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ARTICLE 1.1  

 

ECUEILS CONCEPTUELS ET METHODOLOGIQUES DANS 

L ’ETUDE DU CONSERVATISME DE NICHE 

PHYLOGENETIQUE 
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ARTICLE 1.2  

 

INFLUENCE DE PROCESSUS BIOGEOGRAPHIQUES 

NEUTRES SUR L ’EVOLUT ION DES NICHES CL IMATIQUES 
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CHAPITRE 2.   

 

EVOLUTION DES NICHES CLIMATIQUES DANS LA 

NATURE :  TEMPO, MODE ET CAUSES POTENTIELLES 
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ARTICLE 2  

 

FAIBLE CONSERVATISME ET EVOLUTION PONCTUEE DE 

LA NICHE CLIMATIQUE CHEZ 125 GROUPES DE PLANTES 
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The evolution of species' climatic niches is a fundamental process shaping past, present and future 

biodiversity patterns. Understanding phylogenetic niche conservatism (PNC), the tendency for species to 

retain ancestral niche characteristics over geological timescales
1
, is thus crucial for anticipating species’ 

range dynamics in face of environmental change
2
. Here we show across 125 clades of plants and 

vertebrates, that the climatic niche evolves mostly through rapid shifts associated with speciation events 

(punctuated equilibrium
3
). Climatic niche shifts occur on average in 1 out of 8 speciation events, 

demonstrating weaker levels of PNC than previously suggested
4
. Although the frequency of niche shifts 

was remarkably consistent across clades, drivers varied between groups. In birds, clades showing the 

strongest PNC are found in regions where climate has been the most stable over longer times 
5
, whereas in 

mammals, young clades show the strongest PNC. Our results demonstrate that climatic niche shifts have 

been frequent, but that they are associated with evolutionary divergences that might occur over much 

longer timescales than current rates of climate change. 

 

  



In an era of environmental change, there has been a growing 

interest in the evolution of species’ climatic niches
2
, with 

considerable debate around the prevalence and causes of 

phylogenetic niche conservatism (PNC)
4,6

, i.e. the tendency for 

species to retain ancestral niche characteristics
1
. Several 

hypotheses have been proposed to explain PNC, including 

environmental stability
5
, dispersal limitations

7
, competitive 

interactions
8
, and lack of genetic variability

9
 (see Supplementary 

Table S2). Because most studies to date have focused on 

relatively small geographic
10,11

 or phylogenetic extents
12,13

, there 

has not yet been a broad assessment of the prevalence of PNC
14

 

and its main causes
7
. Furthermore, it remains unknown whether 

climatic niches evolve gradually over time
15

 or in rapid bursts 

following speciation events (punctuated equilibrium
3
). Recent 

methodological developments in comparative analysis combined 

with the increasing availability of species-level phylogenies and 

geographic distribution data allow us to explore for the first time 

general features of climatic niche evolution across multiple taxa 

and at a global scale. 

 

We report here a comprehensive analysis of climatic niche 

evolution over 125 clades, comprising 6,470 species including 

birds, mammals, fishes and plants (Supplementary Table S1), 

which are widely distributed on Earth (Fig. 1). Two key climatic 

niche axes were jointly explored: mean annual temperature and 

annual precipitation for terrestrial organisms and minimum and 

mean sea-surface temperature for fishes. We first determined in 

each clade the degree of gradual vs. punctuated evolution in 

niche evolution. Second, we compared alternative models to find 

the most likely mode of niche evolution. We then used the most 

likely scenarios of niche evolution to assess the extent of PNC 

across our dataset and tested a range of potential drivers of PNC 

proposed earlier in the literature (see Table S2).  

 

A very consistent pattern that emerged across clades is that 

climatic niches evolve largely through punctuated equilibrium 

(Fig. 2). Indeed, the median outcome across clades was that 88% 

of niche variance between species could be attributed to niche 

shifts associated with speciation rather than gradual change. In 

only few exceptions like the mammal genus Tamias (chipmunks, 

Fig. 1) and the bird genus Muscicapa (flycatchers), was niche 

evolution exclusively attributed to gradual evolution. 

 

Comparing alternative models of climatic niche evolution, we 

found that simple models were usually rejected. Indeed, the 

Brownian motion model, where niches drift randomly over time, 

best fit the data in only 3 out of 125 clades, while a constrained 

model with a single optimum (Ornstein-Uhlenbeck model
16

) was 

detected in only 5 clades. More complex models where niches 

can shift between different selective regimes at speciation (i.e. 

Ornstein-Uhlenbeck models with multiple optima
17

) best fit the 

data for the remaining 117 clades (Fig. 2). 

Figure 1. Contrasted examples of climatic niche evolution. The background shows a map of terrestrial mean annual temperature over the globe, brown colors show cold regions 

while green regions are the warmest. Results of model selection are shown for four clades, representative of the four major groups included in our study (plants, mammals, birds and 

fishes) and widely distributed on Earth. Coloured branches on phylogenies indicate different climatic optima. Photographs show members of the four clades: Tamias minimus 

(Wikipedia commons), Chaetanthera flabellifolia (S. Aubert/SAJF), Tauraco porphyreocolus (Wikipedia commons) and Chaetodon auriga (Wikipedia commons). 



 

 

Because niche evolution generally did not proceed gradually, 

measuring evolutionary rates to assess the extent of PNC
18

 was 

not appropriate. Instead, we used the proportion of nodes per 

clade where climatic niche shifts occurred as a measure of the 

strength of PNC. On average, shifts occurred at 13.2% of nodes 

(Fig. 2), indicating that PNC is common but not ubiquitous in 

nature. However, the frequency of niche shifts varied widely 

between clades; while some clades remained within a single 

selective regime during their whole history, niche shifts occurred 

at more than 25% of nodes in others (Fig. 1, Fig. 2). The 

proportion of shifts was similar amongst taxonomic classes, 

except for fishes, for which shifts occurred in more than 19% of 

nodes across the phylogeny. This high niche lability may in part 

be explained by the numerous transitions between coral reefs of 

different oceans that have occurred in Chaetodontidae and 

Labridae
19

 (Fig. 1). 

 

Strikingly similar levels of PNC shown by plants, birds and 

mammals (Fig. 2) were, however, associated with different 

factors. Overall, clades with larger geographic ranges showed 

stronger PNC (see Supplementary Figure S2). This result is 

mainly driven by clades occupying the Nearctic and Palearctic 

realms, where very large areas with relatively uniform climates 

may have allowed allopatric speciation with little niche 

divergence
20

. In birds however, clades occupying warmer 

regions tended to experience fewer niche shifts, suggesting that 

long-term climatic stability in the tropics is an important driver 

of PNC (Fig. 3, Supplementary Figure S2). Birds of the 

Musophagidae family (turacos) provide a good example: despite 

their wide distribution across sub-Saharan Africa, these 23 

species evolved under the same climatic regime since their 

origin 56 Myr ago (Fig. 1). In contrast, historical variables were 

the most important in explaining PNC in mammals (Fig. 3, 

Supplementary Figure S2). Old clades tended to experience 

more shifts, possibly because they have undergone more climatic 

fluctuations in their history. Intriguingly, clades of mammals 

that diversified the fastest exhibited the strongest levels of PNC, 

perhaps because they represent adaptive radiations within a 

single climatic regime. 

We also found that the number of potential competitors was 

positively associated with the level of PNC in both birds and 

mammals, which lends support to the notion that competition 

avoidance could be responsible for niche lability 
21

. None of the 

variables linked to PNC in birds and mammals proved to be a 

good predictor of PNC for plants. Finally, contrary to some 

predictions
22

, individual size was not related to PNC in any of 

the three groups.  

  

Although our study does not embrace all major lineages of living 

organisms on Earth and is inherently limited regarding the 

mechanistic hypotheses currently available to test at such a large 

scale, it represents the most comprehensive global assessment of 

climatic niche evolution to date. We find that punctuated 

equilibrium is the dominant mode of climatic niche evolution, 

matching to theoretical predictions
23

. Our results show that while 

climatic niches remain relatively stable over long periods of 

time, a remarkably consistent proportion of speciation events 

(i.e. 1/8) lead to niche shifts. This pattern may arise because 

geographic separation at speciation indirectly induces shifts in 

the realized niche of newly formed species (Supplementary 

discussion). These results complement previous studies that 

demonstrated the ubiquity of biome conservatism
24

 and suggests 

that PNC might be common but less pervasive at smaller 

climatic scales. Finally, although some large-scale 

biogeographic or historical variables explain part of the variation 

in the level of PNC between clades, we found that the main 

drivers of niche shifts are various and differ between major 

groups of organisms
7
, and thus demonstrate that qualitatively 

similar diversity patterns
25

 may have diverse underlying causes. 

Because speciation frequently occurs over timescales in the 

order of 10’s to 100’s of thousands of years, our results also 

have implications for adaptation to projected climate change, 

which is occurring at a rate that is over an order of magnitude 

faster. 

 

 

Figure 2. Left: proportion of variance between niches that can be 

associated with shifts at speciation, measured over both climatic axes 

combined. Right: frequency of climatic niche shifts, measured as the 

number of niche shifts over the number of nodes in the phylogeny 

each clade. For both measures, results over the 125 clades are 

presented separately for plants, mammals, birds and fishes. 
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METHODS SUMMARY 

 

Datasets were assembled from various sources with the criteria 

that both distribution data and phylogenetic dated trees resolved 

at species level should be available for at least 60% of described 

species in a clade. Clades containing less than 12 species were 

discarded. Species’ climatic niches were measured by the mean 

species position along two climatic gradients over all locations 

where the species was recorded present. For terrestrial 

organisms, we extracted mean annual temperature and total 

annual precipitation from the Worldclim database26 at a 

resolution of 10’, whereas for fishes, minimum and mean annual 

sea-surface temperature were taken from the Bio-ORACLE 

database27 at a resolution of 5’. 

The degree of punctuated evolution of climatic niche positions 

on the two gradients was quantified using Ingram’s !28, .  

Alternative macroevolutionary models for the evolution of 

climatic niches included Brownian motion29 and Ornstein-

Uhlenbeck models with multiple optima that were determined 

without any a priori on their position30
. 

Because Ornstein-Uhlenbeck models with multiple optima 

almost always best fit the data, the degree of PNC in each clade 

was measured as the proportion of nodes in the phylogeny where 

shifts between different selective optima occurred. Correlates of 

the degree of PNC were explored using Random forests31 with 

conditional computation32 to account for correlations between 

predictors, and various mean clade traits (Supplementary Table 

S2, Supplementary Methods section 1.7.3.). 
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Figure 3. Relative importance of different 

hypotheses to explain PNC. These graphs 
show the relative importance of different 
groups of variables in random forests. 
Results for plants are not shown since no 
variable proved to be important. Fishes were 
excluded from this analysis since they were 
only 4 clades and do not share the same 
climatic variables as terrestrial groups. 
Temperature ariables are represented in 
green, area in brown, and competition in 
blue. 
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SUPPLEMENTARY FIGURES AND TABLES 

 

Taxonomic class Studied clade Number of species Phylogenetic source Species distribution source  

Angiosperms Androsace sect. Aretia, Elongata and 

Septentrionalis 

34/34 Boucher et al. 2012
1
 Points: GBIF  

Angiosperms Arctostaphylos 39/65 Goldberg et al. 2011
2
 Points: GBIF  

Angiosperms Babiana 90/95 Schnitzler et al. 20123 Points: herbaria  

Angiosperms Capsicum 15/25 Goldberg et al. 2010
4
 Points: GBIF  

Angiosperms Ceanothus 50/51 Goldberg et al. 2011
2
 Points: GBIF  

Angiosperms Chaetanthera 24/30 Hershkovitz et al. 2006
5
 Points: herbaria + P. Guerrero  

Angiosperms Disa 112/170 Bytebier et al. 2007
6
 Points: PRECIS  

Angiosperms Euphorbia sect. Deuterocalli, Denisophorbia and 

Goniostema 

67/91 Aubriot 2012 Points: herbaria  

Angiosperms Indigofera Cape clade 35/41 Schrire et al. 2009
7
 Points: PRECIS  

Angiosperms Lachnaea 37/39 Beyers et al. 2001 Points: PRECIS  

Angiosperms Leucadendron 80/96 Tonnabel et al. in prep Points: Protea Atlas  

Angiosperms Leucocoryne 17/17 Jara et al. 2013 Points: herbaria + P. Guerrero  

Angiosperms Malesherbia 24/25 Gengler-Nowak 2003
8
 Points: herbaria + P. Guerrero  

Angiosperms Muraltia 73/115 Forest et al. 2007
9
 Points: PRECIS  

Angiosperms Nicotiana 49/56 Goldberg et al. 2010
4
 Points: GBIF  

Angiosperms Nolana 72/89 Dillon et al. 2007
10

 Points: herbaria + P. Guerrero  

Angiosperms Oenothera sect. Anogra and Kleinia 18/19 Evans et al. 2009
11

 Points: herbaria  

Angiosperms Pediomelum 25/29 Egan et al. 2008
12

 Points: GBIF  

Angiosperms Protea 84/100 Valente et al. 2010
13

 Points: PRECIS  

Angiosperms Sarcolaenaceae 47/66 Haevermans et al. in prep Points: herbaria  

Gymnosperms Araucaria sect. Eutacta 15/15 Leslie et al. 2012
14

 Points: GBIF  

Gymnosperms Hesperocyparis 14/17 Leslie et al. 2012
14

 Points: GBIF  

Gymnosperms Juniperus 46/50 Leslie et al. 2012
14

 Points: GBIF  

Gymnosperms Picea 29/33 Leslie et al. 2012
14

 Points: GBIF  

Gymnosperms Pinus subg. Pinus 56/71 Leslie et al. 2012
14

   

Gymnosperms Pinus subg. Strobus 27/40 Leslie et al. 2012
14

   

Gymnosperms Podocarpus subg. Podocarpus 29/42 Leslie et al. 2012
14

 Points: GBIF  

Fishes Chadetodon 69/94 Cowman et al. 2011
15

 Points: herbaria + litterature  

Fishes Chaetodontidae, bannerfish-corafish lineage 22/25 Cowman et al. 2011
15

 Points: herbaria + litterature  

Fishes Labridae tribe Labrines 19/23 Cowman et al. 2011
15

 Points: herbaria + litterature  

Fishes Thalassoma + Gomphosus 27/30 Cowman et al. 2011
15

 Points: herbaria + litterature  

Mammals Bovidae tribes Alcelaphalini and Hippotragini 

(African antelopes) 

12/16 Fritz et al. 2009
16

 Range maps: IUCN  

Mammals Sciuridae subf. Xerinae tribe Protoxerini (African 

ground squirrels) 

29/30 Fritz et al. 2009
16

 Range maps: IUCN  

Mammals Afrosoricida 42/42 Fritz et al. 2009
16

 Range maps: IUCN  

Mammals Pteropodide subf. Epomophorinae tribe 

Epomophorini 

18/19 Fritz et al. 2009
16

 Range maps: IUCN  

Mammals Canidae 29/35 10kTrees
§
 Range maps: IUCN  

Mammals Musteloidea 

(=Ailuridae+Mephitidae+Mustelidae+ 

Procyonidae) 

73/76 10kTrees
§
 Range maps: IUCN  

Mammals Cercopithecidae tribe Cercopithecini 22/30 10kTrees
§
 Range maps: IUCN  

Mammals Cervidae subf. Capreolinae tribe Rangiferini 16/16 Fritz et al. 2009
16

 Range maps: IUCN  

Mammals Cervidae subf. Cervinae tribe Cervini 12/15 Fritz et al. 2009
16

 Range maps: IUCN  

Mammals Colobinae 34/39 10kTrees
§
 Range maps: IUCN  

Mammals Ctenomys 37/38 Fritz et al. 2009
16

 Range maps: IUCN  

Mammals Dasyuromorphia 59/64 Pigot et al. 2012 Range maps: IUCN  

Mammals Didelphimorphia 53/84 Fritz et al. 2009
16

 Range maps: IUCN  

Mammals Diprotodontia 110/126 Fritz et al. 2009
16

 Range maps: IUCN  

Mammals Bovidae subf. Cephalophinae (duikers) 25/26 Fritz et al. 2009
16

 Range maps: IUCN  

Mammals Feliformia 83/97 10kTrees
§
 Range maps: IUCN  

Mammals Galagidae 14/18 Fritz et al. 2009
16

 Range maps: IUCN  

Mammals Geomydae 30/40 Fritz et al. 2009
16

 Range maps: IUCN  

Mammals Glauconycteris + Laephotis 15/15 Fritz et al. 2009
16

 Range maps: IUCN  

Mammals Heteromyidae 57/64 Pigot et al. 2012
17

 Range maps: IUCN  

Mammals Hominoidae (Homo sapiens excluded
*
) 16/24 10kTrees

§
 Range maps: IUCN  

Mammals Macroscelidea 15/17 Fritz et al. 2009
16

 Range maps: IUCN  

Mammals Murina + Harpiocephalus 15/18 Fritz et al. 2009
16

 Range maps: IUCN  

Mammals Primates parvorder Platyrrhini (New world 59/67 10kTrees
§
 Range maps: IUCN  



monkeys) 

Mammals Ochotona 23/30 Pigot et al. 2012
17

 Range maps: IUCN  

Mammals Oligoryzomys 14/18 Fritz et al. 2009
16

 Range maps: IUCN  

Mammals Peramelemorphia 15/18 Fritz et al. 2009
16

 Range maps: IUCN  

Mammals Perissodactyla 14/17 10kTrees
§
 Range maps: IUCN  

Mammals Peromyscus 36/56 Fritz et al. 2009
16

 Range maps: IUCN  

Mammals Phyllostomidae 144/150 Fritz et al. 200916 Range maps: IUCN  

Mammals Pteropus 41/65 Fritz et al. 2009
16

 Range maps: IUCN  

Mammals Reithrodontomys 19/20 Fritz et al. 2009
16

 Range maps: IUCN  

Mammals Scandentia 17/19 Fritz et al. 2009
16

 Range maps: IUCN  

Mammals Sorex 48/79 Fritz et al. 2009
16

 Range maps: IUCN  

Mammals Sylvilagus 13/17 Fritz et al. 2009
16

 Range maps: IUCN  

Mammals Tamias 22/24 Fritz et al. 2009
16

 Range maps: IUCN  

Mammals Cricetidae subf. Neotominae tribe Neotomini 

(woodrats) 

16/23 Fritz et al. 2009
16

 Range maps: IUCN  

Mammals Xenarthra 29/29 Fritz et al. 2009
16

 Range maps: IUCN  

Birds Aegithalidae + Cettiidae + Phylloscopidae 91/116 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Accipitridae subf. Aegypiinae and Circaetinae 24/25 Hugall et al. 2012
19

 Range maps: Birdlife  

Birds Anatinae 108/123 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Anserinae 25/25 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Aquilinae 29/35 Hugall et al. 2012
19

 Range maps: Birdlife  

Birds Basileuterus + Cardellina + Ergaticus + 

Wilsonia pusilla + Myioborus + Phaeothlypis 

40/43 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Campephagidae 70/80 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Caprimulgidae 51/70 Hugall et al. 2012
19

 Range maps: Birdlife  

Birds Carduelis group Spinus 17/19 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Cercomacra + Myrmeciza + Drymophila + 

Hypocnemis 

22/30 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Cercomela + Oenanthe + Myrmecocichla 35/37 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Ciconiidae 16/19 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Cossypha + Cossyphicula + Alethe + Sheppardia 26/29 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Cracidae 36/50 Pigot et al. 2012 Range maps: Birdlife  

Birds Conothraupis + Volatinia + Lanio + 

Ramphocelus + Coryphospingus + Tachyphonus 

+ Rhodospingus + Eucometis + Trichothraupis 

(crested tanagers) 

28/30 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Cuculidae 125/142 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Dendroica + Wilsonia citrina + Catharopeza + 

Parula + Setophaga 

32/35 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Diglossa 18/18 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Elaenia and allies (see dataset
+
) 76/89 Jetz et al. 2012

18
 Range maps: Birdlife  

Birds Emberiza 36/44 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Empidonax 15/15 Pigot et al. 2012
17

 Range maps: Birdlife  

Birds Eurylaimidae + Pittidae 44/52 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Falconidae 49/65 Hugall et al. 2012
19

 Range maps: Birdlife  

Birds Ficedula 25/31 Pigot et al. 2012
17

 Range maps: Birdlife  

Birds Furnariidae subf. Dendrocolaptinae 45/60 Derryberry et al. 2011
20

 Range maps: Birdlife  

Birds Furnariidae subf. Scelurinae 17/17 Derryberry et al. 2011
20

 Range maps: Birdlife  

Birds Furnariidae subf. Furnariinae tribe Synallaxini 113/122 Derryberry et al. 2011
20

 Range maps: Birdlife  

Birds Furnariidae subf. Furnariinae tribes Philydorini 

and Furnariini 

74/76 Derryberry et al. 2011
20

 Range maps: Birdlife  

Birds Gruidae 11/15 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Hirundinidae 76/83 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Icteridae 91/102 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Muscisaxicola + Lessonia + Knipolegus + 

Hymenops + Satrapa 

25/26 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Charadriiformes suborder Lari 122/149 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Maluridae 21/27 Pigot et al. 2012
17

 Range maps: Birdlife  

Birds Merops 22/24 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Muscicapa 25/25 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Musophagidae 22/23 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Myrmotherula 22/30 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Oriolus + Sphecotheres + Paramythia + Pitohui 30/34 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Otididae 24/25 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Pachycephalidae subf. Pachycephalinae 33/44 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Paridae + Stenostiridae 54/70 Jetz et al. 2012
18

 Range maps: Birdlife  



Birds Accipitridae subf. Perninae and Gypaetinae 15/19 Hugall et al. 2012
19

 Range maps: Birdlife  

Birds Petroicidae 33/44 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Phasianidae 99/140 Hugall et al. 2012
19

 Range maps: Birdlife  

Birds Picnonotidae 94/128 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Pipridae 41/51 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Poospiza + Hemispingus + Pyrrhocoma + 

Thlypopsis + Cnemoscopus + Nephelornis + 

Donacospiza + Compsospiza + Cypsnagra 

30/39 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Charadriiformes suborder Scolopaci 82/105 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Sturnus and allies (see dataset
+
) 130/130 Jetz et al. 2012

18
 Range maps: Birdlife  

Birds Tangara and allies (see dataset
+
) 138/155 Jetz et al. 2012

18
 Range maps: Birdlife  

Birds Thamnophilus + Sakesphorus 31/33 Pigot et al. 2012
17

 Range maps: Birdlife  

Birds Tityridae 26/29 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Trogonidae 39/43 Jetz et al. 2012
18

 Range maps: Birdlife  

Birds Turdus 64/78 Pigot et al. 2012
17

 Range maps: Birdlife  

Birds Tyrannus + Machetornis + Pitangus + 

Myiozetetes + Empidonomus + Myiodynastes + 

Megarynchus 

21/28 Jetz et al. 2012
18

 Range maps: Birdlife  

 

Supplementary Table S1: Presentation of the 125 clades included in our dataset. The taxonomic class of each group is presented in the 

first column, plants have been divided into gymnosperms and angiosperms. The description of each clade is given as a list of the different 

taxonomic categories that it encompasses. The third column indicates the number of species that were included in our analyses and the 

number of species estimated by taxonomists for each clade. Sources for the phylogeny and species distribution data are presented in the two 

last columns.  
§
: 10ktrees website: 10ktrees.fas.harvard.edu; Arnold, Matthews and Nunn 2010. Consensus trees for each group were downloaded in 

November 2012.
 

