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Abstract

The Tree of Life represents the complex relationships between all species, and recent
advances in phylogenetic methods have dramatically expanded our ability to study these
connections. However, there is still no universal solution to the species problem, and
methodology to account for migration is in its infancy. This thesis evaluates extensions of the
multispecies coalescent for species delimitation, and phylogenetic inference while accounting
for post-divergence gene flow. We focus on the Stoebe clade of paper daisies (Gnaphalieae:
Asteraceae), centred in the diverse Cape Floristic Region of South Africa. Analytical species
delimitation and complementary taxonomic evidence are employed to resolve the Seriphium
plumosum complex, revealing four species new to science, which we formally describe. Our
phylogenetic analysis provides a refined resolution of the internal relationships within the
Stoebe clade, supporting an updated classification that merges most genera under Stoebe L.
Further analysis using target-capture sequencing largely corroborates previously inferred
relationships and shows that probes designed with ingroup taxon sequences spanning intronic
regions markedly enhance both sequence retrieval and length relative to the Asteraceae-wide
Conserved Orthologous Probe Set II. We also introduce a robust method for rectifying sample
misidentification by cross-referencing with existing molecular datasets. Further, we explore
phylogenetic inference approaches that account for time-decaying migration after lineage
divergence and demonstrate that models incorporating migration improve phylogenetic
accuracy with relatively few loci while reducing computational demands relative to the
standard multispecies coalescent. Collectively, this work refines the classification of species
as monophyletic entities and advances our understanding of methods for reconstructing
phylogenetic relationships while capturing the complex evolutionary processes that shape

allele distributions through time.

Keywords: ASTRAL, Compositae1061, DENIM, high-throughput sequencing, isolation-

with-migration, multispecies coalescent, phylogenetics, species delimitation, StarBeast3.

Sammanfattning

Teoretiska och tekniska framsteg inom Bayesiansk fylogenetisk metodik och DNA-
sekvensering med hog genomstromning har i hdg grad 6kat var forstdelse och kunskap om
sldktskapsforhallandena i Livets trdd. Denna avhandling undersoker utvidgningar av
multispecies koalescentmodellen inom Bayesiansk fylogenetik, dér arter 4r matematiskt
definierade som Wright-Fisher-populationer. Med information fran DNA-sekvenser fran ett
stort antal gener kan fylogenetisk slutledning som tar hénsyn till ofullstindig
hérstamningssortering och genfldden efter divergens dstadkommas. Forskningen i
avhandlingen fokuserar pa Stoebe-kladen(Asteraceae), en grupp korgblommiga vixter som
bestér av 66 accepterade arter i sodra Afrika. Den forsta artikeln undersoker artgrinser i det
taxonomiskt utmanande Seriphium plumosum-komplexet med hjilp av traditionella kéllor
tillsammans med analytisk artavgransning som tillimpas pd DNA-sekvenser fran ett stort
antal nukledra regioner. Vara resultat stodjer erkédnnandet av sju distinkta arter i komplexet,
inklusive fyra arter nya for vetenskapen, vilka vi formellt beskriver i den andra artikeln. I den
tredje artikeln rekonstrueras fylogenetiska forhallanden inom Stoebe-kladen med hjilp av
morfologiska karaktérer, tva nukledra markdrer (ITS och ETS) och tvé regioner (ycf6-psbM
och psbA-trnH) fran kloroplastgenomet. Denna analys stodjer fyra monfyletiska slékten:
Amphiglossa, Muscosomorphe, Pterothrix och Stoebe, medan de tidigare erkénda slidktena
Dicerothamnus, Disparago, Elytropappus, Myrovernix och Seriphium visade sig vara icke-
monofyletiska och dérfor synonymiseras under ett utvidgat Stoebe. . Med hjélp av
malinfangningssekvensering och den Asteraceae-specifika “Conserved Orthologous probe
Set I1”, analyserar vi 840 formodat ortologa genregioner for de flesta arterna i Stoebe-kladen.
Fylogenetisk rekonstruktion med hjélp av en delméngd av dessa data avsl6jar begrinsad
upplosning lings tradets ryggrad, robust stdd for ett utvidgat Stoebe och flera tidigare
oberoende sldkten, men hog grad av konflikt bland gentrdden. Det femte manuskriptet tar upp
teoretiska aspekter av fylogenetik genom att utvdrdera ackuratessen och
berdkningsprestandan for isolering-med-migreringsmjukvaran DENIM under trddomfattande
migration som minskar som en funktion av tid efter divergens. Analys av sekvenser
simulerade med migration visar att DENIM levererar forbéttringar i fylogenetisk slutledning
och berdkningseffektivitet, men monstren skiljer sig nagot &t i en datauppsittning for gruppen
Anopheles gambiae av afrikanska myggor, dér divergenstiderna dr mycket korta och graden
av migration kan vara for hog for de forenklingar som programvaran &r baserad pa. Denna

avhandling understryker vérdet av att integrera alternativa kéllor fo6r taxonomisk information



i artavgransning, anvindbarheten av genomomfattande molekyldra data for att rekonstruera
fylogenetiska samband och forbéttringarna i fylogenetisk uppskattning som uppnétts genom

Bayesianska implementeringar av isolering-med-migreringsmodellen.
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1. Introduction
1.1. The Stoebe clade

The Stoebe clade (Bergh & Linder 2009) encompasses 66 accepted taxonomic species (Bergh
& Shaik 2024) in Amphiglossa DC. (2 spp.), Muscosomorphe J.C . Manning (1 sp.), Pterothrix
DC. (10 spp.), and Stoebe L. (53 spp.). Members of the Stoebe clade are perennial shrubs or
subshrubs with ericoid, often twisted leaves that frequently bear glandular trichomes. The
capitula are surrounded by papery, imbricate involucral bracts, and contain one to multiple
florets with corollas varying between being white, pink, plum-red, or yellow (Fig. 1). Most
species possess discoid capitula with bisexual or male-fertile disc florets, though a few have
radiate capitula with additional infertile or female-fertile ray florets (Bergh & Shaik 2024).
Most of the species have narrow ranges and are endemic to the Cape Floristic Region of
South Africa (Fig. 3), although others have broader distributions across large parts of
southern Africa, as far north as tropical East Africa, and three species occur in Madagascar or
Réunion (Bergh & Shaik 2024). Several species, including Stoebe plumosa, S. vulgaris and S.
rhinocerotis are common and ecologically important. Stoebe vulgaris is an encroacher in
natural rangeland in the summer-rainfall savannah and grassland biomes of South Africa.
Stoebe rhinocerotis (= Elytropappus rhinocerotis (L.f.) Less. = Dicerothamnus rhinocerotis
(L.f.) Koek.) is ecologically dominant in the renosterveld, a distinctive asteraceous shrubland

in the Western Cape province further described below (Bergh et al. 2014).

Stoebe and Seriphium (now synonymized under Stoebe) were first described in Linnaeus’
Species Plantarum (1753). Subsequent taxonomic contributions were made by Gaertner
(1791), Cassini (1816), and Candolle (1838), who introduced new genera and species. The
first comprehensive treatment of the Stoebe clade was presented in Harvey and Sonder’s
(1865) seminal Flora Capensis, which recognized seven genera within the clade. Levyns
subsequently revised the genera Elytropappus (Levyns 1935), Disparago (Levyns 1936), and
Stoebe (Levyns 1937), describing several new species alongside detailed ecological
observations. Most recently, Koekemoer (1993, 1999, 2016, 2019) revised the existing genera
within the Stoebe clade, in which she synonymized Pterothrix under Amphiglossa,
resurrected Seriphium, introduced the novel genera Dicerothamnus and Myrovernix, and both
synonymised several species and described new species. In the phylogenetic reconstruction of
Bergh and Shaik (2024), Amphilossa callunoides and A. corrudifolia are strongly supported

as sister to the remainder of the Stoebe clade. The next-diverging clade comprises the ten



species in Pterothrix, most of which are distributed in the western half of the CFR and
northwards into Namaqualand. The monotypic Muscosomorphe is strongly supported as
sister to Stoebe, and occurs on sandstone rocks above 1000m elevation in the Cape Fold Belt
mountains (Manning & Goldblatt 2012). Stoebe contains most of the species in the Stoebe
clade, and is the only genus with extra-southern African members. Most species in Stoebe
have narrow distributions in the CFR, but one species occurs as far north as tropical montane

East Africa, and three species occur in Madagascar and Réunion (Bergh & Shaik 2024).
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Figure 1: Morphological variation in the Stoebe clade. A — Stoebe rosea; globose conflorescences
with pink corollas (Kathy Hackett). B — Stoebe glandulosa; conflorescence a slender, leafy spike with
capitula oriented upward, leaves bearing trichomes (Ren Hoekstra). C — Pterothrix tomentosa; solitary
capitula with several disc florets and three ray florets; ray lamina open and spreading (Nick Helme). D
— Stoebe aethiopica; rounded conflorescences with uniflorate capitula (Felix Riegel). E — Stoebe
muirii; broadly cylindrical conflorescences with incurved leaf lamina; narrowly distributed with
known populations at De Hoop Nature Reserve and Still Bay on calcrete (Jean Stephenson). F —
Stoebe alopecuroides; conflorescences compact, showy spikes with capitula containing solitary disc
florets with large white corolla lobes (Gawie Malan). G — Muscosomorphe aretioides; the only species
in Muscosomorphe; dwarf cushion-plant habit; capitula solitary, radiate, multiflorate (Harry Rissik).
H — Stoebe anomala; many flowers in each conflorescence two-flowered with one bisexual disc floret
and one sterile ray floret (Erick Munro). I — Stoebe cyathuloides; capitula condensed into spherical
conflorescences (Hamish Robertson). J — Stoebe spirale; capitula with bright yellow involucral bracts
with solitary disc florets; leaves spiralled about stem (Tony Rebelo). All images sourced from
iNaturalist (www.inaturalist.org) under creative commons licence CC BY-NC 4.0. Photographers are
credited in parentheses.

