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$%675$&7�7KH�LPSDFW�RI�WKH�ZDVWHZDWHU�WUHDWPHQW�IDFLOLW\��::7)��RI�%HLW�/DKLD�RQ�
ZHOOV�ZDWHU�ORFDWHG�� � � �WR�� � � � �PHWHUV�LQ�WKH�YLFLQLW\�RI�WZHQW\�ZHOOV�VXUURXQGLQJ�WKH�IDFLOLW\�
ZHUH� HYDOXDWHG� IRU� YDULRXV� EDFWHULRORJLFDO� SDUDPHWHUV� �KHWHURWURSKLF� SODWH� FRXQW�� 7RWDO�
FROLIRUP�� )HFDO� FROLIRUP�� )HFDO� 6WUHSWRFRFFL�� 6DOPRQHOOD� VSHFLHV�� &DPS\OREDFWHU� VSHFLHV��
&ORVWULGLXP� SHUIULQJHQV�� DQG� 3VHXGRPRQDV� DHUXJLQRVD��� $OVR� VHYHUDO� SK\VLFRFKHPLFDO�
SDUDPHWHUV��WHPSHUDWXUH��S+��HOHFWULFDO�FRQGXFWLYLW\��WRWDO�GLVVROYHG�VROLGV��ELRORJLFDO�R[\JHQ�
GHPDQG��%2'���QLWUDWH��QLWULWH��DPPRQLD�DQG�FKORULGH��KDYH�EHHQ�VWXGLHG��
7KH� HIIHFWV� RI� ZHOO� GHSWK�� ORFDWLRQ� DQG� GLVWDQFH� RI� ZHOOV� ZLWK� UHVSHFW� WR� WKH� ZDVWHZDWHU�
WUHDWPHQW�IDFLOLW\�RQ�WKH�OHYHO�RI�ZDWHU�FRQWDPLQDWLRQ�ZHUH�DOVR�LQYHVWLJDWHG��
6LJQV�RI�FRQWDPLQDWLRQ�ZHUH�HQFRXQWHUHG�LQ�PDQ\�RI�WKH�H[DPLQHG�ZHOOV��DQG�FRQWDPLQDWLRQ�
ZDV� SURQRXQFHG� LQ� ZHOOV� ORFDWHG� WR� WKH� ZHVWHUQ� UHJLRQ� RI� WKH�::7)��0RUHRYHU��ZHOOV� RI�
ORZHU�GHSWK�DQG�VKRUWHU�GLVWDQFH�IURP�WKH�::7)�VKRZHG�KLJKHU�FRQWDPLQDWLRQ��
7KH�UHVXOWV�LQGLFDWH�WKDW�WKH�PDLQ�VRXUFH�RI�FRQWDPLQDWLRQ�RI�WKH�ZHOOV�ZDWHU�LQ�WKLV�UHJLRQ��LV�
WKH�::7)���,1752'8&7,21�*D]D�6WULS�UHOLHV�HQWLUHO\�RQ�JURXQGZDWHU�GUDZQ�IURP�LWV�DTXLIHU��*D]D�6WULS�DTXLIHU�LV�RQO\�D IHZ�PHWHUV� IURP� WKH� VXUIDFH�� UDQJLQJ� LQ� GHSWK� IURP���� WR� ����PHWHUV��7KLV�PDNHV� WKH�DTXLIHU�YXOQHUDEOH�WR�FRQWDPLQDWLRQ�IURP�WKH�XQFRQWUROOHG�GLVFKDUJH�RI�VHZDJH��DJULFXOWXUDO�DQG�LQGXVWULDO�DFWLYLWLHV���


 $VVRFLDWH�0HGLFDO�7HFKQRORJ\�'HSDUWPHQW�
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%HLW�/DKLD� LV� D� VPDOO� YLOODJH� ORFDWHG� LQ� WKH�QRUWKHUQ� DUHD� RI�*D]D�6WULS� DQG� LQKDELWHG� E\�DERXW� ������� SHRSOH��0RVW� RI� LWV� SHRSOH� ZRUN� LQ� WKH� DJULFXOWXUDO� ILHOG� DQG� PDQ\� RI� WKH�IDPLOLHV� OLYH� LQ� WKH� IDUP� DQG� XVH� ZHOOV� ZDWHU� IRU� GULQNLQJ� DQG� LUULJDWLRQ��0DQ\� RI� WKRVH�ZHOOV��KRZHYHU��DUH�ORFDWHG�LQ�WKH�YLFLQLW\�RI�D�ZDVWHZDWHU�WUHDWPHQW�IDFLOLW\��::7)���7KH�::7)�KDV�EHHQ�FRQVWUXFWHG�LQ�������'XH�WR�WKH�UDSLG�SRSXODWLRQ�JURZWK�DQG�WKH�ODFN�RI� ILQDQFLDO� UHVRXUFHV� WR� UHKDELOLWDWH� WKH� SODQW�� WKH� VHZDJH� LQIOXHQW� KDV� EHHQ� FRQVWDQWO\�RYHUIORZLQJ� WKH� GHVLJQHG� FDSDFLW\�� 7KH� DPRXQW� RI� WKH� VHZDJH� LQIOXHQW� LV� DSSUR[LPDWHO\�������WR��������P��GD\��DQG�OHVV�WKDQ�����LV�FXUUHQWO\�EHLQJ�WUHDWHG��3:$���������7KH�%HLW�/DKLD�WUHDWPHQW�IDFLOLW\�LV�ORFDWHG�QHDU�RQH�RI�WKH�ILQHVW�JURXQG�DTXLIHUV�LQ�*D]D��+LJK�OHYHOV�RI�QLWUDWH�KDV�UHFHQWO\�EHHQ�GHWHFWHG�IURP�WKH�DTXLIHU��3:$��������$LVK���������EXW� QR� PLFURELRORJLFDO� H[DPLQDWLRQ� ZDV� GRQH�� ,W� LV� OLNHO\�� WKDW� WKH� H[FHVV� RYHUIORZ� RI�VHZDJH�IURP�WKH�IDFLOLW\�RQWR�WKH�QHDUE\�VDQG�GXQH�DUHD�ZLOO�UHVXOW�LQ�IXUWKHU�GHWHULRUDWLRQ�RI�WKH�ZDWHU�TXDOLW\�LQ�WKH�VXUURXQGLQJ�DTXLIHU��7KH�VRLO�LQ�WKH�VWXG\�DUHD�FRQVLVWV�RI�GLIIHUHQW�OD\HUV�RI�GXQHVWRQH�DQG�VLOW�FOD\V��=ROOHU�HW�DO��� ������� 