*
: Homo sapiens was excluded from the analysis since his niche may not be affected by climatic variables anymore.

 

+
: These three groups contain species from a lot of different genera that could not all be enumerated in this table. 



 

Hypothesis Description Proxy 

Environmental 

stability 

Both short-term (i.e. year-round) and long-term 

environmental stability should lead to stabilizing 

selection on the climatic niche, and thus PNC
21,22

. 

Such stability should be predominant in the 

tropics, as stated by the ‘Tropical Niche 

Conservatism’ hypothesis
23

. 

Short-term climatic stability was measured as the average 

temperature seasonality (bio4 variable, Hijmans et al. 2005) 

over each clade’s range. Mid-term climatic stability was 

measured as the variance in mean annual temperature over 

the last 72,000 years. Finally, in the absence of of detailed 

data on deep past climates, we used current mean annual 

temperature as a proxy for long-term climatic stability. 

Dispersal 

limitation 

The climatic niche of a species could be 

conserved simply because new climates cannot be 

accessed because of dispersal limitations, even in 

cases where physiological characteristics would 

make adaptation to new climates possible
24

. 

The area (km
2
) of the range of each clade was taken as a 

measure of dispersal opportunity. 

Competitive 

interactions 

Competition can have opposite effects on PNC: 

on the one hand stabilizing selection could occur 

if competitors prevent a species from adapting to 

new environments
25

, while on the other hand 

competition avoidance could lead to divergent 

selection on the climatic niche to avoid 

sympatry
26,27

. 

We measured the intensity of competition for each clade of 

birds (or mammals) as the average richness of other birds (or 

mammals) over the clade’s range using range maps provided 

by BirdLife and the IUCN. Clades of carnivorous species 

were given no value (i.e. NA) since other species more 

likely are preys than competitors. 

For plants, the average Net Primary Productivity over each 

clade’s range was used as an index of competition intensity. 

Individual size 

Animals and plants with large body sizes tend to 

have slower rates of molecular evolution due to 

lower metabolic rates
28

 and longer generation 

times
29

. This should lead them to have lower 

levels of genetic variability, a pattern that could 

cause PNC
30

. 

For clades of bird and animals, average body mass of 

species was used to characterize body size in each clade. 

Values were log-transformed. The PanTHERIA database
31

 

was used for mammals, while W. Jetz kindly provided data 

for birds. 

For plants, in the absence of information on height for most 

of the clades we retained, clades were classified as being 

either primarily woody or herbaceous
32

, which traduces 

major differences in height. 

 

Supplementary Table S2: Hypotheses to explain PNC. This table presents four main hypotheses that have been proposed to explain PNC 

and that we tested. Each hypothesis is described and the proxy that we used is presented. Unfortunately, hypotheses linked to population 

genetics could not be tested on such a large dataset because of data unavailability (see Supplementary Methods section 1.7.) 



 

Supplementary Figure S1: distribution of ! over the 125 clades included in our study. From left to right, ML estimates of ! on both 

niche axes combined, the first axis and the second axis are presented. A value of 0 indicates purely gradual evolution, while a value of 1 

indicates purely punctual evolution. 
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Supplementary Figure S2: influence of different variables on the level of PNC. These plots show the value of our PNC index predicted 

by the two best predictors (1
st
 row) or the first and third best predictors (2

nd
 row) in all groups combined, mammals and birds. A. Response to 

range area and mean temperature among all groups (n=113). B. Response of PNC to mean diversification rate and clade age for mammals 

(n=30). C. Response of PNC to temperature variability over the last 72,000 years and mean temperature for birds (n=51). D. Response to 

temperature seasonality and mean temperature among all groups (n=113). E. Response of PNC to competition intensity and clade age for 

mammals (n=30). F. Response of PNC to competition intensity and mean temperature for birds (n=51). Other variables were fixed to their 

mean value among the dataset for predicting the PNC index from random forest models. Results for plants are not presented since no 

variable was a good predictor of the PNC index. Fishes were excluded from this analysis since they were only 4 clades and do not share the 

same climatic variables as terrestrial groups. 
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CHAPITRE 3.   

 

L ’HISTOIRE DU GENRE ANDROSACE ,  UN EXEMPLE POUR 

LA COMPREHENSION DES ORIGINES DE LA FLORE 

ALPINE 
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Relatively, few species have been able to colonize extremely cold alpine environments. We investigate the role played by the

cushion life form in the evolution of climatic niches in the plant genus Androsace s.l., which spreads across the mountain ranges

of the Northern Hemisphere. Using robust methods that account for phylogenetic uncertainty, intraspecific variability of climatic

requirements and different life-history evolution scenarios, we show that climatic niches of Androsace s.l. exhibit low phylogenetic

signal and that they evolved relatively recently and punctually. Models of niche evolution fitted onto phylogenies show that the

cushion life form has been a key innovation providing the opportunity to occupy extremely cold environments, thus contributing

to rapid climatic niche diversification in the genus Androsace s.l. We then propose a plausible scenario for the adaptation of plants

to alpine habitats.

KEY WORDS: Alpine plants, climatic niche, key innovation, niche conservatism, phylogenetic signal, phylogenetic uncertainty

The evolutionary mechanisms that drive species’ ranges have fas-

cinated evolutionists and biogeographers since Darwin (1859).

One key element lying at the heart of these questions is the set

of ecological conditions required for a given species to maintain

viable populations (i.e., the species’ ecological niche, Grinnell

1917; Hutchinson 1957). Among the different niche dimensions,

climatic niches are particularly interesting in the current context

of climate change, because their evolutionary stasis (i.e., niche

conservatism) combined with insufficient migration capacities

(Loarie et al. 2009), could lead to disproportionate species loss in

certain clades (Mace et al. 2003; Parmesan 2006; Thuiller et al.

2011). Recent literature emphasizes that there is an urgent need

to test whether niche conservatism can be considered as a gen-

eral principle (Wiens et al. 2010), and to determine the rates and

drivers of climatic niche evolution (Lavergne et al. 2010a).

Despite the current debate on the prevalence of niche conser-

vatism in nature (Losos 2008a; Wiens et al. 2010), some general

principles have been identified. The most common view is that
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high dispersal rates in a species enable habitat selection, leading

to stabilizing selection on key ecological traits and hence niche

conservatism. Donoghue (2008) posited that it might be easier

and quicker for species to migrate than to evolve when exposed

to environmental change. In contrast, situations suited for rapid

niche evolution often involve dispersal limitations. Ackerly (2003)

pointed out that isolation on “environmental islands” subject to

environmental change might expose species to strong selection

pressures, resulting in punctual and abrupt niche shifts. The liter-

ature on adaptive radiations contains numerous examples of rapid

niche evolution in insular settings (e.g., Witter and Carr 1988;

Pinto et al. 2008). Most of these cases involve the emergence of a

key innovation, that is, a trait that allows a species to interact with

the environment in a fundamentally different way and provides

the stimulus for niche evolution (Miller 1949; Losos and Mahler

2010; we do not use in this article the recent definition of a key

innovation as a trait enhancing diversification rates).

A commonly used approach for testing niche conservatism

has been the measurement of “phylogenetic signal.” This statisti-

cal pattern measures “the tendency for related species to resem-

ble each other more than if they were taken at random from a

phylogenetic tree” (Blomberg and Garland 2002), a strong phy-

logenetic signal in niche-related traits being usually interpreted

as evidence for niche conservatism (Losos 2008a). However, al-

though phylogenetic signal describes a statistical pattern of trait

autocorrelation across phylogenies, it is not useful for inferring

the rate (amount of change per unit of time), the tempo (early

vs. late) and the mode (punctual vs. gradual) of niche evolution

(Revell et al. 2008; Lavergne et al. 2010a). Recently, Evans et al.

(2009) investigated the tempo (i.e., early vs. late) of climatic niche

diversification in a group of plants (Oenothera spp. [Onagraceae],

sections Anogra and Kleinia) and showed that comparing niche

evolutionary patterns to the ones expected under a null model

of Brownian evolution can reveal interesting insights into the

processes driving niche evolution (see also Yesson and Culham

2006a,b). Surprisingly, little attention has been paid to the biolog-

ical traits potentially driving niche evolution (but see Luxbacher

and Knouft 2009; Edwards and Smith 2010). Indeed, most of the

studies on climatic niche conservatism have detected patterns of

niche evolution and in some cases have discussed their conse-

quences, but have rarely tackled the processes that are directly

involved (Wiens et al. 2010).

Alpine species are well suited to the study of niche evolution

because they have experienced major climatic fluctuations in the

past (Zachos et al. 2008), and may exhibit key phenotypic innova-

tions that have allowed the colonization of alpine niches follow-

ing mountain uplifts. Moreover, the mountain ranges they occupy

make their distribution highly fragmented and their survival par-

ticularly vulnerable to climate change (Randin et al. 2009). Here,

we focus on the Androsace (sensu Martins et al. 2003) genus

(Primulaceae), a group of about 110 species (according to the

International Plant Names Index, http://www.ipni.org) and dis-

tributed among the temperate and cold regions of the Northern

Hemisphere, many of them being endemic to certain mountain

ranges. It is suspected that the evolutionary history of Androsace

has been primarily shaped by mountains uplifts and past cli-

mate fluctuations, as already detected in some groups in which

floras have been fragmented by the emergence of high-altitude

island-like habitats (e.g., Hughes and Eastwood 2006). Interest-

ingly, species within this genus harbor a variety of life forms,

such as annual and perennial herbaceous, but also long-lived

cushions, which have long been thought to be adapted to harsh

alpine conditions (Körner 1999). However, the link between life

form and particular climatic niches has never been quantitatively

tested.

This leads us to address the following questions: (1) is there

any trace of past rapid climatic niche evolution in Androsace,

as expected given the fragmentation of the high-altitude habitats

they occupy? (2) Is the cushion life-form ancestral in Androsace

or is it a derived character? And if derived, when and how many

times has it evolved? (3) Is the cushion life form a key innovation

(sensu Miller 1949) that triggered a significant shift toward alpine

niches? To answer these questions and understand the evolution-

ary history of climatic niches and life forms in the Androsace

genus, we developed a comprehensive phylo-climatic modeling

approach. We first built the most complete phylogeny of the An-

drosace genus to date. Then, we used robust methods to estimate

species’ climatic niches and compared them in the phylogenetic

framework while accounting for intraspecific niche variability,

and uncertainty in phylogenetic inference and ancestral traits

reconstructions.

Material and Methods
STUDY GROUP AND TAXON SAMPLING

Recent phylogenetic studies (Martins et al. 2003; Schneeweiss

et al. 2004) have shown that the former Androsace L., Vitaliana

Sesl., Douglasia Lindl., and Pomatosace Maxim. genera form

a monophyletic group (hereafter referred to as the Androsace

genus). The hotspot of species richness for Androsace occurs in

the Eastern Himalaya, as for Primulaceae in general, suggesting

that this clade is of Asian origin. All Androsace species except

Vitaliana primuliflora are characterized by white or pink

homostylous flowers that have a short corolla tube and are

relatively large compared to plant size (Ruffier-Lanche 1964).

They are mainly pollinated by Hymenoptera and have low

competition abilities. The main differences between species of

the genus are their contrasted soil ecologies (e.g., Androsace

alpina is described as mainly silicicolous and A. helvetica as

mainly calcicolous, Lauber and Wagner 2007), their climatic
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Figure 1. Evolution of life forms in the Androsace genus. The tree is the consensus tree for 71 species of the genus, with the time scale

given in million years. Two main clades segregate from the root. Each ancestral node is colored according to the marginal likelihoods

of the different life forms in the NEJ-root model (red = short-lived; green = perennial; blue = cushion). Tips are colored the same way.

The cushion life form appears independently in the two main clades. Photographs show representatives of the different life forms.

(A) A. septentrionalis, short-lived (annual, photo: S. Aubert/SAJF). (B) A. adfinis, perennial (photo: F.Boucher/LECA). (C) A. helvetica,

cushion (photo: F. Boucher/LECA). (D) Schematic representation of the cushion morphology, with its dense canopy formed by radial

ramifications (illustration in R. Ruffier-Lanche 1964).

requirements (from dry steppes to mountain tops) and their

different life forms, ranging from annual species to cushions with

high individual longevity (see illustrations on Fig. 1).

The phylogenetic trees we built contain 77 taxa (see

Appendix S1). Subspecies were first collapsed together (always

collapsed to the type subspecies) as the occurrence data we used

did not distinguish between subspecies (71 species left). All the

species were used to estimate ancestral life forms. Finally, 19

species were pruned from the trees and removed from the analy-

ses on climatic niches, as there was little knowledge about their

current distribution (fewer than five known occurrences, see list in

Appendix S1).

PHYLOGENETIC INFERENCE

All ITS and trnL-F sequences available in Genbank for Androsace,

Douglasia, Potamosace, and Vitaliana plus three outgroups

(Soldanella alpina L., Trientalis borealis Raf., and T. europaea

L.) were retrieved (accession numbers available in Appendix S1).

Both regions were available for 61 ingroup species (66 taxa in-

cluding subspecies), and only one region was available for 11 ad-

ditional species, thus covering around 65% (72 out of ca. 110) of

the Androsace species. Those sequences correspond to the follow-

ing studies: Dixon et al. (2009), Martins et al. (2003), Mast et al.

(2006), Schneeweiss et al. (2004), Schönswetter and Schneeweiss

(2009), Wang et al. (2004). When more than one sequence was

available for each taxa and region, a consensus sequence was cre-

ated with Bioedit (Hall 1999). For each region, sequences were

aligned with ClustalW2 (Larkin et al. 2007), Kalign (Lassmann

and Sonnhammer 2005), MAFFT (Katoh et al. 2005), and Muscle

(Edgar 2004). The best alignment was chosen with the multiple

overlap score of MUMSA (Lassmann and Sonnhammer 2006).

MUMSA is a tool for automatic assessment of alignment quality
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that provides two indices: the average overlap score, which indi-

cates whether the sequences cumulated for a region are too diver-

gent to be aligned consistently; and the multiple overlap score,

which identifies the most consistent alignment when comparing

different alignments for a same set of sequences. For both regions,

the best alignment was the one produced by MAFFT. We re-

moved ambiguous sites from the alignments matrices with trimAl

using the heuristic algorithm—automated1 (Capella-Gutierrez

et al. 2009), which uses gaps and similarities distribution to

determine the thresholds for trimming the poorly aligned sites

of an alignment. We determined the best-fitting model of evo-

lution for each region with the Akaike Information Criterion

(AIC) as implemented in MrModeltest version 2 (Nylander 2004).

Both regions were concatenated with FASconCAT (Kuck and

Meusemann 2010). Phylogenetic analyses were conducted for the

combined dataset with MrBayes 3.1.2. (Ronquist and Huelsen-

beck 2003) with partitioned model parameters for each region.

Two independent analyses were run with 20 million generations

sampling one of every 100 trees. Run convergences were checked

with AWTY (Nylander et al. 2008), a tool for graphical explo-

ration of convergence in rates of posterior split probabilities and

branch lengths. The first 25% of trees were eliminated in the

burn-in phase. The combined matrix and the 50% majority-rule

consensus phylogenetic tree were deposited in Treebase; study

number TB2:S11159 (http://www.treebase.org).

Dating analyses were performed with PAML (Yang 1997)

and Multidivtime packages (Kishino et al. 2001; Thorne and

Kishino 2002), which provide a mean age and a 95% confidence

interval (95% CI) for each node. This was applied to 100 ran-

domly selected trees from the posterior distribution of Bayesian

analyses to take into account phylogenetic uncertainty in subse-

quent analyses. To calibrate the trees, due to the lack of a suitable

fossil record for Androsace, a minimum and maximum age con-

straint (34.5–35.3 million years ago [Mya]) was applied to the

Androsace crown node based on the results (95% CI limits) ob-

tained in Yesson et al. (2009), which produced a dated generic

level molecular phylogeny of Primulaceae and Myrsinaceae. A

maximum age of 45.3 Mya was applied to the root node, which

corresponds to the upper limit of the 95% CI (Yesson et al. 2009)

for the split between Primulaceae and Myrsinaceae (to which

Trientalis belongs). We used the ages reported by Yesson et al.

(2009) and not those of Schneeweiss et al. (2004) because we

consider the data of the former are more accurate. Schneeweiss

et al. (2004) dating was indeed based on divergence estimates

of Maesaceae, Theophrastaceae, Primulaceae, and Myrsinaceae

obtained by Wikström et al. (2001) in a study including only two

genera of Primulaceae, whereas Yesson et al. (2009) constructed

expressly a phylogeny of Myrsinaceae (18 genera included) and

Primulaceae to obtain a secondary age estimate for the genera of

Primulaceae (13 genera sampled).

For the following analyses, each of the 100 trees was pruned

to keep only 62 (for life-form reconstructions) or 51 tips (for

all calculations including climatic niches) using PAUP∗ 4.0b10

(Swofford 2002).

LOCATION

Occurrence data for 51 species of Androsace (see list in

Appendix S1) were extracted from the Global Biodiversity In-

formation Facility database (GBIF, http://www.gbif.org). Occur-

rences for 13 species from the Alps obtained from two French Na-

tional Botanical Conservatories (CBNA, http://www.cbna05.com,

and CBNMED, http://www.cbnmed.fr) and from the CRSF Swiss

Floristics Network (http://www.crsf.ch) were also added to the

dataset. After deleting all points with coordinate precisions lower

than 0.01 arc-degree, more than 7000 points remained almost

equally distributed between the two different data sources. Eu-

ropean species were generally more represented in the data than

Central Asian and American ones (see number of occurrences

for each species in Appendix S1). As no additional sources of

distribution data are available for the Asian part of the study, and

because our results were robust to the low number of occurrence

for some species (Appendix S2), this data asymmetry is not likely

to generate any bias in our study but should only reduce the statis-

tical power of interspecific comparisons of niche characteristics

NICHE SEPARATION

To separate species’ niches in a multidimensional space, we used

an ordination method called the “outlying mean index” (OMI,

Dolédec et al. 2000), which measures the distance between a

species’ niche and the mean conditions of the sampling area (in

this case, all locations where Androsace species are present). Un-

like other ordination techniques, the OMI makes no assumption

about the shape of the species’ response curve to environmental

gradients and gives equal weight to all sites regardless of their

species richness (Thuiller et al. 2004). The latter characteristic

was particularly appreciable in our case, given the low number of

observed occurrences in Central Asia.

Global climate across the Northern Hemisphere was repre-

sented by the 19 “Bioclim” variables from the WORLDCLIM

database (Hijmans et al. 2005, http://worldclim.org) for the base-

line period (1950–2000). These variables represented a range of

metrics (mean value, variance, and extremes) on global temper-

ature and precipitations. The topographic heterogeneity of the

mountain ranges where Androsace mostly occurs and the aver-

age precision of the occurrence data led us to choose a moderate

resolution of 2.5′. We also added a critical variable for plant

physiology, namely the ratio of actual over potential evapotran-

spiration (aetpet, see Thuiller et al. 2005 for more details). The

choice of including only climatic variables into the niche estima-

tion was motivated by the global scale of our study, at which it is
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known that primary determinants of species distributions are cli-

matic (Woodward 1990, 1992). Furthermore, in the special case of

Androsace, which share similar biotic interactions and occur in

relatively cold and dry environments, abiotic variables might be

more important than biotic ones for setting niche boundaries

(Körner 1999). Although Androsace species show contrasting soil

ecologies, and even if substrate type strongly influences alpine

plant distributions (Alvarez et al. 2009), we did not include soil

preferences in our study due to the absence of data with a sufficient

global scale resolution.

INTEGRATING MULTIPLE SOURCES OF UNCERTAINTY

In this study, we developed an original workflow to account for

multiple sources of uncertainty (Appendix S4).

(1) To date, few studies of niche evolution have explicitly incor-

porated phylogenetic uncertainty through the use of multiple

phylogenetic trees (but see Edwards and Smith 2010). Here,

all subsequent analyses were carried out on a set of 100 phy-

logenetic trees sampled randomly from the stationary phase

of Bayesian analyses.

(2) Another possible source of error is due to the fact that most

comparative studies often consider only the mean value of a

character for each species (Losos 2008a; Kozak and Wiens

2010). Indeed, evolutionary biologists since Darwin (1859)

have known about intraspecific variability in niche-related

traits, as it is the basis of lineage differentiation and specia-

tion. It can sometimes be higher than interspecific variation

among closely related species (Felsenstein 2008; Albert et

al. 2010) and can inflate type I errors in phylogenetic tests

(Harmon and Losos 2005). Still, niches of species are al-

most always represented by their mean values in phylo-

genetic studies (e.g., Luxbacher and Knouft 2009; Kozak

and Wiens 2010; but see Evans et al. 2009). Here, we pro-

pose a way of incorporating intraspecific niche variability

in studies of niche evolution. Instead of retaining the mean

niche position and niche breadth over the most important

axes, we extracted the scores of all occurrence points on

the first two axes yielded by the OMI. For each species,

we obtained a bidimensional distribution that can be inter-

preted as a projection of the climatic niche in the environ-

mental space, maximizing niche differentiation across the

whole study group. We used these distributions to resample

species’ positions along climatic gradients: at each resam-

pling step one, “niche value” on each gradient was randomly

selected for each species from its niche distribution on the

OMI axes. These values were then used in the phylogenetic

analyses. This allowed us to overcome the biases induced

by intraspecific niche variability (see the comparison with

results without resampling in Appendix S3).

(3) Finally, ancestral state estimation is a step that is tradition-

ally known to generate major uncertainties (Pagel 1997;

Losos 1999). After inferring the best model of life-form

evolution (see below), we used joint likelihoods of the dif-

ferent life forms for every node in the tree to generate 100

ancestral state reconstructions per tree.

The methods presented below are detailed for one given tree

and one set of characters (niche values for extant species and

ancestral life forms), but by pooling the results obtained for all

resamples of phylogenetic trees, climatic niche positions, and

ancestral life forms, we obtained the distributions of all estimated

parameters and AIC scores of alternative models. Given that they

were not normal, these distributions were always compared using

pairwise Wilcoxon signed-rank tests to evaluate if their means

were statistically different. All the following analyses have been

performed using the R software (R Development Core Team 2011)

version 2.12.0 with the ade4 (Dray and Dufour 2007), ape (Paradis

et al. 2004), geiger (Harmon et al. 2008), picante (Kembel et al.

2009), and diversitree (FitzJohn et al. 2009) packages.

