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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
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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
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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 & Mabhler, 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; Sdrkinen et al., 2011). How-
ever, examples of evolutionary radiations in temperate
mountain ranges are quite scarce (but see Emadzade &
Horandl, 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 sl. (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
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alpine habitats (see Fig. SI 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
(Korner, 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.. 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; Loépez-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,
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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 MUuSSE (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 ppp (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
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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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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— 0.052 £ 0.002 0.183 £+ 0.0778  0.216 & 0.0282

European clade

rates were different for each life form but extinction was
null (mean AAIC > 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 '. 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 ' 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 .

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.)
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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 ef al, 2012) that are among
the coldest on Earth (Korner, 2011). This is contrary to the
common expectation that short life history alone promotes
diversification, and to theoretical studies suggesting that

7



C. Roquet et al.

€Ie FeL'6 ="y

991°0 F 0€T°0 = VN

$28°0 F 00T = YNy

T FLie= €20°0 F 1700 = ™ LIT°0 F €920 =Ty 8%°0 F €CTF — — — — A+1dd/d+1ad
GS'T F 6€°0T = VY 0 = VNl 8770 F 8980 = YNy

UL F L=y 0 =" SL0°0 F 8790 = 1y S9°0 F 1870 — — — — Taa/iaa
oo = YNy 1£0°0 F ¢ 0T X 8T = VNl 1200 F ¥9¢°0 = YNy

10T F 07C ="y 7200 F 6£0°0 = SIT'0 F 8¢L°0 = 1y 1o F 98¢ — — — — ad/a+1aa
oo = YNy = VNii 1£0°0 F #9¢°0 = YNy

T FLie=9 0 =" SL0°0 F 790 = Ty 0 — — — — dd/1aa

611 F s S€0°0 F 0L0°0 8F1°0 F €20 S6'0 F SEF SPT F FI0L L20°0 F STE0 6570 F 00T 960 F 15°€ I+1ad

9T F 0°L€ 0 190°0 F 0SS0 LL0 F 8V o0T X TI'T F 401 X 79T 0 ¥00°0 F €210 000 F 00°C 1aa

oo+ ,_0T X 058 F 4 0T X 058 F€0°0 F 8€T0 16°0 F £99 oo €20°0 F 1800 810°0 F TLI°0 LT0 F 1 ad

oot 0 ¥€0°0 F 8€T°0 160 F L9F oo 0 ¥00°0 F €210 0 dd

X i X DIVV X l X OIVV

(seads z¢) apep ueadomng—uedIauIy [lIoN

(sawads z¢) apep uersy [enua))

"UOTIOUTIXD YIIM [opotu aures oY) ‘F+TAA/I+TAA ‘sonoeder-3urdired JuaIofip [im pue saded JUaIIIP 18 INq UOTPUNXD oU M duapuadap-Asuap oSropun samads uestroury
qIoN pue ueadomy ypoq 21oym [pPpol e “JAJ/TAd SOPe Y10q Ul UOHOUNXD (M [dpowt awres o) ‘qd/d+Tdd ‘ss2001d yaiq-aind e mofoJ saads uedLDuy YION Pue UONOUNXd
noyim duapuadap-A1susp e oropun saads ueadoing a1aym [ppowr & ‘gd/TAC OPB[? Y} JO 131 () WO PR UBDLISWY YIION 3] UIYIIM SOIWRUAP UONRIYISIdAIP Jo Surjdnodsp
QM opep () ueadorng—(yN) UedLIOWY YIION dU) 0) PajY LU0 d1oM S[PPOW INOJ ISB[ Y], "UONIUNXS M [Ppotl Juapuadap-AIsusp G+ ‘UONOUNXI OU M [dpowl Juapuadap

-fysusp “1Q Ppow Yreap—yiq ‘g ‘epow yaiq aind ‘gd :s9d£) [ppour 9y} 9)eJIPUI SIWERU MOY ‘0I9Z JO DIVY B SeY [9powl 1s3q ) sny], *(partodal are s3a1) ([ Y} 19A0 UONBIASD
plepuels pue uedaw) DIYY IPY) WO Paseq T 0) paseduwrod are SO 19710 pue 3s3q dY) PIIIPISUOD ST $391) (OOT Y} 1A0 DY UBIUI JSOMO] ) SUIARY [9POUT I} DIVSOLPUY JO IPR[D [OBd
104 *(Lioedes Gurdires <y 9jer uondunxs M ©jer uorernads ©y) sajewnss 1)oweled pue (DY) UOLIAILID UONBULIONUT MIBY ) U0 Paseq S[PPOU UOTIBIYISIDAIP JO IUBULIONDJ Z d|geLl

Journal of Biogeography

© 2013 John Wiley & Sons Ltd



Replicated radiations of Androsace
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Figure 3 Diversification of the whole North
American—European clade (main plot), the N
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

v e s 4 2
European species

North American species/

100 trees. The black line shows the clade
richness predicted by the most likely model -12
with parameters estimated on the consensus

tree.

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 ! 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.
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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

9
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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; Aguilée 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
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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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