7KLV� VWUXFWXUDO� PDWUL[� DGGV� WR� WKH� YXOQHUDELOLW\� RI� WKH� DUHD� WR� FRQWDPLQDQW�LQILOWUDWLRQ�����&RQWDPLQDWLRQ�RI�JURXQG�ZDWHU�ZLWK�VHZDJH�LV�D�VHULRXV�SUREOHP�ZRUOGZLGH��DQG�HVSHFLDOO\�SURPLQHQW�LQ�WKH�GHYHORSLQJ�FRXQWULHV��DQG�PDQ\�FKHPLFDO�DQG�PLFURELDO�FRQWDPLQDQWV�DUH�SRWHQWLDO�WKUHDWV�WR�KXPDQ�KHDOWK��=ROOHU�HW�DO���������0DFOHU�	�0HUNOH���������7KLV� VWXG\� ZDV� LQLWLDWHG� LQ� RUGHU� WR� LQYHVWLJDWH� WKH� HIIHFW� RI� WKH� ZDVWHZDWHU� WUHDWPHQW�IDFLOLW\�RQ�FRQWDPLQDWLQJ�WKH�VXUURXQGLQJ�JURXQGZDWHU������
0$7(5,$/6�$1'�0(7+2'6�:DWHU�VDPSOHV�ZHUH�FROOHFWHG�LQ�WKH�ZLQWHU�VHDVRQ��1RYHPEHU�'HFHPEHU�������WR�-DQXDU\�������� IURP� ��� ZHOOV� ORFDWHG� DW� YDULRXV� GLVWDQFHV� DQG� GLUHFWLRQV� IURP� WKH� ZDVWHZDWHU�WUHDWPHQW�IDFLOLW\��)LJXUH�����DQG�VXLWDEOH�DQDO\VHV�ZHUH�FDUULHG�RXW��7KH�ZLQWHU�VHDVRQ�ZDV�FKRVHQ� IRU� VDPSOLQJ� VLQFH� SUHOLPLQDU\� LQYHVWLJDWLRQV� LQ� WKH� VWXG\� DUHD� VKRZHG� WKDW� WKH�KLJKHVW� OHYHOV�RI�FRQWDPLQDWLRQ�ZHUH�SUHGRPLQDQW� LQ� WKLV� VHDVRQ��$OO�ZDWHU� VDPSOHV�ZHUH�FROOHFWHG� LQ�SUH�VWHULOL]HG�FRQWDLQHUV�E\� WKH�DLG�RI�PHFKDQLFDO�SXPSV�DOUHDG\� LQVWDOOHG�RQ�WKH�ZHOOV�� WKH�ZDWHU�ZDV�OHIW� WR�UXQ�IRU� IHZ�PLQXWHV�EHIRUH�FROOHFWLRQ��%DFWHULRORJLFDO�DQG�FKHPLFDO� DQDO\VHV� ZHUH� GRQH� XVLQJ� WKH� SURFHGXUHV� GHVFULEHG� E\� WKH� $PHULFDQ� 3XEOLF�+HDOWK�$VVRFLDWLRQ��$3+$���������$OO�WKH�EDFWHULRORJLFDO�PHGLD�XVHG�WKURXJKRXW�WKH�VWXG\�ZHUH�SUHSDUHG�DFFRUGLQJ�WR�'LIFR�0DQXDO���������:HOO�GHSWK�DQG�GLVWDQFH� IURP� WKH�ZDVWHZDWHU� WUHDWPHQW� IDFLOLW\�ZHUH� UHODWHG� WR� WKH� WHVWHG�SDUDPHWHUV�E\�VLPSOH�FRUUHODWLRQ�DQDO\VLV�DFFRUGLQJ�WR�6QHGRU�DQG�&RFKUDQ���������7KH�DYHUDJH�ZDWHU�WHPSHUDWXUH�RI�ZDWHU�ZDV�IDLUO\�FRQVWDQW�DQG�UDQJHG�EHWZHHQ������DQG������&�� /LNHZLVH�� WKH� DYHUDJH� S+� RI� ZDWHU� VDPSOHV� IURP� WKH� WZHQW\� ZHOOV� ZDV� DOPRVW�QHXWUDO�DQG�UDQJHG�EHWZHHQ������DQG�������&RQFHQWUDWLRQV�RI�WRWDO�GLVVROYHG�VROLGV��7'6��ZHUH�XQLIRUP�DQG�FKDUDFWHULVWLF�RI�IUHVKZDWHU��7DEOH�����
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5(68/76�'DWD�SUHVHQWHG�LQ�7DEOH�����VKRZ�WKH�EDFWHULRORJLFDO��SK\VLFRFKHPLFDO��ZHOO�GHSWK��ORFDWLRQ�DQG�GLVWDQFH�IURP�WKH�IDFLOLW\��
+HWHURWURSKLF�3ODWH�&RXQW��+3&���7KH�+3&�GHWHUPLQHG�RQ�QXWULHQW�DJDU�DW����&�IRU����K�LV�SUHVHQWHG�LQ�7DEOH����,W� LV�FOHDU�IURP�WKH�WDEOH�WKDW�DOO� WKH�ZDWHU�VDPSOHV�ZHUH�SRVLWLYH�IRU�WKLV�SDUDPHWHU��:DWHU�IURP�WKH�GLIIHUHQW� ZHOOV�� KRZHYHU�� VKRZHG� WKDW� WKHUH� DUH� GLIIHUHQFHV� LQ� +3&V�� :DWHU� IURP� ZHOOV�������������� DQG� ���� ZKLFK� DUH� ORFDWHG� ZHVW� DQG� VRXWK� ZHVW� WR� WKH�::7)�� VKRZHG� WKH�KLJKHVW�YDOXHV�RI�+3&V����
�7RWDO�&ROLIRUP��7&��7&�FRXQWV�H[SUHVVHG�DV�FRORQ\�IRUPLQJ�XQLWV��&)8�����PO�IRU�WKH�H[DPLQHG�ZDWHU�VDPSOHV�DUH�LOOXVWUDWHG�LQ�7DEOH����6DPSOHV�IURP�RI�������������RI�WKH�ZHOOV�ZHUH�SRVLWLYH�IRU�7&��+LJKHU�FRXQWV�ZHUH�HQFRXQWHUHG�LQ�WKH�ZHOOV�ORFDWHG�LQ�WKH�ZHVWHUQ�UHJLRQ�RI�WKH�::7)���
)HFDO�&ROLIRUP��)&��7KH�)&�WHVW�ZDV�SRVLWLYH�IRU����ZHOOV��7KH�UHVXOWV�DUH�GHSLFWHG�LQ�7DEOH������,W�LV�FOHDU�WKDW�VRXWKZHVW�DQG�ZHVWHUQ�ZHOOV�VKRZHG�KLJKHU�)&�FRXQWV�WKDQ�RWKHU�ZHOOV��
)HFDO�6WUHSWRFRFFL��)6��7KH� UHVXOWV� RI� )6� GHWHUPLQDWLRQ� IRU� WKH� ZDWHU� VDPSOHV� DUH� JLYHQ� LQ� 7DEOH� ��� 2QO\� ����������� RI� WKH� ZHOOV� ZHUH� SRVLWLYH� IRU� )6�� 7KRVH� ZHOOV� DUH� DOVR� ORFDWHG� LQ� WKH� ZHVWHUQ�VXUURXQGLQJ�RI�WKH�::7)��
6DOPRQHOOD�	�3VHXGRPRQDV�VSHFLHV�1HLWKHU� 6DOPRQHOOD� VS�� QRU� 3VHXGRPRQDV� DHUXJLQRVD� ZDV� GHWHFWHG� LQ� WKH� JURXQGZDWHU�VDPSOHV�DQDO\]HG��
&DPS\OREDFWHU�VSHFLHV�:DWHU� VDPSOHV� IURP�RQO\� WZR�ZHOOV� �QXPEHU� ���	� ����ZHUH� SRVLWLYH� IRU�&DPS\OREDFWHU�VSHFLHV��
&ORVWULGLXP�SHUIULQJHQV�7KLV�SDUDPHWHU�ZDV�GHWHFWHG�LQ�ZDWHU�RI�IRXU�ZHOOV��7DEOH�����7KH�WUHQG�ZDV�VLPLODU�WR�WKDW�RI� WKH� RWKHU� SDUDPHWHUV� LQ� WKDW�� WKRVH�ZHOOV� DUH� DOVR� ORFDWHG� LQ� WKH�ZHVWHUQ� UHJLRQ� RI� WKH�::7)��
&KORULGH��&O��7KH� FKORULGH� FRQFHQWUDWLRQV� LQ� ZDWHU� VDPSOHV� IURP� DOO� WKH� ZHOOV� FRPSOLHG� ZLWK� WKH�3DOHVWLQLDQ�6WDQGDUG������PJ�O���
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��

1LWULWH�1LWURJHQ�:DWHUV� IURP� HLJKW� ZHOOV�� ORFDWHG� VRXWKZHVW� DQG� ZHVW� WR� WKH�::7)� FRQWDLQHG� QLWULWH� LQ�DPRXQWV�H[FHHGLQJ�WKH�SHUPLVVLEOH�VWDQGDUG�RI�����PJ�O��
$PPRQLXP�1LWURJHQ�:DWHUV�IURP�WKUHH�ZHOOV��QXPEHU�������	������ORFDWHG�LQ�WKH�ZHVWHUQ�UHJLRQ�RI�WKH�::7)��VKRZHG�DPPRQLD�FRQFHQWUDWLRQV�KLJKHU�WKDQ�DOORZHG�E\�WKH�3DOHVWLQLDQ�6WDQGDUG������PJ�O���
1LWUDWH�1LWURJHQ��:DWHUV�IURP�WZR�ZHOOV��QXPEHU����	�����VKRZHG�QLWUDWH�FRQFHQWUDWLRQV�WKDW�H[FHHGHG�WKH�3DOHVWLQLDQ� 6WDQGDUG� RI� ��� PJ�O�� *HQHUDOO\�� ZHOOV� ORFDWHG� WR� WKH� ZHVW� DQG� VRXWKZHVW� RI�::7)�VKRZHG�KLJKHU�QLWUDWH�FRQFHQWUDWLRQV�WKDQ�RWKHUV��7DEOH������%2'��)LIWHHQ�RI�WKH�H[DPLQHG�ZHOOV�ZDWHU�VKRZHG�%2'��YDOXHV�KLJKHU�WKDQ�WKH�6WDQGDUG�OLPLW��0RUHRYHU�� WKH� KLJKHVW�%2'��FRQFHQWUDWLRQV�ZHUH� HQFRXQWHUHG� LQ� WKH�ZDWHUV� RI� WKH�ZHOOV�
VLWXDWHG�LQ�WKH�ZHVWHUQ�UHJLRQ�ZLWK�UHVSHFW�WR�WKH�::7)�
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7DEOH� �� 6XPPDU\� RI� WKH� UHVXOWV� RI� WKH� EDFWHULRORJLFDO
� DQG� SK\VLFRFKHPLFDO�SDUDPHWHUV�LQYHVWLJDWHG�LQ�WKH����ZHOOV�����

/RFDWLRQ� �'LVWDQFH� �'HSWK� �+3&� �7&� �)&� �)6� �&ORVW� �&DPS� �7HPS� �3+� �(�&�� �7'6� �1+�� �12�� �12�� �&O�

(DVW� ����� ���� ��� �� �� �� �� �� ����� ����� ���� ���� ���� �� ��� ���
(DVW� ����� ����� ��� �� �� �� �� �� ����� ����� ����� ���� ���� �� ��� ����
(DVW�6RXWK� ����� ��� ���� ��� �� �� �� �� ����� ����� ���� ���� ���� ���� ��� ���
(DVW�6RXWK� ����� ����� ��� �� �� �� �� �� ����� ����� ���� ���� ���� �� ��� ����
6RXWK� ����� ����� ��� �� �� �� �� �� ����� ����� ���� ���� �� �� ���� ����
6RXWK� ����� ����� ��� �� �� �� �� �� ����� ����� ����� ���� ���� �� ��� ����
6RXWK� ����� ��� ��� �� �� �� �� �� ����� ����� ���� ���� ���� �� ���� ���
6RXWK�:HVW� ���� ����� ���� ���� ��� ��� ��� �� ����� ����� ����� ���� ���� ���� ��� ����
6RXWK�:HVW�� ���� ����� ���� ���� ��� ��� �� �� ����� ����� ����� ���� ���� ���� ��� ����
6RXWK�:HVW� ����� ����� ���� �� �� �� �� �� ����� ����� ����� ���� ���� ���� ��� ����
:HVW� ���� ����� ���� ���� ��� �� ��� �� ����� ����� ���� ���� ���� ���� ��� ���
:HVW� ���� ����� ���� ���� ���� ��� ��� �� ����� ����� ���� ���� ���� ���� ��� ����
:HVW� ���� ����� ���� ���� ���� ��� ��� �� ����� ����� ���� ���� ���� ���� ���� ����
:HVW� ���� ����� ���� ��� ��� �� �� �� ����� ����� ����� ���� ���� ���� ��� ����
:HVW� ����� ����� ���� ���� ��� �� �� �� ����� ����� ���� ���� ���� ���� ��� ����
:HVW� ����� ����� ���� ��� �� �� �� �� ����� ����� ���� ���� ���� ���� ��� ���
:HVW� ����� ����� ���� ��� �� �� �� �� ����� ����� ���� ���� ���� ���� �� ���
:HVW�1RUWK� ����� ����� ��� ��� �� �� �� �� ����� ����� ����� ���� ���� �� ��� ����
:HVW�1RUWK� ����� ����� ���� ��� �� �� �� �� ����� ����� ����� ���� ���� ���� ��� ����
:HVW�1RUWK� ����� ��� �� �� �� �� �� �� ����� ����� ���� ���� �� �� ��� ���

DQ�6WDQGDUG 1'� ���� �� �� �� �� � �������� ����� ����� ���� ���� ��� ����

 $OO� WKH� VDPSOHV� ZHUH� QHJDWLYH� ���� IRU� WKH� SUHVHQFH� RI� 6DOPRQHOOD� DQG�3VHXGRPRQDV�VSHFLHV�
+3&� +HWHURWURSKLF�3ODWH�&RXQW�DW���q& �&)8�PO�� � 7HPS
� 7HPSHUDWXUH�LQ�q&7&� 7RWDO�FROLIRUP��&)8����PO�� � � � (�&�� (OHFWULFDO�
FRQGXFWLYLW\��P6�FP��)&� )HFDO�FROLIRUP��&)8����PO�� � � � 7'6� 7RWDO�GLVVROYHG�VROLGV��PJ�O��
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��

)6� )HFDO�VWUHSWRFRFFL��&)8����PO��� � � %2'�� %LRORJLFDO�R[\JHQ�GHPDQG��PJ�O��&ORVW� &ORVWULGLXP�SHUIULQJHQV��&)8����PO�� � � 1+�� $PPRQLD�QLWURJHQ��PJ�O�� �&DPS� &DPS\OREDFWHU�VS���&)8�����PO�� � � 12�� 1LWULWH�QLWURJHQ��PJ�O��12�� 1LWUDWH�QLWURJHQ��PJ�O�� � � � � &O� &KORULGH�1'� 1RW�GHILQHG����5HODWLRQVKLS� EHWZHHQ� GLVWDQFH� RI� WKH� ZHOOV� IURP� WKH�::7)� DQG� WKH� WHVWHG�SDUDPHWHUV�7KH� H[DPLQHG� ZHOOV� DUH� ORFDWHG� DW� ���� WR� ����� PHWHUV� IURP� WKH� ::7)�� 7KH�UHODWLRQVKLS�EHWZHHQ�YDULRXV�FKHPLFDO�DQG�EDFWHULRORJLFDO�SDUDPHWHUV�LV�SUHVHQWHG�LQ�)LJXUH����7KH�REVHUYHG�SDWWHUQ�VKRZHG�WKDW�WKH�FORVHU�WKH�ZHOOV�WR� WKH�::7)�WKH�KLJKHU�LV�WKH�OHYHO�RI�FRQWDPLQDWLRQ��(IIHFW�RI�ZHOO�GHSWK�RQ�WKH�OHYHO�RI�ZDWHU�FRQWDPLQDWLRQ�'HSWK�RI�WKH�H[DPLQHG�ZHOOV�UDQJHG�EHWZHHQ������DQG�����PHWHUV��7DEOH�����)LJXUH�� LOOXVWUDWHV� WKH�UHODWLRQ�EHWZHHQ�YDULRXV�FKHPLFDO�DQG�EDFWHULRORJLFDO�SDUDPHWHUV�DQG�ZHOO�GHSWK��,W� LV�FOHDU�IURP�WKH�)LJXUH�WKDW�WKH�GHSWK�LQIOXHQFHV�WKH�GHJUHH�RI�FRQWDPLQDWLRQ�� )RU� DOO� H[DPLQHG�ZHOOV� WKH� OHYHO� RI� FRQWDPLQDWLRQ� LQFUHDVHG�ZLWK�GHFUHDVH�RI�WKH�GHSWK���
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)LJXUH� �� &RUUHODWLRQ� EHWZHHQ� GLVWDQFH� RI� ZHOOV� IURP� WKH� ::7)� DQG� YDULRXV�SDUDPHWHUV���
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,6&866,21�$1'�&21&/86,216��7KH� SUHVHQW� VWXG\� LOOXVWUDWHV� DQ� H[DPSOH� RI� PDQ�PDGH� FRQWULEXWLRQ� WR� WKH�GHWHULRUDWLRQ�RI�ZDWHU�TXDOLW\��,W�GHVFULEHV�WKH�LPSDFW�RI�%HLW�/DKLD�::7)�RQ�WKH�TXDOLW\�RI�ZDWHU�LQ����RI�WKH�VXUURXQGLQJ�JURXQGZDWHU�ZHOOV���7KH�EDFWHULRORJLFDO�DQG�SK\VLFRFKHPLFDO�SDUDPHWHUV�LQYHVWLJDWHG�LQ�WKLV�VWXG\�DUH�WKH�PRVW�FRPPRQO\�HPSOR\HG�LQGLFDWRUV�IRU�PRQLWRULQJ�ZDWHU�TXDOLW\��:DUG�HW�DO����������7KH� ��� ZHOOV� LQFOXGHG� LQ� WKLV� VWXG\� ZHUH� VHOHFWHG� WR� FRYHU� DOO� WKH� SRVVLEOH�GLUHFWLRQV�DURXQG� WKH�::7)��)LJXUH�����7KH�UHVXOWV�KDYH�VKRZQ�WKDW� WKH�KLJKHVW�OHYHOV�RI�FRQWDPLQDWLRQ�ZHUH�HQFRXQWHUHG�LQ�ZHOOV�ORFDWHG�LQ�WKH�ZHVWHUQ�UHJLRQV�RI�WKH� ::7)�� 7KRVH� UHVXOWV� DUH� FRQVLVWHQW� ZLWK� WKH� QDWXUDO� HDVW� WR� ZHVW� IORZ� RI�JURXQGZDWHU�LQ�WKLV�DUHD��=ROOHU�HW�DO����������
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$PRQJ�WKH�H[DPLQHG�ZHOOV��LW�ZDV�IRXQG�WKDW�ZHOOV�QXPEHU����	����ZHUH�WKH�PRVW�KHDYLO\� FRQWDPLQDWHG� RQHV� LQ� WHUPV� RI� WKH� LQYHVWLJDWHG� SDUDPHWHUV�� 7KH� IDFWRUV�UHVSRQVLEOH�IRU�WKLV�REVHUYDWLRQ�LQFOXGH��WKH�UHODWLYHO\�ORZ�GHSWK�������DQG������P��UHVSHFWLYHO\��� ORFDWLRQ� DQG� WKH� UHODWLYHO\� VKRUW� GLVWDQFH� ����� DQG� ���� P��UHVSHFWLYHO\��RI�WKHVH�ZHOOV�WR�WKH�::7)��7KH�ODWHUDO�GLVWDQFH�PLJUDWHG�E\�FRQWDPLQDQWV�LV�JRYHUQHG�E\�WKH�K\GURJHRORJLFDO�FKDUDFWHULVWLFV� �VRLO� W\SH� DQG� VWUXFWXUDO�PDWUL[�� RI� WKH� VRLO�� ,W� LV� EHOLHYHG� WKDW� WKH�VDQG\�QDWXUH�DQG� WKH�GHWHULRUDWHG�VRLO�PDWUL[� LQ� WKH�VWXG\�DUHD�SURYLGH�D�SDWK�IRU�FRQWDPLQDQWV� WR� HQWHU� WKH� DTXLIHU�� 7KLV� H[SODLQV� WKH� UHODWLYHO\� ORQJ� GLVWDQFHV��HVSHFLDOO\� LQ� WKH� ZHVWHUQ� DUHD� RI� WKH� ::7)�� WUDYHOOHG� E\� WKH� FRQWDPLQDQWV�LQYHVWLJDWHG�LQ�WKLV�VWXG\��� 5HJDUGLQJ� WKH� GHSWK� RI� JURXQGZDWHU� ZHOOV�� VLPLODU� REVHUYDWLRQV� KDYH� EHHQ�UHSRUWHG�E\�%URRNV�DQG�&HFK��������DQG�0DUWLQR�HW�DO����������%RWK�VWXGLHV�KDYH�LPSOLFDWHG� WKDW� KLJKHU� FRQWDPLQDWLRQ� ZDV� IRXQG� LQ� ZHOOV� RI� ORZHU� GHSWKV��2EYLRXVO\�� LQ� WKH�SUHVHQFH�RI�FRQWDPLQDQWV�RQ� WKH�VRLO�VXUIDFH�� WKH� LQILOWUDWLRQ�RI�FRQWDPLQDQWV�WR�ZHOOV�RI�ORZ�GHSWK�ZRXOG�EH�HDVLHU�DQG�IDVWHU��7&��)&�DQG�)6�ZHUH�GHWHFWHG�LQ�PDQ\�RI�WKH�DQDO\]HG�VDPSOHV��,QWHUHVWLQJO\��ZHOOV�WKDW� ZHUH� QHJDWLYH� IRU� 7&� ZHUH� LQYDULDEO\� QHJDWLYH� IRU� WKH� RWKHU� LQYHVWLJDWHG�EDFWHULRORJLFDO� SDUDPHWHUV�� 