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.RDOD�0HWDSRSXODWLRQ��:DUGHOO�.03��IRU�(QYLURQPHQW�3URWHFWLRQ�DQG�%LRGLYHUVLW\� 

&RQVHUYDWLRQ�$FW������SXUSRVHV��3KLOOLSV�	 �&KDQJ�������(FRVXUH��������7KH�/*$� 

VXSSRUWV�PXOWLSOH�ODQGXVH�W\SHV�LQFOXGLQJ�QDWLYH�IRUHVWV��SODQWDWLRQV��DJULFXOWXUDO� 
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IRUHVW��3UHIHUUHG�NRDOD�KDELWDW�DFURVV�WKH�/*$�LV�ODUJHO\�IUDJPHQWHG�DQG�ZDV� 

HVWLPDWHG�WR�FRPSULVH�������±�������KD��3KLOOLSV�	�&KDQJ�������RI�WKH�WRWDO�DUHD��� 

3RSXODWLRQ�GLVWULEXWLRQ�PRGHOOLQJ�EDVHG�RQ�*HQHUDWLRQDO�3HUVLVWHQFH� 

$VVHVVPHQWV��*3$��DQG�NRDOD�DFWLYLW\�SDWWHUQV�FRQILUP�WKH�ORQJ�VWDQGLQJ�SUHVHQFH� 

RI�UHVLGHQW�NRDOD�SRSXODWLRQV�DVVRFLDWHG�ZLWK�WZR�ODUJH�WUDFWV�RI�ZRRGODQG�LQ�WKH� 

YLFLQLW\�RI�&RROJDUGLH��:DUGHOO��%DJRWYLOOH�DQG�0HHUVFKDXP�9DOH��3KLOOLSV�	�&KDQJ� 

�������7KH�%DJRWYLOOH�DUHD�ELVHFWHG�E\�WKH�FRQGLWLRQDOO\�DSSURYHG�6HFWLRQ����3DFLILF� 

+LJKZD\�XSJUDGH�KDV�EHHQ�LGHQWLILHG�DV�FRQWDLQLQJ�LPSRUWDQW�UHPQDQW�KDELWDW�IRU� 

NRDOD�GLVSHUVDO��(FRVXUH�������3KLOOLSV�	�&KDQJ��������5HVLGHQW�NRDOD�SRSXODWLRQV� 

DUH�DOVR�SUHVHQW�LQ�WKH�YLFLQLW\�RI�8UDOED�DQG�/\QZRRG�LQ�KLJKO\�PRGLILHG�DJULFXOWXUDO� 

ODQGVFDSHV�WR�WKH�QRUWK�DQG�QRUWK�ZHVW�RI�WKHVH�IRUHVWHG�DUHDV��)RU�WKH�SXUSRVHV�RI� 

WKLV�VWXG\�DQG�DQ�DVVRFLDWHG�39$�WKH�:DUGHOO�.03�HQFRPSDVVHV�WKHVH�UHVLGHQW� 
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SRSXODWLRQV�DORQJ�ZLWK�KDELWDW�LQ�WKH�YLFLQLW\�RI�'DOZRRG��D�QRUWK�ZHVWHUQ�H[WHQVLRQ� 

RI�WKH�RULJLQDO�,PSRUWDQW�3RSXODWLRQ��,3��ERXQGDU\�GHILQHG�E\�3KLOOLSV�	�&KDQJ� 

�������� 

.RDOD�GHQVLW\�GDWD�UHSRUWHG�E\�3KLOOLSV�	�&KDQJ��������HQDEOH�D�SRSXODWLRQ� 

HVWLPDWH�RI�DSSUR[LPDWHO\�����DQLPDOV�IRU�WKH�:DUGHOO�.03��%DVHG�RQ�WKH�ORQJ�WHUP� 

SHUVLVWHQFH�RI�WKLV�PHWDSRSXODWLRQ��DQG�LQFUHDVHV�LQ�WKH�H[WHQW�RI�DUHD�RFFXSLHG�E\� 

NRDODV�LQ�WKH�DGMDFHQW�/LVPRUH�DQG�%\URQ�/*$¶V��LW�KDV�EHHQ�VXJJHVWHG�WKDW�WKH� 

:DUGHOO�.03�PD\�EH�DQ�LPSRUWDQW�VRXUFH�SRSXODWLRQ�IRU�WKHVH�DUHDV��3KLOOLSV�	� 

&KDQJ��������7KH�:DUGHOO�.03�LV�DOUHDG\�VXEMHFW�WR�RQJRLQJ�WKUHDWV�IURP�URDG� 

PRUWDOLW\��KDELWDW�ORVV��GRJ�DWWDFNV�DQG�GLVHDVH��7KHUH�LV�SRWHQWLDO�IRU�6HFWLRQ����WR� 

KDYH�VLJQLILFDQW�DGGLWLRQDO�LPSDFWV��3KLOOLSV�	�&KDQJ�������WR�WKH�GHWULPHQW�RI� 

UHJLRQDO�NRDOD�SRSXODWLRQ�G\QDPLFV�� 

� 
����6FRSH�RI�ZRUN� 
7KLV�SURMHFW�XVHV�JHQHWLF�SURILOLQJ�WR�GHVFULEH�SDWWHUQV�RI�SRSXODWLRQ�VWUXFWXUH�DQG� 

JHQH�GLVSHUVDO�ZLWKLQ�WKH�:DUGHOO�.03�DQG�GHWHUPLQH�LWV�UHJLRQDO�LPSRUWDQFH�DV�D� 

VRXUFH�SRSXODWLRQ�IRU�VXUURXQGLQJ�DUHDV��7KH�UHVXOWV�DUH�LQWHQGHG�WR�LQIRUP�D� 

FRQFXUUHQW�39$�DQG�SURYLGH�EDVHOLQH�LQIRUPDWLRQ�RQ�OHYHOV�RI�JHQHWLF�YDULDWLRQ�IRU� 

IXWXUH�PRQLWRULQJ��7ZR�PDLQ�LVVXHV�ZHUH�FRQVLGHUHG�� 

� 

��� ,V�WKH�:DUGHOO�.03�VSDWLDOO\�VWUXFWXUHG"�� 

)RU�VSHFLHV�ZKLFK�KDYH�OLPLWHG�GLVSHUVDO�FDSDELOLWLHV��SRSXODWLRQV�DUH�H[SHFWHG�WR� 

EH�VSDWLDOO\�VWUXFWXUHG��:KHUH�GLVSHUVDO�LQWR�QHZ�WHUULWRULHV�LV�VSDWLDOO\�XQLIRUP�WKLV� 

OHDGV�WR�D�SDWWHUQ�RI�LVRODWLRQ�E\�GLVWDQFH�LQ�ZKLFK�UHODWHG�LQGLYLGXDOV�RFFXU�LQ�FORVH� 

SUR[LPLW\�DQG�WKH�GHJUHH�RI�UHODWHGQHVV�GHFOLQHV�ZLWK�GLVWDQFH��3K\VLFDO�EDUULHUV�WR� 

GLVSHUVDO��RU�WKH�SUHVHQFH�RI�GLVSHUVDO�FRUULGRUV��FDQ�OHDG�WR�GHSDUWXUHV�IURP�D�VWULFW� 

LVRODWLRQ�E\�GLVWDQFH�PRGHO�RI�SRSXODWLRQ�VWUXFWXUH�RYHU�UHODWLYHO\�VPDOO�VSDWLDO� 

VFDOHV��'LVSHUVDO�DZD\�IURP�WKH�QDWDO�VLWH�LV�FRQVLGHUHG�WR�EH�VRPHZKDW�OLPLWHG�LQ� 

NRDODV��a����NP��DQG�VH[�ELDVHG��ZLWK�D�KLJKHU�SURSRUWLRQ�RI�PDOHV�WKDQ�IHPDOHV� 

PLJUDWLQJ�WR�QHZ�WHUULWRULHV��'LTXH�HW�DO��������)RU�WKH�SXUSRVHV�RI�WKLV�VWXG\�ZH� 

XVHG�HVWLPDWHV�RI�JHQHWLF�UHODWHGQHVV�WR�GHWHUPLQH�LI�OLPLWHG�GLVSHUVDO�OHDGV�WR� 

SDWWHUQV�RI�SRSXODWLRQ�VXEVWUXFWXUH�ZLWKLQ�WKH�:DUGHOO�.03��7KH�UHVXOWV�ZLOO�DVVLVW�LQ� 

LGHQWLI\LQJ�DUHDV�RI�KLJK�QDWXUDO�FRQQHFWLYLW\�WKDW�PD\�EH�LPSDFWHG�E\�WKH� 
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FRQGLWLRQDOO\�DSSURYHG�6HFWLRQ����XSJUDGH��7KH�SUHVHQFH�RI�SRSXODWLRQ�VXEVWUXFWXUH� 

DQG�LQIHUUHG�GLVSHUVDO�SDWWHUQV�VKRXOG�DOVR�EH�DFFRXQWHG�IRU�LQ�WKH�DVVRFLDWHG�39$�� 

� 

��� ,V�WKH�:DUGHOO�.03�DQ�LPSRUWDQW�VRXUFH�SRSXODWLRQ�IRU�VXUURXQGLQJ�DUHDV"� 

7KH�:DUGHOO�.03�LV�ORFDWHG�RQ�WKH�VRXWK�HDVWHUQ�ERXQGDU\�RI�WKH�IRUPHU�%LJ� 

6FUXE��DQ�DUHD�WKDW�SUHYLRXVO\�VXSSRUWHG�ODUJH�WUDFWV�RI�VXEWURSLFDO�UDLQIRUHVW��7KH� 

%LJ�6FUXE�ZDV�H[WHQVLYHO\�ORJJHG�DQG�FRQYHUWHG�WR�DJULFXOWXUDO�XVH�E\�WKH�HDUO\���WK� 

FHQWXU\��/RWW� 	�'XJJLQ��������6LQFH�WKHQ�PXFK�RI�WKH�DUHD�KDV�EHHQ�FRORQLVHG�E\� 

NRDODV��SUHVXPDEO\�D�UHVXOW�RI�WKH�SODQWLQJ�RI�ZLQGEUHDNV�ZLWK�NRDOD�IRRG�WUHH� 

VSHFLHV�VXFK�DV�7DOORZZRRG��(XFDO\SWXV�PLFURFRU\V��WKDW�PD\�KDYH�IXQFWLRQHG�WR� 

IDFLOLWDWH�GLVSHUVDO�IURP�VXUURXQGLQJ�DUHDV��3KLOOLSV�	�&KDQJ��������)RU�WKH�SXUSRVHV� 

RI�WKLV�VWXG\�ZH�XVHG�JHQHWLF�SURILOLQJ�WR�WHVW�ZKHWKHU�NRDOD�SRSXODWLRQV�LQ�WKH� 

DGMRLQLQJ�KDELWDW�WR�WKH�ZHVW�DUH�UHODWHG�WR�WKRVH�LQ�WKH�:DUGHOO�.03��RU�WR�RWKHU� 

UHJLRQDO�NRDOD�SRSXODWLRQV��6&8�XQSXEOLVKHG�GDWD���,I�WKH�:DUGHOO�.03�LV�D� 

VLJQLILFDQW�VRXUFH�SRSXODWLRQ�IRU�WKHVH�VXUURXQGLQJ�DUHDV�WKH�FRQGLWLRQDOO\�DSSURYHG� 

6HFWLRQ����XSJUDGH�FRXOG�SRWHQWLDOO\�LPSDFW�UHJLRQDO�NRDOD�SRSXODWLRQ�G\QDPLFV�� 
� 
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0HWKRGV� 
����7LVVXH�VDPSOHV� 
7LVVXH�VDPSOHV�IRU�'1$�DQDO\VLV�ZHUH�FROOHFWHG�IURP�HDU�SXQFKHV�RI����NRDODV� 

FDSWXUHG��RU�IRXQG�GHFHDVHG��GXULQJ�5RDGV�DQG�0DULWLPH�SUHFRQVWUXFWLRQ�VXUYH\V�RI� 

WKH�:DUGHOO�.03��$Q�DGGLWLRQDO����VDPSOHV�ZHUH�PDGH�DYDLODEOH�E\�6&8�IURP� 

VDPSOHV�FROOHFWHG�RQ�WKHLU�EHKDOI�E\�WKH�)ULHQGV�RI�WKH�.RDOD�,QF���)R.���3RVW� 

PRUWHP�HDU�ELRSVLHV�ZHUH�REWDLQHG�IURP�WKHVH�DQLPDOV�ZKLFK�KDG�GLHG�DV�D�UHVXOW�RI� 

GLVHDVH��LQMXU\�RU�XQNQRZQ�FDXVHV�� 

6L[�NRDOD�VFDWV�ZHUH�DOVR�FROOHFWHG�EXW�WLPH�FRQVWUDLQWV�SUHFOXGHG�WKHLU� 

LQFOXVLRQ�LQ�WKH�SUHVHQW�VWXG\��([WUDFWLRQ�RI�'1$�IURP�VFDWV�LV�PRUH�GLIILFXOW�DQG� 

UHTXLUHV�PRGLILFDWLRQV�WR�VWDQGDUG�H[WUDFWLRQ�SURWRFROV�WR�FRQFHQWUDWH�WKH�WUDFH� 

DPRXQWV�RI�'1$�WKDW�PD\�EH�SUHVHQW�DQG�HOLPLQDWH�LQKLELWRU\�VXEVWDQFHV�� 

)XUWKHUPRUH��WKH�TXDOLW\�RI�'1$�REWDLQHG�IURP�VFDWV�LV�YHU\�GHSHQGHQW�RQ�WKH�OHQJWK� 

DQG�W\SH�RI�HQYLURQPHQWDO�H[SRVXUH�SULRU�WR�FROOHFWLRQ�DQG�LW�LV�UHFRPPHQGHG�WR� 

SHUIRUP�JHQHWLF�SURILOLQJ�RQ�IUHVKO\�FROOHFWHG�VFDWV��:HGURZLF]�HW�DO���������*HQHWLF� 

SURILOHV�REWDLQHG�IURP�VFDW�'1$�DUH�DOVR�VXEMHFW�WR�D�KLJK�HUURU�UDWH��$OWKRXJK� 

UHOLDEOH�SURILOHV�FDQ�EH�REWDLQHG�E\�UXQQLQJ�HDFK�VDPSOH�LQ�WULSOLFDWH��:HGURZLF]�HW� 

DO��������WKLV�LPSRVHV�FRQVLGHUDEOH�DGGLWLRQDO�WLPH�DQG�FRVWV�WKDW�ZHUH�QRW�DYDLODEOH�� 

7R�LQYHVWLJDWH�UHJLRQDO�NRDOD�SRSXODWLRQ�G\QDPLFV�JHQHWLF�SURILOHV�RI�DQ� 

DGGLWLRQDO����NRDODV�ZHUH�PDGH�DYDLODEOH��6&8��XQSXEOLVKHG�GDWD����7KLV�LQFOXGHG� 

JHQHWLF�SURILOHV�RI����NRDODV�IURP�KDELWDW�DUHDV�WR�WKH�ZHVW�RI�/LVPRUH�DQG�WKH� 

:DUGHOO�.03��*HQHWLF�SURILOHV�ZHUH�DOVR�SURYLGHG�IRU�NRDODV�LQKDELWLQJ�RXWO\LQJ� 

DUHDV�WR�WKH�QRUWKHDVW������DQG�VRXWKZHVW������RI�/LVPRUH�� 

� 
����*HQHWLF�SURILOLQJ� 
*HQHWLF�SURILOLQJ�ZDV�SHUIRUPHG�DW�WKH�$XVWUDOLDQ�*HQRPH�5HVHDUFK�)DFLOLW\�XVLQJ� 

'1$�H[WUDFWHG�DW�6&8�IURP�NRDOD�WLVVXH�VDPSOHV�XVLQJ�WKH�4,$*(1�'1HDV\�%ORRG� 

DQG�7LVVXH�.LW��7R�REWDLQ�XQLTXH�JHQHWLF�SURILOHV�IRU�HDFK�VDPSOH�VHFWLRQV�RI�'1$� 

WKDW�FRQWDLQHG�VKRUW�WDQGHP�UHSHDWV��H�J��&$&$&$&$��ZHUH�H[DPLQHG��7KHVH� 

UHJLRQV�DUH�NQRZQ�DV�PLFURVDWHOOLWHV�DQG�DUH�FKDUDFWHULVHG�E\�YDULDWLRQ�LQ�UHSHDW� 

OHQJWK��(DFK�DQLPDO�FDUULHV�WZR�FRSLHV�RI�D�PLFURVDWHOOLWH��RQH�LQKHULWHG�IURP�WKHLU� 

VLUH��IDWKHU��DQG�RQH�IURP�WKHLU�GDP��PRWKHU���7KH�FRSLHV�PD\�EH�LGHQWLFDO�LQ�UHSHDW� 
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OHQJWK��KRPR]\JRXV��RU�PD\�EH�D�GLIIHUHQW�OHQJWK��KHWHUR]\JRXV���0LFURVDWHOOLWHV�WKDW� 

DUH�KHWHUR]\JRXV�ZLWKLQ�LQGLYLGXDOV�DUH�WKH�PRVW�XVHIXO�IRU�JHQHWLF�SURILOLQJ�� 

)RU�WKLV�VWXG\�ZH�XWLOLVHG����SXEOLVKHG�NRDOD�PLFURVDWHOOLWHV�ZLWK�DYHUDJH� 

REVHUYHG�KHWHUR]\JRVLWLHV�LQ�WKH�UDQJH�������WR��������PHDQ��������IRU�WKH�:DUGHOO� 

.03��7RJHWKHU��WKHVH�IRXUWHHQ�PLFURVDWHOOLWHV�KDYH�DQ�H[FOXVLRQ�SUREDELOLW\�ZKHQ� 

RQH�SDUHQW�LV�NQRZQ�RI�����������DQG�DQ�H[FOXVLRQ�SUREDELOLW\�ZKHQ�ERWK�SDUHQWV� 

DUH�XQNQRZQ�RI�����������7KH�VLQJOH�NQRZQ�H[DPSOH�RI�D�SDUHQW�RIIVSULQJ�SDLULQJ� 

UHWXUQHG�D�UHODWHGQHVV�FRHIILFLHQW��5��RI��������FORVH�WR�WKH�H[SHFWHG�PHDQ�RI�����IRU� 

ILUVW�RUGHU�UHODWLYHV��)25��SDUHQW�RIIVSULQJ��IXOO�VLEOLQJV����$OO�PLFURVDWHOOLWHV�H[FHSW� 

RQH�ZHUH�IRXQG�WR�EH�LQ�+DUG\�:HLQEHUJ�HTXLOLEULXP�ZLWK�SRVW�KRF�WHVWLQJ�VKRZLQJ� 

WKLV�GHSDUWXUH�ZDV�GXH�WR�VSDWLDO�VWUXFWXUH�ZLWKLQ�WKH�VDPSOH��:H�GHWHUPLQHG�WKDW� 

WKLV�VHW�RI�PLFURVDWHOOLWHV�DUH�DEOH�WR�GHWHFW�WKH�SUHVHQFH�RI�JHQHWLF�GLIIHUHQWLDWLRQ� 

DPRQJVW�SRSXODWLRQV�ZLWK�D�SRZHU�RI�������RU�KLJKHU�DIWHU����JHQHUDWLRQV�DQG� 

DVVXPLQJ�DQ�HIIHFWLYH�SRSXODWLRQ�VL]H�RI���������DSSUR[LPDWHO\�WKH�QXPEHU�RI� 

UHSURGXFWLYH�DGXOWV�SHU�SRSXODWLRQ�ZKLFK�LV�VPDOOHU�WKDQ�WKH�FHQVXV�SRSXODWLRQ�VL]H��� 

7KXV��WKH����PLFURVDWHOOLWHV�ZHUH�FRQILUPHG�DV�VXLWDEOH�IRU�DQDO\VLV�RI�ORFDO�DQG� 

UHJLRQDO�SRSXODWLRQ�VWUXFWXUH��HVWLPDWLRQ�RI�JHQHWLF�GLYHUVLW\��DQG�DQDO\VLV�RI�WKH� 

UHODWHGQHVV�RI�LQGLYLGXDOV�ZLWKLQ�DQG�EHWZHHQ�SRSXODWLRQV��� 

$QDO\VHV�RI�WKH�:DUGHOO�.03�WKDW�IROORZ�DUH�EDVHG�RQ�WKH�JHQHWLF�SURILOHV� 

REWDLQHG�IRU����RI�WKH����NRDODV�VDPSOHG��WKUHH�)R.�VDPSOHV�EHLQJ�H[FOXGHG�IURP� 

WKH�DQDO\VLV�DV�JHQHWLF�SURILOLQJ�VKRZHG�WKDW�WKH\�ZHUH�DPRQJ�WKH�NRDODV�WKDW�KDG� 

EHHQ�VDPSOHG�HDUOLHU�GXULQJ�WKH�5RDGV�DQG�0DULWLPH�VXUYH\V��7KH�VLQJOH�MRH\�RI�D� 

GHFHDVHG�IHPDOH�ZDV�DOVR�H[FOXGHG�IURP�WKH�SRSXODWLRQ�DQDO\VLV�WR�DYRLG�ELDV�� 

� 

����'DWD�DQDO\VLV� 
������6SDWLDO�VWUXFWXUH�ZLWKLQ�WKH�:DUGHOO�.03� 
7R�GHWHUPLQH�LI�WKHUH�ZDV�HYLGHQFH�RI�VSDWLDO�VWUXFWXUH�ZLWKLQ�WKH�:DUGHOO�.03�ZH� 

ILUVW�HPSOR\HG�WKH�GLVWDQFH�PHDVXUH�$LM��5RXVHWW�������WR�HVWLPDWH�WKH�VL]H� 

�JHRJUDSKLF�H[WHQW�LQ�NP���RI�JHQHWLF�QHLJKERXUKRRGV�LQ�WKH�VWXG\�DUHD��7KLV� 

DSSURDFK�GHILQHV�WKH�JHRJUDSKLF�UDQJH�RYHU�ZKLFK�JHQH�GLVSHUVDO�RFFXUV�DQG� 

LGHQWLILHV�WKH�OLNHO\�RFFXUUHQFH�RI�FOXVWHUV�RI�FORVHO\�UHODWHG�LQGLYLGXDOV��*HRVSDWLDO� 

GDWD�ZDV�SURYLGHG�DV�GHFLPDO�GHJUHHV�DQG�WKH�DQDO\VLV�UXQ�XQGHU�GLIIHUHQW� 

DVVXPSWLRQV�RI�NRDOD�SRSXODWLRQ�GHQVLW\�WR�VLPXODWH�D�SRSXODWLRQ�UDQJLQJ�LQ�VL]H�IURP� 
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�������LQGLYLGXDOV��7KLV�DSSURDFK�EURDGO\�HQFRPSDVVHV�WKH�FXUUHQW�HVWLPDWH�RI� 