EVOLUTIONARY HISTORY OF THE CLIMATIC NICHE

As the fragmentation of habitats occupied by Androsace could

have stimulated niche evolution, we first measured the amount

of phylogenetic signal in the climatic niches using two statistics:

Blomberg’s K (Blomberg et al. 2003; Kembel 2009) and Pagel’s λ

(Pagel 1999; Freckleton et al. 2002), which differ in their statisti-

cal implementation and parameter testing procedures. Using both

of them, we prevent ourselves from drawing conclusions from a

single method, the potential pitfalls of which have been pointed

out (Freckleton et al. 2002; Revell et al. 2008). K compares the

distribution of independent contrasts (Felsenstein 1985) to that

expected under a Brownian motion (BM) model of trait evolu-

tion. Values of K close to 0 imply no signal and values closer or

higher than 1 indicate a signal close or greater than expected un-

der a BM model of evolution. K’s significance is assessed by data

randomization. Pagel’s λ is a multiplicative parameter affecting

the covariances of characters between different tips of the tree,

using a generalized least square optimization. It ranges from 0 to

1, indicating no signal or a signal equivalent to the one expected

under BM, respectively. Its significance can be assessed by a like-

lihood ratio comparison of nested models with particular values

(i.e., 0 or 1).

Given the low amount of phylogenetic signal in climatic

niches of Androsace (see Results), we went a step further and tried

to determine how and when niche evolution took place. For this

we estimated the tempo and the mode of climatic niche evolution.

The tempo describes whether a character has evolved early (close

to the root) or late (close to the tips) in a given phylogeny; the

mode of evolution discriminates between gradual (i.e., changes
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proportional to branch length) and punctual evolution. This was

first performed by computing Pagel’s δ and κ parameters, which,

respectively, measure the tempo and mode of evolution (Pagel

1999; Verdú 2006).

To get a precise view of how niches diversified over time

during clade growth and to be able to compare it with the timing

of the appearance of the cushion life form, the tempo of niche

evolution was also assessed through a disparity analysis (Harmon

et al. 2003). Disparity within a clade is calculated here from aver-

age pairwise Euclidean distance between species on the two niche

axes, and standardized by the disparity of the whole genus. Then,

for each speciation event in the phylogeny, the mean disparity is

calculated as the average of the disparities of the clades whose

ancestral lineage was present at the time of the speciation. By

plotting the average subclade disparity against evolutionary time,

we obtain a disparity-through-time (DTT) plot, which ranges be-

tween 1 (all disparity still to be built) and 0 (all disparity has been

accumulated). Observed DTT is then compared to the one ex-

pected under a null model of evolution, that is, to BM simulations

(10 simulations for each observed DTT). To quantify the results

of the disparity analysis, we computed the morphological dispar-

ity index (MDI), which compares observed disparity to the one

expected under BM (Harmon et al. 2003). Positive values of MDI

indicate that disparity is relatively distributed within clades and

hence that the trait being studied has evolved relatively recently;

alternatively, negative values of MDI are interpreted as evidence

of disparity being mainly between clades and of early evolution

of the trait (Evans et al. 2009).

EVOLUTION OF LIFE FORMS

Information on species life forms was gathered from the follow-

ing sources: Flora Helvetica (Lauber and Wagner 2007), Flora

Europeae (Tutin et al. 1964+), Flora of China (Hu and Kelso

2007), and Flora of North America (Cholewa and Kelso 2009).

Life forms were classified into the three following groups: “short-

lived” species for annuals and biannuals, “perennials” for herba-

ceous perennials, and “cushion” species for long-lived species

forming dense mats or cushions, generally displaying woody

structures. Using our newly developed phylogeny and by distin-

guishing cushions from other perennials species, we are extending

a previous work on the evolution of life form in Androsace that

had been performed on a smaller phylogeny (Schneeweiss et al.

2004).

To determine the ancestral life form of the Androsace genus

and the number of times the cushion life form has evolved, we

estimated ancestral life forms over our set of phylogenetic trees

using ancestral state reconstructions following the Markov (Mk)

model (Lewis 2001) as implemented by Fitzjohn et al. (2009). This

was done by fitting and comparing six possible discrete Markov

models: a model with all transition rates being different (ARD),

the same model but with the tree root constrained to be short-

lived (ARD-root), a model with equal transition rates (ER), the

same with a short-lived ancestor (ER-root), a model with different

rates and transitions between short-lived species and cushions set

to zero (NEJ for “No Evolutionary Jumps”) and the same with

a short-lived ancestor (NEJ-root). Models were compared using

AIC. The possibility of having a short-lived ancestor of the genus

is highly motivated by the fact that the cushion life form is a

derived character in most angiosperm genera (S. Aubert, unpubl.

data). Following model selection, we used the best model to run

evolutionary simulations of life-form evolution. This was done by

drawing histories of life forms from the joint likelihood of each

life form on every node of the phylogeny (100 character histories

per tree, following Fitzjohn et al. 2009)

RELATION BETWEEN LIFE FORM AND NICHE

EVOLUTION

To investigate the role played by life-form transitions in climatic

niche evolution and see whether the cushion life form is a key in-

novation in this genus, we fitted different models of niche evolu-

tion to the data, covering a broad range of evolutionary scenarios.

We compared a BM model of evolution with various Orstein–

Ulhenbeck models (OU, Butler and King 2004). BM models the

random walk of niche values; it has been introduced as a model

for genetic drift but can also be interpreted as a model of selec-

tion in a fluctuating environment, like the one that ancestors of

Androsace probably experienced. The OU model includes both a

random walk and a constraint term. It has been designed to model

selection of a continuous character along a phylogeny (Butler and

King 2004), with one or several selective optima depending on a

priori hypotheses (e.g., Lavergne et al. 2010b). A good fit of an OU

model is often interpreted as evidence of evolutionary constraints

acting on the character under study. Here, we use OU models to

model habitat selection along climatic gradients depending on dif-

ferent possible selective scenarios. The first OU model has a single

optimum, common to all current and ancestral species (OU1). In

this case, the model assumes that there is a single optimal niche

for all the species of the group. The second model (OU2) has two

optima depending on well-delimitated clades (Central Asian vs.

American–European, see Results), which would imply that differ-

ent climatic optima have evolved into separate geographic regions,

for example due to different specific genetic adaptations of the

ancestors of each clade or to climatic differences between the two

regions placing different constraints on niche evolution. The last

model (OU3) is a model with three optima depending on life form

and parameterized with the ancestral reconstructions performed

as described above. This last model makes the hypothesis that the

three different life forms are suited to different climatic conditions

and could indicate that they selected for different optimal climatic

tolerances.
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Results
PHYLOGENETIC INFERENCE

To date, the phylogeny obtained in this study is the most complete

for Androsace, including 77 taxa and 72 recognized species of the

genus. The topology of the 50% majority-rule consensus tree

(Appendix S5) is totally congruent with the results obtained by

two complementary works that explored the phylogenetic rela-

tionships within Androsace and allied genera (Schneeweiss et al.

2004; Wang et al. 2004). Clade supports are, in general, equal

or higher to those obtained in these two studies. The ingroup

species are divided into two well-supported clades: one consti-

tuted by species distributed mainly in Central Asia, the other

formed mainly by American and/or European species, and in-

cluding the nested genera Douglasia, Vitaliana, and Pomatosace

(Fig. 1).

Divergence time estimation analyses yielded older age esti-

mates for all nodes (especially deeper ones) than those obtained

in previous studies (Schneeweiss et al. 2004; Wang et al. 2004).

This is probably due mainly to calibration based on the updated

phylogeny of Primulaceae made by Yesson et al. (2009), who

obtained a date of 35.4–34.7 Mya instead of the 23 Mya reported

by Schneeweiss et al. (2004). The split between the two main

clades of Androsace s. l. would have occurred 34.9 Mya (95% CI:

34.5–35.3 Mya). The genus Pomatosace, sister to the European–

American clade, would have diverged 31.9 Mya (95% CI: 28.8–

34.2 Mya). In contrast, the two other genera nested within An-

drosace, that is, Vitaliana and Douglasia, are much more recent:

Vitaliana would have appeared 1.8 Mya (95% CI: 1.3–8.5 Mya),

and the ancestor of Douglasia and A. triflora Adans. would have

diversified 1.5 Mya (95% CI: 0.8–6.6 Mya). Node ages and 95%

CI are reported in Appendix S6.

NICHE SEPARATION

The first two axes of the OMI analysis represented 77% of the to-

tal inertia of the points included in the study. The first axis (50%

of total inertia) correlated negatively with seven (out of eight)

precipitation variables, and most strongly with precipitation of

the driest quarter and precipitation of the driest month. This first

gradient will therefore be referred to hereafter as the “moisture

gradient.” The second gradient (27% of total inertia) correlated

negatively with seven (out of 11) temperature variables and above

all with the mean temperature of the coldest quarter, minimal tem-

perature of the coldest month, and mean annual temperature. This

second gradient will be referred to hereafter as the “temperature

gradient.” Although most Androsace species could be described

as arctic-alpine or alpine species, niche separation was, however,

quite significant along these two climatic axis, suggesting that

strong niche diversification has occurred in the genus (species

scores on the OMI axes shown in Fig. 2).

EVOLUTIONARY HISTORY OF THE NICHE

Although our two estimates of phylogenetic signal were not al-

ways convergent, the common pattern was a moderate phyloge-

netic signal for the niche distributions along the two climatic axes

for all sampled phylogenetic trees (Table 1). However, K was

never estimated to be greater than 1 and lambda was never close

to 1, suggesting a phylogenetic signal lower than the one expected

under BM.

On the two environmental axes, δ was always greater than 1

(δ = 2.999 for 99.8% of the resamples on axis 1 and for 99.4%

on axis 2, Table 1), thus clearly confirming the expected late

diversification of climatic niches. Estimated κ values tend to be

quite small for the two axes of the climatic niche (Table 1), indi-

cating that niches have tended to evolve in a punctual way, that is,

quite independently of branch lengths. Disparity plots revealed

that climatic niches have evolved in a way that is not discernable

from BM for most of the evolutionary history of Androsace

(Fig. 3). This was followed by a fast and marked increase of the

niche disparity of climatic niches occurring relatively recently in

evolutionary time, with this burst of niche disparification starting

approximately around 10 Mya. The MDI obtained across all

the resamples was recurrently positive (mean = 0.182, SD =

0.075), suggesting that niche disparity was mostly distributed

within subclades and thus confirming the late evolution of

climatic niches.

EVOLUTION OF LIFE FORM

The six different discrete Markov models of life-form evo-

lution yielded significantly different AIC values, with the

model with the lowest AIC distribution being NEJ-root

(Fig. 4A), that is a model with all the rates being dif-

ferent, forbidden transitions between short-lived species and

cushions, and the ancestor forced to be short-lived. Rates of

transition between perennials and cushions were on average

about 10 times higher than rates for the transitions between

short-lived species and perennials (qshortlived→perennial = 0.023

Mya−1, qperennial→shortlived = 0.0424 Mya−1, qperennial→cushion =

0.541 Mya−1, qcushion→perennial = 0.268 Mya−1), suggesting that

shifts between the short-lived and the perennial life form sel-

dom occurred in the genus. Our results mainly agree with those

of Schneeweiss et al. (2004). Reconstructions showed that the

cushion life form appeared independently in the two main clades.

Hence, we can affirm that it is a homoplasy shared by some

Himalayan and some Western (European and North American)

species. Only three reversals from perennials toward short-lived

species were inferred, whereas Schneeweiss et al. (2004) found

at least four. This new result is due to the improvement of the

phylogeny, which includes more Central Asian species and thus

helps to resolve uncertainties in this clade. We used ancestral life-

form reconstructions made using the NEJ-root model for fitting

EVOLUTION 2011 7



FLORIAN C. BOUCHER ET AL.

-6 -4 -2 0 2 4 6

-5
0

5

Moisture gradient

T
e
m

p
e
ra

tu
re

 g
ra

d
ie

n
t

Annual

Perennial

Cushion

Figure 2. Climatic niche separation. Ordination plot of mean OMI scores, with standard deviation bars, for 51 species of the Androsace

genus. Moisture increases and temperature decreases when moving toward higher positive values. Species are colored according to their

life forms. Cushions occupy a larger part of the climatic space than other life forms.

the OU3 model in the following section (marginal likelihoods of

the three ancestral states at each node of the phylogeny are shown

on Fig. 1).

INFLUENCE OF LIFE FORM ON NICHE EVOLUTION

Different evolutionary scenarios yielded extremely variable AICc

distributions, with BM generally yielding the highest AICc val-

ues (mean = 523, SD = 20). OU3 had the lowest AICc val-

ues (mean = 485, SD = 15), and was therefore the model that

best described niche evolution among the models we compared

(Fig. 4B). Climatic optima estimated for different life forms and

across all trees, drawn niche values and ancestral state reconstruc-

tions showed that short-lived species displayed the driest climatic

optimum, and that the coldest temperature optimum was for cush-

ion species (Fig. 5).

Discussion
One of the main arguments supporting the importance of niche

conservatism is that most clades generally occupy only one or a

few given biomes (e.g., Crisp et al. 2009 for plants). This obser-

vation leads to the conclusion that adaptations to new climates

have often been difficult (Donoghue 2008), carrying important

implications for the future distribution of species in the face of

climate change. However, a few biological groups have managed

to colonize extreme environments over relatively short timescales,

thus challenging common wisdom about niche conservatism. The

macroevolutionary study of such groups is therefore necessary to

reveal the general mechanisms that enable adaptation to changing

environments. Our study of niche and trait evolution in Androsace

provides one of these much-needed examples.

Table 1. Estimated indices of phylogenetic signal, tempo, and mode of evolution. For each index used, the mean (± standard devia-

tion) of all values obtained over the 10,000 resamples is presented for each OMI axis. The two exponents indicate the percentage of

P-values ≤ 0.05 in the tests against the particular values of 0 and 1, respectively (K is only tested against 0). Note that δ stops at 2.99 due

to its calculation in the geiger package in R.

K λ δ κ

OMI 1 0.29 (±0.08)85− 0.63 (±0.21)83 92 2.99 (±0.02)100 100 0.21 (±0.19)100 100

OMI 2 0.29 (±0.09)72− 0.64 (±0.20)68 90 2.99 (±0.05)100 100 0.16 (±0.16)100 100
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Figure 3. Relative disparity through time (DTT) for the climatic

niche in Androsace. In black, the bold and dashed lines indicate,

respectively, the mean and the 5% and 95% quantiles of the Brow-

nian Motion simulations (10 simulations for each resampling step).

The bold line in gray and the shaded area indicate the mean and

95% envelope of the observed disparities in the 10,000 resamples

taken from niches and trees. As trees have different branching

times, all curves are plotted against the mean time of each spe-

ciation event across the 100 trees. The dashed area indicates the

approximate period between the two appearances of the cushion

life form, probably in Asia (−12.5 ± 2.8 Mya) and in Europe (−7.4 ±

2.6 Mya), which seems to coincide with the increase in disparity.

NICHE LABILITY IN ANDROSACE

This study reveals significant evolutionary lability of climatic

niches in the Androsace genus, as indicated by a weak phyloge-

netic signal and strong interspecific disparity in climatic optima

along temperature and moisture gradients. Although most An-

drosace species tend to occur in relatively cold environments,

niche separation illustrates clear differences between their cli-

matic requirements. For example, the mean annual temperature

in the genus ranges from −10.4◦C for Douglasia ochotensis to

18.4◦C for A. umbellata, European species occupying slightly

wetter and warmer environments than American or Central Asian

ones (Appendix S1). Dimensions of niche differentiation vary be-

tween the two main Androsace clades. In the Central Asian clade,

species’ niches are primarily distinguished along the temperature

gradient. For example, A. umbellata, found in New Guinea, has the

warmest niche position and shows almost no niche overlap with

other Androsace species. Within the American–European clade,

niche differentiation is mainly driven by the moisture gradient,

which is due to the Rocky Mountains or Alaska regions being rel-

atively drier than European mountain ranges. Phylogenetic com-

parative analyses of climatic niches in the Androsace genus reveal

the reasons for this lability. Indeed, the recent diversification of

species’ niches (high values of δ and positive MDI) through punc-

tual evolution (low values of κ) is likely to have erased most of

the phylogenetic legacy in species environmental requirements,
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Figure 4. Evolutionary models comparisons. (A) AIC distributions

of the six Mk models fitted on the 100 trees with 62 species.

(B) AICc distributions of the four niche evolution models, fitted

for 51 species on 10,000 resamples from trees, niches, and ances-

tral life forms where necessary. All AIC and AICc distributions are

significantly different according to Wilcoxon signed-rank tests (all

P-values < 0.01).

resulting in low phylogenetic signal. We can conclude that the

climatic niches of Androsace have not been conserved through

evolutionary time but instead underwent a late and rapid radiation.

These findings are in agreement with the prediction that isola-

tion of lineages leads to niche evolution (Ackerly 2003; Donoghue

2008). Indeed, the orogeny of the Alpide belt (the mountain

range that extends along the southern margin of Eurasia, from the

Pyrenees to New Guinea) started around 40 Mya (Nikonov 1988)

and proceeded at high rates until the present day, leading to the
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sharp topography we observe today (Hergarten et al. 2010). An-

cestral lineages of Androsace probably rode this mountain uplift,

thus becoming progressively isolated from each other by eroded

valleys (Kuhlemann 2007) and lowlands. The lack of zoochory

opportunities for plants that do not produce fleshy fruits and the

absence of seed adaptation to long distance dispersal (as noted in

A. alpina by Schonswetter et al. 2003) may have increased this ge-

ographic isolation. In addition, Cenozoic Era climatic and glacial

oscillations (Zachos et al. 2008) are likely to have alternately

opened pathways between populations and created environmen-

tal barriers between favorable regions. The punctual evolution of

the climatic niche we observed in Androsace could be the result

of colonization events enabled by the opening of these pathways

during colder periods, followed by speciation and rapid adaptation

after isolation. Numerous cases of rapid niche disparification in

plant lineages following colonization of island-like habitats have

already been documented. Perhaps the most striking cases are

those of the Hawaiian silverswords (Witter and Carr 1988 Evo-

lution) and of the Andean species of the genus Lupinus (Hughes

et al. 2006), both displaying tremendous variation in life form

(from weeds of a few centimeters to trees) and habitat. The case

of Androsace is however different because it has less variation in

life form and habitat but higher variation in climatic tolerances.

THE RISE OF THE CUSHION LIFE FORM

Interestingly, the diversification of climatic niches observed in

Androsace has been enhanced by life-form evolution. Short-lived

Androsace tend to occupy the driest niches (e.g., dry steppes

and plains), which is consistent with previous observations that

seed dormancy of annual plants prevents local extinction during

drought periods (Körner 1999), even in dry alpine regions (e.g.,

the central Chilean Andes, Arroyo et al. 1999). The fact that the

coldest environments are occupied by cushion Androsace corrob-

orates eco-physiological evidence that the cushion’s dense canopy

acts as a temperature variation buffer by elevating the temperature

inside the plant (Körner 1999; Larcher et al. 2010), thus enabling

tolerance to colder conditions.

Our study reveals that the ancestor of Androsace was a short-

lived species, probably therefore inhabiting cold steppes in Eura-

sia. The cushion life form then appeared independently in the two

main clades, as they were already geographically isolated in Asia

and Europe (Schneeweiss et al. 2004). These two events occurred

roughly around 12.5 Mya in Asia and 7.4 Mya in Europe (see

Fig. 1, nodes 24 and 57 are shown in Appendix S5 and dated in

Appendix S6). Similar cases of repeated evolution of a morpho-

logical trait in a clade have already been studied and can be

explained by similar selection pressures in geographically iso-

lated environments (Wiens et al. 2006). Even if our large-scale

approach cannot directly demonstrate it, the convergent evolution

of the cushion life form in the Central Asian and American–

European clades could be attributed to strong selection pressures

toward cold tolerance resulting from the rapid rise of the Alpide

belt in the Miocene and to similar biotic contexts (i.e., temperate

biomes of the Northern Hemisphere, Fine and Ree 2006).

THE CUSHION LIFE FORM: A KEY INNOVATION

Although a macroevolutionary study such as ours does not en-

able the investigation of the precise mechanisms by which plant

morphological adaptations permit particular climatic tolerances,

we can suggest from our results that the evolution toward harsh

alpine niches has been enabled by the emergence of the cush-

ion life form. Indeed, the fact that a model with several selective

optima (OU3) has a better fit than a model of drift (BM) model

indicates that different climatic constraints have acted on the dif-

ferent life forms. This result is even stronger when we note that

the ancestors of Androsace have probably experienced a fluctuat-

ing environment, a situation ideally modeled by BM. Therefore,

the selection toward optimal niches in each life form has been

strong enough to overcome the effects of climate fluctuations. We

can consequently affirm that the cushion life form is a key in-

novation in the genus Androsace, leading to a significant change

in the fundamental niche of the species that possessed it and al-

lowing them to colonize the cold habitats created by the alpide

orogeny. Key innovations are known to be major sources of eco-

logical opportunity and are often associated with increased niche

disparity (Losos and Mahler 2010). Even if our study does not

specifically address this question, it can provide a qualitative an-

swer to it. Indeed, the fast increase of niche disparity found here

seems to coincide with the emergence of the cushion life form

(Fig. 3), even if we did not specifically tested that this increase

was mainly due to clades possessing the cushion life form. More-

over, cushions seem to have a broader occupancy of the climatic

space than other life forms (Fig. 2). Further work is still needed

to see whether cushions also stimulated diversification rates, a

consequence that would be expected from such a key innovation

(Glor 2010) and that has already been observed in many lineages

that colonized the Andes (Donoghue 2008).

A GENERAL SCENARIO FOR THE EVOLUTION

OF ALPINE PLANTS?

Putting together our results gives a clear picture of the evolution

of cold tolerance in Androsace, which can be summarized in

the following scenario. Ancestors of the genus, probably already

adapted to the temperate conditions of cold steppes, rode the

rising mountain chain of the Alpide belt. The increasing isolation

of these new “continental islands” combined with poor dispersal

ability prevented species from migrating back to their optimal

habitats and instead forced them to adapt in situ to survive. Under

the strong selection pressures for increased cold tolerance that

these species experienced, the cushion life form evolved as a
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Figure 5. Estimation of the niche evolutionary optima for the OU3 model on the two main environmental gradients, for the three

different life forms. All optima distributions are significantly different according to Wilcoxon signed-rank tests (all P-values < 0.01). The

driest niches have been selected in short-lived species and the coldest in cushions.

key morphological innovation, enabling the occupation of novel

alpine habitats.

This scenario is strikingly similar to the one inferred for the

evolution of Espeletia (Asteraceae) by Monasterio and Sarmiento

(1991). This Andean plant genus originated as a rainforest tree and

subsequently colonized the high-altitude paramo habitats created

by the Andean orogeny due to the evolution of the pachycaulous

life form. The similar environmental conditions and orogenic his-

tory along with the presence of the same pachycaulous morphol-

ogy in several genera of tropical-alpine plants such as Puya in the

Andes and Dendrosenecio and Lobelia in East Africa suggest that

their evolutionary history could have been similar. Despite differ-

ences between climatic conditions in tropical highlands and cold

areas of the Northern Hemisphere (Körner 2007), the scenario

proposed above may quite effectively describe the general stages

for the evolution of adaptation to alpine habitats in plants. Several

plant genera distributed in the Holarctic ecozone and that contain

species bearing the cushion life form such as Saxifraga, Draba,

or Silene would be preferred candidates to test the generality of

this scenario.

ASSUMPTIONS AND POSSIBLE SOURCES OF ERROR

Our study potentially presents some limitations. First, there is

a strong disequilibrium between Central Asian and American–

European species, the former being sampled a lot less (in terms

of the occurrence points as well as for the phylogeny). How-

ever, the analysis conducted on a subset of species with at least

15 points (a number that has been demonstrated to be large enough

for a reliable niche estimation, Stockwell and Peterson 2002)

shows the robustness of our results (Appendix S2) and the low fit

of the OU2 model compared to OU3 also indicates that climatic

differences between clades are not as important as differences

explained by biological traits. Second, we used climate data ob-

tained by large-scale interpolations and thus containing potential

errors. It is hoped that the resampling procedure we applied on

the niche distributions helped to alleviate the effects of these

errors. We must also recognize that as in all attempts to incor-

porate climatic variables in studies of macroevolution, we cannot

rule out that climatic variables were differently correlated in the

past. As already mentioned, soil ecology is known to be an impor-

tant driver of alpine plants distributions (Alvarez et al. 2009) and

could be a confounding factor in our work. This variable was any-

way not available at such a large geographic scale and we believe

moreover that this large scale prevents soil type from being totally

confounded with one climatic variable. Lastly, it is important to

stress that microevolutionary experiments on the selective advan-

tage of different life forms in different environmental conditions

would really help to corroborate our speculation concerning the

parallel evolution of cushions and alpine niches.

Conclusion
In a recent debate on the niche conservatism paradigm, some

authors (e.g., Losos 2008b) suggested that more studies on
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different groups were necessary to assess the generality of this

phenomenon. Moving away from the extensively studied exam-

ples of groups of reptiles and amphibians, we provide, through

comprehensive analysis, a robust and clear answer for a genus of

arctic-alpine plants in which niche lability prevails. As noted by

some authors (e.g., Wiens 2008; Cooper et al. 2010), raw estima-

tions of phylogenetic signal are of little interest when attempting

to understand niche evolution. Including simple measures such

as the tempo and mode of evolution of the niche, as well as a

biological trait, enables us to better understand niche evolution

in a particular group, making the link between ecology and evo-

lution clearer. In doing so, we showed how occupation of alpine

niches in Androsace has been triggered by the emergence of a key

innovation: the cushion life form.
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ABSTRACT

Aim We still have limited understanding of the contingent and deterministic

factors that have fostered the evolutionary success of some species lineages over

others. We investigated how the interplay of intercontinental migration and

key innovations promoted diversification of the genus Androsace.

Location Mountain ranges and cold steppes of the Northern Hemisphere.

Methods We reconstructed ancestral biogeographical ranges at regional and

continental scales by means of a dispersal–extinction–cladogenesis analysis

using dated Bayesian phylogenies and contrasting two migration scenarios.

Based on diversification analyses under two frameworks, we tested the influ-

ence of life form on speciation rates and whether diversification has been

diversity-dependent.

Results We found that three radiations occurred in this genus, at different

periods and on different continents, and that life form played a critical role in

the history of Androsace. Short-lived ancestors first facilitated the expansion of

the genus’ range from Asia to Europe, while cushions, which appeared inde-

pendently in Asia and Europe, enhanced species diversification in alpine

regions. One long-distance dispersal event from Europe to North America led

to the diversification of the nested genus Douglasia. We found support for a

model in which speciation of the North American–European clade is diversity-

dependent and close to its carrying capacity, and that the diversification

dynamics of the North American subclade are uncoupled from this and follow

a pure birth process.

Main conclusions The contingency of past biogeographical connections com-

bined with the evolutionary determinism of convergent key innovations may

have led to replicated radiations of Androsace in three mountain regions of the

world. The repeated emergence of the cushion life form was a convergent key

innovation that fostered radiation into alpine habitats. Given the large ecologi-

cal similarity of Androsace species, allopatry may have been the main mode of

speciation.

Keywords

Allopatry, Androsace, biogeography, cushion plants, diversification, evolutionary

determinism, historical contingency, long-distance dispersal, speciation rates.

INTRODUCTION

Discerning the processes that foster species diversification

and shape spatial patterns of biodiversity is a major challenge

in evolutionary biology (Schluter, 2000). Although recent

studies have reported exceptional species radiations (e.g.

Hughes & Eastwood, 2006; Valente et al., 2010), little is

known about the driving forces of the evolutionary success

(i.e. higher speciation rates and geographical expansion;

Gould & Eldredge, 1977) of some clades while close relatives

ª 2013 John Wiley & Sons Ltd http://wileyonlinelibrary.com/journal/jbi 1
doi:10.1111/jbi.12135
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remain species-poor or geographically restricted. In particu-

lar, the relative influence of historical contingency (i.e. sto-

chastic past events) versus deterministic processes (i.e.

similar selective pressures leading to convergent evolution) in

driving species radiations remains unclear (Schluter, 2000;

Losos & Mahler, 2010). Evidence for the prevalence of deter-

minism in nature is provided by the increasing number of

replicated adaptive radiations and evolutionary convergences

documented in various groups of plants and animals (Schlu-

ter, 2000; Vermeij, 2006). In such cases, different clades fac-

ing similar environmental conditions developed convergent

key innovations, which provided the stimulus for increased

species and niche diversification, e.g. toe pads in lizards (Lar-

son & Losos, 1996), phytophagy in insects (Farrell, 1998),

and pharyngeal jaws in fish (Mabuchi et al., 2007). However,

rare events that have given rise to unprecedented ecological

opportunities have been highlighted to show the importance

of historical contingencies on organism diversification (Losos

& Mahler, 2010). The most common type of contingent

event might be long-distance dispersal (hereafter, LDD)

(Nathan, 2006; Gillespie et al., 2012), a phenomenon best

exemplified by organisms that have colonized remote oceanic

islands and radiated in situ (e.g. Hawaiian violets; Ballard &

Sytsma, 2000).

In comparison to islands, which have traditionally served

as natural laboratories for evolutionary studies (Losos &

Ricklefs, 2009), less is known about the history of continental

clades because of their complex geographical and historical

settings. However, some continental systems exhibit a certain

degree of similarity with island systems in that they are

delimited to identifiable and distinct geographical units.

Among such systems, mountain ranges constitute networks

of cold environmental islands (Ackerly, 2003) that can be

seen as continental analogies of island archipelagos systems

(Gehrke & Linder, 2009). Like oceanic islands that have dif-

ferent ages, mountain ranges with their own specific orogenic

histories allow us to compare the tempo of species diversifi-

cation of sister lineages. Recent studies on tropical mountain

taxa have enhanced our understanding of adaptive radiations

(e.g. Hughes & Eastwood, 2006; S€arkinen et al., 2011). How-

ever, examples of evolutionary radiations in temperate

mountain ranges are quite scarce (but see Emadzade &

H€orandl, 2011), probably due to the fact that the extreme

abiotic conditions in these regions led to lower rates of

diversification than energy-rich environments.

Here, we attempt to understand the evolutionary success

of rock-jasmines, i.e. the plant genus Androsace s.l. (sensu

Martins et al., 2003). The case of Androsace is intriguing for

two main reasons. First, the genus has successfully colonized

most temperate and arctic–alpine regions of the Northern

Hemisphere although it is mainly made up of narrow

endemics with low dispersal abilities (Anderberg & Kelso,

1996). Second, Androsace species seem to have diversified in

three major regions (Central Asia, Western Europe and

Northern America) reaching a relatively high number of spe-

cies within the genus (c. 110 species), most of them found in

alpine habitats (see Fig. S1 in Appendix S1 in Supporting

Information). This is somehow unexpected given the general

observation that arctic–alpine ecosystems are species-poor

(McCain & Grytnes, 2010) and have low productivity

(K€orner, 1999), which may limit the opportunities for diver-

sification (e.g. O’Brien, 1998; Francis & Currie, 2003).

Androsace displays a variety of life forms including annual,

herbaceous perennials and cushions, i.e. slow-growing plants

in compact form with very dense leaf canopy, characterized

by extremely long individual lifetimes. Recently, Boucher

et al. (2012) demonstrated that the cushion life form evolved

independently in two separate clades as a key innovation that

led to the occupancy of the extremely cold ‘alpine niches’.

What remains puzzling and unexplored is how the genus

Androsace has colonized most of the Northern Hemisphere,

and which processes led to the pattern of increased species

richness in alpine regions. In particular, it remains unknown

whether the cushion life form fostered diversification in the

genus and whether ecological forces have been regulating

cladogenesis in different geographical areas.

Here, we address several questions raised by previous stud-

ies on Androsace. We explore how the various life forms,

which have different climatic tolerances, longevities and dis-

persal abilities (due to variable seed weight) may have trig-

gered the geographical spread and diversification of

Androsace in different ways. To answer this, we analysed a

comprehensive data set including geographical distributions,

climatic preferences, morphological data and phylogenetic

relationships for nearly two-thirds of all Androsace species.

We reconstructed the historical biogeography of the genus

and defined the most likely migration routes across the

mountain ranges of the Northern Hemisphere. We then

examined the tempo of diversification in three main geo-

graphical regions (Central Asia, Europe and North America)

and tested the relative role of the cushion life form and cli-

matic niche vicariance (i.e. divergence of sister species due to

specialization to different climatic regimes) in the diversifica-

tion of Androsace.

MATERIALS AND METHODS

Study group

Androsace s.l. comprises the (former) genera Androsace,

Douglasia, Pomatosace and Vitaliana (Martins et al., 2003;

Schneeweiss et al., 2004). Its highest species richness is

located in the Himalayas and Hengduan Mountains (a plant

endemism hotspot in Western China; L"opez-Pujol et al.,

2011). The three life forms found in Androsace tend to

occupy different habitats: short-lived species (annual or bien-

nial) mainly occur in cold steppes, rosette perennials occupy

mesic subalpine and alpine meadows or open woodlands,

and cushion species occur on alpine scree slopes or cliffs,

sometimes at very high elevations (up to 3850 m in the

French Alps; S. Lavergne, Laboratoire d’"Ecologie Alpine, pers.

comm.). Cushions occupy the coldest niches; annuals and
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perennials are adapted to the driest and wettest environ-

ments, respectively (Boucher et al., 2012). Despite life-form

differences, Androsace species have similar floral morphology,

with relatively large white or pink homostylous flowers

(except for Vitaliana primuliflora Bertol., which produces yel-

low, heterostylous flowers).

Biogeographical inference

Different life forms may have had varied importance in the

geographical spread of the genus. Migration could have been

fostered by annuals because of their lighter seeds and wider

climatic tolerances. We tested two alternative biogeographical

scenarios with the dispersal–extinction–cladogenesis (DEC)

parametric method implemented in Lagrange (Ree &

Smith, 2008), which is able to integrate temporal and dis-

persal inputs. This enables the comparison of biogeographi-

cal hypotheses based on their likelihood. As Lagrange takes

branch lengths of the provided phylogeny into account and

allows us to define the specific dispersal probabilities between

geographical areas, this program enables the integration of

temporal and dispersal variables into the comparison of

alternative biogeographical hypotheses using likelihood.

Biogeographical analyses were conducted on two spatial

scales: continental and regional. At a continental level, we

looked for broad patterns in the biogeographical reconstruc-

tion and tested which area delimitation (see Fig. 1, and Fig.

S2 in Appendix S1) best suited Androsace species. At a

regional level, we defined the following areas for which two

or more species were endemic: (A) Iberian Peninsula

(excluding the Pyrenees); (B) Pyrenees; (C) Alps and Apen-

nines; (D) south-eastern Europe; (E) Caucasus; (G) Himala-

yas; (H) Tibetan Plateau; (F) Hengduan Mountains; (J)

Eastern Asia region; (I) Asian Arctic region and Mongolian

plateau; (M) North American Arctic region; (K) Cascade

Range; (L) Central Rocky Mountains and Central North

America (Fig. 2).

Two biogeographical models were then compared at a

regional level – a baseline model without dispersal con-

straints, and a stepping-stone model with higher dispersal

probabilities between neighbouring areas than between non-

neighbouring ones (Fig. S3 in Appendix S1). Neighbouring

areas were defined as adjacent areas or areas that do not

have another area or sea between them that could act as a

barrier (except for Arctic Asia and Arctic North America,

which were considered as neighbouring areas due to the

lability of the Bering Strait; Hopkins, 1967; Wen, 1999). We

also constrained the number of maximum areas of ancestral

range to see whether this led to a better model.

All biogeographical analyses were run for 100 phylogenetic

trees from Boucher et al. (2012). The phylogenetic trees

included 72 species of the study group, thus covering nearly

two-thirds of Androsace species (c. 110). These phylogenies

were based on two DNA regions (ITS and trnL–F) and were

built using Bayesian inference on MrBayes (Ronquist &

Huelsenbeck, 2003), and run over 20 million generations,

sampling one tree every 100 steps. A random set of 100 phy-

logenies from the posterior distribution of trees were dated

with a Bayesian relaxed molecular clock (Yang, 1997; Kishino

et al., 2001; Thorne & Kishino, 2002), which was calibrated

with the divergence time range estimations of the Androsace

lineage obtained by Yesson et al. (2009). Ancestral area

reconstructions for each node were averaged in a consensus

tree. When several reconstructions were obtained for a given

node, they were weighted by their marginal probability at

this given node. To summarize the results for each node (pie

charts in Figs 1–2), only the trees where the node was pres-

ent were used, thus yielding a ‘node-by-node reconstruction’

(Nylander et al., 2008).

Diversification analyses

The cushion life form has been identified as a key morpho-

logical innovation in Androsace that facilitated the occupa-

tion of colder alpine environments (Boucher et al., 2012).

Macro-evolutionary theory predicts that this new life form

would have increased diversification rates (either increasing

speciation or decreasing extinction rates) due to the ecologi-

cal opportunity it provided (Glor, 2010; Yoder et al., 2010).

To test this prediction, we used the MuSSE (Multiple State

Speciation Extinction) framework (Fitzjohn et al., 2009),

which accounts for different rates of speciation and/or

extinction depending on the state of a discrete trait, while

simultaneously estimating the ancestral states of this trait

using a likelihood approach. Life forms of extant species

were classified into three categories – short-lived (annuals,

biennials), perennials and cushions (see Boucher et al.,

2012). Diversification methods that can deal with incomplete

phylogenies require random undersampling, which was not

the case here (all European and North American species are

included, but only half of the Asian ones). Thus, we defined

two monophyletic clades with a coherent geographical distri-

bution and ran the analyses independently on both of them:

the (mainly) Central Asian clade (Fig. 1); and the clade

formed by 32 species distributed in Europe and North

America (stemming from node B; see Fig. 1; hereafter ‘North

American–European clade’). Four models of diversification

were used: (1) a pure birth model with a single speciation

rate (PB); (2) a birth–death model common to all species

(BD); (3) a model with different speciation and extinction

rates for each life form (BD-Form); and (4) a model with

different speciation rates but null extinction for each life

form (PB-Form). Given that a previous study showed that

the ancestor of Androsace species was probably short-lived,

and that it is very unlikely that short-lived species could

directly evolve into cushion species (Boucher et al., 2012),

we defined the root of the tree as short-lived in each clade

and we did not allow any evolutionary jumps from short-

lived to cushions. For the Central Asian clade, sampling was

fixed at 57% of short-lived species, 25% of perennials and

44% of cushions, according to taxonomic knowledge (Nasir,

1984; Hu & Kelso, 1996).
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Figure 1 Continental-scale biogeographical reconstruction plotted on the Androsace consensus tree. The time-scale at the bottom is in

millions of years. World maps show the three areas defined for the continental analysis and all their possible combinations. Pie charts

represent the relative probability of ancestral area reconstructed for each node averaged over the 100 trees, with colours corresponding

to the areas highlighted on the world maps. Asterisks indicate nodes with a posterior probability ≥ 0.95. Black portions represent

ancestral reconstructions spread on the three defined areas. On the right side of tip labels, circles indicate species’ life forms: grey circles

represent cushions; half-filled circles indicate perennials; and empty circles are short-lived species. These three life forms are illustrated

with one photograph each: (a) A. elongata L., annual (photo: S. Aubert/SAJF); (b) A. lactea L., perennial (photo: S. Aubert/SAJF); (c)

A. laggeri Huet, cushion (photo: C. Roquet). Coloured boxes on the extreme right show current geographical distributions

corresponding to the distribution map. Some nodes are labelled with a letter for text discussion.
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Figure 2 Regional-scale biogeographical reconstruction plotted on the Androsace consensus tree. Pie charts represent the relative

probability of ancestral area reconstructed for each node averaged over the 100 trees. Letters next to pie charts correspond to areas of

distribution with codes as in the world map; bold letters correspond to the portion with a highest probability. Colours of the pie chart

portions correspond to continental-scale areas as in Fig. 1; white portions represent reconstructions with a probability < 0.10.
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Examining the tempo of diversification in a clade can pro-

vide insights into potential ecological regulation of cladogene-

sis. Declining diversification rates over time may suggest that

a diversity limit was reached during diversification (Rabosky,

2009). Density-dependent diversification can be explicitly

modelled using a logistic growth function for speciation rates

and a clade’s upper diversity bound can be estimated (Rabo-

sky & Lovette, 2008). This limit is frequently thought to be

the result of niche partitioning between interacting members

of the clade and is one of the main signatures of adaptive

radiations (Losos & Mahler, 2010). However, such diversity

limits could also arise as a consequence of decreasing range

sizes following successive events of allopatric speciation

(Rosenzweig, 1996). In the case of Androsace, the clades found

in Central Asia, Europe and Northern America may be at dif-

ferent stages of diversification, because they have different

ages and geographical contexts. To determine whether each of

these clades has reached a diversity bound, we used the likeli-

hood framework for density-dependent diversification imple-

mented in the R package ddd (Etienne & Haegeman, 2012).

In order to meet the hypothesis of random undersampling,

we first analysed the Central Asian clade on its own by fitting

four different models: (1) a pure birth model (PB); (2) a

birth–death model (BD); (3) a density-dependent model with

no extinction (DDL); and (4) a density-dependent model

with extinction (DDL+E). We applied the same four models

to the North American–European clade, and also tested the

hypothesis that North American species underwent their own

diversity dynamics by enabling a decoupling of the diversifica-

tion of the North American subclade (stemming from node

E, Fig. 1) versus the main clade (Etienne & Haegeman, 2012).

This resulted in four additional models being fitted: (5) a

model where European species experience density-dependence

with no extinction but North American species follow a pure

birth process (DDL/PB); (6) the same model with extinction

in both clades (DDL+E/BD); (7) a model where both Euro-

pean and North American species experience density-depen-

dence with no extinction but at different paces and with

different carrying capacities (DDL/DDL); and finally (8) the

same model with extinction (DDL+E/DDL+E).

All diversification analyses were run on 100 phylogenetic

trees and alternative models were compared using the Akaike

information criterion (AIC). In all density-dependent diversi-

fication models, the speciation rate was assumed to depend

linearly on species richness, and the last 0.6 Myr (during

which no branching occurs) were chopped off to avoid

detecting a final negative rate shift due to a lack of species

recognition (i.e. incipient species not detected in the phylog-

eny because of incomplete speciation; Egan & Crandall,

2008). Models without extinction were specified by fixing the

extinction rate to zero, and models without density-depen-

dence in the subclade (i.e. DDL/PB and DDL+E/BD) were

approximated by giving a very large value to the carrying

capacity (K = 5000).

Androsace species show low levels of sympatry and species

belonging to the same life form are usually found in similar

habitats. Thus, parapatric speciation due to climatic vicari-

ance is unlikely. However, in order to discard the hypothesis

that climatic vicariance may have played an important role

in speciation events of Androsace, we performed a set of sta-

tistical analyses implemented in the software seeva (Struwe

et al., 2011), and this showed that climatic vicariance played

no role in the speciation of the genus. See Appendix S1 for a

detailed description of the analyses performed and Appendix

S2 for the results.

RESULTS

Biogeographical reconstruction

The continental and regional analyses led to congruent

results for the main biogeographical patterns (Figs 1–2). At a

continental level, the area delimitations with the highest like-

lihood were: (a) Europe; (b) North America and Arctic Asia;

and (c) Asia excluding the Arctic (see Table S1 in Appendix

S2). In the regional analyses, the stepping-stone model

yielded a higher likelihood than the baseline model (Fig. S4

in Appendix S2). Restricting the ancestral range to two areas

also gave higher likelihood values, which was congruent with

the distribution range of most Androsace species, with most

of them being restricted to one or two areas. Hence, we will

only present the results obtained with these settings here.

The continental analysis suggested an Asian ancestor for

Androsace (Fig. 1), followed by at least two LDD events: first,

to Europe in the early–middle Miocene (nodes A and B;

Fig. 1); secondly, to North America in the late Miocene–

Pliocene (nodes C and D; Fig. 1). In addition, there were

intercontinental dispersal events for three minor clades: (1)

from Asia to other continents by the ancestor of A. chamae-

jasme Wulfen (Holarctic distribution) and A. lehmanniana

Spreng. (present in Alaska and Asia); (2) from Asia to Eur-

ope by the ancestor of A. villosa L. (widespread in the

mountains of Europe and Western Asia) and two western

Asiatic species, A. barbulata Ovcz. and A. koso-poljanskii

Ovcz.; and (3) from Europe to other continents by the

ancestor of the North American endemic A. occidentalis

Pursh and the widespread A. elongata L.

Results for the regional analyses suggested that the ances-

tors of most of European species originated from the Alps

and Apennines, and subsequently expanded to the Pyrenees

and south-eastern Europe mountain areas. Results for Doug-

lasia and A. triflora Adans. (nested within Douglasia) showed

an ancestor from the south-western European mountains

that spread to North America through LDD. In the Asian

clade, a high proportion of ancestors were distributed in the

Himalayas and/or the Hengduan Range.

Diversification analysis

When trying to determine the influence of life forms on

the diversification in Androsace, the model that fitted best

in both clades was the PB-Form model where speciation
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rates were different for each life form but extinction was

null (mean DAIC > 5.2 with all other models and in the

two clades; see Table S3 in Appendix S2). Lineages with a

cushion life form experienced significantly higher specia-

tion rates than the other life forms in both clades

(Table 1).

However, contrasting diversification patterns were found

for different clades. All models had similar AIC scores in the

Central Asian clade, but a pure birth model was slightly

favoured over the others (Table 2). The constant speciation

rate was estimated to be 0.124 ! 0.004 species Myr"1. A

decoupling of diversity dynamics was detected in the North

American–European clade, where the most likely model sug-

gested diversity-dependent diversification in Europe and pure

birth process in North America (Table 2; see also the line-

age-through-time plot Fig. 3). In this model, European spe-

cies experience diversity-dependence with an estimated initial

speciation rate of 0.619 ! 0.075 species Myr"1 and a carry-

ing capacity of 22.76 ! 1.12 species. This bound is extremely

close to the current number of species in the European clade,

which is 22. The North American species undergo their own

diversity dynamics and follow a pure birth process with a

speciation rate of 0.355 ! 0.071 species Myr"1.

DISCUSSION

Short-lived species may have promoted

the geographical expansion of Androsace

Our biogeographical reconstruction suggests that Asia is the

ancestral region of Androsace, as hypothesized earlier (Kress,

1965; Wang et al., 2004). The biogeographical history of the

genus is characterized by two intercontinental dispersal

events followed by diversification bursts: from Asia to Eur-

ope in the early–middle Miocene (nodes A/B; Fig. 1); and

from Europe to North America in the late Miocene–Pliocene

(nodes C/D, Fig. 1). One striking result is that almost all the

ancestors that have expanded from one continent to another

were probably short-lived species (nodes A, B, F, G, H;

Fig. 1) according to the ancestral reconstruction inferred by

Boucher et al. (2012). This is congruent with the contempo-

rary observation that the large majority of Androsace species

with widespread distributions are short-lived [A. elongata,

A. erecta Maxim., A. filiformis Retz., A. lactiflora Kar. & Kir.,

A. maxima L., A. septentrionalis L. and A. umbellata (Lour.)

Merr.]. The biogeographical expansion of Androsace has thus

apparently been triggered by the high migration potential of

annual species (e.g. Lavergne et al., 2012), which have rapid

population growth (due to short generation times) and

lighter seed mass (mean seed mass was 1 mg over 38 mea-

sured taxa, Table S4 in Appendix S2), and by the preference

for open habitats of short-lived Androsace, which may pro-

vide better conditions for seed dispersal (Nathan et al.,

2008).

Surprisingly, the ancestor that colonized North America

from Europe was most probably a long-lived species (Bou-

cher et al., 2012). The connection of the Douglasia clade,

which has an amphi-Beringian distribution (i.e. it is found

in the Arctic areas around the Bering Strait), with European

ancestors was already suggested by Schneeweiss et al. (2004)

although they did not explicitly test any particular biogeo-

graphical scenarios. Since the ancestor of Douglasia would

have arrived during the Pliocene, the so-called North Atlan-

tic land bridge was no longer available as a migration route

(Tiffney, 1985; Milne & Abbot, 2002; Denk et al., 2010).

Two plausible scenarios would be a LDD event over the

Atlantic Ocean, or a gradual eastward migration through

Asia followed by posterior extinction of Asian populations

(Schneeweiss et al., 2004). However, LDD seems a more

parsimonious explanation, being in line with the monophyly

of the amphi-Beringian species and the increasing evidence

for trans-oceanic LDD (de Queiroz, 2005). Androsace seeds

have no specific dispersal adaptations (Anderberg & Kelso,

1996), but their small size may make them susceptible to

rare LDD events by wind. Although our sampling is incom-

plete (several Asian species are lacking), the available mor-

phological and karyological evidence suggests that species

missing from our study would probably not fall within the

North American–European clade (Anderberg & Kelso,

1996).

Cushion life form probably fostered speciation

in Androsace

Previous studies have shown that the cushion life form is a

key morphological innovation in Androsace (sensu Miller,

1949), which enabled the occupancy of alpine niches due

to its dense canopy that buffers it from temperature varia-

tions (Boucher et al., 2012), but evidence was lacking that

this trait also fostered species diversification. Here we have

shown that cushions probably spurred diversification in the

clades where they emerged, as expected with key innova-

tions (Glor, 2010). This result may seem counterintuitive in

terms of the extreme longevity of cushion species (up to

several hundred years; e.g. Morris & Doak, 1998) and the

type of environment in which these bursts of diversification

occurred. Cushion species are associated with extremely

cold environments (Boucher et al., 2012) that are among

the coldest on Earth (K€orner, 2011). This is contrary to the

common expectation that short life history alone promotes

diversification, and to theoretical studies suggesting that

Table 1 Speciation rates (species per million years) estimated in

the two main clades of Androsace using a pure birth model with

different speciation rates but null extinction for the three life

forms (PB-Form). Means and standard deviations over the 100

trees are presented.

Short-lived Perennial Cushions

Central Asian clade 0.037 ! 0.0003 0.140 ! 0.0212 0.282 ! 0.018

North American–

European clade

0.052 ! 0.002 0.183 ! 0.0778 0.216 ! 0.0282
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warmer environments favour speciation due to higher met-

abolic rates (Allen et al., 2006). However, it can be

explained by the ecological opportunity (Simpson, 1953;

Glor, 2010) that high alpine environments represented for

Androsace ancestors. This opportunity was probably pro-

vided by: (1) active orogenic areas providing new physical

environments; (2) progressive climate cooling (Zachos

et al., 2008), resulting in the emergence of the alpine

biome; and (3) the emergence of the cushion life-form,

providing a morphological innovation that allowed new

niches to be explored.

Androsace provides a case where the effects of ecological

and biogeographical processes that promote diversification

overcome any limits on diversification rates that arise from

environmental stress. This example is, however, not the first

of its kind. Several large radiations of pachycaulous plants in

the alpine tropics have already been documented (Monaste-

rio & Sarmiento, 1991; Knox & Palmer, 1995), some of them

with exceptionally high speciation rates (more than 2 species

Myr!1 on average in Lupinus; Hughes & Eastwood, 2006).

All these alpine radiations support Schluter’s (2000) hypothe-

sis that ecological opportunity not only increases the

probability of ecological speciation, but can also spur diversi-

fication by increasing the opportunities for reproductive iso-

lation. Indeed, by opening the way to alpine environments,

cushion and pachycaulous life forms provided access to

highly fragmented habitats (i.e. mountain tops), thereby

increasing the chances of allopatric speciation.

Replicated radiations in distinct mountain ranges

and evidence for geographical limitations

on diversity

Focal analyses of the three radiations that occurred in Asia,

Europe and North America lead to two diversification pat-

terns. The radiation of Asian species shows evidence of con-

stant speciation through time, which could indicate that this

clade is still far from having reached any upper diversity

limit in Central Asia. However, the fact that all diversifica-

tion models had similar AIC scores indicates that the low

sampling of our phylogenies for this clade probably reduces

the statistical power of our analyses and prevents solid infer-

ences on the tempo of speciation. At the same time, the radi-

ation of the better-sampled clade of European species

showed evidence for density-dependent speciation, a pattern

consistent with other studies (e.g. Phillimore & Price, 2008;

Rabosky & Lovette, 2008; Etienne et al., 2012). European An-

drosace are apparently close to their estimated carrying

capacity and current speciation rates are very low, but the

estimated speciation rate at the beginning of the radiation in

Europe was relatively high for a group of plants in a temper-

ate continental settings (Klak et al., 2004; Hughes & East-

wood, 2006). Conversely, the clade of North American

species made up of all Douglasia plus A. triflora shows no

signs of a slowdown in diversification.

Relatively high speciation rates at the beginning of the

European and North American radiations may be explained

Figure 3 Diversification of the whole North

American–European clade (main plot), the

European species only (upper left plot), and

the North American subclade (lower right

plot) of Androsace. The grey area represents

the upper and lower bounds of all lineage-

through-time (LTT) plots obtained on the

100 trees. The black line shows the clade

richness predicted by the most likely model

with parameters estimated on the consensus

tree.
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by the fragmented landscape of the areas where Androsace is

found. They may also be due to past climatic oscillations

(Zachos et al., 2008), which have alternately connected and

disconnected regions of suitable climate for Androsace species

– a phenomenon known to promote speciation (Kadereit

et al., 2004; Aguil!ee et al., 2011). The North American radia-

tion could also have been promoted by Pliocene–Pleistocene

climatic cooling: the beginning of the Douglasia diversifica-

tion coincides with the onset of the Arctic ecosystem, c.

3 Ma (Matthews & Ovenden, 1990; Murray, 1995). It is

interesting to note that, within the Arctic flora, the radiation

of Douglasia is an exception, as most Arctic plant species

have been shown to originate from non-arctic lineages (Hoff-

mann & Roser, 2009).

In the European clade, this initial phase of rapid radiation

has been followed by a slowdown caused by density depen-

dence. Such diversity bounds are usually thought to arise

when ecological space is divided between coexisting species

originating from the same radiation, progressively filling

out the entire niche space (Rabosky, 2009). In the case of

Androsace, this explanation is unlikely, because cushion spe-

cies exhibit few ecological differences (either in their resource

use, morphology or in their biotic interactions) and low lev-

els of sympatry. Additional analyses of climatic vicariance

indeed show that, besides the differences between life forms,

partitioning of the climatic space has not played a major role

in the diversification of Androsace (Appendix S2). Thus, the

radiation of Androsace has apparently been little driven by

adaptation to different ecological niches, and it should be

considered more as an example of non-adaptive radiation

(Gittenberger, 1991).

The observed density-dependence in European Androsace

may probably be attributed to a progressive filling of the

geographical space by species with similar ecological niches

(Schluter, 2000; Rundell & Price, 2009), as previously docu-

mented in several non-adaptive radiations of alpine plants

(Kadereit et al., 2004). The fact that current species richness

in European Androsace almost reaches the estimated carrying

capacity of this clade suggests that geographical filling might

be complete in Europe. This agrees with the observation that

Androsace species occur in all alpine mountain ranges of

Southern Europe and that most European species have small

ranges, thereby reducing the chances for allopatric speciation.

On the other hand, given the much larger area available for

Douglasia species in Alaska and the Rocky Mountains, it is

logical that this young clade does not yet show strong signs

of density-dependent regulation, and it is probably still in a

phase of active diversification.

The fact that models with no extinction were favoured in

all cases should not be interpreted as evidence for null

extinction in Androsace. We cannot totally exclude the

hypothesis that cushion species experienced reduced extinc-

tion rates (for instance, their extreme longevity could help to

survive rapid environmental fluctuations) instead of having

higher speciation rates. The difficulty of estimating extinction

rates from phylogenies of extant taxa alone is a major area

of concern in macroevolution (e.g. Purvis, 2008; Rabosky,

2010). Information from the fossil record could be useful for

this purpose, but it is non-existent for Androsace and very

scarce for Primulaceae. Alternatively, one could separately

examine different extant clades in order to detect positive

extinction rates in some clades that would have otherwise

been masked by recently radiating lineages (e.g. Morlon

et al., 2011). We did account for rate heterogeneity in

Androsace in that we studied three clades separately, while

allowing diversification rates to vary across life forms, but

still failed to detect non-null extinction rates. Since it is pos-

sible that these subdivisions may still have blurred the signal

of extinction in other clades, it was not possible to distin-

guish speciation rates from net diversification rates.

CONCLUSIONS

Androsace has several characteristics that could have doomed

the genus to remain geographically restricted and species-

poor. Most Androsace species have low dispersal abilities and

occupy very harsh and disconnected habitats. However, in

spite of these obvious limits to diversification, Androsace has

expanded throughout the Northern Hemisphere and has

experienced some periods of rapid diversification. Interest-

ingly, two types of life form have played complementary

roles in this success story. First, short-lived ancestors allowed

range expansion throughout Eurasia thanks to their better

dispersal abilities and their temperate climatic tolerance. Sec-

ond, cushion species appeared independently at least twice

and promoted diversification in the Himalayas, Europe and

North America by enabling the colonization of high alpine

niches, which in turn lead to allopatric speciation in frag-

mented alpine habitats. Although convergent evolution

towards the same key innovation (i.e. cushion life form) in

Europe and Asia reveals strong ecological and evolutionary

determinism, important differences remain in the timing,

tempo and rate of species radiations in Asia, Europe and

North America. Perhaps the most striking contingency is the

LDD event that occurred from Western Europe to North

America, probably across the North Atlantic, and provoked

the recent radiation of Douglasia species. The history of An-

drosace thus illustrates how deterministic and contingent

events can contribute to a clade’s evolutionary success and

advances our understanding of the origins of diversity in arc-

tic and alpine ecosystems. Further research is needed to con-

firm the role of dispersal, habitat fragmentation and life

form evolution on the diversification and distribution of

alpine plants. This should enable us to understand why

alpine ecosystems are relatively rich in spite of their harsh

environmental conditions.
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6@MBF6@M@3%

\O"-,"% ?3% 45663% ?*);,$=% 9)#>,$% *-% ,#"='% 80='% #-+0*$9,"K%
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&#-%.3% 45563% H/#0/,c$% 0-J*"K#=0*-% >"0=,"0*-% 0-% +,-,"#)0S,;%
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],0;%H[1%_#K#"d<,%_I1%_*"=0,%?I3%45653%H% $($=,K#=0>% ",:0,8%
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*.0.F(!*0+<.<2#!6&#!-#!$+/(!2.!,/-3#!01.2/$1#!%#$!#$*9-#$!6&/!18+2&#!%#!7.,/90#!*+,-(&1#!

#(!6&#! 2.!$*1-/.(/+,!,=./(!.&-&,!0G2#!.-(/4!%.,$!-#((#!#'*2/-.(/+,5!H#((#!$/(&.(/+,!0#I+/,(!

2=#'*2/-.(/+,!%#! 2=16&/2/<0#!*+,-(&1!*0+*+$1#!*.0!J&(&)7.!?AKLMC!#(! 0#*0/$#!*.0!N+&2%!

%.,$!$#$!%#0,/#0$!1-0/($!?@OO@C!D!%.,$!2=16&/2/<0#!*+,-(&1;!2.!$*1-/.(/+,!,=.!*+&0!$#&2!0G2#!

6&#! %=#,0#>/$(0#0! 2#$! 7+%/4/-.(/+,$! 6&/! $#! *0+%&/$#,(! -+,(/,&#22#7#,(! .&! ,/8#.&! %#$!

*+*&2.(/+,$5! :,! #44#(;! 2.! 7/-0+18+2&(/+,! .! 7+,(01! 6&#! %#$! -3.,>#7#,($! 18+2&(/4$! $#!

*0+%&/$#,(!-+,$(.77#,(!.&!$#/,!%#$!*+*&2.(/+,$!?.%.*(.(/+,!2+-.2#;!%10/8#C;!7P7#!$&0!

%#$!(#7*$!(09$!-+&0($!?Q#R,/-S!#(!.25!AKKM;!"+$+$!#(!.25!AKKM;!T3/22/*$!#(!.25!@OOUC5!E.,$!2.!

7.I+0/(1! %#$! -.$;! -#$! 7+%/4/-.(/+,$! $+,(! >+771#$! *.0! 2#$! 42&'! %#! >9,#$! #,(0#!

*+*&2.(/+,$! #(! -#$! -3.,>#7#,($! 18+2&(/4$! $+,(! %+,-! 1*31790#$! %&! *+/,(! %#! 8&#!

7.-0+18+2&(/45! :,! 0#8.,-3#! 6&.,%! 2.! $*1-/.(/+,! $#! *0+%&/(;! %/4410#,(#$! *+*&2.(/+,$! $#!

0#(0+&8#,(! /$+21#$!#(!-#$!7+%/4/-.(/+,$!$+,(!7+/,$! 4.-/2#7#,(!#44.-1#$!?J&(&)7.!AKLM;!

N+&2%!@OO@C5!

E.,$! 2#!-.$!%#$!>0.,%#$! (0.,$/(/+,$!#,(0#!%/4410#,(!+*(/7&7!%#!,/-3#;!+,!$=.((#,%!V!-#!

6&#! -#! $+/(!*2&(G(! 2.!,/-3#! 4+,%.7#,(.2#!6&/! #44#-(&#!%#$!*+,-(&.(/+,$! ?8+/0! 2=#'#7*2#!

%1(./221! %=3,*2+).-";! -3.*/(0#! BC5! "#! 2/#,! .8#-! 2#$! 189,#7#,($! %#! $*1-/.(/+,! #$(!7+/,$!

-2./0#7#,(! 1(.<2/!%.,$! -#! -.$D! 2#$!7+%92#$! &(/2/$1$! ?WX! .8#-! *2&$/#&0$! +*(/7.C! 4+,(! #,!

#44#(! -#((#! 3)*+(39$#;! 7./$! #22#! ,=#$(! *.$! (#$(1#! -+,(0#! &,! $-1,.0/+! .2(#0,.(/4! +Y! -#$!

-3.,>#7#,($! %=+*(/7&7! $#! *0+%&/0./#,(! *#,%.,(! 2=.,.>1,9$#5! Z2! #$(! #,! *.0(/-&2/#0!

*+$$/<2#! 6&#! 2.! $*1-/.(/+,! /,/(/#! &,#! *3.$#! %=18+2&(/+,! /7*+0(.,(#! %#! 2.! ,/-3#!

4+,%.7#,(.2#;!7./$!6&#!-#((#!18+2&(/+,!,#!$+/(!*.$!V!*0+*0#7#,(!*.02#0!*+,-(&#22#!?8+/0!

[+2(!#(!.25!@OOB;!Q/-S2#4$!@OO\;!T#,,#22!#(!.25!@OAB!*+&0!&,#!%/$-&$$/+,!.**0+4+,%/#!%#!-#!

*+/,(C5!Z2!#$(!1>.2#7#,(!*0+<.<2#!6&#!2.!-.&$.2/(1!$+/(!/,8#0$1#!%.,$!-#!-.$!#(!6&#!%#!(#2$!

-3.,>#7#,($!%#!,/-3#!-+,%&/$#,(!V!2=/$+2.(/+,!>1+>0.*3/6&#!%#!%/4410#,(#$!*+*&2.(/+,$!
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!"#!$"%&'$!$"#(&#)*+,-&"-.$/#0!)#!1*(-,&"-.$)#"2+.%-34!)#5!#(6+7.(4"-.$#*.$,"4!((!#8.4%$-!)#

*&%# (&# 9-,%.+7.(4"-.$# )!9:(!$"# 9-!41# )6&**(-34!%# 5&$)# ,!# ,&);# .<# 5!# $.9:%!4)!)#

9.5-8-,&"-.$)# =+$+"-34!)# ).$"# *%.:&:(!9!$"# %!34-)!)/# >(# !)"# &-$)-# *%.:&:(!# 34!# ,!)#

-$$.7&"-.$)#,(!8)#).-!$"#,&4)+!)#*&%#5!)#,2&$=!9!$")#54#*&?)&=!#&5&*"&"-8#.4#&**.%"+!)#

*&%#5!#$.47!((!)#94"&"-.$)#@A-%B*&"%-,B#CDEF;#G.("#!"#&(/#FHHIJ/#K!)#=%&$5!)#"%&$)-"-.$)#

$6&?&$"# *&)# 8.%,+9!$"# (-!4# (.%)# 5!# (&# )*+,-&"-.$# !"# $!# )!# *%.54-)&$"# 34!# 5!# 9&$-L%!#

.,,&)-.$$!((!;#!((!)#$!#)!#,.$8.%9!$"#*&)#!1&,"!9!$"#&4#9.5L(!#5!#(6+34-(-:%!#*.$,"4+#

@M.4(5#N# O(5%!=!# CDPPJ/# K!)# +7L$!9!$")# )6&**&%!$"!$"# 5.$,# *(4"Q"# R# 5!)# )&4")# !$"%!!

5-88+%!$")# *-,)# 564$# *&?)&=!# &5&*"&"-8# 9&,%.+7.(4"-8# @S-9*).$# CDTIJ/# K!)# "%&$)-"-.$)#

!$"%!# *-,)# ).$"# $+&$9.-$)# %&*-5!)# 54# *.-$"# 5!# 74!# 5!# (&# 9&,%.+7.(4"-.$;# !"# ).$"#

%!(&"-7!9!$"#8%+34!$"!)/#!

!

!"#"$%&'()'&*$+,+('-.*$/'$&+01-*'$*2&$,31&)4)-'$/'$,5$6,1&'$5,0)-'$

!

U&# "2L)!# &# +=&(!9!$"# *!%9-)# 5!# 8.4%$-%# 5!)# +(+9!$")# 5!# %+*.$)!# -9*.%"&$")# )4%#

(6.%-=-$!#5!#(&#8(.%!#5!)#V(*!)#!$#*&%"-,4(-!%#!"#5!)#8(.%!)#5!)#%+=-.$)#&(*-$!)#!"#&%,"-34!)#

!$#=+$+%&(/#W.4%#,!(&;# X!#9!#)4-)#,.$,!$"%+#)4%# (!)#!)*L,!)#56V$=-.)*!%9!)#!$#,.4))-$/#

K!# "%&7&-(# +"&-"# $+,!))&-%!# ,&%# (62-)".-%!# 5!# (&# 8(.%!# 5!)# !$7-%.$$!9!$")# &(*-$)# &# +"+#

X4)346-,-# "%L)#*!4# +"45-+!#*&%# %&**.%"# R# ,!((!#56&4"%!)# +,.)?)"L9!)# ,.99!# (!)# %+=-.$)#

U+5-"!%%&$+!$$!)# @Y&(!$"!#N#Y&%=&)# FHCIJ# .4# (!)# )?)"L9!)# -$)4(&-%!)# @M-((!)*-!# !"# &(/#

FHCFJ/#

Z$#%+)4("&"#-9*.%"&$"#34!#$.4)#&7.$)#.:"!$4#!)"#34!#,!)#8(.%!)#5!)#5-88+%!$"!)#%+=-.$)#

&(*-$!)# ).$"# 8.%9+!)# 56+(+9!$")# 5-)*&%&"!);# %!,%4"+)# 5&$)# (!)# 8(.%!)# 5!)# %+=-.$)#

&7.-)-$&$"!)/#O$#!88!";#$."%!#"%&7&-(#)4%#!"#$%&'()#&#9.$"%+#34!# (!)#!)*L,!)#!$#,.4))-$#

.,,4*&$"#5!)#2&:-"&")# !1"%[9!)#5&$)# (!)#V(*!)# @(!)#9!9:%!)#5!# (&# )!,"-.$#!$)*+'J# .$"#

+7.(4+# )4%#*(&,!# R#*&%"-%# 56&$,["%!)#34-#$6+"&-!$"#*&)#5!)# ,.4))-$);#9&-)#5!)#*(&$"!)# R#

54%+!#5!#7-!#*(4)#,.4%"!;#*%.:&:(!9!$"#&5&*"+!)#&41#)"!**!)#8%.-5!)/#\6&4"%!)#!)*L,!)#

!$#,.4))-$#54#9.$5!#).$"#5!)#!1!9*(!)#!$,.%!#*(4)#8%&**&$")#]#,)-*)$%(%."+'/0$)1+2%3+'#

&**&%"-!$"#!$#!88!"#R#(&#8&9-((!#5!)#^%.9!(-&,+!);#34-#!)"#"?*-34!#5!)#%+=-.$)#"%.*-,&(!)#

249-5!)#!"#,.$"-!$"#4$!#9&X.%-"+#56+*-*2?"!)/#0!#$.9:%!#+(!7+#5!#=!$%!)#5-88+%!$")#34-#

*.))L5!$"# 5!)# !)*L,!)# !$# ,.4))-$# ,.9*&,"!)# @CT_# =!$%!)# ,2!`# (!)# V$=-.)*!%9!);# ,8/#
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!"#$%&'()*+,)-)!./$'%0)#1)0(%2)3412()/5/()'67%.2)8*9)7(2'(0)(2):#&#7.2%()#'7(2&%2(,);<)

#1):6'.1,)=;)3#20)>4?>()@13)3()>#)A.1B(>>()C6>#23(+)!.2D%'/()E1()!(0)(0$F!(0)3(0)/%>%(1G)

#'!&%E1(0)(&)#>$%20).2&)6&6)'(!'1&6(0)H)$#'&%')3()2./I'(1G)&#G.20)3%DD6'(2&0J)K()'601>&#&)

!.''.I.'() !(1G) .I&(210) 01') >#) D>.'() #'!&%E1(,) .L) >#) /#M.'%&6) 3(0) (0$F!(0) 8(&) 2.2) $#0)

0(1>(/(2&)>(0)!.100%20+)$'.B%(22(2&)34(0$F!(0)2.2N#'!&%E1(0)8O.DD/#22)P)Q.0(')=99R+J)

