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Abstract

In mammals, cadmium is widely considered as a non-genotoxic carcinogen acting through a methylation-dependent
epigenetic mechanism. Here, the effects of Cd treatment on the DNA methylation patten are examined together with
its effect on chromatin reconfiguration in Posidonia oceanica. DNA methylation level and pattern were analysed in
actively growing organs, under short- (6 h) and long- (2 d or 4 d) term and low (10 mM) and high (50 mM) doses of Cd,
through a Methylation-Sensitive Amplification Polymorphism technique and an immunocytological approach,
respectively. The expression of one member of the CHROMOMETHYLASE (CMT) family, a DNA methyltransferase,
was also assessed by qRT-PCR. Nuclear chromatin ultrastructure was investigated by transmission electron
microscopy. Cd treatment induced a DNA hypermethylation, as well as an up-regulation of CMT, indicating that de
novo methylation did indeed occur. Moreover, a high dose of Cd led to a progressive heterochromatinization of
interphase nuclei and apoptotic figures were also observed after long-term treatment. The data demonstrate that Cd
perturbs the DNA methylation status through the involvement of a specific methyltransferase. Such changes are
linked to nuclear chromatin reconfiguration likely to establish a new balance of expressed/repressed chromatin.
Overall, the data show an epigenetic basis to the mechanism underlying Cd toxicity in plants.

Key words: 5-Methylcytosine-antibody, cadmium-stress condition, chromatin reconfiguration, CHROMOMETHYLASE,
DNA-methylation, Methylation- Sensitive Amplification Polymorphism (MSAP), Posidonia oceanica (L.) Delile.

Introduction

In the Mediterranean coastal ecosystem, the endemic
seagrass Posidonia oceanica (L.) Delile plays a relevant role
by ensuring primary production, water oxygenation and
provides niches for some animals, besides counteracting
coastal erosion through its widespread meadows (Ott, 1980;
Piazzi et al., 1999; Alcoverro et al., 2001). There is also
considerable evidence that P. oceanica plants are able to
absorb and accumulate metals from sediments (Sanchiz
et al., 1990; Pergent-Martini, 1998; Maserti et al., 2005) thus
influencing metal bioavailability in the marine ecosystem.
For this reason, this seagrass is widely considered to be
a metal bioindicator species (Maserti et al., 1988; Pergent
et al., 1995; Lafabrie et al., 2007). Cd is one of most
widespread heavy metals in both terrestrial and marine
environments.

Although not essential for plant growth, in terrestrial
plants, Cd is readily absorbed by roots and translocated into
aerial organs while, in acquatic plants, it is directly taken up
by leaves. In plants, Cd absorption induces complex changes
at the genetic, biochemical and physiological levels which
ultimately account for its toxicity (Valle and Ulmer, 1972;
Sanitz di Toppi and Gabrielli, 1999; Benavides et al., 2005;
Weber et al., 2006; Liu et al., 2008). The most obvious
symptom of Cd toxicity is a reduction in plant growth due to
an inhibition of photosynthesis, respiration, and nitrogen
metabolism, as well as a reduction in water and mineral
uptake (Ouzonidou et al., 1997; Perfus-Barbeoch et al., 2000;
Shukla et al., 2003; Sobkowiak and Deckert, 2003).

At the genetic level, in both animals and plants, Cd
can induce chromosomal aberrations, abnormalities in
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Abstract
Among dioecious flowering plants, females and males often differ in a range of morphological, physiological, and 
life-history traits. This is referred to as sexual dimorphism, and understanding why it occurs is a central question in 
evolutionary biology. Our review documents a range of sexually dimorphic traits in angiosperm species, discusses 
their ecological consequences, and details the genetic and evolutionary processes that drive divergence between 
female and male phenotypes. We consider why sexual dimorphism in plants is generally less well developed than in 
many animal groups, and also the importance of sexual and natural selection in contributing to differences between 
the sexes. Many sexually dimorphic characters, including both vegetative and flowering traits, are associated with 
differences in the costs of reproduction, which are usually greater in females, particularly in longer-lived species. 
These differences can influence the frequency and distribution of females and males across resource gradients and 
within heterogeneous environments, causing niche differences and the spatial segregation of the sexes. The interplay 
between sex-specific adaptation and the breakdown of between-sex genetic correlations allows for the independent 
evolution of female and male traits, and this is influenced in some species by the presence of sex chromosomes. We 
conclude by providing suggestions for future work on sexual dimorphism in plants, including investigations of the 
ecological and genetic basis of intraspecific variation, and genetic mapping and expression studies aimed at under-
standing the genetic architecture of sexually dimorphic trait variation.

Key words: Costs of reproduction, dioecy, flowering plants, niche differentiation, sex chromosomes, sexual antagonism, sexual 
dimorphism, sexual selection.

Introduction
7KH�PDMRULW\��a�����RI�ÀRZHULQJ�SODQWV�H[KLELW�KHUPDSKURGLWLF�
VH[�H[SUHVVLRQ��ZLWK�LQGLYLGXDOV�IXQFWLRQLQJ�DV�ERWK�IHPDOH�DQG�
PDOH�SDUHQWV��0RUH�UDUHO\��SRSXODWLRQV�DUH�UHSURGXFWLYHO\�VXEGL-
YLGHG�LQWR�WZR�VH[HV��IHPDOHV�DQG�PDOHV���D�FRQGLWLRQ�NQRZQ�DV�
GLRHF\��$OWKRXJK�WKH�LQFLGHQFH�RI�GLRHF\�LV�UHODWLYHO\�XQFRPPRQ�
(~6–7%; 5HQQHU�DQG�5LFNOHIV��������� LW� LV� UHSRUWHG� LQ�FORVH� WR�
KDOI�RI�DOO�DQJLRVSHUP�IDPLOLHV��+HLOEXWK��������DQG�PD\�KDYH�
RULJLQDWHG�RQ�DW�OHDVW�����RFFDVLRQV�IURP�KHUPDSKURGLWLF�DQFHV-
WRUV��&KDUOHVZRUWK���������7KHUH�KDV�EHHQ�FRQVLGHUDEOH�LQWHUHVW�
VLQFH�'DUZLQ¶V��������HDUO\�ZRUN�RQ�XQGHUVWDQGLQJ�ZK\�GLRHF\�
RFFXUV�LQ�SODQWV��DQG�WKH�VHOHFWLYH�PHFKDQLVPV�UHVSRQVLEOH�IRU�LWV�
RULJLQ�DQG�PDLQWHQDQFH��UHYLHZHG�LQ�&KDUOHVZRUWK���������7KH�
RULJLQ�RI� VHSDUDWH�VH[HV� LV�FRPPRQO\�DVVRFLDWHG�ZLWK� WKH�HYR-

OXWLRQ�RI� VH[XDO�GLPRUSKLVP�� DQG� WKLV�KDV�RFFXUUHG� WR�YDU\LQJ�

GHJUHHV� LQ� PDQ\� GLRHFLRXV� SODQWV� �&RUUHQV�� ����; /OR\G� DQG�
:HEE������; *HEHU�et al��� �������7KH�JRDO�RI� WKLV� DUWLFOH� LV� WR�
UHYLHZ�WKH�QDWXUH�RI�VH[XDO�GLPRUSKLVP�LQ�DQJLRVSHUPV��GLVFXVV�
KRZ�DQG�ZK\�LW�DULVHV��DQG�FRQVLGHU�LWV�HFRORJLFDO�DQG�HYROXWLRQ-

DU\�FRQVHTXHQFHV�
6H[XDO�GLPRUSKLVP�GHVFULEHV�GLIIHUHQFHV�EHWZHHQ�WKH�VH[HV�LQ�

SULPDU\�DQG�VHFRQGDU\�VH[�FKDUDFWHUV��7KH�IRUPHU�UHODWH�GLUHFWO\�
WR�PDOH� �DQGURHFLXP�� DQG� IHPDOH� �J\QRHFLXP�� VH[XDO� RUJDQV��
DQG�WKH�ODWWHU�WR�GLIIHUHQFHV�EHWZHHQ�WKH�VH[HV�LQ�VWUXFWXUHV�RWKHU�
WKDQ�VH[�RUJDQV�WKHPVHOYHV��LQFOXGLQJ�DQ\�DVSHFW�RI�PRUSKRORJ\�
RU�SK\VLRORJ\��7KH�WHUP�JHQGHU�GLPRUSKLVP�LV�VRPHWLPHV�XVHG�
LQ� WKH� SODQW� OLWHUDWXUH� V\QRQ\PRXVO\�ZLWK� VH[XDO� GLPRUSKLVP��
EXW�ZH� UHVWULFW� LWV� XVDJH� KHUH� WR� UHIHU� WR� SRSXODWLRQV� LQ�ZKLFK�
WKHUH� DUH� GLVWLQFW� JHQGHUV� �IHPDOHV��PDOHV�� RU� KHUPDSKURGLWHV��
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WKDW�GLIIHU�LQ�WKHLU�UHODWLYH�FRQWULEXWLRQ�WR�¿WQHVV�DV�SROOHQ�RU�VHHG�
SDUHQWV��7KLV�SHUVSHFWLYH� IROORZV� WKH�FRQFHSW�RI�JHQGHU�GHYHO-
RSHG�E\�'DYLG�/OR\G��LQ�ZKLFK�WKH�IXQFWLRQDO�JHQGHU�RI�D�SODQW�
UHIHUV�WR�WKH�UHODWLYH�FRQWULEXWLRQ�WR�¿WQHVV�DQ�LQGLYLGXDO�PDNHV�
IURP�PDWHUQDO�YHUVXV�SDWHUQDO� LQYHVWPHQW� �/OR\G������; /OR\G�
DQG�%DZD���������)RU�D�PRUH�H[WHQGHG�GLVFXVVLRQ�RI�WKHVH�WHUPV�
DQG� WKHLU� XVDJH�� VHH� 6DNDL� DQG�:HOOHU� �������� 7KH� LPSRUWDQW�
LVVXH�IRU�WKH�SXUSRVH�RI�WKLV�UHYLHZ�LV�WKDW�RQFH�GLRHF\�HYROYHV�
IURP�JHQGHU�PRQRPRUSKLVP��WKH�VH[XDO�PRUSKV�KDYH�GLIIHUHQW�
UROHV�DQG�DUH�XVXDOO\�VHOHFWHG�WR�GLYHUJH�LQ�WKHLU�FKDUDFWHULVWLFV��
UHVXOWLQJ�LQ�VH[XDO�GLPRUSKLVP�
'DUZLQ� ������� GHVFULEHG�PDQ\� VWULNLQJ� H[DPSOHV� LQ� ZKLFK�

IHPDOHV�DQG�PDOHV�RI�DQLPDO�VSHFLHV�GLIIHU�GUDPDWLFDOO\�LQ�PRU-
SKRORJ\��FRORUDWLRQ��VL]H��DQG�EHKDYLRU��+H�SURSRVHG�WKDW�VH[XDO�
VHOHFWLRQ�UHVXOWLQJ�IURP�YDULDWLRQ�DPRQJ�LQGLYLGXDOV� LQ�PDWLQJ�
VXFFHVV�FRXOG�H[SODLQ�WKH�HYROXWLRQ�RI�VH[XDO�GLPRUSKLVP��DQG�
GLVWLQJXLVKHG� WZR� IXQGDPHQWDOO\� GLIIHUHQW� W\SHV�� LQWUDVH[XDO�
FRPSHWLWLRQ�DPRQJ�LQGLYLGXDOV�RI�RQH�VH[�IRU�PDWHV��DQG�LQWHU-
VH[XDO�VHOHFWLRQ�RU�µPDWH�FKRLFH¶�UHVXOWLQJ�IURP�WKH�SUHIHUHQFHV�
RI�RQH�VH[�IRU�WUDLWV�RI�WKH�RWKHU��,Q�PRVW�LQVWDQFHV��WKH�IRUPHU�
LQYROYHV�PDOHV�DQG�WKH�ODWWHU�IHPDOHV��7KLV�GLIIHUHQFH�ZDV�ODWHU�
H[SODLQHG�E\�%DWHPDQ¶V�SULQFLSOH��%DWHPDQ��������ZKLFK�VWDWHV�
WKDW�PDOH�UHSURGXFWLYH�VXFFHVV�ZLOO�EH�PRVW�RIWHQ�OLPLWHG�E\�WKH�
DYDLODELOLW\�RI�PDWLQJ�SDUWQHUV��ZKHUHDV�IHPDOH�UHSURGXFWLYH�VXF-
FHVV�LV�PRUH�OLNHO\�WR�EH�OLPLWHG�E\�WKH�DYDLODELOLW\�RI�UHVRXUFHV��
7KLV�VKRXOG�UHVXOW�LQ�JUHDWHU�YDULDQFH�LQ�PDOH�WKDQ�IHPDOH�PDW-
LQJ� VXFFHVV��$� YDVW� OLWHUDWXUH� QRZ� H[LVWV� RQ� WKH� FRQFHSWV� DQG�
PHDVXUHPHQW�RI�VH[XDO�VHOHFWLRQ��UHYLHZHG�LQ�$QGHUVVRQ������; 

6KXVWHU� DQG�:DGH�� ������� DQG� WKLV� WRSLF� LV� D� G\QDPLF� DUHD� LQ�
PRGHUQ�HYROXWLRQDU\�DQG�EHKDYLRXUDO�HFRORJ\�
'DUZLQ� ������� ODUJHO\� QHJOHFWHG� WKH� SRVVLELOLW\� WKDW� VH[XDO�

VHOHFWLRQ�PLJKW�DOVR�RSHUDWH�LQ�SODQWV��7KLV�PD\�KDYH�EHHQ�EHFDXVH�
RI�WKHLU�QRQ�VHQWLHQW�KDELW��SULPDULO\�KHUPDSKURGLWLF�VH[XDO�FRQ-

GLWLRQ��DQG�OHVV�FRQVSLFXRXV�VH[XDO�GLPRUSKLVP�LQ�GLRHFLRXV�VSH-
FLHV��1RZ�LW�LV�JHQHUDOO\�DSSUHFLDWHG��DOWKRXJK�QRW�ZLWKRXW�VRPH�
FRQWURYHUV\��WKDW�WKH�FRQFHSWV�RI�VH[XDO�VHOHFWLRQ�DQG�%DWHPDQ¶V�
SULQFLSOH�FDQ�EH�DSSOLHG�WR�ÀRZHULQJ�SODQWV��UHJDUGOHVV�RI�WKHLU�
SDUWLFXODU�VH[XDO�V\VWHP��UHYLHZHG�LQ�&KDUOHVZRUWK�et al�������; 

$UQROG�� ����; :LOVRQ� et al��� ����; 'HOSK� DQG�$VKPDQ�� ����; 

0RRUH�DQG�3DQQHOO���������7KLV�DGYDQFH�KDV�KHOSHG�WR�H[SODLQ�
YDULRXV� IDFHWV� RI� SROOLQDWLRQ� DQG� PDWLQJ� ELRORJ\�� SDUWLFXODUO\�
WKH�IXQFWLRQ�RI�UHSURGXFWLYH�WUDLWV��:LOOVRQ������; :LOOVRQ�DQG�
%XUOH\�� ����; %HOO�� ����; 4XHOOHU�� ����; +DUGHU� DQG� %DUUHWW��
����; 0RRUH� DQG� 3DQQHOO�� �������$Q� LPSRUWDQW� TXHVWLRQ� WKDW�
DULVHV� LV� WKH�H[WHQW� WR�ZKLFK� VH[XDO� VHOHFWLRQ� UDWKHU� WKDQ�RWKHU�
IRUPV�RI�QDWXUDO�VHOHFWLRQ��H�J��YLDELOLW\�DQG�IHFXQGLW\�VHOHFWLRQ��
FDQ�H[SODLQ�WKH�SDWWHUQV�RI�VH[XDO�GLPRUSKLVP�LQ�GLRHFLRXV�VSH-
FLHV�� 7KH� GLIIHUHQW� UHSURGXFWLYH� UHTXLUHPHQWV� RI� IHPDOHV� DQG�
PDOHV�FDXVH�VH[�VSHFL¿F�VHOHFWLRQ�SUHVVXUHV�RQ�WUDLWV�WKDW�LQÀX-

HQFH�YLDELOLW\�DQG�IHUWLOLW\��DQG�ERWK�QDWXUDO�DQG�VH[XDO�VHOHFWLRQ�
FRXOG�LQÀXHQFH�WKH�DGDSWLYH�HYROXWLRQ�RI�VXFK�WUDLWV��:H�DGGUHVV�
WKHVH�LVVXHV�EHORZ�
'HVSLWH�JURZLQJ�LQWHUHVW�LQ�VH[XDO�GLPRUSKLVP�LQ�ÀRZHULQJ�

SODQWV�� WKHUH� DUH� VWLOO�PDQ\� XQUHVROYHG� LVVXHV� FRQFHUQLQJ� WKH�
JHQHWLF�DUFKLWHFWXUH�DQG�HYROXWLRQ�RI�WUDLW�GLIIHUHQFHV�EHWZHHQ�
WKH�VH[HV��$�IXQGDPHQWDO�TXHVWLRQ�WKDW�DULVHV�ZKHQ�FRQVLGHULQJ�
WKH�JHQHWLF�EDVLV�RI� VH[XDOO\�GLPRUSKLF� WUDLWV� LV� WKH� H[WHQW� WR�
ZKLFK�VKDUHG�JHQHWLF�FRQWURO�RI�WUDLWV�FRQVWUDLQV�WKH�HYROXWLRQ�

RI� VH[XDO� GLPRUSKLVP�� 8QGHUVWDQGLQJ� KRZ� GLIIHUHQW� JHQHWLF�
DUFKLWHFWXUHV�LQÀXHQFH�HYROXWLRQDU\�WUDMHFWRULHV�RI�SKHQRW\SLF�
FKDQJH�LQ�WKH�VH[HV�LV�LPSRUWDQW�IRU�LQIHUULQJ�KRZ�GLPRUSKLVP�
HYROYHV� DQG� LV�PDLQWDLQHG�� DQG� DOVR� IRU� XQGHUVWDQGLQJ� DGDS-

WLYH� HYROXWLRQ�PRUH� JHQHUDOO\� �/DQGH�� �������5HFHQW� LQWHUHVW�
LQ�VH[XDO�GLPRUSKLVP�KDV�IRFXVHG�RQ�WKH�FRQVWUDLQWV�DQG�FRQ-

ÀLFWV�WKDW�DULVH�ZKHQ�WKH�HYROXWLRQDU\�LQWHUHVWV�RI�IHPDOHV�DQG�
PDOHV�GLYHUJH��$Q�LPSRUWDQW�UHVXOW�IURP�WKHVH�VWXGLHV�LV�WKDW�WKH�
LQGHSHQGHQW�HYROXWLRQ�RI�WKH�VH[HV�LV�RIWHQ�FRQVWUDLQHG�E\�KLJK�
LQWHUVH[XDO�JHQHWLF�FRUUHODWLRQV��3RLVVDQW�et al����������0RVW�RI�
WKLV�ZRUN�KDV�EHHQ�FRQGXFWHG�RQ�DQLPDOV� �H�J��%RQGXULDQVN\�
DQG� 5RZH�� ����; &KHQRZHWK� et al��� ������� DOWKRXJK� VHYHUDO�
VWXGLHV� KDYH� H[SORUHG� WKH� JHQHWLFV� RI� VH[XDO� GLPRUSKLVP� LQ�
SODQW�VSHFLHV��UHYLHZHG�LQ�0HDJKHU��������DQG��PRUH�UHFHQWO\��
$VKPDQ�� ����; 0F'DQLHO�� ����; 6WHYHQ� et al��� ����; 'HOSK�
et al����������������:H�UHYLHZ�WKHVH�VWXGLHV�DQG�FRQVLGHU�WKHLU�
LPSOLFDWLRQV� IRU� XQGHUVWDQGLQJ� KRZ� DQG� ZK\� VH[XDO� GLPRU-
SKLVP�HYROYHV�
7KHRU\� LQGLFDWHV� WKDW� WKH� GLYHUJHQFH� RI� WUDLWV� LQ� IHPDOHV�

RU�PDOHV� LV� IDFLOLWDWHG� E\� WKH� SUHVHQFH� RI� VH[� FKURPRVRPHV��
DV� WKHVH�DUH� WKH�RQO\�JHQRPLF�UHJLRQV� WKDW�GLIIHU�EHWZHHQ�WKH�
VH[HV��5LFH������; 0DQN���������%HFDXVH�JHQHV�RQ�VH[�FKUR-

PRVRPHV� VSHQG� GLIIHUHQW� DPRXQWV� RI� HYROXWLRQDU\� WLPH� LQ�
IHPDOHV�DQG�PDOHV��WKH\�DUH�H[SHFWHG�WR�REWDLQ�¿WQHVV�EHQH¿WV�
GLVSURSRUWLRQDWHO\�WKURXJK�RQH�VH[�RU�WKH�RWKHU��,QGHHG��WKHUH�
LV�HYLGHQFH�WKDW�JHQHV�LQYROYHG�LQ�VH[�VSHFL¿F�DGDSWDWLRQ�KDYH�
QRQ�UDQGRP�JHQRPLF�GLVWULEXWLRQV�DQG�DUH� ORFDWHG�RQ�WKH�VH[�
FKURPRVRPHV��*LEVRQ�et al�������; =KRX�DQG�%DFKWURJ���������
0RUHRYHU��EHFDXVH�RI�WKH�VHOHFWLYH�EHQH¿W�RI�OLQNDJH�EHWZHHQ�
JHQHV� LQYROYHG� LQ� VH[� GHWHUPLQDWLRQ� DQG� WKRVH� LQYROYHG� LQ�
VH[�VSHFL¿F�IXQFWLRQV�� LW� LV�H[SHFWHG� WKDW�JHQHV�ZLWK�VH[XDOO\�
DQWDJRQLVWLF�HIIHFWV��L�H��EHQH¿FLDO�LQ�RQH�VH[�EXW�GHOHWHULRXV�LQ�
WKH�RWKHU��VKRXOG�EH�RYHU�UHSUHVHQWHG�RQ�WKH�VH[�FKURPRVRPHV�
(5LFH������; &KDUOHVZRUWK�et al����������:H�FRQVLGHU� WKH�HYL-
GHQFH�IRU�WKLV�DQG�UHYLHZ�UHFHQW�SURJUHVV�LQ�XQGHUVWDQGLQJ�WKH�
UHODWLRQVKLSV�EHWZHHQ� VH[� FKURPRVRPHV� DQG� WKH� HYROXWLRQ�RI�
VH[XDO�GLPRUSKLVP�
:H�EHJLQ�E\�GRFXPHQWLQJ� WUDLWV� WKDW�GLVWLQJXLVK� IHPDOH�DQG�

PDOH� SODQWV� LQ� WKH� FRQWH[W� RI� OLIH� KLVWRU\�� LQFOXGLQJ�YHJHWDWLYH�
DQG�UHSURGXFWLYH�FKDUDFWHUV�DQG�SDWWHUQV�RI�UHVRXUFH�DOORFDWLRQ��
:H�KLJKOLJKW�FRQWUDVWV�EHWZHHQ�OLIH�KLVWRULHV�VLQFH�WKH\�SURYLGH�
LQVLJKW�LQWR�KRZ�GLIIHUHQFHV�LQ�WKH�WLPLQJ�DQG�FRVWV�RI�UHSURGXF-
WLRQ�LQÀXHQFH�RWKHU�DVSHFWV�RI�GLPRUSKLVP��:H�QH[W�FRQVLGHU�WKH�
HFRORJ\� RI� VH[XDO� GLPRUSKLVP� DQG� WKH� H[WHQW� WR�ZKLFK� GLIIHU-
HQFHV�EHWZHHQ�IHPDOHV�DQG�PDOHV�LQÀXHQFH�WKHLU�GLVWULEXWLRQ�DQG�
IUHTXHQF\�DFURVV�HQYLURQPHQWDO�JUDGLHQWV��$�SDUWLFXODU�IRFXV�RI�
WKLV�VHFWLRQ�LQYROYHV�HYDOXDWLQJ�HYLGHQFH�IRU�QLFKH�SDUWLWLRQLQJ�RI�
WKH�VH[HV�DQG�ZKHWKHU�WKH\�UHVSRQG�GLIIHUHQWO\�WR�HQYLURQPHQWDO�
VWUHVV��:H�WKHQ�UHYLHZ�ZKDW�LV�NQRZQ�DERXW�WKH�JHQHWLF�DUFKLWHF-
WXUH�RI�VH[XDO�GLPRUSKLVP�DQG�KRZ�WKLV�PLJKW�LQÀXHQFH�GLYHU-
JHQFH�RI�WUDLWV�LQ�IHPDOHV�DQG�PDOHV��,QVLJKWV�IURP�WKH�JHQHWLFV�
RI�VH[XDO�GLPRUSKLVP�DUH�XVHG� WR�DGGUHVV� WKH�TXHVWLRQ�RI�ZK\�
SODQWV�JHQHUDOO\�H[KLELW�OHVV�H[DJJHUDWHG�GLPRUSKLVP�FRPSDUHG�
ZLWK�DQLPDOV��:H�DOVR�HYDOXDWH� WKH� UROH� WKDW�VH[�FKURPRVRPHV�
SOD\�LQ�WKH�HYROXWLRQ�RI�VH[XDO�GLPRUSKLVP�DQG�FRQVLGHU�ZKHWKHU�
WKH\�KDYH�D�GLVSURSRUWLRQDWH�QXPEHU�RI�JHQHV�LQYROYHG�LQ�VH[�
VSHFL¿F�IXQFWLRQV��:H�FRQFOXGH�E\�LGHQWLI\LQJ�VHYHUDO�WRSLFV�WKDW�
ZRXOG�EHQH¿W�IURP�IXWXUH�VWXG\�
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Traits distinguishing the sexes in dioecious 
populations
,Q�FRQWUDVW�WR�PDQ\�DQLPDO�JURXSV��WKH�VH[�RI�DQ�LQGLYLGXDO�FDQ-

QRW� XVXDOO\� EH� GHWHUPLQHG� LQ� SODQWV� EHIRUH� ÀRZHULQJ� �EXW� VHH�
*DUFtD� DQG�$QWRU�� ������ ZLWKRXW� VH[�VSHFL¿F� JHQHWLF�PDUNHUV�
�H�J�� (SSOH\� et al��� ����; 6WHKOLN� DQG� %DUUHWW�� ����; 6KHOWRQ��
�������$V�D�UHVXOW��PRUH�LQIRUPDWLRQ�LV�DYDLODEOH�IRU�GLIIHUHQFHV�
EHWZHHQ� WKH� VH[HV� LQ� UHSURGXFWLYH� IHDWXUHV� WKDQ� IRU� YHJHWDWLYH�
WUDLWV�� 1HYHUWKHOHVV�� WKH� VH[HV� FDQ� GLIIHU� SULRU� WR� UHSURGXFWLRQ�
LQ� D� UDQJH� RI� FKDUDFWHUV�� DOWKRXJK� WKHVH� GLIIHUHQFHV� DUH� UDUHO\�
VXI¿FLHQWO\�REYLRXV�IRU�IHPDOHV�DQG�PDOHV�WR�EH�UHOLDEO\�GLVWLQ-

JXLVKHG�VROHO\�RQ�WKH�EDVLV�RI�WKHVH�WUDLWV�
7KHUH�DUH�IHZ�UHSRUWV�RI�GLIIHUHQFHV�EHWZHHQ�WKH�VH[HV�DW�WKH�

VHHG�RU�VHHGOLQJ�VWDJH��,Q�Rumex nivalis��PDOH�VHHGV�DUH�KHDY-

LHU� DQG�JHUPLQDWH� HDUOLHU� WKDQ� IHPDOH� VHHGV�� EXW� RYHUDOO� OHYHOV�
RI� JHUPLQDWLRQ� GR� QRW� GLIIHU� EHWZHHQ� WKH� VH[HV� �6WHKOLN� DQG�
%DUUHWW���������0DOH�VHHGV�DUH�DOVR�KHDYLHU�WKDQ�IHPDOH�VHHGV�LQ�
Spinacia oleracea ()UHHPDQ�et al����������6H[XDO�GLPRUSKLVP�LQ�
GRUPDQF\�DQG�VXUYLYRUVKLS�RFFXUV�LQ�Silene latifolia (3XUULQJWRQ�
DQG� 6FKPLWW�� ������� DQG� HQYLURQPHQW�GHSHQGHQW� GLIIHUHQFHV�
EHWZHHQ� WKH� VH[HV� KDYH� EHHQ� UHSRUWHG� LQ� VHHG� JHUPLQDWLRQ� LQ�
Distichlis spicata ((SSOH\���������,Q�FRQWUDVW�� WKHUH�DUH�QXPHU-
RXV� UHSRUWV� RI� GLIIHUHQFHV� LQ� WKH� VL]H�� PRUSKRORJ\� �H�J�� OHDI�
VKDSH��VWHP�FKDUDFWHULVWLFV���JURZWK�UDWH��DQG�SK\VLRORJ\�RI�WKH�
VH[HV�WKDW�DUH�PDQLIHVWHG�GXULQJ�WKH�YHJHWDWLYH�SKDVH�RI�JURZWK�
�UHYLHZHG�LQ�/OR\G�DQG�:HEE������; 'DZVRQ�DQG�*HEHU���������
6H[XDO�GLPRUSKLVP�LQ�WKHVH�WUDLWV�LV�DVVRFLDWHG�ZLWK�FRQWUDVWLQJ�
VWUDWHJLHV�RI� WKH�VH[HV��SDUWLFXODUO\� LQ�JURZWK�DQG�UHSURGXFWLYH�
H[SHQGLWXUH�

Vegetative traits

,Q� ORQJ�OLYHG� VSHFLHV��PDOHV� RIWHQ� H[FHHG� IHPDOHV� LQ� YLJRXU��
VKRRW�VL]H��DQG�WKHLU�FDSDFLW\�IRU�FORQDO�SURSDJDWLRQ��DOWKRXJK�
H[FHSWLRQV� GR� RFFXU� �H�J�� Populus tremuloides; 6DNDL� DQG�
%XUULV���������5HSHDWHG�ERXWV�RI�PDWHUQDO�LQYHVWPHQW�LQ�IUXLWV�
DQG�VHHGV�FDQ�OHDG�WR�KLJKHU�UDWHV�RI�PRUWDOLW\�LQ�IHPDOHV��H�J��
$OOHQ� DQG� $QWRV�� ������ DQG� PD\� DOVR� H[DFHUEDWH� GHDWK� E\�
KHUELYRU\� DQG� GLVHDVH� �H�J��:DUG�� ������� 5HSURGXFWLYH� FRVWV�
UHVXOW�LQ�SK\VLRORJLFDO�WUDGH�RIIV�LQ�UHVRXUFH�GLVWULEXWLRQV��DQG�
WKHVH�FDQ�LQÀXHQFH�IXWXUH�YHJHWDWLYH�JURZWK�DQG�UHSURGXFWLRQ��
)HPDOHV� DUH� H[SHFWHG� WR� VKRZ� VWURQJHU� WUDGH�RIIV�ZLWK� RWKHU�
OLIH�KLVWRU\� WUDLWV�EHFDXVH�RI� WKHLU� W\SLFDOO\�KLJKHU� LQYHVWPHQW�
LQ� UHSURGXFWLRQ��'HOSK�DQG�0HDJKHU�������� WDEOH��� LQ�'HOSK��
������� DOWKRXJK� WKLV� LV� QRW� QHFHVVDULO\� DOZD\V� H[SUHVVHG�
WKURXJK� KLJKHU� VRPDWLF� FRVWV�� EHFDXVH� YDULRXV� FRPSHQVDWRU\�
PHFKDQLVPV� FDQ� RIIVHW� GLIIHUHQFHV� EHWZHHQ� WKH� VH[HV� LQ� WKH�
FRVWV�RI�UHSURGXFWLRQ��VHH�WDEOH���LQ�'HOSK���������0RUHRYHU��
LQ� VRPH�ZLQG�SROOLQDWHG�SODQWV��PDOH� UHSURGXFWLYH� FRVWV�PD\�
PDWFK�RU�H[FHHG�WKRVH�RI�IHPDOHV�EHFDXVH�RI� WKH�KLJK�LQYHVW-
PHQW� LQ� QLWURJHQ�ULFK� SROOHQ� �'HOSK� et al��� ����; +DUULV� DQG�
3DQQHOO�� �������'HWHUPLQLQJ� WKH� DSSURSULDWH� UHVRXUFH� FXUUHQ-

FLHV�LV�D�PDMRU�FKDOOHQJH�IRU�HYDOXDWLQJ�UHSURGXFWLYH�H[SHQGL-
WXUH�LQ�GLRHFLRXV�SODQWV�
$�UHFHQW�VWXG\�E\�9DQ�'UXQHQ�DQG�'RUNHQ��������RI�WKH�FORQDO�

DTXDWLF�Sagittaria latifolia�GHWHFWHG�D�����WUDGH�RII�EHWZHHQ�ELR-

PDVV� LQYHVWPHQW� LQ� IHPDOH� IXQFWLRQ� DQG� FORQDO� UHSURGXFWLRQ�

�UDPHW� DQG� FRUP� SURGXFWLRQ��� ,Q� FRQWUDVW�� PDOH� LQYHVWPHQW�
KDG�QR�DSSDUHQW�HIIHFW�RQ�WKH�SURGXFWLRQ�RI�UDPHWV�DQG�FRUPV��
,QVWHDG�� WKH�QLWURJHQ�FRQWHQW�RI�FRUPV�ZDV�FRQVLGHUDEO\� ORZHU�
WKDQ�IRU�IHPDOHV��LQGLFDWLQJ�WKDW�WKH�W\SH�RI�WUDGH�RII�EHWZHHQ�WKH�
WZR�UHSURGXFWLYH�PRGHV�GLIIHUV�EHWZHHQ� WKH�VH[HV�� ,Q�IHPDOHV��
WKH�WUDGH�RII�WKXV�LQYROYHV�WKH�TXDQWLW\�RI�FORQDO�SURSDJXOHV�SUR-

GXFHG��ZKHUHDV�LQ�PDOHV�LW�DSSHDUV�WR�LQYROYH�WKHLU�TXDOLW\��7KLV�
VWXG\�LV�LQIRUPDWLYH�EHFDXVH�LW�KLJKOLJKWV�WKH�IDFW�WKDW�OLIH�KLVWRU\�
WUDGH�RIIV� FDQ� LQYROYH�GLIIHUHQW� UHVRXUFH� FXUUHQFLHV� LQ� IHPDOHV�
DQG�PDOHV��DQG�VHH�6iQFKH]�9LODV�DQG�3DQQHOO���������DQG�DOVR�
EHFDXVH�LW�GHPRQVWUDWHV�WKDW�UHVRXUFH�EDVHG�WUDGH�RIIV�DUH�PDQL-
IHVWHG�QRW�RQO\�DW�WKH�UDPHW�OHYHO��DW�ZKLFK�PRVW�VWXGLHV�RI�WUDGH�
RIIV�KDYH�EHHQ�SHUIRUPHG�LQ�FORQDO�SODQWV��EXW�DOVR�DW�WKH�JHQHW�
OHYHO��ZKLFK�LV�PRUH�UHOHYDQW�WR�¿WQHVV�
$�SDUWLFXODUO\�VWULNLQJ�H[DPSOH�RI�KRZ�WKH�FRVWV�RI�UHSURGXF-

WLRQ�LQÀXHQFH�VH[XDO�GLPRUSKLVP�LQYROYHV�GLIIHUHQFHV�EHWZHHQ�
WKH� VH[HV� LQ�SODQW� DUFKLWHFWXUH� LQ�Leucadendron ()LJ������7KLV�
JHQXV� RI� ¿UH�DGDSWHG� VKUXEV� HQGHPLF� WR� WKH� I\QERV� RI� WKH�
&DSH�UHJLRQ�RI�6RXWK�$IULFD�H[KLELWV�YDULDWLRQ�LQ�WKH�GHJUHH�RI�
VHURWLQ\� �FRQHV� WKDW� UHOHDVH� WKHLU� VHHGV� DIWHU�¿UH��� DQG� DOVR� LQ�

Fig. 1. Sexual dimorphism in Leucadendron (Proteaceae). 
(A) Leucadendron rubrum, a wind-pollinated species with 
striking sexual dimorphism in vegetative and reproductive 
traits. The female is on the left and the male is on the right. (B) 
Leucadendron xanthocomus, an insect-pollinated species in 
which males (right) exhibit much larger floral displays than females 
(left), and this can lead to viability selection against males with the 
largest displays.
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VH[XDO�GLPRUSKLVP�IRU�OHDI�DQG�EUDQFKLQJ�WUDLWV��ZLWK�PDOHV�W\S-

LFDOO\�SRVVHVVLQJ�PRUH�EUDQFKHV�DQG�VPDOOHU�DQG�PRUH�DEXQGDQW�
OHDYHV�WKDQ�IHPDOHV��0LGJOH\���������+DUULV�DQG�3DQQHOO������� 
FRQGXFWHG�D�FRPSDUDWLYH�DQDO\VLV�RI����VSHFLHV�DQG�IRXQG�WKDW�
WKH�GHJUHH�RI�VHURWLQ\�ZDV�VWURQJO\�DVVRFLDWHG�ZLWK�WKH�GHJUHH�
RI�VH[XDO�GLPRUSKLVP��IHPDOHV�LQ�VSHFLHV�ZLWK�ZHOO�GHYHORSHG�
VHURWLQ\�ZHUH� OHVV�KLJKO\�EUDQFKHG� �VKRZHG� OHVV� UDPL¿FDWLRQ��
WKDQ�PDOHV� �)LJ������7KHVH�¿QGLQJV�VXJJHVW� WKDW� WKH� UHSURGXF-
WLYH�EXUGHQ�RI�PDLQWDLQLQJ�FRQHV�RYHU�\HDUV�LQ�IHPDOHV�LQYROYHV�
D�VLJQL¿FDQW�SK\VLRORJLFDO�FRVW�DQG�WKDW�WKLV�LQ�WXUQ�LQÀXHQFHV�
SDWWHUQV�RI�JURZWK�LQ�IHPDOHV�LQ�ZD\V�QRW�H[SHULHQFHG�E\�PDOHV��
7KLV� UHSURGXFWLYH� FRVW� LQ� IHPDOHV� KDV� DOVR� EHHQ� LQYRNHG� WR�
DFFRXQW� IRU� WKH� RFFXUUHQFH� RI�5HQVFK¶V� UXOH�� WKH� HYROXWLRQDU\�
DOORPHWU\� RI� VL]H� GLPRUSKLVP� �5HQVFK�� ������� LQ� WKUHH� OLQH-
DJHV�RI�1HZ�=HDODQG�SODQWV� LQ�ZKLFK�VH[XDO�VL]H�GLPRUSKLVP�
GHFUHDVHV�ZLWK�ERG\�VL]H�ZKHQ�IHPDOHV�DUH�WKH�ODUJHU�VH[��EXW�
LQFUHDVHV�ZKHQ�PDOHV�DUH�ODUJHU��.DYDQDJK�et al���������DQG�VHH�
2EHVR��������
,Q�FRQWUDVW�WR�ORQJ�OLYHG�VSHFLHV��IHPDOHV�DUH�RIWHQ�ODUJHU�WKDQ�

PDOHV�LQ�VKRUW�OLYHG�SRO\FDUSLF�DQG�PRQRFDUSLF�VSHFLHV��/OR\G�
DQG�:HEE������; 'HOSK������; 2EHVR���������DOWKRXJK�WKLV�GLI-
IHUHQFH�FDQ�GHSHQG�RQ�ZKHQ�GXULQJ�WKH�OLIH�KLVWRU\�FRPSDULVRQV�
DUH�PDGH��'\QDPLF�SDWWHUQV�RI�VH[�VSHFL¿F�JURZWK�DQG�UHVRXUFH�
DOORFDWLRQ�DUH�SDUWLFXODUO\�HYLGHQW�LQ�VKRUW�OLYHG�GLRHFLRXV�SODQWV��
KLJKOLJKWLQJ� WKH� LPSRUWDQFH�RI�PDNLQJ�FRPSDULVRQV�DW�YDULRXV�
OLIH�F\FOH�VWDJHV��)RU�H[DPSOH��LQ�WKH�VKRUW�OLYHG�SHUHQQLDO�Silene 
latifolia�� DOORFDWLRQ� SDWWHUQV� WR� YHJHWDWLYH� JURZWK� DUH� VLPLODU�
EHWZHHQ�WKH�VH[HV�SULRU�WR�ÀRZHULQJ��DOWKRXJK�WKHUH�LV�HYLGHQFH�
RI�VH[XDO�GLPRUSKLVP�LQ�JHQH�H[SUHVVLRQ�ORQJ�EHIRUH�WKLV�RFFXUV�
(=OXYRYD�et al����������2QFH�UHSURGXFWLRQ�FRPPHQFHV��KRZHYHU��
GLPRUSKLVP�GHYHORSV�UDSLGO\��ZLWK�IHPDOHV�JURZLQJ�ODUJHU�DQG�
OLYLQJ�ORQJHU�WKDQ�PDOHV��ZKLFK�SURGXFH�XS�WR����WLPHV�DV�PDQ\�
ÀRZHUV� �UHYLHZHG� LQ�'HOSK�� �������7KLV� GLIIHUHQFH� LV� FRQVLVW-
HQW�ZLWK� WKH� LGHD� WKDW� WKHUH�DUH�FRQWUDVWLQJ�VH[�VSHFL¿F�RSWLPD�
IRU� WUDLWV� DIIHFWLQJ� ORQJHYLW\� �H�J�� 'HOSK� DQG� +HUOLK\�� �������

DQG� WKLV� FDQ� IDYRXU� D� µOLYH� IDVW�� GLH� \RXQJ¶� VWUDWHJ\� LQ� PDOHV�
(%RQGXULDQVN\�et al����������7KLV�VWUDWHJ\�VHHPV�OLNHO\�LQ�RWKHU�
GLRHFLRXV�SODQWV�LQ�ZKLFK�PDOHV�VHQHVFH�HDUOLHU�WKDQ�IHPDOHV�
([SHULPHQWDO� VWXGLHV� LQYROYLQJ� WKH� PDQLSXODWLRQ� RI� UHSUR-

GXFWLYH� H[SHQGLWXUH� �E\� EXG� UHPRYDO�� DQG� QLWURJHQ� UHVRXUFHV�
SURYLGH� LQVLJKW� RQ� WKH� FDXVHV� RI� VL]H� GLPRUSKLVP� LQ� DQQXDO�
Mercurialis annua��D�VSHFLHV�LQ�ZKLFK�PDOHV�KDYH�OHVV�ELRPDVV�
WKDQ� IHPDOHV� �+DUULV� DQG� 3DQQHOO�� ������� 7KH� WZR� VH[HV� GLI-
IHUHG�LQ�DOORFDWLRQ�SDWWHUQV��ZLWK�PDOHV�LQYHVWLQJ�SURSRUWLRQDWHO\�
PRUH� LQ� URRW� JURZWK�� SUHVXPDEO\� WR� SURYLGH� QLWURJHQ� IRU� SRO-
OHQ�SURGXFWLRQ��WKXV�UHVWULFWLQJ�DERYH�JURXQG�YHJHWDWLYH�JURZWK��
DQG�IHPDOHV�LQYHVWLQJ�PRUH�LQ�SURGXFLQJ�SKRWRV\QWKHWLF�OHDYHV�
FDSDEOH�RI�VXSSO\LQJ�FDUERQ�IRU�IUXLWV�DQG�VHHGV��7KH�WLPLQJ�RI�
UHVRXUFH�GHSOR\PHQW�DQG�WKH�UHODWLYH�YHUVXV�DEVROXWH�GLIIHUHQFHV�
LQ� WKH� VL]HV� RI� EHORZ�� YHUVXV� DERYH�JURXQG� VRXUFHV� DQG� VLQNV�
WKDW�VXSSO\�GLIIHUHQW�UHVRXUFHV�FDQ�WKXV�H[SODLQ�WKH�REVHUYHG�SDW-
WHUQV� RI� VL]H� GLPRUSKLVP� �DQG� VHH�6iQFKH]�9LODV� DQG�3DQQHOO��
������� 6H[�VSHFL¿F� DOORFDWLRQ� SDWWHUQV� LQ�M. annua� YDU\� WHP-

SRUDOO\�DQG�DOVR�UHVSRQG�WR�HQYLURQPHQWDO�KHWHURJHQHLW\��+HVVH�
DQG�3DQQHOO� ������� IRXQG� WKDW� WKH� VH[HV�GLIIHUHQWLDOO\�DGMXVWHG�
WKHLU�UHSURGXFWLYH�DOORFDWLRQ�LQ�UHVSRQVH�WR�UHVRXUFH�DYDLODELOLW\�
DQG�SODQW�FRPSHWLWLRQ��,Q�SDUWLFXODU��PDOHV�UHGXFHG�WKHLU�UHSUR-

GXFWLYH�H[SHQGLWXUH�ZKHQ�JURZQ�LQ�SRRU�VRLOV��ZKHUHDV�IHPDOHV�
LQFUHDVHG�WKHLUV��HVSHFLDOO\�ZKHQ�FRPSHWLQJ�ZLWK�RWKHU�IHPDOHV��
+RZHYHU�� WKHUH�ZDV� UHODWLYHO\� OLWWOH� HIIHFW� RI� UHVRXUFHV� RQ� WKH�
GHJUHH� RI� VL]H� GLPRUSKLVP� VR� WKDW� WKH� UHODWLYH� VL]H� GLVSDULWLHV�
ZHUH�PDLQWDLQHG�DFURVV�HQYLURQPHQWDO�WUHDWPHQWV�DQG�RYHU�WLPH�
,Q� ZLQG�SROOLQDWHG� DQQXDO�Rumex hastatulus�� KHLJKW� GLPRU-

SKLVP� FKDQJHV� SUHGLFWDEO\� GXULQJ� WKH� OLIH� F\FOH�� ZLWK� PDOHV�
WDOOHU�WKDQ�IHPDOHV�DW�ÀRZHULQJ�DQG�WKH�UHYHUVH�SDWWHUQ�RFFXUULQJ�
GXULQJ�VHHG�PDWXUDWLRQ��3LFNXS�DQG�%DUUHWW���������,Q�WKLV�VSH-
FLHV��ERWK�SROOHQ�DQG�VHHGV�DUH�ZLQG�GLVSHUVHG��DQG�WKH�WHPSR-

UDO�FKDQJHV�LQ�SODQW�KHLJKW�GXULQJ�WKH�OLIH�F\FOH�VHHP�OLNHO\�WR�
EH�DGDSWLYH�DQG�DUH�PDWFKHG� WR�RSWLPL]H�ERWK�SROOHQ�DQG�VHHG�
GLVSHUVDO�IXQFWLRQV�WHPSRUDOO\��IRU�ZKLFK�WKHUH�LV�D�SUHPLXP�RQ�
KHLJKW�IRU�PD[LPL]LQJ�SURSDJXOH�GLVSHUVDO�GLVWDQFH�E\�ZLQG�

Reproductive traits

7KHUH� DUH�QXPHURXV� H[DPSOHV�RI� VH[XDO� GLPRUSKLVP� LQ� UHSUR-

GXFWLYH� WUDLWV� RI� GLRHFLRXV� VSHFLHV�� DQG� WKHVH� KDYH� EHHQ� ZHOO�
VXPPDUL]HG�LQ�WKH�UHYLHZV�RI�'HOSK��������DQG�(FNKDUW���������
6H[�VSHFL¿F�GLIIHUHQFHV�LQFOXGH�ÀRZHULQJ�SKHQRORJ\�DQG�SHULR-

GLFLW\� �H�J��7KRPDV� DQG� /D)UDQNLH�� ������� EXG� DERUWLRQ� �$EH�
������� ÀRZHU� VL]H� �H�J�� 'HOSK� et al��� ������� ÀRZHU� QXPEHU�
SHU� SODQW� �'HOSK� et al��� ������� ÀRUDO� ORQJHYLW\� �H�J�� 3ULPDFN��
������� QXWULHQW� FRQWHQW� RI� ÀRZHUV� �H�J�� &DUUROO� DQG� 'HOSK��
�������QHFWDU�SURGXFWLRQ��H�J��%DZD�DQG�2SOHU���������ÀRUDO�IUD-
JUDQFHV��$VKPDQ���������ÀRUDO�GHIHQFH�DJDLQVW�KHUELYRU\��H�J��
&RUQHVOLVVHQ�DQG�6WLUOLQJ���������DQG�YDULRXV�LQÀRUHVFHQFH�FKDU-
DFWHULVWLFV� LQFOXGLQJ� WRWDO� ÀRZHU� QXPEHU� �H�J�� %DUUHWW�� �������
GDLO\�GLVSOD\�VL]H� �H�J��<DNLPRZVNL�et al����������DQG� LQÀRUHV-
FHQFH� DUFKLWHFWXUH� �H�J�� 5RXUNH�� ������� ,Q� DQLPDO�SROOLQDWHG�
VSHFLHV��WKHVH�GLIIHUHQFHV�FDQ�KDYH�LPSRUWDQW�FRQVHTXHQFHV�IRU�
SROOLQDWRU� YLVLWDWLRQ�� FRPSHWLWLRQ� IRU�PDWHV�� DQG� WKH� HYROXWLRQ�
RI� VH[XDO� GLPRUSKLVP� �9DXJKWRQ� DQG�5DPVH\�� ����; $VKPDQ��
����; &DVH�DQG�%DUUHWW������; *ODHWWOL�DQG�%DUUHWW���������7KHUH�
DUH�REYLRXVO\�FRQVWUDLQWV�RQ�KRZ�GLIIHUHQW�WKH�UHSURGXFWLYH�WUDLWV�

Fig. 2. The relationship between sexual dimorphism in 
ramification (branching) and the age of the oldest cone, an 
index of the degree of serotiny in Leucadendron. Each point is a 
different species. After Harris and Pannell 2010; 98, 509-515, with 
permission from John Wiley and Sons.
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RI�IHPDOHV�DQG�PDOHV�LQ�DQLPDO�SROOLQDWHG�VSHFLHV�FDQ�EHFRPH��
WRR�PXFK�GLYHUJHQFH�FRXOG�LQWHUIHUH�ZLWK�PDWLQJ�VXFFHVV�LI�SRO-
OLQDWRUV� DUH�PRUH� DWWUDFWHG� WR� RQH� VH[� WKDQ� WKH� RWKHU�� RU� LI� WKH�
VH[HV� DWWUDFW� GLIIHUHQW� SROOLQDWRUV�� 6XFK� FRQVWUDLQWV� DUH� DEVHQW�
IURP� ZLQG�SROOLQDWHG� SODQWV�� DQG� WKH� FRQWUDVWLQJ� ELRSK\VLFDO�
UHTXLUHPHQWV� IRU� SROOHQ� GLVSHUVDO� DQG� SROOHQ� FDSWXUH� KDYH� OHG�
WR�VWULNLQJ�FDVHV�RI�VH[XDO�GLPRUSKLVP�LQ�SODQW�DUFKLWHFWXUH�DQG�
ÀRZHU�SURGXFWLRQ�LQ�VRPH�VSHFLHV��H�J��Leucadendron rubrum; 

)LJ�� �$��� ,Q� VRPH� FDVHV�� WKH� GLUHFWLRQ� RI� GLIIHUHQFH� EHWZHHQ�
IHPDOHV�DQG�PDOHV�LV�TXLWH�FRQVLVWHQW��H�J��LQ�ORQJ�OLYHG�VSHFLHV��
PDOHV�FRPPRQO\�ÀRZHU�DW�D�\RXQJHU�DJH�DQG�PRUH�RIWHQ�WKDQ�
IHPDOHV��'HOSK���������ZKHUHDV�IRU�RWKHU�WUDLWV�WKLV�LV�QRW�WKH�FDVH�
�H�J��ÀRZHU�VL]H��'HOSK�et al����������%HORZ�ZH�GLVFXVV�UHFHQW�
H[DPSOHV�WKDW�ZHUH�QRW�DYDLODEOH�ZKHQ�HDUOLHU�UHYLHZV�ZHUH�FRQ-

GXFWHG��DQG�ZH�FRQVLGHU�K\SRWKHVHV�WR�DFFRXQW�IRU�WKH�SDWWHUQV�
REVHUYHG�
$�FRPPRQ�REVHUYDWLRQ�LQ�ORQJ�OLYHG�GLRHFLRXV�SODQWV�LV�WKDW�

PDOHV� ÀRZHU� PRUH� UHJXODUO\� WKDQ� IHPDOHV� �/OR\G� DQG�:HEE��
����; %DZD�et al�������; 1LFRWUD���������7KLV�SDWWHUQ�LV�JHQHU-
DOO\�LQWHUSUHWHG�DV�UHVXOWLQJ�IURP�JUHDWHU�IHPDOH�WKDQ�PDOH�UHSUR-

GXFWLYH� H[SHQGLWXUH� �H�J�� cJUHQ�� ����; 4XHHQERURXJK� et al���
�������+RZHYHU��WKH�H[WHQW�WR�ZKLFK�YDULDWLRQ�LQ�HQYLURQPHQWDO�
IDFWRUV�PLJKW� DOVR� LQÀXHQFH�SDWWHUQV�RI�ÀRZHULQJ� LQ� WKH� VH[HV�
RI�GLRHFLRXV�VSHFLHV� LV� OHVV�ZHOO�XQGHUVWRRG��$�UHFHQW�VWXG\�RI�
VH[XDO�GLIIHUHQFHV�LQ�\HDU�WR�\HDU�ÀRZHULQJ�LQ�Lindera triloba��D�
PXOWLVWHPPHG�XQGHUVWRUH\�VKUXE�RI�WHPSHUDWH�IRUHVWV�LQ�-DSDQ��
SURYLGHV�XVHIXO�LQVLJKWV�LQ�WKLV�UHJDUG��0DWVXVKLWD�et al����������
7KH�DXWKRUV�PRQLWRUHG�VXQVKLQH�KRXUV�DQG�ÀRZHULQJ�SDWWHUQV�RI�
WKH�VH[HV�RYHU�¿YH�FRQVHFXWLYH�\HDUV�DW�ERWK�WKH�UDPHW�DQG�JHQHW�
OHYHO��)ORZHULQJ�ÀXFWXDWHG�DQQXDOO\�DQG�ZDV�SRVLWLYHO\�FRUUHODWHG�
ZLWK�WKH�QXPEHU�RI�VXQVKLQH�KRXUV�GXULQJ�WKH�SUHFHGLQJ�VXPPHU��
$OWKRXJK��DV�H[SHFWHG��DQQXDO�ÀRZHULQJ�LQWHQVLW\�ZDV�JUHDWHU�LQ�
PDOHV�WKDQ�IHPDOHV��LQWHUDQQXDO�YDULDWLRQ�LQ�UDPHW�ÀRZHULQJ�DQG�
LQÀRUHVFHQFH� SURGXFWLRQ�ZDV� DOVR�PRUH� SURQRXQFHG� LQ�PDOHV��
ZLWK� UDPHWV�PRUH� VHQVLWLYH� WR� OLJKW� FRQGLWLRQV� DQG� WKH� JURZWK�
VWDWXV�DQG�VL]H�RI�WKH�JHQHWV�WR�ZKLFK�WKH\�EHORQJHG��7KLV�REVHU-
YDWLRQ�VXJJHVWV�WKDW�WKH�H[WHQW�RI�PRGXODU�LQWHJUDWLRQ�RI�UDPHWV�
ZLWKLQ�JHQHWV�GLIIHUV�EHWZHHQ�WKH�VH[HV��(YLGHQFH�IURP�JLUGOLQJ�
H[SHULPHQWV�LQGLFDWHG�WKDW�IHPDOH�UDPHWV�DUH�FDSDEOH�RI�HDUOLHU�
SK\VLRORJLFDO� LQGHSHQGHQFH� WKDQ� PDOH� UDPHWV� �,VRJLPL� et al���
�������$V� \HW� WKH� SK\VLRORJLFDO� PHFKDQLVPV� E\� ZKLFK� UDPHW�
ÀRZHULQJ�EHWZHHQ� WKH� VH[HV�PD\�EH�GLIIHUHQWO\�FRRUGLQDWHG� LV�
XQFOHDU��EXW�WKLV�LVVXH�FRXOG�EH�LQYHVWLJDWHG�E\�WUDFLQJ�SDWWHUQV�
RI�FDUERQ�WUDQVORFDWLRQ�XVLQJ���&�ODEHOOLQJ��H�J��,GD�et al���������
&RPSDUDWLYH� VWXGLHV� RI� DQLPDO�SROOLQDWHG� GLRHFLRXV� VSHFLHV�

LQGLFDWH�WKDW�WKH\�FRPPRQO\�SRVVHVV�ÀRZHUV�WKDW�DUH�OHVV�VKRZ\�
WKDQ� RXWFURVVLQJ� KHUPDSKURGLWHV�� ZLWK� VPDOO� ÀRZHUV� WKDW� DUH�
RIWHQ�ZKLWH��SDOH�\HOORZ��RU�JUHHQ�LQ�FRORXU��&KDUOHVZRUWK������; 

5HQQHU�DQG�5LFNOHIV������; 9DPRVL�et al����������1HYHUWKHOHVV��
WKH�DJJUHJDWLRQ�RI�WKHVH�ÀRZHUV�FDQ�UHVXOW�LQ�ODUJH�ÀRUDO�GLVSOD\V�
WKDW� RIWHQ� VKRZ� VH[XDO� GLPRUSKLVP� LQ�ÀRUDO� DQG� LQÀRUHVFHQFH�
WUDLWV�� )ROORZLQJ� %DWHPDQ¶V� SULQFLSOH�� ÀRUDO� DQG� LQÀRUHVFHQFH�
WUDLWV� WKDW� LQFUHDVH� SROOLQDWRU� DWWUDFWLRQ� ZRXOG� EH� H[SHFWHG� WR�
HYROYH�XQGHU�VWURQJHU�SROOLQDWRU�PHGLDWHG�VHOHFWLRQ�LQ�PDOH�WKDQ�
LQ�IHPDOH�SODQWV��7KLV�OHDGV�WR�WKH�SUHGLFWLRQ�WKDW�ODUJH�ÀRUDO�GLV-
SOD\V�HYROYH�SULPDULO\�WR�LQFUHDVH�PDOH�IHUWLOLW\�DQG�LV�EDVHG�RQ�
WKH�DVVXPSWLRQ�WKDW�PDOH�RXWFURVVHG�VLULQJ�VXFFHVV�LQFUHDVHV�ZLWK�
PRUH�SROOLQDWRU�YLVLWV��ZLWK�RQO\�D�IHZ�YLVLWV�UHTXLUHG�WR�PD[LPL]H�

IHPDOH�IHUWLOLW\��+RZHYHU��WKHUH�LV�QRZ�HYLGHQFH�IRU�ZLGHVSUHDG�
SROOHQ� OLPLWDWLRQ� RI� VHHG� SURGXFWLRQ� LQ� ÀRZHULQJ� SODQWV� �H�J��
%XUG�� ����; /DUVRQ� DQG� %DUUHWW�� ����; $VKPDQ� et al��� �������
LQGLFDWLQJ�WKDW�WKH�DVVXPSWLRQ�WKDW�PDOH�EXW�QRW�IHPDOH�IHUWLOLW\�
LV� OLPLWHG�E\�DFFHVV� WR�PDWHV� LV�QRW� DOZD\V� WUXH�� ,QGHHG�� WKHUH�
LV�HYLGHQFH�WKDW�WKH�VWUHQJWK�RI�VHOHFWLRQ�RQ�DWWUDFWLYH�WUDLWV�FDQ�
LQFUHDVH�ZLWK�JUHDWHU�SROOHQ�OLPLWDWLRQ�RI�VHHG�VHW��$VKPDQ�DQG�
0RUJDQ���������DQG�WKDW�WKLV�PD\�OHDG�WR�WKH�HYROXWLRQ�RI�GLYHUVH�
UHSURGXFWLYH�DGDSWDWLRQV��+DUGHU�DQG�$L]HQ���������7KHVH�¿QG-

LQJV��DQG�WKH�UHFHQW�DSSUHFLDWLRQ�RI�WKH�FRQWH[W�GHSHQGHQW�QDWXUH�
RI�VHOHFWLRQ�RQ�ÀRUDO�WUDLWV��VXJJHVW�WKDW�GHWHUPLQLQJ�WKH�UHODWLYH�
LPSRUWDQFH�RI�ERWK�QDWXUDO�DQG�VH[XDO�VHOHFWLRQ�ZLOO�EH�FULWLFDO�
IRU�H[SODLQLQJ�SDWWHUQV�RI�VH[XDOO\�GLPRUSKLF�WUDLW�YDULDWLRQ�
$�UHFHQW�H[SHULPHQWDO�VWXG\�RI�Silene latifola�E\�'HOSK�DQG�

+HUOLK\� ������� H[SRVHV� WKH� FRPSOH[LW\� RI� VHOHFWLRQ� RQ� ÀRZHU�
VL]H�DQG�QXPEHU��,Q�WKLV�VSHFLHV��D�ÀRZHU�VL]H�QXPEHU�WUDGH�RII�
RFFXUV�ZLWKLQ� HDFK� VH[�� DQG� ÀRUDO� WUDLWV� DUH� JHQHWLFDOO\� FRUUH-
ODWHG�ZLWK�OHDI�SK\VLRORJ\��'HOSK�et al����������7KH�DXWKRUV�XVHG�
H[SHULPHQWDO�DUUD\V�FRPSRVHG�RI�VHOHFWLRQ�OLQHV�RI�VPDOO��YHUVXV�
ODUJH�ÀRZHUHG� SODQWV� WR� LQFUHDVH� WKH� SKHQRW\SLF� YDULDWLRQ� RQ�
ZKLFK� VHOHFWLRQ� DFWV��%HFDXVH� WKH\�PHDVXUHG� ERWK� SROOHQ� SUR-

GXFWLRQ� DQG� VLULQJ� VXFFHVV� �ZLWK� JHQHWLF� PDUNHUV��� WKH\� ZHUH�
DEOH�WR�GLVWLQJXLVK�IHFXQGLW\�VHOHFWLRQ�IURP�VH[XDO�VHOHFWLRQ�LQ�
PDOHV�� ,Q� IHPDOHV�� WKH\�IRXQG�HYLGHQFH�IRU�ERWK�IHFXQGLW\�DQG�
YLDELOLW\� VHOHFWLRQ� IDYRXULQJ� ODUJH�ÀRZHUHG� SODQWV� EXW� QR� HYL-
GHQFH�IRU�VH[XDO�VHOHFWLRQ��,Q�FRQWUDVW��VH[XDO�VHOHFWLRQ�IDYRXUHG�
VPDOO� ÀRZHUHG� DQG� HDUO\� ÀRZHULQJ�PDOHV�� EXW� YLDELOLW\� VHOHF-
WLRQ� RSSRVHG� WKLV� DQG� LQVWHDG� IDYRXUHG� ODUJH�ÀRZHUHG� PDOHV��
WKXV�SURGXFLQJ�D�µWXJ�RI�ZDU¶�EHWZHHQ�WKH�WZR�IRUPV�RI�VHOHF-
WLRQ��$Q�LPSRUWDQW�FRQFOXVLRQ�IURP�WKLV�VWXG\�LV�WKDW�WKH�UHODWLYH�
LPSRUWDQFH�DQG�GLUHFWLRQ�RI�WKH�GLIIHUHQW�IRUPV�RI�VHOHFWLRQ�FDQ�
EH�KLJKO\�GHSHQGHQW�RQ�HQYLURQPHQWDO�FRQGLWLRQV��,Q�LWV�QDWLYH�
(XURSH��S. latifolia�RFFXUV�RYHU�D�ZLGH�JHRJUDSKLFDO�UDQJH��H[SH-
ULHQFLQJ�ZLGHO\� GLIIHUHQW� OHYHOV� RI� SUHFLSLWDWLRQ�� DQG� WKLV�PD\�
FRQWULEXWH� WR� WKH� FRQVLGHUDEOH� YDULDWLRQ� DPRQJ� SRSXODWLRQV� LQ�
ÀRZHU�VL]H�DQG�QXPEHU�
6H[XDO�VHOHFWLRQ�LV�PRVW�REYLRXV�LQ�DQLPDOV�ZKHQ�LW�IDYRXUV�

WKH� HYROXWLRQ� RI� H[WUDYDJDQW� PDOH� GLVSOD\V� WKDW� HQKDQFH� PDW-
LQJ�VXFFHVV�DW�WKH�H[SHQVH�RI�UHGXFHG�YLDELOLW\��7KH�ODUJHU�ÀRUDO�
GLVSOD\V�RI�PDOHV� LQ�PDQ\�DQLPDO�SROOLQDWHG�GLRHFLRXV�VSHFLHV�
DUH� XVXDOO\� LQWHUSUHWHG� DV� UHVXOWLQJ� IURP� PDOH±PDOH� FRPSHWL-
WLRQ�IRU�PDWHV��EXW�IHZ�FDVHV�DUH�NQRZQ�ZKHUH�WKLV�LV�DVVRFLDWHG�
ZLWK�WKH�UHGXFHG�VXUYLYDO�RI�PDOH�SODQWV�DV�D�UHVXOW�RI�YLDELOLW\�
VHOHFWLRQ��EXW�VHH�'HOSK�DQG�+HUOLK\���������$�VWULNLQJ�H[DPSOH�
LQYROYHV�Leucadendron xanthocomus ()LJ���%��LQ�ZKLFK�PDOHV�
FDQ� SURGXFH� XS� WR� ��� WLPHV�PRUH� ÀRZHUV� WKDQ� IHPDOHV��%RQG�
DQG�0D]H��������IRXQG�WKDW�WKH�QXPEHU�RI�LQVHFW�YLVLWV�WR�PDOH�
SODQWV�LQFUHDVHG�OLQHDUO\�ZLWK�ÀRUDO�GLVSOD\�VL]H��EXW�WKDW�LQFUHDV-
LQJ�GLVSOD\�VL]H�ZDV�DVVRFLDWHG�ZLWK�D�KLJKHU�SUREDELOLW\�RI�SODQW�
GHDWK��,Q�FRQWUDVW��WKH�VHHG�VHW�DQG�VXUYLYDO�RI�IHPDOHV�ZDV�QRW�
DVVRFLDWHG�ZLWK�GLVSOD\�VL]H��7KH�XOWLPDWH�FDXVH�RI�GHDWK�LQ�PDOH�
SODQWV�DSSHDUV�WR�EH�WKH�KLJK�PDLQWHQDQFH�FRVW�RI�WKH�DEXQGDQW�
\HOORZ�QRQ�SKRWRV\QWKHWLF� GLVSOD\� OHDYHV� �)LJ� �%�� WKDW� DWWUDFW�
SROOLQDWRUV��EXW�ZKLFK�FDXVH�FRQVLGHUDEOH�VKDGLQJ�RI�SKRWRV\Q-

WKHWLF�OHDYHV�
0RUH�UHFHQWO\��+HPERUJ�DQG�%RQG��������KDYH�SURSRVHG�WKDW�

WKH�VWULNLQJ�VH[XDO�GLPRUSKLVP�LQ�L��xanthocomus�KDV�EHHQ�SUR-

PRWHG� E\� WKH� DFWLYLWLHV� RI� LWV� SROOLQDWRU�� D� QLWXOLG� EHHWOH� �Pria 
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cinerascens��� ZKLFK� GHSHQGV� HQWLUHO\� RQ� WKH� VSHFLHV� IRU� HJJ�
OD\LQJ�VLWHV�DQG�IRRG�IRU�DGXOWV�DQG�ODUYDH��%DVHG�RQ�¿HOG�REVHU-
YDWLRQV� DQG�PDQLSXODWLYH� H[SHULPHQWV�� WKH\� SURSRVHG� WKDW� WKH�
GLIIHUHQW�UHVRXUFHV�DYDLODEOH�IURP�WKH�WZR�VH[HV�KDYH�GULYHQ�WKH�
HYROXWLRQ�RI� VH[XDO�GLPRUSKLVP��0DOHV�SURYLGH� IRRG�DQG�HJJ�
OD\LQJ�VLWHV��ZKHUHDV�WKH�QHFWDUOHVV�IHPDOHV��EHFDXVH�RI�WKH�SDU-
WLFXODU� FXS�VKDSHG�PRUSKRORJ\� RI� WKHLU� ÀRZHU� KHDGV�� SURYLGH�
RQO\�VKHOWHU�IRU�WKH�EHHWOHV�IURP�UDLQ��ZKLFK�LV�IUHTXHQW�GXULQJ�
ÀRZHULQJ��7KLV� LGHD� LQYROYLQJ� µVSHFLDOL]HG� IHPDOH� UHZDUGV¶� LV�
QRYHO�DV�LW�FKDOOHQJHV�WKH�DVVXPSWLRQ�WKDW�µUHZDUGOHVV¶�IHPDOHV�
QHFHVVDULO\� IXQFWLRQ� RQO\� E\� GHFHLW�� )XWXUH� ZRUN� RQ� WKLV� V\V-
WHP� VKRXOG� GHWHUPLQH� ZKHWKHU� WKH� QXPEHU� RI� LQVHFW� YLVLWV� WR�
PDOH�SODQWV�LV�SRVLWLYHO\�DVVRFLDWHG�ZLWK�PDOH�VLULQJ�VXFFHVV��DV�
DVVXPHG��3KHQRW\SLF�VHOHFWLRQ�DQDO\VLV�ZRXOG�DOVR�EH�XVHIXO�WR�
LQYHVWLJDWH� WKH�H[WHQW� WR�ZKLFK�PDWLQJ�VXFFHVV�DQG�YLDELOLW\� LQ�
PDOHV�DUH�FRXQWHUEDODQFHG�WR�SURGXFH�WKH�RSWLPDO�GLVSOD\�VL]H�
7KH� NH\� IXQFWLRQDO� FRPSRQHQW� RI� ÀRUDO� GLVSOD\� VL]H� LV� WKH�

QXPEHU�RI�ÀRZHUV�LQ�DQWKHVLV�RQ�D�JLYHQ�GD\��UDWKHU� WKDQ�WRWDO�
ÀRZHU� SURGXFWLRQ�� DV� RQO\� WKH� IRUPHU� VKRXOG� GHWHUPLQH� SROOL-
QDWRU�DWWUDFWLRQ�DQG�PDWLQJ�VXFFHVV��+DUGHU�DQG�%DUUHWW���������
,Q� FRPPRQ� ZLWK� PRVW� GLRHFLRXV� VSHFLHV�� ÀRZHU� VL]H� DQG� WKH�
WRWDO�QXPEHU�RI�ÀRZHUV�SHU�LQÀRUHVFHQFH�LQ�Sagittaria latifolia 

LV�JUHDWHU�LQ�PDOHV�WKDQ�LQ�IHPDOHV��KRZHYHU��GDLO\�GLVSOD\�VL]H�
LV� ODUJHU� LQ� IHPDOHV� �)LJ�� ��� �; <DNLPRZVNL�et al��� �������7KLV�
GLIIHUHQFH�UHVXOWV�IURP�WKH�PRUH�V\QFKURQL]HG�RSHQLQJ�RI�ÀRZ-

HUV�ZLWKLQ�IHPDOH�LQÀRUHVFHQFHV��LQ�FRQWUDVW�WR�PDOHV��)LJ���&��
D���7KH�FDXVH�RI�WKLV�GLIIHUHQFH�LQ�ÀRZHULQJ�VWUDWHJ\�SUREDEO\�
UHVLGHV�LQ�WKH�GLIIHUHQW�UHSURGXFWLYH�UROHV�RI�IHPDOHV�DQG�PDOHV��
0RUH�SURWUDFWHG�ÀRZHULQJ�LQ�PDOHV�LV�OLNHO\�WR�KDYH�EHHQ�VKDSHG�
E\�VH[XDO�VHOHFWLRQ�WR�LQFUHDVH�WKH�QXPEHU�DQG�YDULHW\�RI�PDWLQJ�
SDUWQHUV��7KLV�SDWWHUQ�RI�ÀRZHULQJ�VHUYHV� WR�UHVWULFW� WKH�GLPLQ-

LVKLQJ�UHWXUQV�FRPPRQO\�DVVRFLDWHG�ZLWK�PDOH�IXQFWLRQ�E\�SUH-
VHQWLQJ�SROOHQ�JUDGXDOO\�RYHU�WLPH�DQG�PD[LPL]LQJ�WKH�QXPEHU�

RI� GLIIHUHQW� LQVHFW� YLVLWRUV� WKDW� SDUWLFLSDWH� LQ� FURVV�SROOLQDWLRQ�
(/OR\G�� ����; +DUGHU� DQG� 7KRPVRQ�� �������$� VWXG\� RI� VLULQJ�
VXFFHVV� LQ� PDWLQJ� DUUD\V� RI� S. latifolia� VXSSRUWV� WKLV� K\SRWK-

HVLV� DV�PDOH� IHUWLOLW\� LQFUHDVHG� OLQHDUO\�ZLWK�ÀRZHU�SURGXFWLRQ�
LQ� D�PDQQHU� WKDW� LV� FRQVLVWHQW�ZLWK� D� OLQHDU� JDLQ� FXUYH� �3HUU\�
DQG�'RUNHQ��������� ,Q� IHPDOHV�� WKH� ODUJHU�GDLO\�ÀRUDO� GLVSOD\V�
PD\�IXQFWLRQ�WR�FRPSHQVDWH�IRU�WKH�VPDOOHU�VL]H�RI�IHPDOH�ÀRZ-

HUV��DQG�DOVR�IRU�WKH�DEVHQFH�RI�SROOHQ�DV�D�UHZDUG��0RUH�ZRUN�
LV�QHHGHG�RQ� WKH�VH[�VSHFL¿F�ÀRZHULQJ�VFKHGXOHV�RI�GLRHFLRXV�
SODQWV��DV�WKHVH�GHWHUPLQH�QRW�RQO\�WKH�VFRSH�IRU�VH[XDO�VHOHFWLRQ�
EXW�DOVR�WKH�LQWHQVLW\�RI�IUHTXHQF\�GHSHQGHQW�VHOHFWLRQ��$OVR��WKH�
ZLGH�YDULDWLRQ�DPRQJ�SRSXODWLRQV�RI�S. latifolia�LQ�WKH�GHJUHH�RI�
VH[XDO�GLPRUSKLVP��)LJ�����UDLVHV�TXHVWLRQV�UHJDUGLQJ�WKH�UHOD-
WLYH� LPSRUWDQFH�RI�HFRORJLFDO�DQG�JHQHWLF� IDFWRUV� LQ�JRYHUQLQJ�
WKLV�YDULDWLRQ�

Fig. 3. Sexual dimorphism in flower size and daily display size in 
Sagittaria latifolia (Alismataceae). The female is on the left and the 
male on the right. After Yakimowski et al. (2011); 108, 765–776, 
with permission from Oxford University Press.