DSSUR[LPDWHO\�����NRDODV�LQ�WKH�:DUGHOO�.03�� 

3RSXODWLRQ�VXEVWUXFWXUH�ZDV�VXEVHTXHQWO\�DVVHVVHG�IURP�WKH�VSDWLDO�GLVWULEXWLRQ� 

RI�)25�LGHQWLILHG�XVLQJ�WKH�UHODWHGQHVV�FRHIILFLHQW��5��RI�:DQJ��������ZKLFK� 

SHUIRUPV�ZHOO�LQ�VWUXFWXUHG�SRSXODWLRQV��7KH����NRDOD�'1$�VDPSOHV�ZHUH�DVVLJQHG� 

WR�HLJKW�VDPSOH�JURXSV�GHILQHG�RQ�WKH�EDVLV�RI�KDELWDW�W\SH��IRFDO�DUHDV�RI�NRDOD� 

DFWLYLW\��3KLOOLSV�	�&KDQJ�������DQG�SDWWHUQV�RI�LQWHUJHQHUDWLRQDO�SHUVLVWHQFH� 

�3KLOOLSV�	�&KDQJ��������7DEOH����ILJXUH�����3DUWLWLRQLQJ�RI�WKH�VDPSOHV�LQ�WKLV�ZD\� 

DOORZV�WKH�IROORZLQJ�TXHVWLRQV�WR�EH�DGGUHVVHG�� 

��� 'R�IRFDO�DUHDV�RI�NRDOD�DFWLYLW\�VXSSRUW�GLVFUHWH�VXESRSXODWLRQV"� 

��� $UH�VDPSOHV�WR�WKH�HDVW�DQG�ZHVW�RI�WKH�6HFWLRQ����XSJUDGH�UHODWHG�DQG� 

FRQQHFWHG�E\�KLJK�OHYHOV�RI�FRQWHPSRUDU\�GLVSHUVDO"� 

��� 'R�DOWHUQDWLYH�SDWWHUQV�RI�VSDWLDO�VWUXFWXUH�H[LVW�ZLWKLQ�WKH�:DUGHOO�.03"� 
� 

� 

� 

7DEOH����$VVLJQPHQW�RI�:DUGHOO�.03�'1$�VDPSOHV�WR�JURXSV�EDVHG�RQ�JHRJUDSKLF�SUR[LPLW\��KDELWDW� 

W\SH�DQG�HFRORJLFDO�DWWULEXWHV���GDWD�VRXUFHG�IURP�3KLOOLSV�	 �&KDQJ�����������KDELWDW�RFFXSLHG�E\� 

NRDODV�LQ�VDPSOH�JURXS��E�LV�ELVHFWHG�E\�WKH�FRQGLWLRQDOO\�DSSURYHG�6HFWLRQ����XSJUDGH�� 

� 

6DPSOH� 
JURXSLQJ� 

/RFDWLRQ� 
6DPSOH� 
VL]H� 

+DELWDW�7\SH� 
)RFDO� 
$UHD� 

*3$� 

�D� /\QZRRG� �� $JULFXOWXUH� $� +LJK� 

�E� 'DOZRRG� �� $JULFXOWXUH� �� /RZ� 

�D� :DUGHOO� �� )RUHVW� %� +LJK� 

�E�� 

�D� 

(DVW�%DJRWYLOOH� 

&RROJDUGLH� 

��� 

�� 

)RUHVW� 

)RUHVW� 

%� 

&� 

KLJK� 

+LJK� 

�E� 0HHUVFKDXP�9DOH� �� $JULFXOWXUH�)RUHVW� '� +LJK� 

�D� 

�E� 

:HVW�%DJRWYLOOH��� 

:HVW�%DJRWYLOOH��� 

�� 

�� 

)RUHVW�IUDJPHQW� 

)RUHVW�IUDJPHQW� 

'� 

'� 

/RZ� 

/RZ� 

� 

� 
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3DLUZLVH�UHODWHGQHVV��5��ZDV�HVWLPDWHG�IRU�DOO�LQGLYLGXDOV�ZLWKLQ�DQG�DPRQJVW� 

WKH�HLJKW�JURXSV��3RWHQWLDO�)25�ZHUH�LGHQWLILHG�XVLQJ�WKH�WKHRUHWLFDO�PHDQ�5�RI������� 

��VWDQGDUG�GHYLDWLRQ��UDQJH�������±��������IROORZLQJ�%ORXLQ�HW�DO����������8QGHU� 

OLPLWHG�GLVSHUVDO�)25�DUH�H[SHFWHG�WR�RFFXU�LQ�FORVH�SUR[LPLW\��ZLWKLQ�JURXSV�RU� 

EHWZHHQ�DGMDFHQW�JURXSV�DV�GHILQHG�LQ�WKH�SUHVHQW�DQDO\VLV��'LVWDQW�JURXSV�DUH�QRW� 

H[SHFWHG�WR�VKDUH�)25�XQOHVV�RFFDVLRQDO�ORQJ�GLVWDQFH�GLVSHUVDO�RFFXUV��7KH� 

VSDWLDO�GLVWULEXWLRQ�RI�)25�ZDV�PDSSHG�WR�VKRZ�OLNHO\�SDWWHUQV�RI�FRQWHPSRUDU\� 

GLVSHUVDO�ZLWKLQ�WKH�:DUGHOO�.03�� 

)URP�WKH�LQIHUUHG�SDWWHUQV�RI�GLVSHUVDO�VDPSOH�JURXSV�ZHUH�DJJUHJDWHG�LQWR� 

ORJLFDO�FOXVWHUV�DQG�WKH�GLIIHUHQFH�LQ�PHDQ�5�IRU�HDFK�SDLU�RI�FOXVWHUV�GHWHUPLQHG��� 

)RU�WKH�SXUSRVH�RI�WKLV�VWXG\�FOXVWHUV�ZHUH�FRQVLGHUHG�WR�EH�GLIIHUHQW�LI�WKLV�YDOXH�OD\� 

RXWVLGH�WKH�����FRQILGHQFH�LQWHUYDO��&,��IRU�WKH�FXPXODWLYH�IUHTXHQF\�RI�5�YDOXHV� 

REWDLQHG�E\�ERRWVWUDS�UHVDPSOLQJ�RI�WKH�GDWD��$�VLJQLILFDQW�GLIIHUHQFH�LQGLFDWHV� 

XQGHUO\LQJ�GLIIHUHQFHV�LQ�WKH�GHPRJUDSKLF�VWUXFWXUH�RI�WKH�VDPSOHG�SRSXODWLRQV� 

ZKLFK�DIIHFW�OHYHOV�RI�NRDOD�UHODWHGQHVV��H�J��WKH�H[WHQW�RI�LQEUHHGLQJ�DQG�OHYHOV�RI� 

LPPLJUDWLRQ�DQG�RU�HPLJUDWLRQ���:H�H[WHQGHG�WKLV�DSSURDFK�WR�WHVW�IRU�GLIIHUHQFHV�LQ� 

PHDQ�5�EHWZHHQ�PDOHV�DQG�IHPDOHV�DFURVV�WKH�:DUGHOO�.03��6H[�ELDVHG�GLVSHUVDO�� 

LQ�ZKLFK�PDOHV�GLVSHUVH�IXUWKHU�WKDQ�IHPDOHV��KDV�EHHQ�UHSRUWHG�IRU�NRDODV��'LTXH�HW� 

DO��������7KLV�VKRXOG�OHDG�WR�IHPDOH�NRDODV�EHLQJ�PRUH�FORVHO\�UHODWHG�WKDQ�PDOHV� 

ZLWKLQ�D�SRSXODWLRQ�RU�VXESRSXODWLRQ�� 

� 

������5HJLRQDO�SRSXODWLRQ�VWUXFWXUH�DQG�WKH�VLJQLILFDQFH�RI�WKH�:DUGHOO�.03�DV� 
D�VRXUFH�SRSXODWLRQ� 
:H�XVHG�SDLUZLVH�HVWLPDWHV�RI�5��DV�GHVFULEHG�DERYH��WR�WHVW�IRU�HYLGHQFH�RI� 

GLVSHUVDO�EHWZHHQ�WKH�:DUGHOO�.03�DQG�SRSXODWLRQV�SUHVHQW�LQ�DUHDV�RI�WKH�IRUPHU� 

%LJ�6FUXE�KDELWDW�WR�WKH�ZHVW��6DPSOHV�IURP�WKH�%LJ�6FUXE�ZHUH�SURYLGHG�E\�6&8� 

DQG�JURXSHG�LQWR�D�6RXWK�/LVPRUH�SRSXODWLRQ��6RXWK�/LVPRUH�$OVWRQYLOOH��DQG�D� 

:HVWHUQ�SRSXODWLRQ��:\UDOODK�(DVW�&RUDNL���)LJXUH������ 

7KH�H[WHQW�RI�JHQHWLF�GLIIHUHQWLDWLRQ�DPRQJVW�UHJLRQDO�SRSXODWLRQV�DQG� 

VXESRSXODWLRQV�ZDV�DOVR�DVVHVVHG�XVLQJ�SDLUZLVH�)�VWDWLVWLFV��)VW��:HLU�	� 

&RFNHUKDP�������DQG�5VW��0LFKDODNLV�	�([FRIILHU��������)�VWDWLVWLFV�TXDQWLI\�WKH� 

H[WHQW�WR�ZKLFK�SRSXODWLRQ�VXEGLYLVLRQ�OHDGV�WR�D�UHGXFWLRQ�LQ�REVHUYHG� 

KHWHUR]\JRVLW\��5VW�LV�D�PRUH�VXLWDEOH�HVWLPDWRU�IRU�PLFURVDWHOOLWHV�DV�LW�DVVXPHV�D� 
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VWHSZLVH�PXWDWLRQ�PRGHO��+RZHYHU��SUHYLRXV�NRDOD�JHQHWLF�VWXGLHV�KDYH�HPSOR\HG� 

)VW�WR�HVWLPDWH�OHYHOV�RI�SRSXODWLRQ�GLIIHUHQWLDWLRQ��:H�KDYH�LQFOXGHG�YDOXHV�IRU�ERWK� 

HVWLPDWRUV�WR�DOORZ�FRPSDULVRQ�ZLWK�SXEOLVKHG�HVWLPDWHV�RI�JHQHWLF�GLIIHUHQWLDWLRQ� 

DPRQJVW�UHJLRQDO�NRDOD�SRSXODWLRQV�LQ�1HZ�6RXWK�:DOHV�DQG�6RXWK�HDVW� 

4XHHQVODQG��2XWO\LQJ�SRSXODWLRQV�WR�WKH�QRUWK��1RUWK�/LVPRUH��DQG�ZHVW�RI�/LVPRUH� 

�)DU�ZHVWHUQ���6&8��XQSXEOLVKHG�GDWD��)LJXUH����ZHUH�DOVR�LQFOXGHG�LQ�WKH�DQDO\VLV�� 

7KH�1RUWK�/LVPRUH�SRSXODWLRQ�RFFXUV�LQ�DQ�DUHD�RI�WKH�%LJ�6FUXE�UDLQIRUHVW�FRORQLVHG� 

E\�VRXWKZDUG�GLVSHUVDO�RI�NRDODV�IURP�6RXWK�HDVW�4XHHQVODQG��/HH�HW�DO��������� 

� 

������*HQHWLF�YDULDWLRQ� 
6XPPDU\�VWDWLVWLFV�WKDW�GHVFULEH�OHYHOV�RI�JHQHWLF�YDULDWLRQ�ZHUH�FDOFXODWHG�IRU�WKH� 

:DUGHOO�.03��REVHUYHG��+R��DQG�H[SHFWHG��+H��KHWHUR]\JRVLW\��DQ�XQELDVHG� 

HVWLPDWRU�RI�WKH�HIIHFWLYH�QXPEHU�RI�DOOHOHV��$(���DQG�DQ�LQEUHHGLQJ�FRHIILFLHQW��)L���� 
� 

� 

� 
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5HVXOWV� 
����6SDWLDO�VWUXFWXUH�ZLWKLQ�WKH�:DUGHOO�.03� 
*HQHWLF�QHLJKERXUKRRG�VL]H�LQ�WKH�:DUGHOO�.03�ZDV�HVWLPDWHG�WR�EH�������.P��� 

7KLV�FRQILUPV�D�SDWWHUQ�RI�OLPLWHG�GLVSHUVDO�DFURVV�WKH�VWXG\�DUHD�DQG�WKH�OLNHO\� 

SUHVHQFH�RI�PXOWLSOH�VXESRSXODWLRQV��7KH�HVWLPDWHG�JHQHWLF�QHLJKERXUKRRG�VL]H� 

VXJJHVWV�WKDW�NRDODV�ZLWKLQ�WKH�:DUGHOO�.03�W\SLFDOO\�GLVSHUVH�GLVWDQFHV�RI��������� 

NP�IURP�WKH�QDWDO�VLWH��7KLV�LV�EURDGO\�FRQVLVWHQW�ZLWK�SXEOLVKHG�GLVSHUVDO�HVWLPDWHV� 

RI�����NP�IRU�GLVSHUVLQJ�\RXQJ�LQ�D�SHUL�XUEDQ�ODQGVFDSH�LQ�VRXWK�HDVW�4XHHQVODQG� 

�'LTXH�HW�DO�������� 

$QDO\VLV�RI�WKH�VSDWLDO�GLVWULEXWLRQ�RI�)25�DPRQJVW�WKH�HLJKW�VDPSOH�JURXSV� 

DSSUR[LPDWHV�DQ�LVRODWLRQ�E\�GLVWDQFH�PRGHO�ZLWK�D�KLJK�SURSRUWLRQ�RI�)25�RFFXUULQJ� 

ZLWKLQ���������RU�EHWZHHQ�DGMDFHQW�JURXSV����������)LJXUH��D���7KLV�LQFOXGHG�D� 

VPDOO�QXPEHU�RI�FRPSDULVRQV�LQ�ZKLFK�5�YDOXHV�H[FHHGHG�WKH�XSSHU�WKUHVKROG�RI� 

�������7KLV�FRXOG�UHIOHFW�RXU�DSSOLFDWLRQ�RI�D�FRQVHUYDWLYH�WKUHVKROG�IRU�)25�RU� 

LQGLFDWH�RFFDVLRQDO�PDWLQJ�EHWZHHQ�UHODWHG�DQLPDOV��,Q�WKH�%DJRWYLOOH�DUHD�D�ODUJH� 

QXPEHU�RI�)25�ZHUH�VKDUHG�DPRQJVW�WKH�WKUHH�VDPSOH�JURXSV���E���D�DQG��E���:H� 

DOVR�GHWHFWHG�HYLGHQFH�RI�GLVSHUVDO�DFURVV�WKH�DUHD�ZKHUH�WKH�FRQGLWLRQDOO\� 

DSSURYHG�6HFWLRQ����XSJUDGH�ELVHFWV�WKLV�ODUJH�WUDFW�RI�UHPQDQW�KDELWDW��)LJXUH��D� 

LQVHW���3RWHQWLDO�GLVSHUVDO�DFURVV�WKH�YDOOH\�IORRU�ZDV�GHWHFWHG�LQ�WKH�YLFLQLW\�RI� 

:DUGHOO�DQG�0HHUVFKDXP�9DOH��)LJXUH��D���DQ�DUHD�DOVR�ELVHFWHG�E\�WKH� 

FRQGLWLRQDOO\�DSSURYHG�6HFWLRQ����XSJUDGH��� 

%DVHG�RQ�WKH�REVHUYHG�SDWWHUQV�WKUHH�SRWHQWLDO�VXESRSXODWLRQ�FOXVWHUV�ZHUH� 

LGHQWLILHG��D�QRUWKHUQ�FOXVWHU�FRPSULVLQJ�NRDODV�VDPSOHG�IURP�/\QZRRG���D��� 

&RROJDUGLH���D��DQG�'DOZRRG���E���D�FHQWUDO�FOXVWHU�FRPSULVLQJ�NRDODV�IURP�:DUGHOO� 

��D��DQG�0HHUVFKDXP�9DOH���E���DQG�D�VRXWKHUQ�FOXVWHU�FRPSULVLQJ�NRDODV�IURP�WKH� 

%DJRWYLOOH�DUHD���E���D�DQG��E���)LJXUH��D���)25�ZHUH�DOVR�GHWHFWHG�EHWZHHQ�WKHVH� 

WKUHH�FOXVWHUV����������)LJXUH��E��LQGLFDWLQJ�WKH�RFFXUUHQFH�RI�LQIUHTXHQW�ORQJ� 

GLVWDQFH�GLVSHUVDO�HYHQWV�DFURVV�WKH�VWXG\�DUHD�RI�XS�WR����NLORPHWUHV��� 

7KH�VLJQLILFDQFH�RI�WKH�REVHUYHG�VSDWLDO�SDWWHUQV�ZHUH�DVVHVVHG�XVLQJ�WKH����� 

&,�RI�WKH�FXPXODWLYH�PHDQ�IUHTXHQF\�REWDLQHG�IURP�SDLUZLVH�FRPSDULVRQV�RI�5�IRU� 

WKH�WKUHH�FOXVWHUV��2QO\�WZR�RI�WKH�WKUHH�WHVWV�ZHUH�VLJQLILFDQW��WKH�PHDQ�GLIIHUHQFH�LQ� 

5�IRU�WKH�QRUWKHUQ�DQG�FHQWUDO�FOXVWHUV�IDOOLQJ�ZLWKLQ��EXW�FORVH�WR��WKH�����&,��7DEOH�� 
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����%DVHG�RQ�WKHVH�UHVXOWV�D�KLHUDUFKLFDO�SRSXODWLRQ�VWUXFWXUH�LV�LQGLFDWHG�ZLWK�WKH� 

:DUGHOO�.03�FRPSULVLQJ�WZR�PDLQ�VXESRSXODWLRQV��� 

��� D�1RUWKHUQ�VXESRSXODWLRQ�SURYLVLRQDOO\�FRQWDLQLQJ�WKH�QRUWKHUQ�DQG�FHQWUDO� 

FOXVWHUV��� 

��� D�6RXWKHUQ�VXESRSXODWLRQ�ORFDWHG�LQ�WKH�%DJRWYLOOH�DUHD��� 

� 

&RQVLVWHQW�ZLWK�WKLV�DUUDQJHPHQW�ZH�DOVR�IRXQG�GLIIHUHQFHV�LQ�5�ZKHQ� 

FRPSDULQJ�WKH�GHPRJUDSKLF�SURILOHV�RI�WKH�WZR�VXESRSXODWLRQV��%RWK�PDOHV�DQG� 

IHPDOHV�LQ�WKH�6RXWKHUQ�VXESRSXODWLRQ�DUH��RQ�DYHUDJH��PRUH�FORVHO\�UHODWHG�WKDQ� 

WKRVH�LQ�WKH�1RUWKHUQ�VXESRSXODWLRQ��7DEOH�����:LWKLQ�WKH�6RXWKHUQ�VXESRSXODWLRQ� 

WKH�PHDQ�5�IRU�IHPDOHV��a������ZDV�WZLFH�WKDW�RI�PDOHV��a������D�SDWWHUQ�FRQVLVWHQW� 

ZLWK�PRUH�OLPLWHG�GLVSHUVDO�RI�IHPDOHV�DZD\�IURP�WKH�QDWDO�VLWH�� 
� 

� 

7DEOH����0HDQ�GLIIHUHQFH�LQ�UHODWHGQHVV��5��EHWZHHQ�VDPSOH�FOXVWHUV�LQ�WKH�:DUGHOO�.03��'LIIHUHQFHV� 

DUH�VLJQLILFDQW�LI�WKH�PHDQ�IDOOV�RXWVLGH�WKH�����&,������������TXDQWLOHV���� 

� 

&OXVWHU��� &OXVWHU��� 0HDQ�GLIIHUHQFH� �����TXDQWLOH� ������TXDQWLOH� 

QRUWKHUQ� FHQWUDO� ������� �������� ������� 

FHQWUDO� VRXWKHUQ� ������� �������� ������� 

QRUWKHUQ� VRXWKHUQ� �������� �������� ������� 

� 

� 

� 

7DEOH����0HDQ�GLIIHUHQFH�LQ�UHODWHGQHVV��5��EHWZHHQ�PDOHV�DQG�IHPDOHV�LQ�WKH�:DUGHOO�.03�� 

'LIIHUHQFHV�DUH�VLJQLILFDQW�LI�WKH�PHDQ�IDOOV�RXWVLGH�WKH�����&,������������TXDQWLOHV�� 

� 

&RPSDULVRQ���$�FI��%�� 

$FURVV�:DUGHOO�.03��PDOHV�FI��IHPDOHV�� 

0HDQ�5� 
$� 

�������� 

0HDQ�5� 
%� 

�������� 

ǻ�0HDQ� 
5�� 

������� 

����&,� 

��������±�������� 

0DOHV��1RUWKHUQ�FI��6RXWKHUQ� �������� ������� ������� ��������±�������� 

)HPDOHV��1RUWKHUQ�FI��6RXWKHUQ� �������� ������� ������� ��������±�������� 

� 
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7KH�SURSRVHG�VXEGLYLVLRQ�RI�WKH�:DUGHOO�.03�LQWR�D�1RUWKHUQ�DQG�6RXWKHUQ� 

