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ABSTRACT

Aim: The species-rich flora of southern Africa results from Neogene species accumulation involving multiple geographically dis-
tinct radiations. This diversity was enhanced by lineage cross-seeding amongst several broadly defined regional floras. We exam-
ine the relative ages and the role of shifts between southern African habitats in the Desert and Fynbos floras in a single lineage of
Cape daisies, the resin daisy genus Pteronia. Using these xeric-adapted shrublets, we more finely dissect the radiations to explore
the relative ages of occupation and diversification in the different winter-rainfall floras of South Africa (fynbos, renosterveld,
and succulent karoo vegetation), as well as the adjacent arid and semi-arid Desert, Nama Karoo and Kalahari Savanna floras.
Location: Southern Africa, focusing on the winter-rainfall floras and adjacent arid/semi-arid regions in the south-western cor-
ner of the subcontinent.

Methods: A dated species-level molecular phylogenetic hypothesis for Pteronia and outgroups is presented. Eight floristic and bi-
ogeographic areas of distribution are identified. Ancestral areas and the timing, frequency, and direction of range change events
amongst these areas are inferred using the statistical DEC model on a sample of dated posterior trees.

Results: Pteronia is strongly supported as monophyletic and began diversifying in the late Miocene, consistent with other
Cape radiations, particularly those associated with arid regions. From the ancestral range of the genus in the northern parts
of the Succulent Karoo and/or fynbos vegetation, the first novel vegetation type to be colonised was Nama Karoo at the end of
the Miocene, followed by south-eastern Succulent Karoo, renosterveld in the early Pliocene, and Kalahari Savanna in the Late
Pliocene. The subtropical thicket and Bushmanland bioregions were colonised more recently in the Pleistocene. Early diversifica-
tion in Pteronia gave rise to two lineages. The first lineage diversified in and remains strongly confined to the northern Succulent
Karoo. The second lineage diversified in both fynbos and a range of adjacent arid/semi-arid vegetation types, experiencing more
frequent shifts between habitat types.

Main Conclusions: Speciation in Pteronia is associated with two geographic patterns: firstly, diversification within single habi-
tat types, which applies to the northern succulent karoo and to a lesser extent, the fynbos vegetation, and secondly, diversification
associated with shifts between habitat types. Habitat shifts appear to be strongly influenced by habitat adjacency and ecologi-
cal similarity. Understanding the nature and timing of historical habitat shifts in Pteronia may contribute to the knowledge of
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interactions between different floras within South Africa, both winter and summer rainfall, as well as the timing of colonisation

of these areas, particularly the Succulent and Nama Karoo.

1 | Introduction

The southern African subcontinent covers roughly 2.5 million
km? and harbours nearly 25,000 plant species, making it one
of the most species-rich floras in the world (Germishuizen
and Meyer 2003; Grobler and Cowling 2022; Le Roux and
Klopper 2025). The area is not homogeneous, instead com-
prising a range of environments and several distinct regional
floras. Linder and Verboom (2015) framed these regional
floras as a series of independent floristic radiations (FR), each
with a different geographic centre, set of ecological drivers,
starting time, and diversification rate. They speculated that
lineage exchange through dispersal between these radiations
led to an overall increase in the number of diversifying clades
within each FR, greatly enhancing regional species accumula-
tion for the subcontinent as a whole (‘cross-seeded radiations’;
Linder and Verboom 2015).

The most diverse of these FR is that of the Cape flora in the winter-
rainfall mesic Cape Floristic Region (CFR) or Core Cape Region
(Manning and Goldblatt 2012). The CFR has strong floristic link-
ages to the more arid but winter-rainfall Extra Cape Region to the
north, and together these floras (known as the Greater CFR or
GCFR; Bayer 1984; Born et al. 2007) account for more than half of
southern Africa's plant species. This unique GCFR winter-rainfall
flora has a vascular plant endemism of nearly 80% (Snijman 2013)
and is ecologically and floristically buffered from the distinct trop-
ical African forest and savanna floras by a large belt of arid/semi-
arid regions. Overall, arid and semi-arid regions comprise more
than half of the subcontinent (Kigomo 2003) and are made up of
the Karoo-Namib and Kalahari floras.

The CFR has experienced a more tropical climate in the Oligocene,
which, because of the development of the Benguela Upwelling and
global cooling, evolved to a progressively arid and winter-rainfall
climate during the late Miocene, leading to the Mediterranean-
type climate. Pliocene-Pleistocene events, such as glacial-inter-
glacial cycles, contributed to range shifts, habitat fragmentation,
and high diversification rates (Chase et al. 2019).

Although arid regions globally are characterised by lower spe-
cies diversity than humid biomes (McNeely 2003), the arid habi-
tats of southern Africa support a rich and unusual flora (Cowling
et al. 1998; Milton and Dean 1998). The Karoo-Namib Region, in-
corporating desert, Succulent Karoo (SK) and Nama Karoo (NK)
vegetation (the word ‘karoo’ being derived from the Khoisan word
‘kuru’ meaning ‘dry’; Mucina et al. 2006), is home to over 7000
plant species, half of which are endemic (Hilton-Taylor and Le
Roux 1989; Cowling et al. 1998). The floristic composition of the
winter-rainfall SK biome is different from that of other arid habi-
tats, and the level of diversity and endemism in this region is also
far greater (Cowling et al. 1989, 1994, 1999; Jiirgens et al. 2006).
This makes it the most species-rich winter-rainfall semi-arid re-
gion in the world (Cowling et al. 1999). The SK is exceptionally
rich in leaf succulents and arid-adapted dwarf shrubs (particularly

Aizoaceae), as well as other kinds of succulents, geophytes, and an-
nuals. The adjacent winter-rainfall Namib Desert is also relatively
species-rich, particularly for an arid system. These together rep-
resent a major extra-tropical centre of plant biodiversity (Cowling
et al. 1998), which is under threat from mining, overgrazing, and
alien invasion (Shackelford et al. 2021).

The species radiations underlying the floristic diversity in these
arid floras resulted from two separate bouts of diversification
(Linder and Verboom 2015): an older, possibly summer-rainfall
associated Paleogene Desert radiation and a later series of
Miocene-Pliocene radiations associated with the onset of sum-
mer dry conditions, perhaps the most well-known being that of
the dwarf leaf-succulent ruschioid Aizoaceae (‘mesembs’; Klak
et al. 2004). Some members of the arid flora have been dated
to the Palaeocene, although Linder (2014) considered that sea-
sonally arid habitats probably existed throughout the Cenozoic
era. Verboom et al. (2009) found that SK lineages are generally
younger than fynbos lineages, and that lineages with a long
history in the Cape region tend to produce fynbos-endemic
lineages before they give rise to SK specialists. This supports
Levyns' (1964) concept of a relatively young SK flora.

Since niche conservatism limits movement into new habitats
(Peterson et al. 1999) and facilitates isolation (Wiens 2004), eco-
logical similarities between the habitats of the different southern
African floristic centres may have facilitated lineage exchange.
For example, the cool winter growing season of CFR habitats
may be ecologically similar to that of the high elevation montane
grasslands and afro-alpine regions (the temperate Grassland
FR). Similarly, the hot, dry CFR summers have ecological simi-
larities with the nearby arid/semi-arid Karoo regions. Such sim-
ilarities may also be enhanced by the microclimatic variation
afforded by the rich topographic, edaphic, and climatic hetero-
geneity of Cape habitats (Cowling et al. 2009).

The Compositae is the most species-rich family in southern
African arid and semi-arid floras, as it is in temperate re-
gions globally (Mucina et al. 2006; Rutherford, Mucina, and
Powrie 2006; Manning and Goldblatt 2012; Snijman 2013). The
diversity across multiple vegetation types of some Asteraceae
lineages within the subregion is remarkable (e.g., Senecio L.
in all vegetation types; Helichrysum Mill. in fynbos, renoster-
veld, SK, NK, and montane grassland; and Oedera L. in fyn-
bos, renosterveld, and montane grassland). Here, we examine
the biogeography of the genus Pteronia L., which comprises 76
species of xeromorphic woody subshrubs with small, opposite,
often succulent and aromatic leaves, and large, elongate discoid
capitula surrounded by cartilaginous bracts (Bello et al. 2017,
2020, 2021, 2022). Pteronia is confined to South Africa and
Namibia, with a few records in Botswana and one species in
Zambia (Leistner 2000). The genus exhibits great morpholog-
ical diversity in habit, leaf structure, florets, and chemistry
(Shearing 1997; Viljoen et al. 2010; Bello 2018). Economically,
Pteronia species are used by the Khoisan in Cape traditional

20f18

Journal of Biogeography, 2026

85U8017 SUOWWIOD A0 8ot (dde ayy Aq peusenob a1e ssolle VO ‘8sN JO SajnJ Joj Akeid18uljuO 3|1 UO (SUOTIPUOO-PUR-SWBIALI0D" A8 1M AeIq Ul UO//Sdhy) SUORIPUOD pue sWie 1 8y} 88S *[9202/#0/£0] U0 Areidiauljuo A8 |1 ‘aded uesemay L JO AIseAN Aq 22T0L 1[TTTT OT/I0p/W00 A8 |1 Afe.d 1 jeulU0//SAnY WOy papeojumoa ‘Z ‘9202 ‘669259ET



medicine. For example, Pteronia adenocarpa Harv., P. aspera
Thunb., P. camphorata (L.) L., P. cinerea L.£., P. divaricata Less.,
and P. incana (Burm.) DC. (= P. rigida P.J.Bergius; Bello 2018;
Bello et al.,, n.d.) are used for treating various ailments such
as cold, fever, influenza, stomach pain, back pain, chest pain,
diarrhoea, convulsions, haemorrhoids, tuberculosis, and high
blood pressure (Smith 1966; Archer 1994; Hulley et al. 2010a,
2010b, 2011, 2016). The leaf powder of P. onobromoides DC.
was used by the Khoisan as a skin cosmetic in combination
with animal fat (Van Wyk 2008; Hulley et al. 2010a). Pteronia
pallens L.f. and P. paniculata Thunb. are toxic to livestock
(Viljoen et al. 2010). A comprehensive taxonomic treatment
of Pteronia was published by Hutchinson and Phillips (1917),
who recognised four sections on the basis of the presence or
absence and the nature of leaf indumentum. (1) Sect. Incanae
Hutch. & E.Phillips is characterised by opposite leaves with
woolly-whitish indumentum. (2) Sect. Papillatae Hutch. &
E.Phillips is characterised by opposite leaves (except P. scabra
Harv.) with papillous or scabrid indumentum. (3) Sect. Ciliatae
Hutch. & E.Phillips (included the type P. camphorata) has op-
posite or alternate leaves with conspicuously ciliate margins.
(4) Sect. Glabratae Hutch. & E.Phillips is the largest group,
distinguished by leaves that are glabrous and fleshy, opposite
or alternate. Although strongly associated with the winter-
rainfall SK vegetation, the genus also has members endemic
to the fynbos and renosterveld vegetation types that character-
ise the CFR (Manning and Goldblatt 2012). Several species of
Pteronia have adapted to the highly leached, sandstone-derived
soils of the Cape mountains, and three species occur on the
distinct calcrete (“limestone”) fynbos subtype (Goldblatt and
Manning 2002; Snijman 2013), one of these being endemic to
this substrate (Brusse 1990). In addition, several species occur
only in the semi-arid summer-rainfall NK grassy shrublands
that cover a vast area of the interior of the subcontinent; several
occur in the more arid Namib desert, and some species extend
into the more mesic summer rainfall Subtropical Thicket (ST)
and Savanna Biomes (VIok and Schutte-Vlok 2010; Manning
and Goldblatt 2012; Kolberg and Van Slageren 2014). Pteronia
species are frequently dominant or characteristic components
of vegetation subtypes, for example, the asbos (“ash bush”)
Pteronia incana, which gives the name to the asbosveld of the
Little Karoo margins (Vlok and Schutte-Vlok 2010). Several
conservation studies in the Succulent Karoo have included
Pteronia species in restoration efforts (Shackelford et al. 2021;
Becker 2022; Carrick 2023).

Pteronia represents an isolated lineage among the African
Asteraceae (Bremer 1994). The phylogenetic relationships
within the genus, as well as its biogeographic history, are poorly
known. Although several studies have investigated the sys-
tematics of other genera within the tribe Astereae (e.g., Brouillet,
Anderberg, et al. 2009; Heiden et al. 2019; Nicol et al. 2024;
Dahal et al. 2025) or of Astereae as a whole (Brouillet, Lowrey,
et al. 2009), recent studies on Pteronia have focused on taxo-
nomic revision (Kolberg and Van Slageren 2014; Bello et al. 2017,
2020, 2021, 2022, n.d.). Phylogenetic relationships have been ex-
amined for only 31 species (Chumova et al. 2022). This study
recovered very little phylogenetic structure within the genus,
likely because of high levels of incongruence between gene trees
(which was attributed to incomplete lineage sorting). However,

Chumova et al. (2022) found evidence in Pteronia for ‘bursts’ in
transposable element abundance associated with habitat shifts
from the SK to the Fynbos biome. Following on this, Chumova
et al. (2024) demonstrated that Pteronia displays large genomes
and recent polyploidy in some lineages and marked ploidy het-
erogeneity in several species.

Pteronia, with strong species association to the arid and semi-
arid floras of southern Africa, is ideal for examining timing,
directions of colonisation, and geographic location of diversi-
fication. Although the FRs of Linder and Verboom (2015) are
identified according to geographic areas of species richness and
endemism, other less species-rich adjacent regions may also con-
tribute to the “cross-seeding” of species accumulation through
geographic speciation processes acting in concert with niche
conservatism (Wiens 2004). Here, we examine the timing and
pattern of species accumulation in Pteronia amongst the vegeta-
tion types of the Cape flora and the adjacent arid and semi-arid
regions. In the context of a dated species-level phylogenetic hy-
pothesis for the genus, we reconstruct biogeographic and species
accumulation histories to explore the contribution to diversifica-
tion of habitat shifts.

2 | Materials and Methods
2.1 | Sampling

We sampled 61 Pteronia accessions from 57 taxa, representing
55 of the 76 currently recognised species (72%), with represen-
tatives of all four of the subgeneric sections of Hutchinson and
Phillips (1917). Taxonomically complex species were repre-
sented by multiple accessions, capturing the infraspecific mor-
phological variation. For the remaining 28% not represented
in our phylogeny, we could not obtain fresh field samples, rel-
atively young herbarium specimens were unavailable, or am-
plification of target regions was unsuccessful. The species are
mostly rare and seldom-collected, whereas some occur outside
South Africa (e.g., Pteronia smutsii Hutch., a geographically
isolated species). To calibrate the tree and evaluate the mono-
phyly of Pteronia, a range of Astereae outgroups was included.
These are representatives of Nesom's (2020) ‘basal grade’ (BG),
‘Bellis lineage’, and ‘Aster lineage’ as well as a range of geo-
graphical regions (Madagascar, the Mediterranean basin, New
Zealand, southern Africa, and South America). The tree was
rooted on Osmitopsis Cass., an early-diverging member of the
sister tribe Anthemideae (Watson et al. 2020). Field-collected
leaves were dried on silica gel, or herbarium specimens were
sampled with the permission of the appropriate curator
(voucher information and GenBank accession numbers listed
in Appendix A). Outgroup sequences were obtained from
public-access databases (Appendix B).

2.2 | Sequence Generation

Approximately 20mg of dried leaf material was ground in lig-
uid nitrogen and total DNA extracted using DNeasy Plant Mini
Kits (Qiagen GmbH, Hilden) with incubation times increased to
45-60min at 65°C following Urbatsch et al. (2003), because of

Journal of Biogeography, 2026

30f18

85U8017 SUOWWIOD A0 8ot (dde ayy Aq peusenob a1e ssolle VO ‘8sN JO SajnJ Joj Akeid18uljuO 3|1 UO (SUOTIPUOO-PUR-SWBIALI0D" A8 1M AeIq Ul UO//Sdhy) SUORIPUOD pue sWie 1 8y} 88S *[9202/#0/£0] U0 Areidiauljuo A8 |1 ‘aded uesemay L JO AIseAN Aq 22T0L 1[TTTT OT/I0p/W00 A8 |1 Afe.d 1 jeulU0//SAnY WOy papeojumoa ‘Z ‘9202 ‘669259ET



high levels of essential oils and other secondary compounds in
Pteronia leaves.

The primers ITS-5A and ITS-4 (White et al. 1990), and Ast-1
(Markos and Baldwin 2001) and 18S-ETS (Baldwin and
Markos 1998) were used to amplify the full ITS and ETS nu-
clear ribosomal regions, respectively, whereas the chloroplast
trnL-F region was amplified with combinations of primers c
and for c, d, e, & f (Taberlet et al. 1991). The PCR protocols
are outlined in Data S1. Amplified PCR products were puri-
fied using either the QIAquick kit (Qiagen GmbH, Hilden)
or the ExoSAP protocol of Werle et al. (1994). Sequencing re-
actions were performed using the PCR primers and the Big
Dye Terminator version 3.1Cycle Sequencing Kit (Applied
Biosystems Inc.) with 25cycles at 96°C for 10s denaturation,
50°C for 5s annealing, and 60°C for 4 min extension (Urbatsch
et al. 2003) and sequences obtained with an ABI (Applied
Biosystems) 3130 XL genetic analyser. Complementary strands
were trimmed, assembled, and edited in Sequencher version 5.0
(Gene Codes Corporation). Contigs were aligned with MEGA
version 6.0 using the Clustal algorithm (Tamura et al. 2013),
and the alignment was manually checked, positioning gaps to
minimise inferred substitutions.

2.3 | Phylogenetic Inference and Molecular Age
Estimation

Gaps were treated as missing data and not coded as additional
characters in all analyses. Bootstrap analyses were performed
on separate gene regions and the concatenated dataset. These
are outlined in Methods: Data S1.

We inferred divergence ages in BEAST version 1.8.3 (Drummond
et al. 2012; Li et al. 2016) from concatenated analysis of the

three gene regions. The partitioned dataset was imported into
BEAUi version 1.8.3 (Drummond et al. 2012) and unlinked to
allow independent parameter estimation for each partition (Li
et al. 2016). Calibration nodes were specified with appropriate
taxon sets in BEAUti; these and the dating analysis protocols are
outlined in Methods: Data S1.

2.4 | Coding of Areas

We distinguished eight discrete geographic regions whose ex-
tents were defined to maximise endemism and minimise area
polymorphism of Pteronia species (Table 1; Figure 1; Data S1).
For the GCFR, these correspond to the vegetation types of Bergh
et al. (2014): fynbos (F), renosterveld (R), subtropical thicket (ST,
corresponding largely to coastal strandveld in the west, see Bergh
et al. 2014), and succulent karoo (SK) vegetation. The SK was fur-
ther divided into N-SK (the northern, strictly winter-precipitation
SK of Namibia, the Richtersveld, Namaqualand, Knersvlakte,
Tanqua Karoo, and Hantam), and S-SK (the south-eastern SK of
the Little Karoo and Witteberg region, which experiences a sea-
sonally even distribution of rainfall).

Areas outside of the GCFR were coded as follows: the Desert
biome was incorporated into our northern SK area; the floristi-
cally unique Bushmanland bioregion of the Nama Karoo Biome
(Mucina and Rutherford 2006) was recognised as a separate
area (termed NKb) from the rest of the Nama Karoo (which was
coded as NKul). The dry dwarf shrub savanna of Namibia and
Botswana was coded with a broad concept of the Kalahari vege-
tation of South Africa as Kalahari savanna (Ks). The few records
of Pteronia species in the Grassland Biome represent population
extensions from species occurring in the neighbouring Nama
Karoo (P. glauca Thunb., P. acuta Muschl., P. sordida N.E.Br.)
and were coded as NKul in our analysis.

TABLE1 | The eight areas used for ancestral range inference in Pteronia.

Area code Area description # Species occurring  # Species endemic
F Fynbos vegetation 8 7
R Renosterveld vegetation 6 2
ST Subtropical thicket vegetation 5 1
N-SK Northern succulent karoo, incorporating SK of Namibia, 28 13
the Richtersveld, Namaqualand, Knersvlakte, Tanqua, and
Hantam regions. Namib desert is also included here.
S-SK South-eastern succulent karoo, incorporating SK 17 5
of the Witteberg & Little Karoo regions.

Values for the entire Succulent Karoo (combined N-SK and S-SK) 36 23
NKb Nama Karoo of the Bushmanland Bioregion 7 1
NKul Nama Karoo of both the Upper Karoo (NKu) and Lower 12 4

Karoo (NKI) Bioregions (the main Nama Karoo)

Ks Kalahari Savanna of South Africa, Namibia, and Botswana 2 2

Note: Columns indicate the number of species occurring in and endemic to each area. An additional row provides the species information for the Succulent Karoo as

a whole (combined N-SK and S-SK). Of the 55 Pteronia species included, approximately 64% (35) occur in only a single area, more than a quarter (14) occupy only two
areas, two species each occupy three areas, and four particularly widespread species each occur in four areas (P. divaricata, P. glauca, P. paniculata, and P. incana). Of
these four widespread species, all four are present in N-SK, three are also in S-SK, and three occur in both renosterveld and ST.
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FIGURE 1 | Distribution of the genus Pteronia in South Africa, indicated by a dot in the centroid of quarter-degree grid squares in which spe-

cies occur on the basis of herbarium specimen localities. Specimens mapped to a grid square whose centroid falls in the ocean were assigned to the

closest terrestrial geographic region. Coloured regions represent the eight areas used in ancestral range inference. Black lines indicate national and

provincial boundaries.

2.5 | Ancestral Range Inference

Estimation of range evolution was performed using likelihood
under the dispersal-extinction-cladogenesis (DEC) model of Ree
and Smith (2008) in the software RASP 4.0 beta (Yu et al. 2015).
This model assumes range expansion to be mediated by disper-
sal, and range contraction by (local) extinction. Event probabil-
ities are proportional to branch length and the instantaneous
transition rate between geographic areas (Ree et al. 2005). To
account for phylogenetic uncertainty in range evolution scenar-
ios, particularly considering a large number of weakly supported
nodes in our trees, we inferred the likeliest biogeographic his-
tory across 1000 randomly chosen BEAST posterior trees using
the S-DEC method (Beaulieu et al. 2013). The probability of an
ancestral range at a particular node of the tree is calculated as
the proportional sum of the probability over all trees containing
that node (Yu et al. 2019). No range constraints were imposed,
but a maximum of four areas was allowed per ancestral node to

reduce computational complexity, justified by the modern dis-
tributions of extant species in our areas. Before biogeographic
analyses, outgroups were removed from the tree files using the
“drop.tip” command in R.

3 | Results

Our study showed that Pteronia is monophyletic and began di-
versification in the late Miocene, giving rise to three lineages.
The genus is thought to have originated from both N-SK and fyn-
bos vegetation, with N-SK having a higher probability. Pteronia
exhibits two primary geographic patterns of diversification:
in situ diversification and diversification involving habitat shifts.
Despite niche conservatism, ecological speciation was possible
because of ecological similarities between the distinct habitat
zones adjacent to the Cape flora. Although our study sampling
presents a solid foundation for overall phylogeny reconstruction,
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the unsampled 28% may include important species that could af-
fect the phylogenetic relationships and biogeographic history of
Pteronia. These limitations are taken into account in our result
interpretation.

3.1 | Tree Topology

Parsimony and likelihood bootstrap consensus trees for individual
(ITS and ETS) nuclear datasets produced similar overall topologies
with no incongruence, both recovering a monophyletic Pteronia,
within which the backbone was largely unresolved. Nevertheless,
several subclades were supported, notably clade A1 (supported by
ITS; partly by ETS), clade B, and a ‘calcrete lineage’ (Figures S1
and S2). The plastid (trnL-F) dataset does not resolve major rela-
tionships, although it provides strong support for the monophyly of
Pteronia (Figure S3). Plastid data also recovers the calcrete lineage,
and none of the nodes it recovers (mostly tip relationships) is con-
tradicted by any supported nodes in the nuclear analyses. In the
absence of detectable, supported incongruence, all gene regions
(ITS, ETS, trnL-F) were concatenated (alignment submitted to
TreeBase; accession number 31393), resulting in a matrix of 1859
aligned characters, 565 variable, and 306 parsimony-informative.
The topologies recovered using parsimony, likelihood, and
Bayesian inference are congruent but differ in node support. The
Bayesian MCC tree is presented (Figure 2) with the posterior prob-
ability values (PP) and the bootstrap values from the parsimony
(BSP) and likelihood (BSL).

3.2 | Phylogenetic Relationships of Pteronia

Similar to the ITS tree, the MCC total evidence tree recovers
absolute support for the monophyly of Pteronia, and support
from at least one inference method for clades B, A1, and A2
(Figure 2). Although the sister relationship of Pteronia is un-
resolved in many analyses (Figures S1-S3), support for the
lineage comprising Bellis perennis L., Madagaster madagas-
cariensis (Humbert) G.L.Nesom, Amellus strigosus Less. and
Felicia filifolia Burtt Davy plus Melanodendron integrifolium
and Commidendrum rotundifolium as the sister group is ev-
ident (PP=0.98: Figure 2). Within Pteronia, three clades are
consistently recovered and supported. The first (Al: PP=1.0,
BSL=80) contains members of the “P. camphorata group”
of fynbos-endemic species as well as P. centauroides DC., P.
tenuifolia DC., and P. adhaerens Compton. The strongly sup-
ported “P. camphorata group” (PP =1.0, BSP =100, BSL=100:
Figure 2) is morphologically distinguished from all other
Pteronia species by its glabrous fruits. Clade A2 (PP=1.0;
Figure 2) is not recovered in all analyses, likewise clade B.
Clade B (PP=1.0; Figure 2) comprises mostly Namibian spe-
cies. In most analyses, support is lacking for a sister relation-
ship between clades Al and A2. A “P. adenocarpa group”
(PP=0.90; Figure 2) is nested within clade A2. All species
within this group have basally hairy cypselae except P. hirsuta
L.f., where the cypselae have hairs on the surface in addition
to the basal hairs. A second lineage recovered within clade A2
is the “calcrete lineage” comprising P. diosmifolia Brusse, P.
uncinata DC., and P. teretifolia (Thunb.) Fourc. and strongly
supported only by BI (PP =0.95; Figure 2).

The subgeneric sections of Hutchinson and Phillips (1917) are
polyphyletic and not supported in any of the analyses. In clade B,
for example, P. mucronata DC. and P. unguiculata S.Moore are
strongly supported as sister taxa (PP=1.00, BSP=100, BSL=98;
Figure 2) despite being classified in two different morpholog-
ical sections [sect. Ciliatae and sect. Glabratae, respectively;
Hutchinson and Phillips 1917].

3.3 | Inference of Ancestral Area in Pteronia

The posterior age distributions for the calibrated nodes (Astereae
crown and St. Helena stem) and selected nodes recovered within
Pteronia are presented (Table 2).

Since we are interested in the contribution of different areas to
the divergence history of Pteronia, we summed all probabilities
of occurrence in each area for every node to give cumulative
probabilities (CPs; Table S1), which gives the probability that an
ancestor occurred in an area, whether it was endemic there or
not. When multiple areas are inferred for an ancestral node, we
use the CPs to determine the most probable area or areas. We in-
terpreted the most probable area as that which had a CP at least
20% higher than that of any other represented area. If no area
had a CP 20% or more higher than the next highest-scoring area,
two or three areas were selected as most probable, provided that
the lowest CP of these was 20% higher than that of any other
represented area. Finally, if two areas had CPs that were both
at least 20% higher than that of any other area, but one of these
had a CP that was 10% higher than the other, we selected just the
single area with the highest CP.

The first split within Pteronia occurred within either or both
of the N-SK and the fynbos vegetation of the Fynbos Biome
(Figure 3; node N115), with a higher probability of having oc-
curred in N-SK (Table S1) in the late Miocene (9.2 Ma; 95% HPD:
4.5-15.8Ma). Although Pteronia may have originated within
N-SK vegetation, our analysis places it unequivocally in N-SK
alone at 6.7Ma (95% HPD: 3.0-11.7Ma; node N80) in the late
Miocene. Similarly, the first unequivocal colonisation of fynbos
by Pteronia is at 6.6Ma (95% HPD: 3.0-11.7Ma; N113). Initial
diversification gave rise to three lineages (A1, A2 & B) whose
branching order is unresolved because of a lack of support.

The ancestor of clade B (N80; Figure 3) either remained in N-SK
or dispersed there if its ancestor was in fynbos. Most subsequent
diversifications in this clade took place within the N-SK, giving
rise to at least 22 species and representing the largest single-area
radiation within the genus. The first colonisation of NKb and
Ks occurred in this clade, in the Pleistocene (0.4 Ma [95% HPD:
0.0-1.6 Ma]; N63) and Pliocene (2.7Ma [95% HPD: 1.4-5.9Ma];
N69), respectively.

Clade A1 contains six sampled extant species (although this clade
is also likely to include other, unsampled species). All except one
diversification within this clade is inferred to have taken place
in the fynbos, and this exception (N108) is equivocal between
fynbos and S-SK. This clade represents a radiation that appears
to have taken place entirely within the fynbos vegetation, giving
rise to the fynbos near-endemic P. camphorata group, within
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FIGURE2 |
taxa from tribe Astereae, rooted on Osmitopsis (Anthemideae). The bootstrap values for strongly supported nodes (BS >75) from the MP and ML

Maximum clade credibility (MCC) tree from the BEAST analysis of concatenated plastid and nuclear DNA for Pteronia and outgroup

(BSP/BSL) analyses are presented above the branches, whereas the posterior probability values for strongly supported nodes (PP >0.9) are presented
below the branches. Node numbers referred to in the text are indicated with “N” in front of the number. The nodes numbered 1-2 in black circles
represent the calibration nodes.
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TABLE 2 | Results of molecular dating analysis for Pteronia and relatives estimated in BEAST.

Calibration interval

Node label
Node (see Figure 2) Medianage 95% HPD interval Median 95% CI
Astereae crown 1 26.6 15.5-42.6 28.09 17.17-51.99
St. Helena stem 2 10.8 5.4-18.7 19.54 8.30-30.4
Pteronia crown N115 9.2 4.5-15.8
“P. camphorata group” crown N111 1.8 0.6-3.7
“P. camphorata group” stem N112 51 2.2-9.5
Calcrete stem N100 4.8 2.3-8.6
Calcrete crown N99 3.8 1.6-7.1
First unique, unequivocal occurrence in F N113 6.6 3.0-11.7
First occurrence in R N112 5.1 2.2-9.5
First occurrence in ST N9g8 1.3 0.3-2.9
First unique, unequivocal occurrence in N80 6.7 3.0-11.7
N-SK
First unique, unequivocal occurrence in N104 5.9 2.8-10.3
S-SK
First occurrence in NKb N63 0.4 0-1.6
First occurrence in NKul? N107 7.3 3.8-12.9
First occurrence in Ks N69 2.7 1.4-59

Note: Posterior median age estimates and 95% Highest Posterior Densities (HPD) for selected nodes (in million years). Calibration intervals (median and 95%
confidence interval [CI]) for the two calibration nodes are also presented. Inference of occurrence in an area is underpinned by a high cumulative probability relative

to other areas. See Figure 1 for key to area abbreviations.

a0ccurrence in NKul has the highest cumulative probability at N107, but there is a (lower) possibility of occurrence in Nkul at N114, the poorly supported ancestral

node to N107 (N114: 8.3 [4.21-14.45] Ma).

which one speciation event is associated with migration to the
neighbouring renosterveld vegetation (P. centauroides, N112 at
5.1Ma [95% HPD: 2.2-9.5Ma]) and another, much more recent
one involves migration to S-SK in P. adhaerens (N108 at 0.7 Ma
[95% HPD: 0.03-2.47 Ma)).

The most likely ancestral habitat of clade A2 is equivocal be-
tween NKul, fynbos, and S-SK, but with the strongest support
for the NKul (N107; Figure 3). Diversification here occurs
mainly within the S-SK, F, and N-SK regions, although many
nodes are associated with more than one region, and a few are
linked to the NKul (Figure 3).

The first unequivocal colonization of the S-SK area was
around 5.9Ma (95% HPD: 2.8-10.3 Ma; N104), although it is
possible that diversification was taking place here earlier, as
far back as the ancestor of clade A2 at 7.3Ma (N107-N105).
After diversification within the S-SK (N104), a recolonisa-
tion of fynbos habitats is inferred at N103-N100, leading to
a minor lowland fynbos diversification that later leads to the
colonisation of ST in the Pleistocene, in the ancestor of P. un-
cinata (1.3 Ma [95% HPD: 0.3-2.9 Ma]; N98). The oldest highly
probable occupation of NKul is likely to be after the initial
diversification of clade A2 (N107-N106) at 7.3 Ma (95% HPD:
3.8-12.9Ma), although this habitat may have been colonised
earlier at 8.3Ma (95% HPD: 4.2-14.5Ma; N114). Apart from
the minor fynbos diversification and another small radiation

in N-SK with strong links to NKul (the clade descending from
N97), most subclades within clade A2 are not associated with
any single region. Instead, diversification within A2 is mostly
associated with shifts between regions.

For many nodes in the Pteronia tree, and particularly for ances-
tral nodes (e.g., N115, the root node, and N114, the ancestor of
clade A, and those in clade A2), multiple areas have relatively
similar probabilities in our S-DEC model (Figure 3; Table S1).
This can be interpreted either as uncertainty (the ancestral lin-
eage could have been in any of the inferred areas with equal
probability) or as inference of widespread ancestral ranges (re-
flecting the probability that the ancestral lineage was present in
all the included areas).

In contrast to clades B and A1, where ancestral nodes are in-
ferred for a single area, inference of ancestral area within clade
A2 is complex (Table S1). The multiple areas with similar prob-
abilities may reflect widespread ancestral ranges rather than
uncertainty, since many extant members of A2 are widespread
across two or more areas.

3.4 | Inference of Range Evolution in Pteronia

Since endemics cannot pre-date the origin of their habitats, the
ages of occupation of habitats by Pteronia provide an estimate
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Hutchinson and Phillips (1917) are indicated after taxon names (I—Incanae; II—Papillatae; III—Ciliatae; IV—Glabratae).

of the minimum age for each habitat. However, the habitat
may also have been in existence before occupation by Pteronia.
Nevertheless, the ages of habitat occupations in Pteronia can
be compared to those in other dated Cape lineages if the cal-
ibration and branch-length estimation errors are not too large
among different dated trees used to infer a picture of habitat
evolution. Within a single dated tree, relative ages are likely to
be more robust, so the order of occupation of different habitats

within Pteronia is likely to be accurate despite errors in node age
estimation.

Considering only divergence events for which a single area or
biome was inferred using unique probabilities (a total of 32
ancestral nodes in our tree; Table S1), the majority of these (18,
or 56%) were inferred to have occurred only in N-SK habitats,
whereas 2 were recovered in S-SK. A further 5 were equivocal
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only between N-SK and S-SK, bringing the total number of
ancestral nodes occurring in the Succulent Karoo Biome to
25 (78% of all unequivocal nodes). Five nodes (15%) could be
unequivocally assigned to fynbos vegetation, with one node
(N112) being assignable to the Fynbos Biome, since it is equiv-
ocal only between fynbos and renosterveld, both part of this
Biome. One node (N106) could be unequivocally assigned to
the NK Biome, being uncertain only between NKul and NKb
regions. Using unique probabilities, it is difficult to infer hab-
itat shifts in Pteronia, since equivocal ancestors remove any
possibility of inference of movement between areas. However,
this measure recovers a shift from N-SK to both NKb and
NKul/Ks within clade B, from F to S-SK within clade A1, and
within clade A2, several shifts from SK to NKul, one from SK
to F, and one from F to ST. These shifts occur almost always
in very recent ancestral nodes (except the shift from SK to F
at N100).

When considering the CPs of occurrence instead, all 57 diver-
gence events (ancestral nodes) in the Pteronia tree can be used.
Of these, 25 (44%) have the bulk of the cumulative probability
of occurrence in just a single area, with probability at least 0.20
greater than that for any other area or combination of areas
(Table S1). Most of these nodes are inferred to have diverged
within the SK (17 in N-SK, two in S-SK), and five within Fynbos.
An additional 14 nodes had a single most probable area derived
from the cumulative probability calculation (six in N-SK; three
in F; three in NK; and two in S-SK; Table S1), giving a total of
39 (or 68%) of ancestral nodes where divergence is overwhelm-
ingly associated with a single vegetation type or area. Of these
39 nodes, 24 (42%) occurred in N-SK, eight (14%) in F, four (7%)
in S-SK, and three (5%) in the greater NKul.

The regions most prevalent in the diversification events at these
nodes, where more than one region was inferred to have been
involved (i.e., range shifts), are N-SK and S-SK, each being in-
volved in 10 nodes, with fynbos being included as an area in
seven nodes. The NKul is involved in the ancestry of six nodes,
Ks in three nodes, renosterveld in two, and ST and NKb in one
each. The N-SK is implicated either as the sole region or as one of
several regions, in 34 (60%) of the divergence events in Pteronia,
which is more than double the number of divergence events as-
sociated with any other area (fynbos: 15 [26%]; S-SK: 14 [25%];
NK: nine [16%]; and the other vegetation types each associated
with three [5%] or fewer nodes).

There are 14 speciation events unequivocally associated
with range shifts in Pteronia, and 11 occur within clade A2.
Numerous sister-species pairs are associated with contrasting
geographic ranges in A2, whereas this is rare in clade B.

4 | Discussion
4.1 | Relationships Within Pteronia

A comprehensively sampled species-level molecular phylogeny
is presented for the genus Pteronia. Congruent with the work
of Brouillet, Lowrey, et al. (2009) and Chumova et al. (2022),
all analyses indicate the monophyly of Pteronia, which we
recover as sister to a lineage comprising Amellus, Felicia,

Melanodendron, Commidendrum, Madagaster, and Bellis peren-
nis. The strongly supported sister relationship of the St. Helena
clade and the “Felicia clade” corroborates the findings of previ-
ous workers (Brouillet, Lowrey, et al. 2009; Nesom 2020) and
suggests that the St. Helena endemics should be included in the
subtribe Homochrominae. Although the present study reflects a
close relationship between Pteronia and both Homochrominae
and Bellidinae, outgroup sampling is not extensive, and the
genus is considered isolated, being circumscribed in a separate
subtribe Pteroniinae, by Nesom (2020). The wholesale polyphyly
of the infrageneric sections of Pteronia erected by Hutchinson
and Phillips (1917; see Figure 3) indicates that the current sec-
tional classification is unnatural and must be abandoned.

4.2 | Pteronia Diversification: Timing

Our age estimates for the divergence of Pteronia from its sister
lineage are consistent with those of Chumova et al. (2022), and
our inference of a slightly older onset of diversification within
the genus (> 5Ma) incorporates the younger ages (<4 Ma) esti-
mated by Chumova et al. (2022) in their HPDs. As expected, the
biogeographic history of Pteronia lies largely within the GCFR
and associated arid habitats of southern Africa. The estimated
late Miocene age obtained for the crown node of Pteronia is
largely congruent with Miocene-Pliocene estimates for the tim-
ing of radiations in the modern Cape flora, in which Miocene
summer aridification is thought to have caused a wave of diver-
sification (Verboom et al. 2014; Van Santen and Linder 2020).
However, many elements of this modern Cape flora also existed
in the oligotrophic and more mesic Cape Fold mountains during
the Tertiary period (Linder 2003). Pteronia can thus be consid-
ered a relatively young Cape lineage. This is consistent with its
strong association with the SK, since more recent GCFR diver-
sifications are associated with this biome, whose endemic lin-
eages are less than 17.5Ma, and the majority, less than 10 Ma old
(Verboom et al. 2009, 2014).

The potential age of up to 7.3Ma or even older, inferred for
NKul vegetation in this study is older than the previous estimate
for the modern NK flora, which is considered to have assem-
bled only after the second recent period of continental uplift at
5Ma (McCarthy and Rubidge 2005). In contrast, the Pliocene-
Pleistocene colonisation of the ST vegetation by Pteronia is
recent and far younger than the hypothesised Eocene age of
this vegetation (Cowling et al. 2005). Colonisation of the Ks by
Pteronia is consistent with a Miocene-Pliocene age reported for
the oldest typical savanna components (Rutherford, Mucina,
Lotter, et al. 2006), although Linder and Verboom (2015) found a
much older age for some woodland lineages.

4.3 | Pteronia Diversification: Geographical
Speciation

Speciation in Pteronia is associated with two geographic pat-
terns. The first is in situ diversification within a single region,
which applies to the northern succulent karoo and to a lesser
extent, the fynbos vegetation. The second diversification is asso-
ciated with shifts between habitat types, influenced by habitat
adjacency and ecological similarity.
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4.3.1 | In Situ Diversification

Of the 28 diversification events where a single area is inferred as
ancestral with high probability, half give rise to daughter species
that are also inferred to have occupied the same area (in situ di-
versification). The majority (nearly 80%) of these are exclusively
within the N-SK region, within clade B, which is recovered as
monophyletic in almost all analyses (Figure 3). Movement out
of the N-SK is confined to the tips of clade B, either via range
expansion from the N-SK in species that have subsequently be-
come widespread (e.g., P. succulenta Thunb., P. glabrata L.f., P.
empetrifolia DC., which occupies both N-SK and S-SK) or via
migration associated with the divergence of only a single spe-
cies (e.g., P. cylindracea DC. migrating into the Ks from a N-SK
ancestor; or similarly P. acuminata DC. into the Bushmanland
region). This geographic pattern of in situ diversification is also
evident on a much smaller scale in the fynbos radiation in clade
Al, giving rise to the P. camphorata group. Unusually within
Pteronia, and within Asteraceae as a whole, which generally
prefer nutrient-rich soils, these species have colonised the highly
oligotrophic quartzitic soils of the Cape Fold mountains, which
have served as a significant ecological filter for Cape lineages
(Verboom et al. 2017; Van Santen and Linder 2020). Only a
very few other lineages within Asteraceae have accomplished
this (generally species-rich GCFR lineages such as the tribes
Astereae, Gnaphalieae and Anthemideae). In Pteronia, however,
this has given rise to just five species, whereas the N-SK radia-
tion in clade B gave rise to at least 22 species. No within-area
diversifications occur in renosterveld, ST, Bushmanland or Ks
vegetation areas, although there is a possibility that three diver-
sification events may have taken place within the S-SK area and
one within the NK.

4.3.2 | Habitat Shifts

Speciation associated with shifts between areas is the predomi-
nant pattern in clade A2 and involves 14 diversification events.
The most frequent source area involved in such shifts is that of
fynbos vegetation, from which we infer five shifts, one each to
renosterveld, NK, S-SK, N-SK, and ST. Of the major radiations
in the southern African flora, fynbos is the main source for lin-
eage diversifications across all families, into other vegetation
types, either because of its age or the fact that it harbours the
highest species diversity (Linder and Verboom 2015). Because
of the low species diversity of Pteronia in fynbos habitats, it is
surprising that fynbos is implicated in so many diversifications
involving habitat shifts. Perhaps this pattern is due to the an-
cient association of the Pteronia lineage with fynbos habitats,
or due to the ecological similarities between summer-arid fyn-
bos and arid SK. Another possibility is that fynbos is the habitat
with the most associations (geographical proximity, ecological
conditions) with other habitats, although it is also possible that
extinction has obliterated many fynbos taxa, wiping out their
biogeographic signal. Climate modelling projects that South
Africa may experience overall drier and hotter conditions in the
future (DEA 2018). Species of Pteronia are well-adapted to arid
environments and also show high levels of ploidy heterogeneity
in some species (Chumova et al. 2024), with various cytotypes
displaying distinct environmental preferences and distributions.
It is, therefore, difficult to exactly predict how Pteronia species

will respond to changing climates, although many will likely
thrive in these conditions, given their phylogenetic history in
arid environments.

In Pteronia, range shifts are more frequently inferred between
geographically proximate areas (e.g., F—S-SK; F—N-SK;
N-SK — NKb; S-SK — NKul; N-SK— NKul) than between geo-
graphically non-adjacent areas (e.g., F— NKb or F— Ks). There
is a clear geographical pattern to migration-associated specia-
tion in the genus, with the source area almost always being
geographically proximate to the sink area (e.g., no migrations
from fynbos to Bushmanland or Ks). We propose that ecological
similarities between the distinct habitat zones adjacent to the
Cape flora have provided opportunities for ecological speciation
despite niche conservatism.

The relatively few colonisations of ST and Ks vegetation types by
Pteronia may be due to the far stronger ecological differences be-
tween these subtropical habitats and those of the winter-rainfall
floras. Such differences create strong barriers to migration,
demonstrated by the island-like levels of diversity and particu-
larly, endemism in the Cape flora. This indicates the effects of
ecological distance on range shifts in the presence of phyloge-
netic niche conservatism.

4.4 | Pteronia Association With Succulent Karoo

Remarkably high plant species richness is recorded in the SK rel-
ative to the other arid regions (Hoffmann et al. 2015). This is also
true for Pteronia, where species occurrence is highest in both
N-SK and S-SK vegetation, and lowest in Ks (Table 1). Although
Pteronia species diversity is relatively low in fynbos, endemism
amongst those species is proportionally highest, reflecting the
generally narrow ranges and high endemism associated with
fynbos taxa. Although the arid flora in general has strong af-
finities with the Cape flora, diversity and endemism are lower
compared to the Cape flora (Goldblatt and Manning 2002), pos-
sibly because of the differences in age of the two floras (Cowling
et al. 1998).

Even while harbouring many times the Pteronia species diver-
sity of any other region, the N-SK is not a more frequent source
area for inferred allopatric speciation, with four shifts in total
(one each to Bushmanland (N64-N63) and the Ks (N71-N69),
and two independent migrations to the NKul (N69-N68; clade
B and N97-N96; clade A2)). Although the S-SK also served as
a source area, diversifications from here are associated with
shifts to the N-SK, fynbos (N104-N103) and NKul (N84-N83)
areas. Clearly, diversification in Pteronia has been strongly as-
sociated with SK habitats, particularly, those of the N-SK in
Namaqualand.

Pteronia is a characteristic SK lineage, and our reconstruction
indicates firstly that a large amount of diversification is associ-
ated with speciation within SK habitats (clade B), although a sig-
nificant proportion of SK species are the result of habitat shifts
and/or range expansion into the SK. Secondly, our results high-
light the overwhelming importance of the N-SK (Richtersveld,
Namagqualand, and Tanqua Karoo) in Pteronia, rather than its
southern counterpart. The S-SK flora may be younger, allowing
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less time for lineage accumulation, although the relative age
of the two portions of the SK is unknown. The S-SK area, as
defined here, is considerably smaller than that of N-SK, par-
ticularly since we included Desert in the N-SK. This is likely
to inhibit the potential for species accumulation (e.g., Wiiest
et al. 2019) or reduce habitat heterogeneity, reducing the proba-
bility of metapopulation structure and within-region speciation.
Southern SK is also ecologically isolated from surrounding arid
floras to a greater extent than N-SK, being surrounded by tall
quartzitic mountains of the Cape Fold Belt, potentially limiting
opportunities for lineage exchange with neighbouring arid land
floras.

5 | Conclusions

In the southern African subregion, vegetation types are strongly
associated with different climatic and edaphic conditions
(Mucina and Rutherford 2006) but exhibit strong geographic in-
terdigitation. We reconstruct the ages and directions of range
shifts in the resin daisies amongst these vegetation zones, and
discover patterns of within-habitat diversification, as well as
patterns associated with shifts between different habitats. We
recover a strong signal of geographic proximity and environ-
mental similarity in range shifts, indicating the importance of
small or gradual adaptive changes in the generation of novel spe-
cies diversity. The surprising pattern of speciation after dispersal
out of fynbos vegetation, despite the lack of present-day species
diversity in this habitat, may be attributable to the long, stable
history of fynbos habitats. This highlights the importance of
long-term stability as a contributor and shaper of biodiversity. At
the regional level, our study demonstrates the particular impor-
tance of the northern portion of the Succulent Karoo in Pteronia
evolution, indicating that evolution in the context of arid habi-
tats has been extremely important in generating diversity in this
lineage. This is also where the greatest variation in ploidy levels
is concentrated in the genus (Chumova et al. 2024). Our findings
contribute to a broader understanding of plant evolution in the
context of changing climates and landscapes. Understanding
the nature and timing of diversification in Pteronia, along with
genetics (Chumova et al. 2022, 2024) and taxonomy (Bello 2018;
Bello et al. n.d.), assists in a better understanding of relation-
ships and species concepts within the genus. This leads to better
conservation assessments, which can lead to improved conser-
vation planning in arid regions.
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(ML) tree of ITS sequence data. The Posterior probability (PP) values of
>0.5 are presented above the branches, and the bootstrap percentages
for parsimony and likelihood analyses (BSP/BSL: >50%) are presented
below the branches. Lack of support for branches is indicated by dashes.
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Figure S2: Maximum likelihood (ML) tree of ETS sequence data.
The Posterior probability (PP) values of >0.5 are presented above the
branches, and the bootstrap percentages for parsimony and likelihood
analyses (BSP/BSL: >50%) are presented below the branches. Lack
of support for branches is indicated by dashes. Figure S3: Maximum
likelihood (ML) tree of trnL-F sequence data. The Posterior probability
(PP) values of > 0.5 are presented above the branches, and the bootstrap
percentages for parsimony and likelihood analyses (BSP/BSL: >50%)
are presented below the branches. Lack of support for branches is indi-
cated by dashes. Table S1: Results of the S-DEC ancestral area analy-
sis showing node numbers (as given in Figures 2 and 3), node support
as Bayesian posterior probability, inferred median node ages, unique
probabilities of occurrence in an area, cumulative probabilities (CP) of
occurrence in the most probable areas in cases where multiple areas
were inferred for a node, and finally, the probable ancestral areas. The
cumulative probability for an area gives the probability that an ancestor
occurred in an area, whether it was endemic there or not. The probable
areas were inferred as described in Results under “Inference of ances-
tral area in Pteronia”.
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Appendix A

Details of Voucher Specimens and GenBank Accession Numbers of Pteronia Species Used for Phylogenetic Analyses. The Absence of

Sequence Data is Indicated With an em Dash (—)

GenBank Accession No.

Taxon Voucher specimen ITS ETS trnL-F
Pteronia acuminata DC. Desmet 1989 (NBG) — PV389737 PV430507
Pteronia acuta Muschl. Funk et al. 12706 (PRE) PV597997 PV389771 PV430543
Pteronia adenocarpa Harv. Rosch H259 (NBG) PV597969 PV389744 PV430515
Pteronia cf adenocarpa Manning and Magoswana 3498 PV597970 PV389745 PV430516
(NBG)
Pteronia adhaerens Compton Bayer 5008 (NBG) PV555262 — PV430538
Pteronia ambrariifolia Schltr. Low 4710 (NBG) PV597977 PV389751 PV430522
Pteronia armatifolia A.O.Bello, Magee & Boatwr. Burgoyne 10,731 (PRE) PV598006 PV389782 PV430554
Pteronia aspera Thunb. 1 (P. camphorata var. Cowell et al. MSBP 4020 (NBG) PV597993 PV389767 PV430539
armata Harv.)
Pteronia aspera 2 (P. camphorata var. longifolia Manning 2143 (NBG) PV597996 PV389770 PV430542
Harv.)
Pteronia bolusii E.Phillips Koekemoer 1985 (PRE) PV597998 PV389772 PV430544
Pteronia camphorata (L.) L. (P. stricta Aiton) Oliver 11,134 (NBG) PV597995 PV389769 PV430541
Pteronia cederbergensis A.Bello, Magee & Boatwr. Jardine and Jardine 299 (NBG) PV597994 PV389768 PV430540
Pteronia centauroides DC. Helme NA3163 (NBG) PV597992 PV389766 PV430537
Pteronia ciliata Thunb. Boucher 7010 (NBG) PV597965 PV389741 PV430511
Pteronia cinerea L.f. 1 Jardine and Jardine 243 (NBG) PV597979 PV389753 PV430524
Pteronia cinerea 2 Stobie MS5 (NBG) PV597978 PV389752 PV430523
Pteronia cylindracea DC. Zietsman and Preece 220 (PRE) — PV389773 PV430545
Pteronia diosmifolia Brusse Hugo 837 (NBG) PV597984 PV389758 PV430529
Pteronia divaricata Less. Boatwright 700 (NBG) PV597964 PV389739 PV430509
Pteronia eenii S.Moore Koekemoer 3530 (PRE) PV597999 PV389774 PV430546
Pteronia elongata Thunb. Helme 6696 (NBG) PV597973 PV389747 PV430519
Pteronia empetrifolia DC. Magee and Boatwright 167 (NBG) PV597966 — PV430512
Pteronia fasciculata L.f. Jardine and Jardine 1040 (NBG) PV597987 PV389761 PV430532
Pteronia fastigiata Thunb. Helme NA4561 (NBG) PV597988 PV389762 PV430533
Pteronia flava A.O.Bello, Magee & Boatwr. Rosch H258 (NBG) PV597967 PV389742 PV430513
Pteronia flexicaulis L.f. Burgoyne 10,059 (PRE) PV597990 PV389764 PV430535
Pteronia glabrata L.f. Koekemoer 4326 (PRE) PV598000 PV389775 PV430547
Pteronia glauca Thunb. Koekemoer 2487 (PRE) PV598001 PV389776 PV430548
Pteronia glomerata L.f. Magee and Boatwright 166 (NBG) PV597981 PV389755 PV430526
Pteronia heterocarpa DC. Helme NA4897 (NBG) PV597959 — PV430503
Pteronia hirsuta L.f. Watson and Panero 94-27 (NBG) PV597974 PV389748 —
Pteronia hutchinsoniana Compton Goldblatt and Porter 11875A (NBG) PV597972 — PV430518
Pteronia incana (Burm.) DC. (= P. rigida Magee and Boatwright 165 (NBG) PV597982 PV389756 PV430527
P.J.Bergius)
Pteronia inflexa L.f. Van Breda 2026 (PRE) PV598008 — PV430556
Pteronia leptospermoides DC. Boatwright 705 (NBG) PV597961 PV389735 PV430505
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GenBank Accession No.

Taxon Voucher specimen ITS ETS trnL-F

Pteronia leucoclada Turcz. Koekemoer 2937 (PRE) PV598002 PV389777 PV430549
Pteronia lucilioides DC. Jiirgens N122403 (NBG) PV597962 PV389736 PV430506
Pteronia membranacea L.f. Euston Brown 1538 (NBG) PV597983 PV389757 PV430528
Pteronia mucronata DC. Desmet P2562 (NBG) PV597963 PV389738 PV430508
Pteronia cf mucronata Magee 408 (NBG) PV597968 PV389743 PV430514
Pteronia oblanceolata E.Phillips Bennett et al. MSBP3789 (NBG) PV597980 PV389754 PV430525
Pteronia onobromoides DC. Powell 34B (NBG) PV597958 PV389733 PV430502
Pteronia ovalifolia DC. Helme 3124 (NBG) PV598010 — PV430558
Pteronia pallens L.1. Rosch HR785 (NBG) PV597989 PV389763 PV430534
Pteronia paniculata Thunb. Magee 513 (NBG) PV597976 PV389750 PV430521
Pteronia cf paniculata Jardine and Jardine 1044 (NBG) PV597975 PV389749 PV430520
Pteronia polygalifolia O.Hoffm. Wiss 2554 (PRE) PV598012 — PV430560
Pteronia cf polygalifolia Germishuizen 5389 (NBG) PV598013 PV389786 PV430561
Pteronia pomonae Merxm. Germishuizen 10,051 (PRE) PV598009 PV389784 PV430557
Pteronia punctata E.Phillips Bruyns 11,694 (NBG) — PV389778 PV430550
Pteronia sordida N.E.Br. Koekemoer 2735 (PRE) PV598003 PV389779 PV430551
Pteronia stoehelinoides DC. Nienuber EN604 (PRE) PV598011 PV389785 PV430559
Pteronia succulenta Thunb. Bergh N2048 (NBG) PV597960 PV389734 PV430504
Pteronia tenuifolia DC. Helme NA3813 (NBG) PV597991 PV389765 PV430536
Pteronia teretifolia (Thunb.) Fourc. CREW CR579 (NBG) PV597986 PV389760 PV430531
Pteronia tricephala DC. Koekemoer 4025 (PRE) PV598004 PV389780 PV430552
Pteronia uncinata DC. Bennett et al. MSBP3664 (NBG) PV597985 PV389759 PV430530
Pteronia undulata DC. Le Roux 3279 (NBG) PV598007 PV389783 PV430555
Pteronia unguiculata S.Moore Sachse 873 (PRE) PV598005 PV389781 PV430553
Pteronia villosa L.f. Rosch 466 (NBG) — PV389740 PV430510
Pteronia viscosa Thunb. Shearing A119 (NBG) PV597971 PV389746 PV430517

Appendix B

Voucher Information of Outgroup Taxa Included in the Phylogenetic Analyses, Including the Additional Ones Added to the Dating
Analysis (ITS Gene Available for All 15 Taxa, ETS Gene Available for 12 Taxa, and trnL-F Gene Available for Only 8 Taxa)

GenBank Accession No.

Taxon Subtribe Distribution ITS ETS trnL-F
Amellus strigosus Less. Homochrominae BG Southern Africa DQ478996.1 DQ479053.1 —
Bellis perennis L. Bellidinae (BELLIS) Europe JN315918.1 JN315942.1 JN315894.1
Celmisia asteliifolia Hook.f. Celmisiinae New Zealand JQ042756.1 JQ042795.1 JQ083183.1
Chiliotrichum diffusum (G.Forst.) Chiliotrichinae BG South America JQ042731.1 JQ042770.1 JQ083177.1
Kuntze
Commidendrum rotundifolium Homochrominae St. Helena AY193793.1 — —
(Roxb.) DC.
Damnamenia vernicosa Hook.f. Celmisiinae New Zealand HQ439857.1 HQ439829.1 HQ439874.1
Felicia filifolia Burtt Davy Homochrominae BG Southern Africa FJ457937.1 AF319703.1 AF318929.1
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GenBank Accession No.

Taxon Subtribe Distribution ITS ETS trnL-F
Madagaster madagascariensis Madagasterinae BG Madagascar DQ479031.1 DQ479087.1 —
(Humbert) G.L.Nesome
Mairia hirsuta DC. Mairiinae BG Southern Africa FJ457929.1 — —
Melanodendron integrifolium DC. Homochrominae St. Helena AY193794.1 — —
Nannoglottis yunnanensis Nannoglottidinae Asia KP313682.1 KP313695.1 KP313708.1
Hand.-Mazz.
Olearia traversii (F.Muell.) Hook.f. Brachyscominae (ASTER) New Zealand HQ439863.1 HQ439850.1 HQ439895.1
Osmitopsis asteriscoides (L.) Less. Anthemideae Southern Africa KR559463.1 KR559453.1 —
Pleurophyllum hookeri Buchanan Celmisiinae BG New Zealand HQ439864.1 HQ439853.1 HQ439898.1
Printzia polifolia (L.) Hutch. Printziinae Southern Africa  Jakoet41 (NBG)  Jakoet 41 (NBG) —
(unpublished)

18 of 18 Journal of Biogeography, 2026

85U8017 SUOWWIOD A0 8ot (dde ayy Aq peusenob a1e ssolle VO ‘8sN JO SajnJ Joj Akeid18uljuO 3|1 UO (SUOTIPUOO-PUR-SWBIALI0D" A8 1M AeIq Ul UO//Sdhy) SUORIPUOD pue sWie 1 8y} 88S *[9202/#0/£0] U0 Areidiauljuo A8 |1 ‘aded uesemay L JO AIseAN Aq 22T0L 1[TTTT OT/I0p/W00 A8 |1 Afe.d 1 jeulU0//SAnY WOy papeojumoa ‘Z ‘9202 ‘669259ET



	Evolution of the Resin Daisies: Biogeography of the Genus Pteronia L. (Astereae, Asteraceae) in the Arid and Semi-Arid Habitats of Southern Africa
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Sampling
	2.2   |   Sequence Generation
	2.3   |   Phylogenetic Inference and Molecular Age Estimation
	2.4   |   Coding of Areas
	2.5   |   Ancestral Range Inference

	3   |   Results
	3.1   |   Tree Topology
	3.2   |   Phylogenetic Relationships of Pteronia
	3.3   |   Inference of Ancestral Area in Pteronia
	3.4   |   Inference of Range Evolution in Pteronia

	4   |   Discussion
	4.1   |   Relationships Within Pteronia
	4.2   |   Pteronia Diversification: Timing
	4.3   |   Pteronia Diversification: Geographical Speciation
	4.3.1   |   In Situ Diversification
	4.3.2   |   Habitat Shifts

	4.4   |   Pteronia Association With Succulent Karoo

	5   |   Conclusions
	Author Contributions
	Acknowledgements
	Funding
	Conflicts of Interest
	Data Availability Statement
	References
	 Appendix A
	 Appendix B


