFNLQVRQ��/�&���&KLQDFKRWL��3���������0RELOLW\�RI�³8QIUHH]DEOH´�DQG�³)UHH]DEOH´�

ZDWHU�LQ�ZD[\�FRUQ�VWDUFK�E\�
�
+�DQG�

�
+�105���-RXUQDO�RI�$JULFXOWXUDO�DQG�)RRG�

&KHPLVWU\����������

/LQJ��*�1��������$�SK\VLFDO�WKHRU\�RI�WKH�OLYLQJ�VWDWH��SS������%RVWRQ��0DVVDFKXVHWWV��

*LQQ��%ODLVGHOO����

/LX��4���7KRPSVRQ��'�%���'RQDOG��%���������(IIHFWV�RI�PRLVWXUH�FRQWHQW�DQG�GLIIHUHQW�

JHODWLQL]DWLRQ�KHDWLQJ�WHPSHUDWXUHV�RQ�UHWURJUDGDWLRQ�RI�ZD[\�W\SH�PDL]H�

VWDUFKHV��&DUERK\GUDWH�5HVHDUFK�����������

0DF0DVWHUV��0�0��������6WDUFK�UHVHDUFK�DQG�EDNLQJ��%DNHU¶V�'LJHVW��������

0DOHNL��0���+RVHQH\��5�&���0DWWHUQ��3�-��������(IIHFWV�RI�ORDI�YROXPH��PRLVWXUH�FRQWHQW��

DQG�SURWHLQ�TXDOLW\�RQ�WKH�VRIWQHVV�DQG�VWDOLQJ�UDWH�RI�EUHDG��&HUHDO�&KHPLVWU\��

�����������

0DUWLQ��0�/���=HOH]QDN��.�-���+RVHQH\��5�&��������$�PHFKDQLVP�RI�EUHDG�ILUPLQJ��,��

5ROH�RI�VWDUFK�VZHOOLQJ��&HUHDO�&KHPLVWU\����������

0F,YHU��5�*���$[IRUG��'�:�(���&ROZHOO��.�+���(OWRQ��*�$�+��������.LQHWLF�VWXG\�RI�WKH�

UHWURJUDGDWLRQ�RI�JHODWLQL]HG�VWDUFK��-RXUQDO�RI�WKH�6FLHQFH�RI�)RRG�DQG�

$JULFXOWXUH����������

0LOHV��0�-���0RUULV��9�-���2UIRUG��3�'���5LQJ��6�*��������7KH�UROH�RI�DP\ORVH�DQG�

DP\ORSHFWLQ�LQ�WKH�JHODWLRQ�DQG�UHWURJUDGDWLRQ�RI�VWDUFK��&DUERK\GUDWH�5HVHDUFK��

���������

0RUD�*XWLHUUH]��$��DQG�*DLDQX��,�&��������
�
+�105�UHOD[DWLRQ�DQG�YLVFRVLW\�

PHDVXUHPHQWV�RQ�VROXWLRQV�DQG�VXVSHQVLRQV�RI�FDUERK\GUDWHV�DQG�VWDUFK�IURP�

FRUQ��WKH�LQYHVWLJDWLRQ�RI�FDUERK\GUDWHV�K\GUDWLRQ�DQG�VWHUHRFKHPLFDO�DQG�
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DJJUHJDWLRQ�HIIHFWV�LQ�UHODWLRQV�WR�
�	�

2�DQG
���

&�105�GDWD�IRU�FDUERK\GUDWH�

VROXWLRQV��-RXUQDO�RI�$JULFXOWXUDO�DQG�)RRG�&KHPLVWU\�����������

1DJDVKLPD��1��DQG�6X]XNL��(��������6WXGLHV�RQ�K\GUDWLRQ�E\�EURDG�OLQH�SXOVHG�105��

$SSOLHG�6SHFWURVFRS\�5HYLHZV��������

2UIRUG��3�'���5LQJ��6�*���&DUUROO��9��������7KH�HIIHFW�RI�FRQFHQWUDWLRQ�DQG�ERWDQLFDO�

VRXUFH�RQ�WKH�JHODWLRQ�DQG�UHWURJUDGDWLRQ�RI�VWDUFK��-RXUQDO�RI�WKH�6FLHQFH�RI�)RRG�

DQG�$JULFXOWXUH���������

2WW��0��DQG�+HVWHU��(�(��������*HO�IRUPDWLRQ�DV�UHODWHG�WR�FRQFHQWUDWLRQ�RI�DP\ORVH�DQG�

GHJUHH�RI�VWDUFK�VZHOOLQJ��&HUHDO�&KHPLVWU\����������

3RPHUDQ]��<��������:KHDW�FKHPLVWU\�DQG�WHFKQRORJ\��YRO����SS������6W�3DXO��0LQQ��

$PHULFDQ�$VVRFLDWLRQ�RI�&HUHDO�&KHPLVWV���

3RPHUDQ]��<��������&DUERK\GUDWH��VWDUFK���,Q�)XQFWLRQDO�3URSHUWLHV�RI�)RRG�

&RPSRQHQWV��SS������HG��3RPHUDQ]��<��1HZ�<RUN��$FDGHPLF�3UHVV��

3UHQWLFH��1���&XHQGHW��/�6���*HGGHV��:�)��������6WXGLHV�RQ�EUHDG�VWDOLQJ��9��(IIHFW�RI�

IORXU�IUDFWLRQV�DQG�YDULRXV�VWDUFKHV�RQ�WKH�ILUPLQJ�RI�EUHDG�FUXPE���&HUHDO�

&KHPLVWU\���������

3URYHQFKHU��6�:��������$�FRQVWUDLQHG�UHJXODWLRQ�PHWKRG�IRU�LQYHUWLQJ�GDWD�UHSUHVHQWHG�

E\�OLQHDU�DOJHEUDLF�RU�LQWHJUDO�HTXDWLRQV���&RPSXWHU�3K\VLFV�&RPPXQLFDWLRQV������

����

5LFKDUGVRQ��6�-���%DLDQX��,�&���6WHLQEHUJ��0�3���������0RELOLW\�RI�ZDWHU�LQ�ZKHDW�IORXU�

VXVSHQVLRQV�DV�VWXGLHG�E\�SURWRQ�DQG�R[\JHQ����QXFOHDU�PDJQHWLF�UHVRQDQFH���

-RXUQDO�RI�$JULFXOWXUDO�DQG�)RRG�&KHPLVWU\����������
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5LFKDUGVRQ��6�-���%DLDQX��,�&���6WHLQEHUJ��0�3������D���0RELOLW\�RI�ZDWHU�LQ�VWDUFK�

VXFURVH�V\VWHPV�VWXGLHG�E\�GHXWHULXP�DQG�R[\JHQ����105���6WDUFK�6WDUNH������

����

5LFKDUGVRQ��6�-���%DLDQX��,�&���6WHLQEHUJ��0�3������E���0RELOLW\�RI�ZDWHU�LQ�VXFURVH�

VROXWLRQV�GHWHUPLQHG�E\�GHXWHULXP�DQG�R[\JHQ����QXFOHDU�PDJQHWLF�UHVRQDQFH��

-RXUQDO�RI�)RRG�6FLHQFH����������

5RJHUV��'�(���=HOH]QDN��.�-���/DL��&�6���+RVHQH\��5�&��������(IIHFW�RI�QDWLYH�OLSLGV��

VKRUWHQLQJ��DQG�EUHDG�PRLVWXUH�RQ�EUHDG�ILUPLQJ��&HUHDO�&KHPLVWU\�������������

5RXOHW��3�+���0DFLQQHV��:�0���:XUVK��3���6DQFKH]��5�0���5DHP\��$��������$�

FRPSDUDWLYH�VWXG\�RI�WKH�UHWURJUDGDWLRQ�NLQHWLFV�RI�JHODWLQL]HG�ZKHDW�VWDUFK�LQ�JHO�

DQG�SRZGHU�IRUP�XVLQJ�;�UD\V��GLIIHUHQWLDO�VFDQQLQJ�FDORULPHWU\�DQG�G\QDPLF�

PHFKDQLFDO�DQDO\VLV��)RRG�+\GURFROORLGV���������

5XDQ��5��DQG�&KHQ��3�/��������:DWHU�LQ�IRRGV�DQG�ELRORJLFDO�PDWHULDOV��D�QXFOHDU�

PDJQHWLF�UHVRQDQFH�DSSURDFK��SS������/DQFDVWHU��3$��7HFKQRPLF�3XEOLVKLQJ�&R��

5XVVHO��3�/��������$JLQJ�RI�JHOV�IURP�VWDUFKHV�RI�GLIIHUHQW�DP\ORVH�DP\ORSHFWLQ�FRQWHQW�

VWXGLHG�E\�GLIIHUHQWLDO�VFDQQLQJ�FDORULPHWU\��-RXUQDO�RI�&HUHDO�6FLHQFH���������

6FKPLGW��6�-��DQG�/DL��+��������8VH�RI�105�DQG�05,�WR�VWXG\�ZDWHU�UHODWLRQV�LQ�IRRGV���

,Q�:DWHU�UHODWLRQVKLSV�LQ�IRRGV��SS������HG��/DYLQH��+��DQG�6ODGH��/��1HZ�<RUN��

3OHQXP�3UHVV���

6FKRFK��7�-��DQG�)UHQFK��'��������6WXGLHV�RQ�VWDOLQJ��&HUHDO�&KHPLVWU\����������

6FKZLPPHU��6��������,QIOXHQFH�RI�ZDWHU�DFWLYLW\�RQ�HQ]\PH�UHDFWLYLW\�DQG�VWDELOLW\���

)RRG�7HFKQRORJ\��������

6FRWW��:�-��������:DWHU�UHODWLRQV�RI�IRRG�VSRLODJH�PLFURRUJDQLVPV��$GYDQFH�LQ�)RRG�

5HVHDUFK��������
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6HRZ��&�&��DQG�7HR��&�+���3HQDQJ��������6WDOLQJ�RI�VWDUFK�EDVHG�SURGXFWV��D�FRPSDUDWLYH�

VWXG\�E\�ILUPQHVV�DQG�SXOVHG�105�PHDVXUHPHQWV��6WDUFK�6WDUNH����������

6ODGH��/��DQG�/HYLQH��+��������$�IRRG�SRO\PHU�DSSURDFK�WR�VHOHFWHG�DVSHFWV�RI�VWDUFK�

JHODWLQL]DWLRQ�DQG�UHWURJUDGDWLRQ��,Q�)URQWLHUV�LQ�FDUERK\GUDWH�UHVHDUFK�����)RRG�

DSSOLFDWLRQV��SS�������HG��0LOODQH��5���%H0LOOHU��-���&KDQGUDVHNDUDQ��5��/RQGRQ��

(OVHYLHU�$SSOLHG�6FLHQFH��

6ODGH��/��DQG�/HYLQH��+��������%H\RQG�ZDWHU�DFWLYLW\��5HFHQW�DGYDQFHV�EDVHG�RQ�DQ�

DOWHUQDWLYH�DSSURDFK�WR�DVVHVVPHQW�RI�IRRG�TXDOLW\�DQG�VDIHW\��&ULWLFDO�5HYLHZV�LQ�

)RRG�6FLHQFH�DQG�1XWULWLRQ����������

6WHLQEHUJ��0�3��DQG�/HXQJ��+��������6RPH�DSSOLFDWLRQ�RI�ZLGH�OLQH�DQG�SXOVHG�QXFOHDU�

PDJQHWLF�UHVRQDQFH�LQ�LQYHVWLJDWLRQV�RI�ZDWHU�LQ�IRRGV���,Q�:DWHU�UHODWLRQV�RI�

IRRG��SS�������HG��'XFNZRUWK��5�%��1HZ�<RUN��$FDGHPLF�3UHVV���

6WHOOHU��:�5��DQG�%DLOH\��&�+��������7KH�UHODWLRQ�RI�IORXU�VWUHQJWK��VR\�IORXU�DQG�

WHPSHUDWXUH�RI�VWRUDJH�WR�WKH�VWDOLQJ�RI�EUHDG��&HUHDO�&KHPLVWU\����������

6ZLQNHOV��-�-�0��������6RXUFHV�RI�VWDUFK��LWV�FKHPLVWU\�DQG�SK\VLFV���,Q�6WDUFK�

&RQYHUVLRQ�7HFKQRORJ\���SS�����HG��%H\QXP�9��DQG�5RHOV��-�$��1HZ�<RUN��

0DUFHO�'HFNNHU��,QF��

7DQWHHUDWDUP��.���:HL��/�6���6WHLQEHUJ��0�3���<DPDVKLWD��1��������%RXQG�ZDWHU�

DVVRFLDWHG�ZLWK��6�DQG���6�VR\�SURWHLQV�GHWHUPLQHG�E\�YDSRU�VRUSWLRQ�LVRWKHUPV�

DQG�SXOVHG�105��-RXUQDO�RI�)RRG�6FLHQFH�������������

7HR��&�+��DQG�6HRZ��&�&��������$�SXOVHG�105�PHWKRG�IRU�WKH�VWXG\�RI�VWDUFK�

UHWURJUDGDWLRQ��6WDUFK�6WDUNH����������

7UROOHU��-�$��������,QIOXHQFH�RI�ZDWHU�DFWLYLW\�RQ�PLFURRUJDQLVPV�LQ�IRRGV���)RRG�

7HFKQRORJ\�������
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7UROOHU��-�$��������:DWHU�DFWLYLW\�DQG�IRRG�TXDOLW\��,Q�:DWHU�DQG�IRRG�TXDOLW\��SS����HG��

+DUGPDQ��7��0��/RQGRQ��(OVHYLHU�$SSOLHG�6FLHQFH���

7VXJH��+���+LVKLGD��0���,ZDVDNL��+���:DWDQDEH��6���*RVKLPD��*��������(Q]\PDWLF�

HYDOXDWLRQ�IRU�WKH�GHJUHH�RI�VWDUFK�UHWURJUDGDWLRQ�LQ�IRRGV�DQG�IRRGVWXIIV��

6WDUFK�6WDUNH����������

:DOO��-�6��������5HFHQW�DGYDQFHV�LQ�WKH�ELRFKHPLVWU\�RI�FHUHDOV��SS������$FDGHPLF�3UHVV��

/RQGRQ�

:DUG��.�(�-���+RVHQH\��5�&���6HLE��3�$��������5HWURJUDGDWLRQ�RI�DP\ORSHFWLQ�IURP�PDL]H�

DQG�ZKHDW�VWDUFKHV���&HUHDO�&KHPLVWU\���������

:KLVWOHU��5�/��DQG�'DQLHO��-�5��������&DUERK\GUDWHV�LQ�IRRG�FKHPLVWU\��1HZ�<RUN��

$FDGHPLF�3UHVV��

:LOOKRIW��0�$��������%UHDG�VWDOLQJ��,��([SHULPHQWDO�VWXG\��-RXUQDO�RI�WKH�6FLHQFH�RI�)RRG�

DQG�$JULFXOWXUH���������

:ULJKW��:�%��������6WDUFK�JUDQXOH�FU\VWDOOLQLW\�DQG�EUHDG�VWDOLQJ��3DSHU�SUHVHQWHG�DW�WKH�

6�&�,��)RRG�*URXS�6\PSRVLXP�RQ�6WDUFK�*UDQXOH�6WUXFWXUH�DQG�7HFKQRORJ\��

/RQGRQ�

:ULJOH\��&�:��DQG�%LHW]��-�$���������3URWHLQV�DQG�DPLQR�$FLGV��,Q�:KHDW�FKHPLVWU\�DQG�

WHFKQRORJ\��YRO����HG��3RPHUDQ]��<��6W�3DXO��0LQQ��$PHULFDQ�$VVRFLDWLRQ�RI�

&HUHDO�&KHPLVWV���

:X��-�<��DQG�(DGV��7�0��������(YROXWLRQ�RI�SRO\PHU�PRELOLW\�GXULQJ�DJLQJ�RI�JHODWLQL]HG�

ZD[\�PDL]H�VWDUFK��D�PDJQHWL]DWLRQ�WUDQVIHU�
�
+�105�VWXG\��&DUERK\GUDWH�

3RO\PHUV���������

=HOH]QDN��.�-��DQG�+RVHQH\��5�&��������7KH�UROH�RI�ZDWHU�LQ�WKH�UHWURJUDGDWLRQ�RI�ZKHDW�

VWDUFK�JHOV�DQG�EUHDG�FUXPE��&HUHDO�&KHPLVWU\����������
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=REHO��+�)��������$�UHYLHZ�RI�EUHDG�VWDOLQJ��%DNHU¶V�'LJHVW������������

=REHO��+�)��������0ROHFXOHV�WR�JUDQXOHV��D�FRPSUHKHQVLYH�VWDUFK�UHYLHZ��6WDUFK�6WDUNH��

����������

=REHO��+�)��DQG�6WHSKHQ��$�0��������6WDUFK��VWUXFWXUH��DQDO\VLV�DQG�DSSOLFDWLRQ���)RRG�

3RO\VDFFKDULGHV�DQG�7KHLU�$SSOLFDWLRQV��SS�����HG��6WHSKHQ��$�0��1HZ�<RUN��

0DUFHO�'HNNHU��,QF���
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:DQJ��;���&KRL��6�*��DQG�.HUU��:�/��6XEPLWWHG�WR�/HEHQVPLWWHO�:LVVHQVFKDIW�XQG�

7HFKQROLJLH��������������

�
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�����$EVWUDFW�

7KUHH�OHYHOV�RI�ZDWHU�DQG�WKUHH�OHYHOV�RI�JOXWHQ�ZHUH�XVHG�WR�VWXG\�WKH�HIIHFWV�RI�

ZDWHU�DQG�JOXWHQ�RQ�WKH�ZDWHU�PRELOLW\�LQ�ZKLWH�EUHDG�XVLQJ�
�
+�105�UHOD[RPHWU\��7KH�

VROLG�FRQWHQWV�DUH�VDPH�ZKHQ�JOXWHQ�LV�DGGHG��&KDQJHV�LQ�WKH�WUDQVYHUVH�UHOD[DWLRQ�WLPH�

FRQVWDQW��7 � ��ZHUH�UHODWHG�WR�ZDWHU�PRELOLW\��7KH�WKUHH�OHYHOV�RI�ZDWHU�DGGLWLRQ�LQ�EUHDG�

GRXJK�UHVXOWHG�LQ�WKUHH�GLIIHUHQW�OHYHOV�RI�ZDWHU�FRQWHQW�LQ�EUHDG��*OXWHQ�OHYHOV�PDGH�QR�

GLIIHUHQFH�LQ�EUHDG�PRLVWXUH�FRQWHQW��'LVWULEXWHG�H[SRQHQWLDO�DQDO\VLV�VKRZHG�WZR�

GLVWLQFW�UHJLRQV�RI�7 � ��DVVRFLDWHG�ZLWK�PXOWLSOH�GRPDLQV�RI�ZDWHU�LQ�WKH�EUHDG�FUXPE��

7KHUH�ZDV�QR�VLJQLILFDQW�GLIIHUHQFH�LQ�SHDN�7 � �YDOXHV�ZLWK�GLIIHUHQW�JOXWHQ�FRQWHQW��EXW�

VLJQLILFDQW�GLIIHUHQFHV�ZHUH�REVHUYHG�ZLWK�GLIIHUHQW�ZDWHU�FRQWHQW��7KH�UHVXOWV�VXJJHVWHG�

WKDW�ZDWHU�DVVRFLDWHG�ZLWK�VWDUFK�LQFUHDVHG�VLJQLILFDQWO\�DIWHU�KHDWLQJ��WKH�PRELOLW\�RI�

ZDWHU�DVVRFLDWHG�ZLWK�VWDUFK�GHFUHDVHG�GUDPDWLFDOO\�EHFDXVH�RI�JHODWLQL]DWLRQ��7R�IXUWKHU�

LQYHVWLJDWH�WKH�HIIHFW�RI�JOXWHQ�RQ�VWDUFK�JHODWLQL]DWLRQ��105�PHDVXUHPHQWV�ZHUH�PDGH�

GLUHFWO\�RQ�PRGHO�V\VWHPV�FRQWDLQLQJ�VWDUFK�DQG�YDULRXV�JOXWHQ�DPRXQWV��7KH�VWDUFK�

JOXWHQ�JHOV�KDG�KLJKHU�7 � YDOXHV�WKDQ�WKH�VWDUFK�RQO\�JHOV��ZKLFK�LQGLFDWHG�OHVV�VZHOOLQJ�

RI�VWDUFK�JUDQXOHV�DQG�DEVRUSWLRQ�RI�ZDWHU��7KLV�ZDV�DWWULEXWHG�WR�OHVV�ZDWHU�DYDLODEOH�WR�

VWDUFK�LQ�WKH�SUHVHQFH�RI�JOXWHQ��

�����,QWURGXFWLRQ�

�����������7KUHH�HVVHQWLDO�LQJUHGLHQWV�RI�ZKLWH�EUHDG�DUH�IORXU��DLU�DQG�ZDWHU��7KH�ZKHDW�IORXU�

FRQWDLQV�DERXW�����VWDUFK�DQG��������SURWHLQ��3RPHUDQ]���������7KH�JOXWHQ�SURWHLQV�

PDNH�XS��������RI�WKH�SURWHLQ�LQ�WKH�IORXU��7KH�WUDGLWLRQDO�PHWKRG�RI�JOXWHQ�SUHSDUDWLRQ�

LQYROYHV�JHQWOH�ZDVKLQJ�RI�D�IORXU�ZDWHU�GRXJK�LQ�DQ�H[FHVV�RI�ZDWHU�RU�GLOXWH�VDOW�

VROXWLRQ�WR�UHPRYH�PRVW�RI�WKH�VWDUFK�DQG�VROXEOH�PDWHULDO��XQWLO�WKH�ZDWHU�LQVROXEOH�

SURWHLQ�RI�IORXU�LV�REWDLQHG�DV�D�UXEEHU\�PDVV��%DVHG�RQ�VROXELOLW\��JOXWHQ�FDQ�EH�
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FODVVLILHG�LQWR�WZR�JURXSV��JOLDGLQV��ZKLFK�DUH�VROXEOH�LQ�DOFRKRO��DQG�JOXWHQLQV��ZKLFK�

DUH�QRW�VROXEOH�LQ�HLWKHU�DOFRKRO�RU�VDOW�VROXWLRQV��

'XULQJ�WKH�NQHDGLQJ�SURFHVV��JOXWHQ�IRUPV�DQ�LQFUHDVLQJO\�H[WHQVLEOH�DQG�IUDJLOH�

QHWZRUN�LQ�WKH�SUHVHQFH�RI�ZDWHU�DQG�WUDSV�WKH�JDVHV�SURGXFHG�GXULQJ�IHUPHQWDWLRQ��7KH�

DELOLW\�RI�JOXWHQ�WR�IRUP�FURVVOLQNHG�QHWZRUNV�DOORZV�WKH�IRUPDWLRQ�RI�WKH�YLVFRHODVWLF�

GRXJK�LQ�EUHDG��&DOOHMR�HW�DO����������

������������7KH�GRXJK�ZDWHU�FRQWHQW�UDQJHV�EHWZHHQ����DQG������*LO���������'RXJKV�GR�QRW�

IRUP�DW�ZDWHU�FRQWHQWV�EHORZ������DQG�DUH�H[FHVVLYHO\�IOXLG�DQG�GLIILFXOW�WR�KDQGOH�DW�

ZDWHU�FRQWHQWV�DERYH������:DWHU�FRPSULVHV�DERXW�����RI�WKH�EDNHG�EUHDG��7KH�ZDWHU�

DGGHG�WR�WKH�IORXU�IXOILOOV�IRXU�IXQFWLRQV��LW�GLVVROYHV�VROXEOH�PROHFXOHV��DFWLYDWHV�

HQ]\PHV��EULQJV�DERXW�WKH�IRUPDWLRQ�RI�QHZ�ERQGV�EHWZHHQ�WKH�PDFURPROHFXOHV�LQ�WKH�

IORXU��DQG�DOWHUV�WKH�UKHRORJLFDO�SURSHUWLHV�RI�WKH�GRXJK���

����������7KH�SK\VLFDO�VWDWH�RI�ZDWHU�LQ�IRRG�V\VWHPV�LV�EHOLHYHG�WR�SOD\�DQ�LPSRUWDQW�UROH�LQ�

WKH�VWUXFWXUDO��SK\VLFDO��FKHPLFDO�DQG�VHQVRU\�SURSHUWLHV�RI�IRRGV��+RZHYHU��WKH�ORFDWLRQ�

DQG�EHKDYLRU�RI�ZDWHU�GXULQJ�GRXJK�PDNLQJ�DQG�EUHDG�EDNLQJ�LV�QRW�IXOO\�XQGHUVWRRG���

����������9DULRXV�IUDFWLRQV�RI�ZDWHU�LQ�EUHDG�GRXJK�KDYH�SURSHUWLHV�WKDW�GLIIHU�IURP�HDFK�

RWKHU��RU�IURP�WKRVH�RI�EXON�ZDWHU��.XQW]�DQG�.DX]PDQQ����������6RPH�ZDWHU�LV�

XQIUHH]DEOH��/HXQJ�DQG�6WHLQEHUJ���������FDQQRW�EH�HDVLO\�UHPRYHG�E\�GU\LQJ��RU�KDV�

XQXVXDOO\�VKRUW�105�UHOD[DWLRQ�WLPHV��/HXQJ�HW�DO����������7KLV�KDV�OHG�VHYHUDO�

UHVHDUFKHUV�WR�VXJJHVW�WKDW�VRPH�SRUWLRQ�RI�ZDWHU�LV�ERXQG�ZLWKLQ�WKH�GRXJK�PDWUL[��

/HXQJ�DQG�6WHLQEHUJ��������VWXGLHG�WKH�ZDWHU�ELQGLQJ�SURSHUWLHV�RI�VRPH�FRPPRQ�IRRG�

FRQVWLWXHQWV�E\�ZDWHU�VRUSWLRQ��GHK\GUDWLRQ��IUHH]LQJ��DQG�105�PHWKRGV��DQG�GHILQHG�WKH�

ERXQG�ZDWHU�DV�WKH�PRLVWXUH�OHYHO�DW�ZKLFK�D�VLJQLILFDQW�GLVFRQWLQXLW\�LQ�IUHH]LQJ��

GHK\GUDWLRQ��DQG�105�VLJQDO�RFFXUUHG��+RZHYHU��RWKHUV�KDYH�TXHVWLRQHG�WKH�XVH�RI�WKH�
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WHUP�³ERXQG�ZDWHU´��%HOWRQ���������$QRWKHU�YLHZSRLQW�LV�WKDW�YDULRXV�UHJLRQV�RI�ZDWHU�LQ�

EUHDG�KDYH�GLIIHUHQW�UDWHV�RI�PROHFXODU�PRWLRQ��DQG�WKDW�WKHVH�UDWHV�DUH�VLJQLILFDQWO\�

VORZHU�WKDQ�WKRVH�IRU�EXON�ZDWHU��(QJHOVHQ�HW�DO�����������

������������%XVKXN�DQG�:LQNOHU��������UHSRUWHG�WKDW�ZDWHU�LV�ERXQG�PRUH�WR�VWDUFK�WKDQ�WR�

JOXWHQ��GXH�WR�WKH�KLJKHU�ZDWHU�VRUSWLRQ�FDSDFLW\�RI�VWDUFK��7KURXJK�VHSDUDWLRQ�RI�WKH�

FRPSRQHQWV�RI�GRXJK�DQG�PHDVXULQJ�WKH�PRLVWXUH�FRQWHQW�RI�HDFK�FRPSRQHQW�GXULQJ�

EDNLQJ�DQG�VWRUDJH��:LOOKRIW��������VXJJHVWHG�WKDW�WKHUH�ZDV�PRUH�ZDWHU�DVVRFLDWHG�ZLWK�

WKH�JOXWHQ�WKDQ�ZLWK�WKH�VWDUFK�LQ�WKH�GRXJK��DQG�WKDW�WKH�ZDWHU�PRYHV�IURP�WKH�JOXWHQ�WR�

WKH�VWDUFK�GXULQJ�FRQYHQWLRQDO�EDNLQJ��8VLQJ�GLIIHUHQWLDO�WKHUPDO�DQDO\VLV��'7$��DQG�

GLIIHUHQWLDO�VFDQQLQJ�FDORULPHWU\��'6&���VHYHUDO�UHVHDUFKHUV�IRXQG�WKDW�WKH�ERXQG�ZDWHU�

FRQWHQW�LQ�GRXJK�ZDV�LQGHSHQGHQW�RI�IORXU�SURWHLQ�FRQWHQW��DGGHG�FKHPLFDOV��DPRXQW�RI�

GDPDJHG�VWDUFK��DQG�PL[LQJ�WLPH��'DYLV�DQG�:HEE��������'DQLHOV��������%XVKXN�DQG�

0HKURWUD������D��E��F����

������������3XOVHG�QXFOHDU�PDJQHWLF�UHVRQDQFH��105��KDV�EHHQ�XVHG�H[WHQVLYHO\�WR�VWXG\�WKH�

SURSHUWLHV�RI�ZDWHU�LQ�ELRORJLFDO�V\VWHPV��.XQW]�HW�DO����������%\�PHDVXULQJ�WKH�

ORQJLWXGLQDO��7 � ��DQG�WUDQVYHUVH��7 � ��UHOD[DWLRQ�WLPHV�RI�SURWRQV��105�FDQ�EH�UHODWHG�WR�

WKH�PROHFXODU�PRELOLW\�RI�ZDWHU��/HXQJ�HW�DO���������IRXQG�WZR�VSHFLHV�RI�ZDWHU�

PROHFXOHV�ZLWK�GLIIHUHQW�7 � �YDOXHV�LQ�K\GUDWHG�FRUQVWDUFK�VDPSOHV��DQG�DWWULEXWHG�WKHVH�WR�

D�PRELOH�DQG�D�ERXQG�ZDWHU�IUDFWLRQ��/HXQJ�HW�DO���������DOVR�IRXQG�WZR�ZDWHU�

SRSXODWLRQV�ZLWK�GLIIHUHQW�7 � �YDOXHV�LQ�ZKHDW�IORXU�GRXJK��LQGLFDWLQJ�GLIIHUHQW�ZDWHU�

PRELOLWLHV���8VLQJ�GHXWHURQ�UHOD[DWLRQ�SXOVHG�105��/HXQJ�HW�DO���������VWXGLHG�ZDWHU�

ELQGLQJ�RI�ZKHDW�IORXU�GRXJKV�DQG�EUHDGV��+DUG�ZKHDW�DQG�VRIW�ZKHDW�IORXU�GRXJKV�

VKRZHG�VLPLODU�LQFUHDVHV�LQ�7 � DQG�7 � �ZLWK�LQFUHDVLQJ�PRLVWXUH�FRQWHQW��
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�����������%\�PHDVXULQJ�VSLQ�VSLQ�UHOD[DWLRQ�WLPHV�DQG�WKH�DPRXQW�RI�XQIUHH]DEOH�ZDWHU�

XVLQJ�SXOVHG�105��:\QQH�-RQHV�DQG�%ODQVKDUG��������LQYHVWLJDWHG�WKH�FKDQJHV�LQ�WKH�

VWDWH�RI�ZDWHU�ZLWK�WLPH�LQ�JHOV�DQG�EUHDG��7KH\�IRXQG�WKH�KHDWHG�JOXWHQ�JHO�VKRZHG�D�

JUHDWHU�ELQGLQJ�RI�ZDWHU�WKDQ�WKH�VWDUFK�JHO��&KHQ�HW�DO���������IRXQG�WKUHH�FRPSRQHQWV�

�DW�����V�������V��DQG�����PV��LQ�EUHDG��DVVRFLDWHG�ZLWK�IUDFWLRQV�RI�ZDWHU�ZLWK�GLIIHUHQW�

GHJUHHV�RI�PRELOLW\���&KHULDQ�DQG�&KLQDFKRWL��������XVHG�
�
+�DQG�

�	�
2�105�WR�VWXG\�

JOXWHQ�LQ�WKH�JODVV\�DQG�UXEEHU\�VWDWHV��.RX�HW�DO���������VWXGLHG�PRELOLW\�LQ�ZD[\�

FRUQVWDUFK�XVLQJ�ZLGH�OLQH�
�
+�105���7DQJ�HW�DO���������XVHG�SURWRQ�105�WR�LQYHVWLJDWH�

FKDQJHV�LQ�VWDWHV�RI�ZDWHU�LQ�SRWDWR�VWDUFK�GXULQJ�JHODWLQL]DWLRQ�RU�DFLG�K\GURO\VLV���

6HYHUDO�GRPDLQV�RI�SURWRQV�ZHUH�LGHQWLILHG�DQG�KRZ�WKH\�FKDQJH�ZLWK�SURFHVVLQJ�ZDV�

VKRZQ��

����������8VLQJ�VROLG�VWDWH�105��/L�HW�DO���������H[DPLQHG�WKH�SURWRQ�UHOD[DWLRQ�LQ�WKH�

URWDWLQJ�IUDPH�IRU�ZD[\�FRUQVWDUFK��ZKHDW�JOXWHQ��DQG�PL[WXUHV�RI�ERWK��7KH\�VWXGLHG�WKH�

HIIHFWV�RI�PRLVWXUH�FRQWHQWV�DQG�KHDWLQJ�RQ�WKH�VWDUFK�DQG�JOXWHQ�PROHFXODU�PRELOLW\���7KH�

GDWD�VXJJHVWHG�WKDW�ZKHDW�JOXWHQ�KDV�D�VWURQJHU�DIILQLW\�IRU�ZDWHU�PROHFXOHV��DV�WKH�ZDWHU�

LQ�JOXWHQ�UHPDLQHG�LPPRELOH�ZKLOH�ZDWHU�LQ�VWDUFK�ZDV�PRUH�PRELOH���

�����������8PEDFK�HW�DO���������LQYHVWLJDWHG�WKH�ZDWHU�VHOI�GLIIXVLRQ�FRHIILFLHQWV�RI�VWDUFK�

JOXWHQ�ZDWHU�PL[WXUHV�PHDVXUHG�E\�SXOVHG�JUDGLHQW�VSLQ�HFKR�QXFOHDU�PDJQHWLF�

UHVRQDQFH��7KH\�IRXQG�D�KLJKHU�GLIIXVLRQ�FRHIILFLHQW�RI�ZDWHU�PROHFXOHV�LQ�VWDUFK�ZDWHU�

PL[WXUHV�WKDQ�LQ�JOXWHQ�ZDWHU�PL[WXUHV�EHIRUH�KHDWLQJ��,W�ZDV�FRQFOXGHG�WKDW�VPDOO�

DPRXQWV�RI�ZDWHU�LQ�GU\�VWDUFK�ZHUH�YHU\�WLJKWO\�DVVRFLDWHG��EXW�DGGLWLRQDO�ZDWHU�GLG�QRW�

LQWHUDFW�ZLWK�VWDUFK��WKXV�UHPDLQLQJ�TXLWH�PRELOH��2QFH�IXUWKHU�K\GUDWHG��ZDWHU�LQ�JOXWHQ�

OHG�WR�PRUH�ZDWHU�SURWHLQ�LQWHUDFWLRQ��WKXV�EHFRPLQJ�PRUH�LPPRELOH��
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�����������/LPLWHG�UHSRUWV�ZHUH�IRXQG�RQ�WKH�HIIHFWV�RI�JOXWHQ�OHYHO�RQ�WKH�SURSHUWLHV�RI�ZDWHU�

LQ�EUHDG��7KH�REMHFWLYH�RI�WKLV�VWXG\�ZDV�WR�LQYHVWLJDWH�WKH�HIIHFWV�RI�ZDWHU�DQG�JOXWHQ�RQ�

WKH�PRELOLW\�DQG�GRPDLQV�RI�ZDWHU�LQ�IUHVK�ZKLWH�EUHDG�XVLQJ�105�WHFKQLTXHV��105�

PHDVXUHPHQWV�ZHUH�DOVR�PDGH�GLUHFWO\�RQ�VWDUFK�JOXWHQ�JHOV�WR�IXUWKHU�LQYHVWLJDWH�WKH�

HIIHFWV�RI�JOXWHQ�RQ�VWDUFK�JHODWLQL]DWLRQ��

�����0DWHULDOV�DQG�PHWKRGV�

�������([SHULPHQWDO�GHVLJQ�

����������:KLWH�SDQ�EUHDG�ZDV�PDGH�ZLWK�D�%UHDGPDQ�3OXV�75����EUHDG�PDFKLQH��6DOWRQ��

,QF���0W��3URVSHFW��XVLQJ�WKH�VWDQGDUG�ZKLWH�EUHDG�F\FOH�IRU�D��OE�ORDI��PL[�DQG�NQHDG�IRU�

���PLQV��SURRI�IRU����PLQV��DQG�EDNH�IRU����PLQV���$OO�SXUSRVH�IORXU�ZLWK�D�������

SURWHLQ�FRQWHQW�ZDV�VXSSOLHG�E\�%D\�6WDWH�0LOOLQJ�&RPSDQ\��4XLQF\��0DVV���*OXWHQ�ZDV�

SXUFKDVHG�IURP�.LQJ�$UWKXU�)ORXU�&RPSDQ\��1RUZLFK��9HUPRQW���$����IDFWRULDO�

H[SHULPHQW�ZDV�XVHG�WR�VWXG\�WKH�HIIHFWV�RI�ZDWHU�DQG�JOXWHQ�FRQWHQW��HDFK�ZLWK�WKUHH�

OHYHOV�DQG�WKUHH�UHSOLFDWHV��,Q�WRWDO�����EUHDGV�ZHUH�PDGH��7KH�WKUHH�OHYHOV�RI�ZDWHU�DGGHG�

WR�WKH�GRXJK�ZHUH����J�����J��DQG����J�SHU����J�RI�IORXU��:LWK�WKH�WKUHH�OHYHOV�RI�

SURWHLQ��HQRXJK�IORXU�ZDV�UHSODFHG�ZLWK�JOXWHQ�WR�EULQJ�WKH�ILQDO�SURWHLQ�FRQFHQWUDWLRQ�WR�

������������DQG��������UHVSHFWLYHO\��7KLV�ZDV�VLPLODU�WR�WKH�SURWHLQ�FRQWHQW�RI�IORXU�

XVHG�IRU�PDNLQJ�EUHDG��&KDUOHV����������

���������$GGLWLRQDO�LQJUHGLHQWV��DGGHG�SULRU�WR�PL[LQJ��LQFOXGHG����J�1D&O����J�VXFURVH��

���J�\HDVW��)OHLVFKPDQQ¶V�������LQVWDQW�\HDVW��&DQDGD�������J�YHJHWDEOH�RLO��DQG��J�

QRQIDW�GU\�PLON�VROLGV��1HVWOH�86$��,QF���6RORQ���*UDQXODU�OHFLWKLQ������J��.LQJ�$UWKXU�

)ORXU�,QF���1RUZLFK��97��ZDV�DGGHG�WR�WKH�GRXJK�WR�OLPLW�EUHDG�VWDOLQJ��$IWHU�EDNLQJ��WKH�

EUHDG�ZDV�OHIW�WR�VWDQG�DW���
�
&�IRU���KRXUV��7KH�EUHDG�ZDV�VOLFHG�LQWR���FP�VOLFHV�ZLWK�D�

0RGHO�����(�VOLFLQJ�PDFKLQH��+REDUW�&RUS���7UR\��2+���7KH�PRLVWXUH�FRQWHQW�RI�WKH�
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EUHDG�FUXPE�ZDV�FDOFXODWHG�IURP�WKH�GLIIHUHQFH�LQ�ZHLJKW�DIWHU�YDFXXP�GU\LQJ�DW����&�

IRU����KRXUV��$2$&���������:DWHU�DFWLYLW\�ZDV�PHDVXUHG�XVLQJ�DQ�$TXD�/DE�6HULHV���

ZDWHU�DFWLYLW\�PHWHU��'HFDJRQ�'HYLFHV��,QF���3XOOPDQ��:$����

�������*HO�SUHSDUDWLRQ�

������������0RGHO�V\VWHPV�FRPSRVHG�RI�VWDUFK�JHOV�DQG�VWDUFK�JOXWHQ�JHOV�ZHUH�DOVR�DQDO\]HG�

DV�SDUW�RI�WKLV�VWXG\�WR�DFKLHYH�IXUWKHU�LQIRUPDWLRQ�RQ�WKH�HIIHFW�RI�JOXWHQ���������������

6DPSOHV�RI�QDWLYH�ZKHDW�VWDUFK����J��6LJPD�&KHPLFDO�&R���6W��/RXLV��02��ZHUH�ZHLJKHG�

LQWR�D�JODVV�YLDO���FP�u��FP�GLDPHWHU��DQG�ILWWHG�ZLWK�D�VFUHZ�FDS��'LVWLOOHG�ZDWHU�����J�

RU����J��ZDV�DGGHG�WR�WKH�YLDO�WR�PDNH�VXVSHQVLRQV�ZLWK�������DQG�������VWDUFK�

FRQFHQWUDWLRQ��7KH�VWDUFK�ZDWHU�VXVSHQVLRQ�ZDV�YRUWH[HG�IRU���V��7KH�VWDUFK�JOXWHQ�

ZDWHU�PL[WXUHV�ZHUH�SUHSDUHG�E\�WKH�VDPH�PHWKRG�H[FHSW�WKDW������J�������J�DQG������J�

ZKHDW�JOXWHQ�ZHUH�DGGHG��7KH�VDPH�DPRXQW�RI�VWDUFK�ZDV�UHPRYHG�WR�NHHS�WKH�WRWDO�VROLG�

FRQWHQW�FRQVWDQW��ZKLFK�UHVXOWHG����������DQG�����RI�JOXWHQ�FRQWHQW�LQ�WRWDO�VROLGV��

7KHVH�ZHUH�FKRVHQ�WR�PLPLF�WKH�UDWLR�RI�JOXWHQ�DQG�VWDUFK�LQ�IORXU�XVHG�LQ�WKH�EUHDG�

VDPSOHV�RI�SUHYLRXV�VWXG\��6DPSOHV�FRQWDLQLQJ�RQO\�JOXWHQ�ZHUH�SUHSDUHG�E\�VXEVWLWXWLQJ�

���J�VWDUFK�ZLWK�JOXWHQ��7KH�YLDOV�ZHUH�VHDOHG��SODFHG�RQ�D�URWDWLQJ�WXUQWDEOH�DQG�KHDWHG�

LQ�PLFURZDYH�RYHQ��'DHZRR��6HRXO��6RXWK�.RUHD��IRU���V�DW����:�WR�REWDLQ�

KRPRJHQHRXV�JHOV��$IWHU�KHDWLQJ��WKH�VDPSOH�WHPSHUDWXUH�ZDV���
�
&�r��

�
&��*HOV�ZHUH�

IRUPHG�DV�WKH�VDPSOHV�ZHUH�DOORZHG�WR�FRRO�WR���
�
&�IRU���KRXU��)UHVK�JHOV�ZHUH�

LPPHGLDWHO\�PHDVXUHG�E\�105��

�������105�PHDVXUHPHQWV�

���������������3URWRQ�UHOD[DWLRQ�PHDVXUHPHQWV�ZHUH�PDGH�XVLQJ�D����0+]�
�
+�105�

VSHFWURPHWHU��5HVRQDQFH�,QVWUXPHQWV��:KLWQH\��8.���$SSUR[LPDWHO\�����J�EUHDG�FUXPE�

VDPSOHV�ZHUH�WDNHQ�IURP�WKH�FHQWHU�RI�WKH�EUHDG�VOLFHV��7KUHH�UHSOLFDWHV�ZHUH�WDNHQ�IURP�
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HDFK�ORDI�RI�EUHDG��(DFK�VDPSOH�ZDV�SODFHG�LQ�D���PP�GLDPHWHU�105�WXEH��WKHQ�FRYHUHG�

ZLWK�SDUDILOP��7UDQVYHUVH��7 � ��UHOD[DWLRQ�FXUYHV�ZHUH�GHYHORSHG�XVLQJ�WKH�&30*�SXOVH�

VHTXHQFH����[��W����\�W�HFKR� � ��0HLERRP�DQG�*LOO���������$FTXLVLWLRQ�SDUDPHWHUV�ZHUH�

VHW�WR�D���
�
�SXOVH�RI�����PV�DQG�D�UHF\FOH�GHOD\�RI��V��$�SXOVH�VSDFLQJ��W��RI�����PV�ZDV�

FKRVHQ�WR�H[FOXGH�WKH�IDVW�GHFD\LQJ�VROLG�OLNH�VLJQDO��$OO�PHDVXUHPHQWV�ZHUH�PDGH�DW�

��
�
&������7KH�WHPSHUDWXUH�ZDV�FRQWUROOHG�E\�WKH�LQWHUQDO�WHPSHUDWXUH�FRQWURO�V\VWHP�LQ�

105�VSHFWURPHWHU��5HOD[DWLRQ�FXUYHV�REWDLQHG�IURP�&30*�VHTXHQFHV�ZHUH�DQDO\]HG�

XVLQJ�D�GLVWULEXWHG�H[SRQHQWLDO�URXWLQH��%DVHG�RQ�WKH�FRQWLQ�DOJRULWKP�RI�3URYHQFKHU�

��������WKLV�URXWLQH�FDOFXODWHV�D�GLVWULEXWLRQ�RI�7 � �WHUPV�WKDW�EHVW�GHVFULEH�WKH�GDWD��

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

  ! HIJ "#
$

% &
'¦ ������������������������������������������������������������������������������������

ZKHUH�J ( DUH�WKH�YDOXHV�RI�WKH�H[SRQHQWLDO�GLVWULEXWLRQ�DW�WLPH�W ( ��I) �DUH�WKH�SUH�H[SRQHQWLDO�

PXOWLSOLHUV��DQG�7 �+* ) �DUH�WKH�WLPH�FRQVWDQWV��,Q�JHQHUDO��WKH�GLVWULEXWLRQV�DVVXPHG�PRUH�

WKDQ�RQH�GLVWULEXWHG�UHJLRQ��VXJJHVWLQJ�WKH�H[LVWHQFH�RI�YDULRXV�UHJLRQV�RI�ZDWHU�ZLWK�

VLPLODU�PRELOLW\��,Q�WKLV�FDVH��WKH�QXPEHU�RI�SURWRQV�LQ�D�JLYHQ�UHJLRQ�ZDV�PHDVXUHG�E\�

WKH�LQWHJUDWHG�VLJQDO�LQWHQVLW\�RYHU�WKH�UHJLRQ�RI�WKH�GLVWULEXWLRQ���

�������6WDWLVWLFDO�DQDO\VLV�

7KH�HIIHFWV�RI�ZDWHU�FRQWHQW�DQG�JOXWHQ�FRQWHQW�RQ�WKH�ZDWHU�FRQWHQW��ZDWHU�

DFWLYLW\�DQG�105�GDWD�RI�WKH�EUHDG�FUXPE�ZHUH�DQDO\]HG�E\�WZR�ZD\�DQDO\VLV�RI�

YDULDQFH�DW�D�OHYHO�RI�VLJQLILFDQFH�RI�������0HDQ�YDOXHV�ZHUH�FRPSDUHG�XVLQJ�WKH�/6'�

PHWKRG�ZLWK�D�OHYHO�RI�VLJQLILFDQFH�RI�������$OO�VDPSOHV�ZHUH�DQDO\]HG�LQ�WULSOLFDWH��6$6�

VRIWZDUH�ZDV�XVHG�IRU�GDWD�DQDO\VLV��6$6�,QVWLWXWH��,1&����������

�

�

�
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�����5HVXOWV�DQG�GLVFXVVLRQ�

�������7KH�HIIHFW�RI�ZDWHU�DQG�JOXWHQ�FRQWHQW�RQ�PRLVWXUH�FRQWHQW�DQG�ZDWHU�DFWLYLW\�������������

���������7DEOH���VKRZV�WKH�HIIHFW�RI�LQLWLDO�DGGHG�ZDWHU�DQG�JOXWHQ�FRQWHQW�RI�WKH�ORDI�RQ�WKH�

PRLVWXUH�FRQWHQW�DQG�ZDWHU�DFWLYLW\�RI�EDNHG�EUHDG�FUXPE��0RLVWXUH�FRQWHQW�UDQJHG�IURP�

������WR������J�+ � 2�J�RI�VROLGV��7KHUH�ZHUH�VLJQLILFDQW�GLIIHUHQFHV�LQ�PRLVWXUH�FRQWHQW�RI�

WKH�FUXPE�ZLWK�GLIIHUHQW�OHYHOV�RI�DGGHG�ZDWHU�WR�WKH�EUHDG�GRXJK��'XULQJ�EDNLQJ��VRPH�

ZDWHU�ZDV�ORVW�WKURXJK�HYDSRUDWLRQ��EXW�WKH�PRLVWXUH�FRQWHQW�RI�WKH�ILQDO�SURGXFW��EUHDG�

FUXPE��ZDV�VWLOO�GLIIHUHQW�IRU�HDFK�RI�WKH�WKUHH�ZDWHU�OHYHOV�DGGHG�WR�WKH�GRXJK��:DWHU�

DFWLYLW\��D � ��YDOXHV�UDQJHG�IURP�������WR��������$ � �YDOXHV�ZHUH�VLJQLILFDQWO\�GLIIHUHQW�IRU�

VDPSOHV�SUHSDUHG�IURP����J�DQG����J�RI�ZDWHU��7KH�JOXWHQ�FRQWHQW�PDGH�QR�GLIIHUHQFH�LQ�

PRLVWXUH�FRQWHQW�RU�ZDWHU�DFWLYLW\�RI�WKH�EUHDG�FUXPE��7KHVH�UHVXOWV�DUH�LQ�DJUHHPHQW�

ZLWK�SUHYLRXVO\�UHSRUWHG�GDWD��(YHU\�HW�DO�����������:LWK�ILYH�OHYHOV�RI�JOXWHQ�DGGLWLRQ��DOO�

UHVXOWLQJ�EUHDG�FUXPEV�KDG�DSSUR[LPDWHO\�WKH�VDPH�PRLVWXUH�FRQWHQW����

�������7KH�HIIHFW�RI�ZDWHU�DQG�JOXWHQ�FRQWHQW�RQ�7 , �
����'LVWULEXWHG�H[SRQHQWLDO�DQDO\VHV�RI�WKH�GDWD�DUH�VKRZQ�LQ�)LJXUH��D�F��,Q�JHQHUDO��

WZR�GLVWLQFW�UHJLRQV�RI�7 � �GLVWULEXWLRQV�ZHUH�REVHUYHG�IRU�DOO�VDPSOHV��RQH�DW�UHODWLYHO\�

VKRUW�WLPHV��������� V��DQG�RQH�DW�UHODWLYHO\�ORQJ�WLPHV�������PV���7KH�PXOWLSOH�

FRPSRQHQWV�PRGHO�LQ�EDNHG�SURGXFWV�KDV�EHHQ�REVHUYHG�E\�VHYHUDO�UHVHDUFKHUV��5XDQ�HW�

DO���������UHSRUWHG�D�WZR�FRPSRQHQW�PRGHO�LQ�VZHHW�UROOV��FRQVLVWLQJ�RI�D�SHDN�7 � �LQ�WKH�

�V�UDQJH�DQG�D�SHDN�7 � �LQ�WKH�PV�UDQJH���&KHQ�HW�DO���������IRXQG�WKUHH�IUDFWLRQV�RI�ZDWHU�

LQ�IUHVK�EUHDG�FUXPE��RQH�ZLWK�D�SHDN�7 � �DW�������V��RQH�DW����������V��DQG�RQH�DW���������

PV��ZKLFK�WKH\�DWWULEXWHG�WR�UHJLRQV�RI�GLIIHULQJ�ZDWHU�PRELOLW\��7KH�FRPSRQHQW�DW������

�V�ZDV�DWWULEXWHG�WR�ZDWHU�VWURQJO\�DVVRFLDWHG�ZLWK�VWDUFK�DQG�JOXWHQ�WKURXJK�K\GURJHQ�

ERQGLQJ���(QJHOVHQ�HW�DO���������DOVR�IRXQG�WKUHH�FRPSRQHQWV�LQ�EUHDG��KRZHYHU��WKHVH�
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ZHUH�PHDVXUHG�GXULQJ�WKH�EDNLQJ�SURFHVV���7KH\�DWWULEXWHG�WKH�VKRUWHVW�7 � �FRPSRQHQW�WR�

ZDWHU�DVVRFLDWHG�ZLWK�SURWHLQ��WKH�QH[W�VKRUWHVW�FRPSRQHQW�WR�ZDWHU�DVVRFLDWHG�ZLWK�VWDUFK�

DQG�SHQWRVDQV��DQG�WKH�ORQJHVW�FRPSRQHQW�WR�GLIIXVLYH�H[FKDQJH�RI�ZDWHU�EHWZHHQ�VWDUFK�

DQG�SURWHLQ�IUDFWLRQV����

�7KH�RFFXUUHQFH�RI�WZR�GHFD\�UHJLRQV�LQGLFDWHV�WKH�SUHVHQFH�RI�PXOWLSOH�GRPDLQV�

RI�ZDWHU�LQ�WKH�EUHDG�FUXPE��7KHVH�FDQ�EH�GHILQHG�DV�UHJLRQV�LQ�ZKLFK�VSLQ�VSLQ�

UHOD[DWLRQ�UDWHV�DUH�GLVWLQFW���0DQ\�VWXGLHV�GLUHFWO\�OLQN�WKH�REVHUYHG�7 � �ZLWK�ZDWHU�

PRELOLW\���)RU�H[DPSOH��RQH�DSSURDFK��+LOOV��������VKRZV�WKDW�WKH�UDWH�RI�WUDQVYHUVH�

UHOD[DWLRQ��7 � � � ��GXH�WR�KRPRQXFOHDU�GLSRODU�LQWHUDFWLRQV�YDULHV�DV��

�

����������� 7- . /  ���$>�-���W 0 � � ��-�Z 1 �W 0 � � �-��Z 1 �W 0 � � ��D��

�

ZKHUH�WKH�VSHFWUDO�GHQVLW\�IXQFWLRQ�LV�JLYHQ�E\�

�

���������������������������� -�QZ 2 �W 3 � W 3
�� QZ

4
W 3 4 � ��E��

�

W � �LV�WKH�DXWRFRUUHODWLRQ�WLPH�DVVRFLDWHG�ZLWK�PROHFXODU�PRWLRQV���,Q�JHQHUDO��IDVWHU�

PRYLQJ�PROHFXOHV�KDYH�VKRUWHU�WLPHV�RYHU�ZKLFK�WKH\�LQWHUDFW�WR�H[FKDQJH�VSLQ�HQHUJ\��

7KXV��KLJKHU�PRELOLW\�V\VWHPV�JHQHUDOO\�KDYH�ORQJHU�7 � �YDOXHV���/RZ�PRELOLW\�V\VWHPV��

DQG�SDUWLFXODUO\�VROLGV��KDYH�UHODWLYHO\�PXFK�VKRUWHU�7 � �YDOXHV��7UDQVYHUVH�UHOD[DWLRQ�LV�

DOVR�HQKDQFHG�E\�FKHPLFDO�H[FKDQJH�RI�SURWRQV�IURP�ZDWHU�WR�±2+��1+ � ��RU�±6+�JURXSV�

RQ�VWDUFK��VXJDUV�RU�ZKHDW�SURWHLQV���7KH�VKRUW�WLPH�FRQVWDQW�GRPDLQ�LQ�)LJXUHV��D�F�PD\�

EH�DVVRFLDWHG�ZLWK�ZDWHU�LQ�ORZHU�PRELOLW\�UHJLRQV��WKH�ORQJ�WLPH�FRQVWDQW�GRPDLQ�PD\�EH�

DVVRFLDWHG�ZLWK�ZDWHU�LQ�KLJK�PRELOLW\�UHJLRQV��
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����������7R�XQGHUVWDQG�WKH�QDWXUH�RI�WKH�ZDWHU�GRPDLQV��LW�LV�LQIRUPDWLYH�WR�XQGHUVWDQG�WKH�

PLFURVWUXFWXUH�RI�EUHDG���0LFURVFRSLF�VWXGLHV�E\�%HFKWHO�HW�DO���������VKRZHG�WKDW�WKH�

SURWHLQ�LQ�EUHDG�IRUPV�D�FRQWLQXRXV�QHWZRUN�RI�VPRRWK��WKLQ�VWUDQGV�GHYRLG�RI�WKH�

YDFXROHV�VHHQ�LQ�WKH�XQEDNHG�GRXJK���0XFK�RI�WKH�VWDUFK�ZDV�VHHQ�WR�EH�JHODWLQL]HG�DQG�

GLVWULEXWHG�DV�ORQJ�ILEURXV�VWUDQGV�LQWHUZRYHQ�ZLWK�WKH�SURWHLQ�QHWZRUN���7KLQ�ILEULOV�

FRQQHFWHG�WKH�GLVSHUVHG�VWDUFK�ZLWK�WKH�SURWHLQ�QHWZRUN����

����������7KH�SHDN�7 � �YDOXHV�LQ�HDFK�UHJLRQ�DUH�VKRZQ�LQ�7DEOH����7KH�SHDN�7 � �YDOXHV�UDQJHG�

IURP����a�����V�LQ�OHVV�PRELOH�UHJLRQ��DQG�IURP��a��PV�LQ�PRUH�PRELOH�UHJLRQ��

6WDWLVWLFDO�DQDO\VLV�RI�WKH�HIIHFW�RI�PRLVWXUH�FRQWHQW�DQG�JOXWHQ�FRQWHQW�VKRZHG�WKDW�JOXWHQ�

FRQWHQW�PDGH�QR�GLIIHUHQFH�LQ�SHDN�7 � �YDOXHV�RI�HDFK�UHJLRQ��EXW�WKDW�WKHUH�ZDV�D�

VLJQLILFDQW�GLIIHUHQFH�GXH�WR�PRLVWXUH�FRQWHQW��7KH�SHDN�7 � �YDOXHV�RI�WKH�ORQJHU�

FRPSRQHQW�LQFUHDVHG�ZLWK�PRLVWXUH�FRQWHQW��WKH�SHDN�7 � �YDOXHV�RI�WKH�VKRUWHU�FRPSRQHQW�

LQFUHDVHG�ZKHQ�JRLQJ�IURP�����WR�����J�RI�DGGHG�ZDWHU���

����������%HIRUH�KHDWLQJ��WKH�EUHDG�GRXJK�ZLWK�ORZ�JOXWHQ�FRQWHQW�GLG�QRW�DEVRUE�DV�PXFK�

ZDWHU�DV�WKH�GRXJK�ZLWK�KLJK�JOXWHQ�FRQWHQW��DQG�DSSHDUHG�PRUH�VWLFN\�DQG�ZHW��8PEDFK�

HW�DO���������IRXQG�WKDW�ZKHQ�HTXLYDOHQW�DPRXQWV�RI�VWDUFK�RU�JOXWHQ�ZHUH�PL[HG�ZLWK�

ZDWHU�DW�UHODWLYHO\�KLJK�PRLVWXUH�FRQWHQW��WKH�VWDUFK�ZDWHU�PL[WXUH�ZDV�OLTXLG�DQG�WKH�

JOXWHQ�ZDWHU�PL[WXUH�ZDV�QRW��,Q�DGGLWLRQ��WKH�ZDWHU�VHOI�GLIIXVLRQ�FRHIILFLHQW�GHFUHDVHG�

DV�WKH�DPRXQW�RI�JOXWHQ�DGGHG�WR�VWDUFK�ZDWHU�PL[WXUH�LQFUHDVHG��7KLV�LQGLFDWHG�WKDW�

JOXWHQ�ELQGV�RU�HQWUDSV�ZDWHU�PRUH�HIIHFWLYHO\�WKDQ�VWDUFK��VR�WKDW�ZDWHU�PROHFXOHV�KDYH�

ORZHU�PRELOLW\��+RZHYHU��WKH�ZDWHU�PRELOLW\�GLG�QRW�GHFUHDVH�ZLWK�JOXWHQ�FRQWHQW�LQ�

EDNHG�EUHDG�VDPSOHV��DV�ZH�REVHUYHG�LQ�RXU�H[SHULPHQW��2XU�UHVXOWV�VXJJHVW�WKDW�DIWHU�

KHDWLQJ��VWDUFK�JUDQXOHV�DEVRUEHG�ZDWHU�GXULQJ�JHODWLQL]DWLRQ�VR�WKDW�WKH�PRELOLW\�RI�ZDWHU�

DVVRFLDWHG�ZLWK�VWDUFK�GHFUHDVHG�GUDPDWLFDOO\��7KH�PRELOLW\�RI�ZDWHU�DVVRFLDWHG�ZLWK�



� ��

VWDUFK�DQG�JOXWHQ�ZHUH�YHU\�VLPLODU��WKHUHIRUH��WKH�JOXWHQ�DGGLWLRQ�GLG�QRW�DIIHFW�WKH�WRWDO�

ZDWHU�PRELOLW\�RI�WKH�EUHDG�ZLWKLQ�WKH�JOXWHQ�FRQWHQW�DQG�PRLVWXUH�FRQWHQW�UDQJHV�XVHG�LQ�

WKLV�H[SHULPHQW��6LQFH�PRVW�RI�WKH�ZDWHU�ZDV�DVVRFLDWHG�ZLWK�JOXWHQ�EHIRUH�KHDWLQJ��LW�LV�

DOVR�VXJJHVWHG�WKDW�D�UHGLVWULEXWLRQ�RI�ZDWHU�RFFXUUHG�IURP�JOXWHQ�WR�VWDUFK��:LOOKRIW�

�������REVHUYHG�WKDW�PRLVWXUH�ERXQG�E\�K\GUDWHG�JOXWHQ�ZDV�UHOHDVHG�GXULQJ�EDNLQJ��DQG�

VWDUFK�DEVRUEHG�WKH�IUHH�ZDWHU�IURP�WKH�JOXWHQ�VWDUFK�LQWHUIDFH��+H�VXJJHVWHG�WKDW�D�PLOG�

WUDQVIRUPDWLRQ�RFFXUV�LQ�WKH�JOXWHQ�VWUXFWXUH��ERWK�GXULQJ�KHDW�WUHDWPHQW�DQG�VXEVHTXHQW�

VWRUDJH��7KLV�WUDQVIRUPDWLRQ�PD\�EH�DVVRFLDWHG�ZLWK�DQ�LQFUHDVH�LQ�WKH�H[WHQW�RI�

GHQDWXUDWLRQ�RI�WKH�SURWHLQ��DQG�PD\�LQYROYH�D�FKDQJH�RI�WKH�SURWHLQ�FRQILJXUDWLRQ���

���������7KH�LQWHJUDWHG�DUHDV�XQGHU�HDFK�SHDN�DUH�VKRZQ�LQ�7DEOH����7KH�DUHDV�XQGHU�WKH�

SHDN�ZLWK�VKRUWHU�7 � �YDOXHV�KDYH�QR�GLIIHUHQFH�HLWKHU�GXH�WR�PRLVWXUH�FRQWHQW�RU�JOXWHQ�

FRQWHQW��EXW�WKH�DUHDV�XQGHU�WKH�SHDN�ZLWK�ORQJHU�7 � �YDOXHV�LQFUHDVHG�ZLWK�PRLVWXUH�

FRQWHQW��6LQFH�WKH�LQWHJUDWHG�DUHD�LQ�HDFK�UHJLRQ�UHSUHVHQW�WKH�WRWDO�QXPEHU�RI�SURWRQV��

WKLV�UHVXOW�LQGLFDWHG�WKDW�HLWKHU�PRLVWXUH�FRQWHQW�RU�JOXWHQ�FRQWHQW�GLG�QRW�PDNH�DQ\�

GLIIHUHQFH�LQ�WKH�QXPEHU�RI�SURWRQV�GHWHFWHG�LQ�WKH�OHVV�PRELOH�UHJLRQ��EXW�WKH�QXPEHU�RI�

SURWRQV�LQFUHDVHG�ZLWK�PRLVWXUH�FRQWHQW�LQ�WKH�PRUH�PRELOH�UHJLRQ���7KLV�LV�ZKDW�ZH�

H[SHFWHG�EHFDXVH��

���������7R�IXUWKHU�LQYHVWLJDWH�WKH�HIIHFW�RI�JOXWHQ�RQ�WKH�VWDUFK�JHODWLQL]DWLRQ��D�PRGHO�

V\VWHP�ZDV�XVHG�GLUHFWO\�RQ�VWDUFK�DQG�JOXWHQ�JHOV��,W�LV�KDUG�WR�FRPSDUH�WKH�VWDUFK�ZDWHU�

V\VWHP�EHIRUH�KHDWLQJ�DQG�DIWHU�KHDWLQJ�EHFDXVH�WKH\�DUH�GLIIHUHQW�V\VWHPV��RQH�LV�

GLVSHUVLRQ�DQG�WKH�RWKHU�LV�JHO��+RZHYHU��VLQFH�WKH�EXON�ZDWHU�LQ�VWDUFK�VXVSHQVLRQ�LV�

DEVRUEHG�E\�WKH�VWDUFK�DIWHU�KHDWLQJ��WKH�PRELOLW\�RI�ZDWHU�VKRXOG�EH�GHFUHDVHG��8VLQJ�

SXOVHG�105��/HOLHYUH�DQG�0LWFKHOO��������VWXGLHG�VWDUFK�JHODWLQL]DWLRQ�DQG�IRXQG�WKDW��
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ZKHQ�WKH�WHPSHUDWXUH�RI�D�VWDUFK�VXVSHQVLRQ�ZDV�LQFUHDVHG��ZDWHU�PRELOLW\�ZDV�

GHFUHDVHG��LQGLFDWLQJ�WKH�DGVRUSWLRQ�RI�ZDWHU�WR�VWDUFK�PROHFXOHV�����

������)LJXUH���VKRZV�WKH�GLVWULEXWHG�7 � UHOD[DWLRQ�SORWV�IRU�KHDWHG�IUHVK�VWDUFK�DQG���

JOXWHQ�JHOV�DW�VROLG�FRQFHQWUDWLRQV�RI�������DQG��������7ZR�GLVWLQFW�UHJLRQV�RI�7 � �
GLVWULEXWLRQV�ZHUH�REVHUYHG�IRU�DOO�VDPSOHV��RQH�DW�UHODWLYHO\�VKRUW�WLPHV��������PV��DQG�

RQH�DW�UHODWLYHO\�ORQJ�WLPHV�������PV���%RWK�RI�WKH�7 � �YDOXHV�ZHUH�KLJKHU�WKDQ�WKH�EUHDG�

VDPSOHV�EHFDXVH�LW�ZDV�JHO�DQG�KDG�KLJKHU�PRLVWXUH�FRQWHQW���

������0XOWLSOH�GRPDLQV�RI�SURWRQ�UHOD[DWLRQ�KDYH�DOVR�EHHQ�REVHUYHG�LQ�VWDUFK�JUDQXOHV�

DQG�VWDUFK�JHOV���7DQJ�HW�DO���������LGHQWLILHG�WKUHH�ZDWHU�SRSXODWLRQV�LQVLGH�SRWDWR�VWDUFK�

JUDQXOHV���7KHVH�ZHUH�DVVLJQHG�WR�ZDWHU�LQ�WKH�DPRUSKRXV�JURZWK�ULQJV�DV�ZHOO�DV�ZDWHU�

LQ�WKH�VHPL�FU\VWDOOLQH�ODPHOODH�DQG�LQ�WKH�KH[DJRQDO�FKDQQHOV�RI�%�W\SH�DP\ORSHFWLQ�

FU\VWDOV���&RPSDULQJ�VWDUFK�FKDLQ�PRELOLW\�REWDLQHG�E\�UHSODFLQJ�ZDWHU�E\�' � 2�ZLWK�

ZDWHU�PRELOLW\�LQ�JHODWLQL]HG�SRWDWR�VWDUFK��7DQJ�HW�DO���������LGHQWLILHG�WKDW�RQH�RI�WKH�

WKUHH�SHDNV��ZKLFK�ZDV�DW�FD����PV��FRUUHVSRQGHG�WR�ZDWHU�LQVLGH�WKH�JUDQXOHV��VLQFH�WKH�

SHDN�DUHD�LQFUHDVHG�ZKHQ�WHPSHUDWXUH�ZDV�UDLVHG�WR���
�
&��SUHVXPDEO\�UHIOHFWLQJ�WKH�

VZHOOLQJ�RI�WKH�JUDQXOHV��&KRL�DQG�.HUU��������VWXGLHG�QDWLYH�DQG�K\GUR[\SURS\ODWHG�

ZKHDW�VWDUFK�JHOV�XVLQJ�
�
+�105���7KH\�REVHUYHG�WZR�GLVWLQFW�ZDWHU�IUDFWLRQV�LQ�WKH�JHOV�

DW�FD������PV�DQG�DW��������PV��WKH�ODWWHU�EHLQJ�GHSHQGHQW�RQ�JHO�FRQFHQWUDWLRQ���&RQWURO�

H[SHULPHQWV�VKRZHG�WKDW�WKH�ORQJHU�7 � �UHJLRQ�FRXOG�EH�DVVRFLDWHG�ZLWK�ERWK�WKH�

FRQWLQXRXV�DP\ORVH�ULFK�JHO�DQG�WKH�LQWUDJUDQXODU�DP\ORSHFWLQ�ULFK�JHO��ZKLOH�WKH�VKRUWHU�

7 � �UHJLRQ�ZDV�DVVRFLDWHG�RQO\�ZLWK�JUDQXOH�UHPQDQWV��2XU�UHVXOWV�DUH�YHU\�VLPLODU�WR�WKRVH�

RI�&KRL�DQG�.HUU���������

)LJXUH��D�E�VKRZ�WKH�7 � �YDOXHV�IURP�OHVV�PRELOH��ORZ�7 � ��DQG�PRUH�PRELOH��KLJK�

7 � ��UHJLRQV�RI�WKH�IUHVK�VWDUFK�JOXWHQ�JHOV�ZLWK�GLIIHUHQW�JOXWHQ�FRQWHQWV�DW�VROLG�
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FRQFHQWUDWLRQV�RI�������DQG��������)RU�ERWK�RI�WKH�OHVV�PRELOH�DQG�PRUH�PRELOH�UHJLRQV��

WKH�7 � �YDOXHV�RI�WKH�VWDUFK�RQO\�VDPSOHV�ZHUH�ORZHU�WKDQ�WKH�VWDUFK�JOXWHQ�PL[WXUHV�DW�

ERWK�VROLG�FRQWHQWV���6LQFH�7 � �ZDV�ORZHUHG�GXULQJ�VWDUFK�JHODWLQL]DWLRQ�GXH�WR�VWDUFK�

DEVRUSWLRQ�RI�PRUH�ZDWHU��WKH�KLJKHU�7 � �RI�WKH�VWDUFK�JOXWHQ�PL[WXUH�LQGLFDWHG�WKDW�VWDUFK�

VZHOOHG�OHVV�DQG�DEVRUEHG�OHVV�ZDWHU�LQ�WKH�SUHVHQFH�RI�JOXWHQ��SUREDEO\�GXH�WR�OHVV�ZDWHU�

DYDLODEOH�WR�WKH�VWDUFK��7KLV�FRQFXUV�ZLWK�UHVXOWV�E\�(OLDVVRQ���������+H�VWXGLHG�WKH�

LQIOXHQFH�RI�JOXWHQ�RQ�ZKHDW�VWDUFK�JHODWLQL]DWLRQ�E\�GLIIHUHQWLDO�VFDQQLQJ�FDORULPHWU\�

�'6&��DQG�IRXQG�WKDW�WKH�SUHVHQFH�RI�JOXWHQ�GHFUHDVHG�WKH�VWDUFK�JHODWLQL]DWLRQ�HQWKDOS\�

DQG�LQFUHDVHG�WKH�JHODWLQL]DWLRQ�WHPSHUDWXUH��+H�DWWULEXWHG�WKLV�WR�D�GHFUHDVLQJ�DPRXQW�RI�

ZDWHU�DYDLODEOH�IRU�WKH�VWDUFK��)RU�ERWK�WKH�OHVV�PRELOH�DQG�PRUH�PRELOH�UHJLRQV��WKH�7 � RI�

WKH�VWDUFK�JHOV�ZDV�KLJKHU�WKDQ�WKH�JOXWHQ�JHOV��EXW�WKHUH�ZDV�QR�VLJQLILFDQW�GLIIHUHQFH�

DPRQJ�WKH�7 � �YDOXHV�RI�VWDUFK�JOXWHQ�PL[WXUHV�ZLWK�GLIIHUHQW�JOXWHQ�FRQWHQWV��7KLV�ZDV�

FRQVLVWHQW�ZLWK�WKH�UHVXOWV�LQ�RXU�EUHDG�VWXG\���7KHVH�UHVXOWV�VKRZHG�WKDW�ZKHQ�JOXWHQ�DQG�

VWDUFK�ZHUH�PL[HG�WRJHWKHU��D�UHGLVWULEXWLRQ�RI�ZDWHU�RFFXUUHG�EHWZHHQ�WKHP�GXULQJ�

KHDWLQJ��*OXWHQ�UHOHDVHG�VRPH�ZDWHU�DQG�VWDUFK�DEVRUEHG�PRUH�ZDWHU��:LOOKRIW��������

DOVR�REVHUYHG�WKH�PRLVWXUH�ERXQG�E\�K\GUDWHG�JOXWHQ�ZDV�UHOHDVHG�GXULQJ�EDNLQJ��DQG�

WKDW�VWDUFK�DEVRUEHG�IUHH�ZDWHU�IURP�WKH�JOXWHQ�VWDUFK�LQWHUIDFH���

�����7KH�7 � �DUHDV�IURP�OHVV�PRELOH��ORZ�7 � ��DQG�PRUH�PRELOH��KLJK�7 � ��UHJLRQV�RI�WKH�

IUHVK�VWDUFK�JOXWHQ�JHOV�ZLWK�GLIIHUHQW�JOXWHQ�FRQWHQWV�DW�VROLG�FRQFHQWUDWLRQ�RI�������DQG�

������DUH�VKRZQ�LQ�)LJXUH��D�E��$W�OHVV�PRELOH�UHJLRQV��WKH�7 � �DUHDV�RI�WKH�VWDUFK�JHOV�

ZHUH�YHU\�VLPLODU�WR�WKH�JOXWHQ�JHOV��7KHUH�ZDV�QR�VLJQLILFDQW�GLIIHUHQFH�DPRQJ�WKH�7 � �
DUHDV�RI�VWDUFK�JOXWHQ�PL[WXUHV�ZLWK�GLIIHUHQW�JOXWHQ�FRQWHQWV��DQG�WKH�7 � �DUHDV�RI�WKH�

VWDUFK�RQO\�DQG�JOXWHQ�RQO\�JHOV�DUH�ORZHU�WKDQ�DOO�WKH�VWDUFK�JOXWHQ�JHOV��$W�PRUH�PRELOH�

UHJLRQV��WKH�7 � �DUHDV�RI�WKH�VWDUFK�RQO\�DQG�JOXWHQ�RQO\�JHOV�DUH�KLJKHU�WKDQ�DOO�WKH�VWDUFK�
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JOXWHQ�JHOV��7KH�VXP�RI�WKH�WZR�DUHDV�UHSUHVHQWV�WKH�WRWDO�QXPEHU�RI�SURWRQV�LQ�WKH�VDPSOH��

7KHUHIRUH��WKH�WRWDO�ZDWHU�SURWRQV�GHWHFWHG�ZHUH�WKH�VDPH�IRU�DOO�VDPSOHV�DW�WKH�VDPH�

PRLVWXUH�FRQWHQW��7KLV�LQGLFDWHG�WKDW�PRUH�ZDWHU�PROHFXOHV�ZHUH�DVVRFLDWHG�LQ�WKH�OHVV�

PRELOH�UHJLRQ�RI�WKH�VWDUFK�JOXWHQ�JHOV�WKDQ�WKH�JHOV�FRQWDLQLQJ�RQO\�VWDUFK��ZKLOH�OHVV�

ZDWHU�PROHFXOHV�ZHUH�DVVRFLDWHG�LQ�WKH�PRUH�PRELOH�UHJLRQ�RI�WKH�VWDUFK�JOXWHQ�JHOV��

6LQFH�VWDUFK�JUDQXOHV�VZHOO�OHVV�LQ�WKH�SUHVHQFH�RI�JOXWHQ�DQG�OHVV�ZDWHU�ZDV�LQFRUSRUDWHG�

LQWR�WKH�JUDQXOHV��WKH�PRUH�PRELOH�UHJLRQ�RI�WKH�VWDUFK�JOXWHQ�JHO�PLJKW�FRUUHVSRQG�WR�WKH�

ZDWHU�PROHFXOHV�DVVRFLDWHG�ZLWK�WKH�VWDUFK�JUDQXOHV��

�����&RQFOXVLRQ�

�����������7KH�HIIHFWV�RI�ZDWHU�DQG�JOXWHQ�FRQWHQW�RQ�WKH�ZDWHU�PRELOLW\�LQ�ZKLWH�EUHDG�ZHUH�

LQYHVWLJDWHG�XVLQJ�
�
+�105�UHOD[RPHWU\��7ZR�GLVWLQFWLYH�UHJLRQV�RI�7 � ZHUH�REVHUYHG��

DVVRFLDWHG�ZLWK�PXOWLSOH�GRPDLQV�RI�ZDWHU�LQ�WKH�EUHDG�FUXPE��7KHUH�ZDV�QR�VLJQLILFDQW�

GLIIHUHQFH�LQ�SHDN�7 � �YDOXHV�ZLWK�GLIIHUHQW�JOXWHQ�FRQWHQW��EXW�VLJQLILFDQW�GLIIHUHQFHV�

ZHUH�REVHUYHG�ZLWK�GLIIHUHQW�ZDWHU�FRQWHQW��,W�LV�VXJJHVWHG�WKDW�DIWHU�KHDWLQJ��VWDUFK�

JUDQXOHV�DEVRUEHG�ZDWHU�GXULQJ�JHODWLQL]DWLRQ�VR�WKDW�WKH�PRELOLW\�RI�ZDWHU�DVVRFLDWHG�

ZLWK�VWDUFK�GHFUHDVHG�GUDPDWLFDOO\��7KH�PRELOLW\�RI�ZDWHU�DVVRFLDWHG�ZLWK�VWDUFK�DQG�

JOXWHQ�ZHUH�YHU\�VLPLODU��WKHUHIRUH��WKH�JOXWHQ�DGGLWLRQ�GLG�QRW�DIIHFW�WKH�WRWDO�ZDWHU�

PRELOLW\�RI�WKH�EUHDG�ZLWKLQ�WKH�JOXWHQ�FRQWHQW�DQG�PRLVWXUH�FRQWHQW�UDQJHV�XVHG�LQ�WKLV�

H[SHULPHQW��105�PHDVXUHPHQWV�ZHUH�PDGH�GLUHFWO\�RQ�VWDUFK�JHOV�ZLWK�GLIIHUHQW�JOXWHQ�

FRQWHQW�WR�IXUWKHU�LQYHVWLJDWH�WKH�HIIHFW�RI�JOXWHQ�RQ�VWDUFK�JHODWLQL]DWLRQ��7KH�VWDUFK�

JOXWHQ�JHOV�KDG�KLJKHU�7 � �YDOXHV�WKDQ�WKH�JHOV�FRQWDLQLQJ�RQO\�VWDUFK��ZKLFK�LQGLFDWHG�OHVV�

VZHOOLQJ�RI�VWDUFK�JUDQXOHV�DQG�DEVRUSWLRQ�RI�ZDWHU��7KLV�ZDV�DWWULEXWHG�WR�OHVV�ZDWHU�

DYDLODEOH�WR�VWDUFK�LQ�WKH�SUHVHQFH�RI�JOXWHQ��

�
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5()(5(1&(6�

$VVRFLDWLRQ�RI�2IILFLDO�$QDO\WLFDO�&KHPLVWV��������2IILFLDO�0HWKRGV�RI�$QDO\VLV�RI�WKH���

$2$&��PHWKRG���������

%HFKWHO��'�%���3RPHUDQ]��<���)UDQFLVFR��$�'��������%UHDGPDNLQJ�VWXGLHV�E\�OLJKW�DQG�

WUDQVPLVVLRQ�HOHFWURQ�PLFURVFRS\��&HUHDO�&KHPLVWU\����������

%HOWRQ��3�6��������&DQ�1XFOHDU�0DJQHWLF�5HVRQDQFH�JLYH�XVHIXO�LQIRUPDWLRQ�DERXW�WKH�

VWDWH�RI�ZDWHU�LQ�IRRGVWXIIV"�&RPPHQWV�$JULFXOWXUH�	�)RRG�&KHPLVWU\������������

%XVKXN��:��DQG�0HKURUD��9�.������D���6WXGLHV�RI�ZDWHU�ELQGLQJ�E\�GLIIHUHQWLDO�WKHUPDO�

DQDO\VLV������'RXJK�VWXGLHV�XVLQJ�WKH�ERLOLQJ�PRGH��&HUHDO�&KHPLVWU\����������

%XVKXN��:��DQG�0HKURUD��9�.������E���6WXGLHV�RI�ZDWHU�ELQGLQJ�E\�GLIIHUHQWLDO�WKHUPDO�

DQDO\VLV������'RXJK�VWXGLHV�XVLQJ�WKH�PHOWLQJ�PRGH��&HUHDO�&KHPLVWU\����������

%XVKXN��:��DQG�0HKURUD��9�.������F���6WXGLHV�RI�ZDWHU�ELQGLQJ�E\�GLIIHUHQWLDO�WKHUPDO�

DQDO\VLV������%UHDG�VWXGLHV�XVLQJ�WKH�PHOWLQJ�PRGH��&HUHDO�&KHPLVWU\����������

%XVKXN��:��DQG�:LQNOHU��&�$��������6RUSWLRQ�RI�ZDWHU�YDSRU�RQ�ZKHDW�IORXU�VWDUFK�DQG�

JOXWHQ��&HUHDO�&KHPLVWU\���������

&DOOHMR��0�-���*LO��0�-���5RGULJXH]��*���5XL]��0�9���������(IIHFW�RI�JOXWHQ�DGGLWLRQ�DQG�

VWRUDJH�WLPH�RQ�ZKLWH�SDQ�EUHDG�TXDOLW\��LQVWUXPHQWDO�HYDOXDWLRQ��=�/HEHQVP�

8QWHUV�)RUVFK�$����������

&KDUOHV��$�6��������+DQGERRN�RI�EUHDGPDNLQJ�WHFKQRORJ\��SS�����/RQGRQ�DQG�1HZ�

<RUN��(OVHYLHU�6FLHQFH�3XEOLVKHUV�/7'��

&KHQ��3�/���/RQJ��=���5XDQ��5���/DEX]D��7�3��������1XFOHDU�PDJQHWLF�UHVRQDQFH�VWXGLHV�

RI�ZDWHU�PRELOLW\�LQ�EUHDG�GXULQJ�VWRUDJH��)RRG�6FLHQFH�DQG�7HFKQRORJ\���

/HEHQVPLWWHO�:LVVHQVFKDIW�XQG�7HFKQRORJLH����������
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&KHULDQ��*��DQG�&KLQDFKRWL��3�������$FWLRQ�RI�R[LGDQWV�RQ�ZDWHU�VRUSWLRQ��
�
+�QXFOHDU�

PDJQHWLF�UHVRQDQFH�PRELOLW\��DQG�JODVV�WUDQVLWLRQ�EHKDYLRU�RI�JOXWHQ��&HUHDO�

&KHPLVWU\�������������

&KRL��6�*��DQG�.HUU��:�/��������7KH�HIIHFW�RI�FKHPLFDO�PRGLILFDWLRQ�RQ�WKH�PROHFXODU�

PRELOLW\��WH[WXUH��DQG�UHWURJUDGDWLRQ�RI�VWDUFK�ZDWHU�VXVSHQVLRQV��GLVVHUWDWLRQ�

'DQLHOV��1�:�5��������6RPH�HIIHFWV�RI�ZDWHU�LQ�ZKHDW�IORXU�GRXJKV��,Q�:DWHU�5HODWLRQV�

RI�)RRGV��1HZ�<RUN��$FDGHPLF�3UHVV���

'DYLV��5�-��DQG�:HEE��<��������&DORULPHWULF�GHWHUPLQDWLRQ�RI�IUHH]DEOH�ZDWHU�LQ�GRXJK��

&KHPLVWU\��SS�������,QG��

(QJHOVHQ��6�%���-HQVHQ��0�.���3HGHUVHQ��+�7���1RUJDDUG��/���0XQFN��/��������105�

EDNLQJ�DQG�PXOWLYDULDWH�SUHGLFDWLRQ�RI�LQVWUXPHQWDO�WH[WXUH�SDUDPHWHUV�LQ�EUHDG��

-RXUQDO�RI�&HUHDO�6FLHQFH��������

(OLDVVRQ�$�&��������'LIIHUHQWLDO�6FDQQLQJ�&DORULPHWU\�VWXGLHV�RQ�ZKHDW�VWDUFK�JOXWHQ�

PL[WXUHV��,��(IIHFW�RI�JOXWHQ�RQ�WKH�JHODWLQL]DWLRQ�RI�ZKHDW�VWDUFK��-RXUQDO�RI�

&HUHDO�6FLHQFH���������

(YHU\��'���*HUUDUG��-�$���*LOSLQ��0�-���5RVV��0���1HZEHUU\��0�3���&KULVWFKXUFK��������

6WDOLQJ�LQ�VWDUFK�EUHDG��WKH�HIIHFW�RI�JOXWHQ�DGGLWLRQV�RQ�VSHFLILF�ORDI�YROXPH�DQG�

ILUPLQJ�UDWH��6WDUFK�6WDUNH����������

*LO��0�-��������(IIHFW�RI�ZDWHU�FRQWHQW�DQG�VWRUDJH�WLPH�RQ�ZKLWH�SDQ�EUHDG�TXDOLW\��

LQVWUXPHQWDO�HYDOXDWLRQ��=�/HEHQVP�8QWHUV�)RUVFK�$�����������

+LOOV��%��������0ROHFXODU�RULJLQV�RI�UHOD[DWLRQ�FRQWUDVW��,Q�³0DJQHWLF�5HVRQDQFH�,PDJLQJ�

LQ�)RRG�6FLHQFH´��SS������1HZ�<RUN��-RKQ�:LOH\�	�6RQV��,QF���
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.RX��<���'LFNLQVRQ��/�&���&KLQDFKRWL��3��������0RELOLW\�FKDUDFWHUL]DWLRQ�RI�ZD[\�FRUQ�

VWDUFK�XVLQJ�ZLGH�OLQH�
�
+�1XFOHDU�0DJQHWLF�5HVRQDQFH��-RXUQDO�RI�$JULFXOWXUDO�

DQG�)RRG�&KHPLVWU\�����������

.XQW]��,�'���-U��=LSS��$���-DPHV��7�/��������0RWLRQV�RI�ZDWHU�LQ�ELRORJLFDO�V\VWHPV��,Q�

³0DJQHWLF�5HVRQDQFH�LQ�&ROORLG�DQG�,QWHUIDFH�6FLHQFH´��SS�������HG��5HVLQJ��

+�$��DQG�:DGH��&�*��:DVKLQJWRQ��'&���$PHULFDQ�&KHPLFDO�6RFLHW\���

.XQW]��,�'��DQG�-U��.DX]PDQQ��:��������+\GUDWLRQ�RI�SURWHLQV�DQG�SRO\SHSWLGHV��,Q�

$GYDQFHV�LQ�3URWHLQ�&KHPLVWU\��YRO������SS�������HG��$QILQVHQ��&��%��1HZ�<RUN��

$FDGHPLF�3UHVV���

/HOLHYUH�-��DQG�0LWFKHOO��-���������$�SXOVHG�105�VWXG\�RI�VRPH�DVSHFWV�RI�VWDUFK�

JHODWLQL]DWLRQ��6WDUFK�6WDUNH����������

/HXQJ��+�.���0DJQXVRQ��-�$���%UXLQVPD��%�/��������3XOVHG�QXFOHDU�PDJQHWLF�UHVRQDQFH�

VWXG\�RI�ZDWHU�PRELOLW\�LQ�IORXU�GRXJKV��-RXUQDO�RI�)RRG�6FLHQFH�����������

/HXQJ��+�.���0DJQXVRQ��-�$���%UXLQVPD��%�/��������:DWHU�ELQGLQJ�RI�ZKHDW�IORXU�

GRXJKV�DQG�EUHDGV�DV�VWXGLHG�E\�GHXWHURQ�UHOD[DWLRQ��-RXUQDO�RI�)RRG�6FLHQFH������

���

/HXQJ��+�.���6WHLQEHUJ��0�3���1HOVRQ��$�(��������:DWHU�ELQGLQJ�RI�PDFURPROHFXOHV�

GHWHUPLQHG�E\�SXOVHG�105��-RXUQDO�RI�)RRG�6FLHQFH����������

/HXQJ��+�.��DQG�6WHLQEHUJ��0�3��������:DWHU�ELQGLQJ�RI�IRRG�FRQVWLWXHQWV�DV�GHWHUPLQHG�

E\�105��IUHH]LQJ��VRUSWLRQ�DQG�GHK\GUDWLRQ��-RXUQDO�RI�)RRG�6FLHQFH�����������

/L��6���'LFNLQVRQ��/�&���&KLQDFKRWL��3���������3URWRQ�UHOD[DWLRQ�RI�VWDUFK�DQG�JOXWHQ�E\�

VROLG�VWDWH�QXFOHDU�PDJQHWLF�UHVRQDQFH�VSHFWURVFRS\��&HUHDO�&KHPLVWU\���������

����
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0HLERRP��6��DQG�*LOO��'��������0RGLILHG�VSLQ�HFKR�PHWKRG�IRU�PHDVXULQJ�QXFOHDU�

UHOD[DWLRQ�WLPHV���5HYLHZ�RI�6FLHQWLILF�,QVWUXPHQWV����������

3RPHUDQ]��<���������:KHDW�FKHPLVWU\�DQG�WHFKQRORJ\��YRO����SS������6W�3DXO��01��

$PHULFDQ�$VVRFLDWLRQ�RI�&HUHDO�&KHPLVWV���

3URYHQFKHU��6�:��������$�FRQVWUDLQHG�UHJXODWLRQ�PHWKRG�IRU�LQYHUWLQJ�GDWD�UHSUHVHQWHG�

E\�OLQHDU�DOJHEUDLF�RU�LQWHJUDO�HTXDWLRQV��&RPSXWHU�3K\VLFV�&RPPXQLFDWLRQV������

����

5XDQ��5���$OPDHU��6���+XDQJ��9�7���3HUNLQV��3���&KHQ��3���)XOFKHU��5�*��������

5HODWLRQVKLS�EHWZHHQ�ILUPLQJ�DQG�ZDWHU�PRELOLW\�LQ�VWDUFK�EDVHG�IRRG�V\VWHPV�

GXULQJ�VWRUDJH��&HUHDO�&KHPLVWU\�������������

7DQJ��+�5���*RGZDUG��-���+LOOV��%��������7KH�GLVWULEXWLRQ�RI�ZDWHU�LQ�QDWLYH�VWDUFK�

JUDQXOHV²D�PXOWLQXFOHDU�105�VWXG\��&DUERK\GUDWH�3RO\PHUV����������

7DQJ��+�5���%UXQ��$���+LOOV��%��������$�SURWRQ�105�UHOD[DWLRQ�VWXG\�RI�WKH�

JHODWLQL]DWLRQ�DQG�DFLG�K\GURO\VLV�RI�QDWLYH�SRWDWR�VWDUFK��&DUERK\GUDWH�3RO\PHUV��
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8PEDFK��6�/���'DYLV��(�$���*RUGRQ��-���&DOODJKDQ��3�7��������:DWHU�VHOI�GLIIXVLRQ�

FRHIILFLHQWV�DQG�GLHOHFWULF�SURSHUWLHV�GHWHUPLQHG�IRU�VWDUFK�JOXWHQ�ZDWHU�PL[WXUHV�

KHDWHG�E\�PLFURZDYH�DQG�E\�FRQYHQWLRQDO�PHWKRGV��&HUHDO�&KHPLVWU\�������������

:LOOKRIW��(�0�$��������%UHDG�VWDOLQJ�,��([SHULPHQWDO�VWXG\��-RXUQDO�RI�WKH�6FLHQFH�RI�

)RRG�DQG�$JULFXOWXUH����������

:\QQH�-RQHV��6��DQG�%ODQVKDUG��-�0�9��������+\GUDWLRQ�VWXGLHV�RI�ZKHDW�VWDUFK��

DP\ORSHFWLQ��DP\ORVH�JHOV�DQG�EUHDG�E\�SURWRQ�PDJQHWLF�UHVRQDQFH��

&DUERK\GUDWH�3RO\PHUV���������
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�����$EVWUDFW�

������������7KH�HIIHFW�RI�JOXWHQ�RQ�VWDUFK�UHWURJUDGDWLRQ�DW�� ] &�ZDV�VWXGLHG�XVLQJ�
\
+�105�

UHOD[RPHWU\��*HOV�ZHUH�PDGH�IURP�JOXWHQ�DQG�VWDUFK�DW������DQG�������VROLGV�DQG�ZLWK�

JOXWHQ�FRPSULVLQJ�HLWKHU���������RU�����RI�WKH�VROLGV��&KDQJHV�LQ�WKH�WUDQVYHUVH�

UHOD[DWLRQ�WLPH�FRQVWDQW��7 ^ ��ZHUH�UHODWHG�WR�ZDWHU�PRELOLW\��0RQR�H[SRQHQWLDO�VWXGLHV�

VKRZHG�WKDW��LQ�JHQHUDO��JOXWHQ�UHWDUGHG�VWDUFK�UHWURJUDGDWLRQ���7 ^ �YDOXHV�LQ�JOXWHQ�JHOV�

DOVR�GHFUHDVHG�GXULQJ�VWRUDJH��LQGLFDWLQJ�WKDW�JOXWHQ�XQGHUJRHV�VRPH�VWUXFWXUH�FKDQJH��

'LVWULEXWHG�H[SRQHQWLDO�VWXGLHV�VKRZHG�WKDW�WZR�GLVWLQFW�UHJLRQV�RI�7 ^ �ZHUH�REVHUYHG�LQ�

DOO�VDPSOHV��'XULQJ�DJLQJ��WKH�SHDN�YDOXHV�RI�ERWK�UHJLRQV�VKLIWHG�WR�ORZHU�YDOXHV�IRU�DOO�

WKH�JHOV��6WDUFK�VDPSOHV�VKRZHG�WKH�PRVW�VLJQLILFDQW�VKLIW��DQG�JOXWHQ�VKRZHG�WKH�OHDVW��

7KH�WKUHH�OHYHOV�RI�JOXWHQ�DGGLWLRQ�LQ�VWDUFK�JOXWHQ�JHOV�SURGXFHG�VLPLODU�VKLIWV��)RU�DOO�

WKH�VDPSOHV��WKH�VLJQDO�LQWHQVLW\�RI�WKH�OHVV�PRELOH�UHJLRQ�GHFUHDVHG�PRUH�GUDPDWLFDOO\�

WKDQ�WKDW�RI�WKH�PRUH�PRELOH�UHJLRQ�GXULQJ�VWRUDJH��,W�ZDV�VXJJHVWHG�WKDW�JOXWHQ�UHWDUGV�

ZDWHU�ORVV�LQ�WKH�JUDQXOH�UHPQDQWV���

�����,QWURGXFWLRQ�

6WDUFK�FRQWDLQLQJ�IRRGV�DUH�QRUPDOO\�FRRNHG�E\�KHDWLQJ�LQ�WKH�SUHVHQFH�RI�ZDWHU��

:KHQ�KHDWHG�RYHU�D�WHPSHUDWXUH�UDQJH��VWDUFK�JUDQXOHV�XQGHUJR�DQ�RUGHU�GLVRUGHU�SKDVH�

WUDQVLWLRQ�FDOOHG�JHODWLQL]DWLRQ��+RRYHU���������7KLV�SKDVH�WUDQVLWLRQ�LV�D�QRQ�HTXLOLEULXP�

SURFHVV�DVVRFLDWHG�ZLWK�WKH�GLIIXVLRQ�RI�ZDWHU�LQWR�WKH�JUDQXOH��K\GUDWLRQ�DQG�VZHOOLQJ�RI�

WKH�VWDUFK�JUDQXOHV��XSWDNH�RI�KHDW��ORVV�RI�FU\VWDOOLQLW\��DQG�OHDFKLQJ�RI�DP\ORVH�IURP�WKH�

JUDQXOHV��2Q�FRROLQJ��WKH�VWDUFK�FKDLQV�LQ�WKH�JHODWLQL]HG�SDVWH�DVVRFLDWH��OHDGLQJ�WR�WKH�

IRUPDWLRQ�RI�D�PRUH�RUGHUHG�VWUXFWXUH��5HWURJUDGDWLRQ�RI�VWDUFK�JHOV�LV�FKDUDFWHUL]HG�E\�

FKDQJHV�LQ�PDQ\�SK\VLFDO�DQG�QXWULWLRQDO�SURSHUWLHV��VXFK�DV�KDUGQHVV��ZDWHU�DEVRUSWLYH�
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FDSDFLW\��RSDFLW\��HQ]\PH�K\GURO\VLV�DQG�VROXEOH�VWDUFK�FRQWHQW�JHOV��DQG�FRQWULEXWHV�WR�

GHIHFWV�LQ�WKH�TXDOLW\�RI�VWDUFK�FRQWDLQLQJ�IRRGV��+HUPDQVVRQ�DQG�6YHJPDUN����������

����������6HYHUDO�IDFWRUV�KDYH�EHHQ�NQRZQ�WR�DIIHFW�VWDUFK�UHWURJUDGDWLRQ��LQFOXGLQJ�WKH�

VWDUFK�VRXUFH��UDWLR�RI�DP\ORVH�WR�DP\ORSHFWLQ��KHDWLQJ�DQG�VWRUDJH�WHPSHUDWXUH��VDOWV�DQG�

VXJDUV��OLSLGV��DQG�FKHPLFDO�PRGLILFDWLRQ��+RRYHU���������:DWHU�UHODWLRQVKLS�DOVR�DIIHFWV�

VWDUFK�UHWURJUDGDWLRQ��/HXQJ�HW�DO���������SURSRVHG�WKDW�DV�VWDUFK�FKDQJHV�IURP�DQ�

DPRUSKRXV�WR�D�PRUH�FU\VWDOOLQH�VWDWH��ZDWHU�PROHFXOHV�EHFRPH�LPPRELOL]HG�E\�

LQFRUSRUDWLRQ�LQWR�WKH�FU\VWDOOLQH�VWUXFWXUH��UHVXOWLQJ�LQ�D�GHFUHDVH�LQ�ZDWHU�PRELOLW\�

GXULQJ�VWRUDJH��+RZHYHU��:KLVWOHU�DQG�'DQLHO������D��PDGH�GLIIHUHQWLDO�VFDQQLQJ�

FDORULPHWU\��'6&��PHDVXUHPHQWV�RI�XQIUHH]DEOH�ZDWHU�GXULQJ�VWRUDJH�DQG�VXJJHVWHG�WKDW�

ZDWHU�ZDV�H[SHOOHG�IURP�WKH�VWDUFK�PDWUL[�GXH�WR�UH�DVVRFLDWLRQ�RI�VWDUFK�PROHFXOHV��

:LOOKRIW��������DQG�%UHDGHQ�DQG�:LOOKRIW��������UHSRUWHG�WKDW�JOXWHQ�XQGHUZHQW�D�

WUDQVIRUPDWLRQ�UHVXOWLQJ�LQ�WKH�UHOHDVH�RI�ZDWHU��ZKLFK�EHFDPH�DEVRUEHG�E\�UHWURJUDGLQJ�

VWDUFK���

������������%DVHG�RQ�7 \ �RU�7 ^ �UHOD[DWLRQ�VWXGLHV��SXOVHG�
\
+�105�KDV�EHHQ�XVHIXO�IRU�

LGHQWLI\LQJ�ZDWHU�PROHFXOHV�ZLWK�GLIIHUHQW�GHJUHHV�RI�URWDWLRQDO�IUHHGRP��DV�ZHOO�DV�

TXDQWLI\LQJ�WKH�UHODWLYH�DPRXQWV�RI�ZDWHU�LQ�UHJLRQV�RI�GLIIHULQJ�ZDWHU�PRELOLW\��,W�KDV�

EHHQ�REVHUYHG�WKDW�ZDWHU�PRELOLW\�DQG�IUDFWLRQV�RI�ZDWHU�LQ�GLIIHUHQW�HQYLURQPHQWV�DUH�

KLJKO\�FRUUHODWHG�ZLWK�WKH�GHJUHH�RI�VWDUFK�UHWURJUDGDWLRQ��5XDQ�HW�DO���������)DUKDW�HW�DO���

������:\QQH�-RQHV�DQG�%ODQVKDUG���������7HR�DQG�6HRZ��������VKRZHG�WKDW�SXOVHG�

105�FRXOG�EH�XVHG�WR�PRQLWRU�VWDUFK�UHWURJUDGDWLRQ�EDVHG�RQ�PHDVXUHPHQWV�RI�WKH�VLJQDO�

LQWHQVLW\�IURP�SURWRQV�LQ�WKH�VROLG�OLNH�FRPSRQHQW�LQ�VWDUFK�JHOV��$V�UHFU\VWDOOL]DWLRQ�

SURFHHGHG�GXULQJ�DJLQJ�RI�D�VWDUFK�JHO��WKH�SURSRUWLRQ�RI�WKH�VROLG�OLNH�FRPSRQHQW�LQ�WKH�

V\VWHP�LQFUHDVHG��7HR�DQG�6HRZ��������DOVR�VWXGLHG�VWDOLQJ�RI�EUHDG�DQG�ULFH�FXSFDNH�
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XVLQJ�105��DQG�IRXQG�WKH�LQFUHDVH�LQ�³VROLG�OLNH´�VLJQDO�ZDV�VLJQLILFDQWO\�FRUUHODWHG�

ZLWK�ILUPQHVV��:\QQH�-RQHV�DQG�%ODQVKDUG��������UHSRUWHG�D�UHGXFWLRQ�LQ�WKH�7 ^ �YDOXH�RI�

ZKHDW�VWDUFK�JHOV�GXULQJ�VWRUDJH��LQGLFDWLQJ�DQ�RYHUDOO�GHFUHDVH�LQ�PRELOLW\�RI�WKH�ZDWHU�

PROHFXOHV��&KRL�DQG�.HUU��������IRXQG�WKDW�WKH�JUHDWHVW�GHFUHDVHV�ZLWK�WLPH�LQ�7 ^ �
RFFXUUHG�IRU�QDWLYH�ZKHDW�VWDUFK��$ONDOL�WUHDWHG�VWDUFK�VKRZHG�OHVV�FKDQJH�RYHU�WLPH��

ZKLOH�K\GUR[\SURS\ODWHG�VWDUFK�VKRZHG�HYHQ�OHVV���

����������,W�LV�ZHOO�NQRZQ�WKDW�VWDUFK�UHWURJUDGDWLRQ�SOD\V�D�PDMRU�UROH�LQ�EUHDG�VWDOLQJ��EXW�

RWKHU�FRPSRQHQWV�LQ�EUHDG�DOVR�DIIHFW�VWDOLQJ�UDWH��+\SRWKHVHV�RQ�WKH�UROH�RI�JOXWHQ�LQ�

EUHDG�VWDOLQJ�UDQJH�IURP�JOXWHQ�KDYLQJ�DQ�DQWL�ILUPLQJ�HIIHFW��RU�QR�HIIHFW�RQ�ILUPLQJ��WR�

JOXWHQ�VWDUFK�LQWHUDFWLRQV�EHLQJ�HVVHQWLDO�IRU�EUHDG�ILUPLQJ��&DOOHMR�HW�DO���������.LP�DQG�

'¶$SSRORQLD��������0DUWLQ�HW�DO����������(OLDVVRQ��������LQYHVWLJDWHG�WKH�HIIHFW�RI�JOXWHQ�

RQ�WKH�DJLQJ�RI�VWDUFK�JHOV�XVLQJ�'6&��+H�IRXQG�WKDW�WKH�DGGLWLRQ�RI�JOXWHQ�OHG�WR�D�

GHFUHDVH�LQ�WKH�H[WHQW�RI�VWDUFK�FU\VWDOOL]DWLRQ�GXULQJ�DJLQJ�DW��� ] &��(YHU\�HW�DO���������

IRXQG�WKDW�EUHDGV�ZLWK�GLIIHUHQW�JOXWHQ�FRQWHQW�KDG�VLPLODU�ILUPLQJ�UDWHV��LQGLFDWLQJ�WKDW�

SURWHLQ�PLJKW�KDYH�VRPH�UROH�LQ�ILUPLQJ���/LWWOH�UHVHDUFK�KDV�EHHQ�SXEOLVKHG�UHJDUGLQJ�WKH�

LQIOXHQFH�RI�JOXWHQ�RQ�WKH�FKDQJHV�LQ�ZDWHU�UHODWLRQV�GXULQJ�VWDUFK�DJLQJ���

����������7KH�REMHFWLYH�RI�WKLV�UHVHDUFK�ZDV�WR�LQYHVWLJDWH�WKH�GLUHFW�HIIHFWV�RI�JOXWHQ�RQ�WKH�

G\QDPLF�VWDWHV�RI�ZDWHU�LQ�VWDUFK�JHOV�GXULQJ�VWRUDJH��DQG�WR�IXUWKHU�LQFUHDVH�

XQGHUVWDQGLQJ�RI�WKH�LQIOXHQFH�RI�JOXWHQ�RQ�EUHDG�VWDOLQJ���

�����0DWHULDOV�DQG�PHWKRGV�

�������*HO�SUHSDUDWLRQ�

�����������:KHDW�VWDUFK�ZDV�SXUFKDVHG�IURP�6LJPD�&KHPLFDO��6W��/RXLV��02���6DPSOHV�

����J��ZHUH�ZHLJKHG�LQWR�JODVV�YLDOV���FP�u��FP�GLDPHWHU��WKDW�ZHUH�WKHQ�ILWWHG�ZLWK�

VFUHZ�FDSV��'LVWLOOHG�ZDWHU�����J�RU����J��ZDV�DGGHG�WR�HDFK�YLDO�WR�PDNH�VWDUFK�
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VXVSHQVLRQV�ZLWK�������DQG�������VROLGV�FRQFHQWUDWLRQ��7KH�VWDUFK�ZDWHU�VXVSHQVLRQ�

ZDV�YRUWH[HG�IRU���V��7KH�VWDUFK�JOXWHQ�ZDWHU�PL[WXUHV�ZHUH�SUHSDUHG�E\�UHSODFLQJ�

����J�������J��RU����J�RI�WKH�VWDUFK�ZLWK�ZKHDW�JOXWHQ��.LQJ�$UWKXU�)ORXU�&R���1RUZLFK��

97���WKXV�NHHSLQJ�WKH�VDPH�VROLGV�FRQFHQWUDWLRQ��7KH�JOXWHQ�FRQWHQW�LQ�VWDUFK�JOXWHQ�JHOV�

ZDV�HLWKHU���������RU�����RI�WKH�WRWDO�VROLG�ZHLJKW��VLPLODU�WR�WKRVH�W\SLFDOO\�IRXQG�LQ�

IORXU�XVHG�WR�PDNH�EUHDG��,Q�DGGLWLRQ��VDPSOHV�ZLWKRXW�VWDUFK�ZHUH�SUHSDUHG�E\�XVLQJ�

���J�JOXWHQ�RQO\��7KH�VHDOHG�FRQWDLQHUV�ZHUH�SODFHG�RQ�D�URWDWLQJ�WXUQWDEOH�DQG�KHDWHG�LQ�

D�PLFURZDYH�RYHQ��'DHZRR��6HRXO��6RXWK�.RUHD��IRU���V�DW����:�LQ�RUGHU�WR�IRUP�

KRPRJHQHRXV�JHOV��$IWHU�KHDWLQJ��WKH�VDPSOH�WHPSHUDWXUH�ZDV��� ] &�r�� ] &��*HOV�ZHUH�

IRUPHG�DV�WKH�VDPSOHV�ZHUH�DOORZHG�WR�FRRO�WR��� ] &�RYHU���KRXU��)UHVK�JHOV�ZHUH�

LPPHGLDWHO\�PHDVXUHG�E\�105��)RU�VWRUDJH�VWXGLHV��JHOV�ZHUH�NHSW�DW�� ] &�r�� ] &�LQ�D�

ODERUDWRU\�UHIULJHUDWRU�DQG�UHPRYHG�SHULRGLFDOO\�IRU�105�DQDO\VLV��$OO�VDPSOHV�ZHUH�

HTXLOLEUDWHG�WR��� ] &�IRU���KRXU�SULRU�WR�PHDVXUHPHQW���

�������105�PHDVXUHPHQW�

�����������3URWRQ�UHOD[DWLRQ�PHDVXUHPHQWV�ZHUH�PDGH�XVLQJ�D�0$5$1����0+]�105�

VSHFWURPHWHU��5HVRQDQFH�,QVWUXPHQWV��:KLWQH\��8.���(DFK�JODVV�YLDO�FRQWDLQLQJ�D�JHO�

VSHFLPHQ�ZDV�SODFHG�LQ�D���PP�GLDPHWHU�105�WXEH��ZKLFK�ZDV�WKHQ�FRYHUHG�ZLWK�

SDUDILOP��$OO�PHDVXUHPHQWV�ZHUH�PDGH�DW��� ] &�r���� ] &���7UDQVYHUVH��7 ^ ��UHOD[DWLRQ�

FXUYHV�ZHUH�GHYHORSHG�XVLQJ�WKH�&DUU�3XUFHOO�0HLERRP�*LOO��&30*��SXOVH�VHTXHQFH��

��[��W����\�W�HFKR� _ ��0HLERRP�DQG�*LOO���������$FTXLVLWLRQ�SDUDPHWHUV�ZHUH�VHW�WR�D��� ] �
SXOVH�RI�����PV��UHOD[DWLRQ�GHOD\�RI���V��DQG�W�RI�����PV��5HOD[DWLRQ�FXUYHV�REWDLQHG�IURP�

WKH�&30*�VHTXHQFH�ZHUH�DQDO\]HG�XVLQJ�D�VLQJOH�H[SRQHQWLDO�ILWWLQJ�PRGHO��

������������������������������������������������� `acbd$H6 e ���������������������������������������������������������������������������������������������������������������������������������������
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:KHUH�7 ^ �GHVFULEHV�WKH�UDWH�RI�FKDQJH�RI�WKH�VLJQDO�6��DQG�$�LV�D�SUH�H[SRQHQWLDO�IDFWRU�

GHSHQGHQW�XSRQ�WKH�QXPEHU�RI�SURWRQV��5HOD[DWLRQ�FXUYHV�REWDLQHG�IURP�&30*�

VHTXHQFHV�ZHUH�DOVR�DQDO\]HG�XVLQJ�D�GLVWULEXWHG�H[SRQHQWLDO�URXWLQH��%DVHG�RQ�WKH�

³FRQWLQ´�DOJRULWKP�RI�3URYHQFKHU���������WKLV�URXWLQH�FDOFXODWHV�D�GLVWULEXWLRQ�RI�7 ^ �WHUPV�

WKDW�EHVW�GHVFULEH�WKH�GDWD��

����������������������������������������������
fg�hij

k kl HIJ mn
o
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ZKHUH�J s DUH�WKH�YDOXHV�RI�WKH�H[SRQHQWLDO�GLVWULEXWLRQ�DW�WLPH�W s ��It �DUH�WKH�SUH�H[SRQHQWLDO�

PXOWLSOLHUV��DQG�7 ^+u t �DUH�WKH�WLPH�FRQVWDQWV��,Q�JHQHUDO��WKH�GLVWULEXWLRQV�DVVXPHG�PRUH�

WKDQ�RQH�GLVWULEXWHG�UHJLRQ��VXJJHVWLQJ�WKH�H[LVWHQFH�RI�YDULRXV�UHJLRQV�RI�ZDWHU�ZLWK�

VLPLODU�PRELOLW\��,Q�WKLV�FDVH��WKH�QXPEHU�RI�SURWRQV�LQ�D�JLYHQ�UHJLRQ�ZDV�PHDVXUHG�E\�

WKH�LQWHJUDWHG�VLJQDO�LQWHQVLW\�RYHU�WKH�UHJLRQ�RI�WKH�GLVWULEXWLRQ���

�������������7R�FRPSDUH�UHWURJUDGDWLRQ�EHKDYLRU�RYHU�WLPH�IRU�JOXWHQ�VWDUFK�PL[WXUHV��

QRUPDOL]HG�FKDQJHV�LQ�7 ^ �YDOXHV�DQG�VLJQDO�LQWHQVLW\�ZHUH�PDGH�XVLQJ�WKH�IROORZLQJ�

IRUPXODH����
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:KHUH�7 ^+u}| �DQG�7 ^+u;~ �DUH�WKH�WLPH�FRQVWDQWV�DW�WLPH���DQG�WLPH�W��UHVSHFWLYHO\��DQG�6 | �DQG�6 ~ �
DUH�WKH�VLJQDO�LQWHQVLWLHV�DW�WLPH���DQG�WLPH�W��UHVSHFWLYHO\���

�������6WDWLVWLFDO�DQDO\VLV�

����������)LYH�GLIIHUHQW�NLQGV�RI�JHOV�ZHUH�GHYHORSHG�FRQVLVWLQJ�RI�JHOV�FRQWDLQLQJ�RQO\�

VWDUFK��JHOV�FRQWDLQLQJ�RQO\�JOXWHQ��DQG�VWDUFK�JOXWHQ�JHOV�ZLWK�JOXWHQ�FRQWHQWV�RI�HLWKHU�

��������RU�����RI�WRWDO�VROLGV��)RU�HDFK�NLQG�RI�JHO��WZR�FRQFHQWUDWLRQV�RI�VROLGV��������

DQG��������ZHUH�VWXGLHG��)RU�HDFK�WUHDWPHQW��WKUHH�UHSOLFDWHV�ZHUH�DQDO\]HG��$QDO\VLV�RI�

YDULDQFH�DQG�WKH�/6'��6$6�LQVWLWXWH��&DU\��1&��ZHUH�XVHG�WR�WHVW�IRU�GLIIHUHQFHV�DPRQJ�
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VDPSOHV�DW�D�JLYHQ�WLPH�DQG�IRU�GLIIHUHQFHV�RYHU�WLPH��1RQ�OLQHDU�UHJUHVVLRQ�WHFKQLTXHV�

ZHUH�XVHG�WR�ILW�WKH�$YUDPL�HTXDWLRQ��$YUDPL��������WR�SORWV�RI�QRUPDOL]HG�7 ^ �DQG�VLJQDO�

LQWHQVLW\�YHUVXV�WLPH���

�����5HVXOWV�DQG�GLVFXVVLRQ�

�������7UDQVYHUVH�UHOD[DWLRQ�

������������7KH�WUDQVYHUVH�UHOD[DWLRQ�GHFD\�IURP�WKH�&30*�XVHG�RQ�VWDUFK�JHOV�RULJLQDWHV�

IURP�ZDWHU�LQVLGH�WKH�JHOV��)DUKDW�HW�DO����������7KH�SURWRQ�UHOD[DWLRQ�LQ�D�VLQJOH�UHJLRQ�LV�

QRUPDOO\�H[SRQHQWLDO��DQG�WKH�UHOD[DWLRQ�WLPH�FRQVWDQWV�RI�KHWHURJHQHRXV�V\VWHPV�FDQ�EH�

GHWHUPLQHG�IURP�WKH�GHFD\�FXUYH�XVLQJ�PRQR�H[SRQHQWLDO��PXOWL�H[SRQHQWLDO��RU�

GLVWULEXWHG�H[SRQHQWLDO�ILWWLQJ��5XDQ�DQG�&KHQ���������,Q�WKLV�VWXG\��PRQR�H[SRQHQWLDO�

ILWWLQJ��(TXDWLRQ����ZDV�XVHG�WR�HYDOXDWH�WKH�RYHUDOO�HIIHFWV�RI�VWDUFK�UHWURJUDGDWLRQ�RQ�

ZDWHU�GXULQJ�VWRUDJH��$�GLVWULEXWHG�H[SRQHQWLDO�PRGHO��(TXDWLRQ����ZDV�XVHG�WR�

LQYHVWLJDWH�VSHFLILF�FKDQJHV�GXULQJ�VWRUDJH�RI�ZDWHU�UHVLGLQJ�LQ�GLIIHUHQW�UHJLRQV�RI�WKH�

VWDUFK�JHO�VWUXFWXUH��

�������0RQR�([SRQHQWLDO�PRGHO�

������������)LJXUH��D�E�VKRZV�FKDQJHV�LQ�7 ^ �GXULQJ�VWRUDJH�RI�VWDUFK�JHOV��JOXWHQ�JHOV��DQG�

VWDUFK�JOXWHQ�JHOV�ZLWK���������RU�����JOXWHQ�DW�VROLG�FRQFHQWUDWLRQV�RI�������DQG��������

,Q�JHQHUDO��7 ^ �GHFUHDVHG�PRVW�GXULQJ�WKH�ILUVW�ILYH�GD\V��WKHQ�FKDQJHG�PRUH�JUDGXDOO\�XS�

XQWLO�WHQ�GD\V��1R�VLJQLILFDQW�GLIIHUHQFHV�LQ�7 ^ �ZHUH�PHDVXUHG�EHWZHHQ�GD\V����WKURXJK�

����5RXOHW�HW�DO���������VWXGLHG�VWDUFK�UHWURJUDGDWLRQ�XVLQJ�FRPSUHVVLRQ�PRGXOXV��[�UD\�

GLIIUDFWLRQ�SDWWHUQV��DQG�G\QDPLF�PHFKDQLFDO�PRGXOL�DQG�REVHUYHG�VLPLODU�VLJQDO�FKDQJHV�

RYHU�WLPH��7KH�GHFUHDVH�LQ�7 ^ �RYHU�WLPH�LQGLFDWHG�WKDW�ZDWHU�PROHFXOHV�LQ�WRWR�EHFDPH�

OHVV�PRELOH�GXULQJ�VWRUDJH��8VLQJ�DQ�),'�VHTXHQFH��7HR�DQG�6HRZ��������IRXQG�D�

GHFUHDVH�LQ�WKH�OLTXLG�OLNH�VLJQDO�DQG�DQ�LQFUHDVH�RI�WKH�VROLG�OLNH�VLJQDO��8VLQJ�FURVV�
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UHOD[DWLRQ�105��:X�DQG�(DGV��������VKRZHG�WKDW�DERXW��������VWDUFK�JHOV�EHFDPH�

LPPRELOL]HG�GXULQJ�VWRUDJH��5HDVRQV�IRU�FKDQJHV�LQ�ZDWHU�PRELOLW\�KDYH�EHHQ�SRVWXODWHG�

E\�VHYHUDO�UHVHDUFKHUV��:KLVWOHU�DQG�'DQLHO��������VKRZHG�WKDW�WKH�DPRXQW�RI�

XQIUHH]DEOH�ZDWHU�LQ�VWDUFK�JHOV�GHFUHDVHG�GXULQJ�VWRUDJH�DQG�DWWULEXWHG�WKLV�WR�ZDWHU�

H[SHOOHG�IURP�WKH�VWDUFK�PDWUL[�DV�VWDUFK�PROHFXOHV�UHDVVRFLDWHG��/HXQJ�HW�DO���������

SURSRVHG�WKDW�DV�VWDUFK�FKDQJHV�IURP�DQ�DPRUSKRXV�WR�D�FU\VWDOOLQH�VWDWH�GXULQJ�

UHWURJUDGDWLRQ��WKH�ZDWHU�PROHFXOHV�EHFRPH�LPPRELOL]HG�DV�WKH\�DUH�LQFRUSRUDWHG�LQ�

FU\VWDOOLQH�UHJLRQV��&KRL�DQG�.HUU��������SURSRVHG�WKDW�WKH�ZDWHU�QHDU�WKH�SRO\PHU�KDG�

UHGXFHG�PRWLRQ�EHFDXVH�RI�WKH�GHFUHDVHG�PRELOLW\�RI�WKH�VWDUFK�FKDLQ�VHJPHQWV�GXULQJ�

VWRUDJH��7KH�DSSDUHQW�7 ^ �ZDV�UHGXFHG�VLQFH�WKH�RYHUDOO�7 ^ �DQG�WKH�ERXQG�ZDWHU��EXON�

ZDWHU�KDYH�WKH�UHODWLRQVKLS��
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ZKHUH�3 � �DQG�3 � DUH�WKH�IUDFWLRQV�RI��DQG�7 ^}� DQG�7 ^}� �WKH�WLPH�FRQVWDQWV�DVVRFLDWHG�ZLWK�

ZDWHU�QHDU��DQG�IDU�IURP��WKH�SRO\PHU�VXUIDFH��UHVSHFWLYHO\���

������������7KH�H[WHQW�DQG�UDWH�RI�FKDQJH�LQ�7 ^ �RYHU�WLPH�IRU�������VWDUFK�JHOV�ZDV�KLJKHU�

WKDQ�IRU�������JHOV��,Q�JHQHUDO��WKH�JUHDWHU�WKH�VWDUFK�FRQFHQWUDWLRQ��WKH�JUHDWHU�WKH�H[WHQW�

DQG�UDWH�RI�FKDQJH���7KLV�FDQ�EH�DWWULEXWHG�WR�LQFUHDVHG�FURVV�OLQN�GHQVLW\�ZLWK�LQFUHDVLQJ�

VWDUFK�FRQFHQWUDWLRQ��7KH�VWDUFK�RQO\�VDPSOHV�KDG�WKH�JUHDWHVW�FKDQJH�DPRQJ�WKH�ILYH�

WUHDWPHQWV��$OO�RI�WKH�VWDUFK�JOXWHQ�JHOV�FKDQJHG�PXFK�OHVV�WKDQ�WKH�VWDUFK�RQO\�VDPSOHV��

7KLV�VXJJHVWHG�WKDW�DGGLWLRQ�RI�JOXWHQ�GHFUHDVHG�VWDUFK�UHWURJUDGDWLRQ��6HYHUDO�

UHVHDUFKHUV�IRXQG�VLPLODU�UHVXOWV��&DOOHMR�HW�DO���������PHDVXUHG�EUHDG�ILUPQHVV�GXULQJ�

VWRUDJH�DQG�IRXQG�WKDW�DGGLWLRQ�RI�JOXWHQ�GHFUHDVHG�WKH�ILUPQHVV�LQ�WKH�EUHDG�DW�KLJKHU�

PRLVWXUH�FRQWHQW��(OLDVVRQ��������VWXGLHG�WKH�HIIHFWV�RI�JOXWHQ�RQ�VWDUFK�UHWURJUDGDWLRQ�

XVLQJ�'6&��+H�IRXQG�WKDW�WKH�SUHVHQFH�RI�JOXWHQ�OHG�WR�D�GHFUHDVH�LQ�WKH�H[WHQW�RI�VWDUFK�
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FU\VWDOOL]DWLRQ�GXULQJ�DJLQJ�DW��� ] &��+H�DOVR�IRXQG�WKDW�JOXWHQ�DGGLWLRQ�GHFUHDVHG�WKH�

VWDUFK�JHODWLQL]DWLRQ�HQWKDOS\�DQG�LQFUHDVHG�WKH�JHODWLQL]DWLRQ�WHPSHUDWXUH��+H�DWWULEXWHG�

WKLV�WR�WKH�VPDOOHU�DPRXQW�RI�ZDWHU�DYDLODEOH�WR�WKH�VWDUFK�ZKHQ�JOXWHQ�LV�SUHVHQW��0DUWLQ�

HW�DO���������SURYLGHG�HYLGHQFH�WR�VKRZ�WKDW�WKH�PRUH�VZROOHQ�WKH�VWDUFK�JUDQXOH��DV�

PHDVXUHG�E\�WKH�K\GUDWLRQ�FDSDFLW\�RI�FUXPE��WKH�PRUH�UDSLG�WKH�ILUPLQJ�UDWHV�RI�EUHDG�

FUXPE��)URP�RXU�SUHYLRXV�ZRUN�LQ�ODVW�FKDSWHU��ZH�IRXQG�WKDW�JOXWHQ�ELQGV�PXFK�PRUH�

ZDWHU�WKDQ�VWDUFK�EHIRUH�KHDWLQJ��/HVV�ZDWHU�ZDV�DYDLODEOH�IRU�WKH�VWDUFK�JUDQXOH�WR�VZHOO�

GXULQJ�KHDWLQJ��WKXV�GHFUHDVLQJ�WKH�UDWH�RI�VWDUFK�UHWURJUDGDWLRQ���

������������)LJXUH��D�E�VKRZ�WKDW�IRU�WKH�JOXWHQ�RQO\�JHOV��WKH�UHOD[DWLRQ�WLPH�FRQVWDQW�

GHFUHDVHG�VRPHZKDW�RYHU�WLPH��7KLV�LQGLFDWHG�WKDW�JOXWHQ�DOVR�XQGHUJRHV�D�PLOG�ZDWHU�

VWUXFWXUH�FKDQJH�GXULQJ�VWRUDJH��:LOOKRIW��������REVHUYHG�D�UH�GLVWULEXWLRQ�RI�PRLVWXUH�

EHWZHHQ�WKH�VWDUFK�DQG�JOXWHQ�IUDFWLRQV�GXULQJ�VWRUDJH��+H�SRVWXODWHG�WKDW�WKH�K\GUDWHG�

SURWHLQ�RI�QDWXUDO�FUXPE�XQGHUJRHV�D�PLOG��ILUVW�RUGHU�WUDQVIRUPDWLRQ�GXULQJ�EDNLQJ�DQG�

VXEVHTXHQW�VWRUDJH��,W�ZDV�FRQFOXGHG�WKDW�EUHDG�VWDOLQJ�LQYROYHG��LQ�DGGLWLRQ�WR�VWDUFK�

UHWURJUDGDWLRQ��DQ�LUUHYHUVLEOH�PRGLILFDWLRQ�LQ�WKH�VWUXFWXUH�RI�WKH�JOXWHQ��,Q�PROHFXODU�

WHUPV��WKH�WUDQVIRUPDWLRQ�PD\�EH�DVVRFLDWHG�ZLWK�DQ�LQFUHDVH�LQ�WKH�H[WHQW�RI�GHQDWXUDWLRQ�

RI�WKH�SURWHLQ��DQG�SRVVLEO\�LQYROYH�D�FKDQJH�RI�WKH�SURWHLQ�FRQILJXUDWLRQ��

�����������1R�VLJQLILFDQW�GLIIHUHQFH�ZDV�IRXQG�LQ�WKH�UHWURJUDGDWLRQ�UDWH�DPRQJVW�WKH�WKUHH�

OHYHOV�RI�JOXWHQ�DGGLWLRQ��LQGLFDWLQJ�WKDW�DGGLQJ�PRUH�JOXWHQ�GLG�QRW�IXUWKHU�GHFUHDVH�

VWDUFK�UHFU\VWDOOL]DWLRQ��(YHU\�HW�DO���������PHDVXUHG�WKH�ILUPQHVV�RI�EUHDG�ZLWK�GLIIHUHQW�

JOXWHQ�OHYHOV�GXULQJ�VWRUDJH��DQG�GLG�QRW�ILQG�DQ\�VLJQLILFDQW�GLIIHUHQFH�LQ�WKH�ILUPLQJ�UDWH�

GXH�WR�LQFUHDVHG�JOXWHQ�FRQFHQWUDWLRQ��$V�WKH�KLJKHU�JOXWHQ�FRQWHQW�VDPSOHV�KDYH�OHVV�

VWDUFK��WKH\�PD\�EH�H[SHFWHG�WR�KDYH�D�ORZHU�UHWURJUDGDWLRQ�UDWH�WKDQ�WKH�ORZ�JOXWHQ�

FRQWHQW�VDPSOHV��+RZHYHU��WKLV�ZDV�QRW�VXSSRUWHG�E\�RXU�UHVXOWV��:H�VXJJHVW�WKDW��LQ�
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DGGLWLRQ�WR�WKH�GHFUHDVHG�UHWURJUDGDWLRQ�UDWH��WKH�JOXWHQ�WUDQVIRUPDWLRQ�GXULQJ�VWRUDJH�

UHVXOWHG�LQ�D�ULJLGLILFDWLRQ�RU�ILUPLQJ�SURFHVV��7KLV�HIIHFW�ZDV�PLQRU��KRZHYHU��FRPSDUHG�

ZLWK�WKH�GHFUHDVLQJ�UHWURJUDGDWLRQ�UDWH�HIIHFW��7KH�WRWDO�HIIHFW�RI�JOXWHQ�LQ�EUHDG�ZDV�WR�

UHWDUG�EUHDG�VWDOLQJ��

�������'LVWULEXWHG�H[SRQHQWLDO�PRGHO���������

������������)LJXUH���D��E�VKRZ�SORWV�RI�FRQWLQXRXV�GLVWULEXWLRQV�RI�7 ^ �IRU�SXUH�ZKHDW�VWDUFK�

JHOV�DW�FRQFHQWUDWLRQV�RI�������DQG�������KHOG�DW�� ] &�RYHU����GD\V��7ZR�GLVWLQFW�UHJLRQV�

RI�7 ^ �GLVWULEXWLRQV�ZHUH�REVHUYHG�IRU�DOO�VDPSOHV�XVLQJ�GLVWULEXWHG�H[SRQHQWLDO�ILWWLQJ��RQH�

DW�UHODWLYHO\�VKRUW�WLPHV��DSSUR[LPDWHO\�������PV��DQG�RQH�DW�UHODWLYHO\�ORQJ�WLPHV����

���PV���6LPLODU�UHVXOWV�ZHUH�IRXQG�E\�&KRL�DQG�.HUU���������%RWK�UHJLRQV�UHSUHVHQWHG�

UHODWLYHO\�VKRUW�7 ^ �YDOXHV�FRPSDUHG�ZLWK�IUHHO\�PRELOH�ZDWHU��ZKLFK�W\SLFDOO\�KDV�D�7 ^ �RI�

DERXW���VHFRQGV��7KLV�LQGLFDWHG�WKDW�WKH�ZDWHU�PROHFXOHV�LQWHUDFWHG�ZLWK�WKH�VWDUFK�

PDFURPROHFXOHV�VR�DV�WR�UHVWULFW�ZDWHU�PRELOLW\��&XUUHQW�WKHRULHV�RQ�FRPSRVLWH�VWDUFK�JHO�

PLFURVWUXFWXUH�VXJJHVW�WKDW�DP\ORVH�LV�VROXELOL]HG�IURP�WKH�JUDQXOH�GXULQJ�JHODWLQL]DWLRQ�

DQG�IRUPV�WKH�FRQWLQXRXV�JHO�PDWUL[��5LQJ�DQG�6WDLQVE\��������(OLDVVRQ�DQG�%RKOLQ��

�������(PEHGGHG�ZLWKLQ�WKLV�PDWUL[�DUH�VZROOHQ�JUDQXOH�UHPQDQWV��ZKLFK�DUH�FRPSRVHG�

SULPDULO\�RI�EUDQFKHG�DP\ORSHFWLQ��+DQ�HW�DO���������+LEL�����������

������������$W�������VWDUFK�FRQFHQWUDWLRQ��WKH�SHDN�7 ^ �YDOXHV�RI�WKH�PRUH�PRELOH�UHJLRQ�ZHUH�

�������DQG����PV�RQ�������DQG����GD\V�RI�VWRUDJH���7KH�SHDN�7 ^ �YDOXHV�RI�WKH�OHVV�PRELOH�

UHJLRQ�ZHUH�����������������PV�RQ�������DQG����GD\V�RI�VWRUDJH��%RWK�RI�WKH�7 ^ �UHJLRQV�RI�

WKH�������VWDUFK�FRQFHQWUDWLRQ�VKLIWHG�WR�ORZHU�YDOXHV��DQG�WKH�GLVWULEXWLRQ�EHFDPH�

QDUURZHU�GXULQJ�VWRUDJH��LQGLFDWLQJ�WKDW�ZDWHU�PRELOLW\�EHFDPH�PRUH�UHVWULFWHG�DV�WKH�

VWDUFK�FKDLQV�DJJUHJDWLRQ�SURFHHGHG�GXULQJ�DJLQJ���
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�������������)LJXUH��D�F�VKRZ�WKH�SORWV�RI�FRQWLQXRXV�GLVWULEXWLRQV�RI�7 ^ �IRU�VWDUFK�JOXWHQ�JHOV�

DW�D�VROLG�FRQFHQWUDWLRQ�RI��������)RU�DOO�RI�WKH�WKUHH�OHYHOV�RI�JOXWHQ�DGGLWLRQ��WKH�SHDN�

7 ^ �YDOXHV�RI�WKH�WZR�UHJLRQV�VKLIWHG�WR�WKH�ORZHU�YDOXHV�WRR��EXW�WKH�H[WHQW�RI�WKH�FKDQJHV�

ZHUH�PXFK�VPDOOHU�WKDQ�WKH�VWDUFK�RQO\�VDPSOHV��7KLV�LQGLFDWHG�WKDW�WKH�SUHVHQFH�RI�

JOXWHQ�UHWDUGHG�WKH�VWDUFK�UHWURJUDGDWLRQ��7KHUH�ZDV�QR�VLJQLILFDQW�GLIIHUHQFH�LQ�WKH�H[WHQW�

RI�WKH�SHDN�VKLIWV�DPRQJ�WKH�WKUHH�OHYHOV�RI�JOXWHQ�DGGLWLRQ���

�������������7KH�SORWV�RI�FRQWLQXRXV�GLVWULEXWLRQV�RI�7 ^ �IRU�JOXWHQ�JHOV�DW�FRQFHQWUDWLRQV�RI�

������DQG�������DUH�VKRZQ�LQ�)LJXUH���D��E��7ZR�GLVWLQFW�UHJLRQV�RI�7 ^ �GLVWULEXWLRQV�

ZHUH�DOVR�REVHUYHG�IRU�JOXWHQ�JHOV��$W�ERWK�JOXWHQ�FRQFHQWUDWLRQV��WKH�SHDN�7 ^ �YDOXHV�

GHFUHDVHG�D�OLWWOH�ELW�RYHU�VWRUDJH��7KLV�LQGLFDWHG�WKDW�JOXWHQ�XQGHUJRHV�D�PLOG�ZDWHU�

VWUXFWXUH�FKDQJH�GXULQJ�VWRUDJH��UHVXOWLQJ�UHVWULFWHG�ZDWHU�PRELOLW\��

�������������7KH�LQWHJUDWHG�VLJQDO�LQWHQVLW\�RI�HDFK�UHJLRQ�VKRZV�WKH�ZDWHU�SRSXODWLRQ��7KH�

FKDQJH�LQ�LQWHJUDWHG�VLJQDO�LQWHQVLW\�RI�WKH�WZR�UHJLRQV�GXULQJ�VWRUDJH�IRU�VWDUFK��JOXWHQ�

DQG�VWDUFK�JOXWHQ�JHOV�DUH�VKRZQ�LQ�)LJXUH���D��E�DQG�)LJXUH���D��E���$W�ERWK�VROLG�

FRQFHQWUDWLRQV��WKH�LQWHJUDWHG�VLJQDO�LQWHQVLW\�RI�DOO�WKH�VDPSOHV�GHFUHDVHG�RYHU�WLPH��7KLV�

LV�LQ�DJUHHPHQW�ZLWK�UHVXOWV�UHSRUWHG�E\�&KRL�DQG�.HUU��������DQG�,VKLUJXUR�HW�DO����������

7KH\�IRXQG�ZDWHU�ORVV�LQ�GLIIHUHQW�VWDUFK�JHO�W\SHV�GXULQJ�VWRUDJH���:LOOKRIW��������DOVR�

REVHUYHG�D�UHOHDVH�RI�ZDWHU�IURP�JOXWHQ�GXULQJ�KHDWLQJ�DQG�VWRUDJH��7KH�GULYLQJ�IRUFH�IRU�

WKH�UHOHDVH�RI�ZDWHU�E\�WKH�JOXWHQ�DSSHDUV�WR�EH�SURYLGHG�QRW�E\�WKH�VWDUFK�EXW�E\�WKH�

JOXWHQ��7KH�FKDQJHV�LQ�LQWHQVLW\�IRU�WKH�PRUH�PRELOH�UHJLRQ�ZHUH�VLJQLILFDQW�EXW�QRW�ODUJH��

DQG�WKHUH�ZHUH�QR�VLJQLILFDQW�GLIIHUHQFHV�DPRQJVW�WKH�VWDUFK��JOXWHQ�DQG�WKH�VWDUFK�JOXWHQ�

VDPSOHV��7KH�FKDQJHV�LQ�LQWHQVLW\�IRU�WKH�OHVV�PRELOH�UHJLRQ��KRZHYHU��ZHUH�PXFK�PRUH�

GUDPDWLF��7KH�VWDUFK�RQO\�VDPSOHV�VKRZHG�WKH�JUHDWHVW�FKDQJHV��DQG�JOXWHQ�VDPSOHV�

VKRZHG�WKH�OHDVW��,Q�JHQHUDO��WKH�WKUHH�OHYHOV�RI�JOXWHQ�DGGLWLRQ�VDPSOHV�VKRZHG�VPDOOHU�
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FKDQJHV�WKDQ�WKH�VWDUFK�JHOV��KRZHYHU��WKHUH�ZDV�QR�VLJQLILFDQW�GLIIHUHQFH�DPRQJ�WKH�

WKUHH�OHYHOV��&KRL�DQG�.HUU��������VWXGLHG�LVRODWHG�DP\ORVH�JHOV�DQG�JUDQXOH�UHPQDQWV�

XVLQJ�GLVWULEXWHG�H[SRQHQWLDO�ILWWLQJ��7KH\�IRXQG�WKDW�WKH�OHVV�PRELOH�UHJLRQ�ZDV�

DVVRFLDWHG�ZLWK�ZDWHU�LQ�JUDQXOH�UHPQDQWV��WKH�GHFUHDVH�LQ�VLJQDO�LQWHQVLW\�LQ�WKH�OHVV�

PRELOH�UHJLRQ�LQGLFDWHV�WKDW�ZDWHU�ZDV�H[SHOOHG�IURP�VZROOHQ�JUDQXOH�UHPQDQWV��8VLQJ�

SDUWLFOH�VL]H�DQDO\VLV��0RULNDZD�DQG�1LVKLQDUL��������DOVR�UHSRUWHG�WKDW�WKH�DYHUDJH�

SDUWLFOH�VL]H�RI�VZROOHQ�JUDQXOHV�GHFUHDVHG�DV�VWDUFK�UHWURJUDGDWLRQ�SURFHHGHG��7KH�PRUH�

GUDPDWLF�GHFUHDVHV�LQ�LQWHJUDWHG�VLJQDO�LQWHQVLW\�RI�WKH�OHVV�PRELOH�UHJLRQV�LQGLFDWHG�

JOXWHQ�DGGLWLRQ�GHFUHDVHG�ZDWHU�ORVV�IURP�WKH�VZROOHQ�JUDQXOH�UHPQDQWV�GXULQJ�VWDUFK�

UHWURJUDGDWLRQ��7KLV�FDQ�EH�DWWULEXWHG�WR�OHVV�VZHOOLQJ�RI�WKH�VWDUFK�JUDQXOHV�LQ�WKH�

SUHVHQFH�RI�JOXWHQ���

�������5HWURJUDGDWLRQ�NLQHWLFV�

)RU�WKH�VWDUFK�UHWURJUDGDWLRQ��LW�KDV�EHHQ�VKRZQ�WKDW�WKH�UDWH�DW�ZKLFK�WKH�

DPRUSKRXV�SKDVH�FKDQJHV�WR�DQ�RUGHUHG�VWUXFWXUH�FDQ�EH�H[SUHVVHG�E\�WKH�$YUDPL�

HTXDWLRQ��$YUDPL���������

������������������������������������������������� �H[S� �NW� T �������������������������������������������������������������������������������

:KHUH� �LV�WKH�IUDFWLRQ�RI�XQFU\VWDOOL]HG�PDWHULDO�UHPDLQLQJ�DIWHU�WLPH�W��N�LV�WKH�FU\VWDO�

JURZWK�UDWH�FRQVWDQW��DQG�Q�LV�DQ�LQWHJHU�YDU\LQJ�IURP���WR���WKDW�LV�FKDUDFWHULVWLF�RI�WKH�

PRGH�RI�QXFOHDWLRQ��:H�PRGLILHG�(TXDWLRQ���WR���WR�WHVW�ZKHWKHU�WKH�FKDQJHV�LQ�7 ^ �RI�WKH�

OHVV�PRELOH�ZDWHU�IUDFWLRQ�LV�GHVFULEHG�E\�$YUDPL�NLQHWLFV��

������������������������������������������������� ��� NW
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OQOQ �T ������������������������������������������������������������������������������

ZKHUH�7 ^+u | �LV�WKH�LQLWLDO�DYHUDJH�YDOXH��7 ^+u �WKH�DYHUDJH�YDOXH�DW�ORQJ�VWRUDJH�WLPH��DQG�7 ^+u ~ ��
WKH�YDOXH�DW�WLPH�W��7KH�GDWD�IRU�DOO�JHOV�ZDV�ILWWHG�WR�HTXDWLRQ���XVLQJ�QRQ�OLQHDU�

UHJUHVVLRQ��7KH�GDWD�ZDV�ILWWHG�YHU\�ZHOO�LQ�DOO�FDVHV��ZLWK�5
^
�RYHU�������9DOXHV�IRU�
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$YUDPL�H[SRQHQW�DQG�WLPH�FRQVWDQW�ZHUH�FDOFXODWHG�IRUP�WKH�ILWWHG�FXUYHV�DQG�DUH�VKRZQ�

LQ�7DEOH����9DOXHV�RI�Q�IRU�VDPSOHV�FRQWDLQLQJ�RQO\�VWDUFK�ZHUH�DERXW����������7KLV�LV�LQ�

JRRG�DJUHHPHQW�ZLWK�WKH�UHVXOWV�IURP�7HR�DQG�6HRZ��������DQG�&KRL�DQG�.HUU����������

$W�HDFK�VWDUFK�FRQFHQWUDWLRQ��WKH�$YUDPL�H[SRQHQWV��Q��IRU�VWDUFK�JOXWHQ�JHOV�ZHUH�

VPDOOHU�WKDQ�WKRVH�IRU�VWDUFK�JHOV��LPSO\LQJ�WKDW�DGGLWLRQ�RI�JOXWHQ�PLJKW�DIIHFW�WKH�QDWXUH�

RI�QXFOHDWLRQ�RI�VWDUFK�GXULQJ�UHFU\VWDOOL]DWLRQ��+RZHYHU��WKHUH�ZDV�QRW�PXFK�GLIIHUHQFH�

LQ�Q�YDOXHV�DPRQJ�WKUHH�OHYHOV�RI�JOXWHQ��LQGLFDWLQJ�WKDW�WKH�EDVLF�PHFKDQLVP�RI�VWDUFK�

UHWURJUDGDWLRQ�ZDV�QRW�DIIHFWHG�E\�JOXWHQ�FRQWHQW��.LP�6�.��DQG�'¶$SSRORQLD�%�/��

�����E��VKRZHG�VLPLODU�UHVXOWV��$W�HDFK�VWDUFK�FRQFHQWUDWLRQ��WKH�UDWH�RI�UHWURJUDGDWLRQ�

IRU�VWDUFK�JOXWHQ�JHOV�ZDV�VPDOOHU�WKDQ�VWDUFK�JHOV��EXW�WKHUH�ZDV�QRW�PXFK�GLIIHUHQFH�

DPRQJ�WKH�WKUHH�OHYHOV�RI�JOXWHQ�DGGLWLRQ��,Q�DGGLWLRQ��DV�WKH�VWDUFK�FRQFHQWUDWLRQ�

LQFUHDVHG��UHWURJUDGDWLRQ�SURFHHGHG�IDVWHU��

�����&RQFOXVLRQ�

7R�IXUWKHU�LQFUHDVH�WKH�XQGHUVWDQGLQJ�RI�WKH�LQIOXHQFH�RI�JOXWHQ�RQ�EUHDG�VWDOLQJ�

\
+�105�PHDVXUHPHQWV�ZHUH�PDGH�RQ�VWDUFK�DQG�JOXWHQ�JHOV�WR�VWXG\�WKH�HIIHFW�RI�JOXWHQ�

RQ�VWDUFK�UHWURJUDGDWLRQ���&KDQJHV�LQ�WKH�WUDQVYHUVH�UHOD[DWLRQ�WLPH�FRQVWDQW��7 ^ ��ZHUH�

UHODWHG�WR�ZDWHU�PRELOLW\��7 ^ �YDOXHV�RI�DOO�WKH�VDPSOHV�GHFUHDVHG�GXULQJ����GD\V�RI�VWRUDJH��

$OO�RI�WKH�VWDUFK�JOXWHQ�JHOV�FKDQJHG�PXFK�OHVV�WKDQ�WKH�VWDUFK�RQO\�VDPSOHV��LQGLFDWLQJ�

JOXWHQ�UHWDUGHG�VWDUFK�UHWURJUDGDWLRQ���7KH�WKUHH�OHYHOV�RI�JOXWHQ�DGGLWLRQ�LQ�VWDUFK�JOXWHQ�

JHOV�SURGXFHG�VLPLODU�FKDQJHV��7 ^ �YDOXHV�LQ�JOXWHQ�JHOV�DOVR�GHFUHDVHG�GXULQJ�VWRUDJH��

LQGLFDWLQJ�JOXWHQ�DOVR�XQGHUZHQW�VRPH�VWUXFWXUH�FKDQJH�GXULQJ�VWRUDJH��ZKLFK�UHVXOWHG�LQ�

ILUPLQJ��WKHUHIRUH��IXUWKHU�DGGLWLRQ�RI�JOXWHQ�GLG�QRW�GHFUHDVH�WKH�UHWURJUDGDWLRQ�UDWH��7ZR�

GLVWLQFW�UHJLRQV�RI�7 ^ �ZHUH�REVHUYHG�LQ�DOO�VDPSOHV��)RU�DOO�WKH�VDPSOHV��WKH�VLJQDO�

LQWHQVLW\�RI�WKH�OHVV�PRELOH�UHJLRQ�GHFUHDVHG�PRUH�GUDPDWLFDOO\�WKDQ�WKDW�RI�WKH�PRUH�
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PRELOH�UHJLRQ�GXULQJ�VWRUDJH��,W�ZDV�VXJJHVWHG�WKDW�JOXWHQ�UHWDUGV�ZDWHU�ORVV�LQ�WKH�

JUDQXOH�UHPQDQWV���

5()(5(1&(6�

$YUDPL��0��������.LQHWLFV�RI�SKDVH�FKDQJH��,,��7UDQVIRUPDWLRQ�WLPH�UHODWLRQV�IRU�UDQGRP�

GLVWULEXWLRQ�RI�QXFOHL��-RXUQDO�RI�&KHPLFDO�3K\VLFV���������

%UHDGHQ��3�:��DQG�:LOOKRIW��0�$��������%UHDG�VWDOLQJ��,,,��0HDVXUHPHQW�RI�WKH�

UHGLVWULEXWLRQ�RI�PRLVWXUH�LQ�EUHDG�E\�JUDYLPHWU\��-RXUQDO�RI�WKH�6FLHQFH�RI�)RRG�

DQG�$JULFXOWXUH����������

&DOOHMR��0�-���*LO��0�-���5RGULJXH]��*���5XL]��0�9��������(IIHFW�RI�JOXWHQ�DGGLWLRQ�DQG�

VWRUDJH�WLPH�RQ�ZKLWH�SDQ�EUHDG�TXDOLW\��LQVWUXPHQWDO�HYDOXDWLRQ��=�/HEHQVP�

8QWHUV�)RUVFK�$����������

&KRL��6�*��DQG�.HUU��:�/��������7KH�HIIHFW�RI�K\GUR[\SURS\ODWLRQ�RQ�UHWURJUDGDWLRQ�DQG�

ZDWHU�PRELOLW\�LQ�ZKHDW�VWDUFK�JHOV�XVLQJ�
\
+�105��GLVVHUWDWLRQ�

(OLDVVRQ��$�&��������'LIIHUHQWLDO�VFDQQLQJ�FDORULPHWU\�VWXGLHV�RQ�ZKHDW�VWDUFK�JOXWHQ�

PL[WXUHV��,,��(IIHFW�RI�JOXWHQ�DQG�VRGLXP�VWHDUR\O�ODFW\ODWH�RQ�VWDUFK�

FU\VWDOOL]DWLRQ�GXULQJ�DJLQJ�RI�ZKHDW�VWDUFK�JHOV��-RXUQDO�RI�&HUHDO�6FLHQFH�����

����

(OLDVVRQ��$�&��DQG�%RKOLQ��/��������5KHRORJLFDO�SURSHUWLHV�RI�FRQFHQWUDWHG�ZKHDW�VWDUFK�

JHOV�JHODWLQL]DWLRQ��6WDUFK�6WDUNH����������

(YHU\��'���*HUUDUG��-�$���*LOSLQ��0�-���5RVV��0���1HZEHUU\��0�3���&KULVWFKXUFK��������

6WDOLQJ�LQ�VWDUFK�EUHDG��WKH�HIIHFW�RI�JOXWHQ�DGGLWLRQV�RQ�VSHFLILF�ORDI�YROXPH�DQG�

ILUPLQJ�UDWH��6WDUFK�6WDUNH����������

)DUKDW��,�$���%ODQVKDUG��-�0�9���0LWFKHOO��-�5��������7KH�UHWURJUDGDWLRQ�RI�ZD[\�PDL]H�

VWDUFK�H[WUXGDWHV��(IIHFW�RI�VWRUDJH�WHPSHUDWXUH�DQG�ZDWHU�FRQWHQW��%LRSRO\PHUV��

��������
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+DQ��;��DQG�+DPPDNHU��%�5��������)XQFWLRQDO�DQG�PLFURVWUXFWXUDO�DVSHFWV�RI�VROXEOH�

FRUQ�VWDUFK�LQ�SDVWHV�DQG�JHOV��6WDUFK�6WDUNH���������

+HUPDQVVRQ��$��DQG�6YHJPDUN��.��������'HYHORSPHQWV�LQ�WKH�XQGHUVWDQGLQJ�RI�VWDUFK�

IXQFWLRQDOLW\��7UHQGV�LQ�)RRG�6FLHQFH�DQG�7HFKQRORJ\���������

+LEL��<��������5ROHV�RI�ZDWHU�VROXEOH�DQG�ZDWHU�LQVROXEOH�FDUERK\GUDWHV�LQ�WKH�

JHODWLQL]DWLRQ�DQG�UHWURJUDGDWLRQ�RI�ULFH�VWDUFK��6WDUFK�6WDUNH����������

+RRYHU��5��������6WDUFK�UHWURJUDGDWLRQ��)RRG�5HYLHZV�,QWHUQDWLRQDO�������������

,VKLJXUR��.���1RGD��7���.LWDKDUD��.���<DPDNDZD��2��������5HWURJUDGDWLRQ�RI�VZHHW�SRWDWR�

VWDUFK��6WDUFK�6WDUNH���������

.LP��6�.��DQG�'¶$SSRORQLD��%�/��������%UHDG�VWDOLQJ�VWXGLHV��,��(IIHFW�RI�SURWHLQ�FRQWHQW�

RQ�VWDOLQJ�UDWH�DQG�EUHDG�FUXPE�SDVWLQJ�SURSHUWLHV��&HUHDO�&KHPLVWU\����������

/HXQJ��+�.���0DJQXVRQ��-�$���%UXLQVPD��%�/��������:DWHU�ELQGLQJ�RI�ZKHDW�IORXU�

GRXJKV�DQG�EUHDGV�DV�VWXGLHG�E\�GHXWHURQ�UHOD[DWLRQ��-RXUQDO�RI�)RRG�6FLHQFH������

���

0DUWLQ��0�/���=HOH]QDN��.�-���+RVHQH\��5�&��������$�PHFKDQLVP�RI�EUHDG�ILUPLQJ��,��

5ROH�RI�VWDUFK�VZHOOLQJ��&HUHDO�&KHPLVWU\����������

0HLERRP��6��DQG�*LOO��'��������0RGLILHG�VSLQ�HFKR�PHWKRG�IRU�PHDVXULQJ�QXFOHDU�

UHOD[DWLRQ�WLPHV��5HYLHZ�RI�6FLHQWLILF�,QVWUXPHQWV����������

0RULNDZD��.��DQG�1LVKLQDUL��.��������(IIHFWV�RI�FRQFHQWUDWLRQ�GHSHQGHQFH�RI�

UHWURJUDGDWLRQ�EHKDYLRU�RI�GLVSHUVLRQV�IRU�QDWLYH�DQG�FKHPLFDOO\�PRGLILHG�SRWDWR�

VWDUFK��)RRG�+\GURFROORLGV����������

3URYHQFKHU��6�:��������$�FRQVWUDLQHG�UHJXODWLRQ�PHWKRG�IRU�LQYHUWLQJ�GDWD�UHSUHVHQWHG�

E\�OLQHDU�DOJHEUDLF�RU�LQWHJUDO�HTXDWLRQV��&RPSXWHU�3K\VLFV�&RPPXQLFDWLRQV������

����
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5LQJ��6�*���6WDLQVE\��3��������)LOOHU�UHLQIRUFHPHQW�RI�JHOV�LQ�IRRG�VFLHQFH��3URJUHVV�LQ�

)RRG�	�1XWULWLRQ�6FLHQFH���������

5RXOHW��3�+���0DFLQQHV��:�0���:XUVK��3���6DQFKH]��5�0���5DHP\��$�������$�

FRPSDUDWLYH�VWXG\�RI�WKH�UHWURJUDGDWLRQ�NLQHWLFV�RI�JHODWLQL]HG�ZKHDW�VWDUFK�LQ�JHO�

DQG�SRZGHU�IRUP�XVLQJ�;�UD\V��GLIIHUHQWLDO�VFDQQLQJ�FDORULPHWU\�DQG�G\QDPLF�

PHFKDQLFDO�DQDO\VLV��)RRG�+\GURFROORLGV���������

5XDQ��5��DQG�&KHQ��3�/��������:DWHU�LQ�)RRGV�DQG�%LRORJLFDO�0DWHULDOV��$�QXFOHDU�

PDJQHWLF�UHVRQDQFH�DSSURDFK��SS������/DQFDVWHU��3�$��7HFKQRPLF�3XEOLVKLQJ�&R���

7HR��&�+��DQG�6HRZ��&�&��������$�SXOVHG�105�PHWKRG�IRU�WKH�VWXG\�RI�VWDUFK�

UHWURJUDGDWLRQ��6WDUFK�6WDUNH�����������

:KLVWOHU��5�/��DQG�'DQLHO��-�5��������&DUERK\GUDWHV�LQ�)RRG�&KHPLVWU\��SS������HG��

)HQQHPD��2�5��1HZ�<RUN��0DUFHO�'HNNHU��

:LOOKRIW��0�$��������%UHDG�VWDOLQJ��,��([SHULPHQWDO�VWXG\��-RXUQDO�RI�WKH�6FLHQFH�RI�)RRG�

DQG�$JULFXOWXUH���������

:X��-�<��DQG�(DGV��7�0��������(YROXWLRQ�RI�SRO\PHU�PRELOLW\�GXULQJ�DJLQJ�RI�JHODWLQL]HG�

ZD[\�PDL]H�VWDUFK��D�PDJQHWL]DWLRQ�WUDQVIHU�
\
+�105�VWXG\��&DUERK\GUDWH�

3RO\PHUV���������

:\QQH�-RQHV��6��DQG�%ODQVKDUG��-�0�9��������+\GUDWLRQ�VWXGLHV�RI�ZKHDW�VWDUFK��
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�����������������7KH�REMHFWLYH�RI�WKLV�VWXG\�ZDV�WR�HYDOXDWH�WKH�HIIHFW�RI�ZDWHU�DQG�JOXWHQ�RQ�WKH�

ZDWHU�PRELOLW\��JHODWLQL]DWLRQ��DQG�UHWURJUDGDWLRQ�RI�EUHDG�DQG�VWDUFK�JHOV��

�����������,Q�WKH�ILUVW�H[SHULPHQW��WKH�HIIHFW�RI�ZDWHU�DQG�JOXWHQ�OHYHOV�RQ�WKH�ZDWHU�PRELOLW\�

LQ�EUHDG�ZDV�VWXGLHG�XVLQJ�
È
+�105��:KLWH�EUHDGV�ZHUH�PDGH�ZLWK�WKUHH�OHYHOV�RI�ZDWHU�

DQG�WKUHH�OHYHOV�RI�JOXWHQ��7KH�WKUHH�OHYHOV�RI�ZDWHU�DGGLWLRQ�LQ�EUHDG�GRXJK�UHVXOWHG�LQ�

WKUHH�GLIIHUHQW�OHYHOV�RI�ZDWHU�FRQWHQW�LQ�EUHDG��*OXWHQ�OHYHOV�PDGH�QR�GLIIHUHQFH�LQ�EUHDG�

PRLVWXUH�FRQWHQW��'LVWULEXWHG�H[SRQHQWLDO�DQDO\VLV�VKRZHG�WZR�GLVWLQFWLYH�UHJLRQV�RI�7 É ��
DVVRFLDWHG�ZLWK�PXOWLSOH�GRPDLQV�RI�ZDWHU�LQ�WKH�EUHDG�FUXPE��7KHUH�ZHUH�QR�VLJQLILFDQW�

GLIIHUHQFHV�LQ�SHDN�7 É �YDOXHV�ZLWK�GLIIHUHQW�JOXWHQ�FRQWHQW��EXW�VLJQLILFDQW�GLIIHUHQFHV�

ZHUH�REVHUYHG�ZLWK�GLIIHUHQW�ZDWHU�FRQWHQW���,W�LV�VXJJHVWHG�WKDW�ZDWHU�DVVRFLDWHG�ZLWK�

VWDUFK�LQFUHDVHG�VLJQLILFDQWO\�DIWHU�KHDWLQJ��EHFDXVH�RI�JHODWLQL]DWLRQ��D�UHGLVWULEXWLRQ�RI�

ZDWHU�RFFXUUHG�EHWZHHQ�VWDUFK�DQG�JOXWHQ��7KH�PRELOLW\�RI�ZDWHU�DVVRFLDWHG�ZLWK�ERWK�

VWDUFK�DQG�JOXWHQ�ZHUH�YHU\�VLPLODU��WKHUHIRUH�WKH�JOXWHQ�DGGLWLRQ�GLG�QRW�DIIHFW�WKH�WRWDO�

ZDWHU�PRELOLW\�RI�WKH�EUHDG�ZLWKLQ�WKH�JOXWHQ�FRQWHQW�UDQJH�XVHG�LQ�WKLV�H[SHULPHQW��105�

PHDVXUHPHQWV�ZHUH�PDGH�GLUHFWO\�RQ�VWDUFK�JHOV�ZLWK�GLIIHUHQW�JOXWHQ�FRQWHQW�WR�IXUWKHU�

LQYHVWLJDWH�WKH�HIIHFW�RI�JOXWHQ�RQ�VWDUFK�JHODWLQL]DWLRQ��7ZR�GLVWLQFW�UHJLRQV�RI�7 É �
GLVWULEXWLRQV�ZHUH�DOVR�REVHUYHG�IRU�DOO�VDPSOHV��)RU�ERWK�RI�WKH�OHVV�PRELOH�DQG�PRUH�

PRELOH�UHJLRQV��WKH�7 É �YDOXHV�RI�WKH�VWDUFK�RQO\�VDPSOHV�ZHUH�ORZHU�WKDQ�WKH�VWDUFK�

JOXWHQ�PL[WXUHV�DW�ERWK�VROLG�FRQWHQWV���7KLV�LQGLFDWHG�OHVV�VZHOOLQJ�RI�VWDUFK�JUDQXOHV�DQG�

DEVRUSWLRQ�RI�ZDWHU��7KHUH�ZDV�QR�VLJQLILFDQW�GLIIHUHQFH�DPRQJ�WKH�7 É �YDOXHV�RI�VWDUFK�
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JOXWHQ�PL[WXUHV�ZLWK�GLIIHUHQW�JOXWHQ�FRQWHQWV��ZKLFK�DOVR�LQGLFDWHG�D�UHGLVWULEXWLRQ�RI�

ZDWHU�RFFXUULQJ�EHWZHHQ�VWDUFK�DQG�JOXWHQ�GXULQJ�KHDWLQJ�LQ�WKDW�JOXWHQ�UHOHDVHG�VRPH�

ZDWHU�DQG�VWDUFK�DEVRUEHG�PRUH�ZDWHU���

�����������7KH�VHFRQG�VWXG\�ZDV�SHUIRUPHG�XVLQJ�
È
+�105�UHOD[RPHWU\�WR�LQYHVWLJDWH�WKH�

HIIHFW�RI�JOXWHQ�RQ�VWDUFK�UHWURJUDGDWLRQ�DW�� Ê &��,Q�JHQHUDO��7 É �YDOXHV�RI�DOO�WKH�VDPSOHV�

GHFUHDVHG�GXULQJ�ILIWHHQ�GD\V�RI�VWRUDJH��LQGLFDWLQJ�D�GHFUHDVH�LQ�ZDWHU�PRELOLW\��7KH�

H[WHQW�DQG�UDWH�RI�FKDQJH�LQ�7 É �RYHU�WLPH�ZDV�KLJKHU�DW�KLJKHU�VWDUFK�FRQFHQWUDWLRQV��7KH�

FKDQJHV�LQ�JHOV�FRQWDLQLQJ�RQO\�VWDUFK�ZHUH�WKH�JUHDWHVW�DPRQJ�WKH�ILYH�WUHDWPHQWV��$OO�RI�

WKH�VWDUFK�JOXWHQ�JHOV�FKDQJHG�PXFK�OHVV�WKDQ�WKH�VWDUFK�RQO\�VDPSOHV��LQGLFDWLQJ�WKDW�

JOXWHQ�UHWDUGHG�VWDUFK�UHWURJUDGDWLRQ���7KH�WKUHH�OHYHOV�RI�JOXWHQ�DGGLWLRQ�LQ�VWDUFK�JOXWHQ�

JHOV�SURGXFHG�VLPLODU�FKDQJHV��'LVWULEXWHG�H[SRQHQWLDO�VWXGLHV�VKRZHG�WKDW�WZR�GLVWLQFW�

UHJLRQV�RI�7 É �ZHUH�REVHUYHG�LQ�DOO�VDPSOHV��'XULQJ�DJLQJ��WKH�SHDN�YDOXHV�RI�ERWK�UHJLRQV�

VKLIWHG�WR�ORZHU�YDOXHV�IRU�DOO�WKH�JHOV��6WDUFK�VDPSOHV�VKRZHG�WKH�PRVW�VLJQLILFDQW�VKLIW��

DQG�JOXWHQ�VKRZHG�WKH�OHDVW��7KH�WKUHH�OHYHOV�RI�JOXWHQ�DGGLWLRQ�LQ�VWDUFK�JOXWHQ�JHOV�

SURGXFHG�VLPLODU�VKLIWV��7 É �YDOXHV�LQ�JOXWHQ�JHOV�DOVR�GHFUHDVHG�GXULQJ�VWRUDJH��LQGLFDWLQJ�

JOXWHQ�DOVR�XQGHUZHQW�VRPH�VWUXFWXUH�FKDQJH�GXULQJ�VWRUDJH��UHVXOWLQJ�LQ�ILUPLQJ��

WKHUHIRUH��IXUWKHU�DGGLWLRQ�RI�JOXWHQ�GLG�QRW�GHFUHDVH�WKH�UHWURJUDGDWLRQ�UDWH��)RU�DOO�WKH�

VDPSOHV��WKH�VLJQDO�LQWHQVLW\�RI�WKH�OHVV�PRELOH�UHJLRQ�GHFUHDVHG�PRUH�GUDPDWLFDOO\�WKDQ�

WKDW�RI�WKH�PRUH�PRELOH�UHJLRQ�GXULQJ�VWRUDJH��,W�ZDV�VXJJHVWHG�WKDW�JOXWHQ�UHWDUGV�ZDWHU�

ORVV�LQ�WKH�JUDQXOH�UHPQDQWV��

�����������,Q�FRQFOXVLRQ��WKH�JOXWHQ�FRPSRQHQW�LQ�IORXU�PDGH�WKH�VWDUFK�JUDQXOH�VZHOO�OHVV�

GXULQJ�KHDWLQJ��WKXV�GHFUHDVLQJ�WKH�H[WHQW�RI�VWDUFK�JHODWLQL]DWLRQ��DQG�IXUWKHU�UHWDUGLQJ�

VWDUFK�UHWURJUDGDWLRQ��7KLV�LV�SUREDEO\�GXH�WR�GHFUHDVHG�ZDWHU�DYDLODELOLW\�WR�VWDUFK�LQ�WKH�
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SUHVHQFH�RI�JOXWHQ��7KLV�SURYLGHV�EHWWHU�XQGHUVWDQGLQJ�DQG�FRQWURO�RI�WKH�EHKDYLRU�RI�

IORXU�FRQWDLQLQJ�IRRGV�GXULQJ�KHDWLQJ�DQG�VWRUDJH��
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