VXESRSXODWLRQ�GRHV�QRW�VXSSRUW�PRGHOV�RI�SRSXODWLRQ�VWUXFWXUH�EDVHG�VROHO\�RQ� 

DUHDV�RI�IRFDO�DFWLYLW\��KDELWDW�W\SH�RU�ODQGXVH��7KH�1RUWKHUQ�VXESRSXODWLRQ�RFFXSLHV� 

ERWK�DJULFXOWXUDO�ODQGVFDSHV�DQG�FRQWLJXRXV�QDWLYH�IRUHVW��FRQWDLQV�WKUHH�IRFDO�DUHDV� 

RI�DFWLYLW\��DQG�HQFRPSDVVHV�DUHDV�RI�KLJK�DQG�ORZ�JHQHUDWLRQDO�SHUVLVWHQFH��7DEOH� 

����7KH�6RXWKHUQ�VXESRSXODWLRQ�LV�ODUJHO\�FRQILQHG�WR�IUDJPHQWHG�DQG�FRQWLJXRXV� 

IRUHVW�KDELWDWV�DQG�DOVR�FRQWDLQV�PXOWLSOH�IRFDO�DUHDV�RI�DFWLYLW\�DQG�DUHDV�RI�YDULDEOH� 

JHQHUDWLRQDO�SHUVLVWHQFH��:H�DOVR�UHMHFW�D�PRGHO�LQ�ZKLFK�WKH�:DUGHOO�.03�LV� 

GLYLGHG�LQWR�DQ�HDVWHUQ�DQG�ZHVWHUQ�VXESRSXODWLRQ�FRUUHVSRQGLQJ�WR�WKH�WZR�ODUJH� 

WUDFWV�RI�UHPQDQW�VFKOHURSK\OO�ZRRGODQG�DQG�IRUHVW��%RWK�WKH�1RUWKHUQ�DQG�6RXWKHUQ� 

VXESRSXODWLRQV�DUH�WUDQVHFWHG�E\�WKH�SURSRVHG�6HFWLRQ����XSJUDGH��)LJXUH����� 

� 
����5HJLRQDO�SRSXODWLRQ�VWUXFWXUH� 
$QDO\VLV�RI�WKH�VSDWLDO�GLVWULEXWLRQ�RI�)25�DPRQJVW�UHJLRQDO�NRDOD�SRSXODWLRQV� 

LQGLFDWH�WKDW�SRSXODWLRQV�LQKDELWLQJ�WKH�IRUPHU�%LJ�6FUXE�KDELWDW�WR�WKH�ZHVW�RI�WKH� 

:DUGHOO�.03�PD\�EH�GHULYHG�IURP�PXOWLSOH�VRXUFH�SRSXODWLRQV��)LJXUH�����6SDWLDO� 

SDWWHUQV�LQGLFDWH�KLJKHU�OHYHOV�RI�FRQWHPSRUDU\�GLVSHUVDO�EHWZHHQ�SRSXODWLRQV�LQ�WKH� 

IRUPHU�%LJ�6FUXE�KDELWDW�DQG�WKH�:DUGHOO�.03��������WKDQ�EHWZHHQ�RXWO\LQJ�UHJLRQDO� 

SRSXODWLRQV��)DU�ZHVWHUQ������1RUWK�/LVPRUH������6SDWLDO�SDWWHUQV�DOVR�LQGLFDWH� 

YDULDEOH�OHYHOV�RI�FRQWHPSRUDU\�GLVSHUVDO�EHWZHHQ�SRSXODWLRQV�LQ�WKH�%LJ�6FUXE� 

KDELWDW��DQG�WKH�6RXWKHUQ�������DQG�1RUWKHUQ�������VXESRSXODWLRQV�RI�WKH�:DUGHOO� 

.03���7KH�H[WHQW�WR�ZKLFK�WKHVH�SDWWHUQV�UHIOHFW�KLVWRULFDO�SDWWHUQV�RI�FRORQLVDWLRQ�LV�� 

KRZHYHU��XQFHUWDLQ��� 

3DLUZLVH�HVWLPDWHV�RI�JHQHWLF�GLIIHUHQWLDWLRQ�DPRQJVW�UHJLRQDO�SRSXODWLRQV� 

UDQJHG�IURP������WR��������5VW��DQG�������WR��������)VW��LQ�FRPSDULVRQV�ZLWK�WKH� 

:DUGHOO�.03�VXESRSXODWLRQV��7DEOH����6&8�XQSXEOLVKHG�GDWD���%RWK�HVWLPDWRUV� 

LQGLFDWH�WKDW�WKH�1RUWKHUQ�DQG�6RXWKHUQ�VXESRSXODWLRQV�RI�WKH�:DUGHOO�.03�DUH� 

JHQHWLFDOO\�GLIIHUHQWLDWHG��5VW� ��������)VW� ��������DQG�VKDUH�FORVHU�JHQHWLF�DIILQLWLHV� 

ZLWK�SRSXODWLRQV�LQKDELWLQJ�WKH�IRUPHU�%LJ�6FUXE�KDELWDW�WKDQ�HDFK�RWKHU��� 
� 
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� 

� 

7DEOH����*HQHWLF�GLIIHUHQWLDWLRQ�EHWZHHQ�VXESRSXODWLRQV�RI�WKH�:DUGHOO�.03�DQG�UHJLRQDO�NRDOD� 

SRSXODWLRQV��6&8��XQSXEOLVKHG�GDWD���)VW�YDOXHV�JUHDWHU�WKDQ�]HUR�EXW�OHVV�WKDQ������LQGLFDWH�ORZ� 

JHQHWLF�GLIIHUHQWLDWLRQ��YDOXHV�EHWZHHQ������DQG������LQGLFDWH�PRGHUDWH�JHQHWLF�GLIIHUHQWLDWLRQ�� 

� 

� 5VW� )VW� 

3RSXODWLRQV� 1�:DUGHOO� 6�:DUGHOO� 1�:DUGHOO� 6�:DUGHOO� 

1�:DUGHOO� �� ������ �� ������ 

6�:DUGHOO� ������ �� ������ �� 

6RXWK�/LVPRUH� ������ ������ ������ ������ 

:HVWHUQ� ������ ������ ������ ������ 

1RUWK�/LVPRUH� ������ ������ ������ ������ 

)DU�ZHVWHUQ� ������ ������ ������ ������ 
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����*HQHWLF�YDULDWLRQ� 
'HVFULSWLYH�VWDWLVWLFV�IRU�ERWK�WKH�1RUWKHUQ�DQG�6RXWKHUQ�VXESRSXODWLRQV�RI�WKH� 

:DUGHOO�.03��DV�ZHOO�DV�WKH�FRPELQHG�VDPSOH�DUH�SUHVHQWHG�LQ�7DEOH����/HYHOV�RI� 

JHQHWLF�YDULDWLRQ��DV�PHDVXUHG�E\�+R��DUH�ZLWKLQ�WKH�UDQJH�UHSRUWHG�IRU�SRSXODWLRQV� 

LQ�QRUWKHUQ�16:��������������FHQWUDO�16:������������DQG�VRXWKHDVW�4XHHQVODQG� 

������������EXW�H[FHHG�WKRVH�UHSRUWHG�IRU�SRSXODWLRQV�LQ�9LFWRULD��������������IURP� 

/HH�HW�DO��������7KHVH�FRPSDULVRQV�DUH�LQGLFDWLYH�RQO\�DV�WKH�QXPEHU�RI� 

PLFURVDWHOOLWHV�XVHG�WR�HVWLPDWH�+R�YDULHG�DFURVV�WKH�VWXGLHV��%RWK�$(�DQG�+R� 

LQGLFDWH�KLJKHU�OHYHOV�RI�JHQHWLF�YDULDWLRQ�DUH�SUHVHQW�LQ�WKH�QRUWKHUQ�VXESRSXODWLRQ� 

RI�WKH�:DUGHOO�.03��)RU�ERWK�VXESRSXODWLRQV�WKH�DYHUDJH�OHYHO�RI�LQEUHHGLQJ�LV� 

QHJOLJLEOH�ZLWK�UDQGRPLVDWLRQ�WHVWV�LQGLFDWLQJ�WKDW�WKH�REVHUYHG�YDOXHV�DUH�QRW� 

VWDWLVWLFDOO\�GLIIHUHQW�IURP���� 
� 

� 
7DEOH����6XPPDU\�VWDWLVWLFV�RI�JHQHWLF�YDULDWLRQ�LQ�WKH�:DUGHOO�.03��$(� �XQELDVHG�HVWLPDWRU�RI�WKH� 

HIIHFWLYH�QXPEHU�RI�DOOHOHV��+R� �DYHUDJH�REVHUYHG�KHWHUR]\JRVLW\��+H� �DYHUDJH�H[SHFWHG� 

KHWHUR]\JRVLW\��)L� �LQGLYLGXDO�LQEUHHGLQJ�FRHIILFLHQW�� 

� 

6XESRSXODWLRQ� 6DPSOH�VL]H� $(� +R� +H� )L� 

1RUWKHUQ� ��� ���� ������ ������ ������ 

6RXWKHUQ� ��� ����� ������ ������ ������� 

&RPELQHG� ��� ����� ������ ������ ������ 

�
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'LVFXVVLRQ�DQG�UHFRPPHQGDWLRQV� 
����'LVFXVVLRQ� 
7KLV�VWXG\�KDV�VKRZQ�WKDW�WKH�:DUGHOO�.03�LV�VSDWLDOO\�VWUXFWXUHG��'LVSHUVDO�� 

HVWLPDWHG�IURP�JHQHWLF�QHLJKERXUKRRG�VL]H�DQG�WKH�GLVWULEXWLRQ�RI�ILUVW�RUGHU� 

UHODWLYHV��ODUJHO\�FRQIRUPV�WR�DQ�LVRODWLRQ�E\�GLVWDQFH�PRGHO�ZLWK�DGMDFHQW�DUHDV� 

PRUH�OLNHO\�WR�VKDUH�FORVH�UHODWLYHV�WKDQ�GLVWDQW�RQHV��2I�SDUWLFXODU�UHOHYDQFH��NRDOD� 

GLVSHUVDO�ZDV�GHWHFWHG�EHWZHHQ�KDELWDWV�ELVHFWHG�E\�WKH�FRQGLWLRQDOO\�DSSURYHG� 

6HFWLRQ����3DFLILF�+LJKZD\�XSJUDGH�LQ�WKH�YLFLQLW\�RI�%DJRWYLOOH��DQ�DUHD�SUHYLRXVO\� 

LGHQWLILHG�DV�FRQWDLQLQJ�LPSRUWDQW�KDELWDW�IRU�GLVSHUVDO�DQG�WKH�PDLQ�IRFXV�RI� 

SURSRVHG�PLWLJDWLRQ�HIIRUWV��3KLOOLSV�	�&KDQJ�������(FRVXUH��������.RDOD�GLVSHUVDO� 

ZDV�DOVR�GHWHFWHG�EHWZHHQ�KDELWDWV�LQ�WKH�YLFLQLW\�RI�:DUGHOO�DQG�0HHUVFKDXP�9DOH� 

VXJJHVWLQJ�SRVVLEOH�GLVSHUVDO�DFURVV�WKH�YDOOH\�IORRU�LQ�DQ�DUHD�DOVR�ELVHFWHG�E\�WKH� 

FRQGLWLRQDOO\�DSSURYHG�6HFWLRQ����XSJUDGH��7KHVH�GLVSHUVDO�HYHQWV�ZHUH�GHWHFWHG� 

ZLWK�UHODWLYHO\�VPDOO�VDPSOH�VL]HV�IRU�HDFK�ORFDWLRQ��7DEOH����VXJJHVWLQJ�WKDW� 

GLVSHUVDO�DPRQJVW�DGMDFHQW�VLWHV�LV�UHODWLYHO\�FRPPRQ�� 

7KHUH�LV�VWURQJ�HYLGHQFH�WKDW�WKH�:DUGHOO�.03��DV�FXUUHQWO\�GHILQHG��LV� 

FRPSULVHG�RI�D�GLVWLQFWLYH�1RUWKHUQ�DQG�6RXWKHUQ�VXESRSXODWLRQ�ZLWK�GHWHFWDEOH�OHYHO� 

RI�GLVSHUVDO�EHWZHHQ�WKHP��7KH�H[WHQW�RI�JHQHWLF�GLIIHUHQWLDWLRQ�EHWZHHQ�WKHP� 

H[FHHGV�WKDW�REVHUYHG�EHWZHHQ�SRSXODWLRQV�LQ�WKH�DGMDFHQW�%LJ�6FUXE�KDELWDW�VRXWK� 

RI�/LVPRUH�DQG�RXWO\LQJ�UHJLRQDO�SRSXODWLRQV��7KLV�LV�XQH[SHFWHG�JLYHQ�WKHLU�FORVH� 

JHRJUDSKLF�SUR[LPLW\�DQG�HYLGHQFH�RI�RQJRLQJ�GLVSHUVDO�EHWZHHQ�WKHP��7KH�PRVW� 

OLNHO\�H[SODQDWLRQ�LV�WKDW�WKH�1RUWKHUQ�VXESRSXODWLRQ�UHFHLYHV�LPPLJUDQW�NRDODV�IURP� 

VXUURXQGLQJ�SRSXODWLRQV��7KLV�LV�VXSSRUWHG�E\�HYLGHQFH�RI�KLJKHU�OHYHOV�RI�JHQHWLF� 

YDULDWLRQ�LQ�WKH�1RUWKHUQ�VXESRSXODWLRQ��PHDVXUHG�IURP�ERWK�REVHUYHG� 

KHWHUR]\JRVLW\�DQG�WKH�HIIHFWLYH�QXPEHU�RI�DOOHOHV��7DEOH�����ZLWK����RI�WKH���� 

VXUYH\HG�PLFURVDWHOOLWHV�FRQWDLQLQJ�D�JUHDWHU�GLYHUVLW\�RI�UHSHDW�OHQJWKV�WKDQ� 

REVHUYHG�LQ�WKH�6RXWKHUQ�VXESRSXODWLRQ��,PPLJUDWLRQ�RI�NRDODV�LQWR�WKH�1RUWKHUQ� 

VXESRSXODWLRQ�LV�DOVR�VXSSRUWHG�E\�VLJQLILFDQW�GLIIHUHQFHV�LQ�WKH�DYHUDJH�UHODWHGQHVV� 

�5��RI�PDOHV�DQG�IHPDOHV�LQ�WKH�WZR�VXESRSXODWLRQV��7KLV�ZDV�HVSHFLDOO\�SURQRXQFHG� 

IRU�IHPDOHV�ZLWK�WKRVH�LQ�WKH�1RUWKHUQ�VXESRSXODWLRQ�KDYLQJ�IHZHU�)25�UHODWLYHV� 

OLYLQJ�LQ�FORVH�JHRJUDSKLF�SUR[LPLW\��7KLV�LV�XQH[SHFWHG�IRU�D�VSHFLHV�LQ�ZKLFK� 

GLVSHUVDO�DZD\�IURP�WKH�QDWDO�VLWH�LV�OLPLWHG��� 
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,Q�FRQWUDVW��WKH�JHQHWLF�DQG�GHPRJUDSKLF�SURILOH�RI�WKH�6RXWKHUQ� 

VXESRSXODWLRQ�DSSHDUV�WR�EH�FRQVLVWHQW�ZLWK�WKDW�H[SHFWHG�LQ�D�IXQFWLRQDO�NRDOD� 

PHWDSRSXODWLRQ��7KLV�LQFOXGHV�D�KLJK�SURSRUWLRQ�RI�)25�RFFXUULQJ�LQ�FORVH� 

JHRJUDSKLF�SUR[LPLW\��D�GHFUHDVH�LQ�UHODWHGQHVV�ZLWK�GLVWDQFH��LVRODWLRQ�E\�GLVWDQFH� 

HIIHFWV���DQ�DEVHQFH�RI�GHWHFWDEOH�LQEUHHGLQJ�HIIHFWV�DQG�IHPDOHV��RQ�DYHUDJH��EHLQJ� 

PRUH�FORVHO\�UHODWHG�WKDQ�PDOHV�FRQVLVWHQW�ZLWK�D�NQRZQ�VH[�ELDV�LQ�GLVSHUVDO�UDWHV� 

�'LTXH�HW�DO��������DQG�WKH�VWUXFWXULQJ�RI�NRDOD�SRSXODWLRQV�DORQJ�PDWULDUFKDO�OLQHV�� 

,W�LV�XQFOHDU�IURP�WKH�SUHVHQW�DQDO\VLV�ZKHWKHU�WKH�1RUWKHUQ�VXESRSXODWLRQ�LV� 

SDUW�RI�WKH�:DUGHOO�.03�KLVWRULFDOO\�EXW�KDV�UHFHLYHG�KLJKHU�OHYHOV�RI�LPPLJUDWLRQ� 

IURP�VXUURXQGLQJ�DUHDV��RU�LI�LW�KDV�EHHQ�UHFHQWO\�FRORQLVHG�DORQJ�ZLWK�RWKHU�DUHDV�RI� 

WKH�IRUPHU�%LJ�6FUXE�KDELWDW�VRXWK�RI�/LVPRUH��$�WKLUG�SRVVLELOLW\�LV�WKDW�WKH�ERXQGDU\� 

RI�WKH�:DUGHOO�.03��DV�FXUUHQWO\�GHILQHG��GRHV�QRW�DFFXUDWHO\�UHIOHFW�WKH�QDWXUDO� 

�KLVWRULFDO��SRSXODWLRQ�ERXQGDU\�DQG�WKH�LQFOXVLRQ�RI�VDPSOHV�IURP�SHULSKHUDO� 

SRSXODWLRQV�RI�PL[HG�RULJLQV�KDV�ELDVHG�WKH�DQDO\VLV��8QIRUWXQDWHO\��FXUUHQW�VDPSOH� 

VL]HV�ZHUH�LQVXIILFLHQW�WR�HQDEOH�D�PRUH�GHWDLOHG�DQDO\VLV�RI�WKLV�LVVXH��,UUHVSHFWLYH�RI� 

WKH�KLVWRULFDO�SURFHVVHV��WKHVH�UHVXOWV�HPSKDVLVH�WKH�SRWHQWLDO�VLJQLILFDQFH�RI�WKH� 

6RXWKHUQ�VXESRSXODWLRQ�RI�WKH�:DUGHOO�.03�DV�WKH�UHPDLQLQJ�UHODWLYHO\�SXUH�JHQH� 

SRRO�IRU�NRDODV�LQ�WKLV�UHJLRQ��� 

6SDWLDO�SDWWHUQV�RI�GLVSHUVDO�LQGLFDWH�WKDW�NRDODV�LQKDELWLQJ�DUHDV�RI�WKH�IRUPHU� 

%LJ�6FUXE�UDLQIRUHVW�WR�WKH�ZHVW�RI�WKH�:DUGHOO�.03�DUH�GHULYHG�IURP�PXOWLSOH�VRXUFH� 

SRSXODWLRQV�LQFOXGLQJ�WKH�:DUGHOO�.03�DQG�WKRVH�WR�WKH�QRUWK�DQG�ZHVW�RI�/LVPRUH�� 

,QLWLDO�DVVHVVPHQWV�LQGLFDWH�WKDW�WKH�JUHDWHVW�QXPEHU�RI�GLVSHUVDO�HYHQWV�RFFXU� 

EHWZHHQ�WKH�6RXWKHUQ�:DUGHOO�VXESRSXODWLRQ�DQG�WKRVH�LQ�WKH�IRUPHU�%LJ�6FUXE� 

UDLQIRUHVW�KDELWDW��'LVSHUVDO�LV�PRVW�OLNHO\�DV\PPHWULF��RFFXUULQJ�SUHGRPLQDQWO\�IURP� 

WKH�6RXWKHUQ�:DUGHOO�VXESRSXODWLRQ�LQWR�WKH�IRUPHU�%LJ�6FUXE�KDELWDW��7KLV�LV� 

VXSSRUWHG�E\�WKH�REVHUYDWLRQ�RI�ORZHU�OHYHOV�RI�JHQHWLF�YDULDWLRQ�LQ�WKH�6RXWKHUQ� 

VXESRSXODWLRQ�FRPSDUHG�WR�WKH�1RUWKHUQ�VXESRSXODWLRQ��7DEOH�����DV�ZHOO�DV�UHJLRQDO� 

SRSXODWLRQV��HVSHFLDOO\�6RXWK�/LVPRUH��6&8��XQSXEOLVKHG�GDWD���,I�VXEVWDQWLDO�OHYHOV� 

RI�LPPLJUDWLRQ�ZHUH�RFFXUULQJ�LQWR�WKH�6RXWKHUQ�VXESRSXODWLRQ�RI�WKH�:DUGHOO�.03� 

ZH�ZRXOG�H[SHFW�PRUH�XQLIRUP�OHYHOV�RI�JHQHWLF�YDULDELOLW\�DFURVV�DOO�SRSXODWLRQV�LQ� 

WKH�UHJLRQ��$V\PPHWULF�GLVSHUVDO�LV�PRVW�OLNHO\�LQIOXHQFHG�E\�D�FRPELQDWLRQ�RI� 

GHPRJUDSKLF��EHKDYLRXUDO�DQG�ODQGVFDSH�IDFWRUV��H�J���GHQVLW\�GHSHQGHQW�UHJXODWLRQ�� 

WHUULWLRULDOLW\�DQG�WKH�VSDWLR�WHPSRUDO�FRQILJXUDWLRQ�RI�GLVSHUVDO�FRUULGRUV��DQG�D� 
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JUHDWHU�XQGHUVWDQGLQJ�RI�WKHVH�LV�UHTXLUHG�WR�IXOO\�GLVFHUQ�WKH�UROH�RI�WKH�:DUGHOO� 

.03�LQ�UHJLRQDO�NRDOD�SRSXODWLRQ�G\QDPLFV�� 

� 

����/LPLWDWLRQV� 
x�	 6SDWLDO�SDWWHUQV�LQ�WKH�GLVWULEXWLRQ�RI�)25�KDYH�EHHQ�XVHG�WR�LGHQWLI\�NRDOD� 

GLVSHUVDO�HYHQWV�ZLWKLQ�WKH�:DUGHOO�.03��DQG�EHWZHHQ�UHJLRQDO�NRDOD� 

SRSXODWLRQV��EXW�ZH�FDQQRW�LQIHU�GLVSHUVDO�URXWHV�RU�GLUHFWO\�LQIHU�WKH�GLUHFWLRQ� 

RI�GLVSHUVDO�LQ�PRVW�FDVHV�� 

x�	 ,W�LV�EH\RQG�WKH�VFRSH�RI�WKLV�VWXG\�WR�GLVFHUQ�WKH�IDFWRUV�WKDW�IDFLOLWDWH�ORQJ� 

GLVWDQFH�GLVSHUVDO�HYHQWV�DFURVV�WKH�:DUGHOO�.03�RU�SURSRVHG�DV\PPHWULF� 

GLVSHUVDO�EHWZHHQ�UHJLRQDO�SRSXODWLRQV��'HPRJUDSKLF��EHKDYLRXUDO�DQG� 

ODQGVFDSH�IDFWRUV�DUH�OLNHO\�WR�SOD\�D�UROH�� 

x�	 'XH�WR�OLPLWHG�VDPSOH�VL]HV�WKH�LQFOXVLRQ�RI�WKH�FHQWUDO�FOXVWHU��:DUGHOO�DQG� 

0HHUVFKDXP�9DOH��LQ�WKH�1RUWKHUQ�:DUGHOO�VXESRSXODWLRQ�LV�FRQVLGHUHG� 

SURYLVLRQDO�RQO\�� 
� 

����5HFRPPHQGDWLRQV� 
7R�PRGHO�WKH�LPSDFWV�RI�WKH�FRQGLWLRQDOO\�DSSURYHG�6HFWLRQ����3DFLILF�+LJKZD\� 

XSJUDGH�RQ�WKH�:DUGHOO�.03��DQG�WKH�HIIHFWLYHQHVV�RI�SURSRVHG�PLWLJDWLRQ� 

VWUDWHJLHV��WKH�39$�VKRXOG�LQFRUSRUDWH�LQIRUPDWLRQ�IURP�WKLV�VWXG\�ZLWK�UHVSHFW�WR�WKH� 

SUHVHQFH�RI�SRSXODWLRQ�VXEVWUXFWXUH�ZLWKLQ�WKH�:DUGHOO�.03��SRWHQWLDO�LPSDFWV�IURP� 

GLVUXSWLQJ�REVHUYHG�SDWWHUQV�RI�GLVSHUVDO��DQG�UHODWLRQVKLSV�ZLWK�UHJLRQDO�NRDOD� 

SRSXODWLRQV��� 

6SHFLILFDOO\��WKH�39$�VKRXOG�� 

x�	 %H�FRQGXFWHG�XQGHU�GLIIHUHQW�DVVXPSWLRQV�RI�SRSXODWLRQ�VWUXFWXUH�ZLWKLQ�WKH� 

:DUGHOO�.03��D�QXOO�PRGHO�ZLWK�WKH�:DUGHOO�.03�WUHDWHG�DV�D�VLQJOH�SDQPLFWLF� 

SRSXODWLRQ�DQG�FRPSDUHG�WR�DQ�DOWHUQDWLYH�PRGHO�ZLWK�LVRODWLRQ�E\�GLVWDQFH� 

HIIHFWV�LQFRUSRUDWHG��DQG�D�PRGHO�LQ�ZKLFK�WKH�:DUGHOO�.03�LV�UHSUHVHQWHG�E\� 

D�GLVWLQFWLYH�1RUWKHUQ�DQG�6RXWKHUQ�VXESRSXODWLRQ�DV�GHILQHG�KHUH�� 

x�	 ([DPLQH�WKH�HIIHFWV�RI�GLVUXSWLQJ�SDWWHUQV�RI�GLVSHUVDO�LQ�WKH�%DJRWYLOOH�DUHD� 

DQG�DFURVV�WKH�YDOOH\�IORRU�DQG�DGMDFHQW�ZRRGODQG�LQ�WKH�YLFLQLW\�RI�:DUGHOO� 

DQG�0HHUVFKDXP�9DOH�� 
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x�	 &RQVLGHU�WKH�HIIHFWV�RI�UHJLRQDO�NRDOD�SRSXODWLRQ�G\QDPLFV�RQ�WKH�YLDELOLW\�RI� 

