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 Abstract
*HQLWDOLD�FDQ�EH�GH¿QLQJ�WUDLWV�IRU�PDQ\�VSHFLHV�ZLWK�LQWHUQDO�IHUWLOL]DWLRQ��
,Q�JHQHUDO��JHQLWDOLD�RI�PDOHV�DQG�IHPDOHV�W\SLFDOO\�FRHYROYH��DV�FRSXOD-
WLRQ�LV�RQH�RI�WKH�PRVW�PHFKDQLFDOO\�GLUHFW�LQWHUDFWLRQV�LQ�ELRORJ\��6QDNHV��
LQ� SDUWLFXODU�� KDYH� TXLWH� FRPSOH[� DQG� HODERUDWH� JHQLWDOLD�� 0DOH� VQDNHV�
SRVVHVV� SDLUHG� FRSXODWRU\� RUJDQV�� NQRZQ� DV� KHPLSHQHV�� 7KHUH� LV� LP-
PHQVH�YDULDWLRQ� LQ� WKHVH� VWUXFWXUHV�� LQFOXGLQJ� VSLQHV�� VFRRSV�� VL]H�� DQG�
WKH�SUHVHQFH�RI�ELOREHV��)HPDOHV�DFFRUGLQJO\�KDYH�FRPSOHPHQWDU\�YDULD-
WLRQ�LQ�JHQLWDO�VWUXFWXUHV��7KUHH�K\SRWKHVHV�H[LVW�WR�H[SODLQ�WKLV�YDULDWLRQ�
DQG�FRHYROXWLRQ��WKH�ORFN�DQG�NH\�K\SRWKHVLV��VH[XDO�FRQÀLFW��DQG�FU\SWLF�
IHPDOH� FKRLFH�� ,Q� DQ�DWWHPSW� WR� LGHQWLI\� WKH�PDLQ�GULYHU� RI� WKLV� YDULDWLRQ�
DQG�FRHYROXWLRQ��WKLV�UHYLHZ�ZLOO� LQYHVWLJDWH�HDFK�RI�WKHVH�K\SRWKHVHV�WR�
H[SODLQ� JHQLWDOLD� YDULDQFH�� DQG� LW�ZLOO� HYDOXDWH� WKH� SULPDU\� HYLGHQFH� EH-
KLQG�HDFK�RI�WKHP��3UHVHQW�HYLGHQFH�PDMRUO\�VXSSRUWV�WKH�VH[XDO�FRQÀLFW�
K\SRWKHVLV�DQG�WKH� ORFN�DQG�NH\�K\SRWKHVLV��8OWLPDWHO\��KRZHYHU�� IXUWKHU�
UHVHDUFK� RQ� IHPDOH� VQDNH� JHQLWDOLD�� DQG� RQ� VQDNH� JHQLWDOLD� LQ� JHQHUDO��
VKRXOG� EH� FRPSOHWHG�� DV� WKHUH� DUH� VWLOO� PDQ\� XQDQVZHUHG� TXHVWLRQV�

Introduction
,Q�PDQ\�DQLPDOV�ZLWK�H[WHUQDO�JHQLWDOLD�DQG�LQWHUQDO�IHUWLOL]DWLRQ��WKH�JHQL-
WDOV�DUH�RIWHQ�HODERUDWH�DQG�XQLTXH��0DOHV�W\SLFDOO\�KDYH�LQWURPLWWHQW�FRSX-
ODWRU\�RUJDQV��DQG�IHPDOHV�KDYH�DQ�LQWHUQDO�JHQLWDO�WUDFW�ZKLFK�UHFHLYHV�WKH�
PDOH� LQWURPLWWHQW� FRSXODWRU\� RUJDQ� GXULQJ� FRSXODWLRQ�� 7UDGLWLRQDOO\��PDOH�
JHQLWDOLD�KDYH�EHHQ�FRQVLGHUHG�PRUH�GLYHUVH�DQG�YDULDEOH��FRPSDUHG� WR�
IHPDOH�JHQLWDOLD��(EHUKDUG��������)HPDOH�JHQLWDOLD�KDYH�QRW�EHHQ�FRQVLG-
HUHG�DV�YDULDEOH�GXH�WR�ODFN�RI�UHVHDUFK��SULPDULO\�GXH�WR�PDOH�UHVHDUFKHU�
ELDV�DQG�WKH�KLGGHQ�QDWXUH�RI�IHPDOH�JHQLWDOLD��$K�.LQJ�HW�DO��������%UHQ-
QDQ�	�3UXP��������)XUWKHUPRUH�� IHPDOH�JHQLWDOLD�FDQ�EH�FRPSOLFDWHG�WR�
VWXG\��DV�WKH\�DUH�VXEMHFW�WR�RWKHU�VHOHFWLYH�SUHVVXUHV��7KH�IHPDOH�UHSUR-
GXFWLYH�WUDFW�QRW�RQO\�UHFHLYHV�WKH�PDOH�LQWURPLWWHQW�FRSXODWRU\�RUJDQ�GXULQJ�
FRSXODWLRQ�� EXW� LW� DOVR� SHUIRUPV� ELUWKLQJ� IXQFWLRQV�� VSHUP� VWRUDJH�� DQG�
RYLSRVLWLQJ��%UHQQDQ�	�3UXP��������'HVSLWH�WKHVH�PXOWLSOH�IXQFWLRQV��IH-
PDOH�JHQLWDOLD�DUH�VWLOO�FRQVLGHUHG�YDULDEOH�HQRXJK�IRU�FRHYROXWLRQ�WR�RFFXU�
�%UHQQDQ�������%UHQQDQ�	�3UXP��������:KHQ�GLVFXVVLQJ�JHQLWDO�FRHYR-
OXWLRQ��LW�LV�YLWDO�WR�KDYH�YDULDWLRQ�LQ�ERWK�WKH�PDOH�DQG�WKH�IHPDOH�JHQLWDOLD�
� � � � *HQLWDO� FRHYROXWLRQ� RFFXUV�ZKHQ� HYROXWLRQDU\� FKDQJHV� LQ� RQH� VH[¶V�
JHQLWDOLD�GULYHV�HYROXWLRQDU\�FKDQJH�LQ�WKH�RSSRVLWH�VH[¶V�JHQLWDOLD��%UHQ-
QDQ�	�3UXP��������$V�FRSXODWLRQ�LV�RQH�RI�WKH�PRVW�PHFKDQLFDOO\�VSHFL¿F�
LQWHUDFWLRQV� EHWZHHQ� LQGLYLGXDOV�� JHQLWDOLD� RI� WKH�PDOH� DQG� IHPDOH�PXVW�
HYROYH�FORVHO\�WRJHWKHU�LQ�RUGHU�IRU�FRSXODWLRQ�WR�EH�VXFFHVVIXO��%UHQQDQ�
������%UHQQDQ�	�3UXP��������,QLWLDOO\��&KDUOHV�'DUZLQ�SURSRVHG�WKDW�QDW-
XUDO� VHOHFWLRQ� LQÀXHQFHV� JHQLWDO� FRHYROXWLRQ�� DV� FRSXODWLRQ� LV� D� IXQFWLRQ�
RI� JDPHWH� WUDQVIHU� DQG� LV� QHFHVVDU\� IRU� VXFFHVVIXO� UHSURGXFWLRQ� �'DU-
ZLQ�������� ,Q�DGGLWLRQ� WR�QDWXUDO�VHOHFWLRQ��JHQLWDO�FRHYROXWLRQ�FDQ�RFFXU�
WKURXJK�RWKHU�PHFKDQLVPV��VXFK�DV�VH[XDO�VHOHFWLRQ��([SHULPHQWDO�HYR-
OXWLRQ�KDV�FRQ¿UPHG� WKDW�JHQLWDO�FRHYROXWLRQ�RFFXUV�XQGHU�VH[XDO�VHOHF-
WLRQ� SUHVVXUHV� DQG� WKURXJK� PDWH� FKRLFH� �6LPPRQV� 	� *DUFLD�*RQ]DOH]�
�������1RQHWKHOHVV��WKHUH�DUH�WKUHH�K\SRWKHVHV�WKDW�DUH�IUHTXHQWO\�XVHG�
WR�H[SODLQ�WKH�URRWV�RI�JHQLWDO�FRHYROXWLRQ�WKDW�LQFRUSRUDWH�ERWK�QDWXUDO�DQG�
VH[XDO�VHOHFWLRQ��ORFN�DQG�NH\��VH[XDO�FRQÀLFW��DQG�FU\SWLF�IHPDOH�FKRLFH��
� � � �7KH� ORFN�DQG�NH\�K\SRWKHVLV� LV� WKH�PRVW�SRSXODUO\�NQRZQ�K\SRWKHVLV�
UHJDUGLQJ�JHQLWDO�FRHYROXWLRQ��(EHUKDUG��������7KLV�K\SRWKHVLV�SURSRVHV�
WKDW�JHQLWDO�FRHYROXWLRQ�RFFXUV� WKURXJK�QDWXUDO�VHOHFWLRQ� LQ�RUGHU� WR�SUH-
YHQW� K\EULGL]DWLRQ� DQG� WR� UHLQIRUFH� UHSURGXFWLYH� LVRODWLRQ� �'XIRXU� ������
(EHUKDUG�������6KDSLUR�	�3RUWHU� �������7KLV� LV� DGYDQWDJHRXV�EHFDXVH�
K\EULGL]DWLRQV�FDQ�EH�TXLWH�FRVWO\��HVSHFLDOO\� IRU� IHPDOHV��DV� WKH\� ORVH�D�
ODUJH� LQYHVWPHQW� LI� WKH\�SURGXFH�DQ� LQYLDEOH�RU�XQ¿W� RIIVSULQJ� IURP�PDW-
LQJ�ZLWK�D�KHWHURVSHFL¿F�PDOH��(EHUKDUG�������� ,W�FDQ�DOVR�EH�FRVWO\� IRU�
PDOHV��DOWKRXJK�WR�D�OHVVHU�H[WHQW��DV�WKH\�GR�QRW�W\SLFDOO\�LQYHVW�DV�PXFK�
LQ� WKH� RIIVSULQJ� DV� IHPDOHV� GR� �%DWHPDQ� ������� 7KXV�� WKH� JHQLWDOLD� FR-
HYROYH� WR� RQO\� ¿W� ZLWK� WKH� ORFN� RU� NH\� RI� WKHLU� RZQ� VSHFLHV� �%UHQQDQ� 	�

3UXP��������8QGHU�WKLV�K\SRWKHVLV��WKH�JHQLWDOLD�DUH�H[SHFWHG�WR�KDYH�D�
FORVH�PHFKDQLFDO�¿W�GXULQJ�FRSXODWLRQ�DQG�VSHFL¿F�FRHYROXWLRQ�RI�JHQLWDO�
VKDSH��%UHQQDQ�	�3UXP��������,W�ZRXOG�DOVR�EH�H[SHFWHG�WKDW�WKLV�ZRXOG�
RFFXU�ZKHQ�FORVHO\�UHODWHG�VSHFLHV�DUH�OLYLQJ�LQ�V\PSDWU\��DV�WKLV�LV�ZKHQ�
WKH� ULVN�RI�K\EULGL]DWLRQ�ZRXOG�EH� WKH�KLJKHVW��7KH� ORFN�DQG�NH\�K\SRWK-
HVLV�WHQGV�WR�EH�UHIXWHG��KRZHYHU��DV�IHPDOH�JHQLWDOLD�DUH�QRW�YLHZHG�DV�
YDULDEOH�HQRXJK�WR�SRVVHVV�VSHFLHV�VSHFL¿F�ORFNV��(EHUKDUG��������7KLV�
FODLP�LV�ODUJHO\�EDVHG�RQ�WKH�IDFW�WKDW�IHPDOH�JHQLWDOLD�DUH�ODUJHO\�XQGHU-
VWXGLHG��GXH�WR�PDOH�UHVHDUFKHU�ELDV�DQG�WKH�KLGGHQ�QDWXUH�RI�IHPDOH�JHQ-
LWDOLD��$K�.LQJ�HW�DO���������+RZHYHU��WKHUH�LV�QRZ�HYLGHQFH�WKDW�GHPRQ-
VWUDWHV� WKH� IDOVLW\� LQ� WKLV�FODLP��DQG� WKDW� IHPDOH�JHQLWDOLD�DUH� LQ� IDFW�DOVR�
YDULDEOH��6LPPRQV��������:LWK�YDULDWLRQ�LQ�ERWK�PDOH�DQG�IHPDOH�JHQLWDOLD��
WKHUH� LV� D� JRRG� IRXQGDWLRQ� IRU� VXSSRUWLQJ� WKH� ORFN�DQG�NH\� K\SRWKHVLV�
����$QRWKHU�K\SRWKHVLV�WKDW�FDQ�H[SODLQ�JHQLWDO�FRHYROXWLRQ�LV�VH[XDO�FRQ-
ÀLFW��ZKLFK�UHVXOWV�LQ�VH[XDOO\�DQWDJRQLVWLF�FRHYROXWLRQ��LQLWLDWLQJ�D�FRHYR-
OXWLRQDU\�DUPV�UDFH��8QGHU� WKLV�K\SRWKHVLV��PDOHV�DQG� IHPDOHV�FRPSHWH�
IRU�FRQWURO�RYHU�UHSURGXFWLRQ��EXW�WKH�JHQLWDO�DGDSWDWLRQV�WKDW�EHQH¿W�HDFK�
VH[�DUH�GHWULPHQWDO�WR�WKH�RSSRVLWH�VH[��&KDSPDQ�HW�DO��������(EHUKDUG�
������� 6H[XDO� FRQÀLFW� PD\� RFFXU� WKURXJK� PDOH�PDOH� FRPSHWLWLRQ� IRU� D�
VXFFHVVIXO� IHUWLOL]DWLRQ� RU� WKURXJK� QDWXUDO� VHOHFWLRQ� RQ� IHPDOH� EHKDYLRU��
SK\VLRORJ\��RU�PRUSKRORJ\��DOORZLQJ� WKH� IHPDOH� WR� UHGXFH�SK\VLFDO�KDUP�
RU� UHVLVW� FRHUFLRQ� �%UHQQDQ� 	� 3UXP� ������� 2QH� RI� WKH� EHVW�NQRZQ� H[-
DPSOHV�RI�VH[XDOO\�DQWDJRQLVWLF�FRHYROXWLRQ�LV�LQ�ZDWHUIRZO��ZKHUH�PDOHV�
DUH� IRUFHIXO� LQ� WKHLU�PDWLQJ� DWWHPSWV� ZLWK� IHPDOHV�� WKLV� FRPHV� DW� D� GLV-
DGYDQWDJH�WR�WKH�IHPDOH��%UHQQDQ�HW�DO���������0DOHV�KDYH�D�FRUNVFUHZ�
VKDSHG�SHQLV�DQG�IHPDOHV�KDYH�D�YDJLQD�VKDSHG�LQ�D�ZD\�WR�SUHYHQW�FR-
HUFLYH�PDWLQJ�DWWHPSWV� IURP� WKH�PDOHV� �%UHQQDQ�HW�DO���������+HUH�� WKH�
JHQLWDOLD� RI� WKH�PDOH� DQG� IHPDOH�ZDWHUIRZO� RSSRVH� HDFK� RWKHU�� DV� WKH\�
¿JKW� WR� JDLQ� FRQWURO� RYHU� FRSXODWLRQ�� ,W� FDQ� EH� H[SHFWHG� XQGHU� WKLV� K\-
SRWKHVLV� WKDW� WKH� IHPDOH�JHQLWDOLD�RU� ERG\�ZRXOG�EH�KDUPHG��EXW� WKDW� LV�
QRW� DOZD\V� WKH� FDVH� ZKHQ� JHQLWDOV� FRHYROYH� WKURXJK� VH[XDO� VHOHFWLRQ��
� � � �7KH�¿QDO�K\SRWKHVLV�WKDW�FDQ�H[SODLQ�JHQLWDO�FRHYROXWLRQ�LV�FU\SWLF�IH-
PDOH�FKRLFH��&)&���ZKLFK�RSHUDWHV� WKURXJK�VH[XDO�VHOHFWLRQ��8QGHU� WKLV�
K\SRWKHVLV�� JHQLWDO� FRHYROXWLRQ� RFFXUV� EHFDXVH� IHPDOHV� SUHIHU� FHUWDLQ�
VHQVRU\�VWLPXOL�IURP�PDOH�JHQLWDOLD�WR�IDFLOLWDWH�D�PDWH�FKRLFH�RU�EHFRPH�
SUHJQDQW� �%UHQQDQ�	�3UXP� ������� 6RPH� IHDWXUHV� RI� WKH�PDOH� JHQLWDOLD�
ZLOO� EH�PRUH� VWLPXODWLQJ�� DQG� WKXV�ZLOO� EH� VHOHFWHG� IRU� �(EHUKDUG� �������
,Q� GRPHVWLF� SLJV� �6XV� GRPHVWLFXV��� WKH� IHPDOHV� UHTXLUH� VWLPXODWLRQ�
IURP�D� ¿ODPHQW� RQ� WKH�PDOH� SHQLV� LQ� RUGHU� WR� EHFRPH�SUHJQDQW�� LI� WKH\�
GR� QRW� UHFHLYH� WKLV� VWLPXODWLRQ�� VXFK� DV� LQ� DUWL¿FLDO� LQVHPLQDWLRQ�� SUHJ-
QDQF\� UDWHV� GURS� �%RQHW� HW� DO�� ������� ,Q� WKLV� FDVH�� WKH� IHPDOH� QHHG� IRU�
VWLPXODWLRQ�GULYHV� WKH�HYROXWLRQ�RI�SHQLV�VKDSH��7KLV�K\SRWKHVLV�DOVR� UH-
TXLUHV� IHPDOH� SURPLVFXLW\�� DV� IHPDOHV� PXVW� EH� FKRRVLQJ� IURP� PXOWLSOH�
PDOHV��%UHQQDQ�	�3UXP��������$GGLWLRQDOO\��XQGHU� WKLV�K\SRWKHVLV��PDOH�
JHQLWDOLD� VKRXOG�QRW� KDUP� WKH� IHPDOHV�� DV� LW�PD\�XQGHU� WKH� VH[XDO� FRQ-
ÀLFW� K\SRWKHVLV� �)ULHVHQ� HW� DO�� ������� $OO� WKHVH� WKUHH� K\SRWKHVHV� PHQ-
WLRQHG²ORFN�DQG�NH\�� VH[XDO� FRQÀLFW�� DQG� FU\SWLF� IHPDOH� FKRLFH²FDQ�
EH� LQYHVWLJDWHG� IXUWKHU� LQ� VQDNHV²D� JRRG�PRGHO� IRU� VWXG\LQJ� JHQLWDOLD��
� � � � ,Q� VQDNHV� �FODVV�5HSWLOLD�� RUGHU� 6TXDPDWD��� WKH� JHQLWDOLD� DUH� HODER-
UDWH�DQG�XQLTXH��0DOH�VQDNHV�SRVVHVV�SDLUHG� LQWURPLWWHQW�FRSXODWRU\�RU-
JDQV��WHUPHG�KHPLSHQHV��DQG�IHPDOHV�DFFRUGLQJO\�KDYH�KHPLFOLWRUHV��DV�
ZHOO�DV�YDJLQDO�SRXFKHV��*UHGOHU�HW�DO���������+HPLSHQHV�H[WHQG�IURP�WKH�
ODWHUDO� HGJHV�RI� WKH�FORDFDO�RSHQLQJ�ZKHQ�HYHUWHG� �/HDO�	�&RKQ��������
7KHVH�SDLUHG�FRSXODWRU\�RUJDQV�DUH�SUHVHQW�LQ�OL]DUGV�DV�ZHOO��ZKLFK�DUH�
DOVR� SDUW� RI� WKH�5HSWLOLDQ� RUGHU�� 6TXDPDWD�� ,QWHUHVWLQJO\�� XQSDLUHG� LQWUR-
PLWWHQW� FRSXODWRU\� RUJDQV� DUH� SUHVHQW� LQ� WZR� RWKHU�5HSWLOLDQ� RUGHUV��7H-
VWXGLQHV� DQG� &URFRG\OLD�� EXW� QRW� WKH� RUGHU� ZKLFK� FRQWDLQV� WKH� WXDWDUD��
5K\QFKRFHSKDOLD� �*UHGOHU� HW� DO�� ������� 'XULQJ� HPEU\RQLF� GHYHORSPHQW��
KHPLSHQHV� DULVH� IURP� ODWHUDO� VZHOOLQJV� RQ� HDFK� VLGH� RI� WKH� FORDFD�� DQG�
DV� WKH�HPEU\R�GHYHORSV�� WKHVH�VZHOOLQJV�JURZ� WR� IRUP� WKH� ULJKW�DQG� OHIW�
KHPLSHQHV� �/HDO� 	� &RKQ� ������� 7KHVH� RUJDQV� XQGHUJR� IXUWKHU� GHYHO-
RSPHQW� DQG� GLIIHUHQWLDWLRQ� DV� WKH\� WUDQVIRUP� LQWR� WKHLU� PDWXUH� IRUP�
� � � �2QFH�VH[XDOO\�PDWXUH��ERWK�PDOH�DQG� IHPDOH�VQDNHV�KDYH� LPPHQVH�
JHQLWDO�YDULDWLRQ��ERWK� LQ�SK\VLFDO�VWUXFWXUH�DQG�DSSHDUDQFH��0DOH�VQDNH�
KHPLSHQHV� KDYH� EHHQ� SKRWRJUDSKLFDOO\� GRFXPHQWHG� WR� KDYH� VSLQHV��
VFRRSV�� DQG� ELOREHV�� RU� WR� KDYH� QR� FRPSOH[� VWUXFWXUHV� DW� DOO� �$QGRQRY�
HW� DO�� ������� 6LPLODUO\�� IHPDOH� JHQLWDOLD�� DOWKRXJK� VWLOO� ZLGHO\� XQGHUVWXG-
LHG� LQ� VQDNHV��KDYH�VRPH�GRFXPHQWHG�YDULDWLRQ�DV�ZHOO��)HPDOH�SRXFK�
PRUSKRORJLHV�DQG�YDJLQDO�VKDSHV�GLIIHU�DPRQJ�VSHFLHV��6KRZDOWHU�HW�DO��
������ 6LHJHO� HW� DO�� ������� 7KH� YDULDWLRQ� KDV� EHHQ� GRFXPHQWHG� DFURVV�
PDQ\� VQDNH� VSHFLHV� DQG� VXJJHVWV� D� FORVH� JHQLWDO� FRHYROXWLRQ�� +RZHY-
HU��LW�LV�VWLOO�XQNQRZQ�ZKDW�H[SODLQV�WKLV�JHQLWDO�YDULDWLRQ�DQG�FRHYROXWLRQ��

:KDW�H[SODLQV�JHQLWDO�YDULDWLRQ�LQ�VQDNHV"�
$�UHYLHZ�RI�WKH�K\SRWKHVHV�RI�JHQLWDO�FR-
HYROXWLRQ
Frances Rice
/DNH�)RUHVW�&ROOHJH
/DNH�)RUHVW��,OOLQRLV������
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DQG�ZKDW�WKH�PDLQ�IRUFH�RI�HYROXWLRQ�LV�EHKLQG�LW��,Q�DQ�DWWHPSW�WR�ORFDWH�
WKH�PDLQ�GULYHU�RI�WKLV�JHQLWDO�YDULDWLRQ�DQG�FRHYROXWLRQ�LQ�VQDNHV��WKLV�UH-
YLHZ�ZLOO�LQYHVWLJDWH�HDFK�RI�WKH�K\SRWKHVHV�WKDW�H[SODLQ�JHQLWDO�YDULDQFH�
DQG�FRHYROXWLRQ��DQG�LW�ZLOO�HYDOXDWH�WKH�SULPDU\�HYLGHQFH�EHKLQG�HDFK�RI�
WKHP��7KLV� UHYLHZ�ZLOO� EHJLQ�ZLWK� WKH�GLVFXVVLRQ�RI� HYLGHQFH�EHKLQG� WKH�
FODVVLF� K\SRWKHVLV� RI� JHQLWDO� FRHYROXWLRQ�� WKH� ORFN�DQG�NH\� K\SRWKHVLV��
,W� ZLOO� WKHQ� WUDQVLWLRQ� LQWR� WKH� WZR� RWKHU� K\SRWKHVHV�� VH[XDO� FRQÀLFW� DQG�
FU\SWLF� IHPDOH� FKRLFH�� DQG� KLJKOLJKW� WKH� HYLGHQFH� EHKLQG� HDFK� RI� WKHP�
Lock-and-key
7KH� ORFN�DQG�NH\� K\SRWKHVLV� VWDWHV� WKDW� JHQLWDOLD� RI�PDOHV� DQG� IHPDOHV�
HYROYHG�WR�SUHYHQW�D�FRVWO\�K\EULGL]DWLRQ�HYHQW�ZLWK�DQRWKHU�FORVHO\�UHODW-
HG�VSHFLHV�DQG�DOVR�WR�UHLQIRUFH�UHSURGXFWLYH�LVRODWLRQ��6KDSLUR�	�3RUWHU�
�������8QGHU�WKLV�K\SRWKHVLV��D�FORVH�PHFKDQLFDO�¿W�EHWZHHQ�WKH�JHQLWDOLD�
LV�H[SHFWHG��%UHQQDQ�	�3UXP��������,Q�VQDNHV��WKH�HYLGHQFH�IRU�WKH�ORFN�
DQG�NH\�K\SRWKHVLV�RI�JHQLWDOLD�FRHYROXWLRQ�LV�OLPLWHG��EXW�VWLOO�VXEVWDQWLDO��
����0RVW�EURDGO\�VSHDNLQJ��LQ�PDOH�VQDNHV��KHPLSHQHV�DUH�H[WUHPHO\�YDUL-
DEOH��LQ�UHJDUG�WR�WKHLU�VKDSH��SUHVHQFH�RI�VSLQHV��ZLGWK��DQG�OHQJWK��$Q-