Fig. 4. Variation among populations of Sagittaria latifolia in the degree of sexual dimorphism in: (A) total number of flowers per 
inflorescence; (B) flower size; (C) number of flowers in anthesis per inflorescence per day (daily floral display); and (D) proportion of total 
flowers open per inflorescence per day. All values are means with standard errors; the right-hand panels for each trait provide the grand 
means. After Yakimowski et al. (2011); 108, 765–776, with permission from Oxford University Press.
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7KHUH�LV�D�JURZLQJ�OLWHUDWXUH�RQ�WKH�UROH�RI�ÀRUDO�IUDJUDQFH�
LQ�SROOLQDWRU�DWWUDFWLRQ��UDLVLQJ�WKH�TXHVWLRQ�RI�ZKHWKHU�VH[XDO�
GLPRUSKLVP�LQ�ÀRUDO�VFHQW�RFFXUV�LQ�GLRHFLRXV�VSHFLHV��%DVHG�
RQ� D� VXUYH\� RI� ��� JHQGHU�GLPRUSKLF� VSHFLHV��$VKPDQ� ������ 
IRXQG�WKDW�LQ�WKH�PDMRULW\�RI�VSHFLHV�PDOH�SODQWV�HPLWWHG�PRUH�
YRODWLOHV�SHU�ÀRZHU�WKDQ�IHPDOHV��D�UHVXOW�FRQVLVWHQW�ZLWK�VH[XDO�
VHOHFWLRQ��+RZHYHU��VHYHUDO�DOWHUQDWLYH�K\SRWKHVHV�DOVR�SUHGLFW�
WKLV�RXWFRPH�DV�ZHOO�DV�RWKHU�SDWWHUQV��VHH�WDEOH���LQ�$VKPDQ�
�������)RU�H[DPSOH��KLJKHU�YRODWLOH�DPRXQWV�LQ�PDOHV�FRXOG�EH�
D�VLPSOH�DOORPHWULF�FRQVHTXHQFH�RI�ODUJHU�ÀRZHU�VL]H��EXW�WKLV�
FDQQRW�EH�WKH�FDVH�LQ�Silene latifolia�EHFDXVH�ÀRZHUV�LQ�IHPDOHV�
DUH�FRQVLGHUDEO\�ODUJHU�WKDQ�LQ�PDOHV��:DHOWL�et al���������IRXQG�
WKDW�PDOH�SODQWV�HPLWWHG�VLJQL¿FDQWO\� ODUJHU�DPRXQWV�RI�VFHQW�
DQG� WKDW� QDwYH� SROOLQDWLQJ� PDOH� PRWKV� SUHIHUUHG� PDOH� RYHU�
IHPDOH�ÀRZHUV��)HPDOH�PRWKV�VKRZHG�QR�VXFK�SUHIHUHQFH��SRV-
VLEO\�EHFDXVH�RQO\�IHPDOH�ÀRZHUV�DUH�XVHG�IRU�RYLSRVLWLRQ�DQG�
DUH�SUHIHUUHG�VLWHV� IRU� ODUYDO�GHYHORSPHQW��)XWXUH�H[SHULPHQ-

WDO�VWXGLHV�RQ�WKH�FKHPLFDO�HFRORJ\�RI�VFHQW�GLPRUSKLVP�VHHP�
OLNHO\�WR�\LHOG�QHZ�LQVLJKWV�LQWR�WKH�SROOLQDWLRQ�ELRORJ\�RI�GLRH-
FLRXV�SODQWV�

Ecology of sexual dimorphism
7KH� FDVHV� RI� VH[XDO� GLPRUSKLVP� GHVFULEHG� LQ� WKH� SUHFHGLQJ�
VHFWLRQ�UHÀHFW�FRQWUDVWLQJ�IXQFWLRQDO� UROHV� IRU� WKH�VH[HV�ZLWK�
LPSOLFDWLRQV� IRU� WKHLU� IUHTXHQF\� DQG� GLVWULEXWLRQ�� ,Q� SDUWLFX-

ODU�� GLIIHUHQFHV� LQ� OLIH� KLVWRU\�� SK\VLRORJ\�� DQG� UHSURGXFWLYH�
H[SHQGLWXUH�PD\�LQÀXHQFH�WKH�IUHTXHQF\�RI�VH[HV�DFURVV�EURDG�
HQYLURQPHQWDO�JUDGLHQWV��UHVXOWLQJ�LQ�JHRJUDSKLFDO�YDULDWLRQ�LQ�
VH[�UDWLRV��DQG��DW�¿QHU�VSDWLDO�VFDOHV��WKH�RFFXSDWLRQ�RI�GLIIHU-
HQW� HQYLURQPHQWDO� QLFKHV� LQ� KHWHURJHQHRXV� HQYLURQPHQWV�� ,Q�
WKLV�VHFWLRQ��ZH�UHYLHZ�HYLGHQFH�WKDW�VH[XDO�GLPRUSKLVP�FDQ�
KDYH� HFRORJLFDO� FRQVHTXHQFHV�� UHLQIRUFLQJ�� DQG� SHUKDSV� DOVR�
SURPRWLQJ��VHFRQGDU\�VH[XDO�GLYHUJHQFH��2XU�IRFXV�KHUH�LV�RQ�
WKH�UHVSRQVH�RI�WKH�VH[HV�WR�DELRWLF�IDFWRUV�DQG�SODQW�FRPSHWL-
WLRQ�� DOWKRXJK� WKHUH� DUH� QXPHURXV� RWKHU� SRWHQWLDO� HFRORJLFDO�
FRQVHTXHQFHV�RI�VH[XDO�GLPRUSKLVP��7R�PHQWLRQ�RQH�H[DPSOH��
D� UHFHQW�PHWD�DQDO\VLV�RI� VH[�ELDVHG�KHUELYRU\� �&RUQHVOLVVHQ�
DQG� 6WLUOLQJ�� ������ IRXQG� WKDW�PDOH� SODQWV� H[KLELWHG� VLJQL¿-

FDQWO\�KLJKHU�OHYHOV�RI�KHUELYRU\�WKDQ�IHPDOH�SODQWV��DQG�VHH�
cJUHQ�et al����������7KLV�PD\�KDYH�EHHQ�EHFDXVH��LQ�WKH�VSH-

FLHV� VXUYH\HG�� PDOHV� ZHUH� JHQHUDOO\� ODUJHU� EXW� SRVVHVVHG�
ORZHU�FRQFHQWUDWLRQV�RI�VHFRQGDU\�FRPSRXQGV�DQG�RWKHU�SODQW�
GHIHQFHV�
7KH� VH[� UDWLRV� RI� GLRHFLRXV� SRSXODWLRQV� FRPPRQO\� GHYL-

DWH� IURP� WKH� HTXLOLEULXP� H[SHFWDWLRQ� RI� WKH� ���� SULPDU\� VH[�
UDWLR�SUHGLFWHG�E\�)LVKHULDQ�WKHRU\��'HOSK������; GH�-RQJ�DQG�
.OLQNKDPHU������; 6LQFODLU�et al�������; )LHOG�et al���LQ�SUHVV���
$� UHFHQW� VXUYH\� RI� ÀRZHULQJ� VH[� UDWLRV� DPRQJ� DQJLRVSHUP�
IDPLOLHV� UHYHDOHG� WKDW� DERXW� KDOI� VKRZHG� VLJQL¿FDQW� GHYLD-
WLRQV�IURP�HTXDOLW\��ZLWK�PDOH�ELDV�DOPRVW�WZLFH�DV�FRPPRQ�DV�
IHPDOH�ELDV��%DUUHWW�et al����������7KH�IUHTXHQW�RFFXUUHQFH�RI�
PDOH�ELDVHG�VH[�UDWLRV�LV�OLNHO\�WR�EH�DVVRFLDWHG�ZLWK�WKH�JUHDWHU�
UHSURGXFWLYH�LQYHVWPHQW�RI�IHPDOHV��DV� WKLV�FRPPRQO\�UHVXOWV�
LQ�WKH�HDUOLHU�RQVHW�DQG�PRUH�IUHTXHQW�ÀRZHULQJ�RI�PDOHV�DQG�
WKH�JUHDWHU�PRUWDOLW\�RI�IHPDOHV��/OR\G�DQG�:HEE������; 'HOSK��
������2EHVR�� �������7KLV� REVHUYDWLRQ� OHDGV� WR� WKH� SUHGLFWLRQ�

WKDW�ORQJ�OLYHG�GLRHFLRXV�VSHFLHV�WKDW�H[SHULHQFH�UHSHDWHG�HSL-
VRGHV�RI�UHSURGXFWLRQ�VKRXOG�EH�PRUH�OLNHO\�WR�GHYHORS�PDOH�
ELDVHG� VH[� UDWLRV�� 6XFK� HIIHFWV� PD\� EH� HVSHFLDOO\� VWURQJ� LQ�
VSHFLHV�ZLWK�D�ODUJH�PDWHUQDO�LQYHVWPHQW�LQ�FRVWO\�ÀHVK\�IUXLWV��
D� FRPPRQ� FRUUHODWH� RI� GLRHF\� �9DPRVL� et al��� ������� 7KHVH�
SUHGLFWLRQV�ZHUH� UHFHQWO\� FRQ¿UPHG� LQ� FRPSDUDWLYH� DQDO\VHV�
RI� WKH� OLIH�KLVWRU\� FRUUHODWHV� RI� GLRHF\�� LQ�ZKLFK�PDOH�ELDVHG�
VH[�UDWLRV�ZHUH�DVVRFLDWHG�ZLWK�ZRRG\�JURZWK�IRUPV�DQG�ÀHVK\�
IUXLWV��6LQFODLU�et al�������; )LHOG�et al���LQ�SUHVV���'LIIHUHQFHV�
LQ� WKH�GHJUHH�RI� VH[XDO� GLPRUSKLVP� LQ� UHSURGXFWLYH� H[SHQGL-
WXUH�PD\�WKHUHIRUH�EH�LQÀXHQWLDO�LQ�VKDSLQJ�SDWWHUQV�RI�VH[�UDWLR�
YDULDWLRQ�DPRQJ�DQJLRVSHUP�VSHFLHV�
6H[XDO�GLPRUSKLVP�LQ�WKH�FRVWV�RI�UHSURGXFWLRQ�PD\�DOVR�EH�

H[SHFWHG�WR� LQÀXHQFH�VH[�UDWLR�YDULDWLRQ�DPRQJ�SRSXODWLRQV�RI�
GLRHFLRXV� VSHFLHV�� HVSHFLDOO\� LI� WKH\� RFFXS\� D� EURDG� UDQJH� RI�
HQYLURQPHQWDO�FRQGLWLRQV��+LJKHU�UHSURGXFWLYH�H[SHQGLWXUH�DQG�
RU�JUHDWHU�VHQVLWLYLW\�WR�VWUHVV�LQ�IHPDOHV�VKRXOG�UHVXOW� LQ�PRUH�
PDOH�ELDVHG� VH[� UDWLRV� DORQJ� JUDGLHQWV� RI� UHVRXUFH� DYDLODELOLW\�
DQG�JURZLQJ�VHDVRQ�OHQJWK��7KHUH�LV�VRPH�HYLGHQFH�IURP�VWXG-

LHV�RI� VH[� UDWLRV� DORQJ�HQYLURQPHQWDO�JUDGLHQWV� WR� VXSSRUW� WKLV�
K\SRWKHVLV� �H�J�� *UDQW� DQG� 0LWWRQ�� ����; )R[� DQG� +DUULVRQ��
����; 0DUTXHV�et al�������; 3LFNHULQJ�DQG�+LOO������; Li et al���
�������*URZLQJ�VHDVRQ�OHQJWK�PD\�DOVR�GLIIHUHQWLDOO\�DIIHFW�WKH�
VH[HV��HVSHFLDOO\� LQ�QRUWKHUQ�ODWLWXGHV�ZKHUH�D�VKRUWHU�JURZLQJ�
VHDVRQ�PD\�OLPLW�RSSRUWXQLWLHV�IRU�IHPDOHV�WR�PDWXUH�VHHG�VXF-
FHVVIXOO\��$�ODWLWXGLQDO�VXUYH\�RI�VH[�UDWLRV�RI�Sagittaria latifolia 

LQ�HDVWHUQ�1RUWK�$PHULFD��6�%��<DNLPRZVNL�DQG�6�&�+��%DUUHWW��
XQSXEOLVKHG�GDWD��UHYHDOHG�SDWWHUQV�FRQVLVWHQW�ZLWK�WKH�K\SRWK-

HVLV�WKDW�IHPDOHV�DUH�PRUH�VHQVLWLYH�WR�FRQGLWLRQV�WKDW�OLPLW�WKHLU�
UHSURGXFWLYH� DFWLYLWLHV�� %DVHG� RQ� D� VXUYH\� RI� ���� SRSXODWLRQV�
DW� WKH�QRUWKHUQ� UDQJH� OLPLW�RI� WKLV� VSHFLHV�� WKH�DXWKRUV� IRXQG�D�
VLJQL¿FDQW�GHFOLQH� LQ� WKH� IUHTXHQF\�RI� IHPDOHV�ZLWK� LQFUHDVLQJ�
ODWLWXGH��%HFDXVH�RI�WKH�FORQDO�QDWXUH�RI�S. latifolia��LW�LV�XQFOHDU�
ZKHWKHU� WKLV� UHVXOW�VLPSO\�UHÀHFWV�D� UHGXFWLRQ� LQ� WKH�ÀRZHULQJ�
RI�IHPDOH�UDPHWV�DW�UDQJH�OLPLWV��RU�ZKHWKHU�JHQHW�VH[�UDWLRV�DUH�
DOVR�PDOH�ELDVHG�
6LPLODU�SURFHVVHV�FDXVLQJ�DPRQJ�SRSXODWLRQ�YDULDWLRQ�LQ�VH[�

UDWLRV�FDQ�UHVXOW�LQ�WKH�VHJUHJDWLRQ�RI�VH[HV�LQ�VSDWLDOO\�KHWHUR-

JHQHRXV� HQYLURQPHQWV�� ,QGHHG�� WKHUH� LV� FRQVLGHUDEOH� HYLGHQFH�
IRU� WKH� µVSDWLDO� VHJUHJDWLRQ�RI� WKH� VH[HV¶� �666�� LQ�SRSXODWLRQV�
RI�GLRHFLRXV�SODQWV��DQG�LQ�VRPH�FDVHV�WKH�SK\VLRORJLFDO�PHFK-

DQLVPV� FDXVLQJ� KDELWDW� VHJUHJDWLRQ� KDYH� EHHQ� LQYHVWLJDWHG�
�UHYLHZHG�LQ�'DZVRQ�DQG�*HEHU���������6SDWLDO�VHJUHJDWLRQ�RI�
WKH�VH[HV�KDV�EHHQ�UHSRUWHG� LQ�!���GLRHFLRXV�VSHFLHV� IURP����
IDPLOLHV��DQG�LQ�WKH�YDVW�PDMRULW\�RI�FDVHV�PDOH�ELDVHG�VH[�UDWLRV�
DUH�UHSRUWHG�LQ�PRUH�VWUHVVIXO�VLWHV��%LHU]\FKXGHN�DQG�(FNKDUW��
����; 0HUFHU�DQG�(SSOH\���������([WUHPH�666�FRXOG�LQÀXHQFH�
VXFFHVVIXO�PDWLQJ�LI�WKH�VH[HV�EHFRPH�WRR�VSDWLDOO\�LVRODWHG��DQG�
WKHUH�KDV�EHHQ� LQWHUHVW� LQ� WKH�PHFKDQLVPV�FDXVLQJ�KDELWDW�GLI-
IHUHQWLDWLRQ�DQG�ZK\�VRPH�VSHFLHV�H[KLELW�WKLV�SKHQRPHQRQ�DQG�
QRW�RWKHUV�
$�YDULHW\�RI�DGDSWLYH�DQG�QRQ�DGDSWLYH�K\SRWKHVHV�KDYH�EHHQ�

SURSRVHG� WR� H[SODLQ� 666�� 6HYHUDO� VHHP� XQOLNHO\� >H�J�� KDEL-
WDW�VHOHFWLRQ��VH[�FKRLFH��JHQGHU�GLSKDV\���PDWHUQDO�FRQWURO�RI�
VH[� UDWLR�� DQG� VH[� GLIIHUHQWLDO� JHUPLQDWLRQ@� DV� WKH\� DUH� HLWKHU�
XQNQRZQ� LQ� SODQWV�� �H�J�� KDELWDW� VHOHFWLRQ��� RU� DUH� RI� OLPLWHG�
RFFXUUHQFH��H�J��JHQGHU�GLSKDV\���VHH�/OR\G�DQG�%DZD���������
(DUO\�ZRUN�VXJJHVWHG�WKDW�666�UHVXOWV�IURP�QLFKH�SDUWLWLRQLQJ�
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WKDW� KDV� HYROYHG� DV� DQ� DGDSWLYH� UHVSRQVH� WR� UHGXFH� FRPSHWL-
WLRQ�EHWZHHQ�WKH�VH[HV��)UHHPDQ�et al�������; 2Q\HNZHOX�DQG�
+DUSHU������; &R[���������+RZHYHU��LQ�D�FULWLTXH�RI�WKLV�K\SRWK-

HVLV�� %LHU]\FKXGHN� DQG� (FNKDUW� ������� SURSRVHG� WKDW� 666� LV�
PRUH�OLNHO\�WR�EH�D�VLPSOH�QRQ�DGDSWLYH�RXWFRPH�RI�GLIIHUHQWLDO�
PRUWDOLW\�EHWZHHQ� WKH� VH[HV� DV� D� UHVXOW� RI� VH[XDO� GLPRUSKLVP�
LQ�UHSURGXFWLYH�H[SHQGLWXUH��2I�FRXUVH�WKH�RFFXUUHQFH�RI�QLFKH�
GLIIHUHQFHV� EHWZHHQ� WKH� VH[HV� GRHV� QRW� QHFHVVDULO\� LQGLFDWH�
WKDW� LQWHUVH[XDO� FRPSHWLWLRQ� LV� WKH� FDXVH�RI�666��7KXV�� GHWHU-
PLQLQJ�WKH�QDWXUH�RI�VH[�VSHFL¿F�FRPSHWLWLYH�HIIHFWV�LV�FUXFLDO�
IRU� XQGHUVWDQGLQJ� WKH� XOWLPDWH� FDXVHV� RI� QLFKH� VHJUHJDWLRQ� RI�
WKH�VH[HV�
6XUSULVLQJO\�IHZ�VWXGLHV�KDYH�LQYHVWLJDWHG�VH[XDO�GLIIHUHQFHV�

LQ� FRPSHWLWLYH� DELOLW\� LQ� GLRHFLRXV� VSHFLHV� �UHYLHZHG� LQ�cJUHQ�
et al��� ������ VHH�6iQFKH]�9LODV�et al.�� �������5HFHQW� VWXGLHV� RI�
WKH�1RUWK�$PHULFDQ�FORQDO�VDOW�PDUVK�JUDVV�Distichlis spicata�E\�
(SSOH\�DQG�FROOHDJXHV�SURYLGH�YDOXDEOH�FOXHV�RQ�WKH�UROH�RI�FRP-

SHWLWLRQ�LQ�SRWHQWLDOO\�FRQWULEXWLQJ�WRZDUGV�666��,Q�WKLV�VSHFLHV��
VH[�UDWLRV�YDU\�ZLGHO\�ZLWKLQ�VDOW�PDUVKHV��YDU\LQJ�IURP�IHPDOH�
WR�PDOH�SUHGRPLQDQFH�DORQJ�JUDGLHQWV�RI�HOHYDWLRQ�DQG�QXWULHQWV�
((SSOH\�et al�������; (SSOH\���������6H[�VSHFL¿F�JHQHWLF�PDUNHUV�
FRQ¿UPHG�WKDW�666�LV�HYLGHQW�DW�WKH�JHQHW�OHYHO�DQG�LV�QRW�VLP-

SO\�D�UHVXOW�RI�VH[�VSHFL¿F�GLIIHUHQFHV�LQ�WKH�ÀRZHULQJ�RI�UDPHWV��
7KH� DYDLODELOLW\� RI� PDUNHUV� KDV� DOVR� DOORZHG� MXYHQLOHV� WR� EH�
VH[HG�DQG�XVHG�LQ�FRPSHWLWLRQ�DQG�UHFLSURFDO�WUDQVSODQW�H[SHUL-
PHQWV� �(SSOH\������; 0HUFHU�DQG�(SSOH\���������7KHVH�H[SHUL-
PHQWV�KDYH�GHPRQVWUDWHG� WKDW� IHPDOHV�DUH�VWURQJHU�FRPSHWLWRUV�
WKDQ�PDOHV��DW�OHDVW�LQ�VRPH�HQYLURQPHQWV��DQG�WKDW�FRPSHWLWLRQ�
EHWZHHQ� IHPDOHV� DQG� PDOHV� LV� VLJQL¿FDQWO\� PRUH� LQWHQVH� WKDQ�
FRPSHWLWLRQ� EHWZHHQ� SODQWV� RI� WKH� VDPH� VH[�� DQ� DVVXPSWLRQ� RI�
WKH�QLFKH�SDUWLWLRQLQJ�K\SRWKHVLV��&ROOHFWLYHO\�WKHVH�UHVXOWV�VXJ-

JHVW�WKDW�HQYLURQPHQW�GHSHQGHQW�GLIIHUHQFHV�LQ�FRPSHWLWLYH�DELO-
LW\�GXULQJ� WKH�VHHGOLQJ�VWDJH�KHOS� WR�PDLQWDLQ�SDWWHUQV�RI�QLFKH�
VHJUHJDWLRQ�LQ�D. spicata��7KH\�DOVR�SURYLGH�WKH�EHVW�HYLGHQFH�WR�
GDWH�IRU�QLFKH�SDUWLWLRQLQJ�LQ�GLRHFLRXV�SODQWV��+RZHYHU��EHFDXVH�
WKHVH� VWXGLHV� KDYH� RQO\� IRFXVHG� RQ� FRPSHWLWLYH� LQWHUDFWLRQV�
DPRQJ�VHHGOLQJV�RI�D. spicata��LW�LV�QRW�SRVVLEOH�DW�WKLV�VWDJH�WR�
UXOH�RXW�WKH�FRQWULEXWLRQ�RI�VH[XDO�GLPRUSKLVP�LQ�SK\VLRORJ\�DQG�
UHSURGXFWLYH�H[SHQGLWXUH� WR� WKH�666�� ,QGHHG�� LW� VHHPV�SUREDEOH�
WKDW� ERWK� QLFKH� SDUWLWLRQLQJ� DQG� IHDWXUHV� RI� VH[XDO� GLPRUSKLVP�
SOD\�D�UROH�LQ�WKLV�V\VWHP�
6H[XDO� GLPRUSKLVP� LQ� SK\VLRORJ\� DQG� UHSURGXFWLRQ� FDQ�

UHVXOW� LQ� WKH� VH[HV� UHTXLULQJ� GLIIHUHQW� UHVRXUFHV� IURP� WKH�
HQYLURQPHQW� �H�J�� 'XGOH\�� ����; +DUULV� DQG� 3DQQHOO�� �������
D� SKHQRPHQRQ�NQRZV� DV� WKH� µ-DFN�6SUDW� HIIHFW¶� �2Q\HNZHOX�
DQG�+DUSHU������; &R[���������7KH�SRVVLELOLW\� WKDW� WKH�VH[HV�
PRGLI\�WKHLU�HFRORJLFDO�QLFKHV�KDG�QRW�EHHQ�FRQVLGHUHG�LQ�DQ\�
GHWDLO�XQWLO�UHFHQWO\��HVSHFLDOO\�ZLWK�UHJDUG�WR�IXWXUH�RIIVSULQJ�
SHUIRUPDQFH��%\�JURZLQJ�SODQWV�RI�M. annus�LQ�VRLO�SUHYLRXVO\�
RFFXSLHG� E\� IHPDOHV� RU� PDOHV�� 6iQFKH]�9LODV� DQG� 3DQQHOO�
������� IRXQG� WKDW� SODQWV� JURZQ� LQ� VRLO� LQ� ZKLFK� IHPDOHV�
KDG� SUHYLRXVO\� JURZQ�ZHUH� VLJQL¿FDQWO\� VPDOOHU� LQ� WHUPV� RI�
WRWDO� ELRPDVV� WKDQ� WKRVH� JURZQ� LQ� VRLO� SUHYLRXVO\� RFFXSLHG�
E\� PDOHV��$V� GLVFXVVHG� HDUOLHU�� LQ� WKLV� VSHFLHV�� IHPDOHV� DUH�
ODUJHU�WKDQ�PDOHV�DQG�WKHUHIRUH�WKH\�PD\�KDYH�GHSOHWHG�PRUH�
UHVRXUFHV�IURP�WKH�VRLO� WKDQ�PDOHV��7KLV�IRUP�RI�µQLFKH�FRQ-

VWUXFWLRQ¶�PD\�RFFXU�LQ�RWKHU�FDVHV�RI�VH[XDO�VL]H�GLPRUSKLVP�
LQ�GLRHFLRXV�SODQWV�

Evolution and genetics of sexual 
dimorphism
:KHQ�GLRHF\�HYROYHV�IURP�KHUPDSKURGLWLVP��IHPDOHV�DQG�PDOHV�
DUH� H[SHFWHG� WR� GLYHUJH� DQG� VSHFLDOL]H� WR� WKHLU� UHVSHFWLYH� XQL-
VH[XDO�FRQGLWLRQV��7KLV�LV�EHFDXVH�KHUPDSKURGLWLF�SODQWV�FDQQRW�
EH�VLPXOWDQHRXVO\�RSWLPL]HG�IRU�ERWK�IHPDOH�DQG�PDOH�IXQFWLRQ��
7KHUHIRUH�� ZKHQ� VHSDUDWH� VH[HV� HYROYH�� FRQVWUDLQWV� WR� JHQGHU�
VSHFLDOL]DWLRQ�DUH�UHOLHYHG�DQG�WKH�HVWDEOLVKPHQW�RI�XQLVH[XDOLW\�
LV�H[SHFWHG�WR�EH�DVVRFLDWHG�ZLWK�VH[�VSHFL¿F�DGDSWDWLRQ��SDUWLFX-

ODUO\�LQ�UHSURGXFWLYH�WUDLWV��+RZHYHU��ZKHQ�WKH�VH[HV�KDYH�GLIIHU-
HQW�RSWLPDO�YDOXHV�IRU�VXFK�WUDLWV��D�VKDUHG�JHQHWLF�DUFKLWHFWXUH�
FDQ�FRQVWUDLQ� WKHP� IURP�HYROYLQJ� WRZDUG� WKHLU� UHVSHFWLYH� WUDLW�
RSWLPD� �)LJ�� ����+RZHYHU�� VH[XDO� GLPRUSKLVP� FDQ� VWLOO� HYROYH�
ZKHQ�VXFK�WUDGH�RIIV�H[LVW��DQG�WKLV�FDQ�LQYROYH�VH[�OLPLWHG�JHQH�
H[SUHVVLRQ�DQG�WKH�EUHDNGRZQ�RI�VWURQJ�LQWHUVH[XDO�JHQHWLF�FRU-
UHODWLRQV� �5KHQ�� ������� 6XFK� GLYHUJHQFH� LV� IDFLOLWDWHG� E\� ERWK�
QDWXUDO�DQG�VH[XDO�VHOHFWLRQ��/DQGH���������,QGHHG��WKHVH�DUH�WKH�
SULPDU\�HYROXWLRQDU\�SURFHVVHV�UHVSRQVLEOH�IRU�WKH�HYROXWLRQ�DQG�
PDLQWHQDQFH�RI�VH[XDO�GLPRUSKLVP��DQG�DOWKRXJK�QRQ�DGDSWLYH�
SURFHVVHV� LQFOXGLQJ�GULIW� DQG�PXWDWLRQ�FDQ�DIIHFW�JHQHWLF�YDUL-
DELOLW\�LQ�VH[XDO�GLPRUSKLVP��WKH\�FDQQRW�E\�WKHPVHOYHV�H[SODLQ�
LWV�SHUVLVWHQFH��/DQGH������; .LUNSDWULFN���������5DWKHU��VH[XDO�
GLPRUSKLVP� UHVXOWV� IURP� WKH� LQWHUSOD\� EHWZHHQ� VH[�VSHFL¿F�
DGDSWDWLRQ�DQG�WKH�EUHDNGRZQ�RI�JHQHWLF�FRUUHODWLRQV�WKDW�FRQ-

VWUDLQ� WKH� LQGHSHQGHQW� HYROXWLRQ� RI� WUDLWV� VXEMHFW� WR� DV\PPHW-
ULF� �VH[�ELDVHG�� VHOHFWLRQ� LQ� IHPDOHV� DQG�PDOHV� �/DQGH�� ������
�������7KXV��WKH�UDWH�DQG�H[WHQW�RI�HYROXWLRQDU\�FKDQJH�LQ�VH[X-

DOO\�GLPRUSKLF�WUDLWV�ZLOO�EH�VWURQJO\�LQÀXHQFHG�E\�WKHLU�XQGHU-
O\LQJ�JHQHWLF� DUFKLWHFWXUH�DQG� WKH�SDWWHUQV�RI�JHQHWLF�YDULDWLRQ�
DQG�FRYDULDWLRQ�DYDLODEOH�WR�VHOHFWLRQ��,Q�WKLV�VHFWLRQ��ZH�UHYLHZ�
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Fig. 5. A hypothetical scenario in which females (dashed lines) 
and males (solid lines) have different optima for the same trait, 
causing sex-biased selection (long arrows). A shared genetic 
architecture results in intersexual genetic correlations (rMF) that 
constrain the independent divergence of females and males (short 
arrows) and cause their respective trait distributions (shaded 
curves) to be suboptimal. With rMF < 1, conflict imposed by 
genetic constraint may be resolved though the evolution of sexual 
dimorphism (modified from Bedhome and Chippendale, 2008;  
pp. 185–194, with permission from Oxford University Press).

74 | Barrett and Hough
 at U

niversity of W
isconsin-M

adison Libraries on M
arch 2, 2015

http://jxb.oxfordjournals.org/
D

ow
nloaded from

 

http://jxb.oxfordjournals.org/


TXDQWLWDWLYH� JHQHWLF� DSSURDFKHV� WR� WKH� VWXG\� RI� VH[XDO� GLPRU-
SKLVP�LQ�GLRHFLRXV�SODQWV��DQG�VHH�*HEHU������; 0HDJKHU��������

Quantitative genetic models

&RQVLGHU�WZR�KRPRORJRXV�WUDLWV��Zf�DQG�Zm��ZKLFK�DIIHFW�¿WQHVV�LQ�
ERWK�IHPDOHV�DQG�PDOHV��7KH�VWDQGDUG�H[SUHVVLRQ�IRU�WKH�FKDQJH�
LQ� WKH� PHDQ� RI� D� VLQJOH� WUDLW�� Z�� LV� JLYHQ� E\� ∆Z s= =R h2 ��
ZKHUH� WKH� UHVSRQVH� WR� VHOHFWLRQ� �R�� LV� HTXDO� WR� WKH� WUDLW¶V� KHU-
LWDELOLW\� �h���PXOWLSOLHG�E\� WKH� VHOHFWLRQ�GLIIHUHQWLDO� �s) for the 

WUDLW��DQG�s�LV�WKH�GLIIHUHQFH�LQ�WKH�PHDQ�RI�WKH�WUDLW�DIWHU��Z*��DQG�
EHIRUH��Z��VHOHFWLRQ��+HULWDELOLW\�LV�JLYHQ�LQ�WKH�QDUURZ�VHQVH�DV�
WKH�SURSRUWLRQ�RI�SKHQRW\SLF�YDULDQFH��VP��DWWULEXWDEOH�WR�DGGL-
WLYH�JHQHWLF�YDULDQFH��VA���7KLV�HTXDWLRQ�FDQ�EH�H[WHQGHG�WR�SUH-
GLFW�WKH�FKDQJH�LQ�WKH�PHDQV�RI�WZR�KRPRORJRXV�WUDLWV�LQ�IHPDOHV�
DQG�PDOHV��Zf�DQG�Zm��JLYLQJ�WKH�IROORZLQJ�WZR�H[SUHVVLRQV�
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ZKHUH�WKH�����DFFRXQWV�IRU�WKH�IDFW�WKDW�DXWRVRPDO�WUDLWV�UHFHLYH�
HTXDO�FRQWULEXWLRQV�IURP�HDFK�SDUHQW��h�f�DQG�h�m are the herit-

DELOLWLHV�IRU�HDFK�VH[��DQG�i�UHSUHVHQWV�D�VWDQGDUGL]HG�PHDVXUH�RI�
VH[�VSHFL¿F�VHOHFWLRQ�LQWHQVLW\��2I�SDUWLFXODU�LQWHUHVW�LV�WKH�TXDQ-

tity rMF��ZKLFK�GHVFULEHV�WKH�EHWZHHQ�VH[�JHQHWLF�FRUUHODWLRQ�IRU�
WUDLWV�Zm�DQG�Zf��LW�LV�JLYHQ�E\�
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DQG� GHWHUPLQHV� WKH� H[WHQW� WR� ZKLFK� VHOHFWLRQ� LQ� RQH� VH[� ZLOO�
FDXVH�D�FRUUHODWHG�UHVSRQVH�LQ�WKH�RWKHU��rMF� ��LPSOLHV�DQ�H[DFW�
FRUUHODWHG�UHVSRQVH�
%HFDXVH� EHWZHHQ�VH[� JHQHWLF� FRUUHODWLRQV� FRQVWUDLQ� WKH�

LQGHSHQGHQW� HYROXWLRQ� RI� IHPDOH� DQG� PDOH� WUDLWV�� D� QHJDWLYH�
UHODWLRQVKLS� KDV� EHHQ� SUHGLFWHG� EHWZHHQ� WKH� H[WHQW� RI� VH[XDO�
GLPRUSKLVP�DQG�rMF (6ODWNLQ������; 5HHYH�DQG�)DLUEDLUQ������; 

%RQGXULDQVN\�DQG�&KHQRZHWK���������6WXGLHV�RI�DQLPDO�VSHFLHV�
UHSRUW�FRQVLVWHQW�QHJDWLYH�UHODWLRQVKLSV�EHWZHHQ�rMF�DQG�SKHQR-

W\SLF� VH[XDO� GLPRUSKLVP� �H�J��%RQGXULDQVN\� DQG�5RZH�� ����; 

3RLVVDQW�et al�������; &KHQRZHWK�et al����������DQG�UHFHQW�PHWD�
DQDO\VHV�E\�3RLVVDQW�et al�� ������� DQG�:\PDQ� ������� VXJJHVW�
WKDW�WKLV�SDWWHUQ�KROGV�IRU�D�YDULHW\�RI�WD[D��,Q�FRQWUDVW��WKHUH�DUH�
IHZ�HPSLULFDO�HVWLPDWHV�RI�rMF�LQ�SODQWV��DQG�RXU�XQGHUVWDQGLQJ�
RI�WKH�LQÀXHQFH�RI�JHQHWLF�FRQVWUDLQW�RQ�WKH�HYROXWLRQ�RI�VH[XDO�
GLPRUSKLVP�LV�OLPLWHG�
'HOSK�et al�������a)�UHSRUWHG�WKDW��LQ�S. latifolia��WKH�WUDLW�ZLWK�

WKH� KLJKHVW� LQWHUVH[XDO� JHQHWLF� FRUUHODWLRQV� �SHWDO�OLPE� OHQJWK��
DOVR�H[KLELWHG�WKH�ORZHVW�OHYHOV�RI�VH[XDO�GLPRUSKLVP��KRZHYHU��
WKLV�PD\��LQ�SDUW��EH�FDXVHG�E\�SHWDO�OLPE�OHQJWK�QRW�EHLQJ�KLJKO\�
FRUUHODWHG�ZLWK�ÀRZHU�QXPEHU��'HOSK�et al.������a���6LPLODUO\��
$VKPDQ��������IRXQG�WKDW�LQ�JHQGHU�GLPRUSKLF�Fragaria virgin-
iana��D�J\QRGLRHFLRXV�ZLOG�VWUDZEHUU\��ÀRZHU�QXPEHU�ZDV� WKH�
OHDVW�VH[XDOO\�GLPRUSKLF� WUDLW�DQG�KLJKO\�JHQHWLFDOO\�FRUUHODWHG�

EHWZHHQ�WKH�VH[HV��VXJJHVWLQJ�D�VKDUHG�JHQHWLF�DUFKLWHFWXUH�DQG�
FRQVWUDLQW�RQ�WKH�VH[�VSHFL¿F�GLYHUJHQFH�RI�WKLV�WUDLW��6HOHFWLRQ�
H[SHULPHQWV�LQ�S. latifolia�KDYH�DOVR�IRXQG�WKDW�WKH�EHWZHHQ�VH[�
JHQHWLF�FRUUHODWLRQV�IRU�ÀRZHU�QXPEHU�ZHUH�FORVH�WR����DQG�ZKHQ�
WKLV�WUDLW�ZDV�VHOHFWHG�LQ�IHPDOHV�LW�UHVXOWHG�LQ�D�VLJQL¿FDQW�DQG�
QHDUO\�HTXLYDOHQW�FKDQJH�LQ�ERWK�VH[HV��0HDJKHU������; 'HOSK�
et al.�� ����b�� �������7KH� UHVXOWV� RI� WKHVH� VWXGLHV� SURYLGH� HYL-
GHQFH�WKDW�JHQHWLF�FRUUHODWLRQV�FDQ�LQGHHG�FDXVH�FRXSOHG�HYROX-

WLRQDU\�UHVSRQVHV�LQ�WKH�VH[HV�RI�GLRHFLRXV�SODQWV�
6H[XDO� GLPRUSKLVP� LV� SUHYDOHQW� DPRQJ� GLRHFLRXV� VSHFLHV��

DQG�WKLV�UDLVHV�WKH�TXHVWLRQ�RI�KRZ�VH[XDOO\�GLPRUSKLF�WUDLWV�FDQ�
GLYHUJH�GHVSLWH�WKH�FRQVWUDLQWV�LPSRVHG�E\�JHQHWLF�FRUUHODWLRQV��
2QH�SUREOHP�LQ�FRQFHSWXDOL]LQJ�WKH�HYROXWLRQ�RI�VH[XDO�GLPRU-
SKLVP�XVLQJ�WKH�IUDPHZRUN�GHVFULEHG�E\�WKH�XQLYDULDWH�EUHHGHU¶V�
HTXDWLRQ�GHVFULEHG�DERYH��LV�WKDW�WKH�FRQVWUDLQWV�LPSRVHG�E\�rMF 

DUH�EDVHG�RQ�WKH�DVVXPSWLRQ�WKDW�JHQHWLF�YDULDQFHV�EHWZHHQ�WKH�
VH[HV� DUH� HTXLYDOHQW�� ZKHUHDV� WKH� DYDLODEOH� GDWD� VXJJHVW� WKDW�
WKLV�LV�RIWHQ�QRW�WKH�FDVH��H�J��&KHYHUXG�et al�������; 5HHYH�DQG�
)DLUEDLUQ������; %RQGXULDQVN\�DQG�&KHQRZHWK������; 3RLVVDQW�
et al����������)XUWKHUPRUH�� LW� LJQRUHV� WKH� IDFW� WKDW� WUDLWV�ZLWKLQ�
HDFK�VH[�FDQ�EH�JHQHWLFDOO\�FRUUHODWHG�VR�WKDW�VHOHFWLRQ�RQ�D�IRFDO�
WUDLW�FDQ�FDXVH�D�FRUUHODWHG�UHVSRQVH�LQ�D�VHFRQG�WUDLW��ZKLFK�PD\�
DOVR�EH�LQYROYHG�LQ�VH[�VSHFL¿F�DGDSWDWLRQ�
7KHVH�SUREOHPV�DUH�SDUWLDOO\�RYHUFRPH�E\�FRQFHSWXDOL]LQJ�WKH�

HYROXWLRQ�RI�VH[XDO�GLPRUSKLVP�XVLQJ�WKH�IUDPHZRUN�GHYHORSHG�
E\�/DQGH���������ZKR�LQYHVWLJDWHG�WKH�HYROXWLRQ�RI�IHPDOH�DQG�
PDOH�WUDLWV�XVLQJ�D�PRGL¿HG�YHUVLRQ�RI�WKH�PXOWLYDULDWH�EUHHGHUV�
HTXDWLRQ�DQG�VKRZHG�WKDW�WKH�FKDQJH�LQ�WKH�PHDQ�RI�TXDQWLWDWLYH�
FKDUDFWHUV�VXEMHFW�WR�VH[�VSHFL¿F�VHOHFWLRQ�FDQ�EH�GHVFULEHG�E\�
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ZKHUH�Gm�DQG�Gf�UHSUHVHQW�PDOH�DQG�IHPDOH�JHQHWLF�YDULDQFH�DQG�
FRYDULDQFH� PDWULFHV��B� LV� WKH� EHWZHHQ�VH[� FRYDULDQFH� PDWUL[��
DQG�ȕm� DQG�ȕf� DUH�YHFWRUV�RI� VHOHFWLRQ�JUDGLHQWV� IRU�PDOHV� DQG�
IHPDOHV��,Q�WKLV�IRUPXODWLRQ��DV�LQ�WKH�XQLYDULDWH�FDVH��EHWZHHQ�
VH[�JHQHWLF�FRYDULDQFH�FDQ�FRQVWUDLQ�WKH�LQGHSHQGHQW�HYROXWLRQ�
RI� WUDLWV� LQ�PDOHV�DQG�IHPDOHV��DQG�B�FDQ�EH� WKRXJKW�RI�DV� WKH�
PXOWLYDULDWH�DQDORJXH�RI�rMF��:KHQ�B�LV�VLPLODU�WR�G��OLWWOH�VH[�
VSHFL¿F�GLYHUJHQFH�LV�SRVVLEOH�
$Q�LOOXPLQDWLQJ�GLIIHUHQFH�EHWZHHQ�WKH�XQLYDULDWH�DQG�PXOWL-

