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(OHYDWLRQDO�DQG�2FHDQLF�%DUULHUV�6KDSH�WKH�'LVWULEXWLRQ��'LVSHUVDO�DQG�'LYHUVLW\�RI�$RWHDURD¶V�
.DSRNDSRZDL��8URSHWDOD��'UDJRQIOLHV�
�
$XWKRUV��(WKDQ�5��7ROPDQ
�����&KULVWRSKHU�'��%HDWW\
�����$DURQ�*RRGPDQ
������3ULVFLOOD�5DPFKDQG
�����
7DUD�0F$OOLVWHU���.HOO\�5H\HV���$NLID�=DKDUD���.DVVDQGUD�7DYHUDV���9LQFHQW�:DGH���-RKQ�$EERWW���6HWK�
%\EHH���5REHUW�*XUDOQLFN����.DWKOHHQ�0��+DUGLQJ����0DQSUHHW�.��.RKOL������3DXO�%��)UDQGVHQ����-HVVLFD�
:DUH����$QWRQ�6XYRURY���

�
�'HSDUWPHQW�RI�%LRORJLFDO�6FLHQFHV��9LUJLQLD�7HFK��%ODFNVEXUJ��9LUJLQLD�
�'LYLVLRQ�RI�,QYHUWHEUDWH�=RRORJ\��$PHULFDQ�0XVHXP�RI�1DWXUDO�+LVWRU\��1HZ�<RUN��1HZ�<RUN�
�3URJUDP�IRU�&RQVHUYDWLRQ�*HQRPLFV��'HSDUWPHQW�RI�%LRORJ\��6WDQIRUG�8QLYHUVLW\��6WDQIRUG��&DOLIRUQLD�
�7KH�*UDGXDWH�&HQWHU��7KH�&LW\�8QLYHUVLW\�RI�1HZ�<RUN��1HZ�<RUN��1HZ�<RUN�
��%URRNO\Q�&ROOHJH��7KH�&LW\�8QLYHUVLW\�RI�1HZ�<RUN��%URRNO\Q��1HZ�<RUN�
�7H�:ƗQDQJD�R�$RWHDURD��1HZ�=HDODQG�
�6FLHQFH�5HVHDUFK�0HQWRUVKLS�3URJUDP��$PHULFDQ�0XVHXP�RI�1DWXUDO�+LVWRU\��1HZ�<RUN��1HZ�<RUN�
�$ODEDPD�0XVHXP�RI�1DWXUDO�+LVWRU\�DQG�'HSDUWPHQW�RI�5HVHDUFK�DQG�&ROOHFWLRQV��7KH�8QLYHUVLW\�RI�
$ODEDPD��7XVFDORRVD��$ODEDPD�
�'HSDUWPHQW�RI�%LRORJ\��%ULJKDP�<RXQJ�8QLYHUVLW\��3URYR��8WDK�
��)ORULGD�0XVHXP�RI�1DWXUDO�+LVWRU\��8QLYHUVLW\�RI�)ORULGD��*DLQHVYLOOH��)ORULGD�
��5HGZRRG�&LW\��&DOLIRUQLD��86$�
��'HSDUWPHQW�RI�1DWXUDO�6FLHQFHV��%DUXFK�&ROOHJH��1HZ�<RUN��1HZ�<RUN�
��'HSDUWPHQW�RI�3ODQW�DQG�:LOGOLIH�6FLHQFHV��%ULJKDP�<RXQJ�8QLYHUVLW\��3URYR��8WDK�
�

7KHVH�DXWKRUV�FRQWULEXWHG�HTXDOO\�
�6KDUHG�VHQLRU�DXWKRUVKLS�
�
$EVWUDFW�
0RXQWDLQV�DQG�LVODQGV�SURYLGH�DQ�RSSRUWXQLW\�IRU�VWXG\LQJ�WKH�ELRJHRJUDSK\�RI�GLYHUVLILFDWLRQ�DQG�
SRSXODWLRQ�IUDJPHQWDWLRQ��$RWHDURD��1HZ�=HDODQG��LV�DQ�H[FHOOHQW�ORFDWLRQ�WR�LQYHVWLJDWH�ERWK�SKHQRPHQD�
GXH�WR�DOSLQH�HPHUJHQFH�DQG�RFHDQLF�VHSDUDWLRQ��:KLOH�LW�ZRXOG�EH�H[SHFWHG�WKDW�VHSDUDWLRQ�DFURVV�
RFHDQLF�DQG�HOHYDWLRQ�JUDGLHQWV�DUH�PDMRU�EDUULHUV�WR�JHQH�IORZ�LQ�DQLPDOV��LQFOXGLQJ�DTXDWLF�LQVHFWV��VXFK�
K\SRWKHVHV�KDYH�QRW�EHHQ�WKRURXJKO\�WHVWHG�LQ�WKHVH�WD[D��%\�LQWHJUDWLQJ�SRSXODWLRQ�JHQRPLF�IURP�VXE�
JHQRPLF�$QFKRUHG�+\EULG�(QULFKPHQW�VHTXHQFLQJ��HFRORJLFDO�QLFKH�PRGHOLQJ��DQG�PRUSKRORJLFDO�
DQDO\VHV�IURP�VFDQQLQJ�HOHFWURQ�PLFURVFRS\��ZH�VKRZ�WKDW�WHFWRQLF�XSOLIW�DQG�RFHDQLF�YLFDULDQFH�DUH�
LPSOLFDWHG�LQ�VSHFLDWLRQ�DQG�SRSXODWLRQ�VWUXFWXUH�LQ�.DSRNDSRZDL��8URSHWDOD��GUDJRQIOLHV��$OWKRXJK�7H�
0RDQD�R�5DXNDZD��&RRN�6WUDLW���LV�OLNHO\�UHVSRQVLEOH�IRU�VRPH�RI�WKH�JHQHWLF�VWUXFWXUH�REVHUYHG��
VSHFLDWLRQ�KDV�QRW�\HW�RFFXUUHG�LQ�SRSXODWLRQV�VHSDUDWHG�E\�WKH�VWUDLW��:H�ILQG�WKDW�WKH�DOWLWXGLQDO�JUDGLHQW�
DFURVV�.Ɨ�7LULWLUL�R�WH�0RDQD��WKH�6RXWKHUQ�$OSV��LV�QRW�LPSHUYLRXV��EXW�LW�VLJQLILFDQWO\�UHVWULFWV�JHQH�
IORZ�EHWZHHQ�WKH�DIRUHPHQWLRQHG�VSHFLHV��2XU�GDWD�VXSSRUW�WKH�K\SRWKHVLV�RI�DQ�DFWLYH�FRORQL]DWLRQ�RI�.Ɨ�
7LULWLUL�R�WH�0RDQD�E\�WKH�DQFHVWUDO�SRSXODWLRQ�RI�.DSRNDSRZDL��IROORZHG�E\�D�UHFRORQL]DWLRQ�RI�WKH�
ORZODQGV��7KHVH�ILQGLQJV�SURYLGH�NH\�IRXQGDWLRQV�IRU�WKH�VWXG\�RI�OLQHDJHV�HQGHPLF�WR�$RWHDURD��
�
.H\ZRUGV�
$QLVRSWHUD��(SLSURFWD��ELRJHRJUDSK\��SRSXODWLRQ�JHQRPLFV��3HWDOXULGDH��,VODQGV��2GRQDWD�
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,QWURGXFWLRQ�
,VODQGV�DUH�ZLGHO\�UHFRJQL]HG�IRU�WKHLU�XQLTXH�UROH�LQ�VKDSLQJ�ELRGLYHUVLW\��%DUUHWR�HW�DO���������&RQZD\�
	�2OVHQ��������*OHGLWVFK�HW�DO���������:LOVRQ���������7KH�7KHRU\�RI�,VODQG�%LRJHRJUDSK\�E\�0DF$UWKXU�
DQG�:LOVRQ��������VXPPDUL]HG�VHYHUDO�RI�WKHVH�SKHQRPHQD��DQG�WKLV�WKHRU\�ZDV�ODWHU�H[WHQGHG�WR�
PRXQWDLQWRS�KDELWDWV��:\FNKX\V�HW�DO����������7KH�LVODQGV�RI�$RWHDURD��1HZ�=HDODQG��VHH�WDEOH���IRU�
QRPHQFODWXUH��KDYH�RIWHQ�EHHQ�FRQVLGHUHG�DV�D�QDWXUDO�ODERUDWRU\�WR�VWXG\�ERWK�LVODQG�DQG�PRXQWDLQ�
ELRJHRJUDSK\��6KHSKHUG�HW�DO���������7KRPDV�HW�DO���������:DOOLV�	�%XFNOH\��������:DWHUV�	�&UDZ��
�������7KLV�LV�GXH�WR�WKH�RSHQLQJ�DQG�FORVLQJ�RI�7H�0RDQD�R�5DXNDZD��&RRN�6WUDLW��ZKLFK�VHSDUDWHV�7H�
,ND�D�0ƗXL�DQG�7H�:DLSRXQDPX��DOVR�NQRZQ�DV�WKH�1RUWK�DQG�6RXWK�,VODQGV�UHVSHFWLYHO\��DQG�ODVW�
RSHQHG���������\HDUV�DJR��/HZLV�HW�DO����������DQG�WKH�XSOLIW�RI��.Ɨ�7LULWLUL�R�WH�0RDQD��WKH�6RXWKHUQ�
$OSV���D�UHODWLYHO\�\RXQJ�PRXQWDLQ�UDQJH�RQ�7H�:DLSRXQDPX��6RXWK�,VODQG��7DEOH�����
� 'HVSLWH�LWV�\RXQJ�JHRORJLF�DJH��7H�0RDQD�R�5DXNDZD�KDV�EHHQ�SURSRVHG�DV�D�GULYHU�RI�DOORSDWULF�
VSHFLDWLRQ�DQG�SRSXODWLRQ�GLYHUJHQFH�LQ�VHYHUDO�WD[D�LQFOXGLQJ�DPSKLSRGV��6WHYHQV�	�+RJJ���������:HND�
�WHUUHVWULDO�ELUGV��DQG�WKHLU�HFWRSDUDVLWHV��7UHZLFN�HW�DO����������DQG�VNLQN�OL]DUGV��2¶1HLOO�HW�DO����������
7KH�WHFWRQLF�XSOLIW�RI�WKH�.Ɨ�7LULWLUL�R�WH�0RDQD�PRXQWDLQ�UDQJH�OLNHO\�RSHQHG�QLFKHV�DQG�DFWHG�DV�D�
GULYHU�RI�GLYHUVLILFDWLRQ�LQ�IORUD��7KRPDV�HW�DO���������DQG�IDXQD��%XFNOH\�HW�DO���������RI�7H�
:DLSRXQDPX��0RVW�OLQHDJHV�RI�DOSLQH�IORUD�DUULYHG�LQ�WKH�ODWHU�7HUWLDU\�SHULRG��DQG�WKH�HQYLURQPHQWDO�
XSKHDYDO�LQ�WKH�3OLRFHQH�DQG�3OHLVWRFHQH�GURYH�GLYHUVLW\�LQ�WKHVH�OLQHDJHV��7KRPDV�HW�DO����������0RVW�
DOSLQH�LQYHUWHEUDWH�IDXQD�DUH�UHODWLYHO\�\RXQJ��ZLWK�DJHV�FRUUHVSRQGLQJ�WR�WKH�LQFUHDVHG�XSOLIW�RI�WKH�.Ɨ�
7LULWLUL�R�WH�0RDQD�UDQJH���PLOOLRQ�\HDUV�DJR��0D���DQG�WKH�GHYHORSPHQW�RI�D�SHUPDQHQW�VQRZ�OLQH�MXVW�
RYHU���0D��%XFNOH\�HW�DO����������6LPLODU�WR�WKH�IORUD��LW�LV�EURDGO\�XQGHUVWRRG�WKDW�PRVW�LQYHUWHEUDWH�IDXQD�
HYROYHG�IURP�OLQHDJHV�DOUHDG\�RQ�WKH�LVODQG�DV�QLFKHV�RSHQHG�ZLWK�WKH�LQFUHDVHG�HOHYDWLRQ��%XFNOH\�HW�DO���
�������DOWKRXJK�LW�KDV�EHHQ�K\SRWKHVL]HG�WKDW�LQYHUWHEUDWHV�KDYH�ULGGHQ�WHFWRQLF�XSOLIW�WR�KLJKHU�DOWLWXGHV�
�+HDGV����������
.DSRNDSRZDL�DV�DQ�,PSRUWDQW�6WXG\�6\VWHP�LQ�,VODQG�%LRJHRJUDSK\� �
$TXDWLF�LQVHFWV�KDYH�EHHQ�XVHG�WR�EHWWHU�XQGHUVWDQG�WKH�SDVW�FOLPDWH�DQG�JHRORJ\�RI�$RWHDURD��DQG�DUH�
XVHIXO�PRGHOV�LQ�WKH�VWXG\�RI�HYROXWLRQ�DQG�HFRORJ\��&yUGRED�$JXLODU�HW�DO����������EXW�WKH\�KDYH�EHHQ�
UHODWLYHO\�XQGHUUHSUHVHQWHG�LQ�ELRJHRJUDSKLF�DQG�EURDGHU�ELRGLYHUVLW\�ZRUN��/HVFKHQ�HW�DO���������DQG�
NQRZOHGJH�DERXW�ELRJHRJUDSK\�UHPDLQV�OLPLWHG�IRU�PDQ\�WD[D��2QH�VXFK�JURXS�RI�DTXDWLF�
PDFURLQYHUWHEUDWHV�DUH�WKH�GUDJRQIOLHV�ILUVW�UHIHUUHG�WR�DV�.DSRNDSRZDL��DPRQJ�RWKHU�QDPHV��E\�0ƗRUL�
�*UDQW���������DQG�ODWHU��QDPHG�8URSHWDOD�E\�VFLHQWLVWV�IURP�FRORQLDO�*UHDW�%ULWDLQ�DQG�%HOJLXP��6HO\V�
��������

.DSRNDSRZDL�DUH�D�SDUWLFXODUO\�SURPLVLQJ�V\VWHP�IRU�VWXG\LQJ�WKH�LPSDFW�RI�WHFWRQLF�XSOLIW�DQG�
RFHDQLF�EDUULHUV�LQ�VSHFLDWLRQ�DV�D�PHPEHU�RI�WKH�VR�FDOOHG�³UHOLFW´��:DUH�HW�DO���������GUDJRQIO\�OLQHDJH�
3HWDOXULGDH��D�PHPEHU�RI�WKH�SUHYLRXVO\�GLYHUVH�VXSHUIDPLO\�3HWDOXULGD��3HWDOXULGDH�RULJLQDWHG�LQ�WKH�PLG�
-XUDVVLF��DV�VLVWHU�WR�WKH�VSHFLHV�ULFK�*RPSKLGDH�IDPLO\��EXW�FRPSULVLQJ�RQO\����FXUUHQWO\�GHVFULEHG�
VSHFLHV��VHH�7ROPDQ�HW�DO���������DQG�&DLUQV�HW�DO���������IRU�GLVFXVVLRQ�RI�WKH�VWDWXV�RI�RQH�VSHFLHV�RI�WKH�
JHQXV�3HWDOXUD��LW�LV�DPRQJ�WKH�PRVW�VSHFLHV�SRRU�OLQHDJHV�RI�WKH�RUGHU�2GRQDWD��7ROPDQ�HW�DO����������
'HVSLWH�LQKDELWLQJ�IHQ�KDELWDWV�ZKLFK�VKRXOG�UHDGLO\�SURPRWH�IRVVLOL]DWLRQ��WKHUH�LV�RQO\�RQH�FURZQ�IRVVLO�
3HWDOXULGDH��ZKLFK�LV�GDWHG�WR�WKH�PLG�&UHWDFHRXV�DQG�FORVHO\�UHVHPEOHV�WKH�H[WDQW�VSHFLHV�IRXQG�DW�WKH�
IRVVLO�ORFDOLW\��7ROPDQ�HW�DO����������7KXV��WKHUH�LV�QR�FRPSHOOLQJ�SDOHRQWRORJLFDO�HYLGHQFH�WKDW�WKH�
3HWDOXULGDH�ZHUH�SUHYLRXVO\�GLYHUVH��6SHFLDWLRQ�LQ�WKLV�IDPLO\�DSSHDUV�WR�ODUJHO\�EH�GULYHQ�E\�YLFDULDQFH��
DV�GLYHUVLILFDWLRQ�LQ�3HWDOXULGDH�LV�VWURQJO\�FRUUHODWHG�ZLWK�FRQWLQHQWDO�GULIW��DQG�WKH�H[SDQVLRQ�DQG�
FRQWUDFWLRQ�RI�LQODQG�VHDV�DQG�ODQG�EULGJHV��:DUH�HW�DO���������7ROPDQ�HW�DO�����������
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.DSRNDSRZDL�OLNHO\�GLYHUJHG�IURP�WKH�$XVWUDOLDQ�SHWDOXULGV�GXULQJ�FRQWLQHQWDO�VSOLW�EHWZHHQ�
=HDODQGLD�DQG�*RQGZDQD��DQG�SHUVLVWHG�WKURXJK�WKH�2OLJRFHQH�GURZQLQJ�RI�a���0D��&RRSHU�DQG�&RRSHU�
������:DUH�HW�DO���������7ROPDQ�HW�DO����������:LWKLQ�.DSRNDSRZDL�WKHUH�DUH�WZR�FXUUHQWO\�GHVFULEHG�
VSHFLHV��8URSHWDOD�FDURYHL��6HO\V��������ZKLFK�LV�WKRXJKW�WR�LQKDELW�ORZHU�HOHYDWLRQV�RI�ERWK�7H�,ND�D�
0ƗXL�DQG�7H�:DLSRXQDPX��1RUWK�DQG�6RXWK�,VODQGV��UHVSHFWLYHO\���DQG�8URSHWDOD�FKLOWRQL��7LOO\DUG��
�������ZKLFK�LQKDELWV�KLJKHU�HOHYDWLRQV�RI�7H�:DLSRXQDPX��6RXWK�,VODQG���.DSRNDSRZDL�LV�WKH�RQO\�
OLQHDJH�ZLWKLQ�3HWDOXULGDH�ZKHUH�VSHFLDWLRQ�LV�WKRXJKW�WR�KDYH�RFFXUHG�ZLWKLQ�WKH�SDVW���0D��7ROPDQ�HW�
DO����������WKXV�WKH�LPSOLFDWLRQV�RI�JHRJUDSKLFDO�FKDQJHV�RQ�VSHFLHV�DQG�SRSXODWLRQ�GLYHUVLW\�FDQ�EH�
VWXGLHG�LQ�ILQHU�GHWDLO�XVLQJ�WKLV�VSHFLHV�FRPSOH[�WKDQ�ZLWK�RWKHU�OLQHDJHV�RI�3HWDOXULGDH��7KH�VWXG\�RI�
.DSRNDSRZDL�FDQ�SURYLGH�LPSRUWDQW�K\SRWKHVHV�IRU�WKH�VWXG\�RI�RWKHU�³UHOLFW´�OLQHDJHV�RQ�LVODQG�V\VWHPV��
GHILQHG�E\�0F&XOORFK�DQG�:DWHUV��������WR�UHIHU�WR�SK\ORJHQHWLFDOO\�³ROG�OLQHDJHV´�IRXQG�RQ�
JHRORJLFDOO\�³\RXQJ�LVODQGV�´�,VODQG�UHOLFWV�KDYH�EHHQ�FRQVLGHUHG�WR�EH�D�KLJK�SULRULW\�IRU�FRQVHUYDWLRQ�
ELRORJ\��*UDQGFRODV�HW�DO��������DQG�IRU�WKH�EURDGHU�VWXG\�RI�H[WLQFWLRQ�DQG�VSHFLDWLRQ�PRUH�JHQHUDOO\�
�*UDQGFRODV�HW�DO���������
�
0ƗRUL�.QRZOHGJH�RI�.DSRNDSRZDL�
,Q�V\VWHPV�VXFK�DV�.DSRNDSRZDL��,QGLJHQRXV�NQRZOHGJH�LV�DQ�LPSRUWDQW�VRXUFH�RI�HFRORJLFDO�DQG�
HYROXWLRQDU\�LQIRUPDWLRQ��-HVVHQ�HW�DO���������$FFRUGLQJ�WR�0ƗRUL�FRVPRORJ\��GUDJRQIOLHV�DQG�RWKHU�
LQVHFWV�DUH�FRQVLGHUHG�WKH�FKLOGUHQ�RI�7ƗQH�0ƗKXWD��WKH�JRG�RI�IRUHVWV��ELUGV�DQG�LQVHFWV���'UDJRQIOLHV�
DSSHDU�LQ�ZKDNDDLUR��WUDGLWLRQDO�FDUYLQJV�ZKLFK�RIWHQ�DGRUQ�WKH�ZDOOV�RI�0ƗRUL�PHHWLQJ�KRXVHV��DQG�
ZDLDWD��VRQJV��RI�0ƗRUL��,QGLJHQRXV�3HRSOHV�RI�$RWHDURD���6WRULHV�DERXW�GUDJRQIOLHV�DOVR�IHDWXUH�LQ�
SǌUDNDX��OHJHQGV��EHORQJLQJ�WR�VSHFLILF�LZL��WULEHV��DQG�KDSǌ��VXEWULEHV���$OO�LQVHFWV��LQFOXGLQJ�
GUDJRQIOLHV��ZHUH�FUHDWHG�EHIRUH�KXPDQV�LQ�0ƗRUL�JHQHDORJLFDO�KLVWRULHV�DQG�DUH�WKHUHIRUH�WXDNDQD�
�URXJKO\�WUDQVODWHG�DV�DQ�HOGHU�IDPLO\�PHPEHU��DQG�DUH�UHVSHFWHG�DFFRUGLQJO\��.DSRNDSRZDL�RU�.DSRZDL�
DUH�QDPHV�FRPPRQO\�XVHG�IRU�WKH�3HWDOXULGDH�RI�$RWHDURD��)LJ���$�%���ZKLFK�ORRVHO\�WUDQVODWHV�WR�ZDWHU�
VQDWFKHUV��WKRXJK�WKHUH�DUH�RWKHU�UHFRUGHG�QDPHV�LQFOXGLQJ�7ƯWƯZDLRUD��.LKLKLZDUX�DQG�8UXXUXURURD�
�*UDQW���������7KXV��WKHVH�KLVWRULFDO�DQG�FXOWXUDO�DFFRXQWV�SURYLGH�YDOXDEOH�LQIRUPDWLRQ�DERXW�LQGLUHFW�DV�
ZHOO�DV�GLUHFW�VSDWLRWHPSRUDO�GLVWULEXWLRQ�UHFRUGV�RI�.DSRNDSRZDL��$V�WKLV�ZRUN�ZDV�FRQGXFWHG�ZLWK�WKH�
H[SUHVV�SHUPLVVLRQ�RI�WKH�LZL�ZKR�RZQ�WKH�ODQGV�RI�$RWHDURD��ZH�UHIHU�WR�WKHVH�GUDJRQIOLHV�E\�WKH�0ƗRUL�
QDPH��.DSRNDSRZDL��LQ�RXU�ZRUN�KHUH��:H�DOVR�QRWH�WKDW�WKH�QDPH�.DSRNDSRZDL�ZDV�XVHG�WR�GHVFULEH�
WKHVH�GUDJRQIOLHV�LQ�WKH�OLWHUDWXUH�E\�7D\ORU���������LWDOLFL]LQJ�³.DSRNDSRZDL´�DV�WR�H[SOLFLWO\�UHIHU�WR�D�
JHQXV��WKUHH�\HDUV�SULRU�WR�WKH�ILUVW�XVH�RI�8URSHWDOD�E\�6HO\V��*UDQW��������7D\ORU���������������DQG�
.DSRNDSRZDL�KDV�FRQWLQXHG�WR�EH�XVHG�WR�UHIHU�WR�GUDJRQIOLHV�LQ�WKLV�JHQXV�LQ�VFLHQWLILF�OLWHUDWXUH�
�'XUUDQW��������)RQJ��������7ROPDQ�HW�DO����������+RZHYHU��ZH�DUH�QRW�PDNLQJ�DQ\�FKDQJH�WR�WKH�ELQDU\�
WD[RQRPLF�QRPHQFODWXUH�RI�WKLV�JHQXV�KHUH��,Q�UHIHUULQJ�WR�.DSRNDSRZDL�E\�WKHLU�0ƗRUL�QDPH�LQ�WKLV�
ZRUN��ZH�GHVLJQDWH�8��FKLOWRQL�DV�.DSRNDSRZDL�0RQWDLQH��.0���DQG�8��FDURYHL�IURP�HLWKHU�LVODQG�DV�
.DSRNDSRZDL�1RUWK��.1��DQG�.DSRNDSRZDL�6RXWK��.6��7DEOH�����UHSUHVHQWLQJ�WKH�WKUHH�SXWDWLYH�VSHFLHV�
LQ�WKH�.DSRNDSRZDL�VSHFLHV�FRPSOH[��
�
7KH�.DSRNDSRZDL�6SHFLHV�&RPSOH[�
'HEDWH�DERXW�ZKHWKHU�WKLV�FRPSOH[�VKRXOG�DSSURSULDWHO\�EH�FRQVLGHUHG�WR�KDYH�WZR�VSHFLHV�KDV�EHHQ�
RQJRLQJ�IRU�GHFDGHV��$QGUHVV��������:ROIH��������:LQVWDQOH\�	�5RZH���������$FFRUGLQJ�WR�7LOO\DUG¶V�
RULJLQDO�GHVFULSWLRQ��.0�LV�FKDUDFWHUL]HG�E\�ODUJH�SDOH�EORWFKHV�RQ�LWV�ODEUXP��ZKLFK�DUH�QRW�SUHVHQW�LQ�
.1�DQG�.6��DQG�E\�EODFN�IHPXU�OHJ�VHJPHQWV��ZKLFK�DUH�EURZQ�LQ�.1�DQG�.6��+RZHYHU��YDULDWLRQ�LQ�WKH�
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VSORWFKHV�RI�WKH�ODEUXP�KDYH�EHHQ�XVHG�WR�VXJJHVW�WKDW�K\EULG�SRSXODWLRQV�EHWZHHQ�.0�DQG�.6�FDQ�EH�
IRXQG�DW�WKH�QRUWK�HQG�RI�7H�:DLSRXQDPX��:LQVWDQOH\�	�5RZH���������%HKDYLRUDO�ZRUN�VXJJHVWV�WKDW�
IHPDOH�.0�OD\�DOO�WKHLU�HJJV�LQ�RQH�SODQW��DQG�LQ�UHSHDWLQJ�WKLV�HJJ�OD\LQJ�SURFHVV�IHPDOHV�WHQG�WR�EDGO\�
GDPDJH�WKHLU�ZLQJV��VXFK�GDPDJH�KDV�QRW�EHHQ�VHHQ�LQ�.1�RU�.6��:LQVWDQOH\���������7KLV�EHKDYLRUDO�
ZRUN�VKRXOG�EH�UHSOLFDWHG�WR�FRQILUP�WKDW�WKLV�LV�D�VSHFLHV±ZLGH�EHKDYLRU��,W�KDV�DOVR�EHHQ�VXJJHVWHG�WKDW�
.1�DQG�.6�PD\�EH�GLIIHUHQW�VSHFLHV��DV�.1�RQ�7H�,ND�D�0ƗXL�PD\�KDYH�EURDGHU�VXSHULRU�DSSHQGDJHV�DQG�
ODUJHU�DGXOW�ERG\�VL]H�WKDQ�WKHLU�FRXQWHUSDUWV�RQ�7H�:DLSRXQDPX��:ROIH���������7ZR�GLIIHUHQW�
NDU\RW\SHV�KDYH�EHHQ�LGHQWLILHG�IRU�WKLV�JHQXV��EXW�LW�LV�XQFOHDU�LI�WKLV�LV�GXH�WR�ODERUDWRU\�HUURU�
�.X]QHWVRYD�	�*ROXE���������QR�RWKHU�DWWHPSWV�KDYH�\HW�EHHQ�PDGH�WR�GHWHUPLQH�WKH�QXPEHU�RI�VSHFLHV�
LQ�WKLV�JHQXV�XVLQJ�PROHFXODU�GDWD��%DVHG�RQ�NQRZQ�PRUSKRORJLFDO�YDULDWLRQ�DQG�EHKDYLRUDO�GDWD��/��6��
:ROIH��������:LQVWDQOH\�	�5RZH���������WKH�GUDJRQIOLHV�NQRZQ�DV�.DSRNDSRZDL�DUH�K\SRWKHVL]HG�KHUH�
WR�FRPSULVH�EHWZHHQ�RQH�DQG�WKUHH�VSHFLHV��WKH�GLYHUVLILFDWLRQ�RI�ZKLFK�ZDV�VKDSHG�E\�ERWK�7H�0RDQD�R�
5DXNDZD��&RRN�6WUDLW��DQG�.Ɨ�7LULWLUL�R�WH�0RDQD��6RXWKHUQ�$OSV����

+HUH��ZH�XVH�SRSXODWLRQ�JHQRPLFV��DORQJVLGH�VFDQQLQJ�HOHFWURQ�PLFURVFRS\�LPDJHV�RI�VHFRQGDU\�
PDOH�JHQLWDOLD��DQG�HQYLURQPHQWDO�QLFKH�PRGHOV�WR�GHWHUPLQH�WKH�QXPEHU�RI�VSHFLHV�DQG�WKH�SRSXODWLRQ�
G\QDPLFV�ZLWKLQ�.DSRNDSRZDL�DQG�WR�VWXG\�KRZ�.Ɨ�7LULWLUL�R�WH�0RDQD�DQG�7H�0RDQD�R�5DXNDZD�PD\�
KDYH�GULYHQ�VSHFLDWLRQ�LQ�WKLV�JHQXV��DQG�FRQVLGHU�KRZ�RXU�ILQGLQJV�PD\�LQIRUP�HYROXWLRQ�RQ�$RWHDURD�
PRUH�JHQHUDOO\�

�
0DWHULDOV�DQG�0HWKRGV�
3RSXODWLRQ�JHQRPLFV�
'DWD�DFTXLVLWLRQ�
:H�XWLOL]HG�PROHFXODU�GDWD�IURP�D�WRWDO�RI����GUDJRQIOLHV�����.0����.1����.6��DQG���3KHQHV�UDSWRU�
ZKLFK�ZHUH�XVHG�DV�DQ�RXWJURXS��6XSSOHPHQWDU\�WDEOH�����:H�JHQHUDWHG�D����ORFXV����NE��RQ�DYHUDJH��
QXFOHRWLGH�$QFKRUHG�+\EULG�(QULFKPHQW��$+(��UHDG�OLEUDU\��7ROPDQ�HW�DO���������IRU����.0��DQG�DOO�
RWKHU�VHTXHQFHG�LQGLYLGXDOV��IROORZLQJ�WKH�SURWRFRO�XVHG�E\�*RRGPDQ�HW�DO��������DQG�7ROPDQ�HW�DO��
���������%ULHIO\��ZH�H[WUDFWHG�'1$�IURP�RQH�OHJ�RI�HDFK�VSHFLPHQ��ZKLFK�ZDV�UHPRYHG�XVLQJ�VWHULOL]HG�
IRUFHSV��LQ�WKH�FDVH�RI�Q\PSKV�DQG�DGXOWV��7KH�HQWLUH�WKRUD[�ZDV�XVHG�WR�H[WUDFW�'1$�IURP�H[XYLD��:H�
LQFXEDWHG�WKH�WLVVXH�LQ�SURWHLQDVH�.�IRU�RQH�ZHHN�DW����&��DQG�WKHQ�IROORZHG�WKH�PDQXIDFWXUHUV�SURWRFRO�
IRU�WKH�UHPDLQGHU�RI�WKH�'1$�H[WUDFWLRQ�XVLQJ�WKH�=\PR�'1$�0LFUR�SUHS�NLW��+LOGHQ�*HUPDQ\���:H�
VHQW�WKH�'1$�H[WUDFW�WR�5$3,'�*HQRPLFV��*DLQHVYLOOH��)ORULGD��IRU�OLEUDU\�SUHSDUDWLRQ�DQG�VHTXHQFLQJ���
$GGLWLRQDOO\��ZH�LQFRUSRUDWHG�LQ�WKH�FXUUHQW�VWXG\�SUHYLRXVO\�JHQHUDWHG������ORFXV��ZKLFK�FRQWDLQHG�WKH�
���WDUJHWHG�ORFL�IRU�WKH����LQGLYLGXDOV�VHTXHQFHG�KHUH��$+(�UHDG�OLEUDULHV�IRU���.0�LQGLYLGXDOV��ZKLFK�
ZHUH�XVHG�LQ��7ROPDQ�HW�DO���������WR�HVWLPDWH�SK\ORJHQHWLF�UHODWLRQVKLSV�RI�DOO�VSHFLHV�RI�3HWDOXULGDH���
�
3RSXODWLRQ�6WUXFWXUH�$QDO\VLV�
:H�PDSSHG�WKH����VHTXHQFHG�$+(�UHDG�OLEUDULHV��WR�D�SUHYLRXVO\�FRPSLOHG�VRIW�PDVNHG�ZKROH�JHQRPH�
DVVHPEO\��1&%,�*HQ%DQN�DVVHPEO\�*&$B�������������RI�DQ�LQGLYLGXDO�.6��7ROPDQ�HW�DO���������ZLWK�
%:$����������U������+��/L�	�'XUELQ��������XVLQJ�GHIDXOW�SDUDPHWHUV��DQG�FDOFXODWHG�PDSSLQJ�VWDWLVWLFV��
DYHUDJH�GHSWK�DQG�FRQYHUWHG�WKH�RXWSXW�WR�D�VRUWHG�%$0�ILOH�ZLWK�VDPWRROV�Y��������'DQHFHN�HW�DO���
�������:H�FDOOHG�YDULDQWV�ZLWK�EFIWRROV�Y��������'DQHFHN�HW�DO����������XVLQJ�WKH�RSWLRQV��EFIWRROV�
PSLOHXS��D�$'�'3�63��2X��I�UHIHUHQFH�IDVWD�,QSXWBEDP�_�EFIWRROV�FDOO��
I�*4�*3��P2�]��R�RXWSXW��:H�WKHQ�ILOWHUHG�WKH�UHVXOWLQJ�9&)�ILOH�IRU�D�PLQLPXP�TXDOLW\�VFRUH�RI�
����DQG�D�PLQLPXP�DQG�PD[LPXP�GHSWK�RI����DQG�����UHVSHFWLYHO\�WR�FDSWXUH�WKH�UHJLRQ�WDUJHWHG�ZLWK�

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/e
v
o
lu

t/a
d
v
a
n
c
e
-a

rtic
le

/d
o
i/1

0
.1

0
9
3
/e

v
o
lu

t/q
p
a
f1

5
0
/8

2
0
5
5
7
5
 b

y
 A

m
e
ric

a
n
 M

u
s
e
u
m

 o
f N

a
tu

ra
l H

is
to

ry
 u

s
e
r o

n
 3

1
 J

u
ly

 2
0
2
5



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

SC
R
IP

T

K\EULG�SUREHV�DQG�WKH�DGMDFHQW�IODQNLQJ�UHJLRQ�WKDW�LV�DOVR�VHTXHQFHG�DQG�RIWHQ�PRUH�YDULDEOH��*RRGPDQ�
HW�DO����������
� 7R�YLVXDOL]H�SRSXODWLRQ�VWUXFWXUH��ZH�SHUIRUPHG�D�3&$�DQDO\VLV�RQ�D�FRYDULDQFH�PDWUL[�JHQHUDWHG�
IURP�WKH�FDOOHG�613V�ZLWK�9&)WRROV�Y��������3XUFHOO�HW�DO���������ZLWKRXW�SUXQLQJ�IRU�OLQNDJH�
GLVHTXLOLEULXP��/'���7R�WHVW�LI�WKH�RXWOLHUV�LQ�WKH�3&$�FRXOG�EH�D�UHVXOW�RI�PLVVLQJ�GDWD��ZH�LGHQWLILHG�WKH�
PLVVLQJQHVV�RI�DOO�LQGLYLGXDOV�LQ�WKH�XQSUXQHG�9&)�ILOH�ZKLFK�H[FOXGHG�3KHQHV��DQG�FRPSDUHG�WKH�
PLVVLQJQHVV�RI�.0�ZLWK�SRVLWLYH�DQG�QHJDWLYH�3&��VFRUHV��7R�PRGHO�WKH�DQFHVWU\�RI�HDFK�VDPSOHG�
LQGLYLGXDO��ZH�JHQHUDWHG�DGPL[WXUH�SORWV�IRU�HDFK�SXWDWLYH�VSHFLHV�IURP�DGPL[WXUH�PRGHOV�DVVXPLQJ�����
DQFHVWUDO�SRSXODWLRQV�ZLWK�$'0,;785(�Y�������6NRWWH�HW�DO���������DQG�FRPSDUHG�PRGHO�ILW�XVLQJ�D�
FURVV�YDOLGDWLRQ�DSSURDFK��7KH�DGPL[WXUH�JUDSK�XQGHU�WKH�EHVW�ILWWLQJ�PRGHOV�DQG�WKH�3&$�SORWV�ZHUH�
JHQHUDWHG�LQ�5�Y��������������XVLQJ�PDSPL[WXUH�Y������OLEUDU\��-HQNLQV���������$GGLWLRQDOO\��ZH�
FDOFXODWHG�WKH�)67�EHWZHHQ�DQG�ZLWKLQ�HDFK�RI�WKH�WKUHH�SXWDWLYH�VSHFLHV�ERWK�XVLQJ�9&)WRROV�Y�������
�3XUFHOO�HW�DO����������7R�WHVW�IRU�D�FRUUHODWLRQ�EHWZHHQ�JHQHWLF�DQG�JHRJUDSKLF�GLVWDQFH�DPRQJ�RXU�
VDPSOHG�LQGLYLGXDOV��ZH�JHQHUDWHG�SDLUZLVH�JHQHWLF�GLVWDQFH�PDWULFHV�EHWZHHQ�VDPSOHG�LQGLYLGXDOV�ZLWK�
9&)WRROV�Y���������'DQHFHN�HW�DO����������DQG�WKHQ�XVHG�WKH�0DQWHO�WHVW�LQ�WKH�YHJDQ�SDFNDJH�LQ�5�
Y���������������2NVDQHQ�HW�DO����������ZLWK�������SHUPXWDWLRQV�WR�GHWHUPLQH�WKH�VLJQLILFDQFH�RI�WKH�
FRUUHODWLRQ�EHWZHHQ�JHRJUDSKLF�DQG�JHQHWLF�GLVWDQFH��

*HQHWLF�OLQNDJH�FDQ�ELDV�WKH�UHFRYHU\�RI�SRSXODWLRQ�VWUXFWXUH��DV�FDQ�LQDSSURSULDWHO\�SUXQLQJ�VLWHV�
�%HUFRYLFK�HW�DO���������7R�GHWHUPLQH�WKH�LPSDFW�RI�JHQHWLF�OLQNDJH�RQ�WKLV�GDWDVHW��DQG�WHVW�WKH�
DSSURSULDWHQHVV�RI�FRQVLGHULQJ�613V�ZLWKRXW�/'�SUXQLQJ�ZH�SUXQHG�OLQNHG�VLWHV�ZLWK�3/,1.�Y������E���
�3XUFHOO�HW�DO���������XVLQJ�WKH�IODJV����LQGHS�SDLUZLVH��������DQG�UH�UDQ�WKH�3&$�DQDO\VLV�
XVLQJ�WKH�UHVXOWLQJ�9&)�ILOH���
��
6SHFLHV�GHOLPLWDWLRQ�
7R�GHOLPLW�VSHFLHV�EDVHG�RQ�RXU�613�GDWD��ZH�XVHG�WKH�63(('(021�Y��������'RXJODV�	�%RXFNDHUW��
������SLSHOLQH�LQ�%($67��Y�������%RXFNDHUW�HW�DO����������XVLQJ�DOO�����ELDOOHOLF�UHFRYHUHG�613V�DIWHU�
ILOWHULQJ��:H�XVHG�VQDSSHU�Y�������6WROW]�HW�DO���������WR�UXQ�WKH�63(('(021�SLSHOLQH�RQ�613V�DV�
RSSRVHG�WR�DOLJQPHQWV��DQG�%,&(36�Y�������%RXFNDHUW��������WR�LPSOHPHQW�D�<XOH�6N\OLQH�&ROODSVH�
0RGHO�WR�WHVW�IRU�VSHFLHV�GHOLPLWDWLRQV��LPSOHPHQWHG�ZLWK�D�FKDLQ�OHQJWK�RI���A��GUDZV��:H�GHVLJQDWHG�
.0�DV�D�UHIHUHQFH�VSHFLHV��ZLWK�.1�DQG�.6�DV�SXWDWLYH�VSHFLHV��:H�XVHG�WKH�PHDQ�SDLUZLVH�SHUFHQW�
JHQHWLF�GLYHUJHQFH�EHWZHHQ�LQGLYLGXDOV�RI�.0��a������DV�FDOFXODWHG�IURP�WKH�9&)�ILOH�XVLQJ�WKH�SDQGDV�
�0F.LQQH\��������OLEUDU\�IRU�GDWD�PDQLSXODWLRQV�DQG�QXPS\��+DUULV�HW�DO���������IRU�QXPHULFDO�
FRPSXWDWLRQV��DV�WKH�SULRU�PHDQ�RQ�WKH�WKHWD�SULRU��'RXJODV�	�%RXFNDHUW���������:H�XVHG�DQ�DOSKD�RI������
DQG�EHWD�RI���������WR�DFKLHYH�WKLV�PHDQ�LQ�WKH�*DPPD�GLVWULEXWLRQ�RI�WKH�WKHWD�SULRU��VHH�6WROW]�HW�DO���
�����IRU�D�IXOO�GHVFULSWLRQ�RI�WKHVH�RSWLRQV���DQG�IROORZHG�WKH�GHYHORSHU¶V�VXJJHVWLRQV�IRU�DOO�RWKHU�
SDUDPHWHUV�LQ�WKH�%($67��UXQ��6WROW]�HW�DO����������:H�LQGHSHQGHQWO\�UDQ�WKH�DQDO\VLV�WZR�WLPHV�WR�WHVW�
IRU�PRGHO�FRQYHUJHQFH��:H�FRPSXWHG�WKH�SRVWHULRU�PHDQ�DQG�XSSHU�FUHGLEOH�������OLPLW�RI�WKH�*HOPDQ�
5XELQ�3RWHQWLDO�6FDOH�5HGXFWLRQ�)DFWRU��365)��RI�HDFK�SDUDPHWHU��XVLQJ�WKH�FRGD�Y���������OLEUDU\�
�3OXPPHU�HW�DO���������LQ�U������5�&RUH�7HDP��������WR�WHVW�IRU�DGHTXDWH�PRGHO�FRQYHUJHQFH��
:H�DOVR�FDOFXODWHG�WKH�(IIHFWLYH�6DPSOH�6L]H��(66��IRU�ERWK�UXQV�LQ�75$&(5�Y�������5DPEDXW�HW�DO���
������ �WR�WHVW�IRU�DGHTXDWH�PL[LQJ��DW�(66�!�����DQG�PRGHO�FRQYHUJHQFH��5DPEDXW�HW�DO����������
�
�
�
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'LYHUJHQFH�WLPH�HVWLPDWLRQ�
:H�XWLOL]HG�61$33(5�Y�������6WROW]�HW�DO���������LPSOHPHQWHG�LQ�%($67��Y�������%RXFNDHUW�HW�DO���
������WR�GHWHUPLQH�ZKHQ�WKH�WKUHH�SXWDWLYH�VSHFLHV�GLYHUJHG��DQG�WR�IXUWKHU�H[SORUH�ZKLFK�SRSXODWLRQV�DUH�
PRVW�FORVHO\�UHODWHG��:H�XVHG�D�GLIIHUHQW�613�VHW�IRU�WKLV�DQDO\VLV��ZKLFK�LQFOXGHG�VHYHQ�VDPSOHG�3KHQHV�
UDSWRU�WR�XVH�DV�DQ�RXWJURXS��7KH�VHTXHQFLQJ�DQG�YDULDQW�FDOO�SLSHOLQH�XVHG�WR�LQFOXGH�WKHVH�VDPSOHV�ZDV�
LGHQWLFDO�WR�WKH�SURWRFRO�OLVWHG�HDUOLHU��:H�XVHG�3/,1.�Y������E����3XUFHOO�HW�DO���������ZLWK�WKH�IODJV����
LQGHS�SDLUZLVH����������WR�SUXQH�OLQNHG�VLWHV�IURP�WKH�9&)�FRQWDLQLQJ�ERWK�3KHQHV�DQG�
.DSRNDSRZDL��:H�XVHG�WKLV�SUXQHG�LQSXW�ILOH��ZLWK�XQLIRUP�DJH�FRQVWUDLQWV�RI���������0D�IRU�WKH�URRW�
DJH�DQG�RI��������0D�IRU�WKH�DJH�RI�.DSRNDSRZDL��DV�SUHYLRXVO\�LGHQWLILHG�E\�7ROPDQ�HW�DO���������WR�
JHQHUDWH�WKH�VQDSSHU�LQSXW�ILOH�ZLWK�D�0&0&�FKDLQ�OHQJWK�RI���A���61$33(5�FDQ�RQO\�LPSOHPHQW�D�
VWULFW�FORFN�PRGHO��D�UHDVRQDEOH�DVVXPSWLRQ�IRU�UHFHQWO\�GLYHUJHG�SRSXODWLRQV�DQG�VSHFLHV��6WROW]�HW�DO���
�������DQG�ZH�GLG�QRW�DGMXVW�WKH�GHIDXOW�WUHH�PRGHO�HPSOR\HG�E\�61$33(5��:H�FDOFXODWHG�(66�IRU�ERWK�
UXQV�LQ�75$&(5�Y�������5DPEDXW�HW�DO���������WR�WHVW�IRU�DGHTXDWH�PL[LQJ��DQG�FRPSXWHG�WKH�SRVWHULRU�
PHDQ�DQG�XSSHU�FRQILGHQFH�������OLPLW�RI�WKH�365)�RI�HDFK�SDUDPHWHU��XVLQJ�WKH�FRGD�Y���������OLEUDU\�
�3OXPPHU�HW�DO���������LQ�U������5�&RUH�7HDP��������WR�WHVW�IRU�DGHTXDWH�PRGHO�FRQYHUJHQFH��
�
7HVWV�RI�JHQH�IORZ�
$V�WKH�UHVXOWLQJ�WUHH�DQG�VSHFLHV�GHOLPLWDWLRQ�DQDO\VHV�VXSSRUWHG�.1�DQG�.6�DV�VLVWHU��ZH�WHVWHG�IRU�
HYLGHQFH�RI�LQWURJUHVVLRQ�EHWZHHQ�.0�DQG�.1�DQG�.0�DQG�.6�ZLWK�DQ�$%%$�%$%$�WHVW�IURP�'VXLWH�
Y����U����ZKLFK�LV�RSWLPL]HG�WR�ZRUN�RQ�OLQHDJHV�ZLWK�VKRUWHU�HYROXWLRQDU\�WLPH�VFDOHV��:H�XVHG�WKH�
XQSUXQHG�9&)�ILOH�ZKLFK�LQFOXGHG�3KHQHV�UDSWRU�DV�LQSXW��0DOLQVN\�HW�DO����������DQG�XVHG�3��UDSWRU�DV�
DQ�RXWJURXS��7ROPDQ�HW�DO����������
�
0RUSKRORJLFDO�DQDO\VLV�
7R�LGHQWLI\�SRWHQWLDO�PRUSKRORJLFDO�V\QDSRPRUSKLHV�RI�WKH�SXWDWLYH�VSHFLHV�RI�.DSRNDSRZDL�ZH�
HYDOXDWHG�WKH�PDOH�VHFRQGDU\�JHQLWDOLD��:H�VSHFLILFDOO\�ORRNHG�DW�WKH�YHVLFD�VSHUPDOLV��RU�VSHUP�SXPS��
7KLV�VWUXFWXUH�LV�ORFDWHG�RQ�WKH�YHQWUDO�VLGH�RI�WKH�VHFRQG�DEGRPLQDO�VHJPHQW�LQ�PDOH�2GRQDWD��WR�ZKLFK�
VSHUP�LV�WUDQVIHUUHG�SULRU�WR�FRSXODWLRQ��DQG�PD\�SURYLGH�LQIRUPDWLYH�PRUSKRORJLFDO�FKDUDFWHUV�IRU�
VSHFLHV�GHWHUPLQDWLRQ��.HQQHG\��������0D\��������:DUH���������7KH�YHVLFD�VSHUPDOLV�RI�2GRQDWD�LV�
FRPSRVHG�RI�IRXU�VHJPHQWV�WKDW�DUH�YDULDEOH�EHWZHHQ�VSHFLHV�LQ�WKHLU�UHODWLYH�VL]H�DQG�VKDSH��,Q�
3HWDOXULGDH��D�EDUE�RQ�WKH�VHFRQG�VHJPHQW�QHDU�WKH�MXQFWLRQ�ZLWK�WKH�WKLUG�VHJPHQW�DQG�WKH�KRUQV�RQ�WKH�
ODWHUDO�VLGH�RI�WKH�WKLUG�VHJPHQW�KDYH�EHHQ�XVHG�WR�VXSSRUW�LQWUDJHQHULF�GLIIHUHQFH��7ROPDQ���������:H�
LPDJHG�WKH�YHVLFD�VSHUPDOLV��ODWHU�UHIHUUHG�WR�DV�SHQHV��IURP�WZR�PDOHV�IURP�HDFK�SXWDWLYH�VSHFLHV�WR�WU\�
DQG�LGHQWLI\�PRUH�GHILQLWLYH�GLDJQRVWLF�IHDWXUHV�IRU�VSHFLHV�GHOLPLWDWLRQ��:H�IROORZHG�WKH�SURWRFRO�IRU�
VFDQQLQJ�HOHFWURQ�PLFURVFRS\�RXWOLQHG�E\�7ROPDQ�HW�DO����������%ULHIO\��SHQHV�ZHUH�PRXQWHG�ODWHUDOO\�DQG�
GRUVDOO\�RQ�DOXPLQXP�VWXEV�DQG�FRDWHG�ZLWK�JROG�SDOODGLXP�XVLQJ�D�&UHVVLQJWRQ����(�VSXWWHU�FRDWHU�DQG�
VSHFLPHQV�ZHUH�WKHQ�LPDJHG�XVLQJ�DQ�6������+LWDFKL�VFDQQLQJ�HOHFWURQ�PLFURVFRSH���
�
(QYLURQPHQWDO�QLFKH�PRGHOLQJ�
2FFXUUHQFH�5HFRUGV�
:H�DFTXLUHG�RFFXUUHQFH�UHFRUGV�RI�DGXOW�.1��.6��DQG�.0�IURP�WKH�*OREDO�%LRGLYHUVLW\�,QIRUPDWLRQ�
)DFLOLW\��*%,)��DYDLODEOH�LQ�6XSSOHPHQWDU\�GDWD���:H�VHOHFWHG�RFFXUUHQFHV�IURP�*%,)�SRVVHVVLQJ�
SUHVHUYHG�PXVHXP�VDPSOHV�DQG�UHVHDUFK�JUDGH�REVHUYDWLRQV��ZKLFK�LQFOXGH�YHULILHG�ODWLWXGH�DQG�ORQJLWXGH�
FRRUGLQDWHV��D�SKRWRJUDSK�RI�WKH�VLJKWLQJ��REVHUYDWLRQ�GDWH��DQG�DW�OHDVW�Ҁ�DJUHHPHQW�RQ�VSHFLHV�
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LGHQWLILFDWLRQ�E\�WKH�FRPPXQLW\��:H�ILOWHUHG�RFFXUUHQFHV�E\�UHPRYLQJ�VLJKWLQJV�IURP�HUURQHRXV�ORFDOLWLHV�
�PLGGOH�RI�WKH�RFHDQ��ORFDWLRQV�RI�ODUJH�PXVHXPV���:H�GLYLGHG�RFFXUUHQFHV�IRU�.1�DQG�.6�EHWZHHQ�7H�
,ND�D�0ƗXL�DQG�7H�:DLSRXQDPX��1RUWK�DQG�6RXWK�,VODQGV��WR�EH�XVHG�DV�LQGLYLGXDO�PRGHOV�
�6XSSOHPHQWDU\�7DEOH�����
��
(QYLURQPHQWDO�'DWD�
:H�DFTXLUHG�DYHUDJHG�VHWV�RI�HQYLURQPHQWDO�SUHGLFWRU�YDULDEOHV�IRU�PRGHOLQJ�FRQVLVWLQJ�RI�SXUHO\�
ELRFOLPDWLF�YDULDEOHV��$OO�DQDO\VHV�ZHUH�FRQGXFWHG�XVLQJ�WKH�VWDWLVWLFDO�SURJUDPPLQJ�ODQJXDJH�5�Y���������
:H�DFTXLUHG�HQYLURQPHQWDO�UDVWHUV�DW�����DUF�VHFRQG�UHVROXWLRQ��a�NP�DW�WKH�HTXDWRU��IURP�WKH�&+(/6$�
FOLPDWH�GDWDEDVH�Y�����.DUJHU�HW�DO����������������:H�GRZQORDGHG�WKH�µ$QWKURSRFHQH¶�ELRFOLPDWLF�GDWDVHW�
������±�������FRQVLVWLQJ�RI����ELRFOLPDWLF�YDULDEOHV�ZKLFK�IROORZ�:RUOGFOLP�Y���)LFN�	�+LMPDQV���������
:H�RPLWWHG�ELRFOLPDWLF�YDULDEOHV���DQG���DIWHU�YLVXDO�LQVSHFWLRQ�RI�LQWHUSRODWLRQ�GLVFRQWLQXLWLHV��%RRWK��
�������$OWKRXJK�VXFK�VSDWLDO�DUWLIDFWV�ZHUH�PLQRU�ZLWKLQ�RXU�LQLWLDO�VWXG\�H[WHQW��ZH�REVHUYHG�PDMRU�
EUHDNV�RI�FOLPDWH�VPRRWKLQJ�ZKHQ�ZH�H[WUDSRODWHG�RXU�PRGHO�WR�D�ODUJHU�VSDWLDO�H[WHQW�ZLWKLQ�WKH�ODVW�
JODFLDO�PD[LPXP�DQG�LQWHUJODFLDO�SHULRGV���
��
0RGHO�&RQVWUXFWLRQ�
:H�VSDWLDOO\�WKLQQHG�RFFXUUHQFHV�WR�WKH�UHVROXWLRQ�RI�RXU�HQYLURQPHQWDO�YDULDEOHV�WR�UHGXFH�WKH�HIIHFWV�RI�
VDPSOLQJ�ELDV�DQG�DUWLILFLDO�FOXVWHULQJ��9HOR]���������:H�WKLQQHG�RFFXUUHQFHV�E\��NP�WR�PDWFK�WKH�VSDWLDO�
UHVROXWLRQ�RI�RXU�HQYLURQPHQWDO�GDWD��:H�FKRVH�VWXG\�H[WHQWV�IRU�RFFXUUHQFHV�RI�.1�DQG�.6�IRXQG�LQ�7H�
,ND�D�0ƗXL�DQG�7H�:DLSRXQDPX��GHILQHG�DV�SRO\JRQV�DURXQG�DOO�ORFDOLWLHV�EHWZHHQ�ERWK�LVODQGV�
UHVSHFWLYHO\��ZH�FKRVH�WKH�VDPH�VWXG\�H[WHQW�IRU�RFFXUUHQFHV�RI�.0�IRXQG�LQ�7H�,ND�D�0ƗXL��:H�FKRVH�
WKHVH�VWXG\�H[WHQWV�WR�LQFOXGH�SRWHQWLDO�VXLWDEOH�KDELWDW��ZKLOH�H[FOXGLQJ�ODUJH�DUHDV�RXWVLGH�WKH�VSHFLHV¶�
GLVSHUVDO�OLPLWDWLRQV��3HWHUVRQ�	�/LHEHUPDQ���������:LWKLQ�WKLV�H[WHQW��ZH�UDQGRPO\�VDPSOHG��������
EDFNJURXQG�SRLQWV�IRU�PRGHOLQJ�DQG�H[WUDFWHG�WKHLU�HQYLURQPHQWDO�YDOXHV��:H�XVHG�WKHVH�YDOXHV�WR�
FDOFXODWH�FRUUHODWLRQV�EHWZHHQ�YDULDEOHV�XVLQJ�WKH�µYLIFRU¶�DQG�µYLIVWHS¶�IXQFWLRQV�LQ�WKH�XVGP�SDFNDJH�
�1DLPL��������DQG�ILOWHUHG�RXW�YDULDEOHV�ZLWK�FRUUHODWLRQ�FRHIILFLHQWV�KLJKHU�WKDQ�����DQG�D�9DULDQFH�
,QIODWLRQ�)DFWRU��9,)��WKUHVKROG�RI�����ERWK�VWDQGDUG�FXWRIIV�LQ�VXFK�DQDO\VHV��*RRGPDQ�HW�DO�����������

7R�PRGHO�WKH�GLVWULEXWLRQ�RI�SXWDWLYH�.DSRNDSRZDL�VSHFLHV��ZH�XVHG�WKH�SUHVHQFH�EDFNJURXQG�
DOJRULWKP�0D[(QW�Y�������3KLOOLSV�HW�DO����������XVLQJ�WKH�5�3DFNDJH�(10HYDO��������.DVV�HW�DO���������
IRU�PRGHO�EXLOGLQJ��SDUDPHWHUL]DWLRQ��HYDOXDWLRQ�ZLWK�GLIIHUHQW�FRPSOH[LW\�VHWWLQJV��DQG�UHSRUWLQJ�RI�
UHVXOWV��:H�SDUWLWLRQHG�RXU�GDWD�XVLQJ�WKH�µFKHFNHUERDUG�¶�VWUDWHJ\��7R�SUHYHQW�RXU�PRGHO�IURP�
H[WUDSRODWLQJ�EH\RQG�WKH�ERXQGV�RI�WUDLQLQJ�GDWD��ZH�FODPSHG�RXU�PRGHOV�E\�RPLWWLQJ�UDQJHV�RI�
HQYLURQPHQWDO�GDWD�ZKLFK�IDOO�RXWVLGH�RI�WKH�WUDLQLQJ�GDWD��$OO�ILQDO�PRGHOV�ZHUH�ILWWHG�WR�WKH�IXOO�GDWDVHW��
:H�WXQHG�PRGHO�FRPSOH[LW\�WR�ILQG�RSWLPDO�VHWWLQJV�XVLQJ�GLIIHUHQW�IHDWXUH�FODVVHV��LQFOXGLQJ�OLQHDU��/���
TXDGUDWLF��4���DQG�KLQJH��+��DV�ZHOO�DV�UHJXODUL]DWLRQ�PXOWLSOLHUV���WKURXJK����KLJKHU�QXPEHUV�SHQDOL]H�
FRPSOH[LW\�PRUH���5DGRVDYOMHYLF�	�$QGHUVRQ��������:DUUHQ�	�6HLIHUW����������

:H�DVVHVVHG�RXU�PRGHO�XVLQJ�DYHUDJHV�RI�WKUHVKROG�GHSHQGHQW��RPLVVLRQ�UDWH��DQG�
WKUHVKROG�LQGHSHQGHQW��$UHD�8QGHU�WKH�5HFHLYHU�2SHUDWLQJ�&KDUDFWHULVWLF�RU�$8&��GLVFULPLQDWLRQ�
SHUIRUPDQFH�PHWULFV�FDOFXODWHG�RQ�ZLWKKHOG�YDOLGDWLRQ�GDWD��:DUUHQ�	�6HLIHUW���������7KH���WK�SHUFHQWLOH�
RPLVVLRQ�UDWH�VHWV�D�WKUHVKROG�DV�WKH�ORZHVW�VXLWDELOLW\�YDOXH�IRU�RFFXUUHQFHV�DIWHU�UHPRYLQJ�WKH�ORZHVW�
����VXLWDELOLW\�YDOXHV��.DVV�HW�DO���������5DGRVDYOMHYLF�	�$QGHUVRQ���������9DOLGDWLRQ�$8&�LV�D�
PHDVXUH�RI�GLVFULPLQDWLRQ�DFFXUDF\�WKDW�FDQ�EH�XVHG�WR�PDNH�UHODWLYH�FRPSDULVRQV�EHWZHHQ�(10V�ZLWK�
GLIIHUHQW�VHWWLQJV�ILW�RQ�WKH�VDPH�GDWD��/RER�HW�DO���������5DGRVDYOMHYLF�	�$QGHUVRQ���������)LQDOO\��ZH�
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FKHFNHG�WKH�UHVXOWV�DJDLQVW�WKH�$NDLNH�,QIRUPDWLRQ�&ULWHULRQ�ZLWK�FRUUHFWLRQ�IRU�VPDOO�VDPSOH�VL]HV�
�$,&F��FDOFXODWHG�RQ�WKH�IXOO�GDWDVHW���:DUUHQ�	�6HLIHUW���������7R�LQYHVWLJDWH�PRGHO�EHKDYLRU��ZH�
H[DPLQHG�PDUJLQDO�UHVSRQVH�WR�VXLWDELOLW\��0DUJLQDO�UHVSRQVH�FXUYHV�VKRZ�WKH�PRGHOHG�UHODWLRQVKLS�RI�
HDFK�YDULDEOH�LQGLYLGXDOO\�ZLWK�WKH�RFFXUUHQFH�GDWD�ZKHQ�DOO�RWKHU�YDULDEOHV�DUH�KHOG�FRQVWDQW��3KLOOLSV�HW�
DO�����������

:H�PDGH�KDELWDW�VXLWDELOLW\�SUHGLFWLRQV�IRU�.0��DQG�.1�DQG�.6�IURP�ERWK�LVODQGV�XVLQJ�RXU�
µ$QWKURSRFHQH¶�HQYLURQPHQWDO�SUHGLFWRU�YDULDEOHV��:H�SURMHFWHG�RXU�PRGHUQ�GD\�PRGHOV�WR�D�QHZ�VWXG\�
H[WHQW�WR�HQFDSVXODWH�WKH�SRWHQWLDO�KDELWDW�RI�.DSRNDSRZDL�ZLWKLQ�WKH�KLVWRULF�SDVW��GHILQHG�DV�D�SRO\JRQ�
DURXQG�ERWK�,VODQGV�RI�$RWHDURD��:H�JHQHUDWHG�WKUHVKROGOHVV�SUHGLFWLRQV�E\�FRQYHUWLQJ�UDZ�SUHGLFWLRQV�WR�
D�VFDOH�RI�����WR�DSSUR[LPDWH�SUREDELOLW\�RI�RFFXUUHQFH�XVLQJ�WKH�µFORJORJ¶�WUDQVIRUPDWLRQ��3KLOOLSV�HW�DO��
�������:H�DOVR�JHQHUDWHG�D�WKUHVKROG�SUHGLFWLRQ��FDOFXODWHG�IURP�WKH����SHUFHQWLOH�RPLVVLRQ�UDWH�IURP�RXU�
PRGHO�HYDOXDWLRQ��7R�HVWLPDWH�KDELWDW�VXLWDELOLW\�RI�.DSRNDSRZDL�ZLWKLQ�WKH�JHRORJLF�SDVW��ZH�JHQHUDWHG�
SUHGLFWLRQV�XVLQJ�HQYLURQPHQWDO�SUHGLFWRU�YDULDEOHV�IURP�WKH�3DOHR&OLP�GDWDVHW��%URZQ�HW�DO����������:H�
JHQHUDWHG�SUHGLFWLRQV�ZLWKLQ�WKUHH�GLVWLQFW�WLPH�SHULRGV��0LG�+RORFHQH������±����ND���/DVW�*ODFLDO�
0D[LPXP����ND���DQG�WKH�/DVW�,QWHUJODFLDO�����ND���
�
2UGLQDWLRQ�$QDO\VLV�
7R�GHWHUPLQH�QLFKH�GLIIHUHQWLDWLRQ�EHWZHHQ�SXWDWLYH�VSHFLHV��ZH�FRPSDUHG�QLFKH�RYHUODS�LQ�RFFXUUHQFHV�
RI�.1�DQG�.6�IURP�7H�,ND�D�0ƗXL�DQG�7H�:DLSRXQDPX�XVLQJ�DQ�RUGLQDWLRQ�IUDPHZRUN�E\�ILUVW�UHGXFLQJ�
GLPHQVLRQDOLW\�ZLWKLQ�WKH�GDWDVHWV�YLD�D�3ULQFLSDO�&RPSRQHQW�DQDO\VLV��3&$���8VLQJ�WKH�µHVSDFHBSFD¶�
IXQFWLRQ�LQ�WKH�:DOODFH�Y������DQG�DGH��SDFNDJH�Y����LQ�5��'UD\�	�'XIRXU��������.DVV�HW�DO�����������ZH�
JHQHUDWHG�D�3ULQFLSDO�&RPSRQHQWV�$QDO\VLV��3&$��XVLQJ�HQYLURQPHQWDO�YDULDEOHV�IURP�.DSRNDSRZDL�
RFFXUUHQFHV�DQG�SORWWHG�ZLWK�FRUUHODWLRQ�ORDGLQJV�WR�LQIHU�WKH�GHJUHH�RI�LQIOXHQFH�SDUWLFXODU�HQYLURQPHQWDO�
YDULDEOHV�SRVVHVV�LQ�WKH�GLVWULEXWLRQ�RI�WKH��������EDFNJURXQG�SRLQWV�ZLWKLQ�QLFKH�VSDFH��ZH�FKRVH�
ELRFOLPDWLF�YDULDEOHV�ZKLFK�ZHUH�XQFRUUHODWHG�DQG�VKDUHG�DPRQJ�ERWK�.DSRNDSRZDL�0D[(QW�PRGHOV��
8VLQJ�WKH�µHVSDFHBRFF'HQV¶�IXQFWLRQ�LQ�WKH�SDFNDJH�HFRVSDW�Y�����'L�&ROD�HW�DO���������S�����DQ�
RFFXUUHQFH�GHQVLW\�JULG�ZDV�HVWLPDWHG�IRU�ERWK�WKH�HQYLURQPHQWDO�YDOXHV�DW�HDFK�RFFXUUHQFH�SRLQW�DQG�
EDFNJURXQG�H[WHQW�SRLQWV�XVLQJ�D�NHUQHO�GHQVLW\�HVWLPDWLRQ�DSSURDFK��1LFKH�RYHUODS�EHWZHHQ�RFFXUUHQFH�
GHQVLW\�JULGV�RI�HQYLURQPHQWDO�YDOXHV�DW�HDFK�RFFXUUHQFH�SRLQW�DQG�EDFNJURXQG�SRLQWV�ZHUH�FRPSDUHG�
XVLQJ�6FKRHQHU¶V�'��6FKRHQHU��������µHVSDFHBQLFKH2Y¶�IXQFWLRQ��)LQDOO\��XVLQJ�WKH�
µHFRVSDW�SORW�RYHUODS�WHVW¶�IXQFWLRQ��ZH�FRQGXFWHG�D�QLFKH�VLPLODULW\�WHVW�LQ�ZKLFK�.DSRNDSRZDL�QLFKHV�
IURP�ERWK�LVODQGV�DUH�UDQGRPO\�VKLIWHG�LQ�WKH�EDFNJURXQG�H[WHQW�DQG�SHUPXWHG������WLPHV��DQG�WKH�QLFKH�
RYHUODS�EHWZHHQ�WKH�WZR�DUH�UHFDOFXODWHG��$�S�YDOXH�������LQGLFDWHV�WKDW�WKH�QLFKHV�IURP�ERWK�WLPH�
SHULRGV�DUH�VLJQLILFDQWO\�VLPLODU�ZLWK�HDFK�RWKHU���
�
$QFHVWUDO�6WDWH�5HFRQVWUXFWLRQ�RI�(OHYDWLRQ�5DQJHV�LQ�3HWDOXULGDH�
+DYLQJ�FRQVLGHUHG�WKH�QLFKH�VSDFH�DQG�SRSXODWLRQ�VWUXFWXUH�RI�ORZ�DQG�KLJK�HOHYDWLRQ�.DSRNDSRZDL��WKHQ�
GHWHUPLQHG�ZKHWKHU�LQKDELWLQJ�PRXQWDLQV��.0��RU�ORZODQGV��.1�DQG�.6��LV�WKH�DQFHVWUDO�VWDWH�IRU�
.DSRNDSRZDL±DQ�LPSRUWDQW�FRQVLGHUDWLRQ�LQ�KRZ�WKHVH�GUDJRQIOLHV�DUH�LPSDFWHG�E\�JHRJUDSK\±E\�
FRQGXFWLQJ�DQ�DQFHVWUDO�VWDWH�UHFRQVWUXFWLRQ�RI�WKH�PD[LPXP�HOHYDWLRQ�UDQJH�IRU�DOO�RI�3HWDOXULGDH��:H�
GRZQORDGHG�DOO�RFFXUUHQFHV�RI�3HWDOXULGDH�IURP�WKH�*OREDO�%LRGLYHUVLW\�,QIRUPDWLRQ�)DFLOLW\��*%,)��
*%,)�RUJ��������DQG�GHWHUPLQHG�WKH�HOHYDWLRQ�RI�HDFK�RFFXUUHQFH�SRLQW�XVLQJ�WKH�HOHYDWU�Y�������5�
SDFNDJH��+ROOLVWHU�HW�DO���������:H�GHWHUPLQHG�WKH���WK�SHUFHQWLOH�RI�HOHYDWLRQ�IRU�HDFK�VSHFLHV�RI�
3HWDOXULGDH�WR�PLQLPL]H�WKH�LPSDFW�RI�RXWOLHU�REVHUYDWLRQV��DQG�FODVVLILHG�WKH�VSHFLHV�DV�RFFXS\LQJ�KLJK�
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�!����0���PHGLXP����������0��RU�ORZ�������0��HOHYDWLRQV�EDVHG�XSRQ�WKLV�VWDWLVWLF��7R�PRGHO�DQFHVWUDO�
VWDWHV��ZH�ILW�WKUHH�YDULDQWV�RI�WKH�0DUNRY�N�VWDWH�PRGHO��(TXDO�5DWHV��(5���D�VLQJOH�WUDQVLWLRQ�UDWH�
EHWZHHQ�DOO�SDLUV�RI�VWDWHV��6\PPHWULF�5DWHV��65���GLVWLQFW�IRUZDUG�DQG�EDFNZDUGV�UDWHV�WKDW�DUH�HTXDO�LQ�
UHFLSURFDO�SDLUV��$OO�5DWHV�'LIIHUHG��$5'���DOORZLQJ�HDFK�WUDQVLWLRQ�D�XQLTXH�UDWH��:H�ILW�HDFK�PRGHO�
ZLWK�SK\WRROV�Y�������5HYHOO�������ZLWK�HVWLPDWHG�VWDWLRQDU\�IUHTXHQFLHV��:H�DOVR�ILW�D�FXVWRP�PRGHO�
ZLWK�HTXDO�UDWHV�EHWZHHQ�ORZ�DQG�PHGLXP�HOHYDWLRQ��PHGLXP�DQG�KLJK�HOHYDWLRQ��DQG�D�GLIIHUHQW�UDWH�
EHWZHHQ�ORZ�DQG�KLJK�HOHYDWLRQ��:H�WKHQ�FRPSDUHG�PRGHO�ILW�IRU�WKH�IRXU�PRGHOV�XVLQJ�$,&�DQG�XVHG�
PRGHO�DYHUDJLQJ�IURP�$1&5�WR�LQWHJUDWH�QRGH�VWDWH�HVWLPDWHV�DFURVV�PRGHOV�DFFRUGLQJ�WR�WKHLU�$,&�
UDWHV��:H�XVHG�WKH�GDWHG�VSHFLHV�WUHH�IRU�3HWDOXULGDH��LQFOXGLQJ�WKH�WZR�FXUUHQWO\�GHVFULEHG�VSHFLHV�RI�
.DSRNDSRZDL��IURP�7ROPDQ�HW�DO���������DQG�DGGHG�3HWDOXUD�SXOFKHUULPD�DV�VLVWHU�WR�3��LQJHQWLVVLPD�DW�
���0D��ZLWKLQ�WKH�FRQILGHQFH�LQWHUYDO�LGHQWLILHG�E\�:DUH�HW�DO�����������:H�WHVWHG�WKH�PRGHO�ZLWK�DQG�
ZLWKRXW�WKH�IRVVLO�$UJHQWLQRSHWDOD�DUFKDQJHOVN\L�ZKLFK�KDV�EHHQ�LGHQWLILHG�DV�VLVWHU�WR�3��UDSWRU��7ROPDQ�
HW�DO����������7R�GHWHUPLQH�WKH�HOHYDWLRQ�RI�WKLV�IRVVLO�DW�a����0D�ZH�FRQYHUWHG�WKH�PRGHUQ�FRRUGLQDWHV�
LQWR�WKH�SDOHR�FRRUGLQDWHV�DW�����0D�XVLQJ�WKH�SDODHRUDWH�IXQFWLRQ�LQ�SDODHRYHUVH�Y�����-RQHV�HW�DO��������
ZLWK�JULG�URWDWLRQ�XQGHU�WKH�0(5',7+�����SODWH�PRGHO��:H�XVHG�UDVWHU�Y��������+LMPDQV��������WR�ORDG�
WKH����UHVROXWLRQ�(DUO\�&UHWDFHRXV�'LJLWDO�(OHYDWLRQ�0RGHO��'(0��6FRWHVH�DQG�:ULJKW�������DQG�H[WUDFW�
WKH�SDOHR�HOHYDWLRQ�DW�WKH�URWDWHG�SRLQW��$V�DOO�VWDWHV�ZHUH�HTXDOO\�SUREDEOH�DW�HDFK�LQWHUQDO�QRGH�ZLWK�DQG�
ZLWKRXW�$��DUFKDQJHOVN\L��ZH�UHFRQGXFWHG�VHDUFKHV�ZLWK�WKH�DYHUDJHG�PRGHO�XVLQJ�VWRFKDVWLF�FKDUDFWHU�
PDSSLQJ��7R�LQIHU�WKH�IUHTXHQF\�RI�FKDQJHV�EHWZHHQ�FKDUDFWHU�VWDWHV��ZH�VLPXODWHG������GLVFUHWH�
FKDUDFWHU�KLVWRULHV�XQGHU�WKH�VHOHFWHG�DYHUDJHG�PRGHO��ZLWK�HPSLULFDO�URRW�VWDWH�IUHTXHQFLHV�VHW�XVLQJ�WKH�
ILW]MRKQ�RSWLRQ�LQ�SK\WRROV�Y�������5HYHOO���������$OO�DIRUHPHQWLRQHG�DQFHVWUDO�VWDWH�UHFRQVWUXFWLRQ�
DQDO\VHV�ZHUH�FRQGXFWHG�LQ�5�Y�������5�&RUH�7HDP��������
�
5HVXOWV�
3RSXODWLRQ�JHQRPLFV�
3RSXODWLRQ�6WUXFWXUH�$QDO\VLV�
0HDQ�VHTXHQFLQJ�GHSWK�YDULHG�IURP�����[�WR�����[��DQG�PLVVLQJQHVV��FDOFXODWHG�IURP�WKH�/'�SUXQHG�
9&)�ILOH��UDQJHG�IURP������WR�������6XSSOHPHQWDU\�7DEOH�����$IWHU�ILOWHULQJ�IRU�PDSSLQJ�TXDOLW\��!�T����
DQG�GHSWK�����������ZH�UHWDLQHG�����613V�IRU�WKH�LQLWLDO�SRSXODWLRQ�VWUXFWXUH�DQDO\VLV��7KH�ZHLJKWHG�)67�

YDOXHV�ZHUH�HVWLPDWHG�DW������EHWZHHQ�.0�DQG�.6�������EHWZHHQ�.0�DQG�.1�DQG������EHWZHHQ�.1�DQG�
.6��7DEOH�����:H�WKHQ�VHSDUDWHG�WKH�GDWD�LQWR�VXEVHWV�DV�IROORZV�E\�WKHLU�GLVWULEXWLRQV�DORQJ�3&���)LJ�
�&���.0��DOO�LQGLYLGXDOV���.0��QHJDWLYH�3&�D[HV���.1��7H�,ND�D�0ƗXL��DQG�.6��7H�:DLSRXQDPX���7KH�
)67�YDOXHV�GLIIHUHG�ZKHQ�RQO\�D�VXEVHW�RI�.0�ZDV�XVHG��6XSSOHPHQWDU\�7DEOH�����7KHUH�ZDV�QR�HYLGHQFH�
WKDW�JHRJUDSKLF�VHSDUDWLRQ�ZDV�FRUUHODWHG�ZLWK�SDLUZLVH�JHQHWLF�GLVWDQFH�ZLWKLQ�.DSRNDSRZDL��3HDUVRQ¶V�
FRUUHODWLRQ�FRHIILFLHQW�U� ����������S�YDOXH� ���������

7KH�FHQWURLG�RI�.0�ZDV�GLVWDO�IURP�WKH�FHQWURLGV�RI�.1�DQG�.6�DFURVV�3&���ZKLOH�WKH�FHQWURLG�
RI�.1�DQG�.6�GLIIHUHG�DORQJ�3&���)LJ���&����'HVSLWH�WKH�GLIIHULQJ�FHQWURLGV�DFURVV�3&��DQG�3&���WKHUH�
ZDV�RYHUODS�LQ�WKH�VSDFH�RFFXSLHG�EHWZHHQ�DOO�WKUHH�SXWDWLYH�VSHFLHV��)LJ���&���7KH�PLVVLQJQHVV�RI�.0�
LQGLYLGXDOV�ZLWK�D�SRVLWLYH�3&��UDQJHG�IURP������WR�������ZKLOH�WKH�PLVVLQJQHVV�RI�.0�LQGLYLGXDOV�ZLWK�D�
QHJDWLYH�3&��YDOXH�UDQJHG�IURP������WR�������6XSSOHPHQWDU\�7DEOH���������613V�ZHUH�UHWDLQHG�DIWHU�/'�
SUXQLQJ�WKH�9&)��DOWKRXJK�WKH�UHVXOWLQJ�SRSXODWLRQ�VWUXFWXUH�YLVXDOL]HG�WKURXJK�3&$��6XSSOHPHQWDU\�
)LJ�����ODUJHO\�UHIOHFWHG�WKH�VWUXFWXUH�JHQHUDWHG�IURP�SUXQHG�613V��)LJ���&���ZLWK�D�VOLJKWO\�UHGXFHG�
GLVWDQFH�EHWZHHQ�.1�DQG�.6���
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%HFDXVH�RI�WKH�ORZ�FURVV�YDOLGDWLRQ�HUURU�LQGLFDWLQJ�FRPSDUDEOH�ILW�WR�RWKHU�WHVWHG�PRGHOV�
�6XSSOHPHQWDU\�WDEOH�����DQG�WKH�WKUHH�FOXVWHUV�LGHQWLILHG�LQ�RXU�3&$�DQDO\VLV��ZH�SURYLGH�WKH�WKUHH�
DQFHVWUDO�SRSXODWLRQV�PRGHO�LQ�RXU�PDLQ�ILJXUH�DQG�GLVFXVVLRQ��)LJ���'���EXW�DOVR�SURYLGH�DVVXPSWLRQV�RI�
.� ����DQG�.� ����6XSSOHPHQWDU\�ILJ������$QFHVWUDO�SRSXODWLRQ���ZDV�RQO\�SUHVHQW�LQ�.0��ZKLOH�DQFHVWUDO�
SRSXODWLRQV���DQG���ZHUH�SUHVHQW�LQ�DOO�WKUHH�SXWDWLYH�VSHFLHV��)LJ���'����

7KH�$%%$�%$%$�WHVW�VKRZHG�HYLGHQFH�RI�JHQH�IORZ�EHWZHHQ�.0�DQG�.6��7DEOH�����
�
6SHFLHV�GHOLPLWDWLRQ�DQDO\VLV�
$OO�SDUDPHWHUV�LQ�WKH�63(('(021�DQDO\VLV�VKRZHG�DGHTXDWH�PL[LQJ��(66�!�������DQG�PRGHO�
FRQYHUJHQFH��365)� �����ZLWK�����&,�������IRU�DOO�SDUDPHWHUV���7KH�VSHFLHV�ZHUH�UHFRYHUHG�DV�FXUUHQWO\�
GHVFULEHG��VSHFLILFDOO\�.0�DV�8��FKLOWRQL�DQG�.1�DQG�.6�DV�8��FDURYHL��ZLWK�YHU\�KLJK�������SRVWHULRU�
VXSSRUW��
�
'LYHUJHQFH�WLPH�HVWLPDWLRQ�
,QFOXGLQJ�WKH�RXWJURXS�3KHQHV�UDSWRU�ZH�UHFRYHUHG�����613V�DQG�UHWDLQHG�����RI�WKHVH�613V�DIWHU�/'�
SUXQLQJ���7KH�63(('(021�UXQV�VKRZHG�DGHTXDWH�PL[LQJ��(66!����IRU�SRVWHULRU��OLNHOLKRRG��SULRU��
ODPEGD�DQG�WUHH�KHLJKW��(66�!����IRU�FORFN�UDWH��DQG�VWURQJ�HYLGHQFH�RI�FRQYHUJHQFH��365) ����ZLWK�
����&,�������IRU�DOO�SDUDPHWHUV���,Q�WKH�GDWHG�WUHH��.DSRNDSRZDL�DQG�3KHQHV�VKDUHG�D�0RVW�5HFHQW�
&RPPRQ�$QFHVWRU��05&$��EHWZHHQ�������DQG�������0D��.0�VKDUHG�D�05&$�ZLWK�.1�DQG�.6�
EHWZHHQ�����DQG������0D��ZKLOH�.1�DQG�.6�GLYHUJHG�EHWZHHQ�����DQG�����0D��)LJ���(��6XSSOHPHQWDU\�
)LJ�������
�
7HVWV�RI�JHQH�IORZ��
7KH�$%%$�%$%$�WHVW��LPSOHPHQWHG�LQ�'�VXLWH�XVLQJ�DOO�����613V�LGHQWLILHG�HYLGHQFH�RI�JHQH�IORZ�
EHWZHHQ�.0�DQG�.6��S��������7DEOH������,W�LV�LPSRUWDQW�WR�QRWH�WKDW�WKLV�WHVW�FDQQRW�GHWHUPLQH�WKH�
GLUHFWLRQDOLW\�RI�JHQH�IORZ���
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�

�
)LJXUH����3RSXODWLRQ�*HQRPLFV�RI�.DSRNDSRZDL�
�
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)LJ������$��$GXOW�)HPDOH�.DSRNDSRZDL�1RUWK�IURP�7H�,ND�D�0ƗXL���%��1\PSKV�RI�.DSRNDSRZDL�
0RQWDQH���&��3&$�RI�.DSRNDSRZDL�IURP�613V��FRORUHG�E\�SXWDWLYH�VSHFLHV��.DSRNDSRZDL�0RQWDQH�
�%OXH���.1��*UHHQ��DQG�.6��7HDO���(DFK�GRW�UHSUHVHQWV�RQH�LQGLYLGXDO�ZLWK�WKH�GLVWDQFH�IURP�HDFK�SRLQW�
WR�WKH�FHQWURLG�RI�HDFK�SXWDWLYH�VSHFLHV�VKRZQ�ZLWK�D�OLQH���'��$GPL[WXUH�DQDO\VLV�RI�.DSRNDSRZDL�
DVVXPLQJ�WKUHH�DQFHVWUDO�SRSXODWLRQV��ZLWK�WKH�DQFHVWUDO�SRSXODWLRQV�����FRORUHG�DV�EOXH��JUHHQ��DQG�WHDO�
UHVSHFWLYHO\�SHU�HDFK�VDPSOHG�LQGLYLGXDO��[�D[LV���3LH�FKDUWV�DUH�PDSSHG�DFFRUGLQJ�WR�WKHLU�SUR[LPDWH�
ORFDOLW\��DQG�UHSUHVHQW�WKH�SURSRUWLRQ�RI�HDFK�DQFHVWUDO�SRSXODWLRQ�LQ�WKH�JHQH�SRRO�RI�HDFK�ORFDOLW\��
$QFHVWUDO�SRSXODWLRQ���LV�RQO\�IRXQG�LQ�.0���(��'DWHG�WUHH�GLVSOD\LQJ�WKH�GLYHUJHQFH�EHWZHHQ�WKH�WKUHH�
SXWDWLYH�VSHFLHV�DQG�WKH�RXWJURXS�3KHQHV�UDSWRU��1RWDEOH�JHRJUDSKLF�HYHQWV�LQ�$RWHDURD�DUH�DQQRWDWHG�RQ�
WKH�WUHH��LQFOXGLQJ�WKH�2OLJRFHQH�GURZQLQJ�ZKHQ�$RWHDURD�ZDV�UHGXFHG�WR�����RI�LWV�FXUUHQW�VL]H��&RRSHU�
DQG�&RRSHU��������WKH�UHHPHUJHQFH�RI�WD[D�IROORZLQJ�WKH�GURZQLQJ��WKH�XSOLIW�RI�.Ɨ�7LULWLUL�R�WH�0RDQD��
DQG�WKH�3OHLVWRFHQH�ODQG�EULGJH�HYHQWV�EHWZHHQ�7H�,ND�D�0ƗXL�DQG�7H�:DLSRXQDPX���
��
�
0RUSKRORJLFDO�DQDO\VLV�
�
�

�
)LJXUH����0DOH�6HFRQGDU\�*HQLWDOLD�RI�WKH�7KUHH�+\SRWKHVL]HG�.DSRNDSRZDL�6SHFLHV�
6FDQQLQJ�HOHFWURQ�PLFURVFRS\��,PDJHV�RI�PDOH�SHQHV�IURP�VL[�VDPSOHG�.DSRNDSRZDL��WZR�IURP�HDFK�
SXWDWLYH�VSHFLHV���'LYHUJHQW�IHDWXUHV�LQFOXGH�����FXUYHV�DW�WKH�HQG�RI�WKH�KRUQV�RQO\�IRXQG�LQ�
.DSRNDSRZDL�0RQWDQH������WKH�EDUE�QHDU�WKH�MRLQW�RI�WKH�VHFRQG�DQG�WKLUG�VHJPHQWV��DQG�����D�NQRE�IRXQG�
QHDU�WKH�EDUE�IURP�RQH�LQGLYLGXDO�IURP�.DSRNDSRZDL�1RUWK��
�
7KH�³KRUQV´�RI�.0��VHH�ILJXUH����IHDWXUH����DUH�GRZQFXUYHG�DW�WKH�WLSV�LQ�D�ZD\�QRW�REVHUYHG�LQ�DQ\�RI�
WKH�WKUHH�.1�RU�.6�LQGLYLGXDOV��)LJ������7KH�DQJOH�DQG�FXUYDWXUH�RI�WKH�EDUE��ILJXUH����IHDWXUH�����DQG�WKH�
SUHVHQFH�RI�D�³NQRE´�QHDU�LW��ILJXUH����IHDWXUH����GLIIHUV�EHWZHHQ�LQGLYLGXDOV��EXW�GRHV�QRW�DSSHDU�WR�EH�
IL[HG�EHWZHHQ�DQ\�SRSXODWLRQV��2QH�LQGLYLGXDO�RI�.1�KDG�D�NQRE�QHDU�WKH�EDUE��
�
(FRORJLFDO�1LFKH�0RGHOLQJ��
2SWLPDO�PRGHO�VHWWLQJV�YDULHG�FRQVLGHUDEO\�IRU�.DSRNDSRZDL�EDVHG�RQ����SHUFHQWLOH�RPLVVLRQ�UDWH�DQG�
PHDQ�YDOLGDWLRQ�$8&�PHWULFV��%DVHG�RQ�WKH�UHVXOWV�RI�WKH�FROOLQHDULW\�DQDO\VLV��ZH�XVHG�WKH�IROORZLQJ�VL[�
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SUHGLFWRU�YDULDEOHV�WR�EXLOG�DOO�PRGHOV��,VRWKHUPDOLW\��ELR�����WHPSHUDWXUH�VHDVRQDOLW\��ELR�����PD[LPXP�
WHPSHUDWXUH�RI�WKH�ZDUPHVW�PRQWK��ELR�����SUHFLSLWDWLRQ�VHDVRQDOLW\��ELR�����SUHFLSLWDWLRQ�RI�WKH�ZDUPHVW�
TXDUWHU��ELR�����DQG�SUHFLSLWDWLRQ�RI�WKH�FROGHVW�TXDUWHU��ELR�����0RGHOV�YDULHG�LQ�FRPSOH[LW\�ZLWK�
H[SUHVVLQJ�HLWKHU�KLQJH�ORVV��RU�OLQHDU�TXDGUDWLF�IHDWXUH�FODVVHV�ZLWK�UHJXODUL]DWLRQ�PXOWLSOLHUV�RI�����
�KLJKHU�FRPSOH[LW\�SHQDOW\���0HDQ�YDOLGDWLRQ�$8&�ZDV�DGHTXDWH�IRU�.6�DQG�.0�������DQG������
UHVSHFWLYHO\���ZKLOH�����RPLVVLRQ�UDWH�ZDV�ORZ�UHODWLYH�WR�LWV�H[SHFWHG�YDOXH�RI�����������DQG������
UHVSHFWLYHO\���6XSSOHPHQWDU\�7DEOH�����)XUWKHUPRUH��RSWLPDO�PRGHOV�IRU�.6�DQG�.0�SRVVHVVHG�ORZ�
DPRXQWV�RI�QRQ�]HUR�ODPEGDV��FRHIILFLHQWV��DQG�$,&F�YDOXHV�VXJJHVWLQJ�ORZ�DPRXQWV�RI�PRGHO�
RYHULQIODWLRQ��6XSSOHPHQWDU\�7DEOH�����2SWLPDO�PRGHOV�IRU�.1�SHUIRUPHG�SRRUO\��SRVVHVVLQJ�DQ�
XQDFFHSWDEO\�ORZ�$8&�YDOXH��������DQG�KLJK�����RPLVVLRQ�UDWH���������6XSSOHPHQWDU\�7DEOH�������

2SWLPDO�PRGHOV�UHWDLQHG���±���SUHGLFWRU�YDULDEOHV�DIWHU�UHJXODUL]DWLRQ��DQG�UHOLHG�PDLQO\�RQ�
FRQWULEXWLRQV�IURP�,VRWKHUPDOLW\��ELR�����WHPSHUDWXUH�VHDVRQDOLW\��ELR�����PD[LPXP�WHPSHUDWXUH�RI�WKH�
ZDUPHVW�PRQWK��ELR�����DQG�SUHFLSLWDWLRQ�RI�WKH�ZHWWHVW�DQG�GULHVW�TXDUWHUV��ELR���DQG�ELR���UHVSHFWLYHO\��
�6HH�6XSSOHPHQWDU\�)LJ������5HVSRQVH�FXUYHV�RI�FOLPDWH�YDULDEOHV�UHYHDOHG�GLIIHULQJ�UHODWLRQVKLSV�ZLWK�
VXLWDELOLW\�DPRQJ�.DSRNDSRZDL�PRGHOV��6XSSOHPHQWDU\�)LJ������5HVSRQVH�FXUYHV�IRU�.1�H[SUHVVHG�
MDJJHG�RSWLPDO�UDQJHV��ZLWK�KDELWDW�VXLWDELOLW\�QRW�IROORZLQJ�D�VPRRWK�RU�FRQWLQXRXV�JDGLHQW��7HPSHUDWXUH�
6HDVRQDOLW\��ELR����DQG�SUHFLSLWDWLRQ�RI�WKH�FROGHVW�TXDUWHU�H[SUHVVHG�SRVLWLYH�OLQHDU�KLQJH�UHODWLRQVKLSV�
ZLWK�VXLWDELOLW\�DPRQJ�DOO�WKUHH�.DSRNDSRZDL�PRGHOV��ZKLOH�SUHFLSLWDWLRQ�RI�WKH�ZHWWHVW�TXDUWHU��ELR����
H[SUHVVHG�QHJDWLYH�OLQHDU�KLQJH�UHODWLRQVKLSV�ZLWK�VXLWDELOLW\�IRU�.1�DQG�.6��SUHFLSLWDWLRQ�RI�WKH�ZHWWHVW�
TXDUWHU�SRVVHVVHG�QR�UHODWLRQVKLS�LQ�.0��,VRWKHUPDOLW\��ELR�����DQG�PD[LPXP�WHPSHUDWXUH�RI�WKH�
ZDUPHVW�PRQWK��ELR����H[SUHVVHG�RSSRVLWH�UHODWLRQVKLSV�ZLWK�VXLWDELOLW\�ZLWKLQ�.DSRNDSRZDL��
,VRWKHUPDOLW\��ELR����H[SUHVVHG�SRVLWLYH�OLQHDU�RU�OLQHDU�TXDGUDWLF�UHODWLRQVKLSV�ZLWK�VXLWDELOLW\�ZLWKLQ�
.0�DQG�.1��EXW�D�QHJDWLYH�OLQHDU�UHODWLRQVKLS�ZLWK�.6��0D[LPXP�WHPSHUDWXUH�RI�WKH�ZDUPHVW�PRQWK�
�ELR����H[SUHVVHG�QHJDWLYH�OLQHDU�RU�TXDGUDWLF�OLQHDU�UHODWLRQVKLSV�ZLWK�VXLWDELOLW\�ZLWKLQ�.0�DQG�.6�EXW�
D�SRVLWLYH�OLQHDU�UHODWLRQVKLS�ZLWKLQ�.DSRNDRZDL�6RXWK��6XSSOHPHQWDU\�)LJ�������

3UHGLFWLRQV�XVLQJ�RXU�µ$QWKURSRFHQH¶�HQYLURQPHQWDO�YDULDEOHV�IRU�.6�ZLWKLQ�7H�:DLSRXQDPX�
UHYHDOHG�DUHDV�RI�KLJK�VXLWDELOLW\�DORQJ�WKH�FRDVW��:HVWODQG��1HOVRQ�DQG�0DUOERURXJK�SURYLQFHV���)LJ�
�'���6XLWDELOLW\�ZDV�KLJKHVW�IRU�.0�DFURVV�WKH�6RXWKHUQ�$OSV��LQWHULRU�1HOVRQ�DQG�0DUOERURXJK�
SURYLQFHV���)LJ���$���3UHGLFWLRQV�IRU�.DSRNDRZDL�1RUWK�ZLWKLQ�7H�,ND�D�0ƗXL�UHYHDOHG�DUHDV�RI�KLJK�
VXLWDELOLW\�ZLWKLQ�WKH�LQWHULRU��:HOOLQJWRQ�DQG�+DZNH¶V�%D\��DORQJ�WKH�7DUDUXUD��5XDKLQH��DQG�
.DLPDQDZD�0RXQWDLQ�5DQJHV���DV�ZHOO�DV�WKH�1RUWKHUQ�SRUWLRQ�RI�WKH�LVODQG�ZLWKLQ�$XFNODQG��)LJ��*���
7KUHVKROG�SUHGLFWLRQV�UHIOHFW�RXU�µFORJORJ¶�SUHGLFWLRQV��6HH�6XSSOHPHQWDU\�)LJ�������

3UHGLFWLRQV�JHQHUDWHG�IURP�RXU�SDOHRFOLPDWH�YDULDEOHV�GHPRQVWUDWHG�YDULDELOLW\�LQ�VXLWDELOLW\�RYHU�
WLPH�IRU�.DSRNDSRZDL�FRPSDUHG�WR�RXU�PRGHUQ�GD\�µ$QWKURSRFHQH¶�YDULDEOHV��)RU�.0��VXLWDELOLW\�
H[SDQGV�ZLWKLQ�WKH�PLG�+RORFHQH������±����ND���HQFRPSDVVLQJ�PRVW�RI�7H�:DLSRXQDPX�H[FHSW�IRU�WKH�
FRDVWDO�PDUJLQV��)LJ��+����3URMHFWLRQ�WR�WKH�7H�,ND�D�0ƗXL�ZLWKLQ�WKH�PLG�+RORFHQH�LQGLFDWHV�VXLWDEOH�
KDELWDW�ZLWKLQ�WKH�LVODQG¶V�FHQWHU��7H�,ND�D�0ƗXL�9ROFDQLF�3ODWHDX��7DUDUXD�5DQJH��DQG�5DXNXPDUD�
5DQJH���)LJ��+����:LWKLQ�WKH�/*0��VXLWDELOLW\�FRQWUDFWV�ZLWKLQ�7H�:DLSRXQDPX��ZLWK�VXLWDEOH�KDELWDW�
RQO\�EHLQJ�ORFDWHG�ZLWKLQ�D�VPDOO�SRUWLRQ�RI�WKH�.Ɨ�7LULWLUL�R�WH�0RDQD��6RXWKHUQ�$OSV��DQG�.DLNǀXUD�
0RXQWDLQ�5DQJHV��)LJ��,����:LWKLQ�7H�,ND�D�0ƗXL��VXLWDELOLW\�H[SDQGV��HQFRPSDVVLQJ�PRVW�RI�WKH�ZHVWHUQ�
DQG�VRXWKHUQ�PRXQWDLQ�UDQJHV��$OWKRXJK�D�ODQG�EULGJH�FRQQHFWHG�ERWK�,VODQGV�GXULQJ�WKH�/*0��7H�
0RDQD�R�5DXNDZD���VXLWDELOLW\�ZDV�ORZ��)LJ��,���ZKLOH�RXU�WKUHVKROG�SUHGLFWLRQV�VXJJHVW�VXLWDEOH�KDELWDW�
DFURVV�WKH�VWUDLW��6HH�6XSSOHPHQWDU\�)LJ�������
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)RU�.6�ZLWKLQ�7H�:DLSRXQDPX��VXLWDELOLW\�FRQWUDFWV�ZLWKLQ�WKH�PLG�+RORFHQH��EHLQJ�UHVWULFWHG�WR�
D�VPDOO�SRUWLRQ�RI�WKH�FRDVW��QRUWKHUQ�:HVWODQG���)LJ��(����:KHQ�SURMHFWHG�WR�7H�,ND�D�0ƗXL��VXLWDELOLW\�LV�
KLJK�ZLWKLQ�WKH�1RUWKHUQ�&DSH�DQG�VRXWKZHVWHUQ�FDSH��7DUDQDNL�3URYLQFH���DQG�$XFNODQG��)LJ��(���
:LWKLQ�WKH�/*0��VXLWDELOLW\�H[SDQGV�HQFRPSDVVLQJ�WKH�QRUWKHUQ�FRDVWDO�UHJLRQV�RI�7H�:DLSRXQDPX�
�:HVWODQG�DQG�1HOVRQ���DV�ZHOO�DV�WKH�1RUWKHUQ�&DSH��7DUDQDNL�3URYLQFH��DQG�$XFNODQG�ZLWKLQ�7H�,ND�D�
0ƗXL��)LJ��)����6XLWDELOLW\�DFURVV�WKH�7H�0RDQD�R�5DXNDZD�LV�LQWHUPHGLDWH��ZLWK�D�IHZ�SRFNHWV�RI�KLJK�
VXLWDELOLW\��)LJ��)���ZKLOH�RXU�WKUHVKROG�SUHGLFWLRQV�VXJJHVW�VXLWDEOH�KDELWDW�DFURVV�WKH�VWUDLW��6HH�
6XSSOHPHQWDU\�)LJ�������

)RU�.1�ZLWKLQ�7H�,ND�D�0ƗXL��VXLWDELOLW\�FRQWUDFWV�ZLWKLQ�WKH�PLG�+RORFHQH��ZLWK�RQO\�D�IHZ�
SRFNHWV�RI�KLJK�VXLWDELOLW\�ZLWKLQ�WKH�VRXWKHUQ�FRDVWV��7DUDUXD�5DQJHV���DQG�$XFNODQG��)LJ���%����:KHQ�
SURMHFWHG�WR�7H�:DLSRXQDPX��VXLWDELOLW\�LV�KLJKHVW�DORQJ�WKH�FRDVWDO�UDQJHV�RI�VRXWKHUQ�:HVWODQG�DQG�
2WDJR��:LWKLQ�WKH�/*0��VXLWDELOLW\�H[SDQGV�WR�LQFOXGH�PRVW�RI�WKH�VRXWKHUQ�0RXQWDLQ�5DQJHV�ZLWKLQ�7H�
,ND�D�0ƗXL��DV�ZHOO�DV�.DLPDQDZD�0RXQWDLQ�5DQJHV�ZLWKLQ�WKH�PLGGOH�RI�WKH�,VODQG��)LJ��&���:LWKLQ�7H�
:DLSRXQDPX��VXLWDELOLW\�VOLJKWO\�H[SDQGV�VRXWKZDUG�LQWR�WKH�FRDVWDO�UDQJHV�RI�2WDJR��)LJ��'���6XLWDELOLW\�
ZLWKLQ�WKH�7H�0RDQD�R�5DXNDZD�UHPDLQV�LQWHUPHGLDWH�ZLWK�D�VPDOO�SRFNHW�RI�KLJK�VXLWDELOLW\�RII�WKH�FRDVW�
RI�7DUDQDNL��)LJ��'���ZKLOH�RXU�WKUHVKROG�SUHGLFWLRQV�VXJJHVW�VXLWDEOH�KDELWDW�DFURVV�WKH�VWUDLW��6HH�
6XSSOHPHQWDU\�)LJ�������

�
2UGLQDWLRQ�$QDO\VLV�
(QYLURQPHQWDO�YDULDEOHV�IRU�.1�DQG�.6ZLWKLQ�7H�,ND�D�0ƗXL�DQG�7H�:DLSRXQDPX�H[SUHVVHG�DQ�
LQWHUPHGLDWH�GHJUHH�RI�RYHUODS�LQ�RUGLQDWLRQ�DQDO\VLV��EXW�ZHUH�VWDWLVWLFDOO\�PRUH�VLPLODU�WKDQ�UDQGRP�
�)LJ������:LWKLQ�RXU�3&$�DQDO\VLV��WKH�ILUVW�SULQFLSDO�FRPSRQHQW�H[SODLQHG�a����RI�WKH�YDULDQFH�ZLWK�
3&��H[SODLQLQJ�a�����,VRWKHUPDOLW\��ELR�����WHPSHUDWXUH�VHDVRQDOLW\��ELR�����DQG�SUHFLSLWDWLRQ�RI�WKH�
FROGHVW�TXDUWHU��ELR����ORDGHG�VWURQJO\�RQ�3&���ZKLOH�SUHFLSLWDWLRQ�RI�WKH�ZDUPHVW�DQG�FROGHVW�TXDUWHUV�
�ELR���DQG�ELR����ORDGHG�VWURQJO\�RQ�3&���7DEOH�����(QYLURQPHQWDO�QLFKH�RYHUODS�IRU�.DSRNDSRZDL�ZDV�
LQWHUPHGLDWH�EHWZHHQ�7H�,ND�D�0ƗXL�DQG�7H�:DLSRXQDPX��6FKRHQHU¶V�'� ��������ZLWK�QLFKH�VLPLODULW\�
WHVWV�VKRZLQJ�REVHUYHG�RYHUODSV�EHLQJ�KLJKHU�WKDQ�����RI�VLPXODWHG�RYHUODSV��3� ��������VXSSRUWLQJ�
QLFKH�VLPLODULW\�EHWZHHQ�ERWK�LVODQGV��)LJ�������
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�
)LJXUH����1LFKH�0RGHOV�RI�.DSRNDSRZDL�3RSXODWLRQV��0D[(QW�SUHGLFWLRQV�IRU�.DSRNDSRZDL�SURMHFWHG�WR�
WKH�PRGHUQ�GD\�XVLQJ�RXU�µ$QWKURSRFHQH�YDULDEOHV¶��PLG�+RORFHQH��1RUWKJULSSLDQ������±������ND��
JHQHUDWHG�IURP�WKH�3DOHR&OLP�GDWDVHW��%URZQ�HW�DO���������DQG�/DVW�*ODFLDO�0D[LPXP��/*0����ND��DQG�
/DVW�,QWHUJODFLDO��/,*�����ND��JHQHUDWHG�IURP�WKH�&+(/6$�GDWDEDVH��.DUJHU�HW�DO���������3UHGLFWLRQV�
ZHUH�GHULYHG�IURP�WKH�RSWLPDO�PRGHO�XVLQJ�WKH�FULWHULRQ�RI�PHDQ�YDOXDWLRQ�$8&��$8&YDO��YDOXHV�EHLQJ�
WKH�KLJKHVW��DQG�����RPLVVLRQ�UDWH�EHLQJ�WKH�ORZHVW��3UHGLFWLRQV�ZHUH�WUDQVIRUPHG�XVLQJ�WKH�µFORJORJ¶�
IXQFWLRQ�LQ�0D[HQW�Y�������3KLOOLSV�HW�DO����������LQ�ZKLFK�UDZ�YDOXHV�DUH�FRQYHUWHG�WR�D�UDQJH�RI�������WR�
DSSUR[LPDWH�D�SUREDELOLW\�RI�RFFXUUHQFH��%ULJKWHU�FRORUV��\HOORZ��JUHHQ��EOXH��LQGLFDWH�DUHDV�RI�KLJKHU�
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VXLWDELOLW\��KLJKHU�SUREDELOLW\�RI�RFFXUUHQFH���ZKLOH�GDUNHU�FRORUV��YLROHW��LQGLFDWH�DUHDV�RI�ORZHU�
VXLWDELOLW\��ORZHU�SUREDELOLW\�RI�RFFXUUHQFH����

�
)LJXUH����1LFKH�2YHUODS�RI�.DSRNDSRZDL�1RUWK�DQG�.DSRNDSRZDL�6RXWK��2UGLQDWLRQ�SORW��3&$���QLFKH�
RYHUODS��FRUUHODWLRQ�FLUFOH��DQG�QLFKH�VLPLODULW\�WHVWV�VKRZLQJ�QLFKH�GLIIHUHQFHV�EHWZHHQ�.DSRNDSRZDL�
1RUWK�DQG�6RXWK�IURP�7H�,ND�D�0ƗXL��1RUWK��DQG�7H�:DLSRXQDPX��6RXWK���2UGLQDWLRQ�SORW�UHSUHVHQWV�
SULQFLSDO�FRPSRQHQW�SRLQWV�RI�RFFXUUHQFH�DQG�EDFNJURXQG�HQYLURQPHQWDO�YDOXHV�XVLQJ�W\SH���VFDOLQJ�
�0DKDODQRELV�GLVWDQFH���3&$�SRLQWV�IRU�7H�:DLSRXQDPX�DUH�LQ�EOXH��ZKLOH�7H�,ND�D�0ƗXL�LV�UHG��6ROLG�
FRQWRXU�OLQHV�LQ�WKH�QLFKH�RYHUODS�LOOXVWUDWH�IXOO�UDQJH��������RI�FOLPDWH�VSDFH��µIXQGDPHQWDO�QLFKH¶��
ZKLOH�GDVKHG�OLQHV�LQGLFDWH�����FRQILGHQFH�LQWHUYDOV��&RQWRXU�OLQHV�RI�7H�:DLSRXQDPX�DUH�LQ�RUDQJH��
DQG�7H�,ND�D�0ƗXL�LV�EOXH��6KDGLQJ�VKRZV�WKH�GHQVLW\�RI�VSHFLHV�RFFXUUHQFHV�SHU�JULG�FHOO�RI�NHUQHO�
GHQVLW\�DQDO\VLV��µUHDOL]HG�QLFKH¶���DQG�YLROHW�SL[HOV�VKRZ�QLFKH�VWDELOLW\��FOLPDWH�FRQGLWLRQV�RFFXSLHG�LQ�
ERWK�WLPH�SHULRGV���2UDQJH�VKDGLQJ�LQGLFDWHV�FOLPDWH�FRQGLWLRQV�RQO\�RFFXSLHG�E\�7H�:DLSRXQDPX��ZKLOH�
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EOXH�LQGLFDWHV�FOLPDWH�FRQGLWLRQV�RQO\�RFFXSLHG�E\�7H�,ND�D�0ƗXL��&RUUHODWLRQ�FLUFOH�LQGLFDWHV�FOLPDFWLF�
YDULDEOH�ORDGLQJV�RQ�WKH�3&$�VSDFH��/HQJWK�DQG�GLUHFWLRQ�RI�DUURZV�LQGLFDWHV�LQIOXHQFH�DQG�GLVWULEXWLRQ�RI�
YDULDEOHV�ZLWKLQ�3&$�VSDFH��%LRFOLPDWLF�YDULDEOHV�ZKLFK�IROORZ�:RUOGFOLP�Y���)LFN�DQG�+LMPDQV��������
+LVWRJUDPV�UHSUHVHQW�REVHUYHG��UHG�EDU��DQG�UDQGRPO\�VLPXODWHG�RYHUODSV�RI�QLFKH�VLPLODULW\��7KH�
REVHUYHG�RYHUODS�LV�KLJKHU�WKDQ������S���������IRU�ERWK�DQDO\VHV�VXSSRUWLQJ�WKH�QLFKH�VLPLODULW\�DFURVV�
ERWK�LVODQGV��
�
$QFHVWUDO�6WDWH�5HFRQVWUXFWLRQ�

�
)LJXUH����$QFHVWUDO�6WDWH�5HFRQVWUXFWLRQ�RI�WKH�0D[LPXP�(OHYDWLRQ�LQKDELWHG�E\�3HWDOXULGDH��0D[LPXP�
OLNHOLKRRG��0/��UHFRQVWUXFWLRQV�DQG�VWRFKDVWLF�FKDUDFWHU�PDSSLQJ��60��DUH�VKRZQ�ERWK�ZLWK��0/�$��60�
%��DQG�ZLWKRXW��0/�&��60�'��WKH�IRVVLO�WD[D�$UJHQWLQRSHWDOD�DUFKDQJHOVN\L��ZKLFK�LV�FRQVLGHUHG�WR�EH�
VLVWHU�WR�3��UDSWRU�EDVHG�XSRQ�ZLQJ�FKDUDFWHULVWLFV��7ROPDQ�HW�DO����������,Q�DOO�PRGHOV��DOO�WKUHH�DQFHVWUDO�
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VWDWHV��KLJK��PHGLXP��DQG�ORZ�PD[LPXP�HOHYDWLRQ��DUH�HTXDOO\�OLNHO\�DV�WKH�DQFHVWUDO�VWDWH�DW�HDFK�QRGH��
LQFOXGLQJ�DW�WKH�URRW��
�
7KH�(5�PRGHO�ZDV�VWURQJO\�VXSSRUWHG�E\�$,&��6XSSOHPHQWDU\�7DEOH����ERWK�ZLWK�DQG�ZLWKRXW�$��
DUFKDQJHOVN\L��LQGLFDWLQJ�JDLQV�DQG�ORVVHV�RI�GLIIHUHQW�HOHYDWLRQ�KDELWDWV�DUH�HTXDOO\�SUREDEOH�DFURVV�WKH�
WUHH��$OO�QRGHV�ZHUH�HTXLYDOHQW�ZLWK�QHDU�HTXDO�VXSSRUW�IRU�HDFK�HOHYDWLRQDO�PD[LP��LQFOXGLQJ�WKH�
DQFHVWUDO�VWDWH�RI�3HWDOXULGDH��LQ�ERWK�PD[LPXP�OLNHOLKRRG�PRGHOV�DQG�XVLQJ�VWRFKDVWLF�FKDUDFWHU�
PDSSLQJ��ERWK�ZLWK�DQG�ZLWKRXW�$��DUFKDQJHOVN\L��)LJ������$FURVV������VWRFKDVWLF�PDSV�XQGHU�WKH�
DYHUDJHG�PRGHO�ZLWK�$��DUFKDQJHVOVN\L�LQFOXGHG�LQ�WKH�WUHH��ZH�LQIHUUHG�RQ�DYHUDJH�����LQVWDQFHV�RI�
PHGLXP�WR�KLJK�HOHYDWLRQ�DQG�KLJK�WR�PHGLXP�HOHYDWLRQ�ZLWK�WUDQVLWLRQ�DQG�����PHGLXP�WR�ORZ�DQG�ORZ�
WR�PHGLXP�WUDQVLWLRQV��PHDQLQJ�HDFK�RI�WKHVH�WUDQVLWLRQV�DUH�H[SHFWHG�WR�RFFXU�RQFH�HYHU\�����PLOOLRQ�
\HDUV�IRU�D�JLYHQ�EUDQFK�RI�3HWDOXULGDH�RQ�DYHUDJH��:H�LQIHUUHG����KLJK�WR�ORZ�DQG�ORZ�WR�KLJK�HOHYDWLRQ�
WUDQVLWLRQV�HDFK��DYHUDJLQJ�RQH�RI�HDFK�WUDQVLWLRQ�HYHU\������PLOOLRQ�\HDUV�IRU�D�JLYHQ�EUDQFK�RI�
3HWDOXULGDH�RQ�DYHUDJH��7KH�H[SHFWHG�IUHTXHQF\�RI�WUDQVLWLRQV�SHU�PLOOLRQ�\HDUV�IRU�D�JLYHQ�EUDQFK�RI�
3HWDOXULGDH�GLG�QRW�FKDQJH�ZLWK�$��DUFKDQJHOVN\L�UHPRYHG��
�
'LVFXVVLRQ�
+LVWRULFDO�,VODQG�*HRJUDSK\�8QGHUOLHV�D�6SHFLHV�&RPSOH[�
$V�K\SRWKHVL]HG��RXU�UHVXOWV�GHPRQVWUDWH�WKDW�XSOLIW�DQG�RFHDQLF�EDUULHUV�KDYH�VKDSHG�WKH�HYROXWLRQ�RI�
.DSRNDSRZDL��7KH�GLYHUJHQFH�WLPH�DQDO\VLV�VXJJHVWHG�WKDW�WKH�05&$���������0D��RI�DOO�VDPSOHG�
.DSRNDSRZDL�FRXOG�YHU\�ZHOO�KDYH�FRLQFLGHG�ZLWK�WKH�DFFHOHUDWHG�WHFWRQLF�XSOLIW�ZKLFK�RFFXUUHG�a�0D��
RU�WKH�PRUH�JUDGXDO�XSOLIW�IURP�����0D��)LJ���(���,QWULJXLQJO\��D�VWURQJ�ERWWOHQHFN�LQ�WKH�DQFHVWUDO�
OLQHDJH�RI�.6�ZDV�LGHQWLILHG�EHWZHHQ�������0D�IURP�D�UHIHUHQFH�JHQRPH��7ROPDQ�HW�DO���������XVLQJ�WKH�
3DLUZLVH�6HTXHQWLDO�&RDOHVFHQW��360&��/LX�	�+DQVHQ����������7KLV�ERWWOHQHFN�FRXOG�SODXVLEO\�EH�
UHIOHFWLYH�RI�VSHFLDWLRQ�EHWZHHQ�.0�DQG�.1�.6��.0�KDV�KLJKHU�JHQHWLF�GLYHUVLW\�WKDQ�HLWKHU�.1�RU�.6�
�)LJ���&�'��VXSSRUWLQJ�WKH�K\SRWKHVLV�WKDW�WKLV�ERWWOHQHFN�ZDV�FDXVHG�E\�D�IRXQGHU�HIIHFW�VLPLODU�WR�PDQ\�
RWKHU�V\VWHPV��$QRSKHOHV�JDPELDH������*HQRPHV�&RQVRUWLXP�HW�DO���������$XWRQ�HW�DO���������%��/L�HW�
DO������������

7KH�JHQHWLF�GLIIHUHQWLDWLRQ�EHWZHHQ�.1�DQG�.6�LV�PXFK�VPDOOHU�WKDQ�WKH�GLIIHUHQWLDWLRQ�EHWZHHQ�
HLWKHU�SRSXODWLRQ�DQG�.0��7DEOH�����$OWKRXJK�7H�0RDQD�R�5DXNDZD��&RRN�6WUDLW��LV�FXUUHQWO\�D�EDUULHU�WR�
WKH�GLVSHUVDO�RI�.DSRNDSRZDL��RXU�VSHFLHV�GLVWULEXWLRQ�PRGHOV�VXJJHVW�WKDW�WKLV�KDV�QRW�DOZD\V�EHHQ�WKH�
FDVH��)LJ�����6XSSOHPHQWDU\�)LJ�������3HUKDSV�7H�0RDQD�R�5DXNDZD�KDV�QRW�EHHQ�D�EDUULHU�WR�WKH�GLVSHUVDO�
RI�.DSRNDSRZDL�IRU�D�VXIILFLHQW�SHULRG�RI�WLPH�IRU�D�VWURQJ�JHQHWLF�VWUXFWXUH�WR�HYROYH��2Q�WKH�RWKHU�KDQG��
WKH�SHDNV�RI�.Ɨ�7LULWLUL�R�WH�0RDQD�KDYH�QRW�FRQWDLQHG�VXLWDEOH�KDELWDW�IRU�.1�RU�.6�LQ�DQ\�RI�WKH�WHVWHG�
WLPH�SHULRGV��DQG�KDYH�OLNHO\�VHUYHG�DV�D�ORQJHU�EDUULHU�WR�WKH�GLVSHUVDO�RI�WKHVH�SRSXODWLRQV��VKDSLQJ�WKH�
JHQHWLF�VWUXFWXUH�FXUUHQWO\�REVHUYHG�LQ�.DSRNDSRZDL��7KH�SK\VLFDO�ERXQGDU\�RI�WKH�PRXQWDLQV�LV�IXUWKHU�
FRPSRXQGHG�E\�WKH�IDFW�WKDW�WKH�DOSLQH�KDELWDW�KDV�VKRUWHQHG�WKH�IOLJKW�VHDVRQ�RI�.0��FRPSDUHG�WR�.1�
DQG�.6��/��6��:ROIH���������

7KH�GDWD�ZH�KDYH�KHUH�VXSSRUW�D�K\SRWKHVLV�LQ�ZKLFK�DOO�VDPSOHG�.DSRNDSRZDL�DUH�GHVFHQGHQWV�
RI�D�SRSXODWLRQ�WKDW�FRORQL]HG�DOSLQH�KDELWDWV��WKH�PRVW�VXSSRUWHG�SDWWHUQ�LQ�WKH�IDXQD�RI�$RWHDURD�
�%XFNOH\�HW�DO����������DOWKRXJK�WKHUH�LV�VSHFXODWLRQ�WKDW�VRPH�OLQHDJHV�PD\�KDYH�ULGGHQ�WHFWRQLF�XSOLIW�WR�
KLJKHU�HOHYDWLRQV��+HDGV����������ZKLOH�.1�DQG�.6�GHVFHQG�IURP�SRSXODWLRQV�WKDW�ODWHU�PRYHG�LQWR�
ORZODQG�KDELWDWV��2XU�DQFHVWUDO�VWDWH�UHFRQVWUXFWLRQ�DQDO\VLV�RI�3HWDOXULGDH�ZRXOG�VXSSRUW�WKH�IRUPHU��DV�
DFURVV������VLPXODWLRQV��WUDQVLWLRQV�IURP�KLJK�HOHYDWLRQ�WR�ORZ�DQG�PHGLXP�HOHYDWLRQDO�PD[LPV�RFFXUUHG�
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RQ�DYHUDJH�HYHU\�����PLOOLRQ�\HDUV�RQ�HDFK�EUDQFK��,W�LV�HQWLUHO\�SODXVLEOH�WKDW�VXFK�IOH[LELOLW\�LQ�DGMXVWLQJ�
WR�GLIIHUHQW�HOHYDWLRQV�LV�D�FRPPRQ�WUDLW�LQ�OLQHDJHV�WKDW�KDYH�SHUVLVWHG�RQ�=HDODQGLD�IRU�WHQV�RI�PLOOLRQV�
RI�\HDUV��7KLV�K\SRWKHVLV�RI�UHFRORQL]DWLRQ�RI�WKH�ORZODQGV�LV�QRW�ZLWKRXW�SUHFHGHQW��DV�SODQW�OLQHDJHV�
KDYH�DOVR�EHHQ�K\SRWKHVL]HG�WR�KDYH�FRORQL]HG�PRXQWDLQV��DQG�WKHQ�UHFRORQL]HG�WKH�ORZODQGV�RI�$RWHRUD�
�7KRPDV�HW�DO����������$�GHPRJUDSKLF�PRGHO�IRU�.0�IURP�D�UHIHUHQFH�JHQRPH��DQG�UHYLVLWLQJ�WKH�
VSHFLPHQV�VDPSOHG�KHUH�ZLWK�JHQRPH�ZLGH�UHVHTXHQFLQJ�GDWD�FRXOG�EH�XVHG�WR�JHQHUDWH�D�GHPRJUDSKLF�
PRGHO�IRU�DOO�SRSXODWLRQV�RI�.DSRNDSRZDL��DQG�D�KLVWRULFDO�GHPRJUDSKLF�PRGHO�RI�GLVSHUVDO�DQG�JHQH�
IORZ�EHWZHHQ�SRSXODWLRQV�XVLQJ�WKH�VLWH�IUHTXHQF\�VSHFWUXP��1RVNRYD�HW�DO����������ERWK�RI�ZKLFK�FRXOG�
EH�XVHG�WR�UREXVWO\�WHVW�WKLV�K\SRWKHVLV��

�
*HQH�)ORZ�LQ�WKH�3UHVHQFH�RI�*HRJUDSKLF�%DUULHUV�DQG�,PSOLFDWLRQV�IRU�6SHFLHV�'HOLPLWDWLRQ�
(YLGHQFH�RI�&XUUHQW�JHQH�IORZ�
'HVSLWH�WKH�DIRUHPHQWLRQHG�JHRJUDSKLF�EDUULHUV��WKH�3&$��)LJ���&���DGPL[WXUH��)LJ���'���DQG�
LQWURJUHVVLRQ�DQDO\VHV�DOO�VXJJHVW�WKHUH�LV�VRPH�OHYHO�RI�LQWHUEUHHGLQJ�DQG�PRYHPHQW�EHWZHHQ�
SRSXODWLRQV��1HLWKHU�EDUULHU�VHHPV�WR�EH�HQWLUHO\�UHVWULFWLQJ�JHQH�IORZ��DV�HYLGHQFHG�E\�ORZHU�IL[DWLRQ��)67�

��������7DEOH����WKDQ�PLJKW�EH�H[SHFWHG�JLYHQ�!���PLOOLRQ�\HDUV�RI�VHSDUDWLRQ�EHWZHHQ�.0�DQG�.1�DQG�
.6��)LJ���(���DQG�HYLGHQFH�RI�LQWURJUHVVLRQ�EHWZHHQ�.6�DQG�.0��

2QH�LQGLYLGXDO�.0�QRWDEO\�LQKHULWHG�����RI�LWV�DQFHVWU\�IURP�DQFHVWUDO�SRSXODWLRQ�RQH��ZKLFK�LV�
XQLTXH�WR�.0��DQG�����RI�LWV�DQFHVWU\�IURP�DQFHVWUDO�SRSXODWLRQ�WKUHH��)LJ���'���7KXV��WKLV�LQGLYLGXDO�LV�
OLNHO\�WKH�RIIVSULQJ�RI�DQ�)��K\EULG�EDFN�FURVVHG�ZLWK�DQ�LQGLYLGXDO�ZLWK������RI�LWV�DQFHVWU\�IURP�
SRSXODWLRQ�RQH��VXJJHVWLQJ�WKH�JHQHWLF�SRSXODWLRQV�FDQ�EUHHG�ZLWK�RQH�DQRWKHU��DQG�JHQH�IORZ�PD\�VWLOO�
RFFXU�LQ�WKH�SUHVHQW��
�
,PSOLFDWLRQV�IRU�VSHFLHV�GHOLPLWDWLRQ� �
*LYHQ�WKH�G\QDPLFV�RI�JHQH�IORZ��FXUUHQW�VSHFLHV�GHOLPLWDWLRQV�LQ�WKLV�FRPSOH[�DUH�GLIILFXOW�WR�PDNH��
*LYHQ�WKH�JHQHWLF�GLIIHUHQWLDWLRQ�EHWZHHQ�.0�DQG�.1�DQG�.6��)67�!������RXU�LGHQWLILFDWLRQ�RI�D�
GLDJQRVWLF�FKDUDFWHULVWLF�RI�WKH�FXUYDWXUH�RQ�WKH�KRUQV�RI�.0��)LJ������DQG�WKH�VWURQJ�SRVWHULRU�VXSSRUW�
�!�����RI��WKH�FXUUHQWO\�GHVFULEHG�VSHFLHV��8��FDURYHL�FRPSULVHG�RI�.1�DQG�.6�DQG�8��FKLOWRQL�
FRPSULVHG�RI�.0��LQ�RXU�VSHFLHV�GHOLPLWDWLRQ�DQDO\VLV��ZH�VXJJHVW�WKDW�FXUUHQW�VSHFLHV�GHOLPLWDWLRQV�
UHPDLQ�XQFKDQJHG��$OWKRXJK�.1�DQG�.6�GR�VKRZ�VRPH�JHQHWLF�GLIIHUHQWLDWLRQ��WKH\�GR�QRW�VKRZ�
HYLGHQFH�RI�QLFKH�GLYHUJHQFH��DQG�ZH�GR�QRW�EHOLHYH�WKDW�WKH\�PHULW�D�QHZ�VSHFLHV�GHVFULSWLRQ�DW�WKLV�SRLQW�
LQ�WLPH��)XUWKHU�SRSXODWLRQ�OHYHO�VDPSOLQJ�ZLWK�JHQRPH�ZLGH�UHVHTXHQFLQJ�GDWD�ZLOO�OLNHO\�VKHG�IXUWKHU�
OLJKW�RQ�WKH�G\QDPLFV�GHVFULEHG�KHUH��
�
*HQHUDWLQJ�6SHFLHV�'LVWULEXWLRQ�0RGHOV�IRU�,VODQG�6SHFLHV�
$OWKRXJK�WKH�XWLOL]DWLRQ�RI�*%,)�RFFXUUHQFHV�LQ�FRQMXQFWLRQ�ZLWK�JHQRPLF�DQDO\VHV�SURYLGH�WKH�
RSSRUWXQLW\�IRU�KLJKO\�UREXVW�QLFKH�PRGHOV�ZKLFK�KDYH�WKH�SRWHQWLDO�WR�PDWFK�SRSXODWLRQ�DGPL[WXUH�RU�
VWUXFWXULQJ�DPRQJ�SRSXODWLRQV�RI�RGRQDWHV��D�FRQVHTXHQFH�LV�WKH�XQGHUILWWLQJ�RI�PRGHO�SHUIRUPDQFH�GXH�
WR�WKH�DEXQGDQFH��UDQJH��DQG�GHQVLW\�RI�WKH�VSHFLHV�LWVHOI��(10�UHVXOWV�IRU�.1�UHYHDOHG�ORZ�$8&�YDOXHV��
ZKLFK�LV�D�FRQWLQXRXV�PHWULF�WKDW�SURYLGHV�GLVFULPLQDWLYH�DELOLW\�LQ�IDOVH�SRVLWLYHV�DQG�IDOVH�QHJDWLYHV�
�3KLOOLSV�HW�DO���������6LQFH�.1�LV�IRXQG�WKURXJKRXW�WKH�HQWLUHW\�RI�7H�,ND�D�0ƗXL��RXU�PRGHOV�ZHUH�
XQDEOH�WR�GLVFHUQ�JUDGLHQWV�RI�KLJK�DQG�ORZ�VXLWDELOLW\��UHVXOWLQJ�LQ�SRRU�PRGHO�RXWSXW��7KLV�SDWWHUQ�LV�DOVR�
REVHUYHG�LQ�RXU�$,&F�YDOXH��6XSSOHPHQWDU\�7DEOH�6����2XU�WKLQQHG�GDWDVHW�FRQVLVWHG�RI�����RFFXUUHQFHV��

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/e
v
o
lu

t/a
d
v
a
n
c
e
-a

rtic
le

/d
o
i/1

0
.1

0
9
3
/e

v
o
lu

t/q
p
a
f1

5
0
/8

2
0
5
5
7
5
 b

y
 A

m
e
ric

a
n
 M

u
s
e
u
m

 o
f N

a
tu

ra
l H

is
to

ry
 u

s
e
r o

n
 3

1
 J

u
ly

 2
0
2
5



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

SC
R
IP

T

VXIILFLHQW�WR�JHQHUDWH�D�UREXVW�PRGHO��WKH�ZLGHVSUHDG�GLVWULEXWLRQ�WKURXJKRXW�7H�,ND�D�0ƗXL�FRQWULEXWHG�
WR�KLJK�$,&F�VFRUHV��

(10V�LQ�WKH�FRQWH[W�RI�LVODQG�ELRJHRJUDSK\�LV�DQ�DUHD�RI�RQJRLQJ�VWXG\��DV�PRGHO�H[WUDSRODWLRQ�
EHFRPHV�SRRU�IRU�VSHFLHV�HQGHPLF�WR�VPDOO�RU�VLQJXODU�LVODQGV��6XWKHUODQG�HW�DO��������*RRGPDQ�HW�DO��
�������OLPLWLQJ�WKH�LQFRUSRUDWLRQ�RI�QRYHO�FOLPDWLF�FRQGLWLRQV�WKDW�FRXOG�LPSURYH�PRGHO�ILW��)XUWKHUPRUH��
$8&�YDOXHV�PD\�EH�VNHZHG�LI�RQO\�D�IHZ�FOLPDWLF�YDULDEOHV�GULYH�WKH�PRGHO��OHDGLQJ�WR�RYHUVLPSOLILHG�
UHODWLRQVKLSV�ZLWK�VXLWDELOLW\��3KLOOLSV�HW�DO���������DV�HYLGHQFHG�E\�WKH�QXPEHU�RI�QRQ]HUR�ODPEGD�
FRHIILFLHQWV�ZLWKLQ�RXU�.1�PRGHO�����6HH�6XSSOHPHQWDU\�7DEOH�6����

,QWHUHVWLQJO\��RXU����SHUFHQWLOH�RPLVVLRQ�UDWH�PHWULFV�ZHUH�PRUH�UREXVW���������7KH����SHUFHQWLOH�
RPLVVLRQ�UDWH�PHWULF�H[FOXGHV�WKH�ORZHVW����SHUFHQW�RI�UDZ�RFFXUUHQFH�YDOXHV��WKXV�FUHDWLQJ�D�WKUHVKROG�
ZLWKLQ�VXLWDELOLW\��2XU�ORZHU�RPLVVLRQ�UDWHV�VXJJHVW�PLQLPDO�RXWOLHUV�LQ�RXU�GDWDVHW��VXJJHVWLQJ�WKDW�RXU�
SUHGLFWLRQV�IRU�.1�RQ�7H�,ND�D�0ƗXL�DUH�QRW�RYHUO\�JHQHUDOLVW��

$Q�DVSHFW�WR�FRQVLGHU�LQ�SDOHR�HFRORJLFDO�PRGHOLQJ��3DOHR(10��LV�WKH�XVH�RI�PXOWLSOH�OLQHV�RI�
HYLGHQFH�WR�DVVHVV�PRGHO�ILGHOLW\��,QFRUSRUDWLQJ�VXSSOHPHQWDU\�DQDO\VHV�VXFK�DV�UHVSRQVH�FXUYHV�DQG�
RUGLQDWLRQ�DQDO\VHV�SURYLGH�FODULW\�WR�PRGHO�RYHU��RU�XQGHU�H[WUDSRODWLRQ��ZKLFK�FDQ�EH�LQWHUSUHWHG�DV�
HLWKHU�PRGHO�HUURU�RU�DFFXUDF\��5HVSRQVH�FXUYHV�GHPRQVWUDWH�LI�WKH�IXOO�HQYLURQPHQWDO�UDQJH�RI�WKH�
VSHFLHV�KDV�EHHQ�VDPSOHG�IRU�HDFK�VSHFLHV�RU�SRSXODWLRQ��ZKLOH�RUGLQDWLRQ�DQDO\VHV�DOORZ�
PXOWLGLPHQVLRQDO�YLVXDOL]DWLRQ�RI�WKH�QLFKH�RXWVLGH�RI�D�VSDWLDO�FRQWH[W��,Q�WKH�FDVH�RI�RXU�GDWD��UHVSRQVH�
FXUYHV��DOEHLW�MDJJHG��PDS�WKH�IXOO�UHODWLRQVKLS�RI�HDFK�FOLPDWLF�YDULDEOH�ZLWKLQ�WKH�PRGHO��ZKLOH�RXU�
RUGLQDWLRQ�DQDO\VLV�GHPRQVWUDWHV�VWDWLVWLFDO�GLIIHUHQFHV�DPRQJ�WKH�.1�DQG�.6�SRSXODWLRQV��2YHUDOO��
DOWKRXJK�JHQHWLF�GLYHUJHQFH�ZDV�ORZ�DPRQJ�.1�DQG�.6�SRSXODWLRQV��WKH�HFRORJLFDO�DQG�GLVWULEXWLRQDO�
GLIIHUHQFHV�DPRQJ�ERWK�SRSXODWLRQV�DUH�WKH�UHVXOW�LQ�GLIIHUHQFHV�LQ�FOLPDWLF�FRQGLWLRQV��DQG�QRW�D�UHVXOW�RI�
SRRU�PRGHO�SHUIRUPDQFH�EHFDXVH�RI�LQDSSURSULDWH�D�SULRUL�JURXSLQJ�RI�SRSXODWLRQV�EDVHG�RQ�WKHLU�
SUHVHQFH�RQ�7H�,ND�D�0ƗXL�RU�7H�:DLSRXQDPX��
�
&RQFOXVLRQ�
7R�ORRN�DW�VSHFLHV�GLYHUVLW\�DQG�WKH�SRWHQWLDO�IRU�VSHFLDWLRQ�LQ�D�³UHOLFW´�JURXS�VXFK�DV�WKH�SHWDOWDLO�
GUDJRQIOLHV�RIIHUV�D�XQLTXH�SHUVSHFWLYH�LQ�HYROXWLRQDU\�ELRORJ\��DV�ZHOO�DV�LVODQG�HFRORJ\��$QDO\VHV�
VXJJHVW�WKDW�WKLV�IDPLO\�LV�H[WUHPHO\�ROG��HYHQ�IRU�DQ�RUGHU�DV�DQFLHQW�DV�2GRQDWD��ZLWK�VRPH�H[WDQW�
VSHFLHV�SHUVLVWLQJ�DV�LQGHSHQGHQW�HYROXWLRQDU\�OLQHDJHV�VLQFH�WKH�&UHWDFHRXV�HUD��.RKOL�HW�DO���������
6XYRURY�HW�DO���������(��5��7ROPDQ�HW�DO�����������:LWK�WKHLU�UHOLDQFH�RQ�IHQ�KDELWDWV��3HWDOXULGDH�DUH�DOVR�
VRPHZKDW�OLPLWHG�LQ�WKHLU�UDQJH��FRPSDUHG�WR�PRUH�JHQHUDOLVW�GUDJRQIOLHV�WKDW�XVH�SRQGV�RU�ULYHUV�WR�
FRPSOHWH�WKHLU�OLIH�F\FOH���'HVSLWH�WKLV��RXU�UHVXOWV�GHPRQVWUDWH�WKDW�VSHFLDWLRQ�LQ�3HWDOXULGDH�LV�DVVRFLDWHG�
ZLWK�VKLIWV�WR�KDELWDWV�DW�GLIIHUHQW�HOHYDWLRQV��LQ�ERWK�.DSRNDSRZDL�DQG�RWKHU�JURXSV�RI�SHWDOWDLOV��ZKLFK�
PD\�EH�DVVRFLDWHG�ZLWK�WKHLU�ORQJ�SHUVLVWHQFH��:KLOH�VSHFLHV�RI�.DSRNDSRZDL�KDYH�SRWHQWLDOO\�EHHQ�
VHSDUDWHG�IRU�VLJQLILFDQW�SHULRGV�RI�WLPH��HLWKHU�DFURVV�LVODQGV�RU�LQ�GLIIHUHQW�KDELWDWV�ZLWKLQ�DQ�LVODQG��LW�
PD\�EH�WKDW�WKHLU�DGDSWDWLRQV�WR�WKHVH�VSHFLDOL]HG�IHQ�KDELWDWV�KDV�OLPLWHG�WKH�JHQHWLF�YDULDELOLW\�WKDW�
ZRXOG�OHDG�WR�VSHFLDWLRQ��7KLV�PD\�KHOS�WR�H[SODLQ�ZK\�WKLV�JURXS��GHVSLWH�LWV�DJH��FRQWLQXHV�WR�EH�WKH�
VPDOOHVW�IDPLO\�ZLWKLQ�$QLVRSWHUD��
�
�
6XSSOHPHQWDU\�PDWHULDO�
6XSSOHPHQWDU\�PDWHULDO�LV�DYDLODEOH�RQOLQH�DW�(YROXWLRQ���
�
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'DWD�DYDLODELOLW\�
)LOWHUHG�9&)�ILOHV�ZLWK�DQG�ZLWKRXW�3��UDSWRU��DQG�ORJ�DQG�[PO�ILOHV�IURP�WKH�%($67��UXQV�KDYH�EHHQ�
XSORDGHG�WR�ILJVKDUH����������P��ILJVKDUH������������7KH�5DZ�UHDGV�KDYH�EHHQ�XSORDGHG�WR�WKH�
VHTXHQFLQJ�UHDG�DUFKLYH��%LRSURMHFW�35-1$����������
�
$XWKRU�FRQWULEXWLRQV�
(57��&RQFHSWLRQ�DQG�GHVLJQ��PDQXVFULSW�GUDIWLQJ�DQG�UHYLVLRQ��IXQGLQJ�DFTXLVLWLRQ��GDWD�DQDO\VLV�DQG�
DFTXLVLWLRQ��&'%��&RQFHSWLRQ�DQG�GHVLJQ��PDQXVFULSW�GUDIWLQJ�DQG�UHYLVLRQ��GDWD�DQDO\VLV�DQG�DFTXLVLWLRQ��
$*��&RQFHSWLRQ�DQG�GHVLJQ��PDQXVFULSW�GUDIWLQJ�DQG�UHYLVLRQ��GDWD�DQDO\VLV�DQG�DFTXLVLWLRQ��35��
&RQFHSWLRQ�DQG�GHVLJQ��PDQXVFULSW�GUDIWLQJ�DQG�UHYLVLRQ��IXQGLQJ�DFTXLVLWLRQ��GDWD�DQDO\VLV�DQG�
DFTXLVLWLRQ��70��&RQFHSWLRQ�DQG�GHVLJQ��PDQXVFULSW�GUDIWLQJ�DQG�UHYLVLRQ��.5��'DWD�DQDO\VLV�DQG�
DFTXLVLWLRQ��PDQXVFULSW�GUDIWLQJ�DQG�UHYLVLRQ��$=��'DWD�DQDO\VLV�DQG�DFTXLVLWLRQ��PDQXVFULSW�GUDIWLQJ�DQG�
UHYLVLRQ��.7��'DWD�DQDO\VLV�DQG�DFTXLVLWLRQ��PDQXVFULSW�GUDIWLQJ�DQG�UHYLVLRQ��9:��'DWD�DQDO\VLV�DQG�
DFTXLVLWLRQ��PDQXVFULSW�GUDIWLQJ�DQG�UHYLVLRQ��-$��0DQXVFULSW�GUDIWLQJ�DQG�UHYLVLRQ��IXQGLQJ�DFTXLVLWLRQ��
6%��0DQXVFULSW�GUDIWLQJ�DQG�UHYLVLRQ��IXQGLQJ�DFTXLVLWLRQ��5*��0DQXVFULSW�GUDIWLQJ�DQG�UHYLVLRQ��IXQGLQJ�
DFTXLVLWLRQ��.0+��'DWD�DFTXLVLWLRQ��PDQXVFULSW�GUDIWLQJ�DQG�UHYLVLRQ��0..��0DQXVFULSW�GUDIWLQJ�DQG�
UHYLVLRQ��SURMHFW�VXSHUYLVLRQ��3%)��&RQFHSWLRQ�DQG�GHVLJQ��PDQXVFULSW�GUDIWLQJ�DQG�UHYLVLRQ��IXQGLQJ�
DFTXLVLWLRQ��GDWD�DQDO\VLV�DQG�DFTXLVLWLRQ��-:��&RQFHSWLRQ�DQG�GHVLJQ��PDQXVFULSW�GUDIWLQJ�DQG�UHYLVLRQ��
IXQGLQJ�DFTXLVLWLRQ��GDWD�DQDO\VLV�DQG�DFTXLVLWLRQ��SURMHFW�VXSHUYLVLRQ��$6��&RQFHSWLRQ�DQG�GHVLJQ��
PDQXVFULSW�GUDIWLQJ�DQG�UHYLVLRQ��IXQGLQJ�DFTXLVLWLRQ��GDWD�DQDO\VLV�DQG�DFTXLVLWLRQ��SURMHFW�VXSHUYLVLRQ��
�
)XQGLQJ�
7KLV�ZRUN�ZDV�IXQGHG�E\�WKH�*UDGXDWH�6WXGHQW�5HVHDUFK�$ZDUG�IURP�WKH�6RFLHW\�RI�6\VWHPDWLF�
%LRORJLVWV��WKH�7RZ�8QGHUJUDGXDWH�DQG�*UDGXDWH�,QWHUQDWLRQDO�5HVHDUFK�6WLSHQGV�IURP�7KH�&LW\�
8QLYHUVLW\�RI�1HZ�<RUN�%URRNO\Q�&ROOHJH��WKH�0D[ZHOO�+DQUDKDQ�$ZDUG�IURP�WKH�$PHULFDQ�0XVHXP�RI�
1DWXUDO�+LVWRU\��DQG�E\�WKH�1DWLRQDO�6FLHQFH�)RXQGDWLRQ��16)��$ZDUGV�>%\EHH�����������:DUH��
���������*XUDOQLFN�����������$EERWW�����������*HQHDORJ\�RI�2GRQDWD��*(2'(���'LVSHUVDO�DQG�FRORU�
DV�GULYHUV�RI�����PLOOLRQ�\HDUV�RI�JOREDO�GUDJRQIO\�HYROXWLRQ@��
�
&RQIOLFW�RI�,QWHUHVW�
7KH�DXWKRUV�GHFODUH�QR�FRQIOLFWV�RI�LQWHUHVW��
�
$FNQRZOHGJHPHQWV�
:H�ZRXOG�OLNH�WR�WKDQN�7KRPDV�%HDWW\�DQG�0DKHDODQL�.DORL�IRU�WKHLU�VXSSRUW�RI�WKLV�SURMHFW��:H�ZRXOG�
DOVR�OLNH�WR�DFNQRZOHGJH�'U��0LOHQ�0DULQRY�IRU�KLV�JHQHURVLW\�LQ�SURYLGLQJ�2GRQDWD�VSHFLPHQV��DV�ZHOO�
DV�WKH�'HSDUWPHQW�RI�(QWRPRORJ\�DW�WKH�6PLWKVRQLDQ�,QVWLWXWLRQ
V�1DWLRQDO�0XVHXP�RI�1DWXUDO�+LVWRU\��
)ORULGD�6WDWH�&ROOHFWLRQ�RI�$UWKURSRGV��DQG�$PHULFDQ�0XVHXP�RI�1DWXUDO�+LVWRU\�IRU�SURYLGLQJ�
VSHFLPHQV�XVHG�LQ�WKLV�DQDO\VLV��
�
�
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5HIHUHQFHV�
$QGUHVV��5����������'HVFULSWLRQ�RI�WKH�ODUYD�RI�3HWDOXUD�LQJHQWLVVLPD�7LOO\DUG��������$QLVRSWHUD��

3HWDOXULGDH���KWWS���DUFKLYH�RUJ�GHWDLOV�RGRQDWRORJLFD������������
$QRSKHOHV�JDPELDH������*HQRPHV�&RQVRUWLXP��'DWD�DQDO\VLV�JURXS��3DUWQHU�ZRUNLQJ�JURXS��6DPSOH�

FROOHFWLRQV²$QJROD���%XUNLQD�)DVR���&DPHURRQ���*DERQ���*XLQHD���*XLQHD�%LVVDX���.HQ\D���
8JDQGD���&URVVHV���6HTXHQFLQJ�DQG�GDWD�SURGXFWLRQ��:HE�DSSOLFDWLRQ�GHYHORSPHQW��	�3URMHFW�
FRRUGLQDWLRQ����������*HQHWLF�GLYHUVLW\�RI�WKH�$IULFDQ�PDODULD�YHFWRU�$QRSKHOHV�JDPELDH��1DWXUH��
�������������±�����KWWSV���GRL�RUJ���������QDWXUH������

$XWRQ��$���$EHFDVLV��*��5���$OWVKXOHU��'��0���'XUELQ��5��0���$EHFDVLV��*��5���%HQWOH\��'��5���&KDNUDYDUWL��
$���&ODUN��$��*���'RQQHOO\��3���(LFKOHU��(��(���)OLFHN��3���*DEULHO��6��%���*LEEV��5��$���*UHHQ��(��
'���+XUOHV��0��(���.QRSSHUV��%��0���.RUEHO��-��2���/DQGHU��(��6���/HH��&���«�1DWLRQDO�(\H�
,QVWLWXWH��1����������$�JOREDO�UHIHUHQFH�IRU�KXPDQ�JHQHWLF�YDULDWLRQ��1DWXUH���������������±����
KWWSV���GRL�RUJ���������QDWXUH������

%DUUHWR��(���5DQJHO��7��)���3HOOLVVLHU��/���	�*UDKDP��&��+����������$UHD��LVRODWLRQ�DQG�FOLPDWH�H[SODLQ�WKH�
GLYHUVLW\�RI�PDPPDOV�RQ�LVODQGV�ZRUOGZLGH��3URFHHGLQJV�RI�WKH�5R\DO�6RFLHW\�%��%LRORJLFDO�
6FLHQFHV�����������������������KWWSV���GRL�RUJ���������UVSE�����������
%HUFRYLFK��8���0��6��5DVPXVVHQ��=��/L��&��:LXI��DQG�$��$OEUHFKWVHQ��������0HDVXULQJ�OLQNDJH�
GLVHTXLOLEULXP�DQG�LPSURYHPHQW�RI�SUXQLQJ�DQG�FOXPSLQJ�LQ�VWUXFWXUHG�SRSXODWLRQV��*HQHWLFV�
����L\DI�����

%RRWK��7��+����������&KHFNLQJ�ELRFOLPDWLF�YDULDEOHV�WKDW�FRPELQH�WHPSHUDWXUH�DQG�SUHFLSLWDWLRQ�GDWD�
EHIRUH�WKHLU�XVH�LQ�VSHFLHV�GLVWULEXWLRQ�PRGHOV��$XVWUDO�(FRORJ\�������������±������
KWWSV���GRL�RUJ���������DHF�������
%RXFNDHUW��5���+HOHG��-���.�KQHUW��'���9DXJKDQ��7���:X��&��+���;LH��'���6XFKDUG��0��$���
5DPEDXW��$���	�'UXPPRQG��$��-����������%($67����$�6RIWZDUH�3ODWIRUP�IRU�%D\HVLDQ�
(YROXWLRQDU\�$QDO\VLV��3/26�&RPSXWDWLRQDO�%LRORJ\���������H���������
KWWSV���GRL�RUJ���������MRXUQDO�SFEL���������

%RXFNDHUW��5��5����������$Q�(IILFLHQW�&RDOHVFHQW�(SRFK�0RGHO�IRU�%D\HVLDQ�3K\ORJHQHWLF�,QIHUHQFH���
� 6\VWHPDWLF�%LRORJ\�������������±������KWWSV���GRL�RUJ���������V\VELR�V\DF����
%URZQ��-��/���+LOO��'��-���'RODQ��$��0���&DUQDYDO��$��&���	�+D\ZRRG��$��0����������3DOHR&OLP��KLJK�

VSDWLDO�UHVROXWLRQ�SDOHRFOLPDWH�VXUIDFHV�IRU�JOREDO�ODQG�DUHDV��6FLHQWLILF�'DWD��������$UWLFOH����
KWWSV���GRL�RUJ���������VGDWD����������

%XFNOH\��7��5���+RDUH��5��-��%���	�/HVFKHQ��5��$��%����������.H\�TXHVWLRQV�RQ�WKH�HYROXWLRQ�DQG�
ELRJHRJUDSK\�RI�1HZ�=HDODQG�DOSLQH�LQVHFWV��-RXUQDO�RI�WKH�5R\DO�6RFLHW\�RI�1HZ�=HDODQG���������
��±����KWWSV���GRL�RUJ�������������������������������
&DLUQV��-���,��5��&��%DLUG��)��-RKQVRQ��/��1REOH��DQG�:��*ODPRUH��������'HWHFWLQJௗ��1RYHO�H'1$�
0HWKRG�DQG�:DWHU�%DODQFH�0RGHOOLQJ�,QVLJKWV�(QDEOH�,PSURYHG�&DWFKPHQW�0DQDJHPHQW�DQG�
&RQVHUYDWLRQ�2XWFRPHV��(FRK\GURORJ\����H�������

&RQZD\��0���	�2OVHQ��%��-����������&RQWUDVWLQJ�GULYHUV�RI�GLYHUVLILFDWLRQ�UDWHV�RQ�LVODQGV�DQG�FRQWLQHQWV�
DFURVV�WKUHH�SDVVHULQH�IDPLOLHV��3URFHHGLQJV��%LRORJLFDO�6FLHQFHV�����������������������
KWWSV���GRL�RUJ���������UVSE�����������
&yUGRED�$JXLODU��$���%HDWW\��&��'���	�%ULHG��-��7����������,QWURGXFWLRQ�WR�'UDJRQIOLHV�DQG�
'DPVHOIOLHV��6HFRQG�(GLWLRQ��,Q�$��&RUGRED�$JXLODU��&��%HDWW\��	�-��%ULHG��(GV����'UDJRQIOLHV�
DQG�'DPVHOIOLHV��0RGHO�2UJDQLVPV�IRU�(FRORJLFDO�DQG�(YROXWLRQDU\�5HVHDUFK��S������2[IRUG�
8QLYHUVLW\�3UHVV��KWWSV���GRL�RUJ���������RVR������������������������

&RRSHU��$���DQG�5��$��&RRSHU��������7KH�2OLJRFHQH�ERWWOHQHFN�DQG�1HZ�=HDODQG�ELRWD��JHQHWLF�UHFRUG�RI��
� D�SDVW�HQYLURQPHQWDO�FULVLV��3URFHHGLQJV�RI�WKH�5R\DO�6RFLHW\�RI�/RQGRQ��6HULHV�%��%LRORJLFDO� �
� 6FLHQFHV��������±�����5R\DO�6RFLHW\��
'DQHFHN��3���%RQILHOG��-��.���/LGGOH��-���0DUVKDOO��-���2KDQ��9���3ROODUG��0��2���:KLWZKDP��$���.HDQH��7���
� �0F&DUWK\��6��$���'DYLHV��5��0���	�/L��+����������7ZHOYH�\HDUV�RI�6$0WRROV�DQG�%&)WRROV�� �
� *LJD6FLHQFH���������JLDE�����KWWSV���GRL�RUJ���������JLJDVFLHQFH�JLDE����
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'L�&ROD��9���%URHQQLPDQQ��2���3HWLWSLHUUH��%���%UHLQHU��)��7���'¶$PHQ��0���5DQGLQ��&���(QJOHU��5���3RWWLHU��
-���3LR��'���'XEXLV��$���3HOOLVVLHU��/���0DWHR��5��*���+RUGLMN��:���6DODPLQ��1���	�*XLVDQ��$��
��������HFRVSDW��$Q�5�SDFNDJH�WR�VXSSRUW�VSDWLDO�DQDO\VHV�DQG�PRGHOLQJ�RI�VSHFLHV�QLFKHV�DQG�
GLVWULEXWLRQV��(FRJUDSK\������������±�����KWWSV���GRL�RUJ���������HFRJ�������

'RXJODV��-���	�%RXFNDHUW��5����������4XDQWLWDWLYHO\�GHILQLQJ�VSHFLHV�ERXQGDULHV�ZLWK�PRUH�HIILFLHQF\�DQG�
PRUH�ELRORJLFDO�UHDOLVP��&RPPXQLFDWLRQV�%LRORJ\���������±����KWWSV���GRL�RUJ���������V������
����������]�

'UD\��6���	�'XIRXU��$��%����������7KH�DGH��3DFNDJH��,PSOHPHQWLQJ�WKH�'XDOLW\�'LDJUDP�IRU�(FRORJLVWV��
-RXUQDO�RI�6WDWLVWLFDO�6RIWZDUH�������±����KWWSV���GRL�RUJ����������MVV�Y����L���

'XUUDQW��5����������,QYHUWHEUDWH�-XVWLFH��([WHQGLQJ�7KH�%RXQGDULHV�RI�1RQ�6SHFLHVLVW�*UHHQ�
&ULPLQRORJ\��6SULQJHU�1DWXUH��

)LFN��6��(���	�+LMPDQV��5��-����������:RUOG&OLP����1HZ���NP�VSDWLDO�UHVROXWLRQ�FOLPDWH�VXUIDFHV�IRU�
JOREDO�ODQG�DUHDV��,QWHUQDWLRQDO�-RXUQDO�RI�&OLPDWRORJ\��������������±������
KWWSV���GRL�RUJ���������MRF������

)RQJ��+��0����������$�UHYLVLRQ�RI�WKH�JHQXV�0HFRGHPD�%ODQFKDUG�������&ROHRSWHUD��&DUDELGDH��VSHFLHV�
JURXSV�GXFDOH�DQG�ODWHUDOH�IURP�WKH�6RXWK�,VODQG��$RWHDURD�1HZ�=HDODQG�>7KHVLV��
5HVHDUFK6SDFH#$XFNODQG@��KWWSV���UHVHDUFKVSDFH�DXFNODQG�DF�Q]�KDQGOH������������

*%,)�RUJ����0D\�������*%,)�2FFXUUHQFH�'RZQORDG�KWWSV���GRL�RUJ����������GO�W���ZH�
*OHGLWVFK��-���%HKP��-���(OOHUV��-���-HVVH��:���	�+HOPXV��0����������&RQWHPSRUL]LQJ�LVODQG�ELRJHRJUDSK\�

WKHRU\�ZLWK�DQWKURSRJHQLF�GULYHUV�RI�VSHFLHV�ULFKQHVV��
KWWSV���GRL�RUJ����������DX��������������������Y��

*RRGPDQ��$���7ROPDQ��(���8FKH�'LNH��5���$EERWW��-���%UHLQKROW��-��:���%\EHH��6���)UDQGVHQ��3��%���
*RVQHOO��-��6���*XUDOQLFN��5���.DONPDQ��9��-���.RKOL��0���/RQWFKL��-��)���/XSL\DQLQJG\DK��3���
1HZWRQ��/���	�:DUH��-��/����������$VVHVVPHQW�RI�WDUJHWHG�HQULFKPHQW�ORFXV�FDSWXUH�DFURVV�WLPH�
DQG�PXVHXPV�XVLQJ�RGRQDWH�VSHFLPHQV��,QVHFW�6\VWHPDWLFV�DQG�'LYHUVLW\�����������
KWWSV���GRL�RUJ���������LVG�L[DG����

*RRGPDQ��$��0���%HDWW\��&��'���%�VVH��6���8EXNDWD��+���0L\D]DNL��7���%ODLU��0��(���	�:DUH��-��/����������
3DOHRHFRORJLFDO�QLFKH�PRGHOLQJ�RI�(SLRSKOHELD��(SLRSKOHELRSWHUD��(SLRSKOHELLGDH��UHYHDOV�
FRQWLQXRXV�GLVWULEXWLRQ�GXULQJ�WKH�/DVW�*ODFLDO�0D[LPXP��,QWHUQDWLRQDO�-RXUQDO�RI�2GRQDWRORJ\��
������±����KWWSV���GRL�RUJ����������������������������
*UDQGFRODV��3���5��1DWWLHU��DQG�6��7UHZLFN��������5HOLFW�VSHFLHV��D�UHOLFW�FRQFHSW"�7UHQGV�LQ�
(FRORJ\�	�(YROXWLRQ�������±�����

*UDQW��(��$����������%URQ]H�DV�D�QRQ�FXVWRPDU\�LQWHUYHQWLRQ�LQ�WKH�LQWHUSUHWDWLRQ�RI�LQVHFWV�IURP�WKH�
QDWXUDO�ZRUOG�RI�0ƗRUL��$Q�H[KLELWLRQ�UHSRUW�SUHVHQWHG�LQ�SDUWLDO�IXOILOPHQW�RI�WKH�UHTXLUHPHQWV�
IRU�WKH�GHJUHH�RI�'RFWRU�RI�3KLORVRSK\�LQ�)LQH�$UWV�DW�0DVVH\�8QLYHUVLW\��3DOPHUVWRQ�1RUWK��
$RWHDURD��1HZ�=HDODQG�>0DVVH\�8QLYHUVLW\@��KWWS���KGO�KDQGOH�QHW������������

+DUULV��&��5���0LOOPDQ��.��-���9DQ�'HU�:DOW��6��-���*RPPHUV��5���9LUWDQHQ��3���&RXUQDSHDX��'���:LHVHU��
(���7D\ORU��-���%HUJ��6���6PLWK��1��-���.HUQ��5���3LFXV��0���+R\HU��6���9DQ�.HUNZLMN��0��+���%UHWW��
0���+DOGDQH��$���'HO�5tR��-��)���:LHEH��0���3HWHUVRQ��3���«�2OLSKDQW��7��(����������$UUD\�
SURJUDPPLQJ�ZLWK�1XP3\��1DWXUH����������������±�����KWWSV���GRL�RUJ���������V����������
�������

+HDGV��0��-����������%LRJHRJUDSK\�DQG�HYROXWLRQ�LQ�1HZ�=HDODQG��&5&�SUHVV��7D\ORU�	�)UDQFLV�JURXS��
+LMPDQV�5���������UDVWHU��*HRJUDSKLF�'DWD�$QDO\VLV�DQG�0RGHOLQJ��5�SDFNDJH�YHUVLRQ���������

KWWSV���JLWKXE�FRP�UVSDWLDO�UDVWHU���
+ROOLVWHU��-���7��6KDK��-��1RZRVDG��$��/��5RELWDLOOH��0��:��%HFN��DQG�0��-RKQVRQ��������HOHYDWU��
$FFHVV�(OHYDWLRQ�'DWD�IURP�9DULRXV�$3,V��

-HQNLQV��7��/����������PDSPL[WXUH��$Q�5�SDFNDJH�DQG�ZHE�DSS�IRU�VSDWLDO�YLVXDOLVDWLRQ�RI�DGPL[WXUH�DQG�
SRSXODWLRQ�VWUXFWXUH��0ROHFXODU�(FRORJ\�5HVRXUFHV��H�������KWWSV���GRL�RUJ��������������
�����������
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-HVVHQ��7��'���1��&��%DQ��1��;��&OD[WRQ��DQG�&��7��'DULPRQW��������&RQWULEXWLRQV�RI�,QGLJHQRXV�
.QRZOHGJH�WR�HFRORJLFDO�DQG�HYROXWLRQDU\�XQGHUVWDQGLQJ��)URQWLHUV�LQ�(FRORJ\�DQG�WKH�
(QYLURQPHQW������±�����
-RQHV��/��$���:��*HDUW\��%��-��$OOHQ��.��(LFKHQVHHU��&��'��'HDQ��6��*DOYiQ��0��.RXYDUL��3��/��
*RGR\��&��6��&��1LFKROO��/��%XIIDQ��(��0��'LOORQ��-��7��)ODQQHU\�6XWKHUODQG��DQG�$��$��&KLDUHQ]D��
������SDODHRYHUVH��$�FRPPXQLW\�GULYHQ�5�SDFNDJH�WR�VXSSRUW�SDODHRELRORJLFDO�DQDO\VLV��0HWKRGV�
LQ�(FRORJ\�DQG�(YROXWLRQ��������±�����

.DUJHU��'��1���&RQUDG��2���%|KQHU��-���.DZRKO��7���.UHIW��+���6RULD�$X]D��5��:���=LPPHUPDQQ��1��(���
/LQGHU��+��3���	�.HVVOHU��0����������&OLPDWRORJLHV�DW�KLJK�UHVROXWLRQ�IRU�WKH�HDUWK¶V�ODQG�VXUIDFH�
DUHDV��6FLHQWLILF�'DWD��������$UWLFOH����KWWSV���GRL�RUJ���������VGDWD����������

.DUJHU��'��1���1RELV��0��3���1RUPDQG��6���*UDKDP��&��+���	�=LPPHUPDQQ��1��(����������&+(/6$�
7UD&(��N�±�KLJK�UHVROXWLRQ���	WKLQVS�NP��GRZQVFDOHG�WUDQVLHQW�WHPSHUDWXUH�DQG�SUHFLSLWDWLRQ�
GDWD�VLQFH�WKH�/DVW�*ODFLDO�0D[LPXP��&OLPDWH�RI�WKH�3DVW������������±�����
KWWSV���GRL�RUJ���������FS�������������

.DVV��-��0���0XVFDUHOOD��5���*DODQWH��3��-���%RKO��&��/���3LQLOOD�%XLWUDJR��*��(���%RULD��5��$���6ROH\�
*XDUGLD��0���	�$QGHUVRQ��5��3����������(10HYDO������5HGHVLJQHG�IRU�FXVWRPL]DEOH�DQG�
UHSURGXFLEOH�PRGHOLQJ�RI�VSHFLHV¶�QLFKHV�DQG�GLVWULEXWLRQV��0HWKRGV�LQ�(FRORJ\�DQG�(YROXWLRQ��
�����������±������KWWSV���GRL�RUJ�����������������;�������

.DVV��-��0���9LOHOD��%���$LHOOR�/DPPHQV��0��(���0XVFDUHOOD��5���0HURZ��&���	�$QGHUVRQ��5��3����������
:DOODFH��$�IOH[LEOH�SODWIRUP�IRU�UHSURGXFLEOH�PRGHOLQJ�RI�VSHFLHV�QLFKHV�DQG�GLVWULEXWLRQV�EXLOW�
IRU�FRPPXQLW\�H[SDQVLRQ��0HWKRGV�LQ�(FRORJ\�DQG�(YROXWLRQ������������±������
KWWSV���GRL�RUJ�����������������;�������

.HQQHG\��&��+����������7KH�PRUSKRORJ\�RI�WKH�SHQLV�LQ�WKH�JHQXV�/LEHOOXOD��2GRQDWD���(QWRPRORJ\�
1HZVOHWWHU��������±����

.RKOL��0���/HWVFK��+���*UHYH��&���%pWKRX[��2���'HUHJQDXFRXUW��,���/LX��6���=KRX��;���'RQDWK��$���0D\HU��
&���3RGVLDGORZVNL��/���*XQNHO��6���0DFKLGD��5���1LHKXLV��2���5XVW��-���:DSSOHU��7���<X��;���0LVRI��
%���	�:DUH��-����������(YROXWLRQDU\�KLVWRU\�DQG�GLYHUJHQFH�WLPHV�RI�2GRQDWD��GUDJRQIOLHV�DQG�
GDPVHOIOLHV��UHYHDOHG�WKURXJK�WUDQVFULSWRPLFV��L6FLHQFH������������������
KWWSV���GRL�RUJ���������M�LVFL�������������

.X]QHWVRYD��9��*���	�*ROXE��1��9����������$�FKHFNOLVW�RI�FKURPRVRPH�QXPEHUV�DQG�D�UHYLHZ�RI�
NDU\RW\SH�YDULDWLRQ�LQ�2GRQDWD�RI�WKH�ZRUOG��&RPSDUDWLYH�&\WRJHQHWLFV������������±�����
KWWSV���GRL�RUJ���������&RPS&\WRJHQ�Y��L��������

/��6��:ROIH����������$�VWXG\�RI�WKH�JHQXV�8URSHWDOD�6HO\V��2UGHU�2GRQDWD��IURP�1HZ�=HDODQG��
7UDQVDFWLRQV�RI�WKH�5R\DO�6RFLHW\�RI�1HZ�=HDODQG���������±�����

/HVFKHQ��5���&ROOLHU��.���'HDWK��5���+DUGLQJ��-���	�6PLWK��%����������6\VWHPDWLFV�H[SHUWLVH�DQG�WD[RQRPLF�
VWDWXV�RI�1HZ�=HDODQG¶V�IUHVKZDWHU�LQVHFWV��1HZ�=HDODQG�6FLHQFH�5HYLHZ������±������±����
KWWSV���GRL�RUJ����������Q]VU�Y��L���������

/HZLV��.��%���&DUWHU��/���	�'DYH\��)��-����������7KH�RSHQLQJ�RI�&RRN�6WUDLW��,QWHUJODFLDO�WLGDO�VFRXU�DQG�
DOLJQLQJ�EDVLQV�DW�D�VXEGXFWLRQ�WR�WUDQVIRUP�SODWH�HGJH��0DULQH�*HRORJ\�������������±�����
KWWSV���GRL�RUJ������������������������������

/L��%���'XDQ��<���'X��=���:DQJ��;���/LX��6���)HQJ��=���7LDQ��/���6RQJ��)���<DQJ��+���&DL��:���/LQ��=���	�/L��
+����������1DWXUDO�VHOHFWLRQ�DQG�JHQHWLF�GLYHUVLW\�PDLQWHQDQFH�LQ�D�SDUDVLWLF�ZDVS�GXULQJ�
FRQWLQXRXV�ELRORJLFDO�FRQWURO�DSSOLFDWLRQ��1DWXUH�&RPPXQLFDWLRQV���������������
KWWSV���GRL�RUJ���������V������������������

/L��+���	�'XUELQ��5����������)DVW�DQG�DFFXUDWH�VKRUW�UHDG�DOLJQPHQW�ZLWK�%XUURZV±:KHHOHU�WUDQVIRUP��
%LRLQIRUPDWLFV��������������±������KWWSV���GRL�RUJ���������ELRLQIRUPDWLFV�EWS����

/LX��6���	�+DQVHQ��0��0����������360&��SDLUZLVH�VHTXHQWLDOO\�0DUNRYLDQ�FRDOHVFHQW��DQDO\VLV�RI�5$'�
�UHVWULFWLRQ�VLWH�DVVRFLDWHG�'1$��VHTXHQFLQJ�GDWD��0ROHFXODU�(FRORJ\�5HVRXUFHV������������±�����
KWWSV���GRL�RUJ�������������������������
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/RER��-��0���-LPpQH]�9DOYHUGH��$���	�5HDO��5����������$8&��$�PLVOHDGLQJ�PHDVXUH�RI�WKH�SHUIRUPDQFH�
RI�SUHGLFWLYH�GLVWULEXWLRQ�PRGHOV��*OREDO�(FRORJ\�DQG�%LRJHRJUDSK\������������±�����
KWWSV���GRL�RUJ���������M����������������������[�

0DOLQVN\��0���0DWVFKLQHU��0���	�6YDUGDO��+����������'VXLWH²)DVW�'�VWDWLVWLFV�DQG�UHODWHG�DGPL[WXUH�
HYLGHQFH�IURP�9&)�ILOHV��0ROHFXODU�(FRORJ\�5HVRXUFHV������������±�����
KWWSV���GRL�RUJ�������������������������

0D\��0��/����������5HFRQVLGHUDWLRQ�RI�WKH�VWDWXV�RI�WKH�JHQHUD�3K\OORPDFURPLD�DQG�0DFURPLD�
�$QLVRSWHUD��&RUGXOLLGDH���2GRQDWRORJLFD������������±�����
0F&XOORFK��*��$���DQG�-��0��:DWHUV��������3K\ORJHQHWLF�GLYHUJHQFH�RI�LVODQG�ELRWDV��0ROHFXODU�
GDWHV��H[WLQFWLRQ��DQG�³UHOLFW´�OLQHDJHV��0ROHFXODU�(FRORJ\��������±������

0F.LQQH\��:����������'DWD�6WUXFWXUHV�IRU�6WDWLVWLFDO�&RPSXWLQJ�LQ�3\WKRQ����±���� � �
� �KWWSV���GRL�RUJ����������0DMRUD���EI�������D�
1DLPL��%����������XVGP��8QFHUWDLQW\�$QDO\VLV�IRU�6SHFLHV�'LVWULEXWLRQ�0RGHOV��9HUVLRQ��������>&RPSXWHU�

VRIWZDUH@��KWWSV���FUDQ�U�SURMHFW�RUJ�ZHE�SDFNDJHV�XVGP�LQGH[�KWPO�
1RVNRYD��(���$EUDPRY��1���,OLXWNLQ��6���6LGRULQ��$���'REU\QLQ��3���	�8O\DQWVHY��9����������*$'0$���

0RUH�HIILFLHQW�DQG�IOH[LEOH�GHPRJUDSKLF�LQIHUHQFH�IURP�JHQHWLF�GDWD��S����������������������
ELR5[LY��KWWSV���GRL�RUJ���������������������������

2NVDQHQ��-���6LPSVRQ��*��/���%ODQFKHW��)��*���.LQGW��5���/HJHQGUH��3���0LQFKLQ��3��5���2¶+DUD��5��%���
6RO\PRV��3���6WHYHQV��0��+��+���6]RHFV��(���:DJQHU��+���%DUERXU��0���%HGZDUG��0���%RONHU��%���
%RUFDUG��'���&DUYDOKR��*���&KLULFR��0���&DFHUHV��0��'���'XUDQG��6���«�:HHGRQ��-����������YHJDQ��
&RPPXQLW\�(FRORJ\�3DFNDJH��9HUVLRQ����������>&RPSXWHU�VRIWZDUH@��KWWSV���FUDQ�U�
SURMHFW�RUJ�ZHE�SDFNDJHV�YHJDQ�LQGH[�KWPO�

2¶1HLOO��6��%���&KDSSOH��'��*���'DXJKHUW\��&��+���	�5LWFKLH��3��$����������3K\ORJHRJUDSK\�RI�WZR�1HZ�
=HDODQG�OL]DUGV��0F&DQQ¶V�VNLQN��2OLJRVRPD�PDFFDQQL��DQG�WKH�EURZQ�VNLQN��2��]HODQGLFXP���
0ROHFXODU�3K\ORJHQHWLFV�DQG�(YROXWLRQ�������������±������
KWWSV���GRL�RUJ���������M�\PSHY�������������

3HWHUVRQ��$��7���	�/LHEHUPDQ��%��6����������6SHFLHV¶�*HRJUDSKLF�'LVWULEXWLRQV�7KURXJK�7LPH��3OD\LQJ�
&DWFK�XS�ZLWK�&KDQJLQJ�&OLPDWHV��(YROXWLRQ��(GXFDWLRQ�DQG�2XWUHDFK�����������±�����
KWWSV���GRL�RUJ���������V�����������������

3KLOOLSV��6��-���$QGHUVRQ��5��3���'XGtN��0���6FKDSLUH��5��(���	�%ODLU��0��(����������2SHQLQJ�WKH�EODFN�ER[��
$Q�RSHQ�VRXUFH�UHOHDVH�RI�0D[HQW��(FRJUDSK\������������±�����
KWWSV���GRL�RUJ���������HFRJ�������

3XUFHOO��6���1HDOH��%���7RGG�%URZQ��.���7KRPDV��/���)HUUHLUD��0��$��5���%HQGHU��'���0DOOHU��-���6NODU��3���
GH�%DNNHU��3��,��:���'DO\��0��-���	�6KDP��3��&����������3/,1.��$�7RRO�6HW�IRU�:KROH�*HQRPH�
$VVRFLDWLRQ�DQG�3RSXODWLRQ�%DVHG�/LQNDJH�$QDO\VHV��$PHULFDQ�-RXUQDO�RI�+XPDQ�*HQHWLFV��
����������±�����

5DGRVDYOMHYLF��$���	�$QGHUVRQ��5��3����������0DNLQJ�EHWWHU�0D[HQW�PRGHOV�RI�VSHFLHV�GLVWULEXWLRQV��
&RPSOH[LW\��RYHUILWWLQJ�DQG�HYDOXDWLRQ��-RXUQDO�RI�%LRJHRJUDSK\������������±�����
KWWSV���GRL�RUJ���������MEL�������

5DPEDXW��$���'UXPPRQG��$��-���;LH��'���%DHOH��*���	�6XFKDUG��0��$����������3RVWHULRU�6XPPDUL]DWLRQ�LQ�
%D\HVLDQ�3K\ORJHQHWLFV�8VLQJ�7UDFHU������6\VWHPDWLF�%LRORJ\������������±�����
KWWSV���GRL�RUJ���������V\VELR�V\\����
5HYHOO��/��-��������SK\WRROV��DQ�5�SDFNDJH�IRU�SK\ORJHQHWLF�FRPSDUDWLYH�ELRORJ\��DQG�RWKHU�
WKLQJV���0HWKRGV�LQ�(FRORJ\�DQG�(YROXWLRQ������±�����
5�&RUH�7HDP��������5��$�ODQJXDJH�DQG�HQYLURQPHQW�IRU�VWDWLVWLFDO�FRPSXWLQJ��5�)RXQGDWLRQ�IRU�
6WDWLVWLFDO�&RPSXWLQJ��9LHQQD��$XVWULD��

6FKRHQHU��7��:����������7KH�$QROLV�/L]DUGV�RI�%LPLQL��5HVRXUFH�3DUWLWLRQLQJ�LQ�D�&RPSOH[�)DXQD��
(FRORJ\������������±�����KWWSV���GRL�RUJ�����������������

6KHSKHUG��/���6LPRQ��&���/DQJWRQ�0\HUV��6���	�0RUJDQ�5LFKDUGV��0����������,QVLJKWV�LQWR�$RWHDURD�1HZ�
=HDODQG¶V�ELRJHRJUDSKLF�KLVWRU\�SURYLGHG�E\�WKH�VWXG\�RI�QDWXUDO�K\EULG�]RQHV��-RXUQDO�RI�WKH�
5R\DO�6RFLHW\�RI�1HZ�=HDODQG�����������±����KWWSV���GRL�RUJ�������������������������������
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6NRWWH��/���.RUQHOLXVVHQ��7��6���	�$OEUHFKWVHQ��$����������(VWLPDWLQJ�LQGLYLGXDO�DGPL[WXUH�SURSRUWLRQV�
IURP�QH[W�JHQHUDWLRQ�VHTXHQFLQJ�GDWD��*HQHWLFV�������������±�����
KWWSV���GRL�RUJ���������JHQHWLFV������������
6FRWHVH��&��5���DQG�1��0��:ULJKW��������3$/(20$3�3DOHRGLJLWDO�(OHYDWLRQ�0RGHOV�
�3DOHR'(06��IRU�WKH�3KDQHUR]RLF��=HQRGR��

6WHYHQV��0��,���	�+RJJ��,��'����������3RSXODWLRQ�JHQHWLF�VWUXFWXUH�RI�1HZ�=HDODQG¶V�HQGHPLF�FRURSKLLG�
DPSKLSRGV��(YLGHQFH�IRU�DOORSDWULF�VSHFLDWLRQ��%LRORJLFDO�-RXUQDO�RI�WKH�/LQQHDQ�6RFLHW\���������
���±�����KWWSV���GRL�RUJ���������M����������������������[�

6WROW]��0���%DHXPHU��%���%RXFNDHUW��5���)R[��&���+LVFRWW��*���	�%U\DQW��'����������%D\HVLDQ�,QIHUHQFH�RI�
6SHFLHV�7UHHV�XVLQJ�'LIIXVLRQ�0RGHOV��6\VWHPDWLF�%LRORJ\������������±�����
KWWSV���GRL�RUJ���������V\VELR�V\DD����

6XWKHUODQG��/��1���*��6��3RZHOO��DQG�6��0��%\EHH��������9DOLGDWLQJ�VSHFLHV�GLVWULEXWLRQ�PRGHOV�WR�
LOOXPLQDWH�FRDVWDO�ILUHIOLHV�LQ�WKH�6RXWK�3DFLILF��&ROHRSWHUD��/DPS\ULGDH���6FL��5HS�������������

6XYRURY��$���6FRUQDYDFFD��&���)XMLPRWR��0��6���%RGLO\��3���&OHPHQW��0���&UDQGDOO��.��$���:KLWLQJ��0��)���
6FKULGHU��'��5���	�%\EHH��6��0����������'HHS�$QFHVWUDO�,QWURJUHVVLRQ�6KDSHV�(YROXWLRQDU\�
+LVWRU\�RI�'UDJRQIOLHV�DQG�'DPVHOIOLHV��6\VWHPDWLF�%LRORJ\������������±�����
KWWSV���GRL�RUJ���������V\VELR�V\DE����

7D\ORU��5����������7H�,ND�D�0DXL��RU��1HZ�=HDODQG�DQG�LWV�LQKDELWDQWV��:LWK�WKH�JHRORJ\��QDWXUDO�KLVWRU\��
SURGXFWLRQV��DQG�FOLPDWH�RI�WKH�FRXQWU\��	F��9RO��������SS���±������
KWWSV���GRL�RUJ���������EKO�WLWOH��������

7D\ORU��5���ZLWK�6PLWKVRQLDQ�/LEUDULHV�����������7H�,ND�D�0ƗXL��RU��1HZ�=HDODQG�DQG�LWV�LQKDELWDQWV��
,OOXVWUDWLQJ�WKH�RULJLQ��PDQQHUV��FXVWRPV��P\WKRORJ\��UHOLJLRQ��ULWHV��VRQJV��SURYHUEV��IDEOHV�DQG�
ODQJXDJH�RI�WKH�0ƗRUL�DQG�3RO\QHVLDQ�UDFHV�LQ�JHQHUDOࣟ��WRJHWKHU�ZLWK�WKH�JHRORJ\��QDWXUDO�
KLVWRU\��SURGXFWLRQV��DQG�FOLPDWH�RI�WKH�FRXQWU\��/RQGRQௗ��:LOOLDP�0DFLQWRVKௗ��:DQJDQXL��1�=�ௗ��
+��,UHVRQ�-RQHV��KWWS���DUFKLYH�RUJ�GHWDLOV�WHLNDPDXLRUQHZ]H��WD\O�

7KRPDV��$���0HXGW��+��0���/DUFRPEH��0��-���,JHD��-���/HH��:��*���$QWRQHOOL��$���	�7DQHQW]DS��$��-��
��������0XOWLSOH�RULJLQV�RI�PRXQWDLQ�ELRGLYHUVLW\�LQ�1HZ�=HDODQG¶V�ODUJHVW�SODQW�UDGLDWLRQ��
-RXUQDO�RI�%LRJHRJUDSK\������������±�����KWWSV���GRL�RUJ���������MEL�������

7ROPDQ��(��5���%HDWW\��&��'���)UDQGVHQ��3��%���%XVK��-���%UXFKLP��2��5���'ULHYHU��(��6���+DUGLQJ��.��0���
-RUGDQ��'���.RKOL��0��.���3DUN��-���3DUN��6���5H\HV��.���5RVDUL��0���5\X��-��/���:DGH��9���	�:DUH��
-��/����������1HZO\�6HTXHQFHG�*HQRPHV�5HYHDO�3DWWHUQV�RI�*HQH�)DPLO\�([SDQVLRQ�LQ�VHOHFW�
'UDJRQIOLHV��2GRQDWD��$QLVRSWHUD���S����������������������ELR5[LY��
KWWSV���GRL�RUJ���������������������������

7ROPDQ��(��5���%HDWW\��&��'���.RKOL��0��.���$EERWW��-���%\EHH��6��0���)UDQGVHQ��3��%���6WHSKHQ�*RVQHOO��-���
*XUDOQLFN��5���.DONPDQ��9��-���1HZWRQ��/��*���6XYRURY��$���	�:DUH��-��/����������$�PROHFXODU�
SK\ORJHQ\�RI�WKH�3HWDOXULGDH��2GRQDWD��$QLVRSWHUD���$�����0LOOLRQ�<HDU�2OG�VWRU\�RI�GULIW�DQG�
H[WLQFWLRQ��0ROHFXODU�3K\ORJHQHWLFV�DQG�(YROXWLRQ���������������
KWWSV���GRL�RUJ���������M�\PSHY�������������

7UHZLFN��6��$���3LONLQJWRQ��6���6KHSKHUG��/��'���*LEE��*��&���	�0RUJDQ�5LFKDUGV��0����������&ORVLQJ�WKH�
JDS��$YLDQ�OLQHDJH�VSOLWV�DW�D�\RXQJ��QDUURZ�VHDZD\�LPSO\�D�SURWUDFWHG�KLVWRU\�RI�PL[HG�
SRSXODWLRQ�UHVSRQVH��0ROHFXODU�(FRORJ\��������������±������KWWSV���GRL�RUJ���������PHF�������

9HOR]��6��'����������6SDWLDOO\�DXWRFRUUHODWHG�VDPSOLQJ�IDOVHO\�LQIODWHV�PHDVXUHV�RI�DFFXUDF\�IRU�SUHVHQFH�
RQO\�QLFKH�PRGHOV��-RXUQDO�RI�%LRJHRJUDSK\��������������±������KWWSV���GRL�RUJ���������M������
����������������[�

:��-��:LQVWDQOH\����������$1�(0(5*(1&(�678'<�21�8523(7$/$�&$529(,�&$529(,�
�2'21$7$��3(7$/85,'$(��1($5�:(//,1*721��1(:�=($/$1'��:,7+�127(6�21�
7+(�%(+$9,285�2)�7+(�68%63(&,(6��7XDWDUD���������

:DOOLV��*��3���	�%XFNOH\��7��5����������(YROXWLRQDU\�ELRJHRJUDSK\�RI�$RWHDURD��-RXUQDO�RI�WKH�5R\DO�
6RFLHW\�RI�1HZ�=HDODQG����������±���KWWSV���GRL�RUJ�������������������������������
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:DUH��-��/����������02/(&8/$5�$1'�0253+2/2*,&$/�6<67(0$7,&6�2)�/,%(//8/2,'($�
�2'21$7$��$1,6237(5$��$1'�',&7<237(5$�>3K'�7KHVLV��5XWJHUV�8QLYHUVLW\@��
KWWSV���UXFRUH�OLEUDULHV�UXWJHUV�HGX�UXWJHUV�OLE�������3')���

:DUH��-��/���%HDWW\��&��'���+HUUHUD��0��6���9DOOH\��6���-RKQVRQ��-���.HUVW��&���0D\��0��/���	�7KHLVFKLQJHU��
*����������7KH�SHWDOWDLO�GUDJRQIOLHV��2GRQDWD��3HWDOXULGDH���0HVR]RLF�KDELWDW�VSHFLDOLVWV�WKDW�
VXUYLYH�WR�WKH�PRGHUQ�GD\��-RXUQDO�RI�%LRJHRJUDSK\�������������±������
KWWSV���GRL�RUJ���������MEL�������

:DUUHQ��'��/���	�6HLIHUW��6��1����������(FRORJLFDO�QLFKH�PRGHOLQJ�LQ�0D[HQW��7KH�LPSRUWDQFH�RI�PRGHO�
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7DEOH����5HIHUHQFH�WDEOH�RI�FRORQLDO�DQG�0mRUL�QDPHV�RI�ORFDOLWLHV�DQG�WD[D���

*HRJUDSKLF�ORFDOLWLHV�

0ƗRUL�QDPH� &RORQLDO�QDPH�

$RWHDURD�� 1HZ�=HDODQG�

7H�0RDQD�R�5DXNDZD� &RRN�6WUDLW�

7H�,ND�D�0ƗXL� 1RUWK�,VODQG�

7H�:DLSRXQDPX�� 6RXWK�,VODQG�

.Ɨ�7LULWLUL�R�WH�0RDQD� 6RXWKHUQ�$OSV�

3RSXODWLRQ�1DPHV�

0ƗRUL�QDPHV�XVHG�LQ�WKLV�ZRUN� 6FLHQWLILF�QDPH�DQG�ORFDOLW\�

.DSRNDSRZDL�1RUWK��.1�� 8URSHWDOD�FDURYHL��7H�,ND�D�0ƗXL��

.DSRNDSRZDL�6RXWK��.6�� 8URSHWDOD�FDURYHL��7H�:DLSRXQDPX��EHORZ�����
NP���

.DSRNDSRZDL�0RQWDQH��.0�� 8URSHWDOD�FKLOWRQL��.Ɨ�7LULWLUL�R�WH�0RDQD��
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RYHUODS�IURP�ERWK�LVODQGV��HQYLURQPHQWDO�VLPLODULW\��6FKRHQHU¶V�'���DQG�UHVXOWV�RI�VLPLODULW\�
WHVWV�IURP�RXU�(FR6SDW�DQDO\VHV��

6SHFLHV� 3&�� 3&�� 2YHUODS�
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8QLTXH�
1RUWK�
,VODQG�
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8QLTXH�
6RXWK�
,VODQG�
����

6FKRHQHU

V�'�

6LPLODULW
\�WHVW��S��
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� � � � � � � �
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