WKH�:DUGHOO�.03�LQ�ZKLFK�GLVSHUVDO�DSSUR[LPDWHV�D�PRGHO�ZLWK�QHW�HPLJUDWLRQ� 

IURP�WKH�6RXWKHUQ�:DUGHOO�VXESRSXODWLRQ��LQWR�DGMDFHQW�KDELWDWV�WR�WKH�ZHVW��� 

DQG�QHW�LPPLJUDWLRQ�LQWR�WKH�1RUWKHUQ�:DUGHOO�VXESRSXODWLRQ��PRVW�OLNHO\�IURP� 

WKH�ZHVW�DQG�RU�QRUWK��� 
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5HIHUHQFHV� 
'LTXH��'�6���7KRPSVRQ��-���3UHHFH��+�-���GH�9LOOLHUV��'�/���	�&DUULFN��)�1�������� 

'LVSHUVDO�SDWWHUQV�LQ�D�UHJLRQDO�NRDOD�SRSXODWLRQ�LQ�VRXWK�HDVW�4XHHQVODQG�� 

:LOGO��5HV��������������� 

(FRVXUH��������:RROJRROJD�WR�%DOOLQD�.RDOD�3UHFRQVWUXFWLRQ�6XUYH\V��)LQDO�5HSRUW� 

WR�5RDGV�DQG�0DULWLPH�6HUYLFHV��16:�� 

/HH��.�(���(OOLV��:�$�+���&DUULFN��)�1���&RUOH\��6�:���-RKQVWRQ��6�'���%DYHUVWRFN�� 

3�5���1RFN��&�-���5RZH��.�&��	 �6HGGRQ��-�0��������$QWKURSRJHQLF�FKDQJHV�WR� 

WKH�ODQGVFDSH�UHVXOWHG�LQ�FRORQL]DWLRQ�RI�NRDODV�LQ�QRUWK�HDVW�1HZ�6RXWK� 

:DOHV��$XVWUDOLD��$XVWUDO�(FRO��������������� 

/HH��.�(���6HGGRQ��-�0���-RKQVWRQ��6���)LW]*LEERQ�6�-���&DUULFN��)���0HO]HU��$��� 

%HUFRYLWFK��)�� 	�(OOLV��:��������*HQHWLF�GLYHUVLW\�LQ�QDWXUDO�DQG�LQWURGXFHG� 

LVODQG�SRSXODWLRQV�RI�NRDODV�LQ�4XHHQVODQG��$XVW��-��=RRO��������������� 

/RWW�5�+��	�'XJJLQ��-�$��������&RQVHUYDWLRQ�6LJQLILFDQFH�DQG�/RQJ�7HUP�9LDELOLW\�RI� 

6XEWURSLFDO�5DLQIRUHVW�5HPQDQWV�RI�WKH�%LJ�6FUXE��1RUWK�(DVWHUQ�1HZ�6RXWK� 

:DOHV��'HSDUWPHQW�RI�(FRV\VWHP�0DQDJHPHQW��8QLYHUVLW\�RI�1HZ�(QJODQG�� 

$UPLGDOH�� 

0LFKDODNLV��<��	�([FRIILHU��/��������$�JHQHWLF�HVWLPDWLRQ�RI�SRSXODWLRQ�VXEGLYLVLRQ� 

XVLQJ�GLVWDQFHV�EHWZHHQ�DOOHOHV�ZLWK�VSHFLDO�UHIHUHQFH�IRU�PLFURVDWHOOLWH�ORFL�� 

*HQHWLFV��������������� 

3KLOOLSV��6���%UHDUOH\��*��	 �&DOODJKDQ��-��������$VVHVVPHQW�RI�NRDOD�SRSXODWLRQ� 

GLVWULEXWLRQ�DQG�GHPRJUDSKLFV��:RROJRROJD�WR�%DOOLQD�3DFLILF�+LJKZD\� 

8SJUDGH��6HFWLRQ����±�:DUGHOO�WR�&RROJDUGLH���)LQDO�UHSRUW�WR�5RDGV�DQG� 

0DULWLPH��%LROLQN�(FRORJLFDO�&RQVXOWDQWV�DQG�(FRVXUH�3W\�/WG�� 

3KLOOLSV��6�� �&KDQJ��0��������.RDOD�+DELWDW�DQG�3RSXODWLRQ�$VVHVVPHQW��%DOOLQD� 

6KLUH�&RXQFLO�/*$��)LQDO�5HSRUW�WR�%DOOLQD�6KLUH�&RXQFLO��%LROLQN�(FRORJLFDO� 

&RQVXOWDQWV��8NL�16:�� 

5RXVVHW��)��������*HQHWLF�GLIIHUHQWLDWLRQ�EHWZHHQ�LQGLYLGXDOV��-��(YRO��%LRO��������� 

���� 

:DQJ��-��������$Q�HVWLPDWRU�IRU�SDLUZLVH�UHODWHGQHVV�XVLQJ�PROHFXODU�PDUNHUV�� 

*HQHWLFV����������������� 
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	:HGURZLF]��)���.DUVD��0���0RVVH��-�� �+RJDQ�)�(��������5HOLDEOH�JHQRW\SLQJ�RI�WKH� 

NRDOD��3KDVFRODUFWRV�FLQHUHXV��XVLQJ�'1$�LVRODWHG�IURP�D�VLQJOH�IDHFDO�SHOOHW�� 

0RO��(FRO��5HVRXU��������������� 

:HLU��%�6��	�&RFNHUKDP��&�&��������(VWLPDWLQJ�)�VWDWLVWLFV�IRU�WKH�DQDO\VLV�RI� 

SRSXODWLRQ�VWUXFWXUH��(YROXWLRQ���������������� 
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([HFXWLYH�VXPPDU\� 
7KHVH�$SSHQGLFHV�GHWDLO�DGGLWLRQDO�DQDO\VHV�DQG�LQIRUPDWLRQ�UHTXHVWHG�E\�16:�5RDGV�DQG� 

0DULWLPH�6HUYLFHV�DV�D�VXSSOHPHQW�WR�WKH�UHSRUW�*HQHWLF�SURILOLQJ�RI�NRDODV��:RROJRROJD�WR� 

%DOOLQD� 3DFLILF� +LJKZD\� 8SJUDGH� �6HFWLRQ� ���:DUGHOO� WR� &RROJDUGLH�� �1RUPDQ� HW� DO� ������ 

XQGHUWDNHQ� E\� 6RXWKHUQ� &URVV� 8QLYHUVLW\� �6&8��� 7KH� DQDO\VHV� ZHUH� FRPPLVVLRQHG� LQ� 

UHVSRQVH� WR� FRPPHQWV� REWDLQHG� GXULQJ� WKH� H[WHUQDO� UHYLHZ� SURFHVV� RI� WKLV� UHSRUW� DQG� 

FRPSDULVRQV�ZLWK�D�SDUDOOHO� UHSRUW�VXEPLWWHG�E\� WKH�$XVWUDOLDQ�0XVHXP�5HVHDUFK� ,QVWLWXWH� 

�1HDYHV�HW�DO��������7KHVH�DQDO\VHV�DLP�WR�SURYLGH�VRPH�VWDQGDUGLVDWLRQ�RI�WKH�LQIRUPDWLRQ� 

FRQWHQW�RI�WKH�WZR�UHSRUWV��.H\�ILQGLQJV�DUH�VXPPDULVHG�EHORZ�� 

6SDWLDO�DXWRFRUUHODWLRQ��SULQFLSDO�FRPSRQHQW�DQDO\VLV��3&$��DQG�0DQWHO�WHVWV�DOO�SURYLGH� 

HYLGHQFH�RI�LVRODWLRQ�E\�GLVWDQFH�HIIHFWV�ZLWKLQ�WKH�:DUGHOO�.03�� 

0RGHO�EDVHG�FOXVWHULQJ�XVLQJ�3$57,7,21�0/�FRQILUPHG�WKH�SUHVHQFH�RI�WZR�UHJLRQDO� 

SRSXODWLRQV��RQH�ORFDWHG�WR�WKH�QRUWK�RI�/LVPRUH��WKH�RWKHU�HQFRPSDVVLQJ�DUHDV�WR�WKH�VRXWK� 

DQG�ZHVW�RI�/LVPRUH�LQFOXGLQJ�WKH�:.03�� 

$VVLJQPHQW�WHVWV�DQG�PRGHO�EDVHG�FOXVWHULQJ�LQGLFDWH�VRPH�PRYHPHQW�RI�DQLPDOV�EHWZHHQ� 

WKHVH�WZR�UHJLRQDO�SRSXODWLRQV�LV�OLNHO\�� 

7KHVH�UHVXOWV�VXSSRUW�WKH�ILQGLQJV�RI�RXU�LQLWLDO�UHSRUW��1RUPDQ�HW�DO��������WKDW�WKHUH�LV�ILQH� 

VFDOH�JHQHWLF�VWUXFWXUH�ZLWK�WKH�:.03�DQG�ZHDN�EXW�GHWHFWDEOH�JHQHWLF�GLIIHUHQWLDWLRQ�DW� 

ODUJHU�VSDWLDO�VFDOHV��7KHVH�HIIHFWV�UHIOHFW�DV\PPHWULF�OHYHOV�DQG�SDWWHUQV�RI�GLVSHUVDO� 

DFURVV�WKH�UHJLRQ�DQG�VKRXOG�EH�DFFRXQWHG�IRU�LQ�WKH�DFFRPSDQ\LQJ�SRSXODWLRQ�YLDELOLW\� 

DQDO\VLV��39$��RI�WKH�:.03�� 
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&RQWHQWV� 
([HFXWLYH�VXPPDU\««««««««««««««««««««««««««� L� 

*HQHWLF�GLYHUVLW\�GDWD�IRU�WKH�:DUGHOO�.RDOD�0HWDSRSXODWLRQ�«««��««««�� �� 

��$SSHQGL[�$�/RFL�DQG�DOOHOH�IUHTXHQF\�GDWD«««««���««««««�«««� �� 

��$SSHQGL[�%�7HVWV�RI�+DUG\�:HLQEHUJ�(TXLOLEULXP«««««��««««««��� �� 

��$SSHQGL[�&�7HVWV�RI�QXOO�DOOHOH�IUHTXHQFLHV�««««««««««««««��� �� 

��$SSHQGL[�'�7HVWV�RI�OLQNDJH�GLVHTXLOLEULXP«««««««««««««««� �� 

��$SSHQGL[�(�*HQHWLF�GLYHUVLW\�PHDVXUHV�««««««««««««««««� �� 

3RSXODWLRQ�JHQHWLF�DQDO\VHV�RI�WKH�:DUGHOO�.RDOD�0HWDSRSXODWLRQ«««««��� �� 

��$SSHQGL[�)�(IIHFWLYH�SRSXODWLRQ�VL]H�«««««�«««««�«««««««�� ��� 

��$SSHQGL[�*�0DQWHO�WHVW�RI�LVRODWLRQ�E\�GLVWDQFH«««««�««««««««� ��� 

��$SSHQGL[�+�6SDWLDO�DXWRFRUUHODWLRQ«««««««««��«�««««««««� ��� 

*HQHWLF�DQDO\VHV�RI�UHJLRQDO�NRDOD�SRSXODWLRQ�VWUXFWXUH��««««««««««� ��� 

��$SSHQGL[�,�3DUWLWLRQ�0/««««««««««««««�«««««««««�� ��� 

��$SSHQGL[�-�$029$««««««««««««««««««««««�«««�� ��� 

��$SSHQGL[�.�$VVLJQPHQW�WHVWV««««««««««««««««««�«««� ��� 

��$SSHQGL[�/�3ULQFLSDO�FRPSRQHQW�DQDO\VLV�««««««««««««�«�««�� ��� 

5HIHUHQFHV«««««««««««««««««««��«««««�«««««� ��� 
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*HQHWLF�GLYHUVLW\�GDWD�IRU�WKH�:DUGHOO�.RDOD�0HWDSRSXODWLRQ� 

7KHVH�$SSHQGLFHV�GHWDLO�DGGLWLRQDO�JHQHWLF�GLYHUVLW\�GDWD�IRU�WKH����PLFURVDWHOOLWH�ORFL�XVHG� 

WR�HVWLPDWH�WKH�&RHIILFLHQW�RI�5HODWHGQHVV��5���5RXVHWW¶V�GLVWDQFH��$LM��DQG�)�VWDWLVWLFV��)VW� 

DQG� 5VW�� IRU� DQLPDOV� LQ� WKH� :DUGHOO� .RDOD� 0HWDSRSXODWLRQ� �1RUPDQ� HW� DO�� ������� 3ULPHU� 

VHTXHQFHV� DQG� GHWDLOV� RI� WKH� ��� ORFL� H[DPLQHG� ZHUH� VRXUFHG� IURP� WKH� OLWHUDWXUH�� 3KF���� 

3KF����3KF����+RXOGHQ�HW�DO������D���.�����.������3FY���3FY�����3FY������3FY������3FY���� 

3FY����&ULVWHVFX�HW�DO���������3KFL���3KFL���3KFL����5XL]�5RGULJXH]�HW�DO��������� 

$SSHQGL[� $� SURYLGHV� LQIRUPDWLRQ� RQ� DOOHOH� IUHTXHQF\� GLVWULEXWLRQV� IRU� WKH� ��� ORFL� ZLWK� GDWD� 

SUHVHQWHG� IRU� WKH� FRPELQHG� :.03� VDPSOH� DV� ZHOO� DV� WKH� 1RUWKHUQ� DQG� 6RXWKHUQ� 

VXESRSXODWLRQV�� $V� RXWOLQHG� LQ� RXU� DFFRPSDQ\LQJ� UHSRUW� �1RUPDQ� HW� DO�� ������ WKHUH� DUH� 

PDUNHG�GLIIHUHQFHV�LQ�DOOHOH�IUHTXHQF\�GLVWULEXWLRQV�ZLWK�WKH�1RUWKHUQ�VXESRSXODWLRQ�KDYLQJ�D� 

JUHDWHU�QXPEHU�RI�DOOHOHV�DW�PRVW�ORFL��:H�FRQFOXGHG�WKDW�WKLV�ZDV�PRVW�OLNHO\�GXH�WR�KLJKHU� 

OHYHOV� RI� LPPLJUDWLRQ� �RU� GLVSHUVDO�� RI� NRDODV� IURP� DUHDV� WR� WKH� QRUWK� DQG� ZHVW� OHDGLQJ� WR� 

JUHDWHU� JHQHWLF� GLYHUVLW\� LQ� WKH� 1RUWKHUQ� VXESRSXODWLRQ� �1RUPDQ� HW� DO�� ������� 7KLV� LV� 

VXSSRUWHG�E\�WKH�UHVXOWV�RI�RXU�3$57,7,21�0/�DQDO\VLV�GHWDLOHG�DW�$SSHQGL[�,�� 

$SSHQGL[� %� SURYLGHV� PRUH� GHWDLOHG� UHVXOWV� RI� WKH� WHVWV� ZH� FRQGXFWHG� WR� HYDOXDWH� +DUG\� 

:HLQEHUJ� HTXLOLEULXP� �+:(�� �VXPPDULVHG� RQ�  S���� 1RUPDQ�  HW� DO�  ������� 'HSDUWXUHV� IURP� 

+:(� LQGLFDWH� WKH� SRVVLEOH� SUHVHQFH� RI� VHOHFWLRQ� DW� D� ORFXV�� RU� FDQ� RFFXU� DV� D� UHVXOW� RI� 

SRSXODWLRQ�DGPL[WXUH��QRQ�UDQGRP�PDWLQJ�RU�SRSXODWLRQ�VXEVWUXFWXUH��:DKOXQG�HIIHFWV���:H� 

XVHG� *(1(323� �� WR� WHVW� IRU� KHWHUR]\JRWH� GHILFLHQFLHV� �HVWLPDWHG� DV�  )LV�� WKH� LQEUHHGLQJ�  

FRHIILFLHQW�� �:HLU� � &RFNHUKDP� ������ ZLWK� VLJQLILFDQFH� HYDOXDWHG� XVLQJ� D� 0DUNRY� FKDLQ� 

UDQGRPLVDWLRQ� SURFHGXUH�� 6LJQLILFDQW� GHSDUWXUHV� IURP� +:(� ZHUH� GHWHFWHG� DW� WKUHH� ORFL� 

�.������3FY���DQG�3KFL���LQ�WKH�1RUWKHUQ�VXESRSXODWLRQ�DQG�DUH�PRVW�OLNHO\�D�FRQVHTXHQFH� 

RI�QRQ�UDQGRP�PDWLQJ�DQG�SRSXODWLRQ�DGPL[WXUH�DVVRFLDWHG�ZLWK�WKH�LPPLJUDWLRQ�RU�GLVSHUVDO� 

RI�NRDODV�IURP�VXUURXQGLQJ�DUHDV��� 

$SSHQGL[� &� SURYLGHV� UHVXOWV� RI� VHYHUDO� WHVWV� ZH� SHUIRUPHG� WR� FKHFN� IRU� QXOO� DOOHOHV�� 1XOO� 

DOOHOHV�UHVXOW� IURP�WKH�IDLOXUH�RI�RQH�DOOHOH�WR�DPSOLI\�DQG�PD\�OHDG�WR�HUURUV� LQ�JHQRW\SLQJ�� 

7KH�SUHVHQFH�RI�QXOO�DOOHOHV�LV�LQIHUUHG�ZKHUH�WKHUH�LV�D�GHILFLW�RI�KHWHUR]\JRWHV�RU�HYLGHQFH� 

RI� ODUJH� DOOHOH� GURSRXW�� KRZHYHU�� KHWHUR]\JRWH� GHILFLWV� FDQ� DOVR� UHVXOW� IURP� QRQ�UDQGRP� 

SRSXODWLRQ�SURFHVVHV��VHH�DERYH���� 

:H�ILUVW�XVHG�0,&52&+(&.(5�WR�WHVW�IRU�QXOO�DOOHOHV�DQG�JHQRW\SLQJ�HUURUV�GXH�WR�VWXWWHU� 

EDQGV��7R�PLQLPLVH�HUURUV�DULVLQJ�IURP�VWXWWHULQJ�DOO�UHYHUVH�SULPHUV�XVHG�LQ�WKLV�VWXG\�ZHUH� 
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3,*�WDLOHG� �%URZQVWHLQ� HW� DO� ������ ZLWK� D� VHYHQ� EDVH� SDLU� H[WHQVLRQ� �*777&77��� 