YDULDWH�IRUPXODWLRQV�LV�WKDW�EHFDXVH�WKH�PDWUL[�B�KDV�ERWK�PDJ-

QLWXGH�DQG�GLUHFWLRQ��D�SRVLWLYH�EHWZHHQ�VH[�JHQHWLF�FRYDULDQFH�
FDQ�HLWKHU� LQFUHDVH�RU�GHFUHDVH� WKH� HI¿FDF\�ZLWK�ZKLFK� VH[XDO�
GLPRUSKLVP� HYROYHV� GHSHQGLQJ� RQ� WKH� RULHQWDWLRQ� RI� B� ZLWK�
UHVSHFW�WR�G��7KXV��PHFKDQLVPV�WKDW�FKDQJH�WKH�VKDSH�RI�HLWKHU�
B or G�FDQ�LQÀXHQFH�KRZ�GLPRUSKLVP�HYROYHV��DQG�PRUHRYHU��
WKH�PRGH�RI�VHOHFWLRQ��H�J�� LQWHUVH[XDO�VHOHFWLRQ��QDWXUDO�VHOHF-
WLRQ��FDQ�DIIHFW�WKH�HYROXWLRQ�RI�PDOH�DQG�IHPDOH�WUDLWV�E\�GHWHU-
PLQLQJ�KRZ�VHOHFWLRQ�JUDGLHQWV�DUH�VSHFL¿HG�IRU�HDFK�VH[��)RU�
H[DPSOH��VH[XDO�VHOHFWLRQ�FDQ�DOWHU�PDOH�RU�IHPDOH�VHOHFWLRQ�JUD-
GLHQWV�E\�FDXVLQJ�¿WQHVV� WR�EHFRPH�D� IXQFWLRQ�RI� WKH�GLVWULEX-

WLRQ�RI�SKHQRW\SHV� LQ� WKH�SRSXODWLRQ� �L�H��E\�FDXVLQJ�¿WQHVV� WR�
EHFRPH� IUHTXHQF\�GHSHQGHQW��� DQG� WKLV�FDQ�FDXVH� WKH� VH[HV� WR�
UHVSRQG�DV\PPHWULFDOO\�WR�VHOHFWLRQ�RQ�WUDLWV�WKDW�DUH�FRUUHODWHG�
EHWZHHQ�WKHP�
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6WXGLHV�WKDW�KDYH�XVHG�WKLV�PXOWLYDULDWH�IUDPHZRUN�IRU�LQYHV-
WLJDWLQJ� WKH� HYROXWLRQ� RI� VH[XDO� GLPRUSKLVP� LQ� DQLPDOV� KDYH�
IRXQG�WKDW�*�PDWULFHV�DUH�RIWHQ�GLPRUSKLF��H�J��5ROII�et al�������; 

0F*XLJDQ�DQG�%ORZV������; /HZLV�et al�������; *RVGHQ�et al���
������� D�SDWWHUQ� WKDW� VHHPV� WR�KROG� LQ� VHYHUDO�SODQW� VSHFLHV� DV�
ZHOO� �H�J��$VKPDQ������; 6WHYHQ�et al�������; &DPSEHOO�et al���
�������,Q�Silene latifolia��6WHYHQ�et al���������HVWLPDWHG�*�PDWUL-
FHV� IRU� IHPDOHV�DQG�PDOHV�DQG� IRXQG� WKDW� DOWKRXJK�PRVW� WUDLWV�
ZHUH�KLJKO\�FRUUHODWHG��VH[�VSHFL¿F�*�PDWULFHV�GLIIHUHG�LQ�ERWK�
PDJQLWXGH�DQG�RULHQWDWLRQ��LPSO\LQJ�WKDW�HYHQ�LI�WKH�VH[HV�ZHUH�
VXEMHFW�WR�VLPLODU�VHOHFWLRQ�UHJLPHV��WKH\�FRXOG�H[KLELW�GLIIHUHQW�
HYROXWLRQDU\�UHVSRQVHV��,Q�ZLQG�SROOLQDWHG�Schiedea adamantis��
&DPSEHOO�et al�� �������UHSRUWHG�VLJQL¿FDQW�EHWZHHQ�VH[�GLIIHU-
HQFHV�LQ�*�PDWULFHV��ZKLFK�ZHUH�SUREDEO\�GXH��LQ�SDUW��WR�ORZHU�
JHQHWLF� YDULDWLRQ� IRU� ÀRZHU� QXPEHU� LQ� IHPDOHV��7KHVH� VWXGLHV�
SURYLGH� HYLGHQFH� DJDLQVW� WKH� DVVXPSWLRQ� RI� HTXDO� IHPDOH� DQG�
PDOH�JHQHWLF�YDULDQFHV�DQG� VXJJHVW� WKDW� VH[�VSHFL¿F� UHVSRQVHV�
WR�VHOHFWLRQ�DUH�RIWHQ�SRVVLEOH��HYHQ�LQ�WKH�SUHVHQFH�RI�LQWHUVH[-

XDO� JHQHWLF� FRUUHODWLRQV��7KH\� DOVR� KLJKOLJKW� KRZ�PXOWLYDULDWH�
TXDQWLWDWLYH�JHQHWLF�DSSURDFKHV��ZKLFK�FRQVLGHU�WKH�LQWHUDFWLRQV�
EHWZHHQ�LQWHUVH[XDO�FRYDULDQFHV��VH[�VSHFL¿F�JHQHWLF�YDULDQFHV��
DQG� VHOHFWLRQ� JUDGLHQWV�� FDQ� SURYLGH� D� PRUH� FRPSOHWH� XQGHU-
VWDQGLQJ�RI�WKH�HYROXWLRQ�RI�VH[XDO�GLPRUSKLVP�

Differences between plants and animals

(DUOLHU�UHYLHZV�GLVFXVVHG�TXDQWLWDWLYH�JHQHWLF�PRGHOV�LQ�WKH�FRQ-

WH[W�RI�VH[XDO�VHOHFWLRQ�LQ�DQLPDOV�DQG�HPSKDVL]HG�WKH�QHHG�WR�
FRQVLGHU� WKUHH�HVVHQWLDO�HOHPHQWV� LQ�FRQFHSWXDOL]LQJ� WKH�HYROX-

WLRQ� RI� VH[XDO� GLPRUSKLVP� E\� VH[XDO� VHOHFWLRQ�� IHPDOH� SUHIHU-
HQFH�� PDWH� FKRLFH�� DQG� WKH� JHQHWLF� FRUUHODWLRQ� EHWZHHQ� WKHP�
($UQROG������; %UDGEXU\�DQG�$QGHUVVRQ������; 0D\QDUG�6PLWK��
�������,Q�SULQFLSOH��WKHUH�LV�QR�GLI¿FXOW\�LQ�DSSO\LQJ�WKHVH�PRG-

HOV�WR�GLRHFLRXV�SODQWV��KRZHYHU��WKHUH�DUH�LPSRUWDQW�GLIIHUHQFHV�
LQ� WKH�ELRORJ\�RI�SODQWV�DQG�DQLPDOV� WKDW�PD\�SURYLGH� LQVLJKWV�
LQWR�ZK\� DQG� KRZ� WKH� HYROXWLRQ� RI� VH[XDO� GLPRUSKLVP�GLIIHUV�
EHWZHHQ� WKHVH� JURXSV��7KH� H[WHQW� WR�ZKLFK�PDWH� FKRLFH� RSHU-
DWHV�LQ�SODQWV�DOVR�ZDUUDQWV�VSHFLDO�FRQVLGHUDWLRQ�EHFDXVH�RI�WKH�
LQGLUHFW� ZD\V� LQ� ZKLFK� SODQWV� UHSURGXFH� DV� D� FRQVHTXHQFH� RI�
WKHLU�LPPRELOLW\��&KDUOHVZRUWK�et al�������; 0RRUH�DQG�3DQQHOO��
������� ,QGHHG�� WKH� LQGLUHFW� QDWXUH� RI� SODQW� VH[XDO� LQWHUDFWLRQV�
PD\�EH�SDUW�RI� WKH�H[SODQDWLRQ� IRU�ZK\�PRVW�SODQWV� VKRZ� OHVV�
H[WUHPH�VH[XDO�GLPRUSKLVP�WKDQ�DQLPDOV�
,QWHUVH[XDO�LQWHUDFWLRQ�LQ�ÀRZHULQJ�SODQWV�LV�QHFHVVDULO\�LQGL-

UHFW�DQG�LV�PHGLDWHG�E\�WKH�YHFWRUV�RI�GLVSHUVDO� WKURXJK�ZKLFK�
SROOHQ� LV� WUDQVIHUUHG� DQG� UHFHLYHG� �H�J�� DQLPDOV�� ZLQG�� DQG�
ZDWHU���7KLV�FDQ�FDXVH�WKH�VWUHQJWK�RI�WKH�UHODWLRQVKLS�EHWZHHQ�
VHFRQGDU\� VH[XDO� FKDUDFWHUV� �H�J��ÀRZHU� VL]H�� DQG�PDWLQJ� VXF-
FHVV�WR�EH�UHGXFHG�EHFDXVH�RI�WKH�XQFHUWDLQWLHV�LQYROYHG�LQ�SROOHQ�
GHOLYHU\�DQG�UHFHLSW��DQG�WKLV�ZLOO�UHGXFH�WKH�VWUHQJWK�RI�VH[XDO�
VHOHFWLRQ��L�H��VNHZ�WKH�VKDSH�RI�ȕm of ȕf��DQG�UHVXOW�LQ�D�ORZHU�
RSWLPDO�WUDLW�YDOXH�IRU�WKH�FKDUDFWHU�LQ�TXHVWLRQ��)XUWKHU��EHFDXVH�
SROOLQDWRUV�PD\�RIWHQ�VHOHFW�IRU�VLPLODU�WUDLWV�LQ�ERWK�VH[HV��WKLV�
VKRXOG�ZHDNHQ�WKH�VWUHQJWK�RI�EHWZHHQ�VH[�GLVUXSWLYH�VHOHFWLRQ�
DQG�OLPLW�WKH�GLYHUJHQFH�RI�DWWUDFWLYH�FKDUDFWHUV�RU�ÀRUDO�UHZDUGV�
2SSRUWXQLWLHV� IRU�PDWH�FKRLFH�DQG�PDOH±IHPDOH�FRPSHWLWLYH�

LQWHUDFWLRQV�PD\� VWLOO� H[LVW�� KRZHYHU�� DQG� WKHVH� FRXOG� EHFRPH�
PRUH� LPSRUWDQW� RQFH� SROOHQ� JUDLQV� DUH� GHSRVLWHG� RQ� VWLJPDV��

+RZHYHU��PLFUR��DQG�PHJDJDPHWRSK\WHV�DUH�QHFHVVDULO\�GLPRU-
SKLF�DQG�VR� WKH�HIIHFWV�RI� LQWHU��RU� LQWUDVH[XDO�VHOHFWLRQ�DW� WKLV�
VWDJH�PLJKW�QRW�EH�H[SHFWHG� WR�FDXVH�VHFRQGDU\�VH[XDO�GLPRU-
SKLVP� LQ� WUDLWV� H[SUHVVHG� LQ� VSRURSK\WHV��1HYHUWKHOHVV�� RZLQJ�
WR� VLJQL¿FDQW� RYHUODS� LQ� JHQH� H[SUHVVLRQ� EHWZHHQ� WKH� VSRUR-

SK\WLF�DQG�JDPHWRSK\WLF�VWDJHV�RI�WKH�OLIH�F\FOH�LQ�SODQWV��a�����
0DVFDUHQKDV�� ������� JDPHWRSK\WLF� VHOHFWLRQ� PD\� KDYH� GLUHFW�
HIIHFWV� RQ� SROOHQ� FKDUDFWHULVWLFV� DQG� FRXOG� LQGLUHFWO\� LQÀXHQFH�
WKH� HYROXWLRQ� RI� PDOH� VSRURSK\WH� FKDUDFWHUV� DQG�� KHQFH�� VH[-

XDO�GLPRUSKLVP��7KXV��WR�WKH�H[WHQW�WKDW�PDWH�FKRLFH�RFFXUV�LQ�
SODQWV�� VXFK�PDOH±IHPDOH� LQWHUDFWLRQV�PXVW� RFFXU� SULPDULO\� LQ�
WKH�SRVW�SROOLQDWLRQ�VWDJH�RI�WKH�OLIH�F\FOH�ZKHUH�WKH�LQWHUDFWLRQ�
PD\�EH�OHVV�OLNHO\�WR�SURGXFH�H[DJJHUDWHG�VH[XDO�GLPRUSKLVP�
7KH� W\SLFDOO\�ZHDNHU� VH[XDO�GLPRUSKLVP� LQ�SODQWV� WKDQ�DQL-

PDOV�PD\�DOVR�EH�H[SODLQHG�E\�WKH�UHFHQW�HYROXWLRQDU\�RULJLQV�RI�
GLRHF\�LQ�PRVW�OLQHDJHV��:KHQ�GLRHF\�HYROYHV�IURP�KHUPDSKUR-

GLWLVP�DQG�WKH�VH[HV�DUH�LQLWLDOO\�PRQRPRUSKLF�ZLWK�UHVSHFW�WR�
KRPRORJRXV�FKDUDFWHUV�� LQWHUVH[XDO�JHQHWLF�FRUUHODWLRQV�VKRXOG�
EH�TXLWH� VWURQJ�DQG�FRXOG� LQWHUIHUH�ZLWK� IHPDOH� DQG�PDOH� WUDLW�
GLYHUJHQFH��,QGHHG��PXFK�RI�WKH�JHQHWLF�YDULDWLRQ�DYDLODEOH�IRU�
WKH�HYROXWLRQ�RI� VH[XDO�GLPRUSKLVP� LV� OLNHO\� WR�KDYH�EHHQ� LQL-
WLDOO\�VKDUHG�E\�WKH�VH[HV�DIWHU�WKH�HVWDEOLVKPHQW�RI�GLRHF\��DQG�
WKH� UHFHQW� RULJLQV� RI� XQLVH[XDOLW\� LQ� VRPH� OLQHDJHV�PD\�PHDQ�
WKDW�WKHUH�KDV�QRW�EHHQ�VXI¿FLHQW�WLPH�IRU�VHOHFWLRQ�WR�EUHDN�GRZQ�
LQWHUVH[XDO�JHQHWLF�FRUUHODWLRQV��7KLV�K\SRWKHVLV�SUHGLFWV�D�UHOD-
WLRQVKLS�EHWZHHQ�WKH�GHJUHH�RI�GLPRUSKLVP�DQG�WKH�DJH�RI�GLRH-
FLRXV�OLQHDJHV��$V�GLVFXVVHG�HDUOLHU��RWKHU�IDFWRUV�LQFOXGLQJ�WKH�
SROOLQDWLRQ�V\VWHP�RI�GLRHFLRXV�VSHFLHV��H�J��DQLPDO�YHUVXV�ZLQG�
SROOLQDWLRQ�� PD\� DOVR� LQÀXHQFH� WKH� GHJUHH� RI� PRUSKRORJLFDO�
GLYHUJHQFH��DQG�FRPSDUDWLYH�VWXGLHV�ZRXOG�EH�XVHIXO�WR�LQYHVWL-
JDWH�IXUWKHU�WKH�IDFWRUV�UHVSRQVLEOH�IRU�WKH�SDWWHUQV�DQG�GHJUHH�RI�
VH[XDO�GLPRUSKLVP�LQ�SODQWV�

Sex chromosomes and sexual dimorphism

7KH�WUDQVLWLRQ�WR�GLRHF\�KDV�EHHQ�DVVRFLDWHG�ZLWK�WKH�HYROXWLRQ�RI�
VH[�FKURPRVRPHV�LQ�VRPH�GLRHFLRXV�SODQW�VSHFLHV��&KDUOHVZRUWK�
et al����������DQG�WKHRU\�VXJJHVWV�WKDW�WKH\�FDQ�IDFLOLWDWH�WKH�HYR-

OXWLRQ� RI� VH[XDO� GLPRUSKLVP� �5LFH�� ������� 7KLV� FDQ� RFFXU� E\�
VHYHUDO�PHFKDQLVPV��2QH�LV� WKURXJK�WKH�LQÀXHQFH�RI�VH[�FKUR-

PRVRPHV�RQ� WKH�JHQHWLF�YDULDQFH�DQG�FRYDULDQFH� VWUXFWXUHV�RI�
IHPDOHV�DQG�PDOHV��7KH�PXOWLYDULDWH�HTXDWLRQ�IRU�WKH�HYROXWLRQ�RI�
VH[XDO�GLPRUSKLVP�GHYHORSHG�E\�/DQGH��������DVVXPHV�WKDW�WKH�
JHQHV� LQYROYHG� LQ�VH[XDO�GLPRUSKLVP�DUH� OLQNHG� WR�DXWRVRPHV��
EXW� VH[� OLQNDJH� FDQ� FKDQJH� WKH� VWUXFWXUH� RI� IHPDOH� DQG� PDOH�
JHQHWLF�YDULDQFHV�EHFDXVH�RI�WKH�GLIIHUHQW�QXPEHU�RI�VH[�OLQNHG�
JHQHV�LQ�HDFK�VH[��)RU�H[DPSOH��ZKHQ�WKH�KHWHURJDPHWLF�VH[��H�J��
;<�PDOHV�RU�=:�IHPDOHV��FRQWDLQ�RQO\�RQH�DOOHOH�SHU�VH[�OLQNHG�
ORFXV��L�H��ZKHQ�WKH\�DUH�KHPL]\JRXV�IRU�JHQHV�RQ�WKH�VH[�FKUR-

PRVRPHV���LW�FDQ�H[SUHVV�WKH�JHQHV�UHJDUGOHVV�RI�GRPLQDQFH�RU�
UHFHVVLYLW\��ZKHUHDV� WKH�KRPRJDPHWLF�VH[��H�J��;;�IHPDOHV�RU�
==�PDOHV��FRQWDLQV�WZR�DOOHOHV�IRU�HDFK�VH[�OLQNHG�ORFXV�DQG�FDQ�
WKHUHIRUH� EH� KHWHUR]\JRXV� RU� KRPR]\JRXV�� ,W� IROORZV� WKDW� WKH�
JHQHWLF�YDULDQFH�FRQWULEXWHG�E\�VH[�OLQNHG�JHQHV�LV�DV\PPHWULF�
EHWZHHQ�WKH�VH[HV�DQG�FDQ�EH�DV�PXFK�DV���IROG�KLJKHU� LQ�;<�
PDOHV�RU�=:�IHPDOHV��/\QFK�DQG�:DOVK���������6XFK�GLIIHUHQFHV�
FDQ�WUDQVODWH�LQWR�VH[�VSHFL¿F�UHVSRQVHV�WR�VHOHFWLRQ��6LPLODUO\��
ZKHQ� JHQHV� OLQNHG� WR� VH[� FKURPRVRPHV� RU� DXWRVRPHV� DUH� VH[�
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ELDVHG�LQ�H[SUHVVLRQ��DV�PLJKW�RFFXU�DV�D�UHVXOW�RI�VH[�VSHFL¿F�
VHOHFWLRQ��WKLV�FDQ�VHOHFW�IRU�UHJXODWRU\�PHFKDQLVPV�WKDW�IXUWKHU�
OLPLW�H[SUHVVLRQ�OHYHOV�LQ�IHPDOHV�RU�PDOHV��(OOHJUHQ�DQG�3DUVFK��
�������,Q�SDUWLFXODU��ZKHQ�H[SUHVVLRQ�OHYHOV�DUH�VLPXOWDQHRXVO\�
EHQH¿FLDO� LQ�RQH� VH[�EXW�GHOHWHULRXV� LQ� WKH�RWKHU� �L�H�� VH[XDOO\�
DQWDJRQLVWLF���WKHQ��GHSHQGLQJ�RQ�WKH�PDJQLWXGH�RI�JHQH�H[SUHV-
VLRQ�DQG�KRZ�GHOHWHULRXV�WKHLU�HIIHFWV�DUH��VH[�OLPLWHG�H[SUHVVLRQ�
FDQ�EH�VHOHFWLYHO\�IDYRXUHG�WR�RIIVHW�WKH�QHJDWLYH�¿WQHVV�FRQVH-
TXHQFHV�RI�H[SUHVVLQJ�WKHVH�JHQHV�LQ�ERWK�VH[HV�
6H[�OLQNHG� JHQHV�ZLWK� VH[XDOO\� DQWDJRQLVWLF� HIIHFWV� SOD\� DQ�

LPSRUWDQW� UROH� LQ� WKHRUHWLFDO�PRGHOV� RI� SODQW� VH[� FKURPRVRPH�
HYROXWLRQ� E\� FDXVLQJ� VHOHFWLRQ� DJDLQVW� UHFRPELQDWLRQ� EHWZHHQ�
ORFL�RQ�QHZO\�HYROYLQJ�VH[�FKURPRVRPHV��&KDUOHVZRUWK�et al���
�������,Q�DGGLWLRQ��WKH\�SOD\�DQ�LPSRUWDQW�UROH�LQ�PDQ\�DVSHFWV�
RI�VH[XDO�FRQÀLFW�WKHRU\��$UQTYLVW�DQG�5RZH��������DQG�FDQ�EH�
SDUWLFXODUO\� LPSRUWDQW� LQ�FRQWULEXWLQJ� WR� VH[�VSHFL¿F� UHVSRQVHV�
WR� VHOHFWLRQ� EHFDXVH� WKH\� GHFRXSOH� WKH� JHQHWLF� DUFKLWHFWXUH� RI�
IHPDOH�DQG�PDOH�WUDLWV��WKXV�KHOSLQJ�WR�UHVROYH�WKH�FRQÀLFW�WKDW�
DULVHV�ZKHQ�WKH�VH[HV�KDYH�GLIIHUHQW�¿WQHVV�RSWLPD�EXW�KLJK�LQWHU-
VH[XDO�JHQHWLF�FRUUHODWLRQV�
5LFH�(����)�XVHG�D�JHQHWLF�PRGHO�WR�LQYHVWLJDWH�WKH�UHODWLRQ-

VKLS� EHWZHHQ� VH[XDO� GLPRUSKLVP� DQG� VH[� FKURPRVRPHV�� DQG�
SUHGLFWHG�WKDW�JHQHV�ZLWK�VH[XDOO\�DQWDJRQLVWLF�HIIHFWV�VKRXOG�EH�
GLVSURSRUWLRQDWHO\�ORFDWHG�RQ�VH[�FKURPRVRPHV��+LV�SUHGLFWLRQ�
VWHPV�IURP�WKH�FRQFOXVLRQ�WKDW�DOOHOHV�RI�VH[�OLQNHG�JHQHV�FDQ�
VSUHDG�WKRXJK�GLRHFLRXV�SRSXODWLRQV�HYHQ�ZKHQ�WKH�GHOHWHULRXV�
HIIHFWV�WR�RQH�VH[�RXWZHLJK�WKH�EHQH¿WV�WR�WKH�RWKHU��6XEVHTXHQW�
WKHRU\�RQ� WKH� HYROXWLRQ�RI� VH[XDO� GLPRUSKLVP� WKURXJK� VH[XDO�
VHOHFWLRQ� KDV� IRFXVHG� RQ� WKLV� NLQG� RI� VH[XDO� DQWDJRQLVP�� EXW�
PDQ\� RI� WKHVH� PRGHOV� KDYH� DVVXPHG� WKDW� WUDLWV� XQGHU� VH[XDO�
VHOHFWLRQ�DUH�XQGHU�WKH�FRQWURO�RI�MXVW�RQH�RU�D�IHZ�JHQHV��DQG�
RIWHQ�WKHVH�JHQHV�DUH�DVVXPHG�WR�EH�ORFDWHG�RQ�WKH�DXWRVRPHV�
(&KDSPDQ�et al����������1RQHWKHOHVV��VH[XDOO\�GLPRUSKLF�SKH-
QRW\SHV�DUH�RIWHQ�DVVRFLDWHG�ZLWK�JHQHV�RQ�WKH�VH[�FKURPRVRPHV�
EHFDXVH�VXFK�JHQHV�KDYH�VH[�ELDVHG�WUDQVPLVVLRQ�DQG�JHQRPLF�
GLVWULEXWLRQV�
7KH�RFFXUUHQFH�RI�VH[XDO�DQWDJRQLVP�LV�RI�SDUWLFXODU�LQWHUHVW�

ZKHQ�LW�LQYROYHV�WKH�;�FKURPRVRPH��DV�JHQHV�RQ�WKLV�FKURPR-

VRPH�FDQ�SUHIHUHQWLDOO\�HYROYH�VH[�ELDVHG�¿WQHVV�HIIHFWV�UHODWLYH�
WR�DXWRVRPDO�JHQHV��5LFH���������,PDJLQH��IRU�H[DPSOH��D�VH[X-

DOO\�DQWDJRQLVWLF�PXWDWLRQ�RQ�DQ�DXWRVRPH�WKDW�KDV�D�VLJQL¿FDQW�
HIIHFW�RQ�WKH�¿WQHVV�RI�KHWHUR]\JRWHV��:KHQ�WKH�¿WQHVV�HIIHFWV�RI�
VXFK�D�PXWDWLRQ�DUH�SRVLWLYH�LQ�IHPDOHV�DQG�QHJDWLYH�LQ�PDOHV��
WKH�PXWDWLRQ�FDQ�VSUHDG�XQGHU�SRVLWLYH�VHOHFWLRQ�RQO\�ZKHQ�WKH�
EHQH¿FLDO�HIIHFWV�LQ�IHPDOHV�RXWZHLJK�WKH�GHOHWHULRXV�HIIHFWV�LQ�
PDOHV��9LFRVR�DQG�&KDUOHVZRUWK���������+RZHYHU��LI�WKLV�PXWD-
WLRQ� RFFXUV� RQ� WKH�;� FKURPRVRPH�� LWV� GHOHWHULRXV� HIIHFWV�ZLOO�
RQO\�EH�H[SUHVVHG�RQH�WKLUG�RI�WKH�WLPH��L�H��LQ�PDOHV��DQG�KHQFH�
WKH� SUREDELOLW\� RI� VXFK� D�PXWDWLRQ� UHDFKLQJ�¿[DWLRQ� LV� JUHDWHU�
ZKHQ�LW�RFFXUV�RQ�DQ�;�FKURPRVRPH�WKDQ�ZKHQ�LW�RFFXUV�RQ�DQ�
DXWRVRPH��5LFH��������� ,W� IROORZV� WKDW� WKH�;�FKURPRVRPH�FDQ�
DFFXPXODWH� VXFK� IHPDOH�EHQH¿W� JHQHV� DW� D� IDVWHU� UDWH�� DQG� WKH�
µIHPLQL]DWLRQ¶�RI�WKLV�FKURPRVRPH�PLJKW�PDNH�LW�DQ�HYROXWLRQ-

DU\�KRW�VSRW� IRU�JHQHV� LQYROYHG� LQ�VH[XDO�GLPRUSKLVP��*LEVRQ�
et al���������
(PSLULFDO� ZRUN� KDV� DWWHPSWHG� WR� GHWHUPLQH� ZKHWKHU� VH[�

FKURPRVRPHV� GR� LQGHHG� LQÀXHQFH� VH[XDO� GLPRUSKLVP�ZLWK� DQ�
HIIHFW�GLVSURSRUWLRQDWH� WR� WKHLU�VL]H��UHYLHZHG�LQ�0DQN���������

,Q�Drosophila melanogaster�� WKHUH� DUH� UHSRUWV� WKDW� JHQHV�ZLWK�
VH[�ELDVHG�H[SUHVVLRQ�KDYH�QRQ�UDQGRP�JHQRPLF�GLVWULEXWLRQV��
ZLWK�;�FKURPRVRPHV�KDUERXULQJ�IHZHU�JHQHV�ZLWK�PDOH�ELDVHG�
H[SUHVVLRQ��3DULVL�et al���������EXW�VHH�)LW]SDWULFN���������2Q�WKH�
RWKHU�KDQG��FRPSDUDWLYH�VWXGLHV�LQ�ELUGV�GR�QRW�VXSSRUW�DQ�DVVR-

FLDWLRQ�EHWZHHQ�VH[�FKURPRVRPHV�DQG�VH[XDOO\�VHOHFWHG�GLPRU-
SKLF�WUDLWV��0DQN�et al����������,Q�SODQWV��VH[XDOO\�GLPRUSKLF�JHQH�
H[SUHVVLRQ�KDV�EHHQ�GHWHFWHG�LQ�ERWK�YHJHWDWLYH��=OXYRYD�et al���
������DQG�ÀRUDO��0X\OH�et al��������FKDUDFWHUV�LQ�Silene latifolia��
DQG�WKHUH�LV�HYLGHQFH�WKDW�VRPH�JHQHV�RQ�WKH�;�FKURPRVRPH�RI�
WKLV� VSHFLHV� DUH�PDOH� ELDVHG� LQ� WKHLU� H[SUHVVLRQ� �0X\OH�et al���
������� VXJJHVWLQJ� WKDW� WKHVH� JHQHV�PD\� EH� LQYROYHG� LQ� VH[XDO�
DQWDJRQLVP��*HQHWLF�PDSSLQJ�LQ�WKLV�VSHFLHV�DOVR�VXJJHVWV�WKDW�
JHQHV�LQ�WKH�UHFRPELQLQJ�SVHXGRDXWRVRPDO�UHJLRQV��3$5V��PD\�
EH�LQYROYHG�LQ�WKH�HYROXWLRQ�RI�VH[XDOO\�GLPRUSKLF�DQG�VH[XDOO\�
DQWDJRQLVWLF� WUDLWV��6FRWWL�DQG�'HOSK������; 'HOSK�et al�������; 

Otto et al����������,Q�SDUWLFXODU��VH[�VSHFL¿F�TXDQWLWDWLYH�WUDLW�ORFL�
PDS�GLVSURSRUWLRQDWHO\�WR�3$5V��VXJJHVWLQJ�WKDW�LQ�WKLV�VSHFLHV�
JHQHV�LQYROYHG�LQ�VH[�VSHFL¿F�IXQFWLRQV�WKDW�UHFRPELQH�EHWZHHQ�
VH[� FKURPRVRPHV�PLJKW� KDYH� HYROYHG� VH[�OLPLWHG� H[SUHVVLRQ��
7KHUH� LV� VWLOO�PXFK�ZRUN� WR� GR� RQ� WKH� LQÀXHQFH� RI� VH[�OLQNHG�
JHQHV�RQ�VH[XDO�GLPRUSKLVP��EXW�UHFHQW�HYLGHQFH�VXJJHVWV�WKDW�
WKH�SUHVHQFH�RI�VH[�FKURPRVRPHV�FDQ�KDYH�LPSRUWDQW�HIIHFWV�RQ�
VH[�VSHFL¿F�GLYHUJHQFH�DQG�WKLV�FDQ�LQ�WXUQ�LQÀXHQFH�WKH�H[SUHV-
VLRQ�DQG�GLVWULEXWLRQ�RI�JHQHV�XQGHUO\LQJ�GLPRUSKLF�WUDLWV�

Future studies
2XU� UHYLHZ� KDV� LGHQWL¿HG� VHYHUDO� WRSLFV� WKDW� ZDUUDQW� IXUWKHU�
LQYHVWLJDWLRQ��7R� FRQFOXGH�ZH� KLJKOLJKW� WKUHH� UHVHDUFK� WKHPHV�
WKDW�ZH�EHOLHYH�ZRXOG�EH�HVSHFLDOO\�SUR¿WDEOH�LQ�SURYLGLQJ�QHZ�
LQVLJKWV�RQ�WKH�HYROXWLRQ�RI�VH[XDO�GLPRUSKLVP�LQ�SODQWV�
7R�RXU�NQRZOHGJH�WKHUH�KDYH�EHHQ�QR�FRPSDUDWLYH�VWXGLHV�

RI�YDULDWLRQ�LQ�SODQW�VH[XDO�GLPRUSKLVP��7KHVH�FRXOG�LQYROYH�
H[DPLQLQJ�WKH�HFRORJLFDO�DQG�OLIH�KLVWRU\�FRUUHODWHV�RI�VH[XDO�
GLPRUSKLVP�WR�DGGUHVV�D�UDQJH�RI�XQDQVZHUHG�TXHVWLRQV��'RHV�
WKH�GHJUHH�DQG�GLUHFWLRQ�RI�VH[XDO�GLPRUSKLVP�GLIIHU�EHWZHHQ�
VKRUW��DQG�ORQJ�OLYHG�GLRHFLRXV�VSHFLHV"�,V�GLPRUSKLVP�PRUH�
VWURQJO\� GHYHORSHG� LQ� VSHFLHV� WKDW� RFFXS\� EHQLJQ� YHUVXV�
VWUHVVIXO� HQYLURQPHQWV"� 'R� ZLQG�� YHUVXV� DQLPDO�SROOLQDWHG�
VSHFLHV�GLIIHU� LQ� WKH� H[WHQW�RI� VH[XDO�GLPRUSKLVP"� ,V�GLPRU-
SKLVP�PRUH� VWURQJO\� GHYHORSHG� LQ� ROGHU� GLRHFLRXV� OLQHDJHV"�
7KH�LQFUHDVLQJ�DSSHDUDQFH�RI�SK\ORJHQLHV�RI�GLRHFLRXV�JURXSV�
�H�J��6R]D�et al���������VKRXOG�HQDEOH�WKHVH�W\SHV�RI�TXHVWLRQV�
WR�EH�DGGUHVVHG�
)XWXUH� PLFURHYROXWLRQDU\� LQYHVWLJDWLRQV� DUH� QHHGHG� RQ� WKH�

H[WHQW� RI� LQWUDVSHFL¿F� YDULDWLRQ� LQ� VH[XDO� GLPRUSKLVP�� 0RVW�
VWXGLHV�RI�VH[XDO�GLIIHUHQFHV�KDYH�LQYROYHG�D�OLPLWHG�VDPSOH�RI�
SRSXODWLRQV��DQG�OLWWOH�LV�NQRZQ�DERXW�WKH�SDWWHUQV�RI�JHRJUDSKL-
FDO� YDULDWLRQ� LQ� VH[XDO� GLPRUSKLVP�� HVSHFLDOO\� LQ� VSHFLHV� WKDW�
RFFXS\�D�ZLGH�UDQJH�RI�HQYLURQPHQWV��:KHUH�SRSXODWLRQ�GLIIHU-
HQWLDWLRQ�LQ�VH[XDO�GLPRUSKLVP�KDV�EHHQ�UHSRUWHG��H�J��%DUUHWW��
����; .RKRUQ���������LW�KDV�EHHQ�DW�WKH�SKHQRW\SLF�OHYHO��DQG�LW�
LV�QRW�NQRZQ�LI�WKH�GLIIHUHQFHV�VLPSO\�UHSUHVHQW�SODVWLF�UHVSRQVHV�
WR�ORFDO�HQYLURQPHQWDO�FRQGLWLRQV��RU�ZKHWKHU�WKHUH�LV�D�VLJQL¿-

FDQW�JHQHWLF�FRPSRQHQW�WR�WKH�REVHUYHG�GLIIHUHQFHV�DPRQJ�SRSX-

ODWLRQV��'HOSK�et al�������; 'HOSK�DQG�%HOO��������� ,GHQWLI\LQJ�
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JHQHWLF�GLIIHUHQWLDWLRQ�DPRQJ�SRSXODWLRQV�LQ�WKH�GHJUHH�RI�VH[XDO�
GLPRUSKLVP��DQG�GHWHUPLQLQJ�WKH�ORFDO�HQYLURQPHQWDO�FRQGLWLRQV�
LQ� ZKLFK� SRSXODWLRQV� RFFXU�� FRXOG� SURYLGH� LPSRUWDQW� LQVLJKWV�
LQWR� WKH� UHODWLYH� LPSRUWDQFH� RI� QDWXUDO� DQG� VH[XDO� VHOHFWLRQ� LQ�
VKDSLQJ�SDWWHUQV�RI�GLPRUSKLVP�
)LQDOO\�� WKHUH� LV� D� FRQVLGHUDEOH� DPRXQW� RI�ZRUN� WR� EH� GRQH�

RQ�XQGHUVWDQGLQJ�WKH�JHQHWLF�DUFKLWHFWXUH�RI�VH[XDO�GLPRUSKLVP��
3URJUHVV�KDV�EHHQ�PDGH�LQ�XQGHUVWDQGLQJ�WKH�JHQHV�LQYROYHG�LQ�
WKH�H[SUHVVLRQ�RI�GLPRUSKLF�WUDLWV�LQ�D�IHZ�PRGHO�V\VWHPV��H�J��
'HOSK�et al����������DQG�WKH�XVH�RI�QH[W�JHQHUDWLRQ�VHTXHQFLQJ�
QRZ� HQDEOHV� VXFK� DQDO\VHV� LQ� QRQ�PRGHO� RUJDQLVPV�� )XWXUH�
VWXGLHV� ZRXOG� EHQH¿W� ERWK� IURP� TXDQWLWDWLYH� JHQHWLF� VWXGLHV��
ZKLFK� HVWLPDWH� WKH� LQÀXHQFH� RI� VH[�VSHFL¿F� JHQHWLF� YDULDQFH�
DQG�FRYDULDQFH�VWUXFWXUHV��DQG�IURP�JHQHWLF�PDSSLQJ�DQG�JHQH�
H[SUHVVLRQ�H[SHULPHQWV�WR�LQYHVWLJDWH�WKH�UROH�RI�VH[�OLQNHG�DQG�
VH[XDOO\�DQWDJRQLVWLF�JHQHV�LQ�VH[XDO�GLPRUSKLVP��$OWKRXJK�ZH�
KDYH�HPSKDVL]HG�WKH�UROH�RI�VH[�FKURPRVRPHV�LQ�WKH�HYROXWLRQ�
RI�VH[XDO�GLPRUSKLVP��PRVW�GLRHFLRXV�VSHFLHV�GR�QRW�SRVVHVV�VH[�
FKURPRVRPHV�DQG�\HW�DUH�VH[XDOO\�GLPRUSKLF��)XWXUH�VWXGLHV�RI�
WKH�JHQHWLF�DUFKLWHFWXUH�RI�VH[XDO�GLPRUSKLVP�LQ�VSHFLHV�ZLWKRXW�
VH[�FKURPRVRPHV�ZRXOG�EH�YDOXDEOH�IRU�XQGHUVWDQGLQJ�KRZ�UDS-

LGO\�VH[XDO�GLPRUSKLVP�FDQ�HYROYH�LQ�OLQHDJHV�ZKHUH�GLRHF\�LV�
RI�UHFHQW�RULJLQ�
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