Until recently, generic boundaries in the Stoebe clade have primarily been based on
morphological characteristics. Historically recognised genera include Amphiglossa DC. (12
spp.), Dicerothamnus Koekemoer (2 spp.), Disparago Gaertn. (9 spp.), Elytropappus Cass. (2
spp.), Muscosomorphe J. C. Manning (1 sp.), Myrovernix Koekemoer (5 spp.), Seriphium L.
(16 spp.), and Stoebe L. (14 spp.). The morphological characters selected to define genera
were often inconsistent, or overlapped between genera, resulting in frequent changes in
generic circumscription and repeated transfers of species between genera. The first near-fully
sampled phylogenetic reconstruction of the Stoebe clade by Bergh and Shaik (2024) used a
dataset of 78 morphological characters, two nuclear markers (ITS and ETS), and two
chloroplast spacer regions (ycf6-psbM and psbA-trnH). This study provided decisive support
for the non-monophyly of all previously recognised genera in the clade, except for the
monospecific Muscosomorphe. Based on these results, Pterothrix was resurrected to
accommodate most of the species previously housed in Amphiglossa since this genus was
recovered as non-monophyletic, while Dicerothamnus, Disparago, Elytropappus,

Myrovernix, and Seriphium were synonimised under an expanded concept of Stoebe.

Further taxonomic changes in the Stoebe clade in recent years include the description of 4.
cymbifolia Harv. (=A. foliosa J.C. Manning & N.A. Helme) from southern Namaqualand
(Manning & Helme 2014; Bergh & Shaik 2024), the introduction of Muscosomorphe to
replace the unavailable Bryomorphe Harv. (Manning & Govaerts 2021), the description of
four new species in Stoebe: S. alto-argillacea (Z.Shaik) N.G.Bergh, S. burrowsii (Z.Shaik)
N.G.Bergh, S. cryptica (Z.Shaik) N.G.Bergh, and S. dunensis (Z.Shaik) N.G.Bergh, and the

11



reinstatement of three species: S. burchellii Levyns, S. virgata Thunb., and S. vulgaris Levyns
(Bergh & Shaik 2024, Shaik et al. 2024). A potentially new species of Stoebe is known from
the northwestern slopes of the Kogelberg, at an elevation of approximately 800m. This
species is characterised by elongated, lanceolate leaves with a dense, whitish tomentum, and
discoid, terminal conflorescences with uniflorate capitula imbedded within a dense tomentum
(Fig. 2). This taxon corresponds with Stoebe sp. nov. 1 of Goldblatt & Manning (2002). At
least two specimens of this taxon are housed in the Compton Herbarium (NBG) and a formal

description of the species is forthcoming.

Figure 2: A possibly new species of Stoebe from the northwestern slopes of the Kogelberg at 800m
elevation. A — globular conflorescence of Stoebe sp. with one-flowered capitula imbedded in a dense,
whitish tomentum (Helme 5396, NBG). B — habit while non-flowering. C — quarzitic northwestern
slope of the Kogelberg with granite boulders where Stoebe sp. has been collected. D — elongate,
acuminate leaves covered by a dense tomentum (Helme 5396, NBG). Scale bars in stereoscope
images are 2mm (topright). Photographs by Zaynab Shaik.
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The Stoebe clade forms part of the Stoebe-Ifloga-Metalasia (SIM) clade, an informally
recognised clade of the Gnaphalieae sister to the remainder of the Gnaphaliinae (Bergh &
Linder 2009, Bergh et al. 2015, Nie et al. 2016), although only recovered in ribosomal DNA
phylogenies. The Stoebe clade is strongly supported as monophyletic (Bergh & Linder 2009;
Nie et al. 2016) and is estimated to have originated in the Late Miocene approximately 12.2
Mya (5.3-20.0 Ma: Bergh & Linder 2009), a period that saw the emergence of other key
Cape clades (Verboom et al. 2009, Nie et al. 2016, Pirie et al. 2016). Although the ancestral
area of the Stoebe clade remains uncertain, it may have originated or diversified significantly
in the southwestern Cape, the geographic core of the Cape Floristic Region and hypothesised
“nucleus of the Cape flora” (Weimarck 1941). Ancestral area reconstructions for Metalasia, a
member of the SIM clade, support the southwestern Cape as its origin (Bengtson et al., 2015).
Similar reconstructions for the African Restionaceae (Linder, 2019) and the concentrated
species richness of other key Cape genera, including Aspalathus, Cliffortia, Erica,
Geissorhiza, Ixia, Lampranthus, Leucadendron, Metalasia, Phylica, and Serruria (Levyns
1952, Cowling et al. 2017) further corroborate the southwest as a regional centre of
diversification. A broadly southern African origin for the Stoebe clade implies the presence of
S. kilimandscharica in tropical montane East Africa may be attributed to long-range dispersal
or range expansion. The phylogenetic placement of (S. pachyclada + S. passerinoides) + S.
cryptophylla sister as to S. kilimandscharica (Bergh & Shaik 2024) suggests Madagascar and

Réunion were possibly colonized secondarily via transoceanic dispersal from East Africa.

1.2. The Cape Floristic Region: centre of lineage diversification and preservation

The Cape Floristic Region (Fig. 3), situated on the extreme southwest corner of Africa is the
world’s smallest and richest floristic kingdom by area. The region spans just 90 760 km? but
harbours an estimated 9383 vascular plant species (Manning & Goldblatt 2012), with the
Cape Peninsula (471 km?) alone harbouring approximately 2285 species (Fig. 3; Cowling et
al. 1996). Approximately two thirds of the species in the CFR are endemic to the region
(Goldblatt 1978, Manning & Goldblatt 2012), implying much of its richness has originated in
situ. More than two thirds of the area of the CFR are occupied by two distinctive fire-adapted
vegetation types: fynbos, a fine-leaved heathland on acidic, nutrient-deficient, sandstone-
derived soils; and renosterveld, a shrubland on more nutrient-rich, shale-derived soils and
dominated by small-leaved Asteraceae with a rich herbaceous understory. Strandveld thicket,
a less extensive littoral vegetation along the southern and western coastal lowlands, is

characterised by sclerophyllous, broad-leaved shrubs (Goldblatt 1978, 1997; Manning &
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Goldblatt 2012). As is the case in other arid and semi-arid systems, Asteraceae and Fabaceae
are the two best-represented families in the Cape flora. Other families, including Iridaceae,
Ericaceae, Proteaceae, Restionaceae and Aizoaceae are also well represented in the CFR.
Collectively, the largest ten families in the Cape flora —including those listed above and
Scrophulariaceae, Rutaceae, and Orchidaceae—account for 5526 species. This implies just
ten ancestral lineages have given rise to approximately 60% of the floral diversity of the CFR

(Manning & Goldblatt 2012).
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Figure 3: Map illustrating the extent of the Cape Floristic Region (dashed line; Manning & Goldblatt
2012) with the north-south and east-west trending ranges of the Cape Fold Belt mountains intersecting
in the southwestern Cape. The Cape Peninsula, a key area of floristic richness and endemism, is
shown in the red rectangle.

Bartolomeu Dias’ rounding of the Cape in 1488, followed by its use as a resupply station for
ships traveling between Europe and present-day South Asia, paved the way for European
collectors and naturalists to begin exploring the Cape flora in the early 17th century (Glen &
Germishuizen 2010). The first print illustrations of flowering plants from the Cape, including
a dried Protea neriifolia inflorescence (De L’ Ecluse 1605) and whole plants of what has been
suggested represent Haemanthus coccineas L. and H. sanguineus Jacq. (De L’Obel 1605)
appear at this time (Glen & Germishuizen 2010). In the centuries that followed, key figures in
South African botanical history assembled natural history collections at the Cape, sometimes
collaborating on “plant-hunting” expeditions. These collecting expeditions formed the

foundation for numerous botanical works and travelogues, which, beyond their scientific
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value, often contain fascinating accounts of life in the Cape colony under Dutch and English
control (e.g., Thunberg 1796; Burchell 1822). Carl Peter Thunberg, a Swedish naturalist,
physician, and favoured student of Linnaeus, visited the Cape between 1772 and 1775.
Thunberg was obliged to spend some time at the Cape learning Dutch ahead of his journey to
Japan, where the Dutch were the only Europeans permitted entry. During this time, he
undertook three major expeditions into the Cape's interior, amassing a sizeable botanical
collection in the CFR, and to a lesser extent in the Namaqualand, on which he based his
Flora Capensis (1823), a contribution which earned him the title “Father of South African
Botany.” Francis Masson, a Scottish botanist and gardener accompanying Captain Cook on
his second voyage of discovery aboard the Resolution, dispatched seeds and live plants from
the Cape to Kew Gardens during his first visit from 1772 to 1775, greatly enriching its
collection. Carl Wilhelm Ludwig Pappe, a German physician and botanist, published a
notable volume on medicinally useful Cape plants in 1847 and was subsequently appointed
the Cape’s first colonial botanist and first professor of botany at the South African College
(presently the University of Cape Town). Johann Fran(t)z Drége, a German horticulturist and
professional plant collector, assembled a prodigious collection of approximately 200,000
Cape plants (Glen & Germishuizen 2010). His collections were instrumental in the
classification of the South African flora and the description of many new species (Glen &
Germishuizen 2010). Charles Darwin spent some weeks at the Cape in 1836 during his
historic journey aboard the HMS Beagle, noting that “the species [of plants and animals] are
so diverse and numerous that I could hardly keep pace with my collections” (Darwin 1839).
In The Origin of Species (1859), Darwin makes repeated reference to the Cape’s species
richness and its affinities with the flora of southwestern Australia. His visit to the Cape,
however brief, appears to have contributed to the development of his influential theories on

evolution and natural selection.

With the mid-19" century publication of the Flora Capensis (Harvey & Sonder 1865), the
Cape’s floristic richness was fairly well documented. However, it was not until the early 20™
century that theories about the timing and causes of this exceptional diversity began to
emerge. Margerat Levyns observed that species richness was particularly concentrated in the
western half of the CFR, and even more so in the southwest (Levyns 1952). She proposed
that floristic radiation in the CFR was stimulated by the onset of increasingly arid climates,
although she did not propose possible mechanisms of divergence (Levyns 1964). The present-

day summer-dry, winter-rainfall climate that characterises the western half of the CFR
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lowlands is thought to have initiated during the end-Miocene, approximately 5 Mya
(Goldblatt 1997, Zachos et al. 2001, Dupont et al. 2011). Rather than concerted
diversification across divergent Cape clades at the end-Miocene, however, dated molecular
phylogenies instead indicate a broad distribution of age estimates (Linder 2006; Verboom et
al. 2009, 2015, Schnitzler et al. 2011, Slingsby et al. 2014, Bergh et al. 2015, Nie et al. 2016,
Pirie et al. 2016, Smissen et al. 2020, van Santen & Linder 2020), suggesting the Cape flora

was assembled gradually.

The remarkable richness and high genus- and family-level endemism of the CFR suggest it
has functioned as a centre of plant diversification through heightened rates of speciation
and/or reduced rates of extinction (Richardson et al. 2001, Linder 2003, Barraclough 2006).
Several factors are considered have contributed to the generation of richness in the region,
which are discussed here in brief. Evidence of pollination-linked species diversification is
observed in several Cape clades (van der Niet & Johnson 2009; Forest et al. 2014; van der
Niet et al. 2014; McCarren et al. 2023). For example, in Erica plukenetii (Ericaceae),
subspecies with either overlapping or distinct geographic distributions exhibit unique floral
traits that correspond to distinct pollinator assemblages. The presumed ancestral floral trait
suite associated with short-billed orange-breasted sunbird pollination in E. plukenetii subsp.
plukenetii have undergone two significant shifts: one towards traits favoured by moth
pollination in E. plukenetii subsp. breviflora, and another towards traits adapted to long-billed
Malachite sunbird pollination in E. plukenetii subspecies lineata and penicillata (van der Niet
et al. 2014). Similarly, the co-occurring, co-flowering sister taxa (Pirie et al. 2016) Erica
shannonea and E. ampullacea exhibit distinct floral orientations and corolla lengths, and are
pollinated by long-tongued horse-flies and tangle-veined flies respectively (McCarren et al.
2023). These species’ unique floral traits have likely contributed to the development of
reproductive isolation (McCarren et al. 2023). In Lapeirousia (Iridaceae), specialization of
floral traits to distinct long-tongued fly species appears to have driven lineage diversification
(Forest et al. 2014). In all these examples, pollinator shifts and associated shifts in floral traits
appear to have played an important role in stimulating diversification by promoting

reproductive isolation.

Range-restricted seed dispersal is also considered an important driver of species
diversification among Cape plants. Ant-mediated seed-dispersal, or myrmecochory, is
unusually well-represented among Cape plants, particularly on nutrient-deficient substrates

(Linder 1985). Approximately 1300 species produce seeds with fleshy, lipid- and protein-rich
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elaiosomes attractive to harvester ants (Bond & Slingsby 1983; Goldblatt 1997), which
disperse the seeds to their nests, up to 6m away (Goldblatt 1997). Many Aizoaceae species
possess woody seed capsules that open when wetted, with seeds then dispersed by rainsplash
(ombrohydrochory), also resulting in short dispersal distances. Other Cape plants lack a clear
mechanism for active seed dispersal, and appear to rely on passive dispersal, typically
moving seeds less than 5 m (Linder 1985; Goldblatt 1997). Such limited dispersal distances
can lead to discontinuities in distribution, creating opportunities for micro-allopatric
divergence in the absence of physical barriers to gene flow (Linder 1985). Using neutral
theory, Latimer et al. (2005, 2009) demonstrated that the high species turnover and high
species endemism observed in the CFR can indeed be attributed to isolation and speciation

over small spatial scales of 1-100 km.

Adaptation to periodic fire regimes may also promote greater diversification in the CFR. Both
the fynbos and renosterveld are subject to regular fires, which typically occur every 5-50
years (Linder 2003). Cape plants have evolved two primary strategies to regenerate after fire:
reseeding and resprouting. Reseeding species, which lack mechanisms for surviving fires,
rely on germination from seeds either released post-fire or stored in the soil seed bank
(Linder 2003; Schnitzler et al. 2011). In contrast, resprouting species survive fires and
regenerate from underground roots and stems. Plant reproductive traits also exhibit
adaptations to recurring fire (le Maitre & Midgley 1992), including fire-stimulated seed
release (e.g., in the serotinous, fire-resistant inflorescences of reseeding Protea), seed
germination (e.g., in Haplocarpha [ Asteraceae]), and flowering (e.g., in Hessea
[Amaryllidaceae]). Periodic fire may promote diversification through two main mechanisms:
through fire-induced local extinctions and subsequent reproductive isolation of surviving
populations (Cowling et al. 1996); and through adaptive divergence to alternative post-fire
regeneration strategies (e.g. in Aspalathus linearis: Malgas et al. 2010), or increased
population genetic divergence among reseeding populations in consequence of their shorter
generation times and associated higher rates of molecular evolution (e.g., in Erica coccinea

[Ericaceae]; Segarra-Moragues & Ojeda 2010).

The Cape environment is characterized by pronounced topographic, edaphic, and climatic
heterogeneity, which is considered a significant driver of both adaptive and nonadaptive
speciation. The region features a series of rugged mountain ranges, collectively termed the
Cape Fold Belt (King 1942; Deacon et al. 1992), which form the backdrop against which the

intermontane valleys and coastal forelands are set. The geology of the Cape Fold Belt is
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dominated by the Cape Supergroup, an ancient formation of late Ordovician to Carboniferous
age (450-300 Myr) consisting of folded, weather-resistant, quarzitic sandstones of the
Witteberg and Table Mountain groups and shales of the Bokkeveld group (Deacon et al.
1992). Differential weathering of quartzites and shales has produced a landscape of parallel
mountain ranges mostly composed of coarse, acidic, nutrient-poor sandstones, and valleys
comprising finer, nutrient-rich shales (Groves et al. 1983). In addition to these formations,
Cambrian-aged (c. 600 Ma) granites are exposed along the west coast, and near George along
the south coast in deep valleys. The western CFR also reveals ancient Precambrian shales (c.
800 Ma; Cowling et al. 1992). Along the coastline, geologically young Quaternary-aged,

spatially fragmented calcareous substrata are exposed, the most continuous section of which

extends from Cape Agulhas to Mossel Bay (Cowling et al. 1992; Goldblatt & Manning 2002).

Although the Cape Fold Mountains are of moderate elevation, with less than one percent of
the range exceeding 2000 m, the system exhibits significant topographic heterogeneity with
sharp altitudinal gradients. Superimposed on this topographic and edaphic heterogeneity is
spatial variation in precipitation. In the western CFR, precipitation is highly seasonal,
peaking in winter, while the eastern CFR experiences year-round rainfall. The southwestern
mountains receive the highest mean annual precipitation, reaching 3000 mm, compared to
1000 mm in Knysna and 400-500 mm in the lowlands (Goldblatt 1978). Additionally, the
windward slopes of the Cape Fold Mountains receive moisture from southeasterly trade
winds, whereas the leeward slopes are comparatively drier (Goldblatt 1997). Topographic,
edaphic, and climatic factors collectively create a complex mosaic of environmental
conditions within the region. Recent molecular-based analyses have highlighted cases where
environmental heterogeneity appears to have stimulated speciation. For instance, Verboom et
al. (2015) investigated how topographical complexity influences lineage divergence by
analysing the distribution of sister species across six key Cape clades in the archipelagic
high-elevation zone of the Cape Fold Mountains. They observed that sister taxa frequently
occur on neighbouring peaks, suggesting that upslope migration of mesic-adapted lineages
migrating upslope with subsequent isolation on nearby peaks facilitated non-adaptive
speciation. The limited dispersal modes typical of many Cape plants, and phylogenetically
constrained niches among montane lineages, appear to support this divergence mechanism.
Britton et al. (2014) examined genetic patterns in the high-elevation sedge Tetraria
triangularis (Cyperaceae) and identified multiple genetically distinct clusters with largely
non-overlapping distributions in the Cape Fold mountains. Their findings indicate the

presence of cryptic or semi-cryptic species with strong genetic differences but limited
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phenotypic or ecological differentiation. These findings align with Verboom et al. (2015),
reinforcing the role of topographic heterogeneity in lineage divergence. Schnitzler et al.
(2011) examined soil type shifts in Moraea, Babiana (both Iridaceae), and Protea
(Proteaceae) in the CFR, and found consistent soil type differences between sister species,
which they interpret as evidence of substrate-mediated adaptive speciation. Interestingly,
while Cape plants show evolutionary transitions between nutrient-deficient substrates,
especially those deficient in P, transitions from nutrient-poor to more nutrient-rich substrates
are relatively rare. Thus, while edaphic heterogeneity presents opportunities for lineage
diversification, ecophysiological specialization on nutrient-poor substrates may limit
diversification by placing specialised lineages in a proverbial evolutionary “dead-end”

(Verboom et al. 2017).