7KLV� FRQILUPV� WKH� LPSRUWDQFH� RI� 7&� IRU� URXWLQH�VFUHHQLQJ�RI�WKH�PLFURELRORJLFDO�TXDOLW\�RI�JURXQGZDWHU��7HVWLQJ�IRU�7&��KRZHYHU��VKRXOG� EH� VXSSOHPHQWHG� E\� H[DPLQLQJ� )&� DQG� )6� LQ� RUGHU� WR� UXOH� RXW�FRQWDPLQDWLRQ�E\�HQYLURQPHQWDO�FROLIRUPV��&DEHOOL���������$V�FDQ�EH�GHGXFHG�IURP�7DEOH����WKH�SUHVHQFH�RI�)&�LV�DOPRVW�DOZD\V�DVVRFLDWHG�ZLWK� KLJK�+3&V� DQG� ERWK� )&� FRXQWV� DQG�+3&V� DUH� DVVRFLDWHG�ZLWK� KLJK�%2'��YDOXHV��7KLV�SDWWHUQ�UHIOHFWV� WKH�DYDLODELOLW\�RI�RUJDQLF�PDWWHU� WKDW�KHOS�H[WHQGLQJ�WKH�VXUYLYD��UDWH�RI�)&�DQG�KHWHURWURSKLF�EDFWHULD��,Q� WKH�ZDWHU�VDPSOHV�DQDO\]HG� LQ� WKLV�VWXG\��)6�KDV�EHHQ�HQFRXQWHUHG� LQ���ZHOOV��$FFRUGLQJ� WR�+DPLW�DQG�&ROH�������� WKH�)&�)6�UDWLR�FDQ�EH�XVHG� WR�GLIIHUHQWLDWH�WKH�FRQWDPLQDWLRQ�RI�KXPDQ�RULJLQ��)&�)6�!����IURP�WKDW�RI�DQLPDO�RULJLQ��)&�)6�� ������ ,Q� WKH� ZHOOV� SRVLWLYH� IRU� )6�� WKH� )&�)6� UDWLR� LV� DOZD\V� JUHDWHU� WKDQ� ���7KHUHIRUH�� LW� LV� SRVVLEOH� WR� FRQFOXGH� WKDW� WKH� FRQWDPLQDWLRQ� VRXUFH� LV� GRPHVWLF�ZDVWHZDWHU�DQG�FRQVHTXHQWO\�WKH�RYHUIORZ�RI�UDZ�VHZDJH�IURP�WKH�::7)�LQ�WKH�YLFLQLW\�RI�WKH�LQYHVWLJDWHG�ZHOOV��6DPSOHV� IURP� ILYH� RI� WKH� H[DPLQHG� ZHOOV� ZHUH� SRVLWLYH� IRU� &ORVWULGLXP�SHUIULQJHQV� 7KH�QDWXUDO�UHVLVWDQFH�RI�&��SHUIULQJHQV�HQGRVSRUHV�PD\�LQGLFDWH�ROG�SROOXWLRQ�RI�WKRVH�ZHOOV�VLQFH�WKLV�SDUDPHWHU�LV�FRQVLGHUHG�D�JRRG�LQGLFDWRU�IRU�ROG�IHFDO�SROOXWLRQ��(GEHUJ�HW�DO����������&DPS\OREDFWHU� VS�� KDV� EHHQ� GHWHFWHG� LQ� RQO\� WZR� ZHOOV� �QXPEHU� ��� 	� �����&DPS\OREDFWHU�VS���SDUWLFXODUO\�&�� MHMXQL� KDV�RQO\� UHFHQWO\�EHHQ� UHFRJQL]HG�DV�D�UHODWLYHO\�FRPPRQ�FDXVH�RI�KXPDQ�GLDUUKHD��DQG�SROOXWHG�ZDWHU�LV�EHOLHYHG�WR�EH�DQ�LPSRUWDQW�VRXUFH�RI�WUDQVPLVVLRQ�RI�WKLV�SDWKRJHQ��&LOLPEXUJ�HW�DO����������7KH� DEVHQFH� RI�3VHXGRPRQDV� DHUXJLQRVD� DQG�6DOPRQHOOD� VS�� LQ� WKH� WHVWHG�ZDWHU�VDPSOHV��GHVSLWH�WKH�DYDLODELOLW\�RI�RUJDQLF�PDWWHU��UHSUHVHQWHG�E\�HOHYDWHG�%2'��
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YDOXHV���PD\�EH�GXH�WR�WKH�XQVXLWDEOH�TXDOLW\�RI�WKH�RUJDQLF�PDWWHU�IRU�WKH�VXUYLYDO�RI�WKHVH�EDFWHULD���,Q� WHUPV� RI� WKH� SK\VLFRFKHPFLDO� SDUDPHWHUV� LQYHVWLJDWHG� GXULQJ� WKLV� ZRUN�� WKH�DYHUDJH� ZDWHU� WHPSHUDWXUH�� S+� YDOXHV�� (�&�� DQG� 7'6� ZHUH� DOO� FKDUDFWHULVWLF� RI�IUHVK�ZDWHU� DQG� WKH� OLWWOH� YDULDWLRQV� RI� WKHVH� SDUDPHWHUV� REVHUYHG� LQ� WKH� GLIIHUHQW�VDPSOHV�VKRXOG�KDYH�QHJOLJLEOH�HIIHFW�RQ�WKH�RWKHU�WHVWHG�SDUDPHWHUV��2QO\�RQH�ZHOO� �QXPEHU����VKRZHG�FKORULGH�FRQFHQWUDWLRQ�KLJKHU� WKDQ�DOORZHG�E\�WKH�3DOHVWLQLDQ�6WDQGDUG��RYHU�SXPSLQJ�IURP�WKLV�ZHOO�DQG�XSFRQLQJ�RI�WKH�GHHSHU��KLJKO\�VDOLQH�DTXLIHU��UDWKHU�WKDQ�FRQWDPLQDWLRQ�FRXOG�EH�WKH�UHDVRQ�IRU�WKLV�ILQGLQJ��1LWUDWH�� QLWULWH� DQG� DPPRQLD� KDYH� EHHQ� DOZD\V� FRQVLGHUHG� DV� WKH� FKHPLFDO�LQGLFDWRUV�IRU�PRQLWRULQJ�WKH�FKHPLFDO�TXDOLW\�RI�SRWDEOH�ZDWHU��:DUG�HW�DO����������6DPSOHV�IURP�ZHOOV�QXPEHU�����������DQG����KDYH�VKRZQ�DPPRQLD�FRQFHQWUDWLRQV�DW� WKH�FXWW�RII�YDOXH�RU�KLJKHU� WKDQ�DOORZHG�E\� WKH�3DOHVWLQLDQ�6WDQGDUG��(OHYDWHG�DPPRQLD�FRQFHQWUDWLRQV�LQ�GULQNLQJ�ZDWHU�VRXUFHV�DUH�HLWKHU�GXH�WR�LQWHQVLYH�XVH�RI�QLWURJHQRXV� IHUWLOL]HUV� RU� VHZDJH� SROOXWLRQ��7KH�FORVH� SUR[LPLW\� RI�ZHOOV� RI� KLJK�DPPRQLD� WR� WKH�::7)� LQGLFDWH� WKDW� VHZDJH� LV� WKH� SULPDU\� VRXUFH� RI� SROOXWLRQ�ZLWK� WKLV� SDUDPHWHU�� 0RUHRYHU�� ZDWHU� VDPSOHV� IURP� ZHOOV� RI� KLJK� DPPRQLD�FRQFHQWUDWLRQ�DOVR�VKRZHG�FRQVLGHUDEO\�KLJK�QLWULWH�FRQWDPLQDWLRQ��1LWUDWH� LV� WKH� HQG� SURGXFW� RI� R[LGDWLRQ� RI� QLWURJHQ� LQ� WKH� HQYLURQPHQW� DQG� LWV�SUHVHQFH�LQ�KLJK�OHYHOV�LQ�DQ�DTXDWLF�V\VWHP�LV�RIWHQ�WDNHQ�DV�DQ�LQGLFDWRU�IRU�ROG�SROOXWLRQ� IURP� HLWKHU� IHUWLOL]HUV� RU� VHZDJH�� (OHYDWHG� QLWUDWH� OHYHOV�� DERYH� WKH�VWDQGDUG��ZHUH�HQFRXQWHUHG�LQ�ZHOOV�QXPEHU����DQG�����:DWHUV�RI�WKHVH�WZR�ZHOOV�DUH�WKH�PRVW�KHDYLO\�SROOXWHG�LQ�WHUPV�RI�DOO�WKH�H[DPLQHG�SDUDPHWHUV�DQG�LW�FDQ�EH�VDIHO\�FRQFOXGHG�WKDW�WKH�VRXUFH�RI�SROOXWLRQ�KHUH�LV�GXH�WR�VHHSDJH�RI�ZDVWHZDWHU�IURP�WKH�::7)��6LPLODU�FRQFOXVLRQ�ZDV�UHSRUWHG�E\�*HRIIHU\�HW�DO���������ZKR�VWXGLHG� WKH� UHODWLRQVKLS� EHWZHHQ� QLWUDWH� LQ� ZHOOV� ZDWHUV� DQG� WKH� QHDUE\� VHZDJH�WDQNV�LQ�,QGRQHVLD��(OHYDWHG�OHYHOV�RI�EDFWHULRORJLFDO�DQG�FKHPLFDO�SDUDPHWHUV�LQYHVWLJDWHG�GXULQJ�WKLV�ZRUN� DUH� WUXH� WKUHDWV� WR� KXPDQ� KHDOWK�� 6HYHUDO� LQYHVWLJDWRUV� KDYH� OLQNHG� YDULRXV�EDFWHULRORJLFDO�DQG�FKHPLFDO�FRQWDPLQDQWV�ZLWK�KXPDQ�LOOQHVVHV�VXFK�DV�GLDUUKHD��VWRPDFK�FDQFHU��DQG�EOXH�EDELHV�V\QGURPH��0DFOHU�	�0HUNOH�������DQG�1DJDUDMX�DQG�6DVWUL����������,Q� FRQFOXVLRQ�� VHHSDJH� RU� RYHUIORZ� RI� LQHIILFLHQWO\� WUHDWHG� ZDVWHZDWHU� IURP� WKH�::7)�LV�EHOLHYHG� WR�EH�WKH�SRLQW�VRXUFH�RI�EDFWHULRORJLFDO�DQG�SK\VLFRFKHPFLDO�FRQWDPLQDWLRQ�GHWHFWHG� LQ� WKH�DQDO\]HG�ZHOOV�ZDWHU��:HOOV� ORFDWHG� LQ� WKH�ZHVWHUQ�UHJLRQV� RI� WKH�::7)� DUH� WKH�PRVW� KHDYLO\� SROOXWHG� DQG� WKH�PRVW� YXOQHUDEOH� WR�FRQWDPLQDWLRQ� GXH� WR� WKH� QDWXUDO� HDVW� WR� ZHVW� IORZ� RI� JURXQGZDWHU�� 'LVWDQFH� RI�ZHOOV�H[DPLQHV� IURP� WKH�::7)�DQG�GHSWK�RI�ZHOOV� IURP�JURXQG� OHYHO� LQIOXHQFH�WKH�GHJUHH�RI�FRQWDPLQDWLRQ��7KHUHIRUH��TXLFN�DFWLRQV�VKRXOG�EH�WDNHQ�LQ�RUGHU�WR�SUHYHQW�IXUWKHU�GHWHULRUDWLRQ�RI�%HLW�/DKLD�JURXQGZDWHU�DTXLIHU�DQG�SURWHFW�WKH�GRZQVWUHDP�XVHUV�RI�WKH�ZDWHU��2QH�TXLFN�DFWLRQ�LV�WKH�SURWHFWLRQ�RI�YXOQHUDEOH�ZHOOV�LQ�WKH�YLFLQLW\�RI�WKH�::7)�IURP�VHZDJH� LQILOWUDWLRQ�� $QRWKHU� EHWWHU� VROXWLRQ�� ZKLFK� LV� EHLQJ� FRQVLGHUHG� E\� WKH�
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3DOHVWLQLDQ�0LQLVWU\�RI�(QYLURQPHQWDO�$IIDLUV��LV�WR�UHORFDWH�WKH�::7)�RXWVLGH�WKH�UHVLGHQWLDO�DUHD�RI�%HLW�/DKLD����������$&.12:/('*0(17�, ZRXOG�OLNH�WR�DFNQRZOHGJH�ZLWK�JUHDW�WKDQNV�P\�VWXGHQW�0U��.KDGHU�0HODG�IRU�KLV�YDOXDEOH�KHOS�GXULQJ�WKH�H[SHULPHQWDO�ZRUN�RI�WKLV�VWXG\���5()(5(1&(6�
��� $LVK� $�� ��������1LWUDWH� SROOXWLRQ� DQG� FRQWDPLQDQW� WUDQVSRUW� WR� JURXQGZDWHU� UHVRXUFHV� LQ� %HLW�/DKLD� DUHD�� *D]D�� 3DOHVWLQH�� 0DVWHU� 'LVVHUWDWLRQ� 7KHVLV�� /HXYHQ�9ULMH� 8QLYHUVLW\�� %UXVVHO��%HOJLXP����� $3+$��$::$��:3&)���������6WDQGDUG�PHWKRGV�IRU�WKH�H[DPLQDWLRQ�RI�ZDWHU�DQG�ZDVWHZDWHU��$PHULFDQ�3XEOLF�+HDOWK�$VVRFLDWLRQ��:DVKLQJWRQ����� %URRNV�'�DQG�&HFK�,����������1LWUDWH�DQG�EDFWHULDO�GLVWULEXWLRQ�LQ�UXUDO�GRPHVWLF�ZDWHU�VXSSOLHV��:DWHU�5HVHDUFK��������������� &DEHOOL� 9-�� �������� 0LFURELDO� LQGLFDWRU� V\VWHPV� IRU� DVVHVVLQJ� ZDWHU� TXDOLW\�� $QWRLQH� YDQ�/HHXZHQKRHN����������������� &LOLPEXUJ�$��0RQ]�&�DQG�/HKRH�6����������:LOGODQG�UHFUHDWLRQ�DQG�KXPDQ�ZDVWH��$�UHYLHZ�RI�SUREOHPV��SUDFWLFHV�DQG�FRQFHUQV��(QYLURQPHQWDO�0DQDJHPHQW��������������������������� 'LIFR�0DQXDO�� ��������'HK\GUDWHG� FXOWXUH�PHGLD� DQG� UHDJHQWV� IRU�PLFURELRORJ\�� ��WK� HGLWLRQ��'LIFR�/DERUDWRULHV��0LFKLJDQ����� (GEHUJ�6/��/H&OHUF�+�DQG�5REHUWVRQ�-%����������1DWXUDO�SURWHFWLRQ�RI�VSULQJ�DQG�ZHOO�GULQNLQJ�ZDWHU� DJDLQVW� VXUIDFH� PLFURELDO� FRQWDPLQDWLRQ�� ,,�� ,QGLFDWRUV� DQG� PRQLWRULQJ� SDUDPHWHUV� IRU�SDUDVLWHV��&ULWLFDO�5HYLHZV�LQ�0LFURELRORJ\�������������������� *HRIIHU\� '6�� 5REEHUW� :-� DQG� 5REHUW� +0�� �������� 7KH� RULJLQ� DQG� GLVWULEXWLRQ� RI� QLWUDWH� LQ�JURXQGZDWHU� IURP� YLOODJH� ZHOOV� LQ� .RWHJHGH�� <RJXDNDUWV�� ,QGRQHVLD�� +\GURJHRORJ\� -RXUQDO���������������� +DPPLW�:(�DQG�&ROH�'1����������:LOGODQG�UHFUHDWLRQ�HFRORJ\�DQG�PDQDJHPHQW���QG�HGLWLRQ��-RKQ�:LOH\��1HZ�<RUN������ 0DFOHU�$%�DQG�0HUNOH�&-����������&XUUHQW�NQRZOHGJH�RQ�JURXQGZDWHU�PLFURELDO�SDWKRJHQV�DQG�WKHLU�FRQWURO��+\GURJHRORJ\�-RXUQDO��������������� 0DUWLQR�'3��*URVVPDQ��(/��8OULFK�*$��%XUJHU�.&��6FKOLFKHQPH\HU� -/�DQG�$PPHUPDQ�-:����������0LFURELDO� DEXQGDQFH� DQG� DFWLYLW\� LQ� D� ORZ� FRQGXFWLYLW\� DTXLIHU� V\VWHP� LQ� HDVW� FHQWUDO�7H[DV��0LFURELDO�(FRORJ\������������������ 1DJDUDMX�'�DQG�6DVWUL�-&9����������&RQILUPHG�IDHFDO�SROOXWLRQ�WR�ERUH�ZHOO�ZDWHUV�RI�0\VRUH�FLW\��(QYLURQPHQWDO�*HRORJ\��������������������� 3:$��3DOHVWLQLDQ�:DWHU�$XWKRULW\� �������� (YDOXDWLRQ�RI�PRQLWRULQJ� UHVXOWV� IRU� WKH� WUHDWPHQW�SODQW�LQ�%HLW�/DKLD��*D]D�6WULS��3DOHVWLQH��3:$�3XEOLFDWLRQV��*D]D�6WULS��3DOHVWLQH������ 6QGHFRU� *:� DQG� &RFKUDQ�:*�� �������� 6WDWLVWLFDO� DQDO\VLV� PHWKRGV�� �WK� HGLWLRQ�� ,RZD� 6WDWH�8QLYHUVLW\�3UHVV��,RZD������ :DUG��&+��*LJHU��:�DQG�0F&DUW\�3/����������*URXQG�ZDWHU�TXDOLW\��-RKQ�:LOH\��1HZ�<RUN������ =ROOHU�8��*ROGHQEHUJ�/&��0HOORXO�$-����������7KH�³VKRUW�FXW´�HQKDQFHG�FRQWDPLQDWLRQ�RI�WKH�*D]D�6WULS�FRDVWDO�DTXLIHU��:DWHU�5HVHDUFK�������������������


