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“Evolution has no pinnacle and there is no such things as evolutionnary progress”
Matt Ridley

“Evolution is within us, around us, between us, and its workings are 
embedded in the rocks of aeons past”

Richard Dawkins
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Summary

 In the course of land plant colonization, many once-dominant plant lineages have either gone extinct 
or been reduced to an ecological role that represents just a shadow of their past glory. The coincidence of 
WKH�GLYHUVL¿FDWLRQ�RI�HDFK�ODQG�SODQW�OLQHDJH�ZLWK�D�GHFOLQH�LQ�VSHFLHV�QXPEHUV�RI�WKH�SUHYLRXVO\�GRPLQDQW�
group has promoted the sequential replacement hypothesis. Bryophytes, which comprise 15-20,000 species 
of liverworts, mosses, and hornworts, are considered the closest modern relatives of the ancestors to the 
earliest land plants. The ancient origin of bryophytes and their low level of endemism, together with the close 
resemblance between fossil and extant taxa raised the hypothesis that bryophytes exhibit a low evolutionary 
potential. This hypothesis was further circumstantiated by the interpretation of bryophyte species striking 
range disjunctions in terms of vicariance (ancient vicariance hypothesis, AVH), leading to the consideration 
of bryophytes as “unmoving, unchanging sphinxes of the past”. In bryophytes, molecular dating analyses 
evidenced, however, that disjunctions that are spatially consistent with an ancient vicariance hypothesis are 
much more recent than what that hypothesis would predict, pointing to a major role of dispersal to explain 
current range disjunctions (Long Distance Dispersal Hypothesis, LDDH). Bryophytes disperse by spores and 
asexual diaspores, which are assumed to play a complementary role, the former contributing to random LDD 
and the latter to frequent short-distance dispersal (SDD). Due to fertilization constraints, spores are much more 
frequently produced by monoicous species than by dioicous ones. Therefore, if, as theory predicts, spores 
are involved in LDD, range size should also be correlated with sexual condition and monoicous species are 
expected to exhibit larger ranges than dioicous ones. Inheritability in mating systems and associated life-history 
traits is, therefore, expected to lead closely related species to exhibit more similar range sizes than distantly 
related ones, resulting in the intriguing hypothesis that distribution ranges are, similarly, phylogenetically 
conserved. Alternatively, if range sizes are not explained by the inheritability of mating systems and correlated 
life-history traits, but result from the asymmetric division of an ancestral range (vicariance), range sizes of 
sister species are expected to be dissimilar.

In this thesis, I analyzed an 8-genes phylogeny of the liverwort Tree of Life to address the following questions: 

%� �Are liverworts, in line with the sequential replacement hypothesis and as the AVH predicts, 
a slowly evolving lineage? Did they, on the contrary, dynamically take advantage of the new 
ecological opportunities offered by the emergence of gymnosperm or angiosperm dominated 
IRUHVWV�DQG�H[SHULHQFH�EXUVWV�LQ�GLYHUVL¿FDWLRQ�UDWHV"�

%� �Can the range of the disjunct distributions exhibited by bryophyte species be explained, as 
expected by the LDDH, in terms of the heritability of dispersal traits and mating systems, 
potentially leading to the heritability of range size? Conversely, does asymmetric range 
inheritance through vicariance, in agreement with the AVH, lead to the absence of phylogenetic 
signal in range size? 

%� �What are the evolutionary trade-offs among mating systems and other life-history traits, shaping 
the life-history strategies in liverworts? 

%� What are the taxonomical consequences of mating system evolution in liverworts? 

 In full contradiction with views of the group as a ‘sphinx of the past’ with limited evolutionary capacities 
DQG�VORZ�UDWHV�RI�PROHFXODU�HYROXWLRQ��ZH�VKRZ�WKDW�OLYHUZRUWV�H[SHULHQFHG�VHYHUDO�VKLIWV�LQ�GLYHUVL¿FDWLRQ�
rates that peak in the late Cenozoic. Altogether, our results contradict the sequential replacement hypothesis. 
In line with the interpretation that many adaptations of bryophytes to life in a terrestrial environment, such as 
water-conducting structures, stomata, and endosymbioses are not the precursors of the ones of vascular plants 
but instead evolved independently, the results indicate that bryophytes evolved in parallel to vascular plants 
DQG�DUH�VWLOO�LQ�DQ�DFWLYH�SHULRG�RI�GLYHUVL¿FDWLRQ�

 Rejection of the sequential replacement hypothesis points to a much more recent evolutionary origin 
of extant liverwort diversity that is incompatible with the timing of continental drift and therefore points to a 
recent long-distance dispersal hypothesis. Despite the strong heritability of dispersal life-history traits, range 
size was not heritable in the group. In fact, the only trait that correlated to range size was the production of 
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asexual specialized diaspores, challenging the idea that spores only are involved in LDD and potentially 
obscuring the correlation between mating systems and range size. 

 Recurrent transitions from dioicous to monoicous lineages were observed across the liverwort Tree 
of Life, suggesting that they are adaptive. Although not involved in range size, shifts in mating systems are 
FRUUHODWHG�WR�D�VXLWH�RI�DGDSWLYH�OLIH�KLVWRU\�WUDLWV�GXULQJ�VSHFL¿F�KDELWDW�WUDQVLWLRQV��

 The fast rates of homoplastic evolution in mating systems, as well as the suite of life-history traits 
that correlates to it, suggest that these characters might be taxonomically misleading and gave an example of 
application in the genus Leptoscyphus. A more complete re-assessment of liverwort taxonomy in the context 
of the ‘Liverwort Tree of Life’ project will certainly offer the appropriate framework to propose a revised 
FODVVL¿FDWLRQ�DQG�DOORZ�D�PRUH�DFFXUDWH�DVVHVVPHQW�RI�FKDUDFWHU�HYROXWLRQ�DQG�ELRJHRJUDSKLFDO�SDWWHUQV�LQ�WKH�
group. 
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Résumé

 $X�FRXUV�GH�O¶pYROXWLRQ�GHV�SODQWHV�WHUUHVWUHV��GHV�OLJQpHV�D\DQW�GRPLQp�OHV�pFRV\VWqPHV�VH�VRQW�pWHLQWHV�
RX�RQW�pWp�UpGXLWHV�j�XQ�U{OH�pFRORJLTXH�PLQHXU�HQ�FRPSDUDLVRQ�GH�OHXU�GRPLQDQFH�SDVVpH��/D�FRQMRQFWLRQ�
d’pYpQHPHQWV�PDMHXUV�G¶H[WLQFWLRQ�GDQV�GHV�OLJQpHV�DQFLHQQHV�HW�OD�GLYHUVL¿FDWLRQ�GHV�OLJQpHV�SOXV�UpFHQWHV�
D�SURPX� O¶K\SRWKqVH�GX� UHPSODFHPHQW�VpTXHQWLHO�GHV� OLJQpHV�YpJpWDOHV��'DQV�FH�FRQWH[WH�� OHV�EU\RSK\WHV��
XQ�JURXSH�SDUDSK\OpWLTXH�DYHF�XQH�GLYHUVLWp�DSSUR[LPDWLYH�GH����j��������HVSqFHV��LQFOXDQW�OHV�KpSDWLTXHV��
OHV�PRXVVHV� HW� OHV� DQWKRFpURWHV�� VRQW� FRQVLGpUpHV� FRPPH� pWDQW� OD� SUHPLqUH� OLJQpH� D\DQW� GLYHUJp� FKH]� OHV�
SODQWHV�WHUUHVWUHV��/HXU�DQFLHQQH�RULJLQH��OHXU�IDLEOH�WDX[�G¶HQGpPLVPH�j�O¶pFKHOOH�PRQGLDOH�DLQVL�TXH�OD�JUDQGH�
VLPLOLWXGH�PRUSKRORJLTXH�GHV�HVSqFHV�DFWXHOOHV�HW�IRVVLOHV�D�PHQp�j�O¶K\SRWKqVH�TXH�OHV�EU\RSK\WHV�VRQW�HQ�pWDW�
GH�VWDVH�pYROXWLYH�DYHF�SHX�GH�FKDQFHV�G¶pYROXWLRQ�IXWXUH��&HWWH�LGpH�IXW�HQVXLWH�DSSX\pH�SDU�O¶REVHUYDWLRQ�GH�
GLVMRQFWLRQV�WUDQVRFpDQLTXHV�LPSRUWDQWHV�j�O¶pFKHOOH�VSpFL¿TXH�LQWHUSUpWpHV�FRPPH�OH�UpVXOWDW�G¶pYpQHPHQWV�
GH�YLFDULDQFH�WUqV�DQFLHQQH��&HSHQGDQW��FHV�GHUQLqUHV�DQQpHV��GHV�SK\ORJpQLHV�PROpFXODLUHV�GDWpHV�RQW�UDMHXQL�
FRQVLGpUDEOHPHQW� O¶kJH�GH� FHV�GLVMRQFWLRQV��PHWWDQW� DLQVL� HQ� H[HUJXH� OH� U{OH�SULPRUGLDO� GH� OD�GLVSHUVLRQ� j�
ORQJXH�GLVWDQFH� SRXU� H[SOLTXHU� OHV� SDWURQV� GH� GLVWULEXWLRQ�REVHUYpV� FKH]� OHV� EU\RSK\WHV��'DQV� FH� JURXSH��
OD�GLVSHUVLRQ�V¶RSqUH�YLD�GHV�VSRUHV�HW�GHV�SURSDJXOHV�DVH[XpHV��OHV�SUHPLqUHV�LPSOLTXpHV�GDQV�OHV�ORQJXHV�
GLVSHUVLRQV��OHV�VHFRQGHV�UHVSRQVDEOHV�GH�OD�SURSDJDWLRQ�j�SOXV�FRXUWH�pFKHOOH��/D�FRQWUDLQWH�G¶XQH�IpFRQGDWLRQ�
HQ�PLOLHX� DTXHX[�� UHQG� OD� SURGXFWLRQ�GH� VSRUHV�QHWWHPHQW�SOXV� IUpTXHQWH� FKH]� OHV� HVSqFHV�PRQRwTXHV�SDU�
UDSSRUW� DX[�GLRwTXHV�� FKH]� TXL� OD� SOXV� IDLEOH� IUpTXHQFH�GH� SURGXFWLRQ� HVW� GXH� j� OD� VpSDUDWLRQ� VSDWLDOH� GHV�
VH[HV��(Q�FRQVpTXHQFH��OD�WKpRULH�SUpGLW�TXH�O¶DLUH�GHV�HVSqFHV�PRQRwTXHV�VHUDLW�SOXV�pWHQGXH�TXH�FHOOH�GHV�
HVSqFHV�GLRwTXHV��/H�FDUDFWqUH�KpULWDEOH�GHV�V\VWqPHV�GH�UHSURGXFWLRQ�HW�GHV�WUDLWV�G¶KLVWRLUH�GH�YLH�SHUPHWWUDLW�
G¶pPHWWUH�O¶K\SRWKqVH�RULJLQDOH�G¶XQH�KpULWDELOLWp�SK\ORJpQpWLTXH�GHV�WDLOOHV�G¶DLUHV�GH�UpSDUWLWLRQ��6L�OHV�WDLOOHV�
G¶DLUHV�GH�UpSDUWLWLRQ�VRQW�D�FRQWUDULR�LQH[SOLTXpHV�SDU�O¶KpULWDELOLWp�GHV�V\VWqPHV�GH�UHSURGXFWLRQ�HW�GHV�WUDLWV�
G¶KLVWRLUH�GH�YLH�DVVRFLpV��O¶K\SRWKqVH�G¶XQH�GLYLVLRQ�DV\PpWULTXH��YLFDULDQFH��G¶XQH�DLUH�DQFHVWUDOH�UHQGDQW�
OD�WDLOOHV�GHV�DLUHV�GHV�HVSqFHV�¿OOHV�GLIIpUHQWHV��GRLW�rWUH�DYDQFpH�

$X�FRXUV�GH�FHWWH�WKqVH��M¶DL�XWLOLVp�XQH�SK\ORJpQLH�GHV�KpSDWLTXHV�IDLVDQW�SDUWLH�LQWpJUDQWH�GX�SURMHW�« Liverwort 
7UHH�RI�/LIH�ª�SRXU�UpSRQGUH�DX[�TXHVWLRQV�VXLYDQWHV :