0,&52&+(&.(5�GLG�QRW�GHWHFW�HYLGHQFH�RI�QXOO�DOOHOHV�RU�JHQRW\SLQJ�HUURUV�DW�DQ\�ORFXV�� 

$V�RXU�HDUOLHU�WHVWV�RI�+:(�LGHQWLILHG�KHWHUR]\JRWH�GHILFLWV�DW�WKUHH�ORFL�ZH�DOVR�HPSOR\HG�D� 

PD[LPXP� OLNHOLKRRG� WHVW� IRU� WKH�SUHVHQFH� RI�QXOO�DOOHOHV� SHUIRUPHG� XVLQJ� 0/�1XOO� ZLWK�QXOO� 

IUHTXHQFLHV� FDOFXODWHG� XVLQJ� *(1(323� ��� 7KLV� DQDO\VLV� LQGLFDWHG� WKH� SUHVHQFH� RI� QXOO� 

DOOHOHV� LQ� WKH� 1RUWKHUQ� VXESRSXODWLRQ� DW� WKH� WKUHH� ORFL� H[KLELWLQJ� KHWHUR]\JRWH� GHILFLHQFLHV� 

�.������3FY���DQG�3KFL����$GGLWLRQDO�DQDO\VHV�SUHVHQWHG�KHUH�DQG�LQ�RXU�UHSRUW��1RUPDQ�HW� 

DO��������LQGLFDWH�WKDW�REVHUYHG�KHWHUR]\JRWH�GHILFLWV�DUH�PRUH�OLNHO\�WR�EH�WKH�UHVXOW�RI�QRQ� 

UDQGRP�SRSXODWLRQ�SURFHVVHV�WKDQ�3&5�DUWHIDFWV��&RQVHTXHQWO\��JHQRW\SLQJ�HUURUV�UHVXOWLQJ� 

IURP�WKH�SUHVHQFH�RI�QXOO�DOOHOHV�DUH�FRQVLGHUHG�WR�EH�QHJOLJLEOH�RU�DEVHQW�LQ�WKLV�GDWDVHW�� 

$SSHQGL[�'�SURYLGHV�UHVXOWV�RI�WHVWV�IRU�OLQNDJH�GLVHTXLOLEULXP�DPRQJVW�WKH����PLFURVDWHOOLWH� 

ORFL�SHUIRUPHG�XVLQJ�*(1(323���ZLWK�%RQIHURQQL�FRUUHFWLRQ� IRU�PXOWLSOH� WHVWV��7KHUH�ZDV� 

QR�HYLGHQFH�RI�/'�LQ�WKH�6RXWKHUQ�:DUGHOO�VXESRSXODWLRQ�DOWKRXJK�/'�ZDV�GHWHFWHG�IRU�WZR� 

SDLUV�RI� ORFL� LQ�ERWK� WKH�1RUWKHUQ�:DUGHOO�VXESRSXODWLRQ�DQG�WKH�FRPELQHG�:.03�VDPSOH�� 

$V�SDWWHUQV�RI�/'�ZHUH�QRW�FRQVLVWHQW�DFURVV�SRSXODWLRQV�LW�LV�PRVW�OLNHO\�WKDW�WKH�REVHUYHG� 

GLVHTXLOLEULXP�KDV�DULVHQ�WKURXJK�SRSXODWLRQ�VSHFLILF�SURFHVVHV�UDWKHU�WKDQ�SK\VLFDO�OLQNDJH� 

RI� WKH� ORFL�RQ�D�FKURPRVRPH��/'�FDQ�DULVH� WKURXJK�JHQHWLF�GULIW�DQG� LV� QRW�XQH[SHFWHG� LQ� 

VPDOO�SRSXODWLRQV�RU�ZKHUH�LQEUHHGLQJ�RFFXUV��,PPLJUDWLRQ�FDQ�DOVR�OHDG�WR�LQFUHDVHG�OHYHOV� 

RI� /'� ZKHUH� WKH� VRXUFH� SRSXODWLRQV� DUH� JHQHWLFDOO\� GLIIHUHQWLDWHG� DQG� LV� WKH� PRVW� OLNHO\� 

H[SODQDWLRQ� IRU� WKH� /'� REVHUYHG� LQ� WKH� 1RUWKHUQ� :DUGHOO� VXESRSXODWLRQ� RI� WKH� :.03�� 

3RSXODWLRQ�VSHFLILF� SURFHVVHV� DUH� DOVR� VXSSRUWHG� E\� WKH� DEVHQFH� RI� /'� GHWHFWHG� LQ� RWKHU� 

VWXGLHV�HPSOR\LQJ�WKHVH�ORFL��&ULVWHVFX�HW�DO��������/HH�HW�DO��������/HH�HW�DO��������5XL]� 

5RGULJXH]�HW�DO���������&RQYHUVHO\��+RXOGHQ�HW�DO�������E��IRXQG�/'�DW�PXOWLSOH�ORFL�EXW�ZDV� 

DEOH�WR�DWWULEXWH�WKLV�WR�WKH�HIIHFWV�RI�JHQHWLF�GULIW�DIWHU�SDUWLWLRQLQJ�WKH�YDULDQFH�FRPSRQHQWV� 

RI�WKH�GLVHTXLOLEULXP�FRHIILFLHQWV�ZLWKLQ�DQG�EHWZHHQ�SRSXODWLRQV��7KXV��WKH�GHWHFWLRQ�RI�/'� 

DW�D�VPDOO�QXPEHU�RI�ORFL�LQ�WKH�SUHVHQW�VWXG\�LV�XQUHPDUNDEOH�� 

$SSHQGL[�(�SUHVHQWV�VHYHUDO�HVWLPDWRUV�RI�JHQHWLF�GLYHUVLW\����6(��IRU�WKH�:.03�FDOFXODWHG� 

XVLQJ�*(1$/(;��� 
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$SSHQGL[�$��0LFURVDWHOOLWH�DOOHOH�VL]HV��UHSHDW�QXPEHU�DQG�IUHTXHQF\�GDWD�IRU�WKH�FRPELQHG� 
:.03�VDPSOHV�DQG�WKH�1RUWKHUQ�DQG�6RXWKHUQ�VXESRSXODWLRQV�� 

Alleles Frequencies 

Locus Size Repeats WKMP Northern Southern 

Phc11 155 15 0.01 - 0.03 
157 16 0.21 0.22 0.20 
159 17 0.07 0.13 -
161 18 0.05 0.04 0.08 
165 20 0.05 0.09 -
169 22 0.01 0.02 -
177 26 0.01 0.02 -
179 27 0.17 0.11 0.25 
181 28 0.35 0.30 0.43 
183 29 0.05 0.07 0.03 

Phc13 115 23 0.03 0.06 -
117 24 0.14 0.11 0.18 
119 25 0.49 0.39 0.63 
121 26 0.12 0.19 0.03 
123 27 0.13 0.11 0.15 
125 28 0.05 0.07 0.03 
131 31 0.02 0.04 -
133 32 0.01 0.02 -
135 33 0.01 0.02 -

Phc25 125 31 0.53 0.50 0.58 
129 33 0.07 0.07 0.08 
135 36 0.01 0.02 -
137 37 0.02 0.04 -
147 42 0.16 0.19 0.13 
151 44 0.05 0.06 0.05 
153 45 0.13 0.09 0.18 
155 46 0.02 0.04 -

K2.1 149 13 0.05 0.02 0.10 
155 16 0.19 0.28 0.08 
159 18 0.27 0.31 0.20 
161 19 0.01 0.02 -
163 20 0.07 0.09 0.05 
173 25 0.36 0.24 0.53 
175 26 0.04 0.04 0.05 

K10.1 126 10 0.17 0.06 0.33 
128 11 0.38 0.31 0.48 
130 12 0.03 0.06 -
132 13 0.11 0.17 0.03 
138 16 0.01 - 0.03 
140 17 0.02 0.04 -
142 18 0.01 0.02 -
146 20 0.10 0.09 0.10 
152 23 0.06 0.09 0.03 
154 24 0.11 0.17 0.03 
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Alleles Frequencies 

Locus Size Repeats WKMP Northern Southern 

Pcv2 121 14 0.01 0.02 -
131 19 0.27 0.11 0.28 
133 20 0.28 0.26 0.30 
135 21 0.32 0.39 0.23 
137 22 0.12 0.20 -
139 23 0.01 0.02 -

Pcv6.1 211 17 0.05 0.09 -
213 18 0.02 0.04 -
215 19 0.01 0.02 -
217 20 0.20 0.28 0.10 
221 22 0.20 0.15 0.28 
223 23 0.23 0.30 0.15 
225 24 0.28 0.13 0.48 

Pcv25.1 72 1 0.01 - 0.03 
74 2 0.72 0.67 0.80 
82 6 0.05 0.06 0.05 
88 9 0.07 0.11 0.03 
90 10 0.11 0.11 0.10 
94 12 0.03 0.06 -

Pcv25.2 172 
174 
178 

17 
18 
20 

0.85 
0.14 
0.01 

0.81 
0.17 
0.02 

0.90 
0.10 

-
Pcv30 183 47 0.01 0.02 -

195 53 0.45 0.39 0.53 
197 54 0.13 0.30 0.03 
199 55 0.38 0.33 0.45 
201 56 0.02 0.04 -
203 57 0.01 0.02 -

Pcv31 213 14 0.40 0.54 0.23 
223 19 0.18 0.17 0.20 
233 24 0.19 0.04 0.40 
239 27 0.22 0.26 0.18 

Phci5 146 11 0.09 0.02 0.19 
150 12 0.01 0.02 -
154 13 0.08 0.06 0.11 
158 14 0.14 0.13 0.17 
162 15 0.19 0.20 0.17 
166 16 0.49 0.57 0.36 

Phci9 164 15 0.65 0.61 0.70 
167 16 0.14 0.15 0.13 
170 17 0.20 0.22 0.18 
173 18 0.01 0.02 -

Phci15 208 10 0.10 0.06 0.15 
212 11 0.01 0.02 -
216 12 0.53 0.41 0.70 
220 13 0.35 0.50 0.15 
224 14 0.01 0.02 -
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$SSHQGL[� %�� 7HVWV� RI�  +DUG\�:HLQEHUJ� HTXLOLEULXP�  IRU� WKH� FRPELQHG�:.03�VDPSOHV� DQG� 
WKH� 1RUWKHUQ� DQG� 6RXWKHUQ� VXESRSXODWLRQV�� �� GHQRWHV� ORFL� VKRZLQJ� VLJQLILFDQW� GHSDUWXUHV�  
IURP�+:(�ZLWK�D�GHILFLW�RI�KHWHUR]\JRWHV��H[DFW�3�YDOXH���������� 

� 

�� 

WKMP combined Northern Southern 

Locus Fis P-value Fis P-value Fis P-value 

Phc11 -0.123 0.95 -0.159 0.90 -0.101 0.84 

Phc13 0.017 0.14 -0.027 0.17 0.035 0.69 

Phc25 0.020 0.09 -0.046 0.10 0.131 0.17 

K2.1 

K10.1

Pcv2 

0.105 

 0.091

0.116 

0.36 

0.06 

0.15 

0.038

0.071 

0.000

 0.35 

0.03* 

0.37

0.121

0.035 

 0.157

 0.38 

0.53 

0.29 

Pcv6.1 0.115 0.12 0.170 0.06 -0.100 0.56 

Pcv25.1 0.031 0.32 0.031 0.41 0.015 0.58 

Pcv25.2 0.015 0.62 0.057 0.55 -0.086 1.00 

Pcv30 0.075 0.00* 0.112 0.01* -0.029 0.65 

Pcv31 0.002 0.39 -0.186 0.94 0.052 0.45 

Phci5 0.046 0.12 0.106 0.03* -0.063 0.58 

Phci9 -0.179 0.98 -0.183 0.96 -0.161 0.91 

Phci15 0.137 0.27 0.125 0.28 -0.049 0.73 

� 

� 

� 

� 

� 

� 
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$SSHQGL[� &�� (VWLPDWHG� QXOO� DOOHOH� IUHTXHQFLHV� DQG� 3�YDOXHV� IRU� WKH� ��� PLFURVDWHOOLWH� ORFL�� 
7HVWV� ZHUH� FRPSXWHG� IRU� WKH� FRPELQHG� :.03� VDPSOH� DQG� WKH� 1RUWKHUQ� DQG� 6RXWKHUQ�  
VXESRSXODWLRQV�XVLQJ�*(1(323����QXOO�IUHTXHQFLHV�SHU�ORFXV��DQG�0/�1XOO��UDQGRPLVDWLRQ� 
WHVWV��� �� GHQRWHV� ORFL� VKRZLQJ� D� VLJQLILFDQW� GHILFLW� RI�KHWHUR]\JRWHV� �H[DFW� 3�YDOXH��������� 
DQG�WKH�SRVVLEOH�SUHVHQFH�RI�QXOO�DOOHOHV��$V�ZH�KDYH�VKRZQ�WKDW�WKHVH�KHWHUR]\JRWH�GHILFLWV� 
DUH�PRVW� OLNHO\�GXH� WR�QRQ�UDQGRP�SRSXODWLRQ�SURFHVVHV�ZH�KDYH�QRW�FRPSXWHG�FRUUHFWHG� 
DOOHOH�IUHTXHQF\�GLVWULEXWLRQV�� 

� 

� 

Locus 

WKMP combined 

Null Freq. P-value 

Northern 

Null Freq. P-value 

Southern 

Null freq. P-value 

Phc11 0 0.95 0 0.90 0 0.83 

Phc13

Phc25

 0.019 

0.042 

0.15 

0.10 

0.216

0.047

 0.17 

0.09 

0 

0.044

0.65 

0.15 

K2.1 0.004 0.34 0 0.37 0 0.37 

K10.1 0.153 0.56 0.203 0.02* 0 0.46 

Pcv2 0.036 0.15 0 0.36 0 0.28 

Pcv6.1 0.038 0.12 0.063 0.06 0 0.54 

Pcv25.1 0.011 0.29 0.019 0.41 0 0.25 

Pcv25.2 0.006 0.36 0.021 0.55 0 0.15 

Pcv30 0.057 <0.01* 0.072 <0.01* 0 0.50 

Pcv31 0.004 0.39 0 0.94 0 0.41 

Phci5 0.027 0.09 0.05 0.03* 0 0.47 

Phci9 0 0.98 0 0.96 0 0.73 

Phci15 0.038 0.25 0.03 0.28 0 0.60 

�
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$SSHQGL[� '�� 7HVWV� RI� OLQNDJH� GLVHTXLOLEULXP� OLQNDJH� IRU� WKH� ��� PLFURVDWHOOLWH� ORFL� DIWHU� 
%RQIHUURQL�FRUUHFWLRQ��VLJQLILFDQW�/'�LI�3������������1R�/'�ZDV�REVHUYHG�DPRQJVW�ORFL�LQ�WKH� 
6RXWKHUQ�:DUGHOO�VXESRSXODWLRQ�� 

WKMP Northern Southern 

Locus1 Locus2 P-value Locus1 Locus2 P-value Locus1 Locus2 P-value 

Phc11 Pcv6.1 0.002 Pcv30 Pcv31 0.003 - - -

Pcv25.2 Phci15 <0.001 Pcv25.2 Phci15 0.003 - - -
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� 
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$SSHQGL[� (�� *HQHWLF� GLYHUVLW\� HVWLPDWHV� DYHUDJHG� RYHU� WKH� ��� PLFURVDWHOOLWH� ORFL� LQ� WKH� 
:.03��6WDWLVWLFV�ZHUH�FDOFXODWHG�IRU�WKH�1RUWKHUQ�DQG�6RXWKHUQ�VXESRSXODWLRQV�DV�ZHOO�DV� 
WKH�FRPELQHG�:.03�VDPSOH��Q��VDPSOH�VL]H��1D��QXPEHU�RI�DOOHOHV��1H��HIIHFWLYH�QXPEHU�RI� 
DOOHOHV�� 3D�� SULYDWH� DOOHOHV�� +R�� REVHUYHG� KHWHUR]\JRVLW\�� +H�� H[SHFWHG� KHWHUR]\JRVLW\�� )�� 
IL[DWLRQ�LQGH[��6(��VWDQGDUG�HUURU�� 

� 

Sub
population 

n Na ± SE Ne ± SE Pa ± SE Ho ± SE He ± SE F ± SE 

Northern 27 6.29 ± 0.5 3.44 ± 0.3 2.14 ± 0.3 0.67 ± 0.04 0.66 ± 0.04 -0.01 ±0.03 

Southern 20 4.29 ± 0.4 2.60 ± 0.2 0.14 ± 0.1 0.58 ± 0.04 0.57 ± 0.04 -0.03 ± 0.02 

Combined 47 6.43 ± 0.6 3.26 ± 0.3 6.43 ± 0.6 0.63 ± 0.04 0.65 ± 0.04 0.02 ± 0.02 

� 
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3RSXODWLRQ�JHQHWLF�DQDO\VLV�RI�WKH�:DUGHOO�.RDOD�0HWDSRSXODWLRQ� 
� 
$SSHQGLFHV�)�+�SURYLGH�GHWDLOV�RI�DGGLWLRQDO�SRSXODWLRQ�JHQHWLF�DQDO\VHV�RI�WKH�:.03��7KH� 

ILUVW� �$SSHQGL[� )�� SURYLGHV� WZR� HVWLPDWHV� RI� WKH� HIIHFWLYH� SRSXODWLRQ� VL]H� �1H�� RI� WKH� 

FRPELQHG� :.03� VDPSOH� DQG� WKH� WZR� VXESRSXODWLRQV� �1RUWKHUQ� DQG� 6RXWKHUQ�� FDOFXODWHG� 

XVLQJ� WKH� SURJUDP� 1H� (67,0$725�� 7KH� ILUVW� XVHV� WKH� OLQNDJH� GLVHTXLOLEULXP� PHWKRG� DQG� 

DVVXPHV�UDQGRP�PDWLQJ�ZKLOH�WKH�VHFRQG�HPSOR\V�WKH�PROHFXODU�FR�DQFHVWU\�PHWKRG�ZKLFK� 

LV�DSSURSULDWH�IRU�SRSXODWLRQ�VDPSOHV�FRPSULVLQJ�D�VLQJOH�FRKRUW��$V�RXU�GDWD�GRHV�QRW�PHHW� 

WKH�DVVXPSWLRQV�RI�HLWKHU�PRGHO�ZH�XUJH�FDXWLRQ�LQ�LQWHUSUHWLQJ�WKHVH�RXWSXWV��)XUWKHUPRUH�� 

HVWLPDWHV� RI� 1H� FDQQRW� EH� FRPSDUHG� GLUHFWO\� ZLWK� HVWLPDWHV� RI� FHQVXV� SRSXODWLRQ� VL]H� 

REWDLQHG�IURP�VXUYH\�GDWD��7KH�ODUJHU�HVWLPDWHG�1H�IRU�WKH�1RUWKHUQ�:DUGHOO�VXESRSXODWLRQ� 

LV� FRQVLVWHQW� ZLWK� RWKHU� GDWD� SUHVHQWHG� KHUHLQ� DQG� 1RUPDQ� HW� DO� ������� WKDW� 

LPPLJUDWLRQ�GLVSHUVDO� FRQWULEXWHV� WR�KLJKHU�JHQHWLF�GLYHUVLW\�� KHWHUR]\JRWH� GHILFLHQFLHV�DQG� 

JHQHWLF�GLVHTXLOLEULXP�LQ�WKLV�VDPSOH�� 

� 

$SSHQGL[�*�SURYLGHV�WKH�UHVXOWV�RI�D�0DQWHO�WHVW�IRU�LVRODWLRQ�E\�GLVWDQFH��,%'��SHUIRUPHG�E\� 

UHJUHVVLQJ� ERWK� �D�� 5HODWHGQHVV� DQG� �E�� JHQHWLF� GLVWDQFH� RQ� JHRJUDSKLF� GLVWDQFH�� $� 

VLJQLILFDQW�UHODWLRQVKLS��3��U[\�UDQGRP��U[\�GDWD��ZDV�REVHUYHG�IRU�ERWK�DQDO\VHV��3� ������� 

IRU�UHODWHGQHVV��3� ������IRU�JHQHWLF�GLVWDQFH���7KLV�LV�FRQVLVWHQW�ZLWK�RXU�SUHYLRXV�DQDO\VHV� 

LQ�ZKLFK�,%'�HIIHFWV�ZHUH�LQIHUUHG�IURP�HVWLPDWHV�RI�JHQHWLF�QHLJKERXUKRRG�VL]H��������NP��� 

DQG� VSDWLDO� SDWWHUQV� LQ� WKH� GLVWULEXWLRQ� RI� )LUVW� 2UGHU� 5HODWLYHV�� :H� IRXQG� FORVHO\� UHODWHG� 

LQGLYLGXDOV� ZHUH� VSDWLDOO\� FOXVWHUHG�� RFFXUULQJ� ZLWKLQ� RU� EHWZHHQ� DGMDFHQW� VDPSOLQJ� DUHDV� 

ZLWKLQ� WKH� :.03�� 1HYHUWKHOHVV�� LQVWDQFHV� RI� ORQJ�GLVWDQFH� GLVSHUVDO� DFURVV� WKH� :.03� 

VWXG\�DUHD�ZHUH�DOVR�GHWHFWHG�EXW�DW�D�PXFK�ORZHU�IUHTXHQF\�� 

� 

6SDWLDO� VWUXFWXULQJ� ZLWKLQ� WKH� :.03� ZDV� DOVR� DSSDUHQW� IURP� WKH� VSDWLDO� DXWRFRUUHODWLRQ� 

DQDO\VLV��$SSHQGL[�+��FDOFXODWHG�XVLQJ�1HL¶V�JHQHWLF�GLVWDQFH��7KH�IDLOXUH�RI�1HDYHV�HW�DO�� 

������� WR� GHWHFW� VSDWLDO� VWUXFWXULQJ� XVLQJ� WKLV� DSSURDFK� PD\� EH� D� IXQFWLRQ� RI� WKH� VPDOOHU� 

VDPSOH� VL]H� ���� FRPSDUHG� ZLWK� ���� XVHG� LQ� WKHLU� DQDO\VLV� UHVXOWLQJ� LQ� UHODWLYHO\� IHZ� 

FRPSDULVRQV�IRU�VRPH�GLVWDQFH�FODVVHV�� 

� 

� 

� 

� 
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$SSHQGL[�)��(VWLPDWHV�RI�HIIHFWLYH�SRSXODWLRQ�VL]H��1H��SOXV�����FRQILGHQFH�LQWHUYDOV��IRU� 
WKH�:.03�DQG�WKH�WZR�VXESRSXODWLRQV��1H�ZDV�FDOFXODWHG�XVLQJ�WKH�OLQNDJH�GLVHTXLOLEULXP� 
PRGHO��/'�PRGHO��ZLWK�D�ORZHU�ERXQG�DOOHOH�IUHTXHQF\�RI�������DQG�WKH�PROHFXODU�FRDQFHVWU\� 
PRGHO��0&�PRGHO��� 

LD model MC model 

Population Ne 95% CI Ne 95% CI 

Northern 65.2 38.4 – 168.8 13.7 3.3 – 31.4 

Southern 14.9 10.3 – 23.0 8.3 2.5 – 17.5 

Combined 47.4 36.8 – 63.3 9.6 5 – 15.7 

� 

� 
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$SSHQGL[� *�� 0DQWHO� WHVWV� RI� LVRODWLRQ�E\�GLVWDQFH� LQ� WKH� :.03�� D�� 5HODWLRQVKLS� EHWZHHQ� 
:DQJ¶V�UHODWHGQHVV�FRHIILFLHQW��5��DQG�JHRJUDSKLF�GLVWDQFH��E��5HODWLRQVKLS�EHWZHHQ�1HL¶V� 
JHQHWLF�GLVWDQFH�DQG�JHRJUDSKLF�GLVWDQFH��NP��NLORPHWUHV�� 

D�� 

E��
 

�
 

�
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$SSHQGL[�+��6SDWLDO�DXWRFRUUHORJUDP�IRU�WKH�:.03��7KH�EOXH�OLQH�VKRZV�WKH�FRUUHODWLRQ�RI� 
DYHUDJH�SDLUZLVH�UHODWHGQHVV���6(��DV�D�IXQFWLRQ�RI�JHRJUDSKLF�GLVWDQFH�FODVVHV�LQ�PHWUHV� 
�P��� 5HG� GRWWHG� OLQHV� VKRZ� WKH� ���� FRQILGHQFH� LQWHUYDO� DURXQG� D� QXOO� K\SRWKHVLV� RI� QR� 
VSDWLDO�VWUXFWXUH�� 

� 

� 

� 
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*HQHWLF�DQDO\VLV�RI�UHJLRQDO�NRDOD�SRSXODWLRQ�VWUXFWXUH�
 

7KHVH�$SSHQGLFHV�GHWDLO�DGGLWLRQDO�DQDO\VHV�RI�UHJLRQDO�NRDOD�SRSXODWLRQ�VWUXFWXUH�WKDW�DUH� 

PRVW� DSSURSULDWH� IRU� GHWHFWLQJ� JHQHWLF� SDWWHUQV� DULVLQJ� WKURXJK� WKH� DFWLRQ� RI� ORQJ�WHUP� 

�HYROXWLRQDU\�� SURFHVVHV� RYHU� ODUJH� VSDWLDO� VFDOHV�� 7KHVH� DQDO\VHV� DUH� QRW� VXLWDEOH� IRU� 

GLVFHUQLQJ�DVSHFWV�RI�ILQH�VFDOH�SRSXODWLRQ�VWUXFWXUH�ZLWKLQ�WKH�:.03�WKDW�ZHUH�UHTXLUHG�WR� 

LQIRUP�WKH�FRQFXUUHQW�3RSXODWLRQ�9LDELOLW\�$QDO\VLV��� 

$SSHQGL[�,�SUHVHQWV�UHVXOWV�RI�D�PRGHO�EDVHG�FOXVWHULQJ�DQDO\VLV�RI�WKH�����NRDOD�VDPSOHV� 

IURP� WKH� :.03�� DUHDV� RI� WKH� IRUPHU� %LJ� 6FUXE� UDLQIRUHVW� �6RXWK� /LVPRUH�� :HVWHUQ� DQG� 

1RUWK�/LVPRUH��DQG�KDELWDW�WR�WKH�ZHVW�RI�/LVPRUH��7KHVH�SRSXODWLRQV�KDYH�EHHQ�DQDO\VHG� 

SUHYLRXVO\�XVLQJ�WKH�SURJUDP�6758&785(��/HH�HW�DO��������ZKLFK�LGHQWLILHG�WKH�SUHVHQFH� 

RI� WZR� SRSXODWLRQV�� RQH� RFFXUULQJ� WR� WKH� QRUWK� RI� /LVPRUH� DQG� H[WHQGLQJ� LQWR� VRXWK�HDVW� 

4XHHQVODQG� �4/'��� WKH�RWKHU�RFFXUULQJ� WR� WKH�VRXWK�DQG�ZHVW�RI�/LVPRUH��7R�FRPSOHPHQW� 

WKLV� DQDO\VLV� ZH� HPSOR\HG� DQ� DOWHUQDWLYH� SURJUDP� �3$57,7,21�0/�� ZKLFK� LPSOHPHQWV� D� 

PD[LPXP� OLNHOLKRRG� PRGHO� WR� GLVFHUQ� SRSXODWLRQ� VWUXFWXUH�� ,Q� WKLV� DQDO\VLV� VDPSOHV� DUH� 

DVVLJQHG�WR�SRSXODWLRQV�ZLWK�WKH�QXPEHU�RI�SRSXODWLRQV��N��LWHUDWHG�RYHU�WKH�UDQJH�����ZLWK� 

WKH� UHVXOWLQJ� OLNHOLKRRGV� XVHG� WR� LGHQWLI\� WKH� EHVW� ILW� PRGHO� YLD� D� /LNHOLKRRG�  5DWLR�  WHVW��  

3$57,7,21�0/� DOVR� LGHQWLILHG� D� GLVWLQFW� QRUWKHUQ� �1RUWK� /LVPRUH� VDPSOHV�� DQG� VRXWKHUQ� 

�:DUGHOO��6RXWK�/LVPRUH��:HVWHUQ�DQG�)DU�ZHVWHUQ�VDPSOHV��SRSXODWLRQ��%RWK�VWXGLHV�DOVR� 

IRXQG�HYLGHQFH�RI� ORZ� OHYHO�GLVSHUVDO�LPPLJUDWLRQ�EHWZHHQ�WKH� WZR�UHJLRQDO�SRSXODWLRQV�� ,Q� 

RXU� 3$57,7,21�0/� DQDO\VLV� HOHYHQ� ����� NRDODV� VDPSOHG� WR� WKH� VRXWK� RI� /LVPRUH� ZHUH� 

DVVLJQHG� WR� WKH� QRUWKHUQ� SRSXODWLRQ�� )LYH� ���� RI� WKHVH� DQLPDOV� ZHUH� IURP� WKH� 1RUWKHUQ� 

:DUGHOO�VXESRSXODWLRQ��WKUHH�����IURP�WKH�:HVWHUQ�SRSXODWLRQ�DQG�WKUHH�����IURP�WKH�6RXWK� 

/LVPRUH�SRSXODWLRQ��1R�VDPSOHV�IURP�WKH�6RXWKHUQ�:DUGHOO�VXESRSXODWLRQ�ZHUH�LGHQWLILHG�DV� 

EHLQJ� IURP� 1RUWK� /LVPRUH�� 7KHVH� UHVXOWV� DUH� FRQVLVWHQW� ZLWK� RXU� SUHYLRXV� DQDO\VHV� WKDW� 

UHYHDOHG�KLJKHU�JHQHWLF�GLYHUVLW\� LQ�WKH�1RUWKHUQ�:DUGHOO�VXESRSXODWLRQ�DQG�)VW�5VW�YDOXHV� 

WKDW�DOLJQHG�LW�PRUH�FORVHO\�ZLWK�WKH�1RUWK�/LVPRUH�SRSXODWLRQ��� 

5HFHQW�VWXGLHV�KDYH�VKRZQ�WKDW�SURJUDPV�VXFK�DV�6758&785(�DQG�3$57,7,21�0/�WKDW� 

HPSOR\�PRGHO�EDVHG�FOXVWHULQJ�WR�LGHQWLI\�SRSXODWLRQ�VWUXFWXUH�SHUIRUP�SRRUO\�ZKHQ�WKHUH�LV� 

ZHDN� JHQHWLF� GLIIHUHQWLDWLRQ� �3XWPDQ�	  � &DUERQH� ������ VXFK�  DV� WKDW� H[SHFWHG� WR� RFFXU� DW� 

ILQHU�VSDWLDO�VFDOHV��7KH�ORZHU�OLPLW�RI�GHWHFWLRQ�IRU�6758&785(�ZDV�IRXQG�WR�EH�)VW������� 

DOWKRXJK�DFFXUDWH�DVVLJQPHQW�RI�LQGLYLGXDOV�WR�SRSXODWLRQV�UHTXLUHV�)VW�WR�EH������RU�DERYH� 

�/DWFK�HW�DO���������*LYHQ�WKDW�RXU�SUHYLRXV�DQDO\VHV�VKRZ�OHYHOV�RI�SRSXODWLRQ�GLIIHUHQWLDWLRQ� 

UDQJLQJ�IURP�)VW��������������1RUPDQ�HW�DO��������PRGHO�EDVHG�FOXVWHULQJ�SURJUDPV�DUH�DW� 
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WKH�ORZHU�OLPLWV�IRU�GHWHFWLQJ�UHJLRQDO�SRSXODWLRQ�VWUXFWXUH�LQ�WKLV�GDWDVHW�DQG�DUH�XQVXLWDEOH� 

IRU�GHWHFWLQJ�ILQH�VFDOH�SRSXODWLRQ�VWUXFWXUH�ZLWKLQ�WKH�:.03�� 

$SSHQGL[�-�VKRZV�UHVXOWV�RI�WKH�$029$�DQDO\VLV�IRU�WKH�����UHJLRQDO�NRDOD�VDPSOHV�ZKHQ� 

DVVLJQHG�WR��D��WZR�RU��E��VL[�SRSXODWLRQV��,Q�ERWK�DQDO\VHV�WKH�DPRQJ�SRSXODWLRQ�FRPSRQHQW� 

RI�PROHFXODU�YDULDQFH�ZDV�UHODWLYHO\�VPDOO��������ZLWK�PRVW�YDULDQFH�DWWULEXWDEOH�WR�JHQHWLF� 

GLIIHUHQFHV�ZLWKLQ�LQGLYLGXDOV��������� 

$SSHQGL[�.�SUHVHQWV�UHVXOWV�RI�DQ�$VVLJQPHQW�WHVW�FRQGXFWHG�LQ�*(1$/(;�ZKLFK� LQGLFDWH� 

WKDW� ��� RI� NRDODV� ZHUH� VDPSOHG� DW� VLWHV� RWKHU� WKDQ� WKHLU� SRSXODWLRQ� RI� RULJLQ�� 7KLV� LV� 

FRQVLVWHQW�ZLWK� UHVXOWV�RI�RWKHU�DQDO\VHV� WKDW� LQGLFDWH�VRPH� LPPLJUDWLRQ�GLVSHUVDO�EHWZHHQ� 

WKH�1RUWK�/LVPRUH�SRSXODWLRQ�DQG�WKRVH�WR�WKH�VRXWK��:.03��6RXWK�/LVPRUH��:HVWHUQ�DQG� 

)DU�ZHVWHUQ��� 

$SSHQGL[� /� SUHVHQWV� WKH� UHVXOWV� RI� D� SULQFLSDO� FRPSRQHQW� DQDO\VLV� �3&$�� RI� JHQHWLF� 

GLVVLPLODULW\�DPRQJVW�����NRDODV�VDPSOHG�IURP�WKH�:.03�DQG�VXUURXQGLQJ�DUHDV��7KHUH�LV� 

HYLGHQFH�RI�ZHDN�JHQHWLF�VWUXFWXUH�FRQVLVWHQW�ZLWK�,%'�HIIHFWV�DFURVV�WKH�UHJLRQ��1HDYHV�HW� 

DO�� ������� IRXQG� D� VLPLODU� SDWWHUQ� RI� ZHDN� JHQHWLF� VWUXFWXULQJ� DPRQJVW� SRSXODWLRQV� LQ� 

QRUWKHUQ� 16:� �:DUGHOO� DQG� 7\DJDUDK�� DQG� VRXWK�HDVW� 4XHHQVODQG� �&RRPHUD�� ZKHQ� 

DQDO\VHG� XVLQJ� 3&$� DQG� GLVFULPLQDQW� DQDO\VLV� RI� SULQFLSDO� FRPSRQHQWV� �'$3&�� LQ� ZKLFK� 

WKHVH�WKUHH�SRSXODWLRQV�FROODSVHG�WR�D�VLQJOH�FOXVWHU��ZLWK�VWURQJO\�GHPDUFDWHG�SRSXODWLRQV� 

RQO\� GHWHFWHG� DW� 3RUW� 0DFTXDULH� DQG� &RIIV� +DUERXU� WR� WKH� VRXWK�� /HH� HW� DO�� ������� LQ� DQ� 

HDUOLHU�VWXG\�XWLOLVLQJ���PLFURVDWHOOLWH� ORFL�DOVR� IRXQG�ZHDN�JHQHWLF�VWUXFWXUH�DPRQJVW�NRDOD� 

SRSXODWLRQV�IURP�DFURVV�WKLV�UHJLRQ��:HDN�JHQHWLF�VWUXFWXUH�LV�H[SHFWHG�WR�DULVH�ZLWKLQ�DQG� 

EHWZHHQ� SRSXODWLRQV� ZKHQ� WKHUH� DUH� UHVWULFWLRQV� RQ� WKH� OHYHO� DQG� GLUHFWLRQ� RI� JHQH� IORZ� 

�PLJUDWLRQ�GLVSHUVDO�� DFURVV� WKH� ODQGVFDSH�� 'LVFHUQLQJ� WKHVH� SDWWHUQV� WR� LQIRUP� WKH� 

FRQFXUUHQW�39$�ZDV�WKH�PDLQ�REMHFWLYH�RI�RXU�UHSRUW��1RUPDQ�HW�DO���������6WURQJ�JHQHWLF� 

GLIIHUHQWLDWLRQ�RI�SRSXODWLRQV�LV�RQO\�OLNHO\�ZKHUH�WKHUH�DUH��L��ORQJ�WHUP�EDUULHUV�WR�GLVSHUVDO� 

ZLWK�OLPLWHG�RU�QR�JHQHWLF�H[FKDQJH�DPRQJVW�SRSXODWLRQV��DQG��LL��VXIILFLHQW�WLPH�KDV�HODSVHG� 

IRU�UDQGRP�GULIW��PXWDWLRQ��VHOHFWLRQ�DQG�QRQ�DVVRUWDWLYH�PDWLQJ�WR�FDXVH�GHWHFWDEOH�FKDQJHV� 

LQ�WKH�JHQHWLF�PDNHXS�RI�WKH�SRSXODWLRQV�� 
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$SSHQGL[� ,�� 1XPEHU� RI� UHJLRQDO� SRSXODWLRQV� LGHQWLILHG� XVLQJ� PRGHO�EDVHG� FOXVWHULQJ� DV� 
LPSOHPHQWHG�E\�3$57,7,21�0/��N��QXPEHU�RI�SRSXODWLRQV�� /�� OLNHOLKRRG� IRU� WKH�PRGHO��GI�� 
GHJUHHV�RI�IUHHGRP��&9��FULWLFDO�YDOXH�IRU�WKH�FKL�VTXDUHG�WHVW��Χ2����6LJQLILFDQFH�ZDV�WHVWHG� 
XVLQJ�WKH�/LNHOLKRRG�5DWLR�WHVW�IRU�NQ���ZLWK�SDUWLWLRQV�LGHQWLILHG�DV�VLJQLILFDQW�DW�WKH�3� ������ 
OHYHO�LQGLFDWHG������ 

PARTITION-ML Model Parameters 

(df = 111, CV = 87.68 ) 

k L Χ2 

1-null model -3892.43 

2 -3833.54 117.78* 

3 -3818.39 30.3 

4 -3807.20 22.38 

5 -3789.24 35.92 

� 

� 

� 

� 

� 

� 

� 

� 

� 

� 

� 

� 

� 

15
 



 

   

 

   

    

      

      

    

    

      

      

    

     

    

 

                  

$SSHQGL[� -�� $029$� SDUWLWLRQLQJ� RI� JHQHWLF� GLYHUVLW\� DPRQJ� DQG� ZLWKLQ� UHJLRQDO� NRDOD� 
SRSXODWLRQV�� D�� 6DPSOHV� SDUWLWLRQHG� LQWR� WZR� SRSXODWLRQV� EDVHG� RQ� WKH� UHVXOWV� RI� WKH� 
3$57,7,21�0/� DQDO\VLV�� E�� 6DPSOHV� SDUWLWLRQHG� LQWR� VL[� UHJLRQDO� SRSXODWLRQV� IROORZLQJ� 
1RUPDQ�HW�DO���������)RU�WKLV�DQDO\VLV�ZLWKLQ�SRSXODWLRQ�GLYHUVLW\�ZDV�DOVR�SDUWLWLRQHG�LQWR�WKH� 
DPRQJ�DQG�ZLWKLQ�LQGLYLGXDO��LQG���FRPSRQHQWV��F��3DUWLWLRQLQJ�RI�PROHFXODU�YDULDQFH�IRU�WKH� 
VL[�UHJLRQDO�SRSXODWLRQV�VKRZQ�JUDSKLFDOO\��� 

Source df SS MS Est. Var. % 

a.� Regional-2  

Among pops 1 40.16 40.16 0.32 7 

Within pops 266 1213.03 4.56 4.56 93 

Total

b.� Regional-6  

Among pops 

 267 

5 

1253.19 

85.70 17.14 

4.88 

0.29 

100 

6 

Within pops 262 1167.50 4.46 4.46 94 

(among ind.) (128) (592.50) (4.63) (0.17) (4) 

(within ind.) (134) (575.00) (4.29) (4.29) (90) 

Total 267 1253.19 4.74 100 

F��
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$SSHQGL[�.��$VVLJQPHQW� WHVW� IRU� UHJLRQDO�NRDOD�SRSXODWLRQV��6DPSOHV�ZHUH�DVVLJQHG� WR�D� 
QRUWKHUQ��1RUWK�/LVPRUH��DQG�VRXWKHUQ�SRSXODWLRQ��:.03��6RXWK�/LVPRUH��:HVWHUQ�DQG�)DU� 
ZHVWHUQ��� ���� ZHUH� GHWHFWHG� LQ� WKHLU� DVVLJQHG� SRSXODWLRQ� RI� RULJLQ� ZKHUHDV� ��� ZHUH� 
VDPSOHG�RXWVLGH�WKHLU�DVVLJQHG�SRSXODWLRQ�RI�RULJLQ�� 

Population Original pop. Other pop. 

Northern 30 1 

Southern 97 6 

Total 127 7 

Percent 95% 5% 

17
 



 

   

 

 

 

 

 

 

 

 

 

 

$SSHQGL[�/��3ULQFLSDO�FRPSRQHQW�SORW�RI�JHQHWLF�GLVWDQFHV�EHWZHHQ�NRDODV�IURP�WKH�:.03� 
DQG�VXUURXQGLQJ�UHJLRQV�� 

� 

������1�:DUGHOO�����6�:DUGHOO������:HVW�6�/LVPRUH������)DU�ZHVWHUQ�������1�/LVPRUH�� 
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&ULVWHVFX��5���&DKLOO��9���6KHUZLQ��:�%���+DQGDV\GH�.���&DU\ORQ�.���:KLVVRQ�'��HW�DO�������� 
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�3KDVFRODUFWRV�FLQHUHXV��XVLQJ�K\SHUYDULDEOH�PLFURVDWHOOLWHV��-RXUQDO�RI�+HUHGLW\����� 
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JHQHWLF�YDULDELOLW\�RI�WKH�NRDOD�3KDVFRODUFWRV�FLQHUHXV�LQ�VRXWK�HDVWHUQ�$XVWUDOLD� 

IROORZLQJ�D�VHYHUH�SRSXODWLRQ�ERWWOHQHFN��0ROHFXODU�(FRORJ\������������� 

/DWFK��(�.���'KDUPDUDMDQ��*���*ODXELW]��-�&�� �5KRGHV�-U��2�(��������5HODWLYH�SHUIRUPDQFH� 

RI�%D\HVLDQ�FOXVWHULQJ�VRIWZDUH�IRU�LQIHUULQJ�SRSXODWLRQ�VXEVWUXFWXUH�DQG�LQGLYLGXDO� 

DVVLJQPHQW�DW�ORZ�OHYHOV�RI�SRSXODWLRQ�GLIIHUHQWLDWLRQ��&RQVHUYDWLRQ�*HQHWLFV�������� 

����� 

/HH��.�(���(OOLV��:�$�+���&DUULFN��)�1���&RUOH\��6�:���-RKQVWRQ��6�'���%DYHUVWRFN�HW�DO�������� 

$QWKURSRJHQLF�FKDQJHV�WR�WKH�ODQGVFDSH�UHVXOWHG�LQ�FRORQL]DWLRQ�RI�NRDOV�LQ�QRUWK� 

HDVW�1HZ�6RXWK�:DOHV��$XVWUDOLD��$XVWUDO�(FRORJ\�������������� 

/HH�7���=HQJHU��.�5���&ORVH�5�/���-RQHV��0��	 �3KDOHQ��'�1��������'HILQLQJ�VSDWLDO�VWUXFWXUH� 

DQG�PDQDJHPHQW�XQLWV�IRU�YXOEHUDEOH�NRDOD��3KDVFRODUFWRV�FLQHUHXV��SRSXODWLRQV�LQ� 

WKH�6\GQH\�UHJLRQ��$XVWUDOLD��:LOGOLIH�5HVHDUFK�������������� 

/HH�7���=HQJHU��.�5���&ORVH�5�/��	 �3KDOHQ��'�1��������*HQHWLF�DQDO\VLV�UHYHDOV�D�GLVWLQFW� 

DQG�KLJKO\�GLYHUVH�NRDOD��3KDVFRODUFWRV�FLQHUHXV��SRSXODWLRQ�LQ�6RXWK�*LSSVODQG�� 

9LFWRULD��$XVWUDOLD��$XVWUDOLDQ�0DPPRORJ\������������ 

1HDYHV��/�(���'HQQLVRQ��6�%���)UDQNKDP�*�-���(OGULGJH��0�%�'�	 �-RKQVRQ��5�1��������.RDOD� 

SRSXODWLRQ�JHQHWLFV�PDQDJHPHQW��5HSRUW�WR�5RDGV�DQG�0DULWLPH��$XVWUDOLDQ�0XVHXP� 

5HVHDUFK�,QVWLWXWH�� 

1RUPDQ��-��$���%ODFNPRUH��&���*ROGLQJD\��5��DQG�&KULVWLGLV��/��������*HQHWLF�SURILOLQJ�RI� 

NRDODV��:RROJRROJD�WR�%DOOLQD�3DFLILF�+LJKZD\�8SJUDGH��6HFWLRQ����±�:DUGHOO�WR� 

&RROJDUGLH���)LQDO�UHSRUW�WR�5RDGV�DQG�0DULWLPH��6RXWKHUQ�&URVV�8QLYHUVLW\� 
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3XWPDQ��$�,�� 	�&DUERQH��,��������&KDOOHQJHV�LQ�DQDO\VLV�DQG�LQWHUSUHWDWLRQ�RI�PLFURVDWHOOLWH�
 

GDWD�IRU�SRSXODWLRQ�JHQHWLF�VWXGLHV��(FRORJ\�DQG�(YROXWLRQ��������������� 

5XL]�5RGULJXH]��&�7���,VKLGD��<���*UHHQZRRG�$�'��	 �5RFD��$�/��������'HYHORSPHQW�RI���� 

PLFURVDWHOOLWH�PDUNHUV�LQ�WKH�4XHHQVODQG�NRDOD��3KDVFRODUFWRV�FLQHUHXV�DGXVWXV�� 

XVLQJ�QH[W�JHQHUDWLRQ�VHTXHQFLQJ�WHFKQRORJ\��&RQVHUYDWLRQ�*HQHWLF�5HVRXUFHV���� 

��������� 

:HLU��%�6��DQG�&RFNHUKDP��&�&��������(VWLPDWLQJ�)�VWDWLVWLFV�IRU�WKH�DQDO\VLV�RI�SRSXODWLRQ� 

VWUXFWXUH��(YROXWLRQ��������������� 
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([HFXWLYH�VXPPDU\� 

6XSSOHPHQWDU\� $SSHQGLFHV� 6�D�6�G� GHWDLO� DGGLWLRQDO� DQDO\VHV� DQG� LQIRUPDWLRQ� UHTXHVWHG� 

E\� 16:� 5RDGV� DQG� 0DULWLPH� 6HUYLFHV� DV� D� VXSSOHPHQW� WR� WKH� UHSRUW� *HQHWLF� SURILOLQJ� RI� 

NRDODV��:RROJRROJD�WR�%DOOLQD�3DFLILF�+LJKZD\�8SJUDGH��6HFWLRQ����:DUGHOO�WR�&RROJDUGLH�� 

�1RUPDQ�HW�DO��������XQGHUWDNHQ�E\�6RXWKHUQ�&URVV�8QLYHUVLW\��6&8���DQG�WKH�$SSHQGLFHV� 

WR�WKDW�UHSRUW��7KH�DQDO\VHV�KHUHLQ�SURYLGH�JHQHWLF�HVWLPDWHV�RI�GLVSHUVDO��HVWLPDWHG�DV�WKH� 

QXPEHU� RI� PLJUDQWV� SHU� JHQHUDWLRQ� �1P�� FDOFXODWHG� XVLQJ� 6KDQQRQ¶V� 0XWXDO� ,QIRUPDWLRQ� 

,QGH[�DQG�DVVXPLQJ�V\PPHWULFDO�PLJUDWLRQ��1P�ZDV�FDOFXODWHG�IRU��� 

�L�� SRSXODWLRQV� RI� NRDODV� RFFXS\LQJ� KDELWDW� WR� WKH� HDVW� DQG� ZHVW� RI� WKH� FRQGLWLRQDOO\� 

DSSURYHG�6HFWLRQ����3DFLILF�+LJKZD\�XSJUDGH��DQG� 

�LL�� EHWZHHQ�WKH�:DUGHOO�.RDOD�0HWDSRSXODWLRQ��:.03��DQG�VXUURXQGLQJ�DUHDV�� 

.H\�ILQGLQJV�DQG�UHFRPPHQGDWLRQV�DUH�� 

7KH�HVWLPDWHG�PHDQ�PLJUDWLRQ�UDWH�IRU�NRDODV�EHWZHHQ�KDELWDWV�WR�WKH�HDVW�DQG�ZHVW�RI�WKH� 

FRQGLWLRQDOO\�DSSURYHG�6HFWLRQ����3DFLILF�+LJKZD\�XSJUDGH�UDQJHG�IURP�����WR�����PLJUDQWV� 

SHU� JHQHUDWLRQ� �6�G��� $VVXPLQJ� D�JHQHUDWLRQ� WLPH� RI� ����� ±� ���� \HDUV� LW� LV� HVWLPDWHG� WKDW� 

EHWZHHQ�����DQG����NRDODV�\HDU�PLJUDWH�EHWZHHQ�WKHVH�KDELWDWV�� 

7KH�HVWLPDWHG�PHDQ�PLJUDWLRQ�UDWH�IRU�NRDODV�EHWZHHQ�WKH�:.03�DQG�VXUURXQGLQJ�UHJLRQDO� 

SRSXODWLRQV�UDQJHG�IURP�����WR����PLJUDQWV�SHU�JHQHUDWLRQ�IRU�WKH�1RUWKHUQ�SRSXODWLRQ��DQG� 

����WR�����IRU�WKH�6RXWKHUQ�SRSXODWLRQ��6�G���$VVXPLQJ�D�JHQHUDWLRQ�WLPH�RI������±�����\HDUV� 

LW� LV� HVWLPDWHG� WKDW� ���� WR� ���� NRDODV�\HDU� PLJUDWH� EHWZHHQ� :.03� DQG� WKH� 1RUWKHUQ� 

SRSXODWLRQ�ZLWK�PLJUDWLRQ�EHWZHHQ�:.03�DQG�WKH�6RXWKHUQ�SRSXODWLRQ�KLJKHU�DW�����WR������ 

NRDODV�\HDU�� 

(VWLPDWHV�RI�1P�SUHVHQWHG�KHUH�UH�OLNHO\�WR�EH�ORZHU�WKDQ�WKH�QXPEHU�RI�GLVSHUVLQJ�NRDODV� 

DV�PLJUDWLRQ�UDWHV�GR�QRW�DFFRXQW�IRU�WUDQVLHQW�GLVSHUVDO�E\�NRDODV�ZKLFK�LQFOXGHV�VXE�DGXOWV� 

VHHNLQJ�WR�HVWDEOLVK�QHZ�WHUULWRULHV��RU�UHVLGHQW�NRDODV�WUDYHUVLQJ�WKHLU�QRUPDO�KRPH�UDQJHV�� 

'XH�WR�QXPHURXV�VRXUFHV�RI�YDULDELOLW\�DVVRFLDWHG�ZLWK�WKH�HVWLPDWLRQ�RI�PLJUDWLRQ�UDWHV�ZH� 

DGYLVH� FDXWLRQ� ZKHQ� XVLQJ� 1P� DV� LQSXW� IRU� 3RSXODWLRQ� 9LDELOLW\� $QDO\VLV�� :H� UHFRPPHQG� 

WKDW� HVWLPDWHG� YDOXHV� RI� 1P� SUHVHQWHG� KHUHLQ� VKRXOG� VHUYH� DV� D� JXLGH� IRU� WKH� OHYHOV� RI� 

PLJUDWLRQ� WR�EH� LQFOXGHG� LQ�VHQVLWLYLW\�DQDO\VHV� IRU� WKH�39$�UDWKHU� WKDQ�DEVROXWH�YDOXHV�RI� 

PLJUDWLRQ�� 
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&RQWHQWV� 
([HFXWLYH�VXPPDU\««««««««««««««««««««««««��««� L� 

(VWLPDWLRQ�RI�NRDOD�GLVSHUVDO««��«««��««««««««««««««««�� �� 

��$SSHQGL[�6�D�1P�SHU�ORFXV�DQG�VLJQLILFDQFH�RI�DOOHOH�IUHTXHQF\�GLIIHUHQFHV� � 

DVVXPLQJ�ODUJH�HIIHFWLYH�SRSXODWLRQ�VL]HV�««««««�«««««««««���«� �� 

��$SSHQGL[�6�E�(IIHFWLYH�SRSXODWLRQ�VL]H��1H��IRU�NRDODV���««�«««««««��� �� 

��$SSHQGL[�6�F�1P�SHU�ORFXV�EDVHG�RQ�HPSLULFDO�1H«««««�«««««««� �� 

��$SSHQGL[�6�G�0HDQ�GLVSHUVDO�UDWHV�IRU�NRDODV�DV�1P�JHQHUDWLRQ�DQG�1P�\HDU� �� 

5HIHUHQFHV««««««««««««««««««««««««««««««������������� �� 
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(VWLPDWLRQ�RI�NRDOD�GLVSHUVDO� 
7KHVH� 6XSSOHPHQWDU\� $SSHQGLFHV� SURYLGH� HVWLPDWHV� RI� WKH� QXPEHU� RI� NRDODV� H[FKDQJHG� 

EHWZHHQ�UHJLRQDO�SRSXODWLRQV�DQG�GLVSHUVLQJ�DFURVV� WKH�FRQGLWLRQDOO\�DSSURYHG�6HFWLRQ���� 

3DFLILF�  +LJKZD\� XSJUDGH��  )RU�  WKH�  SXUSRVHV� RI�  WKLV� UHSRUW�� GLVSHUVDO� LV� H[SUHVVHG� DV� WKH� 

QXPEHU�RI�PLJUDQWV�SHU�JHQHUDWLRQ��1P��ZKHUH�1�LV�WKH�HIIHFWLYH�VL]H�RI�HDFK�SRSXODWLRQ�DQG� 

P� LV� WKH�SURSRUWLRQ�RI� LQGLYLGXDOV�WKDW�PLJUDWH�� 1P�ZDV�FDOFXODWHG�XVLQJ�6KDQQRQ¶V�0XWXDO� 

,QIRUPDWLRQ�,QGH[��6KHUZLQ�HW�DO��������5RVVHWWR�HW�DO��������DV�LPSOHPHQWHG�LQ�*(1$/(;�� 

7KLV� DSSURDFK� DLPV� WR� HVWLPDWH� WKH� QXPEHU� RI� NRDODV� WKDW� DUH� DEOH� WR� GLVSHUVH� DFURVV� D� 

ERXQGDU\� DQG� EUHHG� RQ� ERWK� VLGHV�� 1P� LV� OLNHO\� WR� EH� VPDOOHU� WKDQ� WKH� WRWDO� QXPEHU� RI� 

GLVSHUVLQJ�NRDODV�DV�LW�GRHV�QRW�DFFRXQW�IRU�WUDQVLHQW�DQLPDOV�RU�WKRVH�XQGHUWDNLQJ�IRUDJLQJ� 

PRYHPHQWV�ZLWKLQ�WKHLU�KRPH�UDQJH�� 

6XSSOHPHQWDU\�$SSHQGL[�6�D�SURYLGHV�HVWLPDWHV�RI�1P�IRU�HDFK�RI�WKH����PLFURVDWHOOLWH�ORFL� 

DQG�WKH�FKL�VTXDUH�VLJQLILFDQFH�RI�WKH�*�WHVW�IRU�DOOHOH�IUHTXHQF\�GLIIHUHQFHV�DW�HDFK�ORFXV�� 

7KLV�DQDO\VLV�DVVXPHV�DQ�HIIHFWLYH�SRSXODWLRQ�VL]H�RI�����IRU�HDFK�SRSXODWLRQ��DQ�XQUHDOLVWLF� 

DVVXPSWLRQ� IRU� WKH� :.03� �$SSHQGLFHV� WR� 1RUPDQ� HW� DO�� ������ DQG� UHJLRQDO� SRSXODWLRQV� 

�VHH� 6�E� EHORZ��� 7KXV�� IRU� VXEVHTXHQW� HVWLPDWLRQ� RI� PLJUDWLRQ� UDWHV� ZH� ILUVW� FDOFXODWHG� 

HIIHFWLYH�SRSXODWLRQ�VL]HV��1H��IURP�WKH�GDWD�DQG�XVHG�WKHVH�DV�LQSXW�LQWR�WKH�DQDO\VLV�� 

6XSSOHPHQWDU\�$SSHQGL[�6�E�SURYLGHV�GHWDLOV�RI�1H�HVWLPDWHG�IRU�HDFK�SRSXODWLRQ�XVLQJ�WKH� 

/LQNDJH� 'LVHTXLOLEULXP� �/'�� DQG� 0ROHFXODU� &RDQFHVWU\� �0&�� PHWKRGV� LPSOHPHQWHG� LQ� 1(� 

(67,0$725��:H�FRPSXWHG�1H� IRU�GLIIHUHQW�SRSXODWLRQ�SDUWLWLRQV�WR�GHWHUPLQH�KRZ�VDPSOLQJ� 

VWUDWHJLHV�DQG�SRSXODWLRQ�DVVLJQPHQWV�PLJKW�DIIHFW�VXEVHTXHQW�HVWLPDWHV�RI�PLJUDWLRQ��)RU� 

WKH�:.03�ZH�SDUWLWLRQHG� WKH�DYDLODEOH�VDPSOHV� LQWR� WKRVH�RFFXUULQJ�HDVW� �(�:DUGHOO��DQG� 

ZHVW��:�:DUGHOO��RI�WKH�FRQGLWLRQDOO\�DSSURYHG�6HFWLRQ����3DFLILF�+LJKZD\�XSJUDGH��'XH�WR� 

WKH� VPDOO� QXPEHU� RI� NRDODV� VDPSOHG� WR� WKH� HDVW� RI� WKH� XSJUDGH� �Q  ����� DQG� SRVVLEOH�  

LVRODWLRQ�E\�GLVWDQFH�HIIHFWV�RYHU�ODUJHU�VSDWLDO�VFDOHV�WR�WKH�ZHVW��ZH�FKRVH�WR�FDOFXODWH�1H� 

IRU�WKH�HQWLUH�ZHVWHUQ�VDPSOH��:�:DUGHOOE��Q ����DQG�D�VPDOOHU�VXEVHW��:�:DUGHOOD��Q ���� 

UHVWULFWHG� WR� WKRVH� DQLPDOV� VDPSOHG� LQ� IRUHVW� IUDJPHQWV� LPPHGLDWHO\� WR� WKH� ZHVW� RI� WKH� 

XSJUDGH�LQ�WKH�YLFLQLW\�RI�%DJRWYLOOH��0HHUVFKDXP�9DOH�DQG�&RROJDUGLH��:H�DOVR�FRQGXFWHG�D� 

KLHUDUFKLFDO� DQDO\VLV� RI� UHJLRQDO� SRSXODWLRQV� ZLWK� 1H� HVWLPDWHG� IRU� HDFK� RI� WKH� IRXU� ���� 

UHJLRQDO� SRSXODWLRQV� DQDO\VHG� E\� 1RUPDQ� HW� DO�� �������� D� FRPELQHG� 6WK�� /LVPRUH� DQG� 

:HVWHUQ� SRSXODWLRQ�� WKH� 6RXWKHUQ� DQG� 1RUWKHUQ� SRSXODWLRQ� FOXVWHUV� LGHQWLILHG� LQ� 

6758&785(�DQG�3$57,7,21�0/�DQDO\VHV��/HH�HW�DO��������$SSHQGLFHV�WR�1RUPDQ�HW�DO�� 

������DQG�WKH�FRPELQHG�UHJLRQDO�SRSXODWLRQV��$OO�5HJLRQDO���� 

$OO�PHWKRGV�RI�1H�HVWLPDWLRQ�DUH�VXEMHFW�WR�YDULRXV�IRUPV�RI�HUURU��ELDV�DQG�DVVXPSWLRQV�WKDW� 

PD\�EH�YLRODWHG�E\�UHDO�GDWD��)RU�/'�LW�LV�UHFRPPHQGHG�WKDW�WKH�VDPSOH�VL]H��Q��VKRXOG�EH� 
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HTXDO�WR�WKH�HVWLPDWHG�1H�IRU�UHOLDEOH�UHVXOWV�WR�EH�REWDLQHG��5XVVHOO� 	�)HZVWHU��������2YHU� 

KDOI� �������RI�RXU�SRSXODWLRQV�GR�QRW�PHHW� WKLV�FULWHULRQ� �6�E��� LQFOXGLQJ�(�:DUGHOO�DQG�:� 

:DUGHOOD�� 1HYHUWKHOHVV�� HVWLPDWHV� RI� 1H� FDOFXODWHG� XVLQJ� WKH� /'� PHWKRG� ZHUH� XVHG� LQ� 

VXEVHTXHQW�FRPSXWDWLRQV�WR�GHWHUPLQH�NRDOD�PLJUDWLRQ�DV�WKH�0&�PHWKRG�DVVXPHV�VDPSOHV� 

DUH� WDNHQ� IURP� D� VLQJOH� FRKRUW� PDNLQJ� WKLV� D� OHVV� DSSURSULDWH� PHWKRG�� %RWK� PHWKRGV�� 

KRZHYHU�� IDLOHG� WR� SURYLGH� UHOLDEOH� HVWLPDWHV� RI� 1H� IRU� VRPH� SRSXODWLRQV� UHWXUQLQJ� D� SRLQW� 

HVWLPDWH�RU�XSSHU�FRQILGHQFH�LQWHUYDO�RI�LQILQLW\��)RU�/'��WKLV�RFFXUV�ZKHQ�WKH�REVHUYHG�YDOXH� 

LV�OHVV�WKDQ�H[SHFWHG�GXH�WR�VDPSOLQJ�HUURU��,Q�WKLV�FDVH�WKHUH�LV�QR�HYLGHQFH�RI�GLVHTXLOLEULD� 

FDXVHG�E\�JHQHWLF�GULIW�GXH�WR�VDPSOLQJ�D�ILQLWH�QXPEHU�RI�LQGLYLGXDOV�±�LW�FDQ�DOO�EH�H[SODLQHG� 

E\�VDPSOLQJ�HUURU��'R�HW�DO���������)RU�WKH�/'�PHWKRG�ZH�DOVR�XVHG�FULWLFDO�YDOXHV�RI������ 

DQG������WR�GHILQH�WKH�IUHTXHQF\�DW�ZKLFK�UDUH�DOOHOHV�ZHUH�H[FOXGHG�IURP�WKH�DQDO\VLV��7KLV� 

OHG�WR�VXEVWDQWLDO�YDULDWLRQ�LQ�1H�IRU�VRPH�SRSXODWLRQV��6�E��DQG�LV�DQ�DGGLWLRQDO�VRXUFH�RI� 

LPSUHFLVLRQ�� :H� XVHG� /'� HVWLPDWHV� RI� 1H� XVLQJ� WKH� FULWLFDO� YDOXH� RI� ����� DV� LQSXW� IRU� 

HVWLPDWLRQ�RI�1P�� 

6XSSOHPHQWDU\�$SSHQGL[�6�F�SUHVHQWV�1P�HVWLPDWHV�IRU�WKH�:.03��HDVW�DQG�ZHVW�RI� WKH� 

FRQGLWLRQDOO\�DSSURYHG� 3DFLILF� +LJKZD\� XSJUDGH�� DQG� VXUURXQGLQJ� SRSXODWLRQV�� 1P� ZDV�  

HVWLPDWHG� XVLQJ� HPSLULFDO� YDOXHV� RI� 1H� FDOFXODWHG� E\� WKH� /'� PHWKRG� �6�E�� DV� LQSXW�� $V� 

UHOLDEOH�HVWLPDWHV�RI�1H�FRXOG�QRW�EH�FDOFXODWHG�IRU�(�:DUGHOO�DQG�WKH�1RUWKHUQ�SRSXODWLRQ� 

ZH� XVHG� WKH� ORZHU� &,¶V� DV� LQSXW� ZKLFK� ZHUH� QRW� GLVVLPLODU� WR� WKH� SRLQW� HVWLPDWHV� RI� 1H� 

REWDLQHG� IRU�RWKHU�SRSXODWLRQV�� $V�RXU� LQLWLDO�DQDO\VLV� DOVR� UHYHDOHG�VXEVWDQWLDO� YDULDWLRQ� LQ� 

1P� HVWLPDWHV� REWDLQHG� IRU� LQGLYLGXDO� ORFL� �6�D�� ZH� DSSOLHG� WKUHH� FXWRII� YDOXHV� IRU� 6+8$� 

���������������DQG������� WR�SURYLGH�DQ�REMHFWLYH�FULWHULD� IRU�HOLPLQDWLQJ�DQRPDORXV�YDOXHV�� 

/RFL� H[KLELWLQJ� KHWHUR]\JRWH� GHILFLHQFLHV� RU� JHQHWLF� GLVHTXLOLEULXP� ZHUH� UHWDLQHG� LQ� WKH� 

DQDO\VLV�DV�ZH�KDYH�SUHYLRXVO\�VKRZQ�WKDW�WKHVH�ZHUH�GXH�WR�SRSXODWLRQ�VSHFLILF�SURFHVVHV� 

DQG�QRW�JHQHUDO�IHDWXUHV�RI�WKRVH�ORFL��$SSHQGLFHV�WR�1RUPDQ�HW�DO��������$GGLWLRQDOO\��ORFL� 

H[KLELWLQJ�KHWHU]\JRWH�GHILFLWV�RU�GLVHTXLOLEULD�DFFRXQWHG�IRU�RQO\�D�IHZ�RI�WKH�DQRPDORXV�1P� 

YDOXHV�GHWHUPLQHG�XVLQJ�WKH�6+8$�FXWRII�RI������VXJJHVWLQJ�WKDW�WKHLU�HIIHFW�RQ�HVWLPDWLRQ�RI� 

1P�ZDV�QHJOLJLEOH�� 

2XU� DQDO\VHV� VKRZ� WKDW� 1H�� VDPSOLQJ� GHVLJQ�� WKH� DVVLJQPHQW� RI� SRSXODWLRQ� SDUWLWLRQV� DQG� 

FKRLFH� RI� 6+8$� FDQ� VXEVWDQWLDOO\� LQIOXHQFH� HVWLPDWHV� RI� 1P�� )RU� WKH� :.03�� HVWLPDWHV� RI� 

NRDOD� GLVSHUVDO� DFURVV� WKH� FRQGLWLRQDOO\�DSSURYHG� 6HFWLRQ� ��� 3DFLILF� +LJKZD\� XSJUDGH� 

UDQJHG�IURP�D�PLQLPXP�HVWLPDWH�RI�����WR�D�PD[LPXP�RI�����ZLWK�D�WKUHH�IROG�GLIIHUHQFH�LQ� 

1P� REVHUYHG� EHWZHHQ� WKH� WZR� :�:DUGHOO� SDUWLWLRQV� �6�F��� *LYHQ� WKDW� WKH� :.03� LV� 

HVWLPDWHG�WR�FRPSULVH�a����NRDODV�WKH�XSSHU�1P�YDOXH�RI�����FDOFXODWHG�XVLQJ�D�6+8$�FXWRII� 

RI� ������� DSSHDUV� WR� RYHUHVWLPDWH� GLVSHUVDO�� *LYHQ� WKHVH� IDFWRUV�� DQG� RWKHU� VRXUFHV� RI� 

LPSUHFLVLRQ�LQ�WKH�HVWLPDWLRQ�RI�1P��LW�LV�UHFRPPHQGHG�WKDW�VHQVLWLYLW\�DQDO\VHV�HPSOR\LQJ�D� 
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UDQJH� RI� HFRORJLFDOO\� SODXVLEOH� 1P� YDOXHV� EH� FRQGXFWHG� WR� GHWHUPLQH� WKH� HIIHFW� RI� NRDOD� 

GLVSHUVDO�RQ�WKH�YLDELOLW\�RI� WKH�:.03��)RU�WKH�SXUSRVHV�RI� WKH�39$��RXU�HVWLPDWHV�RI�1P� 

ZHUH�FRQYHUWHG�WR�PLJUDQWV�\HDU�DVVXPLQJ�D�JHQHUDWLRQ�WLPH�LQ�NRDODV�RI������RU�����\HDUV� 

�3KLOOLSV��������6�G��� 

'HVSLWH� WKH�GLIILFXOWLHV� LQKHUHQW� LQ�HVWLPDWLQJ� 1P� WKH�UHVXOWV�SUHVHQWHG�KHUH�DUH�FRQVLVWHQW� 

ZLWK� WKH� OHYHOV� DQG� SDWWHUQV� RI� GLVSHUVDO� ZH� LQIHUUHG� IURP� WKH� VSDWLDO� GLVWULEXWLRQ� RI� )LUVW� 

2UGHU�5HODWLYHV�DQG�RWKHU�DQDO\VHV��1RUPDQ�HW�DO���������7KLV�LQFOXGHV�LVRODWLRQ�E\�GLVWDQFH� 

HIIHFWV��KLJK�OHYHOV�RI�PLJUDWLRQ�EHWZHHQ�:.03�DQG�SRSXODWLRQV�WR�WKH�ZHVW��6RXWK�/LVPRUH� 

DQG� :HVWHUQ��� DQG� ORZ� EXW� GHWHFWDEOH� PLJUDWLRQ� EHWZHHQ� :.03� DQG� WKH� 1RUWKHUQ�  

SRSXODWLRQ�� 
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Appendix S1b. Effective population size (Ne) for koalas in the WKMP and surrounding areas. Ne 
calculated using the linkage disequilibrium (LD) and molecular coancestry (MC) methods with 95% 
confidence intervals (CI). N, sample size. *, denotes sample sizes that are within 10% of the 
estimated Ne. LD critical values for exclusion of rare alleles in brackets. inf, infinity. 

Population n LD (0.02) 95% CI LD (0.01) 95% CI MC 95% CI 

Population partitions and Ne for Wardell 

E-Wardell 10 148.0 20.3-inf. 148.0 20.3-inf. inf. inf. 

W-Wardella 15 21.8 14.9-35.3 21.8 14.9-35.3 inf. inf. 

W-Wardellb 37* 37.9 28.8-52.5 20.6 17.1-25.0 12.7 4.4-25.3 

Wardell

S Lismore 

47* 47.4 36.8-63.6 24.4 20.8-28.9 

Population partitions and Ne for regional populations 

19 43.6 24.9-123.0 43.6 24.9-123.0 

9.6

19.8 

 5-15.7 

0-99.5 

Western 23* 19.0 13.7-28.2 19.0 13.7-28.2 2.5 1.4-3.8 

S Lis.+Western 42* 73.9 48.8-134.7 41.5 32.4-55.4 4.0 1.8-7.0 

Far-western 16 28.6 15.3-92.8 28.6 15.3-92.8 9.0 3.3-17.4 

Southern 57 115 74.6-221.8 79.2 58.7-115.6 4.2 2.4-6.4 

Northern 31 inf. 193.4- inf. 271.6 98.9- inf. inf. inf. 