K(0)&'F0)2./I'(10(0)!.2B('7(2!(0)B('0)>#)D.'/()3()B%()(2)!.100%2)3#20)3(0)>%726(0)3()

$>#2&(0) &'F0)3%B('0(0) 0177F'(2&)E1() >(0)$'(00%.20)3() 06>(!&%.2)$.1')12()#3#$&#&%.2)#1)

D'.%3) .2&) 3.2!) 3S) 5&'() (G&'5/(/(2&) D.'&(0) #1) /./(2&) 3() >4#$$#'%&%.2) 3(0)

(2B%'.22(/(2&0) #>$%20) 01') T(''(J) K($(23#2&,) 3() 2./I'(10(0) >%726(0) .2&) '6100%) H)

'6$.23'() H) !(0) $'(00%.20) 3() 06>(!&%.2,) !() E1%) /.2&'() E1() >4#3#$&#&%.2) H) 3(0) !>%/#&0)

D'.%30)(0&)#00(U)D#!%>().1)(2)&.1&)!#0)E14(>>()#)6&6)0.1B(2&)$.00%I>(J)V2()6&13()'6!(2&()01')

>(0) &.>6'#2!(0) $"-0%.>.7%E1(0) 3() 2./I'(10(0) (0$F!(0) 3() $>#2&(0,) 34%20(!&(0) (&) 3()

B('&6I'60)#)!.2D%'/6)E1()>4(G&'5/()D'.%3)3()>#)2%!"()3(0)(0$F!(0)(0&)I(#1!.1$)$>10)>#I%>()

E1()>(1')(G&'5/()!"#13)8W'#1M.)(&)#>J)=9<;+J)X2)6&13%#2&)>()!#0)31)7(2'()!"#$%&'(),)2.10)

#B.20)/%0)(2)6B%3(2!()E1()>4#3#$&#&%.2)#1G)!>%/#&0)#>$%20)#)6&6)'(>#&%B(/(2&)'#$%3(J)X2)

(DD(&,) >#)D.'/()3()B%()(2)!.100%2)(0&)#$$#'1()3#20)>(0)W>$(0)E1(>E1(0)/%>>%.20)34#226(0)

0(1>(/(2&)#$'F0)E1()!()/#00%D)2()0.%&)!.>.2%06)8Y.1!"(')(&)#>J)=9<=,)Q.E1(&)(&)#>J)=9<;+J)

Z() '(!'1&(/(2&) 34(0$F!(0) 3($1%0) 12) $..>) >.!#>) 3() $>#2&(0) 2.2) #'!&%!.N#>$%2(0) 24(0&)

!($(23#2&) $#0) 12() 'F7>() #I0.>1() (&) 2.10) #B.20)/.2&'6) E1()/#>7'6) >(1') %0.>#&%.2) >(0)

3%DD6'(2&(0) '67%.20) D'.%3(0) 31) 7>.I() .2&) 67#>(/(2&) 6!"#276) 3() 2./I'(10(0) (0$F!(0J)

W%20%)$#')(G(/$>()>(0)(0$F!(0)31)7(2'()*%+,-'&.')E1%)0.2&)3%0&'%I16(0)(2)W/6'%E1()31)

A.'3) 8W>#0[#) (&) \.2&#72(0) Q.!"(10(0) $'%2!%$#>(/(2&+) 0.2&) %001(0) 3412() (0$F!()

34!"#$%&'()) (2) !.100%2) E1%) B%B#%&) (2) X1'.$() 3() >4]1(0&) 8Q.E1(&) (&) #>J) =9<;+J) Z(0)

2./I'(10(0) (0$F!(0) (2) !.100%2) 31) 7(2'() *$'/',) E1() >4.2) '(&'.1B() 3#20) E1#0%/(2&)

&.1&(0) >(0) '67%.20) D'.%3(0)31)/.23(,) 0177F'(2&) 67#>(/(2&)E1()3()2./I'(1G)6!"#27(0)

D>.'%0&%E1(0)(2&'()!(0)'67%.20).2&)(1) >%(1J)X2)6&13%#2&) >(0)!.100%20)3#20) >4(20(/I>()3(0)

W27%.0$('/(0,) 2.10) #B.20) /5/() 01776'6) E1() !('&#%2(0) '67%.20) .2&) M.16) 12) '^>()

%/$.'&#2&) 3() $>#E1() &.1'2#2&() I%.76.7'#$"%E1(,) $('/(&&#2&) >#) !.22(G%.2) (2&'()

3%DD6'(2&(0) '67%.20) D'.%3(0) 31) 7>.I() (&) >(0) 6!"#27(0) D>.'%0&%E1(0J) Z#) :#&#7.2%() (2) (0&)

>4(G(/$>() $#'D#%&) $1%0E14(>>() #) 0('B%) 3() !.22(G%.2) (2&'() >(0) '67%.20) 01I#2&#'!&%E1(0)

8A.1B(>>()C6>#23(,)T#0/#2%()(&)?>(0)01I#2&#'!&%E1(0+)(&)>(0)W23(0J)_()>#)/5/()D#`.2,)>(0)

/.2&#72(0) 3() T1'E1%() .1) 34a'#2) .2&) $'.I#I>(/(2&) $('/%0) >() $#00#7() 3() 2./I'(10(0)
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!"#$%!"&'(#)*!"&!*+,!&(-.)/'('0'&!+&(!"&1(#!"2&

3)*'(!/!*+4&5-'6+,!"&,78)9*"&9*+&'6&%9*+,'),!&#(6+:+&7+7&5!"&;!,%!'6<&5!&5)=!,")+7&#96,&

(!"&!"#$%!"&',%+)%9>'(#)*!"2&?-',+)%(!&@2A& "688$,!&B6!& (-.)/'('0'4& (!"&1*5!"4& ('&C96=!((!&

D7('*5!& !+& 5'*"& 6*!& /9)*5,!& /!"6,!& (!"& 1(#!"& !+& (!"& E0,7*7!"& "9*+& (!"& #,)*%)#'6<&

%!*+,!"& 5!& 5)=!,")F)%'+)9*& 5!"& !"#$%!"& !*& %96"")*2& G*& %9/#',')"9*4& #!6& 5-!"#$%!"&

"!,')!*+& '##',6!"& 5'*"& (!"& H9*+'8*!"& I9%J!6"!"& 96& 5'*"& ('& K9*!& .9(',%+)B6!2& ?'&

,)%J!""!& F(9,)"+)B6!& 5!& %!"& ,78)9*"& '(#)*!"4& /L/!& ")& !((!& !"+& /9)*5,!& B6!& %!((!& 5!"&

M,9#)B6!"4&!"+&,!('+)=!/!*+&7(!=7!&NO,/!&!+&'(2&APPQ4&H%R')*&S&R9(T!((&APUUV&#96,&5!"&

!*=),9**!/!*+"& ")& W!6*!"& !+& ")& #!6& #,956%+)F"2& C96"& '=9*"&/9*+,7& B6!& 5'*"& (!& 8!*,!&

!"#$%&'()* (!"& !"#$%!"& !*& %96"")*&9*+&5)=!,")F)7&#(6"& ,'#)5!/!*+&B6!& (!6,"& %9*87*$,!"&

9%%6#'*+&5!"&/)()!6<&#(6"&%(7/!*+"2&?-!<#()%'+)9*&('&#(6"&#('6");(!&#96,&%!++!&5)FF7,!*%!&

"!/;(!&L+,!& ()7!&X& ('& F,'8/!*+'+)9*&5!"&J';)+'+"&'(#)*"2&G*&!FF!+4&5'*"&5!"&"0"+$/!"&!*&

',%J)#!(& %9//!& %-!"+& "96=!*+& (!& %'"& 5!"& !*=),9**!/!*+"& '(#)*"4& (!"& 9%%'")9*"& 5!&

"#7%)'+)9*&'((9#'+,)B6!& "9*+&'""!K& F,7B6!*+!"4& %9*56)"'*+&X& ('& %,7'+)9*&5!&*9/;,!6"!"&

!"#$%!"&B6)&"9*+&(',8!/!*+&"!/;(';(!"&7%9(98)B6!/!*+2&?!&*9/;,!&5-!"#$%!"&!*&%96"")*&

;)!*&#(6"&F');(!&,!*%9*+,7&5'*"&(!"&,78)9*"&',%+)B6!"&='&5'*"&(!&"!*"&5!&%!++!&!<#()%'+)9*4&

%',& (!"& K9*!"& ',%+)B6!"& 56& 8(9;!4& /L/!& ")& !((!"& 9%%6#!*+& 6*!& "6,F'%!& ;)!*& #(6"&

)/#9,+'*+!&B6!& (!"& ,78)9*"&'(#)*!"4& "9*+&;!'6%96#&/9)*"& F,'8/!*+7!"2&?!"&=)+!""!"&5!&

5)=!,")F)%'+)9*& ,!('+)=!/!*+& 7(!=7!"& 5!"& F(9,!"& '(#)*!"& 56& 8(9;!& *!& "!/;(!*+& 59*%& #'"&

L+,!& 56!"& X& 6*& !FF!+& 5),!%+& 5!& ('& +!/#7,'+6,!& N'6& %9*+,'),!& ('& "#7%)'+)9*& "!/;(!& L+,!&

F'=9,)"7!& #',& (!"& +!/#7,'+6,!"& %J'65!"4& B6)& %'6"!*+& #(6"& 5!& /6+'+)9*"4& Y,)8J+& !+& '(2&

APPZ4&1((!*&!+&'(2&APPZV4&/')"&#(6+:+&X&('&F,'8/!*+'+)9*&5!"&J';)+'+"&'(#)*"2!
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!

!" #$%$&'&$()*+,-+%()+&.'/'$#+-&+,$.-0&$()*+12&2.-*+

!

!"3"+#454676489:+;6+<=>;?8@@;5;96:+5=6A8<8?8B4CD;:+@8DE+?F=6D<;+<;+?F=>8?D6489+<;:+

94GA;:+

!

!"# $%&"# '((&)*# +'# ,-&."/"'.# -&# 0*123+3-34"'# 51"-"(*'# 635.# *15+"'.# -%*73-51"38# +'(# 8",2'(#

,-"0&1"95'(#+&8(# -'#6.'0"'.#,2&6"1.'#+'#0&#12:(';#,'11'#6&.1"'#&#&5(("#0"(#'8#*7"+'8,'#

-'(# -"0"1'(# +'# -&# 0*123+3-34"'# &,15'--'<# =*7'-366'.# +'(# &-43."120'(# .&6"+'(# 635.#

'(1"0'.# +'(# 03+:-'(# ,306-'>'(# 0'# ('0?-'# @1.'# 58'# +'(# 4.&8+'(# 6."3."1*(#

0*123+3-34"95'(<# !"# +'# 1'--'(# &7&8,*'(# 38# *1*# .*&-"(*'# 635.# -'(# 03+:-'(# ("06-'(#

AB.',C-'138#DEFDG;#"-#.'(1'#'8,3.'#H#-'(#"06-*0'81'.#635.#+'(#03+:-'(#/-'>"?-'(#,300'#

+'(#03+:-'(#IJ#H#6-5("'5.(#.*4"0'(#+'#(*-',1"38#3K#135(#-'(#6&.&0:1.'(#6'57'81#7&."'.#

A"81'8("1*# +'# -&# (*-',1"38;# 7"1'(('# +'# -&# +*."7'G# &5# ('"8# +'# -&# 62)-34*8"'<# L'# 830?.'#

,.3"((&81# +'# 0*4&62)-34*8"'(# ,381'8&81# +'(# ,'81&"8'(# 73".'# +'(# 0"--"'.(# +'# 1&>38(#

(1"05-'.&# (&8(# +351'# ,'(# +*7'-366'0'81(<# =%&51.'(# &7&8,*'(# (381# *4&-'0'81#

(352&"1&?-'(;# '8# 6&.1",5-"'.# +'# +*7'-366'0'81# +'# 03+:-'(# "8,-5&81# -%"8/-5'8,'# +'(#
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%+G0/*/-/$./4$%#::24&,0'$54)".&'$%&$.(/,0&'$&0$%&$ (2O/4%'$ =P"&44&4)$&0$/(6$@ADEF6$Q#&,$

'R4;$%&'$%),,2&'$:#,&'$'"4$(+23)("0#),$%&'$4&(#&:'$&0$%&'$*(#-/0'$%&'$.4#,*#./(&'$*9/S,&'$%&$

-),0/5,&'$%"$-),%&$'&4),0$,2*&''/#4&'$.)"4$42/(#'&4$%&$0&((&'$20"%&'6$

T+&N&-.(&$%+'"()*$+,-#/$25/(&-&,0$-),042$!"&$ (&'$ 0/"N$%&$%#3&4'#:#*/0#),$%&'$&'.<*&'$

&,$*)"''#,$),$202$.("'$2(&32'$!"&$*&"N$%&'$/"04&'$&'.<*&'$%"$5&,4&$=>)!"&0$&0$/(6$@ADEF6$

U+/"04&'$54)".&'$%&$.(/,0&'$/(.#,&'$),0$25/(&-&,0$%#3&4'#:#2$ 04<'$4/.#%&-&,0$=&'.<*&'$

/(.#,&'$%"$ 5&,4&$.&/!"&$;$V"59&'$W$X/'0Y))%$@AAZF6$ J&'$ &N&-.(&'$ '"55<4&,0$!"&$ (&'$

&'.<*&'$ 32520/(&'$ /(.#,&'$ ),0$ 4&,*),042$ ",&$ :)40&$ )..)40",#02$ 2*)()5#!"&;$ *+&'0[8[%#4&$
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!"#$"%&'()%%"*"%+#$,"-$".,/)'+0#$,1($!21-+("#$"#,34"#$56/)($7898:$;)!"($"+$1/<$7898=:$

/)(#>-2"//"#$ )%+$ 4)/)%'#0$ /"#$ "%&'()%%"*"%+#$ 1/,'%#$ /)(#$ !"#$ )()?0%3#"#<$ @"++"$

),,)(+-%'+0$ 04)/)?'>-"$ /21-(1'+$ *A*"$ "*,)(+0$ #-($ /"#$ 4)%+(1'%+"#$ *0+1B)/'>-"#$

'*,)#0"#$ ,1($ /"$ C()'!<$ @"$ #40%1(')$ !"&(1'+$ A+("$ &0('C'0$ #-($ !21-+("#$ ?()-,"#$ 1C'%$ !"$

/20+1B/'($ 4/1'("*"%+$ "+$ !"$ +"#+"($ #1$ ?0%0(1/'+0<$ D%C'%:$ 0+-!'"($ /1$ !'&"(#'C'41+')%$ !"$

!'CC0("%+#$?()-,"#$>-'$)%+$ 4)/)%'#0$ /"#$"%&'()%%"*"%+#$1/,'%#$ /"#$-%#$1,(3#$ /"#$1-+("#$

,"(*"++(1$!"$#1&)'($#'$/"#$,("*'"(#$1(('&1%+#$)%+$("%4)%+(0$,/-#$!2),,)(+-%'+0$>-"$4"-.$

>-'$/"#$)%+$#-'&'#$5!"#"$#'$/"#$?()-,"#$#-'&1%+#$)%+$!'&"(#'C'0$*)'%#$&'+"=:$4)**"$4"/1$1$0+0$

0+1B/'$!1%#$/2E/"$F-!$!"$/1$G)-&"//"$H0/1%!"$5I""$"+$1/<$7897=<$

@)%4"(%1%+$/1$!'&"(#'C'41+')%:$/"$(J/"$!"#$C1/1'#"#$!21/+'+-!"$4)**"$#)-(4"#$!"$!'&"(#'+0$

*0('+"(1'+$ 1-##'$ !2A+("$ ".1*'%0<$ D%$ "CC"+:$ 4"#$ K1B'+1+#$ #)%+$ ,()B1B/"*"%+$ ("#+0#$

("/1+'&"*"%+$ #+1B/"#$ /)(#$ !"#$ 4K1%?"*"%+#$ "%&'()%%"*"%+1-.$ ,1##0#$L$ /"#$ ?(1%!"#$

C1/1'#"#$ %2)%+$ ,1#$ 0+0$ "%+'3("*"%+$ "%?/140"#$ "+$ )%+$ 4)%#+'+-0$ !"#$ ("C-?"#$ ,)-($ /1$

&0?0+1+')%$5/"#$%-%1+1M#:$F4K%""N"'##$O$F4K)"%#N"++"($7899=<$P"$,/-#:$ /1$4)*,0+'+')%$

"%+("$ "#,34"#$ 1'%#'$ >-"$ /2K"(B'&)('"$ Q$ #)%+$ *)'%#$ '*,)(+1%+"#$ >-"$ !1%#$ /"#$ ,(1'('"#$

1/,'%"#$1&)'#'%1%+"#<$@"#$!"-.$,K0%)*3%"#$,)-((1'"%+$4)%!-'("$R$!"#$+1-.$!2".+'%4+')%$

,/-#$ C1'B/"#$ 4K"S$ /"#$ ,/1%+"#$ >-'$ /"#$ )44-,"%+:$ C1'#1%+$ !"#$ C1/1'#"#$ !"#$ T*-#0"#$ !"$

!'&"(#'+02$5R$/204K"//"$!"#$"%&'()%%"*"%+#$1/,'%#$B'"%$#U(=<$$

F'$ /20+-!"$ !"$ ,KQ/)?0%'"$ ,"(*"+$ !"$ (0&0/"($ 4"(+1'%"#$ 41-#"#$ ,('%4',1/"#$ !"$ /1$

!'&"(#'C'41+')%:$ /"#$ 41-#"#$ ,().'*1/"#$ !"$ /1$ #,04'1+')%$ !1%#$ /"#$ "%&'()%%"*"%+#$ 1/,'%#$

#)%+$ "%4)("$ *1/$ 4)%%-"#<$ I1$ !'&"(#'+0$ C)%4+')%%"//"$ "#+$ #)-&"%+$ ,/-#$ C1'B/"$ !1%#$ 4"#$

"%&'()%%"*"%+#$"+$!"$%)*B("-#"#$4)%&"(?"%4"#$C)%4+')%%"//"#$Q$#)%+$)B#"(&0"#:$>-"$4"$

#)'+$"%+("$"#,34"#$5&)'($4K1,'+("$V=:$)-$*A*"$1-$%'&"1-$'%+(1#,04'C'>-"$5W)-4K"($"+$1/<$

789X=<$ Y/$ "#+$ !)%4$ ,"-$ ,()B1B/"$ >-"$ /1$ #,04'1+')%$ 4K"S$ /"#$ ,/1%+"#$ 1/,'%"#$ #)'+$

,('%4',1/"*"%+$41-#0"$,1($!"#$!'&"(?"%4"#$ C)%4+')%%"//"#$54)**"$/2".'?"$ /1$#,04'1+')%$

04)/)?'>-":$G)#'/$7897=$"+$/2'#)/"*"%+$?0)?(1,K'>-"$Q$Z)-"$#U("*"%+$-%$(J/"$'*,)(+1%+<$

Y/$ "#+$ !)%4$ %04"##1'("$ !20+-!'"($ C'%"*"%+$ /"$ ,()4"##-#$ !"$ #,04'1+')%$ "%+("$ "#,34"#$

1/,'%"#$ 1C'%$ !"$ !0+"(*'%"($ /2'*,)(+1%4"$ ("/1+'&"$ !"$ 4"#$ !'CC0("%+#$ C14+"-(#<$ @K"S$

$%&'()*+#:$ !"-.$"#,34"#$ #[-(#$!'#+('B-0"#$!1%#$ /"#$\/,"#:$$",-#./#0!+*,"+$$",123#)+#%):$

,1(1'##"%+$ A+("$ /"$*)!3/"$ !20+-!"$ '!01/<$ @"#$ !"-.$ "#,34"#$ )44-,"%+$ +)-+"#$ /"#$ !"-.$ /"$

*A*"$K1B'+1+$L$!"#$C'##-("#$!"$()4K"($!1%#$!"#$C1/1'#"#$!"$K1-+"$*)%+1?%":$#'+-0"#$"%+("$

7]88$"+$V888*$"+$,(0#"%+"%+$!"#$!'CC0("%4"#$*)(,K)/)?'>-"#$,/-+J+$*'%'*"#<$D//"#$#)%+$
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!"!#$%&'()*+$),+#'-.#+$#/$ +0!%&1'*#2$3&/+$ 4&$!"!#$ (*++5'#$ 6),+#'-&1*)/$%#'+)//#44#$

+5'$4&$7'"1#$&44&/1$35$8)4$35$9&4*,*#'$&5$:*7$;4&/7$35$9&4*,*#'<$#1$3#+$=0,'*3#+$/&15'#4+$

)/1$ .1.$3.7'*1+$ 6!"#>$$%&'()*#?@$A#'/<@$ B#+$ $ 3#5>$ #+%C7#+$3*((C'#/1$ 7#%#/3&/1$%&'$ 4#5'+$

%'.(.'#/7#+$%)5'$3#+$+5,+1'&1+$3*((.'#/1+D$#/$#((#12$!"#$+,-+.(/*$#+1$%451E1$7&47*7)4#$&4)'+$

F5G!"#01&+2/+32##+1$ +*4*7*7)4#@$ BG.153#$3#$%)%54&1*)/+$3#$ 7#+$ 3#5>$ #+%C7#+$ &*/+*$ F5#$3#$

4#5'+$ =0,'*3#+$ %)5''&*1$ %#'!#11'#$ 3#$ 3.1#'!*/#'$ +*$ 4G&3&%1&1*)/$ H$ 3#+$ +5,+1'&1+$

3*((.'#/1+$#+1$'#+%)/+&,4#$3#$4#5'$+%.7*&1*)/2$#1$+*$4G*+)4&1*)/$I.)I'&%=*F5#$3#$3*((.'#/1#+$

%)%54&1*)/+$3&/+$4#$%&++.$&$J)5.$5/$'E4#@$

K*+$ #/+#!,4#2$ 1)5+$ 7#+$ &+%#71+$ 3#$ 4G.-)451*)/$ 3#$ 4&$ (4)'#$ &4%*/#$ &*3#')/1$ H$ !*#5>$

7)!%'#/3'#$4#+$)'*I*/#+$3#$4&$3*-#'+*1.$3#+$!*4*#5>$&4%*/+@$:)5'$4G*/+1&/12$.1&/1$3)//.$4#+$

3*((.'#/1+$ '.+541&1+$ ),1#/5+$ +5'$ 4#+$ %4&/1#+$ #/$ 7)5++*/$ 35'&/1$!&$ 1=C+#2$ J#$ %#/7=#'&*+$

%)5'$ 5/$ !)3C4#$ 3#$ L+)'1*#$ 3#+$ -&44.#+G2$ */+%*'.$ 35$ !)3C4#$ LM51$ )($ 1=#$ N')%*7+G$ 3#$

O&,4)/+P*$ #1$ &4@$ 6QRRS2$ QRTU<@$ V/$ #((#12$ *4$ +#!,4#$ F5#$ 3#$ /)!,'#5+#+$ 4*I/.#+$ &*#/1$ .1.$

7&%&,4#+$3#$7)4)/*+#'$4#+$#/-*')//#!#/1+$&4%*/+$3#%5*+$4#+$%4&*/#+$&-)*+*/&/1#+2$!"!#$

+*$7#+$.-C/#!#/1+$'#+1#/1$'&'#+$%&'$'&%%)'1$&5$/)!,'#$3#$(&!*44#+$3G?/I*)+%#'!#+@$W#$

%45+2$ 7#'1&*/+$ #>#!%4#+$ !)/1'#/1$ F5#$ 4#+$ 1&5>$ 3#$ 3*-#'+*(*7&1*)/$ %#5-#/1$ "1'#$

'#4&1*-#!#/1$ .4#-.+$3&/+$ 4#+$ #/-*')//#!#/1+$ &4%*/+@$ B&$ (4)'#$ &4%*/#$ +#'&*1$3)/7$!)*/+$

'*7=#$ F5#$ 4&$ (4)'#$ 3#+$ '.I*)/+$ 1')%*7&4#+$ )5$ !"!#$ 1#!%.'.#+$ /)/$ %&+$ %&'7#$ F5#$

4G&3&%1&1*)/$ &5>$ 74*!&1+$ &4%*/+$ +#'&*1$ #>1'"!#!#/1$ 3*((*7*4#$ 6B&1=&!$ X$ Y*7P4#(+$ TZZU2$

[*#/+$ X$ W)/)I=5#$ QRR\<$ )5$ %&'7#$ F5#$ 4#+$ 1&5>$ 3#$ 3*-#'+*(*7&1*)/$ /#1+$ +#'&*#/1$

+0+1.!&1*F5#!#/1$ %45+$ (&*,4#+$ 3&/+$ 4#+$ =&,*1&1+$ &4%*/+$ 6]1#,,*/+$ TZ^\<2$ !&*+$

+*!%4#!#/1$%&'7#$F5#$7#+$#/-*')//#!#/1+$+)/1$%45+$ J#5/#+$#1$)/1$#5$!)*/+$3#$ 1#!%+$

%)5'$&775!54#'$3#+$#+%C7#+@$B#+$I'&/3#+$4*I/#+$3#$7#$+7./&'*)$'#+1#/1$,*#/$+_'$H$-.'*(*#'$

#/$ .153*&/1$ 3#$ /)!,'#5>$ 74&3#+$ 7)!%'#/&/1$ 3#+$ #+%C7#+$ &4%*/#+@$ W#$ %45+2$ 7#'1&*/+$

3.1&*4+$'#+1#/1$H$.74&*'7*'$7)!!#$3*++)7*#'$4#+$1&5>$3#$+%.7*&1*)/$3#+$1&5>$3G#>1*/71*)/$)5$

3.1#'!*/#'$ +*$ 4#+$ 7&%&7*1.+$ 3#$ 7=&'I#$ 3#+$!*4*#5>$ &4%*/+$ 6("+"# 4#$ /)!,'#$ 3G*/3*-*35+$ #1$

3G#+%C7#+$ F5G*4+$ %#5-#/1$ +5%%)'1#'<$ 3*((C'#/1$ 3#$ 7#44#+$ 3#+$ !*4*#5>$ 1')%*7&5>$ )5$

1#!%.'.+@$
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!