%� �(VW�FH� TXH� O¶K\SRWKqVH� GX� UHPSODFHPHQW� VpTXHQWLHO� V¶DSSOLTXH� FKH]� OHV� KpSDWLTXHV�� TXL�
SRXUUDLHQW�DORUV�rWUH�FRQVLGpUpHV�FRPPH�XQH�OLJQpH�DYHF�XQ�IDLEOH�SRWHQWLHO�pYROXWLI ? Ou, au 
FRQWUDLUH��O¶pPHUJHQFH�GHV�J\PQRVSHUPHV�SXLV�GHV�DQJLRVSHUPHV�OHXU�D�W�HOOH�pWp�SUR¿WDEOH�SDU�
OD�FUpDWLRQ�GH�QRXYHOOHV�QLFKHV�pFRORJLTXHV ?

%� �/HV� GLVWULEXWLRQV� GLVMRLQWHV� REVHUYpHV� FKH]� OHV� EU\RSK\WHV� SHXYHQW�HOOHV� rWUH� H[SOLTXpHV��
FRPPH�SUpYX�SDV�O¶K\SRWKqVH�GH�OD�GLVSHUVLRQ�j�ORQJXH�GLVWDQFH��SDU�O¶KpULWDELOLWp�GHV�WUDLWV�
G¶KLVWRLUH�GH�YLH�HW�GHV�V\VWqPHV�GH�UHSURGXFWLRQ���HQWUDvQDQW�SRWHQWLHOOHPHQW��XQH�KpULWDELOLWp�
GH�OD�WDLOOH�GH�O¶DLUH"�$X�FRQWUDLUH��HVW�FH�TXH�O¶DEVHQFH�GH�VLJQDO�SK\ORJpQpWLTXH�GDQV�OD�WDLOOH�
G¶DLUHV�SRXUUDLW�rWUH�H[SOLTXpH�SDU�XQH�DV\PpWULH�GH�FHOOH�FL�GXH�j�OD�YLFDULDQFH�"

%� �4XHOV�VRQW�OHV�FRPSURPLV�pYROXWLIV�HQWUH�V\VWqPHV�GH�UHSURGXFWLRQ�HW�WUDLWV�G¶KLVWRLUH�GH�YLH�HW�
TXHOV�LPSDFWV��FHV�FRPSURPLV�RQW�LOV�VXU�OHV�VWUDWpJLHV�pYROXWLYHV�FKH]�OHV�KpSDWLTXHV�"

%� �4XHOOHV�VRQW� OHV�FRQVpTXHQFHV� WD[RQRPLTXHV�GHV� WUDQVLWLRQV�HQWUH�V\VWqPHV�GH�UHSURGXFWLRQ�
FKH]�OHV�KpSDWLTXHV�"
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� (Q�WRWDOH�FRQWUDGLFWLRQ�DYHF�O¶LPDJH�GH�©�IRVVLOHV�YLYDQWV�ª�DVVRFLpH�DX[�KpSDWLTXHV��QRXV�PRQWURQV�
TX¶HOOHV�RQW�FRQQX�GHX[�SpULRGHV�G¶DFFpOpUDWLRQ�GH�OHXU�GLYHUVL¿FDWLRQ�DYHF�OHV�WDX[�OHV�SOXV�pOHYpV�WURXYpV�DX�
&pQR]RwTXH��&HV�UpVXOWDWV�FRQWUHGLVHQW�GRQF�O¶K\SRWKqVH�GX�UHPSODFHPHQW�VpTXHQWLHO�GHV�ÀRUHV�WHUUHVWUHV��(Q�
FRQVpTXHQFH��FHUWDLQV�FDUDFWqUHV�GHV�EU\RSK\WHV�WHOV�TXH�GHV�VWUXFWXUHV�YDVFXODLUHV��VWRPDWHV�HW�HQGRV\PELRVHV�
QH�VHUDLHQW�SDV�OHV�SUpFXUVHXUV�GH�FHX[�GHV�SODQWHV�YDVFXODLUHV�PDLV�ELHQ�OH�UpVXOWDW�G¶XQH�pYROXWLRQ�HQ�SDUDOOqOH�
qui serait toujours en cours.

