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Abstract (FRORJ\�DIIHFWV�HDFK�RI�WKH�WKUHH�SULQFLSDO�SURFHVVHV�OHDGLQJ�WR�VSHFLDWLRQ��JHQHWLF�GLIIHUHQWLDWLRQ�DPRQJ�SRSXODWLRQV�
ZLWKLQ�VSHFLHV��DFTXLVLWLRQ�RI�UHSURGXFWLYH�LVRODWLRQ�DPRQJ�SRSXODWLRQV��DQG�WKH�ULVH�RI�HFRORJLFDO�GLIIHUHQWLDWLRQ�DPRQJ�VXFK�
SRSXODWLRQV��DOORZLQJ�WKHP�WR�FRH[LVW��8QWLO�UHFHQWO\��KRZHYHU��WKH�WLHV�EHWZHHQ�HFRORJ\�DQG�VSHFLDWLRQ�LQ�SODQWV�KDYH�UHFHLYHG�
UHODWLYHO\�OLWWOH�DWWHQWLRQ��7KLV�SDSHU�UHYLHZV�VRPH�H[FLWLQJ�QHZ�LQVLJKWV�LQWR�WKH�UROH�RI�HFRORJ\�LQ�VSHFLDWLRQ��IRFXVLQJ�RQ�WKH�
DQJLRVSHUPV��,�FRQVLGHU�ILYH�PDLQ�WRSLFV��LQFOXGLQJ�����WKH�GHWHUPLQDQWV�RI�WKH�VSDWLDO�VFDOH�RI�JHQHWLF�GLIIHUHQWLDWLRQ�ZLWKLQ�VSH�
FLHV������WKH�UROH�DQG�OLPLWV�RI�DGDSWLYH�UDGLDWLRQ�LQ�LQFUHDVLQJ�QHW�UDWHV�RI�SODQW�GLYHUVLILFDWLRQ������WKH�SRWHQWLDO�UROH�RI�HFRORJLFDO�
VSHFLDWLRQ������WKH�FRQWULEXWLRQV�RI�K\EULGL]�D�WLRQ�WR�VSHFLDWLRQ��DGDSWLYH�UDGLDWLRQ��DQG�WKH�HFRORJLFDO�EUHDGWK�RI�FODGHV��DQG�����
WKH�HFRORJLFDO�GHWHUPL�QDQWV�RI�QHW�GLYHUVLILFDWLRQ�UDWH�IRU�LQGLYLGXDO�OLQHDJHV��DQG�RI�WKH�VSHFLHV�ULFKQHVV�IRU�UHJLRQDO�IORUDV��

/LPLWHG�GLVSHUVDO��HVSHFLDOO\�RI�VHHGV��IDYRUV�JHQHWLF�GLIIHUHQWLDWLRQ�DW�VPDOO�VSDWLDO�VFDOHV�DQG�LV�OLNHO\�WR�IRVWHU�UDSLG�VSH�
FLDWLRQ�DQG�QDUURZ�HQGHPLVP��0HWD�DQDO\VHV�VKRZ�WKDW�WKH�PLQLPXP�DUHD�UHTXLUHG�IRU�LQ�VLWX�VSHFLDWLRQ�RQ�LVODQGV�LQFUHDVHV�
ZLWK�WKH�VSDWLDO�VFDOH�RI�JHQH�IORZ�LQ�YDULRXV�RUJDQ�LVPV��,Q�DQJLRVSHUPV��IOHVK\�IUXLWV�GLVSHUVHG�E\�YHUWHEUDWHV�RIWHQ�LQFUHDVH�
WKH�GLVWDQFH�RYHU�ZKLFK�VHHGV�DUH�GLVSHUVHG��EXW�FDQ�GHFUHDVH�LW�LQ�IRUHVW�XQGHUVWRU�LHV��1XWULHQW�SRRU�VRLOV�VKRXOG�ZRUN�DJDLQVW�
WKH�HYROXWLRQ�RI�IOHVK\�IUXLWV�DQG�SURPRWH�VSHFLDWLRQ�DQG�QDUURZ�HQGHPLVP�

6HOHFWLRQ�IRU�DGDSWDWLRQ�WR�GLIIHUHQW�FRQGLWLRQV�GULYHV�DGDSWLYH�UDGLDWLRQ��WKH�ULVH�RI�D�GLYHUVLW\�RI�HFRORJLFDO�UROHV�DQG�
DWWHQGDQW�DGDSWDWLRQV�ZLWKLQ�D�OLQHDJH��2Q�LVODQGV��DGDSWLYH�UDGLDWLRQ�RIWHQ�OHDGV�WR�ZRRGLQHVV��PRQRFDUS\��GHYHORSPHQWDO�
KHWHURSK\OO\��DQG�VH[XDO�GLPRUSKLVP��DV�ZHOO�DV�GLIIHUHQFHV�LQ�KDELWDW��JURZWK�IRUP��DQG�IORUDO�PRUSKRORJ\��$GDSWLYH�UDGLD�
WLRQ�DSSHDUV�WR�DFFHO�HUDWH�VSHFLDWLRQ�LQ�RQO\�VRPH�SODQW�FODGHV��([WHQVLYH�UDGLDWLRQ�LQ�VRPH�OLQHDJHV�KDV�EHHQ�DVFULEHG�WR�HDUO\�
FRORQL]DWLRQ��ODUJH�DPRXQWV�RI�KHULWDEOH�JHQHWLF�YDUL�DWLRQ��³JHQHWLF�OLQHV�RI�OHDVW�UHVLVW�DQFH´�XSRQ�ZKLFK�VHOHFWLRQ�FRXOG�DFW��
DEVHQFH�RI�SRWHQWLDO�FRPSHWL�WRUV��DQG�SRVVHVVLRQ�RI�³NH\�LQQRYD�WLRQV´�WKDW�SURYLGH�DFFHVV�WR�QRYHO�UHVRXUFHV��7R�WKHVH�VKRXOG�
EH�DGGHG�ODUJH�LVODQG�DUHD��RUJDQ�LVPDO�DEXQGDQFH��VDWXUDWLRQ�RI�HFRORJLFDO�VSDFH��DQG�WKH�V\QHUJLVP�DFWLRQ�RI�OLPLWHG�GLVSHUVDO�
DQG�GLYHUJHQW�VHOHFWLRQ�SURGXFLQJ�SDUDOOHO�UDGLDWLRQV�LQ�LVRODWHG�UHJLRQV��'DWD�IRU�+DZDLLDQ�OREHOLDGV�VXJJHVW�WKDW�ZLWKLQ�LVODQG�
VSHFLHV�ULFKQHVV�RI�&\DQHD²LQYROYLQJ�GLYHUJ�HQFH�LQ�HOHYDWLRQ�DQG�IORZHU�WXEH�OHQJWK²VDWXUDWHV�ZLWKLQ�����DQG�����0D�

$GDSWLYH�UDGLDWLRQ�LQ�SROOLQDWRUV�LV�DQ�LPSRUWDQW�PHFKDQLVP�RI�HFRORJLFDO�VSHFLDWLRQ��DGDSWDWLRQ�WR�GLIIHUHQW�SROOLQDWRUV�
OHDGV�WR�SROOLQDWRU�SDUWLWLRQLQJ�DQG�UHSURGXFWLYH�LVRODWLRQ��6HOHFWLRQ�IRU�ORQJHU�QHFWDU�VSXUV�DQG�SROOLQDWRU�PRXWK�SDUWV�OHG�WR�
LQFUHDVHG�VSHFLDWLRQ�LQ�$TXLOHJLD�DQG�RWKHU�JURXSV��$�VLPLODU�SURFHVV�PD\�ZRUN�RQFH�WXEX�ODU�IORZHUV�HYROYH�IURP�FXS�VKDSHG�
EORVVRPV��6HOHFWLRQ�IRU�IORUDO�GLYHUJHQFH�PD\�EH�OLPLWHG�LQ�IRUHVW�XQGHUVWRULHV�LOOXPLQDWHG�E\�GLP��JUHHQLVK�OLJKW��ZKLFK�PD\�
DFFRXQW�IRU�WKH�SUHGRPLQ�DQFH�RI�VPDOO��YLVXDOO\�LQFRQVSLFXRXV�IORZHUV�LQ�WHPSHUDWH�DQG�WURSLFDO�XQGHUVWRU\�VSHFLHV�

+\EULGL]DWLRQ�FDQ�VWLPXODWH�VSHFLDWLRQ�E\�IRUPLQJ�WUDQV�JUHVV�LYH�SKHQRW\SHV�WKDW�H[FHHG�WKH�UDQJH�VHHQ�LQ�SDUHQWDO�WD[D��
DQG�E\�LQWURJUHVVLQJ�DGDSWLYH�JHQH�FRPEL�QDWLRQV��7KH�OLNHOLKRRG�RI�WUDQVJUHVVLYH�SKHQRW\SHV�LQFUHDVHV�ZLWK�WKH�JHQHWLF�GLYHU�
JHQFH�EHWZHHQ�SDUHQWDO�WD[D��VR�VSHFLDWLRQ�YLD�WUDQVJUHVVLYH�K\EULGL]DWLRQ�PD\�EH�PRVW�OLNHO\�DPRQJ�WD[D�ZLWK�LQWHU�PHG�LDWH�
DPRXQWV�RI�GLYHUJHQFH��6HYHUDO�ODUJH�DGDSWLYH�UDGLDWLRQV�DSSHDU�WR�KDYH�RFFXUUHG�DIWHU�K\EULGL]DWLRQ��VXJJHVWLQJ�D�VSHFLDO�UROH�
IRU�WKH�H[WHQVLYH�DPRXQW�RI�JHQHWLF�YDULDWLRQ�WKDW�FDQ�EH�VXSSOLHG�DQG�UHIUHVKHG�E\�V\QJDPHRQV�

5DWHV�RI�QHW�VSHFLHV�GLYHUVLILFDWLRQ�DUH�JUHDWHU�LQ�KHUEV��HVSHFLDOO\�DQQXDOV��YV��ZRRG\�SODQWV��LQ�DQLPDO��YV��ZLQG�SROOLQDWHG�
VSHFLHV��LQ�SODQWV�ZLWK�SRRUO\�GLVSHUVHG�VHHGV��LQ�IDPLOLHV�ZLWK�D�JUHDWHU�GLYHUVLW\�RI�JURZWK�IRUPV��SROOLQDWLRQ�DQG�VHHG�GLVSHU�
VDO�PHFKDQLVPV��DQG�VSHFLHV�GLVWULEXWLRQV��LQ�IDPLOLHV�DW�ORZHU�ODWLWXGHV��LQ�IDPLOLHV�ZLWK�KLJKHU�UDWHV�RI�JHQHWLF�HYROXWLRQ��LQ�
KHUPDSKURGLWLF�RU�PRQRHFLRXV�YV��GLRHFLRXV�FODGHV��LQ�HDUOLHU�PDWXULQJ�ZRRG\�SODQWV��LQ�SODQWV�ZLWK�ELODWHUDO�YV��UDGLDO�IORZHUV��
LQ�SODQWV�ZLWK�KXPPLQJELUG�SROOLQDWHG�IORZHUV��LQ�HSLSK\WLF�YV��WHUUHVWULDO�EURPHOLDGV�DQG�RUFKLGV��LQ�EURPHOLDGV�GLIIHUHQWLDWLQJ�
DORQJ�JHRJUDSKLFDOO\�H[WHQVLYH�FRUGLOOHUDV��DQG�LQ�\RXQJ�YV��ROG�FODGHV��(YLGHQFH�IRU�WKH�ODVW�SDWWHUQ�PD\��KRZHYHU��EH�DQ�DUWLIDFW�
RI��DXWR�UHJUHVVLQJ��OQ�1����W�YV��W��+LJK�UDWHV�RI�GLYHUVLILFDWLRQ�LQ�HSLSK\WLF�RUFKLGV�DUH�WLHG�WR�VPDOO�HIIHFWLYH�SRSXODWLRQ�VL]HV��
VXJJHVWLQJ�D�UROH�IRU�LQWHUPLWWHQW�JHQHWLF�GULIW�DOWHUQDWLQJ�ZLWK�VWURQJ�VHOHFWLRQ�RQ�IORUDO�WUDLWV��$FURVV�DQJLRVSHUPV��D�PDVVLYH�
LQFUHDVH�LQ�GLYHUVLILFDWLRQ�UDWHV�ZDV�SUHFHGHG�E\�D�PDMRU�LQFUHDVH�LQ�OHDI�YHLQ�GHQVLW\�DQG�K\GUDXOLF�FRQGXFWDQFH�EHWZHHQ�
����DQG�����0D�DJR��OHDGLQJ�WR�KLJKHU�SKRWRV\QWKHWLF�UDWHV�WKDQ�FRH[LVWLQJ�IHUQV�DQG�J\PQRVSHUPV��%DVHG�RQ�WKH�HFRQRPLF�
WKHRU\�RI�SODQW�GHIHQVH��WKLV�VKRXOG�KDYH�OHG�WR�ORZHU�DOORFDWLRQ�WR�DQWL�KHUELYRUH�GHIHQVHV��VHOHFWLQJ�IRU�ORZ�FRVW�TXDOLWDWLYH�
WR[LQV�UDWKHU�WKDQ�DOO�SXUSRVH�EXW�KLJKO\�H[SHQVLYH�TXDOLWDWLYH�GHIHQVHV��WULJJHULQJ�DQ�DUPV¶�UDFH�EHWZHHQ�DQJLRVSHUP�DQG�WKHLU�
KHUELYRUHV��)LQDOO\��UHJLRQDO�SODQW�VSHFLHV�ULFKQHVV�LQFUHDVHV�ZLWK�UHJLRQDO�DUHD�DQG�SUR[LHV�IRU�ODWLWXGH��UDLQIDOO��WRSR�JUDSKLF�
KHWHURJHQHLW\��DQG�YHJHWDWLRQ�VWUDWLILFDWLRQ��7KH�&DSH�)ORULVWLF�3URYLQFH�KDV�URXJKO\�WZLFH�DV�PDQ\�VSHFLHV�DV�H[SHFWHG�IURP�
LWV�DUHD�DQG�HQYLURQPHQWDO�FRQGLWLRQV��PRVW�OLNHO\�UHIOHFWLQJ�WKH�SUHGRPL�Q�DQFH�RI�VKRUW�GLVWDQFH�GLVSHUVDO�DVVRFLDWHG�ZLWK�SRRU�
VRLOV�DQG�P\UPHFRFKRU\�LQ�WKH�&DSH�3URYLQFH��DV�ZHOO�DV�ORZ�UDWHV�RI�UHJHQHUDWLRQ�DQG�FRPSHWLWLYH�H[FOXVLRQ�IROORZLQJ�ILUH�

Keywords DGDSWLYH�UDGLDWLRQ��GLYHUVLW\��JHQHWLF�VWUXFWXUH��VHHG�GLVSHUVDO��WUDQVJUHVVLYH�K\EULGL]DWLRQ
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INTRODUCTION

6SHFLDWLRQ�LQYROYHV�WKUHH�SURFHVVHV������WKH�LQLWLDO�RULJLQ�
RI�JHQHWLF�GLIIHUHQWLDWLRQ�DPRQJ�SRSXODWLRQV�ZLWKLQ�H[LVWLQJ�
VSHFLHV������WKH�HYROXWLRQ�RI�UHSURGXFWLYH�LVRODWLRQ²WKDW�LV��WKH�
ULVH�RI�SUH]\JRWLF�DQG�SRVW]\JRWLF�EDUULHUV�WR�PDWLQJ�EHWZHHQ�
SRSXODWLRQV��OHDGLQJ�XOWLPDWHO\�WR�VSHFLHV�IRUPDWLRQ��DQG�����
WKH�HYROXWLRQ�RI�HFRORJLFDO�GLYHUJHQFH��HFRORJLFDO�LVRODWLRQ�
VHQVX�/DFN�������²WKDW�LV��WKH�JHQHVLV�RI�HFRORJLFDO�GLIIHUHQFHV�
EHWZHHQ�FORVHO\�UHODWHG�SRSXOD�WLRQV�DQG�VSHFLHV�WKDW�DOORZ�WKHP�
WR�FRH[LVW��SHUPLWWLQJ�ORQJ�WHUP�SHUVLVWHQFH�RI�DGGLWLRQDO�QHZ�
VSHFLHV��+LVWRULFDOO\��D�JUHDW�GHDO�RI�HPSKDVLV�KDV�EHHQ�SODFHG�
RQ�WKH�ILUVW�WZR�SURFHVVHV��LQYROY�LQJ�SULPDULO\�JHQHWLFV�DQG�
WKH�UROHV�RI�GLVSHUVDO��SRSXODWLRQ�VL]H��EUHHGLQJ�V\VWHP��SORLG\��
K\EULGL]DWLRQ��DQG�HQYLURQ�PHQWDO�EDUULHUV�WR�JHQH�IORZ�LQ�JHQ�
HUDWLQJ�JHQHWLF�GLIIHUHQFHV�DPRQJ�SRSXOD�WLRQV�DQG�LQFLSLHQW�
PDWLQJ�EDUULHUV��'RE]KDQVN\��������������0D\U��������������
������6WHEELQV��������������9��*UDQW��������������/HYLQ��������
'�(��6ROWLV�	�DO���������3�6��6ROWLV�	�6ROWLV���������,Q�FRQWUDVW��
UHODWLYHO\�OLWWOH�RI�WKH�FODVVLF�OLWHUDWXUH�RQ�VSHFLDWLRQ��HVSHFLDOO\�
IRU�SODQWV��IRFXVHG�RQ�WKH�UROH�RI�HFRORJ\��(FRORJLFDO�LQWHUDF�
WLRQV�DQG�HIIHFWV�RQ�VSHFLDWLRQ��IRU�H[DPSOH��RFFXS\�QR�PRUH�
WKDQ�D�IHZ�SDJHV�LQ�9HUQH�*UDQW¶V��������������RWKHUZLVH�PDJ�
LVWHULDO�WUHDWPHQWV�RI�SODQW�VSHFLDWLRQ�

<HW�WKH�DOO�SHUYDVLYH�LQIOXHQFH�RI�HFRORJ\�RQ�VSHFLDWLRQ�
KDV�ORQJ�EHHQ�UHFRJQL]HG��0D\U��������DVVHUWHG�WKDW�LVRODWHG�
SRSXODWLRQV�ZLWKLQ�VSHFLHV�GLYHUJHG�SULPDULO\�DV�D�UHVXOW�RI�VH�
OHFWLRQ�LPSRVHG�E\�GLIIHUHQFHV�LQ�WKH�HQYLURQPHQW�RI�VXFK�SRS�
XODWLRQV��0D\U��������ODWHU�VWDWHG�³WKHUH�LV�KDUGO\�DQ�HFRORJLFDO�
IDFWRU�WKDW�GRHV�QRW�DIIHFWLRQ�VSHFLDWLRQ�GLUHFWO\�RU�LQGLUHFWO\��
DFWXDOO\�RU�SRWHQWLDOO\�́ �9HUQH�*UDQW�	�*UDQW��������SUHVHQWHG�
D�SLRQHHULQJ�VWXG\�RI�DGDSWLYH�UDGLDWLRQ�LQ�IORUDO�IRUP�DQG�DV�
VRFLDWHG�SROOLQDWRUV�LQ�WKH�SKOR[�IDPLO\��3ROHPRQLDFHDH��DQG�
LQIHUUHG�WKDW�LW�ZDV�D�NH\�IRUFH�GULYLQJ�WKH�GLYHUJHQFH�RI�SODQW�
VSHFLHV�DQG�JHQHUD�LQ�WKDW�JURXS�DQG�SRVVLEO\�PDQ\�RWKHUV��
&DUOTXLVW��������������DUJXHG�WKDW�DGDSWLYH�UDGLD�WLRQ��GULYHQ�
E\�VHOHFWLRQ�WR�DYRLG�FRPSHWLWLRQ��ZDV�D�SULPDU\�GULYHU�RI�SODQW�
VSHFLDWLRQ�RQ�LVODQGV��6WHEELQV��������PDGH�D�VLPLODU�DUJXPHQW�
IRU�DGDSWLYH�UDGLDWLRQ�KHOSLQJ�H[SODLQ�WKH�GLYHUVL�IL�FDWLRQ�RI�
DQJLRVSHUPV�ZRUOGZLGH�DW�WKH�JHQXV�DQG�IDPLO\�OHYHO��0RVW�
UHFHQWO\��6REHO�	�DO���������FRQFOXGHG�WKDW�HVVHQWLDOO\�DOO�PHFK�
DQLVPV�RI�VSHFLDWLRQ²HYHQ�YLD�SRO\SORLG\²DUH�HFRORJLFDO�LQ�
QDWXUH��DQG�GRZQ�SOD\HG�DQ\�VSHFLDO�VLJQLILFDQFH�IRU�6FKOXWHU¶V�
�����D��SURSRVHG�PHFKDQLVP�RI�HFRORJLFDO�VSHFLDWLRQ�

$OWKRXJK�WKH�LPSRUWDQFH�RI�HFRORJ\�IRU�VSHFLDWLRQ�KDV�
EHHQ�DFNQRZOHGJHG�IRU�PDQ\�GHFDGHV²DUJXDEO\��HYHU�VLQFH�
'DUZLQ�������²LW�LV�RQO\�LQ�WKH�ODVW�WZR�GHFDGHV�WKDW�D�GHFLGHG�
HPSKDVLV�KDV�EHHQ�SODFHG�RQ�WKH�HFRORJ\�RI�VSHFLDWLRQ�LQ�SODQWV��
2QO\�UHFHQWO\�KDYH�HYROXWLRQDU\�ELRORJLVWV�EHJXQ�WR�H[SORUH�
LQ�GHWDLO�WKH�VSHFLILF�HIIHFWV�RI�GLIIHUHQFHV�LQ�HFRORJ\�RQ�SODQW�
VSHFLDWLRQ��DQG�WR�PDNH�VSHFLILF�SUHGLFDWLRQV�DV�WR�KRZ�HFR�
ORJLFDO�GLIIHUHQFHV�PLJKW�DIIHFW�VSHFLDWLRQ�DQG�GLYHUVLILFDWLRQ�

+HUH�,�UHYLHZ�D�IHZ�RI�WKH�PRVW�H[FLWLQJ�DGYDQFHV�LQ�RXU�
XQGHU�VWDQGLQJ�RI�WKH�UHODWLRQVKLS�RI�HFRORJ\�WR�VSHFLDWLRQ�LQ�
DQJLRVSHUPV��IRFXVLQJ�RQ�ILYH�SULQFLSDO�LVVXHV�

���� +RZ�GR�GLIIHUHQW�PHFKDQLVPV�RI�SROOLQDWLRQ�DQG�VHHG�
GLVSHUVDO�DIIHFW�VSDWLDO�SDWWHUQV�RI�JHQHWLF�GLIIHUHQWLDWLRQ�ZLWKLQ�

VSHFLHV��DQG�ZKDW�PLJKW�EH�WKH�LPSOLFDWLRQV�RI�VXFK�GLIIHUHQWLD�
WLRQ�IRU�VSHFLDWLRQ"

���� :KDW�DUH�WKH�SULPDU\�SDWWHUQV�RI�DGDSWLYH�UDGLDWLRQ�LQ�
SODQWV"�7R�ZKDW�H[WHQW�LV�DGDSWLYH�UDGLDWLRQ�UHODWHG�WR�LQFUHDVHG�
UDWHV�RI�SODQW�GLYHUVLILFDWLRQ"�:K\�GR�VRPH�OLQHDJHV�XQGHUJR�
H[WHQVLYH�UDGLDWLRQ�DQG�RWKHUV�KDUGO\�DQ\"�+RZ�FDQ�OLPLWHG�
GLVSHUVDO�DQG�DGDSWLYH�UDGLDWLRQ�LQWHUDFW�V\QHUJLVWLFDOO\"�,V�
WKHUH�HYLGHQFH�WKDW�DGDSWLYH�UDGLDWLRQ�VDWXUDWHV"

���� :KDW� LV� WKH�SRWHQWLDO� UROH�RI�HFRORJLFDO�VSHFLDWLRQ��
LQ�SODQWV"

���� +RZ�FDQ�K\EULGL]DWLRQ�FRQWULEXWH�WR�VSHFLDWLRQ�DQG�
H[WHQG�WKH�HFRORJLFDO�UDQJH�RI�D�OLQHDJH��QRW�PHUHO\�KRZ�ILQHO\�
WKDW�UDQJH�LV�SDUWLWLRQHG"�

���� :KDW�DUH�WKH�SULQFLSDO�HFRORJLFDO�GHWHUPLQDQWV�RI�QHW�
GLYHUVLILFDWLRQ�UDWHV�DQG�RYHUDOO�VSHFLHV�ULFKQHVV�LQ�SODQWV"

1. GENETIC DIFFERENTIATION WITHIN 
SPECIES AS A FUNCTION OF POLLINATION 
AND SEED DISPERSAL

*HQHWLF�GLYHUJHQFH�RI�SRSXODWLRQV��HFRW\SLF�YDULDQWV��DQG�
JHRJUDSKLF�UDFHV�ZLWKLQ�LQGLYLGXDO�VSHFLHV�KDV�WUDGLWLRQDOO\�
EHHQ�YLHZHG�DV�DQ�LPSRUWDQW�LQLWLDO�VWHS�WRZDUG�VSHFLDWLRQ�LQ�
SODQWV��7XUHVVRQ��������&ODXVHQ�	�DO���������6WHEELQV��������
&ODXVHQ��������9��*UDQW��������������������/HYLQ���������6XFK�
GLYHUJHQFH�LV�FULWLFDO�WR�WKH�SURFHVV�RI�DOORSDWULF�VSHFLDWLRQ��
GLIIHUHQFHV�FDQ�DFFXPXODWH��YLD�VHOHFWLRQ�RU�GULIW�LQ�WKH�DEVHQFH�
RI�JHQH�IORZ��EHWZHHQ�LVRODWHG�VHWV�RI�SRSXODWLRQV�GHULYHG�IURP�
D�VLQJOH�DQFHVWUDO�VSHFLHV��DQG�GHYHORSPHQWDO�LQFRPSDWLELO�
LWLHV�EHWZHHQ�JHQHV�DQG�JHQHWLF�EDFNJURXQGV�IURP�VXIILFLHQWO\�
GLYHUJHQW�SDUHQWV�FDQ�SURYLGH�D�SDUWLDO�EDUULHU�WR�LQWHUPDWLQJ�
ZKHQ�SRSXOD�WLRQV�FRPH�EDFN�LQWR�FRQWDFW��'RE]KDQVN\��������
0D\U���������6XFK�SDUWLDO�EDUULHUV��ZKHWKHU�SUH��RU�SRVW�PDWLQJ��
VKRXOG�VHOHFW�IRU�UHLQIRUFHPHQW²WKDW�LV��IRU�JUHDWHU�SUH�PDWLQJ�
EDUULHUV�� VR� WKDW� LQGLYLGXDOV�GR�QRW� UHGXFH� WKHLU� ILWQHVV�E\�
PDWLQJ�ZLWK�PHPEHUV�RI�SDUWO\�LQFRP�SDW�LEOH�SRSXODWLRQV��,Q�
WLPH��VHOHFWLRQ�IRU�UHLQIRUFHPHQW�PD\�SHUIHFW�WKH�PDWLQJ�EDU�
ULHUV�EHWZHHQ�GLYHUJHQW�SRSXODWLRQV��FRPSOHWLQJ�WKH�SURFHVV�
RI�VSHFLDWLRQ��$OWHUQDWLYHO\��VXFK�SRVW�FRQWDFW�VHOHFWLRQ�PD\�
EH�VZDPSHG�E\�JHQH�IORZ�EHWZHHQ�K\EULGL]LQJ�SRSXODWLRQV��
OHDGLQJ�LQVWHDG�WR�D�K\EULG�FRPSOH[�RU�KRPRJHQL]D�WLRQ�RI�WKH�
LQLWLDOO\�LVRODWHG�SRSXODWLRQV��/LRX�	�3ULFH��������7XUHOOL�	�
DO����������&R\QH�	�2UU��������HOHJDQWO\�VXSSRUWHG�WKH�DOOR�
SDWULF�PRGHO�RI�VSHFLDWLRQ�E\�VKRZLQJ�WKDW�ERWK�SUH��DQG�SRVW�
PDWLQJ�EDUULHUV�LQFUHDVH�ZLWK�JHQHWLF�GLVWDQFH�DPRQJ�VSHFLHV�
DQG�SRSXODWLRQV�RI�'URVRSKLOD��DQG�WKDW�SUH�PDWLQJ�EDUULHUV�
HYROYH�PRUH�UDSLGO\�EHWZHHQ�V\PSDWULF�WD[D��7KHVH�SDWWHUQV�
UHFXU�LQ�VHYHUDO�RWKHU�DQLPDO�JURXSV��&R\QH�	�2UU���������
DQG�UHLQIRUFH�PHQW�LQ�V\PSDWULF�SODQW�VSHFLHV�KDV�EHHQ�GHP�
RQVWUDWHG�IRU�*LOLD��9��*UDQW���������3KOR[��/HYLQ�	�.HUVWHU��
�������DQG�&RVWXV��.D\�	�6FKHPVNH��������

5HGXFWLRQ�LQ�JHQH�IORZ�EHWZHHQ�SRSXODWLRQV�LV�FULWLFDO�IRU�
DOO�PRGHOV�RI�VSHFLDWLRQ��LQFOXGLQJ�QRW�RQO\�DOORSDWULF�VSHFLD�
WLRQ��EXW�DOVR�SDUDSDWULF�DQG�V\PSDWULF�VSHFLDWLRQ��/LRX�	�
3ULFH��������'LHFNPDQQ�	�'RHEHOL��������'RHEHOL�	�'LHFN�
PDQQ��������+HLQ]�	�DO����������UXQDZD\�VH[XDO�VHOHFWLRQ�
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�'D\���������SRO\SORLG\�FKURPRVRPDO�HYROXWLRQ��5DPVD\�
	�6FKHPVNH��������������5LHVHEHUJ��������1DYDUUR�	�%DU�
WRQ���������VHOHFWLRQ�IRU�DVVRUWDWLYH�PDWLQJ��6�'��-RKQVRQ�	�
DO����������DQG�HFRORJLFDO�VSHFLDWLRQ��6FKOXWHU��������5XQGOH�
	�1RVLO��������3HFFRXG�	�6LPRQ���������5HGXFHG�JHQH�IORZ�
VKRXOG�PDNH�VSHFLDWLRQ�PRUH�OLNHO\��MXVW�DV�LW�PDNHV�JHQHWLF�
GLIIHUHQWLDWLRQ�DORQJ�VSDWLDO�JUDGLHQWV�PRUH�OLNHO\��6ODWNLQ��
������������(QGOHU��������'RHEHOL�	�'LHFNPDQQ���������$O�
WKRXJK�FXUUHQW�DQG�KLVWRULF�SDWWHUQV�RI�JHQH�IORZ�DUH�GLIIL�FXOW�
WR�VHSDUDWH��ERWK�DUH�UHIOHFWHG�LQ�SUHVHQW�GD\�SDWWHUQV�RI�JHQHWLF�
VWUXFWXUH�ZLWKLQ�SRSXODWLRQV�

5HVHDUFK�RYHU�WKH�SDVW�IHZ�GHFDGHV�KDV�FDVW�FRQVLGHUDEOH�
OLJKW�RQ�WKH�DPRXQW�RI�JHQHWLF�YDULDWLRQ�ZLWKLQ�DQG�DPRQJ�
SRSXODWLRQV�RI�LQGLYLGXDO�SODQW�VSHFLHV��WKH�VSDWLDO�VFDOHV�RYHU�
ZKLFK�JHQHWLF�GLIIHUHQWLDWLRQ�RFFXUV��DQG�WKH�ELRORJLFDO�HFR�
ORJLFDO�FRUUHODWHV�RI�VXFK�GLIIHUHQWLDWLRQ��([WHQVLYH�UHYLHZV�
RI� DOOR]\PH�GLYHUVLW\� E\�/RYHOHVV�	�+DPULFN� ������� DQG�
+DPULFN�	�*RGW��������������VKRZHG�WKDW�WKHVH�FRGRPLQDQW�
PDUNHUV� VKRZHG� UHODWLYHO\�PRUH�GLIIHUHQWLDWLRQ�DPRQJ�YV��
ZLWKLQ�SRSXODWLRQV��L�H���KDG�KLJKHU�YDOXHV�RI�*67��LQ�VHOIHUV�
YV��RXWFURVVHUV��LQ�KHUPDSKURGLWLF�YV��PRQRHFLRXV�RU�GLRHFLRXV�
VSHFLHV��LQ�VH[XDO�YV��DVH[XDO�WD[D��LQ�JUDYLW\���DQLPDO���DQG�
H[SORVLYH�GHKLVFHQFH�GLVSHUVHG�YV��ZLQG�GLVSHUVHG�WD[D�� LQ�
VKRUW��YV��WDOO�VWDWXUHG�SODQWV��DQG�LQ�ZLGHVSUHDG�YV��QDUURZO\�
GLVWULEXWHG�VSHFLHV��+DPULFN�	�*RGW��������IRXQG�VLJQLIL�
FDQWO\�KLJKHU�YDOXHV�RI�*67�LQ�VSHFLHV�ZLWK�LQJHVWHG�IOHVK\�
IUXLWV�RU�JUDYLW\�GLVSHUVHG�VHHGV�WKDQ�LQ�VSHFLHV�ZLWK�ZLQG�GLV�
SHUVDO�RU�HFWR]RRFKRURXV�SURSDJXOHV�GLVSHUVHG�RQ�WKH�RXWVLGHV�
RI�DQLPDOV��7KH\�DOVR�VKRZHG�WKDW�WKH�JUHDWHVW�SURSRUWLRQ�RI�
YDULDWLRQ�LQ�*67�ZDV�H[SODLQHG�E\�WKH�FRPELQDWLRQV�RI�EUHHG�
LQJ�V\VWHP�ZLWK�VHHG�GLVSHUVDO�PRGH�DQG�WD[RQRPLF�VWDWXV�
�GLFRWV�YV��PRQRFRWV�YV��J\PQRVSHUPV���DQG�WKDW�ZRRG\�SODQWV�
KDG�VXEVWDQ�WLDOO\�ORZHU�YDOXHV�RI�*67�WKDQ�KHUEV�ZLWK�WKH�VDPH�
OLIH�KLVWRU\�WUDLWV��%DVHG�RQ�WKHVH�GDWD��ZH�ZRXOG�H[SHFW�WKDW�
VSHFLDWLRQ�UDWHV�VKRXOG�EH�KLJKHVW�LQ�VHOIHUV��KHUPDSKURGLWLF�
WD[D��VH[XDO�VSHFLHV��JUDYLW\��DQG�IOHVK\�IUXLWHG�WD[D��KHUEV��
DQG�ZLGHVSUHDG�WD[D�

,W�VKRXOG�EH�QRWHG��KRZHYHU��WKDW�LQWHUSUHWLQJ�WKHVH�GDWD�
KDV�VHYHUDO�GLIILFXOWLHV��LQFOXGLQJ�����VHSDUDWLQJ�WKH�HIIHFWV�RI�
PXOWLSOH�VSHFLHV�WUDLWV�WKDW�DUH�DOVR�FRUUHODWHG�ZLWK�HDFK�RWKHU��
����WKH�ODFN�RI�SK\ORJHQHWLF�LQGHSHQGHQFH�RI�WKH�WD[D�DQG�WUDLWV�
FRQVLGHUHG�DV�LQGHSHQGHQW�XQLWV�E\�+DPULFN��/RYHOHVV��DQG�
*RGW������WKH�ODFN�RI�GDWD�RQ�WKH�SK\VLFDO�GLVWDQFHV�DPRQJ�
SRSXODWLRQV�IRU�HDFK�VSHFLHV������GHULYDWLRQ�RI�DOO�DOOR]\PHV�
IURP�WKH�QXFOHDU�JHQRPH��ZLWK�QRQH�IURP�WKH�SODVWLG�RU�PLWR�
FKRQGULDO�JHQRPHV��DQG�����ODFN�RI�GDWD�ZLWK�ZKLFK�WR�HVWLPDWH�
WKH�UHODWLYH�DPRXQWV�RI�JHQH�IORZ�YLD�SROOHQ�YV��VHHGV�

'XPLQLO�	�DO���������DWWHPSWHG�WR�DGGUHVV�WKH�ILUVW�WZR�
LVVXHV�E\�XVLQJ�SK\ORJHQHWLFDOO\�LQGHSHQ�GHQW�FRQWUDVWV��3,&V��
)HOVHQVWHLQ�������� WR�FRQWURO� IRU�HYROXWLRQDU\�UHODWLRQVKLSV�
DPRQJ�WKH�WD[D�WKH\�LQFOXGHG��DQG�SDUWLDO�UHJUHVVLRQV�RQ�3,&V�
WR�DVVHVV�WKH�LQGHSHQGHQW�HIIHFWV�RI�HDFK�OLIH�KLVWRU\�WUDLWV�FRQ�
VLGHUHG��6HSDUDWH�DQDO\VHV�ZHUH�FRQGXFWHG�IRU�PDWHUQ�DOO\�DQG�
ELSDUHQWDOO\�LQKHULWHG�'1$�PDUNHUV��$OPRVW�DOO�RI�WKH�FRUUHOD�
WLRQV�IRXQG�E\�HDUOLHU�DQDO\VHV�RI�LVR]\PH�GDWD�GLVDSSHDUHG�LQ�
WKLV�VWXG\��RQO\�FRUUHODWLRQV�RI�*67�ZLWK�JHRJUDSKLF�UDQJH�VL]H��
VHOILQJ�YV��RXWFURVVLQJ��DQG�JUDYLW\�GLVSHUVHG�VHHGV�YV��DOO�RWKHU�

GLVSHUVDO�PHFKDQLVPV�UHPDLQHG��'XPLQLO�	�DO���������IRXQG�
WKDW�QHDUO\�����RI�WKH�YDULDWLRQ�LQ�*67�LV�DFFRXQWHG�IRU�D�VSH�
FLHV¶�WD[RQRPLF�SRVLWLRQ�DW�WKH�RUGLQDO�OHYHO�DQG�EHORZ��7KH�DX�
WKRUV�FDVW�WKHLU�VXUSULVLQJ�UHVXOWV�DV�DQ�H[DPSOH�RI�³WKH�KLJKO\�
FRQWLQJHQW�QDWXUH�RI�HYROXWLRQ �́�FRQFOXGLQJ�WKDW�³SUHGLFWLQJ�
WKH�IDWH�RI�VSHFLHV�«�RQ�WKH�EDVLV�RI�VLPSOH�WUDLWV�LV�UDUHO\�
SRVVLEOH�́ �%HIRUH�ZH�DFFHSW�WKHLU�UDWKHU�QLKLOLVWLF�FRQFOXVLRQ��
KRZHYHU��WKLV�DQDO\VLV�PXVW�EH�UHFRQ�VLGHUHG�DQG�VXEVWDQWLDOO\�
H[WHQGHG��7KH�LQIHUHQFH�E\�'XPLQLO�	�DO���������WKDW�FD������
RI�WKH�YDULDWLRQ�LQ�*67�LV�UHODWHG�WR�WD[RQRPLF�DIILQLW\�PD\�
VLPSO\�EH�D�WHVWLPRQ\�WR�WKH�VWURQJ�WLH�RI�YDULRXV�OLIH�KLVWRU\�
WUDLWV��DQG�WKHLU�FRPELQD�WLRQV��WR�SDUWLFXODU�RUGHUV��IDPLOLHV��
DQG�JHQHUD�LQ�D�OLPLWHG�GDWDVHW��:KLOH�VXFK�D�VDPSOLQJ�DUWLIDFW�
ZRXOG�UHVXOW�LQ�FDWHJRUL]LQJ�PRVW�HFRORJLFDO�HIIHFWV�DV�WD[R�
QRPLF�HIIHFWV�LQVWHDG��VXFK�D�VDPSOLQJ�DUWLIDFW�VKRXOG�GLVDS�
SHDU�LI�D�ZLGHU�UDQJH�RI�WD[D�ZHUH�LQFOXGHG²LQFOXGLQJ�VHYHUDO�
³UHSOLFDWH�́ �GLVWDQWO\�UHODWHG�JURXSV�DW�YDULRXV�OHYHOV�ZLWK�WKH�
VDPH�RU�VLPLODU�OLIH�KLVWRU\�FKDUDFWHULVWLFV²DQG�D�PRUH�UHOL�
DEOH�HVWLPDWH�RI�HFRORJLFDO�HIIHFWV�FDSWXUHG��&DUHIXO�DWWHQWLRQ�
WR�WD[RQ�VDPSOLQJ�LV�FULWLFDO�WR�DOO�FRPSDUDWLYH�VWXGLHV��$FNHUO\��
�������)XWXUH�H[WHQVLRQV�RI�WKH�'XPLQLO�	�DO��VWXG\�VKRXOG�XVH�
WKH�PRUH�SRZHUIXO�WHVWV�RI�FRUUHODWHG�HYROXWLRQ�QRZ�DYDLODEOH�
�H�J���3DJHO��������3DJHO�	�0HDGH���������3UREOHPV�ZLWK�FRU�
UHODWHG�HYROXWLRQ�RI�SK\ORJHQHWLFDOO\�FRQVHUYDWLYH�FKDUDFWHU�
VWDWHV�WKDW�DUH�DOVR�WLHG�WR�SDUWLFXODU�HFRORJLFDO�FRQGLWLRQV�DQG�
OLIH�KLVWRU\�WUDLWV�ZLOO��KRZHYHU��OLNHO\�UHPDLQ�TXLWH�GLIILFXOW�
�5LFNOHIV�	�6WDUN��������

6WXGLHV� WKDW� UHODWH�PXOWL�ORFXV�PHDVXUHV�RI�JHQHWLF�GL�
YHUJHQFH�WR�GLVWDQFH�EHWZHHQ�SDLUV�RI�LQGLYLGXDOV��RU�SRSXOD�
WLRQV��WR�LQIHU�WKH�VSDWLDO�VFDOH�RI�JHQHWLF�GLIIHUHQWLDWLRQ�DQG�
JHQH�IORZ�DUH�VWLOO�LQ�WKHLU�LQIDQF\��6PRXVH�	�3HDNDOO��������
5RXVVHW��������9HNH�PDQV�	�+DUG\��������+DUG\�	�DO���������
*ULYHW�	�DO����������9HNHPDQV�	�+DUG\��������DGYRFDWHG�WKH�
6S�VWDWLVWLF²HVVHQWLDOO\��WKH�UDWH�RI�GHFOLQH�LQ�JHQHWLF�LGHQ�
WLW\�ZLWK�WKH�ORJDULWKP�RI�GLVWDQFH��RYHU�WKH�UDQJH�ZKHUH�ERWK�
DUH�OLQHDUO\�UHODWHG²DV�WKH�SUHIHUUHG�PHDVXUH�RI�WKH�VSDWLDO�
VFDOH�RI�JHQHWLF�GLIIHUHQWLDWLRQ��7KH\�IRXQG�GLIIHUHQWLDWLRQ�DW�
VLJQLIL�FDQWO\�VPDOOHU�VSDWLDO�VFDOHV�LQ�VHOILQJ�YV��RXWFURVVLQJ�
DQG�VHOI�LQFRPSDWLEOH�VSHFLHV��DQG�LQ�KHUEV�YV��ZRRG\�SODQWV��
7KHLU�GDWD�DOVR�LPSO\�GLIIHUHQWL�DWLRQ�DW�VPDOOHU�VFDOHV�LQ�ZRRG\�
VSHFLHV�ZLWK�JUDYLW\�YV��DQLPDO�GLVSHUVDO�RI�VHHGV��3���������IRU�
��WDLOHG�W�WHVW�����G�I����7KHVH�PHDVXUHPHQWV�DUH��KRZHYHU��IHZ�
LQ�QXPEHU�FRPSDUHG�ZLWK�WKH�DOOR]\PH�GDWD��VR�FRQFOXVLRQV�
EDVHG�RQ�WKHP�DUH�QHFHVVDULO\�WHQWDWLYH��6HYHU�DO�JURXSV²QRWD�
EO\��XQGHUVWRU\�UDLQ�IRUHVW�WUHHV�DQG�VKUXEV�ZLWK�IOHVK\�IUXLWV��
DQ�HQRUPRXVO\�GLYHUVH�JURXS�LQ�PDQ\�DUHDV�RI�WKH�1HRWURSLFV�
�*HQWU\��������*LYQLVK�������²UHPDLQ�HVVHQWLDOO\�XQVDPSOHG�

3HWLW�	�DO���������IRXQG�WKDW��DFURVV�����VSHFLHV�RI�DQJLR�
VSHUPV��*67�LV�PXFK�KLJKHU�IRU�PDWHUQDOO\�LQKHULWHG�RUJDQHOOHU�
PDUNHUV��PHGLDQ� �������WKDQ�IRU�QXFOHDU�PDUNHUV��PHGLDQ� �
�������7KH\�DOVR�FODLPHG�WKDW��DW�D�UDQJH�ZLGH�OHYHO��SROOHQ�DF�
FRXQWHG�IRU�URXJKO\�WHQ�WLPHV�DV�PXFK�JHQH�IORZ�DV�GLG�VHHGV��
$�QXPEHU�RI�RWKHU�UHFHQW�VWXGLHV�KDYH�VLPLODUO\�DVVHUWHG�WKDW�
WKH�GLVWDQFH�RI�SROOHQ�IORZ�JUHDWO\�H[FHHGV�WKDW�YLD�VHHG�PRYH�
PHQW��H�J���%XUF]\N�	�DO���������%LWWHQFRXUW�	�6HEEHQQ��������
1DNDQLVKL�	�DO����������WKRXJK�VRPH�SDSHUV��H�J���%DFOHV�	�DO���
������+DUGHVW\�	�DO���������UHSRUW�FRQWUDU\�ILQGLQJV�
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+RZHYHU��*ULYHW�	�DO���������SURYLGH�D�FRPSHOOLQJ�DQDO\�
VLV²EDVHG�RQ�GDWD�IURP�VHYHQ�PLFURVDWHOOLWH�ORFL�LQ�D�SRSXOD�
WLRQ�RI�&DOLIRUQLD�YDOOH\�RDN��4XHUFXV�OREDWD���VDPSOHG�IURP�
DGXOWV�DQG�IURP�VHHGOLQJV�ZLWK�ERWK�PDWHUQDO�DQG�ELSDUHQWDO�
WLVVXH�DWWDFKHG��DQG�DQDO\]HG�XVLQJ�D�SDUHQW�RIIVSULQJ�FRU�
UHODWLRQ�PRGHO²WKDW�VKRZV�WKDW�HYHQ�LQ�WKLV�ZLQG�SROOLQDWHG�
VSHFLHV��GLVSHUVDO�RI�LWV�KHDY\��VFDWWHU�KRDUGHG�VHHGV�GRPLQDWHV�
WKH�GHWHUPLQDWLRQ�RI�WKH�VSDWLDO�VFDOH�RI�JHQHWLF�GLIIHUHQWLD�WLRQ��
(IIHFWLYH�SRSXODWLRQ�VL]HV�IRU�PDWHUQDO�SDUHQWV�ZHUH�RQO\�����WR�
����SODQWV��YV������WR������IRU�SDWHUQDO�SDUHQWV��OHDGLQJ�WR�RYHUDOO�
HIIHFWLYH�SRSXODWLRQ�VL]HV�RI�����WR�����WUHHV��7KLV�FRUUHVSRQGV�
WR�D�URRW�PHDQ�VTXDUH�GLVWDQFH�ı�RI�RYHUDOO�JHQH�IORZ�RI�D�IHZ�
WHQV�RI�PHWHUV��YV��DQ�HVWLPDWHG�SROOHQ�V�RI����WR�����P��*ULYHW�
	�DO���������3OXHVV�	�DO����������$�VLPLODU�VWXG\��LQYROYLQJ�
665�YDULDWLRQ�LQ�SHGXQFXODWH�RDN��4��UREXU��IURP�%RUGHDX[��
VKRZHG�WKDW�VLJQLILFDQW�ILQH�VFDOH�JHQHWLF�VWUXFWXUH�RFFXUV�RYHU�
VFDOHV�����P��+DPSH�	�DO����������:KLOH�ORQJ�GLVWDQFH�SRO�
OHQ�PRYHPHQW�DOVR�RFFXUV�LQ�WKLV�VSHFLHV��VKRUW�GLVWDQFH�VHHG�
PRYHPHQW�IURP�RQO\�D�IHZ�WUHHV�IDYRUHG�E\�MD\V�WKDW�GLVSHUVH�
DFRUQV�UHVXOWV�LQ�ORFDO�JHQHWLF�VWUXFWXUH�EHLQJ�SDVVHG�IURP�RQH�
JHQHUDWLRQ�WR�WKH�QH[W�

9RLJW�	�DO�� �������XVHG�NLQVKLS�DQDO\VLV� WR� LQIHU�JHQH�
IORZ�GLVWDQFHV�LQ�WZR�IOHVK\�IUXLWHG�VSHFLHV�RI�&RPPLSKRUD�
�%XUVHUDFHDH���&RPPLSKRUD�KDUYH\L��QDWLYH�WR�6RXWK�$IULFD��
LV�YLVLWHG�E\�DW�OHDVW�WHQ�ELUG�VSHFLHV�ZKLFK²EDVHG�RQ�GLUHFW�
REVHUYDWLRQV²PRYH�WKH�VHHGV�URXJKO\����P�IURP�PDWHUQDO�
WUHHV��&RPPLSKRUD�JXLOODXPLQLL��QDWLYH�WR�0DGDJDVFDU��LV�YLV�
LWHG�E\�D�VLQJOH�ELUG�VSHFLHV��ZKLFK�PRYHV�WKH�VHHGV�OHVV�WKDQ�
��P��.LQVKLS�DQDO\VLV�VKRZHG�JHQHWLF�GLIIHUHQWLDWLRQ��DQG��E\�
LPSOLFDWLRQ��WRWDO�JHQH�IORZ��RYHU�VFDOHV����NP�LQ�0DGD�JDVFDU��
DQG�����NP�LQ�6RXWK�$IULFD��9RLJW�	�DO����������.UDXVV�	�DO��
�������IRXQG�D�PHGLDQ�VHHG�GLVSHUVDO�GLVWDQFH�RI���P�LQ�%DQN�
VLD�KRRNHULDQD��3URWHDFHDH��LQ�VRXWK�ZHVW�$XVWUDOLD��7KLV�FRU�
UHVSRQGHG��DV�H[SHFWHG��WR�D�SHDN�LQ�VSDWLDO�JHQHWLF�DXWRFRUUHOD�
WLRQ�EHWZHHQ���DQG���P��GHVSLWH�WKH�IDFW�WKDW�SROOHQ�PRYH�PHQW�
E\�QHFWLYRURXV�ELUGV�ZDV�HVVHQWLDOO\�UDQGRP�RYHU�IDU�JUHDWHU�
GLVWDQFHV²LQYROYLQJ�PRUH�WKDQ�WZLFH�DV�PDQ\�SDWHUQDO�SDUHQWV�
DV�WKH����P�î����P�VWXG\�DUHD��7KHVH�VWXGLHV�GHPRQVWUDWH�WKDW�
VHHG�GLVSHUVDO�FDQ�EH�D�GHFLVLYH�GHWHUPLQDQW�RI�RYHUDOO�JHQH�
IORZ��7KLV�FRQFOXVLRQ�LV�UHLQIRUFHG�E\�WKH�IDFWV�WKDW�����VHHGV�
FDUU\�WZLFH�DV�PXFK�JHQHWLF�LQIRUPDWLRQ�DV�SROOHQ��DQG²DV�LV�
RIWHQ�RYHUORRNHG²����JHQHWLF�VWUXFWXUH�FUHDWHG�E\�D�VSHFLHV�
LQYDGLQJ�QHZ�WHUULWRU\�FDQ�RQO\�EH�JHQHUDWHG��DW�OHDVW�LQLWLDOO\��
E\�VHHG�GLVSHUVDO�

Speciation in relation to the scale of intraspecific 
gene flow

,Q�JHQHUDO��WKH�OLNHOLKRRG�RI�VSHFLDWLRQ�RFFXUULQJ�ZLWKLQ�
D�UHJLRQ�VKRXOG�LQFUHDVH�ZLWK�WKH�VL]H�RI�WKDW�UHJLRQ�DQG�GH�
FUHDVH�ZLWK�WKH�VSDWLDO�H[WHQW�RI�LQWUDVSHFLILF�JHQH�IORZ��.LVHO�	�
%DUUDFORXJK��������SURYLGH�HYLGHQFH�VXSSRUWLQJ�WKHVH�SUHGLF�
WLRQV�IURP�PHWD�DQD�O\VHV�RI�SRSXODWLRQ�JHQHWLF�VWXGLHV�DQG�WKH�
PLQLPXP�DUHDV�RI�RFHDQLF�LVODQGV�DVVRFLDWHG�ZLWK�VSHFLDWLRQ�
LQ�EDWV��FDUQLYRURXV�PDPPDOV��ELUGV��IORZHULQJ�SODQWV��OL]�DUGV��
DQG�VQDLOV��)LJ������2QO\�IHUQV�IDLO�WR�VKRZ�D�VLJQLILFDQW�UHODWLRQ�
VKLS�RI�WKH�FKDQFH�RI�VSHFLDWLRQ�WR�LVODQG�DUHD��SUHVXPDEO\�

EHFDXVH�WKH\�RIWHQ�VSHFLDWH�YLD�WKH�VFDOH�LQGHSHQGHQW�SURFHVVHV�
RI�SRO\SORLG\�DQG�RU�K\EULGL]DWLRQ��.LVHO�	�%DUUDFORXJK���������
)ORZHU�LQJ�SODQWV��LQ�WKLV�SLRQHHULQJ�VWXG\��HPHUJH�DV�KDYLQJ�
TXLWH�ORZ�PLQLPXP�GLVWDQFHV�RI�JHQH�IORZ��FRPSDU�DEOH�WR�ODQG�
VQDLOV��DQG�VSHFLDWLQJ�DW�FRUHVSRQGLQJO\�VPDOO�VFDOHV��$V�VWXG�
LHV�RI�WKH�VSDWLDO�VFDOH�RI�JHQHWLF�GLIIHUHQWLDWLRQ�LQ�SODQWV�SUR�
OLIHUDWH��DSSO\LQJ�WKLV�NLQG�RI�DQDO\VLV�ZLWKLQ�WKH�DQJLRVSHUPV�
VKRXOG�SURYLGH�D�SRZHUIXO�WHVW�RI�WKH�LPSRUWDQFH�RI�GLIIHUHQW�
GLVSHUVDO�PHFKDQLVPV�LQ�GHWHUPLQLQJ�WKH�JHRJUDSKLF�SDWWHUQ�RI�
JHQHWLF�YDULDWLRQ�ZLWKLQ�VSHFLHV�DQG�WKH�VXEVHTXHQW�OLNHOLKRRG�
RI�VSHFLDWLRQ��7KH�DGYDQWDJH�RI�VKRUW�GLVWDQFH�VHHG�GLVSHUVDO�
IRU�VSHFLDWLRQ�PXVW�EH�VHW�DJDLQVW�WKH�LQFUHDVHG�OLNHOLKRRG�RI�H[�
WLQFWLRQ�RI�QDUURZO\�GLVWULEXWHG�WD[D��VHH�*LYQLVK�	�DO���������

Fleshy fruits in understory species. —�2QH�HVSHFLDOO\�
LQWHUHVWLQJ�SUHGLFWLRQ�WR�SXUVXH�LV�WKDW�IOHVK\�IUXLWV�LQ�WURSLFDO�
PRLVW�DQG�ZHW�IRUHVW�XQGHUVWRULHV�VKRXOG�UHVXOW�LQ�TXLWH�OLP�
LWHG�VHHG�GLVSHUVDO²DQG�WKXV��LQ�H[WHQVLYH�VSHFLDWLRQ²DV�D�
FRQVHTXHQFH�RI�WKH�VHGHQWDU\�QDWXUH�RI�XQGHUVWRU\�ELUGV�WKDW�
FRQVXPH�VXFK�IUXLWV��*LYQLVK�	�DO���������������*LYQLVK��������
������VHH�DOVR�3ULFH�	�:DJQHU���������$W�SUHVHQW��WKHUH�DUH�
IDU�WRR�IHZ�SXEOLVKHG�DFFRXQWV�RI�JHQHWLF�VWUXFWXUH�LQ�VXFK�
SODQWV�WR�FRPH�WR�DQ\�FRQFOXVLRQV��EXW�VHH�/RLVHOOH�	�DO���������
7KHLP���������+RZHYHU��%XUQH\�	�%UXPILHOG��������UHFHQWO\�
GRFX�PHQWHG�SDWWHUQV�RI�GLIIHUHQWLDWLRQ�DFURVV�PDMRU�EDUULHUV�
LQ�6RXWK�$PHULFD��$QGHV��$PD]RQ��5LR�0DGHLUD��LQ����ELUG�
VSHFLHV�RFFXS\LQJ�GLIIHUHQW�IRUHVW�VWUDWD��VHYHUDO�JURXSV�RI�IDF�
XOWDWLYH�DQG�REOLJDWH�IUXJLYRUHV�ZHUH�UHSUHVHQWHG��7KH\�VKRZHG�
WKDW��DV�DUJXHG�E\�'LDPRQG�	�DO����������ELUGV�IURP�ORZHU�IRU�
HVW�VWUDWD�DUH�SURJUHVVLYHO\�PRUH�VHGHQWDU\��,Q�IDFW��IRUDJLQJ�
VWUDWXP�KDG��E\�IDU��WKH�VWURQJHVW�HIIHFW�RQ�JHQHWLF�LVRODWLRQ�E\�
GLVWDQFH�ZLWKLQ�VSHFLHV�DFURVV�DOO�WKUHH�ELRJHR�JUDSKLF�EDUULHUV��
0RRUH�	�DO���������XVHG�H[SHULPHQWDO�UHOHDVHV�WR�VKRZ�WKDW�VL[�
RI�WKH�WHQ�PRVW�FRPPRQ�XQGHUVWRU\�ELUGV�DURXQG�/DNH�*DWXQ�

Fig. .�0LQLPXP�LVODQG�DUHD�UHTXLUHG�IRU�LQ�VLWX�VSHFLDWLRQ�IRU�YDULRXV�
JURXSV�RI�RUJDQLVPV�YV��WKH�SK\VLFDO�GLVWDQFH�UHTXLUHG�IRU�QHXWUDO�JH�
QHWLF�GLIIHUHQWLDWLRQ��1P� �����'DWD�EDVHG�RQ�PHWD�DQDO\VLV�RI�VSHFLD�
WLRQ�RQ����LVODQG�JURXSV��DV�ZHOO�DV�D�PHWD�DQDO\VLV�RI�JHQH�IORZ�GDWD�
ODUJHO\�GUDZQ�IURP�0RUMDQ�	�5LHVHEHUJ���������5HGUDZQ�IURP�.LVHO�
	�%DUUDFORXJK��������
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LQ�3DQDPD�FRXOG�QRW�GLVSHUVH�RYHU�ZDWHU�JDSV�RI�����P�RU�OHVV��
RQH�VSHFLHV��0\UPRWKHUXOD�IXOYLYHQWULV��QHYHU�GLVSHUVHG�RYHU�
HYHQ�����P�RI�RSHQ�ZDWHU��'LVSHUVDO�DELOLW\�PHDVXUHG�WKLV�ZD\�
FRUUHODWHG�ZHOO�ZLWK�VSHFLHV�RFFXUUHQFH�RQ�ODNH�LVODQGV�LVRODWHG�
IURP�RFFXSLHG�LVODQGV�E\�GLIIHUHQW�GLVWDQFHV�

6HYHUDO�HFRORJLVWV�KDYH�DUJXHG�WKDW�UDLQ�IRUHVW�FDQRSLHV�
VKRZ�PXFK�JUHDWHU�KRUL]RQWDO�YDULDWLRQ�LQ�HQYLURQ�PHQWDO�FRQ�
GLWLRQV�GXH�WR�ODUJH�WUHHIDOO�JDSV�WKDQ�GRHV�WKH�VKDGHG�XQGHU�
VWRU\�EHORZ�FRQWLQXRXV�FDQRSLHV��7HUERUJK��������7HUERUJK�
	�DO���������5LFKDUGV���������$V�D�FRQVHTXHQFH��VXFK�VSHFLHV�
WHQG�WR�RFFXU�DFURVV�D�ZLGHU�UDQJH�RI�KDELWDW�W\SHV��7HUERUJK�
	�:HVNH��������3HDUVRQ��������7HUERUJK��������:DOWKHU��������
DQG�KDYH�D�JUHDWHU�SURSHQVLW\�IRU�GLVSHUVDO�WKDQ�XQGHU�VWRU\�VSH�
FLHV��)RJGHQ��������7HUERUJK��������������/RLVHOOH��������/HYH\�
	�6WLOHV���������'LDPRQG���������'LDPRQG�	�DO����������DQG�
<XPRWR��������DUJXHG�WKDW�XQGHU�VWRU\�ELUGV��FRPSDUHG�ZLWK�
WKRVH�RI�JDSV�RU�WKH�FDQRS\��DUH�HVSHFLDOO\�ORDWKH�WR�FURVV�ZDWHU�
EDUULHUV��WKH\�DVFULEHG�WKH�JUHDWHU�WHQGHQF\�WRZDUG�VSHFLDWLRQ�
LQ�XQGHU�VWRU\�ELUGV�WR�VXFK�OLPLWHG�GLVSHUVDO�DELOLW\��%XUQH\�	�
%UXPILHOG��������IRXQG�WKDW�XQGHU�VWRU\�VSHFLHV�KDG�D�KLJKHU�
YDOXH�RI�.LSS¶V�LQGH[��,N� �����î�'6����:��ZKHUH�'6�� LV�WKH�
GLVWDQFH�IURP�WKH�ILUVW�VHFRQGDU\�WR�WKH�ZLQJ�WLS�ZKHQ�WKH�ZLQJ�
LV�IROGHG��DQG�:�LV�WKH�OHQJWK�RI�WKH�IROGHG�ZLQJ��WKDQ�FDQRS\�
ELUGV��SURYLGLQJ�IXUWKHU�VXSSRUW�IRU�XQGHU�VWRU\�VSHFLHV�KDYLQJ�
ORZ�GLVSHUVDO�FDSDFLW\��7KH�DXWKRUV�DOVR�IRXQG�WKDW�XQGHUVWRU\�
VSHFLHV�KDG�WKH�H[SHFWHG�JUHDWHU�WHQGHQF\�WR�IRUP�UHFRJQL]HG�
VXEVSHFLHV�

*LYQLVK�	�DO���������������DVFULEHG�WKH�PXFK�JUHDWHU�QXP�
EHU�RI�VSHFLHV�LQ�WKH�HQGHPLF�+DZDLLDQ�JHQXV�&\DQHD��FD������
WKDQ�LQ�LWV�VLVWHU�&OHUPRQWLD�����VSS���WR�WKH�IDFW�WKDW�&\DQHD�
PDLQO\�RFFXSLHV�FRQWLQXRXV��GHQVHO\�VKDGHG�IRUHVW�XQGHUVWR�
ULHV�LQ�+DZDLL��ZKLOH�&OHUPRQWLD�SULPDULO\�OLYHV�LQ�JDSV�DQG�
HGJHV�RI�WKH�VDPH�IRUHVWV��%RWK�JHQHUD�EHDU�IOHVK\�IUXLWV�DQG�
H[KLELW�WKH�VDPH�UDQJHV�LQ�HOHYDWLRQ�DQG�IORUDO�WXEH�OHQJWK��WKH�
ODWWHU��SUHVXPDEO\��UHIOHFWV�WKH�ELOO�OHQJWK�RI�WKH�KRQH\FUHHSHUV�
DQG�RWKHU�ELUGV�WKDW�IRUPHUO\�SROOLQDWHG�LQGLYLGXDO�VSHFLHV��$V�
H[SHFWHG��LQGLYLGXDO�VSHFLHV�RI�&\DQHD�KDYH�QDUURZHU�HOHYD�
WLRQDO�DQG�JHRJUDSKLF�UDQJHV�WKDQ�WKRVH�RI�&OHUPRQWLD��HDFK�
VSHFLHV�RI�&\DQHD�RFFXUV�DOPRVW�H[FOXVLYHO\�RQ�D�VLQJOH�LVODQG�
LQ�WKH�+DZDLLDQ�FKDLQ��$�JUHDWHU�WHQGHQF\�WRZDUG�VSHFLDWLRQ�LQ�
IOHVK\�IUXLWHG�SODQWV�RI�WURSLFDO�IRUHVW�XQGHUVWRULHV�DSSHDUV�WR�
EH�D�JHQHUDO�WHQGHQF\��7HQ�RI�WKH�WZHOYH�ODUJHVW�JHQHUD�LQ�WKH�
+DZDLLDQ�IORUD�DUH�IOHVK\�IUXLWHG�SODQWV�RI�VKDGHG�IRUHVW�XQ�
GHUVWRULHV��*LYQLVK��������3������������WDLOHG�H[DFW�WHVW���VHYHQ�
RI�WKH�HOHYHQ�ODUJHVW�+DZDLLDQ�SODQW�FODGHV�DUH�ELUG�GLVSHUVHG�
HOHPHQWV�RI�ZHW�IRUHVW�XQGHUVWRULHV��3ULFH�	�:DJQHU��������
3������������WDLOHG�H[DFW�WHVW���$YLDQ�GLVSHUVDO��LQFOXGLQJ�HFWR�
]RRFKRU\��LV�WKH�VWURQJHVW�FRUUHODWH�RI�VSHFLHV�QXPEHU�DFURVV�
���+DZDLLDQ�SODQW�FODGHV��3ULFH�	�:DJQHU���������,Q�D�VXUYH\�
RI�1HRWURSLFDO�XQGHUVWRU\�FODGHV�ZLWK�IOHVK\�IUXLWV��-�)��6PLWK�
�������IRXQG�WKDW����RI����KDG�PRUH�VSHFLHV�WKDQ�WKH�GU\�IUXLWHG�
FODGHV�WR�ZKLFK�HDFK�ZDV�VLVWHU��0DQ\�RI�WKH�ODUJHVW�DQJLRVSHUP�
JHQHUD��H�J���&KDPDHGRUHD��*HRQRPD��3LSHU��3V\FKRWULD��6ROD�
QXP��DUH�FRPSRVHG�PDLQO\�RI�WURSLFDO�IRUHVW�XQGHUVWRU\�VKUXEV�
DQG�WUHHV�ZLWK�IOHVK\�IUXLWV��*LYQLVK���������������7KHVH�ILQG�
LQJV�UXQ�FRXQWHU�WR�SUHYLRXV�LQIHUHQFHV�WKDW�WKHUH�LV�QR�VLJ�
QLILFDQW�SRVLWLYH�UHODWLRQVKLS�EHWZHHQ�IOHVK\�IUXLWV�DQG�VSHFLHV�

ULFKQHVV��+HUUHUD��������)OHPLQJ��������0LGJHO\�	�%RQG��������
5LFNOHIV�	�5HQQHU���������+RZHYHU��WKHVH�VWXGLHV�PDGH�QR�GLV�
WLQFWLRQ�EHWZHHQ�HQGR]RRFKRU\�LQ�IRUHVW�XQGHUVWRULHV�YV��JDSV�
RU�FDQRSLHV��,Q�WKH�ODWWHU�HFRORJLFDO�FRQWH[W��IOHVK\�IUXLWV�VKRXOG�
SURYLGH�H[FHOOHQW�GLVSHUVDO�RYHU�PRGHUDWH�WR�ORQJ�GLVWDQFHV��DQG�
VR�VKRZ�D�QHJDWLYH�DVVRFLDWLRQ�ZLWK�VSHFLHV�QXPEHU��3RROLQJ�
FODGHV�ZLWK�IOHVK\�IUXLWV�IURP�XQGHUVWRU\��JDS��DQG�FDQRS\�
HQYLURQ�PHQWV�LV�WKXV�OLNHO\�WR�SURGXFH�OLWWOH�RU�QR�H[SHFWHG�
GLIIHUHQFH�LQ�VSHFLDWLRQ�DQG�QHW�GLYHUVLILFDWLRQ�FRPSDUHG�ZLWK�
RWKHU�GLVSHUVDO�PHFKDQLVPV²DV�REVHUYHG�

3ODQWV�ZLWK�IOHVK\�IUXLWV�PDNH�XS�D�JUHDWHU�IUDFWLRQ�RI�WKH�
IORUD�RI�UDLQLHU�IRUHVWV�LQ�WKH�1HRWURSLFV��*HQWU\���������������
DQG�RQ�WDOOHU�LVODQGV�UHFHLYLQJ�PRUH�UDLQIDOO��&DUOTXLVW���������
)XUWKHUPRUH��HQGR]RR�FKRU\� LQ�1HRWURSLFDO� IRUHVWV� LV�PRUH�
FRPPRQ�DPRQJ�WD[D�IUXLWLQJ�LQ�WKH�UDLQ\�VHDVRQ�WKDQ�LQ�WKRVH�
IUXLW�LQJ�LQ�WKH�GU\�VHDVRQ��6P\WKH��������&URDW���������+HDY\�
UDLQIDOO�PLJKW�SURPRWH�WKH�HYROXWLRQ�RI�IOHVK\�IUXLWV�LQ�WKUHH�
ZD\V��E\�����ZRUNLQJ�DJDLQVW�ZLQG�GLVSHUVDO��ZKLFK�LV�UHODWLYHO\�
PRUH�HIIHFWLYH�GXULQJ�GU\��RIWHQ�ZLQG\�FRQGLWLRQV��6P\WKH��
������*HQWU\�������������IDYRULQJ�DGGLWLRQDO�VWHPV�RU�VWUDWD�LQ�
WKH�ZLQGOHVV�XQGHUVWRU\��E\�GHFUHDVLQJ�URRW�DOORFDWLRQ�DQG��
WKHUHIRUH��LQFUHDVLQJ�VKDGH�WROHUDQFH��*LYQLVK���������DQG�����
KHOSLQJ�SURGXFH�DEXQGDQW�IOXVKHV�RI�QHZ��VRIW�IROLDJH��)UDQNLH�
	�DO���������WKDW�LV�HVSHFLDOO\�YXOQHUDEOH�WR�FDWHUSLOODUV��&ROH\��
�������WKXV�SURYLGLQJ�D�³SURWHLQ�VXEVLG\´�WR�WKH�PDQ\�IUXJLYR�
URXV�ELUGV�WKDW�VXSSOH�PHQW�WKHLU�GLHW�E\�JOHDQLQJ�LQVHFWV�IURP�
IROLDJH��VHH�*LYQLVK���������$OO�WKUHH�RI�WKHVH�PHFKDQLVPV��SOXV�
D�SRWHQWLDOO\�VWURQJHU�RSHUDWLRQ�RI�GHQVLW\�GHSHQGHQW�PRUWDO�
LW\�LPSRVHG�E\�VSHFLDOLVW�KHUELYRUHV�LQ�UDLQLHU�KDELWDWV��FRXOG�
KHOS�DFFHOHUDWH�VSHFLDWLRQ�LQ�ZHW�WURSLFDO�IRUHVW�XQGHUVWRULHV�
DQG�KHOS�DFFRXQW�IRU�WKH�REVHUYHG�LQFUHDVH�LQ�ZRRG\�SODQW�
ULFKQHVV�ZLWK�LQFUHDVLQJ�UDLQIDOO�LQ�WKH�1HRWURSLFV��*LYQLVK��
�������9HUWHEUDWHV�FRQVXPLQJ�IOHVK\�IUXLWV�DUH�IDU�PRUH�OLNHO\�
WR�GLVSHUVH�VHHGV�RYHU�ORQJ�GLVWDQFHV��DW�OHDVW�RXWVLGH�IRUHVW�
XQGHUVWRULHV��WKDQ�DQWV�FDUU\LQJ�VHHGV�ZLWK�HODLRVRPHV��PHDQ�
GLVSHUVDO�GLVWDQFHV�IRU�P\UPHFR�FKRURXV�VHHGV�DUH�W\SLFDOO\�RI�
RUGHU���P�DFURVV�KDELWDWV��*RPH]�	�(VSDGDOHU��������

Soil infertility as a contributor to narrow endemism. 
—�7KH�LPSRUWDQFH�RI�D�IUXJLYRUH�SURWHLQ�VXEVLG\�IRU�SODQW�
VSHFLDWLRQ�VKRXOG�EH�H[SORUHG�LQ�RWKHU�FRQWH[WV��6SHFLILFDOO\��
SODQWV�RQ�QXWULHQW�SRRU�VRLOV�VKRXOG�KHDYLO\�GHIHQG�WKHLU�OHDYHV�
WR�PD[LPL]H�JURZWK�DQG�VXUYLYDO��-DQ]HQ��������&ROH\���������
ZKLFK�LQ�WXUQ�VKRXOG�JUHDWO\�UHGXFH�VXFK�D�SURWHLQ�VXEVLG\�
DQG��ZLWK�LW��RYHUDOO�IUXJLYRUH�DEXQGDQFH��*LYQLVK���������,Q�
FUHDVHG�UHOLDQFH�RQ�ZLQG�RU�JUDYLW\�GLVSHUVDO�RQ�VXFK�VWHULOH�
VXEVWUDWHV��HVSHFLDOO\�LQ�RSHQ�KDELWDWV��VKRXOG�LQFUHDVH�VSHFLD�
WLRQ�DQG�QDUURZ�HQGHPLVP�LQ�SODQWV��3RRU�VRLOV��WRJHWKHU�ZLWK�
VHDVRQDO�DULGLW\��PLJKW�KHOS�DFFRXQW�IRU�WKH�ORZ�LQFLGHQFH�RI�
IOHVK\�IUXLWV�LQ�WKH�RSHQ�6RXWK�$IULFDQ�I\QERV��,�SURSRVH�WKDW�
OLPLWHG�VHHG�GLVSHUVDO��EDVHG�RQ�D�UHVXOWLQJ�UHOLDQFH�RQ�JUDYLW\��
ZLQG��RU�DQWV�WR�WUDQVSRUW�SURSDJXOHV��FRXOG�EH�RQH�RI�VHYHUDO�
IDFWRUV�SURPRWLQJ�KLJK�UDWHV�RI�VSHFLDWLRQ�LQ�WKDW�FRPPXQLW\�
�VHH�DOVR�%RQG�	�6OLQJVE\��������/LQGHU���������������������
6RLO�LQIHUWLOLW\��E\�UHGXFLQJ�WKH�LQFLGHQFH�RI�WD[D�ZLWK�IOHVK\�
IUXLWV�HYHQ�LQ�K\SHUKXPLG�DUHDV�OLNH�WKH�VDQGVWRQH�WHSXLV�RI�
6RXWK�$PHULFD��PD\�DOVR�KHOS�JHQHUDWH�KLJK�UDWHV�RI�VSHFLDWLRQ�
DQG�ORFDO�HQGHPLVP�WKHUH��*LYQLVK��������
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2. DIVERSIFYING INFLUENCE OF ADAPTIVE 
RADIATION

$GDSWLYH�UDGLDWLRQ²WKH�ULVH�RI�D�GLYHUVLW\�RI�HFRORJLFDO�
UROHV�DQG�DWWHQGDQW�DGDSWDWLRQV�ZLWKLQ�D� OLQHDJH²LV�DUJX�
DEO\�RQH�RI�WKH�PRVW�LPSRUWDQW�SURFHVVHV�EULGJLQJ�HFRORJ\�
DQG�HYROXWLRQ��/DFN��������&DUOTXLVW��������������*LYQLVK��
������6FKOXWHU��������/LQGHU��������*DYULOHWV�	�/RVRV���������
,W�DULVHV�DV�D�UHVXOW�RI�GLYHUJHQW�VHOHFWLRQ�ZLWKLQ�VSHFLHV�RU�
DPRQJ�FORVHO\�UHODWHG�WD[D�IRU�DGDSWDWLRQ�WR�GLIIHUHQW�HQYLURQ�
PHQWV��UHVRXUFHV��FRPSHWLWRUV��SUHGDWRUV��DQG�RU�PXWXDOLVWV��
6XFK�VHOHFWLRQ�FDQ�DULVH�DV�D�UHVXOW�RI�DQ�DQFHVWUDO�VSHFLHV�LQ�
YDGLQJ�D�QHZ�RU�UHPRWH�DUHD��H�J���DQ�RFHDQLF�LVODQG��D�ODNH��RU�
D�PRXQWDLQWRS��ODUJHO\�GHYRLG�RI�RWKHU�VSHFLHV��WKH�H[WLQFWLRQ�RI�
SUHYLRXVO\�GRPLQDQW�JURXSV��RU�WKH�ULVH�RI�D�³NH\�LQQRYDWLRQ´�
�H�J���WKH�WDQN�KDELW�LQ�EURPHOLDGV��WKDW�DOORZV�WKH�LQYDVLRQ�RI�D�
QHZ�³DGDSWLYH�]RQH´��H�J���HSLSK\WLF�SHUFKHV�DWRS�RWKHU�SODQWV��
�6LPSVRQ�� ������� &RPSHWLWLRQ�ZLWKLQ� DQ� DQFHVWUDO� VSHFLHV�
VKRXOG�EHFRPH�LQWHQVH�DV�LW�EHFRPHV�PRUH�FRPPRQ��OHDGLQJ�
WR�VHOHFWLRQ�IRU�YDULDQWV�WKDW�XVH�DOWHUQDWLYH�HQYLURQPHQWV�RU�
UHVRXUFHV��:KHQ�WKH�SURGXFWV�RI�VXFK�GLYHUJHQFH�FRPH�LQWR�VHF�
RQGDU\�FRQWDFW��LI�WKH\�KDYH�QRW�DOUHDG\�GLYHUJHG�VXIILFLHQWO\�WR�
DYRLG�PRVW�FRPSHWLWLRQ��WKHUH�VKRXOG�EH�VHOHFWLRQ�IRU�PHPEHUV�
RI�VXFK�SRSXOD�WLRQV�WR�GLYHUJH�IXUWKHU�HFRORJLFDOO\��DQG�WKXV�
DFTXLUH�WKH�HFRORJLFDO�GLIIHUHQWLD�WLRQ�UHTXLUHG�IRU�WKHLU�ORFDO�
ORQJ�WHUP�FRH[LVWHQFH��,I�EUHHGLQJ�EDUULHUV�KDYH�QRW�DOUHDG\�
EHHQ�SHUIHFWHG��WKHUH�VKRXOG�DOVR�EH�VHOHFWLRQ�IRU�UHLQIRUFH�
PHQW�DQG�DFTXLVLWLRQ�RI�UHSURGXFWLYH�LVRODWLRQ�EHWZHHQ�VXFK�
SRSXODWLRQV�WR�SUHYHQW�LQWHUEUHHGLQJ��2YHU�WLPH��WKHUH�VKRXOG�
EH�VHOHFWLRQ�IRU�DGGLWLRQDO�HFRORJLFDO�DQG�UHSURGXFWLYH�LVROD�
WLRQ�DPRQJ�QHZHU�PHPEHUV�RI�WKH�UDGLDWLRQ��,Q�PDQ\�FDVHV��
DW�OHDVW�LQLWLDOO\��WKLV�PLJKW�OHDG�WR�HFRORJLFDO�RU�UHSURGXFWLYH�
FKDUDFWHU�GLVSODFH�PHQW��LQ�ZKLFK�FORVHO\�UHODWHG��HFRORJLFDOO\�
VLPLODU�VSHFLHV�DUH�PRUH�GLYHUJHQW�IURP�HDFK�RWKHU�LQ�V\PSDWU\�
WKDQ�LQ�DOORSDWU\��%URZQ�	�:LOVRQ��������3�5��*UDQW��������
6FKOXWHU�	�0DF3KDLO��������

$GDSWLYH�UDGLDWLRQ�FDQ�WKXV�EH�D�PDMRU�VRXUFH�RI�HFRORJLFDO�
GLYHUVLW\�DQG�QHZ�WD[D��)RU�H[DPSOH��LQ�WKH�QDWLYH�+DZDLLDQ�
IORUD��WKH����ODUJHVW�FODGHV²DOO�EXW�RQH�RI�ZKLFK�LQYROYH�H[�
WHQVLYH�DGDSWLYH�UDGLDWLRQ�LQ�KDELWDW��SROOLQDWLRQ�ELRORJ\��DQG�
RU�YHJHWDWLYH�IRUP²JHQHUDWHG�PRUH�WKDQ�KDOI�RI�WKH�QDWLYH�
VSHFLHV�IURP�RQO\������RI�WKH�LQLWLDO�FRORQLVWV�WKDW�OHIW�GHVFHQ�
GDQWV��VHH�VHFWLRQ�EHORZ�RQ�$GDSWLYH�UDGLDWLRQ�DQG�VSHFLD�WLRQ���
8QGHUXWLOL]HG�UHVRXUFHV�SURYLGH�D�PHFKDQ�LVP�IRU�JHQHUDWLQJ�
HFRORJLFDO�LVRODWLRQ�EHWZHHQ�VSHFLHV��DFWLQJ�DW�WKH�VDPH�WLPH�
DV�VH[XDO�VHOHFWLRQ�IRU�UHSURGXFWLYH�LVRODWLRQ��VHH�VHFWLRQ�RQ�
(FRORJLFDO�VSHFLD�WLRQ��RU�VXEVHTXHQWO\��6HOHFWLRQ�IRU�DGDSWD�WLRQ�
WR�GLIIHUHQW�HQYLURQPHQWV�DQG�UHVRXUFHV�FDQ�UHVXOW�QRW�RQO\�
LQ�UHPDUNDEOH�FDVHV�RI�GLYHUJ�HQFH�ZLWKLQ�UDGLDWLRQV��EXW�DOVR�
FRQYHUJHQFH�EHWZHHQ�HFRORJLFDOO\�VLPLODU�PHPEHUV�RI�GLIIHUHQW�
UDGLDWLRQV��DV�LOOXVWUDWHG�E\�PDUVXSLDO�YV��SODFHQWDO�PDPPDOV��
+DZDLLDQ�KRQH\FUHHSHUV�YV��RWKHU�IDPLOLHV�RI�SDVVHULQH�ELUGV�
�DQG�SHUKDSV�RWKHU�YHUWHEUDWHV²/RYHWWH�	�DO����������FLFKOLGV�
LQ�GLIIHUHQW�$IULFDQ�ULIW� ODNHV��WKH�ULVH�RI�WUHHV�IURP�VHYHUDO�
KHUEDFHRXV�SODQW�OLQHDJHV�FRORQL]LQJ�LVODQGV��DQG�WKH�UHSHDWHG�
RULJLQ�RI�XQVFHQWHG��WXEXODU��UHGGLVK�IORZHUV�ZLWK�FRSLRXV�QHF�
WDU�LQ�XQUHODWHG�SODQWV�SROOLQDWHG�E\�KXPPLQJ�ELUGV��([WHQVLYH�

GLYHUJHQFH�DQG�FRQYHUJHQFH�ZLWKLQ�UDGLDWLRQV�RQ�LVODQGV�FDQ�
FRQIRXQG�DWWHPSWV�WR�LQIHU�DQFHVWUDO�PDLQODQG�WD[D�DQG�WUDFH�
SDWWHUQV�RI�DGDSWLYH�HYROXWLRQ�XVLQJ�SK\ORJHQLHV�EDVHG�RQ�PRU�
SKRORJ\��PDNLQJ�SK\ORJHQHWLF�DQDO\VLV�EDVHG�RQ�PROHFXODU�
GDWD�FUXFLDO�IRU�WKH�DQDO\VLV�RI�VXFK�UDGLDWLRQV��*LYQLVK�	�DO���
������������������6DQJ�	�DO���������%DOGZLQ�	�5RELFKDX[��
������%|KOH�	�DO���������.LP�	�DO���������)UDQFLVFR�2UWHJD�
	�DO���������

Patterns of adaptive radiation

$GDSWLYH�UDGLDWLRQ�SURYLGHV�VRPH�RI�WKH�PRVW�VSHFWDFXODU�
LOOXVWUDWLRQV�RI�WKH�WLHV�EHWZHHQ�HFRORJ\�DQG�HYROXWLRQ�LQ�SODQWV��
1RWDEOH�LQVWDQFHV�RQ�LQGLYLGXDO�RFHDQLF�LVODQGV�RU�DUFKLSHOD�
JRHV�LQFOXGH��

���� +DZDLLDQ�OREHOLDGV������VSS��RI�WUHHOHWV��WUHHV��VKUXEV��
ZRRG\�URVHWWHV��DQG�YLQHV��UDQJLQJ�IURP�PHVLF�WR�ZHW�VFUXE�DQG�
IRUHVWV�WR�VXEDOSLQH�ERJV�DQG�VHDFOLIIV��EHDULQJ�KLJKO\�GLYHUJHQW�
OHDYHV��IORZHUV�DQG�IUXLWV��GLYHUJHG�IURP�RWKHU�ZRRG\�OREHOLDGV�
IURP�$IULFD�DQG�RWKHU�LVODQGV�LQ�WKH�3DFLILF����PLOOLRQ�\HDUV�
�0D��DJR�>*LYQLVK�	�DO�������������������@���

���� +DZDLLDQ�VLOYHUVZRUG�DOOLDQFH�����VSS��RI�VKUXEV��
WUHHV��DQG�ZRRG\�YLQHV��UDQJLQJ�IURP�YHU\�GU\�WR�YHU\�ZHW�
KDELWDWV��GHULYHG�IURP�KHUEDFHRXV�&DOLIRUQLD�WDUZHHGV�����0D�
DJR�>&DUOTXLVW��������5RELFKDX[�	�DO���������%DOGZLQ�	�DO���
������%DOGZLQ�	�6DQGHUVRQ��������&DUOTXLVW�	�DO�������@���

���� +DZDLLDQ�6FKLHGHD� ����VSS��RI�KHUEV��VKUXEV��DQG�
YLQHV��UDQJLQJ�IURP�GU\�FOLIIV�WR�ZHW�IRUHVWV�DQG�YDU\LQJ�IURP�
KHUPDSKUR�GLWLF�WR�GLRHFLRXV��DSSDUHQWO\�GLYHUJHQW�IURP�FLU�
FXPERUHDO�+RQFNHQ\D�DQG�:LOKHOPVLD�>3�6��6ROWLV�	�DO���������
:DJQHU�	�DO�������E��6DNDL�	�DO���������:HOOHU�	�DO���������
+DUEDXJK�	�DO�������@���

���� +DZDLLDQ�&KDPDH�V\FH�����VSS��RI�VSUDZOLQJ�PDWV��
VKUXEV��DQG�WUHHV��IURP�FRDVWDO�YHJHWDWLRQ�WR�ZHW�IRUHVW��ZLWK�
DQ�H[WUDRUGLQDU\�UDQJH�LQ�OHDI�YHQDWLRQ�SDWWHUQV�DQG�VWRPDWDO�
GLVWULEXWLRQV�>&DUO�TXLVW��������6SRUFN�	�6DFN��LQ�SUHS����

����0DFDURQHV�LDQ�$HRQLXP�DOOLDQFH�����VSS��RI�DQQXDO�
DQG�SHUHQQLDO�KHUEV��VXEVKUXEV��URVHWWHV��VXFFXOHQWV��HDFK�SRV�
VHVVLQJ�WKH�&���&$0��RU�&��&$0�SKRWRV\QWKHWLF�SDWKZD\��DQG�
GHULYHG�IURP�QRUWKZHVW�$IULFDQ�KHUEDFHRXV�DQFHVWRUV������0D�
DJR�>0HV�	�W¶+DUW��������-RUJHQVHQ�	�2OHVRQ��������0RUW�	�
DO���������������.LP�	�DO�������@���

����0DFDURQHVLDQ�(FKLXP�����VSS��RI�VKUXEV��WUHHV��DQG�
VHFRQGDULO\�GHULYHG�DQQXDO�KHUEV�IURP�D�YHU\�ZLGH�UDQJH�RI�
UDLQIDOOV�DQG�HOHYDWLRQV��DQG�KDYLQJ�GLYHUJHG�IURP�PDLQODQG�
KHUEDFHRXV�(FKLXP�����0D�DJR��FRORQL]LQJ�WKH�&DQDU\�,VODQGV�
ILUVW��DQG�WKHQ�GLYHUVLI\LQJ�RQ�0DGHLUD�DQG�WKH�&DSH�9HUGH�
,VODQGV�>%|KOH�	�DO���������.LP�	�DO���������*iUFLD�0DURWR�
	�DO�������@���

����0DFDURQHVLDQ�6RQFKXV�DOOLDQFH�����VSS��RI�WXEHURXV�
KHUEV�DQG�ZRRG\�VXEVKUXEV��VKUXEV��DQG�URVHWWH�WUHHV��UDQJLQJ�
IURP�GU\�WR�PHVLF�KDELWDWV��DQG�KDYLQJ�GLYHUJHG�IURP�PDLQODQG�
KHUEDFHRXV�DQFHVWRUV������0D�DJR�>.LP�	�DO���������������/HH�
	�DO�������@���

����0DFDURQHVLDQ�$UJ\UDQWKHPXP�����VSS��RI�ZRRG\�SH�
UHQQLDOV�WKDW�YDU\�VXEVWDQWLDOO\�LQ�OHDI�GLYLVLRQ�DQG�UDQJH�IURP�
GU\�WR�PHVLF�KDELWDWV�>)UDQFLVFR�2UWHJD�	�DO�������������@��DQG�



����

7$;21����������2FWREHU�����������±����*LYQLVK���(FRORJ\�RI�SODQW�VSHFLDWLRQ

���� 1HZ�=HDODQG�+HEH�FRPSOH[������VSS��ZLWK�H[WUDRU�
GLQDU\�YDULDWLRQ�LQ�JURZWK�IRUP��OHDI�VKDSH��DQG�KDELWDW�>*DU�
QRFN�-RQHV��������$OEDFK�	�DO�������������@���

7KHUH�DUH�PDQ\�RWKHU�VWULNLQJ�FDVHV�RI�LQVXODU�UDGLDWLRQ�LQ�
SODQWV��H�J���$UDXFDULD��%LGHQV��&UDPEH��&\UWDQGUD��*HUDQLXP��
+LELVFDGHOSKXV��0HOLFRSH��0\UVLQH��3K\OORVWHJLD��6WHQRJ\QH��
3HULFDOOLV��3LWWRVSRUXP��3RXWHULD��3V\FKRWULD��5RELQVRQLD��
6FDHYROD��6LGHULWLV���DQG�VHYHUDO�RQ�FRQWLQHQWV��H�J���$FDFLD��
%DQNVLD��DQG�(XFDO\SWXV�LQ�$XVWUDOLD��'LVD��(ULFD��*ODGLROXV��
0RUDHD��DQG�IDPLOLHV�$L]RDFHDH�DQG�5HVWLRQDFHDH�LQ�6RXWK�
$IULFD��%URFFKLQLD��&DOFHRODULD��(VSHOHWLD��)XFKVLD��/HSDQ�
WKXV��/XSLQXV�DQG�IDPLOLHV�%LJQRQLDFHDH��%URPHOL�DFHDH��DQG�
5DSDWHDFHDH�LQ�6RXWK�$PHULFD��DQG�$TXLOHJLD��&DORFKRUWXV��
/LOLXP��0LPXOXV��3HQVWHPRQ��3ODWDQWKHUD��4XHUFXV��7ULOOLXP��
DQG�WKH�IDPLO\�3ROHPRQLDFHDH�LQ�1RUWK�$PHULFD���&RQWLQHQWDO�
OLQHDJHV��E\�YLUWXH�RI�KDYLQJ�DFFHVV�WR�D�PXFK�ZLGHU�UDQJH�RI�
SDUHQW�PDWHULDO�WKDQ�OLQHDJHV�RQ�YROFDQLF�LVODQGV��RIWHQ�VKRZ�
DGDSWLYH�UDGLDWLRQ�E\�VRLO�W\SH�RU�EHGURFN��H�J��� LQYDVLRQ�RI�
VHUSHQWLQH��J\SVXP��DONDOL��FOD\��ORDP\��DQG�VDQG\�VRLOV�E\�
&DOFKRUWXV��LQYDVLRQ�RI�VHUSHQWLQH�DQG�YHUQDO�SRROV�E\�1D�
YDUUHWLD���,Q�&DOLIRUQLD��ZLWK�H[WHQVLYH�RXWFURSV�RI�VHUSHQWLQH��
FD������VSHFLHV�KDYH�EHFRPH�VSHFLDOL]HG�HQWLUHO\�WR�VHUSHQWLQH�
VRLOV��LQ�WKH�OLPLWHG�QXPEHU�RI�FORVHO\�UHODWHG�VSHFLHV�IRXQG�
RQ�VHUSHQWLQH�DQG�QRQ�VHUSHQWLQH��JURZWK�DQG�VXUYLYDO�RQ�RQH�
VXEVWUDWH�ZDV�LQYHUVHO\�UHODWHG�WR�WKDW�RQ�WKH�RWKHU��.UXFNHEHUJ��
������%UDG\�	�DO���������

(DFK�RI�WKH�QLQH�LVODQG�JURXSV�KLJKOLJKWHG�DERYH�ILW�WKH�
FULWHULD�IRU�DGDSWLYH�UDGLDWLRQ�JLYHQ�E\�*LYQLVK���������HDFK�
LV�PRQRSK\OHWLF��HDFK�HQFRPSDVVHV�VXEVWDQWLDO�HFRORJLFDO�GL�
YHUVLW\��DQG�HDFK�H[KLELWV�HYLGHQFH²PRVW�RIWHQ��LQ�WHUPV�RI�
FRPSDUDWLYH�GDWD�VKRZLQJ�D�UHJXODU�ILW�EHWZHHQ�IRUP�DQG�PRU�
SKRORJ\��H�J���RI�OHDI�ZLGWK�WR�PRLVWXUH�VXSSO\�²WKDW�VXSSRUWV�
GLIIHUHQWLDO�DGDSWDWLRQ�RI�LQGLYLGXDO�VSHFLHV�WR�GLIIHUHQW�FRQGL�
WLRQV��,Q�DGGLWLRQ�WR�WKHVH�FULWHULD��6FKOXWHU��������HPSKDVL]HG�
WZR�RWKHUV��UDSLG�VSHFLDWLRQ�DQG�H[SHULPHQWDO�HYLGHQFH�RI�D�
WUDLW�XWLOLW\�FRQQHFWLRQ��5DSLG�VSHFLD�WLRQ�LV�SUREOHPDWLF�DV�D�
GHILQLQJ�FULWHULRQ�RI�DGDSWLYH�UDGLDWLRQ��VHH�*LYQLVK���������DO�
WKRXJK�DOO�RI�WKH�FDVHV�OLVWHG�DERYH�ILW�LQ�WKH�WLPH�IUDPH�RI�RWKHU�
UDGLDWLRQV�PHQWLRQHG�E\�6FKOXWHU���������1R�VWXG\��WR�P\�NQRZO�
HGJH��KDV�HYHU�GHILQHG�³UDSLG�VSHFLDWLRQ�́ �DQG�QR�VWXG\�KDV�HYHU�
H[FOXGHG�D�OLQHDJH�DV�EHLQJ�DQ�DGDSWLYH�UDGLDWLRQ�RQ�WKLV�EDVLV��
WKH�UDSLG�VSHFLDWLRQ�FULWHULRQ�LV�VLPSO\�QRW�RSHUDWLRQDO��*LYQLVK�
�������WDEOH���DQG�SS����±����DOVR�LGHQWLILHG�H[SHULPHQWDO�HYL�
GHQFH�RI�GLIIHUHQW�XWLOLWLHV�IRU�WUDLWV�LQ�GLIIHUHQW�HQYLURQPHQWV�DV�
EHLQJ�KLJKO\�GHVLUDEOH��7R�VKRZ�WKDW�D�UDGLDWLRQ�LV�DGDSWLYH��RQH�
PXVW�SUHVHQW�HYLGHQFH�EDVHG�RQ�FRPSDUDWLYH�GDWD��IXQFWLRQDO�
VWXGLHV��RU�GLUHFW�PHDVXUHPHQWV�RI�ILWQHVV�WKDW�YDULDWLRQ�LQ�WKH�
XQGHUO\LQJ�WUDLWV�LQFUHDVHV�ILWQHVV�LQ�WKH�FRQGLWLRQV�RFFXSLHG�
DQG�QRW�LQ�RWKHUV��+RZHYHU��LW�LV�QRW�FOHDU�ZK\�6FKOXWHU��������
LQVLVWHG�RQ�HYLGHQFH�RI�GLIIHUHQWLDO�XWLOLW\�IURP�FRPSDUDWLYH�
DQG�IXQFWLRQDO�VWXGLHV��EXW�QRW�IURP�GLUHFW�PHDVXUH�PHQWV�RI�
ILWQHVV��DOO�WKUHH�DSSURDFKHV�FDQ�SURYLGH�HYLGHQFH�RI�GLIIHUHQWLDO�
XWLOLW\��*LYQLVK���������*LYHQ�WKDW�GLYHUJHQW�PHPEHUV�RI�PDQ\�
DGDSWLYH�UDGLDWLRQV�LQKDELW�DQG�WKXV�GHYHORS�LQ�GLIIHUHQW�HQYL�
URQPHQWV��ZH�VKRXOG�DOVR�LQVLVW�RQ�XVLQJ�FRPPRQ�JDUGHQV�]RRV�
WR�GHPRQVWUDWH�WKDW�GLIIHUHQFHV�LQ�WUDLW�H[SUHVVLRQ�DQG�XWLOLW\�
DPRQJ�PHPEHUV�RI�D�UDGLDWLRQ�LQ�GLIIHUHQW�HQYLURQPHQWV�DUH�

DW�OHDVW�SDUWO\�JHQHWLF�DQG�QRW�ZKROO\�D�UHVXOW�RI�GHYHORSPHQWDO�
SODVWLFLW\�DQG�WKH�GLIIHUHQW�FRQGLWLRQV�XQGHU�ZKLFK�GLIIHUHQW�VSH�
FLHV�GHYHORS��%DOGZLQ��������*LYQLVK���������7R�GDWH��XQIRUWX�
QDWHO\��VXFK�FRPPRQ�JDUGHQ�VWXGLHV�RI�DGDSWLYH�UDGLDWLRQ�LQ�
SODQWV�KDYH�EHHQ�UDUH�IRU�WUDLW�H[SUHVVLRQ��H�J���%DOGZLQ��������
DQG�HVSHFLDOO\�IRU�WUDLW�XWLOLW\��EXW�VHYHUDO�VWXGLHV�RI�WKH�ODWWHU�
KDYH�UHFHQWO\�DSSHDUHG��6FKHPVNH�	�%UDGVKDZ��������*LYQLVK�
	�DO���������9HUERRP�	�DO���������$QJHUW�	�6FKHPVNH��������
0XFKKDOD��������6FKHPVNH�	�%LHU]\FKXGHN��������$QJHUW�	�
DO���������0RQWJRPHU\�	�DO���������

$�OLQHDJH�ZLWK�IHZ��EXW�WZR�RU�PRUH���VSHFLHV�FRXOG�VWLOO�
EH�FRQVLGHUHG�DQ�DGDSWLYH�UDGLDWLRQ�LI�WKH�H[WHQW�RI�GLYHUJHQFH�
DPRQJ�LWV�VSHFLHV�LQ�HFRORJ\�ZLWKLQ�RU�EHWZHHQ�KDELWDWV�ZRXOG�
W\SLFDOO\�EH�UHJDUGHG�DV�DGHTXDWH�WR�SHUPLW�ORQJ�WHUP�FRH[LV�
WHQFH�RI�WKRVH�VSHFLHV��([FOXGHG�ZRXOG�EH�FDVHV�RI�QRQ�DGDS�
WLYH�UDGLDWLRQ��VHH�*LWWHQEHUJHU��������&DPHURQ�	�DO���������
*LYQLVK��������5XQGHOO�	�3ULFH���������$OORSDWULF�VSHFLDWLRQ�
UHVXOWLQJ�IURP�JHRJUDSKLF�EDUULHUV�RU�OLPLWHG�GLVSHUVDO�FDQ�
HDVLO\�UHVXOW�LQ�QRQ�DGDSWLYH�UDGLDWLRQ��RU�VSHFLDWLRQ�ZLWKRXW�
HFRORJLFDO�GLYHUJHQFH�DQG�WKH�ULVH�RI�FRUUHVSRQGLQJ�DGDSWD�
WLRQV��DV�RFFXUV�RIWHQ�LQ�JURXSV�RI�EXUURZLQJ�PDPPDOV��H�J���
JRSKHUV��PROH�UDWV��� ODQG�VQDLOV��DQG�EURRGLQJ�$QWDUFWLF�VHD�
XUFKLQV��7KH�EURPHOLDG�JHQXV�1DYLD��VHH�EHORZ��SURYLGHV�D�
SRWHQWLDO�H[DPSOH�LQ�SODQWV�

&RPPRQ�HFRORJLFDO�WUHQGV�LQ�SODQW�UDGLDWLRQV�RQ�LVODQGV�
LQFOXGH�WKH�HYROXWLRQ�RI�ZRRGLQHVV��PRQRFDUS\��GHYHORSPHQWDO�
KHWHURSK\OO\��DQG�VH[XDO�GLPRUSKLVP��DV�ZHOO�DV�WKH�ULVH�RI�
GLIIHUHQFHV�LQ�JURZWK�IRUP��KDELWDW��DQG�IORUDO�PRUSKRORJ\�
�&DUOTXLVW��������*LYQLVK�	�DO���������������:HOOHU�	�DO���������
������%|KOH�	�DO���������*LYQLVK��������-RUJHQVRQ�	�2OHVHQ��
������6DNDL�	�DO����������,Q�DQ�DWWHPSW�WR�GHWHUPLQH�WKH�QDWXUH�
RI�SKHQRW\SLF�VKLIWV�ZLWKLQ�LQVXODU�UDGLDWLRQV�ZLWKRXW�KDYLQJ�
DFFHVV�WR�DFWXDO�SK\ORJHQ�LHV��-RUJHQVHQ�	�2OHVHQ��������WDOOLHG�
WKH�SURSRUWLRQ�RI�GLFKRWRPLHV�LQYROY�LQJ�YHJHWDWLYH��IORUDO��RU�
IUXLW�FKDUDFWHUV�LQ�WKH�SXEOLVKHG�NH\V�WR�DOO�QDWLYH�JHQHUD�ZLWK�
����VSHFLHV�SUHVHQW�LQ�WKH�+DZDLLDQ�DQG�&DQDU\�,VODQGV��)RU�
+DZDLLDQ�WD[D������RI�GLFKRWRPLHV�ZLWKLQ�JHQHUD�ZHUH�IORUDO��
YV������IRU�YHJHWDWLYH�FKDUDFWHUV�DQG�����IRU�IUXLW�FKDUDFWHUV��
7KH�JHQHUD�SROOLQDWHG�E\�ELUGV�KDG�WKH�VL[�KLJKHVW�IUDFWLRQV�
RI�GLFKR�WRPLHV�LQYROYLQJ�IORUDO�FKDUDFWHUV��UDQJLQJ�IURP�����
LQ�&OHUPRQWLD�WR�����LQ�&\DQHD�DQG�DYHUDJLQJ�����RYHUDOO��
FRPSDUHG�ZLWK�����IRU�WKH�JHQHUD�SROOLQDWHG�E\�RWKHU�DQLPDO�
JURXSV��1R�OHDGLQJ�&DQDULDQ�JHQHUD�DUH�SROOLQDWHG�E\�ELUGV��
IORUDO� GLFKRWRPLHV� IRU� WKHP� DYHUDJHG� ���� DV�ZHOO��9HUQH�
*UDQW���������LQ�D�VXUYH\�RI�DQJLRVSHUP�JURXSV�VODQWHG�PRUH�
WR�WHPSHUDWH�PDLQODQG�DUHDV��IRXQG�WKDW�WKH�SURSRUWLRQ�RI�IORUDO�
GLDJQRVWLF�FKDUDF�WHUV�ZDV�URXJKO\�����IRU�SODQWV�ZLWK�VSHFLDO�
L]HG�DQLPDO�SROOLQDWRUV������IRU�WKRVH�ZLWK�SURPLVFXRXV�LQVHFW�
SROOLQDWRUV��DQG����IRU�ZLQG�SROOLQDWHG�WD[D��7KHVH�GDWD�LPSO\�
WKDW�VHOHFWLRQ�IRU�IORUDO�GLYHUJHQFH�LV�VWURQJHVW�LQ�SODQWV�YLVLWHG�
E\�VSHFLDOL]HG�SROOLQDWRUV��ZHDNHU�LQ�WKRVH�YLVLWHG�E\�XQVSH�
FLDOL]HG�SROOLQDWRUV��DQG�ZHDN�HVW�LQ�ZLQG�SROOLQDWHG�SODQWV��
)XUWKHUPRUH��DQLPDO�SROOLQDWLRQ�LV�JHQHUDOO\�DVVRFLDWHG�ZLWK�
KLJKHU�UDWHV�RI�GLYHUVLILFDWLRQ�WKDQ�ZLQG�SROOLQDWLRQ��.D\�	�
DO����������%DVHG�RQ�FRPSDULVRQV�RI�VLVWHU�FODGHV��RQH�ZLQG�
SROOLQDWHG�DQG�WKH�RWKHU�DQLPDO�SROOLQDWHG�����RI����FDVHV�KDG�
PRUH�VSHFLHV�DVVRFLDWHG�ZLWK�DQLPDO�SROOLQDWLRQ��3���������IRU�



����
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YDULRXV�VWDWLVWLFDO�WHVWV�DGYDQFHG�E\�WKH�DXWKRUV���$W�D�EURDGHU�
OHYHO������RI�����IDPLOLHV�ZHUH�FKDUDFWHUL]HG�E\�ELRWLF�SROOLQD�
WLRQ�YV�����E\�ZLQG�RU�ZDWHU�SROOLQDWLRQ�

6FKLHVWO�	�6FKO�WHU��������SURYLGH�WKH�RQO\�VWXG\�UHODWLQJ�
WKH�GHJUHH�RI�IORUDO�VSHFLDOL]DWLRQ�WR�SODQW�VSHFLDWLRQ��3K\�
ORJHQHWLFDOO\�VWUXFWXUHG�FRPSDULVRQV�RI�IORUDO�DQG�SROOLQDWRU�
GLIIHUHQFHV�DPRQJ�VSHFLHV�ZLWKLQ����RUFKLG�JHQHUD�VKRZHG�WKDW�
WKH�QXPEHU�RI�VSHFLHV�SHU�JHQXV�ZDV�LQYHUVHO\�UHODWHG�WR�WKH�
QXPEHU�RI�SROOLQDWRUV�SHU�VSHFLHV��)LJ������7KDW�LV��RUFKLG�JHQHUD�
WKDW�KDG�VSHFLHV�WKDW�ZHUH�PRUH�VSHFLDOL]HG�RQ�LQGLYLGXDO�SRO�
OLQDWRUV�ZHUH�PRUH�OLNHO\�WR�XQGHUJR�H[WHQVLYH�VSHFLDWLRQ�RU��
PRUH�SUHFLVHO\��D�JUHDWHU�H[FHVV�RI�VSHFLDWLRQ�RYHU�H[WLQFWLRQ��
0RUH�SROOLQDWRUV�ZHUH�VKDUHG�E\�VSHFLHV�ZLWKLQ�JHQHUD�LQYROY�
LQJ�WKH�SUHVHQWDWLRQ�RI�UHDO�RU�GHFHSWLYH�IRRG�UHZDUGV�WKDQ�LQ�
JHQHUD�HPSOR\LQJ�VH[XDO�GHFHSWLRQ��L�H���SVHXGRFRSXOD�WLRQ�DQG�
GXPP\�EURRG�VLWHV��RU�VFHQW�UHZDUGV��H�J���HVVHQWLDO�RLOV��XVHG�
E\�SROOLQDWRUV�IRU�WKHLU�RZQ�UHSURGXF�WLRQ��7KHVH�GDWD�VXSSRUW�
'UHVVOHU¶V��������DUJXPHQW�WKDW�RUFKLG�SROOLQDWRUV�VKRXOG�EH�
PRUH�IDLWKIXO²DQG�SURYLGH�EHWWHU�UHSURGXFWLYH�LVRODWLRQ�WR�
WKH�SODQWV�WKH\�YLVLW²LI�WKH\�UHVSRQG�WR�VH[XDO�GHFHSWLRQ�RU�
VFHQW�UHZDUGV��EHFDXVH�VXFK�UHVSRQVHV�DUH�GLUHFWO\�FRQQHFWHG�
WR�VH[XDO�VHOHFWLRQ�DQG�UHSURGXFWLYH�EDUULHUV�RSHUDWLQJ�RQ�WKH�
SROOLQDWRUV�WKHPVHOYHV�

9DQ�GHU�1LHW�	�-RKQVRQ��������SURYLGH�WKH�PRVW�FRPSHO�
OLQJ�VXPPDU\�WR�GDWH�RI�WKH�QDWXUH�RI�HFRORJLFDO�VKLIWV�ZLWKLQ�
DGDSWLYH�UDGLDWLRQV�LQ�D�PDLQODQG�DUHD��7KH\�WDOOLHG�GLIIHUHQFHV�
EHWZHHQ�VSHFLHV�IRU�����SDLUV�RI�VLVWHU�WD[D�GUDZQ�IURP�SK\ORJ�
HQLHV�IRU�HLJKW�PDMRU�OLQHDJHV�QDWLYH�WR�WKH�&DSH�IORULVWLF�UHJLRQ�
LQ�6RXWK�$IULFD��LQFOXGLQJ�'LVD��2UFKLGDFHDH���+HOLRSKLOHDH�
�%UDVVLFDFHDH���0XUDOWLD��3RO\JDODFHDH���3HODUJRQLXP��*HUD�
QLDFHDH���3RGDO\ULHDH��)DEDFHDH���WKH�5HVWLR�FODGH��5HVWLRQD�
FHDH���DQG�6DW\ULXP��2UFKLGDFHDH���7KH�&DSH�IORULVWLF�UHJLRQ�

FRPSULVHV�RQH�RI�WKH�ZRUOG¶V�VL[�IORUDO�NLQJGRPV��7DNKWDMDQ��
������DQG�LV�D�PDMRU�ELRGLYHUVLW\�KRWVSRW��ZLWK�FD�������VSHFLHV�
LQ�DQ�DUHD�RI��������NP���DQG�ORFDO�HQGHPLVP�DSSURDFKLQJ�����
�*ROGEODWW�	�0DQQLQJ���������DQG�QXPHURXV�SODQW�UDGLDWLRQV��
PDQ\�SURPLQHQWO\�LQFOXGLQJ�VSHFLDOL]DWLRQ�RQ�YDULRXV�FODVVHV�
RI�SROOLQDWRUV��/LQGHU��������������������6�'��-RKQVRQ���������
9DQ�GHU�1LHW�	�-RKQVRQ��������IRXQG�WKDW��LQ�WHUPV�RI�HFRORJ\��
FRPSOHWH�VKLIWV�LQ�SROOLQDWRUV������RI�&DSH�VLVWHU�VSHFLHV�SDLUV���
ILUH�VXUYLYDO�VWUDWHJLHV�������DQG�JHQHUDO�KDELWDW�H[FOXGLQJ�
VKLIWV�LQ�VRLO�W\SH�������ZHUH�WKH�PRVW�IUHTXHQW�REVHUYHG��ZKLOH�
VKLIWV�LQ�VRLO�W\SH�ZHUH�WKH�OHDVW�IUHTXHQW��ZLWK�����RI�VSHFLHV�
SDLUV�H[KLELWLQJ�FRPSOHWH�VKLIWV�DQG�����SDUWLDO�VKLIWV��)RU�VSH�
FLHV�SDLUV�H[KLELWLQJ�RQO\�RQH�HFRORJLFDO�VKLIW������VKRZHG�D�
VKLIW�LQ�IORZHULQJ�WLPH��ZKLOH�QRQH�VKRZHG�D�VKLIW�LQ�VRLO�W\SH��
0RVW�VLVWHU�VSHFLHV�SDLUV�LQ�ERWK�DQLPDO��DQG�ZLQG�SROOLQDWHG�
OLQHDJHV�H[KLELWHG�VKLIWV�LQ�ERWK�IORUDO�DQG�YHJHWDWLYH�WUDLWV��
2YHUDOO�����RI�&DSH�VSHFLHV�SDLUV�KDG�DOORSDWULF�UDQJHV������
ZHUH�ZKROO\�V\PSDWULF��DQG�����RYHUODSSHG�LQ�SDUW��VXSSRUW�
LQJ�DOORSDWULF�RU�SDUDSDWULF�VSHFLDWLRQ�DV�D�GRPLQDQW�IRUFH��7KH�
UHODWLYHO\�KLJK�IUHTXHQF\�RI�VSHFLHV�VKLIWV�LQ�KDELWDW��HOHYDWLRQ��
DQG�JHRJUDSKLF�UDQJHV�LV�H[SHFWHG�IURP�WKHRU\��EDVHG�RQ�WKH�
JUHDWHU�HDVH�RI�UHSURGXFWLYH�DQG�DGDSWLYH�GLYHUJHQFH�HYROYLQJ�
ZKHQ�WKH\�DUH�WLHG�WR�VSDWLDOO\�OLPLWHG�DUHDV��VHH�*DYULOHWV��
������*DYULOHWV�	�9RVH��������������*DYULOHWV�	�/RVRV��������
5DYLJQp�	�DO����������9HUQH�*UDQW��������EHOLHYHG�WKDW�WKH�ILUVW�
VWHS�RI�PDQ\�DGDSWLYH�UDGLDWLRQV�LQ�IORZHULQJ�SODQWV�LQYROYHG�
SROOLQDWRU�VKLIWV��VHH�DOVR�6FKOXWHU���������EXW�WKH�SUHSRQGHU�
DQFH�RI�HYLGHQFH�IURP�WKH�SUHFHGLQJ�DQDO\VLV�RI�&DSH�SODQW�
OLQHDJHV��WKH�SDWWHUQV�RI�GLYHUJHQFH�LQ�GLVWULEXWLRQ�YV��IORZHUV�
LQ�&DORFKRUWXV��3DWWHUVRQ�	�*LYQLVK���������DQG�WKH�SDWWHUQV�
RI�GLYHUJHQFH�LQ�KDELWDW��JURZWK�IRUP��HOH�YD�WLRQ��DQG�IORZHU�
WXEH�OHQJWK�LQ�+DZDLLDQ�OREHOLDGV��*LYQLVK�	�DO���������������

Fig. .�1XPEHU�RI�RUFKLG�VSHFLHV�SHU�JHQXV�LV�LQYHUVHO\�UHODWHG�WR�WKH�DYHUDJH�QXPEHU�RI�SROOLQDWRU�VSHFLHV�YLVLWLQJ�HDFK�VSHFLHV�DFURVV����RUFKLG�
JHQHUD��EDVHG�RQ�SK\ORJHQHWLFDOO\�XQVWUXF�WXUHG�(A)�RU�VWUXFWXUHG�(B)�DQDO\VHV��7KDW�LV��RUFKLGV�ZLWK�D�QDUURZHU�UDQJH�RI�IORUDO�YLVLWRUV�VKRZHG�D�
VLJQLILFDQW�WHQGHQF\�WR�VSHFLDWH�PRUH�SHU�JHQXV��5HGUDZQ�IURP�6FKLHVWO�	�6FKO�WHU��������
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VXJJHVW�WKDW�GLYHU�JHQFH�LQ�KDELWDW�DQG�JHRJUDSKLFDO�GLVWULEXWLRQ�
RIWHQ�FRPH�ILUVW��7KLV�SDWWHUQ�PLUURUV�WKH�ILQGLQJV�RI�5LFKPDQ�
	�3ULFH��������IURP�D�SK\ORJHQHWLF�DQDO\VLV�RI�3K\OORVFRSXV�
ZDUEOHUV��DQG�HDUOLHU�SUHGLFWLRQV�DQG�TXDOLWDWLYH�DQDO\VLV�E\�
'LDPRQG��������IRU�1HZ�*XLQHDQ�ELUGV��7KH�JHQHUDO�WHQGHQF\�
WRZDUG�SK\ORJHQHWLF�QLFKH�FRQVHUYDWLVP²WKDW�LV��IRU�GDXJKWHU�
WD[D�WR�EH�HFRORJLFDOO\�VLPLODU�WR�WKHLU�DQFHVWRUV²VXJJHVWV�WKDW�
QR�DGDSWLYH�VKLIW�FRPELQHG�ZLWK�D�JHR�JUD�SKLF�VKLIW�PD\�RIWHQ�
EH�WKH�QXOO�H[SHFWDWLRQ��&DYHQGHU�%DUHV�	�DO����������&ULVS�	�
DO���������IRXQG��LQ�D�VXUYH\�RI��������SODQW�VSHFLHV�IURP�WKH�
6RXWKHUQ�+HPLVSKHUH��WKDW�HFRORJLFDO�VWDVLV�DW�WKH�ELRPH�OHYHO�
RXWQXPEHUHG�VKLIWV�EHWZHHQ�ELRPHV�E\�D�UDWLR�RI�������

Adaptive radiation and speciation

6FKOXWHU��������LQFOXGHV�UDSLG�VSHFLDWLRQ�DV�SDUW�RI�KLV�
GHILQLWLRQ�RI�DGDSWLYH�UDGL�DWLRQ��DUJXLQJ�WKDW�WKLV�IROORZV�XVDJH�
E\�6LPSVRQ��������DQG�WKDW�³WKH�SURFHVV�FKDUDFW�HU�L]HV�DOO�WKH�
EHVW�NQRZQ�FDVHV�́ �+RZHYHU��6LPSVRQ�KLPVHOI�VWDWHG�WKDW�DGDS�
WLYH�UDGLDWLRQ�FRXOG�SURFHHG�JUDGXDOO\��DQG�6FKOXWHU¶V�VHFRQG�
³DUJXPHQW´�LV�VLPSO\�UHLILFDWLRQ��*LYQLVK��������DUJXHG�WKDW��
ORJLFDOO\��LW�PLJKW�EH�EHWWHU�WR�VHJUHJDWH�UDSLG�DQG�RU�H[WHQVLYH�
VSHFLDWLRQ�DV�D�WHVWDEOH�SUHGLFWLRQ�RI�WKH�WKHRU\�RI�DGDSWLYH�UD�
GLDWLRQ�UDWKHU�WKDQ�SDUW�RI�LWV�GHILQLWLRQ��ZKLFK�ZRXOG�SUHFOXGH�
VXFK�WHVWV��:KLOH�VSHFLDWLRQ�LV�DQ�LQHYLWDEOH�SDUW�RI�DGDSWLYH�
UDGLDWLRQ�XQGHU�DQ\RQH¶V�GHILQLWLRQ��VHH�UHYLHZV�E\�*LYQLVK��
�����DQG�6FKOXWHU���������LW�VLPSO\�LV�QRW�WUXH�WKDW�LW�LV�DOZD\V�
DFFRPSDQLHG�E\�UDSLG�RU�H[WHQVLYH�VSHFLDWLRQ��,Q�DQJLRVSHUPV��
%URFFKLQLD��%URPHOLD�FHDH�²HQGHPLF�WR�WKH�*XD\DQD�6KLHOG�
RI�QRUWKHUQ�6RXWK�$PHULFD��DQG�DOPRVW�UHVWULFWHG�WR�WKH�H[�
WUHPHO\�SRRU�5RUDLPD�VDQGVWRQH�RI�WKH�IODW�WRSSHG�WHSXLV�DQG�
GHULYHG�VDQGV�QHDU�WKHP²KDV�XQGHUJRQH�DQ�DGDSWLYH�UDGLDWLRQ�
LQ�PHFKDQLVPV�RI�QXWULHQW�FDSWXUH�WKDW�LV�XQSDUDOOHOHG�DW�WKH�JH�
QHULF�OHYHO��LQFOXGLQJ�FDVHV�RI�FDUQLYRU\��DQW�IHG�P\UPHFR�SKLO\��
QLWURJHQ�IL[DWLRQ��DQG�WDQN�HSLSK\WLVP��DV�ZHOO�DV�WKH�PRUH�
XVXDO�XSWDNH�RI�QXWULHQWV�IURP�WKH�VRLO��*LYQLVK�	�DO����������<HW�
%URFFKLQLD�LV�D�UHODWLYHO\�VPDOO�JHQXV�RI�FD�����VSHFLHV��,W�ZRXOG�
QRW�TXDOLI\�DV�DQ�DGDSWLYH�UDGLDWLRQ�EDVHG�RQ�LWV�VSHFLHV�ULFK�
QHVV�UHODWLYH�WR�LWV�VLVWHU�JURXS��DFFRUGLQJ�WR�*X\HU�	�6ORZLQVNL�
��������JLYHQ�WKDW�LW�LV�VLVWHU�WR�WKH�UHPDLQGHU�RI�%URPHOLDFHDH��D�
IDPLO\�RI�FD�������VSHFLHV��*LYQLVK�	�DO����������)XUWKHU�PRUH��
WKH�SUHVHQW�GD\�VSHFLHV�RI�%URFFKLQLD�DSSDUHQWO\�GLYHUVLILHG�
RYHU�WKH�SDVW����0D²URXJKO\�WKH�VDPH�WLPH�RYHU�ZKLFK�DOO�
RWKHU�H[WDQW�OLQHDJHV�RI�EURPHOLDGV�GLYHUJHG�IURP�HDFK�RWKHU��
%URFFKLQLD�FRXOG�WKXV�KDUGO\�EH�VDLG�WR�KDYH�XQGHUJRQH�UDSLG�RU�
H[SORVLYH�VSHFLDWLRQ��HYHQ�WKRXJK�LW�PDQLIHVWO\�KDV�XQGHUJRQH�
D�PDVVLYH�DGDS�WLYH�UDGLDWLRQ��DV�LQGLFDWHG�E\�LWV�HFRORJLFDO�
GLYHUVLW\�UHODWLYH�WR�RWKHU�DQJLRVSHUP�JHQHUD��0RUH�RYHU��%URF�
FKLQLD�KDV�XQGHUJRQH�PXFK�OHVV�VSHFLDWLRQ�WKDQ�1DYLD��FD�����
VSS����DQRWKHU�EURPHOLDG�JHQXV�HQGHPLF�WR�WKH�*XD\DQD�6KLHOG��
1DYLD��KRZHYHU��DSSHDUV�WR�KDYH�XQGHUJRQH�OLWWOH�DGDSWLYH�UD�
GLDWLRQ��ZLWK�PRVW�VSHFLHV�KDYLQJ�D�YHU\�VLPLODU�KDELW�DV�QRQ�
LPSRXQGLQJ�URVHWWHV�RQ�VDQGVWRQH�RXWFURSV��,WV�KLJK�VSHFLHV�
ULFKQHVV�LV�DOPRVW�VXUHO\�GXH�WR�UDPSDQW�DOORSDWULF�VSHFLDWLRQ�
EDVHG�RQ�LWV�XQLTXH�ORVV�RI�ORQJ�GLVWDQFH�GLVSHUVDO�GXH�WKH�DE�
VHQFH�RI�ZLQJV�RU�RWKHU�DSSHQGDJHV�RQ�LWV�VHHGV��PRVW�VSHFLHV�
DUH�DOORSDWULF�DQG�UHVWULFWHG�WR�LQGLYLGXDO�WHSXLV��1DYLD��LQ�RWKHU�

ZRUGV��DSSHDUV�WR�EH�DQDORJRXV�WR�IRVVRULDO�URGHQWV��UDSLGO\�
VSHFLDWLQJ�DV�D�UHVXOW�RI�OLPLWHG�GLVSHUVLELOLW\��ZLWK�OLWWOH�RU�QR�
LQLWLDO�DGDSWLYH�GLYHUJHQFH��*LYQLVK���������,WV�UDSLG�EXUVW�RI�
VSHFLDWLRQ�RYHU�WKH�SDVW���0D��*LYQLVK�	�DO���������UHIOHFWV�ORZ�
GLVSHUVLELOLW\��QRW�DGDSWLYH�GLYHUJHQFH��5DSLG�DQG�RU�H[WHQVLYH�
VSHFLD�WLRQ�VKRXOG�WKXV�QRW�EH�XVHG�WR�GHILQH�DGDSWLYH�UDGLDWLRQ��
)XUWKHUPRUH��JLYHQ�WKDW�MXGJLQJ�WKH�DPRXQW�RI�VSHFL�DWLRQ�RU�
HFRORJLFDO�GLYHUVLILFDWLRQ�ZLWKLQ�D�OLQHDJH�E\�FRPSDULVRQV�ZLWK�
LWV�VLVWHU�FODGH��*X\HU�	�6ORZLQVNL��������6DQGHUVRQ��������FDQ�
HDVLO\�EH�UHYHUVHG�GHSHQGLQJ��IRU�H[DPSOH��RQ�WKH�SHUVLVWHQFH�
RU�H[WLQFWLRQ�RI�D�VLQJOH�VSHFLHV�VLVWHU�WR�WKDW�OLQHDJH��LW�PLJKW�
EH�PRUH�DSSURSULDWH�WR�EDVH�VXFK�MXGJ�PHQWV�RQ�FRPSDULVRQV�
WKDW�LQFOXGH�DOO�FORVHO\�UHODWHG�FODGHV�RI�FRPSDUDEOH�DJH��QRW�
MXVW�WKH�VLVWHU�FODGH�

,V�DGDSWLYH�UDGLDWLRQ�QHYHUWKHOHVV�DVVRFLDWHG�ZLWK�JUHDWHU�
QXPEHUV�RI�VSHFLHV"�<HV²DQG�QR��6FKOXWHU��������IRXQG�WKDW�
LVODQG�UDGLDWLRQV�RI�YDULRXV�DQLPDO�DQG�SODQW�FODGHV��PDLQO\�
RQ�+DZDLL�DQG�WKH�*DOiSDJRV��KDG�D�JUHDWHU�QXPEHU�RI�VSH�
FLHV�WKDQ�PDLQODQG�VLVWHU�JURXSV�LQ�QLQH�RI�WZHOYH�FDVHV��3� �
������IRU���WDLOHG�ELQRPLDO�WHVW���WKLV�SDWWHUQ�LV�VLJQLILFDQW��3� �
�������LI�FDVHV�LQYROYLQJ�VLVWHU�JURXSV�RQ�RWKHU�LVODQGV�DUH�DOVR�
LQFOXGHG��+RZHYHU��WKH�VHOHFWLRQ�RI�³UDGLDWLRQV´�E\�6FKOXWHU�
ZDV�VHHPLQJO\�DUELWUDU\��D�PRUH�DSSURSULDWH�VHW�RI�FRPSDULVRQV�
ZRXOG�LQFOXGH�DOO�WKH�UDGLDWLRQV�RQ�D�JLYHQ�LVODQG��7KH�QDWLYH�
DQJLRVSHUP�IORUD�RI�WKH�HLJKW�PDLQ�+DZDLLDQ�,VODQGV�FRQVLVWV�
RI������VSHFLHV�LQ�����SUHVXPHG�OLQHDJHV��6DNDL�	�DO���������
:DJQHU�	�DO�������������D���2I�WKH�����VLQJOH�VSHFLHV�FODGHV��
���FRQVLVW�RI�LQGLJHQRXV�QRQ�HQGHPLF�VSHFLHV�ZLWK�UDQJHV�RXW�
VLGH��OHDYLQJ�����OLQHDJHV�WKDW�KDYH�HYROYHG�RQ�+DZDLL��3ULFH�
	�:DJQHU���������%DVHG�RQ�WKH�GDWD�SUHVHQWHG�E\�6DNDL�	�
DO����������3ULFH�	�:DJQHU���������*LYQLVK�	�DO����������DQG�
+DUEDXJK�	�DO����������WKH����PRVW�GLYHUVH�OLQHDJHV�DFFRXQW�
IRU�������RI�WKH�QDWLYH�IORUD��DQG�������RI�WKH�IORUD�GHULYHG�
LQ�VLWX��7KDW�LV�������RI�WKH�LQLWLDO�FRORQLVWV�DFFRXQW�IRU�������
RI�WKH�DXWRFKWKRQRXV�VSHFLHV��LPSO\LQJ�WKDW�WKHVH�OLQHDJHV�KDG�
RYHUDOO�OHYHOV�RI�VSHFLHV�ULFKQHVV�QHDUO\�VHYHQ�WLPHV�WKH�DYHUDJH�
IRU�WKH�DXWRFKWKRQRXV�IORUD��ZLWK�DQ�DYHUDJH�RI�������������SHU�
OLQHDJH��$OPRVW�DOO�RI�WKHVH�OLQHDJHV�DUH�FOHDUO\�H[DPSOHV�RI�
DGDSWLYH�UDGLDWLRQ��LQYROYLQJ�D�YDULHW\�RI�WUDLWV�DQG�LQFOXGLQJ�
VXFK�FODGHV�DV�WKH�+DZDLLDQ�OREHOLDGV������VSS�²KDELW��KDEL�
WDW��PRGH�RI�VHHG�GLVSHUVDO��IORUDO�IRUP�>*LYQLVK�	�DO���������
����@���+DZDLLDQ�PLQWV�����VSS�²IORUDO�IRUP�>/LQGTYLVW�	�
$OEHUW��������/LQGTYLVW�	�DO�������@���6FKLHGHD�����VSS�²
KDELW��KDELWDW��IORUDO�IRUP��EUHHGLQJ�V\VWHP�>1HSRNURHII�	�DO���
����@���+DZDLLDQ�VLOYHUVZRUG�DOOLDQFH�����VSS�²KDELW��KDEL�
WDW��LQIORUHVFHQFH�IRUP�>%DOGZLQ�	�5RELFKDX[��������%DOGZLQ�
	�6DQGHUVRQ���������+DZDLLDQ�+HG\RWLV�����VSHFLHV²KDELW��
KDELWDW�>0RWOH\�	�DO�������@���+DZDLLDQ�%LGHQV�����VSS�²
KDELW��KDELWDW�>*DQGHUV�	�DO�������@���+DZDLLDQ�&KDPDHV\FH�
����VSS�²KDELW��KDELWDW���DQG�+DZDLLDQ�3V\FKRWULD�����VSS�²
KDELWDW�>1HSRNURHII�	�DO�������@���2QO\�RQH�FODGH²3ULWFKDUGLD�
����VSS��²DSSHDUV�WR�LQYROYH�PDLQO\�JHRJUDSKLF�VSHFLDWLRQ�
ZLWK�OLWWOH�HFRORJLFDO�GLYHUJHQFH�

7KXV��DW�OHDVW�WKH�ODUJHVW�JURXSV�DVVRFLDWHG�ZLWK�DGDSWLYH�
UDGLDWLRQ�LQ�WKH�+DZDLLDQ�IORUD�KDYH�D�JUHDWHU�QXPEHU�RI�VSH�
FLHV�WKDQ�H[SHFWHG��LQGHHG��WKH�+DZDLLDQ�OREHOLDGV�DSSHDU�WR�EH�
WKH�ODUJHVW�FODGH�RI�DQJLRVSHUPV�WR�KDYH�HYROYHG�RQ�DQ\�VLQJOH�
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RFHDQLF�LVODQG�RU�DUFKLSHODJR��*LYQLVK�	�DO����������6LPLODU�
SDWWHUQV�RFFXU�LQ�RWKHU�ODUJH�UDGLDWLRQV�LQ�RWKHU�DUFKLSHODJRHV��
VXFK�DV�0DFDURQHVLD��ZKHUH�VXFK�H[DPSOHV�LQFOXGH�WKH�$HR�
QLXP�DOOLDQFH�����VSS�²KDELW��KDELWDW���WKH�6RQFKXV�DOOLDQFH�
����VSS�²KDELW��KDELWDW���(FKLXP� ����VSS�²KDELW��KDELWDW���
6LGHULWLV� ����VSS�²KDELWDW���DQG�&UDPEH� ����VSS�²KDELWDW���
DOO�EDVHG�RQ�FRORQL]DWLRQ�ZLWKLQ�WKH�ODVW�����WR������0D��.LP�
	�DO����������0RVW�RI�WKH�SODQW�UDGLDWLRQV�RQ�+DZDLL�DSSHDU�WR�
KDYH�RFFXUUHG�RYHU�WKH�SDVW���0D��GXH�WR�WKH�UHODWLYHO\�VPDOO�
QXPEHU�DQG�ORZ�PD[LPXP�HOHYDWLRQ�RI�LVODQGV�LQ�WKH�+DZDL�
LDQ�FKDLQ�IRU�VHYHUDO�PLOOLRQ�\HDUV�SULRU�WR�WKH�HPHUJHQFH�RI�
.DXDµL��3ULFH�	�&ODJXH��������3ULFH�	�:DJQHU���������7KH�
ODUJHVW�UDGLDWLRQ��WKDW�RI�WKH�+DZDLLDQ�OREHOLDGV��LV�DQ�H[FHS�
WLRQ��KDYLQJ�RULJLQDWHG�URXJKO\����0D�DJR�RQ�RU�QHDU�*DUGQHU��
WKH�ODUJHVW�DQG�WDOOHVW�RI�WKH�+DZDLLDQ�,VODQGV�RYHU�WKH�ODVW����
0D��*LYQLVK�	�DO���������

,W�PXVW�EH�UHFRJQL]HG��KRZHYHU��WKDW�WKH�DYHUDJH�QXPEHU�RI�
VSHFLHV�IRU�SODQW�FODGHV�GHULYHG�LQ�VLWX�LQ�WKH�+DZDLLDQ�,VODQGV�LV�
RQO\������JLYHQ�����VSHFLHV�LQ�����HQGHPLF�OLQHDJHV��VHH�DERYH���
,I�ZH�H[FOXGH�WKH�VLQJOH�VSHFLHV�FODGHV��VR�DV�WR�IRFXV�RQ�WKH����
FODGHV�IRU�ZKLFK�WKHUH�LV�DW�OHDVW�D�FKDQFH�RI�DGDSWLYH�UDGLDWLRQ��
WKH�DYHUDJH�FODGH�ZRXOG�KDYH�RQO\�����VSHFLHV��GHVSLWH�WKH�IDFW�
WKDW�+DZDLL�LQFOXGHV�WKH�ODUJHVW�LVODQGV�LQ�WKH�FHQWUDO�3DFLILF��
6HYHUDO�VPDOO�FODGHV��H�J���$VWHOLD��*HUDQLXP��+HVSHURPDQQLD��
+LELVFDGHOSKXV��,VRGHQGULRQ��.RNLD��3LSWXUXV��9LROD��DSSHDU�WR�
LQYROYH�DGDSWLYH�UDGLDWLRQ�LQ�KDELW�DQG�RU�KDELWDW��KDYH�IHZHU�
WKDQ�WKH�DYHUDJH�QXPEHU�RI�VSHFLHV�IRU�FODGHV�ZLWK�WZR�RU�PRUH�
VSHFLHV��DQG�KDYH�IHZHU�VSHFLHV�WKDQ�WKH�PRVW�FORVHO\�UHODWHG�
PDLQODQG�JHQHUD�ZKHUH�WKRVH�DUH�NQRZQ��&RQVHTXHQWO\��DV�
H[HPSOLILHG�E\�WKH�+DZDLLDQ�IORUD��DGDSWLYH�UDGDWLRQ�GRHV�QRW�
QHFHVVDULO\�OHDG�WR�H[WHQVLYH�VSHFLDWLRQ²DQG�LQGHHG�PD\�EH�
DVVRFLDWHG�ZLWK�ORZHU�WKDQ�DYHUDJH�QXPEHU�RI�VSHFLHV�LQ�PDQ\�
FDVHV²DOWKRXJK�VXFK�GLYHUVLILFDWLRQ�LV�LQYROYHG�LQ����RI�WKH�
ODUJHVW����QDWLYH�OLQHDJHV�

Can the extent of adaptive radiation be predicted?

:KDW�FDXVHV�VRPH�OLQHDJHV�LQ�D�JLYHQ�UHJLRQ�WR�UDGLDWH�DQG�
VSHFLDWH�H[WHQVLYHO\�DQG�RWKHU�KDUGO\�DW�DOO�UHPDLQV�D�SX]]OH��
7KH�XVXDO�H[SODQDWLRQV�IRU�H[WHQVLYH�UDGLDWLRQV�DUH�����HDUO\�
DUULYDO�RI�WKH�IRXQGHUV��SURYLGLQJ�PRUH�WLPH�IRU�VSHFLDWLRQ�DQG�
SUH�HPSWLRQ�RI�HFRORJLFDO�QLFKHV�IURP�ODWHU�DUULYLQJ�OLQHDJHV�
�3�5��*UDQW��������&DULQH�	�DO���������6LOYHUWRZQ��������/LQGHU��
�����������H[FHSWLRQDOO\�KLJK�DPRXQWV�RI�KHULWLDEOH�JHQHWLF�
YDUL�DWLRQ�IRU�HFROR�JLF�DOO\�VLJQLILFDQW�WUDLWV��H�J���EHDN�VL]H�DQG�
VKDSH��LQ�WKH�IRXQGHUV��3�5��*UDQW�������������WKH�H[LVWHQFH�RI�
³JHQHWLF�OLQHV�RI�OHDVW�UHVLVWDQFH´�EDVHG�RQ�WKH�SDWWHUQ�RI�JH�
QHWLF�FRYDULDQFH�DPRQJ�VHYHUDO�NH\�WUDLWV��6FKOXWHU������E�������
ORQJ�VWDQGLQJ�DEVHQFH�RI�SRWHQWLDO�FRPSHWL�WRUV��6LPSVRQ��������
&ODUNH�	�-RKQVWRQ���������DQG�����SRVVHVVLRQ�RI�D�³NH\�LQQRYD�
WLRQ´�WKDW�SURYLGHV�DFFHVV�WR�KDELWDWV�RU�UHVRXUFHV�XQDYDLODEOH�
WR�RWKHU�OLQHDJHV��6LPSVRQ���������1RQH�RI�WKHVH�DUJXPHQWV�FDQ�
H[SODLQ�DOO�FDVHV��DQG�D�IHZ�DUH�ORJLFDOO\�SUREOHPDWLF��,�UHYLHZ�
WKHVH�LVVXHV�EULHIO\�DQG�WKHQ�SURSRVH�WKDW�WKUHH�NH\��RYHUORRNHG�
IDFWRUV²LVODQG�DUHD��RUJDQLVPDO�DEXQGDQFH��DQG�LQWHUDFWLRQ�
EHWZHHQ�OLPLWHG�GLVSHUVDO�DQG�DGDSWLYH�UDGLDWLRQ²ZKRVH�LP�
SRUWDQFH�VKRXOG�EH�LQVWHDG�EH�HPSKDVL]HG�

Early arrival. —�7KH�ODUJH�UDGLDWLRQV�RI�'DUZLQ¶V�ILQFKHV�
LQ�WKH�*DOiSDJRV�DQG�WKH�KRQH\FUHHSHUV�LQ�+DZDLL�RULJLQDWHG�
DW�DERXW�WKH�VDPH�WLPH�DV�WKH�PXFK�VPDOOHU�FODGHV�RI�*DOiSDJRV�
PRFNLQJELUGV�DQG�+DZDLLDQ�WKUXVKHV��VHH�3�5��*UDQW��������3H�
WUHQ�	�DO���������$UERJDVW�	�DO��������IRU�*DOiSDJRV��)OHLVFKHU�
	�0F,QWRVK��������/RYHWWH�	�DO��������IRU�+DZDLL���/REHOL�
DGV�ZHUH�WKH�ILUVW�ODUJH�SODQW�UDGLDWLRQ�WR�FRORQL]H�+DZDLL��FD��
���0D�DJR��DQG�WRGD\�DUH�WKH�ODUJHVW��+RZHYHU��PRVW�RI�OREHOLDG�
GLYHUVLW\�UHVLGHV�LQ�&\DQHD��PRVW�&\DQHD�VSHFLHV�DUH�HQGHPLF�
WR�VLQJOH�LVODQGV��ZLWK�PRVW�RI�WKH�YDULDQFH�LQ�WRWDO�VSHFLHV�
QXPEHU�SHU�LVODQG�UHODWHG�WR�LVODQG�KHLJKW�DQG�DUHD�DQG�QRW�WR�
LVODQG�DJH��H[FHSW�IRU�WKH�\RXQJHVW�LVODQG�RI�+DZDLµL��*LYQLVK�	�
DO����������8QOHVV�&\DQHD�KDV�PDQDJHG�WR�LQYDGH�HDFK�VXFFHV�
VLYH�LVODQG�HDUOLHU�WKDQ�DQ\�RWKHU�OLQHDJH�RYHU�WKH�SDVW���0D��LWV�
DELOLW\�WR�GLYHUVLI\�DW�D�KLJK�UDWH�RQ�HDFK�LVODQG�KDV�QRWKLQJ�WR�
GR�ZLWK�WKH�LQLWLDO�HDUO\�DUULYDO�RI�OREHOLDGV��$FURVV�WKH�QLQH�+D�
ZDLLDQ�SODQW�FODGHV�ZKRVH�RULJLQ�KDV�EHHQ�UHOLDEO\�GDWHG��WKHUH�
LV�D�VLJQLILFDQW�LQFUHDVH�LQ�OQ�VSHFLHV�QXPEHU��6��ZLWK�DJH�W�
�)LJ���$��U� �������3���������3ULFH�	�:DJQHU���������+RZHYHU��
,�QRWH�WKDW�WKH�VLJQLILFDQFH�RI�WKLV�UHVXOW�LV�KHDYLO\�GHSHQGHQW�
RQ�LQFOXVLRQ�RI�WKH�+DZDLLDQ�OREHOLDGV��WKH�ROGHVW�DQG�ODUJHVW�
FODGH��LI�WKH\�DUH�H[FOXGHG��WKHUH�LV�QR�VLJQLILFDQW�UHODWLRQVKLS�RI�
OQ�VSHFLHV�QXPEHU�WR�DJH�LQ�WKH�UHPDLQLQJ�OLQHDJHV��U� �������3�
!��������)XUWKHUPRUH��ROGHU�FODGHV�KDYH�ORZHU�DSSDUHQW�UDWHV�RI�
VSHFLHV�GLYHUVLILFDWLRQ��)LJ���%���FRQWUDU\�WR�H[SHF�WDWLRQV�DQG�
FRQVLVWHQW�ZLWK�WKH�XQELDVHG�UHJUHVVLRQ�RI�OQ�6�RQ�W�KDYLQJ�DQ�
LQWHUFHSW�!���)LJ���$���(DUO\�DUULYDO��LQ�RWKHU�ZRUGV��GRHV�QRW�
JXDUDQWHH�KLJKHU�UDWHV�RI�GLYHUVLILFDWLRQ�LQ�DGDSWLYH�UDGLDWLRQV�

Extensive genetic variation. —��:KLOH�WKH�H[WUDRUGLQDU\�
PRUSKRORJLFDO�GLYHUJHQFH�LQ�PDQ\�DGDSWLYH�UDGLDWLRQV�VXJJHVWV�
WKDW�JHQHWLF�GLYHUJHQFH�EHWZHHQ�VSHFLHV�PLJKW�EH�VXEVWDQWLDO��
LQ�PRVW�FDVHV�RI�LQVXODU�UDGLDWLRQV�WKH�UHYHUVH�LV�WUXH��H�J���VHH�
%DOGZLQ�	�DO���������*LYQLVK�	�DO���������%|KOH�	�DO���������
)UDQFLVFR�2UWHJD�	�DO����������3UHVXPDEO\�WKLV�SUHVHQW�GD\�
SRYHUW\�RI�JHQHWLF�YDULDWLRQ�DPRQJ�VSHFLHV�UHIOHFWV�WKH�UHFHQW�
RULJLQ�RI�VXFK�UDGLDWLRQV��UHSHDWHG�JHQHWLF�ERWWOHQHFNV�DVVRFL�
DWHG�ZLWK�IRXQGHU�HYHQWV��DQG�WKH�ODUJH�HIIHFW�RI�D�IHZ�JHQHV�
GHWHUPLQLQJ�HFRORJLFDO�DQG�UHSURGXFWLYH�LVRODWLRQ��*LYQLVK��
�������*LYHQ�WKDW�ORQJ�GLVWDQFH�GLVSHUVDO�LV�LQYROYHG�ZLWK�DO�
PRVW�DOO�IRXQGHU�HYHQWV�RQ�RFHDQLF�LVODQGV��LW�LV�KDUG�WR�LPDJLQH�
D�SODXVLEOH�VFHQDULR�LQ�ZKLFK�VRPH�DQFHVWUDO�WD[D�FRXOG�EULQJ�
VXEVWDQWLDO�LQWUDVSHFLILF�JHQHWLF�YDULDWLRQ�WR�D�GLVWDQW�LVODQG�RU�
DUFKLSHODJR�DQG�PDLQWDLQ�LW�LQ�WKH�IDFH�RI�VXEVHTXHQW�ERWWOH�
QHFNV��<HW��FDQ�LW�EH�D�FRLQFLGHQFH�WKDW�'DUZLQ¶V�ILQFKHV�KDYH�
XQGHUJRQH�D�PDVVLYH�UDGLDWLRQ�LQ�EHDN�VL]H�DQG�VKDSH�DQG�WKDW�
ZLWKLQ�VSHFLHV�YDULDWLRQ�LQ�WKHLU�EHDN�GLPHQ�VLRQV�DUH�RIWHQ�WHQ�
WLPHV�JUHDWHU�WKDQ�WKDW�LQ�PDQ\�PDLQODQG�VSDUURZ�SRSXODWLRQV�
�3�5��*UDQW�������"

Evolution along genetic lines of least resistance. —�7KLV�
WKHRU\��6FKOXWHU������E��������LV�SRWHQWLDOO\�RI�SURIRXQG�LPSRU�
WDQFH��LQ�WKDW�LW�SRWHQWLDOO\�SURYLGHV�DQ�DOWHUQDWLYH�H[SODQDWLRQ�
IRU�WKH�GLUHFWLRQ�V��WDNHQ�E\�DGDSWLYH�UDGLDWLRQ��,W�ZDUUDQWV�
DGGLWLRQDO�WHVWV��VLPLODU�WR�WKDW�E\�3�5��*UDQW�	�*UDQW���������
LQ�VHOHFWLRQ�JUDGLHQWV�RQ�D�YDULHW\�RI�WUDLWV�DQG�WKH�JHQHWLF�
FRYDULDQFH�WUDLWV�ZHUH�TXDQWLILHG��DQG�WKH�REVHUYH�VKLIW�LQ�RII�
VSULQJ�WUDLWV�FRPSDUHG�ZLWK�WKH�H[SHFWDWLRQ�EDVHG�RQ�/DQGH¶V�
�������PRGHO��+RZHYHU��WKH�IDFW�WKDW��RIWHQ��VHYHUDO�PHPEHUV�
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RI�RQH�DGDSWLYH�UDGLDWLRQ�VKRZ�H[WHQVLYH�FRQYHUJHQFH�ZLWK�
HFRORJLF�DOO\�DQDORJRXV�PHPEHUV�RI�RWKHU�UDGLDWLRQV��VHH�DERYH��
VXJJHVWV�WKDW�FODGH�VSHFLILF�GLIIHUHQFHV�LQ�JHQHWLF�DUFKLWHFWXUH�
KDYH�OLWWOH�WR�WHOO�XV�DERXW�WKH�GLUHFWLRQ�VHOHFWLRQ�ZLOO�WDNH��ZKLOH�
HFRORJ\�KDV�JUHDW�GHDO�WR�VD\��)XUWKHUPRUH��DV�6FKOXWHU������E��
KLPVHOI�REVHUYHG��JHQHWLF�FRYDULDQFH�DFURVV�VSHFLHV�PD\�EH�
GHWHU�PLQHG�SDUWO\�E\�JHQH�IORZ�EHWZHHQ�SRSXODWLRQV��,I�QDWXUDO�
VHOHFWLRQ�GULYHV�GLIIHUHQWLDWLRQ�DPRQJ�VXFK�SRSXODWLRQV��WKHQ�
VHHPLQJO\�VWURQJ�GHYHORSPHQWDO�FRQVWUDLQWV�PD\�SURYH�WR�EH�
D�PLUDJH��D�UHVXOW�RI�WKH�LQWHUDFWLRQ�RI�VHOHFWLRQ�DQG�PLJUDWLRQ�
�*LYQLVK���������5HFHQWO\��0F'RQDOG�	�DO���������VKRZHG�WKDW�
WKH�UHSHDWHG�HYROXWLRQ�RI�WKH�:6��ZULQNO\�VSUHDGHU��PRUSK�LQ�
LQ�YLWUR�DGDSWLYH�UDGLDWLRQV�RI�3VHXGRPRQDV�IOXRUHVFHQV�ZDV�
VRPHZKDW�SUHGLFWDEOH�IURP�JHQHWLFV��GXH�WR�WKH�UHSHDWHG�RF�
FXUUHQFH�RI�:6�PXWDWLRQV�DW�D�IHZ�ORFL��+RZHYHU��WKHVH�DXWKRUV�
DOVR�VKRZHG�WKDW�JHQHWLFV�GLG�QRW�XOWLPDWHO\�SURYLGH�D�NH\�DV�WR�
ZKHWKHU�3��IOXRUHVFHQV�ZRXOG�HYROYH�D�:6�PRUSK��WKDW�PRUSK�
HYROYHG²DOEHLW�PRUH�VORZO\�WKDQ�XVXDO²HYHQ�LQ�VWUDLQV�IURP�
ZKLFK�WKH\�UHPRYHG�DOO�ORFL�SUHYLRXVO\�NQRZQ�WR�FDXVH�LW�

Absence of competitors. —��,W�LV�ORJLFDO�WKDW�WKH�DEVHQFH�
RI�FRPSHWLWRUV�IRU�SDUWLFXODU�KDELWDWV�RU�UHVRXUFHV�ZRXOG�IRVWHU�
UDGLDWLRQ�RQWR�WKRVH�KDELWDWV�DQG�UHVRXUFHV��:KDW�LV�QRW�FOHDU�
LV�KRZ�WR�GHWHUPLQH�ZKHWKHU�D�VSHFLILF�OLQHDJH��IRXQGHG�E\�D�
SDUWLFXODU�DQFHVWRU��PLJKW�VRPHGD\�FRPSHWH�IRU�KDELWDWV�RU�
UHVRXUFHV�QRW�XVHG�E\�WKDW�DQFHVWRU��DQG�ZKDW�NLQG�RI�GDWD�RQ�
FRPSHWLWRUV��KDELWDWV��DQG�UHVRXUFHV�SUHVHQW�ZKHQ�DQ�LVODQG�
RU�VLPLODU�KDELWDW�LV�FRORQL]HG�ZRXOG�EH�QHHGHG�WR�SUHGLFW��IRU�
H[DPSOH��WKDW�WKH�+DZDLLDQ�OREHOLDGV�PLJKW�VSDZQ�����SUHVHQW�
GD\�VSHFLHV�ZKLOH�WKH�+DZDLLDQ�YLROHWV�ZRXOG�JHQHUDWH�RQO\�
VHYHQ�

Key innovations. —�7KH�XVH�RI�VWDWLVWLFDO�WHVWV�WR�GHWHU�
PLQH�ZKHWKHU�D�SDUWLFXODU�WUDLW�LV�DVVRFLDWHG�ZLWK�JUHDWHU�UDWHV�
RI�VSHFLDWLRQ��DQG�WKXV�LV�D�³NH\�LQQRYDWLRQ´��*X\HU�	�6ORZ�
LQVNL��������6DQGHUVRQ�	�'RQRJKXH���������LV�D�ORJLFDO�PHDQV�
WR�LGHQWLI\LQJ�DQ�DGDSWLYH�UDGLDWLRQ�LI�RQH�DVVXPHV�WKDW�DQ�LQ�
FUHDVH�LQ�VSHFLDWLRQ�UDWH�LV�D�KDOOPDUN�RI�WKDW�SURFHVV��&RPSDUL�
VRQV�LQYROYLQJ�PXOWLSOH�FODGHV�ZLWK�DQG�ZLWKRXW�WKH�SXWDWLYH�
NH\�LQQRYDWLRQ�SURYLGH�HYHQ�PRUH�SRZHUIXO�WHVWV��+RZHYHU��
VXFK�WHVWV�PXVW�DOVR�EH�DFFRPSDQLHG�E\�IXQFWLRQDO�DQDO\VHV�
RU�GHPRQVWUDWLRQV�RI�FRQWH[W�VSHFLILF�DGYDQWDJH�WR�VKRZ�WKDW�
WKH�WUDLW�V��RI�FRQFHUQ�DFWXDOO\�LQFUHDVHV�WKH�UDQJH�RI�KDELWDWV�
RU�UHVRXUFHV�WKDW�FDQ�EH�XVHG�UHODWLYH�WR�RWKHU�JURXSV��2WKHU�
ZLVH��WUDLWV�WKDW�PHUHO\�GHFUHDVH�GLVSHUVDO�DELOLW\�DQG�WKHUHE\�

DFFHOHUDWH�VSHFLDWLRQ��VHH�DERYH��PLJKW�EH�FRQIXVHG�ZLWK�WUXH�
³NH\�LQQRYDWLRQV´��*LYQLVK��������

Island area. —�7KH�OLNHOLKRRG�RI�VSHFLDWLRQ�RFFXUULQJ�
ZLWKLQ�DQ�LVODQG�RU�LVRODWHG�UHJLRQ�VKRXOG�LQFUHDVH�ZLWK�LWV�DUHD��
DV�D�FRQVHTXHQFH�RI�WKH�JUHDWHU�OLNHOLKRRG�RI�����H[WULQVLF�EDU�
ULHUV�WR�JHQH�IORZ�WKDW�FRXOG�LQLWLDOO\�LVRODWH�SRSXODWLRQV�IURP�
HDFK�RWKHU�DQG�SURPRWH�JHQHWLF�GLYHUJHQFH��0D\U�������������
VSHFLHV�SHUVLVWHQFH��DOORZLQJ�VLPSOH�GLYHUJHQFH�IURP�DQFHVWUDO�
IRUPV�ZLWKRXW�VSHFLHV�PXOWLSOLFDWLRQ�RU�OLQHDJH�EUDQFKLQJ��L�H���
FODGRJHQHVLV���OHDGLQJ�WR�DQDJHQHWLF�VSHFLDWLRQ�DQG�HQGHPLF�
VSHFLHV�ZLWKRXW�PXOWLSOLFDWLRQ�RI�IRUPV�LQ�VLWX��0D\U���������
DQG�����JHQH�IORZ�GLVWDQFHV�EHLQJ�VPDOOHU�WKDQ�WKH�GLPHQ�
VLRQV�RI�WKH�LVODQG�RU�UHJLRQ��DOORZLQJ�JHQHWLF�GLIIHUHQWLDWLRQ�
WKURXJK�LVRODWLRQ�E\�GLVWDQFH��.LVHO�	�%DUUDFORXJK���������
7KLV�PHFKDQLVP�PLJKW�SURYLGH�D�SRZHUIXO�PHDQV�RI�H[SODLQLQJ�
GLIIHUHQFHV�LQ�WKH�VL]H�RI�DGDSWLYH�UDGLDWLRQV�DFURVV�LVODQGV�RU�
LVRODWHG�UHJLRQV��EXW�FDQQRW�DFFRXQW�IRU�GLIIHUHQFHV�EHWZHHQ�
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Fig. .�A,�QXPEHU�RI�VSHFLHV�6�YV��VWHP�DJH�W�RI�QLQH�FODGHV�LQ�WKH�+D�
ZDLLDQ�IORUD��B,�QHW�UDWH�RI�VSHFLHV�GLYHUVLILFDWLRQ�'� ��OQ�6����W�DV�D�
IXQFWLRQ�RI�VWHP�DJH�IRU�WKH�VDPH�FODGH��)LJXUHV�DUH�EDVHG�RQ�WKH�GDWD�
RI�3ULFH�	�:DJQHU��������DQG�*LYQLVK�	�DO����������6HH�VHFWLRQ���UH�
SUREOHPV�RI�DXWRUHJUHVVLRQ�DVVRFLDWHG�ZLWK�SORWWLQJ�'�YV��W��7KH�ILUVW�
SDQHO�SUHVHQWV�D�VWDWLVWLFDOO\�XQELDVHG�DQDO\VLV�VKRZLQJ�WKDW�GLYHUVLIL�
FDWLRQ�UDWH�IDOOV�ZLWK�FODGH�DJH��OQ�6�YV��W�KDV�DQ�LQWHUFHSW�!���DQG�WKH�
UHJUHVVLRQ�WKHUHIRUH�FXWV�FRQWRXUV��GDVKHG�OLQHV��RI�SURJUHVVLYHO\�ORZ�
HU�YDOXHV�RI�'�DV�W�LQFUHDVHV��VHH�%���&RQWUDU\�WR�WKH�QDwYH�SUHGLFWLRQ�
WKDW�'��VS�VS±��0D±�� �0D±���VKRXOG�LQFUHDVH�ZLWK�FODGH�DJH��UHIOHFWLQJ�
OHVV�HFRORJLFDOO\�VDWXUDWHG�HQYLURQPHQWV�IDFHG�E\�HDUO\�FRORQLVWV��'�
DFWXDOO\�GHFOLQHV�ZLWK�FODGH�DJH��SUREDEO\�UHIOHFWLQJ�HFRORJLFDO�VDWX�
UDWLRQ�RI�LQGLYLGXDO�UDGLDWLRQV�ZLWK�WLPH�DQG�WKHLU�WUXQFDWLRQ�DV�ROGHU�
LVODQGV�VXEVLGH�DQG�VSHFLHV�UHVWULFWHG�WR�WKHP�DUH�H[WLUSDWHG�
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UDGLDWLRQV�LQ�WKH�VDPH�DUHD��.LVHO�	�%DUUDFORXJK��������XVHG�
D�PHWD�DQDO\VLV�DFURVV�VHYHUDO�EURDG�FODVVHV�RI�RUJDQLVPV�WR�
VKRZ�WKDW�WKH�PLQLPXP�LVODQG�DUHD�REVHUYHG�WR�VXSSRUW�FOD�
GRJHQHWLF�VSHFLDWLRQ��WKDW�LV��VSOLWWLQJ�RI�OLQHDJHV��SRVVLEO\�DV�
VRFLDWHG�ZLWK�DGDSWLYH�UDGLDWLRQ��XQOLNH�DQDJHQHWLF�VSHFLDWLRQ��
LQFUHDVHG�VLJQLILFDQWO\�ZLWK�HVWLPDWHV�RI�WKH�PLQLPXP�GLVWDQFH�
UHTXLUHG�IRU�QHXWUDO�JHQHWLF�GLIIHUHQWL�D�WLRQ�DPRQJ�SRSXODWLRQV�
ZLWKLQ�VSHFLHV��)LJ������7KLV�VXJJHVWV�WKDW�JHRJUDSKLF�VSHFLDWLRQ�

DQG�DGDSWLYH�UDGLDWLRQ�VKRXOG�LQFUHDVH�ZLWK�LVODQG�DUHD��6WXHVV\�
	�DO���������H[DPLQHG������DQJLRVSHUP�VSHFLHV�LQ����RFHDQLF�
DQG�FRQWLQHQWDO�DUFKLSHODJRHV��DQG�IRXQG�WKDW�WKH�SURSRUWLRQ�
RI�HQGHPLF�VSHFLHV�SURGXFHG�E\�DQDJHQHWLF�YV��FODGRJHQHWLF�
VSHFLDWLRQ�GHFUHDVHG�VLJQLIL�FDQWO\�ZLWK�LVODQG�HOHYDWLRQ�DQG�
DQ�LQGH[�IRU�WKH�UDQJH�RI�KDELWDWV�SUHVHQW��ZKHQ�ERWK�YDULDEOHV�
ZKHUH�FRQVLGHUHG�VHSDUDWHO\��)LJ���$±%���7KLV�PDNHV�VHQVH�
LQ�WHUPV�RI�DGDSWLYH�UDGLDWLRQ��ZKLFK�VKRXOG�LQFUHDVH�ZLWK�WKH�
UDQJH�RI�UHVRXUFHV�DYDLODEOH�WR�EH�SDUWLWLRQHG��5HDQDO\VLV�RI�
WKHLU�GDWD�VKRZV�WKDW�WKH�SHUFHQWDJH�RI�DQDJHQHWLF�VSHFLDWLRQ�
DOVR�GHFOLQHG�VLJQLILFDQWO\�ZLWK�LVODQG�DUHD��)LJ���&���$�PXO�
WLSOH�UHJUHVVLRQ�EDVHG�RQ�WKH�GDWD�RI�6WXHVV\�	�DO���������\LHOGV�
KLJKO\�VLJQLILFDQW�GURSV�LQ���DQDJHQHWLF�VSHFLDWLRQ�ZLWK�LVODQG�
DUHD��HOHYDWLRQ��DQG�KDELWDW�KHWHURJHQ�HLW\�

��DQDJHQHVLV� �±������OQ�DUHD�±�������OQ�HOHYDWLRQ�
±�������KHWHURJHQHLW\���������� ���

�DGMXVWHG�U�� �������3���������IRU���G�I���3���������IRU�OQ�DUHD��3�
��������IRU�OQ�HOHYDWLRQ��DQG�3���������IRU�KDELWDW�KHWHURJHQH�
LW\�IRU���WDLOHG�W�WHVW���7KHUH�DUH�FKDOOHQJHV�KHUH��HVSHFLDOO\�LQ�
GHWHUPLQLQJ�ZKHWKHU�DQ�LQLWLDO�GLYHUJHQFH�EHWZHHQ�VSHFLHV�WKDW�
ODWHU�GLYHUJHG�DQDJHQHWLFDOO\�IURP�HDFK�DQFHVWRU�RQ�D�VLQJOH�
LVODQG�UHSUHVHQWV�DQDJHQHVLV��LQLWLDO�GLYHUJHQFH�EHWZHHQ�DQFHV�
WRUV�EHIRUH�LVODQG�FRORQL]DWLRQ��RU�FODGRJHQHVLV��GLYHUJHQFH�
IURP�D�FRPPRQ�DQFHVWRU�DIWHU�FRORQL]DWLRQ���1HYHUWKHOHVV��WKH�
REVHUYHG�SDWWHUQ�DFFRUGV�H[DFWO\�ZLWK�WKHRU\��LQ�WKDW�LW�LPSOLHV�
WKDW�WKH�SURSRUWLRQ�RI�FODGRJHQHWLF�VSHFLDWLRQ��DQG�SUHVXPDEO\�
WKH�LQFLGHQFH�RI�DGDSWLYH�UDGLDWLRQ��LQFUHDVHV�ZLWK�LVODQG�DUHD��
HOHYDWLRQ��DQG�KDELWDW�KHWHURJHQHLW\��,VODQG�SODQWV�WKXV�MRLQ�
&DULEEHDQ�$QROLV�OL]DUGV��*DOiSDJRV�ODQG�VQDLOV��DQG�$IULFDQ�
ULIW�ODNH�FLFKOLGV�DV�REH\LQJ�WKH�³DUHD�UXOH´�IRU�DGDSWLYH�UDGLD�
WLRQ�SUHGLFWHG�E\�WKHRUHWLFDO�PRGHOV��VHH�&R\QH�	�3ULFH��������
/RVRV�	�6FKOXWHU��������*DYULOHWV��������*DYULOHWV�	�9RVH��
������3DUHQW�	�&UHVSL��������6HHKDXVHQ��������*DYULOHWV�	�
/RVRV�������

Organismal abundance. —�7KH�LQWHQVLW\�RI�GLYHUJHQW�
VHOHFWLRQ�RQ�V\PSDWULF�SRSXOD�WLRQV�FDXVHG�E\�WKH�LPSDFW�RI�
FRPSHWLWLRQ�IURP�RQH�SRSXODWLRQ�RQ�WKH�RWKHU�DOPRVW�QHFHVVDU�
LO\�GHSHQGV�RQ�WKH�DEXQGDQFH�RI�HDFK�FRPSHWLWRU��,I�HLWKHU�DUH�
UDUH��ERWK�UHODWLYH�WR�UHVRXUFH�VXSSOLHV�DQG�WR�WKH�DEXQGDQFH�RI�
XQUHODWHG�FRPSHWLQJ�WD[D��WKHQ�RQH�RU�WKH�RWKHU�ZLOO�SUREDEO\�
KDYH�QHJOLJLEOH�VHOHFWLYH�HIIHFWV�RQ�WKH�RWKHU��DQG�FKDUDFWHU�
GLVSODFHPHQW�LV�XQOLNHO\�WR�HYROYH��$W�OHDVW�RQH�WD[RQ�VKRXOG�
EH�FRPPRQ��UHODWLYH�WR�UHVRXUFH�DEXQGDQFH��IRU�GLYHUJHQFH�WR�
RFFXU��6R��DOWKRXJK�LW�GRHV�QRW�DSSHDU�WR�EH�SDUW�RI�WKH�WKHRUHWL�
FDO�FDQRQ��DGDSWLYH�UDGLDWLRQ�VKRXOG�EH�PRVW�OLNHO\�WR�RFFXU�LQ�
OLQHDJHV�WKDW�LQYROYH�WKDW�DUH�FRPPRQ�UHODWLYH�WR�WKHLU�UHVRXUFHV�
DQG�VLPLODU�FRPSHWLWRUV��(VVHQWLDOO\��WKLV�LV�WKH�IOLS�VLGH�RI�

Fig. .�3URSRUWLRQ�RI�DQDJHQHWLF�VSHFLDWLRQ�DV�D�IXQFWLRQ�RI�(A)�LVODQG�
HOHYDWLRQ��(B)�UDQJH�RI�KDELWDWV��DQG�(C)�LVODQG�DUHD�IRU����RFHDQLF�DQG�
FRQWLQHQWDO�DUFKLSHODJRHV��EDVHG�RQ�GDWD�RI�6WXHVV\�	�DO����������.H\��
&��&DQDU\�,VODQGV��&K��&KDWKDP�,VODQG��&9��&DSH�9HUGH��)��)DONODQG�
,VODQGV��*��*DOiSDJRV�,VODQGV��+��+DZDLLDQ�,VODQGV��-��-XDQ�)HUQDQ�
GH]��0��0DGHLUD��2��2JDVDZDUD��6��6W��+HOHQD��7��7DLZDQ��7&��7ULVWDQ�
GH�&XQKD��8��8OOXQJ�
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WKH�H[SODQDWLRQ�IRU�WKH�UHODWLYH�GHDUWK�RI�DGDSWLYH�UDGLDWLRQ�LQ�
ORQJ�XQGLVWXUEHG�PDLQODQG�DUHDV��EXW�LW�VKRXOG�DSSO\�WR�ERWK�
LVODQG�DQG�PDLQODQG�OLQHDJHV�LI�IDFWRUV�RWKHU�WKDQ�ZLWKLQ�FODGH�
VWURQJO\�OLPLW�SRSXODWLRQV�RI�VLVWHU�WD[D�LQ�V\PSDWU\�

,W�LV�LQWHUHVWLQJ��LQ�WKLV�FRQQHFWLRQ��WR�QRWH�WKDW�WKH�+D�
ZDLLDQ�OREHOLDGV²WKH�ODUJHVW�UDGLDWLRQ�RI�SODQWV�LQ�WKH�+D�
ZDLLDQ�,VODQGV²ZHUH�RQFH�WKH�PRVW�DEXQGDQW�SODQWV�LQ�WKH�
XQGHUVWRU\�RI�UDLQ�DQG�FORXG�IRUHVWV�WKHUH��5RFN���������2YHU�
WKH�ODVW�FHQWXU\��KRZHYHU��PRVW�OREHOLDG�VSHFLHV�KDYH�EHFRPH�
H[WUHPHO\�UDUH�DQG�PDQ\�DSSHDU�WR�KDYH�JRQH�H[WLQFW��DSSDU�
HQWO\�DV�D�UHVXOW�RI�KDELWDW�GHVWUXFWLRQ��ORVV�RI�PDQ\�RI�WKHLU�
KRQH\FUHHSHU�DQG�RµR�SROOLQDWRUV��DQG�WKH�HQRUPRXV�GDPDJH�
ZURXJKW�E\�LQWURGXFHG�KHUELYRUHV��*LYQLVK�	�DO����������$V�
H[SHFWHG��WKH�VSHFLHV�WKDW�ZHQW�H[WLQFW�KDG�WKH�QDUURZHVW�HO�
HYDWLRQDO�DQG�JHRJUDSKLF�UDQJHV��DQG�RIWHQ�ZHUH�SROOLQDWHG�E\�
ELUGV�ZLWK�WKH�ORQJHVW��PRVW�KLJKO\�VSHFLDOL]HG�ELOOV��*LYQLVK�	�
DO����������7KLV�KLJKOLJKWV�WKH�IDFW�WKDW��RIWHQ��WKH�YHU\�IDFWRUV�
WKDW�SURPRWH�PRUH�VSHFLDWLRQ²LQ�WKLV�FDVH��OLPLWHG�VHHG�GLVSHU�
VDO�DQG�LQFUHDVHG�VSHFLDOL]DWLRQ�RQ�LQGLYLGXDO��ORQJ�ELOOHG�SROOL�
QDWRUV²RIWHQ�SURPRWH�H[WLQFWLRQ�DV�ZHOO��*LYQLVK�	�DO����������
0HPEHUV�RI�WKH�VLOYHUVZRUG�DOOLDQFH�KDYH�UHPDLQHG�DEXQGDQW�
LQ�PDQ\�KDELWDWV��H�J���GU\�ODYD�IORZV�DQG�RSHQ�ZRRGODQGV��
EXW�RWKHUV�KDYH�EHFRPH�H[WUHPHO\�UDUH��DSSDUHQWO\�DV�D�UHVXOW�
RI�WKH�GHSUHGDWLRQV�RI�LQWURGXFHG�KHUELYRUHV��&DUOTXLVW�	�DO���
�������*LYHQ�WKH�IDU�UHDFKLQJ�HIIHFWV�RI�VXFK�H[RWLF�YHUWHEUDWHV��
LW�VHHPV�XQOLNHO\�WKDW²XQOHVV�ZH�XQFRYHU�PRUH�REVHUYDWLRQV�
OLNH�WKRVH�RI�5RFN��������RQ�WKH�DEXQGDQFH�RI�YDULRXV�SODQWV�
LQ�HDUOLHU�YHJHWDWLRQ��OHVV�GLVWXUEHG�E\�H[RWLF�YHUWHEUDWHV²ZH�
ZLOO�PDNH�PXFK�SURJUHVV�UHODWLQJ�WKH�H[WHQW�RI�DGDSWLYH�UDGLD�
WLRQ�WR�WKH�DEXQGDQFH�RI�LQGLYLGXDO�VSHFLHV�LQ�WKRVH�UDGLDWLRQV�

7KLV�DUJXPHQW�PLJKW��KRZHYHU��SURYLGH�D�PRUH�VDWLVIDFWRU\�
H[SODQDWLRQ�IRU�WKH�REVHUYDWLRQ�E\�6LOYHUWRZQ��������WKDW����
0DFDURQHVLDQ�JHQHUD�WKDW�RULJLQDWHG�IURP�VLQJOH�FRORQL]DWLRQ�
HYHQWV�KDG��EHWZHHQ�WKHP��JLYHQ�ULVH�WR�����HQGHPLF�VSHFLHV��
ZKLOH�UHSHDWHG�FRORQL]DWLRQV�E\�PHPEHUV�RI����RWKHU�JHQHUD�
KDYH�JLYHQ�ULVH�WR����VSHFLHV��6LOYHUWRZQ��������DQG�6LOYHU�
WRZQ�	�DO���������DUJXHG�WKDW�HDUOLHU�DUULYLQJ�FRORQLVWV�ZLWKLQ�
D�JHQXV�VXSSUHVVHG�GLYHUVLILFDWLRQ�GXH�WR�WKH�ODWHU�DUULYDOV��
HLWKHU�WKURXJK�SUH�HPSWLRQ�RI�UHVRXUFHV�RU�K\EULGL]DWLRQ��7KLV�
DUJXPHQW�VHHPV�LPSODXVLEOH��:K\�VKRXOG�DQ�HDUO\�FRORQLVW�
VXSSUHVV�GLYHUVLILFDWLRQ�IURP�WKH�SURJHQ\�RI�FORVHO\�UHODWHG��
ODWHU�FRORQLVW�V��DQ\�PRUH�WKDQ�LW�ZRXOG�VXSSUHVV�GLYHUVLILFDWLRQ�
E\�LWV�RZQ�GDXJKWHU�WD[D"�,�SURSRVH�WKDW�ORZ�RYHUDOO�VSHFLHV�
QXPEHUV�DVVRFLDWHG�ZLWK�PXO�WLSOH�FRORQL]DWLRQV�ZLWKLQ�D�JH�
QXV�PLJKW�LQVWHDG�DULVH�WKURXJK�D�ODFN�RI�DQ\�ORFDO�HFRORJ�LFDO�
GRPLQDQFH�E\�PHPEHUV�RI�WKDW�JHQXV�LQ�WKH�DUHD�FRORQL]HG��
ZKLFK�ZRXOG�EH�ZRUN�DJDLQVW�H[WHQVLYH�DGDSWLYH�UDGLDWLRQ�E\�
DQ\�FRORQLVW�IURP�WKDW�JHQXV��DQG�ZRXOG�DW�WKH�VDPH�SHUPLW�
PXOWLSOH�FRORQL]DWLRQV�E\�WKH�JHQXV��$OWHUQDWLYHO\��LI�WKH�JHQXV�
LQ�TXHVWLRQ�KDG�H[FHOOHQW�ORQJ�GLVWDQFH�GLVSHUVDO��LW�ZRXOG�EH�
XQOLNHO\�WR�VSHFLDWH�RQ�DQ�LVODQG�DQG�ZRXOG�WKXV�FUHDWH�OLWWOH�
EDUULHU�WR�VXEVHTXHQW�FRORQL]DWLRQV��ZKLFK�ZRXOG�DOVR�JHQHU�
DWH�IHZ�VSHFLHV��$�WKLUG�SRVVLELOLW\��SHUKDSV�OHVV�OLNHO\��LV�WKDW�
PXOWLSOH�FRORQL]D�WLRQV�FRXOG�PDLQWDLQ�GLYHUVH�VSHFLDOLVW�SDWKR�
JHQV��UHGXFLQJ�WKH�OLNHOLKRRG�RI�VHFRQGDU\�V\PSDWU\�WKURXJK�
SDWKRJHQ�LQFRPSDWLELOLWLHV�RI�VLVWHU�SRSXODWLRQV��VHH�5LFNOHIV�
	�%HUPLQJKDP��������5LFNOHIV��������

Interaction between low dispersal rate and adaptive 
radiation. —�/LPLWHG�GLVSHUVDO�VKRXOG�VWLPXODWH�SDUDOOHO�UDGLD�
WLRQV�ZLWKLQ�D�OLQHDJH��VWLPXODWLQJ�UHSHDWHG�HFRORJLFDO�GLYHUJ�
HQFH�DQG�VSHFLDWLRQ�LQ�DUHDV�LVRODWHG�IURP�HDFK�RWKHU�E\�VORZ�
PLJUDWLRQ��*LYQLVK��������3DWWHUVRQ�	�*LYQLVK���������7KH�
SURGXFW�VKRXOG�EH�JUHDWHU�DPRXQWV�RI�VSHFLDWLRQ�WKDQ�ZRXOG�
RWKHUZLVH�EH�H[SHFWHG��DV�ZHOO�DV�FRQYHUJHQW�DGDSWLYH�UDGLD�
WLRQV�ZLWKLQ�D�FODGH�LQ�GLIIHUHQW�UHJLRQV��$�SULPH�H[DPSOH�LV�
WKH�UHSHDWHG�UDGLDWLRQ�RI�$IULFDQ�ULIW�ODNH�FLFKOLGV��QRW�RQO\�
DPRQJ�ODNHV�EXW�DOVR�ZLWKLQ�ODNHV��ZLWK�WKH�ODWWHU�UHIOHFWLQJ�
SKLORSDWU\�WR�URFN\�VKRUHV�DQG�PRXWKEUHHGLQJ��ZLWK�WKHVH�WUDLWV�
DOPRVW�VXUHO\�D�UHVXOW�RI�LQWHQVH�SUHGDWLRQ�FDXVHG�E\�WKH�FLFK�
OLGV�WKHPVHOYHV��UHIOHFWLQJ�WKH�H[FHSWLRQDO�FOHDU�ZDWHU�RI�WKHVH�
GHHS�ODNHV��6H[XDO�VHOHFWLRQ�IRU�GLYHUJHQFH�LQ�FRORU�DQG�GLVSOD\�
EHKDYLRU�DSSDUHQWO\�DOVR�DFFHOH�UDWHV�WKLV�SURFHVV��ZLWK�PRUH�
VSHFLHV�IRXQG�LQ�WKH�GHHSHU�ODNHV�ZLWK�FOHDUHU�ZDWHU��DQG�ZLWK�
LQFUHDVHG�UDWHV�RI�PLVPDWLQJ�LQ�PXUNLHU�ZDWHU�ZLWK�GLPPHU�
OLJKW��6HHKDXVHQ�	�DO���������7HUDL�	�DO���������0DDQ�	�DO���
�������6H[XDO�VHOHFWLRQ�LQ�EULJKWO\�OLW��XQXVXDOO\�WUDQVSDUHQW�
ZDWHUV�WKXV�UHVXOWV�LQ�H[FHSWLRQDOO\�EULJKWO\�FRORUHG�ILVK�IRU�
IUHVKZDWHU�KDELWDWV��SUHVXPDEO\��D�VLPLODU�FKDLQ�RI�SURFHVVHV�
�ORZ�QXWULHQW�DYDLODELOLW\�ĺ�WUDQVSDUHQW�ZDWHU�ĺ�LQWHQVH�SUH�
GDWLRQ��WHUULWRULDOLW\�WLHG�WR�GHIHQVH�RI�KLGLQJ�SODFHV�RQ�URFN�
RXWFURSV�RU�UHHIV�ĺ�VH[XDO�VHOHFWLRQ�EDVHG�RQ�YLVXDO�GLVSOD\V�
ĺ�H[FHSWLRQDOO\�GLYHUVH�DQG�EULJKW�FRORUDWLRQ��XQGHUOLHV�WKH�
EULJKW�FRORUDWLRQ�RI�FRUDO�UHHI�ILVK�DV�ZHOO��5HSHDWHG�DGDSWLYH�
UDGLDWLRQ�LQWR�EHQWKLF�DQG�OLPQHWLF�IRUPV�LV�DOVR�VHHQ�LQ�QXPHU�
RXV�SRSXODWLRQV�RI�WKUHH�VSLQHG�VWLFNOHEDFNV�DQG�ODNH�ZKLWH�
ILVK�LVRODWHG�LQ�SRVW�JODFLDO�ODNHV�LQ�QRUWKHUQ�1RUWK�$PHULFD�
�6FKOXWHU�	�0DF3KDLO��������6FKOXWHU�	�1DJHO���������5HSHDWHG�
HYROXWLRQ�RI�XS�WR�VL[�HFRPRUSKV�LQ�$QROLV�OL]DUGV�RFFXS\LQJ�
GLIIHUHQW�LVODQGV�RI�WKH�*UHDWHU�$QWLOOHV��/RVRV�	�DO���������LV�
DQRWKHU�FODVVLF�FDVH�RI�SDUDOOHO�DGDSWLYH�UDGLDWLRQV�LQGXFHG�E\�
UHVWULFWHG�GLVSHUVDO�

,Q�SODQWV��SDUDOOHO�DGDSWLYH�UDGLDWLRQV�EDVHG�RQ�SRRU�GLV�
SHUVDO�FDQ�EH�VHHQ�LQ�&DORFKRUWXV��3DWWHUVRQ�	�*LYQLVK���������
LQ�ZKLFK�VHUSHQWLQH�WROHUDQFH�KDV�HYROYHG�VHYHQ�WLPHV�LQGH�
SHQGHQWO\��DFURVV�WKUHH�PRXQWDLQRXV�UHJLRQV�LQ�&DOLIRUQLD�DQG�
2UHJRQ��&RDVW�5DQJHV��6LHUUD�1HYDGD��&DVFDGHV���DQG�LQ�WKUHH�
RI�WKH�IRXU�IORUDO�V\QGURPHV�DVVRFLDWHG�ZLWK�WKLV�JHQXV²IDLU\�
ODQWHUQV��FDW¶V�HDUV��DQG�VWDU�WXOLSV²KDYH�DOVR�HYROYHG�VHYHUDO�
WLPHV�LQ�WKHVH�VDPH�DUHDV�DV�ZHOO�DV�WKH�*UHDW�%DVLQ�DQG�&HQWUDO�
0H[LFR��)LJ������7KH�HYROXWLRQ�RI�D�YDULHW\�RI�EDVH�FKURPR�
VRPH�QXPEHUV�KDV�DOVR�DSSDUHQWO\�SHUPLWWHG�&DORFKRUWXV�WR�
³GRXEOH�XS´�LWV�DGDSWLYH�UDGLDWLRQ�E\�UHSURGXF�WLYHO\�LVRODWLQJ�
WKUHH�SDLUV�RI�OLQHDJHV�DQG�DOORZLQJ�WKHP�WR�UDGLDWH�LQGHSHQ�
GHQWO\�GHVSLWH�KDYLQJ�VWURQJO\�RYHUODSSLQJ�UDQJHV��3DWWHUVRQ�
	�*LYQLVK���������7KHVH�SDLUV�LQFOXGH�WKH�%D\�$UHD��[� �����
DQG�&RDVW�5DQJHV�6LHUUD�1HYDGD��[� ����FODGHV��WKH�3DFLILF�
1RUWKZHVW��[� �����DQG�*UHDW�%DVLQ�5RFN\�0RXQWDLQ��[� ����
������FODGHV��DQG�WKH�6DQ�'LHJR��[� ����DQG�6RXWKZHVWHUQ�&DOL�
IRUQLD��[� ����FODGHV��)LJ������6SHFLHV�ZLWKLQ�LQGLYLGXDO�FODGHV�
DUH�DOPRVW�DOZD\V�DOORSDWULF�RU�SDUDSDWULF��EXW�VSHFLHV�IURP�
GLIIHUHQW�FODGHV�ZLWK�GLIIHUHQW�FKURPRVRPH�QXPEHUV�RIWHQ�DUH�
V\PSDWULF��DW�OHDVW�LQ�SDUW�

&\DQHD�� WKH� ODUJHVW� JHQXV�RI�+DZDLLDQ� OREHOLDGV�� DOVR�
H[KLELWV�SDUDOOHO�DGDSWLYH�UDGLDWLRQV��EDVHG�RQ�WKH�UHSHDWHG�
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HYROXWLRQ�RI�VLPLODU�UDQJHV�LQ�HOHYDWLRQ�DQG�IORZHU�WXEH�OHQJWK�
RQ�HDFK�RI�WKH�IRXU�ODUJHVW�LVODQGV��*LYQLVK�	�DO����������������
,Q�DGGLWLRQ��DVVHPEODJHV�RI�&\DQHD�RQ�WKH�HLJKW�PDMRU�LVODQGV�
VKRZ�WKH�VDPH��WLJKW�UHODWLRQVKLS�EHWZHHQ�VSHFLHV�QXPEHU�DQG�
LVODQG�DUHD��ZLWK�WKH�H[FHSWLRQ�RI�WKH�\RXQJHVW�LVODQG��+DZDLދL��
VXJJHVWLQJ�WKDW�WKH�VDWXUDWLRQ�RI�DGDSWLYH�UDGLDWLRQ�LQ�&\D�
QHD�WDNHV�PRUH�WKDQ�����0D��WKH�DJH�RI�+DZDLµL��DQG�OHVV�WKDQ�
����0D��WKH�DJH�RI�0DXL��WKH�QH[W�\RXQJHVW�LVODQG�LQ�WKH�FKDLQ�
�*LYQLVK�	�DO����������,QWHUHVWLQJO\��PDQ\�RI�WKH�VSHFLHV�RI�
&\DQHD�RQ�+DZDLµL�DUH�QRW�UHVWULFWHG�WR�WKDW�LVODQG��XQOLNH�WKH�
JUHDW�PDMRULW\�RI�VSHFLHV�LQ�WKH�JHQXV��ZKLFK�DUH�HQGHPLF�WR�
VLQJOH�LVODQGV��7KLV�DJDLQ�VXJJHVWV�WKDW�����0D�LV�QRW�HQRXJK�
WLPH�IRU�JHQHWLF�GLIIHUHQWLDWLRQ��VSHFLDWLRQ��DQG�DGDSWLYH�UDGLD�
WLRQ�WR�UXQ�WKHLU�FRXUVH�LQ�&\DQHD��EXW�WKDW�����0D�LV��)LJ������
,QIHUULQJ�WKH�WLPH�RI�VDWXUDWLRQ�PLJKW��LQ�VRPH�LQVWDQFHV��EH�
VXEMHFW�WR�UHFRQVWUXFWLRQ�DUWLIDFWV��EXW�EHFDXVH�*LYQLVK�	�DO��
�������REWDLQHG�QHDUO\�WKH�VDPH�WLPHOLQH�IRU�VSHFLDWLRQ�LQ�WKH�
+DZDLLDQ�OREHOLDGV�XVLQJ�ERWK�WRS�GRZQ�DQG�ERWWRP�XS�FDOL�
EUDWLRQV��DQG�EHFDXVH�����RI�&\DQHD�VSHFLHV��DQG�SUHVXPDEO\��
WKHLU�DQFHVWRUV��DUH�UHVWULFWHG�WR�LQGLYLGXDO�LVODQGV�RI�NQRZQ�
JHRORJLFDO�DJH��VXSSRUW�IRU�WKH�FKURQRORJ\�RI�GLYHUVLILFDWLRQ�LQ�
WKH�+DZDLLDQ�OREHOLDGV�LV�H[FHOOHQW�

0RVW�OLNHO\��WKHUH�DUH�PDQ\�LQVWDQFHV�RI�PDVVLYH��SDUDOOHO�
UDGLDWLRQV�GULYHQ�E\�DGDSWDWLRQ�WR�ILUH��SRRU�VRLOV��DQG�DYLDQ�
SROOLDQWRUV��DFWLQJ�LQ�FRQFHUW�ZLWK�UHVWULFWHG�GLVSHUVDO�DPRQJ�
SODQWV��H�J���%DQNVLD�'U\DQGUD�LQ�$XVWUDOLD�>0DVW�	�*LYQLVK��
������0DVW�	�DO�������@�DQG�3URWHDFHDH�PRUH�EURDGO\�>6DXTXHW�
	�DO�������@���,Q�WKH�QHDU�IXWXUH��ZH�VKRXOG�VHH�FRRUGLQDWHG�
VWXGLHV�RI�WKH�VFDOH�RI�JHQHWLF�GLIIHUHQWL�DWLRQ�LQ�VSHFLHV�DQG�RI�
WKH�WHPSR��VSDWLDO�H[WHQW��DQG�GHJUHHV�RI�HFRORJLFDO�GLYHUJHQFH�
DQG�HQGHPLVP�LQ�VXFK�JURXSV��7KH�ULVH�RI�VSHFLDOL]HG�SDUDVLWHV�
DQG�SDWKRJHQV�PD\�DOVR�JHQHUDWH�DGGLWLRQDO�GLYHUVLW\�ZLWKLQ�
KRVW�OLQHDJHV�XQGHUJRLQJ�DGDSWLYH�UDGLDWLRQ��E\�VHOHFWLQJ�IRU�
QHZ�KRVW�WD[D�LPPXQH�WR�WKRVH�SDWKRJHQV�DQG�WKXV�FDSDEOH�
RI�LQYDGLQJ�HQHP\�IUHH�VSDFH��*LYQLVK��������$JUDZDO�	�DO���
����D�E��FI��5LFNOHIV��������

Saturation of adaptive radiation

'DWD�RQ�WKH�WLPH�UHTXLUHG�WR�VDWXUDWH�DGDSWLYH�UDGLDWLRQ�LV�
FXUUHQWO\�H[WUHPHO\�VFDQW\�IRU�SODQWV��$V�QRWHG�DERYH��*LYQLVK�
	�DO���������HVWLPDWHG�WKH�WLPH�IRU�VSHFLHV�ULFKQHVV�RI�&\DQHD�
WR�VDWXUDWH�RQ�LQGLYL�GXDO�LVODQGV�WR�EH�JUHDWHU�WKDQ�����0D�DQG�
OHVV�WKDQ�����0D��VHH�)LJ������$W�D�EURDGHU�KLHUDUFKLFDO�VFDOH��
UDGLDWLRQ�LQWR�JHQXV�VSHFLILF�KDELWDWV�LQ�WKH�+DZDLLDQ�OREHOLDGV�
RFFXUUHG�ZLWKLQ�����0D�DIWHU�WKHLU�DUULYDO��*LYQLVK�	�DO����������
7KHVH�WLPHV�FRPSDUH�ZLWK�HVWLPDWHV�RI���0D�UHTXLUHG�WR�VDWX�
UDWH�WKH�ULFKQHVV�RI�IRVVLO�HTXLGV�LQ�1RUWK�$PHULFD��0DFIDGGHQ�
	�+XOEHUW���������:KLOH�DEVROXWH�VSHFLHV�ULFKQHVV�RI�&\DQHD�
SHDNV�RQ�0DXL�DQG�GURSV�RII�VKDUSO\�RQ�+DZDLµL��*LYQLVK�	�DO��
�������SURSRVHG�WKDW�WKLV�GRHV�QRW�UHIOHFW�DQ\�WLPH�ODJ�EHWZHHQ�
VSHFLDWLRQ�DQG�H[WLQFWLRQ²DV�SURSRVHG�E\�*LOOHVSLH��������IRU�
7HWUDJQDWKD�VSLGHUV�DQG�E\�.DVVHQ�	�DO���������DQG�*DYULOHWV�
	�9RVH��������IRU�RUJDQLVPV�JHQHUDOO\²EXW�ZDV�LQVWHDG�D�
UHVXOW�RI�0DXL�EHLQJ�ODUJHU�DQG�KDYLQJ�D�JUHDWHU�UDQJH�RI�HO�
HYDWLRQDO�KDELWDWV�WKDQ�DQ\�FXUUHQW�LVODQG�H[FHSW�+DZDLµL��LQ�
ZKLFK�VSHFLDWLRQ�DQG�DGDSWLYH�UDGLDWLRQ�KDG�QRW�UXQ�LWV�FRXUVH��
7KH�+DZDLLDQ�OREHOLDGV�WKXV�XQGHUFXW�WKH�FODLP�DQG�PXOWLSOH�
H[SODQDWLRQV�IRU�VXSSRVHG�RYHUVKRRW�LQ�DGDSWLYH�UDGLDWLRQV��
7KH�IXQGDPHQWDO�LVVXH�LQ�FDVHV�WKDW�PLJKW�LQYROYH�³RYHUVKRRW´�
LV�ZKHWKHU�WKHUH�FDQ�EH�D�ORQJ�ODJ�EHWZHHQ�WKH�FRPSHWLWLYH�
LQWHUDFWLRQV�WKDW�OHDG�WR�DGDSWLYH�UDGLDWLRQ�DQG�VSHFLDWLRQ�LQ�
WKH�ILUVW�SODFH��DQG�WKH�FRQWDFW�ZLWK�RWKHU�FRPSHWLWRUV�WKDW�LV�
VXSSRVHG�WR�JHQHUDWH�D�GURS�LQ�GLYHUVLW\�

2Q�D�PXFK�EURDGHU�VFDOH��*LYQLVK�	�DO���������IRXQG�WKDW�
WKH�ZRUOG�ZLGH�UDGLDWLRQ�RI�PRQRFRW�OLQHDJHV�LQWR�VKDGHG�KDEL�
WDWV²PDUNHG�E\�WKH�LQGHSHQGHQW�HYROXWLRQ�RI�QHW�YHQDWLRQ�DQG�
IOHVK\�IUXLWV�PRUH�WKDQ����WLPHV²DSSHDUV�WR�KDYH�WDNHQ����
0D�WR�UHDFK�KDOI�VDWXUDWLRQ��DV�PHDVXUHG�E\�WKH�H[SRQHQWLDO�
UDWH�RI�GHFOLQH�LQ�QHW�OLQHDJH�GLYHUVLILFDWLRQ�WKURXJK�WLPH��1R�
GRXEW�WKLV�PXFK�JUHDWHU�WLPH�IUDPH�UHIOHFWV�WKH�OLPLWHG�GLVWUL�
EXWLRQ�RI�LQGLYLGXDO�OLQHDJHV��DQG�WKH�IDFW�WKDW�SK\VLRORJLFDO�
DQG�PRUSKRORJLFDO�DGDSWDWLRQV�WR�VKDGH�KDG�WR�DULVH�LQGHSHQ�
GHQWO\�LQ�PDQ\�GLIIHUHQW�FRQWLQHQWDO�DQG�VXEFRQWLQHQWDO�DUHDV��
%RWK�WKH�+DZDLLDQ�OREHOLDGV�DQG�WKH�PRQRFRWV�VKRZ�HYLGHQFH�
RI�DQ�LQLWLDO�EXUVW�RI�VSHFLDWLRQ�DQG�HFRORJLFDO�GLYHUVLILFDWLRQ�
HDUO\�LQ�WKH�KLVWRU\�RI�D�OLQHDJH��DV�H[SHFWHG�RQ�WKHRUHWLFDO�
JURXQGV��VHH�*DYULOHWV��������*DYULOHWV�	�/RVRV���������$S�
SDUHQW�YDULDWLRQ�WKURXJK�WLPH�LQ�UDWHV�RI�QHW�VSHFLHV�GLYHUVLILFD�
WLRQ�LQ�3URWHDFHDH�UHVWULFWHG�WR�WKH�&DSH�IORULVWLF�SURYLQFH²DV�
PHDVXUHG�E\�WKH�UDWLR�RI�OQ�VSHFLHV�QXPEHU�WR�VWHP�DJH��VHH�
ILJXUH��&�LQ�6DXTXHW�	�DO��������²LV�ORZ��DQG�WKXV�GRHV�QRW�
VXSSRUW�WKH�³HDUO\�EXUVW�RI�GLYHUVLILFDWLRQ´�WKHRU\��QRU�GRHV�
WKH�SDWWHUQ�RI�VSHFLDWLRQ�DQG�DGDSWLYH�GLYHUVLILFDWLRQ�VHHQ�LQ�
%URPHOLDFHDH��*LYQLVK�	�DO���LQ�SUHS����:RUOGZLGH�VDWXUDWLRQ�RI�
VSHFLHV�QXPEHU�LQ�$VFOHSLDV�DSSHDUV�QRW�WR�KDYH�RFFXUUHG�\HW��
EXW�WKH�JHQXV�H[KLELWV�DQ�HDUO\�EXUVW�RI�GLYHUVLILFDWLRQ�LQ�VSHFLHV�
QXPEHU��SUREDEO\�VWDUWLQJ�LQ�WKH�0LRFHQH��DQG�PRUH�UHFHQWO\�
LQ�WKH�HYROXWLRQ�RI�WZR�RI�VHYHQ�WUDLWV�UHODWHG�WR�DQWL�KHUELYRUH�
GHIHQVHV��$JUDZDO�	�DO�������D±E���$PRQJ�DQLPDOV��WKH�FDUH�
IXO�DQDO\VLV�RI�GLYHUVLILFDWLRQ�UDWHV�LQ�'HQGURLFD�ZDUEOHUV�E\�
5DERVN\�	�/RYHWWH��������GLG�VXSSRUW�DQ�LQWLDO�EXUVW�RI�VSHFLD�
WLRQ��ZKLOH�D�VLPLODU�DQDO\VLV�RI�ZKDOHV�DQG�GROSKLQV��6WHHPDQ�
	�DO���������GLG�QRW��DQG�LQVWHDG�VKRZHG�WKDW�UDWHV�RI�FHWDFHDQ�

Fig. .�6DWXUDWLRQ�RI�VSHFLHV�ULFKQHVV�LQ�&\DQHD�YV�� LVODQG�DJH��EDVHG�
RQ�GDWD�DQG�DQDO\VHV�RI�*LYQLVK�	�DO����������6DWXUDWLRQ�UHTXLUHV�PRUH�
WKDQ� ����0D� �WKH� DJH� RI� WKH� \RXQJHVW� LVODQG�� +DZDLµL�� EXW� OHVV� WKDQ�
����0D��WKH�DJH�RI�.DKRµRODZH��RU�����0D��WKH�DJH�RI�0DXL�DQG�/DQDµL��

Island age (Ma)
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GLYHUVLILFDWLRQ�SHDNHG�DW�WLPHV�ZKHQ�WKH�JHRJUDSKLF�RUJDQL]D�
WLRQ�RI�WKH�ZRUOG¶V�RFHDQV�ZDV�EHLQJ�VXEVWDQWLDOO\�PRGLILHG��
0XFK�PRUH�UHVHDUFK�RQ�WKH�WHPSR�DQG�SRVVLEOH�VDWXUDWLRQ�RI�
DGDSWLYH�UDGLDWLRQ�LQ�ERWK�SODQW�DQG�DQLPDO�JURXSV�LV�QHHGHG�

3. ECOLOGICAL SPECIATION IN PLANTS

+DWILHOG�	�6FKOXWHU��������XVHG�WKH�WHUP�³HFRORJLFDO�VSH�
FLDWLRQ´�WR�GHVFULEH�FDVHV�LQ�ZKLFK�VHOHFWLRQ�IRU�HFRORJLFDO�
GLYHUJHQFH�UHVXOWV�LQ�WKH�HYROXWLRQ�RI�WUDLWV�WKDW�OHDG��PRUH�RU�
OHVV�GLUHFWO\��WR�UHSURGXFWLYH�LVRODWLRQ��,Q�WKLV�ZD\��HFRORJLFDOO\�
EDVHG�VHOHFWLRQ�IRU�DGDSWLYH�UDGLDWLRQ�FDQ�VLPXO�WDQ�HRXVO\�FDXVH�
WKH�ULVH�RI�PDWLQJ�EDUULHUV�DQG�WKH�RULJLQ�RI�VSHFLHV��7KH�SURFHVV�
GLIIHUV�IURP�WKH�WUDGLWLRQDO�YLHZ�RI�HVVHQWLDOO\�UDQGRP�JHQHWLF�
GLIIHUHQFHV�DFFXPXODWLQJ�EHWZHHQ�SRSXODWLRQV�LQ�DOORSDWU\��
OHDGLQJ�WR�SDUWLDO�RU�FRPSOHWH�UHSURGXFWLYH�LVRODWLRQ�ZKHQ�WKH\�
FRPH�LQWR�VHFRQGDU\�FRQWDFW��DV�D�UHVXOW�RI�JHQLF�RU�JHQRPLF�
LQFRPSDWLELOLWLHV��'RE]KDQVN\��������������0D\U��������������
������6WHEELQV��������������9��*UDQW���������������,QVWHDG��
GLIIHUHQW�WUDLWV�WKDW�DUH�HFRORJLFDOO\�YDOXDEOH�LQ�GLIIHUHQW�HQ�
YLURQPHQWV��H�J���GHHS�ERGLHV�LQ�EHQWKLF�VWLFNOHEDFNV��QDUURZ�
ERGLHV�LQ�OLPQHWLF�IRUPV��PD\�WKHPVHOYHV�EHFRPH�WKH�REMHFW�
RI�VH[XDO�VHOHFWLRQ�DQG�OHDG�WR�WKH�IRUPDWLRQ�DQG�SHUIHFWLRQ�RI�
LQWHUVSHFLILF�PDWLQJ�EDUULHUV��VHH�DOVR�6FKOXWHU������D��5XQGOH�
	�6FKOXWHU��������7KRUSH�	�6WHQVRQ��������5XQGOH�	�1RVLO��
������7KRUSH�	�DO���������

,Q�SODQWV��YDULDWLRQ�LQ�IORZHU�IRUP�DQG�SROOLQDWLRQ�ELRORJ\�
KDV�D�XQLTXH�GXDO�UROH��'LIIHUHQFHV�EHWZHHQ�SRSXODWLRQV�LQ��IRU�
H[DPSOH��IORZHU�WXEH�OHQJWK�FDQ�OHDG�GLUHFWO\�ERWK�WR�HFRORJLFDO�
LVRODWLRQ��YLD�UHVRXUFH�SDUWLWLRQLQJ�RI�SROOLQDWRUV�ZLWK�GLIIHUHQW�
NLQGV�DQG�VL]HV�RI�PRXWKSDUWV��DQG�WR�UHSURGXFWLYH�LVRODWLRQ��YLD�
WKH�XVH�RI�GLIIHUHQW�YHFWRUV�WR�UHSURGXFH���*LYQLVK�	�DO���������
*LYQLVK���������6SHFLDWLRQ�YLD�VKLIWV�LQ�SROOLQDWRUV�PD\�WKXV�
RIWHQ�LQYROYH�HFRORJLFDO�VSHFLDWLRQ��:DVHU�	�&DPSEHOO��������

6FKHPVNH�	�%UDGVKDZ��������GHPRQVWUDWHG�KRZ�SODQW�VH�
OHFWLRQ�E\�SROOLQDWLQJ�KXPPLQJELUGV�DQG�EHHV�IURP�D�)��K\EULG�
VZDUP�GHULYHG�IURP�EHH�SROOLQDWHG�0LPXOXV�OHZLVLL�DQG�LWV�VLV�
WHU�VSHFLHV��KXPPLQJELUG�SROOLQDWHG�0��FDUGLQDOLV��FRXOG�UDS�
LGO\�FUHDWH�VWURQJ�GLYHUJHQW�VHOHFWLRQ�SUHVVXUHV�IRU�ODUJH�³EHH´�
IORZHUV�ORZ�LQ�DQWKRF\DQLQ�DQG�FDURWHQRLG�SLJPHQWV��DQG�IRU�
³KXPPLQJELUG´�IORZHUV�ULFK�LQ�QHFWDU�DQG�DQWKRF\DQLQV��2QH�
DOOHOH�WKDW�LQFUHDVHG�SHWDO�FDURWHQRLG�FRQFHQWUDWLRQ�GHFUHDVHG�
EHH�YLVLWDWLRQ�E\������ZKLOH�DQRWKHU�WKDW�LQFUHDVHG�QHFWDU�SUR�
GXFWLRQ�GRXEOHG�KXPPLQJELUG�YLVLWDWLRQ��6XEVHTXHQWO\��%UDG�
VKDZ�	�6FKHPVNH��������IRXQG�WKDW�QHDU�LVRJHQLF�OLQHV��1,/6��
RI�0��FDUGLQDOLV�ZLWK�LQVHUWLRQ�RI�WKH�0��OHZLVLL�GHULYHG�<83�
DOOHOH��SURGXFLQJ�\HOORZ�SHWDO�FDURWHQRLGV��SURGXFHG�GDUN�SLQN�
IORZHUV�WKDW�ZHUH�YLVLWHG����WLPHV�PRUH�IUHTXHQWO\�E\�EHHV�WKDQ�
WKH�ZLOG�W\SH��ZKLOH�0��OHZLVLL�1,/6�ZLWK�LQVHUWLRQ�RI�WKH�0��
FDUGLQDOLV�GHULYHG�\XS�DOOHOH��FRGLQJ�IRU�DQ�DEVHQFH�RI�\HOORZ�
FDURWHQRLGV��SURGXFHG�\HOORZ�RUDQJH�IORZHUV�WKDW�ZHUH�YLVLWHG�
���WLPHV�PRUH�IUHTXHQWO\�E\�KXPPLQJELUGV��7KLV�VXJJHVWV�WKDW�
VXEVWLWXWLRQ�RI�RQH�DOOHOH�IRU�DQRWKHU�DW�D�VLQJOH�ORFXV�FRXOG�SUR�
YLGH�D�ODUJH�PHDVXUH�RI�UHSURGXFWLYH�LVRODWLRQ�YLD�D�SROOLQDWRU�
VKLIW��'HVSLWH�WKH�YLUWXDO�DEVHQFH�RI�DQ\�SRVW�PDWLQJ�EDUULHU�
WR�FURVVLQJ�EHWZHHQ�0��OHZLVLL�DQG�0��FDUGLQDOLV��ILHOG�VWXGLHV�

IRXQG�QHDUO\�FRPSOHWH�SROOLQDWRU�PHGLDWHG�UHSURGXFWLYH�LVROD�
WLRQ��ZLWK�RQO\������RI�VHHGV�FROOHFWHG�LQ�WKH�ZLOG�\LHOGLQJ�)��
K\EULGV��5DPVH\�	�DO���������

7KHVH�ILQGLQJV�UHVXOWV�VXJJHVW�WKDW�SROOLQDWRU�VKLIWV�FRXOG�
OHDG�WR�VSHFLD�WLRQ�LQ�0LPXOXV�RU�RWKHU�SODQW�JHQHUD��H�J���VHH�
'UHVVOHU��������HYHQ�LQ�V\PSDWU\��+RZHYHU��DV�QRWHG�E\�&R\QH�
	�2UU���������WKLV�ZRXOG�UHTXLUH�WKH�FR�RFFXUUHQFH�RI�D�QHZ�
PXWDWLRQ��D�QHZ�SROOLQDWRU�SUHDGDSWHG�WR�WKDW�PXWDWLRQ��DQG�SRO�
OLQDWRUV�VXIILFLHQWO\�IDLWKIXO�WR�UHVXOW�LQ�FRPSOHWH�UHSURGXFWLYH�
LVRODWLRQ�DOPRVW�LPPHGLDWHO\��7KH�³PXWDQWV´�VWXGLHG�E\�%UDG�
VKDZ�	�6FKHPVNH��������KDG�ORZHU�ILWQHVV�WKDQ�WKH�SDUHQWDO�
IRUPV��DQG�FRXOG�QRW�UHSODFH�WKHP�XQOHVV�WKHUH�ZHUH�D�PDMRU�
VKLIW�LQ�WKH�DEXQGDQFH�RI�SROOLQDWRUV��,�ZRXOG�DUJXH��KRZHYHU��
WKDW�UHGXFHG�ILWQHVV�LQ�WKLV�FDVH�PD\�VLPSO\�EH�D�SURGXFW�RI�
WKH�LQEUHHGLQJ�XVHG�WR�HVWDEOLVK�QHDU�LVRJHQLF�OLQHV��DQG�PD\�
QRW�EH�D�JHQHUDO�LPSHGLPHQW�WR�VSHFLDWLRQ��0RUH�LPSRUWDQWO\��
KRZHYHU��LQLWLDO�GHJUHHV�RI�GLYHUJHQFH�DUH�OLNHO\�WR�SURGXFH�
³OHDN\´�PDWLQJ�EDULHUV��H�J���VHH�'LOOH\�	�DO���������&�'��6PLWK�
	�DO����������&RQWLQXHG�JHQH�IORZ�EHWZHHQ�SRSXODWLRQV�FRXOG�
WKXV�SUHYHQW�LQLWLDO�IORUDO�GLYHUJHQFH�DQG�D�VKLIW�WRZDUG�D�QHZ�
SROOLQDWRU��$IWHU�VXFK�D�VKLIW�RFFXUUHG�LQ�DOORSDWU\��KRZHYHU��
VHOHFWLRQ�IRU�UHLQIRUFHPHQW�FRXOG�SURFHHG�UDSLGO\��&RQWLQXHG�
DOORSDWU\�ZRXOG��RI�FRXUVH��JUHDWO\�VWUHQJWKHQ�UHSURGXFWLYH�DQG�
HFRORJLFDO�LVRODWLRQ��VHH�)XOWRQ�	�+RGJHV��������5DPVH\�	�DO���
������&R\QH�	�2UU���������9HU\�VWURQJ�SROOLQDWRU�SUHIHUHQFHV��
KRZHYHU��FDQ�GULYH�HWKRORJLFDO�LVRODWLRQ�RI�SODQW�VSHFLHV�EDVHG�
RQ�WKHLU�SROOLQDWRUV�HYHQ�LQ�V\PSDWU\��*HJHDU�	�DO����������
'LOOH\�	�DO���������IRXQG�WKDW�PDQ\�FR�RFFXUULQJ�VSHFLHV�RI�
&DORFKRUWXV�GLIIHUHG�TXDQWLWDWLYHO\�LQ�WKHLU�YLVLWDWLRQ�E\�GLI�
IHUHQW�SROOLQDWRUV��EXW�WKDW�WKH�REVHUYHG�RYHUODS�LQ�VXFK�YLVLWRUV�
ZRXOG�EH�LQDGHTXDWH�WR�UHVXOW�LQ�UHSURGXFWLYH�LVRODWLRQ��3DW�
WHUVRQ�	�*LYQLVK��������WKXV�DUJXHG�WKDW�WKH�REVHUYHG�GLYHU�
VLILFDWLRQ�LQ�IORUDO�V\QGURPHV�ZLWKLQ�VXEFODGHV�RI�&DORFKRUWXV�
VKRXOG�EH�VHHQ�DV�D�³FRQVHTXHQW�UDGLDWLRQ �́�ZLWK�VHOHFWLRQ�IRU�
ORFDO�GLYHUJHQFH�LQ�KDELWDW�GULYLQJ�WKH�VHFRQGDU\�DGDSWDWLRQ�RI�
IORZHUV�WR�WKH�UDQJH�RI�SROOLQDWRUV�DQG�DELRWLF�FRQGLWLRQV�IRXQG�
LQ�GLIIHUHQW�KDELWDWV��)DLU\�ODQWHUQV�UHVWULFW�DFFHVV�WR�KLJKO\�
IDLWKIXO�EHH�SROOLQDWRUV��DQG�PD\�EH�DQDORJRXV�WR�ORQJ�WXEHG��
H[FOXVLRQDU\�IRUPV�VHHQ�LQ�KXPPLQJELUG�SROOLQDWHG�IORZHUV�
XQGHU�FORVHG�FDQRSLHV�LQ�1HRWURSLFDO�IRUHVWV��+DLUV�RQ�WKH�LQQHU�
VXUIDFHV�RI�FDW¶V�HDU�IORZHUV�PD\�WUDS�KHDW�LQ�WKHLU�FRRO��KLJK�
HOHYDWLRQ�KDELWDWV��0DULSRVDV�DQG�VWDU�WXOLSV�SURGXFH�ODUJH��
EULJKWO\�FRORUHG�IORZHUV�DGDSWHG�WR�RSHQ�VLWHV�WKDW�DUH�EULJKWO\�
LOOXPLQDWHG�ZLWK�EURDG�VSHFWUXP�OLJKW��*LYQLVK�	�3DWWHUVRQ��
�������0DULSRVDV��ZKLFK�JURZ�LQ�GULHU�HQYLURQPHQWV��KROG�WKHLU�
SHWDOV�QHDUO\�HUHFW��ZKLFK�PD\�UHGXFH�HYDSRUD�WLRQ�IRU�D�JLYHQ�
SHWDO�DUHD��,Q�JHQHUDO��ZH�VKRXOG�ORRN�IRU�UHODWLYHO\�ORZ�³OHDN�
DJH´�RI�SROOLQDWRU�YLVLWV�EHWZHHQ�VLVWHU�SODQW�VSHFLHV�LQYROYLQJ�
D�SROOLQDWRU�VKLIW�LQ�DW�OHDVW�RQH�DV�D�VLQH�TXD�QRQ�IRU�HFRORJLFDO�
VSHFLDWLRQ��&DVHV�RI�VXFK�VKLIWV�LQ�V\PSDWU\�RU�SHULSDWU\�ZRXOG�
PDNH�IRU�D�PRUH�DLUWLJKW�FRQFOXVLRQ�

6H[XDO�VHOHFWLRQ�PD\�RIWHQ�EH�WKH�SULPDU\�IRUFH�GULYLQJ�
HFRORJLFDO�VSHFLDWLRQ�YLD�SROOLQDWRU�VKLIWV�LQ�SODQWV��+RGJHV�	�
$UQROG��������DQG�+RGJHV��������SURSRVHG�WKDW�VXFK�VHOHFWLRQ��
PHGLDWHG�E\�IORUDO�YLVLWRUV��PD\�XQGHUOLH�WKH�UDSLG�UDGLDWLRQ�RI�
WKH�FROXPELQHV��$TXLOHJLD��DQG�RWKHU�SODQW�OLQHDJHV�ZLWK�VSXUV��
'LIIHUHQW�VSXU�FRORUV��VKDSHV��OHQJWKV��RU�RULHQWDWLRQ�FDQ�DWWUDFW�



����
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GLIIHUHQW�SROOLQDWRUV�WR�TXLWH�GLIIHUHQW�GHJUHHV��([SHULPHQWDOO\�
VKLIWLQJ�WKH�SRVWXUH�RI�WKH�IORZHUV�RI�$��SXEHVFHQV�IURP�XSULJKW�
WR�SHQGHQW��OLNH�WKRVH�RI�KXPPLQJELUG�SROOLQDWHG�$��IRUPRVD��
UHGXFHG�KDZNPRWK�YLVLWDWLRQ����IROG��7ULPPLQJ�QHFWDU�VSXUV�RI�
$��SXEHVFHQV�GLG�QRW�GHFUHDVH�KDZNPRWK�YLVLWDWLRQ�RU�LQFUHDVH�
WKDW�E\�KXPPLQJELUGV��EXW�LW�GLG�UHGXFH�WKH�VHHG�VHW�HIIHFWHG�
E\�KDZNPRWKV�E\�SUHYHQWLQJ�WKHP�IURP�IXOO\�SHQHWUDW�LQJ�WKH�
VSXUV�WR�REWDLQ�QHFWDU�DQG�WKXV�FRQWDFWLQJ�WKH�VH[XDO�SDUWV�RI�
WKH�IORZHU�ZLWK�WKHLU�KHDG�DQG�SURERVFLV��)XOWRQ�	�+RGJHV��
������

,Q�VHYHQ�RI�HLJKW�FDVHV��SODQW�OLQHDJHV�ZLWK�QHFWDU�VSXUV�
VKRZ�D�KLJKHU�UDWH�RI�QHW�VSHFLHV�GLYHUVLILFDWLRQ�WKDQ�VLVWHU�
FODGHV�ZLWKRXW�VSXUV��+RGJHV���������2Q�DYHUDJH��FODGHV�ZLWK�
VSXUV�ZHUH�DVVRFLDWHG�ZLWK�D����IROG�LQFUHDVH�LQ�VSHFLHV�QXPEHU�
UHODWLYH�WR�WKHLU�XQVSXUUHG�VLVWHUV��)XUWKHUPRUH��DPRQJ�WKH����
VSHFLHV�RI�1RUWK�$PHULFDQ�$TXLOHJLD��SROOLQDWRU�VKLIWV�ZHUH�
DOZD\V�DVVRFLDWHG�ZLWK�DQ�LQFUHDVH�LQ�VSXU�OHQJWK��ZLWK�WZR�
VKLIWV�IURP�EHHV�WR�KXPPLQJELUGV��DQG�ILYH�IURP�KXPPLQJ�
ELUGV�WR�KDZNPRWKV��)LJ�����:KLWWDOO�	�+RGJHV���������*LYHQ�
WKDW�1RUWK�$PHULFDQ�$TXLOHJLD�UDGLDWHG�UDSLGO\�ZLWKLQ�WKH�ODVW�
���±����0D��%DVWLGD�	�DO����������SUREDEO\�PRVW�RU�DOO�RI�WKHVH�
VKLIWV�UHIOHFW�DGDSWDWLRQ�WR�SUH�H[LVWLQJ�SROOLQDWRUV��UDWKHU�WKDQ�
RQJRLQJ�FRHYROXWLRQ�EHWZHHQ�$TXLOHJLD�DQG�LWV�SROOLQDWRUV��
'LUHFWLRQDO�VHOHFWLRQ�IRU�ORQJHU�VSXUV�VKRXOG�UHVXOW�ZKHQ�SODQWV�
VKLIW�WR�ORQJHU�WRQJXHG�SROOLQDWRUV��SHUKDSV�LQ�WKH�DEVHQFH�RI�
WKHLU�SUHIHUUHG�SROOLQDWRU��8QGHU�WKRVH�FRQGLWLRQV��IORZHUV�ZLWK�
ORQJHU�VSXUV�VKRXOG�LQFUHDVH�WKH�FKDQFH�RI�WUDQVIHUULQJ�SROOHQ�

VXFFHVVIXOO\�IURP�WKH�DQWKHUV�WR�WKH�SROOLQDWRU��'DUZLQ��������
:KLWWDOO�	�+RGJHV���������,W�VKRXOG�EH�PRUH�GLIILFXOW�WR�HYROYH�
VKRUWHU�VSXUV��JLYHQ�WKDW�LW�ZRXOG�LQLWLDOO\�GHFUHDVH�SODQW�ILW�
QHVV�E\�UHGXFLQJ�SROOHQ�WUDQVIHU�WR�WKH�SROOLQDWRU��,W�LV�XQFOHDU��
KRZHYHU��ZK\�D�WUDQVLWLRQ�WR�D�ORFDOO\�PRUH�FRPPRQ��VKRUW�
WRQJXHG�SROOLQDWRU�FRXOG�QRW�RFFXU�ILUVW��IROORZHG�E\�HYROXWLRQ�
RI�VKRUWHU�VSXUV��7KH�DGYDQWDJHV�RI�ORQJHU�VSXUV�LQ�SURPRWLQJ�
VSHFLDWLRQ�YLD�VKLIWV�WR�SROOLQDWRUV�ZLWK�ORQJHU�PRXWKSDUWV�PXVW�
EH�VHW�DJDLQVW�WKH�GLVDGYDQWDJH�RI�LQFUHDVHG�ULVNV�RI�H[WLQFWLRQ�
DVVRFLDWHG�ZLWK�VSHFLDOL]HG�DGDSWDWLRQ�WR�PRUH�VSHFLDOL]HG�PX�
WXDOLVWV��VHH�*LYQLVK�	�DO����������D�SURFHVV�QRW�UHFRUGHG�LQ�WKH�
SK\ORJHQ\�LQIHUUHG�IURP�H[WDQW�WD[D��)LJ�����

7KH�DVVRFLDWLRQ�RI�KLJKHU�VSHFLDWLRQ�UDWHV�ZLWK�QHFWDU�VSXUV�
VKRXOG�H[WHQG�WR�PDQ\�PRUH�SODQW�JURXSV�WKDW�KDYH�VLPSO\�
XQGHUJRQH�D�VKLIW�IURP�ERZO��WR�JXOOHW�VKDSHG�IORZHUV��2QFH�
D�IORUDO�WXEH�LV�LQ�SODFH��VLPSOH�FKDQJHV�LQ�WKH�WLPLQJ�RI�WXEH�
GHYHORSPHQW� �L�H��� DOORFKURQLF� HYROXWLRQ�� FRXOG� FKDQJH� WKH�
OHQJWK�RI�WKDW�WXEH�DQG�UDSLGO\�DGDSW�SODQWV�WR�SROOLQDWRUV�ZLWK�
ORQJ�RU�VKRUWHU�PRXWKSDUWV�ELOOV��H�J���VHH�5RGUtJXH]�*LURQpV�
	�/ODQGUHV���������7KH�H[FOXVLRQDU\�DSSDUDWXV�SURYLGHG�E\�WKH�
IORUDO�WXEH�ZRXOG�DOVR�WHQG�WR�VSHFLDOL]H�IORZHUV�IRU�YLVLWV�E\�
RQO\�D�VPDOO�QXPEHU�RI�SRWHQWLDO�YLVLWRUV�DQG�FUHDWH�LQFLSLHQW�
PDWLQJ�EDUULHUV��%\�FRQWUDVW��PHFKDQLFDO�LVRODWLRQ�ZRXOG�EH�
PXFK�PRUH�GLIILFXOW�LQ�SODQWV�ZLWK�RSHQ��ERZO�VKDSHG�IORZHUV��
7KH�PXFK�JUHDWHU�QXPEHU�RI�VSHFLHV�RI�,RFKURPLQDH��6RODQD�
FHDH��ZLWK�ORQJ�IORZHU�WXEHV��DGDSWHG�IRU�KXPPLQJELUG�DQG�
KDZNPRWK�SROOLQDWLRQ��FRPSDUHG�ZLWK�WKH�VPDOO�QXPEHU�RI�

Fig. .�(YROXWLRQ�RI�IORUDO�DGDS�
WDWLRQ�WR�EXPEOHEHHV��KXPPLQJ�
ELUGV��DQG�KDZNPRWKV�LQ�1RUWK�
$PHULFDQ�$TXLOHJLD��VXSHULP�
SRVHG�RQ�WKH�PDMRULW\�UXOH�FRQ�
VHQVXV�%D\HVLDQ�FODGRJUDP��7KH�
SUREDELOLW\�RI�HDFK�V\QGURPH�
RFFXUULQJ�DW�DQFHVWUDO�QRGHV�
LV�LQGLFDWHG�ZLWK�SLH�FKDUWV�
DW�HDFK�QRGH��,QIHUUHG�VKLIWV�
LQ�SROOLQDWLRQ�V\QGURPHV�DUH�
VKRZQ�E\�DVWHULVNV��LQFOXGLQJ�
WZR�IURP�EXPEOHEHH�WR�KXP�
PLQJELUG�SROOLQDWLRQ��DQG�ILYH�
IURP�KXPPLQJELUG�WR�KDZN�
PRWK�SROOLQDWLRQ��$OO�LQIHUUHG�
VKLIWV�LQYROYH�DQ�LQFUHDVH�LQ�WKH�
OHQJWKV�RI�VSXUV�DQG�SROOLQDWRU�
PRXWKSDUWV��$IWHU�:KLWWDOO�	�
+RGJHV��������
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IO\��RU�EHH�SROOLQDWHG�VSHFLHV�ZLWK�VKRUW�IORUDO�WXEHV��VHH�ILJ�
XUHV�LQ�6�'��6PLWK�	�%DXP�������DQG�6�'��6PLWK�	�DO���������
DSSHDUV�WR�EH�FRQVLVWHQW�ZLWK�WKLV�K\SRWKHVLV�

*HQHUD�VKRZLQJ�DQ�XQXVXDOO\�KLJK�SURSRUWLRQ�RI�SROOLQDWRU�
VKLIWV��FD������WR������LQFOXGH�3ODWDQWKHUD�RI�WKH�1RUWKHUQ�
+HPLVSKHUH��+DSHPDQ�	�,QRX\H���������&RVWXV�RI�WKH�1HR�
WURSLFV��.D\�	�DO����������,RFKURPLQDH�RI�6RXWK�$PHULFD��6�'��
6PLWK�	�%DXP��������6�'��6PLWK�	�DO����������DQG�$TXLOHJLD�
RI�1RUWK�$PHULFD��:KLWWDOO�	�+RGJHV���������'LVD�RI�6RXWK�
$IULFD�DQG�3ROHPRQLDFHDH�RI�WURSLFDO�DQG�WHPSHUDWH�$PHULFD�
DUH�FKDUDFWHUL]HG�E\�QXPHURXV�SROOLQDWRUV�DQG��SHQGLQJ�PRG�
HUQ�DQDO\VHV�XVLQJ�RYHUOD\V�RQ�LQGHSHQGHQW�PROHFXODU�SK\ORJ�
HQLHV��PRVW�OLNHO\�DOVR�LQYROYH�QXPHURXV�SROOLQDWRU�VKLIWV��VHH�
9��*UDQW�	�*UDQW��������6�'��-RKQVRQ�	�DO���������6�'��-RKQ�
VRQ��������������6�'��-RKQVRQ�	�%URZQ��������/�$��-RKQVRQ�
	�DO����������$OO�VHYHQ�RI�WKH�SROOLQDWRU�VKLIWV�LQ�1HRWURSLFDO�
&RVWXV�LQYROYH�D�WUDQVLWLRQ�IURP�RUFKLG�EHHV�WR�KXPPLQJELUGV��
FRQVLVWHQW�ZLWK�WKH�SDWWHUQ�VHHQ�LQ�$TXLOHJLD��3ODWDQWKHUD�LQ�
YROYHV�VHYHQ�FODVVHV�RI�SROOLQDWRUV��SOXV�VHOILQJ��RI����SROOLQD�
WRU�WUDQVLWLRQV����DUH�IURP�QLJKW�IO\LQJ��QRFWXLG�DQG�S\UDOLG�
VHWWOLQJ�PRWKV�WR�QLJKW�IO\LQJ�KDZNPRWKV��)LJ������,�QRWH�WKDW�
SROOLQDWRU�VKLIWV�DQG�IORUDO�V\QGURPHV�LQ�3ODWDQWKHUD�DSSHDU�
WR�EH�UHVSRQVLYH�WR�HQYLURQPHQWDO�FRQGLWLRQV�DQG�SROOLQDWRU�
VHQVRU\�FDSDELOLWLHV��7KH�WZR�RULJLQV�RI�EULJKWO\�FRORUHG��\HO�
ORZ�RU�SXUSOH�IORZHUV�RFFXUUHG�LQ�RSHQ�KDELWDWV�ZLWK�EULJKW��
ZLGH�VSHFWUXP�LOOXPLQDWLRQ��LQ�ZKLFK�VXFK�YLVXDOO\�FRQVSLFX�
RXV�GLVSOD\V�ZRXOG�EH�VHHQ�WR�EHVW�HIIHFW��6KLIWV�WR�SROOLQDWLRQ�
E\�EXWWHUIOLHV�RU�GD\�IO\LQJ�KDZNPRWKV�DOVR�RFFXUUHG�LQ�RSHQ�
KDELWDWV��FRQVLVWHQW�ZLWK�WKH�VHQVRU\�PRGDOLWLHV�RI�WKRVH�LQVHFWV�

&RQWH[W�GHSHQGHQW�VH[XDO�VHOHFWLRQ�PD\�DOVR�EH�UHVSRQ�
VLEOH�IRU�WKH�ZLGHVSUHDG�RFFXUUHQFH�RI�YLVXDOO\�LQFRQVSLFXRXV��
VPDOO�IORZHUV�ZLWK�ZKLWLVK��FUHDP\��RU�JUHHQLVK�SHWDOV�LQ�WURSL�
FDO�IRUHVWV��HVSHFLDOO\�LQ�GLPO\�OLW�XQGHUVWRULHV��$V�DUJXHG�E\�

*LYQLVK�	�3DWWHUVRQ���������ORZ�OHYHOV�RI�QDUURZ�VSHFWUXP��
JUHHQLVK�OLJKW�LQ�IRUHVW�XQGHUVWRULHV�GR�QRW�IDYRU�WKH�HYROXWLRQ�
RI�ODUJH��EULJKWO\�FRORUHG�SHWDOV��7KLV�DUJXPHQW�DOVR�DSSOLHV�
WR�WKH�HYROXWLRQ�RI�YLVXDOO\�LQFRQVSLFRXV�IORZHUV�LQ�WHPSHUDWH�
IRUHVW�KHUEV�WKDW�EORRP�DIWHU�WKH�WUHH�FDQRS\�KDV�H[SDQGHG��H�J���
$SOHFWUXP��0HGHROD��2VPRUKL]D��3RO\JRQDWXP��7LSXODULD���LQ�
FRQWUDVW�WR�WKH�EULJKWO\�FRORUHG��ODUJH�SHWDOHG�IRUHVW�KHUEV�RI�
HDUO\�VSULQJ��H�J���$QHPRQH��(U\WKURQLXP��6DQJXLQDULD��7ULO�
OLXP��8YXODULD��9LROD��RU�RI�HYHUJUHHQ�IRUHVW�XQGHUVWRULHV��H�J���
*RRG\HUD��0LWFKHOOD��6FROLRSXV���6HOHFWLRQ�IRU�VPDOO��YLVXDOO\�
LQFRQVSLFRXV�IORZHUV�LQ�IRUHVW�XQGHUVWRULHV�SUHVXPDEO\�SXWV�D�
SUHPLXP�RQ�WKH�XVH�RI�VFHQWV�DV�IORUDO�DWWUDFWDQWV��6HOHFWLRQ�
IRU�VXFK�IORZHUV�LQ�WURSLFDO�IRUHVW�XQGHUVWRULHV��EDVHG�RQ�GLP��
QDUURZ�VSHFWUXP�OLJKWLQJ��DQG�IRU�IOHVK\�IUXLWV�XQGHU�VXFK�
ZLQGOHVV�FRQGLWLRQV��DUH�SUHFRQGLWLRQV�IRU�WKH�UHSHDWHG�HYROX�
WLRQ�RI�GLRHF\��%DZD��������*LYQLVK��������

)LQDOO\��WKHUH�LV�DPSOH�HYLGHQFH�WKDW�UHSURGXFWLYH�LVROD�
WLRQ�FDQ�HYROYH�UDSLGO\�WKURXJK�VKLIWV�LQ�IORZHULQJ�SKHQRORJ\��
ZKLFK�FRXOG��LQ�WXUQ��OHDG�WR�UHSURGXFWLYH�LVRODWLRQ��)UDQNV�	�
DO���������DQG�)UDQNV�	�:HLV��������IRXQG�WKDW�ILYH�\HDUV�RI�
GURXJKW�LQ�FHQWUDO�&DOLIRUQLD�FDXVHG�D�VKLIW�WR�HDUOLHU�IORZHU�
LQJ��ORQJHU�GXUDWLRQ�RI�IORZHULQJ��UHGXFHG�SHDN�IORZHULQJ��
DQG�IORZHULQJ�DW�DQ�HDUOLHU�DJH�DQG�VPDOOHU�VL]H�LQ�WKH�DQQXDO�
FURS�%UDVVLFD�UDSD��EDVHG�RQ�FRPSDULVRQV�ZLWK�SODQWV�JURZQ�
IURP�VHHG�VWRUHG�HDFK�\HDU��6DYRODLQHQ�	�DO���������DUJXHG�
WKDW�GLYHUJHQFH�LQ�IORZHULQJ�WLPH��SHUKDSV�DVVRFLDWHG�ZLWK�D�
VKLIW�LQ�VXEVWUDWH��ZDV�WKH�EDVLV�IRU�V\PSDWULF�VSHFLDWLRQ�LQ�WKH�
SDOPV�+RZHD�IRUVWHULDQD�DQG�+��EHOPRUH�DQD�RQ�/RUG�+RZH�
,VODQG��DOWKRXJK�LW�LV�QRW�FOHDU�KRZ�ODUJH�WKH�LVODQG�ZDV�ZKHQ�
WKH�VSHFLHV�GLYHUJHG��6WXHVV\���������7RGD\��+RZHD�RFFXUV�LQ�
����RI�WKH�QDWXUDO�YHJHWDWLRQ�DQG�LWV�WZR�ZLQG�SROOLQDWHG�VSH�
FLHV�FR�RFFXU�LQ�FD������RI�WKHLU�FXUUHQW�UDQJH��VR�IORZHULQJ�
SKHQRORJ\�DSSHDUV�WR�EH�WKH�SULPDU\�PHDQV�RI�UHSURGXFWLYH�

Fig. .�6XPPDU\�RI����LQIHUUHG�
VKLIWV�LQ�SROOLQDWRUV�DPRQJ�WKH�
���VSHFLHV�RI�3ODWDQWKHUD�IURP�
1RUWK�$PHULFD�DQG�(DVW�$VLD�
VWXGLHG�E\�+DSHPDQ�	�,QRX\H�
��������1RWH�NH\�UROH�RI�VHWWOLQJ�
PRWKV�DV�³VRXUFH´�SROOLQDWRUV��
RI�QRFWXUQDO�KDZNPRWKV�DV�
³WDUJHW´�SROOLQDWRUV��DQG�RI�EXW�
WHUIOLHV�DV�³XQVWDEOH´�LQWHUPHGL�
DU\�SROOLQDWRUV��$IWHU�+DSHPDQ�
	�,QRX\H��������
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LVRODWLRQ��7KH�SDWWHUQ�RI�JHQHWLF�GLYHUJHQFH�EHWZHHQ�WKH�VSH�
FLHV²FRQFHQWUDWHG�LQ�MXVW�D�IHZ�ORFL²LV�PRUH�FRQVLVWHQW�ZLWK�
UDSLG�V\PSDWULF�GLYHUJHQFH�WKDQ�SURORQJHG�DOORSDWULF�GLYHU�
JHQFH��,QLWLDO�GLYHUJHQFH�EDVHG�RQ�VXEVWUDWH��IROORZHG�E\�VHOHF�
WLRQ�IRU�UHSURGXFWLYH�LVRODWLRQ�YLD�SKHQRORJ\��VHHPV�XQOLNHO\�
WR�KDYH�SURPRWHG�WKH�LQLWLDO�GLYHUJHQFH�EHWZHHQ�SRSXODWLRQV��
XQOHVV�UHSURGXFWLYH�LQGLYLGXDOV�WRGD\�DUH�PRUH�UHVWULFWHG�WR�
YROFDQLF� YV�� FDOFDUHQLWH� VXEVWUDWHV� WKDQ� WKH� SRSXODWLRQV� WR�
ZKLFK�WKH\�EHORQJ�

4. ECOLOGICAL ASPECTS OF HOMOPLOID 
HYBRID SPECIATION

(DUO\�LQ�WKH�0RGHUQ�6\QWKHVLV��WKH�FRQWULEXWLRQV�RI�K\EULG�
L]DWLRQ�WR�VSHFLDWLRQ�DQG�HFRORJLFDO�GLYHUJ�HQFH�ZHUH�YLHZHG�
SULPDULO\�DV�QHJDWLYH��:KHQ�SRSXODWLRQV�WKDW�KDG�GLYHUJHG�
LQ�LVRODWLRQ�FDPH�EDFN�LQWR�VHFRQGDU\�FRQWDFW��LQ�VRPH�FDVHV�
UHSURGXFWLYH�LVRODWLRQ�ZRXOG�QRW�EH�FRPSOHWH��7KH�RXWFRPH�
RI�VXFK�FRQWDFW�FRXOG�EH�����VWDEOH�K\EULG�]RQHV��EDODQFLQJ�
VHOHFWLRQ�DJDLQVW�K\EULGV�ZLWK�FRQVWDQW�PLJUDWLRQ�RI�QHZ�LQ�
GLYLGXDOV�IURP�ERWK�SRSXODWLRQV�WR�WKH�K\EULGL]LQJ�IURQW������
VXFFHVVIXO�VHOHFWLRQ�IRU�UHLQIRUFHPHQW�RI�UHSURGXFWLYH�LVRODW�
LQJ�PHFKDQLVPV�DQG�FRPSOHWLRQ�RI�DOORSDWULF�VSHFLDWLRQ������
UHSURGXFWLYH�IXVLRQ�RI�WKH�SDUWLDOO\�GLIIHUHQWLDWHG�SRSXODWLRQV��
QHJDWLQJ�VSHFLDWLRQ�DQG�FUHDWLQJ�DQ�HSKHPHUDO�FOLQDO�JUDGLHQW�
RI�JHQHWLF�YDULDWLRQ�DV�JHQH�IORZ�RYHUZKHOPV�VHOHFWLRQ��DQG�����
SRO\SORLG�VSHFLDWLRQ��LQ�ZKLFK�IXVLRQ�RI�XQUHGXFHG�JDPHWHV�
IURP�RQH�RU�ERWK�SDUHQWV�OHDGV�WR�SRO\SORLG�SURJHQ\��ZKLFK�DUH�
UHSURGXFWLYHO\�LVRODWHG�E\�NDU\RW\SH�IURP�SDUHQWLDO�IRUPV�PRUH�
RU�OHVV�LPPHGLDWHO\��0D\U��������6WHEELQV��������

7RGD\��ZH�UHFRJQL]H�WKDW�WKH�HIIHFWV�RI�K\EULGL]DWLRQ�DQG�
UHWLFXODWH�HYROXWLRQ�RQ�VSHFLDWLRQ�DQG�DGDSWLYH�GLYHUVLILFDWLRQ�
FDQ�EH�IDU�PRUH�FRPSOH[��9��*UDQW��������5LHVH�EHUJ�	�DO���������
������������0F&DUWK\�	�DO���������5LHVHEHUJ��������������������
8QJHUHU�	�DO���������%DUWRQ��������:ROI�	�DO���������*URVV�	�
5LHVH�EHUJ��������$UQROG�	�DO���������3�5��*UDQW�	�*UDQW��������
3�6��6ROWLV�	�6ROWLV���������+HUH�,�IRFXV�RQ�WZR�NH\�IHDWXUHV�
RI�KRPRSORLG��L�H���QRQ�SRO\SORLG��K\EULGL]DWLRQ�WKDW�VKLIW�WKH�
WUDMHFWRULHV�RI�HFRORJLFDO�HYROXWLRQ�LQ�LPSRUWDQW�ZD\V��LQYROYLQJ�
WUDQVJUHVVLYH�K\EULGL]DWLRQ�DQG�LQWURJUHVVLRQ�RI�DGDSWLYH�
JHQH�FRPELQD�WLRQV��EDVHG�ODUJHO\�RQ�WKH�VXSHUE�ZRUN�E\�/RUHQ�
5LHVHEHUJ�DQG�KLV�FROOHDJXHV��3RO\SORLG�VSHFLDWLRQ²DQ�XQXVX�
DOO\�FRPPRQ�SKHQRPHQRQ�LQ�SODQWV�DQG�UDUH�LQ�DQLPDOV²KDV�
DOUHDG\�EHHQ�UHYLHZHG�H[WHQVLYHO\��LQ�WKH�UHFHQW�SDVW��H�J���3�6��
6ROWLV�	�6ROWLV��������3DXQ�	�DO���������������3LUHV�	�+HUWZHFN��
������3�6��6ROWLV�	�6ROWLV��������'�(��6ROWLV�	�DO���������:RRG�
	�DO���������DQG�LQ�WKLV�V\PSRVLXP��'�(��6ROWLV�	�DO���������

Transgressive hybridization. —�)��K\EULGV�DUH�RIWHQ�SKH�
QRW\SLFDOO\�LQWHUPHGLDWH�EHWZHHQ�WKH�SDUHQWDO�WD[D��)��K\EULGV�
DQG�HDUO\�EDFNFURVVHV�SURGXFH�D�PXFK�ZLGHU�UDQJH�RI�SKHQR�
W\SHV��EXW�WKH�WUDGLWLRQDO�YLHZ�RI�WKHVH�DQG�RI�K\EULG�VSHFLHV�
KDG�ORQJ�EHHQ�WKDW�WKH\�DUH�DOVR�SKHQRW\SLFDOO\�LQWHUPHGLDWH�
EHWZHHQ�WKH�SDUHQWDO�WD[D��:LHJDQG��������5LOH\��������$Q�
GHUVRQ��������������+HLVHU��������6WHEELQV���������,I�WKLV�ZHUH�
DOZD\V�VR��LW�ZRXOG�EH�GLIILFXOW�IRU�K\EULGV�WR�EH�HFRORJLFDOO\�
LVRODWHG�IURP�WKHLU�SDUHQWV�XQOHVV�WKRVH�WD[D�ZHUH�VXEVWDQWLDOO\�

GLYHUJHQW�HFRORJLFDOO\�IURP�HDFK�RWKHU��8QGHU�WKRVH�FLUFXP�
VWDQFHV��)��K\EULGV�PLJKW�SHUVLVW�LQ�³K\EULG�KDELWDWV´�LQWHUPH�
GLDWH�EHWZHHQ�WKRVH�RI�WKH�SDUHQWDO�WD[D��7KLV�VFHQDULR�ZDV�
ILUVW�DGYDQFHG�IRU�,ULV�IXOYD�DQG�,��KH[DJRQD�DQG�WKHLU�DSSDU�
HQW�K\EULGV�LQ�/RXLVLDQD��5LOH\��������$QGHUVRQ���������,ULV�
IXOYD�W\SLFDOO\�JURZV�RQ�VKDG\��UHODWLYHO\�ZHOO�GUDLQHG�VLWHV��
ZKLOH�,��KH[DJRQD�JURZV�RQ�RSHQ��ZHWWHU�VLWHV��$QGHUVRQ��������
DUJXHG�WKDW�KXPDQ�GLVWXUEDQFH�PLJKW�IDYRU�VXFK�K\EULGV�E\�
EUHDNLQJ�GRZQ�WKH�KDELWDW�EDUULHUV�VHSDUDWLQJ�FORVHO\�UHODWHG�
VSHFLHV�DQG�DOORZLQJ�WKHP�WR�K\EULGL]H�LQ�WKH�ILUVW�SODFH��DQG�
WKHQ�E\�UHGXFLQJ�FRPSHWLWLRQ�DQG�WKXV�DOORZLQJ�VRPH�RI�WKH�
)��K\EULGV�DQG�EDFNFURVVHV�WR�FRH[LVW�ORFDOO\��VHH�DOVR�7HPSOH�
WRQ���������8VLQJ�SODVWLG�DQG�QXFOHDU�PDUNHUV��$UQROG�	�DO��
�������������DQG�$UQROG��������GHPRQVWUDWHG�WKDW�WKH�VWDELOL]HG�
/RXLVLDQD�K\EULG�VSHFLHV�,ULV�QHOVRQLL�LV�D�UHVXOW�RI�K\EULGL]D�
WLRQ�DQG�LQWURJUHVVLRQ��L�H���JHQH�IORZ�LQWR�RQH�WD[RQ�WKURXJK�
K\EULGL]DWLRQ�ZLWK�RWKHU�VSHFLHV�DQG�UHSHDWHG�EDFNFURVVHV�ZLWK�
WKH�ILUVW��LQYROYLQJ�,��IXOYD��,��KH[DJRQD��DQG�,��EUHYLFDXOLV��,Q�
LWV�QDUURZ�UDQJH��,��QHOVRQLL�JURZV�LQ�D�K\EULG�KDELWDW��VKDGHG�
EXW�TXLWH�ZHW�VLWHV���%DVHG�RQ�UHVXOWV�IURP�JUHHQ�KRXVH�VWXGLHV�
DQG�ILHOG�WUDQVSODQWV��0DUWLQ�	�DO���������������VKRZHG�WKDW�
IORRGLQJ�WROHUDQFH�LQFUHDVHG�ZLWK�WKH�H[WHQW�RI�,��IXOYD�PDUNHUV�
LQ�EDFNFURVVHG�,��EUHYLFDXOLV��DQG�WKDW�GURXJKW�WROHUDQFH�LQ�
FUHDVHG�ZLWK�WKH�H[WHQW�RI�,��EUHYLFDXOLV�PDUNHUV�LQ�EDFNFURVVHG�
,��IXOYD��7KHVH�VWXGLHV�FRQILUPHG�$QGHUVRQ¶V��������FODLP�WKDW�
³$�WULFNOH�RI�JHQHV�VR�VOLJKW�DV�WR�EH�ZLWKRXW�DQ\�SUDFWLFDO�
WD[RQRPLF�UHVXOW�PLJKW�VWLOO�EH�PDQ\�WLPHV�PRUH�LPSRUWDQW�
WKDQ�PXWDWLRQ�́

2YHUWXUQLQJ�WKH�WUDGLWLRQDO�YLHZ��D�JUHDW�GHDO�RI�HYLGHQFH�
KDV�QRZ�DFFXPXODWHG�WR�VKRZ�WKDW�K\EULGL]DWLRQ�FDQ�IUHTXHQWO\�
JHQHUDWH�WUDQVJUHVVLYH�VHJUHJDWLRQ��SURGXFLQJ�SKHQRW\SHV�WKDW�
OLH�RXWVLGH�WKH�UDQJH�RI�WKH�SDUHQWDO�SKHQRW\SHV��5LHVHEHUJ�	�
&DUQH\��������5LHVHEHUJ�	�DO����������������6XFK�WUDQVJUHVVLYH�
K\EULGL]DWLRQ�FDQ�EH�D�SRZHUIXO�FUHDWLYH�IRUFH��DVVHPEOLQJ�
GLVWLQFWLYH�SKHQRW\SHV�WKDW�PD\�JUHDWO\�H[WHQG�WKH�HFRORJLFDO�
UDQJH�RI�KDELWDWV�DQG�DVVRFLDWHG�DGDSWDWLRQV�LQ�D�OLQHDJH�DQG�
WKHUHE\�IDFLOLWDWH�DGDSWLYH�UDGLDWLRQ��5LHVHEHUJ�	�DO���������
VXUYH\HG�����VWXGLHV�LQYROYLQJ�FURVVHV�DPRQJ�LQEUHG�OLQHV��
SRSXODWLRQV��DQG�FORVHO\�UHODWHG�VSHFLHV�RI�YDULRXV�DQLPDOV�
DQG�IORZHULQJ�SODQWV�DQG�IRXQG�WKDW�WUDQVJUHVVLYH�VHJUHJDWLRQ�
ZDV�VXUSULVLQJO\�FRPPRQ������RI�VWXGLHV�UHSRUWHG�DW�OHDVW�RQH�
WUDQVJUHVVLYH�WUDLW��DQG�����RI������WUDLWV�ZHUH�WUDQVJUHVVLYH�
LQ�DW�OHDVW�FHUWDLQ�FDVHV��7KH�PHFKDQLVP�DSSHDUV�WR�LQYROYH�WKH�
RFFXUUHQFH�RI�FRPSOHPHQW�DU\�JHQHV�LQ�FORVHO\�UHODWHG�OLQHV��
ZKLFK�VKLIW�WKH�H[SUHVVLRQ�RI�D�TXDQWLWDWLYH�WUDLW�LQ�WKH�JHQHWLF�
EDFNJURXQG�RI�RQH�VSHFLHV�WRZDUG�WKH�SKHQRW\SH�RI�WKH�RWKHU��
DQG�YLFH�YHUVD��6XFK�FRPSOHPHQWDU\�DFWLRQ²RU�HSLVWDVLV�LQ�
YROYLQJ�VHYHUDO�JHQHV²VKRXOG�LQFUHDVH�ZLWK�JHQHWLF�GLVWDQFH�
EHWZHHQ�OLQHV��6WHONHQV�	�6HHKDXVHQ��������FRQILUPHG�WKLV��
ILQGLQJ�WKDW�WUDQVJUHVVLRQ�IUHTXHQF\�LQFUHDVHG�ZLWK�JHQHWLF�
GLVWDQFH�LQ�HXGLFRWV�LQ�KLJKO\�VLJQLILFDQW�IDVKLRQ��H[SODLQLQJ�
����RI�WKH�YDULDQFH�LQ�WUDQVJUHVVLRQ�IUHTXHQF\��)RU�)��K\EULGV�
DPRQJ�$IULFDQ�ULIW�ODNH�FLFKOLGV��JHQHWLF�GLVWDQFH�DFFRXQWHG�
IRU�����RI�WKH�YDULDQFH�LQ�WKH�RFFXUUHQFH�RI�WUDQVJUHVVLYH�SKH�
QRW\SHV��6WHONHQV�	�DO����������7UDQVJUHVVLYH�VHJUHJDWLRQ�WKXV�
DSSHDUV�WR�EH�PRUH�OLNHO\�IRU�FURVVHV�EHWZHHQ�PRUH�GLVWDQWO\�
UHODWHG�SDUHQWV��5HGXFHG�YLDELOLW\�RU�IHFXQGLW\�RI�WKH�SURJHQ\�
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RI�VXFK�FURVVHV�PD\�WKHUHIRUH�UHGXFH�WKH�UROH�RI�WUDQVJUHV�
VLYH�K\EULGL]DWLRQ�VRPHZKDW��EXW�LWV�ZLGHVSUHDG�RFFXUUHQFH�
GHVSLWH�WKLV�OLPLWDWLRQ�VXJJHVWV�WKDW�WUDQVJUHVVLYH�VHJUHJDWLRQ�
LV�DQ�LPSRUWDQW�HYROXWLRQDU\�SURFHVV�QRW�DQWLFLSDWHG�E\�WKH�
0RGHUQ�6\QWKHVLV��0RGHOV�LQGLFDWH�WKDW�KRPRSORLG�K\EULG�VSH�
FLDWLRQ�LW�IDYRUHG�E\�VXEVWDQWLDO�UHSURGXFWLYH�EDUULHUV�EHWZHHQ�
WKH�SDUHQWDO�WD[D��E\�SDUWLDO�RU�FRPSOHWH�JHRJUDSKLF�LVRODWLRQ�
RI�WKH�LQLWLDO�K\EULGV�IURP�WKHP��DQG�E\�QRYHO�FKURPRVRPDO�
DUUDQJHPHQWV�DQG�KDELWDWV�IRU�WKH�K\EULG�VSHFLHV��VHH�%XHUNOH�
	�DO���������������5LHVHEHUJ���������,W�VKRXOG�EH�QRWHG�WKDW�
K\EULGL]DWLRQ�DSSHDUV�WR�EH�PRUH�OLNHO\�WR�OHDG�WR�VSHFLDWLRQ�
LQ�SODQWV�LI�IROORZHG�E\�SRO\SORLGL]DWLRQ��%XJJV�	�DO���������

(DUO\�UHVHDUFK�E\�5LHVHEHUJ�DQG�KLV�FROOHDJXHV��5LHVHEHUJ�
	�DO�������������D�E������D�E��'RUDGR�	�DO���������FRQILUPHG�D�
VXEVWDQWLDO�IUDFWLRQ�RI�SULRU�ZRUN�E\�&KDUOHV�+HLVHU�VXJJHVWLQJ�
WKDW�K\EULGL]DWLRQ�DQG�LQWURJUHVVLRQ�LQYROYLQJ�WKH�ZLGHVSUHDG�
FRPPRQ�VXQIORZHU��+HOLDQWKXV�DQQXXV��DQG�VHYHUDO�RI�LWV�FRQ�
JHQHUV�OHG�WR�WKH�IRUPDWLRQ�RI�D�QHZ�VSHFLHV�DQG�LQWURJUHVVHG�
UDFHV��,Q�DGGLWLRQ��5LHVHEHUJ��������DQG�5LHVHEHUJ�	�DO�������D��
GHPRQVWUDWHG�WKH�XQVXVSHFWHG�K\EULG�RULJLQ�RI�+��DQRPDOXV��
+��GHVHUWLFROD��DQG�+��SDUDGR[D��DSSDUHQWO\�IURP�LQGHSHQGHQW��
UHSHDWHG�FURVVHV�RI�+��DQQXXV�DQG�+��SHWLRODULV��7KH�WKUHH�
DQFLHQW�K\EULGV�KDYH�QDUURZ�JHRJUDSKLF�UDQJHV�EXW�WRJHWKHU�
VSDQ�D�JUHDWHU�HFRORJLFDO�UDQJH�WKDQ�WKH�UHVW�RI�+HOLDQWKXV�VHFW��
+HOLDQWKXV�FRPELQHG��+��DQRPDOXV�RFFXUV�RQ�VDQG�GXQHV�LQ�
8WDK�DQG�QRUWKHUQ�$UL]RQD��+��GHVHUWLFROD�JURZV�LQ�GHVHUWV�RI�
WKH�*UHDW�%DVLQ�LQ�1HYDGD��8WDK��DQG�QRUWKHUQ�$UL]RQD��DQG�
+��SDUDGR[D�OLYHV�LQ�VDOLQH�ZHWODQGV�LQ�7H[DV�DQG�1HZ�0H[LFR�
�5LHVHEHUJ���������2QH�SDUHQW��+��DQQXXV��LQKDELWV�KHDY\�FOD\�
VRLOV�DFURVV�PXFK�RI�WKH�*UHDW�3ODLQV��WKH�*UHDW�%DVLQ��WKH�
GHVHUW�6RXWKZHVW��,GDKR��&DOLIRUQLD��DQG�VHPL�DULG�2UHJRQ�DQG�
:DVKLQJWRQ��7KH�RWKHU�SDUHQWDO�WD[RQ��+��SHWLRODULV��RFFXSLHV�
VDQG\�VRLOV�RYHU�ODUJH�DUHDV�RI�WKH�*UHDW�3ODLQV�DQG�*UHDW�%DVLQ��
1DUURZ��FD�����P��K\EULG�]RQHV�IUHTXHQWO\�IRUP�ZKHUH�SRSXOD�
WLRQV�RI�+��DQQXXV�DQG�+��SHWLRODULV�FRPH�LQWR�FRQWDFW�ZKHUH�
VRLOV�FKDQJH�DEUXSWO\��$V�H[SHFWHG�IURP�WKHLU�GLYHUJHQW�HFRO�
RJ\��WKH�WKUHH�DQFLHQW�K\EULG�VSHFLHV�GLIIHUHG�VXEVWDQWLDOO\�IURP�
WKH�SDUHQWDO�WD[D�ZKHQ�DOO�ZHUH�JURZQ�LQ�D�FRPPRQ�JDUGHQ��,Q�D�
VXUYH\�RI����PRUSKRORJLFDO��OLIH�KLVWRU\��DQG�HFRSK\VLFRORJLFDO�
WUDLWV��5LHVHEHUJ�	�DO���������IRXQG�WKDW�+HOLDQWKXV�DQRPD�
OXV�GLIIHUHG�IURP�LWV�SDUHQW�LQ����WUDLWV����ZLWK�LQWHUPHGLDWH�
H[SUHVVLRQ�����ZLWK�WUDQVJUHVVLYH�H[SUHVVLRQ���+��GHVHUWLFROD��
LQ����WUDLWV����LQWHUPHGLDWH�����WUDQVJUHVVLYH���DQG�+��SDUD�
GR[D�� LQ�������LQWHUPHGLDWH�����WUDQVJUHVVLYH���2YHUDOO�� WKLV�
SRLQWV�WR�����WR�����RI�WKH�GLYHUJHQW�WUDLWV�LQ�DQFLHQW�K\EULGV�
DULVLQJ�IURP�WUDQVJUHVVLYH�H[SUHVVLRQ��&RPSDULVRQV�EDVHG�RQ�
JUHHQKRXVH�DQG�LQ�VLWX�ILHOG�VWXGLHV�GHPRQVWUDWHG�WKDW�����
WR������RI�WKH�REVHUYHG�DPRXQWV�RI�WUDQVJUHVVLYH�H[SUHVVLRQ�
LQ�WKH�DQFLHQW�K\EULGV�OD\�ZLWKLQ�WKH�UDQJH�VHHQ�LQ�DUWLILFLDO��
GRXEOHG�EDFNFURVVHG�SRSXODWLRQV�GHULYHG�IURP�WKH�WZR�SDUHQ�
WDO�VSHFLHV��/H[HU�	�DO�������D��5LHVHEHUJ�	�DO���������*URVV�
	�DO���������/XGZLJ�	�DO����������7KH�VDQG�GXQH�VSHFLDOLVW��
+��DQRPDOXV��KDV�VHYHUDO�WUDLWV�W\SLFDO�RI�VDQG�GXQH�HQGHP�
LFV��LQFOXGLQJ�KHDY\�F\OLQGULFDO�VHHGV��UDSLG�URRW�JURZWK��DQG�
VXFFXOHQW�OHDYHV��+HOLDQWKXV�GHVHUWLFROD�H[KLELWV�PDQ\�RI�WKH�
FKDUDFWHU�LVWLFV�RI�ZLQWHU�DQQXDOV��LQFOXGLQJ�HDUO\�IORZHULQJ��
VKRUW�VWDWXUH��DQG�QDUURZ�OHDYHV��)LQDOO\��+��SDUDGR[D�VKDUHV�

VHYHUDO�WUDLWV�ZLWK�RWKHU�KDORSK\WHV��LQFOXGLQJ�OHDI�VXFFXOHQFH�
DQG�UHGXFWLRQ�RI�PLQHUDO�LRQ�XSWDNH��5RVHQWKDO�	�DO���������
:HOFK�	�5LHVHEHUJ��������/H[HU�	�DO�������E��������'RQRYDQ�
	�DO���������(GHOLVW�	�DO����������,WV�LQFUHDVHG�YLDELOLW\�LQ�VDOW�
PDUVKHV�UHODWLYH�WR�LWV�SDUHQWV�WUDFHV��DW�OHDVW�LQ�SDUW��WR�WUDQV�
JUHVVLYH�VHJUHJDWLRQ�RI�D�VDOW�WROHUDQFH�JHQH��&'3.���DQG�WZR�
RWKHU�TXDQWLWDWLYH�WUDLW�ORFL��47/V��

7DNHQ�DV�D�ZKROH��WKHVH�ILQGLQJV�DUJXH�VWURQJO\�WKDW�WUDQV�
JUHVVLYH�K\EULGL]DWLRQ�DQG�HFRORJL�FDO�VHOHFWLRQ�KDYH�SOD\HG�D�
FHQWUDO�UROH�LQ�VSHFLDWLRQ�DQG�HFRORJLFDO�GLYHU�JHQFH�LQ�1RUWK�
$PHULFDQ� VXQIORZHUV�� &RPSOH�PHQWDU\� WR� WKHVH� ILQGLQJV��
5LHVH�EHUJ�DQG�KLV�FROOHDJXHV�IRXQG�WKDW�����UHGXFWLRQV�LQ�SRO�
OHQ�IHUWLOLW\�DPRQJ�DUWLILFLDO�K\EULGV�RI�+HOLDQWKXV�DQQXXV�DQG�
+��SHWLRODULV�ZHUH�ODUJHO\�HOLPLQDWHG�LQ�IRXU�JHQHUDWLRQV��WKDW�
����WKH�DQFLHQW�K\EULGV�KDYH�VWURQJ�FURVVLQJ�EDUULHUV�DVVRFLDWHG�
ZLWK�FKURPRVRPDO�UH�DUUDQJHPHQWV��DQG�WKDW�����WKH�DQFLHQW�
K\EULGV�KDYH�JHQRPHV�WKDW��EDVHG�RQ�47/�DQDO\VHV��UHSUHVHQW�
VRPHZKDW�VLPLODU�SDWWHUQV�RI�JHQHWLF�UHFRPELQD�WLRQ�RI�WKH�SD�
UHQWDO�JHQRPHV��+\EULG�VSHFLDWLRQ�IDFLOLWDWHG�E\�WUDQVJUHVVLYH�
H[SUHVVLRQ�RI�HFRORJLFDO�WUDLWV�KDV�EHHQ�SURSRVHG�IRU�&RGLD�
�&XQRQLDFHDH��RQ�1HZ�&DOHGRQLD� �3LOORQ�	�DO���������DQG�
6HQHFLR��+HJDUW\�	�DO���������5LHVHEHUJ��������DPRQJ�SODQWV��
DQG�IRU�$IULFDQ�ULIW�ODNH�FLFKOLGV��$OEHUWVRQ�	�.RFKHU��������
6WHONHQV�	�DO���������DQG�6XODZHVL�VDLOILQ�VLOYHUVLGHV��+HUGHU�
	�DO����������6LPLODU�DUJXPHQWV�EDVHG�RQ�WUDQVJUHVVLYH�H[SUHV�
VLRQ�RI�UHSURGXFWLYHO\�LPSRUWDQW�WUDLWV�KDYH�EHHQ�DGYDQFHG�IRU�
+HOLFRQLXV�EXWWHUIOLHV��0HOR�	�DO���������DQG�(XURSHDQ�ODNH�
ZKLWHILVK��5HQDXOW�	�DO���������:RRGV�	�DO���������

Introgression of adaptive gene combinations. —�0RYH�
PHQW�RI�HFRORJLFDOO\�DGDSWLYH�JHQHV�DQG�JHQH�FRPELQD�WLRQV�
IURP�RQH�VSHFLHV�WR�DQRWKHU�YLD�K\EULGL]DWLRQ�DQG�LQWURJUHVVLRQ�
KDYH�EHHQ�ULJRURXVO\�GHPRQVWUDWHG�IRU�+HOLDQWKXV��VHH�SUHYL�
RXV�VHFWLRQ���6HQHFLR��5LHVHEHUJ���������DQG�,ULV��7D\ORU�	�DO���
�������$V�SURSRVHG�E\�$QGHUVRQ���������HYHQ�OLPLWHG�JHQH�IORZ�
YLD�LQWURJUHVVLRQ²XQGHWHFWDEOH�RU�QHDUO\�VR�E\�VWDQGDUG�WD[R�
QRPLF�PHWKRGV²FDQ�LQFUHDVH�WKH�UDQJH�RI�HFRORJLFDO�SRVVLELOL�
WLHV�DYDLODEOH�LQ�DQ�LPSRUWDQW�ZD\�DQG�WKXV�SOD\�D�FUHDWLYH�UROH�
LQ�DGDSWLYH�HYROXWLRQ��VHH�DOVR�6WHEELQV��������9��*UDQW���������
6HHKDXVHQ��������KDV�DGYDQFHG�WKH�³K\EULG�VZDUP´�K\SRWK�
HVLV�IRU�DGDSWLYH�UDGLDWLRQV��QRWLQJ�WKDW�����UHFHQW�K\EULG�L]DWLRQ�
DQG�LQWURJUHVVLRQ�JUHDWO\�LQFUHDVHV�JHQHWLF�YDULDWLRQ�DW�ODUJH�
QXPEHUV�RI�ORFL������JUHDWHU�JHQHWLF�YDULDWLRQ�FDQ�OHDG�WR�PRUH�
UDSLG�UHVSRQVH�WR�HFRORJLFDO�VHOHFWLRQ�IRU�GLYHUJHQFH��DQG�����
PDQ\�\RXQJ�DGDSWLYH�UDGLDWLRQV�DSSHDU��EDVHG�RQ�GLVFRUGDQFHV�
QHDU�WKH�EDVH�RI�QXFOHDU�DQG�F\WRSODVPLF�'1$�SK\ORJHQLHV��WR�
KDYH�KDG�D�K\EULG�RU�LQWURJUHVVHG�RULJLQ²DV�H[HPSOLILHG�E\�WKH�
+DZDLLDQ�VLOYHUVZRUG�DOOLDQFH��%DOGZLQ�	�DO���������%DOGZLQ�
	�6DQGHUVRQ��������%DUULHU�	�DO����������+DZDLLDQ�/DXSDOD�
FULFNHWV��.�/��6KDZ���������������/DNH�%DLNDO�VFXOSLQV��+XQW�
	�DO���������.RQWXOD�	�DO����������WKUHH�UDGLDWLRQV�RI�FLFKOLGV�
IURP�WKH�$IULFDQ�ULIW�ODNHV��3�:��6KDZ�	�DO���������6DO]EXUJHU�
	�DO���������7HUDL�	�DO���������6HHKDXVHQ�	�DO���������9HU�
KH\HQ�	�DO����������+HOLFRQLXV�EXWWHUIOLHV��%HOWUDQ�	�DO���������
*LOEHUW���������DQG�'DUZLQ¶V�ILQFKHV��3HWUHQ�	�DO���������6DWR�
	�DO���������3�5��*UDQW�	�*UDQW���������7KLV�LV�DQ�H[WUHPHO\�
LPSRUWDQW�LGHD�WKDW�QHHGV�IXUWKHU�H[SORUDWLRQ��:LWKLQ�'DUZLQ¶V�
ILQFKHV��ORZ�EXW�IDLUO\�FRQVLVWHQW�OHYHOV�RI�K\EULGL]DWLRQ�DQG�
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LQWURJUHVVLRQ�RFFXU�DPRQJ�D�QXPEHU�RI�VSHFLHV��3�5��*UDQW�
	�*UDQW��������DQG�DUH�WKRXJKW�WR�KDYH�SOD\HG�D�NH\�UROH�LQ�
PDLQWDLQLQJ�*HRVSL]D�IRUWLV�RQ�'DSKQH�0DMRU�DIWHU�WKH�PDMRU�
(O�1LxR�HYHQW�RI�����±���E\�LQWURGXFLQJ�JHQHV�IURP�WKH�RFFD�
VLRQDO�YLVLWRU�*��IXOLJLQRVD�DQG�DOORZLQJ�LQWURJUHVVHG�*��IRUWLV�WR�
VXUYLYH�RQ�D�GLHW�RI�VPDOO�VRIW�VHHGV�XQOLNH�WKRVH�*��IRUWLV�XVX�
DOO\�FRQVXPHV��3�5��*UDQW�	�*UDQW��������������%�5��*UDQW�	�
*UDQW���������7KH�LGHD�RI�D�V\QJDPHRQ��/RWV\��������9��*UDQW��
�����²RI�D�FRPSOH[�RI�VHOHFWLYHO\�PDLQWDLQHG��HFRORJLFDOO\�
GLVWLQFW�EXW�JHQHWLFDOO\�FORVH�VSHFLHV�WKDW�FDQ�RFFDVLRQDOO\�H[�
FKDQJH�JHQHWLF�PDWHULDO²OLHV�DW�WKH�KHDUW�RI�FXUUHQW�WKLQNLQJ�
E\�2OH�6HHKDXVHQ�	�3HWHU�DQG�5RVHPDU\�*UDQW�RQ�WKH�FDXVHV�RI�
UDSLG�GLYHUVLILFDWLRQ��DQG�LW�EULGJHV�WKH�UROHV�RI�DGDSWLYH�UDGLD�
WLRQ��K\EULGL]DWLRQ��DQG�VXEVHTXHQW�VHOHFWLRQ�IRU�UHSURGXFWLYH�
UHLQIRUFHPHQW��9HUQH�*UDQW��������VXJJHVWHG�WKDW�WKH�GLYHU�
VLW\�RI�VXFK�VSHFLHV�ULFK�JURXSV�DV�1RUWK�$PHULFDQ�$TXLOHJLD��
*LOLD��,ULV��0LPXOXV��3LQXV��DQG�4XHUFXV�UHIOHFWHG�WKHLU�VWDWXV�
DV�V\QJDPHRQV��*URXSV�WKDW�JHQHUDWH�QXPHURXV�VSHFLHV�WKURXJK�
FODGRJHQHWLF�VSHFLDWLRQ�ZRXOG�DOVR��RI�FRXUVH��SURYLGH�PXFK�
PDWHULDO�IRU�DGGLWLRQDO�K\EULGL]DWLRQ�DQG�VXEVHTXHQW�VSHFLDWLRQ�

7RGD\��K\EULGL]DWLRQ�DQG�LQWURJUHVVLRQ�PLJKW�IDFLOLWDWLYH�
WKH�WUDQVIHU�RI�JHQHV�IURP�FURS�SODQWV�WR�WKHLU�ZLOG�UHODWLYHV�
DQG�PDNH�WKHP�PRUH�SHUQLFLRXV�ZHHGV��7ZHOYH�RI�WKH�ZRUOG¶V�
PRVW�LPSRUWDQW�FURSV²LQFOXGLQJ�ZKHDW��ULFH��FRUQ��VRUJKXP��
DQG�VR\EHDQ²K\EULGL]H�ZLWK�XQFXOWLYDWHG�FRQJHQHUV�LQ�VRPH�
SDUW�RI�WKHLU�GLVWULEXWLRQ��(OOVWUDQG�	�DO����������7KHUH�LV�RQ�
JRLQJ�FRQFHUQ�WKDW�LQVHUWLRQ�RI�DGYDQWDJHRXV�WUDLWV�LQWR�FURSV�
YLD�JHQHWLF�HQJLQHHULQJ�FRXOG�³OHDN´�LQWR�ZHHG\�ZLOG�UHODWLYHV�
DQG�ZUHDN�KDYRF�LQ�FXOWLYDWHG�RU�QDWXUDO�HFRV\VWHPV��6WHZDUW�
	�DO����������$QRWKHU�FRQFHUQ�LV�WKH�SRVVLEOH�H[WLQFWLRQ�YLD�
JHQHWLF�VZDPSLQJ�RI�UDUH�VSHFLHV�EDVHG�RQ�LQWURJUHVVLRQ�RU�
K\EULGL]DWLRQ�LQYROYLQJ�PRUH�DEXQGDQW�UHODWLYHV��/HYLQ�	�DO���
�������([DPSOHV�LQFOXGH�WKH�VZDPSLQJ�RU�DVVLPLODWLRQ�RI�&HU�
FRFDUSXV�WUDVNDLH�RQ�6DQWD�&DWDOLQD�,VODQG�E\�&��EHWXORLGHV�
�5LHVHEHUJ�	�*HUEHU���������$UJ\UDQWKHPXP�FRURQRSLIROLXP�
E\�$��IUXWHVFHQV�LQ�WKH�&DQDU\�,VODQGV��/HYLQ�	�DO����������DQG�
*RVV\SLXP�WRPHQWRVXP�E\�WKH�LQWURGXFHG�*��EDUEDGHQVH�LQ�
+DZDLL��'H-RRGH�	�:HQGHO��������

5. ECOLOGICAL DETERMINANTS OF NET 
DIVERSIFICATION RATES AND OVERALL 
SPECIES RICHNESS

,I�JHQHWLF�YDULDWLRQ�DQG�K\EULGL]DWLRQ�LQWURJUHVVLRQ�SURYLGH�
WKH�UDZ�PDWHULDO�IRU�VSHFLDWLRQ��DQG�LI�DGDSWLYH�UDGLDWLRQ�DQG�
HFRORJLFDO�VSHFLDWLRQ�VXSSO\�WKH�LPSHWXV�IRU�GLYHUJHQFH��HFRORJ�
LFDO�LVRODWLRQ�DQG��XOWLPDWHO\��UHSURGXFWLYH�LVRODWLRQ��WKHQ�ZKDW�
OLPLWV�WKH�QXPEHU�RI�VSHFLHV�WKDW�FDQ�DULVH�LQ�D�UHJLRQ��WKH�UDWH�
DW�ZKLFK�WKH\�DULVH��DQG�WKH�HFRORJLFDO�UDQJH�WKH\�FROOHF�WLYHO\�
VSDQ"�7KLV�TXHVWLRQ�LV�YHU\�FRPSOH[��DQG�RQH�WKDW�HFRORJLVWV�DQG�
HYROXWLRQ�DU\�ELRORJLVWV�KDYH�PXOOHG�VLQFH�*��(YHO\Q�+XWFKLQVRQ�
�������SXEOLVKHG�KLV�IDPRXV�HVVD\��³+RPDJH�WR�6DQWD�5RVDOLD��
RU�ZK\�DUH�WKHUH�VRPH�PDQ\�VSHFLHV�RI�DQLPDOV�́ �,W�LV�D�TXHV�WLRQ�
VHHPLQJO\�UHPRYHG�IURP�WKH�LVVXH�RI�LPPHGLDWH�FRQFHUQ²SODQW�
VSHFLDWLRQ²EXW�OLPLWV�RQ�UHJLRQDO�SODQW�VSHFLHV�ULFKQHVV�DQG�
QHW�UDWHV�RI�SODQW�GLYHUVLILFDWLRQ�SODFH�IXQGDPHQWDO�FRQVWUDLQWV�

RQ�WKH�GHJUHH�WR�ZKLFK�VHOHFWLRQ�IRU�JHQHWLF�GLYHUJHQFH�ZLWKLQ�
VSHFLHV��DGDSWLYH�UDGLDWLRQ��DQG�HFRORJLFDO�VSHFLDWLRQ��RSHUDWLQJ�
DFURVV�OLQHDJHV��DQG�SRVVLEO\�YDU\LQJ�WKURXJK�WLPH�DQG�OLPLWHG�
E\�GLYHUVLW\�GHSHQGHQW�IHHGEDFNV��FDQ�SURGXFH�SODQW�VSHFLHV�
ULFKQHVV�DQG�IXQFWLRQDO�GLYHUVLW\��DQG�YLFH�YHUVD�

Rates of net diversification. —�7KH�HIIHFW�RI�D�SDUWLFXODU�
WUDLW�RU�HQYLURQPHQWDO�IHDWXUH�RQ�WKH�UDWH�RI�QHW�VSHFLHV�GLYHU�
VLILFDWLRQ��L�H���WKH�GLIIHUHQFH�EHWZHHQ�WKH�UDWHV�RI�VSHFLDWLRQ�
DQG�H[WLQFWLRQ��FDQ�EH�DQDO\]HG�E\��D��FRPSDULQJ�WKH�QXPEHUV�
RI�SUHVHQW�GD\�VSHFLHV�LQ�VHYHUDO�SDLUV�RI�VLVWHU�FODGHV�ZLWK�DQG�
ZLWKRXW�WKDW�WUDLW�RU�IHDWXUH��H�J���)DUUHOO�	�DO���������'RGG�	�
DO���������+HLOEXWK��������%DUUDFORXJK�	�6DYRODLQHQ����������E��
PDNLQJ�WKH�VDPH�FRPSDULVRQ�EHWZHHQ�VHWV�RI�FODGHV�ZLWK�DQG�
ZLWKRXW�WKH�WUDLW�IHDWXUH��LUUHVSHFWLYH�RI�WKHLU�UHODWLRQVKLSV�WR�
HDFK�RWKHU��H�J���(ULNVVRQ�	�%UHPHU��������5LFNOHIV�	�5HQQHU��
��������������F��FDOFXODWLQJ�WKH�QHW�UDWH�RI�GLYHUVLILFDWLRQ��EDVHG�
RQ�SXUH�ELUWK�RU�PL[HG�ELUWK�GHDWK�PRGHOV�DQG�XVLQJ�HVWLPDWHG�
FURZQ��RU�VWHP�JURXS�DJH�DQG�WKH�QXPEHU�RI�SUHVHQW�GD\�VSH�
FLHV�IRU�VHYHUDO�FODGHV�ZLWK�DQG�ZLWKRXW�WKH�WUDLW�IHDWXUH��H�J���
6WDQOH\��������(ULNVVRQ�	�%UHPHU��������0DJDOOyQ�	�&DVWLOOR��
�������DQG��G��ILWWLQJ�SXUH�ELUWK�DQG�PL[HG�ELUWK�GHDWK�PRGHOV�
IRU�VSHFLDWLRQ�DQG�H[WLQFWLRQ�WR�WKH�QXPEHU�RI�VSHFLHV�LQIHUUHG�
WR�EH�SUHVHQW�ZLWKLQ�D�OLQHDJH�DW�GLIIHUHQW�WLPHV�LQ�WKH�SUHVHQFH�
DEVHQFH�RI�WKH�WUDLW�RU�IHDWXUH��H�J���5DERVN\�	�/RYHWWH��������
$JUDZDO�	�DO�������D�E��6WHHPDQ�	�DO����������1HZ�DSSURDFKHV�
DOVR�LQFOXGH�%D\HVLDQ�DQDO\VLV�RI�ZDLWLQJ�WLPHV�LQ�VLQJOH�SK\�
ORJHQLHV��5HH���������OLNHOLKRRG�UDWLR�WHVWV��3DUDGLV���������DQG�
SK\OR�JHQ�HWLFDOO\�FRUUHFWHG�FRUUHODWLRQ��)UHFNOHWRQ�	�DO���������

%DVHG�RQ�DSSURDFKHV��D�±�G���VHYHUDO�UHFHQW�VWXGLHV�KDYH�
VKRZQ�WKDW�QHW�UDWHV�RI�GLYHUVL�ILFDWLRQ�DUH�VLJQLILFDQWO\�KLJKHU�LQ�

���� +HUEV�YV��ZRRG\�SODQWV��(ULNVVRQ�	�%UHPHU��������
5LFNOHIV�	�5HQQHU��������������'RGG�	�DO����������±�+HUED�
FHRXV�OLQHDJHV�KDYH�URXJKO\�IRXU�WLPHV�DV�PDQ\�VSHFLHV�DV�WKHLU�
VLVWHU�OLQHDJHV��DQG�KHUEDFHRXV�IDPLOLHV�RYHUDOO�KDYH�URXJKO\�
WKUHH�WLPHV�DV�PDQ\�VSHFLHV�DV�ZRRG\�IDPLOLHV��7KLV�VWULNLQJ�
SDWWHUQ��EDVHG�RQ�FRPSDULVRQV�DPRQJ�KXQGUHGV�RI�IDPLOLHV�RI�
IORZHULQJ�SODQWV��PRVW�OLNHO\�UHIOHFWV�WKH�VKRUWHU�JHQHUD�WLRQ�
WLPH�RI�KHUEV�DQG�WKHLU�JHQHUDO�WHQGHQF\�WR�GLYHUJH�JHQHWLFDOO\�
IURP�HDFK�RWKHU�PRUH�UDSLGO\�WKDQ�VORZHU�JURZLQJ��ORQJHU�OLYHG�
ZRRG\�SODQWV��*DXW�	�DO���������*LYQLVK�	�DO���������6�$��6PLWK�
	�'RQRJKXH���������DV�ZHOO�DV�WKH�DELOLW\�RI�VPDOOHU�SODQWV�WR�
SDUWLWLRQ�HQYLURQPHQWDO�KHWHURJHQHLW\�LQ�PRUH�ILQH�JUDLQHG�
IDVKLRQ��5LFNOHIV�	�5HQQHU���������,Q�DGGLWLRQ��PRVW�KHUED�
FHRXV�IDPLOLHV�KDYH�VPDOO�VHHGV�XQVSHFLDOL]HG�IRU�ORQJ�GLVWDQFH�
WUDQVSRUW��5LFNOHIV�	�5HQQHU���������VXFK�SODQWV�WHQG�WR�VKRZ�
JHQHWLF�GLIIHUHQWLDWLRQ�ZLWKLQ�VSHFLHV�DW�WKH�VPDOOHVW�VSDWLDO�
VFDOHV��9HNHPDQV�	�+DUG\��������+DUG\�	�DO����������0RVW�
KHUE�IDPLOLHV�DUH�DOVR�DQLPDO�SROOLQDWHG��5LFNOHIV�	�5HQQHU��
�������DQG�]RRSKLO\�LV�VWURQJO\�DVVRFLDWHG�ZLWK�KLJK�GLYHUVLIL�
FDWLRQ�UDWHV��VHH�EHORZ��

7KH�SURFHVVHV�IDYRULQJ�KLJK�QHW�UDWHV�RI�VSHFLHV�GLYHUVL�
ILFDWLRQ�LQ�KHUEV�VKRXOG�EH�HVSHFLDOO\�VWURQJ�LQ�GHVHUW�DQQX�
DOV��6XFK�SODQWV�KDYH�YHU\�VKRUW�JHQHUDWLRQ�WLPHV��DUH�DOPRVW�
DOO�DQLPDO�SROOLQDWHG��DQG�ODFN�DGDSWDWLRQV�IRU�ORQJ�GLVWDQFH�
VHHG�GLVSHUVDO��5HSHDWHG�GURXJKW�DQG�SDWFK\�UDLQIDOO�FDQ�FUHDWH�
UHSHDWHG�SRSXODWLRQ�ERWWOH�QHFNV�DQG�H[WULQVLF�PDWLQJ�EDUUL�
HUV��DFFHOHUDWLQJ�JHQHWLF�GLIIHUHQWLDWLRQ�DW�VPDOO�VSDWLDO�VFDOHV��



����
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/HZLV��������������DQG�5DYHQ�	�$[HOURG��������SURSRVHG�WKDW�
WKHVH�SURFHVVHV��ZKHQ�FRPELQHG�ZLWK�VHOILQJ�DELOLW\��FDQ�OHDG�WR�
VDOWDWLRQDO��RU�FDWDVWURSKLF��VSHFLDWLRQ��LQ�ZKLFK�FKURPRVRPDO�
UHDUUDQJPHQWV�RU�XQLTXH�HFRORJLFDO�YDULDQWV�DUH�UDSLGO\�IL[HG�
LQ�D�IHZ�JHQHUDWLRQV��SUHVXPDEO\�GXULQJ�D�SRSXODWLRQ�FUDVK�
OHDGLQJ�WR�PRUH�RU�OHVV�LPPHGLDWH�UHSURGXFWLYH�DQG�HFRORJLFDO�
LVRODWLRQ��'UDVWLF�IOXF�WXDWLRQV�LQ�UDLQIDOO�DQG�SRSXODWLRQ�VL]HV�RI�
DQQXDO�SODQWV�DUH�FKDUDFWHULVWLFV�RI�VXPPHU�GU\��0HGLWHUUDQ�HDQ�
DQG�GHVHUW�FOLPDWHV�LQ�&DOLIRUQLD��7KH�RULJLQ�RI�ZLQWHU�UDLQIDOO�
WKHUH����0D�DJR��%DOGZLQ�	�6DQGHUVRQ��������PD\�KDYH�GULYHQ�
WKH�H[SORVLYH�VSHFLDWLRQ�RI�GHVHUW�DQG�YHUQDO�SRRO�DQQXDOV�LQ�
WKH�&DOLIRUQLD�)ORULVWLF�3URYLQFH��ZKHUH�WKH\�FRPSULVH�RYHU�
�����QDWLYH�VSHFLHV�DQG�����RI�DOO�QDWLYH�YDVFXODU�SODQWV��DQG�
LQFOXGH�VXFK�KLJKO\�GLYHUVH�OLQHDJHV�DV�WKH�WDUZHHG�DOOLDQFH�
�0DGLLQDH��$VWHUDFHDH���&ODUNLD��&ROOLQVLD��'RZQLQJLD��*LOLD��
/DVWKHQLD��/XSLQXV��0HQW]HOLD��0LPXOXV��0\RVXUXV��1DPD��
1HPRSKLOD��3KDFHOLD��DQG�6WUHS�WDQWKXV��5DYHQ�	�$[HOURG��
�������$�ULJRURXV�DQDO\VLV�RI�WKHVH�ZLQWHU�DQQXDO�OLQHDJHV�LV�
QRZ�QHHGHG�WR�GHWHUPLQH�ZKHWKHU�WKH\�VKRZ�KLJKHU�UDWHV�RI�
GLYHUVLILFDWLRQ�WKDQ�WKHLU�SHUHQQLDO�VLVWHU�JURXSV��$Q�LQLWLDO�
LQGLFDWLRQ��KRZHYHU��FDQ�EH�JOHDQHG�IURP�WKH�SK\ORJHQ\�RI�
+\GURSK\OODFHDH�SUHVHQWHG�E\�)HUJXVRQ���������&ODGH�,�RI�WKDW�
VWXG\�FRQVLVWV�D�VXEFODGH�RI�FD������VSHFLHV�FRPSRVHG�DOPRVW�
HQWLUHO\�RI�DQQXDO�KHUEV�LQ�WKH�JHQHUD�(OOLVLD��(PPHQDQWKH��
(XFU\SWD��1HPRSKLOD��3KDFHOLD��3KROLVWRPD��DQG�5RPDQ]RIILD��
ZLWK�D�UHYHUVLRQ�LQWHUQDOO\�WR�WKH�SHUHQQLDO�KDELW�LQ�HLJKW�VSHFLHV�
RI�+\GURSK\OOXP��ZLWK�DOO�VLVWHU�WR�D�FODGH�RI�WKUHH�VSHFLHV�RI�
SHUHQQLDO�KHUEV��'UDSHULD��+HVSHURFKLURQ��7ULFDUGLD���&ODGH�,,�
FRQVLVWV�RI�FD�����DQQXDO�VSHFLHV�RI�1DPD�VLVWHU�WR�D�FODGH�RI����
SHUHQQLDO�VSHFLHV�RI�(ULR�GLFW\RQ��7XUULFXOD��DQG�:LJDQGLD��LQ�
FOXGLQJ�SHUHQQLDO�1DPD�OREELL�DQG�1��URWKURFNLL��,Q�WKLV�VLQJOH�
IDPLO\��DFTXLVLWLRQ�RI�WKH�DQQXDO�KDELW�DFFHOHUDWHG�VSHFLDWLRQ�
���WR����IROG�UHODWLYH�WR�SHUHQQLDO�KHUEV�DQG�RU�VKUXEV�

6WHSKHQ�$��6PLWK�	�%HDXOLHX��������IRXQG�WKDW�KHUEV�DF�
FXPXODWH�PRUH�FKDQJHV�LQ�FOLPDWLF�QLFKH�SHU�PLOOLRQ�\HDUV��0D��
WKDQ�ZRRG\�SODQWV��DV�H[SHFWHG�JLYHQ�WKHLU�VKRUWHU�JHQHUDWLRQ�
WLPH��$PRQJ�DQQXDO�DQG�SHUHQQLDO�KHUEV�LQ�2HQRWKHUD�VHF�
WLRQV�$QRJUD�DQG�.OHLQLD��HVSHFLDOO\�UDSLG�UDWHV�RI�FOLPDWLF�
GLYHUJHQFH�KDYH�RFFXUUHG��ZLWK�VKLIWV�RI�XS�WR����&�LQ�WKH�
DYHUDJH�PD[LPXP�WHPSHUDWXUH�RI�RI�WKH�ZDUPHVW�PRQWK�LQ�WKH�
ODVW������0D��(YDQV�	�DO����������$PRQJ�KHUEV�LQ�WKH�IDPLO\�
2QDJUDFHDH�PRUH�JHQHUDOO\��VH[XDO�IRUPV�DSSHDU�WR�HYROYH�DQWL�
KHUELYRUH�GHIHQVHV�IDVWHU�DQG�PRUH�HIIHFWLYHO\�WKDQ�GR�DVH[XDO�
VLVWHU�FODGHV��0�7�-��-RKQVRQ�	�DO���������

���� 3ODQWV�SROOLQDWHG�E\�DQLPDOV�YV��ZLQG��(ULNVVRQ�	�
%UHPHU��������5LFNOHIV�	�5HQQHU��������'RGG�	�DO���������
.D\�	�DO����������±�:LQG�SROOLQDWLRQ�KDV�HYROYHG�DW�OHDVW����
WLPHV� DFURVV� WKH� DQJLRVSHUPV� �/LQGHU�� ������� EXW� DQLPDO�
SROOLQDWHG�OLQHDJHV�KDYH�����WLPHV�DV�PDQ\�VSHFLHV�DV�WKHLU�
ZLQG�SROOLQDWHG�VLVWHUV��7KLV�SDWWHUQ��EDVHG�RQ����FRQWUDVWLQJ�
SDLUV�RI�VLVWHU�FODGHV�DFURVV�DQJLRVSHUPV��.D\�	�DO����������
SUREDEO\�DURVH�EHFDXVH�RI�WKH�JUHDWHU�VSHFLILFLW\�RI�PDWLQJ�DQG�
UHSURGXFWLYH�LVRODWLRQ�DIIRUGHG�E\�DQLPDO�SROOLQDWRUV��9��*UDQW��
������������'UHVVOHU��������6FKLHVWO�	�6FKO�WHU��������DQG�GL�
YHUJHQW�VHOHFWLRQ�IRU�DGDSWLYH�UDGLDWLRQ�LQ�SROOLQDWRUV��9��*UDQW�
	�*UDQW��������6WHEELQV���������*LYHQ�WKDW�QHW�GLYHUVLILFDWLRQ�
UHSHDWHGO\�GHFOLQHV�ZLWK�WKH�WUDQVLWLRQ�IURP�DQLPDO�WR�ZLQG�

SROOLQDWLRQ��LW�LV�ORJLFDO�WR�LQIHU�WKDW�WKH�ULVH�RI�DQLPDO�SROOLQD�
WLRQ�DW�RU�QHDU�WKH�EDVH�RI�WKH�DQJLRVSHUPV�SOD\HG�VRPH�UROH�LQ�
WKHLU�JUHDW�GLYHUVLILFDWLRQ��FD����������VSHFLHV��UHODWLYH�WR�WKHLU�
ODUJHO\�ZLQG�SROOLQDWHG�VLVWHU�JURXS��WKH�J\PQRVSHUPV��FD������
VSHFLHV���'RGG�	�DO����������7KH�IDFW�WKDW�QHW�GLYHUVLILFDWLRQ�
GRHV�QRW� LQFUHDVH�VKDUSO\�DW�WKH�EDVH�RI�WKH�DQJLRVSHUPV��LQ�
DVVRFLDWLRQ�ZLWK�WKH��ODUJHO\��DQLPDO�SROOLQDWHG�DQJLRVSHUP�
IORZHU��EXW�DW�ODWHU�QRGHV�VXJJHVWV�WKDW�WKH�DFTXLVLWLRQ�RI�DQL�
PDO�SROOLQDWLRQ�DORQH�ZDV�QRW�WKH�NH\�LQQRYDWLRQ�WKDW�WULJJHUHG�
KLJKHU�RYHUDOO�UDWHV�RI�QHW�GLYHUVLILFDWLRQ�LQ�WKH�DQJLRVSHUPV�
DV�D�ZKROH��6DQGHUVRQ�	�'RQRJKXH��������

6RPH�ZLQG�SROOLQDWHG�SODQWV�FDQ�VHOHFW�WKHLU�RZQ�SROOHQ��
LQ�WKH�ODE��1LNODV��������RU�LQ�WKH�ILHOG��/LQGHU�	�0LGJHO\��
�������DSSDUHQWO\�E\�FUHDWLQJ�VSHFLHV�VSHFLILF�SDWWHUQV�RI�DLU�
PRYHPHQW�QHDU� WKHLU�H[WHQVLYH��YDULRXVO\�VKDSHG�VWLJPDWLF�
VXUIDFHV��<HW�WKHVH�GDWD�DOVR�GHPRQVWUDWH�³OHDNDJH´�RI�����WR�
����QRQ�VHOI�SROOHQ�RQWR�VWLJPDV��LQGLFDWLQJ�WKDW²FRPSDUHG�
ZLWK�DQLPDO�SROOLQDWHG�VLVWHU�VSHFLHV�RU�QHDUO\�LVRJHQLF�OLQHV�
�1,/6��WKDW�GLIIHU�DW�D�VLQJOH�ORFXV�DIIHFWLQJ�IORZHU�FRORU�RU�
VKDSH��6FKHPVNH�	�%UDGVKDZ��������%UDGVKDZ�	�6FKHPVNH��
�����²YDULDWLRQ�LQ�ZLQG�SROOLQDWLRQ�LV�YHU\�XQOLNHO\�WR�SURYLGH�
UHSURGXFWLYH�LVRODWLRQ�DQG�WKXV�WR�WULJJHU�UDSLG�VSHFLDWLRQ�

:LQG�SROOLQDWLRQ�DSSHDUV�WR�EH�IDYRUHG�E\�RSHQ�KDELWDWV�
DQG�ORFDO�SODQW�DEXQGDQFH��5HJDO��������/LQGHU��������)ULHG�
PDQ�	�%DUUHWW��������������DQG�E\�WDOO�VWDWXUH��YLJRURXV�YHJHWD�
WLYH�VSUHDG��DQG�DGDSWDWLRQ�WR�SDWFK\�GLVWXUEDQFHV��*LYQLVK�	�
DO���LQ�SUHVV���,WV�HYROXWLRQ�LV�VWURQJO\�DVVRFLDWHG�ZLWK�XQLVH[XDO�
IORZHUV��ORVV�RI�QHFWDU�DQG�SHULDQWK��DQG�VPDOO�QXPEHUV�RI�
RYXOHV��)ULHGPDQ�	�%DUUHWW��������

���� 3ODQWV�ZLWK�SRRUO\�GLVSHUVHG�VHHGV��LQFOXGLQJ�XQGHU�
VWRU\�VSHFLHV�ZLWK�IOHVK\�IUXLWV� �(ULNVVRQ�	�%UHPHU��������
5LFNOHIV�	�5HQQHU��������*LYQLVK�	�DO���������������7LIIQH\�	�
0D]HU��������*LYQLVK��������-�)��6PLWK��������3ULFH�	�:DJQHU��
�������±�7KH�FRQQHFWLRQ�EHWZHHQ�UDSLG�VSHFLDWLRQ�DQG�IOHVK\�
IUXLWV�LQ�XQGHUVWRU\�OLQHDJHV�KDV�DOUHDG\�EHHQ�GHVFULEHG�DW�
OHQJWK��6HYHQ�RI�WKH�HOHYHQ�ODUJHVW�DQJLRVSHUP�FODGHV�LQ�WKH�
+DZDLLDQ�DUFKLSHODJR�DUH�XQGHUVWRU\�SODQWV�GLVSHUVHG�E\�ELUGV��
DQG�DYLDQ�GLVSHUVDO�LV�WKH�VWURQJHVW�FRUUHODWH�RI�VSHFLHV�ULFKQHVV�
DPRQJ�WKH����+DZDLLDQ�OLQHDJHV�VWXGLHG��3ULFH�	�:DJQHU��
�������,Q�HOHYHQ�RI�IRXUWHHQ�FDVHV��IOHVK\�IUXLWHG�XQGHUVWRU\�
FODGHV�IURP�WKH�1HRWURSLFV�KDG�PRUH�VSHFLHV�WKDQ�WKHLU�VLVWHU�
FODGHV�ZLWK�FDSVXODU�IUXLWV��-�)��6PLWK���������+RZHYHU��QHLWKHU�
(ULNVVRQ�	�%UHPHU��������QRU�5LFNOHIV�	�5HQQHU��������GLIIHU�
HQWLDWHG�DPRQJ�GLVSHUVDO�RI�IOHVK\�IUXLWV�LQ�IRUHVW�XQGHUVWRULHV�
YV��IRUHVW�FDQRSLHV��IRUHVW�JDSV��DQG�RSHQ�KDELWDWV�DQG�VR�FRQ�
FOXGHG�WKDW�WKHUH�LV�QR�QHW�HIIHFW�RI�ELRWLF�GLVSHUVDO�SHU�VH�RQ�
VSHFLDWLRQ��(ULNVVRQ�	�%UHPHU��������FDPH�FORVHVW�VHHLQJ�WKH�
UHODWLRQVKLS�EHWZHHQ�PRGH�RI�VHHG�GLVSHUVDO�DQG�JURZWK�IRUP��
QRWLQJ�D�SRVLWLYH�FRUUHODWLRQ�EHWZHHQ�VSHFLHV� ULFKQHVV�DQG�
IOHVK\�IUXLWV�LQ�VKUXEE\�5XELDFHDH��EXW�D�QHJDWLYH�RQH�LQ�WUHH�
OLNH�PHPEHUV�RI�WKH�VDPH�IDPLO\��,QWHUHVWLQJO\��ERWK�(ULNVVRQ�
	�%UHPHU��������DQG�7LIIQH\�	�0D]HU��������IRXQG�D�SRVLWLYH�
UHODWLRQVKLS�RI�DELRWLF�GLVSHUVDO�WR�VSHFLHV�ULFKQHVV�LQ�KHUED�
FHRXV�IDPLOLHV��DQG�D�QHJDWLYH�UHODWLRQVKLS�LQ�ZRRG\�IDPLOLHV��
$UJXDEO\��WKH�JUHDWHU�QXPEHU�RI�VSHFLHV�LQ�KHUEDFHRXV�OLQHDJHV�
ZLWK�DELRWLF�YV��ELRWLF�GLVSHUVDO�PLJKW�UHIOHFW�WKH�ODUJHO\�RSHQ�
KDELWDWV�RI�VXFK�OLQHDJHV�DQG�WKH�H[SHFWHG�JUHDWHU�GLVSHUVLELOLW\�
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RI�IOHVK\�IUXLWV�LQ�VXFK�KDELWDWV��7KH�FDXVH�RI�WKH�QHJDWLYH�UH�
ODWLRQVKLS�RI�DELRWLF�GLVSHUVDO�WR�ZRRG\�GLYHUVLW\�LV��KRZHYHU��
HQLJPDWLF��$OWKRXJK�QR�IRUPDO�DQDO\VHV�KDYH�EHHQ�FRQGXFWHG�
WR�HYDOXDWH�WKH�LPSDFW�RI�VHHG�PDVV�RQ�GLYHUVLILFDWLRQ��*LYQLVK�
	�DO���������DUJXHG�WKDW�ORZ�GLYHUVLILFDWLRQ�UDWHV�VHHQ�LQ�+DZDL�
LDQ�OREHOLDGV�IURP�RSHQ��ZLQGVZHSW��KLJK�HOHYDWLRQ�KDELWDWV�
UHIOHFWHG�WKH�H[FHOOHQW�GLVSHUVDO�RI�WKHLU�WLQ\��ZLQG�GLVSHUVHG�
VHHGV��DQG�WKDW�WKH�LQWHUPHGLDWH�OHYHOV�RI�GLYHUVLILFDWLRQ�VHHQ�LQ�
IOHVK\�IUXLWHG�OLQHDJHV�IURP�RSHQ�KDELWDWV�UHIOHFWV�WKHLU�JUHDWHU�
GLVSHUVLELOLW\�WKDQ�XQGHUVWRU\�&\DQHD��,W�VKRXOG�DOVR�EH�QRWHG�
WKDW�VHYHUDO�OLQHDJHV�ZLWK�XQXVXDOO\�KHDY\�VHHGV²LQFOXGLQJ�
PDQ\�JHQHUD��H�J���'LSWHURFDUSXV��+RSHD��6KRUHD��9DWLFD��RI�
'LSWHURFDUSDFHDH��4XHUFXV��&DVWDQRSVLV��DQG�/LWKRFDUSXV�RI�
)DJDFHDH��DQG�%DQNVLD�'U\DQGUD�DQG�+DNHD� LQ�3URWHDFHDH�
DPRQJ�ZRRG\�SODQWV²KDYH�ODUJH�QXPEHUV�RI�SUHVHQW�GD\�VSH�
FLHV��RIWHQ�HQGHPLF�WR�QDUURZ�DUHDV��7KH�UXVFKLRLG�$L]RDFHDH�
RI�6RXWK�$IULFD��LQFOXGLQJ�WKH�³VWRQH�SODQWV´�DQG�QXPHURXV�
RWKHU�VXFFXOHQWV�RI�WKH�VHPL�DULG�.DUURRQH��DQG�RQH�RI�WKH�
PRVW�UDSLGO\�GLYHUJLQJ�JURXSV�RI�DQJLRVSHUPV�GRFXPHQWHG�
WR�GDWH�������WR������0D±��>.ODN�	�DO�������@���DOO�KDYH�WLQ\�
VHHGV��+RZHYHU��WKHVH�ODFN�GRUPDQF\�DQG�DUH�VSODVK�GLVSHUVHG�
IURP�K\JURFKDVWLF�FDSVXOHV�XQGHU�ZHW�FRQGLWLRQV��UHVXOWLQJ�
LQ�H[FHSWLRQDOO\�OLPLWHG�VHHG�GLVSHUVDO��FD����P���+DUWPDQQ��
������/LQGHU��������,KOHQIHOGW��������3DUROLQ��������(OOLV�	�DO���
�������'LYHUVLILFDWLRQ�LQ�WKLV�JURXS�DSSHDUV�WR�LQYROYH�HDUO\��
UDSLG�DGDSWLYH�GLYHUJHQFH�EDVHG�RQ�VRLOV�DQG�IORZHULQJ�WLPH��
IROORZHG�E\�UHSHDWHG�VSHFLDWLRQ�EDVHG�RQ�OLPLWHG�GLVSHUVDO�
�'HVPHW�	�DO���������.ODN�	�DO���������(OOLV�	�:HLV��������(OOLV�
	�DO����������.H\�LQQRYDWLRQV²LQFOXGLQJ�ZLGH�EDQG�WUDFKHLGV�
DQG�F\OLQGULFDO�RU�WULJRQDO�OHDI�FURVV�VHFWLRQV²WKDW�UHGXFH�WKH�
LPSDFW�RI�GURXJKW�PD\�KDYH�DOVR�SOD\HG�D�UROH�LQ�IRVWHULQJ�UDSLG�
GLYHUVLILFDWLRQ�LQ�WKLV�JURXS��.ODN�	�DO���������

6HHG�GLVSHUVDO�YLD�DQWV�LV�DVVRFLDWHG�ZLWK�JUHDWHU�UDWHV�
RI�QHW�GLYHUVLILFDWLRQ�WKDQ�RWKHU�PRGHV�RI�VHHG�GLVSHUVDO�VHHQ�
LQ�VLVWHU�JURXSV��/HQJ\HO�	�DO����������$QWV�PRYH�VHHGV�RYHU�
YHU\�VKRUW�GLVWDQFHV��ZLWK���P�EHLQJ�WKH�DYHUDJH�DFURVV�PDQ\�
VWXGLHV��*RPH]�	�(VSDGDOHU���������IDFLOLWDWLQJ�ORFDO�JHQHWLF�
GLIIHUHQWLDWLRQ�ZLWKLQ�VSHFLHV��.DOLV]�	�DO���������=KRX�	�DO���
������DQG²XOWLPDWHO\²VSHFLDWLRQ��0\UPHFRFKRU\�PD\�DOVR�
LQFUHDVH�ILWQHVV�E\�GLVSHUVLQJ�VHHGV�WR�PLFURVLWHV�SURWHFWHG�
IURP�ILUHV��GURXJKW��RU�SUHGDWRUV��RU�IHUWLOL]HG�ZLWK�QXWULHQWV�
GHULYHG�IURP�WKH�DQW�QHVW�

���� )DPLOLHV�ZLWK�ERWK�ZRRG\�DQG�KHUEDFHRXV�PHPEHUV��
VSHFLHV�SROOLQDWHG�ELRWLF�DOO\�DQG�DELRWLFDOO\��VSHFLHV�GLVSHUVHG�
ELRWLFDOO\�DQG�DELRWLFDOO\��DQG�VSHFLHV�WKDW��LQ�DJJUHJDWH��KDYH�
D�ZLGH�JHRJUDSKLF�GLVWULEXWLRQ�DQG�RFFXU�LQ�ERWK�WHPSHUDWH�
DQG�WURSLFDO�DUHDV�YV��WKRVH�ZLWK�OHVVHU�HYROXWLRQDU\�ODELOLW\�
�5LFNOHIV�	�5HQQHU���������±�5LFNOHIV�	�5HQQHU��������FRQ�
FOXGHG�WKDW�SKHQRW\SLF�HFRORJLFDO�³IOH[LELOLW\´�LV�WKH�VLQJOH�
PRVW�LPSRUWDQW�WUDLW�SURPRWLQJ�GLYHUVLILFDWLRQ�DW�WKH�IDPLO\�
OHYHO��'DYLHV�	�DO�������D��DOVR�IRXQG�WKDW�JUHDWHU�ZLWKLQ�IDPLO\�
YDULDWLRQ�LQ�JURZWK�IRUP��SROOLQDWLRQ�PHFKDQLVP��GLVSHUVDO�
PRGH��JHRJUDSKLF�GLVWULEX�WLRQ��DQG�SORLG\�FKDUDFWHUL]HG�IDPL�
OLHV�WKDW�DUH�PRUH�VSHFLHV�ULFK�WKDQ�WKHLU�VLVWHU�JURXSV��,Q�VRPH�
VHQVH��WKHVH�SDWWHUQV�FRXOG�VLPSO\�UHIOHFW�DGDSWLYH�UDGLDWLRQ��
DQG�WKXV�PDNH�D�OHJLWLPDWH�FRQWULEXWLRQ�WR�IDPLOLDO�GLYHUVLW\��
+RZHYHU��'RGG�	�DO���������DUJXHG�WKDW�WKHVH�SDWWHUQV�DUH�D�

VDPSOLQJ�DUWLIDFWV��D�JUHDWHU�UDQJH�RI�WUDLWV�ZLWKLQ�D�IDPLO\�LV�
D�FRQVHTXHQFH�RI�D�JUHDWHU�QXPEHU�RI�VSHFLHV��QRW�YLFH�YHUVD��
7KLV�LQIHUHQFH�LV�VXSSRUWHG�E\�5LFNOHIV�	�5HQQHU¶V��������RZQ�
ILQGLQJ�WKDW�IDPLOLHV�ZLWK�ERWK�PRGHV�RI�VHHG�GLVSHUVDO�KDYH�
��±���WLPHV�DV�PDQ\�VSHFLHV�DV�WKRVH�ZLWK�RQO\�ELRWLF�RU�DELRWLF�
GLVSHUVDO��,I�WKLV�SDWWHUQ�ZHUH�VLPSO\�D�UHVXOW�RI�DGDSWLYH�UDGLD�
WLRQ��KRZHYHU��DW�PRVW�D�GRXEOLQJ�RI�VSHFLHV�ZRXOG�EH�H[SHFWHG��
5LFNOHIV�	�5HQQHU��������VRIWHQHG�WKHLU�FODLP�VRPHZKDW��EDVHG�
RQ�VKRZLQJ�WKDW�WKH�SUREDELOLW\�RI�D�OLQHDJH�SUROLIHUDWLQJ�XSRQ�
DUULYDO�LQ�+DZDLL�KDV�QR�UHODWLRQVKLS�WR�WKH�H[WHQW�RI�FKDUDFWHU�
VWDWH�YDULDELOLW\�ZLWKLQ�LWV�IDPLO\��7KH\�VWURQJO\�PDLQWDLQHG�
WKHLU�YLHZ��KRZHYHU��WKDW�KLJK�VSHFLHV�QXPEHUV�DQG�ZLGH�GLV�
WULEXWLRQV�DUH�FORVHO\�WLHG�

���� )DPLOLHV�DW�ORZHU�YV��KLJKHU�ODWLWXGHV��'DYLHV�	�DO���
����E���±�7ZR�WKHRULHV�DLP�WR�H[SODLQ�ODWLWXG�LQDO�JUDGLHQWV�LQ�
GLYHUVLW\�EDVHG�RQ�HQHUJ\�LQSXW�WR�HFRV\VWHPV��7KH�³JUHDWHU�
ELRPDVV´�WKHRU\�DUJXHV�WKDW�PRUH�HQHUJ\�FDQ�VXSSRUW�PRUH�
ELRPDVV�SHU�XQLW�DUHD��VXSSRUWLQJ�PRUH�LQGLYLGXDOV�DQG��WKXV��
PRUH�VSHFLHV��&XUULH��������:LOOLJ�	�DO����������7KH�³IDVWHU�
HYROXWLRQ´�WKHRU\�KROGV�WKDW�JUHDWHU�HQHUJ\�LQSXWV�VKRXOG�DF�
FHOHUDWH�HYROXWLRQ�DQG�VSHFLDWLRQ�E\�LQFUHDVLQJ�PXWDWLRQ�RU�
UHGXFLQJ�JHQHUDWLRQ�WLPHV��5RKGH��������$OOHQ�	�DO����������
7KH�³JUHDWHU�ELRPDVV´�WKHRU\�LV�GXELRXV��PDQ\�HFRORJLVWV�KDYH�
VKRZQ�WKDW�ORFDO�SODQW�GLYHUVLW\�ILUVW�ULVHV��WKHQ�IDOOV�ZLWK�SUR�
GXFWLYLW\��H�J���:KLWWDNHU�������IRU�VSHFLHV�QXPEHU�YV��UDLQIDOO�
LQ�WKH�6LVNL\RX�0RXQWDLQV��DVVRFLDWHG�ZLWK�GHFUHDVLQJ�FDQRS\�
FRYHU�DQG�LQFUHDVHG�VWUDWLILFDWLRQ�WRZDUG�GULHU�KDELWDWV��ZLWK�
VLPLODU�SDWWHUQV�REVHUYHG�LQ�VRXWKZHVWHUQ�$XVWUDOLD�E\�5LFH�
	�:HVWRE\���������6LPLODUO\��*ULPH��������IRXQG�WKDW�WHP�
SHUDWH�KHUE�ULFKQHVV�URVH��WKHQ�IHOO�ZLWK�KHUE�ELRPDVV��2WKHU�
HFRORJLVWV�KDYH�IRXQG�WKDW�VSHFLHV�ULFKQHVV�GHFOLQHV�PRQR�
WRQLFDOO\�WRZDUG�PRUH�SURGXFWLYH�VLWHV��H�J���7LOPDQ�������IRU�
GURSV�LQ�JUDVVODQG�GLYHUVLW\�ZLWK�LQFUHDVLQJ�1�IHUWLOL]DWLRQ���
7KH�³JUHDWHU�ELRPDVV´�WKHRU\�PD\�DSSO\�WR�WKH�WDOOHVW�SODQWV�
ZLWK�WKH�JUHDWHVW�HQHUJ\�UHTXLUHPHQWV��&XUULH�	�3DTXLQ��������
VXFFHVVIXOO\�DSSOLHG�LW�WR�WUHHV�LQ�1RUWK�$PHULFD��'DYLHV�	�DO��
�����E��VXSSRUWHG�WKH�³JUHDWHU�ELRPDVV´�WKHRU\�E\�UHJUHVVLQJ�
YDULRXV�SUR[LHV�RI�HQHUJ\�LQSXW�DJDLQVW�VSHFLHV�QXPEHU��ZLWK�
WKH�WRWDO�UDQJH�RI�D�IDPLO\�HQWHUHG�DV�D�FRYDULDWH��7KHLU�FRQFOX�
VLRQ��KRZHYHU��VKRXOG�VLPSO\�EH�VHHQ�DV�FRQILUPLQJ�D�SRVLWLYH�
HIIHFW�RI�ORZHU�ODWLWXGH�DQG�LWV�PDQ\�FRUUHODWHV��H�J���D�KLVWRU\�
RI�OHVV�GUDPDWLF�FOLPDWLF�VKLIWV��JUHDWHU�DUHD�IRU�HFRORJLFDOO\�
FRPSDUDEOH�KDELWDWV��IURVW��DQG�JODFLDWLRQ�IUHH�KDELWDWV��RQ�VSH�
FLHV�ULFKQHVV��'DYLHV�	�DO�������E��REVHUYHG�D�FORVH�FRUUHODWLRQ�
RI�HQHUJ\�LQSXW�WR�VSHFLHV�ULFKQHVV�DQG�WR�UDWHV�RI�PROHFXODU�
HYROXWLRQ�DFURVV�ODWLWXGHV��EXW�IRXQG�QR�GLUHFW�WLH�RI�VSHFLHV�
ULFKQHVV�WR�WKH�ODWWHU��ZRUNLQJ�DJDLQVW�WKH�³IDVWHU�HYROXWLRQ´�
PRGHO�DV�D�GULYHU�RI�VSHFLHV�GLYHUVL�ILFDWLRQ��5LFNOHIV��������
DUJXHG�WKDW�PXFK�RI�WKH�GURS�LQ�WUHH�GLYHUVLW\�IURP�WURSLFDO�
WR�WHPSHU�DWH�ODWLWXGHV�UHVLGHV�DW�WKH�IDPLOLDO�OHYHO��UDWKHU�WKDQ�
ZLWKLQ�IDPLOLHV��UHIOHFWLQJ�WKH�IDFW�WKDW�IHZ�IDPLOLHV�HYHU�EURNH�
WKH�³IURVW�EDUULHU´��VHH�'RQRJKXH���������WKLV�KDV�OLWWOH�WR�GR�
ZLWK�DQ\�RI�WKH�FODVVLF�HQHUJ\�GLYHUVLW\�K\SRWKHVHV��6LPLODUO\��
)LQH�	�5HH��������IRXQG�WKDW�PXFK�RI�WKH�YDULDWLRQ�LQ�WUHH�VSH�
FLHV�ULFKQHVV�IURP�ERUHDO�WR�WURSLFDO�ODWLWXGHV�RQ�HDFK�FRQWLQHQW�
UHIOHFWV�D�WLPH�LQWHJUDWHG�HIIHFW�RI�WKH�DUHDV�DW�VXFK�ODWLWXGHV�
VLQFH�WKH�(RFHQH��2OLJRFHQH��DQG�0LRFHQH��7HUERUJK��������
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DUJXHG�WKDW�JUHDWHU�ODQG�DUHD�DW�ORZHU�ODWLWXGHV�RQ�D�JOREH��
WRJHWKHU�ZLWK�JUHDWHU�FOLPDWLF�VWDELOLW\��ZDV�ODUJHO\�UHVSRQVLEOH�
IRU�ODWLWXGLQDO�JUDG�LHQWV�LQ�SODQW�GLYHUVLW\��EXW�KLV�DWWHPSW�WR�
DFFRXQW�IRU�RWKHU�SDWWHUQV�EDVHG�RQ�DJH�DQG�DUHD��H�J���JUHDWHU�
GLYHUVLW\�RQ�VHUSHQWLQH�YV��GLRULWH�VRLOV�LQ�WKH�6LVNL\RXV��RYHU�
ORRNHG�HIIHFWV�RI�FOLPDWH�DQG�VXEVWUDWH�RQ�VWUDWLILFDWLRQ�DQG�
DGGLWLRQ�RI�VSHFLHV�ULFK�ORZHU�OD\HUV�WR�IRUHVWV�DQG�ZRRGODQGV�

���� )DPLOLHV�ZLWK�KLJKHU�YV��ORZHU�UDWHV�RI�JHQHWLF�GLYHU�
JHQFH��%DUUDFORXJK�	�6DYRODLQHQ���������±�%UDQFK�OHQJWKV�
ZHUH�GHULYHG�IURP�WKH�WKUHH�JHQH�SK\ORJHQ\�RI�DQJLR�VSHUPV�
EDVHG�RQ�VHTXHQFHV�RI�SODVWLG�UEF/�DQG�DWS%��DQG�QXFOHDU�ULER�
VRPDO���6��'�(��6ROWLV�	�DO����������&RXQWHU�WR�H[SHFWDWLRQV��
UHODWLYH�UDWHV�RI�QHW�GLYHUVLILFDWLRQ�LQ�VLVWHU�IDPLOLHV�URVH�VLJQLIL�
FDQWO\�RQO\�ZLWK�WKH�UDWHV�RI�V\QR�Q\PRXV��VLOHQW��EDVH�VXEVWLWX�
WLRQV��DQG�QRW�ZLWK�QRQ�V\QRQ\PRXV�VXEVWLWXWLRQV�RU�PRUSKR�
ORJLFDO�FKDQJH��7KH�ODWWHU�WZR�UDWHV�ZHUH�SRVLWLYHO\�FRUUHODWHG�
ZLWK�HDFK�RWKHU��%DUUDFORXJK�	�6DYRODLQHQ��������DUJXHG�WKDW�
WKHVH�UHVXOWV�FRXOG�UHIOHFW�YDULDWLRQ�LQ�JHQHUDWLRQ�WLPHV��SRSXOD�
WLRQ�VL]HV��RU�PXWDWLRQ�UDWHV�DPRQJ�OLQHDJHV��YDULDWLRQ�LQ�JHQH�
IORZ�DQG�VSDWLDO�VFDOHV�RI�JHQHWLF�GLIIHUHQWLDWLRQ�ZLWKLQ�VSHFLHV�
VKRXOG�EH�DGGHG�DV�D�SRVVLELOLW\�

���� +HUPDSKURGLWLF�RU�PRQRHFLRXV�FODGHV�YV��GLRHFLRXV�
FODGHV��+HLOEXWK��������.D\�	�DO����������±�([WLQFWLRQ�PD\�EH�
KLJKHU�LQ�GLRHFLRXV�OLQHDJHV�EHFDXVH�RQO\�KDOI�WKH�LQGLYLGXDOV�
LQ�D�SRSXODWLRQ�FDQ�VHW�VHHG��'LRHFLRXV�SRSXODWLRQV�DOVR�KDYH�
VPDOOHU�HIIHFWLYH�SRSXODWLRQ�VL]HV��DQG�FDQ�DOVR�JR�H[WLQFW�GXH�
WR�GULIW�HOLPLQDWLQJ�PDOHV�RU�IHPDOHV�ORFDOO\��,Q�DGGLWLRQ��WKH�
VPDOO��XQVSHFLDOL]HG�IORZHUV�DVVRFLDWHG�ZLWK�GLRHF\�GRHV�QRW�
SHUPLW�PXFK�VFRSH�IRU�HFRORJLFDO�VSHFLDWLRQ�EDVHG�RQ�VHOHF�
WLRQ�IRU�GLYHUJHQW�IORZHUV��7KLV�DUJXPHQW��KRZHYHU��VKRXOG�
DOVR�DSSO\�WR�PRQRHFLRXV�SODQWV��,QWHUHVWLQJO\��WKH�IUDFWLRQ�RI�
GLRHFLRXV�VSHFLHV�LQ�WKH�QDWLYH�+DZDLLDQ�IORUD�LQFUHDVHV�WRZDUG�
ROGHU�LVODQGV��IURP�����RQ�+DZDLµL�DQG�0DXL�1XL��LQFOXGLQJ�
0DXL��0RORNDµL��/DQDµL��DQG�.DKRµRODZH��MRLQHG�GXULQJ�WKH�
ORZHU�VHD�OHYHOV�RI�WKH�3OHLVWRFHQH�������RQ�2µDKX��DQG�����
RQ�.DXDµL��WKH�LQFLGHQFH�RI�J\QRGLRHF\�DQG�ZRRGLQHVV��FRUUH�
ODWHG�ZLWK�GLRHF\�DQG�J\QRGLRHF\��DOVR�LQFUHDVHV�WRZDUG�ROGHU�
LVODQGV��6DNDL�	�DO����������,�EHOLHYH�WKDW�WKHVH�SDWWHUQV��ZKLFK�
UXQ�FRXQWHU�WR�WUHQGV�LQ�QHW�VSHFLHV�GLYHUVLILFDWLRQ�UDWHV��PLJKW�
UHIOHFW�DQ�DGYDQWDJH�RI�GLRHFLRXV�RU�J\QRGLR�H�FLRXV�VSHFLHV²
ZKLFK�RIWHQ�DUH�ZRRG\�DQG�KDYH�VPDOO��YLVXDOO\�LQFRQ�VSLFXRXV�
IORZHUV�DQG�IOHVK\�IUXLWV²LQ�VKDGLHU��OHVV�IUHTXHQWO\�GLVWXUEHG�
KDELWDWV�RQ�ROGHU�LVODQGV�WKDW�ODFN�YROFDQLVP�DQG�KDYH�OHVV�0H�
WURVLGHURV�GLHEDFN��EDVHG�RQ�V\QFKURQRXV�FRKRUW�HVWDEOLVKPHQW�
RQ�QHZ�ODYD�IORZV�RU�WKH�VXGGHQ�WUDQVLWLRQ�WR�SRRUO\�GUDLQHG�
VRLOV�RQ�\RXQJ�VXUIDFHV�DV�ILQH�SDUWLFOHV�DFFXPXODWH�DIWHU�WKRVH�
IORZV��VHH�$NDVKL�	�0XHOOHU�'RPERLV��������

���� (DUO\��YV��ODWH�PDWXULQJ�SODQWV�DPRQJ�ZRRG\�DQJLR�
VSHUPV��9HUG~���������±�3UHVXPDEO\�WKLV�HIIHFW�LV�GXH�WR�WKH�
VKRUWHQLQJ�RI�WKH�OLIH�F\FOH�DQG�LQFUHDVLQJ�UDWHV�RI�PROHFXODU�
GLYHUJHQFH��LQFUHDVHV�LQ�WKH�ODWWHU�DUH�DVVRFLDWHG�ZLWK�VKRUWHU�
OLIH�F\FOHV�RU�PRUH�UDSLG�JURZWK��*DXW�	�DO���������*LYQLVK�	�
DO���������6�$��6PLWK�	�'RQRJKXH��������

���� 3ODQWV� ZLWK� ELODWHUDO� YV�� UDGLDO� IORZHUV� �6DUJHQW��
�������±�%LODWHUDO�IORUDO�V\PPHWU\�HQIRUFHV�D�QDUURZHU�UDQJH�
RI�DSSURDFKHV�E\�SROOLQDWRUV��UHVXOWLQJ�LQ�D�PRUH�SUHFLVH�SODFH�
PHQW�RI�SROOHQ��DQG�IDFLOLWDWLQJ�WKH�HYROXWLRQ�RI�D�GLYHUVLW\�

RI� UHSURGXFWLYHO\� LVRODWHG� VSHFLHV� WKDW� SDUWLWLRQ� WKH� VDPH�
SROOLQDWRU�V��WKURXJK�GLIIHUHQWLDO�SROOHQ�SODFHPHQW��1HDO�	�
DO���������

����� 3ODQWV�ZLWK�QHFWDU�VSXUV�YV��WKRVH�ZLWKRXW�VXFK�VSXUV�
�+RGJHV�	�$UQROG��������5HH��������&DFKR�	�DO����������±�6HH�
GLVFXVVLRQ�DERYH�XQGHU�6H[XDO�VHOHFWLRQ�

����� 3ODQWV�SROOLQDWHG�E\�KXPPLQJELUGV�YV��RWKHU�SROOLQD�
WRUV��*HQWU\��������.D\�	�DO���������6FKPLGW�/HEXKQ�	�DO���
������*LYQLVK�	�DO���LQ�SUHS����±�6FKPLGW�/HEXKQ�	�DO���������
IRXQG�WKDW��LQ�ILYH�RI�VL[�FRPSDULVRQV��KXPPLQJELUG�SROOLQDWHG�
OLQHDJHV�KDG�KLJKHU�UDWHV�RI�GLYHUVLILFDWLRQ�WKDQ�VLVWHU�OLQHDJHV��
*LYQLVK�	�DO���LQ�SUHS���DGG�WKDW��DPRQJ�EURPHOLDGV��WKH�PRVWO\�
KXPPLQJELUG�SROOLQDWHG�3LWFDLUQLRLGHDH�%URPHOLRLGHDH�3X\�
RLGHDH��FD�������VSS���KDV�FD�����WLPHV�DV�PDQ\�VSHFLHV�DV�LWV�
LQVHFW�SROOLQDWHG�VLVWHU�1DYLRLGHDH��7KH�FDXVH�RI�KLJKHU�GLYHU�
VLILFDWLRQ�UDWHV�LQ�KXPPLQJELUG�SROOLQDWHG�OLQHDJHV�LV�XQFOHDU�
�VHH�&DVWHOODQRV�	�DO���������6FKPLGW�/HEXKQ�	�DO����������EXW�
DVVRFLD�WLRQ�ZLWK�WKH�FRQWLQXHG�XSOLIW�RI�WKH�QRUWKHUQ�$QGHV�DQG�
FOLPDWLF�RVFLOODWLRQV�GXULQJ�WKH�3OLRFHQH�3OHLVWRFHQH��DV�ZHOO�
DV�WKH�UDSLG�HYROXWLRQ�WKHUH�RI�PRUH�WKDQ�����UHFHQWO\�GHULYHG�
KXPPLQJELUG�VSHFLHV�PD\�KDYH�EHHQ�LPSRUWDQW��*HQWU\��������
*UDKDP��������.D\�	�DO����������+XPPLQJELUG�SROOLQDWLRQ�PD\�
GLUHFWO\�DFFHOHUDWH�VSHFLDWLRQ�E\�IDYRU�LQJ�WKH�RULJLQ�RI�JXOOHW�
VKDSHG�IORZHUV�IURP�DQFHVWUDO�FXS�VKDSHG�IORZHUV��2QFH�VXFK�
QDUURZ��H[FOXVLRQDU\�EORVVRPV�DSSHDU��WKHLU�OHQJWK�DQG�VKDSH�
FRXOG�HDVLO\�EH�DGMXVWHG�WR�DWWUDFW�KXPPLQJELUG�VSHFLHV�ZLWK�
GLIIHUHQW�ELOO�OHQJWKV�DQG�VKDSHV��SURYLGLQJ�D�UHDG\�DQG�UDSLGO\�
HYROYHG�PHDQV�RI�SUH�PDWLQJ�LVRODWLRQ��*LYQLVK�	�DO���LQ�SUHS����
0DQ\�ELUG�SROOLQDWHG�OLQHDJHV��H�J���*HVQHULDFHDH��/REHOLDFHDH��
VRPH�%URPHOLDFHDH��DOVR�KDYH�IORZHUV�ZLWK�ELODWHUDO�V\PPHWU\�
�VHH�DERYH��

����� /DWH[�EHDULQJ�FODGHV�YV��WKRVH�ZLWKRXW�ODWH[��)DU�
UHOO�	�DO����������±�$V�DQ�HDUO\�VWDJH�RI�WKH�FRHYROXWLRQDU\�
KHUELYRUH�SODQW�DUPV�UDFH��(KUOLFK�	�5DYHQ���������SRVVHVVLRQ�
RI�ODWH[�RU�UHVLQ�FDQDOV�VKRXOG�LQFUHDVH�SODQW�VSHFLDWLRQ�DQG�
UHGXFH�H[WLQFWLRQ�E\�SURWHFWLQJ�DJDLQVW�D�YDULHW\�RI�KHUELYRUHV�

����� 0LONZHHGV�ZLWK�ORZHU�YV��KLJKHU�FRQFHQWUDWLRQV�RI�
ODWH[�DQG�FDUGHQROLGHV��DQG�KLJKHU�DOORFDWLRQ�WR�DOWHUQDWLYH�
GHIHQVHV��$JUDZDO�	�DO�������D���±�7KH�DXWKRUV�DUJXH�WKDW�WKLV�
SDUDGR[LFDO�SDWWHUQ�PLJKW�DULVH�EHFDXVH�PRVW�KHUELYRUHV�RQ�
$VFOHSLDV�DUH�KLJKO\�VSHFLDOL]HG��DQG�UDWKHU�XQDIIHFWHG�E\�ODWH[�
DQG�FDUGHQROLGHV��%\�GHFUHDVLQJ�DOORFDWLRQ�WR�ODWH[�DQG�FDUGH�
QROLGHV��FXUUHQW�$VFOHSLDV�VSHFLHV�KDYH�UHDOORFDWHG�HQHUJ\�WR�
DOWHUQDWLYH�GHIHQVHV��H�J���SKHQROLFV���VSXUULQJ�D�QHZ�URXQG�RI�
FRHYROXWLRQDU\�GLYHUVLILFDWLRQ��$JUDZDO�	�DO�������E��

����� (SLSK\WLF�YV��WHUUHVWULDO�EURPHOLDGV��DQG�EURPHOLDG�
OLQHDJHV�GLIIHUHQWLDWLQJ�DORQJ�JHRJUDSKLFDOO\�H[WHQVLYH��FOLPDWL�
FDOO\�FRPSOH[��DQG�WRSRJUDSKLF�DOO\�GLVVHFWHG�FRUGLOOHUDV��L�H���
WKH�$QGHV�DQG�WKH�6HUUD�GR�0DU�LQ�VRXWKHDVWHUQ�%UD]LO���*LYQLVK�
	�DO���LQ�SUHS����±�6HYHUDO�SODQW�WUDLWV�DQG�KDELWDW�IHDWXUHV�DUH�
DVVRFLDWHG�ZLWK�WKH�ULVH�RI�HSLSK\WLVP�LQ�EURPHOLDGV��2I�WKHVH��
WKH�WDQN�KDELW��DEVRUSWLYH�WULFKRPHV��HQWDQJOLQJ�VHHGV�RU�IUXLWV�
ZLWK�PRGHUDWH�GLVSHUVDO�FDSDFLW\��KXPPLQJELUG�SROOLQDWLRQ��
DQG��HVSHFLDOO\��GLYHUVLILFDWLRQ�LQ�UHFHQWO\�XSOLIWHG��H[WHQVLYH�
PRQWDQH�UHJLRQV�ZLWK�UHODWLYHO\�IHUWLOH�VXEVWUDWHV��L�H���WKH�$Q�
GHV�DQG�WKH�6HUUD�GR�0DU�DORQJ�WKH�VRXWKHDVW�%UD]LOLDQ�FRDVW��
VKRZ�D�VLJQLILFDQW�FRUUHODWLRQ�ZLWK�QHW�VSHFLHV�GLYHUVLILFDWLRQ�



����
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DW�WKH�VXEIDPLOLDO�OHYHO��*LYQLVK�	�DO���LQ�SUHS����/LPLWHG�VHHG�
PRYHPHQW�FRXSOHG�ZLWK�RFFDVLRQDO�ORQJ�GLVWDQFH�GLVSHUVDO�FDQ�
SHUPLW�DOORSDWULF�VSHFLDWLRQ�DQG�DGDSWLYH�UDGLDWLRQ�WR�SURFHHG�
UDSLGO\��DQG�LQ�SDUDOOHO��LQ�PRQWDQH�KDELWDWV�DORQJ�WKH�OHQJWK�
RI�FRUGLOOHUDV�GLVVHFWHG�UHSHDWHGO\�E\�GULHU�YDOOH\V��5HFHQWO\�
XSOLIWHG�PRXQWDLQ�FKDLQV��DV�QHZO\�IRUPHG��HFRORJLFDOO\�HPSW\�
VODWHV��VKRXOG�DOORZ�VHYHUDO�OLQHDJHV�WR�GLYHUVLI\�ZLWKLQ�WKHP��
LUUHVSHFWLYH�RI�OLIH�IRUP��%HQ]LQJ��������/LQGHU���������7KH�
$QGHDQ� DQG� 6HUUD� GR�0DU� RURJHQLHV²ZLWK� WKHLU� UHFHQWO\�
IRUPHG�PRQWDQH�KDELWDWV�DQG�QXPHURXV�H[WHUQDO�EDUULHUV�WR�
JHQH�IORZ��DQG�KLJKO\�G\QDPLF�FOLPDWHV�DQG�ODQGVFDSHV�GXULQJ�
WKH�3OLRFHQH�DQG�3OHLVWRFHQH��*HQWU\��������%HUU\��������9DQ�
GHU�+DPPHQ��������*UHJRU\�:RG]LFNL��������*DU]LRQH�	�DO���
�����²GR�LQGHHG�VXSSRUW�VHYHUDO�GLYHUVH�SODQW�JURXSV�WKDW�
DUH�ZLGHO\�GLVWULEXWHG�LQ�HDFK�UHJLRQ��([DPSOHV�LQFOXGH�&DO�
FHRODULD��&HQWURSRJRQ�%XUPHLVWHUD��(SLGHQGUXP��(VSHOHWLD��
)XFKVLD��3OHXURWKDOOLV��DQG�3X\D�LQ�WKH�$QGHV��DQG�$VWHUDFHDH�
�/\FKQRSKRUD���%URPHOLDFHDH�%URPHOLRLGHDH��(ULRFDXODFHDH�
�/HLRWKUL[��3DHSDODQWKXV���*HQWLDQDFHDH��0\UWDFHDH��DQG�9HOOR�
]LDFHDH�LQ�WKH�6HUUD�GR�0DU��*HQWU\��������3UDQFH��������/XWH\Q��
������<RXQJ�	�DO���������.QR[�	�DO���������$OYHV�	�.ROEHFN��
������-DEDLO\�	�6\WVPD���������6HYHUDO�FODGHV�ZLWK�WKH�KLJKHVW�
UDWHV�RI�QHW�GLYHUVLILFDWLRQ�NQRZQ�LQ�SODQWV�RFFXU�LQ�WKH�$QGHV��
LQFOXGLQJ�WKH�FXUUHQW�UDWH�FKDPSLRQ��KHDY\�VHHGHG��JUDYLW\��RU�
URGHQW�GLVSHUVHG�$QGHDQ�/XSLQXV������±�����0D±��>+XJKHV�	�
(DVWZRRG������@���DV�ZHOO�DV�$QGHDQ�9DOHULDQD������±����0D±��
>%HOO�	�'RQRJKXH������@���1HRWURSLFDO�&RVWXV�����±����0D±��
>.D\�	�DO�������@���$QGHDQ�$VWUDJDOXV������±�����0D±��>6FKHU�
VRQ�	�DO�������@���DQG�WKH�PDLQO\�$QGHDQ�KLJKHU�WLOODQGVLRLGV�
�����±�����0D±��>*LYQLVK�	�DO���LQ�SUHS�@���7DQN�HSLSK\WLF�EUR�
PHOLRLGV�RI�WKH�6HUUD�GR�0DU�DQG�QHDUE\�DUHDV�KDYH�WKH�KLJKHVW�
GLYHUVLILFDWLRQ�UDWH�LQ�EURPHOLDGV������±�����0D±��>*LYQLVK�	�
DO���LQ�SUHS�@���7KHVH�GLYHUVLILFD�WLRQ�UDWHV�DUH�FRPSDUDEOH�WR�WKRVH�
IRU�WKH�IDVWHVW�DGDSWLYH�UDGLDWLRQV�RQ�LVODQGV��LQFOXGLQJ�WKH�+D�
ZDLLDQ�VLOYHUVZRUG�DOOLDQFH�������0D±��>%DOGZLQ�	�6DQGHUVRQ��
����@���0DFDURQHVLDQ�6LGHULWLV�DQG�(FKLXP�������DQG������0D±��
>.LP�	�DO�������@���DQG�+DZDLLDQ�&\DQHD��PD[LPXP�UDWHV�RI�
�����WR������0D±��>*LYQLVK�	�DO�������@��

����� (SLSK\WLF�YV��WHUUHVWULDO�RUFKLGV��*UDYHQGHHO�	�DO���
������6LOYHUD�	�DO����������±�2UFKLG�VXEIDPLO\�(SLGHQGURL�
GHDH�LV�FRPSRVHG�PDLQO\�RI�HSLSK\WHV�DQG�FRQWDLQV�����RI�
WKH�HVWLPDWHG��������VSHFLHV�RI�RUFKLGV�ZRUOGZLGH��,WV�VLVWHU��
VXEIDPLO\�2UFKLGRLGHDH��FRQWDLQV�RQO\�RQH�ILIWK�DV�PDQ\�VSH�
FLHV�DQG�LV�DOPRVW�HQWLUHO\�WHUUHVWULDO��*UDYHQGHHO�	�DO���������
VKRZHG�WKDW��EDVHG�RQ�D�UDQGRP�VDPSOH�RI�����RUFKLG�JHQHUD��
HSLSK\WLF�JHQHUD�KDG�VLJQLILFDQWO\�PRUH�VSHFLHV�WKDQ�WHUUHVWULDO�
JHQHUD��3����������*HQWU\�	�'RGVRQ��������DUJXHG�WKDW�HSLSK\W�
LVP�LQ�PRQWDQH�IRUHVWV�VKRXOG�VWLPXODWH�VSHFLD�WLRQ�EHFDXVH�
����EDUN�VXUIDFH�LV�IDU�JUHDWHU�WKDQ�JURXQG�VXUIDFH��DQG�FDQ�
WKXV�VXSSRUW�PRUH�SODQWV�DQG�VSHFLHV������HSL�SK\WHV�FDQ�ILQHO\�
SDUWLWLRQ�WKH�VXEVWDQWLDO�HQYLURQPHQWDO�JUDGLHQW�IURP�EULJKWO\�
OLW�� ORZ�KXPLGLW\�WZLJ�WLSV�WR�GHQVHO\�VKDGHG��KLJKO\�KXPLG�
EROHV��DQG�����LQ�RUFKLGV��D�KLJK�GHJUHH�RI�VSHFLDOL]DWLRQ�RQ�
LQGLYLGXDO�SROOLQDWRUV�FDQ�DOVR�GULYH�VSHFLDWLRQ��6LOYHUD�	�DO��
�������VXJJHVWHG�WKDW�WKH�RULJLQ�RI�&$0�SKRWRV\QWKHVLV�LQ�
DVVRFLDWLRQ�ZLWK�HSLSK\WLVP�VKRXOG�DFFHOHUDWH�VSHFLDWLRQ�E\�
����SURYLGLQJ�DFFHVV�WR�QHZ��KLJKO\�[HULF�PLFURVLWHV��%HQ]LQJ�

�������SURSRVHG�WKDW�����UHFHQWO\�XSOLIWHG�PRXQWDLQ�FKDLQV�SUR�
YLGH�DQ�HFRORJLFDOO\�RSHQ�VODWH�ZLWK�QXPHURXV�H[WULQVLF�EDUULHUV�
WR�GLVSHUVDO��WKLV��FRPELQHG�ZLWK�WKH�LQYDVLRQ�RI�D�QRYHO�UDQJH�
RI�HSLSK\WLF�PLFURKDELWDWV��VKRXOG�IRVWHU�H[SORVLYH�VSHFLDWLRQ��
7ZLJ�HSLSK\WHV��DGDSWHG�WR�OLIH�RQ�WKH�RXWHUPRVW�EUDQFKHV�RI�
KRVW�FDQRSLHV��KDYH�D�YHU\�VKRUW�JHQHUDWLRQ�WLPH�����\HDUV��
DQG�KHQFH�����VKRXOG�VSHFLDWH�UDSLGO\��&KDVH�	�3DOPHU��������
%HQ]LQJ���������6LOYHUD�	�DO���������IRXQG�VXSSRUW�IRU�&$0�
DFFHOHUDWLQJ�GLYHUVLILFDWLRQ��EXW�DQ�HYHQ�VWURQJ�DVVRFLDWLRQ�EH�
WZHHQ�HSLSK\WLVP�DQG�GLYHUVLILFDWLRQ��*UDYHQGHHO�	�DO���������
IRXQG�VXSSRUW�IRU�UHSHDWHG�EXUVWV�RI�VSHFLDWLRQ�DVVRFLDWHG�ZLWK�
PXOWLSOH�RULJLQV�RI�WKH�WZLJ�HSLSK\WH�KDELW��EXW�QR�VXSSRUW�IRU�
WKH�SROOLQDWRU�VSHFLDOL]DWLRQ�K\SRWKHVLV�

7KH�ODVW�FRQFOXVLRQ�VHHPV�XQOLNHO\�WR�EH�FRUUHFW��)LUVW��LW�
LV�GLUHFWO\�FRQWUDGLFWHG�E\�WKH�ILQGLQJV�RI�6FKLHVWO�	�6FKO�WHU�
��������6HFRQG��KDUG�SROOLQLD�ZLWK�VWLFN\�YLVFLGLD²FKDUDFWHU�
LVWLF�RI�HSLGHQGURLGV²FDQ�SHUPLW�SUHFLVH�SODFH�PHQW�RI�SRO�
OHQ�RQ�IORUDO�YLVL�WRUV��DOORZLQJ�VSHFLDOL]DWLRQ�RQ�LQGLYLGXDO�
SROOLQDWRUV�RU�SDUWV�RI�LQGLYLGXDO�SROOLQDWRUV��ZKLFK�VKRXOG�
OHDG�UHDGLO\�WR�GLYHUJHQW�VHOHFWLRQ�DQG�HFRORJLFDO�VSHFLDWLRQ�
�'UHVVOHU���������7KLUG��LQ�D�VXUYH\�RI�VHYHUDO�%DQJODGHVKL�
RUFKLGV��+XGD�	�:LOFRFN��������IRXQG�WKDW�IUXLW�VHW�LV�ORZHU�
LQ�VSHFLHV�ZLWK�VPDOOHU�SRSXODWLRQV��VPDOOHU�LQIORU�HVFHQFHV��
VHOI�LQFRPSDWLELOLW\��DQG�QRQ�VHFWLOH�SROOLQLD��(DFK�RI�WKHVH�
WUDLWV²DQG�WKXV��VPDOO�HIIHFWLYH�SRSXODWLRQ�VL]H²LV�DVVRFL�
DWHG�ZLWK�HSLSK\W�LVP��DV�DUH�H[FHSWLRQDOO\�ODUJH�DQG�VKRZ\�
IORZHUV��&RQVHTXHQWO\��LQWHUPLWWHQW�JHQHWLF�GULIW�PD\�EH�PRUH�
LPSRUWDQW�LQ�HSLSK\WHV��DQG�DOWHUQDWH�ZLWK�VWURQJ�VHOHFWLRQ�RQ�
IORUDO�WUDLWV��6XFK�FRQGLWLRQV�VKRXOG�OHDG�WR�UDSLG�VSHFLDWLRQ��
HVSHFLDOO\�LI�FRPELQHG�ZLWK�VKRUW�OLIHF\FOHV��EDVHG�RQ�SUHYLRXV�
JHQHUDO�DUJXPHQWV�PDGH�E\�7UHPEOD\�	�DO����������/RZHU�IUXLW�
VHW�DQG�VPDOO�HIIHFWLYH�SRSXODWLRQ�VL]H�LQ�VH[XDOO\�GHFHSWLYH�
RUFKLGV��WRJHWKHU�ZLWK�WKH�PDVVLYH�HIIHFWV�RI�PLQRU�FKDQJHV�LQ�
IORUDO�DWWUDFWDQWV��6DO]PDQQ�	�DO����������PD\�EH�UHVSRQVLEOH�
IRU�WKH�KLJK�UDWHV�RI�VSHFLDWLRQ�LQ�VXFK�RUFKLGV�DV�ZHOO��VHH�
&R]]ROLQR�	�:LGPHU��������

����� <RXQJ�YV��ROG�OLQHDJHV��0DJDOOyQ�	�&DVWLOOR���������
±�$OWKRXJK�WKLV�ZRXOG�DSSHDU�WR�EH�WKH�PRVW�JHQHUDO�ILQGLQJ�
HPHUJLQJ�IURP�WKH�UHFHQW�OLWHUDWXUH��)LJ���$���DQG�FRQVLVWHQW�
ZLWK�WKH�LGHD�WKDW�UDWHV�RI�DGDSWLYH�UDGLDWLRQ�VKRXOG�EH�IDVWHVW�
HDUO\�GXULQJ�WKH�KLVWRU\�RI�LQGLYLGXDO�JURXSV��WKHUH�LV�VWURQJ�
UHDVRQ�WR�EHOLHYH�WKDW�LW�LV��DW�OHDVW�LQ�SDUW��D�VWDWLVWLFDO�DUWLIDFW��
5HJDUGOHVV�RI�ZKHWKHU�SXUH�ELUWK��RU�PL[HG�ELUWK�GHDWK�SUR�
FHVVHV��DUH�XVHG�WR�PRGHO�QHW�GLYHUVLILFDWLRQ�UDWHV��XOWLPDWHO\�
DOO�VXFK�FDOFXODWLRQV�GHSHQG�RQ�FRPSDULQJ�OQ�6�ZLWK�W��ZKHUH�
6�LV�WKH�QXPEHU�RI�WKH�FXUUHQW�VSHFLHV�LQ�D�OLQHDJH�DQG�W�LV�WKH�
VWHP�DJH�RI�WKDW�OLQHDJH��)RU�SXUH�ELUWK�PRGHOV���OQ�6����W�LV�WKH�
GLYHUVLILFDWLRQ�UDWH�'��%DVHG�RQ�WKH�GDWD�SUHVHQWHG�E\�0DJDO�
OyQ�	�&DVWLOOR���������WKHUH�LV�D�VWURQJ�QHJDWLYH�UHODWLRQVKLS�
EHWZHHQ�GLYHUVLILFDWLRQ�UDWH�DQG�VWHP�DJH�XVLQJ�D�SK\ORJHQHWL�
FDOO\�XQVWUXFWXUHG�DQDO\VLV�

'� ������W࣠±����� ���

�U�� ��������3����������IRU���WDLOHG�W�WHVW�ZLWK����G�I����+RZHYHU��
WKLV�HVWLPDWH�LV�FOHDUO\�LQIODWHG�E\�DXWRUHJUHVVLRQ��JLYHQ�WKDW�
LW�LQYROYHV�SORWWLQJ��OQ�6����W�YV��W��(VVHQWLDOO\��WKLV�FDQ�EH�VHHQ�
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DV�UHJUHVVLQJ�$���W�YV�� W��ZKHUH�$� LV�UDQGRP�YDULDEOH�DQG�WKH�
H[SHFWHG�SRZHU�ODZ�ILW�LV�'� �NW࣠±�����ZKHUH�N�LV�D�FRQVWDQW��$�
ELDV�IUHH�HVWLPDWH�RI�GLYHUVLILFDWLRQ�UDWHV�FDQ�EH�REWDLQHG�E\�
LQVWHDG�SORWWLQJ�6�RU�OQ�6�YV��W��H�J���)LJ���$���+RZHYHU��WKH�EHVW�
ILW�UHJUHVVLRQV�DFURVV�DQJLRVSHUPV�XVLQJ�OLQHDU��ORJDULWKPLF��
H[SRQHQWLDO��RU�SRZHU�ODZ�PRGHOV�IRU�6�YV��W�DUH�QRW�VLJQLILFDQW�
�3�!��������WKH�VDPH�LV�WUXH�IRU�OQ�6�YV��W��3�!���������)LJ���%±&���
7KH�EHVW�ILW�PRGHOV�IRU�OQ�6�YV��W�H[SODLQ�RQO\�����WR������RI�WKH�
YDULDQFH�LQ�'²RU������WR������RI�WKDW�H[SODLQHG�E\�HTXDWLRQ�
���²LPSO\LQJ�WKDW�������WR�������RI�WKH�ILW�PD\�EH�LOOXVRU\�
DQG�D�UHVXOW�RI�DXWRUHJUHVVLRQ��$V�5LFNOHIV�	�5HQQHU��������
QRWHG�IRU�WKHLU�VDPSOH�RI�DQJLRVSHUP�IDPLOLHV��WKHUH�LV�QR�UH�
ODWLRQVKLS�EHWZHHQ�DJH�DQG�VSHFLHV�ULFKQHVV��WKH�VDPH�LV�WUXH�
IRU�WKH�RUGLQDO�GDWD�FRPSLOHG�E\�0DJDOOyQ�	�&DVWLOOR���������
6SHFLHV�ULFKQHVV�SHU�FODGH��LQ�RWKHU�ZRUGV��DSSHDUV²DW�OHDVW�
DW�ILUVW�JODQFH²WR�EH�D�UDQGRP�YDULDEOH�ZLWK�UHVSHFW�WR�VWHP�
DJH��7KLV�NH\�ILQGLQJ²ZKLFK�FRXOG�UHIOHFW�GHFUHDVLQJ�UDWHV�RI�
GLYHUVLILFDWLRQ�ZLWKLQ�OLQHDJHV�DV�WKH\�ILOO�WKH�DYDLODEOH�HFRORJL�
FDO�VSDFH��DPRQJ�PDQ\�SRVVLELOLWLHV²VXJJHVWV�WKDW�HFRORJLFDO�
RU�KLVWRULFDO�FRQVWUDLQWV�RQ�WKH�YROXPH�RI�WKDW�VSDFH�PLJKW��LQ�
PDQ\�LQVWDQFHV��EH�PRUH�LPSRUWDQW�WKDQ�GLYHUVLILFDWLRQ�UDWH�
LQ�GHWHUPLQLQJ�SDWWHUQV�RI�VSHFLHV�ULFKQHVV��H�J���VHH�5LFNOHIV��
������������5LFNOHIV�	�DO���������

7KH�SRVVLEO\�DUWLIDFWXDO�QDWXUH�RI�D�UHODWLRQVKLS�EHWZHHQ�
DSSDUHQW�GLYHUVLILFDWLRQ�UDWH�DQG�DJH�RI�FODGH�FRXOG�KDYH�ZLGH�
UDQJLQJ�LPSOLFDWLRQV��H[WHQGLQJ�IDU�EH\RQG�SODQWV��$OO�RI�WKH�
KLJKHVW�UDWHV�RI�QHW�GLYHUVLILFDWLRQ�NQRZQ�DFURVV�RUJDQLVPV�DUH�
IRU�\RXQJ�FODGHV��H�J��������0D±��IRU�%HUPLQ�7LODSLD������0D±��
IRU�0DODZL�$VWDWRWLODSLD��DQG�������0D±��IRU�1DWURQ�2UHR�FKUR�
PLV��ZLWK�VWHP�DJHV�RI������0D�������0D��DQG�������0D��VHH�
GDWD�RI�6HHKDXVHQ��������

0RUH�JHQHUDOO\��DOO�PRGHOV�IRU�QHW�GLYHUVLILFDWLRQ�DVVXPH�
FRQWLQXHG�UDWHV�RI�H[SR�QHQWLDO�JURZWK�LQ�WKH�QXPEHUV�RI�VSHFLHV�
SHU�OLQHDJH��,I�WKHUH�DUH�HFRORJLFDO�FRQVWUDLQWV�RQ�WKH�QXPEHUV�
RI�VSHFLHV�SHU�OLQHDJH��WKHQ�FDOFXODWLRQV�RI�QHW�GLYHUVLILFD�WLRQ�
UDWHV�DUH�VXEMHFW�WR�PDVVLYH�ELDVHV��XQOHVV�WKH\�DUH�LQVWDQWD�
QHRXV�HVWLPDWHV�EDVHG�RQ�LQIHUUHG�UDWHV�RI�FODGRJHQHVLV�WKURXJK�
WLPH�IRU�DQFHVWRUV�RI�VXUYLYLQJ�WD[D��5DERVN\�	�/RYHWWH��������
5DERVN\������D�E���)RU�H[DPSOH�� LI�RQH� LJQRUHG�HFRORJLFDO�
VDWXUDWLRQ�RI�QHW�VSHFLDWLRQ�DQG�UHSHDWHG�SDUDOOHO�UDGLDWLRQ�RQ�
LQGLYLGXDO�PDMRU�LVODQGV�LQ�&\DQHD��WKHQ�RQH�ZRXOG�HVWLPDWH�
D�QHW�GLYHUVLILFDWLRQ�UDWH�'� ������0D±���,I�RQH�LQVWHDG�WDNHV�
WKHVH�IDFWRUV�LQWR�DFFRXQW��D�IDU�KLJKHU�UDWH�RI�XS�WR������0D±��
HPHUJHV��*LYQLVK�	�DO���������

6HYHUDO�RI�WKH�SUHFHGLQJ�SDWWHUQV�FRQILUP�ORQJ�KHOG�WKHR�
ULHV�UH�WKH�HIIHFWV�RI�JURZWK�IRUP��ORQJHYLW\��GLVSHUVDO��DQG�
IORUDO�HYROXWLRQ�RQ�GLYHUVLILFDWLRQ��7KH�VWURQJHVW�HIIHFWV�VHHP�
WR�EH�DVVRFLDWHG�ZLWK�OLPLWHG�VHHG�GLVSHUVDO�DQG�LWV�V\QHUJLVWLF�
HIIHFWV�ZLWK�DGDSWLYH�UDGLDWLRQ�DQG�HFRORJLFDO�VSHFLDWLRQ��H�J���
3DWWHUVRQ�	�*LYQLVK��������+XJKHV�	�(DVWZRRG���������6XU�
SULVLQJO\��DV�\HW�WKHUH�LV�OLWWOH�JHQHUDO�VXSSRUW�IRU�WKH�GLYHUVL�
I\LQJ�HIIHFW�RQ�SODQWV�RI�FRHYROXWLRQ��L�H���³HVFDSH�DQG�UDGL�
DWH´��EHWZHHQ�SODQWV�DQG�KHUELYRUHV�K\SRWKHVL]HG�E\�(KUOLFK�
	�5DYHQ���������6HYHUDO�YHU\�LPSRUWDQW�SDSHUV�KDYH�UHFHQWO\�
HVWDEOLVKHG�WKDW�OLQN�IRU�KHUELYRUH�GLYHUVLILFDWLRQ��VKRZLQJ��
IRU�H[DPSOH��WKDW�����³VROYLQJ´�WKH�JOXFRVLQR�ODWH�GHIHQVH�OHG�
WR�D�ODUJH�LQFUHDVH�LQ�GLYHUVLILFDWLRQ�DPRQJ�3LHULQDH�EXWWHUIO\�

Fig. . A,�$SSDUHQW�UDWH�RI�QHW�VSHFLHV�GLYHUVLILFDWLRQ�IRU�DOO�RUGHUV�RI�
DQJLRVSHUPV�ZLWK�PRUH�WKDQ�RQH�VXUYLYLQJ�VSHFLHV��DVVXPLQJ�SXUH�
ELUWK�SURFHVV��'� ��OQ�1����W���SORWWHG�DJDLQVW�VWHP�DJH� W��PRQRW\SLF�
$PERUHOOD��'HVIRQWDLQLD��DQG�3DUDFU\SKLD�ZHUH�H[FOXGHG��'DWD�IURP�
0DJDOOyQ�DQG�&DVWLOOR���������&XUYH�LQGLFDWHV�VLJQLILFDQW�H[SRQHQWLDO�
GHFOLQH�RI�'�ZLWK� W��+RZHYHU�� WKLV�SDWWHUQ�DSSHDUV�WR�EH�DUWLIDFWXDO��
D�UHVXOW�RI�SORWWLQJ�$���W�YV��W��ZKHUH�$�LV�D�UDQGRP�YDULDEOH��VHH�WH[W���
&RQILUPLQJ�WKLV��,�IRXQG�QR�VLJQLILFDQW�UHODWLRQVKLS�EHWZHHQ�W�DQG�(B)�
1�RU�(C)�OQ�1�

r2

Age t (Ma)

Sp
ec

ie
s 

ric
hn

es
s 

(N
)

ln
 S

pe
ci

es
 ri

ch
ne

ss
 (l

n 
N

)
D

iv
er

si
fic

at
io

n 
ra

te
 (M

a–1
)



����

7$;21����������2FWREHU�����������±����*LYQLVK���(FRORJ\�RI�SODQW�VSHFLDWLRQ

ODUYDH�VKRUWO\�DIWHU�WKH�RULJLQ�RI�WKDW�GHIHQVH�LQ�WKH�%UDVVLFDOHV�
�:KHDW�	�DO��������������ILYH�LQGHSHQGHQW�LQYDVLRQV�RI�QRYHO��
DVWHULG�IRRG�SODQW�OLQHDJHV�DFFHOHUDWHG�GLYHUVLILFDWLRQ�LQ�3K\WR�
P\]D�OHDI�PLQHUV��:LQNOHU�	�DO����������DQG�����VKLIWV�WR�FURZQ�
JURXS�DQJLRVSHUPV�DQG��HVSHFLDOO\��WR�PRQRFRWV�DQG�HXGLFRWV�
VRRQ�OHG�WR�PDVVLYH�SXOVHV�RI�GLYHUVLILFDWLRQ�LQ�KHUELYRURXV�
ZHHYLOV��&XUFXOLRQLGDH���RQH�RI�WKH�PRVW�GLYHUVH�OLQHDJHV�RI�
LQVHFWV��0F.HQQD�	�DO����������7KHVH�SDSHUV�IROORZ�RQ�RWKHUV�
VKRZLQJ�D�JHQHUDO�LQFUHDVH�LQ�LQVHFW�GLYHUVLW\�DVVRFLDWHG�ZLWK�
KHUELYRU\��0LWWHU�	�DO���������)DUUHOO��������)DUUHOO�	�6HTXHLUD��
�������6WXGLHV�RI�WKLV�NLQG��DLPHG�DW�GLYHUVLILFDWLRQ�RI�WKHLU�
DQJLRVSHUP�KRVWV��DUH�QRZ�QHHGHG��,W�LV�LQWULJXLQJ�WKDW�ORFDOO\�
FR�RFFXULQJ�VSHFLHV�RI�WKH�ODUJH�JHQXV�,QJD��)DEDFHDH��DUH�
PRUH�GLYHUJHQW�LQ�WKHLU�DQWL�KHUELYRUH�GHIHQVHV�WKDQ�ZRXOG�EH�
H[SHFWHG�DW�UDQGRP��VXJJHVWLQJ�WKDW�VHOHFWLRQ�DQG�FRPSHWLWLYH�
VRUWLQJ�KDYH�IDYRUHG�GLYHUJHQFH�LQ�WKHVH�LPSRUWDQW�IHDWXUHV�
�.XUVDU�	�DO����������$JUDZDO�	�DO�������E��DQG�%HFHUUD�	�DO��
�������KDYH�DOVR�VKRZQ��XVLQJ�$VFOH�SLDV�DQG�%XUVHUD��UHVSHF�
WLYHO\��WKH�WKHRUHWLFDOO\�H[SHFWHG�SDWWHUQ�RI�HVFDODWLRQ�RI�SODQW�
GHIHQVHV�RYHU�WLPH�

3ODQW�DQLPDO�FRHYROXWLRQ²ZKHWKHU�LQYROYLQJ�SODQWV�DQG�
KHUELYRUHV��SODQWV�DQG�SROOLQDWRUV��RU�SODQWV�DQG�VHHG�GLVSHUV�
HUV²PD\�ZHOO�KDYH�KHOSHG�WULJJHU�WKH�PDVVLYH�GLYHUVLILFDWLRQ�
RI�WKH�DQJLRVSHUPV��HYHQ�LI�JHQHUDO�VXSSRUW�IRU�DUPV¶�UDFHV�
WULJJHULQJ�KLJK�QHW�UDWHV�RI�GLYHUVLILFDWLRQ�LV��DV�\HW��ODFNLQJ��$V�
H[SHFWHG��WKH�IDXQDO�VLPLODULW\�RI�LQVHFW�FRPPXQLWLHV�RQ�GLIIHU�
HQW�VSHFLHV�RI�WURSLFDO�WUHH�VSHFLHV�GHFUHDVHV�ZLWK�SK\ORJHQHWLF�
GLVWDQFH�EHWZHHQ�WKRVH�KRVWV��:HLEOHQ�	�DO����������5HFHQW�
HYLGHQFH�VXJJHVWV�WKDW�WKH�LQLWLDO�VXUJH�RI�GLYHUVLILFDWLRQ�LQ�
IORZHULQJ�SODQWV�FRUUH�VSRQGV�WR�WKH�HYROXWLRQ�RI�SKRWRV\QWKHWLF�
UDWHV�PXFK�KLJKHU�WKDQ�WKHLU�J\PQRVSHUP�DQG�IHUQ�FRPSHWL�
WRUV��DVVRFLDWHG�ZLWK�VXEVWDQWLDO�LQFUHDVHV�LQ�OHDI�YHLQ�GHQVLW\��
DQG�WKXV�OHDI��DQG��SUHVXPDEO\��VWHP��K\GUDXOLF�FRQGXFW�DQFH�
�%R\FH�	�DO���������%URGULEE�	�)HLOG���������(FRQRPLF�GHIHQVH�
WKHRU\��&ROH\��������&ROH\�	�DO���������SUHGLFWV�WKDW�LQFUHDVHV�
LQ�SKRWRV\QWKHWLF�UDWH�VKRXOG�IDYRU�DEDQGRQLQJ�PDVVLYH�RXW�
OD\V�LQ�TXDQWLWDWLYH�GHIHQVHV��H�J���WDQQLQV��SKHQROV���'LG�WKLV�
VWUDWHJ\²FRXSOHG�ZLWK�WKH�WKUHH��WR�IRXU�IROG�ULVH�LQ�DQJLR�
VSHUP�SKRWRV\QWKHWLF�UDWHV�HDUO\�LQ�WKHLU�HYROXWLRQ��EHWZHHQ�
����DQG�����0D�DJR�²LQ�WXUQ�IDYRU�WKH�HYROX�WLRQ�RI�TXDOLWDWLYH�
GHIHQVHV��H�J���DONDORLGV��FDUGHQROLGHV��JOXFRVLQRODWHV��HIIHFWLYH�
DJDLQVW�PRVW�EXW�QRW�DOO�KHUELYRUHV�DW�FRQFHQWUD�WLRQV�������RI�
SODQW�PDVV��DQG�WKXV�WULJJHU�WKH�HQGXULQJ�DUPV�UDFH�EHWZHHQ�
DQJLRVSHUPV�DQG�WKHLU�KHUELYRUHV��OHDGLQJ�WR�WKH�KXJH�GLYHUVLW\�
RI�DQJLR�VSHUPV�DQG�LQVHFWV�ZH�VHH�WRGD\"�'RHV�WKH�KLJKHU�UDWH�
RI�SKRWRV\QWKHVLV�LQ�KHUEV�KHOS�DFFRXQW�IRU�WKH�ZLGHVSUHDG�RF�
FXUUHQFH�RI�TXDOLWDWLYH�WR[LQV�LQ�WKHP��RU�IRU�WKHLU�PRUH�UDSLG�
UDWH�RI�VSHFLDWLRQ�WKDQ�ZRRG\�SODQWV"�$QVZHUV�WR�WKHVH�WZR�
TXHVWLRQV�PD\�SURYLGH�VRPH�YHU\�GHHS�LQVLJKWV�LQWR�WKH�EDVLV�
RI�DQJLRVSHUP�DQG�LQVHFW�GLYHUVLW\�

Overall species richness. —�,Q�UHFHQW�\HDUV��LPSRUWDQW�
HYLGHQFH�KDV�HPHUJHG�WKDW�ORFDO�DQG�UHJLRQDO�SODQW�VSHFLHV�ULFK�
QHVV�LV�LQGHHG�SUHGLFWDEOH��)RU�H[DPSOH��ZRRG\�SODQW�GLYHUVLW\�
SHU�����KHFWDUH�LQFUHDVHV�ZLWK�UDLQIDOO��DQG�WKXV��ZLWK�GHFUHDV�
LQJ�VHDVRQDOLW\��LQ�WKH�1HR�WURSLFV�LQ�D�KLJKO\�UHJXODU�IDVKLRQ�
�*HQWU\��������������*LYQLVK��������3KLOOLSV�	�0LOOHU��������
�)LJ�������*LYQLVK��������DUJXHG�WKDW�WKLV�VWULNLQJ�SDWWHUQ�LV�

JHQHUDWHG�E\�����LQFUHDVHV�LQ�WKH�LQWHQVLW\�RI�GHQVLW\�GHSHQGHQW�
PRUWDOLW\�WRZDUG�UDLQLHU�VLWHV��EDVHG�RQ�WKH�GHVLFFDWLRQ�LQWRO�
HUDQFH�RI�PDQ\�QDWXUDO�HQHPLHV�RI�SODQWV��L�H���VPDOO�ERGLHG�
LQVHFWV��IXQJL��QHPD�WRGHV�������LQFUHDVHG�VWUDWLILFDWLRQ��GXH�WR�
PDQ\�PRUH�VPDOO�VWHPV�LQ�UDLQLHU�VLWHV��UHIOHFWLQJ�ORZHU�ZKROH�
SODQW�FRPSHQVDWLRQ�SRLQWV�DQG�RU�LQFUHDVHG�WRSSOLQJ�RI�WUHHV�RQ�
VRGGHQ�VXEVWUDWHV��DQG�����LQFUHDVHG�VSHFLDWLRQ�LQ�XQGHUVWRU\�
SODQWV��DVVRFLDWHG�ZLWK�WKHLU�SRVVHVVLRQ�RI�IOHVK\�IUXLWV�

0RUH�JHQHUDOO\��.UHIW�	�-HW]��������ZHUH�DEOH�WR�DFFRXQW�
IRU�FD������RI�JOREDO�YDULDWLRQ�LQ�SODQW�VSHFLHV�ULFKQHVV�RI������
PDLQODQG�JHRJUDSKLF�UHJLRQV�EDVHG�RQ�D�PRGHO�LQFOXGLQJ�DUHD��
SRWHQWLDO�HYDSR�WUDQVSLUDWLRQ��D�SUR[\�IRU�ODWLWXGH�DQG�VRODU�
HQHUJ\�LQSXW���QXPEHU�RI�ZHW�GD\V��D�SUR[\�IRU�UDLQIDOO�DQG�VHD�
VRQDOLW\���WRSRJUDSKLF�KHWHURJHQHLW\��DQG�YHJHWDWLRQ�VWUDWLILFD�
WLRQ��)LJ�������$W�WKH�NLQJGRP�OHYHO��RQO\�WKH�&DSH�IORUD�VKRZHG�

Fig. .�6LJQLILFDQW�LQFUHDVHV�LQ�(A)�GHQVLW\�RI�ZRRG\�VWHPV�!����FP�
GEK�SHU�����KD�DQG (B)�QXPEHU�RI�ZRRG\�VSHFLHV�DV�D�IXQFWLRQ�RI�DQQX�
DO�SUHFLSLWDWLRQ�LQ�1HRWURSLFDO�IRUHVWV��UHGUDZQ�IURP�*LYQLVK��������
EDVHG�RQ�GDWD�IURP�*HQWU\���������7KH�ULVH�LQ�ZRRG\�VWHP�GHQVLW\�LQ�
DOPRVW�HQWLUHO\�GXH�WR�D�ODUJH�LQFUHDVH�LQ�WKH�QXPEHU�RI�VPDOO�VWHPV�
����FP�GEK��SUREDEO\�UHIOHFW�LQJ�DQ�LQFUHDVH�LQ�ZKROH�SODQW�VKDGH�WRO�
HUDQFH�GXH�WR�JUHDWHU�VXSSO\��RU�DQ�LQFUHDVH�LQ�XQGHUVWRU\�OLJKW�VXSSO\�
GXH�WR�PRUH�WUHH�WRSSOLQJ�RQ�VRGGHQ�VRLOV��7KH�REVHUYHG�LQFUHDVH�LQ�
WKH�QXPEHU�RI�ZRRG\�VSHFLHV�ZLWK�DQQXDO�UDLQIDOO��KRZHYHU��FDQQRW�EH�
H[SODLQHG�HQWLUHO\�E\�WKH�LQFUHDVHG�QXPEHU�RI�XQGHUVWRU\�VWHPV��DQG�
LQVWHDG� PD\� UHSUHVHQW� JUHDWHU� DWWDFN� E\� VPDOO�ERGLHG�� GHVLFFDWLRQ�
LQWROHUDQW� VSHFLDOLVW� SODQW� HQHPLHV� �H�J��� LQVHFWV�� QHPDWRGHV�� IXQJL��
�*LYQLVK��������
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D�VLJQLILFDQW�H[FHVV�RI�VSHFLHV�ULFKQHVV��ZLWK�PRUH�WKDQ�WZLFH�
DV�PDQ\�VSHFLHV�������VSHFLHV�LQ��������NP���DV�ZRXOG�EH�H[�
SHFWHG�IURP�LWV�DUHD�DQG�HQYLURQPHQWDO�FKDUDFWHULVWLFV��6HYHUDO�
DXWKRUV�KDYH�DWWHPSWHG�WR�DFFRXQW�IRU�WKH�H[FHSWLRQDO�SODQW�
GLYHUVLW\�RI�WKH�&DSH�)ORULVWLF�3URYLQFH��LQYRNLQJ�D�UHODWLYHO\�
VWDEOH�3OHLVWRFHQH�FOLPDWH�DQG�H[WHQVLYH�WRSRJUDSKLF�UHOLHI��
VRLO�GLYHUVLW\��DGDSWLYH�UDGLDWLRQ�LQ�SROOLQDWLRQ�V\QGURPHV�DQG�
ILUH�VXUYLYDO�VWUDWHJLHV��DV�ZHOO�DV�OLPLWHG�VHHG�GLVSHUVDO�GLV�
WDQFHV��VHH�/LQGHU��������������������&RZOLQJ��������&RZOLQJ�
	�DO���������*ROGEODWW�	�0DQQLQJ��������������6�'��-RKQVRQ��
������������9HUERRP�	�DO���������������/�$��-RKQVRQ�	�DO���
������1LFRWUD�	�DO���������9DQ�GHU�1LHW�	�-RKQVRQ���������
$QDO\VHV�RI�ODUJH�&DSH�JHQHUD�LPSOLFDWH�HFRORJ�LFDO�VKLIWV�LQ�
����RI�VLVWHU�VSHFLHV�SDLUV��ZLWK�VKLIWV�LQ�KDELW��SROOLQDWRU��DQG�
ILUH�VXUYLYDO�VWUDWHJLHV�EHLQJ�HVSHFLDOO\�FRPPRQ��9DQ�GHU�1LHW�
	�-RKQVRQ���������6XUSULVLQJO\��JLYHQ�WKH�H[FHSWLRQDO�IORULVWLF�
GLYHUJHQFH�DPRQJ�VRLO�W\SHV��HGDSKLF�VKLIWV�RFFXUUHG�LQ�RQO\�
����RI�VLVWHU�VSHFLHV�SDLUV��,Q�DGGLWLRQ��9DQ�GHU�1LHW�	�-RKQVRQ�
�������IRXQG�OLWWOH�GLIIHUHQFH�LQ�VSHFLHV¶�UDQJH�VL]H�EHWZHHQ�
WKH�&DSH�)ORULVWLF�3URYLQFH�DQG�WKH�DGMDFHQW�VXPPHU�UDLQIDOO�
UHJLRQ��,Q�IUHTXHQWO\�EXUQW�ODQGVFDSHV��LQFOXGLQJ�PXFK�RI�WKH�
&DSH�UHJLRQ��JUHDWHU�ORFDO�GLYHUVLW\�LV�H[SHFWHG�LQ�OHVV�SURGXF�
WLYH�DUHDV�DV�D�UHVXOW�RI�WKH�VORZLQJ�RI�FRPSHWLWLYH�GLVSODFHPHQW�
GXULQJ�VXFFHVVLRQ��+XVWRQ��������:DONHU�	�3HHW���������ZKLFK�
PD\�SDUWO\�DFFRXQW�IRU�WKH�PXFK�KLJKHU�GLYHUVLW\�RI�0HGLWHUUD�
QHDQ�VFUXE�LQ�6RXWK�$IULFD�DQG�VRXWKZHVWHUQ�$XVWUDOLD�UHODWLYH�
WR�DUHDV�ZLWK�VLPLODU�FOLPDWH�EXW�ULFKHU�VRLOV�LQ�1RUWK�DQG�6RXWK�
$PHULFD�DV�ZHOO�DV�WKH�0HGLWHUUDQHDQ�UHJLRQ��,Q�3URWHDFHDH��
6DXTXHW�	�DO���������IRXQG�WKDW�FODGHV�LQ�QXWULHQW�SRRU²DQG�
WKXV�ILUHVZHSW²SRUWLRQV�RI�WKH�&DSH�)ORULVWLF�3URYLQFH�DQG�
6RXWKZHVW�$XVWUDOLD�GLYHUVLILHG�PXFK�PRUH�UDSLGO\�WKDQ�LQ�
QXWULHQW�ULFK��ILUH�SRRU�&KLOH��2IWHQ�RYHUORRNHG��KRZHYHU��LV�
WKH�SRWHQWLDO�PXOWLSOLHU�HIIHFW�RI�SRRU�VHHG�GLVSHUVDO�RQ�VSH�
FLDWLRQ�IDYRUHG�E\�VSHFLDOL]DWLRQ�WR�GLIIHUHQW�HFRORJLFDO�FRQGL�
WLRQV��/LQGHU��������DQG�*ROGEODWW�	�0DQQLQJ��������QRWHG�
WKDW�IHZ�VSHFLHV�LQ�WKH�&DSH�IORUD�KDG�HYLGHQW�DGDSWDWLRQV�IRU�

ORQJ�GLVWDQFH�VHHG�GLVSHUVDO��%RQG�	�6OLQJVE\��������DUJXHG�
WKDW�IOHVK\�IUXLWV�DGDSWHG�IRU�YHUWHEUDWH�GLVSHUVDO�ZHUH�VR�UDUH�
EHFDXVH�SODQWV�RQ�VDQG\�VRLOV�FRXOG�QRW�DIIRUG�WR�DOORFDWH�UH�
VRXUFHV�WR�³SURWHLQ�ULFK´�GUXSHV�DQG�EHUULHV��*LYHQ�WKDW�VXFK�
IUXLWV�DUH�QRW��LQ�IDFW��SURWHLQ�ULFK��,�ZRXOG�DUJXH�WKDW�WKH�ORZ�
³SURWHLQ�VXEVLG\´�RI�FDWHUSLOODUV�DYDLODEOH�WR�IUXJLYRURXV�ELUGV�
LQ�ZHOO�GHIHQGHG�SODQWV�RQ�LQIHUWLOH�VRLOV�LV�WKH�PDLQ�LPSHGL�
PHQW�WR�WKH�HYROXWLRQ�RI�IOHVK\�IUXLWV�LQ�VXFK�KDELWDWV��DQG�WKDW�
SRRU�VRLOV�FDQ�FRQWULEXWH�WR�SODQW�VSHFLHV�ULFKQHVV�E\�UHWDUGLQJ�
VHHG�GLVSHUVDO�LQ�WKLV�ZD\��VHH�*LYQLVK�������DQG�DERYH���7KH�
&DSH�IORUD�LV�DOVR�YHU\�ULFK�LQ�DQW�GLVSHUVHG�VSHFLHV��%RQG�	�
6OLQJVE\���������DV�LV�WKDW�RI�6RXWKZHVW�$XVWUDOLD��%HUJ���������
$QW�GLVSHUVDO�LV�DVVRFLDWHG�ZLWK�VKRUW�GLVSHUVDO�GLVWDQFHV�DQG�
KLJK�UDWHV�RI�GLYHUVLILFDWLRQ�ZRUOGZLGH��/HQJ\HO�	�DO���������

.UHIW�	�DO���������IRXQG�WKDW�WKH�VSHFLHV�ULFKQHVV�RI�LVODQGV�
UHVSRQGHG�WR�PDQ\�RI�WKH�VDPH�H[WULQVLF�GULYHUV�DV�PDLQODQG�
DUHDV��EXW�WKDW�DUHD�DQG�LVRODWLRQ²DQG��WR�D�OHVVHU�H[WHQW��JH�
RORJ\²SOD\HG�D�JUHDWHU�UROH�LQ�GHWHUPLQLQJ�VSHFLHV�ULFKQHVV��
7KHLU�FRPSOHWH�PRGHO�DFFRXQWV�IRU�����RI�WKH�YDULDWLRQ�LQ�SODQW�
VSHFLHV�QXPEHUV�DFURVV�LVODQGV��7KH�DELOLW\�WR�SUHGLFW�RYHUDOO�
VSHFLHV�ULFKQHVV�IRU�LVODQGV�DQG�UHJLRQV�UDLVHV�WKH�KRSH�WKDW��
VRPHGD\��ZH�ZLOO�EH�EHWWHU�DEOH�WR�XQGHUVWDQG�WKH�OLPLWV�RQ�WKH�
VSHFLHV�ULFKQHVV�DQG�GLYHUVLILFDWLRQ�UDWHV�RI�LQGLYLGXDO�JURXSV�
RI�SODQWV��ZK\�VRPH�JURXSV�UDGLDWH�H[WHQVLYHO\�ZKLOH�RWKHUV�
GR�QRW��DQG�KRZ�LPSRUWDQW�HFRORJLFDO�FRQVWUDLQWV�RQ�JHQHWLF�
GLIIHUHQWLDWLRQ�ZLWKLQ�VSHFLHV�DUH�WR�WKH�RYHUDOO�SDWWHUQ��WHPSR��
DQG�VSDWLDO�VFDOHV�RI�SODQW�VSHFLDWLRQ�

$W�UHJLRQDO�VFDOHV�ZLWKLQ�FRQWLQHQWV��HFRORJLFDO�FRQVWUDLQWV�
RQ�ERWK�GLYHUVLILFDWLRQ�UDWHV�DQG�VSHFLHV�ULFKQHVV�PD\�KHOS�GH�
WHUPLQH�ORFDO�YDULDWLRQ�LQ�SODQW�VSHFLHV�QXPEHU��$V�QRWHG�DERYH��
FDWDVWURSKLF�VSHFLDWLRQ�VKRXOG�EH�FRPPRQ�LQ�GHVHUW�DQQXDOV��
6XFK�VSHFLDWLRQ�LQ�KHUEV�PLJKW�DOVR�RFFXU�RQ�VHUSHQWLQH�VRLOV�
�5DYHQ�	�$[HOURG���������)HZ�VSHFLHV�KDYH�HYROYHG�DGDSWD�
WLRQV�WKDW�DOORZ�WKHP�WR�WROHUDWH�WKH�XQXVXDOO\�KLJK�0J���&D�
UDWLR��KLJK�OHYHOV�RI�VXOIDWH�LRQV��DQG�DEXQGDQW�KHDY\�PHWDOV�
�.UXFNHEHUJ��������5DMDNDUXQD�	�DO����������:KLOH�VHUSHQWLQH�

Fig. .�5HJLRQDO�OHYHO�RI�SODQW�VSHFLHV�ULFKQHVV�SUHGLFWHG�E\�.UHIW�	�-HW]���������EDVHG�RQ�D�PRGHO�LQFRUSRUDWLQJ�DUHD��SRWHQWLDO�HYDSRWUDQVSLUD�
WLRQ��QXPEHU�RI�UDLQ\�GD\V��WRSRJUDSKLF�GLYHUVLW\��VWUDWDO�FRPSOH[LW\�RI�YHJHWDWLRQ��DQG�VSDWLDO�DXWRFRUUHODWLRQ�LQ�HDFK�RI�WKH�SUHGLFWRU�YDULDEOHV�
DQG�UHJLRQDO�VSHFLHV�ULFKQHVV�
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RXWFURSV�DUH�RIWHQ�VSDUVHO\�FRYHUHG�ZLWK�YHJHWDWLRQ��GXH�WR�
WKLQ�VRLOV�DQG�WR[LFLW\�RI�WKH�VXEVWUDWH�WR�PRVW�SODQWV��VSDUVH�
FRYHU�DQG�WKH�ILVVXUHG�EHGURFN�UHVXOWV�LQ�VXFK�VXEVWUDWHV�EHLQJ�
³VSULQJ\´�DQG�FDUU\LQJ�ZDWHU�DW�GHSWK��5DYHQ�	�$[HOURG��������
WKXV�SURSRVHG�WKDW�VHYHUDO�ZLGHVSUHDG�SODQW�VSHFLHV�EHFDPH�
DGDSWHG�WR�DQG�LQYDGHG�VHUSHQWLQH�RYHU�WLPH��DQG�WKDW�UDUHO\�
FDWDVWURSKLF�GURXJKWV�ZRXOG�H[WLUSDWH�DOO�EXW�WKH�VHUSHQWLQH�
SRSXODWLRQV��6XEVHTXHQW�VHOHFWLRQ�DQG�LQEUHHGLQJ�ZLWKLQ�UHP�
QDQW�SRSXODWLRQV�ZRXOG�IL[�VHUSHQWLQH�DGDSWDWLRQV�DQG�WUDLWV�
LVRODWLQJ�WKHP�UHSURGXFWLYHO\�IURP�QHDUE\�UHODWLYHV��7KH�HDUOLHU�
IORZHULQJ�RI�PDQ\�VHUSHQWLQH�VSHFLHV²DVVRFLDWHG�ZLWK�RSHQ��
WKLQ�VRLOHG��UDSLGO\�ZDUPLQJ�KDELWDWV²FRXOG�SURYLGH�WKH�ODWWHU�
�5DMDNDUXQD���������$OWKRXJK�VHUSHQWLQH�WROHUDQFH�FRXOG�HYROYH�
UDSLGO\�RQ�ZLGHO\�VHSDUDWHG�RXWFURSV�LQ�WKLV�IDVKLRQ��WKH�ULVH�RI�
VHUSHQ�WLQH�WROHUDQFH�GRHV�QRW�DSSHDU�WR�VSDZQ�ODUJH�FODGHV��,Q�
&DOLIRUQLD��ZLWK�WKH�ULFKHVW�VHUSHQWLQH�IORUD�RI�DQ\�DUHD�ZRUOG�
ZLGH������VSHFLHV�RI������WRWDO�DUH�PRUH�RU�OHVV�UHVWULFWHG�WR�
VHUSHQWLQH��ZLWK�����LQ�WKH�&RDVW�5DQJHV��DQG����LQ�WKH�6LV�
NL\RX�.ODPDWK�UHJLRQ��PDQ\�DUH�LVRODWHG�VSHFLHV�ZLWKLQ�JHQHUD�
�.UXFNHEHUJ���������)RU�H[DPSOH��LQ�&DORFKRUWXV��LQFOXGLQJ�!���
VHUSHQWLQH�HQGHPLFV��WROHUDQFH�HYROYHG�VHYHQ�WLPHV�LQ�PRVWO\�
VPDOO�FODGHV��ZLWK�WROHUDQFH�FRQFHQWUDWHG�LQ�WZR�FODGHV�QHDU�
WKH�%D\�$UHD�DQG�WKH�&DVFDGHV��3DWWHUVRQ�	�*LYQLVK��������
ILJ���F���,Q�1DYDUUHWLD��VHUSHQWLQH�WROHUDQFH�HYROYHG�LQGHSHQ�
GHQWO\�LQ�WKUHH�VSHFLHV��E\�FRQWUDVW��LQYDVLRQ�RI�YHUQDO�SRROV�DQG�
RWKHU�HSKHPHUDO�ZHWODQGV�OHDG�WR�D�PDVVLYH�UDGLDWLRQ��6SHQFHU�
	�3RUWHU���������3UHVXPDEO\��WKH�ODWWHU�UHIOHFWV�WKH�RFFDVLRQDO�
GLVSHUVDO�DPRQJ�VXFK�KDELWDWV��DQG�QRW�VHUSHQWLQH���RI�ZDWHUIRZO�
ZLWK�PXG�DQG��RWKHUZLVH�SRRUO\�GLVSHUVHG��VHHGV�RQ�WKHLU�IHHW��
DQG�UDUH�VKHHW�IORZ�DFURVV�VXFK�KDELWDWV�

$V�H[SHFWHG�IURP�WKH�SUHFHGLQJ�DUJXPHQWV��WKH�PRVW�UH�
FHQWO\�GLYHUJHQW�VSHFLHV�HQGHPLF�WR�&DOLIRUQLD�DUH�FRQFHQWUDWHG�
LQ�WKH�'HVHUW�DQG�*UHDW�%DVLQ�SURYLQFHV��.UDIW�	�DO����������
ZKHUH�D�ODUJH�IUDFWLRQ�RI�WKH�IORUD�LV�FRPSRVHG�RI�DQQXDOV��
7KH�PRVW�QDUURZO\�GLVWULEXWHG�HQGHPLFV�DUH�FRQFHQWUDWHG�LQ�
WKH�&RDVW�5DQJHV�DQG�DGMDFHQW�ORZODQGV��DV�ZHOO�DV�WKH�6LHUUD�
1HYDGD��.UDIW�	�DO����������DUHDV�RI�JUHDW�WRSRJUDSKLF��FOLPDWLF��
DQG�HGDSKLF�FRPSOH[LW\��LQFOXGLQJ�QXPHURXV�LVRODWHG�RXWFURSV�
RI�VHUSHQWLQH�DQG²LQ�WKH�ORZODQGV²YHUQDO�SRROV�

7KH�VXFFHVV�RI�PRGHOV�IRU�UHJLRQDO�VSHFLHV�ULFKQHVV�EDVHG�
RQ�HFRORJ\�DQG�WKH�SK\VLFDO�HQYLURQPHQW�PXVW��KRZHYHU��QRW�
EOLQG�XV�WR�WKH�LPSRUWDQW�UROH�RI�KLVWRU\�RU�RWKHU�SURFHVVHV�
LQ�DIIHFWLQJ�VSHFLHV�QXPEHU��$V�5LFNOHIV��������KDV�DUJXHG��
ORZHU�UDWHV�RI�H[WLQFWLRQ�GXULQJ�WKH�3OHLVWRFHQH�JODFLDWLRQV�DQG�
JUHDWHU�WRSR�JUDSKLF�DQG�FOLPDWLF�GLYHUVLW\�OHIW�(DVW�$VLD�ZLWK�
D�PXFK�JUHDWHU�GLYHUVLW\�RI�WHPSHUDWH�GHFLGXRXV�WUHH�JHQHUD�
WKDQ�ZHVWHUQ�(XURSH�DQG�ZHVWHUQ�DQG�HDVWHUQ�1RUWK�$PHULFD��
GHVSLWH�DOO�KDYLQJ�VWDUWHG�ZLWK�URXJKO\�FRPSDUDEOH�QXPEHUV�
RI�JHQHUD�

CONCLUSIONS AND FUTURE DIRECTIONS

6HYHUDO�PDMRU�WKHPHV�DQG�VXJJHVWLRQV�IRU�IXWXUH�UHVHDUFK�
HPHUJH�IURP�FRQVLGHULQJ�WKH�FRQQHFWLRQV�EHWZHHQ�HFRORJ\�
DQG�VSHFLDWLRQ� LQ�SODQWV��)LUVW�� OLPLWHG�VHHG�GLVSHUVDO� LV�DQ�
LPSRUWDQW�GHWHUPLQDQW�RI�WKH�VSDWLDO�VFDOHV�RI�JHQH�IORZ�DQG�

JHQHWLF�GLIIHUHQWLDWLRQ�ZLWKLQ�VSHFLHV��ZKLFK�LQ�WXUQ�FDQ�EH�
NH\�SUHFXUVRUV�WR�VSHFLDWLRQ��2WKHU�WKLQJV�EHLQJ�HTXDO��OLQ�
HDJHV�ZLWK�PRUH�UHVWULFWHG�GLVSHUVLELOLW\�VKRXOG�VSHFLDWH�PRUH�
IUHTXHQWO\�DQG�DW�ILQHU�VSDWLDO�VFDOHV��0HWD�DQDO\VHV�E\�.LVHO�
	�%DUUDFORXJK��������VKRZ�WKDW�WKH�PLQL�PXP�DUHD�IRU�LQ�VLWX�
VSHFLDWLRQ�GRHV�LQFUHDVH�ZLWK�WKH�VSDWLDO�VFDOH�RI�JHQH�IORZ�LQ�
YDULRXV�RUJDQ�LVPV��1RZ�ZH�QHHG�VWXGLHV�WR�WHVW�ZKHWKHU�WKH�
UDWHV�DQG�VSDWLDO�VFDOHV�RI�VSHFLDWLRQ�LQ�YDULRXV�SODQW�OLQHDJHV�
LQFUHDVH�ZLWK�WKH�LQWUDVSHFLILF�VSDWLDO�VFDOHV�RI�JHQH�IORZ�DQG�
JHQHWLF�GLIIHUHQWLD�WLRQ�LQ�WKRVH�JURXSV��(VSHFLDOO\�LPSRUWDQW�
ZRXOG�EH�ILHOG�WHVWV�IRFXVLQJ�RQ�FODGHV�LQ�ZKLFK�WKH�PHFKDQ�
LVP�DQG�HFRORJ\�RI�VHHG�GLVSHUVDO�YDULHV��H�J���WKH�+DZDLLDQ�
OREHOLDGV���DQG�RQ�FRPSDULVRQV�RI�WKH�UDWHV�RI�GLYHUVL�ILFDWLRQ�
DQG�LQWUDVSHFLILF�VFDOHV�RI�JHQH�IORZ�DQG�JHQHWLF�GLIIHUHQWLD�
WLRQ�LQ�YHUWHEUDWH��YV��ZLQG�GLVSHUVHG�FODGHV�LQ�WURSLFDO�IRUHVW�
XQGHUVWRULHV�DQG�WKHLU�UHODWLYHV�LQ�IRUHVW�JDSV�RU�RSHQ�KDELWDWV��
&RRUGLQDWHG�VWXGLHV�RI�VSHFLDWLRQ��HQGHPLVP��DQG�WKH�VSDWLDO�
VFDOH�RI�JHQH�IORZ�DFURVV�VHYHUDO�OLQHDJHV�ZLWK�ODUJH�YV��VPDOO�
VHHGV��DQG�LQ�DUHDV�ZKHUH�SDVVLYH�VHHG�GLVSHUVDO�GRPLQDWHV�
�H�J���&DOLIRUQLD�)ORULVWLF�3URYLQFH��&DSH�)ORULVWLF�3URYLQFH��
WHSXL�VXPPLWV��PLJKW�EH�SDUWLFXODUO\�LOOXPLQDWLQJ�

6HFRQG��DGDSWLYH�UDGLDWLRQ�FOHDUO\�KHOSV�LQFUHDVH�VSHFLHV�
ULFKQHVV�LQ�VHYHUDO�SODQW�FODGHV��EXW²FRQWUDU\�WR�WKH�GHILQL�
WLRQ�RIIHUHG�E\�6FKOXWHU�������²GRHV�QRW�PDWHULDOO\�DIIHFW�
GLYHUVLILFDWLRQ�LQ�RWKHUV��)XWXUH�VWXGLHV�QHHG�WR�DGGUHVV�WHVW�
DEOH�K\SRWKHVHV�DERXW�WKH�UHODWLYH�VL]H�RI�WKH�LPSDFW�RI�DGDS�
WLYH�UDGL�DWLRQ�RQ�VSHFLDWLRQ� LQ�GLIIHUHQW� OLQHDJHV��EDVHG�RQ�
WKHLU�WLPHV�RI�RULJLQ��ORFDO�HFRORJLFDO�GRPLQDQFH��SUHVHQFH�RI�
FRPSHWLWRUV��VSDWLDO�H[WHQW�RI�HQYLURQPHQWV�LQKDELWHG��VSDWLDO�
VFDOH�RI�GLVSHUVDO��DQG�UHVRXUFHV�SUHVHQW��,Q�WKH�FRPLQJ�\HDUV��
GHULYDWLRQ�RI�PROHFXODU�SK\ORJHQLHV�IRU�DOO�SODQW�OLQHDJHV�RQ�
SDUWLFXODU�LVODQGV�RU�DUFKLSHODJRHV��H�J���+DZDLL��DQG�ULJRU�
RXV�FDOLEUDWLRQ�RI�WKHVH�DJDLQVW�WLPH�PLJKW�\LHOG�VHYHUDO�QHZ�
LQVLJKWV��HVSHFLDOO\�LI�FRPSOHPHQWHG�E\�IRVVLO�HYLGHQFH�RQ�WKH�
UHODWLYH�DEXQGDQFH�RI�GLIIHUHQW�JURXSV�WKURXJK�WLPH��5LJRURXV�
QXOO�PRGHOV�RI�FRPPXQLW\�DVVHPEO\�YLD�DGDSWLYH�UDGLDWLRQ�
RU�QHXWUDO�SURFHVVHV�DUH�QHHGHG�WR�HYDOXDWH�WKH�FDXVHV�RI�WKH�
GLVWULEXWLRQ�RI�VSHFLHV�DFURVV�OLQHDJHV��PRGHOV�WKDW�FRQIXVH�
QHXWUDOLW\�ZLWK�FRPSOH[LW\��L�H���ZLWK�WKH�RSHUDWLRQ�RI�VHYHUDO�
QLFKH�EDVHG�GHWHUPLQLVWLF�IRUFHV��VXFK�DV�WKH�ILW�WR�D�³QHXWUDO´�
PRGHO�RI�WKH�/DPELU�GDWD�RQ�WKH�UHODWLYH�DEXQGDQFH�RI�WURSLFDO�
WUHHV�LQWHJUDWHG�DFURVV�D�VRLO�HFRWRQH�E\�9RONRY�	�DO���������
PXVW�EH�DYRLGHG��7KH�LPSDFW�RQ�VSHFLDWLRQ�RI�DGDSWLYH�UDGLD�
WLRQ�LQ�SDWKRJHQ�UHVLVWDQFH�LV�DQ�H[FLWLQJ�DUHD�WKDW�QHHGV�IXU�
WKHU�H[SORUDWLRQ��5LFNOHIV��������DUJXHV�WKDW�VKDUHG�SDWKRJHQV�
EHQLJQ�WR�RQH�KRVW�EXW�OHWKDO�WR�D�VLVWHU�VSHFLHV�ZRXOG�SUHYHQW�
VHFRQGDU\�FRQWDFW�DQG�WKXV�VORZ�GLYHUVLILFDWLRQ��2Q�WKH�RWKHU�
KDQG��DV�DUJXHG�KHUH�DQG�E\�*LYQLVK��������DQG�$JUDZDO�	�DO��
�����D�E���WKH�HYROXWLRQ�RI�VSHFLDOL]HG�SDWKRJHQV�PLJKW�LQVWHDG�
DFFHOHUDWH�GLYHUVLILFDWLRQ�LQ�KRVW�OLQHDJHV�E\�VHOHFWLQJ�IRU�LP�
PXQLW\�WR�WKRVH�SDWKRJHQV��OHDGLQJ�WR�DGDSWLYH�UDGLDWLRQ�LQ�
WKH�NLQGV�RI�HQHP\�IUHH�VSDFH��:KLFK�LV�WKH�GRPLQDQW�IRUFH"�
)LQDOO\��ZH�QHHG�PRUH�VWXGLHV�RQ�KRZ�WKH�WHPSR�RI�DGDSWLYH�
UDGLDWLRQ�FKDQJHV�WKURXJK�WLPH�DV�WKH�YROXPH�RI�HFRORJLFDO�
VSDFH�RFFXSLHG�E\�D�OLQHDJH�LQFUHDVHV��:KDW�LV�WKH�HYLGHQFH�
IRU�HFRORJLFDO�VDWXUDWLRQ"�2YHU�ZKDW�WLPH�VFDOHV�GRHV�VXFK�
VDWXUDWLRQ�RFFXU��DQG�LQ�ZKDW�FLUFXPVWDQFHV"
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7KLUG��HFRORJLFDO�VSHFLDWLRQ�LQ�SODQWV�PD\�DULVH�WKURXJK�
VHOHFWLRQ�IRU�GLYHUJHQFH�LQ�SROOLQDWRUV��SURYLGHG�WKDW�WKH�UHVXOW�
LQJ�UHSURGXFWLYH�EDUULHU�LV�QRW�WRR�OHDN\�DQG�RU�LV�EUHDNLQJ�LW�LV�
DVVRFLDWHG�ZLWK�D�VXEVWDQWLDO�ILWQHVV�GHILFLW��L�H���GXH�WR�XQDW�
WUDFWLYH�IORZHUV�RI�LQWHUPHGLDWH�IRUP���,W�PLJKW�EH�XVHIXO��KRZ�
HYHU��WR�LQYHVWLJDWH�VRPH�PRGHO�FDVHV²VXFK�DV�D�VSHFLHV�ZKRVH�
UDQJH�LV�HPEHGGHG�LQ�WKDW�RI�LWV�SXWDWLYH�VLVWHU�DQFHVWRU��DQG�LQ�
ZKLFK�WKH�WZR�WD[D�GLIIHU�LQ�SROOLQDWRUV�RU�IORZHULQJ�SKHQRO�
RJ\²WR�H[FOXGH�RWKHU�PHFKDQLVPV�DV�GULYLQJ�VSHFLDWLRQ��(YHQ�
LQ�FDVHV�ZKHUH�UHSURGXFWLYH�LVRODWLRQ�LV�UDWKHU�HDVLO\�DFKLHYHG��
GXH�WR�WKH�VLPSOLFLW\�RI�JHQHWLF�FRQWURO�RYHU�IORZHUV�DGDSWHG�WR�
GLIIHUHQW�SROOLQDWRUV��H�J���0LPXOXV�FDUGLQDOLV�DQG�0��OHZLVLL�
>%UDGVKDZ�	�DO���������6FKHPVNH�	�%UDGVKDZ������@���LW�VHHPV�
OLNHO\�WKDW�LQLWLDO�GLYHUJHQFH�ZLOO�RFFXU�LQ�DOORSDWU\�RU�SHULSDWU\��
ZLWK�VXEVHTXHQW�UHSURGXFWLYH�DQG�HFRORJLFDO�UHLQIRUFH�PHQW�
LQ�VHFRQGDU\�V\PSDWU\��&R\QH�	�2UU���������([SHULPHQWDO�
HYLGHQFH�LV�QHHGHG�WR�GHWHUPLQH�ZKHWKHU�GLYHUJHQFH�LQ�IORUDO�
IRUP�LV�DFWXDOO\�WKH�GULYHU�EHKLQG�VSHFLDWLRQ��RU�LQVWHDG�WUDLOV�
VKLIWV�LQ�RWKHU�LVRODWLQJ�PHFKDQLVPV��H�J���GLIIHUHQFHV�LQ�KDELWDW��
WKDW�LQFLGHQWDOO\�VHOHFW�IRU�GLIIHUHQW�NLQGV�RI�IORZHUV�

)RXUWK��K\EULGL]DWLRQ�FOHDUO\�SOD\V�DQ�LPSRUWDQW�UROH�LQ�
SODQW�VSHFLDWLRQ��DV�KLJKOLJKWHG�E\�D�ODUJH�QXPEHU�RI�UHFHQW�
VWXGLHV��HVSHFLDOO\�RQ�+HOLDQWKXV�DQG�,ULV��*LYHQ�WKDW�WKH�OLNH�
OLKRRG�RI�WUDQVJUHVVLYH�K\EULGL]DWLRQ�LQFUHDVHV�ZLWK�JHQHWLF�
GLYHUJHQFH�EHWZHHQ�SDUHQWDO�WD[D��DQG�WKDW�WKH�FKDQFH�RI�VXFK�
DQ�LQLWLDO�PDWLQJ�GHFOLQHV�ZLWK�JHQHWLF�GLVWDQFH�EHWZHHQ�WKH�
SDUHQWV��RQH�TXHVWLRQ�QRZ�QHHGLQJ�JUHDWHU�VWXG\�LV�KRZ�ODUJH�LV�
WKH�³VZHHW�VSRW´�IRU�K\EULG�VSHFLDWLRQ"�,V�WKH�UDQJH�RI�JHQHWLF�
GLVWDQFHV�RYHU�ZKLFK�PDWLQJ�FDQ�RFFXU�DQG�OHDG�WR�WUDQVJUHVVLYH�
JHQH�H[SUHVVLRQ��WKXV�LQFUHDVLQJ�WKH�FKDQFH�RI�UHSURGXFWLYH�DQG�
HFRORJLFDO�LVRODWLRQ�IURP�WKH�SDUHQWDO�WD[D��UHODWLYHO\�VPDOO��RU�
LV�WKHUH�D�ZLGH�UDQJH�RI�LQLWLDO�JHQHWLF�GLYHUJHQFH�WKDW�FDQ�OHVV�
WR�WUDQVJUHVVLYH�K\EULGL]DWLRQ�DQG�VSHFLDWLRQ"�*LYHQ�WKDW�WKH�
FKDQFH�RI�SRO\SORLG�K\EULG�VSHFLDWLRQ²IRU�H[DPSOH��WKURXJK�
IRUPDWLRQ�RI�WHWUDSORLG�K\EULGV²YLV�j�YLV�KRPRSORLG�K\EULG�
L]DWLRQ�LQFUHDVHV�ZLWK�JHQHWLF�GLVWDQFH�EHWZHHQ�WKH�SDUHQWDO�
WD[D��3DXQ�	�DO����������ZKDW�LPSDFW�GRHV�SRO\SORLG�IRUPDWLRQ�
KDYH�RQ�WKH�IRUPDWLRQ�RI�WUDQVJUHVVLYH�KRPRSORLG�K\EULGV"�
)LQDOO\��WKH�PRVW�LQWHUHVWLQJ�DUHD�QHHGLQJ�IXUWKHU�VWXG\�LV�WKH�
V\QJDPHRQ�K\SRWKHVLV��WKH�LGHD�WKDW�PDQ\�EXUVWV�RI�VSHFLDWLRQ�
DQG�RU�DGDSWLYH�UDGLDWLRQ�PD\�EH�SUHFHGHG�E\�WUDQVJUHVVLYH�
K\EULGL]DWLRQ��EULQJLQJ�WRJHWKHU�JHQHWLF�YDULDQWV�LQ�WZR�VSHFLHV�
DQG�LQFUHDVLQJ�WKH�UDQJH�RI�SKHQRW\SLF�H[SUHVVLRQ�E\�HDFK�LQ�
D�QRYHO�JHQH�WLF�EDFNJURXQG��9HUQH�*UDQW��������EHOLHYHG�WKDW�
UHFXUUHQW�FURVVLQJ�LQ�K\EULG�VZDUPV²V\QJDPHRQV²DQG�WKH�
UHVXOWLQJ�JHQHWLF�DQG�PRUSKRORJLFDO�GLYHUVLW\�LW�VSDZQHG�OD\�
EHKLQG�WKH�JUHDW�VSHFLHV�GLYHUVLW\�RI�VHYHUDO�ODUJH�JHQHUD��H�J���
$TXLOHJLD��*LOLD��,ULV��0LPXOXV��3LQXV��4XHUFXV���DQG�UHFHQW�
UHVHDUFK�KDV�VXJJHVWHG�WKDW�V\QJDPHRQV�PD\�KDYH�SOD\HG�D�
UROH�LQ�VHYHUDO�RWKHU�DGDSWLYH�UDGLDWLRQV�LQ�SODQW�DQG�DQLPDO�
JURXSV��5LJRURXV�UHFRQVWUXFWLRQV�RI�K\EULGL]DWLRQ�HYHQWV�DQG�
DQDO\VHV�RI�WKH�UDWHV�RI�VSHFLDWLRQ�DQG�SKHQRW\SLF�GLYHUJHQFH�
EHIRUH�DQG�DIWHU�VXFK�HYHQWV�LQ�VHYHUDO�OLQHDJHV�DUH�QRZ�QHHGHG�

)LQDOO\�� FRPSDUDWLYH� VWXGLHV� VXJJHVW� WKDW� WKH� UDWHV� RI�
QHW�VSHFLHV�GLYHUVLILFDWLRQ�ZLWKLQ�OLQHDJHV��DQG�WKH�VWDQGLQJ�
OHYHOV�RI�VSHFLHV�ULFKQHVV�LQ�SDUWLFXODU�OLQHDJHV�DQG�UHJLRQV�
PD\��LQ�VHYHUDO�LQVWDQFHV��EH�SUHGLFWHG�EDVHG�RQ�HFRORJLFDO�

FRQVWUDLQWV��7KH�VWURQJ�QHJDWLYH�FRUUHODWLRQ�EHWZHHQ�DSSDU�
HQW�UDWHV�RI�QHW�VSHFLHV�GLYHUVLILFDWLRQ�DQG�FODGH�DJH�DSSHDU�
WR�EH�D�PLUDJH��FDXVHG�E\�DXWRUHJUHVVLQJ��OQ�1����W��RU�LWV�QHDU�
HTXLYDOHQW�IRU�PRUH�FRPSOH[�PRGHOV�WKDQ�VLPSOH�H[SRQHQWLDO�
JURZWK��DJDLQVW� W��)XUWKHUPRUH��WKH�DEVHQFH�RI�D�FRUUHODWLRQ�
EHWZHHQ�VSHFLHV�QXPEHU�DQG�FODGH�DJH�JHQHUDOO\��VHH�DERYH��
DUJXHV�DJDLQVW�UDWHV�RI�QHW�GLYHUVLILFDWLRQ�EHLQJ�FRQVWDQW��RU�EH�
LQJ�DQ�LPSRUWDQW�FRQVWUDLQW�RQ�VSHFLHV�ULFKQHVV��)XWXUH�VWXGLHV�
VKRXOG�HYDOXDWH�ZKHWKHU�WKH�GLYHUVLILFDWLRQ�UDWH�ZLWKLQ�OLQHDJHV�
IDOO�WKURXJK�WLPH��DV�H[SHFWHG��DQG�ZKHWKHU²FRQWUDU\�WR�WKH�
SDWWHUQV�GHPRQVWUDWHG�KHUH�IRU�QLQH�FODGHV�RQ�+DZDLL²GLYHU�
VLILFDWLRQ�LV�KLJKHU�LQ�ROGHU�FODGHV�RQ�D�JLYHQ�LVODQG�RU�DUFKL�
SHODJR��,W�ZRXOG�DOVR�EH�H[WUHPHO\�LQWHUHVWLQJ�WR�VHH�ZKHWKHU�WKH�
WRWDO�HQHUJ\�LQYHVWHG�LQ�FKHPLFDO�GHIHQVHV�SHU�XQLW�OHDI�PDVV�LV�
LQYHUVHO\�UHODWHG�WR�SKRWRV\QWKHWLF�UDWH��OHDI�K\GUDXOLF�FRQGXF�
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+DSHPDQ��-�5��	�,QRX\H��.��������3ODQW�SROOLQDWRU�LQWHUDFWLRQ�LQ�3ODW�
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FHDH���3ODFHPHQW��PDMRU�OLQHDJHV��DQG�HYROXWLRQ�RI�&KLOHDQ�VSHFLHV��
$PHU��-��%RW���������±����

-DQ]HQ��'�+��������7URSLFDO�EODFNZDWHU�ULYHUV��DQLPDOV��DQG�PDVW�IUXLW�
LQJ�LQ�WKH�'LSWHURFDUSDFHDH��%LRWURSLFD������±����

-RKQVRQ��/�$���&KDQ��/�0���:HHVH��7�/���%XVE\��/�'��	�0F0XUU\��
6��������1XFOHDU�DQG�FS'1$�VHTXHQFHV�FRPELQHG�SURYLGH�VWURQJ�
LQIHUHQFH�RI�SK\ORJHQHWLF�UHODWLRQVKLSV�LQ�WKH�SKOR[�IDPLO\��3RO�
HPRQLDFHDH���0ROHF��3K\ORJ��(YRO���������±�����

-RKQVRQ��0�7�-���6PLWK��6�'��	�5DXVKHU��0�'��������3ODQW�VH[�DQG�WKH�
HYROXWLRQ�RI�SODQW�GHIHQVHV�DJDLQVW�KHUELYRUHV��3URF��1DWO��$FDG��
6FL��8�6�$������������±������

-RKQVRQ��6�'��������3ROOLQDWLRQ��DGDSWDWLRQ�DQG�VSHFLDWLRQ�PRGHOV�LQ�
WKH�&DSH�IORUD�RI�6RXWK�$IULFD��7D[RQ�������±���

-RKQVRQ��6�'��������%DWHVLDQ�PLPLFU\�LQ�WKH�QRQ�UHZDUGLQJ�RUFKLG�
'LVD�SXOFKUD��DQG�LWV�FRQVHTXHQFHV�IRU�SROOLQDWRU�EHKDYLRXU��%LRO��
-��/LQQ��6RF���������±����

-RKQVRQ��6�'��������6SHFLDOL]HG�SROOLQDWLRQ�E\�VSLGHU�KXQWLQJ�ZDVSV�
LQ�WKH�$IULFDQ�RUFKLG�'LVD�VDQNH\L��3O��6\VW��(YRO����������±����

-RKQVRQ��6�'��������3ROOLQDWRU�GULYHQ�VSHFLDWLRQ�LQ�SODQWV��3S�����±����
LQ��+DUGHU��/�'��	�%DUUHWW��6�&�+���HGV����7KH�HFRORJ\�DQG�HYROXWLRQ�
RI�IORZHUV��2[IRUG��2[IRUG�8QLY��3UHVV�

-RKQVRQ��6�'��������7KH�SROOLQDWLRQ�QLFKH�DQG�LWV�UROH�LQ�WKH�GLYHUVLILFD�
WLRQ�DQG�PDLQWHQDQFH�RI�WKH�VRXWKHUQ�$IULFDQ�IORUD��3KLORV��7UDQV���
6HU��%����������±����

-RKQVRQ��6�'��	�%URZQ��0��������7UDQVIHU�RI�SROOLQDULD�RQ�ELUGV¶�IHHW��
$�QHZ�SROOLQDWLRQ�V\VWHP�LQ�RUFKLGV��3O��6\VW��(YRO����������±����

-RKQVRQ��6�'���+DUJUHDYHV��$�/��	�%URZQ��0��������'DUN�ELWWHU�
WDVWLQJ�QHFWDU�IXQFWLRQV�DV�D�ILOWHU�RI�IORZHU�YLVLWRUV�LQ�D�ELUG�
SROOLQDWHG�SODQW��(FRORJ\���������±�����

-RKQVRQ��6�'���/LQGHU��+�3��	�6WHLQHU��.�(��������3K\ORJHQ\�DQG�
UDGLDWLRQ�RI�SROOLQDWLRQ�V\VWHPV�LQ�'LVD��2UFKLGDFHDH���$PHU��-��
%RW���������±����

-RUJHQVHQ��7�+��	�2OHVRQ��-�0��������$GDSWLYH�UDGLDWLRQ�RI�LVODQG�
SODQWV��(YLGHQFH�IURP�$HRQLXP��&UDVVXODFHDH��RI�WKH�&DQDU\�,V�
ODQGV��3HUVSHFW��3O��(FRO��(YRO��6\VW�������±���

.DOLV]��6���1DVRQ��-�'���+DQ]DZD��)�0��	�7RQVRU��6�-��������6SDWLDO�
SRSXODWLRQ�JHQHWLF�VWUXFWXUH�LQ�7ULOOLXP�JUDQGLIORUXP��7KH�UROHV�RI�
GLVSHUVDO��PDWLQJ��KLVWRU\��DQG�VHOHFWLRQ��(YROXWLRQ���������±�����

.DVVHQ��5���/OHZHOO\Q��0��	�5DLQH\��3�%��������(FRORJLFDO�FRQ�
VWUDLQWV�RQ�GLYHUVLILFDWLRQ�LQ�D�PRGHO�DGDSWLYH�UDGLDWLRQ��1DWXUH�
��������±����

.D\��.�0���5HHYHV��3�$���2OPVWHDG��5�*��	�6FKHPVNH��'�:��������
5DSLG�VSHFLDWLRQ�DQG�WKH�HYROXWLRQ�RI�KXPPLQJELUG�SROOLQDWLRQ�LQ�
1HRWURSLFDO�&RVWXV�VXEJHQXV�&RVWXV��&RVWDFHDH���(YLGHQFH�IURP�
QU'1$�,76�DQG�(76�VHTXHQFHV��$PHU��-��%RW����������±�����

.D\��.�0��	�6FKHPVNH��'�:��������3ROOLQDWRU�DVVHPEODJHV�DQG�YLVLWD�
WLRQ�UDWHV�IRU����VSHFLHV�RI�1HRWURSLFDO�&RVWXV��&RVWDFHDH���%LR�
WURSLFD��������±����

.D\��.�0���9RHOFNHO��&���<DQJ��-�<���+XIIRUG��.�0���.DVND��'�'��	�
+RGJHV��6�$��������)ORUDO�FKDUDFWHUV�DQG�VSHFLHV�GLYHUVLILFDWLRQ��
3S�����±����LQ��+DUGHU��/�'��	�%DUUHWW��6�&�+����HGV����7KH�HFRORJ\�
DQG�HYROXWLRQ�RI�IORZHUV��2[IRUG��2[IRUG�8QLY��3UHVV�

.LP��6��&���&UDZIRUG��'�-���)UDQFLVFR�2UWHJD��-��	�6DQWRV�*XHUUD��
$��������$�FRPPRQ�RULJLQ�IRU�ZRRG\�6RQFKXV�DQG�ILYH�UHODWHG�JHQ�
HUD�LQ�WKH�0DFDURQHVLDQ�LVODQGV��0ROHFXODU�HYLGHQFH�IRU�H[WHQVLYH�
UDGLDWLRQ��3URF��1DWO��$FDG��6FL��8�6�$����������±�����

.LP��6��&���0F*RZHQ��0�5���/XELQVN\��3���%DUEHU��-�&���0RUW��0�(��
	�6DQWRV�*XHUUD��$��������7LPLQJ�DQG�WHPSR�RI�HDUO\�DQG�VXF�
FHVVLYH�DGDSWLYH�UDGLDWLRQV�LQ�0DFDURQHVLD��3OR6�21(����H�����

.LVHO��<��	�%DUUDFORXJK��7�*��������6SHFLDWLRQ�KDV�D�VSDWLDO�VFDOH�WKDW�
GHSHQGV�RQ�OHYHOV�RI�JHQH�IORZ��$PHU��1DWXUDOLVW���������±����

.ODN��&���5HHYHV��*��	�+HGGHUVRQ��7��������8QPDWFKHG�WHPSR�RI�
HYROXWLRQ�LQ�6RXWKHUQ�$IULFDQ�VHPL�GHVHUW�LFH�SODQWV��1DWXUH������
��±���

.QR[��(�%���0XDV\D��$�0��	�0XFKKDOD��1��������7KH�SUHGRPLQDQWO\�
6RXWK�$PHULFDQ�FODGH�RI�/REHOLDFHDH��6\VW��%RW���������±����
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*LYQLVK���(FRORJ\�RI�SODQW�VSHFLDWLRQ7$;21����������2FWREHU�����������±����

.RQWXOD��7���.LULOFKLN��6�9��	�9DLQROD��5��������(QGHPLF�GLYHUVLILFD�
WLRQ�RI�WKH�PRQRSK\OHWLF�FRWWRLG�ILVK�VSHFLHV�IORFN�LQ�/DNH�%DLNDO��
0ROHF��3K\ORJ��(YRO���������±����

.UDIW��1�-�%���%DOGZLQ��%�*��	�$FNHUO\��'�'��������5DQJH�VL]H��WD[RQ�
DJH�	�KRWVSRWV�RI�QHRHQGHPLVP�LQ�WKH�&DOLIRUQLD�IORUD��'LYHUV��
'LVWU���������±����

.UDXVV��6�/���+H��7���%DUUHWW��/�*���/DPRQW��%�%���(QULJKW��1�-���
0LOOHU��%�3��	�+DQOH\��0�(��������&RQWUDVWLQJ�LPSDFWV�RI�SRO�
OHQ�DQG�VHHG�GLVSHUVDO�RQ�VSDWLDO�JHQHWLF�VWUXFWXUH�LQ�WKH�ELUG�
SROOLQDWHG�%DQNVLD�KRRNHULDQD��+HUHGLW\���������±����

.UHIW��+��	�-HW]��:��������*OREDO�SDWWHUQV�DQG�GHWHUPLQDQWV�RI�YDVFX�
ODU�SODQW�GLYHUVLW\��3URF��1DWO��$FDG��6FL��8�6�$�����������±�����

.UHIW��+���-HW]��:���0XWNH��-���.LHU��*��	�%DUWKORWW��:��������*OREDO�
GLYHUVLW\�RI�LVODQG�IORUDV�IRU�D�PDFURHFRORJLFDO�SHUVSHFWLYH��(FRO��
/HWW���������±����

.UXFNHEHUJ��$�5��������,QWUDVSHFLILF�YDULDELOLW\�LQ�WKH�UHVSRQVH�RI�
FHUWDLQ�QDWLYH�SODQW�VSHFLHV�WR�VHUSHQWLQH�VRLO��$PHU��-��%RW������
���±����

.UXFNHEHUJ��$�5��������&DOLIRUQLD�VHUSHQWLQHV��)ORUD��YHJHWDWLRQ��
JHRORJ\��VRLOV��DQG�PDQDJHPHQW�SUREOHPV��%HUNHOH\��8QLY��&DOL�
IRUQLD�3UHVV�

.XUVDU��7�$���'H[WHU��.�*���/RNYDP��-���3HQQLQJWRQ��5�7���5LFKDUG�
VRQ��-�(���:HEHU��0�*���0XUDNDPL��(�7���'UDNH��&���0F*UHJRU��
5��	�&ROH\��3�'��������7KH�HYROXWLRQ�RI�DQWLKHUELYRUH�GHIHQVHV�DQG�
WKHLU�FRQWULEXWLRQ�WR�VSHFLHV�FRH[LVWHQFH�LQ�WKH�WURSLFDO�WUHH�JHQXV�
,QJD��3URF��1DWO��$FDG��6FL��8�6�$������������±������

/DFN��'��������'DUZLQ¶V�ILQFKHV��&DPEULGJH��8�.���&DPEULGJH�8QLY��
3UHVV�

/DFN��'�/��������(FRORJLFDO�LVRODWLRQ�LQ�ELUGV��/RQGRQ��0HWKXHQ�
/DQGH��5��������4XDQWLWDWLYH�JHQHWLF�DQDO\VLV�RI�PXOWLYDULDWH�HYROX�

WLRQ��DSSOLHG�WR�EUDLQ�ERG\�VL]H�DOORPHWU\��(YROXWLRQ��������±����
/HH��&���.LP��6��&���/XQG\��.��	�6DQWRV�*XHUUD��$��������&KOR�

URSODVW�'1$�SK\ORJHQ\�RI�WKH�ZRRG\�6RQFKXV�DOOLDQFH��$VWHUD�
FHDH��6RQFKLQDH��LQ�WKH�0DFDURQHVLDQ�,VODQGV��$PHU��-��%RW������
����±�����

/HQJ\HO��6���*RYH��$�'���/DWLPHU��$�0���0DMHU��-�'��	�'XQQ��5�5��
������$QWV�VRZ�WKH�VHHGV�RI�JOREDO�GLYHUVLILFDWLRQ�LQ�IORZHULQJ�
SODQWV��3OR6�21(����H�����

/HYH\��'�-��	�6WLOHV��)�*��������/D�6HOYD��HFRORJ\�DQG�QDWXUDO�KLVWRU\�
RI�D�1HRWURSLFDO�UDLQ�IRUHVW��3S�����±����LQ��0F'DGH��/���%DZD��
.�-���+HVSHQKHLGH��+�$��	�+DUWVKRUQ��*�6���HGV����%LUGV��(FRORJ\��
EHKDYLRU��DQG�WD[RQRPLF�DIILQLWLHV��&KLFDJR��8QLY��&KLFDJR�3UHVV�

/HYLQ��'�$��������7KH�RULJLQ��H[SDQVLRQ��DQG�GHPLVH�RI�SODQW�VSHFLHV��
2[IRUG��2[IRUG�8QLY��3UHVV�

/HYLQ��'�$���)UDQFLVFR�2UWHJD��-��	�-DQVHQ��5�.��������+\EULGL]D�
WLRQ�DQG�WKH�H[WLQFWLRQ�RI�UDUH�SODQW�VSHFLHV��&RQV��%LRO��������±���

/HYLQ��'�$��	�.HUVWHU��+�:��������1DWXUDO�VHOHFWLRQ�IRU�UHSURGXFWLYH�
LVRODWLRQ�LQ�3KOR[��(YROXWLRQ��������±����

/HZLV��+��������&DWDVWURSKLF�VHOHFWLRQ�DV�D�IDFWRU�LQ�VSHFLDWLRQ��(YROX�
WLRQ��������±����

/HZLV��+��������6SHFLDWLRQ�LQ�IORZHULQJ�SODQWV��6FLHQFH���������±����
/H[HU��&���/DL��=��	�5LHVHEHUJ��/�+��������&DQGLGDWH�JHQH�SRO\PRU�

SKLVPV�DVVRFLDWHG�ZLWK�VDOW�WROHUDQFH�LQ�ZLOG�VXQIORZHU�K\EULGV��
,PSOLFDWLRQV�IRU�WKH�RULJLQ�RI�+HOLDQWKXV�SDUDGR[XV��D�GLSORLG�K\�
EULG�VSHFLHV��1HZ�3K\WRO����������±����

/H[HU��&���:HOFK��0���'XUSK\��-�/��	�5LHVHEHUJ��/�+������D��1DWXUDO�
VHOHFWLRQ�IRU�VDOW�WROHUDQFH�47/�LQ�ZLOG�VXQIORZHU�K\EULGV��,PSOLFD�
WLRQV�IRU�WKH�RULJLQ�RI�+HOLDQWKXV�SDUDGR[XV��D�KRPRSORLG�K\EULG�
VSHFLHV��0ROHF��(FRO����������±�����

/H[HU��&���:HOFK��0���5D\PRQG��2��	�5LHVHEHUJ��/�+������E��7KH�
RULJLQV�RI�HFRORJLFDO�GLYHUJHQFH�LQ�+HOLDQWKXV�SDUDGR[XV��$V�
WHUDFHDH���6HOHFWLRQ�RQ�WUDQVJUHVVLYH�FKDUDFWHUV�LQ�D�QRYHO�K\EULG�
KDELWDW��(YROXWLRQ���������±�����

/LQGHU��+�3��������*HQH�IORZ��VSHFLDWLRQ��DQG�VSHFLHV�GLYHUVLW\�SDWWHUQV�
LQ�D�VSHFLHV�ULFK�DUHD��7KH�&DSH�IORUD��3S����±���LQ��9UED��6���HG����
6SHFLHV�DQG�VSHFLDWLRQ��3UHWRULD��7UDQVYDDO�0XVHXP�

/LQGHU��+�3��������0RUSKRORJ\�DQG�WKH�HYROXWLRQ�RI�ZLQG�SROOLQDWLRQ��

3S�����±����LQ��2ZHQV��6�-��	�5XGDOO��3�-���HGV����5HSURGXFWLYH�
ELRORJ\�LQ�V\VWHPDWLFV��FRQVHUYDWLRQ�DQG�HFRQRPLF�ERWDQ\��.HZ��
5R\DO�%RWDQLF�*DUGHQV�

/LQGHU��+�3��������7KH�UDGLDWLRQ�RI�WKH�&DSH�IORUD��VRXWKHUQ�$IULFD��
%LRO��5HY���������±����

/LQGHU��+�3��������7KH�HYROXWLRQ�RI�GLYHUVLW\��7KH�&DSH�IORUD��7UHQGV�
3O��6FL���������±����

/LQGHU��+�3��������,QYHVWLJDWLQJ�WKH�HYROXWLRQ�RI�IORUDV��3UREOHPV�DQG�
SURJUHVV²DQ�LQWURGXFWLRQ��'LYHUV��'LVWU�������±��

/LQGHU��+�3��������3ODQW�VSHFLHV�UDGLDWLRQV��:KHUH��ZKHQ��DQG�ZK\"�
3KLORV��7UDQV���6HU��%����������±�����

/LQGHU��+�3��	�0LGJHO\��-�-��������$QHPRSKLORXV�SODQWV�VHOHFW�SROOHQ�
IURP�WKHLU�RZQ�VSHFLHV�IRUP�WKH�DLU��2HFRORJLD��������±���

/LQGTYLVW��&��	�$OEHUW��9�$��������2ULJLQ�RI�WKH�+DZDLLDQ�HQGHPLF�
PLQWV�ZLWKLQ�1RUWK�$PHULFDQ�6WDFK\V��/DPLDFDH���$PHU��-��%RW��
��������±�����

/LQGTYLVW��&���0RWOH\��7�-���-HIIUH\��-�-��	�$OEHUW��9�$��������&ODGR�
JHQHVLV�DQG�UHWLFXODWLRQ�LQ�WKH�HQGHPLF�+DZDLLDQ�PLQWV��/DPLD�
FHDH���&ODGLVWLFV��������±����
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ODQGVFDSH�JHQHWLFV�DQG�WKH�DGDSWLYH�UDGLDWLRQ�RI�'DUZLQ¶V�ILQFKHV��
7KH�UROH�RI�SHULSKHUDO�LVRODWLRQ��0ROHF��(FRO����������±�����

3KLOOLSV��2��	�0LOOHU��-�6��������*OREDO�SDWWHUQV�RI�SODQW�GLYHUVLW\��
$OZ\Q�+��*HQWU\¶V�IRUHVW�WUDQVHFW�GDWD�VHW��6W��/RXLV��0LVVRXUL�
%RWDQLFDO�*DUGHQ�3UHVV�

3LOORQ��<���0XQ]LQJHU��-���$PLU��+���+RSNLQV��+�&�)��	�&KDVH��0�:��
������5HWLFXODWH�HYROXWLRQ�RQ�D�PRVDLF�RI�VRLOV��'LYHUVLILFDWLRQ�RI�
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3LUHV��-�&��	�+HUWZHFN��.�/��������$�UHQDLVVDQFH�RI�F\WRJHQHWLFV��
6WXGLHV�LQ�SRO\SORLG\�DQG�FKURPRVRPDO�HYROXWLRQ��$QQ��0LVVRXUL�
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LQ�D�ZLQG�SROOLQDWHG�WUHH��4XHUFXV�OREDWD��)DJDFHDH���)RUHVW�(FRO��
0DQDJHP����������±����

3UDQFH��*�7��������9HJHWDWLRQ��3S����±���LQ��:KLWPRUH��7�&��	�3UDQFH��
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RORJ\�DQG�SK\ORJHQ\�VXJJHVW�UHFHQW�GLYHUJHQFH��3URF��5R\��6RF��
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3ULFH��-�3��	�:DJQHU��:�/��������6SHFLDWLRQ�LQ�+DZDLLDQ�DQJLRVSHUP�
OLQHDJHV��&DXVH��FRQVHTXHQFH��DQG�PRGH��(YROXWLRQ���������±�����
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*LYQLVK���(FRORJ\�RI�SODQW�VSHFLDWLRQ7$;21����������2FWREHU�����������±����

5DERVN\��'�/������D��(FRORJLFDO�OLPLWV�RQ�FODGH�GLYHUVLILFDWLRQ�LQ�
KLJKHU�WD[D��$PHU��1DWXUDOLVW���������±����

5DERVN\��'�/������E��(FRORJLFDO�OLPLWV�DQG�GLYHUVLILFDWLRQ�UDWH��$O�
WHUQDWLYH�SDUDGLJPV�WR�H[SODLQ�WKH�YDULDWLRQ�LQ�VSHFLHV�ULFKQHVV�
DPRQJ�FODGHV�DQG�UHJLRQV��(FRO��/HWW���������±����

5DERVN\��'�/��	�/RYHWWH��,�-��������'HQVLW\�GHSHQGHQW�GLYHUVLILFDWLRQ�
LQ�1RUWK�$PHULFDQ�ZRRG�ZDUEOHUV��3URF��5R\��6RF��/RQGRQ��6HU��
%���%LRO��6FL�����������±�����

5DMDNDUXQD��1��������7KH�HGDSKLF�IDFWRU�LQ�WKH�RULJLQ�RI�SODQW�VSHFLHV��
,QW��*HRO��5HY���������±����

5DMDNDUXQD��1���6LGGLTL��0�<���:KLWWRQ��-���%RKP��%�$��	�*ODVV��
$�'�0��������'LIIHUHQWLDO�UHVSRQVHV�WR�1D��.��DQG�&D���0J���
LQ�WZR�HGDSKLF�UDFHV�RI�WKH�/DVWKHQLD�FDOLIRUQLFD��$VWHUDFHDH��
FRPSOH[��$�FDVH�IRU�SDUDOOHO�HYROXWLRQ�RI�SK\VLRORJLFDO�WUDLWV��1HZ�
3K\WRO���������±����

5DPVH\��-���%UDGVKDZ��+�'��	�6FKHPVNH��'�:��������&RPSRQHQWV�RI�
UHSURGXFWLYH�LVRODWLRQ�EHWZHHQ�WKH�PRQNH\IORZHUV�0LPXOXV�OHZLVLL�
DQG�0��FDUGLQDOLV��6FURSKXODULDFHDH���(YROXWLRQ���������±�����

5DPVD\��-��	�6FKHPVNH��'�:��������3DWKZD\V��PHFKDQLVPV��DQG�UDWHV�
RI�SRO\SORLG�IRUPDWLRQ�LQ�IORZHULQJ�SODQWV��$QQXDO�5HY��(FRO��6\VW��
�������±����

5DPVD\��-��	�6FKHPVNH��'�:��������1HRSRO\SORLG\� LQ�IORZHULQJ�
SODQWV��$QQXDO�5HY��(FRO��6\VW����������±����

5DYHQ��3�+��	�$[HOURG��'�,��������2ULJLQ�DQG�UHODWLRQVKLSV�RI�WKH�
&DOLIRUQLD�IORUD��8QLY��&DOLI��3XEO��%RW�������±����

5DYLJQp��9���'LHFNPDQQ��8��	�2OLYLHUL��,��������/LYH�ZKHUH�\RX�
WKULYH��-RLQW�HYROXWLRQ�RI�KDELWDW�FKRLFH�DQG�ORFDO�DGDSWDWLRQ�ID�
FLOLWDWHV�VSHFLDOL]DWLRQ�DQG�SURPRWHV�GLYHUVLW\��$PHU��1DWXUDOLVW�
�����(���±(����

5HH��5�+��������'HWHFWLQJ�WKH�KLVWRULFDO�VLJQDWXUH�RI�NH\�LQQRYDWLRQV�
XVLQJ�VWRFKDVWLF�PRGHOV�RI�FKDUDFWHU�HYROXWLRQ�DQG�FODGRJHQHVLV��
(YROXWLRQ��������±����

5HJDO��3�-��������3ROOLQDWLRQ�E\�ZLQG�DQG�DQLPDOV²HFRORJ\�RI�JHR�
JUDSKLF�SDWWHUQV��$QQXDO�5HY��(FRO��6\VW���������±����

5HQDXOW��6���1ROWH��$�:��	�%HUQDWFKH]��/��������*HQH�H[SUHVVLRQ�
GLYHUJHQFH�DQG�K\EULG�PLVH[SUHVVLRQ�EHWZHHQ�ODNH�ZKLWHILVK�VSH�
FLHV�SDLUV��&RUHJRQXV�VSS��6DOPRQLGDH���0ROHF��%LRO��(YRO������
���±����

5LFH��%��	�:HVWRE\��0��������3ODQW�VSHFLHV�ULFKQHVV�DW�WKH�����KHFW�
DUH�VFDOH�LQ�$XVWUDOLDQ�YHJHWDWLRQ�FRPSDUHG�WR�RWKHU�FRQWLQHQWV��
9HJHWDWLR��������±����

5LFKDUGV��3�:��������7KH�WURSLFDO�UDLQ�IRUHVW��$Q�HFRORJLFDO�VWXG\��
&DPEULGJH��8�.���&DPEULGJH�8QLY��3UHVV�

5LFKPDQ��$�'��	�3ULFH��7�'��������(YROXWLRQ�RI�HFRORJLFDO�GLIIHUHQFHV�
LQ�WKH�2OG�:RUOG�OHDI�ZDUEOHUV��1DWXUH���������±����

5LFNOHIV��5�(��������6SHFLDWLRQ�DQG�GLYHUVLW\��,QWHJUDWLRQ�RI�ORFDO�DQG�UH�
JLRQDO�SURFHVVHV��3S�����±����LQ��2WWH��'��	�(QGOHU��-�$���HGV����6SH�
FLDWLRQ�DQG�LWV�FRQVHTXHQFHV��6XQGHUODQG��0DVVDFKXVHWWV��6LQDXHU�

5LFNOHIV��5�(��������(YROXWLRQDU\�GLYHUVLILFDWLRQ�DQG�WKH�RULJLQ�RI�WKH�
GLYHUVLW\�HQYLURQPHQW�UHODWLRQVKLS��(FRORJ\�����6�±6���

5LFNOHIV��5�(��������(YROXWLRQDU\�GLYHUVLILFDWLRQ��FRHYROXWLRQ�EHWZHHQ�
SRSXODWLRQV�DQG�WKHLU�DQWDJRQLVWV��DQG�WKH�ILOOLQJ�RI�QLFKH�VSDFH��
3URF��1DWO��$FDG��6FL��8�6�$�����������±�����

5LFNOHIV��5�(��	�%HUPLQJKDP��(��������(YROXWLRQDU\�UDGLDWLRQV�RI�
SDVVHULQH�ELUGV�LQ�DUFKLSHODJRHV��$PHU��1DWXUDOLVW���������±����

5LFNOHIV��5�(��	�5HQQHU��6�6��������6SHFLHV�ULFKQHVV�ZLWKLQ�IDPLOLHV�
RI�IORZHULQJ�SODQWV��(YROXWLRQ���������±�����

5LFNOHIV��5�(��	�5HQQHU��6�6��������(YROXWLRQDU\�IOH[LELOLW\�DQG�IORZ�
HULQJ�SODQW�IDPLOLDO�GLYHUVLW\��$�FRPPHQW�RQ�'RGG��6LOYHUWRZQ��
DQG�&KDVH��(YROXWLRQ���������±�����

5LFNOHIV��5�(��	�6WDUN��-�0��������$SSOLFDWLRQV�RI�SK\ORJHQHWLFDOO\�
LQGHSHQGHQW�FRQWUDVWV��$�PL[HG�SURJUHVV�UHSRUW��2LNRV��������±����

5LHVHEHUJ��/�+��������+RPRSORLG�UHWLFXODWH�HYROXWLRQ�LQ�+HOLDQWKXV�
�$VWHUDFHDH���(YLGHQFH�IURP�ULERVRPDO�JHQHV��$QQXDO�5HY��(FRO��
6\VW���������±����

5LHVHEHUJ��/�+��������+\EULG�RULJLQV�RI�SODQW�VSHFLHV��$QQXDO�5HY��
(FRO��6\VW���������±����

5LHVHEHUJ��/�+��������&URVVLQJ�UHODWLRQVKLSV�DPRQJ�DQFLHQW�DQG�H[�
SHULPHQWDO�VXQIORZHU�K\EULG�OLQHDJHV��(YROXWLRQ��������±����

5LHVHEHUJ��/�+��������+\EULG�VSHFLDWLRQ�LQ�ZLOG�VXQIORZHUV��$QQ��
0LVVRXUL�%RW��*DUG��������±���

5LHVHEHUJ��/�+��������(YROXWLRQ��5HSODFLQJ�JHQHV�DQG�WUDLWV�WKURXJK�
K\EULGL]DWLRQ��&XUU��%LRO������5���±5����

5LHVHEHUJ��/�+���$UFKHU��0�$��	�:D\QH��5�.��������7UDQVJUHVVLYH�
VHJUHJDWLRQ��DGDSWDWLRQ��DQG�VSHFLDWLRQ��+HUHGLW\��������±����

5LHVHEHUJ��/�+���%HFNVWURP�6WHUQEHUJ��6��	�'RDQ��.������D��+HOL�
DQWKXV�DQQXV�VVS��WH[DQXV�KDV�FKORURSODVW�'1$�DQG�QXFOHDU�ULER�
VRPDO�51$�JHQHV�RI�+HOLDQWKXV�GHELOLV�VVS��FXFXPHULIROLXV��3URF��
1DWO��$FDG��6FL��8�6�$���������±����

5LHVHEHUJ��/�+���%HFNVWURP�6WHUQEHUJ��6���/LVWRQ��$��	�$ULDV��'��
����D��3K\ORJHQHWLF�DQG�V\VWHPDWLF�LQIHUHQFHV�IURP�FKORURSODVW�
'1$�DQG�LVR]\PH�YDULDWLRQ�LQ�+HOLDQWKXV�VHFW��+HOLDQWKXV��6\VW��
%RW��������±���

5LHVHEHUJ��/�+��	�&DUQH\��6�(��������3ODQW�K\EULGL]DWLRQ��1HZ�3K\WRO��
��������±����

5LHVHEHUJ��/�+���&DUWHU��5��	�=RQD��6������E��0ROHFXODU�WHVWV�RI�
WKH�K\SRWKHVL]HG�K\EULG�RULJLQ�RI�WZR�GLSORLG�+HOLDQWKXV�VSHFLHV�
�$VWHUDFHDH���(YROXWLRQ���������±�����

5LHVHEHUJ��/�+���&KRL��+��	�+DP��'������E��'LIIHUHQWLDO�F\WRSODVPLF�
YHUVXV�QXFOHDU�JHQH�IORZ�LQ�+HOLDQWKXV��-��+HUHGLW\��������±����

5LHVHEHUJ��/�+��	�*HUEHU��'��������+\EULGL]DWLRQ�LQ�WKH�&DWDOLQD�
0DKRJDQ\��&HUFRFDUSXV�WUDVNLDH���5$3'�HYLGHQFH��&RQV��%LRO��
������±����

5LHVHEHUJ��/�+���5D\PRQG��2���5RVHQWKDO��'�0���/DL��=���/LYLQJ�
VWRQH��.���1DND]DWR��7���'XUSK\�� -�/���6FKZDU]EDFK��$�(���
'RQRYDQ��/�$��	�/H[HU��&��������0DMRU�HFRORJLFDO�WUDQVLWLRQV�
LQ�DQQXDO�VXQIORZHUV�IDFLOLWDWHG�E\�K\EULGL]DWLRQ��6FLHQFH������
����±�����

5LHVHEHUJ��/�+���6LQHUYR��%���/LQGHU��&�5���8QJHUHU��0��	�$ULDV��
'�0��������5ROH�RI�JHQH�LQWHUDFWLRQV�LQ�K\EULG�VSHFLDWLRQ��(YLGHQFH�
IURP�DQFLHQW�DQG�H[SHULPHQWDO�K\EULGV��6FLHQFH���������±����

5LHVHEHUJ��/�+���6ROWLV��'�(��	�3DOPHU��-�'��������$�PROHFXODU�UHH[�
DPLQDWLRQ�RI�LQWURJUHVVLRQ�EHWZHHQ�+HOLDQWKXV�DQQXXV�DQG�+��ER�
ODQGHUL��(YROXWLRQ��������±����

5LOH\��+�3��������$�FKDUDFWHU�DQDO\VLV�RI�FRORQLHV�RI�,ULV�IXOYD��,ULV�
KH[DJRQD�YDU��JLJDQWLFDHUXOHD�DQG�QDWXUDO�K\EULGV��$PHU��-��%RW��
�������±����

5RELFKDX[��5�+���&DUU��*�'���/LHEPDQ��0��	�3HDUF\��5�:��������
$GDSWLYH�UDGLDWLRQ�RI�WKH�+DZDLLDQ�VLOYHUVZRUG�DOOLDQFH��&RP�
SRVLWDH²0DGLLQDH���(FRORJLFDO��PRUSKRORJLFDO��DQG�SK\VLRORJLFDO�
GLYHUVLW\��$QQ��0LVVRXUL�%RW��*DUG��������±���

5RFN��-�)��������$�PRQRJUDSKLF�VWXG\�RI�WKH�+DZDLLDQ�VSHFLHV�RI�WKH�
WULEH�/REHOLRLGHDH�� IDPLO\�&DPSDQXODFHDH��+RQROXOX��%LVKRS�
0XVHXP�

5RGUtJXH]�*LURQpV��0�$��	�/ODQGUHV��$�/��������5HVRXUFH�FRP�
SHWLWLRQ�WULJJHUV�WKH�FRHYROXWLRQ�RI�ORQJ�WRQJXHV�DQG�GHHS�FRUROOD�
WXEHV��3/R6�21(����H�����

5RKGH��.��������/DWLWXGLQDO�JUDGLHQWV�LQ�VSHFLHV�GLYHUVLW\²WKH�VHDUFK�
IRU�WKH�SULPDU\�FDXVH��2LNRV��������±����

5RVHQWKDO��'�0���6FKZDU]EDFK��$�(���'RQRYDQ��/�$���5D\PRQG��
2��	�5LHVHEHUJ��/�+��������3KHQRW\SLF�GLIIHUHQWLDWLRQ�EHWZHHQ�
WKUHH�DQFLHQW�K\EULG�WD[D�DQG�WKHLU�SDUHQWDO�VSHFLHV��,QW��-��3O��6FL��
��������±����

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

5XQGHOO��5�-��	�3ULFH��7�'��������$GDSWLYH�UDGLDWLRQ��QRQDGDSWLYH�
UDGLDWLRQ��HFRORJLFDO�VSHFLDWLRQ��QRQHFRORJLFDO�VSHFLDWLRQ��7UHQGV�
(FRO��(YRO���������±����

5XQGOH��+�'��	�1RVLO��3��������(FRORJLFDO�VSHFLDWLRQ��(FRO��/HWW�����
���±����

5XQGOH��+�'��	�6FKOXWHU��'��������5HLQIRUFHPHQW�RI�VWLFNOHEDFN�PDWH�
SUHIHUHQFHV��6\PSDWU\�EUHHGV�FRQWHPSW��(YROXWLRQ��������±����

6DNDL��$�.���:DJQHU��:�/���)HUJXVRQ��'�0��	�+HUEVW��'�5��������
7KH�RULJLQ�RI�GLRHF\�LQ�WKH�+DZDLLDQ�IORUD��(FRORJ\���������±�����
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