All Regional 88* 49.7 42.5-58.8 67 56.8-80.3 27.2 7.4-59.7 

� 
� 
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SUMMARY and RECOMMENDATIONS 

In the Wardell area of northern NSW, a planned upgrade to the Pacific Highway passes through an 
area inhabited by koalas. NSW Roads and Maritime Services wishes to assess the possible impact of 
the upgrade on the koala population, and have commissioned two genetic reports: AMRI (by 
Australian Museum Research Institute) and SCU (by Southern Cross University). 

The question “Could the upgrade disrupt koala dispersal sufficiently to reduce the viability of the 
koala population?” is expressed as a series of deliverables, plus the apparent intention to follow up 
with a Population Viability Analysis (PVA).  I presume that PVA will be used comparatively, examining 
chance of population persistence over multiple generations, with various levels of dispersal between 
sub-populations. Such comparative use of PVA is called “sensitivity analysis”. 

To set the baseline for such a PVA, genetic methods can be used to assess the natural amount of 
dispersal between areas.  The margins of areas to be investigated can be set for various reasons 
including habitat suitability or human alteration (eg the highway upgrade). 

AMRI and SCU each used a number of different methods to assess genetic subdivision, without 
converting them to dispersal estimates.  It is currently not possible to make a direct comparison 
between the results of AMRI and SCU at Wardell, because there is insufficient corresponding 
geographic information.  This should be clarified with detailed geographic information for each 
individual at Wardell and immediate surrounds.  However, in both studies, there was a general 
pattern of increasing genetic similarity at decreasing separation (“Isolation by Disatnce”), but there 
were no clear boundaries where one locality was genetically isolated from another. 

But what is the dispersal across these boundaries?  In each report only one method specifically 
targeted dispersal, by identifying particular koalas who might have dispersed in the most recent 
generation:  those that were genetically assigned to a location other than the one in which they 
were sampled (AMRI); or those with first-order relatives in a location other than the one in which 
they were sampled (SCU).  Only a small number of individuals were identified as potential dispersers, 
but it is worth noting that only small numbers are needed to halt genetic differentiation by chance 
processes in transmission.  Thus the areas within Wardell, appear to be important for mutual 
support of each other, and adjacent areas. 

Both studies indicated that dispersal was relatively high both between subpopulations within 
Wardell, and between Wardell and adjacent areas. This dispersal probably does two things: opposes 
loss of genetic variation within subpopulations, and forestalls immediate extinction.  Therefore, a 
precautionary conservation management approach would be to avoid any reduction of the 
measured level of dispersal, pending results of the PVA-sensitivity analysis. 

There are two limitations to the use of AMRI’s and SCU’s genetic dispersal estimates as base-line 
dispersal for the PVA-sensitivity analysis.  The first limitation is that sample sizes are unavoidably 
small, so that the estimates are subject to high error rates.  This is compounded by the fact that 
these particular analyses only tell us about dispersal in the most recent generation. AMRI and SCU 
were correct to avoid methods that convert their genetic subdivision estimates into dispersal rates, 
because this has been criticised on various grounds. 

However, there exists a Mutual Information method that avoids the problems that beset other 
genetic dispersal measures, and can deal with the widest possible range of population sizes and 
dispersal rates.  The data from AMRI and SCU should be used in this way, to produce dispersal 
assessments as a baseline in the PVA-sensitivity analysis, to investigate how the koala population’s 
viability might be affected if the Pacific Highway upgrade reduces dispersal below this baseline. 

AMRI and SCU also produce estimates of Genetic variation within subpopulations, which can be 
included in some PVA programs. 

Finally, in commissioning the analysis of sensitivity of population extinction to altered dispersal, I 
encourage the Roads and Maritime Services to require information on not only the most likely 
outcome, but also the worst-case outcome, to facilitate precautionary management. 
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GENERAL COMMENTS
 

In the Wardell area of northern NSW, a planned upgrade to the Pacific Highway passes through an 
area inhabited by koalas. NSW Roads and Maritime Services wishes to assess the possible impact of 
the upgrade on the koala population, and have commissioned two genetic reports: AMRI (by 
Australian Museum Research Institute) and SCU (by Southern Cross University). 

The scope of the two reports appears to be slightly different.  The question “Could the upgrade 
disrupt koala dispersal sufficiently to reduce the viability of the koala population?” is expressed as 
deliverables that are listed by AMRI and SCU.  These deliverables are abbreviated as follows. 

1.	 CONNECTIVITY WITHIN WARDELL. AMRI 1: Analyses of population structure and gene flow 
within the focal area. Also SCU 1: Is the Wardell KMP spatially structured? 

2.	 CONNECTIVITY BETWEEN WARDELL AND SURROUNDS.  AMRI 2: Determine whether the 
focal population appears to be connected to populations in the surrounding area.  Also SCU 
2: Is the Wardell KMP an important source population for surrounding areas? 

3.	 WITHIN-LOCALITY GENETIC VARIATION.  AMRI 3. Allele frequency information for the 
population as a whole (and for each subpopulation if relevant). 

4.	 VALIDATION.  AMRI 4. Summary of procedures undertaken for data validation. 

The SCU report indicated the intention to follow these reports with a formal Population Viability 
Analysis (PVA).  I presume that PVA will be used comparatively, examining chance of population 
persistence over multiple generations, with various levels of dispersal between sub-populations.  
Such comparative use of PVA is called “sensitivity analysis” (Penn et al. 2000; Reed 2009). 

To set the baseline for such a PVA, genetic methods can be used to assess the natural amount of 
dispersal between areas.  The margins of areas to be investigated in this way might be set for various 
reasons including habitat suitability, human alteration (eg the highway upgrade), or intrinsic 
differences such as genetic incompatibilities (the latter are unlikely in the case of koalas, Sherwin et 
al. 2000).  In these reports, the AMRI and SCU are asked to assess dispersal between areas within 
Wardell KMP (deliverable 1), and between Wardell KMP and adjacent areas (deliverable 2). 

The spatial arrangement of sampling within Wardell was evident in the SCU study, but not in the 
AMRI study – perhaps AMRI did not have access to detailed location data.  

There are many different methods that use genetic data to estimate average levels of dispersal 
between areas for a PVA.  The AMRI and SCU reports each use a number of different methods to 
assess genetic subdivision, most of which were not converted to dispersal estimates.  In both 
studies, there was a general pattern of increasing genetic similarity at decreasing separation 
(“Isolation by Disatnce”), but there were no clear boundaries where one locality was genetically 
isolated from another. 

In each report only one method specifically targeted dispersal, by identifying some individuals who 
might have dispersed in the most recent generation: koalas that were genetically assigned to a 
location other than the one in which they were sampled (AMRI); or koalas with first-order relatives 
in a location other than the one in which they were sampled (SCU). 

Both studies indicated that dispersal was relatively high both between subpopulations within 
Wardell, and between Wardell and adjacent areas. As the authors point out, this dispersal probably 
does two things: opposes loss of genetic variation within subpopulations (thus potentially aiding 
future adaptability, Frankham et al. 2010), and forestalls immediate extinction, which is a risk in 
small isolated populations, including koalas (Lunney et al. 2002). 

Therefore, a precautionary conservation management approach would be to avoid any reduction of 
the measured level of dispersal, unless there had been assessment of the potential effects of such 
reduction.  However, if PVA-sensitivity analysis shows that a certain reduction of dispersal (x%) is not 
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likely to significantly affect population viability, then it would be reasonable to implement particular 
management options, if it could be reliably demonstrated that these options would reduce dispersal 
by no more than x%. 

SCU recommends that the genetic measures of dispersal be incorporated into the future PVA.  There 
are two limitations to the use of AMRI’s and SCU’s genetic dispersal estimates as base-line dispersal 
for the PVA-sensitivity analysis.  The first limitation is that sample sizes are unavoidably small, so that 
the estimates are subject to high error rates.  This is compounded by the fact that these particular 
analyses only tell us about dispersal in the most recent generation.  AMRI and SCU were correct to 
avoid methods that purport to assess dispersal over tens of generations, but have been criticised on 
various grounds. 

However, there exists a Mutual Information method that can successfully assess dispersal over tens 
of generations, from genetic data (Sherwin 2006, 2010, Dewar et al 2011, Chao et al 2015). This 
method avoids the problems that beset other genetic diversity and dispersal measures, and, unlike 
the other methods, can deal with the widest possible range of population sizes (10 upwards) and 
dispersal rates (from one in a thousand, to one-third of the population, per generation; Sherwin 
2006).  All the data from AMRI and SCU should be analysed by the Mutual Information method, to 
produce robust multigeneration dispersal assessments; the Mutual Information calculations can be 
carried out in the freeware GENALEX (http://biology.anu.edu.au/GenAlEx) which was used for other 
tasks by AMRI.  The GENALEX website also contains a guide for conversion of Mutual Information for 
microsatellites to a dispersal estimate.  For the mitochondrial DNA, such a conversion could be 
achieved by following either Dewar (2011, equation 8) for each variable site, or Chao et al. (2015 
supplement equations B5-7) for entire haplotypes.  

These dispersal assessments from Mutual Information could then be used as baseline in the PVA-
sensitivity analysis to investigate how the viability of the koala population might be affected if the 
upgrade of the Pacific Highway reduces dispersal below this baseline level.   The PVA-sensitivity 
analysis should assess the effect of the highway upgrade, including any measures likely to increase 
or decrease the road corridor’s permeability to koalas, such as fences or overpasses.   

The other data that can be included in the PVA is AMRI’s and SCU’s estimates of genetic variation 
within subpopulations, which can be included in some PVA programs.  Its inclusion will add to 
realism, especially allowing assessment of when the genetic diversity at Wardell might fall below the 
lowest levels listed in populations of koalas and other species, reviewed by AMRI. 

Finally, in commissioning the analysis of sensitivity of population extinction to altered dispersal, I 
encourage the Roads and Maritime Services to require information on not only the most likely 
outcome, but also the worst-case outcome, to facilitate precautionary management. 

http://biology.anu.edu.au/GenAlEx


 
 

 
  

    
  

 
 

 

  

 

  

    
 

 
    

   
   

 

  

 

 

   
   

 

    

  

      

   

 
  

     

   
   

 
   

6 

DETAILED COMMENT – AMRI REPORT 

SAMPLING THE LOCALITIES AND INDIVIDUALS: 

From Wardell there were 38 samples for microsatellite and mitochondrial DNA.  The lack of 
identification of position for East and West Wardell makes it difficult to assess their importance 
relative to the proposed highway upgrade, and to compare this to the SCU report, which uses other 
nomenclature.  Also the tiny number of samples from East makes any conclusions weak. 

Four other sites near the NSW/Queensland border  (Macquarie, Coffs Harbour, Tyagarah and 
Coomera) were sampled for both microsatellite and mitochondrial DNA, plus a sample set from the 
whole koala range for mitochondrial DNA only. 

THE GENES USED AND THEIR VALIDATION – DELIVERABLE 4. 

1. Microsatellites – biparental inheritance 

The analysis was based on a good number of genes -15, and appeared suitable for the tasks of 
determining variability within location, and differentiation and dispersal between locations.  The 
genes were checked carefully.  Two other microsatellite genes were excluded for good reasons, and 
10% of individuals were independently  re-genotyped. The probability of two individuals having the 
same microsatellite profile was low (10-15), showing that a good battery of genes had been analysed.  
Variants at the 15 genes appeared to be inherited independently, so that each provided useful 
information for the analysis (no “linkage disequilibrium”).  In most cases there was no evidence of 
non-random mating within site (ie, there were few cases of genes out of “HWE”). 

2. Mitochondrial DNA – maternal inheritance 

An 800 bp portion of the mitochondrial DNA control region was sequenced, and appeared suitable 
for the tasks of determining variability within location, and differentiation and dispersal between 
locations. 

WITHIN-LOCALITY GENETIC VARIATION – DELIVERABLE 3. 

Microsatellite diversity within locations was summarised by a suitable array of measures: allelic 
diversity, allelic richness, private alleles (AP on page 6, called Pa later in Table 1) expected and 
observed heterozygosity, Hardy-Weinberg equilibrium (HWE–Fis Table 1) and linkage disequilibrium.  
These measures were not out of the ordinary for koalas (Table 1). 

For mitochondrial DNA, within-locality variation was assessed by suitable statistics - haplotypic 
diversity and nucleotide diversity - within Wardell and the four other main sites.  Wardell values 
were not out of the usual for koalas, although 37 out of 38 individuals had the same mitochondrial 
genotype (haplotype) at Wardell. 

CONNECTIVITY WITHIN WARDELL _DELIVERABLE 1.

  And 

CONNECTIVITY BEWTEEN WARDELL AND SURROUNDING AREAS – DELIVERABLE 2. 

1. Microsatellites – biparental 

Microsatellite geographic structure was assessed by a number of suitable methods: STRUCTURE, 
DAPC, F-statistics, AMOVA, Isolation-by-distance tests in Mantel, Spatial autocorrelation of pairwise 
relatedness in GENALEX 6.5. Many analyses were presented without saying which type of gene 
(microsatellite or mitochondrial) they were based upon; I believe that in all such cases, they were 
microsatellites.   

The authors avoided specifying definitive management units, which I consider to be wise given the 
relatively low differentiation indicated by most measures.  There was only one genetic cluster at 
Wardell (deliverable 1), and gradually increasing differentiation with distance from Wardell, but no 
sharp breaks, a pattern called “Isolation by Distance” (deliverable 2). 
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As well as the DAPC, there was also a PCA presented on P11 (Fig 3), but not described in the 
methods section.  This appears to be an analysis of microsatellite data, though that is not stated. 
The PCA showed that the five koalas from “East of focal area” were scattered amongst those from 
the west of focal area.  The text states that the data in Fig 3 come from within Wardell.  Thus “East 
of focal area” appears to mean the East part of Wardell itself, rather than an area to the east of the 
Wardell area, which would be the interpretation in other parts of the document, where the whole of 
Wardell appears to be referred to as the “focal area”.  Perhaps for the purposes of the PCA, the 
“focal area” means the proposed upgraded highway.  If that interpretation is correct, then there 
appears to be no justification, at least with this small sample, for considering the koalas on either 
side of the proposed upgraded highway to be members of distinct separate populations. This should 
be clarified with detailed geographic information for each individual, so that there could be direct 
comparison with the results of SCU, which is currently not possible. 

There were only two exceptions to the pattern of low differentiation, but I would not prioritise these 
two findings over the general consensus that there is little geographic differentiation within Wardell 
or between Wardell and other populations).  Fst and Phi-st did show significant departures from 
zero, but there are many criticisms of Fst, and only partial fixes for these criticisms (Sherwin 2010, 
Wang 2015).  Phi-st likely suffers from many of the same problems as Fst, because Phi-st is also a 
variance partition and an “order 2” diversity measure (Hill, 1973), the two characteristics that are at 
the root of Fst’s many problems. 

Of course, low differentiation may be due to high dispersal, and some of these measures (including 
Fst) can be converted to measures of dispersal, but the authors wisely did not do so, given the 
criticisms mentioned already. 

However, there was one assessment of dispersal in and out of Wardell by microsatellites. 
Microsatellite DNA is biparentally inherited, so it traces dispersal of both sexes.  Microsatellites were 
used to assess dispersal by identifying some individuals who might have dispersed in the most recent 
generation:  koalas that were genetically assigned to a location other than the one in which they 
were sampled.  The assignment test used was in GENALEX 6.5.  It showed that some individuals were 
likely to have moved between Wardell and nearby localities such as Coffs Harbour, but the authors 
noted that the conclusions were hampered by a lack of samples from localities immediately adjacent 
to Wardell.  Only a small number of individuals were identified as potential dispersers, but it is worth 
noting that only small numbers are needed to halt genetic differentiation by chance processes in 
transmission (Kimura and Crow, 1970). 

2. Mitochondrial DNA – female dispersal 

Mitochondrial DNA generally confirmed the results of the microsatellite analysis, but indicated 
slightly reduced dispersal of females, relative to males 

Mitochondrial DNA is maternally inherited, so traces female dispersal.  Mitochondrial geographic 
structure was assessed by suitable methods: AMOVA/Phi-ST versus distance, and a haplotype 
network.  The AMOVA showed that 92% of mitochondrial variation was within locations. This 
contrasts with 75% of biparentally-inherited microsatellite variation being within locations, 
suggesting limited female dispersal.  However, Wardell mitochondrial haplotypes do occur 
elsewhere, so that there must be some female dispersal. Also, mitochondrial DNA suggested that 
one individual was an immigrant to the Wardell area. 
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DETAILED COMMENT – SCU REPORT 

SAMPLING THE LOCALITIES AND INDIVIDUALS: 

Tables 1 and 5 show 47 samples sourced from the Wardell KMP plus two adjacent localities to the 
north: Lynwood and Dalwood.  This group of samples will be collectively referred to as “Wardell” 
throughout this assessment. There were also an additional 88 koalas outside Wardell, whose locality 
information was somewhat scattered in the document, but from Figure 4 it seems that there were 
three sample sets from localities immediately to the west of Wardell, named from north to south as 
30 koalas from “North Lismore”, 20 from “South Lismore” and 22 from “Western”.  There were also 
16 other koalas from further to the west of Wardell (“Far-western”). 

THE GENES USED AND THEIR VALIDATION – DELIVERABLE 4 (not listed as such by SCU). 

The SCU analysis used only microsatellite genes - fourteen of them, and adequate number.  It is not 
clear if this set of genes overlaps the set of genes analysed by AMRI.  The variation at these genes 
was sufficient to give a 99% chance that a non-parent would be excluded as a potential parent. 
Microsatellite analysis of one known parent-offspring pair gave a relatedness estimate of 
approximately 0.5 (the correct value for such a pair.  These values give confidence to the subsequent 
work assigning first-order relatives (FOR – parent-offspring or full-sibling).  It was stated that these 
microsatellites are “able to detect the presence of genetic differentiation amongst populations with 
a power of 0.975 or higher after 10 generations and assuming an effective population size of 50-
200”.  It was not explained how this power analysis was carried out. 

WITHIN-LOCALITY GENETIC VARIATION – DELIVERABLE 3 (not listed as such by SCU). 

Microsatellite diversity within-locations was not unusual for koalas (Table 5).  In the north part of 
Wardell, there was marginally higher genetic variation than in the south (Table 5, with no confidence 
limits, so the significance of the difference cannot be evaluated).  In the north part of Wardell, there 
was also lower mean relatedness (Table 3).  If real, these two differences could indicate that the 
north has larger population size, or that it receives more immigration from elsewhere. 

CONNECTIVITY WITHIN WARDELL _DELIVERABLE 1. 

Genetic Subdivision 

There appears to be mild genetic substructure within the Wardell area, but no complete isolation. 

On Page 10 it is stated that “Genetic neighbourhood size in the Wardell KMP was estimated to be 
21-30 Km2. This confirms a pattern of limited dispersal across the study area and the likely presence 
of multiple subpopulations.”  A genetic neighbourhood is the size of an area within which mating 
appears to be random.  Fig 1 indicates that the Wardell area is about 6km x20km, so that multiple 
neighbourhoods a few km across could indeed fit into the Wardell area.  However, note that 
neighbourhood calculations are based on the idea that the population is continuous over a much 
larger scale than the neighbourhood, so they give no indication of sharp boundaries – indeed they 
assume that no such boundaries exist. 

Sharp boundaries were also not supported by the FOR analysis, which suggested that connectivity 
between localities within Wardell is greatest between the closest localities, and decreases with 
distance (called “Isolation by Distance” page 10, paragraph 2). 

Fst and a related quantity Rst suggest subdivision within Wardell.  These measures of genetic 
differentiation are relatively high between North and South Wardell, compared to their values for 
differentiation between Wardell and the two closest localities (South Lismore and Western) west. 
However, these values are presented with neither significance testing, nor confidence limits.  I 
suspect that the latter would be so wide that the comparison is meaningless - Fst has poor statistical 
properties, as discussed above. 

On page 12 it is stated that “We also reject a model in which the Wardell KMP is divided into an 
eastern and western subpopulation corresponding to the two large tracts of remnant schlerophyll 
woodland and forest”.  It should be clarified why this model was rejected, and where on the map are 



 
 

 
 

 

 

   
 

    
 

 

 

   

    
   

 

  

 

 
 

   
  

 
  

   

 

   
  

  
   

 
 

  
 

 
 

  

9 

the two large remnant tracts.  It is also not clear how to compare this result to AMRI’s “East” and 
“West”, but if the division is the same in the two reports, then AMRI’s finding in their PCA would 
confirm the SCU assertion.  However, the correspondence cannot be known until the geographic and 
genetic data for both studies are plotted on a single map. 

Genetic Estimates of Dispersal 

Only one method specifically targeted dispersal, by identifying some individuals who might have 
dispersed in the most recent generation: koalas with first-order relatives (FOR) in a location other 
than the one in which they were sampled.  Fig 3 showed that first-order relative pairs were found to 
be shared between most parts of Wardell , though decreasingly so at greater distances.  Most 
pertinently for the purpose of the study, on pages ii and 10 it is stated that the FOR analysis 
confirmed that dispersal occurs across the proposed highway upgrade, at two places: Bagotville in 
the south, as well as in the north. 

CONNECTIVITY BEWTEEN WARDELL AND SURROUNDING AREAS – DELIVERABLE 2. 

Similarly to the pattern within Wardell, there is some evidence that localities more distant to 
Wardell are more genetically differentiated from Wardell (Table 4, again without significance testing 
or confidence limits).  This is also reflected in the pattern of inferred dispersal events (Fig 4). 

The authors also suggest that dispersal into the northern Wardell area is indicated by its relatively 
high levels of genetic variation (Table 5), however, as discussed above, the difference is marginal and 
has no confidence limits to allow assessment of its significance. 

It was asserted several times that dispersal was asymmetrical, but few data were available to 
confirm this.  There are programs such as MIGRATE that can attempt to fit models of asymmetric 
dispersal to genetic data, but I suspect that these programs would fail to converge, due to lack of 
data.  With the existing smaller dataset, it might be possible to infer directionality of dispersal from 
the FOR data, if (1) there are data on ages of members of each FOR pair, (2) it is assumed that the 
younger member of the pair is an offspring, and (3) it is assumed that offspring are more likely to 
disperse.  These assumptions mean that such an analysis might have only dubious value. 

OTHER 

Page 17 talks of “the potential significance of the Southern subpopulation of the Wardell KMP as the 
remaining relatively pure gene pool for koalas in this region”.  It is not clear how genetic purity is 
defined, nor is it explained why genetic purity is needed.  Generally, the opposite - higher genetic 
variability - is good for conservation management (Frankham et al 2010), unless there are problems 
of genetic incompatibility between different races of koalas, which no-one has every suggested, to 
my knowledge. 

Page 17 says that the south part of Wardell is more like a “functional koala metapopulation” than 
the north.  There are two definitions of “metapopulation” (Levins 1969, Hanski 1999), either of 
which could probably apply to both north and south Wardell.  I recommend that this term should 
not be used without further explanation. 
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