� /¶LQDSSOLFDELOLWp�GH�O¶K\SRWKqVH�GX�UHPSODFHPHQW�VpTXHQWLHO�GHV�ÀRUHV�HQ�IDYHXU�G¶XQH�RULJLQH�UpFHQWH�
GH�OD�GLYHUVLWp�FKH]�OHV�KpSDWLTXHV��UHQG�FDGXTXH�O¶LQWHUSUpWDWLRQ�GHV�GLVMRQFWLRQV�SDU�OD�GpULYH�GHV�FRQWLQHQWV�
HW�SRLQWH�YHUV�OH�U{OH�SUpSRQGpUDQW�GH�OD�GLVSHUVLRQ�j�ORQJXH�GLVWDQFH��1RXV�PRQWURQV�FHSHQGDQW�TXH�OD�WDLOOH�
GHV�DLUHV�GH� UpSDUWLWLRQ�Q¶HVW�SDV�KpULWDEOH�PDOJUp� OD� IRUWH�KpULWDELOLWp�GHV� V\VWqPHV�GH� UHSURGXFWLRQ�HW�GHV�
WUDLWV�G¶KLVWRLUH�GH�YLH��'H�SOXV��VHXOHPHQW�XQ�WUDLW�G¶KLVWRLUH�GH�YLH��OD�SURGXFWLRQ�GH�SURSDJXOHV�DVH[XpHV��
HVW�FRUUpOp�DYHF�OD� WDLOOH�GH�O¶DLUH�GH�UpSDUWLWLRQ�FH�TXL�VRXOLJQH�OHXU�U{OH��SUpFpGHPPHQW�FRQVLGpUp�FRPPH�
QpJOLJHDEOH��GDQV�OD�GLVSHUVLRQ�j�ORQJXH�GLVWDQFH�

� 1RXV�DYRQV�REVHUYp�GHV�WUDQVLWLRQV�UpFXUUHQWHV�GHV�V\VWqPHV�GH�UHSURGXFWLRQ��GDQV�OH�VHQV�DOODQW�GH�OD�
GLRpFLH�YHUV�OD�PRQRpFLH��VXJJpUDQW�XQ�U{OH�DGDSWDWLI�GH�FHWWH�GHUQLqUH�DX�FRXUV�GH�O¶pYROXWLRQ�GHV�KpSDWLTXHV��
%LHQ�TX¶D\DQW� XQ� U{OH�PLQHXU�GDQV� OD� WDLOOH� GHV� DLUHV� GH� UpSDUWLWLRQ�� QRXV�PRQWURQV�TXH� OHV� WUDQVLWLRQV�GH�
V\VWqPHV� GH� UHSURGXFWLRQ� LPSOLTXHQW� GRQF� GHV� FKDQJHPHQWV� GH� VWUDWpJLH� DGDSWDWLYH� QRWDPPHQW� ORUV� GH�
transition d’habitats.

� )LQDOHPHQW��OH�WDX[�pOHYp�G¶KRPRSODVLH�GDQV�O¶pYROXWLRQ�GHV�V\VWqPHV�GH�UHSURGXFWLRQ�DLQVL�TXH�OHXU�
FRQVpTXHQFH�VXU�OHV�WUDLWV�PRUSKRORJLTXHV�VXJJqUH�TXH�FHV�GHUQLHUV�SRXUUDLHQW�rWUH�WD[RQRPLTXHPHQW�DPELJXV��
1RXV�GRQQRQV�LFL�XQ�H[HPSOH�GH�FRQVpTXHQFHV�WD[RQRPLTXHV�G¶XQH�WUDQVLWLRQ�GH�V\VWqPH�GH�UHSURGXFWLRQ�
dans le genre Leptoscyphus. Le projet « Liverwort Tree of Life » pose donc les jalons pour construire un cadre 
VROLGH�HQ�YXH�G¶XQH�UpYLVLRQ�WD[RQRPLTXH�TXL�SHUPHWWUD�XQH�DQDO\VH�SOXV�SUpFLVH�GH�O¶pYROXWLRQ�GHV�FDUDFWqUHV�
PRUSKRORJLTXHV�HW�GHV�SDWURQV�ELRJpRJUDSKLTXHV�GDQV�FH�JURXSH�
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