!" #$%&#$'()*$&+#$%&,--$..$&+&/%+.0+10'%,$*,./(),-+$(+.$&+

'20-3$1$-(&+3.,40/5+

!

"#$%&'(! )*+,! (-.+/0! /+! .12%(3! )*(%40$+,%! &'(! /#-! .$+5+,6! %'$! 6*05#6'.,#-! 7(%! -,81(%!

86,/+.,&'(%!4($/(..$+,.!7(! 9#'$-,$!7(%!$04#-%(%!:! 6+!&'(%.,#-!7(! 6+!%'$5,(!7(%!(%428(%!

9+8(! +'! $081+'99(/(-.! 86,/+.,&'(;! <(%! 4$(/,($%! .$+5+'=! %'$! 6(! >(-$(! !"#$%&'()*

/#-.$+,(-.! (-! (99(.! &'(! 6('$%! -,81(%! 86,/+.,&'(%! +5+,(-.! ?(+'8#'4! 05#6'0! (.!

9#'$-,%%+,(-.! '-! /(%%+>(! #4.,/,%.(;! @'! 8#'$%! 7(! /+! .12%(3! )*+,! $0+6,%0! &'*,6! (%.!

,/4#%%,?6(!7(!$04#-7$(!:!8(..(!&'(%.,#-!7(!%#8,0.0!+5(8!6(%!/0.1#7(%!/+8$#05#6'.,5(%;!

A-!(99(.3!6(%!41B6#>0-,(%!-(!4($/(..(-.!4+%!7(!8#/4$(-7$(!6(%!4$#8(%%'%!&',!+>,%%(-.!:!

7(%! 081(66(%! .(/4#$(66(%! ,-90$,('$(%! :! 8(66(! 7(! 6+! ?$+-81(! 7*'-! +$?$(! 41B6#>0-0.,&'(!

C/D/(!(-!'.,6,%+-.!7(%!/#726(%!%'$E4+$+/0.$0%F3!%#,.!7(%!,-.($5+66(%!7(!.(/4%!7(!6*#$7$(!

7(! GHH3HHH! +-%! +'! /,66,#-! 7*+--0(%! 81(I! 6(%! 46+-.(%! #'! 6(%! 5($.0?$0%;! J6! (%.! 7#-8!

,/4#%%,?6(! 7(! 4$07,$(! :! 4+$.,$! 7(! 8(%! 8#--+,%%+-8(%! 8(! &',! %(! 4+%%($+! 7+-%! 6(%! GHH!

4$#81+,-(%!+--0(%;!

@')#'$7*1',3! 7(! -#/?$('=! +$.,86(%! .(-.(-.! 7(! $04#-7$(! :! 6+! &'(%.,#-! 7(! 6*+5(-,$! 7(%!

(%428(%!9+8(!+'!81+->(/(-.!86,/+.,&'(!(-!'.,6,%+-.!7(%!+44$#81(%!/+8$#05#6'.,5(%3!(.!%(!

1('$.(-.!:!6K,-8#10$(-8(!7(%!081(66(%!7(!.(/4%!/,%(%!(-!)(';!A-!4+$.,8'6,($3!6(%!5,.(%%(%!

7*05#6'.,#-! 7(%! -,81(%! 86,/+.,&'(%! 7+-%! 6(! 4+%%0! %#-.! 4+$9#,%! 8#/4+$0(%! :! 8(66(%! &',!

%($+,(-.!$(&',%(%!4#'$!9+,$(!9+8(!+'!81+->(/(-.!86,/+.,&'(!C5#,$!4+$!(=(/46(!L',-.($#!

M! N,(-%! OHGPF;! Q(%! 0.'7(%! 8#-86'(-.! .#')#'$%! &'(! 6(%! -,81(%! #-.! 05#6'0! ?,(-! 46'%!

6(-.(/(-.! 7+-%! 6(! 4+%%0! &'(! 8(! &',! %($+,.! $(&',%! 4#'$! 9+,$(! 9+8(! +'! 81+->(/(-.!

86,/+.,&'(! +8.'(6!R! 8(8,! -*+! $,(-! 7*0.#--+-.! %,! 6*#-! $0+6,%(! &'(! 8(%! 5,.(%%(%! 7*05#6'.,#-!

%#-.!/#B(--0(%!+'!/#,-%!%'$!7(%!8(-.+,-(%!7(!/,66,($%!7*+--0(%!C%'$!7(%!?$+-81(%!7(!

6K+$?$(!41B6#>0-0.,&'(F;!

"+! 8#//'-+'.0!7(5$+,.!46'.S.! +7/(..$(!&'(! 8($.+,-(%!&'(%.,#-%!-(!4#'$$#-.!4+%!D.$(!

+?#$70(%!(-!0.'7,+-.!7(%!41B6#>0-,(%!C"#%#%!OHGGF;!T+$!8#-.$(3!6+!/+8$#05#6'.,#-!(%.!6+!

%('6(!:!4#'5#,$!+?#$7($!8($.+,-(%!+'.$(%!&'(%.,#-%3!(.!-#.+//(-.!8(66(%!6,0(%!:!6K1,%.#,$(!

6#,-.+,-(!7(! 6+!5,(!%'$!U($$(;!<D/(!%,! 6+!4+'5$(.0!$(6+.,5(!7'!$(>,%.$(! 9#%%,6(!#'! 6(!4('!

7K,-9#$/+.,#-%! %'$! 6(! 4+%%0! 7(%! (%428(%! &'(! 8#-.,(-.! '-(! 41B6#>0-,(! (-.$+V-(-.! 7(!
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!"#$%&'(&() *!+&%,*,'-&() &,) -"*.&!,) *!+*,&%) /) 01) 2%'-&!+&) -1!() 0&() *!,&%2%3,1,*"!(4)

1'+'!&)1',%&)$%1!+5&)-&)01)$*"0"6*&)!&)2&',)1$"%-&%)0&)21((3)0"*!,1*!7)

81)#1+%"3."0',*"!) 1) -"!+) $*&!) (9%) ("!)#",) /) -*%&) ('%) 0&() +51!6&#&!,() 60"$1':) &,) 01)

+%*(&)1+,'&00&)-;&:,*!+,*"!)-&) 01)$*"-*.&%(*,37)<3+%*%&) 01)$*"-*.&%(*,3)&,) +"#2%&!-%&)(&()

"%*6*!&(4))&:20*='&%)0&()&:,*!+,*"!()-&)#1((&)-')21((3)&,)0&()%1-*1,*"!()*#2%&((*"!!1!,&()

='*) "!,) ('*.*4) ("'0*6!&%) 0&) +1%1+,>%&) +"!,*!6&!,) -&) 0;3."0',*"!4) ."*+*) -&() ,?+5&() $*&!)

;',*0&(;) 2"'%) 01) ("+*3,3) &,) @"!-1#&!,10&() 2"'%) 01) $*"0"6*&4) ='&) (&'0&) 01)#1+%"3."0',*"!)

2&',) &!,%&2%&!-%&7) A*) +&() %3('0,1,() !&) 2&%#&,,%"!,) 2%"$1$0&#&!,) 21() -&) @1*%&) -&()

2%3-*+,*"!() ('%) 0;1.&!*%) -&) 01) $*"-*.&%(*,34) *0() #&,,%"!,) (1!() -"',&) &!) 3.*-&!+&)

0;*#2"%,1!+&) -&) +&%,1*!() @1+,&'%() 2"'%) 01) ('%.*&) -&() &(2>+&() @1+&) 1':) +51!6&#&!,()

&!.*%"!!&#&!,1':4) +"##&) 01) 2"((*$*0*,3) -&) #*6%&%) .&%() -&() 51$*,1,() @1."%1$0&()

B<"!"65'&) CDDEF4) '!&) (,%'+,'%1,*"!) &!) #3,1G2"2'01,*"!() @1*$0&) "') *!,&%#3-*1*%&)

BH1$0"!(I*) JKEL4) M166*",,*) N) O1!(I*) CDDPF) "') &!+"%&) '!&) @"%,&) .1%*1$*0*,3) *!,%1G

(23+*@*='&)B80"Q-)N)M"'0-)JKKRF7)S&1'+"'2)-&),%1.1*0)%&(,&)/)@1*%&)2"'%)-3+%*%&)0;*#21+,)

-&() +51!6&#&!,() &!.*%"!!&#&!,1':) -') 21((3) ('%) 01) $*"-*.&%(*,3) &,) +"#2%&!-%&) 0&()

2%"+&(('()='*)"!,)3,3)#*()&!)T&')0"%()-&)+&()32*("-&(7 
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Summary

1. Functional variability (FV) of populations can be decomposed into three main features: the

individual variability of multiple traits, the strength of correlations between those traits and

the main direction of these correlations, the latter two being known as ‘phenotypic integra-

tion’. Evolutionary biology has long recognized that FV in natural populations is key to deter-

mining potential evolutionary responses, but this topic has been little studied in functional

ecology.

2. Here, we focus on the arctico-alpine perennial plant species Polygonum viviparum L.. We

used a comprehensive sampling of seven functional traits in 29 wild populations covering the

whole environmental niche of the species. The niche of the species was captured by a tempera-

ture gradient, which separated alpine stressful habitats from species-rich, competitive subalpine

ones. We sought to assess the relative roles of abiotic stress and biotic interactions in shaping

different aspects of functional variation within and among populations, that is, the multi-trait

variability, the strength of correlations between traits and the main directions of functional

trade-offs.

3. Populations with the highest extent of functional variability were found in the warm end of

the gradient, whereas populations exhibiting the strongest degree of phenotypic integration

were located in sites with intermediate temperatures. This could reveal both the importance of

environmental filtering and population demography in structuring FV. Interestingly, we found

that the main axes of multivariate functional variation were radically different within and

across population.

4. Although the proximate causes of FV structure remain uncertain, our study presents a

robust methodology for the quantitative study of functional variability in connection with spe-

cies’ niches. It also opens up new perspectives for the conceptual merging of intraspecific

functional patterns with community ecology.

Key-words: alpine plants, ecological niche, functional traits, intraspecific variation, lines of

least resistance, phenotypic integration, variance-covariance matrix

Introduction

Intraspecific phenotypic variability has recently emerged as

an important topic in the field of plant community ecology

(Violle et al. 2012). Several studies have shown that, con-

trary to previous expectations, plant functional traits that

vary between species across environmental gradients and

are related to community assembly could also be highly

variable within species and even within populations (Ship-

ley & Almeida-Cortez 2003; Albert et al. 2010b). Account-

ing for this variability has proven to be crucial in

answering various questions in plant ecology (see Jung

et al. 2010 for community assembly; de Bello et al. 2011

for diversity measures; De Frenne et al. 2011 for func-

tional strategies). To date, the study of intraspecific pheno-

typic variability in community ecology has remained

mainly univariate (i.e. traits were studied separately, Violle

et al. 2012 but see Reich et al. 2003; Albert et al. 2010a),

although it is the entire trait syndrome that influences

individual’s fitness and can be linked with species’*Correspondence author. E-mail: flofloboucher@gmail.com
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environmental niches (Reich et al. 2003; Wilson & Nussey

2010). This lack of knowledge of the multivariate structure

of functional traits at intraspecific level is particularly

embarrassing. Indeed, there has been wide recognition in

the field of evolutionary quantitative genetics that the vari-

ability of single traits as well as the correlations between

them at the population level can be key in driving local

adaptation, shaping the boundaries of species’ niches and

determining their evolutionary potential (Kirkpatrick &

Barton 1997; Gomulkiewicz & Houle 2009; Lavergne et al.

2010).

In this paper, we use the term ‘functional variability’

(hereafter FV) to jointly refer to the amount of variance in

multiple functionally related traits (i.e. single-trait vari-

ances) and to the pattern of covariation between these

traits, this later characteristic being known as ‘phenotypic

integration’ (Pigliucci 2003). The functional variability of a

population can be summarized by its phenotypic variance-

covariance matrix and visualized as an ellipsoid in a multi-

dimensional trait space (Fig. 1). This ellipsoid has three

main features: (i) the extent of functional variability (here-

after FV extent), which represents the overall amount of

phenotypic variability, is the volume of the ellipsoid; (ii)

the shape of functional variability (hereafter FV shape),

measured as whether the ellipsoid is closer to a sphere or

to a segment, which describes the strength of the correla-

tions between the different traits (i.e. the intensity of phe-

notypic integration) and (iii) the direction of functional

variability (hereafter FV direction), which represents the

main direction of variation in the multi-trait phenotypic

space, is the main direction of the ellipsoid.

Based on this methodology, studying the link between

multi-trait intraspecific FV and the ecological niche can be

broken down into three main questions.

First, concerning FV extent, it is crucial to understand

how it varies within the niche from its core to its edge.

Several hypotheses exist regarding the mechanisms driv-

ing FV extent. On the one hand, stressful abiotic envi-

ronments should reduce intraspecific FV due to strong

directional selective pressures resulting in the environmen-

tal filtering of adapted phenotypes (Keddy 1992; see

Arnold et al. 2008 for the effect of selection on genetic

variability). This kind of strong environmental filtering is

frequently observed at the interspecific level in extremely

arid or cold environments where functional diversity at

the community level is reduced (Cowling et al. 1994; de

Bello, Leps & Sebastia 2006). On the other hand, strong

biotic interactions in species-rich communities could

result in larger intraspecific FV. Indeed, in such diverse

communities, many different kinds of competitors with

varying ecological strategies and different functional traits

are likely to be encountered by different individuals of a

same species. This should drive divergent selection and

character displacement in different directions for different

individuals in order to reduce competition for resources

with individuals from other species (Brown & Wilson

1956), thus resulting in a wider spectrum of functional

strategies in the local population (Reich et al. 2003). In

any case, the effect of biotic interactions should be more

important for traits that are related to coexistence mech-

anisms than for traits involved in the tolerance to abiotic

conditions.

Secondly, it is important to understand what are the

drivers of FV shape, and in particular in which part of the

environmental niche the most integrated phenotypes are

found. Theory predicts that correlational selection should

be the main driver of strongly integrated phenotypes

(Arnold et al. 2008), even though other genetic mecha-

nisms could also increase trait correlations (Armbruster &

Schwaegerle 1996). At the intraspecific level, phenotypic

integration in plants has mainly been studied on floral

morphology, with the recognition that strong selective

pressures imposed by pollinators are responsible for the

high degree of integration in floral structures (Berg 1960;

Ordano et al. 2008; Armbruster et al. 2009). Concerning

vegetative traits, it has been observed that plant species liv-

ing in harsh environments often exhibit suites of functional

traits that are strongly correlated (Chapin, Autumn &

Pugnaire 1993). Several experimental studies have sup-

ported this view at the intraspecific level. For example,

Gianoli (2004) showed that traits related to resource acqui-

sition and growth in Convolvulus arvensis are more tightly

correlated when environmental stress increases, which

might be due to stronger energetic trade-offs between

Fig. 1. Graphical representation of the

functional variability of a population as an

ellipsoid. Each of the three characteristics

of FV translates into different kinds of

ellipsoids, as exemplified by the pictures.

Statistical measures of each characteristic

are presented. P is the variance-covariance

matrix of the selected traits. P′ is their

correlation matrix.

© 2013 The Authors. Functional Ecology © 2013 British Ecological Society, Functional Ecology, 27, 382–391
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several physiological functions (see also Schlichting 1989).

According to these observations, we would expect that the

most integrated populations be found at the niche edges,

and particularly where abiotic conditions are limiting.

However, Tonsor & Scheiner (2007) have found an oppo-

site result in Arabidopsis thaliana, where the overall degree

of phenotypic integration does not change with CO2

availability.

Thirdly, examining FV direction provides interesting

insights into the main drivers of functional trade-offs and

the main axes of multivariate phenotypic variation at the

population level. On the one hand, environmental factors

could impose certain energetic constraints and thus settle

trade-offs between several traits, resulting in natural selec-

tion shaping the main direction of phenotypic variation

(Schluter 1996; Webb et al. 2010). This has been exempli-

fied at interspecific level by the leaf economics spectrum, a

single axis of variation that captures most of the variance

in key foliar traits over thousands of plants from all

around the world (Wright et al. 2004). However, if selec-

tion is the main driver of FV direction, there are no rea-

sons why two populations that face different environments

could not have different main axes of phenotypic variation.

On the other hand, genetic factors like pleiotropic effects,

random drift, asymmetric gene flow between source and

sink populations or linkage disequilibrium between traits

can increase correlations between certain pairs of traits

and thus set the main directions of FV (Armbruster &

Schwaegerle 1996; Gomulkiewicz & Houle 2009). In the

case of extremely strong genetic control on FV direction,

these directions should be the same among populations

and within different populations (Sokal 1978; Armbruster

& Schwaegerle 1996).

In this paper, we examine how these three different

aspects of FV vary across the environmental niche of the

widely distributed arctico-alpine plant species Polygonum

viviparum L. Using robust statistical techniques borrowed

from quantitative genetics, we studied the multivariate

functional variability of different populations in natural

conditions along an environmental gradient typical of

alpine landscapes (i.e. temperature). We specifically ask the

following questions:

1. How does the extent of intraspecific FV vary across

spatial scales, that is, what is the importance of intra-

population trait variability compared to interpopulation

trait variability?

2. Does the extent of intraspecific FV increase from the

warm to the cold edge of the species’ niche due to the

shift from environments dominated by competition to

environments dominated by environmental filtering?

3. Is phenotypic integration higher at the edges of the

niche due to more stressful conditions that impose

stronger energetic trade-offs?

4. Do different populations share the same FV direction?

And how does these directions relate to the environ-

mental gradients and to the main direction of FV at the

interpopulation level?

Material and methods

STUDY SPEC IES AND S ITE

We chose Polygonum viviparum L. as a model species because of

its large environmental niche. This herbaceous perennial occurs in

all arctico-alpine regions of the northern Hemisphere. In the Alps,

it can be found from the montane belt (starting around 1000 m of

altitude), where plant biomass is high and competition for light

and nutrients severe, to the upper alpine level (ending at c.a.

3000 m a.s.l.), where the environment is harsher and physiological

limitations are stronger (K€orner 1999, see Appendix S2). It has a

preference for relatively moist habitats. The species has the speci-

ficity of bearing both flowers and bulbils (clonal reproductive

organs) on the flowering spike.

We studied the species in the central French Alps Guisane Val-

ley (Fig. S1, Supporting information) where it occurs in a variety

of ecological contexts (from forests dominated by Larix decidua

Mill. to alpine screes). To maximize the environmental differences

between sites (Albert et al. 2010c), we stratified the sampling

design following two independent gradients known to have high

impact on the physiology of alpine plants (K€orner 1999): mean

annual temperature and solar radiation in June. These two vari-

ables were selected from a set of climatic variables interpolated at

50-m resolution Aurelhy model, (Benichou & Le Breton 1987)

extracted from all known occurrence points for P. viviparum in the

Guisane valley (data collected by the National Botanical Alpine

Conservatory, http://www.cbn-alpin.fr/). The selection was made

by choosing two orthogonal gradients that strongly correlated

with the two first axes of the principal component analysis

conducted on this set of variables (results not shown).

Temperature was the main environmental gradient and the pri-

mary determinant for P. viviparum’s environmental niche in our

study area (Thuiller et al. 2010; Boulangeat, Gravel & Thuiller

2012). This climatic variable acts on plant physiology and phenol-

ogy, with colder sites being subject to more frequent frost events

even during the summer and experiencing a shorter growing sea-

son. Temperature also plays an indirect biotic role in conjunction

with soil by discriminating between warm productive species-rich

habitats and cold unproductive species-poor habitats (K€orner

1999). Using botanical surveys to estimate species richness per site

as well as a spectral measure of overall biomass per area (NDVI,

see Appendix S2), we confirmed that mean annual temperature

was indeed positively correlated to both species richness

(R2
= 0!10, P = 6e–5) and biomass per area (R2

= 0!28,

P = 0!0005).

This led us to interpret the temperature gradient as a climatic

gradient influencing plant physiology and phenology but also as a

gradient discriminating between sites mainly dominated by biotic

vs. abiotic constraints. Such a contrast between the limiting role

of abiotic stress at the cold end of the distribution and the primary

importance of biotic interactions at the warm end of the distribu-

tion has recently been confirmed for several alpine plant species,

including P. viviparum (Boulangeat, Gravel & Thuiller 2012). In

contrast, even if it is usually an important gradient for alpine veg-

etation and although we explicitly sampled along it, solar radia-

tion did not explain any FV characteristic at the population level:

its influence is therefore not discussed in the following of this

article.

F IELD TRA IT MEASUREMENTS

We sampled 29 populations at altitudes ranging from 1500 m to

2950 m, covering a large proportion of the climatic space occupied

by the species in the study area [99% of the temperature gradient

and 53% of the radiation gradient, Fig. S1 (Supporting

information)]. Measurements were made at each population’s

© 2013 The Authors. Functional Ecology © 2013 British Ecological Society, Functional Ecology, 27, 382–391
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flowering peak in order to sample each population at the same

phenological stage (July 2010). In each population (10910 m),

three subpopulations of 191 m were selected to represent con-

trasted microenvironmental conditions, using the same methodol-

ogy as Albert et al.’s (2010b).

In each subpopulation, the following functional traits were

measured on five randomly selected individuals: maximum vegeta-

tive height (Hmax, top of plant photosynthetic tissue); total length

of the inflorescence (Hinflo); ratio of sexual reproduction (SEX,

ratio of the length of flowers divided by the total length of the

spike); leaf dry matter content (LDMC, the ratio of leaf dry mass

over fresh mass); specific leaf area (SLA, the ratio of leaf surface

over fresh mass); leaf nitrogen content (LNC, the percentage of

nitrogen in the dry mass of the leaf) and carbon-to-nitrogen ratio

(C:N, the ratio of carbon over nitrogen in the leaf dry mass).

These traits relate to various aspects of plant functional strategy

(Westoby, Falster & Moles 2002), like resource acquisition and

growth rate (LDMC, SLA, LNC, C:N), ability for light competi-

tion (Hmax) and reproductive effort (Hinflo and SEX). Foliar traits

are known to be physiologically correlated due to leaf economics

constraints (Wright et al. 2004) and are thus suited to studying

phenotypic integration. However, energetic trade-offs could also

arise at the whole plant level due to resource allocation conflicts

between growth, longevity and reproduction (Chapin, Autumn &

Pugnaire 1993; Enquist et al. 1999; see Diggle 1997 for allocation

in P. viviparum); our decision to include Hmax, Hinflo and SEX was

intended to include this higher-level trade-off.

CHARACTER IZ ING FUNCT IONAL VAR IAB IL ITY IN WILD

POPULAT IONS

Overall trait variability

To quantify the extent of intraspecific functional variability in the

whole data set and understand the structure of intraspecific FV

across spatial scales, we first broke down the variability of each

trait at different hierarchical levels using mixed effects regression

models. To do this, we used intercept models with random effects

corresponding to the different levels of hierarchy (i.e. population

and subpopulation nested in population). We then extracted the

percentage of variance explained by each hierarchical level for

each trait. Variance components were estimated using restricted

maximum likelihood (REML).

To get a finer understanding of trait variation across our study

area, we also examined the response of all traits against the tem-

perature gradient, using linear or quadratic models with the same

random effects as mentioned previously to account for the hierar-

chical structure of the data set. P-values for such models were

obtained by likelihood ratio tests, using an R function provided

by Christopher Moore (http://blog.lib.umn.edu/moor0554/cano-

emoore/2010/09/lmer_p-values_lrt.html).

To quantify FV extent for each population, all traits were

transformed to have a mean of zero and a standard deviation of

one across the whole sample. Thus, all traits have equal impor-

tance in the subsequent analyses. For each population, a variance-

covariance matrix for the seven traits was built (P-matrices). Over-

all trait variability (i.e. FV extent) in a population was measured

as the trace of P (i.e. the sum of its diagonal elements), a measure

commonly used for genetic variance matrices (Revell 2007).

Phenotypic integration: patterns and causes

A matrix of correlations between the seven traits was built for

each population (P′-matrices), and the variance of the eigenvalues

of P′ was taken as an index of integration (i.e. FV shape, Cheve-

rud, Wagner & Dow 1989), higher values meaning stronger

correlations between traits.

The direction of phenotypic integration was compared between

populations by determining the axis of maximum phenotypic vari-

ation, Pmax (first eigenvector of P, also known as ‘the line of least

resistance’, Schluter 1996), for each population. For each couple

of populations, one minus the correlation between their Pmax was

used to measure the functional distance between them, producing

a matrix of functional distances between populations (P-dist).

To test whether and how environmental or genetic constraints

drive FV direction, we compared P-dist to different environmental

distance matrices (Euclidean distance on the climatic plane defined

by temperature and radiation and Euclidean distance on the temper-

ature gradient only) and geographical distances using Mantel tests.

As the influence of gene flow between populations was expected to

mainly play a role at small geographical scales (of the same order of

magnitude as the species’ dispersal distance), we also used Mantel

correlograms to unravel these small-scale dependencies.

We conducted the same analysis on FV direction using Ran-

dom Skewers (Cheverud 1996) to measure functional distances

between populations. Although Random Skewers were originally

designed to compare the responses of different populations to

putative selection events, they can also be used to compare all

kinds of variance-covariance matrices (e.g. Kolbe et al. 2011) and

have advantages over Pmax methods in that they compare the

properties of entire matrices. This additional procedure was used

to back up the results obtained with the Pmax analysis and led to

the same conclusions (detailed method, R code and results for

Random Skewers are available in Appendix S3).

ROBUSTNESS OF MATR IX EST IMAT ION

Given our sampling implied a low number of measured individu-

als within each population (i.e. 15), it could impede robust estima-

tion of the P and P′ of each population. We measured the

robustness of matrix estimation using a bootstrapping procedure

(Cheverud, Wagner & Dow 1989) and found that on average there

are 7!1% of chances that differences between two P matrices are

not meaningful and 14!3% of chances for P′ matrices (detailed

description in Appendix S5). This uncertainty is however counter-

balanced by the two main strengths of our approach which are

that (i) we studied FV within and among numerous (i.e. 29) popu-

lations of the same species, thereby rendering our analyses less

sensible to this matrix estimation error, and (ii) followed a strati-

fied hierarchical sampling along in situ and continuous environ-

mental gradients. This should provide a more comprehensive

picture of trait variability and integration across the whole niche

of the study species than what is generally done under controlled

conditions on few discrete environmental conditions.

Results

EXTENT OF TRAIT VAR IAB IL ITY

Variance decomposition revealed two different cases. In

the case of vegetative height (Hmax), most of the variation

(73%) was found between populations. Conversely, for all

other traits included in our study, around half of the vari-

ance occurred between individuals of the same subpopula-

tion (Table 1). Overall, there was little variation between

different subpopulations (1–21% depending on the trait).

The subsequent analyses carried out at population level

were then justified, as FV was rather high within

populations.

All of the traits we studied except SEX showed a signifi-

cant relationship with mean annual temperature (see

© 2013 The Authors. Functional Ecology © 2013 British Ecological Society, Functional Ecology, 27, 382–391
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Fig. 2). Mean population values of LDMC and LNC

decreased with temperature, while SLA, C:N and Hinflo

increased with temperature. Hmax showed a quadratic rela-

tionship, reaching a maximum value for intermediate

temperatures.

FV extent (overall trait variability) in each population

positively correlated with the mean annual temperature of

the site (R2
= 18%, P = 0!012, see Fig. 3). No significant

relationship was found with solar radiation.

PHENOTYP IC INTEGRAT ION

The strength of phenotypic integration was in general rela-

tively high for all populations. Indeed, under the assump-

tion of no correlation between the seven traits studied and

given that we sampled 15 individuals per population, the

expected value for the integration index is 0!4 (Wagner

1984). To evaluate a confidence interval for that value, we

built a null distribution for the integration index by ran-

domly sampling seven trait values for 15 individuals

(Gaussian traits, 100 000 resamples) and computing the

integration index. We obtained a 95% quantile of 0!75.

Observed values of phenotypic integration across the 29

populations were always significantly stronger than ran-

domly expected (min = 0!77) and were on average rather

high (mean = 1!23).

This integration showed a triangular relationship with

mean annual temperature (Fig. 3). This result was not

dependent on the traits included in P (results not shown).

Quantile regressions confirmed that the most integrated

populations were found at the middle of the temperature

gradient, which corresponds to the niche core: the 75%

percentile of the distribution of integration values shows a

quadratic relationship with temperature (P-value = 0!022).

The main directions of phenotypic integration, estimated

by Pmax, generally correlated between populations

(cor = 0!48 " 28). No general line of least resistance

emerged although most of the Pmax were directed towards

high variance in LNC. Interestingly, the main direction of

phenotypic variation for all 29 populations pooled

together is orthogonal to this dominant intrapopulation

direction (results from a PCA, see Fig. 4).

The differences in the main directions of phenotypic

integration between populations were not explained by

environmental nor geographical distance, as all the Mantel

tests were non-significant (P-values = 0!328; 0!793 and

0!668 for environmental, temperature and geographical

distances, respectively). However, FV direction in

Table 1. Variance decomposition of the different traits. The per-

centage of variance explained by the different hierarchical levels is

shown for each of the seven functional traits. Coefficients of varia-

tion are presented in the last row

Hierarchical

level/Trait Hmax SEX Hinflo LDMC SLA C:N LNC

Population 73 17 46 42 56 38 42

Subpopulation 6 21 8 6 10 1 3

Individuals 21 62 46 51 34 61 55

Coefficient of

variation

0!43 1!52 0!34 0!14 0!28 0!26 0!24

Hmax (cm)

Mean annual temperature (°C)

P-value = 0·01

LDMC (g.g–1)

Mean annual temperature (°C)

P-value = 0·017

LNC (% mass)

Mean annual temperature (°C)

P-value < e-16

2 3 4 5 6

Hinflo (cm)

Mean annual temperature (°C)

P-value = 0·01

SLA (cm2.g–1)

Mean annual temperature (°C)

P-value < e-16
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Fig. 2. Response of functional traits to the temperature gradient. Individual trait measures for all traits except SEX are plotted in grey.

Black lines show the regression lines (quadratic regression in the case of Hmax).
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populations tended to be positively correlated at short dis-

tances [<200 m, cor = 0!083, P = 0!043, Fig. S4 (Support-

ing information)], but no relation between functional and

geographical distances was found for larger distances.

Discussion

Our study reveals some general patterns of functional vari-

ability in P. viviparum. The primary observation is that

trait values are highly variable and that a large proportion

of this variation is found between individuals of the same

population, confirming previous observations on plants

(Albert et al. 2010b; Messier, McGill & Lechowicz 2010).

This could be due to high levels of phenotypic plasticity,

but the fact that our attempt to distinguish subpopulations

does not explain much FV may also reveal that microenvi-

ronmental heterogeneity plays a role at a smaller scale

than the one we chose (1 1 m), possibly at individual scale.

This highlights the importance of studying FV within pop-

ulations. However, populations do exhibit some differ-

ences, and temperature strongly influences mean trait

values at the population level, as already observed for vari-

ous types of alpine plants including P. viviparum (Albert

et al. 2010b). High values of LDMC and LNC along with

Mean annual temperature (°C)

F
V

 e
x
te

n
t

2 3 4 5 6

2
3

4
5

6
7

2 3 4 5 6

0
·8

1
·0

1
·2

1
·4

1
·6

1
·8

2
·0

Mean annual temperature (°C)

F
V

 s
h

a
p

e

Fig. 3. Left panel: Relation between overall trait variability (FV extent) and mean annual temperature. Black dots represent each of the 29

populations sampled. The regression line is drawn in grey (P = 0!012). Overall trait variability increases with temperature. To get an idea
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low values of Hmax and SLA for populations at the cold

end of the gradient are characteristic of stressful environ-

ments (Chapin, Autumn & Pugnaire 1993) and indicate

cold tolerance in these populations (Reich et al. 2003).

When trying to understand how FV extent is structured

across P. viviparum’s niche, we found that the overall trait

variability increases with mean temperature. This pattern

supports the hypothesis that habitat filtering prevails in

environments dominated by abiotic constraints (cold edge

of the niche) and that functional divergence may be high

within communities with a high number of interspecific

biotic interactions (warm edge of the niche). Such a pat-

tern of increased trait variability in richer communities has

already been observed for morphological traits in grass-

hoppers of the genus Melanoplus (Roff & Mousseau 2005).

In the case of P. viviparum, the very harsh conditions expe-

rienced in alpine habitats should lead to strong directional

selection pressures for increased resistance to cold, drought

and high solar radiation, whereas in the warmer subalpine

meadows plant competition is expected to be stronger and

lead to phenotypic divergence for niche partitioning

between interacting individuals, thus resulting in increased

trait variance within species (Weiher & Keddy 1995; Corn-

well, Schwilk & Ackerly 2006; but see Spasojevic & Suding

2011).

We also observed that phenotypic integration is in gen-

eral relatively high within P. viviparum populations. This is

primarily due to the strong correlations between the four

foliar traits included in this study (cor = 0!45 " 0!32 in

absolute value over the 29 populations), which are known

to reflect the world-wide leaf economics spectrum (Wright

et al. 2004). The allometric correlation between Hmax and

Hinflo explains the rest of this pattern. Yet, no systematic

trade-off was detected between reproductive, growth and

persistence functions (the mean correlation for Hinflo with

any of the foliar traits is always <0!08 in absolute value).

Note that the allocation to sexual reproduction (SEX) is a

very idiosyncratic trait that does not correlate to the envi-

ronmental gradients in our study area (contrary to what

has been observed in the Arctic by Dormann, Albon &

Woodin 2002), nor to any other trait measured.

One important finding is that the most integrated popu-

lations are found at the centre of the niche (i.e. middle of

the temperature gradient, see Fig. 3). This result is con-

trary to our expectations and contrasts with some studies

in controlled conditions where phenotypic integration has

been found to increase with stress (e.g. Schlichting 1989;

Gianoli 2004). We suggest that this pattern could be due

to demographic asymmetries between the centre and the

margins of the niche. Indeed, many theoretical models sug-

gest that the larger population sizes at the centre of the

niche lead to a better response to natural selection (e.g.

Kirkpatrick & Barton 1997), which could produce inte-

grated, more ‘optimized’ phenotypes. Conversely, marginal

populations could be subject to high levels of both genetic

drift and gene flow from the central populations, rendering

selection inefficient and leading to low integration (Sexton

et al. 2009). In our study area, we verified that population

size is on average higher in the middle of the temperature

gradient (F. Boucher, field observation).

The last attribute of FV that we intended to study was

its direction. We found that the main axis of trait variation

within populations is often related to variance in leaf nitro-

gen content, a trait linked to soil nitrogen uptake efficiency

in fertile environments (Zatylny & St-Pierre 2006) and

which also strongly affects the plant’s photosynthetic rate

(Reich, Walters & Ellsworth 1991). This high variation in

LNC within populations might be explained by the hetero-

geneity of the nitrogen supply in soils. This heterogeneity

is both qualitative and quantitative: nitrogen can be pres-

ent either in its organic form, which is costly to acquire, or

in the form of ammonia or nitrates, and the amount of

Fig. 5. FV structure in populations located in different parts the environmental niche. This illustration is meant to summarize the main

findings of our study, and differences between populations have been exaggerated for clarity. The environmental niche of P. viviparum can

be symbolically represented along the temperature gradient, the grey Gaussian curve representing values of habitat suitability. The niche

has been cut into three main parts for simplicity, according to the results: the niche centre and the ‘cold’ and ‘warm’ edges. The size and

shape of the ellipsoids represent, respectively, FV extent and shape: smaller volumes meaning low FV and volumes close to spheres

representing less integrated populations.
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these alternative forms varies spatially. Indeed, it has been

revealed that fine-scale factors like soil characteristics have

a great influence on the functional diversity of plant com-

munities in the Guisane valley (Bello et al. in press). The

slightly lower variances in LNC and C:N found in colder

populations of P. viviparum could be due to the predomi-

nance of organic nitrogen in high altitude sites (Averill &

Finzi 2011) or to less spatial heterogeneity in soil nitrogen

concentrations in these habitats, relative to subalpine ones.

Interestingly, the main direction of phenotypic variation at

the interpopulation level is almost orthogonal to this gen-

eral intrapopulation direction and lines up with traits that

are more directly related to the abiotic environment, sup-

porting the main axis of variation observed at the interspe-

cific level in plants. Indeed, Hmax strongly correlates with

temperature in our study area (Fig. 2), ranging from more

than 50 cm in subalpine meadows to less than 5 cm in the

alpine sites. LDMC is also strongly affected by climatic

conditions because it is expected to increase leaf longevity

and thus resource conservation, which are likely to be

favoured in stressful habitats. This suggests that the main

functional trade-offs revealed for plants at the interspecific

level (e.g. leaf economics spectrum) over large geographical

gradients might not be reflected at finer spatial scales (e.g.

population level). This finding could have profound impli-

cations for the study of local coexistence in community

ecology. A similar result has already been found for two

forest herb species that show an opposite pattern of corre-

lation between plant height and seed mass at the

intraspecific level than the one observed at the interspecific

level (De Frenne et al. 2011). The fact that environmental

distances do not correlate with functional distances

between populations (measured either by Pmax or by Ran-

dom Skewers correlations) confirms that climate is not the

main driver of FV direction at the population level. On the

contrary, the strong spatial autocorrelation that we found

at small distances in the functional structure of popula-

tions suggests that high genetic similarity between close

populations could result in very similar integration pat-

terns (Stone, Nee & Felsenstein 2011). However, the fact

that the main direction of integration differs significantly

between populations shows that genetic correlations

between traits are not excessively strong (Armbruster &

Schwaegerle 1996).

Given that additive genetic variances were not measured

and that the level of heritability for each studied trait is

uncertain (Ackerly et al. 2000; Geber & Griffen 2003), any

potential evolutionary interpretations of the patterns we

report must be cautious. It is indeed possible that differ-

ences in intraspecific FV structure are only due to differ-

ences in genetic diversity in our populations arising from

past demographic fluctuations (Wright 1969). However,

these differences might as well be largely due to phenotypic

plasticity (Pigliucci 2003) and in particular to the fact that

individuals living in high-resource environments are

expected to be more plastic than their stressed conspecifics

(Chapin, Autumn & Pugnaire 1993; Grassein, Till-Bott-

raud & Lavorel 2010). Integrating direct measurements of

genetic diversity and the relatedness of populations in the

kind of ecological study proposed herein might constitute

a promising avenue for future research (e.g. Martin, Cha-

puis & Goudet 2008) and will help to disentangle the rela-

tive effects of ecology, demography and genetics on the

functional variability of populations.

Conclusion

Put together, our results give a clearer picture of how

intraspecific FV is structured in different parts of P. vivipa-

rum’s environmental niche (Fig. 5). Indeed, populations at

the ‘cold end’ of the niche have low FV but are mildly

integrated. Populations located at the centre of the niche

have intermediate trait variability and varying degrees of

integration, but some are subject to strong trade-offs

between traits. Finally, populations of the ‘warm end’ of

the niche are both highly variable and little integrated.

Our study thus shows the importance of the environment

in setting FV extent and reveal substantial asymmetry in

the species’ environmental niche between its ‘biotic’ and

‘abiotic’ edges. Interestingly enough, this finding corrobo-

rates hypotheses and observations traditionally made in

community ecology that strong abiotic filters lead to

greater functional convergence between species coexisting

within natural communities (Webb et al. 2002). Finally,

we demonstrate that the main functional trade-offs differ

within and among populations and that the idea that phe-

notypic integration increases in stressful environments

cannot be considered a rule.
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Additional Supporting Information may be found in the online

version of this article:

Fig. S1. 3D map of the Guisane valley, stretching from Brianc!on

(1200 m a.s.l.) to the Pic Blanc du Galibier (2955 m a.s.l.) in the

inner French Alps. The Lautaret pass is located at 2050 m and the

Guisane river is drawn in white. The 29 sampled populations of P.

viviparum are shown in black dots. The map is colored according

to the mean annual temperature (from white to black when going

to colder sites, source: Aurelhy model [Benichou & Le Breton

1987)]. The small plot in the bottom-left corner shows the position

of the sampled populations (black dots) and of all populations of

P. viviparum of the Guisane Valley recorded by botanists of the

CBNA (grey dots) in the climatic plan defined by mean annual

temperature and solar radiation in June. The temperature gradient

is particularly well covered (99%).

Fig. S2. Plot of NDVI vs. mean annual temperature for 36 popu-

lations (including the 29 presented in this study) of P. viviparum in

the Guisane Valley. The regression line is drawn in red.

Fig. S3. Relation between plant species richness and mean annual

temperature in the Guisane valley.

Fig. S4. Correlograms for P-dist (left) and RS-dist (right), black

squares meaning that the values of correlations are significantly

different from zero and the first point corresponding to all pairs of

populations that are closer than 200 m.

Fig. S5. Results of a PCA lead on all ‘lines of least resistance’:

general metapopulation value (PV_total, circled in red), observed

population values and bootstrapped values (2930 vectors). Pmax

are plotted on the two first axes of the PCA. The bottom-left

panel shows how the seven traits relate to these axes.

Table S1. P-values of the Mantel tests.

Table S2. P-values of the partial mantel tests between functional

distances and environmental distances, where geographic distance

between populations was used as a covariate.
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Résumé 

 

La niche climatique des espèces joue un rôle important dans la distribution spatiale de la biodiversité, 

mais la manière dont les niches climatiques évoluent reste encore peu connue. Ce travail vise à révéler 

la manière dont les niches climatiques évoluent en général, et plus précisément à déterminer comment 

certaines plantes se sont adaptées aux environnements alpins. En étudiant de nombreux groupes de 

plantes, de poissons, de mammifères et d'oiseaux, nous avons montré que les niches climatiques 

évoluent le plus souvent par à-coups et non pas de manière graduelle. Elles restent en effet stables 

pendant des périodes de plusieurs millions d'années puis évoluent de manière extrêmement rapide 

avant de se stabiliser à nouveau dans une autre gamme de climat. Des simulations ont permis de 

montrer que les phases de relative stabilité n'étaient pas forcément causées par une sélection 

stabilisante sur les niches climatiques mais pouvaient également résulter de la présence de barrières 

géographiques qui empêchent les espèces d'expérimenter de nouveaux climats. L’étude de l’histoire 

des plantes du genre Androsace a révélé que les changements rapides de niches correspondaient au 

contraire à l’apparition de nouveaux traits, comme la forme de vie en coussin. Ce travail montre que 

de nombreux facteurs influencent l’évolution des niches climatiques et souligne la nécessité de tous 

les étudier ensemble.  

 

 

 

Summary 

 

Species’ climatic niches play an important role in the spatial distribution of biodiversity but the way 

climatic niches evolve remains poorly known. This works aims at determining the general mode of 

evolution of climatic niches, and more precisely at revealing how some plants have adapted to alpine 

environments. The study of many groups of plants, fishes, mammals and birds has shown that climatic 

niches usually evolve by fits and starts but not gradually. Niches indeed remain stable over million 

years before evoving extremely quickly and stabilizing again in a new range of climates. Simulations 

have shown that these phases of relative stability need not be caused by stabilizing selection but can 

also be caused by geographic barriers that prevent species from experiencing new climates. The study 

of the history of plants of the genus Androsace has revealed that rapid niche shifts on the contrary 

resulted from the appearing of novel traits, like the cushion life form. This work shows that numerous 

factors contribute to the evolution of climatic niches and emphasizes the necessity to study them 

together. 

 

 