While numerous factors, acting independently or in concert, are believed to have generated
the Cape's remarkable richness, other factors are thought to have facilitated its preservation.
Unlike much of Europe, the Americas, and Asia, which experienced extensive ice sheet
coverage during much of the Pleistocene, the Cape underwent relatively mild glacial
fluctuations, with mean annual temperature depressions during glacial periods of
approximately 5 °C relative to present (Deacon et al. 1992; Dynesius & Jansson 2000). This
relative climatic stability likely lowered extinction rates, both preserving accumulated species
richness and the evolutionary raw materials for future diversification (Goldblatt 1997,
Goldblatt & Manning 2002). Indeed, recent work using species richness rank curves for
southern African vascular plants has illustrated that species richness appears to promote the
generation of further richness, possibly via biotic feedbacks (Cramer & Verboom 2023).
Within the CFR, glacial-interglacial climate fluctuations were uneven across space, with the
west having experienced a relatively consistent climate, and the east subject to greater aridity
during repeated glacials (Deacon et al. 1992; Cowling et al. 2009). Consequently, the western
CFR is twice as species-rich as the eastern CFR, supports twice the number of rare plants per
quarter degree square (Cowling & Lombard 2002), and hosts concentrated species richness
for many Cape genera (Levyns 1952; Cowling et al. 2017). These patterns support
Pleistocene climate stability, particularly in the west, as an important preserver of richness

(Deacon et al. 1992; Cowling & Holmes 1992).

The long-term preservation of plant lineages under a stable Quaternary climate has been
enhanced by specialisation in ecophysiological traits among Cape plants. In response to the

diverse selective pressures imposed by Cape environment, including recurrent fires, summer
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water deficits, seasonal waterlogging, and nutrient-poor (particularly P-deficient) soils, Cape
plants have developed a diverse array of characteristic functional traits. These include cluster
roots, mycorrhizal associations, long-lived sclerophyllous leaves, low-nutrient foliar
stoichiometry, stem and rhizome aerenchyma, and a geophytic lifestyle (Higgins et al. 1987;
Cramer et al. 2014; Verboom et al. 2017; Born & Linder 2018). Additionally, some Cape
plants exhibit unique strategies for nutrient and water acquisition, including coprophagy (e.g.,
in the CFR-endemic genus Roridula), carnivory (in Drosera and Utricularia), and parasitism
(Cramer et al. 2014). Functional trait specialization and niche segregation have likely
facilitated the coexistence of Cape plant lineages, thereby preserving species richness over

evolutionary timescales by minimising competition (Cramer et al. 2014).

The extraordinary richness and endemism of the CFR stem from a complex interplay of
plant-pollinator interactions, range-restricted seed dispersal, periodic fire, and strong spatial
heterogeneity alongside Pleistocene environmental stability and ecophysiological trait
specialisation. While early botanical exploration saw the collection, cataloguing, medicinal
application, and commercial trade of Cape plants, recent research has shifted towards
ethnobotany, conservation, ecology, and evolutionary studies. Avenues for future research
could include furthering our understanding of high-elevation refugia in the Cape Fold Belt,
where rare species and older fynbos lineages are overrepresented (Verboom et al. 2009;
Linder et al. 2019). Much recent literature has explored plant-pollinator interactions in
speciose Cape clades (van der Niet & Johnson 2009; Forest et al. 2014; van der Niet et al.
2014; McCarren et al. 2023), and this is likely to remain a research hotspot in the future.
Recent studies (Cawthra et al. 2020; Cowling et al. 2020; Grobler et al. 2020; Marean et al.
2020) have focused on the largely submerged Palaeo-Agulhas Plain, which, during the Last
Glacial Maximum, was hundreds of kilometres broader latitudinally and nearly as large as the
contemporary CFR (Cowling et al. 2020). Exploring Cape plant evolution along this
historically exposed plain and examining the current isolation of coastal specialist taxa on
fragmented coastal substrates also represent promising research directions. More generally,
the increased availability and declining cost of genome-wide sequencing is anticipated to aid
the resolution of phylogenetic relationships among Cape plants, and advance the

documentation of Cape plant diversity, including cryptic and semi-cryptic species.

1.3. MSC-based species delimitation
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Following the advent of molecular phylogenetics in the late 1980s (Mishler et al. 2013),
Bayesian approaches for phylogenetic reconstruction were introduced in the 1990s (Rannala
and Yang 1996; Mau and Newton 1997). Bayesian methods have become popular due to the
availability of user-friendly software in which sophisticated models of sequence evolution
and prior information about the model or parameters can be incorporated (Baum & Smith
2012; Nascimento et al. 2017). Bayes’ theorem, developed in the 18th century by the
Reverend Thomas Bayes, provides a mathematical framework for updating the probability of
a hypothesis in light of prior information. In Bayesian phylogenetics, posterior probabilities,
Pr(T|D), represent the probabilities of alternative phylogenetic trees, T, given the sequence
data, D, the model of sequence evolution, and prior information specified by the user (Wiley
& Lieberman 2011). Following Bayes’ theorem, the posterior probability of a given tree is the
product of the likelihood of the data Pr(D|T) and its prior probability Pr(T), divided by the
probability of the data Pr(D), that is, the sum of the probabilities of obtaining the sequence
data under every possible tree. One challenge with calculating posterior probabilities is that
summing over the prior probability of the data is challenging where there the number of
possible topologies that need to be considered is large. Bayesian phylogenetics leverages the
fact that the prior probability of the data is identical among all phylogenetic trees, such that
only relative posterior probabilities among competing trees need be compared (Baum &
Smith 2012). To explore the space of possible trees —including all topologies, branch
lengths, and parameters in the nucleotide substitution model—Bayesian methods often use a
sampling process termed Markov Chain Monte Carlo (MCMC). The MCMC traverses the
posterior probability landscape by comparing the likelihoods of the data in a manner which
always accepts proposals with higher likelihoods, but only sometimes accepts proposals with
lower likelihoods. Unlike earlier algorithmic or optimality-based methods that estimate a
single tree (Moiloa et al. 2022), Bayesian methods sample a posterior distribution of trees,
providing estimates of the uncertainty associated with inferred phylogenies (Baum & Smith

2012).

A significant advancement in molecular phylogenetics (Edwards, 2009) implemented in
Maximum Likelihood and Bayesian methods of inference, is the Multispecies Coalescent
(MSC) model. The MSC model extends the single-population n-coalescent framework
(Kingman 1982) to model the genealogical relationships among multiple species. In the
MSC, alleles within a group of sexually reproducing organisms are constrained to coalesce

before (i.e., earlier than) species divergence events. The MSC accommodates discordance
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among gene trees caused by incomplete lineage sorting (ILS): the persistence of unsorted
ancestral polymorphisms beyond the splitting time of diverging lineages (Knowles &
Carstens 2007). The expected distribution of coalescences between alleles is related to the
effective population size and the time elapsed between divergence events, where alleles are
expected to fix rapidly if effective population sizes and the times between divergence events
are small (Degnan & Rosenberg 2009). By accommodating ILS in this manner, the MSC
improves on earlier concatenation and democratic vote approaches (Liu et al. 2015; Edwards
2016) by correctly inferring phylogenetic relationships even where the majority of gene trees
conflict with the true species tree, a circumstance referred to as the “anomaly zone” (Degnan
& Rosenberg 2009). To model coalescence events along the branching lineages of a species
tree while accommodating ILS (Degnan & Rosenberg 2009; Liu & Pearl 2007; Heled &
Drummond 2010), the MSC assumes that the lineages conform at least approximately to
idealised Wright-Fisher (W-F) conditions (Fisher 1930; Wright 1931). These assumptions
include random mating between individuals, free recombination between but not within loci,
constant population sizes, non-overlapping generations, no selection, and the instantaneous
termination of gene flow at the time of lineage divergence (Hein et al. 2004). While poor fit
to Wright-Fisher assumptions is widely detectable in empirical systems (Reid et al. 2014),
MSC-based approaches appear robust to minor violations (Zhang et al. 2011; Barley et al.
2018). Posterior predictive checks can help users of MSC-based methods assess whether an
empirical dataset deviates substantially from MSC assumptions (Reid et al. 2014;
Greunstaeudl et al. 2016). Although these checks do not identify the specific causes of model
violation, they can assist in evaluating whether estimates generated by MSC-based methods

are as robust.

The standard MSC has been variously extended for ancestral area reconstruction under
discrete and continuous models (e.g., Lemey et al. 2009, 2010; Bouckaert 2016; Bouckaert et
al. 2018), for phylogeny estimation under continuous or episodic post-divergence
migration/introgression (Hey et al. 2018; Miiller et al. 2018, 2021; Wen & Nakhleh 2018;
Wen et al. 2018; Zhang et al. 2018a; Jones 2019; Flouri et al. 2020, 2023), and for the
delimitation of W-F species (Grummer et al. 2014; Leaché et al. 2014a; Yang & Rannala
2010, 2014; Jones et al. 2015; Yang 2015; Jones 2017a; Rannala & Yang 2017). Although
seldom explicitly defined in the literature, analytical species delimitation methods identify
mathematically defined W-F populations. These W-F populations may correspond to species

defined by operational criteria under alternative species concepts, or to populations or
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individual organisms if these meet the W-F conditions (see Manuscript I). The lack of explicit
acknowledgment of the entities defined by MSC-based methods has likely contributed to
criticism of these approaches for promoting taxonomic inflation or “overdelimitation” where
populations or individuals are resolved as W-F species (Knowles & Carstens 2007; Fujita et
al. 2012; Jacobs et al. 2018; Sukumaran & Knowles 2017). For example, “overdelimitation”
may arise in cases where spatial population genetic structuring or incomplete sampling causes
the assumption of panmixia to be violated (Chambers & Hillis 2020; Mason et al. 2020;
Burriel-Carranza et al. 2023).