GRQRY�HW�DO���������,Q�VLPSOHVW�WHUPV��LI�PDOH�KHPLSHQHV�SUHVHQW�VXFK�YDUL-
DWLRQ��LW�ZRXOG�PDNH�VHQVH�IRU�WKH�IHPDOH�JHQLWDOLD�WR�DOVR�EH�YDULDEOH��LQ�
RUGHU�WR�¿W�ZLWK�WKHVH�KHPLSHQHV��$FFRUGLQJO\��IHPDOH�VQDNH�JHQLWDOLD�KDYH�
VKRZQ�WR�EH�GLYHUVH��,Q�IHPDOH�VQDNHV��D�³SRXFK´�LV�SUHVHQW�LQ�WKH�UHSUR-
GXFWLYH�WUDFW��DQG�LW�LV�LQYROYHG�ZLWK�WKH�UHFHLYLQJ�RI�WKH�PDOH�FRSXODWRU\�RU-
JDQ��6LHJHO�HW�DO���������6LHJHO�DQG�FROOHDJXHV��������IRXQG�WKHVH�SRXFK-
HV�WR�EH�YDULDEOH�LQWHUVSHFL¿FDOO\�LQ�&ROXEULGDH�VQDNHV��7KLV�YDULDWLRQ�ZDV�
VXEVWDQWLDO��DV�VRPH�SRXFKHV�ZHUH�ELIXUFDWHG��VHSDUDWHG��RU�FODVVL¿HG�DV�
³VLPSOH�´�$FFRUGLQJ�WR�WKH�ORFN�DQG�NH\�K\SRWKHVLV��YDULDWLRQ�VKRXOG�H[LVW�
LQWHUVSHFL¿FDOO\��DV�WR�SUHYHQW�FRVWO\�K\EULGL]DWLRQ�HYHQWV��6KDSLUR�	�3RUWHU�
�������%HFDXVH�WKLV�YDULDWLRQ�ZDV�REVHUYHG�LQWHUVSHFL¿FDOO\��WKLV�HYLGHQFH�
VXSSRUWV�WKH�ORFN�DQG�NH\�K\SRWKHVLV��7KLV�VWXG\��KRZHYHU��GLG�QRW�LQYHVWL-
JDWH�LI�WKHVH�VSHFLHV�ZHUH�OLYLQJ�LQ�DOORSDWU\�RU�V\PSDWU\��RQO\�LI�WKH\�ZHUH�
OLYLQJ�LQ�V\PSDWU\�ZRXOG�WKLV�EH�VXEVWDQWLDO�HYLGHQFH�IRU�ORFN�DQG�NH\��DV�
FORVHO\�UHODWHG�V\PSDWULF�VSHFLHV�KDYH�WKH�KLJKHVW�UDWHV�RI�K\EULGL]DWLRQ������
� � � � )XUWKHU� HYLGHQFH� VXSSRUWV� JHQLWDO� YDULDWLRQ� LQ� IHPDOH� VQDNHV��ZKLFK�
LV�VXJJHVWLYH�RI�FRHYROXWLRQ��6KRZDOWHU�DQG�FROOHDJXHV��������LQYHVWLJDW-
HG� LQWHUVSHFL¿F�JHQLWDO� YDULDWLRQ� LQ� WZR�FORVHO\� UHODWHG� VSHFLHV�RI�ZDWHU-
VQDNHV� �Nerodia sipedon and Nerodia fasciata�� DQG�GLVFRYHUHG� WKDW� WKH�
YDJLQD� LV� GLIIHUHQW� LQ� WKHVH� WZR� VSHFLHV� OLYLQJ� LQ� V\PSDWU\��7KH� YDJLQDV�
ZHUH�ERWK�ELIXUFDWHG��EXW�WKH\�GLIIHUHG�HQRXJK�LQ�WKH�GHJUHH�RI�ELIXUFDWLRQ��
$V�WKHVH�VSHFLHV�DUH�FORVHO\�UHODWHG�DQG�OLYLQJ�LQ�V\PSDWU\��WKLV�HYLGHQFH�
JUHDWO\�VXSSRUWV�WKH�ORFN�DQG�NH\�K\SRWKHVLV��%HFDXVH�WKHVH�WZR�VSHFLHV�
DUH� DOUHDG\� VRPHZKDW� JHQHWLFDOO\� VLPLODU� DQG� OLYLQJ� LQ� V\PSDWU\�� IXUWKHU�
UHLQIRUFHPHQW�RI�UHSURGXFWLYH�LVRODWLRQ�LV�QHFHVVDU\�WR�SUHYHQW�D�FRVWO\�K\-
EULGL]DWLRQ�HYHQW��%UHQQDQ�	�3UXP��������*HQLWDOLD�VSHFL¿F�WR�HDFK�VSH-
FLHV� UHSUHVHQWV� WKDW� UHLQIRUFHPHQW��)XUWKHU�VXSSRUWLQJ� WKLV�K\SRWKHVLV� LV�
HYLGHQFH� IURP�.LQJ�DQG�FROOHDJXHV� �������ZKLFK�GHPRQVWUDWHV� WKDW� WKH�
PDOH�JHQLWDOLD�LQ�WKHVH�WZR�VSHFLHV�ZHUH�PRUSKRORJLFDOO\�VLPLODU��WKH\�ZHUH�
ELOREHG�LQ�DFFRUGDQFH�ZLWK�WKH�ELIXUFDWHG�IHPDOH�YDJLQD��.LQJ�HW�DO���������
$V�H[SHFWHG�XQGHU�WKH�ORFN�DQG�NH\�K\SRWKHVLV��WKH�PDOH�DQG�IHPDOH�JHQL-
WDOLD�LQ�WKHVH�WZR�ZDWHUVQDNH�VSHFLHV�GHPRQVWUDWH�D�PHFKDQLFDOO\�FORVH�¿W��
DOVR�NQRZQ�DV�FRSXODWRU\�DGMXVWPHQW��(GJUHQ�HW�DO���������WKXV�VXSSRUWLQJ�
WKDW� WKLV�K\SRWKHVLV�H[SODLQV� WKH�YDULDWLRQ�SUHVHQW� LQ� WKHVH� WZR�VSHFLHV�
$OWKRXJK� WKHUH� LV� VXEVWDQWLDO� HYLGHQFH� VXSSRUWLQJ� WKH� ORFN�DQG�NH\� K\-
SRWKHVLV�� WKHUH� LV�DOVR�VRPH�VWURQJ�HYLGHQFH�DJDLQVW� LW�� ,QJHU�DQG�0DU[��
WZR�KHUSHWRORJLVWV�IURP�WKH�)LHOG�0XVHXP�RI�1DWXUDO�+LVWRU\�LQ�&KLFDJR��
,OOLQRLV�� IRXQG� WKDW� WKH� JHQLWDOLD� RI�Calamaria lumbricoidea� �IDPLO\� &ROX-
EULGDH�� YDULHG� QRW� LQWHUVSHFL¿FDOO\� DV� H[SHFWHG� XQGHU� WKH� ORFN�DQG�NH\�
K\SRWKHVLV�� EXW� LQWUDVSHFL¿FDOO\� �,QJHU� 	� 0DU[� ������� ,QWHUHVWLQJO\�� WKLV�
YDULDWLRQ�ZDV�REVHUYHG� LQ� SRSXODWLRQV�QRW� OLYLQJ� LQ� V\PSDWU\��7KLV� FRXOG�
LQGLFDWH� WKDW�D� UHSURGXFWLYH� LVRODWLRQ�HYHQW�RFFXUUHG��SRVVLEO\� OHDGLQJ� WR�
WKH�EHJLQQLQJV�RI�VSHFLDWLRQ��+RZHYHU��WKH�IHPDOH�JHQLWDOLD�IURP�RQH�SRS-
XODWLRQ�¿W�ZHOO�HQRXJK�ZLWK�WKH�PDOH�JHQLWDOLD�RI�WKH�RWKHU�SRSXODWLRQ��WKH�
VDPH�ZDV�WUXH�IRU�WKH�UHYHUVH��7KLV�UHIXWHV�WKH�ORFN�DQG�NH\�K\SRWKHVLV��
DV�WKLV�H[DPSOH�GRHV�QRW�GHPRQVWUDWH�D�PHFKDQLFDOO\�FORVH�¿W��RU�FRSX-
ODWRU\�DGMXVWPHQW��7KLV� LQVWHDG�VXSSRUWV� WKDW�VH[XDO�VHOHFWLRQ�YLD�IHPDOH�
FKRLFH�LV�GULYLQJ�WKLV�YDULDWLRQ��DV�IHPDOHV�ZLWKLQ�WKH�VSHFLHV�PD\�EH�VH-
OHFWLQJ�IRU�FHUWDLQ�PDOH�JHQLWDOLD��GULYLQJ�LQWUDVSHFL¿F�YDULDQFH��*LOOLJDQ�	�
:HQVHO��������$OO�WKHVH�VWDWHG�H[DPSOHV�GHQRWH�WKDW�WKH�ORFN�DQG�NH\�K\-
