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• Background and Aims Mountain ecosystems are recognized as biodiversity hotspots. However, the origins of
their remarkable diversity remain unresolved. We explore this question by focusing on the HAP clade
(Helichrysum–Anaphalis–Pseudognaphalium), a megadiverse lineage within the family Compositae that spans
tropical and temperate mountain and lowland systems worldwide. The existence of multiple high-elevation
clades provides an opportunity to address hypotheses regarding the impact of trait innovation, climatic
oscillations, dispersal and niche lability in the diversification of mountain lineages.
• Methods To investigate the biogeographical history and diversification dynamics of the HAP clade, we built a
time-calibrated phylogeny of 560 taxa (62 % of the species) based on 989 nuclear loci. We examined the frequency
of inter-mountain dispersal and lowland-to-mountain transitions and vice versa, tested whether diversification rates
were dependent on time, climate or species diversity, and assessed the impact of bract colour on diversification
rates using state-dependent speciation–extinction models. Additionally, we reconstructed the evolutionary
history of two functional traits (bract colour, life form) and ecological preferences (elevational range, habitat)
and explored potential correlations between them.
• Key Results The HAP clade extensively speciated during the Pleistocene, when net diversification rates nearly
quadrupled, coinciding with parallel mountain radiations on multiple continents. The clade followed a pattern of
nested radiations, with southern African mountains serving as the initial diversity source and other mountain
systems acting primarily as sinks. High-elevation ecosystems also contributed to lowland biodiversity.
Diversification rates in high elevations are independent of bract colour, yet significant trait–environment
associations were supported. Functional traits and ecological preferences evolved repeatedly, with a tendency
toward montane open habitat ecologies and chamaephytic life forms.
• Conclusions Our findings suggest that mountains do not fit the classic island model for the HAP clade due to its
high permeability across heterogeneous environments, high dispersibility, and ability to thrive in both high and low
elevations. However, the clade’s evolutionary lability enabled repeated trait acquisition, niche shifts and
microhabitat specialization. This, coupled with Pleistocene climatic instability, probably played a significant
role in driving allopatric and ecological speciation at different geographical scales.
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INTRODUCTION

Mountain ecosystems worldwide are recognized as biodiversity 
hotspots, hosting disproportionately high levels of plant endemics 
relative to their small size (Antonelli, 2015; Hughes and Atchison, 
2015; Merckx et al., 2015) and contributing significantly to the 
global angiosperm richness. These ecosystems are often recog
nized as natural laboratories, offering great spatial and climatic 
heterogeneity and housing pronounced environmental gradients 
over short distances (Körner et al., 2011). Understanding the pri
mary drivers of mountain biodiversity and diversity turnover is 
crucial for unravelling its origins and developing data-driven strat
egies for ensuring its future maintenance. Current research sug
gests that exceptional mountain diversity results from the 
combination of abiotic and biotic factors, whose additive interac
tions create unique conditions that promote speciation and species 
persistence over time (Nürk et al., 2020).

The main abiotic drivers of diversification in mountain eco
systems are associated with geological and climatic variation 
at small scales, including factors such as elevation, slope, soil 
(Antonelli et al., 2018; Perrigo et al., 2020), temperature and 
precipitation (Muellner-Riehl et al., 2019). Deep-time historical 
processes, such as orogeny and climatic oscillations that trans
formed previously mature landscapes, are also crucial to explain 
current biodiversity. Some studies indicate that net diversifica
tion rates declined during the Pleistocene due to climatic insta
bility, extinction and range contractions, particularly in 
lineages with low dispersal ability or high specialization 
(Sandel et al., 2017). However, substantial evidence supports 
the idea that Pleistocene climate oscillations had positive effects 
on diversification rates in both tropical (e.g. Hypericum L., Nürk 
et al., 2015) and temperate (e.g. bamboos, Ye et al., 2019; 
Jurinea Cass., Herrando-Moraira et al., 2023) mountain radia
tions, creating new opportunities and barriers that led to repeated 
cycles of migration and isolation, acting as a ‘species pump’ 
(Flantua and Hooghiemstra, 2018). Many plant radiations (un
derstood as episodes of rapid diversification, resulting in high 
species richness, Hughes and Eastwood, 2006) coincided with 
Pleistocene climate variations, while only a few pre-dated the 
Mid-Miocene Climate Optimum (around 15–18 Ma, Böhme, 
2003), none of them in temperate areas (Muellner-Riehl et al., 
2019). Similarly, rapid mountain uplift has been associated 
with increased diversification rates (e.g. Andean Páramos, 
Madriñán et al., 2013). An additional mechanism to explain 
high mountain diversity is long-distance dispersal, which seems 
to have played a key role in providing preadapted lineages from 
geographically distant regions (Edwards and Donoghue, 2013) 
as observed in various mountain systems (e.g. Malaysia, 
Merckx et al., 2015; Afroalpine region, Kandziora et al., 
2022). Tropical mountains are renowned for this, for which 
strong phylogenetic evidence suggests that both tropical and, 
more predominantly, distant temperate regions have served as 
important sources of their diversity (Galley and Linder, 2006; 
Gehrke and Linder, 2009; Sklenář et al., 2011; Nürk et al., 
2018; Blanco-Gavaldà et al., 2023, 2025).

Among biotic drivers of diversification, key innovations (i.e. 
newly evolved traits that enable organisms to exploit previously 

inaccessible niches) are the most relevant (Miller et al., 2023). 
Although few studies have quantified the impact of key innova
tions on diversification rates in mountain plants (e.g. 
Merianieae, Dellinger et al., 2024; Juniperus L., Liu et al., 
2024), the acquisition of specific traits seems crucial to face 
the extreme environmental conditions of high-elevation habi
tats, such as high UV radiation and freezing temperatures or 
low pollinator availability. The most studied innovations are re
lated to life forms and include the acquisition of perenniality 
(Lupinus L. in the Andes, Drummond et al., 2012), cushion 
growth (Androsace L. in Eurasia, Roquet et al., 2013) and 
woodiness (in Afroalpine Alchemilla L., Gehrke et al., 2016). 
In tropical mountains, gigantism [e.g. Lobelia Mill. and 
Dendrosenecio (Hauman ex Hedberg) B.Nord in eastern tropi
cal Africa mountains, Espeletia Mutis ex Bonpl. and Puya 
Molina in the Andes] provides adaptive advantages against abi
otic stressors such as freezing and water scarcity (Brochmann 
et al., 2022 and references therein). These species are often as
sociated with damp microenvironments such as stream borders 
and gullies (Hedberg, 1964). In contrast, temperate mountain 
species tend to develop compact cushion-like forms that protect 
persistent buds near the ground, offering greater resistance to 
cold and wind exposure (Hedberg, 1964; Nürk et al., 2019; 
Körner, 2021). Furthermore, certain floral traits, such as large 
white flowers, may have evolved not only to attract generalist 
pollinators present at high elevations (Diptera and Coleoptera) 
but also to reflect UV radiation (Hedberg, 1964; Lefebvre 
et al., 2018; Baumann et al., 2021; Körner, 2021) and even to 
enable nyctinastic movements to protect the reproductive or
gans during the night (Minorsky, 2019). Nevertheless, trait flex
ibility and lineage adaptability might exert a stronger influence 
on diversification rates than any single innovation (Onstein, 
2020; Helmstetter et al., 2023).

Some plant groups have diversified more extensively than 
others in mountain systems, though the reasons for this disparity 
remain poorly understood. To date, diversification dynamics 
have been studied for a few species-rich mountain lineages, 
such as Lupinus (Drummond et al., 2012; Contreras-Ortiz 
et al., 2018), Jurinea (Herrando-Moraira et al., 2023) and 
Ericaceae (Schwery et al., 2015; Pirie et al., 2019). Moreover, 
recent studies suggest that diversification rates and species rich
ness in plants are independent, with greater species richness in 
humid tropical areas and higher diversification rates in hetero
geneous environments with high species turnover (Kandziora 
et al., 2022; Tietje et al., 2022; Tenorio et al., 2023). This un
derscores the need for further research on the biogeographical 
history and diversification drivers of other highly diversified 
plant clades, particularly those spanning both temperate and 
tropical mountains. It would also be important to include key bi
odiversity hotspots, such as Madagascar and the southern 
African region, whose mountains remain understudied from 
an evolutionary perspective (Rudbeck et al., 2022).

In this context, we focus on the HAP clade (comprising 
Helichrysum Mill., Anaphalis DC., Pseudognaphalium Kirp. and 
several smaller genera; Smissen et al., 2011; Galbany-Casals 
et al., 2014; Nie et al., 2016), which comprises a total of c. 800 
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species (Hilliard, 1983; Anderberg, 1991), as a relevant study-case. 
This clade belongs to the Compositae, the most diverse plant 
family in high-elevation environments such as the Andes 
(Pérez-Escobar et al., 2022), the Afroalpine area (Gehrke and 
Linder, 2014), the Asian mountains (Yu et al., 2020) and the south
ern African Drakensberg (Carbutt and Edwards, 2004; Carbutt, 
2019). The HAP clade is particularly suited for studying mountain 
plant diversification due to its wide geographical distribution 
across tropical and temperate mountain systems and its richness 
in widespread and also narrowly endemic species. Helichrysum 
is the largest genus in the HAP clade, particularly diverse in south
ern Africa (c. 250 species, over half of which are in mountain hab
itats; Hilliard, 1983), the tropical Afromontane and Afroalpine 
regions (c. 72 species; Lisowski, 1989; Beentje, 2002; Tadesse, 
2004) and Madagascar (111 species, half of them montane; 
Humbert, 1962), although it is also present in the Mediterranean 
Basin and Macaronesia. Anaphalis (110 species; Anderberg, 
1991) and Pseudognaphalium (90 species; Anderberg, 1991) pre
dominate in the mountains of Asia and the Americas, respectively. 
This distribution pattern suggests multiple independent mountain 
radiations, but this has yet to be confirmed because a solid and 
comprehensive phylogenetic framework is lacking for this mega
diverse pan-montane group. The HAP clade shows remarkable 
adaptability, with species growing in a wide range of climatic con
ditions, thriving in diverse biomes, ranging from montane grass
lands and alpine culminal rocky areas to coastal dunes and 
semideserts. While shrubby forms dominate, the clade displays a 
wide range of growth forms, from annual herbs to small trees, 
and there is a high diversity in reproductive strategies reflected 
in the varied number, size and disposition of capitula, the number 
of florets, and the colour and size of the involucral bracts 
(Anderberg, 1991). We observed that high-elevation species tend 
to have white involucral bracts, a trait that could have enhanced di
versification in those environments. Additionally, we also noted 
that specific life forms seem to be associated with certain habitats 
across the clade’s geographical range.

This study aims to advance our understanding of plant diversi
fication in high-elevation environments by applying an integrative 
approach. Combining data from multiple sources we investigate 
the biogeographical and diversification dynamics of the HAP 
clade and the roles of trait evolution and Pleistocene climatic 
oscillations in its evolutionary history. Based on previous 
works for tropical African and Malagasy mountain lineages 
(Blanco-Gavaldà et al., 2023, 2025), we hypothesize that: (H1) 
diversification in the HAP clade fits a pattern of nested radiations 
in mountain systems worldwide, in which southern African 
mountains act as the main source and other mountain regions 
serve as a sink, with occasional cross-seeding events (Linder, 
2014; Linder and Verboom, 2015); (H2) the current biodiversity 
distribution patterns of the HAP clade result from the combination 
of long-distance dispersals of preadapted ancestors from distant 
regions with similar biomes (in line with the niche conservatism 
principle; Wiens et al., 2010) alongside in situ diversification 
due to habitat specialization in regions with high environmental 
heterogeneity (Rundell and Price, 2009; Edwards and 
Donoghue, 2013) and regional allopatric speciation; (H3) in high- 
elevation HAP clade lineages, Pleistocene climatic oscillations 
had a greater impact on diversification rates than the acquisition 
of key functional traits that are nowadays common in high- 
elevation species; and (H4) convergent adaptation to particular 
microhabitats shaped trait–environment associations in mountain 

systems, since certain functional traits are repeatedly shared 
among species inhabiting specific habitats, suggesting convergent 
adaptation to similar environments. To test these hypotheses, we 
built the most comprehensive time-calibrated phylogeny of the 
HAP clade to date, using a family-specific target-enrichment 
probe set and building on a wide taxonomic sampling that in
cludes 62 % of the species and a balanced representation of the 
morphological and ecological variation of the study group 
throughout the globe and elevational belts. We inferred the 
clade’s ancestral biogeographical ranges to assess its area of ori
gin, its propensity for long-distance dispersal, and the contribu
tion of elevational and latitudinal transitions to mountain 
biodiversity. We also assessed the evolution and ancestral states 
of key functional traits frequent in high-elevation species (i.e. 
having whitish bracts and being a cushion-like or gigantic shrubs, 
depending on the latitude) and ecological preferences. Finally, we 
evaluated macroevolutionary dynamics by testing whether diver
sification rates varied with time, climate, species diversity, or the 
acquisition of specific traits and whether functional traits (bract 
colour and life form) are correlated with certain ecological vari
ables (elevation and habitat preferences).

MATERIALS AND METHODS

Taxon sampling and laboratory workflow

To reconstruct the evolutionary history of the HAP clade, we used 
sequences from 526 samples (including 500 species and 24 infra
specific taxa), which represent c. 62 % of the clade’s diversity 
(c. 800 species in total) and cover all major clades, genera and 
morphological variations (Supplementary Data Table S1), as 
well as all distribution areas (Table S2), and ecological and eleva
tional preferences (Table S3). The largest genus, Helichrysum, is 
represented by 400 samples (393 species, 73 % of species). All the 
smaller genera known to be nested within Helichrysum are also 
included (Smissen et al., 2011; Galbany-Casals et al., 2014; Nie 
et al., 2016): Achyrocline Less. (15 species, 47 %), Anaphalis 
(39 species, 37 %), Galeomma Rauschert (one species, 50 %), 
Humeocline Anderb. (one species, 100 %), Pseudognaphalium 
(62 species, 69 %), Stenocline DC. (two species, 100 %), 
Stenophalium Anderb. (two species, 40 %) and Syncephalum 
DC. (one species, 20 %).

Based on previous phylogenetic works (Nie et al., 2016; Smissen 
et al., 2020), we added 34 additional species from the Gnaphalieae 
to allow calibration for divergence time estimation, resulting in a 
dataset of 560 samples (Supplementary Data Table S1). A total 
of 124 samples corresponding to 121 species were newly se
quenced. The other 436 samples, corresponding to 418 species, 
were taken from prior studies (329 samples from Blanco-Gavaldà 
et al., 2023, BioProject PRJNA936872; 91 from Blanco-Gavaldà 
et al., 2025, BioProject PRJNA1121119; six from Mandel et al., 
2019, BioProject PRJNAS40287; and ten from Schmidt-Lebuhn 
and Bovill, 2021, BioProject PRJNA665592). We targeted the 
set of genomic loci included in the Compositae COS 1061 loci 
kit (Mandel et al., 2014), which was specifically designed for this 
plant family. We followed the target-enrichment library preparation 
and sequence capture protocols described in Blanco-Gavaldà et al. 
(2023). The newly generated DNA sequence reads have been de
posited in the NCBI Sequence Read Archive database (SRA; ac
cess: https://www.ncbi.nlm.nih.gov/sra) under the BioProject 
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accession number PRJNA1219322 (see unique sample accession 
numbers in Table S1).

Molecular data processing and phylogenetic analyses

We adhered to the workflow outlined in Blanco-Gavaldà et al. 
(2023) based on the use of HybPhyloMaker (Fér and Schmickl, 
2018, available at https://github.com/tomas-fer/HybPhyloMaker, 
hereafter referred to as HPM, along with the corresponding script 
number) in conjunction with ParalogWizard (Ufimov et al., 2022, 
available at https://github.com/rufimov/ParalogWizard), to extract 
the targeted 1061 COS loci and detect and separate paralogues be
fore generating orthologous alignments.

Trimmomatic v.0.39 (Bolger et al., 2014) was used to eliminate 
adaptors and low-quality reads and BBMap v.38.42 (Bushnell, 
2014) was used to remove duplicate sequences (HPM1). BWA 
(Li and Durbin, 2009) and SPAdes (Bankevich et al., 2012) 
were used to create an initial reference file for read mapping 
based on Helianthus annuus L. genome sequences from the 
Compositae1061 probe set (Mandel et al., 2014). Subsequently, 
we generated a customized reference using our ingroup samples 
to enhance mapping specificity. ParalogWizard was used to iden
tify potential paralogues based on a pairwise exonic sequence di
vergence calculation, which generated a histogram with two 
distinct peaks: the first representing putative allelic variation 
and the second indicating highly divergent sequences that are 
probably paralogues (Supplementary Data Fig. S1). We used 
the peak range values as a threshold to extract putative paralogous 
sequences. Finally, we used MAFFT v.7.475 (Katoh and Toh, 
2008) to align sequences in orthologous matrices and to concate
nate exons into putative loci. To minimize missing data, we ex
cluded sequences with over 70 % of missing data and removed 
loci that were present in fewer than 75 % of all samples (HPM5).

Phylogenetic analyses were based on both concatenation and 
coalescence-based methods. For the first approach, we com
bined all nuclear loci to generate a supermatrix and estimated 
the optimal nucleotide substitution model for each locus using 
ModelTest-NG (Darriba et al., 2020). This was followed by 
maximum likelihood (ML) partitioned analyses in which we 
used RAxML-NG v.1.1.0 (Kozlov et al., 2019) to run 20 inde
pendent ML tree searches (modified HPM8f), branch support 
being assessed via bootstrap (inference set to automatically de
termine a sufficient number of bootstrap replicates). The 
highest-scoring ML tree was annotated with Felsenstein’s boot
strap (BS; Felsenstein, 1985) and transfer bootstrap expectation 
(TBE; Lemoine et al., 2018) values, where branches with 
BS ≥ 70 % and TBE ≥ 0.7 were regarded as statistically 
supported (Hillis and Bull, 1993; Lemoine et al., 2018). For 
the coalescent-based approach, we performed summary- 
coalescence inference with ASTRAL-III v.5.7.8 (Zhang et al., 
2018) based on individual gene trees for each locus inferred 
with RAxML v.8.2.12 (Stamatakis, 2014; HPM6a, HPM7 and 
HPM8a). Branch support was assessed via local posterior prob
ability (LPP) values, with branches considered well-supported 
if they had LPP ≥ 0.95 (Sayyari and Mirarab, 2016). In all cases, 
trees were rooted using Newick utilities (Junier and Zdobnov, 
2010) on four outgroup species representing four genera of 
the subtribe Relhaniinae, which is known to be the sister clade 
to the subtribe Gnaphaliinae (Bayer et al., 2000; Bergh and 
Linder, 2009; Montes-Moreno et al., 2010; Smissen et al., 

2020): Athrixia phylicoides DC., Leysera gnaphalodes 
Thunb., Phagnalon sordidum (L.) Rchb. and Oedera pungens 
(L’Hér.) N.G.Bergh.

Divergence time estimation

We used RelTime (Tamura et al., 2012, 2018) available in the 
software MEGA X (Kumar et al., 2018) to estimate divergence 
times by relaxing the strict molecular clock assumption on the 
ML phylogeny that yielded the highest likelihood with the con
catenation approach. We based our analyses on the ML tree be
cause branch length estimates from concatenation-based analyses 
are generally more accurate than those from coalescent-based ap
proaches, which tend to underestimate evolutionary change 
(Schwartz and Mueller, 2010). Confidence intervals were calcu
lated using the method of Tao et al. (2020), also implemented in 
RelTime. This dating method is effective for large empirical ge
nomic datasets and accommodates the use of calibration densities 
(Costa et al., 2022). The Gnaphalieae tribe lacks sufficient an
cient fossils to serve as primary calibration points. To incorporate 
fossil calibration points, we would need to sample other 
Compositae tribes, which was beyond the scope of our study. 
Thus, we employed five secondary calibration points (CPs; indi
cated on the tree in Supplementary Data Fig. S2) derived from 
previously estimated divergence times by Nie et al. (2016), 
who employed Bayesian inference methods to estimate diver
gence times using a relaxed clock model for the Gnaphalieae 
tribe. We acknowledge the potential limitations of relying on sec
ondary calibration points derived from a single study; however, 
we chose to do so because the other few studies that estimated 
divergence times within the Gnaphalieae have a more limited 
sample size than the work of Nie et al. (2016), and limited sam
pling is known to strongly affect dating estimations (Linder et al., 
2005). We also included a fifth calibration point, based on geo
logical evidence, specifically the emergence of Madeira 
(Ramalho et al., 2015). We utilized a normal density distribution 
for the secondary calibration points, which yielded mean and 
standard deviation values that reflect the 95 % confidence interval 
outlined in the original study: the tribe crown node with a mean 
age of 25 Ma and a standard deviation of ±2.55 (CP1), the 
‘crown radiation’ node with a mean age of 20.7 Ma and a stan
dard deviation of ±2.55 (CP2), the ‘HAP clade’ crown node 
with a mean age of 15.39 Ma and a standard deviation of 
±1.95 (CP3), the ‘FLAG clade’ crown node with a mean age 
of 12.78 Ma and a standard deviation of ±1.85 (CP4) and the 
‘Anaphalis + Mediterranean–Asian Helichrysum’ crown node 
with a mean age of 7.04 Ma and a standard deviation of ±0.85 
(CP5). Additionally, the emergence of Madeira at 5.6 Ma 
(CP6) was set as a maximum age constraint for the stem node 
of the lineage that includes the four endemic Helichrysum species 
from the archipelago (Galbany-Casals et al., 2014). Future stud
ies may benefit from the incorporation of fossil calibrations to 
further refine divergence time estimates; however, this would re
quire expanding the sampling with representatives of several 
Compositae tribes and appropriate outgroup taxa.

Ancestral biogeographical range inference

Taking into account the general distribution patterns of the 
HAP clade, we defined six large areas and subdivided them 
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into two elevational belts (lowlands vs. mountains) resulting in 
12 regions (species coded in Supplementary Data Table S2): 
(A) Southern Africa lowlands, (B) Southern Africa mountains,
(C) Tropical Africa lowlands, (D) Tropical Africa mountains,
(E) Madagascar lowlands, (F) Madagascar mountains, (G)
Eurasia lowlands, (H) Eurasia mountains, (I) North and
Central America lowlands, (J) North and Central America
mountains, (K) South America lowlands and (L) South
America mountains. Recognizing that elevational belts depend
heavily on latitude and environmental factors such as precipita
tion, orientation and continentality, among others (Körner et al.,
2011; Körner, 2021), we applied a broad and simplified classifi
cation to identify general patterns on a global scale. Our classi
fication mainly follows Kandziora et al. (2016), which
distinguishes tropical and temperate regions to account for the
latitudinal effect (i.e. elevational belts are shifted towards lower
elevations at higher latitudes). Thus, we categorized species into
two elevational stages: (1) lowlands, below 800 m above sea lev
el in temperate latitudes and below 1800 m in tropical latitudes,
and excluding those primarily inhabiting mountain massifs; and
(2) mountains (including the montane to alpine belts, considered
high-elevation species along the study), above 800 m in temper
ate latitudes and above 1800 m in tropical latitudes – except in
Madagascar, where the boundary was adjusted to 1300 m, based
on species distribution patterns specific to the microcontinent
(Humbert, 1962, as in Blanco-Gavaldà et al., 2025). Species
were only classified as high-elevation if they primarily inhabited
mountains or massifs, rather than highlands, regardless of
elevation (Körner et al., 2011). By focusing on mountains vs.
highlands instead of just elevation, we account for the environ
mental heterogeneity of mountains and the effects of relief in cli
matology. Although this approach may overlook how elevation
alone, along with associated variables such as temperature, influ
ences species distributions, it aligns better with our primary goal
of assessing the role of mountains on broad biogeographical pat
terns across the entire clade’s distribution.

To assign an area to each species, we compiled distribution 
and elevational data for the HAP clade, documenting the mini
mum and maximum elevation limits based on reference Floras 
(Supplementary Data References) and herbarium records from 
GBIF and institutional collections (mainly from BC, BCN, 
BNRH, BR, CANB, CONC, E, FM, LP, MA, MADJ, MBK, 
MEXU, MO, NBG, NY, O, P, PRE, RSA, S, SALA, SI, US 
and W). For species that occasionally extend beyond their 
core distribution range, we only considered the area or eleva
tional stage where most occurrences are concentrated, disre
garding marginal presences. While we aimed for a threshold 
of >90 % of occurrences, we often adjusted the classification 
based on expert knowledge on each species’ preferences.

We conducted ancestral biogeographical range inference 
analyses on the ML time-calibrated phylogeny to identify the 
origin area of the HAP clade (H1) and to trace the colonization 
events into high-elevation regions (H2). Using the R package 
BioGeoBEARS (Matzke, 2013), we limited the maximum num
ber of areas for any given node to three, reflecting the highest 
number of areas occupied by the most widely distributed extant 
taxon in this work. We compared the fit of six biogeographical 
models: Dispersal–Extinction–Cladogenesis (DEC; Ree et al., 
2005; Ree and Smith, 2008), a likelihood-based version of the 
Dispersal–Vicariance model (DIVAlike; Ronquist, 1997) and 
the BayArea model (BAYAREAlike; Landis et al., 2013), along 

with the respective versions of each model that incorporate 
founder-event speciation by adding a jump-dispersal parameter 
(+j). DEC models generally provide a better fit to the data than 
the DIVA and BayArea models, which are more restrictive 
(Matzke, 2013). In particular, BayArea assumes that no range 
evolution occurs at cladogenesis (i.e. the ancestral range is in
herited by both daughter lineages, Landis et al., 2013). This as
sumption can be problematic, especially at large geographical 
scales, as it oversimplifies complex biogeographical processes 
like range expansion, contraction and the existence of dispersal 
barriers such as oceans and mountains ranges. In recent years, 
debate has emerged regarding the incorporation of the founder- 
event parameter (+j) in event-based biogeographical models. 
Ree and Sanmartín (2018), on the basis of two small manually 
created datasets, presented theoretical arguments questioning 
the validity of statistically comparing DEC and DEC+j models. 
However, a more comprehensive simulation-based study 
(Matzke, 2022) proved that log-likelihood comparisons be
tween DEC and DEC+j models are statistically valid. 
Conceptually, it is reasonable to assume that lineage splitting 
and jump dispersal events can occur simultaneously, especially 
over timescales of millions of years. As we discussed in a pre
vious study, where we compared the DEC and DEC+j biogeo
graphical reconstructions (Blanco-Gavaldà et al., 2023), the 
DEC+j model provides more realistic range estimations, partic
ularly suited for widespread and recently diversified lineages, 
which include many mountain and island endemics.

We selected the optimal model according to the Akaike 
Information Criterion (AIC; Burnham and Anderson, 1998). 
We performed Biogeographic Stochastic Mapping (BSM; 
Dupin et al., 2017) using 100 BSM replicates under the best- 
fitting biogeographical model to assess the role of mountain sys
tems as sources or sinks of biodiversity (H1) across its whole 
distribution and the frequency of lineage exchanges (H2) be
tween similar biomes (lowland to lowland, mountain to moun
tain) or biome shifts (lowland-to-mountain and vice versa). 
BSM analyses provide a probabilistic estimate of the timing, fre
quency, directionality and types of biogeographical events (ana
genetic dispersals, cladogenetic range expansions, founder 
events and extinctions) between areas. Based on the BSM out
puts, we plotted temporal diversity across the biogeographical 
regions using the R package ltstR v.0.1.0 (Skeels, 2019), extract
ing the number of species present in each region at a time point.

Ancestral state reconstruction of functional and ecological traits

To investigate how functional traits and ecological preferenc
es evolved within the HAP clade (H2), we estimated ancestral 
states for two functional traits (involucral bract colour and life 
form) and two ecological preferences (elevational range and 
habitat preference). We scored 518 ingroup species (see classi
fication in Supplementary Data Table S3) using reference 
Floras (Supplementary Data References), herbarium speci
mens, protologues and our field observations. Bract colour 
was categorized as either: (1) whitish, sometimes with pink-red 
tints, or (2) yellow-brown (Fig. 1). Elevational range preference 
followed the criteria outlined in the ancestral biogeographical 
range inference section, but here additionally splitting 
mountain species in preference for montane or alpine belts. 
The alpine belt includes species that predominantly grow above 
the treeline, generally >2000 m in temperate latitudes and 
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FIG. 1. Specimens illustrating the seven most common life forms within the HAP clade defined in the study along with clear examples of the two most frequent 
involucral bract colours: (A) Pseudognaphalium jaliscence (Greenm.) Anderb. and (B) Helichrysum micropoides DC., both therophytes inhabiting open lowland 
habitats in North America and South Africa, respectively; (C) Helichrysum mutisiifolium Less., a lianescent form found in Malagasy montane forests; 
(D) H. milbraedii Moeser, a hemicryptophyte from tropical Africa open montane habitats; (E) H. sessilioides Hilliard, a cushion-like chamaephyte growing on
Drakensberg rocks, South Africa; (F) H. formosissium Sch.Bip., a macrophanerophyte from tropical Africa montane forests; (G) H. danguyanum Humbert, a cham
aephyte in Malagasy rocky montane habitats, exemplifying white involucral bracts; (H) H. italicum subsp. microphyllum (Willd.) Nym., a nanophanerophyte from
Mediterranean open montane habitats; and (I) H. albilanatum Hilliard, a chamaephyte from South African open montane grasslands, illustrating yellow involucral 

bracts. Photo credits: Mercè Galbany-Casals, except for (B) Santiago Andrés-Sánchez and (E) Deon du Plessis. 
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>3200 m in tropical latitudes (Körner et al., 2011; Körner,
2021). Life forms were divided into seven states (Fig. 1): (1)
therophytes; (2) hemicryptophytes; (3) chamaephytes; (4)
cushion-like chamaephytes; (5) nanophanerophytes, with per
sistent buds between 25 and 150 cm above ground; (6) macro
phanerophytes, with persistent buds above 150 cm; and (7)
lianescent forms. Species exhibiting plasticity between two
states were assigned to the most common or representative cat
egory (e.g. some species may behave as therophytes or chamae
phytes depending on environmental conditions, while others
can be classified either as chamaephytes or nanophanerophytes
due to their variability in size). Habitat preference was treated as
five discrete states (Fig. 2): (1) permanently humid habitats,
such as stream borders, wetlands and deep gullies; (2) open hab
itats such as shrublands, grasslands and disturbed habitats, in
cluding large forest clearings; (3) rocky habitats such as
crevices or scree, considering here only strictly rupicolous spe
cies; (4) forests, considering here only species growing in the
shaded understorey or very small clearings, partly shaded;
and (5) deep sands, mainly coastal dunes but also inner deserts.

To infer the evolutionary transitions between different trait 
states along the phylogeny, we used Markov models (Mk) im
plemented in the R package diversitree (FitzJohn, 2012). For 
each trait, we fitted and compared three Mk models using 

AIC values: (1) an all-rates-different model (ARD), (2) a sym
metrical model in which the transition rates between any two 
specific states are equal (SYM) and (3) an equal-rates model, 
constraining all transitions to a single rate (ER).

Time-, climate- and diversity-dependent macroevolutionary 
dynamics of the HAP clade

To assess the general drivers of diversification of the HAP clade 
(H3) we studied its macroevolutionary dynamics, fitting and com
paring diversification models based on explicit hypotheses. 
Utilizing a hypothesis-driven approach is recommended to mitigate 
identifiability issues (Louca and Pennell, 2020; Morlon et al., 2022). 
We tested whether the rates of speciation and extinction exhibited a 
linear or exponential variation in relation to time or environmental 
changes (specifically global temperature fluctuations based on 
Zachos et al., 2008) using the R package RPANDA (Morlon 
et al., 2016). We also used the R package DDD (Etienne et al., 
2012) to test whether speciation was influenced by species diversity, 
incorporating the carrying capacity (K ), which represents the 
maximum number of species that can coexist, as an additional 
parameter. Lastly, to determine if there was a notable shift 
in diversification dynamics throughout the history of the 
HAP clade, we fitted diversity-dependent models that 

A B C
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FIG. 2. Representative species of the HAP clade are shown in their most common ecologies, illustrating the five categories of habitat preference defined in the study: 
(A) Helichrysum globosum Sch.Bip., a hemicryptophyte in swampy montane grasslands; (B) Achryocline spp. and (E) Anaphalis nepalensis (Spreng.)
Hand.-Mazz., two chamaephytes growing in open high-elevation habitats, in South America and Asia respectively; (C) H. dracaenifolium Humbert, a macropha
nerophyte from Malagasy montane forests; (D) H. litorale Bolus, a lowland chamaephyte in South Africa sandy environments; (F) H. galpinii Schltr. & Moeser, a
cushion-like chamaephyte characteristic of South Africa rocky habitats. Photos credits: Mercè Galbany-Casals, except for (F) Santiago Andrés-Sánchez and (F)

Simmon Attwood. 
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permitted all parameters to change at a specific time, also im
plemented in DDD. Each model was adjusted with an analyt
ical correction for the sampling fraction (62 % of the clade’s 
diversity) to address incomplete taxon sampling. The model 
identified as the best-fitting one had the lowest AICc score (c, 
for corrected AIC, which modifies the standard AIC with a cor
rection for small sample sizes to avoid model overfitting).

Trait-dependent macroevolutionary dynamics of the HAP clade

We used the Several Examined and Concealed Trait-dependent 
Speciation and Extinction models implemented in the R package 
SecSSE v.3.1 (Herrera-Alsina et al., 2019), to determine whether 
the functional trait involucral bract colour and elevational prefer
ence impacted diversification rates (independently and combined) 
and to estimate net diversification rates associated with the char
acter states (H3). We did not test for the impact of life form and 
habitat preferences to avoid overfitting, as a high number of char
acter states would result in an excessive number of parameters to 
estimate, limiting model robustness. We selected bract colour be
cause it is often associated with pollinator attraction (highly lim
ited in high elevations) and it can help dissipate sunlight damage 
(Hedberg, 1964; Lefebvre et al., 2018; Baumann et al., 2021; 
Körner, 2021). We also selected elevational range preference be
cause it captures the habitat heterogeneity associated with moun
tain environments, reflecting the species’ potential adaptations to 
specific conditions.

We fitted the following SecSSE models: (1) examined trait- 
dependent (ETD), (2) concealed trait-dependent (CTD) and 
(3) constant rate (CR), the last equivalent to a null model
where diversification parameters are not associated with any
trait. ETD models test for heterogeneity in diversification
parameters directly associated with specific observed (‘exam
ined’) traits, while CTD models assess the impact of unknown
(‘concealed’) traits that are not directly observed but may in
fluence diversification rates. If a CTD model provides a better
fit than an ETD model, it means that the observed trait may not
be the primary factor influencing diversification. Instead,
other factors could potentially explain diversification patterns
better. For each combination of traits, we assessed model fit
using AIC.

We tested nine SecSSE models on our independent binary 
trait (bract colour) that had different parameters (speciation, ex
tinction and transitions between states) estimated. All the mod
els had two concealed states and double transitions for 
concealed states were disallowed to simplify the models. We al
lowed transition rates of the concealed states to be different from 
the examined trait ones (argument diff.conceal = TRUE). Since 
the extinction rates for all models were estimated as zero, we built 
two simplified models, for which extinction rates (mu) were set to 
zero, and the estimated transition rates were set to be the same for 
the examined traits and concealed traits.

To investigate the potential interactive effect of bract colour 
and elevational preference on diversification, we additionally 
tested the fit of five SecSSE models. These models had four con
cealed states to align with the complexity of the four examined 
traits (Herrera-Alsina et al., 2019) that combined two bract col
ours with two elevational range preferences. In this case, we set 
the estimated transition rates to be the same for the examined 
traits and concealed traits (diff.conceal = FALSE), and again 
double transitions for concealed states were disallowed to 

simplify the models. Models labelled with ‘full’ in the name in
clude all possible speciation (lambda, λ) and extinction (mu, μ) 
rates estimated, whereas those with ‘L1’ and ‘M1’ estimate just 
a single speciation or extinction rate, respectively. The fitted 
models and estimated parameters are shown in Supplementary 
Data Table S4.

Our SecSSE models were fitted to a phylogeny comprising 
62 % of the total diversity in the HAP clade, with sampling frac
tions adjusted depending on the trait and state. Given that our 
sampling completeness was close to the lower threshold recom
mended for this type of analysis (Mynard et al., 2023), we con
ducted simulations using the ‘secsse_sim’ function from the 
SecSSE package to assess the potential impact of the sampling 
incompleteness on our results. We generated a total of 400 
phylogenetic trees, simulating scenarios of both full 
(100 %) and partial (62 %) completeness. For the latter, 
38 % of the tips were randomly selected and pruned to gener
ate trees with the same level of sampling as our empirical phy
logeny. The trees were simulated based on parameter values 
estimated from the binary trait analyses in order to minimize 
the number of free parameters. After fitting the full ETD and 
CTD models to each of the complete and randomly sampled 
trees, diversification rates and likelihoods were computed. 
The model with the best likelihood for each tree was selected, 
and the results from the complete and sampled trees were 
compared to assess the influence of sampling completeness 
on our conclusions.

Trait–environment convergent associations

Since we observed that certain functional traits repeatedly ap
peared in specific environments across the clade’s distribution, 
we explored potential correlations between functional traits and 
ecological preferences to assess convergent evolution driven 
by trait–environment associations in the HAP clade (H4). To 
do so, we used BayesTraits v.4.1.2 (Pagel et al., 2004, accessi
ble at https://www.evolution.reading.ac.uk/BayesTraitsV4.1.2/ 
BayesTraitsV4.1.2.html). Using the discrete option and an 
ML approach, we assessed the fit of independent and dependent 
models of trait-correlated evolution on our concatenated time- 
calibrated phylogeny. The independent model suggests that a 
pair of binary traits evolve independently, without impacting 
each other’s rate of evolution. Conversely, the dependent model 
assumes that the rate of change in one trait is affected by the 
condition of the other trait. In the first case, four rate parameters 
are estimated (alpha0, beta1, alpha1 and beta1, where alpha rep
resents the rate of change from 0 to 1 and beta from 1 to 0, and 
the numbers after alpha and beta refer to the pair of analysed 
traits). In the second case, transition rates (q) between trait state 
combinations are estimated. To determine which model best ex
plains our data, we performed likelihood-ratio tests and com
pared P-values from chi-squared tests for the following trait– 
environment pairs: (1) strictly alpine species with white bracts; 
(2) cushion-like growth form with rocky habitats; (3)
cushion-like growth form with montane and alpine elevation
al belts (separately and combined); (4) macrophanerophytes
with forests habitats; (5) macrophanerophytes with humid
habitats; (6) lianescent plants with forests habitats; (7) thero
phytes with lowlands; (8) nanophanerophytes with lowlands;
and (9) hemicryptophytes with montane elevational belt (but
not alpine).
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RESULTS

Molecular data processing and phylogenetic analyses

Initial recovery of the 1061 COS targeted loci was near 76 % (809 
loci, before paralogue filtering). We considered loci with diver
gence values greater than 7.91 % to be potential paralogues 
(Supplementary Data Fig. S1). Using the Helichrysum-customized 
reference based on our dataset, we detected an average of 222 
(±59) paralogous loci per sample (Table S5). After filtering for 
missing data and separating alignments containing paralogues, 
we obtained 224 new alignments from the paralogue set. 
Phylogenetic inference was then performed on a total of 989 loci. 
The average length of aligned sequences per locus was 283 bp, 
with length ranging from 37 to 732 bp. Each locus contained, on 
average, 88 (ranging from 4 to 377) parsimony-informative sites 
and 129 variable sites (ranging from 5 to 453). The mean proportion 
of missing data was 4 %, varying from 0 to 66 % (Table S6). The 
concatenation of all loci produced a supermatrix consisting of 302  
173 bp across 560 taxa.

The phylogenetic trees reconstructed using the concatenation 
(thereafter ML tree, Supplementary Data Fig. S3) and the 
summary-coalescent (thereafter ASTRAL tree, Fig. S4) ap
proaches were largely congruent, with strong supports for 
most deeper nodes. However, topologies differed between the 
two methods at some intermediate and shallow nodes, particu
larly in the relationships involving the large polyploid genera 
(Anaphalis, Achyrocline and Pseudognahalium) and their rela
tionships to Helichrysum species. Topology in these parts of the 
trees showed higher levels of uncertainty, often lacking statisti
cal support. The summary-coalescence method yielded lower 
overall clade support, with only 51 % of the nodes achieving 
high support (LPP ≥ 0.95). In contrast, the ML method resulted 
in a higher percentage of strongly supported nodes, with 72 % 
according to the BS metric and 88 % based on the TBE metric 
(≥70 % and ≥0.7, respectively).

Divergence times and biogeographical history of the HAP clade

All divergence time estimations and 95 % confidence interval 
values can be found in Supplementary Data Fig. S2. The model 
that best fits the ancestral biogeographical range reconstruction 
on the ML phylogeny is DEC+j (see summary statistics in 
Table S7; ancestral range reconstruction in Figure S5; probabil
ities of ancestral areas for each node in Table S8; and node num
bers in Fig. S6). The parameters retrieved with DEC+j indicate 
that founder-event speciation processes occurred more often 
than anagenetic dispersal ( j = 0.014, d = 0.0027), whereas 
zero local extinction was inferred for the entire clade, a highly 
unlikely scenario. The latter result is probably the consequence 
of estimating extinction rates based exclusively on an extant 
data phylogeny. As pointed out in previous studies (Rabosky, 
2010; Louca and Pennell, 2021), interpreting zero extinction 
rates without incorporating other data sources (especially fossil 
records) is problematic. BSM suggests that founder events spe
ciation (represented by the parameter j) has significantly influ
enced the present distribution of the HAP clade (Table 1).

Consistent with previous studies (Blanco-Gavaldà et al., 
2025), our findings suggest that the HAP clade originated 
∼11.6 Ma (11.4–15.0 Ma 95 % CI), with its most probable an
cestral area being a combination of lowlands and mountains in

southern Africa (areas AB, 70 %). The inference of ancestral ar
eas for nodes along the tree backbone indicates the importance 
of the southern African mountains (area B) as the initial centre 
of diversification and a repeated source of lineages that dis
persed to other regions, particularly during the Pliocene. We in
ferred a total of 52 dispersal events from area B (Supplementary 
Data Table S9 summarizes all inferred dispersal event counts). 
Other relevant sources of dispersals were the southern African 
lowlands (A, 12 event counts), tropical African mountains (D, 
12 event counts), the Malagasy mountains (F, 10 event counts) 
and the southern American mountains (L, 10 event counts). The 
top four dispersal sink areas are: the southern African lowlands 
(A, 28 event counts), tropical African mountains (D, 26 event 
counts; acting as source and sink), the southern African moun
tains (B, 14 event counts; acting as source and sink) and the 
Malagasy lowlands (E, 12 event counts). We found a notable 
asymmetry between dispersals from lowland to mountain areas 
and vice versa. The general trend is dispersing downward (mi
grating from higher elevations towards lower elevations), for 
which the total event count is 62. This pattern is pronounced 
in southern Africa and Madagascar but also observed across 
the Americas and between southern and tropical Africa 
(Fig. 3). In contrast, upward dispersals (from lowland to moun
tain areas) were less common (24 events), yet still substantial, 
indicating permeability between elevational belts. In addition 
to elevational shifts, long-distance dispersals between geo
graphically distant mountain regions were also frequent (35 
events on average), especially common from southern Africa 
to tropical Africa, from tropical Africa to Madagascar, and be
tween North and Central America and South America (bidirec
tional). Dispersal events between distant lowlands were 
extremely rare, with an inferred average of four events.

During the Miocene, the southern African lowlands har
boured a higher proportion of HAP lineages compared to the 
mountains (Fig. 4). However, this trend shifted progressively, 
with high-elevation lineages dominating by the onset of the 
Pliocene (5.3 Ma). This transition coincided with the expansion 
of lineages into regions beyond southern Africa. By the end of 
the Pliocene (c. 2.6 Ma), the mountains of tropical Africa 
emerged as a significant centre of diversity. During the 

TABLE 1. Summary of biogeographical stochastic mapping (BSM) 
events for the HAP clade based on the DEC+j model (see all events 

in Supplementary Data Table S9).

Mode Type of event Mean (SD) %

Within-area speciation Sympatry 397.7 (4.2) 72.3

Subset 21.2 (5.7) 3.9

Dispersal Founder 92.3 (3.7) 16.9

Range expansion 33.1 (2) 6.0

Range contraction 0 (0) 0

Vicariance Vicariance 5.8 (2) 1.0

Total 550 (2) 100

The average number of biogeographical events estimated for 100 BSMs are 
shown along with standard deviations (s.d.). Range-switching dispersals and 
range contractions are omitted because they were not required in the 
best-fitting model (DEC+j). For further information on the modes, visit http:// 
phylo.wikidot.com/biogeobears (last accessed: 2 January 2025).
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FIG. 3. Average dispersal events between regions estimated from 100 biogeographical stochastic mappings (BSMs) using the DEC+j model for the HAP clade. 
Arrows indicate the direction of dispersal, with numbers representing the average count of events. Arrow thickness is proportional to dispersal frequency. For read
ability, arrows for average counts <1 are mainly shown when connecting African areas with other continents. The thickest arrows in red show the most frequent 
dispersal pathways (>12 events). The inset box to the left displays the number of events involving exchanges between similar elevational belts (lowland-to-lowland/ 
mountain-to-mountain) and transitions between distinct elevational belts (lowland-to-mountain and vice versa). Summary tables for all event counts are available in 

Supplementary Data Table S9. 
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Pleistocene, southern Africa ceased to be the primary centre of 
diversification of the HAP clade, giving way to young high- 
elevation radiations mostly outside of the African continent at 
c. 1 Ma, particularly in Madagascar, Eurasia and the Americas.

Ancestral state reconstruction of functional and ecological traits

Model selection according to AIC values indicated that the 
ARD model (allowing different transition rates between states) 
best fit the evolution of life form, elevational range and habitat 
preference, while involucral bract colour was better explained 
by equal rates (ER) or symmetrical (SYM) models (since both 
have the same transition rate for binary traits; see model summary 
tables in Supplementary Data Table S10). The ancestor of the 
HAP clade was reconstructed as a large shrub or small tree (mac
rophanerophyte) with yellow involucral bracts, occurring in sandy 
lowland habitats (Figs S7–S10). Over evolutionary time, alterna
tive character states (white bracts, multiple life forms and diverse 
ecological preferences) emerged independently multiple times, 
with some reversals to the ancestral states. Significant evolution
ary transitions observed include: (1) bract colour, with equal tran
sition rates between yellow and white bracts (q01 = 0.16, q10 =  
0.16); and (2) life form, where the most frequent transition in
volved shifts to chamaephytes, particularly from therophytes 
(q13 = 1.62), cushion-like forms (q43 = 0.48) and nanophanero
phytes (q53 = 0.24). Other common transitions included shifts to 
nanophanerophytes (from lianescent forms, q75 = 0.6 and 
macrophanerophytes, q65 = 0.28) and to hemicryptophytes 
(from therophytes, q12 = 0.43 and lianescent forms, q72 = 0.26); 
(3) elevational range preference, downward transitions from al
pine to montane belts being the most common (q32 = 0.2), with
bidirectional exchanges between lowland and montane belts oc
curring equally (q12 = 0.11, q21 = 0.11); and (iv) habitat prefer
ence, open habitats receiving the most transitions from all other

habitats types, including forests (q42 = 0.48), humid habitats, 
(q12 = 0.45), rocky habitats (q32 = 0.28) and sands (q52 = 0.26).

Time-, climate- and diversity-dependent macroevolutionary 
dynamics of the HAP clade

In RPANDA, the preferred model was a time-dependent one, 
with speciation and extinction rates linearly correlated with time. 
In DDD, the favoured one was a diversity-dependent model, indicat
ing a major shift in diversification dynamics during the Pleistocene 
(c. 1.16 Ma). At that time, the speciation rate quadrupled, shifting 
from λ1 = 0.8 to λ2 = 3.2 speciation events per lineage per million 
years, while the extinction rate remained negligible (μ = 0). The 
estimated clade’s carrying capacity also more than doubled, from 
K1 = 623 to K2 = 1370 species (see model inference summaries 
in Supplementary Data Table S11). Although the RPANDA model 
had a slightly better fit based on AIC values, the signature of a pro
nounced shift in speciation rates in the Pleistocene seems evident in 
our dataset, explaining the position on the ranking of our second 
best-fitting model. Climate-dependent models had a worse fit over
all, suggesting that climate alone was not the primary determinant of 
change in diversification dynamics.

Trait-dependent macroevolutionary dynamics of the HAP clade

Our SecSSE analyses aimed to determine whether bract col
our (examined functional trait) or the interaction between bract 
colour and elevational preference influenced diversification 
within the HAP clade (Supplementary Data Table S4). In 
both cases, models incorporating concealed traits (CTD) pro
vided a better fit than examined-trait-dependent (ETD) ones, 
as indicated by their lower AIC values. This suggests that nei
ther the colonization of high-elevation habitats nor the acquisi
tion of white bracts (examined traits) served as primary drivers 
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of the observed diversification patterns. Furthermore, these re
sults are robust to the level of taxon sampling in our phylogenet
ic tree: simulation analyses using both fully sampled and pruned 
phylogenies consistently supported the same models, indicating 
that incomplete sampling did not bias our findings.

Trait–environment parallel associations

Our analysis of 518 ingroup taxa, representing 62 % of 
the HAP clade’s diversity, revealed distinct patterns in character 
state distributions. Figure 5 illustrates the number of species in 
each character state (see full classification in Supplementary 
Data Table S3) while Fig. 6 depicts their phylogenetic distribu
tion across the HAP clade.

Our correlation tests performed using BayesTraits showed a 
significant association between most pairs of character states 

and habitat types analysed (P < 0.005, Table 2). These results 
suggest that the presence of one state is often linked with the ex
istence of the other, probably reflecting convergent adaptation 
to particular habitats found in mountain systems (full model 
comparison in Supplementary Data Table S12).

DISCUSSION

This study provides the most comprehensive and well-resolved 
phylogeny of the HAP clade to date, including representatives 
from across its global distribution. Our integrative approach 
combined data from multiple sources to test our four main hy
potheses regarding the clade’s diversification patterns. We con
firmed a nested radiation pattern (H1), with the southern 
African mountains acting as the initial centre of diversification 
that fed other mountain systems. Our results support that long- 
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FIG. 6. Time-calibrated maximum-likelihood phylogeny of the HAP clade based on target-enrichment data generated with the probe set Compositae1061 (see 
Supplementary Data Fig. S2 for node ages and 95 % confidence intervals and Fig. S3 for the full tree with BS and TBE). Coloured bars on the outside of the 
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names indicate the main Pleistocene mountain radiations, colour-coded by biogeographical regions (geographical distribution range in Table S2).
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distance dispersal repeatedly occurred among geographically 
distant mountain regions (H2). Multiple colonizations from 
high- to low-elevation habitats indicate significant elevational 
permeability. Pleistocene climatic oscillations probably played 
a crucial role in promoting regional allopatric speciation, as 
there was a notable rise in the net diversification rate during 
this period, which coincides with the emergence of young radi
ations within several mountain regions. In contrast to our expec
tation of key traits driving radiations, trait-dependent speciation 
and extinction analyses with SecSSE suggest that increased di
versification rates in high-elevation environments are not asso
ciated with the acquisition of white bracts (H3). Instead, 
adaptability and niche lability seem to have contributed to local- 
scale diversification, as indicated by positive evolutionary cor
relations between functional traits and specific environmental 
preferences (H4), linked to microhabitat specialization (H2). 
The wide geographical distribution and diversity of trait combi
nations paired with the varied ecological preferences of the 
HAP clade suggests a complex evolutionary history.

High-elevation environments as sources and sinks of plant 
diversity

Our findings indicate that the HAP clade emerged in south
western Africa in the Mid-Miocene (c. 11 Ma), aligning with 
the onset of global cooling and heightened seasonality, which 
replaced warmer subtropical conditions (Herbert et al., 2016; 
Westerhold et al., 2020). In particular, southwestern Africa ex
perienced increased aridity and transitioned to a winter rainfall 
pattern, driven by the establishment of the westerly wind system 
and the intensification of the Benguela current (Roberts et al., 
2014; Neumann and Bamford, 2015). As temperatures fell, 
the proportion of southern African high-elevation HAP clade 
species increased (Fig. 4) alongside the expansion of savannas 

and grasslands (Linder, 2003; Dupont et al., 2013), the latter de
termined by high-elevation cold conditions rather than drought 
in southern Africa (see Bredenkamp et al., 2002). In addition to 
pronounced global cooling, this period was marked by intense 
mountain uplift in eastern Africa, affecting the Great 
Escarpment, the Drakensberg and the mountains along the 
Rift (Partridge, 1998; Partridge and Maud, 2000; Sepulchre 
et al., 2006), driving significant biotic turnovers (Herbert 
et al., 2016). High-elevation HAP species started to dominate 
around the Miocene–Pliocene boundary with dispersals to trop
ical Africa, leading to the occupation and diversification in even 
higher mountains (Fig. 4), eventually colonizing mountain sys
tems on other continents in the Pleistocene (Fig. 3).

The concept of nested radiation (Linder, 2014; Linder and 
Verboom, 2015) refers to the idea that regionally rich floras 
are often the result of multiple, interconnected radiations that 
have proliferated in different ecological settings. These radia
tions influence each other through cross-seeding, where clades 
from one radiation spawn subclades in another, creating a com
plex, interconnected network of diversification. The accumula
tion of diversifying lineages over time can potentially spread to 
other continents, becoming a source of global biodiversity. 
Linder and Verboom (2015) point to the northern Andes region 
as a super-radiation, as it is surrounded by multiple contrasting 
ecological settings and provides gradual environmental change. 
Our findings support and extend the concept of nested evolu
tionary radiations described for southern African lineages 
(Linder, 2014; Linder and Verboom, 2015), demonstrating 
that the pattern can be generalized to mountain systems 
worldwide.

Differences in clade ages, species richness and distribution 
patterns suggest that the southern African montane grasslands 
served as ancestral centre of diversification and source of pre
adapted high-elevation lineages (Donoghue, 2008). In contrast, 
mountains in the Americas, Eurasia and Madagascar acted pri
marily as sinks (Fig. 3; Supplementary Data Table S9), harbour
ing younger and smaller radiations, with rapid accumulation of 
species occurring during the Pleistocene (Grytnes and McCain, 
2007; Rahbek et al., 2019). Our biogeographical reconstruction 
reveals multiple instances of allopatric speciation driven by lin
eage dispersal between bioclimatically similar but distant 
mountain systems (Fig. 3). This pattern, previously observed 
at smaller scales for Malagasy Helichrysum (Blanco-Gavaldà 
et al., 2025), highlights the role of niche conservatism (Wiens 
and Graham, 2005; Wiens et al., 2010) in shaping global 
HAP clade distributions. Notably, high-elevation regions also 
served as a source of lineages for lower elevations, probably 
due to niche displacements during climatic fluctuations (Chala 
et al., 2017; Flantua et al., 2019), which eventually fostered 
niche shifts and subsequent specialization (Donoghue and 
Edwards, 2014). This dynamic is reflected in a high permeabil
ity across elevational belts, with multiple recent colonizations 
of lowland regions throughout the clade’s distribution, high
lighting the ecological lability of HAP species and placing 
mountain systems worldwide as a source of lowland diversity. 
While upward shifts from low- to high-elevation habitats are 
more common in the literature, for instance in Espeletia 
(Monasterio and Sarmiento, 1991), Androsace (Boucher 
et al., 2012), Bulbophyllum Thouars (Gamisch et al., 2016) 
and Saxifraga L. (Carruthers et al., 2024), as well as in some 
butterflies (Chazot et al., 2016) and birds (Roy, 1997; 

TABLE 2. Results of correlation analyses for pairs of functional traits 
and ecological preferences (see classification in Supplementary 
Data Table S3) performed with BayesTraits, based on likelihood 

ratio test values.

Trait combination P-value
(<0.05)

Correlated

Strictly alpine – white bracts <0.001 ***

Rocky habitat – cushion-like growth <0.001 ***

Strictly montane – cushion-like growth <0.001 ***

Strictly alpine – cushion-like growth <0.001 ***

High elevation (combination of montane and 
alpine) – cushion-like growth

0.08 No

Forest habitats – macrophanerophytes <0.001 ***

Humid habitats – macrophanerophytes <0.001 ***

Forest habitats – lianescent forms <0.001 ***

Lowland – therophytes <0.001 ***

Lowland – nanophanerophytes <0.001 ***

Strictly montane – hemicryptophytes <0.001 ***

Positively correlated trait–environment combinations are indicated as follows: 
***P < 0.001; **P < 0.01; *P < 0.05; non-correlated trait combinations are in 
bold grey (full results in Supplementary Data Tables S1 and S2).
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García-Moreno et al., 1998), downward transitions also occur, 
such as those in Dendrosenecio (Knox and Palmer, 1995) and 
certain butterflies (Elias et al., 2009) and birds (Sedano and 
Burns, 2010, Van Els et al., 2021). These migrations across 
the elevational gradient were probably driven by pre-existing 
adaptations, such as tolerance to high insolation and hydric 
stress (Donoghue, 2008; Edwards and Donoghue, 2013), con
sidering that HAP clade species predominantly inhabit open 
habitats (Figs 5 and 6) and that the transitions in both directions 
(from high to low elevations and vice versa) were gradual rather 
than extreme. For example, shifts typically occurred between 
alpine and montane environments or between montane and low
land habitats.

Pleistocene climate oscillations triggered parallel mountain 
radiations in the HAP clade

The evolutionary history of the HAP clade seems to be pro
foundly influenced by climate oscillations. The clade’s expan
sion and radiation outside of Africa coincided with the onset 
of extreme glacial–interglacial cycles characteristic of the 
Mid-Pleistocene Transition c. 1.2 Ma (Clark et al., 2006). 
This timing aligns with our inference of a four-fold 
increase in the net diversification rate of the clade (Fig. 4; 
Supplementary Data Table S11). As mentioned previously, 
these climatic fluctuations probably caused cycles of connectiv
ity and isolation, driving major range expansions and contrac
tions (Flantua et al., 2019). This dynamic facilitated the 
regional dispersal/migration of lineages preadapted to cool 
and dry conditions and the isolation or secondary contact of 
populations following elevational shifts of preferred climatic 
conditions. The formation of extensive continental ice sheets, 
mainly in the Northern Hemisphere and across the highest 
mountains worldwide, induced important environmental 
changes (Westerhold et al., 2020), forcing lineages to face 
extinction if they were unable to adapt in situ or did not success
fully colonize other regions through dispersal (Graae et al., 
2018). The timing and environmental shifts associated with 
the Mid-Pleistocene Transition probably served as the 
primary driver of extensive diversification in Eurasian 
HAP lineages (Mediterranean, Asian and Macaronesian 
Helichrysum and Asian Anaphalis) as well as in the American 
lineages (Achyrocline and Pseudognaphalium). In Africa and 
Madagascar, glacial stages contributed to the expansion of 
cold ecosystems and increased connectivity between mountain 
ranges. This facilitated the descent and expansion of high- 
elevation lineages, both alpine and montane, with a stronger im
pact on the latter (Kebede et al., 2007; Chala et al., 2017). 
Similar processes have been documented in the Andes 
(Flantua et al., 2019) and the Guayanan tepuis (Rull, 2005). 
In African and Malagasy high-elevation lineages, these dynam
ics left a strong signature of allopatric speciation, exemplified 
by narrowly endemic species restricted to specific massifs, 
such as Helichrysum brownei S.Moore in Mt Kenya, as well 
as widespread taxa spanning multiple mountains across tropical 
Africa, a result of recent reconnections, such as in Helichrysum 
formosissimum Sch.Bip. The species Helichrysum arwae 
J.R.I.Wood, a cushion-like chamaephyte in rocky habitats of 
Yemeni mountains, which is sister species to Helichrysum 
horridium Sch.Bip., a nanophanerophyte in open Ethiopian 
habitats, provide clear examples of allopatric speciation in 

mountain habitats (Fig. 6). A similar pattern is observed in 
Madagascar, where several clades contain mountain-endemic 
species, such as Helichrysum vaginatum Humbert, found in sev
eral summits of the southeastern mountains, and its sister spe
cies, Helichrysum marojejyense Humbert, restricted to the 
summit of Mt Marojejy in the northeast (Humbert, 1962).

Recent studies suggest that speciation mechanisms are often 
interconnected, typically starting with an allopatric phase fol
lowed by ecological divergence, shaping macroevolutionary 
dynamics through both trait retention and trait changes (e.g. 
Aguilée et al., 2018; Gorel et al., 2022; Blanco-Gavaldà 
et al., 2025; Gorospe et al., 2025). Our findings align with the 
diversification patterns reported for Veronica sect. Hebe in 
New Zealand’s mountains (Thomas et al., 2023). The lability 
of the HAP clade, which allowed for high permeability across 
heterogeneous habitats, combined with the ability to persist 
and diversify in mountains favoured by climate oscillations, 
makes the clade fit the three stages of mountain diversification 
proposed in Thomas et al. (2023). Specifically for the HAP 
clade, it started with long-distance dispersal from similar bi
omes, which provides preadapted colonizers (this would in
clude both regional and local allopatric speciation). The first 
stage was followed by in situ speciation associated with 
ecological specialization, rather than the acquisition of key in
novations. Finally, the latest stage concluded with niche transi
tions, usually down the slope, which can be considered a second 
round of colonization.

The history of a dynamic and highly adaptable group: 
heterogeneity within the HAP clade

Our trait-dependent speciation and extinction analyses with 
SecSSE revealed that models incorporating concealed traits 
provided a better fit than those where our examined states (bract 
colour and elevational range) affected diversification, indicat
ing that unknown factors explain differences in net diversifica
tion rates across the HAP lineages (Supplementary Data 
Table S4). These results align with other studies showing that 
certain floral features might not directly drive rapid radiations 
(e.g. Helianthemum, Martín-Hernanz et al., 2023). While it is 
unclear whether other key innovations contributed to increased 
diversification rates in high-elevation species, the complex in
terplay between diverse trait combinations within the lineage 
and the heterogeneous environmental conditions across eleva
tional and latitudinal gradients where the HAP clade occurs 
probably points to a more complex evolutionary pattern (see 
Fig. 6).

Correlation analyses (Supplementary Data Table S12), al
though not indicating increased diversification rates, suggest as
sociations between the evolution of functional traits (bract 
colour and life form) and ecological preferences (elevation 
and habitat preferences). Specifically, we found that the evolu
tion of white bracts was associated with colonization of higher 
elevations, where pollinator availability typically decreases 
(e.g. Blionis and Vokou, 2001). In such environments, larger 
and more intensely white flowers attract generalist pollinators, 
primarily Diptera (Lefebvre et al., 2018; Baumann et al., 
2021; Körner, 2021). These larger flowers (capitula or aggrega
tions of capitula, in the case of Compositae) not only enhance 
visibility but also retain warmth, providing pollinators with 
a warmer resting surface in addition to a food source 

14 Blanco-Gavaldà et al. — Mountain radiations of the Helichrysum–Anaphalis–Pseudognaphalium (HAP) clade

http://academic.oup.com/annbot/article-lookup/doi/10.1093/aob/mcaf110#supplementary-data
http://academic.oup.com/annbot/article-lookup/doi/10.1093/aob/mcaf110#supplementary-data
http://academic.oup.com/annbot/article-lookup/doi/10.1093/aob/mcaf110#supplementary-data
http://academic.oup.com/annbot/article-lookup/doi/10.1093/aob/mcaf110#supplementary-data


(Dietrich and Körner, 2014). Furthermore, shiny white bracts 
might have also been positively selected for their capacity to re
flect harmful UV radiation (Hedberg, 1964; Körner, 2021).

Members of the HAP clade show a strong preference for open 
habitats (Supplementary Data Fig. S9), which regardless of el
evation are devoid of tree cover and generally more exposed to 
climatic adversities. Plants in such environments often exhibit 
shorter statures (predominantly chamaephytes), an adaptation 
to water scarcity (Körner, 2021). Extreme forms include 
cushion-like chamaephytes, which dominate rocky high- 
elevation environments (Fig. 6; Tables S3 and S12). In contrast, 
larger arborescent forms tend to occupy more stable and humid 
environments, such as montane forests, streamside habitats, or 
valleys and gullies (Körner, 2021, and in the HAP clade, see 
Fig. 6; Tables S3 and S12). These life form–habitat associations 
detected in the HAP clade (Table 2; Fig. 6) highlight how con
trasting ecological niches within mountain systems promote 
diversification through ecological speciation, with steep eleva
tional gradients creating a mosaic of microhabitats in close 
proximity, while remaining in the same broad-scale bioclimatic 
zones (Doebeli and Dieckmann, 2003; Jones et al., 2011; 
Winkler et al., 2016; Antonelli et al., 2018; García et al., 
2020). Such local-scale adaptations and specialization to micro
habitats have probably contributed to diversification in moun
tainous regions, as demonstrated in European mountain 
systems (Smyčka et al., 2022). Microhabitat-driven speciation 
is illustrated by several pairs of sister taxa from our study, for 
example, the afroalpine sister species Helichrysum newii Oliv. 
& Hiern, a widespread nanophanerophyte common in high- 
elevation open habitats of eastern tropical Africa, coexisting 
with the partly sympatric Helichrysum chionoides Philipson, a 
macrophanerophyte restricted to humid habitats in Mt 
Aberdare and Mt Kenya, similar to the case of ecological speci
ation reported for two sympatric species of Dendrosenecio in 
Mt Kenya in Gorospe et al. (2025) and the case of parapatric 
speciation across the elevational gradient in Madagascar, where 
two morphotypes of Helichrysum dracaenifolium Humbert co
exist in Mount Marojejy, one a nanophanerophyte inhabiting 
open areas at 1550–1870 m and the other a macrophanerophyte 
restricted to forests at 1150–1600 m.

Ancestral state reconstructions (Supplementary Data Figs 
S7–S10) reflect a history of high adaptability and evolutionary 
dynamism in the HAP clade, with certain traits evolving inde
pendently multiple times across the phylogeny. The predomi
nance of high-elevation perennial woody species (Figs 5 and 
6) mirrors the well-documented evolutionary history of
Lupinus (Fabaceae) in the New World (Hughes and
Eastwood, 2006; Drummond, 2008). Woodiness has similarly
been identified as a key innovation in other angiosperm moun
tain lineages, including Alchemilla in Africa (Gehrke et al.,
2016), Lachemilla Rydb. in the Andes (Morales-Briones
et al., 2018) and Delphinieae in the Himalayas (Jabbour and
Renner, 2012). Nürk et al. (2019 and references therein) have
shown the central role of disparity of growth forms in adaptive
radiations on oceanic and tropical sky islands. The diversifica
tion of life forms observed in the HAP clade, particularly in
tropical Africa and Madagascar (but not in Eurasia or the
Americas, Fig. 6), supports the idea that adopting diverse life
forms is a key ecological strategy for thriving at high elevations
(Hedberg, 1964; Hedberg and Hedberg, 1979; Körner, 2021).
Interestingly, woody forms also dominate in lowland

environments, since only a small proportion of HAP species 
are therophytes or hemicryptophytes (Fig. 5). Ancestral state re
constructions suggest that the clade’s ancestor was a macropha
nerophyte (Fig. S10) adapted to the arid regions of southern 
Africa, consistent with links between the evolution of woodi
ness and palaeoclimatic aridification (Hooft van Huysduynen 
et al., 2021; Zizka et al., 2022). Despite its origins in arid re
gions, this life form became dominant in tropical mountains 
and humid habitats.

Despite detecting a wide variation in traits linked to heteroge
neous mountain habitats, trait evolution alone does not fully ex
plain the HAP clade’s rapid diversification during the 
Pleistocene. Other factors not considered in this study, such 
as ploidy (Combrink et al., 2025), may be important in explain
ing high-elevation radiations as observed in Myosotis Hill 
(Meudt et al., 2025). The HAP clade is also a lineage shaped 
by a history of hybridization and polyploidy, with known allo
polyploid subclades predominantly in Eurasia and the Americas 
(Galbany-Casals et al., 2004; Galbany-Casals and Romo, 2008; 
Smissen et al., 2011; Galbany-Casals et al., 2014; 
Acosta-Maindo et al., 2018). The origin of these subclades 
may be closely tied to polyploid speciation, often associated 
with the colonization of new territories (e.g. Ramsey, 2011; 
Carnicero et al., 2017) and genomic plasticity that provides re
silience and adaptability (Barker et al., 2016; Godfree et al., 
2017; Van de Peer et al., 2017, 2021). It is positively correlated 
with latitude (Rice et al., 2019) and has been shown to drive di
versification in high-elevation and climatically unstable regions 
(Meudt et al., 2021), such as the Andes (Luebert and Weigend, 
2014), the Pan-Himalayas (Wen et al., 2014) and European 
mountains (Pachschwöll et al., 2015; Slovák et al., 2023). 
Many polyploid species originated during the Pleistocene 
(Novikova et al., 2018; Han et al., 2022), probably driven by 
range contractions and reconnections that facilitated hybrid spe
ciation (Folk et al., 2024). Polyploidy also contributes to mor
phological and ecological diversity (Baniaga et al., 2020), 
with habitat shifts influenced by microclimatic factors playing 
a crucial role in polyploid evolution (Marchant et al., 2016). 
Future research is needed to specifically investigate the impact 
of hybridization and polyploidy on diversification patterns in 
the HAP clade, particularly regarding high-elevation radiations 
in Eurasia and the Americas.

CONCLUSIONS

This study of the evolutionary history of the HAP clade pro
vides valuable insights into the assembly of high-elevation flo
ras, highlighting the dual role of mountain systems as both 
sources and sinks of biodiversity. The diversification and distri
bution patterns of the HAP clade reflect the complex interplay 
of several factors, particularly related to climate and ecological 
adaptation, operating across various temporal and spatial scales. 
The clade’s evolutionary success lies in its remarkable long- 
distance dispersal capacity and ability to colonize new regions 
as well as adaptability, being able to move across elevational 
gradients and thrive in different habitats, undergoing repeated 
radiations. While in situ diversification is most evident in moun
tain systems, it also occurred at lower elevations. Our findings 
suggest that Pleistocene climatic fluctuations played a key 
role in recent parallel mountain radiations. These oscillations 
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promoted range expansions and contractions, leading to cycles 
of isolation and reconnection between populations. Such dy
namics probably fostered allopatric speciation at both regional 
and local scales, evident in the emergence of numerous regional 
endemics confined to specific massifs or regions, often consti
tuting morphologically homogeneous clades. At a local scale, 
ecological speciation emerged as a significant driver of diversi
fication. This is particularly evident in the parallel acquisition of 
life forms that enabled adaptation to specific microhabitats 
across different mountain massifs. The independent evolution 
of these traits within heterogeneous environments fostered 
niche differentiation, with African and Malagasy lineages 
showing especially diverse morphologies and ecological prefer
ences. Although we did not consistently observe a clear associ
ation between functional traits and increased diversification 
rates at broader scales, our results indicate that niche lability 
was key in facilitating local-scale adaptations, potentially driv
ing diversification within specific mountain systems. In con
trast, the evolutionary trajectories of Eurasian and American 
radiations remain less clear but may involve polyploidization 
and hybridization, processes that enhanced genomic plasticity 
and resilience to climatic fluctuations. The HAP clade exempli
fies how lineages can successfully persist and diversify in 
challenging high-elevation environments through flexible evo
lutionary strategies, combining dispersal, specialization to mi
crohabitats and genomic plasticity. These findings contribute 
to the understanding of diversification patterns in species-rich 
lineages inhabiting mountain systems worldwide.
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SUPPLEMENTARY DATA

Supplementary data are available at Annals of Botany online and 
consist of the following. Figure S1: Pairwise distance histogram 
from ParalogWizard showing the distribution of pairwise distanc
es between exonic contigs for each locus (in divergence percent
ages, 7.9–20.3 %). Dashed lines indicate mean divergence values 
for each peak, and standard deviation (minus and plus sigma) val
ues are provided in the legend. Figure S2: Dated maximum- 
likelihood phylogeny of the HAP clade generated with RelTime 
implemented in MEGA 11. Blue numbers next to the nodes 
show mean ages (above) and grey numbers show 95 % confidence 
intervals (below). Calibration points are indicated to the left of the 
nodes. Figure S3: Maximum-likelihood phylogeny (RAxML- 
NG) of the HAP clade based on nuclear DNA loci generated 
with the target-enrichment probe set Compositae1061. Node sup
port values are indicated: BS (in blue, above) and TBE (in red, be
low). Figure S4: ASTRAL species tree of the HAP clade based on 
nuclear DNA loci generated with the target-enrichment probe set 
Compositae1061. Numbers next to the nodes indicate local poste
rior probabilities (LPP). Figure S5: Ancestral biogeographical 
range inference of the HAP clade using the best-fitting model 
DEC+j. It is based on a time-calibrated phylogeny generated un
der the concatenation approach using target-enrichment data 
(Compositae1061 probe set). Pie charts at nodes show the relative 
probability of the possible states. Primary colours indicate single 
areas; grey denotes area combinations. The shift in net diversifica
tion rates is marked in red (∼1.2 Ma). Coloured squares indicate 
the main Pleistocene mountain radiations. Figure: S6. Node num
bers on a time-calibrated phylogeny of the HAP clade generated 
under the concatenation approach using target-enrichment 
data (Compositae1061 probe set). These node numbers corre
spond to those in the ancestral range probabilities table 
(Supplementary Data Table S6). Figure S7: Ancestral state recon
struction analysis for bract colour evolution in the HAP clade 
based on a time-calibrated ML tree generated with target- 
enrichment data (Compositae1061 probe set). Pie charts on tree 
nodes indicate the probability of the most likely ancestral mor
phology. Circles next to the tips are coloured according to the cur
rent morphotype of each species. Figure S8: Ancestral state 
reconstruction analysis for elevational range preference evolution 
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in the HAP clade based on a time-calibrated ML tree generated 
with target-enrichment data (Compositae1061 probe set). Pie 
charts on tree nodes indicate the probability of the most likely an
cestral elevational range. Circles next to the tips are coloured ac
cording to the current preference of each species. Figure S9:
Ancestral state reconstruction analysis for habitat preference evo
lution in the HAP clade based on a time-calibrated ML tree gen
erated with target-enrichment data (Compositae1061 probe set). 
Pie charts on tree nodes indicate the probability of the most likely 
ancestral habitat. Circles next to the tips are coloured according to 
the current preference of each species. Figure S10: Ancestral state 
reconstruction analysis for growth form evolution in the HAP 
clade based on a time-calibrated ML tree generated with 
target-enrichment data (Compositae1061 probe set). Pie charts 
on tree nodes indicate the probability of the most likely ancestral 
morphology. Circles next to the tips are coloured according 
to the current morphotype of each species. Table S1: List of 
studied materials, including herbaria codes and voucher informa
tion. BioSample accession numbers are provided for each 
specimen (accessible at https://www.ncbi.nlm.nih.gov/sra). 
Samples taken from other studies are associated with the 
following BioProjects: Blanco-Gavaldà et al., 2023, BioProject 
PRJNA936872; Blanco-Gavaldà et al., 2025, BioProject 
PRJNA1121119; Mandel et al., 2019, BioProject PRJNAS40287; 
and Schmidt-Lebuhn and Bovill, 2021, BioProject 
PRJNA665592. Table S2: Geographical distribution of HAP 
clade species for biogeographical ancestral state reconstruction 
analyses with BioGeoBEARS. The first row lists the 12 biogeo
graphical areas defined in the study with their corresponding let
ter codes in parentheses. Table S3: Functional trait (bract colour 
and life form) and ecological preference (elevation and habitat) 
classification table for HAP clade species. Table S4: Summary 
of the defined SecSSE models and parameter estimates. The 
best-fitting models, identified by the highest AIC scores, are 
highlighted in bold. Abbreviations: L (lambda, speciation 
rate); M (mu, extinction rate); Q (transition rate); LL (likeli
hood); k (number of parameters); AIC (Akaike Information 
Criterion). Model types: ETC (examined trait-dependent); 
CTD (concealed trait-dependent); CR, (constant rate). 
Variations: full (all possible speciation and extinction rates 
are estimated); L1 (a single speciation rate is estimated); M1 
(a single extinction rate is estimated); simple (extinction rate 
fixed at 0). Table S5: Statistics from paralogy analyses using 
ParalogWizard. For each sample, the number of paralogue 
loci within the selected divergence threshold (7.9–20.4 %) is 
provided. Table S6: Summary statistics of the selected loci (in
cluding paralogues) after filtering for missing data for subse
quent phylogeny reconstruction (script HPM5). Table S7:
Summary statistics of biogeographical model testing in 
BioGeoBEARS. Likelihood scores (LnL), corrected Akaike 
Information Criterion (AICc) and free parameter values are de
tailed. Parameters include: dispersal (d), extinction (e) and 
founder-event (j). The best-fitting model (DEC+j) is highlighted 
in bold. Table S8: Ancestral range probabilities for the HAP 
clade on the DEC+j model, corresponding to the pie charts in 
Supplementary Data Fig. S5. The first column contains node 
numbers from Fig. S6. Table S9: Average number of dispersal 
events estimated in the history of the HAP clade using 100 bio
geographical stochastic mappings under the DEC+j model. 
Counts are averaged across and standard deviations are provid
ed below each table. Rows represent source areas and columns 

the sink areas. Cell colours indicate event frequency (red: high
est to green: lowest). Additional tables summarize exchanges 
between similar elevational belts (lowland-to-lowland, moun
tain-to-mountain) and transitions between bioclimatically dis
tinct elevational belts (lowland-to-mountain and vice versa), 
reflecting broad-scale niche conservatism and niche shifts. 
Table S10: Summary of the fitted models for ancestral state re
construction for two functional traits (bract colour and life 
form) and two ecological preferences (elevation and habitat). 
Model abbreviations correspond to: ER, model with all rates 
equal; ARD, model with different transition rates for all possi
ble transitions; SYM, symmetrical model in which rates be
tween any two states do not differ. The best-fitting model 
according to AIC is indicated in bold. Table S11: Summary 
of the fit of various diversification models applied to the HAP 
clade’s phylogeny. The best-fitting model based on AICc is 
highlighted in bold and green. Abbreviations: NP (number of 
free parameters); logL (log-likelihood); AICc (corrected AIC 
scores); lambda (speciation rate); alpha (rate of variation in spe
ciation over time or with temperature, depending on the model); 
mu (extinction rate); K (carrying capacity in diversity- 
dependent models); beta (rate of variation of extinction over 
time or with temperature, depending on the model). 
Table S12: Maximum likelihood correlation tests on pairs of bi
nary traits (functional trait vs. ecological preference) performed 
with BayesTraits. The independent model (four rate parameters, 
alpha1, beta1, alpha2, beta2) assumes traits evolve indepen
dently on the phylogenetic tree, while the dependent model 
(eight rate parameters) assumes correlated evolution, where 
the rate of change in one trait depends on the state of the other 
(transition rates, q). In the dependent model, double transitions 
are set to zero. Likelihood ratio (LR) tests were used to compare 
model likelihoods (Lh), and significance was assessed from 
chi-squared tests (P-values). Probabilities for the root being in 
specific state combinations are also indicated. References:
List of reference floras and online resources consulted for ex
tracting geographical range distribution (Table S2), functional 
trait data and ecological preference data (Table S3) used to clas
sify the studied HAP clade species.
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