Two classes of MSC-based approaches for species delimitation are presently in use:
validation and discovery methods (O’Meara 2010; Ence & Carstens 2011). Validation
approaches (e.g., Yang & Rannala 2010; Ence & Carstens 2011; Aydin et al. 2014; Grummer
et al. 2014; Leaché et al. 2014a; Jackson et al. 2017) evaluate alternative delimitation
schemes based on predefined assignments of accessions to proposed species, while discovery
methods (e.g., Jones et al. 2015; Jones 2017a; Flouri et al. 2018) are assignment-free and
consider all possible delimitation schemes. In principle, the species delimitation schemes
assessed by validation approaches can encompass every possible assignment of samples to
species, ranging from hypotheses which treat all samples as a single species, to treating each
sample as a distinct species. In practice, however, validation approaches are typically
informed by a limited set of candidate delimitation hypotheses derived from, among other
sources, prior taxonomies or clustering methods (Olave et al. 2014). Validation approaches
limit the number of delimitation schemes to compare, but hinge on the candidate set of
delimitation hypotheses being well-informed (Olave et al. 2014). Validation approaches are
thus susceptible to supporting the “least worst” scheme among a poorly-informed set of
candidate delimitation hypotheses specified by the user, which may in any case omit the true
assignment of samples to W-F populations (Olave et al. 2014). Additionally, these methods
may overlook cryptic species if these are not defined as distinct among the candidate
delimitation schemes. The most recently developed software for MSC-based species
delimitation are Bayesian, assignment-free, handle an arbitrary number of tips, and estimate
the posterior probabilities for species trees and species delimitations using multiple sequence
alignments. These include DISSECT (Jones et al. 2015) with algorithmic improvements as
implemented in STACEY (Jones 2017a), and an updated version of BPP (Flouri et al. 2018)
which, unlike earlier versions (Yang & Rannala 2010; Rannala & Yang 2013), does not the

constrain the explored delimitation schemes to those induced on a user-defined guide tree.
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The development of alternative molecular species delimitation software has provoked debate
around the most effective application of these methods. Carstens et al. (2013) advise using
multiple species delimitation software and determining species boundaries by minimising
incongruence among different methods. This approach has been applied to various
taxonomically challenging groups (e.g., Vitecek et al. 2017; Jacobs et al. 2018;
Maharachchikumbura et al. 2021; Burriel-Carranza et al. 2023; Myburgh et al. 2024).
However, it is unclear how species limits should be set if there is limited agreement between
alternative methods, with the assumption that consensus among methods enhances
confidence in species boundaries possibly not holding if alternative software make different
assumptions. Moreover, Rannala (2015) cautions that seeking consensus among multiple
species delimitation methods often exacerbates conflicts, as applying various approaches can
increase discrepancies among them. He instead advocates for statistical meritocracy, in which

a single method is chosen based on its statistical properties.

The question of whether species represent real entities in nature or nominal constructs
remains a subject of debate within biology. Despite ongoing debate, there is broad consensus
that the species constitutes a fundamental unit in biology for effective communication about
biological diversity (Baum & Smith 2012; Fujita et al. 2012). While alternative species
concepts apply distinct operational criteria, they all acknowledge the evolutionary nature of
species (De Queiroz 1998, 2007, 2011). Coalescent-based methods for species delimitation
identify genetically distinct W-F populations at recent evolutionary timescales (Fujita et al.
2012), which are, by definition, monophyletic (Hennig 1966) in the inferred tree. The W-F
populations identified by MSC-based methods and information about monophyly in the
species tree can be combined with alternative types of information to inform the ranking of
species. A pluralistic approach to ranking species based on multiple lines of evidence, termed
integrative taxonomy (Dayrat 2005; Will et al. 2005), is compatible with the unified species
concept, which defines species as independently evolving metapopulation lineages but does
not propose operational criteria for determining taxa at the species rank (De Queiroz 1998,
2007). By leveraging multiple lines of taxonomic evidence, integrative taxonomy overcomes
the limitations of any single species concept, resulting in improved taxonomic accuracy and
stability (Dayrat 2005; Padial et al. 2009, 2010, Fujita et al. 2012; Solis-Lemus et al. 2014;
Noguerales et al. 2018). Where species ranking is conditional on evidence of monophyly
(e.g., as already implemented in the phylogenetic species concept of Mishler and Donoghue

(1982), Donoghue [1985], Mishler [1985] and de Queiroz and Donoghue [1988]), integrative
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taxonomy is anticipated to minimise conflicts between taxonomic classification and
evolutionary descent, delivering a more natural classification as advocated by Darwin (1859)
and others (Simpson 1961, de Queiroz 1998). In Manuscript I, we employ an integrative
taxonomy framework, wherein evidence of monophyly and alternative sources of evidence

collectively inform species delimitation in the Seriphium plumosum complex.

1.4. Phylogeny inference accounting for migration

The standard MSC model assumes the instantaneous termination of gene flow at the splitting
time between lineages. While this assumption may sometimes be met, growing evidence from
across the Tree of Life indicates that between-species gene flow or migration is widespread.
Indeed, migration is widely detectable in hominins (Racimo et al. 2015; Simonti et al. 2016)
and other mammals (Liu et al. 2014; Figueir6 et al. 2017; Morales & Carstens 2018; Wu et al.
2018; Pampoulie et al. 2020), reptiles (LeClere et al. 2012; Burbrink & Gehara 2018; Pavon-
Vazquez et al. 2021), corals (Mao et al. 2018), insects (Thawornwattana et al. 2018, 2023;
Edelman et al. 2019; Flouri et al. 2020, 2023; Suvorov et al. 2022), fish (Qian et al. 2023),
and plants (Hamlin et al. 2020). Moreover, migration can be extensive within a clade,
affecting many or even most lineages (Figueir6 et al. 2017; Mao et al. 2018; Edelman et al.
2019; Hamlin et al. 2020; Suvorov et al. 2022; Thawornwattana et al. 2023; Qian et al. 2023),
even being documented between lineages with divergence times exceeding 8 Ma (Arnason et

al. 2018; Pampoulie et al. 2020) and 15 Ma (Pyron & Burbrink 2009; LeClere et al. 2012).

Migration, along with horizontal gene transfer, disrupts the expected distribution of alleles in
the standard MSC by altering allele patterns in donor and recipient lineages. Where migration
has contributed to gene tree discordance, the standard MSC assumptions result in ancestral
population sizes overestimated, divergence times being underestimated, and, under certain
conditions, topology being misestimated (Leaché et al. 2014b; Hey et al. 2018; Long &
Kubatko 2018; Miiller et al. 2018; Wen and Nakhleh 2018; Elworth et al. 2019; Jiao et al.
2020; Pang & Zhang 2022). These inaccuracies, at least regarding divergence time and
effective population size estimates, are intuitive when considering that gene tree discordance
arising from ILS is most pronounced where effective population sizes are large and branch
lengths are short (Moiloa et al. 2022). Despite the recognised influence of migration, the
prevailing view among phylogeneticists is that the MSC is robust to low levels of migration
(Esquerré et al. 2022) such that most phylogenetic inference hitherto has assumed migration

is absent (Jones 2019). These observations raise concerns around the accuracy of topological
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and divergence time (and fossil-calibrated node age) estimates in clades exhibiting migration.
While speculative, migration-induced distortions may be particularly pronounced in cases of
radiation, where the branch lengths between divergence events are comparatively short,
reproductive isolation is generally poorly developed, and where the intensity of the radiation

may consequently be exaggerated.

To address these issues, two migration-aware extensions of the MSC model have been
developed (Fig. 4): isolation-with-migration (IM) and MSC with migration models, which
treat migration as a continuous process, and MSC with introgression (MSci) and multispecies
network coalescent models, which model migration discretely. The IM model (Miiller et al.
2018, 2021; Chung & Hey 2017; Hey et al. 2018; Jones 2019; Flouri et al. 2023) estimates
migration rates per generation M between pairs of contemporaneous branches in the species
tree, yielding 2(n-1)? migration rate parameters for a tree with 7 tips (Hey 2010; Jones 2019).
The IM model is suitable for groups in which phylogenetic relationships can be represented
by a strictly bifurcating tree (Hey 2010; Bravo et al. 2019; Jones 2019). The isolation-with-
initial migration model (IIM; Wilkinson-Herbots 2012; Costa & Wilkinson-Herbots 2017)
and secondary contact model (Costa & Wilkinson-Herbots 2021) can be considered special
cases of the IM model where migration occurs during only part of the time interval two
branches are contemporaneous. Further variants of the IM model include models of uniform
migration, where rates of migration are uncorrelated with relatedness (Leaché et al. 2014b;
Jones 2019), and models in which migration declines with the time to the most recent
common ancestor (Jones 2019; Manuscript V). The MSci model (Wen & Nakhleh 2018; Wen
et al. 2018; Zhang et al. 2018a; Flouri et al. 2020) models both the timing t and probabilities,
¢ or v, of discrete reticulation events, providing a more parameter-rich approach than the IM
model. The MSci departs from strictly dichotomous tree estimation, and instead infers
networks with distinct speciation and reticulation edges (Bravo et al. 2019; Flouri et al. 2020;
Rannala et al. 2020). In cases where two lineages merge to form one hybrid lineage, or in
instances of allopolyploidy, a network is typically necessary to represent phylogenetic
relationships correctly (Bravo et al. 2019; although see Jones 2013). In this context, the
standard MSC (i.e., the complete isolation model) can be considered a special case of the IM
or MSci model in which the migration parameters in the species tree parameter vector are set

to zero.
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Figure 4: Models for accommodating migration in phylogenetic inference. A — The isolation-with-
migration or MSC with migration model, in which migration per generation M is modelled as a
continuous process over the time interval branches are contemporaneous. B — The MSC with
introgression or multispecies network coalescent model, which incorporates the probabilities (¢ or y)
of discrete migration events occurring at specific times 7. The migration patterns shown are arbitrary.
Accommodating migration while estimating phylogenetic relationships in a Bayesian
framework has proved challenging. Alternative topology proposals during an MCMC include
distinct arrays of contemporaneous, potentially migrant-exchanging branches, such that some
pathways for migration appear during alternative topology proposals, while others disappear.
In effect, proposing alternative topologies during the MCMC means that the migration
histories of the gene trees under a given species tree may no longer be valid (Miiller et al.
2021). BPP (Flouri et al. 2023) avoids problems related to topology estimation under the IM
model by considering only the topology predefined by the user. BPP can analyse large
molecular datasets encompassing >10,000 loci and provides accurate estimates of effective
population sizes, divergence times, and migration rates. The IM model implemented in BPP
may be appropriate where topology can be inferred using genomic regions unaffected by
migration (e.g., Fontaine et al. 2015; Thawornwattana 2018, 2023; Flouri et al. 2020, 2023)
or perhaps where migration is restricted to sister lineages (Leaché et al. 2014b; Jones 2019).
However, for groups characterised by paraphyletic migration or where genomic data
unaffected by migration are unavailable, relying on predetermined topologies may be
problematic. For example, in the pocket gopher dataset of Belfiore et al. (2008),
Orthogeomys heterodus is recovered in Thomomys under the standard MSC (Heled and
Drummond 2010), but as an outgroup (the correct position based on expert taxonomic
opinion; Heled & Drummond 2010) when migration is accounted for (Jones 2019).

Paraphyletic migration is common in empirical datasets (Figueir6 et al. 2017; Mao et al.
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2018; Morales & Carstens 2018; Wu et al. 2018; Edelman et al. 2019; Suvorov et al. 2022),
highlighting the frequency with which guide tree-dependent approaches may be unsuitable. It
is unclear how common genomic regions unaffected by migration are in empirical systems,
and consequently how generally applicable IM methods requiring guide trees (e.g., BPP
[Flouri et al. 2023], IMa2 [Hey 2010]) might be.

Alternative implementations of the IM model estimate topology while integrating over all
possible isolation-with-migration scenarios. These methods face somewhat different
challenges. IMa3 (Hey et al. 2018) provides phylogenetic estimates in two steps. First, the
tree topology is estimated using a “hidden genealogy” approach, in which the sampled
populations are considered to exist for infinite time, and topology proposals are superimposed
on the populations, thereby eliminating the need for updated proposals to consider “hidden
migrations” that occur within ancestral lineages. Using the inferred topology, IMa3 then
estimates the remaining phylogenetic parameters along with migration rate estimates.
Although IMa3 improves upon MSC-based approaches, especially with an increased number
of'loci, it is limited to analysing up to eight populations and one extinct or unsampled ghost
lineage. Moreover, simulated data show that topology estimation with the “hidden
genealogy” approach deteriorates as migration rates between non-sisters increases (Hey et al.
2018). IMa3 can also be computationally intensive, with analyses comprising 100 loci often
requiring several days of runtime even with 20 to 40 processors (Hey 2019). Given the
substantially shorter runtimes of IMa2, which uses a predefined topology (Hey et al. 2010),
topology estimation appears largely responsible for the computational intensity of IMa3. The
IM implementation AIM (Miiller et al. 2018, 2021) extends the marginal approximation of
the structured coalescent (Miiller et al. 2017) to the IM model, resulting in the approximate
IM model in which the W-F assumption of panmixia is modified such that some populations
are constrained to exchange alleles less frequently than others. AIM accurately infers
topology and divergence times (Miiller et al. 2018, 2021). Effective population sizes and
migration rates are also well estimated near the tips, but these estimates deteriorate nearer the
root (Miiller et al. 2018). DENIM (Jones 2019), applied in Manuscript V, provides substantial
improvements in phylogenetic accuracy while using relatively few loci and limited
computational resources. DENIM focuses mainly on tree estimation, and as such, integrates
out migration rate and effective population size estimates. Given its parsimony approximation
around unlikely embeddings of gene trees within species trees, DENIM is appropriate for

cases of low migration, in which approximately one individual migrates every ten to 100
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generations (Jones 2019, Manuscript V). Overall, IM methods represent a significant
advancement over standard MSC implementations when migration is detectable. With a
growing number of empirical datasets revealing signatures of post-divergence migration, the
broader adoption of migration-aware approaches appears warranted. Integrating migration
into tree estimation is preferable to disregarding it entirely (Jones 2017b), especially when
migration-aware software offers more accurate phylogenetic estimates with reduced

computational demands.

It is unclear whether the pulsed or continuous lateral transfer of alleles generally captures
migration patterns better in empirical systems. Whether migration varies with the time
elapsed since two branches share a common ancestor, or whether it is approximately uniform,
is likely to be clade-specific, and DENIM offers parameterisation for both situations. Where
posterior predictive checks (e.g., Reid et al. 2014; Greunstaeudl et al. 2016) or tests
specifically designed to detect migration (e.g., Durand et al. 2011; Martin et al. 2015) indicate
migration may be contributing to gene tree discordance, model evaluation may help refine
priors on migration and improve matching between migration patterns in a given dataset with
the patterns assumed by the model. BPP (Rannala & Yang 2017) includes functionality for
computing marginal likelihoods for alternative models using path sampling (Lartillot &
Phillipe 2006). Thawornwattana et al. (2023) used this method to calculate marginal
likelihoods and assess Bayes factor support for two alternative MSci models for Heliconius
differing in the identity of a migrant-receiving branch. Computation of marginal likelihoods
using path sampling, stepping-stone (Xie et al. 2011) or nested sampling (Maturana-Russel et
al. 2019), could be used to compare support for alternative migration patterns, including
models varying the branches engaging in migration, the interval two branches exchange
migrants during the time they are contemporaneous, and the rate of migrant exchange over

the time interval migration occurs.
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2. Summary of chapters
2.1. Manuscript I

Seriphium plumosum L. (“slangbos”) was first described in Linnaeus’ Species Plantarum
(1753), in which he simultaneously described Stoebe and Seriphium. Subsequent revisions by
Gaertner (1791), Cassini (1816), Lessing (1832), Candolle (1838) and Harvey (1865) treated
Serphium (hereafter abbreviated as Se.) plumosum as either a single species or multiple
distinct species, with frequent transfers between Seriphium and Stoebe. In her revision of
Stoebe, Levyns (1937) synonymised Seriphium in Stoebe and described S. plumosa (L.)
Thunb., S. burchellii Levyns, and S. vulgaris Levyns as independent species. Koekemoer
(2016) later resurrected Seriphium and merged the three distinct species of Levyns (1937)
under Se. plumosum, citing the difficulty in distinguishing “well-defined forms”. As
circumscribed by Koekemoer (2016), Se. plumosum encompassed a highly variable
assemblage of shrubs distributed across a broad ecological range from sea level to
approximately 2000 meters and extending beyond the CFR to include areas in Angola,
Zimbabwe, and Namibia. This distribution, unusual among Cape plants for its size (Goldblatt
1978; Latimer et al. 2005), coupled with morphological and ecological variability and a
history of being divided into multiple species, suggested Se. plumosum might consist of

multiple independent species.

In our study (Manuscript I), we tested the hypothesis that the Se. plumosum complex
contains multiple independent species using an integrative approach that combined genomic,
morphological, and ecological data. We conducted population sampling across the species’
range in South Africa, capturing its full morphological variability. A total of 288 accessions
from 48 sampling sites underwent paired-end 150-bp Genotyping-by-Sequencing (GBS),
resulting in a dataset of 28,023 biallelic single nucleotide polymorphisms (SNPs). Using
custom R scripts, we assembled 524 phased full sequence alignments by backreferencing the
SNP locations to their original reads. We analysed this genomic dataset using a diverse suite
of analytical methods: the assignment-free Bayesian Wright-Fisher species delimitation and
phylogeny inference method DISSECT/STACEY (Jones et al. 2015; Jones 2017a), sparse
Non-negative Matrix Factorization (Frichot et al. 2014), discriminant analysis of principal
components (Jombart et al. 2010; Jombart & Ahmed 2011), and regression-based tests of

species independence (Hausdorf & Henning 2020). Additionally, we compiled environmental
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variable data across nine variables and assembled a morphological data matrix for 12

quantitative traits, which were analysed using linear discriminant analysis.

Our findings decisively support the recognition of twelve distinct entities within the Se.
plumosum complex, corresponding to evolutionary species under the evolutionary/unified
species concept (de Queiroz 1998, 2007). These entities were consolidated into eight species
(Table 3, Manuscript I), most of which are distinguishable by subtle morphological
characters, such as the arrangement and dimensions of leaves and florets. At least five of the
species qualify as biological species by maintaining distinctness in sympatry. Among the
species supported as independent are S. plumosa (L.) Thunb., S. burchellii Levyns, and S.
vulgaris Levyns (sensu Bergh & Shaik 2024). Phylogeny inference using
DISSECT/STACEY revealed that one of the independent species in the complex (Seriphium
sp. nov. 1 in Table 3, Manuscript I) is an outgroup to the remainder of the complex (PP = 1;
Fig. 2a, Manuscript I), with Se. cinereum L., the previously assumed sister to the complex,
diverging next (PP = 1; Fig. 2a, Manuscript I). Except for a few nodes, branches in the
phylogeny among the remaining species are also generally well-resolved (Fig. 2a,

Manuscript I).

This manuscript provides two main insights. First, we demonstrate that a single GBS dataset
can be used to assemble both SNPs and full sequence alignments, which can in turn be used
to resolve independent Wright-Fisher species, infer phylogenetic relationships at low
taxonomic levels, and define genetically distinct clusters of populations. Our R-based
approach to assembling full sequences can be carried out post-hoc on SNP data and the
mapped read files from which these were sourced, although we note that Stacks 2.0 (Rochette
et al. 2019) provides a more user-friendly framework for assembling multiple alignments
from short-read data and retrieves more full sequence alignments (Manuscript I). Secondly,
we show that taxonomically recalcitrant complexes can be resolved using an integrative
taxonomic approach (Dayrat 2005; Padial et al. 2009, 2010; Fujita et al. 2012), resulting in
stabler taxonomies and more comprehensive catalogues of species-level diversity. Our
results, if extensible to other Cape plants, suggest the undescribed species diversity of the

CFR exceeds the one-percent estimate of Treurnicht et al. (2017).

31



2.2. Manuscript I1

Historically considered a single, morphologically variable species, the Se. plumosum L.
complex is shown in Manuscript I to comprise at least eight distinct species based on
detailed analysis of morphological, environmental, and multi-locus DNA sequence data.
Manuscript II presents the most comprehensive taxonomic revision of the complex to date,
building on the findings of the first manuscript. Our revision provides formal species
descriptions, typification, and distribution maps, as well as a key and images for identifying
species within the complex. We describe four new species and reinstate three species
recognised by Levyns (1937): Stoebe burchellii Levyns, Stoebe virgata Thunb., and Stoebe
vulgaris Levyns, and transfer them into Seriphium. Although these species were transferred to
Stoebe in Manuscript 111, we present the species as they appear in Manuscript II along with

brief descriptions of each:

a. Se. alto-argillaceum Z.Shaik
This species, corresponding to Seriphium sp. nov. 1 in Table 3 of Manuscript I, is
named for its endemism on high-elevation shale outcrops above 1800 m on
Matroosberg and the neighbouring Conical Peak in the Hex River Mountains, where
winter snow is frequent. It is distinguished by its small stature, imbricate, non-
fascicled leaves, and compact growth form. As a highly range-restricted endemic, Se.
alto-argillaceum may be of conservation concern.

b. Se. burchellii (Levyns) Z.Shaik
First described by Levyns (1937), this species occurs on shale and sandstone slopes in
and around the Little Karoo in the eastern part of the CFR above 500 m elevation. Se.
burchellii retains its distinctness in sympatry with Se. plumosum (sensu Shaik et al.
2024). Seriphium burchellii is distinguished by its minute, green, awl-shaped leaves
and paniculate synflorescences.

c. Se. burrowsii Z.Shaik
Named in honour of John Burrows, Sandy Burrows, and Barbara Turpin of the
Buffelskloof Private Nature Reserve, who first suggested the species might be
distinct, Se. burrowsii (corresponding to Seriphium sp. nov. 5 in Table 3 of
Manuscript I) differs from other species in the complex by its right-angled branching
pattern, long linear leaves, and distribution along the Great Escarpment of South
Africa above 1600 m elevation.

d. Se. cinereum L.
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This species is found in the Western Cape Province of South Africa on moist, clay-
rich mountain slopes. It is identified by its long, reflexed leaves and tight, spicate
synflorescences. The revised concept in Manuscript II aligns with the narrower
species definition originally proposed by Levyns (1937).

Se. crypticum Z.Shaik

Corresponding to Seriphium sp. nov. 2 in Table 3 of Manuscript I, Se. crypticum is
named for its cryptic resemblance to Se. plumosum as defined in Manuscript II. It
occurs in high-elevation montane sites in the southwestern Cape, between 1000 and
1700 m, and is recognized by its compact growth, densely tomentose leaves, and
spicate synflorescences.

Se. dunensis Z.Shaik

This species corresponds with Seriphium sp. nov. 3 in Table 3 of Manuscript I and
the “coastal form” of Koekemoer (2016). The species is named for its endemism on
unconsolidated dune sands along South Africa’s southern coast below 10 m elevation,
and is characterized by its large size, pendulous synflorescences, and its supple, whip-

like branches and grey-white succulent leaves.

. Se. plumosum L.

This species is retained under a narrower species than either Levyns (1937) or
Koekemoer (2016). The revised concept in Manuscript I comprises a
morphologically cohesive assemblage of shrubs mainly distributed in the Cape Fold
Belt mountains and lower-lying areas of the southwestern Cape, with isolated
populations as far north as the Huila plateau in Angola. The species is distinguished
by spicate or paniculate synflorescences, typically acute branching angle, and a

prominent pair of oil glands at the base of the leaves subtending fascicles.

. Se. virgatum (Thunb.) Pers.

This species was first described by Thunberg (1800) and corresponds with Seriphium
sp. nov. 4 in Table 3 of Manuscript 1. Seriphium virgatum occurs on consolidated
calcareous substrates along South Africa’s southern coast between 10 and 550 m
elevation and is distinguished from Se. dunensis by its non-succulent leaves and erect
synflorescences and branches. The two are well-supported as sister species (PP = 1;
Fig. 2a in Manuscript I).

Se. vulgaris (Levyns) Z.Shaik

This species was first described by Levyns (1937) and is widely distributed in

grassland habitats in Angola, Namibia, Lesotho, Eswatini, Zimbabwe and the
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summer-rainfall region of South Africa. Commonly known as “bankrotbos” or
“bankrupt bush”, Se. vulgaris is a significant agricultural weed, affecting
approximately 11 million hectares of South African rangeland (Avenant 2015). The
formalisation of this species is anticipated to assist in its eradication. The species is
distinguished by its acute branching angle, underground rootstock, and resprouting

stems.
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2.3. Manuscript II1

This study aims to resolve species-level phylogenetic relationships within the Stoebe clade, a
monophyletic group of 66 accepted taxonomic species in eight genera centered in the Cape
Floristic Region (Bergh & Linder 2009; Bergh et al. 2015; Smissen et al. 2020). The Stoebe
clade forms part of the larger Stoebe-Ifloga-Metalasia (SIM) clade (Bergh et al. 2015), which
includes the well-studied /floga and the Metalasia clade (Metalasia R.Br., Lachnospermum
Willd., Hydroidea P.O Karis, and Phaenocoma D.Don; Bergh & Linder 2009; Manuscript
III), both of which have species-level phylogenies (Bergh et al. 2011; Bengtson et al. 2014).
However, species relationships within the Stoebe clade and the monophyly of its constituent
genera (Amphiglossa, Dicerothamnus, Disparago, Elytropappus, Muscosomorphe,

Myrovernix, Seriphium, and Stoebe) remain unresolved.

To address this, we reconstructed the phylogenetic relationships within the Stoebe clade using
plastid and nuclear DNA markers alongside morphological character data. Our sampling
included 62 accessions representing 58 of the currently accepted species, with leaf material
obtained from both field collections and herbarium specimens. We amplified and sequenced
two nuclear ribosomal markers (ITS and ETS) and two chloroplast spacer regions (psbA-trnH
and ycf6-psbM) for most of the species. Additional species, including Elytropappus
cyathiformis, Stoebe humilis, and Stoebe salteri, which were not recognized by Koekemoer
(2016, 2019) but were considered relevant to our study, were included with morphological
data only. Additionally, species for which DNA could not be successfully isolated or
sequenced: Amphiglossa foliosa, Elytropappus monticola, Seriphium burchellii, and
Seriphium pachycladum, were also incorporated using morphological data. Our
morphological dataset comprised 76 parsimony-informative characters based on observations
and measurements of herbarium specimens and high-quality images, encompassing a total of

63 species.

Phylogenetic analyses were conducted using both Parsimony (Swofford 2003) and Bayesian
inference (Huelsenbeck & Ronquist 2001; Ronquist et al. 2012). Trees based on
morphological data and plastid sequences alone were poorly resolved, while those inferred
from nuclear markers provided a clearer resolution of relationships. A combined dataset
integrating morphological, nuclear, and plastid data produced a well-resolved phylogeny (Fig.
2, Manuscript III), although there was poor resolution along the backbone of the tree,

reflecting persistent uncertainties in deeper evolutionary relationships. The addition of
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morphological data reduced support for some nodes, while strengthening others. This tree
included 69 tips representing nearly all members of the Stoebe clade, and shows that all
genera, except the monotypic Muscosomorphe, are non-monophyletic. Given this non-
monophyly and widespread homoplasy in traditional characters used to define the genera, we
propose a revised taxonomy in which Amphiglossa is restricted to two species,
Muscosomorphe remains monotypic, and Pterothrix is reinstated to accommodate ten species
formerly placed in Amphiglossa. The genera Dicerothamnus, Disparago, Elytropappus,
Mpyrovernix, and Seriphium are synonymized under an expanded concept of Stoebe, which is

characterised by the aggregation of small capitula into complex conflorescences.

Opverall, this study clarifies phylogenetic relationships within the Stoebe clade and addresses
long-standing taxonomic ambiguities. We demonstrate how integrating diverse data types can
more effectively resolve phylogenetic relationships, in turn providing a basis for generic

recircumscription.
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2.4. Manuscript IV

Manuscript III used two nuclear and two plastid regions alongside a morphological data
matrix containing 76 parsimony-informative characters to reconstruct phylogenetic
relationships in the Stoebe clade, but recovered limited support at some nodes, particularly
along the backbone of the tree (Fig. 2, Manuscript III). As such, some aspects of the
phylogenetic relationships within the Stoebe clade remain incompletely resolved. To address
this, Manuscript IV seeks to infer phylogenetic relationships in the Stoebe clade with
improved support and resolve the phylogenetic placement of a potentially new species of
Stoebe from the Kogelberg in the southwestern Cape region, corresponding to Stoebe sp. nov.

1 of Goldblatt & Manning (2002).

To improve tree resolution, our phylogenetic inference used multiple alignments generated by
high-throughput target-capture sequencing with Asteraceae-specific probes. Leaf material
was obtained from both field collections and herbarium specimens. To enhance sequencing
efficiency, a custom 846-locus probe set was developed, combining 391 exon-only probes
from the Conserved Orthologous probe Set IT (COSII; Mandel et al. 2014, 2019) with 445
full sequences from S. ericoides P. J. Bergius retrieved by Mandel et al. (2019) applied as
probes. The resulting target-capture data underwent bioinformatic processing using a new
bash-based pipeline Cangren et al. (in prep). In total, our dataset included 840 phased
multiple alignments for 96 accessions representing most of the species in the Stoebe clade.
We prioritized 50 alignments based on accession representation, alignment length, and
median sequence length for further curation using custom R scripts. Though not included as
probes during sequencing, consensus sequences for the nuclear and plastid regions in
Manuscript IIT were included as references during the bioinformatic pipeline, such that
multiple alignments were retrieved for these regions. Sample handling issues resulting in
cases of misidentification were resolved by cross-referencing problematic samples with
shared loci assembled in Manuscript II1. This resulted in the exclusion of Amphiglossa (2
spp.) and Muscosomorphe (1 sp.), as well as several Pterothrix and Stoebe species, such that
the corrected dataset included 67 accessions. Phylogenetic analysis employed IQ-TREE
(Minh et al. 2020) for gene tree estimation and the summary quartet-based method weighted
ASTRAL-hybrid (Zhang et al. 2018b; Zhang & Mirarab 2022) for species tree estimation.

Our analysis of the Stoebe clade reveals support for the monophyly of Stoebe, with local
posterior support (PS) of 1 (Fig. 2, Manuscript IV), and the monophyly of Pterothrix with a
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local PS of 0.82 (Fig. 2, Manuscript IV). Our analysis also confirms the monophyly of the
former genera Dicerothamnus (local PS = 1) and Myrovernix (local PS = 0.88), and identifies
a well-supported clade containing S. incana, S. spiralis and Stoebe sp.nov. (local PS = 0.98).
Our study also corroborates relationships within the extra-southern African clade and
supports the monophyly of the Se. plumosum complex, although some nodal supports within

Se. plumosum are weaker than in Manuscript L.

Our findings highlight the efficiency of target-capture sequencing with customised probes.
The customised probes designed using S. ericoides sequences spanning intronic regions
significantly outperformed the standard COSII probes, delivering substantially higher mean
mapped reads without duplicates, higher mean read depth, and longer final sequences. Our
study also addresses the problem of sample misidentification, and we present a robust
correction procedure that involves cross-referencing problematic samples with loci from
independent data sets, albeit with some associated data loss. Despite persistent gene tree
discordance affecting backbone resolution, our analysis provides a clearer understanding of

phylogenetic relationships in the Stoebe clade and the broader SIM clade.
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2.5. Manuscript V

Post-divergence gene flow is widespread across the Tree of Life, with empirical evidence
indicating that migration often involves many, or even most, contemporaneous branches
within a clade (Figueiro et al. 2017; Mao et al. 2018; Edelman et al. 2019; Hamlin et al. 2020;
Suvorov et al. 2022; Thawornwattana et al. 2023; Qian et al. 2023). Despite this, most
phylogenetic inference to date has assumed that gene flow ceases immediately upon lineage
splitting (Jones 2019). Both simulated and empirical studies show that inferring phylogenies
under the standard MSC model in the presence of migration can lead to overestimation of
effective population sizes, underestimation of branch lengths, and potentially incorrect
estimates of tree topology (Leaché et al. 2014b; Long & Kubatko 2018; Miiller et al. 2018;
Wen and Nakhleh 2018; Elworth et al. 2019; Jiao et al. 2020; Pang & Zhang 2022). Although
extensions of the MSC explicitly account for migration, these methods can be
computationally intensive, limit the number of tips that can be included, require a known
topology, or necessitate very large datasets for reliable parameter estimation. Consequently,

migration-aware methods have been less widely adopted than the standard MSC.

This study evaluates phylogenetic inference under tree-wide post-divergence gene flow using
sequences simulated on a ten-taxon ultrametric tree, where migration rates decrease with the
time since two lineages last shared a common ancestor. This approach reflects realistic
expectations of reduced gene flow among more deeply diverged lineages. We develop an R-
based method for simulating time-decaying migration, applicable to any ultrametric
bifurcating tree with known divergence times. To examine how information content affects
phylogenetic inference, we simulate sequences of varying lengths (600, 1000, and 10,000
base pairs) and numbers (30 or 60 loci). We compare the performance of the isolation-with-
migration model, as implemented in DENIM (Jones 2019), which accounts for low levels of
migration, with the standard MSC model, as implemented in StarBeast3 (Douglas et al.
2022), which assumes no migration. Additionally, we evaluate these methods using an
empirical dataset from the Anopheles gambiae group of African mosquitoes, within which
previous studies have inferred cross-species migration (Fontaine et al. 2015; Thawornwattana

et al. 2018; Flouri et al. 2020, 2023).

Our results show that DENIM significantly improves phylogenetic accuracy under low-level,
time-decaying migration, delivering robust estimates with as few as 30 loci and without

requiring a predefined topology. Both DENIM and StarBeast3 perform better under rapidly
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decaying migration, where migration is effectively restricted to branches sharing recent
common ancestry, but DENIM is more accurate and converges faster across all scenarios
involving migration. Varying the length and number of loci had limited effects on
phylogenetic accuracy, although increasing sequence length significantly improved
convergence. Empirical results differ somewhat from the simulated results. While DENIM
effectively detects migration events and estimates node heights consistent with previous
studies, its performance in topology estimation, like StarBeast3, declines with the inclusion
of more loci. This may be due to the breakdown of DENIM's parsimony assumption when
more data are added that contain further instances of migration. The root node of the 4.
gambiae group is recent, at around 0.5 million years (Thawornwattana et al. 2018), and
previous estimates of migration between branches are much higher than those simulated
(Thawornwattana et al. 2018; Flouri et al. 2023), suggesting that DENIM may be better

suited to groups with lower migration rates.

Opverall, our study supports the effectiveness of the isolation-with-migration model as
implemented in DENIM under conditions of incomplete lineage sorting and time-decaying
migration. Our work suggests that IM methods should have broader application in molecular
phylogenetics, not only to mitigate migration-induced distortions in species trees, but also to

enhance computational efficiency.
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3. Future directions

This thesis provides new insights in the fields of molecular phylogenetics and systematics

and identifies several areas requiring further development.

First, there is a need for clearer interpretation of the entities defined by MSC-based
approaches for users of these methods. While these approaches provide valuable information
about monophyly and delimit mathematically defined W-F populations, it is crucial to
communicate that these W-F populations may not always correspond to the broader entities
traditionally recognised as species. Additionally, consideration should be given to whether
applying alternative MSC-based methods to the same species delimitation problem genuinely
increases confidence in the inferred species limits, or whether their shared conceptual

framework may instead lead to overconfidence in the results.

Second, a systematic evaluation of the efficiency of alternative probe sets (e.g.,
Angiosperms353 [Johnson et al. 2019], Compositae1061 [Mandel et al. 2014, 2019],
Compositae-ParalLoss-1272 [Moore-Pollard et al. 2024]) within Asteraceae, including those
spanning intronic regions, is needed. Asteraceae accounts for approximately ten percent of all
flowering plant species, and establishing a reliable probe set should enhance the successful
capture of orthologous loci across the family for phylogenetic and other applications. Despite
the significant reduction in per-base sequencing costs made possible by advances in high-
throughput sequencing, generating genome-wide data for even a medium-sized project
remains cost- and resource-intensive. Identifying and validating probe sets that maximise
sequence capture would optimise resource allocation, enhancing data quality, and providing a

more robust foundation for resolving phylogenetic relationships within Asteraceae.

Third, further development of phylogenetic methods that account for migration is required.
Current IM and MSci methods are often constrained by high data requirements, assumptions
of a known topology, limits on the number of tips that can be analysed, applicability
primarily to low migration rates, or estimation biases under certain conditions. Given the
serious limitations of methods that assume a known topology, I suggest future research
should prioritize methods that incorporate topology estimation within the MCMC process.
The tree-wide, time-decaying migration model introduced by Jones (2019) and applied in our
work captures migration patterns observed in empirical systems. This approach to sequence
simulation and may serve as a foundation for evaluating MSci and IM methods’ performance,

alongside or as an alternative to models assuming uniform migration rates. If phylogenetic
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methods accounting for migration match standard MSC results in the absence of migration,
but are equally or more computationally efficient than standard MSC approaches, their use
could become more widespread among the phylogenetic community. Separately, methods
developers should clarify whether the primary objective of a given IM or MSci method is to
estimate migration parameters or to infer the species tree in the presence of incomplete
lineage sorting and migration. If the focus is on the latter, estimating migration and other non-

essential parameters may be unnecessary, potentially enhancing computational efficiency.
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