SRWKHVLV�PD\�H[SODLQ�YDULDWLRQ�LQ�VRPH�VSHFLHV��EXW�QRW�LQ�RWKHUV��KLQWLQJ�
WKDW� WKHUH�PXVW�EH�RWKHU�H[SODQDWLRQV� IRU� WKLV� YDULDWLRQ�DQG�FRHYROXWLRQ�
6H[XDO�&RQÀLFW
6H[XDO�FRQÀLFW�FDQ�UHVXOW�LQ�VH[XDOO\�DQWDJRQLVWLF�FRHYROXWLRQ��LQLWLDWLQJ�D�
FRHYROXWLRQDU\�DUPV�UDFH�LQ�DQ�HIIRUW�WR�JDLQ�FRQWURO�RYHU�UHSURGXFWLRQ��,Q�

WKLV�LQVWDQFH��JHQLWDOLD�FDQ�FRHYROYH�WR�EHQH¿W�WKH�RQH�VH[��EXW�KDUP�WKH�
RWKHU��,Q�WKH�FDVH�RI�JHQLWDO�FRHYROXWLRQ�YLD�VH[XDO�FRQÀLFW��JHQLWDOV�FDQ�EH�
H[SHFWHG� WR�HYROYH�YHU\� IDVW�� ,Q�PDOH�$QROLV� OL]DUGV�� WKHLU�JHQLWDOLD�KDYH�
EHHQ�REVHUYHG�WR�HYROYH�IDVWHU�WKDQ�DQ\�RWKHU�WUDLW�WKH\�SRVVHVV��.ODF]NR�
HW�DO���������/LNH�VQDNHV��OL]DUGV�DUH�LQ�WKH�RUGHU�6TXDPDWD��DQG�WKH\�SRV-
VHVV�KHPLSHQHV��7KLV�H[DPSOH��DOWKRXJK�QRW�LQ�VQDNHV��PD\�EH�VXUIDFH�OHY-
HO�HYLGHQFH�RI�VH[XDO�FRQÀLFW�GULYLQJ�JHQLWDO�FRHYROXWLRQ��DV�FRHYROXWLRQDU\�
DUPV�UDFHV�DUH�FKDUDFWHUL]HG�E\�UDSLG�JHQLWDOLD�HYROXWLRQ��+RVNHQ�	�6WRFN-
OH\��������7KH�VH[XDO�FRQÀLFW�K\SRWKHVLV�RI�JHQLWDO�FRHYROXWLRQ�FDQ�EH�IXU-
WKHU�LQYHVWLJDWHG�E\�ORRNLQJ�DW�PDOH�DQG�IHPDOH�JHQLWDO�DGDSWDWLRQV��DV�ZHOO�
DV�DGDSWLYH�EHKDYLRUV�LQ�HDFK�VH[�WKDW�UHVSRQG�WR�WKH�UHSURGXFWLYH�FRQÀLFW�
Male genital adaptations
0DOH�KHPLSHQHV�KDYH�D�ZLGH�YDULDWLRQ�LQ�WUDLWV�WKDW�DUH�FKDUDFWHULVWLF�RI�
FRQÀLFW��VXFK�DV�WKH�SUHVHQFH�RI�VSLQHV��VFRRSV��DQG�ELOREHV��$QGRQRY�HW�
DO��������)ULHVHQ�HW�DO���������.LQJ�HW�DO���������$OWKRXJK�WKHVH�FKDUDFWHUV�
DUH�QRW�LQKHUHQWO\�OLQNHG�WR�FRQÀLFW²WKH\�KDYH�WKH�SRVVLELOLW\�RI�VWLPX-
ODWLQJ�WKH�IHPDOH�LQ�D�ZD\�WKDW�VLJQDOV�PDOH�TXDOLW\²WKHUH�LV�VXEVWDQWLDO�
HYLGHQFH�FODLPLQJ�WKDW�WKH\�DUH�ZRUNLQJ�DJDLQVW�WKH�IHPDOHV��OHDGLQJ�WR�
FRQÀLFW��7KHUH�LV�DOVR�HYLGHQFH�WKDW�WKH\�DUH�QRW�VLPSO\�D�YHVWLJLDO�VWUXF-
WXUH��DV�RQFH�WKRXJKW��UHODWLQJ�WR�WKH�ORVV�RI�OLPEV�LQ�VQDNHV��1XQHV�DQG�
FROOHDJXHV��������SUHVHQWHG�HYLGHQFH�WKDW�OLPE�UHGXFWLRQ�LV�QRW�UHODWHG�
WR�WKH�SUHVHQFH�RI�KHPLSHQLOH�VSLQHV�LQ�OL]DUGV�WKDW�KDYH�OLPE�ORVV��LW�FDQ�
EH�LQIHUUHG�WKDW�WKH�VDPH�DSSOLHV�IRU�VQDNHV��DV�VQDNHV�DQG�OL]DUGV�DUH�
FORVHO\�UHODWHG��$V�WKLV�LGHD�KDV�QRW�EHHQ�VXSSRUWHG��LW�VHHPV�HYHQ�PRUH�
SUREDEOH�WKDW�KHPLSHQLOH�VSLQHV�DUH�LQYROYHG�LQ�VH[XDO�FRQÀLFW�
,Q� VXSSRUW� RI� VSLQHV� OHDGLQJ� WR� VH[XDO� FRQÀLFW�� )ULHVHQ� DQG� FROOHDJXHV�
�������REVHUYHG�FRSXODWRU\�EHKDYLRU�LQ�UHG�VLGHG�JDUWHU�VQDNHV��Thamno-
phis sirtalis��DQG�IRXQG�WKDW�VSLQHV�IXQFWLRQ�WR�H[WHQG�FRSXODWLRQ�E\�KROG-
LQJ� WKH� IHPDOH� LQ�SODFH�� VSLQHV�DOORZ� WKH�PDOH� WR� VHFXUH� WKH� FRSXODWRU\�
RUJDQV�WRJHWKHU��:KHQ�VSLQHV�ZHUH�UHPRYHG��FRSXODWLRQ�ZDV�REVHUYHG�WR�
EH�PXFK�VKRUWHU��DV�IHPDOHV�FRXOG�WKHQ�HQG�FRSXODWLRQ�ZKHQ�WKH\�ZLVKHG�
�)ULHVHQ�HW�DO��������� ,QWHUHVWLQJO\�� IHPDOHV�ZHUH�DOVR�EOHHGLQJ�GXULQJ�RU�
DIWHU�FRSXODWLRQ��7RJHWKHU��WKHVH�UHVXOWV�LQGLFDWH�WKDW�KHPLSHQLOH�VSLQHV�DUH�
QRW�RQO\�DQ�DGDSWDWLRQ�WR�H[WHQG�FRSXODWLRQ�SDVW�WKH�SRLQW�RI�WKH�IHPDOH¶V�
SUHIHUHQFH��EXW�WKH\�DUH�DOVR�SK\VLFDOO\�GDPDJLQJ�WR�WKH�IHPDOH²D�FKDU-
DFWHULVWLF�RI�VH[XDO�FRQÀLFW��%RWK� WKHVH�¿QGLQJV�VXSSRUW� WKDW�PDOH�VQDNH�
JHQLWDOLD�SRVVHVVHV�DQ�DGDSWDWLRQ�WKDW�OHDGV�WR�FRQÀLFW�EHWZHHQ�WKH�VH[HV�
,Q� RWKHU� DQLPDOV� DV�ZHOO�� SHQLOH� VSLQHV�KDYH�EHHQ� VWXGLHG� LQ� UHODWLRQ� WR�
WKH�KDUP� WKH\�FDXVH� IHPDOHV��3HQLOH�VSLQHV� LQ�PDOH�VHHG�EHHWOHV�GDP-
DJH�IHPDOHV�DIWHU� MXVW�RQH�FRSXODWLRQ�HYHQW��5RQQ�HW�DO��������� ,QWHUHVW-
LQJO\�� IHPDOH�VHHG�EHHWOHV�FDQ�DGDSW� WR� WKHVH�VSLQHV�� WKLV�VWXG\�GHPRQ-
VWUDWHG�WKDW�DV�SHQLOH�VSLQHV�LQFUHDVHG��WKH�WKLFNQHVV�RI�WKH�UHSURGXFWLYH�
WUDFW�ZDOO� LQ� IHPDOHV�DOVR� LQFUHDVHG��$V�ERWK� WKH�PDOHV�DQG� WKH� IHPDOHV�
DUH� HYROYLQJ� DGDSWDWLRQV� LQ� UHVSRQVH� WR� WKH� JHQLWDOLD� RI� WKH� RSSRVLWH�
VH[�� WKLV� GHPRQVWUDWHV� WKDW� D� VH[XDOO\� DQWDJRQLVWLF� DUPV� UDFH� LV� RFFXU-
ULQJ�� LQGLFDWLYH� RI� VH[XDO� FRQÀLFW��$OWKRXJK� VWXGLHV� KDYH� QRW� LQYHVWLJDW-
HG� WKH� UHODWLRQVKLS� EHWZHHQ� LQFUHDVHG�KHPLSHQLOH� VSLQHV� DQG� WKH� WKLFN-
QHVV�RI� WKH� UHSURGXFWLYH� WUDFW�ZDOO� LQ� IHPDOH� VQDNHV�� WKLV� UHODWLRQVKLS� LV�
KLJKO\� SUREDEOH�� DV� KHPLSHQLOH� VSLQHV� DUH� FOHDUO\� GDPDJLQJ� WR� IHPDOHV�
�)ULHVHQ� HW� DO�� ������� )HPDOH� VQDNHV� FRXOG� EH� H[SHFWHG� WR� DGDSW� LQ� D�
ZD\�WKDW�SURWHFWV�WKHP�IURP�WKHVH�VSLQHV��DV�WKH�IHPDOH�VHHG�EHHWOHV�GR�
$QRWKHU� YDULDWLRQ� LQ� WKH� VKDSH� RI� WKH�PDOH� KHPLSHQLV� LQ� VQDNHV� LV� WKH�
VFRRS�� 7KLV� VFRRS� VKDSH� LV� SUHVHQW� LQ� WKH� (DVWHUQ� 0RQWSHOOLHU� VQDNH�
�Malpolon insignitus��� DQG� LW� LV� TXLWH� SURPLQHQW� �$QGRQRY� HW� DO�� �������
7R� GDWH�� WKHUH� LV� QR� H[SODQDWLRQ� IRU� WKLV� VKDSH�� KRZHYHU�� HYLGHQFH� LQ�
RWKHU�QRQ�VQDNH�VSHFLHV�PD\�SRLQW� WR�D�SRVVLEOH� IXQFWLRQ� IRU� WKLV�VFRRS�
VKDSH�� ,Q� GDPVHOÀLHV�� WKH� VFRRSHG� VKDSHG� WLS� RI� WKH� SHQLV� IXQFWLRQV� LQ�
UHPRYLQJ� WKH� VSHUP�RI� RWKHU�PDOHV� IURP� LQVLGH� WKH� IHPDOH� UHSURGXFWLYH�
WUDFW� �:DDJH� ������� 0DQ\� IHPDOH� VQDNHV� FDQ� VWRUH� VSHUP� �)ULHVHQ� HW�
DO������D��DQG�PDWH�ZLWK�PXOWLSOH�PDOHV��VR� WKLV�PD\�H[SODLQ� WKH�VFRRS�
VKDSH� LQ� WKH�KHPLSHQHV�RI�Malpolon insignitus� �$QGRQRY�HW�DO��������� ,I�
WUXH��WKLV�PDOH�JHQLWDO�FKDUDFWHULVWLF�ZRXOG�VXSSRUW�WKH�VH[XDO�FRQÀLFW�K\-
SRWKHVLV�DV�DQ�H[SODQDWLRQ�RI�YDULDWLRQ�DQG�FRHYROXWLRQ�LQ�VQDNH�JHQLWDOLD�
)XUWKHU��DQRWKHU�KHPLSHQLOH�FKDUDFWHULVWLF� WKDW�PD\�H[SODLQ� WKH�FRHYROX-
WLRQ� RI� JHQLWDOLD� YLD� VH[XDO� FRQÀLFW� LV� WKH� SUHVHQFH�RI� ELOREHV��.LQJ� DQG�
FROOHDJXHV� ������� REVHUYHG� ORQJHU� FRSXODWLRQV� LQ� 3ODLQV� JDUWHU� VQDNHV�
�Thamnophis radix�� ZLWK� ELOREHG� KHPLSHQHV�� WKLV� ZDV� SDLUHG� ZLWK� IH-
PDOH�ERG\� UROOLQJ� EHKDYLRU� DQG� UHVLVWDQFH� WR� WKH� FRSXODWLRQ� �.LQJ�HW� DO��
������� 7KLV� GHPRQVWUDWHV� WKDW� D� FKDUDFWHULVWLF� RI� WKH� PDOH� JHQLWDOLD� LV�
FDXVLQJ� FRQÀLFW�� DV� WKH� IHPDOHV� GLG� QRW� ZDQW� WR� HQJDJH� LQ� FRSXODWLRQ�
WKDW� ORQJ�� 7KH� SUHVHQFH� RI� ELOREHV� HQDEOHV� PDOHV� WR� JDLQ� FRQWURO� RYHU�
FRSXODWLRQ� LQ� D�ZD\� WKDW� GLUHFWO\� EHQH¿WV� WKHP��0RUHRYHU�� DV� WLPH�JRHV�
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RQ�� IHPDOH�VQDNHV� LQ�VSHFLHV�ZLWK�PDOHV�SRVVHVVLQJ�ELOREHG�KHPLSHQHV�
PD\�HYROYH�UHVLVWDQFH� WR� WKLV� WUDLW� WKURXJK�D�SK\VLFDO�JHQLWDO�DGDSWDWLRQ�
$VLGH� IURP� KHPLSHQLOH� FKDUDFWHULVWLFV�� PDOHV� KDYH� RWKHU� JHQLWDO� DGDS-
WDWLRQV��VXFK�DV� WKH�DELOLW\� WR� LQVHUW�D�PDWLQJ�SOXJ� LQWR� IHPDOHV��ZKLFK� LV�
REVHUYHG� LQ� JDUWHU� VQDNHV� �Thamnophis sirtalis�� �)ULHVHQ� HW� DO�� ����E���
6SHUP� SOXJV� HQDEOH� WKH� VSHUP� WR� EH� LQVHUWHG� LQVLGH� WKH� IHPDOH� DQG�
JUDGXDOO\� UHOHDVHG�� LPSURYLQJ� WKH�PDWLQJ� VXFFHVV� UDWH�� ,W�PD\�DOVR�SUH-
YHQW� VSHUP� IURP� DQRWKHU� PDOH� IURP� IHUWLOL]LQJ� WKH� IHPDOH� �0DQJHOV� HW�
DO�� ������� 7KLV� DELOLW\� UHSUHVHQWV� D� PDOH� JHQLWDO� DGDSWDWLRQ� WR� RYHUULGH�
WKH� IHPDOH� EHKDYLRUDO� DGDSWDWLRQ� WR� HQG� FRSXODWLRQ� HDUO\� DQG� SUHYHQW�
WKH�PDOH� IURP�GHSRVLWLQJ� HQRXJK� VSHUP�� LQ� WKLV� LQVWDQFH�� WKH�PDOH� DQG�
IHPDOH� DGDSWDWLRQV� DUH� LQ� FRQÀLFW� ZLWK� HDFK� RWKHU�� GHPRQVWUDWLQJ� VH[X-
DO� FRQÀLFW�� $GGLWLRQDO� VWXGLHV� KDYH� DOVR� GHPRQVWUDWHG� WKLV� EHKDYLRU� LQ�
IHPDOH� VQDNHV�� LQGLFDWLQJ� WKDW� VSHUP� SOXJ� GHSRVLWLRQ� PD\� EH� FRPPRQ�
�.LQJ�HW� DO�� ������6KLQH�HW� DO�� �������:LWK� WKHVH�H[DPSOHV�� LW� LV� LPSRUW-
DQW�WR�QRWH�WKDW�EHKDYLRUV�WKDW�H[LVW�WR�SUHYHQW�RU�VXVWDLQ�FRSXODWLRQ�FDQ�
EH�LQFOXGHG�LQ�WKH�GH¿QLWLRQ�RI�JHQLWDO�FRHYROXWLRQ��DV�WKH\�WRR�FDQ�LQÀX-
HQFH� WKH�HYROXWLRQ�RI�JHQLWDO� VWUXFWXUHV� �%UHQQDQ���������%HKDYLRUV� FDQ�
EH� MXVW� DV� LPSRUWDQW� DV� JHQLWDO� VWUXFWXUH� LQ� GULYLQJ� JHQLWDO� FRHYROXWLRQ�
Female genital adaptations
)HPDOH� VQDNHV� DOVR� KDYH� JHQLWDO� DGDSWDWLRQV� WKDW� ZRUN� DJDLQVW� WKH�
PDOH�JHQLWDOLD�� OHDGLQJ� WR�VH[XDO�FRQÀLFW��)ULHVHQ�DQG�FROOHDJXHV� �������
IRXQG� WKDW� DIWHU� DQHVWKHWL]LQJ� WKH� IHPDOH� SRXFK� LQ� UHG�VLGHG� JDUWHU�
VQDNHV��Thamnophis sirtalis���FRSXODWLRQ�ZDV�PXFK� ORQJHU��HQGLQJ�ZKHQ�
WKH�PDOH� HQGHG� LW�� ,W� LV� LPSRUWDQW� WR� QRWH� WKDW� WKH�PDOH� DOVR� SRVVHVVHG�
KHPLSHQLOH� VSLQHV� WR� VXSSRUW� D� ORQJ� FRSXODWLRQ� �)ULHVHQ� HW� DO�� �������
7KURXJK�WKLV�H[SHULPHQW�� WKH\�GLVFRYHUHG�WKDW� IHPDOH�SRXFKHV�DUH�PXV-
FXODUL]HG��DOORZLQJ� WKH� IHPDOH� WR�FRQWUDFW� WKH�SRXFK�DQG�H[SHO� WKH�PDOH�
KHPLSHQLV�SUHPDWXUHO\��7KLV�GHPRQVWUDWHV� WKDW� WKH� IHPDOH�SRXFK��ZKLFK�
LV� VKRZQ� WR� KDYH� ODUJH� LQWHUVSHFL¿F� YDULDWLRQ� �6LHJHO� HW� DO�� ������� LV� DQ�
DGDSWDWLRQ� WR� JDLQ� FRQWURO� RYHU� FRSXODWLRQ� DQG� FRXQWHU�PDOH� JHQLWDO� DG-
DSWDWLRQV�� VXFK� DV� KHPLSHQLOH� VSLQHV� RU� VSHUP�SOXJV��7KXV�� WKH� IHPDOH�
SRXFK� LV� D� JHQLWDO� FKDUDFWHULVWLF� WKDW� RSSRVHV� PDOH� JHQLWDO� DGDSWD-
WLRQV�� VXSSRUWLQJ� WKH� VH[XDO� FRQÀLFW� K\SRWKHVLV� IRU� JHQLWDO� FRHYROXWLRQ�
Female behavioral adaptations
6LPLODUO\�� DV� EULHÀ\� PHQWLRQHG� SULRU�� IHPDOH� VQDNHV� DOVR� KDYH� EHKDY-
LRUDO� DGDSWDWLRQV� WKDW� SURYLGH� HYLGHQFH� RI� VH[XDO� FRQÀLFW� GULYLQJ� JHQ-
LWDO� FRHYROXWLRQ�� ,Q� VHYHUDO� GLIIHUHQW� VQDNH� VSHFLHV�� IHPDOH� EHKDYLRUV� WR�
HQG� FRSXODWLRQ�HDUO\� KDYH�EHHQ�REVHUYHG��ZKLFK� VXSSRUWV� WKH� LGHD� WKDW�
PDOH� VQDNH� JHQLWDOLD� DUH� FDXVLQJ� VH[XDO� FRQÀLFW�� )HPDOHV� KDYH� EHHQ�
REVHUYHG� ERG\� UROOLQJ� WR� WHUPLQDWH� FRSXODWLRQ� �.LQJ� HW� DO�� ������� DQG�
WKH\� KDYH� DOVR� EHHQ� REVHUYHG� GLVSOD\LQJ� EHKDYLRU� WR� GLUHFWO\� FRXQWHU�
IRUFLEOH� LQVHPLQDWLRQ� �6KLQH� HW� DO�� ������� 6KLQH� DQG� FROOHDJXHV� �������
GHPRQVWUDWHG� WKDW� PDOH� JDUWHU� VQDNHV� �Thamnophis sirtalis�� H[SORLW� WKH�
SK\VLRORJ\� RI� WKH� IHPDOH� VQDNHV�� LQLWLDWLQJ� K\SR[LF� VWUHVV�ZKLFK� FDXVHV�
WKHP� WR� UDLVH� WKHLU� WDLO� DQG�JDSH� WKHLU� FORDFD��$OWKRXJK� WKHVH�EHKDYLRUV�
DUH�QRW�GLUHFWO\� UHODWHG� WR�JHQLWDOLD�� WKH\�SURYLGH�DQ�RSSRUWXQLW\� IRU�JHQ-
LWDO� DGDSWDWLRQV� WR� HYROYH� LQ� WKH� IXWXUH�� LQ� UHVSRQVH� WR� WKHVH� EHKDYLRUDO�
WUDLWV��)HPDOH�VQDNHV�PD\�DFTXLUH�D�JHQLWDO�DGDSWDWLRQ�WKDW�DOORZV�WKHP�
WR�JDLQ�FRQWURO�RYHU� FRSXODWLRQ� LQ� UHVSRQVH� WR� WKLV� IRUFLEOH� LQVHPLQDWLRQ�
Cryptic Female Choice
&U\SWLF�IHPDOH�FKRLFH�LV�WKH�¿QDO�K\SRWKHVLV�SURSRVHG�WR�H[SODLQ�FDXVHV�
RI� JHQLWDO� FRHYROXWLRQ�� 7KLV� K\SRWKHVLV� VXJJHVWV� WKDW� IHPDOHV� VHOHFW� IRU�
FHUWDLQ�PDOH�JHQLWDOLD� WKDW� VWLPXODWHV� WKHP� LQ�D�ZD\� WKDW� LQGLFDWHV�PDWH�
TXDOLW\��%UHQQDQ�	�3UXP�������(EHUKDUG��������*HQHUDOO\�� WKH�HYLGHQFH�
IRU� FU\SWLF� IHPDOH� FKRLFH� GULYLQJ� JHQLWDO� FRHYROXWLRQ� LQ� VQDNHV� LV� TXLWH�
ZHDN��7UDGLWLRQDOO\�� VSLQHV� KDYH� EHHQ� WKRXJKW� RI� DV� D� SRVVLEOH� VWLPXOD-
WRU��DOORZLQJ�IHPDOHV�WR�VHOHFW�IRU�FHUWDLQ�PDOHV�WKDW�SURYLGH�WKDW�VWLPXOD-
WLRQ��KRZHYHU��WKLV�LGHD�KDV�EHHQ�UHIXWHG��$V�GLVFXVVHG�HDUOLHU�XQGHU�WKH�
VH[XDO�FRQÀLFW�K\SRWKHVLV�� VSLQHV�FDXVH�GDPDJH� WR� WKH� IHPDOH��)HPDOH�
UHG�VLGHG�JDUWHU�VQDNHV�ZHUH�REVHUYHG�EOHHGLQJ�GXULQJ�DQG�DIWHU�FRSXODW-
LQJ�ZLWK�D�PDOH�ZLWK�VSLQHG�KHPLSHQHV��)ULHVHQ�HW�DO���������$GGLWLRQDOO\��
LQ�VHHG�EHHWOHV��KHPLSHQLOH�VSLQHV�DUH�DOVR�GDPDJLQJ��VKRZLQJ�GDPDJH�
WR� WKH� IHPDOH� UHSURGXFWLYH� WUDFW�DIWHU� MXVW�RQH� LQVWDQFH�RI�PDWLQJ� �5RQQ�
HW�DO���������8QGHU�FU\SWLF�IHPDOH�FKRLFH��D�PDOH�WUDLW�WKDW�VWLPXODWHV�WKH�
IHPDOH�LQ�D�ZD\�WKDW�HQDEOHV�KHU�WR�H[KLELW�FKRLFH�ZLOO�QRW�FDXVH�GDPDJH�
����)XUWKHU��ZHDN�HYLGHQFH�DOVR�SUHVHQWV�D�SRVVLEOH�LQVWDQFH�RI�IHPDOH�FKRLFH�
RFFXUULQJ�LQ�VQDNHV��)ULHVHQ�HW�DO���������GHPRQVWUDWHG�WKDW�UHG�VLGHG�JDU-
WHU�VQDNH�IHPDOHV�GR�QRW�DSSHDU�WR�EH� LQKHUHQWO\�UHFHSWLYH�WR�VSHUP��DV�
ZKHQ�PDOHV�ZHUH�SUHYHQWHG�IURP�GHSRVLWLQJ�PDWLQJ�SOXJV��VSHUP�OHDNHG�
RXW�RI� WKH� IHPDOH�FORDFD��7KLV�VHHPV�GLVDGYDQWDJHRXV��EXW� LW�PD\�EH�D�
IHPDOH�DGDSWDWLRQ�IRU�H[KLELWLQJ�FKRLFH��,I�IHPDOHV�GR�QRW�ZDQW�VSHUP�IURP�

D�FHUWDLQ�PDOH��WKH\�PD\�DOORZ�LW�WR�OHDN�RXW��LQVWHDG�RI�FRQWUDFWLQJ�LW�XS�LQWR�
WKH�UHSURGXFWLYH�WUDFW��+RZHYHU��LW�LV�XQNQRZQ�LI�LQ�D�GLIIHUHQW�FDVH��SHUKDSV�
ZLWK�D�KLJK�JHQHWLF�TXDOLW\�PDOH�� WKH�RXWFRPH�ZRXOG�EH�GLIIHUHQW��7R�WHVW�
WKLV��D�TXDOLW\�PDOH�DQG�D�ORZ�TXDOLW\�PDOH�ZRXOG�QHHG�WR�EH�EUHG�ZLWK�D�
IHPDOH�WR�REVHUYH�KHU�EHKDYLRU�RI�VSHUP�XSWDNH�DQG�OHDNDJH��,I�WKH�IHPDOH�
DOORZHG�OHVV�VSHUP�IURP�WKH�TXDOLW\�PDOH�WR�OHDN��WKH�HYLGHQFH�ZRXOG�SUR-
YLGH� VXSSRUW� IRU� D� IHPDOH� JHQLWDO� DGDSWDWLRQ� GULYLQJ� JHQLWDO� FRHYROXWLRQ�
0RUHRYHU�� DV� PHQWLRQHG� SULRU�� WKH� LQWUDVSHFL¿F� YDULDWLRQ� REVHUYHG� LQ�
Calamaria lumbricoidea� E\� ,QJHU� 	�0DU[� �������PD\� EH� GXH� WR� IHPDOH�
FKRLFH�� ,QWUDVSHFL¿F� YDULDWLRQ� LQ� JHQLWDOLD� VXJJHVWV� WKDW� VH[XDO� VHOHFWLRQ�
LV� RFFXUULQJ� YLD� IHPDOH� FKRLFH�� VSHFL¿FDOO\�� FU\SWLF� IHPDOH� FKRLFH� �*LOOL-
JDQ�	�-RKQ��������,Q�LQWUDVSHFL¿F�SRSXODWLRQV��PDOHV�YDU\�LQ�TXDOLW\�DQG�
IHPDOHV� FKRRVH� DPRQJ� WKHP�� GULYLQJ� YDULDQFH� LQ� SULPDU\� DQG� VHFRQG-
DU\� VH[� FKDUDFWHULVWLFV�� VXFK� DV� JHQLWDOLD��7KXV�� LW� LV� TXLWH� SRVVLEOH� WKDW�
WKLV� LQWUDVSHFL¿F�YDULDWLRQ� LQ�C. lumbricoidea� LV�GXH� WR� IHPDOH�FKRLFH� IRU�
D� VSHFL¿F� JHQLWDO� FKDUDFWHULVWLF�� )XUWKHU� UHVHDUFK�ZRXOG� EH� EHQH¿FLDO� WR�
FRQ¿UP� LI� WKLV� VSHFLHV� QHHGV� VWLPXODWLRQ� LQ� RUGHU� WR� EHFRPH� SUHJQDQW��
DV� VHHQ� LQ� GRPHVWLF� SLJV� �%RQHW� HW� DO�� ������� ,I� VWLPXODWLRQ� LV� QHHG-
HG� LQ� VQDNHV�� WKDW� ZRXOG� EH� VXEVWDQWLDO� HYLGHQFH� IRU� WKLV� K\SRWKHVLV�
Conclusion
$V� DGGUHVVHG� LQ� WKLV� UHYLHZ�� VLJQL¿FDQW� DQG� FRQYLQFLQJ� HYLGHQFH� H[-
LVWV� WR� SURYLGH� UHDVRQLQJ� EHKLQG� JHQLWDO� FRHYROXWLRQ� DQG� FRUUHVSRQGLQJ�
YDULDWLRQ� LQ� VQDNHV�� 7KH� VH[XDO� FRQÀLFW� DQG� ORFN�DQG�NH\� K\SRWKHVHV�
DSSHDU� WR�KDYH� WKH�PRVW� VXEVWDQWLDO�HYLGHQFH�EHKLQG� WKHP��ZLWK�FU\SWLF�
IHPDOH� FKRLFH� KDYLQJ� WKH� OHDVW� VXSSRUW�� KRZHYHU�� LW� DSSHDUV� WKDW� HDFK�
XQLTXH� VSHFLHV� DQG� VLWXDWLRQ� KDV� D� GLIIHUHQW� K\SRWKHVLV� WKDW� VWURQJ-
O\� VXSSRUWV� LW�� &HUWDLQ� VSHFLHV� KDYH� YHU\� FRQYLQFLQJ� HYLGHQFH� IRU� RQH�
K\SRWKHVLV�� EXW� RWKHUV� SUHVHQW� HYLGHQFH� WKDW� UHIXWH� WKDW� VDPH� K\SRWK-
HVLV��7KHUH�PD\� QRW� EH� RQH� DQVZHU� IRU� DOO� VQDNHV� WKDW� H[SODLQV� JHQLWDO�
FRHYROXWLRQ� DQG� FRUUHVSRQGLQJ� YDULDQFH�� :H� VKRXOG�� KRZHYHU�� EHIRUH�
FRPLQJ� WR� D� GH¿QLWH� FRQFOXVLRQ�� LQYHVWLJDWH� IHPDOH� JHQLWDOLD� LQ� JUHDW-
HU� GHSWK�� DV� PDQ\� XQDQVZHUHG� TXHVWLRQV� OLH� LQ� WKH� IHPDOH� JHQLWDOLD��
1RQHWKHOHVV�� WKLV� UHYLHZ� KLJKOLJKWV� LPSRUWDQW� DUHDV� RI� ELRORJ\�� DQG�
VKHGV� OLJKW� RQ� KRZ� VWXG\LQJ� JHQLWDOLD� PD\� EH� XVHIXO� LQ� RWKHU� DUHDV� RI�
HFRORJ\�� FRQVHUYDWLRQ� ELRORJ\�� DV� ZHOO� DV� HYROXWLRQDU\� ELRORJ\�� 6WXG\-
LQJ� JHQLWDOLD� KDV� LPSOLFDWLRQV� LQ� GH¿QLQJ� VSHFLHV�� ZKLFK� VHUYHV� SXUSRV-
HV� LQ� FRQVHUYDWLRQ� ELRORJ\�� 'HWHUPLQLQJ� LI� VSHFLHV� DUH� UHSURGXFWLYHO\�
LVRODWHG� RU� QRW�PD\� \LHOG� WKHP� D� EHWWHU� FKDQFH� DW� FRQVHUYDWLRQ�� DV� WKH�
(QGDQJHUHG�6SHFLHV�$FW�HPSOR\V�WKH�%LRORJLFDO�6SHFLHV�&RQFHSW��D�FRQ-
FHSW� ZKLFK� GH¿QHV� D� VSHFLHV� EDVHG� RQ� UHSURGXFWLYH� LVRODWLRQ� �:KHHOHU�
	� 0HLHU� ������� $GGLWLRQDOO\�� VWXG\LQJ� VQDNH� JHQLWDOLD� LQ� SDUWLFXODU� PD\�
VKHG� OLJKW� RQ� WKH� HYROXWLRQDU\� RULJLQV� RI� WKH� KHPLSHQLV�� DQG� KHOS� JDLQ�
D� EHWWHU� XQGHUVWDQGLQJ� RI� WKH� YDVWQHVV� RI� UHSWLOH� JHQLWDOLD� LQ� JHQHUDO��
0RVW� LPSRUWDQWO\�� IXWXUH� VWXGLHV� DUH� QHHGHG� WR� LQYHVWLJDWH� IHPDOH�
VQDNH� JHQLWDOLD� LQ� JUHDWHU� GHSWK�� DV� LW� LV� RYHUDOO� VWLOO� ZLGHO\� XQGHUVWXG-
LHG� �$K�.LQJ� HW� DO�� ������� 6WXG\LQJ� IHPDOH� JHQLWDOLD� ZLOO� DOORZ� IXUWKHU�
FRQ¿UPDWLRQ� RI� WKHVH� WKUHH� K\SRWKHVHV�� HLWKHU� IRU� WKH� ZKROH� JURXS� RI�
VQDNHV�� RU� IRU� LQGLYLGXDO� VSHFLHV� RU� IDPLOLHV� RI� VQDNHV�� )XUWKHUPRUH��
IXWXUH� VWXGLHV� VKRXOG� EH� FRPSOHWHG� RQ� WKH� JHQLWDOLD� RI� VQDNH� VSH-
FLHV� OLYLQJ� LQ� V\PSDWU\�� DV� IXUWKHU� HYLGHQFH� RI� LQWHUVSHFL¿F� YDULDWLRQ� LQ�
V\PSDWULF� VSHFLHV� ZRXOG� KHOS� VXSSRUW� WKH� ORFN�DQG�NH\� K\SRWKHVLV�


